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Some luminescent solids, such as zinc sulphide with a specific impurity, exhibit considerable 

increases in their dielectric constant and loss when excited in the presence of a small electric 

field by ultra-violet light or other suitable radiation. The effect is found to be confined to  

those phosphors which show photoconductivity associated with the luminescence process. The 

total change in dielectric constant of such phosphors may increase by as much as 75 % of the 

normal value (about 8) for quite moderate intensities of excitation. The loss increase, ex

pressed as the change in equivalent a.c. conductance, may change from less than 10-8 to 

10~6 ohm""1 during excitation.

Experimental investigations and theoretical considerations show that the dielectric 

changes occur when electron traps are filled by electrons. The relatively low binding energy 

of the trapped electron to its trap (from 0*1 to 0*7 eV in most zinc sulphide phosphors) 

permits large displacements of the electron from its mean position when an external field is 

applied. This gives rise to the increase in dielectric constant. Increase of dielectric loss of 

the phosphor is associated with the existence of a finite relaxation time of the filled electron 

traps which causes phase differences between the variation of the applied alternating field 

and the movement of the trapped electrons. This gives rise to energy absorption from the 

applied field by the filled traps. It  is found from experiment that electrons moving in the 

conduction energy levels of the phosphor crystal make a negligible contribution to the 

dielectric effects when compared with the contribution from trapped electrons.

The dielectric changes are found to increase rapidly with temperature following an 

exponential variation. They are also dependent on the applied field frequency over the 

frequency range comparable in order to the reciprocal of the relaxation time of filled electron 

traps which is found to be of the order of 107 sec.""1. The relaxation time does not vary rapidly 

with the temperature. The dielectric changes show small variation with the wave-length of the 

exciting light between 0*35 and 0*41 fi for most zinc sulphide phosphors, but decrease 

rapidly as the wave-length decreases to 0*25/4, due to a rapid rise in the absorption coefficient 

of the phosphors. The long wave-length limit for production of the dielectric changes corre
sponds to the wave-length limit for photoconductivity and for the filling of electron traps 

and is dependent upon the constitution and structure of the particular specimen.

The electron-trap theory of phosphorescence established by previous workers enables 

many of the dielectric effects to be correlated with the luminescence processes in phosphors.
The studies confirm the results of previous workers and enable their observations on the 

dielectric changes to be given a theoretical interpretation.

G e n e r a l  i n t r o d u c t i o n

I t  h a s  b e e n  k n o w n  s in c e  t h e  e a r ly  w o rk  o f  L e n a r d  & S a e la n d  (1909) t h a t  so m e  

lu m in e s c e n t  m a te r ia ls ,  s u c h  a s  z in c  s u lp h id e  w i th  a n  im p u r i ty  a c t i v a to r ,  sh o w  a n  

in c re a s e  in  d ie le c tr ic  c o n s ta n t  in  a n  a p p l ie d  e le c tr ic  fie ld  w h e n  e x c i te d  to  e m i t  

lu m in e s c e n c e . T h e  e ffe c t h a s  b e e n  s tu d ie d  b y  o th e r  w o rk e rs  (G u d d e n  & P o h l  1920; 

H e rw e g  1923; W ild e  1923; S c h m id t  1923; G o o s 1939; a n d  o th e r s ) ;  t h e  c o r re s p o n d in g  

c h a n g e  in  d ie le c tr ic  lo ss  h a s  b e e n  s tu d ie d  b y  G is o lf  (1939). F r o m  th e  r e s u l t s  o f  th e s e  

in v e s t ig a t io n s  i t  w a s  fo u n d  t h a t  th e  e ffe c ts  w e re  l im ite d  to  th o s e  p h o s p h o rs  in  w h ic h  

p h o to c o n d u c t iv i ty  o c c u r re d  in  a s s o c ia t io n  w i th  t h e  lu m in e s c e n c e  p ro c e ss . T h e  

in c re a s e  in  d ie le c tr ic  c o n s ta n t  w a s  o b s e rv e d  to  b e  o f  th e  s a m e  o rd e r  a s  th e  n o rm a l  

v a lu e  ( a b o u t  8) in  t h e  ca se  o f  so m e  z in c  s u lp h id e  sp e c im e n s , th i s  in c re a s e  b e in g  fo r  

q u i te  n o rm a l  in te n s i t ie s  o f  e x c i ta t io n .

E le c tro n  tra p s  a n d  d ie lec tric  changes in  p h o sp h o rescen t solids
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T h e  p r e s e n t  s tu d ie s  co n firm  th e  p re v io u s  fin d in g s  a n d  p ro v id e  in  a d d i t io n  n e w  

e x p e r im e n ta l  f a c ts  w h ic h  e n a b le  a  th e o r e t ic a l  m o d e l to  b e  e s ta b l is h e d  to  e x p la in  

t h e  o r ig in  o f  th e  d ie le c tr ic  c h a n g e s  in  p h o s p h o rs . P re v io u s  w o rk e rs  in  th i s  l a b o r a to r y  

h a v e  sh o w n  t h a t  th e  p h o s p h o re sc e n c e  p ro c e sse s  in  p h o to c o n d u c t in g  p h o s p h o rs  s u c h  

a s  z in c  s u lp h id e  a n d  th e  a lk a l in e  e a r th  s u lp h id e s  d e p e n d  o n  t h e  s to ra g e  a c t io n  o f  

th e r m a l ly  m e ta s ta b le  c e n tr e s  in  th e  p h o s p h o rs  k n o w n  a s  e le c tro n  t r a p s .  T h e s e  t r a p s  

c a p tu r e  e le c tro n s  l ib e r a te d  f ro m  th e  lu m in e sc e n c e  c e n tr e s  o f  th e  p h o s p h o r  b y  th e  

e x c i ta t io n  a n d  r e t a in  th e m  u n t i l  th e r m a l  e n e rg y  a d d e d  to  th e  t r a p s  b y  lo c a l l a t t i c e  

v ib r a t io n s  e n a b le s  th e  e le c tro n s  to  e sc a p e  a n d  g iv e  ris e  to  p h o s p h o re s c e n c e  b y  

re c o m b in in g  w ith  lu m in e sc e n c e  c e n tre s . T h e  m e a n  t im e  s p e n t  b y  a n  e le c tro n  in  a  

t r a p  d e te rm in e s  th e  t im e  a t  w h ic h  i t  g iv e s  ris e  to  p h o s p h o re sc e n c e  (R a n d a l l  & 

W ilk in s  1945). I t  h a s  a lso  b e e n  s h o w n  t h a t  th i s  e le c t r o n - t r a p  m e c h a n is m  c a n  

g o v e rn  th e  p h o s p h o re sc e n c e  c h a r a c te r is t ic s  a t  v e r y  s m a ll  d e c a y  t im e s  o f  th e  o rd e r  

o f  1 m sec . (G a rlic k  & W ilk in s  1945). B y  th e  u se  o f  th e o r e t ic a l  id e a s  f o r m u la te d  b y  

th e s e  w o rk e rs  i t  h a s  b e e n  p o ss ib le  to  in t e r p r e t  t h e  d ie le c tr ic  c h a n g e s  in  p h o s p h o rs  

in  te r m s  o f  th e  e le c t r o n - t r a p  p ro c e sses  a n d  to  r e la te  th e  d ie le c tr ic  p h e n o m e n a  to  th e  

lu m in e sc e n c e  p ro p e r t ie s  o f  p h o s p h o rs . P h o s p h o re s c e n c e  w h ic h  is  g o v e rn e d  b y  th e  

a c t io n  o f  e le c tro n  t r a p s  is m a rk e d ly  d e p e n d e n t  o n  th e  c o n d it io n s  o f  e x c i ta t io n  a n d  

th e  p h o s p h o r  te m p e r a tu r e .  A  s im ila r  d e p e n d e n c e  is s h o w n  b y  th e  d ie le c tr ic  c h a n g e s  

d u r in g  flu o re sc en c e , p h o s p h o re sc e n c e  a n d  th e rm o lu m in e s c e n c e  o f  t h e  m a te r ia l .  

F r o m  th e  c o rre sp o n d e n c e  b e tw e e n  th e  lu m in e sc e n c e  a n d  d ie le c tr ic  e ffe c ts  i t  is 

in fe r r e d  t h a t  th e  d ie le c tr ic  c h a n g e s  a r is e  f ro m  th e  b e h a v io u r  o f  e le c tro n s  d u r in g  th e  

t im e  in  w h ic h  th e y  a re  s e p a r a te d  f ro m  th e  lu m in e sc e n c e  c e n tre s . T h is  m e a n s  t h a t  

th e  d ie le c tr ic  c h a n g e s  m a y  b e  d u e  to  th e  p r o p e r t ie s  o f  e le c tro n s  m o v in g  th r o u g h  th e  

c o n d u c tio n  b a n d  o f  th e  p h o s p h o r  o r  to  th e  e ffe c ts  o f  t r a p p e d  e le c tro n s .

Th e o r e t i c a l  i n t r o d u c t i o n

A s th e  th e o r e t ic a l  id e a s  d e v e lo p e d  in  th e s e  s tu d ie s  in c lu d e  m a n y  o f  th o s e  

e s ta b l is h e d  b y  p re v io u s  w o rk e rs  (R a n d a l l  & W ilk in s  1945), a  b r ie f  s u r v e y  o f  th e  

e le c t r o n - t r a p  th e o r y  o f  p h o s p h o re sc e n c e  is g iv e n  e m b o d y in g  p o r t io n s  r e le v a n t  to  

th e  in t e r p r e ta t io n  o f  th e  d ie le c tr ic  p h e n o m e n a . I n  lu m in e s c e n t  so lid s  a c t i v a te d  b y  

th e  in c lu s io n  o f  a  sm a ll  a m o u n t  o f  a  sp ec ific  im p u r i ty ,  t h e  s e a t  o f  th e  lu m in e s c e n c e  

e m is s io n  is in  th e  im p u r i t y  a to m s  o r  io n s  w h ic h  a re  d is p e rs e d  t h r o u g h o u t  th e  m a t r ix  

la t t ic e  o f  th e  so lid . T h e  h e a t  t r e a tm e n t  o f  th e  p h o s p h o r  in  p r e p a r a t io n  e ffe c ts  th i s  

d is p e r s a l  a n d  a lso  g iv e s  ris e  to  p o te n t ia l  d e fe c ts  in  th e  p e r io d ic  fie ld  o f  th e  c r y s ta l  

la t t i c e  (M o tt & G u rn e y  1940). S o m e  o f  th e s e  d e fe c ts  w ill b e  c a p a b le  o f  t r a p p in g  a n d  

s to r in g  e le c tro n s  l ib e r a te d  f ro m  th e  lu m in e sc e n c e  c e n tr e s  b y  th e  e x c it in g  l ig h t . T h e  

e x a c t  n a tu r e  o f  th e s e  t r a p p in g  c e n tr e s  is n o t  k n o w n , b u t  th e r e  is so m e e v id e n c e  t h a t  

th e y  a re  a s s o c ia te d  w i th  th e  n e ig h b o u rh o o d  o f  th e  im p u r i ty  c e n tre s ;  i t  is  h o p e d  to  

p u b lis h  s u c h  f a c ts  s h o r t ly .  T h e  n u m b e r  o f  e ffe c tiv e  t r a p s  is  e s t im a te d  to  b e  o f  th e  

s a m e  o rd e r  a s  th e  n u m b e r  o f  lu m in e sc e n c e  c e n tre s . U s in g  th e  c o lle c tiv e  e le c tro n  

m o d e l fo r  in s u la t in g  so lid s  n o w  g e n e ra lly  a c c e p te d , th e  lu m in e s c e n c e  m e c h a n is m
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is  d e s c r ib e d  a s  fo llo w s: e x c i ta t io n  o f  th e  p h o s p h o r  free s  e le c tro n s  f ro m  th e  lu m in 

esc e n ce  c e n tre s , a n d  th e s e  e le c tro n s  m o v e  th r o u g h  th e  c o n d u c tio n  b a n d  o f  th e  c r y s ta l  

e i th e r  r e tu r n in g  to  lu m in e s c e n c e  c e n tr e s  o r  b e in g  t r a p p e d  in  th e  e le c tro n  t r a p s .  T h e  

e n e rg y  s ta t e s  o f  th e  t r a p s  a re  a s s u m e d  to  lie  j u s t  b e lo w  th e  lo w e s t s ta t e s  o f  th e  

c o n d u c tio n  b a n d .  I n  m o s t  p h o s p h o r  sp e c im e n s  th e r e  a re  m a n y  t r a p p in g  e n e rg y  

s t a t e s  o f  v a r io u s  d e p th s  b e lo w  th e  c o n d u c tio n  b a n d .

T h e  t im e  s p e n t  b y  a n  e le c tro n  in  a  t r a p  w ill d e p e n d  o n  th e  d e p th  o f  th e  t r a p  b e lo w  

th e  c o n d u c tio n  b a n d  a n d  o n  th e  te m p e r a tu r e .  I f  is  t h e  p r o b a b i l i ty  p e r  u n i t  t im e  

t h a t  a n  e le c tro n  w ill e sc a p e  f ro m  a  t r a p  o f  d e p th  a t  a  t e m p e r a tu r e  T  a n d  t is t h e  

m e a n  t im e  s p e n t  in  th e  t r a p  th e n  p  a n d  t a r e  g iv e n  b y

p = i ft =  s e x p  ( — E /kT ) ,  

w h e re  sis  a  c o n s ta n t  w h ic h  m a y , h o w e v e r, v a r y  s lo w ly  w ith  t e m p e r a tu r e  a n d  is  

B o l tz m a n n ’s c o n s ta n t .  T h e  c o n s ta n t  s h a s  th e  d im e n s io n s  o f  a  f r e q u e n c y  a n d  is  

o f te n  c o n s id e re d  a s  b e a r in g  a  s im p le  r e la t io n  to  th e  n a tu r a l  f r e q u e n c y  o f  v ib r a t io n  

o f  th e  filled  e le c tro n  t r a p .  F r o m  p h o s p h o re sc e n c e  a n d  th e rm o lu m in e s c e n c e  e x p e r i

m e n ts  i t  is e s t im a te d  to  b e  o f  th e  o rd e r  o f  108±x se c .-1 fo r  z in c  s u lp h id e  p h o s p h o rs . 

