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Abstract 

It is proposed that the splitting of the second peak of the total static structure factor, S(k), of many metallic glasses is 
essentially the same feature as the indentation at ko-= (9/2)~r in the function (sin ko-+ cr 1 sin kacr), caused by the 
coincidence of the fourth minimum of the second term with the third maximum of the first term when a = 5/3.  Together 
with the strong-weak relation of the split peak components of S(k), this feature indicates the splitting to be direct evidence 
for face-sharing of regular tetrahedra (a  = 2~/2-/3 ) dominating the topological short range order; increasing the number of 
face-sharing tetrahedra in local structural units indeed increases the amount of peak splitting in S(k); a dense random 
packing of well defined identical structural units (DRPSU), with neighbouring units linked together by a shared icosahedron, 
is described in detail. The packing fraction in a homogeneous, isotropic 1078-atom model is 0.67, after static relaxation 
under a two-body Lennard-Jones potential. 

1. Introduct ion 

A characteristic feature in the total static neutron- 
or X-ray structure factor, S(k) ,  (or the partial Bha- 
t i a -Thorn ton  dens i ty-dens i ty  structure factor, 
SNN(k)) of  many binary metallic glasses is the split- 
ting of  (or shoulder on) the second peak, at ko-=  
(9 /2) r r ,  in a (usually) larger lower-k and a smaller 
higher-k component (o- is the average effective 
atomic diameter). The splitting is most pronounced 
in simple-metal glasses, particularly when the size 
difference between the atoms is not large (as, for 
example, in Ca-Zn) ,  but frequently absent in transi- 
tion metal-metalloid amorphous alloys, such as N i - B  
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[1]. Binary alloys of a late and an early transition 
metal are intermediate in this respect, as indicated, 
for example, by the gradual disappearance of  the 
splitting in the series Ni -Nb,  Ni-Zr ,  N i - Y  [2]. 

Nearly all detailed information on the internal 
structure of  these glasses is derived from three-di- 
mensional models that reproduce the experimentally 
observable one-dimensional function, S(k) ,  or its 
Fourier transform, G(r )  [3]. Thus, the structure of  
simple-metal glasses is believed to be rather well 
modelled by the dense random packing of hard 
spheres (DRPHS), whereas in metal-metalloid 
glasses trigonal prismatic structural units are proba- 
bly the dominant feature in the (otherwise disor- 
dered) arrangement [4]. 

It is the purpose of this paper to demonstrate that 
a dense random packing of  structural units (DRPSU) 
can model the single and two-component simple- 
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metal glasses as well, if the topological short range 
order (TSRO) is primarily chosen to reproduce the 
second-peak splitting in S(k); obviously, an explana- 
tion of the splitting in terms of TSRO is a prerequi- 
site. 

We will concentrate on monatomic (single com- 
ponent) glasses, to avoid complications that may 
arise from chemical short range order or TSRO 
connected with size differences, different atomic 
scattering factors, and because the observed structure 
factors (and hence the inferred structures) are quali- 
tatively not significantly different from that of the 
simple binary glasses; a characteristic example, ob- 
tained with cold vapour deposition [5], is reproduced 
in Fig. 1. 

2. S t r u c t u r e  f a c t o r  a n d  t o p o l o g i c a l  s h o r t  r a n g e  
o r d e r  

The derivation of local structure in metallic glasses 
from the diffraction experiment requires an interpre- 
tation of the pair distribution function (PDF), g(r), 
or the reduced radial distribution function, G(r)= 
4rrpor[g(r)- 1], derived from the observed struc- 
ture factor, S(k), by evaluating the Fourier sine 
transform of the reduced interference function F(k) 
=k[S(k) -  1], G(r)=(2/~r)fF(k) sin kr dk, in 
terms of atomic arrangements. However, poor resolu- 
tion of the PDF, especially in the range 1.5 ~ r ~ 2.0 
(in units of the first peak position r 1), which possi- 
bly reflects distortions from ideal of the structural 
units when they are packed together in space, pre- 
vents a straightforward interpretation. 

