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The penetration and exit of magnetic Qux in thin superconductors in a perpendicular applied
field is investigated in detail. Flux-density pictures and profiles are obtained by magneto-optics;
magnetization curves are measured by torque magnetometry; theoretical space- and time-dependent
Qux-density and current-density profiles are calculated from Maxwell's equations in a planar approx-
imation assuming a highly nonlinear current-voltage law E (J/J, ) (n» 1, E = electric field, J
= sheet current) with a critical sheet current J (B,r) in general depending on the position and on
the perpendicular Qux density B. Our experiments and calculations show that for inhomogeneous
pinning the additional nontrivial condition J, = oo for B = 0 is appropriate. Our specimens are
high-T, superconductors in the form of platelets, strips, or rings. In two platelets, an inhomoge-
neous J, was produced by heavy-ion irradiation of the edge zone or by thinning down the central
part by sputtering. In all cases good qualitative agreement is found between the experimental and
theoretical results. In particular, our time-dependent theory reproduces the recently derived static
Bean-model profiles in perpendicular geometry, which we also confirm experimentally; field and
current profiles in the ring are as predicted for a current-carrying strip in perpendicular field; in the
platelet with enhanced edge pinning, when Qux starts to leak into the central weak pinning zone the
Qux lines are driven immediately to the sample center and pile up there; for weaker inhomogeneity
of J,(r), when the flux front arrives from the edges at the central weak-pinning zone the flux lines

jump to an intermediate position from where they fill the central zone gradually. Our experiments
also confirm the predicted "uphill motion" of Qux lines against the Qux-density gradient and the
occurrence of overcritical current densities in the Qux-free regions.

I. INTRODUCTION

An important property of type-II superconductors is
their critical current density j, at which the Abrikosov
vortices depin and start to move under the influence of
the Lorentz force. This vortex drift induces an electric
field E which causes a voltage drop along the speci-
men. Consequently, at current densities j & j, energy
is dissipated and the resistivity p = E/j becomes fi-

nite. In high-T, superconductors (HTSC's) thermally ac-
tivated depinning of Aux lines causes energy losses even
at j ( j,. HTSC's are, therefore, better characterized
by their nonlinear current-voltage law E = E(j ), which
defines j as the current density at which E(j) deviates
noticeably from zero and starts to rise steeply, e.g. , ex-
ponentially or according to a power law E = (j /j, ) Eo
with n &) 1. The finite E at j ( j, leads to the decay
of persistent currents and to a decrease of the magnetic
moment with approximately logarithmic time law (flux
creep). While critical current densities may be deter-

mined kom the width of the irreversible magnetization
curve, time-resolved dc and ac methods in principle allow
a contact-free measurement of the current-voltage char-
acteristics. In all these experiments, maximum magnetic
response is achieved when the specimen is a Bat platelet
or a thin Glm and the magnetic Geld H is applied per-
pendicular to the specimen.

A useful and instructive supplement to measurements
of the integral magnetic moment is the observation of
Aux-density profiles at the specimen surface by mag-
netooptical techniques or by Hall probes. These
space-resolved methods in principle allow the determi-
nation of j,(B,r) and E(j,r) even in inhomogeneous
superconductors. Moreover, the magneto-optical tech-
nique provides a powerful tool to verify theoretical mod-
els, e.g. , of lux penetration and exit and of Aux creep.
The present paper presents a step towards this general
goal.

If flux creep can be neglected, e.g. , at low tempera-
tures T or short times t, the current and lux densities
inside a type-II superconductor often are successfully de-
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scribed by the Bean critical state model, which assumes
a B-independent j . For long specimens in a longitudi-
nal field, the Bean model predicts that ]j[ = j, in the
region penetrated by flux, and j = 0 in the nonpen-
etrated regions; consequently, in regions with B P 0
one has ~curlB[ = poj, = const, or [dB/dz~ =const in
planar geometry. Flux creep in this longitudinal Bean
critical state recently has been described in a very gen-
eral theory. N»merous extensions to models with B-
dependent j were developed, which shall not be dis-
cussed here. The modi6cation of the Bean model at low
inductions B & B,i (B,i ——lower critical field) has been
modeled recently in a comprehensive work. Through-
out the present paper we shall assume B,q ——0, leading
to the simple relationship B = psH between the local in-
duction B and the local magnetic 6eld H in nonmagnetic
materials.

The extension of the Bean critical state model to the
more realistic perpendicular geometry was considered by
various authors who computed the field profiles B(r)
for given current distributions with constant modulus

~ j(r)~ = j, in disks. A numerical inversion of this
method has been performed successfully in Ref. 18 to
obtain the space-resolved current density j(r) from the
perpendicular field component B(r), which was measured
magneto-optically at the surface of a superconducting
disk. An elegant method to measure the current distribu-
tion in thin film strips uses a compensation method which
directly yields the parallel field component above the su-
perconductor surface. Some analytical calculations for
specimens with finite thickness and constant [j~ = j, are
given in Refs. 20 and 21.

Very recently, exact analytical solutions have been
obtained within the planar approximation for the cur-
rent and 6eld pro6les in thin circular disks ' and long
strips24 ~s with

]j[ & j = const in a perpendicular mag-
netic field. The low-frequency nonlinear magnetic re-
sponse is obtained Rom these static solutions. At
higher frequencies, or if lux creep is considered, a time-
dependent theory of superconducting disks or strips in
a perpendicular field is required. If we assume j not to
vary over the specimen thickness, this dynamic theory
can be formulated in terms of a one-dimensional integral
equation2@ si (Sec. II), which is easily solved on a per-
sonal computer. If the resistivity is linear, complex and
frequency dependent (e.g. , due to thermally assisted fiux
fiow or in the vortex-glass state at small amplitudes), one
may calculate the linear ac susceptibility in this way and
use this general result to extract the complex resistivity
and its scaling behavior &om contact-free magnetic ac
measurements. With appropriate nonlinear resistivity
inserted, this equation allows one to compute the flux
penetration into strips, disks, or rings, and the pene-
tration and exit of flux when the applied field H (t) is
cycled, and flux creep when H is kept constant. Very
recently, an exact analytical solution of this nonlinear and
nonlocal diffusion equation for flux creep was obtained,
which extends the results of Ref. 13 to perpendicular ge-
ometry.

The present paper compares the lux profiles mea-
sured by inagneto-optics (Sec. III) on strips, rectangu-

lar platelets, rings, and platelets with inhomogeneous J,
(generated by irradiation of the edge zone and by sput-
tering) with the calculated profiles (Sec. IV). Examples
for B-dependent j and for flux creep are also given. Con-
clusions are drawn in Sec. V.

II. THEORY

A. Nonlocal current-ffeld relationship

H( )=H
2n (y —u)2 + z'

Noting that for [z~ && a the term z/[(y —u) + z ] in the
integrand may be replaced by vr h(y —u) sgn(z) [b(z) =
Dirac's delta function, sgn(z) = sign of z] we obtain
for the parallel Geld component near the surface of the
strip H„(z,y) = —sgn(z) J(y)/2 plus terms of order d/a.
This result expresses the well-known fact that the jump
of H& equals the sheet current. For the perpendicular
field H (z, y) we get from (1), using the symmetry of the
shielding current J(—y) = —J(y) in the strip,

CL

H (z, y) = H + — J(u)
27l p

y —u
X

(y u)2 + z2
y+u du. 2

(y+ u)' + z'

Up to terms of order d/a this yields at the strip surfaces
the perpendicular field component H (y) = H(y),

H(y) = H + — du.
1 2u J(u)

2' p y —tc

Similarly, one 6nds at the surfaces of a disk in which a
sheet current J(r) circulates,

Within continuum theory, the time- and space-
dependent distribution of magnetic flux and current den-
sity in a type-II superconductor with bulk pinning and
with B = yoH (i.e., if one may put K,i ——0) in an ap-
plied field H (t) is completely determined by the resistiv-
ity p(j) = E(j)/j of the specimen and by its geometry.
We disregard here possible effects of a surface barrier;
in our opinion, in type-II superconductors (and type-I
superconductors ) the observation of an asymmetric ir-
reversible magnetization curve is due to a macroscopic
"edge-shape barrier" rather than to a microscopic
Bean-Livingston barrier. This geometric barrier occurs
in flat specimens with constant thickness but not in ideal
ellipsoids.

