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Metal-nonmetal transition in Cs-Xe mixtures
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Electrical transport and optical data on amorphous-metal —rare-gas mixtures of Cs-Xe at

6 K are presented. The Cs-Xe mixtures fit a model whereby most of the Cs is distributed

randomly on the microscopic scale while a small amount exists in the form of granular

clusters. Although preferential clustering occurs, it is not prominent enough to apply the

model of classical percolation theory to the metal-nonmetal transition which is exhibited.

The transition is located at 0.55 + 0.01 Cs atomic fraction based upon the closure of the op-

tical gap and the threshold of extended-state conduction. The composition range over

which the states at the Fermi energy are localized is very small or zero.

I. INTRODUCTION nonmetal transition in amorphous mixtures of Cs
and Xe was the subject of the present investigation.

The study of metals mixed with rare gases at
liquid-He temperatures is extensive. ' Optical and
electrical transport measurements have been per-
formed on many combinations of metallic elements
with all noble gases. The scope of optical studies

range from investigating crystal-field splitting of
very dilute matrix isolated metallic atoms to the

study of the metal-nonmetal transition
(MNMT). '

A material exhibiting an MNMT is transformed

by means of an externally controlled parameter
such as pressure, ' temperature, ' magnetic field, "
or composition' " ' from a nonmetallic state to
a metallic state. An MNMT is observed in expand-
ed liquid metals ' such as Hg and Cs, by changing
the liquid density with high-temperature and high-

pressure techniques.
The preparation of metal —noble-gas mixtures is a

convenient means of controllably changing the me-

tallic density from dilute compositions in which the
mixture has nonmetallic optical and electrical trans-

port properties, to dense metallic compositions in

which metallic properties are exhibited. The in-

herent assumption in this method of density expan-

sion is a weak influence of the van der Waals bond-

ed rare-gas matrix on the physical properties of the

expanded metal. The advantage of investigating ex-

panded metals with this technique is that the effects
of high temperature which tend to obscure interest-

ing physical features are absent. The metal-

II. EXPERIMENTAL APPARATUS

A. Molecular beam sources

The mixtures are prepared by direct codeposition
of the two components, Cs and Xe, on a 6 K sap-

phire substrate. Each molecular beam is flagged

separately, enabling independent beam switching.
Xenon (99.995% pure) was released from a gas

cylinder into a baked and evacuated reservoir (-1
liter) until a pressure of 100 Torr was achieved. A
leak valve (Vacuum Generators, MD6) isolated the

Xe reservoir from the tube which served as the gas
duct to the point where it was released into the ul-

trahigh vacuum (UHV) chamber. The direct depo-
sition rates were calibrated by monitoring the inten-

sity interference oscillations of monochromatized
light (A, = 689 nm) transmitted through the Xe film

as its thickness increased during deposition onto the

sample substrate. The interference effect is deter-
mined from the relation 8 = A/(2nt), where 8 is

the time rate of thickness increase of the Xe deposit-
ed on the sample window, A. is the photon
wavelength, n is the index of refraction of Xe
(1.3), ' and t is the oscillation period. Each absolute

deposition rate was simultaneously correlated with

the background Xe pressure (determined by a Vacu-
um Generator VIG 20 ionization gauge) as well as
the numerical indication on the leak valve scale.
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The absolute accuracy of the ionization gauge cali-
bration was 5% as determined from several at-
tempts to reproduce a certain Xe deposition rate
from the ionization gauge indication. Deposition
rates resulting from indirect deposition due to the
background pressure of Xe were measured to be
about 10' of the direct rates. Short-(1-sec) and
long-(30-min) term deposition rate stabilities indicat-
ed by the ionization gauge were better than 2%.
The range of the calibrated rates was 0.4—5 A
sec ' and the corresponding Xe pressure range was
3 X 10 to 10 Torr.

