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Using BxlO~, MOSEg and YAMAZAKI'S SCF LCAO MO the spin orbit splitting of the X ~// 
state of NO has been calculated using various potentials. Experimentally W (~H3/2) -W(2H1/~) 
is known to be 122 cm -1. Using an "unscreened" nuclear field we find a value of 328 cm -1. 
Inclusion of screening due to electronic repulsions reduces this value to 283 cm -~. Agreement 
with the experimental vahe may be obtained by reducing the orbital exponents in the 2z 
molecular orbital by 30% over the value given by Slatcr's rules. 

Die Spin-Bahn-Aufspal tung des X 2//-Zustandes yon NO wurde mit  verschiedenen Poten- 
t ialen unter  Verwendung der SCF LCAO 5'lOs yon BRIOS, MOSER und YAMAZAKI berechnet.  
Der experimentelle Wert  fiir W (2II~/2) - W (2FI1/~) betr~gt 122 cm -1. Die Rechnung mittels 
eines reinen Kernfeldes liefert den Wert  328 cm -1 und unter  Einschlul] der Abschirmung 
dutch die Elektronen 283 cm -~. t3bereinstimmung mit  dem experimentellen Wert  l~$t sich 
erzielen, wenn man den Exponenten  des 2z-Zustandes 30% kleiner als nach den Slater Regeln 
macht.  

Avec les orbitals mol6culaires SCF LCA0 de BRION, MOSER et YAMAZAKI, nous avons 
caleul6 le dgdoublement spin-orbitale de l ' e ta t  X 2ii  de NO. La valeur exp6rimentale W (2H3/~) 
- W (2H1/~) est 122 cm -~. Duns un  champ nucl6aire ((sans 6cran>> on trouve 328 cm -1. L'inelu- 

sion de l 'effet d '6eran dfi aux r6pulsions inter61eetroniques r6duit  eette valeur s 283 era -~. La 
valeur exp6rimentale s 'obtient ,  si l 'on r6duit  de 30% les exposants d'aprgs Slater duns l 'orbi- 
tale mol6culaire 2Jr. 

Introduction 

As is well known, the ground state of  the NO molecule X 2/I, exhibits a spin- 
orbit  coupling, the 2//8/2 and 2FI1/2 states being separated [2] by  t22.094 em -1. I n  
what  follows we shall briefly report  a per turbat ion calculation of  this splitting, 
using the SCF LCAO M O  given by  BRIck,  Mosn~ and YAMAZAKI [1]. A similar 
calculation using the same orbitals has apparent ly  been performed by  LI~r HIJI-  
KATA and SAKA~rOTO [3]. However,  the  very  shortness of  their report  makes it 
difficult to  see how they  obtain their result of  a i46 cm -~ splitting, and for this 
reason we have under taken a similar investigation. 

The Formalism 

As our per turba t ion  term for the spin-orbit  energy we take [7] 

1 
~ ( 1 )  = ~ 2m% ~ ~j . (gradVj) • f j  (i) 

J 

where the symbols have their usual meaning, and the summat ion  extends over all 
the electrons in the molecule, We have here lumped together,  in the potential  V s, 
the influence of  all the other  nuclei and electrons on electron number  j. 
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Changing to cylindrical coordinates [6] (9, •, z) which is convenient for an 
electron moving in the field of two nuclei [4] we rewritedKfO) as 

~ 1 )  _ ~ [~ ~J (~j - i~j) 8% + ~,~J (~i~ + ~ )  ~_j + ~j ~j] (2) 2 im 2 c z 

OjO~; ~zj Ozj 9 s ~ J  (3) 

/~;' = 2- z; 0 OJ 3 O~ O z; (4) 

