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Abstract. Using a specially designed SQUID magnetometer we measured the temperature dependence of
the critical current density in a ring patterned Tl2Ba2CaCu2O8 thin film for magnetic fields 0.03 Oe ≤ H <
30 Oe parallel to the c-axis. In addition, the temporal relaxation of the remanent state as prepared by field
cooling in an external field of 100 Oe at different temperatures T ≤ 93 K < Tc is determined. The jc(T )
data show a field-dependent anomalous kink close to Tc pointing to reduced dissipation with increasing
temperature allowing to construct a corresponding H-T borderline. A similar behavior is observed for the
normalized relaxation rate S(T ) as extracted from the temporal behavior of the remanent state, which, at
low temperatures, exhibits the expected increase for increasing T -values, while an anomalous decrease of
S(T ) is found for temperatures above 85 K. While the low-T regime is attributed to creep of 2D pinned
single vortex lines, the high-T behavior is suggested to be dominated by collective motion with a more
sluggish dynamics. This change in dynamics is also reflected by the activation barriers for flux creep U(j),
which show a corresponding crossover in µ from 0.06 to 0.99. An additional scaling analysis of the E-j
characteristics for T ≥ 85 K according to vortex glass theory reveals quasi-2D collective creep behavior
with Tg = 96 K.

PACS. 74.60.Ge Flux pinning, flux creep, and flux-line lattice dynamics – 74.76.Bz High-Tc films –
74.25.Dw Superconductivity phase diagrams

1 Introduction

Ever since the discovery of the high-Tc superconductors
(HTSC), the H-T vortex phase diagram has been a sub-
ject of intense experimental and theoretical investigations.
This is especially true for the most structurally anisotropic
HTSC families of which Tl2Ba2CaCu2O8 is a representa-
tive example. In these systems with a pronounced layered
structure, a subtle interplay is observed between the ther-
mal energy and intralayer as well as interlayer interaction
energies of pancake vortices. The interlayer interaction en-
ergy Uint, J, being field and temperature dependent, de-
termines the degree of coupling of vortices into the third
dimension perpendicular to the CuO-layers. As a conse-
quence, not only high operating temperatures can lead to
a thermal decoupling [1,2], but also high magnetic fields
may result in a magnetic decoupling if the intralayer repul-
sion energy overcomes the interlayer coupling energy [1,3].
An even more complex situation evolves in the presence of
pinning. In this case, the competition between the pinning
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energy Upin and the intralayer interaction energy Uint, 2D

determines whether the vortices (either pancakes or lines)
behave independently or collectively.

A line which has played a tremendous role over the
years in the development of ideas on the vortex dynamics
in HTSC is the so-called irreversibility line (IL). Above the
IL, that is in the limit of high temperatures and/or fields,
the vortex system is melted and forms a liquid, while be-
low the IL it forms a solid. Strong structural disorder of
a sample, as in thin films, leads to a continuous second
order phase transition at T = Tg with a vortex glass (VG)
phase at low temperatures leading to an exponential decay
of the positional order and subohmic dynamics [4]. Close
to this second order VG transition, the electric field E
and current density j should scale with |T − Tg|, leading
Fisher to postulate a scaling ansatz E(j) ∝ f±(j) with
the scaling functions f± [5]. For isotropic HTSC systems,
a 3D scaling with a finite VG transition temperature Tg
has been predicted and successfully applied to YBaCuO
films [6]. For more anisotropic, layered HTSC in moder-
ate fields a modified scaling was proposed by Yamasaki
et al., keeping a finite Tg in combination with a 2D scaling
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formula to explain their data on BiSrCaCuO crystals [7].
This scaling approach was reported to be successful also
for YBaCuO/PrBaCuO superlattices [8] and recently for
Tl-2212 thin films [9].

