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Calculated spectral properties of self-trapped holes in pure and Ge-doped SO
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We report first-principles cluster model calculations on the electronic structure and spectral properties of
self-trapped holeéSTH's) in pure and Ge-doped silica. Two different kinds of STH's are considered: ;STH
consisting of a hole trapped at th@ Zonbonding orbital of an O atom bridging two Si atoms, and §Tad
metastable defect where the hole is rapidly tunneling between two adjacent O atoms that we modeled by a hole
delocalized over two bridging O atoms. The computed hyperfine coupling constants for the two variants of
STH centers fully support the experimental assignments based on the analysis of the electron spin resonance
spectra. We also considered the lowest optical transitions of these defect centers, and we compared the results
with the experimental bands observed in irradiated quartz and with the position of the energy levels deduced
from the analysis of thg matrices[S0163-182899)02838-4

I. INTRODUCTION the oxygen atoms of the cluster. More recently, Edwards
reported both semiempirical arab intio Hartree-Fock cal-
One of the most fundamental point defects in insulators isulations on a cluster model and concluded, at variance with
the self-trapped holéSTH). In crystals self-trapped holes are the results of Chernoet al.* that the hole is completely
referred to as “polarons,” indicating a highly localized car- |ocalized on a bridging oxygen atom. The conclusion of Ed-
rier in the material. When the spatial extent of the carriefrwards is supported by the agreement obtained in the com-

wave function is smaller than the lattice constant, one Spea'ﬁarison of measurédand computeli hfcc’'s. No attempt
of “small polarons.” The best characterized example of &y, yever, has been done to characterize the electronic struc-
polaron in a crystal is th¥, center in alkali halides, consist- ture of both STH and STH as observed by Griscohor to

ing of a hole shared between two neighboring halide anion%ompute the optical excitations of STH’s. Furthermore, the

which relax to decrease their distance. A similar process can eviously reported calculatioh&refer to pure silica and do
occur in glasses and disordered structures. Understanding tRE y rep P

nature of charge traps in amorphous Si@-SiO,, is of not include any treatment of electron correlation. For all

fundamental importance for the fabrication of radiation—these reasons we decid_ed to investigate in more detail the
tolerant metal-oxide semiconductor devices. nature of holes trapped in pure and Ge-doped silica. To this
Self-trapping in silica was predicted by Mott 20 years end we performedb initio qugntum chemical calculation§
ago? It is only in the last decade that STH's in Si®ave based on clus_ter models. Particular attention has been paid to
been observed through spectroscopic measurements. Hay8§ reproduction of spectral features, in particular the ESR
and Jenk|ﬁ used electron Spin resonar‘(&R) to |dent|fy a parameters and the Optical transitions associated with STH’s
defect center in Ge-dopeg-quartz assigned to a hole com- in silica.
pletely localized on a oxygen atom bridging a Si and a Ge
atom. This defect was not observed by the same group in
undopedw-quartz. This was attributed to the fact that in crys- [l. COMPUTATIONAL METHOD
talline quartz the hole hopping rate is too fast to allow ESR L
detection even at 4 K. Since activation energies of the order The structures of STH's in silica have been represented
of 0.1-0.4 eV have been estimated for hole transport iy two cluster models. In the smaller one,
a-SiO,, better prospects for spectroscopic detection ofHO)3Si-O-SiOH)s, Fig. 1(a), there is only one O atom
STH's in silica have been anticipated. Indeed, in two sepawhich is properly coordinated to two Si atoffes to a Si and
rate experiments, Griscorand Chernoet al.* respectively, —a Ge atom, for the case of Ge-doped silica, Fig) ]l in the
reported ESR and optical observations of STH'a#S8iO,. larger cluster|(H5Si)-O],Si, Fig. 1(c), four bridging O at-
Grisconi® identified two species of STH's, STHnd STH, oms are present. This second cluster is also used to model a
characterized by differeng values and hyperfine coupling hole delocalized over two O centers. For brevity, in the fol-
constants(hfcc’s). It has also been observed that low- lowing the two clusters are denoted as clugteand cluster
temperature irradiation of Ge-doped quartz leads to two abB, respectively. The cluster dangling bonds have been satu-
sorption peaks at 2.25 and 4.2 eV tentatively assigned teated by H atoms, a commonly used technique to “embed”
small hole polarons bound at oxygen sites. clusters of semiconducting or insulating materfaEhe po-
From the theoretical point of view, only two studies havesitions of the cluster atoms were initially fixed to those of
been reported on this problem. Cherneval® performed a-quartz derived from x-ray diffraction data at 94°Klhe
semiempirical cluster calculations on the nature of a STH irembedding H atoms were fixed at a distance of 0.96 A from
a-Si0, and concluded that the hole is delocalized over allthe respective O atomglusterA) or at 1.48 A from the Si
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exponents to those used with the ECP basis sets. The differ-
ences in the geometry due to the basis set or to the ECP are
negligible. Geometry optimizations have been performed at
the restricted and unrestricted Hartree-FgB¥F or UHP
levels for singlet closed-shell and doublet open-shell states,
(a) respectively, by computing analytical gradients of the total
energy. Given the low local symmetry of the defect in
quartz, the clusters are computed without any symmetry el-
ement C,; symmetry group However, in order to facilitate
the description of a hole delocalized over two O atoms, clus-
ters with C, symmetry have also been constructed. These
have been obtained by simply taking one-half of the cluster
derived from the structure af-quartz and by generating by
(b) symmetry the second part. This procedure leads to clusters
which are structurally different from th€, a-quartz clus-
ters, but the electronic properties considered, in particular the
hyperfine coupling constants, are practically independent of
the symmetry usetsee below.
The hyperfine interactions of the electron spin in STH's
with the nuclear spin of théH, 1’0, 2°Si, and"*Ge nuclides

