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In this paper we present isothermal magnetization curves measured by usin§rzCBCyO-, 5 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 relaitiohi (B, «) is also
considered, where is related to the Ginzburg-Landau parameter. The reversible experimental and calculated
magnetizations show good agreement, allowing us to estifg{€T). The results show that the geometric
barrier is mainly responsible for the magnetic hysteresis observed at high temperatai@ K) where bulk
pinning is negligible.
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[. INTRODUCTION ates magnetization hysteresis. The numerical calculation de-
veloped by Brandt***allows us to study this barrier and
Type-Il superconductors may give rise to hysteresis in the¢/ields field and current profiles and magnetization curves for
magnetization measured when an external field is cycledsuperconducting bars and disks of any aspect ratio, with or
This hysteresis has been usually associated with bulk pinithout bulk pinning.
ning, as can be shown by the Bean modehd/or with sur- Another difficulty for understanding highi; supercon-
face barriers such as the Bean-Livingston bafriResults —ductors such as Bs,CaCyOy, s (BSCCO-2212is the fact
for critical-state models® and for surface barrietsare well ~ that they are anisotropic, i.e., the effective electron mass may
known for external fields parallel to the larger dimension ofPe different along different crystalline axes. The electron
the sampldparallel field. Recently, computer simulations of masses along tha andb axes can be taken as equai,,)
the vortex dynamics considering both pinning and surfacdut are much smaller than the mass along dtexis (mc).
barriers:® were performed for films in parallel field, based on This anisotropy makes the superconducting properties quite
the London approach. different when measured in tfeb plane or along the axis.
However, superconducting samplésingle crystals and Thermal fluctuations of vortices are enhanced by the anisot-
films) are prepared frequently with thicknesses much smalleropy parametei” = ym./m,,,* which can reach very high
than the transverse dimensions and the magnetization datavglues in BSCCO-221% For instance, the large decrease in
obtained with the external field applied along the samplghe hysteresis width as the temperature is incrédsedy be
thickness(perpendicular fielgin order to measure large sig- related to the thermal fluctuations in these materials.
nals. This makes the theoretical interpretation intricate be- In this paper we present isothermal magnetization curves
cause of the large and nonuniform demagnetization effediaken by using a BSCCO-2212 single crystal and compare
that such superconducting samples exhibit. Indeed, it hathese curves with numerically calculated ones. We employed
been shown that the current and magnetic-field profiles ofhe numerical method developed by Brandi;* including
superconductors in perpendicular field differ from those inappropriate material relatiors=E(j) andH=H(B). Here
parallel field”® Moreover, hysteresis may be observed everE is the electric field(generated by moving vorticgg the
in the absence of bulk pinning or Bean-Livingston barriers ifcurrent densityB the induction, andd the reversible mag-
a sample with constant thickness is in a perpendicular fieldnetic field that is in equilibrium withB. Unlike previous
This pin-free irreversibility is caused by the so-called geo-works!®°here the rectangular cross section of the measured
metric barrie?~? against the entrance of magnetic flux, andspecimen is taken into account. The experimental data was
occurs in samples with nonellipsoidal cross section. Flux cagollected at temperatures between 50 K and 80 K. In this
enter only when the shielding current near the specimetemperature range, the hysteresis shows considerable contri-
edges reaches some threshold value that depends on thetion from geometric and/or surface barriers. For instance,
sample thickness and determines the entrancekigld Due  the geometric barrier—with negligible bulk critical current—
to the Lorentz force acting on the vortices, the penetratingnay account for the hysteresis observed at temperatures
flux accumulates in the middle of the sample. When the exabove 60 K. For temperatures equal to or lower than 60 K,
ternal field is lowered, this dome-shaped field distributionsurface barriers, such as the Bean-Livingston barrier, could
becomes wider, vortices move towards the edges, and theke acting on this sample. The reversible magnetizakibn
is no barrier for flux exit. =B—H is well fitted by using the Clem-Hao mod&for the
The different dynamics for flux entrance and exit gener-equilibrium relationH=H(B), with decreasing effectiva
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FIG. 2. ExperimentaH, (circles and theoreticaH,, (lines)
within the two-fluid mode‘i)[Hcloc)\‘zocl—(T/Tc)“]. The solid
(dotted line corresponds to the penetration field for the (whsk),
with woHP2(0)~19 mT, anduH¥K0)~16 mT.

