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TEMPERATURE FERMI RESONANCE IN CRYSTALS 
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I . J .  Lalov  
F a c u l t y  o f  P h y s i c s ,  U n i v e r s i t y  o f  S o f i a  

S o f i a  1126,  B u l g a r i a  

ABSTRACT -- 

Some p e c u l i a r i t i e s  o f  t h e  c r y s t a l s '  v i b r a t i o n a l  

s p e c t r a  a r e  s t u d i e d  i n  t h i s  work a t  non-zero tempera tu-  

res and o c c a s i o n a l  fundamental  f r equency  c o i n c i d e n c e  

w i t h  t h e  sum o r  d i f f e r e n c e  o f  t h e  f r e q u e n c i e s  o f  two 

o t h e r  v i b r a t i o n s  ( t empera tu re  Fermi- resonance)  . The 

anharmonic i n t e r a c t i o n  be tween t h e  fundamental  and t h e  

compound tone was shown to cause  a r e n o r m a l i z a t i o n  o f  

t h e  spec t rum a l s o  i n  t h e  d i f f e r e n c e  f r equency  r e g i o n .  

The d i e l e c t r i c  p e r m i t t i v i t y  has  been c a l c u l a t e d  i n  t h e  

t empera tu re  Fermi-resonance f requency  r e g i o n .  The s o f t  

mode i n t e r a c t i o n  w i t h  t empera tu re  e x c i t e d  d i f f e r e n c e  

tones  i n  f e r r o e l e c t r i c s  has been  a n a l y s e d .  
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556 LALOV 

1. INTRODUCTION --- 
The Fermi-resonance phenomenon i s  we l l  s t u d i e d  i n  

molecular’ and c r y s t a l  v i b r a t i o n a l  s p e c t r a ;  i t  i s  

observed f o r  occas iona l  coincidence of  the frequency 

w3 f o r  a given fundamental tone with the overtone 

(a3 a 2 w , )  o r  compound tone (a3 = w 1  + w 2 )  frequency. 

The two s t a t e s  w i th  equa l  symmetry i n t e r a c t  anharmoni- 

c a l l y  and the mixing between the  fundamental and com- 

pound tones causes r enorma l i za t ion  o f  the v i b r a t i o n a l  

spectrum i n  which t y p i c a l  Fermi doub le t s  appear .  The 

2- 5 

phenomenon i n  c r y s t a l s  i s  more complicated3 s i n c e  the 

fundamental tone w 3  r e sona te s  - because of  anharmonici- 

t y  - w i t h  the two types o f  phonon s t a t e s  i n  the frequen- 

cy region:  ( 1 )  bound s t a t e s  - biphonons - t h a t  d e s c r i b e  

the movement of t he  two phonons i n  the  c r y s t a l  a s  a 

whole; ( 2 )  many-particle s t a t e s  corresponding t o  unbound 

s e p a r a t e  propagat ion of  the phonons i n  the c r y s t a l .  

Some s p e c i f i c  p e c u l i a r i t i e s  of  t he  Fermi Tesonance 

i n  c r y s t a l s  a r e  s t u d i e d  i n  t h i s  work a t  f i n i t e  tempera- 

t u r e s  when the  r e s o n a t i n g  phonon modes ( o r  some of them) 

a r e  temperature-exci ted,  i .e . the phonon occupat ion num- 

b e r s  have non-zero va lues .  The temperature a m p l i f i e s  t he  

anharmonic i n t e r a c t i o n  between the modes due t o  addi  t i e -  
na l  i n t e r a c t i o n  between the e x c i t e d  r e a l  phonons 6 9 7  . 
Processes  w i t h  simultaneous e x c i t a t i o n  o f  w 2  phonon and 

abso rp t ion  o f  r e a l  phonon w i t h  frequency w 1  become pos-  
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FERMI RESONANCE 557 

s i b l e  a t  T f 0 ;  i n  t h e  f requency  r e g i o n  w 2 - w ,  t he  anhar -  

mon ic i ty  modulates  t h e  spec t rum and may cause6  one-par-  

t i c l e  s t a t e  s p l i t t i n g  ( a  d i f f e r e n c e  b iphonon) .  For t h i s  

r e a s o n ,  Fermi-resonance a t  T f 0 - t empera tu re  Fermi-re- 

sonance - i s  p o s s i b l e  a l s o  under  o c c a s i o n a l  co inc idence  

of  w3 w i t h  t h e  d i f f e r e n c e  w 2 - w , ,  w 3  

b i l i t y  i s  e s p e c i a l l y  i n t e r e s t i n g  when the  r e s o n a t i n g  

fundamental  tone  f r equency  w3 varies w i t h  t empera tu re  

( s o f t  mode, see8,’) o r  due t o  o t h e r  r easons  ( f o r  example,  

w i t h  v a r i a t i o n s  o f  t h e  c o n c e n t r a t i o n  i n  mixed c r y s t a l s  ) ,  

