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A nonperturbative method f o r  ca lcu la t ing the magnetic g-tensors i s  pre- 

sented and discussed f o r  complexes o f  t r ans i t i on  metal ions o f  large 

spin-orbi t coupl ing, i n  the ground t e m  ,D. A numerical exampl e f o r  

CuCR, . 2H20 i s  given. 

Apresenta-se e discute-se um &todo não per turbat ivo para se ca lcu lar  os 

tensores-g magnéticos, no caso dos complexos de ions de metais de tran-  

sição com f o r t e  acoplamento spin-Õrbi ta, para o termo fundamental 2~ . 
Dá-se um exemplo numérico que d iz  respeito ao CuCR, . 2H20. 

1. INTRODUCTION 

The studi  es on magneti c g-tensors are usual 1 y based on the assumption 

that  they are symmetric; hence they are diagonal i zable and p r inc ipa l  

axes 2an be found by means o f  an appropriate transformationl , 

The reason f o r  t h i s  assumption i s  that,  as i s  general ly believed, only 

f o r  complexes w i th  low symnetry can we expect the g-tensor to  be asym- 

metric. Therefore, g-tensors are o f ten  described i n  t h e i r  p r inc ipa l  

axes so that  they are a1 ready diagonall ' 2.. L i n  derived an expression 

for  the general case i n  which an arb i  t r a r y  reference frame was used, and 

symnetry o f  the g-tensors not assumed. Numerical ca l cu l a t i a i  o f  g-ten- 

sors are mostly based on perturbat ion a p p r ~ x i m a t i o n ~ ' ~ ' ~ .  A nonpertur- 

bat ive method has been used t o  obtain.expressions f o r  the g-tensor o f  

FeCR, . 2H20 by Inomataet a L 7 .  They s imp l i f i ed  the ca lcu la t ion by 



t r e a t i n g  the dE o r b i  t a l s  o f  the 'D s t a t e  o f  ~ e ' +  as a t r i p l e d  w i t h  e f -  

f e c t i v e  angular rnomentum R = 1, apar t  from t h e i r  i m p l i c i t  assumption 

t h a t  the g- tensor i s  symmetric. I n  t h i s  paper we de r i ve  expressions f o r  

g- tensors using nonper turbat ive  method and show t h a t  even f o r  h i g h l y  

symmetric c r y s t a l s  the  g- tensor may s t i l l  be h i g h l y  asymmetric, p r o v i -  

ded the s p i n - o r b i t  coupl i ng  i s  no t  very much smal l e r  than the energy 

s p l i t t i n g  o f  the o r b i t a l s  due t o  the c r y s t a l  f i e l d .  

2. THEORY 

When f o r  atomic e lec t rons  one considers besides t h e i r  o r b i t a l  angular 

mornenta t h e i r  spins as w e l l ,  the  Zeeman i n t e r a c t i o n  w i t h  externa1 mag- 

n e t i c  f i e l d  3 i s  

where f3 i s  the  Bohr magneton, and ge the g- fac to r  f o r  f r e e  e lec t rons  . 
Th is  i n t e r a c t i o n  may be represented by 

where S i s  c a l l e d  the  f i c t i t i o u s  spin,  and the  magnetic g- tensor being 

thereby def ined. I f  we t r e a t  the sp in- orb i  t coupl i ng  ~2.3 as a p e r t u r -  

bat ion ,  then up t o  f i r s t  o rder  i n  A, we have 

Hence up t o  t h i s  order  o f  approximation, the g- tensor i s  symmetric. Ho- 

wever, when X i s  no t  very smal 1 cornpared wi t h  the  separa t ion  o f  energy 

l eve l s  ( E ~  - E,), the  r e l a t i o n  (4) i s  n o t  expected t o  be a good appro- 

ximat ion and one should n o t  assume the g- tensor symmetric. 



,For the sake o f  simpl i c i t y ,  we consider the 3d1 e lec t ron  such as i n  

'Ti3+. I n  the  absence o f  an ex terna l  magnetic f i e l d ,  the  Hami l tonian i s  

+ + 
tl = H, + X L . S .  (5) 

The f i r s t  term H, represents the  i n t e r a c t i o n  w i t h  the c r y s t a l  f ie ld,and 
-+ -+ 

L5.S the sp in- o rb i t  coupl ing which we s h a l l  no t  t r e a t  as a  m a l 1  per-  

t u rba t i on .  The eigenstates are  a t  l e a s t  doubly degenerate, acco rd ing to  

