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Local Hall-probe-based susceptometry of TiIBa,CaCu,Og epitaxial films: Ciritical state
and flux dynamics in collinear ac and dc magnetic fields

Leena K. Sahoo, S. Patnaik, and R. C. Budhani
Department of Physics, Indian Institute of Technology Kanpur, Kanpur-208016, India

W. L. Holstein
DuPont Central Research and Development, P.O. Box 80262, Wilmington, Delaware 19880-0262
(Received 24 October 2000; published 27 April 2p01

The ac screening response of a superconducting epitaxBblaCyOg film in static and time-varying
magnetic fields collinear with the film normal is reported. The complex susceptibility components measured in
terms of the fundamentalT,, and T,;») and third-harmonic |Tys|) 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-amplitudgy&13.2 G) and low-frequencyf& 1073 Hz) response is well
described by the Bean critical-state model applied to thin discs in a transverse ac field. CBheulated from
the model compares well with th&, 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 | T3] is nonzero. Vortex-glass/collective-pinning theories for a three-dimensional vortex system are
considered to understand this behavior in a high-temperaiure60 K) low-field (uoH=<0.5T) regime. The
irreversibility field derived from the onset temperature| ®f;5| varies asH(T)~(1—t)" on theH-T plane,
with n=1.2. At low fields, this line also represents the variation of the vortex-glass tempefgtwiéh field
inferred from the tail of the resistive transition.
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. INTRODUCTION the modified Bean modéf;® TI,Ba,CaCyOg(TI-2212) and
Bi,Si,CaCyOg (Bi-2212) are expected to show the effects of
The theory of magnetic-flux penetration and ac losses ithermally activated flux creep even at small driving forces
disc- and slab-shaped thin superconducting films subjected @ue to their two-dimensional character. In fact, the vortex
perpendicular ac and dc magnetic fields has attracted mudthase diagram of a system like TI-2212 is rather complicated
attention in recent years It has been argued that for low- dué to many competing interactions of nearly the same
amplitude quasistatic fields, the response of a disc-shapedir€ndth. The dynamical response of vortices in such a sys-

superconductor can be described under the framework m will have elements of self organization and criticality,
Bean's critical-state (CS) model® Accordingly, in a ysteretic and history effects, and plastic/elastic motfoii.

. . Measuring these effects needs probes of varying strengths
transverse-field geometry the flux front penetrates the disgnq time scales. Measurements of ac susceptibility and its

radially inwards up to a distance over which the local currentjigher harmonics provide a powerful method to study differ-

densityJ is equal to the critical current densily. However,  ent regimes of vortex dynamics. For example, the third har-
unlike the ideal case of CS in an infinite cylinder subjected tamonic susceptibility is very sensitive to the onset of a non-
an axial field, the current density in the flux-free central re-linear response. Similarly, by changing the strength of ac
gion of the disc is not zero, but decreases smoothly flom perturbation, a transition from elastic to plastic motion can
=], at the edge of the flux front td=0 at the center of the be triggered in the vortex phase. However, the studies of
disc. While the static nonlinear response as embodied in theéortex dynamics in the TI-2212 system have been limited
Bean model is followed in the strong-pinning regime of apPrimarily to standard dc transport and magnetization
superconductor subjected to low-frequency low-amplitude a@weasuremer?ﬁ‘z“.ln this paper we report measurements of

field, deviations from this ideal behavior are expected at th¥ortex dynamics in TI-2212 films using a local Hall-probe ac

higher values of temperature, frequency, and field Strengﬁusceptometer. We first apply transverse-field theories of ac-

These deviations from the Bean model occur due to theri€!d penetration to square-shaped thin-film samples and es-

mally activated flux-creep and flux-flow processes, which ard@Plish the applicability of the static Bean model. Detailed
quite dominant in highF, cuprates. While there are a large measurements of low-field high-temperature vortex dynam-

number of experiments that have established the existence {6 and the applicability of vortex-glass/collective-creep

thermally activated process¥s3 and the general theories models for dissipation are discussed subsequently.
of diffusive and nonlinear vortex motion are available in
detail 1*~1"the specific case of a high thin-film supercon-
ductor subjected to a transverse ac field is being tackled only
recently®~®

Unlike the case of YBgu0,%’ where the low- The applicability of the Bean critical-state model to a thin
frequency ac response is in agreement with the predictions @frcular disc of a superconductor subjected to a low-

