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Influence of microscopic defects in type-II superconducting thin films
on the magnetic flux penetration
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The magnetic flux penetration into thin type-II superconducting films with circular defects is investigated.
The artificial circular defects~diameter540 mm) in an YBa2Cu3O72d thin film ~thickness'300 nm) were
prepared by pulse-laser irradiation. The flux penetration into the zero-field-cooled superconducting film was
visualized by means of the magneto-optic method. A stepwise increase of the external magnetic field allowed
a detailed investigation of the influence of local defects on the flux penetration. For a magnetic field parallel to
a long sample~longitudinal geometry! with a long cylindrical defect a single parabolic discontinuity line
appears. Also in the case of a thin superconducting film exposed to a transverse magnetic field~transverse
geometry!, a single parabolic discontinuity line has been supposed in the vicinity of a local defect. On the
contrary, our investigations show that the flux and current distribution around a single defect in a supercon-
ducting thin film can be determined not by a single, but by two discontinuity parabolas. In thin superconduct-
ing films in transverse geometry screening currents in the Meissner region (j , j c) are present in contrast to
extended infinitely long samples in the longitudinal geometry. We explain our experimental results by the
influence of these Meissner screening currents on the temporal formation of the shape of an approaching flux
front.

DOI: 10.1103/PhysRevB.64.104503 PACS number~s!: 74.60.Ec, 74.76.2w, 74.80.2g, 78.20.Ls
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I. INTRODUCTION

After zero-field cooling~ZFC! a type-II superconducto
and the application of an external magnetic field, the pene
tion of magnetic flux into the sample takes place in seve
steps. At small magnetic fields Meissner surface curre
flowing within the penetration depthl, prevent magnetic
flux penetration into the sample. Upon increasing the ex
nal magnetic field, the first vortices are formed at the sam
edge where the local magnetic fieldBloc exceeds the lowe
critical field Bc1 first. The local magnetic fieldBloc is the
superposition of the external magnetic field and the self-fi
of the sample produced by the screening current. By incre
ing the external field the screening current densityj increases
and locally reaches the critical valuej c where the pinning
force is balanced by the Lorentz force which drives the v
tices towards the center of the sample. Also an enhan
pinning at the sample edge due to barrier effects is poss
which plays a dominant role especially in the case of we
volume pinning forces. In the simplest case of an infinite
long hard type-II superconductor in parallel field~longitudi-
nal geometry!, without edge barrier effects, and a consta
critical current densityj c ~i.e., independent of the local field!
the situation is described by the Bean model1 which leads to
a constant magnetic-field gradient in the superconducto
the region where the flux has penetrated. In the outer pa
the sample, where vortices already penetrated, the cri
state~Shubnikov phase! develops. The inner part stays in th
Meissner state, where no flux lines are present. The hig
the external magnetic field is, the more the Shubnikov reg
grows at the expense of the Meissner region. In general
0163-1829/2001/64~10!/104503~8!/$20.00 64 1045
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flux and current distribution in the superconductor is infl
enced by the sample geometry, the external magnetic fi
and the critical current densityj c(B,r ). Penetration of per-
pendicular flux into thin superconductors has recently b
calculated analytically, within the Bean assumptionj < j c
and without an influence of edge barrier, for thin circul
disks2,3 and long stripes4 in transverse field, and for strip
carrying a transport current,5 see also the analytical solutio
for a strip with bulk pinning and edge barrier.6,7 For a neg-
ligible edge barrier, a general two-dimensional equation
motion for the sheet current in a thin planar superconduc
of arbitrary shape was given by Gurevich and Brandt.8 The
equation was solved for the cases of quadratic, rectang
samples,8 crosslike samples, and quadratic samples w
semicircular indents.9

