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%'e have produced wires with diameters as small as 80 A by electroplating Au into etched nuclear
tracks in mica. At low temperatures T, these wires exhibit a resistance R which increases as T is

decreased, and below about 3 K, 8 varies approximately as T ' . This, together with the magni-

tude of the resistance rise, is in reasonable agreement with previous results for somewhat larger

lithographically produced wires made from other materials, and appears to be due predominantly to
electron-electron interaction effects. The behavior at higher temperatures, 3—7 K, does not follow

this functional form, and is somewhat different than has been observed in previous experiments.
This behavior is not consistent with expectations based on electron-electron interaction theory alone,

but may be accounted for, at least qualitatively, if one assumes that, while interactions are the major
contributor to the resistance change, localization is also important in this range. By varying the

thickness of the mica, it was possible to make ~ires as short as 1.5 pm. To within experimental er-

ror, the resistance rise is independent of the length of the wire. This appears to be different from

the length dependence found for lithographically produced wires.

I. INTRODUCTION

In recent years there has been a great deal of interest in
electronic transport in disordered conductors. ' It is
now well established that both localization and electron-
electron interactions play important roles in these systems.
However, while the evidence indicates that theory and ex-
periment are in very reasonable agreement in many cases,
most notably in two-dimensional systems, there are also a
number of examples in which theory and experiment are
not in good accord. One of the latter cases concerns the
overall behavior of one-dimensional systems; that is, of
thin wires. s There have been a number of experimental
studies of thin wires, ' and these have shown that while
the observed behavior is generally in good qualitative
agreement with the thtxiry, there are some significant
quantitative discrepancies. "' It turns out that all previ-
ous experiments in which the effects of one dimensional
localization and electron-electron interactions have been
observed involve lithographically produced wires which
have all been fabricated from thin films deposited onto
various sorts of substrates. Other types of wires, in par-
ticular, wires encased in a insulator, and free-standing
wires, 9'2 have not shown the expected type of one-
dimensionsl behavior. While there are good explanations
for why the nonlithographically produced samples did not
behave in this way, it has nevertheless been suggested that
perhaps the presence of the substrate, or some similar
feature, affects or modifies (for some unspecified reasons)
the behavior of the wires. It is therefore of interest to
study thin wires produced by nonlithographic methods,
and in this paper we report the results of such a study.
We have fabricated Au wires by electroplating into the
very small diameter cylinders which are produced by etch-
ing nuclear tracks in mica. Wires as small as 80 A in di-

ameter have been made in this way, which is significantly
smaller than any other nonlithographic wires which have
been produced to date. We find that these wires exhibit
behavior which is very similar to that found in litho-
graphically produced samples. There are, however, some
differences in detail, the significance of which is not clear
at this time. While our Au wires are not free standing as

perhaps might have been desired, they are certainly quite
different from the lithographically produced samples, and
thus we feel that our results strongly support the conten-
tion that the effects seen in the latter are not due to some
peculiarities of the samples, but are indeed a universal
property of thin wires. We should also note that a second
motivation for our experiments was that all of the previ-
ous (successful) experiments with thin wires had involved
samples made from high-resistivity alloys. It was there-
fore of interest to examine the behavior of wires composed
of a relatively low-resistivity elemental metal. While our
work was in progress, experiments with wires of this kind
were reported by White et al. ' As we will see, our re-
sults are in good agreement with their findings.

The remainder of this paper is organized as follows. In
Sec. II, we briefiy discuss the theories of localization and
electron-electron interactions. In Sec. III the method used
to fabricate the wires studied in this work is described,
along with the measurement technique. Section IV con-
tains our results, together with a comparison with the
theories and with previous work. Section V gives the re-
sults of experiments in which the behavior was studied as
a function of the length of the wire, and Sec. VI contains
our conclusions.

