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Temperature dependence of the penetration of magnetic flux intgQB@,_ s disk-shaped thin films was
investigated at low magnetic fields. We studied the conditions characteristic of complete and incomplete
flux-penetration states. The experimental procedure involved the measurements of the profiles of trapped
magnetic flux as a function of temperature and the decays of trapped flux at various points across the disk. We
determined temperatures and magnetic fields at which the crossover between incomplete and complete flux
penetration occurs. This crossover is governed by the temperature dependence of the critical current density.
The distributions of the critical currents across the disk in the complete flux-penetration state were found to be
temperature independent. No evidence for the Bean-Livingston surface barriers has beer{ $6a68-
182996)03518-7

I. INTRODUCTION axial component B,, with missing temperature and
magnetic-field dependence of the complete flux-penetration
Studies of magnetic-flux penetration into superconductingtates. This information is crucial for the analysis of the criti-
thin films have been recognized as those which provide imeal state mode(and its applicability to thin-film supercon-
portant information on critical currents, on distribution of ductors which has been proposed by Theuss, Forkl, and
shielding currents and weak links, on demagnetization efkKronmuler,> Daumling and Larbalestiet, Conner and
fects, and on complete and partial flux penetration statesvialozemoff> and Brandf The leading conclusion of this
Results obtained on thin films of circular geometwhich  analysis is that in the case of thin-film circular samples, the
ensures homogeneous penetration of)flsgem to be par- critical state model requires modification by taking into ac-
ticularly useful due to the need for verification of the con-qnt dominating influence of the gradient of the field com-
yentio_nal critical state model. Penetration of magnetic ﬂuxponent 9B,Joz on the critical current density
into disk-shaped thin films of YB&u,O;_; (YBCO) has 5 _ 1/, y(4B,/9z— B,/r), wheredB,/dz is much larger
been studied with the magneto-optical Faraday rotationy, dB,/or. Therefore, the critical state in the disk occurs

1,2 ; fetribh ;
method._ Calculation of the d's”'b““‘”ﬁ Of both the axial .rather through the thicknesk and not the radius. Theuss,
and radial components of the magnetic field across a thi

3 :
circular film has been performed by Theuss, Forkl, ano]@()rkl’.and Kronmder showe_d that in the absence of the
Kronmtler® for film thicknesses smaller than the London experimental data for the radial componeh(r), one could

penetration depth. Good agreement was obtained betwe Icullate it us.ing experimenta! results B(r). Their com-
the calculated distribution of the axial component of the fielgPutation consists of the following steps:

and the experimental datdRef. 2. However, the authors (a) Fitting of the current distributioni(r) to the Biot-
admitted that the magneto-optical measurements do not pro-  Savart law, so it could reproduce the experimental dis-

vide an evidence of a complete flux penetratfamich is, on tribution of B,(r):
the other hand, given by the saturation of dc magnetization i)  Calculation of the radial componet®,(r) from the
increasing applied magnetic figldiue to insensitivity of a Biot-Savart law using the current distributiofr):

central fringe area, of width about 20% of the disk’s radius, ) Estimation ofB,/dz by taking dB,/dz~2B,(d/2)/d
to the penetrating magnetic field. The available experimentaﬁ [where B (d/2) i< the field on thersurfa¢eurnder the
r

data_ are insufficient to exp!ain deviation of the magneti(.:—_ﬂux assumption thaB, (z) vary smoothly through the film
distribution from that predicted by the conventional critical thicknessd

state model. This applies both to the distribution of the radial
component of the magnetic inducti@,, for which there are  This procedure was used to compare #/Jr~B,(a)/a
recorded no experimental data, and to the distribution of théerm (wherea is the radius of the thin-film digkwith that for
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dB,/dz~2B,(d/2)/d in the formula for the current density. disk No. 1 and 86 K for disk No. 2, and the width of the
Comparison of the experiment&8,(r) with the calculated superconducting transitiodT~1.5 K in both cases. The
B,(r) shows that at low magnetic inductioBs(d/2) on the imaginary part of ac susceptibility’ (T) shows a sharp peak

