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A-ct Some magnetic insu la tors  have a loca l  magnon mode w i t h  en- 
ergy j u s t  below the host ,sp in  wave band. Recent h igh- reso lu t ion  f a r -  i n -  
f r a red  laser  and Raman I i g h t  sca t te r i ng  experiments wi t h  F ~ F ~ : M ~ ~ +  re-  
vealed a number o f  very i n t e r e s t i n g  e f f e c t s  not  observed i n t h e  more 
usual case where the impur i ty  mode 1 i es  f a r  f rom t h e  s p i n  wave band .  
Among these a re  the la rge enhancement o f  the impur i ty  r e s p o n s e ,  l a r g e  
impur i ty  mode re laxa t i on  and strong frequency dependence o f  thehost  AFMR 
rode re laxa t i on .  A11 o f  these e f f e c t s  can be q u a n t i t a t i v e l y  e x p l a i n e d  
w i t h  a Green's f unc t i on  theory f o r  the dynamics o f  the l oca l  mode. I n  
t h i s  paper we review the remarkable v a r i e t y  o f  experimental observations 
on t h i s  system and the theory under ly ing a l l  o f  them. 

1. IMRODUCTION 

The proper t ies  o f  l oca l i zed  magnon modes associated w i t h  im-  

p u r i t i e s  i n  magnetic c r y s t a l s  have been t h e  s u b j e c t  o f  c o n t i n u i n g  

i n te res t  f o r  near l  y two decadesl. The existence o f  these modes was i n -  

i t l a l  l y  precllcted theo re t i ca l  ly2 based on the general impur i ty  p r o b l  em 

f i r s t  s tudied by ~ i f s c h i t z ~  and app l ied  t o  the electron'  and p h o n o n 5  

cases. The ant i ferromagnet ic f l uo r i des  w i t h  subs t i t u t i ona l  magnetic im-  

p u r i t i e s  were the f i r s t  systems on which theory and experiment could be 

r e l  i ab l  y  cornpared. On the experimental s ide neutron6 and ~aman' scat-  

te r ing ,  as we l l  as f a r - l n f r a r e d  spectroscopye were used t o  i d e n t i f y  the  

loca l  modes and t o  measure t h e i r  energies. Nuclear magnetic resonancewas 

used
g 

t o  study the thermodynamics o f  the spins near the  impur  i t y  s i t e .  

Theore t ica l ly  the e a r l i e r  work concerned mainly the  models f o r  ca l cu la t -  

Ing the impur l ty  mode energies and i t s  thermodynamics. The e a r l y  models 

and systems studled t y p l c a l l y  involved loca l  modes above and we l l  sep- 

arated from the continuous spin wave band and were reviewed i n  d e t a i l  by 

Thir ir an invited review artide. 



Cowley and ~ u ~ e r s " .  R e l a t i v e l y  l i t t l e  work was done on systems i n  which 

a  l o c a l  mode l i e s  i n  t h e  a n t i f e r r o m a g n e t i c  gap, such as CoF, :Mn and 
11 

FeF,:Mn. The former system was i n v e s t i g a t e d  by neu t ron  and l i g h t  s c a t -  

t e r i n g 1 2 ,  b u t  a p p a r e n t l y  n o t  much  a r t e n t i o n  was p a i d  t o  t h e  

anomalously h i g h  i n t e n s i t y  o f  the  gap modes i n  the  e a r l i e r  s tud ies .  

Wíth t h e  development o f  f a r - i n f a r e d  (FIR) lasers ,  h i g h - r e s o l -  

u t l o n  s t u d i e s  o f  i m p u r i t y  modes became p o s s i b l e  and a  number o f  a n t i -  

fer romagnet ic  systems have r e c e n t l y  been i n v e s t i g a t e d  i n  g r e a t e r  d e t a i l ,  

r e v e a l i n g  new i n t e r e s t l n g  e f f e c t s .  0 f .spe:c ia l  i n t e r e s t  i s  t h e  S-sym- 

met ry  mode o f  a  Mn i m p u r i t y  i n  CoF, o r  ir1 FeF,. The energy o f  t h i s  mode 

l i e s  j u s t  below t h e  s p l n  wave continuum, and i t s  a b s o l u t e  and r e l a t i v e  

p o s i t l o n  can be s h i f t e d  s i g n i f i c a n t l y  by t h e  a p p i i c a t i o n  o f  e x t e r n a 1  

magnetic f l e l d s .  The e n e r g e t i c  p r o x i m i t y  o f  l o c a l í z e d  and band minimum 

modes i m p l i e s  r e l a t i v e l y  weak l o c a l i z a t i o n ,  o r  s u b s t a n t i a l  p a r t i c i p a t i o n  

o f  t h e  hos t  sp ins  i n  t h e  neighborhood of t h e  Mn i m p u r i t y  i n  t h e  l o c a l -  

i zed  e x c i t a t i o n .  Fur ther ,  t h e  degree o f  t h i s  c o u p l i n g  t o  t h e  neighbor-  

hood, o r  t h e  s p a t l a l  e x t e n t  o f  t h e  l o c a l  mode, i s  s e n s i t i v e  t o  the  ap- 

p i i e d  magnetlc f i e l d  because o f  the  d i f f e r e n t  $7 f a c t o r s  o f  the  hos t  and 

i m p u r i t y  sp ins .  FeF,:Mn has been i n v e s t i g a t e d  i n  g r e a t e r  d e t a i l  w i thF IR 

l a s e r  spect roscopy '3 and l i g h t  s c a t t e r i n g l "  "' techniques.  The e x p e r i  - 
m e n t a l l y  observed consequences o f  t h e  involvement o f  t h e  host  sp ins  i n  

t h e  l o c a l  mode Inc lude :  a )  i a r g e  enhancement o f  t h e  i m p u r i t y  modeinten- 

s i  t y ;  b) "f requency p u l  l ing"  o f  t h e  hos t  and impur i  t y  modes; c)  substan- 

t i a 1  broadening o f  the  impur l  t y  mode and d) asymmetric l ineshape o f  t h e  

k=O hos t  magnon. These unusual e f f e c t s  have a t t r a c t e d  cons iderab le  a t -  

t e n t i o n  and as a  r e s u l t  a  c o n s i s t e n t  p i c t u r e  evolved i n  t h e  l a s t  few 

years . 
I n  t h i s  paper we rev iew t h e  recen t  progress made i n  t h e  under- 

s tand ing  o f  t h e  dynamics o f  t h e  l o c a l  mode i n  FeF2:Mn, as w e l l  as i t s  

consequences on t h e  hos t  k=O magnon. I n i t i a l l y  we p resen t  a  b r i e f  i n -  

t r o d u c t i o n  t o  t h e  i m p u r i t y  assoc ia ted  l o c a l  mode problem imferrornagnets 

m a i n l y  f o r  the  b e n e f i t  o f  those un fami l  i a r  w i t h  t h e  f i e l d  ( ~ e c t i o n  2 ) .  
I n  Sec. 3 we s u m a r i z e  the  exper imenta l  r e s u i t s  f o r  t h e  an t i fe r romag-  

n e t i c  system FeF2:Mn. The theory  u n d e r l y i n g  t h e  new e f f e c t s  observed i n  

t h i s  system i s  d iscussed i n  Sec. 4-7. 



2. LOCAL MAGNON MODES IN SIMPLE FERROMAGNETS 

A magnetic subs t i t u t i ona l  impur i ty  i n  a  magnetic c r y s t a l  i n t e r -  

acts w i t h  i t s  neighbors w i t h  parameters d i f f e r e n t  than those character- 

i z i n g  the i n te rac t i on  between host spins. This gives r i s e  t o  new eigen- 

frequencies which may o r  may not  l i e  ins ide  the magnon band o f  the  host 

c r y s t a l .  I f  a  per turbat lon  o f  the impur i ty  spin o s c i l l a t e s  w i t h  a  f r e -  

quency ins ide  the magnon band i t  w i l l  e x c i t e  propagating magnon modes. 

On the other hand i f  the frequency l i e s  outs ide  the band, the response 

t o  the per turbat ion  w i l l  be loca l ized and i t  w i l l  involve the impur i ty  

spin and i t s  c lose nelghbors. The degree o f  l o c a l i z a t l o n  o f  the mdede- 

pends essen t ía l l y  on I t s  energet ic  separation from the sp in  wave band. 