Kramer's theorem. The wave func t i on  f o r  the ground s ta tes  can b e w r i t t e n  

as 

w i t h  a,@ being the  sp in  wave func t ions  f o r  sp in  up and down respect ive-  

l y ;  a, b, c and d are constants. Since c,  and $, are re la ted  by 

where T i s  the t ime reversal  ( a n t i u n i t a r y )  operator  o f  t ime reversal  , * 
i t  f o i  lows t h a t  Cm = ( - I ) ~  b_ * and d = ( - l l m  a-m . W i  t h i n  the  subs- 

m 
pace o f  these two degenerate s ta tes ,  the representa t ion  o f  the Hamilto- 

n ian  i s  g iven by a  two by two mat r ix .  For the s i t u a t i o n  i n  which the 

ex terna l  magnetic fie1,d i s  i n  the d i r e c t i o n  o f  the qth - a x i s  o f  a  Car- 

t es ian  coordinate system a r b i t r a r i l y  chosen, i.e., H< = Hoiq, the Ha- 

m i l t o n i a n  m a t r i x  reads 

I f  we d e n o t e z = i  t g e Z ,  then theHami l t on ian  m a t r i x  can a l r o  be 

w r i t t e n  as 



where (K ) = /Jii K Ji . dr, which can be calculated i n  terms of  the 
s i j  s J 

coef f ic ients  i n  Eq . (4 ) .  From (5) and (61, we have 

Hence the components o f  the g-tensor i n  terrns o f  the coef f ic ients  i n  @, 

and $, are 

where sumnations are carried out with m varying from - 2 to 2 .  



As can be seen from the above expressions, g;j does not  necessari ly 

equal g . . , and thei  r val ues depend on the chai ce o f  wave f unctions Jil 
3% 

and Ji, . This means that  the g-tensor as def ined through Equation (1) 

and calculated by using expressions (7) cannot be compared wi t h  expe- 

rimental measurements d i r ec t l y .  On the other hand, the eigenvalues of 

the Hamiltonian are I B  d ( g 2 ) .  . H. H , where 
23 2 i 

Hence, only ( g 2 ) .  . are experimentally measurable quant i t ies ,  and they 
23 

transform under ro ta t ion  o f  coordinate axes as components o f  a tensor2. 

The g2-tensor i s  not on ly  symnetric but i s  also independent  o f  the 

choice o f  the basis states $, and $, . This can be seen by not ing that  

from Eqs. ( 9 )  and (111, we have 

= tr (K. K.) . 
2 3 

(12) 

As the coef f  i cients i n  Eqs. (6) are expected to  be real ,  i t f o l  lows f rom 

Eqs.(lO) that  

- - 
gw gya: = gzy = 0 

since the components o f  the g-tensor are real  numbers. 

3. A NUMERICAL EXAMPLE 

Here we study, as an example, the paramagnetic e f f e c t  o f  the 3d3 elec- 

t ron  she l l  o f  the cu2+ i n  CuC!L2*2H20. L i u  and peixotoe have calculated 



the wave func t ions  and the energy l eve l s  o f  the p o s i t i v e  ho le  i n  the  

s h e l l  o f  the cu2+ ion  by using a p o i n t  charge model p lus  sp in- orb i t  cou- 

p l i n g .  The i r  r e s u l t s  are shown i n  Table I and Fig.1. Since the sp in-  

- o r b i t  coup l ing  constant  i s  about 800 cm-I, which i s  o f  the same order  

o f  magnitudes as the energy separat ions,  one the re fo re  cannot use a per-  

t u r b a t i v e  approximation. S u b s t i t u t i n g  the values shown i n  Table I  i n t o  

Equations (]O), one obta ins  

Th is  g ives 

As i n  Ref .8, we have taken the  c r y s t a l  axes (a,b,c*) as the e, y and z 

coordinate axes. The p r i n c i p a l  values o f  the g2- tensor are  7.6083 , 
0.5285 and 0.5457, w i t h  d i r e c t i o n  cosines (-0.4954 , 0, 0.8687), (0,1,0) 

and (0.8687, 0, 0.4954) respect ive ly .  These g i ve  ga=l.5096,gb=0.7270 * 
and gc = 2.4444 o r  gc = 2.4843. These a re  not  i n  good agreement wi t h  

the experimental r e s u l t  o f  Ger r i tsen e t  UZ. ': ga = 2.187, gb = 2.037 , 
gc = 2.252. This disagreement perhaps ind ica tes  the inadequacy o f  the 

simple point-charge model f o r  the c a l c u l a t i o n  o f  e l e c t r o n i c  wave func- 

t i o n s  o f  the cu2+ ion, o r  probably the s p i n - o r b i t  coupl ing constant  f o r  

cu2+ imbedded i n  the  c r y s t a l  should be much smal le r  than - 829  cm", 

which i s  the f r e e  ion  value. Indeed, when one puts h = 0, the ground 

s t a t e  wave func t ions  are  as i nd i ca ted  i n  Table II, which then g ives  



Table I .  The coef f  i c ien t  o f  the degenerate ground s ta te  

wave functions o f  cu2+ i n  Cu C!L2.2H20 i n  terms o f  Q13 çz 
obtained from ca lcula t ion w i th  point-charge model w i th  spin 

o rb i  t coupl ing A = -829 cm-'. 
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++ F i g .  2 .  Energy levels diagram o f  the hole i n  the 3d shell of Cu . 



Table I I .  Same as Table I, except h = 0. 
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