I t  is a s s o c ia te d  l a t e r  w ith  t h e  r e la x a t io n  t im e  o f  th e  filled  e le c tro n  t r a p s  a s  m e a s u re d  

b y  d ie le c tr ic  e x p e r im e n ts .  A  m e th o d  o f  f in d in g  th e  n u m b e r  o f  e le c tro n  t r a p s  a t  d if 

f e r e n t  d e p th s  b e lo w  th e  c o n d u c tio n  b a n d  h a s  b e e n  d e v e lo p e d  b y  R a n d a l l  & W ilk in s  

w h ic h  in v o lv e s  th e  m e a s u re m e n t  o f  th e  v a r ia t io n  o f  th e rm o lu m in e s c e n c e  g low  

e m is sio n  w ith  te m p e r a tu r e  w h e n  a  p h o s p h o r  is w a rm e d  a t  a  u n ifo rm  r a te  in  th e  d a r k  

a f te r  e x c i ta t io n  a t  a  lo w  te m p e r a tu r e  so  t h a t  n e a r ly  a ll  t r a p s  a re  s a tu r a te d  w ith  

e le c tro n s . T h e  lu m in e sc e n c e  e m is sio n  in te n s i ty  o f  th e  p h o s p h o r  is p ro p o r t io n a l  to  

th e  r a t e  o f  e sc a p e  o f  e le c tro n s  f ro m  t r a p s ,  w h ic h  is p ro p o r t io n a l  to  th e  n u m b e r  o f  

t r a p p e d  e le c tro n s  a n d  th e i r  p r o b a b i l i ty  o f  e sc a p e  p . T h u s  i f  th e r e  a re  n  t r a p p e d  

e le c tro n s  in  t r a p s  o f  d e p th  E  th e  em issio n  in te n s i ty  I  is g iv e n  b y

I  — — dn/dt =  p n  =  n

T h is  s e t  o f  r e la t io n s  is b a s e d  o n  th e  a s s u m p tio n  t h a t  th e re  is  n o  r e t r a p p in g  o f  

e sc a p in g  e le c tro n s . F o r  p ra c t ic a l  cases  w h e re  th e re  a re  m a n y  t r a p s  o f  d if fe re n t d e p th s  

in  th e  p h o s p h o r  th e  e q u a tio n s  m u s t  b e  in te g r a te d  o v e r  a ll v a lu e s  o f  E  a n d  n. T h e  

n u m b e r  o f  e le c tro n s  t r a p p e d  w ill d e p e n d  o n  th e  e x c i ta t io n  c o n d it io n s , th e  te m 

p e r a tu r e  a n d  th e  fo rm  o f  th e  t r a p  d is t r ib u t io n  w ith  re s p e c t  to  d e p th . I t  c a n  b e  

sh o w n  fro m  sim p le  c o n s id e ra tio n s  o f  e q u ilib r iu m  c o n d it io n s  t h a t  fo r  s te a d y  e x c i ta 

t io n  a t  a  fix e d  te m p e r a tu r e  th e  n u m b e r  o f  e le c tro n s  in  t r a p s  o f  d e p th  E  is g iv e n  b y

n  =  Ne /{\  +  s /A  e x p  ( -  E /kT )} , (3 )

w h e re  NE is th e  to t a l  n u m b e r  o f  t r a p s  o f  d e p th  E  a n d  A  is a  c o n s ta n t  p ro p o r t io n a l  

to  th e  e x c it in g  l ig h t  in te n s i ty .  W h e n  th e re  a re  m a n y  t r a p s  o f  d if fe re n t d e p th s  th e  

to t a l  n u m b e r  o f  t r a p p e d  e le c tro n s  is g iv e n  b y  th e  in te g ra l  o f  n  o v e r  a ll  E  v a lu e s :

Em&x. f i 'n r h x .

N =  n d E  = Ne /{1 e x p  ( —
Jo Jo
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488 G. F. J. Garlick and A. F. Gibson

w h e re  N  is t h e  t o t a l  n u m b e r  o f  t r a p p e d  e le c tro n s . T h u s  b y  m e a n s  o f  e q u a t io n s  (2) 

a n d  (3 ) t h e  d e c a y  o f  p h o s p h o re sc e n c e  w i th  t im e  m a y  b e  d e te r m in e d  fo r  d if fe re n t  

e x c i ta t io n  in te n s it ie s .  NE fo r  e a c h  t r a p  d e p th  c a n  b e  fo u n d  fro m  th e  th e r m o lu m in 

esc e n ce  e x p e r im e n t .  R a n d a l l  & W ilk in s  h a v e  g iv e n  th e  d e r iv e d  p h o s p h o re sc e n c e  

d e c a y  e q u a t io n s  fo r  s a tu r a te d  c o n d it io n s  ( t h a t  is =  NE), a n d  fo r  lo n g  d e c a y  t im e s  

o n ly  fo r  c e r ta in  v a r ia t io n s  o f  NE w i th  E . O n e  o f  t

s tu d y  o f  d ie le c tr ic  c h a n g e s  in  p h o s p h o rs  d u r in g  p h o s p h o re sc e n c e . I t  is t h a t  o b ta in e d  

fo r  Ne  v a r y in g  e x p o n e n t ia l ly  w ith  E  b e tw e e n  c e r ta in  v a lu e s  o f  E .  I f ,  th e re fo re ,  

Ne  c o n s t,  e x p  ( — ocE), w h e re  a  is a  c o n s ta n t ,  th e n  th e  in te n s i ty  o f  p h o s p h o re sc e n c e  

a t  a  d e c a y  t im e  t is g iv e n  b y

I  =  co n st./£ afc:r+1. (5 )

T h e  c o n s ta n t  a  c a n  b e  o b ta in e d  f ro m  th e  th e rm o lu m in e s c e n c e  e x p e r im e n t  a n d  c a n  

b e  c o m p a re d  w ith  th e  v a lu e  o b ta in e d  f ro m  m e a s u re m e n t  o f  p h o s p h o re sc e n c e  d e c a y  

a t  a  fix e d  te m p e r a tu r e .  C o rre la tio n s  b e tw e e n  th e  tw o  d e r iv a t io n s  o f  th e  c o n s ta n t  

h a v e  b e e n  g iv e n  fo r  s e v e ra l d if fe re n t  p h o s p h o rs  b y  R a n d a l l  & W ilk in s  (1945, p . 3 9 8 ).

Th e o r e t i c a l  i n t e r pr e t a t i o n  o f  d i e l e c t r i c  c h a n g e s  i n  ph o s ph o r s

T h e  o b s e rv e d  in c re a se s  in  d ie le c tr ic  c o n s ta n t  a n d  d ie le c tr ic  loss o f  th e  p h o s p h o rs  

s tu d ie d  a re  fo u n d  to  o c c u r  o n ly  w h e n  lu m in e sc e n c e  is a c c o m p a n ie d  b y  p h o to 

c o n d u c tio n  p ro c e sse s . F r o m  th i s  i t  is in fe r r e d  t h a t  th e  e ffec ts  a re  d u e  to  th e  a c t io n  

o f  e le c tro n s  w h ic h  h a v e  b e e n  f re e d  fro m  th e  lu m in e sc e n c e  c e n tr e s  b y  th e  e x c i ta t io n  

a n d  a re  e i th e r  m o v in g  in  th e  c o n d u c tio n  b a n d  o r  a re  c a p tu r e d  in  e le c tro n  t r a p s .  

E le c tr o n s  m o v in g  in  th e  c o n d u c tio n  b a n d  a re  k n o w n  to  g iv e  ris e  to  c o n d u c tio n  

p ro c e sse s  in  th e  p h o s p h o r  in  th e  p re s e n c e  o f  a n  a p p lie d  fie ld  a n d  m ig h t  th e re fo re  

c o n t r ib u te  to  th e  d ie le c tr ic  c h a n g e s  o b s e rv e d  w h e n  th e  fie ld  is a l te r n a t in g .  T h e  

m o tio n  o f  s u c h  e le c tro n s  w ill g iv e  r is e  to  a n  in c re a s e  in  d ie le c tr ic  lo ss a n d  a lso  to  

in c re a s e  in  d ie le c tr ic  c o n s ta n t  i f  t h e y  a re  s u b je c t  to  s u i ta b le  c o n s tr a in in g  fo rce s  so  

t h a t  th e y  d o  n o t  m o v e  in  p h a s e  w ith  th e  fie ld . D ie le c tr ic  c h a n g e s  m ig h t  a lso  o c c u r  

w h e n  a n  e le c tro n  is c a p tu r e d  in  a  t r a p ,  s in ce  th e  b in d in g  e n e rg y  a s s o c ia te d  w ith  i t s  

c a p tu r e d  s t a t e  is u s u a lly  sm a ll  in  p h o s p h o rs  (f ro m  0*1 to  0 -8 e V ; see  R a n d a l l  & 

W ilk in s  1945). T h u s  a  t r a p p e d  e le c tro n  c a n  b e  d is p la c e d  f ro m  i t s  m e a n  t r a p p e d  

p o s it io n  b y  th e  a c t io n  o f  a n  e x te r n a l  a p p l ie d  fie ld . T h is  d is p la c e m e n t m ig h t  b e  

r e fe r re d  to  a s  th e  p o la r iz a t io n  o f  a  filled  e le c tro n  t r a p .  I t  w o u ld  c a u se  in c re a s e  in  

th e  d ie le c tr ic  c o n s ta n t  o f  th e  p h o s p h o r  a n d  a lso  in c re a s e  in  d ie le c tr ic  lo ss i f  th e  

d is p la c e m e n t m o tio n  w a s  n o t  in  p h a s e  w ith  th e  a p p l ie d  fie ld  v a r ia t io n .  S u c h  a  

p h a s e  d iffe ren c e  w o u ld  a r is e  i f  th e  n a tu r a l  v ib r a t io n  f r e q u e n c y  o f  th e  fil led  t r a p  

s y s te m  w a s  o f  th e  s a m e  o rd e r  a s  th e  a p p lie d  fie ld  f re q u e n c y .

E x p e r im e n ta l  e v id e n c e  in d ic a te s  t h a t  th e  d ie le c tr ic  c h a n g e s  a re  p re d o m in a n t ly  

d u e  to  th e  d is p la c e m e n ts  o f  t r a p p e d  e le c tro n s . S o m e o f  th e  m o s t  s ig n if ic a n t e x p e r i 

m e n ta l  f a c ts  a re  g iv e n  h e re  in  s u m m a r iz e d  fo rm  to  e m p h a s iz e  th e  n e g lig ib le  e ffe c t 

o f  e le c tro n s  in  th e  c o n d u c tio n  b a n d  o n  th e  d ie le c tr ic  p ro p e r t ie s  o f  p h o s p h o rs  c o m 

p a re d  w ith  th e  e ffe c t o f  filled  e le c tro n  t r a p s .
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( а ) W h e n  th e  p h o s p h o r  is e x c i te d  a t  a  fix e d  te m p e r a tu r e  to  a n  e q u il ib r iu m  s ta t e  

th e  t o t a l  flu o re sc e n c e  e m is s io n  is fo u n d  to  in c re a s e  l in e a r ly  w ith  th e  in te n s i ty  o f  

e x c i ta t io n .  A t  n o r m a l  in te n s i t ie s  o f  e x c i ta t io n  th e  flu o re sc en c e  is m a in ly  d u e  to  

e le c tro n s  w h ic h  h a v e  n o t  b e e n  c a p tu r e d  b y  e le c tro n  t r a p s  b u t  w h ic h  r e tu r n  d ir e c t ly  

to  lu m in e s c e n c e  c e n tr e s  a f te r  e x c i ta t io n .  A lth o u g h  th e  flu o re sc en c e  e m is sio n  sh o w s  

th is  s im p le  l in e a r  v a r ia t io n  w i th  in te n s i ty  o f  e x c i ta t io n  a n d  th e re fo re  th e  in c re a s e  in  

t h e  n u m b e r  o f  e le c tro n s  in  th e  c o n d u c tio n  b a n d  a lso  v a r ie s  r e g u la r ly  w i th  e x c i ta t io n  

in te n s i ty ,  y e t  th e  d ie le c tr ic  c h a n g e s  sh o w  a  s a tu r a t io n  e ffe c t a t  q u i te  lo w  in te n s it ie s . 

T h is  is sh o w n  b y  th e  re s u l ts  g iv e n  in  fig u re  3. T h e  s a m e  s a tu r a t io n  e ffe c t o c cu rs  

fo r  th e  n u m b e r  o f  t r a p p e d  e le c tro n s  a n d  fo r  th e  p h o sp h o re sc e n c e  a f te r  c e s s a tio n  o f  

e x c i ta t io n .  T h e  r e la t io n  b e tw e e n  th e  d ie le c tr ic  c h an g e s  a n d  th e  e x c i ta t io n  in te n s i ty  

is fo u n d  to  b e  id e n t ic a l  w ith  t h a t  fo r  th e  v a r ia t io n  o f  th e  n u m b e r  o f  t r a p p e d  e le c tro n s  

w ith  in te n s i ty  o f  e x c i ta t io n .

(б ) W h e n  a  p h o s p h o r  is e x c ite d  a t  l iq u id -a ir  t e m p e r a tu r e  m o s t  o f  th e  e le c tro n  

t r a p s  a re  filled  a n d  w ill r e m a in  filled  a f te r  e x c i ta t io n  h a s  ce a sed  i f  th e  low  te m 

p e r a tu r e  is m a in ta in e d .  A f te r  e x c i ta t io n  ceases  th e  p h o sp h o re sc e n c e  d e c a y s  r a p id ly  

to  a  n e g lig ib le  v a lu e , b u t  th e  d ie le c tr ic  c h a n g e s  d e c a y  to  a  s te a d y  v a lu e  w h ic h  is 

s t i l l  a b o u t  7 0 - 8 0  %  o f  th e  v a lu e  d u r in g  e x c i ta t io n . S u c h  a  la rg e  re s id u a l  c h a n g e  in  

d ie le c tr ic  c o n s ta n t  o r  lo ss c a n n o t  b e  d u e  to  e le c tro n s  p re s e n t  in  th e  c o n d u c tio n  b a n d , 

a s  th e re  is  n o  p h o s p h o re sc e n c e  e m is sio n  d u e  to  th e i r  c a p tu r e  b y  lu m in e sc e n c e  c e n tre s . 

I f  a f te r  a  c o n s id e ra b le  t im e  th e  p h o s p h o r  is i r r a d ia te d  w ith  in f r a - re d  l ig h t, th e n  a  

b u r s t  o f  lu m in e sc e n c e  o c c u rs  d u e  to  th e  re le a se  o f  e le c tro n s  f ro m  t r a p s .  T h e  d ie le c tr ic  

c h a n g e s  d e c re a se  to  ze ro  w ith  n o  in i t ia l  e n h a n c e m e n t su c h  a s  w o u ld  b e  e x p e c te d  i f  

th e y  w e re  d u e  to  c o n d u c tio n  b a n d  e le c tro n s . T h is  b e h a v io u r  h a s  b e e n  o b s e rv e d  b y  

o th e r  w o rk e rs  (G oos 1939).

(c) F ro m  m e a s u re m e n ts  o f  th e  f re q u e n c y  d e p e n d e n c e  o f  th e  d ie le c tr ic  ch an g es , 

v a lu e s  o f  th e  r e la x a t io n  tim e s  o f  th e  p o la r iz a b le  s y s te m s  c a u s in g  th e  d ie le c tr ic  

c h a n g e s  a re  o b ta in e d  a n d  a re  o f  th e  o rd e r  o f  10-7 sec. S u c h  la rg e  v a lu e s  a re  n o t  

lik e ly  to  b e  a s s o c ia te d  w ith  e le c tro n s  in  th e  c o n d u c tio n  b a n d , b u t  i t  is n o t  d ifficu lt 

to  a ss o c ia te  th e m  w ith  filled  e le c tro n  t r a p s  a s  p re v io u s  w o rk e rs  h a v e  g iv e n  e s t im a te s  

o f  th e  v a lu e s  o f  th e  n a tu r a l  v ib r a t io n  freq u e n c ies  o f  filled  t r a p s  a s  b e in g  108±x sec .-1 

(R a n d a ll  & W ilk in s  1945, p . 3 8 3 ). T h is  f re q u e n c y  w ill b e  c lo se ly  r e la te d  to  th e  

re c ip ro c a l o f  th e  r e la x a t io n  tim e s  o f  th e  filled  t r a p s .

