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Length-scale-dependent vortex-antivortex unbinding in epitaxial Bi2Sr2CaCu2O81d films
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The supercurrent transport properties of epitaxial Bi2Sr2CaCu2O81d films in zero applied magnetic field were
investigated in a temperature interval of'20 K below the mean-field critical temperatureTc0 . The modifica-
tion of the shape of theI -V curves observed by varying the temperature was explained in terms of vortex-
fluctuation-induced layer decoupling and vortex-antivortex unbinding, revealing a strong probing-length de-
pendence. The change of the effective dimensionality of thermally excited vortices involved in the dissipation
process leads to the appearance of a few characteristic regions in the current-temperature diagram. Above a
temperature valueT* ,Tc0 , the superconducting layers are decoupled, as predicted by Monte Carlo simula-
tions and renormalization-group analyses. In this region, the resistivity exhibits two-dimensional~2D! behavior
corresponding to the superconducting~CuO2)2 layers ~2D-layer behavior!. However, the resistive transition
seems to be mainly related to the 2D behavior at the film level. In the sensitivity window of our measurements,
finite resistance in the limit of small transport currents was detected to occur above a temperature valueTc

,T* , through the dissociation of vortex-string–antivortex-string pairs. By decreasing the temperature and/or
by increasing the transport current, theI -V curves in the double logarithmic plot show a clear downward
curvature. This can be described in terms of current-induced quasi-2D vortex pair unbinding, with a nonzero
critical-current density resulting from the interlayer Josephson coupling. At even lower temperatures and/or
higher transport currents, theI -V curves exhibit a crossover from quasi-2D to 2D-layer behavior, due to the
decrease of the probing length below the Josephson length, where the interlayer Josephson coupling becomes
irrelevant. The temperature dependence of the 2DI -V exponent is in good agreement with recent Langevin
simulations of the Coulomb gas model, revealing an anomalous diffusion of vortex fluctuations.
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I. INTRODUCTION

The dissipation in transport-current-carrying hig
temperature superconductors~HTSC’s! in zero external mag-
netic field occurs at transport currents lower than the dep
ing critical current. The large intrinsic anisotropy, as in t
case of Bi2Sr2CaCu2O81d ~Bi-2212! HTSC, generated by the
layered structure, suggests that the thermally excited 2D
tices of opposite helicity in the superconducting Cu-O lay
play the essential role.1 Some transport measurements2 sig-
naled features of the Berezinskii-Kosterlitz-Thouless~BKT!
transition3,4 at the superconducting layer level, but the no
vanishing interlayer Josephson coupling gives rise to a fi
critical-current density,5–8 and the picture becomes comple

For layered superconductors without interlayer Joseph
coupling, the interaction between 2D vortices and antivo
ces depends logarithmically on their separation, even
large values of the latter. Neglecting the magnetic interac
between vortices located in different layers, such systems
good candidates for the occurrence of the BKT transitio1

Below the Kosterlitz-Thouless transition temperatureTKT ,
the vortices and antivortices are bound in pairs.3 The ther-
mally induced 2D free vortices will be present atT.TKT ,
their creation becoming thermodynamically favorable due
the entropy contribution to the free energy.TKT is the solu-
tion of the implicit equation4
570163-1829/98/57~5!/3144~7!/$15.00
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TKT5sF0
2/@8pl2~TKT!«~TKT!m0kB#, ~1!

wheres is the interlayer spacing,l is the in-plane componen
of the magnetic penetration depth, and« is the dielectric
constant, which incorporates the screening of the interac
energy. If the quenched disorder is irrelevant, the criti
current of a 2D system of large extension will be essentia
zero, the current-voltage (I -V) characteristics having a
power-law dependence,V;I a(T) . In the classical approach,9

the I -V exponenta(T)511const(1/T21/Tc0) below TKT ,
and is expected to exhibit a sudden decrease from 3 to
TKT . Recently, the dynamic properties of 2D vortex fluctu
tions were investigated through simulations of the 2D Co
lomb gas model, in which the vortices were represented
soft disks with logarithmic interaction. It was found that th
2D vortex fluctuations obey intrinsic anomalous dynami
leading to a differentI -V exponent.10

