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Role of disorder in incorporation energies of oxygen atoms in amorphous silica
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We investigate the role of static disorder on defect energetics on examples of interstitial oxygen atoms in
amorphous )-SiO,. We generate representative amorphous structures using molecular dynamics with em-
pirical potentials and refine them using the periodic plane-wave density-functional m&hRdd We calcu-
late the DFT distribution of incorporation energies for 96 peroxy-linké@e) configurations in a periodic
model ofa-SiO,. 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 energieSi, 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.
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[. INTRODUCTION of the embedding network upon incorporation of the defect.
The oxygen atom is inserted into the-8—Sibond to form
Most studies(both experimentaland theoreticd) of dis- a peroxy linkage(PL),""%**2and causes strong local and
order in the many amorphous silicon dioxides emphasizenedium-range distortion of the network. Our recent periodic
structure: topology, pair-correlation functions, and bondDFT calculations ina-SiO, (Ref. 10 show significant site-
angle distributions. There is some work on trends in densityo-site dispersion in the oxygen atom incorporation energy.
and enthalpy,or trends in diffusion constants and solubility This dispersion characterizes both the amorphous structure
for rare-gas atomgsee, for example, Refs. 4 and &nd  (where the defect acts as a prpbad the defect properties in
oxyger? in silica glasses. Far less has been done to undeemorphous materidgivhere static disorder introduces a varia-
stand the links between structure and the performance dfon in the defect environment as opposed to the crystalline
optical fiber gratings and gate dielectrics, which depends ostructure. One of the main outstanding questions is the in-
defect behavior. Our calculations show significant links beterplay between the geometry of the local structure around
tween defect energetics and both local &adanticipated in  each particular incorporated oxygen atdpart of the net-
previous worlk medium-range order. work whose properties are changed by the presence of the
Quantum-mechanical modeling done so far has concerdefec) and the rest of the amorphous structure. Understand-
trated on eithew-quartz as a model or on the use of smalling this interplay should allow us to assess the applicability
defect clusters saturated by hydrogen atoms. The assumptiof crystalline and molecular cluster models for studies of
that such clusters can represent the amorphous structuseich defect properties.
properly(see, for example Refs. 7 andli8 questionable and Our methods are described in Sec. Il. First, we build re-
has not been properly tested. Doubts about cluster calculalization of amorphous structures using classical molecular
tions stem from continuing arguments about the roles oflynamics. We refine these structures using the same periodic
medium-range order and long-range forces associated witplane-wave DFT methods as will be used for our calculations
charge distribution in the system and also charged defeaif the atomic oxygen species. The amorphous structures are
species. Our present work extends our recent periodic planéhen characterized in terms of angular, bond-length, and ring
wave density-functiona(DFT) calculations, which focused statistics. In Sec. Ill, we present the results of DFT calcula-
on the properties of atomic and molecular oxygen species itions of all the possible peroxy linkagéPL'’s) formed on
different charge stategas potential oxidizing specigsn incorporating an oxygen atom in our amorphous supercell.
a-quart? and a-Si0,.1° Here, we examine the distribution We find that the incorporation energy does not correlate with
of the defect energies and the role of short range andatural parameters of the local structure, such as the
medium-range order in determining defect properties. Si—O-Si angle In Sec. IV-VI we develop pair potentials to
Structural disorder can affect defect properties, such aanalyze the total energies from these DFT results into a local
incorporation energies, electrical levels, and optical transicomponent due to the nearest-neighbor atoms and a contri-
tions. In this paper, we focus on the incorporation energy antéution of the rest of the system. The pair potentials repro-
structure of an extra oxygen atomarSiO, and the response duce with high accuracy the DFT total energies of the dif-
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ferent amorphous structures and the PL’s. Our results shogeometry relaxation. The total simulation times were 210,
the major importance of relaxation of the surrounding amor360 and 680 ps. A check of the geometries showed the ideal
phous network: the variation of tHecal contribution to the  connectivity in all cases.
incorporation energy is only approximateflf that of the The amorphous structures were then fully relagedlud-
surrounding network. One important result is that the oxygening the lattice vectors and the volume of the unit celling
incorporation and distortion of the local structure catease  the DFT vasp codé* with generalized gradient approxima-
as well ascreatestrain in the surrounding amorphous struc-tjon (GGA) and thepwo1 functional?® and the plane-wave
ture. This Iea_ds to eithgositiveor negativecontributions of  pasis set with a 400-eV energy cutoff. We included only the
