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Current-voltage characteristics of 2212-phase epitaxial Bi,Sr,CaCu,Og 4, films have been measured in
a temperature region about 8 K wide immediately below T.. It is shown that the power law V=4 I®
valid for two-dimensional (2D) systems does not correctly describe the data, and interlayer coupling
must be taken into account. The 2D approximation still remains valid at high currents, so that a cross-
over from 2D to 3D behavior is observed as the current is reduced. Furthermore, annealing treatments
in redox atmospheres change the interlayer coupling, therefore leading to an increase of the critical
current density and a decrease of the anisotropy factor with increasing oxygen content in the film. These
effects can be quantitatively evaluated fitting the I-¥ curves with a theory due to Jensen and Minnhagen
valid for quasi-2D systems. Not too far from 7, however, an additional dissipation appears besides the
Jensen-Minnhagen contribution in the low-voltage region. We propose to explain this in terms of fluc-
tuations of the phase of the order parameter. The calculated effect is in reasonable agreement with the
experimental data. As the oxygen content in the sample is varied the relative weight of the two contribu-
tions changes in qualitative agreement with the proposed fluctuation origin of the additional dissipation

at low voltages.

INTRODUCTION

One of the most interesting properties of high-7, su-
perconducting oxides is the high anisotropy of their prop-
erties due to weak coupling among superconducting Cu-
O layers. The in-plane resistivity is lower than the
transversal one by a factor of about 10? [for YBa,Cu,;0,
(YBCO)] to 10* [for Tl,Sr,CaCu,04 (TSCCO)].! Since
this anisotropy affects the pinning energies and the flux-
ons interaction, it is of paramount importance for many
superconducting properties of these materials. Because
of the change of the coherence length with temperature,
the anisotropy in the superconducting properties is a
function of temperature, so that these systems show a
crossover from two-dimensional (2D) to three-
dimensional (3D) behavior when the temperature ap-
proaches the critical one.

The role of anisotropy in determining the supercon-
ducting properties of these compounds can be understood
comparing the behavior of samples of a specific high-
temperature superconductor having the same crystallo-
graphic and morphological quality but different degrees
of anisotropy. A very simple way to obtain such samples
is to change the anisotropy of superconducting oxides by
varying their oxygen content by means of thermal treat-
ments in reducing or oxidizing atmospheres. Actually,
an increase in oxygen concentration leads to a stronger
coupling between Cu-O planes in these systems.? Also, a
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change in oxygen concentration alters the carrier (hole)
density.? The combination of these two effects gives rise
to a number of interesting phenomena.

In particular, in Bi,Sr,CaCu,04,, (2212 BSCCO) an
increase in the oxygen content leads to an increase of
both the carriers concentration and the Cu-O planes cou-
pling, leading to an increase of the critical current density
J. and a decrease of both the resistivity and the transition
temperature T,, while the opposite effects are observed
when the oxygen content is decreased, until a maximum
value of T, (about 94 K) is reached, after which further
reduction again decreases 7,..* On the other hand, the
critical temperature of YBCO monothonically increases
with oxygen stoichiometry up to a maximum value of
about 93 K. The thermoelectric power vs temperature
curves are shifted towards lower values as the oxygen
content is increased.

The c-axis resistivity is also affected by oxygen concen-
tration. In fact, the transverse resistivity as a function of
temperature shows a peak close to 7, which can be ex-
plained by means of thermal fluctuations®’ and is strong-
ly dependent on the interlayer coupling and carrier densi-
ty, and therefore on the oxygen stoichiometry. It turns
out that this peak is very pronounced in highly anisotrop-
ic samples (BSCCO annealed in reducing atmosphere) but
almost absent in samples with low anisotropy (YBCO,
BSCCO annealed in oxygen atmosphere).” ~°

The change in the anisotropy factor ¥ ={(p./pa)""*
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(pospqp are the transverse and in-plane resistivities, re-
spectively) induced by redox thermal treatments has been
inferred from the shape of the resistivity transition of a
BSCCO film close to T, and a decrease of more than one
order of magnitude of ¥ was found from the reduced to
the oxidized state. °

