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Evidence for nonuniversal behavior of paraconductivity caused by predominant short-wavelength
Gaussian fluctuations in YBa2Cu3Q6 9
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We report on in-plane paraconductivity measurements in thin YBa2Cu306 9 films. Our analysis of the
data shows that the temperature dependence of paraconductivity is affected by lattice disorder and devi-
ates at all temperatures from the universal power laws predicted by both scaling and mean-field theories.
This gives evidence for the absence of critical fluctuations and for the failure of the Aslamazov-Larkin
universal relation between critical exponent and dimensionality of the spectrum of Gaussian fluctua-
tions. We account quantitatively for the data within the experimental error by introducing a short-
wavelength cutoff into this spectrum. This implies that three-dimensional short-wavelength Gaussian
fluctuations dominate in YBa2Cu306 9 and suggests a rapid attenuation of these fluctuations with de-
creasing wavelength in short-coherence-length systems as compared to the case of the conventional
Ginzburg-Landau theory.

I. INTRODUCTION.
FLUCTUATIONS IN CUPRATE SUPERCONDUCTORS:

CONTROVERSIAL RESULTS

Thermal fluctuations of the order parameter near the
critical temperature T, are large in cuprate superconduc-
tors due to the high T, and the short coherence length g.
Fluctuation measurements in cuprates show good repro-
ducibility but the published interpretations remain con-
troversial. For the sake of simplicity we restrict our-
selves to the discussion of published results on
YBa2Cu306 9 (YBCO). The objective of most studies was
the determination of the dimensionality D of the Auctua-
tion spectrum, ' ' since the layered structure of the cu-
prates raised the fundamental question of the relationship
(if any) between the quasi two dimensionality of the elec-
tronic structure and high T, . In all the above studies, D
was extracted from the measurement of critical ex-
ponents according to the universal predictions of Levan-
yuk' and Aslamazov-Larkin' within the framework of
the mean-field theory of Ginzburg and Landau. With the
exception of two studies, " the validity of the above pre-
dictions was never discussed for the cuprates, despite the
fact that these predictions were originally derived for
long-coherence-length superconductors in the limit
g»X, where X is the short-wavelength cutoff of the fluc-
tuation spectrum. Estimates of the zero-temperature in-
plane and out-of-plane coherence lengths are in the range
of

g~~
o=1.2 —2.0 nm and /~0=0. 1 —0.3 nm, respective-

ly. ' ' It follows that the limit g'»X is possibly violat-
ed in the whole Auctuation region accessible to experi-
ment, since A, can be much larger than the interatomic
distance. ' The disagreement in the literature concerns
not only the dimensionality, but also the number of com-
ponents of the order parameter' and the possible
relevance of critical fluctuations.

Here we attempt to clarify the above controversy by
carefully analyzing a large number of in-plane paracon-

ductivity data on epitaxial, c-oriented YBCO films. First,
we show that one source of disagreement is the variety of
nonequivalent methods of data analysis. In particular,
the critical exponent of paraconductivity a, where
5o —t and 5o. is the paraconductivity, is usually deter-
mined on the basis of logarithmic plots, since
a= —log5o. /logt. The disadvantage of this method is
that it requires the determination of T„while diferent
methods of determining T, are reported in the literature.
In the analysis of our data we verify the universal predic-
tions of mean-field and scaling theories by analyzing the
raw data and by avoiding the use of logarithmic plots and
fitting procedures.

Our analysis indicates that a second source of contro-
versy is the arbitrary assumption that universal predic-
tions are valid for YBCO in some temperature range. We
show that the experiments contradict this assumption, in-
dependent of the method of data analysis. We explain
our data quantitatively within the experimental error by
using a generalized Aslamazov-Larkin result which
does not require the approximation g »X. We show that
the deviations of the experimental data from the univer-
sal predictions of mean-field and scaling theories give evi-
dence for predominant short-wavelength Gaussian fIuc-
tuations in the whole Auctuation region accessible to ex-
periment. This confirms the three-dimensional localized
character of the superconducting state of YBCO and im-
plies that a modification of the conventional fluctuation
spectrum of the Ginzburg-Landau theory is necessary for
short-coherence-length systems.

