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It has been proposed that the first sharp diffraction peak (FSDP) in the structure factor of covalent
glasses is a prepeak in the concentration-concentration structure factor due to the chemical ordering of
interstitial voids around cation-centered clusters in the structure. This void-based model predicts that if
voids are occupied by extrinsic atoms the intensity of the FSDP will change. Dramatic changes in the
FSDP have been observed by calculating the structure factor for a model of vitreous silica whose inter-
stices were filled with He, Li, and Na. Moreover, a splitting of the FSDP has been observed in the case
of the Na-filled model, similar to that observed experimentally for potassium silicate glasses. The origin
of this splitting is found to arise from subtle cancellation effects among the partial structure factors.

I. INTRODUCTION

Medium-range order (MRO) in covalent glasses has
been the subject of intense study.! In particular, the ori-
gin of the first sharp diffraction peak (FSDP) in the struc-
ture factor of covalent network glasses (e.g., SiO,)
remains controversial.>> The interest in the FSDP lies in
its anomalous behavior and especially the negligible con-
tribution to the real-space correlation function makes one
believe that it contains rather subtle MRO information.

In consequence there have been many models®> * sug-
gested to explain the origin of the FSDP, e.g., quasicrys-
talline or cluster models. However, these models do not
sufficiently explain a number of experimental observa-
tions and therefore another type of model based on voids
has recently been proposed.>®> The purpose of this work
is to support this void-based model since it predicts many
experimental results rather well.

II. VOID-BASED MODEL

The basis of this model is that an AX, type of glass (or
liquid) can be regarded as comprising cation-centered
quasispherical “clusters,” A4X, tetrahedra, which are
separated by the average cation-cation distance,
d=r(A — A), and surrounded by voids at an average
distance D =r(A4 —V) from the cationic center. This
structural representation enables us to apply to this type
of glass Blétry’s formulations® for monatomic amorphous
materials.

Blétry has shown that the structure of a tetravalent
monatomic amorphous material (e.g., a-Si) can be
represented approximately as a mixture of spherical
atoms and holes, having the same diameter and concen-
tration, arranged in a packing which maximizes the local
chemical short-range order of holes and atoms. In accor-
dance with this model, the overall neutron-scattering
cross section in the Bhatia-Thornton formalism® can be
written as
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+(b,—b,)*Scc(Q)], 1

where b, and b, are atomic and void scattering length,
Snn(@), Sne(Q), and Scc(Q) are number-number,
number-concentration, and concentration-concentration
partial structure factors, respectively, and {(b) is the
compositionally weighted average scattering length,

(b)=S x;b;=x,b,+x,b, , 2

i=1

where x; is the compositional fraction and b; is the
scattering length of component i. It has been shown’ that
the first peak in the measured structure factor, S(Q), of
this monatomic system, i.e., the FSDP, corresponds to a
prepeak in Sc(Q).

Regarding AX,-type glasses as being constructed of
quasispherical clusters, and applying to this model
Blétry’s conclusion, makes it possible to understand that
the FSDP 1is a prepeak in the concentration-
concentration partial structure factor, S(Q), due to the
chemical short-range ordering of interstitial voids around
cagigm-centered “clusters” in the structure of this mod-
el

This model gives an interesting prediction. The inten-
sity of the FSDP in this model is associated with the con-
trast in scattering length between the voids and the glassy
matrix, according to the third term of Eq. (1), namely,
(b, —b,)*Scc(Q), where b, is supposed to be zero in the
case of a pure AX, glass. Correspondingly the model
predicts that, if the voids are filled with modifier atoms,
say M, having positive neutron-scattering lengths, b,,,
the contrast factor should be less and as a consequence
the FSDP intensity should decrease. On the other hand,
if by, is negative, then it is predicted that the FSDP in-
tensity should increase. Indeed, this behavior has been
experimentally observed in some alkali-modified silicate’
and silver-modified germanium selenide glasses;® the in-
tensity of the FSDP in these glasses turned out, in gen-
eral, to be much less compared with that in the modified
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FIG. 1. Experimental structure factors, S(Q) of (a)

(Na,0)(Si0,),, (b) (Li,0)(Si0,),, and (c) SiO, (Ref. 7).

network, viz., SiO, and GeSe,.

