Chapter 12

CONCLUDING REMARKS AMD STATISTICS

We have now reviewsd and analyzed a vefy wide range of measurements
which explore the various nuclear, electronic, vibrational, and
Zeeman levels accessible to glassy solids in the y-ray, x-ray, ultra-
violet, visible, infrared, asnd microwave regions of the electromag-
netic spectrum. It will have become clear that the spectroscopic
method provides not only the means of determining the energy levels
of vitreous systems, but also, because of the dependence of these
levels on atomic configurations, a powerful probe of the short-range
order about atoms, ions, or electronic defects in these materials.
The structural information available may be gquite detailed for the
Tirst coeordination shell for which average site symmetries, coordi-
natien numbers, oxidation state, bonding character, magnetic envi-
ronment, hyperfine interaction, and motional dynamics may be defined.
From the wealth of spectroscopic data rvevealed in the preceding
chapters, it can be said that we have come a long way in understand—
ing gualitatively the local structure of glasses. There is, howsver,
a long way to go in imraveling glass structure quantitatively bevond
the first two coordination shells about a central atom. At greater
distances structural resolution similar to those by diffraction
methods is also possible with EXAFS spectroscopy (Chap. 4). The
ability of this technique to probe the structure around individual
atamic species makes it particularly attractive and perhans a unique
tool for studying amorphous solids, especially multicomponent sys-
tems. With the aveilability of high intensity, continuous synchro-
tron radiation, at Stanford for instance, extensive dpplications of
this spectroscopic technique are now being made to study the local

structure of a variety of glassy solids.
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Model—building helps to fill in this "quantitative" gap some-
what, and has been proven useful in structural calculations as well
as property calculations such as electronic and vibrational demsity
of statas of simple systems Iike amorphous 5i, Ge, and As.

1t should be recognized that much of our present spectroscopy-
derived understanding of structure in glasses is based on comparisomns
with parallel spectroscopic studies of crystals of known strocture
containing the spectroscopically active center or group. The out-
standing example is perhaps that of vitreous GeOp. In each spectral
region, comparisons of glass spectra with the corresponding spectira
of the quartz-like hexagonal polymorph (Ge 4-coordinated) and the
rutile-like tetragonal pelymorph (Ge 6-coordinated] have been used
to show that the electronic structure and vibrational levels as well
as defect centers characteristic of the vitreous material are without
exception analogous to those of the 4-coordinated polymorph. The
emphasis on glass-crystal cbmparisons in the literatures is a reflec-
tion of the great difficulty of adequately formulating theoretical
madels for the energy levels of aperiodic structures, Currently,
much attention is being given to this problem, and it is becoming
apparent that the consequences to the predicted spectra of neglect-
ing structure beyond the 2nd coordination shell of the active species
are generally negligible. Thus, there is veason to expect that in
the foreseeable future the current reliance on "fingerprint" tech-
niques will be relaxed. The computer-simulation procedures cur-
rvently being developed to synthesize EPR and NMR line-shapes chserved
in glassy solids (Chaps. 9 and 10) serve to indicate the potential
which vitreous state spectral analysis is developing,

Spectroscopy alse provides a very sensitive means of studying
subtle changes in structure which occur in response to changes in the
mode of preparation of the glass. For example, vitreous Si0d; pre-
pared by chemical vapor-deposition (CVD) techniques at low tempera-
tures (300°-500°C) exhibits vibratiomnal bands that are much broader
than those of the normal bulk glass obtained by cooling the liquid,

a ¢lear indication of the greater spread of atomic configurations

imposed on the system by preparation precedures which kinetically
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exclude effective local energy minimization. Although significant
differences in peak widths of the RDF derived from diffraction mea-
surements are noted between the CVD material and ordinary silica glass
{in that the rms deviations of atomic distances of the CVD film are
much larger than those of thermal or bulk Si0;), the distinctioms are
less obvious ‘than for the IR spectra.

