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The decrease in atomic volume which accompanies the electronic changes in the semiconductor-
metal transition is explained by local compression of the dielectric fluid in the vicinity of negative
ions, caused by the attractive force of the electric field on the polarizable atoms. A thermodynamic
expression is derived which relates the atomic volume to the mean-square electric field in terms of
the macroscopic polarizability and compressibility. The error due to the use of macroscopic param-
eters on an atomic scale of distance is found to be corrected by a term containing a single empirical-
ly determined parameter. This makes it possible to calculate volume changes from experimentally
determined negative-ion concentrations which agree with experiment. Near the beginning of the
semiconductor-metal transition, where it cannot be inferred from electronic data, information about
the negative-ion concentrations is derived from the experimental volume contraction by the use of
the model. The semiconductor-metal transition is caused by rapid thermal generation of negative
ions, and we trace this to the strong electronic screening of the negative ions by holes, which occurs

when the Fermi energy shifts into the valence band.

I. INTRODUCTION

There has long been a considerable interest in liquid
binary alloys Se,Te;qo—, as systems that may exhibit a
metal-insulator (or metal-semiconductor) transition.!~3
Selenium is a liquid semiconductor with a very small con-
ductivity which increases rapidly with increasing temper-
ature. Tellurium is beneath Se in the Periodic Table, and
is chemically similar to Se but more metallic. Molten Te
is a poorly conducting metal, that is, its conductivity is
many orders of magnitude greater than in Se, and the
temperature coefficient is relatively small. In the alloys
Se, Te go—x» the curves for the conductivity versus tem-
perature 7 show a smooth progression from semicon-
ducting to metallic behavior as x decreases.! The transi-
tion to the metallic state occurs roughly in the range of x
values between 50 and 30. A similar continuous change
is found in the other electronic properties: the ther-
moelectric power,! magnetic susceptibility,* and the opti-
cal absorption.’

Interest in this semiconductor-metal transition has
been stimulated by the observation of anomalies in the
thermochemical properties of the alloy. In the same
range of x and T as the semiconductor-metal transition,
the coefficient of thermal expansion becomes negative,’
the compressibility decreases with increasing 7, and the
heat capacity goes through a maximum.® These
anomalies have the appearance of a phase change which
is spread out over a range of temperature (about 200 K),
and the change can be described, with certain limitations,
in terms of an equilibrium between a low-temperature
and a high-temperature form of the liquid.’

Attempts to explain the behavior of Se,Te o, have
relied strongly on the structural information derived
from diffraction studies. Both Se and Te form trigonal
crystalline solids which correspond to stacked chains of
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twofold (2F) covalently bonded atoms. In the molten
state, the diffraction information for Se and Se-rich alloys
is consistent with the preservation of the 2F coordination
in chainlike molecules with a random arrangement of Se
and Te atoms in the chains.!® Other considerations lead
to the belief that increasing concentrations of bond defect
atoms are thermally generated as T is increased or as x is
decreased, which terminate the chains if they are 1F (one-
fold bonding) and create chain branches if they are 3F
(threefold bonding).>*!! The principal bond defects are
believed to be negative 1F ions (D ™), positive 3F ions
(D), and neutral 1F dangling-bond atoms (D*). There
is much more uncertainty about the structure of Te-rich
alloys and molten Te. Early diffraction studies by
Tourand and co-workers indicated that the coordination
number near the melting point of Te is about 3, and in-
creases at higher temperatures.'”!? Because of the pres-
ence of two atomic species, the interpretation of
diffraction data for the alloys is more uncertain. But it
suggests that a change in structure to one approaching
pure Te occurs in the alloys, which first becomes visible
at x <50."° Recently, Raman scattering measurements
have been made which show a qualitative change in bond
coordination from one that characterizes Se, at x = 30, to
one that characterizes Te, at x <20.'413

The evidence that liquid Te has a threefold coordina-
tion number has led Cabane and Friedel to suggest that
the atoms in liquid Te have 3F bonding similar to arsen-
ic.!® A basic difficulty with this interpretation is that
when a group-VI element such as Te or Se forms a 3F co-
valent bond, the Fermi energy can be expected to be near
the bottom of the conduction band, whereas the observed
electrical behavior of Se, Te o, indicates that the Fermi
energy is in the band gap or near the top of the valence
band.>!’

