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Temperature dependence of the lower critical field of high-Tc superconducting crystals nearTc

F. Mrowka, M. Wurlitzer, and P. Esquinazi
Department of Superconductivity and Magnetism, Universita¨t Leipzig, Linne´strasse 5, D-04103 Leipzig, Germany

E. Zeldov
Department of Condensed Matter Physics, The Weizmann Institute of Science, 76100 Rehovot, Israel

T. Tamegai and S. Ooi
Department of Applied Physics, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo, 113, Japan

K. Rogacki* and B. Dabrowski
Department of Physics, Northern Illinois University, DeKalb, Illinois 60115

~Received 31 March 1998; revised manuscript received 22 March 1999!

We have measured the nonlinear susceptibility of YBa2Cu4O8 , Bi2Sr2CaCu2O8, and untwinned
YBa2Cu3O7 crystals near the superconducting critical temperatureTc in order to determine the lower critical
field Hc1(T). The ac field amplitude dependence of the susceptibility for homogeneous YBa2Cu4O8 and
Bi2Sr2CaCu2O8 crystals is in agreement with the geometrical barrier model allowing us to determine the
penetration fieldHp(T)}Hc1(T). We clearly show that in these crystals the previously reported breakdown of
Hc1 nearTc coincides with the low-temperature ac field amplitude independent onset of the superconducting
transition. We show that this anomalous behavior ofHc1(T) is due to the influence of inhomogeneities and it
is not an intrinsic property. We have also investigated the influence of the earth field on the nonlinear
susceptibility, and we demonstrate the importance of its shielding for careful measurements ofHc1 nearTc .
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I. INTRODUCTION

Previous investigations of the lower critical fieldHc1(T)
of high-Tc superconductors~HTS’s! showed an anomalou
temperature dependence and, in some cases, a sudden
pression near the mean field superconducting critical t
peratureTc .1–7 For example, superconducting quantum
terference device measurements of the zero-field-cooled
expulsion and remanent moment measurements2 as well as
magnetic flux relaxation measurements6 on several
YBa2Cu3O7 ~Y123! crystals reported a collapse ofHc1(T) at
temperatures 1 to 2 K below Tc . A similar collapse of
Hc1(T), but at ;3 K below Tc has been measured i
Bi2Sr2CaCu2O8 ~Bi2212! crystals using a micro-Hall probe.5

Strikingly, micro-Hall probe measurements5 did not find
similar effects in Y123 crystals, in contradiction with th
results reported in Refs. 2,6.

Several theoretical works and interpretations tried
clarify this breakdown of the Meissner state. It was spe
lated that the collapse ofHc1(T,Tc) is due to the loss of
phase coherence and decoupling of the stacks of super
ducting CuO2 planes.2 Also, it has been suggested that t
spontaneous production of thermally activated vort
antivortex pairs at a Kosterlitz-Thouless-type transition8 may
causeHc1 to vanish belowTc . On the other hand, it has bee
argued that the spontaneous creation of vortex-antivo
pairs cannot occur in a quasi-two-dimensional system s
as Bi2212.9 Instead, fluctuations of the order parame
within the vortices would produce a downward renormaliz
tion of Hc1 a few degrees belowTc .9 This theory9 predicts
that the renormalization ofHc1(T) depends strongly on th
PRB 600163-1829/99/60~6!/4370~8!/$15.00
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anisotropy of the crystal. The renormalization ofHc1(T) due
to fluctuations9 predicts neither its collapse nor a negati
curvature for Y123-based HTS, in apparent contradict
with the results of Refs. 2,6.

Apparently neither the experimental evidence nor the t
oretical work has resulted in consent in this field, and m
and clear experimental results are needed. Therefore, in
work we use the approach based on the measurement o
global susceptibility, as an attempt to measure the pene
tion field in HTS crystals with different anisotropies. Ou
results indicate an anomalous temperature dependenc
Hc1(T) nearTc for the Y124 and Bi2212 crystals, and it
collapse at the low-temperature onset of the superconduc
transition indicating that sample inhomogeneities cause
anomaly. The results of a Bi2212 crystal before and a
annealing support this conclusion.

