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Length-scale-dependent vortex-antivortex unbinding in epitaxial BjSr,CaCu,Og, 5 films
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The supercurrent transport properties of epitaxiaBBCaCuyOg, s films in zero applied magnetic field were
investigated in a temperature interval=sR0 K below the mean-field critical temperatufg,. The modifica-
tion of the shape of thé-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 valug* <T,,, the superconducting layers are decoupled, as predicted by Monte Carlo simula-
tions and renormalization-group analyses. In this region, the resistivity exhibits two-dimer(&bhakhavior
corresponding to the superconductif@uG,), 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 temperatuii, value
<T*, through the dissociation of vortex-string—antivortex-string pairs. By decreasing the temperature and/or
by increasing the transport current, the/ 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, tHeV 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 thel 2D exponent is in good agreement with recent Langevin
simulations of the Coulomb gas model, revealing an anomalous diffusion of vortex fluctuations.
[S0163-18298)01505-1

. INTRODUCTION Tir=sPg/[8mN*(Tyr)e(Tir) sokel, (1)

The dissipation in transport-current-carrying high- wheres is the interlayer spacing, is the in-plane component
temperature superconduct@ksTSC's) in zero external mag- of the magnetic penetration depth, aads the dielectric
netic field occurs at transport currents lower than the depaireonstant, which incorporates the screening of the interaction
ing critical current. The large intrinsic anisotropy, as in theenergy. If the quenched disorder is irrelevant, the critical
case of BjSr,CaCu0Og., 5 (Bi-2212 HTSC, generated by the current of a 2D system of large extension will be essentially
layered structure, suggests that the thermally excited 2D vorzero, the current-voltagel{V) characteristics having a
tices of opposite helicity in the superconducting Cu-O layerspower-law dependenc¥,~1%T . In the classical approach,
play the essential rofeSome transport measureménsig-  the |-V exponenta(T) =1+ const(1T— 1/T,) below Tyr,
naled features of the Berezinskii-Kosterlitz-Thoul¢B&T) and is expected to exhibit a sudden decrease from 3 to 1 at
transitiori* at the superconducting layer level, but the non-Tr. Recently, the dynamic properties of 2D vortex fluctua-
vanishing interlayer Josephson coupling gives rise to a finitéions were investigated through simulations of the 2D Cou-
critical-current density; ® and the picture becomes complex. lomb gas model, in which the vortices were represented by

For layered superconductors without interlayer Josephsosoft disks with logarithmic interaction. It was found that the
coupling, the interaction between 2D vortices and antivorti-2D vortex fluctuations obey intrinsic anomalous dynamics,
ces depends logarithmically on their separation, even foleading to a different-V exponent®
large values of the latter. Neglecting the magnetic interaction In the presence of weak interlayer Josephson coupling,
between vortices located in different layers, such systems atée vortex-antivortex interaction energy has a supplementary
good candidates for the occurrence of the BKT transition. term, which grows linearly with the vortex separatfoand

Below the Kosterlitz-Thouless transition temperatdigr, generates an “intrinsic” critical-current densftyJ.~1
the vortices and antivortices are bound in paifhe ther- —T/T.,. In such a situation, no sign of a BKT transition at
mally induced 2D free vortices will be present Bt Ty, the level of the superconducting layers should be observed.

their creation becoming thermodynamically favorable due tdWith the above term in the vortex interaction energy, the
the entropy contribution to the free energy.r is the solu- free energy of the system with an independent vortex will
tion of the implicit equatiof increase indefinitely with the characteristic system size, irre-
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spective of temperatuneHowever, for thin film samples, the Bo——T T 1 o

finite interlayer Josephson coupling makes possible a BKT i _ Bi-2212ag =] ]
transition associated with vortex-string pairitig® At first . g 100 i 9919%0x |
sight, this would be in conflict with the form of theV - g sol / 8
curves below the resistive transition reported in Ref. 8, 1001~ Top « ; .
which indicates the existence of a finite critical-current den- 2 i %0 100 120 140 160
sity. The often reported 2D behavior above the resistive tran- Lo o .
sition of HTSC'’s can be the result of the occurrence of a & - 91 T(K) 1

