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Vortex-liquid entanglement in Bi2Sr2CaCu2O81d films in the presence of quenched disorder
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We have investigated the thermally activated behavior of the in-plane electrical resistivity of
Bi2Sr2CaCu2O81d films for magnetic fieldsB<104 G applied parallel to thec axis. The activation energy in
the vortex-liquid state changes suddenly at a crossover fieldBcr . The anisotropy reduction generated by
oxygen annealing leads to the increase of the crossover field. ForB,Bcr , the activation energyU is weakly
magnetic-field dependent. ForB.Bcr , U(B,T);(12T/Tc0)/B1/2, which corresponds to an entangled vortex
fluid. The observation of vortex-liquid entanglement in the presence of relevant quenched disorder is discussed
in connection with the relation between the theoretically predicted entanglement length for a clean system and
the collective pinning length along the field direction. Our results suggests that, in the case of a pronounced
anisotropy and significant collective pinning, the entanglement fieldBE5Bcr'F0 /g2s2, wheres is the inter-
layer spacing.@S0163-1829~98!01205-3#
h

co
er
ng
te

a
-

b
fo

e
iv
l-

as
u

a
th
r

ve
a
c
tio
e
ss

ry
ng
be
ally
in

f the

-
for
in-

that
u-

ure

a

lm,
h

e
low
a

ard
ere
to

er
I. INTRODUCTION

The unusual parameter values of layered, hig
temperature superconductors~HTSC! lead to a peculiar
magnetic-field–temperature (B-T) phase diagram.1 The
large thermal fluctuations smear out the mean-field super
ducting transition. It is now generally accepted that th
exists a true phase transition in the mixed state separati
low-temperature vortex solid from a high-temperature vor
fluid.2–5 For clean systems, this transition is first order.2,3 By
introducing disorder, it becomes a second-order ph
transition4,5 from a vortex solid exhibiting zero linear resis
tivity r in the limit of small transport currentsI to a vortex-
liquid characterized byr(I→0)Þ0. The vortex-solid–
vortex-liquid transition has received considerable attention
the last few years. However, many questions remain to
answered concerning the vortex-liquid phase, which,
strongly anisotropic HTSC, such as Bi2Sr2CaCu2O81d ~Bi-
2212!, covers a large part of theB-T phase diagram. Thes
are related to the nature of the vortex liquid, the effect
dimensionality of vortices in the vortex-liquid state, the re
evance of pinning, and the existence of an entangled ph