the surrounding network to the relaxation energy on OXygems point in Brillouin-zone integration. Ultrasoft pseudopoten-
incorporation. This result casts dOl_Jbt on thg use of smal{ims were used for oxygen, and norm-conserving pseudopo-
molecular models for studying the incorporation of speciegentials for the silicon atoms. Geometry relaxation exploited
in a amorphous structure. In a separate papeve shall  conjygate gradient energy minimization. All relaxation pro-
compare the results from our periodic DFT calculations, Movequres continued until forces on atoms were less than
lecular cluster calculations, and the use of the ONIOMg g5 e\//A. The DFT relaxation energies for nondefective
techniquet* in which the distortion of the amorphous struc- amorphous models were 1.5 eV on average per 72-atom unit
ture surrounding the local molecular cluster is treated, atg (0.02 eV per atorm Wh'iCh corresponds to thermal ki-
least in part. netic energy at 180 K for this system. We found that by also
relaxing atomic positions with fixed lattice vectors, approxi-
mately half of the relaxation energy is due to atomic-position
changes and half due to volume relaxation. The extra relax-
ation upon changing from the empirical-potential method to
To generate realizations of amorphous structures, we haveFT is merely a small “shake” without structural changes
used classical molecular-dynami¢sID) simulations, fol-  and corresponds to a kinetic energy of a small fraction of the
lowed by static relaxation using periodic plane-wave DFTmelting temperaturébelow which the atoms exhibit only
calculations. The DFT-relaxed structures were then used fahermal movements without any topological changd&is
defect calculations. We adopt a 72-atom unit cell, as in ousuggests that the classical MD simulation has predicted a
previous DFT defect calculations. The results of MD simu-fairly deep local minimum.
lations are known to depend on the cooling rate from the We have also performed DFT MD calculations using the
melt1® We therefore generated three different 72-atom realvasp code to test whether the final minimum-energy struc-
izations of amorphous silica using different quench ratestures from the static DFT relaxation were the lowest. The
These structures are designated as amorphous 4, 5, andddlculations consisted of a DFT MD run, typically 0.5-1.0
Our classical molecular dynamics used a set of two- anghs at 600 K, and static relaxation of final geometries from
three-body empirical potentidfswhich has been applied ex- these MD runs. In all cases the initial geometry was recov-
tensively to study crystalline, liquid, and amorphous phasegred (amorphous 4, 5, and)6with the mean difference in
of silicon dioxide, including densifiéd™'° and porous atomic positions less then 0.05 A and the energy difference
silica?®?! Key properties calculated with this potential setsmaller than 0.01 eV per unit cell. These very small differ-
(pair-distribution functions, static structure factors, vibra-ences are due to the flatness of the potential-energy surface
tional densities of staté€,bond angle distributionsagree  near the minimunta consequence of the soft Si-O—Si bend-
well with neutron-diffraction and magnetic-resonance meaing forces and the finite precision of the relaxation.
surements. We adopt a slight modification of the procedure Table | summarizes the properties of the amorphous
used in Ref. 16 to achieve smooth continuous quenchingnodel systems. The relaxed unit cells are almost cubic; the
from 3000—-1000 K. relatively small supercell size means some degree of defor-
The MD calculations were made for a cubic unit cell of mation should be expected. The calculated densities are gen-
side 10.29 to match the experimental derfSityof erally a little higher than those observed for vitreous silica
2.20 g/cm?® An initial a-quartz structure was slightly dis- (we note the tendency of DFT to overestimate the unit-cell
torted to fit the cubic unit cell and then melted using MD. volume), but the enthalpies and densities are well within the
The liquid SiG was simulated for 36 ps at 3000 K, followed range identified for amorphous silicas by NavrotSimor-
by quenching from 3000—-1000 K. The three quench ratephous silicas can have quite a wide range of densities, de-
used were 100 K per 8, 16, or 32 ps; particle velocities wergpending on the way they were formed. In our case, we are
scaled to decrease the temperatwyellK every 0.08, 0.16, primarily concerned with the oxide of microelectronics.
and 0.32 ps, respectively. The empirical potentfatepro- The peak positions in the calculated radial distribution
duce the melting temperature of silica of about 1500 K well.functions (1.634, 2.665, and 3.059 A) agree well with
For temperatures above 2000 K, self-diffusion is still signifi-experiment:?®. Our structures have ring statistics with three-
cant, and the system has a chance to rearrange its geometty.eight-member rings in proportions similar to those in Refs.
Root-mean-square displacements of atoms were 3.93, 5.685 and 27. However, three- and four-member rings are
and 6.10 A for the three simulation times, which suggestslightly overrepresented at the expense of eight-member
that the total MD run time in the liquid state sufficed to rings, perhaps because of the slightly higher density. In sum-
decorrelate the structure from the initial one. The system wamary, the generated systems appear to be fully acceptable
then equilibrated at 600 and 300 K and quenched K by  representative models of amorphous silicon dioxide.

