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Role of disorder in incorporation energies of oxygen atoms in amorphous silica

Marek A. Szymanski,1,2 Alexander L. Shluger,1 and A. Marshall Stoneham1
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~Received 13 December 2000; published 24 May 2001!

We investigate the role of static disorder on defect energetics on examples of interstitial oxygen atoms in
amorphous (a)-SiO2. We generate representative amorphous structures using molecular dynamics with em-
pirical potentials and refine them using the periodic plane-wave density-functional method~DFT!. We calcu-
late the DFT distribution of incorporation energies for 96 peroxy-linkage~PL! configurations in a periodic
model ofa-SiO2. The calculations show a big site-to-site variation of incorporation energies. We partition the
oxygen atom incorporation energy into contributions from a small local cluster around the defect and from the
rest of the amorphous network. The striking result is that the incorporation of a defect can create as well as
release the strain energy in the embedding network. The variation of the PL incorporation energy is dominated
by the contribution from the surrounding amorphous network, with the distortion of the local geometry of the
defect contributing only about one third of the total variation. The two contributions are statistically indepen-
dent. Our results provide an analysis of the distribution of defect incorporation energies ina-SiO2 and em-
phasize the importance of disorder and statistical approaches, which cannot be achieved in crystalline and
cluster models of amorphous structure. Additionally, since the defect energies can be so strongly dependent on
the longer-range strain fields, amorphous samples prepared differently and hence having different distributions
of strain may perform differently in applications.

DOI: 10.1103/PhysRevB.63.224207 PACS number~s!: 71.55.Jv, 71.23.2k, 81.65.2b, 66.30.Lw
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I. INTRODUCTION

Most studies~both experimental1 and theoretical2! of dis-
order in the many amorphous silicon dioxides emphas
structure: topology, pair-correlation functions, and bo
angle distributions. There is some work on trends in den
and enthalpy,3 or trends in diffusion constants and solubili
for rare-gas atoms~see, for example, Refs. 4 and 5! and
oxygen6 in silica glasses. Far less has been done to un
stand the links between structure and the performance
optical fiber gratings and gate dielectrics, which depends
defect behavior. Our calculations show significant links b
tween defect energetics and both local and~unanticipated in
previous work! medium-range order.

Quantum-mechanical modeling done so far has conc
trated on eithera-quartz as a model or on the use of sm
defect clusters saturated by hydrogen atoms. The assum
that such clusters can represent the amorphous stru
properly~see, for example Refs. 7 and 8! is questionable and
has not been properly tested. Doubts about cluster calc
tions stem from continuing arguments about the roles
medium-range order and long-range forces associated
charge distribution in the system and also charged de
species. Our present work extends our recent periodic pl
wave density-functional~DFT! calculations, which focused
on the properties of atomic and molecular oxygen specie
different charge states~as potential oxidizing species! in
a-quartz9 and a-SiO2.10 Here, we examine the distributio
of the defect energies and the role of short range
medium-range order in determining defect properties.

Structural disorder can affect defect properties, such
incorporation energies, electrical levels, and optical tran
tions. In this paper, we focus on the incorporation energy
structure of an extra oxygen atom ina-SiO2 and the response
0163-1829/2001/63~22!/224207~9!/$20.00 63 2242
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of the embedding network upon incorporation of the defe
The oxygen atom is inserted into the Si–O–Sibond to form
a peroxy linkage~PL!,7–9,11,12 and causes strong local an
medium-range distortion of the network. Our recent perio
DFT calculations ina-SiO2 ~Ref. 10! show significant site-
to-site dispersion in the oxygen atom incorporation ener
This dispersion characterizes both the amorphous struc
~where the defect acts as a probe! and the defect properties i
amorphous material~where static disorder introduces a vari
tion in the defect environment as opposed to the crystal
structure!. One of the main outstanding questions is the
terplay between the geometry of the local structure aro
each particular incorporated oxygen atom~part of the net-
work whose properties are changed by the presence of
defect! and the rest of the amorphous structure. Understa
ing this interplay should allow us to assess the applicabi
of crystalline and molecular cluster models for studies
such defect properties.

