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Ab initio investigation of point defects in bulk Si and Ge using a cluster method
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Atomic and electronic structures of various charge states (21,1,0,2,22) of monovacanciesV and diva-
canciesV2 in crystalline Si and Ge are calculated from first principles. The calculations are performed in real
space on bulk-terminated spherical and prolate clusters that are passivated by hydrogens at the boundaries.
Defect-induced Jahn-Teller distortions, Jahn-Teller and relaxation energies, vacancy wave function characters,
and hyperfine parameters are calculated and compared with available experimental data. The magnitudes of
Jahn-Teller distortions and energies are found to be smaller in Ge compared to Si for bothV andV2. Unlike in
Si, the pairing type distortions induced by a divacancy in Ge are not large enough to result in a deep level
crossing inside the band gap. Furthermore, the relaxed atomic configurations of the divacancy in Ge with
resonant bond type distortions are found to be slightly lower in energy than those with pairing type distortions.
The effect of the lattice constant at which the calculations are performed~experimental versus theoretical! is
also examined, and found to be quite important, especially for Ge.
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I. INTRODUCTION

Point defects, such as monovacancies and divacancie
the prototype elemental semiconductors have been the
ject of many theoretical and experimental studies. Over
last three decades, researchers modeling such defects
had a variety of choices for their theoretical techniques.1 In
the 1970’s, the cluster method, in which the bulk defec
simulated by a reasonably large cluster of atoms with a
fect at the center,2 was the most popular choice. Late
Green’s function methods and more recently plane-wave
percell calculations within density functional theory beca
the favorite choices of theorists. In the last decade, adva
in electronic structure algorithms, particularly the success
implementations of real space methods based onab initio
pseudopotentials,3,4 have brought a new perspective in the
retical modeling of defects, namely the revival of clus
methods.

While the plane-wave supercell methods present a w
established technique with many advantages for investi
ing defect related properties~e.g., in calculating formation
energies and defect concentrations!, cluster methods can als
offer an efficient and accurate approach for structural pr
erties, especially within a real-space formalism. In particu
cluster calculations for charged defects can be impleme
in a straightforward fashion without the need for a neutra
ing background charge. Easy parallelizability of the alg
rithms that do not use fast Fourier transforms, and effici
diagonalization of sparse Hamiltonians, which need not
stored, are other important assets. As such, these adva
have allowed us to performab initio cluster calculations of
defects in semiconductors involving hundreds of atom5,6

and of optical gaps in Si quantum dots with more than 10
atoms.7 Another important feature of cluster methods for i
vestigating point defects is related to the flexibility in choo
ing the system size that simulates the defect. In super
calculations, the most common system sizes used for de
calculations are supercells with 64, 128, or 216 atoms. La
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supercells model point defects reasonably well by minim
ing the defect-defect interaction across the unit cells and
spurious dispersion of defect levels. Cluster calculations,
the other hand, eliminate defect-defect interactions, and
resulting defect-surface interactions are further minimized
appropriately passivating the surface. In addition, clus
methods present easy and efficient control of converge
for various physical properties by allowing intermediate s
tem sizes. More importantly, the geometry of the clusters
be altered in such a way that the finite system mimics
bulk defect as closely as possible without making the num
of atoms in the system prohibitively large. For example,
the defect-induced strains are only along a particular dir
tion and otherwise decay rapidly away from it, it is importa
to include many shells of atoms along this particular dire
tion. On the other hand, the inclusion of more atoms alo
other directions would unnecessarily increase the comp
tional demand without bringing any significant physical d
ference. In this way, one can model point defects with ani
tropic strain patterns by using effectively much larger syst
sizes than would be possible with conventional supercells
isotropic spherical systems.

In the last few years, we have successfully applied
cluster method toab initio pseudopotential investigations o
monovacancies~V! and divacancies (V2) in crystalline Si.5,6

In fact, the use of prolate clusters by identifying the releva
relaxation patterns as discussed above has helped grea
understanding the structural and electronic properties
charged divacancies in crystalline Si, which were found
exhibit large pairing Jahn-Teller~JT! distortions. While point
defects in Si have been investigated extensively both exp
mentally and theoretically with many different technique
there have not been many studies on structural and electr
properties of defects in the other prototype group IV sem
conductor, the isovalent Ge. In this paper, in addition to p
senting more details about our work onV and V2 in Si by
also including different charge states, we make a comp
tive study of the same point defects in Ge with Si. We fi
©2001 The American Physical Society06-1
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that the relaxation magnitudes associated with bothV andV2
in Ge are more strongly dependent on the lattice paramet
which the calculations are performed. At the experimen
lattice constant, we observe that both the magnitudes and
physical ranges of the relaxations in Ge are smaller tha
Si, with smaller JT distortions and energies. As a result,
the case ofV2, we find that relaxed structures of Ge wi
pairing type distortions do not exhibit a deep level crossi
In fact, such relaxed structures ofV2 in Ge with small pair-
ing JT distortions are more likely to correspond to loc
minima, as they are found to be slightly higher in ener
than those with resonant bond type distortions.

In Sec. II, we discuss the computational details of o
work based on the real space higher-order finite-differe
pseudopotential method and a cluster approach for mode
defects. In Sec. III, we examine the electronic and structu
properties of monovacancies in bulk Si and Ge, commen
on the similarities and differences between the two group
semiconductors, and the effect of the lattice paramete
which the calculations are performed. Atomic relaxatio
wave function characters, Jahn-Teller energies, and hype
parameters associated with neutral and charged divaca
in Si and Ge are discussed in Sect. IV. Our results are fin
summarized in Sec. V.

