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FIG. 3. The spatial periodicity of the domain struc-
ture, a, as a function of C& for a tin sample 0.75 mm
thick, P =&6.8', and T =2.0 K. The points are experi-
mental results, while the line is calculated from the
Landau model.

4, the value obtained in Sharvin's work' was
adopted. The result of the calculation is com-
pared with experiment for T = 2.0 K in Fig. 3.
Over most of the range it is clear that the moving
structure has a periodicity very close to that
predicted by the Landau model. The departures
at high fields have already been discussed in
Ref. 4 in terms of a changeover to a modified
Landau structure.

It is concluded that a new experimental regime
has been discovered in which domain motion can
be realized under ideal conditions. All features
of such motion can now be studied with much
more precision than hitherto. The method is
being actively applied to other type-I materials
as well as to a comprehensive study of tin itself.

quired for the passage of a single domain be-
tween the two points, together with the time in-
terval for two adjacent domains to pass one of
the points, then allowed the spatial periodicity of
the moving structure to be established. Proceed-
ing as in Ref. 4, this periodicity can then be com-
pared with the predictions of the Landau model.
The only quantity which enters the calculation
and is not obtained directly during the experiment
is the surface tension parameter and, as in Ref.
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One-Dimensional Superconduc tors
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We report here measurements of the excess fluctuation conductivity in one-dimensional
Al samples. Because sample diameters were so small (typically, square cross sections
-600 A&&600 A), we were able to measure excess conductivity over a temperature range
much wider than previously possible. Good agreement with the Thompson-Maki theory
is observed at temperatures T &1.3T~. The recent theory due to Patton is also in quali-
tative agreement. Above 1.4T~ the data do not agree quantitatively with any theory.

Fluctuation effects in the superconducting resis-
tive transition of one- and two-dimensional sam-
ples have recently been observed and reported. "
A one-dimensional sample is a wire in which the
Ginzburg- Landau (temperature-dependent) coher-
ence length $(T) is much larger than the x or y
dimension (z being the wire axis), while a two-di-
mensional sample is a film of thickness t with
$(T)»f, and all dimensions in the film plane be-
ing» g(T). Although the region below T, has
been extensively explored for one-dimensional

samples and is on reasonably sound ground theo-
retically' ' and experimentally, ' the region above
T, is less well understood. In particular, there
are relatively few data available in this region
taken on one-dimensional samples. The problem
is that while the coherence length is infinite at
T„ it drops rapidly as temperature increases. '
Thus samples which are one-dimensional near
T, cease to be one dimensional at higher temper-
atures. For wires, the temperature range over
which the sample is one-dimensional increases
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as wire diameter decreases. Data on fluctuation
conductivity over a large temperature range are
desirable in order to test proposed theoretical
models, and thi. s in turn requires that wires of
very small diameter be available for which the
requirements of one-dimensionality are satisfied
over a large temperature range above 7.',.

In this Letter we report measurements of ex-
cess conductivity in one-dimensional Al samples
which are, in fact, the finest "wires" ever fabri-
cated. Samples were fabricated by applying an
electron-bea, m lithography technique, described
elsewhere, ' to evaporated thin films. High-purity
Al sources (total impurity content & a few ppm)
were used. Typically, samples were well-de-
fined stripes, 140 p, m long with wide pads at each
end for making contact (see insert in Fig. 1).
Sample cross sections were approximately square
and constant in area (and shape) along the length
of the stripe. The smallest wire prepared by this
method had a 500 A &600 A cross section. Scan-
ning electron microscopy was necessary to deter-
mine these dimensions and to insure that the sam-
ples had a high degree of uniformity. Because of
the small cross-sectional area, the normal-state
resistance of these stripes was high (typically
&1000 0 at 4.2'K), and the fluctuation conductivi-
ty was very large. This allowed us to observe
resistive fluctuation effects at temperatures
close to 2T, with faixly conventional circuitry;
e.g. , nanovolt sensitivity and a current density 4
of 10' A/cm' were used. The resistive character-
istics did not depend on current density if 4~2
&&10' A/cm'.

