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A b s tra c t

PICOSECOND AND STEADY STATE SPECTROSCOPY OF THE WURTZITE 
SEMIMAGNETIC SEMICONDUCTOR Cdj Mn Se

by

Mahesh R. Ju n n a rk a r  

A dvisor: P ro fe s s o r  R o b ert R. A lfano

The k in e t ic s  o f  a  n o n -eq u ilib r iu m  p h o to g e n e ra te d  e le c t r o n -  

h o le  p lasm a in  CdSe i s  in v e s t ig a te d  u sin g  p icosecond  tim e  re s o lv e d  

s p e c tro sc o p y  a t  room te m p e ra tu re . Based on th e  f a c t  t h a t  th e  

p o la r  o p t ic a l  phonon em iss io n  r a t e  i s  re d u c e d  due to  s c re e n in g  by 

th e  h igh  d e n s ity  o f  e -h  p lasm a , th e  rem ain in g  dom inant mechanism 

f o r  h o t c a r r i e r  c o o lin g  i s  th e  n o n -p o la r  o p t i c a l  phonon em ission  

even though  CdSe i s  a  h ig h ly  p o la r  se m ic o n d u c to r. Rapid p lasm a 

expansion  has been p roposed  a s  a  p o s s ib le  e x p la n a tio n  f o r  much 

lo w e r e s t im a te d  c a r r i e r  d e n s i t ie s  on th e  g ro u n d s o f  th e  observed  

l a r g e r  s p a t i a l  w id th  o f  th e  p h o to lu m in escen ce  r e l a t i v e  t o  th e  

l a s e r  s p a t i a l  w id th , m o d era te  change o f  Auger rec o m b in a tio n  r a t e  

w ith  th e  e x c i ta t io n  f lu e n c e ,  th e  absen ce  o f  an  o b se rv e d  change in  

th e  Ferm i l e v e l  w ith  in c re a s e d  e x c i ta t io n  i n te n s i t y  and e a r l i e r  

fo rm a tio n  o f  e x c ito n s  a f t e r  th e  p icosecond  p u ls e  (5 p sec ) e x c i ta ­

t io n  a t  a  low te m p e ra tu re  (12K). Large v a lu e s  o f  th e  d i f fu s io n  c­
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o n s ta n t  a r e  e x p la in e d  in  te rm s  o f  a  s c re e n e d  e lec tr-on -phonon  in ­

t e r a c t io n .

P icosecond  tim e  r e s o lv e d  sp in  r e l a x a t io n  k in e t ic s  o f  high den­

s i t y  f r e e  c a r r i e r s  i s  in v e s t ig a te d  a t  low  te m p e ra tu re s  in  CdSe 

( x - 0 ) and in  th e  d i lu t e  sem im agnetic  sem ico n d u cto r Cd.j_xMnxSe f o r  

x»0.05 and 0 .1 0 . The f a s t  s p in  r e l a x a t io n  o b se rv ed  in  CdSe r e s u l t s  

from  a mechanism a s s o c ia te d  w ith  th e  n o n c e n tro sy m m etric  c h a ra c te r  

o f  th e  band s t r u c tu r e  f o r  t h i s  m a te r ia l .  The s p in  r e la x a t io n  

tim e s  a r e  < 20 p se c  in  Cd.j_xMn Se and a r e  c o n s is te n t  w ith  sp in  

f l i p  Raman s c a t t e r i n g  m easu rem en ts . The in c re a s e  in  s p in  r e l a x a ­

t io n  r a t e  r e l a t i v e  to  CdSe i s  e x p la in e d  in  te rm s  o f  th e  sp in  

exchange betw een  th e  c a r r i e r s  and th e  m agnetic  sp in  s i t e s .

Using s te a d y  s t a t e  p h o to lu m in escen ce  from  Cd^_xMnxSe (0 £ x £ 

0 . 86), we w ere  a b le  to  m easure  th e  o p t ic a l  d e fo rm a tio n  p o te n t ia l s  

o f  th e  co n d u c tio n  band (0 .5 x 1 0 9 eV/cm) and v a le n c e  band (0.24x10* 

eV/cm) in  CdSe. The te m p e ra tu re  dependen t a d d it io n a l  bound e x c i-  

to n ic  b ind ing  en erg y  was a t t r i b u t e d  to  th e  fo rm a tio n  o f  a  bound 

m agnetic  p o la ro n  (h-BMP) a t  low  te m p e ra tu re .  The h-BMP fo rm a tio n  

tim e s  a r e  _ 340 p se c  in  CdQ 95* ^  0^Se and -9 0  p se c  in

CdQ gMnQ 1 Se. These tim es  c o rre sp o n d in g  t o  th e  fo rm a tio n  o f  th e  

BMP from  th e  bound e x c ito n 3 which th e m se lv e s  a r e  fo rm ed  _ 185 

p se c  a f t e r  th e  p icosecond  e x c i t a t io n  p u ls e .
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CHAPTER 1

1.1 INTRODUCTION
In  t h i s  t h e s i s  I  have  exam ined e n e rg y  r e la x a t io n  p ro c e s s e s  o f  

a  high d e n s i ty  e l e c t r o n - h o le  p lasm a g e n e ra te d  by an  in te n s e  p ico ­

second  l a s e r  p u ls e  in  CdSe, a s  w e l l  a s  th e  k in e t ic s  o f  e le c t r o n  

sp in  r e l a x a t io n  in  w u r t z i t e  d i lu t e  sem im ag n e tic  sem ico n d u cto r (DMS) 

Cd^_xMnxSe. The p u rp o se  o f  t h i s  r e s e a r c h  i s  s ix  f o ld :  F i r s t ,  to  

e x p e r im e n ta ly  d e m o n s tra te  th e  r a p id  d i f f u s io n  o f  p h o to g e n e ra te d  

c a r r i e r s  in  CdSe (assum ed  a l s o  in  CdMnSe) from  th e  p h o to e x c ite d  

re g io n  a t  b o th  room and low  te m p e ra tu re s .  Second, to  show th e  

r o l e  o f  p a r t i a l l y  s c re e n e d  non p o la r  o p t i c a l  phonon em iss io n  in  

th e  c o o lin g  o f  h igh d e n s i ty  h o t c a r r i e r s  and in  r a p id  d i f f u s io n  o f 

th e s e  c a r r i e r s .  T h ird , to  in v e s t ig a te  s p in  r e l a x a t io n  m echanism s 

in  sem im agnetic  se m ic o n d u c to rs  Cd^_xMnxSe. F o u rth , t o  d e m o n s tra te  

th e  use  o f  s te a d y  s t a t e  lum in escen ce  from  Cd,j Mn Se in  e v a lu a t in g  

co n d u c tio n  and v a le n c e  band d e fo rm a tio n  p o t e n t i a l s  s e p e r a te ly .

F i f th ,  t o  s tu d y  th e  exchange in te r a c t io n s  be tw een  bound e x c ito n  
.+

and th e  Mnz s p in s . And s ix th ,  t o  m easu re  a d d i t io n a l  l o c a l i z a t i o n  

r a t e s  p ro v id ed  by th e s e  exchange i n t e r a c t io n s .  The th e s i s  h a s  been 

d iv ided  in to  f iv e  c h a p te r s .  This in t r o d u c to r y  c h a p te r  c o n ta in s  an 

overv iew  o f  th e  known e n e rg y  and s p in  r e l a x a t io n  p ro c e s s e s  in  sem­

ic o n d u c to rs . E x p e rim en ta l d e t a i l s  a r e  d e s c r ib e d  in  c h a p te r  2 . The 

su b seq u e n t c h a p te r s  a r e  r e s e a rc h  c h a p te r s  which a r e  i n t e r  r e l a t e d
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b u t d e a l  w ith  d i f f e r e n t  a s p e c ts  o f  th e  p h y s ic s  o f  sem im agnetic  

se m ic o n d u c to rs . The m ajor e f f o r t  in  C h a p te r 3 i s  t o ' p o in t  o u t th e  

ra p id  d if fu s io n  o f  f r e e  c a r r i e r s  which l i m i t s  th e  c a r r i e r  d e n s ity  

produced  in  th e  p h o to  e x c i te d  re g io n . The lo w e r d e n s i t i e s  o f  f r e e  

c a r r i e r s  makes th e  s p in  r e l a x a t io n  r a t e  d isc u s s e d  in  C hap ter 

s m a l le r  and in d ep en d en t o f  th e  e x c i t a t io n  p h o to n  f lu e n c e .  A nother 

consequence o f  f a s t  d i f f u s io n  i s  th e  e a r l i e r  fo rm a tio n  o f  e x c ito n s  

and bound m agnetic  p o la ro n s  (BMP) in  DMS, which i s  d isc u sse d  in  

C hap ter 5.

I  have t r i e d  to  make th e  r e s e a rc h  c h a p te r s  s e l f  c o n ta in ed . 

I t  i s  th e  o b je c t iv e  o f  t h i s  c h a p te r  to  f i l l  in  th e  gaps and give 

th e  r e a d e r  a  b ro a d e r  p e r s p e c t iv e  p r io r  to  re a d in g  th e  r e s e a rc h  

m a te r ia l  t h a t  f o l lo w s .

P h o to g e n e ra tio n  and  th e r m a l iz a t io n  o f  c a r r i e r s  in  sem iconduc­

t o r s  envo lve  a  v a r i e ty  o f  b a s ic  p h y s ic a l  c o n c e p ts . Such a  dynami­

c a l  system  p ro v id e s  a  l a b o r a to r y  to  t e s t  th e s e  c o n c e p ts . The in ­

c id e n t  pho ton  en e rg y  i s  ab so rb e d  e i t h e r  by e le c t r o n - h o le  p a ir  c re ­

a t io n  o r  by f r e e  c a r r i e r  e x c i t a t io n .  I n i t i a l l y ,  w ith  a  few c a r ­

r i e r s  p r e s e n t ,  th e  fo rm e r  p ro c e s s  d o m in a te s , so  t h a t  n e a r  th e  sem­

ico n d u c to r  s u r f a c e  ph o to n  a b s o rp t io n  r a t e  g  = P O -R V ah u ^ , w here P 

i s  th e  in c id e n t  l a s e r  pow er p e r  u n i t  a r e a ,  R i s  th e  r e f l e c t i v i t y  o f  

th e  sam p le , i s  th e  pho ton  e n e rg y , and 6 i s  th e  a b s o rp tio n

le n g th .  The p rim ary  c h a n e ls  f o r  en e rg y  r e d i s t r i b u t i o n  a r e  c a r r i e r -  

c a r r i e r  c o l l i s i o n s  and p lasm on p ro d u c tio n . The c a r r i e r s  th e rm a liz e
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ty p ic a l ly  w ith in  10 l * s e c  to  a  p su e d o te m p e ra tu re  and a r e  under 

q u a s i-e q u il ib r iu m . These h o t c a r r i e r s  th e n  t r a n s f e r  t h e i r  e x c e ss  

en erg y  to  th e  l a t t i c e  th ro u g h  phonon em issio n .

The lo s s  o f  e x c e s s  energy  o f  h o t c a r r i e r s  has  been s tu d ie d  

e x te n s iv e ly  in  GaAs1’2’ 3. The developm ent o f  p icosecond  tim e 

re s o lv e d  s p e c tro sc o p y  h as  made th e s e  in v e s t ig a t io n s  p o s s ib le  a l t h ­

ough th e  m echanism s o f  th e  r e l a x a t io n  p ro c e s s  have been  known1* 

f o r  d e cad es . S e v e ra l  w orkers  u sin g  v a rio u s  p icosecond  r e s o lu t io n  

te c h n iq u e s  s tu d ie d  th e  e le c t r o n  en erg y  lo s s  in  th e  e a r ly  s ta g e s  o f 

e x c i ta t io n  in  GaAs. They concluded  t h a t  f o r  low  e x c i ta t io n  l e v e l s ,  

g e n e ra tin g  photo  c a r r i e r  d e n s i t ie s  l e s s  th a n  10l 8/c m 3, th e  e le c t r o n  

gas  c o o ls  to  w ith in  100 K o f  th e  l a t t i c e  te m p e ra tu re  in  2 -4  p ico ­

seco n d s . This tim e  c o rre sp o n d s  to  an o p t ic a l  phonon em iss io n  tim e 

o f  0.1 p se c . Leheny and c o -w o rk e rs2 in  1979 con firm ed  th e  p re v i­

ous r e s u l t s  a t  low c a r r i e r  d e n s i t i e s ,  b u t in  a d d it io n  found  a 

m odest f iv e  f o ld  d e c re a s e  in  th e  energy  l o s s  r a t e  a t  a  c a r r i e r  

d e n s ity  o f  10l 8/c m 3. This change was a t t r i b u t e d  to  th e  s c re e n in g  

o f  th e  e le c tro n -p h o n o n  in te r a c t io n .  L a te r  Y o ffa 5 c a lc u la t e d  th e  

e f f e c t  o f  c a r r i e r  s c re e n in g  on th e  en erg y  lo s s  r a t e  in  b o th  S i and 

GaAs. A lm ost a t  th e  same tim e Van D r ie l6 (1979) p o s tu la te d  t h a t  

s u f f i c i e n t  o p t ic a l  phonons a re  c r e a te d  d u rin g  th e  c o o lin g  p ro c e s s  

t o  r a i s e  th e  phonon te m p e ra tu re .  T his sh o u ld  in h ib i t  th e  c o o lin g  

p ro c e s s  due to  e q u ilib r iu m  betw een  phonons and th e  p a r t i a l l y  

co o led  e le c t r o n  gas  (phonon b o t t l e  n eck ). T his model was d e v e l­
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oped to  e x p la in  th e  d a ta  o b ta in e d  by S m ir l7 e t  a l  and E lc i8 e t  a l  

f o r  p icosecond  o p t ic a l  t ra n s m is s io n  in  germ anium .

A s tu d y  o f  r a d ia t iv e  re c o m b in a tio n  o f  f r e e  c a r r i e r s  in  CdSe by 

Shah e t  a l 9 in  1974 u sing  s te a d y  s t a t e  s p e c tro sc o p y  r e v e a le d  th a t  

th e  h o t c a r r i e r  te m p e ra tu re  c o u ld  be a s  h igh  a s  140K a t  th e  h igh­

e s t  e x c i ta t io n  i n te n s i t y  o f  4x10* W/cm2, a lth o u g h  th e  l a t t i c e  tem ­

p e r a tu r e  was 2K. They q u a n t i t a t iv e ly  e x p la in e d  th e  e le c t r o n  h e a t ­

ing  in  te rm s  o f  u n sc reen ed  p o la r  o p t i c a l  s c a t t e r in g .  T heir 

o b se rv ed  d e p a r tu re  from  th e  u s u a l  lo g a r i th m ic  dependence on e x c i­

t a t i o n  i n te n s i t y  was e x p la in e d  assum ing e x is ta n c e  o f  a  c r i t i c a l  

d e n s i ty .  I f  th e  c a r r i e r  d e n s i ty  exceeds t h i s  l im i t ,  i t  w ould cau se  

th e  o p t ic a l  phonon te m p e ra tu re  to  app roach  th e  c a r r i e r  tem p e ra ­

t u r e .  This d im in ish es  th e  e f f ic ie n c y  o f  th e  p o la r  o p t ic a l  phonon 

s c a t t e r in g  a s  a  l o s s  m echanism . However, t h i s  e x p la n a tio n  needs a  

c a r r i e r  l i f e  tim e  o f  30 p se c , c o n tr a ry  to  o u r d i r e c t  e x p e r im e n ta l  

m easurem ent o f  th e  l i f e t im e  o f  460 p sec  a t  room te m p e ra tu re .  I f  

t h i s  i s  ta k e n  in to  accoun t th e  e s tim a te d  c r i t i c a l  d e n s ity  w ould be 

> 2x10l 9/c m 3 in s te a d  o f  2x10l 8/cm 3. Most o f  th e  work

done10’ 11,12,13 w ith  th e  t r a n s i e n t  s p e c tro sc o p y  (10 p sec) on CdSe 

c o rre sp o n d s  to  e -h  p lasm a o f  d e n s ity  < 10l 9/c m 3 and  i s  r e l a t e d  to  

th e  c o n d e n sa tio n  o f  e -h  p lasm a  in to  e x c ito n  gas and m o le c u le s  o r  

low  d e n s ity  (_10 l 8/c m 3) e -h  p lasm a .

The o p t ic a l  phonon em iss io n  by h o t c a r r i e r s  being  th e  domi­

n a n t  mechanism f o r  energy  r e l a x a t i o n 1*’ 1 14, I  w i l l  f i r s t  rev iew  th e
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d i f f e r e n t  s c a t t e r in g  p ro c e s s e s  which a r e  m ain ly  th e  n o n -p o la r  

( o p t i c a l  d e fo rm a tio n )  and p o la r  o p t i c a l  e le c tro n -p h o n o n  i n t e r a c ­

t io n .  P o te n t i a l  f l u c tu a t io n s  w ith in  th e  l a t t i c e  due to  phonons ( in  

th e  o th e rw is e  p e r io d ic  p o te n t ia l )  can  s c a t t e r  h o t  e l e c t r o n s .  The 

change in  th e  c a r r i e r  en erg y  i s  r e l a t e d  to  th e  l o c a l  d i a l a t i o n 1*’ 1 s 

a s ,

w here D" i s  a  c o n s ta n t  and A i s  th e  d ia la t io n .  This i s  s p e c i f i ­

c a l l y  t r u e  i f  th e  sem ico n d u c to r i s  n o n -p o la r  s in c e  in  th e  

E q.(1 .1 .1 ) e l e c t r o s t a t i c  c o n tr ib u t io n  i s  n e g le c te d .  In  th e  p re se n c e  

o f  h igh  d e n s i ty  e -h  p lasm a th e  e l e c t r o s t a t i c  c o n tr ib u t io n  i s  n e g l i ­

g ib le  and th e  e le c tro n -p h o n o n  s c a t t e r in g  i s  p re d o m in a n tly  due to  

th e  d e fo rm a tio n  p o t e n t i a l .  The s c a t t e r i n g  r a t e  f o r  o p t ic a l  phonon 

em issio n  can be c a lc u la t e d  in  a  s im i la r  m anner * a s  f o r  a c o u s t ic a l  

phonon em issio n .

H' = D".A ( 1 . 1 . 1)

rk+k(1 +
| <k + q |H '|k > |2qdq
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The in te g r a t io n  l im i t s  com es from  th e  o p t i c a l  phonon d is p e r s io n  

r e l a t i o n .  E i s  th e  k in e t ic  en e rg y  o f  c a r r i e r s ,  q and k a r e  th e  

phonon and e le c t r o n  wave v e c to r s ,  r e s p e c t iv e ly .  The a b s o lu te  

sq u a re  o f  th e  n o n p o la r  o p t i c a l  m a tr ix  e le m e n t“ i s  w r i t t e n  a s ,

w here D"K = D* and K i s  th e  r e c ip r o c a l  l a t t i c e  v e c to r .