—& have been determined from UHF wave functions. The hyper-
fine interaction is anisotropic, and tietensor is composed
0; ¢ of two terms. The first oneqs,, is related to the isotropic
Fermi contact term and depends on the electron density of an
s electron at the nucleus according to
0. 4 8iso= (87/3)Gn NG| V<(0) 2, )
~ P Siy (©) wheregy andg, are the nuclear and electroridactors and
Si; &Slz By and B are the nuclear and Bohr magnetons. The second
term of theA tensor is a X3 traceless matribB, which

FIG. 1. Cluster models of a self-trapped hole in pure and celepresents the “classical” dipolar interaction between two

doped silica(a) ClusterA, model of STH in a-quartz:(b) cluster ~Magnetic (electron and nuclearmoments. Typical aniso-
A, model of STH in Ge-dopedr-quartz; andc) clusterB, model of ~ troOpiC interactions can be observed when the unpaired elec-
STH, and STH in a-quartz. tron is in directional orbitals likep, d, f, etc. TheA tensor

can therefore be represented by the following matrix nota-

tion:
atoms(clusterB) along the O-Si directions ak-quartz. The

positions of all the Si and O atoms of the cluster have been A, 0 O B, 0 O

fully optlmlzed. The flxeq H atoms p_rowde a S|mple repre- A=|0 A, O|=a,+|0 B, 0. )
sentation of the mechanical embedding of the saliguartz 0o 0 A 0 0 B

matrix. The same approach has been recently adopted for the 3 3

study of the ground- and excited-state properties of othewe have determined both isotropic and dipolar parts of the
defects in silica?~1® interaction from fully optimized structures.

The cluster wave functions have been constructed using The calculations of electronic excitations require the ex-
local Gaussian-type atomic orbital basis sets. The Si and Gglicit treatment of correlation effects. These have been in-
atoms have been treated either at the all-electAdf) level  cluded by performing multireference single- and double-
or by using effective core potentia{lECP’9 which include  excitation configuration interactiofMRSD CI) calculations
explicitly in the valence only thas?np? electrons”*® For  for the ground and excited states of the clustéS.Single
Ge a relativistic ECP has been usé&dThe [4s4p/2s2p] and double excitations with respect to more than one refer-
ECP basis set5!® on Si and Ge were augmented byda ence or main configuratiofM) are generated; in this way, it
polarization functior ay(Si)=0.395,a4(Ge)=0.15 and by is possible to include directly higher-excitation classes with
one set of diffuses and p functions (@5=0.035, age  respect to the leading configuration in the final ClI results.
=0.040). AE 6-31G or 6-31G (Ref. 19 and MINI-1 (Ref. = The method makes use of an extrapolation technique; only
20) basis sets were used on the O and terminating H atoms$hose configurations with an estimated contribution to the
respectively. The validity of the ECP has been tested byotal Cl energy larger than a given threshdldre included
comparing the results with those of AE calculations with Siin the secular determinant; the contribution to the final CI
and Ge basis sets of comparable size for the valence part; anergy of the remaining configurations is estimated perturba-
particular, we used a 6-3¥Gpasis set on St and an even- tively based on an extrapolation technique. Twenty-five va-
temperedET) [17s13p8d/6s5p2d] (Ref. 21) AE basis set lence electrons have been correlated for each Si- or Ge-
on Ge. These basis sets contain or have been augmented @yntaining cluster model of STH’s. Typically, a few
diffuse s, p and oned polarization functions with similar thousand configurations are directly included in the secular
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TABLE |. Computed geometrical parametersefjuartz and STkicenters

r(Si-0),, r(Si-0),, I ol Si-O)°

Method Symmetry (A) A) (A) «(Si-0-Si) B(O-Si-0)°
a-quartz,=Si—O0—Si=

AE C, 1.625 1.632 1.630 148° 109°

AE C, 1.627 1.627 1.638 146° 109°

ECP C, 1.616 1.616 1.624 147° 109°
STH,, =Si—0"—Si=

AE C, 1.817 1.793 1.586 139° 102°

AE C, 1.835 1.835 1.590 135° 103°

ECP C, 1.787 1.787 1.574 150° 102°

dResults obtained with clustdy; see Fig. 1a).
bAverage value.

