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The electrical conductivities of films which are mixtures of Hg and Xe have been exam-

ined in the normal (nonsuperconducting) state as a function of composition. These films,
0

which were quench condensed at T=4.2 K, were typically 5000 A thick, and are believed to
be microscopically homogeneous and fully three dimensional. Aspects of quantum theories

of localization appear to more accurately describe the metal-nonmetal transition than classi-

cal percolation. Three distinct regimes of conductivity are evident: conventional transport
for low Xe concentration, incipient localization, and strong localization with a negative tem-

perature coefficient of resistance. Data in the second regime are compared with the scaling

theory of localization, and a correlation length g is inferred. The transition to the insulating

regime appears to be continuous, but a minimum metallic conductivity at T=0 K cannot be

ruled out. The behavior of the superconducting transition with composition has also been

examined within the context of localization theory.

I. INTRODUCTION

There has been considerable interest in recent
years in elucidating the transition from metal to
nonmetal in disordered materials. ' Many experi-
mental systems which exhibit such a transition con-
sist of mixtures of metallic and insulating
species. Two fundamentally different classes of
theories have been used to explain the conductivity
transition in these systems. In one approach, classi-
cal, geometrically based theories such as percolation
have been applied to mixtures which are inhomo-
geneous on the macroscopic scale. However, their
extended applicability to microscopically homogene-
ous mixtures is not generally accepted. In this
latter regime, recent quantum theories of localiza-
tion ' have developed to a stage where compar-
ison with experiments has shown promising agree-
ment. ' ' In any given system, the relevance of mi-
croscopic or macroscopic models may depend on the
degree of clustering of the components. Quantum
localization is likely to be relevant if the length
scales of the metallic clusters are smaller than the
lengths associated with localization.

In one class of systems for observing the metal-
nonmetal transition, films composed of a mixture of
a good metal and a rare gas are prepared on sub-

strates held at low temperatures, in order to freeze in
the disorder. ' In the present study, we examine
data on the conductivity of Hg-Xe alloys of various
composition, alloys which we believe to be homo-

geneous down to a microscopic scale. A part of this
data was previously analyzed within the context of
"microscopic percolation. " The present study sug-
gests that the metal-nonmetal transition in this sys-
tem may be more completely explained using several
aspects of the scaling theory of localization. Final-
ly, since these samples tend to become superconduct-
ing at lower temperatures, we can correlate the
development of the metal-nonmetal transition in the
normal state with changes in the superconducting
transition temperature.

In Sec. II of this paper several unique aspects of
the apparatus and techniques used for sample
preparation and electrical measurements are present-
ed and the morphology of the films discussed. Sec-
tion III is devoted to a presentation of the data and
its analysis. The final section contains a discussion
of superconductivity in this system and its relation
to localization.

II. EXPERIMENTAL

The goal of the sample preparation technique was
to prepare samples in a controlled manner which
minimized the heating of the substrate during film
growth. After preliminary evacuation of the inter-
nal chamber to a pressure of 10 Torr, a
molecular-beam oven (a true Knudsen source) was
heated to about 70'C, and allowed Hg and Xe vapor
to intermix and thermalize before exiting through
the orifice towards the substrate. The entire ap-
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paratus was located inside a liquid-helium cryostat,
so that the sample-holder assembly, including
shutter and masks, could be maintained at a tem-
perature of 4.2 K. The oven was surrounded, except
for its orifice, by a liquid-nitrogen-cooled shroud,
designed to attenuate greatly both the loss of liquid
helium and the radiational heating of the sample.
Furthermore, the condensation rate was kept suffi-
ciently low (less than several A/sec) that the film
heating from the impinging atoms could be largely
neglected. This in principle makes it possible for
as-prepared films to be composed of an amorphous
mixture of Hg and Xe atoms, rather than a mixture
of macroscopic grains. Unfortunately, the evidence
that the films are amorphous is rather indirect. ' '
We were unable to confirm it by structural analysis
at room temperature, since as the films are heated
up above about 10 K (still far too cold for the Xe
atoms to sublime), they apparently begin to anneal
or cluster in some way which irreversibly increases
their conductivity. These latter films, with signifi-
cantly different behavior, ' will not be discussed
here. We are currently in the process of building an
apparatus which will permit in situ low-temperature
structure determination.