vortex-fluctuation-induced layer decoupling, as predicted by 50
Monte Carlo simulation$'** and recent renormalization-
group analyse$ 8 This is understood as a decoupling be-
tween vortices in different layers due to the vortices s
themselves? At the same time, it was found that the ot
Josephson-coupling-mediated term of the in-plane vortex-
antivortex interaction energy vanishes above the resistive
transition® However, to associate the resistive transition of
the system with the BKT transition at the layer level is in  FIG. 1. The resistive data in zero applied magnetic field for the
contradiction with the three-dimensional character of theoxygen annealed sample (Bi-2212 see insetplotted asT/X ver-
former, appearing in theoretical analysés. susT. X(T) was obtained using the experimentdll)/p, data, by
In the present work, we investigated the zero-field in-means of numerical inversion of Eql) from Ref. 22.p, was

plane supercurrent transport properties of epitaxial Bi-2212letermined as the normal-state resistivityTgg, by iterations. We
films in a temperature interval o£20 K below the mean- considered for the temperature dependence of the normal state re-
field critical temperature, in order to gain some further in-Sistivity the sample resistivity measured &t-140 K linearly ex-
sight into the dissipation process in transport-currentirapolated down tdc,. The dashed line represents the linear fit of
carrying highly anisotropic HTSC’s. We found that, in the the T/X data in the region of 2D-I.aye.r behavior. The intersection
condition of negligible pinning, the modification of they ~ Petween the dashed line and fhewis givesT¢=91.5 K, whereas
curve shape with decreasing temperature illustrates thi'e temperature value for whicki=1 would be the critical tem-
change of the effective dimensionality of the thermally eX_perature expected in the case of the layered sy_stem without inter-

. . - layer Josephson couplin@.,p=78.9 K. T* ~84 K is the layer de-
cited vortices. This appears to be temperature and length-"~"° . . .
scale dependent. For thin film samples, we show that it ié:oupllng temperatur¢see text The inset illustrates the zero-field

. . . . resistive transitions of the investigated films, for a transport current
possible to distinguish between the 2D-layer properties, thgaluel —0.1 mA. Compared with the as-grown film (Bi-224g),

quasi-2.D behavior, and the 2D-.film behavior. Thg 2I:)'!""y(:"rthe oxygen annealed sample (Bi-223® has a lower normal-state
properties are related to the existence of 2D vortices in th?esistivity and a reduced, value.

superconducting (Cufp, layers with logarithmic interaction
only. The quasi-2D behavior is the result of thermal excita|,tion and a low degree of disorder. This film was thor-

thn of 2D vort'lcesllocated in the supercopductlng Iayersougmy investigated here and compared with the as-grown
with both logarithmic and Josephson-coupling-mediated injiyy - Atter the above oxygen annealing, both the resistivity
plane interactions, whereas the 2D-film behavior is generategh the normal state and the critical temperature decreased
t_)y vortgx string_s pqra[lel to the axis (threading the whole (Fig. 1, insel, and the elemental cell was “compressed”
film), with logarithmic interaction. along thec axis by ~0.1%. At the same time, the carrier
concentration, determined from the Hall constant measured

Il. SAMPLE PREPARATION AND CHARACTERIZATION at 150 K, increased by10%. All these changes indicate a
higher doping level for the second film.

T (K)

The Bi-2212 films(about 400 nm thickwere prepared
with a high degree of reproducibility by an situ sputtering
method on(100 oriented SrTiQ substrates, as described in
Ref. 20. The stronglyc-axis-oriented growth and in-plane First, we present the analysis of the resistive transition. As
epitaxy were confirmed by x-ray-diffraction studies in aitis known, in the case of highly anisotropic HTSC's, Monte
Bragg-Brentano and four circle geometry. The stacking seCarlo simulation$*  and renormalization-group
guence was also investigated by transmission electron manalyse¥8revealed the occurrence of a vortex-fluctuation-
croscopy, which revealed a low density of stacking faults.induced layer decoupling just above the resistive transition,
The patterning of the film into a suitable four probe structurewhich has been experimentally confirmféth these circum-
was performed by a standard photolithographic techniguestances, the temperature dependence of the electrical resis-
and the electrical contacts were obtained by evaporating arfility p of these materials can be investigated in the frame-
annealing silver. We used 1.8 mt200 um strips for trans-  work of the Ginzburg-Landau 2D Coulomb-gas motle?
port measurements with pulsed and reversed current. ThEhis model predicts that certain measurable quantities can
supercurrent transport properties of the as-grown filmonly depend on the dimensionless variabl&
(Bi-2212ag) were presented in some detail in Ref. 20. A =Tcg(T)/ Tee(T)=(T/T)(Teo— T/ (Teo—T), where
second film (Bi-221@x), prepared under the same condi- T¢g is the Coulomb-gas temperattt@nd T, is the critical
tions, was supplementary maintained at 600 °€3d in 1  temperature of the system. One can apply this to the ratio
kPa oxygen, for a better homogeneity of the oxygen distrip(T)/p,, wherep is the measured resistivity beloW, and