II. COMPUTATIONAL METHODS

Our calculations were performed using a cluster meth
The bulk defects were simulated by bulk-terminated sph
cal and prolate Si and Ge clusters, which were passivate
hydrogens at the boundaries. For the case of the mon
cancyV, the origins of the clusters were taken to be at
vacant site while for the divacancyV2, the origins were
taken to be at the midpoint of the line connecting the t
vacant sites. Most of the clusters considered were termin
from the bulk spherically with complete shellsNsh54 to 17
around the point defect. In order to take into account
anisotropic and long-ranged nature of the defect-induced
laxations without making the number of atoms too large,
also considered prolate clustersX230H180 for V, andX246H186
for V2 ~whereX denotes Si or Ge!, as shown in Fig. 1. Thes
clusters have incomplete shells which include atoms o
along directions with the largest atomic relaxations. As w
be discussed in the next section, the largest JT distortions
V2, V0, andV1 occur along the two perpendicular directio
@110# and@11̄0# containing the vacant site. The prolate clu
ter X230H180 is generated from theX190H148 cluster by adding
atoms along these zigzag chains. Similarly, the pro
X246H186 cluster for simulatingV2 is built on top of the base
X206H158 cluster with atoms added along the zigzag chains
atoms in the@11̄0# direction containing the vacant sites. F
each cluster, onlyX atoms fully coordinated with otherX
atoms were relaxed. The atomic compositions, sizes, and
number of relaxed atoms for all clusters considered forV and
V2 are given in Table I.

Electronic structure calculations within the framework
density functional theory were carried out in real space us
the ab initio higher-order finite difference pseudopotent
method.3 This method, which does not require the use
24520
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fast-Fourier transforms and results in sparse Hamilton
matrices that need not be stored, has an easily paralleliz
algorithm capable of handling several hundred atom syst
in a straightforward fashion on parallel computers. We us
Troullier-Martins pseudopotentials in nonlocal and loc
forms for X and H, respectively.8 The calculations were per
formed within the local density approximation~LDA ! using
the exchange-correlation functional of Ceperley and Alde9

We used grid spacings ofh50.75 and 0.6 a.u. for Si and Ge
respectively. We carefully checked the convergence of
physical results by reducingh down to 0.6 a.u.~Si! and 0.45
a.u. ~Ge!, upon which no significant changes on the relax
structures were observed. The kinetic energy in the fin
difference expression was expanded to twelfth order inh. We
used zero boundary condition for the wavefunctions by
quiring them to vanish outside a spherical domain, wh
was 6.5–7.5 a.u. away from the last shell ofX atoms. The
Hartree potential was solved by discretizing the Poiss

FIG. 1. Atomic structures of prolate clusters~a! X230H180, ~b!
X246H186, used for modeling the monovacancy and divacancy,
spectively. H atoms are not shown. The black balls correspon
the vacant sites. The highlighted atoms~in white! correspond to
atoms which undergo significant distortions due to the defect.
6-2
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equation and matching the boundary potential to a multip
expansion of the charge density with angular momentul
59 to 20. The above grid spacings and boundary sph
dimensions resulted in Hamiltonian matrices of up
;320 000(Si) and 625 000~Ge! for the case of prolate clus
ters. The Hamiltonians were diagonalized for self-consist
solutions of up to;750 eigenpairs~for X316H198) using a
generalized Davidson algorithm10 with dynamical residual
tolerance. The relaxed geometries for each charge state
found without imposing any symmetry constraint using t
initially scaled variable metric minimization scheme
Broyden, Fletcher, Goldfarb, and Shanno.11 While small
cluster calculations were performed sequentially on C
C-90 and IBM SP2, large-scale calculations were run in p
allel on the T3E and SP2 using a domain decomposi
approach by mapping portions of the entire physical sp
onto each processor.12

III. MONOVACANCIES IN SILICON AND GERMANIUM

The ideal monovacancy in both Si and Ge induces a n
degeneratea1 level in the valence band manifold and a trip
degeneratet2 deep level inside the band gap. Thist2 level
accommodates three, two, one, and zero electrons for
charge states ofV2,V0,V1, and V21, respectively. There-
fore, except forV21 the lattice should distort to remove th
degeneracy associated with the highest occupied s
thereby gaining electronic energy.13 In our calculations, we
find that forV1 and V0, the JT distortion reduces the ide
Td symmetry toD2d with the lowest deep level occupie

TABLE I. Sizes of H-passivated clusters (X5Si or Ge! used for
simulating the monovacancyV and divacancyV2 given in terms of
the number ofX shellsNsh, atomic composition, and diametersd.
Diameters are given for Si, and can be scaled with the lattice c
stant ratio to calculate them for Ge. Also given are the numbe
relaxedX atomsNre for each cluster. For the prolateX230H180 and
X246H186 clusters, the dimensions refer to the smallest and larg
values along different directions.

Defect Nsh Composition d ~Å! Nre

V 4 X34H36 10.9 4
5 X46H60 11.8 16
6 X70H84 13.3 28
7 X86H76 14.1 34
8 X98H100 15.4 46
9 X122H100 16.1 58
12 X166H124 18.8 86
13 X190H148 19.4 98

13–25 X230H180 19.4–27.0 114

V2 4 X36H42 11.1 6
7 X84H78 14.5 30
9 X128H98 16.5 60
11 X164H122 18.2 78
13 X206H158 19.7 114
17 X316H198 22.5 188

13–25 X246H186 19.7–27.2 138
24520
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with one or two electrons, respectively, while the unoccup
level remains doubly degenerate. In terms of atomic rel
ations of the four atoms in the first shell, this distortion c
be viewed as two pairs being pulled toward each other
form weak covalent bonds on top of radial~breathing mode!
relaxations. ForV2, the extra electron in the previously de
generatee level causes yet another JT splitting. As a resu
we find that one of the two pairs in the first shell gets pull
toward each other slightly more than the other resulting i
C2h symmetry. Finally, forV21 for which the highest occu-
pied state is at the valence band maximum and the d
levels in the gap are fully unoccupied, we observe pur
breathing mode distortions~i.e., no JT distortions!.

Figure 2 shows the magnitudes of the relaxations of
first shell atoms for various charge states of Si as a func
of the cluster size. In agreement with rece
calculations,14–18 we find inward relaxation of the atoms fo
all charge states for large enough system sizes. The ma
tude of the relaxations increases as the charge state cha
from (21) to (2). This can be understood in terms of th
strengthening of the weak covalent bonds between the
shell of atoms upon addition of extra electrons. The size
the cluster plays an important role in determining the m
nitudes and signs of the relaxations. For example, for
three smallest clusters Si34H36,Si46H60, and Si70H84 the re-
laxations inV21 are found to be outward, in agreement wi
recent supercell calculations.18 Similar outward relaxations
are also observed forV21 in Ge when small clusters ar
used. Table II shows the interatomic distances for the fi
shell atoms in relaxed Si and Ge monovacancies for vari
charge states.