In  p o la r  se m ic o n d u c to rs  th e  o p t i c a l  d e fo rm a tio n  p o te n t i a l  

s c a t t e r in g  becom es n e g l ig ib le  a t  v e ry  low c a r r i e r  d e n s i t ie s  

(<10 l 6/cm 3) a s  th e  p o la r  in te r a c t io n s  a r e  u n sc re e n e d  and dom inat­

in g . However, a t  high c a r r i e r  d e n s i t i e s  th e  lo n g  ra n g e  Coloumb in ­

t e r a c t io n  b e tw een  c a r r i e r s  and io n s  w eakens. The e l e c t r o s t a t i c

p o te n t i a l  in  t h e  p re s e n c e  o f  d i e l e c t r i c  p o la r i z a t io n  f i e l d  can be 

w r i t t e n  a s 15,

2 V p U o ' L  Q 2

o r

( 1 . 1 . 3 )
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$(x) = -4 iriF ( y  )(-^-)(bgeiQ*x -  bq'l'e"’̂ * * )  (1 .1 .4 )

w here and bq * a r e  Boson o p e r a to r s  f o r  phonons. F i s  a  c o n s ta n t  

and i s  d e te rm in ed  from  th e  second  o rd e r  p u r tu r b a t io n  th e o ry  u sin g  

phonon wave fu n c t io n  w ith  z e ro  d is p e r s io n . This c o n tr ib u t io n

a c c o u n ts  f o r  th e  d i f f e r e n c e  be tw een  e 2/ e  r  and e 2/ e  . w here th e
o 00

d i e l e c t r i c  c o n s ta n t  e in c lu d e s  e le c t r o n i c  and io n ic  p o l a r i z i b i l i -
0

t i e s ,  and e in c lu d e s  o n ly  th e  e le c t r o n i c  c o n tr ib u t io n .

.L .  _L - M l  d.1.5)
£<> £co U)o

Using th e  f i r s t  o rd e r  p u r tu r b a t io n  th e o ry  one o b ta in s ,

|<k -  q|H = e $ |k >| 2 = (i4y )2 (1 .1 .6 )

The phonon em iss io n  r a t e  can  be c a lc u la t e d  u s in g  E q .(1 .1 .2 ). So 

f a r  s c re e n in g  e f f e c t s  due to  th e  p re se n c e  o f  h igh  d e n s ity  e le c -  

t r o n - h o le  p lasm a  a r e  n e g le c te d .  In  o th e r  w ords th e  d i e l e c t r i c  

c o n s ta n t  i s  ta k e n  to  be p u re ly  e l e c t r o n i c  and io n ic  ( s e e  Eq. 1 .1 .6 ) . 

A more a c c u r a te  t r e a tm e n t  by Y offa  e t  a l 5 c o n s is t s  o f  c a lc u la t in g  

c a r r i e r  e x c i t a t io n  sp e c tru m  a s  th e  phonon em iss io n  r a t e  i s  r e l a t e d .  

The r a t e  o f  e m iss io n  f o r  phonons (w av ev ec to r q, f re q u e n c y  oj) i s  

g iven  by th e  g o ld en  r u l e  t o  be,
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Rq,u> = ( § L) ( ^ . ) ( ^ _ ) | v i ^ q , k | 24 +5 , o ( 1 - f ^ 0) 
i j  ko

X6Ctiaj-(E^+q-E^) (1 .1 .7 )

w here v1!  ^  i s  th e  u n sc re e n e d  m a tr ix  e le m en t f o r  th e  t r a n s i t i o n  k+q,k

o f  an e le c t r o n  from  a  s t a t e  (k + q ^  t o  a  s t a t e  (k )j v ia  phonon em is-

X ths io n . f ^ Q s ta n d s  f o r  o c c u p a tio n  p r o b a b i l i ty  o f  a  s t a t e  in  th e  i

v a l le y  w ith  a  momentum k and s p in  o. Note t h a t  th e  s c re e n in g

e f f e c t s  a r e  e n t i r e l y  in c lu d e d  in  e , th e  t o t a l  d i e l e c t r i c  c o n s ta n t .

I t  has been  shown by Y offa  e t  a l s t h a t ,

i j  *-

rn-i 'hri-jOfiuj)2 
z ij(fta)p i ) 2( — )°*s( )

x |z|j('fta>pi )‘*(^•)(^^)2+(,hrij )2(,hu))2 X ^Q.QOij (1 . 1 . 8)

w here f l„ (q Q_ )  = m. Using above e q u a tio n s ,

Rq,co “ fl(e xP v i4q|2z i j ( fi“p i ) ‘
i j

m , 1*5

(m^)* Jĉ o i j

* r i j 1 + ^ 2j j ( ' ^ aiD i) l*mi
^ r i j ) i Eq2mi

-1 (1 .1 .9 )
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By rec o g n iz in g  (fiUp^)2 ” IT, w here IL i s  th e  d e n s i ty  o f  c a r r i e r s  in

v a l le y s  i .  The c r i t i c a l  v a lu e  o f  f o r  th e  o n s e t  o f  s c re e n in g  (o r

d ra m a tic  r e d u c t io n  in  R*. ) i s
q.rn

(Nic ) i j
e o(‘R r^ j)2q20^j

8 ire2 Z y ( 5 • ( 1 . 1. 10)
mj

As e x p e c te d , l a r g e  w av ev ec to r t r a n s i t i o n s  a r e  more d i f f i c u l t  to  

s c re e n . The d e t a i l s  o f  th e  above c a lc u la t io n s  a r e  found in  r e f . 5. 

The th e o ry  h o ld s  t r u e  d e s p i te  th e  e x p l i c i t  n a tu r e  o f  | V ^ |  i . e .  

p o la r  o r  n o n -p o la r .  The r e le v e n c e  o f  t h i s  work t o  my e x p e rim e n ta l 

c o n d itio n  i s  d isc u sse d  in  d e t a i l  in  C hap ter 3.

In  my p r e s e n t  work how ever, I  f in d  t h e o r e t i c a l l y  t h a t  th e  

s c re e n in g  i s  more dom inant in  CdSe th a n  in  GaAs and fo rb id s  p o la r  

o p t ic a l  phonon em iss io n . But th e  phonon em iss io n  th ro u g h  th e  non­

p o la r  o p t i c a l  d e fo rm a tio n  p o te n t i a l  s c a t t e r i n g  sh o u ld  s u rv iv e  to  

p la y  th e  r o l e  o f  th e  dom inant energy  r e la x a t io n  m echanism . The 

c r i t i c a l  d e n s ity  f o r  th e  o n s e t  o f  th e  s c re e n in g  in  CdSe i s  much 

lo w e r th a n  GaAs (_ 10l 7/c m 3) .  The d a ta  s u g g e s ts  a g a in s t  th e  

phonon b o t t l e  neck  m echanism . I t  i s  a l s o  o b se rv e d  t h a t  w ith in  th e  

e x c i ta t io n  f lu e n c e  o f  my e x p e rim e n ts  th e  c a r r i e r  d e n s ity  rem ains  

l e s s  th a n  2x10l 9/c m 3. T his I  have a t t r i b u t e d  t o  th e  f a s t  d i f fu s io n  

o f  th e  c a r r i e r s  from  th e  p h o to  e x c i te d  re g io n . T h is p ro c e s s  would 

p la y  an im p o r ta n t  r o l e  in  te rm s  o f en erg y  r e l a x a t io n  and sp in
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r e la x a t io n  p ro c e s s e s .  The s c re e n in g  o f  th e  e le c tro n -p h o n o n  i n t e r ­

a c t io n s  a l s o  e x p la in s  ra p id  c a r r i e r  d i f f u s io n .  I  have n o t s e p a r ­

a t e l y  in v e s t ig a te d  th e  en erg y  r e l a x a t io n  o f  f r e e  c a r r i e r s  f o r  th e  

d i lu t e  sem im agnetic  sem ic o n d u c to rs  (DMS) Cd1_xMnxSe (x # 0 ). For 

s m a ll  Mn c o n c e n tra t io n s  th e  e n e rg y  r e l a x a t io n  p ro c e s s  sh o u ld  no t 

d i f f e r  from  th e  one d isc u sse d  f o r  CdSe(x = 0) u n le s s  th e  o p t ic a l  

d e fo rm a tio n  p o t e n t i a l  i s  s t r o n g ly  a f f e c te d  by th e  p re se n c e  o f  Mn 

in  th e  l a t t i c e .  In  d i lu t e  sem im agne tic  se m ic o n d u c to rs  (DMS) em is­

s io n  o f  magnons i s  one o f th e  e n e rg y  r e l a x a t io n  p ro c e s s e s  b u t is  

in s ig n i f ic a n t  on a  p icosecond  tim e  s c a l e .

I  have s tu d ie d  sp in  a lig n m e n t and sp in  r e l a x a t io n  o f  pho togen­

e r a te d  c a r r i e r s  in  Cd1_xMnxSe. The sp in  a lig n m e n t o f  photo 

e x c ite d  c a r r i e r s  can  be d e m o n s tra te d 1 ■* in  te rm s  o f  t r a n s i t io n s  

t h a t  o c c u r b e tw een  th e  a to m ic  ty p e  o f  en e rg y  l e v e l s  (sym m etry) 

n e a r  th e  c e n te r  o f  th e  B r i l lo u in  zone (k=0). T his i s  a lm o s t univ­

e r s a l  in  a l l  d i r e c t  gap m a te r i a l s  in c lu d in g  Cd^_xMnxSe( x < 0 .3 ). 

The c o n d u c tio n , heavy  h o le  ( r  v a le n c e  in  CdSe ) ,  l i g h t  h o le  ( r
9 7

v a le n c e  in  CdSe ) ,  and s p l i t  o f f  v a le n c e  bands a r e  r e p r e s e n te d  by

t h e i r  t o t a l  a n g u la r  quantum num bers and t o t a l  m agne tic  quantum

num bers, | C, V  ± l /  >, I V , 3/  ± 3/  >, I V , 3/  ± */ >, and
2 2 2 2 2 2

I A, V  ± V  >, r e s p e c t iv e ly .  The d i f f e r e n t  t r a n s i t i o n s  ( s e e  Fig.
2 2

4.6.1 ) from  th e  v a le n c e  bands t o  th e  co n d u c tio n  band a r e  a s  f o l ­

low s:
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<C, l / 2, ± l / 2 |p |v h h , 3/ 2> ± 3/ 2> =. 4 r  ± U ) (1 .1 .1 1 )
/  2

<c, v 2, ± l / 2 | ? | v hh, 3/ 2, ;  3/ 2> -  o (1.1.12)

<c, l / 2f ± l / 2 |P |V l h , 3/ 2t ± l / 2> = —  P(c (1 .1 .1 3 )
/ 3

<C, l / 2, ± V 2 |p |v l h , 3/ 2, ;  l / 2> = 4 :  P ( i T  d . i . u )
/ 6

<C, l / 2, ± V 2|P | A, l / 2, ± l / 2> = -  ( -^ )P l<  (1 .1 .1 5 )
/ 3

<C, l / 2f ± V 2 |P |A , l / 2 T l / 2> = C - ^ )  P ( i T  y )  (1 .1 .1 6 )
/ 3

The e l e c t r i c  d ip o le  t r a n s i t i o n  p r o b a b i l i t i e s  (_ |P * E |2 ) f o r  r ig h t
a  —,

c i r c u l a r l y  p o la r iz e d  l i g h t  ( E _ ( i + t j ) )  w ith  p h o to n  e n e rg y  E <
S

hv  < E + A a re  a s  fo l lo w s  (se e  app en d ix ):
o

Initial State Final State Probability
of transition

| V . . ,  3/  , -  3/  > -  | C ,  V  ,  -  l /  > .  2P 2
an  2 2  2 2

V 3/  , -  l /  > + |C, l /  , + l /  > .  2 /3 P 2
xa 2 2 2 2
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T his means u sin g  one pho to n  e x c i ta t io n ,  one can  c r e a te  a  p o p u la tio n

r a t i o  o f  s p in s  ♦ : = 1 :3 . I t  w i l l  be d isc u s s e d  in  C h ap te r 4 t h a t

t h i s  r a t i o  d e c re a s e s  f o r  e l e c t r o n s  g e n e ra te d  away from  th e  c e n te r

o f  th e  B r i l lo u in  zone. Now f o r  c i r c u l a r ly  p o la r iz e d  l i g h t  w ith

photon  en e rg y  1/2E  < hv  < 1 /2 ( E + A ) which i s  p ro p a g a tin g  in
8 g +

t h e  d i r e c t io n  o f  th e  e l e c t r o n  wave v e c to r  k , th e  o n ly  non v a n ish ­

in g  m a tr ix  e le m e n ts  f o r  tw o photon  a b s o rp t io n  a r e  <V , 3/  , -nn 2

3/  |P 2 |C , l /  , + l /  > ( r i g h t  handed p o la r iz a t io n )  o r  <V , 3/  , 
2 2 2 2

3/  |P 2 |C , l /  -  l /  > ( l e f t  handed p o la r iz a t io n ) .  T his i s  b ecau se  as  
2 2 2

e x p e c te d , tw o u n i ts  o f  a n g u la r  momentum a r e  r e q u ir e d  to  be

a b so rb e d . This f a c t  s u g g e s ts  a  r a t i o  o f  s p in s  + : + = 1:0 (o r 0 :1 ). 

I f  th e  a n g le  (R,x) (x i s  th e  d i r e c t io n  o f  l ig h t )  i s  d i f f e r e n t  from  0 

o r  tr th e  e le c t r o n s  can be s c a t t e r e d  in to  s t a t e s  w ith  bo th  sp in  

o r ie n ta t io n s  and th e  s p in  a lig n m e n t i s  no lo n g e r 16 1 0 0 ? .  A lso f o r  

e le c t r o n s  c r e a te d  away from  th e  c e n te r  o f  th e  B r i l lo u in  zone, th e  

p e rc e n ta g e  c o u ld  be re d u c e d  a s  d isc u sse d  in  C h ap te r 4.

T here  a r e  fo u r  m echanism s, p ro p o se d 17 so  f a r ,  t o  ac co u n t f o r  

th e  f a s t  r e l a x a t io n  o f  s p in  a lig n m e n t o f  th e  co n d u c tio n  band e l e c ­

t r o n s  in  se m ic o n d u c to rs . C o n tr ib u tio n s  o f  th e s e  m echanism s dep­

ends on th e  c a r r i e r  d e n s i ty  and te m p e ra tu re . The m ost a p p lic a b le  

m echanism , which was o r ig in a l ly  p ro p o sed  by D 'yakonov and 

P e r e l ' 18,19 f o r  GaAs (z in c  b le n d e  c r y s t a l  s t r u c tu r e )  i s  d ic u s se d  in  

C hap ter 4. This c a se  o f  s p in  r e l a x a t io n  a r i s e s  b e c a u se  o f  th e  

l i f t i n g  o f  th e  K ram er’s  d e g en eracy  f o r  c o n d u c tio n  s t a t e s  w ith  k #
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0. The s p l i t t i n g  can be view ed a s  due to  a  pseudom agnetic  f i e l d  

which i s  a c t iv a te d  when th e  c a r r i e r  undergoes a  c o l l i s i o n  in  which 

i t s  momentum i s  r e v e r s e d . S ince , th e  o r ig in a l  d i r e c t io n  o f  th e  

momentum p ro v id es  a q u a n tiz a t io n  a x is  f o r  th e  e le c t r o n  s p in , i f  a 

c o l l i s i o n  o c c u rs  w ith  a  change from  t h i s  d i re c t io n ,  i t  w ould cau se  

th e  sp in  p ro je c tio n  to  change i t s  s ig n . Of c o u rse  t h i s  i s  t r u e  

o n ly  i f  th e  p re c e s s io n  f re q u e n c y  i s  low  com pared to  th e  c o l l i s i o n  

f re q u e n c y  and th e  sp in  c a n n o t a d ju s t  i t s e l f  to  th e  new d i r e c t io n .  

Thus, th e  sp in  r e la x a t io n  r a t e  in v e r s e ly  depends on th e  c o l l i s i o n  

r a t e .  The sp in  r e l a x a t io n  r a t e  can be e x p re sse d  in  te rm s  o f  th e  

p re c e s s io n  f re q u e n c y  w(E) and c o l l i s i o n  tim e  t ( E )  a s ,

The p re c e s s io n  f re q u e n c y  i s  r e l a t e d  t o  th e  non c e n tro sy m m e tr ic  

c o n tr ib u t io n 20 (_ k) t o  th e  band en e rg y  f o r  w u r tz i te  (and _ k 3 f o r  

z in c  b le n d e ) , and in  g e n e ra l  i s  w r i t t e n  a s ,

This mechanism i s  d e sc r ib e d  in  d e t a i l  in  C hap ter 4.

A nother r e la x a t io n  m echanism , known a s  th e  E l l i o t  and Y afe t 

m echanism 21’22, a r i s e s  due t o  th e  s p in - o r b i t  co u p lin g  w hich makes

TS(E) ~ * (1 .1 .17 )

w2(E) - ( # - ) .  
Eg

( 1. 1 . 18)
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th e  c o n d u c tio n  band s t a t e s  a  m ix tu re  o f  th e  tw o s p in  s t a t e s  and 

n o t p u re  sp in  s t a t e s .  This r e s u l t s  in  a  f i n i t e  p r o b a b i l i ty  t h a t ,  

d u rin g  a  s c a t t e r in g  e v e n t th e  e le c t r o n  can have i t s  s p in  a s  w e l l  

a s  i t s  momentum changed. The sp in  r e l a x a t io n  r a t e 17 w i l l  be th e  

momentum s c a t t e r in g  r a t e  tim e s  th e  p r o b a b i l i ty  t h a t  th e  ev e n t r e v ­

e r s e s  th e  sp in ,

w here j Mk ,+ » k - | and | Mk ,+ » k + | a r e  th e  m a tr ix  e le m e n ts  f o r  sp in  

f l i p  and sp in  unchanged t r a n s i t i o n s  w ith  a  momentum change !< ■* 

r e s p e c t iv e ly .  For s c re e n e d  io n iz e d  im p u rity  s c a t t e r in g ,  th e  r a t e  

i s  g iven  by,

For en e rg y  v a lu e s  (E _ E? ) in  o u r e x p e rim e n ts  o f  72 meV, c o r r e s -

(1 .1 .1 9 )
Ts<E> |Mk '+ , k+ |2 t c (E )’

1 + t  n
T- 3 _ ) .  ( JL )*  1 .  (1 .1 .2 0 )

Where n = A/E
g

For CdSe A = 0 .4  eV and E = 1 . 8  eV.
g

Thus, th e  sp in  r e l a x a t io n  r a t e  i s  o f  th e  o rd e r  o f ,

(1. 1. 21)
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ponding t o  c a r r i e r  d e n s i t ie s  o f  -  5x10l 8/c m 3, and c o l l i s i o n  tim e  x 

_ 10 ll* s e c ,  th e  s p in  r e l a x a t io n  tim e  i s  -  225 p se c .

The t h i r d  mechanism o f  e l e c t r o n  s p in  r e l a x a t io n  i s  due to  th e  

sp in  exchange o f  e l e c t r o n s  and h o le s  in  th e  c r y s t a l .  This mechan­

ism was f i r s t  p roposed  by B ir, Aronov and P ik u s23 in  1975. In  th is  

mechanism e le c t r o n i c  s p in  a lig n m e n t i s  red u c e d  due to  c o l l i s i o n s  

w ith  h o le s .  The sp in  r e l a x a t io n  r a t e  i s  e x p re sse d  in  te rm s  o f 

e x p e r im e n ta l ly  m easured  p a ra m e te rs  a s ,

TS

w here E . , A . , a  . and u a r e  e x c ito n  b ind ing  e n e rg y , 1s  e x c i-  X) I S Xj I s

to n  s p l i t i n g  (betw een  t r i p l e t  and q u in tu p le t ) ,  1s e x c ito n  Bohr

ra d iu s  and 1s e x c ito n  red u c e d  m ass, r e s p e c t iv e ly .  In  CdSe th e s e
o

v a lu e s  a r e  17 meV, 0.1 meV, 40 A, and 0.1 m , r e s p e c t iv e ly .  In  our
0

ex p e rim e n t th e  p h o to g e n e ra te d  h o le  d e n s i ty  and e le c t r o n  Ferm i 

en e rg y  a r e  5x10 18/cm 3 and 72 meV, r e s p e c t iv e ly .  Thus th e  sp in

r e l a x a t io n  tim e  in  t h i s  c a se  i s  -  3 n se c .

