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By combining the methods of isotopic substitution in neutron diffraction and high-energy x-ray diffraction,
we have determined partial structure factors of vitreous SiO2. A discussion of the effect of systematic and
statistical errors is presented. The experimental results are found to be in good �but not exact� agreement with
existing ab initio and classical molecular-dynamics simulations. No first sharp diffraction peak �FSDP� is
observed in the concentration-concentration partial structure factor, ruling out the void-cluster-based model as
a possible explanation for the origin of intermediate range order. However, the data are consistent with a model
in which the intermediate range order arises from the periodicity of boundaries between a succession of small
cages in the network, and the second diffraction peak is associated with chemical ordering of SiO4 tetrahedra
within continuous regions of the network between cages. The cage model is used to explain compositional
trends in the FSDP height for neutron and x-ray data on BeO-SiO2 glasses.
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I. INTRODUCTION

Intermediate range order arising from preferred orienta-
tional correlations beyond the nearest-neighbor distances in
chemically ordered network glasses has been discussed in the
literature for many years; see reviews by Wright1 and
Elliott.2 Elliott defined “medium range order” as covering
the region of �5–10 Å, although longer “extended chemi-
cal ordering” up to 40 Å has also been found in network
glasses.3 Wright1 rationalized the ordering in single-
component network glasses on both of these length scales as
being consistent with the “random” network theory of
Zachariasen4 for glasses provided the word “random” is re-
placed with “disordered.” In the Wright model, the extent of
intermediate �or medium� range ordering arises from planes
of successive cage walls defined by “the limit of distortion of
the local structural unit and the allowed distribution of bond
and bond torsion angles.”5 Alternatively, Elliott2 associated
intermediate range order with the “chemical ordering of in-
terstitial voids around cation-centered clusters.” In this paper
we focus on testing these models of the origin of intermedi-
ate range order in SiO2 glass, by performing the necessary
neutron and x-ray experiments required for a full partial
structure factor analysis.

Diffraction studies on vitreous silica have long been used
to test structural models since the pioneering work of Warren
et al.6 in the 1930s. However a full partial structure factor
analysis of vitreous SiO2 has remained elusive because a
“low contrast in the neutron-scattering lengths of isotopes
precludes a complete determination of its structure.”7 In this
regard, it is particularly important to note that in covalently
bonded networks such as SiO2, the first sharp diffraction
peak �FSDP� at position Q1 in neutron- and x-ray-diffraction

patterns has often been associated with the existence of in-
termediate range order, with a periodicity of 2� /Q1. For bi-
nary AX2-type glasses the FSDP can be identified as having a
value of Q1r1�2.5,8,9 where r1 is the position for the
nearest-neighbor bond length. The extraction of the partial
structure factors enables the identification of the element-
specific topological and chemical ordering contributions to
the total diffraction patterns.3,7,10 These partials provide a
rigorous test of different structural models, particularly with
regard to the nature of the intermediate range structural ori-
gin of the FSDP in glasses, which has been a long-standing
and controversial debate in the literature.1–10

In this paper, we report the successful measurement of the
partial structure factors of vitreous SiO2 obtained using the
method of isotopic substitution in neutron diffraction com-
bined with high-energy x-ray diffraction. Our results suggest
that for vitreous SiO2 the FSDP is not caused by chemical
short range ordering of interstices around cation-centered
clusters. However, significant contributions to the FSDP
from the oxygen-related partials suggest that intermediate
range order in glassy SiO2 can be related to the periodicity of
the boundaries between small adjacent structural cages of
SiO4 tetrahedra, and the second �principal� peak to chemical
ordering of SiO4 tetrahedra in the regions between cages.
This latter model also explains the compositional variation in
the FSDP intensity observed in neutron and x-ray measure-
ments on “stuffed” BeO-SiO2 glasses, where Be and O atoms
are able to fill voids in the silicate network without altering
it, suggesting that the intermediate range order in silicate
glasses is strongly influenced by the size and shape of cages
within the network.
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II. EXPERIMENTAL