In the present work, we discuss some of the above iss
in connection with the modifications of the in-planer(T)
dependence introduced by the change in the anisotropy
the presence of quenched disorder in Bi-2212 films in
vortex-liquid state. The characteristic quenched disorder
sults mainly from the random oxygen distribution. We ha
found relevant pinning in the vortex-liquid state, at least
low fields. For a conventional liquid, where all the chara
teristic times are of the same order as the thermal fluctua
time ~which is always much shorter than the pinning tim!,
such a behavior is hard to understand. However, as discu
570163-1829/98/57~5!/3151~5!/$15.00
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in Ref. 6, this becomes possible if the vortex liquid is ve
viscous, with a deformation time longer than the pinni
time. The origin of the large deformation time seems to
the existence of high barriers associated with the therm
activated plastic motion of the vortex structure. We expla
the observed change in the magnetic-field dependence o
activation energy at a crossover magneticBcr through a tran-
sition from a low-field disentangled vortex liquid to a high
field entangled vortex liquid. Our results suggest that,
strongly anisotropic HTSC in the presence of collective p
ning, the entanglement fieldBE5Bcr'F0 /g2s2. The ap-
pearance of an entangled vortex-liquid phase indicates
the vortex-solid–vortex-liquid transition and the layer deco
pling do not take place simultaneously.7 Finite resistivity in
the limit of small transport currents occurs at a temperat
value lower than the layer decoupling temperature.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Bi-2212 films, about 4000 Å thick, were prepared by
sputtering method on~100!-oriented SrTiO3 substrates, as
described in Ref. 8. We investigated an oxygenated fi
Bi-2212ox ~which, after deposition, was maintained for 3
at 600 °C in a 10-Torr oxygen atmosphere!, and a reduced
film, Bi-2212va ~annealed at 500 °C for 3 h ‘‘in vacuum,’’
i.e., 531022 Torr oxygen!. The strongly c-axis-oriented
growth was confirmed by x-ray-diffraction studies, while th
transmission electron microscopy analysis revealed a
density of stacking faults. The patterning of the films into
suitable four-probe structure was performed by a stand
photolithographic technique, and the electrical contacts w
obtained by evaporating and annealing silver. In order
diminish the influence of the inhomogeneity in the interlay
3151 © 1998 The American Physical Society
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3152 57L. MIU et al.
Josephson coupling across the sample, we u
0.1 mm310mm bridges for transport measurements, w
pulsed and reversed current. The electrical resistivity in
normal state of the oxygenated film is lower than that
Bi-2212va @Fig. 1~a!#. The mean-field transition temperatu
in zero applied magnetic field, approximated by the tempe
ture value corresponding to the inflection point in ther(T)
dependence, isTc0'88.5 K for Bi-2212va and '86 K for
the oxygen-annealed film. The carrier concentration, as
termined from the Hall constant measured at 150 K,
'15% higher for the Bi-2212ox sample. All these results
indicate a higher doping level for the Bi-2212ox film. It is
worth noting that the degree of disorder is more pronoun
in the reduced film. This is supported by the increase of
normal-state resistivity relative to that of Bi-2212ox, which
is higher than the one expected to result from doping on
and by the transition width, which is larger by'1 K than in
the case of Bi-2212ox.

For the discussion below, it is important to know at lea
the relative increase of the anisotropy parameterg after oxy-
gen annealing.@g5(M /m)1/2, wherem andM are the effec-
tive masses of the quasiparticles moving in the (a,b) plane
and perpendicular to it, respectively.# This can be obtained
by analyzing the temperature dependence of the critical

FIG. 1. ~a! Zero-field resistive transitions of the investigate
films for a transport currentI 55 mA. ~b! Temperature dependenc
of the zero-field critical currentI c0 extracted from the fit of theI -V
curves as illustrated in the inset. The lines are linear fits to the d
Inset: I -V curves of the sample Bi-2212ox in zero external mag-
netic field fitted with the expressionV(I );I (I 2I c0)a21 ~three-
parameter fit!. From right to left, the temperatures was increas
from 77.8 K to 80.6 K in steps of 0.4 K.
ed
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rent in zero external magnetic field. As known, the occ
rence of dissipation in highly anisotropic HTSC in zero a
plied magnetic field is due to the current-induced unbind
of thermally excited vortex pairs~see, for example, Ref. 9!.
The presence of interlayer Josephson coupling between
superconducting layers gives rise to a finite zero-field criti
currentI c0 . This is because a minimum current is needed
overcome the in-plane vortex-antivortex attraction genera
by the Josephson coupling. At high temperatures, this int
sic critical current is expected to be larger than the criti
current resulting from the pinning of thermally excited vo
tices. The current-voltage (I -V) characteristics are of the
form10,11V;I (I 2I c0)a21, where the exponenta is the same
as in the two-dimensional case. Not very close to the re
tive transition, corresponding to the occurrence of finite
sistivity in the limit of small transport currents, theI c0(T)
dependence is linear and the slopedIc0 /dT;1/g.10 The
zero-fieldI -V curves of the two samples were fitted with th
above equation in a three-parameter fit, as illustrated in
inset to Fig. 1~b! for the Bi-2212ox sample. Here we are
interested in theI c0 values only. The temperature depe
dence of the critical current obtained from the fit is plotted
Fig. 1~b!. The change in the slope ofI c0(T) indicates that the
anisotropy parameter of the oxygen-annealed sample is
factor of 2.2 smaller than that of the vacuum-annealed sp
men. The zero-field critical current vanishes at a tempera
value lower thanTc0 due to the occurrence of a vortex
fluctuation induced layer decoupling.11

