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Local-density-functional pseudopotential theory is used to investigate native defects in diamond,
their structure, electronic, vibrational, and diffusive properties. We find the only truly stable struc-
ture for an interstitial atom to be the (100) split interstitial defect. This conclusion holds in the
neutral, —1, +1, and +2 charge states. We analyze the multiplet structure of this defect, finding

B& to be the lowest in energy. However, a Jahn-Teller distortion is also possible in all but the +2
charge state, giving considerable reductions in energy (0.6 eV for the neutral case). The tetrahedral,
hexagonal, bond-centered, and (110) split interstitial structures are shown to be unstable. An upper
bound for the energy barrier to the motion of the (100) split interstitial is found to be 1.7 eV. This
is lower than that of vacancy diffusion although movement of interstitial atoms is usually ignored in
considering self-diffusion. For the vacancy in diamond, we find that the surrounding four atoms relax
outwards by 0.2 A in both the neutral and negative charge states. The neutral vacancy undergoes a
3ahn-Teller distortion with an energy gain of 0.36 eV. This effect is known to be dynamic at room
temperature. For the negative vacancy we obtain A2 as the ground state and obtain the transition
energy to Tz to be 3.3 eV, in good agreement with the observed ND1 band at 3.149 eV. Energies of
other multiplets are estimated. We find the migration energies of the neutral and negative vacancies
to be 2.8 and 3.4 eV, respectively. Finally, we calculate the formation energy for a vacancy-(100)
split interstitial pair to be 20 eV.

I. INTRODUCTION

Diamond has come to be recognized over recent years
as a technologically very important material. Currently,
research continues into the important area of the growth
of thin films by various processes. The material thus
produced has a wealth of possible uses and much has
been published on present and possible future applica-
tions. The process of diffusion in the bulk material or
within the manufactured thin films is still not properly
understood. There has been work published over the
past two decades on self-diffusion and native defects in
diamond, however this is just a &action of that published
on the same processes in silicon. The aim of this paper
is to give a comprehensive analysis of all of the impor-
tant native point defects in diamond and their migration
through the perfect diamond lattice, using state of the
art computational techniques, which have no experimen-
tal input. The work is compared with previous results
found using theoretical techniques of various levels of so-
phistication and experimental findings.

There are still questions as to the stability of the vari-
ous possible self-interstitial configurations of atoms. Five
possible interstitial defects in tetrahedral semiconductors
have been proposed. These are the tetrahedral, hexag-
onal, bond-centered, (100) and (110) split interstitials,
as shown in Figs. 1(a)—1(d). In the past, different con-
clusions have been reached, using various techniques, as
to which is the most stable of these structures in group
IV semiconductors. The first investigations on diamond
were carried out using semiempirical methods with ex-
perimental parameter input. Weigel et al. used ex-
tended Huckel theory and found that the hexagonal and

tetrahedral site interstitials were unstable and that the
(100) split interstitial and bond-centered defects were in-
terchangably the most stable, depending on the charge
state. Mainwood et al. used a complete neglect of differ-
ential overlap (CNDO) method, producing the result that
the (100) split interstitial had the lowest energy with the
hexagonal site approximately 1.5 eV above. More recent
work has used first-principles ab initio techniques, which
are more sophisticated and do not have the severe ap-
proximations used by the older methods. To our knowl-
edge, the first application of these methods was by Bern-
holc et al. who modeled these defects using a supercell
with the wave function and charge density expanded in
terms of plane waves. They found that the bond-centered
defect had the lowest formation energy for an interstitial
atom in diamond with the (100) split interstitial 0.9 eV
above. The supercell used contained only 16 atoms and
so the very high defect concentration could have given
rise to strong defect-defect interaction effects producing
changes specific to that calculation. Chadi has recently
investigated interstitial atoms in silicon using a similar
technique and found the (110) split interstitial to be the
most energetically favorable.

The standard technique of irradiation of semiconduc-
tors by high-energy electrons causes extensive damage
to the lattice and the formation of vacancies and inter-
stitial defects. The vacancy in diamond has been much
studied as experimental and theoretical evidence both
point to it being the source of the GR1 band in its neu-
tral charge state and ND1 band in its negative charge
state. ' Experimental ' and theoretical estima-
tions of the vacancy-interstitial pair formation energy
have been made over many years. Also, more recently,

0163-1829/95/51(11)/6984(11)/$06. 00 51 6984 1995 The American Physical Society



AB INITIO INVESTIGATION OF THE NATIVE DEFECTS IN. . . 6985

F
F

AE
~ I R~

(d)

FIG. 1. Possible structures formed by the addition of an in-
terstitial carbon atom to the diamond lattice. (a) The struc-
ture of the (100) split interstitial defect. The bond between
the two central atoms is in the crystallographic (100) direc-
tion. (b) The structure of the (110) split interstitial defect.
The two atoms within the cube are displaced from each other
along the crystallographic (110) direction. (c) The structure
of the bond-centered interstitial defect. (d) The ten atom
cage in a tetrahedral lattice with the tetrahedral interstitial
site (T) at the center and the hexagonal site (H) equidistant
from the six atoms surrounding it.

mation) to density functional theory, in which the Kohn-
Sham equations are solved self-consistently within a
real space framework. The solid is approximated by us-
ing a large cluster of carbon atoms with hydrogen atoms
on the surface of the cluster to tie up the dangling bonds.
These bonds can otherwise give rise to levels in the band
gap, which can interact with any defect levels present.
The largest cluster used is the 304-atom cluster shown
in Fig. 2, into which a vacancy-interstitial pair is put
(Sec. V). The pseudopotential of Bachelet et al. 2 was
used for the carbon atoms and the bare Coulombic po-
tential was used for the hydrogen atoms.

Various different clusters were used in these calcula-
tions. Several factors are taken into account in the choice
of cluster. There must be appropriate sites for the par-
ticular defects to be studied, usually near the center of
the cluster and always at an acceptable distance &om the
surface. The symmetry of the cluster, before the defect is
introduced, is preferentially as high as possible. The clus-
ter should be large enough to allow sufhcient relaxation
around the defect. The advantage of using clusters of the
size that we have used is that the terminating hydrogen
atoms are generally at fourth-nearest-neighbor distances
&om each of the defect sites. The reasoning behind this
approach is that the distance between the surface and
defect site is sufhcient to ensure that the structure of the
defect is not significantly perturbed by the surface of the
cluster, so that we are effectively modeling one defect in
an infinite lattice. In an alternative approach, in which

Bernholc et al. deduced the separate formation energies
of the vacancy and various interstitial con6gurations.

