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Temperature dependence of the penetration of magnetic flux into YBa2Cu3O72d 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 been found.@S0163-
1829~96!03518-7#

I. INTRODUCTION

Studies of magnetic-flux penetration into superconducting
thin films have been recognized as those which provide im-
portant information on critical currents, on distribution of
shielding currents and weak links, on demagnetization ef-
fects, and on complete and partial flux penetration states.
Results obtained on thin films of circular geometry~which
ensures homogeneous penetration of flux! seem to be par-
ticularly useful due to the need for verification of the con-
ventional critical state model. Penetration of magnetic flux
into disk-shaped thin films of YBa2Cu3O72d ~YBCO! has
been studied with the magneto-optical Faraday rotation
method.1,2 Calculation of the distribution of both the axial
and radial components of the magnetic field across a thin
circular film has been performed by Theuss, Forkl, and
Kronmüller3 for film thicknesses smaller than the London
penetration depth. Good agreement was obtained between
the calculated distribution of the axial component of the field
and the experimental data~Ref. 2!. However, the authors
admitted that the magneto-optical measurements do not pro-
vide an evidence of a complete flux penetration~which is, on
the other hand, given by the saturation of dc magnetization in
increasing applied magnetic field! due to insensitivity of a
central fringe area, of width about 20% of the disk’s radius,
to the penetrating magnetic field. The available experimental
data are insufficient to explain deviation of the magnetic-flux
distribution from that predicted by the conventional critical
state model. This applies both to the distribution of the radial
component of the magnetic inductionBr , for which there are
recorded no experimental data, and to the distribution of the

axial component Bz , with missing temperature and
magnetic-field dependence of the complete flux-penetration
states. This information is crucial for the analysis of the criti-
cal state model~and its applicability to thin-film supercon-
ductors! which has been proposed by Theuss, Forkl, and
Kronmüller,3 Däumling and Larbalestier,4 Conner and
Malozemoff,5 and Brandt.6 The leading conclusion of this
analysis is that in the case of thin-film circular samples, the
critical state model requires modification by taking into ac-
count dominating influence of the gradient of the field com-
ponent ]Br /]z on the critical current density
Jc5(1/m0)(]Br /]z2]Bz/]r ), where]Br /]z is much larger
than ]Bz/]r . Therefore, the critical state in the disk occurs
rather through the thicknessd, and not the radiusr . Theuss,
Forkl, and Kronmu¨ller3 showed that in the absence of the
experimental data for the radial componentBr(r ), one could
calculate it using experimental results forBz(r ). Their com-
putation consists of the following steps:

~a! Fitting of the current distributionI (r ) to the Biot-
Savart law, so it could reproduce the experimental dis-
tribution of Bz(r );

~b! Calculation of the radial componentBr(r ) from the
Biot-Savart law using the current distributionI (r );

~c! Estimation of]Br /]z by taking ]Br /]z'2Br(d/2)/d
@whereBr(d/2) is the field on the surface# under the
assumption thatBr(z) vary smoothly through the film
thicknessd.

This procedure was used to compare the]Bz/]r'Bz(a)/a
term~wherea is the radius of the thin-film disk! with that for
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]Br /]z'2Br(d/2)/d in the formula for the current density.
Comparison of the experimentalBz(r ) with the calculated
Br(r ) shows that at low magnetic inductionsBr(d/2) on the
disk’s surface andBz(a) on the disk’s surface and at the
disk’s edge are of the same order of magnitude. This implies
that]Br /]z is greater than]Bz/]r approximately by a factor
of a/d.

Briefly, the analysis of Theuss, Forkl, and Kronmu¨ller3

suggests that the knowledge of an experimental distribution
Bz(r ) across a disk-shaped thin film is essential for an esti-
mation of the distribution of the currentI (r ) and its depen-
dence on an external magnetic field, which can be used fur-
ther to calculate magnetic stray field effects. It is therefore
worthwhile to expand the investigations ofBz(r ) by per-
forming the following experiments:

~a! Measurements of the temperature and magnetic-field
dependence of an incomplete-complete flux-
penetration states;

~b! Measurements of the time dependence of theBz(r )
profiles for an incomplete and complete flux-
penetration states, and

~c! Measurements of the magnitude of the applied mag-
netic field required for a full flux penetration.

