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Geometric barrier in Bi 2Sr2CaCu2O7¿d single crystals
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In this paper we present isothermal magnetization curves measured by using a Bi2Sr2CaCu2O71d single
crystal in the temperature range 50 K–80 K, for external magnetic fields applied along the sample thickness.
The experimental data is compared with the numerically calculated magnetization, in which the specimen

geometry is correctly taken into account. In this calculation an explicit equilibrium relationH5H(B,k̃) is also

considered, wherek̃ is related to the Ginzburg-Landau parameter. The reversible experimental and calculated
magnetizations show good agreement, allowing us to estimateHc1(T). The results show that the geometric
barrier is mainly responsible for the magnetic hysteresis observed at high temperatures (T>70 K) where bulk
pinning is negligible.

DOI: 10.1103/PhysRevB.65.134514 PACS number~s!: 74.60.Ec, 74.60.Ge, 74.60.Jg
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I. INTRODUCTION

Type-II superconductors may give rise to hysteresis in
magnetization measured when an external field is cyc
This hysteresis has been usually associated with bulk
ning, as can be shown by the Bean model,1 and/or with sur-
face barriers such as the Bean-Livingston barrier.2 Results
for critical-state models1,3 and for surface barriers4 are well
known for external fields parallel to the larger dimension
the sample~parallel field!. Recently, computer simulations o
the vortex dynamics considering both pinning and surf
barriers5,6 were performed for films in parallel field, based o
the London approach.

However, superconducting samples~single crystals and
films! are prepared frequently with thicknesses much sma
than the transverse dimensions and the magnetization da
obtained with the external field applied along the sam
thickness~perpendicular field! in order to measure large sig
nals. This makes the theoretical interpretation intricate
cause of the large and nonuniform demagnetization ef
that such superconducting samples exhibit. Indeed, it
been shown that the current and magnetic-field profiles
superconductors in perpendicular field differ from those
parallel field.7,8 Moreover, hysteresis may be observed ev
in the absence of bulk pinning or Bean-Livingston barriers
a sample with constant thickness is in a perpendicular fi
This pin-free irreversibility is caused by the so-called ge
metric barrier9–12 against the entrance of magnetic flux, a
occurs in samples with nonellipsoidal cross section. Flux
enter only when the shielding current near the specim
edges reaches some threshold value that depends on
sample thickness and determines the entrance fieldHen. Due
to the Lorentz force acting on the vortices, the penetrat
flux accumulates in the middle of the sample. When the
ternal field is lowered, this dome-shaped field distributi
becomes wider, vortices move towards the edges, and t
is no barrier for flux exit.

The different dynamics for flux entrance and exit gen
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ates magnetization hysteresis. The numerical calculation
veloped by Brandt9,13,14 allows us to study this barrier an
yields field and current profiles and magnetization curves
superconducting bars and disks of any aspect ratio, with
without bulk pinning.

Another difficulty for understanding high-Tc supercon-
ductors such as Bi2Sr2CaCu2O71d ~BSCCO-2212! is the fact
that they are anisotropic, i.e., the effective electron mass m
be different along different crystalline axes. The electr
masses along thea andb axes can be taken as equal (mab)
but are much smaller than the mass along thec axis (mc).
This anisotropy makes the superconducting properties q
different when measured in theab plane or along thec axis.
Thermal fluctuations of vortices are enhanced by the ani
ropy parameterG5Amc /mab,

15 which can reach very high
values in BSCCO-2212.16 For instance, the large decrease
the hysteresis width as the temperature is increased17 may be
related to the thermal fluctuations in these materials.

