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Abstract 

The magnetic field distribution inside thln YBa,Cu,O-, films in the mixed state was studied by polarized neutron 
reflection. The external field was paraIlel to the film surface, the thickness of the films was smaller or about equal to the 
London penetration depth i,. The obtained scattering length density distribution suggests that the magnetic field dependence 
around a flux-line is changed through the restricted geometry of the thin film. The decay of the magnetic field around 
a Bux-line is not anymore governed by 2. but by the thckness of the film. 0 2000 Elsevier Science B.V. All rights reserved. 

PACS: 61.12.Ha; T4.76.B~; 74.60.E~. 
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Expefirnents have shown a peculiar behavior of Aux- 
lines in films with an applied external field parallel t o  its 
surface if the thickness of the film d is in the order of 
magnitude of the magnetic field penetration depth i.. 
Flux-line row transitions are observed, which extend the 
penetration of magnetic flux over an appreciable range of 
the external field H,,, [I-31. The restricted geometry of 
a film does not act only on the flux-line arrangement, but 
also on the distribution of the magnetic field around 
a single flux-line core 141. The reason is that at the film 
interface the normal component of the screening currents 
around the core: must vanish. In our polarized neutron 
reflectometry (PNR) experiment we could verify this 
effect. 
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This study has been carried out on the refiectometers 
ADAM eat ILL and SPN at Dubna. The samples, 
a 2000A and a 8 0 0 i  thlck YBa,Cu,O, films (c- 
oriented), were cooled to a temperature of 4 K in zero 
field. Then H,,,, applied parallel to the film surface, was 
increased to 3.5 kG and to 5 kG, for the two samples. 
respectively. The measurements were performed in scat- 
tering neutrons from the film through the substrate of 
SrTi03. 

In Fig. 1 the schematic arrangement of the reflectivity 
measurement is depicted. The magnetic structure profile 
normal to the film surface has two components: one 
component is the profile of the penetrating field matching 
H,,, at the interfaces and the other component arises 
from the penetrated flux-lines because He,, > HC1. The 
sun of the two contributions results in a line-shape of 
SLD, averaged along the y-axis as depicted in the lower 
part of Fig. 1. 

i n  Fig. 2 only the SLD, is shown deduced from the 
experimental reflectivity curves measured with neutron 
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Fig. 1. A schematic view of the experimental setup. In the lower 
part an idealized presentation of the SLD profile across the film 
width i s  shown. The two curves relate to nuclear SLD 5 SLD,. 

spin-up and spin-down. The step-function arises from the 
slice-model fit to the data. The shape of the deduced 
SLD, can be explained by two mentioned superimposed 
contributions. One part originates from the penetrating 
and decaying magnetic field from outside the film. In the 
case of a thin film this dependence is given by 
Bo cosh(x/>.) cosh(d/Z1j [3,5], with Bo the external field. 
The other part arises from the averaged magnetic contri- 
bution of the flux-line row. The field distribution of 
a flux-line is given by a combination of cosh(m/d) and 
C O S ( X ~ / ~ )  functions [4], which assure that the normal 
component of the currents of a Aux-line becomes zero at 
the interfaces. The average along the y-direction of this 
function results in a linear line shape peaked at the 
flux-line core position (see Fig. 2). This behavior is very 
Merent from the one of a flux-line row in bulk HT, 
material, which yields an exponential decay over a dis- 
tance i.. The buIk behavior i s  also shown in Fig. 2. Its 
contribution at the film interfaces would be non-zero in 
contradiction with the boundary conditions. The fit 
parameter of the flux-line contribution is the height of the 
cusp of the linear curve, which yields the linear Aux-line 
dendty. The distance between the flux-lines was deduced 
to be - 1640 A for the 2000 A thck film (Bo = 3.5 kG) 
and - 2600 %1 for the 800 A thick film (Bo = 5 kG). At 
3.5 kG the thicker film is just before the transition from 
one to two flux-line rows [2,3]. The deduced distance 
between flux-lines is higher compared to the mEcuIated 
one [2] with - 1200 A. The thinner film is expected to be 
still below H, , ,  but it is seen that first flux-lines 

Fig. 2. SLD, profile for the flms with thicknesses of 2000 (a) 
and 800 A (b). The step-functions represent the SLD, profile 
obtained from the fit to the experimental data. The penetrating 
magnetic fieId is shown by a long dashed line, the averaged 
contribution of the flux-line row by straight lines and the combi- 
nation by a thick solid line. T h e  short dashed lines correspond to 
the averaged exponential decay of a flux-line row with para- 
meter ;.. 

penetrated already inside the film with rather hgh spac- 
ing between themselves. 

In conclusion, the restricted geometry of an HT, film 
is not only the oripn of Aux-line row transitions [2,3] but 
furthemore influences the magnetic field hstribution 
around the flux-line core. 
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