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141t has been pointed out to us that fuller treatment of
the spin-orbit interaction in calculating the U® matrix
element may be required, since the transitions in
question are spin forbidden.
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Resistance measurements have been made on low-resistivity thin Cu films (50—500 A)
between 1 and 20 K. A logarithmic temperature dependence of the resistance is observed.
For a resistance per square of R <20 Q/0, good agreement is obtained with the localiza-
tion theory. The amplitude of the resistance variation and its large magnetic-field depen-
dence exclude possible Coulomb-interaction effects predicted by Altshuler et al. as the

main source of the observed behavior.

PACS numbers: 71.55.Jv, 73.60.Dt

Based on the scaling ideas of Thouless,' Abra-
hams et al.? recently predicted that in a thin me-
tallic film, electronic states should become lo-
calized at low temperatures, resulting in a loga-
rithmic increase of the resistance as the tempera-
ture is lowered.> Experimental studies of this ef-
fect have been reported in ultrathin (and presum-
ably granular) Au-Pd films* and in inversion lay-
ers.® The resistance per square Rp of these sam-
ples was typically 1000 /0 or more. Although
the results did show the predicted InT' dependence,
the magnitude of the effect was only a half to a
quarter of that predicted by the theory. Similar
problems have arisen in the study of one-dimen-
sional (1D) localization in highly disordered® and
amorphous’ systems and have been attributed by
Thouless?® to a linear temperature dependence of
the electron-phonon scattering time characteris-
tic of highly disordered two-level systems.® An
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alternative interpretation of these results in terms
of the Coulomb interaction has been proposed by
Altshuler, Aronov, and Lee.'

We report for the first time on measurements
of 2D localization in clean metallic (copper) films,
with a mean free path of the order of the film
thickness and a resistance per square of the or-
der of 10 /0. The resistance of these films
shows the expected logarithmic increase at low
temperatures. The strength of the effect is in
agreement with the localization theory but dis-
agrees strongly with the theory of Altshuler ef al.,
in view of the Hartree correction which becomes
very important for clean films. Slightly thinner
films, approaching the discontinuity limit, show
a weaker effect, similar to what was observed by
Dolan and Osheroff.* However, in this limit it is
quite difficult to distinguish between the predic-
tions of the localization and the Coulomb theory.
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Before discussing the implication of these results
for further studies of localization in one and two
dimensions, we first describe the experimental
conditions.

The Cu samples were prepared in a commer-
cial stainless-steel, diffusion-pumped chamber,
at a pressure of 10" Torr. The clean metal
films were made by evaporating MRC 99.999%
pure copper from a resistively heated molybde-
num boat onto a Corning 7059 glass substrate
held at room temperature. The evaporation rate
was about 10 A/s. By means of a sliding mask
system a wide range of Cu thicknesses could be
evaporated on one substrate and within a single
evaporation run. The film thickness was meas-
ured with a quartz-crystal thickness monitor
which has been calibrated with an optical inter-
ference technique.

Using photolithographic techniques we obtained
on each substrate a set of Cu strips with different
thicknesses, each one allowing four-terminal
measurements of the film resistance. The con-
ducting channel was 0.235 mm wide and the po-
tential probes were separated by 4 mm. The ap-
plied photoresist layer also served as a protec-
tion for the thin Cu films.

The resistance versus temperature measure-
ments were performed between 20 and 1 K in a
temperature stabilized *He cryostat. Because of
the very small resistivity changes which are of
the order of 10 ° Q cm, precautions had to be
taken to minimize external noise inputs and to in-
crease the sensitivity of the measuring system.