disk’s surface and,(a) on the disk's surface and at the at 86 K for disk No. 1 and at 85 K for disk No. 2.
disk’s edge are of the same order of magnitude. This implies

tf}at/&(;Br/&z is greater tha@B,/Jr approximately by a factor B. Magnetic-flux-penetration measurement procedure
or a/a.
Briefly, the analysis of Theuss, Forkl, and Krofifec? Magnetic-flux penetration was inferred from the measure-

suggests that the knowledge of an experimental distributioff"€nts of the trapped magnetic-flux density across the disk as
B,(r) across a disk-shaped thin film is essential for an esti& function of temperature and applied magnetic field. The
mation of the distribution of the curremtr) and its depen- Méasurements were done with a scanning Hall-probe system.
dence on an external magnetic field, which can be used fuf® Hall probe of the sensitive area of 0.4 rhand sensitivity

ther to calculate magnetic stray field effects. It is therefore?’ 20-30 mG was used to record distributions of magnetic
worthwhile to expand the investigations 8(r) by per- field at a distance o_f 1.6 mm a_bove the disk. Time depen-
forming the following experiments: dence of the magnetic-flux density was measured with a Hall

probe at various points along the disk’s diameter for a time
(@ Measurements of the temperature and magnetic-fieldange of up to 1bsec. The details of the experimental setup,
dependence of an incomplete-complete flux-that was used in these studies, are reported in Ref. 11. The
penetration states; measurement of magnetic-flux penetration was based on the
(b) Measurements of the time dependence of Bér) following procedure. After zero-field cooling FC) the disk
profiles for an incomplete and complete flux- down to various temperatures beloly, the external mag-

penetration states, and netic field was applied in a direction perpendicular to the
() Measurements of the magnitude of the applied magdisk’s plan_e and parallel to the film's axis (the external
netic field required for a full flux penetration. magnetic field over a range 0-750 G was generated by non-

u§,'gperconducting solengidThis was followed by the mea-
urement of the profile of the axial component of the shield-
g field (which is the difference between the applied field
Oand the field measured by the protand that produced by
the trapped field when the external magnetic field was re-
uced to zero. The information on an incomplete and com-
ete flux penetration was obtained by

We have attempted to make the above measurements
ing a Hall-probe scanning system. A Hall-probe scannin
system has been used by us since 1988 for studies
magnetic-flux distributions and persistent currents in YBC
ceramic disks and ring&Ref. 7). This system provides better
accuracy regarding the measurement of a magnitude of th
magnetic field than the corresponding magneto-optical Fard
day effect method. It is also free of the unwanted change ifa) plotting the magnitude of the trapped field in the disk’s
sensitivity, shown by a magneto-optical metHodiyring the center versus temperature for a constant applied mag-
measurement of the field distribution between the edge and netic field, and by
the center of the disk-shaped sample. A Hall-probe scanninga) plotting the decay rates of the trapped fiélecorded at
system also allows to measure, with high accuracy, the time-  yarjous points along the disk’s diameterersus dis-
dependent changes B,(r) at any point along the disk’s tance from the disk’s center for fixed temperatures and

diameter. : e
applied magnetic field.
The measurements of the flux penetration condition were PP g

made using the distribution of the trapped field rather than
the shielding field. The advantage of that is much more pre- C. Critical current measurement procedure
cise determination of the transition between the partial and Tpe temperature dependence of the critical current was

complete penetration of magnetic flux. The results wergnterred from the temperature dependence of the magnetic

compagr_eéj with the predictions of the existing critical statefie|q generated at the center of a ring by the persistent circu-
models™and with the measurements of the flux and currenfating current at the critical level. The ring of the outer di-

distributions in a square-shaped thin film of YBCO by Xing g3meter of 8.5 mm and the inner diameter of 5 mm was