Il. GENERATION OF AMORPHOUS STRUCTURES
AND THEIR PROPERTIES
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TABLE |. Calculated properties cd-SiO, models.(R) is the root-mean-square displacement of atoms
during the total simulation time. The enthalpy gives the value pep 8itlt relative toa-quartz. In compar-
ing the enthalpies and densities, it is necessary to correct for the tendency of the GGA functional to under-
estimate the density of SiOnaterials.

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) (A) 3.39 5.68 6.10
E before DFT relaxatiorieV) —570.92 —571.03 —570.81
E after DFT relaxationeV) —572.12 —572.62 —572.32
la] (A) 10.19 10.07 10.43
[b| (A) 10.19 10.61 9.92
lc] (A) 10.55 10.06 10.02
Volume (A%) 1091.72 1073.13 1036.33
Density (g/crd) 2.20 2.23 2.31
Enthalpy(eV) 0.16 0.14 0.15

[ll. ENERGETICS OF PEROXY-LINKAGE DEFECTS In this unit cell, the PL defects are separated by more than 1

nm. Calculations have been made for both configurations of

. 735 ! ) the oxygen atom incorporated at each of the 48 different
linkage (PL). There are two stable PL form&ig. 1); oxygen sites in our unit cell. The distribution of incorpora-

they are related approxmatgly .by rotation OT _the SI_O_tion energiegFig. 2) shows values centered on 1.9 eV, vary-
O_S.' com_plex about the_ line joining th_e two St ions. Theseing slightly asymmetrically from about 1.1-2.7 eV. Some of
Z?ggggtrzatlt%gsenla:\és dﬁ‘lfzféﬁzg beent\?vrgtleens th:an tvx?oer;?)f]}iléurlz&his variation is due to the inclusion of both low- and high-
tions is 0.18 eV, with a barrier of 0.57 eV for rotation of the energy structures. Most PL defects have incorporation ener-

O—O—complex from the lower-ener nfiquration to th gies between 1.5 and 2.3 eV. However, in some cases it takes
;igh_er-_ezcérg?/%neoThe Zt(())mii (fxyzgr){-icnocorgltj)rgtign :nerzgither much smaller or much larger energy to incorporate an
in the lowest-energy configuration is 2.03 @€lative to the Xygen atom. The incorporation energiesiguartz of 2.03

nondefectiv itz structure and half of the ener f nand 2.21 eV are slightly above the mean for amorphous
hondetectivea-quartz structure a air ot the energy ot an o \cture. The discrepancy between amorphouscagdartz
isolated oxygen moleculeThe formation of a peroxy link-

age distorts the surrounding network, the distortion decayinﬁﬁnmggigggCchoglcglgseiro;orisoiuii_%ﬁgteznngfggsamgi?z?ded e

with distance from the defect. In amorphous structures there_ . . o )

i . . .Mmimic and cannot, for example, laepriori assumed to give
are also two stable configurations of PL per site, but their . . o - o
. X i A - energies valid for describing silicon oxidation.
incorporation energies have a characteristic distribution with

