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Abstract

The topology of the tetrahedral network compounds SiO , Si N and SiC is considered and applied to the potential for2 3 4

amorphization of these compounds. Local rules are devised for self-assembly modeling of crystalline polymorphs of the
latter two, similar to those derived previously for SiO , and modifications of these rules are applied to generate topologically2

disordered versions. Success in obtaining viable amorphous networks is assessed in terms of residual underconnection,
tetrahedral distortion, partial radial correlations, and local clusters of tetrahedra that embody the local topology. Topologi-
cally assembled models of amorphous Si N are found to be constructible, but with radial correlations and local clusters3 4

much closer to those of the parent crystals than for assembled amorphous models of silica. Models of amorphous SiC remain
substantially underconnected and highly distorted tetrahedrally; the seemingly contrary experimentally observed facile
amorphization of SiC under irradiation is suggested to be facilitated by the potential for chemical disorder in SiC that alters
the topological possibilities. q 1998 Elsevier Science B.V.

1. Introduction

Network structures are atomic arrangements that are
principally characterized by skeletal connectivity of dis-

w xcrete structural units. Polymers 1 are one class of network
structures, as are most biological molecular assemblages

w xsuch as virus shells comprised of assembled proteins 2 .
SiO , Si N and SiC are three ceramic compounds that2 3 4

adopt network structures featuring vertex sharing of, re-
w x w x w xspectively, SiO , SiN and SiC tetrahedra. Silicas,4 4 4

which are found in both crystalline and aperiodic struc-
Žtures, are critical elements in frequency control piezoelec-

.tric crystalline quartz and optical telecommunication
Ž .vitreous silica fibers . Silicon nitride, found in a and b

crystalline polymorphs, is an important structural ceramic
and fiber-reinforced composite matrix, while silicon car-
bide, also found in two polymorphic forms a and b and
numerous polytypic variants, is a principal reinforcing
fiber, a potential high-temperature device semiconductor,

) Corresponding author. Tel.: q1-617 253 6835; fax: q1-617
252 1020; e-mail: hobbs@mit.edu.

Žand a leading candidate in SiC–SiC fiber-reinforced ce-
.ramic matrix composite form for near-first-wall applica-

tions in thermonuclear fusion reactors.
w x Ž .The connectivity of SiX tetrahedra XsO, N or C4

in networks of the three compounds is illustrated in Fig. 1.
w xIn silicas, each of the four vertices of an SiX tetrahe-4

Ž . Ž� 4dron XsO is shared by two tetrahedra 4,2 connectiv-
. Ž . Ž� 4ity ; in silicon nitride XsN by three tetrahedra 4,3

. Ž .connectivity ; and in silicon carbide XsC by four tetra-
Ž� 4 .hedra 4,4 connectivity . These respective connectivities

obtain for all known crystalline polymorphs of the three
compounds except the high-pressure stishovite form of
SiO . Crystals exhibit topological order, that is, transla-2

w xtional periodicity and rotational invariance 3 . The evi-
dence from Raman spectroscopy, X-ray absorption and
electron inelastic scattering fine structures, and X-ray,

� 4neutron and electron diffraction studies is that 4,2 con-
nectivity also obtains in vitreous silica as well, which is
topologically disordered.

Networks are not constrained to be crystalline arrange-
ments of connected polyhedra; highly covalent networks,
especially, are more likely to be found in non-crystalline

0022-3115r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Fig. 1. Vertex-sharing schemes for SiO , Si N and SiC.2 3 4

forms than are less covalent, more highly connected ce-
w xramics such as ionic oxides 4 . Silica, for example, is

easily amorphized by cooling moderately quickly from its
Ž .liquid forming vitreous silica , by gas-phase deposition,

by high-temperature oxidation of Si, or by radiation in-
volving both radiolytic and ballistic atomic displacements
w x5 . Si N , on the other hand, appears difficult to amor-3 4

w xphize by radiation 6 and has been rendered aperiodic
Ž . w xmostly in molecular dynamics MD simulations 7,8 . The

Žrelative amorphizabilities of SiO two tetrahedra sharing a2
. Ž .vertex and Si N three tetrahedra sharing a vertex in3 4

Žfact correlate well with the structural freedom f defined
as the degrees of freedom per tetrahedron vertex less the

w x.number of constraints imposed by the connectivity 9–11
available to their respective structures to rearrange, as
discussed in Section 2.

w x � 4In an earlier paper 12 , we have shown that 4,2
crystalline silica networks can be assembled using a com-
pact set of local assembly rules that do not rely on
long-range symmetry operations and are thus applicable to
the construction of topologically disordered as well as
topologically ordered network structures. Local rules for
assembly of topologically disordered structures can be
derived from modifications of the crystalline assembly
rules. The local structure of assembled silica networks—
crystalline or amorphous—can then be described ade-
quately by a partial tessellation called the local cluster
which fully embeds the local topology. In this contribu-
tion, we first describe local rules-based assembly of crys-
talline SiO , SiC and Si N polymorphs, then explore the2 3 4

comparative feasibility of erecting topologically disordered
w xversions using altered rules. In a companion paper 13 , we

investigate amorphization of these three compounds by
disordering and reassembly algorithms that simulate colli-
sion cascades during ion irradiation. We conclude with an
assessment of the observed role of topological constraints
on amorphization of these network ceramics.