The VG theory and the weak collective pinning theory
(WCPT) predict for the activation barrier for flux creep
U(j) an algebraic decay as given by

U(j) =
Uc

µ

[(
jc

j

)µ
− 1

]
, (1)

where Uc, jc and µ denote the activation barrier U(T →
0 K), the current density j(T → 0 K) and the creep expo-
nent 0 < µ < 2, respectively. For strongly anisotropic,
layered HTSC within the single pancake regime, U(j)
is expected to saturate for decreasing currents, since
there is no extra deformation energy needed to overcome
barriers [10].

Only very few experiments focus on the low-H/high-T
regime, because it is difficult to establish the critical-state
inside the whole sample for very low fields and because
of the fast relaxation of the magnetization. In this pa-
per we experimentally study this low-H/high-T regime of
the H-T phase diagram of a strongly anisotropic HTSC
system by analyzing the temperature dependence of the
critical current density and the temporal relaxation of the
magnetic moment in a ring-shaped Tl2Ba2CaCu2O8 thin
film in its remanent state with a SQUID allowing to ex-
tract data over 5 decades in the electric field E down to
extremely low values of 10−16 V/cm. It will be demon-
strated for these Tl-based thin films with pointlike dis-
order that with increasing temperature T implying a de-
creasing current density j, a crossover is observed from 2D
pinned single vortex to quasi-2D collective creep with re-
duced dissipation with each of these regimes exhibiting a
different U(j). The fact that a coupling of the diluted vor-
tex matter sets in at high temperatures is proposed to be
due to a process similar to variable range hopping (VRH)
of vortices with a hopping distance, which increases for
decreasing currents and leads to an enhanced shear inter-
action as compared to the pinning energy.

2 Experiment

The preparation of Tl2Ba2CaCu2O8 thin films is per-
formed in two steps. First a precursor film is deposited
on a (001) LaAlO3 substrate by means of dc sputtering
from the Tl:Ba:Ca:Cu = 2:2:1.2:2 target. Then this film
is annealed in pure argon atmosphere at 770 ◦C for about
6 h. Details on this preparation process were described
elswhere [11]. The data reported here were observed on

a 2 300 Å thick film with a resistively measured zero re-
sistance transition temperature of Tc,0 = 105 K and a
transition width of ∆Tc ∼= 4 K. X-ray diffraction patterns
(XRD) revealed (00l) peaks only indicating a highly tex-
tured film growth. For patterning ring shaped samples,
wet chemical etching with H3PO4 was used. The resulting
ring has an outer diameter of d = 2 mm and a width of
w = 27 µm. Accordingly, a d/w ratio of 74 is obtained,

Fig. 1. Experimental setup located in vacuum including su-
perconducting field coils, sapphire sample holder onto which
the thin film ring is mounted, and superconducting pick-up
coils connected to a rf -SQUID immersed in LHe. All parts are
thermally coupled via sapphire parts to the bottom of a LHe
cryostat.

which fulfills the condition d/w > 20 for an ideal narrow
ring, as has been shown by Herzog et al. [12].

A specially designed rf -SQUID magnetometer is used
for detecting magnetic signals (resolution 10−8 emu) of
thin films with a sapphire sample holder mounted onto
the bottom of a LHe cryostat in vacuum while the SQUID-
head is immersed inside the cryostat in LHe. The sample
is surrounded by a superconducting Nb cylinder and ad-
ditional mu-metal sheets for magnetic shielding. As can
be seen from Figure 1 the sample itself is mounted on top
of a sapphire lever and can be moved in situ into the gap
between a pair of 1 T NbTi-coils in Helmholtz geometry.
The pick-up coils forming a planar gradiometer arrange-
ment were located just above the sample perpendicular to
the field coils. The following procedure was applied in all
cases for determining the relaxation behavior. The ring
shaped thin film is first field cooled (FC) to the target
temperature T < Tc (10 K . . . 93 K) in a magnetic field
of H = 100 Oe parallel to the c-axis. The temperature
stability was better than 10 mK. Then, the magnetic field
is quenched inducing a circulating current inside the ring.
The corresponding magnetic moment is detected by the
SQUID and monitored for 2 000 s. After this time, the
sample is heated to above Tc allowing to determine the
residual magnetization at T after the relaxation process.
From a knowledge of the inductance L of the ring [13], the
current I(t) can be calculated from the magnetic moment.
Its time derivative gives the electric field E according to
E = −(L/πd) · dI(t)/dt and after elimination of time, the
E-j characteristics are obtained. This type of measure-
ment was first suggested by Sandvold and Rossel [14].