problem, while the number of generated configurations carso in this case no significant difference is found between
be 1-10< 10°. The reported Cl energies are extrapolated tathe AE and ECP results, Table III.
this larger Cl space. All configurations contributing more  The geometry optimizations on the neutral clusters show a
than 0.1% to the final Cl wave function are used as nisin ~ good agreement between theory and experiment and suggest
configurations. that the local relaxation around a STH can be predicted with
Absorption intensities have been estimated by means ai sufficient level of accuracy. However, long-range relax-
the oscillator strength, computed using the dipole-length ation effects due to the hole trapping cannot be included in a
operator as cluster model and can in principle lead to somewhat different
local geometrical parameters. A STldenter has been ob-
f(r)=2/3(e|er| e )|?AE, (3)  tained from clusterA by removing one electron. If this is
done starting from the density of the neutral cluster, the hole
whereAE is the calculated transition energy. The valud of tends to form on the O atoms directly bonded to the terminal
for a fully allowed transition is of the order of 0.1-1. From H atoms and thus to be delocalized over the entire cluster.
the values of (r) the expected lifetimes of the excited states, This result explains in part why Chernet al* have found
7, have also been determined. such a solution for their models. If the calculation is per-
The calculations have been performed using the&ormed from a cluster irC, symmetry, however, it is pos-
HONDO-8,%* GAUSSIAN 942° and GAMESSUK (Ref. 26 pro-  sible to obtain a self-consistent fielCP solution where

gram packages. the hole is entirely localized on the central oxygen atom.
Using the density from this latter calculation as a starting
IIl. RESULTS AND DISCUSSION point, we have repeated the calculation on @ea-quartz
model and we obtain a wave function where the unpaired
A. Geometric and electronic structure electron resides on the central O atom. This is clearly shown

Before discussing the geometrical parameters of STHPY the spin population, Table IV. This shows that the forma-
and STH centers in pure and Ge-doped silica as obtainedion of a Iocallzgd hole does not come out automatically
from the present cluster calculations, we briefly comment orffom the calculation. The same tendency has been found by
the geometry optimization of the nondefective clusteend  Edwards, in order to obtain a localized hole, the Si-O-H
B, i.e., before the hole is created. The results have been ofond angles in his model have been distorted up to 170°,
tained either by imposing &, symmetry on the system or duite far from the value of 144° af-quartz. .
for a structure derived from-quartz C, symmetry. The In _the ground state, the unpaired electron occupies a non-
main difference is that in th€, clusters the distances be- Ponding 2 level of the central O atom. Thisp2level is
tween the bridging oxygen atomy,@nd the nearest Si atoms Normal to the Si-O-Si plane and @, symmetry belongs to
Si; and Sj are not equivalent, as in-quartz, while they are ,
identical in theC, clusters, Table I. For the neutral clus#ger TABLE II. Computed geometrical parameters efquartz,
—=Si_O_Si=, the Si-O distances are 1.625 and 1.632 A inS M and STH centers:

C, and 1.627 A inC, (AE result3; the Si-O-Si angle is

147°*=1°. Very similar results are obtained by using an ECP a-quartz STH STHe

on the Si atoms, Table I. These geometrical parameters argSi;-0,) (A) 1.621 1.830 1.657
close to the experimental ones ferquartz, 1.614 and 1.605 r(Si;-O,) (A) 1.628 1.570 1.578
A and 144% The larger clusteB gives similar geometrical r(si,-0,) (A) 1.674 1.843 1.772
parameters, Table Il and Fig(d; also, the O-Si-O angles 4(0,-Si,-0,) 106° 94° 84°

are close to those of the bulk materiai109°. The substitu-  g(s;j -0,-si,) 153° 161° 168°
tion of a Si atom by a Ge atom, Table Ill, leads to a O-Ge,,(o_sj.0,) 109° 109° 116°

distance, 1.72 A~0.1 A longer than the O-Si one. The
Si-O-Ge angle, 138°, is slightly smaller than in pure silica.?Results obtained with cluster B i@, symmetry: see Fig.(t).
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TABLE lll. Computed geometrical parameters of the Ge-dopeguartz and STk center in Ge-doped

a-quartz?
r(Si-0y) r(Ge-0) r ./(Si-0) r.(Ge-O
Method R (A) A A) a(Si-O-Ge) B(0-X-0)
Ge-dopeda-quartz,=Si—O0—Ge=
AE 1.619 1.717 1.636 1.732 138° 110°
ECP 1.620 1.714 1.615 1.733 140° 110°
STH,(Ge), =Si—O0"—Ge=

AE 1.776 1.881 1.598 1.686 149° 103°
ECP 1.774 1.899 1.573 1.686 150° 102°

dResults obtained with clustéxin C; symmetry: see Fig.(b).

