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By dc transport measurements, current-voltage characteristics of Tl2Ba2CaCu2O8 thin films were
determined in magnetic fields up to 5 T. For high magnetic fields (3, 5 T), it is found that all data
can be interpreted in terms of the 2D vortex-glass theory: (1) AllE-j isotherms can be scaled
onto one common branch applying the scaling suggested for a 2D vortex system; (2) the linear
resistivity rlinsT d as well as the nonlinear current densityjnl are found to follow the predicted relations
rlinsTd ~ expf2sT0yTdpg and jnlsT d ~ T 11n2D , respectively. Both scaling ofE-j curves and fitting
jnlsTd consistently lead to valuen2D ­ 2 as predicted by the 2D vortex-glass theory. Also, the values
found for T0 s200 6 30 Kd and p sø1.58d are either experimentally reasonable or within the limit
expected by theorysp $ 1d. [S0031-9007(98)05840-2]

PACS numbers: 74.60.Ge, 74.60.Jg, 74.72.Fq
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For highly anisotropic superconductors, such
Tl2Ba2CaCu2O8, Bi2Sr2CaCu2O8, or YBa2Cu3O7y
PrBa2Cu3O7 superlattices, it is expected that flux dy
namics can be changed from 3D to 2D by increasin
magnetic fields [1–3]. In the presence of a high dens
of weak pinning centers, for a 3D vortex system
second-order phase transition is predicted to occur a
finite temperatureTg [4], with a new phase, the vortex
glass (VG), existing belowTg. The VG theory has
triggered enormous experimental efforts [5–8], and mo
results show a reasonable agreement between theory
the experimental data. For 2D vortex systems, howev
theory predicts that the VG transition will occur only a
zero K. Experimentally, Dekkeret al. [9] measuredE-j
curves on one-unit-cell thick YBa2Cu2O7 thin films and
found that the data can be fitted to the 2D VG theor
In a previous paper, Wenet al. [10] have shown that
the m values for parametrizing the activation energ
Us j, T d ­

UcsTd
m fs jcsTd

j dm 2 1g are always negative for
Tl2Ba2CaCu2O8, when the magnetic field is higher than
about 0.7 T. Thus, for these higher fields the curvatu
of logsEd vs logs jd is always positive, leading to a finite
linear resistivity rlin ­ Eyjjj!0 fi 0. The negative
m values were attributed to a field induced vanishin
of Tg. In [10] emphasis is put on the resulting vorte
phase diagram rather than on the 2D vortex dynami
To the best of our knowledge, a direct experiment
evidence for a genuine 2D VG is still lacking for highly
anisotropic high-Tc superconductors. In this Letter
we unambiguously show that all the data measur
for Tl2Ba2CaCu2O8 thin films at relatively high mag-
netic fields (3, 5 T) can be well described by 2D VG
theory.
0031-9007y98y80(17)y3859(4)$15.00
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Before presenting the experimental data, we brie
recall the major predictions for a 2D VG [2,11]. Ac
cording to 2D VG theory, when approachingTg ­ 0 K,
a finite VG correlation lengthj2D develops and diverges
at T ­ 0 K as

j2D ­ a0s´0dykBT dn2D , (1)

with n2D the 2D VG exponent anda0 the spacing
of the vortex lattice;́ 0d ­ h̄2rsdym, the core energy
of a vortex segment of lengthd, where rs and m
are the density and mass of Cooper pairs, respectiv
Dissipation in the vortex system is caused by vort
excitations. Assuming an excitation of sizeL, the energy
barrierVL which has to be surmounted is usually assum
to be proportional toLa with a $ 0. For a 2D vortex
system, since the upper limit forL is the correlation length
j2D, the linear resistivityrlin due to thermal activation is
given by

rlin ~ exps2VL­j2D ykBT d ~ expf2sT0yT dpg , (2)

whereT0 is a characteristic temperature of the same ord
of magnitude aś 0d, and p ­ 1 1 an2D $ 1. In the
presence of a current densityj, an energyf0jj2D is
available to create vortex excitations. At a current dens
jnl ­ kBTyf0j2D, this energy becomes comparable
the thermal energykBT , resulting in nonlinearE-j curves.
Combining with Eq. (1) one obtains

jnl ­ kBTyf0j2D ­ skBT d11n2D yf0a0s´0ddn2D . (3)