II. EXPERIMENTAL DETAILS

A. Sample characterization

The susceptibility signal of a weak pinning supercondu
ing platelet at low applied fields~in our caseH<10 Oe) in
perpendicular geometry depends mostly on vortex pene
tion through a barrier of geometrical origin.10,11 Therefore,
we were careful to choose appropriate crystals for our st
ies, based on the behavior of the nonlinear susceptibi
Three crystals, reported in this paper, are thin platelets w
nearly rectangular shapes and smooth surfaces. Samples
rough surfaces, of irregular shapes or rounded rims prove
be inadequate for these investigations. Nevertheless an
order to get a better characterization of the influence of
4370 ©1999 The American Physical Society



u

on
t

nd
a

-
in
s
e

at

tr

o
s

sly
g
ry

e
is
ul

t
-
a

in
fre

he
am

di
t

bu
a
o

m
s

an
.
mi
o

he

e ac

The
ture

e ac

ar-
ture

PRB 60 4371TEMPERATURE DEPENDENCE OF THE LOWER . . .
homogeneities in the measured properties, we have meas
also an inhomogeneous Bi2212 crystal~Bi2212b!.

Table I shows the critical temperature and the dimensi
of the studied crystals. Magneto-optical measurements of
magnetic flux distribution in the Bi2212a crystal at 10 K a
at 10 Oe applied dc field, show a symmetrical pattern,
published for other HTS’s,12 without indication of an anoma
lous penetration of flux due to shape or superconducting
homogeneities. We note, however, that because these re
are obtained at low temperatures cannot necessarily be
trapolated to Tc . This crystal was annealed 10 min
900 °C in air and then rapidly cooled~Bi2212a!. For the
Bi2212b crystal a nonsymmetric, inhomogeneous flux dis
bution pattern was observed.

Figures 1 and 2 show the superconducting transition
three crystals measured by the real component of the ac
ceptibility. The Y124 crystal was characterized in previou
published studies.11 The Y123 crystal showed no twinnin
planes under polarization microscope and, as the Y124 c
tal, has no further annealing.

The critical temperatureTc is defined at the onset of th
diamagnetic signalx8(T), see Figs. 1 and 2 and below. Th
signal was measured with an ac field applied perpendic
to the main area, i.e., parallel to thec axis of the crystals,
with the earth field compensated. The other componen
the earth field parallel to the CuO2 planes was not compen
sated. Most of the measurements of the ac susceptibility h
been performed with an ac field frequency of 166 Hz, us
sine-wave integration with respect to the fundamental
quency.

In Figs. 1 and 2 we see clearly that the width of t
transition measured by the susceptibility depends on the
plitude of the applied ac fieldH0. In general, a large ac field
amplitude broadens the transition and shifts the onset of
magnetism to lower temperatures. This broadening is rela
to the critical current density of the sample and the distri
tion of the shielding currents generated by the applied
field. This broadening is not related necessarily to inhom
geneities.

A curious behavior of the transition and its ac field a
plitude dependence is observed for the Bi2212a crystal,
Fig. 1. Its transition becomes narrower decreasingH0, down
to m0H0;200 mT where it reaches a width of;0.2 K. At

TABLE I. Characteristics of the measured crystals. Bi2212a
Bi2212b are two Bi2Sr2CaCu2O8 crystals from different batches
The crystal Bi2212a# is the crystal Bi2212a after annealling 10
at 900 °C and a rapid cooling thereafter. Y123 and Y124 den
the untwinned YBa2Cu3O7 and the YBa2Cu4O8 crystals. 2W is the
total width andd the thickness of the crystal. The ratio between t
lower critical field and the penetration field,Hc1 /Hp , was calcu-
lated using Eq.~1!.

Size (l 3w3d) Tc

Crystal @mm# @K# 2W/d Hc1 /Hp

Bi2212a 3903300318 90.2 17 4.5
Bi2212a# 3903300318 90.6 17 4.5
Bi2212b 11003900330 90.0 30 6
Y124 7503410320 78.9 20 5
Y123 ;200036003150 89.0 4 2.7
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FIG. 1. Temperature dependence of the real component of th
susceptibility measured at low ac field amplitudesH0 and with the
earth field compensated for the crystals Bi2212a and Bi2212a#.
arrows indicate the defined superconducting transition tempera
Tc . The continuous and dotted lines are guides to the eye.