IIl. RESULTS AND DISCUSSION
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pn is the normal state resistivity. From the above definition
of X, in the Ginzburg-Landau treatment of the superfluid
density, the ratid’/X should be a linear function of tempera-
ture,

TIX~To—T, 2

which can be used for the determination of the mean-field
critical temperature, if the variabl¥ is extracted indepen-
dently. To do this, one makes the assumption thatpite
data follows the universal 2D scaling curffeand X(T) is
derived from the experimental(T)/p,, data by means of
numerical inversion of Eq(1l) from Ref. 22(see, for ex-
ample, Ref. 28 The plot T/X versusT for the resistive
transition of the sample Bi-22bX (Fig. 1, inset is illus-
trated in Fig. 1. The linear dependence is clearly borne out
between approximately 84 and 89 K, signaling the 2D-layer
behavior predicted by Monte Carlo simulations and
renormalization-group analyses. The deviation above 89 K is
probably due to the amplitude fluctuations of the order pa-
rameter. Equatioi2) and the extrapolation from Fig. 1 lead
to T,o=91.5 K. The definition of the variabl®¥ shows that
the critical temperature in the case of decoupled layers would

al.

p(THp(120 K)

p(T)/p(120 K)
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be Te=Tep=78.9 K[ X(Tcop) =1, see Fig. 1 Tp is the 10k
Tkt value of the layered system without interlayer coupling i
[Eqg. (1)]. The 2D-layer behavior ends, however, at a certain
temperaturel* ~84 K (Fig. 1). This is because fof <T* . .
the interlayer Josephson coupling sets in, as shown below, 0 1 9 3 4
and this will inhibit the pure 2D vortex fluctuations in the
superconducting layers.

There are several approaches concerning the occurrence
of finite resistivity in the limit of small transport currents in ~ FIG. 2. (@) The downward curvature in the Arrhenius plot of the
thin film samples. The low-current ohmi¢(l) signal in resistivity indicates a minor contrlbut_lon of size effects in our
ultrathin YBaCuO films was attributed to the vanishing of SamPplesisee text (b) Temperature variation of the reduced resis-
the logarithmic interaction between vortices and antivorticedVy fitted at low levels with Eq.(3) (sample Bi-2218x, T,
at large separatior?é,which can lead to the existence of free =82.2 K, C=4.5). The resistivity was determined from the linear
vortices at all temperatures, in the absence of relevant piHQa
ning. Such free vortices should generate Arrhenius behavior - .
: o7 C of T, a dependence similar to that expected in the case of a
in the p(T) plot, but, as shown in Fig.(3d), this is not the BKT transition in the critical reai

. . gion
case for our Bi-221@x sample. However, this effect, as well
as finite size effectS,will turn an eventual BKT transition 3)
into a crossover, because the free vortices screen the vortex
interaction better than do pairs, and thus make vortex paiwith C=const. This is illustrated for the sample Bi-22b2
unbinding possible at lower temperatures. in Fig. 2b), with a critical temperaturd .=82.2 K andC

