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First-principles modeling of paramagnetic Si dangling-bond defects in amorphous SiO2
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We modeled paramagnetic Si dangling-bond defects in amorphous SiO2 using a generalized-gradient
density-functional approach. By creating single oxygen vacancies in a periodic model of amorphous SiO2, we
first generated several model structures in which the core of the defect consists of a threefold coordinated Si
atom carrying a dangling bond. These model structures were then fully relaxed and the hyperfine parameters
calculated. We found that the hyperfine parameters of such model defects, in both the neutral and positive
charge states, reproduced those characteristic of theE8, in accord with experimental observations for amor-
phous SiO2. By eliminating a second O atom in the nearest-neighbor shell of these defect centers, we then
generated model defects in which the Si atom carrying the dangling bond forms bonds with two O atoms and
one Si atom. In this defect, the spin density is found to delocalize over the Si-Si dimer bond, giving rise to two
important hyperfine interactions. These properties match the characteristics of the hyperfine spectrum measured
for the S center. Our results are complemented by the calculation of hyperfine interactions for small cluster
models which serve the threefold purpose of comparing different electronic-structure schemes for the calcula-
tion of hyperfine interactions, estimating the size of core-polarization effects, and determining the reliability of
cluster approximations used in the literature.
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I. INTRODUCTION

E8-type paramagnetic defects have attracted a great
of attention because of their responsibility in affecting t
quality of Si-based electronic devices with SiO2 as gate
material.1,2 The basic kernel ofE8-type centers consists of
•Si[O3 unit, in which the• symbol represents an unpaire
electron. Among these defects, the variant occurring in am
phous SiO2 is most commonly referred to asEg8 and is gen-
erally associated to a deep hole trap.1,3

For theE18 center, the analog of this center ina quartz,
Feigl, Fowler, and Yip4 proposed a successful model whic
is nowadays generally accepted. This model consists
positively charged and asymmetrically relaxed oxygen
cancy. The unpaired electron is localized on one of the
atoms facing the vacancy (•Si[O3), while the other Si atom
undergoes a significant relaxation and binds to a distan
atom, giving rise to a puckered structure with a positive
charged threefold coordinated O center (O1[Si3).5

On the basis of the similar electron-spin-resonance~ESR!
properties, an analogous defect structure was proposed
the E8 centers in the amorphous state.6,7 However, several
experimental measurements indicate that there is no d
correlation between positive charge andE8-type paramag-
netic defects in amorphous SiO2.3,8–14 In particular, neutral
Eg8-like defect sites have been found in SiO2 films prepared
by plasma-enhanced chemical vapor deposition followed
electron transport across the deposited film,9 and in thermal
SiO2 thin films exposed to vacuum-ultraviolet and/or ultr
violet light.3,10 In other cases, the neutralE8-type defects
have been linked to an analog of theEb8 center,8,11 identified
0163-1829/2002/66~24!/245201~11!/$20.00 66 2452
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by Griscom in bulk fused silica.15,16 More recently, other
models for theEg8 center have been explored,17,18 but have
not yet found additional confirmation.

In oxygen-deficient vitreous SiOx (0,x,2) a series of
E8-type variants have been postulated,2,19,20which consist of
Si dangling-bond centers with core fragments defined
•Si[SiO2, •Si[Si2O, and•Si[Si3. Among these units, the
•Si[Si3 structure corresponds to the composition of t
Pb-type defects at Si-SiO2 interfaces~see Ref. 21, and refer
ences cited therein!. The intermediate constitutions,•Si
[SiO2 and•Si[Si2O, were first assumed in SiOx with oxy-
gen substoichiometry by Holzenka¨mpfer et al., who ob-
served a characteristic dependence of the effectiveg value on
the oxygen content.19 Griscom found a paramagnetic defec
which he called theS center, in phosporus-doped silic
glass,20 and assigned this center to the twoE8-type variants
of intermediate composition on the basis of similar Zeem
lines. Unfortunately neither of these assignments could
considered conclusive since no hyperfine org anisotropy
measurements were performed on this defect. TheS center
was later also investigated by Stesmanset al.both in thermal
SiO2 after postoxidation vacuum annealing and in fus
silica exposed to gaseous SiO molecules.22–24 The defect is
characterized by an isotropic ESR signal and a blurred
perfine doublet with a splitting of 279612 G.24 Moreover, at
the borderline of experimental accuracy, another mu
weaker hyperfine doublet could be detected with a splitt
of 16265 G.24 Hosono and Weeks also identified a
oxygen-deficient paramagnetic center in Cr-doped vitre
silica,25 which they called theX center. They assigned thi
defect to anE8-type structure of•Si[SiO2 composition,
©2002 The American Physical Society01-1
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and suggested thatX andS centers were identical. Recentl
the hyperfine interaction of theX center was measured in S
implanted amorphous SiO2.26 A hyperfine doublet with a
splitting of 230 G was assigned to•Si[SinO32n units withn
equal to 1 or 2. This observation provides additional supp
for the assignment of theX center to an intermediateE8-type
variant, since the measured hyperfine interaction falls
tween those of theEg8 ~419 G! ~Ref. 6 and 27! and of the
Pb-type centers~100–127 G!.21 On the other hand the dis
crepancy between the hyperfine splittings of theS and X
centers questions the hypothesis of their structural identi24

Note that the•Si[Si2O structure was also proposed as
possible kernel for thePb1 defect at the Si(100)-SiO2
interface.21,28,29Very recently, however, the atomic structu
of the Pb1 center has been convincingly interpreted in ter
of a •Si[Si3 central core, similarly to the otherPb-type
centers.30

From the theoretical side, theS andX centers have bee
given only modest attention, wheareas theE8 center both in
a quartz and in amorphous SiO2 has been the subject o
numerous semiempirical5,31–33 and ab initio
calculations.17,18,34–47Among the ab initio studies, only a
few addressed ESR parameters17,18,35,39,40,45,46and even less
aimed at modeling the amorphous environment.17,18,35,39–41

