JOURNAL OF SOLID STATE CHEMISTRY 96, 181-191 (1992)

Covalent Bond Connectivity, Medium Range Order, and Physical
Properties in TeX and TeXAs Glasses

HONG-LI MA, XIANG-HUA ZHANG, anD JACQUES LUCAS

Laboratoire de Chimie Minérale, Université de Rennes I Avenue du Général
Leclerc, 35042 Rennes Cédex, France

AND HEMA SENAPATI, ROLAND BOHMER, anp C. AUSTEN ANGELL

Department of Chemistry, Arizona State University, Tempe, Arizona 85287

Received July 12, 1991

Data on the new As-Te-Se-I glasses are analyzed to determine whether the extended order determined
by bond connectivity via the average coordination number, {r), controls the physical properties as it
does in the case of the Ge-As—Se system. When appropriate allowance is made for partial 4-coordina-
tion of Te in Te- and I-rich glasses, the calorimetric glass transition temperature T, is found to be a
universal function of (r) as in Ge—-As—Se (4-3-2) glasses. However, no special behavior is found at the
Phillips—Thorpe rigidity percolation threshhold value, () = 2.4 as in the 4-3-2 case. The (r)-depen-
dences of both linear and non-linear aspects of relaxation appear smaller in the present system, and no
extrema are in evidence. This is interpreted to indicate that the 2- vs 3-dimensional nature of crosslink-
ing, by As vs. Ge, respectively, of the basic chain structures obtained at all (») = 2 compositions, is

an important property-controlling factor.

Introduction

In the structure of complex crystals one
usually recognizes the existence of two
types of order, one involving the tightly
bonded groups such as (SiQ,), (NO,),
(TaFg), (C(CH,),), etc., and a second involv-
ing the often subtle arrangements of these
species with the neutralizing cations and
anions (and sometimes also with neutral sol-
vating species). The latter may be regarded
as the “‘extended order’’ of the crystal. A
third, more subtle, and longer range order-
ing is that which distinguishes one crystal
polytype from others. This subject is being
given increasing recognition in solid state
chemistry at the moment, particularly under
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the influence of their importance in the un-
derstanding of high 7, superconductors.
With these developments the conceptual
gap between the solid state chemistry of the
crystalline state and that of the glassy state
begins to seem less and less important.

In glassy solids there exists also an im-
portant distinction between short range or-
der and medium range, or extended, order.
The short range order, which is usually well-
defined, dominates certain characteristics
such as electronic conductivity (). On the
other hand, there is now reason to believe
that many of the rheological, mechanical,
and thermodynamic properties of glasses,
particularly near the glass transition temper-
ature T,, are determined by longer range
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bonding topologies which take the place of
the extended order of the crystalline state.
In the present paper we utilize data acquired
in the course of evaluating the materials po-
tential of the covalently bonded glasses
formed from the elements Te, Se, and halo-
gens (TeX glasses (2)) and Te, Se, halogen,
and As (TeXAs glasses (3)) to illustrate the
manner in which the extended order deter-
mined by bond connectivity plays a leading
role in fixing the physical properties of the
glass-forming system.

The TeX and TeXAs systems, which are
currently a source of some excitement be-
cause of their unique combination of optical
properties (transmission to almost 20 wm)
with stability against crystallization and
moisture attack, in fact have a number of
features in common with the much studied
systems Ge—As—Se (4—6) and Ge-As-Se-Te
(7). The only difference lies in a downward
shift in the valence of the elements at the
high and low valence ends: tetravalent Ge
is dropped and monovalent halogen is added
(i.e., if Ge—As—Se is a 4-3-2 glass, As—Se-I
and As—Se-Te-I are 3-2-1 glasses). In com-
mon remains the mixing of covalently bond-
ing atoms of variable valence, and the con-
sequent generation of a statistical network,
the connectivity of which depends on the
proportions of the different elements incor-
porated. We therefore give an initial section
to reviewing some of the findings for the
better known 4-3-2 systems, in order to pro-
vide a phenomenological framework within
which to examine the observations for the
new glasses.

