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method first introduced by Kirchner [4]. Very good
contrast is obtained if the thickness of the EuS film
is 24, where 4 is the wavelength of a HeNe laser in
the EuS film.

The glass with the sandwich of EuS and aluminum
was directly placed on top of the YBa,Cu;0,_, film.
In all experiments the superconducting sample and
the glass with the EuS film were immersed in su-
perfluid helium. The EuS film was magnetooptically
active up to a temperature of 7~12 K, somewhat
lower than the ferromagnetic Curie temperature of
16.9 K reported for this matenal [4]. This may be
due to an excess of Eu, as measured by EDS (energy
dispersive X-ray spectrometry), and also to impur-
ity atoms. To check the possible existence of ferro-
magnetic domains [7,8] we pertormed a magne-
tooptic experiment, as described above, without a
superconductor in external fields up to I T. No
structures on a submillimeter range, indicating the
existence of a domain pattern in the EuS film, were
observed both with the external field applied as well
as after reducing it to zero. Therefore we exclude the
influence of ferromagnetic domains on the observed
magnetic field distributions in the superconductor,
at least in the range of our resolution.

The sensitivity of the magnetooptic set-up used
here was limited to magnetic fields =20 mT. There-
fore we investigated the low field range below 20 mT
in a complementary experiment. A scanning micro
Hall probe at a spatial resolution of about 0.04 mm?
aliowed one to obtain field distributions across the
whole sample surface by performing xy-scans. Al-
though much coarser than the magnetooptic tech-
nique, this method provided a useful extension and
verification of the optical results.

3. Results

Figure 1 (a—c) shows a set of pictures taken during
the increase of the external field up to 0.25 T after
zero field cooling (ZFC). The magnetic field was ap-
plied in a direction perpendicular to the sample sur-
face. Bright areas in these pictures correspond to re-
gions of high magnetic field. The spatial resolution
in the present experiment was 50 um, a value which
apparently can be further improved by proper im-
aging optics.

In fig. 1(a) the flux expulsion leads to an increase
in the brightness of the sample edges. It is important
10 note that the magnetic field is maximal around
the centers of the edges rather than in the corners.
On a rough scale, the flux penetrates the film in a
uniform way from all four sides simultaneously es-
lablishing overall concave flux fronts which display
structures in the submillimeter range. The concave
flux penetration from the edges of the sample yields
a well-shielded region along the diagonals, giving rise
to a roughly cross-like pattern of the same fourfold
symmetry as the sample (fig. 1(b)). The width of
this pattern shrinks as the field is increased, until at
0.25 T it is only a few tenths of a mm wide (fig.
1(c)). At higher fields shielding in this region grad-
ually vanishes, until above 0.5 T we could not detect
any influence of the superconductor in our pictures.
These fields also lead to a saturation in the remanent
flux distribution, which remains unchanged even
after applying fields as high as | T.

The remanent flux distribution after applying 0.25
T is shown in fig. 1(d). The largest amount of trap-
ped flux is observed around the region which for-
merly displayed the best shielding.

To make sure that all the features described above
correspond to the superconducting sample (and not
to the EuS film) we have performed a second run
with the sample being rotated by an angle of 90°. The
results were 1dentical to the previous ones, but the
images were rotated in the expected manner.

In fig. 2 we show for comparison results for a sec-
ond sample which appears to be less homogeneous.
Figure 2 (a—c) again presents the increase of the field
from zero to 0.2 T after ZFC. As before the flux fronts
are found to penetrate the sample from the edges,
and the best shielded regions are again roughly along
the diagonals of the sample. Apparently the flux pen-
etrates preferentially from the right side, and has a
more inhomogeneous distribution compared 1o sam-
ple 1. The inhomogeneities lead to a distortion of the
shielded cross-shaped structure. The remanent flux
distribution after reducing the field to zero 1s shown
in fig. 2(d). Again the largest amount of flux is trap-
ped around the regions which were formerly the best
shielded ones.

Results for the second sample in the low field re-
gion, obtained with the Hall probe, are presented in
fig. 3. The sample was again cooled in zero field, and



341

Fig. 1. Flux distribution in an epitaxial 300 nm thick YBa,Cu;0,_, film on a 10X 10 mm?* (001) SrTiO4 substrate (sample |). The
sample was cooled 1n zero field and the pictures were taken during increase of the field up 1o B=0.25 T (which lasted 2 min). The light
intensity distribution corresponds to the magnetic field distribution. The contour of the square film 1s outlined by the expelied flux, best
visible in fig. 1 (a). The applied field was (a) B=0.06 T, (b) 0.12 T, (¢) 0.25 T, (d) remanent magnetization. B=0.

then exposed to an external field of 1 mT and 19 mT
respectively. The curves represent lines of constant
field at a height of 0.3 mm above the sample surface,
plotted at intervals of 0.1 mT in fig. 3(a) and | mT
in (b). The location of the sample 1s indicated by the
square. It should be noted that the field values near
the centers of the edges exceed the externally applied
field by about 10% whereas the field above the cor-
ners of the sample 1s nearly identical to the external
field. The inhomogeneity of the sample pointed out
already in fig. 2 1s hardly discernible at 1 mT but leads
to quite a pronounced distortion in a field of 19 mT
at the right side of fig. 3(b).