Glasses of 99.9% isotopically enriched 29SiO2 �Isoflex�
and natural NatSiO2 �fumed silica, Aldrich� were prepared in
an identical manner by heating the powder in a molybdenum
crucible to 2050�100 °C in a radio-frequency furnace, un-
der a helium atmosphere, and subsequently quenching the
melt by shutting off the furnace power. Glasses produced
with a quench rate of �50 K /s had masses of 0.7 g �29SiO2�
and 1.0 g �NatSiO2�. High-energy x-ray-diffraction measure-
ments were performed on 11 ID-C at the Advanced Photon
Source, Argonne National Laboratory using an incident beam
energy of 115 KeV and an energy-discriminating solid-state
Ge detector. The x-ray data were analyzed using atomic form
factors f�Q�, using the software-analysis package ISOMER-X

�Ref. 11� to obtain the normalized intensity IX�Q�. We note
that previous studies on vitreous GeO2 have concluded that
the shifts from the centers of the electron distributions from
the nuclei are not serious in the case of oxide glasses,12,13

although there is undoubtedly a small effect. The x-ray struc-
ture factors for the 29SiO2 and NatSiO2 samples shown in Fig.
1.

Neutron-diffraction measurements on the same isotopic
samples were performed on the Glass, Liquid and Amor-
phous Materials Diffractometer at the Intense Pulsed Neu-
tron Source, Argonne National Laboratory, which has a low
background and high detector stability. Sample runs between
NatSiO2 and 29SiO2 glasses contained in vanadium cans were
interleaved to reduce systematic errors in the neutron differ-

ence measurement. The neutron data were analyzed using the
ISAW software-analysis package14 to obtain the normalized
neutron intensities NatIN�Q� and 29IN�Q�. Figure 2 shows the
measured neutron-diffraction data for the same glassy
NatSiO2 and 29SiO2 samples run in the x-ray experiment.

The neutron data were analyzed using scattering lengths
of b�O�=5.803�4� fm and b�NatSi�=4.1491�10� fm.15 By
extracting the first-order difference function between the
NatSiO2 and 29SiO2 total structure factors,10

�I�Q� = 29IN�Q� − NatIN�Q� �1�

�shown in Fig. 2�, and by imposing the constraint that all
silicon atoms are tetrahedrally coordinated by oxygen at a
distance of 1.61 Å, it was found that the scattering length for
29Si was b�29Si�=4.80�5� fm, as illustrated in Fig. 3. This is
just at the error limit of the previously reported value of
b�29Si�=4.70�10� fm.16

III. PARTIAL STRUCTURE FACTOR ANALYSIS

To extract all the three partial structure factors for vitreous
SiO2, it is necessary to perform three independent diffraction
measurements. In our case there are two neutron NatIN�Q�
and 29IN�Q� spectra and one x-ray IX�Q� spectrum. The ma-
trix for extracting the Faber-Ziman partial structure factors,17

as outlined in Ref. 18, is given below:

�
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2 bSi

2 2cSicO NatbSibO cO
2 bO

2

cSi 29
2 bSi

2 2cSicO 29bSibO cO
2 bO

2

cSi
2 fSi

2 �Q� 2cSicOfSi�Q�fO�Q� cO
2 fO

2 �Q�
� · �SSiSi�Q� − 1

SSiO�Q� − 1

SOO�Q� − 1
� , �2�

FIG. 1. The measured total x-ray structure factors SX�Q� for the
NatSiO2 �dashed line, top� and 29SiO2 �solid line, top� samples and
the difference between them �bottom curve�.

FIG. 2. The measured neutron structure factors IN�Q� for the
NatSiO2 �solid line, top� and 29SiO2 �dashed line, top� samples and
the first-order difference �solid bottom line� shifted by 0.5. The
middle line �circles� labeled “reproducibility” represents the mea-
sured difference on the same sample between the first and last runs
shifted by 0.2.
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where