In this section we consider strips (along z) with width
2a (—a ( y & a) and disks with radius a (r & a), both
with thickness d « a (—d/2 & z & d/2). Integrating
the current density over the thickness we get the sheet

current J(y, z) = f &&y(z, y, z) dz. Ampere's law then

yields for the magnetic field H = (H, H„)around the
strip in the planar approximation (neglecting terms of
order d/a) (Ref. 24)
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1
H(y) = H + — P(r, u) J(u)du,2' 0

where the integral kernel P(r, u) = —p (r/u)/u with

(4)
flux O then follow by inserting this J(r) into Eq. (4); an-
alytical solutions for H(r) are not available for the disk.
The (negative) magnetic moment M = x f r J(r) dr of
the disk is

v cos P —cos

(1 + v2 —2v cos P) 2&2

M = (8/3)H a S(H /H, ),
=1S(x) = —arccos +

2z coshx cosh z-
(12)

may be expressed in terms of complete elliptic integrals.
One has p(v) = x+(3m/4)v2 for v « 1, p(v) = —m/2vs-
9vr/16vs for v &) 1, and p(v) = —1/(v —1)+ln(4/lv —1l)
for v = 1. The angular integral (5) is easily evaluated
using constant weights, or better, by substituting P =
P(z) = x —(1/3) sinx (4 —cosx) with qV(z) = (2/3)(1—
cos x)2 and using equidistant integration points z = z; =
(i —2)x/N, i = 1, ..., N, with weights P'(z;)vr/¹ This
substitution stretches the integrand near its maximum
(occurring at P = 0) and yields accurate results even
when v is close to unity.

B. Statics

The essential results for the Bean critical state in a
strip in perpendicular geometry2 in the planar app-
proximation are as follows. De6ning a critical sheet cur-
rent J, = j,d and a critical field H, = J,/x, one may
write the sheet current J(y) and the perpendicular rnag-
netic field H(y) in a field H (t) which is slowly increased
from zero as

' 2J cy

J(y) =
& (b —y

2 i(2

, J y/lyl

lyl &b,
(6)

b & lyl & a,

(
2 b2)1/2

H(y) ( H, arctanh "
c lyl

H, arctanh
y —b

lyl &b,

b & lyl & a,

where

b = a/ cosh(H /H, ),
c = (a —b )

~ /a = tanh(H /H, ).
(8)

(9)

M= J,a c = J a tanh(H /H ), (10)
= 2ppH a ln(a/b) = 2ppH, a ln cosh(H /H, ) . (11)

The sheet current J(r) in a disk of radius a is also given
by Eq. (6) but with y replaced by r and with H = J,/m

replaced by H = J /2 in Eqs. (8) and (9). The perpen-
dicular field H(r) at the disk surface and the penetrated

Here b denotes the position of the flux front and a —b

is the penetration depth of the magnetic Aux. Integrat-
ing (6) and (7) one obtains the magnetic moment M =
2 fp y J(y) dy and the penetrated flux 4 = 2 f H(y) dy
per unit length of the strip (throughout this paper M
denotes the negative magnetic moment),

with H, = J,/2. In particular one has for H « H,
(H )) H, ) M = vrH a (M = J,a ) for the strip per
unit length, and M = 8H a /3 (M = xJ,a /3) for the
disk since S(0) = 1 and S(z )& 1) = m/(4z).

From these virgin solutions one may obtain the gen-
eral solutions for arbitrary magnetic history H (t). For
example, if H (t) is cycled between the values +Hp and
—Ho, one obtains in the half period with decreasing H

Jg(y, H, J,) = J(y, Hp, J,) —J(y, Hp —H, 2J,),
H~(y, H, J,) = H(y, Hp, J,) —H(y, Hp —H, 2J,),

Mg(H, J,) = M(Hp, J,) —M(Hp —H, 2J,),
Cg(H, J,) = 4(Hp, J,) —4(Hp —H, 2J, ) . (13)

C. Dynamics

The Bean model of Sec. II B applies to steplike current-
voltage characteristics, E(j & j,) = 0 and E(j & j,) =
oo. For smooth E(j), occurring at finite T in HTSG's,
the results J, H, M, and 4 depend on the time t; i.e.,
the ramp rate H (t) = dH /dt enters or, if H = 0,
flux creep occurs. The equation of motion for the sheet
current J(y, t) or J(r, t) is then derived from Faraday's
induction law as follows.

At H = —Ho the original virgin state is reached
again but with J, H, M, and 4 having changed
sign. In the half period with increasing H one
has J~(y, H, J,) = —Jg(y, H, J,), H—t(y, H, J,)

Hg(y, H—, J), M—~(H, J) = M~( H, —J), a—nd

4~(H, J,) = C~( H—, J,).—Note that the relationships
(13) apply also to longitudinal geometry, where they are
trivial. They are, however, restricted to models where J,
does not depend on Geld and position. The invalidity of
(13) for inhomogeneous pinning is connected with the for-
mal appearance of "overcritical" currents discussed below
in Sec. VI D.

The planar magnetostatics, Eqs. (1)—(13), applies even
when the current density j(r) varies over the specimen
thickness, e.g. , when the screening currents are not Meiss-
ner currents but currents in a usual (longitudinal) Bean
critical state generated across the thickness by the sheet
current. However, in the following dynamic planar prob-
lem one has to assume constant j (and E) over the thick-
ness in regions where the electric field E g 0. This con-
dition holds for thicknesses d smaller than the magnetic
penetration depth A, but according to our results below,
the dynamic planar approximation works well even with
thicker specimens and yields the correct static profiles.
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When the magnetic fiux P(y) = IJ,pI Jp"H(u)du or

P(r) = 2n pp I"H(u)udu threading part of the strip (of
length L) or disk varies with time, it induces an electric
field E(y, t) = P(y, t)/L or E(r, t) = P(r, t)/2s. r along
the boundary of this area. Inserting here Eq. (3) or (4)
and E = p(J) J/d (for the dynamics, we assume that
j = J/d = const over the sample thickness in regions
where E g 0) one gets the integro-differential equations
for the sheet current J(y, t) (strip) and J(r, t) (disk), 2s si

1

J(y, t) = r 2vryH (t) + J(u, t) K(y, u) du, (14)
0

1

J(r, t) = r mrH (t) + J(u, t) Q(r, u) du . (15)
0

Here r = 7(J) = adpp/2mp( J) is a relaxation time, which
in general may depend on B and J (via p) and on the
position r (via p, B, or J, or if the thickness d depends
on r). In Eqs. (14) and (15) the half width or radius a is
chosen as the unit length and the integral kernels are

y-u (r&
K(y, u) =ln, Q(r, u) = -q, —

y+"

E(J) = [J/J, (B,r)]isEp, B = B = ypH . (17)

The induced sheet current J(y) and penetrating mag-
netic field H(y) obtained by time integration of Eq. (14)
for a strip in increasing applied field are depicted in Figs.
1 and 2. Very similar results are obtained for circular
disks. In Fig. 1 constant j, = j0 was assumed, resulting
in a saturation of J(y) to a value 1.05J, (J, = j,d) in

choices are physically identical. The exponent n = 19 is
chosen to allow studies of both the Bean critical state
(n -+ oo) and creep efFects; a choice n & 10 would
smear the Hux Font markably due to rapid Qux creep,
while n ) 100 would require long simulation times to see
creep effects. The choice of a power law, exponential,
or other highly nonlinear current-voltage characteristics
is not crucial in our simulations. Noting that the criti-
cal sheet current J may depend on r also via a varying
specimen thickness, J,(B,r) = j,(B,r)d(r), we write our
planar model

(1+v —2vcosg) /

cf. Eq. (5). One has q(1/v) = vq(v), q(v) (x/2)v+
(3vr/16)v for v « 1, and q(v) 0.07944 —ln ~1 —v~ for
v 1.

Equation (14) or (15) may be integrated over time t
on a personal computer by a method described in Ref.
30. From the resulting sheet current the magnetic field

H(y, t) or H(r, t) is obtained by (3) or (4). For a suffi-
ciently sharply bent current-voltage law E(j ), this time
integration reproduces the analytical solutions of the per-
pendicular Bean model of Sec. II B. The time step dur-
ing this integration should be chosen to be proportional
to r(J) 1/p(J) = j /E(j); in this way high numer-
ical stability and speed is achieved, and in the case of
flux creep 4 the numerical time scale efFectively becomes
logarithmic such that creep over a large time interval of
many orders of magnitude can be simulated.