Our methods are described in Sec. II. First, we build
alization of amorphous structures using classical molec
dynamics. We refine these structures using the same per
plane-wave DFT methods as will be used for our calculatio
of the atomic oxygen species. The amorphous structures
then characterized in terms of angular, bond-length, and
statistics. In Sec. III, we present the results of DFT calcu
tions of all the possible peroxy linkages~PL’s! formed on
incorporating an oxygen atom in our amorphous superc
We find that the incorporation energy does not correlate w
natural parameters of the local structure, such as t
Si–O–Si angle. In Sec. IV–VI we develop pair potentials t
analyze the total energies from these DFT results into a lo
component due to the nearest-neighbor atoms and a co
bution of the rest of the system. The pair potentials rep
duce with high accuracy the DFT total energies of the d
©2001 The American Physical Society07-1
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SZYMANSKI, SHLUGER, AND STONEHAM PHYSICAL REVIEW B63 224207
ferent amorphous structures and the PL’s. Our results s
the major importance of relaxation of the surrounding am
phous network: the variation of thelocal contribution to the
incorporation energy is only approximatelyhalf that of the
surrounding network. One important result is that the oxyg
incorporation and distortion of the local structure canrelease
as well ascreatestrain in the surrounding amorphous stru
ture. This leads to eitherpositiveor negativecontributions of
the surrounding network to the relaxation energy on oxyg
incorporation. This result casts doubt on the use of sm
molecular models for studying the incorporation of spec
in a amorphous structure. In a separate paper,13 we shall
compare the results from our periodic DFT calculations, m
lecular cluster calculations, and the use of the ONIO
technique,14 in which the distortion of the amorphous stru
ture surrounding the local molecular cluster is treated,
least in part.

II. GENERATION OF AMORPHOUS STRUCTURES
AND THEIR PROPERTIES

To generate realizations of amorphous structures, we h
used classical molecular-dynamics~MD! simulations, fol-
lowed by static relaxation using periodic plane-wave D
calculations. The DFT-relaxed structures were then used
defect calculations. We adopt a 72-atom unit cell, as in
previous DFT defect calculations. The results of MD sim
lations are known to depend on the cooling rate from
melt.15 We therefore generated three different 72-atom re
izations of amorphous silica using different quench rat
These structures are designated as amorphous 4, 5, a
Our classical molecular dynamics used a set of two-
three-body empirical potentials16 which has been applied ex
tensively to study crystalline, liquid, and amorphous pha
of silicon dioxide, including densified17–19 and porous
silica.20,21 Key properties calculated with this potential s
~pair-distribution functions, static structure factors, vibr
tional densities of states,22 bond angle distributions! agree
well with neutron-diffraction and magnetic-resonance m
surements. We adopt a slight modification of the proced
used in Ref. 16 to achieve smooth continuous quench
from 3000–1000 K.

The MD calculations were made for a cubic unit cell
side 10.29 to match the experimental density23 of
2.20 g/cm.3 An initial a-quartz structure was slightly dis
torted to fit the cubic unit cell and then melted using M
The liquid SiO2 was simulated for 36 ps at 3000 K, followe
by quenching from 3000–1000 K. The three quench ra
used were 100 K per 8, 16, or 32 ps; particle velocities w
scaled to decrease the temperature by 1 K every 0.08, 0.16,
and 0.32 ps, respectively. The empirical potentials16 repro-
duce the melting temperature of silica of about 1500 K w
For temperatures above 2000 K, self-diffusion is still sign
cant, and the system has a chance to rearrange its geom
Root-mean-square displacements of atoms were 3.93, 5
and 6.10 Å for the three simulation times, which sugge
that the total MD run time in the liquid state sufficed
decorrelate the structure from the initial one. The system
then equilibrated at 600 and 300 K and quenched to 0 K by
22420
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geometry relaxation. The total simulation times were 2
360 and 680 ps. A check of the geometries showed the id
connectivity in all cases.