F ro m  th is  a n d  o th e r  e x p e r im e n ta l  e v id en c e  d e sc rib e d  la te r  i t  is c o n c lu d e d  t h a t  

th e  d ie le c tr ic  c h a n g e s  a re  d u e  to  th e  p ro p e r tie s  o f  t r a p p e d  e le c tro n s  a n d  t h a t  

e le c tro n s  in  th e  c o n d u c tio n  b a n d  m a k e  n o  s ig n if ic a n t c o n tr ib u tio n . T h e  in c re a se  in  

d ie le c tr ic  c o n s ta n t  th e re fo re  in v o lv e s  th e  d is p la c e m e n t o f  t r a p p e d  e le c tro n s  fro m  

th e i r  m e a n  p o s it io n s . A n  e s t im a te  o f  th e  m a g n itu d e  o f  th is  d is p la c e m e n t c a n  be  

o b ta in e d  fro m  th e  n u m b e r  o f  filled  t r a p s  a n d  th e  p e rc e n ta g e  in c re ase  o f  th e  d ie le c tr ic  

c o n s ta n t .  T h e  n u m b e r  o f  t r a p p e d  e le c tro n s  is c e r ta in ly  less th a n  1018 p e r  c.c. (R a n d a ll  

& W ilk in s  1945, p . 4 0 4 ), a n d  th e  d ie le c tr ic  c o n s ta n t  c a n  b e  m o re  th a n  75  %  o f  i ts  

n o rm a l v a lu e . T h u s  th e  e le c tro n  d is p la c e m e n t to  e ffect su c h  a  c h an g e  m u s t  b e  sev era l 

la t t ic e  sp a c in g s  o f  th e  p h o s p h o r  in  m a g n itu d e . I n  o rd e r  to  e x p la in  th e  c o rre sp o n d in g
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490 G. F. J. Garlick and A. F. Gibson

in c re a s e  in  d ie le c tr ic  lo ss th e  t r a p p e d  e le c tro n s  m u s t  b e  c a p a b le  o f  a b s o rb in g  sm all 

q u a n ta  o f  e n e rg y  fro m  th e  a p p lie d  fie ld  w h ic h  im p lie s  th e  e x is te n c e  o f  a  n u m b e r  o f 

e n e rg y  s ta t e s  fo r  th e  t r a p p e d  e le c tro n  w h ic h  a re  s u f f ic ie n tly  c lose  to g e th e r  to  a llo w  

th e  e n e rg y  a b s o r p t io n . S u c h  a  c o n f ig u ra tio n  im p lie s  a  la rg e  e ffe c tiv e  t r a p  d ia m e te r .  

L a rg e  o rb i t s  a s s o c ia te d  w ith  t r a p p e d  e le c tro n s  h a v e  b e e n  p o s tu la te d  b y  p re v io u s  

w o rk e rs  to  e x p la in  so m e  o f  th e  p r o p e r t ie s  o f  s e m ic o n d u c to rs  (M o tt & G u rn e y  1940, 

p . 1 6 6 ). T h e  m a g n i tu d e  o f  th e  t r a p p e d  e le c tro n  d is p la c e m e n t  w ill d e p e n d  o n  th e  

d e p th  o f  th e  e le c tro n  t r a p  a s  w ill i t s  c a p a c i ty  to  a b s o rb  e n e rg y  f ro m  th e  a p p l ie d  fie ld . 

T h e  d ie le c tr ic  c h a n g e s  w o u ld  b e  e x p e c te d  to  d e c re a se  w ith  in c re a s e  o f  t r a p  d e p th  

to g e th e r  w ith  a  s im ila r  d e c re a se  in  th e  r e la x a t io n  t im e  o f  th e  filled  t r a p .

S in c e  th e  b in d in g  c o n d it io n s  o f  th e  t r a p p e d  e le c tro n  a re  a f fe c te d  b y  th e  t e m 

p e r a tu r e  (e .g . e q u a t io n  (1)), i t  w o u ld  b e  e x p e c te d  t h a t  th e  d ie le c tr ic  c h a n g e s  w o u ld  

d e p e n d  u p o n  th e  t e m p e r a tu r e  o f  th e  p h o s p h o r .  I t  is fo u n d  f ro m  th e  e x p e r im e n ta l  

d a t a  t h a t  th e  d ie le c tr ic  c h a n g e s  in c re a s e  e x p o n e n t ia l ly  w ith  th e  t e m p e r a tu r e  a b o v e  

a b o u t  200° K .,  b u t  b e lo w  th is  p o in t  th e y  d o  n o t  v a r y  r a p id ly  w ith  t e m p e r a tu r e .  

T h e se  f a c ts  m ig h t  b e  u s e d  to  p r e d ic t  t h e  fo rm  o f  th e  p o te n t ia l - e n e r g y  fu n c t io n s  o f  

t r a p p e d  e le c tro n s , b u t  c o n s id e ra b le  e x t r a  d a t a  a re  re q u ire d  fo r  th is  p u rp o s e  a n d  

th e  fu n c tio n s  h a v e  n o t  b e e n  e s t im a te d  a s  y e t .  T h e  a b o v e  th e o r e t ic a l  d is c u s s io n s  

sh o w  t h a t  i f  th e  d ie le c tr ic  c h a n g e s  in  p h o s p h o rs  a re  d u e  to  filled  e le c tro n  t r a p s  th e n  

th e  m a g n i tu d e  o f  th e  e ffe c ts  w ill d e p e n d  o n  th e  n u m b e r  o f  e le c tro n s  t r a p p e d ,  th e  

t r a p - d e p th  d is t r ib u t io n ,  th e  r e la x a t io n  t im e s  o f  th e  filled  t r a p s ,  th e  a p p l ie d  fie ld  

f re q u e n c y  a n d  p a r t ic u la r ly  t h e  t e m p e r a tu r e  o f  th e  p h o s p h o r . T h a t  is, t h e  fil led  e le c 

t r o n  t r a p s  c a n  b e  c o n s id e re d  a s  p o la r iz a b le  a n d  a b s o rb in g  s y s te m s  in  th e  m a t r ix  

p h o s p h o r  m a te r ia l ,  a n d  t h a t  th e y  c o n s is t  o f  a  lo o se ly  b o u n d  e le c tro n  w h ic h  is  re a d i ly  

d is p la c e d  b y  a p p lie d  fie lds  a n d  a n  io n ic  o r  a to m ic  s y s te m  o f  m u c h  g r e a te r  m a ss  o r  

in e r t ia  to  w h ic h  th e  e le c tro n  is  b o u n d .

E x pe r im e n t a l  me t h o d

F o r  m e a s u re m e n ts  o f  d ie le c tr ic  c h a n g e s  o r  lu m in e sc e n c e  th e  p h o s p h o r  is  m o u n te d  

in  a  v e r y  t h in  la y e r  o n  a  rh o d iu m - p la te d  c o p p e r  su r fa c e  fo rm in g  p a r t  o f  a  s m a ll  

G e rm a n  s ilv e r  D e w a r  v esse l. T h is  a p p a r a tu s  h a s  b e e n  u s e d  fo r  p re v io u s  w o rk  (G a rlic k  

& W ilk in s  1945) a n d  is p a r t ic u la r ly  s u i te d  to  th e  v a r ia t io n  o f  th e  p h o s p h o r  te m p e r a tu r e  

o v e r  th e  w id e  r a n g e  f ro m  9 0  to  6 0 0 ° K . T h e  t e m p e r a tu r e  v a r ia t io n  is e ffe c te d  b y  

fil lin g  th e  in n e r  tu b e  o f  th e  D e w a r  v e sse l w ith  l iq u id  a i r  o r  b y  th e  u se  o f  a  sm a ll 

e le c tr ic  h e a te r  a t t a c h e d  to  th e  r e a r  o f  th e  s u r fa c e  o n  w h ic h  th e  p h o s p h o r  is m o u n te d . 

T h e  p h o s p h o r , w h ic h  is in  vacuo, is e x c i te d  th r o u g h  a  q u a r tz  w in d

s t r u c tu r e  o f  th e  D e w a r  v esse l. F o r  d ie le c tr ic  m e a s u re m e n ts  th e  p h o s p h o r  is c o v e re d  

b y  a  t h in  g la ss  s lip  w ith  a  g r a p h i te  c o a tin g  in  g r id  fo rm  o n  i t s  o u te r  s u r fa c e  th r o u g h  

w h ic h  th e  e x c it in g  r a d ia t io n  c a n  p a ss . T h e  p h o s p h o r  is th u s  e n c lo se d  in  a  c o n d e n s e r  

cell fo rm e d  b y  th e  rh o d iu m -p la te d  su r fa c e  a n d  th e  g r a p h i te  g r id  a n d  fo rm s  p a r t  o f  

th e  d ie le c tr ic  o f  th e  cell th e  r e s t  b e in g  d u e  to  th e  g la ss  o f  th e  c o v er-s lip ;  E le c tr ic a l  

c o n n e x io n  is m a d e  to  th e  g r a p h i te  a n d  to  th e  p la te d -c o p p e r  su rfa c e , th e  l a t t e r  b e in g
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m a in ta in e d  a t  e a r th  p o te n t ia l .  A  th e rm o c o u p le  is a t t a c h e d  to  th e  f r o n t  o f  th e  c o p p e r  

s u r fa c e  to  m e a s u re  th e  t e m p e r a tu r e  o f  th e  p h o s p h o r  in  t h e  cell. T h e  s o u rc e  o f  

e x c it in g  r a d ia t io n  in  m o s t  o f  th e  e x p e r im e n ts  is  a  h ig h -p re s s u re  m e rc u ry  a rc  la m p  

o f  th e  O s ira  ty p e  u s e d  in  c o n ju n c t io n  w ith  s u i ta b le  f il te rs  fo r  t h e  w a v e - le n g th  

d e s ire d . I n  m o s t  o f  th e  e x p e r im e n ts  a  w a v e - le n g th  o f  0*365  h a s  b e e n  u se d .

Appara tus fo r  the measurement o f dielectric changes

A s th e  d ie le c tr ic  c h a n g e s  o f  th e  p h o s p h o r  h a d  to  b e  m e a s u re d  w h ile  v a ry in g  w ith  

t im e  o r  t e m p e r a tu r e  t h e  c o n v e n tio n a l  m e th o d s  o f  d e te r m in in g  d ie le c tr ic  c o n s ta n t  

o r  lo ss  w e re  n o t  s u i ta b le  a n d  e le c tr ic a l c irc u its  w e re  d e v is e d  w h ic h  w o u ld  m e a s u re , 

in d e p e n d e n t ly  o f  e a c h  o th e r ,  th e  d ie le c tr ic  c o n s ta n t  o r  loss c h a n g e s  w ith  t im e  o r  

t e m p e r a tu r e .  A  d ia g ra m  o f  th e  e le c tr ic a l  c irc u its  o f  th e  m e a s u r in g  a p p a r a tu s  is  

g iv e n  in  fig u re  1. A  c o n v e n tio n a l  tu n e d  a n o d e - tu n e d  g r id  r a d io - f re q u e n c y  o s c il la to r

Electron traps and dielectric changes in phosphorescent solids 491

4* 3 0 0  volts

R.F. choke

galvanometer

F i g u r e  1. Circuit diagram of dielectric change-measuring apparatus.

is lo o se ly  c o u p le d  to  th e  g r id  c irc u it  o f  th e  v a lv e  sh o w n  in  fig u re  1. T h is  v a lv e  is a  

p e n to d e  (M azd a  S P  4 1 ) w o rk in g  a s  a  t r io d e  a n d  a s  a n  a n o d e  b e n d  d e te c to r ;  i t s  n o rm a l 

g r id  b ia s  p ro v id e d  b y  th e  c a th o d e  lo a d  is a b o u t  — 13  V . T h e  a n o d e  c irc u it  o f  th e  v a lv e  

c o n ta in s  a  tu n e d  c irc u it  in  w h ic h  th e  p h o s p h o r  cell o f  th e  D e w a r  a p p a r a tu s  is c o n 

n e c te d  in  p a ra l le l  w ith  a  v a r ia b le  c o n d e n se r a n d  s u ita b le  in d u c ta n c e . T h e  a n o d e  

v o lta g e  is s u p p lie d  th r o u g h  a  ra d io - f re q u e n c y  ch o k e  fro m  s ta b iliz e d  p o w e r su p p lie s  

w h ic h  a lso  fee d  th e  m a s te r  o sc illa to r . B y  m e a n s  o f  s ta b i l iz a t io n  a n d  c a re fu l sc ree n in g  

r a n d o m  f lu c tu a tio n s  d u r in g  m e a s u re m e n t c a n  b e  re d u c e d  to  a  v e ry  sm a ll m in im u m . 

T h e  c irc u it  o p e ra te s  a s  fo llow s: A  ra d io - f re q u e n c y  v o lta g e  d u e  to  th e  o s c il la to r  is

Vol. 1 8 8 . A. 32
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492 G. F. J. Garlick and A. F. Gibson

e s ta b lis h e d  in  th e  tu n e d  g r id  c irc u it  o f  th e  v a lv e  a n d  r e s u lts  in  th e  d e v e lo p m e n t o f  

a  ra d io - f re q u e n c y  v o lta g e  a c ro ss  th e  tu n e d  a n o d e  c irc u it .  W h e n  th e  g r id  a n d  a n o d e  

c irc u its  a re  in  tu n e  a  s h a r p  re s o n a n c e  s t a t e  o c c u rs  d u e  to  fe e d -b a c k  th r o u g h  th e  

v a lv e . T h e  re s o n a n c e  c u rv e  o f  ra d io - f re q u e n c y  v o lta g e  a c ro ss  th e  tu n e d  a n o d e  

c ir c u i t  fo r  c h an g e s  in  c a p a c i ty  o f  th e  c i rc u i t  is g iv e n  s c h e m a tic a lly  in  fig u re  2. 

C h an g e s  in  d ie le c tr ic  c o n s ta n t  in  th e  c i r c u i t  c a u se  a  c a p a c i ty  c h a n g e  in  th e  c irc u it ,  

w h ile  c h a n g e s  in  d ie le c tr ic  loss c au se  a  f la t te n in g  o f  th e  re s o n a n c e  c u rv e . T h e  v o lta g e  

c h a n g e s  a c ro ss  th e  a n o d e  c irc u it  d u e  to  d ie le c tr ic  c h a n g e s  a re  r e c o rd e d  b y  th e  

g a lv a n o m e te r  in  th e  c a th o d e  c irc u it  o f  th e  v a lv e . A  p o te n t io m e te r  s y s te m  is p ro v id e d  

to  a n n u l  th e  n o rm a l c a th o d e  v o lta g e  e x is t in g  w h e n  n o  c h a n g e s  o c cu r .

capacity

F ig u r e  2. Resonance curve for tuned anode circuit o f figure 1.