An additional note may be in order. The high sen-
sitivity of the SQUID measurements, however, is also
the source of an experimental problem. Any drift in-
duced in the SQUID system by e.g. creeping of an ex-
ternally applied magnetic field, significantly deteriorates
the measurement or even makes it impossible. To avoid
this problem, the above described remanent mode was
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preferred, which, however, implies a principle difficulty in
the interpretation of the experiment. This has to do with
the changing magnetic induction during relaxation mea-
surements, while standard procedures to extract physi-
cal properties demand isothermal measurements under a
constant magnetic field. As will be shown, it is the com-
bination of the ring geometry of our samples with rema-
nent measurements at high temperatures and small fields,
which allows to extract meaningful conclusions from re-
manent relaxation experiments.

For an estimate of the magnetic field and the corre-
sponding induction B one has to take into account three
contributions, the Brem itself, the magnetization due to
the induced currents Bself and the ambient field. It is a
characteristic property of an ideal ring to show a hystere-
sis loop shaped like a parallelogram [15]. Accordingly, the
ZFC and remanent signal vs. temperature should show
symmetric behavior with no FC response, a feature which
can be seen in the present ring sample, indicating that
Brem can be neglected. Furthermore, our ring shaped sam-
ples have a large diameter/width ratio resulting in cur-
rents induced by switching off a 100 Oe field, which by
far exceed the critical current density even at the lowest
temperature of 10 K. Therefore, these currents are not
able to freeze in the entire cooling field. It turns out (cf.
Sect. 3.1) that for temperatures above 55 K the earth mag-
netic field component of 0.2 Oe becomes the relevant con-
stant external field, while for lower temperatures changes
of the self-field due to the current relaxation of the or-
der of only 1 gauss have to be taken into account. One
should recall that dissipation arises due to flux quanta Φ0

transversing the ring material from inside driven by a ra-
dial field gradient. Due to their radial movement through
the ring material electric fields are created resulting in dis-
sipation. Thus, for the process of flux quanta transversing
the ring it should still be possible to apply the flux creep
formalism.

3 Results and discussion

3.1 Critical current density

The ring shaped sample is first zero-field-cooled (i.e. am-
bient field) to T = 5 K and then a field H with 0.03 Oe ≤
H < 30 Oe is applied inducing a macroscopic shielding
current in the ring. Next, the temperature of the sample
is increased and the corresponding ring moment is mon-
itored. An example for such a measurement is given in
Figure 2 for a field H = 0.14 Oe parallel to the c-axis.
The magnetic signal retains its starting value up to a well
defined temperature T ∗, where the magnitude of the sig-
nal starts to decrease. At T ∗ the induced current density
j(5 K) corresponds to the critical value jc(H,T

∗). Thus,
for T > T ∗ from the experimental curve the temperature
dependence of jc(T ) can be extracted if the inductance
L of the ring is known. In the following, L is calculated
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Fig. 2. Temperature dependence of the magnetic signal of a Tl-
2212 ring (diameter 2 mm, width 27 µm) induced by applying a
field H = 0.14 Oe after ZFC to 5 K as determined by a SQUID.
The induced supercurrent density reaches its critical value jc
at T ∗, above which the critical-state inside the ring material is
established with a density jc(T ) until, at Tc, superconductivity
vanishes.

from [13]

L = µ0R̄

[
ln

(
8R̄

w

)
−

1

2

]
, (2)

where R̄ is the mean radius and w the width of the ring.
Eventually, as can be seen from Figure 2, by further in-
creasing the temperature, at T = Tc = 103.5 K the transi-
tion into the normal state is approached, where the mag-
netic signal vanishes. This result demonstrates, on the
other hand, that switching-off a field of H = 0.14 Oe
would induce currents allowing to freeze in the entire field
at low temperatures. We find that T ∗ shifts to a value be-
low 10 K for H > 1.3 Oe. This means that quenching in
H = 100 Oe yields a current density, which immediately
decays to a corresponding self-field Bself ∼ 1.3 G, while
the effective component of the earth field sets the lower
limit of µ0H = 0.2 G.