the B irreducible representation (2). This is indeed the very sensitive to a change in the electron density in the va-
ground state of STHas found by Hayes and Jenkifor  lence. The data of Table V show that the number of electrons
Ge-doped silica. They have determined thenatrix of the  associated with the bridging oxygen atom decreases from
Ge-pinned hole trap in quartz with absolute reference to the=8.8 in the neutral model o&-quartz to~8.4 in STH,
crystallography, and they found that the direction corre-Table V; Aq is therefore of+0.4 electrons and not of 1
sponding to the smallest principal-axjvalue lies parallel to  electron as one would expect. A proof of the charge local-
the direction of D orbitals withB symmetry? It follows that  ization on the bridging oxygen atom comes from the inspec-
the wave function of the unpaired spin must be that of aion of the CLBE’s and of their shiftSABE, as one goes
nonbonding d, orbital. from the neutral to the ionized system. The CLBE'’s have

The creation of the hole results in a substantial elongatiobeen obtained based on Koopmans' theorem-as, where
of the Si-O distances, from 1.820.01 to 1.8%0.02A, ¢, is the corresponding one-electron eigenvaluhis ap-
Table I. The elongation=0.2 A, is even larger than that proach neglects final-state relaxation effects and gives only
obtained by Edwards using a similar approadthe distance qualitative estimates of the BE shifts. The presence of a posi-
of the Si atoms from the next-nearest-neighbor O atoms, otive charge on the system leads to a strong and uniform sta-
the other hand, decreases#%.03 A, in the ionized system. bilization of the core levels of all atoms, by about 5-5.5 eV,
A very similar effect is found when one Si atom is replacedbut a much more pronounced shi#9 eV, is found in cor-
by Ge. Also, in this case in fact we are able to obtain arespondence of the bridging;@tom. This result clearly in-
solution where the hole is completely localized, Table IV.dicates the localization of the hole on the O atom, with a
The Si-O and the Ge-O distances increase by about 0.16 Aorresponding increase of the effective nuclear potential and
Table llI; the other Si-O and Ge-O distances in the clusteshift of the corresponding core levels to higher binding en-
decrease by a small amount. This latter effect, however, isrgies.
partially the consequence of the constrained imposed by the The clusterB, Fig. 1(c), has been employed to model a
fixed H atoms at the cluster border. In reality, the expansior8TH, center. Two variants of this cluster have been consid-
due to the hole formation will extend beyond the secondered, one with impose@, symmetry and one without any
shell of O neighbors. Therefore, the calculations show a subsymmetry elemen€; . In this latter case the hole can local-
stantial relaxation of the lattice around the ionized O atom inize at any O atom of the cluster, leading to another model of
a STH, center, supporting the idea of a small polaron assoSTH;; in the first case, the hole is forced to be delocalized
ciated with this kind of defect. over two equivalent O atoms, eithey @d Q or O; and Q,

The hole localization results in an O atom in the latticeFig. 1(c). This requires that the dihedral angles at the site are
with different charge from the rest. The real charge distribusuch to have the 2, nonbonding orbitals oB type pointing
tion in the cluster can be deduced from the analysis of the
Mulliken population, but also from the changes inthe © 1  TABLE V. Charge differences\q and core level binding en-
core level binding energie€CLBE’s). CLBE'’s, in fact, are  ergy shiftsABE, in STH, with respect to the regular lattice.

TABLE IV. Spin distribution in STH and STH models? A (neutral-charggd ~ =Si—O'—Si= =Si—0'—Ge=

Aq(0Oy) +0.39 +0.43

System C;Iur?]trire?rnd Spin density A4(0,-) +0.06 +0.05

¥ ymmetry P Aq(Si) —0.04 ~0.04

STH, =Si—0"—Si= A C; 1.04(Q) Aq(Ge) -0.02
B, C, 1.02(Q) ABE (O, 1s) (eV) -8.6 -9.1
STH,(Ge) =Si—0"—Ge= A C, 1.02(0) ABE (O,_; 1s) (eV) -5.0 -5.1
STH, (-0-Si-09* B, C,; 0.57(Q) ABE (Si 2p) -5.0 -5.5
0.57(Qy) ABE (Ge %) -55

8AE UHF results. dCharges from Mulliken population, binding energies, BE, from

bSee Fig. 1 for a definition of the atoms where the spin is localized. Koopmans' theorem.