In the presence of weak interlayer Josephson coupl
the vortex-antivortex interaction energy has a supplemen
term, which grows linearly with the vortex separation,6 and
generates an ‘‘intrinsic’’ critical-current density7 Jc;1
2T/Tc0 . In such a situation, no sign of a BKT transition
the level of the superconducting layers should be observ
~With the above term in the vortex interaction energy, t
free energy of the system with an independent vortex w
increase indefinitely with the characteristic system size, ir
3144 © 1998 The American Physical Society
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57 3145LENGTH-SCALE-DEPENDENT VORTEX-ANTIVORTEX . . .
spective of temperature.! However, for thin film samples, the
finite interlayer Josephson coupling makes possible a B
transition associated with vortex-string pairing.11,12 At first
sight, this would be in conflict with the form of theI -V
curves below the resistive transition reported in Ref.
which indicates the existence of a finite critical-current de
sity. The often reported 2D behavior above the resistive tr
sition of HTSC’s can be the result of the occurrence o
vortex-fluctuation-induced layer decoupling, as predicted
Monte Carlo simulations13,14 and recent renormalization
group analyses.15–18 This is understood as a decoupling b
tween vortices in different layers due to the vortic
themselves.14 At the same time, it was found that th
Josephson-coupling-mediated term of the in-plane vor
antivortex interaction energy vanishes above the resis
transition.8 However, to associate the resistive transition
the system with the BKT transition at the layer level is
contradiction with the three-dimensional character of
former, appearing in theoretical analyses.19

In the present work, we investigated the zero-field
plane supercurrent transport properties of epitaxial Bi-22
films in a temperature interval of'20 K below the mean-
field critical temperature, in order to gain some further
sight into the dissipation process in transport-curre
carrying highly anisotropic HTSC’s. We found that, in th
condition of negligible pinning, the modification of theI -V
curve shape with decreasing temperature illustrates
change of the effective dimensionality of the thermally e
cited vortices. This appears to be temperature and len
scale dependent. For thin film samples, we show that i
possible to distinguish between the 2D-layer properties,
quasi-2D behavior, and the 2D-film behavior. The 2D-lay
properties are related to the existence of 2D vortices in
superconducting (CuO2)2 layers with logarithmic interaction
only. The quasi-2D behavior is the result of thermal exci
tion of 2D vortices located in the superconducting laye
with both logarithmic and Josephson-coupling-mediated
plane interactions, whereas the 2D-film behavior is genera
by vortex strings parallel to thec axis ~threading the whole
film!, with logarithmic interaction.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The Bi-2212 films~about 400 nm thick! were prepared
with a high degree of reproducibility by anin situ sputtering
method on~100! oriented SrTiO3 substrates, as described
Ref. 20. The stronglyc-axis-oriented growth and in-plan
epitaxy were confirmed by x-ray-diffraction studies in
Bragg-Brentano and four circle geometry. The stacking
quence was also investigated by transmission electron
croscopy, which revealed a low density of stacking fau
The patterning of the film into a suitable four probe structu
was performed by a standard photolithographic techniq
and the electrical contacts were obtained by evaporating
annealing silver. We used 1.8 mm3200 mm strips for trans-
port measurements with pulsed and reversed current.
supercurrent transport properties of the as-grown fi
~Bi-2212ag) were presented in some detail in Ref. 20.
second film (Bi-2212ox), prepared under the same cond
tions, was supplementary maintained at 600 °C for 3 h in 1
kPa oxygen, for a better homogeneity of the oxygen dis
T
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bution and a low degree of disorder. This film was tho
oughly investigated here and compared with the as-gro
film. After the above oxygen annealing, both the resistiv
in the normal state and the critical temperature decrea
~Fig. 1, inset!, and the elemental cell was ‘‘compressed
along thec axis by '0.1%. At the same time, the carrie
concentration, determined from the Hall constant measu
at 150 K, increased by'10%. All these changes indicate
higher doping level for the second film.

