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We used an embedded cluster method to predict and characterize possible structural types of neutral and
positively charged oxygen vacancies in amorphous silica. Defects were treated at 70 different oxygen sites of
continuous random network amorphous structure generated using classical molecular dynamics. The neutral
vacancies are characterized by a wide distribution of formation energies and structural parameters. Our mod-
eling predicts the two major structural types of positively charged vacancies(E8 centers): dimer and dangling
bond centers. The local structure of both types of centers depends on the medium range structure of the
surrounding amorphous network. The majority of the dangling bond centers are unpuckered. We used structural
“fingerprints” derived from similar calculations of oxygen vacancy type centers in quartz and from experiment
to find two other structural types of dangling bond centers: the puckered configuration and the back-projected
configuration ofE8 centers. In each case we find a distribution of both structural and EPR parameters.
However, the average values of the EPR parameters for all dangling bond configurations are very similar. The
structural criteria which favor the formation of different types of centers in the original amorphous structure are
formulated in terms of the average Si-O distance of oxygen ion with its two neighboring silicon ions.
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I. INTRODUCTION

Theoretical modeling of effects of structural disorder on
defect properties and relative abundance of different defect
configurations in amorphous materials is only starting to de-
velop, in spite of a long history of defect studies. In this
paper, we consider oxygen vacancies in amorphous silica,
a-SiO2, which, due to its broad technological applications,
is one of the most studied materials.1,2 We develop a consis-
tent approach to predicting and analyzing defect structures in
amorphous materials and use it to resolve some of the con-
troversies pertaining to the structure and relative abundance
of positively charged oxygen vacancies ina-SiO2.

Amorphous silica is a generic name for a wide range of
materials used in the cores of optical fibers and in most
silicon-based metal-oxide-semiconductor devices. Theory
deals, however, with some idealized models of amorphous
structure and mechanisms of defect formation. A common
model of amorphous silica is that of continuum random net-
work where the crystalline connectivity is preserved and the
geometric parameters are distributed in certain ranges.3 One
then expects that defects would look similar to their ana-
logues in the crystalline structure, again with distributed pa-
rameters. Already at this simplified level, modeling defects
in amorphous materials requires considering not one or sev-
eral sites, as in crystals, but a statistical ensemble of struc-
tural sites. Indeed, the recent theoretical studies of peroxy
linkage species4 and of interstitial oxygen molecules5 dem-
onstrate that the structures of these defects in quartz and in
amorphous silica are very similar. However, the formation
energies, structural parameters, diffusion barriers and spec-
troscopic parameters depend on details of the local and
medium-range environment and can be characterized by
some distributions.

The family of positively charged oxygen vacancies,
known asE8 centers, in crystalline and amorphous SiO2 pro-
vides yet another set of examples. In a series of works Weeks

and Nelson,6 Silsbee,7 and Janiet al.8 measured with very
high precision all the strong and weak hyperfine interactions,
including directions for the principal values of theE18 center
in a quartz. The prevailing model of this defect, pioneered
by Rudra and Fowler9 is shown in Fig. 1(a). It is considered
to be a positively charged oxygen vacancy which adopts a
so- called puckered configuration(PC). Here the SiS accom-
modates an unpaired electron on a dangling bond whereas
the silicon SiL relaxes through the plane of its three neigh-
boring oxygen atoms and forms a bond with an oxygen OB in
Fig. 1(a). Allan and Teter were the first to demonstrate that
along with the PC there is the dimer configuration(DC) [see
Fig. 1(b)], wherein the two silicon atoms that face the va-
cancy relax very little away from their ideal positions in the
perfect quartz lattice.10 Most calculations predict PC to be
lower in energy than DC11 and there is no clear experimental
evidence that DC is significantly populated ina quartz.

Contrary toa quartz, several atomistic models have been
proposed forE8 centers detected in amorphous silica mainly
using EPR.12–14 E8 center is now understood in a more gen-
eral sense as rather a ·SiwO3 silicon dangling bond with an
unpaired electron, which can exist on its own as a neutral
defect, as a part of a positively charged oxygen vacancy(as
in Fig. 1), or as an even more complex defect. These defects
are labeled by subscriptsa, b, g, d to distinguish species
characterized by different EPR parameters(see, for example,
Ref. 12). However, their structural models are still controver-
sial. For example, there are at least four different models of
Ed8 centers.15–18 The existence of topologically differentEg8
centers ing-irradiated silica has recently been suggested on
the basis of the analysis of fine features in the EPR
spectra.19,20 Several more models of paramagnetic “oxygen
deficient” and “silicon dangling bond” centers have been
proposed in theoretical simulations.17,21–25 Experimentally,
EPR signals attributed to different centers are shown to co-
exist in some of the samples.12 However, relative concentra-
tions of different centers depend on the sample preparation,
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presence of impurities(e.g., H, F, Cl, P) and method of irra-
diation (e.g., photons, electrons, high energy ions26,27 and
neutrons28).

One way to understanding the origins of different defect
configurations in amorphous materials, such asE8 centers,
and predicting their relative concentrations is to correlate the
local structural characteristics of oxygen sites in amorphous
material—bond lengths, ring size, dihedral angles—with
structural models and properties of defects created at these
sites. This is relatively straightforward using theoretical
tools: one should build a model of an amorphous structure
and then produce defects in a selection of sites and build a
distribution of defect parameters. This approach has been
used to study peroxy linkage defects4 and oxygen diffusion,5

and recently to analyze different types ofE8 centers in
silica.23,29,30 This approach proves to be very illuminating,
but does not allow one to build good statistics if small peri-
odic cells of amorphous structure are used.

Another approach has been to transfer defect models de-
veloped in a crystalline phase into amorphous phase. In par-
ticular, the model of theE18 center developed fora quartz has
been considered to be a natural prototype of theEg8 center in
a-SiO2. Following this approach, one needs to search for
local regions in an amorphous structure which can accom-
modate the most stable “puckered” configuration of theE18
center in quartz. This requires having a “back oxygen” in the
appropriate position to stabilize the puckering Si ion[see
Fig. 1(a)]. To find all such sites in the amorphous structure
one should describe the PC in terms of structural parameters
characterizing the position of the back oxygen with respect
to the vacancy site. Two similar sets of such “fingerprints”
have been proposed and tested in Refs. 23 and 30 on the
basis of calculated models ofE8 centers ina-SiO2 and ina
quartz.

On the experimental front, several studies analyzed the
line shape of EPR signals attributed toE8 centers in different
silica samples.19,20,31 In particular, Griscom and Cook20 fo-
cused on the question whether the29Si hyperfine interaction
of theE8 center could be used as a probe of the intermediate
range order in silica glass. Employing the computer line-
shape simulation methods they came up with a hypothesis
that most of theE8 centers in the glass samples they exam-
ined existed in backward projected dangling bond configura-
tion similar to the model ofE28 centers discussed by Feiglet

al.32 Only a small proportion ofE8 centers in these samples
would exist in the “classical” forward projected dangling
bond configuration. However, it is impossible to say whether
this would result from the local glass structure, is induced by
the defect or in the process of its generation. Further,
Griscom and Cook20 proposed a set of “fingerprints” for the
backward projected configuration of theEg8 center. However,
they have not been tested by theoretical modeling.

In this paper we attempt topredict possible structural
types of E8 centers in amorphous silica using a specific
model of their creation via hole trapping by neutral vacan-
cies.

First, we generate a representative model of amorphous
structure. Then we use an embedded cluster method to study
the structure and properties of neutral oxygen vacancies
formed at about 70 different sites. We then consider defects
formed by ionizing these neutral vacancies. In this way we
create a distribution of centers with structures ranging from a
dimer to a dangling bond configuration. This, however, does
not exhaust all possible structures ofE8 centers in amor-
phous silica. We then explore a “fingerprint” approach: using
the E18 center model calculated in crystalline quartz and the
criteria proposed from the analysis of EPR by Griscom and
Cook,20 we search for local regions in an amorphous struc-
ture, which match these descriptions. In this way we find the
puckered and back-projected configurations and discuss their
stability. We verify our findings by comparing the calculated
hyperfine(hf) and superhyperfine(shf) EPR parameters with
the experimental data. In the Appendix we discuss the depen-
dence of the results on the method of calculation and dem-
onstrate that the character of localization of an unpaired elec-
tron in positively charged oxygen vacancies depends on the
amount of exact exchange contribution in a density func-
tional employed.

