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Local Hall-probe-based susceptometry of Tl2Ba2CaCu2O8 epitaxial films: Critical state
and flux dynamics in collinear ac and dc magnetic fields
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The ac screening response of a superconducting epitaxial Tl2Ba2CaCu2O8 film in static and time-varying
magnetic fields collinear with the film normal is reported. The complex susceptibility components measured in
terms of the fundamental-~TH8 and TH9) and third-harmonic (uTH3u) transmittivities of a local Hall-probe
susceptometer are compared with the models of flux penetration in a disc-shaped thin superconductor. In the
absence of a dc field, the low-amplitude (h0<13.2 G) and low-frequency (f <1073 Hz) response is well
described by the Bean critical-state model applied to thin discs in a transverse ac field. TheJc calculated from
the model compares well with theJc measured in a four-probe transport geometry. When a dc field is
superimposed over the ac field, signatures of a creeplike motion of vortices are seen in a temperature regime
where uTH3u is nonzero. Vortex-glass/collective-pinning theories for a three-dimensional vortex system are
considered to understand this behavior in a high-temperature (T>60 K) low-field (m0H<0.5 T) regime. The
irreversibility field derived from the onset temperature ofuTH3u varies asH(T);(12t)n on theH-T plane,
with n51.2. At low fields, this line also represents the variation of the vortex-glass temperatureTg with field
inferred from the tail of the resistive transition.

DOI: 10.1103/PhysRevB.63.214501 PACS number~s!: 74.72.Fq, 74.76.2w
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I. INTRODUCTION

The theory of magnetic-flux penetration and ac losses
disc- and slab-shaped thin superconducting films subjecte
perpendicular ac and dc magnetic fields has attracted m
attention in recent years1–8 It has been argued that for low
amplitude quasistatic fields, the response of a disc-sha
superconductor can be described under the framewor
Bean’s critical-state ~CS! model.9 Accordingly, in a
transverse-field geometry the flux front penetrates the
radially inwards up to a distance over which the local curr
densityJ is equal to the critical current densityJc . However,
unlike the ideal case of CS in an infinite cylinder subjected
an axial field, the current density in the flux-free central
gion of the disc is not zero, but decreases smoothly fromJ
5Jc at the edge of the flux front toJ50 at the center of the
disc. While the static nonlinear response as embodied in
Bean model is followed in the strong-pinning regime of
superconductor subjected to low-frequency low-amplitude
field, deviations from this ideal behavior are expected at
higher values of temperature, frequency, and field stren
These deviations from the Bean model occur due to th
mally activated flux-creep and flux-flow processes, which
quite dominant in high-Tc cuprates. While there are a larg
number of experiments that have established the existenc
thermally activated processes,10–13 and the general theorie
of diffusive and nonlinear vortex motion are available
detail,14–17 the specific case of a high-Tc thin-film supercon-
ductor subjected to a transverse ac field is being tackled
recently.6–8

Unlike the case of YBa2Cu3O7,
6,7 where the low-

frequency ac response is in agreement with the prediction
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the modified Bean model,1–3 Tl2Ba2CaCu2O8 ~Tl-2212! and
Bi2Si2CaCu2O8 ~Bi-2212! are expected to show the effects
thermally activated flux creep even at small driving forc
due to their two-dimensional character. In fact, the vor
phase diagram of a system like Tl-2212 is rather complica
due to many competing interactions of nearly the sa
strength. The dynamical response of vortices in such a
tem will have elements of self organization and criticalit
hysteretic and history effects, and plastic/elastic motion.18,19

Measuring these effects needs probes of varying stren
and time scales. Measurements of ac susceptibility and
higher harmonics provide a powerful method to study diff
ent regimes of vortex dynamics. For example, the third h
monic susceptibility is very sensitive to the onset of a no
linear response. Similarly, by changing the strength of
perturbation, a transition from elastic to plastic motion c
be triggered in the vortex phase. However, the studies
vortex dynamics in the Tl-2212 system have been limi
primarily to standard dc transport and magnetizat
measurement.20–24 In this paper we report measurements
vortex dynamics in Tl-2212 films using a local Hall-probe
susceptometer. We first apply transverse-field theories of
field penetration to square-shaped thin-film samples and
tablish the applicability of the static Bean model. Detail
measurements of low-field high-temperature vortex dyna
ics and the applicability of vortex-glass/collective-cre
models for dissipation are discussed subsequently.