FIG. 2. Temperature dependence of the real component of th
susceptibility measured at low ac field amplitudesH0 and with the
earth field compensated for the crystals Y124 and Y123. The
rows indicate the defined superconducting transition tempera
Tc . The continuous and dotted lines are guides to the eye.
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4372 PRB 60F. MROWKA et al.
lower ac field amplitudes, however, the width of the tran
tion increases and becomes independent ofH0 at m0H0

<20 mT, within the resolution of our measurements. At th
low ac field amplitudes the transition width reaches a ma
mum value of;2 K. As will become clear below, the ob
served behavior is due to the existence of a geometrical
rier and the influence of inhomogeneities on it. This barr
vanishes atT.88 K.

After annealing the Bi2212a crystal the ac respon
changed drastically. The transition width at similar ac fie
amplitudes is smaller. The apparent decrease of the trans
width increasing the ac field amplitude as observed in
crystal before annealing, is not measured, see Fig. 1.

For the inhomogeneous crystal Bi2212b, we observed
for ac field amplitudesm0H0<200 mT, the transition shows
a shift in temperature, with a gradual decrease of its width
contrast to the behavior observed for the Bi2212a cry
shown in Fig. 2. Also, the susceptibility does not show p
fect shielding at the low-temperature onset of the transiti
but only at low enough temperatures. This behavior is a
observed for a smaller crystal obtained by cutting the or
nal Bi2212b crystal.

B. Experimental determination of the penetration field H p„T…

The electromagnetic behavior of thin superconductors
various shapes has been subject of several experimenta
theoretical studies, especially when the magnetic field is
plied perpendicular to the main area of the platelet.10–30

Theoretically13–17,21and experimentally29 it has been shown
that in transverse geometry the nonlinear response of a
perconductor with relatively large pinning is not account
for correctly by the Bean critical state model.31 In our case,
nonlinear response means the ac field dependence of the
ceptibility at constant temperature and dc field.

The simple assumptions of the Bean model have to
modified in the transverse geometry due to demagnetiza
factors, that enhance the external field at the edges of
sample. We have recently showed that the ac field dep
dence of the ac susceptibility of structured Y123 thin films
transverse magnetic fields29 can be well understood assum
ing bulk pinning and a generalized Bean model.15,17,13,22

For platelet samples with relatively low pinning, in suffi
ciently small dc fields and in transverse geometry, the n
linear ac susceptibility nearTc can be well explained by the
existence of a geometrical barrier, which originates from
flat shape.10,11,23–25This barrier prevents the penetration
flux into the sample at applied fields that are smaller than
characteristic penetration fieldHp . If pinning can be ne-
glected and the thickness is sufficiently constant over
whole area, a penetrating vortex undergoes only the in
ence of the Lorentz force caused by the Meissner curr
flowing in the crystal and driving the vortex towards th
center of the sample.23,24 The corresponding vortex potentia
has a minimum in the center and a positive maximum at
edges. Flux lines can penetrate only from the rims into
sample, if they overcome this potential barrier, i.e., if t
applied external field exceedsHp . This penetration field has
been derived23,26 for a thin, narrow superconducting strip o
rectangular shape of width 2W and thicknessd, given by
-
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p
arctanh $A12@12~d/2W!#2%. ~1!

For d!2W one can simplify Eq. ~1! as Hp

.(2Hc1 /p)Ad/W, revealing that the demagnetization fact
~in the present case;Ad/W) is reduced as compared to th
obtained for an elliptical shape;d/W.23,19 For fields H
,Hp flux lines penetrate only into the narrow region ne
the rims of a width of the orderd/2.23,26 Recent numerical
results for the thin-strip limit (d!2W) give a slightly differ-
ent relation for the penetration field32

Hp50.56Hc1S d

2WD 1/2

. ~2!