8 9
etal” and Granet al. etched from disk No. 1 using the photolithography tech-
nique. The persistent current was induced in the zero-field-
Il. EXPERIMENTAL PROCEDURE cooled ring by applying and subsequently switching off the

external magnetic field. The profile of the magnetic field pro-
duced by the current was measured with a scanning Hall
Two thin-film YBCO disks, having diameter of 15 mm probe. The profile due to the current has a single maximum
and thickness of 5000 Adisk No. 1) and 2000 A(disk No.  at the ring’s center, which can be distinguished from that due
2), were sputter-deposited of100-oriented LaAlQ sub- to the magnetic vortices trapped in the ring’s bulk which
strates using off-axis dc magnetron sputtering from a stoexhibits two maxima above the ring’s bulk and a minimum
ichiometric YBCO target® The films werec-axis oriented, in the ring’s center. The magnitude of the critical current is
with the ¢ axis perpendicular to the disk’s plane. The resis-proportional to the saturation value of the magnetic induction
tive measurement of superconducting transition gdye in the ring’s center according to the Biot-Savart léhis can
(R=0) of 90.3 K for disk No. 1, and of 89.2 K for disk No. be achieved by increasing the external magnetic Yieltie
2. The measurement of the real part of ac susceptibiify) magnetic-field dependence of the critical current was mea-
with f=3.22 kHz andH,,,s=1.8 G, revealed,=87 K, for  sured in the field-cooled ring. After field cooling down to a

A. Sample’s preparation and characterization
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FIG. 1. (a) The profiles of the magnetic field shielded by the zero-field-cooled disk No. 1 at various temperatures between 60 and 90 K
in the presence of an external field of 200 G. The profiles are measured by a scanning Hall probe at a distance of 1.6 mm from the sample.
Distances+7.5 mm and—7.5 mm mark the disk edges(b) The profiles of the magnetic field trapped in the zero-field cooled disk No. 1
at various temperatures between 60 and 90 K after the external field of 200 G was switched off. Note that above 77 K the complete
flux-penetration state was reached.

certain temperature, the additional external magnetic fieldnum in the trapped fieldand the inflection point on the
was applied. This was followed by the measurements of thehielding field versus temperature cuniedicate the cross-
axial component of the persistent current’s self-field, wherover temperature. The magnitude of the trapped field at the
the additional external field was reduced to zero. In this cas@naximum decreases linearly with increasing crossover tem-
the self-field of the current was superposed on the MeiSS“QjeraturdFig. 3(@)]. This could also be seen in Fig(d. The
field. Slmllarly to the ZFC case, the value of the critical maximum trapped field is also proportiona| to the minimum
current was determined from the saturation value of the aXiaInagnitude of the app“ed field required for a Comp|ete flux
component of the current’s self-field in the ring’s cen&e  penetrationFig. 3b)]. The temperature dependence of the
Ref. 11 for details of this procedure maximum field trapped in the disk and that of the magnetic
field generated by the critical persistent current circulating in
the ring coincide(Fig. 4). Figures %a) and 8b) show the
distributions of the trapped magnetic flux measured across
The profiles of the magnetic field shielded by disk No. 1disk No. 1 at 79 K(corresponding to the complete flux-
when an external magnetic field of 200 G was applied to thgenetration state after a field of 200 G was applied to the
zero-field-cooledZFC) sample are plotted in Fig.(d for  zero-field-cooled sampleand at 67 K(corresponding to the
various temperatures between 60 and 86 K. These distribuncomplete flux penetrationThey are plotted together with
tions do not indicate which temperature corresponds to ¢he distribution of the normalized decay rates
complete penetration of the magnetic flux into the disk. ThisS=(1/By)dB/d In t for the motion of the trapped flu{s was
information is provided by the profiles of the magnetic field measured over a time range 124&&9. The complete flux-
trapped in the disk at various temperatures when the externgknetration condition is characterized by the normalized de-
field of 200 G was reduced to zefBig. 1(b)]. The crossover cay rates which do not vary mudb.012<S<0.015 across
between partial and complete flux penetration can be seethe disk. For the incomplete flux penetrati®8nhhas a mini-
even clearer in Fig. 2 where the magnetic field trapped in thenum (at S=0.0045 at the disk’s center and a maximulait
disk’s center is plotted versus temperature for constant ag5=0.012 at the disk’s edge. The magnetic field trapped in
plied magnetic fields of 40, 80, 123, and 200 G. The maxithe disk’'s center when a field of 200 G was applied to the