The situation is quite different in the network 
glasses, like the amorphous semiconductors, a-Ge 
and a-Si, and, in particular, vitreous SiO2, where 
large bond-length and bond-angle distortions are en- 
ergetically unfavourable, making the structural units 
deviate only moderately from their crystalline coun- 
terparts. Accordingly, the first two maxima in the 
reduced RDF of a-SiO 2 are well-defined, and can be 
unambiguously assigned to the center-to-corner and 
the corner-to-corner distance, r I and 2r1v~-/3,  re- 
spectively, in a regular tetrahedron, apparently ade- 
quately describing the local structural arrangement. 
The contribution of these two peaks to the reduced 
(neutron) interference function can be approximated 
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Fig. 1. Interference functions from amorphous films of man- 
ganese, iron, chromium and cobalt ( s  = ( 4 w / h )  s in (0 /2 ) ;  repro- 
duced from Ref. [5], with permission). 

by the inverse transform, F'(k)= fG'(r) sin kr dr, 
of the modified reduced RDF, G'(r) ,  which involves 
only two Gaussians, fitted to these peaks. The resid- 
ual R(k)= F ( k ) -  F'(k) is found to be appreciable 
only in the small-k region, up to and including the 
main peak at kr I .~ (5/2)~r [6]. This remains true 
when the (narrow) Gaussians are replaced by ~-func- 
tions (which only eliminates a small damping, whose 
effect is negligible in the k-range of interest), and 
applies afort iori  when S(k)s are compared, rather 
than F(k)s. Thus, in the case of vitreous SiO 2, the 
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Fig. 2. Idealized radial distribution functions N(d i) = N i for fcc (filled bars) and hcp (open bars) close packings, for which the interatomic 
distances can be written as d i = d0~/i73, i integer. The local atomic arrangements that give rise to some of these distances are indicated. 
Numbered arrows mark distances for which d / d  o = (4n - 1) /9 ;  the n = 4 arrow is closest to some RDF peaks. 

shape of  the interference function beyond the main 
peak is rather well reproduced by a sum of two 
sines, n 1 sin kr 1 + n 2 sin kr2, with r 2 / r  I = 2V~- /3 .  

In particular, the splitting of the second peak, which 
is also a prominent feature in the interference func- 
tion of  many network glasses, can now be seen to 
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Fig. 3. Plot of hi(sin kr l ) /kr  1 + n2(sin kr2)/kr 2 for two values of r 2 / r l ,  close to 5 / 3 ,  and different values of n l /n  2. The shoulder on the 
second peak, which becomes more pronounced as n l / n  2 decreases, is on the low-k or high-k side, depending on whether r 2 is shifted up or 

down, respectively, from the value 5 / 3  r 1. 
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originate in the near-coincidence of the fourth mini- 
mum of the second term with the third maximum of 
the first term. 

We want to investigate whether a similar explana- 
tion can be given for the second-peak splitting in the 
structure factor of monatomic metallic glasses, 
whether this explanation suggests a structural unit 
that adequately models the topological short range 
order, as reflected by the appearance of the structure 
factor beyond the main peak, and whether these 
structural units can be linked together in a dense, 
extended, but random array, without inflicting too 
much distortion on the local order. 

Obviously, coincidence of the nth minimum of 
sin kr 2 with the third maximum of sin kr a requires 
r 2 / r  a = (4n - 1)/9.  Since the local structure of the 
amorphous metals is likely to be related to local 
arrangements in the fcc and hcp crystalline counter- 
parts, it is of interest to relate the values of r 2 for 
n = 3, 4, etc., with the RDFs of these structures, cf., 
Fig. 2. The value for n = 4 (1.667) is seen to be 
close to and intermediate between interatomic dis- 
tances d 8 and d 9 ( d  i = d 0 ~ / t ~ ) ,  usually associated 
with the low-r component of the split second peak of 
the PDF of the glass. 