We note that according to the geometrical barrier mo
the temperature dependence ofHp(T) and Hc1(T) are the
same. Detailed calculations of the local flux density acr
the sample and of the static hysteresis,10,23–25as well as of
the nonlinear susceptibilitiesx8 andx9, were confirmed by
dc and ac susceptibility measurements,10,11,23,26,33and also by
scanning ESR probe measurements.34 The geometrical bar-
rier model predicts a discontinuity of the nonlinear ac s
ceptibility at the field amplitudeH05Hp , which can be ex-
plained as follows:~a! If the amplitude of the external field
H0,Hp , the flux lines penetrate only in a narrow zone at t
edges of the sample with a maximum width;d/2.10 There-
fore, the periodical variation of the external field gives an
susceptibility that reflects the Meissner state, i.e.,x8
'xMeissner8 and x9'0, independent ofH0. ~b! If H0.Hp ,
the penetration of flux lines into the center of the sam
leads to a hysteretic behavior with hysteresis losses~a finite
x9! and causes a breakdown of the~negative! x8 component.
These predictions of the geometrical barrier model have b
already demonstrated on suitable crystals11 nearTc(H;0).
Therefore, measuring the penetration field and the geom
of the sample one can determineHc1 nearTc using Eq.~1! or
~2!.

C. Influence of the earth field

Since our aim is to measure the lower critical field ne
Tc , we should be able to detect penetration fields of
order of 10mT or less. Therefore, the shielding of the ear
magnetic field is necessary, at least in the direction perp
dicular to the main surface of the crystals~parallel to thec
axis!.

With a small solenoid surrounding the primary and se
ondary coils used for the susceptibility measurements,
can apply a variable dc fieldHdc normal to the sample sur
face. To measure and to shield the earth or any other dc
He at the sample position, we measure the second harm
signal of the crystal as a function of the applied fieldHdc at
a constant temperatureT,Tc . If the total dc field on the
sampleHt5Hdc1He.0 and the applied ac field amplitud
H0.Hp , the second harmonic signal will be finite due to t
asymmetry in the magnetization loop. By applying a dc fie
Hdc5Hcomp we can compensateHe so that the total dc field
at the sample becomes zero and the second harmonic s
vanishes. Therefore, we can determineHe52Hcomp at the
sample. Using this procedure we have measuredHe at the
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position of the Bi2212 crystal, see Fig. 3~a!. From the mea-
surements depicted in Fig. 3~a! we determine a fieldm0He

537.7 mT, in good agreement with the field measured us
a Hall probe outside the cryostat. In the inset of Fig. 3~a! we
show the second harmonic signal as a function of temp
ture, with and without compensation, indicating that the
tracted value ofHe does not depend onT, at least in the
temperature range of our measurements.

Figure 3~b! shows the susceptibility of the Bi2212a cry
tal as a function of temperature, with and without earth fi
compensation. It is interesting to note that the compensa
of the earth field shifts the transition to higher temperatu
by .0.3 K. In the next section we will discuss the influen
of the earth field on the ac field dependence of the susce
bility.

FIG. 3. ~a! Second harmonic signal as a function of dc field. T
signal vanishes at a dc field which compensates exactly the ext
~earth and surroundings! field on the sample. The measuremen
were done on the Bi2212a crystal at a temperature;3 K below
Tc . The inset shows the second harmonic signal as a functio
temperature with and without compensation of the earth field.~b!
Real part of the susceptibility of the same Bi2212 sample a
function of temperature with and without compensation of the ea
field. The ac field amplitude used for this measurement wasm0H0

525 mT at a frequency of 166 Hz.
g
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III. RESULTS

A. YBa2Cu4O8

Figure 4 shows the two components of the nonlinear
susceptibility for the Y124 crystal with earth field compe
sation. In the measured temperature range 70 K,T,Tc the
behavior of the nonlinear susceptibility can be well describ
by the geometrical barrier model, as shown already in R
11. Note that when the ac field amplitude is normalized
Hp the results follow a single curve as predicted by theo
In the measured temperature rangeHp varies by a factor of
50. The normalization of the two components is done div
ing both signals by the value of the susceptibility in t
Meissner state. The Meissner signal was measured with a
field amplitudeH051mT and at a temperature of 4.2 K.

At a temperatureT578.5 K the penetration fieldm0Hp
.38 mT is of the order of the measured vertical compone
of the earth fieldHe . Therefore the geometrical barrier ca
be overcome by the earth field. The typical behavior of
nonlinear susceptibility observed at lower temperatures
lost when the earth field is not shielded, as demonstrate
Fig. 5. This measurement explains partially the loss of
geometrical barrier character of the curves measured in
11 nearTc . All the measurements of the ac field dependen
of the susceptibility that are shown below have been d
with the earth field vertical component compensated.