The annealing of diamonds is a common process which
directly involves and relies on the migration of carbon
atoms in diamond. The theoretical calculation of diffu-
sion barrier energies is complicated due to the number
of possible paths the diffusing atoms can take. It can
be difBcult to be certain that the saddle point for dif-
fusion has actually been found. This is especially the
case with self-interstitials and is probably the reason for
the lack of theoretical estimates of their migration ener-
gies. The self-diffusion energy was calculated by Bernholc
et al. for vacancy diffusion. The accurate experimen-
tal determination of diffusion energies is also a diFicult
task to carry out. The difFusion energy of the neutral
vacancy in diamond has also recently been investigated
experimentally ' during annealing.

In Sec. II, we present details of the methods used in
our calculations. In Secs. III—VI, we present our results
for the self-interstitial structures, the vacancy, the forma-
tion energy of a vacancy-interstitial pair and the diffusion
paths and energies of the self-interstitial and vacancy. Fi-
nally, in Sec. VII, we give our conclusions.

II. METHOD OF CALCULATION

The ab initio calculations performed here use the local-
density approximation (or the local-spin-density approxi-

FIG. 2. The cluster Cy9pHyy4 used in the calculations. The
hydrogens are the atoms with the smaller radii, at the surface
of the cluster.
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the defect is placed at the center of a large unit cell (a
supercell), the defect-defect distance is an analogous con-
sideration. Our defect-surface separation corresponds to
that obtained with a point defect placed in a 64 atom
supercell. In that case, the defect-defect separation is ef-
fectively eight bond lengths, but the distance &om any
defect to the point midway between it and a neighboring
defect is four bond lengths, the same distance that we
generally have between a defect and the surface of the
cluster. The carbon-carbon bond length in the perfect
diamond clusters (before any structural relaxation) was
set to 1.54 A.

The total energy of the clusters was minimized with
respect to the positions of the atoms to obtain the equi-
librium structure in each case. The choice of which atoms
were allowed to move depended on the defect and clus-
ter size, and details of this are given as each cluster is
introduced in the paper.

The charge density and wave function of the clus-
ter are Gtted to a set of localized Gaussian-type or-
bitals centered on the positions of the atoms. These
orbitals are made 8 and p type by a multiplicative fac-
tor. For each carbon atom, 16 different Gaussians (s,
p~, p„, and p, type functions with four different expo-
nents) were used to expand the wave function of the
2s and 2p states, and Gaussians with four different ex-
ponents were used to fit the charge density. This full
basis for the carbon atoms is used on the innermost
atoms including and surrounding the defect. The car-
bon atoms closest to the edge of the cluster had a con-
tracted basis in which four orbitals were used to describe
the wave function (with character s, p, p„, and p, ),
each of which is a fixed linear combination of four Gauss-
ians. For each of the terminating hydrogen atoms, Gaus-
sians with three different exponents were used to Gt the
charge density and a linear combination of 8-type orbitals
with two exponents and a linear combination of p~, p&,
and p type orbitals, each with two exponents were used
to Gt the wave function. The actual numbers of carbon
atoms in each basis is given with the details of each par-
ticular cluster. In diamond the use of localized Gauss-
ian orbitals avoids a problem usually encountered by an
alternative approach using plane wave expansions in su-
percells of a very high cutoff &equency. This is due to
the hardness of the pseudopotential required to model
carbon atoms accurately.

It should be stressed that there is no empirical data
input, only the atomic numbers of the atoms and their
positions are required. This approach has been success-
fully used in previous calculations of, for example, the
phonon spectrum of diamond and the structure and
vibrational properties of various nitrogen containing de-
fects in diamond. ' In particular, the lattice constant
and Raman frequency of diamond are in excellent agree-
ment with experiment.

Each structure was relaxed until the energy had con-
verged to 10 a.u. Each defect was investigated in the
charge states considered important or appropriate. The
details of the method are essentially the same as that
described in detail in a previous paper with some mod-
i6cations, which will be described in a forthcoming paper.

III. SELF-INTERSTITIAL DEFECTS

All calculations for self-interstitials were carried out in
the —1, 0, +1, and +2 charge states. The cluster used for
comparing the energy of the relaxed interstitial defects
has 163 atoms (CgsH7p) and Cs„symmetry. This is suit-
able as it contains a substitutional site and tetrahedral,
hexagonal, and bond-centered interstitial sites, which are
all distant &om the surface of the cluster, making it suit-
able for the comparison of the energies of the different
defects.

With the addition of another carbon atom to form the
interstitial defects, the innermost 30 carbon atoms were
in full basis and these same atoms were allowed to move
to optimize the structure. This cluster contains sites for
each defect within two atomic spacings of the center of
the cluster.

When we are studying one specific defect, such as a
split interstitial, it is not necessary to use such a large
cluster as we no longer need to have a variety of high
symmetry interstitial sites, which are all distant &om the
surface of the cluster. Therefore a second cluster was
used containing 131 atoms (CqIHsp). This cluster has
tetrahedral symmetry about a central substitutional site,
and only the presence of the defect lowers this. With the
addition of the interstitial atom, 18 atoms were in full
basis and all the carbon atoms were allowed to move.

A. The (100) split interstitial

The central carbon atom in the 131 atom cluster was
replaced by two carbon atoms displaced along the [100]
and [100] directions from the lattice site by roughly half a
carbon-carbon bond length. This starting structure has
D2p symmetry. Two one-electron energy levels appeared
towards the top of the band gap. The wave functions of
these were basically p orbitals centered on the two carbon
atoms forming the interstitial pair (atoms C and D in
Fig. 3) pointing out of the planes containing their three
neighbors. In general, one would expect bonding and
antibonding combinations of these to be formed leading
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FIG. 3. The (100) split interstitial defect with the labeling

of atoms used in the text. The dashed lines show the direction
of the three perpendicular twofold rotation axes necessary for
Dz symmetry.
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to a splitting of the two states, but this does not happen
here as the two defect states are orthogonal and so do
not mix.