The main physlcs associated w i t h  a  loca l  magnon mode includes: 

i )  i t s  energy and elgenfunct ion;  i i )  how i t  a f f e c t s  the thermodynamics 

o f  the impur l ty  spln and i t s  immediate neighbors and i l i )  i t s  dynamical 

propert ies,  such as re laxa t i on  r a t e  and response t o  externa1 e x c i t a t i o n  

( F I R ,  l i g h t  and neutron sca t te r i ng  f o r  example). Consider f o r s i m p l i c i r y  

a  ferromagnetic c r y s t a l  w i t h  exchange i n te rac t i on  betweennearestneigh- 

bors only,  and w i t h  s lng le- ion  easy ax i s  anisotropy i n te rac t i on  under a  

s t a t i c  magnetic f l e l d  H, along the z -d i rec t i on .  The spin Hami l t o n  i a n  

f o r  such a  system can be w r i t t e n  as1' 

where R represents an a r b i t r a r y  s i t e  i n  the c rys ta l ,  6 represents the 

z nearest neighbor s i t es ,  g i s  the Landé fac tor ,  pB the Bohr magneton 

and J and LI are  the exchange and anisotropy i n te rac t i on  parameters. I f  

the c r y s t a l  i s  magnet ical ly  per fec t ,  i .e.  a11 the parameters are the 

same f o r  every s i  te ,  the Hami l t o n i a n  (1) has t rans la t i ona l  symmetry, and 

i t s  eigenstetes are the plane wave propagat ing magnons ] k > .  By trans- 

forming the spin operators i n t o  boson creat ion  and a n n i h i l a t i o n  oper- 
t. ators  ck and ck the Hamiltonian can be cast  i n  the form 

H ,  = I Euk c, + magnon i n te rac t i on  terms 
k 

4- 
where ck / O >  i s  a one magnon s ta te  w i  t h  wavevector k and frequency uk 
whose dispersion r e l a t i o n  has the f a m i l i a r  form depicted by the s o l i d  



l i n e  i n  F i g .  1. For the  Hami l ton ian  (1) t h e  gap energy a t  k=O i s  h,.= 
= CJJ (H +H ) and t h e  maximurn energy a t  one o f  the  zone b o u n d a r y  su r -  

B O A  
faces i s  f im = gg~i (H +H +Ii ) ,  where HA = ( Z S - l ) ~ / g p ~  and HE = 2SJz/guB 

zB B O A E  
a r e  t h e  a n i s o t r o p y  and exclnange e f f e c t i v e  f i e l d s  r e s p e c t i v e l y .  
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Wk 

F i g . 1  - I l l u s t r a t l o n  o f  the  
d i s p e r s i o n  r e  1 a t i o n s  f o r  

"o 
___--C----- 

propaga t ing  (so l  i d  1 ine)  and 
l o c a l  ized ( d a s h e d  1 l n e s  ) 
magnons. 

Now assume t h a t  t h e r e  i s  a s i n g l e  i m p u r i t y  i o n  a t  s i  te, R = O 

charac te r  ized by pararnetei-s S' , g' ,  J '  and D' . The propagat ing  modes a r e  

s l i g h l y  per tu rbed  by the presence o f  the  i m p u r i t y  and new normal rnodes 

o f  s p i n  v i b r a t i o n  appear i n v o l v i n g  t h e  i m p u r i t y  and i t s  ne ighbors.  I f  

the  f requencies o f  these modes 1 i e  o u t s i d e  the  magnon .band, t h e y  a r e  

s p a t i a l l y  l o c a l i z e d .  They a r e  i l l u s t r a t e d  by t h e  dashed l i n e s  i n  Fig.1, 

which r e f l e c t  t h e  f a c t  t h a t  t h e  l o c a l  modes do n o t  have w e l l  d e f  i n e d  

c r y s t a l  rnomentum. I f  the  energy o f  t h e  mode f o r  which t h e  i m p u r i t y  s p i n  

v i b r a t e s  more than i t s  ne ighbors i s  w e l l  separated f rom the  magnon band, 

t h e  mode i s  h i g h l y  I o c a l i z e d .  I n  t h i s  case one can assume i n  a f i r s t  

approxirnat ion t h a t  a11 the  hos t  sp ins  have S' = S, so t h a t  t h e  exchange 

i n t e r a c t i o n  has t h e  s ímple I s i n g  f o r m  C J S ~  si+&. The i m p u r i t y  s p i n  thus 

behaves as i f  I t were i n  an e f f e c t  i v e  s t a t  i c  f i e l d  (H~+H~H;)Z, where 

H '  E = 2SzJ1/g'vB and H; = (2s ' -1 )D1/g 'vB .  The i m p u r i t y  (so-symrnetry)mode 

energy i s  then 

Th is  I s i n g  approxirnat ion r e s u l t  does g i v e  reasonable agreement 

w i t h  e x p e r i m e n t a l l y  rneasured energy when the  l o c a l  mode i s  f a r  f rom the  

magnon band. C l e a r l y  the  p o s i t i o n  o f  t h e  i m p u r i t y  modes r e l a t i v e  t o  t h e  

magnon band depends s o l e l y  on t h e  va lues o f  t h e  i n t e r a c t i o n  pararneters 



i n  each system. The approximation (3)  f a i l s  when the mode i s  c lose t o  

the magnon band. Moreover, i t  does not  account f o r  the modes w i t h  other 

symmetrles. So a  more re f i ned  treatment i s  necessary t o  describe com- 

p l e t e l y  the impur l ty  mode problem. I f  we add and s u b t r a c t  t o  the 

Hamiltonlan ( I )  w l t h  an Impur i ty  a t  &=O, the appropr iate terms f o r  a  

host spin o t  s i t e  R=O, It can be w r i t t e n  as 

where H, i s  the Hamiltonian f o r  the pure c r y s t a l  and V 1s a  pe r tu r -  

ba t ion  which expresses the departure o f  the impur i ty  p a r a m e t e r s  from 

those o f  the host spins. V i s  no t  a  small per tu rbat ion ,  but  s ince i t i s  

loca l ized around the lmpur i ty  s i t e  the impur i ty  problem can be solved 

t o  i n f i n i t e  order i n  the per turbat ion .  I n  the  usual procedure one uses 

as basis s ta tes  the s lng le  sp in  dev ia t ion  s ta tes  a t  i n d i v i d u a l  s i  t e s  

I n R > .  Denoting by rh(R) = <nRI$Ã> the wavefunction o f  the eigenstate 

l $ R > a t  s i t e  R, schrgedingerls equation f o r  the impur i ty  problem can 

be w r i t t e n  i n  the form 

where ffRR, and VRR, are the ma t r i x  elements between the s ta tes  a t  R and 

R '  and Eh i s  the energy o f  the eigenstate )$A>. I f  N denotes the number 

o f  s i t e s  i n  the c r y s t a l ,  one can define a  Nxl  eigenfunct lon ma t r i x  i' 

and NxN H0 and V matrlces so tha t  (5) can be w r i t t e n  i n  mat r ix  form 

o r  

where 

i s  the Green's f unc t i on  mat r ix  o f  the pure c r y s t a l .  One can a l so  def ine  

a  Green's func t ion  f o r  the impure c r y s t a l  as G = ( E  I - H0 -V ) - '  and 

eq. (6) can be w r l  t t e n  as 

which has the form o f  a  Dyson equation and can be solved by methodssimi- 

l a r  t o  those used i n  other quantum physics problems. So lu t lon  o f  ( 6 ) , 



o r  e q u i v a l e n t l y  (9), y i e l d s  the  energ ies  and wavefunct ions o f  a11 n o r -  

mal mode s p i n  e x c i t a t i o n s  i n  t h e  c r y s t a l ,  p ropaga t ing  and 1 o c a l i z e d . I f  

the  i m p u r i t y  s p l n  I n t e r a c t s  o n l y  w i t h  i t s  z neares t  neighbors, t h e r e  

a r e  z+l i m p u r i t y  assoc ia ted  modes, w i t h  syrnmetries t h a t  a r e  determined 

by t h e  p o i n t  group symmetry o f  t h e  i m p u r i t y .  Th is  was f i r s t  done by 

Wolfram and ca l laway2  f o r  a  cub ic  symmetry ferromagnet; they h a d  t o  

f i n d  the  energ ies  by numer ica l  computat ion.  The case o f  a  o n e - d i m e n -  

s iona l  ferromagnet 1s s lmpler ;  i t  was f i r s t  so lved  by White and ~ o ~ a n ' ~ ,  

who determined t h e  energy o f  t h e  p - l i k e  )oca1 mode as a  f u n c t i o n  o f  t h e  

impur i t y  parameters. ~ e c e n t l  y" an a1 t e r n a t  i v e  approach t o  t h e  one- 

dimenslonal problem was deiveloped based on the  t r a n s f e r  ma t r i x  tech-  

nique.  Th is  was used f o r  an e a s i e r  d e t e r m i n a t i o n  o f  b o t h  t h e  energy and 

wavefunct ion o f  the  s - l l k e  mode, which i s  t h e  one t h a t  i s  s t u d i e d  by 

FIR o r  Raman s c a t t e r i n g  measurements. 