A different situation arises if the superconducting th
film contains nonconducting regions which are not connec
to the sample edge and which are large enough that they
not solely as a pinning center, but screening currents m
flow around them. A model for the current and magnetic fl
distribution in the critical state around a circular noncondu
ing defect in type-II superconductors was given by Campb
and Evetts.10 They considered an infinitely long type-II su
perconductor containing an infinitely long cylindrical defe
~Fig. 1!. The sample is exposed to a homogeneous exte
magnetic field parallel to the cylindrical defect and perpe
dicular to the image plane. In the regions, which are in
critical state already~bright!, the assumed Bean modelj c
5const. and the continuity equation lead to critical curre
streamlines parallel to the sample edge and the perimete
the defect. At the dotted parabolic line, the so-called disc
tinuity line, the critical current density has a very small r
©2001 The American Physical Society03-1



ne
pa
-

d
uc
n-
r
o

y i
if

flu
c

se
hi
u

he

ee
a
y
rs
uc

ad
rly
ye
on
e
n
ic
nu
a

we
nto
se
ith

i-
the
m
ted
ea-
ight
ular
ion
ge-

ct-

cal
n-
etic
on-
a

x
e-
ag-
at

eld
g
e
ght
the
le
hite

de-
ro-
y

es is
ut

es

n-
g

an

on
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dius of curvature and the external magnetic field is weake
very effectively due to outward bent current paths. The
rameterp of the parabolic discontinuity line with the equa
tion y5x2/2p corresponds to the defect diameter 2R. Since
Schuster and co-workers,11,12 this model has also been use
to describe the influence of circular defects in supercond
ing thin films.13,14 In contrast to the sample geometry co
sidered by Campbell and Evetts, the demagnetizing facto
a thin film cannot be neglected, and screening currents fl
not only in the outer parts of the sample which are alread
the critical state (j 5 j c), but also in the central parts even
they are still in the Meissner state (j , j c).

2

The question arises how far the Meissner currents in
ence the final flux distribution near defects in supercondu
ing thin films and whether a modified model has to be u
instead of Campbell’s and Evetts’ model. To answer t
question we investigated different states of magnetic fl
penetration into type-II superconducting thin films in t
presence of well-defined artificial defects.

II. EXPERIMENTAL TECHNIQUE

The investigated YBa2Cu3O72d ~YBCO! thin film was
prepared by pulsed-laser deposition onr-plane sapphire
~thickness: 1 mm! with CeO2 buffer layer.15 On the back of
the sapphire substrate a second YBCO thin film had b
deposited before. Both layers had a thickness of 300 nm
a critical temperatureTc'89 K. Such samples are ver
common for the fabrication of coplanar microwave filte
where defects with a size of microns can significantly red
the performance.

The used magneto-optical method is based on the Far
effect, i.e., the rotation of the polarization plane of linea
polarized light which passes a magneto-optically active la
exposed to the magnetic field of the underlying superc
ductor. Since the rotation angle depends on the magn
field one can visualize the flux distribution as optical co
trasts in a polarization microscope. For the magneto-opt
investigation the sample was zero-field cooled in a conti
ous flow cryostat which had an optical window. As

FIG. 1. Current distribution in an infinitely long sample contai
ing a long cylindrical defect. The sample is exposed to a homo
neous external magnetic field parallel to the cylindrical defect
perpendicular to the image plane.
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magneto-optical layer placed onto the superconductor
used a doped ferrimagnetic iron-garnet layer grown o
gadolinium-gallium-garnet substrate by liquid pha
epitaxy.16 The ferrimagnetic domains of the garnet layer w
in-plane anisotropy are not visible under the polarization m
croscope, if illuminated and observed perpendicular to
film surface.17 To increase the light reflection an aluminu
layer is evaporated onto the iron-garnet film that is direc
towards the superconductor. The flux distribution was m
sured with almost crossed polarizer and analyzer, so br
areas indicate a high-flux density component perpendic
to the superconducting layer. For measuring the distribut
of the local light intensity we used a 12-bit slow-scan char
coupled device~CCD! camera.

