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The Coulson-Kearsley molecular model has been applied to various forms of the vacancy in diamond
with considerable success from the point of view of group theory. Electron-electron interaction and
configuration mixing are two important features of the molecular model which is reexamined with the
intention of explaining why the model has been so successful to date. Parameters representing both
one-electron and electron-electron interactions are deduced within an empirical framework of the molec-
ular approach and are shown to consistently explain several properties of both GR1 (neutral vacancy)
and ND1 (negative vacancy) optical features. Conclusions are reached concerning the position of neu-

tral and negative vacancy energy levels relative to the valence-band edges. It is shown that optical prop-
erties of the neutral vacancy and the negative vacancy are strongly affected by charge-transfer excita-
tions such that optical transitions are more probable at V than at V . The optical transition proababil-
ities for ND1 relate strongly to GR2 —8 such that the probability of bound excitonic transitions at V can
become considerably enhanced. The molecular multiplet structure of V is extended to include the
e6'ects of electron-electron correlation with bound excitonic states and this is shown to explain several

properties of GR2 —8.

I. INTRODUCTION

Optical properties of diamond are specifically depen-
dent upon the defect character of the material. Of the
most common defects, nitrogen holds the important place
of being the defect that is now associated with character-
izing different types of diamond. ' Depending upon the
nature of nitrogen in the lattice, the diamond is classified
as being type IA or IB. Type-IIA diamond also contains
nitrogen defects albeit at a much lower level than either
of the other types and type-IIB diamond, being very near-
ly nitrogen free, is found to contain boron. Within the
varieties of type-I diamond, differences in character of
the nitrogen essentially relate to a spatial separation of
the nitrogen atoms (for example, platelets) or to the con-
centration of carbon vacancies. As far as the electronic
properties of such diamonds are concerned, it is vacan-
cies that mainly affect the character of the defects, a
variety of different centers having now been identified
and attributed to specific vacancy-nitrogen com-
plexes. ' '

From the spectroscopic point of view, vacancy-related
complexes in diamond always give rise to sharp lines with
related phonon sidebands, the latter revealing distinctive
dynamic Jahn-Teller character. " Yet despite a wealth
of experimental investigation using both optical' and
magnetic approaches the fundamental origin of elec-
tronic states associated with the simplest defect in
diamond —namely the lattice vacancy —remains essen-
tially an unsolved problem.

The earliest attempt to understand the electronic struc-
ture of the diamond vacancy was undertaken within the
Hartree-Fock approach by Coulson and Kearsley.
Such a model associated the observed electronic transi-
tions with molecular-type excitations among four elec-
trons trapped on equivalent dangling bonds about a va-
cant lattice site. The defect so described is termed the

neutral vacancy V and when five electrons are trapped
at the vacant lattice site the negative vacancy V is
formed. A group theoretical structure of the Coulson-
Kearsley model has provided a very successful qualitative
framework in which several optical features found in irra-
diated diamond have now been understood, so that now
the so-called GR1 band (which has a zero-phonon line at
1.673 eV) is definitely associated with V and the ND1
feature (with zero-phonon line at 3.149 eV) with V
Magnetic resonance work on both of these centers " is
totally consistent with the Coulson and Kearsley model
providing further confirmation of the identity of these de-
fects.

On the other hand, despite the good group theoretic
understanding, theory at the ab initio level has failed to
give a quantitative account of the properties of these de-
fects, despite several different attempts at enumerating
the various molecular integrals encountered in the Coul-
son and Kearsley model. Likewise one-electron cal-
culations using a variety of ab initio approaches
while having a common degree of group theoretic simi-
larity in that the symmetry of vacancy-related levels is al-
ways predicted to be that same (ai or t2 in the
tetrahedral point group Td ), have differed considerably in
the conclusions made over the importance of electron-
electron correlation which is the main feature of the
Coulson-Kearsley model. Notwithstanding such compu-
tational differences, it cannot be disputed that the essen-
tial predictions of the Coulson-Kearsley model agree with
experimental observation and therefore present
overwhelming support that electron-electron correlation
is indeed an important interaction at both V and V