As we remarked e a r l i e r ,  u n t i l  r e c e n t l y  t h e  s t u d i e s  o f  magnetic 

i m p u r i t y  modes i n  s o l i d s  c o n s i s t e d  m a i n l y  o f  t h e  i d e n t i f i c a t i o n  o f  t h e  

energ ies and symmetries o f  l o c a l  modes i n  a  wide v a r i e t y  o f  c r y s t a l s  

w i t h  many d i f f e r e n t  i m p u r l t y  lons.  T h i s  l e d  t o  t h e  exper imenta l  de te rmi -  

n a t i o n  o f  t h e  i m p u r i t y  i n t e r a c t i o n  parameters. The recen t  work on the  

FeFz:Mn system13-'s i s  t h e  f i r s t  i n v e s t i g a t i o n  o f  t h e  dynamics o f  a  

l o c a l  mode. 

3. EXPERIMENTS WITH ANTIFERiRWAGNETIC FeFZ: Mn 

I n  FeF2:Mn an so-symmetry l o c a l  magnon e x i s t s  j u s t  below t h e  

hos t  s p i n  wave band. Because o f  t h e  p r o x i m i t y  o f  t h e  i m p u r i t y  mode t o  

the k=O magnon energy, the  l o c a l  mode wavefunct i o n  i s  s  pa t i a 1 l y  ex-  

tended so t h a t  t h e r e  Is a s u b s t a n t i a l  p a r t i c i p a t l o n  o f  t h e  h o s t  Fe 2+ 

neighbor sp ins  i n  t h e  i m p u r i t y  mode e x c i t a t i o n .  Due t o  t h e  two s p i n  

s u b l a t t i c e s  o f  t h e  systeni, an i m p u r i t y  s p i n  energy can s h i f t  e i t h e r  up- 

ward o r  downward w i t h  t h e  a p p l i e d  f i e l d  H,, depending on t h e  s u b l a t -  

t i c e  on which the i m p u r i t y  s i t e  i s  loca ted .  Because o f  the s p a t i a l  ex-  

t e n t  o f  the  So-modes, the  exper iments revea l  unusual e f f e c t s ,  such as: 

a) l a r g e  enhancement o f  t h e  i m p u r i t y  mode i n t e n s l t y ;  b) " f  r e q u e n c y  

p u l l i n g "  o f  the  hos t  and i m p u r i t y  modes; c)  s u b s t a n t i a l  broadening o f  

the  i m p u r i t y  mode and d) asymmetric l ineshape o f  the  k=D h o s t  magnon.  

E f f e c t s  a, c  and d  can be seen i n  t h e  FIR t ransmiss ion  spectrum13 o f  a  



FeF, sample w l t h  Mn i m p u r i t y  c o n c e n t r a t i o n  x=0.0014 a t . %  ob ta ined  w i t h  

a H20 molecular  l a s e r ,  shown i n  F i g .  2. The spectrum i s  o b t a i n e d  b y  

FIg.2 - Transmiss ion d a t a  o f  a FeF,:Mn d i s k  w i t h  th i ckness  786 Fim ob- 
t a i n e d  w i t h  a H 2 0  l a s e r  a t  1.36 THz by sweeping t h e  magnetic f i e l d . T h e  
Mn I m p u r i t y  c o n c e n t r a t l o n  1s 0.0014 a t  .%. The dashed 1 i n e  i s  t h e  theor- 
e t i c a l  p r e d i c t i o n  o f  the  p o l a r i t o n  model. A f t e r  r e f .  13. 

sweeping the  externa1 magnetic f i e l d  H, p a r a l l e l  t o  t h e  c a x i s  o f  t h e  

c r y s t a l ,  so t h a t  t h e  down-going i m p u r i t y  and hos t  modes a r e  brought  i n t o  

resonance w l t h  the  l a s e r  frequency v=1.362THz as i l l u s t r a t e d  i n  F i g .  3. 
F u l l  d e t a i l s  o f  t h e  experiments a r e  g iven  by Sanders e t  aZ.13. Because 

o f  t h e  c o u p l i n g  between e lec t romagnet i c  and s p i n  waves, t h e  FIR t r a n s-  

miss ion  spectrum o f  t h e  hos t  mode e x h i b i t s  a broad l ineshape w i t h  a f l a t  

s e c t i o n  c h a r e c t e r i s t i c  o f  the  f o r b i d d e n  gap o f  the  p o l a r i t o n  d i s p e r s i o n  

curve.'As a consequence t h e  da ta  must be ob ta ined  by f i t t i n g  t h e  spec- 

t rum t o  the  t h e o r e t i c a l  p r e d i c t i o n  o f  a p o l a r i t o n  model, which can be 

done q u i t e  a ç c u r a t e l y ,  as shown i n  F i g .  2. 

Tht: e f f e c t s  descr ibed  above have a l s o  been observed i n  i n e l a s -  

t i c  l i g h t  s c a t t e r i n g  e ~ ~ e r i m e n t s ' ~ " ~  . I n  these rneasurements one probes 

magnons w i t h  wavevectors k-105 cm-' which i s  f a r  f rom t h e  p o l a r i t o n  re-  

g i o n  (k-103 cm-'), so t h a t  t h e  s c a t t e r i n g  l ineshapes r e f l e c t  t h e  t r u e  

magnon behavior .  F i g .  4 shows two 1 i g h t  s c a t t e r i n g  spec t ra :  (a) ob ta ined  

w i t h  a double monochromator i n  s tandard Raman s c a t t e r i n g  experiment f o r  

a sample w i t h  x = 0.28% and 0.75% a t  H, = O;  (b) spectrum o f  a x = Q.5 

a t . %  sample i n  H, = O ob ta ined  by ana lyz ing  t h e  s c a t t e r e d  l i g h t  w i t h  a 



Fig.3 - F l e l d  dependence o f  t h e  
up- and down-going hos t  and im- 
p u r i t y  modes i n  FeF,:Mn w i t h  
x = 0.01 a t . 8 .  The h o r i z o n t a l  
dashes i n d i c a t e  t y p i c a l  F I R  

20 40' M) 80 l a s e r  f requencies.  

Fabry-Perot In te r fe romete r .  I n  c o n t r a s t  t o  t h e  spectrum i n  4a ob ta ined  

e a r l  i e r l \  the  more recen t  r e s u ~ t ' ~  shown i n  F i g .  4b shows t h a t  t h e  im- 

p u r i t y  and host  modes have c l e a r l y  d i s t i n c t  l ineshapes and w id ths .  The 

l i g h t  s c a t t e r i n g  experiments have been used t o  measure t h e  r e l a t i v e  i n -  

t e n s i t i e s  o f  t h e  l o c a l  and hos t  modes and the  l i n e w i d t h s  f o r  i m p u r i t y  

concen t ra t ions  3: 0.3 at .%.  However, due t o  i t s  h l g h e r  r e s o l u t i o n  the  

FIR t ransmiss ion  &chnique has p rov ided  more d e t a l l e d  measurements o f  

the  r e l a x a t i o n  o f  b o t h  modes. I n  each o f  t h e  f o l l o w i n g  s e c t l o n s  we p re -  

sent  a  b r i e f  account o f  t h e  main exper imenta l  r e s u l t s  ob ta ined  w i t h  t h e  

two technlques and g l v e  t h e l r  t h e o r e t i c a l  i n t e r p r e t a t l o n .  

4. ENHANCEMENT OF THE IMPURITY MODE RESPONSE 

The rnost s t r i k i n g  f e a t u r e  o f  t h e  spec t ra  i n  F igs .  2 and 4 i s  

the  s u r p r i s i n g l y  l a r g e  i n t e g r a t e d  i n t e n s i t y  o f  t h e  i m p u r i t y  mode r e -  

sponce, t y p i c a l l y  comparable t o  t h a t  o f  t h e  hos t  mode even a t  i m p u r i t y  

concen t ra t lons  below 1  a t .%.  I n  t h e  l i g h t  s c a t t e r l n g  spectrum t h e  en- 

hancement o f  t h e  i m p u r i t y  mode i s  even more s u r p r l s i n g  than i n  t h e  F I R  

da ta  i n  v iew o f  t h e  weak photon c o u p l i n g  t o  t h e  ~ n ~ +  S-symmetry ground 

s t a t e .  The h i g h  i n t e n s i t y  here a r i s e s  i t i d i r e c t l y  through t h e o s c i l l a t i n g  

t ransverse  component o f  t h e  exchange f i e l d s  o f  the  ~ e ' +  neighbor  sp ins  

which couple s t r o n g l y  t o  t h e  r a d i a t i o n  f i e l d s .  T h l s  p r o b l e m  was i n -  

i t l a l l y  t r e a t e d  w i t h i n  a  s imp le  s u b l a t t i c e  model whlch a t t r  i b u t e s  a n  

equal magnet l za t lon  t o  every hos t  s p i n  ( regard less  o f  i t s  p o s i  t i o n  