We have attempted to make the above measurements us-
ing a Hall-probe scanning system. A Hall-probe scanning
system has been used by us since 1988 for studies of
magnetic-flux distributions and persistent currents in YBCO
ceramic disks and rings~Ref. 7!. This system provides better
accuracy regarding the measurement of a magnitude of the
magnetic field than the corresponding magneto-optical Fara-
day effect method. It is also free of the unwanted change in
sensitivity, shown by a magneto-optical method,3 during the
measurement of the field distribution between the edge and
the center of the disk-shaped sample. A Hall-probe scanning
system also allows to measure, with high accuracy, the time-
dependent changes inBz(r ) at any point along the disk’s
diameter.

The measurements of the flux penetration condition were
made using the distribution of the trapped field rather than
the shielding field. The advantage of that is much more pre-
cise determination of the transition between the partial and
complete penetration of magnetic flux. The results were
compared with the predictions of the existing critical state
models3–6 and with the measurements of the flux and current
distributions in a square-shaped thin film of YBCO by Xing
et al.8 and Grantet al.9

II. EXPERIMENTAL PROCEDURE

A. Sample’s preparation and characterization

Two thin-film YBCO disks, having diameter of 15 mm
and thickness of 5000 Å~disk No. 1! and 2000 Å~disk No.
2!, were sputter-deposited on~100!-oriented LaAlO3 sub-
strates using off-axis dc magnetron sputtering from a sto-
ichiometric YBCO target.10 The films werec-axis oriented,
with the c axis perpendicular to the disk’s plane. The resis-
tive measurement of superconducting transition gaveTc
(R50) of 90.3 K for disk No. 1, and of 89.2 K for disk No.
2. The measurement of the real part of ac susceptibilityx(T)
with f53.22 kHz andH rms51.8 G, revealedTc587 K, for

disk No. 1 and 86 K for disk No. 2, and the width of the
superconducting transitionDT'1.5 K in both cases. The
imaginary part of ac susceptibilityx8(T) shows a sharp peak
at 86 K for disk No. 1 and at 85 K for disk No. 2.

B. Magnetic-flux-penetration measurement procedure

Magnetic-flux penetration was inferred from the measure-
ments of the trapped magnetic-flux density across the disk as
a function of temperature and applied magnetic field. The
measurements were done with a scanning Hall-probe system.
A Hall probe of the sensitive area of 0.4 mm2 and sensitivity
of 20–30 mG was used to record distributions of magnetic
field at a distance of 1.6 mm above the disk. Time depen-
dence of the magnetic-flux density was measured with a Hall
probe at various points along the disk’s diameter for a time
range of up to 104 sec. The details of the experimental setup,
that was used in these studies, are reported in Ref. 11. The
measurement of magnetic-flux penetration was based on the
following procedure. After zero-field cooling~ZFC! the disk
down to various temperatures belowTc , the external mag-
netic field was applied in a direction perpendicular to the
disk’s plane and parallel to the film’sc axis ~the external
magnetic field over a range 0–750 G was generated by non-
superconducting solenoid!. This was followed by the mea-
surement of the profile of the axial component of the shield-
ing field ~which is the difference between the applied field
and the field measured by the probe! and that produced by
the trapped field when the external magnetic field was re-
duced to zero. The information on an incomplete and com-
plete flux penetration was obtained by

~a! plotting the magnitude of the trapped field in the disk’s
center versus temperature for a constant applied mag-
netic field, and by

~b! plotting the decay rates of the trapped field~recorded at
various points along the disk’s diameter! versus dis-
tance from the disk’s center for fixed temperatures and
applied magnetic field.