Also associated with the carbon vacancy are lines lying
between 2.881 and 3.007 eV in the optical spectrum and
which have been labeled GR2 —8. Unlike GR1 and ND1
the nature of these lines is not yet established despite con-
siderable experimental investigation ' as well as
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theoretical debate. ' Spectroscopy has indicated that
GR2 —8 are related to both GR1 and ND1; for example,
piezospectroscopy has revealed that GR2 —8 has the same
ground state as GRl (E symmetry in the tetrahedral
point group Td ) (Ref. 39) and other measurements have
revealed a direct correlation of the GR1 and GR2 —8 op-
tical intensities. Photoconductivity has also indicated
that electrical carriers (holes) are produced under GR2 —8
excitation, ' whereas no conduction is associated with
GR1 even though the photoconduction spectra show dis-
tinct reductions of current. As with GR2 —8, free carriers
are associated with ND1 excitation and again there is
similarity in that neither center gives rise to any lumines-
cence. ' A collective interrelation between GR1,
GR2 —8, and ND1 is also observed under photoexcitation
at energies less than 3.150 eV. Here the intensity of the
ND1 optical spectra can be increased, whereas with exci-
tation above 3.15 eV GR1 is enhanced.

It is clear that from these observations GR1, GR2 —8,
and the ND1 system are all closely related and with the
assignment of GR1 to V and ND1 to V, GR2 —8 must
somehow be associated with a reaction V —+ V +e

In this paper we shall review molecular modeling of
the neutral vacancy in diamond. First we shall accept
that previous calculations of the molecular model have
not been successful and rather we shall propose that an
empirical approach be adopted. We shall see that this
will yield significant insight into the relative locations of
the neutral and negative vacancy levels and at the same
time offer us a clue as to the origin of GR2 —8. Then we
shall examine the actual mechanism of optical transitions
at both neutral and negative vacancies and how these can
affect transitions related to GR2 —8. Finally we look at
the modification of the vacancy energy levels because of
electron-electron interaction with localized excitonic
states.

II. MOLECULAR MODELS OF VACANCIES
IN DIAMOND

The point symmetry of the diamond lattice is Td and
about a vacant lattice site four sp carbon hybrids give
rise to one-electron states with a

&
and t2 symmetry. Rel-

ative to each of the sp hybrids shown in Fig. 1, these
one-electron states have the specific form

—[%i + %2+%3+0'~ 1

t 2 X =
—,
' [q, +q 2 q3 q4], — —

tz3' =—[Fi %2 %3+0'4]

2z p [ pl p2+ p3 p4]

In diamond, electron-electron correlation leads to a
multiplet structure with 'E(a, t2) and A2(a, tz) being
the lowest energy states observed for V and V, respec-
tively. Transitions to the states 'T2(a, tz) and T, (a, t2)
are then associated with GR1 and ND1. Energies of the
molecular multiplets have been expressed within the
Hartree-Fock approximation through a series of one and
two center integrals which were denoted as being 2-B

) Z

FICx. 1. Molecular bonds about the lattice vacancy.

A. Empirical model for GR1 and ND1

The two-center many-electron integrals appearing in
Table I can be grouped into two types, direct or Coulomb
(J) and exchange integrals (K), the difference between the
two types of integrals coming from the statistical nature
of the electron distribution such that

1
r1 b 2 1 d 2

and
1, r& br2, r2 dr, dr

ri2

TABLE I. Molecular integrals: 6 one-electron splitting;
C—F are Coulomb and 6—K are exchange. All are expressed in
eV.

Refs. C D E F G J K

Ref. 27
Ref. 31
Ref. 29
Ref. 33

6.70
8.42

10.16
8.68

10.9 11.3
10.5 11.1
9.8 8.7
5.7 2.8

10.9 11.1
10.7 11.0
9.4 8.3
3.6 2.3

2.85
3.04
1.79
0.83

2.83 2.76
3.21 3.06
0.68 1.23
0.47 0.0

and C —K, respectively, in the early work of Coulson and
Kearsley. Table I contains some numerical values of
these integrals as evaluated by several authors. Although
there are subtle levels of approximation in each of these
calculations, as has been pointed out recently, ' such a
molecular approach at calculating the multiplet structure
has, in general, met with very little success.

On the other hand, far more sophisticated electronic-
structure calculations have been restricted to evaluating
the one-electron nature of the vacancy levels and their lo-
cation relative to the bulk-band edges. Of particular
significance has been the separation in energy between
the one-electron a, and t2 states as measured by a split-
ting parameter 6, some calculated values of which are
shown in Table II. The local-density values are taken as
quoted although the a, levels probably extend over a
significant region into the valence band. A common
feature to have emerged from these calculations is that a,
lies only slightly below the valence-band edge, Ez,
whereas t2 lies above E~.
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TABLE II. Calculated one-electron energy levels of the neu-
tral vacancy relative to the valence bands. All values are in eV.