Karna and Kurtz40,42performed Hartree-Fock calculations o
very small model clusters to predict hyperfine data for theE8
center and its oxygen-deficient variants. Pacchioni and
tiello addressed theE8 center using similar clusters and
hybrid gradient-corrected density-functional methodology39

Using cluster calculations, Uchinoet al. showed that their
alternative model for theE8 center also reproduced the e
perimental hyperfine splittings.17,18 Boero et al. studied a
model for theEg8 center within a density-functional approac
starting from a periodically repeated model structure of v
reous SiO2 generated by first-principles molecula
dynamics.35

The theoretical treatment of defects in disordered syst
is not only hindered by the inherent statistical nature of
problem, but is also limited, more practically, by the necc
sity of using a large number of atoms to account for str
tural relaxations. Inab initio investigations, two approache
are generally in use for investigating defect centers in am
phous environments. The first approach makes use of l
cluster models,17,18,36–42while the second one relies on d
fective crystalline models.34,45,46 However, neither of these
approaches appropriately reproduces the amorphous env
ment. Only recently has it become possible to model defe
in a realistic amorphous environment through the use
large periodically repeated supercells in which the disorde
reproduced within the unit cell.35,44

A major obstacle in the interpretation of experimen
ESR lines is associated with the use of different electron
structure methods in the literature. While density-functio
theory ~DFT! is becoming the preferred framework fo
studying systems with a large number of atoms, a variety
different implementations are currently in use. Cluster m
els are generally dealt with by quantum chemical meth
based on localized basis sets, while basis sets of plane w
are usually preferred in periodic calculations. While the
24520
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methods yield in most cases essentially equivalent results
energies and structural parameters, their capability in pro
ing reliable hyperfine parameters is less well established

In the present study, we address paramagnetic
dangling-bond defects in amorphous SiO2, using a density-
functional approach. Our aim is to calculate hyperfine p
rameters on realistic model structures of oxygen mono-
divacancy centers, in order to assign experimentally
served ESR lines. We adopt as a starting point the sa
periodically repeated model structure of vitreous SiO2 ~Ref.
48!, as used by Boeroet al.35 We first modelEg8 defect cen-
ters by defects with•Si[O3 core units to assess the accura
of our approach. In particular, we focus on the charge stat
theEg8 center in amorphous SiO2. We find that, insofar as the
structural unit•Si[O3 is preserved as the core of the defe
center, the hyperfine parameters are practically unaffecte
the charge state of the center, in accord with experime
observations.15 Our calculated hyperfine interactions for d
fect centers containing the•Si[SiO2 core unit are in good
agreement with those measured for theScenter. In particular,
our calculations reveal an interesting spin-delocalization
fect across the Si-Si bond. This spin redistribution yields t
different and well-separated hyperfine signals, which m
constitute a distinctive feature for the experimental char
terization of this defect. Indeed, very recent measureme
show some evidence in favor of two hyperfine signals as
ciated to theScenter.24 Finally, we complement our study b
calculating hyperfine interactions for small cluster mod
using various electronic-structure methods. The purpose
these model calculations is threefold. First, we compare
perfine interactions calculated within the Hartree-Fock
proximation and a density-functional generalized-gradi
approximation. Second, using all-electron methods and c
paring with pseudopotential methods, we could estimate
contribution to the hyperfine interaction resulting from co
polarization. Third, we identified a series of issues wh
should be carefully considered when adopting small clus
approximations.

This paper is organized as follows. Section II gives co
putational details of the methods used in this work. Secti
III and IV are devoted to the study of Si dangling-bond d
fects with•Si[O3 and•Si[SiO2 core units, respectively. In
Sec. V, the results for small cluster models are discussed.
conclusions are given in Sec. VI.

II. COMPUTATIONAL DETAILS

The electronic structure in our work was treated within
density-functional approach,49 in which the Perdew-Wang
1991 ~PW91! generalized-gradient approximation~GGA!
was used for the exchange-correlation energy.50 Electronic
and structural relaxations were achieved by perform
damped Car-Parrinello molecular dynamics.51 The electronic
wave functions were expanded on a basis of plane wa
The interaction between the valence electrons and the i
cores was described with ultrasoft pseudopotentials52 ~PPs!
for both Si and O atoms. The use of an ultrasoft PP for S
motivated by the necessity of calculating accurate ESR
rameters. We found that the reconstruction of the all-elect
1-2
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density at the nucleus site was more accurate with an u
soft than with a norm-conserving PP for Si.30 We used en-
ergy cutoffs of 25 and 150 Ry for the valence wave functio
and the augmented charge density, respectively. Test cal
tions showed that these energy cutoffs yield good conv
gence in the calculated properties. TheG point was used for
sampling the Brillouin zone. An extensive description of t
applied methodology is given in Ref. 53.

In this work, we used as a starting point a model struct
previously obtained by first-principles molecular dynamics48

This model contains 24 SiO2 units at the experimental den
sity in a periodically repeated cubic cell, and consists o
chemically ordered network of corner-sharing tetrahedra.
a more detailed analysis of the structural properties of
model, we refer to Ref. 48 for parameters such as b
lengths and angles, and to Ref. 54 for a description in te
of ring statistics. This model has also successfully been u
for a series of studies involving the vibrational properties
vitreous silica.54,55

The model structure was originally obtained in the loc
density approximation~LDA ! for the exchange-correlatio
energy.48 The use of a GGA functional led to a slight increa
in the Si-O bond length which was accommodated by sm
rotations of the SiO4 tetrahedra. To preserve the origin
bond angles, we therefore scaled the volume of the supe
consistently with the Si-O bond length. This yielded a mo
structure with a density of 2.14 g/cm3, still very close to the
experimental density of amorphous SiO2 (2.20 g/cm3).

The defect models were obtained by creating oxygen
cancies in this undefected structure and by allowing for
relaxation of the atomic structure. When a vacancy mo
was positively charged, a uniform negative background
stored the charge neutrality in the supercell. The cluster
culations, which were performed with the same PP meth
made use of a cubic simulation cell of sideL511 Å, suffi-
ciently large to neglect interactions between periodic imag
The structure of the clusters was always fully relaxed.