The amorphous structures were then fully relaxed~includ-
ing the lattice vectors and the volume of the unit cell! using
the DFT VASP code24 with generalized gradient approxima
tion ~GGA! and thePW91 functional,25 and the plane-wave
basis set with a 400-eV energy cutoff. We included only t
G point in Brillouin-zone integration. Ultrasoft pseudopote
tials were used for oxygen, and norm-conserving pseudo
tentials for the silicon atoms. Geometry relaxation exploit
conjugate gradient energy minimization. All relaxation pr
cedures continued until forces on atoms were less t
0.05 eV/Å. The DFT relaxation energies for nondefecti
amorphous models were 1.5 eV on average per 72-atom
cell ~0.02 eV per atom!, which corresponds to thermal ki
netic energy at 180 K for this system. We found that by a
relaxing atomic positions with fixed lattice vectors, appro
mately half of the relaxation energy is due to atomic-posit
changes and half due to volume relaxation. The extra re
ation upon changing from the empirical-potential method
DFT is merely a small ‘‘shake’’ without structural change
and corresponds to a kinetic energy of a small fraction of
melting temperature~below which the atoms exhibit only
thermal movements without any topological changes!. This
suggests that the classical MD simulation has predicte
fairly deep local minimum.

We have also performed DFT MD calculations using t
VASP code to test whether the final minimum-energy stru
tures from the static DFT relaxation were the lowest. T
calculations consisted of a DFT MD run, typically 0.5–1
ps at 600 K, and static relaxation of final geometries fro
these MD runs. In all cases the initial geometry was rec
ered ~amorphous 4, 5, and 6!, with the mean difference in
atomic positions less then 0.05 Å and the energy differe
smaller than 0.01 eV per unit cell. These very small diffe
ences are due to the flatness of the potential-energy sur
near the minimum~a consequence of the soft Si–O–Si ben
ing forces! and the finite precision of the relaxation.

Table I summarizes the properties of the amorpho
model systems. The relaxed unit cells are almost cubic;
relatively small supercell size means some degree of de
mation should be expected. The calculated densities are
erally a little higher than those observed for vitreous sil
~we note the tendency of DFT to overestimate the unit-c
volume!, but the enthalpies and densities are well within t
range identified for amorphous silicas by Navrotsky.3 Amor-
phous silicas can have quite a wide range of densities,
pending on the way they were formed. In our case, we
primarily concerned with the oxide of microelectronics.

The peak positions in the calculated radial distributi
functions ~1.634, 2.665, and 3.059 Å) agree well wit
experiment.1,26. Our structures have ring statistics with thre
to eight-member rings in proportions similar to those in Re
15 and 27. However, three- and four-member rings
slightly overrepresented at the expense of eight-mem
rings, perhaps because of the slightly higher density. In s
mary, the generated systems appear to be fully accept
representative models of amorphous silicon dioxide.
7-2
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TABLE I. Calculated properties ofa-SiO2 models.^R& is the root-mean-square displacement of ato
during the total simulation time. The enthalpy gives the value per SiO2 unit relative toa-quartz. In compar-
ing the enthalpies and densities, it is necessary to correct for the tendency of the GGA functional to
estimate the density of SiO2 materials.

Sample Amorphous 4 Amorphous 5 Amorphous 6

Cooling rate 100 K/8 ps 100 K/16 ps 100 K/32 ps
Total time of simulation~ps! 210 360 680
^R& (Å) 3.39 5.68 6.10
E before DFT relaxation~eV! 2570.92 2571.03 2570.81
E after DFT relaxation~eV! 2572.12 2572.62 2572.32
uau (Å) 10.19 10.07 10.43
ubu (Å) 10.19 10.61 9.92
ucu (Å) 10.55 10.06 10.02
Volume (Å3) 1091.72 1073.13 1036.33
Density (g/cm3) 2.20 2.23 2.31
Enthalpy~eV! 0.16 0.14 0.15
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III. ENERGETICS OF PEROXY-LINKAGE DEFECTS

Atomic oxygen ina-quartz and ina-SiO2 forms a peroxy
linkage ~PL!.7–12 There are two stable PL forms~Fig. 1!;
they are related approximately by rotation of the Si–O
O–Si complex about the line joining the two Si ions. The
configurations have different energies in general.
a-quartz, the energy difference between the two configu
tions is 0.18 eV, with a barrier of 0.57 eV for rotation of th
–O–O–complex from the lower-energy configuration to th
higher-energy one. The atomic oxygen-incorporation ene
in the lowest-energy configuration is 2.03 eV~relative to the
nondefectivea-quartz structure and half of the energy of
isolated oxygen molecule!. The formation of a peroxy link-
age distorts the surrounding network, the distortion decay
with distance from the defect. In amorphous structures th
are also two stable configurations of PL per site, but th
incorporation energies have a characteristic distribution w
a big spread around the average value.

