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The bond polarizability in Si02 polymorphs increases as the Si-0-Si bond angle in-
creases and as the density decreases. This increase and systematic variations in other
properties are due to n bonding between Si and O. Delocalization of m electrons in Si-0
ring configurations and bond strain determine the properties of polymorphs of density
under 2.33 g cm 3; they are also responsible for the pressure and irradiation behavior
of Si02.

The structure of SiQ, polymorphs is based on
tetrahedral (4:2) coordination of Si and 0 atoms,
the exception being stishovite with octahedral
(6:3) coordination. The difference in coordina-
tion is associated with a difference in molar re-
fraction, "but, within the tetrahedral coordina-
tion, variation in the refractive index has sim-
ply been attributed to variation in density. How-

ever, it has recently been indicated by the author
that the molar refraction exhibits a systematic
variation, reflecting differences in the Si-Q bond. '
It is shown here that the bond polarizibility ex-
hibits an even more significant variation among
SiQ, polymorphs including stishovite and that this
variation is related to the extent of m bonding be-
tween Si and O.

Since the Si-Q bond is substantially covalent,
calculation of ionic polarizabilities is not war-
ranted. It has already been found that the use of
bond, rather than atomic, polarizabilities gives
consistent results for organosilicon compounds. '
Therefore, the polarizability of the Si-Q bond,
n„ is used in this work. This is determined by
dividing the molecular polarizability n by the
coordination number of silicon; in turn, e is
calculated from the Lorenz-Lorentz equation, '

4
R =

2 V„g&n+ 2

where R„ is the molar refraction, n is the re-
fractive index (at 589 nm in this work), V~ is
the molar volume, and N is Avogadro's number.

The bond polarizabilities and some other per-
tinent properties of SiO, polymorphs are listed
in Table I. It can be seen that the greatest change
in bond length and bond polarizability is associat-
ed with the change in coordination from octahe-
dral to tetrahedral (from stishovite to coesite).
This change in bond polarizability is more signif-
icant than the change in molar refraction, as
demonstrated by the extrapolated values for stish-
ovite; these were obtained from linear extrapola-

tion of R„and n, versus density from vitreous
SiQ, to coesite. It is not immediately obvious
why a decrease in bond length is associated with
an increase in bond polarizability. It is known
that, except for a few important cases (e.g. ,
C-C, C-0 bonds), the bond polarizability usually
increases with bond length. '

From coesite to n-cristobalite, the general
trend is that, with increasing structural sym-
metry (from monoclinic to pseudocubic), the
bond length decreases very slightly, but the Si-
Q-Si bond angle increases significantly, resulting
in a decrease in density. Accompanying this
change are increases in bond polarizability, Si-
Q valence vibration frequency, and directionality
ratio.

The change in various properties from stish-
ovite to cy-cristobalite can be attributed to in-
creasing dm-pv bonding between silicon and oxy-
gen. This p bonding arises from the overlap of
(the originally empty) Si 3d orbitals with the 0
2p orbital containing the lone pair electron. '
Recently, x-ray spectroscopy of silicates' has
provided direct evidence of z levels.

In stishovite, the atomic arrangement is un-
favorable for dm-P~ overlap; hence, the bond
length is as expected on the basis of the mixed
covalent (o bond) and ionic bonding. In tetrahe-
dral coordination, the dm-Pm overlap can develop,
but its extent depends very much on the Si-Q-Si
bond angle; the overlap becomes more favorable
as the angle becomes larger. Thus, p bonding
increases with the Si-0-Si angle, resulting in
increased bond strength (bond order) and in Si-0
valence vibration frequency, as well as in de-
creased bond length. Meanwhile, the ionic com-
ponent of the bond decreases; this is reflected in
the increase of the directionality ratio. Increas-
ing g bonding is also responsible for the observed"
increasing etch rate in HF from stishovite to
vitreous silica.

The increase in bond polarizability with z bond-
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TABLE I. Bond polarizibilities and some other bond-related properties of SiO, polymorphs. The headings p, v,
Rnd t' stRnd fox' the SI-O-Sl boncI angle Sl-o VRlence vibrRtlon frecIuency, RQd the directionality rRtlo in this or-
der. Except when indicated, data were taken from Ref. 1. For birefrigent crystals, the mean refractive index 'was

determined as n =(ng n„} ~~. For stishovite, the extrapolated values (see text) are given in parentheses.