101 : ; ture. Moreover, the hysteresis is asymmetric, i.e., the revers-
‘,:' ible magnetization is different from zero, indicating that
P . - o 20 surface and/qr geometric barriers may l_)e present. The nar-
row hysteresis §m~10"°% A/m?) also evidences the weak
bulk pinning at such temperatures.
FIG. 1. Measured magnetization loopsTat 50 K, 60 K, 70 K, In the absence of pinning, it has been shdwthat
and 80 K(dotted, dashed, solid, and thick solid lines, respectively the field for first flux penetration (entrance field
showing the rapid hysteresis decrease as the temperature is its Hg,=Htanh(y0.3&/a) for bars and Hg,
creased. Inset: magnetization and external field normalized by the-H,tanh(/0.67/R) for disks. Hereb is half the specimen
estimated—lg'lSk at each temperature. The reversible branches seerthickness, is the sample half width, an& the sample ra-
to coincide but they do depend on temperattineough the param-  djus. Figure 2 presents the theoretical valuesHgy, (lines)
eterx) as shown by direct comparison between numerical and exand the field where the measured magnetization shows a
perimental data. maximumH , (circles. (In fact, Hy~Hg, if the sample pre-
sents negligible pinning and the microscopic barrier for vor-
for increasing temperaturg, which permits to estimate the tex entrance can be neglected, otherwidg should be
lower critical field of this sample. greater than the theoreticHl,, described abovgln order to
compare the data, we uséd=d/2=0.04 anda=0.9 (or R
=1.22) inHg, for the bar(disk) (a=0.9 corresponds to half
IIl. EXPERIMENT of the sample’s smaller transverse dimension Badl.22 to

The single crystal was prepared by the flux mefi@nd ~ @n effective ragius of a disk with the same area as the
showed a sharp diamagnetic transitiorTa90 K. Itis of ~ Sample. Assummchl(T)_:Hcl(O)[l—(T/Tc)“], i.e., the
approximately rectangular shape-2.6x1.8mn?) with ~ two-fluid model, and takingTc=90 K, we found good
thickness(along c) of about 0.08 mm. The measurements@dreement af =70 K andT=80 K by using uoHc1(0)
were performed in a quantum design superconducting quari19 mT (16 mT) for the bar(disk). This gives good esti-
tum interference device magnetometer for dc fields appliedhates for the sample’s lower critical field &&= 0. However,
parallel to the crystat axis. the experimental points at lower temperaturéss60 K and

The magnetization was measured in the standard way: the0 K) do not fit the estimate#ti ,(T) dependence.
sample was cooled frofi>T_ to the desired temperature
(below T.) at zero external field; after the temperature was
established, the sample magnetic moment was measured
while the external field was cycled. When the cycle was In order to calculate the dependence of the magnetization
finished, the sample was warmed up to a temperature wetin the external field, we employed a numerical method re-
aboveT, and the procedure was repeated for another targatently developed for bars and disks of any aspect ratid?
temperature. Figure 1 depicts the magnetic moment as @onsidering an appropriaté(j) relation for the supercon-
function of the external field at=50 K, 60 K, 70K, and 80 ducting mixed stateE is the electric field angl the current
K (outer to inner loop In the inset we show magnetization density. This method is briefly described below.
and external field normalized by the estimaté@* at each Taking the external-field directiony( axis) along the
temperaturdvalues in Sec. Y. It is noticed that the hyster- specimen thickness, it has been shown that, starting from
esis width presents a fast decrease with increasing temperggj=V X B, VXE=—§B/dt, and a constitutive relatiok

Ill. NUMERICAL METHOD
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=E(]j)j/j, one obtains the following equation of motion for
the current density
5

dj(r,t) dA,
B dt
(1

dt
wherer=(x,y) (ban or r=(p,y) (disk), the applied mag-
netic fieldB, is alongy, andA,= —xB, (or A,= —pB,/2) is
the vector potential oB,. The current flows along (or ¢),
with the vector potential parallel to it; both the quantities do
not depend ore (or on the anglep). The integral kernel
Q(r,r') may be evaluated by integrating the three-
dimensional(3D) kernel Qgp(r,r')=1/(4m|r—r’|) overz’
(or over ¢) for the bar(disk). The inverse kerneD (r,r")
is related to the kerndD by

Mo fdr’f dy’Ql(r,r’)<E[j(r’,t)]+

J d?r"QY(r,r"Q(r",r")y=8(r—r"). 2
To account for the local-equilibrium flux-line lattice, a given
relationH=H(B)B/B=dF/JB should be considered in or-
der to calculatg,=V xH.® This j, is the current density
that drives the vortice¥ The electric field thus depends on
ji and the constitutive relatioi(j) becomeE=E(jy,B).°
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FIG. 3. Dependence ddof M=B—H obtained from the Clem-
Hao model fork=20,30,40,50,60,70, and 8the arrows indicate
the direction of increasing), normalized toH ;. The full range is
depicted in the upper set. In the lower set, a magnification for in-
ductions up to 1ayH; is depicted.

