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The neutral oxygen vacancy in Si@® important both through its role in controlled refractive index changes
and as an archetypal intrinsic defect. We have studied the very significant effects of lattice relaxation on the
structure and properties of this defect in both pure and Ge-dapgehrtz using a hybrid classicab initio
embedded-cluster method. The neutral vacancy induces very strong and anisotropic lattice distortion. At the
vacancy site, the Si-Si distance irquartz relaxes to the same spacing as in elemental Si. The long-range
distortion components extend further than 13 A from the vacant site. The displacements of surrounding atoms
are strongly asymmetric with respect to the vacancy, contrary to previous theoretical results. We predict a
strong relaxation in the lowest triplet excited state of the vacancy and desdlthan 1 eYtriplet lumines-
cence energy. The strong dependence of the defect properties on the radius of the relaxed region is demon-
strated and the applicability of small molecular cluster models is discussed.
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I. INTRODUCTION method are given below. As an application of this method to
defects in ionic-covalent materials we have studied the neu-
Silicon dioxide is an exceptionally important and versatiletral oxygen vacancy in quartz. The main result of this work is
dielectric. It forms the passivating layer in metal oxide semi-that the crystal deformation in the defect ground and first
conductor technologies, it is the basis of most optical fiberséXcited states exhibit strong anisotropy with significant dis-
and its crystalline forma-quartz, is important in oscillator Placements of the crystal ions within about 13 A from the
technologies. In all of these applications, the nature angenter of the vacancy. This result alters our understanding of
number of point defects is crucial to the reliability. As a the model of this defect, which has been viewed as a Si-Si
consequence, the fundamental defects in both crystalline argPnd formed due to symmetric displacements of two Si ions
a-Si0, have been studied intensely for the last 40 years. Bjrom their perfect lattice sites. Our results clearly demon-
far the most important defect is the oxygen vacancy. Thétrate that the extent of the lattice deformation accounted for
vacancy has been implicated as the fundamental positivié the calculations can strongly affect other defect properties.

charge trap in bulk and thin-filna-SiO,. It has also been Detailed analysis of the dependence of optical excitation and
considered as a model for one of the so-called oxygenluminescence energies and defect formation energies on the

deficient center§ODC's) in silica? that play an important €xtent of the lattice relaxation and on various parameters of
role in the UV-induced refractive index changes in silica-the embedded-cluster model and the basis set shows strong

based Optica| fiberssee' for examp|e, Refs. 2}_7'|'he ex- limitations of the eXiSting methods in terms of their ab|||ty to
perimental evidence reviewed in Refs. 1 and 8 suggest that fbake reliable predictions of formation energies and optical-
is a good candidate for a defect responsible for the 7.6 ebsorption spectra of ODC'’s in-quartz. Strong relaxation
absorption band. of the excited state leads to a very small luminescence en-
While there is much agreement about the qualitative naerdy, suggesting that nonradiative transition may be much
ture of the oxygen vacancy, quantitative aspects of its strucnore effective. Although the atomic displacements in this
ture in all charge states are not universally excepte@ne  diamagnetic defect cannot be compared directly with experi-
difficulty is that there is no universal method for calculation mental data, we believe that the effect of long-range crystal
of defect properties. Both density-functional theory with pe_deformation is general for other defects in silica, including
riodic boundary conditions and finite molecular cluster cal-E" and peroxy centers, and can be relevant to photoinduced
culations, which have been widely used to study defects iflensification of amorphous silica.
silica, have their own limitations. In the next section we The balance of the paper is organized as follows. In Sec.
briefly review the existing theoretical calculations and dem-! we review previous theoretical calculations to put the cur-
onstrate that in all of them the defect-induced lattice deforrent work in context, and to demonstrate the unsettled state
mation is confined to a very small region and does not inOf the problem. In Sec. Ill we present a discussion of the
clude the full extent of the lattice perturbation by a defect.embedding method. In Sec. IV we give our results, and con-
Full lattice relaxation can be accounted for in the embeddedclude in Sec. V.
cluster method, which treats a defect in iafinite polariz-

able lattice. o . Il. PREVIOUS THEORY
To address some of the deficiencies in existing theoretical
methods, we have developed a hybrid technigtfén which The neutral oxygen vacancy in silica is a diamagnetic

a quantum-mechanical atomic cluster is embedded in a claslefect and is usually characterized theoretically in terms of
sical atomistic representation of the solid. Details of theits geometric structure, formation energy, optical properties,
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and its relation to thé&’ center. All existing calculations of embedded-cluster method implemented in the computer code
the neutral oxygen vacancy irquartz predict a significant EMBED,?! again suggested the bondingintibonding transi-
displacement of the two Si atoms neighboring the vacancy t§on model for the lowest vacancy excitation proposed ear-
one another, and the formation of a chemical bond betweelier- The value of 8.3 eV for the lowest singlet-to-singlet

them. The equilibrium distance between these atoms pr‘;Ve_xcitation energy calculated in Ref. 21 corresponds better to
dicted in mostab initio and semiempirical modified neglect theab initio results obtained in Refs. 13—15 with the isolated

of differential overlapMNDO) cluster calculation€~2%is in cluster approach. Overall, accordingab initio calculations,

. the neutral oxygen vacancy is a good candidate for the
the range of 2.3-2.5 A. The dependence of this parameter O@DC(I) center \yvgi]th the abso)r/ption bgnd at 7.6 V.

the clust.er size has r_ecently been studied in Ref..20. using the calculations also give the vacancy formation energy, with
mechanical embedding methamhiom. A larger Si-Si dis-  regpect to the free oxygen atom in its lowest triplet state. As
tance of 2.68 A has been obtained by the quantumor the optical energies, previous predictions vary signifi-
embedded-cluster methdt. Periodic density-functional cantly. Ab initio calculations using the isolated cluster model
theory (DFT) plane-wave calculations reported in Refs. 22gjve estimates of 5.5 and 6.7 eV at the Hartree-F@4R)
and 23 predict 2.5 A and about 2.7 A, correspondingly. Theevel without and withd functions, respectively. The electron
periodic DFT calculations using gradient corrections and theorrelation correction calculated at the MP2 level for the
projector augmented wave metidcredict 2.44 A. The basis set containind functions brings the vacancy formation
Si-Si distance at the vacancy site is similar to the Si-Si spacenergy to 8.5 eV>'® Quantum embedded-cluster calcula-
ing in elemental S{2.35 A) and much shorter than the equi- tions at the Hartree-Fock leélgive about 6.6 eV for the
librium distance of 3.08 A between the two Si atoms in idealvacancy formation energy in-quartz and about 7.9 eV in
a-quartz. This is in marked contrast with cubic oxides, suchB-cristobalite, respectively. The plane-wave density-
as MgO**?°and the more complex Zr(?%?"where, despite  functional theory(DFT) %alcglations in a periodic model
the substantial ionic polarization, the formation of a neutradive 6.97 eV ina-quartZ® (with respect to the half of the
oxygen vacancy leads to only very small displacements ofnergy of the oxygen molecyleOther DFT plane-wave cal-

