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Optical and electrical transport properties were investigated in amorphous Cs-Sb mix-
tures at 6 K. A metal-nonmetal transition is observed as a function of Cs atomic fraction
(X) and both the transport and optical properties indicate that this occurs at X = 0.68.
The dc conductivity at this composition is ~ 150 Q ~!'cm ™! which is consistent with ac-
ceptable values of Mott’s minimum metallic conductivity. The mixtures can be partitioned
into three distinct composition regions: (1) X < 0.64, in which the mixtures are semicon-
ducting; (2) 0.64 < X < 0.68, in which the states near the Fermi energy apparently are lo-
calized; and (3) X > 0.68, in which the mixtures are metallic. The optical data indicate
that within the broad composition range 0.7 < X < 0.95, approximately 1.6 electrons are
removed from the metallic conduction band for each Sb atom added to the system. Electri-
cal transport data in Cs-Sb liquid alloys are compared with the present data in the amor-

phous solid state.

I. INTRODUCTION AND EXPERIMENT

The metal-nonmetal transition (MNMT) is a field
which has inspired considerable activity over the last
twenty years.!~8 Particularly good accounts of the
developments in the field are contained in Refs. 1
and 2. Reported here are the results of an investiga-
tion of amorphous solid Cs-Sb mixtures. Electrical
transport and optical data are presented and dis-
cussed in relation to the MNMT which occurs in
this system at 6 K as the composition is changed.
The influence of the chemical bond on the physical
properties of these mixtures is examined. A com-
parison is made between these and the high-
temperature (800°C) liquid Cs-Sb mixtures which
also exhibit an MNMT.*!°

All measurements were performed under ul-
trahigh vacuum (UHV) conditions (10~° Torr).

The Cs-Sb mixtures were prepared by coevaporation
of each component from separate effusive sources.
The Cs source'! is a resistively heated reflux-type
oven which collimates the beam with a series of
cold baffles. Capillary action returns the Cs which
is stopped by the baffles to the hot part of the Cs
source. The Sb source is a resistively heated alumi-
na crucible. Molybdenum heat shields surround the
source in order to reduce the power requirement

(~ 15 W) at the routine operating temperature of
400°C. A quartz-crystal thickness gauge positioned
near the sample substrate measured the deposition
rates from the temperature-stabilized beam sources.
The stability of each beam intensity is about 1%,
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which implies a Cs-Sb mixture composition unifor-
mity of 1%. The absolute deposition rate of each
component (i.e., the composition) was determined
by two independent means in the case of the Sb rate
and by three independent methods in the case of the
Cs rate. These methods are described elsewhere.!?
The materials Cs (99.98% pure) and Sb (99.9999%
pure) were obtained from Koch-Light Laboratories,
Ltd.

The sample substrate is a circular 1-in. sapphire
window which is attached to a bath-type He cryo-
stat. Technical details concerning the vacuum sys-
tem, cryogenics, optics which spanned the energy
range 0.65—5.5 eV, electrical transport measure-
ments, and the construction and operation of the ex-
perimental system are found in Ref. 12.

II. RESULTS

The dc conductivity of Cs-Sb amorphous mix-
tures appears in Fig. 1. Experimental values span
approximately seven orders of magnitude from the
pure Cs sample to mixtures near the stoichiometry
Cs; Sb,. Within the composition range (X = Cs at.
fraction) 0.7 < X < 1 the conductivity varies rela-
tively slowly with a slope of approximately 1 order
of magnitude per 15 at. % change. The slope in-
creases dramatically in the range 0.62 < X < 0.64
to over 2 orders of magnitude per 1 at. % change.
Conductivities for compositions X < 0.62 were not
measureable since they extended beyond the experi-
mental measurement range. Unlike pure Sb at
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FIG. 1. The composition dependence of the dc con-
ductivity (O) and the activation energy (M) of amor-
phous Cs-Sb mixtures at 6 K and the dc conductivity of
liquid Cs-Sb alloys (— — —) at 800 °C.

800°C, at 6 K the conductivity of Sb lies many or-
ders of magnitude below the lowest conductivity
shown in Fig. 1."* This is a consequence of the
semimetallic character of Sb.

