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cesses.
' One can obtain an indication of the temperature depen-

dency of the parameters through decay studies at constant
T. Decay, for constant parameters, yields no information
which is not already contained in the TSL and TSC curves;
if the parameters are temperature dependent, however,
then the decay pattern will be inconsistent with the pre-

sumed (constant) parametric description of the curves,
and thus will provide a warning that the assumed model
is too simple.
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A new EPR spectrum, labeled Si-Sl, has been observed in electron- or neutron-irradiated,
n- or p-type, crucible-grown silicon under illumination with approximately band-gap light.
The Si-S1 spectrum consists primarily of a fine-structure spectrum and a 29Si hyperfine spec-
trum. By incorporating 0 atoms into vacuum-float-zone silicon by ion implantation, the Si-
$1 ~~0 hyperfine spectrum was also observed. An analysis of the coupling tensors in the spin
Hamiltonian which characterize the fine structure and 2~Si hyperfine spectrum is presented
and suggests that the Si-$1 center is the neutral charge state of the one-vacancy-oxygen cen-
ter in an excited spin-triplet state. This model for the Si-Sl center is in agreement with
stress measurements, which are also presented. These measurements indicate that the time-
temperature dependence in the reorientation of the Si-Sl center is the same as that of the
neutral one-vacancy-oxygen center as monitored by the Si-81 spectrum.

I. INTRODUCTION

Previous studies have shown that the dominant
paramagnetic centers that are formed in electron-
irradiated, crucible-grown silicon at room tern-
perature are the Si-B1 center'~ and the Si-G15
(oxygen-associated) center. ' 6 The Si-81 center
was previously identified' as the negative charge
state of the one-vacancy-oxygen center. Recently
it has been shown that these centers also exist in
low -fluence fast-neutron-irradiated crucible-
grown silicon. In looking at irradiated silicon
samples under illumination with electron para-
magnetic resonance (EPR), we have found a new

spin-1 spectrum, labeled Si-S1, which is prevalent
in n- and P-type, electron- or neutron-irradiated,
crucible-grown silicon. The Si-S1 spectrum is
also observed in some samples of LOPEX and
vacuum-float-zone silicon, but the intensity of the
spectrum is less than that observed in crucible-
grown silicon by at least a factor of 20. In this
paper we report many of the outstanding features
that are observed in the Si-S1 spectrum. A de-
tailed analysis of the Si-S1 spectrum is presented
and indicates that the Si-S1 center is the neutral
one-vacancy-oxygen center in an excited spin-
triplet state.

The electronic and molecular structure of the
Si-S1 center is deduced from an unusually rich

EPR spectrum. Section II discusses briefly the
experimental aspects of the EPR measurements.
The analysis of the Si-$1 spectrum in Sec. III
deals with the development of the appropriate spin
Hamiltonian, the constraints on the coupling ten-
sors in this spin Hamiltonian, and the numerical
analysis and values for the coupling tensors as de-
duced from the Si-S1 spectrum. An analysis of the
coupling tensors in terms of the physical inter-
actions which they represent is presented in Sec.
IV and shows how the structure of the Si-S1 center
evolves from this analysis. Qfe have also succeeded
in correlating the Si-S1 center with the Si-B1 cen-
ter through the time-temperature dependence in
the reorientation of these centers.

II. EXPERIMENT

The samples used in the study of the Si-$1 center
were crucible-grown n-type silicon (P-doped,
0. 04-10 Oem) and P-type silicon (8-, Al-, or
Ga-doped, 0. 7 —5 0 cm). These samples were
irradiated at room temperature with 2-MeV elec-
trons with fluences up to 3x10'~ e/cm2. The spec-
trum of the Si-S1 center which is seen in n- or
p-type, electron-irradiated, crucible-grown silicon
for H tt [110]is shown in Fig. 1. The Si-Sl center
is also observed in neutron-irradiated crucible-
grown silicon for fluences &10'~ n/cm . The Si-$1
spectrum-was also observed ig some samples of
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FIG. 1. EPR spectrum ob-
served under illumination in Al-
doped crucible-grown silicon fol-
lowing a 2-MeV electron irradia-
tion of 5&10 e/cm . The lines
at 6710, 6880, 7010, 7100, 7200,
and 7410 Oe constitute the Si-81
center for H II [110]. Part of the
spectrum at -7060 Oe corresponds
to the Si-615 center. The identi-
fication of the states I S=l, M),
which are defined within the strong
field approximation, between which
the transitions occur is discussed
in Sec. IIIB.
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LOPEX and vacuum-float-zone silicon, but its in-
tensity was less than that observed in crucible-
grown silicon by at least a factor of 20. In order
to verify the existence of oxygen in the Si-Sl cen-
ter, a sample of intrinsic vacuum-float-zone sili-
con was implanted with 200-keV '~O' ions to a
fluence of 3X10' 0'/cm . (' 0 has a nuclear spin
of -', . ) This sample was annealed at 300, 600, and
960 ' C for 20 min and then annealed at 400 C for
10 min. In order to produce Si-81 centers, the
implanted region was then damaged by 280-keV
He' ions to a fluence of 10'3 He'/cm . The exis-

tence of the Si-81 center does not appear to depend
upon the presence of either group-III or -V impuri-
ties. The Si-S1 center was not observed in unir-
radiated silicon.

Between 5 and - 100 K, we were only able to
observe the Si-81 spectrum with the sample illu-
minated. Between -100 and - 300 K, we were un-
able to observe the Si-81 spectrum with or without
illumination. The samples were illuminated in our
K-band TEpgg cylindrical copper cavity by a sub-
miniature lamp mounted in the wall of the cavity.
The intensity of the Si-Sl spectrum was observed
to be proportional to the voltage across the sub-
miniature lamp for voltages up to burnout. Our
X-band TE»3 rectangular cavity incorporated an
optical window which consisted of a mesh of 0.050-
in. -diam holes in one wall opposite the sample
through which light entered from the outside. (The

cryostat has a sapphire window opposite the cavity
window. ) By means of various infrared filters,
optical filters, and slices of polished silicon and
GaAs, we conclude that the Si-S1 spectrum is
generated by approximately band-gap light. To
see whether we were generating paramagnetic
Si-S1 centers near the illuminated surface or
throughout the bulk of the sample, the volume of
the X-band sample was reduced by —,

' while keeping
the illuminated surface area constant. The in-
tensity of the signal was found to be approximately
proportional to the sample volume.

