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The V a r i a t i o n a l  Cel l u l a r  Method [VCM) was used t o  c a l c u l a t e  
+ 

the  'C p o t e n t i a l  energy curves o f  NeF, ArF, NeCR, ArCR, bo th  i n  t h e i  r 

ground s t a t e s  and i o n i c  f i r s t - e x c i t e d  s t a t e s .  The e x c i t e d  s t a t e s  o f t h e -  

se molecules a r e  t h e  f i r s t  i ns tance  o f  a p p l i c a t i o n  o f  t h e  VCM t o  i o n i c  

bonding. Pirevious appl  i c a t  i ons  o f  t h e  VCM were r e s t r i c t e d  t o  c o v a l e n t  

d ia tomic  mo lecu la r  systems. The f a c t  t h a t  t h e  p r e s e n t  r e s u l  t s  agree 

f a i r l y  w e l l  w i t h  experiment and ab i n i t i o  c a l c u l a t i o n s ,  shows t h a t  t h e  

VCM i s  a good technique t o  mo lecu la r  c a l c u l a t i o n s  and can a l s o  be ap- 

p l i e d  t o  descr ibe  t h e  mo lecu la r  e x c i t e d  s t a t e s .  

O método C e l u l a r  V a r i a c i o n a l  (McV) f o i  usado para c a l c u l a r  

as curvas de p o t e n c i a l  'C+ do NeF, ArF, NeCR, ArCR, no estado fundamen- 

t a l  e  p r ime i  r o s  estados iÔnicos exc i tados .  Os estados exc i  tados destas 

moléculas representam o p r i m e i r o  caso de a p l  icação do MCV para l igações 

i ô n i c a s .  Apl icações a n t e r i o r e s  do MCV foram r e s t r i t a s  a moléculas d i a -  

tômicas covalentes.  O f a t o  de que os resu l tados  des te  t r a b a l h o  concor-  

dam bem com a exper iênc ia  e com cá1 c u l o s  ab i n i t i o ,  mostra que o MCV 6 
uma boa t é c n i c a  em c á l c u l o s  molecul ares e pode também ser  a p l  icado para 

descrever  os estados moleculares exc i tados .  

+ Permanent Address: I n s t i t u t o  de F í s i c a ,  Univers idade Estadual de Cam- 

pinas,  Caixa Posta l  1170, Campinas, SP,  B r a s i l .  



1. INTRODUCTION 

The r a r e  gas monohal ides  ( R ~ X )  c o n s t i t u t e  an impor tant  c l a s s  

o f  systems f o r  l a s e r  a p p l i c a t i o n s l .  The emiss ion i n  t h e  v i s i b l e  o r  u l -  

t r a v i o l e t  reg ions  i s  assumed as due t o  a  charge- t rans fe r  t r a n s i t i o n  froni 

a  s t r o n g l y  i o n i c  bonding upper s t a t e  t o  a  r e p u l s i v e  o r  weakly bound co- 

v a l e n t  lower s t a t f .  '. The irnportance o f  t h e  excimer l a s e r s  f o r  appl i c a -  

t i o n s  í n  photochernistry, i so tope  separa t ion ,  e t c . ,  has s t i m u l a t e d  wide 

i n t e r e s t  i n  the  r a r e  gas h a l i d e s ,  b o t h  under a  t h e o r e t i c a l  and p r a c t i -  

c a l  p o i n t  oi víew "'". P r e i i m i n a r y  t h e o r e t i c a l  s t u d i e s  o f  the  r a r e  gas 

h a l i d e  moiecules were done by ana log ies  w i t h  a l k a l i  h a l i d e  5ystems5. The 

e f f o r t s  i n  t h e  study o f  these molecules i c c l u d e  a p p l i c a t i o n s  o f  the  elec- 
7 - 9  

t ron-gas charge-densi t y  rnodel b ,  and ab i n i t i o  wethods . The long  

- range forms o f  t h e  rnolecular po ten t  i a l s  have b e m  discirssed by K r a u ~ s ' ~ .  

Recent ly  M iche ls  e t  a7 have s u c c e s s f u l l y  a p p l i e d  t h e  S l a t e r  Kcc d e n s i t y  

f u n c t i o n a l  approx;mationl' t o  per fo rm c a l c u l a t i o n s  o f  the  e l e c t r o n i c  

s t r u c t u r e  and r e l a t e d  p r o p e r t i e s  o f  ArF and nob le  gas dimer ions13 . 

The Ya equat ions were so lved  w i t h í n  t h e  framework o f  t h e  se l f - cons is ten t  

mal t i p l e  s c a t t e r  ing  method (MS-KCX) developped by Johnson a  n d  c o - w o r  - 
kers  14. 13 order  t o  v i n i r n i t e  the  e r r o r s  i ~ h e r e n t  t o  t h e  r n u i f i n - t i n  mo- 

de1 o f  t h e  moiecular  p o t e n t i a l ,  an improved o v e r l a p p i n g  sphere v e r s i o n  

o f  t h e  method was assumed I 5 ' l 6 .  

I n  t h i s  paper, the  r e c e n t l y  proposed V a r i a t i o n a l  Cel lu larMe- 

thod (VCM)17"a i s  used t o  per fo rm c a l c u l a t i o n s  on t h e  p o t e n t i a l  ener-  

gy curves,  spec t roscop ic  p r o p e r t i e s  and ernission c h a r a c t e r i s t i c s  o f  t h e  

r a r e  gos h a l i d e  excirners NeF, NeCR, ArF and ArCR. Tb is  work represents 

a c o n t i n u a t i o n  o f  o u r  e x p l o r a t o r y  c a l c u l a t i o n s  u s i n g  VCM. I n  the i n i t i a l  

papers t h e  e l e c t r o n a c  s t r u c t u r e  c a l c u l a t i o n s  u f  t h e  ground s t a t e s  o f  
+ 1 7 , l O  

H, , H2 and some f i r s t - r o w  d ia tomic  r n ~ l e c u l e s ' ~ ' ~ ~  were success- 

f u ! l y  p e r f o r i ~ e d .  Phe method was a l s o  app! ied t o  c a l c u l a t e  t h e  band 

s t ruc tu r -e  o f  meta i  1 i c  sod,u,m 2: The r a r e  gas monohal ides chosen f o r  t h i  s  

s tudy a r e  wel l s u i  ted as a ner: t r s t  o f  t h e  method, due t o  t h e  l a r g e  nurn- 

ber o f  o r b i t a l s  invo lved  i n  t h e  c a l c ~ ~ l a t i o ~ s  and t o  t h e  i n t e r e s t i n g  Dro- 

p e r t i e s  c f  t h e  exc imr r  e x c i t e d  s t a t e s .  Accurate ab i n i t i o  c o n f i g u r a t i o n  

c a l c u l a t i o ~ s  f o r  NeT and ArF have been repor ted  ' '>I2. 