1. SCREENING RESPONSE OF
A THIN-FILM SUPERCONDUCTOR
IN TRANSVERSE-FIELD GEOMETRY
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frequency oscillating magnetic field perpendicular to itscurves are nonlinear by assuming a thermally activated
plane was examined first by Mikheenko and Kuzovlamd  current-dependent resistivity of the form

subsequently by Zhat al? This work has been extended by

Clem and Sanchézto calculate hysteretic-magnetization p(J,0,B,T)=poexd —U(J,w,B,T)/kgT], &)
curves and ac-susceptibility componefs andxy). Brandt  \yherep, is a preexponential term arg is Boltzman’s con-
and coworkers, in a series of publicatidh§ have discussed  stant, The activation enerdy(J,,B,T) is given as

the applicability of the statig¢without creep and dynamic

(with creep and flowcritical state to thin superconductors of UJ,w,B,T)=kgT In(LwT), (6)
rectangular, strip, and ring geometries. Following Clem and , o 2 ) )
Sanche? the components of the complex susceptibility un-Where the relaxation timer= suohg/poJ®. The barrier for
der the static-CS case for a disc of radRisnd thicknessl ~ VOrtéx motion depends on the current denditin the vortex
placed in a transverse ac field of the tyipe hy exp(—iwt) solid phase with a weak zero-dimensional pinning disorder,

are given as the vortex-glas® or collective-creep’ type of scenario best
describes the motion of flux lines. These models predict that
. 2x0 (7 for a given temperature, flux density, and frequency, the ac-
Xn=" (1—cos#)S[(x/2)(1—cos#)]cosndde tivation energyU (J) diverges algebraically with the decreas-

1) ing current asU(J)=U.(J./J)*, where the powel is a
universal constant of the order unity in the vortex-glass pic-

and ture. A similar type of behavior is also expected in the pres-
5 ence of correlated pinning disorder, albeit with different val-
Q=£JW{—S(X)+(1—COSQ9)S ues of U, J¢, and p.>**' Combining this form of the
7T Jo current-dependent barrier height with E@S) and (6), we
. can write the following explicit form for the screening cur-
X[(x/2)(1—cos#) J}sinn6 dg (2) rent induced in the sample by the ac field;
wherex=hgy/Hy, Hy=J.d/2, andy,=8R/3=d, and T 1\ s
=328 0l —
1 1 sinhx I=J U In(wT 0
S(X)= 551 05| Costx| T cosix)°

This expression shows that measurements of the frequency

In the limit of very small ac-field amplitudesx1), the dependence of ac screening currents provide important infor-

components of the fundamental susceptibility are mation about the mechanism of flux penetration in a super-
conductor with quenched-in pinning disorder.
X' ==xo(1-5x%), 3

) Ill. EXPERIMENTAL DETAIL
X" = xoxl . (4) _ _
Thin films of ThLBa,CaCyOg were prepared on

Numerical calculations of Clem and Sanchez further show(100) LaAlO; substrates by a two-step process that involved
that the peak iny” occurs ak=1.942, which implies that the rf magnetron sputtering of a BaCaCuO target followed by
ac-field amplitude corresponding to the peak Ig, annealingin an atmosphere of controlleddland Q partial
=0.973.d. Calculations of Brandt for square- and disk- pressures. Details of film preparation and x-ray-based char-
shaped thin samples suggest that the differendg,ifor the  acterization are described elsewh&seTransport critical-
two cases is only-0.2%. current-density measurements were carried out on a photo-

