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A b W c t  The experiment of calculating atomic ayd molecular dipole po- 
larizabi l ities within the Hartree-Fock approxl yat íon in the f inite- 
-field scheme is described. Small system ( ~ i ,  Li , Lin, ~ i z ,  Be) are 
selected to facilitate the use of extended basis Sets. For Li- a very 
extensive set including a large number of diffuse and polarizationfunc- 
tions is required to achieve a stable value, Thé results are compared 
wíth other theoretical and experimental da-ta pnd are possibly wi th i n  
the accuracy of the Hartree-Fock model. The remaíning error is essen- 
tially isolated as the correlation error. Inclusion of correlationcor- 
rections is discussed and postponed to a later stage. 

1. INTRODUCTION 

An atom or mlecule subjected to an external electric field suf- 

fers a perturbation which induces electric moments. The responseofthe 

system to such an external perturbation is primarily linear for rela- 

tively small field intensities and is given by the dipole polar- 

izabi 1 i tyl'. 

Experimentally, polarizabilities can be determined by severa1 

techniques such as optical interferometry2, f ield emi ssion3, index of 

refraction4, Stark effect5, spectral oscillator-strength measurements6, 

dielectric constant7 etc, to mention a few. In practice, they are re- 

latively difficult to obtain and discrepancies do exist even for simple 

atoms8. Theoretical ly, the calculation of polarizabil i ties is known to 

depend on detai 1 s of the wavefunction that may be di ff icul t to uncover9. 

Results at the Hartree-Fock (HF) leve1 are in error by 3 to 12%1°.~or- 

mally, the calculation of polarizabilities may be performed within the 

framework of perturbation theory where the polarizability is related 

to the second-order correction to the energy of the system perturbed 
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by t h e  e l e c t r i c  f i e l d 1 l .  The main problem i s ,  o f  course, t h a t  one does 

n o t  even know t h e  exac t  unper turbed s o l u t i o n  f o r  the  many-electron sys- 

tem. Instead,  i n  the  f i n i t e - f i e l d  approachl* t h e  c a l c u l a t i o n s  a r e  per -  

formed f o r  the  f i e ld- dependent  problem. The r e s u l t i n g  wavefunct ion and 

energy a r e  consequent ly  f ie ld- dependent  and one may o b t a i n  the  p o l a r -  

i z a b i l i t y  d i r e c t l y  by d i f f e r e n t i a t i n g  t h e  energy w i t h  respec t  t o  t h e  

f i e l d ,  thereby a v o i d i n g  a p e r t u r b a t i v e  treatrnent.  

I n  t h i s  paper such a brocedure i s  used t o  c a l c u l a t e  t h e  s t a t i c  

( frequency-independent) d i p o l e  p o l a r i z a b i  1  i t i e s  o f  some s imple systerns 
+ 

( L i ,  ~ i - ,  L i 2 ,  L i 2  and ~ e )  w i t h i n  t h e  framework o f  theHFapprox imat ion.  

C o r r e l a t i o n  e f f e c t s ,  neg lec ted  by t h e  HF procedure, a r e  n o t  considered; 

n o t  because they a r e  unimpor tant  b u t  r a t h e r  because t h e  HF t e s t  should 

be taken b e f o r e  c o r r e l a t i o n  i s  in t roduced .  The sys temat i c  s tudy o f  po- 

l a r i z a b i l i t i e s  f o r  some s imple systems i s  p a r t  o f  o u r  p r o j e c t . T h e m a i n  

purpose o f  t h i s  paper i s  t h e r e f o r e  t o  r e p o r t  on o u r  exper ience a t  the  

f i r s t  and s imp le r  s tep  where c o r r e l a t i o n  c o n t r i b u t i o n s  are n o t  included. 

A s p e c i f  i c  computer program has been w r i  t t e n  towards t h  i s e n d ,  such 

t h a t  i t  a l l o w s  subsequent c o r r e c t i o n s  due t o  c o r r e l a t i o n .  I n  the  nex t  

sec t ions  we b r i e f l y  desc r ibe  how t h e  p o l a r i z a b i l i t i e s  a r e  c a l c u l a t e d .  

