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Nonlinear I-V characteristics above T, (R =0) in Bi-Sr-Ca-Cn-0 thin films
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We have measured the nonlinear I-V characteristics of some c-axis-oriented Bi-Sr-Ca-Cu-0 thin films

in a temperature range of few kelvin degrees above T, (R =0). A power-law behavior characterized by a

temperature-dependent exponent, jumping from a value of 1 to a value of 1.5 when approaching

T, (R =0), has been observed. We discuss this effect in terms of the granular-superconductor model and

the time-dependent Ginzburg-Landau theory. Both of these models fail to describe our experimental re-

sults.

Nonlinear I-V characteristics above the critical transi-
tion temperature T, (R =0}have been observed in several

high-temperature superconducting (HTSC) com-
pounds. ' The presence of this nonlinearity has been re-
lated to the granularity of the system' or to supercon-
ducting fluctuations above T, . In particular, on

YBa2Cu307 „(YBCO)thin-film samples, ' the nonlinear
I-V curves have been explained in terms of a three-
dimensional XY model drawing an analogy with the mag-
netic case, while the measurements done on c-axis-
oriented Tl-Ba-Ca-Cu-0 films have been interpreted in

the framework of the time-dependent Ginzburg-Landau
theory. ' However, the Hurault theory used in this case
is only valid in the superconducting dirty limit (g))1),
where l is the electronic mean free path and g is the su-

perconducting coherence length. For HTSC compounds,
the superconducting clean limit (g « l) more properly ap-

plies.
We have measured I-V characteristics of Bi2Sr2-

CaCu20„(BSCCO) highly oriented thin films above and

below the critical temperature T, (R =0}, and we have

observed an Ohmic (linear) behavior for temperatures
T) T„=83K while a nonlinear behavior has been seen

for temperatures in the range T, (R =0)=78 K & T & T„.
Recently, Varlamov and Reggiani have formulated an

expression for the I-V nonlinearity in the framework of
the time-dependent Ginzburg-Landau theory in the su-

perconducting clean limit for a layered system.
We discuss these results in terms of both the XY model

and the Varlamov-Reggiani theory.

(2:2:0:1) phase. This preferential orientation has been
confirmed by the rocking curves typically showing half
height widths less than 0.7 degrees. In Fig. 1 the transi-
tion curve (R vs T) and the critical current density vs

temperature (J, vs T) curve are shown together in a tem-

perature range close to T, (R =0). The arrow in the

figure points out the temperature T„below which the I-
V characteristics are no longer linear. For the film in the
figure we have obtained T, (R =0)=78 K. We have mea-

sured the I-V characteristics of the film in Fig. 1, up to
3.6 mV. In the voltage range from 0.4 to 3.6 mV, the I-V
curves were well fitted by a power law of the type

V IN( T)

where the exponent N is temperature dependent. Above

T„the I-V curves were linear and N ( T) = 1. For temper-

atures below T„,some of the measured I-V curves are

plotted in Fig. 2 in a bilogarithmic scale and the solid
lines represent the best fit obtained using Eq. (1). The
slope of these lines is the exponent N( T) of Eq. (1). E( T)
changes in the temperature range T, (R =0) T& T,
from 1 to 1.5, as shown by the points in Fig. 3. At tem-

peratures below T, (R =0), the I Vcharacteris-ties are
well fitted by the formula

EXERIMENTAL RESULTS AND DISCUSSION

The thin films have been fabricated by completely
electron-beam evaporating weighted amounts of BSCCO
pellets on MgO(100) single-crystal substrates. After an
annealing in air at 880'C for several hours, the films have
shown a T, (R =0) of about 80 K, which was only slightly

reduced after a wet photolithographic procedure to ob-
tain the desired geometry. The critical current density J,
at 4.2 K, measured using a 5 pV/crn criterion, was

5 X 10 A/cm . The 0-20 x-ray-diffraction analyses have
shown a strong preferential orientation of the films with

the c axis perpendicular to the plane of the substrate,
along with the presence of small amounts of the low-T,
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FIG. 1. Critical current density J, (stars) and electrical resis-

tance R (solid line) vs temperature curves in a range close to the

critical temperature T, (R =0).
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value of the exponent N ( T) at T, given by

N(T, )=(d+1)j(d —1+ri) . (3)

—1.7 0.7
I

0.2

FIG. 2. Log~o(I-I, ) vs log&0( V) curves at different tempera-
tures. The solid lines are the best fits obtained by Eq. (1) above
T, and by Eq. (2) below T, (see text). The slope of these lines
represents the exponent N in Eqs. (1) and (2).

V = [I I (T)]— (2)
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FIG. 3. Exponent N vs temperature. Points are the values

measured above T, (R =0) and stars are the values measured
below T, (R =0).

where I,(T) is the critical current value. In this range
N(T) varied from 1.5 to 2 as shown by stars in Fig. 3.
We want to point out that, as it is clear in Fig. 3, the
change of the exponent N takes place already at tempera-
tures above T, and that at T = T, the value of N is 1.5.