the surrounding metal atoms. It is interesting to note thafulations have given larger values of 7.85 &¥ef. 29 and

there is almost no discussion in the literature of the relax8:64 €V(Ref. 30 for a-quartz, and 9.3 eVRef. 3) and 8.92

ation of the atoms surrounding the neutral vacancy. The re€V (Ref: 30 for p-cristobalite. Thus most of thab initio
laxation of surrounding atoms proved to be vital for exis-€Sults lie between 6.5 and 9.5 eV. The proposed thermody-

tence of the second, puckered configuration of the positivel¥namic estimat® of the vacancy formation energy is larger

charged oxygen vacanggee Refs. 19 and 23 and references han 7.3 ev. ) . .
therein. As we will show below, the extent and character of "€ calculations described above employ different
this relaxation strongly alters the existing model of the neu-duantum-mechanical methodsiartree-Fock and DFTand

tral vacancy and affects the calculated defect properties. Pasis setsatomic orbitals and plane waveas well as dif-
Optical absorption energy is crucial for experimentalferent crystal modelgperiodic, isolated cluster, and embed-

identification of this diamagnetic defect. In early calculationsd€d cluster. Therefore the apparent discrepancies in the cal-

using non-self-consistent tight-binding methogee refer- culated values are not easy to rationalize. However, they all
ences in Ref. 17 and in later, more rigorous semiempirical suffer from the same problem—the defect-induced relaxation

MNDO studies'®~18the absorption and luminescence band<Of the surrounding lattice is cpnf_ined toa f_airly_ssTaII region
round the defect. In the periodic calculatitif®—3'the re-

of the neutral vacancy were related to the one-electron trarf® == ™ "™ ¥* ) N ) )
sition between the two states in the forbidden gap forme xation is limited by the size of periodic cell, which did not
exceed 72 atoms. In the isolated cluster mdéel® clusters

mainly by the bonding and antibonding combinations of the )
sp orbitals of the two silicon atoms adjacent to the vacani'® much smaller and the dangling bonds o%%?Te atoms at the
site. The energy of the lowest singlet-to-singlet excitationcluster border are saturated by Hydrogen atdnsiese cal-

calculated by the MNDO methdf®was 5.0 eV. Furtheab culations do not take into account the Madelung potential of
initio calculations in isolated clusters by Stefanov andthe infinite lattice and neglect the lattice relaxation outside
Raghavachal? did not confirm these results. Instead, it was € C|U§$§’21The embedded-cluster calculations byet&ED

suggested that the lowest excitation has a much higher effogrant ™= take into account the Madelung potential, but,
ergy of ~7 eV and corresponds to a transition of different due to time-consuming calculations, practically do not in-

character: from the Si-Si bonding orbital to a diffuse stateClude the long-range lattice relaxation. Thus the full extent of

(ie., a Rydberg-type excitation, not the bondingth,e Iattlc(j:ef relaxation caused ever|1 by one of the simplest in
— antibonding transition between strongly localized orbit-[1NSIC defects in quartz—neutral oxygen vacancy—is un-

als). On the other hand, the cluster calculations by Pacchior{70Wn- As will be shown below, the atomic displacements
et al,’>"®which also included diffuse atomic orbitals, con- strongly affect all calculated defect properties. In particular,

firmed the bonding-antibonding nature of the lowest onethe lattice relaxation usually taken into account in previous

electron allowed transition between the two vacancy level§@iculations provides only about 50% of the total relaxation

in the gap. The energy of this transition was also 7—8 eVeNe"9Y-
similar to the result of Stefanov and Raghavacfam@nd

much higher than estimated with the semiempirical MNDO
method in Refs. 16—18. Receab initio calculations of the The embedded-cluster technique developed in our group
oxygen vacancy in B-cristobalite, using the quantum and implemented in theuesscomputer codé 34 allows

Ill. DETAILS OF CALCULATIONS
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Quantum cluster Classical region Classical oxygens
ntefface T
Interface
Shell model regon
Border of region | Quantum cluster

Region II: atomistic, finite

Region llI: continuum, infinite

Regions Il and lll match

at the border of region | . .
Classical Si* (3/4)

FIG. 1. General setup for the embeded-cluster calculations. See Quantum Si* (1/4)

text for sizes of each region. FIG. 2. Model for the interface between quantum cluster and

