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Understanding the negative vacancy in silicon without configuration interaction theory
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We have calculated the electronic structure of the lattice vacancy in silicon in the negative charyye state
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 theoryL SDA-DFT). We find the ground state of th&™ to be the low-spirfB; state of the
groupC,, , which is lower in energy by 0.09 eV than tfé, high-spin state of the group,. We have also
calculated the hyperfine interactions with 18 shells containing®86 ligand atoms. We find the largest HF
interactions in thg110) 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 {(@ibeplane, also
agree with the experimental data. We conclude that the LSDA-DFT describes the magnetization density of the
V™~ 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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[. INTRODUCTION of them dealing with the spinless neutral vacandy For
this charge state experimental data are rare. For the vacancy

The lattice vacancy in silicon is a defect of fundamentalin the paramagneti&¥y/~ charge state detailed experimental
interest, because it presents the place into which the subsikformation is available from EPRRef. 1) and electron
tutional defect atoms have to be inserted. Conceptually, ituclear double resonand€NDOR) experiments? Yet a
might be considered to be the most simple deep defect, asdingle calculation of the hyperfingiF) interactions with the
consists of one missing lattice atom in the diamond lattice ofigand nuclei forV~ (Ref. 1) has been presented to date.
an elemental semiconductor. However, in the first review  This calculation, also based on the LDA-DFT ignoring spin
electron paramagnetic resonan@PR spectra of the va- polarization effects, simulates the magnetization density by
cancy it was noted that the electronic structure of this deefhe particle density distribution of the singly occupied single-
defect is quite complex with different symmetry-lowering particle gap state. Since this state transforms according to the
Jahn-Teller distortions for the different charge states of they, irreducible representation of the point groGp, , it has a
vacancy. But the experimentally observed distortionB,a (110 nodal plane, while the particle density is concentrated
distortion of V¢, and aC,, distortion of Vg; could be suc- in the (110) plane. Therefore, for all nuclei within th@10)
cessfully explained in a simple linear combination of atomicplane containing the vacandyncluding the nuclei on the
orbitals (LCAO) one-electron picturé? cubic (001) axis|] the isotropic HF interactions in a LDA-

In contrast, the calculation of the electronic structure ofDFT calculation must vanisH.
the vacancy usingb initio methods proved to be a major  In contrast, experimental ENDOR d&t@xhibit small but
challenge to the theorists. The first calculations successfullponzero contact HF interactions with several shells of nuclei
explained the negative- property of the positive charge within the (110 plane. Lannot’ has shown that the order of
state of the vacanéy which was proven experimentafly, magnitude of these interactions can be accounted for in the
and the formation energies reported by different groups wereCAO picture if excited states are included in a configura-
guite comparable. However, the calculation of the lattice retion interaction (ClI) scheme. This raises the question
laxation turned out to be quite cumbersolsee, e.g, Refs. whether it is necessary to use the full Cl apparatus in order to
6-9: the energy surface is found to be extremely flat suchexplain the small contact interactions with nuclei on the
that the calculated position of the total energy minimum in(110 plane. The CI scheme has the disadvantage that for
the coordination space and even the calculated symmetry slystems such as the vacancy in a solid the large number of
the relaxed defect depends on computational details such asmpeting configurations prohibits a quantitative evaluation.
supercell size an-point sampling. In fact, for the negative =~ The CI explanation for the nonzero HF contact interac-
charge state of the vacancy, the apparently most accurate atidns was challenged by Sprengerall® who emphasize
sophisticated calculatidrobtains a relaxation into a state of exchange polarization effects that can lead to a similar result.
D34 Ssymmetry, in contrast to th€,, symmetry which was In the local spin density approximation of the density-
predicted by the LCAO model calculation in agreement withfunctional theory(LSDA-DFT), the spin density is repre-
the experiment. sented by that of the Kohn-Sham orbitals. A paramagnetic

Practically all calculations of lattice relaxations aroundstate with spin 1/2 can be obtained by the occupation of one
the isolated vacancy in silicon have been performed usingap state with spin up, leaving the spin-down state of this
the local density approximation to the density-functionalorbital unoccupied. If all other Kohn-Sham orbitals are either
theory (LDA-DFT) ignoring spin polarization effects, most unoccupied or occupied both for spin-up and spin-down, the
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magnetization density reflects the symmetry of the spin-up
orbital. But in a self-consistent calculation which includes
the spin polarization via the exchange interaction, the spin
polarization of this spin-up orbital is in part transferred to the
other orbitals. Therefore the resulting magnetization density
does not necessary vanish on the nodal plane of the spin-up
orbital. It is an interesting problem to investigate, whether
the magnetization density transferred in the LSDA-DFT
scheme is sufficient to explain the order of magnitude of the
HF contact interactions observed experimentallyor
whether the full apparatus of Cl is required.