When the calculations are performed at the experime
lattice constants of Si~5.43 Å! and Ge~5.66 Å!, we observe
that the magnitudes of the relaxations in the first and hig
shells are larger in Si than in Ge. This is in agreement w
recent calculations of Fazzioet al.19 who found smaller
vacancy-induced distortions in Ge compared to Si. The g
eral pattern of the relaxations can be described as an an
tropic propagation along the zigzag chains of atoms in
perpendicular@110# and @11̄0# directions that contain the
vacant site. Figure 3 shows the significant distortion am
tudes as a function of the shell index forV0 in Si and Ge.

n-
f

st

FIG. 2. Relaxation magnitudes~in Å ! of the first shell atoms as
a function of the cluster size~given in terms of the number of S
shellsNsh) for V2(L),V0(1),V1(h), andV11(3) in Si. Nega-
tive sign means inward relaxation. The unconnected data poin
Nsh525 refer to values for the Si230H180 cluster.
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The shown amplitudes correspond to the highlighted ato
in Fig. 1~a! manifesting the degree of anisotropy in th
propagation of the distortions. For the case of Si@Fig. 3~a!#,
the largest relaxations start from'0.38 Å in the first shell
and decay slowly to 0.07 Å in the eighteenth shell. The sh
indices with the largest relaxations~first, second, fifth,eighth
thirteenth, and eighteenth! correspond to the zigzag chains
atoms passing through the vacant site in the@110# and@11̄0#
directions. The distortions of the atoms along these t
chains are almost parallel to the chain directions with ato

FIG. 3. Distortion amplitudes~in Å) as a function of the shel
index for ~a! V0 in Si, ~b! V0 in Ge at the experimental lattic
constant of 5.66 Å,~c! V0 in Ge at the LDA lattice constant o
5.59 Å. Only distortions withuDRu.0.05 Å are shown in~a!. The
long-ranged distortion amplitudes extending to the eighteenth s

in ~a! correspond to atoms in the@110# and @11̄0# zigzag chains
containing the vacant site.

TABLE II. Calculated interatomic distances and Jahn-Teller
ergies for relaxed monovacancies of Si and Ge in various ch
states.dp1

and dp2
denote the distances between the paired ato

andd12 denotes the distances between atoms of different pairs
distances are in Å, all energies are in eV.

Defect dp1
dp2

d12 EJT

Si V21 3.54 3.54 3.54
Si V1 3.38 3.38 3.53 0.05
Si V0 3.09 3.09 3.46 0.32
Si V2 3.02 3.14 3.36 0.29
Ge V21 3.75 3.75 3.75
Ge V1 3.72 3.72 3.99 0.02
Ge V0 3.53 3.53 3.89 0.12
Ge V2 3.36 3.52 3.72 0.08
24520
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in the same chain and shell relaxing toward each other.
ing away from these two particular chains in either@110#,

@11̄0#, or @001# directions, the relaxation decay quite rapid
For the case of Ge, on the other hand, the magnitude

the relaxations~when the calculations are performed at t
experimental lattice constant! are not only smaller compare
to Si, but also decay more rapidly along all directions inclu
ing the two particular zigzag chains. For example, as sho
in Fig. 3~b!, the distortion amplitudes in the first shell a
only 0.25 Å, and decay to 0.02 Å in the eighth shell.
addition to the small and relatively short-ranged relaxatio
in Ge, the sign of the distortions are also different in vario
shells with some atoms relaxing away from the vacancy.

While the theoretical lattice constant of Si is found to
only 0.1% smaller than the experimental value, it is und
estimated by 1.2% for Ge in our LDA calculations. In inve
tigations of defects within first principles approaches, ther
no general consensus as to whether the experimental o
theoretically calculated lattice constant should be used in
calculations. While we believe this usually does not mak
significant difference in calculations of the physical obse
ables~since either the discrepancy between theory and
periment is very small, or the results are insensitive to
lattice constant used!, we observe that in some cases such
Ge, the lattice constant has a substantial effect in the ma
tude of the distortions and structural energetics.

When the calculations are performed at the theoret
lattice constant of 5.59 Å for Ge, we find that the relaxatio
of the atoms are significantly larger than those calculate
the experimental lattice constant. As shown in Fig. 3~c!, the
distortion amplitudes in the first shell are'0.48 Å, which
are even larger than those of Si. On the other hand, the
laxations still decay more rapidly compared to Si. This b
havior of substantially larger distortions at the theoreti
lattice constant is more pronounced as the size of the sys
is increased. Figure 4 shows the magnitude of the relaxat
in the first shell around the neutral Ge monovacancy a
function of the system size for the cases of experimental
theoretical lattice constants. The significant increases in
magnitudes of the first shell relaxations that occur in
nine, thirteen, and eighteen shell clusters are due to the

ell

FIG. 4. Relaxation magnitudes~in Å) of the first shell atoms as
a function of the cluster size~given in terms of the number of Ge
shellsNsh) for V0 in Ge when the calculations are performed at t
experimental (1) and LDA (L) lattice constants.Nsh525 refers to
the Ge230H180 cluster.
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that these clusters allow the relaxations of extra shells
atoms along the zigzag chains containing the vacant site

The increase in the magnitude of the JT distortions wh
the lattice is contracted is also observed for Si. For exam
our calculations for the Si122H100 cluster find that the magni
tude of the distortions in the first shelluDR1u50.33 Å at the
experimental lattice constantaexp increases to 0.37 an
0.45 Å ata50.99aexp and 0.98aexp, respectively. Such in-
creases in the magnitude of the distortions are not too
prising, as the decrease in the lattice constant makes it e
for stronger covalent bonds to be formed between the p
of atoms in the first shell at a slightly lower expense
weakening their back bonds. A similar version of the abo
observations has already been reported in the literature
Antonelli, Kaxiras, and Chadi regarding the effects of pr
sure on the structure of the Si monovacancy.17 These authors
found two distinct distortions associated withV0 in Si, one
of which exhibited much larger JT distortions, but was
unstable equilibrium configuration at zero pressure. At fin
pressures the authors suggested that this structure o
monovacancy with larger JT distortions should beco
dominant. Since the effect of the pressure is to reduce
lattice constant, these earlier results are in agreement
our present calculations for Si and Ge.