The effect of slightly shifting the value of r 2 / q  
to 1 .667_ 0.034 (the lower value coinciding with 
d 8 = 2g~-/3 ) on the contribution to S ( k )  (rather 
than to F(k ) ) ,  and of varying the ratio n l / n  2 is 
shown in Fig. 3. Clearly, in order to have a large- 
small relation between the low- and high-side com- 
ponents of the split second peak, r 2 / r  I should be 
smaller than 1.667, i.e., corresponding most probably 
to d8; moreover, n 2 should at least equal na, in order 
to bring out the splitting clearly, i.e., the total count 
N8 of interatomic distances d s in the structural unit 
should approximately equal the total count N 3 of d 3 
(it should be remembered that the actual contribu- 
tion of the term Ns(sin kds) /kd  8 will be smaller, as 
a result of the larger damping connected with the 
distortion-broadening of the ds-peak in the PDF). 
The third peak remains unaffected, because the max- 
ima of sin kr a and sin kr 2 coincide; on the other 
hand, in the case of r 2 = 1.700, the shape of the 
third peak is strongly affected by the near-coinci- 
dence of maxima and minima. 

Thus, it appears natural to identify, in experimen- 
tally or model-derived PDFs of monatomic amor- 

phous structures, the small-r component ( r  2) of the 
split second peak with d 8 (2V~-/3), rather than with 

d 9 (v~-), since an appreciable contribution of d 9 
would reverse the strong-weak relation in the sec- 
ond peak of S ( k )  (as indeed occurs on crystalliza- 
tion). Accordingly, second-peak splitting in S ( k )  can 
be explained from, and is direct evidence for face- 
sharing of regular tetrahedra to dominate the short 
range order. Also, the large-r component (r  3) in the 
PDF may be identified with the largest interatomic 
distance (1.99) in four face-sharing tetrahedra not 
having a common edge (seven-atom Boerdijk spiral), 
rather than with dll (1.91) or d12 (2.00). It should be 
noted that, although r 3 and r 2 are now seen to result 
from the same structural motif, it is not the splitting 
of the second peak of g ( r )  in r 2 and r 3 that is 
required to produce the splitting in the second peak 
of S(k); as is clear from Fig. 3, the second-peak 
splitting of S ( k )  is (nearly) exclusively attributable 
to r2; inclusion of a third term n 3 s in (kr3 ) / k r  3 with 
r 3 / r  1 -~- 2 has little effect beyond the first maximum 
when n 3 ~ n 2. The (relative) absence of interatomic 
distances between about 1.75 and 2.00 in the PDF 
can now be explained as follows. The PDF of a 
simple liquid suggests that each atom is surrounded 
by a number of more or less well defined shells. 
Since the distance v~- is virtually absent in the 
liquid, as well as in the glass, it is reasonable to 
assume that the first-shell atoms are arranged more 
like an icosahedron than like a cuboctahedron. Sec- 
ond-shell atoms will prefer to sit in tetrahedral pock- 
ets over the triangular faces of the first-shell icosahe- 
dron (distance 2~/~-/3 to central atom), occasionally 
on the saddles between two neighbouring edge-shar- 
ing pockets (distance v~-), but rarely on top of 
first-shell atoms (distance 2.0), thus practically rul- 
ing out positions that are intermediate between 1.75 
and 2.00 in the glass. Nevertheless, the distance 2.0 
is prominent in the PDF of the glass, and must have 
a different origin, as indicated already. Indeed, it is 
the distance between a second-shell atom in a first- 
shell pocket to one of the first-shell atoms surround- 
ing (but not defining) the pocket. Since this picture 
assumes some coherence between the spatial orienta- 
tions of (parts of) the first and second coordination 
shells in the glass, it is clear that the disappearance 
of the second-peak splitting in the PDF of the liquid 
could reflect the loss of orientational coherence be- 
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tween first and second coordination shells. 
Finally we note that face-sharing of tetrahedra, as 

a characteristic feature of metallic glass structure, is 
now derived directly from experimental observa- 
tions, and not from the analysis of models that 
happen to reproduce more or less faithfully those 
observations. This distinction is somewhat in the 
same spirit as that between crystal structure solution 
from experimental data and crystal structure predic- 
tion, based on assumed interaction models, in crys- 
tallography. 