We investigate this question in the present paper. We start
in the next section calculating the relaxed atomic geometry FIG. 1. Structural model of the™ state of the vacancicenter.
for the V~ state of the vacancy using supercells. With theThe directions of theC,, distortion are indicated by the arrows.
atomic coordinates thus obtained we calculate the hyperfine
interactions in a LSDA-DFT Green’s function approach. Weout symmetry constraints. In this calculation we found the
show_that while the larger interactions are found for nuclei insame minimum that was found for a relaxation with the ap-
the (110) plane, much smaller interactions are found for nu-propriate symmetry constraint.
clei in the (110 plane as observed experimentally. The fair  |n contrast to the results of plane-wave expansions re-
agreement of calculated HF interactions with experimentaported in Refs. 7,8 we do not observe qualitative differences
ENDOR data® leads us to the conclusion, that there is nopetween the results obtained from the 64 atom supercells
need to include Cl into the calculation of the electronic stateand those obtained from larger cells and with different
of V™. k-point samplings. Thus in our case the use of a tight-binding
scheme seems to supress the critical convergence problems
observed for the first-principles supercell calculatiGRgor
the V~ the apparently best first-principles calculatiqare-
dicts a ground state with 234 Jahn-Teller distortion. But as

In our approach we perform a LSDA calculation including the distortion energies for the symmetry lowering distortions
spin polarizations using the relaxed coordinates obtainedre extremely smallsee below, the fact that our calculations
from a separate spin-unpolarized calculation. This can bgives a ground state wit@,, symmetry as observed experi-
justified as lattice relaxations are governed by the chargeentally may be just fortunate, although we would prefer to
density. From our spin-polarized calculations we find theattribute this fact to the use of tight-binding parameters
charge densities of all localized states to be rather insensitividiat are optimized with respect to the structural properties of
to the spin state. We thus are confident that the lattice relassilicon.
ations calculated within the LDA are fairly accurate. Of For theV?* charge state the minimum of the total energy
course, for the relaxation energies we have to consider theas found for a breathing relaxation that conservedThe
spin alignment energies as well. This is essential in order tsymmetry. The four nearest neighbors of the vacancy move
decide whether a high-spin or a low-spin ground state isnwards by 19% corresponding to an energy gain of 1.1 eV.
predicted for theV™ charge state. In a first step we have For the positive(neutra) charge states a tetragonal Jahn-
calculated the atomic geometry of the defect using the Teller distortion leads to an additional gain of 0.12 @29
self-consistent charge density-functional theory based tighteV) and lowers the defect symmetry ,q. For the nega-
binding scheme(SCC-DFTB.'® The tight-binding param- tive charge state the 15% inwards relaxation of the nearest
eters have been chosen to reproduce the experimental lattioeighbors contributed 1.25 eV,
constant and the bulk modulus of crystalline silicon, i.e., to When relaxing the four_nearest neighbors only, the two
optimize the structural properties. Since in Ref. 7 the resultneighborsa and d in the (110) plane(see Fig. 1 move to-
ing defect symmetry was strongly depending on the size oWards each other to a distance of 3.26 A, while the distance
the supercell and also on tkepoint sampling, we have made between the neighboisandc decreases slightly less to 3.34
use of different supercells. A. A similar relaxation was observed by Sugino and

These included sc supercells containing 64, 216, and 51@shiyama’ in their 64 atom supercell. However, when re-
atoms and fcc cells with 128 and 250 atoms, respectivelylaxing the next nearest neighbors as well, the orthorhombic
using'-point sampling. For the 216 atom supercell we havedistortion is reversed, with aa-d distance of 3.13 A, sig-
also used the 22x2 k-point Monkhorst-Pack sampling nificantly larger than théo—c separation of 2.98 A. The
schemé? The positions of all atoms have been relaxed in aresulting relaxed coordinatésaken from the 216 atom su-
conjugate-gradient formalism. Since the energy contour impercell calculation with™-point sampling for V™~ are listed
the coordinate space for the vacancy in all charge states i Table I.
known to be extremely fl4t° we started the relaxation with The relaxations are largest for the zigzag chain in the
different point group symmetriesT(,D,4,C,,,C3,, and  Mbc plane, although the spin density is very small in this
D34), maintaining the symmetry constraint during each re-plane. The relaxations in th®ad zigzag chain, however,
laxation run. We have also relaxed the atomic positions withare only slighly smaller. Note that the additional tetragonal

II. TOTAL ENERGY CALCULATION
OF THE RELAXED GEOMETRY
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TABLE |. Relaxed coordinates of the ligands f@r in silicon

in units ofay/4 with a,=5.428 A.