II. EXPERIMENTAL MEASUREMENTS
OF PARACONDUCTIVITY

To verify the variability of the paraconductivity term,
we have measured a dozen YBCO films prepared under
nearly the same conditions with zero-resistance critical
temperatures, T,0's, ranging from 88 to 91 K. Details on
film preparation are reported elsewhere. Resistance
data were recorded with standard ac technique at 77.7
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Hz. The resistivity was obtained from the resistance us-
ing the van der Pauw method. The error bars of the
resistivity data are typically +10%, being determined by
the error bars in the values of film thickness. The tem-
perature was controlled to within an accuracy of +0.02
K and with a precision of 0.1 K by carrying out the mea-
surement in the dynamical regime. Each measurement
was carried out twice by cooling down and heating up the
sample. Cooling and heating rates were =10 and =1
mK/s above and below the fluctuation region, respective-
ly. These rates turned out to be sufficiently low to avoid
any thermal hysteresis.

The excess 5o of conductivity (paraconductivity) due
to the thermal fluctuations 5q of the superconducting or-
der parameter g produces a characteristic rounding of
the transition (see Fig. 1). Due to the marked linearity of
the temperature dependence of the resistivity at high
temperatures, this rounding is clearly distinguishable.
Under these conditions, it is justified to determine 5o, as
is commonly done, to be 5o = 1/p —1/pI, where p is the
experimental resistivity and pL is the linear extrapolation
of p above the fluctuation region. This procedure is reli-
able because 5o. turns out to be stable over small varia-
tions of pL. We have verified this stability by extrapolat-
ing p in different temperature intervals ranging from
120—180 to 200—300 K. We have used not only linear,
but also quadratic and cubic polynomials. 5o. remains
unchanged within 10%%uo in the interval T,e 100 K. T—his
is the only range of interest of our analysis, since it corre-
sponds to the relevant mean-field and critical regions.
We have not measured films with T,o & 88 K because
these films show a marked downturn in the resistivity at
all temperatures and there is no clear distinction between
this feature and the rounding of the transition due to the
fluctuations.

III. RESULTS
In Fig. 2 the temperature dependence of the paracon-

ductivity of several samples is shown. As is commonly
done, the data are plotted as 5o. ' since 5cr diverges at

0.3

T, . The main difference between samples is observed in
the slope. Larger slopes and larger magnitudes of 5cr
are found in films with more linear resistivity curves.
This is because the rounding of the transition is less pro-
nounced for these curves. We have reported elsewhere
that more linear curves are found in films with less lattice
disorder. This correlation was already observed in amor-
phous superconductors and is consistent with the fact
that disorder enhances the fluctuations.

In addition to the difference in the slopes, the 5o
curves of all samples exhibit the same qualitative temper-
ature dependence: above =100 K the curves exhibit an
upturn; below =100 K this feature disappears and the
temperature dependence becomes linear. Near the transi-
tion, at =2 K above T,o, an abrupt downturn is ob-
served. As in the case of the slope, the variations of the
curvature are also sample dependent. In particular, more
linear 5a ' curves are found in films with less linear
resistivity curves. In the films with more linear resistivity
curves, the upturn of 5o. ' persists at lower temperatures
and the downturn near the transition is less pronounced.

The characteristic temperature dependence of 5o. ' re-
ported above appears as a characteristic s-shaped curve
in log5cr-logt plots (see Fig. 3). We emphasize that this
shape is independent of the choice of T, for the deter-
mination of t. The same characteristic shape has been re-
ported for YBCO, ' "" Bi2Sr2CaCu208
La2 Sr„Cu04, and several amorphous alloys.

In addition for the high-temperature region above
=100 K, the region of the tail of the transition is not
considered here either. Such analysis would require the
treatment of nonlinear effects, such as the dependence of
the paraconductivity on the magnitude of the electric
field. These effects have been investigated else-
where.

IV. ANALYSIS OF THE DATA:
FAILURE OF UNIVERSAL PREDICTIONS

Following previous reports, we first analyze our
paraconductivity data within the conventional frame-
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FICz. 1. Examples of the procedure of linear extrapolation
used to determine the excess of conductivity {paraconductivity)
due to thermal fluctuations. The paraconductivity is visible as a
rounding of the transition and is determined by subtracting the

experimental curve from the extrapolated one.
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FIG. 2. Experimental behavior of the paraconductivity 5o. in
some of our YBCO films. The curves marked with open and
full circles correspond to the upper and lower curves of Fig. 1,
respectively. The differences in slope arises from differences in

the degree of linearity of the temperature dependence of the

resistivity, as discussed in the text.
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FIG. 3. Temperature dependence of 5o. in our YBCO films
on a logarithmic scale for different choices of critical tempera-
ture T, . We note that the slope of the curves, i.e., the critical
exponent a is sensitive to slight changes of T, . However, for
any choice of T„ the temperature dependence of a exhibits the
same characteristic s-shaped behavior.