In view of Eqs. (2) and (3), Dekkeret al. [9] first sug-
gested a 2D scaling method for theE-j characteristics as

E
j

exp

∑µ
T0

T

∂p∏
­ g

µ
j

T 11n2D

∂
, (4)
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where gsxd is a general function for all temperatures a
a given magnetic field. Equations (1)–(4) are the fund
mental predictions for the dynamics of a 2D vortex sys
tem. In the special case of thermally activated flux cree
it is anticipated thatn2D ­ 2. A major difference be-
tween the predictions for quantum tunneling and therm
activation are the different values forp. For example,p
is predicted to be 0.7 for quantum tunneling in contrast
p $ 1 as quoted above. In the following, we will show
that all of our experimental data can be consistently d
scribed by the 2D VG theory for the regime of thermall
activated flux creep.

The samples are Tl2Ba2CaCu2O8 thin films which
were prepared by a two-step procedure on (001) LaAlO3

substrates. Details on the fabrication of the films we
published previously [12]. dc resistive measuremen
show thatTc sR ­ 0d ­ 104 K with a transition width
DTc ø 4 K. X-ray diffraction patterns taken from the
samples show that onlys00ld peaks are observable,
indicating highly textured growth.

The four-probe technique was used to measure theE-j
curves. The magnetic field is applied perpendicular
the film surface as well as to the current direction. Th
films are patterned lithographically into a bridge with lat
eral dimensions of33 3 500 mm2. After chemical etch-
ing, gold pads were deposited onto four contact areas
the Tl2Ba2CaCu2O8 films providing the current and volt-
age connects. After this process, typical contact res
tances are below0.1 V allowing the measurement ofE-j
curves with almost negligible heating effects. During th
measurement for eachE-j curve, the temperature of the
sample holder was stabilized to better than 0.1 K. Resu
will be presented for two films (denoted as Sample-1 an
Sample-2) prepared independently. It is found that the r
sults obtained for these two films are essentially the sam
though their thickness differed (110 nm for Sample-1 an
230 nm for Sample-2). Thus, in this paper, the data fro
Sample-1 are presented exclusively, except for a compa
son given in the inset of Fig. 2(a) for Sample-2.

In Fig. 1, typicalI-V curves are presented on a double
logarithmic scale. Each curve is an isotherm, rangin
from 24 K at the lower right to 80 K at the upper left
in increments of 1 K as determined in an external ma
netic field of 3 T. From about 32 to 80 K, eachI-V
curve shows a positive curvature, and a linear beha
ior is anticipated for small currents. Below 32 K, the
I-V curves closely approach each other and become v
steep. A slightly negative curvature appears for theI-V
curves in the high current regime at low temperature
(e.g., from 24 to 26 K). This can be attributed to th
gradual crossover from flux creep to flux flow [7]. As
suming that this slightly negative curvature is due to
vortex-glass transition at a temperature close to 30 K, o
would haveE ~ jsz11dysD21d [2,4,5] at Tg with a value
of sz 1 1dysD 2 1d ø 8.8, wherez is an exponent ex-
pected to be in the range 4–6, andD is the dimension-
ality. For a 3D VG transition the experimental value
3860
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FIG. 1. Double logarithmically plottedI-V curves as deter-
mined on Sample-1 withBe ­ 3 T. The isotherms range from
24 K at the lower right to 80 K at the upper left in increment
of 1 K. The dotted line marks the boundary between the line
and nonlinear regimes of theI-V curves.