The main new results of this work can be summarized as
follows. (i) We find that, similar to the peroxy linkage
defect,4 neutral oxygen vacancies in different sites of an
amorphous structure are qualitatively similar, and can be
characterized by a wide distribution of formation energies
and structural parameters.(ii ) The structure of positively
charged vacancies is determined by the structure of the pre-
cursor neutral vacancies: they may form dimer, dangling
bond with an unpuckered second silicon ion, dangling bond
with a puckered second silicon ion, and back-projected dan-

FIG. 1. (Color online) Two configurations of theE18 center ina quartz:(a) puckered configuration and(b) dimer configuration. In(a) SiL
(Si atom of the longer Si-O bond) is puckered and makes a bond with an oxygen ionsOBd, SiS (Si of the shorter Si-O bond) carries the
unpaired electron. OV marks the oxygen vacancy site.
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gling bond configurations(see schematics in Fig. 7). (iii ) In
each case we find a distribution of both structural and EPR
parameters. However, the average values of the EPR param-
eters for all dangling bond configurations are very close.(iv)
The expected concentration of dimers is much smaller than
that of dangling bond configurations with an unpuckered sec-
ond silicon ion. The number of sites capable of accommo-
dating puckered dangling bond configurations of positively
charged oxygen vacancy in the ideal amorphous network is
predicted to be about 10%. We conclude that, unlike theE18
center ina quartz, puckering of the silicon ion bearing a hole
is not the necessary feature ofEg8 center structure in amor-
phous silica. Moreover, the most likely structure of posi-
tively charged oxygen vacancies ina-SiO2 is a dangling
bond on one silicon and the unpuckered second silicon ion of
the vacancy.

In the next section we discuss the methods of calculations.
The results of our modeling are described in Sec. III and
discussion is in Sec. IV.

II. METHODS OF CALCULATIONS

Most of the calculations dealing with defects in amor-
phous silica so far have been made using either periodic or
molecular cluster models. In the periodic model, the disorder
of the amorphous structure is included explicitly, but within a
relatively small periodically translated unit cell. Most of the
quantum mechanical calculations of defects ina-SiO2 previ-
ously carried out in this model were confined to unit cells of
less than 100 atoms. Thus the number of defect sites avail-
able for statistical analysis has been very limited. On the
other hand, in the molecular cluster model, one can capture
at best only the average atomic structure of thea-SiO2. Be-
sides, these clusters typically include only 10–50 atoms
which is hardly enough to reproduce even the medium-range
structural deformation induced by the defect. A problem per-
taining to both models has been the dependence of the results
on the quantum mechanical method(see, for example, Refs.
33 and 34). In particular, as has been demonstrated in Ref.
35, there can be a dramatic change in the defect electronic
structure depending on whether Hartree-Fock or density
functional theory(DFT) were used.

Our approach is based on the implementation of an em-
bedded cluster method. We first generate a relatively large
model of silica structure using classical molecular dynamics
and then calculate defects and their properties for a number
of selected sites within that structure using the embedded
cluster method.36 This method has been used successfully to
study defects in ionic crystals37–40 and its applicability to
modeling defects ina quartz has been demonstrated in recent
publications.30,33,34

In the following we describe the embedded cluster ap-
proach and the details of the preparation and characterization
of the a-SiO2 structure.

A. Preparation and characterization of the amorphous
structure

The amorphous SiO2 structure used in this work was gen-
erated using the molecular Dynamics(MD) method, classical

interatomic potentials and periodic supercells. We followed
an earlier work by Vollmayret al.41 with several changes
summarized below.

We use the DLIPOLY code42 and the Buckingham-type
interatomic potentials developed by van Beestet al.43 (BKS).
The Buckingham-type potentials contain the dispersion term
of −1/r6 (where r is the distance between two atoms) and
diverge at small interatomic distances. Therefore the BKS
potentials were modified so that to avoid this unphysical be-
havior. In particular, we defined a new set of potentials as

Vsrd = 5VBKSsrd = Ae−ar −
C

r6 if r ù r0,

Vdsrd = Be−br if r ø r0,
6

and derived positive parametersB andb from conditions

VBKSsr0d = Vdsr0d,

VBKS8 sr0d = Vd8sr0d.

The matching pointr0 in the above equations was selected so
that to minimize the deviation ofVsrd from VBKSsrd in the
physically meaningful region ofr. The values of parameters
B, b, andr0 are given in Table I.

To generate an amorphous structure, we first defined a 2
3232 extension of the 24-atomb-crystoballite unit cell and
then subjected it to melting, equilibration at high temperature
and quenching to low temperature using the molecular dy-
namics technique and NPT ensemble. The simulation cell
contained 648 atoms and was first heated to 7000 K at a rate
of 531013 K/s (500 K per 10 ps), then equilibrated at
7000 K for 100 ps and finally quenched to 0 K at a rate of
831012 K/s (50 K per 6 ps). The final configuration of the
a-SiO2 structure was further relaxed using static calculations.
The results obtained by Vollmayret al.41 suggest that slower
quenching would not change the average structural proper-
ties of thea-SiO2 structure.

The resultinga-SiO2 model proves to be a continuous
random network with all Si ions coordinated by four oxygen
ions and all O ions coordinated by two silicon ions. It has the
density of 2.37 g/cm3, which is higher than the average den-
sity of 2.20 g/cm3 usually attributed to amorphous silica.44

This reflects the properties of the BKS potentials since the
volume of the simulation cell was not fixed during the MD
calculations. The distribution of Si-O nearest neighbor dis-
tances is given in Fig. 2(a) together with the distribution of
Si-O-Si angles[Fig. 2(b)]. These distributions agree well

TABLE I. Parameters of the classical interatomic interactionVd

with damped van der Waals term.

Parameters

Interaction

O-O Si-O

r0 Å 1.9 1.18

B eV 313.9554 505.0553

b Å−1 2.3502 3.5330
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with the previously reported in the literature.1 The structure
contains four three-member rings and 10 four-member rings
with the maximum of the ring-size distribution correspond-
ing to five- and six-member rings.

B. The embedded cluster method

The electronic structure ofa-SiO2 and that of defect cen-
ters was calculated using an embedded cluster technique
implemented in theGUESScomputer code.36 The method is
designed for studying point defects in polar solids and com-
bines anab initio quantum mechanical treatment of a “site of
interest” and its surroundings with a classical description of
the rest of the solid. It accounts for the electrostatic potential
of the whole solid in the defect region and includes, consis-
tently, both ionic and electronic contributions to the defect-
induced polarization of the host lattice as well as the effect of
the polarized lattice on the defect. The method and its appli-
cations to defects in the bulk of crystalline materials(includ-
ing a quartz) and at low-coordinated surface sites have been
thoroughly described in several recent publications.33,34,36,38

Therefore we will only briefly outline the main features of
the method and will focus on the details relevant to studying
defects ina-SiO2.

In broad terms, in the embedded cluster method a system,
crystalline or amorphous, with a single point defect is di-
vided into several regions. A spherical region I centered at
the “site of interest” includes(i) a quantum-mechanically
treated cluster(QM cluster), (ii ) an interface region which
connects the QM cluster and the rest of the solid treated
classically, and(iii ) a classical region that surrounds the QM
cluster and includes up to several hundred atoms. Region I is
surrounded by a finite region II, also treated atomistically
and containing up to several thousand atoms. In the course of
calculations, all positions of atoms within region I are fully
optimized while atoms in region II remain fixed in the posi-
tions corresponding to a perfect crystalline or amorphous

structure. Their purpose is to provide a correct electrostatic
potential in region I and proper boundary conditions for the
atoms at the border of regions I and II. Regions I and II
combined together form a finite region which has a radius of
several nanometers and is called nanocluster. Finally, to ac-
count for the polarization of the solid from the border be-
tween regions I and II and up to infinity, we introduce region
III. It is treated in the approximation of polarizable con-
tinuum and conforms geometrically to the boundary between
regions I and II.