work of mean-field and scaling theories. We shall apply
the results of Aslamazov-Larkin, ' Maki-Thompson,
and Lawrence-Doniach in the first case and of Glover
and Lobb ' in the second case. With the exception of the
Maki- Thompson result, all the above results pre-
dict a simple universal behavior of a (see Table I). We al-
ready mentioned that e is usually determined as
a—= —log6o. /logt. We shall not adopt this method since
it requires the determination of the critical temperature
T, . This is a delicate point because we are treating the
quantity 60 which diverges at the transition and the
character of this divergence (in particular the critical ex-
ponent) is affected by slight changes of T, (see Refs. 30, 9,
13, and Fig. 3), and every group has its own method for
determining T, : (i) T,:—T,o;

' (ii) T, —=midpoint of the
transition;' (iii) T, —:interaction of the tangent to the
transition curve with the temperature axis; "' (iv)

T, =intersection of the linear extrapolation of 6cr with
the temperature axis, by assuming valid in some tempera-
ture range the Aslamazov-Larkin prediction in three di-
mensions [see Eq. (lb)] a= 1/2. ' '

Such a variety of different procedures partly explains
the aforementioned controversy in the literature on the
value of a and on the dimensionality D of the fluctua-
tions. We note that none of the above procedures (i)—(iv)
is reliable. In particular, the T, obtained with methods
(i) —(iii) depends on the features of the resistivity curve in
the tail or in the middle of the transition. We emphasize

TABLE I. Critical exponent of paraconductivity predicted
by mean-field (m) and scaling theories (s). Except for the
Maki-Thompson result, all the results predict universal values
for the critical exponent.

that these sections of the curve are, in general, sample
dependent. Method (iv) a priori assumes that, in some
temperature range, the experimental value of a follows
the predictions of Aslamazov-Larkin in three dimensions,
whereas this assumption is not justified in the general
case.

The determination of a by using logarithmic plots has
generated a great deal of controversy not only because of
the uncertainty in determining T„but also because for
any choice of T„ the characteristic s-shaped behavior of
log5o-logt plots is rather complex (see Fig. 3). Hence a
depends on temperature and its determination is arbi-
trary, as pointed out by Ausloos, Klippe, and Laurent.

We conclude that the verification of the predictions of
Table I based on logarithmic plots is not reliable. This is
the reason why, in the following sections, we carry out
this verification without determining T, . For each pre-
diction of the type 5'-t, we plot 5o. ' as a func-
tion of temperature and verify whether the temperature
dependence is linear. This enables the direct verification
of each single prediction, thus avoiding unnecessary in-
termediate steps in the analysis of the data.

A. Veri6cation of the predictions of scaling theory

According to Table I, we plot the experimental data as
5cr ~ and as 5o. [see Figs. 4(a) and 4(b)]. In both
cases a nonlinear behavior is observed. In all curves of
Fig. 4(a) and in some of Fig. 4(b) the sudden downturn
observed in 50. plots is still visible and an upward cur-
vature appears at higher temperatures. In the other
curves of Fig. 4(b) a significant upturn is visible at any
temperature. Hence the predictions of scaling theory do
not account for our experimental data. We recall that
the characteristic s-shaped temperature dependence of 60
leading to this conclusion has been also observed in
amorphous superconductors and no evidence for critical
Quctuations has been ever reported in those superconduc-
tors. This supports our conclusion that critical Auctua-
tions are not observed in YBCO in the range of tempera-
tures accessible to our experiment T~ T,0+0.5 K or
t & 5X10 . We conclude that mean-field fluctuations
dominate in this range of temperatures. At lower tem-
peratures the tail of the transition appears. Hence, we
can not extend our analysis to these temperatures and
t = 5 X 10 is our estimated upper limit for the Ginzburg
temperature tG, which is the lower limit of applicability
of the Ginzburg-Landau theory. Our estimate is in
agreement with independent estimates based on measure-
ments of the jump of the specific heat hC and of g. Ear-
lier measurements were affected by large uncertainties.
This has generated controversial estimations of tG. Re-
cent and more reliable results obtained in single crystals
and in epitaxial films have reduced the uncertainty as fol-
lows: b, C =5—6 J K ' mole ',

g~~
0=1.2—2.0 nm,

g~ 0=0. 1 —0.3 nm. ' ' This corresponds to
tG =3.6 X 10 —3.25 X 10, in agreement with In-
derhees et a/. ,

' Fiory et al. , and Loram et al. '

In our fiuctuation data, the condition 5o -o (normal-
state conductivity) is fulfilled in the whole fiuctuation re-
gion. We emphasize that, contrary to what is commonly
stated, this condition is compatible with the absence of
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where d «g and S «g are the thickness of the film and
the cross-sectional area of the whisker in the two- and
three-dimensional cases, respectively.

