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Experimental study of localization in thin wires
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The electrical properties of wires with cross-sectional areas in the range 1)&10 " to 3)&10 " cm' have been

studied. At temperatures below about 10 K, the resistance of the wires increases as the temperature is lowered. The
magnitude of the resistance rise increases both as the cross-sectional area of the wire is made smaller and as the
amount of randomness is increased. This behavior is in qualitative agreement with the recent predictions by
Thouless concerning localization in thin wires. However, the magnitude of the resistance rise is much smaller than

originally predicted, and to obtain quantitative agreement with the experimental results it is necessary to assume
that the rate at which electrons are inelastically scattered is proportional to the temperature and independent of the
size of the wire. This is not consistent with the usual electron-phonon or electron-electron scattering process, and
suggests that either the sample geometry affects these processes or that scattering from some other source, such as
the tunneling levels believed to be present in all highly disordered systems, is the dominant inelastic scattering
process. Experiments on thin films with resistances per square in the range 15 to 100 0 are also reported. The
behavior of the films is similar to that of the wires; they exhibit a resistance rise at low temperatures, and the
magnitude of the rise becomes larger as the resistance per square is increased. These results are in good agreement
with the predictions of Abrahams et al. for localization in two dimensions and correlate well with recent
experimental results of Dolan and Osheroff. The effect of a magnetic field has also been investigated. It is found that
a field of 75 kOe has no significant effect on the behavior of the wires. However, a field of this size appears to change
the behavior of the films markedly. While our results are all consistent with theoretical predictions based on
localization, they are also consistent with recent theories based on electron-electron interaction effects in disordered
systems.

I. INTRODUCTION

In recent years there has been a great deal of
interest in the properties of random systems.
One of the very interesting developments in this
field was the prediction by Anderson' that when
the amount of randomness exceeds-a critical
amount, all of the electronic states will be spa-
tially localized. This is in sharp contrast to the
extended (i.e., nonlocalized) states which are
characteristic of a perfect, periodic system.
Since transport properties, such as the electrical
conductivity, p, re strongly dependent on the nature
of the electronic states, the concept of localiza-
tion plays a key role in present theories of trans-
port in random systems. In particular, in a sys-
tem in which all of the states are localized, elec-
trical conduction at low temperatures will pro-
ceed via hopping from one localized state to
another. ' Since this hopping will be a thermally
activated process, the hopping probability and
hence the electrical conductivity will decrease as
the temperature is lowered, and both will go to
zero as T-0. This is in contrast to the behavior
of a system with extended states; in this case the
conductivity at low temperatures is independent
of temperature and has a nonzero value as 1'-0.

Localization has been studied both theoretically
and experimentally in a number of two- and three-

dimensional systems. ' While the theory also pre-
dicts very interesting behavior in one dimension,
this case did not appear to be experimentally ac-
cessible until very recently when Thouless' '
argued that all systems, regardless of their cross-
sectional area will behave one-dimensionally in-
sofar as localization is concerned, provided only
that they are sufficiently long. Specifically,
Thouless predicted that localization will cause all
one-dimensional systems (i.e., wires) with im-
purity resistances greater than about 8 k to ex-
hibit thermally activated conduction at low tern-
peratures and to be insulators at absolute zero.
The temperature at which this effect becomes ob-
servable, T~, is predicted to increase both as
the cross-sectional area, A, of the wire is de-
creased and as the amount of randomness (i.e.,
the impurity resistance) is increased. For mac-
roscopic wires, TI. is predicted' to be unattaina-
bly low, but for very random wires with A =2.5
x10 " cm' (a radius of order 250 A), T~ is pre-
dicted to be of order 1 K.

We have searched for the effect of localization
in thin wires, and in this paper we report the
initial results of this work. We find strong evi-
dence that the predicted effects do occur, and the
results are in good general agreement with the
theory.

The outline of this paper is as follows. In Sec.
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II we review the pertinent theoretical work and
describe the predictions relevant to our experi-
ments. The experimental techniques used to fab-
ricate the samples studied in this work along with
the measurement techniques are described in
Sec. III. In Section IV we present our results and
compare them with the theoretical predictions.
Our results are compared with those of other
workers in Sec. V, and Sec. VI contains our con-
clusions. We note that a preliminary account of
some of the results described in this paper was
given in Ref. 7.

II. THEORY

A. Localization in one dimension

In a three-dimensional system, localization of
all of the electronic states does not occur until
the randomness exceeds a certain nonzero
amount. ' ' That is, in the presence of weak dis-
order some of the states in a three-dimensional
system will remain extended. However, the be-
havior in one dimension is believed to be quite
different. It was first shown by Mott and Twose'
and by Landauer' that any amount of disorder,
no matter how small, would cause all of the states
in a one-dimensional system to be localized, and
that this would lead to a vanishing of the conduc-
tivity at absolute zero. Since this work, a number
of other authors" have proven this result with
greater rigor, and it seems fairly well established
theoretically that the electrical conductivity of a
random one-dimensional system will be zero at
absolute zero. At finite temperatures the elec-
trons mill be able to hop from one localized state
to another, and thus one would expect the elec-
trical conductivity to be thermally activated at
low temperatures.

Although the results described above were all
obtained from models in which electrons move in
a strictly one-dimensional potential, it has been
suggested" that they should apply to all systems,
provided that the ratio of the length to the cross-
sectional area is sufficiently large. This problem
has been considered in detail by Thouless, "who
has discussed the conditions under which this ef-
fect should be observable. Using scaling argu-
ments similar to those developed previously, "'
Thouless showed that for a one-di. mensional sys-
tem, i.e., a wire, the electronic states will be
localized with a localization length equal to the
length of wire corresponding to an impurity re-
sistance of order 2@/e' = 8 kQ. Thus any wire
with a resistance greater than this amount (that
is, longer than the localization length) will have a
thermally activated conductance at lom tempera-
tures and be an insulator at absolute zero. Thou-

less argued further that the effect —the thermally
actived conductance —mill only be observed at very
low temperatures and with very thin wires for the
following reason. At "high" temperatures an
electron will experience frequent inelastic col-
lisions with phonons, electrons, and any other
excitations which are thermally excited. Each of
these collisions will cause the electron to jump
from one localized state to another. " If the in-
elastic scattering rate is very high, then the elec-
tron will change states many times before it can
diffuse a distance of the order of the localization
length. As a result, the electron will never "know"
that it was in a localized state, and the localiza-
tion will have no effect on the conductance. The
effect of localization will only be felt when the
mean free path for inelastic scattering (that is,
the distance the electron travels between inelastic
scattering events), I, , is comparable to the lo-
calization length L. This can be accomplished
either by reducing the cross-sectional area of the
wire and/or increasing the amount of randomness
which will decrease I, or by reducing the tem-
perature and hence increasing l;. No matter how
large the cross section is, there will always be
a temperature 7.'~ at which l,. is equal to L, and
this will be approximately the temperature at
which localization becomes observable. For a
very random wire with a diameter of 500A, Thou-
less4 has shown that T~ =1 K, where he con-
sidered inelastic scattering due to both phonons
and electrons. In addition, the above argument
implies that 1'& will scale inversely with the
diameter of the wire, and this explains why the
effect is not ordinarily observed.