To further analyze jc(T ), the data are plotted in the
form log(j) vs. log[1−(T/Tc)], since for the standard power
law jc(T ) ∝ [1 − (T/Tc)]

α, which is expected to hold at
least close to Tc, this representation immediately delivers
the exponent α. Applying this procedure to a ring pat-
terned (d = 1 mm, w = 50 µm), 200 nm thick YBaCuO
film (Tc = 90.7 K) gives the result shown in the inset of
Figure 3. Here, a straight line is observed with a slope of
α = 1.3 confirming previous results on this material [16,
17]. This standard behavior found for YBaCuO is in con-
trast to the results found for Tl-2212 rings presented in
the main panel of Figure 3. Clearly, the temperature de-
pendence in this case exhibits a kink at Tk = 96.3 K.
Above and below Tk, the data can be reasonably well
approximated by straight lines with different slopes of
α = 2.0 and 1.0, respectively. This change of slopes in-
dicates that the critical current density above Tk is much
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Fig. 3. Double logarithmic plot of the critical current density
jc vs. (1− T/Tc). At Tk = 96.3 K a significant change of slope
from α = 2.0 to α = 1.0 is visible denoting a smaller jc-decrease
than what is extrapolated from low temperatures (dashed
lines). The inset shows corresponding data for a YBaCuO thin
film ring (d = 1 mm, w = 50 µm, Tc = 90.7 K). Here no kink
is seen in contrast to the Tl-2212 ring with its high intrinsic
anisotropy.
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Fig. 4. H-T “phase” diagram constructed from the temper-
ature Tk and the corresponding field Hind for various fields
0.03 Oe ≤ H < 30 Oe. The error bars reflect the uncertainty in
determining Tk. This borderline represents the crossover from
single vortex to quasi-2D collective creep when increasing the
temperature as discussed in the text. Note the beginning of
saturation for Hind < 0.2 Oe = HEarth at a constant T .

less depressed by increasing the temperature than what is
expected by extrapolating from below Tk, i.e. dissipation
becomes smaller. The temperature Tk is found to depend
on Hind, the field switched on to induce the supercurrents
in the ring, which also remains applied during the mea-
surement. This allows to construct a Hind-Tk boundary
curve as presented on log-lin-scales in Figure 4.

It is tempting to interpret the kink in jc(T ) as be-
ing related to a current dependent length scale for the
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Fig. 5. Current-voltage isotherms of a Tl-2212 film determined
from temporal relaxation measurements on a remanent state
prepared by FC in 100 Oe and switching off the field (a SQUID
technique is applied). Note the extremely low electric fields for
higher temperatures accessible due to the SQUID technique.

interaction of pancake vortices, which, to explain the ob-
served anomaly, would have to increase for increasing tem-
peratures to allow a stronger interaction resulting in a
more sluggish dynamics when approaching Tc. In the next
chapter the dynamics of these two regimes, below and
above Tk, will be identified, thereby suggesting a crossover
from single vortex to collective creep, which is triggered
by the decreasing current.

3.2 Magnetic relaxation

In Figure 5 isothermal E-j characteristics are presented as
extracted from the temporal relaxation of the remanence
of a Tl-2212 thin film ring after FC in H = 100 Oe paral-
lel to the c-axis. Note the small values of E, which, in the
present geometry, correspond to voltages of the order of
10−16 V demonstrating the high sensitivity of the experi-
mental technique. For increasing temperatures, from 10 K
to 80 K the characteristics become more flat as expected,
while for even higher temperatures above 80 K the slopes
increase again signaling lower dissipation within the ma-
terial of the ring.