I n  o rd e r  to  m e a s u re  c a p a c i ty  c h a n g e s , w h ic h  a re  d u e  to  d ie le c tr ic  c o n s ta n t  c h a n g e s , 

s e p a r a te ly  f ro m  th e  e ffec ts  d u e  to  d ie le c tr ic  loss th e  a n o d e  c irc u it  is  tu n e d  b y  m e a n s  

o f  i t s  v a r ia b le  c o n d e n se r  to  a  p o in t  o n  th e  re s o n a n c e  c u rv e  s h o w n  b y  A  in  fig u re  2, 

a n d  a  re la t iv e ly  low  re s is ta n c e  is c o n n e c te d  in  p a ra l le l  w ith  th e  p h o s p h o r  cell. I t s  

v a lu e  is c h o se n  to  b e  m u c h  lo w e r th a n  th e  m in im u m  a .c . re s is ta n c e  o f  th e  cell d u e  to  

d ie le c tr ic  loss in c re a se  d u r in g  lu m in e sc e n c e . A lth o u g h  th is  p ro c e d u re  lo w e rs  th e  

s e n s i t iv i ty  o f  th e  s y s te m  to  c a p a c i ty  c h a n g e s  i t  is s t i l l  su ffic ie n t fo r  p r a c t ic a l  m e a s u re 

m e n t  a n d  e n a b le s  th e  e ffe c t o f  loss c h a n g e s  d u r in g  c a p a c i ty  m e a s u re m e n t  to  b e  

re d u c e d  to  a  m in im u m  a s  a  c o n t r ib u t io n  to  th e  g a lv a n o m e te r  d e fle x io n . T h is  c o n 

t r i b u t io n  is fo u n d  to  b e  le ss  th a n  1 %  in  e x p e r im e n t .  T h e  l in e a r i ty  o f  th e  g a lv a n o 

m e te r  re sp o n se  to  c a p a c i ty  c h a n g e s  is t e s t e d  b y  th e  u se  o f  s t a n d a r d  c o n d e n s e rs  

a c ro ss  th e  tu n e d  a n o d e  c irc u it ,  th e  s a m e  c o n d e n se rs  b e in g  u s e d  fo r  c a l ib ra t io n  o f  

th e  c a p a c i ty  c h a n g e s  in  m ic ro -m ic ro fa ra d s . T h e  p h o s p h o r  cell h a s  a  c a p a c i ty  o f  

a b o u t  lO/ijuF. in  th e  d a r k ;  th e  a p p a r a tu s  c a n  d e te c t  a  c h a n g e  in  c a p a c i ty  o f  0-01 /i/tF .

F o r  th e  m e a s u re m e n t  o f  d ie le c tr ic  loss c h a n g e s  th e  p a ra l le l  r e s is ta n c e  in s e r te d  fo r  

c a p a c i ty  c h a n g e  m e a s u re m e n ts  is re m o v e d . T h e  c irc u it  is th e n  tu n e d  to  a  p o in t  B
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s h o w n  in  fig u re  2 n e a r  to  th e  p e a k  o f  th e  re s o n a n c e  c u rv e . U n d e r  th e s e  c o n d itio n s  

th e  c h a n g e  in  v o l ta g e  a c ro s s  th e  tu n e d  c irc u it  r e c o rd e d  b y  th e  g a lv a n o m e te r  w ill b e  

m a in ly  d u e  to  th e  f la t te n in g  o f  th e  re s o n a n c e  c u rv e  w h e n  loss c h a n g e s  o c c u r . T h e  

c o n t r ib u t io n  f ro m  c h a n g e s  in  c a p a c i ty  is fo u n d  to  b e  le ss  th a n  2 %  o f  th e  re c o rd e d  

c h a n g e . T h e  c a l ib ra t io n  o f  th e  g a lv a n o m e te r  fo r  lo ss m e a s u re m e n ts  is e ffe c te d  b y  

in s e r t in g  s t a n d a r d  n o n - in d u c t iv e  re s is ta n c e s  a c ro ss  th e  tu n e d  c irc u it .  T h e re  is so m e 

d e p a r tu r e  f ro m  l in e a r i ty  b e tw e e n  loss c h a n g e  a n d  g a lv a n o m e te r  re sp o n se  b u t  th is  

is in c lu d e d  in  c a l ib ra t io n .

Measurements o f dielectric changes at different frequencies o f the applied fie ld

T h e  a p p a r a tu s  d e s c r ib e d  a b o v e  h a s  b e e n  u s e d  m a in ly  a t  a  f r e q u e n c y  o f  3 M cy c ./sec . 

I n  a d d i t io n , m e a s u re m e n ts  o f  d ie le c tr ic  c h a n g e s  h a v e  b e e n  m a d e  a t  a  lo w e r f r e q u e n c y  

o f  1 M cy c ./sec ., u s in g  th e  s a m e  a p p a r a tu s .  I n  g e n e ra l,  h o w e v e r,  i t  is n o t  p o ssib le  to  

e x te n d  th e  u se  o f  th e  a p p a r a tu s  to  a ll  d e s ire d  f re q u e n c ie s  fo r  c o m p le te  m e a s u re m e n t 

o f  th e  d ie le c tr ic  c h a n g e s  d u r in g  flu o resc en c e , p h o sp h o re sc e n c e  a n d  th e rm o lu m in 

esce n ce  . M e a s u re m e n ts  o f  th e  d ie le c tr ic  c h a n g e s  h a v e  b e e n  m a d e  fo r  s te a d y  e x c i ta t io n  

o f  flu o resc en c e  a t  f ix e d  te m p e r a tu r e s  o v e r  a  f re q u e n c y  r a n g e  f ro m  lO O kcy c./sec. to  

10 M cy c ./sec . T h is  ra n g e  p ro v e s  su ff ic ie n t to  in c lu d e  th e  a n o m a lo u s  f re q u e n c y  

v a r ia t io n  o f  th e  d ie le c tr ic  c h a n g e s  d u e  to  th e  p a r t ic u la r  v a lu e s  o f  r e la x a t io n  tim e s  

o f  th e  p o la r iz a b le  sy s te m s . F o r  th e s e  m e a s u re m e n ts  a t  d if fe re n t f re q u e n c ie s  o f  th e  

a p p lie d  fie ld  th e  p h o s p h o r  cell is c o n n e c te d  to  th e  c irc u it  o f  a  c o n v e n tio n a l  ‘ C irc u it  

m a g n if ic a tio n  o r  Q m e t e r ’, b y  m e a n s  o f  w h ic h  th e  d ie le c tr ic  c o n s ta n t  a n d  loss 

c h a n g e s  a re  re c o rd e d .

A ll c h a n g e s  in  d ie le c tr ic  c o n s ta n t  a re  d e n o te d  b y  in  th e  d e s c r ip t io n  o f  e x p e r i

m e n ta l  re s u lts . L o ss  c h a n g e s  a re  m e a s u re d  a s  th e  c h a n g e  in  e q u iv a le n t  p a ra lle l  

c o n d u c ta n c e  A y  o f  th e  cell in  u n i ts  o f  re c ip ro c a l o h m s.

Luminescence measurements

F o r  th e  d e te r m in a t io n  o f  th e  lu m in e sce n c e  c h a ra c te r is t ic s  a n d  e le c tro n - tr a p  

d is t r ib u t io n s  o f  th e  v a r io u s  p h o s p h o r  sp ec im e n s  e x a m in e d  th e  m e th o d s  d e sc r ib e d  

p re v io u s ly  h a v e  b e e n  e m p lo y e d  (R a n d a ll  & W ilk in s  1945).

E x pe r im e n t a l  r e s u l t s

S tu d ie s  o f  th e  d ie le c tr ic  c h a n g e s  d u r in g  lu m in e sce n c e  in  m a n y  d if fe re n t sp ec im e n s 

o f  z in c  s u lp h id e  a n d  z in c -c a d m iu m  s u lp h id e s  h a v e  b e en  m a d e . T h e  re s u lts  g iv e n  h e re  

a re  fo r  a  few  o f  th e s e  p h o s p h o rs  o n ly  b u t  a re  ty p ic a l  o f  th o s e  o b ta in e d  fo r a ll s p e c i

m e n s. I n  a ll cases  th e  d ie le c tr ic  c h a ra c te r is t ic s  o f  th e  p h o s p h o r  cell in  th e  d a rk , 

u n e x c ite d  s ta t e  a re  d e te rm in e d  so t h a t  th e  ch an g e s d u e  to  th e  lu m in escen ce  p ro cesses  

o n ly  c a n  b e  d e d u c e d  fro m  th e  re s u lts . S u c h  c o n tro l e x p e r im e n ts  a re  m a d e  o v e r  th e  

ra n g e  o f  te m p e r a tu r e  fro m  90  to  6 0 0 ° K . F o r  e ac h  sp ec im e n  th e  flu o rescen ce- 

te m p e ra tu re ,  th e  s a tu r a te d  p h o sp h o re sc e n c e -t im e  a n d  th e  th e rm o lu m in e sc e n c e  - 

te m p e ra tu re  c h a ra c te r is tic s  a re  m e a s u re d  in  o rd e r  to  d e fine  th e  lu m in e sce n c e  

c h a ra c te r is tic s  o f  e a c h  sp ec im en . I n  a ll cases  i t  is fo u n d  t h a t  th e  d ie le c tr ic  c o n s ta n t
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494 G. F. J. Garlick and A. F. Gibson

a n d  lo ss o f  th e  u n e x c i te d  p h o s p h o r  sh o w  n o  m a r k e d  t e m p e r a tu r e  e ffe c ts  o v e r  th e  

ra n g e  in v e s t ig a te d  a n d  n o  a n o m a lo u s  v a r ia t io n  w ith  th e  a p p lie d  fie ld  f r e q u e n c y . 

A b o v e  6 0 0 ° a  t e m p e r a tu r e  is re a c h e d  a t  w h ic h  lo ss c h a n g e s  d u e  to  s e m i-c o n d u c tio n  

p ro c e sses  in  th e  p h o s p h o r  o c cu r .

A b so lu te  m e a s u re m e n ts  o f  th e  d ie le c tr ic  c h a n g e s  a re  d if f ic u lt to  o b ta in ,  a s  a ll  

th e  p h o s p h o rs  a re  in  p o w d e r  fo rm  a n d  m o u n te d  in  a  v e r y  th in  la y e r  so  t h a t  th e  

a c c u ra c y  o f  e s t im a t in g  cell d im e n s io n s  a n d  e ffe c tiv e  v o lu m e  o f  th e  d ie le c tr ic  d u e  to  

th e  p h o s p h o r  is r e la t iv e ly  low . T h in  la y e r s  a re  e s s e n tia l  to  o b ta in  c o m p le te  a n d  

u n ifo rm  e x c i ta t io n  o f  th e  sp e c im e n  th u s  a v o id in g  a n o m a lie s  d u e  to  n o n -u n ifo rm  

e x c i ta t io n  (G oos 1939). M e a s u re m e n ts  m a d e  sh o w  t h a t  t h e  n o rm a l  d ie le c tr ic  c o n 

s t a n t  o f  p h o s p h o rs  o f  th e  z in c  s u lp h id e  ty p e  is a b o u t  8 a n d  t h a t  fo r  h ig h  e x c i ta t io n  

th e  v a lu e  in c re a se s  to  a b o u t  14  fo r  so m e o f  th e  sp e c im e n s . P re v io u s  w o rk e rs  h a v e  

c la im e d  to  h a v e  o b s e rv e d  in c re a s e s  o f  th e  o rd e r  o f  100 %  o f  th e  n o rm a l  v a lu e  

(G u d d e n  & P o h l  1920). I n  v ie w  o f  th e  a b o v e  d if f ic u ltie s  t h e  m e a s u re m e n ts  o f  th e  

d ie le c tr ic  c h an g e s , w ith  th e  e x c e p tio n  o f  th o s e  re c o rd e d  in  fig u re  3 , h a v e  b e e n  m a d e  

in  a r b i t r a r y  u n i ts .  R e la t iv e  a c c u ra c ie s  o f  m e a s u re m e n t  a re  h ig h , o f  th e  o rd e r  o f  1 o r  

2 % . D ie le c tr ic  lo ss c h a n g e s  c a n  b e  m e a s u re d  in  a b s o lu te  u n i t s  a s  p re v io u s ly  s ta t e d ,  

b u t  th e  lo w  v a lu e s  fo r  th e  u n e x c i te d  p h o s p h o r  a re  in a c c u r a te  b e c a u se  o f  th e i r  sm a ll 

m a g n itu d e . T h e  v a lu e s  a re  c e r ta in ly  le ss  th a n  10~8 o h m -1 .

(1) Variation o f the dielectric changes w ith  the in tensity

o f excitation at fixed  temperature

W h e n  a  p h o s p h o r  is e x c i te d  fo r  a  su ff ic ie n tly  lo n g  t im e  a t  a  fix e d  te m p e r a tu r e ,  in  

th i s  case  ro o m  te m p e r a tu r e ,  b y  a  s te a d y  so u rc e  o f  u l t r a - v io le t  l ig h t  i t  r e a c h e s  a  s t a t e  

o f  e q u il ib r iu m  w h e n  i t s  e m is sio n  in te n s i ty  is c o n s ta n t  a n d  is p r o p o r t io n a l  to  th e  

e x c i ta t io n  in te n s i ty .  T h e re  a re  a c c o m p a n y in g  c h a n g e s  in  d ie le c tr ic  c o n s ta n t  a n d  

loss, b u t  th e s e  c h a n g e s  te n d  to  s a tu r a t e  a t  q u i te  s m a ll  e x c i ta t io n  in te n s i t ie s .  A  

ty p ic a l  v a r ia t io n  o f  th e  d ie le c tr ic  c o n s ta n t  c h a n g e  w i th  e x c i ta t io n  in te n s i ty  is g iv e n  

in  fig u re  3 fo r a  z in c  s u lp h id e  p h o s p h o r  a c t iv a te d  b y  s ilv e r  im p u r i ty .  T h e  o rd in a te  

o f  th e  fig u re  is  th e  c h a n g e  in  d ie le c tr ic  c o n s ta n t  in  a b s o lu te  u n i ts ,  t h e  sca le  b e in g  

a c c u r a te  to  + 10 %  in  a b s o lu te  v a lu e . T h e  a b sc is sa  is th e  e x c it in g  l ig h t  in t e n s i ty  in  

a r b i t r a r y  u n i ts .  M e a s u re m e n ts  s u c h  a s  th o s e  g iv e n  in  fig u re  3 h a v e  b e e n  m a d e  fo r  

a ll  sp e c im e n s  o v e r  in te n s i ty  ra n g e s  o f  m o re  th a n  1 0 0 0 :1 . F r o m  th e  e x p e r im e n ta l  

r e s u l ts  o f  fig u re  3 i t  c a n  b e  see n  t h a t  s a tu r a t i o n  e ffe c ts  o c c u r  a t  lo w  in te n s i t ie s  a n d  

t h a t  th e  c u rv e  f la t te n s  o u t  m o re  a s  th e  in te n s i ty  in c re a s e s . I t  is fo u n d  t h a t  a t  h ig h  

in te n s i t ie s  th e  d ie le c tr ic  c h a n g e s  Ae a n d  A y  v a r y  l in e a r ly  w ith  th e  lo g a r i th m  o f  th e  

e x c it in g  l ig h t  in te n s i ty  I .  F r o m  th e  e x p e r im e n ta l  r e s u l ts  a  m o re  c o m p le te  e m p ir ic a l  

fo rm u la  r e la t in g  th e  d ie le c tr ic  c h a n g e s  a n d  th e  e x c i ta t io n  in te n s i ty  h a s  b e e n  

d e r iv e d . I t  is

Ae  o r  A y  is p r o p o r t io n a l  to  log  ( +  1), 

w h e re  6 is a  c o n s ta n t  w h ic h  c a n  b e  d e te r m in e d  f ro m  th e  r e s u l ts  a t  h ig h  in te n s it ie s .  