The 29Si hyperfine splitting in the ESR spectrum is d
scribed by the hyperfine Hamiltonian,H5S•A•I , where the
hyperfine tensorA accounts for the coupling between th
electronic (S51/2) and nuclear (I 51/2) spins. The compo
nents of A can be written asAi j 5ad i j 1bi j , where the
dominant term, the contact interaction, is expressed as

a5
8p

3
gemegSimSirs~R!. ~1!

Here rs(R)5r↑(R)2r↓(R) is the electron-spin density a
the nucleus siteR, ge is the free-electrong factor,me is the
Bohr magneton,gSi is the nuclear gyromagnetic ratio for S
and mSi is the corresponding nuclear magneton. Note th
althoughmSi assumes negative values, we here give the
perfine interactions as positive values, since only the ab
lute values are experimentally accessible. Negative theo
cal values indicate excess minority-spin density. T
parametersbi j result from the dipolar-dipolar interactio
term. Due to the isotropic nature of the amorphous sys
under consideration, the contribution of the directio
24520
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dependentbi j terms vanishes. Therefore, we here only f
cused on the isotropic contact terma.

The calculation ofa requires the accurate value of th
spin density at the nucleus site, which is, however, not
rectly provided in our PP calculations. Several procedu
have been proposed and successfully applied for recove
all-electron wave functions and densities from their
counterparts.30,35,45,56,57Here we apply a scheme which w
previously derived for the ultrasoft PP method and which h
successfully been used in the context ofPb-type centers at
Si-SiO2 interfaces.30 Within the ultrasoft PP method,52 the
spin-up and spin-down densities can be written as

rs~r !5(
i

F uf i
s~r !u21 (

nm,I
Qnm

I ~r !^f i
subn

I &^bm
I uf i

s&G ,
~2!

where s labels the spin state, thef i
s are the one-electron

spin-dependent pseudowave functions, and thebn
I and

Qnm
I (r ) are projector and augmentation functions, resp

tively. In Eq. ~2!, the first term in the brackets describes t
softpart of the electron density while the second term cor
sponds to thehard contribution which is strictly localized in
the core region.53 In the actual PP calculations, pseudiz
Qnm

I (r ) augmentation functions are used.53 When the elec-
tron density around a given nucleus is reconstructed,
pseudizedQnm

I (r ) are replaced with their original counte
parts. In this way, we recover the detailedvalenceelectron
density in the core region, and, in particular, at the site of
nucleus. We note that, since core states are only treated
plicitly, core-polarization effects cannot be accounted for
our formulation. An estimate for this neglected effect
found in Sec. V. Furthermore, our formulation also negle
relativistic effects, which are, however, expected to be sm
for silicon.58

In our study of small cluster models, we also used t
all-electron electronic-structure methods,DMOL ~Ref. 59!
andGAUSSIAN 98 ~G98!,60 available as commercial softwar
packages. In the G98 calculations, we used the same P
exchange-correlation functional as in the PP calculation50

The DMOL code is not provided with the PW91 exchang
correlation functional. We therefore used another exchan
correlation functional which differs from the PW91 func
tional by the use of an exchange functional due to Beck61

Test calculations with the G98 code showed that these
functionals yield negligible differences as far as the hyp
fine parameters are concerned. In the following, we there
consider that the hyperfine results obtained with our
method and the two all-electron methods all result from
samedensity-functional scheme. Differences between the
sults should be attributed to the implicit treatment of co
states in the PP method or to the incompleteness of the b
sets in the all-electron methods. To minimize the latter effe
we chose relatively large basis sets in the all-electron ca
lations: 6–3111G* in G98 and double numerical plus pola
ization functions inDMOL.62
1-3
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FIG. 1. Relaxed structures of the three mod
defects featuring a•Si[O3 core unit. Si atoms
are in white, O atoms in gray, and threefold c
ordinated oxygen atoms~A and B! and the extra
H atom ~C! in black. The Si atoms facing the
vacancy are dashed.
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III. THE "SiÆO3 DEFECT CENTER

First, we addressed theEg8 defect, of which the assign
ment to a Si dangling bond is generally accepted, in orde
assess the accuracy of our methodology. We modeled thEg8
defect by creating charged oxygen vacancies in our mo
structure of vitreous silica. We considered two possible lo
tions for the defect, which gave rise to model A and B up
structural relaxation~Fig. 1!. In particular, model B corre-
sponds to the defect structure studied in Ref. 35, which
reconsidered because of the different technical ingredien
the present work. The location of this defect was selec
according to the criterion that a suitably located oxygen at
be present for the stabilization of the puckered configura
through the formation of a dative bond.35 The location of the
defect in model A was identified according to the same
terion. Complete structural relaxations yielded appro
mately tetrahedral configurations around the paramagnet
atom in both cases, the O-Si-O bond angles showing sm
variations around the average value of 108.1° for mode
and of 109.1° for model B. The distances between the pu
ered Si atom and the threefold coordinated oxygen atom
1.99 and 1.89 Å, respectively, indicating weak covalent bo
formation in both cases.

For the relaxed model structures, we obtained isotro
hyperfine interactions of 517 and 485 G~Table I!. The Si
atoms which underwent the puckering distortion were fou
to carry no spin density, as expected for atoms with satura
valence shells. The calculated hyperfine interactions ove
timate the measured value~419 G! ~Ref. 6! by 23%~A! and
16% ~B!. The use of the PW91 functional only slightly im
proves the agreement~22%! obtained previously for model B

TABLE I. Hyperfine interactionaHF for model structures with a
•Si[O3 core unit~Fig. 1!.The charge state is given in parenthes
The SHF contact values averaged over the first-neighbor Si at

(āSHF) and the distancedSi-Si between the Si atoms adjacent to t
vacancy are also given~in Å). The calculated hyperfine values a
compared with experimental data for theEg8 defect~Refs. 6 and 63!.
Hyperfine parameters are in Gauss.

