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First-principles methods are used to investigate the self-interstitial and its aggregates in diamond. The
experimental assignment of the spirR2 EPR center to the single interstitial has been questioned because of
the small fine-structure term observed. We calculate the spin-spin interaction tensor for the three interstitial
defectsl{®, 1NN and|; and compare with the experimental tensors. The results give support for the
assignments of the single and di-interstitials to microscopic models and allow us to conclusively identify a
recently observed EPR cent@3, with | 5. This identification, in turn, suggests a low-energy structurd for
and a generic model for an extended defect called the platelet. We also determine the optical propéﬂﬂes of
as well as its piezospectroscopic or stress tensor and find these to be in agreement with experiment. Several
multi-interstitial defects are found to possess different structural forms which may coexist. We propose that a
different form of the charget,, defect gives rise to thel8 optical peak. Several structures of the platelet are
considered, and we find that the lowest-energy model is consistent with microscopic and infrared studies.
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[. INTRODUCTION usually small in comparison to that arising from the spin-spin
interaction. The point dipole approximation to tBetensor
The thorough understanding of self-interstitials and thehas been taken to imply a separation between C radicals of
processes by which they aggregate has become an importasround 2.8 A in the case 2. It was this large estimated
goal throughout the semiconductor defect field. For exampleseparation that led to the original assignment to a divacancy
the increasing use of silicon devices in high-radiation envi-or di-interstitial*> When approximate allowance for the dis-
ronments has prompted numerous investigations into thgibuted spin density is madé, this separation drops to
complex process of self-interstitial aggregation during1.5 A. However, this separation is still considerably greater
annealing which leads to the generation of extended rodthan the 1.26 A found f0r|<1001> in previous ab initio
like {113 defects. The structure of these aggregates is nowaimpro) modeling'® and 1.27 A calculated by Li and
well characterized yet the structures of small interstitial ag- | owthert using a different approach. Thus the assignment
gregates and the self-interstitial itself are still underof R2 to the single interstitial is not without problems. How-
debate’ ™ ever, we show that a detailed calculation of thetensor
In diamond the current state of knowledge is quite differ-resolves this controversy.
ent. AlthOUgh the extended interstitial defect known In this paper we again UEeMPRO to investigate the struc-
as the platelet has received much attention fromuyre and electronic properties of interstitial defects, but ex-
experimentalists;® the structure, and even the composition,tend the method to compute thB tensor. Previously,
of the defect is still the SUbjeCt of debate. On the other haonMpRo has been used to ana|yze the vibrational modes of
the single self-interstitial 1) and a form of the di- nitrogen aggregaté€, vacancy-nitrogen, vacancy-silicd,
interstitial (1)) have been identified with thB2 andR1  and vacancy-phosphorisiefects with conspicuous success.
electron  paramagnetic  resonance(EPR  centers, Section Il A describes the general method employed, and
respectively'®!*Recently, a new EPR center labeld@ has  specifically the way thé® tensor is calculated.
also been suggested to be a small interstitial aggréddiee Important information on interstitial defects also comes
O3 data gave rise to two models, one of which is made ugrom optical studies. Three absorption peaks at 1.685, 1.859,
from two interstitials and one being a tri-interstitial. It is by and 3.9 eV have been correlated wiR2, viz., the single
no means clear from the published data that a conclusivinterstitial}!*8°However, other workef8 have assigned a
model forO3 has been established. different optical line tol ;. This is the 3 band at 2.46 eV
The assignments to small aggregates of interstitials havevhich is observed directly following electron irradiation and
come chiefly from magnetic resonance investigations. Theurvives annealirf§ to 670 K, and may be stable up to
spin Hamiltonian of all of thes&=1 centers contains an 900 °C?! The local mode replicas indicate an interstitial-
interaction term between two carbon radicals of the formrelated defect, and recent annealing experiments suggest that
(S-D-9), where theD tensor uniquely identifies the center. its intensity increases when tiR2 andR1 defects begin to
In general, theD tensor contains a spin-orbit term. This is anneal out? The assignments for these optical features are
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discussed in Secs. Ill and IV where the theoretical opticakrgy. In some cases, e.dj;, the diamagnetic center may be
properties of the single and di-interstitials are described irdifficult to form as a substantial barrier may have to be over-
detail. We do not find that the optical propertied ptlosely  come. In others, e.glg‘N, we argue that a second form of
match 3 and instead suggest thatids linked with a struc-  the defect is a prominant optical center labeled. Never-
tural form oflg‘N distinct from theR1 EPR center. theless, these alternative forms may be separated by a sub-
The favored structure for the single interstitial has longstantial barriers so that they coexist in the diamond. Thus, to
been taken to be @01] split interstitial*>?3 This defect has date only paramagnetic self-interstitial defects have been
two dangling bondgor unsaturated atomsat its core. A properly characterized, leaving a vacuum in the understand-
characteristic feature of the multi-interstitial defects is thating of interstitial aggregation. We discuss these models in
the number of dangling bonds per interstitial is reducedSecs. IlI-V and finally give our conclusions in Sec. IX.
through reconstruction. This provides the binding energy for
the centers and is the driving force for the aggregation pro-
cess. Spin-1 centers usually arise from a coupling of two
radicals, and {%* and 1™ are examples where the defects We use a local spin-density functional methedvPro,
possess exactly two dangling bonds. Now, we have founéh supercells or large H-terminated clust&té? Each inter-
only one way to combine three split interstitials to produce astitial defect is modeled by placing the appropriate number
spin-1 defect with two dangling bonds, and in Sec. V Althe of extra carbon atoms into the center of a cluster or supercell.
tensor for this form ofl 3 is found to be almost identical to The atom positions are then optimized via a conjugate-
that measured for th@3 EPR center. This gives corroborat- gradient algorithm subject to a symmetry constraint, where
ing evidence with which to identify; with the O3 center.  appropriate.
The structure ofl; strongly implies that a form of, in Hydrogen-terminated diamond clusters of composition
which all dangling bonds are removed is a particularly stableanging from G;, ,Hgo t0 Cigar nHi20, Wheren is the num-
defect and is likely to be formed wheéd3 anneals out. This ber of interstitial atoms, were employed in this study. The
is important because it in turn suggests that a stable extendesave-function basis consists of independsnp,, py, and
defect can arise from the aggregationlgfdefects onto a p, Gaussian orbitals with four different exponents, sited at
single {001 plane. This provides a clue to the structure foreach C site. A fixed linear combination of two Gaussian
the platelet, detected in many natural type la diamonds, oorbitals is sited on the terminating H atoms. In addition, a set
type Ib diamonds that have been annealed for long periods af s and p Gaussian orbitals is placed at each C-C bond
temperatures above 2400 €. center. The charge density is fitted with four independent
Heat treatment of type Ib diamond is thought to createGaussian functions with different widths on each C atom and
interstitials by the aggregation of nitrogen: single substituthree on the terminating H atoms. One exsi@aussian func-
tional nitrogen defects combine into dimeré\ Centery,  tion is placed at each C-C bond center.
which are subsequently combined into vacancy-nitrogen de- Supercell calculations were carried out in cells consisting