In the neutral charge state, two electrons are placed
into these two degenerate orbitals. The multiplet struc-
ture of this defect is, therefore, found from ee evaluated
in D2q symmetry. This gives rise to Ai, A2) B&) and
B2 If w. e label the two one-electron states as P and Pg

and the spin states as g and $, the multiplets are

'A. : [4-(1)4-(2) + &.(1)4.(2)][t~ —~t],
B2 . [Q (1)$ (2) —Qg(1)pb(2)][$$ + $$],'B:[4-(1)& (2) + & (1)&-(2)l[&&—~~l

[tt]
A2 . [$~(1)pg(2) —Qg(1)p~(2)] & [$$ + $$]

[&&l

Density-functional theory was originally presented as
a method for determining ground state properties. How-
ever, a study of methods by which approximate multiplet
splittings can be obtained from density-functional theory
has been carried out. There it is shown that if a one-
electron configuration contributes to only a single mul-
tiplet state, then the local-density approximation to the
energy of that configuration is a reasonable estimate of
the energy of the multiplet. That is clearly the case, for
example, for the one-electron configuration in which elec-
trons are placed with parallel spins into each of the two
states, i.e. , ~a $)~b g). The energy of this is an estimate
of that of the A2 state. We first used this configura-
tion in the 132 atom cluster described above and relaxed
the central atoms to get the atomic structure and energy
of the S = 1 state. With this atomic structure, the ap-
proximate energies of the difFerent multiplets can then be
found by following von Barth. The energy of the mixed
state ~a $)~b $) is the average of the Bi and A2 multi-
plets so that the energy of Bi can also be determined.
Similarly the energy of ~a g) ~a $) is the average of the
energies of A~ and B2. It is not possible to find the
energies of these separately, as we do not have any addi-
tional distinct one-electron configurations (i.e. , we have
more multiplets than distinct configurations). As a re-
sult, we have an underdetermined set of equations for the
evaluation of the multiplet energies. This is the opposite
problem to that encountered by von Barth, who had
an overdetermined set of equations. We find the energy
of Bi to be 0.55 eV lower than A~, whereas the aver-
age of the energies of Ai and B2 lies 1 eV higher than
A2. In this case, our calculations suggest that Hund's

rule fails to get the correct ground state.
For reference, we note that in the equilibrium structure

for the A2 electronic configuration, the e one-electron
states fall 2.1 eV below the conduction band. This defect
is, therefore, more likely to be seen in the positive charge
states in type Ia and type II diamond, although its charge
state is dificult to predict in type Ib diamond. The fol-
lowing discussion will therefore concentrate on both pos-
itive charge states and the single negative charge state.
The doubly negatively charged state is almost certainly
unstable even in type Ib diamond, as its level will move

above the Fermi level, which is fixed by the presence of
Pl centers, and possibly even out of the band gap.

We now consider the possible Jahn-Teller distortion of
this defect. Such a distortion is possible in the neutral or
singly charged states in which the one-electron e states
are partially occupied. In the doubly charged states, +2
or —2, the two one-electron states are either completely
empty or completely occupied so that a Jahn-Teller dis-
tortion is not to be expected.

To investigate this, the two atoms of the (100) split in-
terstitial were made inequivalent and further relaxation
was allowed. In only one of the charge states, the +2, did
the defect recover D2p symmetry. In the neutral, +1 and
—1 charge states the final structure had D2 symmetry. D2
symmetry requires three perpendicular twofold rotation
axes. These are shown in Fig. 3 and basically connect the
centers of the opposite faces of the cube. D2p symmetry
also requires two vertical mirror planes. These are shown
in Fig. 4 and cut the top and bottom faces of the cube
in Fig. 3 diagonally. The structural relaxation, therefore,
resulted in the loss of the two vertical mirror planes. The
reason for this is that the two previously equivalent sides
of the cube, AG and GB, in Fig. 3, become inequivalent.
The sides of the cube in Fig. 3 for the relaxed neutral
defect with D2 symmetry had lengths AG = 1.73 A,
GB = 1.98 A. , and GE = 2.19 A. , with these distances
varying by a maximum of 0.08 A. for the +1 and —1 charge
states. These are to be compared with AG = GB = 1.87
A and GP = 2.19 A. for the neutral structure with D2d
symmetry, with a maximum variation of 0.07 A. for the
other charge states and AG = GB = GJ" = 1.77 A. for
the perfect lattice. In all cases, the sides of the distorted
cube remained perpendicular. The bond lengths corre-
sponding to both the D2 and D2p symmetry structures
are CD = 1.26 A and AC = BC = DE = DF = 1.40
A. It is interesting to note that the bond lengths are in-
sensitive to the charge state, varying by at most 0.03 A.
There is a corresponding loss of electronic level degen-
eracy with the symmetry breaking structural relaxation,
with the one-electron e state splitting into 62 and b3 levels
with the lowest being doubly occupied. The same level
splitting occurs for the +1 and —1 charge states. The
difference in energy between the defect structures with
D2g and D2 symmetry is the Jahn-Teller energy for the

A

FIG. 4. The top face of the cube in Fig. 3 containing the
(100) split interstitial defect. The dashed lines show where
the vertical mirror planes perpendicular to the top face cut
that face.
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system. This was calculated to be 0.6 eV for the neutral
defect.

The vibrational properties of the neutral defect with
D2 symmetry were determined, including isotopic shifts.
Initially, the second derivatives of energy with respect
to displacements of the two atoms forming the intersti-
tial together with their four neighbors were found, giv-
ing a 18 x 18 matrix of force constants. From this the
dynamical matrix was constructed and the vibrational
frequencies found, initially for all C atoms. The high-
est frequency vibrational mode, which is associated with
the stretching of the central carbon-carbon bond, is an A
mode with &equency 2023 cm . The next two highest-
kequency modes are B modes associated with the mo-
tion of atoms C and D in Fig. 3 perpendicular to the
[100] bond, but within the plane of their three neighbors.
These had &equencies of 1590 and 1600 cm . If one
of the central C atoms is replaced by a C atom the
modes become 1984 cm, 1560 cm, and. 1595 cm
respectively. If both of the central C atoms are re-
placed by C atoms the modes become 1944 cm

&
1557

cm, and 1564 cm, respectively. In fact, the A mode
is infrared inactive, but the B modes are both active.