Model A~1! Model B~1! Model C~0! Experiment

aHF 517 485 495 419a

āSHF
9 14 11 13a,b

dSi-Si 4.62 4.35 3.74

aReference 6.
bReference 63.
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within the LDA and with a different reconstruction procedu
for the electron density.35 In view of the results in Sec. V
core-polarization effects are negligible~about 1%! for a de-
fect with a •Si[O3 core unit. The residual error should b
attributed to a deficiency of our theoretical scheme for
description of the electronic structure, which could res
from an improper description of the exchange and corre
tion energy or from the neglect of relativistic effects.45,58

We also calculated superhyperfine~SHF! interactions as-
sociated to first-neighbor Si atoms. The averages of th
SHF interactions in model A~9 G! and B~14 G! are in good
quantitative agreement with the experimental feature at 1
~see Table I!.6 This lends strong support to the interpretati
of this feature in terms of a29Si SHF interaction63 rather
than in terms of an effect due to protons.6 This assignment is
further supported by analogy with theE18 center where fea-
tures at about 8 G~Ref. 64! have been convincingly assigne
to SHF interactions.35 We note that the agreement betwe
theoretical and experimental SHF interactions appears
ticeably improved by the use of a PW91 functional wi
respect to the LDA one.35 A similar improved GGA descrip-
tion of SHF interactions was also achieved for theE18
center.45 Overall, the present results indicate that our me
odology properly gives the electron-spin density of
dangling-bond defects, not only at the site of the miscoor
nated Si atom but also at further distances, correspondin
first Si neighbors.

We then investigated whether theEg8 line could also result
from an oxygen vacancy in theneutralcharge state. We cre
ated a neutral oxygen vacancy by coordinating the pucke
silicon atom with an extra hydrogen atom instead of with
network oxygen atom~model C, Fig. 1!. In this case, a satu
rated bonding configuration of the puckered Si atom is
tained, while the dangling bond on the defect Si atom
mains singly occupied and in a paramagnetic state. U
relaxation, we again obtained a tetrahedral configuration
the defect Si atom with an average O-Si-O bond angle
107.0°. The other Si atom which faced the vacancy form
normal covalent bond of 1.49 Å with the extra hydrog
atom. The distance between the two Si atoms facing the
cancy is in this case somewhat shorter than for the char
model structures, because the Si atom undergoing the di
tion is already saturated by the hydrogen atom and does
need to form a bond with a network oxygen atom. For t
configuration, we calculated a hyperfine splitting of 495
which falls in between the values for models A and B a
compares well with experiment~Table I!. The average of the

.
s
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FIG. 2. Relaxed structures of the three mod
defects featuring a•Si[SiO2 core unit. Si atoms
are in white, O atoms in gray, and threefold c
ordinated oxygen atoms in black. The Si atom
facing the vacancy are dashed.
th

th
id
th
ic
r

re
e

m
o

o

en
ide

c
iv
r-
ed

g
o

io
fe
lle

s
gh-
xy-

ons

the
in

d
Si
nd

us
ver-

age
ra-
e

uc-
the

g
een
Si

del
c-

res-
, in
hat
ters

pic
its

r

per-
rest
g.

ers

as-
c-

e

.

SHF interactions shows a similar good agreement with
other models and with experiment.

The agreement between the hyperfine interactions of
charged and neutral models can be understood by cons
ing the significant distance between the Si atoms facing
vacancy. In the positively charged models, the Si atom wh
carries the dangling bond and gives the paramagnetic
sponse is located at distances of about 6 Å from the th
fold coordinated oxygen atom, where the charge is localiz
At these distances, the spin density on the defect Si ato
evidently only marginally affected by the nearby presence
positive charge, yielding hyperfine parameters close to th
of the neutral model.

The hyperfine interactions in our models are consist
with experimental observations on bulk silica and thin ox
films on silicon. For bulka-SiO2, Griscom showed that the
Eb8 andEg8 defects, which differ by theirg matrices, exhibit
identical hyperfine spectra.15,16 The Eb8 is supposed to be a
neutralE8 variant featuring an isolated•Si[O3 unit facing a
small void in the amorphous SiO2 structure.1,15,16,65 ESR
measurements on thin SiO2 films also indicate that the basi
•Si[O3 kernel gives the same hyperfine signal irrespect
of its charge state.3,9,10It follows that the paramagnetic cha
acteristics of theEg8 defect are not necessarily associat
with the prior trapping of a hole.

IV. THE "SiÆSiO2 DEFECT CENTER

We could modelE8-like oxygen divacancies by removin
an additional oxygen atom from the first-neighbor shell
the defect Si atom in the models forEg8 . In order to avoid
undesirable rigidity around the defect site upon the format
of a covalent Si-Si backbond, we considered that the de
Si atom should not belong to five-membered rings or sma

TABLE II. Hyperfine interaction of the Si atom carrying th
dangling bond (aHF), and of its nearest-neighbor Si atom, (aHF

N ),
for the model structures with a•Si[SiO2 core unit~Fig. 2!. Aver-
age values are compared with experimental values for theS ~Ref.
24! and theX ~Ref. 26! centers. The Si-SiN distances are also given
Hyperfine parameters are given in Gauss and distances in Å.

Model A Model B Model C Average S X

aHF 344 303 298 315 279 230
aHF

N 158 206 241 202 162
dSi-SiN 2.46 2.67 2.79
24520
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With this criterion in view, we selected model B in Fig. 1 a
the starting structure. By removing each of the three nei
bor oxygen atoms separately, we created three different o
gen divacancy models. Figure 2 shows the configurati
obtained upon full structural relaxation.

For the three model structures obtained in this way,
Si-Si distance between the defect Si atom and the Si atom
its first-neighbor shell, denoted SiN, ranges between 2.4 an
2.8 Å ~Table II!. These values compare well with the Si-
distance of about 2.5 Å calculated for a neutral dimer bo
embedded in a SiO2 network.66 The large variation~around
0.3 Å) in the Si-SiN bond lengths reflects the amorpho
nature of the system. For each of the three models, the a
age bond angle around the SiN atom lies within less than 1°
from the tetrahedral angle of 109.5°. However, the aver
deviations (6.5° –12.8°) show that the bonding configu
tions around the SiN atoms are considerably distorted by th
Si-Si bond formation.