Deviations from this quasistatic description of the mixedlithographically fabricated bridge (1601000xm?) of the
state, in which the flux front moves towards the center of thdilm in a four-probe geometry. The ac response of the sample
thin disc, occur only when the curredtexceeds the critical in a perpendicular field configuration was measured using a
current densityJ.. These deviations are due to thermally local Hall-probe-based susceptometer, which consists of a
activated flux-creep and flux-flow processes. A macroscopi€GaAs/GaAl,_,As Hall sensor of effective area 25
description of the diffusive and creeplike motions of the flux X 25 um? mounted at the center of a 850-turn copper coil of
into the virgin areas of the sample when it is subjected siinner diameter-0.7 cm. This coil, when driven with a sinu-
multaneously to dc and collinear low-amplitude ac magneticoidal voltage, provides an ac magnetic field of desired am-
fields has been given by many workérs?’ van der Beek, plitude (<13.2 G and frequency<1073 KH2 perpendicu-
Geshkenbein, and Vinoktfr have derived a diffusionlike lar to the plane of the Hall probe. A square piece (5
equation for flux motion by making use of the Maxwell's x5 mn?) of TI-2212 film is placed on the top of the Hall
equations and the constitutive relatide=p(J,w,B,T)J, sensor such that the latter is located at the center of the film.
wherep is the complex resistivity anet andJ are the elec- This assembly is placed inside a stainless steel dip-stick cry-
tric field and current density, respectively. In the flux-flow ostat for measurements down to 60 K in a subatmospheric-
regime, the resistivity is independent of, and the solution pressure liquid-nitrogen bath. The cryostat is placed between
of the diffusion equation directly gives the ac penetrationthe pole pieces of a 1-T electromagnet. In all our measure-
depth. The linear-response theory can be extended to thments the dc field was always perpendicular to the plane of
regime of temperature and field where the current-voltagehe sample. The Hall probe was biased with a highly stable
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30 mA dc current from a battery source. In the present ge- 84 8 92 96 100
ometry, the Hall sensor measures the vector sum of the mag- 1.0} (2)

netic fields of all external sources and of the induced screen- dcfield=0G
ing currents in the sample. The voltage output therefore has 081 f=73Hz
both ac and dc components. In this experiment we have mea- 06L

sured only the fundamental- and third-harmonic components T

of the ac Hall voltage using a two-phase digital lockin am- 04r ac field

plifier. Following the procedure of Gilchrist and
KonczykowskiZ® we calculate the fundamental- and third-
harmonic transmittivitiesT,, and Tyy», and|Tys|, respec-
tively, from the measured voltage at the fundamental- and
third-harmonic frequency. The transmittivities are defined as

[VI(f,T) -V (f,T<T,)]

T =V T T5T) -V (F,T<To]" ®
[V'(f,T)]

TH//: 7 — 7 s (9)

[VI(f,T>Ty)— V' (f, T<T,)]
and

V(3f,T)

|TH3|: T(f —V'(f (10)

[V (f,T>To) - V'(f,T<Ty)] FIG. 1. (a) Temperature dependence Byf;, measured at 1.32,

, ., ) 2.64, 3.96, 5.28, 6.6, 7.92, 10.6, and 13.2 G amplitudes of a 73-Hz
whereV'(f,T) andV"(f,T) are the inphase and quadrature a¢ field. (b) The corresponding variations af,. .

components of the lockin voltage at a given frequency and

temperature and/(3f,T) is the rms value of the third- The frequency-dependedt computed from the measured

harmonic signal. The inphase and quadrature components §f, gata can be compared with various models for the creep-
the fundamental transmittivities are related to the real anqke motion of various in highF, superconductors.