C. Critical current measurement procedure

The temperature dependence of the critical current was
inferred from the temperature dependence of the magnetic
field generated at the center of a ring by the persistent circu-
lating current at the critical level. The ring of the outer di-
ameter of 8.5 mm and the inner diameter of 5 mm was
etched from disk No. 1 using the photolithography tech-
nique. The persistent current was induced in the zero-field-
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
probe. The profile due to the current has a single maximum
at the ring’s center, which can be distinguished from that due
to the magnetic vortices trapped in the ring’s bulk which
exhibits two maxima above the ring’s bulk and a minimum
in the ring’s center. The magnitude of the critical current is
proportional to the saturation value of the magnetic induction
in the ring’s center according to the Biot-Savart law~this can
be achieved by increasing the external magnetic field!. The
magnetic-field dependence of the critical current was mea-
sured in the field-cooled ring. After field cooling down to a
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certain temperature, the additional external magnetic field
was applied. This was followed by the measurements of the
axial component of the persistent current’s self-field, when
the additional external field was reduced to zero. In this case,
the self-field of the current was superposed on the Meissner
field. Similarly to the ZFC case, the value of the critical
current was determined from the saturation value of the axial
component of the current’s self-field in the ring’s center~see
Ref. 11 for details of this procedure!.

III. EXPERIMENTAL RESULTS

The profiles of the magnetic field shielded by disk No. 1
when an external magnetic field of 200 G was applied to the
zero-field-cooled~ZFC! sample are plotted in Fig. 1~a! for
various temperatures between 60 and 86 K. These distribu-
tions do not indicate which temperature corresponds to a
complete penetration of the magnetic flux into the disk. This
information is provided by the profiles of the magnetic field
trapped in the disk at various temperatures when the external
field of 200 G was reduced to zero@Fig. 1~b!#. The crossover
between partial and complete flux penetration can be seen
even clearer in Fig. 2 where the magnetic field trapped in the
disk’s center is plotted versus temperature for constant ap-
plied magnetic fields of 40, 80, 123, and 200 G. The maxi-

mum in the trapped field~and the inflection point on the
shielding field versus temperature curve! indicate the cross-
over temperature. The magnitude of the trapped field at the
maximum decreases linearly with increasing crossover tem-
perature@Fig. 3~a!#. This could also be seen in Fig. 2~d!. The
maximum trapped field is also proportional to the minimum
magnitude of the applied field required for a complete flux
penetration@Fig. 3~b!#. The temperature dependence of the
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 5~a! and 5~b! show the
distributions of the trapped magnetic flux measured across
disk No. 1 at 79 K~corresponding to the complete flux-
penetration state after a field of 200 G was applied to the
zero-field-cooled sample! and at 67 K~corresponding to the
incomplete flux penetration!. They are plotted together with
the distribution of the normalized decay rates
S5(1/B0)dB/d ln t for the motion of the trapped flux~Swas
measured over a time range 1–104 sec!. The complete flux-
penetration condition is characterized by the normalized de-
cay rates which do not vary much~0.012,S,0.015! across
the disk. For the incomplete flux penetrationS has a mini-
mum ~at S50.0045! at the disk’s center and a maximum~at
S50.012! at the disk’s edge. The magnetic field trapped in
the disk’s center when a field of 200 G was applied to the