The quantitative behavior of the resistance has
been considered by several authors. Abrahams
et al."have utilized scaling arguments similar
to those developed previously, Thouless" has
considered the diffusive motion of the electrons
directly, and Anderson et al."have also em-
ployed the scaling equations. The results of all
three theories are essentially the same and can
be described as follows. The resistance of a
wire at zero temperature can be written as

R=R 1+—+ ~ ~ ~ i0 L )[

where R, is the resistance due to impurity (elas-
tic) scattering, l is the length of the wire, and L
is again the localization length. Here we give
only the leading terms in the expansion of R. This
will be a good approximation mhen the effect of
localization is small, as will be seen to be the
case in the present experiments. At finite tem-

peraturess

I, must be replaced by the distance the
electron diffuses between inelastic col-



EXPERIMENTAL STUDY OF LOCALIZATION IN THIN WIRES

lisions, "'""which is just the inelastic mean
free path, l, Since the electronic motion will
be diffusive, I, will be given by

(2)

mean that the wavelength of a thermal phonon is
much less than the electronic mean free path for
elastic scattering}, one expects'

where v,. is the inelastic scattering time and D
is the appropriate diffusion constant. Using the
Einstein relation together with the usual relations
for an electron gas, we have"'

where v~ is the Fermi velocity and ~, is the elas-
tic scattering time. The localization length is
given through the relation

p, L
A

Here p, is the resistivity due to impurity scat-
tering, A is the cross-sectional area, and R~ is
the maximum metallic resistance which Anderson
et al.' ' have predicted to be 36.5 kQ. Combining
all of the above results we find"

I( p~42Up 7~7;

From (5) we see that the fractional resistance
rise (which is just the second term in the paren-
theses) should exhibit the following behavior: (1)
it should scale as 4 ', (2} it should scale with the
impurity content, e.g., the amount of randomness,
as v' p, [this follows from Eq. (6) since p, should
be proportional to 7, '], and (3) all of the tempera-
ture dependence of the resistance arises from the
temperature dependence. of 7,.

8. Inelastic scattering time

From the above discussion, it is clear that the
inelastic scattering time, &;, plays a key role in
the prediction for B. Thouless4 originally con-
sidered inelastic scattering by phonons and by
electrons. For the latter, the scattering time
goes as"

(6)

with n =2. For phonons the scattering time is
still given by (6) but the value of n depends on

whether the phonons are three dimensional or one
dimensional, and on whether the material is
clean or dirty. 4 Determining the effective di-
mensionality of the phonons is not a simple prob-
lem since in the present experiments the wires
are attached to a substrate. For three-dimension-
al phonons in a clean material (by "clean" we

where the coefficient of proportionality depends
on material parameters but not on the size of the
wire. For one-dimensional phonons in a clean
material one expects

(6)

The factor of A. from the coefficient of propor-
tionality is displayed explicitly here to emphasize
that in this case v; also depends upon the area of
the wire. In a dirty material (i.e., one in which
the wavelength of a'thermal phonon is much
greater than the electronic mean free path) the
results for 7; are somewhat different. In this
case Thouless found'

for three-dimensional phonons and

(10)

for one-dimensional phonons.
Since the original work of Thouless, 4 it has been

suggested" that scattering from the two level-
tunneling modes believed to be present in all
amorphous materials" may be important in the
present experiments. Recently Black et a/. '4

have considered inelastic scattering from tunnel-
ing modes in detail and have used experimental
data to estimate the value

r,. =(2.3x10~)T ' sec-K

for the metallic glass PdSiCu. The temperature
dependence of 7; for electron-tunneling-mode
scattering should be the same for all materials. '4

While the numerical factor in (11)will in general
be different for different materials, it does indi-
cate the order of magnitude which might be ex-
pected.

We should also note that it has been shown very
recently that the presence of impurities will modi-
fy the electron-electron scattering rate discussed
above. For a dirty one-dimensional system it has
been predicted that2""

(12)

The' inelastic mean free path will be determined
primarily by the scattering mechanism which
yields the smallest value for ~,. Since it is very
difficult to make quantitative estimates of the
magnitudes of the inelastic scattering times dis-
cussed above (i.e., the coefficients of propor-
tionality in (6}-(12)j, it is not possible to deter-
mine ahead of time which mechanism will be
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dominant in a given experiment. We will, there-
fore, use the experimental results to infer which
mechanism(s) are dominant. This is possible
since the different mechanisms yield different
dependences on temperature and cross-sectional
area.

e2pe(2 —I'}
~(

Dh l~'~
7) SA. (2k~T)

(13)

where k~ is Boltzmann's constant and I is a
screening parameter whose value lies between 0
and 1. Since 8/e is approximately equal to R~,
this prediction is identical in form to (5} pro-
vided that the dominant inelastic scattering mech-
anism is electron-tunneling-level scattering. We
will see in Sec. IV that our experimental results
are consistent with (13). Since, as discussed
above, the absolute magnitude of the electron-
tunneling-level scattering time in our samples
cannot be determined independently at present,
our experimental results are not able to disI;in-
guish between the two theories. We will return to
this problem in Sec. V. In discussing the experi-
mental results for our thin wires we will for con-
venience often refer to "the theory" or "localiza-
tion effects. " It is to be understood that these
statements refer to the predictions of both locali-
zation theory and the many-body theory.

D. Localization in two dimensions

While the qualitative behavior which is expected
to arise from localization in one dimension is
fairly well established, this is not the case in two
dimensions. A considerable amount of theoretical
and experimental work" seems to provide strong
support for the existence of extended states when
the disorder is weak and a mobility edge together
with a minimum metallic conductivity in the nei-
ghborhood of (30 kQ/ ) '. However, some recent
work'4 has argued against this point of view, and
it has been suggested that even when the disorder
is weak, all of the states will be localized, just
as is the case in one dimension. These predic-
tions are of interest for the present work since,
as we will see, it is very important to compare
the behavior of thin wires with that of thin films
of the same material.

If there are extended states when the resistance
is below 30 kQ/0, then films with resistances
below this value should exhibit ordinary metallic
behavior at low temperatures. That is, the re-

C. Many-body effects

Altshuler et al."have predicted that in a dis-
ordered one-dimensional system electron-electron
interactions will lead to a divergence in the re-
sistivity which is given by

sistance should be independent of temperature"
and approach a finite nonzero value as T-0. If,
on the other hand, there are no extended states
even with weak disorder, then all metal films,
regardless of their resistance, should exhibit a
resistance which rises as the temperature is
lowered, and becomes infinite as T approaches
zero. In this case the resistance at high tem-
peratures is predicted to be given by"

(14)

where B =~e'b/v'h. Here 5 is a constant of
order unity and Bp is the resistance per square.
If at finite temperatures l is equal to the inelastic
mean free path, then R will rise logarithmically
at low temperatures. As will be discussed below,
our experiments as well as those of previous
workers are consistent with (14) and not with
theories which predict ordinary metallic behavior
for films with resistances less than 30 k&/Q.
However, it has recently been proposed" that in a
disordered two-dimensional system the electron-
electron interactions will lead to a singularity in
the conductivity which, to within a constant of
order unity, is identical to that given in (14).
Since the two theories, one based on localization
and the other based on many-body effects, make
virtually identical predictions, it does not appear
that resistance measurements alone can dis-
tinguish between the two theories. This problem
will be discussed further in See. V.