The m ost r e c e n t l y  p ro p o sed  s p in  r e l a x a t io n  mechanism i s  t h a t  

o f  K leinm an and M il le r 2H in  w hich, a  v i r t u a l  rec o m b in a tio n  o f  an 

e le c t r o n - h o le  p a ir  p ro d u ces  a  v i r t u a l  p h o to n . This v i r t u a l  pho ton  

c o u ld  th e n  be re a b s o rb e d  p ro d u cin g  a  new e le c t r o n - h o le  p a i r  in  

which th e  s p in  o f  th e  e l e c t r o n  may be f l ip p e d .
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This m echanism  p ro v id e s  f o r  a  n o n v an ish in g  r e l a x a t io n  r a t e  a t  

z e ro  te m p e ra tu re ,  q u i te  u n l ik e  any o th e r  mechanism - th a t  has  been 

p ro p o sed . In  t h e  d e g e n e ra te  h o le  c a s e , th e  sp in  r e l a x a t io n  tim e  i s  

p r e d ic te d  to  be in d ep en d en t o f  h o le  c o n c e n tra t io n . Thus,

_L = _L f o r  kBT «  uh (1 .1 .23 )
xs  To

1 % i ,  2ir 2 ^3/
•  T J  T  ( ( ^ j i 5 f ) u  f ° r  kT>» *  -

w here i s  th e  h o le  Ferm i e n e rg y , and

^  = ( f )  ( e 2|P |2nEg)/(m 02h 2c 3) .

In  CdSe E = 1 . 8 ,  ! P2 1 m „ 13 eV, m = 0.13m and n = 2 .6 ,
8 O © o

w here | P j i s  th e  in te rb a n d  m a tr ix  e le m e n t o f  th e  momentum o p e ra ­

t o r  and n i s  th e  r e f r a c t i v e  in d ex . These p a ra m e te rs  would g ive  us

tq « 2 n s e c . These m echanism s c a n n o t e x p la in  th e  s h o r t  s p in

r e la x a t io n  t im e s  m easu red  in  CdSe. In  Cd, Mn Se an  a d d it io n a l1-x  x

s p in  r e l a x a t io n  mechanism o c c u rs  due t o  th e  s t r o n g  s p in  exchange25 

in te r a c t io n  w hose m agnitude depends on x and  i s  co m p arab le  to  th e  

D-P p ro c e s s  f o r  x_ 0 .1 . T his mechanism i s  d e s c r ib e d  in  C hap ter H.

The l a s t  r e s e a r c h  c h a p te r  d e a ls  p r im a r i ly  w ith  th e  e f f e c t  o f  

Mn2 i s o e l e c t r o n i c a l l y  r e p la c in g  Cd2 c a t io n s  in  th e  w u r tz i te  l a t ­
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t i c e .  This re p la c e m e n t show s a  non m ag n e tic  r ig id  band gap s h i f t 26 

and a s m a l l  m agnetic  s h i f t  o f  th e  e x c ito n  e n e rg y , s t a t e  te rm ed  

"bound m agnetic  p o la ro n "  (BMP)27. F o r x > 0 .3 , I  have o b se rv ed  

lu m in escen ce  p r im a r i ly  a s s o c ia te d  w ith  th e  p h o to e x c ite d  Mr 2+ io n s  

and v a le n c e  bands. The m ost s t r i k in g  f e a t u r e  o f  t h i s  lu m in escen ce  

i s  t h a t  i t s  peak p o s it io n  s h i f t s  w ith  x , c o n tr a ry  t o  t h a t  o b se rv ed  

in  Cd. Mn Te sy s te m . In  Cd. Mn Te, an  a lm o s t z e ro  s h i f t 28 i s
I X X f X X

ob se rv ed  o v er a  wide ran g e  o f  x (x > 0 .4 ) . I  have c a lc u la te d  th e  

d e fo rm a tio n  p o te n t ia l  f o r  co n d u c tio n  and v a le n c e  band s e p a r a te ly 29 

by com bining th e  lu m in escen ce  d a ta  and  l a t t i c e  c o n s ta n t  (u sin g  x -  

ra y )  d a ta .  The above m odel ta k e s  i n to  accoun t o n ly  th e  d i f f e r ­

e n ces  in  th e  d e fo rm atio n  p o t e n t i a l s  due to  a l lo y in g ,  and t o t a l l y  

n e g le c ts  c o v a le n t bonding and io n ic i ty  c o n tib u tio n s . This ap p roach  

may n o t be a c c u r a te  enough f o r  e v a lu a t in g  v a lu e s  o f  d e fo rm a tio n  

p o t e n t i a l s .  However, t h i s  model l e a d s  to  v a lu e s  o f  d e fo rm a tio n  

p o te n t i a l  c lo s e  to  th e  g iven  in  r e f e r e n c e s  ( c h a p te r  I I I  and IV). 

The m easurem ents o f  BMP e n e rg ie s  f o r  v a rio u s  x and th e  e f f e c t  o f  

c lu s t e r i n g 30 o f  Mn2+ ions on BMP e n e rg ie s  i s  in v e s t ig a te d  in  

C hap ter 5.
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CHAPTER II

2.1 PICOSECOND EXPERIMENTAL SETUP
For p ico seco n d  tim e  r e s o lv e d  and tim e  in te g r a t e d  lum in escen ce  

m easu rem en ts , a  m ode-locked1 Nd3+: g la s s  l a s e r  was u se d . In  t h i s  

l a s e r  medium (Nd3+:g la s s  ), th e  s p e c t r a l  w id th  o f  th e  ga in  p r o f i l e  

i s  due to  inhom ogeneous b ro ad en in g  and i t s  FWHM i s  30 cm -1. The 

l a s e r  medium i s  in  th e  form  o f  a  ro d  w ith  i t s  ends c u t  a t  Brew­

s t e r ’s  a n g le  f o r  1064 nm e m iss io n . The ro d  i s  pumped o p t i c a l l y  by 

d isc h a rg in g  a  bank o f  c a p a c i to r  (_ 3 kV) th ro u g h  a  h e l i c a l  w a te r  

c o o le d  h a lo g e n  lam p. This l a s e r  i s  o p e ra te d  o n ly  in  th e  p u ls e  

mode a t  a  maximum r a t e  o f  one s h o t  e v e ry  tw o m in u tes . The v a r i ­

ous lo n g i tu d in a l  modes d e te rm in e d  by th e  ro u n d  t r i p  tim e  (21 / c  _ 6 

n se c )  w ith in  th e  l a s e r  c a v ity  and l im ite d  by th e  g a in  p r o f i l e  G(oj) 

ca n  be p h ase  lo ck e d  u s in g  a  s a tu r a b l e  a b so rb in g  medium. For t h i s  

l a s e r  i t  was done by u s in g  a dye, "Kodak 9860", d is s o lv e d  in  1,1 '  

d ic h lo ro e th a n e . T h is p a s s iv e  mode lo c k in g  o f  th e  lo n g i tu d in a l  

modes g e n e ra te s  a  t r a i n  o f  _ 100 p u ls e s  s e p a r a te d  from  each  o th e r  

by  a  round  t r i p  tim e  ( _ 6 n se c )  w ith  each  p u ls e  _ 6 p sec  d u ra t io n  

a t  1064 nm. The t r a i n  o f  p u ls e s  le a k s  o u t  o f  th e  c a v i ty  from  a  

50% t r a n s p a r e n t  m ir ro r  a t  th e  end o f  th e  c a v i ty ,  th e n  e n te r s  a 

p u ls e  s e l e c t o r  ( s e e  F ig . 2 .1 .1 ) .
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The p u ls e  s e le c t i o n 2 i s  accom plished  by a p p ly in g  a  h igh  v o l t ­

age p u ls e  to  a  P o c k e ls  c e l l  which i s  p la c e d  b e tw een  -c ro sse d  p o la r ­

i z e r s .  When th e  v o l ta g e  i s  a p p lie d  to  th e  P o c k e ls  c e l l ,  o n e -h a lf  

wave r e t a r d a t io n  i s  in duced  by th e  e l e c t r o - o p t i c  e f f e c t .  This 

r o t a t e s  th e  p la n e  o f  th e  p o la r iz a t io n  by 90° so  t h a t  th e  p u lse  i s  

t r a n s m i t te d  th ro u g h  th e  second  p o la r i z e r  and a lo n g  th e  main o p t i ­

c a l  p a th  o f  th e  l a s e r .  The v o lta g e  p u ls e  i s  g e n e ra te d  and tim ed  

by a s h o r t  t ra n s m is s io n  l i n e  te rm in a te d  a t  one end by a  high im pe- 

dence c u r r e n t  l im it in g  r e s i s t o r  (10 megohms) c o n n e c te d  to  a  h igh  

v o l ta g e  power su p p ly  (15 .8  KV f o r  th e  Nd+3:g la s s  l a s e r ,  which c o r ­

re sp o n d s  to  tw ic e  th e  one h a l f  wave r e t a r d a t io n  f o r  1064 nm). The 

o th e r  end o f  th e  s h o r t  t ra n s m is s io n  l in e  i s  te rm in a te d  a t  a  h igh  

p r e s s u r e  (100 p s i)  l a s e r  t r ig g e re d  sp a rk  g ap 3. The le n g th  o f  t h i s  

t ra n s m is s io n  l in e  i s  a d ju s te d  so  t h a t  when i t  i s  d isc h a rg e d  in to  a  

m atched  im pedance lo a d , i t  w i l l  p roduce  a  v o l ta g e  p u ls e  (5 n se c  

w ide) whose d u ra t io n  i s  l e s s  th a n  th e  tim e  b e tw een  th e  p u ls e s .  

When th e r e  i s n ' t  any v o l ta g e  on th e  P o c k e ls  c e l l  th e  t r a i n  o f  

l a s e r  p u ls e s  i s  d e f l e c t e d  o u t  o f  th e  m ain o p t i c a l  p a th  by a  G lan - 

Thompson p rism  which i s  th e  second  o f  th e  tw o c ro s s e d  p o la r i z e r s .  

T his t r a i n  i s  fo c u s s e d  in to  th e  sp a rk  gap w here one o f  th e  p u ls e s  

i n i t i a t e s  an a v a la n c h e  breakdow n which a l lo w s  th e  c h a rg e  t h a t  h as  

been s to r e d  in  th e  s h o r t  tra n s m is s io n  l in e  t o  d isc h a rg e  i n to  

a n o th e r  t ra n s m is s io n  l i n e  whose le n g th  i s  a d ju s te d  so  t h a t  th e  

v o l ta g e  p u ls e  a r r i v e s  a t  th e  P o ck e ls  c e l l  s h o r t l y  b e fo r e  a n o th e r
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p u ls e  from  th e  l a s e r  t r a i n .  This v o l ta g e  p u lse  th e n  in d u ces  a  

r e t a r d a t io n  a s  p re v io u s ly  d e s c r ib e d . The P o c k e ls  c e l l  i s  c o n n ec ted  

to  a n o th e r  lo n g  (20 n sec ) t ra n s m is s io n  l i n e  which i s  te rm in a te d  

in to  a  m atched  r e s i s t i v e  lo a d  (50 ohms) to  p re v e n t r e f l e c t i o n s  

which w ould o th e rw is e  p a r t i a l l y  reo p en  th e  P o ck e ls  c e l l .  The 

e f f e c t  o f  t h i s  a rra n g e m e n t i s  to  s e l e c t  a  s in g le  p u ls e  from  th e  

m ode-locked  t r a i n  o f  p u ls e s .  F igu re  2 .1 .2  shows th e  p u ls e s  p ropa­

g a tin g  a lo n g  th e  tw o p o s s ib le  o p t ic a l  p a th s .  F igu re  2 .1 .2 a  i s  th e

m ode-locked  t r a i n  o f  p u ls e s  w ith  a  s in g le  p u lse  s e le c te d  o u t o f

th e  t r a i n .  T his o s c i l lo s c o p e  t r a c e  i s  from  a  pho tod iode  p la c e d

behind th e  s p a rk  gap.

A fte r  th e  p u lse  le a v e s  th e  s in g le  p u ls e  s e le c to r  i t  i s  am p li­

f ie d  by p a s s in g  i t  th ro u g h  two Nd+3:g la s s  ro d s . The f la s h la m p s  

t h a t  e x c i te  th e  a m p lify in g  Nd+3:g la s s  ro d s  a re  t r ig g e re d  s im u l­

ta n e o u s ly  w ith  th e  l a s e r  o s c i l l a t o r  f la s h la m p  v ia  common e l e c t r i ­

c a l  p u ls e s  so  t h a t  th e  maximum gain  in  t h e  a m p lif ie r  i s  a v a i la b le  

when th e  p u ls e  a r r iv e s  a t  th e  a m p l if ie r .  T his tim in g  i s  r e l a t i v e l y  

e a sy  s in c e  th e  a m p l if ie r  ga in  fo l lo w s  th e  f la s h la m p  in te n s i t y  

which has  a  b ro ad  peak 1 m illis e c o n d  w ide. For th e  Nd+ 3:p h o sp h a te  

g la s s  a m p l i f ie r s  we u se , th e  t o t a l  a m p l if ic a t io n  i s  a p p ro x im a te ly  

a  f a c t o r  o f  30. A f te r  le a v in g  th e  a m p l i f ie r  th e  l a s e r  p u ls e  i s  

d i r e c te d  in to  a  P o tassium  Dihydrogen P h o sp h a te  (KDP) second  h a r ­

monic g e n e ra to r  c r y s t a l 1*. This c o n v e r ts  a b o u t 10% o f  th e  in c id e n t  

1060 nm r a d ia t io n  to  530 nm r a d ia t io n .  The 1060 nm in f r a r e d  r a d i ­
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a t io n  i s  e i t h e r  rem oved w ith  a  c o lo re d  g l a s s  f i l t e r  (C orning 1-75) 

le a v in g  a p u ls e  o f  g re e n  l i g h t  (530 nm) o r  th e  53Q nm p u ls e  i s  

b lo ck e d  w ith  a  Corning 7 -69  f i l t e r  le a v in g  th e  106H nm p u ls e  to  

c o n tin u e  a lo n g  th e  o p t ic a l  p a th  .

A s m a l l  p o r tio n  o f  th e  p u lse  i s  r e f l e c t e d  o u t o f  th e  o p t ic a l  

p a th  w ith  an  u n co a ted  g la s s  s l i d e  and d i r e c te d  o n to  a  s i l i c o n  pho­

to d io d e . The e l e c t r i c a l  p u ls e  o u tp u t  o f  th e  s i l i c o n  pho tod iode  i s  

u sed  a s  th e  t r i g g e r  s ig n a l  f o r  a s t r e a k  cam era . The o u tp u t o f  th e  

s i l i c o n  pho tod iode  i s  d i r e c te d  to  a  v a r i a b le  d e la y  l in e  w here v a r i ­

ous t ra n s m is s io n  l in e s  can  be sw itc h e d  in  and o u t o f  th e  e l e c t r i ­

c a l  c i r c u i t .  This p ro v id es  f o r  v a r io u s  d e la y s  ( a d ju s ta b le  in  250 

p ico seco n d  s te p s )  to  be added to  th e  a r r i v a l  tim e o f  th e  p h o to d i­

ode o u tp u t  a t  th e  s t r e a k  cam era . I t  i s  n e c e s s a ry  to  e a s i ly  a d ju s t  

th e  tim in g  o f  th e  t r ig g e r in g  s in c e  d i f f e r e n t  s t r e a k  r a t e s  have d i f ­

f e r e n t  tim e s  betw een  th e  t r i g g e r  p u ls e  a r r i v a l  and th e  s t a r t  o f 

th e  cam era  s t r e a k  ( in t r i n s ic  d e la y ) . F u r th e rm o re , over th e  c o u rse  

o f  an ex p e rim en t th e  i n t r i n s i c  d e la y  f o r  a  g iven  s t r e a k  r a t e  w i l l  

s lo w ly  change by 1 to  2 nanoseconds.

The l i g h t  p u lse  c o n tin u e s  beyond th e  pho tod iode  beam s p l i t t e r  

and th e n  e n te r s  an o p t i c a l  d e la y  l i n e  ( ty p i c a l ly  30 nanoseconds) 

c o n s is t in g  o f  e i th e r  a  s e r i e s  o f  m ir ro r s  o r  a  W hite c e l l  (w hich 

p ro v id e s  f o r  m u lt ip le  r e f l e c t i o n s  from  a  p a ir  o f  concave m ir ro r s ) .  

Long f o c a l  le n g th  le n s e s  a r e  in tro d u c e d  a s  needed in  th e  o p t i c a l  

p a th  to  r e c o l l im a te  th e  beam. B e fo re  being  fo c u sse d  o n to  th e
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sam p le , p a r t  o f  th e  p u ls e  i s  ag a in  s p l i t  o f f  by a n o th e r  beam 

s p l i t t e r  and d i r e c te d  on to  a  vacuum p h o to d io d e  to  p ro v id e  a meas­

u re  o f  th e  e n e rg y  o f  each  e x c i t a t io n  p u l s e .  A t h i r d  beam s p l i t t e r  

p ro v id es  a  s m a ll- a m p litu d e  p u ls e  which i s  d i r e c te d  o n to  th e  s l i t  

o f  th e  s t r e a k  cam era . This m arker p r e p u ls e  e n a b le s  an a c c u ra te  

d e te rm in a tio n  o f  th e  tim e  o f  th e  e x c i t a t i o n .  T his i s  done by 

a d ju s t in g  th e  l e n g th  o f  th e  o p t ic a l  p a th  o f  th e  p re p u ls e  so  t h a t  

i t  a r r iv e s  100 p ico seco n d s b e fo re  an u n d e la y e d  lu m in escen ce  s ig n a l  

would a r r iv e .  The a c tu a l  d e la y  f o r  a  p a r t i c u l a r  ex p e rim en t i s  

c a l ib r a te d  by m easu ring  th e  d e la y  b e tw e en  th e  p re p u ls e  and th e  

s c a t t e r e d  e x c i t a t i o n  from  th e  sam ple .