The i n f l u e n c e  o f  t h e  c o u p l i n g  between one- and two- 

w 2 - w , .  This  p o s s i -  

9 

phonon s t a t e s  on the  d i e l e c t r i c  p r o p e r t i e s  and  on t h e  

i n f r a - r e d  c r y s t a l  s p e c t r a  has  been  i n v e s t i g a t e d  by S z i -  

g e t t i 2 1  i n  the  frameworks o f  t h e  p e r t u r b a t i o n  t h e o r y  

These pape r s  c o n t a i n  e s t i m a t i o n  o f  t h e  i n f r a r e d  s p e c t r a  

i n t e n s i t i e s ;  however i t  is  imposs ib l e  t o  r e c e i v e  u s i n g  

p e r t u r b a t i o n  theo ry  many e s s e n t i a l  d e t a i l s  conce rn ing  

f requency  dependence ( f o r  example i t  i s  i m p o s s i b l e  t o  
4 i n v e s t i g a t e  t h e  p re sence  o f  t h e  bound two-phonon s t a t e s  ) .  

I n  the  p r e s e n t  p a p e r  we  use  t h e  more p r e c i s e  Green func-  

t i o n s  method. 

The subsequen t  t e x t  c o n t a i n s :  ( a )  c a l c u l a t i o n  o f  t h e  

c r o s s  d i e l e c t r i c  p e r m i t t i v i t y  under  t empera tu re  Fermi-  

resonance  c o n d i t i o n s  ( S e c t i o n  2 ) ;  (b )  a n a l y s i s  o f  t h e  

e q u a t i o n  f o r  t h e  c r y s t a l  v i b r a t i o n a l  spec t rum under  the  

same c o n d i t i o n s  ( S e c t i o n  3) ;  ( c )  some n o t e s  on t h e  s o f t  
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558 LALOV 

mode i n t e r a c t i o n  w i t h  two-phonon comtinuum i n  f e r r o e l e c -  

t r i c s  (Sec t ion  4 ) .  

2 .  CROSS DIELECTRIC PERMITTIVITY AT TEMPERATURE FERMI- 

RESONANCE 

In the t h e o r e t i c a l  s t u d y  of the temperature Fermi- 

resonance we s h a l l  use the fol lowing model Hamil tonian:  

fi = Zhw,(%)b:b+ + ~ h w , ( ~ ) c + c  + Zliw3(%)a+a + 
% k k  k t t  c t k  

1 ( c  + C+ ) + - Z r (K) (a  +a+  ) ( b  +b* ) 
2 4 ,  -it+%, d , %  t -k t -% 

+ + where (bk,bL),  ( c k , c k )  and ( a  , a  ) a r e  the corresponding 

Bose opexators  f o r  the i n t e r a c t i n g  phonons, N i s  the 

number of  u n i t  c e l l s  i n  the c r y s t a l ;  T(K) and A a r e  an- 

harmonic c o n s t a n t s  t h a t  expres s  3d and 4 t h  power terms 

i n  the  nuc lea r  p o t e n t i a l  energy expansion i n  a s e r i e s  i n  

normal c o o r d i n a t e s .  A s i m i l a r  Hamiltonian c h a r a c t e r i z e s  

the s i t u a t i o n  when the  anharmonicity i s  above a l l  o f  

i n t r amolecu la r  o r i g i n  while  t he  anharmonic terms genera- 

t e d  by in t e rmolecu la r  i n t e r a c t i o n  (see") a r e  n e g l i g i b l e .  