P. Conditions for one- and two-dimensional behavior

It is important to consider the length scales
which determine the effective dimensionality of
a particular sample. For a thin film this amounts
to asking how small the thickness of the film must
be in order for it to behave two-. dimensionally.
For a thin wire, the dimension in question is the
diameter of the wire. Thouless" has argued that
insofar as localization is concerned, the inelastic
mean free path l, is the relevant length (we will
see that our experiments are consistent with this
prediction). Thus to obtain two-dimensional be-
havior, the film thickness must be less than I, ,
and to obtain one-dimensional behavior the lateral
dimensions of the wire must both be less than l;.
Since the temperature dependence of the resistance
can be used in conjunction with (5) to estimate l, ,
these conditions can be used as a consistency
check on the overall interpretation. We should
also note that the many-body theory" predicts that
the relevant length scale will be VDR/k~T. Since
this length can be estimated from the measured
resistance, it is again possible to make a con-
sistency check as to the effective dimensionality
of a sample.
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FIG. 1. Description of the lithographic process used
to make the wires studied in this work.
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III. EXPERIMENTAL TECHNIQUE

A. Fabrication

The wires studied in the present work were fab-
ricated using a novel lithographic technique which
we shall refer to as "step lithography. " It is based
on work by Feuer and Prober" who have shown
how to make well defined yet extremely shallow
steps in materials such as glass. The fabrication
process is illustrated schematically in Fig. 1.
Conventional conf ormal lithographic techniques
are used to coat half of a glass substrate with a
metal film. This structure [Fig. 1(a}]is then
bombarded at normal incidence with Ar' ions
which "mill" into the surface [Fig. 1(b}]. The
metal film is then removed chemically leaving a
step in the substrate [Fig. 1(c)]. A second metal
film is next deposited in such a way that the step
is coated. The surface is then milled again with
Ar' ions, but this time at an angle such that the
metal on the side of the step is in the shadow of
the step [Fig. 1(d)]. The result is a wire which
runs along the step [Fig. 1(e)].

We have used Cr for the first metal film [Fig.
1(a)] although any metal should be suitable. How-

ever, metals such as Cr which have lower milling
rates than glass" are desirable since this will
minimize rounding at the bottom of the step due
to nonidealities in the edge profile of the metal
film [Fig. 1(a)].

In our experiments the Ar' beam was produced
by a Commonwealth Scientific model 2-30 ion gun.
The initial step was milled at high energies, typi-
cally 5 keV, while a somewhat lower energy,
typically 500 eV, was found to be best for the
final milling [Fig. 1(d)]. Our attempts to make
wires using high energies for the final milling
were unsuccessful, presumably because of multi-
ple scattering and ion penetration effects.

Figure 2(a) shows a picture of a rather large
wire whose diameter (which we take here to be
the distance across the wire when viewed at nor-
mal incidence) is approximately 1100 A. The wire
is seen to be continuous and to have a very uniform
cross section. The effects of finite grain size in

1000 A .'000 A

the original metal film are barely visible at this
scale and wi11 be discussed further below. We
also note that a small amount of "lumpiness" is
visible in the glass both above and below the step.
This is not inherent to the glass substrates which
were used, "but is due to the ion milling. These
regions were covered with a metal film which was
then milled away. Because of grain size effects,
the film milled nonuniformly so that some regions
were milled away faster than others. " This. re-
sulted in the lumpiness in the glass after, all of
the metal was removed.

Figure 2(b) shows a picture of the same wire in
a region in which the step was not perfectly
straight. We were originally concerned that de-
fects such as these would cause discontinuities
or other problems in the wires. However, as
can be seen from Fig. 2(b), the wire conforms to
the step very well and the cross-sectional area
is not altered significantly in this region. We

should also note that this was by far the worst de-
fect in this particular wire. Our steps were thus
of very high "quality" even over distances of

FIG. 2. Scanning electron micrographs of several
wires. (a) A relatively large "dirty" (see Sec. III. C for
an explanation of this term) wire viewed at normal inci-
dence. The high side of the step is at the top of the pic-
ture. (b) Picture of the same wire as in (a) but taken at
a different location along the wire. The high side of the
step is again at the top of the picture. (c) A small
"clean" (see Sec. III. C) wire viewed at normal incidence.
The high side of the step is at the upper right. (d) Pic-
ture of the same wire as in (c), but viewed at 45 from
the normal, i.e. , looking into the step. The high side of
the step is at the top of the picture.
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FIG. 3. Realistic wire cross sections derived using
the assumptions and conditions discussed in the text.
The arrow in (b) indicates the "hazy" region noted in
connection with Fig. 2(c) (see text for discussion).

order 200 pm, which was the length of a typical
wire.

Figure 2(c}shows a picture of one of our smal-
lest wires. Here the diameter is approximately
350A. The wire is seen to have a very uniform
cross section, and it thus appears that it should
be possible to make even smaller wires with the
step lithography technique.

In Fig. 2(c} the lumpiness in the glass is clearly
evident, as is a "hazy" region on the low side of
the wire. This region arises in the following way.
The final cross section of the wire shown in Fig.
1(e) will be obtained only if the ratio of the mill-
ing rate of the glass to that of the metal film is
infinite. A finite ratio will lead to a somewhat
different cross section. In general, the cross
section will depend in a complicated way on the
ratio of the milling rates, the milling angle, the
milling time, the thickness of the metal film rela-
tive to the height of the step, and the profile of
the film in the vicinity of the step. If we assume
simple line-of-sight milling, ignore redeposition
effects, "and assume that the profiles of the metal
film and the underlying step are both perfectly
"sharp" [as shown in Fig. 1(d)], then cross sec-
tions like those shown in Fig. 3 will be obtained.
If the thickness of the initial film is comparable
to the height of the step, then the cross section
just after the upper and lower half planes have
been milled away will appear as shown in Fig. 3(a).
If the milling is continued, the cross section will
change as shown in Fig. 3(b) and 3(c). If the
thickness of the initial film is much less than the
height of the step, then a cross section like that
shown in Fig. 3(d} will result.

As discussed above, a number of simplifying
assumptions were made in deriving the results
in Fig. 3, and it seems likely that the actual cross
sections will be more complicated. Nevertheless,
cross sections of the four general types shown in
Fig. 3 have all been observed. The wire shown in
Fig. 2(a) corresponds to the cross section in Fig.
3(a), while the wire in Fig. 2(c) corresponds to
Fig. 3(b). The hazy region seen on the low side

of the wire in Fig. 2(c) is the region in which the
substrate makes a finite angle with the original
glass surface. This can be seen more clearly
from Fig. 2(d) which shows the same wire viewed
at an angle of 45' from the normal to better ex-
pose the wire. The contrast between the wire and
the glass has now decreased, but a dark strip is
clearly visible below the wire. This strip is the
region of the substrate indicated by the arrow in
Fig. 3(c). We note that the types of cross sec-
tions obtained in the wires shown in Fig. 2 and in
all of our other wires were always consistent with
the measured step heights, film thickness, and
milling times of each sample.

Leads were attached to the wires in the follow-
ing way. Each slide contained one or more long
(several mm} steps. After coating the steps with
the metal film [Fig. 1(d)], strips of silver paint
were laid across the steps. The strips were
separated by typically100 to 400 pm and were
positioned so that. only the straightest and most
defect-free regions of the step (as viewed with an
optical microscope) were exposed. When the
final milling was performed, the strips of silver
paint (which were much thicker than the under-
lying film) protected the film, and thus wires
were formed only in the regions between the
strips. The strips then served as contact pads
since the silver paint was in good electrical con-
tact with the underlying film which was itself con-
tinuous with the neighboring wires. Contacts to
the outside world were then made via the silver
paint pads. This method made it possible to avoid
imperfect regions of the step and to put several
potential wires on a single slide. The yield of
good (i.e., electrically continuous) wires varied
from slide to slide, and was typically 30-70 /q.