The EPR measurements were made with an X-
band (9.5 GHz) and a K-band (19.9-GHz) super-
heterodyne spectrometer. The spectra were taken
in the dispersion mode. The magnetic field at the
sample had previously been calibrated to ~ 0. 3 Oe
in terms of the magnetic field at the position of the
NMR probe on the outside of the Dewar which had
a brass tail. Small adjustments in the orientation
of the table supporting the cryostat and spectrom-
eters allowed us to align the crystallographic di-
rections of the sample to within 0.1' of the direc-
tion of the magnetic field.

III. ANALYSIS OF THE Si4'1 SPECTRUM

A. Spin Hamiltonian

The spin Hamiltonian for a pair of interacting
electrons localized on a defect within a crystal
can be written in the form
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This spin Hamiltonian is quadratic and bilinear in
H, 8&, and I&, where H is the magnetic field, 8& are
the electron-spin operators, and I& are the nuclear-
spln operatol s. The various lnteraetlons between
H, 8&, and I& are specified in terms of the coupling
tensors. The C tensor accounts for terms qua-
dratic in the magnetic field. EPR spectra are in-
sensitive to this interaction because it shifts all of
the eigenvalues of X for a given magnetic fieM by
the same amount. This interaction is generally
ignored by setting the C tensor equal to zero. The
electronic Zeeman interaction is specified by the

g & and ga tensors contained within the terms
p,~H ~ g, ~ S, +p, BH ~ ga ~ Sz of Eq. (1). The interac-
tion between the two paramagnetic electrons, com-
monly referred to as the electronic spin-spin inter-
action, is specified by the K tensor and corre-
sponds tothe term S, ~ K ~ Sa of Eq. (1). It isusual-
ly convenient to write the K tensor as the sum of
an isotropic term t, where 8= Tr —,'( K), a symmet-
ric term D, where Tr( D ) =0, and an antisymmet-
ric term 8 . If there are nuclei with nonzero mag-
netic moments in the neighborhood of the paramag-
netic center, then these nuclei may interact with the
paramagnetic electrons giving resolved hyperfine
spectra. The hyperfine interactions are specified

by' the A
&&

tensors and correspond to terms of the
form S, ~ A «. I& in Eq. (1). The nuclear quadrupole
interaction I&

~ Q,z I& is characterized by the Q, &

tensor for nuclei with I& &-,'. The Q, ~ tensor is
necessarily equal to zero for nuclei with I& equal to

The nuclear spin-spin interaction arises from
terms of the form I Q ~ I (@+I) in Eq. (1).

A set of basis spin states for determining the
eigenvalues and eigenvectors of this spin Hamilton-
ian consists of states of the form I 8&, 8„;82,
8,„I, , m„. . . ; I„,m„) where 8, and 83 equal —,.
In the case of the Si-81 center, the impurity de-
pendence of this defect (see Sec. II) indicates that
the nuclear-spin interactions are expected to arise
from the 'Si (I= —,', 4. V0% naturally abundant) and
possibly the "0 (I= -'„0.03V% naturally abundant)
isotopes.

B. Constraints on Coupling Tensors

Kneubuhl, ' Bieri et al. ,
"and Baltes ef; gl. '

have. shown how the most general forms for the cou-
pling tensor' compatible with the symmetry of a
polyatomic paramagnetic center can be determined
for a spin Hamiltonian of the form in Eq. (1). Using
this grouptheoreticalapproach, we have determined
the constraints on the coupling tensors for two
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FIG. 2. Electronic structure of the
one-vacancy-oxygen center having C2„
symmetry in an excited spin-triplet
state. The linear combination of orbit-
als vrhich transform according to the
various irreducible representations
of the point group C2y a e ndicated
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FIG. 3. Map of the Si-Sl EPH
spectrum as observed at X band.
The solid lines correspond to the
calculated Si-. 81 spectrum using
the coupling tensors in Table II.
The circles and dots correspond
to the observed resonances. The
transitions for the fltne-structure
spectrum have been labeled in
terms of the states l S=l, M)
defined in the strong field approxi-
mation.
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isotopic configurations of the one-vacancy —oxygen
center. (Evidence for the assignment of this model
to the Si-Sl center will be presented in Sec. 1V. )
The Si-'60-~Si configuration consists of ' Q at
site 0 and Si isotopes at A and B in Fig. 2. This

configuration has Ca„symmetry and gives rise to
the fine-structure spectrum in Fig. 3. The Si-
'SO- Si configuration consists of an ' O at site 0,
a Si at site A and a Si at site 8, or vice versa.
This configuration has C, symmetry and accounts
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"fABLE I. Tabulation of the general and reduced forms of the coupling tensors belonging to the spin Hamiltonian jn
Eq. (1). The principal axes are defined in Fig. 2 with respect to the defect. The general form as well as the reduced
form of these coupling tensors give spectra whose degeneracies for H along the [001], [ill], and [110]correspond to
the observed degeneracies in Fig. 3.

Ten-
sors

Fine-structure spectrum
Si-~60 28Sj, configuration

General form of Reduced form of
coupling tensors (Ref. 12) coupling tensors

29Si hyperfine spectrum
9Si- 6O- Si configuration

General form of Reduced form of
coupling tensors coupling tensors

I, o

(z.
0

0

(, o

0

o o )

(z
0

ggy

o o )
I I

A~
I I

g'gy ggg

(.
0

o o

o,,j
0 0 )

(z
0

o 0

K~ Kyg

-K~g Kgg

(z o o

0 K 0

(o o" zj
(o

0

o o )
K~ Kyg

K,„K
o o )
~5$

4p 4g

0 K, )
0 0'I

A)g

(z„ o

A~ A~

Az„A~ )

Axx

0 A~ Az

(0 A„A„)

0

(0

o o

A~ A„'g

AgI~ Agg

(z
0

o o

A A„z

A „Agg

for the ~Si hyperfine spectrum in Fig. 3. The
relative intensity of the fine-structure spectrum to
the ~~Si hyperfine spectrum is observed to be- 10:1. More complex isotopic configurations in-
volving additional sites are either relatively im-
probable or do not give well-resolved spectra. The
minimal constraints on the coupling tensors for
these two isotopic configurations are tabulated in
Table I.

It is interesting to note that these coupling ten-
sors are asymmetric. Furthermore, nonzero
matrix elements of 3C can exist between the triplet
and singlet states. The results of our analysis
(see Sec. III C) indicate that in the case of the Si-S1
center, the perturbation in the triplet levels due to
the interaction with the singlet level is small com-
pared to the perturbation in the triplet levels due
to the nuclear Zeeman interaction. The reduced

coupling tensors for an approximate spin Hamilton-
ian, which involves no coupling between the triplet
and singlet manifolds, are tabulated in Table I.
This spin Hamiltonian also describes the Si-S1
spectrum quite accurately (see Sec. III C) and is
adequate for describing many of the features in the
spectrum.