Other models for the behavior of the Te-rich alloys as-
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sume that the metallic behavior is associated with the
threefold coordination which is believed to occur in Te.
In the models advanced by several groups, this metallic
behavior of Te is combined with the semiconductor be-
havior of Se or a Se-rich alloy through the mechanism of
microscopic heterogeneity.!®=2° That is, it is assumed
that the atoms form clusters of two kinds (or more), one
of which has the electrical and thermochemical proper-
ties of a metal, and the other has the properties of a semi-
conductor. There are basic objections to models that de-
pend on microscopic heterogeneity. These include the
neglect of surface forces, and the small composition fluc-
tuations predicted theoretically from thermochemical
data, both of which would make such a structure unsta-
ble. Very recently, optical-absorption measurements
have been made for Se, Te,y_, which seem to directly
contradict the hypothesis of microscopic heterogeneity.>

One of the motivations for heterogeneous models is
that they provide an easy explanation of the transport
data. A recent analytical study of transport data for
Se, Te;p0—, in the metallic range x <50 has led to a
coherent interpretation of the electronic structure in
terms of conventional concepts for the electronic behav-
ior of a disordered homogeneous system.!” It shows that
as the transition from semiconductor to metallic behavior
develops, the Fermi energy E moves from the bottom of
the band gap into the valence band, and quantitative in-
formation is derived about the shape of the valence band,
the hole concentration, and the position of E as a func-
tion of x and T. The results also indicate that this pro-
cess is accompanied by merging with the valence band of
an acceptor band whose empty and filled states corre-
spond to D* and D~ centers. This occurs at composi-
tions x =30-40. This seems to provide a basis for under-
standing the electronic transition.

The thermodynamic transition can be interpreted by a
chemical model in terms of chemical equilibrium between
a low-temperature and a high-temperature form of the
liquid. At a given composition, the temperatures which
characterize the thermodynamic transition correlate ex-
tremely well with the temperatures for the electronic
transition.” This leads to the key question: What is the
mechanism that links the electronic aspects with the ther-
mochemical aspects of the transition?

It seems hard to reconcile the molecular implications
of the electronic behavior in the metal transition with an
increase in the coordination number which has been sup-
posed to cause the atomic volume decrease. In Fig. 1, we
show the hole concentration 4 ' as a function of tempera-
ture derived in Ref. 17. (All concentrations are normal-
ized to the concentration of atoms N,, which is assumed
nominally to be 2.7X10* cm™!) The requirement of
charge neutrality implies that the concentration &, of
1F negative ions is at least as large as 4™, so that the con-
centration of 1F atoms exceeds 50% at the metallic end
of the transition. This should result in an average coordi-
nation number at small x and large T which is smaller
than 2, rather than larger, as is commonly believed.

A concept which might resolve this conflict is that a 1F
bond defect atom can bind to a neighboring 2F (twofold
bonded) atom, to form a 3F center.?! This reaction is
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FIG. 1. Concentrations of holes as a function of T at various
compositions x, determined in Ref. 17.

normally inhibited energetically because the extra elec-
trons in the broken-bond orbitals have to be promoted
into the higher-energy conduction band. It has been
widely believed, however, that the transition to the metal-
lic state is accompanied by a smearing of the band gap,
which could give rise to conduction-band states below the
Fermi energy E; due to overlap of states of the conduc-
tion and valence bands. In that case, one could conceive
of a model in which the D™ ions transform into 3F
centers in the metallic situation.

We have recently completed an experimental study of
the optical absorption and reflectivity of liquid Se-Te, one
of whose goals was to obtain quantitative information
about the behavior of the band gap in the course of the
metal transition.’ A striking result of this study is evi-
dence that the gap between the conduction-band edge
and the highest filled state of the valence band is always
positive, even at the composition x =0. Furthermore,
there is no visible evidence of a distortion of the shape of
the density of states near the band edges which one might
expect from a secondary bonding interaction between the
D ™ ions and neighboring 2F atoms.

