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We have studied weak localization and electron-electron interaction effects in samples consisting
of two thin metal films separated by an insulating layer of SiO. When the SiO thickness was less
than about 200 A, the electron-electron scattering rate was enhanced with respect to that found
in isolated, i.e., well-separated, films. This suggests that in the sandwich structures, electrons in
one metal film are able to “communicate” with, i.e., scatter from, electrons in the other film across
distances of order 200 A, and that this process enhances the phase-breaking rate.

I. INTRODUCTION

In the past decade there has been increasing inter-
est in the behavior of electronic systems of reduced
dimensionality.!™ The properties of effectively one- and
two-dimensional, and also “zero”-dimensional, i.e., meso-
scopic, systems have been studied extensively, and many
novel effects have been revealed. Given the behavior of
these “isolated” systems, it is natural to consider what
happens when two such systems are brought near, but
not in “contact” with, each other. This problem has
been studied in systems involving both metal films,578
and semiconductors® ! (see also the general theoretical
work in Refs. 12 and 13). While some of the predicted
effects have been observed in semiconductor structures,
the situation with regards to metal-film-based systems is,
as will be discussed below, not as clear. In the present
work we have studied how the electrons in two metal films
interact with each other when the films are separated by
distances as small as ~ 30 A. Our results suggest that
when this separation is less than about 200 A, there is a
significant amount of scattering of electrons in one layer
by those in the other layer. Our experiments thus provide
direct information on the range of the electron-electron
interaction in a metal.

II. THEORY AND BACKGROUND

It is well established that the effects of electron-
electron interactions are enhanced by disorder, especially
in systems of reduced dimensionality,’ 2 such as thin
metal films.#!* These interactions are manifest in two
ways. First, there is a direct contribution to the conduc-
tance which has the form!™3
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where Gg is the sheet conductance, T is the tempera-
ture, and F' is a screening factor whose value is typically
small (= 0.1) for metal films. Second, electron-electron
scattering is enhanced with respect to that found in pure

systems, with a scattering rate (for phase breaking) given
by3

AGao,ce = (1 - F)In(T) , (1)
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An important feature of (2) is that the scattering rate
varies approximately inversely with Go (the logarithmic
factor has only a small effect). Hence if a metal film is
made thicker, thereby increasing Gpn, the scattering rate
is decreased.

According to the theory, a very important feature of
electron-electron interactions in disordered systems is the
greatly increased range of the Coulomb interaction, as
compared to that found in pure systems. Dynamical
screening, i.e., screening at the frequencies relevant for
electron-electron interaction effects, is predicted to be
much less efficient in a disordered system;'™ this is a
result of the diffusive motion of the electrons, as com-
pared to the ballistic motion found in pure systems. Sev-
eral experiments have sought to observe the range of this
screening directly. Bergmann and Wei®7 studied multi-
layer samples consisting of two or more thin metal films
separated by insulating layers. They found that when the
insulating layers were thicker than a few atomic spacings,
the contribution of electron-electron interactions to G
for each of the films in the multilayer was not affected
by the presence of the other, nearby metal layers. This
result was surprising, since a calculation by Bergmann
and Wei®7 predicts that when metal layers are spaced
closer than ~ 10 pm, they should (at temperatures be-
low about 10 K) “assist” each other in the screening pro-
cess, thereby reducing substantially the electron-electron
contribution to AGg. Studies of superconducting films
separated by very thin normal layers® also found no evi-
dence for any change in the screening.

In this paper we present the results of an experiment
that is essentially similar to that of Bergmann and Wei,
but with one important difference; we have also stud-
ied the rate of phase breaking due to electron-electron
scattering.!® Our results imply that this rate is enhanced
in sandwich structures when the metal films are sepa-
rated by less than about 200 A, suggesting that the ef-
fective range of the Coulomb interaction, at least as far as
phase-breaking scattering is concerned, is of this order.
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III. EXPERIMENTAL METHOD

The samples were sandwich structures consisting of
two thin metal films separated by a layer of SiO. For most
of the samples the metal films were Sb; these were pre-
pared by thermal evaporation, and usually had a thick-
ness of &~ 210 A, although in a few cases somewhat thicker
films were employed. A few sandwiches, in which both
of the metal layers were evaporated Au films =~ 140 A
thick, were also studied. The SiO was deposited using
an “oven”-type evaporation cell,'® and its thickness was
varied from 30-2000 A. The three layers, e.g., Sb, SiO,
and Sb, were deposited sequentially within the span of
a few minutes without breaking vacuum, during which
time the pressure was typically below 1 x 1078 Torr. Un-
der such conditions there could easily be an extra contri-
bution to the insulating layer from contamination, etc.;
the thickness of such a contribution is not known. This
three-layer sandwich was patterned into a long strip us-
ing conventional photolithography, and the conductance
of the entire structure was measured, i.e., of all three
layers in parallel. In separate tests, it was found that
the SiO layers were generally free of pinholes for areas of
order 1 cm? (the area of the samples used in the magne-
toresistance measurements) when the SiO thickness was
greater than about 300 A. Pinholes were manifest by a
finite resistance across the SiO layer. Assuming a cross
section of atomic dimensions, the value of the resistance
through the pinholes implied that there were of order 10
pinholes for samples with our smallest SiO thicknesses.
We would expect that a pinhole would modify the be-
havior only within a phase-breaking length of its loca-
tion; thus the amount of the sample affected by pinholes
should be completely negligible.