Figure 1 shows the experimental structure factors of
SiO, and some alkali disilicates.” The changes in the in-
tensity of the FSDP are obvious. Anomalously, the
FSDP intensity increases in Li-modified silicate glasses;
this behavior is understandable on the basis of the void
model since Li has a negative scattering length’
(by;=—0.203X10"!2 cm) and thus the contrast factor
should increase with incorporation of Li. These experi-
mental results are strongly supportive of the void-based
model for the origin of the FSDP, although the mode of
incorporation of modifier “ions” is known to be different
from the case of simple stuffing of atoms into the mtersn-
tial s1tes The introduction of modifier ions (e.g., Li*
Na™, and Ag", etc.) depolymerizes the network (e. g,
SiO, and GeSe,, etc.) by forming negatively charged non-
bridging anion centers at the expense of bridging anions.*
Therefore, structural changes of the network are also ex-
pected.

III. VITREOUS SILICA
AS A REPRESENTATIVE MATERIAL

In order to obtain more evidence in support of the
void-based model for the FSDP, some simulations have
been performed by using vitreous silica, v-SiO,, as a
representative example of AX,-type glasses. This glass
was selected because not only it but also alkali-modified
silicates have been intensively studied by diffraction. The
main aim of these simulations is that changes in S (Q), in
particular the FSDP, may be demonstrated by comparing
S (Q) for v-Si0O, with and without M occupying a certain
number of voids in the structure.

He, Li, and Na were used as atoms to be incorporated.
Helium, with the smallest atomic radius, is known to dis-
solve into v-Si0, with a high solubility.!®!" It has been
estimated that the saturated concentration of He in v-
Si0, is 2.3 X 10?! atoms/cm? under high pressure (several
kbar).!® This means that about 10% of the interstices in
v-Si0, are accessible to He.!! Helium is suitable to test
the void-based model since it is not supposed to interact
with the v-SiO, network chemically and the only effect is
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expected to result from packing of the voids. Nonethe-
less, it is also very important to check if there are any
changes in the FSDP when other atoms, e.g., Li or Na,
are also accommodated into the voids.

IV. CALCULATION DETAILS

The model of vitreous silica used for these calculations
was obtained from molecular-dynamics (MD) simula-
tion.'? This model was chosen because it gives the best
agreement with experimental (diffraction) data for v-
SiO,.'? Furthermore, in a previous void analysis of a
number of different structural models of v-SiO,, * it was
found that the void characteristics are practically in-
dependent of the model studied. The model contained
648 atoms (216 Si and 432 O) in a cube of side length
21.41 A and the density of the model was 2.20 gcm ~*
(0.066 atoms A ~3).

216 Li or Na atoms were inserted in the v-SiO, model
in order to simulate approximately the alkali disilicate
systems, namely, (Li,O)(SiO,), and (Na,0)(Si0O,),, re-
spectively. However, no additional oxygen atoms were
added to comply with these formulas. Thus, the compo-
sitions of these alkali-stuffed silica models are
(Li,)(8i0,), and (Na,)(SiO,),, rather than those of the
real disilicates. This approximation neglects the compli-
cated structural changes that are involved in real sys-
tems, such as the formation of nonbridging oxygen
(NBO) configurations but enables us to concentrate on
the changes in the FSDP when voids are filled with
foreign atoms. In addition, the causes of subtle changes
in the peaks in S(Q) can be clearly interpreted in this
way by calculation of the partial structure factors. Li
atoms were introduced into the same sites as Na so that
any difference in calculated structure factors arises from
scattering length effects alone and is not related to which
voids are occupied by M atoms.

