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Thin films have been used to determine the optical properties of the liquid-alloy system
Se, Te gy, in the photon energy range of 0.4 to 5.0 eV, and at temperatures from the melting point
to 500°C. These liquids are semiconductors at Se-rich compositions, and undergo a transition to
metallic behavior at high Te concentrations. The effects of this transition first appear in the optical
data at 80 at. % Te. Possible forms for the electronic band structure in the semiconducting phase of
the liquid are derived from the nondirect transition model for optical absorption. The optical prop-
erties of liquid Te (metallic phase) are separated into intraband and interband components, model-
ing the intraband component by Drude behavior, to test previously proposed mechanisms for the
semiconductor-metal transition. Our results are consistent with the preservation of two-fold co-
valent bonding across this transition, and predict a ~0.4 eV gap between a Fermi level within the
valence-band and the conduction-band edge. We have also measured the sub-band-gap absorption
coefficient in semiconducting liquids containing 0, 20, and 40 at. % Te, and find that the extent of
the exponential absorption edge decreases with increasing Te concentration.

I. INTRODUCTION

Much of the interest in the liquid alloy system
Se, Te;p—, stems from the observation that increasing
the Te concentration, temperature, or pressure by a
sufficient degree induces a transition in the electronic
properties from those of a semiconductor to those of a
poor metal.' 3 This electronic transition is also accom-
panied by changes in the thermodynamic properties* ®
and the local atomic coordination number in the
liquid,””® and the close correlation between these
changes suggests that they are different aspects of the
same transformation. At present, the nature of this com-
mon mechanism is not understood, and several models
have been proposed to explain the experimental data.
One model is based on the work of Cabane and Friedel.'®
They used the liquid Te neutron-diffraction data mea-
sured by Tourand and Breuil'! as the basis of a model
wherein the two-fold bonded chain molecules in the semi-
conducting Se-like structure are replaced by a metallic
three-fold bonded structure similar to that in amorphous
arsenic. Cutler, however, has noted that the bonding
change proposed by Cabane and Friedel implies a p-n
transition in the thermopower of the liquid, which, in
fact, is not observed. The magnitude of the thermopower
decreases, but remains positive across the
semiconductor-metal transition. Cutler has suggested
that the normal two-fold covalent bonding is maintained
in the liquid, and the metallic properties are due to the
introduction of a large density of hole states in the
valence band as the number of broken bonds in the liquid
becomes large.!>!® In addition to models based on a
homogeneous liquid structure, it has also been suggested
that the metal-semiconductor transition may be due to
the liquid being an inhomogeneous mixture of separate
domains with semiconductor and metal-like proper-
ties.!#*71® In these models, the metal transition occurs as
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the relative concentrations of the two domains passes a
percolative threshold for conduction.

The models outlined above imply significantly different
changes in the electronic density of states. Clearly, direct
information about the density of states in Se-Te liquids
would be very useful in determining which may be
correct. In the absence of techniques to perform photo-
emission spectroscopy on these liquids, the measurement
of the optical dispersion properties provides the next best
approach to probing the electronic structure. Fainchtein
and Thompson,'” and more recently Seyer et al.,* have
used the energy dependence of the reflectivity of these
liquids at normal incidence to determine their optical
properties and to infer changes in the electronic struc-
ture. An analysis based solely on the reflectivity of the
liquid has difficulties, however. It requires fitting func-
tions with many independent parameters, and these pa-
rameters may not be well defined; and there is always the
question of whether the optical properties of the surface
are the same as those in the interior. An alternative ap-
proach to determining the optical dispersion is to mea-
sure both the reflectivity and transmissivity of a film of
the liquid, which makes it possible to calculate the com-
plex dielectric constant directly. This also provides a
more direct probe of the electronic structure of the liquid
volume (as opposed to the surface) through the deter-
mination of the absorption coefficient. In the past, exper-
imental limitations on the minimum film thickness ob-
tainable has precluded transmission measurements at
photon energies where interband transitions take place.
We have developed new techniques for preparing thin
liquid films which have allowed us to produce Se-Te sam-
ples as thin as 0.2 um, making it possible to measure the
transmissivity well into the fundamental transition re-
gion.