We have concentrated on the lowest-energy amorph
structure, amorphous 5, to study oxygen atom incorporat

FIG. 1. Stable configurations of peroxy-linkage defect in SiO2.
There are two stable configurations with different incorporation
ergies for O inserted in a given Si–O–Sibond. The two geometries
are approximately related by rotation of the–O–O– complex along
the line connecting the two Si atoms. The oval represents schem
cally the partition into the local part and the rest of the system, si
the detailed partition, described in the text, is given in terms
bonds and interatomic distances.
22420
e
n
-

y

g
re
ir
h

us
n.

In this unit cell, the PL defects are separated by more tha
nm. Calculations have been made for both configurations
the oxygen atom incorporated at each of the 48 differ
oxygen sites in our unit cell. The distribution of incorpor
tion energies~Fig. 2! shows values centered on 1.9 eV, var
ing slightly asymmetrically from about 1.1–2.7 eV. Some
this variation is due to the inclusion of both low- and hig
energy structures. Most PL defects have incorporation e
gies between 1.5 and 2.3 eV. However, in some cases it t
either much smaller or much larger energy to incorporate
oxygen atom. The incorporation energies ina-quartz of 2.03
and 2.21 eV are slightly above the mean for amorpho
structure. The discrepancy between amorphous anda-quartz
can be much bigger for other oxygen species in SiO2.10 One
immediate conclusion is thata-quartz can be a poor oxid
mimic and cannot, for example, bea priori assumed to give
energies valid for describing silicon oxidation.

-
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e
f

FIG. 2. Histogram of the probability density distribution of P
incorporation energies. Energies for both configurations~high and
low energies! at each site are included. The incorporation energy
the difference between the energy of the stable defect structure
the sum of that of the initial amorphous structure and half of
isolated oxygen molecule. Corresponding values fora-quartz are
2.03 and 2.21 eV.
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SZYMANSKI, SHLUGER, AND STONEHAM PHYSICAL REVIEW B63 224207
The large dispersion in the incorporation energies s
gests that ina-SiO2, the atomic displacements due to defe
formation may trigger additional rearrangements in
medium-range structure, which can produce or release s
in the network. This appears to be true even without
changes in topology~connectivity! that can occur, perhap
by diffusion, at higher temperatures. We have seen no s
of other possible low-energy structural reorganizations, s
as those suggested for silicates28,29or found in simulations of
plastic deformation ina-C:H.30

The energy dispersion does not originate solely from
local geometry of particular oxygen sites. For example, th
is a complete lack of correlation between incorporation
ergy and the initial Si–O–Si angles of the correspondin

FIG. 3. Incorporation energy of the peroxylinkage as a funct
of the initial Si–O–Si angle. The low-energy configurations in th
amorphous sample are plotted as ‘‘1;’’ the high-energy ones as
‘‘’o.’’ The full squares represent the results fora-quartz. There is a
negligible correlation between the initial angle and the PL incor
ration energies.
22420
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oxygen sites~Fig. 3!. We have tried other characteristic
such as the torsion angle of Si–O–O–Si, thesize of the
minimal ring containing the defect, the distribution of min
mal rings, the distribution of all rings containing the defe
and finally the electrostatic potential at the oxygen atom
the initial site. In no case we did find a correlation with th
PL incorporation energy. Interestingly, there is a clear cor
lation between the initial Si–O–Si angle and the torsion
angle of peroxy linkages, shown in Fig. 4. It is striking th
even though the geometry of the initial site determines
geometry of the defect with good accuracy, there is
simple dependence of the incorporation energy on th
angles.