If one maps the specimen cross section onto a discrete
grid of points, the above equations can be numerically evalu-

ated by time integration of the equation of motion foat

resistivity yields flux flow and flux creep whej. and ]

each grid point. It is useful to take into account the symmetry<ic. respectively. In the case wherg.—0 one getspe

of the current density, i.ej(X,y)=—j(=XYy)=]j(X,—Y)
—j(—x,—y) for a bar in an external field parallel tp
[and equivalentlyj(p,—y)=]j(p,y) for the disK. This per-
mits us to consider only one quarter of the specimen cro
section to obtain higher numerical accuracy. The calculate
guantities are normalized, i.e., the lengths are in unita of
(or R), H—=H/H., j—aj/H., (or Rj/H.), and m
—m/(La?H,) [orm/(R3H,,)] for the bar(disk), whereL is
the longer transverse dimension of the specim@ur
sample exhibitd. ~2.6 mm, but in our calculation we used
L~2 mm that yields better agreement with the measure
virgin magnetization. Interestingly, a rectangular plate in th

fully penetrated critical state in perpendicular field exhibits

moeL—2a/3~2 mm)

IV. RESULTS AND DISCUSSION

We chose a grid with 284 points in one quarter of the
sample cross section. The calculation was performed for
disk withR=1.22 mm(which gives the same area as that of
the actual sampleand for a bar with half widtha

=poB, which is the Bardeen-Stephen flux-flow model.

We also considered an equilibrium relationH
=H(B)B/B, obtained by using the Clem-Hao mod®IThis
ariational model considers the interaction between vortex

S . e . i i
gores, in addition to the interactions between fields and cur-

rents, but neglects the vortex-lattice structure. The resulting
equilibrium relation depends only on the inductiBrand on

the Ginzburg-LandayGL) parameterx. The obtained de-
pendence olB of M=B—H is depicted in Fig. 3 for several
values ofk. It is observed thaM decreases faster asis

dncreased. The model can be extended to account for anisot-
Jopy whenH is parallel to one of the crystal principal axes,

by introducing an effective GL parameter instead ofx,

wherex = «I'~ 3. This model is equivalent to the solution of
the GL equations for large value @f?%(In what follows, we

write « just to state that we are not restricted to the isotropic
case).

We estimatedk by looking for the value that gives the
Best fit for the reversible magnetic moment at each tempera-

ture, considering the cage=0. This yields a decreasing

=0.9 mm(the shorter transverse dimension of our sample i$tS the temperature increases from 50 K to 80 K. Notice that

about 1.8 mmy both with half thicknesses df=0.04 mm.

The numerics was performed by usind(jy,B)
=pe(in,B)jn, wheré
: litiel”
pe(j,B)=poB—"—, 3
) 1+jljel”

for several values of the parametess py, and j. (the
critical-current density This expression for a generalized

the external-field range is different at each temperature stud-
ied, e.g.,|B,/<10 mT at 80 K,|B,|<50 mT at 70 K, and
|BaJ <150 mT at 50 K and 60 K. This may affect the esti-

matedx, since quantum and thermal fluctuations of vortices
strongly contribute to the mixed-state magnetization at high
fields?4=%’

In order to better adjust the numerical results to the ex-
perimental hysteresis, a bulk critical current depending
monotonically on the local inductioB was also taken into
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0 3 6 9 12 15 FIG. 5. Magnetic moment &=80 K. The open circles corre-
B, /unH, spond to experimental datda) We estimatedxk=20+5 and