These results seem to contradict models which convert
1F bond defect centers into 3F centers, and force us to
seek an explanation for the structural and thermodynam-
ic information in terms of the formation of 1F D ~ ions in
the course of the metal transition. On considering the in-
teractions between a D ~ ion and its neighboring atoms, it
becomes apparent that the attraction of the polarizable
neutral atoms on other chains close to an ion will create a
local pressure that will appreciably compress the liquid in
the vicinity of the ions. Also, it appears to us that this
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phenomenon can cause changes in the pair distribution
function and the character of the vibration modes which
are consistent with the observed diffraction and Raman
scattering data.

The purpose of this paper is to develop an explanation
for the semiconductor-to-metal transition in terms of
electrostriction. This is done by relating the electronic
information about the concentration of ions to the ther-
modynamic information about the change in volume as a
function of composition and temperature. In Sec. II, a
basic relationship is derived which relates the microscop-
ic change in volume to the compressibility, the dielectric
constant, and the change in the magnitude of the micro-
scopic electric field. In order to use this relation, it is
necessary to determine the charge distributions and fields
near the ions. This is done in Sec. III with the help of ap-
proximate models. For alloys at high Te concentrations
and at high 7, it is possible to derive the volume contrac-
tion from the experimentally determined values of 4.
But near the semiconductor side of the transition, the
concentration & of positively charged 3F ions is compa-
rable to 47, and there is insufficient information to deter-
mine the ion concentrations. In this case, we use the ex-
perimental information about the volume contraction to
derive information about the ion concentrations as a
function of T and x. In Sec. IV, we discuss the enhanced
rate of thermal generation of negative ions which under-
lies the metal transition, and examine the role of electron-
ic screening in this process. Finally, in the last section,
we discuss the limitations of our results which arise from
the use of macroscopic concepts in a domain where the
microscopic details of the atomic structure are impor-
tant. We also discuss the compatibility of our model with
existing structural information about Se-Te alloys.

II. THERMODYNAMIC BASIS
OF ELECTROSTRICTION

A. Phenomenological relations

Though not a very commonplace phenomenon, elec-
trostriction is often a significant factor in the behavior of
aqueous electrolyte solutions.?? Its presence is revealed
in the small partial molar volumes of the ions, which may
be even negative for the smaller positive ions. The polar-
ization of water involves orientation of the solvent mole-
cules by the electric field, and may therefore be sensitive
to temperature. In the case of liquid Se-Te, which does
not have large permanent dipoles, this complication does
not occur.

We shall describe electrostriction in liquid Se-Te in
terms of a thermodynamic theory for a dielectric fluid in
an inhomogeneous electric field. This results in equations
which, strictly speaking, are invalid when applied to mi-
croscopic regions in the immediate vicinity of ions, but it
turns out that much of the ensuing error can be corrected
by adding a simple empirically derived term. The equa-
tion of state includes the polarization P and the electric
field & in addition to the usual pressure p, volume V, and
temperature T. The differential work contains a term in-
volving P and &6 in addition to the p dV term. For a
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chemically homogeneous system in which the number of
particles, N, is a variable, the first law of thermodynamics
gives

dU=TdS—p dV+&-dP+udN , (1)

where U is the internal energy, u is the chemical poten-
tial, and S is the entropy. Assuming that the polarization
is proportional to &, we can write

P=¢,ANG , )

where €, is the permittivity of space, and
A=(K—1)/N,, and X is the dielectric constant.?® Since
the independent variables in Eq. (1) are S, ¥, and N, the
two equations can be combined to give

dU=TdS—pdV+(u+ A€y6*)dN . 3)

Next, U is replaced by the Gibbs potential
G =U—TS +pV with the result

dG=—SdT+Vdp+(u+ A€,6%)dN . )

This can be integrated at constant 7 and p to give the in-
teresting result

G=(u+ A€e;6*)N . (5)

We see that the term A €,62, which represents the energy
of a polarizable particle in an electrostatic field, is analo-
gous to the electrostatic field energy of a charged particle
which appears as an added term in the electrochemical
potential.