9994 GIANFRANCO PACCHIONI AND ANDREA BASILE PRB 60

at each other. Starting with te, model, we found indeed at the HF level, is of 9.48 eV for STHand 9.15 eV for
that the hole is uniformly distributed over,@nd Q, Table  STH,, respectively; the vertical ionization potentigl®’s)
IV. The charge density obtained from this calculation wasare even highers=11.3 eV. When in its minimum geometry,
then used as a starting point of the calculatio€insymme-  the STH, center is structurally different from that identified
try, and in the final UHF SCF solution the hole remainsby Griscon? (hopping hol¢ and can be classified as a mo-
delocalized. Notice that in th&é; model the two O atoms are lecular polaron. In the next section we analyze the ESR prop-
no longer equivalent. In order to make sure that this result i®rties, in particular the hfcc’s, of these two centers.
not an artifact due to the use of a symmetric density as a
starting point, we repeated the calculation by inducing a
moderate distortion in the initial geometry, but we obtain a
very similar spin distribution as in the previous calculation. ESR spectra and computer line shape simulations have
This indicates that the delocalized hole, which for the mo-shown two distinct types of STH's; two sets@alues have
ment we tentatively identify with the STHcenter proposed been identified. Isotopically enriched samples have been
by Griscom is possibly a local minimum. However, we used to determine the hfcc’s of the unpaired electron with the
cannot exclude that the energy surface is very flat and that’O and®Si nuclides. In particular, th&’Si hyperfine struc-
the SCF wave function can evolve in a complete hole localtures have led to the suggestion that the unpaired spin of
ization. Indeed, when the calculations with clusBemwere  STH; is confined to a pure2 nonbonding orbital of a single
repeated inC,; symmetry by using as a starting point the bridging oxygen, while the hole of STHs rapidly tunneling
density of the neutral system, the ionization results in a combetween a pair of nonbonding OpZ2orbitals belonging to
plete localization of the hole on one of the four O atoms oftwo adjacent bridging oxygen atomsNo attempt to opti-
the cluster; see Table I{the results are practically indepen- mize the®°Si hfcc’s has been done in Ref. 5; however, hfcc’s
dent of the atom where the localization ocquiEhe system of 0.8 mT have been measured by Hayes and Jenkin in a
models therefore a STHenter, and the geometrical relax- Ge-doped silica sampfeHyperfine interactions with/3Ge
ation is practically identical to that found with the smaller could not be detectetstill, we report our computed values
cluster A. The fact that two different solutions have beenin Table VI. The value of the hfcc’s witkSi in STH,, 0.8
determined with the same cluster, corresponding to STHMT, implies that the overlap of the wave function of the
and STH, allows us to compare the relative stability of the unpaired spin with a Si nucleus is small and indicates a sub-
two centers. The total energy of STk 1.8 eV lower than stantial localization of the hole on the O atn Similar or
that of STH. Thus, while STH can exist as a metastable smaller values of thé°Si hfcc have been used by Griscom in
center, its energy is definitely higher than that of a $TH & computer simulation of the ST$pectrunt. The measured

The full geometry optimization of the STHtenter, the 'O hfcc's areA;~11mT, A,~A;~1.6 mT for STH and
delocalized hole, shows a much smaller geometrical relaxA;~6.2mT, A,~A3~1.3mT for STH.®
ation than in STH, Fig. 1(c) and Table IIl. The Si-O dis- The computed hfcc’s witt?®Si, *Ge, and!’O are re-
tances involving the O atoms where the hole is formed, irported in Tables VI and VI, respectively. Where a compari-
fact, show an elongation with respect to the neutral system agfon with the experiment is possible, the agreement is good.
about 0.040.01A, i.e., 4 times smaller than in STHOn  The 295j hfcc’s are essentially isotropic and are very close to
the other hand, a non-negligible change occurs in the O-Si-those reported by Hayes and Jenkithe small values are
angle which decreases from values typical of tetrahedral cosonsistent with the strong localization of the unpaired spin
ordination to 84°, Table Il. In a sense, by allowing the on the bridging O atom in STH The calculations show a
0-Si-O angle to close down considerably we were able temall difference~0.1 mT, in the hfcc’s of the two Si atoms
find a STH-type trap, making the defect a molecular po- nearest to the ionized O; this small difference reflects the
laron. In this respect, the model is different from that pro-slightly different Si-O distances in-quartz, but is probably
posed by Griscom where the hole is not delocalized, but hopgndetectable in amorphous silica.
between two oxygens very rapidiyFurthermore, it is hard For the model of STHwe performed two calculations.
to accept that the structure afquartz will undergo the large According to the model proposed by Griscdrthe hopping
geometrical distortion predicted by the calculations; indeedprocess is faster than the Larmor frequeneyl(® s™%); this
no evidence has been reported of STiH quartz. In the implies that the STH site does not relax and the geometry
Griscom model for the amorphous material the hole could béemains close to that of the glass before hole trapping. We
trapped over two oxygen atoms without the formation of ahave modeled this situation by computing the hfcc’s for the
molecular polaror(a special case of Anderson localization unrelaxed structure of clust&, i.e., for the structure of the
thanks to the presence of special dihedral angles in the netteutral lattice; see “STHunrelaxed” in Table VI. The other
work. Therefore, our model of a delocalized hole can bepossibility is that the hole becomes effectively delocalized
simply viewed as an average structure between two rapidipver two O atoms and that a geometrical relaxation accom-
interchanging states where the hole hops froptdd0,. The  panies the hole formatiofmolecular polaron This is de-
computed electronic properties of this average structure prescribed by the hfcc’'s of the fully relaxed structure; see
vide a basis for a comparison with the experimental mea~STH, relaxed” in Table VI. In the unrelaxed structure the
sures. hfcc of Sii=2 mT is similar to that of the adjacent,%ind Sj

To summarize this section, we have seen that S@irti  atoms, Table VI. In the relaxed model%ind Si have much
STH, centers have different characteristics, being localizegmaller values=0.7 mT. This difference can be understood
and delocalized, respectively. Both exhibit a large geometriin terms of the geometrical change accompanying the hole
cal relaxation. The adiabatic ionization potential, computedormation. In relaxed STkithe Si-O, distance, 1.657 A, is

B. Hyperfine interactions
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TABLE VI. 2°Si and”3Ge hyperfine coupling constants, in mT, of STahd STH centers in pure and Ge-dopedquartz?

