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The po ten t i a l  curves f o r  the ground 'C+ and f o r  the f i r s t  s i n -  
9 

g l e t  exc i ted  s t a t e  '1' o f  the Ne, molecule are  determined by the Var ia-  
U 

t i o n a l  Ce l l u l a r  Method. From these curves some spectroscopical constants 
+ 

are  obtained. l on i za t i on  energies o f  the exc i ted  s ta te  'C a re  ca lcu la-  
U 

ted . 

As curvas de potencia l  para o estado fundamental 'C+ e para o 
9 

pr imei ro  estado exci tado '1; da molécula do Ne, foram determinadas pelo 

Método Celular  Var iac iona l .  A p a r t i r  destas curvas algumas constantes 

espectroscópicas foram obt idas .  As energias de ionização do estado exc i -  

tado '1; foram calculadas. 

1. INTRODUCTION 

The recent ly  proposed Var ia t iona l  Ce l l u l a r  Method (VCM)'" has 

been shown t o  be an e f f i c i e n t  method f o r  the desc r i p t i on  o f  the e lec t ro -  

* P a r t i a l l y  supported by Conselho Nacional de Desenvolvimento C i e n t í f i c o  

e Tecnolõgico (CNPq) . 



n i c  s t r u c t u r e  o f  c o v a l e n t  d i a t o m i c  m o ~ e c u l e s ~ ' ~ .  The purpose o f  t h i s  pa- 

per i s  t o  examine how t h i s  method works f o r  d i a t o m i c  molecule formed f rom 

t h e  nob le  gases, where the  i n t e r a c t i o n  i s  weak and o f  t h e  van der  Waals 

type.  I n i t i a l l y ,  the  p o t e n t i a l  curves f o r  the ground s t a t e  'C+ and f o r  
g 

the  f i r s t  s i n g l e t  e x c i t e d  s t a t e  'E: of  thc: Ne, rnolecule were c a l c u l a t e d .  

Then the  r e s u l t s  ob ta ined  f o r  these curves and t h e  spec t roscop ica l  cons- 

t a n t s  d e r i v e d  f rom them were compared w i t l i  t he  a v a i l a b l e  experimental r e -  

s u l t s  and w i t h  o t h e r  t h e o r e t i c a l  methods such as MS-Xa, Hartree-Fock and 

"ab i n i t i o "  methods. 

Some p r e l i m i n a r y  r e s u l t s  o f  t h i s  c a l c u l a t i o n  were presented be- 

f o r e 5 .  

2. DETAILS OFTHE CALCULATION 

The VCM i s  a  v a r i a t i o n a l  v e r s i o n  o f  t h e  C e l l u l a r  Method o r i g i -  

n a l l y  proposed by Wigner 

p a r t i t i o n  o f  t h e  molecul 

the  atoms o f  the  molecul 

t o  f a c i l  i t a t e  the c a l c u l  

- ~ e i t z - ~ l a t e r ~ ' ~  For c r y s t a l s .  I t i s  bases on t h e  

a r  space i n t o  no- over lapping c e l l s  which surround 

e. The c e l l s  i n  p r i n c i p l e  can have any shape, b u t  

a t i o n s ,  they a r e  taken as spheres. I n s i d e  the 

c e l l s  the  one- e lec t ron  p o t e n t i a l  i s  c o n s t r u c t e d  as  a  spher i ca l  symmetric 

one f rom a  m u f f i n - t i n  charge d e n s i t y .  F i g u r e  1 shows t h e  p a r t i t i o n  o f t h e  

mo lecu la r  space used i n  t h i s  work. 

F ig .1  - P a r t i t i o n  of  the rnolecular space. 

Po in ts  denote the nuc le i  s i t e s .  R i s  the 

i n te rnuc lea r  distante. Heavy drawn c i r -  

cunferences a re  the i nsc r i bed  spheres. 

Accord ing t o  the  genera l  f o r m u l a t i o n  o f  the  VCM' t h e  p o s i t i o n  of t h e p l a -  

ne sur face  t h a t  separates t h e  c e l  1s and the  parameter P i n  F ig.1,  can be 
3 

chosen a t  w i l l .  Since i t  was showed t h a t  f o r  homonuclear q o l e c u l e  the  



d i s s o c i a t i o n  energy i s  a  minimurn when p=R , where R i s  the  i n t e r n u c l e a r  

d is tance ,  t h a t  i s ,  R = ai + a2 and a i s  p r o p o r t i o n a l  t o  t h e  c o v a l e n t  ra- 
i 

d i u s  o f  t h e  atom i, i n  t h i s  work we took p = R. 