Then we p resen t  our  r e s u l t s  and compare them w i t h  o t h e r  t h e o r e t i c a l  and 

exper imenta l  data. I n  a f i n a l  s e c t i o n  we d iscuss  the  sources o f  e r r o r s  

i n  the  c a l c u l a t i o n s ,  toge ther  w i t h  our  concIus ions and perspec t i ve .  

2. NONPERTURBATIVE APPROACH TO POLARIZABILITIES 

The per tu rbed  energy due t o  t h e  a p p l i c a t i o n  o f  a  s t a t i c  e l e c -  

t r i c  f i e l d  o f  s t r e n g t h  A may be g i v e n  by t h e  p e r t u r b a t i o n  s e r i e s .  

E. ( h )  = E(') + h ~ " )  + ) i 2 ~ ( 2 )  + , h 3 ~ ( 3 )  + . . . 
o O O o 

Even though t h i s  s e r i e s  i s  g e n e r a l l y  asy rnp to t i ca l l y  d ive rgen t , to  eachof  

i t s  terrn may be g iven  a p h y s i c a l  s i g n i f i c a n c e .  The f i r s t - o r d e r  term i s  

t h e  permanent d i p o l e  moment u, :  

the  second-order term i s  r e l a t e d  t o  t h e  s t a t i c  d i p o l e  p o l a r i z a b i l i t y  a:  
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and h igher- order  te-ms a r e  r e l a t e d  t o  t h e  hyper p o l a r i z a b i l i t i e s .  The 

n o t a t i o n  i n  the  above equat ions i s  s tandard.  The major  drawback wi.th 

t h i s  approach i s  t h a t  the  unper turbed s o l u t i o n r  $no) and a r e  n o t  

exac t  b u t  ob ta ined  i n  some approx imat ion,  A non- per tu rba t i ve  t rea tment  

i s  p o s s i b l e ,  as i t  f o l l o w s  f rom the  equat ions above t h a t  

t h e r e f o r e  t h e  e l e c t r i c  p r o p e r t i e s  a r e  d i r e c t l y  r e l a t e d  t o  t h e  f i e l d- d e-  

pendent energy E ( X )  and the  s e r i e s  expansion rnay be avoided by a d i  r e c t  

computat ion o f  E ( h ) .  The major  advantage o f  t h i s  approach i s  t h a t  t h e  

p o l a r i z a b i l i t y  may be ob ta ined  f rom standard computer programs f o r  the  

c a l c u l a t i o n  o f  t o t a l  energ ies,  j u s t  by adding t o  t h e  o r i g i n a l  hami l -  

t o n i a n  t h e  a d d i t i o n a l  terms due t o  t h e  p e r t u r b a t i o n .  The major d isad-  

vantage f o l l o w s  f rom t h e  p o s s i b l e  inaccurac ies  o f  t h e  numer ica l  d i f -  

f e r e n t i a t i o n .  U t i l i z i n g  the  HF method ( o r  r a t h e r  SCF, i n  a  f i n i t e  basis 

expansion) t h e r e  i s  a  s imp le  way t o  check on the  numer ica l  a c c u r a c y .  

T h i s  f o l l o w s  i f  one a l s o  c a l c u l a t e s  the  d i p o l e  moment. I n  t h e  f i e l d - d e-  

pendent case t h i s  i s  g iven  by 

p(X)  = p o  - Xa + ... 
and therefore.,  

11, = ~ ( 0 )  

and 

Hence t h e  p o l a r i z a b i l i t y  may be o b t a i n e d  a l s o  f rom t h e  f i r s t  d e r i v a t i v e  

o f  11 (1) . 
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I n  the present paper both ways are u t i l i z e d  t o  compute a and 

t h i s  a l lows one t o  check on the numerical d i f f e r e n t i a t i o n , a s d i s c u s s e d  

below. 