The system Ge—As~Se, in which there is
a minimum variation in atomic mass and
electronegativity for the changes in valence,
has been adopted as a model system for
covalently bonded glass studies. Since the
detailed studies of Webber and Savage (¢),
the system has been recognized as an ideal
testing ground for the ideas of Phillips (8)
and Thorpe (9) on optimized covalent bond
distributions and ‘‘rigidity percolation’’ (9).
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These authors argued that if covalently
bonding atoms are allowed to bond ran-
domly subject to constraints of fixed bond
angles and bond lengths, then a special situ-
ation is found when the average number of
bonded neighbors (r) reaches 2.4. When (r),
which is related to the mole fractions of 4-,
3-, and 2-bonding components by the ex-
pression

<r> - 4AXGe +3XAS +2XSC’ (1)

reaches 2.4 the number of degrees of free-
dom exactly balances the number of con-
straints, giving an optimized strainfree and
rigid bonding scheme (8§, 9).

While the original prediction (9) that this
rigidity percolation threshold would be man-
ifested by an abrupt increase in the various
mechanical moduli for any combination of
components with (r) = 2.4 has not been
borne out experimentally (6, 10),' it has re-
cently been found (6, /1) that various other
properties characterizing the changeover
from (ergodic) liquid to (nonergodic) glassy
states show extrema near the (r) = 2.4 com-
position line. In particular, it has been found
that the deviation from Arrhenius law be-
havior of the viscosity and the stress relax-
ation time (the so-called ‘‘fragility’” (12)),
and also the deviations from exponential
and linear relaxation behavior, are mini-
mized at {r) = 2.4. These properties have
a very important bearing on the materials
processing and applications aspects of
glasses, so their dependence on glass com-
position (via the bond connectivity) is im-
portant to understand and will be dealt with
in some detail in this paper.

It must be expected that, although the
optimized bonding condition can be met in
any system which mixes valences on either
side of 2.4, some differences will be found

! Indeed, it was a subsequent prediction of Thorpe
that, in the presence of weaker Van der Waals interac-
tions between unbonded neighbors, the sharp threshold
predicted by the simple theory would be smeared.
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TABLE 1

GLASS TRANSITION TEMPERATURE FOR
DIFFERENT COMPOSITIONS

Glass family Composition TLOE1°C)

Te,Se,_ IAs, Te,Se,1 58
Te,SeglAs 76
Te,SeslAs, 87
Te,Se lAs; 111
Te,Se;1As; 117
Te,Se,lAs; 136
Te,SelAsg 152
Tes_ Sesl,As, TesSe;1, 65
TeSe;l,As 73
Te;Se;l,As, 80
Te,Sesl,As; &9
TeSe;1,As, 101
Te;_,SeglAs, Te;Segl 68
Te,SelAs 76
TeSe¢lAs, 82
TegsSeglAs, s 95

depending on whether the higher valence is
3 or 4, since the dimensionality of the
bonded structure will differ. The 1-dimen-
sional chain structure can be achieved by
any combination of valences which gives an
average coordination number (r) of 2. For
instance, this is achieved by pure Se or by
combinations of Te and halogen in which
one Te for every two halogens acts in a 4-
valent manner, giving the chain structure

C|l Cl
(—Te—Te—Te—Te—Te—Te—).
Cl Cl

This bonding pattern is found in the crystal-
line compound Te,Cl, (I3) and assumed (3)
to dominate the structure of the vitreous
form of this compound and its out. ana-
logues with Br and I. In the TeX glasses
(Te-Se-1-Br) (which are effectively 4-2-1
glasses with (r) restricted to values near 2),
the elements of this chain are assumed to
mix at the atomic level with the —Se—Se-
elements of pure Se glass to give a sort of
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“vitreous solid solution’’ which retains the
1-dimensional character of its end composi-
tions (3). Introduction of an element like As
or Sb will then cause cross-linking of the
chains formed by the 2-coordinating Se
atoms (or the Te-X—-Se combinations of the
TeX glasses) to give a locally 2-dimensional
topology when multiple cross-links are pres-
ent. On the other hand, addition of elements
like Ge or Sn wil introduce 3-
dimensional network links. So far there
have been no comparisons of behavior of
systems like Ge—As—Se with systems which
achieve the Eq. (1) condition in the absence
of Ge, except for the binary As—Se system
itself, which however, has been found
anomalous (6).

We therefore now present some of the
findings for TeX and TeXAs glasses and
examine them, and their relation to similar
properties in other systems, in the light of
the optimized bond distribution ideas out-
lined above.

Experimental

Glasses were prepared from high purity
elements as described in Ref. (3). All the
elements were treated to remove the surface
oxide. Te was cleaned by a solution of
HBr + Br,. Se and As were heated under
vacuum respectively to 250 and 350°C, and
the I, was purified by sublimation. The com-
positions prepared are available in Table 1.