_ _ o woHI <6 mT (uoH2'~9.5 mT) comparing with the experi-
FIG. 4. Numerical magnetic moment considering-0, for the  mental and the numerical reversible branchjfor 0 (solid line for
bar (top) and the diskbottom (with dimensions given in the text  the disk and dashed line for the bafb) Numerical curves also
considering the Clem-Hao model far= 20, 30, 40, 50, 60, 70, and considering a monotonic bulk critical curretjt (B)=j.exp
80 (the arrow indicates the direction of increasikly The revers- (—aB)] are depicted in the main figure. The dashed line was ob-
ible branch de ilibri ' tained by usingj,~6x10° A/m?, «~800 T !, and =20
pends strongly on the equilibrium relation. Insets! y using|co ' » an
magnification of the magnetization far=20, 50, and 80, at low (Pan. The solid line corresponds th~7.8X 1P Alm?, 0=20

, : ~ and the line with dots tg.o~1.57x10" A/m?, ¢=2, both with
fields. The hysteresis does not show observable dependenee on 2~830 T L for the disk.

account. We chosg,(B) = j .0exp(—aB) since this provides Figures 5 and 6 depict the measur@gpen circles and
a good fit to the numerical data at 70 K and 80 K, and itnumerically calculatedlines) magnetic moments at 80 K
avoids parameters in excess. and 70 K, respectively. In both figures the numerical magne-

Magnetization curves for a bar and a digkp and bot- tization was calculated by considering a finjtg except for
tom, respectively with the dimensions as considered abovethe lines shown in Figs.(8 and Ga,b), which represent the
are shown in Fig. 4 consideringj.=0 and calculation performed with zero critical current. For both

. Cc

—20,30,40,50,60,70, and 86he arrow indicates the direc- temperatures we found good agreement between experimen-
N tal and numerical curves. The reversible branch is well de-

scribed by the Clem-Hao model with(T=80 K)=20+5

andx(T=70 K)=50+5. The reversible branch is fitted by

using ugH:(T=80 K)=6 mT and wuoH(T=70 K)

~9.5 mT for the disk, angkgH1=7.5 mT andugH (T

tion of increasingx). In the main set the magnetization is
depicted for external fields up to H3;, with the reversible

branch strongly dependent on the choseriTherefore, the
reversible magnetization is related to the equilibrium magne

tiza_tipn, decaying faster with decreasiﬁg It is_ also worth =70 K)~12 mT for the bafsee Figs. &) and 8a) where
noticing that thg difference between two adjf’:lcent cu.rves i$he reversible magnetization is depicted enlaigatso, the
larger for lower«, both for a bar and for a disk. The inset geometric barrier greatly influences the hysteresis, more
shows a magnification of the data wikt+ 20,50, and 80, for strongly atT=80 K than it does at 70 K, as can be seen in
0=<B,=<0.6ugH.;. The hysteretic magnetization is restricted Figs. 5a) and &b). As Figs. §c) and &c) show, a better fit

to values of external fields lower than OR2§ and it does is obtained when a small bulk critical current is con-
not present a strong dependence on the equilibrium magnsidered, yielding calculatetti, greater than the geometric
tization. We also observed that the reversible branch does nbarrierH,,,.

depend on the creep exponentand onpg in our numerics. The critical-current value estimated depends on the expo-
The addition of a finitej. does not affect the reversible nento of theE(j) relation[Eqg. (3)]. We usedo= 20, 4, and
branch too; it only increases the hysteresis width and th@ that are related to weak, strong, and very str@gost
field where reversibility begins. ohmig) flux creep, respectively. The comparison between ex-
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FIG. 6. Data aff=70 K. (a) The comparison between experi-
mental(open circley and numerical loops foy.=0 (solid line for
the disk and dashed line for the bashows x=50+5 and
woHI <95 mT (uoH?~12 mT). (b) Magnification of the
loops shown ina) at low fields. This figure shows that the geomet-
ric barrier strongly affects the hysteresis at this temperature @)so.
Experimental(open circley and numerical data obtained by using
finite j.. The thick line (thin line) corresponds toj.~2.5
X 10" AIm? (joo=~1X10° AIm?), a~420 T %, with 0=20 (o
=2) for the disk. The dashed line is for the bar considergg
~2x10" A/Im?, @~340 T !, ando=20.
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FIG. 7. Same as Fig. 5 but &t=60 K with xk=70+5 and
woHYk~12 mT. We show several numerical curves for the disk
compared with experimental datéb) as follows: j.,~1.6
X 10" Alm?, =20 (thin line); j.o~4.0x10" A/m?, =20
(thick line); jo=3.6x10° A/m?, o=4 (dotted ling andj.o~1.6
X108 A/m?, o=2 (dashed ling all of them were calculated by
using a~325 T 1. (c) Experimental(circles and numerical data
for the bar considering j,,~5.3Xx10" A/m?, ¢=20, «
~270 T 1. (a) Magnification of the reversible branch, where the
numerical loops withj.=0 (thick line for the disk and dotted line

perimental and numerical magnetizations does not allow ufor the bai are compared with the experimental points.
to determine the creep exponent, since good agreement can

be found with differents by varyingj.. At T=80 K [Fig.

