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Experimental $tudy of Anderson Localization in Thin %ires
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(Received 7 June 1979)

The electrical properties of wires with cross-sectional areas Q) in the range 1X 10
to 3x 10 "cm have been studied. At temperatures below about 10 K the resistance of
the wires increases with decreasing temperature. The size of the increase varies as
A and becomes larger as the impurity resistance is made larger, in qualitative agree-
ment with recent theoretical predictions by Thouless. The size of the increase is in
order-of-magnitude agreement with the theory but the temperature dependence is not.

In the past few years there has been a great
deal of interest in Anderson locahzation, and it
has been studied both theoretically and experi-
mentally in a number of two- and three-dimen-
sional systems. ' While the theory also predicts
very interesting behavior in one dimension, this
case did not appear to be experimentally acces-
sible until very recently when Thouless" argued
that all systems regardless of their cross-sec-
tional area will behave one-dimensionally inso-
far as localization is concerned provided only
that they are sufficiently long. More specifically,
Thouless predicted that localization will cause
all one-dimensional systems (i.e. , wires) with
impurity resistances greater than about 10 kO
to exhibit thermally activated conduction at lorn

temperatures and to be insulators at absolute
zero. The temperature at which this effect be-
comes observable, T» is predicted to increase
both as the cross-sectional area, A, of the wire
is decreased and as the amount of randomness
in the wire (i.e. , the impurity resistance) is in-
creased. ' For macroscopic size wires T~ is
predicted to be unattainably low, but for very
random wires with 8=2.5&&10 "cm' (a radius of
order 250 A) Tl is predicted' to be of order 1 K.
Attempts to observe this effect experimentally
have so far been somewhat ambiguous. Garland,
Gully, and Tanner4 found no effect in percolative
mixtures of Ag particles in KCl. Dolan, Osher-
off, and Tsui' have observed a null result in sili-
con metal-oxide-semiconductor field-effect tran-
sistors and unexpected temperature-dependent
nonlinear effects in "wires" composed of granular
metal films. Unfortunately, the samples studied
in these experiments were rather different from
the continuous metallic structures which were
considered theoretically, ' and it is therefore not
clear if the observed discrepancies are due to a
failure of the theory or simply its inapplicability
to the types of samples which were studied. We
have searched for the effect of localization in
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I'IG. 1. Description of the lithographic process used
to make the wires studied in this work.

continuous metallic mires. We find that the effect
does occur and that the behavior of T~ is in quali-
tative agreement with the theory. ' There do seem
to be some quantitative discrepancies, however,
and these will be described below.

The wires studied in the present work were
fabricated with use of a novel lithographic tech-
nique which is described in Fig. 1. A glass slide
which is half covered with a metal film [Fig.
1(a)] is bombarded at normal incidence with Ar+
ions which "mill" into the surface [Fig. 1(b)].
The metal film is then removed chemically leav-
ing a step in the glass [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)].
Examination with a scanning electron microscope
shows that the wires are continuous strips with
uniform cross sections. Useful steps can be as
small as a few hundred angstroms in height,
and it is thus possible to make extremely thin
wires using this technique. ' The wires used in
this work were fabricated from Au„Pd« films
which were deposited in two different ways:
sputtering, which produced films with resistiv-
ities of 3.7~10 4 9 cm and resistivity ratios'
of 1.03; and evaporation, which produced films
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FIG. 2. Resistance as a function of temperature for

dirty wires of various sizes and a dirty bulk film. The
resistance of each sample has been normalized by its
value at 12 K. The numbers given in the figure are 4A
for each wire.
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with resistivities of 1.0&10 ~ 0 cm and resistiv-
ity ratios of 1.06. The difference between the
sputtered and evaporated films enabled us to
study the effect of changing both the amount of
randomness and the cross-sectional area. Wires
made from the sputtered films will in the follow-
ing be referred to as "dirty, "while those made
from the evaporated films will be referred to as
"clean." Wires withA in the range from 1&10 "
to 3&&10""cm' were studied. The values of A
mere determined from the measured lengths and

resistances, and the known resistivity, and were
in agreement with, but more accurate than, the
values expected from the known step heights and
film thicknesses. The Au„Pd4, films were be-
tmeen 200 and 1000 A thick prior to ion milling.
The wires had resistances in the range 15 to 500
kQ and were from 90 to 450 p, m long. They had
resistivity ratios equal to the bulk values and
could be cycled between room temperature and
low temperatures mith no ill effects except for
small, typically a few parts per thousand, chang-
es in resistance.