II. SCREENING RESPONSE OF
A THIN-FILM SUPERCONDUCTOR

IN TRANSVERSE-FIELD GEOMETRY

The applicability of the Bean critical-state model to a th
circular disc of a superconductor subjected to a lo
©2001 The American Physical Society01-1
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SAHOO, PATNAIK, BUDHANI, AND HOLSTEIN PHYSICAL REVIEW B63 214501
frequency oscillating magnetic field perpendicular to
plane was examined first by Mikheenko and Kuzovlev1 and
subsequently by Zhuet al.2 This work has been extended b
Clem and Sanchez3 to calculate hysteretic-magnetizatio
curves and ac-susceptibility components~xn8 andxn9). Brandt
and coworkers, in a series of publications,4–6 have discussed
the applicability of the static~without creep! and dynamic
~with creep and flow! critical state to thin superconductors
rectangular, strip, and ring geometries. Following Clem a
Sanchez,3 the components of the complex susceptibility u
der the static-CS case for a disc of radiusR and thicknessd
placed in a transverse ac field of the typeh5h0 exp(2ivt)
are given as

xn85
2x0

p E
0

p

~12cosu!S@~x/2!~12cosu!#cosnu du

~1!

and

xn95
2x0

p E
0

p

$2S~x!1~12cosu!S

3@~x/2!~ l 2cosu!#%sinnu du ~2!

wherex5h0 /Hd , Hd5Jcd/2, andx058R/3pd, and

S~x!5
1

2x S cos21F 1

coshxG1
sinhx

cosh2 xD .

In the limit of very small ac-field amplitudes (x!1), the
components of the fundamental susceptibility are

x852x0~12 15
32 x2!, ~3!

x95x0x2/p. ~4!

Numerical calculations of Clem and Sanchez further sh
that the peak inx9 occurs atx51.942, which implies that the
ac-field amplitude corresponding to the peak ishm
50.97Jcd. Calculations of Brandt for square- and dis
shaped thin samples suggest that the difference inhm for the
two cases is only;0.2%.

Deviations from this quasistatic description of the mix
state, in which the flux front moves towards the center of
thin disc, occur only when the currentJ exceeds the critica
current densityJc . These deviations are due to therma
activated flux-creep and flux-flow processes. A macrosco
description of the diffusive and creeplike motions of the fl
into the virgin areas of the sample when it is subjected
multaneously to dc and collinear low-amplitude ac magne
fields has been given by many workers.25–27 van der Beek,
Geshkenbein, and Vinokur26 have derived a diffusionlike
equation for flux motion by making use of the Maxwell
equations and the constitutive relationE5r(J,v,B,T)J,
wherer is the complex resistivity andE andJ are the elec-
tric field and current density, respectively. In the flux-flo
regime, the resistivityr is independent ofJ, and the solution
of the diffusion equation directly gives the ac penetrat
depth. The linear-response theory can be extended to
regime of temperature and field where the current-volt
21450
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curves are nonlinear by assuming a thermally activa
current-dependent resistivity of the form

r~J,v,B,T!5r0 exp@2U~J,v,B,T!/kBT#, ~5!

wherer0 is a preexponential term andkB is Boltzman’s con-
stant. The activation energyU(J,v,B,T) is given as

U~J,v,B,T!5kBT ln~1/vt!, ~6!

