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Using ab initio calculations on clusters, we have identified a new reaction path between the dicoordinated
silicon atom defect and the paramagnetic E�� center in amorphous silica. Under ionizing irradiation, the
dicoordinated silicon atom interacts with a nearby oxygen atom relaxing into a structure in which the unpaired
electron is distributed between two threefold-coordinated silicon atoms. The transformation into the E�� center
follows by a subsequent formation of a puckered configuration.
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Because of its unique mechanical, thermal, and optical
characteristics, amorphous silicon dioxide �a-SiO2� is a ma-
terial of great technological interest. As such, enormous in-
terest has centered on understanding the structure and forma-
tion of point defects in a-SiO2. Of special interest are defects
that significantly affect the particular properties of
�a-SiO2�-based materials, e.g., defects that adversely affect
properties or defects that can serve as a basis for new tech-
nologies such as photoinduced Bragg gratings. Belonging to
such a class of defects are the diamagnetic oxygen deficiency
centers ODC�I� and ODC�II� and the paramagnetic E�
centers.1 ODC�I� and ODC�II� give rise, respectively, to the
photoabsorption bands at 7.6 and 5.0 eV. The family of E�
centers comprises the paramagnetic centers characterized by
a threefold-coordinated silicon atom with an unpaired elec-
tron, wSi• �where w and • represent three SiuO bonds and
the unpaired electron, respectively�. The most important
member of this defect family is the E�� center, which is de-
fined by a strong 29Si hyperfine interaction �A�42 mT� be-
tween the unpaired electron and the Si atom on which it is
primarily located.

The atomic models for these centers not only have to
address their electronic signatures, but also must address the
fundamental interconversions known to occur between them.
ODC�I� is identified as the “relaxed oxygen vacancy,”
wSiuSiw. This structure is obtained by relaxation of the
defect that arises by removal of the oxygen linking two
vertex-sharing SiO4 tetrahedra, wSiuOuSiw, which is
the unit predominantly determining short-range order in
a-SiO2. The model widely accepted for ODC�II� is the “di-
coordinated silicon” or “divalent defect,” i.e., a silicon atom
bonded to two oxygens and with a lone pair of electrons,
vSi•

•. Based on these models, theory is able to explain both
the 7.6 and 5.0 eV silica absorption bands,2,3 as well as the
experimentally proposed ODC�I�-to-ODC�II� interconver-
sion in the neutral excited state.4 Experiment also indicates
that both diamagnetic centers transform into the E�� center
upon exposure to ionizing irradiation.5,6 The ODC�I�→E��
center transformation has been widely studied and is gener-
ally accepted as a model for the formation of E�� centers in
a-SiO2. According to this model, the ionization of the oxy-
gen vacancy results in the puckered configuration wSi•

wSi+uOv, in which the silicon atom carrying the trapped
hole, �, interacts with an additional neighboring oxygen
atom located behind those to which it is initially bonded �in
case there is no such oxygen atom at a particular defect site,
the hole captured at the oxygen vacancy is released until
captured at a puckered-precursor site7�. This model for the
E�� center follows the model of Rudra and Fowler for the E1�
defect in �-quartz8 �its crystalline counterpart�, and it was
first adopted by Boero et al.9 �extensive studies on this model
transformation as a function of the oxygen vacancy site in
the amorphous network have been recently reported7,10�. An
alternative model for the E�� center, v�Si•�uOu �Si+�v,
not involving ODC�I� as a precursor but a neutral edge-
sharing pair of SiO4 tetrahedra which has lost one of its
bridging oxygen atoms, has been recently proposed by
Uchino, Takahashi, and Yoko.11 Theoretical evidence for the
existence of such a pair in a-SiO2 has been obtained through
molecular-dynamics simulations based on a model
potential12 and ab initio calculations.13

The ODC�II�→E�� center interconversion within the diva-
lent defect model has been less understood. Only recently a
model for this interconversion has been put forward by
Donadio, Bernasconi, and Boero.4 According to this model,
the dicoordinated silicon, upon removal of one of its un-
paired electrons, interacts with a nearby oxygen atom yield-
ing two separate units, one unit including the E�� center,
wSiuOuSi•v, the other unit holding the positive charge,
wSi+. In this model, the latter unit is stabilized by forming
from its silicon atom a bond with an additional oxygen atom
from the amorphous network. Here we will show that the
stabilization of this unit can also be done via electrostatic
interaction with the silicon atom holding the unpaired elec-
tron in the wSiuOuSi•v unit. In this case, as we will
see, a new reaction path between the divalent defect an the
E�� center in a-SiO2 can be determined. The reaction path
identified in this work involves the formation of a puckered
configuration, similarly to the well known ODC�I�+-to-E��
interconversion.

