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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, (2,0,—,2—) of monovacancie¥ and diva-
canciesV, 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 fotdr@dV,. 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 perfofmquerimental versus theoretigad
also examined, and found to be quite important, especially for Ge.
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[. INTRODUCTION supercells model point defects reasonably well by minimiz-
ing the defect-defect interaction across the unit cells and the
Point defects, such as monovacancies and divacancies, gpurious dispersion of defect levels. Cluster calculations, on
the prototype elemental semiconductors have been the sutiie other hand, eliminate defect-defect interactions, and the
ject of many theoretical and experimental studies. Over theesulting defect-surface interactions are further minimized by
last three decades, researchers modeling such defects hagpropriately passivating the surface. In addition, cluster
had a variety of choices for their theoretical technigtiés. methods present easy and efficient control of convergence
the 1970's, the cluster method, in which the bulk defect isfor various physical properties by allowing intermediate sys-
simulated by a reasonably large cluster of atoms with a detem sizes. More importantly, the geometry of the clusters can
fect at the centet,was the most popular choice. Later, be altered in such a way that the finite system mimics the
Green’s function methods and more recently plane-wave sibulk defect as closely as possible without making the number
percell calculations within density functional theory becameof atoms in the system prohibitively large. For example, if
the favorite choices of theorists. In the last decade, advancébe defect-induced strains are only along a particular direc-
in electronic structure algorithms, particularly the successfution and otherwise decay rapidly away from it, it is important
implementations of real space methods basedabrinitio  to include many shells of atoms along this particular direc-
pseudopotentiaf$? have brought a new perspective in theo-tion. On the other hand, the inclusion of more atoms along
retical modeling of defects, namely the revival of clusterother directions would unnecessarily increase the computa-
methods. tional demand without bringing any significant physical dif-
While the plane-wave supercell methods present a wellference. In this way, one can model point defects with aniso-
established technique with many advantages for investigatropic strain patterns by using effectively much larger system
ing defect related propertie®.g., in calculating formation sizes than would be possible with conventional supercells or
energies and defect concentratiprduster methods can also isotropic spherical systems.
offer an efficient and accurate approach for structural prop- In the last few years, we have successfully applied the
erties, especially within a real-space formalism. In particularcluster method t@b initio pseudopotential investigations of
cluster calculations for charged defects can be implementeghonovacancie$V) and divacancies\(,) in crystalline Si>°
in a straightforward fashion without the need for a neutraliz-In fact, the use of prolate clusters by identifying the relevant
ing background charge. Easy parallelizability of the algo-relaxation patterns as discussed above has helped greatly in
rithms that do not use fast Fourier transforms, and efficientinderstanding the structural and electronic properties of
diagonalization of sparse Hamiltonians, which need not beharged divacancies in crystalline Si, which were found to
stored, are other important assets. As such, these advanaeshibit large pairing Jahn-Tell€dT) distortions. While point
have allowed us to perforrab initio cluster calculations of defects in Si have been investigated extensively both experi-
defects in semiconductors involving hundreds of afbtns mentally and theoretically with many different techniques,
and of optical gaps in Si quantum dots with more than 100@here have not been many studies on structural and electronic
atoms’ Another important feature of cluster methods for in- properties of defects in the other prototype group IV semi-
vestigating point defects is related to the flexibility in choos-conductor, the isovalent Ge. In this paper, in addition to pre-
ing the system size that simulates the defect. In supercefienting more details about our work &andV, in Si by
calculations, the most common system sizes used for defeeiso including different charge states, we make a compara-
calculations are supercells with 64, 128, or 216 atoms. Largéve study of the same point defects in Ge with Si. We find
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that the relaxation magnitudes associated with hoémdV,

in Ge are more strongly dependent on the lattice parameter at
which the calculations are performed. At the experimental
lattice constant, we observe that both the magnitudes and the
physical ranges of the relaxations in Ge are smaller than in
Si, with smaller JT distortions and energies. As a result, for
the case oiV,, we find that relaxed structures of Ge with
pairing type distortions do not exhibit a deep level crossing.
In fact, such relaxed structures 9§ in Ge with small pair-

ing JT distortions are more likely to correspond to local
minima, as they are found to be slightly higher in energy
than those with resonant bond type distortions.

In Sec. IlI, we discuss the computational details of our
work based on the real space higher-order finite-difference
pseudopotential method and a cluster approach for modeling
defects. In Sec. lll, we examine the electronic and structural
properties of monovacancies in bulk Si and Ge, commenting (b)
on the similarities and differences between the two group 1V
semiconductors, and the effect of the lattice parameter at
which the calculations are performed. Atomic relaxations,
wave function characters, Jahn-Teller energies, and hyperfine
parameters associated with neutral and charged divacancies
in Si and Ge are discussed in Sect. IV. Our results are finally
summarized in Sec. V.
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II. COMPUTATIONAL METHODS

AN

Our calculations were performed using a cluster method.
The bulk defects were simulated by bulk-terminated spheri-
cal and prolate Si and Ge clusters, which were passivated by
hydrogens at the boundaries. For the case of the monova-
cancyV, the origins of the clusters were taken to be at the
vacant site while for the divacancy,, the origins were
taken to be at the midpoint of the line connecting the two
vacant sites. Most of the clusters considered were terminated
from the bulk spherically with complete sheNs,=4 to 17 .
around the poiIr)1t defec)t/. In orderpto take ir:l%g account the, G- 1. Atomic structures of prolate cluste@ XasdHigo, (b)
anisotropic and long-ranged nature of the defect-induced r2edtase, used for modeling the monovacancy and divacancy, re-

. . . Spectively. H atoms are not shown. The black balls correspond to
laxations ywthout making the number of atoms too large, W8&he vacant sites. The highlighted atortis white) correspond to
also considered prolate CI_UStQ(%d_'lSO for V{ an_dx246HlSG atoms which undergo significant distortions due to the defect.
for V, (whereX denotes Si or Geas shown in Fig. 1. These

clusters have incomplete shells which include atoms onl . : _—
P Xast-Fourier transforms and results in sparse Hamiltonian

along directions with the largest atomic relaxations. As will . . .
be discussed in the next section, the largest JT distortions forpatrlces that need not be stored, has an easily paralielizable