The whole approach is similar in spirit to the classical
Mott-Littleton method.45 The total energy of the system in-
cludes (i) the energy of the QM cluster and the interface
atoms in the external electrostatic potentials due to the clas-
sical environment;(ii ) the interaction between classical at-
oms in regions I and II calculated using interatomic poten-
tials; (iii ) the short-range interaction of the classical atoms
and of the interface atoms with the QM cluster atoms calcu-
lated using the short-range part of the classical interatomic
potentials, and(iv) the Mott-Littleton correction for the po-
larization of region III. This latter correction is about 0.3 eV
in the typical setup described below and remains constant in
all calculations of singly charged vacancies. The expression
for the total energy is given in Ref. 33.

The classical atoms in regions I and II are represented
using the shell model and the rigid atom model, respectively.
Their electrostatic interaction with the interface and with the
QM cluster atoms is included on the quantum-mechanical
level, i.e., by calculating the corresponding matrix elements
and adding them to the QM potential energy matrix. Total
forces are calculated on both QM and classical ions. This
allows us to minimize the system total energy simultaneously
with respect to the electronic coordinates and the positions of
QM ions and classical ions, and hence to avoid the time
consuming “self-consistency” procedure used in some previ-
ous implementations of this method.46,47

Properties of the interface atoms depend on material in
question, as described for MgO,36 SiO2,

33 and Mg2SiO4.
38

For SiO2, a QM cluster is terminated by the Si* atoms that
form an interface between the QM cluster and the rest of the
nanocluster. The Si* atoms are located at the Si sites of the
SiO2 structure and represent real Si atoms. This is quite
different from many molecular cluster schemes where a
QM cluster is terminated by artificial so-called
pseudoatoms.21,48,49 The Si* atoms are chosen so that they
are coordinated by one quantum-mechanically treated oxy-
gen and three classically treated oxygen ions from the rest of
the nanocluster. They perform a dual role: they form a polar
bond with the QM oxygen and describe the interaction with
the three classical oxygens. This is achieved by representing
Si* as a combination of14 of a quantum-mechanical Si atom
and 3

4 of a classical Si atom. The detailed description of Si*
atoms as applied toa quartz is given in Refs. 33 and 34. The
same parametrization scheme is used in the present calcula-
tions.

The GUESScode33,36 plays the role of a “master” program
that calculates the total energy, total forces acting on all cen-
ters in region I and performs the geometry optimization of
the whole system. Thus the scheme allows us to account
consistently for the defect-induced polarization of the host

FIG. 2. Distributions of(a) Si-O distances and(b) Si-O-Si
angles in MD 648-atoma-SiO2 structures. The filled parts show the
same distributions for the subset of sites chosen for the embedded
cluster calculations.
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lattice and also the effect of this polarization on the defect
itself. TheGAUSSIAN 98package50 is used for calculations of
the quantum mechanical contributions to the total energy and
forces.

1. Building a finite region I+ II

Defects formed at different sites of a disordered system
can have entirely different properties or structures altogether.
To build statistics, one must consider defects in many sites.
Since in the embedded cluster method region I+II should be
centered on the defect site, this implies that separate, gener-
ally nonequivalent, regions I+II or a nanoclusters must be
built for each defect site. Further, the local atomic structure
near each site of interest is unique, so QM clusters defined at
these sites may have different topologies.

A nanocluster can be built in several different ways and
may have different shapes. One of the possibilities is to build
a nanocluster as ann3m3 l extension of a crystal unit cell
or, in the case of amorphous SiO2, of the 648-atom periodic
simulation cell described above. However, we found that the
electrostatic potential inside region I converges faster if
Sis 1

2Od
4 tetrahedra are used as “building blocks.” This is be-

cause the Sis 1
2Od

4 unit is not only neutral but also has a very
small dipole moment and the dipole moments associated
with these units in amorphous SiO2 approximately cancel
each other. The full cancellation is achieved in thea-quartz
structure. We have found that if ina quartz a spherical nano-
cluster built from Sis 1

2Od
4 units has the radius of about 30 Å

and the radius of region I is about 13 Å, the deviation of the
on-site electrostatic potential on different sites in region I
does not exceed 0.01 eV. This deviation due to the finite size
of the nanocluster decreases further with the increase of the
nanocluster radius. It is of the same order of magnitude for
a-SiO2 with the same size of the nanocluster and region I.
This deviation is also much smaller than the site-to-site
variations of the potential induced by the structural disorder
in a-SiO2.

We note that regions I+II centered at different atoms of
the a-SiO2 unit cell differ in several respects. First, the total
number of atoms in different nanoclusters is different. Sec-
ond, since region I is defined only by its radius, the total
number of atoms in region I will vary from one nanocluster
to another. Finally, each nanocluster has a small dipole mo-
ment associated with it due to the incomplete cancellation of
dipole moments associated with each Sis 1

2Od
4 “building

block.” This will introduce an additional error in the on-site
electrostatic potential inside the nanocluster. The effect of
these factors is, however, small and can be neglected in
analysis of the results.

2. Choosing QM clusters and basis sets

Two groups of QM clusters were used in these calcula-
tions. “Small” QM clusters comprise two neighboring
corner-sharing tetrahedra: Si2O7Si6

*, where Si* represent the
interface atoms at the border of the QM cluster. The vacancy
is then formed at the site of the shared oxygen atom. In the
case of the three-member rings, the smallest clusters were
either Si3O9Si6

* or Si4O11Si6
* depending on the local environ-

ment.

The second group is formed by “large” QM clusters.
Some of these are built as natural extensions of small QM
clusters to test the effect of the cluster size on the defect
properties. These clusters satisfy the following two criteria:
(i) at leastall six Si* interface atoms of the small QM clus-
ters and their oxygen neighbors are included in the QM clus-
ter, and(ii ) each of the new terminating Si* atoms should
have only one oxygen atom from the QM cluster and three
other neighbors from the rest of the nanocluster.

Another set of large QM clusters was built so that to
accommodate medium range topological features identified
as fingerprints for particular types of configurations ofE8
centers. For example, clusters used to describe puckered con-
figurations similar to that shown in Fig. 1(a) fully include at
least one ring that hosts a potential OB atom. Thus built
clusters have sizes from 48sSi8O24Si16

* d to 72 sSi13O37Si22
* d

QM atoms.
We note that the small QM clusters differ only by details

of their geometrical structure while the number of atoms and
the cluster topology is the same for all of them(with the
exception of those at three-member rings). On the other
hand, the large QM clusters differ by topology, due to disor-
der of thea-SiO2 structure, and by the number of atoms.

The electronic structure of QM clusters was calculated
using the unrestricted Hartree-Fock(UHF) method as imple-
mented inGAUSSIAN 98package.50 Standard 6-31G basis sets
were used on QM oxygen and silicon atoms. A specially
optimizeds-type basis function was centered on the interface
Si* atoms.

3. Describing the interactions between classical ions

A QM cluster, together with the interface Si* atoms, is
surrounded by two spherical regions of atoms treated classi-
cally. The inner region, i.e., the classical part of region I, is
represented using the classical shell model51 with the modi-
fied parameters of interatomic interactions taken from Ref.
43. These parameters were modified so that to account for
polarization of oxygen ions through the shell model and to
correctly reproduce the high-frequency dielectric constant of
a quartz.

More specifically, we replaced the rigid atom model for
oxygen ions by the shell model. The charges of the oxygen
core and shell were chosen to be +0.04e and −1.24e, respec-
tively. The stiffness of the core-shell spring constant was
optimized to reproduce the high-frequency dielectric con-
stant ofa quartz and found to be 11 eV/Å2.