We performed our calculations within a real-space
pseudopotential approach14 based on Kohn-Sham density-
functional theory.15 We place the cluster of interest at the
center of a spherical domain chosen so the wave functions

PHYSICAL REVIEW B 73, 235211 �2006�

1098-0121/2006/73�23�/235211�5� ©2006 The American Physical Society235211-1

http://dx.doi.org/10.1103/PhysRevB.73.235211


smoothly vanish at its boundary. Hydrogen atoms were used
to saturate the dangling bonds of the outer �oxygen� atoms.
The core electrons were represented by norm-conserving
pseudopotentials using the Troullier-Martins prescription.16

The local spin density approximation given by Ceperley and
Alder was used for the exchange and correlation potential.17

Real-space techniques permit systematic studies of con-
vergence in the spirit of plane-wave methods since only one
parameter, the grid spacing, need be refined. This contrasts
with methods that employ local orbitals as basis, which re-
quire extensive testing of the basis by optimizing a multiple-
parameter space, and can yield results sensitive to the basis
choice. Also, charge states are easily handled in a natural
manner in real-space approaches, i.e., unlike supercell meth-
ods, no compensating background charge need be invoked.
Local minima structures were sought using a uniform grid
with a grid spacing of h=0.35 a.u. �or an equivalent plane-
wave cutoff of ��� /h�2�80 Ry�. The structures were fur-
ther optimized with a final grid spacing of 0.30 a.u.
��120 Ry�. All the atoms in the cluster, including the termi-
nating hydrogen atoms, were allowed to relax, otherwise
stated. �The same computational method employed here was
used in our previous work on the characterization of the E��
center model of Uchino, Takahashi, and Yoko.13�

In Fig. 1, we plot the structure used for modeling the
divalent defect in a-SiO2. This structure was constructed
from a model configuration of the divalent defect obtained
from an ab initio molecular-dynamics simulation of a-SiO2.
In this simulation, an oxygen was removed from the sample
during a high-temperature regime, and the sample cooled
down to ambient temperature without imposing any con-
straints. �The stabilization and quenching procedure em-
ployed for sampling of the phase space were the same as that
used in our previous work.13� We find the structural param-
eters characterizing the divalent defect in good agreement
with previous theoretical results. The dicoodinated silicon,
Si1, forms bonds of 1.65 and 1.64 Å with both oxygen at-
oms, and an angle of 101.0°, similar to values reported pre-
viously, 1.64–1.68 Å and 98°–101°,1 respectively. The next
closest oxygen atom to Si1 is O1 at a distance of 2.71 Å.

Silicon atoms other than Si1 form SiuO bonds of
1.62±0.01 Å, in excellent agreement with the experimental
value obtained for a-SiO2 in the neutral state, 1.62 Å.18

In order to simulate the ionization process, we remove
one electron from our divalent defect model and look for
local minima configurations by optimizing the geometry. We
find that two different relaxation paths are possible depend-
ing on the way Si1 moves with respect to the silicon atoms
that O1 bridges, Si2 and Si3. A “symmetric” relaxation
yields the structure illustrated in Fig. 2�a�. The main effects
of the ionization process are the excitation of one of the lone
pair of electrons on Si1 to the conduction band, and a reduc-
tion of the distance between Si1 and O1 �by 0.82 Å� owing
to the residual positive charge localized mainly on Si1. Si1,
which becomes threefold-coordinated, retains the unpaired
electron in an sp3-like dangling bond, as indicated by the
average of the O-Si1-O angles, 109.6°. However, the calcu-
lated value for the isotropic hyperfine interaction A between
the unpaired electron and the 29Si nucleus of Si1 precludes
wSi1• for being part of the E�� center in a-SiO2. Using the
Van de Walle and Blöchl prescription for calculating the hy-
perfine interaction,19 we obtained a value for A of 64.0 mT,
which is significantly higher than the value extracted from
experiment, A�42 mT.

The divalent defect can also experience an “asymmetric”
relaxation upon ionization. In Fig. 2�b�, we present a model
configuration for ODC�II�+ which is obtained by simulta-
neously breaking and forming an SiuO bond in the divalent
model represented in Fig. 1 �Si2-O1 and Si1-O1 bonds, re-
spectively�. Besides the absence of a bond between Si2 and
O1, this model configuration for ODC�II�+ differs from that
represented in Fig. 2�a� by the formation of a stronger
Si1-O1 bond �the bond is shortened by 0.29 Å�. The hyper-
fine constant calculated at Si1 in the cluster model repre-
sented in Fig. 2�b� is 50.0 mT, which is in better agreement
with the experimental value characteristic of the E�� center.
However, we find this E�-center model to be highly unstable
owing to the significant accumulation of positive charge in
Si2. Slight perturbations on the local structure around Si2
drive relaxations into two different local minima configura-
tions. One is the model cluster represented in Fig. 2�a�, the
relaxation driven by the Coulomb attraction between Si2 and
O1. The other one is the local minimum structure represented
in Fig. 2�c�, Si2 attracting in this case Si1, the latter atom
relaxing through the plane formed by the three oxygen atoms
to which it is bonded. Local minima represented in Figs. 2�a�
and 2�c� are degenerate �total energies differ only by
0.004 eV/at�.