Glass transition temperatures, T,, were
determined using a SETARAM DSC 92 and
the heating rate was 10°C/min. Other heat-
ing rates were used only for examining
dependence of T, on this experimental
condition.

Glasses of different compositions were
annealed at different temperatures and for
different times in order to determine the de-
pendence of T, on both time and tempera-
ture of annealing.

The viscosity was obtained using both the



184 MA ET AL.
a
b :
F Te,Se,lAs 4
T b Ey= 113 kJ/mole
B Te,Se,1 Te,Se;1As , Te,SelAs 5 -
) o r
E 1 i o
8 l | 2 107
= I A : = E /
=4 | r
k 7 z(mit) g L
>|11l1< 17K :(, ol 2k le g t Te,SelAs
Iy ] | | | Ey= 130 kJ/mole
o | I I
0 60 100 140 180 220 0 ‘ . .

Temperature (°C)

2,2 2,3 24 2,5

1000/Tg (K1)

Fi1G. 1. (a) DSC scans for three phases in the Te,Se;_,1As, system defining 7, (onset) and T, (peak);
note the different AT, values. (b) Scan rate dependence of T, for two Te XAs glasses. E is the calculated
activation energy and is a lower bound on the true enthalpy relaxation activation energy.

beam bending and penetrometry methods in
the viscosity range of 10°~10" poises.

Finally, to obtain direct information on the
linear relaxation function, the relaxation of
tensile stress generated by imposition of a
step strain was measured using the auto-
mated Rheovibron technique described re-
cently (11(a)).

Results

The results of the Tg determinations are
summarized in Table I. The values cited are
for the onset temperature defined in Fig. 1.
These will be the values referred to in the
remainder of the text unless specified other-
wise. The T, (peak) values differ from the T,
(onset) values by an amount which depends
on composition in a manner which is inter-
esting and which is discussed below.

The calorimetric anomaly at T, (onset) de-
pends on thermal history and on the scanning
rate, g. The dependence of 7, (as determined
using a constant heating rate of 10°C/min up-
scans) on thermal history is shown for two
cases in Fig. 2. Figure 2 shows that glasses
which have been annealed not too far below
T, show large overshoots. The transitions

commence at onset temperatures which ex-
ceed the ‘‘normal’” T, value by amounts
which depend on time and temperature of an-
nealing. This phenomenology has been inter-
preted in an earlier paper (15) for the case of
a TeX glass (Te;SesBry). In the Discussion
section we will show that it also depends in
an interesting manner on composition.

The viscosity n has so far only been deter-
mined for the As-free composition. Te,
Se,Br;, though it is hoped to remedy this situa-
tion in the near future. The data are
shown in an Arrhenius plot of log n vs. T,/T
(Fig. 3). The activation energy is 291 kJ/mol.

Finally we show in Fig. 4 the results of
isothermal tensile stress relaxation mea-
surements on the same TeX glass whose
viscosity is displayed in Fig. 3. The thin lines
through the points are plots of the stretched
exponential function

& = & exp[— (1/7)F] 2)
Discussion

A. Viscosity

Since it is not only interesting but also
vital to the understanding of the glass transi-
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FIG. 2. (a) Dependence of T, (onset) on time of annealing at room temperature, 20°C, for glasses in

the pseudo-binary system Te,Se;I-Te.lAs;. The

size of the overshoot (seen in the insert) depends on

both time and temperature of annealing as discussed in text. (b) Effect of annealing temperature on the
value of T, (onset) after annealing. Effect of time on the value of T, (onset) observed for the glass
Te,SeslAs,, which showed no effect for room temperature anneals in Fig. 2(a), after annealing at two
higher temperatures. Note that the two curves will cross at long enough times.

tion temperature dependence on composi-
tion, we first discuss the differences be-
tween the viscosity and the relaxation
behavior of the Te X composition Te;Se Br;
and pure Se.

These are two liquids in each of which the
basic viscosity-determining structure is a
chain conformation. However, the chain re-
peat units are rather different in character.