II. METHOD

fects B centers with the release of{®?, ?7je., of (64—128)n atoms, using an MP2set ofk points to
sample the band structutUnit cells were constructed us-
N+N—Ny, N+ No—VNy+I. ing either the eight-atom conventional unit c@iving rise

to 64-, 96-, and 128-atom unit cellsr four-atom orthorhom-

The nitrogen content within the platelets varies; howeverbic unit cells with lattice vectors alonf110], [110], and
platelets form only in material where nitrogen aggregates[001] in the case of most platelet calculations. The basis
Specifically, irradiation and annealing do not produce theseonsisted of four Gaussiamand p orbitals with optimized
extended structures. The role of nitrogen is not fully underexponents. One such Gaussian is sited at each bond center.
stood. Models of platelets consisting of an arrayl punits ~ The charge density is Fourier transformed using plane waves
have been proposed previously as a result of transmissionith an energy cutoff of 120 Ry. Details of the method have
electron microscop€TEM) studies but without detailed the- been given previouslI$®
oretical support. Here, we demonstrate that the platelet gives In general, the results for the structure and energies of
a displacement of001] planes which increases from @3  defects found using the cluster and supercell methods are
for a singlel, defect to 0.4, for an infinite plane ofl,  similar. Each method has its own advantages. The cluster
defects. These values are in agreement with TEM measureaethod is faster and the ionization energy and electron af-
ments. We calculate that thig model also gives vibrational finity can be easily evaluated, giving information on the elec-
bands that are consistent with tBé vibrational band attrib- tical activity of defects On the other hand, the supercell
uted to platelets. This band correlates linearly with the numimethod is to be preferred for properties such as diffusion
ber of B centers in so called regular natural diamdridisnd-  energies since these quantities are independent of the loca-
ing weight to the interstitial model of the platelet. Thus thetion of the defect within the supercell.
calculations give a good account of the stages of interstitial The theory employed strictly fails for excited state prop-
aggregation from point to extended defects. erties of a system, and hence for excitation processes. This is

Nevertheless, there are some unexpected findings. Theue independent of the choice of clusters or supercells. One
most important of these is that the observed spip-&ndl;  can approximately calculate direct excitation energies using
defects are not the lowest-energy structures: there are otheheories such as that due to SlateBpecifically, the excita-
diamagnetic configurations that are considerably lower in ention between two localized states—which is often the case in
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diamond—gives a reasonable agreement with experimenthe D-tensor elements df; were found to vary by less than
For optical transition energies in other materials, such a2% with surface relaxation. Increasing the cluster size from
silicon, one gains a good understanding based on the eleG;,Hg, to CgdH115 resulted in variations in the bond lengths
tronic propertiegdonor and acceptor levelsf a given de- ¢ |<1001> of under 1% and a change to tBetensor of less
fect. This information comes from the ionization potential than 295, This shows that the clusters employed in this study
and electron affinity which are both ground state propertiegye |arge enough to provide us with structures and electronic
and hence accessible by local density functional theory.  properties that are not affected by the surface condition to

within the accuracy of the method.
A. The D tensor

. ;andlk?ﬁle contribution to the spin-spin interaction tensor B. The B tensor
The energyE of an anisotropic defect such a%’ob in an
externally imposed strain field depends on the orientation of
the defect with respect to the strain field. This dependence is
expressed through the stress energy or piezospectrodBopic
y 6.'_Q(rli_r2i)(r1j_r2j) r—nl-% @ tensor® E=tr(B- €) wheree is the strain tensor anB is a
i =12 12 traceless symmetric tensor that is readily calculated from a
i strained superceff Both the volume of the cell and the
Here B, is the Bohr magnetorg the electron Landéactor,  atomic positions are first relaxed to ensure that the tensor is
and p the probability of locating spins at pointg andr,.  traceless, and then strains are imposed across the surfaces of
D;; is a two-particle correlation function and cannot be foundthe supercell. The atomic positions are then relaxed a second
from the spin densities. This type of approachtime and the change in the energy found. The derivative of
has previously been used for spin-1 cenfériVe assume the energy change with strain is then Bieensor. The tensor
that p is determined from the two electrons occupying thecan be experimentally measured by imposing a uniaxial
two highest spin-up Kohn-Sham orbitalsand ». The ex-  stress on the crystal and determining the equilibrium fraction
pression forp is then of defects aligned along the stress axis. The tensor does not
depend on any barrier between different orientations.
p(ri,r2)=|¥(ry,rp)l? 2

1o9°Be
Dij=—¢- ef drydrap(ry,ra)

1 ot "
V()= S~ (0} 3 €- Optical transions

The energies for optical transitions are found from the
, cluster method (&Hgy) using Slater's transition-state
_ Consider the case, relevant here, thaand\ are local-  method? together with Janak’s theorem. These relate the
ized on two C radicals with separatiéh WhenR is much  apq6rmiion energy to the difference in Kohn-Sham levels of a
larger than the localization lengthfor each orbital, then the configuration where half an electron is promoted from one
exchange term can be ignored, and the point dipole expregohn-Sham level to another. The cluster method usually,

sion for D becomes and accidentally, gives a band gap energy around 5 eV,
9282 RR. which is close to the fundamental gap of diamond. This is

D2 _Hd e{ . — 3— 2” / 3 (4)  dueto the surface hydrogen atoms as the supercell technique,
J 8w ! R with a similar basis, gives direct and indirect band gaps of

5.58 and 4.17 eV, respectively, very close to those from

The matrixD? has three principal values, . ! ) > '
other local density approximation calculatictisTypically

wog? B2 the cluster method estimates optical excitation energies of
Di{=D35=-Dj/2= —36 defects to within about 25%. The radiative rates of the tran-
87R sition are related to the dipole matrix elements which can be

D32 is directed along the line joining the radicals. This for- evaluated using the pseudo wave functions corresponding to

mula has often been used but seriously overestinftes  ©ach levef®
the distributed nature of the spin density is ignored. In this
study, we compute the integral in E(l) both analytically
and numerically using the wave functions obtained from the
calculations. Both methods give almost identical results. The Vibrational modes are calculated by the diagonalization
theory here neglects spin-orbit contributions which areof a dynamical matrix found from the numerical double de-
thought to be small for diamond. rivatives of the total energy between core atoms of the de-
The convergence of the defect structures @ndensors fect. Matrix elements of other atoms are found from a va-
was tested with respect to both cluster size and surface tredence force potential given previously. The local
ment. Relaxation of the terminating hydrogen of the clustewibrational modes are typically within about 10% of experi-
containing the largest defedt,, gave rise to shifts of less ment, but the method becomes less reliable for modes lying
than 3% in the bond lengths. Similarly, the magnitudes ofclose to or below the Raman frequency.

D. Vibrational modes

195208-3



J. P. GOSSet al.

FIG. 1. Schematic picture of001]-oriented split interstitial
1% " A section of defect-free material is also shown for compari-
son.