II. THEORY

The theories of localization and electron-electron in-
teractions have recently been reviewed elsewhere. ' " Here
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Here Ro is the residual resistance, L;„ is the inelastic dif-
fusion length, which is the distance an electron diffuses
between inelastic scattering events, D is the electron dif-
fusion constant (which arises from the elastic scattering),
and r; is the inelastic scattering time. Recent work' '2

has shown that Li~ corresponds to a residual resistance
of R r ——2M/e -25.8 kQ, so that (1) can be rewritten as

where A is the cross-sectional area of the wire, and p is
the residual resistivity. Hence, the resistance shauld in-

crease as the wire is made smaller, as the temperature is
lowered (since this will cause r; to increase}, and as p is in-
creased. Since D —1/p, (2) predicts that ~ /Ro will vary
as p'".

The prediction (2) is expected to be appropriate in the
limit that spin-dependent scattering is negligible. Howev-

er, this is almost certainly not the case for Au. Indeed,
from experiments on thin films we would expect that Au
should be in the strong spin-orbit scattering limit. In
analogy with the case in two dimensions, and with some
recent calculations, ' we expect that, to a first approx-
imation, spin-orbit effects will change the sign of b,R in

(2), and reduce its magnitude by typically a factor of two.
Thus, in this case localization causes the resistance to de-
crease as the temperature is lowered. %hether or not
spin-orbit scattering is important, the temperature depen-
dence of LR is determined by ~;. It is generally expected,
and commonly found, that ~; varies with temperature as
~; —T I', ~here p is a small integer, typically 1 or 2. The
value of p depends on the dominant inelastic scattering
mechanism. ' '

In addition to localization, electron-electron interac-
tions also cause an anomaly in the resistance at low tem-
peratures. The theory predicts that interactions will cause
a resistance rise of the form '

we will only give a very brief discussion of the theoretical

predictions which are relevant to our experiments. We be-

gin with the theory of localization.
Theoretical work ' has shown that a long wire will

contain only localized states, and that the size of a local-

ized state along the wire, Li, is equal to the length of
wire which has a residual resistance of order 2'/e, which
is approximately 8 kQ. Thus, at very low temperatures
any wire which is longer than this will conduct via a hop-
ping type of mechanism, and will therefore be an insulator
at absolute zero. It turns out that all experiments to date
with thin wires have been conducted at temperatures suf-
ficiently high that hopping conduction was not ob-
served. ' In the high-temperature regime appropriate to
aur experiments, the theory predicts that in the absence of
any spin dependent scattering, localization will cause a
thin wire to have an extra resistance, hR, which is of the
orm

(2 ——,
'
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III. EXPERIMENTAL TECHNIQUE

A. Fabrication

For this work, we have fabricated Au wires as small as
80 A in diameter using a method first described by Pos-
sin. z The details of the method and the refinements we
have developed have been reported elsewhere. Here
we will only give a brief description of the technique with
an emphasis on those features which are most relevant to
our experiments.

Initially a piece of mica, typically 5 pm thick, was irra-
diated with fission fragments from a s~Cf source. This
produced damage tracks which were then etched out with
dilute HF to give cylindrical holes in the mica. A film
of Ag was then evaporated onto one side of the mica.
Next a drop of electroplating solution was placed onto the
opposite side of the mica, an electrode was placed into the
solution, and Au was electroplated into the etched tracks.
After the tracks were filled with Au, a layer of Ag was
evaporated onto the open side of the mica. The result was
a collection of thin Au wires connected to two Ag films
which served as contacts. The diameter of the etched
tracks, and hence also the size of the wires, was varied by
varying the etching time, and could be as small as 80 A.

It was obviously very important to determine the size of
the etched tracks, since this determined the size of the re-
sulting wire. The track size was measured in situ during
the etching process using a technique developed by Bean
and co-workers. The acid used to etch the mica, in our
case dilute HF, was used as an electrolyte to measure the
conductance of the track (filled with electrolyte). From
the measured conductance the size of the etched track
could be determined as the etching was taking place. The
size of the resulting track could also be confirmed after
the etching process was completed by filling the track
with an electrolyte which did not etch the mica, such as a

