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The existing mean-field-like calculations of the different direct and indirect order parameter fluctuation
(OPB contributions to the in-plane paraconductivityr,, and fluctuation-induced magnetoconductivitg ,,,
are extended here to layered superconductors with two different interlayer distances and different strengths of
the tunneling couplings between adjacent layéns so-called bilayered, or biperiodic layered, superconduct-
ors). The calculations are performed for magnetic fiellsn the weak limit, applied perpendicular to the
superconducting layers, and at temperatures near but abow=tllemean-field transition temperaturg,g.
We obtain final explicit expressions and find that the effects of the layer biperiodicity may be summarized
through an effective numbet, of independent fluctuating superconducting layers per unit cell length, already
encountered also in our recent calculations of the fluctuation-induced diamagdgtignm biperiodic layered
superconductors. Our study includes some limiting cases of the indirect contributions associated with the
density of state¢DOS) fluctuations, which have been recently proposed¥ey;, andA ¢, 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 ia tfieection (nonaffected by the
presence of CuO chainsf untwinned YBaCusO;_ 5 crystals. This analysis shows that the approaches based
on the conventional Lawrence-Doniagte., single layeredmodel cannot explain simultaneously and quan-
titatively the intrinsicAo,, Ad,, andAy,p, in YBa,CusO;_ 4 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 abov& ., bounded by, approximately, 2102 and 10°%, 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 DQSontributions to the in-plandc, andA o, are negligible, confirming
our earlier findings which suggested unconventional, pair-breaking, wave pairing. Moreover, the direct OPF
effects have a dimensionaligwo-dimensional—three-dimensioharossover 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 multiperiodi¢®@163-182€06)09829-3

[. INTRODUCTION ductivity above the superconducting transition if the thermal
fluctuations were absentThe usefulness oA o, (e,H) is
Due to their short coherence length amplitudes in all di-strongly enhanced, mainly in the case of HTSC, by the fact
rections, hight, and layered nature, the high-temperaturethat it may be decomposed in two additive parts which may
copper oxide superconductatd TSC) present important or- be calculated and measured separately: the zero-magnetic-
der parameter fluctuatioOPP effects at easily accessible field fluctuation-induced conductivityh o,,(€,H=0), cur-
temperature  distances from their superconductingently called paraconductivity and henceforth noted simply
transition’ =3 One of the magnitudes best adapted, from bothas Ac,(e), and the so-called fluctuation-induced magneto-
the theoretical and the experimental point of view, to studyconductivity, Ac,,(€,H), which in terms ofo,(€,H) and
the OPF effects in HTSC is the so-called in-planec,,g(€,H) may be defined as
fluctuation-induced conductivity above the superconducting 3
transition, which in presence of an external magnetic field, Acap(e,H)=[oap(€,H)— 0ap(€,0)]
H, applied perpendicular to theeb (CuG,) superconducting owa(eH) o0, (1.2

layers, may be defined as
so that we have foA o,,(€,H),
Ao,p(e,H)=0,,(€,H)—0app(€,H), (1.2 )
. . Aop(€,H)=Ao(€) +Aday(e,H). 1.3
where e=(T—T.)/ T is the reduced temperaturé,, is o a a
the mean-field superconducting transition temperature athe central point here is that the available experimental re-
zero applied magnetic fieldr,,(e,H) is the measured in- sults in HTSC clearly indicate that the background in-plane
plane electrical conductivity, and,,g(€,H) is the so-called magnetoconductivityo,,g(€,H) — oapp(€,0), measured in
in-plane background electrical conductivityhe normal con- the normal region well abové,, is always very small, or-
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ders of magnitude smaller thaka,,(e,H) measured near with the experimental data, have been studied until now only
T..*% This result strongly suggests, therefore, thatfor Ay,,(e) andAc,(e) for layered superconductors with a
Ac.p(€e,H) may be approximated, even through the transi-single periodicity!®2%24

tion, as The main aim of this paper is twofold. First, we present
the first calculation of the two contributions too,,(e,H),
Ady(e,H)=AT5(e,H)=0p(e,H) — o ap(€,H=0). the in-plane paraconductivity and the fluctuation-induced in-

(1.9 plane magnetoconductivity, in a biperiodic layered supercon-
ductor. Then, we use these theoretical results to analyze the

i.e., as the difference between two directly measurable magraraconductivity and the fluctuation-induced magnetocon-
nitudes, without any dependence on a never well settleductivity recently measured in the direction (nonaffected
background. However, for applied magnetic fields in theby the presence of Cy@haing in untwinned YBaCu;0O,_ s
weak limit (see also beloythe fluctuation-induced magne- crystals®?This analysis is performed consistently with the
toconductivity measured in HTSC has been found to be alsprevious analysis of the fluctuation-induced diamagnetism
orders of magnitude smaller than the zero-fieldmeasured in the same cryst&l€® For that, in Sec. Il we
paraconductivity'™*° Therefore, the two contributions to the introduce some preliminaries concerning the theoretical
total fluctuation-induced in-plane paraconductivityz.n(€) ~ model. Then, in Sec. Ill we calculate the AL and MT con-
andAc,y(€,H), are complementary from both the theoreti- tripytions to the zero-magnetic-field paraconductivity,
cal and the experimental point of view and their simulta-A, (¢). Here we also extend to multiperiodic layered super-
neous study may provide useful information on the OPF efconductors the relationship between the direct contributions
fects aboveT in the HTSC. to Ac,,(€) and Ay,(e). In Sec. IV, the orbital Aslamazov-

In the case of the HTSC, the Correft Comparison of thq_arkin (ALO) and the orbital Mak|-Thompso(‘MTO) con-
theoretical predictions foAo,,(€) andAcap(€,H) with the  tributions to A G, (e,H) in a biperiodic layered supercon-
experimental data needs also a proper account of the layereglictor are obtained. To perform our calculations, first we
structure of these materials. _UsuaIIy, this is made by meangnd relationships(to our knowledge unnoticed up to npw
of the Lawrence and DoniacliLD) model of layered among the AL contribution to the zero-magnetic-field para-
superconductors; which just considers a stack of supercon- conductivity, A oy, (€), and the rest of the different contri-
ducting layers with only one interlayer distance and the samgtions arising inAo,p(e) and Ad,p(e,H). We apply then
strength of the tunneling interlayer coupling between all thghese results to obtain explicit expressions far,,(e) and
a_ldjacent superconducting Elanes. Qu_ite_ exhaustive calculg—gab(elH) in the single-periodicity and biperiodic layered
tions for bothAo,,(€) andA o ,(€,H) within the LD model  cases. Also, these relationships allow us to summarize the
have been already presented by several autfiotHow-  main effects introduced by the biperiodicity by using a single
ever, the copper oxide superconductors have in general varantity, No(e), the so-called effective number of indepen-
ous superconducting layers per unit cell length, with differ-gent fluctuating planes. A discussion of the physical meaning
ent interlayer distances and different strengths of they N (e), that give us also some clarifying insights on the
interlayer tunneling couplings. So, it is important to extendphysical differences between the order parameter fluctuations
the calculations ofAoy(€) andAo,p(€,H) indicated above in single-periodicity and biperiodic layered superconductors,
to the case of multiperiodic layered superconductors, withs presented in Sec. V. In Sec. VI, we briefly consider other
different interlayer distances and tunneling couplingadditional contributions t\o,;,(e) and A&, (€,H) in bipe-
strengths. In fact, previous analysis of the fluctuation-riodic layered superconductors: The Zeeman terms and the
induced diamagnetism for @veak magnetic field applied  contributions associated with the fluctuations of the normal
perpendicular to the superconducting layekg,,(€), mea-  quasiparticle density of staté®0S), these last contributions
sured in different HTSC, have shown that the multiperiodic-ha\,ing been recently proposed by Dorin and co-worKers
ity effects play an important role in the understanding offor layered superconductors with one single periodicity. Fi-
Axap(e) at a quantitative levef™*° Therefore, one must ex- nally, in Sec. VIl we compare these different theoretical re-
pect a similar conclusion for the case dfo,,(e) and  gyits for biperiodic layered superconductors with available
Aogp(e,H). For the zero-magnetic-field in-plane paracon-experimental data oho,(e), AT,(e,H), and Ay,,(€) ob-
ductivity, Aogp(€), some importani(although quite partial tained in high quality Y-123 single crystaﬂl%.lg*z‘?The im-
and with few echo on experimentalistieoretical results on plications of this comparison oAc,(€) and AT ,(e,H) in
both the direct, or Aslamazov-LarkifAL), and on the the Y-123 superconductors as well as on various general as-
anomalous Maki-Thompso(MT) contributions toAcap(€)  pects of the OPF effects abov. in HTSC will be also

