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ITERATIVE EXTENDED HUCKEL CALCULATION ON HEXAGONAL BORON NITRIDE 
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Some properttes of two-d tmensmnal  boron m t n d e  are treated m a 
t runcated crys ta l  approach, employing the t t e ranve  extended Huckel 
method m a charge s e l f - cons i s t en t  c a l c u l a t m n .  The ~alues  of the 
band wtdth, band gap, charges,  eqmhbrmm d~stance, and subhmat ton  
energy are tn sa t i s fac tory  agreement with expertment.  

THE USE of a tight b inding scheme for ca lcu-  
la t ing ttne e lec t romc properties of shgh t ly  ionic 
sohds  such as boron nttride ~ 2 is known to present  

some d l f fmul t l es  as to the change m the free atom 

quant l t t es  due to charge t ransfer ,  hybnd tza t lon  
and overlapping effects  mamfested m the crys-  
t a l h n e  envtronment .  It was pomted out 2 that the 
use of the ttght binding approxtmatton as an inter- 

po la tmn scheme 3 to determine the ~alues  of the 
d i sposab le  parameters appearing in the matrtx 

e lements  would reqmre a large amount of exper- 
tmental  data. The a l te rnat tve  tight b inding  
approaches p rewous ly  proposed etther cons ider  
only 77 bands with s e m l e m p m c a l  parameters taken 

from the molecular  (B 3 NaH 6 borazme)  spect ra ,  
or introduce a set  of arbttrary s c a h n g  factors ,  
se l ec ted  to yield the known w~dth of the forbidden 

gap. 2 These  methods do not take into account  m 
a cons i s t en t  way the effect of charge r ed l s t nbu t t on  
on the 77 and a bands ,  and tnus  are inadequate  for 
ca lcu la t ing  s t a b t h t y ,  equthbrtum d i s t a n c e s ,  charges 
and the d i s t ance  dependence  of the band gap. 

We report here the results of a calculatmn on 

hexagonal boron mtnde using an iteratlve, charge 

self--conslstent LCAO semlemplrmal method 

(Iteratlve Extended Huckel method - IEXH),S 
whmh takes account of these effects. This method 

treats a ftmte cluster of atoms simulating two- 

dlmenslonal hexagonal boron mtrtde (point group 

D3n) by an atomm basts set composed of Slater 
orbttals  for the va lence  s ta tes  2S, 2P:, , 2P, j , 2Pz , 
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retammg all o~erlaps and mteractlons, and 
approx:matmg the off-dlagonal matrix elements of 

the effectlve one-electron Hamtltoman by the 
5a 

Cusachs approxlmatton 

~4,B 
H J  'B  : - 0 s , - 

(1) 
where the diagonal  e lements  H~ '4 are charge 
dependent  lonlza t lon  potentials  of orbital  I in 

atom -] 

HO(Q) = HJ (0) - Q4AH,4 (2) 

and the free atom orbital energy H, (0) and its 

charge dependence 'SH, 4 are obtamed from smooth- 
mg of atomic spectroscopm lomzahon potentials 

over various degrees of 1onizatlon Sb Solving the 

secular equatlons for an mlhal guess of net 

charges Q 4 yields wave functmns that are sub- 

mltted to Mulhken population analysls. 7 Net atomlc 
charges are then computed m a way that leaves 

the projectmn of the centrmd of the charge onto 

the hne connecting two atoms unchanged (not by 

the usual procedure of dlvldmg the nonsymmetrtc 

heteronuclear bond charge into equal parts), and 

a new set of secular equatmns Is solved, untll 

charge self-oonslstency Is obtained. An under- 

relaxanon techmque ~s used to achieve good con- 

vergence. The success of methods slmtlar to that 

outhned above in calculatmns of small molecules 

was suggested s.s to arise from the close resem- 

blance of the matrlx elements obtained to those 

ylelded by the Ha~ree-Fock method. The mare 
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Ta'o'~e i .  Co'~vartsorz  ,)~ I E \ H  res,aI ts  Jot t ke  B , .  \ , .  H, .  cgu~:er  ,~ttz t ' e_~re t~c .[  ,~:zd e~per .~e - rcz  , res . : t s  

Propert~ Tight  T~ght IEXH Exper  ',~e:nod 

binding (2) binding (1) 

] l  
gap (eV) 5 4 4 6 3 0 3 6 \ - r a y  emiss ion  

3 9 absorpt:o.- ~ z 
1 2  2 2  3 2  - -  
1 3 - -  4 4 2 2 't-ray em : s sm n  ~1 

E~ - 16.2 - -  E- - 18 8 E~ * 19 4 ESCA ~ 
2 

6 6 6 0 6 2 d l e l e c t : . c  constan< 
II 8 ii 6 -- 

0 51 045 
1.5 1 a5 
80 66 

a lence  v width (eV) 

va l ence  2S width (eV) 

2Sv band maximum (eV) 
~ "  trans~tmn (eV) 
work function LeV) 

Re~(A) 
mean subhmat~on energy (eV) 

