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Zero-f ie ld  level cross ing resonances have been observed on the ground state of 87Rb. The width, a few 
microgauss0 and the signal to noise ratio, about 2.5× 103, allow the measurement  of 10 -9 gauss fields. 

Z e r o  f i e ld  l e v e l  c r o s s i n g  r e s o n a n c e s  in e x c i t e d  
s t a t e s  of a t o m s  a r e  w e l l  known (Hanle [1] ef fec t ) .  
T h e  s a m e  e f fec t  m a y  be  o b s e r v e d  on the  
g round  s t a t e  of o p t i c a l l y  p u m p e d  a t o m s  [2J: 
i f  a s t a t i c  f i e l d  H0, p e r p e n d i c u l a r  to the p u m p -  
ing  b e a m  F,  i s  s c a n n e d  a r o u n d  z e r o ,  r e s o n a n t  
v a r i a t i o n s  a r e  o b s e r v e d  on the  a b s o r b e d  o r  r e -  
e m i t t e d  l ight .  The  width  of the r e s o n a n c e s ,  
AH0 = 2 /~7 ,  i s  i n v e r s e l y  p r o p o r t i o n a l  to the r e -  
l a x a t i o n  t i m e ,  T, and the g y r o m a g n e t i c  r a t i o ,  V, 
of the g round  s ta te .  T h e s e  r e s o n a n c e s  have  f i r s t  
b e e n  o b s e r v e d  on the  g round  s t a t e  of the  odd i s o -  
t o p e s  of C d a n d H g  [2], f o r  which  7 ~ 1 s e c ,  

~ 2 x 103 r a d / s ,  g a u s s  ( n u c l e a r  p a r a m a g n e t i s m  
in the g round  s t a t e ) ;  in th is  c a s e  A H  0 ~ 10 -3  
g a u s s .  F o r  a lka l i  a t o m s ,  the  p a r a m a g n e t i s m  is  of 
e l e c t r o n i c  o r i g i n :  V i s  about  103 t i m e s  l a r g e r ;  
one can  ob ta in  1- ~ 1 s e c  wi th  d e u t e r a t e d  p a r a f f i n  
c o a t e d  c e l l s  [3], so  that  v e r y  n a r r o w  r e s o n a n c e s  
wi th  AH 0 ~ 10-6 g a u s s  a r e  e x p e c t e d  [4]. 

In o r d e r  to e l i m i n a t e  the  m a g n e t i c  n o i s e  p r e s -  
ent  in the  l a b o r a t o r y ,  and the  i n h o m o g e n e i t i e s  
wh ich  b r o a d e n  c o n s i d e r a b l y  the  r e s o n a n c e s  [5], 
we have  put  the  c e l l  i n s i d e  a m a g n e t i c  sh i e ld  
m a d e  of 4 c o n c e n t r i c  c y l i n d e r s  of m u - m e t a l  (1 m 
long,  2 m m  thick) .  The  sh i e ld ing  e f f i c i e n c y  i s  

about  104-105 . We u s e  p a r a f f i n  coa t ed  c e l l s ,  
wi thout  bu f f e r  gas ,  so tha t  t h e r e  i s  a m o t i o n a l  
a v e r a g i n g  of the  r e s i d u a l  m a g n e t i c  f i e ld  i n h o m o -  
g e n e i t i e s .  We h a v e  e f f e c t i v e l y  o b s e r v e d  in th i s  
way Han le  r e s o n a n c e s :  width:  1.4 gG;  s igna l  to 
n o i s e :  20. 