The experiments consisted of measurements of the con-
tribution of electron-electron interactions to the conduc-
tance and the electron phase-breaking rate. Weak local-
ization (WL) makes a contribution to the conductance
which, in the absence of a magnetic field, is similar in
magnitude, but opposite in sign, to (1).17%4 A moderate
field suppresses WL, leaving only the electron-electron
interaction part (1), so to obtain the latter we simply
measured the conductance as a function of T in a fixed
field of H = 10* Oe applied perpendicular to the plane
of the sample. The phase-breaking length was obtained
from measurements of the low-field (H < 1000 Oe, again
perpendicular to the sample plane) magnetoconductance,
which is due entirely to WL.*14 This yields the phase-
breaking length Ly = /D7y, where D is the electron dif-
fusion constant and 74 is the phase-breaking time. This
measurement is sensitive to the total phase-breaking rate,
which will in general have contributions from electron-
phonon and magnetic scattering, in addition to electron-
electron scattering. By employing Sb films with relatively
low values of Go we were able to enhance the impor-
tance of electron-electron scattering [see (2)], so that it
was generally dominant.

For all of the sandwich samples, the sheet conduc-
tances of the two metal layers were made as closely
matched as possible; they generally differed by less than
10%. In addition, for the majority of the samples, the

N. GIORDANO AND N. R. DILLEY 48

thickness of the Sb layers was held fixed at =~ 210 A
(Go =~ 0.015 Q71), and only the SiO thickness was varied.
In each batch we also made “incomplete” sandwiches;
that is, samples consisting of only the “bottom” Sb film
coated with SiO, and samples of just the “top” Sb film.
Their properties were studied for comparison with those
of the sandwiches. We found that the behavior of an Sb
film coated with SiO was the same as that of an uncoated
Sb film; i.e., the SiO layer alone did not significantly af-
fect the behavior of an adjacent Sb film.

IV. RESULTS

For all samples the variation of the resistance with
H = 10* Oe was logarithmic over the entire range stud-
ied, 1.4-4.2 K. Fitting these results to the form (1) we
extracted the factor A, = AG/(e?/2mw2%h), where here
AG is the change of the conductance normalized for one
decade (base e) of temperature; if (1) is applicable, then
Aee = (1 — F). Results for A, are shown in Fig. 1 as a
function of Gg. For isolated films our results are consis-
tent with (1 — F) =~ 0.90 (the lower dashed line in Fig.
1), which is the value expected from previous work.3%°
For the sandwiches A.. is seen to be distinctly different;
it is consistent (to within the uncertainties) with a value
twice that found for the isolated films. If the two films
of a sandwich were to behave as one “unit” with respect
to electron-electron interactions, then the conductance
change should be given by (1). On the other hand, if
they behave independently, then both films should change
by this amount, and the total change in the conductance
of the sandwich will be twice as large as predicted by
(1). As can be seen from Fig. 1, our results imply the
latter; i.e., that the two films in a sandwich behave in-
dependently as far as the electron-electron contribution
to the conductance is concerned. This result is in good
accord with the experiments of Bergmann and Wei. We
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FIG. 1. Ae¢e as a function of Gp for films of Sb and Au,

and sandwiches of Sb/SiO/Sb and Au/SiO/Au. The lower
dashed line shows the value expected for isolated films Aee =
(1 — F) = 0.90, while the upper dashed line shows a value
twice as large, Aee = 1.80.
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also note that the behavior of 4., for the sandwiches was
independent of the thickness of the SiO layer, ds;o, i.e.,
the scatter about the upper dashed line in Fig. 1 does
not appear to be correlated with ds;o.'®

Figure 2 shows results for Ly as a function of T
for two sandwich samples, along with results for two
isolated films prepared at the same time, i.e., in the
same evaporations, as the sandwiches.!® It is seen that
the phase-breaking length of the sandwich sample with
dsio = 400 A is essentially the same as that found for
the films.2° However, the sandwich with the thinner SiO
layer (dsio = 73 A) exhibits a significantly smaller value
of Ly, i.e., a larger scattering rate. This is clear evidence
of an interaction between electrons in the two Sb layers.

We should note that the magnetoconductance is a sen-
sitive function of both L4 and Gg. For the analysis in-
volving the sandwich samples, it was necessary to use the
value of Gg of the films composing the sandwich (i.e.,
half the value of the sandwich conductance). This indi-
cates that the films behave independently as far as weak
localization is concerned.