NQR 1~ 
15 

crysta l lograph~ 
thermoc'-e 'nts t ry  I~ 

d i sadvan tage  of the method l ies  m its mablh t}  

to include a large number of atoms m the ca lcu-  

latlon, and hence,  m the computat ion reported 

here hydrogens surroundmg the c lus te r  were 

employed as boundar!, condztmns.  However,  the 

s t n k m g  slmllartt~ found between the va l ence  

band of the coronen molecule  (C2.H~2 , D ~ )  and 
graphite 9 (which is ~soelec t romc to hexagonal  

boron mtrtde and p o s s e s s e s  a very s imilar  c r}s ta l  

s t ructure)  and the gradual approach of the e lec -  

tronic gap of s imple  aromatic po lyacene  molecules  

towards that of graphite ,  as the s i z e  of the mol- 

ecu le  mcreases ,~°  support  the va l id i ty  of f ini te  

c lus te r  r ep resen ta tmn  of boron mtr lde  

Tab le  1 shows the resu l t s  of c a l c u l a t m n  for 

co ronen-hke  boron m t n d e  (B,2 N, 2 H, 2 , D3a),  as 
compared with resu l t s  from other sources .  

The resul t s  of slm~lar ca l cu l a t i ons  on c lus te r s  

of d~fferent s~zes and symmetr ies  such as 

B~N3H,0, B~aNloHla, B , , N , , H ~ ,  m d m a t e  that the 

band gap, band width and charges  converge  as 

the c lus te r  s~ze i nc rea se s ,  the gap for the larges t  

c lus t e r  ca l cu la t ed  is wl thm 10,% of that for the 

other c lus t e r s ,  and the band width and charges  

are wl thm 5%. 

Contarary to the s ca l ed  t ight b m d m g  ca lcu-  

lat ion,  a s~gmflcant  overlap be tween  c and ,'v 
v a l e n c e  s t a t e s  is observed  and no superf~clai  v 

she l l  or rigid c core is obtamed,  while  m the con- 
duc tmn s t a t e s  there ~s a more d is t rac t  s epa ra tmn  

between these  bands.  A deep core s ta te  composed 

mamly of mtrogen 2S atomic s t a t e s  is wel l  separ-  
ated and prac t i ca l ly  unaffected by c lus te r  s i ze  

and smal l  d i s t ance  v a n a t m n s  Its energy near the 
maximum dens i ty  of s t a t e s  is give' ,  tn the table  

w~th respec t  to the center  of the forbidden band 

£~. The obser , , a tmns  seem to be confirmed b~ 
11 12 

exper imenta l  band s tudms  

The work funct lon is probabl} greatly o~er- 

e s t ima ted  both in the previous tight binding ca l -  

cu la t ions  and m ours, because  of :'~e absence  of 

e x p h c i t  co r re l a tmn  ef fec ts  On golng from the 

borazme  molecule  to our representa t :on  of boron 

m t n d e ,  a d e c r e a s e  m the ca lcula te( :  ion iza t ion  

potent ia l  from 12 1 to 11 6 e V  is observed,  

whereas  a much larger dec rea se  would be expec ted  

on the bas~s of the exper imenta l  resul ts  for the 

s imilar  benzene-graph l te  sys tem.  The e f fec t  of 

charge i te ra t ion  on the work function ts never the-  

l e s s  m the right d l rect ton,  lowenng  it from the 

umtera ted  va lue  of 12 9 to 11 6 e V  

Calculatmg atomlc charges for dlfferent 

nearest nelghbor dlstances R mdlcates that the 

ef fec t  of c r y s t a l h z a t l o n  on charge  red ls t rmut lon  

is to t ransfer  0 5e from the "v nitrogen s ta te  to 

boron, whi le  the c ef fec t  is the r e v e r e ,  0 8e 

bemg transferred from the c boron s ta te  to mtrogen 

makmg the boron fma l ly  0 3e more pos i t i ve  than 

m its neutral  atomic s ta te .  Th is  result  is contrary 

to the conven t iona l  B - N "  s t ructure  inferred from 

b o r o n - m t r o g e n  chemistr!4 An m c r e a s e  m the 
boron rr charge and a d e c r e a s e  m the ni trogen "-7 

charge is observed  on going from the borazme  
molecule  to bigger c lu s t e r s ,  and th,s trend seems  

to sa tu ra te  for the b igges t  c lus t e r  cons idered .  

resu l t ing  m a boron rr charge Q~ co=parab le  to 
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that referred from NQR s tud ies .  The umtera ted  
, a l u e s  of Q ;  and Q~-'" are 0 1 and i 5e respect-  
t~ely, mdma tmg  an mcomplete  charge red~str~- 

button m th~s c a l c u l a n o n .  