Shell type Unrelaxed

Relaxed

Mad plane 1.00 1.00 1.00
2.00 2.00 0.00
3.00 3.00 1.00

0.80 0.80 0.88

192 192 0.05
296 296 0.99

Mbc plane 1.00 —1.00 -1.00
2.00 —2.00 0.00
3.00 —.300 —-1.00

0.73 —-0.73 —-0.94
186 —-1.86 —0.02
292 -2.92 -0.98

General(G type 0.00 2.00 2.00
0.00 —2.00 —2.00

0.03 194 1.98
—0.01 —1.95 -1.98
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particle density distribution. We show in Fig. 2 contour plots
of the particle density for th@] andb, gap states in two
(001) planes, one passing through thandd nearest neigh-
bor ligands, and the other passing throughtitaadc ligands
(see Fig. 1 We also show the contour plots in a tf@L0)
plane that contains ligandsandd. For thea] state we find
a bondlike particle density bridging both thed and theb-c
distance. In thg010 plane the density shows a minimum
betweenb and d demonstrating that the) state originates
from at, state. While the density arizing from tteg state
would be compatible with ®,4 defect symmetry, the den-
sity of theb, state(occupied for spin-up on)yclearly shows
the defect to have the low&s,, symmetry. There is an anti-
bonding-like density bridgingg—d), but no similar struc-
ture for (b—c). For ligandb, the nodal plane of thB,; spin

and a final orthorombic distortion accounted for 0.17 anddensity is clearly observed. The essential antibonding char-
0.03 eV, respectively, to the total relaxation energy, muchacter of theb, bridge between atomsat-d) explains why
less than the 1.25 eV relaxation energy contributed by théor these atoms the distance exceeds the ¢) distance.

breathing distortion.

In a single-particle picture, th€,, relaxation ofV™ is

Qualitatively these relaxations can be understood from theasily explained if we consider the gap states shown in Fig.

3.0.1072
1.0-10-2
3.0-1073
1.0-1073
3.0.107
1.0-10~*
3.0-10~%
—3.0-1075
-1.0-10"*
—-3.0-107*
-1.0-1073
—3.0-1073
—1.0-10—2
—3.0-1072

FIG. 2. Contour plot of the spin density for thé vacancy. Shown are the densities for #iestate(left column and for theb, gap
stateqright columr). The densities are plotted in tfi@01) plane that passes through the ligaadmdd (top) and through the ligandsand
¢ (centej. For comparison we show in the bottom line the contours in(1@®) plane that contains thie andd ligands.
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T D C2 are much more localized than the Si dangling bonds and
d 2d b v therefore, do not form the bridges between the-@) and
= 07}k /-o-o-2<:' é (b—c) neighbors. Therefor& ™ in Si has aC,, low-spin
% ) 4000 # state while the other vacancies in the negative charge state
~ N N are in a high-spin state dfy symmetry as has been shown
> 06 Hé . 2 b_*_ experimentally?>?
0] \ ! 1
o \\ t, ;
I'IzJ 0.5— \ ll. HYPERFINE INTERACTIONS
S K A e eractons v e
b a, ,_*_ For the hyperfine interactions with the ligands\6f, the
041~ -0-20—-.-._ convergence in the self-consistent cycles was surprisingly
~4— slow and sensitive to the lattice relaxation. We have calcu-
I ay lated the contact HF interactions neglecting spin polarization
_*_~ C ay a (as in Sugino et at) and compare the results with those of a
l 4_,»—0—0——0—0—-0—0—-# calculation that includes the spin polarization. For the HF
interactions with theMad nuclei in the(110) plane we find
FIG. 3. Single particle states of the relaxed withT,,D,q,  ONIy minor changes. But of course, for the nuclei in ¢he0)
and C,, Jahn-Teller distortion. For th&y and C,, distortion the ~ Plane(denoted byMbc and by T, respective)ythe contact
respective spin splittings are also shown. HF interactions resulting from a calulation without spin po-