The interaction between ions in the external region of
classical atoms, region II, is described using a rigid-ion
model and the original BKS potentials.43

To test the consistency of the rigid and shell model clas-
sical potentials, we first compare the geometrical parameters
and physical properties ofa quartz calculated using these
sets. It is convenient to define the size of the unit cell using
the crystallographic notationsa, b, and c for lengths of
primitive vectors(with a being along thex axis, b being in
the xy plane, andc is perpendicular to thexy plane). Then
the values ofa and b parameters calculated using the two
sets of potentials differ by 0.07%, whilec differs by 0.35%.
To compare the internal structures, we calculated the differ-
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ence in fractional coordinates of the atomic cores and found
that the largest and average differences are 0.006 and 0.002,
respectively. The bulk modulus changed by 4.4% from
40.1 GPa in the rigid model to 42.0 GPa in the shell model.
Finally, the static dielectric constant changed by 0.4% fore11

0

ande22
0 and by 0.7% fore33

0 .
To further test the performance of the two sets on poten-

tials we fully relaxed the 648-atom supercell representing an
a-SiO2 structure using both sets and compared the geometri-
cal parameters of the resultant structures. Both sets of poten-
tials produce essentially the same geometrical parameters of
the supercell with only 0.03% difference in the cell volume.
The largest difference in the fractional coordinates of the
corresponding atomic cores was 0.0016 which translates into
0.03 Å, while the average difference was 0.017 Å.

Overall, these tests indicate that the original rigid atom
BKS potentials and their modified shell model version used
in these calculations are compatible with sufficient accuracy.

In addition to the pairwise interactions described above, a
set of classical three-body potentials of the formsk/2dsu
−u0d2 was introduced at the interface between the QM clus-
ter and the classical region to correct for the distortion of
O-Si* -O and Si*-O-Si anglessud due to imperfect embed-
ding. Since all O-Si-O and Si-O-Si angles ina-SiO2 are dif-
ferent, the separateu0 parameters were defined to treat each
such angle at the cluster border. Theu0 parameters were
taken as the corresponding angles in the original MD struc-
ture. The force constant of 4 eV/rad2 was fitted so that to
correct the corresponding angles ina quartz.

4. Perfect lattice test

To test the accuracy of the embedded cluster method and
to compare with the results of previous studies we carried
out the usual routine used in embedded cluster studies, which
includes a so-called “perfect lattice test,” i.e., full geometry
optimization for the nondefective cluster. In the case of
amorphous SiO2 the reference “perfect” structure is the 648-
atom periodic structure obtained in the MD calculations fol-
lowed by the total energy minimization in the periodic model
using the modified BKS potentials with shells on oxygen
ions. The largest obtained changes in Si* -O bond lengths
and Si*-O-Si angles with respect to the ideal structure were,
3%–5% and 5.5%, correspondingly. The obtained deviations
of distances and angles in the rest of the system were several
times smaller. The effective charges on ions obtained with
natural population analysis(NPA) method52 were in the
range of 2.80±0.02e for silicon ions and −1.35±0.01e for
those oxygen ions which are not neighbors of interface at-
oms.

Importantly, the topology of the amorphous network in
the QM region and at the interface remained the same as
obtained from the original classical MD simulation. More-
over, the displacements of atoms as a result of the embedding
procedure are relatively small. This allows us to establish a
correlation between the quantum-mechanical and classical
descriptions of the same lattice sites by comparing the Si-O
distances at the center of each fully relaxed QM cluster with
the corresponding distances in the classical calculations. We
found that the Si-O distances in the QM calculations are

systematically larger than those in the classical calculations
by about 0.03 Å. In the following discussion we will corre-
late the defect properties with the geometrical parameters of
the original amorphous structure. For clarity and consistency
we will be using only a classical scale for the Si-O distances
on the understanding that the QM distances are about 0.03 Å
larger.

III. RESULTS OF CALCULATIONS

Building up a statistics of defect properties requires some
guiding rule in choosing sites in amorphous structure. In this
paper we assume that neutral oxygen vacancies can be
formed at any oxygen site with the same probability, so their
distribution follows the distribution of different sites in the
original amorphous structure.E8 centers are then formed as a
result of ionization or hole trapping by pre-existing neutral
oxygen vacancies. This approach allows us to find different
structural types of positively charged vacancies.

A. Neutral oxygen vacancies

We selected 70 oxygen sites(out of total number of 432
for the 648 atom structure) to span the distributions of Si-O
bond lengths, Si-O-Si angles and local topologies(ring struc-
tures). Two of these distributions are shown in Fig. 2. The
characteristics of the chosen oxygen sites are shown by
shaded areas in the same figure and demonstrate that most
combinations of Si-O distances, Si-O-Si angles as well as
ring sizes have been taken into account. In particular, about
30 out of the chosen sites correspond to different Si-O dis-
tances, another 30 cover the Si-O-Si angles distribution, and
10 cover all ring sizes.

The properties of these neutral oxygen vacancies were
calculated using the “small” embedded QM clusters. All
clusters were initially relaxed without the vacancy. Neutral
vacancies were created by removing the central oxygen atom
corner shared by the two tetrahedra comprising the cluster.
The formation energies were calculated with respect to the
total energy of the corresponding nondefective QM cluster
and the oxygen atom in the triplet state.

The distribution obtained for the oxygen vacancy forma-
tion energies is shown in Fig. 3. It has a full width at the
half-maximum of about 1.8 eV and peaks between 4.2 and
4.4 eV. The latter should be compared with the formation
energy of 4.48 eV(Ref. 33) for the oxygen vacancy ina
quartz calculated using a QM cluster of the same size. As
discussed in earlier work,33 the absolute value of the forma-
tion energy depends on the basis set and size of the QM
cluster, but the shape and width of the distribution should not
depend significantly on these parameters.

The large width of the formation energy distribution
clearly indicates that some of the neutral vacancies ina
-SiO2 can differ significantly from that ina quartz. To char-
acterize this difference we looked at several parameters, such
as (i) charges on the two Si atoms near the vacancy;(ii ) the
displacements of the two Si atoms from their nondefective
positions; and(iii ) the distances of these two Si atoms from
the centers of the respective neighboring oxygen planes.
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In a quartz, the effective charges on the two Si atoms
neighboring the neutral oxygen vacancy, calculated using the
NPA method,52 are 2.17e and 2.20e, i.e., are quite similar.
The charges on Si atoms near the vacancy ina-SiO2 vary
from 1.89e to 2.29e, and the charge difference in corre-
sponding pairs varies from 0.0e to 0.4e. The distribution of
differences in atomic charges is shown in the inset of Fig. 3.
Although the maximum of this distribution is close to the
charge difference ina quartz, the majority of the vacancies
have a more asymmetric charge distribution, indicating that
in a-SiO2 the two Si atoms are on average more dissimilar
than in a quartz. This is confirmed by comparison of the
displacements of the Si atoms neighboring the vacancy from
their initial positions in the nondefective structure. Ina
quartz, these displacements are 0.5 Å and 0.3 Å, whereas in
a-SiO2 they vary from 0.2 Å to 0.5 Å. The two silicon at-
oms form pyramids with the remaining three oxygen ions of
their corresponding tetrahedra. The distribution of distances
from each Si atom to the center of the plane formed by the
three neighboring oxygens shows similar behavior. In
a quartz the corresponding distances are 0.573 Å and
0.565 Å, whereas ina-SiO2 these distances vary from
0.45 Å to 0.72 Å, and their differences vary from
0.00 Å to 0.15 Å.

Further analysis of the medium and long range relaxation
of the amorphous network induced by the formation of neu-
tral vacancies demonstrates that, as ina quartz(see Ref. 33),
this relaxation is very long ranged. However, the character of
this relaxation can be even more complex. For example, in
some cases the two Si atoms near the vacancy displace less
than their neighboring oxygen atoms. This is accompanied
by the large distortion of the Si-O-Si angles associated with
the oxygen atoms. Since the tetrahedral O-Si-O angles do not
change much(about 2°) the oxygen plane shifts with respect
to the Si atom closer to the vacancy. Overall, the network
relaxation shows compaction near the vacancy site.