Finally, an atom was added to the 163 atom cluster
described above and a (100) split interstitial was formed.
The structure was relaxed and the energy found for each
charge state. This enabled us to compare the energy
between this and the remaining suggested structures for
an interstitial atom investigated in the following sections.

B. Tetrahedral and hexagonal interstitials

The interstitial carbon atom was placed in turn at the
tetrahedral and hexagonal interstitial sites in the 163
atom cluster. Initially, the structure was allowed to re-
lax while the interstitial atom was constrained to remain
at the appropriate symmetry site. This gave the best
chance for the surrounding network to relax to accom-
modate and, thus, to stabilize the interstitial. However,
after this initial relaxation, this constraint was removed
and the interstitial atom was also allowed to move. This
resulted in a substantial relaxation, with the interstitial
atom migrating towards a neighboring host atom and
forming a (100) split interstitial with that atom. This
happened in all charge states. This contrasts with earlier
empirical calculations in which energies for the intersti-
tial atoms were reported. This result gives very strong
evidence for the global stability of the (100) structure as
in these relaxations atoms moved considerable distances
and yet no other structure was formed.

The multiplet structure of the neutral ideal (undis-
torted) tetrahedral interstitial is somewhat similar to

that of the neutral vacancy to be considered in Sec. IV
A. Three degenerate one-electron levels of symmetry t2
appear in the band gap into which two electrons must
be placed. This configuration is known to be unstable
with respect to a 3ahn-Teller distortion for the neutral
vacancy, but in that case, the relaxation is limited by the
constraints of the surrounding lattice. That is not the
case here, and a much larger relaxation occurs leading to
a (100) defect. In a similar way, the negatively charged
interstitial can be compared to the negatively charged
vacancy. For this defect, the undistorted A2 state is the
ground state as discussed in Sec. IV B. However, a dis-
torted excited state with S =

2 of the negative vacancy
lies only 0.24 eV higher in energy than the A2 state with
distortion again being limited by the lattice. In the case
of the negatively charged interstitial atom at the tetrahe-
dral site, the lack of resistance to distortion again leads
to the formation of a lower-energy (100) defect.

C. The band-centered interstitial

The interstitial atom was put at the center of a carbon-
carbon bond in the 163 atom cluster. The structure was
relaxed with the atom forced to remain on the bond axis,
thereby preserving C3 symmetry. In each charge state
the structure obtained had the bonds from the bond-
centered atom to its two nearest neighbors at about 80%
of the perfect diamond lattice bond length. The second-
and third-nearest neighbors were displaced outwards in
such a way that their bonds only diKered in length from
the perfect lattice value by at most 3%. For all the
charge states, the energy of the bond-centered interstitial
was found to be higher than that of the correspondingly
charged (100) split interstitial (Table I). The increase of
relative energy with the addition of electrons is consis-
tent with one-electron energy levels high in the band gap.
Without the enforced preservation of the initial symme-
try the atom at the center of the bond moved to form a
(100) split interstitial with one of the other two atoms in
the structure in all charge states.

D. The (110) split interstitial

Recently, a most stable structure for split interstitials
in silicon has been proposed by Chadi, in which the
split interstitial is oriented along (110) rather than (100).
To study this structure in diamond, we replaced a cen-
tral carbon atom in the 163 atom cluster by two atoms
oriented along the (110) direction with a separation of
1.3 A. .

On relaxation of the structure the —1 and +1 charge

TABLE I. The energy of the bond-centered interstitial and (110) split interstitial defects relative
to the (100) split interstitial defect for various charge states.

Charge state
Relative energy of bond-centered interstitial (eV)
Relative energy of (110) split interstitial (eV)

—1
+4.45

0
+4.05
+2.53

+1
+3.04

+2
+2.32
+1.85
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states of the defect were found to be unstable with the
atoms relaxing to form (100) split interstitials. Both the
neutral and +2 charge states relaxed with the bond re-
maining in the (110) direction. However, these structures
were found to be unstable when the atoms in the defect
were given small symmetry breaking displacements of
0.025 A. and 0.005 A, respectively. These displacements
are considerably smaller than those associated with zero
point motion of the defect, which is neglected in our cal-
culation, and we can conclude that (110) split interstitials
are not stable in diamond. In any case, if the structure
was enforced, the energies of the neutral and +2 (110)
split interstitials were higher than those of the (100) split
interstitials (Table I). One possible reason for the stabil-
ity of (100) defects is the preference in diamond for sp
bonding, which is in contrast to other elemental semicon-
ductors such as silicon.

H W \ W & H]fl % % % W % H % I H

FIG. 5. The vacancy with labeling of atoms used in the
text. The dashed lines show the direction of the three per-
pendicular twofold rotation axes necessary for D2 symmetry.

IV. THE VACANCY

The 131 atom cluster used in Sec. III A was again
used for the vacancy. A carbon atom was removed from
the cluster leaving an unrelaxed vacancy with tetrahedral
symmetry. The central 16 carbon atoms were treated in
full basis, and all 70 carbon atoms were allowed to move
during structural optimization, unless otherwise speci-
Bed. The symmetry dictates that the four carbon atoms
surrounding the vacancy are initially equivalent. This
ideal, unrelaxed vacancy has four dangling sp hybrids
pointing inwards, and in tetrahedral symmetry, these
give rise to a one-electron state of a~ symmetry, which
falls just above the top of the valence band and three de-
generate states of symmetry t2, which occur deep in the
band gap. All calculations for the vacancy were carried
out for both the neutral and —1 charge states.

circ choice of basis. To check our results, we have frozen
the four atoms surrounding the vacancy at various radial
displacements &om their positions in the perfect lattice,
and allowed all the remaining 66 carbon atoms to relax.
The energy plotted as a function of the Gxed displace-
ments of the four neighbors of the vacancy is shown in
Fig. 6, and shows no evidence for inwards motion. The
outwards relaxation is understandable from a chemical
bonding point of view. It leads to the atoms surrounding
the vacancy moving more into the plane of their three
nearest neighbors, and the bonding becoming more like
sp than sp, with the former being preferred.

