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We have measured critical currents in Pb/Ge multilayers as a function of direction and magnitude of a 
magnetic field 
ning at the Pb Ge interfaces. The critical current as a function of a perpendicular field displays a pronounced P 

erpendicular to the current. The higher J, for a field parallel to the layers indicates flux pin- 

maximum at low fields. TEM reveals Pb nrain sizes of about 1000 A and indicates that the enhanced flux 
pinning may be explained by grain bound&y pinning. 

1. INTRODUCTION 
Artificially prepared superconducting multilayers ha- 

ve received a renewed interest, since they offer the possi- 
bility to test phenomena related to the hi h-T, supercon- 
ductors. Up to now, most work in multr ayers has been .! 
focussed on the dimensional effects in the critical fields 
(l), whereas the behaviour of the critical current has 
been much less studied. Critical current measurements 
in Nb/Ta (2) and NbN/AlN (3) multilayers both show 
an enhanced flux pinning for parallel magnetic fields due 
to the multilayering. Recently, Tachiki and Takahashi 
(4) presented a model to explain the critical current 
anisotropy in layered superconductors, which was then 
applied to single crystal high-T, superconductors. In this 
paper we focus on the anisotropy and magnetic field de- 
pendence of artificial superconducting Pb/Ge multilay- 
ers 

2. EXPERIMENTAL 
The Pb/Ge multilayer samples were prepared by elec- 

tron beam evaporation in an UHV chamber. The base 
pressure of the system is 2 x 10eg Torr, and the pres- 
sure increased during evaporation up to lo-’ Torr. The 
evaporation rates (5 A/s for Pb 2 A/s for Ge) were ke t 
constant using a quadrupole mass spectrometer (5). Tie 
layers were eva orated onto liquid nitrogen cooled oxi- 
dized silicon wa B ers. All multilayers consist of 10 bilayers. 
The top and bottom layers are always Ge, and the sam- 
ple is covered with an extra 500 A Ge protective layer. 
The four point pattern was defined photolithographically 
using a liftoff technique. The measurements were per- 
formed in a standard 4He cryostat, equipped with a 7 
Tesla superconducting coil. The critical current is de- 
fined as the current necessary to produce a 2 pV voltage 
across the sample at 4.2 K. Other voltage criteria yielded 
very similar results. 
The structure of Pb/Ge (crystalline/amorphous) multi- 
layers have been extensively studied and are described 
elsewhere (6). 

3. RESULTS AND DISCUSSION 
Fig. 1 shows the critical current density J, for a 

Pb/Ge (22OA/5OA) multilayer as a function of the angle 
6 between an applied magnetic field H = lo3 Gauss and 

- lo- 

In 7- 0 ????

:6 ??. 
45- . , 

4-t =_* 
. 

3- . 
. . 

2- . . . 

1-l 1 I I I I I I I I I 
-10 IO 30 50 70 90 

ANGLE (deg) 

Fig. 1 : Critical current density at 4.2 K for a Pb/Ge 
(220A/50A) multilayer as a function of the angle be- 
tween an applied magnetic field of 1000 Gauss and the 
layers. The inset shows the geometrical configuration. 

Fig. 2 : Critical current density at 4.2 K for a Pb/Ge 
(22OA/5OA) multilayer as a function of perpendicular 
magnetic field. 
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the film surface. The direction of the current was al- 
ways perpendicular to the magnetic field. The much 
hi her value of the depinnin 

P P 
current for the arallel 

fie d shows the importance o flux pinning in t 1 e nor- 
ma1 layers or at the su 
as renorted in Nb/Ta 21 and NbN/AlN (3) multilav- P 

erconductor/normal interfaces, 

em. However, the ‘aniso‘tr’opy of J, in this case shows*a 
remarkable new feature : the nresence of a nronounced 
maximum at an angle 0, ~‘15 degrees. 
larger magnetic field shifts this maximum to 

‘Appl ing a 
smal er an- i 

gles, indicating that the maximum is caused b 
nendicular comnonent HI = H.&d. Indeed. t 

the per- 
z e critical 

current density&as a function of perpendicular magnetic 
field (0=90 de 
Gauss (Fig. ‘i 

rees) displays a maximum at Hl,,, ~260 
2 . Qualitatively the same behaviour was 

found in a Pb/Ge (lOOA/5OA) multilayer. The aral- 
lel field dependence of J, will be the subject of uture P 
work. Assuming an equilateral triangular vortex lattice, 
the distance between the flux lines at which enhanced 
flux pinning occurs is d = (&(a, 
where (Pn is the flux quantum. T b 

/2Hl,,,)l/’ N 2600 A, 
e perpendicular criti- 

cal field at 4.2 K is 2.2 kG, leading to a vortex normal 
core radius (11 N 390 A, much smaller than the flux line 
distance. 
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Fig. 3 : Critical current densit 
film as a function of perpendicu 

for a 250 A single Pb 

field (+), in reduced units (H,zl=1.5 kG, 

Fig. 4 : Dark Field TEM photograph of a 250 A sin- 
gle Pb-film sandwiched between 50 A Ge. 

Since this enhanced flux pinning is caused by a perpen- 
dicular field, we expect the pinmng mechanism to be the 
same in single Pb films. We prepared single Pb films 
of thicknesses 80 A, 150 A and 250 A, sandwiched be- 
tween 50 8, Ge, on locally thinned substrates, and in 
identical circumstances as the Pb/Ge multilayers. The 
critical current density as a function of perpendicular 
magnetic field (Fij. 3) for the 250 8, Pb film does not 
show a nronounce maximum. but does not decrease as 
monotonously as in the parallel field case (shown here for 
comparison). This behaviour is the same for the other 
film thicknesses. The microstructure of the thin films 
was investigated bv dark field transmission electron mi- 
croscopy a<d reveals Pb grains of dimensions varying be- 
tween 500 8, and 1500 A for all film thicknesses (Fig. 4). 
Since the in-plane grain dimensions are larger than the 
film thickness, the grain boundaries are almost perpen- 
dicular to the film surface. Therefore. erain boundaries 
can act as pinnin centra for a 
ever. the erains ave a larne rstribution in shane and a f 

erpen&ular field. How- 

dimension;, as seen in Fig. ?, so that an exact agreement 
between the vortex snacinn and the arain size cannot bc 
expected. The more prono&ced ma;mum in the J, ver- 
sus HI for the Pb/Ge multilaver comuared to the sinale 
film can be understood in this 
an increase in surface densitv o P 

icture as resulting f&m 
nrain boundaries. 

In summary, we measured the c&Cal current in Pb/Ge 
multilayers and single Pb films as a function of the 
pendicular magnetic field and the angle between the f 

er- 
ay- 

ers and the field. The critical current in the narallel field 
case is larger than for a perpendicular field- due to flux 
pinnin 
critica P 

in the Ge layers or at the Pb/Ge interfaces. The 
current as a function of perpendicular magnetic 

field displays a maximum in Pb/Ge multilayers, which 
may be interpreted in terms of grain boundary flux pin- 
ning. 
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