0-

'a t'
Approach

Huckel, Ref. 34
Huckel, Ref. 35
CNDO, Ref. 36
Local density, Ref. 38

a&

Ev —0.4
Ev —14
Ev —0.1

Ev —2.0

t2

E~+ 1.0
Ev+1.2
Ev+ 2.0
Ev+ 1.5

1.4
2.6
2.1

3.5

CD

CD

LLl

"T~, A2, E, T2
1 2

The early work of Coulson-Kearsley related such in-
tegrals with similar atomic quantities —as discussed this
approach has met with little quantitative success. How-
ever, this does not necessarily mean that the basis of the
Coulson-Kearsley formalism is incorrect because funda-
mentally the model is group theoretical in concept. One
notable feature of the model is that it includes
configuration mixing which in the case of GR1 allows for
the interaction between multiplets arising from the one-
electron configurations a &tz, a, t2, and t2. A simple
empirical approximation of the Coulson-Kearsley model
would be to measure this interaction by taking all the
Coulomb integrals and all the exchange integrals to be
equal. The multiplet energies in the system can then be
expressed using the molecular model in terms of parame-
ters 6 p, J, and E, with the role of configuration interac-

tion essentially being measured through the parameter E.
In the case of V the multiplets have energies which are
given from the following interaction matrices:

X &6K K
'Z: &6K X+a,. —&6K

K +6K X+2k —0'

-5
0

I

0.1

I I I

0.2 0.3 0.4
I

0.5

FIG. 2. Multiplets of the neutral vacancy V . Energy is ex-
pressed in units of A.

Y &6K
Y+a,

Y —E
Tq . —E Y+6

&ZK
v'ZK

Y &3K
v'3K Y+6

and

~A:Y—2E+6 4A:Y—6E:4T Y—6K+61' 2 1' v

Similarly as shown in Fig. 3 we can express energies of
the multiplet states of the negative vacancy in terms of
the integrals J and E and a one-electron energy difference

as follows:

X &2K
'T2: +2K S+6 o

K &2K—X+26 p

X—3K &2K —K
T, : —&2K X+b, 0 /2K

K &2K X+2k 0

(4) where

Y=5(t2)+10J .

We have knowingly taken the J and E integrals to be
the same for V and V, but because of differences in oc-
cupancy of the vacancy tz orbital it is highly unlikely
that 6 p and 5 are the same. The empirical model for
the multiplet structure of both V and V is therefore

X 2E
1 2E X+26vo at'

and

T~'. E: A2: T2'X+Avp 2E

A2. X+5 p
—6E,

(6)

where

X=4( t2 ) +6J
is such that (t2) is the one-electron energy of the t2
molecular orbital. In Fig. 2 we show energies of these
states expressed in units of 6 p as the ratio E /6 p varies,
and we also indicate transitions associated with the GR1
center, and those which we shall relate with GR2 —8.

4

-5.
0 0.2 0.6 0.8

FIG. 3. Multiplets of the negatively charged vacancy V
Energy is expressed in units of h.



EXCITED STATES OF THE VACANCY IN DIAMOND 11 595

now expressed solely in terms of the parameters 6 p,

, and K.

B. One-electron and multiplet levels relative
to valence band

(12)

To estimate the parameters J and K we here make the
proposal (which shall be borne out later in the paper) that
the excited state of GR2 —8 relates to the 'T, multiplet in
the a

&
t 3 configuration of V, and then we require that

E(GR1) l.673 =0.58 .E('T, ) —E('E) E(GR2) 2. 881

8

4-
a~(V )

-6

K=0.58eV
h, ~o ='1.38eV

=3.15eV
V

A 2(V)

From Eqs. (4) and (6) we deduce for the neutral vacancy
that E =0.58 eV and 6 p=1.39 eV, which is very near
the values tabulated in Table II. In the case of V, Eq.
(10) readily leads to 5 =3.15 eV. To continue further
we make use of the established result that holes are pro-
duced under optical excitation of the ND1 center and
take the ground state of V at or in the valence band.
As the ND1 lines are sharp it seems reasonable to take
E( A2)=E~, and so measuring energies from the
valence-band edge (E&=0) a relationship between the
one-electron energy (t2 ) and parameters J and K can
thereafter be deduced using Eqs. (11)and (10) to be

(t, )= 6E —10J
5

(13)

Clearly we have that J &,pK for the t2 level to be
above the valence band, and in Fig. 4 we show the energy
of the multiplet levels of the neutral vacancy relative to
those of V . In particular, we note that at J=O, the
ground multiplet of V is also near the valence-band
edge. Similarly we can obtain the location of the one-
electron energies ( a, ) and ( tz ) and which are similarly
shown in Fig. 5. Taking J=0 we are therefore able to
derive the relative location of both one-electron and mul-
tiplet levels relative to the valence band as indicated in
Fig. 6. We see in the case of V that the a& level is locat-
ed very near the valence-band edge —again consistent
with many of the electronic-structure calculations [espe-

J in multiples of 0.6 K

FIG. 5. Relative energy of one-electron vacancy levels.

cially using complete neglect of differential overlap
(CNDO)] as inspection of Table II readily reveals.