The Cs molecular beam source is a reflux-type,
temperature-stabilized oven which collects and recir-
culates the unused (oF-axis) part of the beam. The
design and operation of the beam source is
described elsewhere. ' The Cs deposition rate, as
calibrated with a quartz crystal thickness monitor
indicated an absolute rate accuracy and stability of
0.5%%uo. Details of the rate-calibration technique ap-
pear elsewhere. '

Film densities were determined by assuming that
the sample consists of an amorphous mixture of
hard spheres. The Xe packing fraction was as-

sumed to be 0.45. ' Based upon the optical mea-
surements presented here, the packing fraction of
amorphous Cs is determined to be -0.40. In gen-
eral the density of binary mixtures is influenced by
the relative hard-sphere diameters of the two com-
ponents, ' but since the rx,/rc, ratio is about 0.8,
the correction is small and was ignored. Details
concerning the cryogenic and vacuum systems are
described elsewhere. ' UHV standards were main-

tained throughout this investigation. A description
of the substrate assembly is found in Ref. 17.

B. Electrical measurements

The experimental setup was designed to detect a
range of conductivities exceeding six orders of mag-
nitude. Mixtures were grown until surface effects
became negligible, indicating that the measured con-
ductivities were bulk values. A standard four-probe
technique with vapor-deposited Cr electrodes on the
sapphire sample substrate was used.

the sapphire substrate. We employed a technique

by which first the transmission through the bare
substrate and subsequently through each of several
thicknesses of a fixed composition mixture was mea-
sured. The film thicknesses required to give suffi-

cient optical absorption ranged from a few thousand
angstroms for a pure Cs sample to a few microns
for the very dilute Cs mixtures. Near-infrared and
optical-energy photons were provided by a
tungsten-halogen lamp and dc power supply with a
light-intensity stability of 0.1%. The ultraviolet en-

ergy photons were from a D2 lamp and power sup-

ply with an intensity stability of 1%. A photomul-
tiplier tube and a tandem Si diode-PbS detector
were used to measure the light intensities. The light

1

was dispersed by a double-grating Jarrell-Ash 4-
meter monochromator. The electrical conductivity
was monitored during the optical measurements as
each successive layer was grown as a check of the
composition control. For the dilute samples of Cs
in Xe a simple double-beam experiment was ar-

ranged whereby the intensity of the light passed
through the samples was normalized by the

incident-light intensity with the use of a homebuilt
analog divider.

D. Optical data analysis

A model consisting of two to four classical oscil-
lators was used to extract the optical constants from
the data. The parameters in the model are the
high-energy dielectric constant and the strength, fre-

quency, and width of each oscillator. These param-
eters are iteratively adjusted by a computer until the
optical transmission predicted by the model (includ-
ing the eFect of the mixture-substrate interface)
match the data within a relative error of 5% or less.
No physical significance is placed upon the specific
values of the parameters of the model. The model
serves only as a convenient means of obtaining the
optical constants.

III. RESULTS

A. dc conductivity

C. Optics

Phase-sensitive detection was used to determine
the optical transmission of a chopped light beam
(220 Hz) through the mixture which was grown on

Shown in Fig. 1 are the dc conductivities of Cs-
Xe mixtures. The values extend over approximately
5 orders of magnitude and diverge sharply beyond
the measurement capability at the Cs atomic frac-
tion X = 0.23. At increasingly larger values of X
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FIG. 1. The dc conductivity of amorphous Cs-Xe
mixtures (I) and of expanded fluid (Ref. 49) Cs (--) vs

X. The conversion from the density scale of the fluid to
the solid mixture composition scale X is discussed in the
text.
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the conductivity rises monotonically and for
X & 0.4, the rise is approximately one order of
magnitude per 25 at. % Cs.