III. RESULTS AND DISCUSSION

First, we present the analysis of the resistive transition.
it is known, in the case of highly anisotropic HTSC’s, Mon
Carlo simulations13–14 and renormalization-group
analyses15–18revealed the occurrence of a vortex-fluctuatio
induced layer decoupling just above the resistive transiti
which has been experimentally confirmed.8 In these circum-
stances, the temperature dependence of the electrical r
tivity r of these materials can be investigated in the fram
work of the Ginzburg-Landau 2D Coulomb-gas model.21–23

This model predicts that certain measurable quantities
only depend on the dimensionless variableX
5TCG(T)/TCG(Tc)5(T/Tc)(Tc02Tc)/(Tc02T), where
TCG is the Coulomb-gas temperature21 andTc is the critical
temperature of the system. One can apply this to the r
r(T)/rn , wherer is the measured resistivity belowTc0 and

FIG. 1. The resistive data in zero applied magnetic field for
oxygen annealed sample (Bi-2212ox, see inset! plotted asT/X ver-
susT. X(T) was obtained using the experimentalr(T)/rn data, by
means of numerical inversion of Eq.~1! from Ref. 22. rn was
determined as the normal-state resistivity atTc0 , by iterations. We
considered for the temperature dependence of the normal stat
sistivity the sample resistivity measured atT.140 K linearly ex-
trapolated down toTc0 . The dashed line represents the linear fit
the T/X data in the region of 2D-layer behavior. The intersecti
between the dashed line and theT axis givesTc0591.5 K, whereas
the temperature value for whichX51 would be the critical tem-
perature expected in the case of the layered system without in
layer Josephson coupling,Tc2D578.9 K. T* '84 K is the layer de-
coupling temperature~see text!. The inset illustrates the zero-fiel
resistive transitions of the investigated films, for a transport curr
value I 50.1 mA. Compared with the as-grown film (Bi-2212ag),
the oxygen annealed sample (Bi-2212ox) has a lower normal-state
resistivity and a reducedTc0 value.
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3146 57L. MIU et al.
rn is the normal state resistivity. From the above definiti
of X, in the Ginzburg-Landau treatment of the superflu
density, the ratioT/X should be a linear function of tempera
ture,

T/X;Tc02T, ~2!

which can be used for the determination of the mean-fi
critical temperature, if the variableX is extracted indepen
dently. To do this, one makes the assumption that ther(T)
data follows the universal 2D scaling curve,22 and X(T) is
derived from the experimentalr(T)/rn data by means o
numerical inversion of Eq.~1! from Ref. 22 ~see, for ex-
ample, Ref. 23!. The plot T/X versusT for the resistive
transition of the sample Bi-2212ox ~Fig. 1, inset! is illus-
trated in Fig. 1. The linear dependence is clearly borne
between approximately 84 and 89 K, signaling the 2D-la
behavior predicted by Monte Carlo simulations a
renormalization-group analyses. The deviation above 89
probably due to the amplitude fluctuations of the order
rameter. Equation~2! and the extrapolation from Fig. 1 lea
to Tc0591.5 K. The definition of the variableX shows that
the critical temperature in the case of decoupled layers wo
be Tc5Tc2D578.9 K @X(Tc2D)51, see Fig. 1#. Tc2D is the
TKT value of the layered system without interlayer coupli
@Eq. ~1!#. The 2D-layer behavior ends, however, at a cert
temperatureT* '84 K ~Fig. 1!. This is because forT,T*
the interlayer Josephson coupling sets in, as shown be
and this will inhibit the pure 2D vortex fluctuations in th
superconducting layers.

There are several approaches concerning the occurr
of finite resistivity in the limit of small transport currents i
thin film samples. The low-current ohmicV(I ) signal in
ultrathin YBaCuO films was attributed to the vanishing
the logarithmic interaction between vortices and antivorti
at large separations,24 which can lead to the existence of fre
vortices at all temperatures, in the absence of relevant
ning. Such free vortices should generate Arrhenius beha
in the r(T) plot, but, as shown in Fig. 2~a!, this is not the
case for our Bi-2212ox sample. However, this effect, as we
as finite size effects,1 will turn an eventual BKT transition
into a crossover, because the free vortices screen the vo
interaction better than do pairs, and thus make vortex
unbinding possible at lower temperatures.