of 8.8 leads to an unreasonably high value ofz ­ 16.6.
Similarly, even the assumption of a quasi-2D VG tran
sition [13] results in the rather large value ofz ­ 7.8.
It is found that theE-j curves shown in Fig. 1 cannot
be scaled according to the 3D VG or the quasi-2D V
scaling method [5–8,13] by choosing any finite temper
ture asTg. In contrast, an excellent description is give
by the 2D VG theory as is demonstrated by the follow
ing 2D scaling analysis ofE-j curves. In Figs. 2(a) and
2(b) the corresponding scaling results are presented
3 and 5 T, respectively. To obtain such a good sca
ing, the parametersn2D ­ 2 6 0.3, p ­ 1.58 6 0.05,
and T0 ­ 230 6 5 K had to be chosen for 3 T; and
n2D ­ 2 6 0.3, p ­ 1.58 6 0.05, T0 ­ 190 6 5 K for
5 T, respectively. Shown in the inset of Fig. 2(a) is th
scaling for Sample-2 at 3 T. It is important to not
that for Sample-2 practically almost the same paramet
sn2D ­ 2 6 0.3, p ­ 1.6 6 0.05, T0 ­ 230 6 5 Kd had
to be used to obtain a scaling of the same quality as
Sample-1 providing strong evidence that the paramet
derived here reflect an intrinsic property of the extreme
anisotropic Tl2Ba2CaCu2O8 system. Another important
observation is that the quality of the above scaling sen
tively depends on the numerical values ofp andT0. For
example, even a small change fromp ­ 1.58 to p ­ 1.7
causes the drastic deterioration of the scaling quality
shown in the inset of Fig. 2(b). The tolerance for chan
ing the value ofn2D is a bit larger but has to be restricted
to 60.3. On the other hand, the almost perfect scalin
obtained with the optimized parameters for 3 and 5 T i
dicate that a 2D VG scaling is valid for Tl2Ba2CaCu2O8
thin films at high magnetic fields. Since for high curren
densities flux flow is expected to be the dominating diss
pation process, the corresponding data have been remo
from the E-j curves at low temperatures for the scalin
analysis.

An alternative but more sensitive way to show th
validity of a 2D VG description is to fit the linear
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FIG. 2. (a) Scaling ofE-j curves (from 24 to 80 K, 57
E-j curves, 1640 data points) measured withBe ­ 3 T on
Sample-1 according to 2D VG theory withn2D ­ 2, p ­ 1.58,
and T0 ­ 230 K. The inset shows the same scaling ofE-j
curves (from 29 to 69 K, 39E-j curves, 1500 data points)
measured withBe ­ 3 T on Sample-2 withn2D ­ 2, p ­ 1.6,
andT0 ­ 230 K. (b) Scaling ofE-j curves (from 24 to 75 K,
52 E-j curves, 1470 data points) measured withBe ­ 5 T on
Sample-1 according to 2D VG theory withn2D ­ 2, p ­ 1.58,
and T0 ­ 190 K. The inset shows the same scaling ofE-j
curves with the slightly changed valuesn2D ­ 2, p ­ 1.7, and
T0 ­ 190 K.

resistivity rlinsT d to Eq. (2) keeping the same values fo
p and T0 as obtained from scaling. The results of th
procedure are shown in Fig. 3, where the experimen
data obtained for magnetic fields of 3 and 5 T (symbol
are presented together with the corresponding fits
Eq. (2) (solid and dashed lines). The theoretical curv
calculated from Eq. (2) with fixed parametersp andT0 as
extracted from the above scaling analysis give remarka
good fits to the experimental data, except for a physica
irrelevant prefactor determining their vertical offset. Th
provides strong additional support for an interpretation
the experimental results in terms of a 2D VG.