A number of samples of Hg-Xe alloys were fabri-
cated, with compositions from pure Hg to 50 mol%%uo

Hg, and thicknesses ranging from 2000—10000 A.
The compositions are nominal, in that they were cal-
culated using oven parameters (oven temperature,
Xe pressure, and geometrical factors). The calibra-
tion was, however, checked earlier with Na films
that could be brought up to room temperature. The
thickness is also estimated in that it is calculated us-

ing a packing fraction of f=0.60, which is ap-
propriate for random close packing of similar-sized
spheres. ' We have also used a hard-sphere model
to estimate the volume fraction of mercury (VFM)
V&, using the formula

Vy=f (XrHs)/[XrHs+(1 —X)rx,],
where X is the molar fraction of mercury (MFM)
and atomic radii rHg ——1.49 A and rz, ——2. 16 A were
used. Over the range of composition studied, V~
varied from about 0.60 (pure Hg) to about 0.15
VFM.

III. DATA AND ANALYSIS

A key feature of previous studies of the metal-
nonmetal transition in metal-gas systems has been
the presentation of data on the conductivity in a log-
arithmic plot of the conductivity o. as a function of
composition. Figure 1 is just such a plot at low tem-
peratures (T =5 K). Its range is such as to include
all 6 orders of magnitude of the variation of the con-

ductivity with composition. The sample resistivities
varied from a clearly metallic 20 pA cm to a clearly
insulating 30 0 cm. The conductivity begins to fall
dramatically at a molar concentration of about 60%
Hg, which we will later identify more convincingly
as the location of the metal-insulator transition. We
will show below that a single plot of this type, which
seems to suggest the applicability of percolation, ob-
scures some of the more subtle details of the
behavior near the metal-insulator transition, which
become more evident when plotted on a linear scale
over a more restricted range.

The composition dependence of the superconduct-
ing critical temperature T,o is also shown in Fig. 1.
A more complete discussion of this will be carried
out later, but for the present it is sufficient to note
that most of the samples became superconducting
below about 4 K. It is for this reason that the
normal-state conductivities were measured only at 5
K or above, so as to exclude the effects of supercon-
ducting fluctuations. Also, the samples began to an-
neal if heated above about 10 K, so that it was not
possible to measure resistivity over a wide-enough
temperature range to allow extrapolations to T =0.

We were able, however, to measure the tempera-
ture coefficient of resistivity (TCR), (1/p)dp/dT,
over the range from 5 to 8 K, and this data is also
plotted as a function of composition in Fig. 1. It
goes from slightly positive on the metallic side to
sharply negative on the insulating side, with the
most dramatic change occurring, again, at around
0.60 MFM. It should be noted that the resistivity at
which the TCR changes sign is the same as that re-
ported in the work on Hg (Xe) done in Tel Aviv.
The composition at which this transition occurs ap-
pears to differ in the two cases, however, perhaps as
a consequence of a systematic difference in the com-
position calibrations or of a difference in the pack-
ing of the films, which were made using somewhat
different processes.

If our assumption of a random dispersion of indi-
vidual Xe atoms is correct, one expects that the re-
gime of low Xe concentration should correspond to
"linear dilution, " that the additional resistance
should be proportional to the concentration of Xe
atoms. In terms of the scattering cross section X,
the resistivity can be expressed as

p=hkzlne l

=3'/[n e (nxcX+1/IHg)]

where n is the density of conduction electrons,
nx, ——(1—X)n Hs is the density of Xe atoms, I is the
total electronic mean free path, lHg is the intrinsic
mean free path in a pure Hg film, and
kF (3n n) is th——e Fermi wave vector. (We are
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FIG. 2. Resistivity (@Oem) vs composition (in MFM).
The solid line is a fit to the "linear-dilution" model [Eq.
(2)], corresponding to a scattering cross section per Xe
atom of X=25 A'. The dashed line is an aid to the eye.

