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By using an unified empirical procedure, the intrinsic paraconductivity in the ab plane, ha, is

extracted from different available data for resistivity rounding in single-crystal and granular
YBa2Cu307-~ samples, and from data in Bii.5Pbo.gSr2Ca~Cu30y granular samples. These results

strongly suggest that both high-temperature superconductor systems will have relatively strong
pair-breaking effects, and that ha may be explained by direct superconducting order-parameter-
fluctuation effects alone.

Due mainly to the shortness of their superconducting
correlation-length amplitudes of the order of the inter-
atomic distances, the copper oxide superconductors will

present strong thermodynamic ffuctuations of the super-
conducting order parameter (SCOPF). ' In particular, it
is now widely accepted that these intrinsic SCOPF effects
are the chief cause of the observed rounding of the critical
behavior, near the superconducting transition, of observ-
ables such as the heat capacity, the electrical resistivity,
or the magnetic susceptibility. However, various central
issues of SCOPF in these so-called high-temperature su-
perconductors (HTSC's) are still open. One of them con-
cerns the scattering of normal excitations by SCOPF
above the mean-field-like superconducting transition tem-
perature, T,o, an intrinsic mechanism first proposed by
Maki for isotropic BCS superconductors. The intrinsic
rounding of the resistivity above T,Q, characterized by the
so-called intrinsic excess conductivity or paraconductivi-
ty, ho', should, therefore, contain two different contribu-
tions: One is directly associated with SCOPF, h, aF, and
the other, called "anomalous" and noted here as Acr~, is
due to the scattering of normal excitations by SCOPF. By
assuming, as usual, that both contributions are linearly
additive, we may write

ho'=h, oF+h, o~ .

In contrast with hoF, whose importance in HTSC is a
direct consequence of the shortness of the order-
parameter correlation length, Aoz will crucially depend
on the type of interactions giving rise to the superconduc-
tivity and on the pair-breaking effects of each material.
Moreover, whereas for layered superconductors hcrF was
calculated twenty years ago by Lawrence and Doniach
(LD), ho& in layered superconductors has been calcu-
lated only recently, on the grounds of the BCS-like theory
for s-wave pairing superconductors. These mean-field
results for Acr~ have been compared in detail with the
magnetoresistance measurements in YBa2Cu307 —q sam-
ples by Matsuda and co-workers' "and by Hikita and
Suzuki, ' ' but various important ambiguities remain.
For instance, in their first papers' ' these authors con-
clude that h, cr& contributes negligibly to the measured ex-
cess conductivity and that, therefore, the YBa2Cu307 —j
system has relatively strong pair-breaking effects. How-

ever, some time later both groups proposed just the oppo-
site conclusion:"' relatively weak pair-breaking effects
and important ho~ contributions. This leads to SCOPF
being two dimensional (2D) in the mean-field region
(MFR) in YBa2Cu307-s materials, which strongly
disagrees with other paraconductivity analyses. ' Fur-
ther, their proposal for h, o~ disagrees with our prelimi-
nary analysis of this contribution in granular YBa2-
C11307—s compounds. ' (Other groups ' ' have analyzed
ho& in copper oxide superconductors by using the conven-
tional 3D or 2D Maki-Thompson approach for isotropic
s-wave BCS superconductors, but such an approach is not
well adapted to these layered materials. )

In this paper, the intrinsic h, a' is first extracted from
different available resistivity measurements in both
single-crystal and granular YBaqCu307 —s samples, and
from experimental results in Bi ~ 5PbQ 5Sr2Ca2Cu30y
granular samples (with T,a=110 K). The ho' extraction
is a central issue of this paper. In fact, we will show that
some of the ambiguities and contradictory results on do'
published so far are associated to a large extent with an
inadequate Ao' extraction. Then, both the amplitude and
the reduced-temperature behavior of Ao' are compared
with the existing theoretical approaches for tJ.crF and Acr~
in layered s-wave superconductors. Note here that our
choice of the Bi~ sPbn 5Sr2Ca2Cu30~ system as a comple-
ment for the very good available resistivity results in
YBa2Cu307-s samples was mainly motivated by the
different temperature behavior of ho in both systems, as
first observed by Vidal et al. ,

' and later confirmed by
several groups. ' Our analysis strongly suggests that
there exists a simple and unified scenario where Ao' in

copper oxide superconductors may be fairly well explained
by direct (AaF) SCOPF effects alone and that these ma-
terials will have relatively strong pair-breaking effects
(i.e., a negligible ha~ contribution). These are central is-
sues of the HTSC physics. Finally, for completeness we
will use our h, o' experimental results to briefly comment
on some other recent theoretical mean-field results on h, cr'

which neglect these h, o~ contributions.
A meaningful comparison between the theory and the

experiments is possible only if, contrary to the process
used, for instance, in Refs. 11, 13, 16, 17, or 22, the exper-
imental ha is extracted from the measured resistivity,
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p, independently of any particular theoretical expression
for AoF or Acr~ in Eq. (1). Our treatment may be sum-
marized through the h, o' definition itself,

