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By d e f i n i n g  a s i n g l e  average energy denominator,  aEAV, i t  i s  

shown t h a t  a formula f o r  c r y s t a l  -f i e l d  induced e l e c t r  i c- d  i p o l e  4 f d f  

i n t e n s i t  i es  can be ob ta ined  which c o n t a i n s  c o n t r i b u t  ions o f  a l l  p o s s i -  

b l e  e x c i  ted  con f  i g u r a t  ions o f  i n t e r e s t  and depends on rad  ia1 i n t e g r a l  s 

i n v o l v  ing on l  y 4f wavefunct ions. l n t e r f e r e n c e  e f  f e c t s  between t h e  

t h e  Pseudo-Mul t ipo lar  F i e l d  ( t h e  mechanism o r i g i n a l l y  proposed by J d r -  

gensen and Judd t o  account f o r  t h e  h i g h  s e n s i t i v i t y  o f  c e r t a i n  4f++4f 

t r a n s  i t ions t o  changes i n  the  chemical environment) and e l e c t r  i c  d ipo-  

l e  mechanisms a r e  a l s o  considered.  The t h e o r y  i s  then applyed t o  t h e  

systems y,03:~d3' and L ~ F , : N ~ ~ ' .  I t  i s  concluded t h a t  a r e l  i a b l e  va- 

l u e  f o r  t h e  average energy denominator,  MA,,, i s  g i v e n  by t h e  f i r s t  op- 

pos i t e  par  i t y  exc i t e d  con f  i g u r a t  i on  (4?-'5d) and t h a t  " core exc i t a -  

t ions" as wel l as i n t e r f e r e n c e  e f  f e c t s  g i v e  v e r y  impor tant  c o n t r  i bu- 

t ions. 

A t ravés  de um denom inador energét  i co  méd io ,  AEAV, 6 demons- 

t r a d o  que uma expressão para in tens idades espectra i s  4f++4f ( induz idas 

por  d i p o l o  e l é t r i c o  na presença de um campo c r i s t a l  ino não c e n t r o  - s i -  

m é t r i c o )  pode ser  o b t  ida na qual todas as con f  igurações exc i tadas  r e -  



l evan tes  são levadas em consideração e  além d i s s o  depende de i n t e g r a  i s  

r a d i a i s  envolvendo unicamente funções 4f. E f e i t o s  de i n t e r f e r ê n c i a  en- 

t r e  o  Campo Pseudo M u l t  i p o l a r  (mecanismo o r i g i n a l m e n t e  p r o p o s t o  por  

Jdrgensen e  Judd para exp l  i c a r  a  enorme s e n s i b i l  idade de c e r t a s  t r a n -  

s ições  4f++4fa mudanças n o  a m b i e n t e  químico) e o m e c a n i s m o  d i p o l a r -  

e l é t r i c o  são considerados. Os resu l tados  t e ó r i c o s  são a p l  icados aos 

s  istemas Y,O, :Nd3+ e  L ~ F ,  :Nd3+. Conclu i- se que um v a l o r  c o n f  i ã v e l  pa- 

r a  o  denominador energét  i c o  méd io, UAV, é dado p e l a  pr ime i r a  con f  igu -  

ração e x c i t a d a  de p a r i d a d e  o p o s t a  ( 4 f N - ' 5 d )  e  que exc i tações  de 

caroço (" core exc i t a t  ions") ass im como e f e i t o s  de i n t e r f e r ê n c i a  são ex-  

tremamente impor tantes.  

1. INTRODUCTION 

Lanthan ide  4f++4f in tens  i t  i e s  

t e s t i n g  c o n f i g u r a t i o n  i n t e r a c t i o n  models 

s ions  i n  which t h e  l a n t h a n i d e  ions a r e  c  

bed by  a  chemical environment. 

i s  an a t t r a c t i v e  s u b j e c t  f o r  

based on p e r t u r b a t  ion  expan- 

ons idered  t o  be 1  i t t l e  p e r t u r -  

Since 1962, t h e  s p e c t r o s c o p i s t s  d ispose  o f  a  t h e o r e t i c a l  

background f o r  t r e a t i n g  t h e  i n t e n s i t i e s  o f  t h e  sharp 1 ines o r i g i n a t e d  

f rom t r a n s i t  ions w i t h i n  t h e  4f con f  i g u r a t  ions. I t  i s  known as the Judd 

- 0 f e l t  t h e ~ r ~ " ~ .  T h i s  t h e o r y  i s  based on t h e  f o l l o w i n g :  