COMPOS IT ION (M F M )

FIG. 1. Composition dependence of the normal-state
and superconducting properties of Hg-Xe alloys. The
conductivity 0. at T =5 K (in Q 'cm ', symbolized by
closed circles) is plotted on a log scale vs the composition
measured in mole-fraction mercury (MFM), from insulat-

ing samples on the left to pure mercury at the right.
Some of the data points actually represent averages of
several samples. The composition in terms of volume-

fraction Hg (VFM) is indicated on the upper border. Also
plotted are the temperature coefficient of resistivity
[TCR=d(lnp)/dT, indicated by +] measured over the
range from 5 to 8 K, and the superconducting critical
temperature T,o (in K, indicated by x), defined by the
halfpoint in the resistive transition [R (T,o) =R~ /2] The.
"error bars" on some of the data for T,o represents the
width of the resistive transition from T (0.9R& ) to
T(0.1R~); those without these bars show an overall tran-
sition width of less than 50 mK. The dashed line

represents an apparent jump to T,o
——0 at a composition

of 17 VFM=54 MFM. The solid lines are a guide to the

eye.

taking a free electron picture for simplicity. ) In Fig.
2 we have plotted resistivity p versus the mole frac-
tion, X, of Hg, and the straight-line fit for X&0.7
(less than 25% Xe by volume) suggests that this ap-
proach may be valid. If the packing fraction is 0.6,
and we take two conduction electrons per Hg atom,
we can express the slope of this straight line
as dp/dX=(2. 8X10" 0/cm)X(cm )=8.3y10
Q cm. The resulting inferred cross section X= (5
A) is quite reasonable in view of the approxima-
tions made here, and appears to support our conten-
tion of an amorphous random mixture.

This conventional picture should break down as
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FIG. 3. Conductivity (A 'cm ') on a linear scale vs

composition in VFM. The points labeled with closed cir-
cles are scaled as indicated on the axes, and the solid line
in region I comes from the fit of Fig. 2. The points la-

beled with x, mostly in region II, are expanded vertically

by a factor of 10, and the solid line through them is a fit
to Eq. (4) with n, =0.203 VFM, v=0. 6, and B = 1.1. The
points in region III, indicated by +, are blown up by an
additional factor of 10, and the line through them is

merely a visual guide. Note in particular the two changes
in concavity through the regions. The dashed curves are
an attempted fit to percolation theory with Eq. (6), as dis-
cussed in the text, for all the data in regions I and II, with
a single "critical exponent" v= 1.6.

0
O. I

kFl~l (the Ioffe-Regel condition'), or, equivalent-
ly, when I is approximately the interatomic spacing
a. At this point, p=O(1)gaia/e, and in the present
case, if we take a=4 A, the regime close to 200
pQ cm seems to fit both descriptions, and to begin
the deviation from the conventional transport
behavior in Fig. 2 as well.

In Fig. 3 we have plotted the conductivity on a
linear scale as a function of the composition in
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VFM (proportional to the concentration of conduc-
tion electrons). The vertical scale is expanded by
two consecutive factors of 10 to show more clearly
the lower conductivity data. The regime of conven-
tional transport discussed earlier is now on the right
(region I). There are two other regimes, as indicated
by the change from concave upward to concave
downward, and back to concave upward.

In the range between 0.2 and 0.3 VFM, conven-
tional transport clearly does not apply, but the ma-
terial also does not seem to be an insulator, since the
TCR is zero or very slightly positive (cf. Fig. 1). We
suggest that this range may be associated with the
regime of incipient localization, as has been
developed in scaling theory of localization. ' In
this regime, even though the electronic states are
still extended, they exhibit local variations of density
over a scale up to the localization correlation length

g, which is greater than the lattice size a. As the
electronic density is decreased, g is expected to in-

crease, diverging at the actual metal-insulator transi-
tion (at T=0) with a characteristic exponent v= 1

according to the formula

/=a[(n n, ) In, ]— (3)

In this regime, the resistivity is expected to scale
with g, so that

cr(n)=Be /hg

=(Be /gaia)[(n n, )/n, —]" .

We can obtain a reasonable fit to this expression,
with a set of parameters that depends somewhat on
the range of concentration we include. For instance,
if we fit over the entire convex regime from 0.205 to
0.32 VFM, the best fit occurs for n, =0.203 VFM,
v=0. 6, and B =1.1 (taking again a =4 A). If the
fit is restricted to the range 0.205—0.27 VFM, then

n, =0.198 VFM, v=0.97, and B =2. By way of
comparison, an exponent v=0. 55 was measured in
the conductance of crystals of P-doped Si (Si:P) in

the comparable regime.
'

Since the data here are taken at finite tempera-
ture, the conductivity should not go all the way to
zero at the metal-insulator transition. According to
the scaling theory of localization, when the diverg-
ing g becomes larger than the inelastic diffusion
length l;=(Dr;)', where D is the electronic dif-
fusion constant and ~; the inelastic collision time, l;
should be substituted for g in Eq. (4) for the conduc-
tivity. This would appear to be the case near 0.20
VFM, where cr=400 (Qcm) ', which corresponds
to a value of l; of order 100 A. This may seem a bit
small, but for comparison a value of 250 A was in-
ferred in a localization study on a W-Re alloy. '