us to study point defects in crystals and amorphous soligglassical environment. The boundary*Ss split into quantum-
combining quantum-mechanical treatment of atoms syrnechanical and classical parts. See text for details.
rounding a defect with the shell modétepresentation of the
rest of the solid. The main difference of this technique fromcluster electronic structure and make it a poor mimic of an
the mechanical embeddirmniom method employed in Ref. infinite system. Therefore in most cases these bonds are satu-
20 is that it provides the consistent Madelung potential at théated by real or pseudohydrogen atoms. This method is dis-
site of interest and allows one to account for both ionic andcussed in detail in Ref. 33. Our approach is different in that
electronic contributions to the polarization of the defect endt embeds a quantum-mechanid¢&M) cluster into a con-
vironment. tinuous crystal instead of treating it as a molecule. Therefore
In this approach, the infinite system with a single pointthe interface atoms play a special role in this procedure as
defect is divided into several regions, as shown in Fig. 1. Adescribed below.
spherical region | includegi) a quantum cluster with a de- All QM clusters in our calculations are terminated by Si
fect and surrounding atoms treated quantum mechanicallyatoms, with one neighboring O atom always belonging to the
(i) an interface region, which connects the quantum clusteRM cluster and with the other three neighboring O atoms
with the rest of the solid treated classicalljii) a classical belonging to the classical environment. These terminating
region, which includes up to several hundred atoms. Regiofinterface Si species are called pseudo-Si atoms*}Sind
| is surrounded by a finite region II, which is treated atom-perform dual functions, as illustrated in Fig. 2.
istically, and region I1l, which is treated in the approximation  The first function of Si atoms is to describe a Si-O bond
of polarizable continuum. Region Ill conforms geometrically directed inside the QM clustésee Fig. 2 For the electrons
to the boundary between regions | and Il but extends to inand cores inside the QM cluster they look like a one-electron
finity (see Fig. L The classical ions in regions | and Il are atom with the effective charge equal to that on a regular
treated in the shell mod&land interact between themselves lattice Si atom and asp orbital centered on it. Since effec-
via interatomic potential® Both quantum and classical at- tive charges on Si atoms in quartz are abo@t4 ¢ (eis the
oms in region | are allowed to relax in the course of calcu-€lectron chargeit represents a strong attractive center for
lations. Atoms in region Il are kept fixed in their ideal, bulk cluster electrons. To compensate locally the resulting strong
positions and provide correct variations of the electrostati¢lectrostatic potential, an effective repulsive electronic po-
potential inside region I. Region IIl is used to calculate thetential V(r)=AXexp(—Br) is added to mimic a screening of
polarization energy of the infinite lattice due to the presencéhe Si core potential by valence electrons. The parameters of
of a defect in region | using the Mott-Littleton approach. Ourthis potential and of the basis set for the* Sitoms were
setup is very similar to the original Mott-Littleton method of optimized to satisfy the following condition$i) The elec-
calculating point defects in polar solidsit has then been tronic charge is evenly distributed within the QM cluster or,
refined incuLp,*® and similar atomistic codes, as well as in in other words, the effective charge modulus o# & ap-
theicEcAP embedding scheni®*°The original computation ~proximately equal tg; of that on regular quantum Si atoms
scheme implemented iauessand applied to defect studies and; of that on quantum O atoméi) The electronic states
in ionic crystals has been described in Refs. 10, 11, 34, andssociated with 3iatoms do not have substantial contribu-
41. One of its main advantages is that it allows us to calcutions at the top of the valence band or at the bottom of the
late forces on quantum-mechanical and classical ions angbonduction band. The short-range interaction between the
simultaneously optimize their positions using an effectiveboundary Si atoms and their nearest oxygen neighbors in
energy minimization scheme. the QM cluster is modelled using a Morse-type classical po-
In this work, we modify this scheme and apply it to an tential, which ensures a good approximation of the inter-
ionic-covalent systemg-quartz, which has directed bonds. atomic distance between the two species.
Such systems present a challenge for cluster calculations due The second function of Siatoms is to interact with the
to the dangling bonds formed at the cluster border. The elecshell-model ions outside the QM cluster. This interaction has
tronic states associated with these bonds strongly perturb tHfgoulomb and short-range components. The interaction of
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point charges representing cores and shells of classical ionis the periodic model. These structures differ slightly and we
in regions | and Il with the electron on thep orbital of Si checked the effects of these differences on defect properties.
is included in the Fock matrix via the matrix elements of theFor that purpose we optimized the geometryneduartz us-
same type as the electron-nuclei interaction. In additioning thecuLp cod€® and the pair potentiaf§. Then the region
these ions interact classically with theof the effective |+l was built using these geometric parameters and the va-
charge of the classical Si ion also centered on Shus St cancy structure and its formation energy were calculated.
might be envisaged as comprisigadrom quantum parts and The same procedure was repeated using the begtartz
3 from classical partgsee Fig. 2 Note that the effective structure found in the Hartree-FodRrYSTAL calculationg'®
charge of Si can vary, as it depends on the population of itsThe thus calculated formation energies differ by less than
sp orbitals. The short-range terms are described by inter0.03 eV. The shell-model ions in perfeetquartz are polar-
atomic potential$® These originally rigid ion potentials were ized, i.e., positions of ionic shells differ from positions of
modified by including shells on oxygen ions. They are alsocores, which results in a small dipole being associated with
used in order to describe the interactions between the clasgach ion. We have also checked that far from the vacancy
cal atoms in region | and between the classical and quantuiifiese small dipoles do not affect the results of defect calcu-
atom. The latter are introduced in order to mimic the ex-lations and one can treat region Il in a point-ion model.
change and resonance component of the interaction between The GUESscode provides an effective interface between
the classical and quantum atoms across the QM clustdhe quantum-mechanical treatment of QM clusters using the
boundary. The expression for the total energy of the systerBAUSSIAN98 codé” and the classical treatment of the rest of
is given in the Appendix. the system. The electronic structure of QM clusters was cal-
The electrostatic potential produced by classical ions irfulated using the unrestricted Hartree-FatkHF) method
regions | and Il depends on their effective charges, which ar@nd different standard basis sets ranging from 3-21G to
parameters of interatomic potentials. The poterffalsed in ~ 6—311C for both silicon and oxygen atoms. QM clusters of
this work have been fitted using fractional ionic chargesdifferent sizes and topology have been consideredSig
(Qsi=2.4e|,Qo=—1.2€|) to reproduce accurately several (cluster 3, SigO,5Sijg (cluster 2, Si;(O30Si5, (cluster 3, and
of the SiQ, polymorphs. These ionic charges have been obSi;40,Si5s (cluster 4 with the oxygen atom in the center
tained fromab initio calculations of small clusters using the (see Fig. 3. Note that all these clusters are stoichiometric,
6—31G basis set® As is shown below, these charges arei.e., the ratio of the numbers of oxygen and silicon atoms
fairly close to those obtained in our embedded-cluster calcu(Si* being the quantum-mechanically treateaf a silicon
lations using natural population analy$iPA).*? The latter  atom, as discussed abogvs equal to 2. Indeed, each bound-
depend, however, on a basis set. In a fully consistent apary St atom is treated as a 5 species and therefore each
proach, the charges on ions in QM clusters and those opluster can be viewed as built from,;30,,, bondlike ele-
classical ions in the perfect lattice should be the same. In theents, which are stoichiometric. When increasing the cluster
present work we tried many different basis sets and this consize we aimed to satisfy the additional criterion that the clus-
dition is not fully satisfied for all of them. Nevertheless we ter must be compact. The compactness of a given cluster can
believe that this does not affect our qualitative conclusionge defined as the ratig=Nysier/ Nerystar: Where Nejyseer i
regarding the extent and character of the lattice relaxatiothe sum of quantum-mechanically treated nearest neighbors
around the defect. for each atom in the cluster arfd;.ys is the sum of all
Region HII may have different shapes and should benearest neighbors of the cluster atoms in the crystal. For the
neutral and have zero total dipole moment. To build thisinfinitely large clusterp=1; for the clusters used in the
region we used $0D,,,), units, which provide convenient present studyy increases from 0.58 for cluster 1 to 0.72 for
stoichiometric elements with a very smélften practically  cluster 4.
zerg dipole moment. With this choice, a spherical region |  To test our embedding scheme we carried out so-called
+ 11 gives the fastest convergence for the electrostatic potertperfect lattice test” calculations for each cluster. In these
tial. In our present calculations, regios Il has radius 30 A calculations a nondefective QM cluster was embedded in the
and contains 9270 atoms. The finite size of the system resuligst of the lattice and the whole system was allowed to relax.
in a spread of the electrostatic potential at atomic sitesin the case of “ideal” embedding, no atoms in region |
which should be equivalent in the infinite crystal. For theshould displace from their original sites. In practice, we ob-
region H1l used in this work, the spread of the potential served a relatively small relaxation associated with the inter-
within region | was less than 0.01 eV, which indicates thatface region, where the maximum displacements of atoms,
the system was large enough to mimic the electrostatic pochanges in the interatomic distances, and changes of the
tential in the infinite crystal. In most calculations discussed‘soft” Si-O-Si angles with respect to their original values
below region | had a radius of 13.07 A and contained 718were less than 0.15 A, 4%, and 5% respectively. Distortions
atoms. in the rest of the system were at least three times smaller. We
Because region Il remains fixed, its geometric structurealso checked that after relaxation the electronic structure of
can affect the positions of atoms in region | and in the QMthe cluster did not undergo any noticeable modification, i.e.,
cluster when they have been allowed to relax in defect calthere was no change in electron-density distribution within
culations. In building region-+1l one has a choice of the the QM cluster or in the density of states.
experimental structure or those determined in shell-model When a neutral vacaneseSi—Si= is created by remov-
and quantum-mechanical calculations of the perfect systerimg the central oxygen atom in one of the QM clusters men-
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FIG. 3. Quantum clusterén-
cluding St atoms used in the
calculations shown in the same
projection.(a) cluster 1;(b) clus-
ter 2; (c) cluster 3;(d) cluster 4.
Additionally, (@) shows atoms in-
cluded into partial relaxation near