The second vacancy only has a slight effect on the str
tural parameters at the puckered side, as expected from
large distance (.4 Å) between the two silicon atoms facin
the first oxygen vacancy. For instance, the distance betw
the threefold coordinated oxygen atom and the relaxed
atom ranges between 1.84 and 1.86 Å for the three mo
structures, not distant from the original 1.89 Å. The stru
tural models are all positively charged because of the p
ence of the threefold coordinated oxygen atom. However
view of the results in the previous section, we consider t
the influence of the charge state on the hyperfine parame
is negligible.

For each of the model structures, we calculated isotro
hyperfine interactions both for the defect Si atom and for
first-neighbor SiN ~Table II!. The hyperfine interactions fo
the defect Si atoms are now lower than in theEg8 models,
ranging between 298 and 344 G. The decrease of the hy
fine interaction could be anticipated, since oxygen nea
neighbors are known to enhance the hyperfine splittin30

More unexpectedly, the spin density carried by the SiN atoms
is very significant, yielding hyperfine interactions (aHF

N ) be-
tween 158 and 241 G. The hyperfine interactionsaHF and
aHF

N correlate with the Si-SiN distance: whileaHF decreases
with the Si-SiN distance,aHF

N increases~Table II!. These cor-
relations are confirmed by the study of small model clust
~see below!. We note that the absolute variation ofaHF

N with
Si-SiN distance is almost twice as large as foraHF. These
results therefore predict that the Si dangling-bond defect
sociated to a•Si[SiO2 unit should present a hyperfine spe
1-5
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trum consisting oftwo doublets, the doublet with the smalle
splitting being broader because of its higher sensitivity to
distribution of Si-SiN distances in amorphous SiO2.

To compare with available experimental data, we av
aged the calculated hyperfine interactions for the three m
structures, in order to reduce the statistical indeterminat
We obtained averageaHF andaHF

N of 315 and 202 G, respec
tively ~Table II!. Given the observed dependencies on
Si-SiN distance, our sampling appears quite insufficient
an accurate statistical estimate, particularly foraHF

N . Never-
theless, useful indications can be obtained when these va
are compared to experimental data. The present data ap
consistent with the experimental characterization of theS
center by Stesmanset al.24 In particular, even some evidenc
for a hyperfine spectrum consisting of two doublets co
recently be detected.24 The dominant hyperfine interaction i
our models~315 G! overestimates by 13% the experimen
value~279 G!,24 consistent with the systematic tendency o
served for our methodology.30 The average of theaHF

N values
overestimates the experimental value by 26%. This overe
mation is somewhat larger than expected, but could re
from nonrepresentative Si-SiN distances in our model struc
tures. In fact, the limited size of our model structures and
use of periodic boundary conditions might lead to strain
Si-SiN distances, which would enhance theaHF

N interactions.
The apparent smaller intensity of the inner doublet24 also
appears consistent with the stronger sensitivity of this line
variations in the Si-SiN distances. In the case of theX center,
only a single hyperfine doublet has been reported.26 The av-
erageaHF of our models overestimates the observed splitt
by as much as 37%. The absence of a second hyperfine
blet and the excessive overestimation of the hyperfine in
action suggest that the latter center results from a diffe
atomic structure~cf. discussion in Ref. 24!.

It is of interest to investigate the origin of the spin del

FIG. 3. Schematic orbital diagram representing the effect of
oxygen atoms on the energy levels associated to a•Si[SiO2 core
unit. w1(1): initial dangling orbital;w2(1,2): Si1-Si2 initial bonding
orbital. Their overlap results in two new orbitals,w3 ~basically the
Si-Si bonding orbital! and w4 ~the delocalized unpaired orbital!.
The numbers in subscripts indicate the origin of the atomic orbi
composing aw i molecular orbital: 1 for the defect Si atom and 2 f
its Si first neighbor.w18 andw28 levels indicate the energy position o
the corresponding orbitals in absence of oxygen atoms in the fi
neighbor shell of the Si defect atom.
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calization in the•Si[SiO2 unit. The spin delocalization also
occurs in small cluster models~Sec. V! and could therefore
be studied with electronic-structure methods based on lo
ized basis sets. Inspecting the electronic orbitals reveals
this effect results from the presence of two first-neighb
oxygen atoms, which strongly affect the Si-SiN interaction.
Due to their large electronegativity, thep character in the
Si-O bonds is enhanced, leaving mores character on the
defective Si atom, as compared to a normalsp3 hybridiza-
tion state.67 Consequently, a slight increase of thep character
in the Si-SiN bond is observed because the defect Si atom
now an enhanced electronegativity. The enhanceds character
in the dangling-bond orbital lowers its energy level, wh
the extrap contribution to the Si-SiN bond lifts the bonding
energy level associated to this bond. This effect gives ris
a significant interaction between the dangling-bond and
bonding Si-SiN orbitals, as displayed in Fig. 3. This intera
tion is responsible for the formation of two molecular orb
als encompassing both Si atoms, the unsaturated defect
and its saturated nearest neighbor. The observed spin d
calization can also be explained in terms
hyperconjugation.68 In organic chemistry, hyperconjugatio
is a stabilizing interaction associated to charge transfer fr
a saturated bond, usually of types, to ap-type orbital.68 In
the present case, the stabilization results from an elect
density flow of minority spin from the Si-SiN s-type bonding
orbital towards a hybrid dangling-bond orbital, yielding e
cess spin density on the saturated SiN atom. Figure 4 displays
the spin density in the plane defined by the Si-SiN bond and
the dangling-bond axis. The figure clearly shows the cons
erable spin density residing on the SiN atom. The dominant
part of the spin density is found on the defective Si atom
a hybrids-p orbital of enhanceds character. Some spin den
sity is also found in the bonding region of the two silico
atoms.