The validity of the above predictions for D =2, 3, and 1

would be shown by a linear temperature dependence of
5cr ', 5a, and 5o, respectively [see Figs. 2, 5(a),
and 5(b)].

(i) D=2. As noted before, in the section of the 5o
curves-preceding the downturn near the transition, a
rather linear behavior is observed below =100 K (see
Fig. 2). This behavior does not correspond to the con-
ventional temperature dependence of the fluctuations in
two dimensions predicted by Aslamazov-Larkin. If this
was the case, the extrapolated value of T, obtained from
Eqs. 1(a) and l(b) would be several degrees lower than
T,o, which has no physical sense. A second linear section
of the 5o. ' curves could be the region between the
downturn of the curves and T,o. If this was the case, the
presence of the downturn and of the linear part at higher
temperatures mentioned before would imply the existence
of an intermediate high-dimensional regime between
two-dimensional regimes. Such a double dimensional
crossover is indeed predicted by Varlamov and Yu for
the cuprates. The argument is as follows. In the cu-
prates, the Lawrence-Doniach crossover from three to
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FIG. 4. The same data of Fig. 2 are plotted as 6o. (a) and
as 5o. (b) to examine the validity of the predictions of scaling
theory (see Table I).

critical fluctuations. This is because the mean-field ap-
proximation +( ~5g~ ) &&+( ~ri~ ) does not require that
the fluctuation correction of a given physical quantity is
small in comparison with its unperturbed value and the
latter has in general no relation with ( ~g~ ), as is indeed
the case of the normal-state conductivity o.. Thus the
condition 5o.-o. is not related to the crossover to the
critical regime. The only reliable criterion to estimate
the crossover temperature is the Ginzburg criterion
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B. Predictions of mean-Aeld theory: Aslamazov-Larkin term
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two dimensions [see Ref. 39, Eq. (3) and Table I] should
be followed by a second and opposite crossover because
the out-of-plane lattice coherence is reduced by stacking
faults and other defects which are intrinsic to the layered
structure. Thus, sufficiently close to the transition, the
out-of-plane coherence length exceeds the thickness of
lattice coherence and the system behaves as if it was two
dimensional. However, the prediction of Varlamov and
Yu does not account quantitatively for the experimental
behavior of our films. As already mentioned, the curva-
ture of the 5' ' curves is sample dependent and does not
correspond to the predicted crossover 1~1/2~1 of a.
Even by assuming the existence of this crossover, the es-
timated value of the thickness of lattice coherence would
be only d =3—7 nm. On the basis of transmission elec-
tron micrographs, we have no evidence for such a short
lattice coherence length in our films. Moreover, there is
no reason to explain why the same reduced temperature
log &pt 2+0.1 for the hypothetical 1 /2 ~ 1 crossover
(see Refs. 3, 5, 7—9, 31, 11, 13, and Fig. 3) is found in
YBCO samples of different kinds (single crystals, sintered
bulk samples and thin films) prepared with different tech-
niques.

(ii) D=3. The agreement of the linear behavior pre-
dicted by Aslamazov-Larkin with the experimental 5'
curves of Fig. 5(a) is even less convincing in comparison
with the previous case: the linear section of the curves is
very narrow ( =2 K) and we exclude the possibility that it
is due to three-dimensional Auctuations. It corresponds
rather to the inAexion point between the section of the
curves at high temperatures with upward curvature and
the section close to the transition and downward curva-
ture. An additional argument supports our conclusion:
the out-of-plane coherence length gi o estimated from the
theoretical curve would be 0.5 —1 nm, i.e., significantly
larger than the estimates reported so far based on
diff'erent techniques. '

(iii) D= 1. In 5o ~ curves [see Fig. 5(b)] no indica-
tion of linear behavior is found: a marked downward
curvature is present in the whole temperature range
below =100 K.