The VCM i s  a  new approach f o r  s o l v i n o  t h e  s e l f -  c o n s i s t e n t -  



f i e l d  (SCF) problem f o r  molecules and c r y s t a l s .  I t  i s  based on t h e  o r i -  

g i n a l  Wiyner- Se i tz- S la te r  c e l l u l a r  method proposed i n  1934 2 2 ' 2 3  . The 

SCF prob le r i  f o r  t h e  molecules analysed here i s  so lved  w i t h i n  t h e  frame- 

work o f  the  XCX d e n s i t y  f u n c t i o n a l  approach. Since t h e  major v i r t u e  o f  

t h e  c e l l u l e r  theory  i s  t h e  remova1 o f  t h e  muf f in- t in  approx imat ion  t o t h e  

molecular  p o t e n t i a l ,  i t  i s  i n t e r e s t i n g  t o  compare the  VCM-Xa r e s u l t s  

f o r  ArF wit.h those repor ted  by M iche ls  e t  aZ, obta ined  by implementing 

t h e  opt imimed MS-Xci method 1 2 .  I t  has been p o i n t e d  o u t  t h a t  t h e  cho ice  

o f  optimum o v e r l a p  r a d i i  f o r  t h e  m u f f i n - t i n  spheres i s  v e r y  important i f  

r e l  i a b l e  tctai!  energ ies  a r e  requ i  red  1 3 .  

The r a r e  gas h a l i d e  excimer s t a t e  was i d e n t i f i e d ,  s i n c e  t h e  

e a r l y  s t u d i e s ,  as an i o n  p a i r  s t a t e  'O. The ground and e x c i t e d  s t a t e s  

of t h e  molecule a r e  fornied f r o n  n e a r l y  c l o s e d- s h e l l  system i n t e r a c t i m s ,  

w i t h  no s i q n i f  i c a n t  charge shar ing  i n  t h e  chemical bonds 1 3 .  The sphe- 

r i c a 1  c e l l i i l a r  p o t e n t i a l s  t h a t  we a r e  assuming here  a r e  t h e n a  v e r y g o o d  

approx imat ion  t o  t h e  t r u e  mo lecu la r  p o t e n t i a l .  The energy p o t e n t i a l  cu r-  

ves f o r  t h e  ground and lowest  e x c i t e d  s t a t e s  o f  t h e  molecules conside-  

red  a r e  obi-ained by us w i t h  a good degree o f  accuracy. The VCM-Xci me- 

thod leads t o  c a l c u l a t e  b i ~ d i n g  energy and bond l e n g t h  va lues f o r  t h e  

excimer s t a t e s  i n  e x c e l l e n t  agreement w i t h  ab i n i t i o  c a l c u l a t i o n s .  I t  

i s  wor thwh i le  t o  observe t h a t  even f o r  t h i s  espec ia l  c l a s s  o f  molecules 

the  s tandard m u f f i n - t i n  p o t e n t i a l s  approx imat ion  i s  n o t  r e l i a b l e .  Ac- 

c o r d i n g  t o  t h e  r e s u l t s  repor ted  by M iche ls  e t  a l ,  a s i g n i f i c a n t  over -  

l app ing  o f  t h e  m u f f i n - t i n  spheres i s  necessary i n  o r d e r  t o  improve on 

t h e  molecu l a r  t o t a l  energy 1 3 .  

2, THEBRY' 

The t h e o r e t i c a l  framework o f  t h e  VCM has been fo rmu la ted  by 

two of 3s (LGF and JRL) ir1 p rev ious  works 17-19. The bas ic  equat ions o f  

t h e  m t h o d  a r e  e s t a b l  ished i n  Ref.  18. I n  Ref. 19 i t  i s  shown how s e l f -  

-consistenc:y can be implemented i n  the  method and how t h e  p o t e n t i a l  f o r  

gy can be p r o p e r l y  

I o r  mo lecu la r  spa- 

, and t h e  poten- 

d e f  

c e 

i ned 

i s  d 

. Accord ing t o  the  c e l l u l a r  theory  

i v i d e d  i n t o  nonover lapping space-f 

the  ~ c h r g d i n ~ e r  equa t ion  and t h e  mo lecu la r  t o t a l  ener 

,, t he  c r y s t a  

i l l i n g  c e l l s  



t i a 1  i s  made s p h e r i c a l  w i t h i n  each c e l l .  W i t h i n  t h e  c e l l  i, t h e  wave- 

f u n c t  i o n  Qi i s  expanded i n  s p h e r i c a l  harmonics 

where 

€0 

Ri i s  a  s o l u t i o n  o f  t h e  r a d i a l  schr8dinger  equa t ion  f o r  t h e  energy E,, 

r e g u l a r  a t  t h e  cen te r  o f  t h e  c e l l  i; A denotes t h e  s p h e r i c a l  harmonic 

anqular  momentum p a i r  (R,rn).  A v a r i a t i o n â l  express ion  f o r  t h e  enerqy 

e igenvalue,  (Eq. (2) o f  ~ e f . l 8 ) ,  i s  used t o  determine t h e  c o e f f i c i e n t s  

AiX through t h e  secu la r  equa t ions  

1 <ihl H I ~ ' A ' > A  = O ilA1 (2) 
{'A' 

H i s  a  Hermitean square m a t r i x ,  dependent on t h e  energy e igenvalue,  

w r i t t e n  as 

where t h e  symbols 

ming i n t e g r a t i o n s  

a r e  exp la ined  i n  Ref.  18. H i s  eva lua ted  by p e r f o r -  

a long  t h e  c e l l  su r faces .  The zeroes o f  t h e  de te rmi -  

nant  a s s o c i a t e d  t o  Eq. ( 2 )  a r e  t h e  e igenvalues o f  t h e  VCM problem. 