I n  t h e  absence o f  a  c e n t e r  o f  i nvers ion ,  t h e  odd p a r t  o f  t h e  

c r y s t a l  f i e l d  h a m i l t o n i a n  produces, i n  t h e  l a n t h a n i d e  ion, a  m i x i n g  

o f  c o n f i g u r a t i o n s  o f  o p p o s i t e  p a r i t i e s  and as a  consequence L a p o r t e ' s  

r u l e  i s  re laxed .  P e r t u r b a t  ion  expansions a r e  then used t o  g  i v e  nonva- 

n i s h i n g  e l e c t r i c - d i p o l e  m a t r i x  elements which a r e  p r o p o r t i o n a l  t o  e f -  

f e c t  i ve  o p e r a t o r s  depend ing  on t h e  exc i ted  con f  i g u r a t  ions o f  the  l a n -  

than ide  ion  as  w e l l  as t h e  symmetry and the  n a t u r e  o f  t h e  chemical en- 

v i ronment  i n  which t h e  i o n  i s  embedded. For each p a r t i c u l a r  e x c  i t e d  

c o n f i g u r a t i o n  o f  i n t e r e s t ,  t h e r e  e x i s t s  a  p a r t i c u l a r  e f f e c t i v e  opera-  

t o r  which i s  found by n e g l e c t i n g  t h e  term sp l  i t t  ings i n  comparison w i t h  

the  energy d i f f e r e n c e  between t h e  e x c i t e d  and the  ground c o n f i g u r a -  

t i o n s  and by u s i n g  Racah a l g e b r a  toge ther  w í t h  a  summation over  a  com- 

p l e t e  s e t  o f  i n te rmed ia te  s t a t e ~ ~ ' ~ ' ~ .  



- Values of the angular quantitíes O ( t , h )  fo r  various 6's. 

IJnfortunately, on ly  very few works have repor t ted  oni1ab-ini- 

t i o "  i n t e n s i t y  ca l cu la t  ions using the Judd-Ofel t t h e ~ r ~ " ~ - ~ .  Instead, 

workers have given a t t e n t i o n  t o  a phenomenological treatment o f  t h i s  

theory i n  i rh ich experimental i n t e n s i t i e s  are  used t o  determine a few 

parameters, i n  general, w i t h  a small mean square dev ia t ion .  However, 

i t  i s  known tha t  o ther  mechanisms, 1 i ke  the v ib ron i c  and the one dueto 

1 igand p o l a r i z a t  ion e f f e c t s l O ,  provide con t r i bu t i ons  t o  the 4f*4f i n -  

t e n s i t i e s  which have the same angular dependence as the e f f e c t i v e  ope- 

ra to rs  given by the Judd-Ofelt theory. Thus, they a r e  completely ab- 

bed i n  irhe phenomenological treatment and there i s  no way t o d i s t  

sh between the  var ious mechanisms. 

The d i f f  i c u l t y  i n  deal ing w i t h  "ab - i n i t  io" 4 f 4 f  intens 

cu la t  ioris, 1 ies on the f o l  lowing po in ts :  

i) The c r y s t a l - f  i e l d  hami l tonian i s  based on the po in t  char- 

ge e l e c t r o s t a t i c  model which i s  known t o  g i ve  a weak desc r i p t i on  o f  the 

e f f e c t s  o f  the chemical environment on the 4f s ta tes .  

565 



i i )  Only some t h e  p e r t u r b i n g  e x c i t e d  con f  i g u r a t i o n s  can ac -  

t u a l l y  be taken i n t o  account,  due t o  t h e  l a c k  o f  knowledge o f  b o t h  r a -  

d  ia1 exc i t e d  wavefunct ions and energy d  i f f e r e n c e s  between c o n f  i g u  r a  - 
t ions. 

I n  t h e  p resen t  work, we a t tempt  t o  remedy t h e  second o f  t h e  

above p o i n t s  by i n t r o d u c i n g  a  s i n g l e  average energy denominator and a  

f a c t o r ,  6 ,  which represents t h e  r a t i o  between r a t i o  i n t e g r a l s  asso- 

c i a t e d  w i t h  c o r e  e x c i  t a t  ions and r a d i a l  i n t e g r a l  s  i n v o l v i n g  o n l  y  4f 
wavefunct ions.  I t  i s  then p o s s i b l e  t o  sum over  a11 p e r t u r b i n g  c o n f i g u -  

r a t  ions.  

2. THE AVERAGE ENERGY DENOMINATOR 

The c a l  c u l a t  i on  o f  second-order energy c o r r e c t  i on  may be per-  

formed e i t h e r  by knowledge o f  t h e  f i r s t  o r d e r  c o r r e c t i o n  t o  t h e  wave 

f u n c t  ion 

o r  by a  sum-over-states procedure 

where V i s  t h e  p e r t u r b a t i o n  and I @ ' O )  i s  t h e  re fe rense  r t a t e .  