The excess conductivity results (o') on a Al
"wire" 600 A wide and 700 A thick are shown by
the dots in Fig. l. The sample was relatively
"clean" in that its resistivity decreased by a fac-

IO

tor of 1.93 as it was cooled from room tempexa-
ture to just above the superconducting transition.
The electron mean free path l at this temperature
was determined to be 203 A from the measux'ed
resistivity p and the published value' pl = 8.2 x 10 '
p, ~ cm'. These numbers are typical of the sev--
eral wires tested. In order to compare the tem-
perature dependence of the excess conductivity
with theory, we have included in Fig. 1 the re-
sults from three theoretical treatments which
have been fitted to the experimental parametex s.
The smooth curves in Fig. 1 are due to Aslamov
and Larkin' (A-L)„Thompson-Maki' (T-M), and
Patton" (P). It can be seen that the measured ex-
cess conductivity is substantially larger than that
predicted by the A-L theory, cA q'. However,
the temperature dependence of the data is in ap-
proximate agreement with the A-L theory, i.e.,

ss'g(0) T -T,'I ' ', g,
( )16IS T. ~

over the range (1.1-1.4)T„ in Eg. (1), 8 is the
cross-sectional area of the sample. The temper-
ature dependence is more clearly seen in Fig. 2
where the data are plotted as a function of &.
Above 1.3T, the measured 0' falls off more rapid-
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FIG. 1. Plot of the excess conductivity cr' versus
temperature (heavy dots) for the Al sample shown in
the insert, compared with existing theories. For this
sample, T,=1.336 K, mean free path 1=203 A, and
normal state resistivity p =4.03 pQ cm.
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FIG, 2. Plot of o' vs v[=(T —T~)/T, ) for two Al sam-
ples, which are identical in all respects except for
their widths. Data points for the two-dimensional sam-
ple cover a smaller temperature range because the ex-
cess conductivity is intrinsically smaller than for the
one-dimensional sample and was therefore not resolv-
able over as wide a temperature range.
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ly and again approaches oh z'. A better fit to the
RtR ls obtRined with the T-M modlflcRtion of the

A-L theory. This modification postulates that in
real samples there exist pair-breaking mecha-
nisms which are required to give a nondivergent
fluctuation conductivity, and predicts an excess
conductivity

47./r,
T-M —oA-L 1+ 1+ (&/& )zi2 ~

In this equation the adjustable parameter &, is de-
fined as (T, —T,*)/T,*, where T,* is the transi-
tion temperature which the sample mould have in
the absence of pair-breaking mechanisms. The
T-M curve in Fig. 1 is plotted using a 7, of 0.01,
and a reasonable fit to the data is achieved up to
about 1.8'K (i.e., -1.3T,). Beyond 1.8'K the data
deviate from the T-M theory as expected. Thomp-
son estimates that the validity of his theory is
questionable once o'/o'„« ~, which is the case for
T &1.8'K (o„being the normal state conductivity).
Patton's theory, in which the finite lifetime of the
interacting electrons is included, gives the result

Qp = 0'f 4 2 —3 —
3/4 ln

where r),' ' = v', /v„and r) = ln(T/T, ) for tempera-
tures above T,. It can be seen in Fig. 1 that Pa,t-
ton's theory which does not contain any adjustable
parameters provides fair qualitative agreement
with the experimental data. In particular, only
Patton's theory predicts a high-temperature in-
flection point in the temperature dependence of 0'
as is actually observed in the data.

A two-dimensional sample was deposited in the
same evaporation and on the same substrate as
the one-dimensional sample of Fig. 1. The two
samples were identical in every respect except
width. The excess conductivity for this sample
(shown in Fig. 2) was about an order of magnitude
larger than the A-I prediction for two-dimension-
Rl SRmples but followed the predicted tempera-
ture dependence (v '~'). These results for the
two-dimensional samples are therefore in good
agreement with those previously obtained. ' "

In conclusion, we have measured the excess
fluctuation conductivity above T, in one- Rnd two-
dimensional Al samples. Our results for two-di-

mensional samples are in good agreement with
previously reported measurements. For the one-
dimensional case, our sample fabrication methods
have allowed us to cover a much larger tempera-
ture range than was previously possible (up to
about 2T,). Past measurements"" were report-
ed on samples which are one dimensional only for
temperatures below about 1.2T,. In this tempera, -
ture rRnge we find generR1 agreement with the
previous work and with the Thompson-Maki and
Patton theories. At higher temperatures, the da-
ta cannot be fitted with a.ny of the existing theo-
ries.
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