With use of a battery-powered current supply,
two Solartron 7075 digital voltmeters (sensitivity
107 V) and a Minc computer (Digital) for averag-
ing, resistance changes of AR/R ~10"° could be
detected at low currents. Within this sensitivity
the measured values at a fixed temperature were
stable over several hours. This high sensitivity
was necessary for an accurate measurement of
resistance changes in the thicker films (see Fig.
1). In the following we discuss only data taken at
low electric fields, where the resistance is field
independent. At higher electric fields, the re-
sistance was found to decrease in a way similar
to that reported by other authors (using the nota-
tion of Ref. 5, we found p’ =2.4 at R~ 100 Q/0).

The localization theory of Abrahams et al. pre-
dicts that

ARQ _aP e?

Rcz —Tﬁhﬂo. (1)

Here AR is the increase of Ry over one decade
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FIG. 1. Resistance vs temperature for a Cu film
with thickness d = 119 A and resistivity p, , x = 6.8
X107 Q cm.

of temperature. The parameter P, with P the
power of T for the appropriate inelastic scatter-
ing mechanism and @ =1, is expected to be equal
to 3 for 3D electron-phonon scattering and to 2
in the 2D case in the clean limit." For electron-
electron scattering a value of 2 is predicted. In
the investigated temperature range, our Cu films
with R <20 /3 are in the clean limit. There-
fore, one should expect AR/R? values between
5.713x1075 Q" (@P =2) and 8.59x107° Q! (aP =3).

The theory of Altshuler, Aronov, and Lee'°
makes a prediction similar to Eq. (1), with aP
=1, There is, however, a Hartree correction to
this exchange term. It has the same form as the
exchange term [Eq. (1)] but is reduced by a factor
(1 =F). The screening length ™' in Cu is much
shorter than the film’s thickness. Hence a calcu-
lation of F based on 3D screening applies,'’ F
=(1/x) In(1 +x) with x =[2(¢¢/2)]%, from which we
estimate, for Cu, F =0.6. The effective value of
aP from this theory is then P =0.4, quite differ-
ent from the values compatible with the localiza-
tion theory aP = 2.

For all films in this resistance range, we find
a logarithmic increase of the resistance at low
temperature that can be described by Eq. (1) with
aP = 2 (Fig. 2). The Ry value of these films
varies as 1/d? for Ros15 Q/0 (larger thickness-
es), indicating that the electron mean free path
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FIG. 2. Variation of AR /Rg? as a function of R
for three different series of films.

is thickness limited'? (see inset of Fig. 2). Table
I gives the samples characteristics for one of
the series shown in Fig. 2,

The data for 5 @/0=<Ry= 20 /0 is fully con-
sistent with aP=2. For Rg=5 Q/0, AR,/R®
shows a systematic increase above the value cor-
responding to @P =2, In this connection, we note
that the characteristic phonon wavelength in Cu
at 7=4 K is of the order of 100 A, This is the
thickness at which R;~5 Q/0 (see Table I).
Hence, the observed increase could be due to a
crossover between a 2D regime at Ry>5 /0
(aP=2) and a 3D regime at Ry<b5 Q/0 (aP =3)

(if we assume that the electron phonon scattering
dominates over the electron-electron scattering).
The larger value of AR, /R’ at low R (thick

films) could also be attributed to contamination
of the films by a small amount of magnetic im-
purities (<2 ppm). If we assume that their con-
centration is the same in all films prepared sim-
ultaneously, the Kondo contribution to ARy/R?
should vary as R,~¥? [since R ~1/d? and ap¥omo
=(ARg) d=const]. Even if we attribute the total-
ity of the resistance increase at Rp~1 /0 to a
Kondo effect, the resulting ARy /R,* at Ry ~10
Q/0[~0.5x107° (/)] would still be a small
correction. Also it would seem to be an unlikely
coincidence if an (uncontrolled) amount of mag-
netic impurities would precisely give AR /R’
~6x10-% (©/0)"! in so many samples.

