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Zeeman s p e c t r o s c o p y on t h e m e t a s t a b l e E and 
3+ 

2A l e v e l s o f e x c i t e d Cr i o n s i n A 1 2 0 3 has 
been performed w i t h the 891-GHz r a d i a t i o n 
o f an HCN-laser. The a b s o r p t i o n by E •> 2A 
t r a n s i t i o n s , which l e a d s t o an i n c r e a s e o f 
the p o p u l a t i o n o f 2A l e v e l s , was d e t e c t e d 
o p t i c a l l y by the R 2 ~ f l u o r e s c e n c e r a d i a t i o n . 
Narrow a b s o r p t i o n l i n e s were found a t two 
magnetic f i e l d s and B 2 , f o r the E_ 2A + 

and the E_ + 2A_ t r a n s i t i o n s , r e s p e c t i v e l y . 
From our e x p e r i m e n t s we o b t a i n a g - f a c t o r 
o f 1.47 f o r the 2A l e v e l and an energy s p l i t ­
t i n g o f 29.25 cm~ 1 between the E and 2A 
l e v e l s a t z e r o magnetic f i e l d . We found t h e 
i n t e r e s t i n g r e s u l t t h a t t h e s i g n a l a t B 2 i n ­
c r e a s e s l i n e a r l y w i t h the c o n c e n t r a t i o n o f 

3+ 
e x c i t e d Cr i o n s w h i l e the s i g n a l a t B^ i n ­
c r e a s e s q u a d r a t i c a l l y . The r o l e o f a b o t t l e -

-1 
neck o f 29 cm phonons ge n e r a t e d by the f a r -
i n f r a r e d a b s o r p t i o n i s d i s c u s s e d . 



We r e p o r t t h e i n v e s t i g a t i o n o f e x c i t e d Cr 
magnetic i m p u r i t y i o n s i n A l 2 0 3 by means o f t h e 
891-GHz r a d i a t i o n o f an HCN-laser. Our method i s 
shown i n F i g . 1. A magnetic f i e l d i s a p p l i e d a l o n g 
t h e c - a x i s o f an o p t i c a l l y pumped ruby c r y s t a l 
immersed i n l i q u i d h e l i u m . The e x c i t e d m e t a s t a b l e 
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E( E) and 2A( E) s t a t e s w h i ch a r e s e p a r a t e d by an 
energy A ^ 29 cm ^ a r e s p l i t i n t o f o u r Zeeman 
l e v e l s E_, E + and 2A_, 2A +. The l a s e r r a d i a t i o n o f 
f r e q u e n c y v T = 891 GHz can be absorbed a t t h e mag-
n e t i c f i e l d by the E_ -> 2A + t r a n s i t i o n and a t 
the f i e l d B 2 by theEj*2A_ t r a n s i t i o n . The a b s o r p t i o n 
o f the f a r - i n f r a r e d r a d i a t i o n i s d e t e c t e d o p t i ­
c a l l y by o b s e r v i n g t h e R 2 ~ f l u o r e s c e n c e r a d i a t i o n 
t h a t i s due t o o p t i c a l t r a n s i t i o n s from t h e 2A-
levels t o t h e 4 A 0 ground s t a t e . The e x p e r i m e n t a l 

1 
arrangement i s d e s c r i b e d e l s e w h e r e . 

FIGURE 1 Energy l e v e l s 
3+ 

o f Cr i n A 1 2 0 3 (not t o 
— 2A+ s c a l e ) , A t two magnetic 
— E + f i e l d s B 1 and B 2 a b s o r p -

e" t i o n o f l a s e r r a d i a t i o n 
S2 l e a d s t o e m i s s i o n o f R 2-
. 4 a f l u o r e s c e n c e r a d i a t i o n and S 2* 



I n t h e f o l l o w i n g we r e p o r t s p e c t r o s c o p i c 
d a t a o b t a i n e d w i t h our method and f u r t h e r m o r e , 
t h e o b s e r v a t i o n o f a b o t t l e n e c k o f th e 29 cm ̂  
phonons t h a t a r e g e n e r a t e d by a b s o r p t i o n o f f a r -
i n f r a r e d r a d i a t i o n . 

FIGURE 2 
R 2 ~ f l u o r e s c e n c e 
i n ruby ( w i t h 
about 1 0 1 5 cm" 3 

e x c i t e d C r 3 + i o n s ) 
i r r a d i a t e d w i t h t h e 
891 G H z - r a d i a t i o n 
o f an HCN-laser 
(note change i n t h e 
magnetic f i e l d 
s c a l e ) . The e x p e r i ­
m e n t a l c u r v e s 
( s o l i d l i n e s ) a r e 
L o r e n t z i a n . 

