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Abstract. Small (18-32 atoms) periodic clusters of two-dimensional hexagonal graphite and 
boron nitride are shown to represent some high-symmetry points in the Brillouin zone of the 
infinite crystal. Semi-empirical all-valence electron calculations are performed on these 
clusters and the binding energy, work function, bandwidth, band-to-band transition energy, 
band gap, charges and equilibrium distances are computed and compared with values 
obtained by tight binding and truncated crystal calculations. Favourable agreement with 
experimental data is obtained with selfconsistent calculations on these clusters. 

1. Introduction 

In a previous paper (Zunger 1974, referred to herein as I) we calculated some electronic 
properties of hexagonal boron nitride by applying LCAO methods to finite molecular 
clusters of boron and nitrogen atoms arranged hexagonally, by correlating the one- 
electron energy levels of the molecular cluster to points in the Brillouin zone of the 
crystal. When hydrogen atoms were used as boundary conditions to satisfy the free 
valence ofthe dangling bonds ofthe planar configuration, favourable results were obtained 
for some ideal crystal properties such as band gap, bandwidth, cohesion energy, equili- 
brium interatom distance, energy of the zrc* band-to-band transition, as well as for pro- 
perties of point defect states such as nitrogen vacancy and carbon impurity. It was shown 
that for the heteropolar case of boron nitride, finite planar clusters of 2C30 atoms could 
represent the limit of a large crystal rc band better than in the homopolar case of graphite, 
where the symmetry of the finite open cluster was important. On the other hand, it was 
not possible to achieve these results when the hydrogen atoms satisfying the valence of 
the edge atoms were relaxed. 

In this paper we present a different approach to calculation of electronic properties 
of planar hexagonal structures, based on the correlation between one-electron energies 
of periodic small clusters of atoms with some high-symmetry states in the Brillouin 
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The Hartree-Fock equations for the solid made up of 2mn atoms in the Lao approxi- 
mation are given by : 

C[FP: ,B(k1k2) - SP: ;(k,k,)Em, n(klk2)I = 0 (3) 
where F;: ,B(k, k,) are the matrix elements of the Hartree-Fock effective one-electron 
operator between the states expressed by equation (l), given by: 

and S t :  fl(k,k2) is the appropriate overlap integral. When equation (3) is analytically 
solved for hexagonal D,, or D,, structure (two orders of neighbours are usually con- 
sidered), the wavevector dependence of the energy En1, .(k,k,) is introduced through a 
geometrical function 

2n 2rr 
n m 

g;Jk,k,) = 3 + 2 ~ 0 s - k ~  + 2 ~ 0 s - k ~  + 2 ~ 0 ~ 2 7 ~  

In the nearest-neighbour approximation, for instance, one gets the simple relation for 
the n band (Taylor and Coulson 1952) 

where the matrix elements E,, y , ,  S, were 
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is less important in the homonuclear case of graphite, where the B core affects the n: 
energies to a smaller extent. 

(b)  Calculation of binding energies and equilibrium interatom distances is possible 
only if the B states are included. In the same manner, as noted by Coulson and Taylor 
(1952), the experimental band density profile could be accounted for only if B states are 
introduced, because of overlapping effects between these states. 

(e) When fixed free atom potentials were used, it was found necessary (Bassani and 
Parravicini 1967) to scale the different interaction integrals appearing in the tight binding 
expressions by factors selected to yield the known width of the gap and the energy of the 
nn* transition. Since these factors were related only to experimental data on n: states, the 
0 type 
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The width of the n: sub-band was suggested from analysis (Coulson and Taylor 1952) 
of Chalkin’s earlier measurements (Chalkin 1948). 

Our result is larger than in previous computations, but probably still underestimates the 
total width. 