larization are zero by symmetry, but attain values up to 2

3. The (including spin degeneragytwofold degenerat&;  MHz, if the spin polarization is included via the LSDA-DFT.
state of the vacancy ifiy symmetry is a resonance just be-  Results of the calculation including the spin polarization
low the top of the valence band, whereas thetate is six-  are listed in Tables Il and Il for a calculation with unrelaxed
fold degenerate if we ignore the spin splitting. A tetragonallattice positions, however assumind®, ground state of the
distortion splits the, state into a twofold degenerdbg and  defect with aC,, symmetry and for a calculation with the
a fourfold degenerate state. Forv ™, the twofold occupied  fully relaxed coordinates. These are compared with experi-
b, state is 0.25 eV below the e state, which is singly occumental ENDOR dat&’ Note that for the experimental data
pied. Since this state has a twofold orbital degeneracy, ¢éhe absolute signs of the HF interactions have not been de-
further orthorhombic Jahn-Teller distortion sets in, splittingtermined, taking positive values for all contact interactions.
the e state into ab; and ab, state of the grouf,,. From |n Table II, the calculated contact interactions for tiad
these calculations that do not include spin polarization wehuclei are negative, corresponding to a positive spin density
would predict a?B; ground state for the relaxed state\6f.  (the nuclear gyromagnetic factor fé°Si is negative For
Note, however, that there is the alternatifd, high-spin  the Mbc nuclei (except forMbc5) we obtain positive HF
ground state fov ™ in Ty, an orbital singlet state that is not contact interactions corresponding to negative magnetization
subject to symmetry-lowering Jahn-Teller distortions. densities.

In order to discriminate between these two alternatives, For the HF interactions with th®ad nuclei we confirm
we have calculated the spin polarization energies using thghe assignment given by Sprengerall® and by Sugino
linear muffin-tin orbitals method in the atomic-spheres ap-et al The magnetization density is concentrated on the
proximation (LMTO-ASA).™® For the exchange-correlation (110 zig-zag bond chain and decays this chainrmonotoni-
potential we have used the LSDA results of Ceperley ancally with the distance from the vacancy center. Such a be-
Alder'® in the Perdew-Zunger parametrization schéfie:  havior was predicted for the defect-induced charge of a tet-
cluding the(smal) spin polarization of the core states. In- rahedral defect by Kak&and is assumed to be valid in Ref.
serting the relaxed coordinates obtained from the SCC310. We can confirm this assumption for the first three mem-
DFTB calculation, we obtain the contribution from the spin bers of the bond chain for which we have calculated data.
alignment to the total energy. Adding that to the relaxationFor the surprisingly small values of the HF interactions with
energy obtained from the SCC-DFTB calculation we findtheMad nucleus at1,1,3 no reliable identification with any
that the energy of the high-spitA, state of the relaxe¥~  of the many candidates s possible, althougMad10 or
in Ty symmetry is by 0.09 eV larger than that of tR8, Mad11 could be possible assignments. Note that the agree-
state inC,, symmetry, in agreement with the ground statement between experimental data and those calculated for the
found experimentally.This should be contrasted to the samerelaxed structure are much bettar particular for the aniso-
charge state of th¥g; in 3C-SiC(Ref. 20 and of theV¢ in  tropic HF interactions with the nuclé¥ad2 and Mad3)
diamond?! which both have théA, high-spin ground state. than for the theoretical results fof~ in the unrelaxed struc-

For a tetrahedrally relaxed™ in silicon, the total energy ture.
gain obtained by spin alignment is only 0.11 eV, smaller by a In contrast to the assumptions in Ref. 10 our calculated
factor of 3(5) if compared with the respective value for the HF interactions witiMbc andG ligand nuclei do not decay
Vg; in SiC (for V¢ in diamond. For these latter defects, a monotonically. For the HF interactions with the nuclei
breathing relaxation that conserves tilg symmetry is Mbcl andMbc5 listed in Table Il our identification with
obtained®!® already within the LDA ignoring spin polariza- the experimental values coincides with the interpretation
tion. This is explained by the fact that tiizdangling bonds  given by Sprengeet al'° The HF interaction with thébc5
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TABLE I1l. Ligand hyperfine parameters for thé™ in silicon. The HF interactions calculated for an
unrelaxedV™ with a C,, symmetry constraint and for thé~ with the relaxed coordinates from the SCC-
DFTB calculation are compared with the experimental ENDOR data of Sprenger(Ref. 10 for which
the sign of the contact interactions was set to be positive.

