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A linear-combination-of-atomic-orbitals (-molecular-orbitals), self-consistent-field method for the treatment
of the electronic configuration of deep levels in semiconductors is described. It is applied to clusters of 17
and 47 carbon atoms and to clusters containing a substitutional (boron or nitrogen) impurity. It is shown that
self-consistency brings large improvements over a noniterative procedure, such as the extended Hiickel
theory. We also propose a method to calculate the total energy of the cluster, necessary to take into account
the lattice distortion that occurs around the defect. A detailed discussion of all the terms that have to be
taken into account in the evaluation of the energy is made. Justifications of the validity of this calculation
are given for 17 and 47 carbon atoms clusters, and the Jahn-Teller distortion associated with substitutional

nitrogen in a 47 atoms cluster is determined.

I. INTRODUCTION

Various attempts have been made to treat the
problem of the electronic states of a defect (or
of an impurity) in a semiconductor.! Up to now
only the effective mass theory and its extensions
have been successful and for shallow impurities.
For defects associated with deep levels the pro-
blem is complicated by the existence of a lattice
relaxation and/or of a distortion around these
defects. A general method to obtain the electronic
states of a defect must therefore be able to pro-
vide a determination of the total energy of the
system versus the position of the atoms in the
lattice in order to treat at the same time elec-
tronic and atomic configurations. An approach
having potentially the ability to give the total
energy of the system is a molecular orbital (MO)
technique applied to a cluster of atoms composed
of the defect and of several atomic layers which
surround it (in such a way that the wave function
associated with the defect is confined to this.
cluster).

This concept of defect molecule has been in-
troduced by Coulson and Kearsley? and first used
in the extended Hickel theory (EHT) approxima-
tion by Moore and Carlson.? Applications of
EHT on various defect clusters have been made
by Messmer and Watkins (MW) and later by
others to treat the vacancy in diamond* and in
silicon,® substitutional nitrogen* and boron®
atoms in diamond,. the divacancy in silicon,’
interstitials (carbon,® nitrogen® and hydrogen'?)
atoms in diamond, and sulfur in silicon.!!

This EHT approximation applied to a cluster
presents some deficiencies which make that the
results obtained are only qualitatively valid. The
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results depend strongly on the cluster size’ %13

and on the boundary conditions.*'%!* Moreover
the EHT approximation is a noniterative proce-
dure which neglects the variations of the elec-
tron-electron interactions and therefore is only
valid in the case of uniform electron distribution.
It cannot handle charge transfers such as those
which occur in the vicinity of a defect. Illustra-
tion of the limitation of the EHT to uniform elec-
tron distributions can be found when it is applied
to partially ionic semiconductors (for instance,
Birman et al.'® !® must use in their calculation
an unrealistic value of the empirical Wolfsberg-
Helmholtz’s constant K to fit experimental data)
or even to some cases in group-IV semiconduc-
tors (for instance MW found that a relaxation by
a breathing mode around a substitutional nitrogen
atom results in a charge build up on this atom,
which lowers the energy and therefore makes the
cluster unstable).

A self-consistent-field (SCF) procedure should
then be used since it will take into account charge
transfers which will necessarily occur on a defect
site and also because it will allow the treatment
of the electronic stdtes of various charge states
of a defect, which EHT cannot do. MW consider?
that a noniterative method is more adapted than
a SCF procedure which would give a solution for
the cluster per se and not for the crystal it is
supposed to represent. We argue that, actually,
a SCF procedure will be valid, if applied to a
cluster large enough so that the atoms at the
surface of this cluster are not modified by the
presence of the defect in its centre and if the
boundary conditions are such that the surface
atoms are in the same state as in the perfect
crystal. The first attempt to use a SCF pro-
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cedure has been made by Watkins and Messmer!’
using the X, scattered wave method. Unfor-
tunately, Messmer and Watkins did not develop
the results obtained with this method; they only
applied it to the case of a neutral vacancy in
diamond in order to evaluate and discuss the
many-electron effects.

Another problem must be considered, the de-
termination of the distortions which occur around
the defect. As demonstrated by Watkins and
Messmer,® the use of a linear-combination-of-
atomic-orbitals (LCAO)-MO technique applied
on a cluster of atoms surrounding the defect is
a way of getting the atomic configuration since
this technique allows relatively easily, through
the calculation of the total energy of the system
versus atomic position, the determination of the
lattice distortion. Messmer and Watkins and
subsequently others®-!® applied this technique,
in the extended Hiickel approximation, on several
kinds of defects in diamond and silicon. In the
EHT approximation the total energy E, of the
system is taken to be the sum of the one-electron
energies, i.e., the interactions between elec-
trons are assumed to compensate exactly the
interactions between nuclei. This assumption
which, again, requires a perfectly uniform elec-
tronic distribution can lead to situations in
which the cluster considered, even a “perfect”
cluster, is unstable.

In this paper, we shall describe a LCAO-MO-
SCF procedure based on a method proposed by
Berthier, Millie and Veillard (BMV),!8 which
takes into account interelectronic repulsions.
The calculation is self-consistent and allows
to treat the charge redistributions due to the
presence of the defect.”® The method is des-
cribed in Sec. II. It is then applied to clusters
of 17 and 47 carbon atoms. Energy levels and
charge distributions obtained for the 17C and
47C clusters and for clusters containing sub-
stitutional boron or nitrogen atoms are given in
order to justify the method and to show the im-
provements it provides compared to the non-
iterative EHT method. In Sec. III, we consider
the problem of the determination of the atomic
configuration, i.e., of the lattice distortion and
relaxation which occur around the defect. We
calculate the Roothaan-Hartree-Fock energy of
the system, i.e., we include in the expression of
the energy the interactions between electrons
and between nuclei. Verification of the validity of
the calculation is made in the case of 17 and 47
carbon atoms clusters and results concerning the
determination of the Jahn-Teller distortion which
occurs around substitutional nitrogen in diamond
are presented.