As t h e  s o l u t i o n  1 $ 0 1 ) >  i s  r e q u i r e d  i n  ( I )  one has o f f e n  adop- 

t e d  procedure (2 ) .  However, the  sum i n  (2) r e q u i r e s  an i n f  i n i t e  number 

o f  terrns i n c l u d i n g  i n t e g r a t i o n  over  t h e  cont inuum. Never the less we can 

c l e a r l  y  d e f i n e  an average energy such t h a t  

Then by the  completeness o f  t h e  { /$A0)>)  s e t  we have 



( I n  most cases <$(O) ( v ( $ , ~ ) >  = O from p a r i t y  considera t ions. 

I n  the same o f  hydrogen, AEAV can be evaluated exact ly .  When 

V i s  the e l e c t r i c - d i p o l e  operator  and the ground s t a t e  i s  taken as the 

reference s ta te  we haue imrnediately t ha t  < $ ~ 0 ) 1 ~ 1 ~ ( 0 )  > = O and 

$ 0 2 $ 0  = 1 ( i n  atomic u n i t s )  so tha t ,  s ince E(') = -w, t he 
(O average exc i t e d  s ta te  EA,, , *EAv = E L O )  - E ,  1 ies a t  the n=) leve1 . 

Hence, f o r  the c a l c u l a t i o n  o f  ground-state second-order pro-  

p e r t i e s  such as the p o l a r i z a b i l  i t y ,  exact r e s u l t s  are o b t a  i n e d  w i t h  

(O) = - a .  The average e r c i t e d  s ta te  w i l  l obviously depend on E ~ v  1 8  

the per turb ing  operator  and the reference s ta te .  

l3ebb and ~ o l d "  have used the  above procedure f o r  t r e a t  ing mul- 

t iphoton ion i z a t  ion processes i n  hydrogen and rare-gas atoms. They found 
(0) t ha t  using the f i r s t  exc i ted  s ta te  as the average s t a t e  EAV , q u i t e  sa- 

t i s f a c t o r y  r e s u l t s  may be obtained. 

We wish now t o  use t h i s  procedure i n  the c a s e  o f  1ant.hanide 

4f*4f iritens i t  ies. 

3. CRYSTAL-FIELD INDUCED ELECTRIC-DIPOLE MATRIX 
ELEMENTS 

The osc i 1  l a t o r  s t rength  of a t rans i t  ion from a s ta te  I A >  t o  a 

s ta te  I B : > ,  o f  an atomic system, due t o  a spher ical  component q o f  the 

d ipo le  monient vector  i s  g iven by 

where w is the angular frequency o f  the t r a n s i t i o n ,  x i s  the Lorentz l o -  

c a l - f i e l d  cor rec t ion ,  >n the e lec t ron i c  mass andE Planck's c o n s t a n t .  

The quant i t  ies are ~ a c a h ' ~  tensor operators o f  rank K and the sum 
'2 

over i runs over a l l  e lec t rons  i n  the atomic system which i s  t o  be con- 

sidered in  the presence o f  a c r y s t a l - f i e l d .  



I n  o r d e r  t o  g e t  nonvanish ing m a t r i x  elements i n  eq. (5), we may 
cons ider  t h e  s t a t e s  I A >  and I B >  , up t o  f i r s t  o r d e r  i n  p e r t u r b a t i o n  theo- 

r y ,  as g i v e n  by 

and 

where 

i s  t h e  odd p a r t  o f  the  c r y s t a l - f i e l d  h a m i l t o n i a n .  We p o i n t  o u t  t h a t  i n  

equa t ion  (8) ,  n o t h i n g  impl ies t h a t  t h e  c o e f f  i c i e n t s  yt  a r e  t o  be g iven  
P 

by the  usual p o i n t  charge e l e c t r o s t a t i c  model13. S ince VcF i s  a  one-body 

opera to r ,  t h e  o n l y  e x c i t e d  conf  i g u r a t i o n s  o f  i n t e r e s t  a r e  those o f  t h e  

t ype  4 y - 1 n ~ ,  w i t h  R = f k l ,  and ( n ' ~ ' ) ~ " + ~ 4 ~ I  w i t h  R' = f -1 ,  these 

l a t t e r  be ing assoc i a t e d  w i t h  t h e  so c a l  l e d  "core e x c i  t a t  ions". 