Ill. THE SINGLE SELF-INTERSTITIAL 14

PreviousalMPRO calculation$® have shown that the stable
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cannot divide the remaining multiplets, and {héx') deter-
minant gives only the average of th4, and !B, states. The
present calculations pladd; about 10 meV belowA, and
around 1.4 eV below the average energy of thg and 1B,
states. Thus these calculations account for the small differ-
ence in the singlet and triplet states provided that the singlet
state is not lowered significantly in energy by a symmetry
distortion. We shall show later in the paper that this is in fact
the case for the present calculations, in contrast to the previ-
ous calculations®

The migration path f0t<l°°]> involves the reorientation of
the split interstitial from(say [001] to [010]. The barrier to
migration has previously been calculated to be 1.7&¥his
value is in good agreement with the experimental barrier of

neutral interstitial has spin equal to zero and a structure det.6—1.7 eV determined from the loss of vacancies at around

rived from a slightly distortei001]-oriented split interstitial.
The distortion lowered the ided,; symmetry(Fig. 1) to

700 K, presumably through interstitial-vacancy
recombinatior’>“® This agreement adds further support to

Do, resulting in a calculated energy drop of around 0.6 eVthe assignment oR2 to |{%°%

When constrained t®,4 symmetry, the two dangling-bond
orbitals lie perpendicular to each other aldig0] and[110]

and the carbon radicals are separated by 1.26 A. These d

generatep orbitals give rise to a half-fille@ doublet in the
upper half of the Kohn-Sham eigenspectrum while eggn
level lies close to the valence band edge. 8a 1 state
(which retainsD,4 symmetry was found to lie about 0.5 eV
above the ground state. These properties are qualitative
consistent with those of th&2 EPR center linked to the
interstitial1* R2 is a spin-1 center with tetragonal symmetry
observed directly following irradiation of type lla diamond
(containing low concentrations of impuritieat room tem-
perature. Hyperfine measurements show that the unpair

The split interstitial structure compresses the lattice along
[001]. The resulting stress can be quantified in terms of the
Biezospectroscopic stress-enem@ytensor described in Sec.
IIB. The D,4 symmetry reduces the number of independent
components of th®& tensor to one, s@;=—2B;=—2B,,
with the principal directions lying along the cube axes. We
Q/ave calculated the value &3 in 65- and 97-atom cubic

upercells, finding-28 and—29 eV, respectively. The ten-
sor can be measured by applying stress to the crystal and
determining the equilibrium fraction of defects aligned along
each cube axis. Reference 11 gives the relative populations
of the orientations oR2 under stress, from which we esti-

ateB;=—24 eV, in excellent agreement with the calcu-

wave function is localized on two equivalent atoms. HOW-|4ted value. This gives strong support to the assignment and

ever, the temperature dependencdraf shows that the trip-

let state lies only 50 meV above the ground state. This ig

much smaller than the theoretical estimate given earlier an
we have now recalculated this energy difference using a
updated code.

The D,q4, €% configuration leads to four many-body
states:'B;, 3A,, 'A;, and 'B,. Labeling thee orbitals x
andy, approximate many-body wave functions can be writ-
ten as

WA =[X X+ Yol T = 1],
W('By) =[X1Xo—YaYol[T1 =11,
W('By)=[X1y2+YiX[ T =11,

[11]
[(TL+17]
(L]

V(A2 =[X1Y2—YiXa]

implies that the calculated separation of 1.26 A between the
OFldicals must be largely correct.

A remaining problem with the assignment is the small
fheasured values of th tensor. Applying the point dipole
expression discussed in Sec. Il A gives a separation between
the two carbon radicals of 2.8 A. This is almastice the

__ calculated value. The effect of a spin-density distribution de-

creases this separation and a crude estimate gives 15 A.
However, this value is still significantly larger than the cal-
culated one. We have therefore usasPrRO to derive the
dipole-dipole contribution to the tensor.

Substituting the Kohn-Sham' orbitals into Eq.(3) gen-
erates theD tensor[Eq. (1)] and Table | gives its principal
values and directions. Thu3; is found to be—1.82 GHz
compared with an experimental value &f2.78 GHz42
The sign has not been determined experimentally. Our cal-
culated valuaunderestimatethe magnitude of the tensor by
a factor of only 0.65 whereas the point dipole approximation
would overestimate its magnitude by a factor of 8. This
shows that the smalD tensor is to be understood as coming

The energies of these multiplets can be found using thérom a diffuse spin density. The underestimate may be the

von Barth procedur® where each Slater determinant is writ-

result of deficiencies in the theory or of the neglect of the

ten as a linear combination of multiplet wave functions. Thespin-orbit contribution.

S=1 state is simply given byx'y'). The energy of the
[xTy!) state is the average of thé\, and !B, states and thus
the energy of the'B; state can be found. Unfortunately, one

We have examined carefully the sensitivity of the tensor
to the details of the calculation. Using a variety of bases, we
find that the principal component of the tensor varies by
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TABLE I. The calculated and experimental principal valy&Hz), in descending order, and principal
directions[nyn,n3] for the spin-spin tensob. In each cas@; is almost parallel to the vector joining the

radicals.
R(A) D, D, D, ny n, na

19%: cale. 1.28 091 091 -1.82 [1=10] [110] [001

R2: Expt? +1.39 +1.39 ¥2.78 [110] [110] [001]

IN: Cale. 181 119 078 —1.97 [110] [0.210.210.95 [0.67 0.67—0.30)
R1: Expt® 141 140 -2.81 [110] [0.210.210.95 [0.67 0.67—0.30]
I3 Calc. 362 040 029 —-069 [100 [0.00.310.95 [0.00.95-0.31]
03: Expt® 046 035 -081 [100 [0.00.310.95 [0.00.95-0.31]

8Reference 41.
bReference 10.
‘Reference 12.

~5%. In general, for the single interstitial additional basiscalculated at around 50 ns, which to our knowledge has not
functions tended to increase the magnitude of ERensor  been measured. The location of the ground and excited states
elements, although this is not true for the other defects conwith reference to the bands has not been ascertained from the
sidered. We have also examined the variation with clustecalculation, and it is possible that the excited state is resonant
size. Clusters of the form/GHgo, CggH77, and GgsHqi5give  with the conduction band. This would tend to increase the
values ofD5 that vary by only~3%. These figures have lifetime. However, the absorption peak is fairly shatsug-
proved consistent across the rangeSef1l centers in dia- gesting that the excited state is in the band gap. The absence
mond we have thus far examined. This demonstrates that thaf a luminescence corresponding Ri1 remains to be ex-
D tensor is not sensitive to the precise form of the orbitals. Irplained.
spin-polarized theory, the emptg' orbitals are different Understanding the other two optical transitions is not so
from the fillede'. However, using these spin-down orbitals straightforward, however.
yieldsD; as—1.91 GHz—indicating again only a few per-  The calculations discussed above find that the separation
cent difference. between multiplets is of the order of the 1.685 and 1.859 eV
In summary, application of the point dipole approxima- transitions, and thus these transitions are thought to be inter-
tion leads to aD tensor much greater than the experimentalnal ones between these multiplets. In contrast with the 3.9
value. This has been a problem for the assignment oRthe €V transition, no other configurations are involved. Now, the
center to a single interstitial but the present calculationdowest-energys=0 state inD,4 has 1B, symmetry and di-
show that the discrepancy can be explained by a distributegole transitions to théA,, 'B,, and *A; states are forbid-
spin density. A general conclusion is then that the point di-den, as only transitions t6A, states are allowed. This lack
pole approximation is inadequate in describing centers wheref an allowed optical transition out of the ground state is in
the inter-radical separation is small. agreement with the optical data. It appears then that the state
lying 6 meV above the ground must be eithd, or A,.
The allowed optical transition at 1.685 eV should correspond

) ] ) to a transition between these as dipole transition¥gp are
In contrast to the magnetic properties, the optical proper-

A. Optical properties

ties of the defect are complicated and are not completely L0

understoodR2 has been correlated with three optical transi- 001 3
tions seen in absorptioh:*®'® whose peaks are at 1.685, s g
1.859, and 3.9 eV. The symmetry of the optical center has -1.0 4 e -

been described as tetragof@lThe 1.685 eV peak is a tran-

sition between excited states as it disappears at very low
temperatures. The temperature dependence of this line sug-
gests that absorption occurs from a state about 6 meV above

Energy (eV)
)
> o o
1 1 1

T

the ground state energy. Recent experiments examining the 4 a, +
dependence of the peak position on the carbon isotope -0
mixtureé®® suggest that the 1.859 eV transition is a one- 60 1

phonon replica of aipole-forbiddentransition. The 1.685 7'0§§

and 1.859 eV transitions share an excited electronic $tate.

