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Understanding the negative vacancy in silicon without configuration interaction theory

U. Gerstmann, E. Rauls, H. Overhof,* and Th. Frauenheim
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~Received 13 July 2001; revised manuscripts received 19 September 2001; published 18 April 2002!

We have calculated the electronic structure of the lattice vacancy in silicon in the negative charge stateV2

using the self-consistent charge density-functional theory based tight-binding scheme for the computation of
large supercells containing up to 512 atoms in combination with the linear muffin-tin orbitals method in the
atomic-spheres approximation. Many-body effects are treated in the local spin density approximation of the
density functional theory~LSDA-DFT!. We find the ground state of theV2 to be the low-spin2B1 state of the
groupC2v , which is lower in energy by 0.09 eV than the4A2 high-spin state of the groupTd . We have also
calculated the hyperfine interactions with 18 shells containing 4629Si ligand atoms. We find the largest HF
interactions in the~11̄0! plane in agreement with experimental data. The HF interactions with nuclei in the
~110! plane, which are about two orders of magnitude smaller than those with nuclei in the~11̄0! plane, also
agree with the experimental data. We conclude that the LSDA-DFT describes the magnetization density of the
V2 well. It is therefore not necessary to include configuration interactions as has been proposed by M. Lannoo
@Phys. Rev. B28, 2403~1983!#.
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I. INTRODUCTION

The lattice vacancy in silicon is a defect of fundamen
interest, because it presents the place into which the su
tutional defect atoms have to be inserted. Conceptually
might be considered to be the most simple deep defect,
consists of one missing lattice atom in the diamond lattice
an elemental semiconductor. However, in the first review1 on
electron paramagnetic resonance~EPR! spectra of the va-
cancy it was noted that the electronic structure of this d
defect is quite complex with different symmetry-lowerin
Jahn-Teller distortions for the different charge states of
vacancy. But the experimentally observed distortions, aD2d

distortion of VSi
1 and aC2v distortion of VSi

2 could be suc-
cessfully explained in a simple linear combination of atom
orbitals ~LCAO! one-electron picture.1,2

In contrast, the calculation of the electronic structure
the vacancy usingab initio methods proved to be a majo
challenge to the theorists. The first calculations successf
explained the negative-U property of the positive charg
state of the vacancy3,4 which was proven experimentally,5

and the formation energies reported by different groups w
quite comparable. However, the calculation of the lattice
laxation turned out to be quite cumbersome~see, e.g, Refs
6–9!: the energy surface is found to be extremely flat su
that the calculated position of the total energy minimum
the coordination space and even the calculated symmetr
the relaxed defect depends on computational details suc
supercell size andk-point sampling. In fact, for the negativ
charge state of the vacancy, the apparently most accurate
sophisticated calculation7 obtains a relaxation into a state o
D3d symmetry, in contrast to theC2v symmetry which was
predicted by the LCAO model calculation in agreement w
the experiment.1

Practically all calculations of lattice relaxations arou
the isolated vacancy in silicon have been performed us
the local density approximation to the density-function
theory ~LDA-DFT! ignoring spin polarization effects, mos
0163-1829/2002/65~19!/195201~7!/$20.00 65 1952
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of them dealing with the spinless neutral vacancyV0. For
this charge state experimental data are rare. For the vac
in the paramagneticV2 charge state detailed experiment
information is available from EPR~Ref. 1! and electron
nuclear double resonance~ENDOR! experiments.10 Yet a
single calculation of the hyperfine~HF! interactions with the
ligand nuclei forV2 ~Ref. 11! has been presented to dat
This calculation, also based on the LDA-DFT ignoring sp
polarization effects, simulates the magnetization density
the particle density distribution of the singly occupied sing
particle gap state. Since this state transforms according to
b1 irreducible representation of the point groupC2v , it has a
~110! nodal plane, while the particle density is concentra
in the ~11̄0! plane. Therefore, for all nuclei within the~110!
plane containing the vacancy@including the nuclei on the
cubic ~001! axis# the isotropic HF interactions in a LDA
DFT calculation must vanish.11