Up t o  second o r d e r ,  we a r e  then i n t e r e s t e d  i n  t h e  

o f  t h e  quant i t y  

e v a i u a t  ion  

(9 )  

where we have a1 r e a d y  rep laced  energy denominators by  t h e  average AVAv 
accord ing  t o  t h e  p rev ious  s e c t i o n ,  and t h e  q u a n t i t i e s  D ( K )  stand f o r  

K ( K )  Q 
I r . c Q  . 
i 

Since a11 b u t  t h e  ~ifdi-ln!L, !L=f?l, and (n ' !L1 )4 !L1+14F1 ,!L1=f-I, 

conf i g u r a t  ions g i v e  van i s h i n g  mat r  i x  elements, we may sum o v e r  t h e  com- 

p l e t e  s e t  { I+">} and use c l o s u r e  t o  b r i n g  t h e  o p e r a t o r s  D(') and D (t) 
4 P 

toge ther .  We may then use s tandard tensor  o p e r a t o r  techn i q u e s 1 9 4 ?  l4 t o  



couple ~4') and @) i n  o r d e r  t o  f ind an e f  f e c t  i v e  o p e r a t o r  act ing be t -  

ween IbfN($> and 14YO1>. I n  what f o l  lows we merel y present  t h e  r e s u l  t s  

o f  t h i s  procedure which i s  wel l descr ibed  i n  a t e x t  by ~ u d d ' .  

l'he quant i t y  i n  (9) i s  found t o  c o n t a i n  t h e  f o l  l ow ing  c o n t r i -  

b u t  ions: 

2) d  e l e c t r o n s  

1 t x  f t d  Il7 b J <4Y4 I u:;' 1 4Y4 > 



3)  Core exc i t a t  ions 

and 

K 
where the  q u a n t i t i e s  <Ir I >  a r e  r a d i a l  i n t e g r a l s  and K(h) i s  a  u n i t  ten- 

sor  opera to r  o f  rank  h .  

We n o t e  t h a t  c o r e  e x c i t a t i o n s  c o n t r i b u t e  w i t h  an o p p o s i t e  sign. 

T h i s  f a c t  has a l r e a d y  been p o i n t e d  o u t  by ~ r i f f  i t h 1 5  i n  a t h e o r e t i c a l  

i n v e s t i g a t i o n  on t h e  i n t e n s i t y  t h e o r y  o f  open- shel l  ions and has been, 

more r e c e n t l  y, d  iscussed by ~ e c k e r ' ~  f rom t h e  exper imenta l  p o i n t  o f  v i m .  

Here, we in t roduce  t h e  f a c t o r  6 d e f i n e d  by 

and 5 ince f o r  a  f ixed v a l u e  o f  R t h e  r a d i a l  wavefunct ions B form a nR 
complete se t ,  we must have 0<6<1. I t  cou ld  be argued t h a t  the  f a c t o r  6  

should depend on t h e  va lues  o f - t .  However, we have c a l c u l a t e d  t h e  r a t i o  

(16) f o r  some va lues  o f  t by  assuming hydrogenic  wavefunct ions and 6 has 

show t o  be e s s e n t i a l l y  the  same i n  a l l  cases. Therefore,  we assume t h i s  

t o  be t r u e  i n  the  p resen t  t rea tment .  



The surn over  n i n  (12) and (13) may be expressed as 

Now, owing t o  t h e  symmetry p r o p e r t i e s  o f  t h e  3 - j  symbols 

o n l y  even val'ues o f  A g i v e  a t o t a l  nonvanish ing c o n t r i b u t  i on  which i s  

t h e r e f o r e  

where 

B 
I f  t h e  s t a t e s  14f @> and 14y@~> a r e  g iven  by t h e  in te rmed ia te  

coupl i ng  schemeI7, we ge t  the  f o l  l ow ing  matr  i x  element 

t l h  
p/ @(t ,h )  < ~ ~ W M ~ I N J I U ( ; ) / ~ ~ $ ' J ' M ~ , >  

~t may be i isefu l  t o  no te  t h a t  i f  we w ish  t o  perforrn i n t e n s i t y  c a l c u l a -  

t i o n s  between S t a r k  l e v e l s ,  w i t h  t h e  i n c l u s i o n  o f  J-rnixing e f f e c t s  ( J  i s  

no longer  a good quantum number), we have merely  t o  rep lace  t h e  s t a t e s  



14P@ and 1 4 f ~  > by the appropr i a t e  1 inear combinat ion g iven by the 

diagonal i z a t i o n  o f  the even pa r t  o f  the crysta1,-field hami l tonian.  On the 

o ther  hand, i f  J-mixing e f fec ts  are  neglected and we assume anequivalent  

thermal populat ion o f  the i n i t i a l  S tark  leve ls ,  s u b s t i t u t i n g  ( 2 0  ) i n t o  
1 

(5) a summation overJ4 and MS w e i g h t e d  b y  g i v e s  a f a c t o r  
1 

J + 1 
GAA, Gpp I .  We may therefore ca r r y  out  the sum over p and q weighted 

by 1/3,  which i s  appropr iate f o r  i so t rop i c  rned iurnl, t o  o b t a  i n  a f a c t o r  
1 -6 6 

2 t+ l  tt' pp" The f i n a l  r e s u l t  i s  

where 

Equat ions (21 ) and (22) have exact l  y  the same form as i n  the Judd 

- 0 f e l t  theory . However, they d i f f e r  i n  t ha t  the above equations depend 

on a s ing le  average energy denominator and conta in  the con t r i bu t i ons  o f  

a22 poss ib le  exc i ted  conf igura t ions .  