The Gibbs-Duhem relation is obtained by subtracting
Eq. (4) from the total differential of Eq. (5):

Ndu+NAeyd6*=—SdT+Vdp . (6)

From this, we obtain the rate of change of pressure with
the field magnitude for a polarizable fluid:

(V/N)3p/362), r=6x4 . @)

On combining this with the expression for the isothermal
compressibility K, we obtain the desired relationship be-
tween volume per atom v =V /N and &:

(3v/36%), r=—¢€, 4K . (8)

We shall use this result in its integrated form. We will
use an empirical expression K =9.4—0.052x to estimate
K at a given composition x.%3

B. The experimental volume contraction
and compressibility

The experimental curves for the atomic volume v of the
alloy versus temperature fall in a pattern which consists
of two linear segments with positive slopes, separated by
a range in which v decreases with 7.5 This has led to an
analysis in which extensions of the linear segments
represent the behavior of low- and high-temperature
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forms of the liquid with atomic volumes v; =v;o+B, T
and vy =Vyo+ByT’ The fraction C of the high-
temperature form of the alloy is calculated from
(vy —v)/(vy —vy). The present analysis does not require
the consideration of high-temperature vy, and we shall
use the volume contraction ve =v; —v to describe the ex-
perimental thermodynamic transition. In Fig. 2, we show
curves for ve normalized to the nominal atomic volume
N, ! at compositions x =0 to 50, for which we have use-
ful data for the electronic behavior. These curves were
interpolated from the original data by Thurn and Ruska
with the help of an empirical formula derived in Ref. 9,
ancg“they agree well with recent measurements of Tsuchi-
ya.

We shall also need information about the isothermal
compressibility K. Takimoto and Endo have made mea-
surements of the adiabatic compressibility K¢ in various
compositions of Se, Te,po_,. At large x and small T,
where the thermodynamic behavior is normal, K in-
creases with T on curves which show little change with x.
At smaller x, starting with x =60, anomalous behavior
occurs in which K goes through a maximum and then
decreases with T, in a temperature range which corre-
sponds to a negative dv /dT. This reflects the change of
the average properties of the liquid due to electrostric-
tion. Since it will be used in calculations which are very
approximate, it will be sufficient for our purpose to ig-
nore the difference between the adiabatic and isothermal
compressibility, and to use the measured curve for x =70
as representative of the compressibility of the low-7 form
of the liquid. This is described by the empirical formula
K;=(0.00576T —1.22)X 103 bar ™ ".
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FIG. 2. Experimentally derived volume contraction v¢ as a
function of T for various compositions x.
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III. ELECTRONIC SCREENING MODELS

A. Calculation of contraction
at large hole concentrations

For reasons to be discussed later, it is very difficult to
determine the electrostrictive forces with any accuracy.
We shall therefore use relatively crude models which can-
not be expected to yield exact results. The goal is not so
much to describe the phenomenon accurately as to show
that it can be expected to cause a volume change similar,
both in magnitude and dependence on composition, to
what is observed.

The general approach is to use a model for the distri-
bution of charge in the vicinity of an ion in order to cal-
culate the mean-square field { 62). In the range of x and
T for which 4% > 0.2, we find that a relatively simple sit-
uation occurs in which the presence of positive ions can
be neglected because of their relatively low concentra-
tions. In that case, the concentration of negative ions
& =47, and the Thomas-Fermi model for the distribu-
tion h(r) of a positively charged gas within a spherical
volume of radius r,=(3/47N,Z )!/* can be used to
determine &(r). The Thomas-Fermi model leads to the
nonlinear differential equation

