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Crystalline fragments in glasses
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The nature of tetrahedral molecular fragments is investigated in SiSe2 glasses using the molecular-
dynamics method. The glass consists of both edge-sharing (ES) and corner-sharing tetrahedra. The ES
tetrahedra are the building blocks of chain-like-molecular fragments. The two-edge-sharing tetrahedra
are the nucleus, and corner-sharing configurations provide connecting hinges between fragments. Statis-
tics of rings and fragments reveals that threefold and eightfold rings are most abundant, chainlike frag-

0
ments that are typically 10—15 A long occur mostly in eightfold rings, and the longest fragments occur
in elevenfold rings.

Silicon diselenide has an unusual crystal structure.
The local structural units are Si(Se,&z)4 tetrahedra, each
of which is bonded at two edges. ' Such configurations
form molecular entities that are non-intersecting infinite
chains of edge-sharing (ES) tetrahedra. In contrast, crys-
talline GeSe2 consists of two-dimensional planes that are
made of both corner-sharing (CS) and edge-sharing
tetrahedra, and crystalline forms of Si02 and Ge02 are
three-dimensional networks of only corner-sharing
tetrahedra. In the amorphous state, the structures of a-
SiSe2, (Ref. 4) a-GeSe2 (Ref. 5), a-Si02 (Ref. 6), and a
Ge02 (Ref. 7) have been determined by neutron and x-ray
diffraction experiments, and the presence of a tetrahedral
unit has been established in all these systems. The deter-
mination of the nature of larger molecular entities, e.g.,
tetrahedral molecular fragments or crystalline fragments,
requires the knowledge of angular correlations. These
correlations cannot be determined from diffraction data
on glasses, since only the spherically averaged static
structure factor, S(~q~), is measured in these experi-
ments. Furthermore, when the structure factor in the
amorphous states of these systems is plotted in reduced
units, S(Q) versus Q=~q~d, [d, =(6/mp)'; p is the
number density], the data for all the four systems show
the first sharp diffraction peak at Q =4.5. Therefore, the
nature of microscopic order in the amorphous state,
which is clearly different in these systems due to different
interatomic interactions manifested in their qualitatively
different crystal structures, cannot be inferred from S(Q)
alone. Infrared, Raman, ' ' and NMR measure-
ments' ' can be used to study local environments of
atoms and elementary structural units. When combined
with diffraction data, these experimental probes can pro-
vide structural information about larger molecular enti-
ties and crystalline fragments in glasses.

In this paper, we investigate the nature of tetrahedral
molecular fragments in a-SiSe2 using the molecular dy-
namics (MD) method. Molecular dynamics simulations
reveal that unlike the crystalline phase, where every
tetrahedron shares two edges, a-SiSe2 consists of half the

tetrahedra in CS configurations and the remaining
tetrahedra share edges. Among the ES tetrahedra, 89%
share one edge and the remaining 11% share two edges.
ES tetrahedra are the building blocks of tetrahedral-
molecular fragments, where two-edge-sharing tetrahedra
are the nucleus and CS configurations provide the con-
necting hinges between the molecular fragments.
Analysis of rings and fragments in a-SiSez reveals that (1)
threefold and eightfold rings are most abundant, (2)
chainlike fragments occur predominantly in eightfold
rings, and (3) the longest fragments occur in elevenfold
rings. These chainlike fragments are typically 10—15 A
long.

Molecular dynamics simulations were performed on
648- and 5184-particle systems with periodic boundary
conditions. For the 648-particle system, the simulations
were performed in a cubic box of 27.380 A (28.102 A) at
the experimental density of 3.25 g/cm (3.01 g/cm ) for
the glass (liquid). The larger system was simulated to es-
timate the finite-size effects. The effective potential in
these calculations is a sum of two-body, V2( ~r;

—r
~ ), and

three-body, V3(r;, ri, rk ), interactions. ' The two-body
interaction includes steric repulsions, Coulomb potential
due to charge transfer from Si to Se, and a charge-dipole
term to take into account the large electronic polarizabil-
ity of Se . The three-body potentials for Se-Si-Se and
Si-Se-Si interactions include bond stretching and bond
bending terms.

Starting from a well thermalized molten state at 2000
K, the system was cooled to another molten state of 1293
K and thermalized for 30000 time steps. At 1293 K, the
constants of self-diffusion of Si and Se were 0.95 X 10
and 0.96X10 cm /s, respectively. This system was
quenched to 600 K, where it underwent thermal arrest.
This amorphous state was thermalized for 60000 time
steps. Using this quenching-thermalization schedule, two
other samples of computer glass were obtained at T=293
and 0 K.

A snapshot of a 9-A-thick slice of a computer glass at
T=293 K is shown in Fig. 1. The figure shows that in
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FIG. 1. Snapshot of a 9-A-thick slice of a MD glass. Si
atoms are indicated in blue and Se atoms in yellow.

the glass each Si has four nearest-neighbor Se atoms, so
the local structural unit is a Si(Se, zz)z tetrahedron. These
1ocal structural units are connected to one another to
form rings of various sizes.