Bond length, Density, R&, cm nb, lo
Po lymorph

Stishovite

natural

synthetic

Coesite

0.177

0.160
0.163C

4. 03

4.35

l. 830

1.596

6.54

6-06
(6.25)

4.00
(5-44)

-139 1077 0.163

natQral

synthetic

Keatite
Q-Cristoba13. te

0, 1603 and

0.1611

0.1601 and
0.1608~

2. 87

2. 92

2- 65

2 ~ 50
2 ' 33

l.519
l. 485

7-12

7- 01

7.21

7.29
7.39

7 ~ 23
7.32

143.94 1078 0.178

QL Tr 3.d~1.te
Vitreous
Nelanophlogite

O. 160
2 ~ 27

2.20

l. 99

1.473
1.458
1.425

7.42

7-45
7 ~ 71

7.35
7-38
7 ~ 64

1504
1106g
1098

0.188g
0 182

This measures the ratio of noncentral (directed) to central (undirected) binding forces (J. C. Phillips, Bev. Mod.
Phys. 42, 317 (1970)]; its value was determined by k~/k2, where k~ and k2 are the force constants of Si-0-Si bend-
ing and Si-0 valence vibrations, respectively.

Because of the 6:8 coordination in stishovite, these values are meaningless in the context of our discussion;
therefore, they are not shown.
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ing is well known from the examples of the C-C
and C-0 bonds. The analogy between Si-0 and
C-0 bonds is especially close since the ratio of
the relative increase in n~ to the relative de-
crease in bond length, i.e., (An, /n, }/(Al/l),
where f is the bond length, can be calculated (for
the C-0 bond from values given in Ref. 8) as
—9.3 for both cases. Based on this similarity,
the bond order in cy-cristobalite can be estimated
as 1.47 by taking the bond order in stishovite as
unity. Molecular orbital considerations imply a
value of 1.5, assuming full participation of the
lone pair electrons of the oxygen in the g bond. '

The above described correlation between bond
polarizability and other properties does not hold
when the density is less than 2.33 g cm ' (cor-
responding to n-cristobalite); in this density
range there appears to be a trend of increasing

bond polarizability with decreasing valence vibra-
tion frequency and directionality ratio. The be-
havior is similar to that exhibited by ring struc-
tures derived from benzene: As the number of
associated rings increases from one (benzene)
through two (napthalene) and three (anthracene)
to infinity (graphite), the bond length increases
from 0.1397 to 0.1420 nm and the bond order de-
creases from 1.50 to 1.35. However, the bond
polarizability increases from 10.9 &10 "cm'
(benzene) through 11.7 &&10 "cm' (anthracene)
to 15 &&10 "cm' (graphite). " This is evidently
due to increasing delocalization of p electrons
that reaches a maximum in graphite.

Delocalization of p electrons in benzene-based
structures is a consequence of the arrangement
of C atoms in six-member rings. It is known
that Si and 0 atoms also form various cyclic com-



VOLUME 27, NUMBER 2$ PHYSICAL REVIEW LETTERS 6 DECEMBER 1971

pounds involving three to nine Si atoms. " The
structures of coesite and o.-cristobalite are
based on four- and six-membered rings, respec-
tively. In quartz the rings are distorted so that
Si and 0 atoms form a helix along the c axis.
The fact that the average Si-0 bond polarizibility
is higher in cyclic dimethyl siloxanes (7.04 &&10 "
cm' as calculated from data in Ref. 14) than in
the corresponding linear siloxanes (6.80 x 10 "
cm ) indicates non-negligible delocalization in
Si-0 rings.

Delocalization of p electrons in Si-0 rings in-
creases with ring size, but so does the bond
strain. " Therefore, in equilibrium, the energy
gained by delocalization is balanced by the en-
ergy required for straining the bonds. Increas-
ing structural symmetry of Si0, polymorphs
favors larger Si04i, rings; the increased energy
content (standard enthalpies of formation are
—217.7 and - 215.9 kcal mole ' for Q. -quartz and
vitreous Sio„respectively) apparently over-
comes the bond strain, so that z bonding and de-
localization increase from coesite to n-cristoba-
lite.

The extent of bond strain is very limited in a
perfect crystal, but disorder and impurity ef-
fects facilitate the accommodation of larger bond
strain. These effects play an increasingly impor-
tant role as we go from Q.-cristobalite to melano-
phlogite. It is known, for instance, that tridy-
mite cannot be obtained without some impurity.
Also, both tridymite and n-cristobalite have a
great tendency toward disordered crystal struc-
tures. ' There is, of course, no long-range order
in vitreous and other noncrystalline silicas; this
is reflected in the characterization of the Si-0-
Si bond angle by a distribution around a mean
instead of a singular value. This results in a
distribution of four- to eight-membered Si04»
rings in vitreous silica" that cannot occur in
crystalline SiO,.