a big spread around the average value. —

Atomic oxygen ina-quartz and ira-SiO, forms a peroxy

We have concentrated on the lowest-energy amorphoui 1t
structure, amorphous 5, to study oxygen atom incorporationZ
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FIG. 1. Stable configurations of peroxy-linkage defect in SiO
There are two stable configurations with different incorporation en- FIG. 2. Histogram of the probability density distribution of PL
ergies for O inserted in a giver-80—Sibond. The two geometries incorporation energies. Energies for both configuratigngh and
are approximately related by rotation of th&©—-0O- complex along  low energies at each site are included. The incorporation energy is
the line connecting the two Si atoms. The oval represents schematihe difference between the energy of the stable defect structure and
cally the partition into the local part and the rest of the system, sincéhe sum of that of the initial amorphous structure and half of the
the detailed partition, described in the text, is given in terms ofisolated oxygen molecule. Corresponding values dequartz are
bonds and interatomic distances. 2.03 and 2.21 eV.
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oxygen sites(Fig. 3). We have tried other characteristics,
such as the torsion angle of -8D—0O-Si, thesize of the
minimal ring containing the defect, the distribution of mini-
mal rings, the distribution of all rings containing the defect,
and finally the electrostatic potential at the oxygen atom of
the initial site. In no case we did find a correlation with the
PL incorporation energy. Interestingly, there is a clear corre-
lation between the initial SiO—Si angle and the torsion
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angle of peroxy linkages, shown in Fig. 4. It is striking that

even though the geometry of the initial site determines the
geometry of the defect with good accuracy, there is no
simple dependence of the incorporation energy on these

angles.

+ IV. STRUCTURE OF THE PEROXY LINKAGE
190 AND ITS RELATION TO THE STRAIN ENERGY
OF THE SURROUNDING NETWORK

130 150 170
Initial Si-O-Si angle (deg)

9
110

FIG. 3. Incorporation energy of the peroxylinkage as a function We may compare interatomic distances for the peroxy
of the initial S—O—Siangle. The low-energy configurations in the linkage with corresponding spacings for the initial, nonde-
amorphous sample are plotted as-;" the high-energy ones as fective site. Table Il shows both average values and their
“’0.” The full squares represent the results farquartz. Thereisa root-mean square spread. The bonds-8; and Q—-0O, for
negligible correlation between the initial angle and the PL incorpo-PL (see Fig. 1 are essentially rigid showing a very small
ration energies. dispersion of length. The S+O; bond increases its length

slightly on defect formation. On the other hand, the

The large dispersion in the incorporation energies sugSi;—0;—0, and Q—Skb—0; angles appear to be rather flex-
gests that ima-SiO,, the atomic displacements due to defectible, as reflected in the distanceg-SD, and G—0; having
formation may trigger additional rearrangements in thelarge dispersion compared with that for amorphous 5. The
medium-range structure, which can produce or release straimost noticeable difference between the non-defective and
in the network. This appears to be true even without thedefective networks is in the StO; and Si—Si, distances.
changes in topologyconnectivity that can occur, perhaps Incorporation of oxygen into a network increases the dis-
by diffusion, at higher temperatures. We have seen no sigrtances on average by 0.45 (S0y) and
of other possible low-energy structural reorganizations, such.58 A (SiL—Sh). The rms spreads of distances become
as those suggested for silica®% or found in simulations of  larger for larger interatomic spacings, at least up to 4.3 A
plastic deformation ira-C:H.%° (ultimately, for large distances, the change must tend to)zero

The energy dispersion does not originate solely from thesuggesting that medium-range order could be important.
local geometry of particular oxygen sites. For example, there These large displacements, as well as new constraints on
is a complete lack of correlation between incorporation enthe angles due to thehanged bonding structure of the net-
ergy and the initial StO—-Siangles of the corresponding work, must be accommodated by the surrounding network.