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.
Distances17.5 mm and27.5 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.
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zero-field-cooled sample is plotted with the corresponding
normalized decay rates versus temperature~over a range of
65–85 K! in Fig. 5~c!. The decay rates are independent of
temperature at temperatures corresponding to the complete
~with average S50.015! and incomplete~with average
S50.0055! flux penetration states. The decay rates in the
complete flux-penetration regime are approximately two
times the value observed for the incomplete flux penetration
at the same temperature range@Figs. 5~c! and 5~d!#. The
normalized decay ratesS were measured at the disk’s center
for a complete flux-penetration state~after applying a satu-
rating magnetic field of 750 G to the zero-field-cooled
sample! over a range of temperatures between 60 and 85 K.
The decay rates are logarithmic in time up to a maximum
waiting time of 104 sec. The decay ratesS are plotted, to-
gether with the corresponding flux-pinning energyE05kT/S
and the trapped field, versus temperature in Fig. 5~d!. The
transition between complete and incomplete flux penetration
can be seen also in disk No. 2, however, the applied mag-
netic field required to reach the full flux-penetration state at
fixed temperature, is about a factor of 4 smaller than the
corresponding applied field for disk No. 1. Figure 6~a! shows
different stages of flux penetration into disk No. 2 at 30 K,
after an increasing external magnetic field~up to 750 G! was
applied to the zero-field-cooled sample. The distributions of
the trapped magnetic field, in a complete flux-penetration
state are presented in Fig. 6~b! for temperatures between 30

and 85 K. The field trapped in the disk’s center decreases
linearly with increasing temperature@Fig. 6~c!#. For ring No.
1, the magnetic field trapped in the center of the zero-field-
cooled ring, when a field of 200 G was applied to it, is
plotted together with the corresponding normalized decay
rates versus temperature~over a range of 50–85 K! in Fig.
7~a!. The decay rates are independent of temperature at tem-
peratures above 64 K, corresponding to the full critical state
~with averageS50.0145!, and at temperatures below 63 K,
corresponding to the partial critical state~with average
S50.0025!. The distributions of the trapped magnetic field,
in a full and partial critical state, are presented in Fig. 7~b!,
for temperatures between 50 and 90 K.

IV. DISCUSSION

The profiles of the magnetic induction measured across
the thin-film disk, when an external field is shielded by it

FIG. 2. Open symbols mark temperature dependence of the
magnetic field shielded in the center of the zero-field-cooled disk
No. 1 in the presence of external fields of 40 G~a!, 80 G ~b!, and
200 G~c!. Solid symbols mark temperature dependence of the mag-
netic field trapped in the center of the disk after the applied field
was reduced to zero. The maximum trapped field indicates the
crossover between the partial and complete flux-penetration states.
Note that this maximum coincides with the inflection point on the
shielding field versus temperature curve.~d! Temperature depen-
dence of the field trapped in disk No. 1, plotted for various applied
fields between 40 and 200 G. The complete flux-penetration state is
common for all trapped fields at temperatures higher than that cor-
responding to the maximum trapped field. Discrepancies observed
for various applied fields are caused by the time decay of the
trapped field.

FIG. 3. ~a! Temperature dependence of the maximum magnetic
field which can be trapped in the center of the zero-field-cooled disk
No. 1. ~b! Dependence of the maximum trapped field on the mini-
mum magnitude of the external magnetic field required for a com-
plete flux penetration.
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@Fig. 1~a!#, show a very smooth pyramidlike shape. No sur-
face steps which could suggest the influence of the Bean-
Livingston surface barriers have been observed over the ap-
plied temperature range. The existence of the surface steps in
the magnetic induction at the edges of a zero-field-cooled
YBCO single crystal in the magneto-optically measured in-
duction profiles~for the applied magnetic fields of 290–330
G and temperatures 55–60 K! have been interpreted by Dor-
osinskii, Nikitenko, and Polyanskii12 as due to the Bean-
Livingston surface barriers. The pyramidlike shape of the
induction profiles generated by the thin-film disks@Fig. 1~a!#
is observed at all applied temperatures~over a range of
64–84 K!. These profiles do not provide any indication of a
crossover between the partial and complete flux penetration
into the disk. The partial-complete flux-penetration crossover
can be seen in the temperature dependence of the profiles of
the magnetic field trapped in the zero-field-cooled disk@Fig.
1~b!# when a constant external field is applied to the sample.
It is interesting that the nonuniform flux trapping observed at
temperatures corresponding to a partial flux-penetration re-
gime transforms itself into the uniform one at higher tem-
peratures when the whole sample is in the critical state~in
the complete flux-penetration regime!. By simply plotting
the magnitude of the magnetic field trapped in the disk’s
center~which is measured after applying and subsequently
removing a constant external field! versus temperature~Fig.
2!, one can determine the crossover temperatures from the