where F is a (positive) screening factor which is less than
unity. Note that electron-electron interactions are expect-
ed to be distinct from localization; the quantity RT ap-
pears in (3) only because the same combinations of funda-
mental constants happen to arise in interaction theory.
Comparing (3) with the discussion in the previous para-
graph, we see that the two theories make similar predic-
tions, except that for our Au wires the resistance rise due
to locahzation should, because of spin-orbit scattering, be
negative, in contrast to (3), which is always positive. In
real wires we would expect both localization and interac-
tions to be present. Unfortunately, it is not clear how the
twa effects will combine; i.e., whether their effects are
simply additive, or if they can interfere in some way. In
two dimensions they appear to simply add. Some previ-
ous experiments with thin wires"' are not consistent
with (2) (as modified by spin-arbit effects) or (3}alone, or
with a simple addition of the two predictions, although
other recent experiments in this area' ' do appear to be
consistent with this method of combining the two effects.
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KCl solution, and measuring the conductance. A final
check was obtained via direct observation with either a
transmission or scanning electron microscope. These
methods of measuring the track size all gave the same re-
sult to within the overall errors of about 10%. Since they
agreed for selected samples, in practice the measurement
with the HF solution was the only one made in the major-
ity of cases.

It is important to note that each piece of mica con-
tained more than one etched track, and hence in general
more than one wire. Since the tracks, and thus also the
wires, in a given piece of mica were all approximately the
same size, this was not a problem. The number of
tracks in a sample was chosen to optimize the overall
yield without making the sample resistance inconveniently
small. The smallest wires had the lowest yield (as mea-
sured by the number of continuous wires produced per
etched track), so these samples were made with the largest
numbers of etched tracks. The samples with larger wires
had higher yields, and hence these were prepared with
smaller numbers of tracks. Unfortunately, the number of
wires in a given sample could not be determined precisely
from the known number of tracks, since an unknown
number of the tracks would become blocked during the
electroplating process. The procedure used to determine
the number of wires in a sample will be described in Sec.
IV.

B. Measurement system

The sample resistance was measured as a function of
temperature using a He cryostat of standard design.
The sample was mounted on a Cu block in a vacuum can
which was immersed in liquid He. The temperature was
measured with an accuracy of better than +0.01 K, with
a calibrated Ge thermometer mounted on the Cu block.
The resolution and stability was approximately +0.001 K.
The temperature was adjusted and controlled using a
heater which was also attached to the Cu block. Since the
samples had a resistance typically in the range 1—10 0,
and the cryostat leads had a resistance of about 5 0, it
was necessary to measure the sample resistance in manner
which was insensitive to the lead resistance. This was ac-
complished using a four-lead arrangement, with two
separate leads attached to each side of the sample (i.e.,
each Ag film), in an ac Kelvin double bridge type set-
up, ' which employed a PAR 124A lock-in amplifier as
the detector. The sample current was always kept suffi-
ciently low that Joule heating (which could be readily ob-
served at high currents) was negligible. Typical currents
were in the range 10 —10 A, depending on the size of
the wires and the number which were present in the sam-
ple.
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hence wires), together with the measured resistance, as-
suming that the resistivity is also known. However, there
was no simple way of determining the resistivity, since
one could not assume that electroplating onto a sheet, etc.,
would give Au with the same resistivity as electroplating
into an etched track. To determine the resistivity of the
Au in the tracks, we combined the measured resistances of
many samples of various sizes, together with the fact that
the number of wires in a given sample must be "quan-
tized. " Figure 1 shows soine results for pRT/N, where

pRT is the room-temperature resistivity of the Au, and N
is the number of wires in the sample. This ratio was de-
rived from the measured room-temperature resistance,
ART, since the two are related by

PRT ~d ~RT2

N 4L~
(4)

where d is the diameter of the wires in the sample, and
L„ is the sample length. Since N cannot be less than uni-

ty, the quantity pRT/N cannot be greater than pRT, corre-
sponding to samples with N =1, and it should be less
than this for other samples. From Fig. 1 we see that the
data are quite consistent with this sort of behavior. The
solid line is a guide to the eye, which is drawn so as to
pass through the points with the largest values of pRT/N,
and hence it describes the behavior of samples with only
one wire. Data which lie below this line correspond to
samples with more than one wire. From this result it is
possible to determine both the sample resistivity and the
number of wires in a given sample.