IX�Q� = �F�2 · SX�Q� = SX�Q� �
i,j=Si,O

cicjf i�Q�f j�Q� �3�

and

IN�Q� = 4�b̄2SN�Q� . �4�

In such an analysis it is important to take into account the
influence of systematic as well as statistical errors since these
will amplify at the partial structure factor level. In Fig. 1 the
x-ray spectra for the normal and 29Si isotopically enriched
glasses were found to be essentially identical, the maximum
difference being 0.5% at Q=1.5 Å−1. Figure 2 gives an in-
dication of the high level of reproducibility between neutron
runs on the same sample. Figure 4 shows the Faber-Ziman
partial structure factors extracted using an average of the
x-ray measurements on the NatSiO2 and 29SiO2 samples �to

improve statistics�, compared to the same partials extracted
using the same method using only the NatSiO2 x-ray data. All
these tests give an indication of the �relatively low� level of
systematic errors introduced by using two different samples,
validating the assumption that the NatSiO2 and 29SiO2
samples have essentially the same structure. The same par-
tials are shown again in Fig. 5 with statistical error bars.
These results confirm that all three partials contribute to the
FSDP. The tabulated values for the curves in Fig. 1 have
been provided as auxiliary material.19

IV. RESULTS AND DISCUSSION

A. Average bond angles in SiO2 glass

Figure 5 compares the measured Faber-Ziman partial
structure factors with those predicted by the molecular-
dynamics �MD� simulation of Vashishta et al.20 There is gen-
erally excellent agreement for Q�3 Å−1, with some small
but noticeable shifts in peak positions and shapes for Q
�3 Å−1. The differential distribution functions D���r�
=4��r	G���r�−1
, where G�r� is the pair distribution func-
tion, correspond to the Fourier transforms of the partial
structure factors S���Q� shown in Fig. 6. Table I compares
the peak positions and coordination numbers from partial
radial distribution functions to both ab initio MD and classi-
cal MD simulations.20–22 The coordination numbers are in
excellent agreement with classical MD simulations, although
the peak positions show some small discrepancies. The peak
positions from the measured partial pair distribution func-
tions are consistent with the published neutron data23 but
slightly lower than published x-ray data �see Table II of Ref.
1�. Wright1 previously pointed out that a small discrepancy
between neutron and x-ray results exists outside of the ex-
perimental uncertainties, and attributed this to variations in
the atomic Si and O electron distributions using the x-ray
data reduction procedure to describe the covalently bonded

FIG. 3. The Si-O coordination number obtained from the first-
order neutron difference function versus the scattering length of
29Si. We note that previously measured x-ray and neutron coordi-
nation numbers in tetrahedral SiO2 glass are systematically slightly
less than 4 �3.8–3.9 for neutrons in Table II of Ref. 9� due to
difficulties in integrating the tail of the sinc function which overlaps
with the O-O peak. Allowing for this we suggest that the 29Si
coherent-scattering length is closer to 4.8 fm.

FIG. 4. The Faber-Ziman partial structure factors extracted us-
ing an average of the x-ray measurements on the NatSiO2 and
29SiO2 samples �line�, displaced for clarity. This is compared to the
same partials extracted using the same matrix method using only
the NatSiO2 x-ray data �circles� to demonstrate the �low� level of
systematic error in the experiment.

FIG. 5. Measured partial structure factors by Faber and Ziman
�Ref. 17� for SiO2 glass with error bars 	SSiSi�Q� is displaced by
+13 and SSiO�Q� by +6 for clarity �� ,�=Si,O�
, compared to the
molecular-dynamics simulation results of Ref. 20 �dashed line�. Er-
ror bars are shown in gray.
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network. Figure 6 shows a comparison of the experimental
partial radial distribution functions with those obtained using
classical MD simulations.20 All three partial structure factors
show small systematic shifts at low Q. In real space the most
significant difference is an �3% increase in the position of
the intertetrahedral O-O peaks beyond 4 Å in the simulation
data.

The torsion angles �1 ��Si-Si-O� and �2 ��Si-O-O�
�shown in Fig. 16 of Ref. 1� define the local connectivity
between SiO4 tetrahedra. The average angles were deter-
mined to be �1=114.7�1.5° and �2=143.5�2.0° based on
the peak positions in the partial radial distribution functions,
assuming that the Si-O bond-length and bond-angle distribu-
tions are uncorrelated.24,25 We can infer information on the
intermediate range order by estimating the average ring size
distribution based on the extracted average �Si-O-Si
=148.5�2.0°. This angle, the partial distribution functions,
and hence the Si-O-Si bond-angle distribution are all in rea-
sonable agreement with the reverse Monte Carlo model for-
mulated by Kohara and Suyuza13 based on simultaneous fit-
ting of neutron and x-ray total structure factors, where the
average �Si-O-Si is found to be 146° with a full width half
maximum of 17°. As reported by previous authors,1 of all the
crystalline SiO2 polymorphs �-cristobalite is most consistent
with our results for vitreous silica, where �Si-O-Si=146.7°