3. The structural unit 

A value of N s / N  3 = 1 requires a minimum num- 
ber of some 25 atoms (as compared with only five 
atoms in the centered S i O  4 tetrahedra, that suffice to 
give N s / N  3 = 1.5) in the structural unit (SU), as 
illustrated in Fig. 4, where different polytetrahedral 
aufbau-sequences are explored. A sequence is ob- 
tained by adding new atoms one-by-one in such a 
way so as to maximize N 8 / N  3 (rather than maximiz- 
ing the cohesive energy, as was done, for example, 
by Hoare and Pal [7] to find plausible structures for 
isolated clusters). Different sequences are possible, 
since a less favourable step (with respect to the 
criterion) may result in a 'better '  arrangement in a 
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Fig. 4. N 8 / N  3 as a function of size of small clusters that have 
been devised to maximize the frequency N s of the distance 
d 8 = d0 8 f ~ .  O, icosahedral sequence. O,  tetrahedral sequence. 
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Fig. 5. Structure factor, S(k), for three clusters (also shown in Fig. 
4), demonstrating the increased splitting of the second peak with 
increased value of N 8 / N  3 (cf., Fig. 4; o- is the hard sphere 
diameter). 

later stage of the sequence. Thus, an icosahedral 
sequence (filled circles) and a tetrahedral sequence 
(open circles; 'tetrahedral' refers to the overall sym- 
metry of the clusters) are competing in this respect. 
However, beyond n = 14, the icosahedral sequence 
can be continued in numerous ways, one of which 
results in the same 26-atom cluster that is produced 
by the tetrahedral sequence and which will be shown 
to be the 'heart '  of the SU. Before describing this 
arrangement in detail, it is of interest to verify that 
increasing the ratio N s / N  3 (and at the same time 
introducing other distances than d 3 and d s as well) 
indeed increases the amount of second-peak splitting. 
This is demonstrated in Fig. 5, where the structure 
factors, calculated with the Debye formula Y'.(sin 
krij)/kru, of three different clusters are compared; 
in passing, we note that second-peak splitting is not 
necessarily an indication for the frequent occurrence 
of icosahedra: although the 14-atom structure in Fig. 
5 is quite different from an icosahedron, its structure 
factor clearly exhibits the splitting. Fig. 6 compares 
the structure factors of two equal-sized clusters, one 
(fcc) crystalline, the other non-crystalline with N s / N  3 
maximized; the reversal of the strong-weak relation 
between the components of the split second peak in 
the crystalline arrangement (which can be identified 
with the incipient 220/311 splitting in the fcc pat- 
tern) is connected with the larger frequency of occur- 
rence of the distance d 9 (rather than d8). 
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The structure of  the 26-atom cluster can be visual- 
ized conveniently by following the tetrahedral auf- 
bau-sequence (Fig. 4): starting with a four-atom 
(hereafter referred to as 'A-a toms ' )  tetrahedron, an 
eight-atom cluster is obtained by placing B-atoms in 
the pockets over the four triangular faces; bridging 
of  the B-atoms, across the A - A  bonds, with six 
C-atoms, produces the 14-atom cluster; finally, the 
26-atom cluster is obtained by bridging the C-atoms 
across the A - B  bonds with 12 D-atoms. Thus, all 
atoms in the 26-atom cluster can be considered to 
occupy corners, edges or faces of a set of  nested 
(i.e., concentric and parallel) cubes, with sides d A = 

5 1/v /2  -, d B 5dA, d c = d A + vr3, d D = 3d A (in units 
of  the hard-sphere diameter). The atomic sites are: 
four non-neighbouring corners (c~-corners) of  the 
A-cube (four-atom tetrahedron), the dual four non- 
neighbouring corners ([3-corners) of  the B-cube 
(eight-atom cluster), the six face-centers of  the C- 
cube (14-atom cluster), and the 12 sites on the edges 
of  the D-cube, at a distance d A from the four 
a-corners of  the D-cube (26-atom cluster). 

The 26-atom cluster has been described previ- 
ously by Farges et al. [8]; it is a tetrahedral arrange- 
ment of  four interpenetrating 13-atom icosahedra, 
with their centers at the four A-sites, and their 
threefold axes running through the body center of  the 
A-cube (the fivefold axes run through the edges of  
the A-tetrahedron, cf., fig. 3 of  Ref. [8]). In this 
arrangement, the four icosahedra have the central 
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Fig. 6. S(k) for two 38-atom clusters, demonstrating the strong- 
weak inversion of the split second peak components as the 
second-most important interatomic distance changes from d 8 
(2 2~/~) in the glass-like structure (lower curve) to d 9 (V/3) in 
the fcc crystalline arrangement (upper curve). (The fcc structure is 
a two-shell uncentered truncated octahedron; the glass-like struc- 
ture is shown in more detail in Fig. 7; peak-positions of an infinite 
fcc crystal would be at (kor) 2 = 2'rr2[H 2 + K  2 +L2]). 