3. DETAILS OF THE CALCULATIONS 

A11 ca l cu la t i ons  have been performed a t  the HF leve1 u t i l i z i n g  

the sp in- unres t r ic ted  HF (UHF) wavefunction. S t a r t i n g  from a conven- 

t i o n a l  UHF program add i t i ona l  rou t ines  are required and were w r i t t e n :  

i )  inc lus ion  o f  the e l e c t r i c  f i e l d  term i n  the hami l tonian t o  obta in  

the f ield-dependent sql f -consistency;  i i )  ca l cu la t i on  . o f  the d ipo le  

moment f rom the computed se1 f-consi s ten t  wavefunct ions; and. i i i )  as we 

.are using a UHF apwoach f o r  the open she l l  cases, the wavefunctions 

are not  necesgar i ly  e igenfunct ions o f  the spin operator 5' as they 

should; so, t o  ctíeck on the sp in  contamination an addit ional subroutine 

cal cu la tes  < s ~ > ~ ~ ~ .  I n  a l  1 cases reported here the spin contami nat ions 

are a c t u a l l y  neg l i g i b le .  The on l y  open-shell ca l cu la t i ons  are  performed 
+ 

f o r  L i  and Li,. I n  these cases <s2> = 0.750 thus r e p r o d u c i n g  the 
UHF 

exact resul  t. The program i s  ra ther  general l3 and both the energy and 

d ipo le  momenf may be ca lcu la ted a f t e r  spec i fy ing  the three car tes ian  

components o f  the e l e c t r i c  f i e l d .  Of course, higher moments suchas the '  

quadrupole moment may a lso  be ca lcu la ted but  a t  t h i s  stage no attempt 

has been rnade t o  do t h i s ,  

The HF ca l cu la t i ons  are  made by u t i l i z i n g  t h e  s o - c a l  l e d  a l -  

gebraic approximation i n  which the one- par t ic le  states are expanded i n  

a f i n i t e  set o f  atomic funct ions.  This leads t o  the SCF approximation 

t o  the HF theory. Most inaccuracies o f  the S C F  c a l c u l a t i o n s  may be 

traced t o  the inadequacy o f  the chosen basi s se ts lO ,  For po lar  i zabi l i t y  

ca lcu la t ions ,  where one i s  essen t i a l l y  ca l cu la t i ng  the change o f  the 

e lec t ron i c  d i s t r i b u t i o n  due t o  the e l e c t r i c  f i e l d ,  the i n c l u s i o n  o f  

d i f f u s e  funct ions i n  the basis set i s  known t o  be very important10d4"5. 

Specif i c  basis funct ions tak ing  i n t o  account the d i s t o r t i o n  o f  the elec-  

t r o n i c  charge by the externa1 f i e l d  are possib le w i t h i n  the e l e c t r i c  

- f i e t d  va r i an t15  basis set .  Here we decided to  adopt the simple stan- 

dard basis sets, augmented by d i f f u s e  and p o l w i z a t i o n  funct ions.  
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For the L i  atom we s ta r ted  from the suggestion by Gianol io e t  

a2. '' o f  the 9s contracted t o  4s gaussian funct ions and augmented wi t h  

p o l a r i z a t i o n  p funct ions,  and t o  the f i n a l  set  we added d i f f u s e  s and 

p funct ions.  The complete set  i s  now a  (10s5p) contracted t o  ( 5 . ~ 3 ~ 1 ,  

g i v i ng  a  t o t a l  SCF energy o f  -7,43217h as cornpared t o  the exact HF 

value o f  -7.43273h ". Th is  i s  the basis u t i l i z e d  f o r  a11 ca lcu la t ions  

invo lv ing  L i ,  except ~ i - .  I n  t h i s  case we have proceeded (see be1ow)to 

increase t h i s  ( l O s ~ p 1 5 s 3 ~ )  basis set  t o  the very extended (15s8~ l10s6p)  

basis set. 

For Be we have used the suggestion of ref .18 and augmentedthis 

basis w i t h  d i f f u s e  s  and p  funct ions.  The f i n a l  set  consists o f  ( 1 0 ~ 5 4  

6.93~) and gives a  t o t a l  SCF energy o f  -14.57233h. 