B. Structural types of E8 centers: Dimer and dangling bond

To build a preliminary picture of possible structural types
of E8 centers ina-SiO2 we first carried out the calculations

of positively charged vacancies using the “small” embedded
QM cluster. The equilibrium structures of theE8 centers
were obtained by ionizing the neutral vacancies, described
above, followed by full geometry optimization. Only 45 sites
are considered in this further discussion as theE8 centers at
the other 25 sites induce network distortions too strong to be
reproduced properly on the same level of accuracy using
small clusters.

The distribution of the spin density between the two Si
atoms near the vacancy(see Fig. 4) suggests that we have
three types of positively charged vacancies in our amorphous
structure. These can be called a dimer, a dangling bond type
center, and an intermediate state.

To understand better the origins of these structural types
of E8 centers we attempt to link them with the local atomic

FIG. 3. Distribution of formation energies of
neutral oxygen vacancies ina-SiO2. The inset
shows the distribution of differences in atomic
charges of Si atoms near neutral oxygen vacan-
cies. The statistics are taken over 70 sites.

FIG. 4. (Color online) Spin density distributions in different
types ofE8 centers:(a) dimer configuration,(b) intermediate con-
figuration,(c) dangling bond(DB) configuration,(d) back-projected
configuration.(a)–(c) were calculated using “small” QM clusters,
(d) using a “large” cluster.
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structure of their precursors—neutral vacancies. For that pur-
pose we introduce a parametert—the ratio of hyperfine con-
stants on the two Si ionsaSi1

and aSi2
neighboring the va-

cancy, and correlate it with structural parameters of neutral
vacancies. The parametert is defined ast=aSi1

/aSi2
, where

aSi1
,aSi2

. The dimer type configurations are characterized
by similar hyperfine constants on both Si ions resulting int
being close to unity. In the dangling bond configuration, the
spin density is almost completely localized on one Si ion and
t is close to zero.

As one can clearly see in Fig. 4, the local structure of the
parent neutral vacancy plays an important role in determin-
ing the type of theE8 center formed. In particular, the dif-
ference in relative orientations of tetrahedral units surround-
ing the vacancy is clearly visible. To characterize this feature
even further, in Fig. 5 we show the correlation between the
Si-Si distance in the neutral vacancy configuration and the
ratio t for the corresponding positively charged vacancies.
One can see that, if the Si-Si distance in the precursor neutral
vacancy is less than 2.4 Å, the ionized state shows the ratio
t predominantly larger than 0.5 which corresponds to the
dimer and some intermediate configurations. For the Si-Si
distances between 2.4 Å and 2.5 Å one obtains the interme-
diate and dangling bond configurations. Longer distances al-
ways result in dangling bond configurations.

One can also distinguish three types of displacements of
Si ions following the relaxation from a neutral vacancy into
an ionized configuration. The formation of dimer type cen-
ters is characterized by relatively small displacements of at-
oms from their positions in the precursor neutral vacancy,
rather similar to those in a dimer typeE8 center ina quartz
(the Si displacements around 0.3 Å, maximum). In this case
the two Si ions do not fall far apart so that Si-Si bond could
still be preserved. The stronger relaxation from neutral va-
cancy (around 0.5 Å) is characteristic of intermediate type
centers, and in most dangling bond centers the two Si ions
find themselves much further apart with a large displacement
(maximum of 1.0 Å) from the initial neutral vacancy con-
figuration. This relaxation is determined by both the initial
short and medium range structures and is accompanied by
the reorientation of surrounding tetrahedra.

In simple terms, these results can be understood if one
considers that each of the two Si ions surrounding the va-
cancy provides a potential well for the unpaired electron, so
that the vacancy can be treated as a double-well potential
problem. If the distance between the Si ions is small, the two
wells merge into a single one. So long as the two Si ions are
not much different, meaning that their combined potential
well is not distorted towards one or the other, the dimer type
center is formed. However, if the resulting potential well is
asymmetric, the unpaired electron will tend to localize in the
deeper well. The network relaxation will enhance this effect
leading to the formation of a variety of structures including
the dangling bond and intermediate configurations. It is im-
portant to realize that the probability of forming these con-
figurations depends on the medium range order. If the dis-
tance between the two Si ions is large, even a small
difference in the depth of their potential wells will be enough
to produce a dangling bond type center. At small Si-Si dis-
tances, dangling bond type centers still can be created if the
potential wells formed by the two Si ions are very different.

If neutral vacancies are formed with equal probability at
any oxygen site in the original amorphous structure, what
should be the relative concentrations of different types of
configurations? In Ref. 30 we suggested that the average
Si-O distance between the two silicon ions neighboring the
same oxygen in the initial amorphous network,D=sd1
+d2d /2 (see inset in Fig. 5) can serve as a useful parameter
determining which type of positively charged oxygen va-
cancy could be formed at a particular oxygen site. This pa-
rameter takes into account that in the tetrahedral structure of
silica the oxygen vacancy site is not directly on the Si-Si
line. The plot of the ratio of hyperfine constantst as a func-
tion of the parameterD is presented in the inset of Fig. 5. It
clearly demonstrates that forD,1.62 Å all defects are of the
dimer or intermediate type, whereas forD.1.62 Å only
dangling bond type defects are formed. One can therefore
useD for predicting relative concentrations of different de-
fect types.30 However, as discussed in the appendix, the re-
sult depends on the calculation method: calculations using
density functional theory and density functionals with small
contribution of exact exchange tend to favor dimer configu-
rations over dangling bonds.

FIG. 5. Correlation of the ratio of the hyper-
fine constants on the neighboring Si atoms in the
E8 center configurationt with the Si-Si distance
in the parent neutral vacancy. The inset shows the
correlation between the same ratio of the Si hy-
perfine constants and the average Si-O distance at
the corresponding oxygen site in the original
amorphous structure.
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To summarize, the calculations in small clusters predict
three types of positively charged oxygen vacancy centers: the
dimer, the dangling bond type center with unpuckered sec-
ond Si ion, and several configurations intermediate between
the two. The classical puckeredE8 center configurations
could not be obtained in these calculations because the inter-
action of the puckering Si and the “back oxygen” OB atoms
could not be reliably described within small QM clusters.
These configurations are considered below using larger QM
clusters.

Our calculations predict long-range distortions of the
amorphous structure, which extend to about 10 Å from the
oxygen vacancy site. The character and range of these dis-
tortions is generally very similar to that reported earlier fora
quartz.34 However, unlike in quartz, they are characterized
by broad variations and depends strongly on the short- and
medium-range structure of the original network site where a
defect was created.

C. Searching for other configurations

The E8 center configurations found so far correspond to
weakening or breaking of the Si-Si bond in the oxygen va-
cancy but do not include more complex puckered and back-
projected configurations suggested in the literature. One of
the reasons is that the network distortion induced by some of
the defects cannot be properly treated in small QM clusters
discussed above. Another reason could be that these configu-
rations are quite rare or can be reached only after overcom-
ing a potential barrier. As will be shown in the next section,
to find these configurations more easily one can use some
characteristic “fingerprints” deduced from previous analysis.

1. Puckered configuration of E8 center

To find oxygen sites that are likely to host puckered posi-
tively charged oxygen vacancies we search for oxygen ions
in the originala-SiO2 structure that can serve as back oxy-
gens, OB, for stabilizing puckered Si ions after relaxation of
charged vacancies.

For this purpose we first analyze the structure of the puck-
ered configuration of theE18 center ina quartz. The structure
of this crystal is characterized by so-called short and long
Si-O bonds. The predicted most stable configuration ofE18
center is associated with puckering of SiL through the plane
of its oxygen neighbors and bonding with OB, which is its
fifth neighbor in the undistorted lattice[see Fig. 1(a)]. Such
puckering is not possible for the SiS because there is no
oxygen ion among its neighbors, which would stabilize SiS in
the PC. Thus, the medium range environment of a Si ion near
an oxygen vacancy determines whether it will or will not be
stable in the PC.