The cross-sectional area was determined using
the relation

plA=— (15)

8. Film preparation

All of the wires studied in the present work
were composed of Aue, Pd«. This material was

where p is the resistivity, and l and R are the
measured length and resistance of a wire. The
values of A determined in this way were in good
agreement with, but more accurate than values
obtained from examination with a scanning elec-
tron microscope, and from the known step heights,
milling times, etc. For example, the wire in
Fig. 2(a) had an area of A. =1.19x10 '0 cm'
(MA =1090A) as determined from (15), in good
agreement with the value of the diameter noted
above.
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chosen for several reasons. (1) Neither Au nor
Pd has a local magnetic moment, thus avoiding
the Kondo effect. (2) Thin films can be readily
produced either by sputtering or thermal evapora-
tion. (3) AuPd films are known to have a very
small grain size, "thus reducing problems with
granularity of the wires. (4) AuPd does not
readily oxidize, so that films and wires can be
stored without any special precautions.

The AuPd fi1ms used in this work weie deposited
in two ways: dc sputtering and thermal evapora-
tion. The sputtered films had a very high resis-
tivity, presumably due to trapped Ar and 0, and
other defects. The resistivity was 370+90 p~ cm
where the uncertainty represents sample-to-
sample variations as well as measurement uncer-
tainties (due largely to the uncertainties in the
film thickness). The resistance ratios of the
films were in the range 1.028-1.042, where this
represents (the maximum} sample-to-sample
variations. 'Here we "define" the resistance ratio
to be the ratio of the resistance at room tempera-
ture to that at 12 K. (This definition was chosen
to avoid complications from the resistance rise
due to localization which in our samples is small
above 12 K.) The evaporated films were pre-
pared by thermal evaporation of measured amounts
of Au«Pd40 wire from Al, O, -coated boats. The
pressure in the belljar during the evaporation was
kept fairly high, typically 3x10 ' torr. The
evaporated films had resistivities of 100+25
pO cm and resistance ratios in the range 1.060-
1.080. In the following we will refer to the sput-
tered films and wires made from them as "dirty, "
and the evaporated films and wires made from
them as "clean."

If we use the usual free-electron model for the
resistivity, we expect

m &1.
(16)

The resistance ratio I' is then given by

p(300 K)
p(0)

If we assume v; at room temperature to have the
same value' as in Au, 3&10 '4 sec, then

(18)

expressed in sec, using the measured value of I'
for our dirty films [note that the difference be-
tween p(0) and p(12 K) in (16) is negligible for our
purposesJ. Inserting this into (16) gives, in
pQ cm,

p(300 K) =58+15,

which is far below the measured value. While

there is no reason to expect the free-electron
model to work terribly well, we find the magni-
tude of the discrepancy to be surprising and may
indicate that the inelastic scattering processes
in our dirty films are different from those found
in a elean system. A similar discrepancy is
found for the clean films. '~

Examination with a scanning electron micro-
scope (SEM) showed that both the dirty and clean
films were smooth to within the resolution of the
microscope, which was about 100 A. Transmis-
sion electron microscope studies of films lifted
off from their substrates showed that both types
of films were polycrystalline with a grain size
of approximately 50 A. After a "light" ion milling
of the films, lumpiness could be readily observed
with the SEM, as discussed above in connection
with Fig. 2.

Since the final fabrication step involved ion mil-
ling the AuPd films, it is possible that the wires
could have been "damaged" by this process and
that they could contain implanted Ar." Fortu-
nately such effects should Got affect the properties
of interest in the present work. %e note, how-
ever, that the wires always exhibited the same
resistance ratio as films deposited at the same
time. " This implies that any damage, etc. , due
to the milling is not large. Moreover, it also
means that the resistivity of the wires is the same
as that of the films and thus justifies the use of
(15}to determine the cross-sectional area.

C. Measurement techniques and apparatus

The measurements presented in this paper were
begun at Yale and completed at Purdue. This led
to a time "gap" in this work which, as will be
seen below, led to some interesting results.

Two different cryostats were used in this work.
A 4He cryostat was used for measurements in the
range 1.3 to 30 K. The sample was mounted on a
copper block which was enclosed in a vacuum can,
which in turn was immersed in liquid 4He. Tem-
peratures above 4.2 K were obtained by evacuating
the can and employing a heater, while below 4.2 K
a small amount of exchange gas was admitted into
the can. The temperature was measured with a
calibrated germanium thermometer. ~ The outside
of the vacuum can was lined with Pb and p metal
and the magnetic field at the sample was less than
0.05 Oe.

The same cryostat was used for measurements
in large magnetic fields. For these measure-
ments, the vacuum can (which in this case was
unlined) was inserted into the bore of a super-
conducting solenoid. The thermometer was po-
sitioned well outside the high-field region, so
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that the magnetoresistance was negligible.
In later measurements a 'He cryostat was em-

ployed. This cryostat has been described else-
38where. The samples were located in the inner

vacuum can along with two calibrated germanium
thermometers. " A heater, which was approxi-
mately 1 m of '75- p m diameter evanohm wire,
was wound around the outside of the inner can.
A small amount of 'He gas was admitted into the
inner vacuum can to ensure good thermal contact
between the sample, the thermometers, the heater,
and the 3He pot.

In our initial experiments with the wires the
resistance was measured using a quasifour-
terminal dc method. ' In this setup two separate
leads were attached to each of the silver-paint
contact pads of the sample. In order to check for
possible spurious (i.e., temperature depe-ndent)
contact effects, a few measurements were made
using a true four-terminal setup in which adjacent
wires on the same substrate were used as current
leads. These measurements indicated that con-
tact effects were negligible. In later experi-
ments, a two-terminal ac Wheatstone-b 'd

arrangement" was used. ac and dc measure-
ments on the sample were always in good agree-
ment. The ac setup was preferable, however, as
it had a higher voltage sensitivity than could be
obtainqd with the dc method. This allowed the use
of smaller sample currents, which was par-
ticularly important with the thinnest wires at the
lowest temperatures. The ac bridge was op-
erated at frequencies in the range 30-100 Hz, and
it was possible to resolve voltage changes of ap-
proximately 1 X10 ' V with a one-second time
constant.

Measurements on the films were all made with
a four-terminal dc arrangement. The films were
sliced into strips typically 0.5 mm wide and 1 cm
long, and four separate leads were attached,
either with silver paint or by slicing the original
film in the appropriate way. %e note, however,
that even though four separate leads were at-
tached, contact effects are still possible since the
resistance of the contact regions was a ' if'
fraction of the total resistance of the sample
(typically 10%). (Note that this was not the case
for the wires since they had much larger resis-
tRnces )Fortun. ately~ by conlpRrlllg llleRsure-
ments made on both the clean and dirty samples
and on samples of various lengths, it was possible
to show that contact effects were in fact negligible
for measurements made in zero magnetic field.
Insufficient data are available for the films to es-
tablish this fact in finite magnetic fields al-
though we believe that contact effects were also
negligible in this case.

IV. EXPERIMENTAL RESULTS

A. Thin films

During the course of our studies of thin wires,
it became clear that a careful study of the AuPd
films was needed to enable us to distinguish which
effects were due to the "one-dimensionality" of
the wires and which were intrinsic to the AuPd
films. The results of this study are described
in this section.

