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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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function, bandwidth and energy gap. In tj 3 we apply semi-empirical quantum chemical 
methods (iterative extended Huckel (Rein et a1 1969), extended Huckel (Hoffman 1963) 
and INDO (Pople and Beveridge 1970)) to r~ + 71 electrons of small periodic clusters of 
graphite and boron nitride and calculate energy states at high-symmetry points in the 
Brillouin zone of these crystals. We compare the results with conventional nonself- 
consistent tight binding calculations, as well as with the truncatewit9 Wej-0.01001 Tc 3999 TcF2atewit9high-s4.1262 0 Td57i199catewit9 with high-s35 TcF2atewit9 Ts6patruncatewhiT28961eations6l( TcF2a.09eo1.4 574atewit9)-.00999 Tc 1.13[olT014.0777 0 Td99 0 data. Finally we comment on some possible with our results. 

2. Tight binding model 

We start by briefly considering the relation between energy states of a small periodic 
cluster and the eigenvalue spectrum of an infinite periodic crystal on one hand, and the 
descrete one-electron energy levels of a finite nonperiodic molecular cluster on the other, 
for hexagonal two-dimensional structures. The tight binding scheme is employed, and 
the extension to the CT + 71 states will be considered later. 

P 

9 

Figure 1. Two-dimensional hexagonal lattice, The dark circles represent heteroatoms in 
boron nitride structure. 
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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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and the n binding energy per atom is 

where in the infinite crystal gmin = 0 and gm,, = 3. 
When the matrix elements of the one-electron hamiltonian appearing in equation (4) 

are calculated from free atom potentials (Doni and Parravicini 1969, Bassani and 
Parravicini 1967, Taylor and Coulson 1952, Coulson and Taylor 1952), the charge re- 
distribution in the crystal, which is due to the electronegativity difference of the atoms in 
the unit cell or cr - n coupling, is not taken into account. In order to get reasonable 
agreement with optical data, one is then forced to scale these matrix elements (Bassani 
and Parravicini 1967, Doni and Parravicini 1969) or to extract them from solid state and 
molecular experimental data (Taylor and Coulson 1952, Coulson and Taylor 1952). 
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m 

Figure 3. The dependence of ionization potential 0, binding energy BE, ?I band gap A and n 
bandwidth U: on the dimension of the periodic cluster, for graphite. 

function, band gap and bandwidth of the infinite crystal by them, provided the atomic 
interaction integrals have converged to their bulk value. Similarly, clusters with m = n = 
2i, i = 2,3 . . , N contain the values g = ? 1, and thus the band-to-band transition energy 
could be evaluated from them. It should be mentioned that each planar molecule of 
polycyclic boron nitride or carbon rings contains, in its one-electron energy spectrum, 
states thnt correspond to  definite g values in the crystals, and thus, as shown in I, in this 
approximation it is possible to calculate energies in the crystal from the eigenvalue prob- 
lem of such molecules. 

It is evident from figures 2 and 3 that the binding energy converges quite rapidly with 
cluster size both in graphite and in boron nitride, while the other properties mentioned 
are nonmonotomic functions of cluster size over the entire range. This is due to the need 
to establish the maximum number of double bonds so that equivalent resonance stabili- 
zation structures could be assigned to the different clusters. The oscillations are however 
stronger in the homonuclear (6 = 0) case of graphite, than in the heteronuclear system. 
This difference in the behaviour of heteronuclear and homonuclear clusters, noted also 
for planar nonperiodic clusters in I, is due to the importance of the heteronuclear term 
d2(1 - g 2 S 2 )  which vanishes when the atoms in the unit cell are identical, as compared 
with the ,,(kl k,)  term governed by symmetry alone. Thus, for heteronuclear finite 
clusters, the approach to the full g(k ,k , )  spectrum of the infinite crystal is less important 
in determining the energies than in homonuclear clusters. 