The ~ - -"  band gap was found to decrease  
as a function of R, approxlmatel~ as R-' ~ . Since 

the band gap at the P point  m the B n l l o u m  zone 
resul ts  mami) from the difference m atomm P~ 
energies  of boron and mtrogen,  2 Hp=S~Sp= - H ~  "~, 

this d i s tance  dependence  is due to ~ a n a t m n  of 
these  quanu t l e s  through charge red t s t r lbu tmn m 
the cr1~stal Applying the same concept  to the 

unl tera ted ca l cu l a tmn  resui ts  m a weaker R 
dependence ,  of R -~= Th:s  ~s to be compared 
w~th the d~stance dependence  of R--' ~ found for 
the band gap m tetragonal  I I I - IV  c rys ta l s ,  ~ 
resul t ing  maml~, from the ant~symmetnc gap due 
to the mte rac tmn  term H m [v p . ,p .  The effect of 

charge t terat:on on the band gap of hexagonal  
boron intrude ~s thus ~mportant m the umterated 

caiculat~on the band gap inc reases  to 5 9eV The 
effect of : t e ra tmn on the va lence  band w~dth ts 
smailer ,  resul t ing  m a decrease  of 3% from its 
umtera ted  ,. a lue 

It should be noted that m the sca led  tlght 
b inding  approach 2 the reducU~e f a c t o ~  are not 
determined se l f -cons t s ten t lv  with charge d t s t n -  

button. Moreover, s ince  m that t reatment the 

experimental  data se lec ted  to be reproduced can 
be related onlb t o r r b a n d s ,  there is no phys tca l  
way of s c a h n g  cT type in te rac t ions .  The Tr tight 

b inding of Ta? lor  and Coulson,  1 on t.~e other 
hand, employs molecular  parameters ;~hlch include 
to some extent  the effect of charge c l : s tnbunon ,  

but nei ther  i ts  d i s tance  dependence  ~- the cr~stai ,  

nor the effect of the core, could be treated m such 
a theory. 

Keepmg in mmd that IEXH calculatlons are 

based on atomlc quantltles only, the o~erall agree- 

ment between the results and experlmental data 

is sa t i s fac tory  The mare source of error m this 

c a l c u l a t m n  probably hes  m the boundary con- 

d m o n s  emplobed A p p h c a n o n  of c}chc  boundar~ 

c o n d m o n s  together w~th more accurate  atomm 
charge dependent  quant i t i es  seem to be the mare 
improvements required 

qcknowledgements - The author would i lke to 
thank Prof. J. Jortner and Dr A Aha:om for 
helpful d l s c u s s m n s  

REFERENCES 

1 TAYLOR R. and COULSON C A., Proc. Phvs Soc A65, 834 (1952). 

2 DONI E and PASTORI G., ,'~uo~o Clrn. 63A, 117 (1969). 

3. SLATER J.C and KOSTER G F , Phys. Rev. 94, 1498 (1954). 

4. BASSANI F.  and PASTORI G., \ uo~o  Clm. LB, 95 (1967). 

5 REIN R., FUKUDA H., WIN H., CLARKE G A. and HARRIS G E., J. chem. Phys. 45, 4743 (1966). 

6. CUSHACS L.C. and RYNOLDS .t W , (a) J. chem. Phys. 43, S 157 (1965), (b) ¢bzd., S 160 

7. MULLIKEN R S., J .  chem Phys. 23, 1841 (1955). 

8. BOER F.D.,  NEWTON M.D. and LIPSCOMB W N , Proc. Nat qcad. Scl. 52, 890 (1964). 

9. THO\IAS J M., EVANS E.L. ,  BURBER M. and SWIFT P. ,  Trans Farad. Soc. 67, 1875 (1971) 

10. PULL~1AN B., Proc Thzrd Cont. Carbon. Unzv. o( Butjalo,p.  3 (1958) 

11. FORMICHEV V.A., Sovzet Phys Sohd State 13, 754 (1971). 

12. RAND M.J. and ROBERTS J.F , J  Electrochern Soc 115, 423 (1968) 

13. HAMRIN K., JOHANSSON G., GELINS U., NORDLING C. and SIEGBAHN K , Ph)'s Scr,_~ta 1, 277 
(1970). 

14. SILVER A.H. and BRAY P J.,Y chem. Phys. 32, 288 (1960) 



1730 HUCKEL CALCULATION ON HEXAGONAL BORON NITRIDE Voi 11, No 12 

15. PEASE R.S , -lcta COstulzo~r 5, 536 t1952). 

16. JANAF Tables, \hdland, MlcMgan i960 and re;ised tables 1965 

17. PHILLIPS J C and VAN VECHTEN J A., P~z~s Re~; B2. 2147 (1970) 

Quelques proprletes d'un crlstal bldlmenslonnel de mtrure de bore 
sont tralt~es par ia methode d'approche du crlstal tronqu@ On 
utll~se un calcu[ "self-consistent '  de charge dans Ia m6thode 
lteratlve ~tendue de Huckel. 

Les valeurs des largeurs de la bande permlse et de la bande 
mterdlte, des charges, de la longueur de la halson ~ l'eqmhbre, et 
de l'@nergle de subhmatmn sont en accord avec l'exp@rlence 