In this paper we report data for the optical properties
of Se-Te liquids covering the composition range from
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pure Se to pure Te, and the photon energy range of 0.4 to
5.0 eV. In an effort to understand the electronic struc-
ture in the semiconducting phase of these alloys, we have
examined their optical properties above the band gap us-
ing the nondirect transition model for optical absorption.
We find that the simple parabolic band-edge model com-
monly applied to liquid semiconductors does not fit the
data, and we discuss several possible ways of interpreting
the optical behavior. We have also measured the absorp-
tion coefficient of the semiconducting liquids below the
band gap. The exponential form of the absorption edge
in Se is well known; our data show that this exponential
behavior is gradually lost when Se is alloyed with Te.
The most significant finding of this work concerns the
semiconductor-metal transition. Evidence for the onset
of this transition appears at the composition Se,;Tey,
and the data for liquid Te clearly show the presence of a
large density of free carriers. We have separated the
complex dielectric function of liquid Te into interband
and intraband components, using the Drude model for
the intraband part. Our results for the interband com-
ponent are consistent with the preservation of two-fold
bonding across the semiconductor-metal transition in the
liquid.

II. EXPERIMENTAL DETAILS

Two methods were used to prepare the liquid films. In
the first, an evaporated solid sample film and a surround-
ing evaporated gasket were sandwiched between two op-
tical windows, and the sample was then melted to obtain
the liquid. In the second, a drop of the liquid sample was
pressed into a cavity between optical windows. A de-
tailed account of these methods has been presented else-
where.!® In this section we will describe how the optical
properties of the film samples were determined. The
spectrometer used to measure the film reflectance and
transmittance is shown in Fig. 1. An incident beam of
chopped, monochromated light was partially reflected
and transmitted by the cell. The magnitudes of the re-
sulting detector signals were proportional to the
reflectivity and transmissivity of the optical cell contain-
ing the liquid film. They were calibrated against a
separate measurement of the reflectivity and transmissivi-
ty of an empty sample cell, using the known refractive in-
dex of fused quartz to determine the reflectance and
transmittance of the filled cell (R g Teen): Reens Teen
were produced by the reflectance and transmittance of
the liquid film (R, Tq ), modified by the additional
reflections at the window-air interfaces. The reflectivity
of a quartz-air interface is small, about 4%, and the effect
of the multiple reflections this produced within the opti-
cal cell was easily separated from Ry, T to obtain
R film> Tﬁlm .

The data for R, Ty, Were related to the complex in-
dex of refraction of the liquid »n +ik through the general
expressions '’

(l_rZ)e —1(6—18)

2, —2i(6—1B)

Thym=1*=
1—r‘e

c.c. , (1a)

and
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FIG. 1. Optical spectrometer: D1, pyroelectric detector; D2,
PbS detector; D3, Si photodiode; D4, photomultiplier; D5, Si
photodiode/PbS cell; QH, quartz-halogen lamp; XE, xenon arc
lamp; LPF long-pass filter; DMC, double monochromator; LIA,
lock-in amplifier; CH, chopper; AS, aperture stop; BS beam
splitter; C, sample cell, NDF, neutral density filter.

J— *
Rgymn=rr
F(l —p2)e ~2i6=iB)

l_rZe —21(8—iB)

—r+ c.c. , (1b)