The p a r t i t i o n i n q  o f  t h e  mo lecu la r  space f o r  t h e  RgX systems 

d iscussed i n  t h i s  paper i s  s c h e m a t i c a l l y  shown i n  F i q .  1. The two a t o -  

mic c e l l s  a r e  two c a l o t t e s  centered a t  t h e  same p o i n t  and have a p lane  

s u r f a c e  o f  c o n t a c t .  The d o t s  a r e  t h e  nuc leus s i t e s .  The o u t e r  c e l l  ex- 

tends f rom t h e  atomic c e l l s  t o  i n f i n i t y .  We remind t h a t  an impor tant  

asse t  o f  t h e  VCM i s  the  freedom one has i n  t h e  c e l l  c o n s t r u c t i o n .  The 

c e l l s  i n  genera l  can have a r b i t r a r y  shapes. The p a r t i  t i o n i n g  s k e t c h e d  

i n  F ig.1 was a l r e a d y  used t o  per fo rm o u r  p rev ious  c a l c u l a t i o n s  1 9 ' 2 0  I t  

has been shownZ0 how t o  improve on  the  c a l c u l a t e d  va lues  o f  the  t o t a l  

energy o f  N2 by v a r y i n g  t h e  c e l l  parameter 0. I n  t h e  p resen t  work, ho- 

wever, we decided t o  adopt t h e  p a r t i t i o n i n g  t h a t  has been used i n  most 



Fig.1 - Partitioning of the space for the rare gas monohalides. The 

dots are  the nucleus sites. The cell surface are two calottes centered 

at the same point and have a plane surface of contact. The outer cell 

is bounded by one single spherical surface. 

o f  our  p rev ious  c a l c u l a t i o n s ,  t h a t  i s  

Therefore an o u t e r  c e l l  bounded by one s i n g l e  s p h e r i c a l  s u r f a c e  i s  cho- 

sen. The i n t e r n u c l e a r  d i s t a n c e  i s  

The p lane  a f  c o n t a c t  between t h e  atomic c e l l s  i s  loca ted  such t h a t  t h e  

i n t e r n u c l e a r  d i s t a n c e  i s  approximatel y  d  i v  i ded i n  p a r t s  p r o p o r t i o n a l  

t o  t h e  i o n i c  r a d i i  o f  t h e  atoms ". For  one f i x e d  v a l u e  o f  R the  p lane  

i s  p laced a t  t h e  same p o s i t i o n  f o r  t h e  ground and e x c i t e d  mo lecu la r  s ta -  

t e s .  As f a r  as t h e  exchange- cor re la t ion  parameters a r e  concerned, we 

assume the  correspondent Har t ree-Fock atomic va lues r e p o r t e d  by ~ c h w a r z ~ ~  

i n  t h e  atomic c e l l s .  A s u i t a b l e  average o f  t h e  atomic va lues  i s  suppo- 

sed i n  t h e  o u t e r  c e l l .  

The p o t e n t i a l  energy cu rves  f o r  t h e  RgX systems a r e  de te rmi -  

ned by c a r r y i n g  o u t  s e l f - c o n s i s t e n t  c a l c u l a t i o n s  o f  t h e  mo lecu la r  total 

energy a t  a  s e t  o f  va lues o f  t h e  i n t e r n u c l e a r  d i s t a n c e  R. The ob ta ined  



r e s u l t s  a r e  then ad jus ted ,  l e a s t  squares, t o  the  f o l l o w i n g  express ion  

f o r  the mo lecu la r  ground s t a t e  and exc i t e d  s t a t e  energ ies26  

where A ,  B and n a r e  a d j u s t a b l e  parameters. For t h e  e x c i t e d  i o n i c  s t a -  

t e ,  t h e  q u a n t i  t y  -2/B i s  added t o  Eq. (4)  i n  o r d e r  t o  account f o r  the l m g  

- range Coulombic a t t r a c t i o n  o f  t h e  i o n  p a i r .  

I t  i s  wor th  ment ion ing t h a t  t h e  s p i n - o r b i t  e f f e c t s  were ne- 

g l e c t e d  i n  these c a l c u l a t i o n s .  They have been inc luded  by s in ip le  semi- 

-emp i r i ca l  models f o r  NeF and ArF ', and f o r  o t h e r  RgX c o n t a i n i n g  

elements as Kr ' and Xe They were considered m a l  l f o r  the purpose 

o f  t h e  p resen t  work. The c a l c u l a t i o n s  r e p o r t e d  here were performed w i -  

t h i n  t h e  framework o f  t h e  SCF o n e- p a r t i c l e  model, where t h e  s p i n  p o l a -  

r i z a t i o n  e f f e c t s  a r e  a l s o  neg lec ted .  

3. RESULTS AND DISCUSSION 

A. Potential energy curves 

The p o t e n t i a l  energy curves o f  t h e  r a r e  gas monohalides de- 

termined here  correspond t o  t h e  f o l l o w i n g  mo lecu la r  o r b i t a l  c o n f i g u r a-  

t i o n s :  l a 2 2 0 2 3 a 2 4 0 1 ? r 4 2 ~ 4  f o r  t h e  c o v a l e n t  l o w e r  s t a t e  1 ' C + ;  

l o 2 2 a 2 3 a 4 a 2 1 ~ " ~ 4  f o r  t h e  i o n i c  upper s t a t e  2 'C'. Onl y  t h e  va lence o r -  

b i t a l s  have been i n d i c a t e d .  The c o r e  o r b i t a l s ,  

t r e a t e d  accord ing  t o  t h e  f r o z e n  c o r e  approx imat  

l a t i o n  was perforrned assurning o n l y  one v a l u e  o f  

pansion ( € q . l a ) .  Therefore,  t h e  accuracy o f  ou r  

the  'C and 2Tl  p o t e n t i a l  energy curves a r e  i n d i s  

u l l y  occupied, were 

on. Most o f  t h e  c a l c u-  

2. i n  t h e  c e l  l u l a r  ex-  

r e s u l t s  a r e  such t h a t  

ingu ishab le .  The s t a t e  

which a r i s e s  f rom the  c o v a l e n t  l i n i i t  ~ ~ ( p ~ )  + x(,p5) w i l l  be l a b e l l e d  as 
+ 

1 'C+. That one which a r i s e s  f rom t h e  i o n i c  l i m i t  Rg (p5) + ~ - ( p "  w i l l  

be l a b e l l e d  as 2 'C'. 