Fig. 7. Stereoview [9] of 38-atom cluster proposed as a structural 
unit (SU) for a DRPSU model of a monatomic glass. It consists of 
four icosahedra surrounding a central tetrahedron, similar to the 
arrangement of oxygens around a central Si atom in SiO 4. The 
central tetrahedron (of 4 'A-atoms', see text) shares each of its 
faces with an icosahedron; each icosahedron shares three more 
faces with the other icosahedra, i.e., there is no interpenetration 
(shared atoms are 'C-atoms'). The structure has overall tetrahedral 
symmetry. The central atoms ('B-atoms') of the icosahedra have 
been drawn small and unconnected, for clarity. Inversion of the 
central tetrahedron through one of its corners produces 'D-atoms' 
(drawn mutually unconnected); inversion through 'B-atoms' pro- 
duces 'E-atoms'. Other icosahedra may be recognized in the 
interior of the arrangement; thus 'A-atoms' are centra of four 
interpenetrating icosahedra that share the central tetrahedron. Each 
of these icosahedra is surrounded by a nearly complete (16 out of 
20 atoms) second shell. 

A-tetrahedron in common, i.e., the central tetrahe- 
dron is inside each of  the four icosahedra. Adding 
another 12 atoms to the sites that are on the face-di- 

1 agonals of  a fifth cube, with side d E = 4gdA, at unit 
distance from the four [~-corners (i.e., E-atoms bridge 
D-atoms across B - C  bonds), completes the 38-atom 
structure of  Fig. 7 (also shown in Fig. 6), that can 
now be identified as a structural unit SU underlying 
a DRPSU. In this SU, the central tetrahedron is 
outside the four icosahedra, since now they have 
their centers in the B-atoms (indicated by small dots 
in Fig. 7). The structure of  the 38-atom SU is quite 
similar to the centered tetrahedral arrangement of the 
SiO 4 SU in vitreous SiO2, with icosahedra replacing 
the oxygens, and a tetrahedron replacing the Si atom; 
each of  the four icosahedra shares three triangular 
faces with the other icosahedra, and a fourth face 
with the central tetrahedron [10]. The similarity with 
SiO 4 allows the linking of SUs in a space filling 
random network. 

4. Extended models 

An extended structural model of a monatomic 
glass can now be obtained by randomly packing 
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Fig. 8. Linking of SUs is accomplished by sharing an icosahedron. 
This structure is similar to that of a Si207 fragment in a-quartz 
(the oxygens would be centered at the small dots). Eventually, 
each icosahedron will share faces with six other icosahedra (as 
does the central icosahedron in this drawing), and is surrounded 
by a shell of 20 atoms, approximately in tetrahedral sites over 
triangular faces. 

together the SUs that have been obtained in the 
preceding section by requiring short range order to 
be consistent with the shape of the structure factor 
beyond the main peak. Apparently, the SUs will 
become distorted by the packing, and new inter- 
atomic distances, between atoms in different SUs, 
come in, possibly decisively modifying the PDF and 
the small-k region of the structure factor. Moreover, 
in general, the packing together of SUs will intro- 
duce voids, causing the overall density to be signifi- 
cantly below the observed density. The question 
whether these implications of extending the structure 
to a size, that can be considered representative for an 
experimentally observable system, can invalidate the 
entire procedure, can only be answered by actually 
constructing and relaxing an extended model, and 
calculating its structure factor. Thus, Figs. 8 -11  
illustrate the different steps in the assemblage of a 
larger cluster from a limited number of SUs. Fig. 8 
shows that the linking of two SUs is accomplished 

Fig. 9. Limited randomness in the linking of SUs can be intro- 
duced by rotating one SU about a symmetry axis of the shared 
icosahedron (72 ° about a fivefold axis, in this example). The 
structure has been relaxed under a LJ potential, after overlapping 
atoms have been removed. 

