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S t a n d a r d e q u a t i o n s for the k i n e t i c s of the c o n c e n t r a t i o n s of free and 
t r a p p e d c h a r g e s . h a v e b e e n u s e d to o b t a i n e x p l i c i t e x p r e s s i o n s for the 
r a d i o l u m i n e s c e n c e i n t e n s i t y and the c o n c e n t r a t i o n of i n d u c e d a b s o r p t i o n 
c e n t e r s in ruby w i t h a low c h r o m i u m c o n c e n t r a t i o n . It is a s s u m e d that 
such a r u b y c o r r e s p o n d s to a b a n d m o d e l c o n t a i n i n g one h o l e l e v e l and 
two e l e c t r o n l e v e l s . The c a l c u l a t i o n s are p e r f o r m e d for the a p p r o x i -
m a t i o n of a r b i t r a r y trap f i l l i n g . It is shown t h a t : 1) the i n c r e a s e in 
the r e c o m b i n a t i o n c r o s s s e c t i o n at the r a d i o l u m i n e s c e n c e c e n t e r s on r e -
d u c i n g the t e m p e r a t u r e r e d u c e s the i n t e n s i t y of the i n d u c e d a b s o r p t i o n 
and 2) the m o r e r a p i d r i s e in the p e r f o r m a n c e of the r e c o m b i n a t i o n c h a n -
n e l at the b l u e - e m i s s i o n c e n t e r s r e d u c e s the p r o p o r t i o n of r e c o m b i n a -
t i o n s that lead to e m i s s i o n of the R l i n e s . 

E x p e r i m e n t a l r e s u l t s and t h e o r e t i c a l c a l c u l a t i o n s h a v e b e e n p r e s e n t e d [1-4] 
on the R - l i n e r a d i o l u m i n e s c e n c e i n t e n s i t y of r u b y in r e l a t i o n to c h r o m i u m c o n c e n -
t r a t i o n and r a d i a t i o n t e m p e r a t u r e . In a p r e v i o u s p a p e r [4] we c o n s i d e r e d e l e c -
t r o n - h o l e p r o c e s s e s in r u b y c r y s t a l s by m e a n s of a t w o - l e v e l b a n d scheme that 
a l l o w e d u s to i n t e r p r e t the t e m p e r a t u r e d e p e n d e n c e of the r a d i o l u m i n e s c e n c e for 
s p e c i m e n s of h i g h c o n c e n t r a t i o n . It w a s a l s o p o i n t e d out t h a t the t w o - l e v e l 
m o d e l d o e s not e x p l a i n the r e d u c t i o n in the r a d i o l u m i n e s c e n c e in the R l i n e s on 
p r o l o n g e d l o w - t e m p e r a t u r e i r r a d i a t i o n . Here we u s e a t h r e e - l e v e l scheme w i t h 
t w o e l e c t r o n l e v e l s and one hole l e v e l in c o n s i d e r i n g t h e e l e c t r o n - h o l e p r o c e s s e s 
in r u b y . The a d d i t i o n a l e l e c t r o n l e v e l is c o n s i d e r e d as b e l o n g i n g to the b l u e -
e m i s s i o n c e n t e r s , and c h a r g e r e c o m b i n a t i o n at t h e s e c a n n o t be n e g l e c t e d for ruby: 
of low c o n c e n t r a t i o n [4]. We t h e r e f o r e s u p p o s e that the l e v e l s v and v ^ a r e re-
lated to the p r e s e n c e of c h r o m i u m In the s p e c i m e n , w h i l e l e v e l v^ is the b l u e -

e m i s s i o n c e n t e r l e v e l , i . e . , r e c o m b i n a t i o n of a free h o l e w i t h an e l e c t r o n l o c a l -
ized at the l e v e l g i v e s the b l u e r a d i o l u m i n e s c e n c e . T h i s m e c h a n i s m for the blue: 
e m i s s i o n f o l l o w s from data on the k i n e t i c s of r a d i o l u m i n e s c e n c e in r e l a t i o n to 
the r e d o x c o n d i t i o n s of h e a t t r e a t m e n t [5]. 