The dissipation in the absence of magnetic field close to
the zero-resistance critical temperature can be described
in terms of current-induced breaking of thermally ac-
tivated vortex-antivortex pairs. Since vortex-antivortex
interaction is influenced by the interplanar coupling the
detailed shape of the resistivity transition and of the
current-voltage characteristics close to T, also depend on
the oxygen stoichiometry. For strictly 2D systems the
Kosterlitz-Thouless model'! can be applied, leading to a
power-law dependence of voltage as a function of current
V = AI% where a is a temperature-dependent coeflicient
abruptly changing from 3 to 1 at the Kosterlitz-Thouless
transition temperature Txr. The above formula implies
the absence of any critical current, since dissipation is
present at all currents. Clearly, for real systems, even if
highly anisotropic as BSCCO, this picture must be
modified to take into account the interplanar coupling.
This has been done by Jensen and Minnhagen'? who cal-
culated the energy of vortex-antivortex pairs in a stack of
Josephson coupled superconducting layers and derived
the current-voltage formula V+AI[(I/I,)—1]°"},
which correctly implies the existence of a critical current
I, below which no voltage appears. As it was found!?
this formula correctly describes the behavior of YBCO
films. For the more anisotropic BSCCO, I-V curves of
single crystals have been recently measured'* and fitted
with the 2D power law V' = AI“. However, close inspec-
tion of the data reported in Ref. 14 shows that this fit is
good only in a temperature range of about 2 K below T,
while for lower temperatures a deviation from the 2D
behavior is apparent in the low current region, suggesting
that even for BSCCO the strictly 2D approach is not
correct.

In this paper we study the current-voltage (I-V)
characteristics of BSCCO films at different temperatures
ranging from T, to about 8 K below T,. These curves are
analyzed in the framework of the Jensen-Minnhagen
(hereafter JM) theory. A good fit with the experimental
data is obtained far enough from T, (but in the tempera-
ture range mentioned above). In the vicinity of T, a devi-
ation from the JM law is found in the low-voltage region
and we explain it in terms of superconducting order-
parameter phase fluctuations. In the immediate vicinity
of T,., that is for temperatures above the Kosterlitz-
Thouless critical temperature Ty, the resistive behavior
of the I-V characteristics takes place due to the vortex-
antivortex spontaneous dissociation and this effect is
dominant. The effects of oxygen stoichiometry on the I-
V curves are also discussed in the framework of the
above-mentioned dissipation mechanisms.

EXPERIMENTAL DETAILS

The I-V curves measurements have been performed on
2212 BSCCO films grown on NdGaOj; substrates by
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liquid-phase epitaxy (LPE). This technique has been
shown to produce high quality, truly epitaxial BSCCO
films when a substrate having a good in-plane lattice
match with BSCCO is used. A detailed description of the
growth procedure and of the structural and transport
characterization of BSCCO films grown by LPE can be
found elsewhere. !>!® The zero-resistance critical temper-
ature T, (defined as the temperature at which the resis-
tivity drops below the measurement resolution, corre-
sponding to less than 10~ ° of its room-temperature value)
was T,,=79.5 K for the as-grown film, while the room-
temperature resistivity was about 2.5X107* Qcm. A
bias current of 50 pA, corresponding to 25 A/cm? was
used to obtain resistivity data. The mosaic spread of the
film, measured with an x-ray diffractometer on the in-
tense (0010) Bragg reflection, is 0.10% and the film
thickr%ess, measured with a SEM microscope, is about
2000 A.

The I-V curves were measured using the standard
four-probe technique on a stripe about 1 mm wide and 7
mm long patterned on the film. Contacts were made with
silver paste and annealed in air at 500 °C for 1 h; the same
contacts were used throughout all measurements to avoid
influence of small inhomogeneities in the sample. For
each curve more than 50 points were taken, while the
sample was kept at a temperature (measured by a cali-
brated GaAs diode) stable within about £0.02 K. A de-
lay was introduced between each current pulse and the
following one to minimize heating effects in the sample:
the length of the delay time was adjusted to ensure that
I-V curves were retraced when the current was decreased
from the maximum value down to zero (i.e., no time hys-
teresis was observed in the curves). For each point mea-
surements were taken for both current flow directions,
and the results were averaged to compensate for ther-
moelectrical effects.

The oxidizing thermal treatments were carried out at a
temperature of 500°C for 1 h in oxygen atmosphere and
followed by slow cooling to room temperature in the
same atmosphere, while reducing ones were made at a
temperature of 550 °C (again for 1 h) in argon atmosphere
and followed by quenching. The effects of these thermal
treatments were checked to be fully reversible.

