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BRILLOUIN LIGHT  SCATTERING  DETERMINATION  OF 'THE SPIN-WAVE STIFFNESS  PAM4ETER I N  LITHIUM-ZINC FERRITE 

W. D. Wilber, P. Kabos,  and C. E. P a t t o n  

ABSTRACT 

The  spin-wave s t i f f n e s s   p a r a m e t e r   f o r  Zn 
s u b s t i t u t e d   L i - f e r r i t e   h a s   b e e n   m e a s u r e d  by t h e  
technique  of B r i l l o u i n   l i g h t   s c a t t e r i n g .  A range 
of   composi t ions   f rom  pure   L i - fe r r i te   th rough Li-Zn 
fe r r i te  with  0 .65 Zn a t . / f o r m u l a   u n i t  was s t u d i e d .  
The magnon frequency vs. f i e ld   de t e rmina t ions   f rom 
l i g h t   s c a t t e r i n g  and   separa te   magnet iza t ion   da ta  
were used   t o   de t e rmine   t he   sp in -wave   s t i f fnes s  param- 
e ter ,  D. The d a t a   g i v e  a D-value  of 10.1 x 10-9 
Oe.cm2 f o r   p u r e   l i t h i u m   f e r r i t e ,   a p p r o x i m a t e l y   t w i c e  
as l a r g e  as f o r   y t t r i u m   i r o n   g a r n e t .  A r ap id   dec rease  
o c c u r s   w i t h  Zn s u b s t i t u t i o n   a n d  D i s  e s s e n t i a l l y   z e r o  
f o r   a b o u t  0.4 Zn a t . / fo rmula   un i t .   These  are t h e  
f i r s t   r e p o r t e d   r e s u l t s   o f   B r i l l o u i n   s c a t t e r i n g  from a 
p o l y c r y s t a l l i n e   f e r r i t e .  A molecu la r   f i e ld   ca l cu la -  
t i o n   o f   t h e  spin-wave s t i f f n e s s   y i e l d s  a  much s lower 
d e c r e a s e   i n  D w i th   z inc   t han  i s  found  experimental ly .  

INTRODUCTION 

Zinc   subs t i t u t ed   L i - f e r r i t e ,   because   o f  i t s  h igh  
magnet izat ion  and good h igh   f r equency   p rope r t i e s ,  
i s  an  important  microwave  and millimeter wave m a t e r i a l  
113. Z i n c   s u b s t i t u t i o n   o c c u r s   f o r   A - s u b l a t t i c e  Fe3+ 
i o n s  i n  the s p i n e l   s t r u c t u r e ,   w i t h  a si te d i s t r i b u t i o n  
given  by: 

(ZnxFel-x)A'LiO. 5 - ~ / 2 ~ ~ 1 .  5+x/2'B04 (1) 

Z i n c   s u b s t i t u t i o n  i s  known t o   c a u s e   a n   i n c r e a s e   i n   t h e  
m a g n e t i z a t i o n   f o r   l o w   l e v e l s   o f   s u b s t i t u t i o n ,  up t o  
about  x = 0.3-0.4,  followed by a dec rease   i n   magne t i -  
z a t i o n  a t  h i g h e r   l e v e l s   o f   s u b s t i t u t i o n   [ 2 ] .   T h i s  is 
expla ined   by   magnet ic   d i lu t ion   of   the   A-subla t t ice  
wi th   z inc ,  as evident  from (1). T h i s   i n i t i a l l y   c a u s e s  
t h e   n e t   m a g n e t i z a t i o n   t o   i n c r e a s e   w i t h  x due t o   t h e  
l a r g e r   B - s u b l a t t i c e  moment. A s  x c o n t i n u e s   t o  
increase,   however,   the  A-sublatt ice  becomes so  mag- 
n e t i c a l l y   d i l u t e  as t o   r e d u c e   t h e   a n t i f e r r o m a g n e t i c  
exchange   t o   t he   po in t   where   t he  B-site Fe3+ i o n  
moments no longe r   r ema in   pa ra l l e l .  A s  a consequence 
of   the   an t i fe r romagnet ic  B-B exchange   i n t e rac t ion ,   t he  
B-site moments c a n t   t o  some ex ten t .   Th i s   can t ing  
r educes   t he   ne t   B- sub la t t i ce   magne t i za t ion .   Can t ing  
becomes q u i t e   s i g n i f i c a n t   a b o v e  x = 0.3-0.4  and  leads 
t o  a d e c r e a s e   i n   t h e   n e t   m a g n e t i z a t i o n   w i t h   z i n c   [ 3 ] .  