The p h y s i c a l p r i n c i p l e s of t h i s m o d e l h a v e b e e n d i s c u s s e d in d e t a i l in [4]; 
the m e a n i n g s of- all the p a r a m e t e r s c h a r a c t e r i z i n g the v ^ t r a p s are the same as 

t h o s e of the c o r r e s p o n d i n g p a r a m e t e r s of the v ^ t r a p s . As p r e v i o u s l y , we con-

sider some f e a t u r e s of the r a d i a t i o n c o l o r i n g in d i s c u s s i n g the r a d i o l u m i n e s c e n c e 

of r u b y . The s t r e n g t h of the induced a b s o r p t i o n for l o w - c o n c e n t r a t i o n r u b y at 

l i q u i d n i t r o g e n t e m p e r a t u r e T ^ is less t h a n t h a t at r o o m t e m p e r a t u r e T ^ . The 

i n t e n s i t y of the r a d i o l u m i n e s c e n c e in the R lines shows a d i s c o n t i n u i t y on cool— 
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ing d u e to the c h a n g e in the p r o b a b i l i t y of i n t r a c e n t e r r a d i a t i v e t r a n s i t i o n s , 
w h e r e u p o n the i n t e n s i t y s l o w l y falls d u r i n g i r r a d i a t i o n at T , w h i c h is d u e to 

r e d i s t r i b u t i o n of the t r a p p e d - c h a r g e c o n c e n t r a t i o n [ 3 ] . W e d r a w up a g e n e r a l 
s y s t e m of e q u a t i o n s for the k i n e t i c s of t h e free and l o c a l i z e d c h a r g e c o n c e n t r a -
t i o n in the t h r e e - l e v e l m o d e l for the s t a t i o n a r y c a s e : 

X (v — П) E — m — $nu~N~ -j- a (v — n) u+N+ = 0; ( 1 ) 

xi (vi — — P i ( v j — u~N~ = 0; ^ 

%>> (v2 — n2) E — щги — %n.2u+N+ -j- a2 (v2 — ru) u~~N~ = 0; 

x i ( v i — n i ) E ~b x 2 (v2 — Щ) E + x 0 v 0 E — соn— ( 3 ) 

p ! л j t i+N* — P2/Z2U+YV+ — or (v — n) u+N+ - 0; 

tl — n , -+- n. , . 

(4) 

(5) 

The f o l l o w i n g e x p r e s s i o n s apply for the r a d i o l u m i n e s c e n c e i n t e n s i t y in the 
R lines and in the b l u e b a n d : IR=q$nu-N- [4] and Ib=q2^2n2u+N+, w h e r e q 2 h a s the 

same m e a n i n g as the q of [4]. 

As p r e v i o u s l y , we put со = 0 [4] . F u r t h e r , we a s s u m e that xi = x 2 = 0 . In f a c t , 
the p r o c e s s e s r e l a t i n g to t h e s e c o e f f i c i e n t s d e n o t e e j e c t i o n of e l e c t r o n s from 
the v a l e n c y b a n d into the c o r r e s p o n d i n g l e v e l s . For e x a m p l e , if an e l e c t r o n 
f r o m the v a l e n c y b a n d is to r e a c h an e l e c t r o n l e v e l , the e x c i t i n g p a r t i c l e m u s t 
t r a n s f e r e n e r g y hv such that 

w h e r e £q is the w i d t h of the f o r b i d d e n b a n d and e^ is the d e p t h of the e l e c t r o n 

l e v e l r e c k o n e d f r o m the edge of the c o n d u c t i o n b a n d . If t h i s is n o t s o , the 
e l e c t r o n f a l l s e i t h e r into the c o n d u c t i o n b a n d or r e t u r n s to the v a l e n c y b a n d . 
T h i s m a k e s it c l e a r t h a t the c o n t r i b u t i o n from the t r a p s r e a c h e d by e l e c t r o n s 
from the v a l e n c y b a n d on e x p o s u r e to i o n i z i n g r a d i a t i o n is n e g l i g i b l e b y c o m p a r i s o n 
w i t h the c o n c e n t r a t i o n of t h e s e t r a p s and t h e c o n c e n t r a t i o n of t h e t r a p s t h a t 
i n t e r a c t w i t h f r e e c h a r g e s in o t h e r w a y s ( t r a p p i n g , r e c o m b i n a t i o n , and t h e r m a l 
r e l e a s e ) . 