I t  is o b ta in e d  b y  p lo t t in g  Ae  o r  A y  a g a in s t  log  I  a n d  p ro d u c in g  th e  s t r a ig h t  lin e  fo r  

th e  h ig h  in te n s i t ie s  w h e n  i t s  in te r s e c t io n  w ith  th e  a b sc is sa  fo r  Ae o r  A y  e q u a l  to
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z ero  is a t  —lo g  (6). T h e  p r o d u c t  lb  in  e q u a t io n  (6) is d e n o te d  b y  th is  f a c to r  s t i l l  

b e in g  p r o p o r t io n a l  to  th e  e x c i ta t io n  in te n s i ty .  E x p e r im e n ta l  r e s u l ts  a re  g iv e n  in  

fig u res  4  a n d  5  t o  sh o w  th e  v a l id i ty  o f  th e  e m p ir ic a l  r e la t io n  fo r  s ix  ty p ic a l  p h o s p h o rs . 

T h e  o rd in a te s  o f  t h e  fig u res  4  a n d  5  a re  th e  c h a n g e  in  d ie le c tr ic  c o n s ta n t  Ae  a n d  th e  

c h a n g e  in  d ie le c tr ic  lo ss A y  r e s p e c tiv e ly . T h e  a b sc is sa  o f  e a c h  fig u re  is th e  q u a n t i t y  

log  (A ' +  1), t h e  v a lu e  o f  A 'being  d e te r m in e d  fo r  e a c h  p h o s p h o r  as  d e sc

I t  is fo u n d  t h a t  t h e  n u m b e r  o f  filled  e le c tro n  t r a p s ,  a s  m e a s u re d  b y  th e  th e r in o -  

lu m in e sc e n c e  e x p e r im e n t ,  v a r ie s  w ith  th e  e x c i ta t io n  in te n s i ty  a c c o rd in g  to  th e  

re la t io n  g iv e n  b y  e q u a t io n  (6) a n d  th e  v a lu e  o f  A '  o b ta in e d  f ro m  th e  th e r m o 

lu m in e sc e n c e  m e a s u re m e n ts  a g re e s  w i th  th e  v a lu e s  o b ta in e d  fo r  th e  v a r ia t io n  o f  

th e  d ie le c tr ic  c h a n g e s  w i th  e x c i ta t io n  in te n s i ty .
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Fi g u r e  3. Variation of dielectric constant change w ith exciting light intensity for atypical 

phosphor (ZnS-Ag) at 291° K. (Absolute accuracy of ordinate units is ± 10 %.)

T h e  a b o v e  e x p e r im e n ta l  re s u lts  in d ic a te  t h a t  th e  d ie le c tr ic  c h an g e s  a re  p r o 

p o r t io n a l  to  th e  n u m b e r  o f  filled  e le c tro n  t r a p s .  U sin g  th e  c o n c e p tio n s  d e v e lo p e d  in  

th e  th e o re tic a l  s e c tio n  a b o v e  a  d e r iv a t io n  o f  e q u a tio n  (6) c a n  b e  o b ta in e d . I f  th e  

te m p e ra tu re ,  a n d  th e  fie ld  fr e q u e n c y , re m a in  fix ed  a n d  th e  v a r ia t io n  o f  th e  d ie le c tr ic  

c h an g e s  w ith  t r a p  d e p th  is n e g le c te d , th e n  th e  d ie le c tr ic  ch an g e s a t  a n y  in te n s i ty  

w ill b e  p ro p o r t io n a l  to  th e  n u m b e r  o f  filled  tr a p s .  T h is  n u m b e r  w ill be  g iv e n  b y  

e q u a t io n  (4 ). I f  NE is c o n s ta n t  o r  is v a ry in g  s lo w ly  w ith  th e n  th e  e q u a tio n  h a s  

th e  s o lu tio n

N  =  NEk T  \og[{Axm+ l)/{A /s  +
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496 G. F. J. Garlick and A. F. Gibson

log10 ( A ' + l )

F ig u r e  4. Variation of dielectric constant change w ith exciting light in tensity  for various 

phosphors a t room temperature (291° K ). (a) ZnS-CdS-Cu (short after-glow); (6) ZnS-Cu (long 

after-glow); (c) ZnS-Ag (short after-g low ); (d) ZnS-Zn (short after-glow). A =  constant factor  

(6) x exciting light intensity (I).

0 1 2  3 4

log10 (A '+ l )

F ig u r e  5. Variation of dielectric loss change w ith exciting light in tensity  for various phos

phors at room temperature (291° K ). (a) ZnS-Cu (long after-g low ); (6) ZnS-Ag (short after

g low); (c) ZnS-CdS-Cu (long after-glow). A'  =  constan
(I in arbitrary units).
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w h e re  xm = s ^1 e x p  (Emax /k T ) .  F r o m  e x p e r im e n t  i t  is fo u n d  t h a t  o v e r  th e  in te n s i ty  

ra n g e  u s e d  A  is  m u c h  s m a lle r  th a n  s so  t h a t  th e  a b o v e  e x p re s s io n  b e co m e s

N  = NE k T lo g  ( A '+ 1 ) , ( 7 )

w h e re  A '  =  A x m. A s th e  d ie le c tr ic  c h a n g e s  Ae  a n d  A y  w ill b e  p r o p o r t io n a l  to  th is  

d e r iv a t io n  is e q u iv a le n t  to  th e  r e la t io n  fo u n d  e m p ir ic a lly  in  e q u a t io n  (6). T h e  

a g re e m e n t  sh o w s t h a t  th e  a s s u m p tio n  t h a t  th e  v a r ia t io n  o f  d ie le c tr ic  c h a n g e s  w ith  

th e  t r a p  d e p th  is s lo w  is ju s tif ie d . T h e  a s s u m p tio n  t h a t  NE is c o n s ta n t  o r  v a r ie s  

b u t  s lo w ly  w ith  E  is  a lso  ju s t if ie d  i f  a ll  t r a p s  a re  c o n s id e re d .

(2) Decay o f the dielectric changes w ith the decay o f phosphorescence

I f  th e  p h o s p h o r  sp e c im e n  is e x c ite d  to  a n  e q u ilib r iu m  s ta t e  a t  ro o m  te m p e r a tu r e  

a n d  th e n  th e  e x c i ta t io n  is c u t  o ff th e  p h o sp h o re sc e n c e  w ill d e c a y  in  in te n s i ty  w ith  

t im e . T h e  in te n s i ty - t im e  r e la t io n  w ill b e  d e te r m in e d  b y  th e  e x te n t  to  w h ic h  th e  

t r a p s  a re  filled  b y  th e  e x c i ta t io n . T h e  d ie le c tr ic  c h a n g e s  a lso  d e c a y  w ith  t im e  

d u r in g  p h o sp h o re sc e n c e . T o  d e te rm in e  th e  re la t io n  b e tw e e n  th e  d ie le c tr ic  c h a n g e s  

a n d  th e  d e c a y  o f  p h o sp h o re sc e n c e  th e  fo llo w in g  e x p e r im e n ts  w e re  c a r r ie d  o u t :

(i) M e a s u re m e n t o f  th e  d e c a y  o f  p h o sp h o re sc e n c e  w ith  t im e .

(ii) M e a s u re m e n t o f  th e  d e c a y  o f  th e  d ie le c tr ic  c o n s ta n t  a n d  loss c h a n g e s  w ith  

t im e .

(iii) M e a s u re m e n t o f  th e  d e c re a se  in  th e  n u m b e r  o f  t r a p p e d  e le c tro n s  w ith  t im e  

b y  m e a n s  o f  th e  th e rm o lu m in e s c e n c e  e x p e r im e n t .

E x p e r im e n ta l  r e s u lts  fo r tw o  o f  th e  p h o s p h o rs  s tu d ie d  a re  g iv e n  in  fig u res  6 

a n d  7 . T h e  c o -o rd in a te s  a re  lo g a r ith m ic , th e  a b sc is sa  o f  e a c h  fig u re  b e in g  th e  d e c a y  

t im e . T h e  o rd in a te s  o f  e a c h  g ra p h  g iv e  th e  in te n s i ty  o f  p h o sp h o re sc e n c e , th e  d ie le c tr ic  

c h a n g e s  A ea n d  A ya n d  th e  n u m b e r  o f  t r a p p e d  e le c tro n s , a ll q u a n t i t ie s  b e in g  e x p re

in  a r b i t r a r y  u n its .  F ro m  a n  in s p e c tio n  o f  th e  c u rv e s  o f  th e se  tw o  fig u res  i t  is e v id e n t  

t h a t  th e  s lo p es  o f  th e  d ie le c tr ic  c o n s ta n t  a n d  loss c h a n g e  c u rv e s  a re  a b o u t  th e  sa m e  

a s  th e  s lo p es  o f  th e  c u rv e s  g iv in g  th e  d e c a y  in  th e  n u m b e r  o f  t r a p p e d  e le c tro n s  w ith  

t im e . H o w e v e r, th e s e  s e v e ra l s lo p es  a re  d if fe re n t fro m  t h a t  o f  e ac h  re s p e c tiv e  

p h o sp h o re sc e n c e  c u rv e  b y  a b o u t  u n i ty .  T h e  re s u lts  sh o w  t h a t  th e  d ie le c tr ic  c h an g e s  

d e p e n d  m a in ly  u p o n  th e  n u m b e r  o f  filled  e le c tro n  t r a p s .

T h e  d iffe ren ce  in  s lo p e b e tw e e n  th e  c u rv e s  fo r th e  d ie le c tr ic  ch an g e s a n d  n u m b e r  

o f  t r a p p e d  e le c tro n s  a n d  th e  c u rv e  fo r th e  d e c a y  o f  p h o sp h o re sc en c e  m a y  be  e x 

p la in e d  b y  re fe re n ce  to  e q u a tio n  (5 ) a b o v e . T h e  n u m b e r  o f  e le c tro n s  in  t r a p s  a t  

a  d e c a y  t im e  t w h e n  th e  p h o sp h o re sc en c e  in te n s i ty  is I  w ill b e  g iv e n  b y

Electron traps and dielectric changes in phosphorescent solids 497

T h e  p h o s p h o re sc e n c e  d e c a y  o f  th e  tw o  p h o sp h o rs  in  q u e s tio n  fo llow s th e  re la tio n  

o f  e q u a tio n  (5 ) a n d  th e re fo re  th e  in te g ra l  b eco m es

N  =  J* (co n st. jtakT+1)dt — c o n st.
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498 G. F. J. Garlick and A. F. Gibson

T h u s  th e  r e s p e c tiv e  s lo p es  s h o u ld  d iffe r  b y  u n i ty  w h e n  th e  d e c a y  p ro c e sse s  a re  

p r e s e n te d  a s  in  fig u re s  6 a n d  7 o n  lo g a r i th m ic  c o -o rd in a te s . W h e n  c o n s id e r in g  th e  

v a r ia t io n  o f  th e  d ie le c tr ic  c h a n g e s  w i th  e x c i ta t io n  in te n s i ty  i t  w a s  a s s u m e d  t h a t  

Ne  v a r ie d  s lo w ly  w i th  E  o r  w a s  c o n s ta n t ,  w h e re a s  in  th e  p r e s e n

p o n e n t ia l  v a r ia t io n  o f  NE is a s s u m e d . I n  th e  in t e r p r e ta t io n  o f  th e  r e s u l ts  g iv e n  in  

§ (1 ) a b o v e  i t  is  ju s t if ie d  to  c o n s id e r  N  a s  e s s e n tia l ly  c o n s ta n t ,  a s  a ll  t r a p s  o f  a ll  

d e p th s  a re  in v o lv e d ;  in  th e  case  o f  p h o s p h o re sc e n c e  d e c a y  a t  lo n g  d e c a y  t im e s  o n ly  

d e e p  t r a p s  a re  in v o lv e d , a n d  th e i r  n u m b e r  m a y  v a r y  e x p o n e n t ia l ly  w ith  E  w i th o u t  

in v a l id a t in g  th e  a s s u m p tio n s  o f  § (1) fo r  a ll  t r a p s .

4 10 100 1000 4000

decay tim e in seconds

F ig u r e  6. D ecay o f dielectric changes, phosphorescence and number o f trapped electrons  

w ith tim e for ZnS-Cu phosphors a t 291° K . (a) decay o f phosphorescence; (6) decay o f number  

o f trapped electrons; (c) decay o f dielectric loss change ; (d) decay o f dielectric constant change.
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T h e  a p p r o x im a te  n a tu r e  o f  th e  a g re e m e n t  b e tw e e n  th e  s lo p es  o f  th e  c u rv e s  fo r  

th e  d ie le c tr ic  c h a n g e s  a n d  th o s e  fo r  th e  d e c a y  o f  t h e  n u m b e r  o f  t r a p p e d  e le c tro n s  

in d ic a te s  t h a t  th e  e ffe c t o f  t r a p  d e p th  o n  th e  d ie le c tr ic  c h a n g e s  m a y  n o t  b e  n e g lig ib le . 

T h e  d ie le c tr ic  c h a n g e s  w ill  d e c re a se  w i th  th e  d e p th  o f  th e  filled  t r a p s ,  a n d  a s  th e  

d e c a y  p ro c e e d s  th e  e le c tro n s  r e m a in  in  th e  d e e p e r  t r a p s  so  t h a t  th e  d ie le c tr ic  c h a n g e s  

h a v e  a  m o re  r a p id  d e c a y  t h a n  t h a t  w h ic h  w o u ld  o c c u r  i f  th e r e  w e re  n o  e ffe c t d u e  

to  t r a p  d e p th .

