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Dimer of substitutional carbon in silicon studied by EPR andab initio methods

J. R. Byberg
Institute of Chemistry, University of Aarhus, DK-8000, Denmark

B. Bech Nielsen and M. Fanciulli
Institute of Physics and Astronomy, University of Aarhus, DK-8000, Denmark

S. K. Estreicher
Department of Physics, Texas Tech University, Lubbock, Texas 79409-1051

P. A. Fedders
Department of Physics, Washington University, St. Louis, Missouri 63130-1105
(Received 31 August 1999

An EPR signal observed in carbon-doped float-zone silicon after irradiation with 2-MeV electrons at room
temperature has been investigated. It represents a defec$wi%h an apparently isotropig factor (=2.0030,
and a complicated hyperfine structure frét8i nuclei in five shells that are consistent with an overall trigonal
symmetry. Subtle asymmetries of the hyperfine pattern indicate the presence of a small trigonal component of
the g tensor as well. An additional pair of satellite lines is identified by the relative inteflsiy as arising
from 3C in natural abundance, occupying two equivalent sites on the trigonal axis. Several defect structures
that contain two equivalent carbon atoms on a trigonal axis were investigatedb liyitio Hartree-Fock
calculations. Only the negative charge state of a dicarbon cent€; Cin which the carbon atoms occupy
adjacent substitutional sites, was found to be consistent with the EPR data.

. INTRODUCTION dition, doped with tin enriched to 8793°Sn at a concentra-
tion level of 1d8cm 3. A typical sample had a volume of
Carbon is an important impurity in silicon, which may about 2<x4X 6 mnt.

strongly influence the course of radiation-induced processes The samples were mounted inside a vacuum chamber
in this material. Thus substitutional carbongf@ffectively  with a background pressure of about ®@orr on a copper
traps the self-interstitial (9i thereby forming a silicon- block attached to the cold stage of a closed-cycle helium
carbon(100 split-interstitial denoted C* C; becomes mo-  cryocooler, and irradiated with 2-MeV electrons to a typical
bile in the lattice slightly above room temperature and maydose of about 1§cm 2. The temperature on the copper
become trapped at substitutional carbon. The resulting metaiock was monitored during the irradiation, and the electron
stable complex GC; has been studied in great defaif. The  flux was chosen so that the block temperature was always
mere fact that carbon atoms come close together during elegsithin the limits 300—380 K. During the irradiation the elec-
tron irradiation of carbon-doped silicon near room temperatron beam was swept horizontally and vertically to ensure a
ture opens the possibility that other types of dicarbon defecthomogeneous lateral distribution of defects.
could also arise. In the present work one such defect has
been detected by the associated electron paramagnetic reso- _
nance(EPR signal. The observed properties of the new di- B. Equipment

carbon defect combined with the resultsatif initio Hartree- The EPR spectra were recorded with a Bruker ESP 300E
Fock calculations strongly indicate that the carbon atomsgpectrometer operated Xtband(9.3-9.5 GHz in the ab-
occupy adjacent substitutional sites, and the defect is accordorption mode. The static magnetic field was modulated at
ingly labeled G-Cs. The structure involves a direct carbon- 100 kHz, except when resolution enhancement via third-
carbon bond, thus contrasting that of-C;, in which the  harmonic detection was employgfl.in that case the field
carbon atoms are linked through a bridging silicon atom.  was modulated at 33 kHz, while the EPR signal was detected
at 100 kHz. The microwave frequeney and the magnetic
field By were monitored continuously with an electronic
[l. EXPERIMENTAL METHODS counter and a NMR gaussmeter. Sample temperatures in the
range 3—300 K were obtained with an APC Heli-trans liquid-
helium flow cryostat. The samples were glued with epoxy
The samples used in this study wererallype float-zone resin to a silver rod that was screwed into the cold block of
silicon doped with carbon having the natural composition ofthe cryostat, and thermally shielded by a thin-walled, sil-
isotopes, 98.9%°C and 1.1%C. The carbon concentration vered brass tube. A quartz tubE0 mm in diameterserving
was about X 10, and the content of phosphorus was in theas a vacuum shroud allowed the sample to be centered in the
range 1x 101°-5x 10%cm™3. A set of samples was, in ad- cylindrical room-temperature cavity. The samples were

A. Sample preparation
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mounted on a face coinciding with the (Q)Lplane, i.e., with B, [001]

the[110] crystal axis along the axis of the cryostat-cavity 9.152 GHz

assembly, around which the magnet could be rotated. Those x100 ' x100
samples containing tin displayed a strong EPR signal from

Sn\WP (G29).” Because this signal is extremely anisotropic, J\AN W

By could be aligned with any of the main axes of the sample

([001], [110], and[111]) to within 0.05°.