RESULTS AND DISCUSSION

A. Survey of results

Figure 1 shows the resistance vs temperature curves
for our BSCCO film in the three oxidation states: as-
grown, reduced, and oxidized. All curves show a metallic
behavior at high temperatures, followed by a sharp tran-
sition to the superconducting state. As expected!’ the oxi-
dizing treatment leads to a reduction of both the resistivi-
ty and T, with respect to the as-grown values, while the
opposite is true for the reducing annealing, so that the
three curves intersect each other. The transition width is
not significantly affected by oxygen stoichiometry.

In Fig. 2 the I-V characteristics for the as-grown sam-
ple are shown at several temperatures ranging from 72 K
(about 8 K below T,y to 79.5 K (T,,). An additional
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FIG. 1. Resistance vs temperature curves of the BSCCO film
in different oxidation states: (a) as-grown, (b) argon annealed,
(c) oxygen annealed.

curve was measured at T'=75.55 K but is not reported in
Fig. 2 to avoid superposition with neighboring curves. It
is clear that the I-V characteristics are not straight lines
in a log-log scale, as required by the power law V = AI¢
valid for strictly two-dimensional systems.? They exhibit
a downward curvature in the high-voltage region suggest-
ing a truly superconducting behavior with vanishing
linear resistance. On the other hand in the low-voltage
region, not too far from T, an additional contribution to
dissipation appears, unforeseen in the JM theory. It is
worth mentioning that a similar contribution has been
observed by other authors. '®!° Similar curves were mea-
sured on the same sample after reduction (in the tempera-
ture range from 74 to 85.5 K, T, being 86 K) and oxida-
tion (in the temperature range from 65 to 73.5 K, T,,=75
K). The overall appearance of these curves is similar to
those plotted in Fig. 2 for the as-grown sample.

B. Jensen-Minnhagen behavior

The failure of the 2D power-law formula V «<I? is
clearly due to the fact that the coupling between super-
conducting layers has been neglected in the original
Kosterliz-Thouless approach. Jensen and Minnhagen'?
took into account this coupling and, under the assump-
tion that the dissipation mechanism is current-induced
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FIG. 2. I-V characteristics of the as-grown film at tempera-
tures 71.85, 72.89, 73.81, 74.93, 75.91, 76.45, 76.94, 77.61, 77.92,
78.51, 79.07, and 79.50 K.
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vortex pair breaking in a quasi-two-dimensional system,
derived the formula

I
=1
I

c

a—1

V=AI , (1)

which is valid for temperatures not very close to T,
(when fluctuations of the order parameter can be neglect-
ed and the superconductor is certainly below Txy), and
which correctly predicts the existence of a finite critical
current I,. When I >>I_ this formula reduces to the 2D
one. In fact as the current is increased the in-plane
vortex-antivortex interaction becomes stronger with
respect to interplane one, so that in the high current re-
gion the 2D picture is expected to be applicable.

As the input current is decreased a crossover is there-
fore expected from a 2D to a quasi-2D behavior, appear-
ing as a change in the slope of the I-¥ curves plotted in a
log-log scale. For high currents (voltages higher than
about 1 mV, not shown in Fig. 2) for I-V curves can
indeed be fitted with the 2D power law with good results,
showing a change in the slope a(T) as a function of tem-
perature at a==3, which is a characteristic feature of the
Kosterlitz-Thouless transition.?° If, however, the full
voltage region shown in Fig. 2 is considered, the power-
law fit is clearly not satisfactory, while a good fit is ob-
tained for temperatures not very close to T, by the for-

mula
_I____l a—1
I

c

InV=In | A , (2)

which derives from the JM formula (1). The logarithms
have been taken to give proper weight to the low-voltage
data.

The results of the fit are shown in Fig. 3 for the as-
grown film. The fit is of the same quality for the reduced
and oxidized samples, not reported in Fig. 3. From the fit
the values of the three fitting parameters 4,1, (and there-
fore J,, the critical current density) and a —1 can be ex-
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FIG. 3. I-V characteristics of the as-grown BSCCO film at

various temperatures: (0)=71.85 K, (O) =72.89 K, (V)=
73.81 K, (X) =74.93 K, (@)= 7555 K, ({) =7591 K, (+) =
76.45 K, (@) = 76.94 K. Full lines represent best fits according
to the Jensen-Minnhagen model.



51 TWO-DIMENSIONAL VORTEX AND PHASE FLUCTUATIONS . .. 9103

tracted from the curves for which the fit is satisfactory
(i.e., for temperatures not too close to T,y). Since these
parameters are functions of temperature, and the temper-
ature scale defined by the critical temperature is different
for different oxygen contents in the sample, to allow
direct comparison between the data relative to the three
oxidation states of the sample, we rescale all temperature
dependences in terms of the reduced temperature
t=T/T,.