in multiperiodic layered superconductors have been alreadlriefly commented in this section and in the conclusions.
published, first by Maki and Thompsbhand later[for the

direct contribution A oypa. (€)1 by Klemm?! Also, some of

the r_esults of Maki and Thompso_n fArcrabAL(_e) havg t_)een Il PRELIMINARY REMARKS: THE MODEL

confirmed by Baraduc and Buzdfrfor a particular limit of

the parameters involved. To our knowledge, however, the To calculateAo,,(e) andAa,,(€,H) in a biperiodic lay-
fluctuation-induced in-plane magnetoconductivity, ered(also called bilayeredsuperconductor, we will assume
Ad,(€,H), has not yet been calculated until now in a mul-the usual Lawrence-DoniactLD) mean-field free energy
tiperiodic layered superconductor. Also, the relationshipdunctional for layered superconductors, as generalized by
amongAao,,(e), Aa,,(€,H), and Ax,(e), which will pro-  Klemm to the case of several superconducting layers in a
vide very useful tests of consistency in comparing the theoryayer periodicity lengti*
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As schematized in Fig. 1, in this equatibhis the number of G d) (Ln+1)
superconducting layers in the unit cell lengthd, +---dy,
and y; are the tunneling coupling constants between the % d, | s=d, A dy | s=dprd,
(j,n) and (+1,n) layers, where the index (n) stands for nth nth
thej=1,... N superconducting layer of theth cell of length cell Gy [ el
s. We also use in Eq2.1) the values {,n)=(N+1,n) for /P 4,
the (1n+1) layer and we consider in each,f) plane a () (.n)

superconducting wave functiol;,(x,y). As we are inter-
ested only in the Gaussian fluctuation regime, in dl) we o ) )
have neglected terms in powers higher IW Also, m,, FIG. 1. Schematic view of the superconducting layers in layered
. ,my : - _ :
is the in-plane effective mass of the superconducting pair§UPerconductors with onél=1) or wo (N=2) layers per unit cell
(we neglect the possible in-plane anisotrppy and e are ength(called in this wqu single and, respectlvely,_ blperlod_lc lay-
respectively, the reduced Plank constant and the electro jed suDercondqurSN'th a summary of our notation. The index
. N . J,n) denotes thg =1,... N superconducting layer of theth cell

charge, an@, is a normalization constant relatimgy, to the _ X .

. . of lengths=d;+---dy. The tunneling coupling constant between
corresponding  correlation  length  through &,,(¢€) the ( +1,n) and the {,n) la .

-1/2 12 ) , yers is notedy; .
=¢.0(0)e” " =R1(2mpa0€) % In Eq. (2.1, a weak mag-
netic field,H, applied perpendicular to the superconductingplifies AF[W¥] eliminating the magnetic-field dependence of
planes has been introduced by means of the usual gaugtte tunneling couplings.
invariant substitutiond,—d,—2ies *A, in the H=0 free The z-direction spectrum of fluctuations resulting from
. TV /2 . . . .

energy expression. We wused the gauge choicéhe aboveAF[‘l’] functional is composed by dlfgﬁrent
A=(—pugHy,0,0, whereA is the electromagnetic vector po- branchesw;, , with j=1,... N and — 7/s<k,</s.”> For
tential andy, is the vacuum permeability. This choice sim- the casedN=1 and 2, thesca)jkZ are given by

B 2v4(1—cosk,s) (for N=1),
Cike |yt yo+ (- 1IN+ 43+ 2y, yac0sk,s  (for N=2).

(2.2

Such a spectrum allows one to obtain tlcedirection per pairs. In addition, the appearance abdyg of such
Ginzburg-LandauGL) correlation length via its usual rela- Coopper pairs may also change the responses to external
tionship with the effective mass of the superconducting pairsfields of the normal carriers of the material. The latter pro-
mczaglhz(ﬁzwlakg);;m. This corresponds to &, (e)  duce the so-callethdirect contributions of the thermal fluc-

— £.(0)e Y2 where the amplitude;,(0) may be given in tuations. In this section, we consider the direct AL contribu-

terms of the model parameters as tion, notedA o, (€), and the indirect anomalous Maki-
Thompson contribution, noted o 7. The total in-plane
1)\ ~12 paraconductivity will be then given by
s(— (for N=1),
£.(0)= e 71/2 2.3 Aoap(€) =AoapaL(€) +Aogpur(e). (3.9
s i+ i) (for N=2). We note that also other indirect contributionsio,,(e), as
v2\71 72 the ones produced by the fluctuations of the normal carrier

_ ) ~density of statedDOS), have been recently proposed by
Other aspects of this multilayered model may be seen in thgyorin and co-workers for single layered superconductbrs.

original paper of Klemrff and also in Ref. 20. A discussion of such possible additional indirect contribu-
tions in the case of biperiodic layered superconductors is
I1l. PARACONDUCTIVITY deserved to Sec. VI.

Two different kinds of contributions to the in-plane para-
conductivity may be consideréd:>>~2?" First, there is the
director Aslamazov-Larkin(AL) contribution, just reflecting To obtainA o, (€), we apply toAF[W] given by Eq.
the conductance of the short-lived thermally activated Coo42.1) the procedure proposed by Abrikosov in Ref.(B&sed

A. The Aslamazov-Larkin contribution
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on the standard GL-like Schmid’s formaliéhh We obtain
thenAapa (€) in terms ofcu,-kZ as

! i3
2 «
e wls dk, ©
A = : 3.2 N
Tanl (€)= 30,7 2, f et 323
The importance of this expression is twofold. First, it allow Zg
the direct calculation of explicit expressions for
Aogapa(€), as we discuss below. But, in addition, we will .2

see that this expression allows us to demonstrate various use-
ful relationships between o, (€) and other fluctuation- :
induced contributions tao,,(€), Aap(€,H), and Ax,p(e), e/Bp 03

this last being the fluctuation-induced diagmagnetism for a (a) 104
weak magnetic field applied perpendicularly to #ieplanes.
In fact, in the case of\y,,(e) such a relationship may be
directly obtained by just noting that E¢3.2) involves the
same summation-integration as the E@.and (10) of our
previous calculation of\y,,(e) in Ref. 20. So, we getin
mksa unit$

Axap(€)/T  16uokpéan(0)
A(_TabAL(E) B 37Tﬁ

=2.79< 10P£2,(0).
3.3

Note that this relationshigalready proposed in Ref. 23 for
the N=1 case will apply to the measured in-plane paracon-
ductivity only if the indirect contributions td\o,,(e) are
negligible (see later.

From Eq.(3.2 Ao,,(€) may now be obtained: for one
single periodicity(i.e., N=1), we get the well-known LD
result!