Fig. 10. Frame of the 105-atom cluster of Fig. 11. It is obtained by 
placing four-atom tetrahedra at the carbon positions of an adaman- 
tane fragment of the diamond lattice, and single atoms at the 
midpoints of the CC bonds. The latter will be the centra of 
icosahedra that share faces with the tetrahedra. The closed loops 
facilitate a systematic search for regions with unrealistic (high or 
low) density. 

by the sharing of an icosahedron, similar to the 
sharing of an oxygen atom by two SiO 4 units in a 

Si20 7 a-quartz crystal fragment (the small dots in 
Fig. 8 would correspond to the oxygen positions). 
Randomness in the interconnection of the units can 
be introduced by rotating one SU about one of the 
symmetry axes of the shared icosahedron, while 
keeping the other SU fixed in space; an example is 
shown in Fig. 9. Apparently, the number of dimer 
configurations is limited, by contrast with that of the 
Si20 7 moiety where the torsion- and bond-angles ot 
and fl are independent and not restricted to sub-mul- 
tiples of 2 ax. Although steric limitations would seem 
to be a further obstacle (because of the size of the 
icosahedra, as compared with the size of the oxygen 
atoms in SiO4), the possibility of scavenging the 

Fig. 11. Finished 105-atom structure, obtained from the structure 
of Fig. 10 by completing the icosahedra (by placing 'C-atoms'), 
introducing an additional atom in the central hole and removing 
two randomly chosen atoms to reduce the high symmetry. The 
structure was relaxed under a LI potential. 
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Fig. 12. The structure factor, S(k),  of the 105-atom structure 
shows pronounced second-peak spli t t ing and narrowing of the 
main peak (o- is the LJ equil ibrium distance: o- = 2Z/6O'Lj). 

icosahedra (i.e., removing overlapping atoms) re- 
moves this problem. 

In order to investigate whether repeated linking of 
SUs, as in Fig. 8, will produce regions with too low 
(voids) or too high (overlap) density, SUs were 
placed on the nodes of an adamantane fragment of 
the diamond lattice (Fig. 10: only A- and B-atoms 
shown; Fig. l h  all atoms shown). 

The finished structure consists of 12 face-sharing 
icosahedra and 10 linking tetrahedra. No two atoms 
are too close, and only in the center of the structure 
does an octahedral hole allow the insertion of a 
single additional atom. The structure was relaxed 
after two randomly chosen atoms had been removed 
to disrupt the high symmetry. The structure factor for 
this 105-atom assembly is shown in Fig. 12; the 
pronounced splitting of the second peak and the 
over-all appearance indicate that the local order is 
not severely disturbed by the packing of the SUs in a 
compact arrangement. Moreover, the narrowing and 
increased intensity of the main peak indicate that the 
network topology that results from the packing pro- 
cedure adequately models the medium range order, 
although randomness (in the network) has not been 
introduced explicitly. The construction of Fig. 10 is 
easily extended in space. Thus, a 1078-atom model 
was constructed (shown in cross-section in Fig. 13) 
and relaxed after 10 randomly chosen atoms had 
been removed from a 1088-atom model. It is rather 
surprising that, although (so far) only straight bonds 
have been used (i.e., the assembly of icosahedra is 
more like the arrangement of the oxygen atoms in a 
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Fig. 13. Structure factor of a 1078-atom model (shown in cross- 
section, inset), obtained by extending the procedure depicted in 
Figs. 10 and 11, relaxed after removal of 10 randomly chosen 
atoms. First-peak sharpening, second-peak splitting and progres- 
sive damping of further oscillations are in good qualitative agree- 
ment with experimental observations (o- as in Fig. 12). 