where ¢ and r are the transmittance and reflectance
amplitudes of the film. The factors appearing in
Eq. (1) are the Fresnel reflection coefficient ¢
=[ny,—(n +ik)]/[ny+(n +ik)], the interference phase
factor 8=(E /#ic)nd, and the amplitude attenuation
coefficient B=(E /#c )kd, which in turn depend upon the
refractive index of the windows n, the film thickness d,
and the photon energy E. Equations (la) and (1b) are
multivalued, i.e., a given pair of values of the reflectance
and transmittance measured at a single wavelength does
not correspond to a unique set of values for n, k, and d.
In this experiment it was necessary to determine the
thickness of the film before calculating the index of re-
fraction. For the thin-film samples (d <3.0 um) with an
accessible region of transparency in the infrared, the
thickness was determined from the interference fringes in
the reflectivity data. This method provided the best
values for d, with an accuracy of 1% for Se and SegyTe,,
and 3% for the composition Seq Te,. The thicknesses of
the thin-film alloys with no infrared transparency were
determined indirectly, either from a surface profilometer
scan of the film after it was frozen (Se,Teq, and
SeyoTegy), or by simply calculating it from the known
mass and density of the sample, along with a measure-
ment of the area of the film it formed between the win-
dows (Te). The accuracy of the thickness found by these
indirect methods is estimated to be 5%. For the thick
films (12um <d <25 um) used to measure the optical ab-
sorption below the band gap, d was determined by
matching the calculated thick-film absorption coefficient
with the thin-film results in the energy range where the
two sets of data overlapped. Once a value for d was ob-
tained, Eq. (1) was solved numerically to find the values
of n and k at each energy which simultaneously produced
the measured values for R, Tgim-
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There are two factors which limit the accuracy of the
data: the alloy composition and the film thickness. Inac-
curacies in the film thickness led to errors in k primarily
through the product kd in the amplitude attenuation
coefficient. This also affected the calculated value of n
when k was large, since a shift in k requires an opposite
shift in n to fit the measured reflectivity. The mass mea-
surements used to control the alloy compositions were
very precise (four significant digits). Still, the optical data
exhibited systematic energy shifts between identically
prepared samples, which were interpreted to arise from
variations in the composition in the range of +3%; e.g.
the composition of a nominal Seq,Te,, alloy fell between
Seq;Tey; and Ses;Te, ;. This shift may have been due to
differences in the composition of the initial ~0.3 mg
solid alloy used to make the film in the case of the
compressed-liquid films. The same master set of alloy
materials was used throughout the experiment, so this
would require fluctuations in x within the volume of the
master alloys. In the case of the samples formed by eva-
poration, the variations in composition were attributed to
a small leakage of the liquid into the gasket region when
the solid films were melted. The Se and Te film layers
melted unevenly and at different temperatures, and an ex-
cess of one component of the liquid would result if more
of the other component leaked past the gasket. The re-
sults to be given here are the average of all the measure-
ments made at each composition.

III. RESULTS

Figure 2 shows a representative set of curves for the
reflectivity of a fused quartz-liquid Se, Te,q,_, interface
as a function of composition and moderate temperature
changes. Several of the characteristics of the Se-Te sys-
tem can be seen by examining the reflectivity data by it-
self. Starting with pure selenium, R is fairly flat in the in-
frared up to about 1.5 eV, and then it rises to a higher
plateau above 2 eV. This change is characteristic of a
semiconductor with a large energy gap—in this case ~2
eV. As the Te concentration is increased the reflectivity
rises and the band gap decreases. The red shift of the
band gap can be seen in the alloys containing 20-60% Te
by the shift in the rising edge of the reflectivity curve to
lower energies. There is a noticeable change in the opti-
cal behavior between 60% Te and 80% Te, however.
Below 1 eV the reflectivity of liquid Te, and liquid
SeyoTeg at higher temperatures, increases at lower ener-
gies, as expected when a large number of free charge car-
riers are present. This is the result of the
semiconductor-metal transition in the liquid. A clearer
picture of this transition is seen in the data for the optical
absorption a, shown in Fig. 3. The most striking feature
in these data is the linear behavior of a, which in the case
of liquid Se extends nearly 1.5 eV above the band gap. As
in the case of the reflectivity, the alloy Se,,Teq, is a pivo-
tal composition. The absorption begins to increase more
rapidly at lower photon energies, which lowers the slope,
and the temperature dependence of a becomes large. At
low temperatures, liquid Se,yTeg, still appears to be a
semiconductor in that extrapolating the absorption
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FIG. 2. Reflectivity of liquid Se-Te alloys behind a quartz
window.

curves to zero « still gives a positive energy gap. Liquid
Te, however, has a negative extrapolated energy gap.

A complete description of the optical properties of Se-
Te liquids is given by the complex dielectric function
€=¢€,+ie, shown in Figs. 4-7. The complex dielectric
function of liquid Te has been plotted on a separate graph
for clarity (Fig. 7). With the exception of the 500 °C data,
the €, data for Te are scattered about a common curve
and do not display a consistent temperature dependence.
The large scatter in €, is caused by the large value of k,
which makes it sensitive to small errors in the reflectivity.
As an example, the 500°C results can be brought in line
with the others with a 3% increase in R, which is within
the experimental uncertainty. The imaginary part of the
dielectric function €, is much less sensitive to inaccura-
cies in the reflectivity. This is because it depends on the
product of n and k, and their errors tend to cancel when
taking the product.