The rationale given above also explains the trends of
hyperfine interactions with the Si-SiN distance. In fact, the
larger the Si-SiN distance, the higher the energy level of th

e

ls

t-

FIG. 4. Spin-density distribution for the Si dangling-bond defe
containing a•Si[SiO2 core unit as obtained from model cluste
calculation.
1-6
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FIRST-PRINCIPLES MODELING OF PARAMAGNETIC . . . PHYSICAL REVIEW B 66, 245201 ~2002!
bonding Si-SiN orbital, and the higher the delocalization
the spin density. We studied this effect more systematic
by taking as a model the•Si(OSiH3)2(SiH3) cluster, which
well reproduces the nearest-neighbor environment of the
dangling bond. Using the same PP method as for the peri
models, we first optimized the geometry. Then, we cons
ered structural configurations obtained by elongating
Si-SiN bond while keeping all the other internal coordinat
fixed. The calculated hyperfine interactions for the defec
atom and for its Si neighbor SiN are given as a function o
the Si-SiN distance in Fig. 5. It is seen that the hyperfi
interactionaHF

N associated to the SiN atom increases drast
cally with the bond length, whereas the main hyperfine
teractionaHF of the defect is only marginally affected.

V. CLUSTER CALCULATIONS

So far, the modeling of theS and X centers has exclu
sively relied on Hartree-Fock calculations for sm
clusters.40,42 In particular, an isotropic hyperfine interactio
of 247 G was found for the•Si[SiO2 unit, an estimate
falling in between the experimental values of 230 and 279
for the X ~Ref. 26! and S ~Ref. 24! defect centers, respec
tively. For comparison, the present density-functional cal
lations, which focused on the same defect unit but wit
periodic model structures, gave 315 G~Table II!, favoring
the assignment to theS center. Since the two theoretical e
timates~247 and 315 G! are significantly different, we de
cided to perform additional cluster calculations.

In addition to our PP method, we used in the cluster
vestigation two different all-electron electronic-structu
methods:DMOL ~Ref. 59! and G98~Ref. 60!. This gave us
the opportunity to address three issues. First, we comp
hyperfine parameters calculated for the same model st
tures using different theoretical schemes, namely,
Hartree-Fock approximation and a GGA to DFT. Second,
could estimate the effect of neglecting core-polarization

FIG. 5. Dependence of the isotropic hyperfine interactions
the Si-SiN bond length for the•Si[SiO2 defect center. The dashe
lines are guides to the eyes.
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fects in our PP scheme by comparing with all-electron~AE!
methods. In particular, such a study allowed us to comp
hyperfine parameters calculated with different electron
structure methods for the same structural models. Third,
comparing the hyperfine parameters of the cluster mod
with those obtained for periodic models, we could ident
some aspects which could easily be overseen in mode
based on cluster calculations. Besides the usual finite-
effects, these also include strain and cage-polarization
fects.

A. Hartree-Fock vs density functional

To highlight the effect of the exchange and correlati
interaction on the hyperfine parameters, we compared
density-functional scheme based on a GGA functional50 with
the Hartree-Fock scheme. For the calculations within b
schemes, we adopted the G98 method, so that all differe
could be attributed to the treatment of the exchange and
relation energy. We constructed a series of clust
•Si(SiH3)32x(OSiH3)x ~with 0<x<3), in which the central
silicon atom carries a dangling bond and the terminatio
model a varying number of oxygen atoms in its firs
neighbor shell. The structures of all clusters were fully
laxed according to the adopted theoretical scheme.69

Table III gives the hyperfine parameters for these clus
as calculated with the Hartree-Fock and GGA-DFT schem
The Hartree-Fock scheme clearly yields much larger hyp
fine values than the GGA-DFT scheme. The difference
tween the two schemes decreases from 63% to 6% as
numbers of the surrounding oxygen atoms increase from
3. For the SHF interactions, the deviations are not as syst
atic but also show a decreasing trend.

We conclude that for Si dangling-bond defects hyperfi
interactions calculated with the Hartree-Fock scheme
generally larger than those obtained with a GGA-DF
scheme and that the size of the differences depends on
specific system under consideration. This conclusion is c
sistent with observations in a previous investigation
E8-type centers,39,70 in which a stronger spin-localization

n

TABLE III. Hyperfine interactions~in Gauss! for model clusters
as calculated within the Hartree-Fock and GGA-DFT schemes
the case of the•Si[Si3 cluster, the negative sign found for the SH
interaction indicates excess minority-spin density: for a discuss
see Ref. 72.

Hartree-Fock GGA-DFT

•Si[Si3 aHF 127 78
aHF

N 213 24

•Si[Si2O aHF 174 129
aHF

N 10 14

•Si[SiO2 aHF 246 207
aHF

N 64 65

•Si[O3 aHF 411 389
1-7
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A. STIRLING AND A. PASQUARELLO PHYSICAL REVIEW B66, 245201 ~2002!
tendency of the Hartree-Fock scheme was observed. Ind
this tendency explains the behavior of the differences a
function of the number of first-neighbor oxygen atoms. T
increase of the hyperfine interaction due to oxygen neighb
dominates the Hartree-Fock spin-localization effect, and
latter plays a smaller role as the number of oxygen ato
increases.

B. Role of core polarization

Although we could properly reconstruct the valen
charge density,30,57 effects associated to the polarization
the core wave functions could not be accounted for in our
method. We here provide an estimate of such co
polarization effects by using AE methods and compar
with the PP method.

All the calculations in this section were carried out with
the PW91 GGA-DFT scheme or an equivalent~see Sec. II!.
We adopted the same kind of clusters as in the previ
section and used three different electronic-structure meth
the same PP method as used for the periodic model struc
and two AE methods~G98 andDMOL!. For each electronic-
structure method, the same kinds of clusters as in the pr
ous section were relaxed and their hyperfine parame
calculated.69 Our results are summarized in Table IV. All th
methods show hyperfine interactionsaHF increasing with the
number of first-neighbor oxygen atoms. However, sign
cantly different values foraHF are obtained with differen
methods, particularly for the cluster with the•Si[Si3 unit.
The SHF interactionaHF

N is found to depend less on the a
plied method.