4. Discussion

The observed overall patterns are obviously a geo-
metric effect, to be explained by the square sym-
metry of our samples. The pictures are reminescent
of a magnetooptic experiment by Huebener et al. [6],
where rectangular Nb-foils and -films displayed sim-
ilar structures. There the structure was attributed to
domains with different direction of magnetization,
comparable to ferromagnets.

For the structures observed here in YBa,Cu;0,_,
films this explanation can be ruled out: if there were
domains the magnetization in neighboring areas
would have to be of opposite polarity. This was not
the case, as could be shown by determining the sign
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Fig. 2. Flux distribution in an epitaxial 300 nm thick YBa,Cu30,_, film on a 10x 10 mm? (001) SrTiO; substrate (sample 2). The
sample was cooled in zero field and the pictures were taken during increase of the field up to 8=0.2T. (a) B=0.04T, (b) 0.12 T, (¢)

0.2 T. (d) remanent magnetization, B=0.

of the magnetization with magnetooptics (turning
the analyzer). In addition the measurements with the
Hall probe clearly revealed that the sign is the same
in all four quadrants, both for shielding and for the
remanent magnetization.

In our interpretation the local variations in the field
distribution resulting from the flux expulsion are re-
sponsible for the occurrence of the cross-like struc-
tures. As was noted in the discussion of fig. 1(a) and
the xy-scan with the Hall probe (fig. 3), the field ap-
pears to be maximal around the centers of the sam-
ple edges. Therefore this is the location where the
lower critical field 1s reached first, giving rise to the
observed concave flux fronts penetrating the sample.
Consequently the shielding current path is deformed

as sketched schematically in fig. 4, where in addition
the field generated by the shielding currents is rep-
resented by small circles. The shielding efficiency of
the currents is obviously dependent on the sign as
well as on the magnitude of their curvature. As sug-
gested by fig. 4 the shielding of the corners is better
than in the middle of the edges. Moreover it is seen
that on the outside of the current path, where the field
of the shielding current adds to the external field, the
largest enhancement is expected near the middle of
the edges, as observed experimentally. The persist-
ence of sharp structures along the sample diagonals,
pronouncedly visible in figs. 1(c) and 2(c), can in
this picture be explained by the strong magnetic re-
pulsion of two current paths with opposite direction.
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Fig. 3. Field distnbution of sample 2 in the low field range obtained with a scanning micro Hall probe. The curves indicate lines of
constant field at a height of 0.3 mm above the sample surface. (a) B=1 mT. (b) B=19 mT. The numbers refer to the difference between

the local magnetic field and the externally applied field (in mT).
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Fig. 4. Schematic sketch of the current path in an intermediate magnetic field where the flux has already started 1o penetrate the sample.
The small circles represent the magnetic field that is generated by the current.

A more quantitative description taking into account
the different components of rot B=pu,j, as was re-
ported by Baczewski et al. [9], is in preparation.
Inhomogeneities in the sample give rise to a de-
viation of the shielding structure from a perfect cross.
We have investigated several samples with a varying
degree of homogeneity in the superconducting gual-
ity. The according degree of distortion of the cross
was clearly related to the overall sample homoge-

neity, not taking into account structures on a sub-
millimeter scale. The appearance of the pattern does
not depend on the substrate, nor on the preparation
process, as can be seen in fig. 5 for a thermally evap-
orated film on MgO. Altogether one can thus take
the deviation of the magnetooptic pattern from the
fourfold sample symmeltry as a measure of the over-
all sample inhomogeneity.
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Fig. 5. Flux distribution in an epitaxial 100 nm thick
YBa,Cu10;_ filmona 10x 10 mm? (100) MgO substrate, after
zero field cooling. The externally applied field is 60 mT. The low
contrast of this picture is due 10 the rather homogeneous flux
distribution.

5. Conclusions

In summary we have investigated the flux distri-
butions of epitaxial YBa,Cu,;0,_, films with a con-
lactless magnetooptic experiment in fieldsupto 1 T
and in addition with a scanning micro Hall probe in
the low field range. A strong influence of the sample
geometry on the flux penetration process 1S ob-
served. In contrast to recent experiments by Forkl et
al. [2]. we have found the flux to penetrate our sam-
ples in a rather regular way, yielding nearly sym-
metric shielded regions. roughly along the sample di-

agonals. In the remanent state the area close 1o the
structure appears to be the region where the flux is
pinned most effectively. We attribute the observed
way of penetration to the influence of the curvature
of the current path on the shielding properties. This
method appears to be a sensitive check of the ho-
mogeneity of superconducting films.
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