With  recent  developments i n   B r i l l o u i n   l i g h t  
s c a t t e r i n g   t e c h n i q u e s  1 4 1 ,  i t  is now p o s s i b l e   t o  
observe   sp in-wave   exc i ta t ions   d i rec t ly .  

EXPERIMENT 

B r i l l o u i n   l i g h t   s c a t t e r i n g  was done  on  highly 
pol i shed   spheres   about  2 mm i n   d i a m e t e r .  The material 
compos i t ion   va r i ed   f rom  pu re   L i - f e r r i t e   t o  Li-Zn 
f e r r i t e   w i t h   0 . 6 5  Zn a t . / fo rmula   un i t .  The samples 
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with  0 .55  and  0 .65  z inc were s i n g l e   c r y s t a l s .  A l l  
o ther   samples  were po lyc rys t a l s   p repa red  by  hot 
p r e s s i n g  111. 

pass   tandem  Fabry-Perot   interferometer  similar t o   t h a t  
d e s c r i b e d  by Sandercock [ 4 ] .  The present   sys tem  has  a 
measured   cont ras t   o f   be t te r   than  The 4880 d 
l i n e  of   an   a rgon   laser  was u s e d   i n   t h e   b a c k s c a t t e r i n g  
conf igu ra t ion   w i th  a laser power  of  about 30 mW and 
i n c i d e n t   l i g h t   p e r p e n d i c u l a r   t o   t h e   s t a t i c   m a g n e t i c  
f i e l d .  A p o l a r i z a t i o n   a n a l y z e r   o r i e n t e d   p e r p e n d i c u l a r  
t o   t h e   i n c i d e n t   l i g h t   p o l a r i z a t i o n   w a s   p o s i t i o n e d  
a f t e r   t h e   c o l l e c t i n g  lens t o   r e d u c e   t h e  amount of 
s t r o n g   s p e c t r a l l y   r e f l e c t e d   l i g h t .  

Two s p e c t r a  are shown i n   F i g .  1, where t h e  
channel   content  is  shown as a func t ion   of   f requency  
f o r  x = 0 .1  (a )   and   0 .55   (b)   wi th   an   appl ied   f ie ld ,  

The measurements were c a r r i e d   o u t   u s i n g  a mult i -  
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Fig.  1. B r i l l o u i n   l i g h t   s c a t t e r i n g   s p e c t r a   f o r  two 
Li-Zn f e r r i t e   s a m p l e s :   ( a )  a p o l y c r y s t a l l i n e   s p h e r e  
wi th  x = 0.1,  (b) a s i n g l e   c r y s t a l   s p h e r e   w i t h  x = 
0.55.  The f r e e   s p e c t r a l   r a n g e  was  50 GHz and t h e  
accumulated time p e r  channel  was 20 seconds   for   (a )  
and 10 s e c o n d s   f o r   ( b ) .  The e x t e r n a l   a p p l i e d   f i e l d  
w a s  4 kOe. 
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H e x t ,  of 4 kOe. The i n w a r d   s h i f t  of t h e  magnon 
peaks ,   l abe led  M, f rom  (a )   to   (b)   p rovides  a c l e a r  
i n d i c a t i o n  of t h e   e f f e c t  of  zinc on spin-wave  fre- 
quency. 

t he   va r ious   compos i t ions ,   da t a  on magnon frequency 
v s .   f i e l d   w e r e   o b t a i n e d   f o r   a l l   s a m p l e s .  Some 
t y p i c a l  results are shown i n   F i g .  2 f o r  0.4 Zn 
a t . / fo rmula   un i t .   These   da t a  were  analyzed  using 
t h e   l i n e a r i z e d   s p i n - w a v e   d i s p e r s i o n   r e l a t i o n  [6], 

Based  on sets of s p e c t r a  vs. a p p l i e d   f i e l d   f o r  

f k / g  = next + DkL + 4*Mo/6 . (2) 