Further to the above, the approach to winimm energy structures
can be followed by spectroscopically monitoring the changes induced
by heat-treating the material at temperatures above the deposition
temperature. Such heat freatments produce progressive band narrow-
ing and, in the case of 8i0,, the sbsorptien bands of CVD and morimal
glass become identical after heat treatment above 800°C. Such ob-
servations establish a position for vibrational Spectroscopy some-
what above diffraction methods in a hierarchy of structure-sensitive
measurement techniques in which, however, absorption spectroscopy is
by no means outstanding. The sensitivity Ilimit for IR resolution of
structural Jdifferences is, by the above observations, reached at the
"800°C structure," since there are good reasons to suppose that this
structure and the structure of the normal glass (which forms by loss
of equilibrium at 1200°C during ¢ooling] are nmot in fact identical.
Whereas other absorptien Spectroscopy techmiques have structure sen-
sitivities similar to that of IR, a great improvement in structure-
sensitivity may be obtained by passing to "relaxation spectroscopy™
which has been treated in some detail in Chap, 11, In discussing
the relation of relaxation spectroscopy to absorption/emission spec-
troscopy, it was emphasized that information on structure is not ob-
tained directly in the former. On the other hand, its great sensi-
tivity to structural alterations, particularly those taking place in
the important glass transformation range, gives this type of spec-
troscopy a special place in glass science and ensures its increasing
importance in the future.

Another point deserving final comment concerns the problem of
spectroscopy in relation to microscopic structure which is cearse on
the atomic secale. Specifically, we refer to the problem of micro-

scopic phase separation which now proves to be so prevalent in
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mylticomponent glasses. Absorption spectroscopy, which explores
only vefy short-range order, is clearly unsble to determine whether
or not the order it reveals is representative of the glassy medium
as a whole or of only one type of microregion within it. This nee-
essarily limits the type of statement which absorptien spectrescopy
can justify on the effect of composition changes on the distribution
of spectroscopic centers (e.g. nonbridging oxygens) in the overaili
glass. A result is that spectroscopic studies by themselves cannot
provide the basis for judging the merit of any type of continuous
network theory of glass structure. This limitation again does not
apply to relaxation spectroscopy in which the properties of a sample
may depend eritically on the continuwity or otherwise of tha structure,

There are, on the other hand, some developing applications of
absorption spectroscopy in which the influence of the time-dependence
of longer range processes (such as diffusion of speciss over dis-
tances which are macroscopic on the atomie scale) is the focus of
attention. These studies may be hased on lifetime broadening of
spectral bands or simply on the tims dependence of spectral intensi-
ties after perturbations of the glass from an equilibrium state. Such
marriages of spectroscopic with relaxation techniques are likely to
prove very bemeficial im Ffuture work an Elasses.

It will be useful, in conclusion, to examine on a comparative
basis the types of systems to which each Spectroscopic technique has
been applied and the use made of each portion of the electTomagnetic
spectrum in the attempt to understand the vitreous state. The types
of glass system studied, and the information derivable from each
Spectroscopic technique discussed in this menograph is given in
Table 1. Evidently, oxide glasses are by far the most commonly en-
countered systems in vitreous state spectroscopy. The novel class of
glassy metal allovs mentioned in Chap. 2 is almost untouchsd experi-
mentally by spectroscopists. The har graph given in Fig. 1 shows the
number of publications concerned with Spectroscopic studies in glassy
systems in the priod 1960-1975 as referred in the present monograph.
This again is presented in the order determined by the spectral ETIETZY

Tegion, for each of the areas of spectroscopy discussed in the
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FIG. 1. The number of publications, N, dealing with spectro-
scopic studies in glassy systems in the period 1960-1975 as referred
in the present monograph in various spectral Tegioms,

preceding chapters. As can be seen, the greatest attention has been
devoted to the vibrational speétroscopy of this class of solids.

The diagram may serve as a useful statistical record for vitreous-
state spectroscopists and may help influence the choice of energy
regions for future investigations. Une must bear in mind, however,
that although each branch of spectroscopy probes a different aspect
of the structure, eventually there should be 2z corxrelation among all

spectroscopic properties of a gliven vitreous system.
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