where the relaxation timet5m0h0
2/r0J2. The barrier for

vortex motion depends on the current densityJ. In the vortex
solid phase with a weak zero-dimensional pinning disord
the vortex-glass28 or collective-creep29 type of scenario bes
describes the motion of flux lines. These models predict t
for a given temperature, flux density, and frequency, the
tivation energyU(J) diverges algebraically with the decrea
ing current asU(J)5Uc(Jc /J)m, where the powerm is a
universal constant of the order unity in the vortex-glass p
ture. A similar type of behavior is also expected in the pr
ence of correlated pinning disorder, albeit with different v
ues of Uc , Jc , and m.30,31 Combining this form of the
current-dependent barrier height with Eqs.~5! and ~6!, we
can write the following explicit form for the screening cu
rent induced in the sample by the ac field;

J5JcFkBT

Uc
lnS 1

vt D G21/m

. ~7!

This expression shows that measurements of the freque
dependence of ac screening currents provide important in
mation about the mechanism of flux penetration in a sup
conductor with quenched-in pinning disorder.

III. EXPERIMENTAL DETAIL

Thin films of Tl2Ba2CaCu2O8 were prepared on
(100) LaAlO3 substrates by a two-step process that involv
rf magnetron sputtering of a BaCaCuO target followed
annealing in an atmosphere of controlled Tl2O and O2 partial
pressures. Details of film preparation and x-ray-based c
acterization are described elsewhere.32 Transport critical-
current-density measurements were carried out on a ph
lithographically fabricated bridge (10031000mm2) of the
film in a four-probe geometry. The ac response of the sam
in a perpendicular field configuration was measured usin
local Hall-probe-based susceptometer, which consists o
GaAs/GaxAl12xAs Hall sensor of effective area 2
325mm2 mounted at the center of a 850-turn copper coil
inner diameter;0.7 cm. This coil, when driven with a sinu
soidal voltage, provides an ac magnetic field of desired a
plitude ~<13.2 G! and frequency~<1073 KHz! perpendicu-
lar to the plane of the Hall probe. A square piece
35 mm2) of Tl-2212 film is placed on the top of the Ha
sensor such that the latter is located at the center of the fi
This assembly is placed inside a stainless steel dip-stick
ostat for measurements down to 60 K in a subatmosphe
pressure liquid-nitrogen bath. The cryostat is placed betw
the pole pieces of a 1-T electromagnet. In all our measu
ments the dc field was always perpendicular to the plane
the sample. The Hall probe was biased with a highly sta
1-2
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LOCAL HALL-PROBE-BASED SUSCEPTOMETRY OF . . . PHYSICAL REVIEW B 63 214501
30 mA dc current from a battery source. In the present
ometry, the Hall sensor measures the vector sum of the m
netic fields of all external sources and of the induced scre
ing currents in the sample. The voltage output therefore
both ac and dc components. In this experiment we have m
sured only the fundamental- and third-harmonic compone
of the ac Hall voltage using a two-phase digital lockin a
plifier. Following the procedure of Gilchrist an
Konczykowski,33 we calculate the fundamental- and thir
harmonic transmittivities,TH8 and TH9 , and uTH3u, respec-
tively, from the measured voltage at the fundamental- a
third-harmonic frequency. The transmittivities are defined

TH85
@V8~ f ,T!2V8~ f ,T!Tc!#

@V8~ f ,T@Tc!2V8~ f ,T!Tc!#
, ~8!

TH95
@V9~ f ,T!#

@V8~ f ,T@Tc!2V8~ f ,T!Tc!#
, ~9!

and

uTH3u5
V~3 f ,T!

@V8~ f ,T@Tc!2V8~ f ,T!Tc!#
~10!

whereV8( f ,T) andV9( f ,T) are the inphase and quadratu
components of the lockin voltage at a given frequency a
temperature andV(3 f ,T) is the rms value of the third
harmonic signal. The inphase and quadrature componen
the fundamental transmittivities are related to the real
imaginary parts of the ac susceptibilityx asx85TH821 and
x95TH9 .