2. Structural freedom of Si–X networks

For purely vertex-sharing polyhedral networks, the de-
Žgree of structural freedom f at each vertex equal to the

number of degrees of freedom d less the number of

.constraints h imposed by neighboring structure has been
w xdeduced by Gupta and Cooper 4 to be

w xfsdyhsdyC d dy dq1 r2V , 1� 4Ž . Ž .
where ds3 for three-dimensional assemblies, d is the

Ždimensionality of the structuring polytope 3 for a tetrahe-
. � 4dron , and the structural connectivity, represented as V,C ,

Žderives from the number of vertices V per polytope 4 for
.a tetrahedron and the number of polytopes C per vertex.

Values of f for the three Si–X compounds and for elemen-
tal Si are given in Table 1, together with amorphization

Žfluences expressed as deposited energy density in
.eVratom for heavy ion irradiation well below the thresh-

� 4old temperature for amorphization. For 4,2 -connected
SiO , fs0, and all tetrahedral silica polymorphs amor-2

Ž w x.phize easily ;7 eVratom for quartz 16 . By contrast,
� 4the more-connected 4,3 silicon nitride has fsy1.5 and

is very difficult to amorphize without accompanying chem-
ical effects of the implanted ion. 1

ŽThe added connectivity of SiC networks four tetrahe-
.dra sharing a vertex confers still less structural freedom

and the least expected amorphizability of the three com-
pounds. But SiC is, connectivity notwithstanding, easily
amorphized by ballistic displacement involving electron

Žirradiation critical displacement energy deposition density
. w x Ž;90 eVratom 18–21 or ion irradiation ;16 eVratom

. w xfor a-SiC, ;21 eVratom for b-SiC 14,22–26 well
below a surprisingly high threshold amorphization temper-

Ž Ž .ature ;295 K for electrons and ;485 K a or ;498
Ž .K b for ions, depending to some extent on ion mass and

w x.energy 23,24,26 . We have made the suggestion previ-
w xously 11 that topological disorder in SiC is likely only if

Žanti-site disorder C on Si sites and vice-versa, generating
w x w x .CC and SiSi tetrahedra is present or induced, and4 4

indeed there is now recent Raman and EXAFS experimen-
w xtal evidence 25 to suggest that radiation-amorphized SiC

has been modified in this way. The Si–C, Si–Si and C–C
covalent bond energies are respectively 317, 221 and 347

w xkJrmol 27 , which implies that the bond energies associ-
w x Ž .ated with a CC tetrahedron 1388 kJrmol resulting4

from chemical disorder is actually greater than that for a
w x Ž .SiC tetrahedron 1268 kJrmol , while the average of4

w x w x Žthe CC and SiSi anti-site pair of tetrahedra 11364 4

1 Irradiating at 300 K, in the absence of any such contribution,
w xSi N could not be amorphized after 700 eVratom 6 , but an3 4

amorphization threshold temperature for Si N has not been3 4

established. A temperature dependence for amorphization between
w x80 K and 420 K has been noted 17 , although the irradiations

used almost certainly involved a chemical contribution from the
implanted ion. While it is thus conceivable that 700 eVratom may
not represent a lowest bound critical amorphization dose for
irradiation at lower temperatures, Si N is nonetheless vastly less3 4

amorphizable than SiO .2
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Table 1
Coordination, connectivity, structural freedom and amorphizability for Si–X structures

a� 4 Ž .Structure Polyhedra: sharing V, C f Amorphization dose eVratom

� 4 w xSiC Tetrahedra: corners 4,4 y3 16 14
b� 4 w xSi N Tetrahedra: corners 4,3 y1.5 )700 63 4

{ } w xSiC Tetrahedra: corners 4,2 -0 16 14
{ } w xSi Tetrahedra: corners 4,2 0 11 15
� 4 w xSiO Tetrahedra: corners 4,2 ; 0 7 162
� 4 w xSi Rods: ends 2,4 -q1 11 15

a Low-temperature values of critical energy density required for amorphization.
bRoom-temperature value.

Ž .Italicized entries are based on atom-centered polytopes which are not coordination polyhedra see text .

. w xkJrmol is not much less than for the SiC tetrahedra4

that comprise the structure; these bond energetics are
possibly related to why SiC dissociates before it melts. The

Ž . w xproduction e.g., by replacement collisions of CC tetra-4

hedra, which represent the lowest energy C anti-siteSi

defect, and whose existence in irradiated SiC the Raman
and EXAFS measurements apparently confirm, creates
local sub-units of cubic diamond; Si anti-site defectsC

similarly create sub-units of Si.
While definitive low-temperature amorphization experi-

ments have not been carried out for diamond carbon,
measurements have been made for elemental crystalline Si
w x15 , which shares the diamond–cubic structure. Topologi-

� 4cally, crystalline Si can be viewed as a 2,4 network of
Si–Si bond rod polytopes, yielding fsq1, but this repre-
sentation underrepresents the rigidity of the Si tetrahedral
sp3 hybridized bond angle. A better polytopic representa-

� 4tion is a set of 4,2 -connected tetrahedra with vertices at
the bond midpoints and a Si–midpoint–Si angle us1808,
as in ideal cristobalite that can be derived from Si by
decorating the bond midpoints with oxygen. It should be
noted that this representation still slightly overestimates
the structural freedom at fs0, because the Si–Si bonds

Žare constrained to be linear except in bridging around Si
w x.vacancies 28 , whereas u for silicas is easily varied

w xbetween 1308 and 1808 12,29 . The observed amorphiz-
Ž w x.ability of Si 11 eVratom for ion irradiation 15 is

consistent with this topological representation. The ob-
Žserved amorphizability of SiC as low as 16 eVratom for

.ion irradiation – not much more difficult than Si and
� 4considerably easier than implied by its 4,4 connectivity –

is accordingly consistent with partial chemical disorder,
induced by the displacive radiation, conferring a more
Si-like local topology.