No quantitative results on the temperature depen-
dence of the conductivity can be presented as the
Cs-Xe mixtures are not suAiciently stable to tem-

perature changes. Pure amorphous Cs layers exhi-

bit a small negative temperature coeAicient,
d lno/dT = —5.5 g 10 K ' between 5 and 10
K. Cs-Xe mixtures in the composition range
0.22 ( X ( 0.51 (2 ( o ( 10 0 ' cm ') exhibit

positive temperature coefficients of the order of
10 K '. However, the conductivity changes
were only partly reversible in the temperature range
5 —10 K, and the composition dependence was not
easily" reproducible. In the intermediate range
0.5 g X g 0.9 the temperature coefficient was too
small to be measured (d Incr/dT ( 3 g 10 K ').

B. Optical Properties {0.2 ~ X & 1)

The real part of the dielectric constant (e~) is plot-
ted in Fig. 2. The composition range separating me-
tallic mixtures, in which eI(fico~0) ~ 0, from
nonmetallic mixtures is 0.50 ~ X ~ 0.58. A flat
high-energy region contrasts with the region near
1.2 eV where most of the absorption in these mix-
tures occurs. The 1.2-eV absorption feature is also
prominent in the optical conductivity (Fig. 3). The
peak height progressively increases with increasing
Cs content, reaching a maximum at X = 0.51, then
decreases monotonically as X = 1 is approached.

FIG. 2. The real part of the dielectric constant eI of
Cs-Xe mixtures as a function of photon energy for
several compositions. The numbers near each curve
represent the Cs atomic fraction X.
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FIG. 3. The optical conductivity of Cs-Xe mixtures vs

photon energy for several compositions. The numbers
near each curve represent the Cs atomic fraction X.

A monotonic energy shift of the optical-conductivity
maximum by a total of 0.25 eV towards lower ener-

gy is observed over the composition range
0.15 & X ( 0.51.

An optical-energy gap may be extracted from the
linear extrapolation toward low photon energies of
the function Qeqfico vs fun,

' where e& is the ima-
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ginary part of the dielectric constant. Figure 4 con-
tains several plots of this function for compositions
in the range 0.15 & X & 0.6. Experimental data
points are indicated, and over the energy range
where this function is linear, a best-fit line is drawn
and extrapolated to the energy axis. Each point of
intersection (the energy gap) is plotted as a function
of the corresponding composition X in the inset

graph of Fig. 4. The magnitude of the gap de-
creases monotonically with increasing X and closes
between 0.51 and 0.58 at. fraction Cs.

In Fig. 5, e& at 0.65 eV is plotted as a function of
composition. From a value of 1.7 for Xe, e& in-

creases with increasing X to a peak of 5.6 at
X = 0.49. At X = 0.52, e& decreases sharply and

changes sign at X = 0.55+ 0.01, followed by a
monotonic decrease to more negative values.

A significant difference exists between the optical

properties of the pure Cs sample and the X = 0.95
mixture (Fig. 3). The pure Cs sample has a max-

imum at 1.2 eV of one-half the value of the max-

imum of the X = 0.95 mixture which is centered at

1.0 eV. The significance of the differences in the

optical properties mill be discussed in Sec. V.

C. Optical properties of dilute mixtures

Figure 6 contains the extinction coefficient
a ' In(Io/I) for several compositions where a is the

sample thickness, Io the light intensity before the

sample deposition, and I the light intensity after the
sample deposition.

At the lowest concentration measured
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(X = 0.0032), two strong spectral features at 1.35
and 1.75 eV are evident. We assign them as the Cs2
(A +—X) and (8 ~X) molecular bands on the basis
of a comparison with the gas-phase band envelope
expected for Cs2 at 6 K. Li2 and Na2 molecular
bands show very small matrix shifts when compared
to the gas-phase band systems. ' The small
feature at 1.45 eV is assigned as belonging to the Cs
atomic 6 P3/2 i/2~ 6 S&/2 transition. Weyhmann
and Pipkin have previously measured transmission
spectra of Cs atoms in Xe at higher dilution
(X = 0.001) and find the typical alkali atom "trip-
let" with components at 1.44, 1.39, and 1.34 eV. In
our case, the two latter low-energy components are
presumably covered by the much stronger Cs2
(A ~X) band.