partial to complete flux penetration. This temperature is also
given by the inflection point on the shielding field-
temperature curve@Figs. 2~a!–2~c!#. The crossover tempera-
ture decreases with the increasing magnitude of the applied
magnetic field@Fig. 2~d!#. All crossover temperatures indi-
cate the maximum amount of the field (Bz)max that can be
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 regime,Bz(T)max is propor-
tional to temperature;Bz(T)}(T2Tc). Bz(T)max is also pro-
portional to the minimum applied magnetic fieldB* required
for the complete flux penetration at a given temperature. This
is not surprising sinceB* equalsBz}I c , the field shielded at
the surface and in the center of the disk, when it just reached
the full critical state. The proportionality ofBz(T)max to
I c(T) means that both must have the same temperature de-
pendence. This was verified using a ring-shaped sample
which was etched from disk No. 1. In the persistent current
mode, the magnetic induction generated in the ring’s center
is due entirely to the current and it is directly proportional to
the magnitude of the current. The measurements of the satu-
ration value of the magnetic induction at various tempera-
tures gaveI c(T)}(T2Tc), the same temperature depen-
dence as that forBz(T)max trapped in the disk’s center~Fig.
4!. Bz(T)max}I c(T) for the disk is also consistent with the
calculation of the magnetic induction from the Biot-Savart
law.2,4,13,14

The partial and complete flux-penetration regimes for the
disk are characterized by different flux-relaxation phenom-
ena. In the complete flux-penetration state, the normalized
decay rateS5(1/B0)~dB/d ln t! measured at various points
across the disk fluctuates between 0.012 and 0.015~with an
average value of 0.0135!. In the partial flux-penetration state
S changes from a minimum value of 0.0045 at the disk’s
center up to a maximum equilibrium value of 0.012 at the
disk’s edge~Fig. 5!. We have not observed a distinct influ-
ence of the Bean-Livingston surface effects on the magnetic
relaxation across the sample. In the trapped field mode
~Happl50!, the Bean-Livingston model15 assumes the flux
lines near the surface experience an attractive image force to
the surface, causing the energy per unit length to increase
with a distance from the surface and in consequence faster
magnetic relaxation at the surface in comparison to that in
the bulk.

The magnitude ofS measured in the complete flux-
penetration state and that measured in the disk’s center in the
partial flux-penetration state is weakly temperature depen-
dent@Figs. 5~c! and 5~d!# and independent of the magnitude
of the trapped magnetic flux.S jumps to higher values above
a temperature of 74 K which corresponds to a transition be-
tween incomplete and complete flux penetration after apply-
ing a magnetic field of 200 G. The weak temperature depen-
dence ofS in the disk’s center for an incomplete penetration
is surprising but it could mean that we recordS in the com-
plete flux penetration reduced by a constant amount of the
flux-creep rate towards the center of the disk. The weak tem-
perature dependence ofS is also seen for the partial critical
state in ring No. 1@Fig. 7~a!#. The trapped flux in the ring
@Fig. 7~b!# is a superposition of the self-field due to a persis-
tent circulating current and the field of vortices trapped in the
bulk of the ring. A persistent current can be induced in the