A neutron static structure factor, S„(q),calculated
from MD trajectories is shown along with the experimen-
tal results in Fig. 2. It is clear that the results of the
simulation are in good agreement with the diffraction
data. From the radial distribution functions, we deter-
mine that the Si-Se and Se-Se bond lengths are 2.28 A
and 3.73 A, respectively, which are in good agreement
with the corresponding experimental values of 2.30 A
and 3.80 A. This establishes that our simulation of a-
SiSe2 is a satisfactory representation of the experimental

system.
To examine distortions of tetrahedra and their connec-

tivity, we have calculated Se-Si-Se and Si-Se-Si bond-
angle distributions in the glass. For an ideal tetrahedron
the Se-Si-Se angle is 109'. In crystalline SiSe2, c-SiSe2, the
Se-Si-Se angle has three values, 100.0', 112.2', and 116.7',
indicating distortions of tetrahedra, each of which shares
two edges. Nearest-neighbor connectivity of tetrahedra
is described by the Si-Se-Si bond-angle distribution. This

angle has a value of 80 in c-SiSe2, indicating large distor-
tions the tetrahedra have to undergo, while sharing two
edges. ' In c-GeSe2, which has edge- and corner-sharing
tetrahedra, Ge-Se-Ge angle distribution has a peak at 94,
and individual tetrahedra have smaller distortions com-
pared to those in c-SiSe2. Figure 3 shows Se-Si-Se and
Si-Se-Si distributions in a-SiSe2. The two-peak structure
of Se-Si-Se at 93 and 108' is a reflection of crystalline an-
gles. The Si-Se-Si distribution in a-SiSe2 also shows two
peaks. The first at 86 has an analog in c-SiSe2 and indi-
cates ES tetrahedra, whereas the second peak at 111' is
indicative of CS configurations in the glass. The ES
configurations are also manifested in an interesting way
in the Si-Si pair-distribution function, gs; s;(r), in Fig.
4(a). There are two distinct peaks at 3.13 and 3.80 A in

gs; s;(r). The first peak is entirely due to correlations
arising from ES tetrahedra. Taking the Si-Si cutoff to be
the distance at the minimum after the first peak (3.4 A) of
gs; s;(r), we determine the bond-angle distributions Si-
Si-Se shown in Fig. 4(b). Figure 4(c) is the same distribu-
tion with the Si-Si cutoff at 4.6 A, which includes both
peaks in Fig. 4(a). In Figs. 4(b) and 4(c) the red peaks at
47' arise from ES tetrahedra, i.e., two twofold rings. In
Fig. 4(c) the blue peak at 35' is due to threefold rings.

The topology of covalent glasses is cornrnonly dis-
cussed in terms of rings. We have calculated the distribu-
tion of twofold to twelvefold rings from MD
configurations. The distributions of rings for the crystal
and glass are given in Table I. An n-fold ring is deter-
mined as follows: Each Si has four Se nearest neighbors
and there are six Se-Si-Se paths. For each of these paths
we determine the shortest closed ring. Therefore, an n-

fold ring consists of 2n alternating Si-Se bonds and for N
Si atoms there are 6N rings in the glass. In c-SiSe2, there
are only 432 twofold rings for 216 Si atoms, i.e., two two-
fold rings per Si atom. In the glass the environment of Si,
atoms can be characterized into three categories: (1) Si
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FIG. 2. Neutron static structure factor, S„(q),for SiSe, glass
at 293 K. The continuous line denotes the MD result, and solid
circles are from the neutron diffraction measurements (Ref. 4).

FIG. 3. Se-Si-Se and Si-Se-Si bond-angle distributions in a-

SiSe2 (red curves). Crystalline angles (Ref. 1) are denoted by
blue arrows.



45 BRIEF REPORTS 7457

0 4

Si-Si-Se

)fA'l) 8
s

Si-Si-Se (',c)

0 120 180 60 120 180
e(deg)

FIG. 4. (a) Partial Si-Si pair-correlation function in a-SiSe2.
Red peak and blue peak are due to twofold and threefold rings,
respectively. (b) Si-Si-Se bond-angle distribution calculated
with Si-Si cutoff of 3.4 A [red arrow in (a)]. (c) The same as Fig.
4(b) with 4.6-A Si-Si cutoff [blue arrow in (a)].

atoms that participate only in CS configurations. These
Si atoms with no twofold rings are labeled as Si(0). (2) Si
atoms that have only one twofold ring (tetrahedron shar-
ing one edge). These are denoted by Si(1). (3) Si atoms
that have two twofold rings, as in c-SiSe2, are labeled as
Si(2). In the glass, there are 0.57 twofold rings per Si
atom. Out of 124 twofold rings, there are 100 rings with
Si(1)-type atom and the remaining 24 rings with Si(2)-type
atom. Among the CS tetrahedra involving Si(0), the larg-
est number of rings are threefold and eightfold. For
Si(1)- and Si(2)-type atoms, the largest number of rings
are twofold and eightfold. There is a predominance of
eightfold rings among the larger rings.