In contrast, experimental ENDOR data10 exhibit small but
nonzero contact HF interactions with several shells of nu
within the ~110! plane. Lannoo12 has shown that the order o
magnitude of these interactions can be accounted for in
LCAO picture if excited states are included in a configu
tion interaction ~CI! scheme. This raises the questio
whether it is necessary to use the full CI apparatus in orde
explain the small contact interactions with nuclei on t
~110! plane. The CI scheme has the disadvantage that
systems such as the vacancy in a solid the large numbe
competing configurations prohibits a quantitative evaluati

The CI explanation for the nonzero HF contact intera
tions was challenged by Sprengeret al.10 who emphasize
exchange polarization effects that can lead to a similar res
In the local spin density approximation of the densit
functional theory~LSDA-DFT!, the spin density is repre
sented by that of the Kohn-Sham orbitals. A paramagn
state with spin 1/2 can be obtained by the occupation of
gap state with spin up, leaving the spin-down state of t
orbital unoccupied. If all other Kohn-Sham orbitals are eith
unoccupied or occupied both for spin-up and spin-down,
©2002 The American Physical Society01-1
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magnetization density reflects the symmetry of the spin
orbital. But in a self-consistent calculation which includ
the spin polarization via the exchange interaction, the s
polarization of this spin-up orbital is in part transferred to t
other orbitals. Therefore the resulting magnetization den
does not necessary vanish on the nodal plane of the spi
orbital. It is an interesting problem to investigate, wheth
the magnetization density transferred in the LSDA-D
scheme is sufficient to explain the order of magnitude of
HF contact interactions observed experimentally10 or
whether the full apparatus of CI is required.

We investigate this question in the present paper. We s
in the next section calculating the relaxed atomic geome
for the V2 state of the vacancy using supercells. With t
atomic coordinates thus obtained we calculate the hyper
interactions in a LSDA-DFT Green’s function approach. W
show that while the larger interactions are found for nucle
the ~11̄0! plane, much smaller interactions are found for n
clei in the ~110! plane as observed experimentally. The f
agreement of calculated HF interactions with experimen
ENDOR data10 leads us to the conclusion, that there is
need to include CI into the calculation of the electronic st
of V2.

II. TOTAL ENERGY CALCULATION
OF THE RELAXED GEOMETRY

In our approach we perform a LSDA calculation includin
spin polarizations using the relaxed coordinates obtai
from a separate spin-unpolarized calculation. This can
justified as lattice relaxations are governed by the cha
density. From our spin-polarized calculations we find t
charge densities of all localized states to be rather insens
to the spin state. We thus are confident that the lattice re
ations calculated within the LDA are fairly accurate. O
course, for the relaxation energies we have to consider
spin alignment energies as well. This is essential in orde
decide whether a high-spin or a low-spin ground state
predicted for theV2 charge state. In a first step we ha
calculated the atomic geometry of theV2 defect using the
self-consistent charge density-functional theory based ti
binding scheme~SCC-DFTB!.13 The tight-binding param-
eters have been chosen to reproduce the experimental la
constant and the bulk modulus of crystalline silicon, i.e.,
optimize the structural properties. Since in Ref. 7 the res
ing defect symmetry was strongly depending on the size
the supercell and also on thek-point sampling, we have mad
use of different supercells.

These included sc supercells containing 64, 216, and
atoms and fcc cells with 128 and 250 atoms, respectiv
usingG-point sampling. For the 216 atom supercell we ha
also used the 23232 k-point Monkhorst-Pack sampling
scheme.14 The positions of all atoms have been relaxed in
conjugate-gradient formalism. Since the energy contou
the coordinate space for the vacancy in all charge state
known to be extremely flat7–9 we started the relaxation with
different point group symmetries (Td ,D2d ,C2v ,C3v , and
D3d!, maintaining the symmetry constraint during each
laxation run. We have also relaxed the atomic positions w
19520
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out symmetry constraints. In this calculation we found t
same minimum that was found for a relaxation with the a
propriate symmetry constraint.