Figure 4(a) shows the resistance of a typical
dirty AuPd film as a function of temperature. As
discussed in Sec. III, the resistance rise ob-
served at low temperatures is not a contact ef-
fect, but appears to be an intrinsic property of
the AuPd film. Most of our measurements were
made on films approximately 400 A th' k. For
these films, the resistance rise at 1.5 K was
(10x2)&&10 ' of the total resistance, 4' where the
uncertainty is the sample-to-sample variation
observed in the eight samples which were studied.
We note that this variation is of the same magni-
tude as variations in the resistances per square
of the samples. Thicker films exhibited somewhat
smaller resistance rises, approximately 7x10 '
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FIG. 4. Resistance as a function of temperature for
{a) a dirty film with+ =l00 Q, and (b) a elean film with
go =13 Q. For purposes of comparison, the values are
normalized by the value of the resistance at 12 K; this
was 1240 Q for the dirty sample and 1140 Q for the
clean sample.
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FIG. 5. Resistance as a function of the logarithm of
the temperature for (a) a dirty film with P~ = 100 0, and

{b) a dirty film which had been annealed as described in
the text and which had g =44 Q. The values of R(12 K)
were 1230 Q and 880 0, respectively.

for 800-g films, and 5&&10 ' for 1600-A films.
Films which were "lightly" ion milled had a re-
sistance rise which was equal to or slightly
(-20%) greater than that found prior to ion mill-
ing. Similar behavior was observed in the clean
AuPd films as shown in Fig. 4(b). The resistance
rise was smaller in the clean samples by approxi-
mately a factor of two at 1.5 K for samples of the
same thickness. The resistance rise in the clean
films was also observed to increase as the film
thickness was made smaller.

Edwards et al. ' have reported that bulk AuPd
alloys exhibit a resistivity rise at low tempera-
tures. For Au«Pd« they find a rise in the re-
sistivity at 1.5 K of approximately 3&10 '-p, Q

cm, which is much smaller than the 0.4-pO cm
rise which we observe in our 400-A thick dirty
films. This difference suggests that the resis-
tance rise observed in our thin films is not in-
trinsic to bulk AuPd, but is due either to the
geometry of the films or possibly the very high
concentration of impurities present in our films.
It is interesting to note that while several dif-
ferent mechanisms have been proposed to explain
the behavior observed by Edwards et al. ,

"they
all predict a variation of the form

(20)

at low temperatures. This functional form is in
good agreement with the results for AuPd and for
a number of other Pd alloys. "' ' However, the
resistance rise of our thin films is not consistent
with the functional form (20) but, as shown in Fig.
5, our results are quite consistent with a
logarithmic tempe rature dependence. Since the
latter is the form predicted for localization in two
dimensions, "we tentatively conclude that the ef-
fect seen in our film is due to localization. How-

ever, since a logarithmic variation is also con-
sistent with the Kondo effect, we performed the
following experiment, A dirty sample was cut in-
to two pieces. One piece was annealed at 300'C
for 24 h in an Ar atmosphere, while the other
piece was stored as usual at room temperature.
The resistance of the annealed sample after this
procedure was 44@ of its value prior to annealing.
The resistances of the two samples were then
measured at low temperatures and the results
are shown in Fig. 5. The fractional resistance
rise is seen to be much smaller in the annealed
sample than in the unannealed sample. If this
resistance rise was due to Kondo effect, i.e.,
magnetic impurities, then we would expect that
the fractional rise would be larger in the annealed
sample since annealing would not be expected to
change the concentration of magnetic impurities.
This is clearly not the case, and we therefore
conclude that the Kondo effect is not important
in our experiments.

The theory'~" predicts that the resistance rise
due to localization should scale as R=,', where R~
is the resistance per square [Eq. (14)]. Our re-
sults for the clean and dirty films are qualitatively
consistent with this prediction since as noted
above, the magnitude of the resistance rise de-
creases as the films are made thicker and/or
cleaner. However, the results for the dirty
films as a function of thickness do not appear to
scale quite as strongly with R~ as the theory pre-
dicts." Part of this discrepancy could be due to
uncertainties in the values of RL- for our samples,
but further work is needed to clarify this point.
The results of the annealing experiment are in
good agreement with the theory, since the an-
nealing reduced B~ by 44/z and the magnitude of
the resistance rise decreased by approximately
4010 (see Fig. 5). We thus find semiquantitative
agreement between localization theory and experi-
ment for our thin-film results. " However, since
the theory based on electron-electron interaction
effects makes predictions which are identical to
localization theory, we are unable to determine
which one is responsible for the behavior we
have observed.

We also attempted to study the inelastic-scat-
tering time through measurements of the resis-
tance at high temperatures, and some typical re-
sults are shown in Fig. 6. The behavior is con-
sistent with a T' dependence (but not a T or T'
dependence) in the range 10-30 K. An interesting
feature of these results is that the relative rise
in the resistivity is much larger in the dirty sam-
ples than in the clean samples. This is opposite
to what one would ordinarily expect if the inelas-
tic-scattering time is approximately the same in
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the two samples. A possible explanation of this
result is that increasing the randomness causes
an increasing breakdown of the conservation of
wave-vector requirement in electron-phonon
scattering. 4' Because of this complication, we
have not attempted to extract a value of the inelas-
tic-scattering times from these results. '4

B. Thin wires

The current voltage (I V) chara-cteristics of
several wires were studied at various tempera-
tures. In all cases the I-V curves were linear
at low currents while at high currents Joule heat-
ing was clearly evident. The wires thus behaved
as ordinary Ohmic resistors. All of the results
given below were, unless explicitly noted other-
wise, obtained at currents sufficiently small that
Joule heating was negligible.

1%'e will first consider the results for the dirt
wires. Typical results for the resistance over a

FIG. 8. Resistance as a function of temperature for
several dirty wires. The ~A of each wire is indicated
m the figure. For purposes of comparison, the results
for each sample are normalized by the value of R at
12 K. R(12 K)=380 kQ for the 450-A wire, 200 kQ for
the 570-A wire, 78 kQ for the 910-A wire, and 32 kQ
for the 1900-A sample. The results for a dirty film are
also shown for comparison.
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wide temperature range are shown in Fig. 7.
sve yAbove about j.5 K the behavior is quantitativel

similar to that found in the dirty films (Fig. 6).
At 1ower temperatures the resistance of the wire
increases much more rapidly than that of the film,
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FIG. 7. Resistance as a function of temperature for a
dirty wire with M= 890 A.. R(12 K) =58 kQ

FIG. 9.
the

Resistance as a function of the logarithm f
he temperature for several dirty wires. The data are

the same as that shown in Fig. 8. Typical error bars
are shown at selected points. Note that the uncertainty
increases as the temperature decreases since lower
currents must then be used to avoid significant Joule
heating.
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FIG. 10. Resistance as a function of T for several
dirty wires. The data are the same as that shown in
Fig. 8. For the sake of clarity some overlapping points
have been omitted.

and we attribute this to the effect of localization
in one dimension.