III. RESULTS AND DISCUSSION

Figure 2 shows the magnetic flux distribution of the re
angular YBCO thin film~size'131 cm2) at 10 K ~ZFC!
and a homogeneous external field of 113 mT. The typi
magnetic flux distribution of rectangular or quadratic thi
film samples develop. In a perpendicular external magn
field flux enters a quadratic or rectangular type-II superc
ducting thin film preferentially at the edges in the form of
convex flux front, but not from the corners.8,18,19

On the right and the left of the sample in Fig. 2 the flu
distribution is locally disturbed by natural and artificial d
fects. Their influence can be better examined at higher m
nification. Figure 3 shows the marked region in Fig. 2
much higher magnification and some lower magnetic fi
Bext551 mT. On the left the flux front is located separatin
the ~overexposed! Shubnikov region, where vortices hav
penetrated already, from the Meissner region on the ri
where no flux lines are present. In the Meissner region
influence of four nonconducting circular defects is visib
producing at each defect a characteristic black-and-w
structure~position 2 and 1!. At this stage the flux front has
not yet reached the defects, and the regions around the
fects are still in the Meissner state. The defects were p
duced by burning small holes into the YBCO thin film b
means of a focused laser beam. The diameter of the hol
only 40 mm and the distance between them is abo
200 mm. The origin of the black-and-white structure tak

e-
d

FIG. 2. Magneto-optical image of the magnetic flux distributi
of a rectangular YBCO thin film~size'131 cm2) at 10 K ~ZFC!
and a homogeneous external field of 113 mT.
3-2



th
di

te
is
t
o

en
in

n
et
u
e-
-

-

r-
ic
in
s
ce
ra

-
ca
Du
a
ri
g
r
u
s

ur
f t
a
th

mal

mal

er
in
the
ons
ear.
in
re-
ht-

ched
e
or-

and
tes
s
of
the
. 3
he
re-
not

he
a
ld

e
c

ag-
ge
the
he
de-

INFLUENCE OF MICROSCOPIC DEFECTS IN TYPE-II . . . PHYSICAL REVIEW B 64 104503
place due to the superposition of the external field and of
field produced by Meissner screening currents which are
turbed by the local defects.20,21

If a region inside a superconducting thin film is separa
from the sample edge by areas, which are still in the Me
ner state and having a subcritical current density, the in
grated flux through the regarded area has to be zero. N
that flux bundles can cross Meissner regions very sudd
without being permanently pinned if the current density
the Meissner region is overcritical. Schusteret al.22 investi-
gated the penetration into Bi2Sr2CaCu2O81d single-crystal
platelet with irradiation-enhanced pinning in the edge zo
and could observe this effect on their sample by magn
optics. This situation is analogous to the penetration of fl
bundles over an edge barrier observed in typ
superconductors.23 The influence of an edge barrier in high
temperature superconductors~HTSC’s! could be observed
directly in extremely low pinning Bi2Sr2CaCu2Ox single
crystals by magneto-optical observation24 and corresponding
Hall-probe measurements6 of the characteristic free flux pen
etration to the center of the crystals atT.35 K. In YBCO
there is normally higher pinning which would mask the vo
tex penetration dynamics associated with the geometr
barrier. Even in very pure detwinned or monotwin doma
YBCO single crystals with reduced amount of impuritie
resulting in significantly fewer pinning centers, the influen
of a geometrical barrier could be observed only for tempe
turesT>60 K.25,26At lower temperaturesT540 K the in-
fluence of an edge barrier disappeared.25 In our case of a
YBCO thin film at T510 K strong pinning is inherent be
cause of interaction of vortices with lattice defects, dislo
tions, and tensions arising at a film-substrate interface.
to strong pinning, edge barrier effects can be neglected
current density in the Meissner regions stays always subc
cal. Flux penetrates gradually into the thin film from the ed
~see Fig. 2! according to the Bean model as is usual in ha
type-II superconductors. As flux bundles cannot cross s
denly the Meissner region due to overcritical current den
ties, the integrated flux through an arbitrary region s
rounded by areas in the Meissner state has to be zero i
sample was zero-field cooled before. Such regions
around the defects in Fig. 3, which are characterized by

FIG. 3. Flux distribution around four nonconducting round d
fects~diameter540 mm) at 10 K~ZFC! and an external magneti
field of 51 mT. The distance between the defects is 200mm ~after
Ref. 20!.
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black-and-white structures, i.e., an area where the nor
component of the flux density is negative~position 2! and
another one where it is positive~position 1!. As the polarizer
and analyzer were not totally crossed the sign of the nor
flux component can be distinguished.