The renormalization-group analysis performed in Refs.=4.5. In order to avoid the complications that may arise
(17) and(18) revealed that just above the resistive transitionfrom the change of the probing length with temperature
the superconducting layers decouple, at large length scal¢when measuring(T) at constant currehtfor the plots in
first. [The layers will be decoupled at all lengths above aFigs. 2a) and Zb) the resistance was determined from the
temperature value higher than the critical temperatfwe linear part of thel-V curves in the limit of small transport
our sample, abové*).] Thus, the lineaW(l)signal at lowl currents observed foF>T, (Fig. 3). The T* value appear-
values forT below T* can be caused by free 2D vortices ing in Fig. 2Ab) is practically identical to that from Fig. 1.
appearing in the superconducting layers at large probindhe agreement between the data just abbyeand Eq.(3)
lengths. However, in such a situation, it would be difficult to suggests that, in the conditions of negligible pinning and
explain the finite voltage detected just above the zero-fielaninor size effects, the resistive transition may be in connec-
transition temperature in transport measurements in the sion with the 2D-film behaviot!'?i.e., to be caused by the
called “transformer” electrode geometfy. dissociation of vortex-string—antivortex-string pairs.

Finally, since the real; of the system is lower tham* The change of thé-V curve shape with decreasing tem-
(Fig. 1, it is natural to take into consideration the 2D-film perature belowT., supplies new useful information. The
behavior, related to vortex-string excitations. The vortex-representativé-V curves of the oxygen annealed film mea-
gas—Coulomb-gas analogy predicts f{T) in the vicinity  sured in a magnetically shielded environment are illustrated

(X - 1)»1/2

rt of thel-V curves, in the low- limit (Fig. 3.

p(T)~exd —C(X—1)"*7],
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in Fig. 3. A few characteristic temperature regions can be For finite interlayer Josephson couplifguasi-2D casg
observed. In the first ond), for T higher thanT*, the in the simple single-pair modélthe pair energy at large
I-V curves are ohmic practically for all used current valuesyortex-antivortex separations appears to be of the form
which is in agreement with the 2D-layer behavior of the

p(T) variation (Fig. 1). In this temperature interval, the 2D E(r)~2Ec+EqIn(r/§)+Ey(r/§) —sPodr. ©)
vortex-antivortex correlation length is small, sinE& is sig-  The third term has its origin in the interlayer Josephson cou-
nificantly higher thanT,p. In the second temperature re- pling, but takes the above linear form only for separations
gion (”), situated belowl*, thel-V curves are linear in the much |arger than the Josephson |ength: VS (Where'y is
limit of small transport currents, but exhibit a downward the anisotropy parameben:or separations smaller than the
curvature in the double IOgarithmiC plOt at hlgher currents. |n\]osephson |ength' this term is neg||g|B|Téhe Coup”ng con-
region Ill, belowT, (but not very close to )t the negative  stant E,=E;&/\;. The pair energy from Eq(9) has its
curvature is present in the whole investigated current-voltaggnaximum value for a separation, given now by r,
range. For the as-grown sample, the curvature is less pra=g, /(sd,J—E,/&). r,, would be an appropriate probing
nounced and the temperature region Iil is narf8in region |ength in transport measurements, since the vortices created
IV, the downward curvature in the double logarithmic plot at 5 separation larger tham, will contribute to dissipation.
disappears in the sensitivity window of our experiments. Alljowever, as pointed out in Ref. 27, by taking into account
these features will be discussed below, emphasizing the imhe entropy gain at the current-induced vortex-antivortex un-
portance of the probing length imposed by the value of thginding belowT.., the value of this critical separation will be

current-density in transport measurements. reduced. It becomes
At least for highly anisotropic Bi-based and Tl-based
HTSC's, the 2D-layer cas@ecoupled layejsrepresents a ro=(E;—KkgT)/[s®Py(I—I.)], (10

good starting approximation and it will be shortly summa-
rized here. The energy of a 2D vortex pair of separatiom
the presence of a transport current dendifiowing parallel

to the @,b) plane is*’

where the parametdt~4 for pairs of large separatiorief

the order of the characteristic sample $jzghereas for very
small pairsK=~2. Equation(9) shows that the current in-
duced vortex-antivortex unbinding is possible only for trans-
E(r)~2E +E4In(r/&)—sd,Jr, (4) port current densities greater than a critical value

whereE, is the creation energy argis the coherence length Je=Ea/sPoé=Do/[2m\*(T)e(T)moys]. (1D

in the (a,b) plane. The second term on the right-hand side ofrhe renormalization of the interlayer coupling leads, how-
Eq. (4 is the wusual logarithmic interaction.E;  ever, to al, value significantly lower than that predicted by
=sd§/2m\2e g is the coupling constant in theb) plane.  the above modéfi’ It is worth noting that a bound
The third term represents the modification of the interactiomuasi-2D vortex pair is a vortex loop threading d@0,),
energy due to the Lorentz force. The pair energy has a maxiayer only. Such a vortex loop is composed of a pair of 2D

mum for a separation,, given by vortices connected by interlayer vortex segments parallel to
the (a,b) plane.[We consider the intermediate situations,
rm=E1/s®oJ. (5 with vortex loops threading man{CuG,), layers, but clos-