In Se it is a simple linear chain (albeit plasti-
cized with a variable amount of 8-membered
ring molecules (11, 14)), while in the case of
the TeX glass it is the structure discussed
earlier with two side chain halide groups on
a statistical number of the tellurium atoms
(every 3rd Te in the case of Te;CL). In the
well-studied case of hydrocarbon chain mol-
ecules (16) the presence of the two side
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FiG. 3. Viscosity of a Te X glass as function of inverse
temperature near T,.

groups on alternating carbons (polyisobutyl-
ene) makes a major difference to the fragility
{(for reasons that are not entirely elucidated).
Polyisobutylene (PIB), with the structure

1
(—C—C—C—C— C|—C—)
C C C

is the *‘strongest’’ chain polymer in the Fig.
5 sense, whereas polyethylene,
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(—C—C—C—0), [polypropylene,]
(——C——C|~C— C|——C— C|—C—)

C

and the more fully amorphous polypropyl-
ene oxide (PPO)

(—C—C—0—C—C—0—C—)
C C

are much more fragile (17). To support the
structural assignments suggested above, we
compare the hydrocarbon and chalcogenide
findings in Fig. 5, using chain segment relax-
ation time data (/7) to avoid the large chain
length problem in the case of the hydrocar-
bons. The TeX glass is less fragile than Se,
just as PIB is less fragile than PPO.

The correspondences in Fig. 5 suggest
that in dealing with Te X and Te XAs glasses
rich in Te and halogen some allowance for
the 4-coordinance of a fraction of the Te
atoms will have to be made in assessing the
average coordination number. In the pres-
ence of sufficient arsenic, however, the
halogen will be bound preferentially by arse-
nic, and Te will return to 2-coordination.

355K

normalised mechanical stress P(t)/P(0)

.2 ... experimental points
— KWW fit

353K

N

334K

340K
0.4y
0.2}
0L N e
0 1 2 3 4 5

Log (t) (sec)

F1G. 4. Decay of mechanical stress due to step strain on a sample of TeX glass as function of time

at several temperatures near T,.
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FiG. 5. Comparison of viscosities of inorganic chain
polymers. Se (sample) and TeSeBr (with side groups)
‘with hydrocarbon chain polymers polyisobutylene and
polypropylene oxide and the strong liquids SiO, and
GeQ,, using T,-reduced Arrhenius plot.

B. Heat Capacity

With these considerations in mind we now
turn attention to the interesting matter of
the effects of As cross-linking of TeX
glasses. First we check to see if, as in the
case of the Ge—As—Se system (6), all the T,
values can be collapsed onto a single line by
plotting the data as a function of {r). Here
the average coordination number is defined
by

<r> = 3XAS +2XS€ + ZXTE + XI' (3)

The results are shown in Fig. 6(a). It is

a
440
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X 380-
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seen immediately that while the data for Te-
and I-poor glasses are well correlated by this
procedure, those with high Te and I contents
fan out to low {r) values. However, the pres-
ence of large Te and I contents establishes
exactly the conditions in which a Te coordi-
nation number of 4 is to be expected for a
part of the Te (one tetravalent Te for each
21) according to the above discussion. If we
correct the (r) values accordingly, we now
find (Fig. 6(b)) that the T, values for the low
{r) glasses fan out in a direction opposite to
that in Fig. 6(a), suggesting that the (r) val-
ues may have been overcorrected slightly.
The slope in Fig. 6 is slightly less than for
the Ge—As-Se case in the same (r) range
(11), but a common physical origin for the
effect is indicated.

The Fig. 6(b) finding immediately raises
the question of whether or not the other
correlations with {r) found for the
Ge-As-Se glasses (6, 11) will also be found
in the present system, viz.,

(i) minima at (¥) = 2.4 in the heat capac-
ity jump at T,, AC,, and in the activation
energies for viscosity and for mechanical
relaxation E, and enthalpy Ey (6), and

(ii) weak minima or plateau values in the
fragility m and in the deviations from expo-
nentiality and state dependence of the relax-

440
e Te,lSe, As

4207 o Teg I,Se,As,
1w Te, JSeAs,

° TeSISSe4

400

380

Teg(K)

360 1
3407

320 L T
2

FiG. 6. (a) Variation of T, with average coordination number (r) defined by Eq. (3), (b) Variation of
T, with (r) after allowance for some Te in 4-coordination in Te,I-rich glasses.
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ation process (I1) near {r) = 2.4. To most
of these questions we can give tentative an-
swers on the basis of data now available, as
follows.