imaginary parts of the ac susceptibilipasy’' =T, —1 and
X'=Thr A. Ac response in the absence of a dc field
V. RESULTS First we present results of scre_ening _measure_ments per-
formed when only a small sinusoidally time-varying mag-
We have measured the frequency and ac-field-amplitudaetic field is applied perpendicular to the plane of the
dependence of /, Tyr, and|Tys|. In the absence of a dc  sample. Figure (B) shows the inphase transmittivity )
field, the screening response of the sample does not shomieasured as a function of temperature at different amplitudes
any frequency dependence over a frequency range of 78f a 73-Hz ac field. The temperature at whi€h, reaches
Hz—-1 kHz. This suggests that the static critical-state modelinity has been identified as the critical temperafly®f the
can be applied to understand the magnetic state of the thisample. As the ac field amplitude is increased from 1.32 to
film. When a dc magnetic field is superimposed over the13.2 G, the superconducting transition broadens consider-
small ac field, the fundamental- and third-harmonic transmitably. This large broadening of the transition is a characteris-
tivities show frequency as well as amplitude dependenceic feature of the layered cuprates such as TI-2212 and Bi-
This behavior is indicative of thermally activated flux-creep2212, and it indicates a highly dynamic vortex state in these
and flux-flow processes. For a thin film in a transverse gesuperconductors. In Fig. (), we show the out-of-phase
ometry, even a small dc field would lead to uniform distri- component of the transmittivityT(,,). As expected for the
bution of flux lines in the plane of the sample. The screeningmaginary part of the fundamental susceptibility, thg.
currents induced by the ac field over the length scale of thgoes through a peak value on decreasing the temperature.
order of the Bean length from the periphery of the sampleThe peak broadens and its position shifts to lower tempera-
exert Lorentz force on these flux lines. Depending on thayre at the higher values df,. We also observe a slight
temperature and flux density, the flux lines move towards thgncrease in the amplitude of the peak with increasipgWe
center of the sample during one half of the ac cycle anthave measured the broadband transmittivitis andT»)
towards the edges during the other half. In a local Hall-probeyt several temperatures as a function of the ac field ampli-
geometry we can define a normalized shielding current denude. The static critical-stat&CS model— shows that for a
sity J*, which is related to the broad-band transmittivity thin disc-shaped sample, if tfg,, is measured as a function
(Tyr) ast™® of hg, the fieldh,, corresponding to the peak iR is re-
lated toJ. ash,,=J.d/1.03. TheTy» vs hy data therefore
J*=1/mwcos Y(2Ty —1). (11 allow determination of the temperature dependencdof
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FIG. 2. Real part of the fundamental susceptibilig/ Y plotted 0.06r (¢) Rt
as a function of the normalized fielth{/h,,) at different tempera- :
tures. The solid line is a calculation gf using Eq.(1) of the text. — 0.04
S ;
We have calculated the critical current density using the data 0.02 vy
of Fig. 1(b). TheJ, follows a temperature dependence of the o
type J.~Jo(1—T/T)? with J,o and B equal to 2.5 0.0975 75 80 85 90
x 10" Alcm? and 1.7, respectively. Th& deduced from the Temperature (K)

transport measurements using aXt/cm field criterion also
shows a similar temperature dependence albeit with a mar- FIG. 3. Frequency dependencesTgf:, Ty, and|Tyys| when a

. L 1-kG dc field is applied parallel to a 1.32-G, 73-Hz ac field are
ginally lower value, which is perhaps due to some degrada;

tion of the film during lithographic processing. shown in panelsa), (b), and(c), respectively.
The applicability of the SCS model to the present case Ofenqence to zero frequency yields the true irreversibility
low-frequency and low-amplitude ac response is valid if 'ttemperature at 1 kG field. The irreversibility field,,(T)

can be shown that the s_usceptibilitig_‘s and y" at all tem-  chown in Fig. 4 has a temperature dependence of the type
peratures and frequencies scale with the normalized ﬂelgt ~(1=T/T)™ with n=1.2. It is instructive to compare
Irr C e

h9/hm’ as predicted by_ Eqsl) and(2). In Fig. 2, we ShOW_ the behavior oH;(T) with the vortex-glass fieltH(T,) of
x' vshg/hg, at seven different temperatures. A good Sca"”gsimilar TI-2212 films deduced by Deak al % from the form

of the data with the normalized field is evident and the cal-t e resistivity in the critical regime of the vortex-glass

culatedy’ from Eq. (1) also agrees with the experimental yansition. The power h” in the work of Deak et al?! is
data. The fact that normalized susceptibility is independen$ . 55 For vortex-glass to vortex-liquid phase boundary,

of temperature indicates that thermally activated processsoever. the expected field dependence is of the type
are not operational in these low-ac-field amplitude measurq;|(-r )~(,T —T,)¥328
g c 9 '

ments, and the SCS model gives a correct description of the In the case of highf. cuprates of general formula
[

ac response. We, however, could not establish the upp%iZSrZC‘%_1CunO2n+4 and TbBa,Ca, C4Oy s (Where

bound of the ac field to which the theory is applicable be-_ * v I
cause of the limited field generated by the Hall-probe coil. n=2 and 3, the copper-oxide planes are separated by insu