In the temperature range 5.5— 13 K the conduc-
tivity of Cs-Sb mixtures was found to fit the func-
tional form exp(const 7% where a = — 1.0 + 0.2
for compositions X < 0.64. The activation energy
associated with this semiconductor-like temperature
dependence appears in Fig. 1. Two distinct regions
of composition dependence are apparent in the data.
The composition range 0.63 < X < 0.68 has a
much greater composition dependence than the
range X > 0.68. In the former range the activation
energy decreases by over two orders of magnitude
from 1 meV to 5 yeV with increasing X. The error
in determining the activation energy is roughly the
size of the symbols in the graph except in the region
0.64 < X < 0.68 in which the nature of the tem-
perature dependence changes from ¢ = —1.1 + 0.1
at X = 0.64 to —0.73 + 0.1 at X = 0.643, —0.40
+0.15 at X = 0.646, —0.36 + 0.3 at X = 0.654,
and finally to the region X > 0.67 in which the data
are best described by a temperature coefficient of
conductivity (8) = d (log,0)/dT. A wide range of
compositions between 0.68 and 0.95 over which the
temperature dependence is very small and the
signal-to-noise ratio is low, results in a large error in
the determination of the composition at which the
temperature coefficient changes sign (X
= 0.76 + 0.07). The temperature coefficient of
conductivity of pure Cs at 6 K is —8 X 1073 K1,
The conductivity is reversible (+3%) in tempera-
ture up to 13 K at all compositions and in some

samples up to 20 K.
The optical-transmittance data were analyzed in

order to obtain the optical constants by using a clas-
sical multiple-oscillator model.'* The strength, fre-
quency, and width of two to four oscillators plus
the high-frequency dielectric constant were parame-
ters which were iteratively adjusted by computer in
order to minimize a certain error function. The er-
ror function characterized the quality of the fit of
the transmittance predicted by the model to the
optical-transmittance data. The averaged relative er-
ror across the entire energy range examined for each
sample was less than 5%. A more detailed descrip-
tion of the data analysis is found in Ref. 12.

The real part of the dielectric constant €,(E) is
shown in Fig. 2. Beginning with pure Cs (curve 4)
for which €, is less than zero below a certain pho-
ton energy, the curves progress monotonically to the
composition X = 0.605 (curve K). For all composi-
tions the energy dependence of €, is weak where
E > 3 eV. At low photon energy and for the com-
positions for which €, is negative, €, has a relatively
strong energy dependence (Drude tail).

Shown in Fig. 3 is the optical conductivity of
several mixtures whose compositions range from
pure Cs to pure Sb. A broad maximum at 3 eV
characterizes the pure Sb sample while a relatively
narrow maximum occurs in the pure Cs sample at
1.2 eV. At high energy the intermediate composi-

ENERGY (eV)

FIG. 2. The real part of the dielectric constant €, vs
energy for several compositions. A: X = 1.000, B:
0.945, C: 0.905, D: 0.825, E: 0.770, F: 0.708, G:
0.670, H: 0.646, I: 0.642, J: 0.630, K: 0.605.
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FIG. 3. The optical conductivity o vs energy for
several compositions. A: X = 1.000, B: 0.945, C:
0.905, D: 0.825, E: 0.770, F: 0.708, H: 0.646, K:
0.605, L: 0.000.

tions exhibit a monotonic increase of the optical
conductivity with increasing X. At low energies the
1.2-eV feature associated with pure Cs persists to

X = 0.605. The lower-energy limit of the present op-
tical setup (0.65 eV) does not extend to sufficiently
low energies to permit the observation of the turn-
around of €, for a pure Cs sample (— — —) mea-
sured by other groups.!>!® The other dashed lines
represent extrapolations of the optical data to the dc
conductivity values indicated at £ = 0. This extra-
polation serves as a quality check on the data-fitting
procedure.

Figure 4 contains the low-energy (0.65 eV) values
of €; as a function of composition. A monotonic
decrease of €; from the positive values at X ~ 0.6 to
the negative values occurs with the largest composi-
tion dependence appearing in the range

095 <X <« 1.
A plasma frequency w, can be deduced from the

optical data assuming a nearly-free-electron model
of the form'’

€1(0) = €(w0) — (0,/0)* + (o) , S0

where €/( 0 ) = 1 4+ the high-energy (core) polari-
zation, @, = 4mne’/m*, n = the free-electron den-
sity, m* = the effective mass, and ¢; is a term
correcting for interband transitions. If €; can be
neglected then the square root of the slope of a plot
of €, vs —E ~? is the plasma frequency in energy
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FIG. 4. The composition dependence of the real part
of the dielectric constant €, at 0.65 eV (@) and dc con-
ductivity (— — —) of Cs-Sb solid mixtures.