quartz crystal than in a S i O  2 glass), the structure 
factor (Fig. 13) has all the characteristic features of a 
glass. Apparently, the random removal of a few 
atoms, the finiteness of the sample and the static 
relaxation suffice to suppress effects of lattice peri- 
odicity. A comparison of Figs. 5, 6, 12 and 13 shows 
that the first peak becomes higher and sharper as the 
size of the sample is increased. At the same time, the 
amount of splitting of the second peak is reduced in 
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Fig. 14. Frequency of occurrence of the two-particle distance, d, 
divided by d 2, for the 1078 atom model. This is comparable to the 
PDF g(r) for distances that are small  compared with the cluster 
radius. The curve is in good qualitative agreement with PDFs 
derived from experimental  data (o- as in Fig. 12). 
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the large sample, conceivably because of further 
broadening of the d 8 peak in the RDF. The PDF is 
shown in Fig. 14; it too shows all the characteristic 
features of  a glass, notably a splitting of the second 
peak (as compared with the liquid), and the absence 
of  a d 6 (~/2-) peak (as compared with the crystalline 
solid). The first peak has its maximum at d = 0.958 
(in units of  the Lennard-Jones dimer equilibrium 
distance, o-= 21/~o-u), the average first neighbour 
distance (taking the first minimum at d = 1.2) is 
0.965. In units of  this average, the split second peak 
components are at 1.72 and 1.96, respectively. The 
value 1.72 is surprisingly large, in view of  our 
efforts to maximize the frequency of  occurrence of  
the distance 1.633; it does not  reflect frequent oc- 
currence of the arrangement, FB, in Fig. 2, however, 
as is apparent from an examination of  the structure. 
The origin may be in the use of  a 6:12 LJ potential 
[11] for the relaxation, whose relatively hard repul- 
sive part tends to shift the first component outward 
[12]; indeed, it was found that relaxation signifi- 
cantly reduces the amount of second peak splitting in 
S(k) .  Also, the free boundary affects the position of 
the PDF peaks: omitting 120 surface atoms from the 
distance statistics shifts the second peak (at 1.72) to 
the left. The packing fraction is 0.648 within a 
sphere containing 1033 (of 1078) atoms, and 0.672 
within a sphere with 955 atoms, taking tr---0.96; 
reducing the sphere radius does not increase this 
number any further, reflecting a remarkable homo- 
geneity. The l_J cohesive energy per atom is 6.68 •, 
as compared with 7.11 • for a spherical fcc crystal of 
equal size, and with 8.61 • for an infinite fcc crystal 
a t 0 K .  

Crystallization. The detailed description of  the 
model allows some speculation as regards the ques- 
tion what happens when the glass crystallizes. Since 
the idealized structure consists of  face-sharing icosa- 
hedra and tetrahedra that are all virtually equivalent, 
it will be necessary to introduce defects that can act 
as centers for crystal nucleation, e.g., bent network 
bonds, incomplete icosahedra, double icosahedra, etc. 
A defect that is of particular interest in this connec- 
tion is shown in Fig. 15. It consists of the inter- 
growth of two (incomplete) Ino 's  decahedra, i.e., 
icosahedra, in which two parallel pentagonal rings 
have been rotated 18 ° in opposite directions, result- 
ing in five square faces replacing 10 triangular 

Fig. 15. 22-atom cluster, obtained by fusion of two incomplete 
(11-, rather than 13-atom) Ino's decahedra (icosahedra, with two 
parallel pentagonal rings rotated 18 ° in opposite directions). The 
cluster surface exhibits sites with three-, as well as fourfold 
coordination. Occupation of the latter with new atoms produces 
new fourfold sites, and will eventually result in a (nearly perfect) 
fcc crystal. The arrangement could trigger crystallization in a 
glass. (Note the trigonal prisms near the center of the arrange- 
ment.) 

faces in the original icosahedron. In Fig. 15 two such 
decahedra (actually: pentadecahedra) have been fused 
after removal of  four atoms (two from each decahe- 
dron), to give a 22-atom cluster. The atomic arrange- 
ment in this cluster is the same as that found in the 
crossing region of  intersecting stacking faults in 
(otherwise perfect) fcc crystals. If such clusters are 
used as seeds for sequential building algorithms [13], 
they will not produce a glass but rather a (nearly 
perfect) fcc crystal, provided new atoms are placed 
in sites with fourfold coordination, rather than tetra- 
hedral sites [14]. If loops, such as those visible in 
Fig. 10, are a significant feature in the glass struc- 
ture, loop-closing mismatch could produce local ar- 
rangements such as that of Fig. 15. Mismatch of the 
22-atom cluster with its environment could create 
some space for atomic mobility, necessary for atoms 
in tetrahedral sites to move over to more favourable 
sites on the surface of the crystal nucleus. Since the 
crystal has the higher density, this mobility will 
increase as the crystal grows. 