Shell Unrelaxed Relaxed Exp
a b b’ a b b’ a b b’

Madl (1,1,) -2304 -26.8 —0.1 -242.0 -229 -0.59 355.8456 22.3034 1.2629
Mad2 (2,20 -21.0 -3.5 -037 —-3851 —-74 -0.08 50.2032 5.4894 0.6627
Mad3 (3,3,) —-264 —-010 -0.04 —-146 -—3.17 -0.14 305211 3.6690 0.2911
Mad (1,1,3 0.12 -0.08 -0.05 -0.73 -0.26 —0.09

Mbcl (1,1,3) 224 0.08 0.08 181 0.14 0.10 2.1058 0.1763  0.0969
Mbc2 (2,20) 1.08 0.09 0.04 0.94 0.12 0.04 19976 0.2043 0.1757
Mbc3 (2,24 1.02 0.04 0.03 0.82 0.05 0.03 0.8305 0.0674 0.0358
Mbcd (22,4 0.17 —0.002 0.003 0.25 -0.03 0.01 0.2096 —0.0319 0.0078
Mbc5 (1,11) 294 —0.28 0.20 —-0.05 0.61 0.28 0.2038 0.6805 0.0744
Mbc? (3,31 0.21 -0.03 -0.01 0.02 -0.04 0.02

T1 (0,04 0.37 0.07 0.04 0.44 0.06 0.05 0.6662—0.0741 —0.0323
T2 (0,04 0.14 -0.03 -0.03 0.17 -0.12 0.03 0.2827 0.0327 0.0006

is exceptional, because the modulus of the dipolar interactiothe details of the lattice relaxation, we must not expect the
exceeds that of the contact interaction. Here the HF interaaesulting magnetization densities to be very accurate.
tions calculated for the unrelaxed lattice show no similarity For the interactions with th& nuclei that are neither on a
with the experimental data. In particular the large anisotropidMad plane nor on aMbc plane we find rather small values
HF interaction is not obtained unless we take into accounas is observed experimentally. Our identification with experi-
lattice relaxations. The order of magnitude of the contacimentally determined HF interactions is very tentative. Note
interaction with the nuclei on the nodal plane of thesingle  that the assignment given by Sprengeral® for some of
particle states is already correct if we consider@e sym-  the G nuclei, which is also not secure, contains no nucleus
metry of the defect. that can be found in our perturbed region. On the other hand,
The identification proposed in Table Il for the nuclei we ascribe the two HF interactio32 andG6 to the same
Mbc2 andMbc3, although somewhat tentative, can accountattice positions as Sugino and Oshiyathéut do not agree
for all Mbc ligands found experimentally. In addition we with respect to their assignment regarding the otGewuclei.
have a furtheMbc ligand (3,3,1) for which there is no ex- The nonzero magnetization density in {140 plane con-
perimental counterpart in Ref. 10. The small calculated HRaining theMbc nuclei is illustrated by the contour plots in
values qualify the interaction with this nucleus to be hiddenFig. 4. The large magnetization density in tfEl0) plane
in the distant ENDOR line. For thE nuclei our identification containing theMad ligands is due to théy; spin-up gap
agrees with that of Sprenget all° It should be noted that state, which has a node in tli#10 plane. However, in the
the absolute differences between calculated and experimentaital magnetization density shown in Fig. 4 this nodal plane
HF interactions with nuclei in thbc plane(that includes is at best hinted. The spin polarization of the gap state
the two T nuclei is small. The relative deviations are not gives rise to a small spin polarization of the other vacancy-
small, but since the calculated values sensitively depend oimduced states. For tha] gap state(occupied both with
spin-up and spin-dowrthe induced magnetization density is
TABLE Ill. Ligand HF interactions calculated fov~ with the negative and closely resembles tipesitive particle density
relaxed coc.)rdinf?\tes from the SCC-DFTB calculation for .the nucleipoth in the (110) and the(110 plane, whereas for tha;
that are neither in thN_I ad nor in theMbc plgnes. The assignment asonance the induced magnetization is positive in both
of t_he calculateo! HF interactions to experimental data reported bblanes. In summary, the total magnetization density in the
10'is very tentative. (110 plane is positive in rather large regions between the
nuclear positions, however with very small negative values

Shel a b o Assignment at most of theMbc nuclei.

