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New measurements are reported of the low-temperature resistance rise in ultrathin
wires of Cu, Ni, and AuPd, which confirm the proportionality to I' predicted by the
interaction model. Moreover, these results and those in the literature show an absolute
magnitude consistent within a factor of -2 with the predictions of this model, using in-
dependently determined parameters of similar accuracy. It is inferred that interaction
effects are at least as important as localization effects in these systems.

PACS numbers: 72.15.-v, 71.55.Jv

Recently there has been much theoretical' ' and
experimental' ' work concerning the resistance
rise at low temperatures observed in metallic
samples of reduced dimensionality, attributed to
either "localization" or "interaction" effects. In
two-dimensional (2D) samples, the relative im-
portance of the two mechanisms can be sorted out

by application of a magnetic field. In the one-di-
mensional (1D) case of interest here, magnetic
effects are smaller and less helpful; thus, one
must put greater weight on the absolute magni-
tude of the effect and its dependence on material
parameters and on temperature and sample size.
On the other hand, the 1D regime has the advan-
tage that the effect scales linearly with the char-
acteristic length rather than only logarithmically
as in the 2D case.

In this Letter, we report new experimental re-
sults on ultrathin wires of copper, nickel, and
AuPd alloy, and also the results of a careful re-
analysis of the data in the published literature.
In all cases, the quantitative prediction of the in-
teraction model of Altshuler et al. ,4 using inde-
pendently determined parameter values, consis-
tently accounts for much of the observed resis-
tance rise, and in the case of Cu (our most relia-
ble results), it accounts for essentially all of it.
Accordingly, we infer that interaction effects are

at least of comparable importance with, and may
dominate over, localization effects in the metallic
samples reported to date.

In either theory, so long as the resistance in-
crease is small, it can be written as

5R/R = A/L, .
The length A has a different meaning in the two
models, while the length L, = PL/p)(4lt/e') is the
length of conductor having the characteristic
quantum resistance 48/e'= 16400 Q. In the free-
electron model, L, can be expressed in more
microscopic terms as L,= 4F'Al, so that it would
be of the order of the mean free path l in the case
of a "wire" made up of a single chain of metal
atoms, but it is proportionally larger for wires
of realistic cross sections.

In the localization model, ' ' the length A is es-
sentially the inelastic diffusion length" Aa
=(Dra)"', where D is the electronic diffusion co-
efficient and ~~ is the inelastic scattering time.
7.~ is usually determined by the electron-phonon
coupling strength, which can vary markedly be-
tween metals, and 7& is normally expected to
vary as T ~, where /=3. Alternatively, Abra-
hams et al.' have recently argued that if electron-
electron effects dominate the inelastic relaxation
time, P should be ~ in 1D wires.
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Although not derived in this way, the result of
the interaction model of Altshuler et ak.~ is equiva-
lent to taking A = $„=(DS/kT)"', where g„is the
"normal-metal coherence length, "a measure of
the smallest wave packet that can be constructed
from electron waves having energies within -kT
of the Fermi surface. This model involves no

poorly known, mechanism-dependent, or highly
variable parameters, such as ~~.

The ultrathin wires used in this experiment
were fabricated by a step-edge shadowing tech-
nique. " In this technique, the thickness of a wire
is etlual to the reactive ion etching (HIE) depth
and its width is determined by the depth of the
evaporated film and the shadowing angle, all
readily controlled parameters. In addition, wires
with different cross sectional areas can be made
in the same evaporation by varying the RIE depth
on a single wafer. For this work, we made wires
of copper, nickel, and Aupd alloy with cross-
sectional areas as small as 220x200 A' and

length -520 p.m.
A11 of our wires were measured with a four-

terminal ac (-17 Hz) arrangement. A broad thin
film evaporated at the same time as the wire ar-
ray was also measured and served as a reference.
ln both cases, a small ac current (( 10 ' A) was
applied to the sample and the ac voltage was meas-
ured using a lock-in amplifier. At these low cur-
rents, the resistance was found to be indepen-
dent of the current to within the experimental er-
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To facilitate a quantitative comparison with ex-

perimental data, we have manipulated the result
of Altshuler et al.4 to the following form:

R K6 (If/e') (y~~T) A
'

Here y&*T is the electronic specific heat per unit
volume at temperature T after removal of the en-
hancement factor (1+x) due to electron-phonon
interaction (which is not effective in the transport
coefficients" ). p is the resistivity of the materi-
al in the wire, A. is its cross-sectional area, and
E (0 (F (1) is a screening parameter expected
to be - ~ for these metals.

In testing the fit of (2) to experimental data,
care is required to obtain quantitative results,
for reasons made clear from Fig. 1. This shows
a fit to the raw data on three sets of Cu wires as
a sum of a constant residual resistance, plus a
term -T' to represent the ordinary resistance
rise at higher temperatures in a bulk sample,
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FIG. 1. Reconstruction of measured resistance varia-
tion in ultrathin Cu wires as sum of a rise (-T ) char-
acteristic of bulk material and a rise (-T A ') char-
acteristic of the one-dimensional interaction effect.
The wide error bars at the higher temperatures reflect
data taken under transient conditions during cooldown.
The data points at low temperatures, taken under
steady-state conditions, are much. more accurate.
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FIG. 2. (a) Data of Fig. 1, plotted vs 1/~T to isolate
the interaction effect. Only the low-temperature points,
where the T term is negligible, are fitted. (b) Plot of
slopes found in (al vs 1/A to separate the one-dimen-
sional effect from any bulk effect also giving a resist-
ance rise at low temperatures. The point at 1/A. =O .is
an upper bound set by the experimental accuracy.
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FIG. 3. Values of 2-E required to fit resistance-rise
data on ultrafine wires of various metals and resistiv-
ities to the interaction model, Eq. (2). (F is expected
to lie between 0 and 1.) Error bars are somewhat sub-
jective, especially for materials for which directly
measured values of p are not known to us.
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plus a term of the form (2), which is size depen-
dent. From this reconstruction, it is clear that
the minimum-resistance temperature and the
magnitude of the resistance rise at low tempera-
tures from that minimum depend strongly on the
relative magnitudes of the two temperature-depen-
dent terms. Moreover, the magnitude of the
actual rise from the minimum is only a fraction
of the total rise given by (2). To isolate the de-
sired term, in Fig. 2 we plot the data vs l/~T,
and take the slope in the low-temperature region