In the presence of a collinear dc magnetic field, the : , : :
fundamental- and third-harmonic transmittivities become fre- 3t
quency dependent. In Figs(a, 3(b), and 3c) we show the
behavior ofT,,, Ty», and|Tys| as a function of tempera-
ture when both a 1-kG dc field and a 1.32-G ac field of
variable frequency were applied to the sample. A progressive
shift of the superconducting transition to higher temperatures
is seen in bothTy, and T,» data with the increasing fre-
quency. The peak in third-harmonic transmittivjy,s| be-
comes sharper, its amplitude decreases, and it shifts to higher
temperatures as the frequency of the ac field is raised. The Irreversibility line
temperature at which the third-harmonic susceptibility be-
comes detectable on cooling, marks the onset of irreversible 0r =
behavior in the sample. The third-harmonic susceptibility has 70 80 % 100
also been measured for different values of the dc field while
keeping the ac field frequency and amplitude fixed at 73 Hz Temperature (K)
and 1.32 G, respectively. The irreversibility line extracted FIG. 4. Irreversibility line for the TBa,CaCyOg thin film.
from these measurements is shown in Fig. 4. In the inset ofolid line is a fit to equatiorH;,~(1—T/T,)". Inset shows the
Fig. 4, we show the frequency dependence of the irreversrequency dependence of the irreversibility temperature at a 1-kG
ibility line at 1 kG field. Extrapolation of the frequency de- dc field.

92

Field ( kG )
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FIG. 5. Temperature dependence of the normalized screening

current density derived from theT,, data of Fig. 4a). FIG. 6. Frequency dependence of the normalied tempera-

tures ranging from 75.5 to 81.5 K in 0.5 K increments when a 1-kG
lating (Bi/T1)-O and(Sr/Ca-O layers of total thickness-15  dc field is applied normal to the film plariparallel toc axis). Solid
A. This large separation between the superconducting pland§es in the figure are fits to Ed7).
affects the mixed state significantly. A vortex in this case is
not a stringlike object having uniform azimuthal supercur- . o r
rents. For magnetic-field direction perpendicular to the guOthe 1 KG f|_eId measurements. S|r_n|la_rly, variations for the
planes, it is a string of planar current loops on the superconrpl":lxatlon timer and.J; are shown in Fig. ).
ducting planes. These so-called pancake vortices couple
along the field direction via Josephson interlayer coupling.

The physics of a clean system is governed by two character- The dynamic behavior of vortices in a highly anisotropic
istic lengths: the vortex spacing=(¢o/B)"? and the Jo-  superconductor such as TI-2212 depends on the relative
sephson lengtlys. Here g, is the flux quantum, anslandy  strengths of Josephson coupling across the planes, in-plane
are the interlayer spacing and anisotropy parameterepulsion between pancakes, and pinning disorder vis-a-vis
respectively’® The factorys defines the crossover fieB,  the thermal energksT. As the vortices come closer with the

~ ¢o/(ys)? above which the intraplane interaction of pan- increasing field, the in-plane interaction far exceeds the Jo-
cakes exceeds the interlayer coupling. The vortex solid for @ephson coupling, and the vortices in each plane become
clean system aB<B forms the Abrikosov lattice as seen

through neutron scatterify and muon spin-rotation 16 ¢
experiments® In the presence of quenched-in disorder, a
vortex-glass phase is expected to form BB, and show
highly nonlinear dissipation.

For temperatures below the onset of third-harmonic sus-
ceptibility, the ac response of the system is indeed highly
nonlinear. The behavior of the induced currents in the non-
linear regime is governed by nucleation and subsequent
growth of vortex-loop excitations under the influence of the
Lorentz force. The critical loop size becomes vanishingly
small asJ goes to zero. In Fig. 5, we show the temperature
dependence of normalized screening current density deduced
from the Ty, data of Fig. 3 as calculated from E¢L1).
These measurements allow us to plot the normalized screen-
ing current density as a function of the drive frequency. The
J(w) in the vortex-glass/collective-creep scenario is ex-
pected to follow Eq(7) in the temperature range where the
third-harmonic susceptibility is nonzero. In Fig. 6 we plot the
normalized current density as a function of the log of fre-
quency. Solid lines in the figure are the fits to the vortex- FIG. 7. (@) Temperature dependenceldf and u at 1 kG field.
glass/collective-creep model. The parameters deduced from) Temperature dependence &f and r at the same field. Solid
these fits ardJ.,J;, 7, and the creep exponept In Fig. lines in the figure are guides to the eyes.