20 n : o algorithm capable of handling several hundred atom systems
V™, V%, andv™ occur ?"9”9 the two perpendlcular directions in a straightforward fashion on parallel computers. We used
[110] and[110] containing the vacant site. The prolate clus-Troyllier-Martins pseudopotentials in nonlocal and local
ter Xa3dH1g0iS generated from thiegH14s Cluster by adding  forms for X and H, respectivel§.The calculations were per-
atoms along these zigzag chains. Similarly, the prolat§ormed within the local density approximati¢hDA) using
Xa4eH186 Cluster for simulating/, is built on top of the base  the exchange-correlation functional of Ceperley and Alder.
XaogH1ss Cluster with atoms added along the zigzag chains ofye ysed grid spacings 6f=0.75 and 0.6 a.u. for Si and Ge,
atoms in thg 110] direction containing the vacant sites. For respectively. We carefully checked the convergence of the
each cluster, onlyX atoms fully coordinated with otheX  physical results by reducingdown to 0.6 a.u(Si) and 0.45
atoms were relaxed. The atomic compositions, sizes, and theu. (Ge), upon which no significant changes on the relaxed
number of relaxed atoms for all clusters consideredfand  structures were observed. The kinetic energy in the finite
V, are given in Table I. difference expression was expanded to twelfth ordér. We

Electronic structure calculations within the framework of used zero boundary condition for the wavefunctions by re-
density functional theory were carried out in real space usinguiring them to vanish outside a spherical domain, which
the ab initio higher-order finite difference pseudopotential was 6.5—7.5 a.u. away from the last shell>ofatoms. The
method® This method, which does not require the use ofHartree potential was solved by discretizing the Poisson
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TABLE I. Sizes of H-passivated clusterX € Si or Ge used for 025 F

simulating the monovacandy and divacancy, given in terms of o5 | /\ ((0; __T:
the number ofX shellsNg,, atomic composition, and diameteds ’ (+) =—
Diameters are given for Si, and can be scaled with the lattice con- 0.05 | (24) —=—
stant ratio to calculate them for Ge. Also given are the number of °$_ -0.05 |
relaxedX atomsN,, for each cluster. For the prolad,sdH;g, and 5 015 | \‘E‘E‘\&ﬂ_ﬁ, .
XoaeH 186 Clusters, the dimensions refer to the smallest and largest 025 | @
values along different directions. 035 | \—‘\\h
) $
Defect Ngp Composition d (@A) Nio -045 3 05 7 9 11 25
vV 4 XaaHas 10.9 4 Number of Si shells
5 XagHeo 11.8 16 FIG. 2. Relaxation magnitudém A) of the first shell atoms as
6 X7oHzg4 133 28 a function of the cluster sizggiven in terms of the number of Si
7 XeeH76 141 34 shellsNgy) for V™ (¢ ),Vo(+),vT(0O), andV* *(X) in Si. Nega-
8 XogH100 15.4 46 tive sign means inward relaxation. The unconnected data points at
9 XoH100 16.1 58 Ngn=25 refer to values for the §jH;g Cluster.
12 XieeH124 18.8 86 . . . .
13 Xyo0H 148 19.4 08 with one or two electrons, respectively, while the uno_ccupled
13-25 XagHao 19.4-270 114 level remains doubly degenerate. In terms of atomic relax-
ations of the four atoms in the first shell, this distortion can
Vs, 4 XsgHa2 11.1 6 be viewed as two pairs being pulled toward each other to
7 XgaH7g 14.5 30 form weak covalent bonds on top of rad{éreathing mode
9 Xio8Hog 16.5 60 relaxations. Fo ™, the extra electron in the previously de-
11 X16H120 18.2 78 generatee level causes yet another JT splitting. As a result,
13 X0eH 158 19.7 114 we find that one of the two pairs in the first shell gets pulled
17 Xa16H105 225 188 toward each oth(_er slightly more than_ the other resulting in a
13-25 XoadH1s6 19.7-27.2 138 C,n Symmetry. Finally, fonv2* for which the highest occu-

pied state is at the valence band maximum and the deep
levels in the gap are fully unoccupied, we observe purely
equation and matching the boundary potential to a multipoléreathing mode distortiong.e., no JT distortions

expansion of the charge density with angular momentum  Figure 2 shows the magnitudes of the relaxations of the
=9 to 20. The above gnd Spacings and boundary Spherﬁrst shell atoms for various charge states of Si as a function
dimensions resulted in Hamiltonian matrices of up toof the cluster size. In agreement with recent
~320000(Si) and 625 00@e) for the case of prolate clus- calculations,*~**we find inward relaxation of the atoms for
ters. The Hamiltonians were diagonalized for self-consisten@ll charge states for large enough system sizes. The magni-
solutions of up to~750 eigenpairgfor Xs;¢H109 Using a  tude of the relaxations increases as the charge state changes
generalized Davidson algorithfhwith dynamical residual from (2+) to (—). This can be understood in terms of the
tolerance. The relaxed geometries for each charge state wes&engthening of the weak covalent bonds between the first
found without imposing any symmetry constraint using theshell of atoms upon addltlon of extra electror)s'. The size of
initially scaled variable metric minimization scheme of the cluster plays an important role in determining the mag-
Broyden’ F|etcher’ Go|dfarb, and ShaﬂﬁoWh”e small nitudes and signs of the relaxations. For example, for the
cluster calculations were performed sequentially on Craghree smallest clusters s, Sheteo, and SpoHs, the re-
C-90 and IBM SP2, large-scale calculations were run in parlaxations inv=" are found to be outward, in agreement with
allel on the T3E and SP2 using a domain decompositioriecent supercell calculation®.Similar outward relaxations

approach by mapping portions of the entire physical spacére also observed fov?>" in Ge when small clusters are
onto each processdt. used. Table Il shows the interatomic distances for the first

shell atoms in relaxed Si and Ge monovacancies for various
charge states.