It h a s b e e n s h o w n [4] t h a t Pia-'<1 in r u b y ; to a first a p p r o x i m a t i o n w e w i l l 
a s s u m e t h a t 3 - ^ = 0 . F o l l o w i n g [4], we put v = v ^ e v e r y w h e r e . On this b a s i s w e 

get from ( l ) - ( 5 ) t h e f o l l o w i n g e x p r e s s i o n s for the r a d i o l u m i n e s c e n c e i n t e n s i t y 
in the R lines and in t h e b l u e b a n d : 

IR = q«{v-n)E + q<,(v-n) ^ ^ ; ( 6 ) 

b - a(v — n) + p2n2 WJ 

M e a s u r e m e n t s for l o w - c o n c e n t r a t i o n r u b y show t h a t t h e r a d i o l u m i n e s c e n c e in-
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/ь, rel. units 
mo-

2500-

2000-

500-

Q 

R a d i o l u m i n e s c e n c e i n t e n s i t y in 
the b l u e b a n d as a f u n c t i o n 
of time a f t e r the s t a r t of 
i r r a d i a t i o n for l o w - c o n c e n t r a -
t i o n r u b y (the d a s h e d line 
c o r r e s p o n d s to the instant of 
r e d u c t i o n of t e m p e r a t u r e from 
T to T ). 

t e n s i t y in the R l i n e s [3] and in the b l u e b a n d (see the f i g u r e ) v a r i e s b y a b o u t a f a c t o r 
o f 3 a f t e r the d i s c o n t i n u i t y j b u t the c h a n g e s are in o p p o s i t e d i r e c t i o n s . It f o l l o w s 
from this and from (6) and (7) that o(v—n) and p2»2 a r e q u a n t i t i e s of the same or-: 
d e r . T h e r e f o r e , IRq~l is o f t h e s a m e o r d e r a s Ibq2~l a n d %0v0E s o t h e . n(v—n)E t e r m 
in (1) m a y be n e g l e c t e d , since i< 0v 0E^xvE [4]. 

We also a s s u m e that b l u e - e m i s s i o n l e v e l s a r e e f f i c i e n t r e c o m b i n a t i o n c e n t e r s , 
from w h i c h the t r a p p e d e l e c t r o n s e s c a p e m a i n l y by r e c o m b i n a t i o n w i t h h o l e s reach-r-
ing the l e v e l s f r o m the v a l e n c y b a n d , i . e . , <o2n2<g:$2n2U+N+. T h e n ( l ) - ( 5 ) s i m p l i f i e s : 

a (v _ n) u+N+ — ршГЛГ = 0; 

(vx — « j ) u~N~ — (Djrti = 0; 

<r2 (v2 — n2) U~N~ — $.2n2u+N+ = 0; 

*0v0£ — a (v — n) u+N+ — P2n2u+N+ = 0; 

( 8 ) 

(9) 

(10) 

(11) 

п = пл n2. (12) 

The c o n c e n t r a t i o n of i n d u c e d - a b s o r p t i o n c e n t e r s in an i r r a d i a t e d l o w - c o n c e n t 
t r a t i o n s p e c i m e n r e m a i n s v i r t u a l l y u n a l t e r e d d u r i n g s t o r a g e at T^ [3], so one c o n -
c l u d e s that COI,T<COI>F;, i . e . , (DI = COI,B, and t h i s is i n d e p e n d e n t of t e m p e r a t u r e . It is ; 
t h e r e f o r e n e c e s s a r y to a s s u m e t h a t some o t h e r p a r a m e t e r s a p p e a r i n g in (8-)-(12) 
m u s t b e t e m p e r a t u r e - d e p e n d e n t . It is found [6] t h a t t h e t r a p p i n g r e c o m b i n a t i o n 
c r o s s s e c t i o n s in c r y s t a l p h o s p h o r s w i t h low t r a p c o n c e n t r a t i o n s m a y b e of d i f -
f u s i o n t y p e , and t h e r e f o r e the t e m p e r a t u r e d e p e n d e n c e w i l l i t s e l f v a r y w i t h the 
state of c h a r g e of t h e s e t r a p s and the p r o p e r t i e s of the s u b s t a n c e . F o r e x a m p l e , 
the r e c o m b i n a t i o n c r o s s s e c t i o n m a y i n c r e a s e m o r e r a p i d l y t h a n the c a p t u r e cross 
s e c t i o n as the t e m p e r a t u r e is r e d u c e d , in w h i c h c a s e one e x p e c t s the d e g r e e of 
f i l l i n g t o i n c r e a s e w i t h the t e m p e r a t u r e . The f o l l o w i n g m a y b e said a b o u t t h e 
r a d i o l u m i n e s c e n c e i n t e n s i t y . 
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The law of c o n s e r v a t i o n of e n e r g y i n d i c a t e s that 

h 1 

я 
* + _ь = XoVoE, ( 1 3 ) 

w h i c h f o l l o w s a l s o f r o m (8) and (11). T h i s i m p l i e s that a n i n c r e a s e in i n t e n s i t y 
in one b a n d (after the s t e p ) s h o u l d lead to a r e d u c t i o n in the i n t e n s i t y in the 
o t h e r . The e x p e r i m e n t i n d i c a t e s that the i n c r e a s e in i n t e n s i t y a f t e r the step 
o c c u r s in the b l u e b a n d , w h i c h c a n b e e x p l a i n e d if w e a s s u m e t h a t the c r o s s sec-
t i o n З2 i n c r e a s e s far m o r e r a p i d l y t h a n d o e s 3 as the t e m p e r a t u r e is r e d u c e d , 

w h i c h a c c e n t u a t e s the r a d i o l u m i n e s c e n c e in the b l u e b a n d and w e a k e n s it in the 
R l i n e . 