IV. RESULTS

We have measured the frequency and ac-field-amplit
dependence ofTH8 , TH9 , anduTH3u. In the absence of a d
field, the screening response of the sample does not s
any frequency dependence over a frequency range o
Hz–1 kHz. This suggests that the static critical-state mo
can be applied to understand the magnetic state of the
film. When a dc magnetic field is superimposed over
small ac field, the fundamental- and third-harmonic transm
tivities show frequency as well as amplitude dependen
This behavior is indicative of thermally activated flux-cre
and flux-flow processes. For a thin film in a transverse
ometry, even a small dc field would lead to uniform dist
bution of flux lines in the plane of the sample. The screen
currents induced by the ac field over the length scale of
order of the Bean length from the periphery of the sam
exert Lorentz force on these flux lines. Depending on
temperature and flux density, the flux lines move towards
center of the sample during one half of the ac cycle a
towards the edges during the other half. In a local Hall-pro
geometry we can define a normalized shielding current d
sity J* , which is related to the broad-band transmittivi
(TH8) as31,33

J* 51/p cos21~2TH821!. ~11!
21450
-
g-
n-
as
a-
ts
-

d
s

d

of
d

e

ow
73
el
in
e
t-
e.

-

g
e
e
e
e
d
e
n-

The frequency-dependentJ* computed from the measure
TH8 data can be compared with various models for the cre
like motion of various in high-Tc superconductors.

A. Ac response in the absence of a dc field

First we present results of screening measurements
formed when only a small sinusoidally time-varying ma
netic field is applied perpendicular to the plane of t
sample. Figure 1~a! shows the inphase transmittivity (TH8)
measured as a function of temperature at different amplitu
of a 73-Hz ac field. The temperature at whichTH8 reaches
unity has been identified as the critical temperatureTc of the
sample. As the ac field amplitude is increased from 1.32
13.2 G, the superconducting transition broadens consi
ably. This large broadening of the transition is a characte
tic feature of the layered cuprates such as Tl-2212 and
2212, and it indicates a highly dynamic vortex state in the
superconductors. In Fig. 1~b!, we show the out-of-phase
component of the transmittivity (TH9). As expected for the
imaginary part of the fundamental susceptibility, theTH9
goes through a peak value on decreasing the tempera
The peak broadens and its position shifts to lower tempe
ture at the higher values ofh0 . We also observe a sligh
increase in the amplitude of the peak with increasingh0 . We
have measured the broadband transmittivities~TH8 andTH9)
at several temperatures as a function of the ac field am
tude. The static critical-state~SCS! model1–3 shows that for a
thin disc-shaped sample, if theTH9 is measured as a functio
of h0 , the fieldhm corresponding to the peak inTH9 is re-
lated toJc as hm5Jcd/1.03. TheTH9 vs h0 data therefore
allow determination of the temperature dependence ofJc .

FIG. 1. ~a! Temperature dependence ofTH8 measured at 1.32
2.64, 3.96, 5.28, 6.6, 7.92, 10.6, and 13.2 G amplitudes of a 73
ac field.~b! The corresponding variations ofTH8 .
1-3
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SAHOO, PATNAIK, BUDHANI, AND HOLSTEIN PHYSICAL REVIEW B63 214501
We have calculated the critical current density using the d
of Fig. 1~b!. TheJc follows a temperature dependence of t
type Jc;Jc0(12T/Tc)

b with Jc0 and b equal to 2.5
3107 A/cm2 and 1.7, respectively. TheJc deduced from the
transport measurements using a 1-mV/cm field criterion also
shows a similar temperature dependence albeit with a m
ginally lower value, which is perhaps due to some degra
tion of the film during lithographic processing.