5. Discussion 

The explanation of second-peak splitting (rather 
than stereochemical considerations) has provided 
guidance for the construction of  a structural unit, not 
only incorporating short range order compatible with 
the observed structure factor, but also allowing inter- 
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connection with neighbouring units, without severe 
distortions within these units. Even if the final result 
(a 3D model arrangement of like atoms) would be 
virtually the same as that obtained by DRPHS model 
building [12], quench simulation by molecular dy- 
namics [15] or sequential atom addition to a selected 
seed [5,13,16], the DRPSU approach allows a more 
transparent description, in which different aspects 
(network topology, interconnection mode, structural 
unit) can be distinguished and treated separately. 
Moreover, other properties are easily recognized 
without the need to perform statistical analyses; thus, 
it is immediately clear that the structure is homoge- 
neous, virtually isotropic and built from tetrahedra 
whose distortions (inherent to frustration [17], the 
impossibility to tile flat space with tetrahedra) are 
evenly distributed. Since it is essentially the fre- 
quency of occurrence of face-sharing tetrahedra that 
produces the second-peak splitting, it is clear that 
statistical analyses of computer glasses that do not 
explicitly enumerate such arrangements may severely 
underestimate the glass character. Thus, Voronoi 
analysis [18] can give an impression of the number 
of (virtually) undistorted icosahedra, but not of face- 
sharing tetrahedra not participating in the formation 
of icosahedra. Illustrative in this respect is that the 
Voronoi signatures of atoms in local fcc environment 
are identical to those for atoms in hcp environments, 
although only in the latter case is face-sharing of 
tetrahedra present. Interstice distribution analysis 
seems [19] a good alternative, in view of its potential 
to give an estimate of the average number of tetrahe- 
dral holes within a critical distance (i.e., correspond- 
ing to face-sharing) of a central tetrahedral hole. A 
drawback of this method is the sensitivity of the 
results to the criteria applied. 

Bond type labeling [20] is probably most selective 
in that it explicitly counts [2331] atom pairs partici- 
pating in face-sharing tetrahedra. The total count, 
relative to the total number of atoms, could well 
distinguish between liquid, fcc solid, hcp solid or 
glass (with a high count of [2441] distinguishing the 
solid from the liquid). Although a high [1551] fre- 
quency is also indicative of face-sharing, it may 
result in an underestimate, not counting face-sharing 
tetrahedra that do not  participate in complete pen- 
tagonal bipyramids or icosahedra. Moreover, as 
pointed out, second-peak splitting is due to next- 

nearest neighbours, whereas the label [1551] refers to 
nearest neighbours. 

So far, the possibility of including bent network 
bonds in the structure has not been explored. It is 
more complicated than in the case of SiO2 glasses, 
since not all torsion-and bond-angles are allowed. 
Whereas voids in a SiO 2 network, which cannot 
accommodate a single atom, have their counterpart 
in the present monatomic glass model, these voids 
can accommodate single atoms (but no complete 
icosahedra). Thus, a search for voids will be neces- 
sary to prevent the packing density from dropping 
below acceptable limits. However, as is clear from 
Figs. 13 and 14, additional randomness is not re- 
quired to produce a 1000-atom sample having all 
structural characteristics of a glass, although a fur- 
ther extension will eventually produce features con- 
nected with periodicity. However, in this respect the 
model is not worse than those obtained from MD 
quench simulations employing periodic boundary 
conditions. 

6. Conclusion 

Although the icosahedron is an important struc- 
tural motif in our model glass, it is not primarily this 
arrangement that is responsible for the second-peak 
splitting of S ( k ) .  Rather it is part of the most 
efficient local solution to the problem to make as 
many nearly regular tetrahedra face-sharing as possi- 
ble. It is the latter requirement which derives directly 
from the peak-splitting, together with the assumption 
of non-directional bonding. 

Stimulating discussions and correspondence with 
Dr G. Torchet are gratefully acknowledged. 
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