This can be i l l u s t r a t e d m a t h e m a t i c a l l y from ( 8 ) - ( 1 2 ) . The s y s t e m as it 
stands is too d i f f i c u l t to e x a m i n e , so we first s i m p l i f y i t . T h e r m o l u m i n e s c e n c e 
data [4] imply t h a t p » o b a n d to a first a p p r o x i m a t i o n we can put thata rp-'—>0. T h e n 
we h a v e from (9) that ni—>0. P h y s i c a l l y , t h i s c o r r e s p o n d s to n e g l e c t i n g the e f f e c t s 
of the v ^ l e v e l s on the p r o c e s s e s o c c u r r i n g at the v and l e v e l s . We t h e n get 

the f o l l o w i n g simple s c h e m e : 

$nu~N~ — of (v — ri) u^N^ = 0; ( 1 4 ) 

$2n2u+N+ — cr2 (v, — n2) u~N~ = 0; ( 1 5 ) 

x 0 v 0 £ — a (v - n) u+N+ — ^n%u+N+ - 0; ( 1 б ) 

The s o l u t i o n is 

n = л». 

2vv2 
n = -

T h e n 

p = f(T) = p [v — v2 + ]/(v — v2)
2 + 4vv2n~'J. 

J m £ _ , J _ 2<72v2XOVQE 
R ~ 1+2VoJ -ЧГ ) ' b 2v, + f ( T ) 

(17) 

• + v2 + ] / ( v - v2)* + 4vv2pp2a- Io^-1 ^ 1 8 ^ 

The r a d i o l u m i n e s c e n c e i n t e n s i t y is 

/« = F 7 V a E (19) 
1 + 2v2p2a -1 [ v — v2 + V (v — v2)2 + 4vv2pp2or \ 1J 

j _ 2?2у2р2х8у0£ (20) 

2v2p2 + < r [ v - - v 2 + — v2)2 + 4vv2pp2a _ 1o^1 ] 

We i n t r o d u c e the f o l l o w i n g s y m b o l s : 
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W e d i f f e r e n t i a t e a n d g e t t h a t f'(T)>0 i f 

p ; > 
2pavv2 

|i 4 ( T ) / (v — va)2 + 4vv2(i-1 (23) 

i . e . , if the d e r i v a t i v e is s u f f i c i e n t l y large by c o m p a r i s o n w i t h 

F o r m u l a s ( l 8 ) - ( 2 0 ) take a c l e a r e r form if we put v = v 9 ; t h e n 

V 

1 + l/ppaor-'ai"1 
(22) 

дщуйЕ j y2x0v0g 
/ — = — . _ ^ » ' (23) 

We c o n s i d e r h o w the t r a p p i n g and r e c o m b i n a t i o n c r o s s s e c t i o n s m a y v a r y withl 
t e m p e r a t u r e . T h i s p r o b l e m h a s n o t b e e n solved t h e o r e t i c a l l y for the g e n e r a l c a s e , 
w h i l e no p u b l i s h e d e v i d e n c e e x i s t s for these r e l a t i o n s h i p s of r u b y . H o w e v e r , g e n -
e r a l c o n s i d e r a t i o n s imply that the t r a p p i n g c r o s s s e c t i o n at a n e u t r a l l e v e l 
should be o n l y s l i g h t l y d e p e n d e n t on t e m p e r a t u r e [6], w h e r e a s the t r a p p i n g c r o s s 

s e c t i o n at an a t t r a c t i v e c e n t e r h a s a p o w e r - l a w d e p e n d e n c e 1 / T m , w h e r e 
w i t h the v a l u e of m v a r y i n g w i t h the m a t e r i a l . If the t r a p p i n g o c c u r s at a c e n t e r 
w i t h a r e p u l s i v e p o t e n t i a l , one e x p e c t s the c r o s s s e c t i o n to h a v e a p o s i t i v e t e m -
p e r a t u r e c o e f f i c i e n t , and t h i s is d e s c r i b e d for c e r t a i n s u b s t a n c e s by a f o r m u l a 
of the type <r~exp[—(T0/T)

2^], w h e r e T Q is a c o n s t a n t [7] . 