II. ELECTRONIC STRUCTURE
A. Description of the LCAO-MO-SCF method

1. Matrix elements of the Fock's operator

In the BMV method the Hartree-Fock equations,
simplified by the use of the Mulliken approxima-
tion,? are applied to a set of valency atomic
orbitals (AO). The diagonal elements of the
Fock’s operator can then be written

Fpp = WP +Z qr(JPr - %Kpr)
. reF

2

Z%e
+ Z qr(JPT - %Kpr) - Z <XP > xp> .
reR#P R#P o

(1)
Indices p and 7 correspond to AO’s X, and X, X,
belongs to atom P, x, to atoms P or R. The
quantities J,, and K,, are, respectively, the
Coulomb and exchange integrals between x, and
X,- Z} is the effective charge of the core of
atom R. ¢, is the charge, in the Mulliken defini-
tion, of the yx, AO.

The first term of expression (1), W,, is the
diagonal element of the sum of two operators:
kinetic and Coulomb energy of the core of atom
P. The second term 2, pq,(J,,— 3K,,) is an
intra-atomic electronic contribution. The third
term 2,.p:pq,(Jpy— 3K ,,) is an inter-atomic elec-
tronic contribution. The fourth term
Zrep{Xp| Z%€*/0| X, is the inter-atomic core
contribution.

In the BMV method, expression (1) is written
in terms of the net charge associated with each
atomic orbital and of the interaction between the
atomic orbital x, and the neutral atom R. Let
n, be the charge (or occupation number) asso-
ciated with the AO x, in the neutral atom; the
third and fourth terms of Eq. (1) become

Z (q,— nr) (Jpr— %Kp’) '

TEP#R
| V= Z%e?
2 [(u| 2 ) Tn-ix,)] @
R#P L) p TER

BMYV suggested that the above two terms can
be neglected in formula (1). Indeed, the first
of these two terms is small for covalent materials.
The second one (a matrix element of a multi-
polar potential of neutral atoms, which will be
later on called “penetration integral”) is small
and depends only slightly of the AO’s under con-
sideration.

In the following we shall also neglect the pene-
tration integrals in expression (2). However we
shall take into account their variations when we
shall treat geometrical configuration problems.
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We do keep the first term of expression (2)
which plays a role in charge transfers between
the defect and the surrounding atoms. Such a
term is small (since n,~gq,) and we can neglect
the exchange dicentre integral K,,,.

Finally Eq. (1) can be written

FM’ = WP +Z qr(Jpr - %Kpr) + ; (qr - nr)JM . (33)
7€P TER#P

Equivalently, one can write F,, as

F,,=F, +‘§ @y = 1) Ty = 3Ky » (3b)
3

the summation running over all the AO’s.- The
quantity ng is the value of the diagonal element
of the Fock’s operator in the EHT approximation.
This form of F,, explicits the variation of this
matrix element with the charge redistributions.
Expressions (3a) and (3b) are valid for closed
shells systems. Actually we shall use them also
for open shells (taking fractional MO’s occupa-
tion numbers). ‘

The off-diagonal elements of the Fock’s opera-
tor are calculated using the Wolfsberg- Helmholtz
approximation

K
F,,,'—'z— Sp,.(F,,, +F,,), (4)

where S,, is the overlap integral (x,|x,). The
empirical constant K is taken to be 1.75. This
value,?! also used by MW* will allow the com-
parison between the results obtained by the
method described here and the results obtained
by EHT.

2. Numerical values

The numerical values considered for the intra-
atomic interelectronic integrals J,,~ 3 K,, are
deduced from atomic spectra; we take the values
given by Oleari et al.,?? who calculated these
quantities for the elements belonging to the
second and third lines of the periodic chart.
They used valence states of atoms in three con-
secutive charge states, such as C~, C and C*,
or C, C* and C*. For the matrix element W,
we have considered two types of values: in cal-
culations noted “0”, W,—given by Oleari?®—is
calculated in order that the quantity W,
+2repn(Jpy— 3K,,) is equal to the electronega-
tivity deduced from C, C~ and C*; in calculations
noted “MW” we have taken for W, values deduced
from the ionization potentials I, (provided by
Pople and Segal?® and also used by MW) through

Wy=I,- 9 n,(Jp— 3K, - (5)

T€EP

TABLE 1. The two types (‘MW" and “0”) of W, values
(eV) used in the calculation.

MW 0
2s 2p 2s 2p
C -56.33 ~45.53 -52.14 -40,88
B -36.66 -30.06 -33.71 -25.21
N -76.73 -62.91 -71.86 -58.50

This last choice allows the comparison of the
results obtained at the first step in the iterative
procedure (g,=n, for all ), with those of MW.
All the W, values considered are given in Table I.
BMV have shown that the electronic structure
obtained using MO calculations are correct only
when the intra-atomic parameters W, J, and K
are deduced from atomic configurations similar
to the atomic configuration of the molecule (or
cluster) considered. Consequently, we must take
spectroscopic data corresponding to ionization
states as close as possible to the charge states
the atoms will have in the cluster. Therefore,
for the study of covalent materials, in which small
charge transfers (lower than about 0.5¢) occur,
the more reasonable choice consists in taking the
spectroscopic data related to neutral atoms.
This choice is done by considering intra-atomic
integrals W, relative to the electronegativity.
The Coulomb integrals J,, between AQ’s be-
longing to different atoms (separated by a dis-
tance p) are evaluated following Mataga®®%:

Jpe=€%/(p+7,) , (6)
with

ry=ae’/(Jy+J,,) (m
and a =2.

The use of such an evaluation for these integrals
provides a supplementary justification of the
approximation expressed by relations (3a) and
(3b), that is to say, the neglect of penetration
integrals in Eq. (2).