In contrast to the results of plane-wave expansions
ported in Refs. 7,8 we do not observe qualitative differen
between the results obtained from the 64 atom superc
and those obtained from larger cells and with differe
k-point samplings. Thus in our case the use of a tight-bind
scheme seems to supress the critical convergence prob
observed for the first-principles supercell calculations.7,8 For
the V2 the apparently best first-principles calculation7 pre-
dicts a ground state with aD3d Jahn-Teller distortion. But as
the distortion energies for the symmetry lowering distortio
are extremely small~see below!, the fact that our calculations
gives a ground state withC2v symmetry as observed exper
mentally may be just fortunate, although we would prefer
attribute this fact to the use of tight-binding paramete
that are optimized with respect to the structural properties
silicon.

For theV21 charge state the minimum of the total ener
was found for a breathing relaxation that conserved theTd
symmetry. The four nearest neighbors of the vacancy m
inwards by 19% corresponding to an energy gain of 1.1
For the positive~neutral! charge states a tetragonal Jah
Teller distortion leads to an additional gain of 0.12 eV~0.29
eV! and lowers the defect symmetry toD2d . For the nega-
tive charge state the 15% inwards relaxation of the nea
neighbors contributed 1.25 eV,

When relaxing the four nearest neighbors only, the t
neighborsa and d in the ~11̄0! plane~see Fig. 1! move to-
wards each other to a distance of 3.26 Å, while the dista
between the neighborsb andc decreases slightly less to 3.3
Å. A similar relaxation was observed by Sugino an
Oshiyama11 in their 64 atom supercell. However, when r
laxing the next nearest neighbors as well, the orthorhom
distortion is reversed, with ana-d distance of 3.13 Å, sig-
nificantly larger than theb2c separation of 2.98 Å. The
resulting relaxed coordinates~taken from the 216 atom su
percell calculation withG-point sampling! for V2 are listed
in Table I.

The relaxations are largest for the zigzag chain in
Mbc plane, although the spin density is very small in th
plane. The relaxations in theMad zigzag chain, however
are only slighly smaller. Note that the additional tetragon

FIG. 1. Structural model of theV2 state of the vacancy~center!.
The directions of theC2v distortion are indicated by the arrows.
1-2
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UNDERSTANDING THE NEGATIVE VACANCY IN . . . PHYSICAL REVIEW B65 195201
and a final orthorombic distortion accounted for 0.17 a
0.03 eV, respectively, to the total relaxation energy, mu
less than the 1.25 eV relaxation energy contributed by
breathing distortion.

Qualitatively these relaxations can be understood from

TABLE I. Relaxed coordinates of the ligands forV2 in silicon
in units of a0/4 with a055.428 Å.

Shell type Unrelaxed Relaxed

Mad plane 1.00 1.00 1.00 0.80 0.80 0.88
2.00 2.00 0.00 1.92 1.92 0.05
3.00 3.00 1.00 2.96 2.96 0.99

Mbc plane 1.00 21.00 21.00 0.73 20.73 20.94
2.00 22.00 0.00 1.86 21.86 20.02
3.00 2.300 21.00 2.92 22.92 20.98

General~G type! 0.00 2.00 2.00 0.03 1.94 1.98
0.00 22.00 22.00 20.01 21.95 21.98
19520
d
h
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particle density distribution. We show in Fig. 2 contour plo
of the particle density for thea19 and b1 gap states in two
~001! planes, one passing through thea andd nearest neigh-
bor ligands, and the other passing through theb andc ligands
~see Fig. 1!. We also show the contour plots in a the~010!
plane that contains ligandsb andd. For thea19 state we find
a bondlike particle density bridging both thea-d and theb-c
distance. In the~010! plane the density shows a minimum
betweenb and d demonstrating that thea19 state originates
from a t2 state. While the density arizing from thea19 state
would be compatible with aD2d defect symmetry, the den
sity of theb1 state~occupied for spin-up only! clearly shows
the defect to have the lowerC2v symmetry. There is an anti
bonding-like density bridging (a2d), but no similar struc-
ture for (b2c). For ligandb, the nodal plane of theB1 spin
density is clearly observed. The essential antibonding c
acter of theb1 bridge between atoms (a2d) explains why
for these atoms the distance exceeds the (b2c) distance.