C. Analysis of spectra a W AA/V"V

The spin Hamiltonian parameters representing the EPR
signal discussed below were derived from the line positions
measured at 200 K fdB, aligned with the three major axes,
by means of computer simulations of the entire signal. The
hyperfine tensors describing the satellite lines arising from
293 nuclei were taken from the outset to be axial and, except
for one set of equivalent silicon sites, with the unique axis b
along a(111) direction. Hence only two parameters per hy-
perfine tensor, rather than six, had to be fitted to the spectra.
This proved to be an adequate approximation.

| 1 | | | I | | |
lll. EXPERIMENTAL RESULTS 3250 326.5 T 3280

A. EPR signal of the dicarbon defect Magnetic Field (mT)

In a recent EPR study of defects irtype silicon doped . )
with tin and carbon, an almost isotropic EPR signal, consist- FIG. 1. Curvea: GGA-2 signal recorded at 200 K with, along
ing of a strong central line and two pairs of fairly intense _[001]. S_trong_ sa;gel_lltes cl_o_se to the central line arise from hype_rfme
satellite lines, was observed after heavy irradiation withteraction with™sinuclei in five shells, whereas the weak replicas
2_MeV electrons at room temperatt?reWe have now ob- qf the .cerlgrcal grouplwnh relatl\{e |ntenS|ty.(.‘.).011 reflect the interac-
served the same signal in a setefype samples doped with t!on with _nuclel in two equivalent positions. Cu_r\be Simula-
carbon but containing no tin. We can therefore rule out th%on of_the _S|gnal calcu_lated from the parameters in Table | and a
. P . aussian line shape with a peak-to-peak width of 0.07 mT.
involvement of tin in the associated defect, although the best
signal-to-noise ratio was obtained in the tin-doped samples.
The signal represents a defect with electron §irg. Theg  Spin isl=3, an electron-spin density at a single silicon site
value (2.0030 and the separation and relative intensities ofwill result in a pair of satellite lines with a relative intensity
the satellites all agree with those reported 30 years ago for aof 0.024 rather than 0.011 as observed. Moreover, if the sat-
unidentified, cubic EPR signal labeled GGA-hich was ellites were assumed to arise from defects contairting
observed im-type (phosphorus-dopedsilicon after irradia-  2°Si nuclei in a shell ofn equivalent silicon sites, then de-
tion with 30-MeV electrons at room temperature. We therefects containing just oné®Si in that shell should yield two
fore adopt the label GGA-2 for the signal observed in ourreplicas of the central signal with relative height close to
samples. 0.15 and separated by half the distance between the weak

The two pairs of intense satellite lines, which depend onlysecond-order replicas. As can be seen in Fig. 1, carve
slightly on the orientation oB,, may be ascribed reasonably such strong replicas exist. Instead we assign the weak satel-
to hyperfine interaction witt¥°Si nuclei in many equivalent lites to *3C. This is the only stable isotope of carbon with
positions. Owing to their natural abundances, neither of th@onzero spin =3) and, since the natural abundance is
other possible candidateS’C and®'P, is a likely source of 1.11%, a hyperfine interaction with*C occupying two
these satellites. However, the very good signal-to-noise ratiequivalent carbon sites will give rise to a pair of satellite
for the samples containing tin allowed the detection of a selines of precisely the observed relative intensity. In order to
of weak satellite lines corresponding to a strongly anisoyield the observed signal for all directions Bf,, the two
tropic hyperfine tensor with trigonal symmetry. WhBpis  carbon sites must be magnetically indistinguishable. More-
directed alond001], these satellites therefore coalesce intoover, the trigonal symmetry of the hyperfine tenemmmon
one pair of weak replicas of the central GGA-2 signal, eacHo both sitegindicates that the carbon atoms are both located
replica having a relative signal height of 0.010.001(see on the[111] symmetry axis. The principal values of the hy-
Fig. 1, curvea). Owing to the very accurate alignment perfine tensoA(**C) are given in Table I. Interpreted within
(0.059 attained via the Sn¥signal, the observed heights are the conventional model of linear combination of atomic or-
proportional to the relative intensities to a very good ap-bitals by means of the hyperfine coupling constants associ-
proximation despite the markedly different angular varia-ated with the 2 and 2 atomic orbitals of carboff the
tions of satellites and the central signal. The observed reldayperfine parameters yield the spin populatiopg;(C)
tive intensity of the weak satellites shows that they cannot=0.024 andp,,(C)=0.28 on each of the two carbon atoms,
arise from hyperfine interaction witf’Si nuclei: Since the if the principal values ofA(**C) are assumed to have the
natural abundance of this isotope is 4.67% and its nuclessame sign. If opposite signs are assumed, we ohtai(C)
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TABLE I. Spin Hamiltonian parameters for the GGA-2 sighéCs-Cs) ~]. All terms are axial with the
unique axis denoted. Principal valuesA, andA, of A(*3C) andA,(?°Si) are given in MHz. The same sign
is assumedor A, and A, , corresponding to a positive net spin density at all nuclei. Limits of egpr:
+0.0001;g,—g, , =0.000 01;A(**C), =1 MHz; andA,(?°Si), +0.2 MHz.