300 T T T T T T
+ ° N
— 270 | Fe, 4
D ot +J_ri_+ “ +
~ 240 |- o B .
@ ToTed o+ 4
1 +|:|§ T, .8
% 10k ] FIG. 4. The relation between the initial Si—
c o O-Si angle of the nondefective system and the
i) Si—O—-0O-Sitorsion angle of the relaxed peroxy-
[ 180 | E . . .
o + & N linkage defect incorporated into the amorphous
= + T sample. The low-energy configurations are plot-
N 150 | + w = . : "
I 8 BT L T ted as squares, the high-energy ones #s*The
(? - e+ ” lines are from the least-squares fit to all the
@) 120 " oagf e ] oints; they arey=489.8°-1.80%, and y=
i o = F p y y y
5] wl . Du?k; ) | —129.8°+ 1.80%.
o
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TABLE Il. The distribution of selected interatomic distanc¢és atom labels, see Fig) before and after
incorporating a peroxy linkage. The results are based on calculations for all 48 different sites and for both
high- and low-energy configurations at each.

Peroxy linkage Initial non-defective site

Distance Mean value (A) rms spread (A) Mean value (A) rms spread (A)
Si,—0, 1.664 0.010 1.633 0.117
0,-0, 1.486 0.014

0,-0; 2.642 0.136 2.663 0.082
Si;—Sh 3.637 0.197 3.059 0.117
Si,—-0, 2.492 0.133

Si;—04 4.322 0.500 3.870 0.349
0,-0, 3.294 0.386

We use the ternbonding structure of the netwotk refer to V. PAIR POTENTIALS AS A TOOL FOR PARTITIONING

the topology(connectivity together with the characteristic THE ENERGY

properties of bondglike the equilibrium distances, elastic . I

constants, et angular dependencies, and interrelations be- W& NOW wish to analyze the contributions to oxygen-
tween them. In an empirical-potential description, the bondincorporation energies from different parts of the amorphous
ing structure of the lattice includes the topology and the pon€twork, and in particular, to partition the total energy into
tential set with its parameters. The actual bond lengths angontributions from two regions, as outlined in Sec. IV. One
angles can vary within certain limits, producing many real-region is the local cluster, that contains the defect; the other
izations of the same bonding structure with different eneris the embedding network. To do this, we need short-range
gies. Amorphous 5 is one example of a topology representa?otentials mimicking the DFT energy surface for the defec-
tive of a-SiO,. We shall use the concept of bonding structuretive systems. We can use a two-step approach. First, we de-
to divide the system into a local part and an embeddingive a set of potentials for the defect-free system, used later
network. The local cluster comprises all atoms for which theto evaluate the response of the embedding network to the
bonding structure is changed, either in terms of topology oincorporation of a defect. Second, in Sec. VI, we derive a
bonding properties. The rest of the system, the embeddingpecific set of potentials describing the energy dependence of
network, preserves its original bonding structure on incorpoperoxy linkage on its local geometry. In this paper we deal
ration of the PL defect, but will undergo deformation. The only with neutral defects. For a charged defect the polariza-
change of certain interatomic distances and effective localion of the host network can be long range. In this case the
elastic propertiesthe change in the rms spread of distances same analysis can be applied, but only when extended to

due to the incorporation of the PL defect has an importanfycjyde the response of the network to the external electric
effect on the embedding amorphous netwaakpwing or  fiaiq.

forcing it to access geometries that were not accessible for First, we have considered several different ways to repre-

thed_nondefectlvet_netwolrk without breakmlg tl;e bondst, rteb'sent the potential energy of the nondefective network in
onding, or accepting a large energy penalty for overstre Ch‘Eerms of interatomic potentials, both pairwise and angle de-
ing of the bonds and angles. This effect allows the defect to endent. To fit the parameters of these potentials. we
lower as well asncreasethe strain energy of the embedding P X P P ’

network, even though the nondefective structure is at its engampled the potential-energy space by generating about 600