Critical Exponent x

(b)

o ) FIG. 2. (a) Effective numberN,, of independent fluctuating
HereA, andB,p are the AL paraconductivity ampll_tu% superconducting planes per unit cell lengsh,and (b) mean-field
and, respectively, the Lawrence-Doniach parametgiyen critical exponent [as defined in Eq5.2)], in a biperiodic layered
by superconductor as a function of the reduced temperature in units of
5 ) the Lawrence-Doniach crossover paramegg, , and for different
e (2§c(0))

- AaL Bio|
Mool (€)= — <1+ - - (3.4

= B .= (3.5) values of the relative tunneling coupling strength/y,, between
16hs’ LD S ) adjacent superconducting layers. As discussed in Sec. V, the plot
T ) reveals two combined crossovers: thg=1 to 2 crossover, and the
For a biperiodic layered superconductoe., for N=2), Eq. dimensional 3D-2D crossovére., x=—1/2 to —1). The limit for
(3.2) lead to one single periodicity layered superconduct@¥s=1) corresponds

o y to i/ o with B p#0. See main text for details.
Ao () =N €)Ml (), (3 (@M with B

whereN(e), henceforth called the effective number of inde- A plot of N, is shown in Fig. 23), and a discussion of its
pendent fluctuating superconducting layers, is given by  physical meaning will be presented in Sec. V. Note that Egs.
(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 E¢R.3 and identifying the
3.7) microscopic parametets andG used by Maki and Thomp-
o son asK=vy, and G=v,. The expression of Baraduc and
Here g is a shorthand forB=Bp/e and c;,C;,C1,C, are  Buzdirf? for Aobpa (€), valid only for y4>7,, may also be
coefficients with dependence only on the tunneling-couplingasily obtained as a particular case of our results.
ratio, v,/y,, between adjacent layers, as

AAL

1 —-1/2
- 24 ~23
2 +ci8+cC,,B8°+CiB

Ne(€)= 1+CT,8+C,B8%+c2B°

_1nlvet 1)? B. The Maki-Thompson contribution

1= y El=201+ 1, . i . i

2 Y12 To calculateAo,um7(€) in the case of a multiperiodic
(3.8 layered superconductor, we apply the same procedure al-
ready used for layered superconductors with a single period-

1
_ o, T ~ _ 2
Ca=Cit 3 Cu Cp=Cit2c icity by Hikami and Larkin? We get
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2 € the digamma function, and’ its derivative. In the dirty and
Acapur(e)=_— J de'Aoapac(€’), (3.9  clean limits (i.e., 7T<1 and, respectively7T>1, in kg/#
¢ e units), Eq. (3.10 may be reduced {81’

where €, is the pair-breaking parametésee below and

Ao,pa(€') is given again by the summation-integration ap- __ 7 dirty limit 311
pearing in Eq(3.2). Therefore, we see thdto,pr(€) may €é 8KgT T, (dirty limit), (3113
be written in terms of the AL contribution, in the form of a

mean value ofA o, (€) Over the reduced temperatures o mh TL(3)h .

and e. This relationshipto our knowledge unnoticed up to 6¢_8kBTT¢ 2mkgTT (clean limit), (3.119

now) is valid for all the multiperiodicities of the layering, as
well as for the three-dimension&BD) and 2D limits. The
pair-breaking parametes, appearing in Eq(3.9) is given

where{(x) is the Riemann function ang{3)=1.202. In view
of Eq. (3.9, Ao apur(€) for N=1 and 2 may be obtained

by'217 from the corresponding expressions fdro,pp (€). For
N=1, we get
T 1 f 1 1 h
— ’ 2
=7, “’(z)*m‘l’ (z)“"(z*m) ’ N-1 o 2Aa | [ € [ 1+V1¥Bole
® B B AUabMT(e) = |n -\ T ’
(31@ 6_6(;5 6¢ 1+\1+BLD/E¢
where 7 is the scattering times, is the phase pair-breaking (3.12

time (with 7,=7, according to the Matthiessen refle Wis  and for a biperiodic layering

AO—.’;‘;MZT( €)=

(3.13

4AAL | ( € \/1+ chBLD/E+ \/1+2clBLD/€+201(BLD/E)2
n|f — .
€€y € \/1+ 2C]_B|_D/6¢+ \/1+ 2C]_B|_D/€¢+ 2C1(BLD/E¢)2

Equations(3.12 and (3.13 include the results proposed for VII. So, the central aim of this section is to present calcula-
N=1 by Hikami and Larkin in Ref. 12 and f&d=2 by Maki  tions of Ag,n 0(€,H) and of Ao puro(€,H) in a biperi-
and Thompson in Ref. 1@n the last case, by doing the same odic layered superconductor with a magnetic field applied in
identificationsK =v; and G=+, mentioned in the previous the c direction. The magnetic field is assumed in the so-
subsection Moreover, note as well that E¢3.9) shows that called weak limit, given b3}32

the biperiodicity effects ot o, ,7(€) are also accounted by

Ne. A 2epolan(OH  H
heo HGS(

0 <eg, 4.2
IV. FLUCTUATION-INDUCED

MAGNETOCONDUCTIVITY where H!5(0) is the amplitudefor T=0 K) of the upper
critical magnetic field parallel to the direction andh is the

It is now well established in single-periodic layered Su-so-called reduced magnetic field applied in thelirection.

perconductors that, for a weak magnetic field applied perpern: . . o > .
dicular to the layers, the fluctuation-induced in-plane magmle.l—]—he possible high magnetic-field effetS” which may ap-

i = ; <15 pear(already in the modelization presented in Segiflthe
toconductivity, A &ay(e,H), may be approximated &5 conditionh<ke is not verified will be not discussed here.

AGap(€,H)=A0pa0(€,H)+Adapurol€e,H), (4.2)

A. The orbital Aslamazov-Larkin contribution
where A o(€,H) and A, puro(€,H) are the so-called
orbital-Aslamazov-LarkinfALO) 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-', (q,) .
man fluctuation-induced terms, which reflect the Zeemarf abao(€:H), the part of the ALO magnetoconductivity
splitting effects, due to the coupling of the magnetic field@rising from the in-plane spectrum of fluctuations for a given
with the carriers’ spin, on the AL and MT contributions to Z-direction fluctuational state, . This part simply coincides
the paraconductivity. In the HTSC, these last effects are negVith the ALO contribution for a 2D film of thickness unity
ligible for weak magnetic fields applied perpendicular to the@nd at a reduced temperature wq , wherew, is the fluc-
superconducting layefs!® Also, as before for theH=0 tuational spectrum of the-direction statey,.>*** Then, we
case, we are not going to take here into account the possiblum over all theg,. In the multiperiodic layered case, as
DOS contributions. We will include, however, an appropri- shown in Sec. Il, such a fluctuational spectrum corresponds
ate discussion of these different contributions in Secs. VI ando thecujkZ given by Eq.(2.2), and theg, sum corresponds to

To calculate the orbital Aslamazov-Lark{ALO) magne-
toconductivity in a layered superconductor with several pe-
riodicities, we will use again the procedure proposed by
Hikami and Larkin to calculateAo,,(€e,H) in a single-
periodicity layered superconducttr.So, we consider first
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the summation ovej=1,... N and integration ok,/2m over
—m/s<k,<w/s. We obtain then

N
—h2e?

647t j§=:1 (4 3)

Adapaio(€,H)=

Jﬂ'/s
—mls (6+w1k)
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have done above fak o,pyr(€) and forAaapa o€, H). We
first considerA &% bl\)/ITO(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
temperatures+ wg and with pair breaking parametet;

- . : 12,34,35 L
In this expression, we have retained only terms at the secondl ®q,- Then, we sum over all the-direction fluctua-

order in the reduced magnetic fididin accordance with our
previous assumption on its smallngsse Eq.(4.2)]. By us-
ing in Eq. (4.3 derivation with respect te, we obtain a

tional statesg,, given for the multiperiodic layered super-
conductors by Eq(2.2). At lowesth? order, we obtain then
fOI‘ A‘;abMTO(va)’

relationship between the AL in-plane paraconductivity and

the ALO in-plane magnetoconductivity with a weak perpen-

dicular magnetic field,

- —h? Ao apaL(€)
Ao apao(e,H)= 2 ;62

4.9

Such a relationship, expressidgr,pa o(€,H) in terms of
Aoapal(€), is the equivalent of Eqg.(3.9 relating
Aozpur(€) and Ao pp (€). It allows us to obtain the ex-
plicit expressions for\ o pa o(€,H) by using the ones ob-
tained above fol o,pp (€). Also, as it was the case of the
Eq. (3.9 for Ao,pmr(€), EQ. (4.4 clearly indicates that the
effects of a biperiodic layering, that appear A pp (€)
throughN,, are transmitted ta o ,pa o(€,H) via that rela-
tionship. ForN=1, Egs.(3.4) and(4.4) lead to

_h2

~N— 1+BLD/€+3/8(BLD/E)2
Adhparo(€,H) = &2

2+4Bp/e+2(B.ple)?