Clearly, the one-electron configuration t2 is unstable
with respect to a Dahn-Teller distortion, and, in fact, we
find this to be the case with one of the cubic axes be-
corning inequivalent to the other two. The symmetry
changes from tetrahedral to D2g corresponding to an E
Inode relaxation. With reference to Fig. 5, the sides of

A. The neutral vacancy

In this charge state, four electrons must be placed into
the one-electron states. In the ground state, two are
placed into the aq state and two into the t2 one-electron
state giving the configuration an't&.

Initially, the three states were occupied equally with an
effective occupancy of 3 and the structure was allowed
to relax, with the atoms moving to minimize the en-
ergy. With this rather artificial filling, tetrahedral sym-
metry was maintained and the four carbon atoms imme-
diately surrounding the vacancy moved radially outwards
by 0.2 A. . The sides of the cube in Fig. 5 had lengths
AE = BE = CE = 1.89 A after relaxation. The bonds
&om the first nearest neighbors of the vacancy to the sec-
ond nearest neighbors and &om the second to the third
were shorter than those in the bulk by no more than
2%. This motion corresponds to an A mod. e relaxation.
The relaxation is in the opposite direction to the re-
sults obtained by Mainwood using a CNDO technique,
who found that the atoms surrounding the vacancy re-
laxed inwards, but that a very weak metastable structure
with outwards relaxation could be possible with a spe-
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Inwards displacement of neighboring atoms (A)

FIG. 6. The energy of a relaxed neutral vacancy in eV as
a function of the fixed inward radial displacement of the four
surrounding atoms relative to their position in the perfect
lattice. The zero of energy is for the equilibrium vacancy
structure.
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the cube for the relaxed neutral defect with D2g symme-
try have lengths AE = BE = 1.78 A. and CE = 2.00 A. .
The effect of this distortion is to split the t2 one-electron
states into a doubly occupied a state and an unoccu-
pied e state. The Jahn-Teller energy associated with the
relaxation of the neutral vacancy was found to be 0.36
eV, somewhat larger than an approximate experimental
value of 0.2 eV. i7

This Jahn-Teller relaxation is similar to the situa-
tion observed in silicon, in which the static distortion
can be demonstrated experimentally. However, in dia-
mond, optical experiments carried out at room temper-
ature show the Jahn-Teller effect to be dynamic, so that
the optical absorption is analyzed in terms of multiplets
of a defect with effective Td symmetry. The multiplet
structure of this effectively tetrahedral center has been
most effectively treated using empirical methods follow-
ing Coulson and Kearsely and work on related models
is continuing. It is established that the ground state is
E with a vibronic state only just higher in energy by

a few meV. The best known signature of this defect is
the GR1 band with a zero phonon line at 1.673 eV. This
is believed to be associated with a transition from the
ground E state to T2. Unfortunately, it is not possi-
ble to determine the energy of the ground state E using
density-functional theory as only a weighed value of the
energies of Aq and E can be found. We will not pursue
this calculation further here.

B. The negative vacancy

For the negative vacancy, five electrons need to be
placed into the one-electron states. The lowest-energy
states of this defect will correspond to the one-electron
configuration a&t2.

It is known experimentally that the ground state of
the negative vacancy is the many body state A2 to which
only a single one-electron configuration contributes, the
one in which electrons are placed into each of the de-
generate t2 states with parallel spins. For this electronic
configuration we find on relaxation that each of the four
atoms surrounding the vacancy moves radially outwards
by 0.2 A. . The sides of the cube in Fig. 5 then have lengths
AE = BE = CE = 1.89 A. . This is almost identical to
the case of the neutral vacancy in which each of the t2
states is equally occupied. For this electronic state and
structure, we find that the t2 states lie approximately
3.9 eV above the top of the valence band, still well below
the conduction band which is 2.5 eV higher in energy.

It is accepted that the ND1 optical band seen at 3.149
eV is associated with a transition f'rom A2 to Tj. In
the noninteracting limit, only a single configuration con-
tributes to Tz, namely, aqt2 in which the electrons are
placed in the orbitals as $g(ggggg, where (, g, and ( la-
bel the three one-electron states of symmetry t2. The
energy of this multiplet can be evaluated using density-
functional theory and we calculated the energy of the
ND1 band to be 3.3 eV, in excellent agreement with ex-
periment. In evaluating this transition energy, the po-
sitions of the nuclei were kept fixed in the equilibrium

structure of the A2 ground state in accordance with the
Pranck-Condon principle.

The energies of other multiplets can also be obtained
approximately using density-functional theory. In partic-
ular, we obtain the E state to be 0.3 eV above the A2
ground state and the average of the Ti and T2 multi-
plets to be at 1.6 eV above A2. This placing of E is
considerably lower than in empirical methods in which
it is placed between 1.4 eV and 1.9 eV above A2, de-
pending on the choice of parameters. Our placing of the
average of T~ and T2 multiplets is in reasonable agree-
ment with the empirical calculations. As optical transi-
tions between A2 and these are forbidden, experiment
has not yet established their ordering or positioning.

Finally, in this section, we consider possible Jahn-
Teller distortions of this defect. The structural symmetry
of the vacancy was first constrained to be that of a sub-
group of Td, . C2„, C3„, D2, and D2g were all considered
as possible distortions. Structural relaxations using spin
polarization were then carried out with the appropriate
electronic occupancies for each case. The three electrons
originally placed into the three degenerate t2 one-electron
levels in the Td symmetry vacancy were placed into the
one-electron levels which arose in each structure from the
splitting of the t2 levels. This procedure was carried out
for all plausible nonequivalent cases. For three of the
atomic symmetries it was necessary to consider only one
possible electronic configuration. These were e (g)ai($)
for the Cs„symmetry structure, bi(g)b2(t)bs($) for the
D2 symmetry structure, and e ($)b2($) for the D2g sym-
metry structure. For the C2 symmetry structure, it was
necessary to consider five possible electronic configura-
tions; bi(t)ai(t)bi($), bi(f)ai(t)b2($), bi(t)ai(g)ai($),
bi(t)b2(g)ai($), and bi(g) b2(g)b i($). The configuration
bi(t)oi(t)b2($) gave the relaxed C2 symmetry structure
with the lowest energy. Using this total energy for the
C2 case, we found that the energies of the relaxed dis-
torted structures above the ground state Td symmetry
structure were 0.24 eV for the C3„case, 0.4 eV for the
C2„case, 0.75 eV for the D2 case, and 0.89 eV for the
D2g case. Therefore, the S =

2 Jahn-Teller distorted
state has a higher energy than the A2 state. This con-
clusion is supported by experiment in which it is known
that the ground state of the negative vacancy has S = 2.
Thus, it is seen that in this case Hund s rule does, in fact,
predict the correct ground state.