A slightly different situation occurs at a somewhat high
field Bext558 mT~Fig. 4!. The defects to the right are aga
not reached by the flux front, but on their right-hand side,
side which is oriented towards the sample center, regi
with an enhanced normal component of flux density app
As the extension is significantly larger than the defect,
contrast to the situation in Fig. 3, we assume that these
gions are in the critical state. We suggest that at the rig
hand side of the defects the screening current density rea
the critical valuej c and vortices partly penetrate through th
adjacent thin film as sketched in Fig. 5. The integrated n
mal component of the flux through the area of the defect
the region nearby the defect, where flux partly penetra
through the film, still remains zero. Apart from flux line
which penetrate through the film on the right-hand side
the defect, the situation sketched in Fig. 5 agrees with
current and field distribution around local defects as in Fig
where the flux front is still far apart. In the later case t
black-and-white structure is very symmetric and more
stricted to the region of the defect, because flux lines do
penetrate through film area adjacent to the defect.20,21

Much closer to the flux front are the two defects on t
left in Fig. 4. Applying Campbell’s and Evetts’ model to
defect in a thin film, as done in Refs. 11–14, we wou

-

FIG. 4. The defects of Fig. 3 after increasing the external m
netic field to 58 mT. The lower image shows details of the ima
above. Meissner currents, which flow around the defect, cause
flux front to reach the defect at the position 2 earlier than at 1. T
dotted circles indicate the position and diameter of the defects
termined with normal optical microscopy.
3-3
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EISENMENGER, LEIDERER, WALLENHORST, AND DO¨ TSCH PHYSICAL REVIEW B64 104503
expect that the flux front reaches a defect at the vertex of
parabolic discontinuity line~see Fig. 1!. Schusteret al.call it
the intersection point of thed1 and d2 line.11,12 There the
first flux lines should penetrate through the defect and
integral flux through the defect area is no longer zero.
contrast Campbell’s and Evetts’ model seems not suitabl
describe our observation of flux penetration into defects
thin films. At the lower defect on the left in Fig. 4 we ob
serve clearly that the flux front does not reach the defec
the assumed position 1 first, but on the side of it at posit
2 where vortices will reach the defect first. Moreover the fl
front is hindered to penetrate the defect at position 1.

One might suppose that this discrepancy to Campbe
and Evetts’ model is due an influence of the second YB
layer on the back of the sample which is not faced to
magneto-optical layer, but exposed to the external magn
field as well. This interpretation is at variance with the fa
that this form of flux front, and the following at higher ex
ternal fields, has been observed not only for double-si
YBCO thin films, but also for isolated defects on YBCO th
films where only one side of the substrate was coated.27 In
the case of a double-sided YBCO thin film the imaged fl
distribution at the upper YBCO layer, which is faced to t
magneto-optical garnet layer, is influenced by the curr
density in the lower YBCO layer only by an averaged curr
distribution. The area, over which is averaged, is determi
by the 1 mm thick sapphire substrate. A homogeneous
ond YBCO thin film on the back causes an enhanced scr
ing of the sample in general, but does not influence lo
variation of the flux front form on the scale of a few 10mm
as relevant for the above discussion of Fig. 4.

