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A b s t r a c t  

Direct observations and measurements of spatial magnetic flux distributions on the surfaces of YBaCuO superconducting 
thin films and thin single crystals realized under application of external magnetic field and transport current are accom- 
plished using magneto-optical indicators. These investigations are compared with theoretical calculations yielding critical 
current densities. Special attention is paid to the influence of defects on the magnetic properties. Furthermore, specific 
features of flux penetration into flat superconductors are revealed. 

1. I n t r o d u c t i o n  

More information to reconstruct a true model of 
magnetization of superconductors can be obtained 
from direct observations of the magnetic flux struc- 
ture on their surface using the magnetooptic tech- 
niques [1]. High-To superconductors are investigated 
by both the traditio~ml EuS:EuF2 and EuSe indicator 
films deposited directly onto the sample surface [2] 
and newly used for this purpose much more sensitive 
garnet ferrimagnetic films [3,4]. To determine the cor- 
rect superconducting parameters values from the field 
distribution the strong influence of demagnetization 
factors must be taken into account [5,6]. The purpose 
of this paper is to demonstrate the new possibilities 
of the magnetooptical  method to characterize super- 
conductors, especially to reveM the influence of de- 
fects and inhomogeneities, and to measure the intrin- 
sic parameters of the superconductor independently 
from macrodefects. The main problem in interpreta- 
tion of magnetooptic observations is the calculation of 
the current distribution from the normal component 
of the flux. Both a fi t t ing procedure [6] and recently 
obtained integral equations [7] are, so called, mathe- 
matically incorrect problems and the results contradict 
with traditional magnetic measurements [6]. For cor- 
rect interpretation of the experiments new solutions of 
the critical state model are made for a thin film stripe. 

2. E x p e r i m e n t a l  t e c h n i q u e s  

Details of the apparatus and the experimental pro- 
cedure can be found in [1,2,4,8,9]. As magnetooptic 
active medium we use both the vapor-deposited EuSe 
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films and the ferrimagnetic garnet indicator with in- 
plane anisotropy. The highest optical resolution can 
only be obtained with EuSe which is magnetooptically 
active only near liquid helium temperature.  To apply 
it also for higher temperatures a special new procedure 
was developed. Flux structures realized at a temper- 
ature where the EuSe indicator is insensitive are ob- 
served after cooling down to liquid helium tempera- 
ture. Applicability of the procedure was checked by 
the garnet indicator. 

3. R e s u l t s  a n d  d i s cus s ion  

3.1. Magnetic f lux  of  transport current 
Direct study of the self magnetization of a type II 

superconductor carrying transport  current can be very 
useful in understanding features of the critical cur- 
rent formation, being of great importance for practi- 
cal application. It became possible only recently using 
the in-plane garnet indicator [10]. We perform such 
observations to investigate the critical regime forma- 
tion in YBa2Cu307 thin film bridges with linear de- 
fects, which are often clearly observed magnetoopti- 
cally in high-To films due to easier field penetration 
along them [8,11]. Magnetic field induced by the ap- 
plied transport current penetrates into the linear de- 
fect, being a narrow weak superconducting region of 
the film near a tiny scratch onto the substrate surface 
that existed before the film preparation. After reduc- 
ing the current the penetrated flux is captured in the 
film. Fig.1 shows that the magnetic irreversibility dur- 
ing the current changes takes place only in the defect, 
although there is no barrier for the flux entrance in 
thin films and penetrated flux could be captured at 
the edges also. Even after reaching the critical current 
value of 0.5 - 1.5 A in the investigated thin film bridges 
no captured flux at the bridge edges were detected. 
The observed reversibility in "ideal" parts of the sam- 
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Figure 1. Up: The flux structure from current of 50 
mA in an YBaCuO thin film bridge after the critical 
current - 5 0 0  mA was applied in the opposite direc- 
tion (the film thickness is 210 nm, width - 96 /~m, 
T = 5 K). The fields of opposite polarity above and 
below the bridge are visible as light and dark regions 
due to Faraday effect in the indicator. Reverse con- 
trast  black-white petals represent remanent flux pene- 
t rated and captured along a linear defect near a poten- 
tial contact,  revealed as gray vertical stripe screening 
the field of the current. Down: flux profiles mea- 
sured along the defect in presence of a current 113 
mA applied to the sample just zero field cooled (solid 
line) and after switching off  the maximal current 500 
mA (dashed line). Dotted lines are the corresponding 
profiles far from the defect. 

pie [12] can be explained taking into account the ana- 
lytical solution of the critical state model in this case 
[13] giving the initial flux penetration depth propor- 
tional only to square of the current. Thus, macrode- 
fects define not only the evident reduction of the criti- 
cal current value obtained by transport  measurements 
but also AC electrical losses in thin film stripes at cur- 
rent amplitudes lower than the critical value. 