The value of the resistivity and its behavior as a func-
tion of d will be discussed shortly. However, we should
first mention that the results shown in Fig. 1 correspond
to only the "well-behaved" samples. There were other
samples (the results for which are not shown in Fig. 1)

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Preliminary considerations

As was discussed in the previous section, each sample
contained a number of wires, all of the same size, in paral-
lel. The number of wires in a sample could be determined
from the known diameter and length of the tracks (and

FIG. 1. Room-temperature resistivity, pRT, divided by the
number of ~ires in the sample, X, as a function of d ', where d
is the diameter of the wires, for a number of samples. The solid
line is a guide to the eye which corresponds to samples which
contain one wire {N=1), as described in the text. The dashed
line, which also corresponds to %=1, was obtained from the
measured resistance ratio I and the known contribution of the
phonons to the resistivity, as discussed in the text.
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which did, on occasion, give results significantly above
the line in Fig. 1, and hence appeared to contain fewer
than one wire. However, these samples always became
discontinuous upon thermal cycling to low temperatures.
This presumably indicates that the wires in these samples
were not uniform in cross section, but had constrictions
due to impurities (dust, etc.) which found their way into
the tracks during the fabrication process. Such constric-
tions would cause the sample to have a much higher resis-
tance than a corresponding uniform wire, and also make it
much more susceptible to developing a discontinuity
under the stress developed during thermal cycling. For
this reason, we discarded all results for samples which did
not survive thermal cycling, and as noted above, data
from such samples are not shown in Fig. 1. There were
also cases in which the sample resistance increased signifi-
cantly after thermal cycling, although it did not become
infinite. This suggests that some, but not all, of the wires
in the sample became discontinuous, and hence that the
sample had a potential problem of the sort described
above. While most of these "marginal" samples exhibited
behavior which was very similar to that of the well-
behaved samples, we nevertheless decided to discard the
results for such samples. To do this in an objective way,
we discarded the results for all samples whose resistance
changed by more than 20% after thermal cycling. The re-
sults for only about 25% of the samples which survived
thermal cycling had to be disregarded for this reason.

Returning to Fig. 1, the solid line corresponds to sam-
ples which contained only one wire, and hence this line
also gives the resistivity of the Au. The resistivity is seen
to increase with decreasing sample diameter. This is not
surprising as it is due to simple boundary scattering. The
room-temperature resistivity, pRT, can, assuming the va-
lidity of Matthiesson's rule, be written as a sum of three
terms,

PRY =Ph+PI +P»
where p~h is the contribution from electron-phonon
scattering, p; the contribution from bulk impurity scatter-
ing, and ps the contribution from boundary scattering. In
the large-d limit, pb vanishes. From Fig. 1 we find
pRT-4. 4 pQ cm in this case. Using the handbook value
of 2.2 pQ cm for p~h, we then find p; -2.2 pQ cm, corre-
sponding to an elastic mean free path of approximately
400 A at low temperatures (i.e., when p~h is negligible).
From Fig. 1 we also see that for the smallest wires,
pb-2. 4 pQcm. Using Sondheimer's theory for the ef-
fect of boundary scattering, this yields a specularity pa-
rameter of about 0.5, which is quite reasonable. The resi-
dual resistivity which enters the theory, and which was
denoted as p in Sec. II, includes all sources of elastic
scattering, and thus is equal to the sum of p; and p~. %e
therefore conclude that p is a function of wire size, and
varies from -2.2 pQ cm for the largest wires to
-4.6 pQ cm for the smallest wires.