In order to accommodate M atoms, voids were
identified in the structure. The basic void analysis was
based on a previous work.!> In brief, all equidistant
points from every set of four oxygen atoms in the sublat-
tice of oxygen alone were calculated. In finding the
voids, it was made sure that no oxygen atom was closer
to the center of a void than the four oxygen atoms form-
ing the void. It was also confirmed that no Si atom was
closer to the center of a void than the radius of the
sphere; thus, this procedure discarded the 216 sites occu-
pied by Si atoms as well as voids which were nearer to sil-
icon atoms than the four surrounding oxygen atoms. All
voids left were certainly voids around SiO, tetrahedral
quasiclusters so that they were suitable for consideration
for the void-based model. These voids were sorted in or-
der of their radius and M atoms were located at the
centers of voids starting with the largest one, but only if
the first O-M, as well as M-M, coordination shell simul-
taneously obeyed a Gaussian distribution,

—(x —p)?
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F(x)= _1_ exp
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where o is the standard deviation and g is the mean value
of the position of the first peak in the radial distribution
function (RDF).

In determining the value of o and p for the simulated
stuffed glasses a model of glassy (Na,O)(SiO,), was
used.!* This system was used because of the ions under
consideration, Na™ ions are the largest. It has been re-
ported' that the values of the first peak in the O-Na and
Na-Na pair distribution functions of (Na,0)(SiO,), glass
are 2.40 and 3.33 A respectively, and therefore these
values were used for p. The values of the standard devia-
tion, o, were chosen to be 0.4 and 0.65 A respectively,
for the O-Na and Na-Na distributions according to the
approximate width of each distribution.!* The positions
for M were searched one by one starting with the largest
void. If the distances between this void and the nearest O
and Na neighbors were greater than the average values,
1, it was unconditionally accepted; otherwise, it was ac-
cepted with a probability given by Eq. (3). If M atoms
would be separated by a distance less than 2.0 A, the void
was also discarded. Choosing 2.0 A for the minimum
possible M-M separation is an arbitrary assumption, but
this is physically meanmgful for our purpose since the
ionic radius of Na is about 1.0 A.! 5 However, the possi-
bility of percolation of M atoms accessing the voids from
the surface of the model of v-SiO, was not considered.
The aim of this algorithm was to construct models whose
M atoms were separated by a reasonably large distance
from each other and at the same time occupied large
enough sites.

In the case of He, 22 atoms were chosen to be inserted
since the saturated concentration of He in the cubic mod-
el of v-Si0, used corresponds to this value according to
the exg)erimental saturation concentration 2.3X 102!

Therefore, the composition of this model can be
regarded as being (He) ¢4(Si0,)g o;- The He atoms were
inserted in the largest voids found using the procedure
outlined above. This model can be a plausible approxi-
mation of what the real structure of v-SiO, packed with
He is like because, in the case of the real system, helium
atoms will not change the network chemically but will
occupy the available interstitial sites which already exist
in the structure.

The length of the cube side of the model was main-
tained as 21.41 A before and after the incorporation of M
atoms, and number densities changed only in proportion

to the numbers of atoms introduced. Table I shows the
number densities of different models used in this study.
Except for the case of silica these values are larger than
the experimental number densities'®!” because, in this
simulation, the size of cube was fixed to be 21.41 A for
the various models. It should be stressed again that mod-
els of (M,0)(8i0,), (M =Li,Na) were not simulated in
this study, but the values in the last column of Table I are
the numbers to be expected if additional oxygens are in-
cluded to comply with the formulas for the disilicates.
The total reduced RDF, G (r),

2 L l]plj(r) 0
ij xj

G(r)=4xr 4)

was calculated from each model to obtain the structure
factor S(Q), where x; is the atomic fraction of element j,
pi;j(r) is the average number of j atoms per unit volume at
a distance r from any / atom and the weighting factors w;;
are given by
x;x;b;b; 5)
w;: =
ey
where b; and b; are the scattering lengths of atoms i and
J» respectively.
The structure factor was calculated by Fourier trans-
forming G (r),

U TSN
S(Q)=1+ Qfo G (r)sinQr dr . (6)

Weighted partial radial distribution functions,

G;(r), and also structure factors, w;;S;;(Q), were cal-
culated to compare the individual contribution of each
G;(r) and S;;(Q) to the totals, since the total G (r) can be
wrltten as

G(r)= Equ i(r) (7

and accordingly the total S(Q) is written as
S(Q)=3 w;S;(Q) . (8)
ij

V. RESULTS AND DISCUSSION

The method of choosing M atomic positions from the
voids, described above, resulted in Si-M, O-M, M-M

TABLE 1. The number of atoms used for the simulations and the number densities of the models.

