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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. 
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The secular equations of an m by n cluster in the nearest-neighbour approximation yields 
a determinantal equation that can be solved (Rutherford 1972) to yield the energy 
eigenvalues 

where g:(m, n) is a discrete function, bounded between 0 and 9 and given by: 

g’(m,n) = 1 m times 
= 1 + 2; + 22, cos 0, 2mn times 

where 

and 

i = 1 , 2 . .  . m(2n + 1) = Nj2 

kn 
2(n + 1) 2, = 2cos ~ k = 1,2 ... n 

where $, is the solution of the trigonometric equation 

Z, sin (2m + I)& + sin 2m4, = 0 ( 5 )  

and N is the number of atoms in the cluster. We define the one electron band gap as the 
difference between the highest occupied and lowest vacant molecular orbitals, the n 
bandwidth as the difference between highest and lowest occupied molecular orbitals of 
n symmetry, the binding energy per atom (BE) as 2 CFi21 Ei(m, n)/N - E,, and the cluster 
ionization potential as the energy of the highest occupied molecular orbital. For infinite 
layers (m, n -+ CO), the 

(in the homopolar case 6 = 0, so A = 0). 
It is possible to obtain the function g:(m, n) for every desired m, n by solving equations 

(3), (4) and (5 )  numerically. The results of Roothaan and Mulliken (1948) on the borazine 
molecule (B,N,H,) were obtained for m = n = 1, where g2(1, 1) = 1, 1,4, and the results 
of the n electron calculation on aromatic homonuclear (d = 0) hydrocarbons (Coulson 
et a1 196.5) such as perylene ( m  = n = 2), anthracene (m  = 1, n = 3)etc were also obtained 
as particular cases. Figure 2 shows the variation of the band gap, band width, binding 
energy per atom and ionization potential as a function of the m = n cluster of graphite 
and boron nitride-like molecules. 

Some remarks on these simple considerations follow. 
(i) Band gap, work function and n bandwidth are nonmonotonic functions of cluster 

size. The convergence towards infinite layer values is governed by the heteropolarity 
parameter d, in the way that a larger d favours faster convergence. Thus, the convergence 
for the homopolar case of graphite is slow, while small clusters (m = n = 2,3) of boron 
nitride already simulate these properties of the infinite layer within 10% or less. It is 
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also noted that the convergence of symmetrical clusters (m = n) n) 
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(m = n = 1) corresponding to a g = 1 to g = - 1 excitation were measured to occur 
at 4.9 eV in benzene and 6.5 eV in borazine (Roothaan and Mulliken 1948) while the 
experimental band-to-band transition energies for graphite and boron nitride are close 
to these values, being 
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orbital, is calculated by ab initio methods to have a nitrogen to boron ratio of SCF 

Table 1. Calculated and experimental results for the borazine molecule. Notation of D,, 
point group 

Property EXH I EXH INDO Z-SCF@) LCAO-MO- LC AO-MO- Experiment 
SCF'b) SCF(C) 

Ionization 13.10 (U) 12.10 (U) 13.82 (U) 13.50 (z) 11.69 (n) 12.70 (n) 10,3'd' 
potential (eV) 9.77"' 

E,..(Z) (ev) 
E,&) (ev) 
Q; 

Q;; 

- E J 4  (ev) 13.10 12'10 13'82 - 13.10 - 

13'56 13.27 14.46 13'50 11'69 - - 

14.37 15'12 22'19 15.48 14'64 - - 

0.252 0.462 0.515 0.334 - 0,409 0.33 0.13'f' 
0.24'8) 
0.46'h' 

1.747 1.131 1.485 1.666 - 1.591 - 

0,468 0.462 0.587 0.509 - - - R bond moment 
- 2.2 3.5") [QHBIQHNI' 0.41 3.15 1.88 - 