N=1
X Ao gpar (€),

(4.5
which is the result first proposed f&¢=1 by Hikami and

Larkin? By using Eqs.(3.6) and (4.4), we obtain for the
N=2 case,
—hz[ Pl)z (Pl Q1)2
A e,H [ RN (s S =
0-c’:leLO( ) PO PO QO
PZ Q2
X = Py +a 9 Aojoa(e), (4.6

where Py, P, P, and Qg, Q;, Q, are polynomials on
B=B, ple=(2¢.(€)/s)? with coefficients dependlng only on
vy, through the quantities,, c,, C;, andc,:

Po=1+(1+4c,)B+4(ci+Cy) BP+4A(C3+cy) BE+4cipY,
P.=(1/4+cy) B+2(ci+Cy) B2+ 3(ci+c,p) B3+ 4c2 B4,
Po=(L/4+cq) B+3(C1+Cp) B2+ 6(c+ ) B3+ 102 8%,

Qo=4+4C,B+4¢C,B%+4c283,
Q,=2+3¢,8+4¢,B8%+5c23°,

Q,=3+6C,8+10¢,8%+15c38°. 4.7

B. The orbital Maki-Thompson contribution

To calculate orbital-Maki-Thompson magnetoconductiv-
ity, Aoapmro(€,H) in a layered superconductor with several

2 h? % fw/s dk,
s (et @ )

967h e— €4 =1
JHT/S dkz
—ats (€g+ 0 )?)”
As before forA o, o(€,H), differentiation with respect to
€ and ¢, leads us to a direct relationship between the AL

zero-field paraconductivity and the orbital Maki-Thompson
magnetoconductivity in the weak magnetic-field limit,

e
Tapmtol€,H) =

4.9

-1 h?

Adapmro(€,H) = 3 €

B ¢9A<TabAL(€¢))
&6(/5 '

AT appL(€)
Je

4.9

Through these dependences, we may get now explicit ex-

pressions for Acauuro(€,H) by simply using the
Ao ypa (€) results. FoiN=1, we obtain
A ’ h? [[2+B.p/e| Aahpar(e)
Ganmrol€:H) = €—€4|\1+Bple 6e
2+Bpley| Aogpal (€g)
1+BLD/E¢ 6€¢
(4.10

a result first proposed by Hikami and LarkihFor N=2, we
obtain
h? Achoa(€)
6e

Achpirole,H)=

( Ri(e)
€—€4 | \Role)

_ ( Rq( f¢) _
Ro(€y)

51(6))
So(€)
Sl(qu)) AUQIEA?_(%)
So(E¢) 66([)

4.1y
whereRy, Ry, Sy, andS, are given by

Ro(€)=1+C,8+C,8%+c3p°,
Ry(€)=2+3C, B+4¢,B2+5c28°,
So(€) =14+ (1/4+cy) B+ (Cy+Cy) B2+ (c2+¢,) B3+ 284,

Si(€)=(1/4+c,) B+2(cy+Cy) B2+ 3(ci+ cz)ﬂ3+4c(§,e4z
4.1

periodicities, we will proceed in a quite similar way as we Here we have used again the notat@sB, p/e.
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V. EFFECTIVE NUMBER OF INDEPENDENT betweenN,=1 and 2 is present fal=2, but it is absent in
FLUCTUATING PLANES IN A BIPERIODIC the single periodicity layered superconductors, with-1.
LAYERED SUPERCONDUCTOR This last difference affects directly the amplitudefaf, ,(e)

. . . . and of Ag,,(e,H) and it is, therefore, crucial in comparing
In view of the results of the preceding sections, the main b the experimental datsee Sec. VI

e et e’ The diferences betueen it and 2 cases concern
induced magnetoconductivitfor weak magnetic fieldsis also the possible O.PE.I|m|t|ng behawors. In the.conven.tlonal
the coefficientN.(e/B,p ,y,/v). given by the Eq(3.7). First N=1_ case, these limiting behaviors are assouatfaq with the
of all. suchN d(igrectl;Ds’u%nr%érizegsee Eq(3.6] t.he'N:2 relationship betweeg,(e) ands and, therefore, as it is well

! e e known, there are three possibilitidgsach of them with a

effects on the direct AL contribution to the paraconductivity, . . . o i
Ao,pa (€). Added to that, we have shown that the rest Of\(jl\;;fsge{{r;tNdlrf)nsmnal exponent, but which indeed lead al
=1).

the untlé heﬂre CO”S'd‘?Feg cor&trlbutlons to the;j paraconductiv- (i) éc.(e)>s, wherex=—1/2, and where the OPF are 3D.
Iy an uctuation-induced - magnetoconductiviti.e., (i) é.(€)=s, that corresponds to the 2D—3D crossover.

Acoapur(€), Adapao(€,H), and Adapuro(€,H)] may be (i -
. A . i) ¢&:.(e)<s, wherex=—1 and the OPF are 2D.
related to such AL direct contribution, and Big determines However, in theN=2 case, the situation is slightly more

:Ee b'pe”Od'c't% effects "ISIIIZO in tlh;se conltlrlfbuu%ns.zln faCt’complex, and the different possible behaviors will be given
€ same concision witi be vaild as well Tor fhe eemanby the different combinations of the values &f(e)/s and

:Aogrtélguélrong EOArZa?ée'ST)' d'gﬁgﬁ:gdcgllcslea?.g?\]/;)fbillzw' vi v, (or, equivalently, by the different possible combina-
VEr, our préeviously publl uiatl tions ofx andN,). For instance, in contrast to tie=1 case,

fluctgation-inducgd diamagnetism for weak magnetic ﬁeldstor N=2 it is possible to have three different 2D behaviors.
applied perpendicular to theb planes,Ax,(e), shows that (i) The case characterized ly-—1 andN,=2, in which

N=2
TGN:S?(m)e[NeEG/ E'—D’yllz/y(% ?B?Iaées IFS'WI(;Il?Xza(? (e)hto each superconducting layer undergoes fluctuations com-
Xap ~(€) [NOLE Nere EqLa.9)]. Fnally, I Ret. =4 we have pletely uncorrelated to the other layers.

shown thatN, indeed summarizes the biperiodicity effects (i) The case characterized ly:—1 andN,=1, in which
e H

already in th_e effe_cnve, or thermodynarmc,_GL free ENergyyne system is composed by superconducting sheets, each one
<A'.:>’ that gives rise to such a fluctuation-induced dlamag-fu”y uncorrelated to the others, but each sheet being in turn
netism, so that composed by two layers so strongly correlated between them
N=2_ N=1 that each bilayer may be considered as a single 2D supercon-
(AF)T"=Ne(€)(AF)T 6.1 ducting plane without internal structure.

All these results strongly suggest that, in analogy with the (i) The case characterized by~—1 and N, crossing
equipartition of the free energy by uncoupled degrees opver the values 1 and 2. Here the system presents again
freedom,N, may be seen as an effective number of indepenuncorrelated superconducting bilayers, but now composed by
dent fluctuating planes in a unit cell. This physical meaningwo superconducting layers with some correlation between
of N, is confirmed by its limiting valuesl<N.,<2) and by  them (intermediate between the former casds this last
its behavior with respect to the parameters of the systentase, each bilayer presents a frustrated internal 3D structure,
Such a behavior has been summarized in Fig), 2vhereN, and in consequence the value of the exponent differs some-
has been shown as a function@B, , and of y4/y,. In this  thing from the 2D valugx=—1), as it can be seen in the Fig.
figure, and in what follows, we consider only values)gfy, 2. To our knowledge, this mesoscopic effect in biperiodic
higher or equal to oney,/v,=1, because our final expres- layered superconductors has not been tested experimentally
sions remain invariant if we interchange thgand y, val-  up to now.
ues. Finally, let us inspect here the influence ¢f/y, on

To characterize the differences between the order paramoj, 2(e) and Ad by *(e,H) [and onAx}y (e)]. For that,
eter fluctuation§OPP configurations of th&l=2 and 1 lay-  We first note that the results of Secs. Il and[lahd of Ref.
ered superconductors, it will be also useful to introduce, IR0 for Ax,,(€)] have shown that all the dependences of these
addition toN,, the mean-field critical exponent, of the  physical quantities ony,/y, arise throughN,, which may
direct in-plane paraconductivity, defined as the slope otake the two limiting values$if £(0)+0]
Aapa(€) in alog-log representation, i.e.,

Ne=1, for yq/y,—00, (5.3
x(€)= 9 In Aoapa (€) (5.2 and [by making y;/y%,=1 in Eq. (3.7) and factorizing the
€= dlne ' resulting polynomialk
117
-1/2