Number of atoms

in a cube of . (M)4,09(Si03)g 91, (M, )(Si0,),, (M,0)(8i0,),,
side length =21.41 A SiO, M=He M =Lij,Na M =Li,Na
Si 216 216 216 216
o 432 432 432 540
M 22 216 216
Total 648 670 864 972

Number density

(atoms A ~3) 0.066 0.068 0.088 0.099*

#The experimental number densities of (Li,0)o,33(Si0,)g 67 (Ref. 16) and (Na,0)g 33(Si0, )o.¢7 (Ref. 17) are

0.074 and 0.085 atoms A ~3, respectively.
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correlations whose first coordination shell was remark-
ably well defined. It is important to emphasize that the
only criteria used in selecting the voids for accommodat-
ing M atoms was first size, and then the distance between
voids, but voids were filled in random directions. As an
example for the Na-stuffed silica model, Fig. 2 shows O-
Na and Na-Na pair distribution functions whose values
are multiplied by the corresponding weighting factors
and are plotted on different scales. Both distribution
functions have well-defined first coordination shells and
rather well-defined peaks at larger distances. This is, in
fact, a typical picture of partial correlation functions for
glassy structures. The pairs O-Na and Na-Na can be
renamed as O-void and void-void and therefore it is ap-
parent that the interstices are indeed chemically ordered
around SiO, clusters. It should be mentioned that a
purely random selection of voids for decoration with Na
or Li atoms, subject only to a minimum separation of 2.0
A, gave very similar results to those shown in Fig. 2, with
the exception of an unphysically sharp cutoff on the low-r
side of the first peak in the Na-Na RDF. However, all
partial structure factors calculated using this distribution
were, nevertheless, very similar to those shown in Figs.
3-7. It is significant, also, that the first peak in the Na-
Na partial RDF for the model curves at r=3.3 A (Fig.
2), is considerably smaller than the average Na-Na sepa-
ration, r=4.4 A, calculated assuming a purely ran-
dom (gaslike) distribution of Na ions [viz. r,,
=(4mpn,/3)”'3]. Thus, constraints imposed by the sili-
ca matrix prevent a truly random distribution of Na ions
from being achieved.

The number of oxygen atoms around Na (or Li) in the
first coordination shell (1.9-3.4 A) was found from Fig. 2
to be 7.8. This value might be expected to be 4 since the
Na positions were selected from the voids which were
found from sets of four oxygen atoms. However, count-
ing the number of oxygen atoms around a given Na atom
within the range 1.9-3.4 A should result in a value, gen-
erally, greater than 4 since this will include neighbouring
oxygen atoms but which do not define a void in the strict
sense used to define an interstitial void here. This value is
rather larger than the experimental value of 5 for sodium
disilicate glass obtained from extended x-ray absorption
fine structure (EXAFS).!?

The calculated total S(Q) for the model of v-SiO, is
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FIG. 2. Calculated weighted partial radial distribution func-
tions of O-Na and Na-Na correlations.
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shown in Fig. 3 together with S(Q) calculated for
(He)y09(810;)g 91 For v-Si0,, three major peaks can be
noticed at about 1.6 A ! (which is the FSDP), 2.9, and
5.2 A ~! and this curve reproduces the experimental neu-
tron results of v-SiO, very well.! A slight yet significant
change of intensity is apparent in the FSDP between the
unstuffed and stuffed models, while the other two peaks
remain almost the same. This is in agreement with the
prediction® that if voids are replaced with other atoms
(with positive scattering lengths), the intensity of the
FSDP will be decreased. This is strong evidence for the
void-based model.