An independent check on this analysis can be obtained
from a consideration of the resistance ratio, I . Here I is
taken as the ratio of the room-temperature resistivity to
the low-temperature value, p;+pi, (since p~h is negligible
at low temperatures). The latter can be obtained from

measurements at 4.2 K, since at this temperature the con-
tributions to the resistance from localization and interac-
tion effects is negligible for our purposes here. Hence I is
given by

pRT Pph + Pi + pa

Pi + Pb Pg + P&

which yields

PRT Pph

B. Results

Figure 2 shows some typical results for the resistance as
a function of temperature for samples of several different
sizes. These samples, and all other samples discussed in
this section, were 5 pm long. We see that the resistance
increases as the temperature is decreased, and that the
resistance increase becomes larger as the sample is made
smaller. This is in qualitative accord with the
theory, ' and with previous experiments. ' ' ""
At the highest temperatures shown there is a slight resis-
tance increase. This increase continues above 10 K, and is
due to ordinary inelastic processes, such as ele:tron-
phonon scattering, which become increasingly important
in this range. The results shown in Fig. 2 were reproduci-
ble to approximately the size of the symbols, provided
that the sample was kept at low temperatures. The repro-
ducibility after thermal cycling was not as good, presum-
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FIG. 2. Resistance as a function of temperature for several
samples. The wire diameters for the different samples are indi-
cated in the figure.

The measured values of I were in the range 1.4—1.9, and
decreased as the wire diameter was decreased. Using

p~h
—2.2 p, Q cm, and the measured values of I', (7} yields

the dashed line in Fig. 1. The error bar indicates the ap-
proximate (maximum} scatter of the individual values
(which for purposes of clarity are not shown) from the
dashed line. We see that the values of pitT derived from
the measured resistance ratios are in very reasonable
agreement with those found in the first analysis described
above. This provides an important independent check on
our determination of pRT, p;, and pb.
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ably because the sample could lose one or more wires
(while still passing the "20%"test described above). This
could have a small effect on the average wire size, and
hence also the fractional resistance increase.

The overall magnitude of the resistance increase is illus-
trated in Fig. 3, which shows the fractional resistance in-
crease from 4.2 to 1.2 K as a function of A ', where A is
the cross-sectional area of the sample. The data in Fig. 3
were obtained from measurements on 11 different sam-
ples; about 30% of the samples were remeasured after
thermal cycling, and in these cases both results are shown.
The sample-to-sample scatter is seen to be consistent with
the 10% uncertainty in the wire diameter (and hence 20%
uncertainty in A). A notable feature of Fi~. 3 is that the
resistance increase does not vanish as A goes to zero,
i.e., in the bulk limit, as would have been expected from
(2) and (3). This is presumably due to the Kondo effect.
It is well known that relatively small concentrations of
magnetic impurities yield a sizable Kondo effect in Au.
For example, only about 0.003 at. % Fe is necessary to
produce the resistance rise observed in Fig. 3 when

'=0. The impurity concentration of our electroplat-
ing deposit was, according to the manufacturer, as much
as three times larger than this, so it seems quite reasonable
to suppose that magnetic impurities are the cause of the
bulk resistance rise seen in Fig. 3. Since this effect should
be present in all of the samples, and moreover it is fairly
small compared to the resistance rise found in the smallest
wires, it can easily be accounted for in our comparison
with the theory in the following.

According to the theory, and also previous experiments,
the fractional resistance rise should vary as A '. The
dashed line in Fig. 3 corresponds to this form, and it is
seen that while this prediction is in qualitative agreement
with our results, there are some slight systematic devia-
tions. However, we should note that this dependence on
A is found only when quantities such as r; and p [see (2)

and (3}] are independent of A. We have seen in connec-
tion with Fig. 1 that this is not the case for the residual
resistivity, p. According to the theory, ~/Ro should
vary as p'~ /A (this follows directly from interaction
theory, or from localization theory if one assumes that r;
is independent of A }. The dependence of this quantity on
A, using the measured dependence of p on A, is shown by
the solid line in Fig. 3, and is seen to be in somewhat
better agreement with our results than the simple A
dependence. We therefore conclude that our results are
consistent with the theory provided that the area depen-
dence of p is taken into account. This has not been neces-
sary in the analysis of previous experiments, since in those
cases the contribution of boundary scattering to p has
been negligible, and hence p has been independent of A.
We should note that our results are not accurate enough
to provide a stringent test of the dependence on p in the
present case. That is, we cannot rule out a dependence of
the form p'/ /A or p/A. However, we can conclude that
a p' /A dependence is in better agreement with our re-
sults than a siinple A ' form.