The single displacements characteristic of electron irra-
diation exhibit a replacementrdisplacement ratio at least
an order of magnitude lower than for cascade displace-

w xments 23,26 . The dependence of SiC amorphization on
prior induced chemical disorder could thus certainly ex-
plain the higher critical displacement energy density for
electron irradiation compared to ion irradiation, as well as

the observed dependence of amorphization dose on PKA
w xenergy 24 . It may also explain the lower amorphization

threshold temperature for electron irradiation: higher dy-
namic annealing temperatures are needed to recover the
higher chemical disorder that accumulates from ion irradia-
tion.

3. Local rules-based structure assembly

Atoms in a structure do not possess global information,
such as that embodied in symmetry operations, but instead
respond to local forces in their immediate environment as
they assemble into a structural arrangement. The same is
true of larger assembly units, such as proteins whose
self-assembly into icosahedral virus shells can be repli-
cated using only a combinatorial set of local rules based on

w xpairwise interactions between adjacent proteins 2 . We
w xhave shown 12 that a similar rules-based approach, using

tetrahedra as building blocks, permits rapid self-assembly
� 4of 4,2 tetrahedral networks of silica in all their polymor-

phic variety. The approach is equally applicable to the
� 4more connected 4,3 tetrahedral networks of Si N and3 4

� 44,4 tetrahedral networks of SiC. The modeling of amor-
Ž .phous silicon carbide a–SiC described in Section 4 ex-

plores the consequences of attempting to impose topologi-
cal disorder on this compound in the absence of chemical
disorder.

3.1. Local rules for self-assembly of tetrahedral crystalline
polymorphs

The local rules for assembly of vertex-sharing tetrahe-
dra require a knowledge of the number of topologically

Žinequivalent environments about the tetrahedra number of
.types , the number of additional tetrahedra sharing a given
Ž .vertex their connectivity , the orientation of the starting

Ž .tetrahedron initial node orientation , and instructions re-
garding the relative orientation and type of each neighbor-
ing tetrahedron to which each vertex of the starting tetrahe-

Ž .dron connects vertex rules . We arbitrarily specify a
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Ž . Ž .Fig. 2. Assembly rules for two SiO polymorphs. a top2
Ž . Ž .crystalline b-cristobalite, b bottom an amorphous-SiO based2

on modification of b-cristobalite rules. The rules for a-cristobalite
are identical to those for b-cristobalite but with an initial offset of
24.78 instead of 238 about y.

canonical orientation for the starting tetrahedron by in-
scribing it in a unit cube centered at the origin, with
vertices labelled 0,1,2,3 at four cube corners. A rotation is
applied to this canonical tetrahedron to define the orienta-
tion of the initial node, as defined by rotations about the x,
y and z axes of the unit cube. The rules for each vertex

Ž . Ž .will dictate the position of one SiO , two Si N , or2 3 4
Ž .three SiC neighboring tetrahedra.

Fig. 2a illustrates a rules set for assembling crystalline
b-cristobalite; rules for quartz and other silica polymorphs

w xare described in our previous treatment of silica 12 . The
first line in the rules file enumerates the number of node

Žtypes in this case only one, because all tetrahedra share
.identical environments . The second line indicates the

network connectivity; ‘4 1’ signifies a structure in which
Ž .each polyhedral subunit has four vertices a tetrahedron

Žand each vertex seeks one neighbor so that two tetrahedra
.share a vertex . The third line indicates that the tetrahedron

is regular; if it is not, we must additionally specify the
Žinitial coordinates of its vertices we have assumed the

tetrahedra to be regular, with intra-tetrahedral X–Si–X
angle of 109.58, recognizing that small tetrahedral distor-

.tions exist in some crystalline polymorphs . The fourth line
specifies any rotation applied to the initial canonical node

Žorientation, resolved into rotations about x, y and z in
.this case, a 238 rotation about y . This node offset turns

ideal cristobalite, with an Si–O–Si inter-tetrahedral angle
us1808, into b-cristobalite with us1488. The remaining
four lines summarize the assembly rules at each vertex.

ŽThe first of these specifies the rule for vertex 0 in this
case, vertex 0 is connected to a tetrahedron of type 0 at its

.vertex 1, rotated 908 about the z axis . The next three lines
give the node type, vertex numbers and rotations of neigh-
boring tetrahedra connected to the remaining vertices of
the initial node.

These rules are then applied to each of the added
tetrahedra in turn, and so on until a structure of desired
size is assembled. Assembly and subsequent analyses of
bond angles, density, topology and radial correlations were
all carried out on a Silicon Graphics Onyx workstation,
using an efficient graphical user interface that was devel-
oped specifically for the purpose. Tetrahedra were assem-

Žbled at a rate of about 5 Hz limited by the graphic display
.rate , and networks of 1500–10 000 tetrahedra were typi-

cally assembled for analysis, large enough to minimize
surface effects. Illustrations of the crystalline assemblies in
this publication are restricted to 1000 tetrahedra for clarity.
Fig. 3a shows 200 tetrahedra assembled according to the
rules for b-cristobalite specified in the Fig. 2a rules file.
The simulations record all vertex coordinates and the
complete adjacency matrix, so that calculation of density,
intra- and inter-tetrahedral angles, and radial correlations
can be made at each tetrahedron site.