There are apparently many possible structural
conformations having very nearly the same en-
ergy; hence, the properties of SiO, polymorphs
in the density range of about 2.33 to 2.20 g cm '
exhibit an almost continuous overlap. This can
be illustrated by the range of molar refraction
values of tridymite, 7.386-7.478 cm' mole '
(calculated from Table 4 in Ref. 1), and of vitre-
ous silica, 7.40 —7.48 cm' mole ' (taken from
various reported values).

The effect of bond strain reaches its maximum
at melanophlogite, the very existence of which
is due to pigment inclusions. " With these inclu-

sions, extremely large rings and associated bond
strain can apparently be accommodated, result-
ing in a high value of bond polarizability. This
structure is rather unstable and, when the bond
strain can no longer be maintained, it collapses.
This explains the peculiar observation" that
grinding at room temperature is sufficient to
convert melanophlogite to qua, rtz.

In the density range of 2.20-2.33 g cm ', sig-
nificant delocalization of p electrons can take
place if the structure allows some bond strain.
As a result, the bond polarizability increases,
but the bond order decreases. Hence, the force
constant (valence vibration frequency) and direc-
tionality ratio also decrease. Effects related to
the conformation of various structural groups
(rings, chains, and helices) are very important
in phenomena occurring in SiO, as a result of
irradiation and pressure. The fundamental trend
in these conformational changes is to maximize
g bonding with minimum bond strain. In this re-
spect, SiO, exhibits a rather unusual behavior
that can be understood if we consider silica more
as a fully cross-linked siloxane-type polymer
than as an ionic or covalent crystal or random
network. This behavior is largely due to the flex-
ibility of the Si-0-Si bond angle (quite in contrast
with the rigidity of the 0-Si-0 angle).

Enhanced p bonding and delocalization of g
electrons in the distorted rings along the c axis
of n-quartz may also be responsible for the
striking anisotropy in its etching" and electronic
conduction' behavior.

*This paper is based upon work performed in COMSAT
Laboratories under Corporate sponsorship.
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The density of states of the valence and conduction bands of Si and Ge are discussed
using a simple tight-binding Hamiltonian. It is shown that certain features of the density
of states for the case of the diamond structure are related to the short-range order and
hence should be retained in the amorphous state while others depend on long-range order
and are expected to disappear.

Much recent experimental effort has been de-
voted to the determination of the electronic den-
sity of states of amorphous semiconductors, par-
ticularly Ge" and Si,"and the results so far ob-
tained have excited a good deal of theoretical
speculation on the subject. ' ' An accurate com-
prehensive theory for the electronic properties
of these solids is still lacking" and is likely to
remain so for some time. However it has recent-
ly been shown"'" that the problem is not wholly
intractable if a simple Hamiltonian of the tight-
binding type is used —in particular, it can be
shown that for such a Hamiltonian there is a gap
in the electronic density of states for any struc-
ture with tetrahedral coordination of nearest
neighbors. This dispels some, if not all, "of the
mystery surrounding the observation' ' of such a
gap in the amorphous state. In this Letter the
same Hamiltonian is used to give a discussion of
the shape of the density of states for crystalline
and amorphous semiconductors which hinges on
a question that has long been of interest in this
area but has hitherto been almost entirely unre-
solved Which feat. ures of the crystalline density
of states are due to the long-range order of the
structure and zohich are due only to the short-
range order? Only the latter are expected to be
retained in the amorphous structure since this

has essentially the same short-range order as
the crystal but without the accompanying long-
range order. Our conclusions appear to be con-
sistent with the evidence available at present and
we suggest a measurement which should provide
a critical test of the model.

Our Hamiltonian"'" acts on a set of basic func-
tions ( y, , ) which are the "sp'" hybridized orbit-
als that can be formed at each atomic site. The
subscript i refers to the atom and j to the bond.
Bonding and antibonding states can be formed
with the four nearest nighbors of each atom that
lie at the corners of a tetrahedron. The Hamil-
tonian contains two parameters V, and V, :

& = l'i 2 I v;, )&v';, I + l'2 Z I v', ,&&a;,I; (&)

these are, respectively, the matrix element be-
tween orbitals associated with the same atom
(and different bonds) and the matrix element be-
tween orbitals associated with the same bond
(and different atoms). Such a simple Hamiltonian
cannot be expected to give a very accurate de-
scription of Si and Ge but it does provide quite a
good qualitative description of the valence bands
of these semiconductors in the crystalline state. ""
Figure I compares the density of states calculat-
ed from this Hamiltonian for the diamond struc-
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