units. In the energy region w << w,, the term ¢; is
a small correction in Cs and is of the order of
10%.'® Based upon this model the plasma frequen-
cies were determined for several metallic samples
and normalized by w,(X = 1). The squares of
these values are plotted in Fig. 5. Recent optical
measurements on amorphous Cs-Xe mixtures!® indi-
cate that a significant difference exist between w, in
polycrystalline Cs (Refs. 15, 16, 19) and the value
in amorphous Cs whose disordered structure may
be stabilized by the addition of 5 at. % Xe. The
value appropriate for amorphous Cs(A) is plotted in
Fig. 5.

Mixture densities used throughout this analysis
were obtained by assuming that the samples consist
of an amorphous alloy of hard spheres with a
characteristic packing fraction of 0.45,%° where the
hard-sphere radius was obtained from crystalline
densities and packing fractions. Corroborative evi-
dence of the amorphous structure is the irreversible

w2(X)/w?2(1.0)
PP
o
T

Y3 0.7 08 09 -0
(Cs4Sb,) x (Cs)
FIG. 5. The composition dependence of the square of
the plasma frequency wpz(X) normalized by wpz( 1) for Cs-
Sb solid mixtures (O ), a pure Cs sample (@) deposited on
a substrate at 6 K, and an amorphous Cs sample (A) (see
text).
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increase in the dc conductivity after thermal cycling
to temperatures above 15—20 K, which indicates
that a more dense mixture results after the thermal
cycling. A cursory examination of Fig. 1 reveals
that the trends of conductivity versus X near X =1
are different for the solid and liquid (amorphous)
mixtures. The rapid rise in conductivity as the pure
Cs composition is approached is consistent with a
structural change from the amorphous solid mix-
tures (X < 0.9) to the more dense polycrystalline'®
structure of Cs. Analogous behavior is seen in oth-
er Cs-based solid mixtures.!>!3

II1. DISCUSSION

Of primary importance to the task of comparing
the present data on solid mixtures of Cs-Sb to the
liquid-alloy data is to understand the influence of
the different conditions under which each is studied.
Furthermore it is desirable to minimize the differ-
ences in conditions when possible. One important
factor is the structure. The preparation of amor-
phous mixtures by codeposition onto a cold sub-
strate reduces the structural difference between this
system and the liquid alloys (via the absence of
long-range order).

The conductivity of liquid Cs-Sb (Ref. 9) is shown
in Fig. 1 (— — —). Most striking is the abrupt de-
crease in the conductivity with decreasing Cs content,
which reaches a minimum at the stoichiometry Cs;
Sb (X = 0.75). No evidence of this compound
forming in the solid mixtures is apparent from our
conductivity data. Thus a major difference exists
between the liquid and amorphous-solid data with
respect to the nature of the chemical bond which
determines compound formation.

One model of the MNMT is that of continuous
classical percolation.»?""?2 This theory as it relates
to this discussion is presented in Ref. 18 in this is-
sue. Numerical simulations?® of classical percola-
tion provide a critical exponent b = 1.6 + 0.1 for
the divergence of the conductivity at C*, ¢
« (C — C*)®. In order to test the applicability of
percolation theory'® to the Cs-Sb amorphous mix-
tures, a model was proposed in which the com-
pound Cs;Sb, was assumed to be the insulating ma-
terial and the excess Cs the metallic component.
The metallic volume fraction scale C was deter-
mined from the hard-sphere packing model men-
tioned in Sec. II. The conductivity was fit to the
functional form o < (C — C*)? and replotted in
Fig. 6 where the best-fit parameters (C* = 0.083
and b = 2.77) defined the solid line through the
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FIG. 6. The dc conductivity (@) and activation energy
(M) vs C — 0.083 (C = metallic volume fraction) of Cs-Sb
solid mixtures. The slope of the solid line through the
conductivity is 2.77 and that through the activation
energy is —1.95.

conductivity data. For completeness the activation
energy is plotted on the same scale and fit to the
second straight line with a slope —1.95. The posi-
tive sign of the temperature coefficient of conductivi-
ty near C* is in conflict with the negative sign ex-
pected from percolation theory. Other model ma-
terials based upon different compounds as the insu-
lating background (CsSb, for example), also result-
ed in best-fit values of C* and b which were inap-
propriate for the theoretical model of continuous
classical percolation which requires that C* = 0.145
and b = 1.6.!"® Therefore the percolation model is
ruled out to describe amorphous-solid mixtures of
Cs and Sb.