The exponenx takes values bounded by the pure 3D and 2D 1+ @
results (x=—1/2 and, respectivelyx=-1), so informing _ € ; f
about the dimensional behavior of the OPF. In Figh) 2ve Ne=2 Bo o for yaly,=1. (54
show a plot ofx as a function ofe/B,p and of y4/y,. The 1+4—

results presented in Figs(&2 and 2b) clearly illustrate one

of the main differences between tiN=2 and the single- In the first limit (y;>1v,), the tunneling interaction between
periodicity (or N=1) layered superconductors: Whereas thethe more coupled superconducting planes is so strong that
exponent crossover between the 3D lixt=—1/2) and the these planes are, in all the mean-field-like region, equivalent
2D limit (x=—1) appears in both cases, th, crossover to a single layer without internal structure. It is then easy to
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check that in this case the expressions far}y %(e) and N —743) [ pgH \22+Bple

A& NS2(e,H) [and also forAy s %(e)], given by Eqs(3.6), Adhoarz(€,H)= 5 (2 T 1387
(3.13, (4.6), (4.11), and (3.3, coincide with theN=1 ex- € el Lo'€
pressions with the same unit cell length d, +d, [given by XAohoat(e), (6.3

Egs.(3.4), (3.12, (4.5), (4.10, and(3.3)]. Note that, in fact, _ _ o
this is the limit used until now, without other justification & result already proposed by Aronov, Hikami, and Larkin in
than its simplicity, by most of the authors in analyzing the Ref. 14. For biperiodic layered superconducttvs=2), we
OPF effects on differegnt9 gﬁbgs%ervables in the muItiperiodicflnd
layered high¥, cuprates™™"=>

In the opposite limit(i.e., for y;=7,), the biperiodic sys- *N=2 _ e ( peH )2( Ru(e) Sl(f))

- : . Aoapaiz(e,H)

tem will become equivalent to a layered superconductor with 2e  \27kgT.) \Ro(€) Syle)
a single periodicity, but now witk/2 as characteristic length, Y AgN=2 6.4
instead of the unit cell length It is easy to see, by using Eq. TabaL(€)- 6.9
(5.4, that in this last casa o}, *(e,H) is again given by |n the case of the MTZ contribution, we obtain, for all the
theN=1 expressions, but wite/2 instead of in the expres-  yalues ofN,
sions ofA, andB,p [i.e., in EQ.(3.5)]. In other words, in

thesey,/y, limits, th_eN=2 expressions foAa_ab(:s,H) [and. - _ —743) [ peH 2
Axan(€)] may be written as foN=1, but substituting the unit Aoapurz(eH)=—— ey | 2mkaT,
cell length,s, by an effective interlayer distancd,, given
by X (Aoapmr(€) —2A05paL (€)),
gl for v, /y,—, : (6.9
e |s/2, for y;=v,. (5.9 a result which coincides whel=1 with the expression al-
ready proposed by ThompsGrior single periodicity layered
VI. OTHER CONTRIBUTIONS TO THE superconductors. Finally, let us stress here that these expres-
PARACONDUCTIVITY AND TO THE ELUCTUATION- sions hold forH perpendicular or parallel to theb super-
INDUCED MAGNETOCONDUCTIVITY conducting planes.
A. Zeeman contributions B. Density of states contributions

We have neglected so far the effects of the Zeeman split- oyr above calculations of the MT contributions to

ting on the fluctuation-induced magnetoconductivity, fir%t iN-Ag,.(e,H) are based on the grounds of the standard first-
troduced by Aronov, Hikami, and Larkihand Thompso®®  order perturbative diagrammatic techniques that Maki and
As it is now well established);*°these contributions are neg- Thompson applied in their original work&?” assuming a
ligible in the HTSC for weak magnetic fields applied perpen-Fermi-liquid BCS-like behavior of the electrical carriers.
dicular to the Iaygrs. However, these contributions are iMQuite recently, however, the effects introduced by some fur-
portant forH applied parallel to the layers. Therefore, for ther perturbative orders were considered by several authors,
completeness, we are going to calculate here, for a biperiodigainly addressed by the study of the striking experimental
layered superconductor, these terms. This may be easibgatures of the paraconductivity in the direction,
done by taking into account that, as first showed in Refs. 14A0'C(6,H), of the HTSC compounds:**~**In what con-

15, and 38, the Zeeman effect produced’om(e,H) by an  cerns the in-plane paraconductivity and fluctuation-induced
external field may be summarized by means of a shift of thenagnetoconductivity, the same calculations have been intro-

critical temperature given by duced by Dorin and co-workers for layered superconductors
o2 with a single periodicityt” Here, we will just extend these
eZ(H)Ee+7§(3)< “B ) , (6.1) last results to two particular limits, characterized fay=y,
2mkgT, and y;>v,, 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 N=1 case, the new contributions to the in-plane
AGapaiz(€H)=Adapa (€2(H) = Acapa (€), paraconductivity may be written Hs

(6.29

where {(x) is the Riemann functiofiwith {(3)=1.202 and
ug=eh/2m,- is the Bohr magneton. The Zeeman contribu-
tions are then given by

A apprrr(€)=4ryrrA, |n(§ (1+y1+ 30/6)2),
6.2D 6.69

whereAo,pa (€) andAo,pmr(€) are theH=0 expressions €

obtained in Sec. Ill. One may expand the above expressions  ATappos(€) =4KposA, |”(Z (1+V1+ Bg/é)z),

in powers of the weak magnetic field up to ordef, in (6.60)
accordance with thé<e condition stated in Eq(4.2). We ’
obtain then for the ALZ contribution in the single periodicity whereA o putr(€) and Ao appos(€) are the so-called regu-
(N=1) superconductors, lar Maki-Thompson and, respectively, density of states

AGapurz(€,H)=Aoapur(ez(H))— Aoapur(e€),
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(DOY) contributions. This last contribution may be related to A,=A,, B,=Bp (if N=1), (6.7

the variation, produced by the appearance of the Cooper

pairs, of the density of states of the normal carriers. In Eqand xyr and kppg are parameters depending on the relax-
(6.6), the constant#\, andB,, are given by ation time of the normal carriers, as

et " vl e
2" amkort) \2) T AmkerT |2

KMTR= T 1 N 7 N 1 N 1 i 7 : (6.89
m 2 dmkg7T 2 2 Aakg7T
- 1 fi h - 1
B 2 * AmkgrT) 27kgtT 2 6.85
KDOS=2\I,1+ 7 \I;/l q,l_,_ 7 ) (6.8b
T2 amkgrT © |2 2 AmkgrT
|
where ¥(x), ¥'(x), and ¥"(x) are the digamma function VII. AN EXAMPLE OF APPLICATION: ANALYSIS
and its derivatives. In the clean and dirty limits these expres- OF THE IN-PLANE EXPERIMENTAL DATA
sions may be reduced’fo OBTAINED IN UNTWINNED YBa ,Cuz0;_s5 CRYSTALS
Kyrr=0.3455, Kpos=0.691 (dirty limit), As an example of their interest, we are going to use here

(6.99 our theoretical results on the in-plane paraconductivity and
fluctuation-induced magnetoconductivity in biperiodic lay-
2 ered superconductors to analyze the data obtained by Pomar
) (clean limit). and co-worker®?4 in the a direction of two untwinned
6.9b YBa,Cu;0;_5 (Y-123) crystals. The high quality of these
' almost full oxygenated Y-123 crystals, with,>92 K and a
In accordance with E¢5.5), the regular-MT and DOS con- resistive upper half width of less than 0.1 K, and also the
tributions to the in-plane paraconductivity in a biperiodic reproducibility of the data from sample to sample well to
layered superconductor may be now directly obtained in thavithin the 15% of the estimated experimental uncertainty,
y1=7, and y;>v, limits by just using in Eq(6.6) the new  strongly suggests that theAerige) andA,(€,H) data must

kB 7T
h

KMTR™ 05865, Kpos™ 9384<

A, andB, given by be close to the intrinsic onéé*Let us stress here that in the
a direction these fluctuation-induced effects are due solely to
A,=2An, B,=4Bp (if N=2 and y;=1,), the CuQ superconducting layers, without any contribution