F i g . 4  - S p e c t r a  o f  i n e l a s t i c  
s c a t t e r i n g  o f  l i g h t  b y  t h e  
h o s t  a n d  l o c a l  magnon modes 
i n  FeF,:Mn. a )  O b t a i n e d  b y  
Raman s c a t t e r i n g  t e c h n i q u e s  
w i t h  x = 0 . 2 8  a n d  0 . 7 5 % .  b )  
O b t a i n e d  w i  t h  a  F a b r y  - P e r o t  
i n t e r f e r o m e t e r  w i t h  x = 0 . 5 % .  



r e l a t i v e  t o  an i m p u r i t y ) ,  and s i m i l a r l y  f o r  the  i m p u r i t y  s p i n s ,  and 

s o l v i n g  t h e  coupled equa t lons  o f  mot ion o f  these magnet izat ions.  Th is  

approach e x p l a l n s  t h e  enhancement o f  t h e  i n f r a r e d  and Raman i m p u r i t y  

i n t e n s i t i e s  o n l y  q u a l l t a t l v e l y .  The c o r r e c t  c a l c u l a t i o n  must take  i n t o  

account the  s p a t i a l l y  extended charac te r  o f  the  l o c a l  mode. Th is  has 

been done u s i n g  zero- temperature Green's f u n c t i o n s  i n  t h e  l i m i t  o f  a 

s i n g l e  i m p u r i t y  i n  the  c r y s t a l 1 8 .  The theory  i s  based on a s imple model 

Hami l ton ian  f o r  FeF2:Mn which inc ludes  i s o t r o p , i c  exchange, s i n g l e - i o n  

u n i a x i a l  a n i s o t r o p y  a long  the  c  a x i s  o f  t h e  l a t t i c e  (chosen here as  the  

z d i r e c t i o n )  and the  Zeema8n i n t e r a c t i o n  w i t h  a magnetic f i e l d  H ,  ap- 

p l i e d  a long  the  c - a x i s  

where s i t e s  a r e  labe led  by subscr i  

i m p u r i t y  i s  loca ted  a t  t h e  o r i g i n  

nant  exchange terms, between nex t -  

p t s  on t h e  s p i n  opera to rs  and a s i n g l e  

(R=O) . We have r e t a i n e d  on l  y  the  domi - 
neares t  ne ighbors on oppos i te  s u b l a t -  

t i c e s  o f  the  body-centered te t ragona l  arrangement o f  magnetic atoms, f o r  

the  pure FeF2 host ,  o r  between Fe sp ins.  The i m p u r i t y  s p i n  i s  taken t o  

couple w i t h  i t s  e i g h t  nex t- neares t  ne ighbors a t  p o s i t i o n s  62,  and i t s  

two neares t  ne ighbors a t  p o s i t i o n s  61.  The magnetic r e s p o n s e  o f  t h e  

system t o  a uniform e lec t romagnet i c  f i e l d  ( f requency w) i s  g i ven  by the  

r e l e v a n t  f requency dependent un i fo rm suscept i b i  l i ty lg 

where mR expresses t h e  s t r e n g t h  o f  t h e  c o u p l i n g  between the  r a d i a t i o n  
-f 

f i e l d s  and t h e  s p i n  SR, V i s  the volume o f  t h e  c r y s t a l  and < < S ~ ; S ; ~ > > ~  

i s  the  t ime F o u r i e r  t rans fo rm o f  the  re ta rded  Zubarev Green's f u n c t i o n Z 0  

f o r  the  s p i n  o p e r a t o r s .  I n  o r d e r  Y o  f i n d  X++ o n e  m u s t  s o l v e  the 

equat ions o f  mot ion f o r  t h e  Green's f u n c t i o n s  o f  the  impure s p i n  system. 

Th is  i s  e a s i l y  done i f t h e  s p i n  o p e r a t o r s  a r e  expressed i n  terms o f  t h e  

boson opera to rs  c and cB which d i a g o n a l i z e  t h e  q u a d r a t i c  p a r t  o f  the  
C1 

Hami l ton ian  (10). These a r e  in t roduced by 



These determine the eigenfrequencies and the normal rnode ampl i tudes 

associated w i t h  the impur i ty  A, and i t s  i n te rac t i ng  neigbors A 6 ,  and 

Ao, 9 subject  t o  the orthonormal i t y  condi t ion (13). Note tha t  there are 
on l y  3 amplitudes here because on ly  a t o t a l l y  symmetric so-mode i sbe ing  

Considered. With the knowledge o f  these amplitudes and t h e  c r y s t a l  

Green's func t ions  one can f l n d  the wave funct ion a t  any s i t e  i n  t h e  

c r y s t a l .  From eqs. (7), (14) and (15) one has18'22 

There are four  types o f  pure c r y s t a l  Green's funct ions tha t  can be ex- 

pressed i n  terms o f  t h e i r  Fourier- transforms 

where a = 1 f o r  m and R i n  s u b l a t t i c e  i, a = 2 f o r  m = i, R  = j, u = 3 
f o r  m = j, R = i, and a = 4 f o r  m = j, R =  j ' .  These Green's f u n c t i o n s  

1 8  
can be eas i 1 y obta ined 

where w' = wwH, ?hB = gug H , ,  EuE = 25.12 J ,  naA = (2s-I)D, yk i s  the 

usual s t ruc tu re  fac tor  which appearsin the spin-wave frequencies. 



The c l u s t e r  formed by the Impur i ty ,  i t s  two nearest, and i t s  e igh t  next 

-nearest nelghbors i n  the r u t i l e  s t ruc tu re  belongs t o  the symnetry group 

D4h whose i r reduc ib le  representations are 3Alg + + B + B + E  + E .  
lu 2 g g u  

The three A modes have s - l i k e  wave func t ions  which are  even and non- 
Ig 

zero a t  the impur l ty  s l t e .  For the s modes we make A61 : A I  and 
A2.  

Eq. (15) can be solved as I n  r e f .  18, and the wavefunctlons are e a s i l y  

obtained w i t h  eq. (16). The t o t a l  Hamiltonian (10) i s  diagonal ( i n  the 

non in terac t ing  magnon approxlmation) i n  the normal mode o p e r a t o r s  c 
t X 

and cX, so tha t  the equations o f  motions f o r  the Green's f u n c t i o n s  o f  
t the var ious p a l r s  o f  operators cX and cX can be solved exact ly ,  leading 

t o  

Wlth the t ransformat ions inverse t o  (12) and (20), the s u s c e p t i b i l i t y  

(1 1) a t  frequencies w near the s- loca l  rnode frequency ws beco me^'^ 

Eq. (21) shows tha t  the response o f  the 

the wavefunction spreads over the impuri 

loca l  mode depends on how f a r  

t y  neigbors. The summations i n  

eq.(21) can a c t u a l l y  be evaluated a n a l y t i c a l l y  using eq. (16). Theylead 

t o  the q=O çomponents o f  the Four ier  transform o f  t h e  p u r e  c r y s t a l  

Green's func t lons  (18), which measure the response o f  the host magnons 

t o  a uni for in (q=O) exc i t a t l on .  Assuming t h a t  there are Nx non-interac- 

t i ng impur i t i es  i n  each sub la t t i ce  the t o t a l  s u s c e p t i b i l i t y  near an s- 

-mode frequency becomes 

where 



where i and j denote the s i t e s  o f  the up and down spin sub la t t i ces  re-  

spect ive ly  and a and f3 denote the normal modes (propagating and l oca l -  

ized) which s h i f t  up o r  down w i t h  the magnetic f i e l d  respect ive ly .  The 

wavefunctioris obey the or thonormal i ty  r e l a t i o n s  

where the p o s l t l v e  s ign holds 

one. C lear ly  the treatment o f  

than f o r  ferromagnets because 

f o r  the a mode and the negat ive f o r  the 6 
2 1  - 2 2  

anti ferromagnets I s  more cumbersome 

o f  the two- sub la t t i ce  nature o f  the prob- 

lem. However, the equations o f  motion can be cast  i n  the same form as 

those i n  Section 2 by de f i n ing  su i t ab le  matr ices made up o f  submatrices 

cha rac te r i s t i c  o f  the two sub la t t i ces .  The eigenvalue equation then has 

the same fo im as (7) .  I t s  so lu t i on  y ie lds  the normal mode energies and 

wave funct ions,  subject  t o  the cond i t ion  o f  eq. (12). Due t o  the f i n i t e  

range o f  tht? per turbat ion  caused by the impur i ty  the so lu t i on  o f  eq. 

(7) reduces t o  so lv ing  a  se t  o f  11x1 1 secular equations ( f o r  theassumed 

form1° o f  i:he Hami l tonian) . The c a l c u l a t  ion o f  the correspond ing de- 

terminant can be simpl if ied by block diagonal i z a t i o n  of the ma t r i x  G'V. 