In a single-particle picture, theC2v relaxation ofV2 is
easily explained if we consider the gap states shown in F
FIG. 2. Contour plot of the spin density for theV2 vacancy. Shown are the densities for thea19 state~left column! and for theb1 gap
states~right column!. The densities are plotted in the~001! plane that passes through the ligandsa andd ~top! and through the ligandsb and
c ~center!. For comparison we show in the bottom line the contours in the~100! plane that contains theb andd ligands.
1-3
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3. The ~including spin degeneracy! twofold degeneratea1
state of the vacancy inTd symmetry is a resonance just b
low the top of the valence band, whereas thet2 state is six-
fold degenerate if we ignore the spin splitting. A tetragon
distortion splits thet2 state into a twofold degenerateb2 and
a fourfold degeneratee state. ForV2, the twofold occupied
b2 state is 0.25 eV below the e state, which is singly oc
pied. Since this state has a twofold orbital degenerac
further orthorhombic Jahn-Teller distortion sets in, splitti
the e state into ab1 and ab2 state of the groupC2v . From
these calculations that do not include spin polarization
would predict a2B1 ground state for the relaxed state ofV2.
Note, however, that there is the alternative4A2 high-spin
ground state forV2 in Td , an orbital singlet state that is no
subject to symmetry-lowering Jahn-Teller distortions.

In order to discriminate between these two alternativ
we have calculated the spin polarization energies using
linear muffin-tin orbitals method in the atomic-spheres a
proximation ~LMTO-ASA!.15 For the exchange-correlatio
potential we have used the LSDA results of Ceperley a
Alder16 in the Perdew-Zunger parametrization scheme,17 in-
cluding the~small! spin polarization of the core states. In
serting the relaxed coordinates obtained from the SC
DFTB calculation, we obtain the contribution from the sp
alignment to the total energy. Adding that to the relaxat
energy obtained from the SCC-DFTB calculation we fi
that the energy of the high-spin4A2 state of the relaxedV2

in Td symmetry is by 0.09 eV larger than that of the2B1
state inC2v symmetry, in agreement with the ground sta
found experimentally.1 This should be contrasted to the sam
charge state of theVSi

2 in 3C-SiC~Ref. 20! and of theVC
2 in

diamond,21 which both have the4A2 high-spin ground state
For a tetrahedrally relaxedV2 in silicon, the total energy

gain obtained by spin alignment is only 0.11 eV, smaller b
factor of 3 ~5! if compared with the respective value for th
VSi

2 in SiC ~for VC
2 in diamond!. For these latter defects,

breathing relaxation that conserves theTd symmetry is
obtained18,19 already within the LDA ignoring spin polariza
tion. This is explained by the fact that theC dangling bonds

FIG. 3. Single particle states of theV2 relaxed withTd ,D2d ,
and C2v Jahn-Teller distortion. For theTd and C2v distortion the
respective spin splittings are also shown.
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are much more localized than the Si dangling bonds
therefore, do not form the bridges between the (a2d) and
(b2c) neighbors. ThereforeV2 in Si has aC2v low-spin
state while the other vacancies in the negative charge s
are in a high-spin state ofTd symmetry as has been show
experimentally.20,21