We assign am, — e single-particle transitiorisee Fig. 2 FIG. 2. Spin-polarized Kohn-Sham levels for tBey [001]-
to the 3.9 eV R11) optical transition. In terms of multiplets, oriented split interstitial; spin-up levels are shown on the left, spin-
this 'B,;—'E transition is dipole allowed. Using the Slater down on the right. Filled levels in the vicinity of the band gap are
transition-state method, we estimate its energy to be 4.3 e\indicated by arrows, and empty levels by empty squares. The high-
in good agreement with experiment. The radiative lifetime isest occupied level is a doubly degeneratevel.
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g 15f lAl-I-le
1.0t
0.5
3 1
FIG. 3. An illustration of the dynamic perturbation bf in the O'OD > A, B
ground state(a) shows the view down the principél, axis of the 2 ud

D,q4 structure. The atom radii indicate depth. The curved arrows

indi h f th ist leading t f the tw val FIG. 4. Plot of the calculated energies of the multiplets of neu-
Indicate the sense of the twis eading o one ot the two equiva enfral I<l°°l> as a function of @, distortion(see Fig. 3, as discussed
D, symmetry structures shown {i).

in the text. The stable distortion corresponds to a 3 ° twist, and the
largest distortion to 7°.
forbidden. However, there is no reason to believe that the
A, or !B, multiplets lie within 6 meV of the'B; ground  hand side are placed at the energies calculatéd,jnusing
state. If indeed one of these stateslmost degenerate with the von Barth approach. Figure 4 also suggests that there is
the ground, then according to our calculations above th@o electronic level close to the ground state as required by
other state lies at around 2.8 eV, which is far from the ob-Davieset al.*3
served transition energy. One notes that the distortion energy is very sfiallcon-
Davies et al** have recently suggested that the 6 meVtrast to Ref. 1B8and the singlet ground state remains close to
excited state arises from the interaction of the ground anthe triplet in agreement with experiment. With the uncertain
lowestS=0 excited states, which attempt to cross each otheexception of the highest state, the distortion is stable only in
as a result of a structural distortion. In the absence of distorthe ground state. There are two equivalent distortions involv-
tion where the defect hd3,4 symmetry, the excited state is ing a clockwise or counterclockwise twist of the defect about
23050 meV above the ground state. Our difficulty with [001]. States corresponding to each minimum will be
this model is again the unlikely event that tha, or 1B, coupled and split by tunneling, leading to two states with
multiplets lie around 0.23 eV above the ground state. Weeffective D,q symmetry in the same way as inversion dou-
therefore present a model below where the 6 meV splittindling in the ammonia molecule. These states correspond to
comes from the coupling of two symmetrically equivalentbonding and antibonding combinations of wave functions
distortions and is similar to inversion doubling in the ammo-centered at each of the distort&, structures. They have
nia molecule. symmetries'B; and *A;, respectively, and we suppose that
Now, it has been found previousfthat, in theS=0 spin they are split by 6 meV. We can now understand the optical
state, the interstitial can undergo a symmetry lowering disproperties of the center. The ground statéRBg from which
tortion to D,, as indicated schematically in Fig. 3. This dis- no dipole-allowed optical transitions can occur. Tha,
tortion involves a clockwise(or counterclockwise twist  state 6 meV higher in energy permits a transition to tBe
about the principal axis, and attempts to align the two danstate, and we place this at 1.691 eV above the ground state.
gling bonds on the two C radicals, leaving the bond lengths=inally a one-phonon replica between the ground state and
unchanged. Thus an element of bonding is introduced, B, accounts for the 1.859 eV band. The various transitions
stabilizing the distortion and splitting treslevel intob, and  between these states are sketched in Fig. 5.
bs. In a one-electron picture, this is identical to a Jahn-Teller The 'B,— !B, transition is forbidden in agreement with
effect. The perturbation is not large, and the stable structurebservation. It can be rendered active by coupling with a
leads to an angle between the two C dangling bonds thabcal mode of the correct symmetry. This mustBgor E

differs from D,q by only 3.3°. The configurationsb',  for in a dipole-allowed transition
blbl, blby, andbl', lead to states ofA, ®B,, !B,, and
LA symmetries irD, and yield the energies shown in Fig. 4 IYoTIPeT Ve PDA,. (5)

as a function of the distortion. The calculation does not in-

clude any electron interaction beyond that present in local The calculatedquasiharmonicmodes for the neutral de-
density functional theory and, in particular, the th@ states  fect in D,q symmetry are listed in Table Il. The lower-
would tend to be split apart further by the interaction forenergy modes are spread over several atoms. Given the
smaller distortions. The dashed lines indicate speculated emather poor way in which such bulklike modes are modeled
ergies where this interaction is included. At tbgy limit the  in these calculations, tH&; mode can be considered to be in
sum of the’A and 'B energies would be that generated fromtolerable agreement with the observed 169 meV
the von Barth analysis, viz., 1.4 eV, and th&, and !B; (1363 cm?!). Significantly, theB; mode also corresponds
states become almost degenerate. The points at the very rigiat a twisting motion about the principle, axis. A further
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»
-

J1.685ev
1.859 eV

FIG. 6. Schematic picture of the fd01] split-interstitial model

D, for R1. Threefold interstitial atoms are indicated in gray and fully
coordinated interstitial atoms in black. A section of pure diamond is
shown for comparison.

y 6 meV D,
A\

' Dy

~—
_ X
IO\ - 4

FIG. 5. Postulated configuration coordinate diagram for ground
and lowerS=0 excited states fot{°®¥ as a function of the two
equivalentD, distortions. The ground and 6 meV excited states are  \\e now consider the di-interstitidh. We believe there
made from bonding’®,) and antibonding’(A,), respectively, lin-  4re gt least three structural forms of this defect with consid-
ear combinations of the ground states of the BDyadistorted struc-  argple energy barriers to interconversion, and thus several
tures. Full vertical arrows show allowed optical transitions to thetypes can coexist in diamond. We first describe the spin-1
excited 1B, state; dotted vertical arrow shows forbidden optical defect that has been found exberimentally
zero-phonon transition. There are two ways in which twi@01] split interstitials

_ o ) ~can be brought together, formirig, which eliminate two of
consequence is that a two-phonon fransition involving thighe four dangling bonds. The first consists of tj@®1] split
mode would be forbidden, in agreement with the lack of &nterstitials at nearest-neighbddl") positions(Fig. ). This
two-phonon transition in experiment despite the strong onez;cture has been previously proposed asSthd EPR cen-
phonon peak. ter labeledR1.1° A second form is shown in Fig. 7, and is

(Aen - . .
~ In summary, the model where the ground state ot _ similar to theR1 center in that it is made up from twW601]
involves tunneling between clockwise and counterclockW|s%p|it interstitials, has planar symmetry, and possesses only

twists appears to be consistent with t_he experimental data fqgq dangling bonds. In this case the01] split interstitials

the 1.685 and 1.859 eV bands. Thus it appears that the theokye at next-nearest-neighbor sites, and this structure is com-
can describe the unusual optical properties of the center ajponly referred to as the “Humble ring'{which we shall
though a detailed quantitative prediction is lacking. Ourgpe |§NN). It was first proposed as a building block of the
model differs from that of Daviest al. in two major ways. glatelet.7 We shall return to this structure in Sec. IV B.