C. Validity of simple Hartree models
for GR1 and ND1

Group theoretically the lowest configuration a, tz has
often been found to be more than adequate when analyz-
ing perturbations on the GR1 and ND1 line spectra.
Therefore to measure the amount of a, t z character in the
ground state of GR1 we shall employ the empirical model
discussed earlier. For example, writing the 'E state as

I

'E) =al'E(a,'tz))+Pl'E(a, t2))+yl'E(t2)) (14)

then the eigenvector o; which measures the extent of a &f 2
can be obtained from Eq. (4) for various values of the ra-
tio IC /h. Similarly writing the 'T2 level as

l'T2) =a'l'Tz(a, tz))+P'l'T2(a, tz))+y'l'T2(tz))

(15)

and again obtaining a' from the appropriate matrix in
Eq. (4) the contribution of the lowest one-electron contri-

A2
valence band

2)
CD

1
Q)

LLI

t2

A2

t2

a1

a1

-4
-2

FIG. 4. Relative energy mu?tiplets of GR1 and ND1.
FIG. 6. One-electron and multiplet levels of the negative and

neutral vacancy relative to the valence-band edge (E =0).
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1 2
&y, l.k y, ) =[.+&.i. lp, ) j

(+ for i =1,2 and —for i =3,4) . (19)

If we use a simple Slater description of the atomic orbi-
tals s and p, in the form

1/2 1/2

(20)
3~

re ' and ~p, ) = ze
—av.

we obtain for the atomic contribution,

can be inscribed. Then the atomic contribution to the
matrix elements involves

0
0

t

0.1 0.2 0.3 0.4 0.5 0.6

&slzlp. ) =
2 3CK

(21)

FIG. 7. a It& character in the two multiplet states of the GR1
line.

bution can be gauged. Both a and o." are displayed in
Fig. (7). Clearly we see that with the value of K /b, 0 de-

duced above that both 'E and 'T2 are composed mainly
of a, t 2 character.

III. OPTICAL TRANSITIONS AT GR1 AND ND1

Optical spectroscopy has without doubt played a very
important role in the characterization of vacancy-related
defects in diamond. The vibronic structure has been
studied both experimentally and theoretically such that
the Jahn-Teller nature of the defect is now reasonably
well understood. However, a point that has been alluded
to is the underlying mechanism of how the transition
takes place in the first place. Optical transitions in solids
are primarily of two types: either atomic where the tran-
sition is associated with a single atom or else of a charge-
transfer nature where interatomic processes are involved.
In the case of vacancy-related structures both types of
mechanisms are possible. Group theory shows that elec-
tric dipole transitions at both V and V can be account-
ed for in terms of only two matrix elements as follows:
for ND1

A charge transfe-r contribution to the electric dipole-
matrix element again involves the s and p orbitals but
now with interaction between adjacent P bonds. Each of
these can be resolved into o. and m components depend-
ing upon the relative orientation of the bond-orbital
states. Such components (now evaluated at a distance of
&8a when there is no lattice relaxation) are defined as
follows:

A =&s~z ~p, . ) and B =&s~z p, ), (22)

for GR1,

—B +0.25a(3S, —S~ —S~ ); (23)

&t g~r t g) =0.5(a —&s z~p, ) )

for example, in the case of the P, and Pz bond orbitals
there are only m. contributions to the dipole-matrix ele-
ment along the z direction whereas for P, with P~ and P4
both o. and m terms are involved. Finally there is a third
contribution to the dipole-matrix element which comes
about because of overlap on the adjacent bond orbitals.
As with the charge-transfer terms this can be resolved
into 0 and m diatomic overlap integrals S„S
and S . Eventually we find that the matrix elements
evaluated along the z direction take the form,
for ND1

&az ~r~tzg) =0.5(a —&s ~z ~p, ) ) —A —A +B

Az r~ T,z)=&a, ~ritz/); (16) + A B —0.25a(S, —+S „). (24)

for GR1

3
(17)