Having analyzed the glass in terms of rings, let us now
examine if there are chainlike molecular fragments in the
glass. A molecular fragment is defined as an entity with
three tetrahedra. The central tetrahedron contains a Si(2)
atom, whereas the remaining two tetrahedra have Si(0),
Si(1), or Si(2) atoms. There are six different types of frag-

FIG. 5. (a) A chain of ES tetrahedra from crystalline SiSe2.
Si(2), Si(1), and Si(0) atoms are represented by red, green, and
cyan spheres. Se atoms are in yellow. Snapshots of tetrahedral
molecular fragments and rings taken from a MD glass at 293 K
are shown in (b) and (c). (b) 1-2-2-1 fragment, part of which is
included in an eightfold ring. (c) Two 1-2-1 fragments in a ring.
The crossed Se atom in (c) participates in a CS hinge
configuration between two chainlike fragments. Snapshots from
the MD liquid at 1293 K are shown in (d) and (e). (d) 1-2-2-1
fragment, part of which is in a fourfold ring. (e) Three intercon-
nected twofold rings.

TABLE I. Distribution of rings in crystalline and glassy SiSe& for 216 Si atoms. Si(0) indicate corner-sharing configuration with no edge sharing,
Si(1) share one edge, and Si(2) share two edges.

Ring size

si(2)
Total
rings/Si

02

432

03 05 06

Crystal

07 08 09 10 12

si(0)
si(1)
si(2)
Total
Total
rings/Si

0
100
24

124

0.57

120
41

1

162

0.75

37
29
0

66

0.31

50
18
4

72

0.33

72
32

3
107

0.50

Glass
66
58
6

130

0.60

105
113

14
232

1.07

67
73
4

144

0.67

44
66

8
118

0.55

19
46

8

73

0.34

5
5
0

10

0.04
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TABLE II. Distribution of chainlike fragments in the rings in a-SeSe2.

Ring

3
4
5

6
7

8

9
10
11
12

0-2-0 0-2-2 1-2-0 1-2-1

1

0
0
1

1

13
4
4
7

0

1-2-2 2-2-2

ments: 0-2-0, 0-2-2, 1-2-0, 1-2-1, 1-2-2, 2-2-2, where 0-2-0
denotes a Si(0)-Si(2)-Si(0) fragment. Statistics of these
fragments in threefold to twelvefold rings are given in
Table II. No fragments of type 0-2-0, 0-2-2, or 2-2-2 are
found. The most commonly occurring fragments are 1-
2-0 and 1-2-1. The latter occurs mostly in eightfold rings.
The average length of these fragments is about 10—12 A.

To look for the longest fragment, let us examine the
fragment of type 1-2-2. By definition, a Si(2) must be sur-
rounded on both sides by Si(1) or Si(2). Therefore, a 1-2-2
fragment must be a part of either 1-2-2-1 or 1-2-2-2.
Since no 2-2-2 fragment is found, the latter does not exist
in our system. The longest fragment in our glass is thus
1-2-2-1, which is about 15 A.

Figure 5(a} shows the tetrahedral chain in c-SiSe2. Fig-
ures 5(b) and 5(c) show snapshots of fragments and rings
taken from a MD glass at 293 K, while Figs. 5(d) and 5(e}
are those in a MD liquid at 1293 K. Si(2), Si(1), and Si(0)
atoms are represented by red, green, and cyan spheres,
respectively. Se atoms are in yellow. Figure 5(a) is a 2-
2-2-2-2 fragment. Figure 5(b) shows a 1-2-2-1 fragment,
part of which is included in an eightfold ring. In Fig.
5(c), two 1-2-1 fragments are connected by a hinge made
of the CS configuration (see the Se atom denoted by a
cross). Contrary to the glass, in liquid SiSez the chainlike
fragments have a broader distribution in rings of various
sizes. Figure 5(d) depicts a 1-2-2-1 fragment, part of
which is included in a fourfold ring. The liquid contains
highly distorted structures. Figure 5(e) shows three inter-
connected twofold rings.

The relative population of Si(0), Si(1), and Si(2) atoms

has been determined using NMR measurements. ' ' The
existence of Si(0) in a-SiSe2 has been proposed by Griffiths
and co-workers. "' Tenhover et al. determine Si(0),
Si(1), and Si(2) to be 26&o, 52&o, and 22%, respectively. '

Our MD result, 48% 46%, and 6%, shows that CS
tetrahedra are more abundant in the MD glass when
compared with the experiments on a-SiSe2. MD glasses
are produced from the melt at a very rapid quench rate
when compared with laboratory glasses. Since liquid has
much more disorder than the glass, the MD glass shows
more CS configuration, Si(0), and less Si(2) when corn-
pared with the experiment. Because of the rapid quench-
ing rate of MD simulations, relaxation to more crystal-
linelike structures remains incomplete. On the other
hand, the average length of ES chains, three units long,
inferred from NMR data' is in favorable agreement with
our simulation. It would be very useful to have experi-
mental data on the population of Si(0), Si(1), and Si(2) in
glasses prepared under diQ'erent quench-rate conditions.

In summary, we have investigated the nature of
tetrahedral-molecular fragments in glass by MD method.
The results agree well with available experiments and re-
veal microscopic order in a-SiSe2.
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