Regarding structural energetics, the calculated Jahn-T
energiesEJT ~energy difference between the fully relaxe
structures and those relaxed with a constrainedTd symmetry!
are also given in Table II. The calculatedEJT of 0.05, 0.32,
and 0.29 eV for the Si monovacancy in charge states
(1), ~0!, and (2), respectively, do not seem to be in goo
agreement with the experimental estimates of 0.4, 1.5,
2.1 eV. We believe that while the size of the system mi
play a minor role, the major source of the discrepancy ha
do with the tendency to overestimate the experimentalEJT.
This tendency is greatly increased when the strain has a l
ranged character, since the externally applied uniform st
assists in the motion of all atoms involved~especially in the
vacancy-containing zigzag chains along@110# and @11̄0#).
SinceEJT estimates come from projecting out only the stre
components for the first shell atoms, one might expec
large difference between the experimental and theore
Jahn-Teller energies for systems with long-rang
distortions.20 On the other hand, we expect that our valu
should be slightly larger than the reorientation barriers
tween symmetry-equivalent distortions, and we find this
be the case as the experimental estimates of the reorient
energies in Si are 0.013, 0.23, and 0.08 eV forV1,V0, and,
V2, respectively. For Ge, which exhibits smaller JT dist
tions, we find, as expected, smallerEJT values of 0.02, 0.12
0.08 eV for the (1), ~0!, and (2) charge states, respectivel
When the calculations are performed at the theoretical lat
constant of Ge, the calculated Jahn-Teller energies are fo
to be larger than those calculated ataexp, e.g.,EJT increases
to 0.22 eV for the neutral monovacancy.

IV. DIVACANCIES IN SILICON AND GERMANIUM

Removing two adjacent atoms from a perfect group
semiconductor creates a simple divacancyV2. In its ideal
24520
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~undistorted! structure, this results in a lattice with aD3d
symmetry. The divacancy-induced defect levels are thea1u
anda1g levels inside the valence band manifold and the t
doubly degenerate ones, labeledeu andeg , inside the band
gap. From electron counts associated with six dangl
bonds, the gap levels can accommodate one, two, and t
electrons for charge statesV2

1 ,V2
0, and V2

2 , respectively.
Since the~lower! eu level can accommodate up to four ele
trons, it implies that for the relaxed structure, thee levels
will split as a result of a JT distortion which lowers th
symmetry and helps gain electronic energy. When the s
metry is lowered toC2h , eache level splits intoa and b,
producing the four levelsag ,au ,bg , and bu . Of these,ag
and bu have amplitudes, andbg and au have nodes on the
mirror plane of theC2h distortion. This plane is the one tha
contains the vacant sites and atoms 3 and 6 in Fig. 5~a!. The
important feature in understanding the electronic structure
the simple divacancy in Si and Ge is related to the relat
ordering of these levels, which is determined by both
sense and the magnitude of the distortion.

FIG. 5. ~a! Atomic structure ofV2 with its six nearest neighbo
atoms. The small shaded circles labeled byV represent the vacan
sites.~b!–~d! Electronic structures, level symmetries, and the c
responding atomic structures viewed along the@111# divacancy axis
for the cases of~b! small pairing Jahn-Teller distortion,~c! resonant
bond configuration, and~d! large pairing Jahn-Teller distortion. Th
letters A and N next to the level symmetries represent whether
level has amplitude or node, respectively, on the mirror plane of
C2h distortion.
6-5
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With respect to the sense of theC2h distortion, there are
two different ways in which the first shell of atoms arou
the divacancy can move. They can relax either in a pair
sense@Fig. 5~b!#, where atoms 1 and 2 are pulled towa
each other such thatd12,d135d23(di j being the distance
between atomsi and j ), or in a so-called resonant bond~RB!
configuration@Fig. 5~c!# whered12.d135d23. As illustrated
in Fig. 5, the difference in the electronic structure for the t
types of distortions is simply the reversal of thea and b
levels split from botheg and eu levels. With respect to the
magnitude of a particular~either pairing or RB! distortion,
there are also different orderings of the four deep levels.
example, in the case of a small pairing JT distortion@Fig.
5~b!#, the splittings ofa andb from eache level are small, so
that theag andau levels do not cross each other inside t
gap. Upon increasing the degree of the pairing distort
@Fig. 5~d!#, it is possible for the upperag level to dip below
the au level ~and even below thebu level for much larger
distortions!. Similar situations exist for the case of the R
distortions.

The importance of these level orderings inside the b
gap can be recognized when one considers the wave fun
characters~particularly the presence of a node or amplitu
on the mirror plane! of the highest occupied state. Electro
paramagnetic resonance~EPR! experiments, which can iden
tify the node versus amplitude character of the unpaired e
tron on the mirror plane, help determine the possible ato
structures of various charge states ofV2. This was certainly
the case for determining the electronic and atomic structu
of the divacancy in Si.

A. Silicon

1. Experimental and theoretical findings

The pioneering EPR experiments of Watkins and Corb
from nearly 35 years ago21 established that for both~1! and
(2) charge states of the divacancy in Si, the lattices have
low the symmetry ofC2h . From stress-induced defect align
ment studies, they determined that theC2h distortion occurs
in a pairing sense. In addition, they observed that the hig
occupied states for both charge states have amplitudes o
mirror plane. The Jahn-Teller energiesEJT were estimated to
be large, 1.3 and 2.4 eV forV2

1 andV2
2 , respectively. From

these, Watkins and Corbett concluded that the JT distort
associated with the divacancy in Si had to be large eno
for the upperag level to dip below theau ~or evenbu) levels,
so that the observed wavefunction characters, the sens
the distortion, and magnitudes ofEJT could be accounted for
In this picture, the resulting electronic configurations wou
be V2

1 :bu
1 ~or ag

1) and V2
2 :bu

2ag
1 ~or ag

2bu
1). A small pairing

JT distortion cannot be consistent with EPR experiments
V2

2 , since it would imply thebu
2au

1 configuration which has
its highest occupied level with a node character in the mir
plane of theC2h distortion.

