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The reason for which extended Huckel theory leads to an inverted order for the A
&

and T2

levels of substitutional nitrogen in diamond is discussed in some detai1. This situation is shown

to originate from an overestimation of the interactions involving "s"states, which also leads to
a bad description of the conduction band. The reduction of the corresponding parameters leads
to a normal ordering Ez & ET which agrees with the 1ocal-density ca1culations. This finding

1 2

has implications for the existence of Jahn-Teller distortions which are discussed.

I. INTRODUCTION

There is experimental evidence for a trigonal
Jahn-Teller distortion near the substitutional nitrogen
defect in diamond. ' One success of extended
Huckel theory (EHT) was its ability to explain that
situation quite naturally. 3 A T2 bound state was
predicted within the band gap at about 2 eV from the
bottom of the conduction band, As this state is pop-
ulated with the extra donor electron, the ground state
is orbitally degenerate. The system must then experi-
ence a Jahn-Teller distortion which was found to be
strong, since the T2 state corresponds to a deep level.

This situation is completely opposite to what is ob-
tained for shallow donors ~here the symmetrical A ~

state is lower and is folio~ed by a T2 state with much
smaller binding energy. Furthermore, it is not in
agreement with recent results of local density
Green's™functions calculations which also find the
conventional ordering (E&, (Er,) for the bound

states. In this Communication we show the reason
for which EHT fails to give the correct ordering of
the states and how this is related to the shape of the
conduction band. %e also examine how this modi-
fies the conclusions relative to the existence of Jahn-
Teller distortions.

II. ORDERING OF LEVELS IN
THE UNDISTORTED CASE

%e view the formation of the substitutional nitro-
gen defect as the creation of a vacancy plus its re-
placement by the nitrogen atom. The electronic
structure of this defect is then described by the cou-
pling of the s and p states of the nitrogen atom with
the electronic states at the vacancy. The dominant
part of this coupling will be with the vacancy A ~ and
T2 states built mainly from the dangling bonds. (The
T2 state is found in EHT at about —7 eV, and the A ~

state gives a resonance near the top of the valence

band, i.e., at about —10 eV; the gap extends from
about 1 to —9 eV in Messmer and %atkins calcula-
tion. '4)

To discuss the origin of the substitutional nitrogen
bound states in EHT we then diagonalize the 2 x 2
matrices

E g EP —E—S

Ps ESs EA, ——E

for the Ai state, and

E~PI Ep~ ES~- —

P ES Er E— —

p 2 p
1+3pSg

i/2

po (3)

2 p
W3 1 —pS„

' 1/2
0

Pp

for the T2 state. The matrix of Eq. (1) describes the
coupling of the nitrogen s state of energy E,~ with
the A ~ vacancy bound state. The parameters P, and
S, are the corresponding coupling matrix element and
overlap (since the states are not orthogonal). Similar
notations are used in Eq. (2). The coupling to more
delocalized conduction- and valence-band states is ig-
nored.

To evaluate the coupling parameters we have to
know the vacancy bound-states wave functions liI~

1

and Pr, . We view them as the corresponding com-

binations of the pure sp dangling bonds times a
reduction factor Wp plus a more delocalized part
times v'1 —p [p represents the weight of the dangling
bonds in the vacancy states P~ and Pr and is of or-

der 50'/0 (Refs. 3 and 4)]. We can thus write
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where Sq is the overlap between the sp dangling
bonds. The parameter P, represents the interaction
between the nitrogen s state and one sp' dangling
bond. The parameter P» is the interaction between a

p nitrogen state along one bond with the sp' orbital
along thc same bond.

Using (3) and (4) we can calculate P, and P» from
standard EHT theory. '~ As we look for states near
E =0 eV we first drop ES, and ES» in Eqs. (1) and
(2). We find that Po= —28 eV, P» = —20.16 eV, and
Sq =0.15 (we also have E,»I

—25.6 e——V and

E»~ = —13.2 eV). We can thus calculate the anti-
bonding solutions of Eqs. (1) and (2) which lead to
the A i and T2 solutions of interest. These arc given
~n Table I for p =1 and 0.5. In both cases the Ai
and T2 states are in inverted order (i.e., Eq, & Er )
and, as expected, for p =0.5 we find a value for Eq,
equal to —1 eV, not far from Messmer and %atkins's
value of —1.5 eV (inclusion of the ES» contribution
gives —1.4 eV). This shows that we get an essentially
correct description of the T2 bound state predicted by
EHT theory. This simplified description also allows
us to understand why there is inverted order of the
levels: This is simply because of the fact that the
term P, is overestimated as compared to P», in such
a way that the antibonding A i component is raised
over thc T2 one.