The applicability of the SCS model to the present case
low-frequency and low-amplitude ac response is valid if
can be shown that the susceptibilitiesx8 andx9 at all tem-
peratures and frequencies scale with the normalized fi
h0 /hm , as predicted by Eqs.~1! and~2!. In Fig. 2, we show
x8 vs h0 /hm at seven different temperatures. A good scal
of the data with the normalized field is evident and the c
culatedx8 from Eq. ~1! also agrees with the experiment
data. The fact that normalized susceptibility is independ
of temperature indicates that thermally activated proces
are not operational in these low-ac-field amplitude meas
ments, and the SCS model gives a correct description of
ac response. We, however, could not establish the up
bound of the ac field to which the theory is applicable b
cause of the limited field generated by the Hall-probe co

In the presence of a collinear dc magnetic field, t
fundamental- and third-harmonic transmittivities become f
quency dependent. In Figs. 3~a!, 3~b!, and 3~c! we show the
behavior ofTH8 , TH9 , and uTH3u as a function of tempera
ture when both a 1-kG dc field and a 1.32-G ac field
variable frequency were applied to the sample. A progres
shift of the superconducting transition to higher temperatu
is seen in bothTH8 and TH9 data with the increasing fre
quency. The peak in third-harmonic transmittivityuTH3u be-
comes sharper, its amplitude decreases, and it shifts to hi
temperatures as the frequency of the ac field is raised.
temperature at which the third-harmonic susceptibility b
comes detectable on cooling, marks the onset of irrevers
behavior in the sample. The third-harmonic susceptibility h
also been measured for different values of the dc field w
keeping the ac field frequency and amplitude fixed at 73
and 1.32 G, respectively. The irreversibility line extract
from these measurements is shown in Fig. 4. In the inse
Fig. 4, we show the frequency dependence of the irrev
ibility line at 1 kG field. Extrapolation of the frequency de

FIG. 2. Real part of the fundamental susceptibility (x8) plotted
as a function of the normalized field (h0 /hm) at different tempera-
tures. The solid line is a calculation ofx8 using Eq.~1! of the text.
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pendence to zero frequency yields the true irreversibi
temperature at 1 kG field. The irreversibility fieldH irr(T)
shown in Fig. 4 has a temperature dependence of the
H irr;(12T/Tc)

n with n51.2. It is instructive to compare
the behavior ofH irr(T) with the vortex-glass fieldH(Tg) of
similar Tl-2212 films deduced by Deaket al.21 from the form
of the resistivity in the critical regime of the vortex-glas
transition. The power ‘‘n’’ in the work of Deak et al.21 is
2.660.5. For a vortex-glass to vortex-liquid phase bounda
however, the expected field dependence is of the t
H(Tg);(Tc2Tg)4/3.28

In the case of high-Tc cuprates of general formula
Bi2Sr2Can21CunO2n14 and Tl2Ba2Can21CunO2n14 ~where
n52 and 3!, the copper-oxide planes are separated by in

FIG. 3. Frequency dependences ofTH8 , TH9 , anduTH3u when a
1-kG dc field is applied parallel to a 1.32-G, 73-Hz ac field a
shown in panels~a!, ~b!, and~c!, respectively.

FIG. 4. Irreversibility line for the Tl2Ba2CaCu2O8 thin film.
Solid line is a fit to equationH irr;(12T/Tc)

n. Inset shows the
frequency dependence of the irreversibility temperature at a 1
dc field.
1-4
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LOCAL HALL-PROBE-BASED SUSCEPTOMETRY OF . . . PHYSICAL REVIEW B 63 214501
lating ~Bi/Tl !-O and~Sr/Ca!-O layers of total thickness;15
Å. This large separation between the superconducting pla
affects the mixed state significantly. A vortex in this case
not a stringlike object having uniform azimuthal superc
rents. For magnetic-field direction perpendicular to the Cu2

planes, it is a string of planar current loops on the superc
ducting planes. These so-called pancake vortices co
along the field direction via Josephson interlayer coupli
The physics of a clean system is governed by two charac
istic lengths: the vortex spacinga5(f0 /B)1/2 and the Jo-
sephson lengthgs. Heref0 is the flux quantum, ands andg
are the interlayer spacing and anisotropy parame
respectively.18 The factorgs defines the crossover fieldBcr

;f0 /(gs)2 above which the intraplane interaction of pa
cakes exceeds the interlayer coupling. The vortex solid fo
clean system atB,Bcr forms the Abrikosov lattice as see
through neutron scattering34 and muon spin-rotation
experiments.35 In the presence of quenched-in disorder,
vortex-glass phase is expected to form forB,Bcr and show
highly nonlinear dissipation.