The behavior as a function of SiO thickness is shown in
Fig. 3, where we plot Lg(sandwich)/L4(film), as a func-
tion of ds;o. Here we have used the values of Ly(film)
measured for each batch, although the values were ap-
proximately the same for all batches (see Fig. 2). We see
from Fig. 3 that the sandwich behavior crosses over from
an “independent” film regime [Ly(sandwich)/L4(film) =
1] when dsio 2 200 A, to an “interacting” film regime
[L4(sandwich)/Lg(film) < 1], when dsio < 200 A. It is
interesting to note that this crossover occurs when the
thickness of the insulating layer is approximately equal
to that of the individual Sb layers.

At this point we should mention another effect which
could conceivably (but turns out not to) be important,
namely the effect of tunneling through the SiO layer.
Bergmann and Wei?!22 have shown that the magneto-
conductance is altered when the time required to tunnel
through the insulator, 77, is small compared to 74. We
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FIG. 2. Variation of Ly with T for two Sb/SiO/Sb sand-

wiches, with dsio = 400 A and dsio = 73 A, as indicated.
Also shown for comparison are the results for isolated films
from each batch. The lines are guides to the eye.
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FIG. 3. Lgy(sandwich)/Lg(film) as a function of dsio for

T =4.2K (o) and T = 1.4 K (o). The solid curve is a guide
to the eye.

have found that with the appropriate choice of 7, the
magnetoconductance data for a sandwich can be made to
fit the theoretical form which includes tunneling effects,
using the value of Ly found for isolated films. One might
then suppose that the effect we have interpreted as en-
hanced phase breaking in Figs. 2 and 3 is simply due to
tunneling. However, further analysis shows this not to
be the case. First, the tunneling time required for such
an interpretation is strongly temperature dependent, in-
creasing significantly at low temperatures. This behavior
is in contrast to that expected for tunneling; 7 in that
case should be temperature independent. Second, ex-
periments with much thicker Sb films, and also with Au
films, showed no change of L4 relative to that found with
isolated films, even when dg;o < 50 A. This is presum-
ably because the phase breaking in these cases is domi-
nated by electron-phonon scattering, so that changes in
the electron-electron rate (which is here much weaker)
have no significant effect on L.

V. DISCUSSION

From Fig. 3 we see that the phase-breaking length in
the sandwiches with the thinnest insulating layers is re-
duced by ~30% when compared to that found in isolated
films. This may be explained, at least qualitatively, if
one assumes that with two nearby Sb films the num-
ber of electrons available for scattering is twice as large
as with a single film, thus doubling the phase-breaking
rate. However, while this simple argument is consistent
with the results in Fig. 3, the general question of the
crossover behavior as a function of ds;o is, in our view,
still open. In particular, the theory predicts that making
a film thicker, and thus increasing Gg, should make the
electron-electron scattering rate smaller [see (2)], which is
opposite to the enhancement we have found. In a general
sense, there are (at least) two competing effects which
contribute to 7_.! in the sandwiches. (1) The fact that
there are more electrons to scatter from as compared to
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a single, isolated film; this could increase 7 l. (2) If
the electrons in the two films of a sandwich can interact
significantly, this may alter the strength of the screened
Coulomb interaction, thereby affecting 7__!. The theory,
Eq. (2), implies that this will reduce the scattering rate.
Without a quantitative calculation, it does not appear
possible to say which of these effects will be most impor-
tant. Our results seem to suggest, perhaps surprisingly,
that the former can dominate.

In summary, we have observed an enhancement of the
electron-electron scattering rate in sandwich structures
consisting of two metal films separated by a thin insu-
lating layer. We interpret this enhancement as due to
the scattering of electrons in one metal film by electrons
in the other film, and our results provide a semiquantita-
tive measure of the range of this interaction. At the same
time, measurements of the electron-electron interaction
contribution to the conductance in the same samples in-
dicate that the two films behave independently as far
as this effect is concerned, even when the phase break-
ing is strongly enhanced. It is a bit puzzling, and also
intriguing, that one measure of the strength of electron-
electron interactions, the phase-breaking length (Figs. 2
and 3), clearly shows that the interactions are effectively
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enhanced in the sandwich samples, while a second such
measure, the “direct” contribution to the conductance
(Fig. 1), shows no enhancement.

We should also mention that our experiment is in
some respects similar to recent work on electron-electron
scattering between electron gases separated by insulat-
ing layers in semiconductor heterostructures.® ! An im-
portant difference between those experiments and ours
is that they are sensitive to the momentum transferred
by electron-electron scattering, while we are probing the
phase breaking. It also seems possible that our observa-
tions may be connected with the recent theoretical work
of Rojo and Mahan,'2 but the precise relationship is not
clear to us at present. Finally, we would like to note
that our experimental approach appears to provide a new
way to probe, in a fairly direct manner, the length scale
involved in electron-electron interactions, and perhaps
other electron-scattering processes.
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