and o=2, respectively, but still much smaller than the de-

5(c)], numerical data for the bar was evaluated by usingPairing current.

jco~6x10° A/m?, a~800 T !, ando=20 (dashed ling
The same figure shows the cages~7.8x10° A/m?, o
=20 (solid line) andj.o~1.57x 10’ A/m?, =2 (line with
solid dotg, both with «~830 T ? for the disk. The values

Good agreement between experimental and numerical
data is also found for the reversible branciTat50 K and
T=60 K, as depicted in Figs.(@ and &a), where the thick
and the dotted lines represent the magnetization calculated

for the disk and the bar present reasonable agreement, aMdth zero critical current for the disk and the bar, respec-
the fitted critical current is larger when a smaller creep extively [the thinline in Fig. &) is for finite j, corresponding
ponent is chosen, as it should be expected. Moreover, th® the thick line in Fig. &)]. We estimateuH.; (60 K)

very low critical-current values (1—10 ° times the mag-
nitude of the depairing currenindicate the major role of the
geometric barrier at this temperatysee, for instance, Fig.

~12 mT and ugH¢ (50 K)=14 mT for the disk, and
moHer (60 K)=15 mT andugH¢, (50 K)=17.5 mT for
the bar. For both the disk and the bar we also find that

5(a), where the numerically obtained magnetization withx (60 K)~70%5 andx (50 K)~80+5. However, the nu-
zero-bulk critical current is compared with experimentalmerical magnetization hysteresis does not show the same

datd. The critical current estimated &t=70 K is also very
low. In Fig. 6c) the magnetic moment at 70 K is shown
compared with several numerical curves considering:
~2x10" AIm?, a~340 T ! with o=20 (dashed lingfor
the bar;j~2.5x10° A/m?, =20 (thick line), and j
~1x10® A/m? o=2 (thin line), both with a~420 T !

agreement that was observed at higher temperature.

In Fig. 7(b), experimental points measured Bt 60 K
are compared with numerical ones obtained with
~325 T ! for the disk. The various curves were calculated
for: joo~=1.6X10" A/m?, ¢=20 (thin line); j.~4.0
X 10" A/Im?, o=20 (thick line); j,o~3.6x10° A/m?, &

for the disk. These critical-current values are three and six=4 (dotted ling, and j,o~1.6x10® A/m?, o=2 (dashed

times greater than those estimatedTat80 K for =20

line). (One may notice that the thin and the dashed lines are

134514-5
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FIG. 9. Temperature dependences«dfopen trianglesandH
(solid symbol$ obtained from the comparison between experimen-
-5.01 tal and numerical curves. The circlésquares and the dashed
(solid) lines correspond tél; extracted from the diskbar and to
-10.0 ) the  expression ugH.=15.5(1-t% mT  [uoH=19(1
& —t* mT], wheret=T/T,.
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FIG. 8. Same as Fig. 5 but a&=50 K with «=80+5 and
woHI <14 mT (uoH2%'~17.5 mT).(b) Numerical data for the
bar (thin line, 0=20, jo~8x10" A/m? a~110 T 1) and for

(b) Another type of vortex-surface barrier is acting on the
specimerf® This is an interesting picture, since vortices may
the disk =2, jo~5.6x 10F A/m?, a~140 T !) are compared jgmp this surface barrier at high temperature and the geomet-
with experiment(circles. () Numerical data considering,=0 ric bamer b_ecomes more relevant. At lower temperatures,
(thick line for the disk and dotted line for the band finitej, (thin ~ VOrtex jumping through the surface would be less probable
line) corresponding to the thick line ifb). Good agreement is seen and this surface barrier could be more significant than the
in the reversible branch between experimental and numerical curvegeometric barrier. This picture requires to consider the mi-
as observed at higher temperature. croscopic vortex penetration in detail.