We c o n s i d e r t h a t t h e v and v ^ t r a p s f o r m e d by t r i v a l e n t c h r o m i u m are n e u t r a l 

in r e l a t i o n to the l a t t i c e in the u n f i l l e d s t a t e , and t h e r e f o r e the c a p t u r e c r o s s 
s e c t i o n s are i n d e p e n d e n t of t e m p e r a t u r e . T h e R - l i n e e m i s s i o n o c c u r s by e l e c t r o n ; 
r e c o m b i n a t i o n at c e n t e r s w i t h s i n g l e p o s i t i v e c h a r g e s , and t h e r e f o r e р~1/Гт. 

The t e m p e r a t u r e i n d e p e n d e n c e of the f r e e - e l e c t r o n t r a p p i n g c r o s s s e c t i o n for 
v ^ t r a p s is a s u b s t a n t i a l a r g u m e n t in favor of our s u p p o s i t i o n t h a t t h e s e l e v e l s 

h a v e l i t t l e e f f e c t on the p r o c e s s e s o c c u r r i n g in the v and v 2 traps as the t e m -
p e r a t u r e is r e d u c e d . 

We now c o n s i d e r the b l u e - e m i s s i o n l e v e l s , w h o s e p a r a m e t e r s are d e t e r m i n e d 

by the t r a p p i n g c r o s s s e c t i o n a 2 and the r e c o m b i n a t i o n c r o s s s e c t i o n 3 2 . We as-

sume t h a t р2~1/Г
г, o2~l/T

r, w h e r e 1^0, r^O, and g e t from (20) and (23) that we m u s t 

h a v e fKqr
l and /„tfr'iin o r d e r to e x p l a i n the a v a i l a b l e e x p e r i m e n t a l e v i d e n c e on the in-

d u c e d - a b s o r p t i o n s t r e n g t h and J > m — r . 

The s t r e n g t h of the i n d u c e d a b s o r p t i o n thus d e c r e a s e s as the t e m p e r a t u r e is 
r e d u c e d on a c c o u n t of the i n c r e a s e in the c r o s s s e c t i o n s for r e c o m b i n a t i o n of 
l o c a l i z e d c h a r g e s . At the same t i m e , t h e r e is an i n c r e a s e in the p e r f o r m a n c e of 
the r e c o m b i n a t i o n c h a n n e l at the b l u e - e m i s s i o n c e n t e r (because the t e m p e r a t u r e 
d e p e n d e n c e of 3 2 is g r e a t e r t h a n t h a t of 3-^)» w h i c h c a u s e s lbgf

l to i n c r e a s e but 

r e d u c e s i . e . , t h e r e are i n c r e a s e s and d e c r e a s e s r e s p e c t i v e l y a f t e r the d i s ^ 
c o n t i n u i t y in the r a d i o l u m i n e s c e n c e i n t e n s i t y in the c o r r e s p o n d i n g s p e c t r a l r e -
g i o n s . 

T h e s i z e of the d i s c o n t i n u i t y in the r a d i o l u m i n e s c e n c e i n t e n s i t y in l o w -
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c o n c e n t r a t i o n ruby is a f f e c t e d not only by the p r o b a b i l i t y of i n t r a c e n t e r r a d i a t e d 
t r a n s i t i o n s but a l s o by the i n c r e a s e in the r e c o m b i n a t i o n c r o s s s e c t i o n s . F o r 
e x a m p l e , the d i s c o n t i n u i t y in w h e n the c h r o m i u m c o n c e n t r a t i o n is low is by 

a b o u t a factor 2 [3], w h e r e a s the e x p e c t e d c h a n g e in q d o e s n o t e x c e e d 1.5 [8]. 

T h e r e f o r e , w h i l e a t w o - l e v e l scheme c a n n o t e x p l a i n the o b s e r v e d t e m p e r a t u r e 
d e p e n d e n c e of the i n d u c e d a b s o r p t i o n and r a d i o l u m i n e s c e n c e for l o w - c o n c e n t r a t i o n 
r u b y , a t h r e e - l e v e l b a n d m o d e l a l l o w s one to i n t e r p r e t a l l the r e s u l t s on the 
v a r i a t i o n in o p t i c a l p a r a m e t e r s of s u c h a r u b y as the t e m p e r a t u r e is r e d u c e d . 
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