This can be accomplished v i a  a  u n i t a r y  t ransformat ion from a basis o f  

ind iv idua l  ç i t e s  t o  1 inear combinations tha t  transform a c c o r d  i ng t o  

the i r r educ lb le  representat ions o f  the symmetry group o f  t h e  c1  u s t e r  

formed by the Impur i ty  and i t s  i n te rac t i ng  neigbors. The 11x11 u n i t a r y  

t ransformat ion f o r  t h i s  case has been given by Shi les and ~ o n e ~ ~ .  In-  

stead o f  the s i t e  wave funct ions a  more convenient se t  o f  normal mode 

ampl i tudes "' can be used t o  solve (7) . They are  represented by the 1 1x1 1 

column ma t r i x  A obtalned from r by the transformation, 

Equations (7) and (14)  lead t o  a  new set  o f  secular equations, 



where w f  = (w '  ' wA 5 w E ) / w E .  Eq. ( 2 2 )  shows tha t  the i n t e n s i t y  o f  the 

loca l  mode increases r a p i d l y  as i t s  frequency approaches the q=O magnon 

frequency a,,-wH. This r e s u l t s  from the f a c t  t h a t  the wavefunction o f  

the loca l  mode c lose t o  the q=O magnon spreads over many ímpur i tyne igh-  

bors, leading t o  a la rge enhancement o f  the impur l ty  response, as ob- 

served i n  the experiments on FeF2:Mn. An enhancement, no t  as l a r g e  as 

i n  FeF2:Mn has a l so  been o b ~ e r v e d ~ ~ ' ~ ~  i n  CoFz:Mn i n  w h i c h  t h e  q = O 

magnon i s  a t  -35 cm-' and the impuri t y  mode i s  a t  -28 cm-I a t  H ~ = O .  I n  

a neutron sca t te r l ng  experiment w i t h  momentum t rans fe r  equal t o thezone  

-boundary wavevector qzb, one should observe a s i m i l a r  enhancement f o r  

loca l  modes above the magnon band and near the frequency wZb,  such as 

i n  FeF2:Co 2 6 .  The la rge enhancement observed i n  FeFn:Mn has been ex- 

p la ined q u a n t i t a t i v e l y  w i t h  the theory above. The impur l ty  s -mode en- 

ergy, wavefunctlon and dynamic response f o r  t h i s  system have been ca l -  

culated i n  d e t a i l  i n  r e f .  18. Comparison w i t h  the energy and r e l a t i v e  

i n t e n s i t y  measurements have al lowed the determinat ion o f  the impur i ty-  

-host exchange i n te rac t i on  parameters J i  = 0 . 2  cm-', JA = 1 .79 cm-', 

both ant i ferromagnet lc.  

5. FREQUENCY PULLING 

Another evidence o f  the strong coupl ing between the loca l  mode 

and the q=O magnon i n  FeFp:Mn i s  the p u l l i n g  o f  t h e i r  frequencies r e l a -  

t i v e  t o  the values i n  the s lng le  impur i ty  l i m i t .  R e l a t  i v e  f r e q u e n c y  

s h i f t s  are o f  order a percent f o r  0.1 a t .%  impur i ty .  Fig. 5 shows the 
1 3  

measured frequencles a t  Ho=O versus impur i ty  concentrat ion . The l i g h t  

sca t te r i ng  data are obtained d i r e c t l y  from the spectra. The FIR values 

are obtained by ex t rapo la t i ng  the data t o  zero f i e l d .  The curves shown 

are  the frequency p u l l i n g  pred ic t ions  of the magnetization coupled mode 

model f o r  var ious choices o f  the exchange i n te rac t l on  parameter A ;  be- 

tween the impur i ty  and the two nearest neighbors. Though t h e  c o u p l e d  

magnetization model g ives a good desc r i p t i on  o f  the frequency p u l l i n g  

as a f unc t i on  o f  x, i t  requires parameters which correspond t o  in terac-  



- 1 
t i o n  cons tan ts  J ;  = 2 . 0  cm and J: = 2 . 0 4  cm-I ". These a r e  v e r y  d i f -  

f e r e n t  f rom t h e  va lues  which e x p l a i n  a  wide range o f  o t h e r  phenomena 

( i n c l u d i n g  t h e  l o c a l  mode response j u s t  d iscussed) .  I n  p a r t i c u l a r ,  I 
i s  f a r  t o o  b i g .  A c t u a l l y  i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  coupled m a g n e t -  

i z a t l o n  model does n o t  y i e l d  t h e  c o r r e c t  parameters because i n t h e  l i m i t  

x=O i t  g i v e s  t h e  I s i n g  model f requenc ies ,  a  r e s u l t  which i s  k n o w n  t o  

F ig.5 - Z e r o - f i e l d  resonance pos- 
s l t i o n s  o f  b o t h  hos t  and i m p u r i t y  
modes o b t a i  n e d  by e x t r a p o l a t i n g  
t o  H,=0 t h e  va lues  m e a s u r e d  a t  
severa1 FIR l a s e r  f r e q u e n c i e s  
( r e f .  13). 

f a i l  i f  t h e  I m p u r l t y  mode i s  n o t  s u f f i c i e n t l y  l o c a l i z e d .  The c o r r e c t  

theory  f o r  the  energ ies  a t  f i n i t e  i m p u r i t y  concen t ra t ions  has y e t  t o  be 

developed. i3f course, t h i s  problem cannot be t r e a t e d  w i t h i n  t h e  s í n g l e  

s p i n  formal ism presented e a r l i e r .  

6. LOCAL MODE LINEWIDTH 

F ig .  6 shows t h e  i m p u r i t y  mode l i n e  w i d t h  da ta  ob ta ined  f rom 

the low temperature FIR t r a n s m l s s i o n s p e c t r a  o f s e v e r a l  samples w i t h d i f -  

f e r e n t  i m p u r i t y  concen t ra t ions  and d i f f e r e n t  th icknesses.  I h r e e  main 

mechanisms have been i d e n t  i f  ied l  f o r  the  broadening o f  t h e  l o c a l  mode 

i n  FeF2:Mn e t  low temperatures, namely: i )  Rad ia t ion  damping,ii) S i n g l e  

impur i t y  processes and i i i )  Impuri  t y -  impur i  t y  i n t e r a c t  ion.  The rad  i-  

a t i o n  dampirig m e c h a n ~ s m ~ ~  i s  g r e a t l y  enhanced by t h e  p a r t i c i p a t i o n  o f  

the ~ e ~ +  sp ins  i n  the  l o c a l  mode and i s  t h e  source o f  t h e  l i n e a r  depen- 

dente o f  the! l i n e w i d t h  on t h e  sample th i ckness ,  as shown i n  d e t a i l  i n  



r e f .  13. Ex t rapo la t ion  o f  the data o f  Fig. 6 t o  zero thickness gives the 

i n t r i n s i c  l inewid th  o f  the l oca l  rnode. Impur i ty  banding ef fects2'  are 

responsible f o r  the concentrpt ion dependence o f  the 1 inewidth but they 

cannot account f o r  the la rge residual  value o f  about IkOe as x+O. The 

l a t t e r  i s  due t o  s ing le  impur i ty  damping processes, which have recent ly  

been studied t h e o r e t i c a l ~ ~ ~ ~ .  For the up-going loca l  mode, anisotropy 

and d ipo la r  i n te rac t i ons  which break the sp in- ro ta t iona l  symmetry about 

the f i e l d  ax i s  prov ide30 a  mechanism f o r  the decay o f  the loca l  modes 

i n t o  band magnons i n the f requency range 1.54-1.93 THz. However, s  ince 

the down-going mode i s  ene rge t i ca l l y  the lowest- ly ing  m a g n e t i c  e x c i -  

t a t i o n  i n  the system, o ther  exc i t a t i ons  must be involved i n  the re lax-  

a t  ion process. 

I 

o. 5 r .O 
SAMPLE THI CKNESS (mm) 

Fig.6 - I m p u r i  t y  mode l i new id th  
measured by FIRlaser spectroscopy 
f o r  severa1 Mn concentrations i n  
FeFz vs. sample  thickness. The 
s t r a i g h t  1 ines a re  best f i t s  t o  the 
data; t h e i r  slopes determine the 
rad ia t l on  dampin'cJ con t r i bu t i on  t o  
A H 1 . I 3  

At leas t  two arguments suggest t ha t  phonons p lay  a  dominant 

r o l e  I n  the damping: Acoustic phonons are  the on ly  c o l  l e c t i v e  exc i -  

ta t i ons  i n  FeF, w i th  energies below the Mn impur l ty  mode, and the mag- 

n e t i c  moments ("spins") o f  the ~e'+ ions tha t  p a r t i c i p a t e  i n  the l o c a l -  

-mode e x c i t a t i o n  couple s t rong ly  t o  l a t t i c e  v ib ra t i ons .  I n  pure FeF, 

phonons do not  cont r ibu te  t o  the re laxa t i on  o f  magnons because  t h e i r  



dispersion r e l a t i o n s  are very d i f f e ren t ;  thus energy andmomentumcannot 

be conserved simultaneously. But i n  Mn-doped FeF, t h e r e  i s  n o  t rans- 

l a t i o n a l  symmetry around the impur i t ies ,  and the requirementof momentum 

conservation i s  relaxed. Fig.  7 i l l u s t r a t e s  possib le decay processes. 

