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I -  

2 -  

3 -  

nonmonotonic character of various electronic properties such as instability of work 
function (Baetzold 1971) band gap (Baetzold 1971, Larkins 1972) valence band width 
(Larkins 1972) and bond energy (Gornostansky 1971), as a function of cluster size, and 
the nonphysical effect of the boundary conditions employed for finite clusters on pro- 
perties such as band gap and valence band width (Larkins 1972), energy of vacancy 
formation (Moore and Carlson 1965) and charges (Messmer and Watkins 1971, Bennett 
et a1 1971, Moore and Carlson 1971). 

In paper I we treat the heteropolar case of hexagonal boron nitride investigating 
effects of charge redistribution, cluster size and boundary conditions on various elec- 
tronic properties. In paper I1 we propose a different molecular calculation of electronic 
properties of layered crystals based on the representation of energy states in the crystalline 
Brillouin zone by one-electron energies of small periodic molecular clusters capable of 
treating the above mentioned problems. 

2. Simple n electron truncated crystal calculations 

Since the optical data on hexagonal crystals are mainly related to the x bands, some 
simple considerations concerning these states are presented before proceeding with all 
valence electron truncated crystal calculations. 

It seems that ele7447445t599 Tc 53.6 1e5-2ofat 
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also noted that the convergence of symmetrical clusters (m = n) n) 
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configuration. The result of the ab initio calculation of Armstrong and Clark (1970) 
suggests an energy difference of 40.5 kcal/mole in favour of the 03,, planar configuration. 

IR measurements of the intensity of the BH stretch as compared with the N H  stretch 
indicate a ratio of 3.5: 1 (see Gambiagi et ~11966). The square of the ratio between charge 
transferred from boron to its adjacent hydrogen (QBH) to charge transferred from hydro- 
gen to its adjoint nitrogen (QNH) is approximately proportional to the ratio of the two 
IR vibrational stretching intensities, as the intensity is proportional to the dipole change 
with distance (ap/aR)’ which in turn is proportional to the charge transferred, for small 
displacements where the variation of the charge with bond distance is small. This was 
verified in a particular calculation where QB, and QNH were calculated for small changes 
in the corresponding R,, and R,, distances and only small dependence was revealed. 
It is therefore possible to check the sensitibity of the semi-empirical methods to transfer 
of charge by computing the IR intensity ratio. The values quoted in table 1 indicate 
that IEXH and INDO again reproduce such features better than the non-iterative E X ~ I  
method. 

Since none of the semi-empirical methods examined yields both charges and one 
electron energies satisfactorily, we use EXH and end el513217-iterativei, t h a t  4 . 8 8 3 5 T j  0  T c   3 . 6 1 ] T J  8  0  0  8 i e l d s  

a n d  
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Table 3. Calculated energy bands of the molecular clusters I-V by the iterative extended 
Huckel (IEXH) method 

Property (eV) BIONIOHIO B12N10H12 B12N12H12 B14N14H14 

band gap 
n band width 
p band width 
2s band width 
total band width 
uork function 
transition energy 
binding energy 

2.90 
3.36 
5.58 
4.94 

1691 
11.71 
5.6 
7.9 
- 

2.87 2,939 
3.41 3.472 
5.86 5.95 
4.29 4.40 

17.26 17.33 
11.61 11.52 
5.7 5.8 
7.9 7.8 

3.00 2.95 
3.2 3.3 1 
5.70 5.81 
4.40 4.42 

17.40 17.53 
11.6 11.49 
6.0 5.96 
8.0 8.05 
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Figure 2. Dependence of ionization potential 0, n band bap A, binding energy BE and n band 
width Won the dimension N of the open two-dimensional cluster. The number of atoms in 
each cluster is 2N. Calculation performed by the EXH method on n bands. (a) Boron nitride- 
like clusters. (b) Graphite-like clusters. 

picture significantly due to the relatively small net atomic charges and symmetric 
arrangement of charges around each central atom (Kimel 1964). 

The effects of one-electron energy states introduced by IEXH, as compared with 
EXH results, are narrowing of gaps, lowering of work function and broadening of valence 
sub-bands, the overall bandwidth changing only slightly. Experimental and theoretical 
calculations on the boron nitride crystal are summarized in table 4. 
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Table 4. Experimental and theoretical values for boron nitride 

Property Experiment Method Theoretical Method 

band gap (eV) 

valence band width (eV) 

2s band minimum (eV) 

band-to-band 
transition energy (eV) 

work function (eV) 

binding energy (eV) 

Re,  (4 

5.4 reflectivity(a) 
5.83 absorption(b) 
3.6 x-ray emission"' 

3.9 absorption(d) 

18.6 x-ray emission") 

E ,  19.4 E S C A ( ~ )  

6,5 dielectric constant(') 
6.2 dielectric constant(j) 

6.6 thermochemistry 

1.446 crystallography"" 

4.6 
5.4 
3.6 
5 4 4  
2.95 

13.6 
27.8 
17% 
17.5 

E ,  + 16.2 
E ,  + 18.4 
E ,  + 18.8 

6.6 
6.2 
5.96 

11.8 
6.4 

12.60 
11.50 

7.23 
8.0 

1.48 
1.50 

n tight binding"' 
x + U tight binding") 
oPw(g) 

EXH 
IEXH 

?I t CT tight binding'') 
OPW(P) 

EXH 

IEXH 

x + CT tight binding") 
EXH 
IEXH 

?I + atightbinding"" 
EXH 

IEXH 

x + U tight binding"' 
OPW(B) 

EXH 
IEXH 

EXH 

IEXH 

EXH 
IEXH 

Larach and Shrader (1956) 

Formichev (1971) 
(bJ Baronian (1972) 

(dl Rand and Roberts (1968) 
(e) Taylor and Coulson (1952) 
('' Doni and Parravicini (1969) 
( g i  Nakhmanson and Smirnov (1972) 
(h) Hamrin et a1 (1970) 
( i J  Vilanov (1971) 
(i) W J Choyke (1969 unpublished data; see (0 ) 
ik' Janaj International Thermochemical Tables (1965) 
(I) Pease (1952) 

The effects of iteration towards charge selfconsistency (Zunger 1972) in the IEXH 
method are demonstrated in table 5. The charge selfconsistent distribution is shown to 
decrease the gap between allowed and forbidden bands, to decrease the work function 
and to increase the occupied sub-bandwidth, a trend observed also in passing from free 
atom tight binding calculation (Doni et a1 1969) to OPW (Nakhmanson and Smirnov 
1972). 

When advancing from the borazine molecule (table 1) to larger clusters, the band 
gap and ionization potential decrease. Such a trend is also observed in the experimental 
results on conductivity threshold and optical excitation data of carbon aromatic 
molecules, as the size of the molecule increases. 

The lowest occupied sub-band is mainly of nitrogen 2s character and its variation 
with cluster size and small interatomic distance changes is small, thus behaving as a core 
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