First, we do not have to have two states close in energy 0 a hirg structure involves bridging two bond-centered in-

derive the 6 meV splitting. Secondly, we make a prediCtior‘terstitials placed across the hexagonal ring.
of the symmetry of the local mode involved in the 1.859 eV

transition that can be experimentally tested.

IV. THE DI-INTERSTITIAL

A. The R1 defect

B. Summary TheR1 center, which ha€,,, symmetry, is formed along

. . . with R2 during room temperature irradiation of chemically
To summarize, a number of independent properties asyure (type 1la) diamond'*2 Our calculations show that the

cribed to the single self-interstitial have been explained usingptimized NN structure possess€s, symmetry in agree-
theory. These include the optical behavi@, tensor, pi-  ment with experiment and the spin-triplet configuration was
ezospectroscopic data, and annealing properties. For a mogg,nd to lie 0.1 eV lower in energy tha®=0, independent
to be accepted, it must explain all of the observations, nogs clyster size. The inter-radical separation is 1.7 A. The

just one or two. Itis a clear strength of the method employeda|culated principal directions of thB tensor, which are
in this study that so many points of agreement are made.

TABLE II. Local vibrational modes and their symmetries of the
D,q single self-interstitial (cm?'). For the mixed isotope case, one
of the central atoms has been replaced'fg.

'%C (D2q) 2CIC (Cay) BC (D)
1915 A, 1842 A, 1840 A,
1516 E 1516 B, 1456 E
1487 B FIG. 7. Schematic picture of the the Humble[@B1] split in-
1333 B, 1331 A 1281 B, terstitial. Threefold interstitial atoms are indicated in gray and fully
1322 B, 1322 A, 1270 B, coordinated interstitial atoms in black. A section of pure diamond is

shown for comparison.
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1.0 TABLE Ill. Local vibrational modes and their symmetries of the
001 ] di-interstitial models (cmb). A, an_d B, modes inC,,, and all
: b $ modes exceph, in C,,, are IR active.

-1.0 § 4 r

Y _ NN (Cz) 2NN (Cz)  (2NN)'(Cz)  m-bond Ca)

\%;-3 0 3 1978 Ay 1842 B, 1820 B, 1961 By

& 1886 B, 1826 A, 1813 Ay 1958 B,

& 4.0 1584 B, 1594 B, 1530 B, 1940 A,
50 g —————1 1549 A, 1495 A, 1461 A, 1577 A,

1364 Ay 1323 B, 1333 A 1463 B,

6.0 1313 A, 1321 B, 1440 A,
70 1417 A,

FIG. 8. The spin-polarized Kohn-Sham levels for & center.

Notation as in Fig. 2. _The two highest occupieq levels g_roundto detect. The high-#4 eV) and low- €1 eV) energy

—1.3 eV have symmetries, andbg. The 1.7 eV optical transition regions have relatively little data.

occurs to the next levelag symmetry at 0.8 eV. The short C-C bonds in the defect imply high-frequency
local vibrational modes which, if the defect is present in

listed in Table I, are in excellent agreement with the measufficient concentrations, should be detectable by infrared

sured ones, and the values are in fair agreement. It is inteflR) absorption. The frequencies and their symmetries are

esting to note that the experimen@ltensor, which is de- listed in Table Ill. The highest mode at 1978 chis infra-

rived by a fit to the data, exhibits axial symmetry, suggestinged inactive and similar to that 6§”°% (1915 cm?).

the applicability of the point dipole approximation so that

D~D2. This would, howeveras for{®?) imply an inter- B. The Humble form of I,

radical separation of 2.6 A, which is comparable with the The Humble form ofl ,, consisting of twq001] split in-
separation of second-shell atoms, and far from the calculate@stitials at next-nearest-neighbor sitdag“b, hasC,, sym-
separation of 1.7 A. Thus one must conclude that the pOi”I"netry(Fig. 7). The difference in total energy between Ré
dipole approximation is inapplicable and the spin density is;ng Humble forms using fH7g is small forS=1, but the
delocalized. The wave function may then be expected tg_ diamagnetic Humble defect is 0.7 eV lower in energy
overlap several neighbors and the symmetry ofBhensor  han R1. This suggests that, althoug®l is observed by

to reflect that of the defect. In this case we would not expeckEpR  another, more stablg exists in a diamagnetic state.

D, andD, to be degenerate. Since the experimental values There s some evidence that supports this idea. While the
are nearly equal, we assuni®, and D, are accidentally prodyction rates of the neutral vacancy @R are roughly
degenerate as there is no symmetry relation between theggjependent of the irradiation temperature there is a marked
principal directions. It may be that the differenceDd and  grop in the creation oR2 at higher temperaturd§ Thus at

D, is very sensitive to the details of the wave functions andggg k there are- 16 times fewelR2 centers produced at a
beyond the accuracy that can currently be achieved. HoWgiven fluence than at 100 K. The loss B2 could be ex-

ever, the agreement between the calculated and Observﬁfiained through a preferential formation of, say, &e0
principal directions leaves no doubt as to the correctness g ;mple defect. ' '

the assignment. , . , ) L The migration barrier of, has been calculated by relax-
The R1 center is associated with an optical excitationjng intermediate configurations with constraints that prevent
around 1.7 eV, although the suggested mechanism for the,e sirycture relaxing into thR1 or Humble forms. An in-
transition is rather compleX. The electronic ground state of (o mediate metastable structure was found during this proce-
the S=1 complex is made from the two singly occupipd  gre put the saddle point was found to be 1.7 eV for $he
orbitals_perpendicular to the plane of symmetry, and has.; gefect Thus the thermal barriers to diffusionlé‘?ob

3 - i - -
overall °B,, symmetry. In the one-electron picture there areand|2 are roughly equal and this could explain wR§ and

two levels deep in_the gap, with, anda, symmetry, lying R2 anneal out at approximately the same temperature,
below an unoccupied level @, symmetry(see Fig. & A —600 K

transition-state calculation gives an optical transition at
around 1.76 eV in close agreement with the 1.7 eV threshold
of Ref. 44. Multiplets formed from the configuration
aﬂbg‘(n+m=2) have energies within 1 eV of the ground 3H is an optical center detected after room temperature
state, and are unlikely to account for the experimental obseelectron irradiation and is reported to be stable to 678 K,
vation. There are two main reasons why dipole-allowed tranbut may be stable to 1173 ®.Photoillumination with a UV
sitions may not be observed in absorption. The first is thatamp, or a heat treatment, results in a rapid reduction in its
they are very inefficient, that is to say, the absorption coefintensity (bleaching, suggesting that the defect responsible
ficient is very small. The second is that the energy of thes charged. Bl possesses several phonon repfhtase larg-
transition is in a technically difficult region of the spectrum est of which is shifted from the zero-phonon line by