III. HYPERFINE INTERACTIONS

For the hyperfine interactions with the ligands ofV2, the
convergence in the self-consistent cycles was surprisin
slow and sensitive to the lattice relaxation. We have cal
lated the contact HF interactions neglecting spin polarizat
~as in Sugino et al.11! and compare the results with those of
calculation that includes the spin polarization. For the H
interactions with theMad nuclei in the~11̄0! plane we find
only minor changes. But of course, for the nuclei in the~110!
plane~denoted byMbc and by T, respectively! the contact
HF interactions resulting from a calulation without spin p
larization are zero by symmetry, but attain values up to
MHz, if the spin polarization is included via the LSDA-DFT

Results of the calculation including the spin polarizati
are listed in Tables II and III for a calculation with unrelaxe
lattice positions, however assuming a2B2 ground state of the
defect with aC2v symmetry and for a calculation with th
fully relaxed coordinates. These are compared with exp
mental ENDOR data.10 Note that for the experimental dat
the absolute signs of the HF interactions have not been
termined, taking positive values for all contact interactio
In Table II, the calculated contact interactions for theMad
nuclei are negative, corresponding to a positive spin den
~the nuclear gyromagnetic factor for29Si is negative!. For
the Mbc nuclei ~except forMbc5) we obtain positive HF
contact interactions corresponding to negative magnetiza
densities.

For the HF interactions with theMad nuclei we confirm
the assignment given by Sprengeret al.10 and by Sugino
et al.11 The magnetization density is concentrated on
^110& zig-zag bond chain and decayson this chainmonotoni-
cally with the distance from the vacancy center. Such a
havior was predicted for the defect-induced charge of a
rahedral defect by Kane22 and is assumed to be valid in Re
10. We can confirm this assumption for the first three me
bers of the bond chain for which we have calculated da
For the surprisingly small values of the HF interactions w
theMad nucleus at~1,1,3̄! no reliable identification with any
of the many candidates in10 is possible, althoughMad10 or
Mad11 could be possible assignments. Note that the ag
ment between experimental data and those calculated fo
relaxed structure are much better~in particular for the aniso-
tropic HF interactions with the nucleiMad2 and Mad3)
than for the theoretical results forV2 in the unrelaxed struc-
ture.

In contrast to the assumptions in Ref. 10 our calcula
HF interactions withMbc andG ligand nuclei do not decay
monotonically. For the HF interactions with the nucl
Mbc1 and Mbc5 listed in Table II our identification with
the experimental values coincides with the interpretat
given by Sprengeret al.10 The HF interaction with theMbc5
1-4
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TABLE II. Ligand hyperfine parameters for theV2 in silicon. The HF interactions calculated for a
unrelaxedV2 with a C2v symmetry constraint and for theV2 with the relaxed coordinates from the SCC
DFTB calculation are compared with the experimental ENDOR data of Sprengeret al. ~Ref. 10! for which
the sign of the contact interactions was set to be positive.

Shell Unrelaxed Relaxed Exp
a b b8 a b b8 a b b8

Mad1 ~1,1,1! 2230.4 226.8 20.1 2242.0 222.9 20.59 355.8456 22.3034 1.2629
Mad2 ~2,2,0! 221.0 23.5 20.37 235.1 27.4 20.08 50.2032 5.4894 0.6627
Mad3 ~3,3,1! 226.4 20.10 20.04 214.6 23.17 20.14 30.5211 3.6690 0.2911
Mad ~1,1,3̄! 0.12 20.08 20.05 20.73 20.26 20.09

Mbc1 ~1,1̄,3! 2.24 0.08 0.08 1.81 0.14 0.10 2.1058 0.1763 0.096
Mbc2 ~2,2̄,0! 1.08 0.09 0.04 0.94 0.12 0.04 1.9976 0.2043 0.175
Mbc3 ~2,2̄,4! 1.02 0.04 0.03 0.82 0.05 0.03 0.8305 0.0674 0.035
Mbc4 ~2̄,2,4̄! 0.17 20.002 0.003 0.25 20.03 0.01 0.2096 20.0319 0.0078
Mbc5 ~1,1̄,1̄! 2.94 20.28 0.20 20.05 0.61 0.28 0.2038 0.6805 0.0744
Mbc? ~3,3̄,1̄! 0.21 20.03 20.01 0.02 20.04 0.02