It is particularly instructive to consider the magnitude of
the separate contributions to each of the matrix elements,
and these are given in Table III. From Eqs. (16) and (17)
we therefore deduce that the overall intensity of the ND1

To evaluate such matrix elements we make use of stan-
dard molecular-orbital techniques which show that each
can be specified in terms of three distinct contributions.
For example, along the z direction indicated in Fig. 1, the
electric dipole vector has the following contributions at
each of the four carbon atoms about the vacancy: Contribution &a, ~r~t, g&

TABLE III. Relative contributions to the ND1 and CzR1
electric dipole-matrix elements (using Slater orbital with ex-
ponent 1.625 a.u. approximate to atomic carbon).

zk=(z;+d )k

with d = +a (i = 1,2) and d = —a (i =3,4), (18)

where 2a is the cube side length in which the tetrahedron

Atomic
Charge transfer
Overlap
Total

0.3962
0.1797
0.0405
0.6165

0.3962
—0.1032
—0.0424

0.2506
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band is intrinsically larger than the intensity of the GR1
band —which would be consistent with some early and
more recent' observations.

IV. VACANCY-RELATED TRANSITIONS: GR2 —8

The mystery of the origin of the GR2 —8 lines has
remained for some years even though the general con-
sensus of opinion is that the lines relate either directly or
indirectly to the interconversion of V to V . Piezospec-
troscopy has now indicated that all lines associated
with GR2 —8 have excited states with T, symmetry and
this observation has to be accounted for. The principal
properties of the GR2 —8 series are listed in Table IV.

Various theoretical models have been advanced for the
origins of GR2 —8 at varying levels of sophistication. A
bound exciton model was proposed by Dunn ' in which
during the transition V ~V +e+, the hole is strongly
bound to V during which excitation gives rise to sharp
lines. The argument for the nature of the final states is
that as V has a ground state Az and the hole occupies
a state with Tz symmetry final coupled states T& and
T, result. The model, therefore, required that the

ground state of GR2 —8 be of symmetry T& to make the
transition from V allowed on the basis of spin considera-
tions. Indeed the Coulson-Kearsley model does give the
T, rnultiplet in the V multiplet structure, however, this

is not the ground state of GR2 —8 which as with GR1 is
'E. Instead of assuming that the trapped hole be located
only in a Tz state, Lowther extended the molecular
model of the vacancy by suggesting that the localized
hole reside in one of the twelve backbonds on the carbon
atoms about the vacant atom site. Such backbonds can
give rise to one-electron states with symmetries
3&+E+2Tz about the vacant lattice site and so multi-
plet states having total spin zero with symmetry T& and
Tz result. This model was subsequently criticized by
Mainwood on the grounds that semiernpirical cluster-
model calculations located the one-electron levels associ-
ated with the backbond states at some depth into the
valence band and it was thus argued that any optical
transitions associated with these states would exhibit a
broadened structure rather than the sharp features as ob-
served. This argument, however, has overlooked the fact
that the GR2 —8 transitions are associated with rnultiplet
states rather than solely one-electron levels.

Two other models have also been put forward for the
origin of GR2 —8. Stoneham has suggested that two-
electron transitions are involved. Here one of the two

TABLE IV. Energies and relative intensities of GR2 —8—
taken from Ref. 8.

Property GR2 GR3 GR4 GR5 GR6 GR7 GR8

bound tz electrons in the E multiplet of GR1 is excited
simultaneously with the other electron. The second elec-
tron, however, is then excited into a level which in a con-
ventional one-electron excitation is normally forbidden,
and thus the final multiplet state of GR2 —8 involves a
one-electron configuration like tzx, with x being the sym-
metry of the additional level. The final model, recently
proposed by Prins, is based upon nuclear structure con-
cepts where capture of elementary particles about the nu-
cleus is known to polarize the nucleus and at the same
time affect the energy of the state into which the particle
is captured. This model therefore differs from the first
three in that it involves a dynamic polarization of the
electronic charge density at the lattice vacancy.

The importance of electron-electron correlation in re-
gard to the origin of the lines GR2 —8 has once again
been stressed by Stoneham. Here it was argued that
many of the lines have an electronic origin rather than a
vibronic nature, a conclusion consistent with that
reached from studies of excited states of dynamic Jahn-
Teller systems. ' In this section of the paper we shall
now consider the origin of GR2 —8 in light of results aris-
ing from the empirical model introduced in Sec. II and
from investigations of the optical transition probabilities
in Sec. III.