Apart from the amplitude factor A, these fitting pa-
rameters are connected in a simple way to important
physical properties of the superconductor.'> The most
important among them is clearly the critical current I,
which is directly proportional to the coupling energy be-
tween layers. From Ref. 12 we see that I, is proportional
to the two-dimensional superconducting particles density
and inversely proportional to the anisotropy factor y.
Therefore, J, must increase with decreasing reduced tem-
perature and with increasing oxygen content in the film,
as it is evident from Fig. 4. In particular, for a given
value t =t* of the reduced temperature the ratio between
critical currents in the oxidized state and in the as-grown
one is roughly 2-2.5, while that between the as-grown
and the reduced state is about 5-8.

Since

_ 11—t
7,00) T’

14 (3)

from the data shown in Fig. 4 the ratios among the an-
isotropy factors in the three oxidation states of the sam-
ple can be calculated. it turns out that there is a continu-
ous increase in the anisotropy factor as the oxygen
stoichiometry is increased, and that this increase is by a
factor of about 2 going from the oxidized to the as-grown
sample, and by a factor of about 5 going from the as-
grown to the reduced sample, depending on the reduced
temperature value. The ratios of the anisotropy parame-
ter for the oxygen annealed, as grown and argon annealed
films are ¥ .Y .Y req=1:2:10, in agreement with those
found>?! with different methods for BSCCO samples.
The behavior of J, with temperature is close to the linear
relation J_(¢) « (1 —t) as expected from the JM model.
Another important issue which can be obtained from
the fit is the value of the critical exponent @ — 1 in the IM
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FIG. 4. Critical current density vs reduced temperature
curves of the BSCCO film in different oxidation states: full

rhombs = as-grown, full squares = argon annealed, open
squares = oxygen annealed.
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FIG. 5. Values of the critical exponent ¢ —1 multiplied by
temperature vs reduced temperature for the BSCCO film in
different oxidation states: full rhombs = as-grown, full squares
= argon annealed, open squares = oxygen annealed. Lines are
only guides to the eye.

formula. It also depends on the oxidation state, showing
the tendency to assume higher values and to change its
temperature dependence as the oxygen content is in-
creased. The values of T'(a —1) are plotted against re-
duced temperature in Fig. 5. They show a weak tempera-
ture dependence for all samples, as it was found to be the
case also for YBCO. !* Moreover, the values of T(a —1)
show a tendency to increase as the oxygen content is in-
creased. This is consistent with the theory since'?

1 1

~

A-2(0) Pab

where A(O) is the London penetration depth, and the
normal-state resistivity p,, is shown in Fig. 1 to increase
with decreasing oxygen content.

As expected, all the T(a —1) values are above the
lower bound 27,., given by the Kosterlitz-Thouless
theory, with the exception of the value corresponding to
t =0.986 for the argon-annealed sample. However, this
curve is the last one which can be fitted using the JM for-
mula alone (see following paragraph), so that a larger er-
ror is to be expected on the parameters values for this
curve, due also to the very low value of J,.

T(a—1)~

’

C. Order-parameter phase fluctuations

From Fig. 2 it is apparent that in the low-voltage re-
gion the I-V characteristics no more follow the JM for-
mula, an excess dissipation appearing which changes the
curvature of the characteristics. We attribute this excess
dissipation to superconducting order-parameter phase
fluctuations, which are not taken into account in the JM
model and which become relevant at low currents when
the current-induced vortex pair breaking is low.

The effect of superconducting fluctuations on I-V
characteristics above T, was studied a long time ago?>?
and reexamined recently for layered superconductors.?*
It was shown that a nonlinear effect in fluctuation in-
duced current manifests itself at high enough electric
fields [E >E,=E,e*? where e¢=(T—T,)/T, and
E,=22KyT, /me&,,(0), Kp is the Boltzmann constant,
e the electron charge and &, the in-plane correlation
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length] and its physical origin was related to the break-
down of fluctuation Cooper pairs by strong electric fields.
The power a in the excess current density 6J4~E“ de-
pends on the effective dimensionality of fluctuations and
a Lawrence-Doniach type crossover (2D to 3D) may take
place in the I-V characteristics with a changing from 1/3
to 2/3 at temperatures close to 7,.2* However in the
case of BSCCO, whose crossover temperature is given by®
(T, —T,) /T, |=7¢(3)w?/327°T>~0.01 [w is the
effective interlayer hopping energy and {§(x) is the
Riemann zeta function], practically for all temperatures
except in the immediate vicinity of T, the fluctuations
have 2D character. In this case the results of Ref. 24 can
be written for T> T, as

E /e for E <<E,
(1/3)T(1/3)Ey(E /Ey)'?
for E>>E. (4

8JP =(e?/16a#)

a being the interplanar spacing and I'(x) the Euler gam-
ma function.