The p u ls e  i s  th e n  fo c u s s e d  o n to  th e  sam p le  ( maximum energy  

i s  400 yJ in  a  1 .35 mm d ia m e te r  s p o t s iz e  a t  530 nm o r  1.2 mJ in  a 

1 .9  mm d ia m e te r  s p o t  s iz e  a t  1064 nm) a f t e r  being  a t t e n u a te d  by 

n e u t r a l  d e n s i ty  f i l t e r s  a s  n e c e s s a ry . The r e s u l t i n g  lum in escen ce  

i s  c o l l e c t e d  and c o ll im a te d  by a  le n s  and th e n  p a sse d  th ro u g h  

a p p ro p r ia te  c o lo r  and ban d p ass  d i e l e c t r i c  f i l t e r s  to  rem ove th e  

e x c i ta t io n  r a d i a t i o n  and s e l e c t  th e  a p p r o p r ia te  s p e c t r a l  re g io n  o f 

th e  lu m in esc e n c e  f o r  t h a t  p a r t i c u l a r  e x p e rim e n t. The c o ll im a te d  

and s p e c t r a l l y  f i l t e r e d  lu m in escen ce  i s  th e n  re fo c u s e d  o n to  th e  

s t r e a k  cam era  s l i t  (o r  s p e c tro m e te r  s l i t ) .
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2 . 2  STREAK CAMERA

A s t r e a k  c a m e ra s w ith  o v e r  a l l  r e s o lu t io n  o f. 12 p se c  was 

used  in  th e  tim e  r e s o lv e d  lu m in escen ce  e x p e r im e n ts . F ig u re  2.2.1 

shows th e  b a s ic  o p e ra tin g  p r in c ip le  o f  a  s t r e a k  cam era . The 

dev ice  r e l i e s  on co n v e rs io n  o f  t im e  in fo rm a tio n  in to  s p a t i a l  in f o r ­

m ation . P h o to n s s t r i k in g  th e  p h o to ca th o d e  o f  th e  s t r e a k  tu b e  p ro ­

duce e m iss io n  o f  e le c t r o n s  in  p ro p o r t io n  to  th e  in c id e n t  l i g h t  in ­

t e n s i ty .  The e le c t r o n s  a r e  th e n  a c c e le r a te d  in to  th e  s t r e a k  tu b e  

v ia  an a c c e l e r a t i n g  mesh and  a r e  e l e c t r o s t a t i c a l l y  sw ep t a t  a 

known r a t e  o v e r  a  known d is ta n c e ,  c o n v e r tin g  te m p o ra l  in fo rm a tio n  

in to  s p a t i a l  in fo rm a tio n . T hese e le c t r o n s  th e n  s t r i k e  a m ic rochan - 

n e l  p l a t e  c a p a b le  o f p ro d u cin g  e le c t r o n  m u l t ip l ic a t io n  th ro u g h  

seco n d ary  e m iss io n . The se co n d a ry  e le c t r o n s  r e l e a s e d  a t  d i f f e r e n t  

tim es  ( in  r e l a t i o n  to  th e  in c id e n t  e le c t r o n s )  im pinge upon a  phos­

phor s c re e n  fo rm in g  th e  s t r e a k  im age.

The p h o to c a th o d e  o f  th e  s t r e a k  tu b e  (N895) i s  a  m u l t i a l k a l i  w ith  

a  UV g la s s  f a c e p la t e .  I t  h a s  a  s p e c t r a l  re s p o n s e  s im i la r  to  b u t 

s l i g h t l y  b e t t e r  th a n  an S-20 s u r f a c e  and a  u s e f u l  d ia m e te r  o f  5mm, 

which under m a g n if ic a tio n  o f  a b o u t 3 y ie ld s  an  e f f e c t i v e  d ia m e te r  

o f  15mm a t  th e  o u tp u t  phosphor s c re e n . I t  u se s  a  P-11 p h ospho r, 

which u n d e r 3kV e le c t r o n  bom bardm ent p ro d u ce s  ab o u t 50 pho­

t o n s / e l e c t r o n .  The m u ltic h a n n e l p l a t e  (MCP) h a s  a  c e n t e r - t o -  

c e n te r  d i s ta n c e  o f  14pm and an  open a r e a  r a t i o  o f  60 p e r c e n t .  At 

i t s  maximum r a t e  o f  a p p lie d  v o l ta g e  (900V), th e  MCP ga in  re a c h e s  a
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v a lu e  o f  ab o u t 101*. In  th e  s t r e a k  mode, a  1.5kV a c c e le r a t io n  mesh 

o v er a  d is ta n c e  o f 3mm e x t r a c t s  p h o to e le c t r o n s  from" th e  p h o to ca ­

th o d e . The a p p lie d  d e f l e c t in g  v o l ta g e  i s  2kV p -p , and a  c e n t r a l  

1kV l in e a r  p o r tio n  d e f l e c t s  th e  p h o to e le c tro n s  a t  v a r ia b le  sp eed s  

o f  15, 7 .5 , 3, and 1.5m m /ns. The d e f l e c t io n  sw eep c i r c u i t r y

r e q u i r e s  a  minimum t r ig g e r in g  v o l ta g e  o f  2V in to  50 ohms. A f te r  

t r ig g e r in g ,  th e  t y p ic a l  tim e  d e la y  to  i n i t i a t e  a  s t r e a k  i s  ab o u t 

11ns a t  th e  f a s t e s t  sw eep r a t e .

The SIT v id icon  cam era , which h as  an S-20 p h o to ca th o d e , moni­

t o r s  th e  s t r e a k  im age on th e  phosphor s c re e n . The v ideo  s ig n a l  i s  

a n a ly z e d  by a  m icrocom pu ter model C1098 T em p o ra la n a ly ze r  (TA)( 

m an u fac tu red  by Ham amatsu, In c .) .  The TA m icrocom puter c o n v e r ts  

image in fo rm a tio n  from  a n a lo g  to  d i g i t a l  and c o r r e c t s  fo r  d a rk  

c u r r e n t  and s e n s i t i v i t y  v a r ia t io n s  in  th e  v id ic o n . I t  i n t e g r a t e s  and 

o u tp u ts  th e  video i n t e n s i t y  a lo n g  each  h o r iz o n ta l  scan n in g  l in e  o r  

a  p o r t io n  o f  i t  f o r  d i f f e r e n t  window s e t t i n g s .

To c a l i b r a t e  th e  tim e  a x is  and i n te n s i t y  l i n e a r i t y  o f  th e  com­

b ined  sy stem  in  th e  s t r e a k  mode, a  s in g le  6ps, 530nm l a s e r  p u ls e  

i s  p a sse d  th ro u g h  a  p a i r  o f  e ta lo n  m ir ro r s  o f  t ra n s m is s io n  c o e f f i ­

c ie n t  T ( fo r  each  m ir ro r )  and s e p a r a te d  by an  a i r  sp ac in g  o f  d. 

The c a l ib r a t in g  p u ls e s  p roduced  in  t h i s  m anner make up a  t r a i n  o f  

p u ls e s  s e p a ra te d  in  tim e  by A t  = 2 d /c , w here c i s  th e  v e lo c i ty  o f  

l i g h t .  The in te n s i t y  p r o f i l e  o f  th e  t r a i n  i s  a  d e c re a s in g  exponen­

t i a l  w ith  each  s u b se q u e n t peak red u c e d  by (1 -  T)2. For each
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round t r i p  o f  th e  p u ls e  betw een  m ir ro r s ,  a  l ig h t  p u ls e  o f  in te n -

s i t y  I  = I  (1 -  T)2 i s  p roduced , f o r  k = 0, 1, 2 , , , n . -  S inceK o

I k/ I k + = 1/(1 -  T)2 = c o n s ta n t ,

th e  en v e lo p e  form ed by th e  peaks o f  th e  p u ls e s  fo l lo w s  a s in g le

e x p o n e n tia l  decay  g iven  by

I  = I„ exp (^-S -n  (1 -  T)2),

w here th e  tim e  betw een peaks i s  t  = kAx. The peaks a re  u sed  to

c a l i b r a t e  th e  tim e a x is  and c o r r e c t  f o r  th e  in te n s i t y  v a r ia t io n s .  

The sw eep r a t e  p e r ch an n el AT/AX v e rs u s  th e  ch an n el number X i s

used  to  c a l i b r a t e  th e  tim e  b a se  o f  th e  s t r e a k  cam era w here AX i s

th e  num ber o f  c h a n n e ls  be tw een  peaks and Ax i s  f ix e d  f o r  a given 

e ta lo n  m ir ro r  sp ac in g . F ig u re  2 .2 .2 a  shows a  ty p ic a l  c a l ib r a t io n  

c u rv e . This i s  a ls o  used  to  c a l i b r a t e  th e  i n te n s i t y  a x is  f o r  th e  

tim e  sw eep. F ig u re  2 .2 .2 b  show s a  s t i l l  f ra m e  video o f  th e  s t r e a k  

image o f  th e  C979 s t r e a k  cam era  TD sy stem  w ith  Ax = 30ps and a 

s t r e a k  sp e ed  o f  15mm/ns. The g rap h ic  r e p r e s e n ta t io n  o f  t h a t  

s t r e a k  im age a s  i t  a p p e a rs  on a  TV m o n ito r i s  shown in  F ig u re  

2 .2 .2 c . The d a ta  a c q u ire d  i s  th e n  c o r r e c te d  f o r  i n te n s i t y  and th e  

non l i n e a r i t y  o f  th e  s t r e a k  r a t e  (Appendix). The s p e c i f ic  m o d ifi­

c a tio n s  f o r  en erg y  r e la x a t io n  and s p in  r e l a x a t io n  a r e  d e s c r ib e d  in  

C hap ter 3 and 4.

The s t r e a k  cam era can  a l s o  be o p e ra te d  in  th e  fo c u s  mode o r 

non s t r e a k  mode by sw itc h in g  o f f  th e  sw eep g e n e ra to r  and a p p ly in g  

an  a p p ro p r ia te  v o l ta g e  a c ro s s  th e  d e f l e c t io n  p l a t e  so  t h a t  th e
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e le c t r o n i c  image o f  th e  in p u t s l i t  i s  b ro u g h t i n to  th e  c e n te r  o f  

th e  f i e l d .  This mode was e x tre m e ly  u s e f u l  n o t o n ly - f o r  a lig n m e n t 

b u t a l s o  f o r  s p a t i a l l y  r e s o lv e d  s tu d ie s  o f  f a s t  d if fu s io n . This 

s p e c i f ic  u se  h as  been d e s c r ib e d  in  C hap ter 3.

2.3 TIME INTEGRATED SPECTRAL MEASUREMENT
For tim e in te g r a te d  s p e c t r a  m easu rem en ts, I  u sed  a  1/H-ra Spex 

s p e c tro m e te r  in  p la c e  o f  th e  s t r e a k  cam era w ith  an OMA I I  SIT 

( s i l ic o n  in te n s i f ie d  t a r g e t )  d e te c to r  a t  th e  e x i t  p o r t .  By rem ov­

ing  th e  e x i t  s l i t  i t  was p o s s ib le  to  m easure th e  sp ec tru m  a t  ev e ry  

l a s e r  s h o t .  The c a l ib r a t io n ,  i . e . ,  ch a n n e l v s . w av e len g th  was 

o b ta in e d  by u sin g  4 w a v e len g th s  a lm o s t e v en ly  d i s t r ib u t e d  over th e  

s p e c t r a l  reg io n . These w av e len g th s  w ere s e le c te d  by u sin g  p r e c a l ­

ib r a te d  narrow  band in te r f e r e n c e  f i l t e r s  and a  w h ite  l i g h t  so u rc e  

a t  th e  sam ple  s i t e .  The known w av e len g th s  and t h e i r  p o s it io n  a s  a  

fu n c t io n  o f  ch an n el number gave us th e  c a l i b r a t io n .  The p h o to ca­

th o d e  used  in  th e  SIT tu b e  h a s  an ex te n d e d  S-20 ( m u l t i a lk a l i )  sp e c ­

t r a l  re s p o n s e . The s p e c t r a l  re sp o n se  cu rv e  was g e n e ra te d  in  th e  

com puter and used  f o r  c o r r e c t in g  d a ta . The o th e r  c o r r e c t io n s  in ­

v o lv ed  a r e  p ix e l  p o s it io n  re sp o n se  (g e o m e tr ic  r e s p o n s e ) , c u t  o f f  

f i l t e r  t ra n s m is s io n  (u sed  f o r  b lo ck in g  e x c i ta t io n  p u ls e  from  e n te r ­

ing  th e  s p e c tro m e te r ) ,  and th e rm a l background . The p ix e l  re sp o n se  

c u rv e  (F ig . 2 .3 .1 )  was o b ta in e d  by rem oving th e  SIT cam era from  th e  

s p e c tro m e te r  and i l lu m in a t in g  th e  p h o to ca th o d e  w ith  a  weak l i g h t
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s o u rc e  th ro u g h  a  good q u a l i ty  f r o s t e d  g l a s s  f o r  un iform  i l lu m in a ­

t io n .  I t  can  be e a s i l y  se en  from  f ig u r e  2 .3 .1  t h a t ,  th e  c e n te re d  

p ix e ls  r e c e iv e  more l i g h t  th a n  th e  ones s i t u a t e d  a t  th e  edge . The 

c u t  o f f  f i l t e r  t ra n s m is s io n  was o b ta in e d  by u s in g  a  w h ite  l i g h t  

so u rc e  a t  th e  sam ple  s i t e  and th e n  re c o rd in g  th e  sp ec tru m  th ro u g h  

th e  s p e c tro m e te r  w ith  and w ith o u t th e  f i l t e r  in  f r o n t  o f  th e  sp e c ­

t r o m e te r .  The r a t i o  o f  th e  re c o rd e d  i n t e n s i t i e s  a t  each  p ix e l  c o r­

re sp o n d s  to  th e  t ra n s m is s io n  c o e f f ic i e n t  a t  a  p a r t i c u l a r  w avel­

e n g th . The background was o b ta in e d  b e fo r e  e v e ry  sp ec tru m  by h a l t ­

ing  th e  l a s in g  in  th e  o s c i l l a t o r  c a v i ty  y e t  a llo w in g  th e  f l a s h -  

lam ps o f  th e  o s c i l l a t o r  and a m p l i f ie r s  to  f i r e  a s  u s u a l .  This 

a llo w e d  u s  t o  in c o rp o ra te  any s t r a y  l i g h t  from  th e  f la s h la m p s  in  

th e  t o t a l  background  which c o u ld  be s u b t r a c te d  ch an n el by ch an n el 

from  th e  re c o rd e d  d a ta .  A ll  th e s e  c o r r e c t io n s  w ere  done u s in g  th e  

OMA (II)  m ic ro p ro c e sso r  and th e  c o r r e c te d  d a ta  was t r a n s f e r r e d  to  

a  D ig i ta l  11-03 co m p u te r.

2.4 STEADY STATE SPECTRAL MEASUREMENTS
An a rg o n  ion  l a s e r  was u sed  to  e x c i te  th e  sam p les  w ith  488 o r  

476 nm w a v e le n g th . The ty p ic a l  pow er d e n s i t i e s  u sed  in  th e  e x p e r­

im en t w ere  in  th e  ra n g e  o f  10-100 W/cm2. The sa m p le s  w ere 

m ounted on a  c o ld  f in g e r  in  an o p t ic a l  he lium  dew ar. The sam p le  

te m p e ra tu re  was m easu red  w ith in  ± 2K u s in g  a  s i l i c o n  d io d e . The 

e x c i t a t io n  beam was chopped a t  900 Hz. The p h o to lu m in escen ce  was
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c o l l e c t e d  and  im aged in to  a  d oub le  Spex 1/2m s p e c tro m e te r  w ith  

a u to m a tic  w a v e le n g th  sw eep. For d e te c t io n  a  RCA 7265 p h o to m u lti­

p l i e r  tu b e  (S-20) and a  PAR lo c k - in - a m p l i f i e r  tu n ed  t o  900 Hz was 

u sed  (se e  F ig  2 .4 .1 ) .
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2 . 6  FIGURE CAPTIONS

2.1 .1  The N d :g lass  l a s e r  sy s te m , s in g le  p u ls e  s e l e c to r ,  d e la y  
o p t ic s ,  and lu m inescence  d e te c t io n  u n i t  
(h e re  s te a k  cam era) a r e  d e sp la y e d  in  b lo c k  -diagram .
The d e t a i l s  a r e  d is c r ib e d  in  th e  t e x t .

2 .1 .2  The O p e ra tio n  o f  a  sp a rk  gap t r ig g e r e d  s in g le  p u lse  
s e l e c t o r .  The t r a c e  o f  a  p u ls e  t r a i n  o u tp u t on 
te x t r o n ic s  519 o s c i l lo s c o p e . The "h o le"  in  th e  t r a i n  
c o rre sp o n d s  to  s in g le  p u lse  s e le c te d  o u t from  th e  t r a i n .

2.2 .1  B asic  s t r e a k  cam era o p e ra t io n .

2 .2 .2  Top c o rre sp o n d s  to  a  c a l ib r a t io n  c u rv e  u sed  in  s t r e a k  
r a t e  n o n - l in e a r i ty  c o r r e c t io n  f o r  tim e  a x is  and tim e 
re s o lv e d  lum in escen ce  in te n s i ty .  The bo ttom  c o rre sp o n d s  
t o  e ta lo n  o u tp u t  o f  a  s in g le  p u ls e  in p u t m onito red  by v id io  
sy stem  ( l e f t )  and in te g r a te d  o u tp u t  v s . v e r t i c a l  tim e  ax is  
( r ig h t ) .

2 .3 .1  V idicon (OMA II)  ch an n e l re s p o n s e , i t s  p h o to ca th o d e  s p e c t r a l  
r e s p o n s e , s p e c tro m e te r  g ra t in g  re s p o n s e , and th e  t ra n s m is s io n  
c u rv e  f o r  3~67 co rn in g  f i l t e r  a r e  d isp la y e d  in  th e  r e l e v e n t  
s p e c t r a l  re g io n .

2.4.1 S tead y  s t a t e  lu m inescence  s e tu p .
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CHAPTER III

Photogenerated High Density Electron-Hole Plasma Energy 
Relaxation and Experimental Evidence For Rapid Expansion of 
the Electron - Hole Plasma in CdSe.

3.1 INTRODUCTION
P h o to g e n e ra tio n  o f  an  e le e t r o n - h o le  (e -h )  p lasm a  in  sem icon­

d u c to r s  h a s  been  known1’ 2’ 3 f o r  many y e a r s .  P rob ing  t h i s  p lasm a 

in  tim e  p ro v id e s  v a lu a b le  in fo rm a tio n  on b o th  th e  n o n -eq u ilib r iu m  

and e q u ilib r iu m  s t a t e s  in  te rm s  o f  th e  i n te r a c t io n  among e lem en­

t a r y  e x c i t a t io n s  w ith  th e  e n v iro n m en t, m ain ly  th e  l a t t i c e .  The 

know ledge o b ta in e d  from  th e s e  s tu d ie s  a r e  r e l e v a n t  to  l a s e r  anne­

a l in g  p ro c e s s e s  in  se m ic o n d u c to rs . The c a r r i e r s  c r e a te d  from  th e

a b s o rp t io n  o f  a  l a s e r  p h o to n  a t  e n e rg y  fito, (-fioj. > E ), w here E
~ ~ g g

i s  th e  bandgap, a r e  h o t  hav ing  a  p s e u d o te ra p e ra tu re  g iven  by1* T^ = 

1/3(tKo^-Eg) /k g . Due t o  c a r r i e r - c a r r i e r  s c a t t e r i n g  (_ 1 0 -11* se c )  i t  

i s  assum ed  t h a t  th e  e l e c t r o n  and h o le  sy s te m  e a ch  have th e  sam e 

te m p e ra tu re .  In  o u r  e x p e rim e n t, w ith  CdSe and = 2.34 eV, th e  

c a r r i e r  p se u d o te m p e ra tu re  i s  _ 2560K. The p rim a ry  c h a n n e ls  f o r  

e n e rg y  r e l a x a t io n  o f  th e s e  h o t c a r r i e r s  a r e  c a r r i e r - c a r r i e r  

s c a t t e r i n g ,  p lasm on p ro d u c tio n  and phonon e m iss io n . Of th e s e  

p r o c e s s e s ,  a l l  b u t phonon em iss io n  p r im a r i ly  in v o lv e  th e  r e d i s t r i -
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b u tio n  o f th e  c a r r i e r  e n e rg y  among th e  e le c t r o n s  and h o le s  w ith  

n e g l ig ib le  am ounts o f  e n e rg y  t r a n s f e r r e d  to  th e  l a t t i c e .  In  a 

sem ic o n d u c to r, th e  o p t i c a l  phonon e n e rg y  i s  t y p i c a l l y  _ 25 meV, 

w h ile  th e  a c o u s t i c a l  phonon en e rg y  i s  much s m a l le r .  T h e re fo re , 

th e  energy  r e la x a t io n  p ro c e s s  i s  dom inated  by o p t ic a l  phonon em is­

s io n  as  lo n g  a s  th e  c a r r i e r  k in e t ic  en e rg y  i s  l a r g e r  th a n  th e  o p t i ­

c a l  phonon e n e rg y . The r e s t  o f  th e  k in e t ic  en erg y  i s  d is s ip a te d  as 

a c o u s t ic a l  phonons. An e x c e l le n t  rev iew  o f  th e s e  p ro c e s s e s  is  

g iv en  by E .J . Y o ffa 5 and B.R. Nag6. G e n e ra lly , th e  en e rg y  r e la x a ­

t io n  r a t e s  a r e  c a r r i e r  d e n s i ty  d ep e n d en t. For a h o t e le c t r o n  

(h o le )  having e x c e s s  k in e t ic  en erg y  E, th e  energy  l o s s  r a t e / c a r r i e r  

due to  c o l l i s i o n s  w ith  th e  N o th e r  e l e c t r o n s  (h o le s )  i s  g iven  by7,

H    t (3 -U 1)
e 0V 2 m PE

w here e and a r e  th e  e l e c t r o n  (h o le )  c h a rg e  and e f f e c t i v e  m ass,

and  e i s  th e  b u lk  d i e l e c t r i c  c o n s ta n t .  This N dep en d en t energy  
0

r e la x a t io n  r a t e  c a u se s  r a p id  th e r m a l iz a t io n  o f  p h o to g e n e ra te d  c a r ­

r i e r s  w ith in  _ TO-11* s e c .  The p lasm on  fre q u e n c y  i s  d ependen t on 

c a r r i e r  d e n s i ty 5 ( u _ /N  ) . The e n e rg y  r e l a x a t io n  p ro c e s s  in ­

v o lv in g  L0 phonons can  be  e f f e c t i v e l y  sc re e n e d  a t  h igh  c a r r i e r  

d e n s i t ie s  and t h i s  s u b je c t  w i l l  be d isc u s s e d  l a t e r .  The f i r s t  

s te a d y  s t a t e  e x p e r im e n ta l  o b s e rv a t io n  o f  c a r r i e r  h e a t in g  in  CdSe
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was r e p o r te d  by Shah2 e t  a l  in  1974 a t  an  e s t im a te d  p h o to g e n e ra te d  

c a r r i e r  d e n s ity  o f  2x 10l8 /cm 3. F ree  e -h  p lasm a -expansion has 

been  ob se rv ed  in  CdSe a t  4k by C orne t e t  a l 8. T heir o b s e rv a tio n  

by a n a ly z in g  s p e c t r a  e m itte d  from  d i f f e r e n t  p h o to e x c ite d  reg io n s  

showed t h a t  th e  v e lo c i t i e s  a re  tw o o r d e r s  o f  m agnitude g r e a te r  

th a n  th e  therm odynam ic e q u ilib r iu m  d i f f u s io n  v e lo c i ty .  However, 

th e y  d id  n o t o b se rv e  any p lasm a expansion  a t  room te m p e ra tu re . 

