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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
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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
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12+ 12
P12=~ph 'Pc

We estimate that

(2)

ph ph

where $, smaller than one, results from acous-

established. '
The pair amplitude F (x, y) = (gy (x) gy (y)) can

be decomposed into a set of four pair ampli-
tudes Ei7(x, y), where i =1 refers to x in S„
i=2 refers to x in S„and similarly for j and

y. The case i+j refers to pairing across the
barrier. At the transition temperature the
integral equation satisfied by the Fz& is linear,
and, for small tunneling amplitudes, the differ-
ent +ij are decoupled. Each Cooper pair am-
plitude Fij has an associated transltlon tem-
perature Tij =Tij related to the corresponding
total interaction ~T». The superconducting
transition temperature of the sandwich Tc is
max(TiJ). Energy gap parameters Ai7 corre-
sponding to the I"zj may be defined.

If our simple arguments about VT" are cor-
rect, T» always exists. Supposing that T, (= T»)
&T,(=T») for convenience, we have two pos-
sibilities: case I, Tc =T12&T1, and case II,
Tc = T1 & Ty2. In case I the superconductivity
just below Tc = T12 is associated entirely with
pairing across the barrier. In thick films this
pairing is confined to a layer of depth R in the
vicinity of the barrier; there is no associated
energy gap. In films thinner than R the pair-
ing is uniform, and the energy gap is ~12 Here
R is the range of Vph" and is given by vF/&uD
or the phonon mean free path, whichever is
the smaller. In case II, the transition temper-
ature is T„unaffected by interaction across
the barrier.

Case I offers an intriguing possibility for
increased transition temperatures. We have
carried out a highly oversimplified model cal-
culation of T» for S1 equal to S» for t» t~,
and t2 less than R, and for tg greater than XTp.
We have assumed the pair amplitude F12 to
be independent of position, and the kernels in
the integral equation for &12 to be replaced by
square wells, i.e. , a Tolmachev model. In
particular, the Coulomb kernel is assumed
to vanish for either quasiparticle energy be-
low ~~, a lower cutoff expressing the effect
of screening, and to be unaffected above w~.
We find

T12 = 1 ~ 148 exp(-1/p ),
where

tic mismatch and a from the phase change of
the phonon in crossing the barrier. For a per-
fectly flat barrier, a becomes

a = ~(1+ Isin2k t I/2k t ). (4)

Our assumptions concerning the Coulomb ker-
nel lead to

ap /(3-p in(u /(u )&p "&0
c c u D c

for pc", provided v~ & vD. Here eu is the up-

per cutoff for the Coulomb interaction. Equa-

tion (5) for pc" should be compared with the
corresponding result for pc",

p
11

c 1+p in+ /u.c u D

where pc is the magnitude of the Coulomb ker-
nel for S,. The upper limit for pc" in (5) cor-
responds to the most favorable choice of ~~,

p inn& /e = l.
c u

The possibility that T» greater than

T =1.149 exp(-1/p ),

11 ll
~11=~ph '~c ' (9)

arises from the reversal of the sign of the Cou-
lomb contribution in (5) relative to (6). For
T12 to exceed T'11 this sign reversal must com-
pensate for the diminution of pph" by the fac-
tors a and $. Deviations from planar geome-
try can increase a towards unity.

For this simple model, high values of T»
are favored by large pph" and by large pc,
i.e. , by large density of states, large IV hl,
and large Vc. Among superconductors, the
best candidates for having T„significantly larger
than T, are those metals in which a large pph"
is nearly canceled by a large Ipc" I. Quite large
values of T12 may occur for metals which are
nonsuperconducting in the bulk because of a
arge Ipc~'I, i.e. , a large pc can be exp

to occur for magnetic metals.
The microscopic explanation usually given

for the absence of superconductivity in ferro-
magnetic metals involves a Coulomb repulsion
strong enough for the exchange interaction to
cause ferromagnetism and Fermi surfaces of
different size for opposite spins so that perfect
pairing is impossible. The strong Coulomb
repulsion enhances the tendency towards pair-
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ing across the barrier in a sandwich structure;
perfect opposite-spin pairing could occur if
the magnetization pointed oppositely in S, and

S,. One could thus expect superconductivity
in S,-&-S, sandwiches, although it may be dif-
ficult to freeze in antiparallel magnetizations.
It might be easier to study Pd, which is near-
ly ferromagnetic, and then to follow the super-
conductivity into the ferromagnetic state in
dilute PdNi alloys. Similarly, one could ex-
pect superconductivity in sandwiches made
of antiferromagnetic metals. States in S, would
be paired with their time-reversed conjugates
in S2, requiring spatial coherence of the domain
structure in S, with that in S2. Again, it might
be easier to study nonmagnetic CrV alloys
(& 70'%%uo V) and then to follow superconductivity
into the antifer romagnetic state in alloys con-
taining more Cr.