When the calculations are performed at the experimental
The ideal monovacancy in both Si and Ge induces a nonlattice constants of 35.43 A) and Ge(5.66 A), we observe
degenerate, level in the valence band manifold and a triply that the magnitudes of the relaxations in the first and higher
degeneraté, deep level inside the band gap. Thislevel  shells are larger in Si than in Ge. This is in agreement with

accommodates three, two, one, and zero electrons for th@cent calculations of Fazziet al'® who found smaller
charge states o —,V°,V*, and V2", respectively. There- vacancy-induced distortions in Ge compared to Si. The gen-
fore, except fov?" the lattice should distort to remove the eral pattern of the relaxations can be described as an aniso-
degeneracy associated with the highest occupied stat&opic propagation along the zigzag chains of atoms in the
thereby gaining electronic energyIn our calculations, we perpendiculaf110] and [110] directions that contain the
find that forvV* andV?, the JT distortion reduces the ideal vacant site. Figure 3 shows the significant distortion ampli-
T4 symmetry toD,4 with the lowest deep level occupied tudes as a function of the shell index fgf in Si and Ge.

IIl. MONOVACANCIES IN SILICON AND GERMANIUM
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TABLE Il. Calculated interatomic distances and Jahn-Teller en- 0.0
ergies for relaxed monovacancies of Si and Ge in various charge i (LDA) ——
statesd, andd,, denote the distances between the paired atoms, 0.1 | (Exp) —~—
andd,, denotes the distances between atoms of different pairs. All - [
distances are in A, all energies are in eV. o, 02

o I

Defect dp, dp, d, Er < 03
Si V2 3.54 3.54 3.54 047
Si v* 3.38 3.38 3.53 0.05 Y N
Si V0 3.09 3.09 3.46 0.32 T3 5 7 9 11 13 25
Si vV~ 3.02 3.14 3.36 0.29 Number of Ge shells
Ge V?* 3.75 3.75 3.75 _ o _
Ge V' 372 372 3.99 0.02 FIG. 4. Relaxation magnitudém A) of the first shell atoms as

a function of the cluster siz@iven in terms of the number of Ge
shellsNg) for V° in Ge when the calculations are performed at the
experimental ¢) and LDA (<) lattice constantd\g,= 25 refers to
the GesHig Cluster.

Ge \V° 3.53 3.53 3.89 0.12
Ge V™ 3.36 3.52 3.72 0.08

The shown amplitudes correspond to the highlighted atoms . .
in Fig. 1) manifesting the degree of anisotropy in the the same chain and shell relaxing toward each other. Go-

propagation of the distortions. For the case of Sg. @], N9 away from these two particular chains in eittiet0],

the largest relaxations start from0.38 A in the first shell [110], or[001] directions, the relaxation decay quite rapidly.
and decay slowly to 0.07 A in the eighteenth shell. The shell For the case of Ge, on the other hand, the magnitudes of
indices with the largest relaxatiofirst, second, fifth,eighth, the relaxationgwhen the calculations are performed at the
thirteenth, and eighteentborrespond to the zigzag chains of €xperimental lattice constgrdre not only smaller compared

atoms passing through the vacant site in[tt0] and[lTO] _to Si, but also decay more rapidly along all directions includ-
directions. The distortions of the atoms along these twd"d the two particular zigzag chains. For example, as shown

hai | t llel to the chain directi ith atomi Fig. 3(b), the distortion amplitudes in the first shell are
Chains are aimost pardliel fo Ihe chain direciions wi aomonly 0.25 A, and decay to 0.02 A in the eighth shell. In

addition to the small and relatively short-ranged relaxations

0.4 (a) in Ge, th_e sign of the distortiolns are also different in various
0.3 shells with some atoms relaxing away from the vacancy.
While the theoretical lattice constant of Si is found to be
0.2 only 0.1% smaller than the experimental value, it is under-
0.1 l I estimated by 1.2% for Ge in our LDA calculations. In inves-
001 || I L tigations of defects within first principles approaches, there is
no general consensus as to whether the experimental or the
0.4 theoretically calculated lattice constant should be used in the
— (b) calculations. While we believe this usually does not make a
°$ 0.3 significant difference in calculations of the physical observ-
oY 0.2 ables(since either the discrepancy between theory and ex-
< 0.1 periment is very small, or the results are insensitive to the
I 0.0} ll ..... I. -------- Ko R lattice constant usgdwe observe that in some cases such as
0.1 Ge, the lattice constant has a substantial effect in the magni-
tude of the distortions and structural energetics.
0.4 (C) When the calculations are performed at the theoretical
0.3 lattice constant of 5.59 A for Ge, we find that the relaxations
0.2 of the atoms are significantly larger than those calculated at
0.1 l the experimental lattice constant. As shown in Fig) 3the
001 --I--l ---------- B L L. distortion amplitudes in the first shell are0.48 A, which
-0.1 are even larger than those of Si. On the other hand, the re-

2 4 6 8§ 1012141618 . . . : .
Shell index laxations still decay more rapidly compared to Si. This be-

havior of substantially larger distortions at the theoretical
FIG. 3. Distortion amplitudegin A) as a function of the shell lattice constant is more pronounced as the size of the system
index for (8 V° in Si, (b) V° in Ge at the experimental lattice IS increased. Figure 4 shows the magnitude of the relaxations
constant of 5.66 A(c) V° in Ge at the LDA lattice constant of in the first shell around the neutral Ge monovacancy as a
5.59 A. Only distortions witHAR|>0.05 A are shown ita). The  function of the system size for the cases of experimental and
long-ranged distortion amplitudes extending to the eighteenth shetheoretical lattice constants. The significant increases in the

in (a) correspond to atoms in tHd.10] and[110] zigzag chains Mmagnitudes of the first shell relaxations that occur in the
containing the vacant site. nine, thirteen, and eighteen shell clusters are due to the fact
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that these clusters allow the relaxations of extra shells of
atoms along the zigzag chains containing the vacant sites.
The increase in the magnitude of the JT distortions when
the lattice is contracted is also observed for Si. For example,
our calculations for the $jsHqog cluster find that the magni-
tude of the distortions in the first shéAR;|=0.33 A at the
experimental lattice constard,, increases to 0.37 and
0.45 A ata=0.9%,,, and 0.98.,,, respectively. Such in-
creases in the magnitude of the distortions are not too sur-
prising, as the decrease in the lattice constant makes it easier
for stronger covalent bonds to be formed between the pairs
of atoms in the first shell at a slightly lower expense of
weakening their back bonds. A similar version of the above
observations has already been reported in the literature by
Antonelli, Kaxiras, and Chadi regarding the effects of pres-
sure on the structure of the Si monovacahcyhese authors
found two distinct distortions associated wkt in Si, one

PHYSICAL REVIEW B4 245206

(b)

VI BIBI BSOS P08

(c)

L A

of which exhibited much larger JT distortions, but was an eg_CagA
unstable equilibrium configuration at zero pressure. At finite BN
pressures the authors suggested that this structure of the eu_cguﬁ
monovacancy with larger JT distortions should become S \\\3\\
dominant. Since the effect of the pressure is to reduce the

lattice constant, these earlier results are in agreement with (d) D3 G

L

our present calculations for Si and Ge.