For  the potential  in which electron ~ moves we take 
-~ e 2 

Vj- -  ~ Vnuc (9;', Z;.) + }~ - - .  (6) 
nuc j~_~ ~'iy 

Let  us designate our wavefunctions by  (nASMA Ms) where A = 0, i,  2 . . -  
is the cylindrical qua n t um  number.  In  cylindrical symmet ry  we have as usual 
tha t  M A + M S is a good quan tum number.  The fit'st two terms, in the perturba- 
t ion operator, will therefore mix wavefunctions with A MA = 1. Since, in our 
approximation,  we will not  consider off diagonal terms in the electronic energy, 
we take 

and because in cylindrical symmet ry  V~ does not  depend upon 9J, equation (7) 
reduces to 

2 i ~  ~ c ~ ~ o o~ o ~/ 8~ " ( 8 )  

With  

we get 
_~ 1 [1 avj]~ ^ 

: ( 9 )  

The spin-orbit coupling in linear molecules can then be expressed as D "MA "Ms, 
and D can be evaluated in a manner  similar to t ha t  used for the atomic case. 

Ins tead  of working with the above expression (7), it is sometimes convenient 
to t ransform the operator so tha t  instead of the derivatives of  the potential  it is 
the potential  itseff which appears in the operator. One way  of  obtaining this is by  
means of partial integration, since the integrated parts  vanish at the limits. I n  
this way  we get the matr ix  element 

(hA  SMA M s  I ~  (1) l n A  SMA Ms) 

where the integrat ion runs over all electronic coordinates. This is as far as we can 
go without  specifying ~. 

Let  us now suppose tha t  ~ is given as a Slater determinant .  Since the spin- 
orbit  operator, as here defined, is a one electron operator,  we see tha t  in using 
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Slater determinants as wavefunctions we must leave out the socalled exchange 

terms in the diagonal elements. 

Consider a S]ater wavefnnction made up of N electrons where _N-I electrons 

are in closed shells with one electron outside the closed shells. The wavefunction 

for this electron, F2v, is characterized by having m~ ~ 0 and a spin. The other 

single electronic functions are called ~i (i = I, 2... N - i). Then taking for VN 

e 2 

v ~  = v ( ~ ,  z ~ )  + ~ ..... (i~) 
i r  TiN 

we get  

§ 

(i2) 

Split t ing of X ~H in NO 

The g round  electronic s ta te  2/I  wi th  MA = t and  Ms = + 1/2 can be represent -  
ed b y  a single d e t e r m i n a n t  [1] 

I ( l  a) 2 (2 a) 2 (3 a) ~ (4 a) 2 (5 a) 2 ( l  7~) a (2 z ~+) (13) 

Le t  us first use eq. (9) to  calcula te  the  spl i t t ing.  We then  get  

h 2 
f I OV (2z+)  dT (i4) w (2//~/~) - w ( ~ P l / ~ ) - 2 . ~ c 2  (2~+)*yWo 

F r o m  B~ION, MosE~ and  YAMAz•KI we have  

(2 z+) = 0.878i 2 p ~  --  0.6939 2pno . (t5) 

This  wave  funct ion  is normal ized  including over lap  and  the  2 p funct ions are Sla ter  
orb i ta l s  

l~ ~- e-Zr/~ (16) 2p~z = ~ r sin 0 e~ 

having  Z~ = 3.90 and  Zo = 4.55. 
F i r s t l y  we m a k e  a s implif ied ca lcula t ion  using a screened po ten t i a l  and  assure- 

ing the  zero different ial  over lap  app rox ima t ion  p u t t i n g  (2pz~) (2p~o) equal  to  
zero. I n  renormal iz ing,  we then  d iv ide  (2 n +) wi th  L i t 9 0 .  Close to  the  N and 0 

nuclei, where I ~ V ~- ~ o  is large, we assume t h a t  the  po ten t i a l  equals the  a tomic  

poten t ia l .  Since in t h a t  case the  in tegrals  reduce to  the  a tomic  ~n,t expressions,  
we get  

A W = 0 .6i58 ~ (N) + 0.3842 ~ (O) (17) 

F r o m  Moo~w's  [5] tab les  we get  ~ 0 ( I )  = t47 cm -1 and  ex t r apo la t e  ~ iN (I)  = 
64 cm -1. Hence  A W ~ 96 cm -1. 

go e~ 
H a d  we, on the  o ther  hand,  pe r formed  the  in tegra t ions  wi th  Vj - 

rjo 
z~ e 2 , , 

- - -  we would have  ob ta ined  A W  (cm -1) = 8 . 9 0 2 Z ~  + 8 . 8 2 0 Z  o. W i t h  
t ! 