I n s i d e  the  c e l l  i, t h e  e i e c t i o n i c  wave f u n c t i o n  i s  expanded i n  

spher i ca l  harmonics 

where 

E0 
and X denotes t h e  angu la r  momentum pa i  r (R,m) and R i s  t h e  s o l u t i o n  o f  

R 
the  r a d i a l  k h r 8 d i n g e r  equa t ion  f o r  t h e  energy E ~ .  From t h e  w e l l  known 

v a r i a t i o n a l  express ion  f o r  t h e  energy1'2 

one o b t a i n s  the  secu la r  equa t ion  

where t h e  m a t r i x  elements o f  t h e  H e r m i t i a n  m a t r i x  H a r e  g iven  by 

The i n t e g r a l  i s  performed on the  sur faces  separa t ing  the  c e l l s  and 8, 

denotes the  outward normal d e r i v a t i v e .  The v a r i a t i o n a l  express ion  adop- 

ted  f o r  t h e  e l e c t r o n i c  energy i s  o f  the  fo rm 

where a d e t a i l e d  e x p l a n a t i o n  o f  each term i s  presented i n  Reference 9. 



To beg in  t h e  c a l c u l a t i o n ,  one assumes an express ion  f o r  t h e  

e l e c t r o n i c  charge d e n s i t y  i n  t h e  f o r m o f  a s u m o f  Yukawa te rmsI0 .  Then, 

t h e  exchange- cor re la t ion  c o n t r i b u t i o n  t o  the  energy o f  t h e  system i s  

c a l c u l a t e d  accord ing  t o  t h e  S l a t e r  Xa approx imat ion.  The Coulomb poten-  

t i a l ,  which s a t i s f i e s  Po isson 's  equat ion,  and consequent ly  makes t h e  e- 

l e c t r o s t a t i c  energy f u n c t i o n a l  an extreme, can be c a l c u l a t e d .  Next t h e  

one- e lec t ron  p o t e n t i a l  i s  ob ta ined  i n  a l l  p o i n t s  o f  t h e  mo lecu la r  space. 

The r a d i a l  ~ c h r g d i n ~ e r  equa t ion  can be so lved  numer ica l  l y ,  and t h e  ma- 

t r i x  e l rments  < ~ X I H ~ ~ ' X ' >  o f  Eq. (5) can be cons t ruc ted .  The va lues  o f  

the  energy f o r  which t h e  secu la r  equat ion,  Eq. (4), has a n o n t r i v i a l  so- 

l u t i o n  a r e  the  mo lecu la r  o r b i t a l  energ ies .  

3. RESULTS 

The ground s t a t e  o f  Ne, has t h e  f o l l o w i n g  mo lecu la r  c o n f i g u r a -  

t i o n  

and i t d i s s o c i a t e s  i n t o  two ground s t a t e s  ~ e ( 2 ~ ~ )  atoms w 

-Fock t o t a l  energy - 514.1880 Ry ' I .  The f i r s t  s i n g l e t  exc 

i t h  Har t ree-  

i t a t e  s t a t e ,  

c i e s  between 

duced i n  the 

one- e lec t ron  

case, our  ca 

318 

'C:, which d i s s o c i a t e s  i n t o  Ne (zp5,3s) arid Ne ( 2 p 6 )  i n  the  separated 

atom l i m i t ,  can be formed by t r a n s f e r i n g  one e l e c t r o n  form t h e  3au o r -  

b i t a l  t o  t h e  40 o r b i t a l .  The c a l c u l a t e d  p o i n t s  o f  t h e  p o t e n t i a l  curves 
g 

f o r  these s t a t e s  a r e  g iven  i n  Table 1, and t h e  corresponding curves a r e  

shown i n  F i g u r e  2. 

Table 1 ,  o r  F i g u r e  2,  a l s o  p resen t  t h e  r e s u l t s  ob ta ined  by 

u s i n g  o t h e r  methods, such as MS-Xa, LCAO and C I ,  where t h e  ze ro  v a l u e  o f  

the  energy was s e t  a t  t h e  energy o f  t h e  separated atom l i m i t .  One i n t e -  

r e s t i n g  f e a t u r e  about F i g .  2  i s  t h e  a lmost  complete agreementbetweenthe 

r e s u l t s  f o r  t h e  VCM and the  MS method. I n  genera l ,  t h e r e  a r e  d iscrepan-  

these two methods m a i n l y  due t o  t h e  w e l l  known e r r o r  i n t r o -  

t i on fo r  t he 

I n  t h e  Nel 

a r e  con- 

c a l c u l a t i o n  by adop t ing  t h e  r n u f f i n - t i n  approxima 

p o t e n t i a l ,  which i s  inheren t  i n  t h e  MS method
3
. 

I c u l a t i o n s  show t h a t  most o f  the  mo lecu la r  charge 



Table 1 - Ca lcu la ted  p o i n t s  o f  t h e  p o t e n t i a l  curves f o r  t h e  ground s t a t e  

and f i r s t  e x c i t e d  s t a t e  o f  t h e  Ne, molecule.  The energ ies  a r e  i n  Ry and 
a 

a r e  r e l a t i v e  t o  the  separated-atom l i m i t .  

