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The electrical properties of wires with cross-sectional areas of order 1&10 "cm and
lengths as small as 0.2 rMm have been studied. At temperatures below about 10 K, the re-
sistance of the wires increases with decreasing temperature, as found in previous stud-
ies of much longer wires. For wires shorter than about 5 pm, the resistance rise de-
creases as the length of the wire is decreased. From these results a characteristic
length scale of approximately 0.2 pm at 1.5 K is found, in good agreement with the cur-
rent theory.

PACS numbers: 71.55.Jv, 71.30.+h, 72.15.-v

Several years ago Thouless' predicted that lo-
calization would cause all long wires to exhibit a
thermally activated conductance at low tempera-
tures and to be insulators at absolute zero. This
prediction has stimulated a great deal. of experi-
mental' ' and theoretical" work. While the ex-
periments are in qualitative agreement with the
theory, there are quantitative discrepancies
which have yet to be fully resolved. '~' It has
also been shown' that electron-electron (e-e) in-
teractions in the presence of disorder can lead to
effects very similar to those caused by localiza-
tion, and it is not yet clear whether localization,
or e-e interactions, or some combination, are
responsible for the behavior observed experi-
mentally. Both theories predict that a wire mill
exhibit an extra resistance, 4R, given by'

~R/R, =L, /L„
where R, is the impurity (i.e., temperature-in-
dependent) resistance, L, is the length of the
wire which has an impurity resistance' of 36 500
0, and L, is a characteristic length. According
to localization theory, L; is the distance which
an electron diffuses between inelastic scattering
events, ' while for the e-e interaction mechanism

L, is a "cutoff" length given by (RD/ksT)' ',
where D is the electronic diffusion constant, and
T is the temperature. ' Previous experimental
measurements' ' of hR imply through (1) that L,
= 0.15 p, m at 1.5 K. The problem which we wish
to address in this paper is what happens when the
length of the mire, L, is comparable to L, One
might expect that in this case

b R/RO=L, (t/Lo,

where L,ff is an appropriate combination of L,-
and L„, with L,« -I., for L large (the limit ap-
propriate for all previous experiments' ') and
L ff L„for L much s mailer than L, . We f ind

experimentally that this type of behavior does
indeed occur, and we have been able to determine
the functional form of I.,ff.

The method of sample fabrication is shown
schematically in Fig. 1. We began with wires of
Au„Pd„with diameters in the range 300-700 A,
which mere made using techniques described pre-
viously. "" Glass fibers" mith diameters of
order 1 p. m were then laid across each wire as
shown in Fig. 1(a). Next a Ag film was deposited
at normal. incidence [Fig. 1(b)]. The fiber was
then carefully lifted off leaving a short length of
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FIG. 1. Description of the method used to make the
short wires studied in this work.

wire connecting the two regions covered with Ag.
By varying the size of the glass fiber it was pos-
sible to make wi. res with lengths as small as 0.2
p, m with this method. Examination with a scan-
ning electron microscope (SEM) confirmed that
the wires did appear as illustrated in Fig. 1, and
provided a direct measurement of the length of
each sample. The length-to-width ratio for the
samples varied from 4 to 50, and our results in-
dicate that this is sufficiently large that to within
the experimental error the behavior is independ-
ent of this ratio. "

The resistance as a function of temperature was
measured using standard ac bridge techniques. '"
Some typical results are shown in Fig. 2, where
we plot the normalized resistance rise (4/C)dR/
R, as a function of temperature for several sam-
ples. HereA is the cross-sectional area of each
wire, and C (= 1.2X10 "cm') is a constant fac-
tor. We have normalized the results in this way
in order to remove the known dependence of &R/
R, on area,"and the factor C simply makes the
numerical values more convenient for the dis-
cussion which follows. Since our choice of nor-
malization removes the dependence of aR/R, on
area, we would expect the results for all samples
to fall on a common curve. This was, in fact,
the case for wires longer than about 5 p, m. More-
over, the results for these "long" wires agree
well with those of previous workers. ' 4 However,
as the length of the wire, L„, is reduced below
about 5 p, m the normalized resistance rise falls
systematically below the result for l.ong wi.res.
This suggests that as I is made smaller, L,ff
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FIG. 2. Normalized resistance rise (A/C) [R(T)
-R(12 K)] /R(12 K) as a function of temperature for
wires of various lengths. The wires had diameters of
590, 500, 420, 270, and 600 5, where we have listed
the value for the longest wire first, etc.

in (2) is also reduced, in good qualitative agree-
ment with the expected behavior discussed above.