and �Si-Si-Si=109.5° are associated with only six-
membered rings. However a distribution of ring sizes may be
expected in the glass and Rino et al.26 compared the average
interatomic distances and bond angles for different n-fold
rings �n=3–10� in vitreous SiO2 using configurations from
molecular-dynamics simulations. The most common ring
sizes found in their simulation were n=5, 6, and 7, yielding
an average �Si-O-Si angle of 142.6°, which is significantly
lower than our results. Ab initio molecular-dynamics simula-
tions by Sarnthein et al.21,22 indicated an even lower value of
�Si-O-Si=136°. Better agreement is found with a first-
principles 29Si NMR analysis which found an �Si-O-Si of
151° �Ref. 27� and two-dimensional 17O dynamic-angle
spinning NMR which gives �Si-O-Si of 147°.28

B. Models of the origin of the FSDP in SiO2 glass

The origin of the FSDP in vitreous SiO2 has long been
debated in the literature.1–10 Quasicrystalline models have
been rejected by several authors as a viable explanation of
the FSDP since no single crystalline polymorph can ad-
equately reproduce all the features of the diffraction
pattern.1,2 Similarly layered structures often found in crystal-
line analogs of chalcogenide glasses have been found to pro-
vide an inappropriate description of the FSDP in vitreous
SiO2.1,2,8 Probably the two most widely used explanations
for the FSDP in vitreous SiO2 were those proposed by
Wright1 and Moss and Price8 and by Elliott.2,12

Wright1 associated the first sharp diffraction peak in vit-
reous silica with “the periodicity arising from the boundaries
between a succession of the cages which comprise the struc-
ture of a three-dimensional covalent network.” A schematic
diagram of this interpretation based on the random network
glass model of Zachariasen4 is shown in Fig. 7. In this sce-
nario the cages are described as “irregular groups of 10–20
atoms enclosing the empty regions of the network,”29 and
three element-specific partial structure factors may be ex-
pected to contribute in the region of the FSDP, particularly
the oxygen-related partials due to the high concentration of
oxygen.

Elliott2,12 on the other hand proposed that “the FSDP in
the structure factor of network glasses and liquids is a pre-
peak in the concentration-concentration structure factor
	SCC�Q� using the Bhatia-Thornton formalism30
 due to the
chemical ordering of interstitial voids around cation-centered
clusters.” The notion of chemical ordering of anions and cat-
ions is illustrated in Fig. 7 by means of different colored
atoms. Similarly, void-void interactions are represented, al-

FIG. 6. The partial differential distribution functions D���r�
=4��r	G���r�−1
 by Faber and Ziman �Ref. 17� for vitreous SiO2

�solid line�, compared to the results from classical molecular dy-
namics �Ref. 20� �dotted line�, where � ,�=Si,O. DSiSi�r� is dis-
placed by +17 and DSiO�r� by +7 for clarity. Both data were trun-
cated at Qmax=12 Å−1 and Fourier transformed using a Lorch
modification function �Ref. 1�.

TABLE I. The experimental �Expt.� peak positions and coordination numbers �obtained by integrating to
the first minima of the radial distribution function�, compared to those from existing MD simulations.

Si-Si Si-O O-O

Expt. MD Expt. MD Expt. MD

Peak position �Å� 3.08�0.01 3.10,a2.98b 1.60�0.01 1.62a,b 2.62�0.01 2.64,a2.68b

Coordination number 4.06�0.20 4a 3.89�0.20 4a 5.99�0.30 6a

aReference 20.
bReference 21.
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though void-cation cluster interactions do not correlate with
the Zachariasen model network.5 The void-cluster model is
based on two main observations, first the representation of
Bletry31 that “shows the structure of tetravalent monoatomic
amorphous materials can be represented approximately as a
mixture of spherical atoms and holes, having the same diam-
eter and concentration, arranged in a packing which maxi-
mizes the local chemical short range order of holes and
atoms,”12 and second that a FSDP in SCC�k� will arise from
pronounced void-cation cluster ordering in real space.