In the case of an infinitely long sample in parallel ma
netic field the screening currents exist only between the

FIG. 5. Sketch of a defect which is separated from the sam
edge by Meissner regions, similar to the situation of the defects
the right in Fig. 4~b!. In contrast to the flux distribution around th
defects in Fig. 3, the screening currents reached their critical v
on the defect side which is oriented towards the center of
sample~to the right!, so flux penetrates partly through the adjace
thin film. The sketch is not to scale~thickness of YBCO layer
'10233 thickness of the substrate!.
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front and the sample edge, and the current streamlines
exactly parallel to the sample edge till the flux front reach
the defect at the vertex of the parabolic discontinuity line
Fig. 1. In contrast screening currents in thin films flow al
in regions which are still in the Meissner state.2 With a film
thickness on the order of the penetration depth the scree
currents flow not only on the surface, but within the ent
film thickness. Figure 6 clarifies the current streamlines
Meissner currents (j , j c) around a defect. For this sketch
was assumed that the flux front is still relatively far away a
its form is more or less straight. When the external field
further increased and the flux front comes closer to the
fect, more and more flux components oriented perpendic
to the film must be screened. In the regions 2 and 3 th
perpendicular field components can be screened less e
tively because the current streamlines are bent inwards~with
respect to the center of the sample!, in contrast to the regions
1 where the external magnetic field can be screened m
effectively due to current streamlines bent outward. The
fore with increasing external field, the initial current distr
bution of Fig. 6 changes to a situation where the lo
screening current density has to adjust in the regions 2 a
to higher values than in the regions 1. Since the critical c
rent density is reached at the regions 2 earlier than at
regions 1, the flux front moves from the regions 2 fas
towards the defect. In the regions 1 the critical current d
sity is reached much later, because there even a relati
low current density can screen the perpendicular field co
ponents very effectively. Due to this bending of Meissn
currents the final current streamlines in the critical state

le
n

e
e
t

FIG. 6. Current distribution of the Meissner currents in a th
film with a circular defect, if the flux front, which comes from th
bottom, is relatively far away. The sample is exposed to a homo
neous external magnetic field perpendicular to the image plane
3-4
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INFLUENCE OF MICROSCOPIC DEFECTS IN TYPE-II . . . PHYSICAL REVIEW B 64 104503
also bent and the flux front loses its originally straight fo
which it had far away from the defect.

In Fig. 7 the external field was increased further to 82 m
The entire imaged area is now in the Shubnikov state. S
lar to the model of Campbell and Evetts, areas with sligh
increased flux density develop on the side of the four defe
which is oriented towards the center of the sample. Th
areas are bordered by dark parabolic discontinuity lines
contrast to Campbell’s and Evetts’ model, the two defects
the left show a second parabolic discontinuity line which
oriented towards the edge of the sample. The area bord
by this discontinuity line shows a slightly decreased inste
of increased flux density. In contrast, at the right defect
second discontinuity line does not develop. The flux dis
bution around the right defects, which is discussed below
strongly influenced by the left defects which were reached
the flux front before.

Let us consider the left defects first. Since the above
cussed influence of a defect on the direction of the Meiss
currents and the influence of the Meissner currents on
advancing flux front~Fig. 6!, we expect that a current distr
bution like in Fig. 6 develops to a current distribution in th
critical state very similar to the one in Fig. 8. As in Fig. 6 th
model requires that the flux front had a straight form, whe
was far away from the defect. Comparable with the mode
Campbell and Evetts a constant critical current density,
equidistant current streamlines, is supposed. In contras
their model~Fig. 1!, the critical current streamlines are pa
allel to the perimeter of the defect even on the side which

FIG. 7. The defects of Fig. 3 after increasing the external m
netic field to 82 mT. The lower image shows details of the ima
above. Besides the parabolic discontinuity lines 1 and 2 orien
towards the center of the sample, the left defects show an addit
discontinuity line 3 oriented towards the edge of the sample.
contrast of the lower image was enhanced in comparison to
upper image.
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oriented to the edge of the sample. This is not in contrad
tion to a parallel current flow along a straight edge of
sample, as long as the edge is far enough away from
defect. For large distances from the defect, a straight
front was assumed which is consistent with the diminish
curvature of the concentric critical current streamlines. T
very symmetric current distribution in Fig. 8 explains th
field enhancement towards the center of the sample as
as the field decrease towards the edge. The symmetry i
flected in the two discontinuity lines. According to our mod
the discontinuity lines are described by the equation

y56F x2

2p
2

p

2G , ~1!