That this is really the case can be judged from the
value of the ratio P,/P» =2. The origin of this

comes from the values of l3„, P, , and P (in the
notations of Sister and Koster6) which correspond to

P„/P =1.8 and P, /P =1.4. This is much too
high when compared to the values determined from
empirical tight-binding fits ~here these ratios are of
order unity or less. To improve one should prob-

ably reduce P, by a factor of 2 which would give the
usual ordering for the A ~ and T2 level. To be more
precise on that point, it is interesting to relate this to
the detailed shape of the conduction band. EHT
predicts a correct valence band but a completely
wrong conduction band, ' the I, antibonding pure s
state being much too high in energy. This is related
to the overestimated value of P„and Messmer has

TABLE I. A I and T2 energies in normal extended Huckel

theory.

0.5

+1.7

TABLE II. A j and T2 energies in extended Huckel theory
vrith contracted s orbitals.

0.5

+1.8 —1,9
—1,6

corrected this by using contracted Sister s functions
(the argument in the exponential being increased by
25'/o). This gave a great improvement on the band
structure, the conduction band being much better
and the valence band remaining practically unaltered.

%e can estimate the corrections brought by such a
modification. The vacancy states will remain practi-
cally unaltered (the main coupling occurs between
the sp' dangling bonds and the valence band). The
correction results from changes in P, and P» which
are multiplied by reducing factors, respectively, equal
to 0.6 and 0.85. Inserting these values into the equa-
tions for the A ~ and T2 states now gives the values of
Table II. Clearly, in both cases, the normal order is
restored, and we obtain two bound states for p =0.5.
Gur estimation is certainly approximate but clearly
shows that the A i- T2 splitting is closely related to a
correct description of the conduction band (this is
also trivially the case for shallow donors).

Gur conclusion is thus that the 2 i state is likely to
be lower than the T2 state, as was recently found in
self-consistent local density plus pseudopotential cal-
culations.

IIL POSSIBILITY OF JAHN-TELLER DISTORTIONS

If we accept the fact that E~, (Ey the excess

donor electron goes into the A ~ state and there is in

principle no Jahn-Teller distortion, since the ground
state is nondegenerate. This conclusion is opposite to
the experimental evidence. However, there are still
possibilities for distortions which we can obtain by
treating the couple of levels A ~ and T2 together. For
this we consider one trigonal distortion corresponding
to a normal displacement Q (one possibility is pic-
tured on Fig. 1) such that the system has C3„sym-
metry along the (111}axis. For zero distortion we

take the origin of energies on the A ~ level, Eq being

at an energy I above. There will be linear electron-
phonon coupling in Q within the manifold of the four
electronic states of the A ~ and T2 levels. The corre-
sponding matrix can be reduced by symmetry into
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S. Pure interlevel coupling M -0)

The eigenvalue of (5) corresponding to the lower-

energy branch gives

E = ,
'

/J. —((—,
'

/J. ) '-+ G'Q'] '~'+ ,
' kQ-',

This has a minimum for Q & 0 at a value

Q = ((G/k)' (&/2G—)']' '

(9)

(10)

blocks of the form

0 GQ

GQ It +IQ
(5)

0

The terms IQ and ——,IQ correspond to the ordinary

Jahn-Teller effect within the T2 state, while GQ
expresses the interlevel coupling between A ~ and T2.
The stable situation can be obtained by determining
the eigenvalues of Eq. (5), adding a quadratic term

2 kQ and minimizing with respect to Q for the

lower-energy branch. For simplicity we discuss here
only two limiting cases, i.e., pure intralevel coupling
(G =0) and pure interlevel coupling (I =0).

A. Pure T2 coupling (G -0)

The matrix is completely diagonal and the stable
situation is obtained from the comparison between
the two branches

E~ = —kQ'1

] 2

and

Er =5+IQ+
2

kQ2

The first one gives a minimum equal to zero, while

the second one gives 5 I'/2k. Thus the —system will

experience a static trigonal distortion only if the fol-
lowing condition is satisfied:

b, &I'/2k . (8)

FIG. 1. Trigonal distortion near the nitrogen substitution-

al atom in diamond.

which exists only if the following condition is real-
ized:

E;„=—
2 k(G/k —5/2G)2 (12)

In this case, it is the A ~ state which is stabilized by
the interlevel coupling. The final state will be an ad-
mixture of the A~ and T2 states.