III. RESULTS AND DISCUSSION

As reported earlier,12–15 the temperature dependence
the in-plane resistivity of Bi-2212 single crystals and th
films in a magnetic field applied along thec axis is well
described, at low resistivity levels, by the thermally activat
form

r~B,t !5r0exp@2U~B,T!/T#, ~1!

whereU(B,T) is the activation energy (kB51). The results
of the present analysis remain essentially the same when
factor r0 from Eq. ~1! is approximated by the sample resi
tivity in the normal state, atT5120 K, for example, or by
the sample resistivity atTc0 . Equation~1! and the Ohmic
resistivity at small transport currents are explained in ter
of thermally assisted flux flow.16 The Arrhenius plots of the
reduced resistivityr(T)/r(120 K) for the vacuum-anneale
film, at a transport current of 5mA, are illustrated in Fig. 2.
By varying the transport current within three orders of ma
nitude, the Arrhenius plots do not change, which is char
teristic for a vortex-liquid phase. The strong reduction of t
resistivity with decreasing temperature~compared with the
behavior of the flux flow resistivity! suggests that the
quenched disorder remains relevant for the vortex-fl
phase as well, at least at low applied fields.

In the sensitivity window of our measurements, t
Arrhenius plots of the reduced resistivity are linear at lo
resistivity levels~Fig. 2!, which means that the activatio
energy has a linear temperature dependence. One can d
mine the activation energyU(T) directly, from the resistive

ta.
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data for constantB, using Eq.~1! and making the natura
assumption thatU(T) vanishes atTc0 : U(T)5T$ ln@r(Tc0)#
2 ln@r(T)#%. The inset to Fig. 2 illustrates that, at high-fie
values and not very close toTc0 , the activation energy is
very well described by the relationU(B,T)5U0(B)(1
2T/Tc0). For low fields, theU(T) variation is modified by
the occurrence of a vortex-fluctuation-induced layer dec
pling at high temperatures17–19 and the possible transition t
a vortex glass at lower temperatures.4,5 However, for a lim-
ited resistivity interval, at low resistivity levels~in the sensi-
tivity window of our measurements!, the U(B,T) depen-
dence can be considered of the formU(B,T)5U0(B)(1
2T/T* ), with T* ,Tc0 .

Figure 2 suggests that, for low fields, the activation e
ergy has a weak magnetic-field dependence, in contras
the behavior at high fields. To show this, we determined
activation energyU0 as the slope in the Arrhenius plot fo
r(B,T)/r(120 K) between 1023 and 1024. In the low-field
region, the activation energy extracted this way is appro
mately 30% larger for Bi-2212va ~73103 K at B520 G!,
which confirms the fact that, at least not far away from t
isolated vortex limit, the quenched disorder is relevant.
order to minimize the influence of a different degree of d
order onU0(B), the activation energy was normalized to
value at 20 G. Figure 3 illustrates the field dependence of
reduced activation energyU red(B)5U0(B)/U0(20 G). The
notable feature is the sudden change of the magnetic-
dependence of the activation energy atBcr'300 G for the
sample Bi-2212va and atBcr'1400 G for Bi-2212ox.

The modification ofU0(B) must be reflected in the shap
of the ‘‘resistive irreversibility line,’’ determined in the
vortex-liquid state, with a finite resistivity criterion.20 For
example, we defined the ‘‘irreversibility temperature’’TR as
the temperature value wherer(TR)/r(120 K)51024. The
resultingTR(B) line is shown in Fig. 4. TheTR(B) variation
changes its form basically at the same fieldBcr ~see Figs. 3
and 4!. One may think that, due to the relatively lowBcr
values in the case of highly anisotropic samples, the cha
of the resistive irreversibility line, as illustrated in Fig. 4,
the result of the disintegration of the vortex lines in a syst

FIG. 2. Arrhenius plots of the reduced resistivity in magne
fields applied parallel to thec axis for the sample Bi-2212va ~the
transport current was of 5mA!. B(G)520, 50, 100, 200, 500, 103,
53103, 104. Inset: Temperature dependence of the activation
ergyU at low fields,B550 G, and at high fields,B55 kG ~sample
Bi-2212va!.
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of decoupled superconducting layers.17 This is expected to
occur for isolated vortex lines, above a temperature valueTd

corresponding to the decoupling of the superconducting
ers induced by thermally excited vortices and antivortice18

However, the analysis of the zero-fieldr(T) dependence in
the framework of the Coulomb gas model21 gives for the
sample Bi-2212ox Td>81 K,22 which is larger than any
TR(B) value for a resistive criterion smaller than 1023.