The above predictions are moot, based as
they are on indirect physical argument and

highly oversimplified models. Even finding
superconductivity in sandwiches of normal or
magnetic metals would not constitute firm evi-
dence for the existence of pairing across bar-
riers. An experiment more specifically indi-
cative than one which merely establishes su-
perconductivity is necessary. Suppose a super-
current to flow in S, parallel to the barrier.
If pairing across the barrier exists, a corre-
sponding supercurrent must flow in S, if S, is
an element of a closed superconducting circuit. '
On the other hand, if the supercurrent in S2

is constrained to flow at a velocity different
from that in 8, (an extreme case would be S,
an element of an open circuit), a voltage must
develop which is proportional to the velocity
difference for low velcoities but no larger than
the energy gap. Observation of these and re-
lated phenomena would provide strong support
for our ideas; such experiments are in progress
here.

We have examined the existing experiment-
al literature for evidence bearing on our ideas.
We have found reports of relevant experiments
on W "Al, "&"Tl,"and Fe' films respectively.

W films deposited in a relatively poor vac-
uum were found to have transition temperatures
as high as O'K"; the bulk transition tempera-
ture of W is 0.01'K. X-ray patterns showed
only broadened eH' lines in unannealed films,
from which lower limits to the W "particle"
sizes are inferred. The transition temperature
increased with decreasing particle size. De-

crease in particle size by itself may increase
T~'; however, the observed increases appear
too large to have occurred at particle sizes of

0-100 A. It is conceivable that gaseous impuri-
ties were concentrated between the "particles"
leading locally to an -S-&-S- structure. As-
suming such a structure, pairing across the
barriers could lead to high transition temper-
atures T». If we choose the conservative val-
ue of 2 for both a and $, use Garland's estimates"
for ppQ pp and p~", and insert these into
Eqs. (1)-(6), we find that a T» of O K would
require a pc" of only 30'%%uo of the maximum
given by Eqs. (5) and (7). We conclude that
pairing across the barrier provides a possi-
ble explanation for the high T's observed in
W films. Similar analyses of the T~ enhance-
ments observed for Al films' &' lead us to con-
clude that pairing across the barrier is a pos-
sible explanation there, as well.

Ruhl'3 has reported T~ observations for Tl-
(Tl oxide)- Tl sandwiches with t, = 70 A, trt =20
A, and t, variable. Once sufficient Tl has been
deposited to convert all of the oxygen layer
chemisorbed on the oxide to oxide, S, begins
to build up and T~ to increase rapidly. The
increase in Tc is 0.3'K for a t, of only -3 A,
which is three times the enhancement caused
by the charge depletion of S in the S-B struc-
ture. The enhancement is probably not asso-
ciated with a size-affected superconductivity
of S, because t, is too small for a continuous
electrical path through S,. We infer the tran-
sition occurs in S» S2 thus influences the su-
perconductivity of S, through -20 A of coherent
oxide layer. Again pairing across the barrier
provides a possible interpretation. Observa-
tions of T~ enhancements in a variety of S,-
B-S, structures described in the next Letter"
can also be interpreted in terms of pairing
across the barrier.

Mikhailov et al."have reported the obser-
vations of superconductivity with Tc &O'K in
Fe films deposited at He temperatures. They
evaporated Fe through a rotating pin hole on-
to a cold cylindrical substrate; the films dis-
integrated at hydrogen temperatures. Subse-
quent investigations in which great care was
taken with regard to vacuum and to cleanliness
failed to reproduce their results. ' ~'9 These
facts suggest to us that the Fe films of Mikhai-
lov et al. had a jelly-roll-like structure of lay-
ers of condensed gas. Their remarkable ob-
servation of superconductivity in Fe could there-
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fore be explained by pairing across a barrier.
We are indebted to K. L. Ngai for detailed

assistance with the formal theory and to
E. Economou for discussion of surface plasmons.
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Increases in the transition temperature of a structure consisting of alternate 60-A lay-
ers of superconductor S and barrier material B are observed whenever the sequence S+S
is formed. The effect was observed for Al, Zn, In, Sn, and Pb and for a variety of bar-
rier materials.

In this paper we present the results of a se-
ries of experiments on films deposited onto
substrates cooled to low temperatures. These
experiments were initiated to investigate the
effects predicted by Cohen and Douglass. ' They
have predicted that a thin sandwich of super-
conductor-dielectric-superconductor could
have a T~ quite different from the supercon-

ductor alone. To investigate this idea a struc-
ture was made consisting of alternate layers
(-60 A) of pure superconductor (S) and electron
barrier material (8) which was either a dielec-
tric or high-resistivity metal. The main re-
sult of these experiments is that whenever S
was evaporated so as to form the combination
-SBS, an increase in transition temperature
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