FIG. 5. The real part of the dielectric constant el at
0.65 eV (+) and the dc conductivity (--) vs composition X.
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FIG. 4. The function Ve2hco vs photon energy and
the inset graph of the optical gap (see text) vs the compo-
sition X(p). The function e2 is the imaginary part of the
dielectric constant of Cs-Xe mixtures.
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FIG. 6. The logarithm of the extinction coeAicient vs
photon energy for several compositions. The Cs atomic
fraction X is indicated for each composition.
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At slightly higher Cs concentration (X = 0.012)
both atomic and dimer absorptions have disap-

peared. Discrete absorption bands presumably be-

longing to small Csz clusters are superimposed on a
broad baseline absorption. This broad absorption is

apparent even in the very dilute mixture
(X = 0.0032) and is also evident in the spectrum
shown by Weyhmann and Pipkin (Fig. 3 of Ref. 6}.
The magnitude of the broad absorption grows
monotonically with X and the maximum shifts in

energy from 1.5 to 1.35 eV over the composition
range X = 0.003 —0.15.

IV. THEORETICAL MODELS

A. The Mott transition in homogeneous systems

One theoretical approach to the explanation of
the MNMT is attributed to Mott. ' Mott consid-
ers a system which is a microscopically homogene-
ous material. The MNMT is a quantum-
mechanical phenomenon whereby the system has a
metallic density of states on the metallic side of the
transition and a very low density of states (or local-
ized states) at the Fermi energy on the nonmetallic

side. Mott argues that when the system is near the

MNMT, a local minimum in the density of states

(pseudogap) exists at the Fermi energy. Under cer-
tain conditions, depending primarily upon the state
of the disorder in the system, the states at the Fer-
mi energy are localized and the electrical transport
properties at low temperature are governed by hop-

ping conduction between localized states (variable

range hopping). Mott predicts the temperature (P
dependence of the conductivity for such a mechan-

ism to be a power law in T
A feature which emerges from the Mott transition

is that at T = 0 a discontinuous change of the con-

ductivity occurs at the MNMT. Mott proposed the

concept of the minimum metallic conductivity (o,„)
which is the source of the discontinuity. The value

of o. ;„occurs when the Fermi energy is at the mo-

bility edge, i.e., at that energy which separates the
density of states into two regions with different char-
acter: (1) where the states are extended and (2)
where the states are localized or do not exist. When
the Fermi energy lies in the region where extended
states exist, metallic transport occurs and is finite at
T = 0. When the Fermi energy lies within another
region the transport is activated and therefore is
zero at T = 0. Mott places the value of o. ;„at
0.026 e /fia, where a is the atomic separation.

Mott admits that the constant 0.026 may be wrong

by a factor of two either way, ' but O.
,„generally

is the range 100—1000 0 ' cm
Within the Mott picture a discontinuous change

in the optical properties also is expected. In a sys-
tem of free electrons ei decreases monotonically
with decreasing photon energy (E) and is negative
for energies smaller than the plasma frequency ener-

gy. A nonmetallic system characteristically has
positive values of ei as E~0, so that a discontinu-
ous transition (polarization catastrophe) from the
metallic to nonmetallic state is reflected in

e~(E ~0). Furthermore, as the transition is ap-
proached from the nonmetallic side, e~(0) increases
before the discontinuous decrease occurs at the tran-
sition. Viewed in terms of an optical gap, the

closing of the energy gap (Fig. 4) leads to an

inverse-square divergent increase of e ~(0) with the

gap energy. Having summarized the properties of
homogeneous materials at the MNMT, the behavior
of inhomogeneous materials is discussed next.