Indeed, the evaluation of the penetration inte-
grals given by (2) using semiempirical values
for the J,, terms and exact values for the nuclear
terms (x,| Z*e’/p|x,) provides too large numbers,
thus inducing an important shift of the energies.
Since the Wolfsberg-Helmholtz approximation is
not invariant under a shift of the zero of energy,
this would not lead to meaningful results. The
AO’s chosen are Slater-type orbitals?® with an
exponent deduced from Slater’s rules.

3. Computational method

The self-consistency of the Fock’s operator is
realized through AQ’s charges. These charges
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are calculated from eigenvectors after diagonaliza-

tion, by Mulliken’s analysis. Different procedures
are used in order to obtain the convergence.

Some of the MO’s are built on AO’s belonging
to atoms situated at the surface of the cluster.
Some of these AO’s give rise to dangling bonds
and contain only one electron. Since the MO’s
are not localized, there is no MO built with
only such dangling bonds. We therefore populated
all bonds with two electrons and the corresponding
value of #, is corrected in order to insure the
cluster neutrality.

Finally, in order to speed up matricial compu-
tation, we use symmetry orbitals built on the
AO’s. The change of basis is made through a
program designed for C;, and D, symmetry
groups.

B. Results and discussion

We have treated clusters containing only car-
bon atoms in order to examine to what extent
the method is able to give a good representation
of the perfect crystal, and then clusters con-
taining substitutional boron or nitrogen. These
impurities are chosen because it is possible
to compare the electronic structures obtained
with available experimental data.

The substitutional impurity is at the centre of
the cluster, i.e., all the atoms of the cluster are
within a sphere centered on the substitutional
site of the impurity (the central atom). A 17
atoms cluster is made of the central atom (first
layer), the four nearest neighbors (second layer)
and all the twelve second neighbors (third layer).
A larger cluster including all the third neighbors
should also include a few of the fourth neighbors
(those which are inside the sphere containing all
these third neighbors). The number of atoms in
the cluster is then 47. We call fourth layer the
set of these third and fourth neighbors. In order
to have a cluster with all the fourth neighbors it
should have been necessary to consider 99 atoms.

In the 17 atoms cluster the atoms of the third
layer have three dangling bonds. In the 47 atoms
cluster, the atoms of the fourth layer have one,
two or three dangling bonds (for this reason the
fourth layer will be divided in subsets noted
4', 4''  and 4''"). We shall first describe the
results obtained with clusters containing 17
atoms and then the results obtained with clusters
containing 47 atoms.

1. Cluﬁters of 17 atoms

Table II gives the bottom of the conduction
band (E,), the top of the valence band (E,), the
valence band width (AE) and the position (E;) of

TABLE II. Conduction (E;), valence (E,) bands, width
of the valence band (AE), position of the impurity level
(E7) in a 17 atoms cluster. The energies are given in
electron volts. The type of values (“MW” or “0”, see
text) taken for the W, are indicated.

Cluster E, E, AE E,

17ca 2.73 -8.57 18.18 see MW
17¢c® 2.73 -8.84 20.25 cee MW
17c? 2.26 -3.86 14.98 o 0
17¢? 1.98 -494 16.23 cee 0
16C+B* 497 -8.85 18.0 -8.01 MW
16C+BP 4.89 -9.08 18.4 -8.32 MW

16C+N?® 6,57 -8.62 20.84 —-0.17 MW
16C+N® 6,42 -8.66 22,39 -0.13 MW

2First step (¢,=n,).
b At the convergence.

the level associated with the substitutional im-
purity considered in the forbidden gap. Table

III gives the charge distribution over the three
different layers of atoms. In order to investigate
the effect of self-consistency these results are
given at the first step of the iterative procedure,
for which ¢,=n, (a) and after the convergence has
been reached (b).

As shown in Table II, using MW values of W,,
we obtain a forbidden gap of ~11 eV and a valence
band width of ~20 eV. The electronic structure
obtained is strongly dependent upon the W, values
considered since, with “0” values of W,, we have
E,-E,~6eV and AE~16 eV. These values have
to be compared to the gap (8.7 eV direct, 5.5 eV
indirect) and to the valence band width (21 eV)
given by band structure calculations. The nitro-
gen level and the boron level are found respec-
tively at E,— E;~6 eV and E;—- E,~0.6 eV. The
value found for the boron level has to be com-
pared to the experimental value E,+0.37 eV. The
value found for nitrogen is also in qualitative
agreement with experiment since luminescence

TABLE III. Charge per atom (electron) for each of
the three layers in a 17 atoms cluster. The types of
value (“MW” or “0,” seetext), used for the W, are indi-
cated.

Cluster 1 2 3

17c2 4.20 3.67 4.09 MW
17¢Cb 4,10 3.82 4,05 MW
17c2 2.40 3.62 4.26 0
17C® 4,10 3.73 4,08 0
16C + B2 2.45 4,01 4,04 MW
16C + B® 2.75 3.99 4,02 MW
16C+ N2 5.82 3.55 4.08 MW

16C+ NP 5.41 3.76 4.04 MW

2First step.
b After convergence.
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FIG. 1. Energy diagrams obtained for the 17C, 16C
+B, and 160+N‘clusters after the convergence has been
reached (using “MW” values of Wj).

studies have shown this level to be deep in the
gap (~E,— 4 eV). Actually this (donor) level
being triply degenerate should undergo a Jahn-
Teller distortion which, as shown by MW,* will
strongly modify its position in the gap. As men-
tioned earlier we shall treat distortions, in-
cluding this case, in the third Section of this
paper. :

The results obtained for the 17C cluster at
the first step are those reported by MW.* The
results obtained for the 16C +N and 16C +B
clusters cannot be directly compared since MW
performed the corresponding calculations on 35
atoms clusters.

