
Theoret. chim. Acta (Berl.) 5, 336--340 (t966) 

Split 0rbitals for the Litt Molecule* 

PETER LYNDNER 

Quantum Chemistry Group, Uppsala University, Uppsala, Sweden 

Received may 6, 1966 

The four-electron problem in LiH has been treated by use of Slater type orbitals for the 
Is electrons on the Li atom and split molecular orbitals for the two valence electrons. Some 
properties of the two dimensional spin space present in the case of four different space-functions 
are discussed. Total electronic energies and electric dipole moments have been calculated. 

LiH wird mit Slaterfunktionen ffir die ts-Elektronen yon Li und SMO's ffir die beiden 
Valenzelektronen behandelt. Einige Eigensehaften des zweidimensionalen Spii~raums werden 
diskutiert. Elektronenenergien und Dipolmomente werden berechnet. 

lqous avons trait6 Ie probl6me s quatre 61eetrons de LiH en utilisan~ des orbitates de Slater 
pour les 61ectrons 18 de Li et des orbitales mol6oulaires distinotes pour les deux 61ectrons de 
valence. Certaines propri6t6s de l'espace de spin & 2 dimensions existant dans le cas de quatre 
fonctions d'espaee diff6rentes sont diseut6es. On a calcul6 les 6nergies 61ectroniques totales et 
les moments dipolaires. 

I. Introduction 

The convent ional  H a r t r e e - F o c k  m e t h o d  for t r ea t ing  molecular  sys tems gives 
rise to  an error  in the  ca lcula ted  to t a l  energy [7]. This error,  usual ly  called correla- 
t ion energy,  is of  the  same order  of  magn i tude  as the  b inding  energy in  d ia tomic  
molecules [2]. I t  is thus  of  essential  impor t ance  to  improve  this  method .  One k ind  
of  improvemen t  is to  remove the  res t r ic t ion  of  doub ly  occupied orbi ta ls  which is 
character is t ic  to  the  convent ional  approach.  I n  order  to  r e ta in  the  r ight  spin- 
s y m m e t r y  of  the  t o t a l  wavefunct ion  a sp in-pro jec t ion  has  to  be pe r fo rmed  af te r  
th is  sp l i t t ing  of  the  space orbi tals .  This ex tens ion  of  the  original  scheme is of  
impor tance  ma in ly  when the number  of  basis funct ions is smal l  and  a fa i r ly  l imi ted  
configurat ion in te rac t ion  t r e a t m e n t  is made .  

I n  t he  presen t  work  [5] four  different  orbi ta ls  for the  e lect rons  in  t he  L i H  
molecule  are used. The two  d imens iona l  spinspace in this  case has  been inves-  
t i ga t ed  to  get  the  spin-eigenfunct ion corresponding to  the  lowest  t o t a l  energy.  
F u r t h e r  the  polar iza t ion  of the  outer  e lect ron on the  l i th ium a tom has  been in- 

ves t iga ted .  

II. Details of the Calculations 

1. Theoretical background 

Spl i t t ing  of  the  doub ly  filled orb i ta l s  in the  convent ional  H a r t r e e - F o c k  m e t h o d  
gives rise to  a spin problem,  because the  corresponding Sla ter  de t e rminan t  is no 
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longer an eigenfunction of the spinoperator  S ~. A proper  spineigenfunction can be 
obta ined b y  use of a spinproject ion opera tor  [6, 7]. 

The ground state  of the L i H  molecule is known to  be a singlet s ta te  [3]. For  
this molecule we get two l inearly independent  projected Siater de te rminants  if  
the  four basic space orbitals all are different [6]. The spin-eigenfunction (cq fi2 "- 
ill a2) (c% fi~ - fia c%) used in the valence-bond method,  is then  a linear combina-  
t ion of these two spinprojected functions. We expect  this valence-bond funct ion 
to be ra ther  near  t h a t  funct ion in the spin space which gives the lowest to ta l  
energy, because a linear combinat ion  of the  two basic spinfunctions adds the  
t e rms  r c% fi3/~ a n d / ~  fl~ c% r to a ~otal wavefunct ion  of valence-bond type .  
These t e rms  correspond to  spin c~ or fl for bo th  i s  electrons on Li, and  spin fi or cr 
for the  two valence electrons. Such te rms  have  a high energy and thus  give a 
small contr ibut ion to the  to ta l  wavefunct ion  [5]. 

2. Wave/unctions used 

The basic orbitals used are: 

a = (is ')~i = X1s' e-~.3 

b = (is")Li = N18tt e - 2 " 0 6 5  r 

c' = (2s)~i = N2~ r e-0.65 (1) 

c," = (2p(~)zi = Ntp~ r cos 0 e -~ r 

d = ( i s ) K  = N ~ s . e - r  

where the N~'s are normal izat ion constants.  These orbi tal /unct ions were used by  
ROBINSON et  al. in an earlier calculation on L i I t  [10]. They  are fairly close to the 
o p t i m u m  orbitals of  the  same form [4, 11]. 

The split molecular  orbitals used for the two valence electrons are: 

1 
(d + ~ c") + ~ . d  9i -- Vi + ~2 

i 
93 = ~2 V i ~ V  (o' + ;. c") + d (2) 

where ~ is a pa rame te r  governing the polarizat ion of the 2s-orhital and ]~1 and k 2 
are spli t t ing parameters .  These pa ramete r s  are var ied to give the energy min imum.  

This type  of split molecular  orhitals are of the same type  as used b y  McW~E~u 
O~mo and Tsvo~IDA on H:O and N H  a [8, 12], and similar to the ones used by  
CouLso~ and FISC~:E~ on H~ [1]. 