_1___d_r2 dV(r) _ —eh(r)
r? dr dr Ke,
=—(e/Key)37) ' (2m /#2)3/?
X[Ep—eV(r)]?, )

where V(r) is the electrostatic potential. In all of the cal-
culations, we assume that the hole density is zero at the
site of the D ~ ion, so the boundary condition for & at the
inner radial boundary, assumed arbitrarily to be at
r,=(3/4wN,)!3, corresponds to a net charge of —e.
The second boundary condition is 6 =0 at r=r,. Equa-
tion (9) is solved by determining the value of E which
causes numerical integration from r to yield the correct
boundary condition at r=r;.2> We then calculate the
mean-square field from

(6’2)=(3/r8)fr0[6(r)]2r2dr . (10)
81

The volume contraction v, is determined from the rela-
tion

ver=(K — 1K€l 62) , (11)

obtained from Eq. (8).

In Fig. 3, we show the calculated curves of v, versus
A7 for x =10, 20, and 30, in comparison with the experi-
mentally derived points vc. It is seen that the calculated
curves are too low by a factor =2, and v, has a max-
imum as 4" increases, whereas the experimental vc
curves are monotonic. The discrepancy can be ascribed
to the use of macroscopic concepts in a microscopic situ-
ation. When 4% is large, the outer boundary r, is not
much larger than the interatomic distance, and the mod-
el, which treats the charge as a homogeneous fluid in an
electrostatic field is grossly inadequate. Since the field in-
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FIG. 3. Dependence of contraction on ion density &  for
x =10, 20, and 30. The lower set of curves is calculated values
of vc;. The straight line represents the correction B« , and the
upper curves show the calculated v¢, in comparison with the ex-
perimentally derived points for vc.

creases with decreasing r, the relative contribution to the
error from the integrations of Egs. (9) and (10) is large
when r is near the minimum radial distance r,, where the
atomic structure manifests itself. This type of difficulty is
common to all treatments of electrostatic behavior of
atoms using macroscopic concepts, and the error is very
sensitive to the value chosen for r;. On the other hand,
when r, is much larger than r,, the field at small r is
nearly independent of the conditions at large . There-
fore the error due to the small r region near each ion can
be expected to be almost constant. Similar considerations
apply to the error from using the macroscopic compressi-
bility in Eq. (8) in the small r region. This suggests a
modified solution for the volume contraction of the form

ver=vetBL (12)

where B is an empirically determined constant. The term
B« is expected to correct much of the error generated
in the vicinity of each ion due to the macroscopic formu-
lation for the compressibility as well as the electric field.
We find that a good correction is obtained with the
choice B =0.13, as shown in Fig. 3.

B. Alloys containing positive ions

One can see in Fig. 3 that vc tends to be larger than
V¢, for smaller values of 4% (<0.2). This seems to be
caused by neglect of the positively charged D* ions. In
the semiconductor range, there is evidence that the be-
havior of E; is determined by the equilibrium between
D~ and D7V ions. As Ej falls below the valence-band
edge in the course of the electronic transition to a metal,
the holes play an increasing role in the charge distribu-
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tion. We have no direct information about the positive-
ion concentration &, so it is not possible to determine
the concentrations of the two kinds of ions in the rela-
tionship

L =T +HAT . (13)

In order to shed further light on the character of the
semiconductor-to-metal transition, it is helpful to obtain
a rough estimate of the behavior of #* and «~ from ex-
perimental information about v., by use of the electros-
triction model. This can be done by using two approxi-
mations in calculating the charge distribution which have
the effect of either overestimating or underestimating the
ion concentrations, so that the true results can be expect-
ed to lie between these limits.

In model I, we calculate (&%) by assuming that the
screening charge of each ion is uniformly distributed on
the surface of a sphere of radius r,=(3/47N,c,)'">,
where ¢, =« + . This gives

(62)=3(e/4megr ) (r,—r ) /7, . (14)

We assume that the electrostriction due to a positive ion
is the same as for negative ion, and use Eq. (12) with v,
equal to the experimental v to calculate the total ion
density ¢,. This model exaggerates the value of { 6%) /c,,
and therefore underestimates c,. The values of & and
" are obtained with the help of Eq. (13), and the results
for x =30, 40, and 50 are plotted in Figs. 4 and 5.