4. THE PSEUDO-MULTIPOLAR FIELD AND INTERFERENCE 
EFFECTS 

The potent  ia1 energy o f  the 4f e lec t rons  due t o  an arrangement 

o f  d ipo le  moments loca l  ized on the 1 igands may be g iven b y l a  

where P(')(y) i s  a spher ical  component o f  a d ipo le  moment loca l  ized a t  
q " -f 

the - t h  1 igand whose p o s i t i o n  i s  R w i t h  respect t o  a coordinate system 
U 

centered a t  the nucleus o f  the lanthanide ion. These d ipo le  moments are 

propor t iona l  t o  the net  e l e c t r i c  f i e l d  a t  each 1 igand 



3 
where a i!; an average p o l a r i z a b i l i t y .  I f ,  however, t h e  v e c t o r  E i s  t h e  

e f e c t r i c  F i e l d  o f  t h e  externa1 e lect romagnet  i c  r a d i a t  ion, t h e  d i p o l e  mo- 
-+ 

ments P ( p )  w i l l  osc i 1  l a t e  produc ing a r e s u l  t a n t  f i e l d  which may induce 

t r a n s i t i o n s  w i t h i n  a 4f c o n f i g u r a t i o n .  T h i s  mechanism has been invoked 

t o  e x p l a i r i  t h e  phenomenon o f  " h y p e r s e n s i t i v i t y " ,  t h a t  i s ,  t h e  v e r y  h i g h  

s e n s i t  i v i t y  o f  c e r t a  i n  4f++4f t r a n s i t  ions t o  changes i n  the  chemical en- 
1 , 1 9 - 2 2  

v i ronmen t . I t  i s  considered t o  be an e f f e c t  o f  1 igand p o l a r  i z a -  

t i o n  and i s  c a l l e d  t h e  Pseudo-Mul t ipo lar  F i e l d .  

T h i s  mechanism should then be added t o  t h e  e l e c t r i c  d i p o l e  me- 

chan ism o f  t h e  prev ious sec t  ion.  

The 4f e l e c t r o n s  are,  t h e r e f o r e ,  sub jec ted  t o  a t o t a l  t ime-de- 

pendent i n t e r a c t i o n  o f  the  form 

Trans it i o n  probab i 1 i t  ies  a r e  p r o p o r t  i ona l  t o  t h e  squared matr  i x  elements 
+ 

o f  W o r  W, and i n t e r f e r e n c e  e f f e c t s  between t h e  two mechanism may occur. 

The a p p r o p r i a t e  m a t r i x  element f o r  t h e  e l e c t r i c - d i p o l e  mecha- 

nism i s  g iven  by equa t ion  ( 2 )  w h i l e  f o r  t h e  Pseudo-Mul t ipo lar  F i e l d  it i s  

g i v e n  by21 '22  

The sum over  the  l igands i n  eq. (26)  may be r e l a t e d  t o  p o i n t  charge l a t -  

t i ce  runs,  , through t h e  equat ion  



where - g e  i s  t h e  n e t  c h a r g e  o n  e a c h  1 i g a n d ,  a n d  we h a v e  assurned 

a = a  = ...  = a. 
Fi v '  

We ge t  then a  c o n t r i b u t i o n  t o  t h e  t o t a l  o s c i l l a t o r  s t r e n g t h ,  

due t o  i n t e r f e r e n c e  which i s  

where 

and we have inc luded t h e  f a c t o r  o t o  account f o r  s h i e l d i n g  e f f e c t s  p ro -  A 
duced by t h e  e x t e r n a l  e l e c t r o n s  o f  t h e  l a n t h a n i d e  ion  a g a i n s t  e x t e r n a l  

mul t i p o l a r  f i e l d s Z 1 .  

The Pseudo-Mul t ipo lar  F i e l d  i t s e l f  g i v e s  a c o n t r i b u t i o n  to  t h e  

t o t a l  o s c i l l a t o r  s t r e n g t h  which has t h e  same forrn as equa t ions  (21) and 

(28) b u t  w i t h  a  c o e f f i c i e n t  f$ g i v e n  by 

Again, i t  rnay be u s e f u l  t o  n o t e  t h a t  formulae t o  be used i n  i n t e n s i t y  

c a l c u l a t i o n s  between S t a r k  l e v e l s  can be e a s i l y  ob ta ined  as descr ibed  i n  

the  p rev ious  sec t  ion. 