(a] Perkins and Wall (1966) 
(b) Peyerimhoff and Buenker (1970) 
(c) Armstrong and Clark (1970) 
(d) Watanabe and Kubo (1959) 
(e) Kuznesof er al(1967) 
(f) Whitesides er al(1971) 
(8) Watanabe et al(1960) 
(h) Rector et al(1949) 
(i) Giambiagi et al(1966) 

coefficients of 5: 1. A 4.3: 1 ratio is exhibited in the EXH and IEXH calculations. This MO 
is expected to yield the bottom of the valence band in boron nitride, which is known 
from experimental density of states measurements (Hamerin et 
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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 

:q 
5 0  

7 
2 4 6 8 I O N 2  4 6 8 I O N  
7 

2 4 6 8 I O N 2  4 6 8 I O N  
(OJ 05, 

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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state. Its lowest energy point (r point in the Brillouin zone) is referred to in tables 2 and 
3 as the 2s band minimum. The n: sub-band is narrow compared with the value of 
4.94 eV in similar calculations on graphite clusters by the EXH method, and 5.3 eV in 
IEXH calculations. The overall occupied bandwidth is smaller than the experimental 
value both in tight binding and in truncated crystal EXH and IEXH calculations?. 

Table 5. Comparison between iterated and uniterated results for a B,,N,,H,, cluster, by the 
IEXH method. Iterations are terminated when the difference between successive iterations is 
less than 0.01 

Property Uniterated Iterated 

band gap (eV) 
7c band width (eV) 
p band width (eV) 
2s band width (eV) 
total band width (eV) 
work function (eV) 
boron 7c charge (e) 
nitrogen 7c charge (e) 
boron v charge (e) 
nitrogen v charge (e) 

5.94 
1.85 
5.22 
4.47 

16.97 
12.9 
0.1 1 
1.59 
0585 
4.21 

3.00 
3.2 
5.70 
4.40 

17.40 
11.61 
0.513 
0.906 
1.19 
2.98 

Contrary to the conventional nonselfconsistent tight binding results, the highest 
occupied state both in EXH and in IEXH calculations is of 0 character, the highest occupied 
71 state lying some 0+0.5 eV below, while on graphite clusters the highest occupied 
state turns out to be a n: state by both methods. 

Cluster models with a finite number of atoms do not yield a continuous density of 
state function and only a histogram description is possible. This sampling procedure 
shows that the energy difference between states of maximum density in the E* and 71 

bands corresponding to g2 = 1 is 6.2 eV in EXH and 5.96 eV in IEXH respectively, for the 
largest clusters, as compared with the values of 6.5 eV obtained experimentally for the 
n: -, 71" transition at the Q2 point in the Brillouin zone by Vilanov (1971) and 6.2 eV 
by Choyke 
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The work function was probably overestimated, both in previous tight binding 
calculations (Doni and Parravicini 1969) and in the present molecular calculation, 
because of the absence of explicit correlation effects. A decrease in the work function is 
observed due to charge iteration in the IEXH method, lowering it from the uniterated 
value of 12.9 eV to the iterated value of 11.6 eV. This incomplete suppression of molecu- 
lar ionization energy in the crystal is observed also in homonuclear crystals, as graphite, 
(the experimentally determined ionization potential of benzene is 9.6 k 0.2 eV (Loughran 
et a1 1960), of graphite 4.3 eV (Fomenko 1966) while the tight binding calculated value 
(Bassani and Parravicini 1967) for graphite is 8-95 eV), indicating that the mechanism 
of charge redistribution is probably less important than explicit correlation effects. 

The effect of ths boundary conditions employed was checked by eliminating the 
hydrogen atoms surrounding the cluster. An increase of 0.8-1.2eV in the band gap 
is observed. Optimizing the Slater orbital exponents, as suggested by Larkins (1971), 
reduces the gap: a 20% reduction of the 2p 
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articles in Boron Nitrogen Chemistry 1964) the latter notion being mainly based on 
considerations involving 
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nitride in its 
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most of the charge is concentrated on boron atoms. The energy of this transition decreases 
as the purity of the HFXMO and LEXMO increases, the boron state (LEXMO) being the more 
sensitive to charge contamination. Such internal charge-transfer transitions, polarized 
in the molecular 0001 plane, are dipole-allowed optical transitions, and should be 
observed in the uv spectrum of boron nitride. 