For temperatures below the onset of third-harmonic s
ceptibility, the ac response of the system is indeed hig
nonlinear. The behavior of the induced currents in the n
linear regime is governed by nucleation and subsequ
growth of vortex-loop excitations under the influence of t
Lorentz force. The critical loop size becomes vanishin
small asJ goes to zero. In Fig. 5, we show the temperatu
dependence of normalized screening current density ded
from the TH8 data of Fig. 3 as calculated from Eq.~11!.
These measurements allow us to plot the normalized scr
ing current density as a function of the drive frequency. T
J(v) in the vortex-glass/collective-creep scenario is e
pected to follow Eq.~7! in the temperature range where th
third-harmonic susceptibility is nonzero. In Fig. 6 we plot t
normalized current density as a function of the log of f
quency. Solid lines in the figure are the fits to the vorte
glass/collective-creep model. The parameters deduced
these fits areUc ,Jc , t, and the creep exponentm. In Fig.

FIG. 5. Temperature dependence of the normalized scree
current densityJ derived from theTH8 data of Fig. 4~a!.
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7~a! we show the variation ofUc andm with temperature for
the 1 kG field measurements. Similarly, variations for t
relaxation timet andJc are shown in Fig. 7~b!.

V. DISCUSSION

The dynamic behavior of vortices in a highly anisotrop
superconductor such as Tl-2212 depends on the rela
strengths of Josephson coupling across the planes, in-p
repulsion between pancakes, and pinning disorder vis-a
the thermal energykBT. As the vortices come closer with th
increasing field, the in-plane interaction far exceeds the
sephson coupling, and the vortices in each plane bec

ng

FIG. 6. Frequency dependence of the normalizedJ at tempera-
tures ranging from 75.5 to 81.5 K in 0.5 K increments when a 1-
dc field is applied normal to the film plane~parallel toc axis!. Solid
lines in the figure are fits to Eq.~7!.

FIG. 7. ~a! Temperature dependence ofU0 andm at 1 kG field.
~b! Temperature dependence ofJc and t at the same field. Solid
lines in the figure are guides to the eyes.
1-5



w

e
is
is

lo
ss

a

n
n
to

ss

h
ze
th
hi

e
th

si
he

r
e

o

le
e

ne
fir

th
m
c
o
r

w

s
bil
nd

e
r

for
at a
D-
d

ime

to

ent
-
f
tz

he
-
om

n-
he
re

m-
ure-
-

e
e

kG,
lso
red

SAHOO, PATNAIK, BUDHANI, AND HOLSTEIN PHYSICAL REVIEW B63 214501
decoupled. In a clean system these decoupled vortices
freeze into a two-dimensional~2D! lattice at a temperature
close to the solidification temperature of vortices in a sup
conducting layer.36 For a single layer, this temperature
independent of field. In the presence of a weak pinning d
order, the layers of pancakes can behave at
temperatures as a stack of independent 2D vortex gla
with a diverging glass-correlation length.28 At fields
B,Bcr„52p@f0 ln(gKmaxd)#/g2d2

…, whereKmax determines
the size of the vortex core and can be approximated
;1/jab , wherejab is the ab-plane coherence length,37 the
2D vortices are correlated along the field direction~c axis!,
and a true 3D vortex-glass phase showing zero dissipatio
the limit of infinitesimal driving force is formed. It has bee
argued that the 3D glass in highly layered superconduc
undergoes a two-step transition on heating beyondTg .37

First, a liquid of stringlike vortices appears atTg that even-
tually goes to a liquid of uncorrelated 2D vortices. The cro
over fieldBcr for Tl-2212 compound is;400 G.