5. COMPARISON WITH EXPERIMENT 

I n  order t o  t e s t  the r e s u l t s  o f  sect ions 3 and 4 we decided t o  

concentrate on the systems y 2 0 3 : ~ d 3 +  and L ~ F , : N ~ ~ + .  Our i n ten t i on  i s  ra-  

ther  t o  see and discuss the general fea tures  o f  the theory. 

The s t ruc tu re  o f  Y203 has been s tab l  ished by X- ray and neutron 

d i f f r a c t  ion t e ~ h n i ~ u e s ' ~ ' ' ~  and has been, recent l  y, the subject  o f  a 

r e f  inment a t  low t e ~ n ~ e r a t u r e ~ ~ .  I n  t h i s  host the lanthanide ions may en- 

t e r  i n  two s i t e s  o f  p o i n t  symmetries C p  and S 6  ( the r a t  i o  o f  occupied C 2  

s i t e s  over S, being 3 : l ) .  Nevertheless, o n l y  the formers are  o f  interest ,  

f o r  our purposes, s ince the S, po in t  symmetry possesses a center  o f  in-  

vers ion  and does not  a l l ow  the existence o f  odd p a r i t y  terms i n  thecrys-  

t a l - f  i e l d  hami l tonian.  

The s t ruc tu re  o f  LaF, has been determined by Cheetham e t  alZ6. 

The lanthanide ion occupies a s i t e  w i t h  po in t  symmetry C, w i t h  the bina-  

r y  a x i s  perpendicular t o  the te rnary  a x i s  o f  the l a t t i c e .  According t o  

c l ass i ca l  a r y s t a l - f i e l d  theory, these are  t y p i c a l  examples o f  covalent  

(~'0,) and ion i c  (L~F,)  chemical env ironments. 

'The experimental parameters QA f o r  these two systems have been 

deterrnined by Krupke6. To proceed w i t h  our purposes, i .e., the appl ica-  

t ion o f  equat ions (22), (29) and (30), we need t o  have a .quant i t a t  ive 
K 

knowledge o f  the c r y s t a l - f  i e l d  c o e f f i c i e n t s  yg (w l th  odd K ' s ) ,  the r a d i a l  

in tegra l  s .:4flrt+' 14f> and the 1 igand p o l a r i z a b i l  i t i e s .  Unfortunately, we 

do not  dispose, a t  present, of more r e a l i s t i c  values f o r t h e c o e f f i c i e n t s  

y than those given by the po in t  charge e l e c t r o s t a t i c  model. Therefore, 
Q 

we have t o  s a t i s f y  ourselves w i t h  the l a t t e r s  which are given by Krupke6 

and L e a v i t t  and ~ o r r i s o n ~ .  

The appropr i a t e  f ree- ion rad ia1 i n teg ra l  s have been recent l  y 

evaluated by Freeman and ~ e s c l a u x ~ '  f rom a Dirac-Fock c a l c u l a t  ion (The 

value o f  <f+f b 8 1 4 ~  used by us was obtained from an ex t rapo la t  ion) . Ho- 

wever, other sets of rad ia l  i n teg ra l s  have been used i n  i n t e n s i t y  calcu-  

l a t  ions l' and substant ia1 d i f fe rences a r  i se accord ing t o  the se t  used. 

I t  seems p laus ib le  t ha t  the 1 igand o r b i t a l s  penetrat ing the 4 shel l pro-  

duce an expansion o f  the 4f r a d i a l  wavefunct ions. On the o ther  hand, the 



- - 

E.D. 74.83 46.83 14.63 4.54 3.29 

P.M. 3.46 

TOTAL 92.50 61.50 27.30 15.47 13.36 
-- 

EXP. 8.55 

o-- - - -- -- - p--- 

Table 2 - E l e c t r i c  d i p o l e  (E.D.) ,  i n t e r f e r e n c e  (INT.) and Pseudo-Mul t ipo lar  F i e l d  (P.M. c o n t r i b u t i o n s , f o r  

"ar ious 6 ' r ,  t o  the  iih c o e f f  i c i e n t s  f o r  t h e  y203:Nd3+ system. The r a d i a l  i o t e g r a l s  u r e d  a r e  t h o s e  o f  

Freeman and Descl a ~ x ~ ~ .  The lowest  row shows t h e  exper imenta l  v a l  ues. 