In ( 2 ) ,  f k  i s  t h e  magnon frequency,  g is  the  gyro- 
m a g n e t i c   r a t i o ,  D i s  the   sp in -wave   s t i f fnes s  param- 
e t e r ,  k is t h e  magnon wavenumber,  and 4*M0 i s  t h e  
s a t u r a t i o n   i n d u c t i o n .  Note t h a t  (2) i s  s p e c i f i c a l l y  
fo r   sphe r i ca l   s amples   magne t i zed   t o   s a tu ra t ion  and f o r  
a sp in-wave   wavevec tor   perpendicular   to   the   appl ied  
f i e l d .  
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Fig. 2. Data on sp in-wave   f requency   vs .   appl ied   f ie ld  
f o r  x = 0.4. The  dashed l i n e  i s  t h e   l i n e a r   l e a s t  
s q u a r e   f i t   t o   t h e . d a t a .  

Values  of 4vM0 were  obtained by v ib ra t ing   s ample  
magnetometry.  This  was  done a t  150°C to   account   for  
l a s e r   h e a t i n g   i n   t h e   l i g h t   s c a t t e r i n g   e x p e r i m e n t .  
The gyromagnet ic   ra t io  was de te rmined   for   each   sphere  
by f e r romagne t i c   r e sonance   a t  9.4 GHz. These  values 
a r e   l i s t e d   i n   T a b l e  I. The magnon wavenumber i n  
b a c k s c a t t e r i n g  i s  given by 

k = 2(21~/X)n  , ( 3 )  

where A is  t h e   l a s e r   w a v e l e n g t h  (4880 x) and n is  t h e  
r e f r a c t i v e   i n d e x .  The r e f r a c t i v e   i n d e x  was t a k e n   t o  
b e  2.46;the same as f o r   y t t r i u m   i r o n   g a r n e t  ( Y I G )  
171. 

The a n a l y s i s   c o n s i s t e d  of a l i n e a r   l e a s t   s q u a r e s  
f i t   t o   t h e   f r e q u e n c y   v s .   f i e l d   d a t a   a s   i n d i c a t e d  by 
t h e   d a s h e d   l i n e   i n   F i g .  2. The f r equency   a t  5.5 kOe 
f r o m   t h e   l i n e a r   f i t  was then  used  in  (2) a long   wi th  
t h e  known v a l u e s  of  k  and 47rG t o   o b t a i n  D. 

Table I. Gyromagnetic  Ratio 

Zn a t . / formula   un i t   Gyromagnet ic   Rat io  

0.0 
0.1 
0.2 
0.4 
0.5 
0.55 
0.6 
0.65 

2.74 GHz/kOe 
2.78 
2.82 
2.93 
2.80 

2.86 
2.82 

2.83 

RESULTS 

The f i t t e d  sp in-wave   s t i f fness   parameter  
de t e rmina t ions   a s  a f u n c t i o n  of z i n c   c o n t e n t   a r e  
l i s t e d   i n   T a b l e  I1 and shown i n   F i g .  3 .  The spin-wave 
s t i f f n e s s   f o r   p u r e   L i - f e r r i t e  i s  11.6 x 10-9 Oe-cm2, 
approximate ly   twice   the  5.4 x 10-9 Oe-cm2 va lue  
r e p o r t e d   f o r  Y I G  151. This  i s  not   unreasonable ,  
s ince   t he   Cur i e   t empera tu re  Tc f o r   l i t h i u m   f e r r i t e  
is a f a c t o r  of 1.64 l a r g e r   t h a n   t h a t  of Y I G  [3]. 
Figure  3 shows t h a t   t h e   s t i f f n e s s   p a r a m e t e r   d e c r e a s e s  
v e r y   r a p i d l y   w i t h   z i n c  and i s  e s s e n t i a l l y   z e r o   a t  
x = 0.4. A s  mentioned i n   t h e   i n t r o d u c t i o n ,   t h i s  i s  
about   the  same  amount  of z i n c   a t   w h i c h   s t r o n g   c a n t i n g  
e f f e c t s  commence. The r ap id   d rop   i n  D i s  i n  c o n t r a s t  
w i t h   t h e  much more g radua l   dec rease   i n  Tc w i th   z inc  
[ 3 ] .  A t  x = 0.6, T, i s  still  60% of t h e   v a l u e   f o r  
p u r e   L i - f e r r i t e .  
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Fig. 3.  Experimental   spin-wave  s t i f fness   parameter  
v s .   z i n c   c o n t e n t   i n  Li-Zn f e r r i t e .  The dashed l i n e  
shows t h e   r e s u l t s  Of  the   sp in-wave   ana lys i s   descr ibed  
i n   t h e   t e x t .  
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Table 11. Spin-Wave S t i f f n e s s   P a r a m e t e r  