C) the vacancy(see also Table)] (b)
shows Si atoms Al and A2 and
their nearest Si atoms, which are
labeled Sj, Si,, Si; (see discus-
sion in the texk

vacancy site vacancy site

tioned aboveFig. 3), the formation energy is calculated as from the ground singlet sta®, to the lowest triplet stat@&
and the luminescence energies from the relaxed triplet state
Etor=Eioi( V) + E(O) — Eo( perfecy, (1)  were calculated taking the differences between the total en-
ergies of the system in the triplet and singlet stgteSCH.
where E(V) and Eq(perfect) are the total energies of the To pinpoint excitations associated specifically with the bond-
system with the vacant site and the perfect system, respegyg and antibonding orbitals of the vacancy siteg., S
tively, andE(O) is the UHF energy of the free oxygen atom _,g  s¥_, T, in our tableg and estimate oscillator strength
in the ground triplet state. To model oxygen vacancies assgst gipole electronic transitions we used a configuration inter-
ciated with substitutional Ge atorf§e ODCs(Ref. 43], we  5ction technique which takes into account single-electron ex-
c.o.nS|dered oxygen vacancies with one or two ”e'ghbo””%itations(CIS),48 as implemented in theAussiANgs code®
silicon atoms substituted by germanium atofe., vacan-  ginally, more accurate calculations for luminescence ener-

cies=Si—Ge= and=Ge—Ge=). Their formation ener-  gies were carried out using a coupled cluster method with
gies were calculated using a definition analogous to(EQ.  youple excitation§CCSD).*

However, in these cases, the perfect system contains
one or two germanium atomg=Si—O—Ge= and

=Ge—0—Ge=). IV. STRUCTURE AND PROPERTIES OF ANION
Unless otherwise stated, all calculations included a coun- VACANCY

terpoise correction for the basis set superposition error )

(BSSB (Ref. 46 (see also recent discussion in Ref) 4his A. Defect structure in the ground state

means that the oxygen basis set remained centered in the |n Sec. Il we observed that, whereas previous calculations
vacancy when an oxygen atom was removed to form a vapredicted similar structures for the neutral oxygen vacancy in
cancy. Similarly, the oxygen atom energy was calculated inu-quartz, the energies predicted depended on particular de-
cluding the basis sets of all other atoms in each particulafails of the method used. In our embedded-cluster approach,
QM cluster centered at the positions of these atoms arounge find that the quantitative results also depend on the basis
the vacancy. set and, to a smaller extent, on the shape and size of the QM
We used several methods for calculating the optical excicluster. We shall analyze this dependence in more detail be-
tation and luminescence energies in the Franck-Condon aow. In this section we will focus on the effects of the lattice
proximation. Calculations were performed for the defect gerelaxation on defect structure and properties. The full extent
ometries corresponding to the fully relax& state (S;  of this relaxation can be established only from an embedded-
—T, in our tableg and T, state 7 —Sp). In these nota- cluster technique such as that employed in this work, or from
tions (*) means a fully relaxed state. The excitation energies solid-state calculation with a very large supercell. The main
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results can be clearly seen in the calculations of two smallenantly to the relaxation of Si-O-Si angles. This peculiar re-
clusters 1 and 2Figs. 3a) and(b)] in the 6-31G basis set. laxation demonstrates high flexibility of the quartz structure.
The results of these calculations suggest that the rest df is long range and far exceeds the size of any molecular
the lattice allows the Si atoms to relax without serious inhi-cluster or periodic cell used in previous calculations. Dis-
bition, driven by bond formation. Nevertheless, their strongplacements of Si atoms are much smaller than displacements
displacement induces a complicated distortion of the whol®f oxygens. For example, there are only two Si atgthese
region I. The atomic displacements decrease for distant atiear the vacancy sitén the whole region I, which relax by
oms, but the number of these atoms increases rapidly and tmeore than 0.2 A, while there are 16 such O atoms.
resulting effect on defect properties is not negligible. The We may check whether the size of region | is sufficient for
absolute values of atomic displacements from the nondefeaescribing such a strong long-range relaxation by increasing
tive lattice sites as a function of their distance from the va-its radius to 15.03 A, which corresponds to including alto-
cant oxygen site are presented in Fig. 4. One can clearly sagether 1120 atoms. This had a very small effect on the dis-
that displacements decrease to almost zero valo€d A) tance between the silicon atoms adjacent to the vacant site
only at the outer boundary of region(13.07 A. They are  (~0.01 A) or on the vacancy formation energy0.03 e\j.
still about 0.2-0.4 A at 5 A from the vacant sifhe sixth  The additional displacements of atoms situated at a distances
neighboring shelland are not negligible even at 10.0 A from less than 13 A from the vacancy are also very small. Atoms
the vacancy. We have analyzed whether the noted decreaseparticipating in relaxation of types A and B were additionally
atomic displacements with the distance from the defect cendisplaced by no more than 0.03 A, while typical displace-
ter R could be described by aR~? dependence, which one ments were less than 0.01 A. Thus we conclude that the
could expect from a continuum model. However, it turnedlattice relaxation induced by neutral oxygen vacancy in
out that the defect-induced displacement field is more come-quartz is highly anisotropic and has a radius of about 13.0
plicated and cannot be easily fitted by this simple function. A. The relaxation certainly will differ for different defect
Further analysis of the character of atomic displacementt/pes (e.g., impurities, interstitials, el¢c.but one could ex-
demonstrates that they can be clearly divided into two typesject equally strong or even larger relaxation for the excited
shown in Figs. 4 and (@) and (b). Type A is extremely an- state of the neutral vacancy and for the vacancy in different
isotropic due to the absence of the center of inversion ircharge states.
quartz. It involves large displacements of the silicon and The two neighboring Si atoms which bond on forming the
oxygen atoms directed towards the vacancy approximatelpeutral oxygen vacancy are not equivalent in the perfect
along the line connecting the two Si atoms neighboring thex-quartz structure due to the absence of the center of inver-
vacancy. The displacements of the silicon atoms, Al, A2, Adsion. Once the vacancy has been formed these Si atoms
A6, A8 are smaller and die much more rapidly than those otherefore havalifferentdisplacements near the vacancy. As
the oxygen atoms marked as A3, A5, A7, A9 in Figs. 4 andcan be seen in Fig. 4, one of the Si ato(A2) is displaced
5(a). by about 0.5 A and the othé¢A1) only by about 0.3 A from
Atomic displacements of the second type, marked B inthe nondefective lattice sites. Thequartz structure can be
Figs. 4 and &), are more isotropic and correspond predomi-viewed as a network of corner-sharing tetrahedra where the
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vacancy
site FIG. 5. Projections of direc-

tions of atomic displacements near
the vacancy. The length of each
arrow corresponds to the magni-
tude of actual displacement multi-
plied by a factor of 4 for better

visibility. Note that atoms are

shown in their positions in the

nondefective lattice. Notations
and numbering correspond to
those in Figs. ®), 4, and 6.