In this paper we present isothermal magnetization cur
taken by using a BSCCO-2212 single crystal and comp
these curves with numerically calculated ones. We emplo
the numerical method developed by Brandt,9,13,14 including
appropriate material relationsE5E( j ) andH5H(B). Here
E is the electric field~generated by moving vortices!, j the
current density,B the induction, andH the reversible mag-
netic field that is in equilibrium withB. Unlike previous
works,18,19here the rectangular cross section of the measu
specimen is taken into account. The experimental data
collected at temperatures between 50 K and 80 K. In t
temperature range, the hysteresis shows considerable co
bution from geometric and/or surface barriers. For instan
the geometric barrier—with negligible bulk critical current—
may account for the hysteresis observed at temperat
above 60 K. For temperatures equal to or lower than 60
surface barriers, such as the Bean-Livingston barrier, co
be acting on this sample. The reversible magnetizationM
5B2H is well fitted by using the Clem-Hao model20 for the
equilibrium relationH5H(B), with decreasing effectivek
©2002 The American Physical Society14-1
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for increasing temperatureT, which permits to estimate th
lower critical field of this sample.

II. EXPERIMENT

The single crystal was prepared by the flux method21 and
showed a sharp diamagnetic transition atTc590 K. It is of
approximately rectangular shape (;2.631.8mm2) with
thickness~along c) of about 0.08 mm. The measuremen
were performed in a quantum design superconducting qu
tum interference device magnetometer for dc fields app
parallel to the crystalc axis.

The magnetization was measured in the standard way
sample was cooled fromT@Tc to the desired temperatur
~below Tc) at zero external field; after the temperature w
established, the sample magnetic moment was meas
while the external field was cycled. When the cycle w
finished, the sample was warmed up to a temperature
aboveTc and the procedure was repeated for another ta
temperature. Figure 1 depicts the magnetic moment a
function of the external field atT550 K, 60 K, 70 K, and 80
K ~outer to inner loop!. In the inset we show magnetizatio
and external field normalized by the estimatedHc1

disk at each
temperature~values in Sec. IV!. It is noticed that the hyster
esis width presents a fast decrease with increasing temp

FIG. 1. Measured magnetization loops atT550 K, 60 K, 70 K,
and 80 K~dotted, dashed, solid, and thick solid lines, respective!
showing the rapid hysteresis decrease as the temperature
creased. Inset: magnetization and external field normalized by
estimatedHc1

disk at each temperature. The reversible branches s
to coincide but they do depend on temperature~through the param-

eter k̃) as shown by direct comparison between numerical and
perimental data.
13451
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ture. Moreover, the hysteresis is asymmetric, i.e., the rev
ible magnetization is different from zero, indicating th
surface and/or geometric barriers may be present. The
row hysteresis (Dm;1026 A/m2) also evidences the wea
bulk pinning at such temperatures.

In the absence of pinning, it has been shown9 that
the field for first flux penetration ~entrance field!
is Hen5Hc1tanh(A0.36b/a) for bars and Hen

5Hc1tanh(A0.67b/R) for disks. Hereb is half the specimen
thickness,a is the sample half width, andR the sample ra-
dius. Figure 2 presents the theoretical values forHen ~lines!
and the field where the measured magnetization show
maximumHp ~circles!. ~In fact, Hp'Hen if the sample pre-
sents negligible pinning and the microscopic barrier for v
tex entrance can be neglected, otherwiseHp should be
greater than the theoreticalHen described above.! In order to
compare the data, we usedb5d/250.04 anda50.9 ~or R
51.22) inHen for the bar~disk! (a50.9 corresponds to hal
of the sample’s smaller transverse dimension andR51.22 to
an effective radius of a disk with the same area as
sample!. AssumingHc1(T)5Hc1(0)@12(T/Tc)

4#, i.e., the
two-fluid model, and takingTc590 K, we found good
agreement atT570 K and T580 K by usingm0Hc1(0)
'19 mT ~16 mT! for the bar~disk!. This gives good esti-
mates for the sample’s lower critical field atT50. However,
the experimental points at lower temperatures (T550 K and
60 K! do not fit the estimatedHp(T) dependence.

III. NUMERICAL METHOD

In order to calculate the dependence of the magnetiza
on the external field, we employed a numerical method
cently developed for bars and disks of any aspect ratio,9,13,14

considering an appropriateE( j ) relation for the supercon
ducting mixed state (E is the electric field andj the current
density!. This method is briefly described below.