C7

D. Examples

Throughout this paper we shall use the model current-
voltage law E(j) j" (n )) 1) which corresponds to
a logarithmic activation energy U(j) ln(j/ji), or to
U(j) j with o. « 1. For our computation we chose
»nits E0 for the electric field, j0 for the current density,
and Jp ——jpd (d = specimen thickness) for the sheet
current and magnetic field. We write E(j) = (j/j ) E,
with n = 19; here j has the meaning of a critical cur-
rent density which in general may depend on B and r,
implicitly via B = B(r) or explicitly in inhomogeneous
materials. We keep E = E0 ——const in the following sim-
ulations; another choice would be to keep j = j0 ——const
and choose E, = E,(B,r); for our power law E(j ) both

y/o

FIG. 1. Flux penetration into a strip with half width a and
with current-voltage law E(j) = (j/j, ) Ep with j, = jp =
const. Depicted are the sheet current J(y) and perpendicu-
lar Beld H(y) (both in units Jo = jcd) in increasing applied
Beld H = 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.8, 0.9, 1 in units
Jo. The ramp rate was dHo/dt = 1 in units Ep/app. The
nonsteplike E(j ) smears the vertical slopes of J(y) and H(y)
at the Qux front as compared to the Bean model and yields
a slightly varying J(y) in the penetrated region. The inset
shows the magnetization curves of this model for three sweep
rates dH /dt = 1, 10, and 10
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Glms were deposited by electron-beam evaporation di-
rectly onto the sample surface, which was coated before
with an aln~inum layer (thickness about 200 nm), in or-
der to enhance its reHectivity. This technique allows Qux
distributions to be observed directly with a spatial reso-
lution of about 1 pm in a temperature range of 5 K & T( 20 K. The lower-temperature boundary is given by the
cryostat used; the upper limit is imposed by the tempera-
ture dependence of the Verdet constant of the europium
chalcogenides, which leads to very low rotation angles
at higher temperatures. 2 However, Bux distributions at
temperatures T ) 20 K can be visualized indirectly by a
special procedure during which the Bux distribution ob-
tained at a given temperature is observed after cooling
the sample down to 5K. This technique gives the cor-
rect Qux patterns because j, becomes larger when the
temperature is decreased; therefore, the sample at lower
temperatures enters an undercritical state; i.e., the aux
distribution is not changed.

The iron garnet film was deposited by liquid phase epi-
taxy onto a gallium-gadolinium substrate with a thick-
ness of about 3.5 pm (commercial firm Gamma Scien-
tific Production, Russia). s This kind of indicator allows
the Bux penetration into HTSC samples to be observed
directly in the whole temperature regime of supercon-
ductivity with a higher magnetic sensitivity than with
the EuSe thin films. However, its spatial resolution is
limited by the thickness of the indicator to about 4 pm.
The superconductor was glued onto this substrate by the
glue "Leit-C."

The external magnetic 6eld is generated by a copper
solenoid coil, which is cooled with liquid nitrogen and
produces a maximum 6eld of 0.6 T. The observations
were performed in the optical cryostat described in Refs.
6 and 42. All images can be observed directly via the
microscope or be transferred to an image processing sys-
tem for analyzing. 4s The image processing system allows
one to determine the grey level pixel by pixel along a
user-defined line.

To calibrate the measured intensity I in terms of the
local Hux density B, two 6xed points are determined: In
the Meissner phase at the center of the sample we have
B = 0. Far away from the sample edge on the substrate,
the measured intensity corresponds to the external 6eld
p,oH . Using these fixed points, the measured intensity
can be directly related to B .4 In the 6eld range interest-
ing for our experiments, the 6eld-intensity characteristics
are approximately linear except near B = 0 (in crossed
polarizer-analyzer setting) .

B. Magnetization measurements

Magnetization curves were obtained f'rom torque hys-
teresis loops which were measured by a capacitance
technique. 4 In our setup the direction of the external
magnetic Geld is Gxed whereas the sample can be rotated
by an angle 0 de6ned as the angle between the c axis of
the sample and the external magnetic 6eld H . Torque
magnetometry '4 measures the magnetic torque

v. =MxH

The extreme orientations at 8 = 0 and 8 = 90 are not
accessible to the torque measurements because in both
cases M is aligned parallel to H . For this reason, the
measurements were performed at an angle 8 = 8, assum-
ing that this small deviation from the direction II

~~
c

(and, therefore, H parallel to the columnar defects) does
not inBuence our results. From the torque data, the cor-
responding magnetization is calculated via Eq. (18).

The advantage of the torque measurements in com-
parison to, e.g. , superconducting quantum interference
device (SQUID) measurements is the speed of measure-
ment, limited only by the sweep rate of the magnet. This
allows one to investigate also the sweep-rate dependence
of the hysteresis loops, and to calculate &om this the
dynamic relaxation rate Q. s

C. Sample preparation and irradiation

The c-axis-oriented YBazCusOq b (YBCO) thin films
were produced at the Max-Planck-liistitut fiir Festkor-
perforschung (Stuttgart, Germany) by a laser-ablation
technique with a 61m thickness of 300 nm. All thin films
were patterned chemically to be used for four-terminal
measurements.

For investigations of inhomogeneous pinning we used
Bi2Sr2CaCu20s~g (Bi2212) single crystals which were
prepared with thicknesses of about 30 pm as described
in Ref. 50. To obtain regions with large differences in
their pinning forces the samples were irradiated through
a mask by 860 MeV Xe ions at GANIL (Caen, France).
This high-energy heavy-ion irradiation produces colum-
nar defects which prove to be very effective pinning sites
in HTSC's (Ref. 51) and increase the critical current den-
sity by factors of at least 20—50 depending on tempera-
ture and Buence; at T = 50K the unirradiated sample
possibly was even above the depinning line; see the mea-
surements by D'Anna et al. who found with the same
specimen a depinning field below 1 m T at T = 40 K. Dur-
ing the irradiation, the center of the sample was covered
by an absorber to expose only the outer regions of the
sample to the ion beam, Fig. 19(a). Later the absorber
was removed by an organic solvent. In other specimens,
to obtain small difFerences in the pinning strength, the
central region of the crystal was thinned down to about
half the original thickness.

IV. RESULTS AND DISCUSSION

A. Strip

In this section we compare theoretical calculations of
the magnetic 6eld distribution with experimentally mea-
sured Bux-density pro6les of an YBCO strip with ho-
mogeneous pinning. This simple example allows one to
check the 6eld pro6les obtained Rom our magneto-optic
intensity pro61es. Note also that only for this geometry
an analytical solution for the 6eld distribution is avail-
able, Eq. (7). For a strip with inhomogeneous pinning an
analytical solution was given very recently. 3

In Fig. 3 the Hux distribution of an YBCO strip (width
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FIG. 3. Flux distributions of 82 pm wide
and 300 nm thick YBCO strip obtained by
means of EuSe as magneto-optical indica-
tor. The external magnetic field poH is
oriented perpendicular to the sample sur-
face and hence parallel to the c axis. The
bright areas of the sample show the Shub-
nikov phase; the dark regions correspond to
the Hux-free Meissner phase. (a) @OH
2l mT. The white arrows indicate the place
where the profiles in Fig. 4 were measured.
(b) NOH = 53 mT, (c) yoHo = 107 mT, (d)
poH = 160 m T.

»»

I»»»

»»

2a = 84 pm, thickness d = 300 nm) is shown at T = 5 K
in external magnetic fields of IjoII = 21 mT (a), 53
m T (b), 107 m T (c), and 160 m T (d). The external
magnetic Geld is oriented perpendicular to the sample
surface and hence parallel to the c axis. The bright ar-
eas of the sample correspond to the Shubnikov phase,
where flux lines have penetrated, and the flux-free Meiss-
ner phase remains dark. Because of nonsuperconduct-
ing precipitates at the sample surface, which result from
the sample production process, the flux distribution is
slightly disturbed: Since the supercurrent cannot pass
through these precipitates, it has to flow around form-

ing parabolic structures in the fiux distribution [see Figs.
3(d) and 8]. Very recently the conditions of visualization
and a detailed description of such parabolic structures
were published. The dark lines at the sample edges are
due to a damage of the sample surface during the pat-
terning process. At these places, the light is dift'usely

scattered. The white arrows in Fig. 3(a) indicate the
line where the flux-density profiles shown in Fig. 4 werc
measured.

The flux-density profiles in Figs. 4(a) and 4(b) corre-
spond to the Rux distribution shown in Figs. 3(a), 3(b),
and 3(d). The dotted profiles are the experimentally de-
termined flux distributions whereas the calculated ones
are drawn as solid lines. The influence of the sample
edges on the measured intensity profiles was corrected by
omitting some wildly oscillating data points which corre-
spond to the sharp dark line marking this edge. The the-
oretical curves plotted in Fig. 4(a) were calculated from
Eq. (7) by inserting the sample width 2a, the position

of the flux front b, the external magnetic field H, and
the sample thickness d. Furthermore, from these four
quantities we can determine the critical current density
j, = 3 x 10 A/m via Eq. (8), which is independent
of H in the field range investigated here. Note that all
these quantities are available from our experiment and
thus fitting procedures are not necessary.