vacancy
site

R

two Si atoms near the vacancy site are each at the center oftalculations. In Table | we present the main characteristics of
corresponding tetrahedroffFig. 3(b)]. The effect of this the vacancy as a function of the number of neighboring at-
structure on the relaxation of the Si atoms, A1 and A2, caroms, which were allowed to relax. Notations 0, 1, 12, 123,
be understood analyzing the geometry of the Si sublatticeand “full” have the following meaning$see Fig. 8)]: 0: no
The difference in A1-A2-3{A2) and Sj(Al)-Al-A2 atoms were relaxed; 1: two silicon atoms neighboring the
angles with surrounding three Si atofwegherek=1,2,3; see vacancy relaxed; 12: as in 1 with a further six oxygen atoms
Fig. 3(b)] is a measure of the difference in the arrangementelaxed; 123: as in 12 with a further six Si atoms relaxed;
of the tetrahedral units in the vicinity of the vacancy site. For«fyll:” relaxation of all species in region including shells
the perfect structure the Al-A2,$A2) angles are 139°, on the classical atomsFor comparison, a commonly used
107°, and 91°, while the JA1)-Al-A2 angles are 123°, mglecular cluster $DzHg with fixed border H atoms would
108°, and 90°. The values of the first angle are significantly.orrespond to the relaxation type “12” in this notation. As
different and determine the magnitude of relaxation. Theyne can see, the equilibrium Si-Si distance changes by about
asymmetric arrangement of neighbors around an 0xygen vgyg A dependent on the number of degrees of freedom in-
cancy has first been discussed in slightly different terms thaoolved in geometry optimization. With full relaxation, the

used here by Griscom and CoBkand by Rudra and equilibrium distance between the two Si atoms is equal to

Fowler>! e X e S
We have estimated that the dipole moment of the relaxeé i.I:i;fo’ré, 'T'Ez?sgtl\?g?/ugse?grcnﬂiao trrlaej::—j: S?ﬁg'ggr:]neeggmgrtzlr
vacancy in the both ground and excited triplet electronic : i P y ) 9
lusters calculated in the same, 6—31G, basis set.

states is equal to about 1.9 D and is directed approximatel9 . . .
perpendicularly to the line connecting the two Si atoms A1 1he number of quantum and classical atoms included in

and A2. This can be qualitatively explained if we note thatthe relaxation has a dramatic effgct on the vacancy formation
each of the elementary structural units,SD-Siy, of the ~ €nergy. The values presented in Table | in rows marked
quartz structure also has a dipole moment of the same ordé&—123(calculated with respect to the free oxygen atom in its
oriented in opposite direction. The total dipole of the idealground triplet statedo not include the BSSE correction.
crystal is equal to zero due to cancellation of the above diThey demonstrate that the vacancy formation energy de-
pole moments. However, creation of the vacancy and itsreases by about 2 eV as increasing number of O and Si
asymmetry results in an uncompensated dipole momentieighbors are allowed to relax. Inclusion in the relaxation of
which is a collective effect of the whole distorted lattice. We the more distant atoms from the fourth and further neighbor-
should note that the electron density is distributed almosing shells results in the further energy decrease of about
equivalently between the Si atoms Al and A2 and therefor®.75—-0.93 eV(Table ), which is more than a third of the
their contribution to the dipole moment of the vacancy istotal energy gain during the relaxation. The value for the

insignificant. vacancy formation energy, calculated with the BSSE correc-
) . . tion, is found to be about 3.6 eléee Table)l for both clus-
B. Effect of lattice relaxation on defect properties ters 1 and 2 in 6—31G basis set

It is instructive to see how the defect properties depend on A qualitatively similar dependence of the defect proper-
the extent of the lattice deformation accounted for in theties on the number of surrounding atoms accounted for in the

024108-7



SULIMOV, SUSHKO, EDWARDS, SHLUGER, AND STONEHAM PHYSICAL REVIEW B6, 024108 (2002

TABLE I. Properties of the neutral oxygen vacancy calculated usip@-Sig and S§O,5Sii, clusters in the 6—31G basis set. Notations
0-123 represent different types of relaxation accounted for in calculaiseestext for details E;,, is the formation energy of the relaxed
vacancy in the ground singl& state. The asterisifor example,S§) means that the equilibrium geometry of the respective state has been
used.Rg andRy are the equilibrium distances between the two centréSGe atoms for theS§ andT} states, respectively,—E, is the
difference between the one-electron energy level of the vacanapnd the level representing the top of the valence BndThe values in
the S§— S, column are the absorption energi@sft) and oscillator strengthf calculated using CIS. Energies of t§—T, and T}

— S, transitions are also calculated using the CIS method. The valuEs-efS, luminescence energies given in brackets in the last column
are calculated by the CCSD method. “BSSE” marks the properties calculated including the BSSE correction. All energies are in eV and
distances in A.

Cluster Relaxation
type type Efor Rs ep—E,  S—T S Rr TiI—%
Si,O,Si} E, eV f
0 (no relaxat). 6.88 3.13 5.08 1.26 5.26 ~1 3.13 1.26
1 (relax 2S) 6.56 2.86 3.11 2.65 6.16 ~1 3.20 0.91
12 (relax 1+ 60) 6.09 2.70 2.63 3.55 6.57 0.82 3.18 0.91
(embedded 123 (relax 12+ 6Si) 5.62 2.52 211 4.96 7.18 0.48 3.28 0.41
full (relax region ) 4.84 2.36 1.96 6.01 7.58 0.25 3.36 —0.32(0.49
full+ BSSE 3.58 2.32 1.67 6.13 7.52 0.13 3.21 o2®5
Si-Ge, full 4.27 2.38 1.62 6.00 7.55 0.27 3.34 —-0.34(0.47
Si-Ge, ful+-BSSE 3.01 2.35 1.29 6.12 7.50 0.12 3.19 BB
Ge-Ge, full 3.73 2.40 1.81 5.95 7.51 0.30 3.41 —-0.59(0.22
Si207Si’g fixed H 5.76 2.61
(isolated relaxed H 4,58 2.32
SigO,5Sitg Si-Si, full 4.55 2.35 1.92
(embedded Si-Si, full+-BSSE 3.55 2.32 1.68
Si-Ge, full 3.92 2.38 1.73

geometry relaxation has also been noted in Ref. 20. The remposed by the size of the unit cell. Due to the same reason
sults presented in Table | allow us to make a direct compariall previous calculations failed to find the asymmetry in the
son with the results of other calculations using molecularelaxation around the vacancy.

clusters and similar basis sets. These can be divided roughly Table | also demonstrates the effect of the lattice relax-
into two groups:(i) with fixed positions of saturating hydro- ation on other defect.properties calculated in qlusters 1 and 2.
gen atoms, andii) those where the saturating hydrogen at-In particular, the position of the double occupied level of the
oms were also allowed to relax. The relaxation in the first?€utral vacancy with respect to the top of the valence band
group was in most cases restricted to the type “12” in TableShifts markedly as more atoms are allowed to relax and sta-
| and the Si-Si distance obtained in these calculations jQilizes at about 1.7-2.0 eV when the full relaxation is in-
about 2.55 A(see, for example, Refs. 13-)1Elusters in the C/uded. This level has a bonding character with respect to the
second group correspond to full relaxation but are muchs of the two neighboring silicon atoms. In the small clus-

“ » ; . er 1 in the 6-31G basis set the first unoccupied state in the
osfoggang;? t(;tg]:]Sabiﬁigcfegggclgszla&%s ;?O?t'gflgic_g%?; ne-electron spectrum is also located in the band gap and has

y y . . an antibonding character with some contributions of neigh-
tances, such as 2.32 A obtained in Ref. 12.