E x p e r i m e n t a l r e s u l t s a r e shown i n F i g . 2. We 
found r e s o n a n t a b s o r p t i o n a t th e f i e l d s = 5.07 kG 
and B 2 = 20.46 kG. From t h e s e v a l u e s we can d e r i v e 
t h e g - v a l u e o f t h e 2 A - s t a t e 

and t h e energy s p l i t t i n g a t z e r o magnetic f i e l d 

A - h v L - \ p B B^g^B) + g M ( 2 A ) j . 

MAGNETIC FIELD B(kG) 



We o b t a i n g (2A) = 1.47 + 0.01 and A = 29.25 + 
-1 

0.01 cm . We have used gu(E) = 2.445 f o r t h e 
g - f a c t o r o f t h e E l e v e l 2 and v T = 890.760 GHz 

3 
f o r t h e HCN-laser f r e q u e n c y . Our e x p e r i m e n t a l 
r e s u l t s a r e i n good agreement w i t h v a l u e s ob-
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t a i n e d from f l u o r e s c e n c e e x p e r i m e n t s . ' 

I n a d d i t i o n t o t h e e x p e r i m e n t a l r e s u l t s t h e 
G a u s s i a n and L o r e n t z i a n l i n e s h a p e s a r e a l s o p l o t ­
t e d i n F i g . 2. F o r b o t h t r a n s i t i o n s , E_ 2A + a t 
t h e magnetic f i e l d B-| and E_ 2A__ a t t h e f i e l d 
B 2 / t h e l i n e s h a p e s a r e n e a r l y L o r e n t z i a n . There­
f o r e , we c o n c l u d e t h a t t h e b r o a d e n i n g o f b o t h 
l i n e s i s due t o t h e f i n i t e l i f e t i m e T^ o f t h e 
2A l e v e l s caused by spontaneous e m i s s i o n o f 
29 cm" 1 phonons. From t h e magnetic w i d t h o f t h e 
l i n e s we o b t a i n f o r b o t h t r a n s i t i o n s a s p e c t r a l 
w i d t h o f Av = 360 MHz and T 1 = 1/2irAv = 4.4x10" 1°s. 
T h i s v a l u e i s i n good agreement w i t h a t h e o r e t i -

6 —10 c a l e s t i m a t e o f T^ = 3x10 s. 

The two s i g n a l s shown i n F i g . 2 a r e o b t a i n e d 
* 3+ a t a f i x e d d e n s i t y N o f e x c i t e d Cr i o n s . We 

have v a r i e d N* by c h a n g i n g t h e i n t e n s i t y of t h e 
o p t i c a l pump l i g h t . We found t h a t t h e h a l f w i d t h s 
o f t h e s i g n a l s do not change a p p r e c i a b l y w i t h N* 
w h i l e t h e s i g n a l h e i g h t s S i n c r e a s e f o r b o t h s i g ­
n a l s as shown i n F i g . 3. We found t h e i n t e r e s t i n g 
r e s u l t t h a t t h e s i g n a l h e i g h t S-j a t (E_ -> 2A + 

t r a n s i t i o n ) i n c r e a s e s q u a d r a t i c a l l y w i t h N* w h i l e 
the s i g n a l h e i g h t S 2 i n c r e a s e s o n l y l i n e a r l y w i t h 
N*. 



FIGURE 3 
Maxima o f S^ and 
S 2- The s i g n a l 
maximum S^ i n c r e a ­
ses q u a d r a t i c a l l y , 
the s i g n a l maximum 
S 2 l i n e a r l y w i t h N*. 

10s 16* 16* 1016 

CONCENTRATION N* (cm3) 

The q u a d r a t i c dependence o f S^ on N* i n d i c a t e s 
a s t r o n g phonon b o t t l e n e c k e f f e c t which i s due t o 
re s o n a n t a b s o r p t i o n o f t h e 29 cm 1 phonons t h a t a r e 
g e n e r a t e d by the f a r - i n f r a r e d a b s o r p t i o n p r o c e s s 
(see F i g . 4 ) : A f t e r a f a r - i n f r a r e d quantum i s ab­
sorbed by t h e E_ -> 2A + t r a n s i t i o n t h e 2A+ s t a t e 
decays by a 2A + E + t r a n s i t i o n g e n e r a t i n g a phonon. 
T h i s phonon can be re - a b s o r b e d r e s o n a n t l y by th e 
E + 2 A + t r a n s i t i o n because a t th e magnetic f i e l d 