In Fig. 3 we show the same results for the nor-
malized resistance rise, but now as a function of
1/KT. Previous work' has demonstrated that the
results for long wires follow a 1/v T temperature
dependence below about 5 K, and this is in good
agreement with thezesults shown in Fig. 3. As
the length of the wire is decreased below a few
micrometers, the temperature dependence chang-
es qualitatively. The quantity &R/R, no longer
follows a 1/ T dependence, but rather appears
to be leveling off as T- 0. Again, this is in
qualitative agreement with the theories described
above. Both theories predict that L,- becomes
large as T-O, so that in this limit we would ex-
pect L,&& -L, and hence that b,R/R, should ap-
proach a constant value.

In Fig. 4 we show the normalized resistance
rise at 1.5 K as a function of the length of the
wire. Since the normal. ized rise falls to half its
"full" value when L = 0.3 p, m, this is probably
a good first approximation for L, at 1.5 K. It is
interesting to note that this value is in reasonable
agreement with the value of the inelastic diffu-
sion length measured by Chaudhari eI, al." This
lends support to their conclusion that L, in (1)
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FIG. 3. Normalized resistance rise as a function of
1/KT. Some of the data points have been omitted for
clarity. Note that while the results for the 90-pm wire
fall slightly above those for the 30-pm sample, this
difference is within the uncertainties in the values of A.

used in the normalization and is therefore not signifi-
cant.

is the inelastic diffusion length.
To analyze our results further, it is necessary

to consider the manner in which I-,. and L com-
bine to give I pf j in (2). Perhaps the simplest
combination is

1 1 1
L ff I,. I „

Now, since Fig. 4 is normalized such that the
rise bR/R, approaches unity for long wires, it
is basically a plot of the ratio of (b,R/R, ) for a
wire of length L to the value of (b,R/R, ) appro-
priate for a long wire. From the arguments
given above, we have bR/R, =L,«/L, for a wire
of length L„, and &R/R, =L, /L, for a long wire,
so this ratio is just (L,ff/Lo)/(L /Lo} L ff/L, .'

Thus Fig. 4 essentially gives L,ft/L, as a func-
tion of the length of the wire. " It is therefore
possible to plot (3) directly in Fig. 4, and this is
shown by the sol.id curves. One curve assumes
I,. = 0.15 p, m at 1.5 K, the value deduced from
measurements' of LR, and this curve is in very
reasonable agreement with our results. The
other solid curve corresponds to I., = 0.20 p, m,
and is seen to yiel. d slightly better agreement.

FIG. 4, Normalized resistance rise at 1.5 K as a
function of the length of the wire, L . The solid and
dashed lines are discussed in the text.

Equation (3) is quite simple and one might ask if
it has any theoretical basis. According to local-
ization theory, ' I., is the inelastic diffusion
l.ength. If v,. is the inelastic scattering time, and
7 is the time it takes an electron to diffuse the
l.ength of the wire, then it is natural to obtain

1 1 1
+

Teff 7 ] 7g
(4)

1 1 1
2 L 2 I 2 (5)

The dashed curve in Fig. 4 is a plot of (5) where
we have assumed I,. =0.15 p, m. For no value of-

L, does (5) agree with the experimental results. "
Somewhat more sophisticated treatments" of the
electronic motion yield results similar to (5),
and it is not clear at this time how to reconcile
these arguments with the results shown in Fig. 4.
We do not know of any simpl. e way to estimate

ff for the el.ectron- electron interaction mech-
anism, and so it is not possibl. e to make a com-
parison with this theory at present. "

In summary, we have found that the resistance
of thin wires displ. ays a l.ength dependence which
implies a characteristic length of approximately
0.2 p. m at 1.5 K, in good qual. itative agreement
with current theory. While the length dependence
is observed to follow a very simple form, a
quantitative theoretical explanation of this form
is not yet availabl. e. When theories of the length
dependence are developed, our results may pro-

where v, ff is the "effective" diffusion time. Since
the el.ectronic motion is diffusive, L, , -v v, , etc. ,
for L and L,~~, so that (4) impl. ies
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vide a means of determining the relative import-
ance of localization versus electron-electron in-
teraction effects in these systems.
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