Term (Il) value (L) value Z No. of sites

g 2.00309 2.00300 [117]

A(*%C) 129.3 47.6 [111] 2

AL(%Si) -21.3 -14.1 [111] 6

A,(%Si) -17.5 -16.7 [1171] 6

As(%Si) -11.2 -7.9 [111][111][111] two each

Al(2Si) -6.0 -73 Z1 [110][101][011] four each

£(Z,[111])=37°

As(%°Si) -23 -1.6 [111] ~8
=0.003 andp,,(C)=0.55. In either case a substantial frac- C. Symmetry of the dicarbon defect
tion of the electron spin is localized on the two carbon at-  All terms in the spin Hamiltonian for the dicarbon defect
oms. are consistent with a defect symmetry as higlbag. How-

ever, since the derivation was based on EPR spectra obtained
_ _ o at 200 K to avoid interference with other signals emerging at
B. #Si hyperfine splittings lower temperatures, the observed symmetry might conceiv-

As noted already, the pattern of strong satellite lines in théPly arise from swift jumps of the defect among equivalent
GGA-2 signal suggests hyperfine interactions wWitBi nu- cppﬂguranons_ around thg trigonal axis. To check th|_s possi-
clei occupying sets of equivalent sites. The shape of the saP—'“ty' we monitored the_ signal foB, parallgl to[100] right
ellite lines is somewhat asymmetiisee Fig. 1, which indi- down to 3.3 K. No splitting of the central line was observed,
cates that the observed lines in fact consists of unresolved,
discrete components. This was borne out by recording the
signal with resolution enhancement, as illustrated in Fig. 2,
curvesa, b, andc, for By along the three main axes. A
substantial number of hyperfine lines are now resolved. The
hyperfine pattern of the signal recorded wigh parallel to
[001] (curvea) is symmetric about the central line. In con-
trast, those observed f@;, along the other two major axes
are clearly asymmetric, which immediately shows thatghe
factor cannot be strictly isotropic. The curves labedédb’,
andc’, in Fig. 2 are simulations obtained with five sets of
axial hyperfine tensorgA; (°Si)}, i=1-5, given in Table |,
and with the assumption that the correspondifsi nuclei Byll[111]
belong to shells containing six, six, six, 12, and 8 equivalent
silicon sites. In addition, a small trigonal component of ghe
tensor was introduced to account for the asymmetries ob-
served forB, along[111] and[110]. The setdA,(?°Si)} and
{A,(*Si)} both have their common unique axis directed
along the trigonal axi111], whereas the axes ¢A3(?°Si)}

points along 111], [111], or[111], and the tensors of the
set{A,(?°Si)} are monoclinid with the unique axes inclined
at 37° to thd 111] direction. As is apparent from the fit to the
experimental curves, the axial tens#xg2°Si) yield an ad- | | |
equate representation of the hyperfine pattern. We note, how- 326.0 326.4 326.8
ever, that while the first four sets of tensors could be unam-
biguously determined apart from the signs Af and

Al {AS(ZQSi)}’ the numbers of sites in the fifth shell must FIG. 2. GGA-2 signal recorded with third-harmonic detection
be considered as crude estimates only, because the shapei@fg aligned with the three main axdsurvesa, b, andc). The
the satellites closest to the main lines may be distorted by thgyperfine pattern of curvais symmetric with respect to the central

.rescl)l_ution-enhancement procedgre. The total spin populatiofhe, whereas those of curvésandc are asymmetric, indicating a
in silicon 3s and 3 orbitals, estimated from the values of small trigonal anisotropy of thg factor. Curvesa’, b’, andc’ are

A, (?°sSi) andA,(?°Si) all taken with the same sign, i€Si)  simulations calculated from the parameters of Table | and a Gauss-
=0.31. ian line shape with a peak-to-peak width of 0.018 mT.