To analyze the temporal decay of the ring current
j(T, t) in more detail, we refer to the corresponding
normalized relaxation rate S as given by Geshkenbein
et al. [18]

S ≡ −
d ln[j(T, t)]

d ln(t)
=

kBT

Uc(T ) + µkBT ln(t/t0)
, (3)

where Uc denotes the temperature dependent activation
energy, µ the glassy exponent and t0 a logarithmic time
scale. In Figure 6, the temperature dependence of the
relaxation rate S(T ) is presented as taken at 100 s af-
ter quenching the magnet (solid symbols). The relaxation
rate starts with the small value of 0.5% at T = 10 K and
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tures T > 80 K, the sharp drop in S indicates a suppressed
dissipation which is attributed to a single vortex to quasi-2D
crossover.
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Fig. 7. Current dependence of the activation barrier U(j) on
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smoothly increases to 6.8% at T = 70 K. For temperatures
T > 80 K, Figure 6 reveals a sharp drop of S approaching
an almost constant value S ≈ 1.7%, indicating the above
mentioned lower dissipation. It signals the onset of a dif-
ferent type of dynamics for temperatures above 80 K as
compared to the behavior for T ≤ 70 K. A possible in-
terpretation of these different regimes of dynamics is the
main topic of the following part of this paper.

We start with analyzing the low temperature data of
Figure 6. For this purpose, some results have to be antici-
pated, which will be discussed in detail below. First, from
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Fig. 8. E-j characteristics (from Fig. 5) scaled according to
the so-called quasi-2D VG theory with equation (9) and D = 2.
The scaling of the T > 80 K data yields reasonable exponents
z = 12 and ν = 1.1. The data for T < 80 K, where 2D pinned
single vortex dynamics is expected, do not follow the quasi-2D
scaling.

a scaling analysis of E-j curves (cf. Fig. 8) it is concluded
that the vortices form a 3D vortex glass below Tg = 96 K.
Second, from a Maley analysis (cf. Fig. 7), a very small
µ value of 0.06 is obtained for the low-T regime within
10 K . . . 70 K. Such small µ-values, reflecting a logarith-
mic U(j)-dependence, have been found before in highly
anisotropic HTSC, like Tl-2212 and Bi-2212 [19–22] at low
temperatures. Thus, in equation (3) the second term in
the denominator [µT ln(t/t0)] is significantly smaller than
[Uc(T )/kB] at low temperatures and can be neglected.
Furthermore, assuming 2D vortex pinning (see estimate
of Lc below) as the dominant mechanism, Uc(T ) can be
estimated in the following way. Depending on whether δl-
or δTc-pinning is relevant, corresponding expressions for
Uc(T ) have been reported by Wen et al. [23], which read
for the present 2D case

δl : Uc(t) = Uc(0)(1− t2)3/2(1 + t2)1/2 (4a)

δTc : Uc(t) = Uc(0)(1− t2)1/2(1 + t2)3/2, (4b)

with t = T/Tc the reduced temperature. Thus, the mod-
ified equation (3) together with equations (4) provide all
ingredients to describe the low temperature data of Fig-
ure 6 with Uc(0) being the only fitting parameter. The
dashed line in Figure 6 represents the result of such a fit-
ting procedure for δl-pinning with Uc(0) = 156 meV giving
a good description of the data. It is important to note that
by using equation (4b), i.e. δTc-pinning, one is not able to
obtain a reasonable fit to the experimental results. Thus,
at this point it is concluded that the observed increase of
the relaxation rate for increasing temperatures T ≤ 70 K
can be attributed to creep of 2D δl-pinned single vortices,
exhibiting a pancake behavior due to the high anisotropy
in our samples as opposed to the more isotropic YBaCuO.
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According to Maley et al. it is possible to determine
the activation barrier for vortex motion U(j) directly from
the relaxation data j(t) by using [24]

U (j, 0,H) = −kBT

[
ln

(
dj

dt

)
− C

]
g−1(T ). (5)

The constant C contains the magnetic induction and all
macroscopic properties such as the sample dimension,
whilst g(T ) contains the (separated) temperature depen-
dence according to g(T ) = [1− (T/Tc)

2]3/2. The possibil-
ity of such a separation was experimentally confirmed on
YBaCuO thin films by Xiao et al. [25].