Some other results from the simulations of alkali-
stuffed models also reinforce the void-based model. From
Fig. 4, it can be seen that the intensity of the FSDP is
enhanced by incorporating Li atoms into v-SiO,, whereas
inserting Na atoms resulted in a much less intense FSDP
than in v-Si0,. This behavior is consistent with the pre-
diction of the void-based model.> Figures 5 and 6 show
that the changes in the FSDP result from the effect of in-
corporating alkali ions. In these figures, the S;;(Q)’s are
multiplied by their weighting factors w;, and also
heteroatomic correlations which are involved in the total
structure factor twice [Eq. (8)] are multiplied by 2 and

S(Q
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FIG. 4. Calculated total structure factors, S(Q). —,
Si0,; — — —, (Li,)(Si0,),; , (Nay)(Si0,),.
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subtracted by 1 to normalize to unity. This is in order to
give the real relative magnitude of each partial structure
factor contributing to the total S(Q). Partial structure
factors for the model containing the modifying atoms are
shown in Figs. 5(a) and 5(b) and partial structure factors
of the silicaceous framework are presented in Fig. 6. In
Fig. 6, the axes on the left and the right denote the values
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FIG. 6. Calculated weighted partial structure factors not in-
volving atom M. » WsisiSsisi(Q) — — —, 2wgSs(Q)—1;

SQ

1.0

0.5

00 | 4

-0.5 L I s s
0.0 2.0 4.0 6.0 8.0

Q@AM

10.0

FIG. 7. Sums of calculated weighted partial structure factors
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FIG. 8. Experimental distinct scattering cross section, i (Q),
for the potassium silicate, (K,0)(SiO,), 3 (Ref. 20).
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TABLE II. The weighting factors w;; for each atomic pair for different glasses.

Correlation SiO,

Correlation (Li,)(Si0O,), (Li,O)SiO,),

Correlation (Na,)(Si0,), (Na,0)(Si0,),

Si-Si 0.069 Si-Si 0.091
Si-O 0.194 Si-O 0.255
0-0 0.544 O-O 0.716
Si-Li —0.044
O-Li —0.125
Li-Li 0.022

0.062 Si-Si 0.045 0.034
0.217 Si-O 0.128 0.121
0.762 0-0 0.360 0.425
—0.030 Si-Na 0.040 0.030
—0.106 O-Na 0.112 0.106
0.015 Na-Na 0.035 0.026

for Li- and Na-stuffed v-SiO,, respectively, since the
weighting factors of the partial correlation functions of
these two glasses are different. From these figures, it can
be ascertained that the intensity of the FSDP is enhanced
for Li or reduced for Na because of the Si-M and O-M
partial contributions.

Figures 7(a) and 7(b) also clarify the role of the
different incorporated ions. The solid and dotted lines
depict, respectively, the sum of the partial structure fac-
tors of Si-Si, Si-O, and O-O pairs and of Si-M, O-M, and
M-M pairs. These sums are appropriately multiplied and
subtracted as described above. As a matter of fact, the
sum of the partial structure factors of the silicaceous
framework is more intense in the case of the Li-stuffed
glass than for the Na-stuffed glass due to the differences
in the values of the weighting factors (Table II). Howev-
er, the principal change in the FSDP results from the ex-
tra addition of the partial structure factors including the
M contributions. Because of the positive or negative con-
tribution of the sum of the partial structure factors in-
cluding M to the first peak at about 1.6 A 7!, for Li and
Na, respectively, this peak is significantly enhanced or re-
duced in each case.

There is another interesting aspect as well. The FSDP
is observed to split into two peaks in the case of the
(Na,)(Si0,), model; a new peak appears at 2.1 AL A
similar behavior has been observed experrmentally in
(K,0)(Si0,), s glass which exhibits a split peak at about
2.1 A .2 The experimental distinct scattering cross
section, i (Q), for the potassium silicate, (K,0)(8iO,), g,
is shown in Fig. 8. Because the neutron-scattering
length of natural K is 0.371X 10712 cm™3,° which is
nearly the same as that of Na, 0.363X 10~ '2cm ™3, these
results can reasonably be compared with our s1mu1ated
results.