Accord ing t o  our  c a l c u l a t i o n s ,  t h e  energy o f  t h e  separated 

atorn 1 i m i t  ~ e ( 2 ~ ~ )  + C&* ( 3 ~ 3 ~ ~ )  l i e s  below the  mihirnurn o f  t h e  N ~ + C R -  

i o n i c  p o t e n t i a l  energy cu rve .  Thus,the e f f i c i e n c y  f o r  p r o d u c t i o n  o f  t h e  



i o n i c  s t a t c  w i l l  be reduced as molecules a r e  tu rned  i n t o  the  e x c i t e d  

s t a t e s  NeC.Z*. Th is  mechanism should c o n t r i b u t e  t o  h i n d e r  e m i s s i o n  i n  

NeCR 3 .  T h e s t a t e w h i c h a r i s e s  from t h e e x c i t e d  separated atom l i m i t  

~ e ( 2 ~ ~ )  + C R * ( ~ S ~ ~ ~ ) ,  l a b e l l e d  as 3 'C', corresponds t o  t h e  MO c o n f i g u -  

r a t  i o n  l o 2 2 a ~ a 2 4 0 2 1 ~ 4 2 ~ L .  The c o r e  o r b i  t a l  s, whose n o t a t  ions a r e  omi t -  

t e d  here, were kep t  f r o z e n  i n  t h e  c a l c u l a t i o n s .  

The i o n i c  s t a t e s  o f  Rg+X- a r e  separated f rom t h e  c o v a l e n t  

s t a t e s  o f  KgX a t  i n f i n i t e  i n t e r n u c l e a r  d is tances  by t h e  q u a n t i t y  

which i s  

E .  ( R  = m) - E ( H  = a) = I.P. ( R ~ )  - E.A. (x) , 
I on cov 

where I .P .  means i o n i z a t i o n  p o t e n t i a l  and E.A. means e l e c t r o n  a f f i n i t y .  

Here we compare t h e  VCM-Xa c a l c u l a t e d  va lues  o f  AE w i t h  t h e  experimen- 

t a l  one. The l a t t e r  were ob ta ined  f rom da ta  quoted i n  Ref.  8 and 9 and 

c o n s i d e r i n g  t h e  d i f f e r e n c e  between t h e  e l e c t r o n  a f f i n i t i e s  o f  CR and 

F 27 .  l t  i s  found one d e v i a t i o n  o f  about  2  eV between t h e  c a l c u l a t e d  va- 

lues o f  AE and t h e  exper iment .  These e r r o r s  have most t o  do w i t h  t h e X a  

approx imat ion  t o  t h e  exchange- cor re la t ion  energy and n o t w i t h V O i i t s e l f .  

W i t h i n  t h e  c o n t e x t  o f  t h e  S l a t e r X a  approx imat ion,  t h e  v a l u e  o f  a which 

bes t  reproduces Har t ree-Fock energ ies v a r i e s  w i t h  i o n i c i t y Z 5 .  D i f f e r e n t  
+ 

va lues o f  a. should be used then f o r  t h e  ions Rg and X -  i n  o u r  c a l c u -  

l a t i o n s .  The main conc lus ion  i s  t h a t  t h e  chosen exchange- corre la t ion pa- 

rameters a r e  n o t  a c c u r a t e l y  d e s c r i b i n g  the  e l e c t r o n  a f f i n i t i e s  o f  t h e  

halogen atoms and t h e  i o n i z a t i o n  p o t e n t i a l  o f  t h e  r a r e  gas atoms. We 

observe t h a t  t h e  l u  d e s c r i p t i o n  o f  the  e l e c t r o n  a f f i n i t y  o f  t h e  f l u o r i -  

ne atom i s  worse than t h a t  o f  t h e  C h l o r i n  atom. 

The proper  t reatment  o f  t h e  exchange- cor re la t ion  e f f e c t  i s  

impor tant  t o  determine t h e  c o r r e c t  va lues  o f  t h e  i o n i z a t i o n  p o t e n t i a l s  

and e l e c t r o n  a f f i n i t i e s  1 3 .  These e f f e c t s  a r e  rough ly  cons tan t  a l o n g  

t h e  p o t e n t i a l  energy curve,  and t o  t h e  e x t e n t  t h a t  they do n o t  cancel ,  

they can be removed by a d j u s t i n g  t h e  p o t e n t i a l  cu rve  t o  the  c o r r e c t  se- 

para ted  atoin l i m i t s .  Such a procedure has been used by Winter  e t  a ~ '  i n  

t h e i r  aó i n i t i o  c a l c u l a t i o n s  f o r  NeF. Ab i n i t i o  p o t e n t i a l  curves c o r -  

r e c t e d  f o r  the  e r r o r s  i n  t h e  sepavated atom energ ies  have z l s o  been r e -  

por-ted f o r  r a r e  gas monoxides z a .  The same procedure was adopted t o  c o r -  

r e c t  t h e  VCII c a l c u l a t e d  p o t e n t i a l  energy cu rves .  



Before we analyse t h e  VCM p o t e n t i a l  energy curves,  one more 

comment shou!d be made. Tha many- elect ron e f f e c t s  t h a t  should s p l i t  the  

energ ies  i n  m u l t i p l e t  terrns a r e  n o t  incorpora ted  i n  t h e  VCM c a l c u l a -  

t i o n s .  The determined p o t e n t i a l  energy curves a r e  n o t  r i g o r o u s l y  LScur-  

ves. The c o v a l e n t  and i o n i c  s t a t e s  of RgX molecules analysed h e r e  c o r -  

respond t o  open s h e l l  systems w i t h  total s p i n  1/2. I n  t h e  p resen t  v e r -  

s i o n  o f  VCM t h i s  f a c t  i s  n o t  taken i n t o  account .  

The determinant  p o t e n t i a l  energy curves o f  NeF, NeCR,ArF and 

ArCR a r e  p l o t t e d  i n  Figs.2-5, r e s p e c t i v e l y .  The r e s u l t s ,  show t h a t  the  

cova len t  1 '2' s t a t e  i s  r e p u l s i v e  f o r  a11 molecules.  The i o n i c  2 ' C +  

s t a t e  i s  found t o  be bound, a  consequence o f  t h e  long  range Coulombic 

a t t r a c t i o n  o f  t h e  i o n  p a i r s .  

The ab initio methods have been t h e  most common t h e o r e t i c a l  
1 - 3 , 7 - 9 , 1 2  

technique used t o  s tudy t h e  r a r e  gas monohalides . Besides t h e  

use o f  ana log ies  w i t h  the  a l k a l  i h a l  i d e  molecules 3'5, o n l y  two a t tempts  

have been made t o  app ly  o t h e r  l e s s . s o p h i s t i c a t e d  techniques t o  t h e  s t u -  

dy o f  t h e  RgX excirners. C a l c u l a t i o n s  o f  t h e  e l e c t r o n i c  s t a t e s  o f  some 

R i a , )  

F i g . 2  - P o t e n t i a l  energy curves f o r  the  L+ e l e c t r o n i c  s ta tes  o f  NeF a i  

c a l c u l a t e d  by VCM. The separated atom 1  imi t s  correspond t o  the Ne(2p ) 

+ ~ ( 2 p ' )  ground s t a t e  and ~ e ' ( 2 ~ ' )  + F - ( Z ~ ' )  i o n i c  s t a t e .  