An alternative explanation of this incipient locali-

zation regime has been provided by Mott and Ka-
veh. " In this approach, there is a sharp, well-
defined minimum metallic conductivity at T=O,
with a value

Omin 0.03e /kz =200 0 ' crn

This value seems to be at about the bottom of the
range of conductance within the incipient localiza-
tion regime. For lower conductances, the TCR is
negative. There is no need to invoke a value of l;„ to
act as a cutoff for a correlation length. We cannot
at present rule out the possibility that 0.=200—300
0 ' cm ' represents the minimum metallic conduc-
tivity, given the limited temperature range over
which these samples can be varied. Furthermore,
Kaveh and Mott" have proposed a formula for the
conductivity in the "incipient localization" regime

o =o.s[1—3/(k~1) ], (5)

where 0.
& is the form in the regime of conventional

transport [Eq. (2)]. This should begin to deviate
from o.z for 0.=0.2e /Ra=3000 0 'cm ', and
should approximately fit a power law o -(n n, )"—,
where v changes from about 0.6 away from the tran-
sition to 2 as n~n, . This, too, is reasonably con-
sistent with the data for these Hg-Xe films, as well
as the earlier data on Si:P that it was proposed to ex-
plain. '

Finally, for concentrations lower than 0.20 VFM,
the TCR starts to turn sharply negative, suggesting
a strongly localized intrinsically insulating state,
with conduction occurring by some sort of thermal
activation process. Several possibilities have been
suggested theoretically for conduction in a localized
regime. Irnry' has proposed a phonon-assisted
diffusion between localized states with
o=(g /r;)e N(0), where r; is the inelastic scatter-
ing time, g is here the size of the localized states,
which diverges at the transition, and N(0) is the
density of states at the Fermi suface. Alternatively,
Mott' has suggested variable-range hopping (VRH)
where lnp-T ', which has in fact been reported
in a number of insulating systems. For the as-
prepared Hg-Xe films, the range of accessible tem-
peratures was rather limited, preventing an accurate
determination of the mechanism of conduction.
Samples which had been annealed to 20 K, however,
maintained their structure upon being cooled down,
and in some of these samples, with concentration
less than 0.17 VFM, the characteristic temperature
dependence of VRH was obtained. It is not known
whether this is also applicable to the as-prepared
films.

In an earlier publication, we had proposed "mi-
croscopic percolation" as a way to fit the conduc-
tivity data. The form predicted from percolation
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theory, at least sufficiently close to the critical
volume fraction n„ is

o =o,[(n —n, )/n, ]" .

One could conceivably fit to the entire range of data,
including these points where the TCR is negative. If
that is done, a best fit yields n, =0.16 VFM and
v= 2.2, with a rather large standard deviation.
Somewhat more reasonably, the points for n &0.20
VFM can be removed from the fit, since percolation
should ostensibly describe conduction between me-
tallic clusters via metallic links. If this is done, a
best fit gives n, =0.17 VFM and v=1.6, with a
somewhat smaller error. Since the values of both n,
and v from this fit are in reasonable accord with
theoretical predictions of classical percolation in
three dimensions, it was thought earlier that some
sort of microscopic percolation might in fact be ap-
propriate to this system. However, when we plot
this fit together with the data in Fig. 3, it becomes
clear that the agreement with percolation theory is
largely an artifact of the points included in the fit.
In particular, percolation with a single exponent
cannot explain the change in concavity, nor can it
account for the coincidence of the inflection point
near the Ioffe-Regel conductivity. Furthermore, if
we remove the two most mercury-rich points from
the fit, the optimum values are changed to
n, =0.195 and v=0. 83, with a substantially reduced
error. This, taken together with the questionable ap-
plicability of percolation to this system and the
more reasonable agreement with localization, sug-
gests that percolation is unlikely to be the explana-
tion for the metal-insulator transition in these sam-
ples.