Taking the external-field direction (y axis! along the
specimen thickness, it has been shown that, starting f
m0j5“3B, “3E52]B/]t, and a constitutive relationE

in-
he
m

x-

FIG. 2. ExperimentalHp ~circles! and theoreticalHen ~lines!
within the two-fluid model9 @Hc1}l22}12(T/Tc)

4#. The solid
~dotted! line corresponds to the penetration field for the bar~disk!,
with m0Hc1

bar(0)'19 mT, andm0Hc1
disk(0)'16 mT.
4-2
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5E( j ) j/ j , one obtains the following equation of motion fo
the current density

m0

d j~r ,t !

dt
5E dr8E dy8Q21~r,r8!S E@ j ~r 8,t !#1

dAa

dt D ,

~1!

where r5(x,y) ~bar! or r5(r,y) ~disk!, the applied mag-
netic fieldBa is alongy, andAa52xBa ~or Aa52rBa/2) is
the vector potential ofBa . The current flows alongẑ ~or f̂),
with the vector potential parallel to it; both the quantities
not depend onz ~or on the anglef). The integral kernel
Q(r,r8) may be evaluated by integrating the thre
dimensional~3D! kernel Q3D(r,r8)51/(4pur2r8u) over z8
~or overf) for the bar~disk!. The inverse kernelQ21(r,r8)
is related to the kernelQ by

E d2r 9Q21~r,r9!Q~r9,r8!5d~r2r8!. ~2!

To account for the local-equilibrium flux-line lattice, a give
relation H5H(B)B/B5]F/]B should be considered in or
der to calculatejH5“3H.9 This jH is the current density
that drives the vortices.12 The electric field thus depends o
j H and the constitutive relationE( j ) becomesE5E( j H ,B).9

If one maps the specimen cross section onto a disc
grid of points, the above equations can be numerically ev
ated by time integration of the equation of motion forj at
each grid point. It is useful to take into account the symme
of the current density, i.e.,j (x,y)52 j (2x,y)5 j (x,2y)
52 j (2x,2y) for a bar in an external field parallel toŷ
@and equivalently,j (r,2y)5 j (r,y) for the disk#. This per-
mits us to consider only one quarter of the specimen cr
section to obtain higher numerical accuracy. The calcula
quantities are normalized, i.e., the lengths are in units oa
~or R), H→H/Hc1 , j→a j /Hc1 ~or R j/Hc1), and m
→m/(La2Hc1) @or m/(R3Hc1)# for the bar~disk!, whereL is
the longer transverse dimension of the specimen.~Our
sample exhibitsL'2.6 mm, but in our calculation we use
L'2 mm that yields better agreement with the measu
virgin magnetization. Interestingly, a rectangular plate in
fully penetrated critical state in perpendicular field exhib
m}L22a/3'2 mm.!

IV. RESULTS AND DISCUSSION

We chose a grid with 2534 points in one quarter of the
sample cross section. The calculation was performed fo
disk with R51.22 mm~which gives the same area as that
the actual sample! and for a bar with half widtha
50.9 mm~the shorter transverse dimension of our sampl
about 1.8 mm!, both with half thicknesses ofb50.04 mm.
The numerics was performed by usingE( jH ,B)
5re( j H ,B) jH , where9

re~ j ,B!5r0B
u j / j cus

11u j / j cus
, ~3!

for several values of the parameterss, r0, and j c ~the
critical-current density!. This expression for a generalize
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resistivity yields flux flow and flux creep whenj @ j c and j
! j c , respectively.9 In the case wherej c→0 one getsre
5r0B, which is the Bardeen-Stephen flux-flow model.22

We also considered an equilibrium relation,H
5H(B)B/B, obtained by using the Clem-Hao model.20 This
variational model considers the interaction between vor
cores, in addition to the interactions between fields and c
rents, but neglects the vortex-lattice structure. The resul
equilibrium relation depends only on the inductionB and on
the Ginzburg-Landau~GL! parameterk. The obtained de-
pendence onB of M5B2H is depicted in Fig. 3 for severa
values ofk. It is observed thatM decreases faster ask is
increased. The model can be extended to account for an
ropy whenH is parallel to one of the crystal principal axe
by introducing an effective GL parameterk̃ instead ofk,
wherek̃5kG21/3. This model is equivalent to the solution o
the GL equations for large value ofk.23~In what follows, we
write k̃ just to state that we are not restricted to the isotro
case.!