(6.103  from the CuO chains also present in this compound and
which role on the transport properties in theéirection is not
A;=An, By=Bp (if N=2 and y;>7y,). well settled up to now. As a crucial test of consistency, si-
(6.100  multaneously we will briefly analyze also, in terms of our
) o previous theoretical results for the fluctuation-induced dia-
In the case of the in-plane fluctuation-induced magnetomagnetism in biperiodic layered superconduct8rahe

conductivity, these contributions are given, for=1, by"’ available experimental data @y,,(e) measured in the weak
magnetic-field limit in the same crystdi¥ Moreover, as it
24 & was shown in Ref. 20, the OPF effects pite), the magnetic
- h?kprRA € suseceptibility for weak magnetic fields applied in thb
Adapurr(€,H) = 32 B, |’ (6.11a planes, may be neglected in this case. So, for the three dif-
( —) ferent observables, thé =0 mean field critical temperature,

T, Which is never directly accessible, was estimated from
B measurements of.(e). TheseAo,(e) andAo,(e,H) experi-
h 24 < mental data were already compared with the AL contribution
~ Kpohs € i.e., neglecting any indirect contributiprfor N=2 with
AGapod e H) = —25 ( S (Ga1p S PEZESING any b

AR v1=7,.10?4 So, we will extend here these results to other

+ ?) vl 7y, values and, mainly, we will analyze in detail the pos-
sible relevance of the indirect contributions, included the

Again, for N=2 in the y,=7, and y,;>v, limits, the same DOS and MTR terms recently proposed by Dorin and
expressions are applicable if we use AgrandB, the values co-workerst’ on both the in-plane paraconductivity and the
given by Eq.(6.10 instead of theN=1 values given by Eq. fluctuation-induced magnetoconductivity. Until now these
(6.7). last contributions were used to analyze only the experimental
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data obtained in the transvers@lerpendicular 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

Ao, (10° Q'm)

We will first check if the conventional approach for lay-
ered superconductors with one single periodi¢ity=1) and
with the anomalous MT term as the only indirect contribu-
tion is compatible with the experimentAb,(e), Ao,(e,H),
and Ay,p(e) data in Y-123 crystals. As noted before, this
conventional approach, that corresponds to the limit
vl y,—0o0 of the N=2 theory and which leads td.=1, was
used by many of the authors, without other justification than
its simplicity, in analyzing their data in biperiodic layered
superconductor$.®*"#2|n this case, the AL and the MT
contributions are given by, respectively, Eq8.4 and
(3.12. In Fig. 3a), the average values of the paraconductiv-
ity measured in tha direction of two Y-123 crystals having
a central part without twins is compared with the theoretical
Aol1(e). The solid line in this figure corresponds to the
best fit of Eq.(3.1), with Ao pa (€) and Ao ,pur(€) given
by Eg. (3.4) and, respectively, Eq.3.12. The fitting was
done in the e region bounded by the arrows, i.e, for
2x10 %<e<107 %, with 74, 7, and &(0) as free parameters
but by imposingr,=r, in accordance with the Matthiessen
rule 3% Note also that the lower limit of the region consid-
ered here coincides with the estimated Ginzburg temperature
for Y-123 compound$?!®?4 whereas the upper limit has
been chosen to avoid the possible influence on the paracon-
ductivity of nonlocal or other high-temperature effetts’:
So, we will consider this region as the mean-field-like tem-
perature regiotMFR) aboveT ., for the Y-123 compounds.
Note here thatr, and 7 are expected to be temperature de-
pendent, but they may be approximated as constantd
equal to their respective value @at=100 K) in that MFR.
The resulting values from this fit are,(100 K)~7(100
K)=1.4x10"1s, and&,(0)=0.11 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 FIG. 3. Comparison between the theoretical results for layered

15% of the total paraconductity at=10"2 and of the order superconductors with a single periodicity=1), but by taking into
of 35% ate=10"1 account only the direct Aslamazov-Larkiashed ling and the

The comparison between the theoretical in_plam_:‘indirectanomalousMaki-Thompsaidotted ling contributions, and

. . : .. the experimental data of the paraconductivity alongahexis (a),
fluctuation-induced magnetoconductivity, always in the IImItthe fluctuation-induced magnetoconductivifly), the fluctuation-

wly,—oe, and the experimental data obtained in the weak i . . .
magnetic-field limit in the same Y-123 crystals studiedInduced diamagnetisrtd), and the relationship betweeivr, and

: A o T Axap/ T (c), measured in untwinned Y-123 crystals by Pomar and
beforel®is presented in Fig.(®). In this figure, the solid line Xar/ T (©) 4 y

I . co-workers(Refs. 10 and 24and by Torfm and co-workergRefs.
corresponds to the best fit, in the samegion as before for 19). ThisN=1 approximation is equivalent t/y,—x in theN=2

the paraconductivity, of Eq4.1), with the ALO term given ooy The solid lines correspond to the best fits of the theory to the
by Eq. (4.5 and the MTO term given by Ed4.10 and by  experimental data in the mean-field-like region bounded by the ar-
imposing the above found values of, 7, and &(0). The  rows. The resulting values of the various parameters arising in the
resulting value of the in-plane superconducting coherencgeory are summarized in Tabledcenario A.

length amplitudéat T=0 K), the only remaining free param-

eter, is&;,(0)=1.05 nm, the rms error being of the order of vided by the fluctuation-induced diamagnetishy,(e€), be-
5%. We see, therefore, that this scenario, nétéd Table |,  causegas seen previously in Sec.)lthis observable depends
may reasonably explain simultaneously the experimentabn the same parameters As,(e) and Aa,(e,H). In Figs.
Ao,(e) andAo,(€,H) in the MFR in Y-123 crystals. How- 3(c) and 3d) we compare Ax,,(€)/TAo,(e) and
ever, a crucial test of consistency for this scenario is proAyx,,(€)/T with the experimental results obtained in the

ZQ-] m-l)

a

-AG (10

a

ab

Ay ITAc (10" Qm/K)

ab

Ax /T (107K

o (d) -
PR T WO N T I U N
002 004 006 008 01

(T h Tco)/Tco
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TABLE |. 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 untwinnedGB®-,_ ; crystals(Refs. 10, 19, and 24
The different symbols are defined in the main text. Scenaki@nd B, with v,/y,—c, correspond to the
approaches with one single periodicify=1), whereas the scenari@ andD correspond to the biperiodic
approach, in the limiting casey/y,~1, i.e., by assuming a similar tunneling coupling strength between
adjacent layers. I8 andD the possible indirect DOS and MTR contributionsitor,(e,H) andAo,(e,H)
are taken into account, whereas these effects are neglectedridC. The too low(unphysical values ofr,
andrin scenaridC, 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 contributiahe ibe,H) andA,(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 &l,(e,H) and Ay,,(e). The uncertainties of these
different values, associated with the different error sources, remain below 15%.

rms error
£(0) T Ty &(0) —
Scenario  yi/y, (nm) (s (s (nm) Ao, Ao, Axa/TAo, Axa/T
A —o 011 1410 14x10% 105 3% 5% 35% 35%
B —o 017 1x10% 57x10*¥ 090 3% 90% = >100% >100%
C 1 0.12 2.x107% 22x107% 110 3% 5% 1% 3%
D 1 0.13 1.x10™ 36x10¥ 095 3% 70%  >100% >100%

same sampleS;?*in both cases by using the values of the of the fit being of the order of 90%. The resultirig,(0)
different parameters found before, i.e., without any fittingvalue is 0.9 nm. In addition, it is very easy to check that with
parameter. The disagreement between the theorNfed  such a lowé&,,(0), this scenario, note® in Table I, cannot
(solid lineg and the experimental data is evident, the rmsexplain theAy,,(e) data, the rms error beinfglways in the
error in the MFR being of the order of 35%. These resultssame MFR, i.e., the region bounded by the arrows in Fig.
show that the conventional approach cannot explain quanti4(a)] bigger than 100%.

tatively and simultaneously the experimental data\en(e), We may, therefore, conclude already here that the con-
AT ,(€e,H), andAy,,(€) obtained in the MFR in high quality ventional approaches with one single layered periodicity can-
Y-123 crystals. not explain simultaneously and consistently the experimental