lll. EXPERIMENTAL RESULTS
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FIG. 2. Open symbols mark temperature dependence of the —~ r
magnetic field shielded in the center of the zero-field-cooled disk NS (b)
No. 1 in the presence of external fields of 40(&@, 80 G (b), and - 40 |
200 G(c). Solid symbols mark temperature dependence of the mag- § i 1
netic field trapped in the center of the disk after the applied field &, 1
was reduced to zero. The maximum trapped field indicates the B 30 L .
crossover between the partial and complete flux-penetration states. g: [
Note that this maximum coincides with the inflection point on the E [ ]
shielding field versus temperature curvéd) Temperature depen- & 20 ]
dence of the field trapped in disk No. 1, plotted for various applied g I
fields between 40 and 200 G. The complete flux-penetration state is 3 [ ]
common for all trapped fields at temperatures higher than that cor- § 10 |- Disk 47 7
responding to the maximum trapped field. Discrepancies observed 8 ZPC
for various applied fields are caused by the time decay of the ~ i
rapped field. O e 100 150 200
zero-field-cooled sample is plotted with the corresponding Minimum Applied Magnetic Field (G)

normalized decay rates versus temperatorer a range of

65-85 K) in Fig. 5(c). The decay rates are independent of ) )
temperature at temperatures corresponding to the complete F!C- 3. (@) Temperature dependence of the maximum magnetic
(with average S=0.015 and incomplete (with average field which can be trapped in the center of the zero-field-cooled disk
S=0.0055 flux penetration states. The decay rates in the\o- 1 () I_Dependence of the maXimum tr"?‘pped ﬁe_ld on the mini-
complete flux-penetration regime are approximately twomnum magnitude o_f the external magnetic field required for a com-
times the value observed for the incomplete flux penetrationfl) lete flux penetration.

at the same temperature ranfféigs. 5c) and 5d)]. The i ] o

normalized decay rateSwere measured at the disk’s center @1d 85 K. The field trapped in the disk’s center decreases
for a complete flux-penetration statafter applying a satu- linearly with increasing temperatu[5|g. 6(c)]. For ring No..
rating magnetic field of 750 G to the zero-field-cooled 1, the magnenc field tr_apped in the center of the zerojﬂe_ld—
samplé over a range of temperatures between 60 and 85 KEooled ring, when a field of 200 G was applied to it, is
The decay rates are logarithmic in time up to a maximumplotted together with the corresponding normallzed_ decay
waiting time of 1¢ sec. The decay rateS are plotted, to- 'ates versus temperatufever a range of 50—85 Kin Fig.
gether with the corresponding flux-pinning eney=kT/S 7(a). The decay rates are mdependpnt of temperature at tem-
and the trapped field, versus temperature in Fig).5The peratures above 64 K, corresponding to the full critical state
transition between complete and incomplete flux penetratiofVith averageS=0.0143, and at temperatures below 63 K,
can be seen also in disk No. 2, however, the applied magc_orrespondlng to. the partlal critical stafgvith average
netic field required to reach the full flux-penetration state ap>—0-0029. The distributions of the trapped magnetic field,
fixed temperature, is about a factor of 4 smaller than thdn & full and partial critical state, are presented in Fig),/
corresponding applied field for disk No. 1. Figur@@shows [OF temperatures between 50 and 90 K.

different stages of flux penetration into disk No. 2 at 30 K,
after an increasing external magnetic fiélgh to 750 G was
applied to the zero-field-cooled sample. The distributions of
the trapped magnetic field, in a complete flux-penetration The profiles of the magnetic induction measured across
state are presented in Figlb for temperatures between 30 the thin-film disk, when an external field is shielded by it