IV. STRUCTURE OF THE PEROXY LINKAGE
AND ITS RELATION TO THE STRAIN ENERGY

OF THE SURROUNDING NETWORK

We may compare interatomic distances for the pero
linkage with corresponding spacings for the initial, nond
fective site. Table II shows both average values and th
root-mean square spread. The bonds Si1–O1 and O1–O2 for
PL ~see Fig. 1! are essentially rigid showing a very sma
dispersion of length. The Si1–O1 bond increases its lengt
slightly on defect formation. On the other hand, t
Si1–O1–O2 and O2–Si2–O3 angles appear to be rather fle
ible, as reflected in the distances Si1–O2 and O2–O3 having
large dispersion compared with that for amorphous 5. T
most noticeable difference between the non-defective
defective networks is in the Si1–O3 and Si1–Si2 distances.
Incorporation of oxygen into a network increases the d
tances on average by 0.45 (Si1–O3) and
0.58 Å (Si2–Si2). The rms spreads of distances becom
larger for larger interatomic spacings, at least up to 4.3
~ultimately, for large distances, the change must tend to z!
suggesting that medium-range order could be important.

These large displacements, as well as new constraint
the angles due to thechanged bonding structure of the ne
work, must be accommodated by the surrounding netwo
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FIG. 4. The relation between the initial Si–
O–Si angle of the nondefective system and t
Si–O–O–Sitorsion angle of the relaxed peroxy
linkage defect incorporated into the amorpho
sample. The low-energy configurations are plo
ted as squares, the high-energy ones as ‘‘1.’’ The
lines are from the least-squares fit to all th
points; they arey5489.8°21.807x, and y5
2129.8°11.807x.
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TABLE II. The distribution of selected interatomic distances~for atom labels, see Fig. 1! before and after
incorporating a peroxy linkage. The results are based on calculations for all 48 different sites and fo
high- and low-energy configurations at each.

Peroxy linkage Initial non-defective site
Distance Mean value (Å) rms spread (Å) Mean value (Å) rms spread (Å

Si1–O1 1.664 0.010 1.633 0.117
O1–O2 1.486 0.014
O2–O3 2.642 0.136 2.663 0.082
Si1–Si2 3.637 0.197 3.059 0.117
Si1–O2 2.492 0.133
Si1–O3 4.322 0.500 3.870 0.349
O1–O3 3.294 0.386
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We use the termbonding structure of the networkto refer to
the topology~connectivity! together with the characteristi
properties of bonds~like the equilibrium distances, elasti
constants, etc.!, angular dependencies, and interrelations
tween them. In an empirical-potential description, the bo
ing structure of the lattice includes the topology and the
tential set with its parameters. The actual bond lengths
angles can vary within certain limits, producing many re
izations of the same bonding structure with different en
gies. Amorphous 5 is one example of a topology represe
tive of a-SiO2. We shall use the concept of bonding structu
to divide the system into a local part and an embedd
network. The local cluster comprises all atoms for which
bonding structure is changed, either in terms of topology
bonding properties. The rest of the system, the embed
network, preserves its original bonding structure on incor
ration of the PL defect, but will undergo deformation. T
change of certain interatomic distances and effective lo
elastic properties~the change in the rms spread of distanc!
due to the incorporation of the PL defect has an import
effect on the embedding amorphous network,allowing or
forcing it to access geometries that were not accessible
the nondefective network without breaking the bonds, r
onding, or accepting a large energy penalty for overstre
ing of the bonds and angles. This effect allows the defec
lower as well asincreasethe strain energy of the embeddin
network, even though the nondefective structure is at its
ergy minimum.

The key to understanding this phenomenon is recogniz
that incorporating a defect, such as peroxy linkage, into
amorphous network relaxes some of the constraints and
troduces new ones. Adding O replaces part of the netw
with a new, different network and neither the whole ne
network nor its parts are at the minimum of energygiven the
new bonding structure. Relaxation of the new system wi
lead to a new minimum of energy, one for which the emb
ding network can have strain energy eitherhigher or lower
than that of the initial nondefective network. The incorpo
tion energy is likely to be higher if the defect increases
teratomic distances in an already locally compressed re
or lower if it relaxes an initially tensile strain by allowin
some distances to increase. The effective ‘‘softening’’ of
local cluster~the bigger rms spread for Si1–O3 and Si1–Si2)
will also allow for more relaxation in the embedding lattic
22420
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V. PAIR POTENTIALS AS A TOOL FOR PARTITIONING
THE ENERGY