The renormalization-group analysis performed in Re
~17! and~18! revealed that just above the resistive transit
the superconducting layers decouple, at large length sc
first. @The layers will be decoupled at all lengths above
temperature value higher than the critical temperature~for
our sample, aboveT* ).] Thus, the linearV(I )signal at lowI
values forT below T* can be caused by free 2D vortice
appearing in the superconducting layers at large prob
lengths. However, in such a situation, it would be difficult
explain the finite voltage detected just above the zero-fi
transition temperature in transport measurements in the
called ‘‘transformer’’ electrode geometry.25

Finally, since the realTc of the system is lower thanT*
~Fig. 1!, it is natural to take into consideration the 2D-fil
behavior, related to vortex-string excitations. The vorte
gas–Coulomb-gas analogy predicts forr(T) in the vicinity
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of Tc a dependence similar to that expected in the case
BKT transition in the critical region

r~T!;exp@2C~X21!21/2#, ~3!

with C5const. This is illustrated for the sample Bi-2212ox
in Fig. 2~b!, with a critical temperatureTc582.2 K andC
54.5. In order to avoid the complications that may ar
from the change of the probing length with temperatu
@when measuringr(T) at constant current#, for the plots in
Figs. 2~a! and 2~b! the resistance was determined from t
linear part of theI -V curves in the limit of small transpor
currents observed forT.Tc ~Fig. 3!. The T* value appear-
ing in Fig. 2~b! is practically identical to that from Fig. 1
The agreement between the data just aboveTc and Eq.~3!
suggests that, in the conditions of negligible pinning a
minor size effects, the resistive transition may be in conn
tion with the 2D-film behavior,11,12 i.e., to be caused by the
dissociation of vortex-string–antivortex-string pairs.

The change of theI -V curve shape with decreasing tem
perature belowTc0 supplies new useful information. Th
representativeI -V curves of the oxygen annealed film me
sured in a magnetically shielded environment are illustra

FIG. 2. ~a! The downward curvature in the Arrhenius plot of th
resistivity indicates a minor contribution of size effects in o
samples~see text!. ~b! Temperature variation of the reduced res
tivity fitted at low levels with Eq.~3! ~sample Bi-2212ox, Tc

582.2 K, C54.5). The resistivity was determined from the line
part of theI -V curves, in the low-I limit ~Fig. 3!.
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57 3147LENGTH-SCALE-DEPENDENT VORTEX-ANTIVORTEX . . .
in Fig. 3. A few characteristic temperature regions can
observed. In the first one~I!, for T higher thanT* , the
I -V curves are ohmic practically for all used current valu
which is in agreement with the 2D-layer behavior of t
r(T) variation ~Fig. 1!. In this temperature interval, the 2D
vortex-antivortex correlation length is small, sinceT* is sig-
nificantly higher thanTc2D . In the second temperature re
gion ~II !, situated belowT* , the I -V curves are linear in the
limit of small transport currents, but exhibit a downwa
curvature in the double logarithmic plot at higher currents
region III, belowTc ~but not very close to it!, the negative
curvature is present in the whole investigated current-volt
range. For the as-grown sample, the curvature is less
nounced and the temperature region III is narrow.20 In region
IV, the downward curvature in the double logarithmic pl
disappears in the sensitivity window of our experiments.
these features will be discussed below, emphasizing the
portance of the probing length imposed by the value of
current-density in transport measurements.

At least for highly anisotropic Bi-based and Tl-bas
HTSC’s, the 2D-layer case~decoupled layers! represents a
good starting approximation and it will be shortly summ
rized here. The energy of a 2D vortex pair of separationr in
the presence of a transport current densityJ flowing parallel
to the (a,b) plane is1,7

E~r !'2Ec1E1ln~r /j!2sF0Jr, ~4!

whereEc is the creation energy andj is the coherence lengt
in the (a,b) plane. The second term on the right-hand side
Eq. ~4! is the usual logarithmic interaction.E1

5sF0
2/2pl2«m0 is the coupling constant in the (a,b) plane.

The third term represents the modification of the interact
energy due to the Lorentz force. The pair energy has a m
mum for a separationr m given by

r m5E1 /sF0J. ~5!

The density of unbound vortices can be determined by
balance between the rate of production and the rate of rec
bination. For a system of large extension, the form of the l
voltage levelI -V curves was derived26 by considering a clas
sical escape over the barrierDE5E(r m)22Ec , and the
Bardeen-Stephen model for the flux flow resistance. Con
ering the transport currentI 5JS, where S is the sample
cross section, this leads to

V;I a, ~6!

with the exponent

a511E1/2kBT. ~7!