IV. DISCUSSION
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T partial to complete flux penetration. This temperature is also
given by the inflection point on the shielding field-
ZFC .
1.0 a & Ring #17 temperature curvgFigs. 2a)—-2(c)]. The crossover tempera-
R o Disk #1 1 ture decreases with the increasing magnitude of the applied
H =750C 1 magnetic field[Fig. 2(d)]. All crossover temperatures indi-
: v cate the maximum amount of the fiel®) . that can be
0.8 - I - trapped in the disk’s center. This means that at temperatures
above the crossover temperatures the full critical state is
] reached across the disk. In this reginBg(T) nax IS propor-
@ ] tional to temperatureB,(T)o<(T—T,). B,(T)maxiS @lso pro-
portional to the minimum applied magnetic fildd required
¢ for the complete flux penetration at a given temperature. This
is not surprising sinc8* equalsB,«1 ., the field shielded at
| the surface and in the center of the disk, when it just reached
& the full critical state. The proportionality oB,(T)max 1O
I.(T) means that both must have the same temperature de-
pendence. This was verified using a ring-shaped sample
a ] which was etched from disk No. 1. In the persistent current
¢ ] mode, the magnetic induction generated in the ring’'s center
%A is due entirely to the current and it is directly proportional to
DN ] the magnitude of the current. The measurements of the satu-
'eA ] ration value of the magnetic induction at various tempera-
i o 1 tures gavel (T)x(T—T,.), the same temperature depen-
0-055' : '6’0' : '8'5' : ‘7'0' : '7'5' : '8'0' : '8‘5"6‘9—‘0' ~5s dence as that foB,(T) . trapped in the disk’s centdFig.
4). B,(T) max<lc(T) for the disk is also consistent with the
Temperature (K) calculation of the magnetic induction from the Biot-Savart
Iaw.2'4'13*14
FIG. 4. Temperature dependence of the maximum field trapped The partial and complete flux-penetration regimes for the
in the zero-field-cooled disk No. (solid symbolg and that of the  disk are characterized by different flux-relaxation phenom-
magnetic field generated by the critical persistent current circulatingna. In the complete flux-penetration state, the normalized
in the zero-field-cooled ring No. Iopen symbols which was  decay rateS=(1/B,)(dB/d Int) measured at various points
etched out from the disk No. 1. A magnetic field of 750 G was usedycross the disk fluctuates between 0.012 and 0(0dth an
to saturate the trapped magnetic field and the persistent current. average value of 0.0135n the partial flux-penetration state
S changes from a minimum value of 0.0045 at the disk’s
[Fig. 1(@)], show a very smooth pyramidlike shape. No sur-center up to a maximum equilibrium value of 0.012 at the
face steps which could suggest the influence of the Beardisk’s edge(Fig. 5. We have not observed a distinct influ-
Livingston surface barriers have been observed over the agnce of the Bean-Livingston surface effects on the magnetic
plied temperature range. The existence of the surface stepsiialaxation across the sample. In the trapped field mode
the magnetic induction at the edges of a zero-field-cooledH ,,,=0), the Bean-Livingston mod¥l assumes the flux
YBCO single crystal in the magneto-optically measured in-lines near the surface experience an attractive image force to
duction profiles(for the applied magnetic fields of 290—330 the surface, causing the energy per unit length to increase
G and temperatures 55—-60 Kave been interpreted by Dor- with a distance from the surface and in consequence faster
osinskii, Nikitenko, and Polyanskfi as due to the Bean- magnetic relaxation at the surface in comparison to that in
Livingston surface barriers. The pyramidlike shape of thethe bulk.
induction profiles generated by the thin-film digisg. 1(a)] The magnitude ofS measured in the complete flux-
is observed at all applied temperatur@s/er a range of penetration state and that measured in the disk’s center in the
64—-84 K). These profiles do not provide any indication of a partial flux-penetration state is weakly temperature depen-
crossover between the partial and complete flux penetratiodent[Figs. 5c) and §d)] and independent of the magnitude
into the disk. The partial-complete flux-penetration crossovepf the trapped magnetic flus jumps to higher values above
can be seen in the temperature dependence of the profiles aftemperature of 74 K which corresponds to a transition be-
the magnetic field trapped in the zero-field-cooled diBky.  tween incomplete and complete flux penetration after apply-
1(b)] when a constant external field is applied to the sampleing a magnetic field of 200 G. The weak temperature depen-
It is interesting that the nonuniform flux trapping observed atdence ofS in the disk’s center for an incomplete penetration
temperatures corresponding to a partial flux-penetration reis surprising but it could mean that we recddn the com-
gime transforms itself into the uniform one at higher tem-plete flux penetration reduced by a constant amount of the
peratures when the whole sample is in the critical state flux-creep rate towards the center of the disk. The weak tem-
the complete flux-penetration regimeBy simply plotting  perature dependence 8fis also seen for the partial critical
the magnitude of the magnetic field trapped in the disk’sstate in ring No. 1Fig. 7(a)]. The trapped flux in the ring
center(which is measured after applying and subsequentlyFig. 7(b)] is a superposition of the self-field due to a persis-
removing a constant external fi¢ldersus temperatur@=ig.  tent circulating current and the field of vortices trapped in the
2), one can determine the crossover temperatures from theulk of the ring. A persistent current can be induced in the
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ring when a magnetic flux is introduced into the ring’s holetemperature dependence®fn the full critical state close to