We estimatedk̃ by looking for the value that gives th
best fit for the reversible magnetic moment at each temp
ture, considering the casej c50. This yields a decreasingk̃
as the temperature increases from 50 K to 80 K. Notice t
the external-field range is different at each temperature s
ied, e.g.,uBau,10 mT at 80 K,uBau,50 mT at 70 K, and
uBau,150 mT at 50 K and 60 K. This may affect the es
matedk̃, since quantum and thermal fluctuations of vortic
strongly contribute to the mixed-state magnetization at h
fields.24–27

In order to better adjust the numerical results to the
perimental hysteresis, a bulk critical current depend
monotonically on the local inductionB was also taken into

FIG. 3. Dependence onB of M5B2H obtained from the Clem-
Hao model fork520,30,40,50,60,70, and 80~the arrows indicate
the direction of increasingk), normalized toHc1. The full range is
depicted in the upper set. In the lower set, a magnification for
ductions up to 15m0Hc1 is depicted.
4-3



i

ve

-
is

ne

s
et

d

gn
n

e
th

ne-

th
en-

de-

y

ore
in

n-
c

po-

ex-

ets

n

-

-

ob-

CABRAL, de SOUZA SILVA, AGUIAR, AND BRANDT PHYSICAL REVIEW B65 134514
account. We chosej c(B)5 j c0exp(2aB) since this provides
a good fit to the numerical data at 70 K and 80 K, and
avoids parameters in excess.

Magnetization curves for a bar and a disk~top and bot-
tom, respectively!, with the dimensions as considered abo
are shown in Fig. 4 considering j c50 and k̃
520,30,40,50,60,70, and 80~the arrow indicates the direc
tion of increasingk̃). In the main set the magnetization
depicted for external fields up to 15Hc1, with the reversible
branch strongly dependent on the chosenk̃. Therefore, the
reversible magnetization is related to the equilibrium mag
tization, decaying faster with decreasingk̃. It is also worth
noticing that the difference between two adjacent curve
larger for lowerk̃, both for a bar and for a disk. The ins
shows a magnification of the data withk̃520,50, and 80, for
0<Ba<0.6m0Hc1. The hysteretic magnetization is restricte
to values of external fields lower than 0.25Hc1 and it does
not present a strong dependence on the equilibrium ma
tization. We also observed that the reversible branch does
depend on the creep exponents, and onr0 in our numerics.
The addition of a finitej c does not affect the reversibl
branch too; it only increases the hysteresis width and
field where reversibility begins.

FIG. 4. Numerical magnetic moment consideringj c50, for the
bar ~top! and the disk~bottom! ~with dimensions given in the text!,

considering the Clem-Hao model fork̃520, 30, 40, 50, 60, 70, and

80 ~the arrow indicates the direction of increasingk̃). The revers-
ible branch depends strongly on the equilibrium relation. Ins

magnification of the magnetization fork̃520, 50, and 80, at low

fields. The hysteresis does not show observable dependence ok̃.
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Figures 5 and 6 depict the measured~open circles! and
numerically calculated~lines! magnetic moments at 80 K
and 70 K, respectively. In both figures the numerical mag
tization was calculated by considering a finitej c , except for
the lines shown in Figs. 5~a! and 6~a,b!, which represent the
calculation performed with zero critical current. For bo
temperatures we found good agreement between experim
tal and numerical curves. The reversible branch is well
scribed by the Clem-Hao model withk̃(T580 K)52065
and k̃(T570 K)55065. The reversible branch is fitted b
using m0Hc1(T580 K)'6 mT and m0Hc1(T570 K)
'9.5 mT for the disk, andm0Hc1'7.5 mT andm0Hc1(T
570 K)'12 mT for the bar@see Figs. 5~a! and 6~a! where
the reversible magnetization is depicted enlarged#. Also, the
geometric barrier greatly influences the hysteresis, m
strongly atT580 K than it does at 70 K, as can be seen
Figs. 5~a! and 6~b!. As Figs. 5~c! and 6~c! show, a better fit
is obtained when a small bulk critical current is co
sidered, yielding calculatedHp greater than the geometri
barrierHen.