1

ps(e)
' (2)

where p' and ps are, respectively, the intrinsic total and
the intrinsic background resistivities in the ab plane, and
e—= (T —T,o)/T, a is the mean-field reduced temperature,
as follows:

Intrinsic and measured resistivities A.ll the samples
analyzed here are single phase within 4%. In addition, we
have recently shown that the observed resistivity, and in

particular its rounding above T,o, is little affected by pos-
sible small critical-temperature inhomogeneities, associat-
ed for instance with local sample strain or oxygen-content
variations. 23 We will thus suppose that the differences be-
tween intrinsic and measured resistivities above T,o are
mainly due to structural inhomogeneities at scales larger
than the correlation-length amplitude (here with its
geometrical meaning). In order to take into account these
inhomogeneities, which may be associated with orienta-
tional mismatch between sample domains (for instance,
grains, untwinned regions), or with the presence of nonsu-
perconducting domains (for instance, due to composition-
al inhomogeneities or sample porosity) we will use the
empirical picture proposed in Ref. 3. In the absence of an
applied magnetic field, and above T,o, the basic relations
are

(3)

and

ps +C2T.
T

(4)

The notation is the same as in Ref. 3. In particular, the i
(instead of g in Ref. 3), M, and 8 stand, respectively, for
intrinsic (corresponding to an ideal single crystal in the ab
plane), measured, and background, and C'I and C'i are the
Anderson-Zou (AZ) background coefficients. C'I and C2
are obtained by fitting Eq. (4) to p (T) in the ab plane of
single crystals (p, =0, p = 1) in the background region
(see below). Then, p (the effective cross section of the
sample) and p, (the overall intergrane resistance) are ex-
tracted by using again that fitting procedure, but with the
values of C'~ and C'2 obtained before.

The background region is empirically defined as the
temperature region above T,o where the critical effects be-
come negligible, i.e., where the AZ functional form fits to
better than 0.5% the experimental resistivity. For all the
different samples studied here, we found this to be the
case for T above T,0+60 K and at least up to T,0+160
K. In this way, ps (T) is, therefore, estimated in that tem-
perature region independently of any theoretical expres-
sion for ha'. This is not the case in other paraconductivity
analyses, as, for instance, those presented in Refs. 11, 12,
16, and 22, where both ps and the theoretical Ao' are
simultaneously fitted to p . In addition, in some of these
works (see, e.g. , Refs. 16 and 22) T,o is also treated as a
free parameter (see below). It is obvious that with such a

procedure almost any theoretical Aa' may fit reasonably
well the experimental data in any e region, the price of it
being not only a considerable ambiguity in all the cases,
but also the possible determination of unrealistic T,o and

ps. Various examples of such a situation are detailed in

Ref. 16. Another version of this type of procedure is used
in Ref. 13: The values of the main parameters arising in

the theoretical Ao' are first obtained from magnetocon-
ductivity data, by imposing the validity of the correspond-
ing theoretical expressions. Then, ho' in zero applied
magnetic field is fitted, simultaneously with a free ps(T),
to the experimental data. The agreement is excellent, but
the corresponding ad hoc background is appreciably
different from the measured resistivity even well above
2T„a temperature region where a substantial paracon-
ductivity infiuence is hard to be justified. Moreover, as
noted by the authors themselves, ps(T) will undergo an
unreasonable drop near T,o.

Mean-fteld temperature (T,o) and region As dis. cussed
in Ref. 3, one may approximate T,o by T,I, the tempera-
ture where p (T) around the transition has its inffexion
point. Our recent simultaneous measurements of p (T)
and the magnetic susceptibility confirm the adequacy of
this choice. Further, the T location of the MFR may be
bounded by the empirical but general condition

0.1 & [ps (T) —p'(T) ]/ps(Tcr ) +0.4 .

A more detailed analysis of these two features has been
or will be presented elsewhere. However, let us just note
here that (i) the lower-temperature limit agrees qualita-
tively with that obtained using the Ginzburg criterion. '

(ii) Above the high-temperature limit not only the slow-

variation condition of the TDGL-like theories will prob-
ably fail, but also any calculation of ho cannot be trusted
unless it takes full account of the dynamic local effects. 2o

This inakes the analyses in which the MFR is extended up
to 2T, very suspicious (see, e.g. , Refs. 13 or 16).

ho' for YBa2Cu307 h superconductors is presented in

Fig. 1. The initial data, from which circles and squares
have been obtained, correspond to the resistivity in the ab
plane of two single crystals measured by, respectively,
Hikita and Suzuki' and Friedmann and co-workers. '

The triangles have been obtained from the p(T) data of
sample A of Ref. 3, a granular sample. The Acr'(e) data
extracted from the other granular YBa2Cu30q-s samples
studied in Ref. 3, which have very different long-scale
structural inhomogeneities, are well within the data
dispersion of Fig. 1. The common intrinsic AZ back-
ground coefficients were C'~ 1 mQcmK and C2=0.6
pQcmK '. This good agreement among all these b,o'
results for both the amplitude and the reduced-
temperature behavior is, indeed, an important test of the
consistency of our extracting procedure. The present re-
sults for h,a' strongly differ in both amplitude and
reduced-temperature behavior from those proposed by
other groups (see, e.g. , Refs. 13 and 16), due to the very
different extraction procedure used, as noted above. The
consequences of these last differences on the theoretical
interpretations of h, o' in YBa2Cu307 q samples are
dramatic, as we see below.