Center Atom8 aiso B; B, B A, A, As
- heor Si, +0.75  —0.01 000  +001 +074  +075  +0.76
1 y Si, +0.95  —0.02 000  +002  +093  +095  +0.97
Ge +0.52  —0.01 000  +001  +051  +052  +0.53
STH(Ge) Theory Si +1.05  -0.04 -001  +005 +101  +1.04  +1.10
STH, Expt. (Ref. 2 si 0.8 0.8 0.8
Si; +201  -009 -009 +018  +1.92  +192  +2.19
STH, unrelaxed Theory Si,,Sik  +234  -010  -0.04  +013  +224  +2.30  +2.38
Si, +221  -010 -006  +016  +211  +215  +237
TH, rel Th Ay
STH, relaxed eory Si,,Si,  +0.78  —0.06 000  +0.06 +0.72  +0.78  +0.84
Si 1.0 1.0 1.0
T Expt. (Ref. 5° .
STH, Xpt. (Ref. 9 Siy,Siy 05 0.4 05

dResults from clusterd andB at the AE level andC; symmetry.
bSee Fig. 1.
hfcc’s used in computer simulations.

about 0.1 A shorter than the ,.SD, one, Table Il, and the estimated, by~2-3 mT, with respect to the experimental
Fermi contact term with Siand S is smaller. The%Si hfcc ~ ones; while the A, andA; values are somewhat lower than
values determined for the STHinodels are similar to those in the experiment. However, the general features are cor-
assumed by Griscom in the computer simulation of the ESRectly reproduced. In particular, the principal component of
spectrunt, Table VI. However, the values computed for the the hfcc’s for STH is about 60% of that of STH Notice
relaxed structure are closer to the experimental ones; in pathat the hfcc’s oft’O for the unrelaxed and relaxed forms of
ticular, the larger value for the central Si compared to theSTH, are similar, Table VII; botta;s, and theB tensor val-
neighboring Si atoms is correctly reproduced. The absolutees are larger for the relaxed structure, consistent with a
difference, however, is rather small, and the present resultsiore pronounced localization of the hole on the bridging
about the nature of STH relaxed or unrelaxed, are not con- oxygens.
clusive. The present results for STHre similar to those obtained
Various approaches have been used to study il by Edward$ for the same center and substantially disagree
hfcc’s (AE, ECP, different basis sets, atcbut the results  with the semiempirical calculations of Cherneval* who
show a considerable stability as a function of the details obbtained a complete delocalization of the hole on the O at-
the computation, Table VII. Tha; values are slightly over- oms of the cluster. The results for SThre sufficiently close

TABLE VII. YO hyperfine coupling constants, in mT, of STehd STH in pure and Ge-doped-quartz.

Cluster and
Method symmetry Qiso B, B, Bs Aq A, A;
STH,, =Si—O0"—Si=
AE A C; —4.78 —9.07 451 456 —13.85 -0.27 -0.22
ECP A C, —-5.14 —8.98 4.47 451 —14.12 —-0.63 —-0.67
AE B, C; —-4.76 —8.92 4.39 454 —13.68 -0.37 -0.22
Expt. Ref. 5 11.4 ~1.7 ~1.7
STH, (Ge), =Si—0"—Ge=
AE A C; —4.80 —8.97 4.47 450 —-13.77 -0.33 —-0.30
ECP A Cy —-5.04 —-8.95 4.43 452 —13.99 -0.61 -0.52
STH, (-0-Si-0) ™"
AE B, C; -3.13 —4.85 2.41 2.44 —7.98 -0.72 —0.69
Unrelaxed
AE B, C; —-3.90 —-5.86 2.92 2.93 —9.75 -0.97 —0.96
Relaxed

Expt. Ref. 5 6.2 ~1.3 ~1.3
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TABLE VIII. Optical transitions of a STH center in pure and Ge-dopedquartz.