Considering first the heat capacity jumps,
we have observed qualitatively a decrease
in the ‘“‘size’” of the glass transition with
increasing As content as seen by DSC of
approximately equal-sized samples, but
since the exact sample masses are not avail-
able we cannot at this time give a quantita-
tive verdict. However, the breadth of the
glass transition, viz., AT,= (T,(peak) —
T,(onset)), does not depend on the sample
size, and this was observed, in Ref. (6), to
pass through a maximum where the AC,, at
T, passes through a minimum. We therefore
examine, in Fig. 7(a), the breadth of the
glass transition for the present system as a
function of {r), and make a comparison with
the data for the system Ge-As-Se using
the dimensionless reduced form (AT,)/T,, in
Fig. 7(b).

Interestingly enough, although the trend
to large breadth with increasing (r) that was
seen in Ge—As—Se is reproduced in the pres-
ent system, the maximum at (r) = 2.41s not.
Furthermore, the breadth of the transition
(like its appearance as a distinct “‘jump’’ in

30

251

201

Tg(peak) - Tg(onset) (°C)

|
|
15 |
|
|

10 L) T
18 2.0 2.2 24 2.6 28

<r>
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the DSC scan) at (r) = 2.4 is quite different
from that of the very smeared-out transition
seen at (r) = 2.4 in the Ge—As—Se system.
This raises the possibility that the extrema
observed in the latter system at this coordi-
nation may be more strongly linked to the
dimensionality of the bonding topology than
to the connectivity or average coordination
number per se. Clearly a quantitative study
of the heat capacity jump at 7, will be
needed to resolve this question. We would
emphasize that this question is very im-
portant for the understanding of physical
property/extended order relationships in
covalent glassy systems.

C. Stress Relaxation and
Structural Relaxation

Finally we consider the available informa-
tion on the non-exponential and non-linear
aspects of the relaxation process, which are
the aspects involved in the stress relaxation
process illustrated in Fig. 4 and in the pro-
cess by which the value of T, is able to
change with time and temperature of anneal-
ing as seen in Fig. 2.

For the former we only have data on the
TeX glass which, however, can be usefully
compared with that for Se and lightly cross-

b 0.09
-]
[ 0.08 - |
~ 007 Sem_x(Ge.As)x |
s = I - -
z 0.06 ] o a
S 0.05 -
= 0.04 g - I
/.\ E - |
g 0.03 |
g 0.02 a TeZISe7_xAsx |
ﬁ 0.01 a TCJSE4I3 |
& 0 ——— } r
18 20 2.2 24 2.6 28

<r>

F1G. 7. (a) Breadth of the glass transition in Te,[Se;_, As, glasses. (b) Comparison of reduced breadth
of glass transition in Te X and Te XAs glasses vs. (r) with reduced breadth in the 4-3-2 system Ge—As-Se
(Ref. (6)). Note the contrast in behavior near (r) = 2.4 of the two systems.
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linked Se. The TeX glass relaxations show
no sign of the separate and dominant shorter
time process seen in pure Se glass (/1)
and attributed to the fraction of Se in
8-membered ring form. Thus, it would seem
improbable that there are any ring-like com-
ponents present in the TeX glass, although
they are known to exist in the compounds
TeClL,S and TeBr,S (18).

The fit of the observed relaxation data to
the KWW equation (Eq. (2)) is very good,
essentially within the noise in the data. In
this case it is interesting that at the glass
transition temperature where the relaxation
time is 500 sec, the relaxation process is
closer to exponential than for glassy Se.
This is as would be expected in view of its
smaller fragility (see Fig. 5). However, the
relaxation is also more exponential than for
any of the previous chalcogenide glasses,
which is not expected. Before any signifi-
cance can be attached to this result it must
be demonstrated that sample size effects,
which have distorted some earlier measure-
ments (I1), are not present.

Turning to the non-linear or structural
state-dependent relaxation effects, we en-
counter some of the most challenging phe-
nomenology of this work. The increases ob-
served in 7, in the annealed glasses of this
study (Fig. 2(a) and (b)) are a direct conse-
quence of the fact that the relaxation time
for an amorphous structure depends not
only on the temperature but also on the
structural state of the glass. The analog in
the solid state chemistry of crystals is the
well-known effect of annealing on the con-
ductivity of ionic substances at tempera-
tures below that at which the defect popula-
tion became frozen during cooling. Because
the ionic conductivity (hence also the elec-
trical stress relaxation time) depends on the
number of lattice vacancies present, anneal-
ing, which allows the number of defects to
decrease toward the equilibrium population,
leads to a decrease in the conductivity. Ob-
viously, if the conductivity were decoupled
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from the lattice defect population, annealing
would have no effect (as in the case of elec-
tronic conductivity). The connection of the
longer relaxation time to the observation of
a higher T, on reheating is simply made (as
described previously (/5)) by noting that the
glass transition for a fixed scan rate occurs
when the relaxation time decreases to some
fixed value (usually ca. 200 sec). If the relax-
ation time has been increased by annealing
then clearly the glass must be heated to a
higher temperature before the transition can
be observed.