0,2,2 0.51 -1.78 0.03 A nonzero magnetization density of the gap states in the
0,22 —5.59 —1.96 0.10 G2 ? (110 plane could in principle be explained alternatively as-
(3,11 0.32 0.09 0.02 suming the term order of the the andb; single particle
(3,12 2.27 0.51 0.14 G6 ? states to be reversed, leaving ik singly occupied with a
(1,3,3 —4.48 —1.10 0.10 G3? b, state that is occupied by two electrons. This explanation
(1,33 0.34 ~0.19 0.06 has been discussed by Sprengenl!!® and by Lannotf as

being quite unlikely due to energetic reasons. We find that it
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3.0-1072
1.0-1072
3.0-1073
1.0-1073 FIG. 4. Contour plots for th¥~ vacancy. The
30-107* top row shows the total magnetization density in
1-0'10:: the (110) plane (left) and in the (110 plane
_3300 .1(1]075 (right). In the center row the figures are split into
1010 magnetization densitfleft half) and particle den-

4 -3.0-107 sity (right half) for thea] state in thg110) plane

1 -10-1073 (left figure) and the(110 plane(right figure. In
-3-0'10:2 the lower row the magnetization density induced
:;gigfz in the valence band is shown in tti#10) plane

: (left) and in the(110 plane(right).
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would lead to a magnetization density that does not show thbeen determined. We thus can only hope that the LSDA treat-
prominentb,-like symmetry of the grouC,, (see Fig. 4  ment, capable to calculate the modulus of the contact inter-
but would be similar to theparticle densityfor the a; gap action_s with 2°Si nuclei in theMbc plane, predicts the cor-
state with similar HF interactions for comparable nuclei inect sign as well.
the Mad and theMbc planes.

It is also interesting to compare the magnetization densi-
ties with those expected from a CI calculation that starts We have calculated the lattice relaxations caused by the

from a nonspin-polarized calculation. Figure 5 presents dattice vacancy in silicon in the negative charge state using
sketch of the occupied single-particle state¥/ofthat trans-

IV. CONCLUSIONS

form according to théB, irreducible representation 6, . b, — _% _% _+ _1;
For the ground stat®¥, the b, state is singly occupied and, 2

therefore, this state has no spin density in (h&0 plane.

The same is true for th&, andV, exccited states. In con- b,

trast, for the excited stateks; andW¥, both the thea; anda’
states are singly occupied. Comparison with Fig. 4 shows _« |
that the LSDA calculation predicts the dominant term in the 1 ]
ClI calculation to beV ,: the total magnetization density in
the (110 plane can well be approximated by the particle a', 4|
density of aa; state fractionally occupied as spin-tepre- K]
sented by the magnetization density induced into the valence

band sta%/es in thegLSDA caIcuIatmgnd the particle density | ‘H’> | lH) | \{D | \H’> | \E'>

of a aj gap state fractionally occupied as spin down. The F|G. 5. Schematic representation of the occupation of the
validity of this picture could be checked by the sign of the single-particle states that give rise to the ground slegef the V™

HF interactions with the°Si ligands in the110) plane. Un-  and to those excited states f that transform according to the
fortunately, for the ENDOR data the absolute signs have notB, irreducible representation of the gro@g, .
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the SCC-DFTB method. On the basis of these relaxed coor- For theV™ in the ?B; low spin state we find that the
dinates we have calculated the total energy of high-spin andalculated magnetization density distribution, while still es-
low-spin configurations o/~ in the LSDA approximation. sentially conserving the nodal plane structure of bhegap

We find a low-spin?B; ground state witfC,, symmetry as state, is nonzero at thédbc nuclei in the(110)_plane. Cal-
observed experimentally with a total energy that is 0.09 e\tulated HF interactions for nuclei in both ti&10) and the
below that of the*A, high-spin state witiy symmetry. This (110 plane compare well with experimental ENDOR data.
should be contrasted with the negative charge state of the $i particular the agreement for the nuclei in {140 plane is
vacancy in £-SiC and with the vacancy in diamond which suprisingly good in view of the rather indirect nature of the
both have the tetrahedrally symmetric high-spi, ground  spin polarization in this plane. There is, therefore, no need to
state?®?1 The reason for this difference is twofold: the dan- infer configuration interactions in order to explain the hyper-
gling bond states in Si are less compact which for the vafine interactions for the lattive vacancy in Si in th&
cancy in Si reduces the energy gain due to spin alignment i€harge state.
compared to the vacancies in SiC and diamond. The larger

overlap of the less compact Si dangling bonds leads to strong

(a-d) and (b-c) pairing causing the large Jahn-Teller

distortions® for the vacancies that give rise to Si dangling It is a pleasure to acknowledge partial financial support
bonds. from the Deutsche Forschungsgemeinschaft for this work.
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