C. The 3H optical center
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FIG. 9. The spin-polarized Kohn-Sham levels in the region of Freq (cm")

2NN :
the band gap fot3 N 'the neutral(left) and + (right) charge FIG. 10. Intensity(dotted lin® of the 1820 and 1812 cnt
states. Notation as in Fig. 2. The tops of the valence bands hay,

been aligned to facilitate comparison tl?ands t2c) for (I§ NNY* . Full curve is intensity in 'equally mixed

: 2C-*C material. Each mode has been Gaussian broadened by
25 cm ! and the height of each peak reflects the number of modes.
1757 cm*. This shift corresponds to a vibrational fre- Note that the mixed spectrum consists of just three peaks with a
guency expected from a strengthened C-C bond, supporting2:1 ratio of intensities.
the identification with an interstitial defect. This replica splits
into three peaks in mixed isotope material, consistent with 2NNy 4+ ) NN ) INN
the view that the C atoms with the strengthened bond arf@Pped by (3™) " forming I3, Alternatively 5™ could
equivalent or nearly equivalent to each other. Other localrap a hole to formIG"™)*, but, as we shall show below, the
modes are also observed as replicas and have frequenciesngfutral defect is metastable and may transform into a more
1365, 1471, and 1506 cm. Although, these modes roughly stable optically inactive form.
agree with the calculated modes Bf°? (Table II), it is The donor level of 3"N can be estimated by comparing
doubtful whether their symmetries would allow them to par-the ionization energy of the defect with that of a defect with
ticipate in luminescence, as commonly oy modes are a known donor levei! In this case we choose the single
found to accompany zero-phonon transitions. substitutional phosphorus center, which is known to possess

Furthermore, uniaxial stress measurements show that thgdonor level at~-E.—0.6 eV This gives the donor level
symmetry of the 81 defect isCy, (rhombic-), inconsistent  of |2NN tg |ie at ~E,—2 eV. In order for the defect to be
with the D,q (tetragonal or D, (rhombic-l) symmetry  charged, we require acceptors, for example, vacancies, to be
found for 1$%°% above (Sec. Ill). In conflict with another present with levels deeper than this, which seems entirely
suggestiorf® the C,, symmetry of 3 also rules out a link reasonable. Sincel8 is also seen in type Ib material, it
with the monoclinic-IA1 EPR center. The symmetry oH3  seems likely that the donor level of théi3defect would be
is, however, consistent with;"N and we argue here that higher than that of substitutional nitrogele(—1.7 eV),
(I%NN)+ has optical and vibrational properties compatiblewhich is consistent within the accuracy of the donor level
with those of 3H. calculations.

Figure 9 shows the Kohn-Sham levels for the neutral and The positive charge state might suggest that the optical
charged defect (GHe). The aja3bhl ground state center would be present in semiconducting, type Ilb dia-
configuratio” for the neutral center possesses ovetdly,  monds. However, it has been shown that the Signal is
symmetry. Thea, andb, states arise from bonding and an- suppressed in this materfl.This may be because either
tibonding combinations of the orbitals on the two carbon poron self-interstitial complexes are preferentially formed or
radicals. Thea, state is essentially a bonding combination of gjternative radiative centers exist.
orbitals producing the reconstructed bond. We note that the assignment oH3to a negative charge

For the neutral defect, excitations of an electron from thestate ofl , is unlikely since we predict that the acceptor level
a, or a, level tob; are dipole allowed and have transition Jies at or above the conduction band minimum.
energies at-3.5and 1.0 eV, respectively. These are in poor \We now discuss the phonon rep]icas of 3It is usual to
agreement with the 2.46 eVHB transition, but we cannot assume that the modes detected as phonon rep"casAqave
rule out this defect as a candidate. However, Fig. 9 showsymmetry if the zero-phonon line is allowed. Table Il gives
that in (15"")* the a, andb; levels are lowered giving an the local vibrational modes d€™N in the neutral and posi-
a;—b; optical transition around 3 eV, in closer agreementtive charge states. We note that, for the latter, thige
with experiment. The other possible candidate  modes at 1333, 1461, and 1813 Cthrare in fair agreement
—a} (*A,—'A,), is dipole forbidden. with the replicas at 1365, 1471, and 1757 ¢mHowever,

The involvement o 2NN can explain the bleaching effect the absence of a fourth; mode causes difficulties in assign-
because electrons, created by the illumination, will being the 1506 cm? replica. However, this is the weakest
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FIG. 11. Schematic of the structure of the low-energponded FIG. 12. Schematic picture of the fi®@01] split-interstitial
di-interstitial. Threefold interstitial atoms are indicated by gray model for theO3 EPR center. Threefold interstitial atoms are indi-
circles. A section of pure diamond is shown for comparison. cated in gray and fully coordinated interstitial atoms in black. A

section of pure diamond is shown for comparison.
transition and might in fact be a combination band involving
the B, mode at 1530 cm' as a partner.

The 1820 and 1813 cit modes represent out-of-phase
and in-phase stretch of th@01) bonds. The splitting be-
tween these modes in puréC is only 7 cml, implying

level and the lowest empty level near the conduction band
has a long lifetime of the order of microseconds. Using
CioH7s, In the neutral charge state, the defect has a total

energy around 1 eV below ti&=0 Humble ring, but is 0.26

that the modes are nearly independent vibrations. In ey jess stable in the positive charge state. Local vibrational
mixed ~“C-°C case, these modes split roughly into five but,,,ndes of the defect are given in Table IlI.

Fig. 10 makes it clear that only three peaks are to be eX- This structure might be involved in the bleaching df 3

. . _1 .
pected if each mode is broadened by omlg5 cm™. This 45 described above. Inter-conversion between the Humble
is consistent with observations oi3n mixed isotopic ma-  anq 7-honded neutral defects can occur provided the activa-
terial, which show that the highest replica is split into threeqion parrier is sufficiently low. Preliminary estimates of the

H =120 H
bands, each of width-25 cm =" If only the Ay mode IS parrier for interchange between thebonded and Humble
considered to couple with the zero-phonon transition, the,ctures lead to values in the range 1-1.5 eV.

broadening required to produce only three peaks is reduced.
We have also found that, as the otl#er modes involve
more than two carbon atoms, they do not lead to unique V. THE TRI-INTERSTITIAL
modes split by more than 25 ¢rhin mixed isotopic mate- _
rial, in agreement with the observations. The splitting pattern W& now consider models for complexes of three self-
is then consistent with an assignment ¢d 3o the Humble  interstitials.
form of (13N *.
In summary, we have demonstrated that the positively A. The O3 defect
charged Humble defect has properties compatible with those
of the 3H optical band. The symmetry of the defect, its vi-  1h€03, S=1 center ha€, symmetry, appears follow-
brational modes, their splitting in isotopically mixed mate- iNd eirradiation, and is enhanced by annealing around 600 K
rial, and the level structure are in reasonable agreement ethenR1 andR2 disappearO3 anneals out at a temperature
cept possibly for the optical excitation energy itself which isOnly ~50 K higher. This suggests th&l andR2 can be
overestimated by 25%. The identification oH3with the  Precursors of03 and that it anneals out when additional
Humble form of q%NN)+ demonstrates that a fraction bf mterstmals are added to it. Th.e hyperfine data suggest that
species exists in some form other than the spin-1 form,of the SPIn density overlaps a unique C atom.
identified withR1, and naturally explains why the density of
R1 defects is so much smaller than that of vacantiés. L0
One implication of this assignment is thati3should be 0.0
correlated with an as yet undetect®d 1/2 EPR center hav-
ing C,, symmetry. We also suggest that a measurement of
the piezospectroscopB tensor of 3H would provide addi-
tional evidence for the Humble model.