It is interesting to note that the energy splitting be-
tween the ground S =

2 and excited S =
2 states of

the defect will, in fact, be given rigorously by density-
functional theory. This is because both of these states
are the ground-electronic states of their respective struc-
tures (as defined by the positions of the atomic nuclei).
The fact that the undistorted 4A~ state has a lower en-
ergy than the Jahn-Teller distorted state again marks di-
amond out as different from silicon in that many-body
correlation effects dominate the energy gain from the
Jahn-Teller distortion in determining the ground state
and, thus, provides a more demanding challenge to the-
ory. In silicon, it is generally accepted that the ground
state of the negative vacancy has C2„symmetry, with
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electrons being placed in the states ai(t), bi(t), and
ar($). In particular, a recent local-density calculation,
which assumed this structure, has been able to repro-
duce the experimentally observed hyperfine couplings.

D, A B

V. THE VACANCY-(100) INTERSTITIAL PAIR
F il

Finally, in considering the static properties of native
defects, we estimated the energy required to form a
vacancy-(100) split interstitial pair. A 304 atom clus-
ter (CigoHii4) (Fig. 2) was used with the innermost 37
carbon atoms in full basis. Using this cluster, it was pos-
sible to create a vacancy and split interstitial with both
at fourth neighbor distance kom the surface of the clus-
ter but with the defects at sixth neighbor distance from
each other.

The total energy of a perfect 304 atom cluster (i.e.,
with the atoms placed in the diamond structure) was
erst determined. Then, the total energy of the 304 atom
cluster, this time containing a relaxed vacancy and (100)
split interstitial was found. The difference between these
total energies was 20 eV and provides an estimate of the
energy required to form a relaxed vacancy-(100) split in-
terstitial pair at a separation such that the relaxation
of the atoms surrounding each defect does not affect the
other defect. This can be compared with the sum of the
formation energies of the neutral vacancy and (100) split
interstitial calculated theoretically by Bernholc et al. to
be 23.9 eV. A possible reason why we obtain a smaller
value is that in our cluster, both defects were not cre-
ated in the neutral charge state —as charge was able to
transfer between them. That was not the case in Bern-
holc's calculation in which the formation energies were
calculated separately. A crude experimental estimate is
35 + 5 eVii

VI. DIFFUSION PATHS

A. Self interstitial difFusion

As the (100) split interstitial was found to be the only
stable structure for an interstitial carbon atom, we have
only investigated the diffusion of this model of the inter-
stitial. A 176 atom cluster (CssHqs) with Dsg symmetry
was used for this purpose. With the addition of the in-
terstitial atom, the innermost 27 atoms were in full basis
and the innermost 45 atoms were allowed to move to op-
timize the energy at each stage. The cluster is centered
on the midpoint of a carbon-carbon bond and so has two
equivalent substitutional sites close to the center of the
cluster. Figures 7 and 8 show the important atoms in-
volved. in the diffusion path analysis and the atomic sites
are labeled. The atoms are in the perfect tetrahedral di-
amond lattice positions. The center of the cluster and
the origin of the Cartesian coordinate axes is at point
E. The bond AE is along the D3p symmetry axis of the
cluster.

H. F

FIG. 7. The atoms involved in the investigation of diffu-

sion, with labeling as referred to in the text.

D

B

FIG. 8. The atoms involved in the investigation of diffusion
(Fig. 7) as viewed along [111].

The approximate path of diffusion for this defect is
not easy to decide upon. Clearly, the lowest energy dif-
fusion path will be the one which involves the stretch-
ing or breaking of the smallest number of bonds. We
consider this to be the path in which an atom passes
through a bridge bonded structure. In this model, an
initial [100]-oriented defect becomes oriented along ei-
ther [010] or [001] after difFusion. We first added a single
carbon atom to the 176 atom cluster, to create the [100]-
and [010]-oriented defects, at sites A and F, respectively,
in Fig. 7. Our cluster was arranged such that the bond
AI' was along the [ill] direction. These structures were
relaxed to provide the end point coordinates for diffusion.

The vector of displacements connecting the positions of
the equivalent atoms in the two relaxed end-point struc-
tures were determined, i.e. , v, = R, —R;, where R,.
is the position of atom i when the [100] interstitial is
at site A, and R, is the position of atom i when the
[010] split interstitial is at site I'. Then all the atoms
were moved the same &action, o., along this vector giv-
ing the positions of the atoms at an intermediate stage
in the diffusion process. This was carried out for a series
of values of o. ranging between 0 and 0.5. For each of
these structures the 45 atoms immediately surrounding
and. including the defect were allowed to move to opti-
mize the energy, but subject to the constraint that the
vector of further displacements should be perpendicular
to the vector v; connecting the end points defined. above.
This defines an energy profile for the diffusion process as
a function of o. and the maximum value of this gives the
energy barrier to diffusion.
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We find that the saddle point occurs for o. = 0.5. At
this point the diffusing atom is displaced &om point E
(Fig. 7) by (0.00, —0.43, 0.43) A. The atoms originally
at the sites A and E are displaced &om the perfect posi-
tions by (0.12, —0.03, —0.44) A. and (—0.12, 0.03, 0.44)
A. , respectively. The atoms originally at sites B, C, D,
G, H, and I are displaced &om the perfect positions by
no more than 0.2 A. The barrier for diffusion of the neu-
tral (100) split interstitial was hence found to be 1.7 eV
along the path investigated. We believe this to be the
most reasonable path, but cannot rule out a lower en-
ergy mechanism.

