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RELATION BETWEEN CURRENT AND VOLTAGE IN TYPE-II SUPERCONDUCTORS
IN THE FLUX-FLOW REGIME*

P. E. Cladis
Department of Physics and Astronomy, University of Rochester, Rochester, New York

(Received 5 June 1967)

lt has been found that the relation lnIo-V~ accurately describes flux flow in supercon-
ductors in both the "linear" and "nonlinear" portions of the I-V curves. The validity of
this relation is sample independent.

When a current is passed through a type-II
superconductor in the mixed state in a trans-
verse magnetic field, a voltage is observed
when the current exceeds a certain critical
value, Ip, for the sample. It has been report-
ed' that the voltage appears to be linearly re-
lated to the current for I&Ip,' however, near
I, the graph of V as a function of I is curved
so that it appears to join the I axis tangential-
ly. Kim, Hempstead, and Strnad' suggested
that this curved part is no more than a depar-
ture from ideal conditions, and recently Jones,
Rhoderick, and Rose-Innes' suggested that
this is due to inhomogeneities in the sample.
We present here evidence that t/' and I satis-
fy the relation ln(I/I ) ~ V'~' over the wholeP
range of I and that the division of the I-V curves
into "linear" and "curved" parts is no more
than an optical illusion.

In Fig. 1 we have displayed the flux-flow da-
ta of Kim, Hempstead, and Strnad' on bulk

Pbp 83Ino», the data of Far re ll, Dinewitz, and
Chandrasekhar' on bulk Pbp soIng 20 and some of
our own data on magnetically coupled Ino g7Pbp pp

films, wherein the voltage shown is that across
the secondary film. As much of the data as
was displayed in Refs. 1 and 3 was used in Fig. 1.
The secondary voltages taken from the mag-
netically coupled film studies were plotted right
up to the current at which the secondary decou-
pled from the primary. The primary voltages
were also found to follow the relation ln(I/Ip)
~ V'I' up to the point at which they were driv-
en normal by the combined effect of field and
current. We note the small amount of scatter
in the data and the fact that the slopes appear
to be characteristic of the sample. However,
the effect of field is merely to shift the inter-
cept of the curve with the lnI axis. The vali-
dity of this relation is sample independent and
holds for values of the depinning current den-
sity which span more than two decades. Fur-
thermore, it is applicable in the case of (i)
linear flux flow, (ii) nonlinear flux flow, and
(iii) induced flux flow4 (magnetically coupled

films) .
In order to demonstrate the suggestion that

the origin of the "nonlinear" portion of the flux-
flow curves may be sample inhomogeneity,
Jones, Rhoderick, and Rose-Innes' prepared
a Nb, ,Ta, , sample which was shown to be in-
homogeneous in an experiment in which flux-
flow voltages could be observed in different
sections of the sample. Their data for this
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FIG. 1. LnI is plotted as a function of the square
root of the flux-flow voltage for a variety of samples.
Open triangles: data of Kim, Hempstead, and Strnad~
on bulk Pbo 83Ino &7

("linear flux flow" ); open circles;
data of Farrel, Dinewitz, and Chandrasekhar3 on bulk
Pbp 80Ino 20

("nonlinear flux flow" ); solid squares: data
from this work on Ino &YPbo ~ ()3 films in a dc transform-
er configuration, 4 V being the voltage across the sec-
ondary (t = 0.8). Solid circles: the same as preceding
entry, except that f =0.9.
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SUP ERCONDUCTIVE PAIRING ACROSS ELECTRON BARRIERS*

Morrel H. Cohen and D. H. Douglass, Jr. t
Department of Physics and Institute for the Study of Metals, The University of Chicago, Chicago, Illinois

(Received 29 May 1967)

We consider the possibility of superconductive pairing of two electrons separated by

a barrier. We argue that such pairing is possible in principle for all metals and may

lead to high transition temperatures.

Systems comprised of two superposed metal
films S, (thickness t, ) and S, (thickness t, ) sep-
arated by an insulating barrier & (thickness
f~), as in Fig. 1(a), have been intensively stud-
ied in connection with superconductive tunnel-
ing. ' ' It has been assumed that both electrons
of the Cooper pairs in such systems lie eith-
er ln Sy 0r S2 In this Lette r we cons ide r the
possibility of superconductive pairing across
B, i.e. , Cooper pairs with one electron in S,
and one in S,. %e find that such pairing is pos-
sible in principle and would lead to novel effects
including the possibilities of higher transition
temperatures for known superconductors and

of superconductivity in previously nonsuper-
conducting materials, e.g. , the magnetic metals.

Apart from partial reflection at the S,B and

BS, interfaces, & does not present a barrier
to phonons. An electron in S, can emit a pho-
non which subsequently travels across & and
is absorbed by an electron in S» Fig. 1(b),
resulting in an attractive, phonon-induced in-
teraction +ph comparable in magnitude with
the interaction within a single film Vph '. The
Coulomb interaction across the barrier V~',
on the other hand, differs greatly from that
within a single film V~". Because the screening
cloud around an electron is of radius Ay@, the
static screening length, electrons on opposite
sides of the barrier interact via a dynamically
screened Coulomb interaction similar to that in
the bulk. The closest distance of approach, how-
ever, is only t~. Provided t&, t„and t, exceed
A.~~, V~" is reduced essentially to zero for low-
energy transfers, leaving a residuum at higher
118

(a)

(b)

I

I

l

l

l

I

I

l

I

I

I

I

l

i
iBi Spi
l I

FIG. 1. (a) Metal (S~)-insulator (8)-metal {82) sand-
wich. (b) Feynman diagram for phonon-induced elec-
tron-electron interaction across the barrier Vph

energies which acts as an attractive interaction. 4

Dynamical effects such as the exchange of low-

frequency surface plasmons"' could provide an
additional attractive interaction. These crude
arguments suggest that the net interaction across
the barrier, VT" = V h" + V~", could be attrac-
tive for all choices o(metals S, and S,. Such
an attractive interaction would give rise to
pairing across the barrier as a possible new
channel whereby superconductivity could be