They rea so n e d  t h a t  th e  ab sen ce  o f  l a r g e  num ber o f th e rm a l  phonons 

a t  low  te m p e ra tu re  made i t  p o s s ib le  to  o b se rv e  th i s  expansion  on ly  

a t  low te m p e ra tu re s .  Combescot e t  a l 9 have c a lc u la te d  d if fu s io n  

v e lo c i t i e s  a t  T = OK, u sin g  an hydrodynam ic m odel. The v e lo c i t i e s  

s u g g e s te d  by t h i s  m odel a r e  _ 10® c m /se c . I t  i s  a ls o  p o s s ib le  to  

c a l c u l a t e  th e  v e lo c i t i e s  by c o n s id e r in g 8’ 10 th e  p re s s u re  developed  

when th e  e -h  p lasm a  d e n s ity  i s  above th e  e -h  l iq u id  d e n s ity  (5 .4x  

10 l7 /cm 3). The l a r g e  p re s s u re  g e n e ra te d  c a u se s  ra p id  d i f fu s io n  o f 

f r e e  c a r r i e r s .  The p r e s s u r e  i s  g iven  by, p = N (3F/3dln(n)) | T N,,  

w here N' i s  th e  t o t a l  number o f  e -h  p a i r s ,  N i s  th e  c a r r i e r  d e n s ity  

and , F i s  th e  f r e e  en erg y  p e r  p a i r .  The p lasm a  expansion  has a ls o  

been  o b se rv ed  in  GaAs11 and in  GaAs^_xPx 12 a t  2K. F o rc h e l e t  a l 13 

have p o in te d  o u t th e  s ig n i f ic a n t  e f f e c t  o f  c a r r i e r  d r i f t  v e lo c i t i e s  

on th e  tra n s m is s io n  and em issio n  s p e c t r a  o f  a  r a p id ly  d if fu s in g  

n o n -eq u ilib r iu m  e -h  p lasm a  in  se m ic o n d u c to rs . These exam ples in ­

d ic a te  t h a t  th e  p re se n c e  o f  f a s t  d i f f u s io n  and th e  co n seq u en t 

r e d u c t io n  in  c a r r i e r  d e n s ity  can  p la y  an  im p o r ta n t  r o l e  in  v a r io u s
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en erg y  r e la x a t io n  p ro c e s s e s .

The p u rp o se  o f  our r e s e a rc h  i s  tw o f o ld :  to  e x p e r im e n ta l ly

d e m o n s tra te  th e  ra p id  d if fu s io n  o f  p h o to g e n e ra te d  c a r r i e r s  in  CdSe 

from  th e  p h o to e x c i ta t io n  re g io n  a t  b o th  room and low  te m p e ra tu re s  

and to  show th e  r o l e  o f  p a r t i a l l y  s c re e n e d  non p o la r  o p t ic a l  

phonon em issio n  in  th e  c o o lin g  o f  h igh  d e n s i ty  h o t c a r r i e r s  and in  

th e  ra p id  d i f f u s io n  o f th e s e  c a r r i e r s .

3.2 BACKGROUND

a)Electron-phonon interaction and carrier temperature relaxa­
tion

I t  has been shown by Y o ffa11* t h a t  th e  e le c t r o n  ( h o l e ) - l a t t i c e  

(p o la r  and n o n -p o la r )  in te r a c t io n  which r e s u l t s  in  em ission  o f  LO 

phonons c o u ld  be e f f e c t iv e ly  sc re e n e d  f o r  c a r r i e r  d e n s i t ie s  g re ­

a t e r  th a n  th e  c r i t i c a l  d e n s ity  Nc> w hich i s  a  c h a r a c t e r i s t i c  o f a  

p a r t i c u l a r  se m ico n d u c to r. In  d i r e c t  gap p o la r  sem ic o n d u c to rs  l ik e  

CdSe o r  GaAs th e  i n t r a v a l l e y  p o la r  t r a n s i t i o n s  a r e  dom inant in  

te rm s  o f h o t c a r r i e r  en erg y  r e la x a t io n  a t  low  c a r r i e r  d e n s i t ie s  

(N < N ) .  A ty p ic a l  s c a t t e r in g  r a t e 5’ l “ in  t h i s  s i t u a t io n  i s  

1x10 11 e V /sec . The c r i t i c a l  d e n s ity  a s s o c ia te d  w ith  such  t r a n s i ­

t io n s  (p o la r  and n o n -p o la r )  i s  g iven  by,
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e 0f i q 3 1

N° = ( 8ire2 ) ( T ——) '  (3 .2 .1 )
r f3 n ig

In  CdSe t h i s  e q u a tio n  can be s im p l if ie d  to  Nq = 1 .5 x 1 0 -V T e q 3,

w here q i s  th e  phonon wave v e c to r  and 8 = 1/k_T w here  T i s  th eB e e

c a r r i e r  te m p e ra tu re . In  p o la r  se m ic o n d u c to rs , th e  p o la r  e l e c t r o n -  

phonon in te r a c t io n  i s  governed  by m a tr ix  e le m e n t* 5’ 16 V ~ 1 /q . 

Thus, th e  phonons w ith  l a r g e  q do n o t p a r t i c ip a te  much in  th e  in ­

t e r a c t i o n .  C onsidering  a  p a ra b o l ic  co nduc tion  band in  a  sem icon­

d u c to r , one would l ik e  to  s e e  a  ra n g e  o f q 's  o f phonons e m itte d  

d u rin g  th e  en erg y  r e la x a t io n  p ro c e s s  v ia  LO phonon em iss io n . The 

f ig u r e  (3 .2 .1 ) shows th e  r e l a x a t io n  o f  a  h o t e le c t r o n  v ia  i n t r a v a l ­

le y  LO phonon em iss io n . The minimum phonon w av ev ec to r t h a t  can 

c o u p le  two c o n d u c tio n  band s t a t e s  o c c u rs  when th e  d i r e c t io n  o f  th e  

e le c t r o n  wave v e c to r  i s  unchanged. The maximum w av ev ec to r i s  

c r e a te d  when th e  e le c t r o n  momentum d i r e c t io n  i s  r e v e r s e d .  The

v a lu e s  o f q . and q a re  w eak ly  dependen t on th e  i n i t i a l  e l e c -i i n  nmax

t r o n  en erg y  and can  be c a lc u la te d  from  th e  band s t r u c t u r e .  W ith­

o u t  sc re e n in g  th e  c r e a te d  phonons a r e  n o t e v e n ly  d i s t r i b u t e d 17

b etw een  q . and q b ecau se  o f  th e  in v e rs e  q2 f a c t o r  in  th eMmin max

F ro lic h  in te r a c t io n .  The v a lu e s  o f  q „ .„  and  qm„ a r e  c a lc u la te dmin max

a t  th e  p o in t  o f  e x c i ta t io n  in  th e  E-k band s t r u c t u r e  d iag ram .

For a  sem ico n d u c to r w ith  bandgap E and l a s e r  ph o to n  en e rg y
P

fiu , th e  i n i t i a l  k in e t ic  en erg y  o f  e le c t r o n s  b e fo re  th e r m a l iz a t io n  

i s  g iven  by,
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Ee  = (flu-EgX “ ) (3 .2 .2 )e  8 mh+me

w here m and m. a r e  th e  e f f e c t i v e  m asses o f  e le c t r o n s  and h o le s ,  e h

r e s p e c t iv e ly .  S ince th e  e l e c t r o n s  and h o le s  a r e  assum ed t o  be in  

th e rm a l  e q u ilib r iu m  Tg = ( e - e  and e -h  s c a t t e r i n g  tim e  _ 1 0 -11* 

s e c ) ,  th e  i n i t i a l  e -h  p la sm a  te m p e ra tu re  d u r in g  th e  l a s e r  p u ls e  ( 

w id th  .  5p sec) w i l l  be,

Ti  = ( |j^ )C f tu a -E g )  and E± = ( | ) k BTi (3 .2 .3 )

I t  can be e a s i l y  shown t h a t  th e  minimum and maximum q v a lu e s  

f o r  LO-phonon en e rg y  6 i s  g iv en  by,

qmin = (✓2me ) ( / E i  -  / E r 5 ) ( ^ )  (3*2.4)

and

Qmax = ( /E m e X /E iV E i-f iX ;^ )  (3*2.5)

f o r  th e  c o n d u c tio n  band, r e s p e c t iv e ly .  S im i la r ly ,  v a lu e s  can  be
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o b ta in e d  f o r  th e  v a le n c e  band. U sing Eq.s (3 .2 .3 ) ,  (3 .2 .4 ) ,  and

(3 .2 .6 ) ,  f o r  CdSe w ith  th e  v a lu e s  0.13m , 2.34 eV, 1.71 eV, and 26
0

meV o f  th e  e l e c t r o n  e f f e c t i v e  m ass, e x c i t a t io n  l a s e r  pho ton

e n e rg y , band gap and LO phonon e n e rg y , th e  c a r r i e r  te m p e ra tu re  i s

T = 2560K, E. = 0 .32  eV, q . _ 4 .6 x 1 0 s cm -1 and q “ 2 .2x10 71 1 mm max

cm -1.

From Eq. (3 .2 .1 )  th e  c r i t i c a l  d e n s i ty  N c o rre sp o n d in g  to  q .c mm

i s  7x10l ‘*/cm3, w h ile  th e  c r i t i c a l  d e n s i ty  c o rre sp o n d in g  to  q i smax

8x10l9 /cm 3. These v a lu e s  sh o u ld  o n ly  be used  a s  a  g u id e lin e  s in c e

th e  q d e c re a s e s  w ith  tim e  d u rin g  th e  en erg y  r e la x a t io n  p ro c e s s  max

and hence th e  c o rre sp o n d in g  N w i l l  d e c re a s e  w ith  tim e . However,0

i t  i s  p o s s ib le  to  c a l c u l a t e  Nq i f  th e  c a r r i e r  te m p e ra tu re  i s  e x p e r­

im e n ta l ly  known.

In  o rd e r  to  c a l c u l a t e  th e  d e n s ity  o f  p h o to g e n e ra te d  c a r r i e r s  

p roduced  by a l a s e r  p u ls e ,  we sh o u ld  f i r s t  c o n s id e r  th e  d e n s i ty  o f  

s t a t e s 18 a t  th e  p o in t  o f  e x c i ta t io n .  For a p a ra b o l ic  band th e  

num ber o f  en e rg y  s t a t e s  p e r  u n i t  volum e be tw een  th e  i n t e r v a l  E 

and E+dE i s  g iven  by,

N(E)dE = ( ^ r ^ ) ( 2 m e ) (4 ) ( /E )d E  (3 .2 .6 )

S ince  th e  l a s e r  pho to n  s p e c t r a l  w id th  and  band w arp ing  i s  20 meV, 

dE = 20 meV and Eg = 0 .489 eV. Thus, N(E)dE = 1.3 x 1 0 l9 /c m 3. The
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t o t a l  d e n s ity  o f s t a t e s  in te g r a te d  from  0 up to  E^ i s  7x10l9/cm 3.

The e - e  s c a t t e r in g  t im e 5 t i s  _ 1 0 -11* s e c  and th e  p u lse  w id the -e

i s  5 p se c . The t o t a l  c a r r i e r  d e n s ity  co u ld  be a s  h igh  as  

6 .5x102 l/c m 3, i f  we ta k e  in to  acco u n t a l l  th e  in d i r e c t  v a l le y s  ( 

e q u iv a le n ts  o f  X and L ) . B ecause th e  s c a t t e r in g  tim e o u t o f  th e  

s t a t e s  be ing  1 0 -11* se c  i s  f a s t e r  th a n  th e  pump d u ra t io n  o f  5 p se c , 

th e  co n d u c tio n  s t a t e  c o u ld  be occup ied  and em p tied  500 tim es  ( 

5 x 1 0 -l2/ 1 0 - 11*) d u ring  th e  l a s e r  p u ls e . Most o f  th e  z in c  b len d e  

ty p e  sem ico n d u c to rs  l ik e  GaAs o r  CdTe have i n d i r e c t  L and X v a l ­

le y s  w ith  an  in d ir e c t  bandgap * E + 0 . 3  eV. The lo c a l  sym m etry
S

o f th e  w u r tz i te  c r y s t a l  s t r u c t u r e  i s  v e ry  s im i la r  to  z in c  b len d e .

I t  i s  re a s o n a b le  to  assum e th e  e x is te n c e  o f  i n d i r e c t  v a l l e y s .  As

f a r  a s  th e  e le c t r o n  (h o le )-p h o n o n  in te r a c t io n  i s  concerned  th e

t o t a l  c a r r i e r  d e n s ity , i r r e s p e c t iv e  o f  v a l l e y s ,  p la y s  a  r o l e  in  th e

s c re e n in g  o f  t h i s  i n te r a c t io n .  With o u r ran g e  o f  pho ton  f lu e n c e

7x10 16 (I_ )-2 x 1 0 ls  (1/331,,) pho ton /cm 2, a  ran g e  o f  c a r r i e r  d e n s i t ie s  r r

3x1021 -  8 .5x10l9/cm 3 can  be e s tim a te d  i f  one u s e s  a  r e f l e c t i v i t y  

c o e f f ic i e n t  ( r e f r a c t i v e  index  _ 2.6 ) 19 R = 0 .2  and an a b s o rp tio n  

c o e f f i c i e n t20 a  = 5x10“ cm -l ( f o r  one photon  a b s o rp tio n )  in  th e  

e x p re s s io n ,

N = (1 -R ) .I .o  /c m 3 (3 .2 .7 )

This e x p re s s io n  does n o t  t a k e  in to  a c co u n t any d i f f u s io n  d u rin g  th e  

l a s e r  p u ls e  d u ra tio n  n o r  any  rec o m b in a tio n . In  t h i s  c a se  th e  e s t i ­
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m ated  c a r r i e r  d e n s ity  ra n g e  o f  3x1021 -  8 .5x10 19/cm s i s  below  th e  

s a tu r a t i o n  l im i t  o f  6 .5x1021/c m 3.

The phonon em ission  r a t e  p e r  c a r r i e r  can be w r i t t e n  a s 11*,

v0

1 *

(3.2. 8)

v i s  th e  u n sc reen ed  phonon em issio n  r a t e  and in c o rp o ra te s  th e  
0

F ro lic h  in te r a c t io n  te rm  ( 1 /q 2) f o r  p o la r  in te r a c t io n  and i s  in d e­

p enden t o f  q f o r  non p o la r  i n te r a c t io n .  The phonon em ission  r a t e  

depends on th e  c a r r i e r  d e n s ity  and can be e s t im a te d  from  th e  d e la y

tim e  o f  band edge lu m in escen ce . I t  can  be se e n  t h a t  th e  q .mm

p o la r  phonon em ission  i s  c o m p le te ly  s c re e n e d  f o r  a  c a r r i e r  d e n s ity

in  th e  ra n g e  3x102 l-8 .5 x 1 0 19/c m 3 (N ~ 1x10ls /c m 3) . But a  q f o rc ^max

phonon em iss io n  can n o t be s c re e n e d  u n t i l  th e  c a r r i e r  d e n s ity

re a c h e s  a  v a lu e  above 8x10l9 /c m 3. However, th e  1 /q 2 dependence

f o r  th e  p o la r  em ission  p r o b a b i l i ty  ( in c o rp o ra te d  in  v ) d e c re a s e s
0

th e  e m iss io n  r a t e  by a  f a c t o r  o f  -1370 o v e r u n sc re e n e d  q . phononMmin *

e m iss io n . The n e t  e f f e c t  i s  t h a t  a l l  th e  i n t r a v a l l e y  p o la r  LO

phonon em iss io n  p ro c e s s e s  a r e  s c re e n e d  and can n o t c o n tr ib u te  to

th e  h o t c a r r i e r  en erg y  r e l a x a t io n  mechanism f o r  N > 10is /c m 3 on

th e  p ico seco n d  tim e s c a le .  The phonon em ission  f re q u e n c ie s  f o r

p o la r  and non p o la r  in te r a c t io n s  f o r  q . and q a r e  p l o t t e d
m m  max
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w ith  th e  c a r r i e r  d e n s i ty  N in  F ig .(3 .2 .2 ) .  The em iss io n  f re q u e n c ie s  

show a  d ra m a tic  r e d u c t io n  f o r  c a r r i e r  d e n s i t ie s  exceed in g  th e  r e s ­

p e c t iv e  c r i t i c a l  d e n s i t i e s  Nq.