The measured data in general agree well with the cal-
culated ones; however, we find some characteristic devi-
ations: Due to a weak inhomogeneity of the sample, the
flux penetration from the two sample edges is slightly dif-
ferent in this experiment. Therefore, on the right side of
the sample the calculated profiles show a deeper penetra-
tion depth than the measured ones. Furthermore, at the
flux front the theoretical profiles have a vertical slope in
contrast to the experiment, and the logarithmic infinity
of 8 at the sample edges causes an extrem. e overshoot
of the theoretical profiles. As to the last two points,
a better agreement of the theoretical and experimental
data can be achieved by taking into account the finite
height x above the sample midplane x = 0 of the evap-
orated EuSe and aluminum layers at which the profiles
were measured. The corrected (smeared) profiles were
calculated from Eq. (2) by inserting the current distribu-
tion of Eq. (6). In Fig. 4(b) the calculated curves (solid
lines) are plotted together with the measured profiles;
the excellent agreement between theory and experiment
is evident.

An even better agreement is achieved if we consider
the nonlinearity of the relation between the light inten-
sity and the Hux density B. In particular, the expected
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quadratic dependence at low ~B~ straightens the square-
root singularities of B (~y~

—b)i~2 predicted at the flux
front by Eq. (7). This straightening is clearly seen in Fig.
4. However, since the exact gauging of the light intensity
is difficult (depending, e.g. , on rotations of the images in
the optical system or magnetic stray fields at the position
of the charge-coupled device camera), we do not account

for this nonlinearity in the present paper.
Figure 5 shows the flux distributions of the same

YBCO strip after an external magnetic Geld of p,pHp ——

160 m T was applied and subsequently decreased to ppH
= 107 mT (a), 53 mT (b), and 0 mT [(c), remanent state
of Fig. 3(d)]. In Fig. 5(d) a reversed field of ppH = —53
m T is applied to the remanent state. In decreasing exter-
nal magnetic field the dark regions near the sample edges
indicate a drastic decrease of B,Fig. 5(a) and 5(b). The
drop of B is explained in Fig. 6: Figure 6(a) shows the
spatial current distribution in a strip, which is obtained
from Eqs. (6) and (13), while the external magnetic fiel
is decreased kom H = Hp to H = 0.9Hp, 0.5Hp, 0,
—0.5Hp aild Hp —(in order to achieve a clear arrange-
ment Hp is chosen so that the lux &ont is located at
y/a = 0.8, which is in contrast to the experiment where
full penetration is achieved). With a very small decrease
of the external Geld the sheet current switches &om +J,
to —J„asa consequence the logarithmic inflnity of H
changes sign and is now opposed to the external Beld
[see Fig. 6(b)], in contrast to the situation in increasing
Geld.

The sharp decrease of the magnetic Geld at the sam-
ple edges while decreasing the external magnetic field
is connected with the nucleation of vortices with oppo-
site (negative) sign with respect to the pinned (positive)
ones. These negative flux lines are generated at the sam-
ple edge by the stray field of the positive lux lines and,
subsequently, when penetrating the sample, they annihi-
late the pinned vortices. s4 ss In the remanent state [Fig.
5(c)] the negative flux lines (white zone at the sample
edge) and the pinned positive vortices are clearly visible.
Note that in a crossed polarizer-analyzer setting the flux
line polarities cannot be distinguished. While a reversed
external magnetic field is increased, more negative flux
lines penetrate into the superconductor [see Fig. 5(d)].

In Fig. 7 the measured flux-density profiles (dotted
curves) are plotted together with the corresponding theo-
retically calculated curves (solid lines). The proflles were
measured after increasing the external magnetic field to
ppHp = 160 mT, and subsequently decreasing it to ppH
= 53 m T, 0 m T, —53 m T, and —160 m T. The negative
B values were obtained by inverting the intensities of
the respective data points. The data points at the dark
lines which are due to the damaged surface at the edge
zone are omitted here as in Fig. 4. The theoretical curves
were calculated for finite x from Eqs. (2) and (13) and
agree well with the experimentally measured profiles.

B. Rectangle

FIG. 4. Measured and calculated Hux-density pro6les of a
thin strip corresponding to external magnetic Belds of poH
= 21 mT, poH = 53 mT, and ppH = 160 mT [cf. Figs. 3(a),
3(b), and 3(d)]. (a) Measured Sux distributions (dotted) of
the thin strip presented in Fig. 3 and the corresponding pro-
Sles which were calculated from Eq. (7) (solid lines). (b) For
a Suite x Eq. (2) yields the solid curves. A better agreement
than in (a) between the calculated and the measured (dotted)
data is achieved. For details see text.

In order to get a better understanding of the very coxn-
plex behavior of flux penetration which is presented in
the following Secs. IV C and IV D, in this section, we will
discuss the flux distribution of square-patterned YBCO
thin films. In the experiments shown here and in the
following sections, an iron garnet thin film was used as
magneto-optical indicator. The sample is one of the pads
for voltage measurements of the above mentioned four-
terminal geometry. The external magnetic field was ap-
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FIG. 5. Flux distributions on the same
YBCO strip. In these experiments the ex-
ternal magnetic field is decreased from p, pH
= 160 mT to various external fields p,pH .
(a) ppH = 107 mT, (b) ppH = 53 mT, (c)
ppH = 0 mT (remanent state), (d) ppH
—53 mT.
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FIG. 6. (a) Calculated distribution of the sheet current
J(y) in decreasing external field H for Hp ——2.5H, and
H /Hp = 1, 0.91 0.5, 0, —0.5, and —1. The curves were ob-
tained froin Eqs. (6) and (13). (b) Sketch of the direction of
current Bow and the current-generated magnetic field during
decrease of the external magnetic field. As long as the exter-
nal field is not reversed, the current-generated field and the
homogeneous external magnetic field are oriented antiparallel
at the sample edge in contrast to the situation during virgin
magnetization.

FIG. 7. Measured (dotted curves) and calculated
Qux-density profiles after application of an external magnetic
field of ppH = 160 mT [see also Figs. 3(d) and 4]; subse-
quently the external field was decreased to p,pH = 53 mT
[Fig. 5(b)], 0 mT [remanent state, Fig. 5(c)], —53 mT [Fig.
5(d)], and —160 mT. The theoretical profiles were calculated
from Eqs. (2) and (13). The measured profiles agree well with
the theoretically calculated curves.
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plied perpendicular to the sample surface and hence par-
allel to the c axis at a temperature T = 30 K. In Fig.
8 we applied external magnetic fields of IJOII = 53 mT
(a), 107 mT (b), 213 mT (c), and 0 mT [(d); this is
the remanent state of Fig. 8(c)]. Figures 8(a) and 8(b)
show that the vortices penetrate mainly in the middle
of each edge since screening currents and stray fields are
maxim»~ there. '5 3 As already discussed in Sec. IV A,
the Bux distribution is disturbed by nonsuperconducting
precipitates. The bridge visible in the upper part of the
right sample edge is part of the voltage tap.

In Fig. 8(c) the sample is in the critical state; i.e., the
Meissner currents have reached the critical current den-
sity everywhere in the sample. In the ideal critical state,
the modulus of the current densities is constant

~j[ =j,.
Sincej has to fiow along the sample edges and has to sat-
isfy the continuity equation, it will perform sharp bends
which are imposed by the sample geometry. s This leads
to the appearance of characteristic lines called d+ lines.
In our square geometry the current is forced to bend
sharply at the diagonals where the d+ lines are visible
as dark lines. The cutofF lower left sample corner in Fig.
8 causes a perturbation of this ideal picture: Here, the
sample has two corners which force the current to bend
twice, and thus two d+ lines are observed instead of one.

In addition to these d+ lines, there are defects and
edges where two regions with different critical current
densities meet, e.g. , at the sample edges or at bound-
aries separating two qualitatively difFerent superconduc-
tors At such . boundaries the current lines have to bend
sharply in order to satisfy the condition of continuous
current fiow. Again this leads to the appearance of char-
acteristic lines at the loci where the value of the critical

current density changes, which are labeled d lines.
Characteristic features of the d+ and d lines are the

following.

(1) Whereas the d lines occur at internal and external
boundaries of the sample (local sample geometry), the d+
lines form in homogeneous regions and reBect the shape
of the sample.

(2) Flux lines cannot cross the d+ lines since during
increase or decrease of the applied magnetic field the Bux
motion is directed towards or away from the d+ lines,
respectively.

(3) The d+ and the d lines do not change their posi-
tion during lowering or reversing of the external magnetic
field, although the magneto-optically detected intensities
of the d+ and d lines are reversed in the remanent state.

In thin type-II superconductors (d (( a) these d+ and
d lines are clearly seen because of the logarithmic infin-
ity of B at the sample surface. s In the remanent state
[Fig. 8(d)] the negative fiux at the sample edges is clearly
visible. As yet, analytical or numerical solutions to the
current distribution in the rectangular or square disk are
not available.

C. Ring

The calculated penetration of fiux into a ring in in-
creasing H (t) is presented in Fig. 9. The subsequent
exit and new penetration of fiux with opposite sign in
decreasing field are shown in Fig. 10. In these simula-
tions we choose an inner ring radius re ——0.6a (a = outer
radius) and the current-voltage law E(j) = (j/j, ) E,
with j, = jo ——const and E = Eo ——const as in Fig.