FIG. 4. Temperature dependence of the maximum field trapped
in the zero-field-cooled disk No. 1~solid symbols! and that of the
magnetic field generated by the critical persistent current circulating
in the zero-field-cooled ring No. 1~open symbols! which was
etched out from the disk No. 1. A magnetic field of 750 G was used
to saturate the trapped magnetic field and the persistent current.
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ring when a magnetic flux is introduced into the ring’s hole
by applying and subsequently switching off the external
magnetic field. During this process, the ring’s bulk is fully
penetrated by the magnetic flux, however, the ring is in the
partial critical state as long as the magnitude of the circulat-
ing persistent current is below its critical value. For the ring,
the superposition of both the vortex field and the persistent
current’s self-field produces smooth pyramid-shaped distri-
butions ofBz(r ), the same for both the partial and complete
critical states@see Fig. 7~b!#, however,S exhibits a sharp
jump to higher values at a temperature of 63.5 K which
corresponds to a transition between the partial and the com-
plete critical states after applying a magnetic field of 200 G.
In the partial critical state,S has a value approximately two
times less than the corresponding one for the disk. In the full
critical stateSmatches the values obtained for the disk over
the same temperature range, confirming independence ofS
on the sample geometry in the complete critical state regime.
In the partial critical state regime, the behavior ofS(T) is
similar for both the disk and the ring, however, the ring’s
geometry allows one to reach a full critical state at a lower
temperature than the corresponding one for the disk. It ap-
pears thatS in the partial critical state is governed by the
effective gradient of]Bz/]r , however, we believe that the
distributions of the critical currents orBr(r ) in the disk and
the ring could provide more definite explanation. The weak

temperature dependence ofS in the full critical state close to
Tc for the disk and the ring@Fig. 5~d! and 7~a!# is consistent
with data of Kelleret al.16 and Isaacet al.17 on thec-axis
melt-textured YBCO at remanence after application of satu-
rating fields along thec axis, and with Malozemoff’s and
Fisher’s model18 of universality in the current decay and flux
creep of YBCO. Close toTc ~over an applied temperature
range of 60–85 K!, the normalized decay rate from the maxi-
mum value of the trapped fieldS5(1/Bc)~dB/d ln t!
5kT/E0 gives the energy barrier in the absence of flux creep
E0 independent of temperature, with an average value of
0.45 eV. This number is very close to that reported for the
c-axis-oriented melt-textured YBCO.16,17

The measurement of the trapped field profiles at constant
temperature for various stages of flux penetration into disk
No. 2 confirmed that even in the early stages of flux penetra-
tion, the full critical state is reached at the disk’s edge and it
spreads steadily into the disk’s center@Fig. 6~a!#. The full
critical state is marked by the bell-shaped external envelope
of fixed gradient]Bz/]r . This gradient decreases down to
zero, when temperature of the disk is increased up toTc @Fig.
6~b!#. The maximum trapped fieldBz(T)max is proportional
to I c(T), however, the gradient (]Bz/]r )(T) does not repre-
sentJc(T). According to calculations performed by Da¨um-
ling and Larbalestier,4 the magnitude of the trapped magnetic
field in the disk’s center plane~z50! and in the disk’s center

FIG. 5. ~a! The upper part: The distributions
of the trapped magnetic field measured across
disk No. 1 at 79 K, which represent the case of
the complete flux penetration after a field of 200
G was applied to the zero-field-cooled sam-
ple. The lower part: The corresponding distri-
butions of the normalized decay rate
S5(1/B0)dB/d ln t for the motion of the trapped
flux. ~b! The distributions of the trapped field
and the normalized decay rateSmeasured across
disk No. 1 at 67 K, which represent the case of
the incomplete flux penetration after a field of
200 G was applied to the zero-field-cooled sam-
ple. ~c! Temperature dependence of the trapped
field and the normalized decay rateSmeasured in
the center of disk No. 1 when a field of 200 G
was applied to the zero-field-cooled sample.~d!
Temperature dependence of the maximum
trapped field, the normalized decay rateS and the
corresponding flux-pinning energyE0 measured
in the center of disk No. 1 when a saturating
magnetic field of 750 G was applied to the zero-
field-cooled sample.
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FIG. 7. ~a! Temperature dependence of the trapped field and the normalized decay rateSmeasured in the center of ring No. 1 when a
field of 200 G was applied to the zero-field-cooled sample.~b! 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. Distances14.25,24.25 mm and12.50,
22.50 mm mark the outer and inner ring’s edges, respectively.