3.2. Flux penetration into thin f i lms 
One can measure the intrinsic value of the critical 

current density independently on macrodefects only 
visualizing the flux penetration and capture under ex- 
ternal magnetic field, Ba (Fig.2a). The simplest way is 
then to compare the flux profile measured in the fully 
critical state with the field distribution calculated an- 
alytically from the critical current flowing with con- 
stant density, jc, troughout the sample [14,15]. In the 
case of thin film stripe the spatial distribution of the 
normal field has very simple analytical form [5]: 

B z ( x )  = I 1 - ( 2 \=- , , , /2]  [+Ba, 
where 0 < x < w, w - the stripe width; '+ '  or ' - '  sign 
takes place at decrease or increase of the Ba, corre- 
spondingly. Fitting the measured flux profile in rema- 
nent state with this theoretical one ( '+ '  sign, Ba = 0) 
we obtained the value of critical current density of 
1.4.107A/cm 2 (Fig.2b). But before this procedure the 
correct calibration of measured light intensity from the 
field has to be done in each experiment. This makes 
the measurements too time consuming and compli- 
cated (changes of the intensity amplification made by 
the camera and the following path of the video signal 
as well as light instability should be taken into ac- 
count). We have numerically calculated flux penetra- 
tion into a superconducting thin film stripe of width, 
w, and thickness, t, under applied field, supposing 
critical current density independence from field [16]. 
The obtained flux profiles are essentially nonlinear 
even on early stage of the flux penetration. It should 
be mentioned here that due to the latter fact mea- 
surements of j~ simply from cPBz/cPx are impossible. 
From the theoretical profiles flux penetration depth, 
xp, was determined. Comparison of the universalized 
curve xp(H~/ j¢ t ) /w  with measured xp gives the criti- 
cal current density of 1.3.107 A / c m  2 (Fig.2c) that is in 
very good agreement with the profile fitt ing (Fig.2b). 
Moreover, on Fig.2c one can see very slow initial flux 
penetration proportional to B~ that  is of the same na- 
ture as the 12 flux penetration under transport  current 
calculated a long time ago [13], the former being not 
well known. This fact can explain the characteristic 
features of magnetization curves of thin high-To single 
crystals without any special supposition of a surface 
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Figure 2. a) Flux structure in an YBaCuO thin 
film stripe (the film thickness Z = 200 nm, width 
w = 100pro) observed under Ba = 155 Oe at T = 5 K 
using the EuSe indicator. Meissner phase in the cen- 
ter of the superconductor is dark, Shubnikov phase and 
the flux around it are bright. The stripe edges are seen 
as tiny black lines, b) Flux profile measured across the 
bridge in the remanent state from a high field. Dashed 
line is the theoretical fitting, c) Calculated depen- 
dence xp(Ba)  and corresponding experimental points 
obtained on the bridge (*) and on another one ( • - 
w = 180pro, t = 540 nm, j~ = 3.7.107A/cm 2 ). 
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Figure 3. Flux structure in the remanent state of 
an YBaCuO crystal at 51 K and the corresponding 
profile measured along the indicated line. The sharp 
wall (< l#m as was proved at higher magnification) 
divides the negative flux domain (dark) and the cap- 
tured flux (bright). Bright lines of the characteristic 
form in the sample center and the corresponding peak 
of the profile reveal the boundary of critical current 
direction switching [10]. 
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barrier existence [17,18] and can be a key to solution 
of the problem of the anomalous penetration field up- 
turn at low temperatures (see [17,18] and references 
there). 

3.3. Flux structure in single crystals 
Of course the flux structure in single crystals is 

somewhat more complicated, the first critical field, 
He1, and the volume vortex interactions being in- 
volved. Earlier the most interesting temperature re- 
gion for high-To superconductors was possible to in- 
vestigate only using indicator garnet films [3,4, 8,10]. 
Now we have for the first time visualized magnetic flux 
structure with higher spatial resolution at high tem- 
peratures using the method of freezing. In contrast 
to flux profiles in thin films the one obtained in an 
YBa2Cu307 single crystal have a very sharp magnetic 
wall of irregular form between fluxes of opposite po- 
larities (Fig.3). This wall is more pronounced near 50 
K, where the pinning density is already low hut He1 is 
still high, and can move honey-like through the crys- 
tal under applied field. An influence of twins is also 
perceptible, twin free regions obtain lower pinning and 
the wall curvature amplitude is in these places higher. 
We believe that this sharp magnetic wall exists due 
to softening of the vortex lattice at low fields [19] and 
should define characteristic features of superconductor 
magnetization curves in this region. 
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