Figure 2 shows results for the resistance as a
function of temperature for dirty mires of various
sizes. For purposes of comparison me have
normalized the resistance of each wire by its
value at 12 K. Also shown is the behavior of a
"bulk" fi1.m'; its resistance increases slightly
mith decreasing temperature as expected from
previous studies of Au-Pd alloys. ' However,
the increase in the bulk resistivity is seen to be
small compared to the increase found in the

FIG. B. Magnitude of the resistance rise, as meas-
ured by the difference between the resistances at 1.5
and 12 K normalized by the value at 12 K, as a function
of cross sectional area for the dirty wires (filled cir-
cles) and the clean wires (open circles). The resistance
rise found in the bulk has been subtracted so that zero
resistance rise corresponds here to bulk behavior. The
solid lines are proportional to A ~.

wires. Figure 3 shows a plot of the magnitude of
the resistance increase at 1.5 K relative to that
at 12 K as a function of A for both dirty and clean
wires. Here we have subtracted the increase
found in the bulk so that zero increase corre-
sponds to bulk behavior. The resistance rise is
seen to vary as A ' for both the clean and dirty
mires. The results are not consistent with either
anA ' or anA ' ' dependence. The rise is larger
in the dirty wires than in the clean wires by ap-
proximately a factor of 6. To within the combined
uncertainties this is equal to the ratio of the im-
purity resistances of the dirty and clean mater-
ials. Both of these results are in qualitative
agreement with the theory. '

The temperature dependence of the resistance
of a typical wire is shown in more detail in Fig.
4. The variation is seen to be approximately
logarithmic with temperature although the data
are also consistent with a T '~' dependence.
While the size of the increase is in order-of-
magnitude agreement with the theory, 2 the re-
sults do not appear to be consistent with the pre-
dicted T ' dependence. This discrepancy mill be
discussed further below.

The results described above are qualitatively
consistent with the theoretical predictions based
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FIG. 4. Resistance as a function of the logarithm of
the temperature for a dirty wire with A=8.5X10 "cm
(/A = 590 A). The variation of the bulk resistivity has
been subtracted, so that here a resistance independent
of temperature corresponds to bulk behavior.

on Anderson localization. However there are
other mechanisms which can cause an increase
in resistance as the temperature is lowered, and
we have therefore performed a number of addi-
tional tests in order to rule out explanations
other than localization. (1) The resistance mea-
surements were made with two-terminal dc, four-
terminal dc, and two-terminal ac (100 Hz) ar-
rangements. All gave the same result. At high
currents (10 ' A) and low temperatures Joule
heating was clearly visible, while at low cur-
rents (below about 10 ' A) the resistance was
independent of the current to w'ithin the experi-
mental error. (2) Measurements on wires with
the same cross-sectional area but different re-
sistances and with different areas but the same
resistance showed that the effect depends on the
area and not the resistance. " (3) Measurements
on bulk films showed only a small increase in
resistance as the temperature was lowered (see
Fig. 2). (4) Bulk films which were thinned by
Ar -ion milling exhibited behavior identical to
the unmilled bulk films. (1) and (2) rule out in-
strumental artifacts. (3) rules out any mechan-
ism intrinsic to bulk Au„Pd«, while (4) rules
out any mechanisms associated arith the Ar'-ion
milling. Moreover, Kondo or similar impurity
effects are excluded by the fact that the clean
wires show a smaller effect than the dirty ones.
We therefore conclude that the increase in resis-
tance which is observed is a real effect that de-
pends on both the area of the wire and the amount
of randomness. To our knowledge, localization
is the only mechanism which cari account for such
behavior.

While the theory' is in qualitative agreement
with our results, there are a number of quantita-
tive discrepancies. The most serious discrep-
ancy involves the temperature dependence of the

resistance. The theory' predicts a T ' depend-
ence, whereas a much slower, approximately
logarithmic increase is observed experimentally
(see Fig. 4)." However, an important quantity
which enters into the calculation of the resistance
is the inelastic scattering time, and this discrep-
ancy could simply be due to shortcomings in the
present understanding of inelastic processes and
not to inadequacies in the theory of localization.
This conjecture is supported by preliminary mea-
surements at high temperatures (15-30 K) which
seem to indicate that the inelastic scattering time
~nc~eases as the impurity resistance is decreased,
whereas the theory' predicts that the inelastic
time should either remain constant or decrease
as the randomness is decreased. As noted above,
the experimental results for the dependence of
the resistance rise on impurity resistance and
cross sectional area are qualitatively consistent
with the theory. However, since any quantitative
theoretical predictions depend crucially on the
form of the inelastic scattering time and this
quantity is not at present understood, it is not
possible to make further quantitative compari-
sons with the theory at this time.