To check if the presence of the new indirect contributionsAo,(e), Aa,(e), andAx,,(€) data obtained in the MFR in the
recently proposed by Dorin and co-workErsould eliminate  same Y-123 crystals, even if the new indirect contributions
the difficulties found before for the one single periodicity proposed by Dorin and co-workéfsare taken into account.
approach, in Fig. 4 we compare again this approach with thén fact, the presence of appreciable DOS and regular MT
same experimental data, but adding to the theoretical expresentributions will still enhance the importance of the dis-
sions of Ao,(e) and of Ag,(e,H) the corresponding new agreement found between th=1 theory and the experi-
terms, given by Eq¥6.6) and, respectively6.11). The solid  mental results in Y-123 crystals.
line in Fig. 4a) was obtained by fitting6.6) to the experi-
mental data in the same MFR as above, and wjthr, and
&:(0) as free parameters, but again by imposigg:7. As it
may be seen, the agreement is again excellent, the resulting We will now compare the same experimental data already
values for the free parameters beigg0)=0.17 nm,7(100 used in the precedent subsection with our theoretical results
K)=1.5x10 s, andr,(100 K)=5.7x10 13s. In this case, for biperiodic layeredalso called bilayeredsuperconduct-
the AL term represents about 60% of the total paraconducers. To avoid the introduction of new free parameters in the
tivity whereas the nefthe anomalous MT term is positive, theoretical expressions, we are going to impose henceforth in
i.e., enhances the conductivity, whereas the DOS and thiis comparison the conditiop/y,=1. Let us stress already
regular MT contributions are negative, i.e., they decrease thkere that thisy/y, value is close to those that are obtained if,
conductivity) contribution of the indirect terms is around as it may be expected, the strength of the tunneling coupling
40%. However, such a good agreement of the one singlbetween adjacent superconducting layers is approximately
periodicity approach for the in-plane paraconductivity is se-proportional to the inverse of the distances between them, or
verely questioned by analyzing the in-plane fluctuation-even proportional to the square of these interlayer
induced magnetoconductivity. In Fig(B), we present the distance$? As it may be easily inferred from the plots
best fit of the totalincluded the new indirect contributions shown in Figs. 2a) and Zb), in this y;/y,=1 limit the bipe-
theoretical fluctuation-induced magnetoconductivity to theriodic approach leads to very appreciable differences with
experimental data, by imposing the valuesgD), 7, and7  the one single periodicity approacly/y,—«).
found above, but with,,(0) as the unique free parameter.  In comparing the biperiodic approach with the experimen-
As it may be seen in this figure, the agreement between thi&l data, we will follow the same procedure as used before
theory and the experimental data is very poor, the rms errdior theN=1 theory. The solid line in Fig.(®) corresponds to

B. The biperiodic approach
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) . . FIG. 5. Comparison between the same experimental results as in
FIG. 4. Comparison between the theoretical expressions for ongig. 3 with the theoretical results for biperiodic layered supercon-

single periodicity layered superconductors, but now including theguctors, in the limity;/y,=1, and by neglecting the indirect DOS
indirect DOS and MTR terms, with the same experimental reSUlt%nd MTR contributions. The Corresponding scenario is n@dd

as in Fig. 3. The solid lines are the best fits of the theory to the dataraple |. The solid lines correspond to the best fits of the theory to
The disagreement between this scenario, nBt@Table |, and the

: _ : the data. This scenario leads to the absence of appreciable anoma-
experimental results is evident. lous MT contributions to the paraconductivity and to the
the best fit, in the same MFR as befdtlee € region between fluctuation-induced magnetoconductivity.

the arrows, in this figune of the total paraconductivity given

by Eqg.(3.1) with the AL and the anomalous MT terms given low, this 7is much more smaller than the relaxation time that
by, respectively, Eqs(3.6) and (3.13, to the experimental may be obtained from the analysis of the normal conductiv-
Ao,(e) data, with againr,, 7, and &(0) as free parameters ity and, therefore, the physical meaning of these so+amd
and7=r7. The resulting best fit values afg(0)=0.12 nm and 7, values may also suggest the nonapplicability to the HTSC
7(100 K)=17,(100 K)=2.2X 1075, The agreement between of the BCS-based calculations of these indirect contributions
the theory and the experimental data is excellent, the rm® the in-plane paraconductivifigee below

error being 3% in such a MFR. These values lead to an The comparison between the theoretical in-plane
anomalous MT contribution of less than 10% of the totalfluctuation-induced magnetoconductivity in biperiodic lay-
paraconductivity in all the MFR. In fact, as we will see be- ered superconductors, always in the cagl,=1, and the
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experimental data is presented in Figo)5 In this figure, the 6 ——T——T—T
solid line correspond to the best fit, in the same MFR as el N=2, with y fy.=1
before, of Eg. (4.1, with Adano(e,H) and el rh
Ao puro(€,H) given by Eqs(4.6) and, respectively(4.11), \ el
and by imposing the above found valuesmgf 7, and&;(0). N
The resulting value of the only remaining free parameter, the 3 \L RN V
zero-temperature in-plane coherence length{,ig0)=1.1 e
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 notéd in
Table | 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) &nd 5d)
for Ax.p(€)/TAo,(€) and, respectivel y,,(€). In agree-
ment with the irrelevance of the anomalous MT contribution
to the paraconductivity in all the MFR, we see in Figc)5 —_—-"
that the theoreticah x,,/ TAo,(€) is practically e indepen- i -
dent in all the MFR, in excellent agreement with the experi- .
mental data, the rms error being of the order of 1% in this -6
region. Such a good agreement is also foundXgy,(e), the Y01 = LA DL R R
rms error being less than 3%. . uH=1T

We will check now the possible relevance, in the case of 30 |
this biperiodic layered descriptidialways withy;/y,=1), of :
the new indirect termg¢DOS and MTR on theAo,(e) and
Ao ,(€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

w——  AL+MT+MTR+DOS
— = AL

« cctt MT

= = MTR+DOS

A (10° Q'm™)
<o
1

i, —— ALO+MTO+MTR+DOS|
S | SO
- P ----MTO .
V1P — - MTR+DOS
\ @

Aoap(€)= AO—QDZA{(G) + AO’EJN?T(G) + AUQEMZTR(G)

10°Q "' m™)

+Aognsos(e), (7.0

with these terms given by Eq€3.6), (3.13), and(6.6), with
wly=1 or, equivalently, by imposing the conditions given
by Eq.(6.103. The fit was done in the same MFR as before,
and again withr,, 7, and £,(0) as free parameters. The re-
sulting values are,(0)=0.13 nm, 7100 K)=1.3x10 * s,
andr,(100 K)=3.6x10 '*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, 0.02 004 006 008 0.1

and the DOS and the regular MT contributions from the (T -T )T

other, are almost mutually compensated, so their net contri- ol

bution to the paraconductivity is of the order of 15%. How- g 6. comparison of the theoretical expressions for biperiodic
ever, the comparison with the fluctuation-induced magnetorayered superconductors in the limit/y,~1, but now including the
conductivity will allow us to further check the possible ingirect DOS and MTR terms, with the same experimental data as
presence of these indirect contributions: The solid line inin Fig. 3. The solid lines are the best fits of the theory to the data.

Fig. 6(@ corresponds to the best fit of the total in-planeThe disagreement between this scenario, nBtéd Table I, and the
fluctuation-induced magnetoconductivity, given by experimental results is evident.

a

-Ac

AGap(€,H)=Adhaio( €, H) + Aol €.H) We may conclude already here, therefore, that the only
~N=2 <N=2 scenario which explains quantitative and simultaneously the
T AGairr(€H) HAGasod e H), (12 e Ag(6), Ady(e,H)., andAy,(e) data obtained in the
where these terms are given by E@k6), (4.11), and(6.11), MFR in Y-123 untwinned crystals is the scenafio which
with y,=1,, or equivalently, under the conditions given by corresponds to a biperiodic layered superconductor with
Eq. (6.104. In this fit, we have imposed the values &f0), v1=~7,. In this scenario, &,(0)=s=1.17 nm fore<0.04, so
74, and 7 found before, but withé,,(0) as free parameter. the OPF have a 2D—3D crossover in the MFR, the effective
From this fit we obtaing,,(0)=0.95 nm and the disagree- critical exponent and the effective number of fluctuating
ment between the theory and the experimental data is verglanes varying to within —0.75sx(e)<-0.5 and 1.2
important, the rms error being of the order of 70%. It will be =N.(e)<1.6 in the MFR(0.02<¢e=<0.1). Another important
very easy to check that this scenario, noledn Table |, is  aspect of this scenario is that the OPF effects on the three
also not at all able to account for they,,(e) data. magnitudes analyzed here may be explained at a quantitative
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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