Hamiltonian (1) i s  a g e n e r a l i z a t i o n  o f  t he  Hamiltonian 

used i n 6  as  we l l  as The l a s t  term i n  (1) ex- 

k k  
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FERMI RESONANCE 559 

p r e s s e s  the  p o s s i b i l i t y  f o r  Fermi-resonance; i t  i s  n o t  

van i sh ing  on ly  when the symmetry o f  t he  v i b r a t i o n  6, 

c o i n c i d e s  wi th  the symmetry o f  t he  compound tone E b x c C ,  

s i ,  i = a , b , c ,  normal c o o r d i n a t e s ,  corresponding t o  o p t i -  

cal phonon. 
-+ 

The c r o s s  d i e l e c t r i c  p e r m i t t i v i t y  E(w,K) w i l l  be c a l -  

c u l a t e d  i n  a d i p o l e  approximation 12-14. For t h i s  purpose 

we s h a l l  f i n d  the mean value < P ( t ) >  f o r  the e l e c t r i c  d i -  

p o l e  moment (pe r  u n i t  c e l l  o f  volume v ) ,  induced by an 

e l ec t romagne t i c  wave wi th  e l e c t r i c  f i e l d  i n t e n s i t y :  

For the  c r a s s  d i e l e c t r i c  p e r m i t t i v i t y ,  we o b t a i n  the 
13,14 exp r e  s s i o n  

n h E (w,f)  * ~ ~ ( 6 ~ ~  + fi i 4 ~ P i ( ~ ~ y J j ( ~ y O ~ l ~ w )  ( 3 )  

F/m,  tiij i s  the Kronecker sym- 

i j  E o W V  

1 2  where E~ = 8 .85  x 10-  

b o l ,  P i s  the  e l e c t r i c  d i p o l e  moment o p e r a t o r  f o r  one 

u n i t  c e l l  i n  t he  c r y s t a l :  

A 

A A 

P = Z e r  
P ? J V  

The summation i n  (4) runs ove r  a l l  charges  e i n  t h e  

u n i t  c e l l  and 3 
o p e r a t o r  J,K) i n  a d i p o l e  approximation has the f o l l o -  

wing form 

?J 

i s  t h e  charge coord ina te  o p e r a t o r .  The 
lJ 

A 

13,14. 
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560 LALOV 

LI 

The q u a n t i t i e s  m and J a r e  mass and momentum ope- 8 B 
r a t o r  and rho' i s  the  e q u i l i b r i u m  p o s i t i o n  of charge B ;  

t he  summation i n  (5)  extends ove r  a l l  charges  i n  the  

c r y s t a l .  The q u a n t i t y  4 .  ..*w i n  (3 )  r e p r e s e n t s  a Fou- 

rier-component by time f o r  the fol lowing r e t a r d i n g  

Green f u n c t i o n  

* [ ; i ~ r )  , 5 j ( i t , ~ ) ~ *  = - i e ( r ) 4 [ F i ( = )  , j j    it,^)]^ (6) 

I n  the  second q u a n t i z a t i o n  r e p r e s e n t a t i o n ,  t he  opera- 

t o r s  ; and ;(K) have been c a l c u l a t e d  in13314 f o r  a fun- 

damental tone o f  t he  v i b r a t i o n  w3 and i n  6’15 f o r  the 

compound tones w2*w1. Under Fermi resonance the opera- 

t o r s  P and J ( K )  r e p r e s e n t  sums o f  t he  corresponding ope- 

r a t o r s  f o r  t he  fundamental and compound tones :  

n 

G3 + i f 2  + P̂  = X[-(a++a +! + z(b++b +I (c+ ++c+ + ) I  
K d R  K -K $ k -k K-k k-K 

+ +  + + w2(K-k) (b+++b+) ( C  + +-C+ + ) I  
-k k -K+k K-k 

( 7 )  

I n  ( 7 )  and ( 8 )  the p o s s i b l e  dependence o f  t he  v e c t o r s  

62,s3 on the  wave v e c t o r s  (K,k) has been neg lec t ed  a s  

weak . Due t o  the equal  symmetry of  the fundamental tone 

and the compound tone ,  t he  ma t r ix  e lements  o f  t h e  e l e c -  

t r i c  d i p o l e  moment p2 ,p3  a r e  c o l i n e a r  ( i f  the correspon-  

6 

+ +  
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FERMI RESONANCE 561 

d ing  nondegenerate r e p r e s e n t a t i o n  6 al lows on ly  one d i -  

r e c t i o n  o f  t he  non-zero p o l a r  v e c t o r )  : 
3 

The q u a n t i t y  X i s  u s u a l l y  lower and even cons ide rab ly  

lower,  than u n i t y  and i t  expres ses  the e l e c t r o - o p t i c a l  

anharmonici t y  . 
To c a l c u l a t e  E we need the fo l lowing  F o u r i e r  compo- 

nen t s  o f  r e t a r d i n g  Green f u n c t i o n s ,  s e e  formulae (6 )  t o  