Detailed analysis of the local atomic structure of the SiL
and OB sites in quartz suggests that the SiL-OB bonding in the
PC of theE18 center is due to their favorable relative geo-
metrical orientation. In particular, the triangle formed by OB
and its two Si neighborssSiB1-OB-SiB2d is oriented by its OB
vertex approximately towards the SiL ion [Fig. 1(a)]. Taking
into account the flexibility of the Si-O-Si angles, we expect
strong relaxation of SiB1-OB-SiB2 towards SiL to form the

SiL-OB bond and thus stabilize it in the PC. On the contrary,
none of the medium range oxygen neighbors of the SiS are
pointing to it in a similar way. We exploit this observation to
introduce a numerical criterion for the likelihood of theEg8
center formation at a given site ina-SiO2. Again, we assume
that all sites ina-SiO2 are amenable to formation ofEg8 cen-
ters. Then we need to find which Si ions can be stabilized by
their medium range oxygen neighbors in the same way as by
OB in a quartz.

To search for OB in a-SiO2 we first postulate that in the
case of a stableEg8 puckered Si ion will occupy a siteP
defined by reflection of the Si ion in the undistorted lattice in
the plane of its three nearest oxygen neighbors as shown in
Figs. 6(a) and 6(b). Then we search for all oxygen neighbors
(nearest neighbors excluded), which (i) are close to pointP,
and (ii ) belong to a Si-O-Si unit pointing towards pointP.

Parametersddist andhmiss define a “fingerprint” for theEg8
center. The numerical values forddist andhmiss for each site
are extracted from the calculation of theE18 center.34 If an
oxygen ion is found thatddist,2.6 Å and hmiss,0.6 Å,
which is the case for SiL in a quartz, then the corresponding
Si ion is expected to be stabilized in the puckered configu-
ration. If, however, an oxygen ion is found thatddist.4.2 Å
andhmiss.0.8 Å, which is true for SiS in a quartz, then the
corresponding Si will not pucker. The intermediate cases
need to be considered separately so that the values ofddist
andhmiss critical for theEg8 center formation could be estab-
lished.

We used these criteria to identify all the potential sites
capable of accommodating the puckeredEg8 configuration in
the nondefective amorphous structure and found that their

FIG. 6. (Color online) (a), (b) A criterion used to search for OB
in a-SiO2 structures.(a) Si ion in the puckered configuration will be
close to siteP obtained by the reflection of Si in the plane of its
nearest oxygen neighbors.(b) illustrates two numerical parameters
for OB search, OB-P distance sddistd and “near miss” distance
shmissd. (c) and(d) Criterion used to search for sites ina-SiO2 struc-
tures that can form a back-projected configurations.(c) Si1 will be a
candidate for back projection if all Si1-O-Si anglesu1, u2, u3 in the
nondefective lattice will be around 180°.(d) The back-projected
configuration after the formation ofE8 center.
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number does not exceed 10% of all oxygen sites.
Then the embedded cluster calculations of positively

charged vacancies were performed at three representative
sites using QM clusters including up to 72 ions. Calculations
were made first for the nondefective network, then for the
neutral oxygen vacancy, and finally for the positively
charged vacancy. We found both the unpuckered and puck-
ered configurations for the same defect, but the puckered
configuration was the most stable. It is interesting to note
that whether the hole-bearing silicon ion is puckered or un-
puckered does not significantly affect the hyperfine param-
eters of theE8 center. The calculated isotropic hf constants
for one of the puckered configurations given in Table II are
representative of all configurations obtained.

Our analysis also demonstrates that the interaction of the
puckering Si ion and the OB is predominantly electrostatic.
The latter observation allows us to make further qualitative
analysis of puckered configurations using a fully classical
approach. Using the shell model potentials and effective
ionic charges on the Si ions near the vacancy we have cal-
culated the relative energies of the puckered and unpuckered
configurations for 16 vacancy sites.

We found a wide distribution where in some cases the
back oxygen is located in a much more favorable position
than that ina quartz and therefore is forming a much stron-
ger bond with the puckering silicon ion. There are also op-
posite cases where the puckered configuration is less favored
than the unpuckered dangling bond configuration.

2. Back-projected configuration of E8 center

AnotherE8 center type, not previously predicted theoreti-
cally, is the so-called back-projected configuration suggested
by Griscom and Cook.20 They pointed out that analysis of
superhyperfine constants ofE8 centers may provide some
insight into the medium range glass structure around them
and suggested the geometric criteria for formation of the
back-projected configuration based on dihedral and Si-O-Si
angles. In simple terms, these criteria imply that, if all three
Si-O-Si angles[u1, u2, u3 in Fig. 6(c)] with the so-called

back bonded silicon ions in the nondefective lattice or in the
neutral vacancy configuration are close to 180°, then theE8
center formed at this site is likely to become back-projected
after relaxation, as shown in Fig. 6(d). In other words, it will
not have any back bonds at all. Based on this analysis they
estimated that 35%–80% of allE8 centers in their sample
have this property. They are characterized by hyperfine con-
stants of about 41.9 mT and superhyperfine constants of
0.3 mT. In this paper we are interested only in stability of
such configurations and do not address the possible mecha-
nism of their formation.

We have analyzed the 648-atom amorphous structure and
found only three Si sites that approximately satisfy these
criteria with Si-O-Si angles in the range of 170°–180°. We
considered these sites using embedded QM clusters
Si10O29Si18

* , Si13O37Si22
* , and Si18O24Si16

* . The first QM clus-
ter contains four- and six-member rings; the second contains
three-, four-, and six-member rings, and the third contains
only a three-member ring, correspondingly. The neutral,
positively charged and back-projected configurations of the
oxygen vacancy were calculated in these clusters. It turns out
that in all cases the transformation from the initial dangling
bond or dimer configuration into a back-projected one re-
quired overcoming a potential barrier of about 1.5 eV. The
back-projected configurations found in our calculations are
about 0.5 eV less stable than the normal, forward-projected,
ones. However, calculated barriers for the transitions from
the back-projected to the normal configurations are close to
1.0 eV. This suggests that, once formed, these configurations
could remain stable up to high temperatures.

To estimate the percentage of sites that can give rise to a
metastable back-projected configuration, we have carried out
the following analysis. First, we noted that a Si atom in the
back-projected configuration occupies a site close to the
point P introduced above[see also a schematic in Fig. 6(b)].
To estimate the amount of free space available for a Si atom
in the back-projected configurations we have calculated the
smallest distance from the pointP to the nearest host lattice
atomDPA (excluding the oxygen neighbors of the Si atom in
question) and built the distribution of such distances for the

TABLE II. Hyperfine constants(mT) for E8 centers formed at different sites. Sin sn=1,2d and Sini si =1,2,3d are the nearest and the
second nearest neighbors of the oxygen vacancy, respectively.

Si1i shf Si2i shf

Type of E8 defect QM cluster Figures Si1 hf Si11 Si12 Si13 Si2 hf Si21 Si22 Si23

Dimerlike Si13O37Si*22 7(a) 10.9 0.08 0.17 0.04 12.1 0.05 0.35 0.35

EDB8 , unpuckered Si10O29Si*18 7(c) 44.3 1.33 0.50 0.07 0.0 0.03 0.00 0.00

EDB8 , puckered with OB Si13O37Si*22 7(d) 43.0 1.13 0.80 0.20 0.0 0.00 0.00 0.00

EDB8 , back-projected Si8O24Si*16 7(e) 43.1 0.26 0.23 0.29 0.0 0.00 0.00 0.00

EDB8 , back-projected with OB Si13O37Si*22 7(g) 48.9 0.45 0.02 0.25 0.0 0.00 0.00 0.00

Ed8, Experimental(Ref. 15) 10.0

Eg8, Experimental(Ref. 53) 41.9 1.3 0.3

Eg8, Experimental(Ref. 54) 41.9 0.8 0.3
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whole 648-atoma-SiO2 structure. This distributions spans
the region from 1.8 Å to about 3.7 Å with the maximum at
approximately 2.8 Å. The smallestDPA distance calculated
for a stable back-projected configuration was found at
2.60 Å. This value defines a minimal amount of free space
that is sufficient to stabilize a Si atom in the back-projected
configuration. We found that about 67% of the lattice sites
have theDPA distance larger than 2.60 Å. We note that there
seems to be a correlation between the free volume near point
P and the stability of the back-projected configurations. For
example, for the sites withDPA equal to 2.60 Å and 2.75 Å
the energies of the back-projected configurations are 0.95 eV
and 0.55 eV higher than those for the corresponding
forward-projected ones.