Still another piece of evidence in favor of a 2D VG i
offered by an analysis of the temperature dependence
the nonlinear current density. As defined above,jnl is the
current density at which theE-j curves start to become
nonlinear. The values ofjnl are obtained by choosing the
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FIG. 3. Temperature dependent of linear resistivityrlinsT d
as measured on Sample-1 withBe ­ 3 and 5 T. The
open symbols are determined from theE-j curves by an
extrapolation toI ­ 1026 A, where the I-V curves can be
approximated by a linear behavior (cf. Fig. 1). The fu
symbols are obtained directly from resistance measureme
using a current ofI ­ 1026 A. The solid and dashed lines
represent theoretical curves calculated from Eq. (2) with fix
parametersp andT0 as extracted from scaling.

currents at which the resistivity deviates about 5% fro
the corresponding linear resistivity (as shown in Fig. 1 b
the dotted line). The data found in this way for magnet
fields of 3 and 5 T are presented in Fig. 4 (symbols
together with theoretical curves (solid lines) calculate
by assuming the validity of Eq. (3) and again keepin
the valuen2D ­ 2 fixed as above. Since the paramet
n2D determines the shape of thejnlsT d curve, the good
agreement between experiment and theory found in Fig
further corroborates the 2D VG picture. To demonstra
how well the onset of nonlinearity in the differentE-j
curves can be scaled, in the inset of Fig. 4 a log-linear p
of the scaling data is presented [as shown in Fig. 2(
enlarging the crossover regime. It is found that the
scaling curves collapse onto one narrow band. As
example, the experimental data of the 60 K isotherm a
added as filled points.

In view of these remarkable results, some remarks
in order concerning the numerical values ofn2D, p, and
T0 which were derived from the experimental data. A
already mentioned,n2D ­ 2 is fully consistent with 2D
VG theory predicting this value for thermally activate
creep, a regime which is realized in our experimen
Another prediction of 2D VG theory, which is valid
for thermally activated flux creep only, is the relatio
p ­ 1 1 an2D with a $ 0. Taking our experimental
values of p ­ 1.58 6 0.05 and n2D ­ 2, one arrives
at a ­ 0.29. To the best of our knowledge, for the
case of thermally activated flux creep these are the fi
experimentally derived values for the above paramete
Unfortunately, there are no specific theoretical predictio
for p and a making a direct comparison impossible
For a 2D vortex system, however, the energy needed
move a vortex is expected to be much smaller than in
corresponding 3D case. Thus, a correspondingly sma
value ofa ­ 0.29 as found experimentally is anticipate
3861
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FIG. 4. Temperature dependence of the nonlinear curre
density jnlsT d as measured on Sample-1 withBe ­ 3 and
5 T. The value ofjnlsT d represents the deviation of theE-j
curves from linearity as given in Fig. 1 by the dotted line. Th
solid lines are fits to the 2D VG theory withn2D ­ 2. Inset:
An enlarged view for the scaling shown in Fig. 2(a) in th
crossover regime. The full points represent the 60 K isother

as compared toa ­ 1.28 and 0.84 for the creep of smal
or large vortex bundles in 3D, respectively [1].

Finally, we consider the value ofT0. As mentioned
above,T0 is of the same order of magnitude as the co
energy´0d ­ h̄2rsdym of a vortex segment with length
d. Assumingrs ­ 1027 m23, m ­ 1.82 3 10230 kg and
d ø 0.4 nm (note that we use the thickness of the bilay
Cu-O planes instead of the interlayer spacing 1.5 nm
Tl2Ba2CaCu2O8), a value of ´0d ­ 176 K is obtained
in close agreement with the experimentally foundT0 ­
200 6 30 K. The calculated value obviously hinges o
the assumption ond. If instead of the thickness of
the bilayer Cu-O planes as above, the film thickne
of 110 nm is used, a physically unreasonable value
T0 ­ 5 3 104 K is deduced. On the other hand, b
pointing to the thickness of the bilayer Cu-O planes as t
relevant length, the above estimates strongly support
consistency of the 2D picture of moving pancake vortice
The different values forT0 found for 3 T (230 K) and
5 T (190 K) may be attributed to the field dependenc
of correlation lengthj2D. By assumingVL ~ T0La,
n2D ­ 2 and a0 ~ B21y2, one derives from Eqs. (1)
and (2) thatT0 ~ B21y4. This rough estimate gives a
value T0s3 TdyT0s5 Td ø 1.14, which is indeed close to
the experimentally found value ofT0s3 TdyT0s5 Td ­
230y190 2 1.21.