We now wish to analyze the contributions to oxyge
incorporation energies from different parts of the amorpho
network, and in particular, to partition the total energy in
contributions from two regions, as outlined in Sec. IV. O
region is the local cluster, that contains the defect; the ot
is the embedding network. To do this, we need short-ra
potentials mimicking the DFT energy surface for the defe
tive systems. We can use a two-step approach. First, we
rive a set of potentials for the defect-free system, used l
to evaluate the response of the embedding network to
incorporation of a defect. Second, in Sec. VI, we derive
specific set of potentials describing the energy dependenc
peroxy linkage on its local geometry. In this paper we d
only with neutral defects. For a charged defect the polari
tion of the host network can be long range. In this case
same analysis can be applied, but only when extende
include the response of the network to the external elec
field.

First, we have considered several different ways to rep
sent the potential energy of the nondefective network
terms of interatomic potentials, both pairwise and angle
pendent. To fit the parameters of these potentials,
sampled the potential-energy space by generating about
configurations using DFT MD at 300 and 600 K, startin
from the equilibrium geometry amorphous 5. Half of th
configurations were taken from the beginning of the 300 a
600 K simulations to sample configurations close to
minimum. The other 300 configurations were chosen fr
the end of the 1-ps MD run at 300 K, when some equilib
tion of energy had taken place. Potential parameters w
obtained by a least-squares fit to these energies. We h
examined harmonic and third-order potentials between
oms, but found that including third-order terms made no s
nificant improvement. Surprisingly, there was a significa
improvement of the fit on replacing the angle-dependent c
tributions for Si–O–Si and O–Si–O@in the form E
5c(cosa2cosa0)

2# by harmonic Si–Si and O–O potential
respectively. Table III gives the parameters of the minim
set of harmonic potentials that reproduces the DFT ene
surface satisfactorily for the chosen set of 600 geometry c
7-5
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SZYMANSKI, SHLUGER, AND STONEHAM PHYSICAL REVIEW B63 224207
figurations. The relevant atoms are defined in Fig. 5. Figu
is a correlation plot, comparing energies from the DFT M
run with those calculated using pair potentials. The rms
ergy error is 0.09 eV, with a correlation coefficient of 0.9
between the DFT energies and fitted ones. One could
tainly improve the correlation by including more interactio
with further neighbors, but the accuracy provided by the
simple potentials is sufficient for our purposes.

VI. THE CHOICE OF THE LOCAL CLUSTER AND
ANALYSIS OF THE ENERGY CONTRIBUTIONS

We want to use the pair-potential approach to partition
incorporation energy of PL into contributions coming fro
the local cluster around the defect and the embedding
work. The incorporation of peroxy linkage leads to loc
changes in properties of the network. The spatial exten
these changes provides good criteria for the partition. O
calculated average interatomic distances in the vicinity of
~some are shown in Table II! show that only first-neighbo
distances are significantly affected by the presence of
defect. This suggests a possible partition of the system w
small local cluster shown, albeit approximately, as the par
the structure inside the oval in Fig. 1. The precise partit
into a local part and the rest of the system employed
further calculations is defined in terms of bonds and int

TABLE III. The minimal set of harmonic potentials of the gen
eral formc(d2d0)2 for representing the energy of the SiO2 defect-
free amorphous network;d is the corresponding interatomic dis
tance,c andd0 are parameters. The atom numbers are shown in
5.

c (eV/Å2) d0 (Å)

Intratetrahedra
Si1–O1 12.045 1.522
O1–O3 1.761 2.967
Intertetrahedra
Si1–Si2 0.825 3.096
Si1–O3 0.137 3.786

FIG. 5. Schematic diagram of thea-SiO2 network. The number-
ing of atoms is used in defining the pairwise potentials~Table III!.
22420
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atomic distances. We choose the smallest possible local c
ter, which includes all the interactions betwee
Si1 , O1 , O2, and Si2, as well as all interactions equivalen
to O2–O3. Interactions between the atoms outside and th
in the local cluster are calculated using the potential deri
for the nondefective amorphous network. All such intera
tions are assigned to the embedding network energy.