The Si-S1 spectrum has at least two characteristics
which place restrictions on the signs of the coupling
tensors. The first characteristic in the observed
spectrum is the positive and negative intensities
of the resonances illustrated in Figs. 1 and 4.
As a result of populating the spin-triplet levels of
the Si-$1 center by light, a population inversion
is achieved within the spin-triplet levels. This
population inversion is manifested by spin-reso-
nance lines of negative intensity (stimulated emis-
sion transitions) and positive intensity (stimulated



EI ECTRON PARAMAGNETIC RESONANCE OF. . .

6850

H (Oersteds)

6900

v =19.8254 6Hz
H II [111]

A)
A24

A3

),3 A2 4

A3

F3

2, 4

A) "2,4

F 3
3

1, 3

A24

A3

A) 7200

H (Oersteds)

7250

FIG. 4. EPR spectrum of the Si-$1 center for H II [111]observed in Al-doped crucible-grown silicon following a 2-
MeV electron irradiation of 5 x10 g/cm . The allowed transitions are labeled A„and the forbidden transitions E„.The
subscript denotes at least one of the degenerate coordinate frames. The relative transition probability as calculated
from the eigenvectors of Eq. (1) using the coupling tensors in Table II for each of the ~SSi hyperfine lines in coordinate
frame 1 or 3 is (from left to right): Eg 0.09,. Ag 0.41, E3 0.24, As 0.26, A3 0.26, E3 0.23, Ag 0.41,Fg 0.09;
Ag 0.43, A3 0.29, E3 0.21, E3 0.21, A3-0. 29, E&-0.07, and A& 0.43. These results agree reasonably well
with the observed intensities.

absorption transitions). '~ The relative intensity of
the lines in the Si-$1 spectrum is observed to be
a function of the magnetic field orientation. These
effects are like those observed in excited spin-
triplet levels by Tanimoto, Ziniker, and Kemp, '
and Watkins. ' In Fig. 1, the intensity of the line
at —6V10 Oe is approximately twice the intensity
of the line at - 6880 Oe. However, according to
the map of the Si-S1 spectrum in Fig. 3, the line
at - 6710 Oe arises from defects. in coordinate
frames 1 and 3 while the line at - 6880 Oe arises
from defects in coordinate frames 2 and 4.'6 Under
conditions of thermal equilibrium, these two lines
mould have equal intensities.

These experimental results indicate that for
H lt [110]and for defects in coordinate frames 1
and 3, only the spin-triplet level I 1, 0) is populated
with electrons by light. Consequently, the reso-
nance at -6V10 Oe corresponds to the I 1, 0) to
I 1, —1) emissive transition. For those defects
in coordinate frames 2 and 4, the two Zeeman
levels corresponding to the I 1, a 1) states are
equally populated with electrons by light excitation.
Consequently, the resonance at - 6880 Oe corres-
ponds to the t 1, 1) to I 1, 0) emissive transition.
Since only about half of the electrons are in the
I 1, 1) state for defects in coordinate frames 2 and

4, the line at 6880 Oe is only about half as intense
as the line at - 6710 Oe.

It is on the basis of these arguments that the
states between mhich transitions occur have been
assigned to the resonances in Figs. 1 and 3.
Knowing the states between which transitions occur
allows us to impose the first set of restrictions on
the signs of the g, D (symmetric part of K), and
A reduced coupling tensors. In Fig. 5, the hypo-
thetical spectra as deduced from the exact eigen-
values of Eg. (1) using the reduced coupling ten-
sors are tabulated for all possible permutations in
the signs of the g, D, and A tensors. These cal-
culations were carried out for the case in which
H II [111], and the defect is in coordinate frame 1.
In Fig. 6 we have indicated whether the polarity
of the hypothetical spectrum for each set of signs
agrees or disagrees with the polarity of the ob-
served spectrum in Fig. 4. As long as the differ-
ences between the reduced coupling tensors and
the general coupling tensors are small so that the
added perturbation in the energy levels is small
compared to that arising from the nuclear Zeeman
interaction, the signs of these remaining elements
remain unrestricted. This condition holds for the
Si-S1 coupling tensors.

The second characteristic of the Si-S1 spectrum
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Fig. 4 where the resonances labeled A& and F&

correspond to the allowed and forbidden Si hyper-
fine lines, respectively, arising from defects in
coordinate frames 1, 5, and 9. In Fig. 5, we have
indicated whether the order of the observed forbid-
den and allowed Si hyperfine lines agrees or dis-
agrees with that of the hypothetical spectra.

In addition to these restrictions, the expression
for the Fermi-contact hyperfine interaction

a= s s gI „(Pi'I)Ps
~
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I II
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indicates that there is a relationship between the
sign of the g tensor and the A tensor'[a = Tr3(A )].
Since p,„=-0.55477'.„for '9Si, ' the sign of the
g tensor is expected to be opposite the sign of
the A tensor. In Fig. 5, we have indicated whether
the sign of the g tensor relative to the sign of the
A tensor is consistent or inconsistent with the
Fermi-contact hyperfine interaction.

The results of this analysis indicate that of the
eight~ossible sign configurations for the g, D,
and A reduced coupling tensors, only two sign con-
figurations are compatible with all three constraints
simultaneously. One sign configuration is for
+ g, +D„„, -D», +D„, and —A; andthe other sign
configuration is for —g, +D„„, -D», +D„, and +A.
The sign of the reduced D tensor is the same for
these two cases and has been determined unambigu-
ously.

C. Numerical Analysis and Results

1. Si-' 0- Si Configuration

OK

OK
For the case of the Si-' O- 'Si configuration,

closed analytical expressions for the exact eigen-
values were obtained within the singlet-triplet
manifold by diagonalizing the spin Hamiltonian in
Eq. (1) subject to the constraints in Table I. The
numerical values for the g and K tensors were
determined by minimizing

FIG. 5. Tabulation of the hypothetical spectra for H
in coordinate frame 1 and parallel to the [111]direction
for all permutations in the signs of the g, K, and A

tensors. On the right-hand side we have indicated
whether the constraint under consideration is satisfied
or unsatisfied.

is the particular order in the positions of the for-
bidden Si hyperfine lines in relation to the posi-
tions of the allowed Si hyperfine lines. The order
in which the allowed and forbidden 9Si hyperfine
lines occur is related to the signs of the coupling
tensors. The energy levels between which the
allowed and forbidden 29Si hyperfine lines originate
are shown in Fig. 6. For purposes of comparison,
the observed spectrum for H II [111]is shown in
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FIG. 6. Energy-level dia-
gram within the triplet mani-
fojd for the 9Si- O- Si con-
figuration. The relative eigen-
values and transition probabil-
ities were calculated for H Il

bll] in Fig. 2 for H=V000 Oe.
The vertical solid lines corre-
spond to the allowed magnetic
dipole transitions whereas the
dotted lines correspond to the
forbidden Si hyperfine trans i-
tions.