The nature of the ‘‘defects’ which anneal
out in the case of glasses is not so obvious
as in the crystal, but they can be conceptual-
ized as loosely packed regions in the amor-
phous structure which can be eliminated by
slow and highly cooperative rearrangements
of the surrounding atoms. In polymer glass
chemistry it is common (though not wholly
accurate) to associate them with “‘free vol-
ume’’ in the structure. However, it is not
necessary to understand their nature in de-
tail in order to understand the annealing ef-
fect on T,. For the present purposes it is
more important to understand that the popu-
lation of such defects at any temperature
determines the disorder in the glass and is
closely linked to the excess entropy of the
glassy state, which approaches zero at the
Kauzmann temperature. The Kauzmann
temperature, T, falls very close to T, at the
fragile liquid limit and approaches to zero K
(hence T,/Ty — infinity) in the strong liquid
limit. Quantitatively, one finds T,/Ty =
(1-16/m) ~! where m is the fragility defined
by m = E,/(2.303 RT,), (11, 14).

Since the ‘‘strong’’ limit is approached at
{(r) = 2.4 in Ge—As—Se glasses, the non-
linear effects should disappear at this com-
position and indeed have been observed to
do so in mechanical stress relaxation mea-
surements on this system (/7). In the pres-
ent system the ability of T, to be increased
by the annealing effect is of much practical
importance (4), so the possibility of its dis-
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Fig. 8. Dependence of the increase in T, normalized
to T, after annealing, with the difference between T,
(unannealed) and the temperature of annealing T,, for
different annealing times. The limiting line, which is
reached for all annealing times when 7T, — T, is smali,
shows that T, increased for glasses annealed long
enough to reach the metastable equilibrium state. Data
on several TeX and Te XAs glasses have been used to
obtain this diagram. More detailed studies may show
some differences in the limiting slope for glasses of
different (r) values.

appearing, and the limits on this effect, are
necessarily of interest.

The fact that the Te,Se;1As, glass, for
which (r) = 2.3, still shows a strong anneal-
ing effect on T, (see Fig. 2(b)) is therefore
consistent with the small AT, relative to that
in Ge—-As-Se system at the same (r) (Fig.
7(b)) and the conclusion that there are im-
portant differences between the 4-3-2 and
3-2-1 systems with respect to (r)-dependent
properties. In fact the Ge—As-Se glass with
the same AT, as the Te,Se;1As, glass has
(r) = 2.1 and shows large non-linear effects
n.

If we therefore make the simplifying as-
sumption that all the glasses of this study
show similar annealing effects, then it is pos-
sible to use the results of Fig. 2(a) and (b),
Ref. (/5), and subsidiary results in Ref. (3)
to obtain a diagram which combines the ef-
fects of both time and annealing temperature
relative to T, in a useful and predictive man-
ner. In Fig. 8, the difference between T, of
the annealed glass, T, ,,,, and that of the as
formed glass, 7,;,, divided by T, is plotted
vs. the difference between 7, and the an-
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nealing temperature. Figure 8 shows in at
least approximate form the maximum in-
crease in T, which could be obtained on
waiting sufficient time to reach the equilib-
rium state (equilibrium ‘‘defect’’ popula-
tion). It shows what the T, value will be if
insufficient time is allowed. More detailed
studies on selected glass compositions may
reveal a small (r) dependence of the slope
of the limiting line, but the general form will
not be changed.

Concluding Remarks

While the analysis of Te XAs glass behav-
ior we have given here strongly suggests that
the behavior of covalently bonded glasses
is not universal with average coordination
number amongst all systems, as might have
been hoped from initial studies, it remains
true that the average coordination number
is a powerful variable for reducing behavior
within a given system to quasi-universal
form. This observation implies the existence
of intermediate range orders of different
forms, depending on dimensionality of
bonding topologies. It will be interesting to
follow this line of thought not only through
more extensive studies of TeXAs-type
glasses, but also through study of other
bonding combinations such as 4-2-1, 4-3-1,
and 4-3-2-1.
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