7(a) we show the variation of) . and u with temperature for

V. DISCUSSION

76 78 80 82

o
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o
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p(0G)
p(1kG
o (2kG

decoupled. In a clean system these decoupled vortices will
freeze into a two-dimensiondRD) lattice at a temperature 1x10" +
close to the solidification temperature of vortices in a super-
conducting layef® For a single layer, this temperature is
independent of field. In the presence of a weak pinning dis-
order, the layers of pancakes can behave at low
temperatures as a stack of independent 2D vortex glasses
with a diverging glass-correlation length. At fields

B<B (=27 ¢ IN(YKmayd) //7/2d?), whereK ., determines 1x10° |
the size of the vortex core and can be approximated as R )
~1/¢,,, where&,, is the ab-plane coherence lengfhthe P B e, A
2D vortices are correlated along the field directioraxis), 72 80 88 9% 104
and a true 3D vortex-glass phase showing zero dissipation in Temperature (K)
the limit of infinitesimal dri\./ing.force is formed. It has been -~ o Temperature dependence of the resistivity at 0-G, 1-kG,
argued that the 3D glass in highly layered superconductor§_kG dc fields applied perpendicular to the film plane. Figure also

i : 37
undergoes a two-step transition on heating beydid shows the third-harmonic transmittivity of the same film measured
First, a liquid of stringlike vortices appears B} that even- 5 73 Hz.

tually goes to a liquid of uncorrelated 2D vortices. The cross-

over field B, for TI-2212 compound is~400 G. 2 kG fields along with its third-harmonic transmittivity. The
It has been argued by Glazman and Kosh¥lehat the  shape of they vs T curve in the figure is similar to the earlier

3D liquid in fact is also pinned by disorder, and just as in thereports on TI-2212 film$:22*!it is clear from the figure that

case of the vortex-glass phase the linear resistance is zeJp,,,| starts appearing at the temperature whef&) van-

here as well. The linear dissipation appears only when thgshes. In fact the glass transitidiy deduced from a linear fit

system goes to the 2D liquid state. The field at which thisgf the typep(T)~(T—Tg)*, wherex=v(z—1) is the same

y — 3 harmoni_ 0.08

)

-1
1x107 1 0.04

p (pQ cm)

10.00

happens is given &, as the onset temperature [F,3. The value ofx in our
5 measurement is 1.8. This observation suggests Thais
B (T)= $o(1-1) N (1p same as the irreversibility temperature. The resistivity for
m (Amn)%dT ™™ two fields reported here also indicates a change of slope at a

slightly higher temperature, which is perhaps due to a 3D-

wheret is the reduced temperaturey, is a universal con- to-2D vortex liquid transition identified by Deak and
stant~0.1, and\ . is thec-axis penetration depth. Since the co-workers?
present experiments focus only on the low-field behavior, the We now discuss the behavior of the system in the regime
ac response of the system on cooling beldwshould, in  of nonlinear response. The screening curteat low fields
principle, show this two-step transition. (<By¢p, where vortices are indeed rectilinear, can be fitted to

Measurements of Deat al** on similar samples show the vortex-glass/collective-creep formali§gy. (7)]. The fit-
two distinct forms of the temperature dependences for resiging procedure allows calculations of the current-independent
tivity in the tail of the transition. In both these regimes, the activation energyU.(T,H) and the vortex-glass/collective-
resistivity follows the vortex-glass type of behavip(T)  creep exponent. The latter is related to the critical size of
=(T—T*)*@"1, albeit with differentT* and critical expo-  the vortex loop, which grows under the action of the Lorentz
nents(v andz). These authof$ have attributed the higher force and leads to dissipation. The vortex-glass th&qre-
and lower values off* to the decoupling transition in the dicts u to be a universal constant of the order unity. The
liquid phase and the true vortex-glass transifign respec-  exponentu in the collective-creep theofYdepends on mag-
tively. The contrast between the model of Glazman and Konetic field, temperature, and current density, and varies from
shelev and the measurements of Dedlal. is evident here. 3 at low temperatures tdclose to the irreversibility line with
The latter's observation of linear resistivity and reversiblea peak value of in between. For an anisotropic supercon-
magnetization abové, contradicts the argument that in the ductor like TI-2212, 2D collective creep may represent the
vortex-line liquid-state disorder effectively pins each line correct form of dissipation in the vortex solid phase. Here
and the linear resistance is zero. The issue whether the firsélso the exponent varies betwegrand 2.2 The u in the
order melting transition and the loss ofxis correlation in  present study varies from 0.4 to 0.7 on increasing the tem-
the liquid phase of quasi-2D superconductors occur at thperature. Other workers have also reported a temperature-
same temperature or different temperatures has gained moaad field-dependentu.?>?442=44 Magnetization measure-
attention recently®~*° The Josephson plasma resonancements on YBaCu,O;(YBCO) crystals*? for example, reveal
experiment® seem to suggest that the melting and loss ofthat the variation ofu with T at 10 kG has a domelike shape
c-axis correlation in the liquid occur at the same temperaturewith a peak value of 1.8 at30 K. A systematic dependence
This issue in clean superconductors, as well as in those witbf x on the applied fieldH and temperaturd has been
weak pinning disorder, is not yet fully settled. deduced by Weet al? for ring-shaped TI-2212 films using