~&[pt, exyt pt, cate(Ht, exytt'et' g t K )]

by a method of least squares as a function of g
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TABLE II. Tabulation of the numerical values for the elements in the coupling tensors of Eq. (1). The principal
axes for these elements are defined with respect to the defect in Fig. 2. The coupling tensors associated with the

Si- 60- Si configuration were fitted to the X- and K-band fine-structure spectra with a standard deviation of -5.4
x10 GHz ( 0.2 Oe) for values of J ranging from 5 to 100 cm . The coupling tensors associated with the SSi- 0- Si
configuration subject to the additional constraints discussed in Sec. III C 2 were fitted to the X- and K-band 29Si hyper-
fine spectra with a standard deviation of 2. 9 x10 5 cm «(-0.3 Oe) for J arbitrarily equal to 50 cm «.

g tensor
a 0.0001

D tensor (in units of 10" cm )
+0.1

A tensor (in units of 10 4 cm «)

- +0.3

g g g g 2/J g 2/J g) D D D 2/J A A A A A
(cm «) {cm «)

2, 0102p 2 00576 2 ~ 00757 & 2x10 & 3x10 204, Sp —438, 3«233 ~ 5«& 1x10 —41,1) —61,32 —51~ 26 —15~ 52 —14,3«

and K for fixed Z (eight parameters). The v is the
resonant microwave frequency. This analysis was
carried out on 28 fine structure resonances from
the X- and K-band Si-$1 spectra for 8 along the
[001], [111], and [110]directions.

The final numerical results for the coupling ten-
sors belonging to the asSi ieO asSi configuration ere
tabulated in Table II. This analysis indicates that
the K tensor is symmetric within the accuracy of
our measurements. Furthermore, our analysis
indicates that the coupling between the singlet and
triplet states is negligible. If K&3, g», and gm
are assumed to be zero (the g and K tensors then
correspond to the reduced g and K tensors in
Table I) so that there is no coupling between the
singlet and triplet states, then the calculated mag-
netic field positions of the resonances are shifted
by - 0. 1 Oe. This is less than the standard devia-
tion of our least-squares fit which is - 0. 2 Oe.
Consequently, the numerical values for K23 /J,
gee /8, and g~ /8 in Table II correspond to the ap-
proximate upper limits on these ratios.

%'e have been unable to observe the Si-$1 center
in the excited spin-triplet state without light for
temperatures between 5 and 300 K. Consequently,
we have not been able to deduce the value of J from
the temperature dependence of the Boltzmann dis-
tribution of electrons among the singlet and triplet
levels.

2. Si-'~O- Si Confi gus"ation

For the case of the 3 Si-' O- Si configuration,
the approximate eigenvalues of the spin Hamiltonian
in Eq. (1) can be determined by perturbation theo-
ry. Unfortunately, the nuclear Zeeman interaction
has nonzero matrix elements for the operators I,
and I which retard the convergence of the higher-
order perturbation terms.

In dealing with the EPR hyperfine spectra of
spin-2 centers, it is usually not necessary to in-
clude the nuclear Zeeman interaction if the hyper-
fine interaction is moderately weak (I A I

~ 10 cm ')
since its effect on the corresponding EPR hyperfine
spectrum is usually not perceptible. In a spin-1

center, the splitting between the l S=1, M = 0;
I, m) states arises in zeroth order from the nu-
clear Zeeman interaction and in second order from
the hyperfine and electronic spin-spin interactions.
In the case of the Si-81 center, the order in which
the allowed and forbidden ~OSi hyperfine lines are
observed is reversed, depending on whether the
nuclear Zeeman interaction has been erroneously
neglected or proyerly included. Since the order
in which the allowed and forbidden Si hyperfine
lines occur is indicative of the signs of the coupling
tensors, one can only be assured of deducing the
correct Sign combinations for the coupling tensors
if the nuclear Zeeman interaction is included in
the spin HamQtonim.

In view of this inadequacy of perturbation theory
and the importance of the nuclear Zeeman interac-
tion, the eigenvalues to the spin Hamiltonian in

Eq. (1) were calculated using a computer program
which diagonalizes Hermitian matrices. Because
of the difficulties associated with the problem of
fitting 30 hxkependent parameters in the spin Hamil-
tonian of Eq. (1) to the 9Si hyperfine spectrum,
additional constraints were imposed on the general
coupling tensors in Table I associated with the

Si-' 0-"Si configuration. ~e assumed thag g&,

g» and K ccaQd be accurately represented by the
numerical values determined from the fine-struc-
ture spectrum. With regard to the h~erfine ten-
sors, the asymmetric part of A«or A2, does not
necessarily give any coupling between the singlet
and triplet states, but any difference between A»
and Ap«does. Since onr analysis of the fine-struc-
ture spectrum indicates that there is very little
evidence for couphng between the singlet and triplet
states, we constrained A» and A» to be equal.
Finally, we assumed that y& is isotropic and equal
to —p„/I where p„= -0.55477 for Si.

The numerical values for A» and A» tabulated in
Table II mere detexxnhxed by minimizing

Zg[~g, „g-kv), ,~,(Hg „~, e), g, K, A, y )]

as a function of A~~ and Az~ (five parameters) by a
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direct-search minimization procedure. This ana-
lysis was carried out on 48 Si hyperfine reso-
nances from the X- and K-band Si-81 spectra for
H along the [001], [111], and [110]directions.

IV. STRUCTURE OF Si4'1 CENTER

Sa ~ I 3(I r,)(S,~ r )
5

167k p,„Q ~ IIL„
&ttp= &a &s~ &(ra)Sa'I —2l a pyI

The interpretation of our EPB measux'ements is
presented in this section and indicates that the Si-81
center is the neutrally charged, excited spin-triplet
state of the one-vacancy-oxygen center.