Data for the absorption edges below the band gap of
Se, SegoTe,q, and Seq Tey, are shown in a semilogarithm
plot in Fig. 8. The absorption coefficient of liquid seleni-
um increases exponentially with photon energy below
5000 cm ~!. This exponential form for a has also been
observed in amorphous and crystalline Se, and is an ex-
ample of a general phenomena seen in a wide variety of
materials, known as Urbach absorption.?’ The alloys
containing 20% and 40% Te differ from Se in that a rises
above the exponential form at the low-absorption end of
the data. The properties of the absorption edge will be
discussed further in Sec. IV.
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FIG. 3. Absorption coefficient of liquid Se, Te . alloys. Alloy compositions are indicated in at. % Se.
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FIG. 4. Real €, and imaginary €, parts of the dielectric con-
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FIG. 5. Real part of the dielectric constant of Se-Te liquids,

indicated in at. % Se.

showing the behavior of the Te-rich liquids against a representa-
tive set of curves for the Se-rich liquids. Alloy compositions are
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FIG. 8. The absorption edges of liquid Se and alloys contain-
ing 20 and 40 at. % Te. The steepness coefficients found in fits
to the spectral Urbach rule are Se (0.717-2.64X10"* T),
SegoTeyo (0.778-4.28 X107 * T), and SegTey, (0.795-5.60X 107*
T), where T is measured in K.
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IV. ANALYSIS OF THE OPTICAL DATA

A. The density of states in the semiconducting alloys

The primary effect of alloying Se with increasing
amounts of Te is to decrease the gap between the conduc-
tion and valence bands in the liquid. We have somewhat
arbitrarily chosen to define the optical band gap E, as the
energy at which an extrapolation of the linear portion of
the absorption curve crosses the zero a axis. The corre-
sponding values for E, are plotted as a function of tem-
perature in Fig. 9. At temperatures near the melting
point, the gap energy decreases from a value of 1.84 eV
for Se to 0.53 eV for Se,;Teg,. This behavior can be un-
derstood qualitatively by noting that the two-fold bonded
chain structure in trigonal Se and Te crystals is still
present in the semiconducting liquid phase. Trigonal Se
has a band gap of 2.0 eV, and the band gap in trigonal Te
is 0.32 eV; the steady decrease in the band gap of the al-
loys reflects the electronic differences in the covalent
bonds formed by Se and Te atoms in the long-chain struc-
ture.

The optical data show directly how the gap between
the conduction and valence edges changes with tempera-
ture and composition. It is also of interest to see if this
data can give information about the form of density of
states at different temperatures and compositions. Tauc
has related the band structure of disordered materials to
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FIG. 9. The optical band gap of Se-Te liquids as a function of
temperature. Alloy compositions are indicated in at. % Se.

their optical properties by assuming that the wave-vector
conservation rule is totally relaxed in any photon-induced
electronic transition.?! In this “nondirect transition
model” (or NDT model) the imaginary part of the dielec-
tric function is given by

€,= f N,(E)N,(E +#0)|M(#iw) | dE ,
(2)
where N.(E) and N, (E) are the conduction- and

valence-band densities of states, respectively, and |M|? is
the average squared dipole matrix element between all
states which can be coupled by a photon of energy #iw.
The NDT model accounts for the optical properties of
many disordered materials in a simple way if it is also as-
sumed that the energy dependence of the band edges can
be represented by power-law functions separated by a
band gap E,, i.e., N.<(E —E, ) and N, «E", and that
|M|? is mdependent of photon energy. Justlﬁcatlon for
the constant dipole matrix approximation is often given
in terms of Hindley’s random phase model for amor-
phous semiconductors.”> These two approximations al-
low the integration in Eq. (2) to be performed, yielding
ezd(ﬁw)_z(ﬁw—Eg )", where r=r_.+r,+1. The energy
dependence of €, for many disordered materials is con-
sistent with » =2. This agrees with the usual view that
both band edges should be close to parabolic, and there-
fore r.=r,=1. A similar analysis of the optical data for
the semiconducting Se-Te liquids, however, has shown
that this simple explanation does not apply. The €, data
for the alloys containing 0-40% Te are fitted with r in
the range of 1.0 to 1.1 over an energy interval of ~1.5 eV
above the band gap. This is significantly different from
the value of 2 predicted for parabolic band edges, and
suggests that there is something unique about the elec-
tronic structure in these liquids. We have used the NDT
model to deduce possible forms for the band structure by
making three different simplifying assumptions about the
energy dependence of the unknown functions in this
model —N,, N,, and |M|%. A summary of this work is
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given below.