C. Predictions of mean-6eld theory: Maki-Thompson term

We recall that the so-called Maki-Thompson (or "in-
direct") contribution to the conductivity is positive as is
the Aslamazov-Larkin contribution and takes into ac-
count the interactions of the normal carriers with Auc-
tuating Cooper pairs. The result is conveniently ex-
pressed by introducing the reduced temperature
e = g( T —T, )/7r and the pair-breaking parameter5:—T,*—T, . T,' represents the value of T, in the absence
of pair breaking. It is obtained:

2 2
(1D) — ~o —3/2

2as 1+v'g/E '

The verification of the above predictions is less
straightforward in comparison with the case of the
Aslamazov-Larkin predictions because a depends on the
pair-breaking parameter 5 and not only on the dimen-
sionality. The importance of the Maki-Thompson contri-
bution increases with temperature and/or with decreas-
ing values of 5. It gives a larger contribution in compar-
ison with the Aslamazov-Larkin term, since the prefac-
tors of Eqs. 2(a) —2(c) are four times larger in three and
one dimensions and two times larger in two dimensions.
It follows that a is expected to progressively decrease
with respect to the Aslarnazov-Larkin predictions as the
Maki- Thompson term becomes important. In 5o.
curves this would correspond to an increasing downward
curvature as temperature increases. Since it is experi-
mentally observed to be the opposite, we exclude the
relevance of the Maki-Thompson contribution in our
case. As an additional argument, we note that if we as-
sume the validity of the Maki-Thompson expression in
three dimensions (2a), the estimated value of g3 o would
be four times larger in comparison with our previous esti-
mate based on the Aslamazov-Larkin formula. Depend-
ing on the sample, we would obtain gi o=2 —4 nm which
is much larger than any other estimate reported in the
literature and would even contradict the experimental
evidence for the anisotropicity of the superconducting
state of YBCO.

Our conclusion on the absence of the Maki-Thompson
contribution in YBCO is in agreement with earlier re-
ports' ' ' and with the general argument that the
Aslamazov-Larkin term dominates under ordinary condi-
tions. As an additional argument in favor of our con-
clusion, it was pointed out by some authors that pair
breaking by disorder and thermal phonons should be
large in all cuprates because of the high density of de-
fects and the high transition temperature, respectively.
The latter point has also been previously raised for amor-
phous superconductors. ' Experimental evidence for
strong pair breaking in YBCO has indeed been reported
by Matsuda, Hirai, and Komiyama. ' There are reports
on YBCO single crystals which support' or do not ex-
clude the relevance of the Maki-Thompson contribution.
A possible reason for this discrepancy is that in single
crystals the lower density of defects in comparison with
epitaxial films could significantly reduce the relevance of
pair breaking. In all cases, no quantitative agreement is
found between the theoretical curves of Maki-Thompson
and our experimental curves.

D. Predictions of mean-6eld theory: Lawrence-Doniach model

( 3D) ~
t

—1/2
4h g' 1+3/5/e

(2a)
Friedmann et al. , Gasparov, and Baraduc et al. '

reported on Lawrence-Doniach behavior of the in-plane
paraconductivity of YBCO according to the expression

2
(2D) &e ) F5g (MT)

— t ln (2b)
me

5o
ii

= 1+
Sh dt

2(i,o

d

2 —1/2
1

(3)
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V. THE CUTOFF APPROACH
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FIG. 6. Example of analysis of the data with the Lawrence-
Doniach Eq. (3). The predicted crossover from linear to square-
root temperature dependence of 5o. ' is too smooth to account
for the rapid downturn of the experimental curve near the tran-
sition.

The universal mean-field predictions considered in the
previous section are derived in the limit g))X. As men-
tioned before, the deviations of these predictions from the
experimental behavior discussed above in the case of
YBCO are not peculiar to cuprate superconductors. Simi-
lar deviations were also observed in the paraconductivity
of amorphous superconductors ' and in the
Auctuation-induced diamagnetism of Tl-doped Pb.
These deviations were ascribed to the expected break-
down of the approximation g » X at high temperatures
and/or in the case of short coherence length. The sim-
plest generalization proposed by Levanyuk' and later by
Patton, Ambegaokar, and Wilkins ' consists of the expli-
cit introduction of a short-wavelength cutoff k =2m /A, in
the mean-field fluctuation spectrum. The application of
this approach to the Aslamazov-Larkin theory consists of
the calculation of the integral'

(4)

where d is the distance between two adjacent supercon-
ducting planes.

In agreement with Hagen, Wang, and Ong, we have
found that the above expression accounts only qualita-
tively for the experimental behavior of our data (see Fig.
6). In particular, the predicted crossover from a= 1 to
n = 1/2 is too smooth to explain quantitatively the abrupt
downturn observed near the transition in the experimen-
tal 5cr ' curves. The behavior predicted by Eq. (3) shows
a downward curvature in the whole Auctuation region,
whereas our experimental curves are linear for some sam-
ples while others even exhibit an upward curvature.