Self-consistency does not affect strongly the
energy levels (the energy level diagrams are
given in Fig. 1); it increases the valence band
width by 10%. But Table III shows that self-
consistency modifies in a non-negligible fashion
(by ~0.1e) the charge distribution found at the
first step. The atomic charges on the layers tend
towards the value of 4e, which is the value they
should have in the perfect crystal. The charge
(4e within 2%) found on the atoms of the third
layer, which are the surface atoms, indicate
that the boundary conditions we have chosen are
satisfactory. .

The introduction of an impurity in the 17C
cluster illustrates another advantage of the use
of a SCF procedure. For both impurities a
large charge redistribution is induced by the
self-consistency: the charge differences found
between the first step of the iteration procedure
and the last one at which the convergence has been
reached are 0.3 and 0.4e for boron and nitrogen,

respectively. In case of nitrogen the level E; is
initially triply degenerate (symmetry 7', of the
T, group). There is one electron on this level:
we choose to populate the MO having the symme-
try A, in the Cj, subgroup. As a result the
charges on the four nearest neighbors are not
the same: three atoms are charged with 3.71e
and the fourth is charged with 3.91e. Only the
averaged charge is given in Table III. This
choice has been made because a trigonal distor-
tion will have to be considered in the study of
the Jahn-Teller effect.

The charges on the surface atoms are modified

_ by the presence of the impurity. This indicates

that the size of the cluster is not large- enough to
contain the whole wave function of the impurity.

From the results described here it can be con-
cluded that the size of the cluster is not large
enough to allow a good representation of the elec-
tronic structure of a defect. But they illustrate
clearly several advantages that a SCF procedure
brings in, as compared to a noniterative method
such as EHT used by MW.

2. Clusters of 47 atoms

The energy levels and charge distributions for
the different clusters studied are given in Tables
IV and V. These tables show clearly that the 47C
cluster provides a reasonable representation of
the perfect crystal. For the calculation per-
formed with “0”’s W,, the forbidden gap (5.14
eV) and the valence band width (21 eV) are the
values expected from band structure calculations.
The charges over the different atoms are the
charges in the perfect crystal within 2%.

Self- consistency brings the same improve-

TABLE IV. Conduction (E,), valence (E,) bands, po-
sition of the impurity level (E;) in a 47 atoms cluster.
The energies are given in electron volts. The types of
value (MW or “0,” see text) taken for the W, are indi-
cated.

Cluster E, E, E,

q7Cc*2 0.68 —8.49 e MW
47C? 0.69 —~8.61 e MW
47C?2 0.67 —4.65 e 0
q7C® 1070 —4.77 e 0
46C + B2 1.14 —8.51 —8.47 MW
46C + B® 1.12 —8.54 -8.41 MW
46C + B2 0.70 —-5.11 —4.75 0
46C + BP 0.66 —4.85 —4.48 0
46C + N2 1.14 —8.51 -1.,55 MW
46C + NP 1.13 —8.62 -1.50 MW
46C + NP 0.67 —4.63 —-0.59 0
46C + N2 0.70 —4.78 —0.68 0

2First iteraticn,
b After convergence.
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TABLE V. Charge per atom (electron) for each of fhe fourth layers in a 47 atoms cluster.
‘The types of value (“MW?” or “0,” see text) used for the W, are indicated.

Cluster 1 2 3 4 4 4"’

47C2 3.99 4.13 3.85 4,02 4.02 4,07 MW
47C? 4.00 4,07 3.91 4,02 4.00 4.04 MW
47CP 4.00 4,07 - 3.85 . 4,03 4.01 4,09 0
46C + B2 2.49 4.45 3.85 4.00 4,01 4.04 MW
46C + BP 2.74 4.23 3.90 4,01 3.99 4.03 MW
46C + BP 2.55 4.25 -3.84 4.03 4,01 4.08 0
46C+N?2 5.62 3.93 3.87 4,02 4,02 4,07 MW
46C + NP 5.31 3.97 3.91 4.02 4,00 4.04 MW
46C + N? 5.41 3.96 3.85 4.03 4.02 4.09 0
46C+N? 5.63 3.95 3.78 4.02 4.06 4.13 0

2 First iteration,
- P After convergence.

ments as in the 17 atoms cluster. The energy
levels are only slightly changed but the charge
redistribution can reach up to 0.4e. As in the
17C cluster “0” values of W, provide a better
description of the perfect crystal. The hypo-
thesis taken for the boundary conditions appear
to be quite satisfactory: all the surface atoms,
although they have a different number of dangling
bonds, have the same charge of 4e, within 2%.
We therefore have no need to investigate further
the problem of the boundary conditions.

" Introduction of a substitutional impurity changes
slightly the energy gap. The energy levels ob-
tained with “0”’s W, can be directly compared
with the experimental ones, since the gap pro-
vided in this case is nearly the experimental in-
direct gap. The acceptor boron level lies at
E,+0.36 eV, practically the experimental value.
The donor level associated with nitrogen is
deep: E,— 1.26 eV. Again this value should be
strongly modified by the introduction of a Jahn-
Teller distortion. The energy level diagrams
are given in Fig. 2. The molecular orbital
corresponding to the donor state localized on
nitrogen has a pure 2p character. The square
of the wave-function coefficients we determined
for nitrogen and for the C, carbon neighbor
situated on the ternary axis are given in Table
VI. These coefficients, as shown in Table VI,
are slightly modified by the iterations.

The reason the 47 atoms cluster gives a better
representation than the 17 atoms clusters is due
to the fact that it is large enough to contain all
the wave function associated with the impurity.
Indeed the charges on the atoms of .the fourth
layer are not modified at all by the introduction
of the impurity. A modification occurs at the
first step of iteration but the self-consistency
increases the localization of the wave function
which then becomes localized within the three
first atomic layers.