3. Stability of “intermediate” configurations

The results presented above clearly demonstrate that the
potential energy landscape of positively charged oxygen va-
cancies is complex and may involve several minima. There-
fore, one could expect that configurations intermediate be-
tween well-defined dimers and dangling bond centers[see
Figs. 7(b), 7(a), and 7(c), respectively] may in fact be meta-
stable and transform into more stable configurations of either
type. To investigate this point we explored the adiabatic po-

tential energy surface for four intermediate configurations.
These configurations, initially obtained in small clusters,
were now relaxed using large clusters which differ by the
number and length of rings fully included in the QM cluster.
For example, the 72-atoms cluster Si13O37Si22

* included
three-, four-, and six-member rings and the Si11O31Si18

* clus-
ter contained one four- and two five-member rings. Again
calculations were repeated first for the nondefective network,
then for the neutral oxygen vacancy, and finally for the posi-
tively charged vacancy. We found that the configurations
with the value of the parametert greater than about 0.45(see
Fig. 5) become closer to what one can call a dimer when
relaxed using a large QM cluster. As a result the parametert
increases to 0.75 or more and the values of hyperfine con-
stants on two Si ions near the vacancy site are ranging be-
tween 7 mT and 13 mT. Some configurations witht smaller
than about 0.45, when calculated using a large cluster, be-
come closer to dangling bond typeE8 centers[Fig. 7(c)] with
t closer to zero. These calculations indicate that the definition
of dimer should include some of the distorted configurations.
However, we should conclude that small cluster calculations
may not be sufficient for accurate description of the electron
density distribution withinE8 centers formed at certain sites
and for prediction of relative concentrations of different con-
figurations.

4. Hyperfine parameters

To calculate the hyperfine parameters ofE8 center con-
figurations discussed above we used quantum clusters listed
in Table II. Several configurations were chosen from the dis-
tribution shown in Fig. 5. We traced back the initial oxygen
sites in the amorphous network. Then a quantum cluster was
constructed around each of these sites and calculations were
repeated first for the nondefective network, then for the neu-
tral oxygen vacancy, and finally for the positively charged
vacancy. The obtained geometrical parameters of neutral and
charged vacancies are close to those obtained using small
clusters. The electronic structure of charged vacancies corre-
sponds to the defect types they were initially chosen from.
However, calculating in larger clusters does not confine the
defect wave function and therefore gives a more reliable spin
density distribution and hyperfine interaction with the nuclei
of surrounding ions. In particular, the hf interaction of an
unpaired electron of the dangling bondE8 center calculated
in small clusters is around 55 mT, and becomes 43 mT in
large clusters. The hyperfine and superhyperfine constants
obtained for the typical defect configurations are presented in
Table II.

The calculated hyperfine constants on the two silicon ions
of the fully symmetrical dimer configurationst=1d are about
10 mT. Most of the spin density in this case is localized in
the middle between the two Si ions as shown in Fig. 4(a) and
schematically in Fig. 7(a). The hyperfine interaction with the
nuclei of other Si ions is quite small, suggesting that the
defect is strongly localized.

The hyperfine constants for the dangling bond configura-
tions presented in Table II are for the defects witht very
close to zero, i.e., for the spin density localized predomi-
nantly on one silicon ion. The hyperfine constants for these

FIG. 7. (Color online) Possible types ofE8 centers suggested on
the basis of medium range order ina-SiO2. (a) Dimer; (b) interme-
diate (distorted dimer); (c) unpuckered dangling bond(DB) type:
the unpaired electron is fully localized on a single Si atom, while
the other Si atom moves to the plane of the neighboring oxygens;
(d) puckered, similar to(c) but the second Si atom is tetrahedrally
coordinated due to the presence of back oxygen;(e) back-projected
DB, similar to (c) but the spin density due to the unpaired electron
is projected away from the vacancy;(f) back-projected puckered
DB; (g) back-projected back-puckered DB;(h) back-projected dou-
bly puckered DB.
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configurations form a distribution of values. In particular, the
largest and the smallest hyperfine interactions with a Si ion
which can be sensibly attributed to the dangling bond con-
figurations are 46 mT and 38 mT, respectively. This is in
agreement with the large signal broadening forEg8 defects
observed in EPR experiments.15

The hyperfine parameters calculated for one of the back-
projected configurations are also presented in Table II. Ac-
cording to Griscom and Cook20 and to the more recent re-
view by Griscom,12 Eg8 centers in this configuration are
characterized by the so-called “weak” hyperfine constants of
0.3 mT, which are much smaller than those for the puckered
configuration[see also Figs. 4(d) and 7(e)]. As one can see in
Table II, our results are in a very good agreement with this
prediction. We found that in several cases the hyperfine split-
ting for the “equatorial” Si atoms in a back-projectedE8
center are indeed just under 0.3 mT(see Table II). However,
this value may vary in the range of 0.0–0.5 mT from site to
site. In other words, similar to previous cases, there is a
distribution of geometrical parameters of these configura-
tions and in the corresponding values of hyperfine constants.

IV. DISCUSSION

A consistent picture emerges from our work for the pos-
sible configurations of neutral and positively charged oxygen
vacancies in amorphous silica. Neutral vacancies are charac-
terized by a wide distribution of formation energies and
structural parameters. Positively charged vacancies form two
major structural types: dimer and dangling bond centers. We
predict that the most dangling bond centers are unpuckered
[see Fig. 7(c)] and demonstrate that most configurations of
the dangling bond centers have similar hyperfine EPR pa-
rameters. Our results confirm the possibility of existence of
the back-projectedEg8 center configuration and suggest that
such centers can be stable in a larger number of sites than has
been proposed from the experiment20 [see Figs. 7(e)–7(h)].
We also suggest that the puckered configuration is not the
dominant configuration ofEg8 center in amorphous silica.

Our approach differs from those used in similar previous
studies in several respects. Many molecular cluster calcula-
tions (see, for example, Refs. 17, 22, and 48) are not based
on any particulara-SiO2 model and so can capture only
those defect properties which are determined by the most
stablelocal properties of the material. Our calculations ex-
plore a well-established model of an amorphous structure
and allow us to treat consistently the local, medium range,
and long range environment of each defect site. In addition
we can build a statistical distribution of defect properties and
relate these properties to the structure of the amorphous net-
work. Besides, the embedded cluster model allows one to
properly account for variations of the electrostatic potential
in the amorphous network and for its polarization by the
charged defect.

Recent studies23,29 have used a similar approach to build-
ing a distribution of defect properties. However, they em-
ployed a periodic DFT computational technique and a much
smaller 72 atom periodic cell. Our calculations allow us to
take into account the defect-induced relaxation of a much

larger region. They employ the Hartree-Fock method in the
local basis set. Although some of the results obtained in our
work and in Refs. 23 and 29 are qualitatively similar, there
are important differences discussed below, partly from region
size, and partly from differences between HF and DFT.

The dimer type configuration has been predicted as one of
the two configurations of the positively charged vacancy in
quartz and in several calculations modeling amorphous
silica.17,23,29,55,56This configuration has been proposed as a
structural model of theEd8 center17 on the basis of a good
agreement between the calculated and experimental hf con-
stants. We note that in our calculations the dimer configura-
tion occurs naturally as a result of ionization of some neutral
vacancies rather than by construction of a cluster.17,55 We
also predict the hf constants on the two Si ions of the dimer
close to those measured experimentally for theEd8 center.16,20

The main reason for these relatively small values of the hf
interaction, which are incidentally approximately four times
smaller than the hf interaction in the dangling bond configu-
ration (see Table II), can be also explained by our calcula-
tions. As one can see in Fig. 4, the spin density in the dimer
configuration is localized to a large extent between the two
Si ions reducing thes orbital contribution on the Si nuclei.
We did not consider more complex structural models pro-
posed for theEd8 center15,16,18and cannot comment on their
feasibility. One cannot exclude, however, that simple dimers
may coexist with these more complex defects in some
samples. This question requires further investigation as well
as elucidation of optical properties of these centers.