FIG. 8. Flux distributions of a nearly
square patterned YBCO thin film (width 1
mm, thickness 300 nm). In this case an
iron-garnet Slm was used as magneto-optical
indicator. The external magnetic Beld p,oH
is oriented perpendicular to the sample sur-
face. (a) poHo = 53 mT, (b) poH = 107
mT, (c) yoKo = 213 mT, (d) ppH = 0 mT
[remanent state of (c)).
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1 (Bean model). The ramp rate was ~dH /dt~ = 0.01 in
units Eo/ape .H(r) and J(r) are in units Jo ——jod.
With increasing H, Aux penetrates the ring at both
edges asymmetrically as described in Refs. 25 and 26:
The ring carries a transport current induced by dH /dt
and by H (because of conservation of the total flux in-
side a superconducting ring), and at the same time the
ring has to shield H &om its superconducting interior
ro & 7 & a. Figures 9 and 10 show that this shielding is
"currentlike" in the language of Ref. 25 since the current
has the same sign at the inner and outer edges of the
ring; see also Fig. 13.

In the virgin branch (H increased from zero, Fig. 9)
full penetration of the ring is achieved in our simulation
at H 0.4. For H ( 0.4 the total flux enclosed by the
ring is zero; at H = 0.4 Qux starts to penetrate into the
hole of the ring, and the sheet current J(r) saturates to
an approximately constant value 0.8j d, from which the
field profiles H(r) follow by Eq. (4); cf. the discussion in
Sec. II D. When H is increased further, J(r) does not
change and H(r) keeps its shape but shifts up rigidly at

0.4g

the same rate as H; cf. Eq. (4).
Figure 10 shows the field and current profiles when

H is decreased kom +0.4 to —0.3. Saturation of the
shielding current now occurs at a lower value of ~H ~—
0.3: One finds J(r) i —0.8J, in the decreasing branch,
and J(r) ~ +0.8J in the subsequent increasing branch
when H is cycled. This general property of the virgin
curve (which always runs below the full hysteresis loop)
can be seen in the magnetization curve M(H ) of this
ring in Fig. 11.

Figure 12 shows the flux distribution in a Bat super-
conducting ring produced by sputtering o8' the central
region of the other voltage measurement pad (cf. Sec. IV
B). These pictures are taken at T = 5 K and yoH = 11
mT (a), 16 mT (b), 21 mT (c), and 42 mT (d). In Figs.
12(a)—12(c) magnetic flux has not yet penetrated from
the outer sample edge into the central hole, whereas in
Fig. 12(d) flux leaks into the hole through a defect, a re-
gion with lower j, visible near the lower left sample cor-
ner. Due to this leak, a comparison of the measured data
and the calculations is not possible for external magnetic
fields exceeding the value of 21 m T at which this "weak
spot" becomes transparent. This situation is illustrated
in Fig. 13. Figure 13(a) shows the current flow and the
magnetic field lines for an external field at which mag-
netic flux has not yet penetrated into the central hole
since one still has a closed superconducting path in the

CD

g0.4

CD 0-

—0.3'
I I

0
I I I I I I I I I

0.5 —0

FIG. 9. Flux penetration into a superconducting ring with
outer radius a and inner radius ro ——0.6a and with cur-
rent-voltage law E(j ) = (j/j, ) Eo where j, = jo ——const
and Eo ——const; cf. Fig. 1. Depicted are the perpendicular
field H(r) and the sheet current J(r) (inset) in increasing ap-
plied field H = 0.04, 0.13, 0.22, 0.31, 0.40. H, H, and J are
in units Jo ——jod. The sweep rate was slower than in Figs.
1 and 2, ~dH /dt~ = 0.01 in units Es/ago. At H = 0.4 the
sheet current in the ring has saturated to an approximately
constant value 0.8j d; with further increase of H the field
profile keeps its shape and shifts rigidly up at the same rate
asH.

H /J = —0.0

FIG. 10. As Fig. 9 but in decreasing applied field H
0.4, 0.3, 0.15, 0, —0.15, —0.3. In decreasing H, and when
H is cycled, the current density saturates at a lower field

~H
~

0.3 than in the virgin branch when H is increased
from zero.
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Eo was assumed; H~ was cy-
cled with sweep rate )H /dt( = 0.01 in units Eo/ago. (a) As

0 = '0 ——1, H ( 1). (b) Field-dependent
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ring. With increasing field the induced transport through
the ring increases un i e rt'1 the reduced critical current en-

the weak spot is reached. T"is ph weaks ot t en
ters the flux-flow state and allows flux lines to pass.enters e ux-

Therefore, flux leaks &om the outer samp e e g
central hole before the two penetrating flux fronts have

met. As a consequence, the current flow anand hence the
magnetic Beld change as depicted in Fig .13(b). The
magnetic field generated by this current is presented as
dashed lines, and the total field (the superposition o t e

t 1 fi ld and the field of the circulating
currents) is plotted as solid lines. The circular symbols

rents. Note t eindicate the direction and size of t e curren
en ance ah d B at the outer edge and the reverse at the

d e with the absolute value of B being sma erinner e ge, wi e

reflects itself in different light intensities at the inner an

were taken at a 90' polarizer-analyzer setting and, there-
fore, do not distinguish the positive and negative po ari y
of B . The different polarities of B in principle can beR ~

d t ted by rotating the analyzer by some gre ec e
13 a e ualth' dure reduces the contrast. In Fig. a eqt is proce ure

ntralnumbers of field lines in both directions in the cen ra
h l

' dicate that the total flux 4 in this region is zero
as long as magne ic ux at fl has not penetrated kom outside
the ring.

the outerAs soon as magnetic flux has penetrated from e ou

antiparallel at the inner and outer edge ("Beldlike shield-
ing") and thus the current-generated magnetic field is

ed alon the external field at both sample e ges,
shielding the superconductor effective y om e ex
nal magnetic field. The unintentional presence of a weak

observe both the "currentljke" and "fieldlike" shie ing
states pre icte in e .d' d R f. 25 and occurring before an af-
ter the weak spot becomes transparent to flux motion,

1 . The effect of this weak spot is to limit the
b allowininduced transport current through the ring y a owing

FIG. 12. Flux distribution of
a ring-shaped YBCO thin film obtained at
T = 5 K. (a) ysH = 11 mT, (b) ppH
16 mT, (c) poH = 21 mT, (d) poH = 42
m T. Here, magnetic Hux has penetrated into
the inner hole at the defect structure which
is visible near the lower left sample corner.
The small bridge at the left sample edge is
part of the voltage tap. For details see text.
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Qux to leak through. Without such a Bux leak the to-
tal current is proportional to the applied Geld until the
two Bux fronts, entering with opposite polarity fmm the
outer and inner edges, meet and start to annihilate each
other.

The superposition of transport and shielding currents
in the ring causes asyznmetric Hux penetration: More
Hux lines enter f'rom the outer edge and penetrate deeper
into the ring than &om the inner edge. In the penetrated
zones the maximum current density j, Hows. Conse-
quently, the overshoot of B is larger at the outer edge
than at the inner edge. The shape of the Hux-density
profiles B (r) can be seen from Fig. 14. For external
magnetic fields of poH = 11 mT [corresponding to Fig.
12(a)] and 21 mT [cf. Fig. 12(c)] the profiles fit qual-
itatively well to the theoretical calculations plotted in

100

E
X~ 50- poH = 43 mT

21 mT

0

1 1 fTlT

(a)
0 200 400 600

r [p,m]
800

FIG. 14. Flux-density profiles measured at T = 5 K at
p,oH = 11mT, 21 mT, and 42 mT. The profiles were obtained
from experiments with higher magnification than in Fig. 12
and a polarizer-analyzer setting g 90' in order to detect the
diferent polarities of I3 at the sample edges. For details see
text.

1( l(
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FIG. 13. Sketch of the magnetic field lines and the direction
of current Sow. The current-generated magnetic field is plot-
ted as dashed lines, whereas the superposition of the homo-

geneous external magnetic field p,oH and current-generated
Seld is drawn as solid lines. Q symbolizes the current which
Sows out of the drawing plane; is the opposite Sowing di-

rection. (a) No Sux has penetrated from outside the ring into
the central hole. The equal numbers of field lines of opposite
direction symbolizes 4 = 0 in the central hole. (b) At one
particular place the Sux front has reached the inner edge of
the ring and magnetic Bux leaks into the central hole where
now 4 &0.