The results for several other wires are shown
in Fig. 8, where for comparison we also show the
behavior of a thin film. The resistance rise is
seen to increase as the cross-sectional area of
the wires is decreased, and for the wire with
vX=450A the rise at 0.3 K is nearly ten times
larger than that observed in the film. In Fig. 9
we show the same results plotted against a
logarithmic temperature scale. It is clear that
for the wires the temperature dependence is
definitely faster than logarithmic and is thus dif-
ferent from that observed in the thin films. Fig-
ure 10 shows the same results plotted against
7 '+. Below about 5 K the results are consistent
with a T '~ dependence, while at higher tempera-
tures there is a small deviation towards lower
values of the resistance. " Figure 11 shows a plot
of the fractional resistance rise at a constant
temperature as a function of A '. The data at
A. ' =0 are the thin-film results and we see that
the results for the wires extrapolate smoothly
to the thin-film behavior as A '-0. This is to be
expected for the following reason. The dirty
wires were all made from AuPd films which were
between 400 and 800 A thick. The cross sections
of wires with WA greater than about 1000A were,
therefore, similar to Fig. 3(d}, i.e., the effective
width was much greater than the thickness and
hence as A- the "wires" essentially become
thin films." We interpret the amount by which the

0 2 4 6
A'(iO' cm')

FIG. 11. The fractional resistance rise at 4.0, 1.5,
and 0.3 K as a function of A ~ for the dirty wires.

resistance rise of the wires exceeds that of the
films as being due to one-dimensional localization.
From Fig. 11, we see that this "one-dimensional"
contribution to the resistance rise varies as A '.

We should note that the lengths of our wires
varied from approximately 90 to 300 pm. Since
there was no correlation between the cross-sec-
tional area and the length, the results in Fig. 11
indicate that the resistance rise is independent
of the length of the wire. In particular, two wires
with nearly identical areas (3.5&10 " and
3.3 X10 " cm'} but lengths differing by nearly a
factor of two (90 and 160 p, m, respectively), ex-
hibited the same resistance rise to within Z/0,
well within the experimental error. ' While the
theory does predict that the resistance will, at
low temperatures, vary exponentially with the
length of the wire, this behavior should be ob-
servable only when the length is comparable to
the inelastic mean free path. We will see below
that this mean free path is much less than 1 p. m
in our wires, so the absence of a length depen-
dence is consistent with the theory.

The principal results from the experiments on
the dirty wires are the T '~ variation of the re-
sistance at low temperatures and the A ' depen-
dence of the overall effect. These results are
consistent with the theory of localization only if
the inelastic scattering time is proportional to
7 ' and is independent of the size of the wire.
The only known scattering mechanism which is
consistent with this behavior is electron-tun-
neling-level scattering. If we use the electron-
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tunneling-mode scattering time for PdSiCu given
by Black et al. '~ [Eq. (11}]in conjunction with the
prediction [Eq. (5)], we find a resistance rise of

= (0.038}T-'&
i R /theory

(21)

where we have used the parameters appropriate
.for one of our 450-A diameter dirty wires. "
From Fig. 10 we find at low temperatures

(
bA'i = (0.012)T '~.
R ))x~

The theory thus overestimates the resistance rise
by approximately a factor of V. This discrepancy
is probably due to the uncertainty in the inelastic
scattering rate. It would be necessary to increase
this scattering rate by a factor of approximately
50 to remove this discrepancy. It is also possible
that the value of 7, and the theoretical prediction
[Eq. (5)] could both be in error by factors of order
unity, but it seems unlikely that this could account
for all of the discrepancy. Further work to refine
the estimate for v, would clearly be of interest.
With regard to the inelastic-scattering mechanism,
it is interesting to recall tliat our films (and al-
most certainly also the wires} are polycrystalline
rather than amorphous; however, it seems plausi-
ble that the high degree of disorder in our films
could give rise to the existence of tunneling modes.
We also note that the electron-phonon scattering
rate [Eq. (9)] will, by virtue of its stronger tem-
perature dependence, dominate over the scatter-
ing from tunneling modes at high temperatures.
This could account for the change in temperature
dependence above about 5 K which is seen in Fig.
10.

Our results are also quite consistent with the
theory of Altshuler et al." This is not surprising
since as discussed in Sec. II, the prediction of
this theory is identical in form to that of localiza-
tion theory when the inelastic scattering is due
to tunneling levels. We are therefore unable to
distinguish between these two theories, We should
note, however, that the interaction effect theory"
also correctly predicts the magnitude of the re-
sistance rise to within a factor of order unity.
Unfortunately a more precise comparison is not
possible because of uncertainties in the various
material-dependent parameters which enter (13).

It should be emphasized that the above conclus-
ions are based on the T '~ and the A. ' depen-
dences which have been observed. However, it is
possible that this is not the true "asymptotic"
behavior. For example, our large wires have
been shown to behave somewhat "two-dimensional-
ly. " As the area of the wire is gradually de-
creased, the behavior should cross over and be-
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FIG. 12. Resistance as a function of temperature for
several clean wires. The ~ of each wire is indicated
in the figure. For purposes of comparison, the results
for each sample are normalized by the value of R at
12 K. R(12 K) = 122 kQ for 310-A wire, 90 kQ for the
440-A wire, and 61 kQ for the 690-A wire. .

come one dimensional. Since there is no reliable
information about either the size of the crossover
region or the behavior in this region, it is pos-
sible that we are not observing the true one-
dimensional behavior. All that we can do is note
that. a T '~ dependence is consistent with the data
over the temperature range 5 K~ T& 0.3 K,
whereas log(T) and T ' dependences are not.
As for the dependence on area, our results are
consistent with an A ' behavior over the entire
range investigated. Our results are not consis-
tent with an A ', A ', or A '~ dependence unless
the data are restricted to a fairly narrow range
of areas.

We next consider the behavior of the clean
wires. Figure 12 shows the resistance as a func-
tion of temperature for several clean wires. The
resistance rise is seen to be larger than in the
clean films (Fig. 4) and to increase as the cross-
sectional area is made smaller. This rise, how-
ever, is much smaller than that found in dirty
wires of the same cross sections, consistent with
the theoretical prediction (5). Figure 13 shows
the results for one wire plotted against the
logarithm of the temperature and also against
7 '~. As was the case with the dirty wires, the
behavior does not appear to be logarithmic, but
is more consistent with & ' dependence. Figure
14 shows results for the relative resistance rise
at 1.5 K with the rise found in the thin films sub-
tracted. " The variation is consistent with the
A ' dependence observed in the dirty wires.

The results for the clean wires are thus quite
similar to those obtained with the dirty wires.
They also indicate that damage and/ roim-
plantation occurring during the ion milling are not
responsible for the resistance rise. If this were
the case, the relative rise would be larger in the
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FIG. 14. The fractional resistance rise at 1.5 K as a
function of A for the clean wires. The resistance rise
of a thin film deposited at the same time as the wire has
been subtracted, so that here zero resistance rise cor-
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FIG. 13. Resistance as a function of (a) the logarithm
of the temperature and (b) 7 for a elean wire with
~=420 i(. R(12 K) =80 kf4.

which is equal to 2.0+0.5 in the present case.
In making this comparison me are implicitly as-

clean wires than in the dirty ones, and this is not
observed.

The resistance rise observed in the clean wires
is smaller than that observed in the dirty mires
by a factor of 6+1, mhich is approximately equal
to the ratio of the resistivities of the dirty and
clean materials. This is not consistent with the
theory [Eil. (5)] which predicts that the effect will
be smaller by a factor of

suming that 7;, and hence the density of tunneling
modes, is the same in the clean and dirty ma-
terials. Since the materials were prepared in
different ways, there is no a priori reason to ex-
pect this to be the case, and this could account
for the discrepancy between theory and experi-
ment.