In model II, we neglect the electrostriction due to the
positive ions, and calculate { 62) using the same equation

0001 ' L L

11 1.2 1.3
1000/T (K™

FIG. 4. Plots of the negative-ion concentrations vs T for
x =30, 40, and 50, obtained from experimental v data with a
model which (I) underestimates or (II) overestimates their
values.
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FIG. 5. Plots of the negative-ion concentrations vs T for
x =30, 40, and 50, obtained from experimental v- data with a
model which (I) underestimates and (II) overestimates their
values.

for nonlinear Thomas-Fermi screening as before (in Sec.
III A), including the same assumption that & =4%. A
curve is plotted for ( 62) /o~ versus «~ for a given com-
position. With the help of this curve, a consistent solu-
tion for &« is calculated at each temperature from

& =vc/[B+H(K—1)Kre,E*) /7] . (15)

(This is solved by iteration on «~.) Since 47 is actually
less than &, the screening of the negative ions is weaker
than what is calculated, so that this model underesti-
mates {(&2). Together with the neglect of electrostric-
tion due to the positive ions, this results in an overesti-
mate of . The value of «* obtained from Eq. (13) is
also overestimated.

Figures 4 and 5 show plots of & and &' obtained
from both models I and II, and the true values are ex-
pected to lie somewhere between them. As x is increased
and T is decreased, 4+ becomes small. In this limit, the
nonlinear Thomas-Fermi model for screening is poor be-
cause the Fermi wave vector is large compared to the dis-
tance within which the main screening occurs. For this
reason, we expect model I to be more accurate in the lim-
it of large x and small T. Model II is expected to be more
accurate in the opposite end of the range, where «* is
not yet large compared to 4*.

IV. THERMAL GENERATION OF IONS

An ingredient which is missing from a complete
description of the semiconductor-to-metal transition is a
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theory for the equilibrium concentration of ions as a
function of T and x. We do not try to derive such a
theory in this paper. But it will be useful to discuss quali-
tatively how screening affects the behavior of & and «~
in the course of the metal transition, as indicated by the
results shown in Figs. 4 and 5.

Thermal generation of ions occurs in the semiconduc-
tor range of T and x, but the coefficient of thermal expan-
sion is normal because dc, /dT is too small for the elec-
trostriction to be seen above the normal thermal expan-
sion. It is interesting to note the position of the Fermi
energy when the effects of the electrostriction first be-
come noticeable. This temperature T, is defined to be
the point at which v(7T) reaches a local maximum and
starts to decrease.” For the three compositions x =40,
50, and 60, for which we have the necessary information,
Ep is 0.1 eV below the valence-band edge.!”?® This dis-
tance is somewhat larger than kT, and it indicates that
dc, /dT becomes large enough to make the electrostric-
tion visible when the holes change from a Boltzmann gas
to a Fermi gas. This suggests that screening by the holes
plays a key role in determining the rate of generation of
the ions. Other effects of the large dc,/dT are (1) Ep
shows a more rapid decrease with T above T;,!” and (2)
the activation energy of the electrical conductivity in-
creases from ~0.8 to ~1.3 eV in this range of 7.2

To understand the role of screening in determining the
equilibrium value of &' and &, we focus attention on
the factor exp(—E, /kT') which appears in the expression
for the equilibrium concentration of either ion, where E,
is the energy of formation for the positive ion (E ™) or
negative ion (E ~).26 This factor is dominant in deter-
mining the magnitude of dc, /dT. E, can be expressed as
E,—Ejg, where E; is the energy of formation in the ab-
sence of screening, and Ej is the screening energy. Thus
E; appears in a factor exp(Eg/kT). Eg can be expressed
roughly as %e2/41'reoKLs, where Lg is an average dis-
tance of the screening charge. If Lg is in angstroms,
Eg=7/KLg eV, and the dielectric constant K has a value
in the range 7-9 for the alloys which concern us. Since
kT =~0.08 eV, the screening energy is important in deter-
mining the ion concentration when Lg <10 A.