For B,Bcr , the activation energy varies slowly withB,
as expected close to the isolated vortex limit. ForB.Bcr ,
the activation energy is proportional toB21/2 ~Fig. 3!. An
activation energy of the formU(B,T);(12T/Tc0)/B1/2 is
characteristic for cutting and reconnection of vortices, wh
appear in the case of the thermally activated plastic mo
of an entangled vortex liquid. The size of the characteris
plastic barriers has been estimated in Refs. 6 and 23.
basic idea is that the relevant excitations involve deform
tions of vortices on a scale of the order of the mean int
vortex separation, giving rise to an activation energy

-

FIG. 3. Magnetic-field dependence of the reduced activation
ergy U red5U0(B)/U0(20 G), whereU0 was determined as the
slope in the Arrhenius plots for 1023<r(T)/r(120 K)<1024. The
lines are fits ofU red(B) for B.Bcr with the function U red(B)
5const3B21/2.

FIG. 4. ‘‘Resistive irreversibility line’’ of the investigated
samples determined with a low resistivity criterio
r(TR)/r(120 K)51024. The shape of this line changes basically
the sameBcr value where the magnetic-field dependence of
activation energy modifies.
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U~B,T!'F0
5/2~12T/Tc0!/@8p2gl2~0!B1/2#

5U0~B!~12T/Tc0!, ~2!

where l(T)5l(0)(12T/Tc0)21/2 is the in-plane compo-
nent of the magnetic penetration depth. ForB.Bcr , the de-
crease of the anisotropy parameter induced by oxygen
nealing, as determined in Sec. II, and the data from Fig
show thatU0(B);1/g, in agreement with Eq.~2!. With U0
of the order of 103 K at B5104 G for the oxygen-anneale
sample andl(0)51500 Å,22 Eq. ~2! givesg'102. The data
from Fig. 3 also indicate thatBcr;1/g2.

We associate the modification of theU0(B) dependence
at B5Bcr with a transition from a disentangled to an e
tangled vortex fluid in the presence of collective pinning.
transition from the Meissner state to an entangled vortex
uid was theoretically predicted in Ref. 24 in the absence
relevant disorder. In a clean system, once the vortices in
liquid wander a distance equal to the mean intervortex sp
ing, the vortex assemble becomes entangled, in the sense
its dynamic behavior will be strongly influenced by the ba
riers to vortex cutting and reconnection. The entanglem
length LE , representing the length along the field directi
required for the vortex lines to wander a distance equal to
mean intervortex separation, can be obtained from the a
ogy between the entangled vortex liquid and the superfl
ground state of a system of two-dimensional bosons.1,24 This
leads, for a diluted vortex liquid, to LE(T)
'F0«0lnk/2pg2kBTB, where the energy scale«0
5(F0/4pl)2, andk is the Ginzburg-Landau parameter~of
the order of 102!. In the absence of notable pinning, on
reaches the entanglement fieldBE when the entanglemen
length equals the sample thickness. However, in the pres
of relevant disorder, as in the case of our thin-film samp
the dynamic response corresponding to the plastic motio
the entangled vortex liquid will be seen only if the entang
ment length becomes at least equal to the collective pinn
length Lc .1 The high values of the activation energy dete
mined for our samples at low fields indicate that the coll
tive pinning length can be much smaller than the film thic
ness. In the isolated vortex limit,Lc can be estimated from
the collective pinning energyUc'Tc0Gi21/2j/Lc , where
j(T)5j(0)(12T/Tc0)21/2 is the in-plane coherence leng
and Gi is the Ginzburg number.1 @For Bi-2212,j(0)'20 Å,
and Gi'0.1.25# At low fields, with Uc'U(B,T)'600 K
~see Fig. 2, inset!, the above relation givesLc'30 Å. By
taking into account the anisotropy,Lc can be even lower.26