; e . boring oxygen AO’s.

For comparison, we performed similar calculations our- The lowest singlet-to-triplet § —T,) and singlet-to-
selves(see Table)l These calculations for a small cluster 1 . g- p. . . . 9
and the 6-31G basis set demonstrated that the cluster witin9/€t So —S1) optical transitions calculated using the CIS
fixed H atoms gives much larger Si-Si distance and vacanc{'éthod are dominated by the one-electron transitions be-
formation energy and that the cluster with relaxed H atomdWween these two localized states. The calculated lo@gst
correspondingly smaller values than obtained in our—S: excitation energy for the fully relaxed vacan¢yee
embedded-cluster calculations. The effect of restricted relaxIable ) is equal to 7.6 eV. This energy is close to one of the
ation has also been observed in other calculations. For ex@Pserved defect absorptions, but we believe that the agree-
ample, the Si-Si distance of 2.68 A obtained with EneBED ment is likely to be coincidental. Note again the dramatic
method is considerably larger than 2.36 A reported here.dependence of the excitation energies on the number of at-
This is because the atomic relaxation only included Si and ®Ms included in the lattice relaxation seen in Table I.
atoms nearest to the vacancy. It is interesting to note that the
Si-Si distance found in periodic DFT calculations is also sys-
tematically longer than 2.4 2Z-?*which again reflects sig- We have also performed calculations for the vacancy
nificant constraints on the lattice relaxation around a defecivhere one or two Si atoms were substituted by Ge. The

C. Neutral vacancy in Ge-dopeda-quartz
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v N\

'/\0’.\()\./ o —
, FIG. 6. (a) Displacements of atoms near the

vacancy after the relaxation in the triplet excited
/ AS A state calculated with respect to the geometry of
the vacancy ground statéb) similar displace-

A4
A3 ments calculated with respect to the geometry of
\ A3 B2 . g the nondefective lattice. The length of each arrow
I B4 i i
o ,_A © g R 6 corresponds to the magnitude of actual displace-
O i’ A2 BS@ ment multiplied by a factor of 4 for better visibil-
& } / ity. Note that atoms are shown in their positions
1 B1 in the nondefective lattice. Notations and num-
f\ \Vﬁlsci{a(ency bering correspond to those in Figgbg 4, and 5.
[ R \
" ;% o
) o 4 » 4 e
Si-Ge spacing(Si-Ge vacancyis 2.38 A, and the Ge-Ge D. Excited triplet state

spacing(Ge-Ge vacangy2.40 A, very close to the Ge-Ge
spacing of 2.45 A in elemental Ge. Analysis of the characteae
of the lattice relaxation demonstrates very similar features t?w

tho_?re] dlfscusstgd above. f1h ith ; setg demonstrate that in spite of high excitation energy, the
€ Tormation energy of Ih€ vacancy with one or two energy of the luminescence transitidh — S, is very small.

neighboring silicon atoms substituted by a germanium 810N pis results from a strong relaxation in the excited triplet

is lower than that for the pure quartz because of the weake . .
Ge-O bond. This result is similar to that obtained in Ref. 18§tate which moves the §r G¢ atoms apart from the vacant

i , >, site. This relaxation is due to the repulsion between the two
using the sem|emp|r|cql MNDO method. The Iqwer forma-Si atoms adjacent to the vacant siféls one can see in Fig.
:'ﬁ; ?nngg}/ d(r)r;oae):j iﬁégg Stgt(a)n\:\;/eI(Is-léngvlgrézxgreerlgnbesnetillefgctfs’ this repulsion drives the lattice relaxation back beyond the
Thus if ODC’s are vacancies, then onizSi—Ge= and perfect lattice configuration; indeed, the distance between the

o ) . . two Si atoms Al and A2 even exceeds that in the perfect
f(éef_GE hde}‘eltl:ts are observetlj, therfe are .ES'_S' lattice (Table ). However, the vacancy remains in the con-
t?erriigcitls'GTe-zoge%Wéﬂgz;Frucwra transformations are exo'figgration where the vertexes_of the two SiPyramids are

: pointing towards the vacant siteee Fig. 3.

As one can see in the last column of Table I, the lumines-
cence energies calculated using the CIS method are negative
when the oxygen basis set is not retained in the vacant site.

+=Si—0—S=+Eg;, The same tendency is observed in th8CF calculations.
However, more accurate calculations using the CCSD
method give positive luminescence energies in all cases con-
=Si—Ge=+=Si—0—Ge=—=Ge—Ge= sidered(see Table)l The relatively largeS§ — T, absorption
. . energy and lowT; —S, emission energy correspond to a

FS—O—SE+Ere. large relaxation energy of 2.85 eV in the excited state. Both
transitions will be relatively weak, since they are spin forbid-
For both reactions, the calculated energy gain is almost thden, and are allowed only when spin-orbit coupling is in-
same:Er;=ER,=0.6 eV, suggesting that formation of Ge cluded. Therefore optical absorption will take place into the
ODC's is indeed energetically profitable. Electronic excita-singlet state with further spin conversion. Ge has a much
tion, whether by an electron beam or by ultraviolet excita-larger spin-orbit coupling than Si, so the Ge centers could be
tion, should stimulate these processes, since excitatiowisible in triplet absorption. Further, the large relaxation en-
causes oxygen motion. ergy in the triplet excited state implies a large Huang-Rhys

As noted above, the triplet excited state is as poorly un-
rstood as the singlet one. The results presented in Table |
hich are also confirmed using different clusters and basis

=SI—SE=+=SI—0—Ge=—=Si—Ge=
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TABLE Il. Parameters of the oxygen vacancy and of the perfect crystal calculated for the cly&gBiSiusing different basis sets.;O
is the central oxygen ion in the cluster. The BSSE correction is a sum of the correction to the energy of the vacancy and that to the energy
of the free oxygen atom in the grouiliplet) state. The latter can be quite large. It is about 0.5 eV for the 6 *2i48is set and exceeds
2.0 eV for the 3—21G basis set. Other notations are as in Table I.