III. ATOMIC CONFIGURATION

A. Evaluation of the Roothaan-Hartree-Fock eﬁergy of a cluster

In order to determine the stable configuration
of a defect and of the atoms which surround it,
we have to determine a minimum in the variation
of the total energy of the cluster versus the posi-
tion of the different atoms which constitute it.
The exact expression of the total energy of the
system in the Hartree-Fock approximation is

Ey =Z<a +Ry - 3 ;- AK,). (8)

i!j

In this expression, J;e; is the sum over the

occupied molecular orbitals (MO’s), indexed
by i, of the monoelectronic energies (i.e., the
eigenvalues of F). The second term Ry is the
repulsion energy between the atomic cores.
The third term, corresponding to the Coulomb

density of states

20 .1 0 0 20 30 energy (eV)
FIG. 2. Energy diagrams obtained for the 47C, 46C
+B, and 46C+ N clusters after the convergence has been

reached (using “0” values of W,).
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TABLE VI. Wave-function coefficients determined by
the calculation (using “0”” values of W,) for the nitrogen
and the C,; carbon neighbor on the ternary axis at the
first iteration (a) and after convergence.

a b
Ny 0.0 0.002
N,, 0.28 0.29
Cy 0.03 0.02
Cyp 0.42 0.41

and exchange integrals between the occupied
MO’s, is the repulsion energy between electrons,
which is twice included in J;¢;.

Let us consider now how the last two terms in
expression (8) are evaluated. The 1s core AO’s
of different atoms have a negligible overlap, and
R can be written

ZX 7% e’
Ry=) “E=tE=% N, (9)-
®#P PrpP P
with
Npr:eZ/PpR s (10)

where ppp is the distance between R and P atoms,
the cores of which bear respectively the net
charges Z5 and Z%. The last term is calculated
using the Mulliken’s approximation, which yields
to

1
ZJH:EZqPqTJP" (11)
i, b

The summation over the occupied MO’s is trans-
formed into a summation over the x, and ¥,
AO’s. The calculation of the exchange term
Z‘,,K” is much more lengthy; we have performed
it in some cases and we observed that, for the
distortions to be considered in practice, the
variation of 2, ; K,, is negligible compared to
the variation of all other terms. Consequently,
we shall neglect 2; ; K,; in the calculation of the
variations of the total energy E,. ‘

The final expression of E is then

ET=Z€i +anner‘_%§;qtquM' (12)
i T#D n

As indicated in Sec. II, the dicentre J,, inte-
grals are evaluated following Mataga,?»® i.e.,
using expressions (6) and (7) in which a can be
an adjustable parameter. As was shown by
Fisher-Hjalmars®’ and Sinanoglu,?® the Mataga’s
formula provides indeed more realistic values
for the J,, integrals than the values calculated
using Slater’s parameters, adjusted on spectro-
scopic data.?® In Sec. II we used a =2 in ex-
pression (7), which is a convenient value in the

limit p - 0; we showed that this choice leads to
very satisfying charge distributions on all cluster
atoms.

B. Discussion
1. Introduction

We shall limit the calculation to lattice distor-
tions around the defect which include only the
first neighbors. The analysis in terms of vibra-
tional eigenmodes gives the three following
irreducible representations of the 7', group: the
nondegenerate (symmetric) A, representation,
often called “breathing mode,” the twofold de-
generate E representation, and the threefold
degenerate (translational) T, representation. A
displacement of the central atom of the cluster
(the defect) belongs to the T, representation
(translational mode) and therefore leads to a
possible coupling between the displacement of
the central atom and of its first neighbors.

Consider first displacements of the four
nearest neighbors of the central atom in a cluster
of 46 carbon atoms containing a nitrogen atom in
its centre. Then the variation of E, provides a
stable configuration which corresponds to a
rhomboedric distortion (depicted in Fig. 3), such
that: C, atom (1,-1,- 1) is displaced of (- v, 0,
0); C, atom (- 1,1, - 1) is displaced of (0, - v,0);
C; atom (- 1,-1,1) is displaced of (0,0, -v); C,
atom (1,1, 1) is displaced of (v, v, v); where v
~10%. But when this distortion is coupled with a
(u, u, u) translation of the central atom, it appears
that the energy surface E, (u,v) has no minimum

Cq )

07" I R,

Cy
FIG. 3. Representation of the displacements of a nitro-

gen atom and of its four carbon neighbors in the 7, dis-
tortion.
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Fv('/-)

FIG. 4. Curves of constant energy of the surface Ep
(u,v) for the 46C+ N cluster, calculated using F,, given
by expression (3b). The energy difference between two
adjacent curves is 1 eV. The curves are calculated, as-
suming Ep (,v) is a second degree polynomial in « and
v, from a least mean square fit on values of E, deter-
mined for », v=0, + 10%, —~10%. The surface E, («,v)
exhibiting a saddle point, full lines are used for the
curves corresponding to energies larger than the energy
at the saddle point and for the asymptots, and dotted
lines are used for curves corresponding to energies
smaller than the saddle-point energy.

within a range of reasonable atomic displacements
(the calculations have been performed for u or v
values up to about 40%). The surface E, (u,v)
exhibits clearly a saddle point: E, decreases
both in the (1, 1) and in the (- 1, - 1) directions,
although it exhibits minima for displacements
corresponding to constant values of u or v (Fig.
4).

Such an instability, when the two modes of dis-
tortion are coupled, indicates that the evaluation
of E; presents some deficiencies. It is thus
necessary to examine in detail the behavior of the
three terms which contribute to E,.

2. Variations of the different terms of the total energy

The one-electron energy term 2, exhibits a
minimum. But, according to Lannoo,? the
origin of such a minimum is related to the repul-
sive energy provided by the overlap between adja-
cent bonding orbitals and therefore a realistic
evaluation of E;, cannot be limited to this term.
Further illustration that the approximation E,
~),.¢,; is not physically realistic is provided by
the comparison between the results described here
and those obtained by Messmer and Watkins*
when they investigated the same problem (a
cluster containing a substitutional nitrogen atom):
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FIG. 5. Curves of constant energy of the surface Ry
(x,v) core repulsion energy, given by expression (9) for
the 46C+ N cluster. Specifications are identical to those
of Fig. 4. The fact that the saddle point does not coincide
with the origin of the displacements « and v is due to the
anharmonicity of the energy surface.

they found an energy curve E, (u or v =const)
with a curvature such that, when extrapolated,
the energy would go through a maximum (see
Table III in Ref. 4).