In the structure model represented in Fig. 2�c�, the
threefold-coordinated Si1 and Si2 atoms are 2.50 Å apart
from each other forming a dimerlike configuration, with the
unpaired electron being extended among them. This struc-
tural and electronic configuration resembles ODC�I�+, i.e.,
what is believed to be a precursor of the E�� center in
a-SiO2. ODC�I�+ is also considered as a model for a second
paramagnetic active center in a-SiO2, the E�� center, which is
responsible for the hyperfine spectrum at 10 mT.7,10,20 Cal-
culation of the hyperfine constant at Si1 and Si2 gives an
average value for this magnitude that agrees well with ex-

FIG. 1. The Si8O24H18 cluster modeling the divalent defect in
amorphous silica after full geometrical optimization. Hydrogen at-
oms �not shown� were used to saturate the dangling bonds of the
outer oxygen atoms. The electron-density surfaces correspond to the
lone pair of electrons of the divalency mainly localized on the di-
coordinated silicon atom, Si1.
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periment, 11.4 mT, but this value differs notably from one
silicon site to the other �4.7 and 18.1 mT, respectively�. The
origin of this “asymmetry” is in the Coulomb attraction ex-
erted by Si2 in the transformation from the cluster model
represented in Fig. 2�b� to that of Fig. 2�c�, in which Si2
takes much of the unpaired electron. Also, this transforma-
tion results in a different accumulation of positive charge at
both sites, being more important at Si2, as indicated by the
average value of the Si1-O and Si2-O bonds, 1.59 and
1.57 Å, respectively.

From the distorted dimerlike configuration represented in
Fig. 2�c�, we constructed a model structure for ODC�I�+ by
inverting the Si4O12H9 cluster surrounding Si2 with respect
to a point belonging to the line defined by Si2 and the bary-
center of the triangle formed by its three O neighbors �Fig.
2�d��. We find this constrained dimerlike structure to be en-
ergetically competitive with respect to the distorted one of
Fig. 2�c�, and also to be a good model for the E�� center, as
indicated by the value obtained for the hyperfine constant at
both silicon sites, 12.0 mT. Thus, a transition from the dis-
torted dimerlike structure to the undistorted one would be
feasible in principle, although likely nontrivial since it would
involve rearrangements of first- and second-neighbor SiO4
units surrounding the defect. We have performed molecular-

dynamics simulations by coupling the distorted dimer con-
figuration of Fig. 2�c� to a heat bath at 300 K via the Lange-
vin equation of motion,21 which confirmed our assumption.

As we mentioned previously, the transformation from the
ODC�I�+ defect into a stable E�� center is believed to occur
via the formation of a puckered configuration, i.e., by the
formation of a new bond between one of the adjoining sili-
con atoms and an oxygen atom located behind the plane
determined by its three oxygen neighbors.1 In order to check
the viability of this transformation within the distorted di-
merlike model represented in Fig. 2�c�, we added a water
molecule to the cluster that would activate the process on
each of the silicon sites. The molecule was located in such a
way that its oxygen atom �O2� was placed in the direction
determined by the silicon atom �Si1 or Si2� and the bary-
center of the triangle formed by the three oxygen atoms to
which it is bonded, 2.5 Å separated from the silicon atom.
Each cluster was then relaxed by moving their constituent
atoms �but the hydrogens of the water molecule were kept at
their initial positions� in the direction of the forces acting on
them. Owing to the “asymmetry” of the dimerlike cluster,
and in particular to the different amount of positive charge
accumulated at Si1 and Si2, the results obtained from both
structural optimizations were different. When the water mol-