Regarding structural energetics, the calculated Jahn-Teller bg N
energiesE;r (energy difference between the fully relaxed egﬁ fa‘uN
structures and those relaxed with a constraifigdymmetry Gy bgﬁ
are also given in Table Il. The calculatéd; of 0.05, 0.32, —_— \\\\\\\_\R\\

and 0.29 eV for the Si monovacancy in charge states of

(+), (0), and (—), respectively, do not seem to be in good FIG. 5. (a) Atomic structure ofV, with its six nearest neighbor
agreement with the experimental estimates of 0.4, 1.5, anatoms. The small shaded circles labeled\byepresent the vacant
2.1 eV. We believe that while the size of the system mightsites.(b)—(d) Electronic structures, level symmetries, and the cor-
play a minor role, the major source of the discrepancy has teesponding atomic structures viewed along[thkl] divacancy axis

do with the tendency to overestimate the experimeBtgl for the cases ofb) small pairing Jahn-Teller distortiofg) resonant
This tendency is greatly increased when the strain has a longond configuration, anti) large pairing Jahn-Teller distortion. The
ranged character, since the externally applied uniform stredstters A and N next to the level symmetries represent whether the
assists in the motion of all atoms involvéespecially in the level has amplitude or node, respectively, on the mirror plane of the

vacancy-containing zigzag chains alofigl0] and [110]). Cap distortion.
SinceE ;7 estimates come from projecting out only the stress ] ) . . ]
components for the first shell atoms, one might expect 4undistortedl structure, this results in a lattice with R34
large difference between the experimental and theoretic8ymmetry. The divacancy-induced defect levels areahe
Jahn-Teller energies for systems with |0ng_range(ﬁnd aig levels inside the valence band manifold and the two
distortions?® On the other hand, we expect that our valuesdoubly degenerate ones, labelegdande,, inside the band
should be slightly larger than the reorientation barriers begap. From electron counts associated with six dangling
tween symmetry-equivalent distortions, and we find this tobonds, the gap levels can accommodate one, two, and three
be the case as the experimental estimates of the reorientati@fectrons for charge stateg; ,V9, and V5 , respectively.
energies in Si are 0.013, 0.23, and 0.08 eV\idr,V°, and,  Since the(lower) e, level can accommodate up to four elec-
V™, respectively. For Ge, which exhibits smaller JT distor-trons, it implies that for the relaxed structure, thdevels
tions, we find, as expected, smaly; values of 0.02, 0.12, Wwill split as a result of a JT distortion which lowers the
0.08 eV for the (), (0), and (—) charge states, respectively. Symmetry and helps gain electronic energy. When the sym-
When the calculations are performed at the theoretical latticenetry is lowered toC,y,, eache level splits intoa and b,
constant of Ge, the calculated Jahn-Teller energies are fourgfoducing the four levels,,a, by, andb,. Of these,a,
to be larger than those calculatedaay,, e.9.,E;rincreases andb, have amplitudes, antl; anda, have nodes on the
to 0.22 eV for the neutral monovacancy. mirror plane of theC,,, distortion. This plane is the one that
contains the vacant sites and atoms 3 and 6 in K&. $he
important feature in understanding the electronic structure of
the simple divacancy in Si and Ge is related to the relative
Removing two adjacent atoms from a perfect group IVordering of these levels, which is determined by both the
semiconductor creates a simple divacanty In its ideal sense and the magnitude of the distortion.

IV. DIVACANCIES IN SILICON AND GERMANIUM
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With respect to the sense of ti, distortion, there are the case ofV,, Saito and Oshiyama found a RB type

two different ways in which the first shell of atoms around distortion? such that the electronic configuratiof, :a2b?

the divacancy can move. They can relax either in a pairingvould still explain the amplitude character of the highest
sense[Fig. 5b)], where atoms 1 and 2 are pulled toward gccupied state on the mirror plane. Pg§ , they found a
each other such thal,;<d;s=dyy(d;; being the distance girycture with a small pairing JT distortio] :bl), which
between atomsandj), or in a so-called resonant boli@B) 5 again consistent with the experimental wavefunction char-
configuration[Fig. 5(c)] whered;,>d;3=dz3. As illustrated  acter. Similarly, Seong, and Lewis reported a RB type distor-
in Fig. 5, the difference in the electronic structure for the twoyion, for v2.16 More recently, the 216-atom supercell calcula-
types of distortions is simply the reversal of theand b ong of Pesolzt al. found lower symmetry structures 6%

Ievels. split from botheg anq €y Ievgl_s. With respect to the symmetry changing from more of a pairing type to more of a
magnitude of a particulafeither pairing or RB distortion, RB type distortion in going fromV; to V, .2 The main

there are ‘?‘ISO different orderings of t_h_e four de_ep Ievgls. FO&isagreement of these theoretical calculations with the ex-
example, in the case of a small pairing JT distortjéig.

5(b)], the splittings ofa andb from eache level are small, so p(_arimental interpretations _of V\/_atkins and Corbett had_ to_do
that ihea anda. levels do not cross each other insic;e theWlth the sense of the JT dlst(_)rtlon. The experimental finding

U g = U the dear f th iring distortio of a rebonding by pairs, which was supported by both the
gap. Upon increasing e degree ot the pairng distortion, o165 of the JT energies and the wave function charac-
[Fig. S(d)]. it is possible for the uppea, level to dip below ters, did not seem to be confirmed by these calculations
the a, level (and even below thé, level for much larger

. . - o i which created an interesting controversy with regard to the
3:2:82:822 Similar situations exist for the case of the RB actual ground state structures of divacancies iff*Si.