T
Y-123

ALO contribution in the case of the fluctuation-induced mag- 3§ 50 =012nm
netoconductivity. These results confirm at a quantitative ’2“ 15 t=10"5 -
+

level our earlier proposal, based on the analysis of the para-
conductivity and of the fluctuation-induced diamagnetism in

2
<
2

(N=1)

different HTSC system&“° that the indirect contributions 5

(now including also the DOS and regular-MT ohase neg- T

ligible in the MFR in Y-123 compounds and that, therefore, &

the wave pairing in the HTSC could be unconventiofes- 32

tended or norisy) pair breakindg®*’ In fact, by taking into & S

account the in-plane normal electrical conductivity of our P I e
samples affl=100 K, and using a carrier density of about 10° 10!
ny=4x10*" m®> we obtain for the mean free path of the (T-T_)T_

normal carriers|~8 nm. By combining this value with the

value of 7 in this scenaridC, we obtain for the Fermi veloc-

ity, v-=6x10% m/s, a value in disagreement with those cur-  FIG. 7. Relationship betweea o} (€), with ¥1/,=1, and
rently proposed for Y-123 compounds in the literafre Aohoar(€)+Aadur(e), for different 7, values andr=10""°s.

(ve~10° m/9). In addition, such a low will indicate that the ~ We see that for,~2x107*° s, AchL{ (€) almost coincides, in all
Y-123 compounds will be in the so-called dirty limit, also in the MFR, withAobi.i (€) + Aagpir(e).

i it 38
contrast with most of the existing propos&l’é". As 7 only superconductor, with two interlayer distances in the unit cell

Lléngth and with two different tunneling coupling strengths

lated an the grounds of the BCS-like theory, with a CONVeNy o tween adjacent superconducting layers, were calculated.

tional 159 wave pairing, these Ia;t results suggest again th?)ur results show, in particular, that by introducing an effec-
nonapplicability to the copper oxide superconductors of Suc'?ive number,N,, of independent fluctuating layers per unit

an approach. Complementary, another conclusion to bSell length, it is possible to express the Aslamazov-Larkin

Sesser ere i At o pesent, reguts 0 SO, 2 h anomalous Ml Thompson comutonsio
9 ’ 99 andAo,,(€e,H) in terms of the corresponding quantities in

convgntlonal L.D'l'ke appr_oe_lche'_s for layered super.conductbne single periodicity layered superconductors with the same
ors with one single periodicity will introduce a considerable

rror in analvzing the biperiodic lavered HTSC unit cell length. Also,N, is the same effective number of
€ g. ”a I""%/ gl et pe ﬁ c ;yet ;m it : | fluctuating planes that we have previously found in studying

_ inadly, [et us also sStress here that SImuttaneoustnaly- = nq iy ctyation-induced diamagnetisty,(e), in biperiodic
SIS of high quality experlmentgl data of in-plane paracor)d.uciayered superconductof$ As an example of their interest,
EI’[VIty tﬁnd oft;h?hquctuzaLIt|on-|n(1fu?§d maglnetoclfl)ndtucttl_vlty these theoretical results in biperiodic and in single layered
\togetner wi € analysis of ‘the in-plane Tuctua Ion'superconductors have been used to analyze the experimental
induced diamagnetism measured in the same sajriplesu-

cial to discriminate between the different scenarios of Tabl data on the paraconductivity and on the fluctuation-induced
I. The results shown in this table clearly illustrate that the agnetoconductivity in tha direction (nonaffected by the

. . h - “presence of CuO chains obtained in untwinned
analysis of an unique observable measured in an umqu@Ba‘ZCusO7 s crystalsi®?4 As an important test of consis-
HTSC family will not allow, even by using high quality N ' -
data’® a discrimination between these differefir even tency, we have analyzed also the data of the in-plane

. . . fluctuation-induced diamagnetism measured in the same
othey posglble scenarios for the OPF effects. TQ further II'crystals?g In these analyses taken into account are all the
lustrate this point, in Fig. 7 we present the relationship be

- : — different direct and indirect OPF contributions fior,(e)
N=2 _ N=1 T ab
tweenNzlA“abAL(E)_ with  mly,=1 and Aoapa(€)  anga g, (e H), including the indirect contributions associ-
+A0anr(€), for different relative strengths of the anoma- yreq with the fluctuations of the normal quasiparticle density
lous MT term, i.e., for differentr, values, but always with o states (DOS), recently proposed by Dorin and

- -15 i thic fi ' ) .
£(0)=0.12 nm and—~10"™s. As we may see in this figure, co.workerst” Some of the conclusions of these analysis are
these two different thggsretlc_:al approaches almost agree in a5 follows. (i) The currently used Lawrence-Doniatsingle
discrimination between these two very different scenarios igyhich consider the Y-123 compounds as stacks of supercon-
only possible by analyzing simultaneously the OPF effectgy,cting layers with only one superconducting layer per unit

on other magnitudes, as for instankg,,(e) andAo,(e,H),  cell length cannot explain simultaneous and consistently the

measured in the same samples. experimentaldo,(e), AT ,(e,H), andAy,,(e) in these com-
pounds, and this with or without the consideration of indirect
VIIl. CONCLUSIONS OPF contributions(ii) The presence of appreciable DOS

contributions is not compatible with thko,(e), AT ,(€e,H),

In this work the different direct and indirect contributions, and Ay, ,(e) data in the Y-123 crystals, and this in both the
associated with the Cooper pairs created by thermal fluctuaingle or the biperiodic layered approaches. This conclusion
tions above the superconducting transition, to the in-planelirectly affects the recent proposHIs®~#!of the existence of
paraconductivity,Ao,,(e), and to the fluctuation-induced important DOS effects as an explanation for the behavior
magnetoconductivity Aa,,(€,H), in a biperiodic layered near T, of the magnetoconductivity in the direction in
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HTSC. New theoretical and experimental work on the OPRhe indirect(regular-MT and DOS includgdcontributions to
effects in this transversal direction in HTSC will be therefore Ao, (¢) and Ao ,(e,H) are negligible in all the MFR: the
suitable.(iii) If the important modifications associated with direct(i.e., Aslamazov-LarkinOPF contributions td\o,,,(€)

the biperiodicity of the Y-123 compounds are taken into ac-andA &,,(e,H) suffice to explain at a quantitative level the
count, it is possible, then, to explain simultaneously, consiscorresponding experimental data. These last results confirm
tently and at a quantitative level thiar,(e), Aoa(e,H), and  at a quantitative level our earlier proposals, based on the
Axan(€) experimental data obtained in untwinned Y-123 preliminary analysis of the in-plane paraconductivity and of
crystals in the reduced temperature region bounded bine fluctuation-induced diamagnetism in different HTSC
2x107?<e<10"". This € region corresponds quite well 1o families, that the indirect OPF effects are negligible in
the expected mean-field region in these compounds, whelgTsC, and they again suggest, therefore, the possibility of
the mean-field OPF theories are eXpeCted to be appllcab@q unconventional(extended or noﬁso), pair breaking,
without the inclusion of nonlocal and high'temperaturewave pairing in these Compoun&‘!s AlSO, our ana|ysis
contribution$"*"**which may appear at highervalues, and  confirms at a quantitative level the presence of a dimension-
also without the modifications that appear in the so-callegyjity (2D—3D) crossover of the superconducting OPF in the
full critical region closer toT,.*>** In this biperiodic sce- MFR of the Y-123 crystals.

nario for the Y-123, the tunneling coupling strengths be-
tween different adjacent superconducting Gu&yers 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 distané&ket us comment here that This work was supported by the Comisitnterministerial
quite recent measurements in Y-123 crystals by Ling andle Ciencia y Tecnologi(MAT 92-0841 and MAT 95-0279
co-workers support also the existence in this compound o&nd by the European Community Grant No. CHRX-CT93-
two tunneling junctions per crystallographic unit c®l. 0325. One of us, M.V.R., acknowledges financial support
Moreover, another important aspect of this scenario is thatrom the Xunta de Galicia.
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