E. Summary of the data analysis within conventional theories

Our analysis of in-plane paraconductivity data on
several YBCO films indicates that, in the whole Quctua-
tion region 0.1~ t ~5X10, the experimental tempera-
ture dependence of the critical exponent a de viates
markedly from the universal predictions of both mean-
field and scaling theories. In particular, we have noted
that a is sample dependent. This is evident in 6o
curves [see Fig. S(b)] where the curvature changes sign in
some temperature range, being positive (negative) in films
with more (less) linear temperature dependence of the
resistivity. This variability implies that the crit&cal ex-
ponent does not exhibit any universal behavior in the Auc-
tuation region accessible to the experiment. Since we
have observed that the degree of linearity of the resistivi-
ty scales with the degree of lattice order, we also con-
clude that the deviations of the critical exponent from
universal predictions are influenced by lattice order.

Since we have found no evidence for critical Auctua-
tions, we have concluded that mean-field Auctuations
dominate. We therefore attempt to explain our data
within a generalized mean-field approach presented in the
next section.

where u is the unit vector along the electric-field vector.
We recall that the conventional Aslamazov-Larkin result
[(la) and (lb)] was originally obtained by extending the
integral of Eq. (4) to infinity, which is a valid approxima-
tion if g »X,.

Analysis of the data within the cutofF approach

The generalized Aslamazov-Larkin expression (4) with
cutoff included was first used to account for the devia-
tions of experimental data on amorphous alloys from
the predictions of the conventional expression (la) and
(lb). As mentioned in Sec. III, these deviations arise
from the characteristic s-shaped temperature dependence
of the paraconductivity in logarithmic plots, that was
also observed in YBCO (see Fig. 3) and other cuprates.
This dependence is in clear contrast to the linear depen-
dence predicted by Eqs. (la) and (lb); it consists of a
downturn at 0.1 ~ t ~ 0.01 followed by an upturn at lower
temperatures. The same cutoff approach was applied
more recently to experimental data on YBCO." In the
high-temperature range 0.1 ~ t ~0.01, corresponding to
the downturn to the paraconductivity in Fig. 3, the quan-
titative agreement between the generalized expression (4)
and experimental data was satisfactory for amorphous al-
loys, while the agreement was only qualitative for YBCO.
In the low-temperature range (t 50.01), corresponding to
the upturn of the paraconductivity in Fig. 3, the agree-
ment was neither quantitative nor qualitative in both
cases. It was argued that such disagreement at low tem-
peratures is of no importance, since the dependence of
the paraconductivity at these temperatures is affected by
sample inhornogeneities and is sensitive to the choice of
T, . ' As mentioned in Sec. III, the same characteristic
temperature dependence of the paraconductivity has been
systematically found in samples prepared with different
techniques of several compounds belonging to two
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different classes of short-coherence-length superconduc-
tors. This characteristic dependence is therefore not ac-
cidental and requires a detailed quantitative analysis,
which is presented in this section. It is based on a closed
form of the Aslamazov-Larkin integral (4) that has been
derived previously [see Eqs. (Sa) and (5b)], in contrast to
the numerical methods adopted in other previous
work. "' A second advantage of our analysis is that
only the angular average of the cutoff k and not its angu-
lar dependence enters into the closed form [(Sa) and (5b)]
of the integral (4). Finally, in previous work it was as-
sumed that cutoff effects are relevant only at high temper-
atures and that the conventional Aslamazov-Larkin
universal behavior is found when su%ciently close to the
transition. We note that this is a misleading assumption,
since the numerical treatment of the integral (4) hides the
possibility that cutoff effects can also be relevant close to
the transition, and this is immediately noted by studying
the exact result [(5a) and (Sb)]. ' Indeed, mean-field
theory implicitly takes into account cutoff effects, as
pointed by Levanyuk' and in the classic textbook by
Landau and Lifshitz. Therefore, it is correct to state
that the universal predictions derived from mean-field
theory fail if the approximation g»X is not valid, in-
dependent of the temperature. These deviations are
larger at higher temperatures, since g is short; neverthe-
less they can be significant in the whole fluctuation re-
gion. This statement is in agreement with a theoretical
result obtained with the renormalization-group method
by Ivanchenko and Lisyansky and is confirmed in the
case of YBCO by the analysis presented in the previous
section which shows that the dimensionality of the Auc-
tuation spectrum is not related to the critical exponent,
even close to the transition. The conclusions on the va-
lidity of the Aslamazov-Larkin result in some tempera-
ture ranges reported in previous works are simply due to
the arbitrary determination of the critical temperature
and the use of logarithmic plots. This explains the con-
troversy in the literature mentioned in the Introduction.