When examining the behavior of the two other
terms which contribute to E,, it can be easily
seen that the decrease of the core repulsion
R, in the (1, 1) direction (Fig. 5) is only par-
tially compensated by the electronic repulsion
energy. This led us to investigate the validity
of the calculation of these two terms. Consider
first the contribution to the energy due to core
repulsions. The calculation of this energy versus
the number of atomic layers in the cluster shows
that the central atom and its first neighbors are
responsible for 90% of the variation of the energy
due to the (u, v) displacements. The third atomic
layer, and the following layers which can be
added to the cluster, close to spherical shells,
give a nearly constant potential in the inner part
of the cluster and therefore do not contribute
significantly to the variation of E,. The inter-
actions between nearest neighbors play thus a
dominant part in the instability. As a conse-
quence, in the evaluation of the different inter-
actions, it will be sufficient to analyze carefully
the variations of the interactions for distances
close to the first neighbors spacing (p of the
order of 2.5 to 3 g.u.). As we indicated in Sec.
OIA, formula (9) provides a reasonable evalua-
tion for Ry. The variations of Ry due to 1s core
electrons can be evaluated, and are found to
remain of the order of 1%, .
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On the other hand, the variations of the elec-
tron-electron interactions, given by the J,, inte-
grals, are underestimated by the Mataga’s
formulas (6) and (7). The J,, integrals depend
on an adjustable parameter a which was first
taken equal to two. Using a different value for
a (1.5 or 1), we observed that the instability
could actually be decreased. Indeed, it can be
seen using expression (12) of E, that a better
compensation between the J,, and N,, terms is
obtained with increasing .J since, according to
formula (6):

" 8J,,/80=(8N,,,/80)(Jpy/Npp)? . (13)

For the distance p corresponding to the inter-
atomic distance and using o =2, one gets
8J,,/8p~0.3(8N,,/8p), a value very close to the
ratio of the variations of the electron repulsion
to the core repulsion for the total energy of the
cluster. Consequently (i) the interactions be-
tween nearest neighbors are dominant and (ii)

the atomic charges are not sensitive to distortions.

Note that the value of 8J/8p for the Slater-type
orbital (£ =1.625 for carbon 2s AO) is 8J/8p
~0.83N/8p.

However the charge distribution over the differ-
ent atomic layers of the cluster is found to be
less satisfactory when the value « =1 is used
instead of a =2.

The same behavior is observed when the cen-
tral atom is not a nitrogen atom but a carbon
atom (see Fig. 6). We are therefore led to a
more fundamental problem: is the method we
use able to account for the stability of a cluster

|
; /
FIG. 6. Curves of constant energy of the surface E ,
(u,v) for the 17C cluster, calculated using F,, given by

expression (3b). Specifications are identical to those of
“Fig.'5.

assumed to represent a perfect crystal? In
order to answer this question, we shall analyze
some of the approximations which are made in
Sec. II.

3. Importance of the penetration integrals

We have shown that it was reasonable to
neglect the penetration integrals in the determina-
tion of the electronic states of the cluster. We
argued that, because these integrals are esti-
mated using semiempivical valués of J,, and
exact values for the nuclear terms Z} A,, with
el

Ppr

A =(0 ] ) (14)
this would introduce an error in their estimation
larger than the error resulting from their ne-
glect, and consequently a change in the eigen-.
values and eigenvectors, since the Wolfsberg-
Helmholtz’s approximation is not invariant under
a shift of the zero of energy. But the variations
of these integrals with atomic displacements
should not be neglected. In order to take into
account only the variations of the penetration
integrals from their undistorted geometry values,
we introduce an additional term in the expression
(3b) of the matrix element of the Fock’s operator,
which we now write down as follows:

1
Fy, =FOPP+Z:qr<JM‘ -2— Kpr)
r

- 2 Ayt 2 (0 Ap-a,dy).  (15)
T€R#P TER#P .
The values of J,, used here are the same as in
the preceding calculation, i.e., semiempirical
values. The index 0 on the last term means that
the corresponding quantities are calculated for’
the undistorted geometry (perfect crystal)—i.e.,
the eigenvectors for the undistorted geometry
are those obtained from expression (3a).
If we neglect multipolar effects, we have
Jpr <Ap, <N,, for all interatomic distances (see
Fig. 7). If we use the lower value A,,=J,,, we
have the situation depicted above, which we
found unsatisfactory because the J,, values used
are unable to balance the nuclear repulsion term.
Let us then consider expression (15) using the
upper value

Apr=e2/ppR ) (16)

i.e., assuming the strongest interaction possible
between atomic orbital x, and atomic core R.
Performing again the calculation on a pure
cluster of 17C atoms, we obtain an energy sur-
face E; (u, v) which exhibits the same symmetry
elements than in the above situation, but the
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FIG. 7. Representation of the variations with the inter-
atomic distance p of the different interaction laws. These
variations are computed using Mataga’s formula; if 2s
Slater’s orbitals for C or N atoms had been used, the
A and J integrals would have been very close to e2/p
(within 1% and 3%, respectively) for p~ p,, the inter-
atomic distance at equilibrium,

energy sign is different (see Fig. 8): the u=-v
displacements are unstable. We therefore con-
clude that the use of an e?/p law for the interaction
between atomic orbital x, and atomic core R pro-
vides a too large evaluation of A,,, while the
choice A,,=J,, results in a too low evaluation of
A,, (Fig. 7).