System State Character nM/nR Eicf T (eV) f(r)
STH, X 12A 2py(Oy)* 22M/4R 0.95 0.0
2 2A 2p,(0;)?—2p,(0y)* 22M/4R 0.95 0.50 6<10°°
32A 2px(01)2—2p,(0)* 22M/4R 0.95 2.70 2.%10°°
4 2A 2p(0,_7)?—2p,(0y)* 22M/4R 0.94 3.53 0.012
STH, (Ge X1°2A 2p,(0))* 23M/4R 0.94 0.0
2 2A 2p,(0;)?—2p,(0y)* 23M/4R 0.94 2.64 6<10°°
32A 2p,(041)?—2py(0Oy)* 23M/4R 0.95 2.53 3.410 4
427 2p(0,_7)?—2p,(0y)* 23M/4R 0.93 3.20 0.022

#Twenty-one frozen core orbitals, 25 virtual orbitals discarded, total active space 57 orbitals, and 27 elec-
trons. The number of generated configurations is larger thanatl the selected configurations ar8000.

to the experimental data obtained by Griscom to support hison theory, only account for the localp2to-2p transitions
assignment of a STHcenter to a hole hopping over two within the same O atom and not for other more delocalized

neighboring O atoms. transitions. If this is true, one has to assume that the origin of
this band is different. Skuja proposédhat the optical band
C. Optical transitions and analysis ofg values of STH, around 2 eV due to a nonbridging oxygen hole center

. BOHC=Si—O', is due to the excitation from three neigh-
Photobleaching of STH centers by photons of 1.5-2.5 e oring oxygens. Our recent calculations on this center fully

has been observéd,indicating that optical absorption of agree with this assianmet It is possible that a similar
STH’s should exist in this range of energies. Indeed, Jenkidd 9 ' P

et al® and Chernowt al* have reported the existence of a melghﬁlnlsm works for a S‘I’ll-tinter.h b initi .
band around 550 nrf2.25 eV} in both pure and Ge-doped ollowing our previous work on that lnlltl_gé(l:_ol?wputatlon
silica and assigned this feature to a STH center. Jegtkat®  Of Optical transitions of point defects in silica,™"we have
observed also a second band at 4.2 eV and attributed thi€termined the energies and oscillator strengths of the tran-
band to a G¥ center. The band at 2.24 eV has also beersitions associated with the previously described model of
observed by Morkt al. in silica glass® STH, in pure and Ge-doped silica. Previous experience has
An indirect measure of the transition energies in $TH shown that the transition energies of point defects in silica
can be obtained from the theory gfvalues. We assume the can be predicted with typical errors of a few tenths of an eV,
same notation used by GriscGrsp that if the unpaired elec- at least for neutral defects=***®Here the situation is con-
tron in the ground state of STHies in a pure O P, orbital  siderably more complex for at least two reasons. The first
(this corresponds to thep? orbital in our previous notation  one is that we are dealing with a charged system, and long-
the first excited state is of almost pure (o, 2character. range polarization effects in the ground and excited states
According to Griscont,the following excitation corresponds can be different and not properly included in a small cluster
to a hole in a Si-O-Si bonding state with partial @ 2char- ~ model. The second one is related to the hole localization and
acter. Theg values can then be expressed in terms of théo orbitals used to generate the Cl space, as will be discussed

relative position of the ground and excited states as below. For these reasons we do not expect for this system the
same level of accuracy obtained in our previous studies.
0,7~0e, (4) The optical transitions of STHhave been determined by
means of MRDCI calculations, Table VIII. To reduce the
Oyy~Jet2N/A, (50  size of the Cl expansion, an ECP has been used on both Si
and Ge atoms, but this does not affect the transition energies
Oyx~0e+ 2NE, () by more than 0.1 eV In general, MRDCI wave functions

provide a very good description of ground and exited states,
where \ is the spin-orbit coupling constant for oxygefs,  but to obtain reliable energy differences it is necessary to use
=E,—E; is the first 20-2p transition energy, anE=E, a similar zero-order, or reference space, description of the
—E, is the second @-2p transition. Taking a commonly states involved. In this respect the calculation of the optical
accepted value fox from O™, 0.014 eV2%3land using the transitions in STH poses some technical problems. In fact,
experimentally measured values of=g,,=2.0027, g, as we have shown above, the hole is fully localized on a
= Oxx=2.0082, andyz=g,,=2.043, Griscomobtained for  nonbonding ® orbital of the central oxygen. This results in
the two lowest excitations 0.67 and 4.75 eV, respectively. Ifa large splitting of the g levels of the O atom. Starting the
on the other hand, one uses the experimental valuasfaf  CI calculation from a set of SCF orbitals for the cation leads
O and O reported by Zeller and Kig?? 0.0186 and to a solution which is biased by the strong splitting of the 2
0.0236 eV, respectively, the transition energies estimatetbvels. Therefore, we decided to adopt the following strategy.
from ESR become 0.91 and 6.3 eX£0.0186¢eV) or 1.16 We used the optimal geometry of a STtdee Table | or I},
and 8.0 eV £=0.0236 eV). No matter which value afis  but we computed a RHF wave function for the neutral
taken, the transition at 2.25 eV is not predicted. A possibleclosed-shell state. In this way the nonbonding @ & bitals
interpretation is that the relatiori4)—(6), based on perturba- of the central atom are at similar energies. We used these