T1 ~0,0,4! 0.37 0.07 0.04 0.44 0.06 0.05 0.666220.0741 20.0323
T2 ~0,0,4̄! 0.14 20.03 20.03 0.17 20.12 0.03 0.2827 0.0327 0.0006
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is exceptional, because the modulus of the dipolar interac
exceeds that of the contact interaction. Here the HF inte
tions calculated for the unrelaxed lattice show no similar
with the experimental data. In particular the large anisotro
HF interaction is not obtained unless we take into acco
lattice relaxations. The order of magnitude of the cont
interaction with the nuclei on the nodal plane of theb1 single
particle states is already correct if we consider theC2v sym-
metry of the defect.

The identification proposed in Table II for the nucl
Mbc2 andMbc3, although somewhat tentative, can acco
for all Mbc ligands found experimentally. In addition w
have a furtherMbc ligand ~3,3̄,1̄! for which there is no ex-
perimental counterpart in Ref. 10. The small calculated
values qualify the interaction with this nucleus to be hidd
in the distant ENDOR line. For theT nuclei our identification
agrees with that of Sprengeret al.10 It should be noted tha
the absolute differences between calculated and experim
HF interactions with nuclei in theMbc plane~that includes
the two T nuclei! is small. The relative deviations are n
small, but since the calculated values sensitively depend

TABLE III. Ligand HF interactions calculated forV2 with the
relaxed coordinates from the SCC-DFTB calculation for the nu
that are neither in theMad nor in theMbc planes. The assignmen
of the calculated HF interactions to experimental data reported
10 is very tentative.

Shell a b b8 Assignment

~0,2,2! 0.51 21.78 0.03
~0,2̄,2̄! 25.59 21.96 0.10 G2 ?
~3,1̄,1! 0.32 0.09 0.02
~3,1,1̄! 2.27 0.51 0.14 G6 ?
~1,3,3! 24.48 21.10 0.10 G3 ?
~1,3̄,3̄! 0.34 20.19 0.06
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the details of the lattice relaxation, we must not expect
resulting magnetization densities to be very accurate.

For the interactions with theG nuclei that are neither on a
Mad plane nor on aMbc plane we find rather small value
as is observed experimentally. Our identification with expe
mentally determined HF interactions is very tentative. No
that the assignment given by Sprengeret al.10 for some of
the G nuclei, which is also not secure, contains no nucle
that can be found in our perturbed region. On the other ha
we ascribe the two HF interactionsG2 andG6 to the same
lattice positions as Sugino and Oshiyama,11 but do not agree
with respect to their assignment regarding the otherG nuclei.

The nonzero magnetization density in the~110! plane con-
taining theMbc nuclei is illustrated by the contour plots i
Fig. 4. The large magnetization density in the~11̄0! plane
containing theMad ligands is due to theb1 spin-up gap
state, which has a node in the~110! plane. However, in the
total magnetization density shown in Fig. 4 this nodal pla
is at best hinted. The spin polarization of theb1 gap state
gives rise to a small spin polarization of the other vacan
induced states. For thea19 gap state~occupied both with
spin-up and spin-down! the induced magnetization density
negative and closely resembles the~positive! particle density
both in the~11̄0! and the~110! plane, whereas for thea18
resonance the induced magnetization is positive in b
planes. In summary, the total magnetization density in
~110! plane is positive in rather large regions between
nuclear positions, however with very small negative valu
at most of theMbc nuclei.