A. Symmetry of Si-51 Center

The symmetry of a defect is specified by the point
group G~„„„which contains RH of the operations
under which the defect is invariant. Furthermore,
the host lRttlce must Rlso be invariant uDdel Rt
least these same operations. In general, the host
lattice will be invariant under the operations of the
point gloup Gl~tgg~ of which Gg~g~cg ls R subgroup.
Each point group 6 can be expressed as the direct
product of BxC& or B~C&. The group Cz contains
only the identity operator whereas the group C,
also includes the inversion operator. The order
Of ""ePO»t grouP Btatttss ( ~ast~t) 1S ttlatttss (ttdstsst).
The ratio R, where

+latttse +dsfsst ~

gives the maximum number of distinct spectral
lines for a given allowed magnetic dipole transi-
tion. This ratio R is the index of the subgroup

93„„twith respect to the group 9„«„,.
In the case of the Si-81 fine-structure spectrum,

the maximum number of distinct spectral lines for
a given magnetic dipole transition is six when H is
tilted out of the (110)plane and away from any high-
symmetry directions. Since n„„„,= 24, the yoint
groups fox' which sd guet, = 4 Rle Daq Cay' Dpy p C4p

84, and C+, . Of these, the operations of D», C4,
and C4„do not leave the host lattice invariant and
Rx'6 excluded fx oIQ further consideration. The point
group Da is compatible with a defect for which the
principal axes of the g and K tensors would be the
(100) dll'ectlolls, The polllt gl'oup 84 is compatible
with a defect whose g and K tensors mould be axi-
ally symmetric about the [001]direction. Clearly,
these restrictions on the g and K tensoxs are
inconsistent with the minimal constraints which are
requix'ed to describe the Si-81 fine-structure spec-
trum. This leaves only the point gx'oup Ca„, which
is compatible w ith the minixnal constraints on the

g and K tensox's required to describe the Si-81
spectrum. Consequently, the symmetry of the Si-81
center corresponding to the Si-81 fine structure
is specified by the point group C3„.

8. HyperGne Interactions.

Fol tm'0 pR1RIQRgnetlc elections interacting with
a single nucleus, the hyperfine interaction XH& is'

+20~ " PQ 3
~

The fix'st term is the Fermi-contact hyperfine in-
teraction which makes an isotropie contribution to
the hyperfine coupling tensors. The second term
accounts for the magnetic dipole-dipole interaction
between the magnetic moment of the nucleus RIld the
lntrlnslc magnetic IQGIQGnt of the electx'oD. The
rg ls the position vectox' of the Mh electx'on with
respect to the nucleus. The second term makes
a symmetric contribution to the hyperfine coupling
tensors. The third term arises from the magnetic
dipole-dipole interaction between the magnetic mo-
ment of the nucleus and the orbital magnetic mo-
ment of the electron. In conjunction yrith the spin-
orbit interaction, this term can make a second-
order asymmetric contribution to the hyperfine
coupling tensors. The asymmetric contribution
to the hyperfine coupling tensors of the Si-81 center
is expected to be small because the orbital angular
momentum for this defect is nearly quenched as
evidenced by the sinall deviations in the g tensors
from 2. 0023.

In order to match X» with the hyperfine interac-
tions in Eg. (1), Xttp is integrated only over the
spatlRI pR1't of I 4(xt x3) ' ' ' ). If the 111teractlon
between the singlet and triplet states is weak, which

happens to be the case for the Si-81 center, then
the spatial part of I 4(x, , x3) ' ' ) can be repre-
sented to a fix'st approximation by

@(Xt~ X3) = (I/~) [Xt(Xt)X3(X3)-X3(Xt)xt(X3)1 ~

(5)

The one-. electron wave functions X can be ex-
pressed as a linear combination of atomic orbitals

where

and l denotes the particular lattice site on which
orbital q, is centered. The one-electron atomic
orbitals for silicon, for example, can be exyressed
ln terIQs of normalized 8, p hybx'ld orbltRls of the
fox'IQ

The isotropic part of the hyperfine intexaetion a»
between the 0th electron and the Eth silicon nucleus
is a measure of the s-state character in the elec-
tronic mave function at the respective nucleus,
whel 6
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as~=a ~tla (pnli) 0»('%i +rlai ) o'i Iti'es, r(0)I

k=1, 2. (8)

The symmetric anisotropic part of the hyperfine in-
jb, ~

' s from the non-s-state charac-teraction jb„~» arises r
ter in the wave function immediately surrounding
the lth silicon nucleus, where

2

r'

S, t=1, 2, 3, k=1, 2. (9)

Ne lecting the second-order asym metric contribu-
tion, the silicon hyperfine coupling tenso

eg
~ ~ ors A are

given by the expression

(&,q)q~=5, qaqq+(b, q)&~, s, t=1, 2, 3, k==1 2.
(10)

1. Si Hyperfine Interactions

We have attributed the hyperfine spectrum in
Fig. 3 to i. is cS . Th' onclusion is based on the fol-
lowing argumen s.t The nuclear spin of the isotope

~ 1responsi ensible for this hyperfine spectrum is &. e
fact that this hyperfine spectrum arises rom an

e of I= —' on one of two sites is shown un-
h erfinecally in Fig. 7 where the Si pair yp

lines are o serve .observed. The intensity of the i yp
fine s ectrum relative to the fine-structure spec-
trum is observed to be 0. 097+ 0. 003.
abundance o is if th isotope as deduced from the in-

f the h erfine spectrum is (4. 63+0.15
The only stable isotope having this spin and na ra
abundance is i w iS' high is 4. V0% naturally abun-
dant ~0

nction forTo a first approximation, the wave nc i
the two paramagnetic electrons in the Si-S1 center
is the product of the antisymmetric wave function
q(x x ) defined in Eq. (5) and the triplet spin
states. With respect to the spin-Hamiltonian

The asymmetric part of A~q or Aa& dA does not nec-
essarily give any coupling between the singlet and
t ' l t tates but any difference between A» andrip e s

of S ~ A I&d g've nonzero matrix elements o &
~ »

+52
' An 1L between the singlet and triplet states.

approximated by the expression
andin Eq. (5), 14'(xq, xz). .. ) is a pure triplet state an

implici y imp ietl lies that there is no coupling be ween
tl thinthe singlet and triplet states. Consequen~, wi

the limits of this approximation, A» andand A are
constrained to be equal, as Eq. (10) indicates.