Fig.4 - Po ten t i a l  energy curves f o r  the L+ e lec t ron i c  s ta tes o f  ArF as 

r a l c u l a t e d  by  VCM. The separated atom l i m i t s  correspond t o  the ~ r ( 3 p ~ )  

+ ~ ( 2 p ' )  ground s ta te  and ~ r ' ( 3 p ~ )  + ~ - ( 2 p ~ )  i on i c  s t a te .  
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Flg.3 - Po ten t i a l  energy curves f o r  the L+ e l e c t r o n ~ c  s ta tes o f  NeCY. as 

ca lcu la ted by VCM. The separated atom l imi t s  correspond t o  the ~ e í 2 p ~ )  

+ c9.(2p5) ground s ta te ,  N ~ + ( Z ~ ' )  + ~9. - (3p6)  i on i c  s t a t e  and t o  the 

~ e ( Z p ~ )  + C2*(3s3pS) exc i t ed  s ta te .  
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F i s .  5 - P o r e n t i a i  energy curves f o r  the  L+ e l e c t r o n i c  s t a t e s  of ArCE 

as  c a i c u l a t e d  by VCM. The scparated atom l i m i t s  correspond t o  the  

~ r ( 3 ~ ~ )  + c9.(jpS) ground s t a t e  and ~ r + ( ) p ' )  + cF.'(3p6) i o n i ç  s t a t r .  

RgX have been repor ted  by Clugston and Gordon, us ing  t h e  e l e c t r o n  gas 

method6 and f o r  ArF by M iche ls  e t  a2 u s i n g  the  MS-Xa methodl'. T h e e l e c -  

t ron-gas p o t e n t i a l  energy curves have been r e p o r t e d  o n l y  f o r  KrF, and 

t h e r e f o r e  a r e  n o t  d i r e c t l y  comparable w i t h  t h e  VCM curves. H o w e v e r ,  

t r a n s i t i o n  energ ies  f o r  NeF, ArF and ArCR have been pub l i shed 6 and w i l l  

be compared w i t h  t h e  VCM r e s u l t s  i n  t h e  nex t  s e c t i o n .  The MS-XQ method 

leads t o  p o t e n t i a l  energy curves f o r  ArF i n  qood agreement w i t h  t h e  ab 

i n i t i o  and VCM r e s u l  t s  12. Since Miche ls  e t  a2 do n o t  ment ion t h e  values 

o f  t h e  exchange parameters used i n  t h e i r  work, we a r e  n o t  a t  a  p o s i t i o n  

t o  make a  more d e t a i l e d  comparison between t h e  MS-Xa and VCM-Xa c a l c u -  

l a t i o n s .  

The p o t e n t i a l  energy c u r v e  f o r  the  3 '1' s t a t e  a r i s i n g  f rom 

the  ~ e ( 2 p ~ )  + cR*(3s3p6) separated atom l i m i t  i s  shown i n  F i g .  3. I t  

should be noted t h a t  t h e  3 '1' curve  i s  e s s e n t i a l l y  f l a t  u n t i l  6.0 a o  . 
For s h o r t e r  va lues o f  R i t  presents t h e  expected r e p u l s i v e  behavior.We 

conclude t h a t  f o r  NeCR t h e  i o n i c  s t a t e  should be s t r o n g l y  p r e d i s s o c i a -  

ted.  

I t  i s  shown i n  t h i s  s e c t i o n  t h a t  VCM d e t e r m i n e s t h e p o t e n t i a l  

energy curves f o r  the  cova len t  and i o n i c  s t a t e s  o f  NeF and ArF w i t h  a 

reasonable degree o f  accuracy.  The o v e r a l l  agreement between VCM and ab 



i n i t i o  niethods i s  f a i r l y  good. VCM was then a p p l i e d  t o  determine tk po- 

t e n t i a l  eriergy curves f o r  t h e  cova len t  arid i o n i c  s t a t e s  o f  NeCR and ArCR 

and f o r  the  e x c i t e d  s t a t e ,  NeCR*. P o t e n t i a l  energy curves f o r  these mo- 

l e c u l e s  have n o t  been repor ted  y e t .  

B. Spectrcoscopie constants and emission characteristics 

Table I l i s t s  t h e  spec t roscop ic  cons tan ts  Re (bond l e n g t h )  

and De ( d i s s o c i a t i o n  energy) o f  t h e  2 'C+ i o n i c  s t a t e s  o f  t h e  r a r e  gas 

rnonohalides. Besides t h e  VCM r e s u l t s ,  va lues  o f  Re and De ob ta ined  by 

o t h e r  au thors  a r e  a l s o  l i s t e d  f o r  comparison. The i n t e r n u c l e a r  e q u i l i -  

b r ium separa t ions  and d i  s s o c i a t  i o n  energ ies  were determined f rom Eq. (4) 

o f  s e c t i o n  2. The VCM c a l c u l a t i o n s  were perforrned a t  a  se t  o f  R values 

sur round ing  t h e  minima o f  the  i o n i c  curves.  Mo lecu la r  c o n f  i g u r a t  i o n s  

correspondent t o  i n t e r n u c l e a r  d i s t a n c e s  o f  10.0 a,, were a l ç o  considered 

i n  o r d e r  t o  determine t h e  VCM energy o f  t h e  separated atom l i r n i t s ,  o r  

t h e  va lues o f  A i n  Eq. (4 ) .  The De values i n  Table l a r e  r e l a t i v e  t o  

the  i o n i c  separated atom l i m i t .  

Table I .  Ca lcu la ted  spec t roscop ic  cons tan ts  o f  t h e  2 i o n i c  s t a t e s  

o f  t h e  r a r e  gas monohal ides. 

MOLECULE 

Ne F 

NeC R 

Ar F 

ArCR 

7 

VCM 

2.12 

2.49 

2.41 

2.92 

a ) R e l a t i v e  t o  the  i o n i c  separated atom l i m i t .  

b)ab i n i t i o  c a l  cu l a t ions ( ~ e f  erence 9 )  . 
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5.54 

5.14 

5.64 
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I c a l  cu l a t  i ons (Ref erence 1 ) . 
f rom data on t h e  corresponding a l k a l i  h a l i d e s ,  o r  taken 

i v a t e  communicat i o n  o f  N.W.Winter ( ~ e f e r e n c e  3 ) .  