The division of the system has to capture the differe
properties of the two regions. Our choice of partition w
meet this requirement if we can mimic the DFT incorpor
tion energies of PL defects using this partition and the p
potential approach. The total incorporation energy of pero
linkage (Einc) can be expressed as a sum of the local clus
energy (Eloc) and the change in strain energy (DEstr) in the
embedding network (Einc5Eloc1DEstr). The embedding
network comprises the whole system excluding the spec
local cluster and it is different for each of the defect sites,
course. The change of strain energy is defined as the di
ence in potential energy of the embedding network after
incorporation and relaxation of PL and the potential ene
evaluated for the same set of atoms in the initial nondef
tive amorphous sample. Since the embedding network
defect-free we can evaluateDEstr with the potential set for
the nondefective amorphous network~Table III!.

The local cluster, on the other hand, contains the de
and all bonds~and related atoms! in which properties are
changed by the presence of the defect. Therefore, to des
this region we need a different set of potentials. The para
eters for these potentials can be fitted to get the best ag
ment of the pair-potential incorporation energy with the DF
results. By doing several fits we established that the minim
set of harmonic pair potentials for the local cluster must
clude Si1–O1, O1–O2, and O2–O3 ~atom numbering from
Fig. 1!. Since the incorporation of PL involves a change
the number of atoms in the local cluster, formation of a n
bond and changes in other bonds, a constant energy ter
needed to take care of the terms not represented by the
monic pair-potential approach. The rms error of the fit
0.09 eV, which is consistent with the error of the fit for th
nondefective network. Again, adding more interactions w
further neighbors improves the fit. Overall, it appears that
pair-potential approach has useful accuracy and can con

FIG. 6. Correlation plot for fitting a minimal set of harmon
potentials for the nondefective amorphous network. The correla
coefficient for the data is 0.997 and the root mean square erro
0.09 eV.
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tently describe the variation of energy with the local geo
etry and the contribution of the embedding network. The
fore we conclude that our partition of the system into a lo
cluster and an embedding network successfully captures
different properties of the two regions. In particular the
sponse of the embedding network to incorporation of the
defect into the local cluster can be properly described by
pair-potential set for the nondefectivea-SiO2, derived in
Sec. V.

Now we can analyze the contributions to oxyge
incorporation energy from the local cluster and embedd
network. To avoid some of the fitting errors we shall use
DFT values for PL incorporation energy in all the followin
considerations. The oxygen-incorporation energies sho
strong correlation of 0.94 with the change in the strain
ergy (DEstr) in the embedding network~Fig. 7! and give
initial indications of the contributions of the two region
The spread around a largely linear relationship is due to
variation of the local part of energy. The contribution fro
the local cluster can be simply evaluated as the differe
between th incorporation energy of peroxy linkage and
change in strain energy in the embedding network (Eloc

FIG. 7. Change in the medium-range strain energy as a func
of peroxy-linkage incorporation energy. The clear correlation in
cates that the change in strain energy is a dominant cause in
variation of the incorporation energy. Deviations from a linear
lationship are due to variations in the local part of the energy. T
correlation coefficient for the data on the graph is 0.94.
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5Einc2DEstr). Table IV gives the characteristic paramete
of the incorporation energy distribution and its contribution
The distributions of the strain and local part are shown
Fig. 8 and are quite different. The change in strain ene
seems to be symmetrically distributed, whereas the distr
tion of local cluster energies is much more peaked around
mean value, with a tail towards high energies. The ro
mean-square spread of changes in strain energy is app
mately twice that of the energies of the local part. Furth
the mean value ofDEstr is close to zero, and the values ca
be positive or negative. Negative changes in strain ene
were obtained for about half the oxygen sites in the am
phous structures considered in this work. The incorporat
of additional oxygen atoms and the formation of a pero
linkage cancreateas well asreleasestrain in the amorphous
structure in the vicinity of a defect.