(8) : 

and t h e  corresponding f u n c t i o n s  g3 and g4 i n  which the  

f i r s t  o p e r a t o r s  (T) i n  t h e  c o r r e l a t o r s  a r e  t h e  same as 

i n  g l  and g2 b u t  t h e  second o p e r a t o r  T = 0 has  been 

s u b s t i t u t e d  by t h e  second addend i n  ( 8 ) .  The Green 

f u n c t i o n s  a r e  c a l c u l a t e d  by a s t anda rd  procedure wi th  

time d i f f e r e n t i a t i o n  and subsequent decoupl ing o f  t h e  

c h a i n  of  equa t ions  f o r  t he  Green f u n c t i o n s 6 .  The nex t  

c o r r e l a t i o n s  a r e  used: 

+ 
<(bk,+b-k ) (bk  +b+ )* * 6 k  , 4 2  {nb(k,)+_[ nb(k2)+11 1 (11) 

where nbyc (k )  = Iexp[hul  2 (k ) / (kT) I  - 11-1 a r e  t h e  

Planck occupat ion numbers o f  t h e  phonon modes. A f t e r  

1 2 4 2  
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562 LALOV 

decoupling of  t h e  c h a i n ,  t he  s e t  o f  equa t ions  f a r  the 

Four i e r  components o f  f u n c t i o n s  (10) i s  solved e x a c t l y  

producing 

4 r ( K )  w3 (K)Ail ( w ,  K )  . 1 1  + 
2 W  

81 (w,K) = 
w2-w; (K) w2-w: (K) 

where 

b [ w2(K-k)twl ( k ) l [  l + n  (k)+nC(K-k)] 
T1 (@,K) = 1 Z 

N k  w2-[ w 2  (K-k) +wl  (k)]  

b w2(K+k)-wl (k l l  . f -n  (k)-nc(K+k)l 
TZ(wyK) = E 

w2-[ w2 (K+k) - w ,  (k) 1 

Using formulae ( 3 ) ,  ( 7 ) ,  (8), (12), (13) we o b t a i n  

the fol lowing expres s ion  f o r  t he  t enso r  E (w,K) 
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When eqn (9 )  ho lds ,  formula (17) 

563 

(1 7) 

i s  s i m p l i f i e d :  

i 

The c o n s t a n t  r ( K )  i s  p a r t i c u l a r l y  important  f o r  t he  

m a n i f e s t a t i o n  of Fermi-resonance: i f  r (K) = 0 ,  the  

d i e l e c t r i c  p e r m i t t i v i t y  has  resonances i n  s e p a r a t e ,  inde-  

pendent r eg ions  w - w3(K) and w = u 2 ( k Z )  2 w l ( k l ) .  I f  

r ( K )  # 0 the resonances i n  the  compound tone r e g i o n  a r e  

ampl i f i ed  (see l a s t  f a c t o r  i n  ( 1 8 ) ) .  The f a c t o r  

[ x + 2rw3/(w2-w~)J 

t he  phenomenon Fano an t i r e sonance16 :  i n t e r a c t i o n  o f  a 

d i s c r e t e  l e v e l  w3(K) with continuum w2(k2) 2 w1 ( k l ) .  

This f a c t o r  may vanish i f  t he  two addends a r e  equa l  i n  

absoLute va lues  b u t  w i t h  oppos i t e  s i g n s  ( d e s t r u c t i v e  

i n t e r f e r e n c e  between one- and tuephonon c o n t r i b u t i o n  t o  

d i e l e c t r i c  p e r m i t t i v i t y ) .  

exp res ses  i n  the c a s e  cons ide red  

Since the imaginary p a r t  of  t he  q u a n t i t y  E determi- 

nes the frequency dependence o f  t he  a b s o r p t i o n  c o e f f i -  

c i e n t ,  t h e  Fermi-resonance i n t e n s i t y  r e d i s t r i b u t i o n  i s  

manifested a l s o  i n  the  abso rp t ion  s p e c t r a  Unlike 

the  case  T = 0 ,  s t u d i e d  i n ” ,  i n  ou r  c a s e  Fermi r e so -  
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564 LALOV 

nance w i l l  appear a l s o  i n  the d i f f e r e n c e  frequency r e -  

gion w = w2 - w1 (T2 + 0 a t  T # 0 ) .  