. As noted above, all of our samples were trans-
ported from Yale to Purdue midway through the
present work. All of the wires and films studied
after this time exhibited a room-temperature re-
sistance which was typically 20/o less than the
value prior to being transported. Moreover, the
resistance rise observed at low temperatures de-
creased by approximately the same amount. We
believe that when the wires were transported,
environmental effects (such as increased tem-
perature or humidity) resulted in partial annealing
and hence a decrease in resistance. Since the re-
sistance rise should (according to the theory) de-
crease when the amount of randomness (i.e., the
impurity resistance) is decreased, the resistance
rise at low temperatures should therefore also be
reduced. Table I shows the results for several
wires and we see that they are consistent with the
behavior inferred from the comparison of the re-
sults for the clean and dirty wires, namely, that
the resistance rise scales approximately as the
ratio of the resistivities.

This result explains why the sample-to-sample

TABLE I. Values of the room. -temperature resistance R and fractional resistance rise at
1.5 K, &R/R, for several dirty wires before (subscript i) and after (subscriptf) being trans-
ported.

Rg(kA) (d R/R),.(x10-') (kQ) (QR/R)&(x10 ) R; /Ry {&R/R);(&R/R)~

460
122
290

77
39
61

360
104
205

65
34
44

1.21
1.17
1.41

1.18
1.15
1.39
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variations in the resistivity discussed in Sec.
IG. 8 did not affect comparisons made between
different wires (i.e., Fig. 11). By using (15) to
determine the value of A for each wire, we ef-
fectively remove errors due to variations in the
resistivity, provided that the resistance rise does
indeed scale with the resistivity. " Note, how-
ever, that these variations should affect the value
of A by no more than about 20%, and hence that the
values of A quoted in this paper should be accurate
on an absolute basis to within this accuracy.

C. Conditions for one-dimensional behavior

From our results for the resistance rise we
can use (5) to estimate the value of I,, the elastic
mean free path. From the data for a dirty wire
with A. =450 A (see Fig. 8), we find l, =880 A at
4 K and 3200 p at 0.3 K. The lateral dimensions
of our small wires are thus comparable to or
smaller than l,. at the temperatures studied, and
one would therefore expect them to behave one-
dimensionally. Our larger wires do not satisfy
these criteria quite as well, and this is consis-
tent with the finding (see Fig. 11) that the "two-
dimensional" contribution is a significant fraction
of the total resistance rise for the large wires.
For our thin films we see that l; is comparable
to or larger than the film thickness, and thus it is
reasonable to interpret our results in terms of
two-dimens ional behavior. Compar isons with the
theory of Altshuler et al."yield a value of the
length scale similar to that of l; quoted above.

D. Heating effects

All of the results described above were obtained
with sample currents sufficiently small that Joule
heating was negligible. For our smallest wires
at the lowest temperatures, the maximum allowa-
ble current was approximately 5x10 "ampere,
corresponding to a field strength of 9&10 ' V/cm
and a current density of 25 amperes/cm'. At
higher temperatures and with larger wires it was
possible to use much larger currents, but the
sample current was usually kept below 4X10 '
ampere. Some results for the resistance as a
function of sample current are shown in Fig. 15.
We see that the maximum allowable current de-
creases very rapidly as the temperature is
lowered. We also see that at low currents R var-
ies approximately quadratically with I, as would
be expected from simple Joule heating. This de-
pendence breaks down at large I (larger than those
shown in Fig. 15), presumably because the tem-
perature of the "heat bath" becomes significantly
altered. We can use the data at low currents to
estimate the effective thermal resistance between
the sample and the heat bath in the folIowing way.
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Let us assume that the sample is connected to a
thermal reservoir by a thermal resistance R,„.
Then

AT =JR,~,

where AT is the temperature rise. Q is the heat
"curre'nt" which is given by

Q =I'R, , (24)

where 8, is the electrical resistance of the sam-
ple. Thus we have

b.T =(R,R,„)Is. (25)

From the behavior at low currents shown in Fig.
15 and the data for A, as a function of temperature
shown in Fig. 8, we have estimated R„atvarious
temperatures. The results are shown in Fig. 16.
We see that R«varies approximately as T ' or
7«4

To interpret this result, we need to consider
the nature of the thermal reservoir discussed
above. In general we expect"

i
th

S
(28)

where 7; is the scattering time for the process
through which the sample and the reservoir ex-

I I

0 20 30
j (nA)

FIG. 15. Resistance (=dV/dl) as a function of the mea-
suring current (rms) at several temperatures for a
dirty wire with vX=450 A. The resistance of this wire
as a function of temperature is shown in Fig. 8.
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FIG. 16. Log-log plot of g,„asa function of tempera-
ture for a dirty wire with vA =450 A. The solid lines are
drawn proportional to T ~ with u =4 and 5 as indicated.

change energy, and ~, is the heat'capacity of the
sample. In our case (if we assume that the ef-
fects we have observed are due to localization)
we need to consider heat flow between the elec-
trons and the tunneling modes, between the tun-
neling modes and the phonons of the metal film,
and between the phonons of the metal film and the
phonons of the substrate. There will be a thermal
resistance given by an expression like (26) be-
tween each of these thermal reservoirs. The tem-
perature rise of the electrons will be determined
predominantly by the largest thermal resistance.
If this is the thermal resistance between the elec-
trons and the tunneling modes, then from (26) we
would expect

2
th (2'l)

since C, -T (the ordinary electronic heat ca-
pacity)" and v, is in this case proportional to
& ' [Eq. (11)]. This does not appear to be con-
sistent with the behavior observed in Fig. 16. If
the dominant thermal resistance is between the
tunneling modes and the phonons, then we would
expect a much stronger temperature dependence
since in this case v; -T with 0. =4 for three-
dimensional phonons, and n =2 for one-dimension-
al phonons. " C, is still" proportional to T, so
we find

(28)

from three-dimensional phonons, and

(29)

for one-dimensional phonons and (28) is quite
consistent with the observed temperature depen-
dence. The absolute magnitude of v,. for this pro-
cess is very difficult to estimate. We should note,
however, that in glasses T, [in (28)J has been found
to be relatively large. In fact, if ~,. is sufficiently
large, then it is possible that energy transfer
from the electrons directly to the phonons by
means of electron-phonon scattering will be im-
portant. In this case (see Sec II.B. ), T,. -7 "with
~ =4 for three-dimensional phonons in a dirty
material and a =2 for one-dimensional phonons
in a dirty material, thus leading toRth-T ' and
T ', respectively. Finally, the dominant thermal
resistance could be between the phonons in the
metal film and those in the substrate. This is just
the usual thermal boundary resistance which is
generally found" to vary as T '. In this case, it
is possible to make a quantitative estimate of the
magnitude of R th. Typical boundary resistances"
are in the' range 1-10 K cm'/W at 1 K. The data
in Fig. 16 were for a wire with an approximately
triangular cross section (Fig. 3), an area A =2.0
x10 "cm', and a length of 200 pm. Using the
above value for the boundary resistance we find
R;, =4x10'-4x10' K/W at 1 K, which is several
orders of magnitude smaller than the measured
value. This could mean that the thermal resis-
tance between the substrate and the metal film is
not the dominant thermal resistance, but it is also
possible that the boundary resistance in our sam-
ples is much larger than the typical value quoted
above. "

On the basis of our results, we conclude that the
Joule heating in our samples is not controlled by
the thermal resistance between the electrons and
the tunneling modes. That is, the inelastic scat-
tering time which determines the temperature
dependence of the resistance does not determine
the magnitude of the Joule heating. Further ex-
periments should make it possible to determine
which of the thermal resistances discussed above
controls the Joule heating of the electrons. "

E. Magnetic field effects

There is at present no detailed theory of how a
magnetic field will affect localization in thin
wires. However, it has been suggested" that if
p, II (where p is the nuclear magnetic moment and
H is the magnetic field) is comparable to or
greater than the spacing between the localized
energy levels, scattering processes in which a
nuclear spin is flipped may help to delocalize
electrons and hence reduce the resistance rise
observed a& low temperatures. Unf ortunately,
'~Au which is 100/0 abundant has a nuclear mo-
ment of only 0.14 p„while the only naturally
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abundant (22fp) Pd isotope which has a magnetic
moment is 'e'Pd with a moment of 0.64 y„(Ref.
60). If H =75 koe, then for the Au nuclei we have
p, H = 5.3 @10 "erg while for the Pd nuclei we have
p, H=2.4&10 "erg. This is to be compared with
the spacing between localized levels which in our
smallest dirty wires is approximately' 7&10 "
erg, so that we might expect to see some sort of
an effect in magnetic fields of order 75 kOe.
Some typical experimental results are shown in
Fig. 17. Other than a temperature-independent
magnetoresistance, the magnetic field is seen to
have no significant effect on the resistance rise
except possibly at the highest temperatures stud-
ied. Further theoretical work on this problem
would clearly be of interest.