The closed form of the integral (4) that we use for our
analysis reads as follows in the case of in-plane paracon-
ductivity of isotropic planes in three and two dimen-
sions:

(3D) e 1 1
2 Q(2)

5o
~~

— — arctanu ~, ~—
gl 0 1+M (2)

go is long or at temperatures sufficiently close to the tran-
sition point if go is small. To give a quantitative criterion,
one must take into account that thermal energy cannot
activate fluctuations with wavelength shorter than the
range a of the interatomic forces. Thus one must have
X, =2~/k &&a for all cases. Hence, as a rule of thumb,
the approximation u &&1 holds in the whole mean-field
region (t «1) if go& 10 nm. For example, Johnson and
Tsuei and Johnson, Tsuei, and Chaudhari reported
the experimental evidence for cutoff effects at t &0.1 in
amorphous alloys with go =4—7 nm. Therefore, these
effects are expected in a larger temperature interval in the
cuprates, since gi 0=0. 1 —0.3 nm in these superconduc-
tors. If u ~1 the Aslamazov-Larkin contribution is re-
duced in comparison with the previous case because the
large-k section of the Auctuation spectrum does not con-
tribute. The reduction of the paraconductivity for u 1

is evident In .this case the temperature dependence of the
paraconductivity exhibits no definite power law beh-avior,
independently of the dimensionality of the system.

In what follows we shall apply the foregoing qualitative
analysis to our experimental data in the quantitative
form. The anisotropy of YBCO complicates the analysis,
since u becomes angular dependent. Therefore, in the
analysis of our data with Eqs. (5a) and (5b), we must leave
u ( i) u (2) u (3) and gi Q as free parameters. u ~, ~, u ~2~, and
Q ( 3 ) would be fixed if the angular dependence of u was
known. The value of the mean-field critical temperature
T, was kept fixed within +0.2 K. This narrow range is
determined by the width of the resistive transitions,
which is 1 —1.5 K in the films measured, and is further
limited by the requirement that, in any case, T, must be
larger than T,o, as stated before.

It turns out that the three-dimensional Eq. (5a) ac-
counts for the experimental data of all films analyzed
within the experimental error. The opposite result is ob-
tained by using the two-dimensional Eq. (5b). We con-
clude that the superconducting fluctuations of our YBCO
films are three dimensional. The results of our analysis
with Eq. (Sa) are reported for four films in Table II.

Some curves taken from Table II and the correspond-
ing experimental data are shown in linear and logarith-
mic scales in Figs. 7(a) and 7(b). We put into evidence the
quantitative agreement of Eq. (Sa) with the experimental

8hd t

3
2 +(3)
3 (1+u )' (Sa)

(Sb)
I+u(i) (I+ pu) )~

TABLE II. Results of the analysis of the in-plane paracon-
ductivity data of four YBCO films with Eq. (5a). It is noted that
u(;) p -0.1 for all cases. We note that larger values of u( ) p cor-
respond to more disordered films, as discussed at the end of Sec.
VA.

where d is a characteristic thickness of the two-
dimensional system and the adimensional quantity
u =uol~t: gk =goklv't ——plays the fundamental role.
In Eqs. (Sa) and (Sb), u~, ~, u~&~, and u(3) are angular aver-
ages of u calculated for each one of the three (two)
different terms in the squared bracket. In the limit
u »1, the conventional result [(la) and (lb)] is obtained.
This limit is valid in the whole mean-field region t « 1 if

Film number

T,p (K)
p (300 K) (pQ )

T, (K)
(nm)

Q(I) P

Q(2) p

Q(3) p

90.2
275

90.93
0.08
0.35
0.05
0.10

90.5
270
91.13
0.10
0.40
0.05
0.10

379S1 354S1 37S2

87.8
325

89.30
0.11
0.57
0.06
0.13

52S2

89.3
270
90.57
0.11
0.24
0.04
0.09



51 EVIDENCE FOR NONUNIVERSAL BEHAVIOR OF. . . 15 427

1.4

1.2

1
O

0.8

e 0.6

0.4

0.2

90 92 94 96 98 100 102 104 106 108 110

Temperature [K]