The density of unbound vortices can be determined by thi'd inside the sample, not relevant for our thin film

balance between the rate of production and the rate of reco amples] The nonzero cnhcal-current density appears
rom the fact that a minimum current is needed to overcome

bination. For a system of large extension, the form of the lo _ X .
the in-plane attraction due to the Josephson coupling be-

voltage level -V curves was derived by considering a clas- ; . . X
g y g tween the layers. Following the widely used derivatinijn

sical escape over the barri&dkE=E(r,)—2E., and the h o H il take the f
Bardeen-Stephen model for the flux flow resistance. Consid€ duasi-2D case thieV curve will take the form

ering the transport curredt=JS, where S is the sample V~I(1—1get (12)
cross section, this leads to ¢ '
where the exponent is the same as in the pure 2D case.
V~1¢, (6)  Herel,=J,Sis the critical current. With the findings from
Ref. 10, if one considers the quasi-2D situation, th¥
curves will have the form given by E¢lL2), but the expected
_ exponent should bg from Eq. (8) instead ofa [Eq. (7)].
a=1+E/2KgT. @ As illustrated in Fig. 3, in region lll, at low temperatures,
Recent Langevin simulations of 2D vortex fluctuatihs thel-Vcurves of our samples can be fitted with E4j2), in
pointed out that due to an anomalous diffusion and the 1/a three parameter fit. The same fit was also possible in the
tail of the vortex correlations, the above classical predictiorcase of the as-grown film, but only in a narrow temperature
is no longer correct. Thé-V characteristics remain of the interval. In the vicinity of T, in both regions Il and Ill, a
form given by relatior(6) at low driving forces, but a scaling good fit of thel -V curves with Eq(12) can still be obtained,
argument suggests that the exponent consistent with the 1if some data at low voltages are not taken into acc8unt.
tail is Besides some inhomogeneities in the interlayer Josephson
coupling across the sample, as well as size effetdshis
B=2a—3= EllkBT—1=5(D§/[217A2(T)8(T)M0k3]— 1. can be understood if one considers the vortex-string excita-
(8)  tion at large length scales. As discussed in Ref. 8, the exci-

with the exponent
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FIG. 3. Zero-fieldl-V curves of the oxygen annealed film T (K)

(Bi-22120x). From left to right:T(K) =75.5,76.5, 77.5, 78.5, ) N
79, 79.4, 79.8, antfom 80 K up to 85 K in steps of 0.2 K. The FIG. 4. Temperature dependence of the zero-field critical cur-

continuous lines represent the fit of thev curves with Eq.(12) ~ rent extracted from the fit of the-V curves with Eq.(12). The
(three parameter fitl, II, Ill, and IV are the characteristic regions dashed lines are the linear fits of the data not very close to the layer

discussed in text. The layer decoupling temperaflifeand the ~ decoupling temperaturg*.
critical temperaturd’; are also indicated.
lation formula from Ref. 21, witi ., and T, from Fig. 1, it