It is interesting to note that a magnetic field
did have a large effect on the behavior of our thin
films. Some results are given in Fig. 18 which
shows the behavior with the field parallel and per-
pendicular to the direction of the current. For
experimental reasons it was not possible to make
both of these measurements on the same sample,
and this could account for the difference in the be-
havior in the two cases. In any case, the mag-
netic field is seen to have a significant effect on

the resistance rise. Since the effect of the field is
much larger in the films than in the wires, we
conclude that the effect is not intrinsic to bulk
AuPd. It could conceivably be a contact effect
(see Sec. III above), but we see no reason why a
contact effect should be temperature and field
dependent in this way. %e therefore tentatively
conclude that a magnetic field has a significant
effect on localization in two-dimensional systems
and that the field acts to further localize the elec-
trons. Further experimental work on this problem
is clearly needed, and is currently underway. "

V. COMPARISON WITH PREVIOUS WORK

A. One dimension

The first attempts to observe localization in one

dimension were unsuccessful. , Dolan et al." re-
ported nuB results in thin film "wires" which were
very thin and relatively wide (typically 30 A

X10000 A) strips of granular AuPd films. These
workers also reported null results in MQSFET de-
vices which had narrow gates. At the same time,
Garland et al. reported null results in a percola-
tive mixture of small (-100 A) Ag particles in a
Kcl matrix. The samples studied by these work-
ers were, according to the original theoretical
estimates, ' expected to exhibit a significant re-
sistance rise at the temperatures investigated.
However, we have seen that the original esti-
mates for 7, are much too large to be consistent
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FIG. 17. Resistance of a dirty wire with &=400 A in
zero magnetic field (), and in a magnetic field of 75
koe with the field parallel (o), and perpendicular (+) to
the axis of the wire. Each curve has been normalized by
the value of the resistance at 4.0 K to demonstrate that
below about 8 K, the temperature dependence in the dif-
ferent cases is the same to within experimental error.
For H [if

tR(H =75 koe, T =4 K) -R(P = 0, T =4 K)]= 0.79 kQ,

while for H&I,

[R(H = 75 kae, T =4 K) -R(e = 0, T =4 K)] = 0.72 kQ.

R(H=O, T =4 K) =410 kQ.

FIG. 18. Resistance of dirty films with Ro =100 Q in
zero magnetic field (e), and in a magnetic field of 75
kOe with the field parallel (o) and perpendicular (+) to
the direction of the current. In both cases the field was
in the plane of the film. Note that the measurements in
a field were made on two different samples, but that in
zero field these samples exhibited the same temperature
dependence to within 1/10 . For H [(I,

fg(H=75 koe, T =4 K)-R(P=O, T=4 K)]=2.3 Q

with R(H = 0, T =4 K) = 1040 Q. For H J.g,

Q(8 = 75 kOe, T =4 K) -R(H' = 0, T = 4 K)]= 3.3 Q,

with R(H'=0, T =4 K)=1400 Q.
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with our results. If we use our observed depen-
dences on impurity resistance, area, and tern-
perature to extrapolate to the parameter values
appropriate to the experiment of Garland et al. ,

"
we find a resistance rise which is smaller than
their experimental resolution. Dolan et al. ' do
not give sufficient data to make such a compari-
son.

More recently, Dolan and Osheroff~ have re-
ported possible one-dimensional behavior in their
narrowest (1000 A wide) thin-film wires. They
noted, however, that there may have been sig-
nificant nonuniformities in the widths of these
samples, as the behavior was not reproducible
from sample to sample. Some of their samples
exhibited an exp(& '~) temperature dependence.
At high temperatures this reduces to the T '+
dependence which we have observed in our wires,
so it appears that the results of Dolan and Osher-
off are consistent with our results. The samples
of Dolan and Osheroff also exhibited highly non-
linear current-voltage character istics. We have
seen no evidence for behavior of this kind in our
samples. "

Chaudhari and Habermeier" have reported re-
sults on very thin and relatively wide (typically
50 A && 5000 p) strips of continuous W-Re films.
These wires have areas and resistivities quite
comparable to our samples. They exhibit a re-
sistance rise which scales as A ' and varies ap-
proximately as & '~, just as we observe in our
samples. Moreover, the absolute magnitude of
the resistance rise is in good agreement with
our results. Chaudhari and Habermeier" have
also reported a length dependence of the resis-
tance which does not appear to be consistent with
the present theory.

The only experiments which have studied wires
which were not attached to substrates (or em-
bedded in a matrix) are those of Overcash et al."
These authors studied free-standing whiskers
of Bi and Bi doped with Sb, with diameters as
small as 1400 A. No evidence was found for lo-
calization, as the resistance was always found to
decrease as the temperature was lowered. Over-
cash et al."have interpreted these results as
being in conflict with localization theory. How-

ever, if one extrapolates our results for Auld
wires using the dependences on A, T, and p,
which we have observed, one finds a resistance
rise which is smaller than the experimental reso-
lution in Ref. 67.

B. Two dimensions

Dolan and Osheroff" have performed extensive
measurements on granular AuPd films. They find
a resistance rise at low temperatures which var-

ies logarithmically with temperature, as pre-
dicted by the theory of Abrahams et al. ' Since
the theory also predicts that the resistance rise
will scale with the resistance per square, A&, it
is possible to compare the results for our uni-
form (i.e., nongrangular} films directly with those
of Dolan and Osheroff. From Fig. 5, we see that

=——(0.0020}log«(&) +constant, (30)

for a film with R& =100 O. Dolan and Osheroff
find~

(0.093) log„(T)+ constant (31)

VI. CONCLUSIONS

Vile have presented the results of a systematic
study of localization in thin wires. Our principal
results —the dependence of the effect on cross-
sectional area, temperature, and the amount of
disorder —are all in good general agreement with

the theory. """ Localization theory can account
for our results quantitatively only if the inelastic
scattering rate is proportional to the temperature
and independent of the cross-sectional area. A

mechanism which satisfies these requirements
is scattering from the tunneling modes which are
believed to exist in all highly disordered sys-
tems. " Our results are also consistent with the
theory of Altshuler et al. ' which attributes this
behavior not to localization but to electron-elec-
tron interaction effects. Further work is needed
to determine which of these theories is applicable
to the present experiments. Independent mea-
surements of 7,. should make it possible to dis-
tinguish between the two theories. " A unified
theory which includes both localization and inter-
action effects would certainly also be of interest.
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