I n  a d d i t io n  to  t h e  m e a s u re m e n t  o f  p h o sp h o re sc e n c e  d e c a y  a n d  th e  c o rre sp o n d in g  

d e c a y  o f  th e  d ie le c tr ic  c h a n g e s  so m e  q u a l i ta t iv e  e x p e r im e n ts  h a v e  b e e n  m a d e  a t

Electron traps and dielectric changes in phosphorescent solids 499

decay tim e in seconds

F ig u r e  7. Decay of dielectric changes, phosphorescence and number of trapped electrons with  

tim e for a ZnS-CdS-Cu phosphor at 291° K . (a) Decay of number of trapped electrons; ( decay  

of dielectric constant change; (c) decay of dielectric loss change; (d) decay o f phosphorescence.
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500 G. F. J. Garlick and A. F. Gibson

l iq u id -a ir  te m p e r a tu r e  w h ic h  h a v e  a lr e a d y  b e e n  b rie fly  d e s c r ib e d  in  th e  th e o r e t ic a l  

s e c tio n  a b o v e . T h e y  in v o lv e  th e  re le a se  o f  t r a p p e d  e le c tro n s  b y  in f r a - r e d  l ig h t. 

S im ila r  e x p e r im e n ts  m a d e  a t  ro o m  te m p e r a tu r e  c o n firm  e a r l ie r  w o rk  (G oos 1939 ; a n d  

o th e rs ) . T h e  i r r a d ia t io n  o f  a  p h o s p h o r  d u r in g  p h o s p h o re sc e n c e  d e c a y  w ith  in f r a - r e d  

l ig h t  c a n  c a u se  a  te m p o r a r y  e n h a n c in g  o f  th e  p h o s p h o re sc e n c e  w ith  a  s u b s e q u e n t  

d e c a y  w h ic h  is m o re  r a p id  t h a t  i t s  n o rm a l p ro g re s s . I n  so m e  c ase s  th e  in i t ia l  

e n h a n c in g  d o es  n o t  o c c u r  b u t  th e  d e c a y  b e co m e s  m o re  r a p id .  T h e  o c c u r re n c e  o f  o n e  

o r  b o th  o f  th e s e  p h e n o m e n a  d e p e n d s  o n  th e  p a r t ic u la r  sp e c im e n  u se d . H o w e v e r , 

in  n o  case  is a n y  in i t ia l  e n h a n c in g  o f  th e  d ie le c tr ic  c h a n g e s  o b s e rv e d . T h e  e n h a n c in g  

o f  p h o sp h o re sc e n c e  m a y  a lso  b e  p ro d u c e d  b y  a  s t ro n g  e le c tr ic  fie ld  w h ic h  c a n  re le a se  

e le c tro n s  fro m  t r a p s .  I n  th is  case  a n  e a r l ie r  w o rk e r  h a s  s h o w n  t h a t  n o  in i t ia l  in c re a s e  

in  d ie le c tr ic  c o n s ta n t  e v e r  o c c u rs  (H e rw e g  1923). T h e se  e x p e r im e n ts  sh o w  t h a t  th e  

d ie le c tr ic  e ffe c ts  a re  d u e  to  t r a p p e d  e le c tro n s  a n d  t h a t  e le c tro n s  in  th e  c o n d u c tio n  

b a n d  c o n tr ib u te  a  n e g lig ib le  a m o u n t  to  th e  e ffec ts .

(3 ) Variation o f the dielectric changes during thermoluminescence em ission

I f  th e  p h o s p h o r  sp e c im e n , m o u n te d  in  th e  D e w a r  a p p a r a tu s ,  is c o o led  to  l iq u id - a ir  

t e m p e r a tu r e ,  e x c ite d  a n d  th e n  w a rm e d  a t  a  u n ifo rm  r a te  in  th e  d a r k  (2 -5 ° K /s e c . in  

a ll  e x p e r im e n ts )  i t  e m its  th e rm o lu m in e s c e n c e  w h ic h  v a r ie s  in  a  c h a r a c te r is t ic  w a y  

w ith  th e  te m p e r a tu r e  fo r  e a c h  sp e c im e n . T h e  v a r ia t io n  g iv e s  a  r e p r e s e n ta t io n  o f  

th e  n u m b e r  o f  e le c tro n  t r a p s  o f  d if fe re n t  d e p th s  in  th e  p h o s p h o r  i f  e x c i ta t io n  a t  th e  

low  te m p e r a tu r e  is h ig h  e n o u g h  to  s a tu r a t e  th e  t r a p s .  D u r in g  th e  e m is sio n  o f  

th e rm o lu m in e s c e n c e  c h a n g e s  a lso  o c c u r  in  th e  d ie le c tr ic  c o n s ta n t  a n d  loss o f  th e  

sp e c im e n . I n  th e  e x p e r im e n ts  d e sc r ib e d  b e lo w  th e s e  c h a n g e s  d u r in g  th e r m o 

lu m in e sc e n c e  h a v e  b e e n  m e a s u re d . I n  a d d i t io n ,  th e  t e m p e r a tu r e  v a r ia t io n  o f  th e  

c o n d u c tio n  c u r r e n t  in  th e  p h o s p h o r  w h e n  a  s ta t ic  a p p lie d  fie ld  is p r e s e n t  d u r in g  

th e rm o lu m in e s c e n c e  h a s  b e e n  m e a s u re d  a s  r e p re s e n t in g  th e  n u m b e r  o f  e le c tro n s  

m o v in g  th r o u g h  th e  c o n d u c tio n  b a n d  a t  a n y  in s t a n t  d u r in g  th e  th e rm o lu m in e s c e n c e  

e m is sio n . T h e  v a r ia t io n  o f  th e  d ie le c tr ic  c h a n g e s  d u r in g  th e rm o lu m in e s c e n c e  t o 

g e th e r  w ith  th e  e m is sio n  a n d  th e  v a r ia t io n  o f  th e  d .c . c o n d u c tio n  c u r r e n t  a re  g iv e n  

in  fig u re  8 fo r  a  ty p ic a l  p h o s p h o r . T h e  a b sc is sa  o f  th is  fig u re  is th e  t e m p e r a tu r e .  T h e  

o r d in a te  re p re s e n ts  fo r  c u rv e  (a) t h e  in te n s i ty  o t th e rm o lu m in e s c e n c e , fo r  c u rv e  (6) 

th e  c h a n g e  in  d ie le c tr ic  loss A y ,  fo r  c u rv e  (c) th e  e h a n g e  in  d ie le c tr ic  c o n s ta n t  Ae, 

fo r  c u rv e  (d) th e  m a g n i tu d e  o f  th e  c o n d u c tio n  c u r r e n t  fo r  a  d .c . a p p lie d  fie ld . I t  

c a n  b e  seen  t h a t  th e r e  is g o o d  a g re e m e n t  b e tw e e n  c u rv e s  (a) a n d  (d) b u t  t h a t  th e r e  

is n o  s im p le  r e la t io n  b e tw e e n  c u rv e s  ( b) a n d  (c) fo r  t h e

(a) fo r  th e  v a r ia t io n  o f  th e rm o lu m in e s c e n c e  w ith  te m p e r a tu r e .  T h e  d ie le c tr ic  c h a n g e s  

d o , h o w e v er , re a c h  ze ro  a t  th e  s a m e  te m p e r a tu r e  as  th e  th e rm o lu m in e s c e n c e  a n d  

th e  c o n d u c tio n  c u r r e n t  sh o w in g  t h a t  th e r e  a re  n o  c h a n g e s  w h e n  th e  e le c tro n  t r a p s  

a re  a ll e m p ty .

T o  in te r p r e t  th e  c u rv e s  (b) a n d  (c) o f  fig u re  8 i t  is a s s u m e d  t h a t  th e  d ie le c tr ic  

c h a n g e s  d e p e n d  o n  th e  n u m b e r  o f  filled  t r a p s ,  b u t  in  a d d i t io n  i t  is a s s u m e d  t h a t  th e r e
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m a y  b e  a  v a r ia t io n  o f  th e  d ie le c tr ic  c h a n g e s  w i th  te m p e r a tu r e .  T o  a s c e r ta in  th e  

n a tu r e  o f  th e  te m p e r a tu r e  v a r ia t io n  th e  f ir s t  a s s u m p tio n  is u se d . A t  a n y  te m p e r a tu r e  

T a d u r in g  t h e  th e rm o lu m in e s c e n c e  e m is sio n  th e  a re a  r e m a in in g  u n d e r  th e  c u rv e  (a) 

b e tw e e n  TG a n d  th e  t e m p e r a tu r e  a t  w h ic h  e m is sio n  ceases  is p r o p o r t io n a l  to  th e  

n u m b e r  o f  t r a p p e d  e le c tro n s . I n  th e  a b se n c e  o f  a  t e m p e r a tu r e  v a r ia t io n  o f  th e  

d ie le c tr ic  c h a n g e s  th e n  th e  o r d in a te  o f  e i th e r  c u rv e  (6) o r  (c) a t  TQ w o u ld  b e  p r o 

p o r t io n a l  to  th is  a r e a  o n  th e  a b o v e  a s s u m p tio n . T h u s  th e  te m p e r a tu r e  f u n c t io n  fo r  

th e  d ie le c tr ic  c h a n g e s  m a y  b e  fo u n d  b y  d iv id in g  th e  o r d in a te  o f  c u rv e s  (b) o r  (c) b y

Electron traps and dielectric changes in phosphorescent solids 501

temperature in °K

F ig u r e  8. Variation of thermoluminiscence emission and corresponding dielectric changes 

with temperature for ZnS-CdS-Cu phosphor after excitation at 90° K . (a) Thermoluminiscence - 

temperature curve; (b) dielectric loss change-temperature curve; (c) dielectric constant- 

temperature curve; ( d ) current flowing in phosphor during thermoluminiscence

applied field.

th e  a re a  le f t  u n d e r  th e  th e rm o lu m in e sc e n c e  c u rv e . I f  th is  is c a r r ie d  o u t  a t  a ll 

te m p e r a tu r e s  th e  in tr in s ic  v a r ia t io n  o f  th e  d ie le c tr ic  ch an g e s w ith  te m p e r a tu r e  m a y  

b e  o b ta in e d . T h e  te m p e r a tu r e  fu n c tio n s  so d e r iv e d  a re  g iv e n  fo r th e  d ie le c tr ic  

c o n s ta n t  a n d  d ie le c tr ic  loss c h a n g e s  in  fig u res  9 a n d  10 re sp e c tiv e ly . F ig u re  9 h a s  

te m p e r a tu r e  a s  th e  ab sc is sa  a n d  th e  te m p e ra tu re  fu n c tio n  o f  th e  d ie le c tr ic  c o n s ta n t  

c h a n g e  as  th e  o rd in a te , d e n o te d  b y  f Ae{T). T h e  o rd in a te  is g iv e n  w ith  l in e a r  a n d  

lo g a r ith m ic  sca les  c o r re sp o n d in g  to  c u rv e s  (6) a n d  (a) re s p e c tiv e ly  in  o rd e r  to  show  

th e  fo rm  o f  th e  fu n c tio n . T h e  a b sc is sa  o f  fig u re  10 is th e  in v e rse  o f  th e  te m p e r a 

tu r e  a n d  i ts  o rd in a te  th e  te m p e ra tu re  fu n c tio n  fo r th e  d ie le c tr ic  loss c h an g e  on
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502 G. F. J. Garlick and A. F. Gibson

240 T

120 ©

tem perature in °K

F ig u r e  9. Temperature fu n c t io n /^ (T ) for dielectric constant change w ith  

tem perature for ZnS-CdS-Cu phosphor. ( / j e(T) is derived from figure 8 .)

tem perature in °K  on inverse scale

F ig u r e  10. Temperature function f Ay(T) o f dielectric loss change w ith tem perature  

for ZnS-CdS-Cu phosphor. ( / j r (T) is derived from figure 8 .)
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a  lo g a r i th m ic  sca le , t h e  fu n c t io n  b e in g  d e n o te d  b y  f Ay{T). F r o m  th e  c u rv e s  o f  

fig u res  9 a n d  10  t h e  r e s p e c t iv e  te m p e r a tu r e  fu n c t io n s  a re  fo u n d  to  b e

f Ae(T )  =  c o n s t, e x p  (ocT), w h e re  a  is  a  c o n s ta n t ,  

f dy (T)  =  c o n s t, e x p  ( — f t /T) ,  w h e re  is a  c o n s ta n t ,

th e s e  r e la t io n s  h o ld in g  a b o v e  200° K . A ll p h o s p h o r  sp e c im e n s  sh o w  a  d e p a r tu r e  

f ro m  th e s e  r e la t io n s  a t  te m p e r a tu r e s  b e lo w  a b o u t  200° K ,  w h e re  th e  d ie le c tr ic  

c h a n g e s  a re  a p p r o x im a te ly  in d e p e n d e n t  o f  t e m p e r a tu r e .

N o  th e o r e t ic a l  e x p la n a t io n  o f  th e s e  te m p e r a tu r e  v a r ia t io n s  o f  th e  d ie le c tr ic  

c h a n g e s  h a s  b e e n  fo u n d . E x p e r im e n ta l  v a lu e s  o f  th e  c o n s ta n ts  a  a n d  /? in  th e  

t e m p e r a tu r e  fu n c t io n s  fo r  s e v e ra l p h o s p h o rs  w ith  d if f e re n t  lu m in e sc e n c e  c h a r a c te r 

is tic s  a re  g iv e n  in  ta b le  1. A n  in s p e c tio n  o f  th e  ta b le  sh o w s t h a t  th e  v a lu e s  o f  a  a n d  /? 

sh o w  n o  m a r k e d  c h a n g e  f ro m  sp e c im e n  to  sp ec im e n . I t  a p p e a r s  f ro m  th e s e  re s u lts  

t h a t  th e  t e m p e r a tu r e  fu n c tio n s  a re  in tr in s ic  p ro p e r t ie s  o f  th e  filled  e le c tro n  t r a p s  

a n d  d o  n o t  d e p e n d  o n  th e  p a r t ic u la r  p h o s p h o r  to  a n y  g r e a t  e x te n t .  A g a in , th e  

d if fe re n t t r a p  d e p th s  a s s o c ia te d  w i th  lo n g  a n d  s h o r t  p h o s p h o re sc e n c e  sp e c im e n s  h a v e  

l i t t l e  e ffe c t o n  th e  c o n s ta n ts .  V a r ia t io n  o f  th e  fie ld  f r e q u e n c y  a p p e a r s  to  h a v e  l i t t l e  

e ffe c t o n  th e  te m p e r a tu r e  fu n c tio n s  o v e r  a  w id e  ra n g e .