The critical-current value estimated depends on the ex
nents of theE( j ) relation@Eq. ~3!#. We useds520, 4, and
2 that are related to weak, strong, and very strong~almost
ohmic! flux creep, respectively. The comparison between

:

FIG. 5. Magnetic moment atT580 K. The open circles corre

spond to experimental data.~a! We estimatedk̃52065 and
m0Hc1

disk'6 mT (m0Hc1
bar'9.5 mT) comparing with the experi

mental and the numerical reversible branch forj c50 ~solid line for
the disk and dashed line for the bar!. ~b! Numerical curves also
considering a monotonic bulk critical current@ j c(B)5 j c0exp
(2aB)# are depicted in the main figure. The dashed line was
tained by using j c0'63106 A/m2, a'800 T21, and s520
~bar!. The solid line corresponds toj c0'7.83106 A/m2, s520
and the line with dots toj c0'1.573107 A/m2, s52, both with
a'830 T21 for the disk.
4-4
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GEOMETRIC BARRIER IN Bi2Sr2CaCu2O71d SINGLE CRYSTALS PHYSICAL REVIEW B 65 134514
perimental and numerical magnetizations does not allow
to determine the creep exponent, since good agreemen
be found with differents by varying j c . At T580 K @Fig.
5~c!#, numerical data for the bar was evaluated by us
j c0'63106 A/m2, a'800 T21, ands520 ~dashed line!.
The same figure shows the casesj c0'7.83106 A/m2, s
520 ~solid line! and j c0'1.573107 A/m2, s52 ~line with
solid dots!, both with a'830 T21 for the disk. The values
for the disk and the bar present reasonable agreement,
the fitted critical current is larger when a smaller creep
ponent is chosen, as it should be expected. Moreover,
very low critical-current values (1026–1025 times the mag-
nitude of the depairing current! indicate the major role of the
geometric barrier at this temperature@see, for instance, Fig
5~a!, where the numerically obtained magnetization w
zero-bulk critical current is compared with experimen
data#. The critical current estimated atT570 K is also very
low. In Fig. 6~c! the magnetic moment at 70 K is show
compared with several numerical curves considering:j c0
'23107 A/m2, a'340 T21 with s520 ~dashed line! for
the bar; j c0'2.53107 A/m2, s520 ~thick line!, and j c0
'13108 A/m2, s52 ~thin line!, both with a'420 T21

for the disk. These critical-current values are three and
times greater than those estimated atT580 K for s520

FIG. 6. Data atT570 K. ~a! The comparison between exper
mental~open circles! and numerical loops forj c50 ~solid line for

the disk and dashed line for the bar! shows k̃55065 and
m0Hc1

disk'9.5 mT (m0Hc1
bar'12 mT). ~b! Magnification of the

loops shown in~a! at low fields. This figure shows that the geome
ric barrier strongly affects the hysteresis at this temperature also~c!
Experimental~open circles! and numerical data obtained by usin
finite j c . The thick line ~thin line! corresponds toj c0'2.5
3107 A/m2 ( j c0'13108 A/m2), a'420 T21, with s520 (s
52) for the disk. The dashed line is for the bar consideringj c0

'23107 A/m2, a'340 T21, ands520.
13451
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and s52, respectively, but still much smaller than the d
pairing current.