(i) A comparison of the measured band structure of
crystalline and amorphous Se and Te with the calculated
structure?® suggests that the band edges may be fairly
symmetric in the liquid. If both band edges have
the same energy dependence, and |M|? is assumed
to be constant, then Eq. (2) reduces to e,
«(#iw)~? [ N(E)N(E —#w)dE. Curves for N(E) which
match the measured €, data have been calculated using
an iterative numerical integration procedure. The results
are shown in Fig. 10. These curves are for the position
and shape of conduction band, with the valence band be-
ing the mirror image starting at the origin of the energy
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FIG. 10. Band edges in the semiconducting liquids, calculat-
ed under the assumptions N,~N, and |M|? constant. The
curves shown are for the conduction band; the valence band is
the mirror image extending below the origin.
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axis. If the assumption N, « N, is correct, the band edges
of Se at 250°C are fairly steep, followed by a slow rise in
the density of states up to 3.5 eV. Increasing the temper-
ature or Te concentration broadens the edge, and it ap-
pears that at low temperatures the band edges in Se,yTeg,
are nearly parabolic.

(ii) A second possibility is to assume that the valence
band is parabolic at all compositions, as it was found by
Kao and Cutler to be in Te-rich liquids.! [They also ob-
served a linear dependence closer to the band edge, but
that may be attributed to band tailing due to local elec-
trostatic potential fluctuations, which would not show up
in the integration leading to Eq. (2).] Taking |M|? to be
constant again, the curves calculated for N (E) are
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FIG. 11. Conduction band in the semiconducting liquids, as-

suming the valence band is parabolic and |M|? is constant.
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shown in Fig. 11. The shape of the band edge in Fig.
11(a) is similar to the density of states expected in a one-
dimensional conductor, which suggests that the electron
states in the conduction band may have one-dimensional
characteristics. This, in turn, implies very dissimilar
electron wave functions in the conduction and valence
bands, since a parabolic valence band comes from three-
dimensional electronic states. The long-chain structure
of liquid Se does lend itself to the possibility of states with
both one- and three-dimensional character. The valence
band is composed of lone-pair p orbitals which form weak
bonds between chains, while the conduction band is
formed by antibonding orbitals with a higher probability
density within a chain, and therefore may be more “‘one-
dimensional.”

(iii) Considering the prevalence of parabolic band edges
among disordered semiconductors, it is conceivable that
Se-Te alloys also have parabolic conduction- and
valence-band edges, and the apparent discrepancy in the
measured form of €, is due to the energy dependence of
the dipole matrix function. The integral in the NDT
model cannot be directly evaluated without knowing the
form of |M|? but following Maschke and Thomas %* we
can define a new function |M|? which represents the aver-
aged effect of the dipole matrix function on the convolu-
tion of the density of states. This new matrix function
gives a relative measure of the effect of the dipole matrix
elements on the optical properties of the liquid. For a
material with parabolic band edges, (fiw—E, 2| M |2
« (#iw)’€,. Curves for |[M|* calculated from €, and the
optical gap data in Fig. 9 are given in Fig. 12. It is
noteworthy that the results for liquid Se look similar to
those found by Maschke and Thomas for amorphous Se.
Their same interpretation may, therefore, also apply to
liquid Se at the melting point, i.e., the structure of the
liquid is similar to that of trigonal Se, and therefore the
energy dependence of the matrix elements should be
about the same with the details originating from long-
range order removed. The effect of increasing the tem-
perature or Te concentration in the liquid is then to in-
crease the disorder, which reduces the energy dependence
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FIG. 12. The energy dependence of the average dipole func-
tion |M|?. These curves are based on parabolic densities of
states in the conduction and valence bands.
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of the matrix element function. One implication of this
view is that the random-phase model proposed by Hind-
ley does not apply to Se, because the energy dependence
of |M|? is considerable.

The three band-structure models discussed above
represent three extremes of simplification, and the actual
situation may well lie between them. At the Se-rich end
of the composition the bands predicted by these models
are quite different, but it appears that at the composition
Se,Teg, they all converge to the simple case of two para-
bolic bands with a constant dipole matrix.