Z N = 3.90 and  Z o ---- 4.55 we ob ta in  A W = 75 cm -~. 

t 3 "  
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Dropping the zero differential overlap approximat ion we get two more contri- 
butions to  the unscreened value of  A W = 166 cm - i .  The first arises when one 

considers the one center integrals in the product  expansion of ~o} I ~ the  
ozr 0~o~ ' 

second from the t rue two center integrals in the same expansion. The values of the 
integrals are, using unscreened values of Z ~ and including the overlap in the norma- 
lization, A W ~ = 176 cm - i  and A W" = - 14 cm - i .  The tota l  effect of only con- 
sidering the field f rom the nuclei is then  a splitting of  i66 + t62 = 328 em -1. 

The inclusion of the field f rom the other {4 electrons, as expressed in the second 
term of eq. (12), produces a screening effect of  A W e l e e  = - 45 cm -1. The final 
result is thus a spin-orbit splitting 2H3/2 - 2Hi~ 2 = 283 cm - i .  

Discussion 

The reason t h a t  the calculated value of 283 cm -1 is in bad agreement with the 
experimental  value of 122 cm -1 is presumably  tha t  the used molecular orbitals 
utilizing 2p atomic orbitals all have the same "effective" charge. I n  other words, 
the orbital exponents for the ant ibonding uppermost  (2 z+) molecular orbital are 
the same as for the (i s)  and the (3 ~) (4 s) and (5 ~) molecular orbitals. Of the 
"screening effect" of  45 cm -~, we find tha t  33 cm -~ comes from the four electrons 
in (l s) and (2 ~) molecular orbitals t ha t  are nearly identical with the atomic (l s) 
orbitals. The next  i0  electrons produce only a "screening effect" of 12 cm -1. 

I n  order to  investigate whether this explanat ion is reasonable we have pu t  a 
variable parameter  c into the 2 s molecular orbital 

~02~ = am (2ps i )  + ao (2p~o) (18) 

(2p~) = re 2 sin 0 d~ (i9) 

where am and ao are fixed in such a way  tha t  ~02~ is kept  normalized and orthogonal  
upon  ~vl~. The whole calculation with all terms included was then repeated. The 

results are given in the table. 

Table. Spin-orbit splitting o/2H as a funetio~ The experimental  value of  the 
o/the screening parameter c spin-orbit splitting is seen to  corre- 

spond to c ~- 0.70, leading to a 30~o 
c W (~H3/..) - W (~g~/2)  reduct ion of the effective charge on 

the 2pz  orbitMs of  Z?r f rom 3.90 to 
.00 283 em -x 

0.90 219 cm -~ 2.73 and of Zo f rom 4.55 to 3.18. 
0.80 t65 em -~ Finally it is wor th  noticing that ,  
0.70 12t cm-~ with overlap included in the nor- 
0.60 ~ 85 cm -t  realization of  the wavefunet ion for 

(2 ~+) and using the zero differential 
overlap approximat ion and the experimental  values of  ~n,~, we get a A W = 
i20 cm - i .  However,  this is probably  only a for tunate  accident, since, by  dropping 
the zero differential overlap approximation,  A W becomes larger than  the ex- 
perimental  value by  a factor  of three. As usual the most  naive calculation thus 
produces the best numerical result. 
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E v a l u a t i o n  of the  In tegra l s  

All of the integrals were evaluated on the GIER computer located at the H. C. Orsted In- 
stitute. The two center integrals occuring with the simple screened potential were calculated 
either in spherical - or elliptic coordinates by Gauss-quadratur. The integrals oceuring when 
the electronic screening terms are included were calculated by Gauss-quadratur using an 
ALGOL program "TECRIB open". 
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