It has been argued by Glazman and Koshelev37 that the
3D liquid in fact is also pinned by disorder, and just as in t
case of the vortex-glass phase the linear resistance is
here as well. The linear dissipation appears only when
system goes to the 2D liquid state. The field at which t
happens is given as,37

B̃m~T!5
f0

3~12t !

~4plc!
2dT

am , ~12!

where t is the reduced temperature,am is a universal con-
stant;0.1, andlc is thec-axis penetration depth. Since th
present experiments focus only on the low-field behavior,
ac response of the system on cooling belowTc should, in
principle, show this two-step transition.

Measurements of Deaket al.21 on similar samples show
two distinct forms of the temperature dependences for re
tivity in the tail of the transition. In both these regimes, t
resistivity follows the vortex-glass type of behaviorr(T)
5(T2T* )v(221), albeit with differentT* and critical expo-
nents~v and z!. These authors21 have attributed the highe
and lower values ofT* to the decoupling transition in th
liquid phase and the true vortex-glass transitionTg , respec-
tively. The contrast between the model of Glazman and K
shelev and the measurements of Deaket al. is evident here.
The latter’s observation of linear resistivity and reversib
magnetization aboveTg contradicts the argument that in th
vortex-line liquid-state disorder effectively pins each li
and the linear resistance is zero. The issue whether the
order melting transition and the loss ofc-axis correlation in
the liquid phase of quasi-2D superconductors occur at
same temperature or different temperatures has gained
attention recently.38–40 The Josephson plasma resonan
experiments40 seem to suggest that the melting and loss
c-axis correlation in the liquid occur at the same temperatu
This issue in clean superconductors, as well as in those
weak pinning disorder, is not yet fully settled.

In order to establish a correspondence between the los
linear resistivity and the onset of third-harmonic suscepti
ity, we show in Fig. 8 the resistivity of a sample at 0, 1, a
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2 kG fields along with its third-harmonic transmittivity. Th
shape of ther vs T curve in the figure is similar to the earlie
reports on Tl-2212 films.21,22,41It is clear from the figure that
uTH3u starts appearing at the temperature whereṙ(T) van-
ishes. In fact the glass transitionTg deduced from a linear fit
of the typer(T);(T2Tg)x, wherex5v(z21) is the same
as the onset temperature ofuTH3u. The value ofx in our
measurement is 1.8. This observation suggests thatTg is
same as the irreversibility temperature. The resistivity
two fields reported here also indicates a change of slope
slightly higher temperature, which is perhaps due to a 3
to-2D vortex liquid transition identified by Deak an
co-workers.21

We now discuss the behavior of the system in the reg
of nonlinear response. The screening currentJ at low fields
(,Bcr), where vortices are indeed rectilinear, can be fitted
the vortex-glass/collective-creep formalism@Eq. ~7!#. The fit-
ting procedure allows calculations of the current-independ
activation energyUc(T,H) and the vortex-glass/collective
creep exponentm. The latter is related to the critical size o
the vortex loop, which grows under the action of the Loren
force and leads to dissipation. The vortex-glass theory28 pre-
dicts m to be a universal constant of the order unity. T
exponentm in the collective-creep theory29 depends on mag
netic field, temperature, and current density, and varies fr
1
7 at low temperatures to12 close to the irreversibility line with
a peak value of32 in between. For an anisotropic superco
ductor like Tl-2212, 2D collective creep may represent t
correct form of dissipation in the vortex solid phase. He
also the exponent varies between1

3 and 9
8.