In both limits, there is a condition on the strength
of the electron-phonon coupling [given by Eq. (8) or
Eq. (11)] in order that a stable distortion can exist.
This is also true in the general case" but the main
conclusion of this discussion is that distortions can
still exist by virtue of the intralevel and interlevel
coupling for the A ~ and T2 system.

A simple empirical suggestion can be made as re-
gards this distortion. It is well known that the ele-
ments of columns N & 4 tend to form systems where
each atom is involved in (8-N) bonds (the so-called
8 Nrule'2). 8 N-electrons of-each atom are thus en-
gaged in bonds and 2N-8 in lone-pair nonbonding
states. If such a tendency remains for the corre-
sponding substitutional impurity in zinc-blende sys-
tems we can predict very simply the kind of distor-
tion which ~ould occur. For instance, neutral oxy-
gen would form two bonds, which is likely to be true
from the evidence in SiO„compounds. As regards
neutral N it would tend to form three stronger bonds
with three neighbors and a weaker bond with the
fourth one. In such a case the donor electron would
go into the weaker antibonding state which would be
much like the isolated dangling bond state whose en-
ergy is in the lower part of the energy gap. This was
effectively the tendency found in EHT calculations,
although their conclusions have to be taken with
some care, in view of their inverted A ~ T2 order at
zero distortion.

G'/k & —,5,
i.e., for sufficiently strong interlevel coupling. In this
case the minimum energy is given by

In this case it is energetically favorable to promote an
electron from the A ~ to the T2 state. This costs an
energy 4 but the system can thus distort with a gain
in energy equal to I /2k which can be larger than h.
The final situation is thus qualitatively analogous to
what is obtained in the inverted case.

IV. CONCLUSION

From simple considerations, we have been able to
show that the inverted order predicted by EHT for
the A ~ and T2 levels of substitutional nitrogen in dia-
mond was due to an overestimation of the parame-



ters involving the s states. This is related to the
shape of the conduction band which is completely
wrong in usual EHT theory, the I 2 s antibonding
state being much too high in energy. The reduction
of these interactions lowers the I 2 state and restores
the normal order E~, & E~ . This new situation is

less favorable for Jahn-Teller distortions, and the
electron lattice interaction must be larger than some
threshold value for such distortions to exist. Finally
we have presented arguments supporting the idea
that the nitrogen tends to form three stronger bonds
and a weaker one.

~%. V. Smith, P. P. Sorokin, I. L. GeHes, and G. J. Lasher,
Phys. Rev. 115, 1546 (1959).

2C. A. J. Ammerlaan, in International Conference on Defects

and Radiation @feet in Semiconductors, Oiso, Japan, 1980,
edited by R. R. Hasiguti, IOP Conf. Proc. No. 59 (IOP,
Bristol and London, 1980).

3R. P. Messmer and G. D. %atkins, Phys, Rev. Lett. 25,
656 (1970).

~M. Astier, N. Pottier, and J. C. Bourgoin, Phys. Rev. B 19,
5265 (1979).

~G. B. Bachelet, G. A. Baraff, and M. Schluter, Phys. Rev, B
24, 4736 (1981).

sJ. C. Stater and G. F. Koster, Phys. Rev. 94, 1498 (1954).

7K. C. Pandey and J. C. Phillips, Solid State Commun. 14,
439 (1974); Phys. Rev. Lett. 32, 1433 (1974).

IP. Pecheur, E. Kauffer, and M. Gerl, Phys. Rev. B 14, 4521
(1976); E. Kauffer, P. Pecheur, and M. Gerl, ibid. 15,
4107 (1977).

W. A. Harrisson, The Physics of the Chemical Bond (Free-
man, San Francisco, 1978).

~OR. P. Messmer, Chem. Phys. Lett. 11, 589 (1971).
"U. Opik and M. H, L. Pryce, Proc. R. Soc. London Sect. A

238, 425 (1957).
See for instance E. Parthe, CplstallochlpB!e des StltuI'es
Tetraedriques (Gordon and Breach, Ne~ York, 1972).