To get a smooth master curve one has to take two dif-
ferent C’s, for T < 80 K a value of 40 is needed, while for
T > 80 K a value of 55 matches the individual relaxation
curves as can be seen in Figure 7 on double-log scales.
This different scaling behavior for T > 80 K is a further
hint to a crossover in vortex dynamics. These two dy-
namic regimes become even more clear by describing the
extracted current dependence of U(j) in terms of weak
collective pinning theory. There are two distinct regimes
clearly visible: (i) for 10 K ≤ T ≤ 70 K, the corresponding
exponent is µ = 0.06 (dotted line in Fig. 7), while (ii) for
T ≥ 85 K (low current regime) the exponent µ can be
deduced directly from the slope in the double-log plot of
Figure 7, since j � jc, i.e. log[U(j)] ∝ −µ log(j) which
yields µ = 0.99.

According to the WCPT, the effect of pinning by ran-
domly distributed weak pinning centers leads to a finite
correlation lengths Lc parallel and perpendicular to the
external magnetic field. Thus, in the parallel case vortex
segments of this length can be assumed to be pinned in-
dependently. Since in our experiment, the magnetic field
is aligned parallel to the c-axis, the appropriate length
reads [10]

Lcc
∼= εξab

√
j0

jc
, (6)

with the anisotropy factor ε < 1 and the depairing current
density j0 = cΦ0/(12

√
3π2λ2ξ). Taking the corresponding

coherence length ξab(0) = 25 Å, the penetration depth

λab(0) = 2 520 Å, jc(0) ≈ 5 × 106 A/cm
2

and ε = 0.01,

one gets Lcc(T = 0 K) = 0.9 Å, which is smaller than the

distance of CuO2-bilayers d = 15 Å and indicates 2D pin-
ning. A comparison between the pancake pinning energy
Upc

Upc =

(
Φ0

4πλab

)2

d

(
jc

j0

)
(7)

and the intralayer coupling energy Uint, 2D

Uint, 2D =

(
Φ0

4πλab

)2

d

(
ξab

2a0

)2

, (8)

yields Uint, 2D < Upc, which means that single vortex
(pancake) dynamics should be observed. The applicability

of WCPT is, however, in conflict with our experimental
observations, since it cannot explain the experimentally
seen anomaly of a decreasing relaxation rate S at high
temperatures T > 80 K (cf. Fig. 6).

A similar discrepancy has been reported some time
ago by van der Beek et al. [23]. They measured the re-
laxation of the magnetic moment of Bi-2212 single crys-
tals in fields between 0.1 T and 12 T. Based on WCPT
they implied single pancake behavior, but the expected
saturation of U(j) for decreasing currents has not been
found. Later, this inconsistency was emphasized by Blat-
ter et al. [10], who suggested the concept of variable range
hopping (VRH) [26,27] for obtaining a coupling of the
pancakes to form a 2D elastic manifold. The basic idea is
to substitute the coherence length ξab in the expression
for the intralayer coupling Uint, 2D = c66dξ

2
ab by a cur-

rent dependent long distance jump scale u(j) according
to Uint, 2D = c66du

2(j), with u(j) = ξab(jpc/j)
1/3 (jpc is

the pancake depinning current density, c66 is the shear
modulus). This means that for decreasing j the pancakes
will couple to each other when the shear energy is of the
order of the pinning energy and creep proceeds via the
activation of “pancakes bundles” (2D collective creep).