Having obtained both the f ield- independent and the f ie ld- de-  

pendent energy and d ipo le  moment, the f i r s t  and second der iva t iveswere 

thenSca lcu la ted i n  the f i n i t e  d i f f e rence  approximation: 

w i t h  s i m i l a r  approximation f o r  the de r i va t i ves  o f  the d ipo le  moment 

~ ( 1 ) .  Thus, A o  has t o  be s u f f i c i e n t l y  small t o  maintain a  l i nea r  regime 

We considered the procedure sa t i s fac to ry  i f  

For systems w i t h  a  permanent d ipo le  rnoment (none i n  t h i s  paper) a  use- 

f u l  t e s t  i s  

The f i e l d  s t rength  A o  var ied  from 0.0001 a,u. t o  0.003 a.u. The value 

A o  = 0.003 a,u, was appropr iate f o r  most systems but  i n  the case o f  ~ i -  
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the ,smal l e r  value o f  0.0001 $.u. was the more appropr iate (s,ee below) . 
4. RESULTS AND DISCUSSION , 

There i s  a great  number o f  studies on the p o l a r i z a b i l i t y  o f  

the L i  and Be atoms and these systems were f i r s t  selected f o r  our t e s t  

ca lcu la t ions .  I n  tables 1 and 2 we sumnarize the experimental and theor-  

e t i c a l  r esu l t s .  We have no i n t e n t i o n  t o  cover a l l  the l i t e r a t u r e r e s u l t s  

fo r  these p o l a r i z a b i l i t i e s ,  but  those r e s u l t s  shown i n  the tables are  

r e p r e s e n t a t i v e ~ f  the best  determinations ava i lab le .  We f i r s t  mention 

the resu l  t s  o f  Sims st aZ. 3 3 ' 3 7 .  These have a1 so provided rigorous lower 

bounds t o  the p o l a r i z a b i l i t i e s  o f  both L i  and Be. T h e r e f o r e ,  i n  pre- 

Table 1 - Summary o f  r e s u l t s  f o r  the d ipo le  l a r i z a b i l i t y  of the L i  
atom i n  i t s  'S ground s fa te .  AI1 values i n  (E3. Conversion fac to r  i s  I 
a.u. = 0.14817 ( R I 3 ,  

Me t hod . Ref. a 

Experimental 
r 

Stark e f f e c t  

O s c i l l a t o r  s t rength  

Atom i c beam 

E-H grad ient  balance 

Theoret ical  

Present resul  t s  

Conf igurat ion i n te rac t i on  

Perturbat  ion  procedure 

Per turbat ion- var ia t ion  

Sternheirner per turbat ion  

Many-Body per turbat ion  theory 

Coulomb approach 

Coupled Hartree-Fock 

Hyl leraas v a r i a t i o n  

Lower-bound 
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Table 2 - Sumnary o f  r e s u l t s  f o r  the d i  l e  p o l a r i z a b i l i t y  o f  t h e ' ~ e a t o m  
i n  i t s  ' S  round s ta te .111  values i n  (E3. Converrion f a c t o r  i s  1 a.u. 
= 0.14817(&3. 

Me thod Ref. a 

Experimental 

Osci l l a t o r  s t rength  

Theoret ical  

Present r e s y l t s  

Many-Body pe r tu rba t i on  theory 

Per turbat ion- var ia t ion  

Unres t r ic ted  HF 

Mul t i conf  i gu ra t i on  SCF 

Coupled HF 

Uncoupled HF 

Many-electron approach 

Hyl leraas v a r i a t i o n  

C I 

PNO-CEPA 

Coupled HF 

MCTDHF 

Lower bound 

par ing tab les  1 and 2 a l l  previous values not  obeying these bounds were 

discarded. For the r e s u l t s  reported i n  tables 1 and 2 the Hyl leraasvar i -  

at ion-procedure ca l cu la t i ons  o f  re f s .  33 and 37 a re  among the best ones. 

This gives good agreernent w i t h  the h igh l y  cor re la ted c a l c u l a t  i o n  o f  

Werner and Meyer40 and, f o r  Be,also the r e s u l t s  o f  Grahan and ~ e a g e r ~ ~ .  

