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Small periodic cluster calculation on point defect problems in 
hexagonal layered solids 

Alex Zunger 
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(Received 25 March 1974) 

A model is proposed for discussing deep defect levels in covalent solids, based on the representation 
of the one-electron energies of the crystal by the eigenvalue spectrum of a small periodic cluster of 
atoms. Calculations of this model by semiempirical MO-LCAO methods for a vacancy problem in 
hexagonal boron nitride and graphite and substitutional boron impurity in graphite, yield satisfactory 
results when compared with aexerioent l 
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1862 Alex Zunger: Point defects in solids 

Hon of Eq. (4) for a particular Kn value therefore in­
volves the knowledge of the bond-charge matrix of nocc 

occupied levels, which determines F,,~ (K) : 
nocc 

Pu.(K) = L CMR)Ci~' (K) (5) 
1=1 . 

for the entire B. Z. and therefore the solutions {CIA (R)} 
have to be determined self-consistently. 

In conventional tight-binding (TB) approximation, the 
self-consistent coupling between various wave vectors 
via the matrix elements appearing in Eq. (2) is neglected 
and the latter equation is replaced by the perturbative 
expression 

F"A(K)=t e1j('Rn(x,,(r)!V(r-Rn)!Xx('r-R n» , (6) 
n.l 

where v(r- Rn) is the periodic potential, combined from 
free-atom (in covalent solids) or free-ion (in ionic and 
metallic solids) potentials. This approximation fails 
completely when the crystalline environment strongly 
changes the free-atom character of the potential at a 
given atomic site. These effects may occur in several 
systems, such as 

(0 solids where strong ionic-covalent bonding occurs 
in the unit cell made up of atoms with different elec­
tronegativities (such as the binary III-V crystals). In 
this case, partial interatomic charge transfer strongly 
modifies the free-atom character of the potential around 
an atomic site. 9 

(ii) hydrogen-bonded systems which exhibit consider­
able charge redistribution in the solid relative to the 
neutral free constituents, as manifested by partial ionic 
character (solid HF, KH2P04, etc.). 

(iii) homopolar covalent solids (such as graphite), 
where the spherical character of the atomic constituents 
in their free form is modified in the crystal due to the 
lower symmetry at the atomic site. 

It should also be mentioned that the construction of 
V(r- Rn} from isolated-atom potentials for calculating 
point defects levels in covalent solids is Similarly ques­
tionable when charge redistribution effects introduced 
by the defect site are considerable. 

Non-self-consistent TB calculations employing com­
puted matrix elements of free-atom potentials that have 
been performed on graphite10•11 and boron nitride (BN)12. 13 
yield poor agreement with experimental optical data and, 
therefore, a semiempirical approach was adopted. In 
this approach, either one scales the various matrix ele­
ments appearing in Eqs. (3) and (6) to yield best fit to 
some of the experimental data, 10.12 or one 
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acterized by a range of interaction TJ. The range of in­
teraction TJ is determined by the symmetry of the crys­
tal and by N alone (e. g., a cluster of N = 2TJ + 1 atoms 
can be used to represent a one-dimensional chain in 
which each atom experiences TJ order of neighboring in­
teractions). The secular equations are given by 

L [F ILn~m - S,.n.AmEI] C ILnl = 0 , (8) 
IL,n 

and the matrix elements, expressed in the"atomic basis 
set, are 

(9) 

Owing to the periodicity imposed on the finite cluster, 
the solutions E j form a subset of the full eigenvalue 
spectrum of the infinite (N - 00) lattice. The operator 
F is now expressed in real space rather than in it space, 
using the following form of the density matrix: 

nace 

PILn,'I.m = 2L C:nIC'l.m1 
I 

(10) 

It depends on the charge density contributed by all elec­
trons in naco levels as in conventional LCAO-SCF for­
malism. Once the atomic basis set is defined (usually 
valence atomic orbitals are used, i. e., = 2s, 2A" 2py, 
and 2P. orbitals for second row atoms) ami a method of 
calculating the matrix elements of F in atomic basis 
set (usually, as will be later noted, various levels of 
approximations are involved), the solution of Eq. (8) 
depends on the atomic positions in the cluster. Since 
the solutions E j '= EA•n are obviously invariant under rigid 
translations and rotations of the N atom cluster, it is 
sufficient to specify the interatom distance matrix D;~? 
and the interatom direction-cosine matrices E~:). (x), 
E;~: (y), and E~~, (z) (where p, pi number the atomic sites) 
relative to arbitrary x, y, z directions, in order to 
solve (8). The definition of the absolute coordinates of 
each atom with reference to a fixed origin is not re­
quired. 

This freedom is used by requiring that the four ma­
trices simultaneously fulfill the following two properties 
(that 
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1864 Alex Zunger: Point defects in solids 

the latter method, only one to four states were usually 
considered,14 and their choice from the complete B. Z. 
manifold is subjected to trial-and-error experiment. 

Usually, one chooses the size N of the finite periodic 
cluster so that the eigenvalues E~ (K n) reach the con­
vergence limit at this 17(N) and that high symmetry Kn 
points in the B. Z. (that are of interest in determining 
optical properties of the solid) will be included in the 
subset obtained. As previously demonstrated, poin1 77.45 678m
6 Tc.09 Tmi1 .20 0t.1 0.79 678.72 Tm
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and conduction bands are properly defined with respect 
to the true band edges obtained in the ideal cluster cal­
culation. The use of molecular orbital technique with 
atomic valence basis set enables calculation of the 
charge associated with each cluster orbital through 
standard population analysis. 38 Also, the fact that this 
model reasonably reproduces the ideal crystal equilib­
rium interatom distance when clusters without defects 
are considered (EXH formalism was shown39 ,4o to per­
form favorably in this respect when the electronegativity 
difference between the atoms considered is not too high) 
suggests that it could be used to investigate model lat­
tice relaxations around the defect site. 

Calculations with the described model were performed 
on a nitrogen vacancy in hexagonal boron nitride, a va­
cancy in graphite and a boron impurity in graphite. 

IV. NITROGEN VACANCY IN HEXAGONAL BORON 
NITRIDE 

Nitrogen vacancy defects in hexagonal boron nitride 
were investigated by EPRH - 43 thermoluminescence42 ,44 

and thermally stimulated currents. 44 The tenfold split­
ting of the EPR signal of irradiated boron nitride was 
assigned by means of isotopic enrichment experiments41 

to a three-boron center created by an unpaired electron 
captured among three equidistant boron atoms with equal 
charge on them. The anisotropy of the g factor and the 
splitting has suggested that this electron is in a 11 type 
state. 41

,43 The temperature dependence of these signals. 
together with thermoluminescence and thermally- stimu­
lated-currents measurements44 reveal a thermal activa­
tion of this trapped electron into the conduction band. 
The energy difference between the defect state and the 
conduction state is 1. o± 
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atomic charge on these atoms less positive than that of 
a distant boron atom. Since such charge redistribution 
effects could not be adequately described by noniterative 
methods such as extended Huckel, 



Alex Zunger: Point defects in solids 1867 

vergence limit at the size of 18 to 32 atoms. The total 
1T+ (J 
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