I I I

By||[001]

B,l|[110]

Magnetic Field (mT)
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from which we infer that the trigonal symmetry seen at 200to unity for an ideal two-electron covalent bonénd the

K is retained to within the spectral resolution. This stronglyspin densitiesn each atomic orbital or summed over atoms.
indicates that the trigonal symmetry characterizes the ground The results for G C, were also tested in a 128-atom su-
state of the defect rather than results from a thermally actipercell using arab initio tight-binding molecular-dynamics
vated process. We note, however, that the observations dapproactf based on density-functional theory. For the neu-
not exclude that rapid tunneling among nontrigonal configutral charge state, the results closely agree with those obtained

rations could occur. from ab initio HF calculations. An attempt was made to
simulaten-type material by substituting a phosphorus atom
IV. STRUCTURE OF THE DICARBON DEFECT for a silicon atom in the supercell. However, the additional

] ] ] electron did not become trapped on the two carbon atoms,
The simplest structure consistent with the observed EPRt remained at the phosphorus atom.

signal described above is a pair of carbon atoms occupying
adjacent substitutional sites, which we labelC;. How-
ever, there are several alternative structures containing two
carbon atoms on a trigonal axis and sets of six or 12 equiva- As noted above, the configuration,-&¢-Cs, with two

lent silicon atoms in surrounding shells. These inclgde carbon atoms substituted for two silicon atoms on the trigo-
two substitutional carbon atoms in a ring hexavacahty nal axis ofVg, retained the trigonal symmetry after optimi-
replacing the two silicon atoms on its trigonal axis, gbyl ~ zation. This defect has several localized one-electron states
two interstitial carbon atoms on the trigonal axis of the hexawithin the band gap, and could therefore trap or emit an
vacancy, which we label £V¢-Cs and G-V¢-C;, respec- €electron. However, the two carbon atoms end up too far from
tively. Both structures could in principle give rise to the ob- €ach other to overlap covalently. The C-C distance is 5.52 A,
served EPR signal, and were therefore investigated togeth#thich exceeds the equilibrium distance for a normal C-C
with C-C, by means ofb initio Hartree-Fock HF) theory.  bond length by almost a factor of 4. In the negative or posi-
The geometries were energy optimized at one or more leveldve charge state, the unpaired electron resides in an orbital

B. Ring hexavacancy with two carbon atoms

of theory and the electronic structures calculated. attached to just one of the carbon atoms. Thus, the two car-
bon atoms are inequivalent in contrast to the experimental
A. Theoretical methods observations. The two carbon atoms of-\G-C, are no

) ] o longer located on the trigonal axis after optimization. There-
The geometries were flrst energy optimized at an approXifore, we conclude that neither®&g-C, nor G-Vg-C; can
mateab initio HF level with the PRDDO methot?™* This  zccount for the GGA-2 signal.

technique reproduces, at a fraction of the cost, the results of
ab initio HF calculations with minimal basis sets. Hydrogen-
saturated silicon clusters with 38 or 44 silicon atoms were
used. The geometries were optimized by a gradient method In the calculation of the structure of the-C, defect, the
without symmetry restrictions. The two carbon atoms and alfwo carbon atoms were at the outset placed on adjacent lat-
the silicon atoms adjacent to the carbon atoms or to the hexdice sites. After relaxation of the carbon atoms and their near-
vacancy were allowed to move during the optimization. est silicon neighbors, thB 54 symmetry of the defect was