According to Eqs. (8) and (9), the hyperfine in-
teractions give little information about the regions
in which y& and ~ are small. In the regions of the
d f t where y and yz are large enough to give
resolved hyperfine spectra, the hyperfine in
tion can yie asield as many as three distinct pieces of
information. First, well-resolved hyperfine spec-

' ld the identity of an isotope by virtue of i s
nuc -earlear spin and natural abundance. econ,

n beposition of the isotope in the defect can often e
deduced from the symmetry of the coupling tensors.
And third, the qualitative character of the wave

character canbe deducedfrom the hyperfine tensors.
The fact that the Si-Sl center is observed in n-

or p-type si icon i-ty l'con indicates that neither group-III
nor group- im ' t-V impurities are a constituent in this de-
fect. However, since the intensity of the i-
spectrum was observed to be 20-50 times greater
in crucible-grown silicon than the vacuum-float-
zone or LOPEX samples that we examined, oxygen

Con-is very i e y a1'k l constituent in the Si-81 center. on-
sequently, only the hyperfine spectra due to Si an' 0 are expected.

6650 6700
I I I

I II I I I

H 11 [110]
H IN OERSTEOS

6750 6800

Si HF LINE

0)

Si - Si HF LINE
S' - Si HF LINE

S' - Si HF LINE

7350 7400

H IN OERSTEDS
Hii [110]

7450 7500

PIG. 7. Part of the Si-81 spectrum for H II [110]
showing the fine-structure lines, ypSi h erfine lines,
and the 29Si pair hyperfine lines. This spectrum was
observe in — cd

' 10-0 cm P-doped silicon irradiated with
3x10 g cm. e iTh h'ghest-gain traces were obtained
using signal-averaging technique .es. The A (8) spectrum
corresponds to emission (absorption) lines.



K. I . BRO%'ER

TABLE III. Character of ~ve function in terms of 0'2&, P2~, q2& as deduced from the 29Si hyperfine interaction.

Spectrum

si-sl

Sites
g"ig. 2)

No. of
equivalent

sites 00 4cm )
5)

(10 4cm ')

—20. 79

Q2
l p2

0.88

2 2
~2$

l g.
»I~, t ~ (13)

Using the final estimated values of atkins and
Corbett ' for I $3,(0) I and (xs ) for silicon, some
of the values of e, , p, , and q, can be determined
from the observed Si hyperfiue spectra and are
tabulated in Table III.

An interpretation of the Si hyperfine tensors
in terms of the parameters o, , P, , and q, tab-
ulated in Table III gives us an Mea of the 8 and p
character in the s, p hybrid orbitals p& and where
4(x„x~) is localized. For example, the one-elec-
tron orbitals y, at A arid pz at J3 are approximately
12% 3e and 88% 3P in character. Approximately
41'%%uo of 14(x„x,)l is localized on silicon atoms
A and 8 The next-llearest-neighbor Sl hyperfllle
spectrum on the sides of the fine-structure reso-
nances in Pigs. 1, 4, and V is not sufficiently re-
solved to determine the corresponding Si hyper-
fine tensors. We estimate that the intensity of
these hyperfine lines corresponds to six silicon
sites. The average magnetic field splitting be-
tween these hyperfine lines corresponds to an iso-
topic hyperfine interaction Of ™6&10crn '. %'e

are not certain of the silic(m sites to which these
Si hyperfine lines correspond.

2. ' 0 HyPerfine Interectkon

We have observed the six-line '~O hyperfine
spectrum Rrlsing from one vkcancy~oxygsn centers
having the "Si-"0-"Siisotopic configuration (see
Fig. 8). The relative abundance of this isotopic
configuration was enhanced over that of the ' Si-
'60- Si isotopic configuration by incorporating 'VQ

atoms into vacuum-floating-xone silicon by ion im-
plantation. For H tt [110], the spacing between the
' 0 hyperfine lines is 14 Oe.

In silicon samples which contain the natural abun-

malism, Egs. (8)-(10) indicate how 4'(x~, x~) is
contained in the hypex fine terisors A» and A». In
the case of the Si-81 center, the Agg Rnd A» tensors
are nearly axiall~symmetric about the 1111]direc-
tion. If A&q and A» are RxiaQy Syrxueetric and
equal, then Eq. (8) reduces to

&o, )=s (Pe PekN/I)('0&g + %g ) 'tti 4&sp) ~ (11)

and the principal elements of the hyperfine tensors
are given by the expressions

A11 )= 0]+ $11

dance of "0(0. 03V/g), an "0hyperfine line in the
Si-Sl spectrum mould have an intensity of 0. 112
with respect to 1.00 for the intensity of a ~~Si-~~8

pair line. The resonances in Fig. V located 21 Ge
above and below the fine-structure resonances
agree in both position, and intensity with lines in
the ' 0 hyperfine spectrum corresponding to the

S, m; I=-„m=+-,)-
I
8, m; I= „~=~-,)

transitions. The remaining '~O hyperfine lines are
not resolved. These results provide additional'
evidence for the existence of oxygen in the one-
vacancy-oxygeri center illustrated in Fig. 2.

C. Electronic Zeeman Interaction

X~
cc

Zg

3 0 0 X,
0 1 a2
0 +2 2 g~

(18)

The minus (positive) sign goes with silicon atom
A (B) in Fig. 2.

The results of our analysis on the Si-Sl fine-
structure spectrum indicate that 4g = 0. 00'79, ~g»
=0.0035, Rnd 4g«=0. 0053 are in the ratios of

For the case in which the orbital angular momen-
tum of a paramagnetic electron in an orbital single
state is quenched, Pryce derived the relationship
between the actual Zeeman and spin-orbit interac-
tloQs

3C' = tJ. ( L+ 28) H+ X L 8 (14)

and the g tensor in the electronic Zeeman interac-
tion in the spin Hamiltoriian

3'= p, ~H' g S.
The anisotropy in the g tensor arises from the ad-
mixture of excited states due to the spin-orbit in-
teraction A. L ~ S. To first order in XL ~ S, the ele-
ments in the g tensor are given by the expression

g„=2. 0023 (II„—XA„),

where

(Ol I,ln) (nl I., l 0)A)= ~
~~0 En-Eo

The adaptation of %atkins's analysis of A„ to the
Si-81 ceQtex lndlcRtes thRt the Rnisotropy in the g
tensors for the two, electrons is given approximately
by Rn expression of the form



ELECTRON PARAMAGNETIC RESONANCE OF. . . 1979

6660 6680

M (OERSTEDS)

6700 6720 6740

y * 19.7975 6Hz

H P $110]

FIG. 8. Si-S1 spectrum for H II

[110]in the vicinity of 6710 Oe. The
central resonance is the fine-struc-
ture line corresponding to the
28sl-i60-28Si isotopic config ration
The six satellite lines correspond
to the ~70 hyperfine spectrum and
arise from the Si- 0- Si iso-
topic configuration. The enhance-
ment of &~O (natural abundance,
0.037%) over that of 60 (natural
abundance, 99.759%) was accom-
plished using the 5echniques of
ion implantation.