3. VIBRATIONAL SPECTRUM AT TEMPERATURE FERMI RESONANCE 

The v i b r a t i o n a l  spectrum i s  de f ined  be the Green 

f u n c t i o n  p o l e s ,  i . e .  by the  equa t ion  Ao(w,K) 

mi l a r  spectrum has  been analysed i n 3 j 6  and we s h a l l  

point  o u t  on ly  some p e c u l i a r i t i e s .  

0 .  A s i c  

The e g f e c t i v e  i n t e r a c t i o n  between b- and c-phonons 

i s  expressed by the  anharmonicity f a c t o r  

While u s u a l l y  A < 0 ,  t he  second addent changes i t s  

s i g n  depending on the frequency w and the fol lowing 

c a s e s  a r e  p o s s i b l e :  Af(w,K) < 0 ( a t t r a c t i o n  between b- 

and c-phonons) and Af(w,K) > 0 ( r e p u l s i o n ) .  The two 

continuums w1 (kl)+w2(k2) and w2(k2) -w1  6,) form quas i -  

cont inuous bands c a l l e d  many-particle bands (MP bands) , 

The d i s c r e t e  l e v e l s  may s p l i t  and they correspond t o  

o n e - p a r t i c l e  bound s ta tes  - biphonons.  These l e v e l s  may 

e x i s t  above the corresponding MP band ( a t  Af(w,K) > 0 )  

and below i t  ( a t  A f  < 0 ) .  

.+ -+ -b 

The v i b r a t i o n a l  spectrum may be more s u i t a b l y  analy-  

s e d  by r e w r i t i n g  equa r ion  Ao(w,K) = 0 i n t o  the  f o l l o -  

wing form ( a t  w FQ w3(K)). 
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Both s i d e  o f  eqn (20) may be temperature dependent: 
b the  l e f t  s i d e  v i a  t h e  occupat ion numbers n , nc and the 

r i g h t  hand s i d e  - w i t h  temperature v a r i a t i o n s  of 03. I n  

t h i s  S e c t i o n  w e  suppose t h a t  the frequency w3(K) i s  l o -  

c a t e d  near  a given many-particle band, o r  w ,  (k l )+w2(k2)  

o r  (k 1 - w  (k ) and v a r i e s  weakly w i t h  t empera tu re .  I n  

t h i s  ca se  the  temperature dependence f o r  the spectrum i s  

c o r r e l a t e d  w i t h  the f u n c t i o n  F(w,T) and on ly  one o f  t he  

q u a n t i t i e s  T1 o r  T 2  i s  r e sonan t .  Thus, i f  w = w3(K) - - w (k ) - w l ( k l ) ,  r e sonan t  would be the sum T 2 ,  and T1  

would be almost  w-independent. The temperature Fermi- 

resonance cons ide red  he re  i s  s t r o n g l y  expressed namely 

i n  the wg(K) frequency r e g i o n .  The v i b r a t i o n a l  spectrum 

i n  the second r eg ion  ( f o r  example w 1  = w,(kl)+w (k ) )  

l o c a t e d  f a r  from w3(K) would be p r a c t i c a l l y  u n a f f e c t e d  

by the Fe rmi  resonance and would experience on ly  t h e  

anharmonic i n t e r a c t i o n  v i a  the c o n s t a n t  A .  

2 2  1 1  

2 2  

2 2  

Equation ( 2 0 )  has d i f f e r e n t  s o l u t i o n s  depending on 
17 ,18 ,  t he  va lues  o f  t h i s  c o n s t a n t  A 

(1) f o r  weak anharmonivity A = 0 the  denominator on 

the  l e f t  s i d e  o f  ( 2 0 )  i s  n o t  van i sh ing  f o r  any w value 

(Fig.  1 ) .  I t  would be no ted  t h a t  o u t s i d e  the  r eg ions  

w2(k2)'wl(kl) t h e  sums TI and T 2  i n c r e a s e  i n  a b s o l u t e  

value w i t h  the  temperature due t o  the i n c r e a s i n g  occupa- 
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w 