The estimate of the critical field E,=E,e’/? for
BSCCO gives the discouragingly high value E,~20
V/cm (Ey~2X10* V/cm, £=0.01), which can hardly be
reached experimentally.?* However this limitation is val-
id above T, only, being absent in the temperature range
under consideration here. To understand this we need to
compare the origin of superconducting fluctuations above
and below T,. In contrast to the simple fluctuation pic-
ture in the normal phase, where nonequilibrium Cooper
pairs appear and decay, the construction of a fluctuation
theory below T, based on one-particle representation im-
plies the necessity to extend the simple BCS description
of superconductivity. Really, below T, where the coex-
istence of Cooper pairs condensate and one-particle exci-
tations in thermodynamical equilibrium takes place in
BCS theory, the fluctuation processes include a variety of
options: the appearance and decay of nonequilibrium
(with respect to condensate) Cooper pairs, different types
of quasiparticle scattering processes involving the con-
densate, etc. Formally, matrix elements beyond the usual
(N|...IN) and (NJ...|N+2) must be taken into ac-
count.?’

There is another way to treat the fluctuation phenome-
na in the superconducting phase, that is to consider fluc-
tuations of the amplitude and phase of the order parame-
ter and calculate their correlations which determine the
effects of fluctuations on the physically observable quanti-
ties.? It is worth stressing that in this scheme, in con-
trast to the situation above T, fluctuations of the scalar
potential ¥ must be taken into account along with fluc-
tuations of the phase ®: the former determines the flow
of dissipative currents, the latter is responsible for fluc-
tuation supercurrents in the system, but they are linked
and cannot be separated. This fact manifests itself for-
mally in the appearance of a nonzero off-diagonal correla-
tor (@(r,7)¥*(r’,t')) and physically in a dissipation in-
directly related to phase fluctuations.

Above T, fluctuations of the modulus and phase of the
order parameter are essentially equivalent and their
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correlators are equal®®

1 1
v e—(imw/8T,)+nqg?

(AD*), ,=(DD*), ,=— O

(here v is the single-spin quasiparticle density of states, g
and o the momentum and frequency of Cooper pair, re-
spectively, and 7 is the gradient coefficient in the
Ginsburg-Landau theory.”® While for zero boson fre-
quency the propagator of amplitude fluctuations takes a
form similar to Eq. (5) with the substitution of € by 2|¢|
only, the phase-phase correlator becomes “massless:”

(po*), ~—L-L (6)
v nq

It is this singularity that leads to the well-known de-
struction of the long-range order by long-wavelength
fluctuations in the case of low-dimensional electron spec-
trum.?® The absence of the “‘mass” (whose role is played
by €) in the { ®®* ) correlator indicates the possibility of
the appearance of a Goldstone, or ‘“‘soft,” mode in the
spectrum of collective excitations. Usually this mode is
absent in superconductors at low frequencies because of
the electric charge of the electron liquid,?>?’ but in the
case of weak screening in the vicinity of T, traces of it
manifest themselves in the so-called Anderson-Goldman
mode.?” The absence of a “mass” € in the phase-phase
correlator means the absence of an ohmic regime in Eq.
(4) because E, =E,e*/>—0 as e —0.

The contribution of fluctuations of the phase of the or-
der parameter to the excess current for any electric field
is therefore given by the second line in Eq. (4), which can
be rewritten as

3

48a7 JE. (7

Eq=E, | ——240
70 eir(1/3)E,

Clearly, in spite of the independence of Eq. (7) on €
(and therefore T), this contribution takes place only in
the proximity of T, since the condition € <<1 has been
used in the above theory. Far enough from T, the propa-
gation of the Anderson-Goldman mode at low frequen-
cies is impossible and the phase-fluctuation contribution
disappears.

