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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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T. F. Rosenbaum,®) K, Andres, G. A. Thomas, and P. A. Lee
Bell Labovatories, Muvvay Hill, New Jersey 07974
(Received 27 October 1980)

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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Ohmic contacts. The contacts were arranged lin-
early with an average length between voltage
probes of 1 mm along an average cross-sectional
area of 0.8 0.5 mm? Temperatures down to 50
mK were reached with use of a dilution refrigera-
tor. Input power was confined to <107 W and
neither heating of the Si-crystal lattice nor ther-
mal hysteresis was observed.

We have also made far-infrared transmission
measurements using conventional Fourier-trans-
form spectroscopy® and crystals which were
chemically thinned to about 1 um. A sample area
of ~1 mm? was illuminated by the far-infrared
radiation.

The conductivity o as a function of 7 is shown
in Fig, 1. In the inset are the results for sam-
ples with the P density #» in units of 10*® cm ™2 [#7
=n/(10'® cm~%)]. The values of » are determined
from resistance measurements calibrated by neu-
tron activation analysis.® The 7 dependence of o
is small, but the low-T region can be studied on a
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FIG. 1. Linear plot of conductivity o vs temperature

T for a representative metallic sample of Si:P, donor
density #=4.5 (z normalized to 10'® cm™?. The solid
hnes passi ﬁ through the points are the functional forms
T1/3 and 7Y%, An alternative prediction, ’1’3/2, is also
shown for comparison. In the inset are data for some
samples without the expanded conductivity scale. The
arrow indicates the minimum metallic conductivity.

finer scale to display the conductivity cusp, as
shown in the main part of Fig. 1. Studies by pre-
vious workers'® show similar small effects whose
T dependence has not been analyzed.

We have compared our results for o(7') with
the simple power-law form

o(T)=0(0)+mT", (1)

A least-squares fit, varying ¢(0), m, and 3,
gives values of 8 in the range 0.3—0.7. We have
shown fits with both =73 and 3 as the solid lines
in Fig. 1 to illustrate the uncertainty in g for the
sample with #=4.5. We confine the fits to T<5 K
in order to avoid contributions to ¢(T") from high-
er-order scattering processes. The cusplike
shape is strikingly different from that of crystal-
line metals where the corresponding exponent 3
is greater than 1 (producing no cusp) due, for ex-
ample, to electron-electron scattering (3=2) or
to electron-phonon scattering (3= 3). The nega-
tive coefficient s shown in Fig, 1 has, however,
the same sign as in crystalline metals.

- For random metals we are aware of three esti
mates of the first-order corrections to o¢(0).
First, if Coulomb interactions are neglected,
the zero-T scaling theory of localization® can be
extended'! to include phonon scattering, giving a
correction of the form »7T°%/2 with negative .
This shape, as shown in Fig. 1, is inconsistent
with the data. Second, a renormalization-group
analysis of the transition region, with the intro-
duction of a temperature-dependent length scale,
predicts®® a correction »T? with positive .
This shape is consistent with measurements*?
Ge-Au alloys and the exponent 3 is consistent -
with our results. However, our observed nega-
tive sign of » rules out this explanation for our
samples with ky/ >1, where ky is the Fermi wave
vector and / is the mean free path.

A third approach is the formulation of Altshuler
and Aronov,? valid for kgl > 1, which predicts
that electron-electron scattering in the presence
of random impurities leads to a low-temperature
conductivity

oT)=0@I1+ fAT/T )], )

where A =0.72, T, is a characteristic tempera-
ture given by

T, =Ty (kel)* =T e(r*/ Do (00/e*F/n, (3)

and Ty is the Fermi temperature. If the Thomas-
Fermi screening length k™! is much larger than
the interparticle spacing »~'/*, then only ex-
change terms need be included® and f =1. How-
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ever, as ky/k gets smaller, Hartree terms also
become important, giving?

f=1-(3/2x)In(1+x), (4)

where x = (2k;/k)%.