It is interesting to compare our results with
those of other workers. If we use our observed
dependences on impurity resistance, area, and
temperature to extrapolate to the parameter val-
ues appropriate to the experiment of Garland,
Gully, and Tanner, we find a resistance rise
which is saba/le~ than their experimental resolu-
tion. The behavior reported by Dolan and Osher-
off' is very different from what we observe; in
particular, we see no evidence for the nonlinear-
ities in the I-V characteristics which these work-
ers report. " One possible explanation for these
differences is that the discontinuous nature of
their samples is playing an important role. '

We would like to thank D. J. Thouless, R. G.
Wheeler P. Chaudhari, and S. Kirkpatrick for
many stimulating discussions, and M. D. Feuer
for assistance with the fabrication of the wires.
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Corporation and by the National Science Founda-
tion through Grant No. DMR 78-17957.
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98 (1974), and in Metal Non-Metal Transition in Disor-
dered Systems, Proceedings of the Nineteenth Scottish
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C. J.Adkins, Proc. Roy. Soc. London, Ser. A 845, 169
(1975), and references contained therein.

D. J. Thouless, Phys. Rev. Lett. Bg, 1167 (1977).
C. J. Adkins, Philos. Mag. 36, 1285 {1977), has put

forth arguments similar to those of Thouless (Ref. 2),
although he finds somewhat different results for the con-
ditions under which the effects of localization should be
observable.

J. C. Garland, W. J. Gully, and D. B. Tanner, Bull,
Am. Phys. Soc. 24, 280 (1979), and to be published.

G. J. Dolan. , D. D. Osheroff, and D. C. Tsui, Bull.
Am. Phys. Soc. 24, 238 (1979); G. J. Dolan and D. D.
Osheroff, preceding Letter I. Phys. Rev. Lett. 43, 721
(1979)]. These workers have reported results on two
types of samples. One type was interpreted as behaving
two-dimensionally, while the other type may have ex-
hibited one-dimensional behavior. In all of our discus-
sions of the results of Dolan and Osheroff, we refer
only to the latter type of sample. The behavior of the
two-dimensional samples can be understood in terms
of the theory of P. W. Anderson, E. Abrahams, and

T. V. Ramakrishnan, second preceding Letter [Phys.
Rev. Lett. 43, 718 (1979)j.

6N. Giordano, M. D. Feuer, and D. E. Prober, to
be published.

~We define the resistivity ratio here as the ratio of the
resistance at room temperature to that at 12 K,

IBy this we mean a thin-film sample whose wMth

(typically 1 mm) is sufficiently large that it should not

be affected by localization.
9The resistance rise we observe is slightly larger

than that reported by previous workers [L. R. Edwards,
C. W. Chen, and S. Legvold, Solid State Commun. 8,
1403 (1970)]; however, our films have much higher
resistivities than those studied by Edwards, Chen, and
Legrold and this may affect the mechanism proposed
by those workers. It is also possible that our films
are exhibiting "two-dimensional" localization, How-
ever, the resistance increase does not appear to scale
inversely with the sheet resistance as would be expect-
ed for this mechanism (Ref. 5).

~oThis result also indicates that the effect is independ-
ent of the length of the wire. Although the theory (Ref.
2) predicts that at low temperatures the resistance
will vary exponentially with the length of the wire, this
is expected to be observable only when the inelastic
mean free path is longer than the wire, and this is not
the case in our samples.

Recent theoretical work by Abrahams et al. [E. Abra-
hams, P. W. Anderson, D. C. Licciardello, and T. V.
Ramakrishnan, Phys. Rev. Lett. 42, 679 (1979)] pre-
dicts a logarithmic variation in the case of localization
in two dimensions. However, in one dimension this
theory appears to predict a temperature dependence
which is identical to that given by Thouless (Ref. 2).

~ The current-voltage characteristics of our samples
were linear to within the experimental error at currents
down to 5&10 A corresponding to an electric field
strength of approximately '3X10 V/cm. These limits
were set by our electronics.

After this work was completed we have learned that
P. Chaudhari and H.-U. Habermeier (to be published)
have studied continuous wires made using a different
method and have obtained results somewhat similar to
ours.

Surface Magnetization of Ferromagnetic Ni(110): A Polarized Low-Energy
Electron Diffraction Experiment
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The magnetic field dependence (hysteresis curve) and the temperature dependence of
the magnetization at a Ni(110) surface was measured by polarized low-energy electron
diffraction. The diffracted intensities are spin dependent by a few percent. The temper-
ature dependence of the surface magnetization measured in the range 0.5&T/2;& 0.8, is
significant1y different from that of the bulk.

The magnetic moments, and even the magnetic
order at the surface of a ferromagnet, may be
different from that of the bulk. ' ' This is a re-
sult of the lack of translational invariance per-
pendicular to the surface and the reduced number

of neighbors of surface atoms compared to the
bulk. The surface magnetization, its temperature
dependence, and the transition temperature at the
surface have been described by a number of the-
oretical models using mean-field theory, "scal-
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