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The experimentally measured influence of the parallel component of the magnetic

field on the depinning threshold of vortices in superconducting films is related directly

to the reduction of the square of the Ginzburg-Landau order parameter.

Numerous authors have shown that a type
of Lorentz force tends to move quantum flux
vortices in current-carrying type-II supercon-
ductors in a direction perpendicular to both
magnetic field and current, leading to a resis-
tive voltage. ' The maximum pinning force re-
sisting this driving force can be determined
by measuring for a given current I the magnet-
ic field H~~ corresponding to the onset of a
measurable voltage along the superconductor. '
Systematic study of the pinning force is com-
plicated by the fact that it depends on both H
and I, which cannot be varied independently
in a given geometry while maintaining the thresh-
old condition.

Thin films offer a convenient system for over-
coming this difficultly because they allow the
problem to be treated essentially in only two
dimensions. The vortex structure is determined
by IJ~, the component of the field perpendicu-

lar to the surface, while the parallel compo-
nent H

~~
acts essentially independently to reduce

the superconducting order parameter 6 and

hence the pinning strength. The driving force
acting on the vortices is completely determined
once the current passing along the film and the
perpendicular component of the field are fixed,
as has been shown experimentally. ~ The rela-
tion between the driving force and the magnet-
ic field is

d
=kIIJ =kIB sing,

driving

where k may have a current dependence because
of redistribution of current density, but this
does not concern us since the experiments were
done at constant current. 0 is the angle between
the field and the surface of the film, the azi-
muthal angle having been shown~ to be unimpor-
tant in thin films.
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The experiments were done on evaporated
films of tin, 1.5 cm long, 2 mm wide, and ap-
proximately 1500 A thick, deposited on a flat
glass substrate at liquid-nitrogen temperature.
The films were immersed in a pressure-reg-
ulated liquid-He4 bath, and the longitudinal volt-
age, measured using a four-terminal technique
sensitive to -0.2 pV, was fed to an XY record-
er whose other channel was driven by a signal
proportional to the applied magnetic field.

We have measured the value of the magnet-
ic field Hc~(8), at the depinning threshold, with
a given constant current I passing along the
film, with emphasis on orientations close to
parallelism.

Since our experiments were performed near
Tc, the Ginzburg-Landau (GL) theory should
form a valid basis for their interpretation.
The leading terms in the GL expansion of the
free energy density in a superconductor are
proportional to lb, l2 and $T'1(iV —2vA/yo)L I',
where gT is the usual temperature-dependent
coherence length, A is the magnetic vector
potential, and p, is the flux quantum kc /2e.
Spatially averaged, these terms should be of
equal order of magnitude and dominate over
the A~ term in the free energy, provided 6 is
depressed from its thermal equilibrium value
by a magnetic field as in our experiments. Thus,
we can take the free energy density to scale
with 6'. Inhomogeneities in the material lead
to spatial variations of the scaling coefficient.
The pinning energy arises because some posi-

tions of the vortex array with respect to the
inhomogeneities lead to a lower total free en-
ergy than do others. The pinning force will
be a derivative of this energy with respect to
relative position of the vortex array and the
inhomogeneities. Two characteristic lengths
enter such a derivative: the scale of the defect
structure and the coherence length, dependent
on temperature but not on field, which gives
the scale of length for the variation of ~ within
a vortex. At constant temperature both these
lengths are constant, and thus we expect that
we can write the pinning for ce in the form

E . . =k'a
pinning m '

where b, is the maximum value of 6 between
vortex centers and 0' is independent of field.