Price et al.9 argued that the FSDP originates from the
competition between the rapidly decreasing form factor for
the structural unit �a SiO4 tetrahedron in this case� and a
rising structure factor associated with the packing of these
units. In the cage model of Wright1 for SiO2 therefore,
SCC�Q� is not required to exhibit a prepeak but significant
contributions to the FSDP would originate from the SSiO�Q�
and SOO�Q� partials, in addition to cation-cation correlations.
The cage-model interpretation is therefore supported by our
results shown in Fig. 1. In the void-cluster model the FSDP
is ascribed to a prepeak in the concentration-concentration
partial structure factor SCC�Q�.2,12 The first partial structure
factor determination of vitreous GeO2 originally showed a
slightly negative dip in the region of the FSDP.7 However,
recently more accurate measurements on vitreous GeO2
showed a small prepeak in SCC�Q�.10 Ab initio molecular
dynamics on the other hand show no FSDP in SCC�Q� for
vitreous SiO2.21 Later simulations on liquid SiO2 do show a
FSDP in SCC�Q�, but the authors suggested that this was not
necessarily associated with void-cluster correlations.32 In this
study we find no indication of an FSDP in the measured
SCC�Q� shown in Fig. 8, providing evidence against the void-
cluster model as an explanation for the origin of the FSDP
and associated intermediate range order in vitreous SiO2. In
Fig. 8 we also compare our measured Bhatia-Thornton par-
tial structure factors with those calculated using ab initio
molecular dynamics,21,22 which show very good agreement
given the detailed level of comparison.

The �second� principal peak lies at Q2=2.80 Å−1 for
SiO2, and it can be seen from Fig. 8 that this peak is domi-
nated by SCC�Q�, indicating chemical ordering on a length
scale of 2� /Q2=2.24 Å. We note that in real space, a nega-
tive peak in gCC�r� expresses a preference for unlike nearest
neighbors, while a positive peak expresses a preference for
like nearest neighbors.33 Within the cage model of SiO2, this
second peak represents the periodicity associated with re-
gions of continuous packing of tetrahedra between cages,
which is intimately linked to chemical ordering and the local
Si-O-Si and O-Si-O bond-angle distributions.

C. Be silicate glasses

While we stress that this is by no means a general result,
since the origin of the FSDP can vary from system to system,
we note that the void-cluster model has been very successful
in explaining the remarkable difference in the neutron FSDP
height for alkali silicate glasses. Here, the scaling factor for
SCC�Q� �and SNC� has been varied by filling voids in the
silicate network with different modifier atoms using
molecular-dynamics simulations.34 Lee and Elliott34 found
that modifier atoms with a positive neutron-scattering length,
such as Na+, result in a smaller void-cluster contrast and the
FSDP intensity correspondingly decreases, whereas those
with negative scattering lengths, such as Li+, create a greater
contrast and result in an increase in intensity of the FSDP.
However, in practice the drawback of incorporating these
ions is that they are known to depolymerize the SiO2 net-
work. Hence, structural changes associated with the chang-
ing network are also expected.

We have investigated this effect experimentally by per-
forming neutron and x-ray diffraction on BeO-SiO2 glasses.
The addition of up to 20% BeO into SiO2 has been shown by
NMR to enter the silicate framework with no significant in-
crease in nonbridging oxygens, keeping the SiO2 network
intact �although strained�, with BeO4 tetrahedra forming
clusters within the voids.35 The neutron-diffraction data on
BeO-SiO2 glasses, which are very sensitive to the positive
neutron-scattering lengths of the added Be and O atoms,
show an approximately linear decrease in the neutron FSDP
intensity with decreasing SiO2 content at low BeO concen-

FIG. 7. A schematic of the random network model of Zachari-
asen �Ref. 4� for an oxide glass modified from Refs. 5 and 36. In
this simplified two-dimensional �2D� illustration, the oxygen atoms
are white and the Si atoms are gray. The small black circles repre-
sent possible sites for the Be atoms incorporated into the network.
The planes show successive cage walls associated with intermediate
range order in the model of Price et al. �Ref. 36�. The chemical
ordering arises from correlations between atoms of the same
“color.”