B. The absorption edge

There are two features in the absorption-edge data: ap-
proximately exponential behavior below ~ 5000 cm ™!,
and in the case of the alloys, a nonexponential tail at the
lowest measured values of a. The exponential feature is
very common among liquid and amorphous semiconduc-
tors. Generally such data are quantified in terms of the
spectral Urbach rule®®

(hw—Ey)o/kT
a=aye 0 , (3)

where the parameters E,, o, and a, are material depen-
dent, and may be temperature dependent as well. We
have fitted the exponential region of the data in Fig. 8 to
Eq. (3), though the results for SegoTe,, and SegyTe,, are of
limited value because of the poor definition of the ex-
ponential range. The steepness factor o decreases linear-
ly with T over the temperatures measured. Expressions
for the temperature dependence are given below Fig. 8.
The ‘““focal-point” energies E, are also indicated in the
figure, and the prefactor a, has the constant value
e!120%92  Our o data for Se are larger (steeper slopes)
than those previously reported.”> 2’ The absorption
edge of Se-Te alloys has also been measured by Perron.?’
His SegyTe,, results for o are much lower than those
given here, but they were based on absorption coefficient
measurements below 1073 cm ™!, which the data in Fig. 8
indicate, is not entirely exponential.

The deviations from the Urbach rule in the alloy sam-
ples are large in comparison with other liquid semicon-
ductors. For example, liquid S, AsSe, As,Se, and
GeoSeq all show exponential absorption down to 10
cm™ ! before tailing in the edge appears. The reason for
the large absorption tail is not known. One possible way
to explain the increase in a at low energies is to assume
that there are local fluctuations in the dielectric constant
in the liquid, which could lead to a significant amount of
scattering of the incident light at low absorption levels.
Fluctuations in the dielectric function would result, for
example, if Te atoms bonded together more often than
with other Se atoms in the melt. Optical scattering of
this type has been observed in liquid sulfur at tempera-
tures near the polymerization transition,?® though at ab-
sorption levels much lower than seen in Fig. 8. There is
no evidence of concentration inhomogeneities in the opti-
cal data above the band gap, however. This point will be
returned to after the metal-semiconductor transition is
examined in the next section.
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C. Metal semiconductor transition

In comparison with the other manifestations of the
metal transition (e.g., conductivity and compressi-
bility changes), the optical behavior indicates a
semiconductor-metal transition at a composition consid-
erably richer in Te, between 80 and 100 at. % Te. Con-
sidering the three types of models for the metal transition
discussed in the Introduction, the optical data seem to be
most consistent with the model proposed by Cutler. The
electronic structure for this model is shown in Fig. 13.
In the metallic phase, there is a large number of vacant
states at the top of the valence band, created by the ab-
sorption of a partially filled acceptor band due to broken
bonds into the valence band. The conduction-band edge
lies above the Fermi energy and thus makes no contribu-
tion to the dc conductivity. With the Fermi energy below
the conduction-band edge, the optical absorption can be
decomposed into two parts, one due to interband transi-
tions of the same nature as in the semiconductor, and a
second part due to intraband transitions in the valence
band. We will show that our data are consistent with this
analysis, and we are able to deduce a positive gap be-
tween the Fermi energy and the bottom of the conduc-
tion band.

The intraband contribution to the optical behavior can
be estimated using the Drude model for free-carrier ab-
sorption. Expressed in terms of the complex conductivity
o,+io,, the optical properties of a Drude metal are
given by®’

N(E)

N(E)
(b)

FIG. 13. Semiconductor-metal transition in Se-Te liquids as
proposed by Cutler. (a) o and o™ bands are from intrachain
bonding; lone-pair p orbitals from the 7 band. Broken bonds
produce acceptor states a, and as the density of these defects in-
creases an acceptor band shifts into the valence band (b). The
Fermi level E, falls at an energy E; below the conduction-band
edge.
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The three parameters appearing in Eq. (4) are the elec-
tron effective mass m *, the dc conductivity o, and the
density of charge carriers per unit volume n. Of the
three, the dc conductivity of the liquid is the most accu-
rately known. Perron’s data for o, at 445, 475, and
500°C are listed in Table I. The optical effective mass
m* is expected to be larger than the free-electron mass
m,, but its value can only be estimated. Kao and Cutler
have determined an effective electron mass for the trans-
port properties of Te-rich Se-Te liquid alloys. They ob-
tained values of 2.45m, for Se, Teg, and 2.38m, for
Se,oTeqy. We have taken the optical effective mass in
liquid Te to be 2.38m,, with an uncertainty of perhaps
+0.5m,. The hole density in the liquid was determined
in two ways. First it was assumed that the valence band
is basically parabolic in form, as suggested by the band-
structure calculations for Se, Teg, in Sec. IV A. If fol-
lows that n is related to the density of states at Fermi en-
ergy N (Ep) and the effective mass by
6_4
n=1 T_NYE;) . (5)
Im*