The reduced critical current density value of our
BSCCO thin films at 4.2 K, when compared with the
values obtained in the case of other BSCCO thin films,
can be tentatively explained in terms of the granularity
present in the samples.

In the case of a superconducting granular system in
which the superconducting properties are more
influenced by the strength of coupling between the grains
than by the superconductivity of the grains themselves,
the model elaborated by Rosenblatt et al. , which is
developed in analogy with the XY theory for the transi-
tion to the magnetism, predicts a nonlinear behavior of
the I Vcharacterist-ics which follows Eq. (1) with the

Here d is the dimensionality of the system and g is the
exponent characterizing the order-parameter correlation
function.

Generally g is expected to be very small so that for a
three-dimensional superconducting system (d =3), one
has N ( T, ) =2. This result has been confirmed by mea-
surements done on granular YBCO films which showed a
very large (-30 K) superconducting transition width. 2

Similar experiments performed on Xe-Hg and NbN thin
films' " have also given N(T, )=3, which is in good
agreement with the formula (3) if ri-0 and d =2. Hence,
the model of Rosenblatt et al. has been experimentally
tested and gives a value of the exponent N(T) at T= T,
that follows Eq. (3) with r) -0 both in the three-
dimensional and in the two-dimensional case. As clearly
shown in Fig. 3, our experimental data give a value of
N ( T, ) = 1.5, which seems difficult to explain in the
framework of the Rosenblatt theory for a granular-
superconductor system, assuming g-0.

To check directly the granularity of our BSCCO films,
we have measured the magnetic behavior of the R vs T
and J, vs T curves. Both the curves were independent
upon the application of weak external magnetic fields up
to -30 Oe. Moreover, the scanning electron microscopy
analyses showed uniform platelike zones with typical ra-
dii of several hundreds micrometers. At this point, it is
worth mentioning that the presence of the low-T,
(2:2:0:1)phase, if completely included inside zones of the
high-T, (2:2:1:2)phase, cannot affect the magnetic behav-
ior of our films, even though it can reduce the critical
current density value.

Another model that also predicts a nonlinear behavior
of the I-V characteristics, which follows Eq. (1), is the
time-dependent Ginzburg-Landau theory. This theory
has been elaborated in the clean limit by Varlamov and
Reggiani for a three-dimensional layered superconduc-
tor, in which the coherence length perpendicular to the
planes gi is much larger than the distance a between the
planes (gi»a). The model predicts a value of 1.5, very
close to our experimental results, for the exponent N ( T, )

when gi»a, while N(T, )=3 in the case of a two-
dimensional system in which gi « a.

Previous data obtained on the same films have shown
the excess conductivity to be due to superconducting
fluctuations above T„atypical two-dimensional behavior
in the range 88 ~ T ~ 98 K. Therefore, according to the
Ginzburg-Landau theory, our BSCCO films behave like
two-dimensional superconducting systems in the temper-
ature range 88 ~ T ~ 98 K far from T„while in a temper-
ature range much closer to T, they act like three-
dimensional superconductors. If real, this behavior is the
one expected for extremely anisotropic systems' such as
BSCCO thin films. In fact, the superconducting coher-
ence length gi in the direction perpendicular to the ab
planes diverges at T = T, and hence the crossover be-
tween two- and three-dimensional behavior takes place,
with fi going from the gi «a limit to the gi»a limit
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when approaching T, .
However, another important parameter in the

Varlarnov-Reggiani theory is the critical electric field E„
above which the nonlinearity takes places. The value of
this electric field E, is temperature dependent and tends
to zero as Tgoes to T, . Assuming T, =80K, vF=3X10
cm/s, and a value for e=( T —T, )/ T, = 10,we get for

E, the value

54k 2 T2~3/2
F., = =10 V/cm,

ekvF

which is two orders of magnitude greater than the
highest electric field E,„weapplied to our films. In the
range of the applied electric fields, this model predicts a
simple Ohmic behavior. Although the value of the elec-
tric field actually applied to the samples depends upon its
real dimensions, which can be influenced by the presence
of zones of the (2:2:0:1)phase, the discrepancy of two or-
ders of magnitude between E, and E,„seems very
di%cult to explain.

Hence, from these arguments, it follows that both the

models we discussed failed to fully explain the observed
nonlinearity in the I- V characteristics of our films.

CONCLUSIONS

Nonlinear I-V characteristics have been observed in
BSCCO thin films in a temperature range very close to
T, . The temperature-dependent exponent X(T) associat-
ed with the power law in Eq. (1) showed a jump 1 to 1.5
when approaching T, . As we discussed, this behavior
cannot be explained in terms of both the granular-
superconductor model and the time-dependent
Ginzburg-Landau theory.

The first model fails in predicting the observed ex-

ponent in the power-law behavior at T=T„while the
second, even though predicting a value very close to the
experimental result, shows nonlinearity only above a crit-
ical electric field much greater than the highest we actu-
ally applied to the samples.

Probably, both the models are based on overly
simplified assumptions and a more general theory is need-
ed to explain the behavior of a system like BSCCO in

which granularity and supeconducting Auctuations could
simultaneously be present.
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