almost identica). It can be observed that the numerical The temperature dependence of the estimated
curves that agree with the experimental hysteresis at loSduares compared with the bar and circles compared with
external fields [B,/<2 mT), which are the thin and dashed the disk and « is depicted in Fig. 9. Also shown are the
lines, present loweH, (the field at which the magnetization relations woH(T)=191—(T/90)*] mT (solid line) and

is maximum compared with the experimenttd,. On the  wHIK(T)=15.91—(T/90)*] mT (dashed ling This indi-
other hand, for highej (or larger o) values(thick and  catesH.;(0)~15 mT—-20 mT for our single crystal.

dotted line$, the numerical curves show better agreement at  Special attention must be paid to the temperature depen-

Ba>wuoHp, although they are larger than the experimentaljence ofx. Applying their model, Hao and co-authors found

data at low fields. A comparison with the numerics for thethat} increases as temperature incred9ekhis increase in

bar 7'S Sh‘;’W” in the lower mseti cor)3|der|r]go~5.3 x was explained as resulting from thermal fluctuations of
x10° Alm?, =20, anda~270 T °, which presents the |, i-0525 \vhich give an additional contribution to the

same features observed in the numerics for the disk, i.e., the Do 4 e . )
numerical hysteresis is larger at low external fields and prelgnetizatiort.” They obtainedx by fitting theoretical ex-

sents smalleH,, as compared to the experimental data. ThePT€SSIons to experimental data at external fields above 0.1,
same behavior is also observedrat50 K, as shown in Fig. nedlecting demagnetization effectartinez et al.™ also
8(b), where numerical data is depicted for the bar with showed thqt quantum fluctuations of vortiteare present in
=20, jo~8X 10" A/m?, anda~110 T * (thin line), and the magnetization dependence B However, the contribu--
for the disk with o=2, j.o~5.6x10F A/m2, and tion to the magnetization from fluctuations of vortices is
~140 T ! [thick and thin lines in Figs. @) and 8a), re- s_mall at Iovy external-fields. This sugge_sts that the external_—
spectively. field range in our measurements could influence the determi-

The reason for the difference observed in the numericahation of «, since we haveB,|<150 mT atT<60 K,

and experimental hysteresis at 50 K and 60 K is not clear. WeBal <50 mT atT=70 K, and|B,|<10 mT atT=80 K.
outline two possible scenarios that could explain this. Therefore, aff<70 K we cannot assure that the magnetic

induction is low enough to neglect fluctuations of vortices.

(a) The flux penetration involves critical current or creep This could be contributing to the magnetization, which
exponento that depends nonmonotonically & A weaker  would explain the highek found at lowerT.
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V. SUMMARY tunately, we could not estimatg. and o independently

We studied the magnetization dependence on the extern'g]rough direct comparison between numerical and magneti-

field by comparison of experimental results with numericalZatlon loops. Therefore, the geometric barrier is quite im-

magnetization. The calculated magnetization carefully conP ortant for understanding the hysteresis at these tempera-

siders the sample dimensions, the external-field direction thté”es' In fact, the hysteresis at 80 K is dominated by the
o pie dimel N | 1 geometric barrier. At 50 K and 60 K, the numerical data does
equilibrium magnetization, given by the Clem-Hao model, ' : . i
. : . not fit the experimental hysteresis as well as it fitted at 70 K
and ank(]j) relation that yields flux creep. We found good d 80 K. if d ‘dered to d d .
agreement in the reversible branch between experimental ag ;1] ando were considered to depend monotoni-
. ; ; . _cally on B. The reason for this is not clear, but we suggest
numerical data at the external-field range studied. This alfwo ossible explanations: a nonmonotonic dependence of
lowed us to estimate the lower critical fielgugH1(0) b b : b

. . the critical current or the creep exponent on the local induc-
15-20 mT and its temperature dependence at the Stume?[]on; another type of barrier for vortex penetration which

field range. The decreasing for increasing temperature \yould be more pronounced than the geometric barrier below
might be related to the different external-field range consid<g K but would be overcome by thermal fluctuations at high

ered, so the high values found &&70 K could be influ-  temperatures, e.gT=70 K. Further studies are under way
enced by the contribution to the magnetization from fluctuazng will be published elsewhere.

tion of vortices, which we did not consider in the
calculations.

The hystereses also show good agreement with the nu-
merics at 70 K and 80 K, when a bulk critical current is taken
into account. This yields information about the magnitude of We would like to thank Gilson M. Carneiro for helpful
the critical current, which is around 16-10° times the discussions. This work was supported by Brazilian Science
depairing current, depending on the creep expor{éhtfor-  Agencies CNPq and FACEPE.
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