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Abstract 

Polarized neutron reflectometry was used for the direct measurement of the magnetic-field penetration depth in 
a high-temperature (HT,) superconducting film. Two scattering geometries were used. The deduced neutron scattering 
length density profile gave an exact picture of the composition of the film. The fit to the spin-asymmetry yielded 
a magnetic-penetration depth of 1400 2 100 A at a temperature of T = 4.8 K along the c-axis oriented perpendicular to 
the film surface. The model included an intrinsic exponential decay of the penetration depth. For the first time the 
spin-asymmetry was determined with high resolution over an extended Q-range for a HT,-film. Nb-films were 
investigated as reference. 0 1998 Elsevier Science B.V. All rights reserved. 
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1. Introduction the penetration depth and the shape of the mag- 
netic flux profile. Several studies of Nb-films have 

One of the fundamental parameters of supercon- already been performed with this technique and 
ductors is the London penetration depth LL [I]. values of 2, = 410 A [2] and 9W1450 A [3] for 
Polarized neutron reflectometry (PNR) offers the different thicknesses of the film have been obtained. 
unique possibility to measure the absolute value of The high difference in the values can be explained 

by the fact that it was not the magnetic penetration 
depth that was measured but the screening length 
1 > 2,. The screening length takes into account 
electron scattering at the defects in the sample [4]. 
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the best result today for Nb-films. Also the HT,- 
films (YBa,Cu,O,) measured up to now [I-81 have 
defects as discussed in Ref. [9]. Here the defects or 
roughnesses do not perturb the penetration depth 
j tself because the correlation length is small in the 
HT,-films, but perturb the reflectivity curves so 
that e.g. the oscillations of the reflectivity curves are 
not visible [ 5 ] .  

In order to test the possibilities of PNR and to 
optimize the experimental conditions for HT,-film 
studies we performed firstly model-calculations and 
experiments on Nb-films. In particular care was 
taken to get HT, samples showing low or no off- 
specular scattering as a sign of good quality. 

2. Model calculation and Kb/Si experiment 

If the external field, which is oriented parallel to 
the film surface, is lower than the critical field H,, ,  
then the flux penetrates from both sides of the film 
with decaying magnitude. Assuming an exponen- 
tial law for the intrinsic profile the folIowing for- 
mula is obtained for the film [lo]: 

where H is the external field, ;l the penetration 
depth, d the thickness of the film and x the distance 
from the middle of the film. The neutron scattering 
length density (NSLD) profile Nb(x), given by 

Nb(x) = Nb, + cH cosh (2xi - d),/COsh($), (2) 

consists of two parts, the nuclear part Nb, (A7 is the 
number density and b, the neutron scattering 
length of atom n) and the magnetic part from 
Eq. (1) with c = 2.31 x lo-' nm-*Joe. Conse- 
quently, two reflectivity curves R +  and R -  will be 
obtained with the neutron magnetic rnomenz paral- 
lel and anti-parallel with respect to the external 
field. 

In Fig. la  the reflectivity curves are shown h r  
a HT,(YBaCuO)-film calculated for the two cases 
of the scattering geometry: reflection from the 
air-film interface (1) and substrate-film interface 
(2). For the reflection from the air-film interface (1) 
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Fig. 1. (a) The two theoretical refiectivlty curves R (solid Ilne) 
and R -  (dashed line) for a HT,-film (YBa,Cu,O, film with 
c-axls perpendicular to the surface on SrTiQ3-substrate) are 
shown for the two scattering geometnw: (1) wrresponding to 
the reflection From the air-film interface and (2) to the reflection 
from p e  substrate-film interface. Parameters: Film thickness 
3000 A, external field 500 Oe and penetration depth 1400 A. (b) 
The spln-asymmetries for the two xattenng geometries. 

the critical Q is given by the NSLDdifference be- 
tween YBaCuO and air. This difference is larger 
than the NSLD-difference between YBaCuO and 
the SrTiQ3 substrate. Thus, the Q, for the reflection 
from the substrate-film interface (2) is lower com- 
pared to Eq. (1). In order to get an image of such an 
NSLD profile look in anticipation to the inset 
in Fig. 3. Secondly the scattering through the sub- 
strate (2) shows much higher oscillations because of 
the high NSLD-difference at the second interface 
(the film-air interface) compared to the case of the 
scattering from the air side (I), where the second 
interface is the film-substrate interface. 

The magnetic effect shows up in the difference 
between R+ and R -  which is demonstrated in the 
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plot of the spin-asymmetry SA = (Rt - R -)/ 
( R 4  + R - )  in Fig. lb. The advantage of the scatter- 
ing through the substrate is obvious. However the 
disadvantage is that an intensity factor of 5 is lost 
when the neutrons traverse the SrTi03-substrate. 

The experiments for the Nb- and HT,-films have 
been performed on the spectrometers SPN/Dubna 
[ll] and D17/ILL L12-J. 