Theoretical studies up to recently were not in agreem
with the picture that emerged from these experimen
interpretations.15,16,22–26Most of these calculations were pe
formed with plane waves using supercells of 64 atoms.
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the case ofV2
2 , Saito and Oshiyama found a RB typ

distortion,23 such that the electronic configurationV2
2 :au

2bu
1

would still explain the amplitude character of the highe
occupied state on the mirror plane. ForV2

1 , they found a
structure with a small pairing JT distortion (V2

1 :bu
1), which

is again consistent with the experimental wavefunction ch
acter. Similarly, Seong, and Lewis reported a RB type dis
tion for V2

0.16 More recently, the 216-atom supercell calcul
tions of Pesolaet al. found lower symmetry structures ofS2
symmetry changing from more of a pairing type to more o
RB type distortion in going fromV2

1 to V2
2 .26 The main

disagreement of these theoretical calculations with the
perimental interpretations of Watkins and Corbett had to
with the sense of the JT distortion. The experimental find
of a rebonding by pairs, which was supported by both
estimates of the JT energies and the wave function cha
ters, did not seem to be confirmed by these calculati
which created an interesting controversy with regard to
actual ground state structures of divacancies in Si.24,25

Our first principles calculations using a cluster meth
resolved this theoretical controversy, confirming at the sa
time the experimental interpretations of Watkins a
Corbett.6 The key aspect of our calculations is related to t
nature of the atomic relaxations associated with divacan
in Si. It is important to recognize that although the wa
functions corresponding to defect-induced states decay
idly beyond the first-shell of atoms, atomic relaxations
not follow the same pattern. As such, a typical 64-atom
percell used in most calculations isnot adequate to describ
the long-ranged and anisotropic relaxations that we find to
associated with (1),(0), and (2) states of the Si divacancy

2. Large pairing Jahn-Teller distortions

Table III lists the interatomic distances corresponding
the relaxed geometries of various charge states ofV2. For
minimum-energy ground state structures with pairing dist
tions, the magnitudes of the relaxations are quite large ra
ing from 0.86 Å in V2

1 to 1.08 Å in V2
2 for the paired

atoms near the divacancy. Such large relaxations for bothV2
0

andV2
2 result in the upperag level to dip below thebu level,

so that the first two levels from the valence band maxim
have amplitude characters on the mirror plane of theC2h
distortion. This is in agreement with the EPR experiments
Watkins and Corbett. ForV2

1 , on the other hand, the leve
crossing between theag and au does not occur~the two
levels are separated by;1 mRy in energy for the larges
cluster considered!, however, since in this case only the low
est deep level is occupied (V2

1 :bu
1), the amplitude characte

of the wavefunction is again in agreement with EPR expe
ments.

As mentioned above, the size of the system that simula
the bulk divacancy is very important in determining its co
rect electronic structure. As an example, let us consider
case ofV2

0. Even for systems as large as Si128H98 or Si164H122

~with 9 and 11 shells of atoms around the divacancy!, the
crossing betweenag and au levels is not observed for the
relaxed structures. This does not mean that the pairing
tortions in the first shell of atoms are small. As a matter
6-6
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fact, as shown in Fig. 6, where the first shell interatom
distances are plotted as a function of the system size,
relaxations and the degree of the distortions are consider
large for these clusters. The first cluster in which the cross
between theag and au levels is observed forV2

0 is the
Si206H158 cluster with 13 shells of atoms around the div
cancy. The distance between the paired atoms in the
shell of the relaxed system drops by about 0.1 Å for t
cluster ~Fig. 6!. This is because increasing the system s
from 11 to 13 shells allows us to relax an extra shell of ato
along the zigzag chain of atoms in the@11̄0# direction. Upon
increasing the system size by including incomplete shells
to 25 (Si246H186) the degree of the pairing distortions in
creases further. The increase in the pairing distortions u

TABLE III. Relaxed atomic geometries ofV2
1 ,V2

0 ,V2
2 , and

V2
22 for Si and Ge. Atomic structure data for both pairing~P! and

resonant bond~RB! distortions are given.di j is defined in the text
with respect to Fig. 5, anddiv is the distance of atomi to the nearest
vacant site.u is the angle subtended byd12 at the atomic site 3. All
distances are in Å, and angles in degrees. In the unrelaxed~bulk!
geometry, u560°,d125d1353.84 Å,d1v5d3v52.35 Å for Si,
andd125d1354.00 Å,d1v5d3v52.45 for Ge.

Element Charge d12 d13 u d1v d3v

Si ~P! (1) 2.98 3.43 51.6 1.97 2.20
Si ~P! ~0! 2.85 3.37 50.1 1.92 2.15
Si ~P! (2) 2.76 3.30 49.1 1.89 2.10
Si ~RB! (1) 3.42 3.26 63.3 2.09 2.04
Si ~RB! ~0! 3.40 3.14 65.5 2.03 1.98
Si ~RB! (2) 3.34 3.17 63.4 2.02 1.99
Si (22) 3.29 3.29 60.0 2.05 2.05
Ge ~P! (1) 3.68 3.83 57.4 2.28 2.35
Ge ~P! ~0! 3.60 3.77 56.9 2.21 2.32
Ge ~P! (2) 3.57 3.71 57.6 2.19 2.27
Ge ~RB! (1) 4.00 3.49 69.9 2.37 2.05
Ge ~RB! ~0! 3.94 3.42 70.3 2.32 2.03
Ge ~RB! (2) 3.88 3.42 69.0 2.29 2.02
Ge (22) 3.56 3.56 60.0 2.17 2.17

FIG. 6. First shell interatomic distancesd12 andd13 ~in Å) for
V2

0 in Si as a function of the cluster size.Nsh525 corresponds to the
Si246H186 cluster. Note the sharp decrease in the distance betw
paired atoms,d12, in going from Nsh511(Si164H122) to Nsh

513(Si206H158).
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going from Si206H158 to Si246H186 is actually more evident in
the higher shells along the@11̄0# direction as the magnitude
of relaxations increase by as much as 0.1 Å.

As a second example, let us consider the case ofV2
2 .