B. The MNMT in inhomogeneous systems

A second mechanism which can produce an

MNMT is classical percolation in microscopically
inhornogeneous systems. ' ' The model is a sys-

tem consisting of well-defined metallic and insulat-

ing regions, each characterized by bulk physical
parameters. In the continuous classical percolation
scheme a composition parameter (C is the metallic
volume fraction) characterizes the material. For
values of C close to zero the material primarily con-
sists of insulator-surrounding isolated metallic clus-
ters. As C is increased the number and size of the
clusters increase, and smaller clusters combine to
form larger metallic regions. At C = C* (the per-
colation threshold) the material contains enough
metal to form a continuous metallic pathway across
the sample, enabling electronic transport to com-
mence.

In the case of continuous classical percolation
C* = 0.145. An effective-medium theory (EMT)
has been developed by Jortner and Cohen to
describe several physical properties as a function of
C. ' In the vicinity of C~ the assumptions of
EMT are not valid, and numerical simulations are
required to provide the functional dependence of
transport properties on C. ' From the numerical
simulations a critical exponent (b} for the conduc-
tivity cr cc (C —C*) is obtained, b = 1.6+ 0.1.
Thus a quantitative means of determining the appli-
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cability of percolation theory to physical systems is
available from the behavior of the conductivity.

The theoretical optical behavior o'f inhomogene-
ous systems has been studied from the point of view
of EMT. The numerical simulations indicate that
for 0 & C & C*, ei(E = 0) increases with increas-

ing C followed by an abrupt decrease at C*. Subse-
quent increases in C produce increasingly negative
values of ei(0).

C. Dilute systems

The optical response of systems containing minute

quantities of metal is sensitive to, among other fac-
tors, the metallic distribution. A material with a
given composition can consist of isolated atoms in

the insulating matrix, or of clusters of atoms con-
taining any number of atoms. In the first instance
atomic and molecular absorption peak heights exhi-

bit a specific composition dependence according to
the matrix coordination number and distribution
statistics. In the second case, a theory of optical
scattering from metallic grains embedded in an insu-

lating material, the Maxwell-Garnett theory
(MGT), is appropriate. A notable consequence of
this theory is the prediction of a Mie resonance. In
the dilute composition range the location of the Mie
resonance is at the energy (E") which satisfies the
relation P~(E") = —2@i(E"),where M denotes

metal and I denotes insulator. The MGT predicts a
progressively larger red shift in the center frequency
of the resonance with increasing metallic content.
Further discussion of the MGT will be included in

the next section.

trend with decreasing Cs content is the same as that
for the data (Fig. 2).

In particular the presence and location of the
minimum in e& for several compositions are com-
parable. A trend to shift the location of the
minimum to higher energies with decreasing Cs
content is apparent in both Figs. 2 and 7. Qualita-
tive similarities between the data and MGT also oc-
cur in the optical conductivity. The presence of a
maximum which shifts toward lower energy with in-

creasing Cs content is seen in the Xe-rich composi-
tions. This maximum (according to MGT) is asso-

ciated with the Mie resonance phenomena in dilute

granular metal systems. The location of the reso-
nance (E ) is determined from the solution to the

equation ei'(E") = —2e& '(E ). This equation is
satisfied at E = 1.35 eV. The proximity of the
maximum in each extinction-coefFicient (a) curve
for dilute mixtures (Fig. 6) to this value is indicative

of the possible applicability of the model. In Fig. 8
the comparison of a is made between the data and

MGT at L = 0.012. Although the MGT result is

normalized by a factor of 13, the location of the
maximum at 1.52 eV and the half-width of 0.7 eV
are comparable with the data for which the location
of the maximum is 1.46 eV and the half-width is 0.8
eV. Numerical modeling of the optical properties
based upon EMT did not produce results with a
good correspondence to the data.

5—D

V. DISCUSSION

A. Metallic distribution B'

As pointed out in Sec. III the Cs-Xe mixtures are
structurally unstable upon increases in temperature.
That structural changes occur is inferred from the
partly irreversible response of the conductivity to
thermal cycling. The conductivity increases with in-

creasing temperature, implying that either the densi-

ty increases or metallic clustering occurs or some
combination of the two phenomena is involved.