The contribution to dissipation given by Eq. (7) has a
slope 3 in a logV-logl plot, and is masked by the higher
JM contribution at high currents. In order to test the va-
lidity of Eq. (7) we must therefore select an I-¥ charac-
teristic at a temperature low enough for the JM theory to
be applicable, but not so low that the phase-fluctuation
contribution disappears. We have therefore chosen the
curve at T=77.61 K for which there is a JM behavior at
voltages higher than about 10 puV, while in the low-
voltage region a clear deviation from this behavior is ob-
servable, having a slope very close to 3. If we extrapolate
the JM behavior valid in the high-voltage region (V <10
uY), we clearly see that the JM contribution to dissipa-
tion corresponding to a current I =5 mA (or lower) is
negligible with respect to the measured value of slightly
more than 1 pV. This value should therefore be due to
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FIG. 6. I-V curves of the BSCCO film in different oxidation
states (full rhombs = as-grown, full squares = argon annealed,
open squares = oxygen annealed) at reduced temperatures
0.984, 0.986, and 0.980, respectively. Current normalized to the
value corresponding to a voltage drop of 1 mV. Dashed lines
are fits with the Jensen-Minnhagen model performed on the
voltage region 100—1000 uV.

the contribution resulting from Eq. (7) with an electric
field Eq=V /L =1.4 uV/cm (L =7 mm is the length of
the stripe). This gives (taking into account the section of
the stripe s =2X107° cm?) I=2.5 mA, a value in order-
of-magnitude agreement with the experimental one.

The threshold at which the deviation from the JM for-
mula is significant shifts to lower reduced temperatures
for a given voltage (or to higher voltages at given reduced
temperature) as the oxygen content is increased and
therefore the anisotropy is decreased. In fact the fit (car-
ried out on the experimental points for which ¥ > 500
nV) ceases to be satisfactory for ¢ >0.965, ¢t >0.977,
t >0.986 for the oxidized, as-grown and reduced sample,
respectively. This is consistent with the above proposed
fluctuation origin of this contribution. In fact, Eq. (7) be-
ing temperature independent, it describes a ‘“‘universal”
curve having equation ¥ ~ I3 in the I-V plane, so that for
the most oxidized samples, whose I-V curves are shifted,
at given reduced temperatures, towards the high current
region, the fluctuation contribution is higher, with
respect to less oxidized samples.

To clarify this point we plotted in Fig. 6 the I-V curves
for all three samples at very similar reduced temperatures
(namely t=0.980 for the oxygen annealed sample,
t =0.984 for the as-grown one, and ¢t =0.986 for the re-
duced one) in a reduced temperature region in which fluc-
tuation effects are not negligible. The current has been
normalized for all samples to the value corresponding to
a voltage of 1 mV because the large spread of critical
current values among the three samples makes a direct
comparison impossible on the same scale. It can be seen

that while the curve for the argon-annealed sample shows
no visible deviation from the JM behavior, as indicted by
the negative curvature, a deviation is apparent in the
curve for the as-grown samples for V > 10 uV, while for
the oxygen annealed sample the deviation appears at even
larger voltages (V' > 100 pV), even if the reduced temper-
ature, and therefore fluctuation effects, are (however
slightly) higher for the less oxygenated samples. To fur-
ther prove this point a fit with the JM model has been
performed on the three curves in a voltage region
(100-1000 pV) where the fit is good for all three samples,
and the results are shown as dashed lines in Fig. 6. The
deviation of the fit from the experimental data occurs at
higher voltages as the oxygen content is increased.

CONCLUSIONS

We have analyzed the I-V characteristics of an epitaxi-
al BSCCO film grown by liquid-phase epitaxy at different
temperatures and for different oxidation conditions. The
I-V curves cannot be fitted with a simple 2D power law,
except at high currents. The formula proposed by Jensen
and Minnhagen for quasi-2D systems, which takes into
account the interplanar coupling, leads to a good fit to
the experimental data in the temperature region for
which vortex-antivortex depairing can be thought to be
the main dissipation mechanism. From the fit the critical
current density can be calculated, and is found to in-
crease with the oxygen content in the film. Also, a com-
parison among the anisotropy factor ¥ of the sample in
the various oxidation states can be carried out, showing
that y increases with decreasing oxygen stoichiometry,
being roughly one order of magnitude higher for the re-
duced sample than for the oxidized one.

Not too far from T,, however, a deviation from the
Jensen-Minnhagen behavior is evident in the low-voltage
region, which we have explained in terms of fluctuations
of the phase of the order parameter: the calculated effect
is in reasonable quantitative agreement with the experi-
mental data. The relative weight of the two contributions
has also been examined as a function of oxygen content in
the sample and found in qualitative agreement with the
proposed fluctuation origin of the additional dissipation
at low voltages.
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