ergy minimum configurations using DFT MD at 300 and 600 K, starting

The key to understanding this phenomenon is recognizind©™M the equilibrium geometry amorphous 5. Half of the
that incorporating a defect, such as peroxy linkage, into afonfigurations were taken from the beginning of the 300 and
amorphous network relaxes some of the constraints and if00 K simulations to sample configurations close to the
troduces new ones. Adding O replaces part of the networkninimum. The other 300 configurations were chosen from
with a new, different network and neither the whole newthe end of the 1-ps MD run at 300 K, when some equilibra-
network nor its parts are at the minimum of enegjyen the  tion of energy had taken place. Potential parameters were
new bonding structureRelaxation of the new system will obtained by a least-squares fit to these energies. We have
lead to a new minimum of energy, one for which the embed-examined harmonic and third-order potentials between at-
ding network can have strain energy eitthégher or lower  oms, but found that including third-order terms made no sig-
than that of the initial nondefective network. The incorpora-nificant improvement. Surprisingly, there was a significant
tion energy is likely to be higher if the defect increases in-improvement of the fit on replacing the angle-dependent con-
teratomic distances in an already locally compressed regiotibutions for Si-O-Si and O-Si-O[in the form E
or lower if it relaxes an initially tensile strain by allowing = c(cosa—cosap)?] by harmonic Si—Si and O-0 potentials,
some distances to increase. The effective “softening” of therespectively. Table Il gives the parameters of the minimal
local cluster(the bigger rms spread for SiO; and Sj—Sh) set of harmonic potentials that reproduces the DFT energy
will also allow for more relaxation in the embedding lattice. surface satisfactorily for the chosen set of 600 geometry con-
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TABLE lll. The minimal set of harmonic potentials of the gen- <
eral forme(d—do)? for representing the energy of the Si@efect- *qi
free amorphous networld is the corresponding interatomic dis- g -569 <
tance,c andd, are parameters. The atom numbers are shown in Fig. 5 - >
5' E —5 6 9 . 5 X ':
5
£ -570
c (eVIA?) do (A) 8|_ L
£ -570.5 2L
Intratetrahedra 8
. =]
Sh=0, 12.045 1.522 £ T570.5 —570 —569.5 —569
0,-0; 1.761 2.967 w
Intertetrahedra DFT potential energy (eV)
Si,—Sh 0.825 3.096
Si—0, 0.137 3.786 FIG. 6. Correlation plot for fitting a minimal set of harmonic

potentials for the nondefective amorphous network. The correlation
coefficient for the data is 0.997 and the root mean square error is
figurations. The relevant atoms are defined in Fig. 5. Figure 8-09 eV.

is a correlation plot, comparing energies from the DFT MD

run with those calculated using pair potentials. The rms enatomic distances. We choose the smallest possible local clus-
ergy error is 0.09 eV, with a correlation coefficient of 0.997ter, which includes all the interactions between
between the DFT energies and fitted ones. One could ceBi;, O;, O,, and S}, as well as all interactions equivalent
tainly improve the correlation by including more interactionsto O,—0;. Interactions between the atoms outside and those
with further neighbors, but the accuracy provided by thesén the local cluster are calculated using the potential derived

simple potentials is sufficient for our purposes. for the nondefective amorphous network. All such interac-
tions are assigned to the embedding network energy.
VI. THE CHOICE OF THE LOCAL CLUSTER AND The division of the system has to capture the different
ANALYSIS OF THE ENERGY CONTRIBUTIONS properties of the two regions. Our choice of partition will

meet this requirement if we can mimic the DFT incorpora-
We want to use the pair-potential approach to partition theion energies of PL defects using this partition and the pair-
incorporation energy of PL into contributions coming from potential approach. The total incorporation energy of peroxy
the local cluster around the defect and the embedding nefinkage (E;,.) can be expressed as a sum of the local cluster
work. The incorporation of peroxy linkage leads to local energy €,,.) and the change in strain energyK,,) in the
changes in properties of the network. The spatial extent ogmbedding network &;,.=E;,.+AEs;). The embedding
these changes provides good criteria for the partition. Oupetwork comprises the whole system excluding the specific
calculated average interatomic distances in the vicinity of Pljocal cluster and it is different for each of the defect sites, of
(some are shown in Table)lshow that only first-neighbor course. The change of strain energy is defined as the differ-
distances are significantly affected by the presence of thgnce in potential energy of the embedding network after the
defect. This suggests a possible partition of the system with ;corporation and relaxation of PL and the potential energy
small local cluster shown, albeit approximately, as the part ogyaluated for the same set of atoms in the initial nondefec-
.the structure inside the oval in Flg 1. The preCise partltlorhve amorphous Samp|e_ Since the embedding network is
into a local part and the rest of the system employed irjefect-free we can evaluateE,,, with the potential set for
further calculations is defined in terms of bonds and interthe nondefective amorphous netwdfkable I11).
The local cluster, on the other hand, contains the defect
O O and all bonds(and related atomsin which properties are
\ / | / ch_angeq by the presence of the defect. Ther.efore, to describe
Siz\ /S‘ this region we need ald|fferent set of potentials. The param-
/ 03 ]\ eters for these potentials can be fitted to get the best agree-
o ment of the pair-potential incorporation energy with the DFT
1 results. By doing several fits we established that the minimal
/ set of harmonic pair potentials for the local cluster must in-
: clude Sj—-0;, 0;-0,, and G—0; (atom numbering from
'\ Fig. 1). Since the incorporation of PL involves a change in
the number of atoms in the local cluster, formation of a new
bond and changes in other bonds, a constant energy term is
\ needed to take care of the terms not represented by the har-
/T/ monic pair-potential approach. The rms error of the fit is