A second model of the MNMT is due primarily

to Mott."** The basics of this model are described
in Ref. 18. 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 certain conditions, depending primarily upon
the state of the disorder in the system,25 the states at
the Fermi energy are localized and the electrical
transport properties at low temperature are
governed by hopping conduction between localized
states (variable-range hopping). Mott predicts' the
temperature (7) dependence of the conductivity for
such a mechanism to be a power law in 7-%2°. In
the composition range 0.64 < X < 0.68 in which
the power law T for the conductivity is in transi-
tion from the @ = —1 dependence, where X < 0.64
to @ ~ 0 where X > 0.67, Mott’s a = — 0.25
dependence lies within the confidence limits of the
three mixtures in the range 0.646 < X < 0.67.

As the system is moved away from the MNMT
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on the nonmetallic side, the pseudogap widens and
may eventually become a real gap in which a finite-
energy range overlapping the Fermi energy exists
and in which the density of states is zero. The sys-
tem is then semiconductorlike and the temperature
dependence of the conductivity is a power law in
T% a = —1. The temperature dependence of the
amorphous Cs-Sb solids in the range 6 — 13 K obeys
this power law with @ = — 1.0 + 0.2 in the compo-
sition range X < 0.64.

Within the Mott picture the conductivity data im-
ply that a real gap (however small) exists and nar-
rows with increasing X for compositions X > 0.64.
For compositions X > 0.64 a different mechanism
appears whose temperature dependence is consistent
with Mott’s variable-range-hopping model, whereby
the pseudogap is filled with localized states near the
Fermi energy. At X = 0.68 the composition depen-
dence of the activation energy changes dramatically.
The conductivity at this composition is
~150 @~ 'ecm™!. The composition endpoints asso-
ciated with Mott’s range of the minimum metallic
conductivity (100— 1000 @~ 'cm™!) are 0.67 and
0.74.

The MNMT is revealed clearly in the optical data
(Fig. 2), where metallic character (¢; < 0 as E—0)
is displayed by curves 4 — E and nonmetallic char-
acter (€; > 0 as E — 0) is seen in curves G —K.
The location of the MNMT is at the composition
where €,(E = 0) changes sign. If a sufficiently low
probe energy is used, an approximation to
€(E = 0) can be made and the MNMT located at
the composition where €,(E ~ 0) = 0. Using the
lowest photon energy in the present study (0.65 eV),
this procedure locates the transition at X = 0.71.
However, since this value of X will be shown to be
somewhat large compared to the value indicated by
other data, the criterion which sets an upper limit
(AE) on the photon energy necessary to perform
this analysis has not been met. That a small enough
photon energy was not used to satisfy this criterion
is inferred from Fig. 2. Curve F reveals that
although the trend toward negative (metallic) values
is present, a sufficiently low photon energy was not
available to produce them, thereby indicating a

spuriously high value of X7.
The optical properties of a system which exhibits

an MNMT of the Mott type!?* or of a variety of
types described by other models,*~2? have a
characteristic discontinuity at the transition. A
discontinuity is not apparent in Fig. 4, but a slight
break in the composition dependence is noticeable at
the zero crossing.

One method of extracting a gap energy from opti-
cal data of amorphous materials® is to extrapolate
the low-energy dependence of the function
v/ &(E)E to the energy axis, where ¢, is the ima-
ginary part of the dielectric function. The intercept
(Eg) is the gap energy. This analysis was performed
on the amorphous Cs-Sb optical data with the result
that very small gap energies (0— 10 meV) occur for
compositions X < 0.63. Because of the extrapola-
tion procedure an error of 20 meV is present; how-
ever, the gap clearly had closed for X > 0.64.
These gap energies are to be compared with the op-
tical gap of the pure amorphous Sb sample which
was determined to be 260 + 20 meV using the same
procedure. The small values of E, for compositions
X < 0.64 are consistent with the small
semiconductor-type activation energies in Fig. 1,
which provides supporting evidence that the gap in
this composition region is a true gap and not a pseu-
dogap filled with localized states.