The approach o f  Sims e t  a& 3 3 ' 3 7  includes a very accurate H y l  l e r a a s  - 
Conf igura t ion- ln te rac t ion  (CI) ca l cu la t i on  o f  the wave f u n c t i o n  and 

therefrom the p o l a r i z a b i l i t y  i s  obtained. The r e s u l  t i n g  v a l u e s  o f  

24.27(813 f o r  L i  and 5.42(813 f o r  Be are b e l i e ~ e d ~ ~ ' ~ ~  t o  be accurate 
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t o  w i t h i n  2-5%. For neutra1 L i  core-core and core-valence co r re la t i ons  

do not  s i g n i f i c a n t l y  a f f e c t  the p o l a r i z a b i l i t y 2 5  and t h i s  expla ins the 

very good agreement o f  our resu l t s ;  as f o r  Be the r e s u l t  should be con- 

sidered as less  accurate. The very recent resu l  t s  o f  Grahan and yeagei5' 

f o r  the p o l a r i z a b i l i t y  o f  Be using the MCTDHF approach are  probably the 

best resu I t s  avai  l ab le  (a = 5.588 ) .  - 
We now repor t  on the r e s u l t s  f o r  L i  . Th is  a n i o n  i s h i g h l y  

po la r i zab le  w i t h  the two valence e lec t rons  occupying a very d i f f u s e  o r -  

b i t a l .  Therefore, the externa1 e l e c t r i c  f i e l d  Xohas  t o  be considerably 

smaI1 t o  maintain the regime o f  the f i n i t e  f i e l d  approach;addi t ional ly ,  

more d i f f u s e  func t ions  have t o  be included, The inc lus ion  o f  co r re la t i on  

e f f e c t s  i s  no t  wise before these two po in ts  are  met. For the f i r s t ,  we 

f i n d  tha t  X o  = 0.0001 a,u. i s  appropr iate f o r  the p o l a r i z a b i l i t y ,  as 

discussed i n  the previous sect ion.  Regarding the second po in t ,  severa1 

ca lcu la t ions  were performed. We s ta r ted  from the basis ( 1 0 ~ 5 ~ 1 5 ~ 3 ~ )  pre- 

v ious ly  described and added more and more uncontracted d i f f u s e  functions 

by ex t rapo la t ion  of the exponents, fo l lowing R a f f e n e t t i ' s  recipe4', u n t i l  

the p o l a r i z a b i l i t y  value was s tab i l i zed .  I n  t ab le  3 we show t h i s  behav- 

ior..The r e s u l t s  s t a b i l i z e  a t  a = 1201 a.u. and the la rgest  basis i n -  

cludes an extensive set  o f  d i f f u s e  s and p funct ions.  The lastexponents 

are  as small as S(S) = 0.00003 and c ( p )  = 0.0003 and the f i n a l  resul  t 

f o r  the p o l a r i z a b i l i t y  should be considered as essen t i a l l y  f r e e  f r o m  

basis set deff ic iency.  For comparison Pouchan and !3ishop2' have f ound 

values changing from 870 a.u. t o  1310 a.u., but t h e i r  r e s u l  t s  have  a 

p o r  convergence w i t h  respect t o  the increase o f  d i f f u s e  f u n c t  i o n s  i n  

the basis set .  I t  has been found1° indeed, t ha t  the use o f  unsaturated 

basis sets may y i e l d  a values higher than the HF l i m i t ,  Our r e s u l  t o f  

- 
Table 3 - Present ca l cu la t i on  o f  the d ipo le  p o l a r i z a b i l i t y  o f  L i  i n  i t s  
'S ground s ta te  as a f unc t i on  o f  basis set  s ize  (see tex t  f o r  notat ion),  
To enhance the vav ia t i on  o f  the p o l a r i z a b i l i t y ,  values a r e  g i v e n  i n  
atomic un i t s .  
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a = 1201 a.u is the best SCF determination of the dipole polarizability - 
of Li now available. - 