The density of states at the Fermi energy was found from
the magnetic susceptibility of the liquid, which is given
by

Here y, is the diamagnetic contribution of the atomic
cores, and the remaining term is the sum of the Pauli
paramagnetic and Landau diamagnetic properties of the
holes. Following Gardner and Cutler,” we made the ap-
proximation (¢ —f)=1, and used the magnetic suscepti-
bility of Te at room temperature for the core diamagne-
tism. The results for the hole densities are listed in the
table under column n;. The second method to determine
n was based on the empirical curve found by Cutler et al.
relating the hole density in Te-rich liquids to the volume
contraction in the liquid.*® Interpolating along this curve
at points corresponding to the volume contraction of
liquid Te, the values for the hole density listed under
column n, were obtained. In view of the approximations
involved, the agreement between n, and n, is considered
good. We have arbitrarily chosen to use n, for the hole
densities in the optical intraband calculations.

TABLE I. The free-carrier parameters for the valence-band
holes.

T(°C)oy(10° @ 'em™ )y m*(m,) n, (102 cm3) n, (102 cm?)

445 1.70 2.38 1.49 1.21
475 1.91 2.38 1.76 1.48
500 2.07 2.38 2.01 1.66

7111

The measured dielectric function €, +i¢,,, of liquid
Te was separated into interband €,+ie, and intraband
0,/0+io,/w components through Eq. (4) and the gen-
eral relations

g,
€im T € P
(7)
+ 2
€, =€+ —
2m 2 @

The results for Te at 445°C, shown in Fig. 14, indicate
the relative magnitudes of these factors. The curve for €,
clearly shows the energy dependence expected for a gap
between the Fermi level and the conduction-band edge
(compare the behavior of €, in the semiconducting
liquids). The data for the interband dielectric function
were used to determine the absorption coefficient the
liquid would have if the intraband processes were “turned
off.” This is plotted in Fig. 15 for Te at 445, 475, and
500°C. The points fall roughly along the same curve, and
the intercept with the energy axis, corresponding to the
energy E, in Fig. 13, is approximately 0.4 eV. The sensi-
tivity of these results to the parameters used in the Drude
model was checked by changing the ratio m* /n appear-
ing in Eq. (4) by a factor of 2 and 0.5. This had the effect
of moving E, to 0.2 and 0.5 eV, respectively, but the gap
between the Fermi energy and the conduction-band edge
remained.
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FIG. 14. The measured complex dielectric constant of liquid
Te at 445° C, €,,, +i€,,,, separated into interband €,+i¢, and
intraband (o, +i0,)/w components.
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FIG. 15. Data for the measured absorption coefficient of
liquid Te plotted with the calculated interband contribution.

V. SUMMARY AND DISCUSSION

The fundamental absorption-edge data for semicon-
ducting Se-Te liquids shifts down in energy with increas-
ing Te concentration in the manner expected if the Te
atoms randomly replace Se atoms in chains of two-fold
covalently bonded atoms. We have deduced three possi-
ble forms for the band structure from this data: steep,
symmeteric band edges, a parabolic valence band with an
effectively one-dimensional conduction band, and para-
bolic band edges with a photon-energy-dependent dipole
matrix function. These band structures are based on
different simplifying assumptions within the nondirect
transition model for optical absorption, and can only be
considered as guides for future work in understanding the
electronic structure of these liquids. The onset of the
transition to the metallic phase appears in the optical
data at the composition Se,yTeg, at high temperatures.
This transition produces a gradual loss of the semicon-
ductor band gap, but no other marked change in the ab-
sorption. This is consistent with Cutler’s metallic transi-
tion model, which predicts that the transition procedes
via the gradual shift of a partially filled acceptor band
into the valence band. We have shown that the optical
properties of Te also agrees with this process. Using the
Drude model to estimate the optical properties of the
valence holes, we were able to infer the presence of a 0.4
eV gap between the Fermi level and the bottom of the
conduction band.