F I G .  1. Graphic s o l u t i o n  of t he  equa t ion  ( 2 0 ) ,  small  
anharmonicity case (A 0 ) .  The curve F(w,T) i s  
the p l o t  f o r  l e f t  s i d e  o f  ( 2 0 ) ,  t he  l i n e  
throught  w ( K )  p o i n t  i s  r i g h t  s i d e  p l o t ;  MP - 
many - p a d i c l e  band; w 1 ,  - one - p a r t i c l e  
l e v e l s  below and above thew8and M P ;  
bound l e v e l .  w9b - quasi- 

t i o n  numbers i n  the  numerators.  The o n e - p a r t i c l e  l e v e l  

a1 (T) i s  removed away from the  MP band w i t h  i n c r e a s i n g  

temperature;  however a second o n e - p a r t i c l e  l e v e l  D2 (T) 

may appear above t h i s  band. The s o l u t i o n s  D o f  ( 2 0 )  

l y i n g  i n s i d e  the MP band correspond t o  quasi-bound, de- 

caying s t a t e s .  

qb 

( 2 )  f o r  l a r g e  anharmonici ty  A t h e r e  appears  a po le  

o l (T)  of t he  f u n c t i o n  F(w,T), s e e  Fig.  2. This p o l e  i s  

temperature-dependent6 i t s  s e p a r a t i o n  from the  M p  band 
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I 

‘ i  

I 
I 
I 
I 
I 
I 
I 
I 
I 

FIG.  2 .  Graphic s o l u t i o n  o f  (20), s t r o n g  anharmonicity 
case ;  w l ( T )  - the  po le  of  F ( w , T ) ,  f o r  t he  o t h e r  
symbols s e e  f i g .  1. Two o n e - p a r t i c l e  l e v e l s  - 
wa, w,., - appear  below M P .  

i n c r e a s i n g  w i t h  temperature .  For l a r g e  va lues  o f  t h e  Fer- 

m i  resonance c o n s t a n t  r(K) a Fermi doub le t  o f  one-par- 

t i c l e  l e v e l s  appea r s ,  one l e v e l  be ing  below and ano the r  

above the  MP band, moving away from t h i s  band wi th  i n -  

c r e a s i n g  T.  I f  however the Fermi resonance i s  more 

weakly expres sed  ( i n t e r m e d i a t e  va lues  o f  t he  c o n s t a n t  

r (K),  Fig.  2 ) ,  t he  two o n e - p a r t i c l e  l e v e l s  Sla and i?,, 

may l i e  below t h e  M P  band. 

The a c t u a l  p i c t u r e  f o r  t h e  spectrum may d i f f e r  i n  de- 

t a i l s  from the  p i c t u r e  dep ic t ed  h e r e .  Thus t h e  v i b r a t i o -  
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n a l  spectrum would change i f  the l e v e l  w3(K) l i e s  above 

the MP band ( f o r  d i f f e r e n t  c a s e s ,  s e e  ” 7). . A t  Fermi 

resonance i n  the sum reg ion ,  w 3  = w,+w2 such a p i c t u r e  

c h a r a c t e r i z e s  the  two-phonon r eg ion  even a t  T = 0 .  Fermi 

resonance i n  the d i f f e r e n c e  r eg ion  w3 * w2-w, would n o t  

appear  a t  

spectrum i s  i n t e n s i f i e d  w i t h  i n c r e a s i n g  temperature:  t h e  

MP band appears  and c o n s e c u t i v e l y  a l s o  the  o n e - p a r t i c l e  

s t a t e s  from F i g .  1. A t  even h ighe r  temperatures  and con- 

s i d e r a b l e  anharmonicity A ,  t he  p i c t u r e  i n  F ig .  2 may be 

observed i n  the d i f f e r e n c e  spectrum. 

T = 0 .  The sum T2  i n c r e a s e s  and the d i f f e r e n c e  

4. SOFT MODE AND FERMI RESONANCE 

A s  known when the  temperature approaches the f e r r o -  

e l e c t r i c  phase t r a n s i t i o n  temperature ,  T -+ TC,  T < TC,  

the s o f t  mode frequency decreases  and tends t o  ze ro .  