t h e E_ and E + l e v e l s a r e n e a r l y e q u a l l y popu­
l a t e d a t our c r y s t a l t e m p erature o f 2 K. The s p i n -
f l i p phonon t r a n s i t i o n 2A, E_ i s expe c t e d t o be 
much weaker t h a n t h e n o n - s p i n - f l i p t r a n s i t i o n . 
S i n c e t h e f a r - i n f r a r e d a b s o r p t i o n c o e f f i c i e n t f o r 
th e E__ 2A + t r a n s i t i o n i n c r e a s e s l i n e a r l y w i t h N* 
we c o n c l u d e from t h e q u a d r a t i c dependence S-(N*) 
t h a t ( f o r N* > 5x10 cm" ) t h e number b o f emis­
s i o n and r e - a b s o r p t i o n p r o c e s s e s o f a r e s o n a n t 
phonon i n c r e a s e s p r o p o r t i o n a l l y t o N*. 



FIGURE 4 
Resonant a b s o r p ­
t i o n and e m i s s i o n 
of phonons a t t h e 
magnetic f i e l d 

. The i n s e t 
shows t h e phonon 
t r a p p i n g a t the 
m a g netic f i e l d 
B 2. 

That the s i g n a l S 2 shows a d i f f e r e n t b e h a v i o u r 
than t h e s i g n a l ( F i g . 3) i s n o t u n d e r s t o o d : The 
r e s o n a n t phonons g e n e r a t e d i n t h i s case by 2A_ -> E_ 
t r a n s i t i o n s s h o u l d a l s o be r e s o n a n t l y r e - a b s o r b e d 
and a q u a d r a t i c dependence S 2(N*) would be expec­
t e d . An e x p l a n a t i o n f o r t h e o b s e r v e d l i n e a r depen­
dence S 2(N*) may be found i n t h e a b s o r p t i o n p r o c e s s : 
I t i s p o s s i b l e t h a t t h e S 2 s i g n a l i s n o t caused by 
E_ •> 2A__ a b s o r p t i o n , b u t , by an o t h e r a b s o r p t i o n 
p r o c e s s , f . i . a d e f e c t - i n d u c e d one-phonon ab s o r p -

3+ 
t i o n p r o c e s s due t o t h e Cr i m p u r i t y i o n s i n t h e 
c r y s t a l . I n t h i s case t h e a b s o r p t i o n c o e f f i c i e n t 
f o r t he f a r - i n f r a r e d r a d i a t i o n would be i n d e p e n ­
dent on N* and t h e f a c t o r b w o u l d , t h e r e f o r e , a g a i n 
i n c r e a s e l i n e a r l y w i t h N*. 

We l i k e t o p o i n t out t h a t t h e l i n e a r depen­
dence o f t h e f a c t o r b on t h e c o n c e n t r a t i o n N* 
can n o t be e x p l a i n e d by a b o t t l e n e c k model^ 



7*̂ 9 
used t o d e s c r i b e r e c e n t b o t t l e n e c k e x p e r i m e n t s 
because i n t h i s model b i s e x p e c t e d t o i n c r e a s e 

3/2 
p r o p o r t i o n a l l y t o (N*) ' , I n t h e model i t i s 
assumed t h a t t he phonons a r e t r a p p e d i n t h e 
c r y s t a l by r e s o n a n t s c a t t e r i n g p r o c e s s e s i n which 

~1 
t h e f r e q u e n c y o f t h e 29 cm phonons i s n o t 
changed. We t h i n k one has, however, t o r e g a r d 
f r e q u e n c y changes o f t h e s c a t t e r e d phonons i n 
th e r e s o n a n t l y c o u p l e d e l e c t r o n - p h o n o n system 
which l e a d s t o s p e c t r a l phonon d i f f u s i o n . I t has 

10 
been shown t h a t t h i s model d e s c r i b e s t h e 
phonon bottleneck o b s e r v e d i n ruby f o r concent 
t r a t i o n s N* > 10 cm « We suggest t h a t s p e c t r a l 
phonon d i f f u s i o n can a l s o e x p l a i n t h e l i n e a r 
i n c r e a s e o f t h e f a c t o r b found i n our experiment 

tr< 
3+ 

15 — 3 i g _ o f o r c o n c e n t r a t i o n s N* - 10 cm t o 10 cm 
e x c i t e d Cr~ 

F u r t h e r e x p e r i m e n t s t o g e n e r a t e monochro-
-1 

m a t i c 29 cm phonons and t o s t u d y t h e e l e c t r o n -
phonon i n t e r a c t i o n i n ruby a r e i n p r e p a r a t i o n . 

D i s c u s s i o n s w i t h T. Walker a r e acknowledged. 
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