by applying and subsequently switching off the externalT, for the disk and the ringFig. 5(d) and 7a)] is consistent
magnetic field. During this process, the ring’s bulk is fully with data of Kelleret all® and Isaacet all’” on the c-axis
penetrated by the magnetic flux, however, the ring is in thanelt-textured YBCO at remanence after application of satu-
partial critical state as long as the magnitude of the circulatrating fields along the axis, and with Malozemoff's and
ing persistent current is below its critical value. For the ring,Fisher's modéf of universality in the current decay and flux
the superposition of both the vortex field and the persistentreep of YBCO. Close td (over an applied temperature
current’s self-field produces smooth pyramid-shaped distrirange of 60—85 K the normalized decay rate from the maxi-
butions ofB,(r), the same for both the partial and completemum value of the trapped fieldS=(1/B.)(dB/dInt)
critical states[see Fig. ™)], however,S exhibits a sharp =kT/E, gives the energy barrier in the absence of flux creep
jump to higher values at a temperature of 63.5 K whichE, independent of temperature, with an average value of
corresponds to a transition between the partial and the con®.45 eV. This number is very close to that reported for the
plete critical states after applying a magnetic field of 200 G.c-axis-oriented melt-textured YBC&:1’

In the partial critical stateS has a value approximately two The measurement of the trapped field profiles at constant
times less than the corresponding one for the disk. In the futemperature for various stages of flux penetration into disk
critical stateS matches the values obtained for the disk overNo. 2 confirmed that even in the early stages of flux penetra-
the same temperature range, confirming independen& of tion, the full critical state is reached at the disk’'s edge and it
on the sample geometry in the complete critical state regimespreads steadily into the disk’s cen{éig. 6(a@)]. The full

In the partial critical state regime, the behavior${fT) is  critical state is marked by the bell-shaped external envelope
similar for both the disk and the ring, however, the ring’'s of fixed gradientdB,/dr. This gradient decreases down to
geometry allows one to reach a full critical state at a lowerzero, when temperature of the disk is increased up,fd-ig.
temperature than the corresponding one for the disk. It apg(b)]. The maximum trapped fiel8,(T) .« iS proportional
pears thatS in the partial critical state is governed by the to I (T), however, the gradient8,/dr)(T) does not repre-
effective gradient ofoB,/dr, however, we believe that the sentJ(T). According to calculations performed by Oa-
distributions of the critical currents d,(r) in the disk and ling and Larbalestiet the magnitude of the trapped magnetic
the ring could provide more definite explanation. The weakfield in the disk’s center plan@=0) and in the disk’s center
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FIG. 6. (a) The distributions of the trapped field in disk No. 2 at 30 K, showing different stages of flux penetration after an increasing
applied field(up to 750 G was applied to the zero-field-cooled sample. Distane@s$ and—7.5 mm mark the edges of the disk(b) The
distributions of the maximum trapped field in the zero-field-cooled disk No. 2 at various temperatures between 30 and 85 K. An applied field
of 750 G was used to reach saturation at each temperat(@eTemperature dependence of the maximum magnitude of the field trapped in
the center of the zero-field-cooled disk No. 2 after applying an external field of 750 G.
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FIG. 7. (@) Temperature dependence of the trapped field and the normalized dec&®matsured in the center of ring No. 1 when a
field of 200 G was applied to the zero-field-cooled sampld) The distributions of the trapped field in ring No. 1 at various temperatures
between 50 and 86 K, after an external field of 200 G was applied to the zero-field-cooled sample. Disth@8es 4.25 mm and+2.50,
—2.50 mm mark the outer and inner ring’s edges, respectively.
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30 y stbe o % 1 ® with a scanning Hall probe at a distance of 1.6