at which the origin of the cartesian coordinate system is
center of the defect and the parabolic parameterp corre-
sponds to the radiusR of the defect~dark area!. In Fig. 9 the
squares correspond to the measured form of the discontin
lines of the lower defect on the left in Fig. 7. Fitting Eq.~1!
to these points leads to two parabolas with identical para
eter p520.860.2 mm. These values correspond very we
to the actual radiusR520 mm of the defect determined with
normal light microscopy. The slightly different radius cou
be due to reduced superconducting properties at the edg
the defect which cannot be distinguished from undisturb
superconducting regions with normal light microscopy. T
model of Campbell and Evetts, which was also used to e
mate the radius of defects in thin films,14 would lead to a
radiusR̃5p/2 which is half as wide~see small dashed circl
in Fig. 8!.29

The excellent agreement between the measured disc
nuity lines and the fitted parabolasa posteriori justifies a
symmetric current distribution and our assumptionj

-
e
d
al
e
e

FIG. 8. Critical current distribution around a circular defe
~dark! in a superconducting thin film, which develops if the flu
front had a straight form, when it was far away from the defect.
contrast to the longitudinal geometry, a second discontinuity
rabola develops. The parametersp of the parabolas correspond t
the defect radius.
3-5
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EISENMENGER, LEIDERER, WALLENHORST, AND DO¨ TSCH PHYSICAL REVIEW B64 104503
5jc(B)5const in the vicinity of the defect. In the case of
significant influence of the local magnetic inductanceB on
the critical current densityj c we would expect a deviation
from the pure parabolic form and a difference between
two discontinuity lines oriented towards the center and
edge of the sample. Since such deviations are not obse
we assume that a strong local-field dependence ofj c , from
which Joosset al.14 started out to interpret the flux distribu
tion near a defect in a superconducting disk, is not requ
in our case.

Let us now consider the defects to the right in Fig.
These defects are not accompanied by two discontinuity
rabolas, but only by the one oriented towards the cente
the sample. As the flux front, which approaches the ri
defects, is strongly influenced by the left defects which
very close and were reached before, the flux front canno
assumed straight for large distances. In particular, this ca
observed in Fig. 4. The enhanced flux density on the rig
hand side of the left defects is accompanied by curr
streamlines which are strongly bent towards the center of
sample. On the other hand, the Meissner screening curr
on the left-hand side of the right defects have the tendenc
bend towards the edge of the sample. During further pene
tion of the flux front these two opposite bends could can
each other resulting in a current distribution which cannot
described by Fig. 8, but is better approximated by the mo
of Campbell and Evetts. The wider discontinuity parab
with identical defect radius (R520 mm) and the missing
second discontinuity parabola are consistent with this in
pretation. As mentioned above, for a current distribut
identical to the one in the model of Campbell and Evetts
parameterp of the parabola would be equal to the defe
diameter, i.e., twice as big as for the current distribution
Fig. 8. Since the measuredp of the discontinuity parabolas o
the right defects are somewhat smaller than the defect d
eter, and since there is a slight reduction in the flux den
on the left-hand side of the right defects in Fig. 7, the mo
of Campbell and Evetts is only a good approximation. T
true current distribution around these defects lies betw
the distribution given by Campbell and Evetts and the one
Fig. 8. Similar effects are expected if the considered defec

FIG. 9. Squares: measured form of the discontinuity lines of
lower defect on the left in Fig. 7~areas 2 and 3 in the detaile
figure!. Solid lines: measured discontinuity lines fitted with Eq.~1!
lead to parabolas with identical parameterp520.860.2 mm.
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located very close to the sample edge. Current streaml
parallel to a sample edge, which is very close to the def
prevent the undisturbed development of the flux distribut
in Figs. 6 and 8. This could be a reason for observing onl
single discontinuity parabola in thin films in the past.11–14

Apart from the discussed four defects in the center of F
7, there are two additional ones located on the far low
right-hand side of the upper figure~prepared in the same
manner!. Again two discontinuity parabolas are observed
each defect, because the four central defects are so far a
that the approximation of a straight flux front for large di
tances is valid again. There the parameterp of the parabolas
again corresponds to a defect radius of 20mm.