The results of the measurement of the Nb-film on 
an  Si-substrate at room temperature are depicted in 
Fig. 2. As predicted in Fig. 1, the Q, shifts to 
a lower value if the scatterjng is done from the 
substrate side (marked I in Fig. 2a). Also the oscil- 
lations are higher compared to the scattering from 
the air side. The result of the fit is plotted in the 
inset of Fig. 2a. The NSLD profile shows a 50 A 
thick NbO-layer at the surface and a 100 A thick 
interdiffusion region at the substrate interface. The 
total film-thickness is 33 10 A. This thickness was 
chosen in view of the HT,-films for which such 
a high thickness will be necessary due to the ex- 
pected high penetration depth. Also the surface 
area of the Nb-film was about 2 cm2 comparable to 
HT,-film surfaces for which one can expect homo- 
geneous surface properries. 

The reflectivities R' and R- of the Nb-sample at 
a temperature of 5.8 K were obtained with an ap- 
plied external field of 556 Oe. The result is shown in 
Fig. 2b in the form of the SA. In the fit to the data 
presented in Fig. 2b only the magnetic penetration 
depth was the variable. The NSLD profile in 
Fig. 2c represents the complete result including the 
surface NbO layer, the interdiffusion layer and the 
magnetic effect due to the penetrating field. Eq. ( I )  
was used as a flux profile. The screening length was 
determined to 650 A in agreement with 550 A from 
Ref. [ 5 ] .  It was not the purpose of this study to 
perform further resistivity measurements to deduce 
i,, for the Nb film. 

3.. HT,/SrTi03 experiment 

The HT, films of YBa,Cu,07 were epitaxially 
grown on SrTi03 with a CeOz seed-layer. The 
c-axis was perpendicular to the film surface. The 
quality of the samples was tested by various 
methods (AFM, X-ray and electron diffraction). 
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Fig. 2. Reflectivity curves of the Nb-film on Si-substrate are 
shown in (a). Reflectivity curve 1 is taken in the reflection 
geometry from the substrate-film interface and 2 from the 
air-film interface, respectively. In the inset the NSLD-profile is 
shown. (b) The spin asymmetry is shown for the reflection at the 
substrate-film interface marked 1 in Fig. la. (c) The NSLD- 
profile including the splitting of the Nb-poten tial due to the 
penetrating field. 

The neutron experiments were performed in two 
steps, first with the reflection from the substrate 
side and then with the reflection from the air 
side after half a year. In Fig. 3, the two measured 
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Fig. 3. Reflectivity curves of the YBaCuO-film on SrTiO-substrate. (1) is taken in the reflection geometry from the substrate-film 
interface and (2) from the air-film interface, respectively. The reflection geometries are shown in the sketch on the right side. In the inset 
the NSLD-profile is seen. The dashed line at rhe air-film interface represents the change at the air-film interface with time (see text). 

reflectivity curves are depicted with the fit to the 
data. In the obtained NSLD diagram in the inset of 
Fig. 3 an additional surface layer is visible. This 
surface layer has grown during this half year from 
25 to 125 A and consists presumably of BaC03  
formed through the humidity of air. 

In the case of HT, films the penetration depth is 
measured because the correlation length is very 
short and thus electron scattering at defects should 
be negligible. Nevertheless defects and the quality 
of the films can be probed by off-specular scatter- 
ing. We did not detect any noticeable off-specular 
scattering in contrast to the rather huge off-specu- 
lar scattering measured from the film in Ref. 5. This 
might be the reason why no oscillations were ob- 
served in the reflectivity curves [ 5 ] .  

Reflectivity curves were taken at low temper- 
atures with an external field of 500 Oe at 4.8 K with 
scattering from the air side and 300 Oe at 2 K with 
scattering from the substrate side. The SA is shown 
in Fig. 4a and b for the two geometries. Again only 
the magnetic parr of the NSLD profile was variable 

and the nuclear scattering part was taken from the 
fit to the room-temperature data. A penetration 
depth of 1400 & 100 and 1350 & 150 A was ob- 
tained for the reflection from the air side and the 
substrate side, respectively, using again Eq. ( I )  with 
an intrinsic exponential profile. The complete result 
is depicted in Fig. 4c. 

4. Conclusions 

The Nb-films have been investigated as a pre- 
study for the HT, films in order to optimize the 
parameters of the method. Sample quality, sample 
size, film thickness, reflection geometries and the 
film interfaces were investigated. The obtained 
screening length shows a value already near to the 
magnetic penetration depth but the difference indi- 
cates clearly an  influence of electron scattering at 
the defects. The study of the HT,-films showed that 
details of the film structure: in particular, at the 
interfaces, can be obtained. An appreciable Q-range 
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Fig. 4. Spin-asymmetry curves of the YBaCuO-6lm on SrTiO- 
substrate for the two reflection geometries sketched on the right 
side in a and b. In c the deduced NSLD profile is shown. 

was available to determine the magnetic penetra- 
tion depth. However the statistics must be still 
improved to study an eventual non-exponential 
character of the penetrating magnetic flux. 
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