In the present case we attribute the peak in S(T ) at
T = 80 K to a crossover from 2D pinned single vortex dy-
namics at lower temperatures (corresponding to high cur-
rents j) to quasi-2D collective creep, where the coupling
of layers is weakened due to high temperatures, while pan-
cake vortices couple to each other and creep becomes more
sluggish with µ ∼= 1. The theoretical value originally given
by Feigel’man et al. for the 2D case is µ = 9/8 [3] be-
ing very close to the observed one. This theoretical value,
however, was questioned later by Blatter et al. [10] and Vi-
nokur et al. [28], who obtained µ = 7/4 and 1/2 ≤ µ ≤ 7/4
depending on pancake bundle sizes, respectively. To test
whether this increase in µ can be attributed to a move-
ment of 3D vortex bundles or rather to (quasi-)2D collec-
tive creep, the scaling behavior of the E-j curves according
to VG theory is analyzed.

3.3 Scaling analysis

In this section a scaling analysis of the E-j characteristics
is performed on the basis of VG theory [4]. Starting from
the divergencies at a finite glass temperature Tg of the
static coherence length ξV G(T ) ∝ |T − Tg|−ν and the dy-
namic relaxation time τV G(T ) ∝ |T −Tg|−νz with critical
exponents ν and z, scaling laws can be deduced for the
electric field E and current density j yielding [6]

E(j) ∝ j|T − Tg|
−ν(D−2−z)f±

(
j|T − Tg|

−ν(D−1)/T
)

, (9)

where f± represents a two-branched universal function
and D stands for the dimensionality of the problem. A
modification of equation (9) was proposed by Yamasaki
et al. for the interpretation of their E-j characteristics
measured on BiSrCaCuO thin films in a magnetic field
B = 2 T parallel to the c-axis. By taking the original
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formula they obtained the unphysical exponents z = 12.2
and ν = 0.69 [7]. Taking, however, D = 2 in equation (12)
leading to the so-called quasi-2D scaling, they obtained
the more reasonable values z = 5.61 and ν = 1.38. The
idea behind this reduced dimensionality is the concept of
quasi-decoupled CuO2-bilayers with the consequence that
only the in-plane correlation length ξab ∝ |T − Tg|−ν is of
relevance, whereas ξc (parallel to the c-axis) is substituted
by the temperature independent interlayer distance.

In the present work on Tl-2212 films in very low mag-
netic fields, by using the modified equation (9) we obtain
the critical exponents ν = 1.1, z = 12 and a finite glass
temperature of Tg = 96 K, as can be seen in Figure 8. It
is important to note that only the data above 80 K, which
according to the last section are expected to exhibit col-
lective behavior can be scaled. This corroborates the con-
clusion of the last section that there are two regimes of
completely different vortex dynamics, namely single vor-
tex (pancake) and quasi-2D at low and high temperatures,
respectively. The situation concerning the dimensionality
of the observed vortex dynamics is far from clear cut even
for identical systems like Tl-2212, showing either 3D [29]
and quasi-2D [9]. It may well be that a decision whether a
3D or quasi-2D description is more appropriate hinges on
sample anisotropy. The value of z = 12 as deduced from
our quasi-2D scaling appears relative high, yet not unrea-
sonable if compared to other values reported previously.
For example, z values of up to 10 have been found previ-
ously for Tl-2212 as well as for YBaCuO thin films [30–32].
There seems to be a tendency towards high z values for
very low magnetic fields or small sample dimensions.