TheDMOL code offers the possibility of calculating hype
fine parameters in two ways, either in a full AE mode or in
frozen-core approximation. The comparison between th
two calculation modes directly provides an estimate of co
polarization effects, which is not subject to uncertainties
sociated to the use of different methodological framewor
As can be seen in Table IV, the frozen-core calculations

TABLE IV. Hyperfine values~in Gauss! for small cluster models
as calculated with three different electronic-structure methods:
pseudopotential~PP! and two all-electron methods~DMOL and
GAUSSIAN 98!. The detailed description of the size and the comp
sition of the clusters is given in the text.

PP DMOL GAUSSIAN 98
Full Frozen core Full Valence only

•Si[Si3 aHF 118 98 104 78 87
aHF

N 23 25 25 24 24

•Si[Si2O aHF 162 148 152 129 135
aHF

N 16 16 16 14 15

•Si[SiO2 aHF 242 218 223 207 211
aHF

N 77 64 65 65 66

•Si[O3 aHF 424 407 413 389 391
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ways overestimate the full AE results, indicating that co
polarization effects give a negative contribution to the isot
pic hyperfine interactions. The size of this effect is as la
as 6% for three Si neighbors and decreases monotonic
until 1% with an increasing number of first-neighbor oxyg
atoms. In particular, core polarization affects the hyp
fine interactions, bothaHF and aHF

N , for the cluster with a
•Si[SiO2 core unit by only;2%.

The results obtained with the PP and the frozen-c
DMOL methods compare well, showing differences of at m
12%. However, theDMOL frozen-core approximation appea
to systematically underestimate the results obtained with
PP method, the largest difference of 12% being found for
cluster with the•Si[Si3 core unit. In this respect, it is usefu
to mention that, in a previous investigation based onDMOL,
hyperfine parameters for two systems containing this u
i.e., thePb defect and the•SiH3 cluster, were found to un-
derestimate experimental values by about 10%.71

The results obtained with the G98 code give hyperfi
parameters which are substantially smaller than both th
obtained with theDMOL code and with the PP method. Th
effect could conceivably result from the inherent inability
Gaussian-type basis functions to describe cusps of the w
functions at the nucleus site.57 We were not able to perform
frozen-core calculations with the G98 code, but we co
derive the contribution to the isotropic hyperfine interacti
from core and valence orbitals separately~Table IV!. The
core-polarization effect estimated in this way varies fro
11% for the•Si[Si3 unit to 1% for the•Si[O3, consistent
with the DMOL results.

In summary, we found that core polarization affects h
perfine interactions of silicon dangling-bond defects in
quantitatively different way according to the number of ox
gen neighbors. The effect is largest for the•Si[Si3 unit ~6%
to 11%! and becomes negligible for the•Si[O3 unit ~1%!.
Furthermore, our study shows that hyperfine parameters
tained with various electronic-structure methods differ co
siderably, pointing out that it is more difficult to obtain con
verged values for such parameters than for energies
structural parameters. In particular, the G98 code gave
sults which were significantly smaller than those obtain
with DMOL and the PP method.

TABLE V. Isotropic hyperfine interactions~in Gauss! calculated
for small cluster models differing by the termination at the oxyg
atoms, compared to the results for the periodic structure mode

Cluster termination Periodic
2H 2SiH3 model

•Si[Si2O aHF 153 162
aHF

N 17 16

•Si[SiO2 aHF 210 242 315
aHF

N 78 77 202

•Si[O3 aHF 340 424 499

e

-

1-8



ct
e:

fo
y-
P

if-
t

ec
he

.
ly

th
th

is

-
t
a

he
3
d

be
,

th
th

s
ye
e

In
u
it

au
-
ac
it
f-
a
nc

ates
on

t of
ent.
ve
the
ds
he
the

ter

us
ity-

ar-

ts
ed

pa-

ne
out

the
he

tic
l

nd
tal

r
rum
u-
ng

nd
e in
ster
e-

fine
s-
ted
Fur-
per-
i

e
fine
ent
nd.

FIRST-PRINCIPLES MODELING OF PARAMAGNETIC . . . PHYSICAL REVIEW B 66, 245201 ~2002!
C. Caveats when adopting small cluster models

1. Size effects

Previous theoretical work on Si dangling-bond defe
was carried out with cluster models of minimal siz
•Si(SiH3)32x(OH)x ~with 0<x<3).40,42 In order to esti-
mate size effects, we calculated hyperfine interactions,
two sets of clusters differing by the termination of the ox
gen atoms:2H and2SiH3. In this section, we used the P
method.

Our results are collected in Table V. Very significant d
ferences are found between the hyperfine interactions for
two sets of clusters. The clusters with2SiH3 terminations
yielded hyperfine valuesaHF larger by 6%, 15%, and 25%
than those for the clusters with2H terminations when going
from one to three first-neighbor oxygen atoms. This eff
can be explained by the larger electron affinity of t
2OSiH3 group with respect to the2OH group. On the con-
trary, SHF interactionsaHF

N were found to be relatively in-
sensitive to the cluster termination at the oxygen atoms
fact, for SiN atoms, changes to such terminations on
modify their third-neighbor shell.

2. Strain effects

The Si-Si bond lengths and the bond angles around
defect Si atoms reflect a more strained defect center in
periodic as compared to the cluster model structures. Th
an expected consequence of the interaction between the
fect core unit and the SiO2 network, which is generally un
derestimated in cluster calculations. Here we would like
point out that the correct modeling of strain effects is critic
for the SHF interactionaHF

N of the •Si[SiO2 defect center.
Note that the value for this interaction is smaller for t
cluster than for the periodic models by almost a factor of

Strain effects might also occur in periodic structure mo
els either because of the limited size of the unit cell or
cause of the defect generation procedure. For this reason
could not model the•Si[OSi2 center using the periodic
model structure of amorphous SiO2 available to us.