For all complexes the calculations were first performedretained for the charge states((C,)° and (G-C,) ~. How-
for the neutral charge state with a restrict@bsed-she)l  ever, in (G-C) " the two carbon atoms became inequivalent
wave function. After energy optimization only, @, and  (point groupCs;,). The structures obtained are shown in Fig.
Cs-Ve-C retained trigonal symmetry, and both had an3. In the neutral charge state, the carbon-carbon distance is
empty one-electron level within the silicon band gap. Thes&2.08 A, which is again substantially larger than the normal
two defects were energy optimized again in the positive an€-C bond length. However, the degree of bonding is 0.48
the negative charge states by means of an unrestricted H#d the overlap population i3-0.38, which demonstrates
wave function and clusters with a net chargetcd and —e, that there is considerable covalent bonding. The Si-C bond
respectively. The PRDDO results were used as inputs folength is 2.07 A, which significantly exceeds the length of a
further calculations at thab initio HF level. These calcula- normal Si-C bond~1.9 A). The calculated spectrum of one-
tions were carried out with pseudopotentials, split-valenceelectron energies for a neutral cluster containings0gunit
basis sets on all atoms, and polarization functions on thosat the center is compared to that of a perfect cluster in Fig. 4.
host atoms that were allowed to ref&xAdditional geometry ~ As can be seen from the figure, £C,)° has an unoccupied
optimization at this level were performed in the same clusterlevel in the upper half of the band g&pThe associated
but now with trigonal symmetry imposed. The structures ob-wave function closely resembles an antibonding combination
tained with the PRDDO andb initio HF methods agree of the carbon orbitals engaged in the C-C bond. For a normal
well. The findings described below were obtained from theC-C bond, the bonding/antibonding energy separation greatly
ab initio HF calculations. exceeds the silicon band gap. However, ig @ the two

In the discussion of the results we take advantage of thearbon atoms are forced apart by the six stretched Si-C
guantum-chemical approach, which provides details aboutonds. Hence the bonding/antibonding energy difference is
the chemical interactions via standard Mulliken populationsignificantly reduced in (GC.)° which lowers the one-
analysis® In addition to single-electron orbital occupancies, electron energy of théunoccupiedl antibonding orbital to
one obtainsoverlap populationgpositive when the two at- below the conduction-band edge.
oms form a covalent bond, and negative otheryyiige de- When an electron is added to the cluster, it enters the
gree of bondiny (ranging from zero for a purely ionic bond antibonding G-C; orbital, and the defect becomes EPR ac-

C. C-C, pair
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tive. Populating the antibonding orbital weakens the C-C
bond, so that the two carbon atoms move further apart, and
' the Si-C bonds shorten. The energy-optimized structure of
102 (Cs-Co)~ has a C-C separation of 2.72 A, which is nearly
(CS_CS)' 272 (D,) twice the normal bond length, and a Si-C distance of 1.95 A.
Even at this large C-C separation, the bond is not completely
broken, as evidenced by a positive, although small, overlap
population (+0.03.. The bonding orbital still has a lower
energy than the antibonding orbital, and the spin populations
on the two carbon atoms remain identical. The calculated
electron-spin distribution spreads over the two carbon atoms
as well as the neighboring silicon atoms. The atomic spin
populations aret+0.84 on each carbon atom;0.16 on the
110° six nearest neighbors, and0.12 on six of the 12 second-
(C-C) 208 (D,) nearest neighbors. The very strong spin polarization sug-
s s ) 3 gested by this result is probably an artifact often encountered
in unrestricted HF calculatiorfS,whereas the high degree of
spin localization on the carbon atoms is expected to be real.
Hence the properties calculated foriC,) ~ are all in ac-
cordance with those observed for the GGA-2 center.
Like (Cs-C)~, the positive charge state (€.)* may
be observable by EPR. This charge state also has a large C-C
separation because the bonding orbital is only occupied by
100° 96° one electron. In fact, the C-C distance obtained far @9 *
B (C.) is even Iarger than if _(gcs)—. Accordingly, fche overlap
v population in (G-C,)™ is only +0.005, showing that the
C-C bond is essentially broken. Consequently, the two car-
bon atoms are inequivalent in this charge state, and the un-
paired electron spin is entirely localized on one carbon with
FIG. 3. Equilibrium configurations of (€C.)~, (C-Cy)°, and ~ 2€ net spin on the other. Since the pbserved properties of
(C.-C)* obtained fromab inito HF theory on a 44-atom silicon the GGA-2 center are inconsistent with these findings, we

v o -
cluster. The internuclear distances are given in A, and the bonfule out (G-Co) ™ as the origin of the EPR signal. o
angles(£C-C-Sj in degrees. The carbon atoms are black, whereas .Although our 'calcu!atlons show that{Cg can exist in

the silicon atoms are light gray. silicon, this configuration does not represent the global en-

ergy minimum for two substitutional carbon atoms in that
material. This was demonstrated by a calculation on the
complex (G-Si-Cy)°, which consists of two carbon atoms at
second-nearest substitutional sites. The total energy of this
defect was found to be 1.4 eV below that of,{C)°. Hence
(CsCJ)° represents a metastable state for two substitutional
carbon atoms, but with an energy barrier large enough, to
prevent spontaneous dissociation into twbak next-nearest

or more distant substitutional sites.