Ta b l e  1. Va l u e s  o f  t h e  c o n s t a n t s  a  a n d  /? f o r  t h e  t e mpe r a t u r e

VARIATION OF THE DIELECTRIC CHANGES IN PHOSPHORS

Electron traps and dielectric changes in phosphorescent solids 503

phosphor phosphorescence a (°K _1) P (°K )

ZnS-Zn very short 0-018 810

ZnS-Ag short 0-0165 960

ZnS-Cu short 0-015 1000

ZnS (70 %)-CdS (30% )-Cu medium 0-0125 670

ZnS (95% )-CdS (5%)-Cu medium 0-014 720

ZnS-Cu long 0-010 840

(4 ) Comparison o f the dielectric changes during fluorescence 

and thermoluminescence o f phosphors

T h e  r a t io  o f  th e  in te n s i ty  o f  flu o rescen ce  a t  ro o m  te m p e r a tu r e  to  th e  m a x im u m  

in te n s i ty  o f  th e rm o lu m in e s c e n c e  em issio n  is u s u a lly  o f  th e  o rd e r  o f  1 0 0 :1  fo r m o s t  

sp ec im e n s. T h e  c o rre sp o n d in g  r a t io  fo r th e  d ie le c tr ic  c h an g e s  is o f  th e  o rd e r  o f  u n i ty .  

T h e se  e x p e r im e n ta l  fa c ts  p ro v id e  f u r th e r  e v id en c e  t h a t  th e  d ie le c tr ic  e ffects  a re  d u e  

to  t r a p p e d  e le c tro n s  a n d  d e p e n d  o n  th e i r  n u m b e r , w h ic h  is n o t  v e ry  d if fe re n t d u r in g  

flu o rescen ce  o r  th e rm o lu m in e sc e n c e . T h e  h ig h  in te n s i ty  o f  flu o rescen ce  is d u e  to  th e  

r e tu r n  o f  e x c ite d  e le c tro n s  to  lu m in escen ce  c e n tre s  w ith o u t  b e in g  c a p tu r e d  b y  t r a p s  

b e tw e e n  e x c i ta t io n  a n d  r e tu r n .  T h u s  th e  tw o  ra t io s  w o u ld  b e  e x p e c te d  to  b e  o f  

d if fe re n t o rd e rs .

E x a m in a t io n  o f  th e  d ie le c tr ic  ch an g e s w ith  te m p e r a tu r e  d u r in g  flu o rescen ce 

sh o w s t h a t  th e i r  v a r ia t io n  is slow . T h is  c a n  b e  e x p la in e d  a s  fo llow s: T h e  n u m b e r  o f  

t r a p p e d  e le c tro n s  d u r in g  flu o rescen ce  w ill d e c rea se  r a p id ly  w ith  te m p e ra tu re ,  a s
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504 G. F. J. Garlick and A. F. Gibson

s h o w n  b y  e q u a t io n  (3), fo r  a  s in g le  t r a p  d e p th .  I n  a d d i t io n  to  th is  d e c re a se  th e r e  is 

th e  r a p id  rise  in  th e  d ie le c tr ic  e ffe c ts  d u e  to  th e i r  in tr in s ic  t e m p e r a tu r e  fu n c tio n s  

d e sc r ib e d  in  th e  la s t  s e c tio n . T h e  c o m b in a tio n  o f  th e  tw o  d if fe re n t r a p id  v a r ia t io n s  

w ith  te m p e r a tu r e  c a n  g iv e  ris e  to  a  r e s u l t a n t  v a r ia t io n  w ith  te m p e r a tu r e  w h ic h  is 

r e la t iv e ly  slow .

(5 ) Variation o f the dielectric changes in  phosphors 

with the frequency o f the applied fie ld

M e a s u re m e n ts  o f  th e  b e h a v io u r  o f  th e  d ie le c tr ic  c h a n g e s  in  e x c ite d  p h o s p h o rs  

w h e n  th e  f re q u e n c y  o f  th e  a p p lie d  e le c tr ic  fie ld  is v a r ie d  h a v e  b e e n  m a d e  b y  t h e  u s e  

o f  th e  c i r c u i t  m a g n if ic a tio n  m e te r  a s  s t a t e d  in  a n  e a r l ie r  s e c tio n . I t  is f o u n d  t h a t  th e  

c h a n g e s  in  th e  d ie le c tr ic  c o n s ta n t  d u e  to  th e  filling  o f  e le c tro n  t r a p s  d e c re a se  a s  th e  

f r e q u e n c y  o f  th e  a p p lie d  fie ld  in c re a se s  w h ile  th e  c h a n g e s  in  d ie le c tr ic  lo ss in c re a s e  

a s  th e  fie ld  f re q u e n c y  in c re a se s . T h e se  v a r ia t io n s  w ith  fie ld  f r e q u e n c y  a re  c h a r a c te r 

is tic  o f  p o la r iz a b le  s y s te m s  w h ic h  h a v e  f in i te  r e la x a t io n  t im e s  a n d  w h ic h  th e re fo re  

sh o w  a n o m a lo u s  d is p e rs io n  a n d  a b s o r p t io n  a t  fie ld  fr e q u e n c ie s  o f  th e  s a m e  o rd e r  

a s  th e  re c ip ro c a l o f  th e  r e la x a t io n  tim e s . A  g e n e ra l th e o r e t ic a l  t r e a tm e n t  o f  s u c h  

s y s te m s  h a s  b e e n  g iv e n  b y  m a n y  w o rk e rs , n o ta b ly  D e b y e  (1929), a n d  in  th e  p r e 

s e n ta t io n  o f  th e  e x p e r im e n ta l  r e s u l ts  fo r  p h o s p h o rs  u se  h a s  b e e n  m a d e  o f  th e  

th e o re t ic a l  d e v e lo p m e n ts  o f  M u rp h y  & M o rg a n  (1939). T h e ir  d e r iv a t io n s  a re  fo r  

s y s te m s  in  w h ic h  th e r e  is a  c h a rg e d  p a r t ic le  o f  n e g lig ib le  m a ss  b o u n d  to  so m e s y s te m  

o f  r e la t iv e ly  h ig h  in e r t ia  a n d  a re  fo u n d  to  b e  a p p lic a b le  to  filled  e le c tro n  t r a p s .  T h e  

p r e s e n t  t r e a tm e n t  o f  th e  re s u l ts  s e p a ra te s  th e  d ie le c tr ic  e ffe c ts  d u e  to  filled  t r a p s  

f ro m  th o s e  o c c u r r in g  in  th e  u n e x c i te d  p h o s p h o r . C o n tro l e x p e r im e n ts  o n  th e  

u n e x c i te d  s p e c im e n s  in d ic a te  n o  a n o m a lo u s  v a r ia t io n  o f  th e  d ie le c tr ic  p ro p e r t ie s  

w ith  f re q u e n c y  w h e n  a ll  t r a p s  a re  e m p ty .  T h is  w o u ld  b e  e x p e c te d  <as t h e  r e la x a t io n  

t im e s  o f  th e  m a tr ix  io n s  o r  a to m s  o f  th e  p h o s p h o rs  a re  v e ry  s m a ll,  o f  th e  o rd e r  o f  

10~12 sec.

(a) Variation o f the change in  dielectric constant w ith field  frequency. F r o m  th e  

d e r iv a t io n s  o f  M u rp h y  & M o rg a n  (1939), t h e  d ie le c tr ic  c o n s ta n t  c h a n g e  a t  a n  

a n g u la r  f re q u e n c y  oj  o f  th e  a p p lie d  fie ld  is r e la te d  to  i t s  v a lu e s  a t  s ta t ic  a n d  in f in ite  

f re q u e n c ie s  zle0 a n d  Ae^  re s p e c tiv e ly , th u s :

w h e re  r  is th e  r e la x a t io n  t im e  o f  th e  p o la r iz a b le  c e n tr e , in  th is  case  a  filled  t r a p .  

T h is  e q u a t io n  m a y  b e  r e w r i t te n  th u s :

w h e re  /  is t h e  fie ld  f re q u e n c y  in  e y e ./s e c . I n  p ra c t ic e  Ae0 a n d  Ae^  c a n  b e  o b ta in e d  

b y  e x t r a p o la t io n  a t  th e  e x tre m e  e n d s  o f  th e  f re q u e n c y  ra n g e  u se d . T h u s  th e  le f t-  

h a n d  s id e  o f  e q u a t io n  (8) s h o u ld  b e  a  l in e a r  f u n c t io n  o f  th e  s q u a r e  o f  th e  a p p lie d  

fie ld  f r e q u e n c y . R e s u l ts  o f  e x p e r im e n t  fo r  a  z in c  s u lp h id e -c a d m iu m  s u lp h id e  p h o s -

Ae = A e^  +  (Zle0 —Zle00)/(1 +

( 8 )
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p h o r  a c t i v a te d  b y  c o p p e r  a re  s h o w n  in  fig u re  11, p lo t te d  to  sh o w  th e  a g re e m e n t w ith  

e q u a t io n  (8). T h e  o r d in a te  is th e  e x p re s s io n  o n  th e  r ig h t - h a n d  s id e  o f  th e  e q u a t io n  a s  

o b ta in e d  f ro m  e x p e r im e n t ,  w h ile  th e  a b sc is sa  is th e  s q u a re  o f  th e  fie ld  f r e q u e n c y . T h e  

re s u l ts  a re  g iv e n  fo r  tw o  d if fe re n t  te m p e r a tu r e s ,  a n d  i t  is e v id e n t  t h a t  e q u a t io n  (8) 

is fo llo w e d  b y  th e  e x p e r im e n ta l  r e s u lts .  T h e  s lo p es  o f  th e  tw o  s t r a ig h t  lin e s  o f  

fig u re  11 w ill g iv e  v a lu e s  fo r  th e  r e la x a t io n  tim e s  o f  th e  filled  t r a p s  a t  th e  tw o  

te m p e r a tu r e s .  V a lu e s  o b ta in e d  in  th is  w a y  fo r  s e v e ra l p h o s p h o rs  a re  g iv e n  in  

c o lu m n  iii o f  ta b le  2.

Electron traps and dielectric changes in phosphorescent solids 505

square of applied electric field frequency (in megacycles)

F ig u r e  11. Variation of dielectric constant change w ith applied electric field frequency  

for ZnS-CdS-Cu phosphor at two different temperatures for constant excitation intensity. 

(a) Phosphor temperature 291°K ; (6) phosphor temperature 361°K . de0 =  dielectric constant 

change at zero field frequency. Aen — dielectric constant change 

Ae — dielectric change at intermediate frequency.

(6) Variation o f the change in  dielectric loss with field frequency. F ro m  th e  d e r iv a 

t io n s  o f  M u rp h y  & M o rg a n  th e  c h a n g e  in  d ie le c tr ic  loss, e x p re sse d  as  th e  c h an g e  in  

e q u iv a le n t  p a ra l le l  c o n d u c ta n c e  Ay, w ill v a r y  w ith  th e  

a c c o rd in g  to  th e  re la t io n

A y  =  (Ae0 — Ae^wH /S-Gn x  1012(1 + w 2r 2) o h m _1, 

w h ic h  c a n  b e  r e w r i t te n

t  ( d e 0 - J e w) =  1 „ 1

Ay 3-6 7 T  x 1 0 12 
(9 )
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506 G. F. J. Garlick and A. F. Gibson

T h u s  th e  in v e rs e  o f  A y  w ill v a r y  l in e a r ly  w ith  th e  in v e rs e  s q u a r e  o f  th e  fie ld

U s in g  th is  e q u a t io n  th e  e x p e r im e n ta l  r e s u l ts  fo r  th e  s a m e  p h o s p h o r  fo r  w h ic h  t h e  

re s u l ts  a re  g iv e n  in  fig u re  11, a re  p re s e n te d  to  sh o w  i t s  v a l id i ty  in  fig u re  12. T h e  

o r d in a te  is t h e  in v e rs e  o f  th e  d ie le c tr ic  lo ss c h a n g e  a n d  th e  a b sc is sa  is t h e  in v e rs e  

s q u a r e  o f  th e  a p p lie d  fie ld  f re q u e n c y . V a lu e s  o f  th e  r e la x a t io n  t im e s  fo r  th e  filled  

t r a p s  c a n n o t  b e  o b ta in e d  f ro m  th e s e  r e s u l ts  a s  th e  a b s o lu te  v a lu e s  o f  Ae0 a n d  A e^  

a re  n o t  k n o w n  a c c u ra te ly .  H o w e v e r , a n  in d e p e n d e n t  d e r iv a t io n  o f  t h e  v a lu e s  o f  r  

c a n  b e  o b ta in e d  f ro m  th e  v a r ia t io n  o f  th e  loss  f a c to r  Ae" w i th  fie ld  f r e q u e n c y  w h ic h  

is g iv e n  b y  th e  re la t io n

A » f̂iAy =  ( J e p -z l e J f t J T

0) 0 9  x  1012(1 + w 2r 2) ’

T h is  loss f a c to r  w ill h a v e  a  m a x im u m  w h e n  o j t  =  1. A  se ries  o f  v a lu e s  o f  r  fo r  d if f e re n t  

p h o s p h o rs  o b ta in e d  f ro m  th e  loss f a c to r  is g iv e n  in  c o lu m n  iv  o f  ta b le  2.

Ta b l e  2. E x pe r im e n t  a l l y  d e r i v e d  v a l u e s  o f  t h e  r e l a x a t i o n

TIMES OF FILLED ELECTRON TRAPS

tem  relaxation tim e r in \

perature ( x 10- 8)

phosphor specimen °K ----

(i) (H ) (hi) (iv)

ZnS (70% )-CdS (30% )-Cu, orange luminescence, 90 9-0 8-0

m edium  phosphorescence 291 5-3 7-8

361 4-7 5-3

457 4-3 4*0

ZnS-Cu, green lum inescence, long phosphorescence 291 13-3 16-0

ZnS-Ag, blue lum inescence, short phosphorescence 291 5-8 4-7

CdSe-CdTe-Cu, no luminescence, infra-red excited 90 13-4 15-0

291 4.4 3-8

(c) The significance o f the relaxation time  r  and its variation w ith temperature. 