tation of vortex-string pairs threading the whole filwith  results &, ging>1>¢,,p. In these circumstances, the 2D
logarithmic interaction only becomes favored close b,  vortices free of any in-plane interactiéwhich would appear
and for large vortex-antivortex separations. In other wordsat length scales larger thd) located in different (Cug,
the quasi-2D vortex loops will blow out along thedirection  layers can align, forming vortex strings, because the layers
at large intervortex distances. For the thin film samples inare still coupled at short scales. The presence of vortex
vestigated by us, in the sensitivity window of our experi- strings explains not only thg(T) dependence as illustrated
ments, the occurrence of finite resistance ab®yen the in Fig. 2(b), but also the occurrence of a finite secondary
limit of small transport currents seems to be mainly relatedsoltage just abové . in transport measurements with a “flux
to the vortex-string pair dissociatidi’? This is supported transformer” electrode geometfy.
not only by thep(T) variation illustrated in Fig. @), but The critical current determined from the fit is plotted in
also by the power-law dependence of th¥ curves appear- Fig. 4.1, vanishes practically af*, meaning that this is the
ing at low voltage levels just beloW, (see Fig. 3. How-  layer decoupling temperature. AboWé, the vortex strings
ever, it is worth noting that an exponent equal to 3 appears atannot survivé® and the 2D-layer behavior can be observed
T=82.6 K, which is slightly higher than th&. value ex- (Fig. 1). Not very close toT*, thel,(T) variation is linear
tracted from the fit of the resistive daf@2.2 K, Fig. Zb)]. (Fig. 4. Such a temperature dependence was already
The difference can result from the superposition of someextracted’ from a self-consistent study of the effect of a
quasi-2D vortex unbinding signal over the voltage signalcurrent on the behavior of vortices in layered systems, using
given by the vortex-string unbinding. a renormalization-group analysis. Considering Bd,), one

Just abovd ., thel-V curves are linear at small transport has, roughly,dl./dT~1/y, and the data plotted in Fig. 4
currents[large probing lengths, see E(p)], but exhibit a indicate that after the performed oxygen annealing the an-
downward curvature in the double logarithmic plot at highisotropy parameter decreased by a factor of 2. With the
currents[i.e., at smaller probing lengths, EQLO)]. In the  value of the as-grown film estimated in Ref. 29, this leads to
latter case, the dissipation results from the unbinding ofan anisotropy parameter for Bi-2212 of the order of 100.
quasi-2D pairs, since the layers are still coupled at short At low temperatures and/or higher currents, the down-
lengths!”*3and one can fit the data with EG.2). The ohmic  ward curvature in the log-log plot disappe@rsgion 1V, Fig.
behavior at small currents is generated by the existence @). This crossover from quasi-2D to 2D-layer behavior was
free vortices at large probing lengths. Taking into accountlearly observed for similar samples with a reduced cross
the above interpretation of the resistive transition, in terms oection, for which large transport current densities can be
vortex-string pair dissociation, and the shape of the low-attained without heating problem$.The data from Fig. 3
voltage levell-V curves just belowl ., the free vortices for show that it is not simply the consequence of the form of the
T.<T<T* should be vortex strings. One can check this pos{-V curve [Eq. (12)], which, for I>I, transforms into a
sibility by comparing the BKT correlation length of the 2D power-law dependendéq. (6)]. The reentrant 2D behavior
vortices in the (Cu@), layers, £{.,p, and that for vortex of thel-V curves appears at lower currents, and can be ex-
strings, £, sving, With the correlation length representing the plained as follows. The density of thermally excited vortex
scale above which the layers are decoupled, in the sengmirs and the mean separation between paired vortices de-
discussed in Ref(18). The latter isl~(T/T.—1) 2. Since  crease with decreasing temperature. Consequently, in order
aboveT* the layers are decoupled at all lengthg,*) must  to have a detectable voltage, a higher current density is
be of the order oh ; (=150 nm for our Bi-2218x sample, needed at low temperatures, which means a reduction of the
see below. By considering for¢ , ,p and £, ging the interpo-  probing length. Neglecting pinning and self-field effects, one
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] L e L R B (8) [one parameter fit, witl;,p=91.5 K ande(T)=1] leads

to A (0)= 155 nm[considering\ (T) =\ (0)(1—T/T) 2],
which is very close to the widely accepted value for
Bi-2212! Finally, we note that there is a good correspon-
dence between the 2D-layer behavior observed in region |
and in region IV. The value of thé-V exponent atT
=Tep is =~ 3 (Fig. 5).