A. Electron-electron correlation with bound exciton states

In diamond the spin-orbit interaction is small and un-
like many semiconductors a hole in the valence band oc-
cupies states with overall nominal Tz syrnrnetry. Hereaf-
ter we label the hole state tz thereby avoiding confusion
with the vacancy tz state discussed above. In Sec. II we
concluded that a neutral vacancy-related a

&
state lay near

the valence-band edge, and in Sec. IV pointed out that
electronic excitations from such a state involved a sub-
stantial degree of interatomic charge transfer making
the transition highly probable. The empty a

&
state

formed after such transition as occurring in
'E(a, t2)~'T2(a, tz) would subsequently be filled leav-
ing behind the tz hole. Thus, in a one-electron picture,
the transition is from the GR1 ground a &t z configuration
excitation to a, tz or a, tztz. The possible many-electron
multiplets that can arise from a tztz configuration are
listed in Table V. Out of these, three 'Ti states are possi-
ble and which are derived from E(t2), T, (tz), and
T2(tz). Now by similar argument E(t2) and T2(t2)

give rise to the states E(a, t2) and T2(a, tz), which
were the excited states found to be degenerate with
'T, (a&tz) according to the model in Sec. II. Thus under
both a)taiga&tz "d &tz~aitztz e citation, degenerate
states with overall T, symmetry can result, namely

TABLE V. Allowed rnultiplets from a t2t2* configuration.

Intensity

Energy (eV) 2.881 2.888 2.902 2.940 2.958 2.976 2.997
2.960 2.982 2.998

3.002
3.005
3.008

0.5 1.0 0.02 0.04 0.55 0.13 0.57

t3

4A,
2E
'T
'T

T$
1T
'Aq

Tj
T]

A

1T
1E
1E

'T2
E
E

1T
'T2



11 598 J. E. LOWTHER 48

'T, (a, t~), 'T, ai[ E(t~)t2 ], and 'Tia, ['T2(t2)t2 ].
Any possible degeneracy of these multiplets will be re-
moved through electron-electron correlation such that
the multiplets now have relative energies given from the
matrix equation:

k2k,

(t2 )

k3

(25)k3

(t2 )

where ( t 2 ) is the energy of the bound hole state and

k, =('T, (a, t', ) 'T, a', ['E(t,')t2 ]),22
rlj

1k =2('T (ia tiz) 'T, a i[ T2(t2)t2 ]),
rlJ

(26)

I' T, (a, t,')~) = —(laiggl —laigggl),
2

'Ti ['E(t2)t2 ]~)= —(2lggg' —lggg'I —ggg*l),
(27)

'T, [ T (t )t* ]Z &
= —

—,'(lg'ggrf*l+ lg'egg*

where, for example, g* denotes a state with spin = —
—,',

we find using the notation of Eq. (2) that

k, = — [gg*nai],1

k, =('T, a', ['E(t', )t2 ] 'T, a', ['T,(t,')t2 ]) .22
EJ

Expressing multiplet states in the form of Slater deter-
minants as follows:

15

10

5

UJ 0

0.8

K
a) 0.6
C:

Q)~ 0.4
iU

0)

0.2

-10
4

k'

0
4

k'

FIG. 8. T~ levels and relative intensities of GR2 —4 assum-
ing interaction with one exciton state. The arrow indicates the
region where there is some agreement with the experimental
trend. Energy is expressed in units of (a, ) —( tz ).

(a, Irlt2$) ) (t2glr t2q) and so the intensity of transi-
tions from the 'E ground state of V to each of the
GR2 —8 'T& excited states will vary approximately ac-
cording to

I('E~'T, ) ~a; . (31)

3
' ' 2

(32)

as suggested from Eq. (28). The relative splitting in ener-
gies follows the trend with those observed for GR2, GR3,
and GR4 when the electron-electron correlation is such
that k —3—4 times the ( a, ) —( t 2 ) splitting energy.
The analysis of Sec. II suggested that this splitting would
be small, thus in turn the value of k is small —probably a
few meV.