Figure 6 shows the temperature dependence of the
etration fieldHp(T); note that for this sample the lower crit
cal field Hc1(T).5Hp(T) using Eq.~1!. It is clearly seen
that Hp shows a negative curvature. The extrapolation in
cates that it tends to vanish atTco.Tc20.2 K ~see inset in

nal

of

a
h

FIG. 4. The two components of the nonlinear ac susceptibility
the Y124 crystal at different temperatures~earth field compen-
sated!. The amplitude of the ac fieldH0 is normalized by the pen-
etration fieldHp determined by the kink in the imaginary or re
component of the susceptibility.
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4374 PRB 60F. MROWKA et al.
Fig. 6!, within the ac amplitude independent transition wid
We note that this negative curvature ofHp(T) @or Hc1(T)# is
recognized already at temperatures clearly lower than th
where a broadening of the shielding signal is observed,
Fig. 6. Note also that the ac field dependence of the sus
tibility due to the geometrical barrier is measured in t

FIG. 5. The two components of the nonlinear ac susceptib
for the Y124 crystal atT578.5 K. The two curves were obtaine
with (s) and without (d) compensation of the vertical compone
of the earth field.

FIG. 6. Penetration fieldHp as a function of temperature for th
Y124 crystal. For comparison the real component of the susce
bility ~measured atm0H0519 mT) is also plotted. The inset blow
up the region nearTc .
.

se
ee
p-

whole temperature range, including that inside the width
the transition as measured by the real part of the suscep
ity at m0H0519 mT, see Fig. 6.

Strictly speaking, the breakdown ofHc1 as observed in
Bi2212 in Ref. 5 and in Y123,2,6 is not observed in Y124 in
the measured temperature range, but a temperature de
dence with a negative curvature. At temperaturesT
.78.6 K, the ac fields necessary to determineHp were so
small (,25mT) that no reliable signal could be detected d
to the smallness of the crystal.

B. Bi2Sr2CaCu2O8

The nonlinear susceptibility curves with and without no
malization for the Bi2212a crystal before and after anneal
are shown in Figs. 7 and 8, respectively. At low enou
temperatures, the susceptibility of the Bi2212a crystal sho
the characteristic response due to the geometrical barrie
in the Y124 crystal. However, and in contrast to the Y1
crystal, at a temperatureTco.0.97Tc or higher, the nonlinear
susceptibility deviates clearly from the predicted behavior
the geometrical barrier model. There is a broadening of
ac field dependence, that tends to the curve obtained from
nonlinear Bean model,29,17,18,13see Fig. 7. Therefore, the nor
malization of the ac field amplitude in Fig. 7 is done by t
field at the dissipation maximumHm and notHp .

Note that the annealed crystal Bi2212a# shows a decr
of the diamagnetic signal as well as of the dissipation ma
mum at the highest measured temperatures~see Fig. 8!
which lie within the superconducting transition width. If w
normalize the susceptibility curves according toH0
˜H0 /Hp andx8(H0˜0)˜21 they follow a single curve
~see Figs. 7 and 4!. However, in contrast to the results for th

y

ti-

FIG. 7. The two components of the nonlinear ac susceptibi
for the Bi2212a crystal~with earth field compensated!. The ac field
amplitude is normalized by the field of maximum dissipationHm .
At T587.7 K the measured behavior tends to follow the nonlin
Bean-like model~dashed line! calculated as described in Ref. 29.
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PRB 60 4375TEMPERATURE DEPENDENCE OF THE LOWER . . .
same crystal before annealing~Fig. 7! no broadening of the
ac field dependence is observed. The geometrical barrie
havior is measured up to the highest temperatureT
589.58 K.

We note that the vanishing of the geometrical barrier
Tco for the Bi2212a crystal occurs at temperatures when
Meissner signal starts to break down, see also Fig. 9. T

FIG. 8. The same as in Fig. 7 but without normalization, for t
annealed crystal Bi2212a#. The temperature of the measurem
are ~from left to right curves!: 89.58, 89.30, 89.13, 88.71, 88.4
88.10, 87.55, 86.93, 86.14, 85.34, 84.27, 83.03, 81.85, 80.62,
77.20.