S in ce , th e  p o la r  phonon em iss io n  a r e  m ost l i k e ly  sc re e n e d , 

th e  n e x t  dom inant mechanism f o r  e n e rg y  r e l a x a t io n  o f  h o t conduc­

t io n  e le c t r o n s  (v a le n c e  h o le s )  i s  due to  LO phonon em ission  v ia  

n o n p o la r  o p t ic a l  phonon s c a t t e r in g .  This p ro c e s s  i s  a ls o  known a s  

o p t i c a l  d e fo rm a tio n  p o te n t i a l  s c a t t e r i n g 16. In  th e  c a se  o f  nonpo­

l a r  i n te r a c t io n s ,  th e  o p t ic a l  phonon em issio n  do es  n o t in  g e n e ra l  

depend on th e  phonon wave v e c to r .  The non p o la r  o p t ic a l  m a tr ix  

e le m e n t has been show n16 to  be a lm o s t in d ep e n d e n t o f q w ith  a  

s m a ll  h ig h e r  o rd e r  dependence on th e  wave v e c to r  o f  th e  phonon. 

T his ty p e  o f  s c a t t e r in g  i s  s im i la r  to  a c o u s t i c a l  phonon s c a t t e r in g

e x c e p t t h a t  a f ix e d  quantaum  o f  en e rg y  fiu) (o r  <5)(L0 phonon energy)
0

i s  e m itte d  f o r  a l l  q 's .

The th e o ry  d e v e lo p ed  by Y o ffa 1"* f o r  e l e c t r o n - o p t i c a l  phonon 

s c re e n in g  h o ld s  e q u a l ly  f o r  p o la r  and non p o la r  phonons in  te rm s  

o f  th e  c r i t i c a l  c a r r i e r  d e n s ity  c a lc u la t io n  ( E q .(3 .2 .1 )) . Thus, 

n o n -p o la r  phonon em iss io n  w ith  wave v e c to r  q , and c r i t i c a l  den -
tQclX

s i t y  Nq = 8x10l9 /c m 3, w ould dom ina te  th e  e n e rg y  r e la x a t io n  p ro ­

c e s s ,  w h ile  e m iss io n  i s  c o m p le te ly  s c re e n e d  f o r  th e  r e l e v a n t  

c a r r i e r  d e n s i t ie s  ( 10 l9 -1 0 2 l/c m 3) in  o u r e x p e rim e n ts  (F ig .(3 .2 .2 ) ) .

The a v e ra g e  r a t e  o f  change o f  c a r r i e r  e n e rg y  due to  n o n p o la r  

o p t i c a l  in t e r a c t io n s  f o r  a  M axw ell-B oltzm ann  d i s t r ib u t io n  o f  c a r -
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r i e r s  a t  te m p e ra tu re  T , i s  g iven  b y 16,

J 2 D,2 (me )(4 )
H? = “ ( ~ T  ><---- J f l h  ) ( / k BTe )8 (x 0,x e ) (3 .2 .9 )

/  IT

w here ,

3 (x 0,x e ) =
ex p (x 0- x e )-1

exp (x0)-1
X fi X p  Xp

( - ^ - ) e x p ( ,

6 6 
x ° kBT0’ xe  = kBTe ’

T i s  th e  l a t t i c e  te m p e ra tu re ,  K i s  a  B e s s e l  fu n c t io n  o f  th e  
0 1

seco n d  k ind  ( K (x /2 )  ~ 2 /x  f o r  s m a l l  x ) , and D' i s  th e  conduc- i e  e e

t io n  band d e fo rm a tio n  p o t e n t i a l 16’ 21’22. E q .(3 .2 .9 ) g iv es  Tg( t )  and 

th e  te m p e ra tu re  r e l a x a t io n  r a t e  o f  h o t  c a r r i e r s .

b)Luminescence for high excitation
The p h o to e x c i te d  c a r r i e r s  (e -h )  recom bine  d u rin g  th e  p ro c e s s  

o f  th e r m a l iz a t io n .  The rec o m b in a tio n  p h o to lu m in e sc en c e  i s  c h a ra c ­

t e r i z e d  by c a r r i e r  te m p e ra tu re ,  c a r r i e r  d e n s i ty  (Ferm i energy) and 

th e  band gap o f  th e  se m ic o n d u c to r. This a l lo w s  u s  to  make a  r e a -
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s o n a b le  e s t im a te  o f  th e  c a r r i e r  d e n s ity  and c a r r i e r  te m p e ra tu re  Te 

by s tu d y in g  e i t h e r  tim e  re s o lv e d  lu m in escen ce  w ith in  d i f f e r e n t  

s p e c t r a l  bands ( s t r e a k  cam era) o r  tim e  r e s o lv e d  s p e c t r a  ( w ith  

tim e  g a te ) .  An e s t im a te  o f  th e  a v e ra g e  c a r r i e r  d e n s ity  and tem ­

p e r a tu r e  can be o b ta in e d  from  a  tim e in te g r a te d  sp ec tru m  w ith in  

th e  dynamic ra n g e  l im ite d  tim e  i n t e r v a l  ( in  o u r c a se , 100-800 p sec  

to  be e x p la in e d  l a t e r )  o f  th e  d e te c t io n  sy s te m .

In se m ic o n d u c to rs  a t  u l t r a  h igh  p h o to g e n e ra te d  c a r r i e r  d e n s i­

t i e s ,  th e  t h i r d  o rd e r  non r a d i a t i v e  b a n d -to -b a n d  Auger m echanism 23 

can  dom inate  a l l  o th e r  rec o m b in a tio n  p r o c e s s e s  such  as  r a d ia t iv e  

and s u r f a c e  rec o m b in a tio n , and t r a p p in g  a t  c r y s t a l  d e f e c ts .  The 

cub ic  dependence23 on c a r r i e r  d e n s ity  in  a d d it io n  to  th e  l in e a r  

te rm  a r i s e s  from  th e  th re e -b o d y  c h a r a c te r  o f  th e  Auger p ro c e s s , 

w hereby an e le c t r o n  recom bines w ith  a  h o le , and th e  ex c ess  energy  

i s  t r a n s f e r r e d  t o  a n o th e r  e l e c t r o n  o r  a  h o le  in  th e  form  o f  k in ­

e t i c  en e rg y .

The e q u a tio n  f o r  th e  tim e  dependence o f  c a r r i e r  d e n s ity  N (t) 

f o r  Auger rec o m b in a tio n  o f  c a r r i e r s  i s  g iven  by23,

= -  CN3( t )  -  (3 .2 .1 0 )
d t  t

w here C i s  th e  Auger rec o m b in a tio n  c o n s ta n t  and t  i s  th e  t o t a l  

re c o m b in a tio n  l i f e t i m e  o f f r e e  c a r r i e r s .  For h igh  d e n s ity  e -h  

p lasm a  lu m in esc e n c e  in te n s i t y  L (t)  „ N (t)P (t)  _ [ N ( t ) ] 2. Hence, f o r
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B’/ 2 = C and 2 x ' = x, th e  E q .(3 .2 .10 ) can be r e w r i t t e n  f o r  th e  tim e  

dependence o f  lu m in escen ce  i n te n s i t i e s  a s ,

= -B '[L ( t ) ]2 -  ^  , (3 .2 .11 )

w here x ' i s  th e  lu m in escen ce  l i f e t im e .  The s o lu t io n  t o  E q .(3 .2 .11) 

i s  g iven  by,

L (t) = =----------------------- — ----------------------- =- (3 .2 .12)
(1 + L(0) B 'x * )ex p (^ -) -  L (0)B 'x '

The lum inescence  tim e  re s o lv e d  d a ta  can p ro v id e  v a lu e s  

(Appendix B7) o f  c a r r i e r  d e n s ity  i f  th e  v a lu e s  o f  1 /2L(0)B ' a re  

o b ta in e d  using  E q .(3 .2 .12) ( s e e  F ig . (3 .5 .1 2 ))  and i f  th e  Auger r e c ­

om bination  c o n s ta n t  i s  known ( N2(0) C = B '/2 L (0 )). I t  h as  been 

shown t h a t  th e  pu re  c o l l i s i o n  Auger p ro c e s s  i s  a lm o s t n e g l ig ib le  

in  com parison w ith  th e  p h o n o n -a s s is te d  Auger rec o m b in a tio n  over a  

wide te m p e ra tu re  (>100 K) and f o r  c a r r i e r s  w ith  d e n s i t i e s  _ 

10l9/c m 3 on a  p sec  s c a l e .  Takashim a e t  a l 21* have c a lc u la t e d  th e  

Auger reco m b in a tio n  c o e f f ic i e n t  C f o r  GaAs „ 1 0 -29 cm -6 s e c - 1 

ta k in g  in to  a c co u n t s c re e n in g  o f  f r e e  c a r r ie r -p h o n o n  in te r a c t io n s .  

We have assum ed C .  1x 1 0 -29cm -6 s e c - 1 a t  1000 K. We have used
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t h i s  v a lu e  o f  C to  e s t im a te  th e  c a r r i e r  d e n s ity .

In  d i r e c t  gap sem ico n d u c to rs  non-momentum co n serv in g  t r a n s i ­

t io n s 25 can co n n ec t s t a t e s  hav ing  d i f f e r e n t  k -d ir e c t io n s  p rov ided  

th e  e m itte d  phonon has a  l a r g e  momentum b u t s m a ll  e n e rg y . At 

h igh c a r r i e r  te m p e ra tu re  -  1000 K, th e  a c c o u s t ic a l  phonon em ission  

r a t e  i s  _ 1010 eV /sec  in  CdSe (E q .(3 .6 .4 ) ) . Hence, c o n s id e r in g  an 

upper l im i t  f o r  an a c o u s t ic a l  phonon o f  1 meV (and k _ 107 cm x) 

th e  c o rre sp o n d in g  phonon em issio n  tim e  i s  o f  th e  o rd e r  o f 0.1 p se c . 

During th e  l i f e t im e  (_ 100 p sec) o f  a  f r e e  c a r r i e r ,  th e  a c o u s t ic a l  

phonon em issio n  i s  h ig h ly  p ro b a b le  and  th e  lum inescence  s p e c t r a  

w i l l  co rre sp o n d  to  non k s e le c t i o n  t r a n s i t i o n s .  In  t h i s  c a se  th e  

lum in escen ce  in te n s i t i e s  w i l l  depend on th e  e le c t r o n  and h o le  den­

s i t y  o f s t a t e s  s e p a r a te ly .  The em iss io n  a r i s e s  from  k r in g s  a t

f ix e d  e n e rg ie s  e„ and e. . This i s  in  c o n t r a s t  to  th e  c o n v e n tio n a l e h

non k s e le c t i o n  t r a n s i t i o n 25 which a l lo w s  f o r  l a r g e  c a r r i e r  e n e r­

g ie s  r e q u ir in g  in te g r a t io n  o v e r  ee (e h ). The la r g e  energy  phonon 

em ission  p r o b a b i l i ty  i s  s m a l l  com pared to  th e  s m a l l  energy  phonon. 

T his ty p e  o f  momentum r e la x e d  non k s e le c t io n  t r a n s i t io n  g iv e s  us 

th e  b e s t  t h e o r e t i c a l  f i t s .

In  t h i s  c a se  th e  em iss io n  sp e c tru m  L (e), ta k in g  in to  a c c o u n t 

th e  Ferm i d i s t r ib u t io n  o f  b o th  e l e c t r o n s  and h o le s , and th e  r e s ­

p e c tiv e  d e n s ity  o f  s t a t e s  i s  g iven  by,
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L(e) = A / e ^ / e ^ /{ [ e ^ e e “  % ) / k BTe + 1 ] [e ^ eh “  Fh)/ k BTe + t3}2 .13) 

w here eg , eh a r e  th e  f r e e  e n e rg ie s  o f  e le c t r o n s  and  h o le s ,  r e s p e c -

th e  Ferm i e n e rg ie s  f o r  e le c t r o n s  and h o le s  m easu red  from  th e  r e s ­

p e c tiv e  band edges; Tg i s  th e  common te m p e ra tu re  a ss ig n e d  to  th e  

e -h  p lasm a ; and e i s  th e  p h o to lu m in escen ce  p h o to n  energy  c o r r e s ­

ponding t o  an (e g , e^) en erg y  p a ir .

The e x p re s s io n  g iven  above (Eq. 3 .2 .13 ) i s  s im p l i f ie d  f u r t h e r  

u sin g  th e  r e l a t i o n s h ip s ,

t iv e ly ,  m easured  from  th e  r e s p e c t iv e  band e d g e s ; yg and a r e

(3 .2 .14 )

(3 .2 .1 5 )

(3 . 2 . 16)

w here m and m. a r e  th e  e f f e c t iv e  m asses  f o r  e l e c t r o n s  and h o le s  e  h

F u rth e rm o re

(3 .2 .1 7 )
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w here y i s  th e  re d u c e d  m ass f o r  e l e c t r o n  and h o le  and

“  = + • (3 .2 .19 )u ®e mh

S ince  th e  e l e c t r o n  and h o le  d e n s ity  i s  t h e  same (N = ng = n^) 

assum ing  a l l  th e  p r e f e r e n t i a l  t r a p s  ( n o r  p - ty p e )  a r e  s c re e n e d  a t  

th e  h igh  e -h  p lasm a d e n s ity , th e  Ferm i e n e rg ie s  a r e  r e l a t e d  by:

w here ue and  y^ a r e  th e  Ferm i e n e rg ie s  f o r  e le c t r o n s  and h o le s ,

3/ 2
r e s p e c t iv e ly  (and N _ Cme (h )Fe (h )]  )• Thus, L(e) can  be w r i t t e n  

a s ,

L(e) = A(e -  E ) / [ e x p ( ( e  ~ E )y/m -  y ) /k DT + 1] 1 x g g e e B e

[e x p ((e  -  Eg )y/m h  -  V^VkgTg + 1 ]~ l3 .2 .2 1 )

By s u b s t i tu t in g  E q .(3 .2 .20 ) in to  E q .(3 .2 .2 1 ), th e  lu m in escen ce  sp e c ­

trum  can  be e x p e rs se d  in  te rm s  o f  co n d u c tio n  e le c t r o n  p a ra m e te rs  

a s ,

L(e) = A(e -  E ) / [ e x p ( ( e  -  E )y/m  -  y ) / k nT + 1 ] -1 x g g e  e B e
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[e x p ((e  -  Eg )u/mh -  ue me /mh) /k BTe + 1] -1
e e  h

(3 . 2. 22)

The c a r r i e r  d e n s ity  i s  e s t im a te d  from  c u rv e  f i t t i n g  u s in g  th e  Ferm i 

l e v e l  energy  p a ra m e te r  and c a r r i e r  te m p e ra tu re  p a ra m e te r .

The c a r r i e r  d e n s i ty  i s  g iven  by23,

w here n = ue/kgT e and

Nc» = .̂831 x10ls(me/nio)(3/ 2)Te(3/ 2)

/c m 3.

For a  wide ran g e  o f  n i  1 i t  has been shown23 w ith in  3% e r r o r  

t h a t ,

f l / 2 (n) = 0" / ( / ( E / k BTe )(d E /k BTe ) / [ l  + exp(E -  n ) /k BTe ](3 .2 .25 ) 

Using th e  known v a lu e s  o f  band gap o f  1.71 eV (724 nm) a t  l a t t i c e

N = V f l/2(n) (3 .2 .23 )

w here
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te m p e ra tu re  (300K), th e  t h e o r e t i c a l  f i t s  to  th e  lum inescence  sp e c ­

t r a  f o r  v a rio u s  e x c i ta t io n  pow ers w ere o b ta in e d  (F ig .(3 -5 .9 ) and 

(3 .5 .1 0 )) . The c a r r i e r  te m p e ra tu re  and Ferm i l e v e l  a r e  used  a s  

v a r ia b le  p a ra m e te rs .  The low  energy  edge o f  th e  lum inescence  

s p e c t r a  i s  s e n s i t iv e  t o  th e  cho ice  o f  Fermi l e v e l  v a lu e s , w h ile  th e  

high en e rg y  edge i s  s e n s i t iv e  to  th e  cho ice o f  te m p e ra tu re  v a lu e s .  

The c a r r i e r  d e n s ity  and Tg o b ta in e d  from  t h i s  a n a ly s is  i s  an a v e r ­

age w ith in  tim e  i n t e r v a l  100 -  800 p sec .

c) H ot a n d  h ig h  d e n s i t y  c a r r i e r  d i f f u s i o n

The p h o to g e n e ra te d  o r  e l e c t r i c a l l y  in je c te d  c a r r i e r s  d i f f u s e  

in to  th e  b u lk  o f  a  sem ico n d u c to r even in  th e  ab sen ce  o f  an e le c ­

t r i c  f i e l d  due to  t h e i r  th e rm a l v e lo c i t i e s ,  band bending and in ­

t r i n s i c  c o l l i s io n s .  I t  h as  been p o in ted  o u t by Y o ffa26 e t  a l  t h a t  

a t  h igh  p h o to g e n e ra tio n  r a t e s  th e  l a s e r  en erg y  g iven  to  th e  l a t ­

t i c e  w ith in  a  c h a r a c t e r i s t i c  d e p th  i s  d e te rm in ed  p r im a r i ly  by c a r ­

r i e r  d i f fu s io n .

The am b ip o la r d i f f u s io n  c o n s ta n t  D i s  g iven  by26,
0

^kRTeTeih
Do -  m v  m .  * ( 3 .2 . 2 6 )me Th +

w here x and x._ a r e  c o l l i s i o n  tim e s  and depend on c a r r i e r  and l a t -  e  h

t i c e  te m p e ra tu re s .  For u n sc re e n e d  im p u rity  s c a t t e r in g  x0i * x 0h i s
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ab o u t 10 13 s e c  and f o r  h o t  c a r r i e r  te m p e ra tu re  o f  2000 K, D0i =

105 cm2/ s e e .  For u n sc re e n e d  n o n -p o la r  o p t ic a l  phonon s c a t t e r in g

t 0 i s  2 xIO 12 s e c  (E q .(3 .2 .9 ))  a t  T = 2000 K, y ie ld in g  D0 = 2100 
P © P

cm2/ s e c .

The c o n tin u i ty  e q u a tio n  which g o v e rn s  th e  c a r r i e r  d e n s ity  in  

sp a ce  (x) and tim e ( t )  f o r  t h e  one d im en sio n a l c a se  in  th e  absen ce  

o f  e l e c t r i c  f i e l d s ,  f o r  low  c a r r i e r  d e n s i ty  and 6 - fu n c tio n  ty p e  

p h o to e x c i ta t io n  i s  given by27,

3 t  = '  t  + D o ( 3x 2 )
N
T

32N, (3 .2 .27)

w here x i s  th e  t o t a l  l i f e t im e  o f a  f r e e  c a r r i e r .  The s o lu t io n  to  

th e  above e q u a tio n  i s  g iven  by27,

N (x ,t) = N*

(4irD0t ) ^ , t  x  ̂
exp(~  ‘

(3-2 .28)

w here N’ = N /a , assum ing a  s i p '  . o p t ic a l  a b s o rp t io n  d e p th  ( a  _ 5

x10H cm x) and N i s  g iven  by E q .(3 .2 .7 ). D uring a  ty p ic a l  d e la y

tim e  o f  _ 30 p sec  o b se rv e d  in  ou r e x p e rim e n ts  and a  l i f e t im e  o f

H00 p se c , th e  re d u c t io n  in  th e  c a r r i e r  d e n s ity  i s  o n ly  by a  f a c t o r

o f  10. In  o rd e r  to  e x p la in  th e  o b se rv e d  ( se e  s e c t io n s  3 .6 .2 a ,

3 .6 .2 b , 3 .6 .2 c , and 3 .6 .2d ) l a r g e r  changes in  th e  c a r r i e r  d e n s ity

one n eed s a  l a r g e  d i f fu s io n  c o n s ta n t  which i s  a t  l e a s t  100D .
0
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S ince  th e  d i f f u s io n  c o n s ta n t  depends on a  p a r t i c u l a r  s c a t t e r in g

m echanism  v ia  t , one sh o u ld  ta k e  in to  a c co u n t th e  sc re e n in g  

e f f e c t  on t h a t  s c a t t e r i n g  mechanism due to  th e  p re s e n c e  o f  a  h igh 

d e n s i ty  e -h  p la sm a .