. . . Our first principles calculations using a cluster method
The importance of these level orderings inside the ban(iie P P g

b ized wh iders th funct solved this theoretical controversy, confirming at the same
gﬁp ca? ; rect:_ogrlzle t;\’ en one con? ers d € wave ll.Jtn%' e the experimental interpretations of Watkins and
charactersparticuiarly the presence ot a node or ampiitude s, et The key aspect of our calculations is related to the

on the m|rr(t)_r plangof thih'gh%t _occuimed hs_tar;[e. EI_e(;:tron nature of the atomic relaxations associated with divacancies
paramagnetic resonan@ePR experiments, which can iden- in Si. It is important to recognize that although the wave

tify the node VErsus amplitude charac_ter of the unpalred ele.cf’unctions corresponding to defect-induced states decay rap-
tron on the mirror plane, help determine t_he possible _atom'?dly beyond the first-shell of atoms, atomic relaxations do
structures of various charge states\bf This was certainly not follow the same pattern. As such, a typical 64-atom su-

the case for determining the electronic and atomic Strucwreﬁercell used in most calculationsnist adequate to describe
of the divacancy in Si. the long-ranged and anisotropic relaxations that we find to be

associated with{),(0), and () states of the Si divacancy.

A. Silicon 2. Large pairing Jahn-Teller distortions

1. Experimental and theoretical findings Table Ill lists the interatomic distances corresponding to

The pioneering EPR experiments of Watkins and Corbetthe relaxed geometries of various charge state¥ofFor
from nearly 35 years agbestablished that for both+) and ~ Minimum-energy ground state structures with pairing distor-
(—) charge states of the divacancy in Si, the lattices have thBons, the magnitudes of the relaxations are quite large rang-
low the symmetry ofC,;,. From stress-induced defect align- ing from 0.86 A inV; to 1.08 A inV, for the paired
ment studies, they determined that thg, distortion occurs atoms near the divacancy. Such large relaxations for Whth
in a pairing sense. In addition, they observed that the highesindV, result in the uppea, level to dip below theo,, level,
occupied states for both charge states have amplitudes on tBe that the first two levels from the valence band maximum
mirror plane. The Jahn-Teller energigg; were estimated to have amplitude characters on the mirror plane of &g
be large, 1.3 and 2.4 eV faf, andV, , respectively. From distortion. This is in agreement with the EPR experiments of
these, Watkins and Corbett concluded that the JT distortiong/atkins and Corbett. Fov, , on the other hand, the level
associated with the divacancy in Si had to be large enougbrossing between thay and a, does not occurthe two
for the upperagy level to dip below the, (or evenb,) levels, levels are separated byl mRy in energy for the largest
so that the observed wavefunction characters, the sense duster consideregdhowever, since in this case only the low-
the distortion, and magnitudes Bf could be accounted for. est deep level is occupied/§ ;bﬁ), the amplitude character
In this picture, the resulting electronic configurations wouldof the wavefunction is again in agreement with EPR experi-
be V3 by (or ag) andV; :bjag (or ajby). A small pairing  ments.

JT distortion cannot be consistent with EPR experiments for As mentioned above, the size of the system that simulates
V, , since it would imply thebﬁaﬁ configuration which has the bulk divacancy is very important in determining its cor-
its highest occupied level with a node character in the mirrorect electronic structure. As an example, let us consider the
plane of theC,,, distortion. case ov\/g. Even for systems as large ag gtgg or SkesH120

Theoretical studies up to recently were not in agreemengwith 9 and 11 shells of atoms around the divacantiye
with the picture that emerged from these experimentatrossing betweem, anda, levels is not observed for the
interpretationg>16:22-20\iost of these calculations were per- relaxed structures. This does not mean that the pairing dis-
formed with plane waves using supercells of 64 atoms. Fotortions in the first shell of atoms are small. As a matter of
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H : 0 - . . . . . .
TABLE Ill. Relaxed atomic geometries df; ,\V5,V, , and  going from ShygH1sg t0 ShagHigs iS actually more evident in

2_ . B H —
V2 for Si and Ge. Atomic structure data for both pairif and o higher shells along td 10] direction as the magnitudes
resonant bondRB) distortions are givend;; is defined in the text . .
! of relaxations increase by as much as 0.1 A.

with respect to Fig. 5, and,,, is the distance of atoiinto the nearest A d e | id h of
vacant sited is the angle subtended oy, at the atomic site 3. All S a _Secon example, let l_JS consi _er t e Caswé)_
distances are in A, and angles in degrees. In the unreléxalk) When this charge state of the divacancy is simulated with the

geometry, §=60°d;,—dy5=3.84 Ad;,=ds,=2.35 A for Si,  ShadHgg cluster, the addition of the extra electron is still not

andd;,=d;3=4.00 Ad,,=d,,=2.45 for Ge. enough to induce a crossing between theanda, levels,
and the unpaired electron resides in &heevel which has a
Element Charge dj, dqs 0 dyq, ds, node on the mirror plane. In fact, the extra electron reduces
X the pairing JT distortion makind;,=3.19 A. Furthermore,
Sf (P) () 298 343 516 197 220 herejs almost no energy gain in the system upon undergoing
Si(P) © 285 337 501 192 215 yig JT distortion E;~0). If the extra electron is con-

Si (P) (=) 276 330 491 189 210 gpained to be in the amplitude stagg resulting in the
Si (RB) (+) 342326 633 209 204 12041 electronic configuration, the degree of the pairing JT

Si(RB) 0 3.40 314 655 203 198 (stortion increases considerably with,=2.90 A. How-

Si (RB) (=) 334 317 634 202 199 eyer, this configuration is 0.27 eV higher in energy than the
Si (2-) 329 329 600 205 205 structure with the small pairing JT distortion described
Ge(P) (+) 368 383 574 228 235 gpove. These calculated values are in very good agreement
Ge(P) 0 360 377 569 221 232 with the 64-atom supercell calculations of Saito and
Ge (P) (-) 357 371 576 219 227 Oshiyam&® Upon increasing the size of the system, the
Ge (RB) (+) 400 349 699 237 205 crossing betweem, and a4 levels inV, is observed for

Ge (RB) © 394 342 703 232 203  SiygHisg, and is further stabilized in the larger clusters.