V a lu e s  o f  th e  r e la x a t io n  t im e  r  fo r  filled  e le c tro n  t r a p s  in  d if f e re n t  p h o s p h o r  

s p e c im e n s  h a v e  b e e n  g iv e n  in  ta b le  2. In c lu d e d  in  th is  ta b le  a re  v a lu e s  fo r  a  n o n -  

lu m in e s c e n t  m a te r ia l  w h ic h  c h a n g e s  i t s  d ie le c tr ic  c o n s ta n t  a n d  lo ss p r o p e r t ie s  w h e n  

i r r a d ia te d  w ith  v is ib le  o r  in f r a - r e d  l ig h t. T h e  m e c h a n is m  g iv in g  r is e  to  i t s  s e n s i t iv i ty  

to  in f r a - r e d  is e s s e n tia l ly  th e  s a m e  a s  t h a t  c a u s in g  d ie le c tr ic  c h a n g e s  in  p h o s p h o rs ,  

a n d  th e  v a lu e s  o f  th e  r e la x a t io n  tim e s  fo r  th is  sp e c im e n  a re  o f  th e  s a m e  o rd e r  a s  

th o s e  fo r  p h o s p h o rs . T h e  v a lu e s  o f  th e  r e la x a t io n  tim e s  fo r  d if fe re n t p h o s p h o rs  d o  

n o t  sh o w  m a r k e d  v a r ia t io n  f ro m  o n e  sp e c im e n  to  a n o th e r .  T h e  re s u l ts  g iv e n  in  th e  

ta b le  sh o w  t h a t  th e  r e la x a t io n  t im e  d o e s  n o t  v a r y  r a p id ly  w ith  te m p e r a tu r e .  I t  is  

fo u n d  to  b e  a p p r o x im a te ly  p r o p o r t io n a l  to  th e  in v e rs e  o f  th e  te m p e r a tu r e .  T h e  

r e la x a t io n  t im e  o f  a  filled  t r a p  is s ig n if ic a n t,  a s  i t  s h o u ld  b e  c lo se ly  r e la te d  to  th e  

re c ip ro c a l o f  th e  c o n s ta n t  s o f  e q u a t io n  (1) w h ic h  is a s s u m e d  to  b e  a  s im p le  fu n c t io n  

o f  th e  n a tu r a l  f re q u e n c y  o f  v ib r a t io n  o f  th e  filled  t r a p  (R a n d a l l  & W ilk in s  1945, 

p . 3 7 2 ). T h e  sa m e  w o rk e rs  h a v e  m a d e  d e te r m in a t io n s  o f  th e  v a lu e  o f  s fo r  so m e  p h o s -
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p h o rs , b u t  t h e  a c c u ra c y  o f  th e i r  r e s u l ts  is n o t  h ig h  e n o u g h  to  m a k e  c o m p a r iso n s  w ith  

s im ila r  d e r iv a t io n s  f ro m  th e  r e la x a t io n  t im e s  o f  th e  filled  t r a p s  d e te r m in e d  f ro m  th e  

d ie le c tr ic  e x p e r im e n ts .  I n  th e  a b o v e  d e r iv a t io n s  o f  th e  r e la x a t io n  t im e s  th e  th e o 

r e t ic a l  r e la t io n s  u s e d  n e g le c t  th e  p o s s ib il i ty  o f  in te r a c t io n  b e tw e e n  a d ja c e n t  p o la r iz e d  

c e n tr e s . H o w e v e r , s u c h  in te r a c t io n  is  n o t  l ik e ly  to  a ffe c t th e  v a lu e  o f  t h e  r e la x a t io n  

t im e  b y  a  f a c to r  g r e a te r  t h a n  tw o  (M u rp h y  & M o rg a n  1939; W illia m s  1 934 ; a n d  

o th e rs ) . T h e  a s s u m p tio n  o f  n o n - in te r a c t io n  is p ro b a b ly  ju s tif ie d , s in ce  t h e  e s t im a te s  

o f  th e  c o n c e n t r a t io n  o f  t r a p s  in  th e  p h o s p h o r  m a t r ix  g iv e  a b o u t  o n e  t r a p  p e r  

103 o r  104 la t t i c e  a to m s .
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X l0 4ohms

inverse square of applied electric field frequency (in m egacycles)

F ig u r e  12. Variation of dielectric loss change w ith applied electric field frequency for 

ZnS-CdS-Cu phosphor at tw o different temperatures for constant excitation intensity, 

(a) Phosphor temperature 291° K ; (6) phosphor temperature 361°K .

(6) Variation o f the dielectric changes in  phosphors 

with the wave-length o f the exciting radiation

T h e  e ffe c t o f  th e  v a r ia t io n  o f  e x c i ta t io n  w a v e -le n g th  o n  th e  d ie le c tr ic  e ffec ts  in  

p h o s p h o rs  h a s  b e e n  s tu d ie d  b y  e a r lie r  w o rk e rs  (G u d d e n  & P o h l 1920; G iso lf 1939). 

T h e  e x p e r im e n ta l  re s u lts  o f  th e se  w o rk e rs  h a v e  b e e n  co n firm ed . I t  is fo u n d  t h a t  th e r e  

a re  n o  d ie le c tr ic  c h a n g e s  in  p h o s p h o rs  u n le ss  th e  e x c i ta t in g  r a d ia t io n  w a v e -le n g th  

is su ff ic ie n tly  s h o r t  to  p ro d u c e  p h o to c o n d u c t iv i ty ,  t h a t  is, to  free  e le c tro n s  fro m  

lu m in e sc e n c e  c e n tre s . T h u s  th e re  a re  n o  d ie le c tr ic  e ffec ts  in  z in c  s u lp h id e -m a n 

g a n ese  a c t iv a te d  p h o s p h o rs  w h e n  e x c ite d  b y  ra d ia t io n  o f  0-43 /a w a v e -le n g th . T h is

Vol. 1 8 8 . A. 33
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508 G. F. J. Garlick and A. F. Gibson

is  e x p la in e d  b y  th e  a b se n c e  o f  fillin g  o f  e le c tro n  t r a p s  b y  s u c h  e x c i t a t io n  (G a rlic k  & 

W ilk in s  1945). I t  h a s  b e e n  s h o w n  b y  G iso lf  (1939) t h a t  th e r e  is n o  c h a n g e  in  th e  

d ie le c tr ic  lo ss o f  s u c h  p h o s p h o rs  w h e n  th e  e x c i ta t io n  w a v e - le n g th  is in  th e  a b s o r p t io n  

re g io n  o f  th e  m a n g a n e s e  im p u r i ty .  I n  a l l  z in c  s u lp h id e  p h o s p h o rs  e x a m in e d  th e  

d ie le c tr ic  c h a n g e s  s h o w e d  th e  s a m e  b e h a v io u r  w h e n  e x c i te d  b y  l ig h t  o f  w a v e 

le n g th s  b e tw e e n  0*35 a n d  0-41  /4, b u t  th e y  b e c o m e  v e r y  s m a ll  w h e n  th e  w a v e - le n g th  

is d e c re a s e d  to  less  t h a n  0-33/4. T h is  d e c re a se  fo r  s h o r t  w a v e - le n g th s  c a n  b e  e x p la in e d  

b y  th e  r a p id  ris e  in  a b s o r p t io n  co effic ie n t o f  th e  p h o s p h o rs  b e lo w  0-35/4 (G isolf, 

d e  G ro o t & K ro g e r  1941). T h is  ris e  in  a b s o r p t io n  co effic ien t a llo w s  o n ly  a  t h in  la y e r  

o f  th e  p h o s p h o r  d ie le c tr ic  to  b e  e x c i te d  a n d  th e  s a tu r a t i o n  o f  t r a p s  o c c u rs  a t  v e r y  

lo w  in te n s i t ie s  o f  e x c i ta t io n .  T h u s  th e  d ie le c tr ic  c h a n g e s  p e r  u n i t  v o lu m e  o f  th e  

w h o le  d ie le c tr ic  a re  v e r y  s m a ll  c o m p a re d  w i th  th o s e  fo r  e x c i ta t io n  w i th  lo n g e r  

w a v e - le n g th s , w h ic h  g iv e  a lm o s t  u n ifo rm  e x c i ta t io n  th r o u g h o u t  th e  p h o s p h o r  la y e r . 

T h e  lo n g  w a v e - le n g th  l im it  o f  th e  d ie le c tr ic  p h e n o m e n o n  is d e p e n d e n t  u p o n  th e  

c o n s t i tu t io n  o f  th e  p a r t ic u la r  sp e c im e n  a s  s h o w n  b y  th e  s p e c ia l case  o f  t h e  n o n -  

lu m in e s c e n t  sp e c im e n  w h o se  r e la x a t io n  t im e s  a re  g iv e n  in  t a b le  2 fo r  th e  d ie le c tr ic  

e ffe c ts  d u e  to  in f r a - re d  r a d ia t io n .  I n  g e n e ra l,  i t  is fo u n d  t h a t  th e  in c re a s e  in  t h e  

p e rc e n ta g e  o f  c a d m iu m  s u lp h id e  in  th e  z in c -c a d m iu m  s u lp h id e  p h o s p h o rs  s h if ts  th e  

l im it  fo r  th e  d ie le c tr ic  p h e n o m e n o n  to  lo n g e r  w a v e - le n g th s . T h is  is d u e  to  th e  s h if t  

o f  th e  w a v e - le n g th  l im it  fo r  th e  p r o d u c t io n  o f  p h o to c o n d u c t iv i ty  a n d  th e  fillin g  o f  

e le c tro n  t r a p s .

Co n c l u s i o n

S tu d ie s  o f  th e  c h a n g e s  in  t h e  d ie le c tr ic  c o n s ta n t  a n d  d ie le c tr ic  loss o f  p h o s p h o rs  

d u r in g  e x c i ta t io n  b y  s u i ta b le  r a d ia t io n  sh o w  t h a t  th e  c h a n g e s  a re  d u e  to  th e  p o la r iz a 

t io n  a n d  a b s o r p t io n  p ro p e r t ie s  o f  e le c tro n  t r a p s  w h ic h  a re  filled  b y  e le c tro n s . T h e  

t r a p p e d  e le c tro n  c a n  b e  d is p la c e d  b y  s m a ll  a p p l ie d  e le c tr ic  fie ld s  d u e  to  i t s  lo w  

b in d in g  e n e rg y  c o m p a re d  w i th  th e  b in d in g  e n e rg y  o f  e le c tro n s  b o u n d  to  la t t i c e  

a to m s  o r  io n s  o r  to  im p u r i ty  c e n tre s . T h is  d is p la c e m e n t c o n s t i tu te s  p o la r iz a t io n  o f  

th e .f i l le d  t r a p .  T h e  c h a n g e s  in  d ie le c tr ic  c o n s ta n t  a n d  lo ss o b s e rv e d  e x p e r im e n ta l ly  

d e p e n d  o n  t h e  m a g n i tu d e  o f  th e  e le c tro n  d is p la c e m e n t a n d  th e  p h a s e  r e la t io n  o f  th e  

d is p la c e m e n t to  th e  a l te r n a t in g  a p p lie d  fie ld . P h a s e  d iffe ren c es  a r is e  b e c a u s e  o f  th e  

f in i te  r e la x a t io n  tim e s  o f  filled  e le c tro n  t r a p s  w h ic h  a re  o f  th e  o rd e r  o f  10~7 sec. 

T h e rm o lu m in e s c e n c e  e x p e r im e n ts  a n d  m e a s u re m e n ts  o f  th e  c o rre s p o n d in g  d ie le c tr ic  

c h a n g e s  sh o w  t h a t  th e  p o la r iz a t io n  a n d  a b s o r p t io n  o f  e le c tro n  t r a p s  c o n ta in in g  

e le c tro n s  v a r y  r a p id ly  w ith  th e  te m p e r a tu r e .  I t  is fo u n d  b y  e x p e r im e n t  t h a t  

e le c tro n s  m o v in g  in  th e  c o n d u c tio n  e n e rg y  le v e ls  o f  th e  p h o s p h o r  c ry s ta ls  m a k e  

n e g lig ib le  c o n tr ib u t io n s  to  th e  d ie le c tr ic  e ffe c ts  c o m p a re d  w ith  th o s e  d u e  to  filled  

e le c tro n  t r a p s .  T h e  s p e c tr a l  s e n s i t iv i ty  o f  th e  d ie le c tr ic  c h a n g e s  h a s  a  m a x im u m  

in  th e  re g io n  o f  0 -3 5 - 0 -41 /4. T h e  lo n g  w a v e - le n g th  l im it  o f  th e  d ie le c tr ic  p h e n o m e n o n  

is d e p e n d e n t  u p o n  th e  p a r t ic u la r  c o n s t i tu t io n  o f  e a c h  sp e c im e n  b u t  is th e  s a m e  a s  

t h a t  fo r  th e  p r o d u c t io n  o f  p h o to c o n d u c t iv i ty .  T h e s e  s tu d ie s  p ro v id e  n e w  a n d  

s ig n if ic a n t a d d i t io n s  to  th e  k n o w le d g e  o f  th e  p ro p e r t ie s  o f  e le c tro n  t r a p s  in  p h o s p h o rs .
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T h e  e ffec t o f  t e m p e r a tu r e  o n  th e  in te n s i ty  o f  X - r a y  re f le x io n .

B y  E .  A . O w e n  a n d  R .  W .  W i l l i a m s  

University College o f North  Wales, Bangor

(Communicated by S ir  Geoffrey Taylor, F .R .S .— Received 3 A p r il  1 9 4 6 )

T h e e ffec t o f  tem p era tu re  on  th e  in te n s ity  o f  X -r a y  reflex ion  b y  go ld , copper a n d  a lu m in iu m  

h a s b een  stu d ied  b y  m a k ing  m icro p h o to m etr ic  m ea su rem en ts on  lin es in  X -r a y  stru ctu re  

sp ectra  o b ta in e d  w ith  pow d er  sp ec im en s in  a  D eb ye-S ch errer  cam era. A  sp ec ia l m eth o d  w as  

e m p lo y ed  to  m a k e  cy lin d rica l p ow d er sp ec im en s, 0*8 m m . in  d iam eter , w h ich  h e ld  toge th er  

w ith o u t a d h es iv e  an d  w ere free from  a  core o f  foreign  m ater ia l. T h e p rim ary  b eam  w as  

sta n d a rd ized  b y  m ea n s o f  a  fla t-p la te  X -r a y  cam era, furn ish ed  w ith  a p la te  o f  p ow dered  gold  

w h ich  p rov id ed  a  sp ectru m  w h o se  lin es cou ld  be a ccu ra te ly  m easured . T he p ow d er sp ecim en  

under in v e stiga tio n  w as m a in ta in ed  in vacuo a t  tem p eratu res rang ing  up to  a b o u t 900° K ,  

a n d  its  tem p eratu re  e st im a te d  from  la tt ic e  p aram eter  m easu rem en ts.

T h e ob served  fa ll in  in te n s ity  o f  X -r a y  reflex ion  b y  gold  an d  copper as th e  tem p eratu re  is  

raised  up  to  a b o u t 900° K  can  b e  a cco u n ted  for i f  th e  ch aracteristic  tem p eratu re  var ies w ith  

tem p eratu re  in  accord an ce  w ith  th e  rela tion  &T =  0 X[1 — ocy(T — T x)], w here GT and  Gx are  

th e  ch aracter istic  tem p eratu res a t  tem p eratu res T  an d  T t, a  is th e  cu b ica l coeffic ien t o f  

th erm a l e x p a n s io n  an d  y  is  th e  G riineisen  co n sta n t. T h is rela tion  is foun d  to  h o ld  a lso  for  

alu m in iu m  u p  to  a b o u t 600° K . B e y o n d  600° K  th e  fa ll o f  in te n s ity  ex ceed s th a t  to  be  

e x p e c te d  from  th e  a b ov e  re la tion , an d  it  is suggested  th a t  an oth er  factor  becom es p rom in en t  

in  th e  case o f  a lu m in iu m  a t  th e  h igher tem p eratu res.

T he characteristic  tem p eratu res o f  gold , copper an d  a lu m in iu m  n ow  foun d  b y  X -r a y  

m easu rem en t a t  d ifferent tem p eratu res, agree w ith  th e  va lu es ob ta in ed  a t  th o se  tem p eratu res  

b y  sp ecific h e a t an d  e lectr ica l c o n d u c tiv ity  m eth od s.
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