FIG. 9. Penetration fieldHp and real component of the susce
tibility ~right axis! at m0H0510 mT, as a function of temperatur
for the Bi2212a crystal. The lower figure shows the region nearTc

on an expanded scale. The data aboveTco denotes the position o
the maximum in the imaginary component of the susceptibility. T
data (n) have been obtained with a frequencyf 51 kHz. The lines
are only a guide.
e-

t
e
is

loss of the geometrical barrier has been observed in ano
Bi2212 crystal11 and is not related to an uncompensat
earth field.

From the measurements of the nonlinear susceptibility
the Bi2212 crystals we obtained the penetration fieldHp or
the lower critical fieldHc1 as for the Y124 crystal. The tem
perature dependence ofHp(T) for the Bi2212a crystal shows
a negative curvature as for the Y124 crystal, see Fig. 6,
vanishes at temperatures just belowTco denoted by the arrow
in Fig. 9. We stress that this breakdown is not an artifact
the measurements. The abrupt decrease ofHp starts at a tem-
peratureT.85.5 K, below the temperatureTco where the
real component of the susceptibility deviates from the perf
shielding state. At temperaturesT.Tco no Hp can be deter-
mined from our measurements. In other wordsHp(T.Tco)
.0. The fields plotted in Fig. 9 aboveTco are the fields of
maximum dissipationHm . Note thatHm remains finite and
tends to vanish approachingTc , see Fig. 9.

Regarding the influence of inhomogeneities onHp(T), it
is interesting to compare the data of the crystal Bi2212a
fore and after annealing. The annealed Bi2212a# cry
shows a linear temperature dependence forHp(T), see Fig.
10, in the whole temperature range. The extrapolation of
dependence tom0Hp50 mT coincides with the defined
critical temperature~see Fig. 1! within experimental error.

The nonlinear susceptibility of the inhomogeneous crys
Bi2212b shows a clear double peak structure as a functio
the ac field amplitude at a temperatureT.85.7 K where the
geometrical barrier behavior is lost. Interestingly, the typi
geometrical barrier signature due to the existence ofHp is
recovered at higher temperatures. At even higher temp
turesT.88 K this behavior is lost and a Bean-like depe
dence is observed as for the Bi2212a crystal. In order
study the influence of the sample size to the ac respo
observed for the inhomogeneous crystal Bi2212b and to
whether the observed behavior is due to some inhomo
neous parts of the crystal rim, we have broken it in t
middle and measured one of the remaining pieces. The
tained results are similar to those of the large, origin

nts

nd

e

FIG. 10. Penetration fieldHp and real component of the susce
tibility ~right axis! at m0H055 mT, as a function of temperature
for the annealed Bi2212a# crystal. The straight line is the fit to
dataHp(T)51.13104@12(T/90.6)#mT.
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4376 PRB 60F. MROWKA et al.
Bi2212b crystal. From all these data it becomes evident
the temperature dependence ofHp is influenced by inhomo-
geneities.

C. YBa2Cu3O7

The Y123 crystal we have measured did not show
same behavior of the nonlinear susceptibility observed in
other crystals. For this crystal we have found no clear s
for geometrical barrier pinning. The ac dependence of
nonlinear susceptibility follows the nonlinear Bean model
bulk pinning. It is perhaps not a surprising result, since i
known that the Y123 superconductor shows larger pinn
than the other two HTS’s, therefore the weak bulk pinni
requirement for the dominance of the geometrical barrie
not fulfilled. Certainly, we cannot rule out that other Y12
crystals, specially produced or treated to lower the bulk p
ning, may show the influence of the geometrical barrier. F
ther studies on other Y123 crystals are necessary to cla
this issue.

It is interesting to analyze theT dependence ofHm for the
Y123 crystal. Figure 11 shows the temperature depende
of Hm obtained from the maximum of the imaginary part
the nonlinear susceptibility. For the Y123 crystal we fi
Hm(T) with a positive curvature. It tends to decrease linea
with temperature up toT.0.991Tc . At higher temperatures
Hm changes its slope and tends to vanish approachingTc ,
see inset in Fig. 11.