The n electron calculation with fixed atomic potentials is unsatisfactory in the follow- 
ing respects: 

(a) making the boron final net charge positive, while 

n calculations 
tend to accumulate negative charge on the boron. Calculations involving n + o states 
are thus inevitable for such systems, although suitable parametrization of the n calculation 
(Taylor and Coulson 1952) can reproduce some of the experimental features. This effect 
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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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Table 1. Calculated (two-dimensional) and experimental values for hexagonal boron nitride 

Property Tight binding IEXH Experimental 
periodic 
cluster 

energy gap (eV) 
n bandwidth (eV) 
nitrogen 2 s  band minimum (eV) 
total bandwidth (eV) 
work function (eV) 
nz* transition energy (eV) 
binding energy (eV) 
equilibrium distance (A) 
boron n charge 
net atomic charge (boron) 

3.7 
3.8 

E ,  + 18.8 
19.27 
10.6 
6.0 
1.2 
1.44 1 
0.52 
0.30 

( a )  Doni and Parravicini (1969) 
(b) Taylor and Coulson (1952) 
(') Zupan (1972) 

Larach and Shrader (1956) 
('I Rand and Roberts (1968) 
if)  Formichev (1971) 

(h) Vilanov (1971) 
('1 Janaflnternational Thermochemical Tables (1965) 
( j i  Pease (1952) 
ik) Silver and Bray (1960) 
( I )  Hamrin et al (1970) 

W J Choyke (1969 unpublished data; see 
Doni and Parravicini 1967) 

concluded that the thermoreflectance peak at  6.0 f 0.2eV arises from the rig - r:, 
transition (from highest occupied to lowest vacant CT states), thus accepting the previous 
assignment of Greenaway et a1 (1969). Painter and Ellis (1970) suggested that the growth 
of the reflectance peak of 14.5 eV is probably due to this 0 + g* transition. Our results 
yield a value of 5.96eV, in agreement with Bassani and Parravicini and Greenaway's 
suggestion. The assignment of Painter and Ellis is dubious for one must be too near the 
continuum of energy for a 0 + o* transition of this sort. 

Table 2. Calculated (two-dimensional) and experimental values for graphite 

Property Theory EXH EXH Experimental 
periodic modified 
clusters potentials 

energy gap (eV) 0 0 0 0 
n bandwidth (eV) 5.OW, 9.gCb), 5.0("), 7.35id) 4.94 4.87 5.5 * 0.5'" 
total bdndwidth (eV) 18.5'b', 

and Taylor 

(1952) 
ib) Corbato (1959) 

(dl Painter and Ellis (1970) 

i f )  Thomas et al(l971) 

Hamrin et al(1970) 
(h)  
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The width of the n: sub-band was suggested from analysis (Coulson and Taylor 1952) 
of Chalkin’s (1948) data to 
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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 in open 
cluster calculations (paper I). The un-iterated results agree generally with the free atom 
tight binding calculation 