It was suggested previously that two-dimensional truncated crystal methods should 
be applied to the study of work function changes during chemisorption of various 
atoms on hexagonal structures (Bennett et a1 1967, 1971). The analysis given above 
indicates that one should choose a cluster with the lowest g 2  value possible, as a model 
for a finite substrate in order to ensure a low contamination of the work function. 
Such clusters are not necessarily the largest ones. A B,,N,,H,, perylene-like cluster, 
for instance, simulates the character of the highest filled molecular orbital of an infinite 
layer better than the B12N,,H12 structure does, the former having 98.9% nitrogen x 
character, and the latter only 93.7% nitrogen character. This is due to the fact that the 
former clusters contain one-electron energy levels with their g2 value closer to the value 
of 0 near the Brillouin zone corner than the latter. 

4.3. A4olecular band structure calculation 

Since the crystalline environment introduces inductive effects of charge rearrangement 
on the atomic quantities, a simple tight binding treatment based on free atom quantities 
is inadequate in the heteropolar case of boron nitride. An alternative approach to the 
simple molecular cluster calculation of electronic structure is to construct a tight 
binding solution from quantities that have been calculated selfconsistently in molecular 
clusters. This will be illustrated here on the x bands. 

If lp) and (A) are Bloch functions constructed from atomic 2p, orbitals centred on 
the two nonequivalent sites of the two-dimensional unit cell and are given by : 

11,) = 1 exp (ik . RP) 1 X"r - R,)) 

I Pk)  = 1 exp (ik . R ,  1 x'(r - R,)) 

c [F,,(k) - S,,(k)E,(k)IC,,(k) = 0 

F,,(k) = exp (ik 0 R,)(X,(4 I I X,@ - RI)) (11) 

P 

(9) 
4 

the tight binding equations for this band in the infinite solid are given by 

(10) 
where F,,(k) is the matrix element of the effective one-electron operator between two 
Bloch states 

I 

and S,, are overlap integrals between Bloch states. The matrix elements of equation 
(1 1) are calculated selfconsistently for rc states by the IEXH method for different clusters, 
including the effects of n and r~ states. The integrals of first order, y&? and of second order 
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for B,,N,,H,, to - 1.94 eV for both B,,N,,H,, and B,,N,,H,,. ycd and similarly 
converge to the values -0.836 eV and -0.104 eV, respectively, with the results for 
B,,N,,H,, and B,,N,,H,, clusters being already close. 

It is plausible that the values of -ygi employed by Roothaan and Mulliken (1948) 
to explain the optical spectrum of borazine, (2.3 eV-1.8 eV) are close to our calculated 
values, and that the latter reproduce binding energies as well as the one-electron spec- 
trum reasonably, whereas noniterative LCAO t r a n s i t i o n  energy at the 

Q, point is 6.0 eV as com- 
pared with the experimental values of 6.2 eV (Choyke 1969 unpublished data; see Doni 
and Parravicini 1969) or 6.5 eV (Vilanov 1971). 

It is evident that charge selfconsistent redistribution markedly affects the structure 
at the edges of the Brillouin zone, while the effect on the point is smaller. The uniterated 
results resemble those of the free atom calculations of Doni and Parravicini (1969). 
The band gay, rc bandwidth and ionization potential in their work were 5.4 eV, 1-2 eV 
and 11.8 eV, respectively, and 5.94 eV and 1.85 eV and 12.9 eV respectively, in the uniter- 
ated calculation. 