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. Distances17.5 and27.5 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 temperature.~c! Temperature 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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~r50! is of orderJcd. For disk No. 1 the magnitude ofJc at
77 K is 1.303106 A/cm2 ~obtained from the measurement of
the saturation value of the magnetic induction in the center
of ring No. 1, which is directly proportional to the critical
current!. The maximum trapped magnetic field atz50 and
r50 should therefore be equal to about 800 G at 77 K. The
experiment gives the maximum trapped field of about 40 G
at z51.6 mm andr50 @Fig. 1~b!#, which was obtained by
applying a minimum external magnetic field of 200 G. It
means that Da¨umling and Larbalestier formula overestimates
the magnitude of the trapped field since it cannot be higher
than that of the applied field. The reason for this is that the
Jcd formula is valid for magnetic-field independentJc . The
realJc could be much smaller because of the presence of the
local self-fields generated by concentric loops of current
flowing in the disk.5 The self-fields may well exceed 200 G.

The question is what is the relationship between the pro-
file of the trapped axial magnetic field as seen by a scanning
Hall probe at a distance of 1.6 mm above the thin-film disk
to that observed in YBCO disk-shaped thin films by means
of magneto-optical methods at a distance of 0.2mm above
the surface of the film~Ref. 3!.

We performed computer simulations ofBz(r ,z) and
Br(r ,z) in the zero-field-cooled disk No. 1 at temperatures of
77, 79, 81, and 83 K, using the computation methods de-
scribed in Refs. 4, 5, and 13. The disk was divided into
150 000 ring segments. The axial fieldBz(r ,z) and the radial
field Br(r ,z) generated by the current in each ring segment
was calculated from the Biot-Savart equation.19 The total
axial field above the sample was calculated by summing up
the contributions from the individual current loops. The in-
fluence of the self-fields was incorporated into the calcula-
tions using the iteration procedure and taking a field depen-
dentJc5a/(B1B0) according to Kim’s relationship,

20 with
the constantsa andB0 determined at 77, 79, 81, and 83 K
from the measurement of the magnetic-field dependence of
the critical current density in ring No. 1@Fig. 8~b!#. The
results forBz ~r ,z51.6 mm! are shown in Fig. 8~a! together
with the experimental data for disk No. 1 at 77, 79, 81, and
83 K measured by a scanning Hall probe. The results forBz
~r ,z50.25mm! on the disk’s surface are given in Fig. 8~c!.
The shape of the profile atz50.25mm resembles those ob-
served on the surface of thin-film disks with a magneto-
optical method.2,3 The gradient]Bz/]r at r5a/2 and on the

FIG. 8. ~a! Symbols represent the profiles of
the axial magnetic field trapped in the zero-field-
cooled disk No. 1~the measurement was done
with a scanning Hall probe at a distance of 1.6
mm from the disk’s surface! at temperatures of
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~b!#. Distances of17.5
and27.5 mm mark the disk’s edges.~b! Sym-
bols represent the magnetic-field dependence of
the critical current density in the zero-field-
cooled ring No. 1 at 77, 79, 81, and 83 K. Solid
lines represent the Kim’s relationships for
Jc(B)5a/(B1B0) with constants a(T) and
B0(T) given in the inset. ~c! Computer simula-
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 K.Bz(r ) was calculated on the
disk’s surface using the Biot-Savart equations
and the Kim’s relationships shown in~b!. Dis-
tances 17.5 and 27.5 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. Br(r ) was calculated on the disk’s surface us-
ing the Biot-Savart equations and the Kim’s rela-
tionships shown in~b!. Distances17.5 and27.5
mm mark the disk’s edges. Note the change in the
radial fieldBr(r ) over a distance 0,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.