Fig. 4 compares 200-tetrahedron assemblies of b- and
a-Si N , following the assembly sequences and local rules3 4

given in Figs. 5 and 6. Fig. 5a depicts the assembly
sequence and provides the assembly rules file for b-Si N ,3 4

which is the simpler of the two silicon nitride crystalline
polymorphs. Three tetrahedra, all of the same node type
Ž .type 0 share a N vertex in silicon nitride, so each vertex
seeks two additional tetrahedra, whose rotation rules ap-
pear in two separate sets. In a-Si N , there are two3 4

distinguishable tetrahedral environments, but four tetrahe-
Ž .dron node types 0, 1, 2 and 3 were, in practice, used to

render the modeling conceptually simpler. The rules for
each of the four types are given in Fig. 6, together with a
depiction of the assembly scheme. These four tetrahedron
node types are separately distinguished in Fig. 4b. Exami-
nation of the Si–N–Si angle u for the four a-Si N3 4

Žtetrahedron node types in Table 2 two of which should be
.equivalent reveals that our rules for a-Si N are not quite3 4

perfect, but are considered close enough for modeling
purposes.

Figs. 7 and 8a depict the assembly sequences and rules
Ž . Ž .files for b- 3C and a- 6H SiC polytypes. In both

� 4 w x Ž w x.4,4 -connected structures, four SiC or CSi tetrahe-4 4

dra share a vertex, so each vertex seeks connections with
three other tetrahedra, all of the same type. Two of these
connections are made in a plane of linked tetrahedra with

Ž � 4 Ž .identical orientations a 111 plane in b-SiC, the 0001
.basal plane of a-SiC ; in b-SiC, the third connection is

made with a tetrahedron belonging to an identical plane
above, in a-SiC with one belonging to a similar plane

w xrotated 1808 about the 0001 axis. Fig. 9 compares assem-
blies of 200 tetrahedra of each structure.

Model densities were calculated from the reported Si–X
distance and the number of tetrahedra in a selected volume
of the model; the latter was determined by centering a

Žsphere slightly smaller than the convex hull largest poly-
.hedron with triangular faces containing all nodes ran-

domly in turn on 10 interior nodes and counting and
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Ž . Ž .Fig. 3. 200-tetrahedra models of SiO assembled according to the rules for a b-cristobalite given in Fig. 2a, and b cristobalite-like a-SiO2 2
Ž .given in Fig. 2b. Green tetrahedra in b are underconnected, and red segments are remanent connection springs.

Ž . Ž .Fig. 4. 200-tetrahedron models of a b-Si N , assembled according to the rules following in Fig. 5a, and b a-Si N , assembled according3 4 3 4

to the rules following in Fig. 6.

averaging the number of tetrahedra in each case enclosed
by the spheres. Si–X distances used were, for Si–O, 0.162
nm; for Si–N, 0.173 nm; and for SiC, 0.188 nm. Com-
puted densities, together with corresponding inter- and
intra-tetrahedral angles, are given in Table 2, where they
are compared to experimental values. For example, the
computed density for the b-cristobalite model in Fig. 3a

Ž 3 3.was 2.17 =10 kgrm compared to the experimental
value of 2.21; values for Si N and SiC were even closer.3 4

Densities were found to depend sensitively on the initial
w xnode orientation 12 , which for cristobalite was chosen to

yield the experimental Si–O–Si bond angle and for Si N3 4

and SiC to correctly reproduce the crystal structures. Par-
tial radial density correlation functions for Si–X, X–X and

Si–Si were computed from the vertex coordinates, using
w xcounting algorithms described earlier 12 , for comparison

to those from topologically disordered models described in
Section 4. Topological properties of the models were
deduced from the adjacency matrix, as outlined in Section
3.2.

3.2. Topological representation of assembled networks

A real network of fully connected vertex-sharing tetra-
hedra may be represented mathematically as a regular
graph in which the tetrahedra comprise network nodes and
connections between nodes exist where the corresponding
tetrahedra share corners. The real network of tetrahedra
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Ž . Ž .Fig. 5. Assembly sequence and assembly rules for a top
Ž . Ž .b-Si N , and b bottom an a-Si N based on modification of3 4 3 4

the b-Si N rules.3 4

and its nodal graph representation possess isomorphic
w xtopologies 5,12 , which are fully describable only by a

complete tessellation, for example, by the set of three-di-
mensional void polyhedra bounded by the node connec-

w x Žtions 32 . A simpler partial tessellation, based on rings a
. w xtopologically one-dimensional entity , has been shown 5

to describe the structural topology—adequately enough to
w xdifferentiate all tetrahedral polymorphs of silica 12 .

Fig. 7. Assembly sequence and assembly rules for b-SiC.