a, (x  \ o 2 ' )  crn2 

6 0.00 0.25 0.50 0.75 0.90 

E.D. 120.27 75.57 24.61 8.23 5.57 

INT. 22.32 18.94 15.56 12.62 11.17 

P.M. 5.40 

TOTAL 147.99 99.91 45.57 26.25 22.14 

EXP . 8.55 

- 

Table 3 - E l e c t r i c  d i p o l e  (E.D.), i n t e r f e r e n c e  (INT.) and Pseudo-Mul t i p o l a r  F i e l d  (P.M.) c o n t r i b u t i o n s ,  f o r  

v a r i o u s  t i ' s ,  t o  f h e  QA c o e f f  i c i e n t s  f o r  t h e  Y20,:~d3+ system. The r a d i a l  integrais used a r e  those g i v e n  by 
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INT. 1.11 0.95 0.78 0.61 0.56 2.31 2.03 1.86 1.70 1.54 0.45 0.45 0.45 0.45 0.45 

P.M. 0.27 O.  96 0.35 

TOTAL 4.66 3.34 1.94 1.28 1.04 5.51 4.39 3.69 3.34 3.29 3.11 1.65 1.08 1.41 2.00 

EXP. 0.35 2.57 2.50 

Tab le  5: E l e c t r i c  d i p o l e  (E.D.) ,  i n t e r f e r e n c e  (INT.) and Pseudo-Mult i p o l a r  F i e l d  (P.M.) c o n t r i b u t  ions, 

f o i  v a r i o u s  b 1 r ,  t o  t h e  Q c o e f f  i c i e n t s  f o r  t h e  L ~ F ; N ~ ~ '  sysfern. The r a d i a l  l n t e g r a l s  a r e  t h o r e  given by A 



s h i e l d i n g  due t o  the  5 s 5 p e x t e r n a l  e l e c t r o n s  o f  t h e  l a n t h a n i d e  ion  c e r -  

t a i n l y  a t t e n u a t e s  t h i s  e f f e c t  and we cou ld  expect n o t  a  t o o  g r e a t  depar- 

t u r e  o f  r a d i a l  i n t e g r a l  va lues  f rom t h e  f r e e - i o n  va lues.  What we f e e l  t o  
K 

be more 1 i k e l y  i s  a  combined e f f e c t  producing changes i n  b o t h  < 4 f l r  1 4 ~  
K 

and Y q  w i t h  respec t  t o  t h e  f r e e - i o n  and p o i n t  charge rnodels. We may an- 

t i c i p a t e  t h a t ,  i n  t h i s  connect ion,  a  s tudy i s  now be ing  c a r r i e d  o u t .  

The p o l a r i z a b i l  i t y  o f  t h e  F- i on  does n o t  seem t o  v a r y  c o n s i -  

d e r a b l y  i n  d i f f e r e n t  ~ r ~ s t a l s * ~  and i n  o u r  c a l c u l a t i o n s  we have assumed 

the  v a l u e  a(F-) = 1 8 ~ .  I n  c o n t r a s t ,  t h e  O - -  i on  shows q u i t e  v a r i a b l e  po- 

l a r i z a b i l  i t y  va lues.  I n  a  p rev ious  c a l c ~ l a t i o n ~ ~  t h e  quoted v a l u e  o f  

a(0--) 3a3 i n  Y 2 O 3  seems t o  have been o v e r e s t  imated; a  d  i scuss ion  by 
2 9 3 0 

Jdrgensen exc ludes t h  i s  va lue .  He e s t  imates t h a t  u(o--) i n  Y2 O 3  

sheuld n o t  be f a r  f rom 1 .4Z3. W i t h i n  o u r  purposes, we decided t o  use 

a(o--f = 28 . 

Our bas ic  ques t ion  now i s  how t o  o b t a i n  a  r e l  i a b l e  v a l u e  f o r  

mAV. I t  seems t h a t  t h e  o n l y  way o f  e s t i m a t i n g  AE w i t h o u t  hav ing t o  
AV 

per fo rm the  complete sum over  in te rmed ia te  s ta tes ,  i s  e s s e n t i a l y  t o  p r o-  

ceed by t r i a l  and e r r o r s  l i k e  i n  t h e  work o f  Bebb and G O I ~ " .  

I f  we t h i n k  o n l y  i n  terms o f  5g-4f and 5d-4f r a d i a l  

ments, s i n c e  t h e  former i s  expected t o  be cons iderab ly  g rea te  

l a t t e r  (due t o  t h e  f a c t  t h a t  the  5 d  r a d i a l  wavefunct ions has 

wh i l e 59 has none) one woul d  be tempted t o  say t h a t  mAV shou 

m a t r i x  e le-  

r than the  

two nodes 

I d  l i e  c l o -  
. .- 

ser  t o  Mgg than t o  mgd. However, t h i s  depends on t h e  4d-4f m a t r i x  e l e -  

rnent which i s  a l s o  much g r e a t e r  than the 5d-4f one and s i n c e  c o r e  e x c i -  

t a t i o n s  c o n t r i b u t e ,  t o  t h e  t o t a l  d i p o l e  m a t r i x  element, w i t h  an o p p o s i t e  

s  ign  MAV cou l d  decrease towards t h e  Mgd va 1 ue. 