In Sec. II it was shown that a plasma frequency
(@,) can be assigned to each metallic sample. If we
assume that m™* does not change radically with
composition, then the free-electron density » is pro-
portional to wpz_ The normalized (see Sec. II) values
of wpz appear in Fig. 5. The approximately linear
trend in the composition range 0.7 < X < 0.95 sug-
gests the simple picture that a constant number of
free electrons are removed from the conduction
band per unit decrease in X. The slope of the line
in Fig. 5 indicates that for every Sb atom added to
the system, approximately 1.6 free electrons are re-
moved. A crude model suggests that the bonding
mechanism (possibly covalent)® which is responsible
for this behavior is related to the formation of the
compound Cs;Sb,. Evidence of the Cs;Sb, com-
pound formation is suggested by electrical-
conductivity measurements in solid film mixtures
prepared at 100°C.*° The optical-conductivity data
contained in Fig. 3 reveal that throughout the com-
position range 0.6 < X < 1 the 1.2-eV feature asso-
ciated with pure Cs persists noticeably. If the sim-
ple model based upon the formation of the com-
pound Cs;Sb, were responsible for the MNMT, an
optical feature associated with Cs would not be ex-
pected to be present, a priori, unless the optical
properties of the compound contain the feature as
well. Thus, this simple model is not well founded.

The data point appropriate for amorphous Cs (A)
(Ref. 18) is included in Fig. 5. The proximity of the
amorphous Cs data point to the extrapolation inter-
cept of the solid line in Fig. 5 with X = 1 gives in-
direct support to the assumption that the Cs-Sb
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mixtures prepared during this study are amorphous.
The data departs from the linear trend between
the compositions X = 0.69 and 0.7, and the free-
electron density approaches zero at about X = 0.68.
A different composition-dependent mechanism ap-
parently interrupts the one which is responsible for
the linear dependence in the range 0.7 < X < 0.95.
One possible mechanism is localization, whereby lo-
calized states begin to appear near the Fermi energy
when X < 0.7. This supposition is consistent with
the inferences which were drawn from the changing
character of the activation energy in the region
0.64 < X < 0.68.

IV. SUMMARY

Several points can be made which summarize the
properties of Cs-Sb mixtures.

(a) The CsSb mixtures studied are amorphous as
inferred from (i) the irreversibility of the conductivi-
ty to thermal cycling and (ii) the relative fit of the
amorphous Cs optical data point compared to the
polycrystalline Cs point in Fig. 5.

(b) The MNMT is a continuous transition as re-
vealed by the electrical transport and optical proper-
ties.

(c) The model of continuous classical percolation
is compatible neither with the conductivity nor with
the temperature dependence of the conductivity of
these mixtures.

(d) The optical data indicate that the MNMT is
located at X = 0.68 + 0.01. An abrupt change in
the composition dependence of the activation energy
occurs at this same composition. The conductivity at
X =0.68is ~150 Q~'cm™!, which is a suitable
value for Mott’s minimum metallic conductivity.

(e) Mixtures for which X > 0.68 exhibit metallic
properties, and the temperature coefficient of con-
ductivity is near zero (+5.0% 10~* K~! for com-
positions 0.68 < X < 0.95).

(f) Mixtures for which X < 0.64 are semiconduct-
ing. The optical properties and the temperature
dependence of the conductivity indicate the presence
of an optical gap.

(g) The nature of the mixtures within the narrow
composition range 0.64 < X < 0.68 is not unambi-
guously defined, but it seems to be a transition re-
gion between the semiconducting range X < 0.64
and the metallic range X > 0.68 and associated
with the filling of a pseudogap. Most of the data in
this transition region are consistent with Mott’s
T2 power law (within the statistical confidence
limits of the data) and all of the data in this region
exclude the 7! (semiconducting) power law.

(h) The nature of the chemical bond in amor-
phous solid Cs-Sb mixtures is significantly different
from that in the liquid alloys. The compound
Cs3Sb which is strikingly evident in the liquid
data®!” is not present in the amorphous solid.

(i) Approximately 1.6 electrons are removed from
the metallic conduction band for each Sb atom ad-
ded to mixtures in the composition range
0.7 < X < 0.95. However, a simple model where-
by 1.5 electrons are removed per Sb atom via the
formation of the compound Cs;Sb, is not appropri-
ate.
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