In the thin-film limit, it can be shown that
the GL solutions for arbitrary field orientations
can be written in terms of those for the per-
pendicular field case by simple scaling proce-
dures. The length scale in the film plane is
determined by IJ&, which fixes the spacing of
the vortices. The amplitude scale of 6' depends
explicitly on the parallel component of the field
through the same factor found in the purely
pa»llel field case, ~amply [1 (H II /Hc II) ].
The amplitude scale is also a unique decreas-
ing function g of the perpendicular field nor-
malized to Hc&[1-(H

ll /Hc
ll
)'], the critical per-

pendicular field component in the presence of
the parallel field. ' Thus

ln this, Hc ll
and Hcz are the usual parallel and perpendicular critical fields of the film, and 60(T)

is the zero-field value of the order parameter b, . At the depinning threshold, for the vortices which
are on the verge of moving, we have

F
driving pinning'

or taking into account (1), (2), and (3),

kIH =k' '[1—(Hll/H ll)']g((H /H )[1-(Hll/H ll)'] '}. (4)

From this we see that
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FIG. 1. (a) Angular dependence of the depinning cri-
tical field for a film of tin carrying a current of 1 mA.
Dots are experimental points; solid curve is theory.
(b) X's: experimental values of Hc~(B) sinB/Hcy(90 ).
Dots: the same data plotted according to Eq. (6), show-
ing that the parallel-field-component correction ac-
counts for the reduction of the depinning threshold at
small angles. [Film characteristics: thickness 1400 A;
T/T&=0. 97 ~ Hex=16 5 Oe Hd(=186. 5 Oe, and H~&(90 )
= 11.7 Oe. ]

has been calculated by using Eq. (6) and the
experimental results for Hc~(90') and Hc ~~,

determined using the same value of the current
(I= 1 mA) as for the depinning experiments at
intermediate angles.

A more critical way to present the results
was used in Fig. 1(b), where we have plotted
as dots the left-hand side of Eq. (6). For com-
parison, the crosses represent the results ob-
tained from the same experimental data but
without applying the parallel-f ield-component
correction in (6). The type of plot used is very
sensitive to any -experimental error at small
angles since it is the ratio of two quantities,
each of which is approaching zero. This may
partially account for the scatter of the dots
in that region.

The agreement between the experimental
results and expression (6) is surprisingly good,
since no correction was made to take into ac-
count the higher order terms in the expansion
of the free energy density in the pinning expres-
sion. Also, no correction was made for any

redistribution of current density with change
in magnetic field, and it was assumed that the
current densities were low enough that expres-
sion (3) could be used, although it was derived
for the case of zero current. It is possible
that the trend toward a lowering of the points
in Fig. 1(b) at the very small angles (&3') could
be due to these factors.

where g, (x) -x 'g(x). Thus, at constant cur-
rent, we expect the threshoM value of H~[1
—(H~~/Hc ~~)']

' to be constant, or equivalent-
ly, that

H (8) sin8
cf , =1.P (90 )[1-(P (8) cos8/H )'] (6)

The dots in Fig. 1(a) represent the experi-
mental values of Pc~(8) for a film of tin 1400
A -thick at T = 0.9Tc for which ~ was determined
to be 0.7. [The film thickness was determined
from Hc t)

and H ~, and confirmed by optical
interferometry; ~ was determined using the
relation Hc~= (2)"'zP &.] The continuous linecb'

*Research supported in part by National Science Foun-
dation, U. S. Office of Naval Research, Advanced He-
search Projects Agency, and National Atlantic Treaty
Organization.

)Charge de Recherches du Fond National de Recher-
che Scientifique.

~See, for example, C. F. Hempstead and Y. B. Kim,
Phys. Rev. Letters 12, 145 (1964).

2Y. B. Kim, C. F. Hempstead, and A. R. Strnad,
Phys. Rev. 139, A1163 (1965).

3R. Deltour and M. Tinkham, Phys. Letters 23, 183
(1966).

P. Ryder, to be published.
5M. Tinkham, Phys. Rev. 129, 2413 (1963); in Basic

Problems in Thin Film Physics: Proceedings of the
International Symposium on Thin Film Physics, Qot-
tinzen, 1965, edited by R. Niedermayer and H. Mayer
(Vandenhoeck and Ruprecht, Gottingen, 1966), p. 499.

127