In this Letter, only data for high fields (3, 5 T) have
been presented, because in this case the chances to re
a 2D VG are much higher. For low fields a 3D VG
is expected [10,14]. Indeed, recent experiments by
Phuoc et al. [15] show that theE-j curves determined
on Tl2Ba2CaCu2O8 for 0.1 T can be scaled according to
the 3D VG theory. In addition, for lower temperature
s#20 Kd, quantum tunneling may gradually set in. As
consequence, it will be impossible to scale theE-j curves
measured in high and low temperature regimes by usin
3862
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single set of parametersn2D , p, andT0. A final remark
may be in order in the context of a recent experime
by Fuchs et al. [16] who found that in the transport
measurements on Bi2Sr2CaCu2O8 single crystals, most
of the vortex liquid phase is affected by the surfac
barrier properties rather than the bulk pinning propertie
This interesting finding will, however, not change ou
conclusion here because of the following: (1) Our sampl
are thin films for which only a weak surface barrie
would be expected comparing to strong bulk pinnin
For example, magnetization measurements on our fil
revealed symmetric hysteresis curves in contrast to w
is expected if strong surface barrier effects are prese
(2) Our experiments were performed under high magne
fields which certainly fully penetrate the sample. Thu
the intrinsic vortex dynamics, rather than that due to
surface barrier, was detected.

In conclusion, it has been experimentally demonstrat
that the vortex behavior in Tl2Ba2CaCu2O8 thin films
at high magnetic fields (3 and 5 T) and at temperatur
high enough to guarantee thermally activated flux cree
can consistently be described in terms of a true (i.
Tg ­ 0 K) 2D VG. This conclusion is based on a
corresponding scaling analysis ofE-j curves as well as of
the temperature dependencies of both the linear resistiv
rlinsT d and the nonlinear current densityjnlsT d. In all
three cases, a common set of parameters, i.e.,n2D ­ 2,
p ­ 1.58, and T0 ­ 200 6 30 K, delivers an excellent
agreement between the experimental data and 2D V
theory.

This work has been financially supported by Deutsc
Forschungsgemeinschaft (DFG). W. H. H. acknowledg
the Alexander von Humboldt Stiftung, Germany, for fi
nancial support and fruitful discussions with R. Griesse
P. H. Kes, C. J. van der Beek, A. Th. Hoekstra, J.
Martinez, and J. R. Clem.

[1] G. Blatteret al., Rev. Mod. Phys.66, 1125 (1994).
[2] D. S. Fisher, M. P. A. Fisher, and D. A. Huse, Phys. Re

B 43, 130 (1991).
[3] A. Schilling et al., Phys. Rev. Lett.71, 1899 (1993).
[4] M. P. A. Fisher, Phys. Rev. Lett.62, 1415 (1989).
[5] R. H. Koch et al., Phys. Rev. Lett.63, 1511 (1989).
[6] C. Dekker, W. Eidellooth, and R. H. Koch, Phys. Rev

Lett. 68, 3347 (1992).
[7] M. Charalambouset al., Phys. Rev. Lett.75, 2578 (1995).
[8] M. Friessenet al., Phys. Rev. B54, 3525 (1996).
[9] C. Dekkeret al., Phys. Rev. Lett.69, 2717 (1992).

[10] H. H. Wenet al., Phys. Rev. Lett.79, 1559 (1997).
[11] M. P. A. Fisher, T. A. Tokuyasu, and A. P. Young, Phys

Rev. Lett.66, 2931 (1991).
[12] S. L. Yanet al., Appl. Phys. Lett.63, 1845 (1993).
[13] H. Yamasakiet al., Phys. Rev. B50, 12 959 (1994).
[14] H. H. Wenet al., Phys. Rev. B54, 1386 (1996).
[15] V. Ta Phuocet al., Phys. Rev. B56, 122 (1997).
[16] D. T. Fuchset al., Nature (London)391, 373 (1998).