Recent Langevin simulations of 2D vortex fluctuations10

pointed out that due to an anomalous diffusion and thet
tail of the vortex correlations, the above classical predict
is no longer correct. TheI -V characteristics remain of th
form given by relation~6! at low driving forces, but a scaling
argument suggests that the exponent consistent with thet
tail is

b52a235E1 /kBT215sF0
2/@2pl2~T!«~T!m0kB#21.

~8!
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For finite interlayer Josephson coupling~quasi-2D case!,
in the simple single-pair model,7 the pair energy at large
vortex-antivortex separations appears to be of the form

E~r !'2Ec1E1ln~r /j!1E2~r /j!2sF0Jr. ~9!

The third term has its origin in the interlayer Josephson c
pling, but takes the above linear form only for separatio
much larger than the Josephson lengthlJ5gs ~whereg is
the anisotropy parameter!. For separations smaller than th
Josephson length, this term is negligible.1 The coupling con-
stant E25E1j/lJ . The pair energy from Eq.~9! has its
maximum value for a separationr m given now by r m
5E1 /(sF0J2E2 /j). r m would be an appropriate probin
length in transport measurements, since the vortices cre
at a separation larger thanr m will contribute to dissipation.
However, as pointed out in Ref. 27, by taking into accou
the entropy gain at the current-induced vortex-antivortex
binding belowTc , the value of this critical separation will b
reduced. It becomes

r c5~E12KkBT!/@sF0~J2Jc!#, ~10!

where the parameterK'4 for pairs of large separations~of
the order of the characteristic sample size!, whereas for very
small pairsK'2. Equation~9! shows that the current in
duced vortex-antivortex unbinding is possible only for tran
port current densities greater than a critical value

Jc5E2 /sF0j5F0 /@2pl2~T!«~T!m0gs#. ~11!

The renormalization of the interlayer coupling leads, ho
ever, to aJc value significantly lower than that predicted b
the above model.16,17 It is worth noting that a bound
quasi-2D vortex pair is a vortex loop threading one~CuO2)2
layer only. Such a vortex loop is composed of a pair of 2
vortices connected by interlayer vortex segments paralle
the (a,b) plane. @We consider the intermediate situation
with vortex loops threading many~CuO2)2 layers, but clos-
ing inside the sample, not relevant for our thin fil
samples.11# The nonzero critical-current density appea
from the fact that a minimum current is needed to overco
the in-plane attraction due to the Josephson coupling
tween the layers. Following the widely used derivation,26,7 in
the quasi-2D case theI -V curve will take the form

V;I ~ I 2I c!
a21, ~12!

where the exponenta is the same as in the pure 2D cas
Here I c5JcS is the critical current. With the findings from
Ref. 10, if one considers the quasi-2D situation, theI -V
curves will have the form given by Eq.~12!, but the expected
exponent should beb from Eq. ~8! instead ofa @Eq. ~7!#.

As illustrated in Fig. 3, in region III, at low temperature
the I -Vcurves of our samples can be fitted with Eq.~12!, in
a three parameter fit. The same fit was also possible in
case of the as-grown film, but only in a narrow temperat
interval. In the vicinity ofTc , in both regions II and III, a
good fit of theI -V curves with Eq.~12! can still be obtained,
if some data at low voltages are not taken into accou8

Besides some inhomogeneities in the interlayer Joseph
coupling across the sample, as well as size effects,1,24 this
can be understood if one considers the vortex-string exc
tion at large length scales. As discussed in Ref. 8, the e
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3148 57L. MIU et al.
tation of vortex-string pairs threading the whole film~with
logarithmic interaction only! becomes favored close toTc
and for large vortex-antivortex separations. In other wor
the quasi-2D vortex loops will blow out along thec direction
at large intervortex distances. For the thin film samples
vestigated by us, in the sensitivity window of our expe
ments, the occurrence of finite resistance aboveTc in the
limit of small transport currents seems to be mainly rela
to the vortex-string pair dissociation.11,12 This is supported
not only by ther(T) variation illustrated in Fig. 2~b!, but
also by the power-law dependence of theI -V curves appear-
ing at low voltage levels just belowTc ~see Fig. 3!. How-
ever, it is worth noting that an exponent equal to 3 appear
T582.6 K, which is slightly higher than theTc value ex-
tracted from the fit of the resistive data@82.2 K, Fig. 2~b!#.
The difference can result from the superposition of so
quasi-2D vortex unbinding signal over the voltage sig
given by the vortex-string unbinding.