In the semiconductor range, the main charged species
are the positive and negative ions, and the screening is
governed by their concentrations, which are equal. The
values of the parameters which determine ' and o/ are
poorly known, but the concentrations are believed to be
too large for the Debye screening model to be valid. In
this case, it has been shown that a good approximation to
Eg is obtained by setting Lg=r,,2’ which is equal to
2/(«")!? in Angstrom units. Thus, if «#~ <0.01 in the
semiconductor range, as suggested by the results in Figs.
4and 5, Lg>10 ;\, and screening has little effect on the
ion concentrations.

When E[ approaches the valence-band edge, 4" be-
comes large, and holes play an important part in screen-
ing. For T >T;, the situation is described formally by
the nonlinear Thomas-Fermi screening equation, but the
solution is probably not very accurate when Ej. is close to
the band edge. Nonetheless, we can make estimates of
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FIG. 6. Schematic plots of the radial dependence of the hole
concentration k (r), and potential V(7) in relation to the kinetic
energy Ep, in the vicinity of a negative ion (a) and in the vicinity
of a positive ion (b). They apply to the case where £ is small,
so that the kinetic energy is not very large compared to kT.

Eg on the basis of qualitative features of the solution,
which are illustrated in Fig. 6.2 In the vicinity of a nega-
tive ion, Ep—eYV(r) becomes large compared to Ef, and
the local hole concentration 4 (7) is large compared to its
average value. Because of the limitations of the Thomas-
Fermi approximation, the solution for 4 (r) becomes inac-
curate near the inner boundary at r, over distances com-
parable to the Fermi wavelength Lp=h/(2mE )2
However, we can expect the screening length Lg to be
comparable to L. When the Fermi energy is in the
valence band, Ly <3 A, and E; is expected to be large
compared to kT. Therefore we can expect & to increase
rapidly with T.

The situation is quite different for screening of the pos-
itive ions. As indicated in Fig. 6, Er—e“V(r) becomes
negative at a relatively large distance from the ion, and
h(r) is reduced to zero within that distance.” Since
A% <o/, that means that Lg for positive ions will remain
close to ry, and the effect of the holes will be only to
make Eg for the positive ions somewhat smaller. The
overall effect of the hole screening on «* is more compli-
cated because of the requirement for electrical neutrality
[Eq. (13)]. At the beginning of the metal transition, when
At <</, the rapid increase in &~ with T has to be ac-
companied by a corresponding rapid increase in &, as
indicated in Fig. 5. But as Ep goes deeper into the
valence band, a point is reached where £ > ", and the
increase in &~ is accompanied by an increase in £ rath-
er than «'. It is not clear whether &' reaches a max-
imum and then decreases, or whether it just levels off. In
any case, 47 becomes larger than &' about halfway
through the metal transition, and &~ =4 * becomes a
good approximation at higher temperatures.

The rapid increase in &~ which characterizes the metal
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FIG. 7. The dependence of the Fermi energy Ep, the
valence-band edge Ey,, and the conduction-band edge Ec on
composition at T=700 K.

transition is reflected in the shifts in energy of the band
edges. Experimental information on the distance of the
valence-band edge from the Fermi energy E,,— Ep (Refs.
17 and 26) can be combined with data for the optical
band gap® to give the distances of Ey, and the
conduction-band edge E. from E. In the semiconduc-
tor range, where most of the atoms are electrically neu-
tral, it has been possible to calculate the behavior of Ep
on a more absolute basis, in which the reference energy is
taken to be the center of the valence band of liquid Se.
This is shown in Fig. 7 as a solid curve for the isothermal
dependence of E on composition, together with the cor-
responding curves for E, and E.. There is no informa-
tion on the absolute behavior of Er in the composition
range x <50, and we have extrapolated the linear behav-
ior of E in the semiconductor range. The curves for Ey,,
and E. in the metallic range correspond to this extrapo-
lation of Eg. (The conclusions which follow do not de-
pend on the accuracy of this assumption about Ez.) It is
seen that when x decreases below 50, in the composition
range of the metal transition, E, bends sharply upward
and E bends sharply downward. The rapid rise in Ey,,
is due to the fact that the upper states of the valence band
are derived from the D~ ions. Electrons which occupy
these states have increasing energies due to the negative
charge of the ions. These ions are at the ends of chains,
and the atoms within the chains have a corresponding
positive charge associated with the D™ ions and the
holes. The electron states of the conduction band corre-
spond to regions closer to this positive charge density,
and this explains the more rapid decrease in E.