Ge (RB) (-) 388 342 69.0 229 202

Ge (2-) 3.56 3.56 60.0 2.17 2.17 3. General pattern of relaxations

When the divacancy axis is taken along fli41] direc-
tion, one can describe the general pattern of the relaxations

fact, as shown in Fig. 6, where the first shell interatomic ) : : : .
distances are plotted as a function of the system size, th%S a long-ranged and anisotropic propagation along the zig

relaxations and the degree of the distortions are considerabfd chain of atoms in thel 10] direction. On the other hand,
large for these clusters. The first cluster in which the crossing’€ Magnitudes of the relaxations decay quite rapidly in the

between thea, and a, levels is observed forvg is the 111] direction on either side of the divacancy, and along

SiyodH1sg Cluster with 13 shells of atoms around the diva-[112] direction. In Fig. 1b), the highlighted portion of the
cancy. The distance between the paired atoms in the firluster corresponds to atoms which undergo significant dis-
shell of the relaxed system drops by about 0.1 A for thistortions mduc_eq by the divacancy. The dimensions of .th|s
cluster (Fig. 6). This is because increasing the system sizéPortion (containing 72 atomsare 26.9 , 10.2, and 6.6 A, in
from 11 to 13 shells allows us to relax an extra shell of atomghe [110], [111], and[112] directions, respectively. Such

along the zigzag chain of atoms in the10] direction. Upon  large variations along these perpendicular directions show
increasing the system size by including incomplete shells e degree of the anisotropic relaxations associated with a
to 25 (ShudHise the degree of the pairing distortions in- divacancy in Si. The largest relaxations occur along the two

creases further. The increase in the pairing distortions upol9zag chains, which contain the paired atoffies example,
atoms 1 and 2 in Fig.)5and the vacant site nearest to them.

35 4 As shown in Figs. #® and qb) for V, in Si, the inward

3.4 pairing relaxations of atoms along these zigzag chains in the
’ E_E\E\da [110] direction are very large, and decay slowly from
3.3 13 0.53 A in the first shell to as large as 0.07 A in the eigh-
g 32 teenth shell. The atoms in the same shell on opposite sides of
5 3.1 the divacancy relax mainly toward each other. The two atoms
3.0 not shown in Fig. 7a), which also have large inward relax-
29 l d12 ations of 0.25 A mainly along thigl12] direction, are in the
2.8 first shell around the divacan¢gtoms 3 and 6 in Fig.)5As
# shown in Fig. Th), in going from the zigzag chain contain-
9 NL%nber 3 i shells 25 ing the vacant site to the next one in {He.1] direction (half

the atoms of which are bonded to the first zigzag chahe

FIG. 6. First shell interatomic distances, andd,; (in A) for ~ magnitudes of the relaxations drop considerably. While al-
VY in Si as a function of the cluster sizéy=25 corresponds to the Most all atoms relax inward, a few atoms such as the two
SiysdH1gs Cluster. Note the sharp decrease in the distance betweedtoms in the fourth shell relax outward.
paired atoms,d;,, in going from Ng=11(SieH12) t0 Ngi The above observations suggest that the atomic relax-
=13(ShodH159) - ations induced by a divacancy with large pairing JT distor-
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Shell index

o —0.36 A, while that of atom 3 is—0.39 A. Figure Tc)
FIG. 7. (a) Two zigzag chains of atoms in thid 10] direction  also shows fol, that the relaxations are not as long-ranged

(the upper containing one of the vacant sites labele&/pylong a5 in the large pairing distortion case.
which the atoms relax considerably. The numbers labeling the at-

oms refer to the shell indices, not the atom indices in Fig. 5. The
largest relaxations occur along the upper chain with the atoms in the
same shell relaxing mainly toward each other as shown by the ar- With respect to structural energetics, we find that the re-
rows on the atoms. Half the atoms in the lower chain are bonded ttaxation energies for the Si divacancy are 0.75, 1.1, 1.05, and
atoms in the upper chain as shown by dotted lines. These bonds ate35 eV for charge states oft(),(0),(—), and (2-), re-
in the[111] direction parallel to the divacancy axilence, the two  spectively. These values are slightly larger than those re-
chains arenot on the same planeThe arrow on the fourth shell ported in Ref. 26. For Jahn-Teller energieg;, we obtain
atom in the lower chain indicates that the atom relaxes outwarg/alues of 0.10 eV, 0.22 eV, and 0.15 eV 6} ,Vg, andV, ,
from the vacant S|tdb) Distortion amphtudeiln A) as a function respect|ve|y The JT energles are Strongly dependent on the
of the shell index folV, with large pairing distortions. Only dis- system size, as expected, due to the long-ranged nature of the
pIacemen_ts more than 0:05 A are shown, (_:orre_sponding_mainly tPalaxations. Figure 8 shows the size dependencg effor
the highlighted atoms in Fig. (b). The distortion amplitudes o haytral divacancy in Si for structures with large pairing
. . - X %nd RB distortions. As the size of the system is increased
e e o o et ffom 9 shells o he prolat luser wih 25 ncompet shels,
pared to the case of large pairing d?stortions the.relatlve stab|llty of the st.ructures with large pairing dis-
' tortions over RB distortions increases from 0.03 to 0.12 eV.

i — For the charge states of-() and (—), we find that the struc-
tions are long-ranged along tfé10] direction, and decay yres with large pairing distortions are more stable than those
rapidly along the two other perpendicular directions givingyith RB distortions by 0.05 and 0.12 eV, respectively.
rise to quite an anisotropic relaxation pattern. As a result, a The calculatedE; for (+) and (—) charge states are
large and preferably anisotropic system is needed to simulatgnaller than the experimental values of 1.3 and 2.4 eV. In
the divacancy in Si, so that all relevant propagation of atomignajogy with the monovacancy, a minor source of the dis-
relaxations can be accommodated without making the numgrepancy between the experimental estimates and the theo-
ber of atoms in the system too large. The prolatedhss  retical values can be attributed to the size of the system.
divacancy cluster is one such cluster generated fromyowever, the main reason for the discrepancy should be the
SipoeH1sg With atoms added along the zigzag chains in thegyerestimate of experimental values arising from the long-
[110] direction. Upon addition of atoms along the zigzagranged character of the relaxations as discussed in the previ-
chain, the energetic stability of large pairing distortions areous section. This latter observation actually helps understand
enhanced, and atomic relaxations in higher shells increase hile structural energetics of divacancies in Si by offering a
as much as 0.1 A. physical interpretation of experimental estimates of JT and