The solid line in Fig. 1 corresponds to the best fit of Eq.
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FIG. 1. Intrinsic paraconductivity in zero applied magnetic field of YBa2Cu30&-& superconductors in the ab plane. For details see

the main text.

(1) to the experimental data in the MFR, with hoF and
her& given by, respectively, the LD (Ref. 7) and the Lar-
kin and co-workerss expressions. The fitting parameters
are the LD amplitude ALn—=e2/16hd„and 2D-3D LD
crossover coefficient BLo=[2$~(0)/d, j, and the pair-
breaking time, r&. The resulting best-fits values (with a
rms deviation of 0.8%) are ALn (310+ 50) II 'cm
BLo 0.16~0.05, and r~&5&10 ' s. The main physi-
cal implications of these intrinsic values are (i) the small-
ness of r~ indicates relatively strong pair-breaking effects,
in agreement with, for instance, normal reflectivity experi-
ments. With such a r~, Acr~ will contribute less than
15% to the measured err' over all the MFR. Recent
theoretical works ' on ha' seem to justify this result.
(ii) As indicated in Fig. 1, the value of BLo leads to 3D-
$COPF in most of the MFR. (iii) Beyond the MFR,
closer to T„Acr' in Fig. 1 confirms the existence of a
crossover region with a critical exponent close to
(dashed line), a result consistent with the 3D behavior
found in the MFR. 2

Using the original LD expressions for ALo and BLo, '
one obtains g~(0) (1 ~0.3) A, for the transverse corre-
lation length amplitude, and d, (5+' 1) A, for the
effective interlayer spacing (introduced here to take into
account the double interlayer periodicity of these com-

pounds). The value of g~(0) is somewhat smaller than

that deduced from measurements of other properties. In

fact, the A Lo expression proposed in Ref. 21

(ALo=rne /16h Z, ) for s-wave pairing (r =1) and a two-

component superconducting order parameter (n =2) leads

to g&(0) (2~0.6) A and d, (10~2) A. These plau-

sible different values will be commented on elsewhere.
However, the important point here is that in all the cases
the conclusions indicated in the previous paragraph
remain unchanged.

A source of ambiguity in this type of fitting analysis is

the fact that by worsening somewhat the fitting quality it

is possible when analyzing one HTSC system alone to im-

pose rather different values of the fitting parameters. For
instance, if in the original LD coefficients we impose (as in
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FIG. 2. Intrinsic paraconductivity in zero applied magnetic field, in arbitrary units, of a Bil 5Pbp. qSr2Ca2Cu30~ superconductor in

the ab plane. For details see the main text.
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Refs. 11 and 13) d, =11.7 A, the YBazCu307 s unit-cell

size, we find rt, =(8 ~ 3) X 10 ' s and (&(0)=(1 ~0.3)
A, the fit rms deviation in the MFR being 1%. This value
of i&, very close to those proposed in Refs. 11 and 13,
leads to a completely different Acr' behavior: h, cr~ be-
comes the main contribution to the measured ho',
whereas SCOPF will have a pronounced 2D behavior over
all the MFR. This dramatic change in the SCOPF
dimensionality suggests a basic question: Will the
Bi~ sPbo sSrzCa2Cu30» materials, which have a more pro-
nounced 2D behavior than the YBazCui07 s materi-
als, ' ' also support a weak pair breaking? The answer is
presented in Fig. 2. The data points correspond to ho' (in
arbitrary units) of a high-quality granular
Bi~ 73pbo 50Sr~ 70Ca~ 80Cu30~ sample, with T,I 108.3
K. (The experimental details will be presented else-
where. ) The best fit (solid line) corresponds to
BLn=3.5&&10 (i.e., 2D-SCOPF in the MFR) and
re(10 ' s (i.e., strong pair breaking). If re 10 ' s
is imposed, one obtains the dashed line. These results
rule out any important ha~ contribution to d, a' in

Bi~ 5PbosSr2CazCu30» samples as well as (when com-
bined with the results summarized above) in YBazCu3-
07 s materials. Note, finally, that in

Bi~ sPbosSrzCazCu30» materials the BLn location seems
to suggest that the t5.cr(e) behavior for e& 10 may be
associated with the simultaneous presence of both a 2D-
3D LD crossover and a mean-field full-critical regime
crossover, as first indicated in Ref. 18.

In conclusion, the experimental results and the empiri-
cal analysis presented here strongly suggest that in ab-
sence of an applied magnetic field the copper oxide super-
conductors will have relatively strong pair-breaking
effects (if the theoretical approachs for Acr~ is correct)
and that their paraconductivity in the mean-field region
may be explained quantitatively in terms of direct super-
conducting order-parameter fluctuations alone on the
grounds of the LD theory. SCOPF in the MFR will be
3D and 2D in, respectively, YBa2Cu 307 —~ and
Bi~ 5Pbo 5SrzCa2Cu30» compounds.
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