The enhancem ent o f  th e  a m b ip o la r d i f f u s io n  c o n s ta n t  D f o r
0

la r g e  d e n s i t ie s  h a s  been  p o in te d  o u t  by F rig o  e t  a l 28. Accord­

in g ly ,  th e  c a r r i e r  d i f fu s io n  a t  low  te m p e ra tu re  i s  dom inated  by 

im p u r ity  s c a t t e r in g .  By t r e a t i n g  th e  im p u r i t ie s  a s  io n iz e d  c e n te r s  

whose Coloumb p o t e n t i a l  i s  s c re e n e d  by th e  c a r r i e r  p lasm a , an

e f f e c t iv e  d i f f u s io n  c o e f f ic i e n t  can be d e te rm in e d 28 by u s in g  e le ­

m en ta ry  k in e t ic  th e o ry  and th e  Born ap p ro x im a tio n . For d e n s i t ie s  

g r e a t e r  th a n  M ott d e n s i ty  (1x10l7 /c m 3), t h i s  ap p ro ach  y ie ld s  a 

d e n s ity  dep en d en t d i f f u s io n  c o e f f i c i e n t 28,

D. = D (N/N ) “  (3.2.29)l  0i  m

w here  D = 105 cm2/ s e c  ( t . f o r  im p u r ity  s c a t t e r i n g  _ 10 13 se c  
oi 0i

and  Te _ 2000K) and a  = 4 /3  f o r  am b ip o la r  d i f f u s io n  and f u l l  c a r ­

r i e r  s c re e n in g . At h igh  d e n s i t ie s  th e  p o t e n t i a l  i s  more e f f e c ­

t i v e l y  s c re e n e d  so  t h a t  th e  c a r r i e r s  d i f f u s e  r a p id ly  away from  th e  

s u r f a c e .  F o r t h e  lo w e r  d e n s i t i e s  th e  im p u r i t ie s  become more e f f i ­

c ie n t  s c a t t e r e r s  and make th e  d i f f u s io n  c o e f f ic i e n t  d e c re a s e  w ith  

d e n s i ty .
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At h ig h  c a r r i e r  d e n s i t i e s ,  a s  we have se e n  e a r l i e r  

(E q .(3 .2 .8 )) , t h e  LO p h o n o n -c a r r ie r  s c a t t e r i n g  tim e  becom es lo n g e r :

: . p [  1 *  ( £ > • ] (3 .2 .30 )

T h e re fo re  u s in g  t  and E q .(3 .2 .2 6 ), th e  phonon a s s i s t e d  c a r r i e r  d i f ­

fu s io n  c o n s ta n t  becom es:

'op (3-2 .31)

The t o t a l  d i f f u s io n  c o n s ta n t  due to  im p u r ity  and phonon s c a t t e r in g  

i s  g iven  by,

DoiDop(^)“ 1 + ( 2L)*1
nc J

(3 .2 .32 )

A p l o t  o f  D v s . N i s  shown in  F ig .(3 .2 .3 )  f o r  D = 105 cm2/ s e c ,  
z  0i

D = 2 1 0 0  cm2/ s e c ,  T = 2000 K, x . = 10 l3s e c ,  t  = 2x10 12 s e c ,  op e  l  p
0 0

N = 1x10l7 /c m 3, and N = 8x10l9 /cm 3. The s a l i e n t  f e a tu r e s  o f  th e  m c

p lo t  a r e ,  f o r  N- < 10l9 /c m 3, th e  d i f f u s io n  c o n s ta n t  in c re a s e s
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s lo w ly , w h ile  f o r  N > 10l9 /c m 3, th e  d if fu s io n  c o n s ta n t  in c re a s e s  

r a p id ly  and becom es e x tre m e ly  l a r g e .  Thus, a t  v e ry  h igh  d e n s i t ie s  

th e  mean c o l l i s i o n  tim e  becom es v e ry  la r g e  which rem oves th e  b a r ­

r i e r  f o r  c a r r i e r  expansion .

3.3 SAMPLES:
The sam p les  used  in  t h i s  s tu d y  w ere CdSe(1) w ith  th e  c -a x is  

p e rp e n d ic u la r  to  th e  p la n e  and CdSe(3) w ith  th e  c -a x is  p a r a l l e l  to  

th e  p la n e . These sam p les  w ere o b ta in e d  from  C le v e la n d  C r y s ta ls .  

The c r y s t a l s  w ere o f high r e s i s t i v i t y  and w ere grow n by th e  vapor 

phase  method and t h e i r  s u r f a c e s  w ere c h e m ic a lly  e tc h e d .

3.4 EXPERIMENTAL METHODS
The sam p les: CdSe(1) and CdSe(3) w ere chosen  t o  s e e  i f  any 

d i f f e r e n c e  w ould e x is t  a t  room te m p e ra tu re  in  th e  e -h  recom bina­

t io n  k in e t ic s 29 due to  th e  p a r t ic ip a t io n  o f d i f f e r e n t  v a le n c e  

bands. In  th e  e x c i t a t io n  p ro c e s s  o f  CdSe(1), th e  h o le s  a r e  g en e r­

a te d  in  th e  Tg(A) and r^.(B) v a le n c e  b ands. In CdSe(3)» due to  th e  

o r ie n ta t io n  o f  th e  c -a x is  p a r a l l e l  t o  th e  e x c i ta t io n  pho ton  p o la r i ­

z a t io n , th e  h o le s  a r e  g e n e ra te d  o n ly  in  th e  T^(B) v a le n c e  band.

For th e  e x p e rim e n ts  a t  low  te m p e ra tu re  (12K), t h e  sam p le  was 

m ounted on a  c o ld  f in g e r ,  in  an o p t i c a l  dew ar, w ith  a  S i d iode 

m ounted behind  i t  t o  m easu re  th e  te m p e ra tu re .  O th e rw ise , th e  sam­

p le s  w ere m ounted on a  g la s s  p l a t e  f o r  room te m p e ra tu re  e x p e r i­
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m ents.

P h o to e x c ite d  c a r r i e r s  w ere produced  u s in g  a  N d :g la ss  mode 

lo c k e d 30 l a s e r .  A s in g le  p u lse  o f  1060 nm w av e len g th  was s e le c te d  

using  a  s p a rk  gap and P ockel c e l l .  The p u ls e  w id th  was a b o u t 5 -6  

p se c . The p u ls e  s e le c te d 30 a t  th e  1060 nm w aveleng th  was f r e ­

quency doub led  to  530 nm f o r  one photon  e x c i ta t io n  e x p e rim e n ts . 

For tw o photon  e x c i ta t io n , th e  1060 nm w av e len g th  was s e le c te d .  

The p u ls e  i n te n s i t y  was a t t e n u a te d  u s in g  c a l ib r a te d  n e u t r a l  den­

s i t y  f i l t e r s .  The maximum e n e rg y /p u ls e  a t  530 nm was 400 yJ w ith  

an e x c i ta t io n  s p o t s iz e  o f 1.35 mm d ia m e te r  (photon  f lu e n c e  _ 

7x10 16 p h o to n s/cm 2). The maximum e n e rg y /p u ls e  a t  1060 nm was 

1200 yJ w ith  an e x c i ta t io n  s p o t  s iz e  o f  1.9 mm d iam e te r  (pho ton  

f lu e n c e  _ 2x10 l 7 pho tons/cm 2) .

For th e  tim e  re s o lv e d  lu m in escen ce  s tu d y , th e  lu m in escen ce  

was c o l l e c t e d ,  c o ll im a te d  and fo c u s s e d  o n to  a  50y s l i t  o f  a  s t r e a k  

cam era. The lu m inescence  was s e le c te d  in  b road  bands w ith  combi­

n a tio n s  o f  f i l t e r s  ( HOYA R68 p a s s e s  680 -  720 nm and th e  HOYA 

R64- DITRIC SHP680 com bination  p a s s e s  640-680 nm w a v e le n g th s ) . A 

p re p u ls e  was s e t  (530 nm o r ig in a l  p u lse )  by u s in g  a  beam s p l i t t e r ,  

which w ould a r r iv e  a t  th e  s t r e a k  cam era  a b o u t 110 p se c  p r io r  to  

th e  beg inn ing  o f  lum in escen ce . This was done in  o rd e r  t o  m easure  

th e  d e la y  tim e s  o f  th e  lu m in escen ce  a c c u r a te ly .  The t o t a l  d e la y  

betw een  th e  peak o f  th e  tim e  r e s o lv e d  lu m in escen ce  and th e  e x c i ta ­

t io n  p u ls e  was c a lc u la te d  ta k in g  in to  a c co u n t th e  o p t i c a l  p a th
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l e n g th  added to  th e  e x c i t a t io n  and to  th e  lu m in escen ce  p a th  by th e  

v a rio u s  com bination  o f  f i l t e r s .  The p re p u ls e  was a l s o  used  a s  a  

m arker f o r  o v e rla p p in g  v a r io u s  d a ta  f i l e s  f o r  a v e ra g in g  (appendix 

B1*). The d a ta  was s to r e d  in  a  D ig i ta l  11-03 co m pu ter and a n a ly z e d  

l a t e r  (appendix  B1).

The tim e  in te g r a te d  s p e c t r a  was o b ta in e d  u s in g  a  1 A  m ete r

Spex s p e c tro m e te r  coup led  to  a  v id ico n  in te n s i f i e d  t a r g e t  (PAR OMA

I I ) .  The g r a t in g  used  had 300 grooves/m m  b la z e d  a t  500 nm. The
o

s p e c t r a l  r e s o lu t io n  o f  th e  sy s tem  was 30A. The s p e c t r a  o b ta in e d  

w ere c o r r e c te d  f o r  S-20 s p e c t r a l  re s p o n s e , p ix e l  r e s p o n s e , th e rm a l 

background, and g ra t in g  b la z e ,  u s in g  th e  1216 c o n s o le  (PAR OMA II) 

m ic ro p ro c e sso r  o f  th e  sy s te m . The c o r r e c te d  d a ta  was th e n  s to r e d  

and t r a n s f e r r e d  to  a  D ig i ta l  11-03 com puter f o r  a n a ly s i s  (appendix  

C1).

The tim e  in te g r a te d  s p a t i a l  p r o f i l e s  o f  th e  l a s e r  p u lse  and 

lu m inescence  w ere o b ta in e d  u s in g  a  s t r e a k  cam era  in  th e  fo c u s  mode 

w ith  in p u t s l i t  rem oved. Each ch an n el o f  th e  v ideo  sy stem  was 

c a l ib r a t e d  ( mm v s . c h a n n e l #) by u sin g  an  i l lu m in a te d  s c a l e  a t  

th e  sam ple  s i t e .

E x c ita t io n  l a s e r  i n t e n s i t i e s  a t  530 nm t r a n s m i t t e d  th ro u g h  

n e u t r a l  d e n s ity  f i l t e r s  0ND, ND25, ND13, and ND3 f i l t e r s  co rre sp o n d  

to  e x c i t a t io n  pho ton  f lu e n c e s  Ip , 1 A lp ,  1 /8 lp , and  1 /3 3 Ip , r e s p e c ­

t i v e ly ,  w here I p = 7x10 l6p h o to n s/c m 2. For th e  1060 nm e x c i ta t io n  

w av e len g th , th e  t ra n s m is s io n  o f  ND25 i s  o n ly  1 0 $ .
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3.5 EXPERIMENTAL RESULTS
The r i s e  tim e s  and decay  tim e s  f o r  th e  band edge' lu m in escen ce  

(710 nm) w ere  m easured  f o r  b o th  sa m p le s  a s  a  fu n c t io n  o f  e x c i ta ­

t io n  f lu e n c e  a t  room te m p e ra tu re . The fo rm a tio n  tim e  o f  th e  e x c i-  

to n ic  s t a t e  a t  12K and tim e  in te g r a te d  s p e c t r a  w ere  m easured  in  

o rd e r  t o  g e t  an e s t im a te  o f  th e  p h o to g e n e ra te d  c a r r i e r  d e n s ity  a s  

a fu n c t io n  o f  e x c i ta t io n  pho ton  f lu e n c e .  The s p a t i a l  w id th s o f  th e  

710 nm lu m in esc e n c e  w ere m easured a s  a  fu n c t io n  o f  pho ton  f lu e n c e  

to  i n v e s t ig a t e  t r a n s v e r s e  d i f fu s io n  o f  c a r r i e r s  from  th e  pho to  

e x c i t a t e d  re g io n . These v a r io u s  e x p e r im e n ta l  r e s u l t s  a re  summar­

ized  in  th e  fo llo w in g  s e c t io n s .

a) Delay and decay time measurements:
The tim e  re s o lv e d  lu m in escen ce  a t  v a r io u s  e x c i ta t io n  f lu e n c e s  

from  CdSe(1) and CdSe(3) a r e  d isp la y e d  in  F ig .s  (3 .5 .1 )  and (3 .5 .2 ) , 

r e s p e c t iv e ly .  These c u rv e s  t y p i c a l l y  show a  l a s e r  p re p u ls e  and 

lu m in escen ce  r i s in g  r a p id ly  (_ 20 p se c )  and d ecay ing  s lo w ly  (_ 230 

psec) in  t im e . The r i s e  tim e s  (F ig u re  3 .5 .1 : b , c , d, and e) w ere 

o b ta in e d  (append ix  B5) u s in g  th e  e x p re s s io n ,

L (t)  = A [ e x p ( - t /t ')  -  exp(-t/T'P)] (3 .5 .1 )

w here t * and t * i s  th e  decay and r i s e  tim e  f o r  th e  tim e  re s o lv e d
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lu m in esc e n c e , r e s p e c t iv e ly .  The c u rv e  3 .5 .1 (a )  c o rre sp o n d s  to  th e  

z e ro  t im e , a s  i t  o n ly  shows th e  l a s e r  p u ls e  (530 nm) s c a t t e r e d  

from  th e  sam p le . The r i s e  t im e s  m easured  f o r  c u rv e s  3 .5 .1 :  (b ), 

( c ) ,  (d ) , and (e) c o rre sp o n d in g  to  CdSe(1) a r e  20 p se c , 17 p s e c , 16 

p se c , and 13 p se c , r e s p e c t iv e ly .  For th e  e n t i r e  ran g e  o f  e x c i t a ­

t io n  f lu e n c e  th e  decay  tim es  f o r  710 nm lu m in escen ce  i s  _ 230 

p se c . The d e la y  t im e s  o f  th e  band edge lu m in escen ce  (710 nm) f o r  

CdSe(1), u n d er a  ra n g e  o f  photon  f lu e n c e  (Ip  to  1 /33  Ip ), d e c re ­

a s e s  from  46 p se c  t o  27 p se c . The t o t a l  d e la y  tim e s  and f lu e n c e s  

a r e  d isp la y e d  in  t a b l e  (3 .5 .1 ) . The d e la y  t im e s  a r e  c o r r e c te d  f o r  

th e  o p t i c a l  d e la y  due to  v a rio u s  f i l t e r s  in  th e  p a th .

The r i s e  t im e s  m easured  f o r  c u rv e s  3 .5 .2 : (b ), (c) ,  (d ) , and 

(e) c o rre sp o n d in g  to  CdSe(3) a r e  18 p se c , 19 p s e c , 17 psec , and 15 

p s e c , r e s p e c t iv e ly .  In  t h i s  c a se , th e  t h e o r e t i c a l  f i t t i n g  i s  poor 

s in c e  th e  lu m in escen ce  is  assum ed to  be m onom olecular in  th e  

e x t r a c t io n  even though  th e r e  i s  c l e a r l y  a  f a s t  (35 psec) and a 

s lo w  (230 p sec) com ponent. This b e h a v io r  was s e e n  f o r  e x c i t a t io n  

p o la r i z a t io n s  b o th  p a r a l l e l  and p e rp e n d ic u la r  to  th e  c -a x is  (a c c e s ­

s ib l e  by r o t a t i n g  th e  sam ple  a b o u t th e  e x c i t a t io n  a x is  and keep ing  

th e  c - a x i s  w ith in  th e  same p la n e ) . The r i s e  t im e s  and d e la y  tim e s  

o b se rv e d  f o r  CdSe(3) a r e  s im i la r  to  th e  ones o b se rv e d  in  CdSe(1) 

( s e e  t a b l e  (3 .5 .1 ) ) .  The r i s e  t im e s  a r e  o f  th e  o r d e r  o f  _ 20 p se c  

w h ile  th e  d e la y s  a r e  _ 35 p sec .
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The lu m in escen ce  maximum ( d L ( t) /d t  = 0) o c c u rs  a t  a  tim e  A t' 

m easured  w ith  r e s p e c t  t o  th e  a r r i v a l  o f  th e  e x c i ta t io n  p u ls e  a t  

th e  sam ple  and i s  g iven  by,

At' (3 .5 .2 )

T ' r

For ty p ic a l  v a lu e s  o f t ' = 20 p se c  and t ’ = 230 p se c , A t' = 53 

p se c . I t  i s  e a sy  to  m easu re  A t' e x p e r im e n ta l ly  w ith  h igh a c c u ra c y . 

The v a lu e s  o f  t ' o b ta in e d  by cu rv e  f i t t i n g  a r e  s e n s i t iv e  to  th e  

f i t t i n g s  a t  l a r g e  t im e s , th e  s t a r t i n g  p o in t, and sh ap e . T h e re fo re , 

th e  d e la y  tim es  a r e  a  good m easure  o f th e  av e rag e  energy  r e la x a ­

t io n  tim e  At ( L (t) _ [ N ( t ) ] 2 and th e  lu m inescence  maximum c o r r e s ­

ponds to  th e  maximum c a r r i e r  d e n s ity  N(At) a s  At = A t')  and sh o u ld  

be ta k e n  as  th e  a v e ra g e  en e rg y  r e la x a t io n  tim e m easured  experim en­

t a l l y .

b) Measurement of carrier temperature decay:
In  o rd e r  t o  m easu re  c a r r i e r  te m p e ra tu re s  a t  d i f f e r e n t  tim e  

in te r v a l s ,  th e  h o t lu m in escen ce  decay  p r o f i l e s  ( 650 nm) and band 

edge lu m in escen ce  decay  p r o f i l e s  ( 710 nm) w ere  o b ta in e d  a t  v a r i ­

ous e x c i ta t io n  f lu e n c e s  in  CdSe(1) ( F ig s . (3 .5 .3 )  and (3 .5 .4 ))  and 

in  CdSe(3) ( F ig s .(3 .5 .5 ) ,  (3 .5 .6 ) ,  (3 .5 .7 ) , and (3 .5 .8 )  ) .  The h o t 

lu m in escen ce  l i f e t im e s  a r e  s h o r t e r  th a n  th e  band edge lum in escen ce
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w hich in d ic a te s  ra p id  te m p e ra tu re  changes a t  e a r l i e r  t im e s .

The method u sed  to  c a lc u la t e  th e  te m p e ra tu re s  - a t  d i f f e r e n t  

tim e  i n t e r v a l s  i s  d e sc r ib e d  a s  fo llo w s . For a  M axw ell-B oltzm ann 

d i s t r ib u t io n  o f  th e  p h o to g e n e ra te d  c a r r i e r s  one can e v a lu a te  th e  

h o t c a r r i e r  en e rg y  r e la x a t io n  r a t e  from  th e  r a t i o  o f  h o t lu m in es­

cen ce  t o  band edge lum in escen ce  i n t e n s i t i e s  a s  a  fu n c t io n  o f  t im e . 