In order to test the hypothesis that preferential
clustering occurs in Cs-Xe mixtures, the granular
cluster model (MGT) described in Sec. IV was used.
Shown in Fig. 7 is e~ according to the MGT where
the optical parameters appropriate for amorphous
Xe and for amorphous Cs (see following subsection)
have been applied to the model. Qualitatively the

—IO—

ENERGY (eV)

FIG. 7. The real part of the dielectric constant e~ of
Cs-Xe mixtures obtained from Maxwell-Garnett
granular-cluster theory vs photon energy for several corn-
positions. 3':C= 1.0 (X= 1.00), 8':C= 0.7
(X= 0.54), C':C= 0.6 (X= 0.43), D':C= 0.5
(X= 0.33), E':C= 0.4 (X= 0.25), E':C= 0.2
(X= 0.11).
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FIG. 8. The extinction coeNcient for the composition
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(—.—) vs photon energy.

B. Met@-nonmetal transition

Of critical importance to the comparison of Cs-
Xe mixtures to an inhornogeneous model with

respect to the MNMT is the determination of the
metallic volume fraction (Q scale relative to the
composition scale X. Attention must be paid to the
underlying assumptions concerning how the atoms
in the mixture are packed. The validity of our use
of the hard-sphere model and a packing fraction of
0.45 (Ref. 18) for Cs is supported by the present op-
tical data. A significant difference between the opti-
cal properties of the pure Cs (X = 1) and theI= 0.95 samples is most apparent in Fig. 3. A re-

latively large change in conductivity between these
two compositions is also notable. %e attribute this

The apparent dilemma of the dilute Cs-Xe mix-

tures exhibiting properties compatible with a model

of large clusters and simultaneously with optical
fcaturcs of sInall clusters, 1s rcsolvcd by Rn examina-

tion of Fig, 8. In order to provide a comparable fit

of the data with the results of MGT, it is necessary

to reduce the MGT values of a by a factor of 13.
Interpreting this as meaning that the dilute Cs-Xe
mixtures contain only 8 at. % of the Cs in the form

of metallic grains, then the remaining Cs may be
present as a distribution of small clusters with

discrete optical-absorption properties distinct from

macroscopic behavior.

distinctly different character between these almost
identical (compositionwise) samples as being a result
of structural differences. Corroborative evidence is
the irreversible behavior of the conductivity with

temperature. The conductivity of each mixture in-

creases irreversibly with increased temperature from
which structural shrinkage can be inferred.

%e assume a modified free-electron model of the
form 6) = 1 + eq —(Q)pleo) + 6q, w'here Eq 1s the
co1c polarlzabillty, Np 1s the plasIna frcgucncy
(co&

——4nne Im *), and e; is a correction term

resulting from interband transitions. The effective
mass is m ~ and the free-electron density is n. If e;
is small and only the energy range E gg ~z is ex-

amined then ~& is determined from the low-

frequency slope of ~, as a function of —~-'. In
fact for Cs in the infrared region of the spectrum, e;
represents a correction which produces an apparent
decrease in ~z of 9%. ' Ignoring the term e;, the

values of Ace& measured from the present data at
X = 0.95 and 1.0 are 2.27 and 2.56 cV, respective-

ly. The value for polycrystalline Cs is 3.0 CV. '
Assuming m ~ is constant in these three samples, ~&
determines the value of n which in the free-electron

model determines also the mass density or hard-

sphere packing fraction f of each sample (f = 0.68
for the bcc structure of crystalline Cs). The values

offwhich result are 0.40 and 0.50 for X = 0.95
and 1.0, respectively, indicating that both our pure
Cs sample and the L = 0.95 sample are significant-

ly less dense than polycrystalline Cs. Perhaps it is

surprising that the addition of only 5 at. % Xe de-

creases the density significantly from the L = 1.0
value and stabilizes the amorphous state, but similar

behavior was observed in Hg-Xe as well. In light

of the fact mentioned above that interband transi-

tions tend to indicate a spuriously low value of ~&
(i.e., if the term e; is ignored) and in light of the

analysis above from which co& ~ fwithin the hard-

sphere model, the value f = 0.40 determined from

the data is in agreement with the accepted value

0.45 for RInorphous pack1ng of ha1d sphcrcs. Thus
the value 0.45 was used in this study.