The compilation of results for Li is given in table.4. There 

has been considerable disagreement among different theoretical calcu- 

lations and experimental data are not available. The first theoretical 

attempt to obtain this polarizabi 1 i ty seems to be the Kirkwood-Pople- 

Schof ield calculation by Thornal lsson e t  a?,.'*. They found a value of 

269(8)3, We believe that this value is of low accuracy. This conclusion 

is reached by comparing their results for neutra1 Li, which give the 

value of l6(8) 3, to the results of table 1. This value is actual ly well 

below the accurate lower bound of Sims e t  a2. 33. Chronologically, the 

next estimate was given by Tiwari e t  a2." who applied the Sternheimer 

method and obtained a = 283(813. Correlated calculations were performed 

by Moorest and ~orcross'~ and Lamm e t  a ~ . ~ '  and they found considerabl y 

lower values of a around l20(8)~. In a recent investigation Pouchan and 

~i shop2' calculated a f rom both correlated and uncorrelated wavefunc- 

tions. They found that correlation has a dramatic effect and pratically 

halves the SCF value to a final result of 96(813. 

Table 4 - Summary of' results for the dipole polarizabilities of ~ i -  in 
its 'S ground state. AI1 results are theoretical value and given in 
Conversion factor is 1 a.u. = 0,14817(8)~, 

Method Ref. a 

Present resul ts - 178 

Ki rkwood-Popl e-Schof ield .technique 42 

Sternheimer 29 

SCF 25 

CI - dipole-velocity 4 3 

CI - dipole-length 4 3 

CI - pseudo-potential 

C I 
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L i 2  i s  t h e  s imp les t  o f  t h e  small  a l k a l i - m e t a l  c l u s t e r s  and has 

been o f  much t h e o r e t  i c a l  and exper imenta l  i n t e r e ~ t ~ ' - ~ '  , I n  p a r t i c u l a r ,  

t h e  d e t e r m i n a t i o n  o f  i t s  p o l a r i z a b i l i t y  has been t h e  focus o f  some a t -  

t e n t i ~ n " - ~ '  
+ 

, Therefore,  we have se lec ted  L i 2  and Li, f o r  o u r  t e s t  ca l -  

c u l a t i o n s  on s imple molecules, 

I n  t a b l e  5 we compare o u r  r e s u l t s  w i t h  t h o s e  p r e v i o u s l  y  ob- 

ta ined .  T h i s  inc ludes  t h e  SCF r e s u l t s  o f  Dixon e t  a ~ ~ ' ,  t h e  C I  c a l  - 
c u l a t i o n  o f  Gready e t  a ~ . ~ ~  and t h e  pseudo p o t e n t i a l  t r e a t m e n t o f  Bishop 

and ~ouchan' ' .  For  L i 2  t h e r e  i s  cons iderab le  agreement armng a l l  uncor- 

r e l a t e d  c a l c u l a t i o n s  and t h e  r e s u l t s  a r e  i n  f a i r l y  good agreement w i t h  

experiment. The bes t  r e s u l t  compared t o  experiment i s  t h e  thermdynami-  
+ 

c a l l y  averaged C 1  r e s u l t  o f  r e f ,  50. For  L i 2  the  s o l e  r e s u l t  t o  compare 

w i t h  i s  t h e  one o f  r e f .  50.  I n  t h i s  case we f i n d  p e r f e c t  agreement f o r  

b o t h  components o f  t h e  p o l a r i z a b i l i t y ,  which i s  seen t o  be e s s e n t i a l l y  

i s o t r o p i c .  The c o r r e l a t i o n  c o n t r i b u t i o n  t o  t h i s  d i p o l e  p o l a r i z a b i  1  i t y  

seems thus t o  be f a i r l y  small  and a p p a r e n t i y  a  SCF c a l c u l a t i o n  w i t h  a  

reasonably f l e x i b l e  b a s i s  s e t  should be a b l e  t o  g i v e  good r e s u l t s .  Un- 

fo r tuna te ly . ,  t h e r e  a r e  no f u r t h e r  r e s u l t s  a v a i l a b l e  t o  c o n f i r m  t h i s  as- 

s e r t i o n ,  

5. CONCLUSIONS AND PERSPECTIVES 

The bes t  way t o  asses t h e  accuracy c f  these c a l c u l a t i o n s  i f  o f  