25 *B mm from the disk’s surfageat temperatures of

S e e300z 8¢|° 77,79, 81, and 83 K. A field of 200 G was used
to saturate the trapped magnetic field. Solid lines
represent the computer computations of the
trapped field using the Biot-Savart equations and
the Kim’s relationships at temperatures of 77, 79,
81, and 83 K[see Fig. 8&)]. Distances of+7.5
and —7.5 mm mark the disk’s edges(b) Sym-
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tions of the profiles of the axial component of the
field trapped in the zero-field-cooled disk No. 1 at
77,79, 81, and 83 KB,(r) was calculated on the
disk’s surface using the Biot-Savart equations
and the Kim’s relationships shown ifb). Dis-
tances +7.5 and —7.5 mm mark the disk's
edges. (d) Computer simulations of the profiles
of the radial component of the field trapped in the
zero-field-cooled disk No. 1 at 77, 79, 81, and 83
K. B,(r) was calculated on the disk’s surface us-
ing the Biot-Savart equations and the Kim’s rela-
tionships shown ir{b). Distances+7.5 and—7.5
mm mark the disk’s edges. Note the change in the
radial fieldB,(r) over a distance €r<a. A de-
crease in the radial field from a maximum value
is about 3.5% per millimeter for all temperatures
of the measurement.
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(r=0) is of orderJ.d. For disk No. 1 the magnitude df at We performed computer simulations d&,(r,z) and
77 K is 1.30<10° A/lcm? (obtained from the measurement of B,(r,z) in the zero-field-cooled disk No. 1 at temperatures of
the saturation value of the magnetic induction in the center7, 79, 81, and 83 K, using the computation methods de-
of ring No. 1, which is directly proportional to the critical scribed in Refs. 4, 5, and 13. The disk was divided into
curreny. The maximum trapped magnetic field 260 and 150 000 ring segments. The axial fi@d(r,z) and the radial
r =0 should therefore be equal to about 800 G at 77 K. Thdield B,(r,z) generated by the current in each ring segment
experiment gives the maximum trapped field of about 40 Gvas calculated from the Biot-Savart equatidriThe total
at z=1.6 mm andr =0 [Fig. 1(b)], which was obtained by axial field above the sample was calculated by summing up
applying a minimum external magnetic field of 200 G. It the contributions from the individual current loops. The in-
means that Damling and Larbalestier formula overestimatesfluence of the self-fields was incorporated into the calcula-
the magnitude of the trapped field since it cannot be highetions using the iteration procedure and taking a field depen-
than that of the applied field. The reason for this is that thedentJ.= a/(B+ B,) according to Kim’s relationshif with
J.d formula is valid for magnetic-field independeh. The  the constantsx and B, determined at 77, 79, 81, and 83 K
realJ. could be much smaller because of the presence of thi'om the measurement of the magnetic-field dependence of
local self-fields generated by concentric loops of currenthe critical current density in ring No. [IFig. 8b)]. The
flowing in the disk® The self-fields may well exceed 200 G. results forB, (r,z=1.6 mm) are shown in Fig. &) together
The question is what is the relationship between the prowith the experimental data for disk No. 1 at 77, 79, 81, and
file of the trapped axial magnetic field as seen by a scanning3 K measured by a scanning Hall probe. The result8Bfor
Hall probe at a distance of 1.6 mm above the thin-film disk(r,z=0.25 um) on the disk’s surface are given in Fig(c8
to that observed in YBCO disk-shaped thin films by meansThe shape of the profile a=0.25 um resembles those ob-
of magneto-optical methods at a distance of a8 above served on the surface of thin-film disks with a magneto-
the surface of the filnfRef. 3. optical method"® The gradientB,/Jr atr=a/2 and on the
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disk’s surface is about a factor of 2 larger than the corresamples a strong concentration of electric field can occur