The dependence of relative energies and intensities upon
the magnitude of electron-electron correlation as mea-
sured by a parameter k or upon the value of the energy
diff'erence (ai ) —(t2* ) can thus be obtained and this is
shown in Fig. 8, where we have used

1—[k0'w i],
2

(28) B. Electron-electron correlation with multiple bound levels

A typical overall 'T& state is then

I' T, );=a;I'T, (a, tz))+P;I'T, ( E(tz)tz ))

+y; I'Ti('Tp(tp)t2 ) ) (29)

—(tx;(a i lrlt2g&= 2

3

+y;«,*g*lrlt, g) ) . (30)

Now from the results of Sec. III we had

with a;, P; and y; being given from the matrix in Eq.
(25). Expressing each 'T, state in this way now allows us
to evaluate the electric dipole matrix element from the
ground 'E GR1 ground state as

g2 2

(tz )i „= (I +m +n )=5(l +m +n )
ma

(33)

with l, m, n being integers and 5 some energy parameter.
The threefold degenerate levels which we associate with
bound exciton states t z ( l, rn, n ) have energies corre-
sponding to (l, m, n)=(100), (110), (200), (210), . . . and
of these there are sixfold degeneracies, starting with the
t2 (210) exciton with energy 55. The possible occurrence
of multiple bound exciton states was not considered ear-
lier and now the interaction matrix as given by Eq. (25) is
extended to become

The single-particle energy of a bound state trapped at a
defect such as the lattice vacancy can, to a first approxi-
mation, be obtained from well-known standing-wave solu-
tions of the Schrodinger equation with an infinite poten-
tial well. These are given from classical expressions of
the form
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(a, )
k)
k2

k)
k2

k,
k2

k,
k2

k,
k2

k)
5

k3

k2 k) k2 k,

45

k3

k3

45

k3
k*

3

k3

k3

k tfc

k'
3

k3

55

k3

k, k, k, k,

k3

3

k3

S5

(34)

onalization of this matrix will therefore yield the
various excitonic-related T, eve s.

and (32)k k and k as given from Eqs. (28) anvalues of &, 2, an 3
en onlthe eigenva ues o e1 f the above matrix now depen on y

ue a ). Ex-u on k, 5 and a one-electron energy value (a& . x-

( )
' ' f 5 th 'T multiplet energies canpressing ~, a in units o e

itudes of electronthere ore e of b btained for various magnitudes
' t ction as now measured throug p-h the a-correlation interac ion

f 5. There arek hich is also expressed in units of ~. ere
o the locationseveral limits of the model corresponding to e

of the a& level relative o e 2o
&

1
' t the t* bound states. We consid-

er specific cases.

1. a& vacancy eve on ai i ftxed number of bound states

for a variableTo i ustra e11 t the correlated structure fo
se E . (34), but forb of bound states we simply use q.num er 0

the u er 3X3 com-the first bound state the matrix is e upp
with two bound states the matrix is the upper

we have consi ere up'd d to four bound states the a, eve
ed t*has been positione a ed at the location of the unpertur ed z

int eu erleftd tate. The energy-level structure in t e upper eboun sta e.
i . 8 however whenf F' . 9 is the same as that for Fig.0 ig.

h is a configuration interaction w' 'gith hi her exciton
s a es

' ' ' f the 'T energies occurs.states significant modification of t e

I

This therefore suggests that the relativative location of the a&

level will be an important feature in the energy structure
of the correlated system.

2. Fixed iocation of the at vacancy level
(the possible origin of —GR 5—8)

On the other an, eh d th a level can be fixed in energy
r of t* exciton states. To modelbetween a specific number o 2

the situa ion w
'

h 't t' n (which we suggest could be applica e to
GR2 —8) the matrix of Eq. (34) has been emp oye
ing five t2 states and using a&

' . 10 is shown the energy-level structure and to t e
ri ht of this is shown the relative intensi y oit of transitions

h h h ve been calculated using theto these levels w ic ave
r of the 'T, (a, tz) state following the methodeigenvector of t e, a, 2

e the case ap-outline i e a oth bove section. As this may e
plicab e to1 GR2 —8 we have indicated in Fig.
which are observed with largest intensity.

V. DISCUSSION

There is no dou t as ob t the importance of the vacancy
in diamond when it comes o
~ ~ ~ to optical characteristics and
defect ro erties of the material. Accu

'
gumulatin evi ence

that many sharp features in the op
'

p

e ec pro
o tical s ectrum relate,

in one way or ano er,th to a vacant lattice site is again in-
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FIG. 9. 'T& levels for an interaction wit yh a var ing number
o . f the a level relative to exciton ener-of excitons. The position o t e al
gies is denoted by an asterisk. Energy is in units of 6.