Zn a t . / f o r m u l a   u n i t   S t i f f n e s s   P a r a m e t e r  

0 .0  
0.1 
0.2 
0.4 
0.5  
0.55 
0.6 
0.65 

11 .6  x lo-' Oe-cm 2 

6.6 
4.2 
0 .0  

-0 .5  
0.0 

-0 .7 
-0.3 

In a s imple  spin-wave  analysis ,   based on n e a r e s t -  
neighbor   exchange  and  the  two-sublat t ice   model   for  
s p i n e l   f e r r i t e s ,   t h e   e x c h a n g e   e n e r g y   o f  a magnon wi th  
wavenumber k s a t i s f i e s  

where qA and qg deno te   t he  number  of Fe3+ ions   pe r  
fo rmula   un i t  on A and B sites, r e s p e c t i v e l y .  The 
number  of neares t   ne ighbor   A- ions   to   an  A-ion i s  
denoted by nAA, t h e  number of   nearest   neighbor   B-ions 
t o   a n  A-ion  by nAB and s i m i l a r l y   f o r  "BB and "BA. 
Expres s ions   fo r   t he  q parameters  and  average n param- 
eters are: 

q* = 1-x (5a) 

qB = 1 . 5  + x /2  (5b) 

<nu> = 4 ( 1 - x )  (5c) 

<n  > = 6(1.5+x/2) (5d) 

(5e) 

AB 

<n > = 3(1.5+x/2) 
BB 

The exchange  coeff ic ients   of   Dionne [8 ]  were then  used 
w i t h   t h e   a b o v e   e x p r e s s i o n s   t o   c a l c u l a t e   t h e   v a r i a t i o n  
i n  exchange   s t i f fnes s  D as a f u n c t i o n  of z inc   con ten t .  
Dionne  used a m o l e c u l a r   f i e l d  model f o r   c o l l i n e a r  
s p i n s   ( n o   c a n t i n g )   t o   f i t   m a g n e t i z a t i o n   a n d  Tc d a t a  
and   t he reby   de t e rmine   t he   mo lecu la r   f i e ld   pa rame te r s  
AM, A A B ,  and hgg  vs. z inc   con ten t  up t o  x = 0.3.  The 
conversion between  molecular   f ie ld   parameters   and 
exchange   i n t eg ra l s  i s  given  by: 

These   express ions   were   used   to   ca lcu la te   the  
x-dependence  of D. The r e s u l t s  o f  t h i s   c a l c u l a t i o n  
are shown i n   F i g .  3 a s   t h e   d a s h e d   l i n e .  The propor- 
t i o n a l i t y   f a c t o r   i n   ( 4 )  was a d j u s t e d   t o   f i t   t h e  
t h e o r y   t o   t h e   d a t a  a t  x = 0. It i s  c l e a r   t h a t   t h e  
p red ic t ed   dec rease   i n   exchange  i s  much weaker  than 
found  experimental ly .  

The   r easons   fo r   t he   f a i lu re   o f   t he  model t o  
e x p l a i n   t h e   r a p i d   d r o p   i n  D w i t h  x are not   comple te ly  
clear.  The p r e s e n t   r e s u l t s   i n d i c a t e   t h a t  a molecular  
f i e ld   app roach   w i th   ave raged   concen t r a t ions   and  
nea res t   ne ighbor   pa rame te r s   p rov ide   an   i nadequa te  
b a s i s  f o r  t he   ana lys i s   o f   sp in   dynamics   i n   magne t i c  
o x i d e s   w i t h  random s u b s t i t u t i o n s .  
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