IV. SUPERCONDUCTIVITY AND
DISCUSSION

As we noted earlier, Fig. 1 includes a plot of the
superconducting critical temperature T,o of these
films as a function of composition, where T,o is de-
fined by p(T, 0)=0.5p~. Clearly, the critical tem-
perature is largely unaffected by the increasing dis-
order through the conventional transport regime,
and starts to decrease in the regime of incipient lo-
calization. This result is consistent with Anderson's
theorem, ' which states that pair breaking in
singlet-paired superconductors cannot take place as
a result of scattering from nonmagnetic impurities.
This is in sharp contrast to certain other materials,
in particular granular aluminum, for which the
critical temperature initially rises dramatically as
the normal-state resistivity is increased. However,
Anderson's theorem would not be expected to hold
when the electronic wave functions become spatially

localized, and in fact the values of T,o for Hg-Xe
dropped sharply as the TCR in the normal state be-
came more negative. The transition itself also
broadened somewhat as the resistivity was increased,
but it was not until the strongly localized samples
that it began to be very wide (see the "error bars" in
Fig. 1). No samples with T,o & 2 K were measured,
suggesting a very sharp or even discontinuous
change for concentrations less than 0.17 VFM.

We believe that the samples reported here are like-

ly to be three dimensional in the contexts of both
electronic localization and superconductivity, since
the film thicknesses are much greater than either the
inelastic diffusion length I; or the superconducting
coherence length. We have elsewhere' examined
much thinner films of Hg-Xe (typically 100—200 A
in thickness) near the metal-insulator transition,
which followed the two-dimensional theory of the
superconducting transition, including the depen-
dence on the sheet resistance Rg=p~/d. In con-
trast, the critical temperatures of the films in this
work correlate not with Rz, but rather with the
resistivity p~, as the thickness is varied, suggesting
that they are properly three dimensional.

A complete theoretical analysis of the interaction
between superconductivity and localization has thus
far been given only for the two-dimensional case.
Nevertheless, a preliminary, qualitative analysis can
be presented based on suggestions by Imry and
Strongin ' and McMillian. For an amorphous
metal, or one with sufficiently small grains, super-
conductivity should disappear at the same point as
does normal metallic conduction, due in part to the
decrease in the electronic density of states X(0) at
the Fermi energy. We continue to see superconduc-
tivity for samples which appear to be localized, i.e.,
with a negative TCR in the normal state. This sug-
gests that at finite temperatures, inelastic scattering
may act to maintain an extended superconducting
state, in much the same way as I;„acts to cut off the
divergence in g in the scaling theory. A possible
consequence might be that at lower temperatures,
when l;„ is longer, some of these superconducting
samples may reenter the normal state, becoming in-
sulators at T =0. We saw no direct evidence of this,
in part because the samples could not be cooled
below about 1.4 K, and this is a subject of continu-
ing investigation.

If we consider the behavior of X(0) near the
metal-insulator transition quantitatively and its ef-
fect on the superconducting T„one has approxi-
mately, after McMillian, '

lnT, —I/N(0) -(g/a ) " (n n,)-—
If we fit to the data for concentrations greater than
0.20 VFM (although as noted above these are not
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T =0 measurements}, we obtain 3 —g=0.02, or
g=2.98. This reflects only the weak dependence of
T, on the composition on the metallic side, and is
unlikely to be definitive. Clearly, more work in this
area is needed.

To summarize, we have examined the conductivi-
ties of a series of three-dimensional quench-
condensed Hg-Xe alloys, which we believe to be mi-
croscopically homogeneous, as a function of the
composition. By plotting the conductance on a
linear, rather than a logarithmic scale, we see three
different regimes. In the first, conventional trans-
port, we can interpret the increase in resistivity as
being due to scattering off single Xe atoms. As the
concentration of Xe is increased, and the Ioffe-Regel
resistivity passed, we see evidence of incipient locali-
zation, and can fit to a diverging localization corre-
lating length, as predicted according to the scaling
theory of localization. An alternative formulation
which includes a minimum metallic conductivity
cannot, however, be ruled out. The transition to a
strongly localized state, with a negative TCR, occurs
at about 0.20 VFM, 0.60 by mole fraction mercury.
The mechanism of conduction in this regime is un-

clear, due to the limited range of temperature possi-
ble. In an earlier paper, some of the same data from
at least two of the three ranges were fitted to a sin-

gle power law, in an attempt to compare to percola-
tion theory. On a linear scale, the earlier agreement
does not look quite as good. Finally, the supercon-
ducting critical temperature is only weakly depen-
dent on composition until the metal-insulator transi-
tion is approached, making this system a good one
to test theories of the interaction of localization and
superconductivity. Further work in these areas is
continuing.
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