IV exponent
S

IV. CONCLUSIONS

1 The resistive transition and the changes in the shape of the

. |-V curves of high-quality Bi-2212 films observed by de-

. creasing the temperature beldw, in zero applied magnetic

72 74 76 78 80 82 field can be satisfactorily explained in terms of vortex-

fluctuations-induced layer decoupling and vortex-antivortex

TX) unbinding, showing a strong probing length dependence. The

characteristic regions appearing in the current-temperature

I-V exponent values resulting from the fit of theV curves in d!agrqm are in close ConneCt'on_ W'th, the eﬁe,(:t've d'me_n'

region Il with Eq.(12) (see Fig. & (0): 1-V exponent determined sionality of thermally excited vortices involved in the dissi-

as the slope of thé-V curve in the log-log plot in region IV. The Pation process. Above a temperature vallfle<Tg, the

continuous line and the dashed line are the fit with Egsand(9), |-V curves are linear for a large current-density interval, and
respectively. the resistivity exhibits 2D-layer behavior, reflecting the oc-

currence of layer decoupling, as suggested by Monte Carlo

enters region IV, from above, when the probing length be_slmulatlons and renormalization group analyses. In the sen-

) 7 -~ sitivity window of our experiments, finite resistance in the
comes lower than, . Below this length, the term in the pair limit of small transport currents appears at a temperafyre
energy given by the interlayer coupling is insignificant. In b PP peraty

* i i i i -
this sense, one expects reentrant 2D-layer behavior in highIIOWer thanT®, mainly through the dissociation of vortex

anisotropic HTSC's at low temperatures and/or high curren tring—antivortex-string pairs. Below,, In a temperature
densities[A close inspection of the data from Fig. 3 shows Iinterval whose extension depends on anisotropy, the voltage

that in region IV, at low temperaturdse., high current lev- is generated by the current induced unbinding of quasi-2D

els), thel-V curves exhibit a very slight upward curvature. vortex pairs, and thé-V curves can be fitted with the ex-

. - _ 161_1 . .
This seems to be mainly a self-field effddeor a quantita- pressionV(1)~I(1 = 1) . The deviation at lOW. vol.tage
tive estimation, one can use E(LO) for r,, as probing levels close tol . was explained through the contribution of

length, withK ~3 for pairs of separations-\;. As can be thermally excited vortex strings. It was found that the slope

seen f,rom Fig. 5, at a temperature value aroJu.nd 78-79 K fcﬁjlc/dT increases after oxygen annealing, which supports the
example thé-V éxponent is~3. With Eq.(8) and ay value ' “Idea that the finite zero-field critical current results from the

~ 100 tk'1e condition .~ ys (s¥1 5 nm).predicts ryeentrant interlayer Josephson coupling. At low temperatures and/or
2D-la ’er behavior forcthe Bi-221ﬁ< sample wher-1. is of high transport current densities, we observed a crossover
the o?/der of 18 mA. in agreement Wit?l the ex ecrimental from quasi-2D to 2D-layer behavior, due to the decrease of
observationFig. 3) ' 9 P the probing length below the Josephson length, where the

. : Josephson coupling becomes irrelevant. The reentrant 2D-

As shown above, the classical approaahd recent simu- . :

. . : layer behavior of thé-Vcurves covers a large portion of the
lations of the Coulomb gas modebffer different solutions . - - : .
for thel-V exponenfEgs.(7) and(8), respectively. In order current-temperature diagram of highly anisotropic HTSC'’s

L pon gs. , reésp T in zero external magnetic field. The determined temperature
to diminish the influence of the spatial renormalization on

the 1-V exponent valud® the modification of the vortex- variation of the 2DI-V exponent is in agreement with the

. P . ’ . : . result of recent Langevin simulations of the Coulomb-gas
antivortex interaction energy with the intervortex distance, as

. ; model.

well as self-field effects, one has to consider the voltage from
a limited current interval. In the case of sample
Bi-22120x, for | between approximately 50 and 150 mA, for
example, thd -V exponent resulting from the fit of theV This work was supported by the Deutsche Forschungsge-
curves with Eq(6) in region IV and with Eq(12) in region  meinschaft through Sonderforschungsbereich 262. L.M.
[l is illustrated in Fig. 5. We obtained a good agreementwishes to acknowledge the kind assistance of the Alexander
with the anomalous exponent suggested by Langevin simuron Humboldt Foundation and to thank P. Minnhagen and S.

lations of 2D vortex fluctuations. The fit of the data with Eq. W. Pierson for stimulating discussions.

FIG. 5. Temperature dependence of the RV exponent(e):
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