O~
/

O 0,

0.09 eV, which is consistent with the error of the fit for the
nondefective network. Again, adding more interactions with
FIG. 5. Schematic diagram of teSiO, network. The number-  further neighbors improves the fit. Overall, it appears that the
ing of atoms is used in defining the pairwise potent{@lable 111). pair-potential approach has useful accuracy and can consis-
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Incorporation energy of peroxy linkage [eV] FIG. 8. Histograms showing the probability density distribution
for the two contributions to the peroxy-linkage incorporation en-

FIG. 7. Change in the medium-range strain energy as a functio,
of peroxy-linkage incorporation energy. The clear correlation indi-

cates that the change in strain energy is a dominant cause in th—eEinc—AEstr)- Table IV gives the characteristic parameters
variation of the incorporation energy. Deviations from a linear re-4¢ the incorporation energy distribution and its contributions.
Iationsh_ip are dge_ to variations in the local part pf the energy. Thel'he distributions of the strain and local part are shown in
correlation coefficient for the data on the graph is 0.94. Fig. 8 and are quite different. The change in strain energy
seems to be symmetrically distributed, whereas the distribu-
tently describe the variation of energy with the local geom-tion of local cluster energies is much more peaked around its
etry and the contribution of the embedding network. Theremean value, with a tail towards high energies. The root-
fore we conclude that our partition of the system into a localmean-square spread of changes in strain energy is approxi-
cluster and an embedding network successfully captures theately twice that of the energies of the local part. Further,
different properties of the two regions. In particular the re-the mean value oAE,, is close to zero, and the values can
sponse of the embedding network to incorporation of the Plbe positive or negative. Negative changes in strain energy
defect into the local cluster can be properly described by thevere obtained for about half the oxygen sites in the amor-
pair-potential set for the nondefectiveSiO,, derived in  phous structures considered in this work. The incorporation
Sec. V. of additional oxygen atoms and the formation of a peroxy
Now we can analyze the contributions to oxygen-linkage carcreateas well aseleasestrain in the amorphous
incorporation energy from the local cluster and embeddingstructure in the vicinity of a defect.
network. To avoid some of the fitting errors we shall use the We recognize that the partition into the local cluster and
DFT values for PL incorporation energy in all the following embedding network is not unique and will affect the relative
considerations. The oxygen-incorporation energies show gpreads. We chose the cluster of the minimum size that can
strong correlation of 0.94 with the change in the strain enbe used to model the PL defect. Therefore the size of the
ergy (AEgy,) in the embedding networkFig. 7) and give local cluster could only be increased. We can assess our
initial indications of the contributions of the two regions. choice by analyzing the combined probability density distri-
The spread around a largely linear relationship is due to theution of the local and embedding netwdgkrain contribu-
variation of the local part of energy. The contribution from tions. Figure 9 shows the contour plot for the combined dis-
the local cluster can be simply evaluated as the difference&ibutions. The two contributions appear almost independent.
between th incorporation energy of peroxy linkage and therhe small correlation coefficient of 0.33 is largely due to the
change in strain energy in the embedding netwol,{ few very high-energy PL configuratiorfsimultaneous high

gy.