There have not been many determinations of the en-
ergetics of self-interstitial diffusion previously. One of
the findings of Sec. III A was that the (100) split inter-
stitial with D2 symmetry has a highest-frequency vibra-
tional mode that is infrared inactive. In recent experi-
mental investigations ' of the self-diffusion energetics,
the characteristic in&ared active modes of particular de-
fects were used to deduce the diffusing defect. None have
yet been linked to the (100) split interstitial, which could
be used to measure changes in the concentration of the
defect if it difFused to a site where it transformed into
another defect. Such trapping points as dislocations or
interstitial aggregations have been proposed in the past
as well as possible straightforward recombination with
a vacancy. There is an unexplained fast process, which
took place over a time scale much less than that over
which the measurements were taken in the experimen-
tal work mentioned. "' Bernholc et al. dismissed the
importance of the self-interstitial in self-diffusion due to
it having a larger formation energy than the vacancy.
However, the practice of irradiating diamonds with high
energy electrons must produce equal concentrations of
vacancies and interstitials. It is not known which would
be the most effective trapping centers for self-interstitial
diffusion and the importance of the diffusion of this de-
fect could depend on this.

B. Vacancy difFusicrn

An 86 atom cluster (C44H42) with Cs„symmetry was
used for the vacancy diffusion calculations. With the
removal of a carbon atom to form the vacancy, the in-
nermost 25 atoms were in full basis and all the carbon
atoms were allowed to move. The cluster is centered on
the midpoint of a carbon-carbon bond and so has two
equivalent substitutional sites near to the center of the
cluster. The vacancy can, therefore, be centered at one
of the sites and the diffusion path to the other site deter-
mined. All calculations on vacancy diffusion were carried
out for both the neutral and —1 charge states. Referring
to Fig. 7, one of the two equivalent atoms A and E in the
perfect 86 atom cluster was removed and the 43 inner-
most atoms were allowed to move so that the total energy
of the equilibrium structure was found. This produced
the end-point structure for vacancy diffusion.

The approach erst used to 6nd the energy barrier for
the diffusion of the vacancy was that used by Bernholc et
al. The assumption made in this case is that the path of

TABLE II. The energy change associated with the diffusion
of a neutral vacancy. This is given as a function of n, which is
defined in the text. Also given are the off-axis displacement
vector (d, d„, d ) and its magnitude, d. The energy is given in
eV and is relative to the energy of a relaxed neutral vacancy.

0.00
0.13
0.21
0.27
0.33
0.39
0.41
0.44
0.47
0.48
0.50

Energy (eV)
0.00
0.29
0.83
1.27
1.68
2.09
2.30
2.50
2.67
2.74
2.80

d (A.)
0.00
0.07
0.12
0.20
0.27
0.31
0.32
0.32
0.32
0.31
0.22

d„(A)
0.00
-0.04
-0.06
-0.10
-0.13
-0.16
-0.16
-0.16
-0.16
-0.16
-0.29

d. (A)
0.00
-0.04
-0.06
-0.10
-0.13
-0.16
-0.16
-0.16
-0.16
-0.15
0.07

d (A.)
0.00
0.09
0.15
0.18
0.24
0.38
0.39
0.39
0.39
0.38
0.37

diffusion involves an atom moving &om a site neighbor-
ing the vacancy, in a straight line AF to the vacancy site
while all the surrounding atoms relax at each step. The
saddle point was assumed to be midway between the sub-
stitutional sites. To investigate this, atoms A and F were
replaced by one atom at point E. This atom was fixed at
that position and the surrounding 42 atoms were relaxed
to find the total energy of the saddle point of vacancy
diffusion in this approach. The outwards relaxation of
the surrounding atoms retained the D3p symmetry. The
value that was obtained was 3.3 eV using this approach
for the neutral vacancy and 2.9 eV for the negatively
charged vacancy.

A more complete investigation of the difFusion path
was then carried out to find whether a lower energy sad-
dle point existed. In this study, the two central atoms, A
and F, were again replaced by a single atom, which was
placed at a point a certain &action between the sites A
and F, aR~ + (1 —n)R~, say where 0 & n ( 1. This
atom was then given a symmetry-breaking displacement
in the plane perpendicular to the vector AF. A structural
relaxation was then carried out in which this diffusing
atom was constrained to remain in this plane, whereas
all other atoms were allowed to move with no constraints
imposed upon them. This is a far more general relax-
ation than that described in the previous paragraph as
the diffusing atom can move off the [111]symmetry axis.
This was repeated for a variety of &actional moves, o. ,
and the energy determined as a function of o.. The re-
sults are given in Table II for the neutral vacancy and
Table III for the negative vacancy.

With reference to Figs. 7 and 8, an accurate picture
of the diffusion path can be visualized. By symmetry,
the total energies for the diffusing atom in each (111)
plane between points E and E along the second half of
the diffusion path should be the same as those for the
first half (between A and F), which are calculated here.
The highest energy position for the atom between atomic
sites A and E is hence the energy barrier for diffusion.
We find that this point does in fact occur for o. = 0.5,
but at this saddle point the diffusing atom is 0.4 A. off
the [ill] axis for both charge states. In this way, the
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TABLE III. The energy change associated with the diKu-
sion of a negative vacancy. This is given as a function of
n, which is de6ned in the text. Also given are the o6'-axis
displacement vector (d, d„,d ) and its magnitude. The en-

ergy is given in eV and is relative to the energy of a relaxed
negative vacancy.

0.00
0.12
0.21
0.27
0.33
0.38
0.41
0.44
0.47
0.48
0.50

Energy (eV)
0.00
0.29
0.80
1.21
1.57
1.85
2.00
2.16
2.33
2.40
2.47

d (A.)
0.00
0.07
0.08
0.13
0.27
0.31
0.32
0.32
0.31
0.31
0.24

dw (~)
0.00
-0.03
-0.04
-0.07
-0.13
-0.16
-0.16
-0.16
-0.16
-0.16
-0.27

d (4)
0.00
-0.03
-0.04
-0.07
-0.13
-0.16
-0.16
-0.16
-0.15
-0.16
0.03

d (A)
0.00
0.08
0.10
0.16
0.32
0.38
0.39
0.39
0.39
0.38
0.36

diffusion energy was found to be 2.8 eV for the neutral
vacancy and 2.5 eV for the —1 vacancy.