Our results at R =20 /0 fully meet two im-
portant requirements for a meaningful compar-
ison with the localization theory. First, their

TABLE I. Sample characteristics for one of the
series shown in Fig. 1.

d (A) R @/0) 10° ARg/R* L@ /)71
130 4.53 7.10
110 5.7 6.54
94 7.52 5.95
86 9.36 6.19
78 10.68 5.97
72 12.1 5.80
67 14.84 5.89
62 18.73 5.46
17.272 5.922

2Corrected (see Ref. 12).

low resistance per square ensures that the con-
dition necessary to ensure the validity of the
logarithmic correction to the conductivity [ Eq.
(15) of Ref. 2] is fully met. Second, since the
mean free path is much larger than the inter-
atomic distance, disorder effects should be un-
important and the electron-phonon scattering
time should have its bulk value. We therefore
consider that the agreement between our data
and the prediction of Abrahams et al.? constitutes
an experimental verification of their theory. At
the same time it appears that the theory of Alt-
shuler et al. is not capable of explaining the be-
havior of our clean copper films. )

Moreover, preliminary measurements of R, as
a function of a magnetic field applied perpendicu-
lar to the films shows an important negative mag-
netoresistance even at magnetic fields as low as
100 G. Following recent calculations by Altshuler
et al.,*! this effect is consistent with localization
and should be absent if the logarithmic increase
of R with 7 was due to electron correlation ef-
fects. A detailed report on magnetic field effects
will be published elsewhere.®

For Cu films close to the continuity limit (Rp
=z 100 ©@/0), we obtain significantly smaller values
of ARD/RDZ, corresponding to an effective aP
=1, as first reported by Dolan and Osheroff* for
ultrathin AuPd films. This lower value P may
be due to a number of reasons: appearance on
the substrate of macroscopic uncovered regions
on a scale larger than L (7) =(v Tpql)¥2 (which
would enhance the measured value of R); dis-
order effects on Teph*’; and predominance of the
Coulomb interaction at large R,

In conclusion we wish to suggest that further
studies of localization can and should be conduct-
ed on clean metal films, This is particularly
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true for the study of localization in one dimen-
sion, for which the 772 dependence of the resis-
tance predicted by Thouless remains to be ob-
served. Copper wires, with thicknesses of 100 Z’x,
widths of 1 pum, and lengths of 1 cm would seem
to be well suited for that purpose.
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Deviation from Rp> 1/d” at small thickness indicates
that films tend to become discontinuous with the ap-
parition of macroscopic cracks and holes. The meas-
ured value of R is then enhanced above that of the
material itself, which we expect should still vary as
1/d*. For deviations from linearity less than 15%,
we have corrected the measured value of R as in-
dicated by the arrows in Fig. 2.
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Conductivity Cusp in a Disordered Metal
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A tendency toward a cusp at zero temperature in the electrical conductivity of Si
crystals doped with P is observed. It is found that, within the metallic state, decreas-
ing P concentration enhances the cusp and then rapidly changes its sign as a pseudogap
opens. Such a cusp has been predicted for a disordered metal in which Coulomb interac-

tions dominate the scattering.

PACS numbers:

The physics of disordered Fermi systems in-
volves both the effects of localization and of Cou-
lomb interactions, but their relative importance
and interplay remain unresolved. Fundamentally
different theories of localization' and of electron-
ic interactions®® both agree with recent observa-
tions of a logarithmic dependence of the resistiv-
ity upon temperature and electric field in two-di-
mensional (2D) metals* and with the behavior of
thin wires.® Hall-effect experiments® on 2D elec-
tron inversion layers support the Coulomb-inter-

71.45.~d, 71.50.+t, 72.15.Cz

action approach. In contrast, neither theory is
supported by whisker and colloidal particle stud-
ies.” Our results on dc conductivity and far-in-
frared transmission of 3D metallic samples of
Si:P appear to be explicable within the Coulomb-
interaction picture.

We have made four-probe resistance measure-
ments of metallic, uncompensated samples of
Si:P as a function of 7T at frequencies ~10 Hz.
Wires of Au:Sn were spot welded to a freshly
etched sample surface to make low-resistance,
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