A ring is a closed circuit along nodal connections, and
rings must exist in networks if the inevitable density
catastrophe of tree networks is to be avoided. The circuits
that are topologically important, known as primitiÕe rings
w x33 but hereafter sometimes referred to simply as rings,
are those minimal circuits that are not the sum of two
smaller circuits. The primitive ring-finding algorithm used

w xin this study, details of which are given elsewhere 12 ,
involves enumeration of the closest nodes in turn to find
all simple paths originating and terminating at a network
node n, where a simple path has no node appearing more
than once. For each pair of nodes on the path, the graph
distance between them is then ascertained to be equal to
the minimum ring distance between the two nodes. We
enumerate all rings associated with each node, testing for
primitiveness in turn, which is more efficient for small

w xsamples than first computing all rings in the network 34

Fig. 6. Assembly sequence and assembly rules for a-Si N .3 4
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Ž . Ž . Ž . Ž .Fig. 8. Assembly sequence and assembly rules for a top a-SiC and b bottom an a-SiC based on modification of a-SiC rules.

and then testing for primitiveness. Additionally, the
searches at each node were truncated at rings of maximum
length -20, which proved adequate.

Ž .The set of nodes tetrahedra belonging to all primitive
rings which pass through a given node n is defined as the
local cluster of that node. The local cluster specifies the
local environment and distinguishes the local topologies in
much the same way that the unit cell of a crystal specifies
the local environment and identifies the crystal symme-
tries; the local cluster has the added advantage of applying
to non-crystalline structures as well. Local clusters for
tetrahedral silicas have been shown to distinguish between
all the crystalline polymorphs of silica and between crys-

w xtalline and amorphous networks 12 . For example, Fig.
10a illustrates the local cluster for cristobalite, in which all

tetrahedra are topologically identical and comprise only
� 4primitive 6-rings. A tetrahedron in a 4,2 tree network of

vertex-sharing tetrahedra has 4 first-neighbor tetrahedra,
12 second neighbors, 36 third neighbors and 108 fourth
neighbors, by which it can be seen from the neighbor
counts in Fig. 10a that rings indeed serve to reduce the
density of tetrahedra; larger rings are conversely able to

Ž .increase configurational density because larger rings )6
w xare less rigid than smaller rings 5 . Because they are only

displacive and not reconstructive modifications, the high-
Ž . Ž .b and low-temperature a forms of each silica poly-
morph share the same polymorph topology and local clus-
ter.

The a and b forms of Si N and of SiC are, however,3 4

topologically distinct polymorphs. Fig. 10b depicts the

Ž . Ž .Fig. 9. 200-tetrahedron models of a b-SiC, assembled according to the rules given in Fig. 7, and b a-SiC, assembled according to the
rules given in Fig. 8a.
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Table 2
Inter- and intra-tetrahedral angles and densities for rules-generated Si–X polymorphs

Ž .Polymorph Node Si–X–Si Angles u 8 Average Si–X–Si Average X–Si–X Model density Actual density
3 3 3 3Ž . Ž . Ž . Ž .Angle u 8 Angle 8 =10 kgrm =10 kgrm

b-Cristobalite 0 148 148 109.5 2.17 2.21
a-Cristobalite 0 145.3 145.3 109.5 2.33 2.33

a bCristobalite-like Crystal basis: 148 146 109.4 2.29 2.20 , 2.26
a-SiO2

b-Si N 0 109.5, 120, 125.1, 125.1 119.8 109.5 3.19 3.203 4

a-Si N 0 110.6, 114.2, 117.2, 118.1 118.3 109.5 3.22 3.203 4

118.2, 118.4, 119.6,124.9
1 111.7, 113.1, 116.8, 120.3

120.6, 122.2, 123.0, 124.9
3 110.5, 115.6, 116.9, 117.3

117.8, 117.8, 117.8, 124.8
4 111.7, 113.1, 117.1, 117.7

117.9, 118.4, 119.6, 124.5
Ž .a-Si N Crystal basis: 119.8 avg. 119.6 109.5 3.42 y3 4

b-SiC 0 109.5 109.5 109.5 3.21 3.21
a-SiC 0 109.5 109.5 109.5 3.24 3.22

ca-SiC Crystal basis: 109.5 112.0 109.6 3.25 2.86

a w xVitreous silica, annealed at 1273 K 30 .
b w xNeutron-amorphized silica or quartz 30 .
c w xNeutron-amorphized a-SiC 31 .

local cluster of b-Si N , and Fig. 10c shows the two3 4

inequivalent local clusters for a-Si N . Like the local3 4

cluster of cristobalite, the local cluster of b-Si N is3 4

compact and dominated by 6-rings, though with a substan-
tial complement of 4-rings; the local clusters of a-Si N3 4

exhibit a broader ring spectrum dominated by 5-rings. The
Ževen more compact local clusters of b- and a-SiC Fig.

.11 are identical in size and ring content, with equal
numbers of 3- and 4-rings. Silicon carbide and silicon

Žnitride polymorphs are denser than silica polymorphs Ta-
.ble 2 because of the larger number of tetrahedra sharing a

vertex.

4. Assembling amorphous networks

Local assembly rules require neither symmetry nor
periodicity; the restrictions are those of underconnection
and overlap of structuring polytopes. Because immediate
local environments are generally supposed to differ little
between crystalline and aperiodic forms, it is reasonable
that assembly rules for non-crystalline forms can be based
on slightly faulty versions of the assembly rules appropri-
ate to crystalline polymorphs stable at the same conditions
of temperature and pressure obtaining during formation of

w xthe amorphous phase 12 . Both initial node offsets and
small changes in rotation rules may be used to generate
structures lacking long-range order. Continued application
of the modified rules results in structural defects that
eventually alter local topology and impart topological dis-
order.