2. 84: 1.26: 1.91, respectively. These ratios are
in good qualitative agreement with the ratios of the
corresponding diagonal elements in Eq. (18). The
anisotropy and symmetry of the observed g tensors
are consistent with an odd-vacancy (oxygen) defect
for the Si-S1 center. The off-diagonal elements in
the g tensors associated with the Si-' O- Si
configuration give only nonzero matrix elements be-
bveen the singlet and triplet manifolds. As indi-
cated earlier (see Sec. IIIC), the effect of this in-
teraction on the observed Si-$1 fine-structure spec-
trum is negligible. Since g„and g,„are expected
to be of the order of -0.004, and a statistical anal-
ysis of our data indicates that g„,/J and g„/J& 10 4

to 10, these relationships suggest that J&1 cm '.
This is a rather weak constraint on the lower limit
for J.

D. Spin-Spin Interaction

to the D and g tensors arising from the anisotrop-
ic superexchange and direct-exchange interactions
are

&- (&g/g)'J, &- (&g/g) J . (20)

Our analysis of the Si-S1 fine-structure spectrum
indicates that the antisymmetric part of the spin-
spin interaction is zero within experimental error.
The relationships in Eq. (20) suggest that the con-
tributions to the D tensor arising from the aniso-
tropic superexchange and direct-exchange interac-
tions are also negligible.

The magnitude, anisotropy, and sign of the ob-
served D tensor suggest that the spin-spin interac-
tion is dominated by the magnetic dipole-dipole in-
teraction between the unpaired electrons. The mag-
netic dipole-dipole interaction Xdd between the two

paramagnetic electrons is given by the expression

The electronic spin-spin interaction in Eq. (1)
can be written in the form

P,2dd 3
+f2

3( &e r ~2)( &3' r ia)
5
12

(21)

Si' K ~ S2=JS) ~ S2+ Sq ~ D ~ S2+ Si ~ + S2, (19)

where J= Tr&(K ), D is symmetric with Tr(D)=0,
and 8 is antisymmetric. The first term arises
from the direct-exchange interaction between the
bvo electrons. The fact that the Si-Sl center is dia-
magnetic in its ground state indicates that J& 0.

A theory of the anisotropic superexchange inter-
action which takes into account spin-orbit coupling
has been developed by Moriya. ' Moriya has
shown that the order of magnitude contributions

2 2Y st+st S ~B ~ ~lmM jmy

s, t= 1, 2, 3 (principal axes), (22)

where p» = —p& g» S». This interaction can make a
contribution to the antisymmetric coupling tensor
8, but its magnitude is generally very small. The
experimentally observed K tensor for the Si-S1
center is consistent with this generality. The sym-
metric contribution to the D tensor due to this in-
teraction is
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where
2 2

+km ~1l ~2m Iil~2l jim~2m

Ml' = (q'~(xi)4 (xa) I
~s

12

2(n, r,2)(n, r,2)~ ( ) ( )) (24)
r12

Equations (22)-(24) do not take into account contri-
butions arising from the overlap of p, and y„(lcm).

Since even- and odd-vacancy (oxygen) defects can
be distinguished by the symmetry and anisotropy in
their g and A tensors, the number of intermediate
(oxygen) vacancies in either an odd- or even-vacancy
(oxygen) defect can be estimated from the magnetic
dipole-dipole interaction, So far, our analysis of
the Si-S1 spectrum indicates that the Si-S1 center
is an odd-vacancy oxygen center having C2„symme-
try. In Table IV, the principal values of the D
tensor are tabulated for the one-vacancy-oxygen
center illustrated in Fig. 2 and a three-vacancy-
oxygen center. With respect to Fig. 2, the end
silicon atoms of a three-vacancy-oxygen center
would be separated by three intervening vacancies
in the FDZ& plane with perhaps an oxygen atom
bonded between silicon atoms c and d. With respect
to Table IV, the point dipole model for 4'(x„x2) as-
sumes that y& and p& can be represented by Dirac
5 functions 5(x, —x„) and 5(xa —xs), respectively.
Since the geometrical extent of the one-vacancy-
oxygen center is comparable in size to the extent
of the wave function, it is appropriate to calculate
the D„by taking into consideration the spatial ex-
tent of 4(x„xz). In this case, we represented the
one-electron orbitals for the paramagnetic electrons
by 3s, 3P hybrid Slater orbitals whose localization
and 3s and 3P character agreed with that deduced
from the Si hyperfine interactions. The matrix
elements in Eq. (24) were numerically evaluated
with the aid of a computer. Although only about 41%
of 4'(x„xa) * @(x„xz)is localized on silicon atoms
A and B, the magnitude of the principal values of
D„are dominated by that part of 4(x„x2) which is
localized on silicon atoms A and B. This is because

the magnetic dipole-dipole interaction goes as
-1/r, a. A comparison between the calculated and
experimental values for D„ in Table II suggests that
the one-vacancy-oxygen center is the appropriate
model for the Si-S1 center.

E. Stress Dependence

The time-temperature dependence in the reorien-
tation of a defect under stress is a characteristic
which is unique to its structure and charge state.
The reorientation of the one-vacancy-oxygen center
corresponds to a change in the bonding of the oxygen
atom between silicon atoms c and d in Fig. 2 to
another pair of adjacent silicon atoms (e. g. , a and
c). Although the Si-Bl spectrum corresponds to
the negatively charged one-vacancy-oxygen center,
Watkins and Corbett3 have measured the time-tem-
perature dependence in the reorientation of the
neutral one-vacancy-oxygen center from the Si-B1
spectrum. Corbett et a/. ' were able to correlate
the 12-p, infrared absorption band with the neutral
one-vacancy-oxygen center through the time-tem-
perature dependence in the reorientation of this
defect.

If the Si-S1 center is the neutral charge state of
the Si-B1 center rather than some other defect
structure such as a three-vacancy-oxygen center,
then the real. ignment of this center as monitored
by the Si-Sl and -Bl spectra should be the same.
The experiment described below was performed to
test this hypothesis. A sample of n-type crucible-
grown silicon was electron irradiated to a fluence
for which -90%%uz of the one-vacancy-oxygen centers
formed were in the neutral charge state. In such
a sample, the Si-B1 spectrum can be used to mon-
itor the time-temperature dependence in the re-
orientation of the neutral one-vacancy —oxygen
center. Without stress, the relative intensities
of the observed resonances in the Si-B1 and -S1
spectra for Rll [001]were measured. For Tfll [001],
there are only two unequivalent orientations of the
one-vacancy-oxygen center. With respect to Fig.
2, the bonding of the oxygen atom between silicon
atoms c and d or a and b gives one resonance for
Hll [001]which is associated with one-vacancy-ox-
ygen centers in coordinate frames 1-4. The bond-

TABLE IV. Calculated values for the spin-spin interaction between two electrons assuming a magnetic dipole-dipole
interaction. The principal axes are defined with respect to the crystallographic axes in Fig. 2.