V. SUMMARY AND CONCLUSIONS

We have derived a thermodynamic relationship be-
tween the contraction of the volume due to electrostric-
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tion and the magnitude of the electric field. We have ap-
plied it in the case of alloys in which &~ can be inferred
from 47, to calculate the contraction v¢ as a function of
the concentration, &, of negative ions. Because of the
limitations of the macroscopic treatment of the relation
between vc and (&?), and limitations of the models for
the dependence of { 6?) on &, the derived relationship
between v and «/~ was not very accurate, but much of
the error could be corrected by means of constant incre-
ment to ve for each ion due to interactions close to the
ion. These results show that electrostriction can be ex-
pected to cause a volume contraction comparable to what
is observed, and the model provides an approximate
quantitative description. For the range of x and T where
the presence of positive ions prevents the determination
of « from 47, the model was used to find curves for the
ion concentrations versus T which limit the possible
range of values. We then explained how the screening of
the ions by the holes can be expected to influence the
thermal generation of ions to cause the behavior shown in
Figs. 4 and S.

In all of this, the most striking limitation of our models
comes from the difficulty in describing the electrostatic
interactions due to charge distributions on the scale of
the size of an atom. This seems to be a basic problem
which can be only addressed by a full scale quantum-
mechanical treatment, comparable to what is done in the
theory of chemical bonding. Rough estimates based on
the macroscopic law of force on a polarizable atom indi-
cate that the force on such an atom in contact with an
ion is comparable to the force between oppositely
charged ions at the same separation distance.

This is relevant to the question of reconciling the elec-
trostriction hypothesis with experimental structural in-
formation on Se-Te alloys. For both the Raman and the
diffraction studies, evidence for deviations from the two-
fold bonding structure of Se that occurs at small x has
been identified with the more clearly defined behavior of
pure Te. In recent years, Tourand’s conclusions about
the pair correlation function have been criticized and re-
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vised by Enderby and Barnes.?® This revision indicates
that there is disorder in the nearest-neighbor (NN) shell,
which seems to be consistent with the expected behavior
due to electrostriction. If we use the hole concentration
derived for x =10 at higher temperatures as a typical
value for liquid Te, 4 =0.7, so that the typical molecule
is a chain of three atoms. The two chain ends carry nega-
tive charge, and the midchain atoms are positively
charged. One would expect a midchain atom to be
strongly attracted to the chain end of one or more neigh-
boring molecules. As a result, the atoms in the NN shell
beyond the two that are covalently bonded would be in a
disordered arrangement.

The experimental Raman spectra clearly show a quali-
tative change in bonding between alloys with x <20 and
larger values of x.'* It should be noted that these results
reflect the situation at the lowest temperatures, since the
decreasing phonon lifetime washes out the spectra at
higher T. Magania and Lannin have noted a qualitative
similarity of the spectra for Te with amorphous As and
P, but a definitive identification of the structure has not
been made.!” Our data show that & > 0.5 for x <20, so
that there is a large concentration of D~ ions in close
contact with atoms which are otherwise twofold bonded.
This can be expected to modify the Raman spectrum
from the one which characterizes the twofold bonded
chain molecules at larger x. In order to explain the ob-
served effect of optical polarization on the Raman spec-
tra, it is necessary that there be an interaction between
the extra coupling of an atom to the neighboring ion and
the covalent bond coupling to the chain neighbors.?’ We
think that this is to be expected as the result of a strong
perturbation of the bonding orbitals when the atom is in
contact with an ion.
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