Fig. 9. In order to obtain better spatial resolution, the
flux-density profiles were scanned Rom observations with
higher magnification than in Fig. 12. The profiles show
the Hux distribution over half the sample width from the
center to the left edge. Because of the weak spot, the
Hux penetration at fields poH ) 21 mT and the Hux

distributions obtained while decreasing and reversing the
external magnetic field cannot be compared with our cal-
culations. The profile measured at poH = 42 mT and
plotted in Fig. 14 shows that the Hux distribution quali-
tatively goes over to the one of strip geometry since the
weak spot limits the transport current through the ring.
At fields yoH ) 42 mT the Hux-density profiles exhibit
a pronounced positive overshoot at both sample edges as
already shown in the pictures in Fig. 4. However, the
above mentioned asymmetry of the Hux penetration re-
mains since the transport current is not exactly zero.

Since all known production techniques of YBCO thin
films lead to an imperfect film growth, perfect grown and
patterned samples which are required for a comparison
of experiment and theory in the field range up to the full

penetration field and subsequent decreasing and revers-

ing the external field are not available.
In this section we discussed Bux penetration and cur-

rent distribution in a superconducting ring. In the fol-

lowing, we show that the Bux penetration and. shielding
behavior are quite diferent when the central hole of a
ring is filled with superconducting material with no or
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very weak pinning or with a critical sheet current reduced
by a factor of 2.

D. Inhemogeneous pinning

We now consider superconducting platelets with inho-
mogeneous J; one has irradiation-enhanced pinning near
the edges and the other one a thinner central zone pro-
duced by sputtering it down to half thickness.

But before we compare our theoretical and experimen-
tal results we have to discuss a subtle point. The most
salient feature of flux penetration into thin superconduc-
tors in increasing perpendicular field is the appearance of
the supercurrent immediately over the whole sample sur-
face (see Figs. 1 and 2). At the sample edges the value of
this current is always highest, and if the superconductor
is homogeneous, the &ont of the saturation of the current
is always followed by flux penetration. But if the critical

I I 1 I I

current density J in the edge zone is higher than in the
center, the screening current can reach the lower J, there
before flux starts to penetrate. What will happen in this
case? Two scenarios are conceivable:

(a) Zero (or reduced) sheet current J in the central
zone may be forced by the nucleation of parallel vortices
generated by J and oriented along the two flat surfaces
in opposite direction. If these vortex-antivortex pairs are
not pinned, they will move into the specimen and form
vortex loops which do not violate the conservation of to-
tal flux in this central region; appropriate curvature of
these vortices can then compensate the Meissner screen-
zng current. The resulting situation J = 0 is equivalent
to the ring discussed in Sec. IVC. The magnetic field
lines then close around the current-carrying edge zone.

(b) Alternatively, the sheet current J may exceed the
J, value in the central region if this stays completely free
of perpendicular vortices, i.e. , if the parallel vortices gen-
erated by the large sheet current are pinned. We will see
that our experiments are consistent only with this latter
assumption, expressed in our following calculations in the
&amework of the planar approximation by the condition
J, = oo in regions where B = 0.

For comparison, Pigs. 15—18 show the calculated pen-
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FIG. 15. ProBles of the sheet current J(r) and perpen-
dicular magnetic Beld H(r) in a circular disk with radius
a and thickness d « a with irradiation-enhanced critical
current density j = jo in the ring zone ro ( r + a and
j~ = j~i ——0.05jo in the unirradiated central zone 0 ( r ( ro.
ro ——0.6a. J and H are in units Jo ——jod. The current-voltage
lsw was assumed as E = (j/j ) Eo with j =j,(r, iHi) cho-
sen such that j, )& jo in regions where iHi ( 0.02 (Meissner
state). Increasing H = 0.1, 0.2, 0.3, 0.4, 0.5, 0.62, 0.66, 0.72,
0.78, 0.84, 0.9. The inset shows the corresponding magneti-
zation curve.

0

FIG. 16. The same ss Fig. 15 but in decreasing H J(r).
is shown for H = 0.9, 0.8, . . . , 0.1, 0, —0.1, —0.2 (the last
three curves coincide due to current saturation), H = —0.2,
—0.3, —0.4, —0.52 (for clarity J is shifted down by 0.5), and
H = —0.52, —0.6, —0.64, —0.7, —0.8, —0.9 (J shifted down

by 1.3). H(r) is shown for H = 0.9, 0.7, . . . , —0.3, —0.5,
—0.6, —0.64, —0.7, —0.8, —0.9.
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etration and exit of flux in circular disks with critical
sheet current J, = j,d depending on the radius namely
J = Jp ln the outer zone rp = 0.6a & r & a and
J, = J,q in the central zone 0 & r & rp. %e chose
J,~

——0.05Jp in Figs. 15 and 16 and J q
——0.5Jp ln Figs.

17 and 18. This calculation [from Eqs. (4), (15), and

(17)] for inhomogeneous pinning requires the additional
assumption that the sheet current J(r) should be unlim-

ited in the flux-free zones, i.e., in regions which are in
the Meissner state. This condition was achieved by for-
mally multiplying the J,(r) entering our current-voltage
law E = (J/J, ) Eo, by a factor which smoothly be-
comes very large for ~H]//Jo ( 0.02. This choice yields a
very stable numerical integration of Eq. (15). Note that
in Fig. 16 the sheet current in decreasing 8 saturates
to its steplike J,(r) hoice: at H = 0 to —0.2 and at
8 & —0.9. ThThis nonmonotonic behavior occurs when

H(r) passes through zero; in the regions with H(r) = 0

I I I I I I

J(r) can exceed J,(r) and will increase in order to shield
H~ from the fiux-free zone. By the same token J(r) ex-
hibits a narrow peak near r = 0 when ~H(r)~ & 0.02
there. These sharp peaks in J(r) at the fiux front are
most clearly seen in Figs. 17 and 18; cf. also the peaks
in Fig. 2. The height and shape of the peaks depend on
the assumption how J, goes to infinity when ~H~ goes to
zero. Note that in Fig. 15 one exactly has H(ro) = 0
until ux penetration (or saturation of J) is corn 1 t dpe e

e penetrating Aux lines thus have to move very fast
through the boundary to the unirradiated zone.

Figure 19(a) shows the shape of the Bi2212 single crys-
tal and the location of the absorber, the bright area in
the sample center. In the sequence of Figs. 19(b)—19(h)
flux distributions are presented at temperature T = 50
K for applied transverse fields of poH = 85 mT (b), 107
mT (c), 128 mT (d), 149 mT (e), 171 mT (f), 213 mT

(g), and 277 mT (h). The black lines indicate the sam-
ple edge. Figure 19(b) shows that the vortices penetrate
into the superconductor only &om the edges, mainly at
the middle of each edge as described in Fig. 8. In Fi
19&c~&~c~ the lux &ont reaches the unirradiated area at the

sg. . n jg.

narrowest place of the irradiated belt [white arrow in the
lower left corner in Fig. 19(c); see also Fig. 19(a)].

Now an interesting phenomenon occurs: Flux suddenly

I I I 1 I
I

O

L 0 '

0

Q

0 r a

C7

0
X

FIG. 17. Pro6les of the sheet current J(r) and perpen-
dicular magnetic field H(r) in a circular disk with radius
a an original thickness d (( a with critical sheet cur-

rent J = j,d = Jo in the ring zone ro & r & a and
J = J 0.5Jo in the central zone 0 & r ( ro reduced
by sputtering. ro ——0.6a. J and H are in units Jo. The
current-voltage law was assumed as E = (J/J, )' Ro with

J, = J (r, ~H~) chosen such that J, )) Js in regions where

]H] ( 0.02 (Meissner state). Increasing H = 0.1, 0.2, . . . ,

0.5 0..54, 0.6, 0.7, . . . , 1.1. The inset shows the corresponding
magnetization curve.

0

FIG. 18. The same as Fig. 17 but in decreasing H . H
1.1, 1, 0.8, 0.6, . . . , 0, —0.2, . . . , —1, 1.1. The curves H = 0
(remanent state) are marked by dots.
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appears in the center of the Meissner area (white arrow
in the sample center). At the same time, the motion of
the Hux &ont kom the sample edges slows down and the
magnetization is dominated by the spread of Aux from
the center. Since vortices cannot nucleate at the sam-
ple center, they have to cross the Meissner area being

driven to the center by screening currents which are much
higher ("overcritical" ) than the j in this unirradiated re-
gion, Figs. 19(d)—19(f). This situation is analogous to the
penetration of Bux bundles over an edge barrier observed
in type-I superconductors~ and recently in Bi2212 single
crystals. so In Figs. 19(g) and 19(h) the unirradiated part

! Irtg (llf1 iol N 11" s' 0 IVI" gli

q ~ M~~+p Wq%~4+P 4N'$.~~

7

I

o

==&i aiig

FIG. 19- (a) Shape of the irradiated Bi2212 single crystal. The absorber is visible as bright region in the sample center. (b)
Flux distribution at T = 50 K in a transverse magnetic field of poH = 85mT. (c) yoH = ].97 mT. The Sux starts to penetrate
the unirradiated part of the sample at the narrowest place of the irradiated belt (white arrow in the lower left corner) and piles
up iu the sample ceuter as indicated by the other white arrow. (d) poH = 128mT. (e) poH = 149mT. (f) poH = 171mT.
(g) yoHo = 213mT. (h) poH = 277mT.
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FIG. 20. Flux-density profiles taken from Figs. ].9(b)—19(b)
along the line indicated by two arrows in Fig. 19(h). The
measured field profiles nicely agree with the calculated ones
shown in Fig. 15.

of the sample is completely filled with flux lines and the
flux front has moved from the sample edge to the inner
edge of the irradiated belt. In the irradiated belt only the
critical current flows and further increase of 0 does not
change the shape of the flux-density profiles but shifts
them rigidly at the same rate as H .