III. Results 

The totM electronic energy and the electric dipole m o m e n t  were calculated a t  
the fixed internuclear  distance 3.0i5 a.u. (1.5954 7~) [3]. The results are given in 
Tab.  i - - 5 .  

The funct ion ~r/)[ o is constructed f rom orbitals a, b and 91, 91 for the core- and  
valence-electrons respectively.  ~s~{o denotes the funct ion built  up f rom orbitals 
a, b, 91, and 9~" 
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Table 1. Total energies (E in a.u.) and dipole moment 
(tt in Debye) /o r  T~o and Ws~o 

(SMO = split molecular orbital) 

~o E 

Ts~o J~ 
# 

Z = 0 A~. A = t 

-7.971 -7.991 -7.989 
- 4.98 - 6.45 - 6.67 

- 7.990 - 8.006 - 8.002 
-3.62 -6.04 -6.48 

Experimental values: E = -8.0704 a.u. [9]; 
/~ = -5.882 Debye [14]. 

Table 2. Minimum parameter values/or T~o and Ts~o 

Ts~o k 1 
k2 

WMo k ~ 

Z = 0 ~mln  b ,~ = I 

0.40 0.28 0.30 
0 0 0 
2A5 1.75 ~_.80 

k = k 1 = t / k ~ .  

b ~ml. = 0.60 for Ts~o; ~mln  = 0.70 for T~o. 

The  t w o  l inea r ly  i n d e p e n d e n t  sp ine igen fune t ions  wh ich  we choose to  s p a n  t h e  

t w o - d i m e n s i o n a l  sp inspaee  are  

o~ = r oe~ i~ b ~ ~ l  (3) 

where  0 is t h e  sp inp ro j ec t i on  o p e r a t o r  wh ich  ann ih i l a t e s  all  s y m m e t r y  c o m p o n e n t s  

e x c e p t  t h e  s ingle t  one. I~ was f o u n d  t h a t  t hese  t w o  func t ions  h a v e  t h e i r  e n e r g y  

m i n i m u m  for  k I = t /k  2 i.e. for  t he  MO-case  @1 = ~ ) .  F o r  F1 = ~ t he r e  is on ly  a 

one -d imens iona l  sp inspaee  w i t h  O 1 = On -- ~P~r (except  for  a c o n s t a n t  fac tor) .  

I n  o rde r  to  d e t e r m i n e  t h e  sp ine igen func t i on  (Obest) wh ich  gives  t h e  lowes t  

e n e r g y  in  t h e  two  d imens iona l  space  we use a w a v e f u n c t i o n  c o n s t r u c t e d  f r o m  

orb i ta l s  a, b, (c' + 2 c") a n d  d. The  o r d i n a r y  v a l e n c e - b o n d  f u n c t i o n  is : 

~ w  = d o ,  { ~  b~ (~' + ~ c")~ d~} (~ ~ - fil  -~) (~ ~ - fi~ ~) (4) 

where ~r is t h e  a n t i s y m m e t r i z a t i o n  opera to r .  Tho  t w o  bas ic  sp ine igen fune t ions  

0'1 a n d  O~ are  as in  E q .  (3) w i t h  r = (c' + ~ c") a n d  ~v 2 = d. 

Table 3. Total energies/or Tw,  @'1, 0'2 and (0best 

= 0 ~ r a i n  ~ = I 

3/YJVB 

o~ 
o~' 
~best 
= 2 o~) 

-7.969 -7.995 -7.992 
-7.894 -7.955 -7.954 
-7.895 -7.957 -7.956 

- 7.969 - 7.996 - 7.992 



Split 0rbitals for the LiH Molecule 339 

Table 4. 2mi=-values ]or Tvn, 0~, O~ and Ob~t 

~v~ O[ O~ O~e~ 

;t~m 0.63 0.83 0.82 0.60 

Table 5 
Dipole moments/or ~VvB, O[ and 0'2 (in Debye) 

~VB 
o; 
o~ 

- 0.88 - 5.49 - 5.97 
-0.86 -5.86 -5.97 
-0.83 -5.84 -5.95 

IV. Discussion 

The i m p r o v e m e n t  in  the  t o t a l  energy when sp l i t t ing  the  t~-shell on Li  in  the  
w a y  done b y  RoBI~r and others  [4, 10, 11] is abou t  0.026 a.u. The fur ther  
lowering of the  energy b y  use of  spl i t  molecular  orbi ta ls  amounts  to  0 .0 i5  a.u. 
This  resul t  is consis tent  wi th  the  work  b y  M c W ~ , ~ Y  and  others  [12, 8]. They  
however,  get  non-zero values for bo th  k 1 and  ]% in Eq.  (2). This p r o b a b l y  depends  
on the  different  effective e lec t ronega t iv i ty  values  for the  a toms  involved.  

The bes t  wavefunct ion  we get, }Ps~o in Tab.  i ,  is a lmost  exac t ly  equal  to  the  
one used b y  R o s ~ s o ~  et  al. [10]. They,  however,  s t a r t ed  from 

~ = C 1 (28)Li @ C~ (2pa)Li + Ca (IS)K (5) 

~ = ( l s ) ~ .  

W e  notice fur ther  t h a t  the  ).mlnvMues changes wi th  the  t y p e  of  spineigenfunet ion 
used. This is expec ted  as the  pro jec t ion  in Eq.  (3) changes the  charge d i s t r ibu t ion  
of  the  de t e rminan t a l  wavefunct ion  in  different ways  depending on the  spincombi-  
na t i on  used. 

The s t rong dependence  of  the  dipole m o m e n t  on the  polar iza t ion  of  the  2s- 
o rb i ta l  on the  L i th inm a tom is also expec ted  for phys ica l  reasons. 
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