Just aboveTc , theI -V curves are linear at small transpo
currents@large probing lengths, see Eq.~5!#, but exhibit a
downward curvature in the double logarithmic plot at hi
currents@i.e., at smaller probing lengths, Eq.~10!#. In the
latter case, the dissipation results from the unbinding
quasi-2D pairs, since the layers are still coupled at sh
lengths,17,18and one can fit the data with Eq.~12!. The ohmic
behavior at small currents is generated by the existenc
free vortices at large probing lengths. Taking into acco
the above interpretation of the resistive transition, in terms
vortex-string pair dissociation, and the shape of the lo
voltage levelI -V curves just belowTc , the free vortices for
Tc<T,T* should be vortex strings. One can check this p
sibility by comparing the BKT correlation length of the 2
vortices in the (CuO2)2 layers, j12D , and that for vortex
strings,j1string, with the correlation length representing th
scale above which the layers are decoupled, in the se
discussed in Ref.~18!. The latter isl;(T/Tc21)22 . Since
aboveT* the layers are decoupled at all lengths,l (T* ) must
be of the order oflJ ('150 nm for our Bi-2212ox sample,
see below!. By considering forj12D andj1string the interpo-

FIG. 3. Zero-field I -V curves of the oxygen annealed film
(Bi-2212ox). From left to right:T(K) 575.5, 76.5, 77.5, 78.5,
79, 79.4, 79.8, andfrom 80 K up to 85 K in steps of 0.2 K. The
continuous lines represent the fit of theI -V curves with Eq.~12!
~three parameter fit!. I, II, III, and IV are the characteristic region
discussed in text. The layer decoupling temperatureT* and the
critical temperatureTc are also indicated.
,
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e
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lation formula from Ref. 21, withTc2D andTc from Fig. 1, it
results j1string. l .j12D . In these circumstances, the 2
vortices free of any in-plane interaction~which would appear
at length scales larger thanl ) located in different (CuO2!2
layers can align, forming vortex strings, because the lay
are still coupled at short scales. The presence of vo
strings explains not only ther(T) dependence as illustrate
in Fig. 2~b!, but also the occurrence of a finite seconda
voltage just aboveTc in transport measurements with a ‘‘flu
transformer’’ electrode geometry.25

The critical current determined from the fit is plotted
Fig. 4. I c vanishes practically atT* , meaning that this is the
layer decoupling temperature. AboveT* , the vortex strings
cannot survive,28 and the 2D-layer behavior can be observ
~Fig. 1!. Not very close toT* , the I c(T) variation is linear
~Fig. 4!. Such a temperature dependence was alre
extracted17 from a self-consistent study of the effect of
current on the behavior of vortices in layered systems, us
a renormalization-group analysis. Considering Eq.~11!, one
has, roughly,dIc /dT;1/g, and the data plotted in Fig. 4
indicate that after the performed oxygen annealing the
isotropy parameter decreased by a factor of 2. With thg
value of the as-grown film estimated in Ref. 29, this leads
an anisotropy parameter for Bi-2212ox of the order of 100.

At low temperatures and/or higher currents, the dow
ward curvature in the log-log plot disappears~region IV, Fig.
3!. This crossover from quasi-2D to 2D-layer behavior w
clearly observed for similar samples with a reduced cr
section, for which large transport current densities can
attained without heating problems.30 The data from Fig. 3
show that it is not simply the consequence of the form of
I -V curve @Eq. ~12!#, which, for I @I c , transforms into a
power-law dependence@Eq. ~6!#. The reentrant 2D behavio
of the I -V curves appears at lower currents, and can be
plained as follows. The density of thermally excited vort
pairs and the mean separation between paired vortices
crease with decreasing temperature. Consequently, in o
to have a detectable voltage, a higher current density
needed at low temperatures, which means a reduction o
probing length. Neglecting pinning and self-field effects, o