When this charge state of the divacancy is simulated with
Si128H98 cluster, the addition of the extra electron is still n
enough to induce a crossing between theag and au levels,
and the unpaired electron resides in theau level which has a
node on the mirror plane. In fact, the extra electron redu
the pairing JT distortion makingd1253.19 Å. Furthermore,
there is almost no energy gain in the system upon underg
this JT distortion (EJT'0). If the extra electron is con
strained to be in the amplitude stateag resulting in the
bu

2au
0ag

1 electronic configuration, the degree of the pairing
distortion increases considerably withd1252.90 Å. How-
ever, this configuration is 0.27 eV higher in energy than
structure with the small pairing JT distortion describ
above. These calculated values are in very good agreem
with the 64-atom supercell calculations of Saito a
Oshiyama.25 Upon increasing the size of the system, t
crossing betweenau and ag levels in V2

2 is observed for
Si206H158, and is further stabilized in the larger clusters.

3. General pattern of relaxations

When the divacancy axis is taken along the@111# direc-
tion, one can describe the general pattern of the relaxat
as a long-ranged and anisotropic propagation along the
zag chain of atoms in the@11̄0# direction. On the other hand
the magnitudes of the relaxations decay quite rapidly in
@111# direction on either side of the divacancy, and alo

@112̄# direction. In Fig. 1~b!, the highlighted portion of the
cluster corresponds to atoms which undergo significant
tortions induced by the divacancy. The dimensions of t
portion ~containing 72 atoms! are 26.9 , 10.2 , and 6.6 Å, in
the @11̄0#, @111#, and @112̄# directions, respectively. Suc
large variations along these perpendicular directions sh
the degree of the anisotropic relaxations associated wi
divacancy in Si. The largest relaxations occur along the t
zigzag chains, which contain the paired atoms~for example,
atoms 1 and 2 in Fig. 5! and the vacant site nearest to the
As shown in Figs. 7~a! and 7~b! for V2

2 in Si, the inward
pairing relaxations of atoms along these zigzag chains in

@11̄0# direction are very large, and decay slowly fro
0.53 Å in the first shell to as large as 0.07 Å in the eig
teenth shell. The atoms in the same shell on opposite side
the divacancy relax mainly toward each other. The two ato
not shown in Fig. 7~a!, which also have large inward relax
ations of 0.25 Å mainly along the@112̄# direction, are in the
first shell around the divacancy~atoms 3 and 6 in Fig. 5!. As
shown in Fig. 7~b!, in going from the zigzag chain contain
ing the vacant site to the next one in the@111# direction~half
the atoms of which are bonded to the first zigzag chain!, the
magnitudes of the relaxations drop considerably. While
most all atoms relax inward, a few atoms such as the
atoms in the fourth shell relax outward.

The above observations suggest that the atomic re
ations induced by a divacancy with large pairing JT dist

en
6-7
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tions are long-ranged along the@11̄0# direction, and decay
rapidly along the two other perpendicular directions givi
rise to quite an anisotropic relaxation pattern. As a resul
large and preferably anisotropic system is needed to simu
the divacancy in Si, so that all relevant propagation of atom
relaxations can be accommodated without making the n
ber of atoms in the system too large. The prolate Si246H186
divacancy cluster is one such cluster generated fr
Si206H158 with atoms added along the zigzag chains in

@11̄0# direction. Upon addition of atoms along the zigz
chain, the energetic stability of large pairing distortions a
enhanced, and atomic relaxations in higher shells increas
as much as 0.1 Å.

We have also carefully investigated the structure of
divacancy in its metastable RB configuration for all char
states. The calculated bond distances are also given in T
III. As shown in Fig. 7~c!, the magnitudes of the relaxation
in RB structures for the first shell~and subsequently highe
shells! are not as large as in lower-energy structures with
large pairing distortions. For example, the inward relaxat
of atoms 1 and 2~Fig. 5! for RB distortions is only

FIG. 7. ~a! Two zigzag chains of atoms in the@11̄0# direction
~the upper containing one of the vacant sites labeled byV) along
which the atoms relax considerably. The numbers labeling the
oms refer to the shell indices, not the atom indices in Fig. 5. T
largest relaxations occur along the upper chain with the atoms in
same shell relaxing mainly toward each other as shown by the
rows on the atoms. Half the atoms in the lower chain are bonde
atoms in the upper chain as shown by dotted lines. These bond
in the@111# direction parallel to the divacancy axis.~Hence, the two
chains arenot on the same plane!. The arrow on the fourth shel
atom in the lower chain indicates that the atom relaxes outw
from the vacant site.~b! Distortion amplitudes~in Å) as a function
of the shell index forV2

2 with large pairing distortions. Only dis
placements more than 0.05 Å are shown, corresponding main
the highlighted atoms in Fig. 1~b!. The distortion amplitudes
marked with circles refer to the upper chain of atoms containing
vacant site.~c! Same as in~b! for V2

2 with resonant bond distor
tions. Note the reduction in the magnitude of the relaxations co
pared to the case of large pairing distortions.
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20.36 Å, while that of atom 3 is20.39 Å. Figure 7~c!
also shows forV2

2 that the relaxations are not as long-rang
as in the large pairing distortion case.

4. Jahn-Teller energies

With respect to structural energetics, we find that the
laxation energies for the Si divacancy are 0.75, 1.1, 1.05,
1.35 eV for charge states of (1),(0),(2), and (22), re-
spectively. These values are slightly larger than those
ported in Ref. 26. For Jahn-Teller energiesEJT, we obtain
values of 0.10 eV, 0.22 eV, and 0.15 eV forV2

1 ,V2
0, andV2

2 ,
respectively. The JT energies are strongly dependent on
system size, as expected, due to the long-ranged nature o
relaxations. Figure 8 shows the size dependence ofEJT for
the neutral divacancy in Si for structures with large pairi
and RB distortions. As the size of the system is increa
from 9 shells to the prolate cluster with 25 incomplete she
the relative stability of the structures with large pairing d
tortions over RB distortions increases from 0.03 to 0.12
For the charge states of (1) and (2), we find that the struc-
tures with large pairing distortions are more stable than th
with RB distortions by 0.05 and 0.12 eV, respectively.