These criteria concerning the mixture densities en-

able the establishment of the metallic volume frac-
tion (C} scale. The dc conductivity is replotted in

Fig. 9 as a function of C. A best-fit line to the rela-
tion o cc (C —C*) also is drawn where
C* = 0.32+ 0.01 Rnd b = 3.3 + 0.1. Another in-

vestigation of the Cs-Xe system indicated a stronger
divergence in the dc conductivity near the saIne
composition. The discrepancy between the value in

the data and the value dictated by percolation
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F1G. 9. The dc conductivity I'y} vs C —0.32.

metallic volume fraction C for amorphous Cs-Xe mix-

tures is defined in the text.

theory (b = 1.6) is sufficiently great to exclude per-
colation as the controlling mechanism of the
MNMT in Cs-Xe mixtures. As the theoretical
value for C* depends on the clustering behavior of
the metal, the difference between the measured
C* = 0.32 and the theoretical C* = 0.145 (for no
clustering correlation) is less significant than the
difference in b.

The data in Fig. 5 indicate unambiguously that
the MNMT is located at L = 0.55 + 0.01, where
the low-energy value of e~ changes sign as a func-
tion of composition. Qualitatively the composition

dependence follows the behavior predicted by both
EMT and Mott, whereby from L = 0 to the
MNMT e&(0) rises monotonically followed by a
sharp drop at the transition and a subsequent mono-
tonic decrease toward X = 1. That the percolation
picture does not describe Cs-Xe mixtures is evident
from the location of the transition at L = 0.55 cor-
responding to C* = 0.32, instead of C* = 0.145
dictated by percolation theory. The dc conductivity
at the MNMT is about 1000 0 'cm ', which is
compatible with the accepted range of values for
Mott's 0. ;„.

The optical gap, which was determined according
to the prescription contained in Sec. III, is shown in

Fig. 4. The gap decreases with increasing Cs con-
tent and a corresponding increase of ei (0.65 eV)
(Fig. 5) is apparent. Such behavior is described
qualitatively by a simple two-band model whereby
as the gap approaches zero, the value of ei(0) in-

creases according to the inverse square of the gap
energy. However, a divergence is not apparent in

Fig. 5. The closure of the optical gap occurs at
X = 0.545+ 0.01.

The meaning of an optical gap in an amorphous
semiconductor has been discussed by many authors
including Mott and Tauc. The term pseudogap is
currently used in connection with the MNMT. Ba-
sically the difference between a true optical gap and
a pseudogap is that localized states exist within the

pseudogap at the Fermi energy and are absent in an

optical gap. Thus a system with a pseudogap exhi-

bits two optical excitation thresholds as the MNMT
is approached from the nonmetallic side. One is the
true optical gap which exists far from the transition
in which no localized states exist at the Fermi ener-

gy. The other is the mobility gap which persists
after the optical gap has closed, as long as the states
at the Fermi energy remain localized. From the
coincidence of the closure of the optical gap (Fig. 4)
and the onset of extended-state (metallic) properties
(Fig. 5) at virtually the same composition, the com-
position range over which localized states exist at
the Fermi energy is very narrow in Cs-Xe mixtures.
Similar behavior is exhibited at the MNMT in Cs-
Sb amorphous mixtures in which localization occurs
within a narrow composition range. Examples of
systems for which a finite composition range exists
in which the states are localized at the Fermi energy
are mixtures of amorphous solid' and of liquid
Cs and Au.