"The energy f o r  t h e  separated atom i s  - 514.188 R ~ .  ' I .  b ) T h i r  work. "Re- 

f erence 12.  d, Ref erence 13. e) Ref erence 14. 



F ig .2  - Po ien t i a l  energy curves f o r  the gour id  s t a t e  'L+ and f i r s t  sin- 
9 

g l e t  exc i t ed  s t a t e  'EU+ o f  Ne, molecule. 

c e n t r a t e d  i n s i d e  t h e  i n s c r i b e d  sphere o f  F i g .  1 ,  and so t h i s  approxima- 

t i o n  t o  t h e  p o t e n t i a l  i s  n o t  v e r y  impor tan t .  

a r e  presented i n  Table 

s t a t e ,  a t  t h e  equi l i b r  

the  separated atom 1 im 

The r e p u l s i v e  

The spec t roscop ica l  cons tan t  r e l a t e d  t o  t h e  e x c i  ted  s t a t e  'C+ 
U 

2.  I n  t h i s  t a b l e ,  Te i s  t h e  energy o f  the  'L; 
ium separa t ion ,  r e l a t i v e  t o  t h e  ground s t a t e  f o r  

i t .  

i n t e r a c t i o n  o f  t h e  t ype  Aexp( -b r ) ,  which takes 

p lace  f o r  small  i n t e r n u c i e a r  d is tance ,  can be u n i q u e l l y  determined by 



Table 2 - Spectroscopic  cons tan ts  o f  t h e  e x c i  ted  s t a t e  'C+ . 

a ) T h i s  work. b, Reference Reference 1 5 . ~ )  These r e s u l  t s  were ob- 

t a i n e d  by a  p a r a b o l i c  f i t  t o  the  c a l c u l a t e d  p o i n t s  near t h e  minimum o f  

the  p o t e n t i a l  cu rve .  

l o o k i n g  f o r  t h e  Born-Mayer pararneters16 A and b which g i v e  t h e  bes t  f i t  

o f  t h e e x p o r i e n t i a l  c u r v e  t o  t h e V C M c u r v e f o r  t h e s t a t e  'C f .  Table 3  
g 

presents the  va lues o f  these parameters ob ta ined  by a  l e a s t  square f i t -  

t i n g  t o  the  VCM curve  and t o  o t h e r  curves ob ta ined  by o t h e r  methods 

Table 3 - Born-Mayer parameters f o r  the  s t a t e  'C' o f  t h e  Ne, rnolecule a .  
5' 

a ) ~ h e s e  r e s u l  t s  were ob ta ined  by a  lea r t  square f i t t i n g .  b, T h i s  work. 

"Referente 12. d, Reference 13. e )  Reference 17 .  f, Reference 18. g ) ~ e g i o n  

o f  R where t h e  f i t t i n g  i s  performed. 



The t h e o r e t i c a l  i o n i z a t i o n  spect ium o f  t h e  bound e x c i t e d  s t a t e  
+ 

'C o f  t h e  Ne, molecule was computed u s i n g  two d i f f e r e n t  procedures: one 
U 

o f  these i s  by cons ider ing  t h e  t o t a l  energy d i f f e r e n c e s  between the  neu- 

t r a l  and i o n i i e d  atoms and the  o t h e r  one i s  by t h e  S l a t e r t r a n s i t i o n - s t a -  

t e  concept19. Throuhg Table 4 we can see t h a t  these two rnethods g i v e  a l -  

most i d e n t i c a  

Table 4 - lon  

Ne,, i n  eV. 

r e s u l t s  f o r  the  i o n i z a t i o n  energy, as i t  should.  

+ z a t i o n  energ ies  o f  t h e  e x c i t e d  s t a t e  'C o f  the  rnolecule 
U 

a ) ~ a ~  c u l a t e d  accord i ng t o  t h e  d i f fe rence  between t o t a  1 energ i es . The 

i n t e r n u c l e a r  d i s t a n c e  i s  R = 4.55 a, .  e 

b)Ca lcu la ted  accord ing  t o  t h e  S l a t e r  t r a n r  i t i o n - s t a t e  concept .  

To conclude we can say t h a t ,  even though no a t tempt  was made t o  

descr ibe  p r e c i s e l y  t h e  b i n d i n g  o f  the  ground s t a t e ,  t h e  VCM worked very  

wel 1 f o r  t h e  Ne, molecule.  The method i s  simple, f a s t  and the r e s u l  t s  a r e  

good. We f e e l  t h a t  any a f f o r t  dispensed i r i  t h e  sense o f  g e n e r a l i z i n g  i t  

t o  a p p l y  f o r  po lya tomic  systems w i l l  be wor thwh i le .  

We would l i k e  t o  thank Dr .  José Roberto L e i t e  f o r  many h e l p f u l  

d i scuss ions  and f o r  the  c r i t i c a l  read ing  o f  t h e  manuscr ip t .  
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