We have also carefully investigated the structure of Sireorientation barrier energies and theoretical values. Upon
divacancy in its metastable RB configuration for all chargeremoving two atoms from a perfect Si lattice, each of six
states. The calculated bond distances are also given in Tabheighboring atoms around the divacancy is left with one dan-
[ll. As shown in Fig. 7c), the magnitudes of the relaxations gling bond. Naturally, this is not an energetically very favor-
in RB structures for the first shefand subsequently higher able configuration, and the atoms try to form at least weak
shellg are not as large as in lower-energy structures with theovalent bonds with each other. In the structures with large
large pairing distortions. For example, the inward relaxationpairing distortions, the paired atoms manage to do this by
of atoms 1 and 2(Fig. 5 for RB distortions is only forming relatively strong covalent bondsompared to the

4. Jahn-Teller energies
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undistorted cageby moving toward each other by as much  TABLE IV. Hyperfine parametersa(andb), and wave function

as 1.1 A, resulting in a Si-Si bond distance near 2.80 A localization (%) ands component &) amounts at the atomic sites
This distance is only 20% larger than the ideal Sjin the first shell forV§r andV, with large pairing distortions. The
bondlength, indicating the strength of the created bond. I¥alues in parentheses are experimental d&tfs. 21,30

one were to focus just on this aspect of effectively eliminat- :
ing the dangling bonds in the first shell, a quite large stabi-Charge Atomic a (MHz) b (MHz)  #* (%) a? (%)

lization energy would be obtained. However, when the paired Staté  site

atoms move by such large amounts to form covalent bonds,2+ 3 167.3 23.9 27.0 14.9

thiiresults in stretching of the back bonds mainly along the 1477 (7.7 (27.7.31.0 (117

[110] direction which is energetically costly. As a result, the

strgin goes out to large distances minimizing.t_he cost of dis- 1or2 31.4 1.2 2.0 395

torting the lattice. In a sense, the JT stabilization energy 225 (193 (2.0 (22.0,25.0

emerges from two competing phenomena: the energy gain

from forming the relatively strong covalent bonds between,, - 3 2395 17.2 221 258

dangling atoms of the first shell at the expense of creating a’ (1952 (233 (24.6.27.0 (17.0

long-ranged strain to sustain the strong covalency. ' ' R '
The above observations suggest that the large experimen- lor2 390 3.9 48 20.1

tal estimates folE ;1 are due to the particular atomic relax-
ation patterns of the divacancy. As a matter of fact, the large
differences between the estimatBg [1.3 and 2.4 eV for

(+) and () charge statdsand the reorientation barriers eters ofv; with a relaxed RB distortion yield= 289 and 85

between symmetry-equivalent distortiofs07 and 0.06 €V 7 at atomic sites 3 and 1, respectively, which are much
for (+) and (—) charge statdsvas a matter of controversy 144 |arge compared to the experimental values of 195 and 32
in establishing the sense of the JT distorti6h€:Our calcu-  \Hz. These observations provide further evidence that the
lations are in good agreement with the above reorientatioga|cylated structures with the large pairing distortions indeed

barriers _assunai&gﬂthat in a simde< e “Mexican hat” po-  correspond to the experimentally observed ground state
tential picture’>**?’the reorientation barriers should corre- giryctures.

spond to the energy difference between the saddle point RB
distortions and large pairing distortions, which are calculated
to be 0.05 and 0.12 eV for¥) and (—) charge states, re-
spectively. Finally, we note that another independent esti- The reduction in the magnitudes and spatial extents of the
mate of Ejr for the neutral divacancy comes from the 1.8 monovacancy-induced atomic relaxations in going from Sito
micron absorption band identified by Cheetgal. as coming  Ge is also found for the case of divacancies. This observation
from a filled pairing bond to the relatively unshifted spin has important consequences regarding the ordering of the
orbitals?® In a simple degenerate perturbation theory, thisdivacancy-induced deep levels inside the band gap. As dis-
absorption band should be approximately twigg for V9, ~ cussed at the beginning of this section, when the pairing JT

giving an estimate of 0.34 eV, quite close to the calculatedlistortions are small, the crossing between &eand a,
value of 0.22 eV. levels is not observed. We find this to be the case for all

charge states 0¥, in Ge, resulting in electronic configura-
tions for pairing distortionsy :b} andV, :bZal. More im-
portantly, we find that the relaxed structures/fin Ge with

For additional comparisons with experimental results, wesmall pairing JT distortions have slightly higher ground state
also calculated the hyperfine coupling parametergofand  energies compared to structures with RB distortions.
V, . In order to overcome the complications associated with Table Il shows the interatomic distances corresponding to
using pseudopotentialge. the all-electron wavefunctions in relaxed atomic configurations with small pairing JT distor-
the core region are not readily availahleve adopted the tions of various charge states ¥ in Ge. Even in the €)
scheme of Van de Walle and Bibl. > The calculated isotro- charge state with the largest relaxations, the paired atoms get
pic hyperfine parametex, anisotropic hyperfine parameter  pulled toward each other by only 0.43 A<@1% of the
localization (%) and s component &%) amounts at the second-nearest neighbor distance comparison to 1.1A
atomic sites in the first shell are given for bath andV, in  found for Si. An indicator of the magnitude of the JT distor-
Table IV along with the experimental data>® From the tions is the deviation of the apex angle(subtended byl;,
large (25—30 % localization amounts;? and large isotropic  at the atomic site 3from the bulk value of 60°. From ex-
hyperfine parametera at the atomic sites Bor 6) for both  amination of the# values for Si and Ge divacancies with
charge states, we see that the wave function for the unpairgghiring type distortions, it is clear that the distortion magni-
electron mainly resides at these sites. In general, we obsertedes are much smaller in Ge compared to Si. Such small
that the agreement between experimental and theoretical hpairing type distortions in Ge cannot induce the level cross-
perfine coupling parameters and wavefunction characters fang observed in Si. In addition to the smaller magnitudes of
structures with the large pairing distortions is very good.pairing type distortions in Ge, the relaxations associated with
Instead, our calculations for the isotropic hyperfine paramy¥, are not as long-ranged as in Si. Figur@9shows the