FIG. 8. A comparison of measured partial structure factors by
Bhatia and Thornton �Ref. 30� �solid line� with those predicted by
ab initio molecular-dynamics simulations �Ref. 22� �dotted line�.
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trations, i.e., a 15% reduction for 15% BeO as shown in Figs.
9�a� and 10. The x-ray-diffraction data, which are far less
sensitive to the contributions of the electrons on the addi-
tional Be and O atoms than the corresponding neutron data,
show only a 7% reduction in the x-ray FSDP intensity with
up to 20% BeO added to the voids of an unmodified network
	Figs. 9�a� and 10
. These results alone are consistent with
the predictions of both the void-cluster model and the cage
model. However given the elimination of the void-cluster
model as a viable explanation for intermediate range order in
glassy SiO2, it is argued that the reduction in FSDP intensity
in BeO-SiO2 �and possibly other silicate glasses� is most
likely due to changes in the distribution of cage sizes and
shapes within the three-dimensional �3D� network.

The diffraction data support the SiO2 network stuffed with
BeO4 tetrahedra interpretation based on NMR data, by the
indication of the formation of Be-rich nanoclusters in the
form of three-membered rings. The x-ray data in Fig. 11
show hardly any changes in the radial distribution function
except around 1.6 and 2.64 Å which varies slightly with
composition, strongly suggesting that the higher-r silicate
network remains intact. In contrast, the increase in intensity

at 3.18 Å with increasing BeO concentration in the neutron
radial distribution function is attributed to Be-O correlations
since in the BeO crystal structure, the Be-O2 correlation dis-
tance for three-membered rings is at 3.15 Å. This will be the
subject of a future paper.

V. SUMMARY

The techniques of isotopic substitution in neutron diffrac-
tion and high-energy x-ray diffraction have been applied to
determine the partial structure factors of vitreous SiO2. The
experimental partial structure factors and corresponding pair
distribution functions are in reasonable agreement with pre-
viously published ab initio21 and classical
molecular-dynamics26 simulations, although the extracted
average �Si-O-Si angle of 148.5�2.0° is somewhat higher
than predicted by the simulations. The average �Si-O-Si
angle is however in good agreement with the results of NMR
studies which yield 147° and 151°.27,28

The Faber-Ziman and Bhatia-Thornton partial structure
factors have been used to test two different models of inter-
mediate range order �and hence the origin of the FSDP� in
vitreous SiO2. A void-cluster model predicting a first sharp
diffraction peak in the concentration-concentration partial
structure factor12 is not observed in the experimental
functions.12 However, the Faber-Ziman partial structure fac-
tors are consistent with a FSDP which arises from the peri-
odicity of boundaries between a succession of small cages in
the network. This cage model is used to explain the compo-
sitional dependence of the FSDP height in neutron- and
x-ray-diffraction data on BeO-SiO2 glasses, in which BeO4
tetrahedra enter into the voids within the SiO2 network.

Finally, this work has shown that with accurate, stable
neutron instrumentation it is possible to extend the method of
isotopic substitution to include Si, and we have extracted a
more accurate value for the coherent neutron-scattering
length of 29Si, namely, b�29Si�=4.80�5� fm. We anticipate
that this will become a useful parameter in future low-
contrast 29Si neutron-scattering experiments, made possible

FIG. 9. The measured FSDPs in the �a� neutron and �b� x-ray
total structure factors for pure SiO2 glass �solid line�,
10%BeO-90%SiO2 glass �dashed line�, and 20%BeO-80%SiO2

glass �dotted line�.

FIG. 10. Variation in the FSDP height of the x-ray and neutron
structure factors for xBeO+ �1−x�SiO2 glasses. The dashed line rep-
resents the height of the neutron FSDP scaled by SiO2 content.

FIG. 11. Total �a� x-ray- and �b� neutron-diffraction radial dis-
tribution functions for pure SiO2 glass �solid line�,
10%BeO-90%SiO2 glass �dashed line�, and glass
20%BeO-80%SiO2 �dotted line�.
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by high-flux instruments at the intense neutron sources cur-
rently being built worldwide.
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