The appearance and growth of the magnetic flux in
the sample center is clearly seen in the flux-density pro-
files measured across the sample, Fig. 20. These profiles
nicely agree with the calculated field profiles of Fig. 15.
Moreover, the "uphill motion" of flux lines, predicted in
Ref. 25, is clearly seen: During the growth of the central
flux heap the arriving flux lines move against the flux-
density gradient since the driving current in this geom-
etry is caused mainly by the curvature of the flux lines.
Notice that the measured profiles do not show a sharp
cusp at the sample edge since the garnet film saturates
at a magnetic field of about 200 mT.

In general, the light intensity I is roughly proportional
to [B [ except for small fields ]B ] ( 10inT where ap-
proximately I B, and for ]B ] ) 200mT where
the garnet indicator and/or the CCD camera start to
saturate (the EuSe thin film indicator saturates only
above 2 T). The exact relationship between B and I
is not known (depending, e.g. , on the magnetic field
at the position of the CDD camera). For optimal vi-
sualization we plot in Figs. 20, 22, 24, and 28 be-
low the measured light intensity profiles in the form
B = const x I(]B ~) x sign(B ) with arbitrary constant.

At this point we will discuss interesting features of flux
line motion within the framework of d lines (see Sec. IV B
and Ref. 53). In the unirradiated area d+ lines which
could be expected running &om the corners to the center
along the bisection lines do not appear and in the irra-
diated region only a short d+ line exists running from
the sample corners to the boundary between the two re-
gions. This is due to the fact that at T = 50 K the
unirradiated part of the sample is above the depinning
line where the critical current is zero. When the flux
front has reached the d line at the narrowest place of
the outer belt, which separates the irradiated from the
unirradiated zone, the vortices which are driven to the
center of the unirradiated zone and pile up there to form
a new flux &ont which moves &om the center towards the
d line as the unirradiated zone is filled with flux lines.
This flux &ont then penetrates into the irradiated belt
and causes "fieldlike" shielding of a strip as discussed for
the ring (see Sec. IVC). With further increase of the
external field a d+ line is formed in the irradiated zone
near the inner boundary to the central region except at
the narrowest place of the irradiated belt, Fig. 19(h). At
the lower edge the d+ line is not visible because it is too
close to the d line at the inner boundary. The observed
experimental situation may be simulated by a strip with
enhanced pinning in its edge zones of different widths.
However, such calculations would not give new insight.
In our experiments the external field was increased to the
value where flux starts to penetrate markably from the
inner boundary into the irradiated belt.

The sequence of Fig. 21 shows the edge-zone-irradiated
Bi2212 single crystal (d = 30 pm) in external magnetic
field decreasing from ppHp = 277 IIIT [see Fig. 19(h)] to
jllpH = 256 II1T (a), 213 mT (b), 177 mT (c), 128 mT
(d), 107 mT (e), 64 mT (f), 43 mT (g), and 0 m T [(h), re-
manent state of Fig. 19 (h)] at T = 50 K. The further the
field is decreased the lower is the intensity at the sample
edge (black frame) as long as there is no negative flux
visible, Figs. 21(a)—21(f). This is due to the switch of
the sheet current J (see Fig. 16) from +J, to —J, imme-
diately when the external field is decreased as discussed
in Sec. IV A. At low external magnetic fields [Figs. 21(g)
and 21(h)] negative flux becomes visible as bright zones
at the sample edge. In Figs. 21(a)—21(f) the intensity of
the unirradiated central region remains nearly unchanged
(see also Fig. 16). Because of the very low pinning in the
unirradiated region, most of the flux immediately exits
as soon as 0 is decreased to 0; this can be seen from the
low intensity there in Fig. 21(h). The profiles correspond-
ing to Figs. 21(a), 21(g), and 21(h) are plotted in Fig. 22
(more profiles would cause a mess of lines which could not
be distinguished). The profiles of IJpH = 43 mT and 0
mT nicely agree with the curve H /Jp = 0.1 in Fig. 16,
whereas the profile at ppH = 256 mT (corresponding to
H /Jp ——0.7 in Fig. 16) exhibits a higher intensity in the
unirradiated zone than at the sample edges. The step of
J = 0 to J = —J causes a negative logarithmic infinity
of B at the sample edge; see Sec. IVA. The slightly
smeared step of J(r) from J = —J, to J = +J, leads to
a finite positive overshoot of B near the sample edges.
Due to the thickness d 3.5 pm of the iron-garnet indi-
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cator, both effects cannot be spatially resolved and their
superposition yields a reduced intensity.

Figure 23 shows the Hux distribution of the edge-zone-
irradiated Bi2212 single crystal in increasing reversed
field IJoII = —21 mT (a), —85 mT (b), —100 mT (c),
—128 mT (d), —149 mT (e), —171 mT (f), —213 (g), and
—277 mT (h), which was applied to the remanent state

of IjoIIo ——277 mT [see Figs. 19(h) and 21(h)j. In Figs.
23(a) and 23(b) negative Hux generated by the external
magnetic 6eld penetrates the sample &om the edges and
through the narrowest place of the irradiated belt. In Fig.
23(c) negative flux has started to penetrate the imirra-
diated central region similarly as in Fig. 19 but at lower
~H ~. The reasons for this behavior will be discussed later

~f'
~~iiiiII

AH~~s~ rs&ISS' '

4 (III:ilIII@+~ '

/'sl'8 al

FIG. 21. Flux distributions of the same Bi2212 single crystal at T = 50 K. In these experiments the external magnetic Seld
is decreased from psHs = 277 mT to various external fields psH (a) psH~ = 256 m. T, (b) poH = 213 mT, (c) poH = 177
mT, (d) @AH = 128 mT, (e) poH = 107 mT, (f) poH = 64 mT, (g) psH = 43 mT, (h) poH = 0 mT (remanent state).
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in this section when we consider the measured magnetiza-
tion curve. Figures 23(d)—23(h) show the same fiux pen-
etration behavior as discussed for virgin magnetization
[see Fig. 19(d)—19(h)]; i.e., in the central unirradiated
zone the lux lines move against the gradient and over-
critical currents flow in the flux-&ee regions there. The
profiles corresponding to Figs. 23(a) and 23(c)—23(h) are
plotted in Fig. 24. The measured profiles agree qualita-
tively well with the calculated curves in Fig. 16.

To demonstrate the existence of overcritical currents
in flux-kee regions Geld-cooling experiments were per-
formed on the edge-zone-irradiated Bi2212 single crystal.
Figure 25 shows the sample cooled down to T = 50 K in
an applied external magnetic field poH = 64 mT. At this
moment the fiux density is spatially constant (= H; no
Meissner expulsion is observed) and the image shows a
uniform grey area. After field cooling, the external field
was (a) decreased to poH = 21 mT or (b) increased to
p,oH = 107 mT. After this change of the external Geld,
vortices in the central region start to move, driven by the
induced current. This motion should be the same as after
zero-field cooling followed by the same increment of H;
compare Figs. 25(a) and 25(b) with Fig. 19(b), where an
even larger field increment does not aKect the flux dis-
tribution inside the irradiated belt. In the presence of
unpinned vortices in the unirradiated part (such that an
overcritical current is not possible) the fiux motion in-
duced by the increment of H is nearly the same as in
the ring discussed in Sec. IVC. When H is decreased,

1.5
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FIG. 22. Measured Bux-density profiles after application of
an external magnetic field of poHo ——277 mT; subsequently
the external field was decreased to the indicated values. For
details see text.

the inner vortices move to the irradiated belt and con-
centrate at its inner boundary; see the bright line in Fig.
25(a). When the field is zncreased, vortices move to the
center leaving behind a narrow dark zone with H = 0 at
the inner boundary of the belt. This zone with 0 = 0 is
also clearly seen in our calculations. Thus, the unirradi-
ated region at T = 50 K exhibits extremely low pinning,
even for single perpendicular vortices; very low current
suKces to move the perpendicular vortices, and a high
"overcritical" nondissipative supercurrent is possible af-
ter these vortices are swept away.