We recognize that the partition into the local cluster a
embedding network is not unique and will affect the relati
spreads. We chose the cluster of the minimum size that
be used to model the PL defect. Therefore the size of
local cluster could only be increased. We can assess
choice by analyzing the combined probability density dis
bution of the local and embedding network~strain! contribu-
tions. Figure 9 shows the contour plot for the combined d
tributions. The two contributions appear almost independ
The small correlation coefficient of 0.33 is largely due to t
few very high-energy PL configurations~simultaneous high

n
-
the
-
e

FIG. 8. Histograms showing the probability density distributi
for the two contributions to the peroxy-linkage incorporation e
ergy.
TABLE IV. Characteristic parameters of the distribution of peroxy-linkage incorporation energy (Einc)
and its partition into the local part (Eloc) and change in medium-range strain energy (DEstr). Note that
Einc5Eloc1DEstr .

Parameters of the distribution

Energy Method Mean value~eV! rms spread~eV!

Incorporation (Einc) DFT 1.954 0.335
Change in medium-range strain (DEstr) Pair potentials 0.054 0.269
Local part (Eloc) Eloc2DEstr 1.901 0.129
7-7
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local energy and high positive increase in strain energ!.
These can be regarded as the tail of the distribution. Mo
over, these are the least likely PL configurations becaus
their very high-incorporation energy. Indeed, for these v
high energy PL’s we found there was also another type
stable configuration, similar in energy, but with a more co
pact structure. Such different structures can be margin
preferable energetically, since the compact structure lead
a smaller increase in strain energy, however at the expen
a higher contribution from the local part. We conclude th
the local and strain~embedding network! contributions to
energy are practically independent, with different distrib
tions. They correspond to different regions of space, and
energies have largely distinct physical origins: one depe
on the details of the local bonding of the defect, the other
the change in strain energy in the surrounding network. M
cluster calculations concentrate largely on just one of th
energies, which limits their value.

VII. SUMMARY AND CONCLUSIONS

Our study of the site-to-site variations in the incorporati
energies of peroxy linkages ina-SiO2 leads us to four initial
conclusions. First, one can generate realizations ofa-SiO2 by
classical molecular dynamics followed by static DFT rela
ation. These realizations, tested using DFT molecular
namics, show good agreement with experimental data

FIG. 9. The combined probability density distribution of th
embedding network~change in strain energy! and local cluster en-
ergy components. A few very high-energy peroxy linkages~large
positive values of both energies! are the source of the small corre
lation coefficient of 0.33. For these configurations there are alte
tive structures that usually have marginally lower energies.
e
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with previous studies for distributions of bond length
angles, and ring statistics. In particular, the agreement w
the experiment for enthalpy as a function of density gives
confidence that the amount of strain in the supercell is r
resentative of reala-SiO2. Second, we would like to empha
size that the site-to-site variations of defect properties in
amorphous material can be significant. Hence, proper c
acterization of a defect in amorphous material requires
culation of the distribution of values~mean value, spread
etc.! rather than just ‘‘one number’’ as in case of a defect
crystal. Third, analysis of the geometric and electronic str
tures of peroxy linkages at the 48 different oxygen sites
our 72-atom periodic cell points to a significant role
medium-range order. In particular, we show that it is po
sible to partition oxygen-incorporation energy into contrib
tions from the local cluster around the defect and the cha
in strain in the embedding network~the response of the em
bedding network to the incorporation!. Fourth, our results
cast doubt on some of the standard approaches to mod
defects ina-SiO2. For particular defect propertiesa-quartz
can be a poor imitation of the amorphous oxide. Also,
terms from regions usually ignored in cluster calculatio
can be crucial in reproducing the defect properties ac
rately.

Perhaps more important, the results show a strong co
lation between incorporation energies and changes in lo
range strain energies. They show that distortion induced
incorporation of an oxygen atom and formation of a PL
statistically about as likely to introduce more strain into t
region outside the nearest neighbors as it is to release
strain in the embedding amorphous structure. This is imp
tant, because it is the change in strain in the embedd
network that dominates the large variations in incorporat
energy. The amount of strain in the disordered structure
vary from sample to sample, and even within a volume of
sample. It will depend on the way the sample was form
e.g., a very quick quench as opposed to a very slow que
The implication is that amorphous samples prepared dif
ently will have different distributions of incorporation ene
gies ~mean values, root-mean-square spread, and shap
distribution! and may perform differently in applications.
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