We have evaluated x for kyl>1 using free-elec-
tron formulas®® which give x =0.206 »'/® for Si: P.
For n~10*® cm™®, x is large and f — 1. However,
for » in the region of our experiment, x is small
and f becomes negative. Near the metal-insula-
tor transition, the effectiveness of the screening
degenerates rapidly,* and ™! tends to diverge
as n—n,. Here x again becomes large and f
changes sign a second time. In contrast, most
dirty metals probably remain in the regime of
large x and positive f since n~ 10*® cm"™2.
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FIG. 2. Magnitude of the cusp when fitted by TV? g
a function of . The solid line is a fit with the Coulomb-
interaction theory, Eqs. (2)—(4). The dashed line quali-
tatively shows the breakdown of screening for kgl <1,
just above the metal-insulator transition which occurs
atng .
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To investigate the variation of m, defined by
Eq. (1), we have carried out least-squares fits to
o(T) with 8=%. The results shown in Fig. 2 indi-
cate that with decreasing n, the magnitude of the
cusp grows, then drops rapidly and changes sign
below kgl =1. The solid curve in Fig. 2 is the
prediction of Eqgs. (2)—(4) with use of 0(0) as a
function of # determined by experiment!® and with
use of the fitted value of A =1.7+£0.5. The differ-
ence between this A and the theoretical value may
arise either because the theory is not accurate
numerically for k;/~1 or because Eq. (2) included
contributions only from particle-hole scattering.
Inclusion of particle-particle scattering (Ref. 3,
Appendix B) produces an additional VT term
which will improve the agreement with experi-
ment,

For kyl <1, the sign change of the cusp can be
explained qualitatively by a divergence of k™! as
noted above and illustrated by the dashed line in
Fig. 2, although Egs. (2)—(4) are not valid. To
investigate the regime where k!l <1 empirically,
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FIG. 3. Logarithmic plot of transmitted intensity vs
far-infrared photon energy E for a metallic sample with
7 =3.84. This logarithm varies approximately as o(w)
and the factor-of-2 drop at low £ arises from a pseudo-
gap in 0(w). Drude behavior, fitted for E ~200 cm” 1,
is shown as the dotted line for comparison.
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we have studied the far-infrared spectrum of an-
other piece of the sample with 7 =3.84 and find a
large drop at low frequencies as shown by the
solid curve in Fig. 3. [m contrast, the theoreti-
cal Drude behavior for o(w) is shown as the dotted
line.] The negative natural logarithm of the in-
tensity transmitted through the Si:P sample I,
normalized to that for a Si reference crystal I,,
is plotted. The behavior of —In(/,/I,) as a func-
tion of frequency w should be similar to that of
o(w). The shape of 0(w) is not necessarily the
same as o(T), but o(T) increases roughly by a
factor of 2 between 0 and 40 K, as do the data be-
tween 0 and 40 cm™!, We measure 7w > kT and
find that here, with 7~ 2 K, the data are inde-
pendent of T to the level of our accuracy. The
rapid development of this pseudogap, even though
the sample remains a metal |as indicated by
o(T)], provides further evidence for the break-
down of metallic screening for &l <1.

To our knowledge Fig. 3 is the first direct ob-
servation of a metallic pseudogap in o(w). This
effect, involving particle-hole excitation, differs
from a pseudogap in the single-particle density
of states which could be measured by tunneling.®
The metallic pseudogap that we have observed
can be described qualitatively, as noted above,
by extrapolating?® the interaction theory for dis-
ordered systems?® into the region of the transi-
tion. Alternatively, a strong dip in the density
of states is also predicted in the same region for
a half-filled Hubbard band.!” The resulting metal
is expected to be strongly correlated®® and evi-
dence of this correlation has been found in the
magnetic susceptibility.!®* The metallic pseudogap
is expected within this picutre only for uncompen-
sated samples (with half-filled bands) such as
ours, and not for compensated samples.

In conclusion, we have observed behavior that
can be explained if Coulomb interactions dominate
o(T) and o(w) in a disordered metal.
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