In o r d e r  to d e t e c t  v e r y  w e a k  m a g n e t i c  f i e l d s  
we have  a l s o  i n c r e a s e d  the s igna l  to n o i s e  by u s -  
ing  a new type of d e t e c t i o n  of the  r e s o n a n c e s .  We 
apply  an r . f .  f i e ld  H 1 cos  w t p a r a l l e l  to H0;  
~o/27r ~ 400 Hz i s  l a r g e  c o m p a r e d  to the wid th  of 
the r e s o n a n c e s .  When H 0 i s  s canned  a round  0, 
t h e o r y  shows  tha t  m o d u l a t i o n s  a p p e a r  on the ab -  
s o r b e d  pumping  l ight ,  at  the v a r i o u s  h a r m o n i c s  
pco of ¢o [6]. T h e s e  m o d u l a t i o n s  u n d e r g o  a r e s o n a n t  
v a r i a t i o n  a round  z e r o  v a l u e s  of HO, with  a d i s p e r -  
s ion  shape  fo r  p odd and an a b s o r p t i o n  shape  fo r  

I minute 

Fig. 1. Response of the signal to a square pulse of 
magnetic field of 2.1 x 10-9 gauss amplitude (time con- 

stant 3 s). 

Fig. 2. Response of the signal to re~petitive square 
pulses of magnetic field of 3 x 10-1"gauss  amplitude 

(time constant 0.1 s; 3000 runs). 
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p e v e n  a n d  t he  s a m e  w i d t h  a s  t he  H a n l e  c u r v e  
( s t r i c t l y  i n d e p e n d e n t  of t h e  r . f .  p o w e r ) .  We  m a k e  
a s e l e c t i v e  a m p l i f i c a t i o n  of t he  m o d u l a t i o n  co 
(p = 1) and  a p h a s e  s e n s i t i v e  d e t e c t i o n  w i t h  a t i -  
m e  c o n s t a n t  of 3 s e c .  By  t h i s  way ,  we  h a v e  got ,  
f o r  o p t i m a l  p u m p i n g  b e a m  i n t e n s i t y ,  a s i g n a l  to 
n o i s e  r a t i o  of 2.5 × 103 w i t h  a w i d t h  of 5 ~G.  

F o r  d e t e c t i o n  of v e r y  w e a k  m a g n e t i c  f i e l d s ,  we 
f ix  H 0 a t  the  z e r o  v a l u e ,  c o r r e s p o n d i n g  to t he  
m a x i m u m  s l o p e  of the  d i s p e r s i o n  s h a p e d  r e s o -  
n a n c e  . We  c a n  t e s t  t he  s e n s i t i v i t y  of t he  a p p a -  
r a t u s  by  s e n d i n g  on  s w e e p i n g  c o i l s  s q u a r e  p u l s e s  
of c u r r e n t  c o r r e s p o n d i n g  to a g i v e n  v a r i a t i o n ,  
5/ /0,  of H o. F ig .  1 s h o w s  t he  s i g n a l  o b t a i n e d  
f o r  5H o = 2.1 × 10 -9  g a u s s .  T h i s  s e n s i t i v i t y  c a n  
b e  s t i l l  i m p r o v e d  f o r  r e p e t i t i v e  s i g n a l s  by  u s i n g  
n o i s e  a v e r a g i n g  m u l t i c h a n n e l  t e c h n i q u e s .  F ig .  2 
s h o w s  3 × 10 - 1 0  g a u s s  a m p l i t u d e  p u l s e s .  

Such  a h i g h  s e n s i t i v i t y ,  t he  h i g h e s t  to  o u r  
k n o w l e d g e ,  s e e m s  p r o m i s i n g  f o r  s e v e r a l  a p p l i c a -  
t i o n s :  m e a s u r e m e n t  of t he  v e r y  w e a k  i n t e r s t e l -  
l a r  f i e l d s ,  b i o m a g n e t i s m  [7], m e a s u r e m e n t  of 

t h e  s t a t i c  m a g n e t i z a t i o n  of v e r y  d i l u t e  m a g n e t i c  
s a m p l e s , . . .  

T h e  a u t h o r s  a r e  g r a t e f u l  to  M. A. B o u c h i a t  
a n d  J.  B r o s s e l  f o r  t h e i r  c o n s t a n t  i n t e r e s t  d u r -  
ing  the  c o u r s e  of t h i s  w o r k .  

R e f e r e n c e s  
1. W. Hanle. Z .Phys .  30 (1924)93. 
2. J .C .  Lehmann and C. Cohen-Tannoudji ,  Comptes 

Rend.  258 (1964) 4463. 
3. M.A. Bouchiat and J. B ros se l ,  Phys.  Rev. 147 (1966) 

41. 
4. E .B.  Alexandrov, A.M. Bonch-Bruevich  and B. A. 