FIG. 2. �Si8O24H18�+ clusters, after optimization, describing the “symmetric” and “asymmetric” relaxations paths followed by the
divalent defect model represented in Fig. 1 upon ionization �see the text�. The electron-density surfaces correspond to the spin densities of
the clusters, that is, to the difference between the charge densities of the spin-up and the spin-down electrons. �a� Final structure obtained
from the “symmetric” relaxation. The structure reflects the Coulomb interaction between Si1 and O1 in Fig. 1 when the cluster is ionized.
�b� Intermediate created structure during the “asymmetric” relaxation. The structure is obtained by forming a bond between Si1 and O1 in
Fig. 1, while simultaneously breaking the Si2-O1 bond. The separation between Si2 and O1 in this structure was fixed to 2.50 Å. �c� Final
structure obtained from the “asymmetric” relaxation. The formation mechanism of the structure is the electrostatic interaction between Si1
and Si2 in �b�. �d� Model structure for the E�� center in amorphous silica. The structure was constructed from the model cluster in �c�
replacing the �Si4O12H9� unit surrounding Si1 by one obtained inverting the �Si4O12H9� unit surrounding Si2. Note the different distribution
of the unpaired electron among the adjoining silicon atoms in the model clusters of �c� and �d�. The electron does not distribute equally with
respect to the silicon atoms in the former while it does in the latter.
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ecule is placed on the Si1 side, only one local minimum is
obtained. This minimum corresponds to the formation of an
E�� center �Fig. 3�a��. During the minimization, Si1 puckers
through the plane formed by the three oxygen atoms to
which it is initially joined following the electrostatic interac-
tion with O2. The unpaired electron resides in an sp3-like
dangling bond of Si2. Calculation of the hyperfine constant
at Si2 gives a value of 44.5 mT, in very good agreement with
the value characteristic for the E�� center, �42 mT. In con-
trast, when O2 is placed behind the Si2O3 unit in Fig. 2�c�, a
dimerlike local minimum configuration that does not involve
puckering is obtained �Fig. 3�b��. We find the total energy of
the latter configuration to be 0.022 eV/at higher than that of
the E�� center model of Fig. 3�a�, which indicates that puck-
ering is favored within our distorted dimerlike model.

Thus, the reaction path we propose between the divalent
defect model and the paramagnetic E�� center entails three
steps that can be represented as �Fig. 1�+→Fig. 2�b�
→Fig. 2�c�→Fig. 3�a�. The first two steps only involve the
interaction between nearest neighbors atoms expected to sur-
round the divalent defect �Si2 and O1, as part of the same
tetrahedra SiO4 unit�, and the atoms that constitute the diva-
lent defect itself �Si1�. The last step is accomplished by the
formation of a puckered configuration, similarly to the fun-
damental ODC�I�+→E�� interconversion. As mentioned in
the Introduction, Donadio, Bernasconi, and Boero have re-
cently proposed a reaction path between the dicoordinated
silicon and the E�� center.4 Their proposed path can be de-
fined via the stabilization of the transient structure plotted in
Fig. 2�b� by formation of an Si-O bond between Si2 and an
additional oxygen atom from the amorphous network. Such
stabilization will not disturb the structural and electronic
properties of the cluster in the surroundings of Si1, thus ex-
plaining the characterization features of the E�� center. The
reaction path they proposed was determined to be nearly bar-
rierles by performing ab initio simulations on a periodic
model of a-SiO2.

In order to estimate the energy cost of the ODC�II�
→E�� center interconversion proposed in this work, we have
repeated the first two steps of the interconversion while

keeping fixed the hydrogen atoms at the boundary. This al-
lows us to obtain an upper limit value for the energy barrier,
since the relaxation energy of the amorphous network sur-
rounding the transforming process is clearly underestimated.
We first brought the divalent defect model of Fig. 1 into the
transient structure of Fig. 2�b� through a series of intermedi-
ate configurations in which all the degrees of freedom, save
the positions of the atoms labeled as Si1, Si2, Si3, and O1
�besides the hydrogen atoms�, were allowed to relax. �The
Si1, Si2, Si3, and O1 atoms determine the reaction path be-
tween the two structures.� The energy penalty of this process
was calculated to be as low as 0.4 eV. The transient structure
was then brought to the distorted E�� center �Fig. 2�c�� by
simply controlling the distance between Si1 and Si2. This
latter process was found to have no energy cost. Thus, the
activation barrier of the interconversion we propose in this
work takes some value between zero and 0.4 eV.

In summary, we have identified a reaction path for the
formation of E�� centers from divalent defects in irradiated
a-SiO2. The importance of our finding not only resides in the
identification of a new creation mechanism for the funda-
mental E�� paramagnetic center in a-SiO2, it also reinforces
the divalent defect as an atomic model for ODC�II� capable
of explaining both the properties characteristic of this center
and the experimentally observed microscopic processes to
which it is related.
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FIG. 3. �Si8O25H20�+ clusters, after optimization, obtained from the model cluster of Fig. 2�c� by adding a water molecule �with oxygen
atom labeled O2� to the cluster. The water molecule was placed behind the Si1O3 and Si2O3 units in �a� and �b�, respectively. The hydrogen
atoms used for saturating the outermost oxygen atoms are not shown. The electron-density surfaces correspond to the spin densities of the
clusters. In �a�, a model cluster for the E�� center in amorphous silica is obtained via formation of a puckered configuration. �b� corresponds
to a distorted dimerlike structure similar to that represented in Fig. 2�c�. The hydrogen atoms of the water molecule were kept at their initial
positions during the optimization.
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