C. Comparison with theory

We will first compare our results with the two theories,
interactions and localization, separately. We will find
that neither theory, by itself, can describe all of the im-
portant features of our data. However, we will see that
with some fairly plausible assumptions, the two mecha-
nisms together can account for our results.

As discussed in Sec. II, interaction theory predicts that
the fractional resistance rise will vary as T '~ . Figure 4
shows the data from Fig. 2 replotted so as to compare
with this temperature dependence. We see that it is con-
sistent with our results at the lowest temperatures, but
above about 3 K there are substantial deviations toward
lower values of b,R /Ro. One would expect there to be de-
viations at high temperatures due to ordinary inelastic
processes such as electron-phonon scattering, etc., but
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FIG. 3. Fractional resistance rise from 4.2 to 1.2 K as a func-

tion of A ', where A is the cross-sectional area of the vires.
The dashed line is drawn proportional to A ', while the solid
line is proportional to p'/ /A, where p is the low-temperature
resistivity.

FIG. 4. Resistance as a function of T ', for the same sam-
ples as considered in Fig. 2. The solid lines are guides to the
eye.
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FIG. 5. Resistance as a function of T ', for the same sam-
ples as considered in Fig. 2. The solid lines are guides to the
epe.

these deviations should be towards higher values of
~/Ro, in contrast to what is seen in Fig. 4. Our results

are thus not consistent with electron-electron interactions
alone, since this mechanism yields a X' ' dependence
with only positive deviations at high temperatures. It is
nevertheless useful to compare the overall size of the rise
we observe with the prediction of interaction theory, (3).
Using the measured value of p together with known data
for Au, we estimate an elastic mean free path of 200 A
for our smallest wires. Assuming a Fermi wave vector of
1.2 X 10 cm ' then yields a diffusion constant of
D=80 cm /s. If we demand that the theory, (3), fit the
results for our smallest wires, we find that the screening
factor F is approximately 0.9. Since according to the
theory F must lie between 0 and 1, this result is quite
reasonable, and we conclude that except for the problem
with the negative deviations mentioned above, interaction
theory is quantitatively consistent with our results.

The temperature dependence of the resistance change
predicted by localization theory is, as discussed in Sec. II,
determined by the inelastic scattering time, while the sign
of the resistance change depends on the strength of the
spin-orbit scattering. Possible inelastic scattering mecha-

nisms and their temperature dependences have been dis-

cussed elsewhere. s' ' Previous experiments have ob-

served a resistance rise which varies as T '~, and if this
is due to localization, then the inelastic scattering time

r; must vary as T '. As noted in connection with Fig. 4,
our results are consistent with a T ' dependence at the
lowest temperatures. However, this dependence is con-
sistent with the data over only a rather small temperature

range, and it is therefore worthwhile to consider other
possible temperature dependences. Since v; will generally

vary as a power of T, we expect hR to also vary as a
power of T. In Fig. 5 we replot the data of Fig. 4, but
now as a function of T '~ . This temperature depen-

dence is seen to be somewhat more consistent with our re-

sults than a T '~ dependence, as the data follow this

form over a larger temperature range. In addition, the de-
viations at high temperatures are now positive, as would
be expected from ordinary electron-phonon scattering, etc.
Other temperature dependences, such as a log(T) depen-
dence, do not describe the data as well as found in Fig. 5.
From these observations, one might be tempted to con-
clude that the observed resistance rise is due to localiza-
tion with an inelastic scattering time which varies as
T '~ . So far as we know, the only inelastic scattering
mechanism which could be applicable in our case, and for
which r; has a temperature dependence which is close to
this, is one-dimensional electron-electron scattering in the
presence of disorder. i While this scattering time also de-
pends on the cross-sectional area of the wire, A, it may
still be consistent with our results for the dependence of
the resistance change on A. However, a serious problem
with this explanation is that the strong spin-orbit scatter-
ing in Au should make the contribution to ~/Rp from
localization negative, which clearly is not what we ob-
serve. For this reason we are forced to conclude that lo-
calization is not responsible for the resistance increase we
observe, unless for some (unexplained) reason the effects
of spin-orbit scattering are negligible in this case.