We are thus led to take for the A, terms a
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FIG. 8. Curves of constant energy of the surface E
(u,v) for the 17C cluster, calculated using F,, given by
expression (15), with A, =e%/p. Specifications are iden-
tical to those of Fig. 6.
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formula interpolated between the two choices.
described above. Let us now detail the reasons
which guided our choice of an interpolation
formula for A,,. If, in a first approximation, we
neglect exchange terms, the total energy E,
contains interactions between cores and electrons,
between electrons and between nuclei which can
be written, respectively, -2, ,q,n, A,,,
32,145y Iy a0 Dpe .m0, Ny, in the Mulliken
approximation. (Note that, when p -, I s
A,,~N,,=e’/p). For small charge transfers
(g;=~mn,), the contribution to E, for each electron
pair is

Q=N,, tdp.—24,,. 17

As a result the approximations taken for J,, and
A,, must be such that they provide reasonable
values for their variations.?! For instance, for
first neighbors, 8@Q/8p must be of the order of
the corresponding value calculated for the best
Slater type orbitals with a reasonable value of
£. We thus chose an interpolation similar to the

formula proposed by Momichioli® for the nuclear-

nuclear repulsion terms (Momichioli takes A,
=J,, and adjusts N, in order to get a reasonable
value of 8Q/8p):

Ape=dpexp(= pp) +(e’/p)[1 - exp(- pp)].  (18)

This choice introduces an arbitrary parameter 3.
There are two or more ways to determine it:

(i) either by considering the limit of A, when
p—0, or (ii) by adjusting the value of 8Q/8p on
the value given by Slater type orbitals. In the
case (i), one obtains 8~0.07 a.u. and in the case
(ii), B=~0.8 a.u. Actually, we verified that an
energetically stable configuration for the perfect
crystal is obtained in a range of 8 values which
extends from 0.15 to 0.60 a.u. In the calculations
performed, which will be described in the next
Section, we used the value §=0.30 a.u.

C. Results

The variations of E; with T,, E and A, distor-
tions in a 17C cluster are given in Figs. 9 and
10. The energy surface E, («, v) for T, distor-
tions in a 47C cluster is very similar in shape
and amplitude to the surface given in Fig. 9 and
is not represented. We obtain a minimum of
energy for a zero distortion, i.e., the calculation
is able to account for the stability of the system.

We then apply the calculation to the case of a
nitrogen substitutional atom in a 47C cluster
(46C +N). The variations of E,(«, v) for the T,
distortion show the existence of a Jahn-Teller
distortion of about #,,~ - 12% and v,~-1%.
Since the u,, and v, have the same sign and are
of the same order of magnitude, the distances
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v(%)

/ L
FIG. 9. Curves of constant energy of the surface E,
(u,v) for the 17C cluster, calculated using F,, given by
expression (15), in which 4,, is given by expression (18).
The curves are calculated as those of Fig. 4. The energy
difference between two adjacent curves is 1 eV. The
fact that the center of the ellipse does not coincide with

the origin of displacements # and v is due to the anhar-
monicity of the energy surface.

between the nitrogen atom and its carbon neigh-
bors are only slightly modified: the bonds are
nearly identical to the bonds in the undistorted
lattice. The curvature of the energy surface
around the minimum energy provides the force
constants (k, k,, k;) which can be used to deduce
the vibrational modes of the nitrogen atom and its
four neighbors. The nonlinear part of the energy
is: Ep=k,u?+k,u.v+k,v? with £, =97.50, &,

=- 218.08 and k;=201.14 when E, is expressed
in eV and u, v in lattice constants (see Sec. IIIB1
and Fig. 3). '

Solving the Lagrangian equations for these five
atoms we obtain two eigenmodes at: w,=1770
cm™! and w,=640 cm™!. Experimentally broad
bands peaking at 1130 and 850 cm™! are observed,
the (weaker) last line being observed only in
type-1b diamond.*® The difference between the
w; and w, modes calculated and the experimental
observation is not significant since the curvature
of the energy surface is dependent on the value
of the parameter g [see expression (18)] chosen.

As discussed in Ref. 4 a barrier height of
~0.7 eV can be estimated (from EPR linewidth
study)3® for the reorientation from one trigonal
distortion to another. The calculated value of
0.5 eV we determine on the energy surface
Ep(u, v) compares favorably with this experimen-
tal result.

For the distortion corresponding to the minimum
of E;, the donor energy level associated with

3
&
A
10
- ; . E_.
041
distorsion (%% )
.01

FIG. 10. Variations of the total energy of the 17C
cluster with 4; and E distortions.

nitrogen splits and moves from the undistorted
value E,— 1.4 eV to E,- 2.1 eV (the forbidden

gap is 5.0 eV). The character of the wave-function
associated with the donor level localized on
nitrogen remains 2p. The 2s and 2p coefficients
of the wave-function associated with nitrogen

and with the ternary carbon neighbor are com-

_pared in Table VII with the corresponding co-

efficients obtained from the hyperfine analysis
of electron paramagnetic resonance spectrum.%

IV. CONCLUSION

The molecular orbital treatment in the EHT
approximation, applied on a cluster of atoms
surrounding a defect, which has been proposed
by Messmer and Watkins, has been shown to
provide a qualitative picture of the electronic
states of this defect. In this paper, we des-

TABLE VII. Square of the wave function coefficients
determined by the calculation (using “0” values of W,)
for the nitrogen and the ternary carbon neighbor and
comparison to experiment.

Calculated Experiment
Nyg 0.0 : 0.06
Ny, 0.34 0.23
Cy 0.01 0.066
Cyp 0.43 0.73
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cribed a new molecular orbital method which in-
cludes a self-consistent procedure in order to

be able to take into account the charge redistribu-
tions occurring around the defect. We demon-
strated that self-consistency provides a better
picture of the electronic states of the perfect
crystal and greatly improves the representation
of defect states, as compared to the noniterative
EHT method.