The other metal-transition models mentioned in the In-
troduction are not easily reconciled with the optical data.
If the liquid structure is heterogeneous, then it would
seem appropriate to model the changes in the optical be-
havior with the effective medium theories developed for
composite materials, but we were unable to correlate the
dielectric properties of the liquid in the semiconducting
and metallic states with this approach. The model of Ca-
bane and Friedel, on the other hand, differs from Cutler’s
model in having the valence band of the nonbonding elec-
trons replaced by the lower-lying ¢ bonding band, and
the metallic behavior is caused by the overlap of the con-
duction band with this lower band. This corresponds to
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the Fermi energy being above the conduction-band edge
in Fig. 13, with the bottom band now being the ¢ bond-
ing band. This electronic structure would also give rise
to two contributions, interband and intraband, to the op-
tical absorption, with the interband part now correspond-
ing to the electrons in the conduction band. As in the
case of the dc transport, however, it does not seem possi-
ble to make a continuous connection between the semi-
conductor and the metallic compositions for the size of
the gap derived from the interband part of the optical ab-
sorption.

The apparent persistence of twofold covalent bonding
across the semiconductor-semimetal transition has in-
teresting consequences for the microscopic structure of
the metallic liquids. The high concentration of holes in
Te requires a high concentration of broken bonds, and
therefore very short chains. The hole densities in Table I
correspond to an average chain length of 4.0 atoms at
445°C, and 3.3 atoms at 500°C. The electronic transition
is consistent with this shift to small molecular units, but
there remains the question as to what causes the thermo-
dynamic transition in the liquid. A decrease in the
compressibility and increase in the density are also asso-
ciated with the semiconductor-metal transition; these
changes call for the introduction of a new type of bond-
ing interaction between the atoms. Undoubtably, this
new interaction must somehow be related to the short
length of the two-fold bonded units in the liquid. Anoth-
er clue to this puzzle is found in the x-ray and neutron-
diffraction studies of the local structure in liquid Te.
Dating back to the early diffraction measurements of
Breuil and Tourand, there has been a tendency to inter-
pret tellurium’s radial distribution data in terms of a
transition to three-fold coordination. But a recent reex-
amination of the data by Enderby and co-workers has led
them to conclude that there is substantial penetration of
the first coordination sphere by noncovalently bonded
atoms.’! The implication of this view is that there is a
nondirectional bonding interaction in the liquid between
neighboring twofold bonded molecules which allows
atoms on these molecules to approach one another at dis-
tances near the covalent bond distance, but without ap-
preciabl; altering the covalent band structure. Recently
Cutler et al.*® have proposed that this secondary bond-
ing interaction could be attributed to electrostriction: a
negative ion at the end of one covalently bonded mole-
cule may polarize a neutral atom on a neighboring mole-
cule, thus causing an electrostatic bonding interaction.
The effects of electrostriction were calculated using mac-
roscopic concepts and parameters in a domain which
should properly be treated microscopically, and their nu-
merical results are therefore of limited accuracy. The re-
sults do show, however, that the magnitude of the elec-
trostrictive interaction is sufficient to explain the ob-
served volume contraction of the liquid.
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FIG. 1. Optical spectrometer: D1, pyroelectric detector; D2,
PbS detector; D3, Si photodiode; D4, photomultiplier; D5, Si
photodiode/PbS cell; QH, quartz-halogen lamp; XE, xenon arc
lamp; LPF long-pass filter; DMC, double monochromator; LIA,
lock-in amplifier; CH, chopper; AS, aperture stop; BS beam
splitter; C, sample cell, NDF, neutral density filter.
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FIG. 13. Semiconductor-metal transition in Se-Te liquids as
proposed by Cutler. (a) ¢ and ¢* bands are from intrachain
bonding; lone-pair p orbitals from the 7 band. Broken bonds
produce acceptor states a, and as the density of these defects in-
creases an acceptor band shifts into the valence band (b). The
Fermi level E falls at an energy E| below the conduction-band
edge.