The observed dependence ofHm(T) is given by the criti-
cal current densityj c(T). According to the nonlinear Bea
model and for a stripHm50.78d jc whered is the thickness
of the sample.13,17,18,29The values ofj c are given in the right
y axis of Fig. 11. The obtained critical current density
much smaller than in Y123 thin films29 and shows a differen
temperature dependence. It is interesting to note thatj c does
not vanish atT,Tc , even at a field of 5mT, see inset in
Fig. 11. Obviously, the absence of the characteristic ac fi
dependence given by the geometrical barrier prevents
determination ofHc1 for the Y123 crystal with our method

FIG. 11. The amplitude of the ac field, at which the imagina
part of the susceptibility reaches its maximum, as a function
temperature for the Y123 crystal. Following the nonlinear Be
model for transverse geometry, the critical current density can
calculated and is given at the right axis. The inset blows up
region nearTc .
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IV. DISCUSSION

A clear distinction between the nonlinear response
tained from the geometrical barrier and that from the Be
Livingston surface barrier is difficult by measuring global
even local nonlinear susceptibility or magnetization. A po
sible way to study and differentiate the contributions of the
two different barrier mechanisms is by changing the shap
the crystals, see Ref. 33. In that work it is shown that
platelet samples with weak bulk pinning and in transve
geometry, the geometrical barrier appears to be the domi
at high temperatures.

One may still ask if the measured response in our crys
shows some evidence for thermally activated relaxation
the low fields of our measurements. For fields below 10
and by changing the frequency of the ac field from 30 Hz
1 kHz, the signals of the nonannealed crystal Bi2212a sh
a shift in the position of the maximum ofx9(H0) of less than
0.5 K, indicating an activation energy larger than 3 eV. Th
result cannot be understood within the geometrical bar
model since this leads to a very small probability for the
mally activated hopping of vortices. We note, however, th
this weak frequency dependence is completely absent in
annealed crystal. It is therefore clear that inhomogenei
influences the frequency dependence of the ac response
Tc .

Taking into account all this evidence and the typical b
havior of the nonlinear susceptibility, see Figs. 4, 7, and
we argue that the geometrical barrier is the main mechan
for the irreversible behavior in Y124 and Bi2212 crystals
the temperatures and fields of our measurements.

A detailed theory ofHc1(T) nearTc , taking into account
the influence of self fluctuations of the order parameter
given by Blatteret al.9 As discussed in Ref. 9, thermal fluc
tuations shift the transition temperatureTc to lower tempera-
tures. Depending on the anisotropy of the superconduc
this shift can be of the order of 3 K for Bi2212 HTS. More-
over, thermal fluctuations change the curvature ofHc1(T)
from zero to negative.9 For the less anisotropic crystals suc
as Y123 a parallel shift of theHc1(T) without a downward
bending is expected from this theory. Taking into accou
only the results of the Bi2212a and Y124 crystals these t
oretical predictions9 appear to be in good agreement with o
observations: the larger the anisotropy, the larger the
pected shift to lower temperatures of the lower critical fie
The previously published results in the literature indica
also an anomalous temperature dependence forHc1(T) in
highly anisotropic high-Tc superconductors. However, w
show clearly that the temperature dependence ofHc1 @the
breakdown ofHc1(T) nearTc as well as its negative curva
ture#, extracted fromHp(T), is sensitive to the homogeneit
of the crystal and it cannot be taken as an intrinsic prope

V. CONCLUSION

In conclusion, we have measured the ac field amplitu
dependence of the global susceptibility of different HT
crystals nearTc . For the weak pinning HTS crystals, the a
field amplitude dependence follows the predicted behav
due to the geometrical barrier mechanism. Measuring
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penetration fieldHp we have shown that the lower critica
field for nonannealed Bi2212 and Y124 crystals shows
anomalous dependence nearTc , vanishing at Tco;Tc

22 K and ;Tc20.3 K, respectively. This ‘‘collapse’’ of
Hp occurs just at the low-temperature onset of the zero-fi
superconducting transition and indicates that these effects
not an intrinsic property of the HTS crystals. The measu
ments on three Bi-based crystals show that the tempera
dependence ofHc1(T) depends on the sample quality.
particular, the breakdown ofHc1(T) as well as the negative
curvature is absent for the annealed Bi2212a crystal. For
untwinned Y123 crystal, even very nearTc , bulk pinning
overwhelms the geometrical barrier effect.

Our measurements with and without compensation of
earth field show clearly the importance of its shielding
the investigation of the superconducting properties nearTc .
n
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