The calculatedEJT for (1) and (2) charge states are
smaller than the experimental values of 1.3 and 2.4 eV
analogy with the monovacancy, a minor source of the d
crepancy between the experimental estimates and the t
retical values can be attributed to the size of the syst
However, the main reason for the discrepancy should be
overestimate of experimental values arising from the lo
ranged character of the relaxations as discussed in the p
ous section. This latter observation actually helps underst
the structural energetics of divacancies in Si by offering
physical interpretation of experimental estimates of JT a
reorientation barrier energies and theoretical values. U
removing two atoms from a perfect Si lattice, each of s
neighboring atoms around the divacancy is left with one d
gling bond. Naturally, this is not an energetically very favo
able configuration, and the atoms try to form at least we
covalent bonds with each other. In the structures with la
pairing distortions, the paired atoms manage to do this
forming relatively strong covalent bonds~compared to the

t-
e
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r-
to
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rd

to

e

-

FIG. 8. Calculated Jahn-Teller energies ofV2
0 in Si as a function

of cluster size~given in terms ofNsh) for large pairing (LP,L) and
resonant bond (RB,h) distortions. Nsh525 corresponds to the
Si246H186 cluster.
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undistorted case! by moving toward each other by as muc
as 1.1 Å, resulting in a Si-Si bond distance near 2.80
This distance is only 20% larger than the ideal
bondlength, indicating the strength of the created bond
one were to focus just on this aspect of effectively elimin
ing the dangling bonds in the first shell, a quite large sta
lization energy would be obtained. However, when the pai
atoms move by such large amounts to form covalent bon
this results in stretching of the back bonds mainly along

@11̄0# direction which is energetically costly. As a result, t
strain goes out to large distances minimizing the cost of
torting the lattice. In a sense, the JT stabilization ene
emerges from two competing phenomena: the energy
from forming the relatively strong covalent bonds betwe
dangling atoms of the first shell at the expense of creatin
long-ranged strain to sustain the strong covalency.

The above observations suggest that the large experim
tal estimates forEJT are due to the particular atomic rela
ation patterns of the divacancy. As a matter of fact, the la
differences between the estimatedEJT @1.3 and 2.4 eV for
(1) and (2) charge states# and the reorientation barrier
between symmetry-equivalent distortions@0.07 and 0.06 eV
for (1) and (2) charge states# was a matter of controvers
in establishing the sense of the JT distortions.24,25Our calcu-
lations are in good agreement with the above reorienta
barriers assuming that in a simpleE3e ‘‘Mexican hat’’ po-
tential picture,20,24,27the reorientation barriers should corr
spond to the energy difference between the saddle point
distortions and large pairing distortions, which are calcula
to be 0.05 and 0.12 eV for (1) and (2) charge states, re
spectively. Finally, we note that another independent e
mate of EJT for the neutral divacancy comes from the 1
micron absorption band identified by Chenget al. as coming
from a filled pairing bond to the relatively unshifted sp
orbitals.28 In a simple degenerate perturbation theory, t
absorption band should be approximately twiceEJT for V2

0,
giving an estimate of 0.34 eV, quite close to the calcula
value of 0.22 eV.

5. Hyperfine coupling parameters

For additional comparisons with experimental results,
also calculated the hyperfine coupling parameters ofV2

1 and
V2

2 . In order to overcome the complications associated w
using pseudopotentials~i.e. the all-electron wavefunctions i
the core region are not readily available!, we adopted the
scheme of Van de Walle and Blo¨chl.29 The calculated isotro-
pic hyperfine parametera, anisotropic hyperfine parameterb,
localization (h2) and s component (a2) amounts at the
atomic sites in the first shell are given for bothV2

1 andV2
2 in

Table IV along with the experimental data.21,30 From the
large~25–30 %! localization amountsh2 and large isotropic
hyperfine parametersa at the atomic sites 3~or 6! for both
charge states, we see that the wave function for the unpa
electron mainly resides at these sites. In general, we obs
that the agreement between experimental and theoretica
perfine coupling parameters and wavefunction characters
structures with the large pairing distortions is very goo
Instead, our calculations for the isotropic hyperfine para
24520
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eters ofV2
2 with a relaxed RB distortion yielda5289 and 85

MHz at atomic sites 3 and 1, respectively, which are mu
too large compared to the experimental values of 195 and
MHz. These observations provide further evidence that
calculated structures with the large pairing distortions inde
correspond to the experimentally observed ground s
structures.

B. Germanium

The reduction in the magnitudes and spatial extents of
monovacancy-induced atomic relaxations in going from S
Ge is also found for the case of divacancies. This observa
has important consequences regarding the ordering of
divacancy-induced deep levels inside the band gap. As
cussed at the beginning of this section, when the pairing
distortions are small, the crossing between theag and au
levels is not observed. We find this to be the case for
charge states ofV2 in Ge, resulting in electronic configura
tions for pairing distortions,V2

1 :bu
1 andV2

2 :bu
2au

1 . More im-
portantly, we find that the relaxed structures ofV2 in Ge with
small pairing JT distortions have slightly higher ground st
energies compared to structures with RB distortions.

Table III shows the interatomic distances corresponding
relaxed atomic configurations with small pairing JT disto
tions of various charge states ofV2 in Ge. Even in the (2)
charge state with the largest relaxations, the paired atoms
pulled toward each other by only 0.43 Å ('11% of the
second-nearest neighbor distance!, in comparison to 1.1Å
found for Si. An indicator of the magnitude of the JT disto
tions is the deviation of the apex angleu ~subtended byd12
at the atomic site 3! from the bulk value of 60°. From ex
amination of theu values for Si and Ge divacancies wit
pairing type distortions, it is clear that the distortion mag
tudes are much smaller in Ge compared to Si. Such sm
pairing type distortions in Ge cannot induce the level cro
ing observed in Si. In addition to the smaller magnitudes
pairing type distortions in Ge, the relaxations associated w
V2 are not as long-ranged as in Si. Figure 9~a! shows the

TABLE IV. Hyperfine parameters (a andb), and wave function
localization (h2) ands component (a2) amounts at the atomic site
in the first shell forV2

1 andV2
2 with large pairing distortions. The

values in parentheses are experimental data~Refs. 21,30!.

Charge
state

Atomic
site

a ~MHz! b ~MHz! h2 ~%! a2 ~%!