53 12 337TEMPERATURE DEPENDENCE OF THE MAGNETIC-FLUX . . .



disk’s surface is about a factor of 2 larger than the corre-
sponding one measured by a Hall probe at a distance of 1.6
mm from the disk’s surface. At 77 K, the axial field gradient
on the disk’s surface atr5a/2 is equivalent to the current
density~1/m0!]Bz/]r50.883102 A/cm2. The ratio ofJc ~ob-
tained for the ring No. 1 at 77 K! to the current density
produced by the axial field gradient on the disk’s surface is
Jc/[(1/m0)]Bz/]r ]5~1.303106 A/cm2!/~0.883102 A/cm2!
51.53104. This is equal to the aspect ratio
a/d5radius/thickness51.53104, in agreement with the esti-
mation of the ratio (]Br /]z)/(]Bz/]r ).a/d in Ref. 3.

The results forBr ~r ,z50.25mm! on the disk’s surface at
temperatures of 77, 79, 81, and 83 K are shown in Fig. 8~d!.
Jc(r )52(1/m0)Br /d represents the distribution of the criti-
cal currents. The maximum critical current density occurs at
the disk’s edge atr5a. Jc(r ) decreases withr at a rate of
about 3.5% per millimeter. This rate is independent of tem-
perature. Regarding the behavior ofJc(r ), it is interesting to
compare the results of the measurements of the flux and cur-
rent distributions in a disk-shaped YBCO thin film with
those obtained for a square-shaped YBCO thin film~Refs. 8,
9!. In the work done by Xinget al.and Grantet al. ~Refs. 8,
9!, a scanning Hall probe was applied in order to determine
an x-y distribution of the axial magnetic fieldBz at a tem-
perature of 77 K, and at a distance of 0.25 mm from the
sample surface. They constructed a surface map of the satu-
ration magnetization of the YBCO film, which was calcu-
lated from the measuredBz(x,y) using the inverse matrix
method. The scans of the critical current densitiesJc(x) and
Jc(y) across the sample were obtained by computing the
spatial derivatives of the magnetization. The magnitude of
Jc(x) and Jc(y) has a maximum near the sample edges.
Jc(x) andJc(y) decrease from a value of;33106 A/cm2 at
the edge with decreasingx andy at a rate of approximately
14% per millimeter, a factor of 4 larger than the correspond-
ing rate for disk-shaped YBCO thin film. The temperature
dependence ofBr(r ) in Fig. 8~d! shows that the gradient in
Jc(r ) is independent of the magnitude ofJc . The increase in
the gradient ofJc(r ) must, therefore, be caused by the
sample square geometry. Recent work on the current and
field pattern in rectangular and inhomogeneous supercon-
ductors by Schusteret al.21 implies that in square-shaped

samples a strong concentration of electric field can occur
along the lines whereJc changes abruptly. This means a high
flux-flow rate and dissipation of energy.

V. SUMMARY

We investigated the temperature dependence of the pen-
etration process of the magnetic flux into disk-shaped YBCO
thin films, especially the transition between the partial and
complete flux-penetration states. The complete flux-
penetration state is characterized by the normalized logarith-
mic decay rates constant across the disk~0.012,S,0.015!.
S in the partial flux penetration state has a minimum in the
disk’s center~S.0.005! and a maximum~S.0.012! at the
disk’s edges. The temperature dependence of the magnetic
induction at the transition is governed by the temperature
dependence of the critical current. The maximum field
trapped in the disk’s center and the self-field of the critical
current flowing in the ring~which was etched out from the
disk! have the same temperature dependence. This confirms
that the trapped- or shielding-field profiles above the thin-
film disk can be simulated by summing up the self-fields of a
large number of concentric current loops. The experiment
also confirms that the critical current density
Jc.(1/m0)]Br /]z exceeds the current density produced by
the axial field~1/m0!]Bz/]r by the factor of radius/thickness.
We did not observe any flux-penetration effects at the disk’s
edges, which would suggest the presence of the Bean-
Livingston surface barriers in contradiction to recently re-
ported experiments on YBCO single crystals12 for the similar
range of applied magnetic field. We believe that the sample’s
nonuniformities at the sample’s edges may produce Bean-
Livingston-like effects.
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