TABLE IV. Characteristic parameters of the distribution of peroxy-linkage incorporation en&rgy) (
and its partition into the local partE(,.) and change in medium-range strain energyE(;,). Note that
Einc=Eioc T AEgy -

Parameters of the distribution

Energy Method Mean valugeV) rms spreadeV)
Incorporation E;,c) DFT 1.954 0.335
Change in medium-range straid Eg,,) Pair potentials 0.054 0.269
Local part Eqc) Ejoc— AEg, 1.901 0.129
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with previous studies for distributions of bond lengths,
2.4 é angles, and ring statistics. In particular, the agreement with
the experiment for enthalpy as a function of density gives us
confidence that the amount of strain in the supercell is rep-
resentative of rea-SiO,. Second, we would like to empha-
size that the site-to-site variations of defect properties in an
amorphous material can be significant. Hence, proper char-
acterization of a defect in amorphous material requires cal-
culation of the distribution of valueémean value, spread,
etc) rather than just “one number” as in case of a defect in
Z0.75 -0.5 -0.25 0 0.25 0.5 0.75 crystal. Third, analysis of the geometric and electronic struc-
tures of peroxy linkages at the 48 different oxygen sites of
Change of medium-range sirain (V) our 72-atom periodic cell points to a significant role of
medium-range order. In particular, we show that it is pos-
FIG. 9. The combined probability density distribution of the sible to partition oxygen-incorporation energy into contribu-
embedding networkchange in strain energynd local cluster en-  tions from the local cluster around the defect and the change
ergy components. A few very high-energy peroxy linkagesge  in strain in the embedding netwotkhe response of the em-
positive values of both energieare the source of the small corre- bedding network to the incorporatipnFourth, our results
lation coefficient of 0.33. For these configurations there are alternazast doubt on some of the standard approaches to modeling
tive structures that usually have marginally lower energies. defects ina-Si0,. For particular defect properties-quartz

local d hiah itive | in strai can be a poor imitation of the amorphous oxide. Also, the
ocal energy and high Positive Increase in strain energy terms from regions usually ignored in cluster calculations
These can be regarded as the tail of the distribution. Morex

over, these are the least likely PL configurations because (ISL: tr;I;e crucial in reproducing the defect properties accu-
their very high-incorporation energy. Indeed, for these very Perhaps more important, the results show a strong corre-
high energy P'—’? we ]‘Ol.md.there was also.another type 0](ation between incorporation energies and changes in long-
stable configuration, similar in energy, but with a more C.°m'range strain energies. They show that distortion induced by

_ . Yncorporation of an oxygen atom and formation of a PL is
preferable energetically, since the compact structure leads %

Local part (eV)
[ )

ller i i stra h th tistically about as likely to introduce more strain into the
aﬁ er |nc;gas$|ns](ra|nt(ar]ne[gy,l owizvs\r/a e ?Xg)e?ﬁet gion outside the nearest neighbors as it is to release the
a figner contribution trom the focal part. Yve conclude thalgyaiy iy the embedding amorphous structure. This is impor-
the local and strainembedding netwopkcontributions to

ticallv ind dent. with diff ¢ distrib tant, because it is the change in strain in the embedding
energy are praclically independent, wi ierent distribu-patyork that dominates the large variations in incorporation
tions. They correspond to different regions of space, and th

8nergy. The amount of strain in the disordered structure will

energies ha}ve largely distinct physical origins: one depend§ary from sample to sample, and even within a volume of the
on the details of the local bonding of the defect, the other Ogample It will depend on tr71e way the sample was formed
the change in strain energy in the surrounding network. Mos g., a very quick quench as opposed to a very slow quencr’L

cluster calcullations.concentrate largely on just one of thes%he implication is that amorphous samples prepared differ-
energies, which limits their value. ently will have different distributions of incorporation ener-
gies (mean values, root-mean-square spread, and shape of
VIl. SUMMARY AND CONCLUSIONS distribution and may perform differently in applications.

Our study of the site-to-site variations in the incorporation
energies of peroxy linkages aSiO, leads us to four initial
conclusions. First, one can generate realizatiorss 80, by M.A.S. would like to thank Fujitsu European Center for
classical molecular dynamics followed by static DFT relax-Information Technology for financial support. We are grate-
ation. These realizations, tested using DFT molecular dyful to G. Pacchioni, J. L. Gavartin, and A. H. Edwards for
namics, show good agreement with experimental data andseful discussions.
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