Basis set Vacancy Perfect crystal

E}kor S|'S| QSi Ep— Ev SI-Ol Sl'O‘S| qo qSi BSSE

Si o ev A €] ev A ° le] le| corr. eV
3-21G 3-21G 4.65 2.21 1.95 1.23 1.62 147  —-1.27 251 2.65
3-21 G 3-21G 5.63 231 1.96 2.03 1.60 146 -1.29 2.56 1.90
6-21 G 6-21 G 5.02 2.34 1.93 2.00 1.62 146 —1.26 251 181
6-21 G 6-21 G 6.34 2.36 1.94 241 1.61 145 —1.28 2.54 0.46
6-21 G 6-21 G 6.63 2.38 1.89 2.35 161 142 —1.28 251 0.75
6-31 G 6-31 G 3.58 2.32 2.22 1.67 1.61 151 -1.33 2.82 1.26
6-31 G 6-31 G 6.08 2.37 2.12 2.17 1.59 147 -1.35 2.76 0.36
6-21 G 6-31 G 6.42 241 2.14 2.22 1.59 150 —1.35 2.79 0.44

®Basis sefRef. 43.

factor and linewidth at zero temperature. However, the lattecussed in the previous section. The creation of the vacancy
cannot be easily estimated from a simple thédms the results in a considerable increase of the electron density on
profile of the adiabatic potential of tHE] state is very dif- the two silicon atoms adjacent to the vacant site and in the
ferent from that of theS§ state. The large relaxation energy respective decrease of their effective charges as a result of
Eg also indicates that the excited state should recover norelimination of the electronegative oxygen atom. However,
radiatively, since the rati&g/absorption energy is much big- these charges do not change significantly for extended basis
ger than; (see Ref. 5 sets(see Table ). We have also checked the basis set de-
Finally, we note that the results obtained in this basis sependence of our results for an isolated,&iHg cluster
for a larger cluster 2 are very similar to those describedyhere all atoms were allowed to relax. We considered basis
above(see also Table)l More significant quantitative varia- sets from STO-3G to double zeta with polarization functions,
tions obtained for different basis sets are discussed in thgjth and without an oxygen basis at the center of the Si-Si

next section. bond. These results demonstrate essential convergence at the
6—31G level. The Si-Si distance increased by about 0.07 A
V. EFFECT OF COMPUTATIONAL PARAMETERS as the basis was extended from 3-21G to-+Q¥ level.

. ) ) i . These results are again in qualitative agreement with
Cluster calculations in localized basis sets are inevitably & \nedded-cluster calculations shown in Table II.

c_ompromise between clqster size and basis set. The cluster vacancy formation energy, however, strongly depends
slze 15 generally _determlned b)_/ the strength qf the def_ect(—)n the basis set, and varies in the range of 3.6-6.6 eV. These
induced perturbation and one tries to use as wide a basis Sﬂ?t

. i . rong variations are difficult to rationalize and we believe
as practical. However, there is always a question as to wh at thev are partly due to narrow basis sets emploved and
extent the results are affected by these two factors. We trie y partly ploy:

to address some of these issues by systematically increasiﬁ@my due the QM cluster boundary effects. This is also re-

the basis set for a relatively small cluster and then conside I'né:ILes?oer gﬁjVc?rlt;ji(tegls()frgdsuscisc?rzreeCvt:ac;?astiiEgV\i/: :‘rc])r-lr?gtli?)ril'
ing several clusters in selected basis sets.

energies to 1 eV. The importandeorbitals on oxygen atoms
for the correct description of different crystalline modifica-
A. Effect of basis set tions of SiQ has been noted by Civallegi al** who found

The results calculated in cluster 1 for the perfect and de@ Minimal “good” basis set for Si@ (our results for this
fective systems for several basis sets are summarized {FRSIS Set are also given in Tablg. I
Table Il. First, one can see that the characteristics of the
perfect crystal are quite close for all basis sets. The Si-O
distance in the quantum part of the cluster tends to decrease
by about 0.01 A for more extended basis sets including We have also studied the dependence of vacancy forma-
orbitals, such as 6-31G Variations of the Si-O-Si angle tion energy on the cluster size for the 3—21G and 6-31G
presented in Table Il are of the order of 5°. The effectivebasis sets. The calculations performed for all four clusters
atomic charges are almost the same for all the basis sets. Themonstrate that the formation energy changes only within
Si-Si distance in the relaxed vacancy also remains broadl@.5 eV. This is hardly surprising because the electron-density
the same for all the basis sets. Therefore the character of thedistribution is localized preferentially on two Si ions and
lattice relaxation is qualitatively very similar to that dis- therefore the formation energy depends mainly on the lattice