1.2

0.8

E
0.4

E

0

-0.4

-0.8
-3 -2.5 -2 -1.5

log, {T/T -1)
-0.5

FIG. 7. The paraconductivity data of some films of Table II
are plotted in linear (a) and logarithmic (b) scales. The curves
obtained from Eq. (5a) are indicated by solid lines and agree
within the experimental error bars between = 100 K and
= T, +0.5 K (indicated by arrows).

data in Fig. 7(a) and the deviation of these data from the
universal predictions of Table I in Fig. 7(b). We note that
Eq. (Sa) accounts for the experimental data only in the in-
terval T*=100K~ T& T* =T, +0.5 K, as it should if
this interval is expected to represent the mean-field re-
gion. The deviation of the theoretical curve from the
data below T** is ascribed to the beginning of the tail of
the transition. However, we cannot exclude that this de-
viation might be due to the crossover to critical Quctua-
tions. In this case, T** would correspond to the
Ginzburg temperature tG and we would estimate
tG =5 X 10, in agreement with independent estimates
reported in the literature. From Eq. (5a) we obtain
gJ p 0.08—0.1 1 nm. Also this value falls in the range of
estimates reported in the literature. '

From Table II, one notes that the cutoff parameters
Q ( ] ) p Q (2) p 9 (3 ) p are different one from another. Each
one of these parameters has the physical meaning of the
angular average of the cutoff function u for each one of
the three terms in the bracket of Eq. (5a). This means
that the cutoff u is anisotropic in YBCO, as expected.
The precise angular distribution of u remains to be inves-
tigated; it would reAect the anisotropy of the Fermi ve-
locity and of the order parameter. Therefore, fluctuation
measurements could be correlated and compared with

1.6

electron, optical, and tunneling spectroscopies.
The values of u(]) p Q(2) p Q(3)p obtained from our

analysis are of the order of -0.1. This indicates that the
fluctuation spectrum is dominated by components with
k-k —1/g in the whole fluctuation region. This ex-
plains why the critical exponent a depends not only on
the dimensionality of the spectrum but also on the spec-
tral density of the Auctuations in the region k-k. We
therefore conclude that the local character of the micro-
scopic interactions leading to the superconducting insta-
bility manifests itself in the nonuniversality of the critical
exponents.

It was previously noted that the temperature depen-
dence of the paraconductivity is, to some extent, sample
dependent. We also noted that this is related to the de-
gree of linearity of the resistivity and to lattice disorder.
The foregoing quantitative analysis summarized in Table
II gives evidence that the degree of lattice order scales as
the cutoff parameter u. No correlation is found with the
value of the out-of-plane coherence length, since the
latter does not change appreciably. This implies the ex-
istence of a correlation between the degree of lattice dis-
order and A, . Further work is still needed on this point.
We add that a correlation between deviations from the
universal predictions of Aslamazov-Larkin and disorder
was also observed in amorphous binary alloys.

VI. SUMMARY AND CONCLUDING REMARKS

Our analysis of in-plane paraconductivity data on epi-
taxial YBCO films provides an explanation of the contro-
versy found in the literature on the dimensionality and on
the character of the thermal fluctuations of the conduc-
tivity of YBCO near the transition point. The main
sources of controversy are the following.

(i) The variety of different methods used in the analysis
of the data;

(ii) the complex temperature dependence of the
paraconductivity that allows arbitrary conclusions to be
made on the value of the critical exponent.

Our analysis indicates that such complex behavior does
not follow at any temperature the simple universal laws
predicted by both scaling and mean-field theories. We
explain quantitatively our data by applying a generalized
Aslamazov-Larkin result in three dimensions which in-
cludes an anisotropic short-wavelength cutoff in the spec-
trum of Gaussian fluctuations. The result of this analysis
gives evidence for the relevance of Auctuations with short
wavelength not only at high temperatures, as reported
previously, but also very close to the transition point.
This reveals the localized character of the superconduct-
ing state of YBCO, confirms its three-dimensional nature
and explains the sensitivity of the Auctuation spectrum of
this cuprate to the lattice disorder at the atomic scale.

Finally, the relevance of superconducting fluctuations
with short wavelength implies that the conventional
mean-field spectrum of the Ginzburg-Landau theory is no
longer a valid approximation for YBCQ. This implies
that a modification of the effective Hamiltonian and,
equivalently, of the microscopic BCS equations is neces-
sary to properly describe the superconducting transition
in the cuprates.
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