I t  f a l l s  w i t h i n  the  frequency r e g i o n  lower than the 

fundamental o p t i c a l  v i b r a t i o n s  where the d i f f e r e n c e s  

from t h e i r  f r equenc ie s  a r e  however found. I f  some of  

the v i b r a t i o n s  a r e  temperature e x c i t e d ,  t he  cons ide red  

temperature Fermi resonance gene ra t e s  p e c u l i a r i t i e s  f o r  

the i n f r a r e d  and Raman s p e c t r a .  I t  shou ld  born i n  mind 

t h a t  the s o f t  mode i s  d i p o l e  a c t i v e  and for t h i s  reason 

our  c a l c u l a t i o n  o f  E i s  i n  t h i s  case a c t u a l .  1 

The a n a l y s i s  o f  the v i b r a t i o n a l  spectrum i s  once 

aga in  based on eqn ( 2 0 ) ;  we have t o  suppose t h a t  the 
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" 4  

FIG.  3. Fermi-doublet i n  the  d i f f e r e n c e  frequiency re- 
gion n e a r  f e r r o e l e c t r i c  phase t r a n s i t i o n ,  Tc - 
t r a n s i t i o n  temperature .  Dashed curve - s o f t  mode 
behaviour wi thou t  Fermi-resonance. 

frequency u3(K,T) dec reases  wi th  i n c r e a s i n g  temperature ,  

i . e .  i t  approaches from above the MP bands o f  F ig .  1 - 2 ,  

pa s ses  these  bands and moves away i n t o  the low-frequen- 

cy r e g i o n .  The passage o f  t he  s o f t  mode through the sum 

and d i f f e r e n c e  MP continuums causes  s p l i t t i n g  (F ig .  3 ) ,  

Fermi doub le t s  and e v e n t u a l l y  Fermi t r i p l e t s  appea r ing  

(two o n e - p a r t i c l e  l a v e l s  and one MP band) .  S i m i l a r  

s p e c t r a  have been observed many times ( f i r s t  i n  q u a r t z  

and ALP04). The approach o f  the  s o f t  mode t o  the  MP 

band enhances t h e  corresponding s p e c t r a l  l i n e  i n t e n s i t y  

( i n  formula (18) [ A  + 2rw3/(w -0~11 

i n  the f a c t o r  may cons ide rab ly  exceed A i f  w = u3(K,T), 

8 

2 2 2  t he  second addend 
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A t  Fermi resonance among the s o f t  mode and s e v e r a l  

continuums i n  the  low-frequency r eg ion ,  t he  spectrum 

acqu i re s  even a quasi-cont inuous n a t u r e  a s  if no sepa- 

r a t e  l i n e s  are e x c i t e d  b u t  whole frequency regions 
(LiNB03, PB5Ge305, s e e  5 ) .  

5 ,  CONCLUSION 

I n  t h i s  work, the i n t e r a c t i o n  between fundamental 

v i b r a t i o n s  and compound v i b r a t i o n  e q u a l l i n g  the  sum o r  

d i f f e r e n c e  o f  the frequencies  f o r  two d i f f e r e n t  v ib ra -  

t i o n s ,  have been s t u d i e d .  The temperature e x c i t a t i o n  

of  some phonon modes a m p l i f i e s  the i n t e r a c t i o n  between 

the q u a s i - p a r t i c l e s  i n  the c r y s t a l  and provides  q u a l i -  

t a t i v e l y  new p o s s i b i l i t i e s :  a fundamental tone i n t e r a c t -  

i n g  wi th  a d i f f e r e n c e  tone and anharmonic renormaliza- 

t i o n  o f  the d i f f e r e n c e  spectrum. Our r e s u l t s  about the 

r enorma l i za t ion  o f  the v i b r a t i o n a l  spectrum and i n t e n -  

s i t y  r e d i s t r i b u t i o n  a t  temperature Fermi resonance a r e  

q u a l i t a t i v e l y  confirmed5 by experiments on the s o f t  mode 

temperature behaviour .  These experiments r a i s e  the prob- 

lem o f  a n a l y t i c a l  and numerical  computation o f  two-pho- 

non s p e c t r a  i n  conc re t e  m a t e r i a l s ,  s e e  , 19 

Na tu ra l ly ,  the temperature e x c i t a t i o n  o f  some phonon 

modes a m p l i f i e s  t h e i r  e f f e c t  on the  phonon l i n e  wid th .  

Some experimental  data2'  raise important  problems about  

the simultaneous in f luence  o f  anharmonicity and tempe- 
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r a t u r e  on t h e  shape and w i d t h  o f  s p e c t r a l  l i n e s  i n  two- 

p h o n o n s p e c t r a ,  w h i c h w i l l b e t r e a t e d i n a  subsequen t  p u b l i -  

c a t i o n .  
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