In order to establish a correspondence between the loss tdrque magnetometry. At low fields<4 kG), they observe a
linear resistivity and the onset of third-harmonic susceptibil-monotonic increase im from ~0.05 to~0.2 with tempera-
ity, we show in Fig. 8 the resistivity of a sample at 0, 1, andture in the range 4.2 te-60 K. This is followed by a sudden
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drop of u to zero as the irreversibility temperature is VI. CONCLUSIONS

reached. For fields between 4 and 7 changes sign from  \ye have made use of a local Hall-probe-based suscep-
positive to negative in the temperature range c_>f 4.2 K andometer to measure the screening  response  of
Tir. For H>7kG however,u is always negative folf  11,83,CaCyO; epitaxial films when an ac field of varying
>4.2K and its extrapolated value dt=0 is zero. Wen amplitude and frequency was applied perpendicular to the
et al* associate thg.=0 line on theH-T plane to a vortex-  plane of the film. We have compared our measurements with
liquid to vortex-glass transition. Since for a 2D vortex glassa recent model for screening response of a disc-shaped thin
Tg:O,28 Wen et al. conclude that a dimensional crossover superconductor subjected to an ac field normal to its plane.
from a 3D to a 2D vortex-glass phase occurs arotthd Our observation of a temperature-independent susceptibility,
~7 kG in this system. A further study of magnetization re-which scales with the normalized field, and the calculated
laxation on similar samples by West al>* shows a 3D to  J., which compares well with the measured transphyrt
2D vortex-glass crossover at a field as low as 1 kG. Thesknds support to the applicability of the model. The ac re-
authors attribute the difference in the crossover field reporte@Ponse when a dc field is applied collinear with the ac per-
in the two studie¥*?* to a varying degree of structural de- turbation has the signature of thermally activated creep in the
fects in their films. regime of temperature where the third-harmonic susceptibil-
Recalling the relatiotd (J)=U(T,H)(J./J)*,U(T,H) is ity is nonzero. TheH-T phase boundary, below which the

the effective barrier height whed=J,. In 3D collective €SPONSe is irreversible, varies &{T)~(1—t)", with n
creep, it varies as =1.2. We find that the frequency dependence of screening

currents in the irreversible regime is consistent with the

T EREL vortex-glass/collective-creep picture. The critical parameters
U= ¢ <_°) of the collective-creep theory such &k, u, and 7 have
JG;/ o been inferred form the screening data. We have also ex-

. . . . . tracted the low-fieldl', from the temperature dependence of
1)) - . 9 Lo
whereJ, is the depairing current density afgj is the Gin flux-flow resistivity at very low levels of dissipation. The

zberg numbet?” Clearly, Uo(T,H) is expected to go agd. _glass-transition temperature is same as the irreversibility
in temperature. lts value at 1 kG field is in agreement withtemperature deduced from the onset of the third-harmonic
the activation energy for flux motion in Bi-2212 deduced component to the susceptibility. While identification B
from the Arrhenious plots of the frequency and the peakyith the irreversibility temperatureT(,) over the entire
temperature;(”,45 but it is smaller than the reported values phase diagram would require measurement§gof0r |arge

for YBCO (Ref. 46 and Nd g<Ce, 15CuUO, (Ref. 47 systems.  values of the dc field, our data over a limited dc field range
One important parameter that comes out after fitting the datauggest that the response of 3D flux liquid is not irreversible.
to Eq.(7) is the relaxation time- Blatteret al® have shown

that 7 is a microscopic time of the order of 10 °sec, ACKNOWLEDGMENTS
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