The position of the diffusing atom can be written as
the sum of two vectors, one being nR~ + (1 —n)RF, the
movement of the atom along the [ill] direction, and the
other being the perpendicular displacement of the atom
off the symmetry axis. As can be seen &om Tables II
and III, the displacement is almost exactly along [211]
for 0 & a & 0.45. For values of o. between 0.45 and 0.55,
the diffusing atom rotates around the [111] symmetry
axis by 60'.

This diffusion path can be understood by considering
the chemical bonding present. As the diffusing atom
moves between points A and E it remains closest to, and
equidistant &om, atoms B and C until it is within 0.05
A. of the midpoint. By doing this only one bond, to atom
D, is significantly lengthened, whereas atoms B and C
move in such a way as to maintain a reasonable bond-
length between themselves and the diffusing atom. This
movement reduces the energy cost of this displacement.
The path taken for 0.45 & o; & 0.55 is governed by the
need for the diffusing atom to move through 60 in the
(ill) plane in order to follow a path to atomic site E,
while being again closest to, and equidistant &om, two
atoms. With reference to Fig. 8, if initially the atom
traveled between points A and E with atoms B and C
most closely bonded to it for most of the distance, then
between points E and F it would move so that it was clos-
est to either atoms I and G or atoms I and H. There are
three equivalent diffusion paths on either side of the mid-
point, each remaining closest to a different pair of atoms.
These neighboring atoms, of course, undergo large dis-
placements. Atoms B and C move in the same direction
as the diffusing atom, while atom D relaxes back towards
the three atoms it is still attached to, changing its bond-
ing towards the favored sp, giving an additional gain of
energy.

Finally, spin-polarized calculations were carried out for
the end-point and saddle-point of negative vacancy dif-

fusion. The use of the local-spin-density approximation
is necessary to correctly model this charge state of the
vacancy. All other details of the calculation were as for
the spin-averaged work described above. The end-point
calculation was performed with spin S = 2, which is
accepted as the spin state of the ground state of the neg-
ative vacancy (which was also verified in Sec. IV B).The
saddle point was assumed to be in the plane midway be-
tween the two atomic sites, as was found for both charge
states in the spin averaged case. Two saddle point cal-
culations were carried out with spin S =

2 and S =
2 .

The barrier energies were thereby found to be 3.4 eV for
the S =

2 case and 4.3 eV for the S =
2 case. At the

saddle point the diffusing atom is displaced off the [111]
axis by 0.3 A in both spin states.

The diffusion energy found for the neutral vacancy can
be compared favorably with the experimental value of 2.3
+ 0.3 eV. This experimental value was attributed to the
diffusion of the neutral vacancy, and it was deduced that
the diffusion energy of the neutral vacancy is less than
that of the negative vacancy. Our result agrees with this
conclusion, and disagrees qualitatively with the theoreti-
cal result that found the vacancy diffusion energy to be
1.7—1.9 eV with the lower energies for the higher charge
states and the highest for the tetrahedral neutral vacancy.

Palmer found two activation energies for diffusion in
type IIa diamond at 1.62 eV and 2.35 eV. The lower value
is very close to our value for self-interstitial diffusion and
the higher value is in reasonable agreement with our low-
est value for vacancy diffusion.

VII. CONCLUSIONS

We have performed ab initio calculations to study pos-
sible structures for an interstitial carbon atom in the di-
amond lattice and find that the (100) split interstitial
defect structure is the only stable configuration for an
interstitial atom in the neutral, —1, +1, and +2 charge
states. This defect has symmetry D2p and gives rise to
two degenerate one-electron energy levels of symmetry
e in the band gap, into which two electrons are placed.
We find the ground state of this structure to be Bq.
However, a Jahn-Teller distortion is also possible in the
neutral or singly charged states, which splits the two one-
electron states and reduces the symmetry to D2. The
energy gain &om this distortion is 0.6 eV. To our knowl-
edge this efFect has never previously been reported. The
highest-&equency vibrational mode of this defect was de-
duced to be an in&ared inactive Aq mode at 2023 cm
with two active modes of B symmetry at 1590 and 1600
cm . These modes drop to 1984 cm, 1560 cm, and
1595 cm if one of the central atoms is a C atom
and to 1944 cm, 1557 cm, and 1564 cm if both
of the central atoms are C atoms. We find the migra-
tion energy of this defect to be 1.7 eV. Interstitial atoms
in the hexagonal, tetrahedral, bond-centered, and (110)
split interstitial structures all move to form (100) split
interstitial defect structures when the atoms are relaxed.

We have studied the vacancy in diamond in the neutral
and —1 charge states. For the neutral vacancy, we find
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the four atoms surrounding the vacancy relax outwards
from their positions in the perfect lattice structure by 0.2
A, a different conclusion to previous work. This defect
can also undergo a Jahn-Teller relaxation, which reduces
the symmetry from T~ to D2p. For optical experiments
carried out at room temperature, this is a dynamic efIect.
The Jahn- Teller energy was calculated to be 0.36 eV, and
the migration energy 2.8 eV.

For the negatively charged. vacancy, we find the ground
state to be A2 in agreement with experiment. A well
known signature of this defect is the ND1 optical absorp-
tion at 3.149 eV, which is believed to occur between the
ground state and an excited state Tz. We find the energy
of this transition to be 3.3 eV, supporting this assign-
ment. The atomic structure of this ground state retains
the Td symmetry of the lattice and the- four atoms sur-
rounding the vacancy relax outwards by 0.2 A. Clearly
a Jahn-Teller distortion of this defect is possible. We

And that the lowest energy distorted structure, which
has S =

2 and C3 symmetry, has an energy 0.24 eV
higher than the undistorted structure, showing the dom-
inance of many-body efI'ects over the energy gain &om
structural relaxation. We obtain 3.4 eV for the migra-
tion energy of this defect in its ground state. Finally, we
calculate the formation energy for a vacancy-(100) split
interstitial pair to be 20 eV.
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