18 The m in the
present study varies from 0.4 to 0.7 on increasing the te
perature. Other workers have also reported a temperat
and field-dependentm.23,24,42–44 Magnetization measure
ments on YBa2Cu3O7 ~YBCO! crystals,42 for example, reveal
that the variation ofm with T at 10 kG has a domelike shap
with a peak value of 1.8 at;30 K. A systematic dependenc
of m on the applied fieldH and temperatureT has been
deduced by Wenet al.23 for ring-shaped Tl-2212 films using
torque magnetometry. At low fields~,4 kG!, they observe a
monotonic increase inm from ;0.05 to;0.2 with tempera-
ture in the range 4.2 to;60 K. This is followed by a sudden

FIG. 8. Temperature dependence of the resistivity at 0-G, 1-
2-kG dc fields applied perpendicular to the film plane. Figure a
shows the third-harmonic transmittivity of the same film measu
at 73 Hz.
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drop of m to zero as the irreversibility temperature
reached. For fields between 4 and 7 kG,m changes sign from
positive to negative in the temperature range of 4.2 K a
Tirr . For H.7 kG however,m is always negative forT
.4.2 K and its extrapolated value atT50 is zero. Wen
et al.23 associate them50 line on theH-T plane to a vortex-
liquid to vortex-glass transition. Since for a 2D vortex gla
Tg50,28 Wen et al. conclude that a dimensional crossov
from a 3D to a 2D vortex-glass phase occurs aroundH
;7 kG in this system. A further study of magnetization r
laxation on similar samples by Wenet al.24 shows a 3D to
2D vortex-glass crossover at a field as low as 1 kG. Th
authors attribute the difference in the crossover field repo
in the two studies23,24 to a varying degree of structural de
fects in their films.

Recalling the relationU(J)5U(T,H)(Jc /J)m,U(T,H) is
the effective barrier height whenJ5Jc . In 3D collective
creep, it varies as

Uc>S Tc

AGi
D S Jc

J0
D 1/2

whereJ0 is the depairing current density andGi is the Gin-
zberg number.18 Clearly, Uc(T,H) is expected to go asAJc
in temperature. Its value at 1 kG field is in agreement w
the activation energy for flux motion in Bi-2212 deduc
from the Arrhenious plots of the frequency and the pe
temperaturex9,45 but it is smaller than the reported value
for YBCO ~Ref. 46! and Nd1.85Ce0.15CuO4 ~Ref. 47! systems.
One important parameter that comes out after fitting the d
to Eq.~7! is the relaxation timet. Blatteret al.18 have shown
that t is a microscopic time of the order of;1026 sec,
which depends on sample size and geometry. The valuet
in our case varies from;0.1 to ;5.5 msec as the tempera
ture is raised from 76 to 82 K. Similar values oft have been
reported in the case of Bi-2212 and YBCO crystals.48,49Fur-
thermore, it is shown thatt;Uc

21 under the collective-creep
model. This dependence is evident in Fig. 7.
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VI. CONCLUSIONS

We have made use of a local Hall-probe-based susc
tometer to measure the screening response
Tl2Ba2CaCu2O8 epitaxial films when an ac field of varying
amplitude and frequency was applied perpendicular to
plane of the film. We have compared our measurements w
a recent model for screening response of a disc-shaped
superconductor subjected to an ac field normal to its pla
Our observation of a temperature-independent susceptib
which scales with the normalized field, and the calcula
Jc , which compares well with the measured transportJc ,
lends support to the applicability of the model. The ac
sponse when a dc field is applied collinear with the ac p
turbation has the signature of thermally activated creep in
regime of temperature where the third-harmonic suscept
ity is nonzero. TheH-T phase boundary, below which th
response is irreversible, varies asH(T);(12t)n, with n
51.2. We find that the frequency dependence of screen
currents in the irreversible regime is consistent with t
vortex-glass/collective-creep picture. The critical paramet
of the collective-creep theory such asUc , m, and t have
been inferred form the screening data. We have also
tracted the low-fieldTg from the temperature dependence
flux-flow resistivity at very low levels of dissipation. Th
glass-transition temperature is same as the irreversib
temperature deduced from the onset of the third-harmo
component to the susceptibility. While identification ofTg
with the irreversibility temperature (Tirr) over the entire
phase diagram would require measurements ofTg for large
values of the dc field, our data over a limited dc field ran
suggest that the response of 3D flux liquid is not irreversib
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