As 
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When the molecular cluster is large enough so that the contamination is low, a 
weaker R,, dependence is evident (paper 11). In tetrahedral binary crystals (such as BN, 
BP, etc), the distance dependence of the 
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4.6. Energy of Frenkel pair formation 

Molecular methods were shown to yield reasonable estimates for the energy of Frenkel 
pair forrrstion in graphite (Moore and Carlson 1965). This property, depending only 
on the close atomic neighbourhood of the pair involved, is amenable to truncated while other techniques are difficult. 

Since the carbon atom is intermediate in its electronegativity (2.5) between boron 
(2.0) and nitrogen 

(3.0), it is interesting to compute the energy of boron and nitrogen 
Frenkel pair formation as compared with carbon pair formation in graphite. The energy 
required to remove the nitrogen atom from position 1 (figure 3) to position 2 (3.83 8, 
apart) or to move a boron atom in 

boron 5.98 5.99 6.03 
pair in BN 

The calculated value for the C24H,, graphitic cluster is 25.1 eV while for C2,HI4 
it is 25.2 eV. These values can be compared with the calculation of Moore and Carlson 
(1965) of 25.3 eV employing the Helmholz approximation for off-diagonal elements, and 
with the experimental displacement threshold (D T Eggen 1956 unpublished; see 
Henning and Hove 1956) of 25 eV, for graphite. No experimental results are yet available 
for boron nitride. 

The calculated energies depend only slightly on cluster size, as expected for local 
properties. When the calculation for graphite is repeated for the same interatom distance 
as in boron nitride (1.446 A), the energy for pair formation is 19.70 eV, which differs 
only slightly from the average of boron and nitrogen displacement energies of 19.64 eV, 
as expected from simple electronegativity arguments. 

Since no experimental data exist on the displacement energy threshold in boron 
nitride, more detailed mappings of various displacement sites seem unjustified at this 
stage. 

4.7. Point defects 

The problem of point defects in graphite has been investigated intensively both experi- 
mentally and theoretically in the past years, while defect states in binary heteropolar 
crystals like boron nitride have received only little interest. In recent experimental work, 
carbon substitutional impurity states (Moore and Singer 1972) and nitrogen vacancy 
states (Khusidman and Neshpor 1968) were identified in hexagonal boron nitride. These 
states are claimed to be localized in the vicinity of the defect and exhibit typical ESR 
and thermoluminescence signals (Katzir et al 1972). Truncated crystal methods seem 
adequate for treating such localized states. 

We first treat the carbon impurity state using the EXH approximation. When a carbon 
atom is substituted in a nitrogen site, three one-electron levels appear in the forbidden 
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gap: two quasidegenerate carbon B states at - 12.0 eV with 40 "/, carbon character, and 
one x state at - 12-14 eV with 65% carbon character. The location of these states is 
changed only by approximately 1 % when the cluster size is increased from B,,N,,H,, 
to B 14N14H14. These states have the colouring effect of diminishing the energy difference 
of the lowest optical transition, a trend observed experimentally by Moore and Singer 
(1972) on doping boron nitride with carbon. These states could also act as luminescence 
trapping centres which agrees with the suggestion of Larach and Shrader (1956). The 
excitation of electrons from the carbon x state to the band is an internal xn* charge 
transfer transition from a mainly carbon state to a predominantly boron state, and 
should be distinguished spectroscopically from the band-to-band nitrogen to boron nx* 
charge transfer transition of the pure crystal. The more electronegative carbon atom 
placed in the centre of three boron atoms accumulates negative charge, while the 
positive net atomic charge of the neighbouring boron atoms decreases a little. 

The nitrogen vacancy problem was treated by a molecular model with a central 
nitrogen atom missing. A localized state appears in the forbidden gap, 1.1 eV below the 
conduction edge, with its charge divided equally between the three boron atoms near 
the vacant site. Cluster size variation has only a small effect on this state. When allow- 
ance is 
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5. Conclusions 

In conclusion, it should be stressed that the semi-empirical methods involved cannot 
give completely reliable descriptions of both charges and one-electron energy 
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