Energy (eV)

D. The m-bonded di-interstitial

T T
(=] (] o o o
! 1 1 1 1

We have found another form df, to be competitive in
energy. ThisC,,, defect consists of two bond-centered inter-
stitials sited on opposite sides of a hexagonal (iRig. 11).
The unsaturateg orbitals on the threefold coordinated at-
oms are perpendicular to the ring and thus can formr a
bond. A fully occupied level lies around mid-gap and there FIG. 13. The spin-polarized Kohn-Sham levels for 8 and
do not appear to be any other gap levels. The dipole matrip,, models of the neutral tri-interstitial. Notation as in Fig. 2. The
elements suggest that the3.6 eV transition between this Kohn-Sham levels of a defect-free cluster are also plotted.

pure 03 Dy
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FIG. 14. Schematic picture of the lowest energy structure of the FIG. 15. Schematic picture of thB, tetrainterstitial. Black
tetragonal tri-interstitial. Threefold interstitial atoms are indicated in&toms indicate the fully coordinated interstitial atoms. A section of
gray and fully coordinated interstitial atoms in black. A section of Pure material is also shown for comparison.

pure diamond is shown for comparison. )
adjacent to a vacancy leads to a fully reconstructed defect

A third [001] split interstitial can be added 16" elimi-  with D,, symmetry(Fig. 14 which, in the diamagnetic state,
nating two further dangling bonds only if it is located in a is 1.7 eV lower in energy tha®3, as calculated using unit
different (110 valley (Fig. 12. Four of the six dangling  cells made up from 96 atoms plus the three intersitials. Fig-
bonds of three isolatet}”*” centers are eliminated in the yre 13 shows that the defect is electrically and optically in-
construction of this 5" complex, leading to a defect con- active. Table IV gives its local vibrational modes along with
taining a single pair. The relaxed structure kRassymmetry,  those ofO3.
with a unique atom lying between the two radicals. This is Although this defect has a lower energy, it may be diffi-
consistent with the symmetry and hyperfine structur®8t ¢yt to form or diffuse rapidly. Moreover, it may be the case
Categorical support comes from tBetensor calculation Us- it the temperatures required to overcome an activation bar-

ing the cluster GgHy5. Table | shows that the calculated e for 03 'to convert to this lower-energy structure are
principal values and directions are in close agreement W'ﬂﬁigher than for the creation df,

the measured onés,giving definitive evidence tha®3 is
this form of | 5.

The Kohn-Sham levels for the center are shown in Fig. VI. THE TETRAINTERSTITIAL
13. The separation between the two threefold coordinated The 03 tri-interstitial structure suggests the structure of

carbon atoms leads to a modest splitting of the two gap levgne |, defect. The addition of one furth€801] split intersti-

els, favoring theS=1 configuration by around 0.25 eV. i o 12N results in theD ,y defect shown in Fig. 15. Here,

There is_ also the p(_)ssibility of one or two levels beinga” dangling bonds have been eliminated and the binding
pushed into the gap just above the valence band 1op. Thuéhergy of the four <l°°1> defects corresponds to the loss of

the O3 center might be correlated with optical activity with eight dangling bonds, or a saving of about 27 eV, which is
excitation occurring between the low-lying levels and thoseequivalent t0 3.4 eV’per dangling bond. The bor;d lengths
located on the dangling bonds. Such a transition would havgnd angles in t.he defect are close to id.eal However. a re-
an energy in the 3—4 eV region. : ¥

sidual strain must exist as a single, fully occupied, defect

level lies just above the valence band téjg. 16). Although

the location of the valence band top is not well defined, we
The model forO3 is not the lowest-energy structure we can say that the level is in the band gap since the wave

have found foil 5. Placing fou{001] split interstitials at sites  function is relatively localized on the central atoms, and the

¢ energy of the level is above that of the highest occupied level

B. The tetragonal tri-interstitial

TABLE IV. Local vibrational modes and their symmetries o
the tri- and tetrainterstitial models (c). All C, modes are IR

active, whereas onli, andE modes are IR active iD,q. 10
0.0 1
03 (Cy) I3 (D2dq) l4 (D2q) Lo
1750 A 1742 Ay 1590 B,
1742 A 1741 E 1569 E 2207
1627 A 1722 B, 1534 Aq EB -3.0 9
1451 A 1416 B, 1428 Aq 8 401
1445 B 1412 A, 1421 B, - :
1398 B 1389 E 1420 E -5.0
1393 A 1355 E 1401 B, 60 — —
1332 B 1347 A, 1395 A, E
1340 A 1392 A, -10 pure - L
1337 Ay 1367 B
1332 E 1362 E FIG. 16. The spin-polarized Kohn-Sham levels for the neutral
1349 E tetrainterstitial in diamond. Notation as in Fig. 2. The Kohn-Sham

levels of a defect-free cluster are also plotted.
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TABLE V. Formation and binding energies relative to single
interstitials(eV) as defined in the text for the neutral charge state.

00
1{00% I, I l,

NN 2NN 7 bond O3 Dyy

No. dangling bonds 2 2 2 0 2 0 0

Ef 12.3 187 18.0 16.9 235 21.6 21.9
E' per interstitial 123 93 90 84 78 7.2 55
EP 59 6.6 7.7 13.4 153 27.3
E® per interstitial 3.0 33 3.9 45 51 6.8

. . . FIG. 17. The proposed structures for the platelet. The large clus-
in a defect-free cluster of the same size. This defect level hag, ot atoms shows schematically the double layer of atoms made

a, symmetry a_nd is spread over the central |nte_rst|t[al atoMm$y from the interstitials(shaded sités (a)—(e) show only these
and the two unique atoms alofi@01] shaded gray in Fig. 15. shaded atoms, indicating by the dark lines in each case the type of
This form for I, has also been suggested for*SiThis too reconstructions considered. Modék and (b) correspond to the
has gap levels above the valence band top, and recent calcgiark bonds in Fig. 15(a) is a regular array of tetrainterstitials and
lations have presented evidence for this aggregate bein®) where they are staggere@)—(e) consist of thg100] chain and
present in the positive charge state in the form of th&%i: the in- and antiphasgL10] chains.

EPR center® The calculated local modes are listed in Table _ _ ,
V. by aC, axis running through the diagonals of the squares. A

direct consequence of this symmetry is that [ié0] and
[110] directions are equivalent. The staggered arrangement
shown in Fig. 1?b) does not possess @, axis and thus
these directions are inequivalent.