The coupl ing between spins and l a t t i c e  v ib ra t i ons  a r i ses  from severa1 

sources, but i n  FeF, i t  has been shown3' t ha t  the dominant mechanism i s  

phonon modulation o f  the c r y s t a l  f i e l d ,  which can be c a l c u l a t e d  from 

f l r s t  p r i nc ip les .  Using the s p i n - l a t t i c e  i n te rac t i on  i n  FeF, and the 

r e s u l t s  of the Green's funct ion ca l cu la t i on  o f  the impur i ty  mode proper- 

t i e s  i n  FeF,:Mn, i t has been shownZ9 tha t  two phonon assisted processes 

can e f f e c t i v e l y  re lax  the loca l  mode: one i s  the d i r e c t  decay i n t o  a  

degenerate acoust ic  phonon and the other i s  the decay i n t o  a magnon- 

-phonon p a i r .  

Fig.7 - I l l u s t r a t i o n  o f  possib le 
processes f o r  the decay o f  a  l oca l  
magnon i n t o  phonons. A  mode i n  the 
down-going branch can decay i n t o  
an acoust ic  phonon.An up-goingmode 
can decay i n t o  an acoust ic  and an 
opt  ica l phonon ( r e f  .29). 

The i n te rac t i on  Hamiltonian f o r  the decay of the loca l  mode 

i n t o  an acoust ic  phonon can be w r i t t e n  as29 

where ai i s  the c reat lon  operator o f  the phonon wi t h  f requency o the 4 9' 
form fac to r  P ( q )  1s e s s e n t i a l l y  the Four ier  transform a f  the magnon wave 

func t i on  a t  the phonon wave vector  
+ + 



and b i s  a  magnetoe las t l c  c o u p l i n g  c o e f f i c i e n t  

where X i s  the  

Coulomb m a t r i x  

t l n g s  d e f  ined i 

t e n t  o f  s p a t i a l  

d i n g  the  impur l  

2+ . s p i n - o r b i t  c o u p l i n g  cons tan t  o f  t h e  Fe ions, P i s  a  

element and A and AxZ a r e  c r y s t a l - f i e l d  energy s p l i t -  
XY 

n r e f .  3 1 .  The form f a c t o r  F (q )  i n  (24) measures t h e  ex-  

matching o f  the  magnetic and phonon e x c i t a t i o n s ,  e x c l u -  

t y  s p i n  a t  R=O because the  ~ n ' +  i o n  does n o t  couple t o  

the c r y s t a l  f i e l d .  Wi th  the  wavefunct ions c a l c u l a t e d  by (16) the  form 

f a c t o r  has been g iven  exp l  i c i t l y  f o r  t h e  s ,  l o c a l  mode2'. 

I n  genera l ,  the  l o c a l  magnon can decay i n t o  any phonon ener-  

g e t i c a l  l y  degenerate w i t h  i t  (unless o t h e r  symmetrles p reven t  magnon - 
-phonon c o u p l i n g ) .  I n  FeF, the  t ransverse- acous t i c  phonon bands extend 

as h i g h  as 3THz, and above 2.04 THz t h e  magnon a l s o  becomes degenerate 

w i t h  phonons i n  t h e  B o p t i c a l  band, b u t  t h e  c o n t r i b u t i o n  f rom t h e  op- 
lg 

t i c a l  phonon t o  t h e  l i n e w i d t h  has been shown t o  be n e g l i g i b l e .  A t  tem- 

pera tu res  low compared w i t h  t h e  local-magnon energy, where the  number o f  

t h e r m a l l y  e x c i t e d  phonons degenerate w i t h  t h a t  magnon i s  n e g l i g i b l e , t h e  

s tandard go lden- ru le  c a l c u l a t i o n  g i v e s  f o r  t h e  decay r a t e  o f  the  l o c a l  

mode i n t o  a c o u s t l c  phonons a  c o n t r i b u t i o n  

where P i s  t h e  mass d e n s i t y ,  F ( q o )  i s  t h e  l o c a l  mode form f a c t o r ,  q o  i s  

the  wave number o f  t h e  phonons degenerate wi t h  t h e  l o c a l  magnon w(qo)  = 

= We, (cO-3elq;) = dw/dq c h a r a c t e r i z e  the a c o u s t l c  phonon densi t y  of 

s t a t e s  i n  o u r  approx imat ion o f  t h e  d i s p e r s i o n  r e l a t i o n ,  and y i s  t h e  

gyromagnet i c  r a t  i o  (yR = guB)  . 
When the  up-golng mode has frequency above 1.54 THz (H,>) 1 kOe) 

i t  can decay i n t o  an a c o u s t i c  phonon-down-going p ropaga t ing  magnon p a i r .  

The c o n t r i b u t i o n  o f  t h i s  process t o  t h e  l i n e w i d t h  1sZ9 



where q o ( k )  i s  the phonon wave vector  demanded by energy conservation, 

C i s  another su i t ab l y  defined form f a c t o r  and R the u n i t  c e l l  vo lume .  

The l inewid ths  glven by (26) and (27 )  were evaluated numerical ly  fo r  

FeFz:Mn, Their  dependencaon the l oca l  mode energy are shown i n  Fig. 8 

by curves A and 8 .  The obv lous w 3  dependence (from q;/ws) i n  eq. (26) i s  

dominated by the rap ld  f a l l o f f  o f  the form f a c t o r  F(q,) above q o  of 

the order o f  the inverse o f  the loca l  magnon s ize,  so curve A decreases 

w i  t h  w . Note tha t  the ranges below and above 1.507 THz correspond t o  

the down-going and up-gotng l oca l  mdes respect ive ly .  As polnted out i n  

re f .  29, near 1.7 THz there i s  a strong admixture o f  magnons andphonons 

and the actual  normal modes are magnetoelastic exc i t a t i ons .  B u t  f a r  

from t h i s  region the bare phonon i s  a good approximation t o  rhe exc i -  

t a t i o n  i n t o  which the loca l  mode decays. The data po in t  a t  1.36 THz i n  

Fig. 8 i s  the residual  impur l ty  mode l i new id th  obtained from F ig .  6 and 

i t  i s  c l e a r l y  accounted f o r  by the ca l cu la t i on  described above.Thebars 

a t  0.85 and 2.5 THz represent data taken a t  the High Magnetic F i e l d  lab- 

o ra to ry  o f  Osaka ~ n i v e r s i t ~ ~ ~  and both are a l so  i n  good q u a n t i  t a t i v e  

agreement w i t h  the theory. 

1 . O  1.5 2.0 2.5 
FREQUENCY (THZ) 

~ i ~ . 8  - Residual loca l-mde 
1 inewidth f rom phonon-as- 
sociated r e  1 a x a t  i on pro-  
cesses. Theoret ical  curves 
are l abe l l ed  A (decay i n t o  
a phonon) and B (phonon-  
-magnon p a i r ) 2 9 .  I n  the re-  
gion be tween 1.54 and 1.93 
THz Sz-nonconserv  i n g  mag- 
n e t i c  decay a lsocont r ibu tes  
t o  the l inewidth3O. Da ta  
are represented by the dot  
and the v e r t i c a l   bar^'^,^'. 

Wi t l i in  the frequency range 1.54-1.93 Thz marked by v e r t i c a l  

dashed l ines i n  F i g .  8, the up-going loca l  mode i s  degenerate w i t h  the 

down-going magnon band. Thus i n  t h i s  region the loca l  mode can decay 

i n t o  the magrietoelastic exc i t a t i ons  not  on l y  v i a  the coupl ingtophonons 

as a l  ready d i  scussed (and represented by the dashed extensions o f  curve 



A i n  the f i g u r e ) ,  but  a l so  i n  p r i n c i p l e  v i a  e x p l i c i t l y  magnetic i n t e r -  

ac t ions  t o  the magnon component o f  the f i n a l  s ta tes .  This does not occur 

through the dominant magnetic Hami 1 tonian (10), because tha t  o p e r a  t o r  

i s  i nva r i an t  t o  spin ro ta t i ons  about the z-axis,  whereas the decay pro- 

cess here requires a  s ing le  spin f l i p  ( the  i n i t i a l  and f i n a l  exc i t a t i ons  

belng on the up-going and down-doing branches, respect i v e l y )  . But there 

are small magnetic i n te rac t i ons  terms, otherwise neg l l g i b le ,  which do 

break t h l s  spin ro ta t i ona l  symmetry. The most obvious o f  these i s  the 

magnetlc d ipo le- d lpo le  Hamiltonian 

I n  add i t ion ,  there i s  an orthorhombic magnetocrystal l ine an iso t rpy  term 

associated w i t h  the e l e c t r o s t a t i c  f i e l d s  o f  the ions surrounding a  Fe 2+ 

s i t e .  Although the dominant departure o f  the environment from cubic sym- 
Z 

metry i s  the tetragonal  d l s t o r t i o n  measured by the un iax ia l  term D(s ) '  

i n  eq. (101, there i s  a l so  a  smaller symmetry i n  the x- y  plane,  leading 

t o  the term 

= -02,) 1 \ [(six>' - (29) 

where qi i s  +1 f o r  i on the up s u b l a t t i c e  and - 1 f o r  i on the down sub- 

l a t t i c e ,  because the F- cage í s  ro ta ted by r / 2  about the z ax i s  i n  going 

from a magnetlc s i t e  on one s u b l a t t i c e  t o  one on the other.  Thus, there 

I s  a  l oca l ,  but not  g loba l ,  orthorhombic anisotropy.  