FIG. 4. Temperature dependence of the zero-field critical c
rent extracted from the fit of theI -V curves with Eq.~12!. The
dashed lines are the linear fits of the data not very close to the l
decoupling temperatureT* .
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enters region IV, from above, when the probing length b
comes lower thanlJ . Below this length, the term in the pai
energy given by the interlayer coupling is insignificant.
this sense, one expects reentrant 2D-layer behavior in hig
anisotropic HTSC’s at low temperatures and/or high curr
densities.@A close inspection of the data from Fig. 3 show
that in region IV, at low temperatures~i.e., high current lev-
els!, the I -V curves exhibit a very slight upward curvatur
This seems to be mainly a self-field effect.# For a quantita-
tive estimation, one can use Eq.~10! for r m as probing
length, withK'3 for pairs of separations'lJ . As can be
seen from Fig. 5, at a temperature value around 78–79 K,
example, theI -V exponent is'3. With Eq.~8! and ag value
' 100, the conditionr c'gs (s51.5 nm) predicts reentran
2D-layer behavior for the Bi-2212ox sample whenI -I c is of
the order of 102 mA, in agreement with the experimenta
observation~Fig. 3!.

As shown above, the classical approach9 and recent simu-
lations of the Coulomb gas model10 offer different solutions
for the I -V exponent@Eqs.~7! and~8!, respectively#. In order
to diminish the influence of the spatial renormalization
the I -V exponent value,26 the modification of the vortex-
antivortex interaction energy with the intervortex distance,
well as self-field effects, one has to consider the voltage fr
a limited current interval. In the case of samp
Bi-2212ox, for I between approximately 50 and 150 mA, fo
example, theI -V exponent resulting from the fit of theI -V
curves with Eq.~6! in region IV and with Eq.~12! in region
III is illustrated in Fig. 5. We obtained a good agreeme
with the anomalous exponent suggested by Langevin si
lations of 2D vortex fluctuations. The fit of the data with E

FIG. 5. Temperature dependence of the 2DI -V exponent~•!:
I -V exponent values resulting from the fit of theI -V curves in
region III with Eq. ~12! ~see Fig. 3!; ~s!: I -V exponent determined
as the slope of theI -V curve in the log-log plot in region IV. The
continuous line and the dashed line are the fit with Eqs.~8! and~9!,
respectively.
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~8! @one parameter fit, withTc0591.5 K and«(T)51] leads
to l(0)5155 nm@consideringl(T)5l(0)(12T/Tc0)21/2#,
which is very close to the widely accepted value f
Bi-2212.1 Finally, we note that there is a good correspo
dence between the 2D-layer behavior observed in regio
and in region IV. The value of theI -V exponent atT
5Tc2D is ' 3 ~Fig. 5!.

IV. CONCLUSIONS

The resistive transition and the changes in the shape of
I -V curves of high-quality Bi-2212 films observed by de
creasing the temperature belowTc0 in zero applied magnetic
field can be satisfactorily explained in terms of vorte
fluctuations-induced layer decoupling and vortex-antivort
unbinding, showing a strong probing length dependence.
characteristic regions appearing in the current-tempera
diagram are in close connection with the effective dime
sionality of thermally excited vortices involved in the diss
pation process. Above a temperature valueT* ,Tc0 , the
I -V curves are linear for a large current-density interval, a
the resistivity exhibits 2D-layer behavior, reflecting the o
currence of layer decoupling, as suggested by Monte C
simulations and renormalization group analyses. In the s
sitivity window of our experiments, finite resistance in th
limit of small transport currents appears at a temperatureTc
lower thanT* , mainly through the dissociation of vortex
string–antivortex-string pairs. BelowTc , in a temperature
interval whose extension depends on anisotropy, the volt
is generated by the current induced unbinding of quasi-
vortex pairs, and theI -V curves can be fitted with the ex
pressionV(I );I (I 2I c)

b21 . The deviation at low voltage
levels close toTc was explained through the contribution o
thermally excited vortex strings. It was found that the slo
dIc /dT increases after oxygen annealing, which supports
idea that the finite zero-field critical current results from t
interlayer Josephson coupling. At low temperatures and
high transport current densities, we observed a crosso
from quasi-2D to 2D-layer behavior, due to the decrease
the probing length below the Josephson length, where
Josephson coupling becomes irrelevant. The reentrant
layer behavior of theI -Vcurves covers a large portion of th
current-temperature diagram of highly anisotropic HTSC
in zero external magnetic field. The determined temperat
variation of the 2DI -V exponent is in agreement with th
result of recent Langevin simulations of the Coulomb-g
model.
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