IG 10. 'T energies (in umts of 5) andnd relative intensities
asterisk) and interact-with ( o, ) =2.55 (the energy shown by an asteris )

in with four exciton sta es.t . The transitions GR2, GR3, GR6,
and GR8 are observed to be the most intense.
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dicating the importance of this intrinsic defect. In this
paper we have attempted to understand essential features
of the lattice vacancy exploiting the molecular model put
forward some time ago by Coulson and Kearsley, and yet
at the same time adopting an empirical approach through
which various parameters are deduced from both GR and
ND1 optical features. We found in Sec. II that only three
parameters 6 0, 4, and K were needed to explain the
essential properties of GR1 and ND1 systems. The value

0
= 1.35 eV so deduced for the neutral vacancy lies

V

very near that calculated using Huckel theory [1.4 eV
(Ref. 34)] or CNDO molecular-orbital parametrization
[2.1 eV (Ref. 36)]. We also found that the ground multi-
plets of both centers are very close to the valence-band
edge even though the t2 one-electron levels from which
they are derived lie some way into the gap. At the same
time the multiplet structure deduced for the neutral va-
cancy has suggested a way to interpret the origin of the
GR2 —8 series of lines.

Configuration interaction which takes place through
electron-electron correlation has been an important
feature in the model, yet the extent of such mixing is far
less than expected from estimates based upon the
Coulson-Kearsley model. This therefore explains why
the lowest configuration (a, tz for V or a, tz for V ) has
proved very often to be suKciently adequate when under-
standing specific properties of both the neutral and nega-
tive vacancy.

A feature which hitherto seems to have been over-
looked are the relative values of GR1 and ND1 optical
transition probabilities as measured through matrix ele-
ments like (a, ~ri tz/) and ( tzg~r t2il ). Our analysis has
indicated that the former matrix element is almost three
times larger than the latter because of charge transfer
among the four bonds at the vacancy lattice site. This
feature, together with the extremely large degeneracy of
levels found in an excited state of V, has led us to pro-
pose a model for the GR2 —8 series of lines in which the
large value of the matrix element ( a, ~

r t 2 () and
electron-electron interaction between vacancy and bound
exciton hole states play important roles. We saw, de-
pending upon the number of bound hole states and the
extent of electron-electron correlation, that several close-
ly spaced levels would be possible all with symmetry 'T&.
Because each of these contains a contribution from the
' Ti (a, t 2 ) multiplet of a neutral vacancy and since the
a, ~t2 optical transition probability is relatively large,
wide variations in the observed optical intensities can be
observed. This was confirmed from the calculations
which in turn are in fair agreement with the observed
pattern of GR2, GR3, and GR4 for moderate values of

electron-electron correlation. We saw that additional
configuration interaction with higher energy hole states
through electron-electron correlation would improve
agreement with experiment and at the same time the ad-
ditional exciton configurations could be the origin of the
GR5 —GR8 transitions. The relative location of the va-
cancy a& level and the exciton levels appears to be a
significant feature in the model especially when it comes
to relative intensities of the GR2 —8 lines. We have
pointed out that local-density results did not firmly fix a
single a

&
level but rather showed a relatively broad distri-

bution of such states below the valence-band edge. The
quantitative discrepancy between the results we have ob-
tained here and from experiment therefore can, in part,
be attributed to the nonsingular nature of the a, level.

The overall number of bound valence (t2 ) states and
why such states arise can, at this stage, only be specula-
tion. Yet one point forthcoming from group theoretic ar-
gument is that for only one bound state GR2, GR3, and
GR4 are present together —it seems that GR2 —4 do have
a firm correlation. " The other lines GR5 —8 would, ac-
cording to the analysis discussed here, be indicative of an
additional number of bound states and since the degen-
eracy of the exciton states increases to higher hole energy
then it is anticipated that the number of lines observed in
the GR5 —8 series will also increase. The large degenera-
cy associated with GR8 seems consistent with this con-
clusion.

Within the model many properties of the neutral and
negative vacancy can now be understood. First the GR1
and ND1 lines are sharp because the transitions originate
from multiplet states which reside in the energy gap-
even though the ground multiplet states for both V and
V are only slightly above the valence-band edge. Opti-
cal transitions at V differ from V in that the latter in-
volve transitions between orbitals of different symmetry.
During optical excitation the emptied a

&
orbital is subse-

quently populated from a t 2 bound hole which, in turn, is
released to become mobile. The mechanism of this pro-
cess is here unspecified but very likely it would involve a
Fano type of resonance as suggested by Stoneham with
the a& —+t2 transition occurring simultaneously with a
tz ~a, hole transition among the various correlated
multiplet states. Irrespective of the specific mechanism,
once the holes are released luminescence can no longer
take place simply because the ground state is now popu-
lated. This situation, which we suggest is responsible for
the photoconductivity and absence of luminescence in
GR2 —8, will also hold for the ND1 transition at V
Thus in this respect GR2 —8 and ND1 are similar when it
comes to emission processes.
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