Defect

Point dipole approximation
D tensor (in units of 10 4cm 1)

XC

s, p hybrid orbital approximation
D tensor (in units of 10 4cm 1)

XL

one-vacancy-oxygen
three-vacancy-oxygen

306
38

—612
76

306
38

210
27

—423
56

213
29
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COOROINATE FRAMES
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9, 10, 11,12

I I I I
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Si-Sl
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FIG. 9. Plot of the relative intensities of the Si-B1
and -$1 resonances for H ll t001] vs the fractional align-
ment of the Si-B1 centers. The fractional alignment
of 1 corresponds to the maximum alignment that can be
achieved with a stress of 880 kg/cm2 along with [110]
at -135 K. The fractional alignment was gradually
reduced by annealing the sample at each successive
temperature for 30 min.

ing of the oxygen atom between the remaining ad-
jacent pairs of silicon atoms (e.g. , a and c, c and
b, b and d, d and a) gives the other resonance
which is associated with one-vacancy-oxygen
centers in coordinate frames 5-12 for IIII [001].
In Fig. S, the relative intensities of the observed
resonances in the Si-Bl and -Sl spectra are plotted
corresponding to zero fractional alignment. Zero
fractional alignment corresponds to the situation
in which the intensity of the resonances corresponds
to a random distribution in the orientation of the
one-vacancy-oxygen centers. Since the Si-Bl
spectrum is observed under conditions of thermal
equilibrium, the relative intensities of these res-
onances are proportional to the number of degen-
erate coordinate frames How. ever, the intensity
of the corresponding resonances in the Si-Sl spec-
trum are weighted differently because the excited
triplet levels are populated by light (see Sec. III 8).

Next, the sample was stressed along the [110]
direction to 880 kg/cmP at 185K for 10' sec. At
this temperature, the relaxation time for the re-
orientation of the neutral one-vacancy-oxygen
center is -10 sec.P Within this time and tempera-
ture domain no significant reorientation of the

negative one-vacancy —oxygen center occurs.
%ith stress still applied, the temperature was
lowered to -100K and the stress then removed.
At 100K, the characteristic reorientation time of
the neutral one-vacancy-oxygen center is -10' sec
while the characteristic electronic redistribution
time is -10 ' sec. ' At this temperature, the avail-
able electrons hop randomly among all of the one-
vacancy-oxygen centers so that on the average
these defects are in the neutral charge state - 90%
of the time. As the temperature is lowered below
-70K, the available electrons freeze out randomly
among the one-vacancy-oxygen centers. This puts
approximately IO%%up of these defects in the negative
charge state. At 25K where the Si-Bl and -Sl
spectra were recorded, the changes in the relative
intensities of these resonances reflect the amount
of alignment induced by the stress. The relative
intensities of the resonances in the Si-Bl and -Sl
spectra for fl)( [001] are plotted in Fig. 9 corre-
sponding to a normalized fractional alignment of
1, which is by definition the maximum alignment
that can be achieved at this stress and temperature.

The next series of measurements involved mea-
suring the relative intensities of these resonances
after the sample was annealed at each of the suc-
cessive temperatures indicated in Fig. S for 30 min
beginning with 120K. The data in Fig. S show
that the lines representing the recovery in the Si-
Sl and -B1 centers in the same sets of coordinate
frames (open symbols or closed symbols) are par-
allel within experimental error. This means that
the centers which give rise to the Si-Bl and -Sl
spectra have the same time-temperature dependence
in their reorientation while in the neutral charge
state and implies that these spectra arise from
the same basic defect. This result indicates that
the Si-Sl center is the neutral charge state of the
one-vacancy-oxygen center. If the Si-$1 center
were a three-vacancy-oxygen center, the plane
containing the vacancy string would also have to
reorient. Defects such as the phosphorus vacancy '
and divacancy which involve more extensive
atomic rearrangements are observed to reorient
for times of the order of & 1 sec near room tem-
perature.

V. SUMMARY AND CONCLUSIONS

The Si-S1 spectrum was analyzed in terms of
the spin Hamiltonian in Eq. (1). The most general
forms of the coupling tensors were derived for the
'Si- ' 0- 3'Si and 'Si- '60- 'Si configurations con-

sistent with the Ca„and C, symmetry of these iso-
topic configurations within the silicon lattice.
Although nonzero matrix elements can exist between
the triplet and singlet manifolds, the influence of
these terms on the Si-Sl spectrum is negligible
within the accuracy of our measurements. Con-
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sequently, one is justified in describing the Si-81
spectrum in terms of the reduced coupling tensors
tabulated in Table I. The numerical values for the
coupling tensors as deduced from the Si-$1 spectrum
are tabulated in Table II.

An analysis of the coupling tensors in terms of
the actual physical interactions suggests that the
Si-81 center corresponds to the neutral one-vacan-
cy-oxygen center in an excited spin-tripLet state.
In particular, the lack of any measurable contri-
bution to the antisymmetric part of the K tensor
indicates, according to Moryia's theory of super-
exchange, that the superexchange as well as the
exchange interactions do not make significant con-
tributions to the D and a tensors in Eq. (19}. The
sign, magnitude, and anisotropy of the D tensor
suggest that the spin-spin interaction is dominated

by the magnetic dipole-dipole interaction. We
have found that the ca1.culated value for the D ten-
sor, assuming a one-vacancy-oxygen model for
the Si-S1 center, agrees qualitatively with the
observed spin-spin interaction. The phenomeno-
logical wave function used in this calculation was
deduced from the ~9Si hyperfine interactions.

The existence of oxygen in the Si-S1 center has
been shown directly from EPR measurements of

the "Q hyperfine spectrum in samples of intrinsic
vacuum-float-zone silicon implanted with 'VQ.

In the case of the neutral one-vacancy-oxygen
center in an excited spin-triplet state, a resolvable
"Q hyperfine interaction exists because one of the
one-electron wave functions y transforms as I', .

The time-temperature dependence in the reorien-
tation of the Si-S1 center under stress confirms
that this defect corresponds to the neutral one-va-
cancy-oxygen center. Qur measurements indicate
that the time-temperature dependence in the re-
orientation of the Si-Sl center is the same as that
of the neutral one-vacancy-oxygen center as moni-
tored by the Si-81 spectrum.
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