Good agreement between experimental and numer
data is also found for the reversible branch atT550 K and
T560 K, as depicted in Figs. 7~a! and 8~a!, where the thick
and the dotted lines represent the magnetization calcul
with zero critical current for the disk and the bar, respe
tively @the thin line in Fig. 8~a! is for finite j c , corresponding
to the thick line in Fig. 8~b!#. We estimatem0Hc1 (60 K)
'12 mT and m0Hc1 (50 K)'14 mT for the disk, and
m0Hc1 (60 K)'15 mT andm0Hc1 (50 K)'17.5 mT for
the bar. For both the disk and the bar we also find t
k̃ (60 K)'7065 andk̃ (50 K)'8065. However, the nu-
merical magnetization hysteresis does not show the s
agreement that was observed at higher temperature.

In Fig. 7~b!, experimental points measured atT560 K
are compared with numerical ones obtained witha
'325 T21 for the disk. The various curves were calculat
for: j c0'1.63107 A/m2, s520 ~thin line!; j c0'4.0
3107 A/m2, s520 ~thick line!; j c0'3.63108 A/m2, s
54 ~dotted line!, and j c0'1.63108 A/m2, s52 ~dashed
line!. ~One may notice that the thin and the dashed lines

FIG. 7. Same as Fig. 5 but atT560 K with k̃57065 and
m0Hc1

disk'12 mT. We show several numerical curves for the d
compared with experimental data~b! as follows: j c0'1.6
3107 A/m2, s520 ~thin line!; j c0'4.03107 A/m2, s520
~thick line!; j c0'3.63108 A/m2, s54 ~dotted line! and j c0'1.6
3108 A/m2, s52 ~dashed line!, all of them were calculated by
using a'325 T21. ~c! Experimental~circles! and numerical data
for the bar considering j c0'5.33107 A/m2, s520, a
'270 T21. ~a! Magnification of the reversible branch, where th
numerical loops withj c50 ~thick line for the disk and dotted line
for the bar! are compared with the experimental points.
4-5
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almost identical.! It can be observed that the numeric
curves that agree with the experimental hysteresis at
external fields (uBau,2 mT), which are the thin and dashe
lines, present lowerHp ~the field at which the magnetizatio
is maximum! compared with the experimentalHp . On the
other hand, for higherj c0 ~or larger s) values ~thick and
dotted lines!, the numerical curves show better agreemen
Ba.m0Hp , although they are larger than the experimen
data at low fields. A comparison with the numerics for t
bar is shown in the lower inset, consideringj c0'5.3
3107 A/m2, s520, anda'270 T21, which presents the
same features observed in the numerics for the disk, i.e.
numerical hysteresis is larger at low external fields and p
sents smallerHp as compared to the experimental data. T
same behavior is also observed atT550 K, as shown in Fig.
8~b!, where numerical data is depicted for the bar withs
520, j c0'83107 A/m2, anda'110 T21 ~thin line!, and
for the disk with s52, j c0'5.63108 A/m2, and a
'140 T21 @thick and thin lines in Figs. 8~b! and 8~a!, re-
spectively#.

The reason for the difference observed in the numer
and experimental hysteresis at 50 K and 60 K is not clear.
outline two possible scenarios that could explain this.

~a! The flux penetration involves critical current or cre
exponents that depends nonmonotonically onB. A weaker

FIG. 8. Same as Fig. 5 but atT550 K with k̃58065 and
m0Hc1

disk'14 mT (m0Hc1
bar'17.5 mT). ~b! Numerical data for the

bar ~thin line, s520, j c0'83107 A/m2, a'110 T21) and for
the disk (s52, j c0'5.63108 A/m2, a'140 T21) are compared
with experiment~circles!. ~a! Numerical data consideringj c50
~thick line for the disk and dotted line for the bar! and finitej c ~thin
line! corresponding to the thick line in~b!. Good agreement is see
in the reversible branch between experimental and numerical cu
as observed at higher temperature.
13451
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~stronger! critical current or creep exponent at low~high! B
would account for narrower~wider! hysteresis nearBa

!m0Hp(Ba>m0Hp).
~b! Another type of vortex-surface barrier is acting on t

specimen.28 This is an interesting picture, since vortices m
jump this surface barrier at high temperature and the geom
ric barrier becomes more relevant. At lower temperatur
vortex jumping through the surface would be less proba
and this surface barrier could be more significant than
geometric barrier. This picture requires to consider the
croscopic vortex penetration in detail.