(C-C)

I

D. Assignments

On the basis of the results described above, we assign the
GGA-2 signal to (G-Cy) ™. It follows from this assignment
that the unpaired electron spin occupies an antibonding com-
bination of dangling-bond-like orbitals centered on the two
carbon atoms. With the assumption that(**C) and
A, (*C) are both positive, the spin population estimated for
each of these “dangling bonds” is 0.3, which is about half
the spin population estimated similarly from the larg&si

FIG. 4. One-electron energies calculated with initio HF hyperfine tensor for an isolated silicon dangling bond on the
theory for (a) the perfect 44-atom silicon clustef) the siicon ~ Si/SIO; interface (the Py, centei.** Assuming that the spin
cluster with (G-C,)°, and(c) the silicon cluster with (GSi-C,)°. ~ density spreads over the silicon atorbshind the carbon
The lowest-lying unoccupied state of £C,)° is associated with an  atoms of the GGA-2 center in much the same way as it
antibonding orbital localized on the carbon atoms. Note that thédrojects backwards from a silicon atom carrying a dangling
energies of the unoccupied states are not directly comparable to gdgond?®> we may attempt to assign théSi hyperfine split-
levels. tings to specific silicon sites by comparison with #gcen-

|
[l
\

perfect  (Cg-Cg)° (Cs-Si-Cg)°
cluster
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ter. Detailed calculatio$ on this defect have shown that the
largest?°Si hyperfine interactiorfapart from that associated
with the atom carrying the dangling bond itgedtems from
three of the second-nearest neighbors, and has its axis
aligned almost perfectly with the dangling-bond afik11]).

The net spin population on the three nearest neighbors is
small because the contributions from direct overlap and spin
polarization nearly cancel. Furthermore, the resulting hyper-
fine tensors at these sites have their unique axes directed
approximately along111], [111], and[111]. The hyper-

fine tensors of the second-nearest neighbors oPtheenter
have the principal valuesA (?°Si)=—42.6MHz and

A, (*Si)=—34.9 MHz?! Scaled with the ratid0.5) of the

spin populations in the carbon and silicon dangling-bond or-
bitals, these values yield a surprisiigerhaps fortuitous
agreement withA;(°Si) of GGA-2 (Table ). Hence we as-
sign A;(?°Si) to the six silicon atoms in second-nearest-
neighbor positions to the carbon atoms, labeled 1 in Fig. 5.
Moreover, we assign the set of six equivalent hyperfine ten-
Sors{A3(298i)} to the six nearest neighboiebeled 3. The _ FIG. 5. Sketch of the structure of g:_:;:s)*, _showing the_silicon
analysis of the hyperfine splittings of iR, center provides sites thoughztgtq give rise to the hyperfine splittings descrlbeq t?y the
no further guidance. It seems reasonable, however, to assi%’?‘f‘sgs_p‘n_( Si), n=1,..4. Note that the largest splitting
the set of 12 equivalent tenso{§\4(298i)} to the twelve A.(“°Si)] is assigned to a set of second-nearest neighbors to the

second-nearest neighbors labeled 4, and the six tenso?grbon atoms.

29 : :
{A2(*’Si)} to the set of third-nearest neighbors labeled 2,c__c_ antibonding orbital. In the neutral charge state the de-

which are almost as close to the carbon atoms as the secon@-Ct also hasDy symmetry, but the C-C bond is much
nearest neighbord). It may be noted that despite the similar g, rter than in the negative charge state. G represents a

H i ” 29¢; 29¢;
numerical “sizes” of Ay(™Si) and A,(™'Si), the corre- |ocq) rather than a global, minimum in the potential-energy
sponding spin populations have a ratio 4:1. surface of two substitutional carbon atoms in silicon, and, in
that sense, the defect is metastable.

V. CONCLUSIONS
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