Additional algorithms are required to ensure maximal
connectivity and to preclude intersection of tetrahedra.
Connectivity was optimized by connecting shared vertices

Žin adjacent nodes by Hookeian springs with adjustable
.spring constants that impose both forces and torques on

the connecting vertices; the axial and rotational displace-
ments of these springs were adjusted after each new
tetrahedron was added so as to globally minimize the

w xelastic energy stored in the springs 35 . Additional repul-
sive forces were applied to maintain steric exclusion and
prevent intersection of tetrahedra. The global optimization
procedure following each added tetrahedron connection
was continued at least until the spring segment for that
connection was less than half the Si–X distance; in some
cases where large remanent spring segments remained,
additional optimization was carried out until it was clear
that little further reduction in spring length could be
effected.

As a first example, the b-cristobalite rules modification
given in Fig. 2b was chosen to specify 58 smaller rotation

Ž . 2angles 858 than occur in cristobalite. Fig. 3b compares
Ž .200 nodes of a cristobalite-like amorphous silica a-SiO2

disordered structure, assembled according to these modi-
Žfied rules, to the ordered structure of b-cristobalite Fig.

2 Rules modifications using offset of the initial node, as used
w xfor amorphization of quartz 12 , cannot be used for cristobalite,

because node offsets around x or y affect only u , as in the a –b

transition, and around z have no effect because the rules rotations
are defined about z.
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Ž . Ž . Ž .Fig. 10. Local clusters for a b-cristobalite SiO , b b-Si N , and c a-Si N , with cluster size, primitive ring distribution and number of2 3 4 3 4
Ž .first-, second-, third- and fourth- for cristobalite neighbor tetrahedra also indicated. a-Si N has two inequivalent tetrahedron3 4

environments, hence two distinguishable local clusters. A 6-ring is highlighted in each cluster.

.3a ; the comparison reveals small but persistent differences
in the tetrahedral arrangement that are reflected in a 5%

Ž .densification Table 2 . While the tetrahedra remain rela-
tively undistorted, as evidenced by the minimal remanent

Ž .spring lengths Fig. 3b and the O–Si–O intra-tetrahedral
Ž .angle distribution Fig. 12 , the Si–O–Si inter-tetrahedral

Ž .angle distribution is significantly broad Fig. 13 , and the
Ž .aÕerage Si–O–Si angle u decreases slightly Table 2 .

Ž . Ž .Fig. 11. Local clusters for a b-SiC and b a-SiC, with cluster size, primitive ring distribution and number of first-, second- and
third-neighbor tetrahedra also indicated. A 3-ring is highlighted in each cluster.
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Fig. 12. Distribution of O–Si–O, N–Si–N, C–Si–C intra-tetrahedral angles for a-SiO , a-Si N and a-SiC model assemblies.2 3 4

Fig. 13. Distribution of Si–O–Si, Si–N–Si, Si–C–Si inter-tetrahedral angle u for a-SiO , a-Si N and a-SiC model assemblies.2 3 4
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Fig. 14. Four local clusters from a cristobalite-like a-SiO model assembled using the modified b-cristobalite rules given in Fig. 2b. The2
Ž .node designation begins with the initial tetrahedron node 0 , which retains a very cristobalite-like tetrahedron environment, and extends

outward. Cluster size, primitive ring distribution and number of first- through fourth-neighbor tetrahedra are also indicated. A 6-ring is
highlighted in each cluster.

Ž . Ž . Ž . Ž .Fig. 15. Partial radial density functions RDFs for O–O top , Si–O middle and Si–Si bottom correlations in cristobalite-like a-SiO2
Ž . Ž .model solid line assembled using rules in Fig. 2b. The corresponding RDFs for b-cristobalite dashed line are superimposed for

comparison, represented as triangular peaks rather than as delta functions.
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Fig. 16. 1000 tetrahedra of a-Si N assembled using modified3 4

rules in Fig. 5b. Green tetrahedra are underconnected, and red
segments are remanent connection springs.

Fig. 17. 1000 tetrahedra of a-SiC assembled using modified rules
in Fig. 8b. Underconnected tetrahedra and long remanent connec-
tion springs are much more in evidence than in Fig. 3b for a-SiO2

or Fig. 16 for a-Si N .3 4

Ž .Local clusters Fig. 14 were extracted from the amor-
phous assemblage and document propagation of the disor-

Ž .der from the initial node node 0 , which retains a very
cristobalite-like environment, extending outwards to node
clusters of different size in which 6-rings no longer exclu-

Žsively dominate. Radial density correlation functions Fig.

.15 were computed, using the method described earlier
w x12 involving averaging results from 50 tetrahedra ran-
domly chosen from the centermost 10% of the silica
assemblage. As well as reproducing the expected short-
range Si–O and O–O tetrahedral correlations, these RDFs
continue to retain some of the medium-range correlation
features of the b-cristobalite crystal on which the modified
rules were based, though less so for cristobalite-like a-SiO2

than for amorphous silicas based on modification of quartz
w xrules 12 .