It would be interesting to confirm our qualitative mod
by more exact calculations. Especially if they are able tak
into account the influence of possible defects nearby
smaller distances between defect and edge of the sam
Recently Gurevichet al. calculated the steady-state curre
flow perpendicular to a thin nonconducting strip in an infin
media by hodograph transformation of the equations¹3E
50,¹3H5 j .28 For j , j c , the E-j curve of the supercon
ducting media is approximated by the power-law depende
E5Ec( j / j c)

n with n@1 for magnetic fieldH below the ir-
reversibility field. Because the boundary conditions
curved boundaries become nonlinear in the hodograph sp
a geometry of a cylindrical or circular defect, as in our ca
was not solved. Nevertheless, due to the chosen symmet
boundary conditions a symmetrical current distribution w
discontinuity lines on both sides of the nonconducting st
was calculated. In contrast to Fig. 8, the geometry of
nonconducting strip leads to discontinuity lines which a
straight near the defect and become parabolic only far a
from the defect. The approximation of theE-j curve by the
power-law dependenceE5Ec( j / j c)

n allows to calculate the
current distribution not only for the critical state mod
which is approximated in the limitn→`, but also for the
more realistic case of finiten. For the later case discontinuit
lines with a finite width are found similarly to former calcu
lations of the current distribution in quadratic and rectang
lar samples.8 The width is determined by the curvature of th
current-voltage lawE(J) near j 5 j c , i.e., the exponentn in
the modelE5Ec( j / j c)

n, and decreases with increasingn and
decreasing distance from the defect. In the context of th
calculations Fig. 8 is only an approximation forn→`. Un-
fortunately, up to now the geometry of a circular defect w
not solved for the more realistic approximationE
5Ec( j / j c)

n with finite n. Moreover, the solution in Ref. 28 is
a steady-state solution where geometrical boundary co
tions have to be givena priori. To prove the temporary for-
mation of the current distribution with the final distributio
in Fig. 8 a solution of the time-dependent Maxwell’s equ
tions would be necessary. Time-dependent solutions w
given for superconducting thin films with different shapes
boundaries.8,9 Unfortunately, only the sample boundarie
have been varied and geometries of nonconducting a
within a superconducting media have not been considere

IV. CONCLUSION

By means of the magneto-optic technique we have vi
alized the flux distribution around different defects in

e

3-6



g
ti
i

u
in
e

a

e
es
is
ct
o
re

ex-
der
pa-
l the
e-
by

ich

g
U.

is-

INFLUENCE OF MICROSCOPIC DEFECTS IN TYPE-II . . . PHYSICAL REVIEW B 64 104503
YBCO thin film. The stepwise increase of the external ma
netic field allows us to investigate in detail how a magne
flux front advances on circular defects and what current d
tribution in the final critical state develops.

It could be experimentally observed that the magnetic fl
distribution around a circular defect in a superconduct
thin film cannot be described by a model which was oft
used in the case of thin films,11–14 though it was originally
reduced by Campbell and Evetts for a cylindrical defect in
infinitely long sample.10 We explain our observation by
screening currents in the Meissner region (j , j c) which are
present in thin superconducting films exposed to a perp
dicular magnetic field in contrast to infinitely long sampl
exposed to a parallel field. Screening currents in the Me
ner region have to flow around local, nonconducting defe
They lead to a field distortion which locally enhances
weakens the flux penetration and influences the final cur
10450
-
c
s-

x
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n

n

n-

s-
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r
nt

distribution in the critical state. The suggested model
plains how the flux front advances on a defect and un
what circumstances not a single but two discontinuity
rabolas appear. Further it becomes evident that in genera
flux and current distribution around a defect is not only d
termined by its own geometry, but can also be influenced
the current distribution around other defects nearby wh
have been reached by the flux front earlier.
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