B. Effect of cluster size
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relaxation. If the same number of atoms participates in thériplet excited state of the vacandkig. 6) and small lumi-
calculation of the lattice relaxation, the formation energynescence energies. These results significantly alter the exist-
should depend insignificantly on the cluster size. A relatedng model of the neutral oxygen vacancy in $Sig€s merely a
issue concerns the effect of*Sions on the relaxation. To symmetric displacement of the two silicon atoms towards
check this we compared the displacements of the interfacgach other due to formation of a chemical bond between
Si* atoms in cluster 1 with those of the corresponding Sithem. They demonstrate that in spite of the rigidness of Si-O
atoms in cluster 3. The latter were treated as all-electromonds the character of defect-induced lattice distortion in
quantum-mechanical atoms. In both cases the displacemergso, can be much more long range than intuitively antici-
were calculated with respect to the corresponding fully repated and predicted in previous calculations. This should
laxed nondefective structures. The absolute values of diffemold also for charged vacancy, peroxy linkage, and other
ences in displacements are quite small with the largest reaclgfefects in SiQ. For comparison, the relaxation of atoms
ing 0.077 A. These discrepancies can be made much smallgurrounding a neutral vacancy in some other oxides, such as
by more careful adjustment of the basis set and embeddingrO, and MgO, is much smaller. In the case of MgO, ionic
potential. displacements are isotropic and at the distance of 8.0 A from
the neutral vacancy are less than 0.002 A. A double posi-
tively charged anion vacancy in MgO produces a much
) o ) stronger perturbation, but again, the displacements of the lat-
The optical transition energy is strongly affected by bothtice jons decrease relatively rapidly and do not exceed 0.02
the basis set and the cluster size. As the cluster size ing at the distance 8.0 A from the vacancy. This results from
creases, the empty antibonding orbital associated with thgijtferent structure and chemical bonding in these materials.
vacancy moves into the group of empty levels representingn particular, in MgO, unliken-quartz, the oxygen site is the
the conduction band. This is due to the fact that thecenter of inversion. The peculiar structuremtiuartz is also
conduction-band width is increasing with cluster size and thgnanifested in the strong asymmetry of the relaxation of the
corresponding states move as a function of the charge distriyyo Si atoms neighboring the vacan@igs. 4—8.
bution in the cluster and its relaxation. Calculations of Opti' Our results C|ear|y demonstrate that defect parameters
cal excitation energies in cluster 2 using the CIS methodstrongly depend on the extent of the lattice relaxation ac-
gives about 10 eV for the first strong transition localized neagounted for in calculations and on the cluster size and basis
the vacancy. This effect has not been mentioned in previouset. The vacancy formation energies calculated at the HF
publications due to the restricted atomic relaxation in Refjeyve| in extended basis setsee Table I are broadly in
21, small clusters employed in Refs. 12—15, and the naturggreement with those found kb initio methods in Refs.
of MNDO method employed in Refs. 16—18, which does notj3_15, 20, 22 and 53, and also with those obtained by the
allow proper description of the excited states. As has beefyNDO method in Refs. 16—18. A meaningful quantitative
pOintEd out in Ref. 12, neither the 6—-31G basis set nor th@omparison could be made with the results of Ref. 53 pre-
CIS method is adequate for calculating optical properties ijicting 6.7 eV in the DZd basis set on both Si and O
this defect due to importance of the electron correlation. Weytoms. Our value of 6.08 eV in the 6—31Ghasis set is
therefore eXpect that the e|eCtr0n Corl‘elation W|” Stronglypredictab|y Sma”er due to a much |arger re'axation energy.
reduce the excitation energy. Indeed, 8- T, transition  Taking further account of the electron correlation at the Cl
energies calculated in cluster 1 and the 6-31G basis set Ugwvel with single and double excitation€ISD) increased the
ing the coupled cluster method with single and double elecyacancy formation energy by 1 elfor the 6—31G basis
tron excitations are reduced by about 0.5 eV with respect t@et, cluster 1in agreement with Ref. 53. Although further
those calculated at the CIS level. calculations are certainly needed to reach convergence, this
Finally we note that the vacancy relaxation in the excitedshould not affect our conclusion that formation of Si-Ge and
triplet stateT, in larger clusters is similar to that found in Ge-Ge oxygen vacancies in quartz is energetically more
cluster 1. In particular, the Si-Si distance calculated in clusteprofitable than Si-Si vacancies.
3 in the 6-31G basis set also increased to 3.36 A after re- The calculations with extended basis sets show that the
laxation as in a small cluster 1. The calculated |Uminescencgptical_absorption energy of the neutral vacancyriguartz
energies are all less than 1 eV. should be larger than 5 eV. A more quantitative statement
would be misleading due to the strong dependence of the
V. DISCUSSION results on parameters discu_ssed above and on the method
' used for calculating the excited states. The small lumines-
In this work we further developed the embedded clustecence energy found in our calculations suggests that there is
method ! in order to study defects in ionic-covalent mate- a high probability of a nonradiativé} — S, transition. A
rials and applied it to the neutral oxygen vacancy inqualitatively similar result has been obtained in Refs. 13, 15,
a-quartz. The improved embedding technique allowed us t@nd 18. Therefore we expect that the luminescence of this
perform a comprehensive analysis of the full extent and chardefect will be strongly suppressed. We also predict that the
acter of the lattice relaxation around this defect and to showldouble occupied energy level of the vacancy should be situ-
that it induces very strong and anisotropic lattice distortionated at about 2 eV above the top of the valence band. If we
which extends further than about 13 A from the vacant siteassume that the lowest optical excitation energy of the va-
We also predict the strong backward relaxation in the lowestancy is 7.6 eV, its first excited state should be very close to

C. Optical excitation energy
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the bottom of the conduction band. Thus such excitation can Ne 1 Ngm Ne Z; Ne N 1
result in the electron promotion into the conduction band and  Ho=— >, EVZ— > >

- aqm_ —
ionization of the vacancy. ! T TR i,
Finally, we should note that the large radius of the lattice Ngm Ngm 2.2, Ng;
relaxation around the neutral vacancy drquartz found in +2 2 ﬁ Z Vi,
this work should be characteristic to other defects, such as Ry Rq |

E’ centers. The relaxation around these defects in amor-
phous silica is the subject of our current investigations and

will be published separately. The radius of relaxation is com- Neor [ Ne cor Ngm Qcoz.

. . Coul_ I I J
parable or even larger than the characteristic thickness of ~ Veny = 2 2 IR | +2 |RE— RI™
currently attainable oxide layers on silicon and dimensions AN L i
of silica nanocrystal3? This suggests that properties of these Nehe / Ne she Ngm Q.
defects may strongly depend on their position with respect to +2 | 2 =met 2 S |
surfaces of respective systems. The strong lattice deforma- ' TR _ri| TR —R |

tion and the dipole moment of neutral vacancies should af-
fect their interaction. Our results suggest that this interaction

could be affected by external electric field, which could be h Ngm N
' L Buck
relevant for explaining the effects of poling of silica glass. Ve = 2 E Wij "R R)),
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In the expressions aboWw,, andN, stand for the total num-
ber of atoms and electrons in the QM cluster, respectively
with Ngx being the number of interface pseudo-Si atoms
hd Ny the number of their quantum-mechanically treated
oxygen neighbops N, is the total number of classical atoms,
N¢or and Ngp,e are the total number of classical cores and
APPENDIX: EXPRESSION FOR THE TOTAL ENERGY s Shells, respectivelyZ, Q°*, Q*"*are charges of nuclei in the
APPLIED TO SiO QM cluster and of the classical cores and shells, respectively,
2 . . .
RYMandr are coordinates of nuclei and electrons in the QM
For simplicity we attribute the interface*Satoms to the  cluster, R and R"® are coordinates of the classical cores
quantum cluster. We will also draw no distinction betweenand shells. The HamiltoniaH includes the kinetic energy
the classical atoms in region | and those in region Il of the electrons, the electrostatic interaction of the electrons,
The total energy is given by and nuclei in the QM clustefelectron-nucleus, electron-
electron, nucleus-nucleysand an effective core potential for
the interface Si atoms. The external potentdf° includes
interaction of classical cores and shells Wlth the electrons
and nuclei of the QM cluster. The ternvgh"”andWSi,qm are
whereE,, is the total energy of the QM cluster in the po- both represented by pairwise Buckingham or Morse-type
tential of the classical environmert,, is the total energy of classical potentials.
the classical environment, arte), is Mott-Littleton polar- The total energy of the classical region is given by
ization energy of the crystal lattice outside region |I.
The Eqy is @ sum of the quantum-mechanical energy of
the cluster in the external potential due to the environment Nei Nei Nei
Veny and classical correction terisy o, describing the in- Ec|—2 WSp”nngE 2 (W W),
teraction of the interface Siatoms with their O neighbors in
the QM cluster. External potentia¥qn,=VSoU+VShor jn-
cludes an electrostatic part and a short-range part; the latter jghere
used to mimic the exchange and resonant contributions to the
interaction energy:

E=Eqm+Ea+EmL,

stpringzﬁ | RO sthﬁz
i i i
Eqm:<q)| HO+Vgr?\y||q)>+VZtr113n+ WSi*,qm- 2

where and
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In the aboveWsP""js the polarization energy of the atoms in
the electrostatic field due to the defdé&tis related to the
polarizability of ions in the crystal W is the electrostatic
energy of the cores and shells of all pairs of classical atoms,
WBUK s the pairwise atomic interactions represented using
classical Buckingham-type potentials.
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