Figure 26 shows magnetization curves measured at T
= 50 K on the same sample we used for magneto-optical
investigations. The two sweep rates of 5 mT/s and 20
mT/s can be distinguished by the different densities of
measuring points, since the time interval between the
data points is constant. The direction of measurement
is indicated by arrows. The data points near H 0 are
omitted, since a correct evaluation of the torque data is
not possible here; see Eq. (18). The peak of the virgin
branch marks the external field at which flux starts to
penetrate the unirradiated central zone. At the higher
sweep rate J, is less reduced by flux creep e8'ects, re-
sulting in a larger hysteresis loop; cf. also Figs. 1 and 2.
Therefore, at the faster sweep rate of 20 m T/s fiux pene-
trates the center at higher values of I . The value of 0
at this peak in the loop at 5 mT/s (the sweep rate used
for our magneto-optical investigations) agrees well with
the magneto-optically determined value ppH = 107 xDT

(see Fig. 19). Furthermore, it can be seen that the sec-
ond peak, indicating full penetration of negative flux (see
also Fig. 23), occurs at lower ]H ]. The reasons for this
behavior are flux creep eKects which reduce J, and facil-
itate fiux penetration [see Eq. (8)], and the negative fiux
which has penetrated the sample already in the remanent
state.

The measured magnetization curves qualitatively agree
with the calculated one shown in the inset of Fig. 15. The
characteristic decrease of the measured magnetic moment
at higher H is explained by the H dependence of J, (see
Figs. 2 and 11) which is not accounted for in Fig. 15.

The agreement between our theory and the experiment
is not trivial. First, it shows that a theory which consid-
ers only the averaged components of j and E parallel to
a specimen of finite thickness is sufEcient. Second, this
agreement also means that in the unirradiated zone pin-
ning is weak only for perpendicular flux, but it is strong
enough to prevent parnllel flux lines to penetrate from the
flat surfaces, probably due to intrinsic pinning by the Cu-
0 layers. Notice that the large Meissner screening sheet
current J, or its parallel surface field +J/2, generates
parallel vortices of opposite orientation, which without
this pinning would penetrate and annihilate such that
the magnetic field lines would close around the irradiated
frame as with a current-carrying loop. This wouM cause
a negative cusp of H~ at the inner edge of the irradiated
zone, which is not observed in our experiments.

A diferent pattern of Aux distribution is observed
when the critical current in the inner region is about
half the value of the outer zone. This situation is real-
ized in a Bi2212 single crystal whose central zone was
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thinned down to about half thickness. Figure 27 shows
the obtained Qux distributions in increasing 6eld @OH
= 384 mT (a), 427 mT (b), 469 mT (c), 512 mT (1), 534
mT (e), and the remanent state of 534 mT (f) at T =
20 K. In the sequence of Figs. 27(b) —27(e), the Aux front

speeds up when it has reached the thinned central region.
Consider the 6rst vortex that reaches the thinned zone:
It meets overcritical current and thus is driven quickly
through this region to the place where the screening cur-
rent equals the critical current there. From this place
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FIG. 23. Fl d t b tio of the edgmzone-irradiated Bi22].2 single crystal when applying a reversed field H to
( ) H = —21 T, (b) oH = —85 mT, (c) ppH = —]Q(j mT; here negative Sux has started to pen r

unirradiated zone (white arrow). (d) ppHo = —128 mT (e) ppHa = ( ) &
(h) ppH = —277 mT.
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FIG. 24. Measured Bux-density pro6les when applying a
reversed ield to the remanent state of p,oHO ——277 mT.
The pro6les agree qualitatively well with the calculated ones
shown in Fig. 16.

FIG. 26. Magnetization curves of the edge-zone-irradiated
Bi2212 single crystal at T = 50. The loops were measured
at the two different sweep rates 5 mT/s (the measured points
are denser here) and 20 mT/s. The data points at H 0
are omitted, since the measurement technique does not give
correct values here. In this plot the in8uence of Bux creep, in-

homogeneous pinning, and the H dependence of J, is clearly
seen. The measured curves agree well with the theoretical
ones.
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[which can be calculated analytically from Eq. (6) for a
strip by replacing J, by J,i, J(y) by J,s, and b by ro],
a Hux &ont starts to penetrate rapidly towards the cen-
ter, and a second fiux front moves to the edge zone with
higher J, where it meets the front penetrating from the
edge.

This behavior is similar to the edge-zone-irradiated
Bi2212 single crystal where the fiux penetration of the
inner region proceeds from the center since here J,2

——0
in the central zone. In the remanent state [Fig. 27(f)] the
cBKerent penetration depths in the inner and outer region
are clearly visible. The measured fiux-density profiles in
Fig. 28 also show the difFerent penetration depths into
the outer (IJpH & 384 nlT) and the inner (poH & 427
mT) region. These profiles qualitatively agree with the
calculated curves in Fig. 17. The dip of B at the bound-
ary between the inner and outer area cannot be resolved
because the thickness d 3.5 pm of the iron-garnet in-
dicator is too large.

V. CONCLUSION

FIG. 25. Field-cooling experiments performed on the
edge-zone-irradiated Bi2212 single crystal. The sample was

cooled down to T = 50 K in an applied field of y,oH = 64

mT. (a) poH = 21 mT, (b) yoH = 107 mT. For details see

text.

In this paper we have investigated by theory and ex-
periment the penetration and exit of magnetic Bux, and
the circulating sheet current induced by a cycled applied
field H (t), in superconducting platelets, strips, and rings
with uniform pinning, and in platelets with strong and
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FIG. 27. Flux distributions
in a Bi2212 single crystal with
thinned central region at T =
20 K. (a,) @pe = 384 mT;
the white frame indicates the
thinned-down region. (b) ypH
= 427 mT, (c) ppH = 469 mT,
(d) y,pH = 513 mT, (e) ppHo
= 534 mT, (f) remanent state
of (e).
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FIG. 28. Flux-density pro6les of the Bi2212 single crystal
shown in Fig. 27. The fiux penetration in two steps is clearly
visible. The pro61es nicely agree with the theoretical curves
plotted in Fig. 17.

weak inhomogeneities in the critical sheet current gener-
ated by heavy-ion irradiation of the edge zone or by sput-
tering down the central region. Our theoretical descrip-
tion of flux motion in perpendicular geometry is based
on classical electrodynamics in planar approximation, as-
suming B = poH (or H, i ——0) and a strongly nonlin-
ear resistivity [Eq. (17)]with a space- and field-dependent
critical sheet current J,((H ~, r) =j,()H (, r) d(r). If the
time dependence is not crucial, i.e., in quasistatic prob-
lems, our theory applies even when the current density
j(r) varies over the specimen thickness, e.g. , if this is in a
longitudinal Bean critical state induced by the sheet cur-
rent; in this case the sheet current J is j integrated over
the thickness. In fact, our planar approximation with
the condition J = oo for H = 0 contains information
about the anisotropy of the critical current density since
it makes the assumption that the parallel vortices gen-
erated by the screening current in the Meissner regions
with 0 = 0 are strongly pinned even when perpendic-
ular vortices in the same region would be weakly pinned
or even be mobile due to thermal depinning.

We compare our dynamic theory with the recently
obtained 2 analytical solutions for the Beld pro6les
H(r) and the sheet current profiles J(r) in the static
Bean model of flat superconductors in perpendicular
field. In addition, the theoretical profiles in a ring con-
Grm the extension ' of these analytical solutions to the
presence of both a transport current (induced in the ring)
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and an external Geld. Magneto-optically determined flux-
density profiles of a strip in increasing and decreasing
field were compared with calculated ones taking into ac-
count the finite thickness of the magneto-optical detector.
A very good quantitative agreement between theory and
experiment is obtained for strip geometry without using
fit ting procedures.

An important theoretical result is that the logarithmic
infinities of B and the vertical slope of the lux front are
not removed when j, is allowed to depend on B.

On our ring-shaped thin film with d = 300 nm, we

observe the qualitatively different "fieldlike" and "cur-
rentlike" shielding states in which the current-generated
Geld at the sample edges is oriented along or against the
external field.

On an edge-zone-irradiated Bi2212 single crystal (d =
30 pm) the existence of overcritical currents in the
absence of magnetic flux and the predicted "uphill"
motion of flux lines was studied.

The experimentally determined fIux-density profiles of
all our samples nicely agree with the calculated ones.
Thus, our planar approximation and the assumption of

a nonlinear current-voltage law and of H ~
——0 yields an

adequate description of even complicated Hux distribu-
tions in inhomogeneous superconductors. Our specially
designed inhomogeneous superconductors allowed us to
find the additional and nontrivial assumption j = oo for
B = 0, which is required for a correct description of lux
penetration in the presence of inhomogeneous pinning.
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