A nonzero magnetization density of the gap states in
~110! plane could in principle be explained alternatively a
suming the term order of the thea19 and b1 single particle
states to be reversed, leaving thea19 singly occupied with a
b1 state that is occupied by two electrons. This explanat
has been discussed by Sprengeret al.10 and by Lannoo12 as
being quite unlikely due to energetic reasons. We find tha
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FIG. 4. Contour plots for theV2 vacancy. The
top row shows the total magnetization density
the ~11̄0! plane ~left! and in the ~110! plane
~right!. In the center row the figures are split int
magnetization density~left half! and particle den-
sity ~right half! for thea19 state in the~11̄0! plane
~left figure! and the~110! plane~right figure!. In
the lower row the magnetization density induce
in the valence band is shown in the~11̄0! plane
~left! and in the~110! plane~right!.
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would lead to a magnetization density that does not show
prominentb1-like symmetry of the groupC2v ~see Fig. 4!,
but would be similar to theparticle densityfor the a19 gap
state with similar HF interactions for comparable nuclei
the Mad and theMbc planes.

It is also interesting to compare the magnetization de
ties with those expected from a CI calculation that sta
from a nonspin-polarized calculation. Figure 5 present
sketch of the occupied single-particle states ofV2 that trans-
form according to the2B1 irreducible representation ofC2v .
For the ground stateC0 the b1 state is singly occupied and
therefore, this state has no spin density in the~110! plane.
The same is true for theC1 andC2 exccited states. In con
trast, for the excited statesC3 andC4 both the thea18 anda19
states are singly occupied. Comparison with Fig. 4 sho
that the LSDA calculation predicts the dominant term in t
CI calculation to beC4: the total magnetization density i
the ~110! plane can well be approximated by the partic
density of aa18 state fractionally occupied as spin-up~repre-
sented by the magnetization density induced into the vale
band states in the LSDA calculation! and the particle density
of a a19 gap state fractionally occupied as spin down. T
validity of this picture could be checked by the sign of t
HF interactions with the29Si ligands in the~110! plane. Un-
fortunately, for the ENDOR data the absolute signs have
19520
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been determined. We thus can only hope that the LSDA tr
ment, capable to calculate the modulus of the contact in
actions with 29Si nuclei in theMbc plane, predicts the cor
rect sign as well.

IV. CONCLUSIONS

We have calculated the lattice relaxations caused by
lattice vacancy in silicon in the negative charge state us

FIG. 5. Schematic representation of the occupation of
single-particle states that give rise to the ground stateC0 of theV2

and to those excited states ofV2 that transform according to the
2B1 irreducible representation of the groupC2v .
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the SCC-DFTB method. On the basis of these relaxed c
dinates we have calculated the total energy of high-spin
low-spin configurations ofV2 in the LSDA approximation
We find a low-spin2B1 ground state withC2v symmetry as
observed experimentally with a total energy that is 0.09
below that of the4A2 high-spin state withTd symmetry. This
should be contrasted with the negative charge state of th
vacancy in 3C-SiC and with the vacancy in diamond whic
both have the tetrahedrally symmetric high-spin4A2 ground
state.20,21 The reason for this difference is twofold: the da
gling bond states in Si are less compact which for the
cancy in Si reduces the energy gain due to spin alignme
compared to the vacancies in SiC and diamond. The la
overlap of the less compact Si dangling bonds leads to st
(a-d) and (b-c) pairing causing the large Jahn-Tell
distortions18 for the vacancies that give rise to Si dangli
bonds.
19520
r-
d

V

Si

-
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ng

For the V2 in the 2B1 low spin state we find that the
calculated magnetization density distribution, while still e
sentially conserving the nodal plane structure of theb1 gap
state, is nonzero at theMbc nuclei in the~110! plane. Cal-
culated HF interactions for nuclei in both the~11̄0! and the
~110! plane compare well with experimental ENDOR dat
In particular the agreement for the nuclei in the~110! plane is
suprisingly good in view of the rather indirect nature of th
spin polarization in this plane. There is, therefore, no need
infer configuration interactions in order to explain the hype
fine interactions for the lattive vacancy in Si in theV2

charge state.
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