V2
1 3 167.3 23.9 27.0 14.9

~147.7! ~27.7! ~27.7,31.0! ~11.7!

1 or 2 31.4 1.2 2.0 39.5
~22.5! ~1.93! ~2.0! ~22.0,25.0!

V2
2 3 239.5 17.2 22.1 25.8

~195.2! ~23.3! ~24.6,27.0! ~17.0!

1 or 2 39.0 3.9 4.8 20.1
~31.5! ~2.2! ~3.0! ~25.6!
6-9
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SERDAR ÖĞÜT AND JAMES R. CHELIKOWSKY PHYSICAL REVIEW B64 245206
distortion amplitudes as a function of the shell index
significant distortions (uDRu.0.04 Å) associated withV2

0.
All relaxations beyond the eighth shell are extremely sm
and the long-ranged pattern along the two zigzag chain
the @11̄0# direction found for the Si divacancy is practical
not observed in Ge.

Another important difference in divacancy-induced dist
tions between Si and Ge is found when structures with
type distortions are considered. The structural data for
distortions in Ge are also shown in Table III. Interesting
the values ofu indicate that the magnitudes of RB distortio
are larger in Ge(u'70°) compared to Si(u'64°) for all
charge states, unlike the case for pairing type distortio
Furthermore, the calculated distortion amplitudes@Fig. 9~b!#
clearly indicate that Ge atoms in the first few shells arou
V2 undergo much larger RB type relaxations in comparis
to pairing type distortions. For example, the relaxations m
nitudesuDR1u for atoms in the first shell are 0.45 Å~two
apex atoms! and 0.23 Å for RB distortions, while the calcu
lated uDR1u for pairing type distortions are 0.25 Å~two
apex atoms! and 0.21 Å.

The relative decrease in the magnitude of pairing type
distortions and the increase in the magnitude of RB dis
tions in going from Si to Ge suggest that the latter kind
distortions might lead to energetically more favorable str
tures for divacancies in Ge. We find this to be the case for
charge states ofV2 in Ge undergoing symmetry-lowerin
distortions. The calculatedEJT for RB type distortions are
0.09, 0.19, and 0.06 eV for (1), (0), and (2) charge states
respectively. However, the energy differences between
laxed structures with RB and pairing distortions are qu
small. In all charge states, we find that RB structures
energetically more favorable by only'0.03 eV. We believe
that such small energy differences calculated within LDA
not conclusively imply that the ground state structures ofV2
in Ge have RB distortions. More conclusive determinat
should come from EPR experiments, which can determ
the node versus amplitude behavior on the mirror plane
the C2h distortion.

FIG. 9. Distortion amplitudes~in Å) as a function of the shel
index for V2

0 in Ge with ~a! pairing, and~b! resonant bond distor
tions. Only distortions withuDRu.0.04 Å are shown.
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It is also important to note that the relaxation patterns
RB type distortions are significantly different compared
pairing type distortions. In pairing distortions observed in
the formation of strong covalent bonds between the pa
atoms creates a long-ranged propagation of relaxations a
the zigzag chains in the@11̄0# direction. For RB type distor-
tions in Ge, the decomposition of the atomic displaceme
with respect to the three perpendicular directions@11̄0#,
@111#, and@112̄#, shows that atoms in the first shell main
relax in opposite senses along the@112̄# direction: The apex
atom~atom 3 in Fig. 5! and the two other atoms~atoms 1 and
2! move toward each other, resulting in resonant bonds
tween atoms 3 and 1, and atoms 3 and 2. This observa
also offers a possible explanation of the change in the se
of the distortions for divacancies in Si and Ge. As discus
above, the formation of strong covalent bonds in the fi
shell of Si is favorable by a substantial amount~0.22 eV for
V2

0) in spite of the energetic cost of long-ranged strains alo
the zigzag chain. In the case of Ge, the energy gain fr
formation of covalent bonds becomes very comparable w
the energy cost of long-ranged distortions. As a result,
atoms around a vacant site prefer to form two weak reson
bonds. These bonds should still be less energetically fa
able compared to one strong covalent bond, but such a
figuration does not require the energetically costly lon
ranged strain associated with it.

When the divacancy calculations are performed at the
oretical lattice constant, we find that the magnitudes of
JT distortions~both pairing and RB type! in all charge states
increase substantially, as in the case of the monovacan
For example, for the case of pairing type distortions inV2

0,
the paired atoms get pulled toward each other by 0.85
~about 21% of the second nearest-neighbor distance! when
the calculations are performed at the theoretical lattice c
stant. Withd1253.10 Å andd1353.51 Å, this results in an
apex angle ofu552.5° indicating much larger relaxation
and JT distortions. However, even in this case, the mag
tudes of the distortions are not large enough for the le
crossing to occur inside the band gap. Finally, performing
calculations at the theoretical lattice constant also increa
the relative energetic stability of RB structures. For examp
the calculated energy difference between RB and pair
type distortions increases from 0.03 to 0.09 eV forV2

0.

V. SUMMARY

In this paper we have examined the structural and e
tronic properties of various charge states of monovacancieV
and divacanciesV2 in bulk Si and Ge from first principles
using a cluster method. For bothV and V2, the magnitudes
and spatial extents of the relaxations, and the degree of
Jahn-Teller distortions are smaller in Ge compared to Si.
the Si divacancy, we find large pairing Jahn-Teller distortio
in agreement with EPR experiments. The associated re
ations have an anisotropic and long-ranged character, w
has made it difficult for theoretical structural determinatio
of the Si divacancy. For the Ge divacancy, we find that b
pairing and resonant bond type Jahn-Teller distortions
6-10
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plausible candidates for ground state structures in all cha
states, with resonant bond structures being energetic
slightly more favorable. A conclusive determination of th
sense of the distortion for Ge divacancies could come fr
future EPR experiments. Finally, we find that the lattice co
stant at which the LDA calculations are performed~experi-
mental versus theoretical! could have an important effect o
the structural and electronic properties of defects. We beli
that it is important not to neglect this issue, and future st
o
L

w

n

,

24520
ge
lly

m
-

e
-

ies examining the effect of pressure and lattice constan
defect calculations should prove quite useful.
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