PRB 60 CALCULATED SPECTRAL PROPERTIES OF SELF.. 9997

orbitals to perform the CI calculation for the ionized state,tunneling between two bridging O atoms. This latter situa-
STH;,. Exactly the same procedure has been followed for théion has been modeled by a hole delocalized over two bridg-
Ge-doped variant of STH The computational approach ing O atoms. The two centers exhibit characteristic spectral
adopted represents a way to obtain a more balanced descrifgatures in ESR: in particular, the hyperfine coupling con-
tion of the various excited states at the expense of largestants with the'’O and?°Si nuclides provide a fingerprint of
error bars in the transition energies. their different nature. The analysis is not restricted to a
We consider first the model of STHn pure silica. We model of pure silica, but also to Ge-doped silica. In this
searched for the three lowest roots in the Cl secular problentespect, no significant difference is found in tH® and?°Si
The first excited state corresponds to the excitation from &fcc’s of the Ge-containing STHcenter:  this can be con-
doubly occupied nonbondingp2level on the bridging oxy- sidered as a strong proof of the extremely localized nature of
gen to the singly occupiedorbital. This state is 0.50 eV the defect. In both pure and Ge-doped silica, $Tdichar-
above the ground state, but has virtually no intensity, Tablecterized by a strong elongation of the Si-O distances. This
VIIl. The existence of a low-lying B-to-2p transition is in  justifies the classification of this center as a small polaron as
agreement with the analysis of tigevalues® The next ex- proposed by Jenkirt al® When the structure of STHis
cited state is also a local transition and involves the thjpd 2 geometrically optimized, one observes a small elongation of
level on the bridging O atom with bonding character with thethe Si-O bonds compared to the regular lattice, but also a
Si neighbors. This excitation is found at 2.70 eV and has asignificant reduction of the O-Si-O angle, from the classical
oscillator strengtf ~10~3. According to the analysis of the tetrahedral value of=109° to about 85°. This is different
g values, the secondp2to-2p excitation should occur at from what suggested by Griscom, who found no distortion of
much higher energy, 4.5 eVIt should be mentioned, how- this angle> The hyperfine coupling constants for two models
ever, that the compute®l,’s must be considered with great of STH,, with and without geometrical relaxation, are quite
care. In fact, if one uses for the same transitions SCF orbitalsimilar, although the relaxed model is in slightly better
optimized on the ionic ground state, the first excitation oc-agreement with the experiment. It should be mentioned that
curs at 1.6 eV, while the secondp20-2p excited state is in STH, the hole tunnels between two adjacent sites on a
found around 5 eV. Clearly, these differences are very largéime scale shorter compared with the time required for the
and cast some doubts on the reliability of the absolute valuelsittice to respond. Indeed, Griscom suggested that,33 &h
of the T.'s. Using the set of orbitals from the neutral state,example of an Anderson localized hole with rapid tunneling
we found another transition at 3.53 eV which has a differenbetween nearly degeneratep 2state on neighboring
character, Table VIII. This excitation in fact involves the oxygensfi
external O atoms of the cluster; it can be described as an Finally, we performed configuration interaction calcula-
excitation from the P nonbonding levels of the nearest O tions on the lowest electronic transitions of a §Tdénter in
atoms to the central one. Notice that the intensity of thispure and Ge-doped silica. In both cases we found the lowest
excitation is higher than for previous cases. Very little excited state, corresponding to a local @§2- O (2p) tran-
changes are found on th&'s when Si is replaced by sition, at about 0.5-0.6 eV above the ground state; the cor-
Ge: the three lowest excitations are found at 0.64, 2.53, antesponding intensity is almost zero. The second transition
3.20 eV, respectively, above the ground state and have theccurs at higher energy, 2.5-2.7 eV, and involves the exci-
same character and similar intensities as in pure silica.  tation of one electron from the third Op2evel with bonding
These results could suggest a tentative assignment of theharacter with the Si atoms to the singly occupied @ 2
2p-to-2p transitions computed at 2.5—2.7 eV to the observedrbital. Also, this transition has a low intensity. We found a
band at 2.25 eV?.However, it is more likely that the transi- third exited state at somewhat higher energy, about 3.2-3.5
tion computed at 3.2—3.5 eV in our modééxcitation from  eV. This latter state corresponds to an excitation from the
the neighboring O atoms to the central pizethe real origin  nonbonding » levels of the neighboring O atoms to the O
of the band at 2.25 eV. There are two arguments in favor oitom where the hole is localized. This transition has a larger
this possibility. First of all, the neighboring O atoms haveintensity. The results of the calculations are not sufficient to
been treated with a less flexible basis set than the central orsdtempt a direct assignment. However, combining the theo-
(no d polarization functions have been included better retical results with the data obtained from the analysis of the
description of these atoms will reduce the excitation energyg values it is possible to conclude thaj three excited states
Furthermore, this kind of transition has been proposed tare present for a STHenter, but only one with appreciable
explain the band at about 2 eV due to NBO centers inntensity, andb) the band observed at 2.25 eV is likely due
silica®® Recent calculations based on the same approado the excitation from the neighboring oxygens, in full anal-
used here fully support this vietf. ogy vr\glgh what is found for a nonbridging oxygen hole
center:

IV. CONCLUSIONS
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