3. Polarization effects

When comparing hyperfine interactions calculated for
clusters with those for the periodic models, we observed
the latter yield significantly larger values~Table V!. These
differences appeared too large to be assigned solely to clu
size and local strain effects. In fact, we determined that
another cause associated to the dangling-bond environm
could contribute to increasing the hyperfine interaction.
deed, our calculations show that the dangling bond co
noticeably be perturbed by oxygen atoms belonging to
surrounding cage structure. The interaction is mainly a P
repulsion, which decreases thep character of the dangling
bond orbital, thereby increasing the Fermi contact inter
tion. Because of the amorphous nature of the system,
difficult to provide a statistically accurate value for this e
fect. Test calculations showed that a single oxygen atom
distance of 3.5 Å from the defect center causes an enha
ment of the contact interaction of about 15%.
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The present study shows that the quantitative estim
obtained with small cluster models should not be relied up
when assigning defects such as theS andX centers. In par-
ticular, small-sized cluster models do not incorporate mos
the important structural aspects of the defect environm
However, cluster calculations might be useful for qualitati
predictions and to reveal trends. In fact, we found that
cluster calculations qualitatively reproduced all the tren
obtained for the periodic cluster models. In particular, t
extensive delocalization of the spin density in the case of
•Si[SiO2 defect center is well reproduced by the clus
calculations.

VI. CONCLUSIONS

We investigated Si dangling-bond defects in amorpho
SiO2, using a pseudopotential method based on dens
functional theory and periodic model structures. In p
ticular, we focused on defect centers featuring•Si[O3 and
•Si[SiO2 core units. Comparison with ESR experimen
was made possible through the generation of fully relax
atomic structure models and the calculation of hyperfine
rameters.

The defect center with a•Si[O3 core unit corresponds to
the generally accepted model for theEg8 center. We found
overall good agreement with experiment for both hyperfi
and superhyperfine interactions. The overestimation by ab
20% of the principal hyperfine interaction corresponds to
accuracy of our approach. Since core polarization for t
•Si[O3 unit is of the order of 1%~Sec. V!, we conclude that
most of this error results from the neglect of relativis
effects58 or to a deficiency of our density-functiona
scheme.50 We also showed that the•Si[O3 defect centers
exhibit identical hyperfine interactions in the neutral a
positively charged states, in accord with experimen
observations.3,9,10,15,16

As far as the•Si[SiO2 defect center is concerned, ou
calculations indicate that the associated ESR spect
should contain two doublets of equal intensity, with calc
lated splittings of 202 and 315 G. Because of the stro
sensitivity of the smaller hyperfine interaction to the bo
length of the Si-Si backbond, the associated hyperfine lin
the ESR spectrum is expected to be broader. The clu
calculations indicate that also for this defect cor
polarization effects should be small~2%!. In view of the
differences between theoretical and experimental hyper
parameters observed for theEg8 center and assuming a sy
tematic behavior of the error, we expect that our calcula
values overestimate experimental values by about 20%.
thermore, we expect a larger error for the secondary hy
fine interaction, in view of its strong sensitivity to the Si-SN

bond length and the limited statistics in our study.
The features associated to the•Si[SiO2 unit appear to be

all reunited in the experimental characterization of theS
center.24 Although at the limit of experimental accuracy, th
hyperfine spectrum of this defect center shows two hyper
doublets at 162 and 279 G, the inner with an appar
weaker intensity barely distinguishable from the backgrou
Another candidate defect, known as theX center,26 shows a
1-9
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A. STIRLING AND A. PASQUARELLO PHYSICAL REVIEW B66, 245201 ~2002!
single hyperfine doublet at 230 G, and appears less suite
be assigned to a•Si[SiO2 both for the quantitative value o
its main hyperfine interaction and for the absence of a s
ondary doublet in the ESR spectrum.

The presence of two oxygen atoms in the first-neigh
shell of the defect atom is at the origin of the spi
delocalization effect in the•Si[SiO2 unit. Their strong elec-
tronegativity enhances the mixing between the dangli
bond orbital and the bonding orbital in the Si-Si backbon
Preliminary cluster calculations~not described here! indicate
that such a spin-delocalization phenomenon is not only c
acteristic of SiO2 systems, but also occurs for Si danglin
bond kernels containing other highly electronegative ato
in the first-neighbor shell, such as N or F.

In the present work, we did not attempt to model t
•Si[Si2O using periodic models, because the genera
strain could poorly be accommodated in the model struc
of amorphous SiO2 available to us. Extrapolating from ou
results for small cluster models~Table V!, we could ob-
tain estimates for the hyperfine interaction associated to
•Si[Si2O unit. Since such estimates fall close to the hyp
fine splitting of the inner doublet of theScenter,24 we cannot
fully rule out such an assignment.

Our investigation is complemented by an extended st
of cluster models in which hyperfine interactions as obtain
with various electronic-structure methods are compar
Several conclusions could be drawn from this cluster inv
tigation. First, we assessed the importance of the c
polarization contribution to the hyperfine interactions asso
ated to Si dangling-bond defects in SiO2. We found that core

*Present address: Centro Svizzero di Calcolo Scientifico~CSCS!,
Via Cantonale, CH-6928 Manno, Switzerland.
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polarization is most important for the•Si[Si3 center~6% to
11%! and that its effect decreases for increasing number
oxygen atoms in the first-neighbor shell. In this way, w
could provide an estimate of this effect, which is neglected
our pseudopotential method. Second, the cluster study
lowed us to compare our results with previous theoreti
work on Si dangling-bond defects in amorphous SiO2.40,42In
this respect, we analyzed separately the effects resu
from the use of the Hartree-Fock approximation, the G
code, and the choice of minimal size clusters, and show
that each of these effects might be the cause of unrelia
quantitative estimates. We arrived at the conclusion t
small cluster calculations well describe trends but should
be relied upon for a quantitative comparison with experim
tal data. Third, the comparison between the calculated hy
fine interactions for the small cluster and the periodic str
ture models allowed us to recognize the role of t
amorphous environment. In addition to the usual size effe
we found that hyperfine interactions are significantly affec
by strain and cage-polarization effects.
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