The ab i n i t i o  and VCM spec t roscop ic  cons tan ts  l i s t e d  i n  Ta- 

b l e  I a r e  i n  good agreement. VCM reproduces the  a b i n i t i o  bond leng ths  

f o r  NeF and ArF w i t h i n  5%. The es t imated  va lues o f  Re f o r  NeCR and ArCR 

repor ted  i n  Ref. 3  and l i s t e d  i n  Table I a r e  s u r p r i s i n g l y  good. Pre- 

v ious  e s t i m a t i o n s  made by Ewing and Braus based a l s o  on t h e  a l k a l  i ha- 

1 i d e- r a r e  gas ha l  i d e  analogy a r e  1.93 8 f o r  NeF, 2.17 8 f o r  ArF and 2.7 

8 f o r  ArCR. The r e s u l t s  f o r  ArF and A ~ C R  seem t o  be u n r e l  i a b l e .  l t  i s  

found frorn ab i n i t i o  c a l c u l a t i o n s  t h a t  Re increases i n  the  sequence RgF 

wi t h  the inc reas ing  s i z e  o f  the Rg and a l s o  increases i n  the  sequence 

XeX w i t h  the  inc reas ing  s i z e  o f  X " .  I f  we add t o  these r e s u l t s  those 

shown I n  Table I, we f i n d  the  genera l  t r e n d  i n  the  spec t roscop ic  cons- 

tantsRe. They increase i n  t h e  sequence RgX w i t h  the  inc reas ing  s i z e  o f  

Rg o r  w i t h  the  inc reas ing  s i z e  o f  X .  From t h e  Xenon h a l i d e s  c a l c u l a t i o n s  

i t  i s  v e r i f i e d  t h a t  t h e  d i f f e r e n c e  between R ~ ( X ~ F )  and ~e(XecR)  i s  0.53 

8. Th is  v a l u e  i s  i n  good agreement w i t h  t h a t  found by us, 0.51 8, f o r  

the  d i f f e r e n c e  between ~ e ( A r c R )  and ~ e ( A r F j .  

Based on ab i n i t i o  c a l c u l a t i o n s ,  Dunning and Hay show t h a t  

the  d i s s o c i a t i o n  energ ies o f  t h e  i o n i c  s t a t e s  o f  t h e  r a r e  gas monofluo- 
I 

r i d e s  f a l l  i n  t h e  narrow range 5  eV < De S 5 eV, w i t h  De decreasing 

w i t h  inc reas ing  s i z e  uf t h e  r a r e  gas a tom
g
.  They p o i n t e d  o u t  t h a t  NeF 

i s  3 n o t a b l e  excep t ion ,  w i t h  a  v a l u e  o f  6.38 eV f o r  De. Th is  r e s u l t  i s  

conf i rmed by the  ab i n i t i o  c a l c u l a t i o n s  repor ted  by Winter  e t  a2 (6.49 

eV) ' .  According t o  our  c a l c u l a t i o n s ,  the  d i s s o c i a t i o n  energy f o r  NeF 

f a l l s  i n  the  narrow range o f  energy rnentioned above. I n  o t h e r  \.rords,our 

c a l c u l a t i o n s  do n o t  c o n f i r m  t h a t  NeF i s  an excep t ion .  From t h e  a .  i n i -  

t i o  c a l c u l a t i o n s  c a r r i e d  o u t  f o r  the  Xenon h a l i d e s 8  i t  i s  v e r i f i e d  t h a t  

De decreases w i t h  t h e  inc reas ing  s i z e  o f  the  halogens. S i m i l a r  t r e n d  i s  

observed i n  our  c a l c u l a t i o n s .  There fo re  we may conclude t h a t  the  De va- 

lues f o r  RgX s è r i e s  decrease w i t h  t h e  inc reas ing  s i z e  o f  X .  From t a b l e  

I  we no te  t l i a t  ~ e í N e F )  < i 3 e ( ~ r F ) .  

We now compare t h e  c a l c u l a t e d  VCM emiss ion energ ies  w i t h  t h e  

a v a i l a b ! e  exper imenta l  data and w i t h  t h e  r e s u l t s  o f  o t h e r  c a l c u l a t i o n s .  
+ 

Th is  i s  done by eva lua t  ing  t h e  d i f f e r e n c e  between t h e  energy o f  t h e  2  'C 

i o n i c  s t a t e  a t  i t s  minimurn ( ~ e )  and t h e  energy o f  t h e  1  'C+ c o v a  l e n t  

s t a t e  a t  t h i s  same d is tance .  These va lues  ( v e r t i c a l  emiss ion energ ies )  

a r e  then c o r r e l ã t e d  w i t h  t h e  wavelength (o r  photon energy) o f  maximuin 

observed i n t e n s i t y .  Here we assume t h a t  t h e  2  'C' - I 'C+ t r a n s  i t i o n  



should produce t h e  s t ronges t  emiss ion '. The assignment o f  a v e r t i c a l  

t r a n s i t i o n  t o  t h e  emiss ion o f  maximum i n t e n s i t y  has t o  be made w i t h  so- 

me c a u t i o i i  s i n c e  such e f f e c t s  as emiss ion f rom h i g h e r  v i b r a t i o n a l  leve ls  

o f  t h e  i o n i c  s t a t e s  a r e  n o t  taken i n t o  account '. 

Table I I shows t h e  emiss ion  c h a r a c t e r i s t i c s  o f  t h e  2 '1' 
2 + - 1 C t r a n s i t i o n  as c a l c u l a t e d  by VCM-Xa (Ee = photon energy; Xe = 

= emiss ion wave l e n g t h ) .  The r e s u l t s  ob ta ined  f rom o t h e r  c a l c u l a t i o n s  

and exper imentsare a l ç o  shown. Recent ly  Rice, Hays, and Woodworth have 

a t t r i b u t e c ~ ~ ~  t o  NeF an emiss ion f e a t u r e  observed a t  108 nm (11.46 eV) 

i n  e-beam e x c i t e d  Neon-Fluor ide m i x t u r e s .  Accord ing t o  Table I I  t h e  VCM 

r e s u l t  agrees f a i r l y  w e l l  w i t h  t h e  exper imenta l  v a l u e  and w i t h  t h e  ab 

i n i t i o  r e s u l t s .  S i m i l a r  agreement i s  found between t h e  c a l c u l a t i o n s a n d  

the  experiment f o r  ArF. Hoffman, Hays, and ~ i s o n e ~ '  r e p o r t e d  l a s i n g  i n  

e-beam e x c i t e d  m ix tu res  o f  Argon and i l u o r i n e - c o n t a i n i n g  compounds. The 

Table I I - Emission c h a r a c t e r i s t i c s  o f  t h e  2 'C+ - 1 'C+ t r a n s i t i o n  i n  

t h e  r a r e  gas monohal ides. U n i t s  a r e  as i n d i c a t e d .  