The temperature dependence of the estimatedHc1
~squares compared with the bar and circles compared
the disk! and k̃ is depicted in Fig. 9. Also shown are th
relations m0Hc1

bar(T)519@12(T/90)4# mT ~solid line! and
m0Hc1

disk(T)515.5@12(T/90)4# mT ~dashed line!. This indi-
catesHc1(0)'15 mT–20 mT for our single crystal.

Special attention must be paid to the temperature dep
dence ofk̃. Applying their model, Hao and co-authors foun
that k̃ increases as temperature increases.20 This increase in
k was explained as resulting from thermal fluctuations
vortices,25 which give an additional contribution to th
magnetization.24 They obtainedk̃ by fitting theoretical ex-
pressions to experimental data at external fields above 0
neglecting demagnetization effects.~Martinez et al.26 also
showed that quantum fluctuations of vortices27 are present in
the magnetization dependence onB.! However, the contribu-
tion to the magnetization from fluctuations of vortices
small at low external-fields. This suggests that the extern
field range in our measurements could influence the dete
nation of k̃, since we haveuBau,150 mT at T<60 K,
uBau,50 mT atT570 K, anduBau,10 mT atT580 K.
Therefore, atT<70 K we cannot assure that the magne
induction is low enough to neglect fluctuations of vortice
This could be contributing to the magnetization, whi
would explain the higherk̃ found at lowerT.

es

FIG. 9. Temperature dependences ofk̃ ~open triangles! andHc1

~solid symbols! obtained from the comparison between experime
tal and numerical curves. The circles~squares! and the dashed
~solid! lines correspond toHc1 extracted from the disk~bar! and to
the expression m0Hc1515.5(12t4) mT @m0Hc1519(1
2t4) mT#, wheret5T/Tc .
4-6
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V. SUMMARY

We studied the magnetization dependence on the exte
field by comparison of experimental results with numeric
magnetization. The calculated magnetization carefully co
siders the sample dimensions, the external-field direction,
equilibrium magnetization, given by the Clem-Hao mod
and anE( j ) relation that yields flux creep. We found goo
agreement in the reversible branch between experimental
numerical data at the external-field range studied. This
lowed us to estimate the lower critical field@m0Hc1(0)
;15–20 mT# and its temperature dependence at the stud
field range. The decreasingk̃ for increasing temperature
might be related to the different external-field range cons
ered, so the high values found atT,70 K could be influ-
enced by the contribution to the magnetization from fluctu
tion of vortices, which we did not consider in th
calculations.

The hystereses also show good agreement with the
merics at 70 K and 80 K, when a bulk critical current is tak
into account. This yields information about the magnitude
the critical current, which is around 1026–1025 times the
depairing current, depending on the creep exponent.~Unfor-
. B

.

.

d

9
o

13451
al
l
-

he
,

nd
l-

d

-

-

u-

f

tunately, we could not estimatej c and s independently
through direct comparison between numerical and magn
zation loops.! Therefore, the geometric barrier is quite im
portant for understanding the hysteresis at these temp
tures. In fact, the hysteresis at 80 K is dominated by
geometric barrier. At 50 K and 60 K, the numerical data do
not fit the experimental hysteresis as well as it fitted at 70
and 80 K, if j c ands were considered to depend monoton
cally on B. The reason for this is not clear, but we sugg
two possible explanations: a nonmonotonic dependenc
the critical current or the creep exponent on the local ind
tion; another type of barrier for vortex penetration whi
would be more pronounced than the geometric barrier be
70 K, but would be overcome by thermal fluctuations at h
temperatures, e.g.,T>70 K. Further studies are under wa
and will be published elsewhere.
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