Independent ca lcu la t ions  o f  t h i s  S -nonconserving m a g n e t i c  
2 

decay mechan i sm30 and the phonon-assocíated mechan í sm d  i scussed a  bove 

demonstrate t ha t  the two con t r i bu t i ons  t o  the l inewid ths  a re  expected t o  

be comparable. Since the f i n a l  s ta tes  involved are the same, we should 

proper ly  take I n t o  account the quantum in ter fe rence between the ampli-  

tudes f o r  the two processes i n  ca l cu la t  ing the t o t a l  p r o b a b  i 1 i t y  f o r  

decay; the cor rec t ions  from the in ter fe rence terms may we l l  be large.  

However, t o  car ry  out  the amplitude ca l cu la t i on  f o r  t h e  symmet ry-  

-breaking anisotropy In te rac t i on  t o  f i n d  both m a g n i t u d e  and phase ,  

we need the f i n a l - s t a t e  wave funct íon.  The impurí ty o f f e r s  p r i m a r i i y  a  

magnetic cont ras t  t o  the host atoms, and as opposed t o  the phonon f i n a l  

s ta tes  we have considered above, which are we l l  represented as p l a n e  



waves, the continuum magnons are d i s t o r t e d  from plane waves p r e c i s e l y  

i n  the neighborhood o f  the impur i ty ,  where t h e i r  over lap w i t h  t h e  i n -  

i t i a l  loca l  inode s ta te  i s  substant ia l .  This d i f f i c u l t y  i s  avoided i n t h e  

approach o f  r e f .  30 where the loca l  impur i ty  s u s c e p t i b l l i t y  i s  calcu- 

la ted  d i r e c t l y ;  i t s  imaglnary p a r t  measures the loca l  mode l i n e w i d t h  

con t r i bu t i on  from the d ipo la r  and orthorhombic anisotropy i n t e r a c t  i o n  

included. As i s  common t o  Green's f unc t i on  ca l cu la t i ons  t h i s  one has 

the advantage of not demanding e x p l i c i t  knowledge o f  the f o r m  o f  the 

wave funct ions,  but  the p r i c e  paid i s  t h a t  i t  a l s o  does not  y i e l d  the 

essent ia l  informat ion abouf the phase of the t r a n s l t l o n  amplitudes. We 

do not  know whether const ruc t ive  inter ference,  a  s l i g h t l y  la rger  or thor -  

homblc anisotropy constant E than estimated i n  r e f .  3 0 o r a  combination 

of these may exp la ln  the  r e l a t i v e l y  la rge observed l i new id th  o f  3 kOeat 

1.75 THz, as compared w i t h  a  combined theo re t i ca l  value o f  about 1 kOe 

from the two mechanisms t rea ted independently. But we do note tha t  a 

f a c t o r  o f  2 i n  the anisotropy constant o r  completely const ruc t ive  i n t e r -  

ference would each e s s e n t i a l l y  remove the discrepancy, and nei ther seems 

unreasonabie. I t  i s  a l so  concelvable t ha t  there may be other symmetry  

breaking in terac t ions ,  inc lud ing an i so t rop i c  exchange o r  Dz ia losh insk i -  

Moriya in terac t ions ,  which make substant ia l  con t r i bu t i ons  t o  the l i n e -  

width here. However, none o f  these has been demonstrated t o  e x i s t  by 

independent experiment. 

At s u f f l c l e n t l y  low impur i ty  concentrat ions i t  i s  reasonable 

and useful  t o  view the concentrat ion dependence o f  the loca l  mode l i n e -  

wid th  as a r i s i n g  from the spa t i a l  over lap o f  the wave func t ions  o f  l o -  

ca l  magnons centered on d i f f e r e n t  impur i t ies .  To second o r d e r  i n  t h e  

concentrat ion one e f f e c t i v e l y  sums the r e s u l t s  o f  the dynamical i n t e r -  

ac t ions  o f  ímpur i ty  p a i r s  over a  random spa t i a l  d i s t r i b u t i o n s o f  i m -  

p u r i t i e s .  The four Green's funct ions labeled by the s i t e s  o f  the s ing le  

p a i r  o f  the two impur i ty  problem are coupled by the equations o f  motion. 

We are  in teres ted i n  the behavior o f  the system near the l oca l  mode f r e -  

quency w=ws; the par ts  o f  the Green's funct ions s ingu lar  a t  w=w can be 
S 

reproduced by an e f f e c t  i ve  i n t e r a c t  ion2' 

t t Heff = w 1 C.C. - 1 V . .  cicj 
S 2 2  2.7 



where ci destroys a  l oca l  mode associated w i t h  the impur i ty  s i t e  i, and 

we have w r i t t e n  the Hamiltonian f o r  the f u l l  system as a  sum o f  pairwise 

in terac t ions .  C lear ly  a t  h igher concentrat ions one would have t o  modify 

the e f f e c t i v e  medium which moderates the i n te rac t i ons  between l o c a l  

modes. We have e s s e n t l a l l y  ca lcu la ted t h e u n i f o r m m a g n e t i c s u s c e p t i b i l i t y  

appropr iate t o  t h i s  Hamil tonian averaged over impur i ty  d  i s t  r i b u t  i o n s .  

More accurately,  we have ca lcu la ted the frequency moments o f  the imagin- 

a ry  pa r t  o f  the s u s c e p t l b l l i t y ,  which i s  d i r e c t l y  re la ted  t o  theabsorp- 

t l o n  lineshape, again t o  second order i n  concentrat ion.  

The pred ic t fons  o f  the theory f o r  the l i new id th  are  compared 

w i t h  experiment a t  H O E 5 0  kOe w i t h  a  laser  frequency o f  1.36 THz i n  Fig. 

9. With the inc lus ion  o f  an independent s i ng le  impur i ty  phonon-related 

width o f  1 kOe, as ca lcu la ted ea r l  i e r ,  we f i n d  exce l l en t  q u a n t i  t a t  i v e  

agreement. I t  i s  t r ue  tha t  the concentrat ion dependence i s  r e l a t i v e l y  

weak, but  we emphasize tha t  there are  no ad jus tab le  p a r a m e t e r s .  F o r  

completeness i n  Fig.  9  we compare the r e s u l t s  w l t h  the p red i c t i ons  f o r  

a  system w i t h  per turbat ion  s t rength  twice as large, which could not  be 

Fig.9 - Concentration dependence 
o f  the impur i ty  banding c o n t r i -  
bu t ion  t o  the loca l  mode l i n e -  
w1dthz8. Data are o b t a i n e d  a t  
1.36 THz 1 3 .  

reconci led w l t h  t h i s  experiment. I n  Fig. 10 we compare the Ho=O l i g h t  

sca t te r i ng  l i new id th  data w i t h  the r e s u l t s  o f  phonon decay and impur i ty  

banding ca l cu la t i on  the l a t t e r  scaled inverse ly  propor t iona l  t o  the l o -  

cal  mode k=O magnon energy s p l i t t i n g .  Again the agreement i s  q u i t e  good. 

More d i r e c t l y  and unambiguously a f f ec ted  by impur i ty  parameters are  the 

pos i t ions  o f  s a t e l l i t e  resonance l i n e s  associated w i t h  Mn impur i ty  pairs 

i n  various spa t i a l  pos i t i ons .  We have successful l y  i d e n t i f  ied33s ix  such 

experimental l i n e s  w i t h  the p red i c t i ons  o f  theory. The ag reemen t  i s  



quan t i t a t i ve  w i t h  Impur i ty  parameters J '  & 0.5 cm-', and J '  1.8 cm-', 

i n  agreement w i t h  the values found necessary t o  exp la in  the enhancement 

and l l new id th  data above. 

CONÇENTRATION (a t .  '10 1 

7. HOST MODE LINESHAPE 

Fig.10 - Comparison between the 
loca l  mode l l new id th  data15 i n  
F ~ F ,  : ~ n ~ +  and the predi  c t  ion o f  
theory as a  f unc t i on  o f  the i m-  
p u r i t y  concentrat ion.  The s o l i d  
l i n e  represents t h e  sum o f  
phonon ass is tedZ9 and impuri t y  
band ing2' processes. 