(31.5 (2.2 3.0 (25.6

B. Germanium

5. Hyperfine coupling parameters
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It is also important to note that the relaxation patterns in
0.4 RB type distortions are significantly different compared to
0.3 (a) pairing type distortions. In pairing distortions observed in Si,
0.2 the formation of strong covalent bonds between the paired
~ o1 atoms creates a Iong-rarged propagation of relaxations along
°$ ool J... ||, ...... L I ______ Lol the zigzag chains in thel 10] direction. For RB type distor-
(a7 ) tions in Ge, the decomposition of the atomic displacements
<|1 0.4 with respect to the three perpendicular directigislO],
0.3 (b) [111], and[112], shows that atoms in the first shell mainly
0.2 relax in opposite senses along {Hel2] direction: The apex
0.1 ||I atom(atom 3 in Fig. 3 and the two other atom&toms 1 and
0.0k J .. ||| ...... L ||I ..... L L 2) move toward each other, resulting in resonant bonds be-
tween atoms 3 and 1, and atoms 3 and 2. This observation

12 éhedlrl il’?de)? 78 also offgrs a_possible gxplangtion_ of t_he change in t_he sense
of the distortions for divacancies in Si and Ge. As discussed
FIG. 9. Distortion amplitudegin A) as a function of the shell above, the formation of strong covalent bonds in the first
index for V3 in Ge with (a) pairing, and(b) resonant bond distor- shell of Si is favorable by a substantial amo(®22 eV for
tions. Only distortions witHAR|>0.04 A are shown. Vg) in spite of the energetic cost of long-ranged strains along
the zigzag chain. In the case of Ge, the energy gain from
distortion amplitudes as a function of the shell index forformation of covalent bonds becomes very comparable with
significant distortions |AR|>0.04 A) associated Witl’\/g. the energy cost of long-ranged distortions. As a result, the
All relaxations beyond the eighth shell are extremely smallatoms around a vacant site prefer to form two weak resonant
and the long-ranged pattern along the two zigzag chains ibonds. These bonds should still be less energetically favor-
the[110] direction found for the Si divacancy is practically able compared to one strong covalent bond, but such a con-
not observed in Ge. figuration does not require the energetically costly long-
Another important difference in divacancy-induced distor-fanged strain associated with it.
tions between Si and Ge is found when structures with RB  When the divacancy calculations are performed at the the-
type distortions are considered. The structural data for REpretical lattice constant, we find that the magnitudes of the
distortions in Ge are also shown in Table IIl. Interestingly, JT distortions(both pairing and RB typein all charge states
the values o indicate that the magnitudes of RB distortions increase substantially, as in the case of the monovacancies.
are larger in Ge~70°) compared to Sf~64°) for all  For example, for the case of pairing type distortions)/ﬁ)
charge states, unlike the case for pairing type distortionghe paired atoms get pulled toward each other by 0.85 A
Furthermore, the calculated distortion amplitufiely. Ab)]  (@bout 21% of the second nearest-neighbor distandeen
clearly indicate that Ge atoms in the first few shells aroundhe calculations are performed at the theoretical lattice con-
V, undergo much larger RB type relaxations in comparisortant. Withd;,=3.10 A andd;3=3.51 A, this results in an
to pairing type distortions. For example, the relaxations magapex angle of¢=52.5° indicating much larger relaxations
nitudes|AR,| for atoms in the first shell are 0.45 &wo  and JT distortions. However, even in this case, the magni-
apex atompand 0.23 A for RB distortions, while the calcu- tudes of the distortions are not large enough for the level
lated |AR,| for pairing type distortions are 0.25 Atwo  crossing to occur inside the band gap. Finally, performing the
apex atompand 0.21 A. calculations at the theoretical lattice constant also increases
The relative decrease in the magnitude of pairing type Jthe relative energetic stability of RB structures. For example,
distortions and the increase in the magnitude of RB distorthe calculated energy difference between RB and pairing
tions in going from Si to Ge suggest that the latter kind oftype distortions increases from 0.03 to 0.09 eV Vg
distortions might lead to energetically more favorable struc-
tures for divacancies in Ge. We find this to be the case for all
charge states of/, in Ge undergoing symmetry-lowering
distortions. The calculate;; for RB type distortions are In this paper we have examined the structural and elec-
0.09, 0.19, and 0.06 eV forK), (0), and (~) charge states, tronic properties of various charge states of monovacaities
respectively. However, the energy differences between reand divacancie¥/, in bulk Si and Ge from first principles
laxed structures with RB and pairing distortions are quiteusing a cluster method. For bothandV,, the magnitudes
small. In all charge states, we find that RB structures ar@and spatial extents of the relaxations, and the degree of the
energetically more favorable by only0.03 eV. We believe Jahn-Teller distortions are smaller in Ge compared to Si. For
that such small energy differences calculated within LDA dothe Si divacancy, we find large pairing Jahn-Teller distortions
not conclusively imply that the ground state structure¥of in agreement with EPR experiments. The associated relax-
in Ge have RB distortions. More conclusive determinationations have an anisotropic and long-ranged character, which
should come from EPR experiments, which can determinéas made it difficult for theoretical structural determinations
the node versus amplitude behavior on the mirror plane 06f the Si divacancy. For the Ge divacancy, we find that both
the C,y, distortion. pairing and resonant bond type Jahn-Teller distortions are

V. SUMMARY
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plausible candidates for ground state structures in all charges examining the effect of pressure and lattice constant in
states, with resonant bond structures being energeticallgefect calculations should prove quite useful.

slightly more favorable. A conclusive determination of the

sense of the distortion for Ge divacancies could come from ACKNOWLEDGMENTS
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