Modified rules used for assembling amorphous versions
of Si N and SiC are given in Fig. 5b and Fig. 8b,3 4

incorporating 58 rotation deviations from the rules for
b-Si N and a-SiC. An assemblage of 1000 tetrahedra of3 4

Ž .amorphous silicon nitride a-Si N , assembled using the3 4

rules in Fig. 5b, is shown in Fig. 16. An analogous
assemblage for a-SiC, assembled using the rules in Fig. 8b,
is compared in Fig. 17. Significantly, 200 tetrahedra were
insufficient in the a-Si N model to reveal appreciable3 4

differences from b-Si N ; even at 1000 tetrahedra, the3 4

disorder was slow to propagate, and the most striking
feature of the assemblage is the underconnected tetrahedra
Ž .labelled green . Tetrahedral distortions are also present as
another means of accommodating the rotation deficit, as
evidenced by the breadth of the N–Si–N tetrahedral

Ž .bond–angle distribution Fig. 12 , though the average an-
Ž .gle Table 2 remains centered on the 109.58 tetrahedral

Ž .ideal. The extracted local clusters show Fig. 18 that local
topological disorder has in fact propagated, though 6-rings
still generally dominate and the computed radial density

Ž .functions Fig. 19 remain extremely crystal-like. The three
families of Si–N–Si angles found in crystalline b-Si N3 4

Ž .persist in the topologically disordered assembly Fig. 13 ,
Žthough broadened and shifted to slightly larger angles in

contrast to silica where the average Si–O–Si angle was
.found to decrease .

The 1000 tetrahedron a-SiC assembly shown in Fig. 17
exhibits more evidence of topological disorder, but only at
a cost of extensive underconnection and substantial tetra-
hedral distortion. The distortion is evidenced by long
inter-vertex springs in the assemblage and a broad C–Si–C
Ž .Fig. 12 angle distribution, or equivalently by the broad

Ž . � 4Si-C–Si angle distribution Fig. 13 , since in this 4,4
structure the Si–C–Si inter-tetrahedral angle is also the
C–Si–C intra-tetrahedral angle. Because we have elected

w x w xto define SiC units as the tetrahedra, instead of CSi ,4 4

the average C–Si–C angle remained close to tetrahedral,
but the aÕerage Si–C–Si angle u , which should be equiv-
alently tetrahedral, has shifted by 2.58 to 1128, correspond-

w xing to a large distortion of CSi tetrahedra. Although the4
Ž .radial correlation density functions Fig. 20 persist in

crystal-like intermediate-range correlations, the local clus-
Ž .ters Fig. 21 differ markedly from those of b-SiC, largely

in the dominant appearance of 5-rings from the opening up
of 3- and 4-rings as a consequence of the pervasive
underconnection.
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Ž .Fig. 18. Four local clusters for the a-Si N assembly in Fig. 16. A 5-ring is highlighted in the cluster for node 409, a dominant 6-ring in3 4

each of the other clusters.

Ž . Ž . Ž . Ž .Fig. 19. Partial radial density functions for N–N top , Si–N middle and Si–Si bottom correlations in the a-Si N model solid line in3 4
Ž .Fig. 16. RDFs for b-Si N dashed line are superimposed.3 4
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Ž . Ž . Ž . Ž .Fig. 20. Partial radial density functions for C–C top , Si–C middle and Si–Si bottom correlations in the a-SiC model solid line in Fig.
Ž .17. RDFs for a-SiC dashed line are superimposed.

The degree of underconnection in all models was quan-
tified by counting unbonded tetrahedron vertices and tabu-
lating the percentage of underbound tetrahedra by the

Ž .number of missing connections Table 3 . The quantitative
result confirms the qualitative impression from inspection
that the a-SiC model is substantially less connected than

Fig. 21. Four local clusters for the a-SiC assembly in Fig. 17. A 4-ring is highlighted in each cluster. Black rods are remanent connection
springs.
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Table 3
Percent underconnected tetrahedra in model amorphous networks as a function of number of absent nearest neighbor tetrahedra

Network model 0 1 2 3 4 5 6 7 8 9 10 11 S

a-SiO 62.4 9.8 8.7 19.1 37.62

a-Si N 60.3 5.5 1.1 0.2 0.9 8.7 14.7 2.9 39.73 4

a-SiC 49.7 11.7 4.0 1.2 0.6 0.1 0.8 1.6 6.2 8.4 9.6 6.1 50.3

Žare a-SiO and a-Si N models. A sizeable and unquan-2 3 4
.tifiable with the present counting algorithms fraction of

these underconnected tetrahedra are underbound because
they reside at the surface. A rough estimate of the surface
contribution can be made by enumerating all tetrahedra

Žbound to the structure through only two vertices those
tetrahedra in SiO missing two connections, in Si N2 3 4

.missing four, in SiC missing six , which are most likely to
be surface tetrahedra; removing these from the total num-
ber of tetrahedra in the model leaves the interior tetrahe-
dra, on which basis the underbound percentages can be
recalculated. By this estimate, the a-SiO is 86.4% con-2

nected, a-Si N 89.9% connected, but a-SiC only 73.8%3 4

connected. Better estimates await an improved counting
algorithm that specifically enumerates surface tetrahedra,
but the substantial underconnection of a-SiC is nonetheless
qualitatively apparent in the assembly depiction.