In the preceding discussion we have seen that neither
localization alone nor electron-electron interactions alone
can account for all of our results, and we now consider
the possibility that both are important. Assuming that
the two effects are simply additive, it is possible to ac-
count for our results in the following manner. The
behavior at the lowest temperatures could be due predom-
inantly to interactions; as we have seen, both the tempera-
ture dependence and overall magnitude of hR /Ro are in
good quantitative agreement with interaction theory in
this range. The deviations observed in Fig. 3 towards
lower values of hR/Ro above about 3 K would then be
due to localization with the spin-orbit scattering being
sufficiently weak so as to make its contribution to b,R
negative at this relatively high temperature (although its
contribution would still become positive at lower tempera-
tures). It is also necessary to assume that below 3 K the
effects of localization vary fairly slowly with temperature
so as not to "interfere" with the T '~ dependence due to
interactions. This would be the case if ~; varies only slow-

ly with temperature, if magnetic impurity scattering~ is
important in this range, or if the spin-orbit scattering
time is approximately equal to the inelastic time at 3 K
(as this would make the contribution from localization be-
come positive at lower temperatures). With these assump-
tions we can account, at least qualitatively, for all of our
results. A quantitative check on these assumptions, par-
ticularly regarding the strength of the spin-orbit scatter-
ing, would clearly be desirable. Such a check could be
made if magnetoresistance measurements were available,
but unfortunately such experiments have not yet been per-
formed.

D. Comparison arith previous experiments

Our main results are that at the lowest temperatures the
fractional resistance rise, b,R /Ro, varies in a manner con-
sistent with a p' /AT' dependence. We hasten to add
that our evidence for the dependence on p is fairly weak in
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that the precise power of p is not determined very accu-
rately .This dependence on A and T is in good agreement
with the results of previous workers. ' ' ""3'' '7
Moreover, the overall magnitude of the resistance rise is
also in reasonable agreement. A detailed comparison of
the magnitude of dR /Rp observed in the different experi-
ments (including the present work}, with particular atten-
tion to the behavior as a function of p, is given else-
where. ' There it has been shown that wires made of
low-resistivity materials, such as our Au samples, exhibit
a dependence of LLR /Ro on p that is consistent with a p'~
form, as would be expected from interaction theory, or
from localization theory if r; is independent of p. This is
consistent with our conclusion discussed above that the
behavior we observe at the lowest temperatures is due
predominantly to interactions. As for the deviations we
find at high temperatures, such behavior has not been
widely observed in previous experiments. Some indica-
tions of such deviations were noted in early experiments
on AuPd wires, ' but they do not appear to be present in
other low-resistivity materials such as the Cu wires stud-
ied by White et al. '~ The reason why these deviations are
so large in our case and apparently not in other similar
low-resistivity samples' is not clear, although it is possi-
ble that the quantity r;, which controls the temperature
dependence of the contribution from localization, and
which is expected to be nonuniversal, is simply different
in the two cases. We feel that in spite of these deviations
our findings allow a very important conclusion. Namely
that in all major respects our wires exhibit properties very
similar to those of wires made in other ways. Since our
samples are the first, and so far only, "nonlithographic"
wires in which one-dimensional localization and/or in-
teraction effects have been observed, this implies that the
effects observed in thin wires are not dependent on fabri-
cation technique (i.e., on the substrate, etc.).

V. LENGTH DEPENDENCE

where L,fr is an effective length which is a function of L
and L . Further, one would expect L,ff to approach L
when L ~&L, and to approach L in the opposite hmit.
This sort of behavior has been observed previously with
lithographically produced wires, ' and we have attempted
to observe it with our samples. All of our results dis-
cussed in the previous section concerned wires approxi-
mately 5 pm long. Using the results in Fig. 2 together
with (8}, we find L-0.9 pm. Note that if, as we con-
cluded above, the resistance rise is due predominantly to
interactions, this implies a cutoff length, L„of0.3 pm,
since L =2(2—3F/4)L, [see (3)].