Interestingly, Zavaritsky et al. measured the temporal
decay of the remanent state in Tl-2212 single crystals and
found an anomalous decrease in the normalized relaxation
rate S closely resembling that reported here occuring,
however, at the much lower temperature T = 23 K [33].
They interpret the drop in S(T ) as a crossover from single
vortex creep to a creep of vortex bundles. Nideröst et al.
report a similar anomaly in S(T ) observed by relaxation
measurements on the remanent state of Bi-2212 single
crystals [22]. From WCPT they suggest a crossover from
single pancake to vortex bundle creep. One has to distin-
guish, however, between vortex dynamics in crystals and
films, since the presence of the so-called fishtail peak in the
former generates a decrease in S(T ), too [34]. Miu et al.
measured transport properties of Bi-2212 thin films with-
out external magnetic fields and close to Tc [35]. Within
a small temperature range around 78 K, from their I-V -
characteristics a decreasing relaxation rate S is deduced
for increasing T -values while for even higher temperatures
S increases again. These authors interprete their observa-
tion as being due to a crossover from completely decoupled
2D layers to quasi-2D behavior with a finite coupling and
eventually to pure 2D again. The 2D behavior at high T is
attributed to thermal decoupling, the intermediate quasi-
2D part to a finite Josephson coupling which vanishes for
T < 78 K, since then the Josephson length given here by
λJ = d/ε exceeds the relevant probing length rc. An esti-
mate of rc for our present case yields a value rc ≈ 5 µm,
which by far exceeds λJ = 150 nm (for this estimate the

following parameters were assumed: T = 80 K, the slope
of the characteristic α ∼= 10, the spacing between the bi-
layers d = 15 Å and the current density at the anomaly
j = 1× 105 A/cm2 (cf. Fig. 5)). Obviously, the matching
of length scales λJ ≈ rc necessary for the above scenario
of a quasi-2D/2D crossover is not fulfilled in the present
case.

There is another important scenario of vortex dynam-
ics in highly anisotropic HTSC for the case of vanish-
ing external fields and elevated temperatures, where the
bilayers can be considered as being decoupled, namely
the Berezinskii-Kosterlitz-Thouless (BKT) picture [36,
37]. Within this theory dissipation is generated by ther-
mally excited 2D vortex/antivortex pairs, which for T <
TBKT < TMF

c are logarithmically bound and do not con-
tribute to a finite resistivity. At TBKT , however, the pairs
dissociate and produce a measurable voltage. For an ap-
plied current the pairs dissociate even below TBKT lead-
ing to a power-law behavior of I-V -characteristics accord-
ing to E ∝ jα(T ) with an universal jump of α from 3
to 1 at TBKT . Such a transition has been reported re-
cently to occur in Tl-2212 thin films for µ0H = 0 T
at a temperature TBKT = Tc(ρ = 0) = 103.7 K with
TMF
c = 109 K [9]. From the temperature dependence of
α(T ) it is found that for T < 93 K a deviation from the
theoretical BKT behavior occurs pointing to the develop-
ment of finite Josephson coupling between adjacent bilay-
ers. Interestingly, T = 93 K is the highest possible tem-
perature for measuring current decay within the present
work. This can then be understood by assuming that in
the true 2D case dissipation is large, leading to a fast
(1–2 s) decay of the induced current below the resolution
limit of the apparatus before taking the first data point.

4 Conclusion

Tl-2212 films were studied with respect to the temperature
dependence of the critical current density jc(T ), thereby
revealing an anomaly with reduced dissipation for increas-
ing temperature and allowing to construct a H-T border-
line. Such an anomaly cannot be explained by standard
collective pinning theory, which predicts in our case sin-
gle vortex (pancake) dynamics over the whole tempera-
ture range. From additionally determined normalized re-
laxation rate behavior S(T ) one concludes on two different
regimes of dynamics starting with a 2D pinned single vor-
tex behavior at low temperatures (T < 80 K) crossing over
to a plateau-like regime with reduced dissipation at high
temperatures (T > 80 K). The decreased relaxation rate is
attributed to an enhanced value of µ as consistently deter-
mined from the Maley-procedure. To extract the relevant
dimensionality of the vortex dynamics in the high temper-
ature regime, scaling analysis were performed pointing to
quasi-2D collective creep. For the underlying mechanism
leading to a coupling of pancace vortices at high temper-
atures, corresponding to low current densities, a hopping
process of vortices is suggested with a current dependent
hopping distance as has been used for variable range hop-
ping (VRH).
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