All three amorphized models were found to densify to
varying extents. Experimentally, the density for vitreous

w xsilica 30 is about the same as the least dense form of
cristobalite, but both densify to the radiation-induced

w xmetamict silica state 30 . Both silicon carbide polymorphs
w xdilate by 10–11% when amorphized by neutrons 31 ,

Žwhich swelling could be dominated by point defect e.g., C
.vacancies, Si interstitials and C anti-site defects , ratherSi

than network changes. The densification in the present
Žamorphous models is at least in part and counter-intui-

.tively due to the underconnection, which arises because
insufficient inter-tetrahedron repulsion forces were in-

Žcluded. If the tetrahedra were forced to stay farther apart a
w x.structural principle known as eutaxy 36 and thus lower

the density, connectivity could actually be improved.

5. Topological implications for amorphizability

The assembly procedures outlined for generating amor-
phous structures from SiO , Si N and SiC provide some2 3 4

insights into the respective amorphizabilities of the three
compounds. Substantial topological disorder is relatively

� 4easy to propagate in 4,2 -connected silica, for even mod-
est deviations from crystalline assembly rules. The result-
ing amorphous assemblages were substantially connected
and exhibited little tetrahedral distortion. A similar finding
is made for topologically modeled reconstructions of colli-

w xsion cascades in SiO which we report elsewhere 13,37 .2

The explanation can be seen in the considerable multiplic-

ity of options afforded in these marginally connected
networks, in particular the independence of the inter-tetra-
hedral Si–O–Si angles from each other, and from the
O–Si–O intra-tetrahedral angles.

It appears possible to propagate topological disorder
also in Si N assemblies with the same extent of rules3 4

deviation, the resulting arrangements suffering from about
the same underconnection and tetrahedral distortion as for
silica, in agreement with molecular dynamics simulations
w x7,8 . But the overall amorphized Si N structure is seen to3 4

remain much more crystal-like than silica, doggedly retain-
ing many of the same intermediate and long-range correla-
tions exhibited by its crystalline analogue. The local clus-
ters, while topologically distinct and incorporating some
new elements, do not stray far from the local cluster of the
crystalline arrangement. The difficulty in amorphizing
Si N by irradiation may lie in this reluctance to cede3 4

intermediate- or long-range order, or in related problems
associated with acceptable reconnection following cascade

w xrandomization, as explored in a companion paper 13 .
By contrast, topological disorder in SiC proved difficult

to propagate acceptably, even in assembly models with
only modest rules deviations applied. As with Si N ,3 4

Žthough the local topology developed a new element domi-
.nant 5-rings in this case , the propagation attempt retained

most of the intermediate-range correlations of the crys-
talline form on which the rules are based. Assembly was

Žaccomplished only at an accompanying and probably
.energetically unacceptable cost of substantial undercon-

nection and large tetrahedral distortion. It is clear that one
reason is strong interdependence of the four Si–C–Si
angles at a given vertex and the interrelation of the Si–C–Si

� 4and C–Si–C tetrahedral angles for the 4,4 connectivity.
Ž .As indicated earlier Section 2 , both a and b forms of

SiC nevertheless amorphize under irradiation almost as
readily as do crystalline silicas, with an ease very much at
variance with the predictions of topological freedom and
also with the results of the present modeling study, both of
which imply great difficulty in propagating topological
disorder in chemically ordered SiC.

The admission of chemical disorder as a possibility
substantially alters the topological basis assumed for the

w x Žmodeling, as noted earlier. Only if SiC or equivalently4
w x.CSi chemical units do not keep intact during irradiation4
Ž .or other amorphizing treatment are the rigidity con-
straints relaxed sufficiently for amorphization to occur.

w xIndeed, evidence both from experiment 14,18–23,26 and
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w xfrom molecular dynamics simulations 38 supports the
view that topological disorder in SiC arises from point-de-
fect accumulation rather than from in-cascade amorphiza-
tion. The imposition of chemical disorder thus represents a

Ž .pre-condition or at least a co-condition for amorphiza-
tion, and the resulting metamict SiC is likely to exhibit a

Žhigh density of anti-site configurations. Unlike silica and
.perhaps Si N , the integrity of the chemical coordination3 4

� 4polytope cannot be preserved upon amorphization if 4,4
connectivity is to be maintained.

6. Conclusions

Local rules-based assembly has been shown to repre-
sent a viable method by which to investigate the topology
of crystalline Si-based tetrahedral network compounds and
the topological constraints associated with the propagation
of topological disorder required for amorphization of their
tetrahedral networks. The assembly rules proved surpris-
ingly simple, even for crystallographically complex a-
Si N and the highly over-connected SiC networks, and3 4

provide an easily implemented method for rapidly erecting
large crystalline models for subsequent manipulation. The

Ž .local clusters and their associated ring complement pro-
vide a useful and essentially complete assessment of local
topology and a characteristic structural unit in which dif-
ferences are readily recognized. In common with several

w xsilica polymorphs already investigated 12 , a-Si N was3 4

found to have two topologically inequivalent local clusters.
Topological disorder was found relatively easy to prop-

agate in SiO and Si N during assembly. SiC could not2 3 4

be disordered in assembly without significant undercon-
nection and tetrahedral distortion, which could both prove
energetically unacceptable. The modeling procedure pro-
vided easy access to the relevant structural parameters of
bond angles, density, topology and radial correlations. The
methodology demonstrates the extent to which topology
alone may dictate structural options and can provide useful
insights when applied to analysis of results from full-blown
molecular dynamics modeling of network structures.
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