where the T' term is negligible. Next, the slopes
determined in this way are plotted against 1/A to
isolate the true 1D effect from any background
effects, yielding an experimental determination
of the coefficient of T "'A ' in (2). The agree-
ment with the theoretically expected value was so
impressive that we were emboldened to make
similar analyses of our less complete data on Ni
and AuPd wires, and to reexamine the data in
the literature from the same perspective.

The results for our ultrathin wires of Cu, Ni,
and AuPd are shown in Fig. 3, together with the
results of our reanalysis of the data of Giordano
and co-workers" on Pt and AuPd, and of the
data of Chaudhari and co-workers" on WRe. To
compare with theory, we have calculated the val-
ue of 2 Fre-tluired in (2) to reproduce the ob-
served increase in resistance, using values of
y~~ from the literature, insofar as they are known
(see Table l), and values of p determined from
the measured resistance and the known geometry.
Because of the remark of Giordano' that the ob-
served effect appeared to scale as p instead of
the theoretically expected p"', we have presented
the data vs p in a logarithmic plot. In such a plot,
the Giordano conjecture corresponds to a line
with slope of ~. Although such a slope fits the
data well at the high values of p where Giordano's
results lie, it is not consistent over the broader

TABLE I. Electronic specific-heat parameters. The parameters pz* were
obtained from experimental values of y for the elements quoted by Kittel
CC. Kittel, Introduction to Solid State Physics (Wiley, New York, 1971), 4th
ed. , p. 254] by converting to unit volume (py) and then dividing out the phonon
enhancement factor (1+~), as tabulated here. Values quoted in parentheses are
estimated from values for other metals in the absence of knowledge of directly
determined values.

Metal p (mJ/mol K ) y~ (ergs/cm K ) yz* (ergs/cm K )

Cu
N.i

Pt
Aupd
WBe

0.695
7.02
6.8

(0.73) '
(1.9)'

980
7701
7462
714

2100

0.15+ 0.02'
(0.7+ 0.01)b

0.6 + 0.1
(0.16)'

(0.9+ 0.2) ~

852
4530
4664
616

1106

'A. G. M. Jansen, A. P. van Gelder, and P. Wyder, J. Phys. C 13, 6073
(1980).

Value from (c) for Pd, which is just below Ni in per. iodic table.
G. S. Knapp and H. W. Jones, Phys. Rev. B 6, 1761 (1972).
Value for Au, by analogy with the work on AgPd alloys by H. Montgomery,

G. P. Pells, and E. M. Wray, Proc. Boy. Soc. (London), Ser. A 301, 261 (1967).
Value for Au from (a); see (d).
Weighted average of values for % and Re, which are adjacent in periodic

table.
~Value from (c) for Ta, which is adjacent to W in periodic table.
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range of p which our new results make available
in Fig. 3. It may be significant that the apparent
rise at high p values occurs where kFl -1 and
the model of Altshuler et a/. is expected to break
down. We caution that in basing our analysis on

(2), not only have we had to use estimated param-
eter values in some cases, but also (2) itself is
based on a simplified spherical-Fermi-surface
approximation. Still, we emphasize that the 2 -I"
value found for Cu (for which 5R/R and y~* have
relatively small uncertainties) falls essentially
where it would if the interaction effect were the
only one present.

Chaudhari and co-workers' reached the opposite
conclusion, namely that localization was the domi-
nant mechanism in their samples. This inference
was based on measurements of the differential
resistance of phase-slip centers belaw the super-
conducting T, of their WRe samples, which pro-
vide an estimate of the charge-imbalance relaxa-
tion length" Ao. From this Chaudhari et a/. in-
ferred a value for the inelastic diffusion length
&&, which was consistent with the value required
to fit the resistance-increase data. Two remarks
can be made: (l) Chaudhari et al. comment that
their data in fact "agree quantitatively with the
Coulomb interaction theory, " and so we agree on
that point. (2) The agreement between the phase-
slip data and the resistance-rise data noted by
Chaudhari et al. could be explained equally as
well by assuming that both are determined by a
length related to $„asby a length related to A~.
In fact, their published phase-slip data were tak-
en at rather high voltages (0.3- 2 mV), where
nonlinear effects of heating and charge imbalance
could distort the data and alamo introduce a charge
relaxation mechanism unrelated to the inelastic
relaxation time v~ which enters in A~. In any
case, caution is in order in interpreting these
observations.

In conclusion, the Coulomb interaction model
is found to give an excellent fit to our best data
(on Cu), and an acceptable fit (although typically
too small by a factor - 2) to the data obtained by
three groups on the resistance rise in 1D samples
of five metals with resistivities varying over
more than two orders of magnitude and widely
varying electronic densities of states. This sug-

gests that the interaction model (or another mod-
el with a similar prediction) can account for much
of the observed effect in these samples, while the
localization model does not provide as natural an
explanation for the magnitude and & "' depen-
dence of the data using current models' of inelas-
tic scattering processes in 1D samples.
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