To check t h  i s  argument we have used equat ions (22), (29) and 

( 3 0 ) t o  f i n d  t h e  v a l u e  o f  MAV t h a t  would bes t  reproduce t h e  v a l u e s  o f  

t h e  bes t  e x p e r i m e n t a l l y  determined i n t e n s i t y  parameters which a r e  a, 
and Q6. I n  t h i s  procedure we have used t h e  f a c t o r  6 - 0.9, as g i v e n  by 

the  hydrogenic  r a t i o ,  and t h e  s e t  o f  r a d i a l  integrais g i v e n  by ~ u d d ' .  

These rad  ia1 i n t e g r a l  s  were c a l c u l a t e d  f rom a  more expanded 4f wavefunc- 

t i o n  than t h e  one used by Freeman and ~ e s e l a u x * ' .  They should, therefore,  

compensate the  f a c t  t h a t  t h e  p o i n t  charge e l e c t r o s t a t i c  rnodel  o f  t h e  



k 
c r y s t a l - f  i e l d  p red i c t s  ya coe f f  i c i e n t s  o f  h igh  ranks which are  i n  gene- 

r a l  underest imatedlO. 

We f i n a l l y  found AEAv AE5 (=58000 crn-' f o r  the 4f'5d c o n f i -  

gura t  ion).  I f  we had used the se t  o f  rad ia1 i n teg ra l s  o f  Freeman and Des- 

c lauxZ7 we would have found "V << AE5 which i s  phys i ca l l y  un l  ike.  

Our r e s u l t s  a re  shown i n  tab les  2, 3, 4 and 5, the appropr ia te  

s h i e l d i n g f a c t o r s ~ s e d b e i n g ~ ~ = 0 . 7 9 2 , ~ , = 0 . 1 3 9 a n d a , = 0 . 1 0 9 .  I n  

t ab le  1 we g i ve  the values o f  O(t,X) f o r  var ious values o f  6. We found 

it worth t o  see how the RA parameters vary as we neglect  core e x c i t a -  

t ions. 

Our basic assumptions i s  t ha t  the f a c t o r  6 can be approximate- 

l y  determined by the hidrogenic r a t i o .  I t  seems reasonable t ha t  g and to- 

t a l  d e lec t rons  con t r i bu te  w i t h  opposi te signs i n  order t o  compensate 

the f a c t  t h a t  both con t r i bu t i ons  may be overestimated w i t h  g iven by 

the f i r s t  opposite p a r i t y  exc i ted  conf igura t ion .  

6. CONCLIJSION 

From the p r a c t i c a l  po in t  o f  view, the advantage o f  using equa- 

t ion (22) i n  the p red i c t  ion o f  4fc+4f i n t e n s i t  ies 1 ies i n  i t s  concise- 

ness. While it conta ins cont r  ibu t  ions o f  a1 1 exc i ted  conf igura t  ions o f  

in teres t ,  i t  depends on a s ing le  average energy denominator and on ra-  

d i a l  i n teg ra l s  invo lv ing  on l y  4f wavefunct ions. 

The present theory lead us t o  conclude tha t :  

i )  Core exc i t a t i ons ,  h i t h e r t o  neglected, g i ve  impor tan tcon t r i -  

but  ions t o  4fw4f i n t e n s i t  ies. 

i i )  The average energy denominator, qV, rèproduces, sat  i s fac-  

t o r y l y ,  the experimental i n t e n s i t i e s  i f  i t  i s  g iven by the f i r s t  opposi-  

t e  p a r i t y  exc i ted  conf igura t ion .  

i i i )  ln ter ference e f  

the work o f  Richardson e t  aZ31 

fec t s  are  o f .  great  importance. Except f o r  

, t o  our knowledge, t h i s  i s  the f i r s t  time 



t h a t  i n t e r f e r e n c e  e f f e c t s  a r e  t r e a t e d  t h e o r e t i c a l l y  and inc luded i n  c a l -  

c u l a t  ions o f  4f*4f i n tens  i t ies .  

V i b r o n i c  as w e l l  as magnet i c  d i p o l e  c o n t r i b u t i o n s  remain t o  be 

considered i n  a f u l l  computat ional  t rea tment .  We hope then t h a t  t h e  p re-  

sent  a l t e r n a t i v e  approach may be use fu l  i n  t h e  e l u c i d a t i o n  o f  the  mecha- 

nism u n d e r l y i n g  the  main f e a t u r s s  o f  l a n t h a n i d e  4f*4f i n t e n s i t i e s .  

The au thors  express t h e i r  g r a t i t u d e  t o  CNPq and FINEP f o r  f i -  

nanc ia ]  suppor t .  
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