We note that our results predict that dimers are the minor-
ity species with respect to other positively charged oxygen
vacancies rather than the majority species predicted in Refs.
23 and 29. As discussed in the appendix, this discrepancy
between the two studies results from the different methods
used: plane wave DFT tends to delocalize weakly bound
electronic states, which led to the disproportionally large
number of dimers obtained in Ref. 23 and 29. On the other
hand, the Hartree-Fock method used in this work tends to
favor localized solutions. The very fact that we obtained sev-
eral dimer configurations in strongly disordered structure us-
ing this method testifies in favor of their existence. However,
we should note that most of these configurations are distorted
and for some types of local environment of these vacancies
we find that there exists the second more stable dangling
bond type configuration.

It is interesting to note that the unpuckered DB configu-
ration basically corresponds to that suggested by Yip and
Fowler57 as model ofE18 center on the basis of small cluster
calculations some 30 years ago. But it has never actually
been predicted in theoretical calculations of amorphous
structures. Moreover, some works21 concluded that the ion-
ization of a neutral vacancy would always produce a dimer
configuration(with the exception of vacancies formed on the
edge of edge-sharing tetrahedra). The typical hf and shf con-
stants for the unpuckeredE8 center configuration are given in
Table II. The hf constants of the DB-type defects are similar
to those assigned to theEg8 center in a-SiO2 in
experimental20,28 and other theoretical11,22,25,56studies. How-
ever, unlike in the case of theEg8 center, this configuration
does not require any back oxygensOBd. Our calculations
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suggest that this could be the most abundant type ofE8 cen-
ter obtained by ionizing pre-existing neutral vacancies in
amorphous silica. Other types, such as the puckered and
back-projected configurations require more specific condi-
tions for their stabilization. We note, however, that our cal-
culations suggest that the conditions for existence of stable
back-projectedE8 centers are much less strict than originally
suggested in Ref. 20. In fact, only a sufficiently large void
space is required to stabilizeE8 centers in the back-projected
configuration.

The hf constants given in Table II belong to different
kinds of DB-typeE8 centers, distinguished by their shf con-
stants. The hf constants of these centers are similar and fall
within the full width at half-maxima(FWHM) of Eg8 center
in a-SiO2. The shf constants for the unpuckeredE8 centers
and classically puckeredE8 centers are similar as both have
a weak shf constant of about 1.1 mT. For back-projected
E8 centers, the Si atom possessing the unpaired electron
points away from the vacancy and there is no weak shf in-
teraction, but only very weak shf interaction, as observed
experimentally.19,20

Our calculations demonstrate the strong long range lattice
relaxation induced by most of the oxygen vacancies. This
effect cannot be fully accounted for using molecular clusters
and periodic calculations. This might be one of the reasons
why earlier theoretical calculations could not predict, e.g.,
the unpuckered DB-type defect. Other configurations may
also exist although we did not find them. Extending the be-
havior of the Si atoms we predicted that there could be, for
example, double puckering when both the Si atoms have
back oxygen atomssOBd [see Fig. 7(h)], and even more com-
plex configurations.

Configurations discussed above were obtained by single
ionization of a precursor neutral vacancy. In reality, though,
precursor sites for defect creation depend on the mechanism
of defect formation. On the one hand, there is no clear reason
to believe that neutral vacancies are formed with the same
probability at any site in amorphous structure, as assumed in
this paper. On the other hand, in irradiated samplesE8 cen-
ters are formed due to exciton decomposition into a pair of
Frenkel defects.58 In this case, the structure and the spatial
distribution of defects depend on where stable defects can be
formed in a particular amorphous structure and on their dif-
fusion properties. In most cases silica samples are irradiated
by large doses of ionizing radiation or by powerful laser
pulses. In this case, multiple secondary processes involving
sequential electron trapping and ionization of the same de-
fect can be important. These processes can tip the balance of
different configurations increasing the concentration of, e.g.,
back-projected or even more complex configurations shown
in Fig. 7.

Our results, like those of previous workers, clearly high-
light issues which should be addressed in further studies. The
key issue remains an accurate prediction of relative concen-
trations of different defect types. It is hampered by several
factors. First, it is based on an assumed mechanism of for-
mation of positively charged vacancies via hole trapping by
neutral vacancies. One should take into account the distribu-
tion of neutral vacancy formation energies and radiation
mechanisms via exciton decomposition into defect pairs,

which both may lead to inhomogeneous(and different) dis-
tributions of defects. Second, the defect types(dimer vs dan-
gling bond) formed in particular network sites are sensitive
to the quantum-mechanical method used in calculations. This
does not allow one to apply reliably the structural criteria
relating defect types to the structural properties of individual
sites in the amorphous network(“fingerprints”) in order to
predict possible defect concentrations.
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APPENDIX: DESCRIPTION OF THE E8 CENTERS
USING DIFFERENT QM METHODS

We have stated previously that the relative concentration
of different configurations ofE8 centers can depend on the
method that is used for the electronic structure calculations.
This appendix aims to characterize such a dependence in
more detail.

We use the embedded cluster approach, as described
above in Sec. II, to compare the electronic structures and the
local atomic configurations of positively charged oxygen va-
cancies(E8 centers) calculated using two differentab initio
schemes: the unrestricted Hartree-Fock(UHF) and a hybrid
density functional B3LYP. The latter combines Becke’s three
parameters hybrid exchange functional59 containing the exact
exchange contribution and the correlation functional by Lee,
Yang, and Parr.60 Several (17) oxygen vacancy sites in
a-SiO2 were randomly selected for these calculations. Topo-
logically identical “small” QM clusters Si3

*-O3-Si-Vac-Si-
O3-Si3

* were used so that to allow one to compare the results
obtained for different sites. In all of the calculations we fully
relax region I and then analyze the electronic structure and
atomic configuration of eachE8 center.

Then theE8 types can be classified in terms of the ratio of
the two hyperfine constantst defined earlier. The results of
the analysis are summarized in Fig. 8, where we correlate the
hyperfine constants on Si1 and Si2 with the structure of the
E8 center. The thick solid line in this figure corresponds to
t=1.0 and, therefore, the “ideal” dimer configurations should
be positioned along this line. The abcissa axis corresponds to
t=0.0, i.e., to the “ideal” dangling bond configurations. The
open triangles and the shaded squares show the configura-
tions calculated using the UHF and B3LYP, respectively.
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One can see that the ideal dimers are relatively scarce: the
UHF produces three such configurations and the B3LYP pro-
duces two. At the same time, we found that UHF gives seven
dangling bond type centers, while only one such configura-
tion was found with B3LYP. All other configurations are
scattered across the field and correspond to somewhat dis-
torted dimers. To characterize this distribution further we can
introduce loose boundaries between the dimers and distorted
dimers att=0.7 and between the distorted dimers and dan-
gling bonds att=0.2. Then the UHF results in six dimers,
four distorted dimers, and seven dangling bonds, while
B3LYP gives nine dimers, six distorted dimers, and only two

dangling bonds forthe sameselection of sites.
The qualitative difference in the number of dimer con-

figurations obtained using the UHF and hybrid density func-
tional does not depend on the cluster size. It is consistent
with the already well-documented tendency of DFT to favor
delocalized density distributions. On the other hand, UHF
favors localized solutions due to lack of correlation. These
issues are related to the self-interaction error in DFT which
has been analyzed in detail, for example, in Ref. 61. Some of
the implications of this problem with respect to self-trapping
and polaron formation problems have recently been dis-
cussed in Refs. 35 and 62.
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