The causes of this split peak can be rather easily ex-
plained by examining the partial structure factors S;;(Q)
shown in Figs. 5-7. The peak at 2.1 A ~!in Na- stuffed
silica is mamly due to the positive contribution of the
peak at 2.2 A~lin Sona(Q) while the negative contribu-
tion of the peak at the same position m Sor;i(Q) is mixed
into the nearby minimum at 2.3 A L In Fig. 7(b), it is
clearer that a rather subtle cancellation of the two types
of sum results in the small split peak at 2.1 A~

However, this split peak was not observed experimen-
tally for glassy (Na,O)(SiO,), (Fig. 1). This may be be-
cause of the overestimated coordination number of oxy-
gen atoms about Na and vice versa in this simulation.
The value of 7.8 is closer to the coordination number of

oxygen atoms around K, being between 5 and 6 in the
case of (K,0)(Si0,), glass.?! This affects the intensity of
Gona(7) and as well as Sgn,(Q). A slight change in the
intensity of the O-Na pair distribution function can
greatly affect the small split peak.

In contrast to the experimental results in Fig. 1, the
second peak in the structure factor at about 2.9 A~
shows the reverse tendency of change of intensity with
type of modifier; namely, in the simulated glasses, the in-
tensity of the peak increases in Na-stuffed silica whereas
it decreases in the Li-stuffed structure. This is another
consequence of a delicate cancellation of partial structure
factors. In the case of pure silica, the main contributions
to the peak at 2.9 A Tarea strong O-O correlation and
a rather weak Si-Si correlation which is more or less can-
celled out by a negative contribution of the Si-O correla-
tion but nevertheless which still remains as a somewhat
weak peak. In fact these three partial correlations are
also the most 1mportant contributions to the second peak
at about 2.9 A ~! in the alkali-stuffed glasses. However,
the negative contribution of the O-Li partial greatly
reduces the intensity of this peak in the Li-stuffed glass,
while the positive contribution of the O-Na partial in-
creases the intensity in the Na-stuffed glass; accordingly
the intensity of this peak in the total S(Q) has been
changed by this effect.

This is the result of slight differences of weighting fac-
tors of the real disilicate glasses and our models of alkali-
modified silica which do not involve as many oxygen
atoms as those of the real materials. As Table II shows,
the contribution of O-O correlations is smaller, and that
of Si-O correlations is bigger, in the cases of (Li,)(8iO,),
and (Na,)(SiO,), compared with the cases of
(Li,0)(Si0,), and (Na,0)(Si0,),; therefore the magni-
tude of these two contributions will be bigger in the case
of the real glasses. Th1s means that the intensity of the
peak at about 2.9 A 7! contributed by the silicaceous
framework alone must be more intense than that in our
model. Moreover, since the absolute value of the weight-
ing factor of O-M correlations (M =Li and Na) is actual-
ly smaller in the real glasses, these correlatlons do not
contribute to the second peak at about 2.9 A ~'as much
as in our models. These two opposing effects together
change the peak significantly.

Since there is little extra contribution from the partial
structure factors involving modifying ions, the trend of
intensities with alkali type of the third peak at around 5.2
A 7! is the same as that in the experimental results
shown in Fig. 1.
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VI. CONCLUSION

A void-based model interprets the FSDP in structure
factors of covalent glasses as being a prepeak in the
concentration-concentration structure factor due to the
chemical ordering of interstitial voids around cation-
centered clusters in the structure. Therefore, it can be
predicted that, if the voids are filled with foreign atoms,
some changes in the FSDP will occur. In this study, cal-
culations and comparisons of the structure factors of the
representative material v-SiO, whose intersticies were
filled with He, Li, and Na have been performed to simu-
late the void-based model. These simulations enabled us
to observe remarkable changes in the FSDP in the struc-
ture factors of the three kinds of modified v-SiO,. In the
case of the structure stuffed with an element having a
negative scattering length (Li), the neutron FSDP intensi-
ty increased, whereas for structures stuffed with positive
scattering-length atoms, the FSDP intensity decreased
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relative to the pure material (v-SiO,). This is in qualita-
tive agreement with the trends observed experimentally’
in lithium and sodium disilicate glasses. Because the only
difference between these modified silica glasses and »-SiO,
was the fact that some of the voids around the quasi-
spherical SiO, tetrahedra were filled with foreign atoms,
it is ensured that the results arise entirely from the void
effects. Moreover, we have found a splitting of the FSDP
for the Na-stuffed model, as found in the experimental
neutron-scattering data for glassy potassium silicate.
This splitting is traced to subtle cancellation effects in the
addition of the partial structure factors.
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