We have made wires as short as 1.5 pm by simply vary-
ing the thickness of the mica. We were able to make mica
substantially thinner than this, but it was unable to with-
stand the entire fabrication process without cracking, etc.
Some typical results for the fractional resistance rise as a
function of temperature are shown in Fig. 6, where for
comparison we also show the results for long wires with
the one cross-sectional areas. We see that both the tem-
perature dependence and the magnitude of the resistance
rise are essentially independent of sample length. This is
also illustrated in Fig. 7, which shows the fractional rise
as a function of A ' for wires of various lengths. To
within the uncertainties, the resistance rise is independent
of the length. The shortest samples are somewhat longer
than the estimates for L, so it is necessary to consider
how large a length dependence one would expect in this
case. The only guide we have here is the experiment of
Masden and Giordano. ' If we use their result for the
length dependence for a sample with the same value of L
as estimated from (8), then we find that our 1.5 pm sam-
ples should exhibit a resistance rise that is approximately
30% smaller than that found with the 5 pm samples.
This is illustrated in Fig. 7, where the solid curve is sim-

ply a guide to the eye which follows the data and the
dashed curve is drawn 30%%uo lower. Hence we would have

As discussed in Sec. II, both localization and interac-
tions lead to a resistance increase which can be written in
the form

(8)

where Li~ is the localization length, and L is a charac-
teristic length scale. For localization, L is the inelastic
mean free path, while for interactions, L is proportional
to the cutoff which enters the perturbation calculation.
Both theories predict that the behavior will be different
from (8} if the system is probed on a length scale smaller
than L. The most straightforward way to accomplish this
in our case is to make the sample length comparable to, or
smaller than, L, and experiments of this type with litho-
graphically produced wires have been reported previous-
ly. ' There it was suggested that when the length of the
sample, L, is comparable to L, one would expect the
resistance rise to be given by

I"eff
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FIG. 6. Resistance as a function of T ' for several samples
of various lengths and cross-sectional areas. The lengths and
cross-sectional areas of the different samples are indicated in the
figure.
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shown that the behavior of the AuPd wires studied in
Ref. 14 was dominated by interactions, as appears also to
be the case for our samples.

VI. CONCLUSIONS

cu &—' ct'

K K

0
0

I

I

A (lo cm )

FIG. 7. Fractional resistance rise from 4.2 to 1.2 K as a func-
tion of A ' for wires of various lengths. The solid curve is a
guide to the eye, and the dashed curve is drawn proportional to
the solid curve, but 30go lower; see text for discussion.

expected the results for our 1.5 pm samples to fall this far
below the results for the 5.5 pm samples, and we see that
this is clearly not the case.~ We therefore conclude that
the dependence of the resistance rise on length for our Au
wires is substantially different from that found by Masden
and Giordano. ' It is important to emphasize that this
comparison of the two experiments is essentially model in-

dependent. That is, we have assumed only that experi-
ments with similar values of I., as estimated using (8),
should behave similarly. We have made rto assumptions
concerning the precise values of the characteristic length
scales for localization or interactions. It is not at all clear
why the two experiments find different magnitudes for
the length dependence, especially as recent work ' has

We have studied the electrical behavior of thin Au
wires made using a process which is completely different
from those used in past investigations of this kind. Our
wires, which are smaller than any studied previously,
display behavior which is very similar to that found in
past experiments, and thus lends strong support to the
prediction that this behavior is an intrinsic property of
thin wires. The detailed behavior that we observe cannot
be explained in terms of interactions or localization alone,
but can be accounted for if one assumes that interactions
dominate at low temperatures and that localization be-
comes important (although not dominant) at high tem-
peratures. We have searched for a dependence of the
resistance rise on the length of the sample, but such ef-
fects are smaller than our resolution, which implies that
they are also much smaller than found in previous work.
The reason for this is not clear at this time.
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