In the condition of relevant disorder, the dominant effect
low fields ~whereLc!LE! is the pinning of individual vorti-
ces by the disordered potential. The boundary between
collective pinning response and the thermally activated p
tic motion of the entangled vortex liquid is then fixed by t
conditionLE'Lc , and the corresponding entanglement fie
would be

BE5F0«0lnk/2pg2kBTLc . ~3!

With the above estimate forLc andl(0)'1500 Å, Eq.~3!
gives an entanglement field value which is approximat
one order of magnitude higher thanBcr , if one takesk'g
'102. @For B.F0 /l2, the intervortex interaction should b
taken into account, and the line tension«0lnk in Eq. ~3! must
n-
3

-
f
e

c-
that
-
nt

e
al-
id

ce
s,
of
-
g

-
-
-

t

he
s-

y

be accordingly replaced by the appropriate tilt modulus,
this would lead to a larger entanglement field.#

The observation of vortex-liquid entanglement in Bi-22
thin films at fields much lower than theBE value predicted
by Eq.~3! may have its origin in a particular evolution of th
entanglement length with the flux density in the case
highly anisotropic HTSC. As discussed in a number of th
oretical studies,26–29 in the case of a pronounced anisotrop
the vortices are very sensitive to the discreteness of the
ered structure. At high enough temperatures, the ther
fluctuations can cause the decomposition of vortex lines
pancake vortices located in the superconducting layers
our situation, the wandering of these vortex segments in
superconducting layers seems to be the dominant proc
The wandering distance can easily attain the mean inter
tex separation, as soon as the latter is lower than the Jos
son lengthlJ5gs. This can be understood if one represen
such a vortex distortion by a straight vortex-line~string! and
an additional vortex-antivortex pair, where the antivortex a
nihilates the vortex segment in the correspond
plane.17,28,29 The contribution of the interlayer Josephso
coupling to the vortex-antivortex interaction is small wh
the vortex-antivortex separation~i.e., the vortex line defor-
mation! is lower thanlJ .26–29,1This means thatLE becomes
rapidly of the order of the interlayer spacing~approaching
Lc!, as the mean vortex separation decreases belowlJ . The
entanglement field can then be the field value for which
mean intervortex separation equals the Josephson len
which leads to

BE5Bcr'F0 /g2s2. ~4!

In the case of the sample Bi-2212ox, for example, withg
'102 ands515 Å, Eq.~4! gives an entanglement field ver
close to the experimentally determinedBcr . Finally, it is
worth noting that the disorder becomes less important for
entangled vortex liquid~see Fig. 3!. This is supported by the
renormalization-group calculations from Ref. 30, showi
that the effective coupling to the random potential is weak
long asLE is lower thanLc .

IV. CONCLUSIONS

The analysis of the in-planer(T) dependence of highly
anisotropic Bi-2212 films in a magnetic field applied paral
to the c axis revealed significant pinning of a disentangl
vortex liquid at low fields, and a transition to an entangl
vortex liquid appearing above a crossover fieldBcr . The en-
tanglement of the vortex liquid is suggested by the spec
magnetic-field and temperature dependence of the activa
energy, which becomesU(B,T);(12T/Tc0)/B1/2 for B
.Bcr . The existence of an entangled vortex-liquid phase
plies that the vortex-solid–vortex-liquid transition temper
ture is lower than the layer decoupling temperature. We h
found that, in the presence of significant collective pinni
~with the collective pinning length along the field directio
much smaller than the entanglement length predicted at
fields for a clean system!, the entanglement of vortices ca
be observed above the fieldBE5Bcr'F0 /g2s2. There is a
good quantitative agreement between the increase of the
tanglement field and the enhancement of the interlayer
sephson coupling generated by doping, derived from
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change of the temperature dependence of the critical cur
in zero external magnetic field.
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