course by d i r e c t  comparison w i t h  r e l i a b l e  exper imenta l  da ta .  However, 

i n  t h e  sake o f  o u r  t h e o r e t i c a l  s t u d i e s  i t  becomes p a r t i c u l a r l y  important 

t o  d iscuss  the  sources o f  i naccurac ies .  I n  t h i s  d i r e c t i o n  t h r e e  major  

p o i n t s  should be r a i s e d ,  F i r s t ,  t h e  HF c a l c u l a t i o n s  a r e p e r f o r m e d w i t h i n  

the  a l g e b r a i c  approx imat ion i n  which the  one p a r t i c l e  s t a t e s  a r e  ex- 

panded i n t o  some f i n i t e  b a s i s  s e t ,  F o r  t h e  c a l c u l a t i o n  o í  p o l a r -  

i z a b i l i t i e s  these b a s i s  s e t s  should be f l e x i b l e  e n o u g h  t o  a 1  l o w  t h e  

d i s t o r t i o n  o f  t h e  e l e c t r o n i c  d i s t r i b u t i o n  provoked by t h e  e l e c t r i c f i e l d .  

I n  t h e  c a l c u l a t i o n s  presented here the  systems a r e  small  enough t o  f a -  

c i l i t a t e  t h e  use o f  extended b a s i s  se ts .  We b e l i e v e  t h a t  b o t h  the  en- 

e rgy  and t h e  p o l a r i z a b i l i t y  a r e  w e l l  g i v e n  by these bas is  s e t s , T h e c a s e  - 
of L i  i s  excep t iona l  and a  v e r y  extended s e t  o f  d i f f u s e  f u n c t i o n s  was 

requ i red .  Second, i n  adop t ing  t h e  n o n- p e r t u r b a t i v e  approach and ca lcu -  
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Table 5 - Summary o f  t h e  d i p o l e  p o l a r i z a b i l i t i e s  o f  Li, and Li,. + Bath 
the  p a r a l l e l  and perpend icu la r  components a r e  shown. A11 va lues  i n  ( ) 3 .  

The i n t e r n u c l e a r  d is tances  a r e  5.26 ao and 5.97 ao f o r  L i 2  and ~ i z ,  re -  
s p e c t i v e l y ,  except  where i n d i c a t e d .  

Method Ref. . 

L i  ,: Present r e s u l  t s  - 40.6 27.4 31.8 

SCF 4 9 40 , l  27.2 31.5 

SCF pseudo p o t e n t i a l  50 40.7 25.2 30.4 

C I  (R = 5.051a0) 48 46.8 25.1 32.4 

C 1  pseudo p o t e n t i a l  (b) 50 55.6 21.3 32.7 

Experimental 
(C) 

5 1 - - 33.9+3 

-h 
L i *  : Present  r e s u l t s  - 9.3 8.4 8.7 

L 

C I  pseudo p o t e n t i a l  (b) 5 O 9.3 8.4 8.7 

(a) a o  = (a,, + 2a,)/3; (b) Thermodynamically averaged va lues; (c)  Exper- 

imenta l  r e s u l  t a t  T = 990K. 

l a t i n g  t h e  p o l a r i z a b i l i t y  f rom f i n i t e  d i f f e r e n t i a t i o n  o f  f ield-dependent 

energy and d i p o l e  moment, t h e  proper  s e l e c t i o n  o f  the  f i e l d  s t r e n g t h  i s  

o f  irnportance. Most systems r e q u i r e d  a v a l u e  o f  A o  t y p i c a l l y  o f  0.003 - 
a.u. The case o f  L i  i s  aga in  s p e c i a l  i n  the  sense t h a t ,  hav ing a h i g h  

p o l a r i z a b i l i t y ,  the  f i n i t e  d i f f e r e n t i a t i o n  procedure r e q u i r e d  a con- 

s i d e r a b l y  sma l le r  va lue  o f  X t o  a v o i d  d r a s t i c  changes i n t h e  e l e c t r o n i c  
C 

d i s t r i b u t i o n .  F i n a l l y ,  as a11 c a l c u l a t i o n s  were performed w i t h i n  t h e  

con f ines  o f  t h e  HF approach the  c o r r e l a t i o n  c o n t r i b u t i o n s  a r e  e n t i r e l y  

m iss ing .  