sponding one measured by a Hall probe at a distance of 1.8ong the lines wherd, changes abruptly. This means a high
mm from the disk’s surface. At 77 K, the axial field gradient flux-flow rate and dissipation of energy.
on the disk’s surface at=a/2 is equivalent to the current
density(1/uo)dB,/ ar =0.88x 107 Alcm?. The ratio ofJ., (ob-
tained for the ring No. 1 at 77 Kto the current density
produced by the axial field gradient on the disk’s surface is
I (U o) 9B, ar] =(1.30x10° A/cm?)/(0.88x10% Alcm?) We investigated the temperature dependence of the pen-
=15x10". This is equal to the aspect ratio etration process of the magnetic flux into disk-shaped YBCO
a/d=radius/thickness 1.5x10% in agreement with the esti- thin films, especially the transition between the partial and
mation of the ratio §B,/dz)/(9B,/dr)=ald in Ref. 3. complete flux-penetration states. The complete flux-
The results foB, (r,z=0.25um) on the disk’s surface at penetration state is characterized by the normalized logarith-
temperatures of 77, 79, 81, and 83 K are shown in Fid).8 mic decay rates constant across the d@kK12<S<0.015.
J.(r)=2(1/unp)B,/d represents the distribution of the criti- S in the partial flux penetration state has a minimum in the
cal currents. The maximum critical current density occurs atlisk’s center(S=0.005 and a maximun(S=0.012 at the
the disk’s edge at=a. J.(r) decreases with at a rate of disk’s edges. The temperature dependence of the magnetic
about 3.5% per millimeter. This rate is independent of tem-induction at the transition is governed by the temperature
perature. Regarding the behavior&({r), it is interesting to  dependence of the critical current. The maximum field
compare the results of the measurements of the flux and cutrapped in the disk’s center and the self-field of the critical
rent distributions in a disk-shaped YBCO thin film with current flowing in the ringwhich was etched out from the
those obtained for a square-shaped YBCO thin fiefs. 8, disk) have the same temperature dependence. This confirms
9). In the work done by Xinget al. and Grantt al. (Refs. 8, that the trapped- or shielding-field profiles above the thin-
9), a scanning Hall probe was applied in order to determindilm disk can be simulated by summing up the self-fields of a
an x-y distribution of the axial magnetic fielB, at a tem- large number of concentric current loops. The experiment
perature of 77 K, and at a distance of 0.25 mm from thealso confirms that the critical current density
sample surface. They constructed a surface map of the satdz=(1/ny)dB,/dz exceeds the current density produced by
ration magnetization of the YBCO film, which was calcu- the axial field(1/uy)dB,/dr by the factor of radius/thickness.
lated from the measureB,(x,y) using the inverse matrix We did not observe any flux-penetration effects at the disk’s
method. The scans of the critical current densifigx) and  edges, which would suggest the presence of the Bean-
J.(y) across the sample were obtained by computing théivingston surface barriers in contradiction to recently re-
spatial derivatives of the magnetization. The magnitude oported experiments on YBCO single crystaier the similar
J:.(X) and J.(y) has a maximum near the sample edgesrange of applied magnetic field. We believe that the sample’s
Jo(x) andJ,(y) decrease from a value 6f3x10° A/lcm?* at  nonuniformities at the sample’s edges may produce Bean-
the edge with decreasingandy at a rate of approximately Livingston-like effects.
14% per millimeter, a factor of 4 larger than the correspond-
ing rate for disk-shaped YBCO thin film. The temperature
dependence dB,(r) in Fig. 8d) shows that the gradient in
Jc(r) is independent of the magnitude &f. The increase in ACKNOWLEDGMENTS
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