For boron nitride, there are only a few experimental optical studies. The results of 
Vilanov (1971) and 

W J Choyke (1969 unpublished data; see Doni and Parravicini 1969) 
suggest that the transition at Qz points, between n and n:* states, occurs at 6.5 eV and 
6.2 eV respectively. This agrees with our result of 6.0 eV separation at g = f 1 points. 
There seems to be a controversy over the experimental results for the band gap. Optical 
absorption measurements on thin films (Baronian 1971) suggest a 5.83eV gap, Rand 
and Roberts (1968) propose a 31.9 eV gap from similar experiments, while Larach and 
Shrader (1956) obtained a value of 5.4 eV from reflection measurements. Formichev 
(1971) obtained a value of 3.6eV from soft x-ray photoelectron emission. It is therefore 
impossible to comment on these experiments from our calculated results. ESCA measure- 
ments of Hamrin et a1 (1970) were able to identify the centre of the lowest 2s band, which 
is of nitrogen character, as being 19-4 eV from the Fermi level. Our result of 18.8 eV is 
thus close to this value. The total width of the valence band (including the 2s  band) was 
measured from soft x-ray emission to be 18.6 eV (Formichev 1971). This is probably a 
lower limit as suggested by Hamrin et a1 (1970), and agrees well with our 19.27 eV result. 

Charge selfconsistent calculation permits computation of total one-electron energies 
of various internuclear distances without the need of further input potential data. Thus, 
it is possible to calculate within the semi-empirical LCAO approximation methods 
employed, binding energies and the equilibrium nuclear configuration. The results of 
7.2 eV and 4.5 eV for the binding energy of boron nitride and graphite, respectively, 
agree fairly well with the experimental thermochemical results of 6.6 eV and 5.0 eV 
respectively. The equilibrium interatom distances obtained were 1.441 A and 1.43 A for 
boron nitride and graphite respectively, as compared with 1,446 and 1.42 A obtained 
experimentally. 

The n: bonding in boron nitride crystals was investigated by Silver and Bray (1960) 
by means of nuclear quadrupole resonance spectroscopy. The measured value of the 
quadrupole coupling constant suggests that 0.45 f 0.015 electronic n: charge is trans- 
ferred from nitrogen to boron. The atomic charges are computed from one- and two-centre 
contributions, the latter being computed in a way that leaves unchanged the projection 
of the centroid of the charge onto the line connecting the two atoms involved. This 
complication over the common procedure of dividing the contribution of the two 
centres equally among the two atoms involved is needed because of differences in the 
size of the atomic orbitals in a heteronuclear system, thus accounting for atomic size 
effects on the charges. This yields a boron n: charge of 0-52e which agrees fairly well with 
the NQR result. The net atomic charges QB = - QN = 0.3e implies only small ionicity of 
the structure and explains perhaps the success of truncated crystal calculations (paper I), 
where charges were not homogenized by periodic boundary conditions. It is unfortunate 
that charge distribution results from this LCAO approach as it cannot be readily compared 
at the present time with experimental results for various effective charges on this system. 

The periodic molecular method results generally in a wider valence band than in 
previous computations, thus decreasing the discrepancy between the measl6
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in tight binding works and in our calculation, because of the absence of explicit correla- 
tion effects. The effect of iteration towards charge selfconsistently is nevertheless in the 
right direction, lowering it by 15 % from the un-iterated value for boron nitride. Iteration 
towards charge selfconsistency decreases the band gap (from 5.4 eV to 3.7 eV), increases 
the n: sub-band width (from 1.8 eV to 3.9 eV) and the total bandwidth (from 17.6 eV to 
19.3 eV) and strongly suppresses the atomic charges of the nonconsistent computation 
(from + lale to +0.3e on boron). Similar behaviour was previously observed of nuclear field penetration effects and electron repulsion effects that are not in this scheme. This is manifested by the fact that the orbital 

degeneracy of 2p,, 2p, as compared to 2p, free atom states 

is not removed sufficiently 
in molecules and crystals possessing crh reflection symmetry when the MO approach is 
used (Srinivasan et al1968, Messmer 1971). Analysis of these effects suggests (Armstrong 
et a1 1968) that it is possible to account for these crystal field phenomena within the MO 
scheme if the atomic 2p, potential is made less attractive than the 2p, and 2p, potentials. 
Srinivasan et al (1968) used such modified atomic potentials for carbon and obtained 
remarkable accord between EXH and SCF-MO calculations on benzene. We used their 
potentials in the band calculation of graphite, and the results are presented in column 4 
of table 2. The overall agreement obtained is better, the differences between these results 
and the results of the degenerate 2p,, 2p, and 2p, calculation being mainly in the total 
bandwidth and work function. Since the modified potential was tested only for carbon, 
we did not perform such calculations on boron nitride. Preliminary results, however, 
indicate that removal of this orbital 