Khodovoi. Opt. Spectry. 23 (1967) 151. 
5. T.I to ,  K .Kondoand  T. Hashi ,  Jap. J. Appl. Phys.  7 

(1968) 565. 
6. N. Polonsky and C. Cohen-Tannoudji .  Comptes Rend. 

260 (1965) 5231. 
For  excited s ta tes  see: 
C. J. Favre  and E. Geneux, Phys.  Le t te r s  8 (1964) 190. 
E. B. Alexandrov et al. ,  Zh. Eksp. i Teor .  Fiz. 45 
(1963) 503. 

7. A.Kolin,  Phys ics  Today, November 1968, p.39.  

A N H A R M O N I C I T Y  A N D  G R ~ J N E I S E N  P A R A M E T E R  I N  G E R M A N I U M  

K. C. SHARMA *$ 
Theoretical Physics Institute, University of Alberta, Edmonton, Canada 

Received 18 December  1968 

Assuming  anharmonic  contr ibut ions  as composed of purely volume dependent and self  energ5 + par t s ,  the 
values of the Grt ineisen p a r a m e t e r  ~, for Ge, a re  shown, quali tat ively to be due to both of these  con t r i -  
butions.  

R e c e n t  i n t e r e s t  h a s  b e e n  r e v i v e d  in  s o l i d s  f o r  
w h i c h  t he  b e h a v i o u r  of G r i i n e i s e n  p a r a m e t e r ,  c u -  
s t o m a r i l y  d e s c r i b i n g  t he  a n h a r m o n i c  p r o p e r t i e s  
of s o l i d s ,  s h o w s  s o m e  d e v i a t i o n s  f r o m  the  m o -  
n o t o n i c  i n c r e a s e  in  g a m m a  w i t h  t e m p e r a t u r e .  T h e  
s o l i d s  i n c l u d e  m a i n l y  t h o s e  t h a t  c r y s t a l l i z e  in  
d i a m o n d  t y p e  s t r u c t u r e .  B l a c k m a n  [1] a t t r i b u t e d  
t he  a n o m a l y ,  v i z .  a m i n i m u m ,  to t he  low ly ing  
t r a n s v e r s e  m o d e s  in  t he  p h o n o n  s p e c t r u m .  A few 
c a l c u l a t i o n s  in  Ge show t h a t  t h i s  m i n i m u m  i s  
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v e r y  s e n s i t i v e  to  the  n a t u r e  of t he  d i s p e r s i o n  in  
t r a n s v e r s e  m o d e s .  E v e n  the  d e c r e a s e  of d i s p e r -  
s i o n  c o r r e s p o n d i n g  to a b o u t  10% c h a n g e  a t  the  
zone  b o u n d a r y  i s  e n o u g h  to s h i f t  t he  v a l u e  of g a m -  
m a  f r o m  the  n e g a t i v e  to t he  p o s i t i v e  r e g i o n .  Bu t  
a s h a l l o w  m i n i m u m  i s  u n a v o i d a b l e  i f  a t  a l l  t h e  e f -  
f e c t  of d i s p e r s i o n  w h i c h  m i g h t  be  a s  s i m p l e  a s  the  
one  o b t a i n e d  f r o m  the  B o r n  von  K a r m a n  t h e o r y  
f o r  the  m o n a t o m i c  l i n e a r  c h a i n ,  i s  c o n s i d e r e d  
( u n p u b l i s h e d ) .  

F u r t h e r m o r e ,  a n  i n v e s t i g a t i o n  of the  G r t i n e i -  
s e n  g a m m a  a l s o  i n v o l v e s  the  t e m p e r a t u r e  d e p e n -  
d e n c e  of t he  f r e q u e n c y  v j  c o r r e s p o n d i n g  to the  
f lh  m o d e s  i m p l i c i t l y .  T h i s  c o n t r i b u t i o n ,  f r o m  
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