We have also evaluated the total energy E, of
the cluster. The nuclear energy R, alone, cal-
culated for point charges (Np,=e2/p) leads to an
unstable situation, as it can be foreseen from
electrostatic theorems. The one-electron
energy term 2, ¢; and the Coulomb repulsion
2;,;J;; are calculated from the electronic dis-
trlbutlon obtained in a SCF way. The exchange
integrals are neglected because they result in
negligible variations, compared to the variations
of the 2; €; and J; ;J;, terms, when the atomic
configuration is changed. These two terms
Zi€; and Z; ;J;; are calculated in the Mulliken
approximation, using in particular dicentre inte-
grals which give interaction potential energies
between electrons (J,,) and between electrons
and cores (AI,,). We discussed in detail the
energy A,,. Itis obvious that (if we neglect

multipolar effects) we have J, <A, <N,, for all
interatomic distances (see Fig. 7). We found
that the term A,, plays an important role in the
stability of the system and consequently in a
correct evaluation of E,: when taking the limit
value A,,=J,,, the nuclear repulsion instability
is not compensated; when taking the upper limit
value A,,=N,,, the instability remains, but is
“inverted”. In order to get a stable cluster

the expression of A,, must be interpolated be-
tween the two extreme values N, and J,,.

With the interpolated expression of A4,, pro-
posed here we verified that 17C and 47C carbon
clusters are stable. We then applied the calcula-
tion to the determination of the Jahn-Teller
distortion around nitrogen in diamond (on 16C +N
and 46C +N clusters). The results obtained:
location of the level in the gap, nature of the
wave function, barrier height for the reorienta-
tion of the distortion and vibrational modes are
shown to compare favorably with experiment.

ACKNOWLEDGMENT

The authors are indebted to G. Berthier and
G. Del Re for their suggestions. They are also
grateful to M. Lannoo and M. Hulin for the help
they provided all along the work.

*Laboratoire associé au C.N.R.S.

iFor a recent review on this question see for instance
F. Bassani, G. Iadonisi, and B. Preziosi, Rep. Prog.
Phys. 37, 1099 (1974); S. T. Pantelides, Rev. Mod.
Phys. (to be published).

2C. A. Coulson and M, J. Kearsley, Proc. Soc. Lon. A
241, 433 (1957).

E. B. Moore and C. M. Carlson, Solid State Commun.
4, 47 (1965).

‘R. P. Messmer and G, D. Watkins, Phys. Rev. B 7,
2568 (1973).

’K. L. Yips, Phys. Status Solidi B 66, 619 (1974); F. P.
Larkins, Rad. Effects 9, 5 (1971),

6G. D. Watkins and R. P. Messmer in Tenth Intevnational
Conference on the Physics of Semiconducto'rs, edited
by S. P. Keller, J. C. Hensel, and F. Stern (USAEC
Conf. 700801, 1970), p. 623.

"T. F. Lee and T. C. McGill, J. Phys. C 6, 3438 (1973).
8C. Weigel, D. Peak, J. W. Corbett, G. D. Watkins, and
R. P. Messmer, Phys. Rev. B 8, 2906 (1973); Phys.

Rev. Lett. 27, 1573 (1971).

%C. Weigel, D. Peak, J. W. Corbett, G. D. Watkins, and
R. P. Messmer, Phys. Status Solidi B 63, 131 (1974)

10y A. Singh, C. Weigel, J. W. Corbett, and L. M.
Roth, Phys. Status Solidi B 81, 637 (1977).

1T, Shimizu and K. Minami, Phys. Status Solidi B 62,
585 (1974).

2 P, Larkins, J. Phys. C 4, 3065 (1971).

13F . P, Larkins, J. Phys. C 4, 3077 (1971).

14E. B. Moore and C. M. Carlson, Phys. Rev. B 4, 2063
(1971).

153. L. Birman, in Proceedings of the Imfermztzonal Con-
ference on Luminescence, edited by G. Szigeti (Akade-

mai Kiado, Budapest 1968), p. 919,

16w, Walter and J. L. Birman, in 2-6 Semiconducting
Compounds , edited by D. G. Thomas (Benjamin, New
York, 1967), p. 89.

1"G. D. Watkins and R. P. Messmer, Phys. Rev. Lett. 32,
1244 (1974).

18G, Berthier, P. Millie, and A, Veillard, J. Chim.
Phys. 628, 20 (1965).

‘9Pre11mmary results were briefly described, in M. As-
tier and J. C. Bourgoin, in Physics of Semiconductors,
edited by F. G. Fumi (Tipografia Marves, Rome, 1977),

. 599,

2°R S. Mulliken, J. Chem. Phys. 23, 1933 (1955).
R, Hoffmam, J. Chem. Phys. 39, j, 1397 (1963).

221,, Oleari, L. di Sipio, and G. D. Michelis, Mol. Phys.
10, 111 (1966).

233 A. Pople and G. A. Segal, J. Chem. Phys. 43, 5136
(1965).

%N, Mataga, Bull. Chem. Soc. Jpn. 31, 453 (1958)

%K. Nishimoto and N. Mataga, Z. Phys Chem. 12, 335
1957).

‘%3, C. Slater, Phys. Rev. 36, 57 (1930).

21, Fisher-Hjalmars, in Modern Quantum Chemistry,
edited by O. Sinanoglu (Academic, New York, 1965),
Part 1, p. 203.

280, Sinanoglu and M. K. Orloff, in Ref. 27, p. 220.

27, Julg, J. Chim. Phys. 55, 413 (1958); 56, 235 (1959).

30M. Lannoo, J. Phys. 33, 105 (1972).

31G. Berthier (private commumcatton)

%2F, Momichioli, I. Baraldi, and M. C. Bruni, J. Chem.
Soc. Far. Trans. II 68, 1556 (1972).

BThese experimental results are discussed in more de-
tails in Ref. 4. i