As we remarked ea r l  i e r ,  the l ineshape o f  the FIR transmlssion 

spectrum o f  the host mode l n  FeF2:Mn i s  dominated by  t h e  p o l a r  i t o n  

nature o f  the propagating magnetic mode i n  the sample. Nevertheless, by 

l e t t i n g  w -+ w + iyAíl/2 i n  the coupled magnetization equatlons o f  motion, 

the l i new id th  o f  the host mode can be obtained from the l i n e s h a p e  by 

c a r e f u l l y  f i t t i n g  the experimental spectrum t o  the ca lcu la ted t r a n s -  

mission. The most s i g n i f l c a n t  features o f  the data are:  I )  the re lax-  

a t i o n  r a t e  o f  the host mode 1s lower than tha t  f o r  the Impur i ty  mode; 

i I) the I lnewidths increase r a p i d l y  w i th  the impur i ty  concentrat ion and 

ii I )  the re laxa t i on  ra te  Increases w i t h  increasing frequency. A l l  o f  

these features are conflrmed by the l i g h t  sca t te r i ng  mea~urements '~.  

The f i r s t  attempt t o  exp la in  the hbst mode l i new id th  based on 

impur i ty  exchange and anisotropy sca t te r i ng  l ed  t o  values above t h e  

p o l a r i t o n  gap which were more than two orders o f  magnitude smaller than 

the data. The reason f o r  t h i s  f a i l u r e  i s  t ha t  the pe r tu rba t i onpo ten t i a l  

associated w i t h  the Mn impur i ty  i s  so strong tha t  the s p a t i a l l y  extended 

loca l  mode appears; hence, the usual per turbat ion  theory (Fermi Go lden  

~ u l e )  i s  not d i r e c t l y  appl icable.  I t  has been shown tha t  Inc lus ion  o f  



m u l t i p l e  s c a t t e r i n g  e f f e c t s  ( f rom a  s i n g l e  i m p u r i t y )  c o r r e c t s  t h i  s  

problem and accounts f o r  the  observed 1  i ~ i e w i d t h s ~ ~ .  

The broadenlng mechanism f o r  the  hos t  mode i s  a  t w o  magnon 

s c a t t e r i n g ,  i n  which a  rnagnon o f  wavevector k decays v i a  i m p u r i t y  scat-  

t e r i n g  i n t o  degenerate magnons w i t h  $ '  # I ( .  I n  t h e  usual  s i t u a t i o n  where 

t h e  i m p u r i t y  mode i s  f a r  from the  s p i n  wave band, t h e  l i n e w i d t h  i s  c a l -  

c u l a t e d  by t h e  s tandard Golden Rule express ion3 '  

where w i s  t h e  frequency o f  the  mode k o  and F k a k  i s  t h e  F o u r i e r  t r a n s-  

form o f  t h e  s c a t t e r i n g  p o t e n t i a l  V. I n  t h e  presence o f  a  s t r o n g  p e r t u r -  

b a t i o n  the p lane wave magnon s t a t e s  Ik> a r e  rep laced by t h e  w a v e f u n c -  

t i o n  

The l i n e w i d t h  can be c o n v e n i e n t l y  c a l c u l a t e d  by I n t r o d u c i n g  t h e  t - m a t r i x  

as t h e  opera to r  whlch a c t s  on the  unper turbed s t a t e s  Ik> t o  g i v e  t h e  

same r e s u l t  as V a c t i n g  on the  d i s t o r t e d  s t a t e  I$  > k 

so t h a t  T accounts f o r  m u l t l p l e  i m p u r i t y  s c a t t e r i n g  t o  a11 o r d e r s .  From 

From eq. (32) and (33) we have 

Then r n u l t i p l e  s c a t t e r i n g  r e s u l t s  a r e  inc luded  by r e p l a c i n g  V by T i n  the  

f i r s t  o r d e r  t ime  dependent p e r t u r b a t i o n  express ion  f o r  t h e  t r a n s i  t i o n  

p r o b a b i l i t y ;  i . e . ,  the  squared m a t r i x  element becomes 

O f  course, f a r  f rom a  s c a t t e r i n g  resonance o r  a bound s t a t e  T=V and the  

m o d i f i c a t i o n  t o  o r d i n a r y  f i r s t  o r d e r  p e r t u r b a t i o n  theory  1s sma l l .  How- 

ever ,  here the  e f f e c t  i s  enormous, as t h e  e x l s t e n c e  o f  a  l o c a l  mode 

imp l ies ,  and as a  consequence the  l i n e w i d t h  i s  enhanced by t h r e e  o r d e r s  

o f  magni tude3'.  The frequency dependence o f  the  observed 1 i n e w i d t h  i s  



accounted f o r  by t h e  i n c r e a s i n g  d e n s i t y . o f  degenerate magnon s t a t e s  w i t h  

inc reas ing  frequency. F l g .  1 1  shows t h e  c a l c u l a t e d  1  i n e w i d t h  f o r  

Fig.11 - L i n e w i d t h  due t o  two- 
-magnon i m p u r i t y m u l t i p l e  s c a t -  
t e r i n g  i n  0.5% Mn:FeF2 as a  
f u n c t i o n  o f  p o s i t i o n  o f  the  
magnetic mode r e l a t l v e  t o  t h e  
bot tom o f  t h e  s p i n  wave band34. 

x = 0.5% as a  f u n c t i o n  o f  the  mode f requency r e l a t l v e  t o  t h e  bot tom o f  

t h e  magnon band, i n  u n i t s  o f  AFB/2 ( t h e  w i d t h  o f  the  splnwave mani fo ld) .  

We n o t e  t h a t  t h e  c o n t r i b u t i o n s  f rom exchange, a n i s o t r o p y  and g - f a c t o r  

s c a t t e r i n g  a r e  e q u a l l y  impor tant  f o r  t h e  l i n e w i d t h ,  which has t h e  mag- 

n i t u d e  o f  a  few kOe and i s  s t r o n g l y  frequency dependent. I n  F ig.12 the  

e x p e r i m e n t a l l y  measured t ransmiss ion  hos t  mode l ineshape ob ta ined  f o r  a  

sample w i t h  x = 0.5 a t . %  1s compared t o  t h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  

p o l a r i t o n  model w i t h  a  f requency dependent r e l a x a t i o n  parameter g iven  by 

t h e  above theory.  As can be seen, t h e  agreement between theory  and ex- 

per iment  i s  remarkably good. 

8. CONCLUDING REMARKS 

We have seen i n  t h i s  rev iew how r i c h  can be t h e  phys ics  o f  t h e  

dynamics o f  s p i n  e x c i t a t i o n s  i n  a  s imple magnetic system w i t h  a  sub- 

s t i t u t l o n a l  i m p u r i t y ,  by way o f  t h e  p a r t i c u l a r l y  I n t e r e s t i n g  and w e l l -  

- s tud ied  example, FeF2:Mn. The v a r i e t y  o f  phenomena s t u d i e d  and i n f o r -  

mat lon a v a i l a b l e  I s  remarkable. We have i n d i c a t e d  t h a t  a s i n g l e ,  r e l a -  

t i v e l y  simple, Hami l ton lan (10) i s  q u a n t i t a t i v e l y  compat ib le  wi t h  a1 l 



a v a i l a b l e  observa t ions .  Th is  and c l o s e l y  r e l a t e d  systems can con t inue  

t o  be used as q u a n t i t a t i v e l y  understood models o f  magnetic i n s u l a t o r s .  

0.8 1 I i Fig.12 -Comparison 
\ 
\ o f  t r a n s m i s s i o n  

0 . 5 %  Mn:FeF2 data  f rom a 80 um 
t h i c k  .sample o f  0.5 - a t . %  Mn:FeFz (so l  i d  
c u r v e )  w i t h  t h e  
t h e o r e t i c a l  p re-  
d i c t i o n  o f  a 
p o l a r i t o n  mode l 
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Resumo 

Alguns i s o l a n t e s  magnéticos com impurezas têm modo l o c a l  com 
energ ia  logo-abaixo da banda de onda de s p i n .  Exper iênc ias  recentes de 
a l t a  resoluçao no in f ravermel  ho d l s t a n t e  e de espalhamento Raman em 
F e F 2 : ~ n 2 +  revelaram v á r i o s  novos e f e i t o s  in te ressan tes  não o b s e r v a d o s  
no caso ma i s comum em que o modo da impureza e s t á  longe da banda. E n t r e  
esses e f e i t o s  estão um grande aumento da resposta da impureza, r ã p i d a  
re laxação do modo l o c a l  e f o r t e  dependência com a f requênc la  do modo de 
AFMR. Todos esses e f e i t o s  podem ser  exp l i cados  quan t i ta t i vamente  com uma 
t e o r i a  de funções de Green para a dinâmica do modo l o c a l .  Neste t raba-  
Iho apresentamos uma r e v i s ã o  da grande var iedade de observações e x p e r i -  
mentais nesse sistema e da t e o r i a  que os e x p l i c a .  