Many of the self-interstitial defects discussed in this ar- It is possible to switch the bond reconstruction from one
ticle possess the common feature [6D1] orientation. In |4 unit to a neighboring one with the requirement that each
contrast with silicon, the diamond system shows a preferencéeconstructed bond lies perpendicular to its neighboring re-
for threefold coordinated self-interstitial defects. In each cas€onstructed bonds. Thus one of the reconstructed bonds in
where full fourfold coordination is not achieved the defectsFig. 15 is broken and the atoms with dangling bonds form
|,-1; possess two singly occupigrorbitals, which interact bonds with neighboring, units. This leads to a plethora of
to varying degrees. This phenomenon leads to a number ¢fossible models. One such model is shown in FigcL7

VII. ENERGETICS OF THE INTERSTITIAL
AGGREGATES

observable trends. Again_aC, [100] axis runs alond010] and thus thg110]
Energetically there is a clear picture. The formation en-and[110] directions are equivalent.
ergy for an aggregatk, is defined as Now recent transmission electron microscopy stiftfles
demonstrate that these directions are not equivalent, restrict-
El=EJ-NEc, ing which models are consistent with experiment. Figures

17(b), 17(d), and 17e) show staggered tetrainterstitials and
whereEc is the energy per carbon atom of the perfect crysreconstructed chains alofi10], all of which are asymmet-
tal, andEZ is the total energy of the unit cell witN atoms  ric between these projections. These are then possible mod-
containing the defect. The formation and binding energies oéls. It has been suggested that a combination of different
the defects are listed in Table V. Comparing the formationtopologies might occut.
energies E,ﬂ) of eachl, aggregate with that of isolated The TEM studie¥ have shown that the platelet leads to a
1{°°% centers, we find that about 2-3.5 eV is gained througtdisplacement of001} planes by 0.4, although displace-
the saving of each dangling bond. We have also listed anents as low as 0.833 have been reported for smaller
“pinding energy” defined as the difference in the formation platelets>® For | 5, we find that the displacement between the
energy of an aggregate ofinterstitials andnx E(l;). As  atoms shaded gray in Fig. 15 is 0z4 in agreement with
the aggregates get larger the binding energy per interstitidhe latter value. In addition, the calculated infrared-active
increases. vibrational modes of, at 1349, 1362, 1401, 1420, 1421, and

1569 cm ! are in reasonable agreement with bands at 1372,

VIIl. PLATELETS 1426, and possibly 1520 and 1540 c¢h assigned to
platelets* Thus we conclude that platelets formed from ag-
The structure of , suggests a link with the platelet. There gregates of , are consistent with TEM and infrared absorp-
have been many models proposed for the platelet extendingon measurements.
over more than 40 yeaPs;** but the most recent favor a  The models for the platelets were simulated in a periodic
condensation of carbon interstitials ontd@1 plane® As system of unit cells consisting of 1®01) layers of atoms,
all bonds are saturated, an arrayl @funits, as suggested by with four, eight, or 16 atoms per plane depending on the
Humble and shown schematically in Fig. (&, is expected periodicity of the platelet model. The calculations have been
to have particularly low energy. This model is characterizedberformed using the Monkhorst-P&€lscheme ofk points
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TABLE VI. Formation energies per interstitidV) for the vari-  found to be in excellent agreement with the experimental
ous platelet model@=ig. 17) for the bulk lattice constant and for the value found forR2.
relaxed unit cell. For each model the dilation of the lattice in units  \ve have analyzed the optical transitions f§i°? based
of &, is also reported. on tunneling between two distortdd, structures. This is
similar to inversion doubling in the ammonia molecule and

Model distinct from a Jahn-Teller system. A Jahn-Teller system re-
@ (b) © (d) © quires an orbitally degenerate many-body state. In the case of
Bulk lattice constant 358  3.69 4.01 3.82 3.75 the single interstitial D,y symmetry, as explained above,
Relaxed unit cell 104 090 127 120 114 all multiplets are orbitally nondegenerate, and strictly this is
Lattice dilation 044 039 038 041 o042 hotaJahn-TelletJ-T) system. The potential energy lower-

ing in the calculation due to the lowering of symmetry and
splitting of the one-electron doublet has parallels to the J-T
with a 2° mesh of points. Formation energies per interstitial,Problem. The inversion-doubling model leads to the 6 meV
Ef, can be calculated using the formUIEf:(Eplatelet splitting_of the ground state and p.rpvides the mechanism for
—NEc)/N, whereE et is the total energy of the platelet generatmg. a dlpole-alllc_)wed transition from the gxmted state
supercell containing atoms andN interstitials, ancE is the ~ and a forbidden transition from the ground that is made op-
energy per atom of pure diamond. The formation energiedcally active by coupling with &8, local mode. This is a
per interstitial for each of the various models are listed indifferent model of the optical properties of from that of
Table VI. There is a large strain inherent to adding a layer ofPavieset al®
atoms to a unit cell. Therefore we have also calculated the We also assign the positive charge state of the next-
formation energies for unit cells where the volume of thenearest-neighbor model of the di-interstitial to the 8ptical
unit cell is allowed to change. Naturally the formation ener-center. The symmetry of the defect, its vibrational modes,
gies are smaller for the volume relaxed structures, and sp@.r_]d the sp_litting in mixed isotopic material are all consistent
cifically the minimum is found for the alternating Humblg ~ With experiment.
structure[Fig. 17(b)]. This doesreflect the asymmetry of the Tgt’\a‘NexceIIent agreement between the calcul&rdensor
(110) and (110) directions observed experimentally. Fur- fOF 13" and the measured one for tk#8 EPR center im-
thermore, all the reconstructions investigated give rise to &!i€s that the defects are the same. This assignment suggests
dilation close to 0.4,. Since the energy differences are & model forl,. Thl_s fully bonded interstitial defect is ex-
small and we have neglected the nucleation processes aR§cted to be particularly stable and extended defects are
strain at the platelet boundaries, one must take care in intef?@de from aggregates of. This is particularly valuable as
preting these energies. Calculations of the local modes of thit Nas given us a glimpse of the pathway leading to aggrega-
periodic systems indicated that bands are present above biRn Of point defects into extended ones. _
close to the Raman refequency. Several models of the platelet have been investigated, and
The optical transitions associated with platelets cannot b€ lowest-energy one consisting of a staggered arraly, of
accounted for by these fully reconstructed models, sinc&l€fects is consistent with TEM studies showing asymmetry
there are no deep levels associated with these structures.igtween th¢110] and[10] directions, and #001] displace-
seems likely that the observed optical activity arises due ténent between Oz and 0.4,. The calculations also locate
disorder in these interstitial aggregate structures, or due t4brational modes of, that are in agreement with infrared

nitrogen, which is always present in relatively large concendata on the platelet.
trations. An important finding is that there are forms lof and| 3

that are more stable than the obsen&dl forms of these
defects. These may be present in the material but in a dia-
magnetic form so that experiment has thus far failed to ob-
Theab initio theory demonstrates that the small spin-spinserve them. It follows that introduction rates of radiation

dipole tensors i,1<1001> andI)N arise from a distributed spin defects in diamond are in serious error if only magnetic reso-
density and the point dipole approximation seriously overeshance data are to be relied upon.

timates the tensors by almost an order of magnitude. The
calculations of the tensor reported here have removed this
important flaw in the assignments of tfRR2 andR1 EPR

centers to{001] split-interstitial models forl {°®» and IV, S.0 thanks NFR and TFR for financial support and com-
The calculated piezospectroscofddensor forl<1°°]> is also  puting resources.

IX. CONCLUSIONS
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