I f  the  t h r e e  p o i n t s  above a r e  n o t  met any good agreement should 

be considered as a f o r t u i t o u s  e r r o r  c a n c e l l a t i o n .  Obvious ly ,  t h i ç  f o r -  

tuna te  e r r o r  cancel l a t i o n  should n o t  be expected i n  t h e  genera l  case. 0n 

the  o t h e r  hand, i f  the  two f i r s t  p o i n t s  d iscussed above a r e  c a r e f u l l y  
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considered the  e s s e n t i a l  e r r o r  i s  i s o l a t e d  as t h e  c o r r e l a t i o n  e r r o r .  I n  

t h i s  paper t h i s  has been t h e  main concern. I f  these two p i n t s a r e  f i r s t  

so lved then c o r r e l a t i o n  i s  t h e  nex t  impor tan t  s tep.  I t  i s  o u r  i n t e n t i o n  

t o  proceed t o  the  c a l c u l a t i o n  o f  p o l a r i z a b i l i t i e s  by s o l v i n g  these two 

p o i n t s  as i n  t h i s  paper, and f u r t h e r  i n t r o d u c e  c o r r e l a t i o n  c o r r e c t i o n s  

v i a  a many-body p e r t u r b a t i o n  theory  ( M B P T ) ~ ~ - ~ ~  w i t h i n  tk f i n i t e  - f i e l d  

approach. I n  t h i s  case the  o n l y  l e g i t i m a t e  way o f  c a l c u l a t i n g  the  po la r -  

i z a b i l i t y  i s  by t a k i n g  t h e  second d e r i v a t i v e  o f  the  energy. The d e r i v a -  

t i v e  o f  the dipole moment i s  no longer  a j u s t i f i e d  procedure55.  I n  MBPT 

the  f i r s t  c o r r e l a t i o n  c o r r e c t i o n  i s  g iven  by the  second-order e n e r g y ,  

which i n  t h e  M#l l e r - ~ l e s s e t ~ ~  scheme requ i  res  o n l  y one diagram. The nex t  

c o r r e c t i o n  r e q u i r e s  t h r e e  more diagrams and leads t o  the  g e n e r a l l y  ac- 

c u r a t e  t h i r d - o r d e r  r e s u l t s s 7 .  The nex t  s tep  i s  t h e  s t a t e  - o f - t h e - a r t  

complete f o u r t h- o r d e r  which r e q u i r e s  39 a d d i t i o n a l  diagrams w i t h  s ing ly ,  

doubly, t r i p l y  and quadruply  e x c i t e d  in te rmed ia tes  w i t h  respect  t o  t h e  
5 3 - 5 4  

re fe rence  SCF w a v e f ~ n c t i o n ~ ~ .  Resu l t s  a t  t h i s  leve1 o f  c a l c u l a t i o n  

a r e  by a11 p resen t  standards o f  good accuracy. H o w e v e r ,  f o r  b o t h  ~e~~ 

and L;- near-degenerac i e s  severe l  y a f f e c t  the  convergence o f  the  MBPT 

s e r i e s .  
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Resumo 

A experiência de se calcular polarizabilidades atômica e mole- 
cular na aproximaçao de Hartree-Fock utilizando o ejquema de campo fi- 
nito é descrita. Sistemas simples (Li, L i  , Lie, Lie, 0e) são selecio- 
nados para facilitar o uso de funçoes base extensas. Para Li um con- 
junto bastante extenso de funçoes base, incluindo um grande número de 
funções difusas e de pol2rização é necessário para se atingir um valor 
estável . Os resu l tados sao comparados com outros dados experimenta i s e 
teóricos e possivelmente estão nos limites de precisa0 do modelo de 
Hartree-Fock, O erro restante é então i solado como esçencialmente o er- 
ro de correlação. A inclusão de correções de correlaçao é discutida e 
adiada para um estágio posterior. 