o r b a t  
c r t  - t  

n:t 

s e p a r n g  t o t a l  

p o i n t , o v a l  

e d g e  total o c c u p 3 9 4 2  a l  sttha.2 al smal9 Td(bandwidth )T56..4423 0 Tdclu0.0rs3 Td(we )Tj0.0193.3442 0 Td(B,N,t )Tj0.00999 Tc 21.9423 0 Tdartal   2 . 4 4 l 9 9 0 4 d  ( b a n d w i d t h  ) T   2 6 7 3 2 3  0  T d b e t . 0 r o v a l  total depe-37.6(mainly.92558.tentiTc le Tctal )Tj0.01999 Tc 410er, rep009as ng a37.6(mainly0.8558.tentiTsreslar )Tj0 Tdwidth 
 3.1635 0 Td(number )Tj-0.06001 Tc 3.5769 0 Td(of )Tj0.01999 Tc 1.125 0 Td(atoms )Tj-0.02 Tc -33.1827 -1.1429 Td((e.g. )Tj0 Tc 1.7981 0 Td(B,N,H,,, )Tj-0.01001 Tc 4.3846 0 Td(see )Tj0.00999 Tc 1.4327 0 Td[(table )-53.7(3 )]TJ-0.02 Tc 2.9038 0 Td(in )Tj-0.01001 Tc 11.1 0 0 10.9 184.8 279.8 Tm(I), )Tj0.01999 Tc 10.4 0 0 10.5 195.8 279.8 Tm(the )Tj0 Tc 1.4808 0 Td[(differences )172.7(being )48.9(mainly )]TJ-0.02 Tc 9.9711 0 Td(in )Tj0.01999 Tc 0.9904 0 Td(the )Tj/F11 1 Tf -0.06001 Tc 4.5 0 0 8.1 340.8 279.8 Tm(II )Tj/F9 1 Tf 0.01999 Tc 10.4 0 0 10.5 348.2 279.8 Tm[(bandwidth, )95.7(the )]TJ0 Tc 6.3269 0 Td(work )Tj0.00999 Tc -33.5962 -1.1143 Td(function )Tj0.04999 Tc 3.5769 0 Td(and )Tj0.01999 Tc 1.7308 0 Td(the )Tj0 Tc 1.4519 0 Td(energy )Tj0.01999 Tc 2.8846 0 Td(gap. )Tj0.00999 Tc 1.8942 0 Td(This )Tj-0.04001 Tc 1.9808 0 Td(is )Tj0.03999 Tc 0.7885 0 Td(due )Tj0.01999 Tc 1.6827 0 Td[(to )78.3(the )]TJ0 Tc 2.4711 0 Td(fact )Tj0.03999 Tc 1.6346 0 Td(that )Tj0.01999 Tc 1.8269 0 Td(the )Tj0.00999 Tc 1.4519 0 Td[(open )99.7(molecular )60.5(representation )]TJ-23.375 -1.1429 Td(does )Tj0.03999 Tc 2.1154 0 Td(not )Tj0 Tc 1.6635 0 Td(closely )Tj0.00999 Tc 3.0481 0 Td(enough )Tj0.01999 Tc 3.3269 0 Td(approach )Tj0.03999 Tc 4.1538 0 Td(the )Tj0.00999 Tc 1.5673 0 Td(crystal )Tj0 Tc 2.9711 0 Td(limit )Tj-0.06001 Tc 2.1731 0 Td(of )Tj/F8 1 Tf 0.06 Tc 10.3 0 0 9.9 294 256.1 Tm(gklk2 )Tj/F9 1 Tf 0.01999 Tc 10.4 0 0 10.5 315.1 256.1 Tm[(near )-34.8(the )32.7(points )]TJ0.00999 Tc 12 0 0 10.9 382.3 256.1 Tm(P )Tj0.04999 Tc 10.4 0 0 10.5 391.7 256.1 Tm(and )Tj0 Tc 18.3 0 0 15.6 410.6 256.1 Tm(r )Tj0.03999 Tc 10.4 0 0 10.5 420 256.1 Tm(and )Tj0.01999 Tc -34.1539 -1.1238 Td[(due )43.2(to )]TJ0.00999 Tc 2.8173 0 Td[(incomplete )5.8(charge )33(homogeneity )]TJ0 Tc 13.3365 0 Td[(within )-59.4(each )]TJ0.00999 Tc 4.9808 0 Td(sublattice, )Tj-0.02 Tc 4.3654 0 Td(in )Tj0.00999 Tc 1.0385 0 Td[(this )14.2(calculation. )]TJ0 Tc 6.7115 0 Td(When )Tj0.00999 Tc -33.2981 -1.1143 Td(the )Tj0.01999 Tc 1.5 0 Td[(bond )-5.8(moment )-5.1(population )]TJ0.00999 Tc 10.7981 0 Td(analysis )Tj0 Tc 3.4904 0 Td(is )Tj0.00999 Tc 0.875 0 Td(applied )Tj0.04999 Tc 3.2788 0 Td(to )Tj0.01999 Tc 1.0865 0 Td(the )Tj0 Tc 1.5 0 Td(wavefunction )Tj-0.08 Tc 5.7404 0 Td(of )Tj0.01999 Tc 1.0192 0 Td(the )Tj0.00999 Tc 1.5192 0 Td(open )Tj0.01999 Tc 2.2404 0 Td(planar )Tj0.00999 Tc -33.0192 -1.1429 Td(two-dimensional )Tj0 Tc 7.1538 0 Td(clusters, )Tj0.01999 Tc 3.6154 0 Td[(the )-63.4(standard )]TJ0.00999 Tc 5.5192 0 Td(deviation )Tj0 Tc 4.1346 0 Td(for )Tj0.01999 Tc 1.4711 0 Td