1 Photon energy, Ee (eV) I Emission wave leng th ,  Xe (nm) 
MOLECULE i 

VCN 
2- 

I 
NeF (11.82 

a )  ab i n i t i o  c a l c u l a t i o n s  (Reference 9 ) .  

b, ab i n i t i o  c a l c u l a t i o n s  (Reference I ) .  

ab i n i t i o  c a l c u l a t  ions ( ~ e f e r e n c e  12) .  

d, El ect ron-gas model (Reference 6 ) .  

e )  Reference 29. f, References 30 and 31. 

g ,  References 32 and 33. 
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Table I I I  - Ca lcu la ted  e x c i t a t i o n  er ierg ies,  Ta, f o r  t h e  i o n i c  s t a t e s  o f  

the  r a r e  gas rnonohalides. S e ' s  a r e  t h e  energ ies a t  t h e  rninima o f t h e  i o n i c  

2  curves, r e l a t i v e  t o  Rg + X separated atorn l i r n i t s .  AEe=Te-Ee (see 

t h e  t e x t ) .  A l l  e n t r i e s  a r e  i n  eV u n i t s .  

MOLECULE 

Ne F  

Ne Ce 

Ar F  

ArCR 

V  C M i a  
cb i n i t i o  

a )  Reference 9 

e f f e c t  was a l ç o  repor ted  by Burnham and ~ j e u ~ '  frorn d ischarge  e x p e r i -  

rnents. The l a s e r  spectrurn shows a  peak a t  193 nm (6.41 eV).  Accord ing 

t o  Table I  I t h e  VCM r e s u l t s  f o r  ArF i s  6.24 eV. No emiss ion has been 

observed f o r  HeCR and a l s o  no t h e o r e t i c a l  s t u d i e s  have been repor ted .  

For ArCR the  VCM r e s u l t  agrees f a i r l y  w e l l  w i t h  t h e  e x p e r i m e n t a l  

0 1 1 6 3 2 9 3 3  and w i t h  t h e  e lec t ron- gas  model est i rnate 6. 

The c h a r a c t e r i z a t i o n  o f  t h e  lower s t a t e ,  1 'C+, f o r  t h e  t ran-  

s i t i o n  i s  made f rom the  data shown i n  Table 1 1 1 .  There we l i s t  t h e  ener- 

gy d i f f e r e n c e s ,  Te, between t h e  minima i n  t h e  2 'C+ i o n i c  cu rve  and t h e  

enera ies a t  the  separated atom l i m i t s ,  Rg + X.  me i s  t h e  d i f f e r e n c e  

between Te and the  emiss ion energy, Ee.  There fo re  AEe c h a r a c t e r i z e s  

t h e  r e p u l s i v e  r e g i o n  o f  t h e  te rm ina l  s t a t e  f o r  t h e  t r a n s i t i o n . A c c o r d i n g  

t o  ab i n i t i o  r e s u l t s  ', t h e  t r a n s i t i o n s  occur  t o  t h e  a lmost  f l a t  r e g i o n  

o f  t h e  p o t e n t i a l  energy cu rve  o f  t h e  cova len t  1 'C+ s t a t e .  The e l e c -  

t r o n  t r a n s f e r  f rom the  i o n i c  t o  the cova len t  s t a t e  takes p l a c e  a t  a  mo- 

r e  r e p u l s i v e  r e g i o n  o f  t h e  cova len t  curve,  accord ing  t o  VCM c a l c u l a -  

t ions . 

Among the  RgX analysed here,  ArF has been found t o  lase 3 0 9 3 !  

~ a ~ n a n t ~ ~  has r e c e n t l y  r e p o r t e d  l a s i n g  i n  ArCR. NeF e x h i b i t s  o n l y  f l u o -  

rescenceZ9 and no emiss ion i s  observed f o r  NeCR 3 ' 6  These d  i f f e r e n  t 
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behaviors  i n  the  emiss ion c h a r a c t e r i s t i c s  o f  t h e  RgX excimers occur  i n  

s p i t e  o f  the s i m i l a r i t i e s  t h a t  e x i s t  a m n g  t h e i r  p o t e n t i a l  enerqy c u r -  

ves. Prev ious analysed show t h a t  t h e  p r o d u c t i o n  e f f i c i e n c y  f o r t h e  i o n i c  

s t a t e  i s  c l o s e l y  r e l a t e d  w i t h  t h e  c ross ings  o f  t h e  p o t e n t i a l  energycur -  

ves f o r  the  e x c i t e d  s t a t e s  w i t h  the  i o n i c  cu rve  3 ' 6 ' 9  .Assuming t h a t  t h e  

p o t e n t i a l  curves f o r  t h e  e x c i t e d  s t a t e s  a r e  f l a t  and t h a t  t h e  a l k a l i n e  

h a l  i d e- r a r e  gas h a l i d e  analogy i s  v a l  j d ,  Ewing and Brau 5,  and Hay e t  

a ~ ~ e s t i m e t e t h e v a l u e s o f t h e i n t e r n u c l e a r d i s t a n c e s , E i  where t h e  L" 
c ross ings  occur .  

From F i g .  3 we observe t h a t  t h e  p o t e n t i a l  energy cu rve  f o r  

t h e  3  '1' e x c i t e d  s t a t e  a r i s i n g  f rom t h e  Ne(2,p6) + C R * ( ~ S ~ P ~ )  separated 

stom l i m i t  i s  e s s e n t i a l l y  f l a t .  For s h o r t e r  va lues  o f  I?, i t  p resen ts  

t h e  expected r e p u l s i v e  behav io r .  The i n t e r e s t i n g  c o n c l u s i o n  i s  t h a t  t h e  

3 'C+ cu rve  l i e s  below the  i o n i c  cu rve .  Thus, no curve  c r o s s i n g  occurs .  