It is worthwhile to note that a comparison can be
made between expanded liquid Cs data ' ' and the
low-temperature analog Cs-Xe mixtures. Assuming
a direct correspondence between the mass density of
the expanded liquid and the effective Cs density in

the Cs-Xe mixtures, then the density (0.43 gcm )

associated with the density at the critical tempera-
ture of the expanded liquid corresponds to the com-
position X = 0.21. This is the location of the diver-

gence of the conductivity with composition in Cs-Xe
mixtures. The conductivity" of the expanded fluid
Cs appears in Fig. 1. Recently published magnetic
susceptibility data on expanded fluid Cs indicate
that the MNMT occurs at a density of 0.8 gcm
with an associated conductivity of 1000 0 ' cm
The composition associated with this density in the
Cs-Xe mixtures is X = 0.48 where the conductivity
is 800 Q 'cm ', while the MNMT in the Cs-Xe
mixtures occurs at X = 0.55 where the conductivity
is 1300 0 ' cm '. Thus the van der %aals bond
in the Cs-Xe mixtures is not passive but shifts the
MNMT to higher densities of Cs relative to the den-
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FIG. 10. The optical conductivity of Cs-Xe mixtures
obtained from Maxwell-Garnett granular-cluster theory
vs photon energy for several compositions. A: C = 0.5
(X= 0.33), 8:C = 0.4 (X= 0.25), C:C = 0.03
(X = 0.18), D:C = 0.2 (X= 0.11), E:C = 0.1

(X= 0.05).

sity at which the MNMT occurs in the expanded
fluid (similar to what is found in Hg-Xe mixtures~ ).

In summary the following points are made con-

cerning the results of this work.
(1) Cs-Xe mixtures prepared by codeposition at 6

K are amorphous with a characteristic hard-sphere

packing fraction of' about 0.45, as determined from

the optical data.
(2) The mixtures are structurally unstable to in-

creases in temperature as evidenced by partial ir-

reversibility of the dc conductivity to thermal cy-

cling.
(3) The dc conductivity indicates that an MNMT

occurs as a function of composition. The measur-

able conductivity range spans about five orders of
magnitude from the value for metallic Cs through
Mott's o. ;„ to the insulating Xe-rich mixtures.

(4) In dilute mixtures of Cs in Xe, evidence based

upon the optical data is presented for a spatial dis-

tribution scheme of Cs in which most of the Cs is

distributed randomly on the microscopic scale while

a small amount exists in the form of metal grains.
The tendency of the dc, conductivity to increase with

temperature increases is consistent with preferential
cluster formation.

(5) Qualitatively the trends in the optical data
with composition follow those predicted from the
granular-metal Maxwell-Garnett theory (Fig. 10),
including the presence of a Mie resonance.

(6) We have demonstrated, based upon the
behavior of the dc conductivity and optical data
with the Cs volume fraction, that although preferen-
tial clustering occurs, it is not sufficiently prominent
to apply the model of classical percolation theory.

(7) The MNMT is characterized by the closure of
the optical gap on the nonmetal side of the transi-

tion and the appearance of free-electron-type optical
behavior on the metallic side separated by a very
narrow (possibly zero) region in composition at

0.55+ 0.01, in which the states at the Fermi energy
are localized.

(8) A polarization catastrophe of the Mott type of
e&(0) with composition is not evident. Instead a
more gradual drop occurs at the MNMT.

(9) The value of the dc conductivity at the transi-

tion is 1300 0 'cm ', which lies within the range
of acceptable values of Mott's minimum metallic
conductivity.

(10) The van der Waals interaction of Cs with Xe
is significant when comparing these mixtures to the
high-temperature expanded fluids. In addition the

nonpassive role of Xe in Cs-Xe mixtures is evident

in the optical properties which reveal atomic and

molecular line shifts and a broad Mie resonance.
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