[(boron )-114.4(atomic )]TJ0 Tc 5.9327 0 Td(charge )Tj0.00999 Tc 3 0 Td(distribution )Tj-30.8269 -1.1238 Td(over )Tj0.01999 Tc 2.0288 0 Td(the )Tj0 Tc 1.5 0 Td[(cluster )-35.9(is )]TJ-0.02 Tc 10.3 0 0 10.5 141.1 208.8 Tm(7.8 )Tj/F5 1 Tf 0 Tc 10 0 0 12.5 155 208.8 Tm(% )Tj/F9 1 Tf -0.04001 Tc 10.4 0 0 10.5 165.6 208.8 Tm(of )Tj0.01999 Tc 1.0385 0 Td(the )Tj0 Tc 1.5 0 Td(mean )Tj0.01999 Tc 2.4423 0 Td(boron )Tj0.00999 Tc 2.75 0 Td(net )Tj0 Tc 1.5 0 Td(charges, )Tj0.04999 Tc 3.5288 0 Td(and )Tj0.00999 Tc 1.7788 0 Td[(the )31.2(corresponding )]TJ0 Tc 7.6154 0 Td(deviation )Tj-31.8654 -1.1429 Td(for )Tj0.00999 Tc 1.5 0 Td(nitrogen )Tj-0.01001 Tc 3.8269 0 Td(is )Tj-0.04001 Tc 10.3 0 0 10.5 131 196.8 Tm(1.1 )Tj/F5 1 Tf -0.10001 Tc 10.1 0 0 12.8 144 196.8 Tm(%, )Tj/F9 1 Tf 0 Tc 10.4 0 0 10.5 158.2 196.8 Tm(while )Tj-0.02 Tc 2.5577 0 Td(in )Tj0.01999 Tc 1.1538 0 Td(the )Tj0 Tc 1.6154 0 Td(periodically )Tj0.00999 Tc 5.1923 0 Td(connected )Tj0 Tc 4.5 0 Td[(clusters )-108.5(these )]TJ0.00999 Tc 5.8365 0 Td(deviations )Tj0.01999 Tc 4.5673 0 Td(are )Tj0 Tc -34.4519 -1.1238 Td(completely )Tj0.00999 Tc 4.9135 0 Td(suppressed. )Tj/F8 1 Tf 0.04999 Tc 9.4 0 0 10.8 168.7 185 Tm(As )Tj/F9 1 Tf 0.01999 Tc 10.4 0 0 10.5 184.3 185 Tm[(the )-130.8(number )]TJ-0.04001 Tc 5.3365 0 Td(of )Tj0.03999 Tc 1.1923 0 Td(atoms )Tj0 Tc 2.9327 0 Td(in )Tj0.01999 Tc 1.2211 0 Td[(the )-140.4(planar )]TJ0 Tc 4.7788 0 Td[(cluster )-228.2(increases, )]TJ0.00999 Tc 7.4519 0 Td(the )Tj0 Tc -34.4231 -1.1429 Td(results )Tj0.03999 Tc 3.0192 0 Td(approach )Tj0.00999 Tc 4.2692 0 Td(those )Tj-0.04001 Tc 2.5385 0 Td(of )Tj0.01999 Tc 1.1731 0 Td(the )Tj0.00999 Tc 1.6442 0 Td(crystal )Tj0.01999 Tc 3.0673 0 Td(as )Tj0 Tc 1.2211 0 Td[(calculated )-176.8(by )]TJ0.00999 Tc 5.8654 0 Td(connected )Tj0 Tc 4.5 0 Td(clusters. )Tj0.06 Tc 3.6442 0 Td(For )Tj0.00999 Tc 1.9135 0 Td(carbon )Tj0 Tc -32.8558 -1.1143 Td(clusters )Tj0.00999 Tc 3.2981 0 Td(this )Tj0 Tc 1.6827 0 Td(is )Tj0.00999 Tc 0.8558 0 Td(consistent )Tj0 Tc 4.3365 0 Td(with )Tj0.03999 Tc 2.0288 0 Td(the )Tj0 Tc 1.5 0 Td(fact )Tj0.03999 Tc 1.7115 0 Td(that )Tj0.01999 Tc 1.8654 0 Td(the )Tj0.00999 Tc 1.4808 0 Td(measured )Tj0 Tc 4.1538 0 Td(density )Tj-0.06001 Tc 3.1346 0 Td(of )Tj0.00999 Tc 1.0192 0 Td(states )Tj0 Tc 2.4711 0 Td(in )Tj0.01999 Tc 1.0385 0 Td(the )Tj0 Tc 1.4711 0 Td(occupied )Tj0.03999 Tc -32.072.4423 0 Td(bc 7.6154 0 T0 Tc -34.4519 -1.)Tj0.01999 Tc  5t1(38 0 Td865e )-140.4(plana5)]Tc.009ene 5.9327 0 Td601.
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instead of 14 and 18 respectively, as suggested by Zupan, will interfere with the natural 
tendency of the hexagonal system to achieve SP2 hybridization, thereby changing the 
the charge distribution. 

Variation of the Slater exponents of the atomic functian set employed could be used 
to improve the results. When variation is carried out on the exponents of the carbon 2s  
and 2p atomic functions in the C,, cluster, the 
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was shown to lie deeper in the band. This question could be resolved by performing 
polarized absorption measurements in the vicinity of the Q; and P; points. 
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