Th is  s t a t e ,  which has n o t  been analysed i n  p rev ious  c a l c u l a t i o n s , f o r m s ,  

w i  th  t h e  l o w e s t - l  y i n g  exc i  t e d  s t a t e  a r i s i n g  f rom t h e  ~ e ( 2 p ~ ) + ~ ! L * ( 3 ~ ' 4 6 )  

separated atom l i m i t ,  the p r e d i s s o c i a t i o n  channels t o  t h e  i o n i c  s t a t e s .  

Therefore,  l a s i n g  o r  f l uo rescence  a r e  n o t  expected f o r  t h i s  mate r ia l ,  i n  

agreement wi  t h  the  exper imenta l  r e s u l  t s ' .  The ground s t a t e  po ten t  ia1 

energy cu rve  a r i s i n g  f rom the ~ e * ( 2 ~ ~ 3 s )  + c2(3p5)  separated atom l i -  

m i t 3 5  crosses t h e  i o n i c  c u r v e  a t  a  v e r y  l a r g e  i n t e r n u c l e a r  d i s t a n c e .  

The p o t e n t i a l  cu rves  o f  the  e x c i t e d  s t a t e s  a r i s i n g  f rom t h e  

~ e ( 2 p ~ )  + F *  (2s2p6) ,  A r (3p6)  + ~ " ( 2 ~ 2 ~ ~ )  and Ar(3p" + c%*(3s3p6) l i e  

above t h e  correspondent i o n i c  separated atom l i m i t .  Thus, no c r o s s i n g s  

occur .  For NeF the  p o t e n t i a l  energy cu rve  a r i s i n g  f rom Ne(2p6) + ~ " ( 2 ~ ~  

3s) separated atom l i m i t j 5  crosses t h e  i o n i c  cu rve  a t  Rc = 2.7 8 .  Th is  

va lue  agrees w e l l  w i t h  t h e  e s t i m a t e  based on a l k a l i n e  h a l i d e - r a r e  gas 

h a l  i d e  analogy.  Hay e t  aZ3 r e p o r t  t h e  v a l u e  2.64 8 and Erwing and ~ r a u ~  

t h e  v a l u e  2.6 8 f o r  R,. Accord ing t o  o u r  r e s u l  t, t h e  energy a t  t h e  

c r o s s i n g  p o i n t  r e l a t i v e  t o  the  energy a t  t h e  minimum o f  t h e  i o n i c  curve, 

%, i s  0.8 eV. The va lue  repor ted  by Hay e t  aZ3 i s  1.7 eV. For ArF c r o s -  

s i n g  occurs a t  v e r y  l a r g e  i n t e r n u c l e a r  d i s t a n c e  f o r  t h e  p o t e n t i a l  ener-  

gy cu rve  a r i s i n g  f rom t h e  Ar*(3p54s) + ~ ( 2 p ~ )  separated atom l i m i t  and 

no c r o s s i n g  occurs  f o r  t h e  p o t e n t i a l  c u r v e  a r i s i n g  f rom t h e  Ar (3p6)  + 
+ ~ " ( 2 ~ ~ 3 s )  separated atom l i m i t .  These r e s u l t s  a r e  accord ing  t o  t h e e s -  

t ima tes  based on t h e  a l k a l i n e  h a l i d e  ana log ies  '. The p o t e n t i a l  energy 



curve  a r i s i n g  f rom t h e  ~ r * ( 3 p ~ 4 s )  + C R ( ~ ~ ' )  separated atom l i m i t  c r o s -  

ses t h e  i o n i c  cu rve  a t  v e r y  l a r g e  i n t e r n u c l e a r  d i s t a n c e .  The ~ r ( 3 ~ ~ )  + 
+ cR*(3p44s) separated atom 1 imi  t leads t o  a p o t e n t  ia1 energy cu rve  t h a t  

crosses t h e  i o n i c  cu rve  a t  Rc = 4.8 8,  accord ing  t o  t h e  VCM c a l c u l a -  

t i o n s .  Th is  r e s u l t s  agrees w i t h  t h e  es t imated  va lue ,  4.47 8,  repor ted  

by Hay e t  a23 

I n  t h i s  s e c t i o n  we show how t h e  spec t roscop ic  cons tan ts  and 

emiss ion c h a r a c t e r i s t i c s  o f  t h e  i o n i c  s t a t e s  o f  NeF, NeCR, ArF and ArCB 

molecules can be c h a r a c t e r i z e d  on t h e  b a s i s  o f  p o t e n t i a l  energy curves 

f rom VCM c a l c u l a t i o n s .  The r e s u l t s  f o r  NeF and ArF a r e  i n  good agree- 

ment w i t h  a v a i l a b l e  exper imenta l  d a t a  and w i t h  repor ted  ab i n i t i o  c a l -  

c u l a t i n n s .  The r e s u l t s  f o r  NeCR and ArCR a r e  c o n s i s t e n t  w i t h  experiment 

and w i t h  t h e  est imates based on a l k a l i n e  h a l i d e - r a r e  gas h a l i d e  analogy. 

4. CONCLUSION 

From the  r e s u l t s  descr ibed  i n  t h i s  work we conclude t h a t  t h e  

VCM i s  capable a f  y i e l d i n g  reasonably  a c c u r a t e  spec t roscop ic  cons tan ts  

and emiss ion energ ies  f o r  t h e  r a r e  gas h a l i d e  excimer s t a t e s .  As f a r  as 

t h e  computat ional  e f f o r t  r e q u i r e d  t o  implement t h e  VCM i s  concerned, we 

v e r i f i e d  t h a t  i t s  speed i s  comparable t o  t h a t  o f  the  s tandard MS-Xa me- 

thod.  However, t h e  VCM leads t o  more accura te  va lues f o r  t h e  total, mo- 

l e c u l a r  energy. As we have sa 

r y  i s  the  remova1 o f  the  muf f  

method. 

The r e s u l t s  presen 

d be fo re ,  one v i r t u e  o f t h e c e  

n - t i n  approx imat ion,  inheren t  

ed here  c o u l d  be s t i l l  f u r t h e  

l u l a r  theo-  

t o  the MÇXa 

i m p r o v e d  

by u s i n g  t h e  a p p r o p r i a t e  va lues  o f  a f o r  t h e  ions i n  t h e  Xa d e s c r i p t i o n  

o f  t h e  e l e c t r o n  i n t e r a c t i o n s ,  o r  by assuming more e l a b o r a t e  f u n c t i o n a l s  

t o  approximate t h e  exchange- corre la t  i o n  e f  f e c t s  3 6  2 3  7. 
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