The in v e rs e  c a r r i e r  te m p e ra tu re  Tg a t  tim e  t  a f t e r  th e  e x c i ta t io n  

p u ls e  i s  g iven  by,

1 kB ~ R (t)  ‘
Te ( t ) Eh o t “ eBE _ R(tfc)

w here E. and EB_ a re  th e  h o t and band edge lum in escen ce  pho ton  h o t de.

e n e rg ie s  (In o u r c a se , th e y  co rre sp o n d  t o  660 nm(1.875 eV) and 710 

nm (1.743 eV), r e s p e c t iv e ly ) ;  T^ i s  m easured  from  th e  tim e  in te g ­

r a t e d  s p e c t r a  and c o rre sp o n d s  to  th e  l a t t i c e  te m p e ra tu re  w ith in  

100-700 p sec; R (t) i s  th e  r a t i o  o f i n t e n s i t i e s  o f  h o t and band edge 

lu m in escen ce  a t  tim e  t ;  i s  th e  c o rre sp o n d in g  r a t i o  when th e

te m p e ra tu re  T^ i s  re a c h e d  a f t e r  200 p se c . M easurem ents o f a re  

d isc u s s e d  in  th e  n e x t s e c t io n .

The c u rv es  3 .5 .3 (a )  and  3 .5 .4 (a )  show th e  h o t (660 nm), w h ile  

th e  c u rv e s  3 .5 .3 (b )  and 3 .5 .4 (b )  show th e  band edge (710 nm) lum i­

n e sc e n c e  decay p r o f i l e s  f o r  CdSe(1). The e x c i ta t io n  and lu m in es­

cence  p o la r iz a t io n s  a r e  p e rp e n d ic u la r  t o  th e  c a x is .  The te m p e ra ­
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t u r e s  a t  20 p se c  i n t e r v a l s  (F ig . 3 .5 .3 (c ) )  w ere  o b ta in e d  by a  

m ethod d e sc r ib e d  e a r l i e r .  For th e  maximum e x c i t a t io n  (Ip) th e  

i n i t a l  te m p e ra tu re  o f  _ 2200 K goes down to  1200 K w ith in  .  35 

p se c  ( l / e  t im e ) . For weak e x c i ta t io n  (1 /3 3  Ip ) , th e  c o o lin g  r a t e  i s  

s m a l le r  ( 1 /e  t im e -  100 p se c )  and th e  i n i t i a l  te m p e ra tu re  i s  _ 700 

K (F ig .(3 .5 .4 ) ) .

For CdSe(3), th e  te m p e ra tu re  c o o lin g  tim e s  a r e  s m a l le r  ( r a t e s  

a r e  l a r g e r )  f o r  com p arab le  e x c i ta t io n  f lu e n c e s  a s  com pared to  

CdSe(1). The c u rv e s  3 .5 .5 (a ) ,  3 .5 .6 (a ) , 3 .5 .7 (a ) ,  and 3 .5 .8 (a )  c o r­

re sp o n d  to  h o t lu m in escen ce  decay p r o f i l e s  f o r  e x c i t a t io n  f lu e n c e s  

Ip , 1 /4  Ip , 1 /8  Ip , and 1 /33  Ip , r e s p e c t iv e ly .  The c u rv e s  3 .5 .5 (b ), 

3 .5 .6 (b ) , 3 .5 .7 (b ) , and 3 .5 .8 (b )  c o rre sp o n d  to  band edge lu m ines­

cen ce  f o r  th e  sam e ra n g e  o f  pho ton  e x c i t a t io n  f lu e n c e .  The c o r ­

resp o n d in g  c u rv e s  f o r  te m p e ra tu re s  v s . tim e  in  p se c  a r e  shown in  

f ig u r e s  3 .5 .5 (c ) , 3 .5 .6 (c ) ,  3 .5 .7 (c ) ,  and 3 .5 .8 (c ) ,  r e s p e c t iv e ly .  The

i n i t i a l  te m p e ra tu re s  o b ta in e d  f o r  pho ton  f lu e n c e s  I - ,  1 /4  I - ,  1 /8r r

Ip  and 1 /33  I p a r e  2200 K, 1800 K, 1800 K and 1300 K, r e s p e c t iv e ly .  

The te m p e ra tu re  decay  t im e s  a r e  30 p se c , 35 p se c , 35 p se c , and 60 

p s e c , r e s p e c t iv e ly .  The e x c i ta t io n  p o la r i z a t io n  in  t h i s  c a se  was 

p a r a l l e l  to  th e  c - a x is ,  w h ile  th e  lu m in escen ce  p o la r i z a t io n  was 

b o th  p a r a l l e l  and p e rp e n d ic u la r  to  th e  c a x is .  A ll th e  i n i t i a l  

te m p e ra tu re s  o b ta in e d  c o rre sp o n d  t o  t im e s  g iven  in  T ab le  3 .5 .1 .
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c) Measurement of time integrated spectra:
The tim e  in te g r a t e d  s p e c t r a  f o r  CdSe(1) o b ta in e d - a t  room tem ­

p e r a tu r e  a r e  shown in  F ig .(3 .5 .9 )  f o r  v a r io u s  pho ton  f lu e n c e s .  The 

lu m in escen ce  show s a  h igh  e n e rg y  t a i l  and an  a lm o s t c u t - o f f  a t  

low  energy  s id e .  These m easu rem en ts w ere made to  o b ta in  an  

a v e ra g e  Ferm i e n e rg y  (hence  c a r r i e r  d e n s ity )  f o r  a  g iven  e x c i ta t io n  

f lu e n c e .  The c a r r i e r  d e n s i ty  i s  c a lc u la t e d  to  be _ 5x10l 8/cm 3 f o r  

th e  photon  e x c i t a t i o n  f lu e n c e  ra n g e  Ip  to  1/33  Ip  ( t a b l e  ( 3. 5 . 2 ) ) .  

The c a r r i e r  te m p e ra tu re  ra n g e  f o r  th e  tim e  d u ra t io n  o f 100-300 

p se c  i s  e s t im a te d  to  be 600-400 K f o r  th e  r e s p e c t iv e  e x c i ta t io n  

f lu e n c e s .

S im ila r  r e s u l t s  w ere o b ta in e d  f o r  CdSe(3) (s e e  F ig .(3 .5 .1 0 ) ) .  

The c a r r i e r  d e n s i ty  in  t h i s  c a se  i s  -  7 .5 x 1 0 18/c m 3 and th e  te m p e ra ­

t u r e  ran g e  f o r  th e  tim e d u ra t io n  (100-800  psec) i s  800-500 K f o r  

th e  e x c i ta t io n  f lu e n c e  ra n g e  I p - 1 /33  Ip  ( ta b le ( 3 .5 .3 ) ) .

d) Measurement of exciton formation time:
The f r e e  e - h  p lasm a  tim e  r e s o lv e d  band edge p h o to lu m in es­

cen ce  from  CdSe(3) a t  12 K i s  d isp la y e d  in  F ig .(3 .5 .1 3 a ) . The lu m i­

n e sce n c e  i s  d e la y e d  from  th e  e x c i t a t i o n  p u ls e  by -  20 p se c  a t  

m o st. The l i f e t i m e  c o rre sp o n d in g  t o  th e  decay  (V e )  i s  _ 120 p s e c . 

The f ig u r e  3 .5 .1 3 (b )  c o rre sp o n d  to  e x c i to n ic  lu m in escen ce  (se e  d i s ­

c u ss io n  s e c t io n  c) a t  th e  lo w e s t  tw o  pho ton  e x c i t a t io n  f lu e n c e .  

The peak o f  th e  lu m in ce sc e n ce  m atch es  w ith  th e  peak o f  th e  f r e e
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e -h  lu m in escen ce  peak in  f ig u r e  3 .5 .1 3 (a ) . The e x c ito n  peak, how­

e v e r , s h i f t s  t o  l a r g e r  tim e s  w ith  e x c i t a t io n  ( F ig .3 '.5 .13b -d ) and 

f o r  th e  maximum two ph o to n  e x c i ta t io n  i t  i s  d e la y e d  by 185 p sec  

(F ig .l6 d ) . The f r e e  e -h  p lasm a lu m in escen ce  can n o t  be o bserved  

due to  th e  low  quantum  y ie ld  ( low er by a  f a c to r  o f  250). A check 

f o r  s t im u la te d  em iss io n , by s tu d y in g  th e  lu m in escen ce  in te n s i ty  vs 

e x c i ta t io n  f lu e n c e ,  co n firm ed  i t s  a b sen c e .

e) Measurement of luminescence spatial profiles:
In  o rd e r  t o  exam ine th e  e x is te n c e  o f  t r a n s v e r s e  d if fu s io n  o f  

c a r r i e r s ,  th e  lu m in escen ce  s p a t i a l  p r o f i l e s  a t  th e  sam p le s  ( lu m i­

nescen ce  s p o t  d iam e te r)  w ere m easured . The l a s e r  s p a t i a l  p r o f i le  

o f  a  530 nm p u ls e  a t  th e  sam ple s i t e  i s  shown in  f ig u r e  3 .5 .1 4(a) 

w ith  FWHM o f  1 .35 mm. The band edge lu m in escen ce  p r o f i l e  a t  th e  

sam p le  i s  a b o u t 2.19 mm wide (FWHM) f o r  an  e x c i t a t io n  f lu e n c e  o f  

1 /33  Ip (F ig . 3.5.111(b) w h ile  fo r  l a r g e r  e x c i ta t io n  a t  Ip  th e  s p o t  

p r o f i l e  i s  s t i l l  l a r g e r  _ 3-1 -4 mm (F ig . 3-5.1 -4(c)). The p r o f i l e s  

o b se rv ed  w ere tim e  in te g r a te d  over a  tim e  p e rio d  o f  1 n sec  (dyn­

am ic ran g e  l im ite d  tim e) on a  s t r e a k  cam era  in  th e  fo c u s  mode.

3.6 DISCUSSION
In  t h i s  s e c t io n  th e  d e la y  tim e s  and th e  decay  t im e s  w i l l  be 

a n a ly z e d  to  o b ta in  th e  e n e rg y  r e la x a t io n  r a t e s 5. The decay  k in e t­

i c s  w i l l  be a n a ly z e d  in  te rm s  o f  Auger re c o m b in a tio n 23*31 to  e s t i -
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m ate th e  c a r r i e r  d e n s ity . The tim e  in te g r a te d  s p e c t r a  i s  an a ly zed

in  te rm s  o f non-k  s e le c t i o n  a llo w e d  reco m b in a tio n  to  e s t im a te  th e

c a r r i e r  d e n s ity . The e x c ito n ic  fo rm a tio n  tim e  i s  in v e s t ig a te d  in  

te rm s  o f  th e  M ott c r i t e r i o n 2 8,32 and f a s t  d if fu s io n . The s p a t i a l  

p r o f i l e  b roaden ing  o f th e  lu m in escen ce  was i n te r p r e te d  in  te rm s  o f 

f a s t  d i f fu s io n . A ll th e  e x p e rim e n ts  a t  room te m p e ra tu re  in d ic a te  

t h a t  th e  maximum a t t a in a b l e  d e n s ity  a t  th e  maximum o f tim e 

r e s o lv e d  lu m inescence  i s  <2x10l9 /c m 3 w hich w i l l  be d isc u s s e d  in

d e t a i l  in  t h i s  s e c t io n .

1)Hot carrier energy relaxation
The m easured d e la y  tim e s  a r e  r e l a t e d  to  th e  s c re e n in g  o f

e le c tro n -p h o n o n  in te r a c t io n s .  As we have d isc u sse d  p re v io u s ly , th e  

i n i t i a l  c a r r i e r  te m p e ra tu re  w ith  our e x p e rim e n ta l c o n d itio n  

(sam ple-C dSe and hoi = 2 . 3U eV) a t  t=  0 i s  2560 K. T his w i l l  be 

t r u e  i r r e s p e c t iv e  o f  e x c i t a t io n  f lu e n c e s .  The te m p e ra tu re  of 

th e s e  p h o to g e n e ra te d  c a r r i e r s  re d u c e s  in  tim e  due to  LO phonon 

em iss io n . The te m p e ra tu re  m easured  a t  th e  peak o f th e  lu m in es­

cence  c o rre sp o n d s  to  th e  n e t  c o o lin g  t h a t  o c c u rs  d u rin g  th e  d e lay  

tim e  o f  th e  lu m in escen ce . S ince th e  c o o lin g  r a t e  i s  a  f u n c t io n  of 

th e  c a r r i e r  d e n s ity  p roduced  a t  t=  0, th e  d e la y  tim es  a r e  d i f f e r ­

e n t  a t  d i f f e r e n t  e x c i ta t io n  f lu e n c e s .  We a t t r i b u t e  th e  l a r g e  d e la y  

tim e  a t  h igh  e x c i ta t io n  f lu e n c e  to  th e  re d u c t io n  o f  LO phonon 

s c a t t e r in g  v ia  s c re e n in g . As i t  i s  d i f f i c u l t  to  e s t im a te  th e  c a r ­
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r i e r  d e n s i ty  d u rin g  th e  d e la y  tim e  due to  f a s t  d if fu s io n  o f  c a r ­

r i e r s ,  we u se  th e  d e la y  tim e and th e  o b se rv ed  te m p e ra tu re  a t  th e  

peak o f  lu m inescence  to  e s t im a te  th e  av e ra g e  c a r r i e r  d e n s ity  

d u rin g  th e  d e la y  tim e .

The e n e rg y  r e la x a t io n  r a t e  can be o b ta in e d  from  th e  te m p e ra ­

t u r e  decay  p r o f i l e  f o r  tim es  g r e a t e r  th a n  th e  d e la y  tim e f o r  a 

g iven  e x c i ta t io n  f lu e n c e .  This o b se rv ed  r a t e  i s  com pared w ith  th e  

t h e o r e t i c a l  r a t e .  The d i f f e re n c e  i f  any i s  e x p la in e d  in  te rm s  o f  

s c re e n in g  o f  th e  e le c tro n -p h o n o n  i n te r a c t io n  by ta k in g  in to  a c co u n t 

th e  c a r r i e r  d e n s ity  ( a t  tim e At) o b ta in e d  using  th e  Auger recom bi­

n a tio n  k in e t ic s  and th e  c r i t i c a l  d e n s ity  Nq a t  th e  te m p e ra tu re  

under c o n s id e ra t io n .

a)Screening of electron-phonon interaction and delay time
As a n e x t s te p  u sing  en e rg y  lo s s  r a t e  E q .(3 .2 .9 ), th e  th e o ­

r e t i c a l  v a lu e s  o f  At (d e la y  tim e) w i l l  be c a lc u la te d  as  f o l lo w s .

For T = 2560K ( t  = 0 ), T = 300K, D’ = 0 .6x109 eV/cm, p = 5.86 
e  0

gm /cm 3, 6 = 26 meV, and m = 0.13m , we c a lc u la t e ,
e  o

HE
-7T = 1 .3x10xo eV /sec  a t  t  = 0. d t

A f te r  46 p se c  (CdSe(1) T able 3 .5 .1 ) ,  f o r  maximum e x c i ta t io n  f l u ­

en ce , th e  c a r r i e r  te m p e ra tu re  T i s  _ 2100K ( s e e  F ig .3 .5 .3 (c )  ) .e

Hence, th e  en e rg y  r e la x a t io n  r a t e  i s ,
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The a v e ra g e  r a t e  <dE/dt>  d u rin g  th e  lu m in escen ce  d e la y  tim e 

o f  46 p se c  i s  _ 1 .25x10 iO eV /sec . The t o t a l  en e rg y  l o s t  a s  th e  

e l e c t r o n s  c o o l from  2560K -► 2100K i s  0 .06 eV. With th e  av erag e  

r a t e  1 .25x1010 e V /se c , th e  c a lc u la te d  e le c t r o n  (o r lu m in escen ce) 

d e la y  tim e  At i s  5 p s e c . This does n o t a g re e  w ith  th e  o b se rv e d  At 

o f 46±5 p se c  (T a b le  3 .5 .1 ) .  The d i f f e r e n c e  be tw een  A t 's  we a t t r i ­

b u te  to  th e  s c re e n in g  o f e le c tro n -p h o n o n  in te r a c t io n  s in c e  we have 

u se d  th e  u n sc re e n e d  ( l a r g e r )  v a lu e  t o  d e te rm in e  th e  a v e ra g e  r a t e .  

Using E q .(3 .2 .9 ) a  9 f o ld  d e c re a s e  i s  o b se rv e d  in  phonon em ission  

r a t e ,  g iv in g  M/N^ = / 8 .  T h is c o rre sp o n d s  to  an a v e ra g e  c a r r i e r  den­

s i t y  w ith in  46 p s e c  o f  2x 1020/c ra 3 in s te a d  o f  3x102 l/c m 3 o b ta in e d  

u s in g  E q .(3 .2 .7 ). For 1 /3 3  Ip  e x c i t a t io n ,  th e  c a r r i e r  te m p e ra tu re  

a f t e r  27 p se c  ( CdSe(1), T ab le  3 .5 .1 , and F ig . 3 .5 .4 (c ) )  i s  700K. 

The c o rre sp o n d in g  <dE /dt>  i s  1 .1x 1 0 l ° eV /sec  and th e  c a lc u la t e d  At 

i s  21 p se c  com pared  t o  o b se rv e d  At o f  27 p s e c . The c a r r i e r  den­

s i t y  o b ta in e d  d u r in g  27 p se c  c o rre sp o n d s  to  4x 1019/c m 3( E q .(3 .2 .9 ) 

and 1 .3  f o ld  r e d u c t io n  in  phonon em issio n  r a t e )  in s te a d  o f  8.5x 

10 19/c m 3 (E q .(3 .2 .7 ) ) .

T hese r e s u l t s  c l e a r l y  show th e  e x is te n c e  o f  s c re e n in g  o f  th e  

e le c tro n -p h o n o n  i n t e r a c t io n  d u rin g  th e  d e la y  tim e  o f  lu m in escen ce  

f o r  h igh e x c i t a t i o n  f lu e n c e  I p and e x c i t a t io n  f lu e n c e  dependen t
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f a s t  d i f f u s io n  o f  c a r r i e r s .

The r e s u l t s  a r e  s im i la r  f o r  CdSe(3) ex c ep t t h a t  th e  d e la y  

tim e s  (T ab le  3 .5 .1 )  and th e  te m p e ra tu re s  (F ig . 3 .5 .5 (c ) ,  3 .5 .6 (c ) , 

3 .5 .7 (c ) ,  and 3 .5 .8 (c ))  a t  t im e  (A t) a r e  c o n s i s t e n t ly  l a r g e r  f o r  th e  

co m p arab le  e x c i t a t io n  f lu e n c e s .  This in d ic a te s  m ore s c re e n in g  in  

CdSe(3) th a n  in  CdSe(1). T his i s  r e l a t e d  and c o n s i s t e n t  w ith  th e  

o b se rv e d  (d is c u s se d  in  th e  s e c t io n  3 .6c) s m a l le r  ' f a s t  d i f f u s io n ' in  

CdSe(3), m aking th e  a v e ra g e  c a r r i e r  d e n s i ty  d u rin g  At l a r g e r  a s  

com pared to  t h a t  in  CdSe(1).

In  o u r e x p e rim e n ts  th e  e x c i ta t io n  s p o t  s iz e  a t  th e  sam p le  i s  

_ 2.35mm, w h ile  th e  o p t i c a l  a b s o rp t io n  le n g th  i s  _ 0 .5p . Thus, th e  

lo n g itu d in a l  d i f f u s io n  o f c a r r i e r s  in to  th e  s u r f a c e  o f  th e  sam ple  

c o n t r o l s  th e  c a r r i e r  d e n s i ty  in  th e  p h o to e x c ite d  re g io n  due to  

maximum volum e change a lo n g  th e  e x c i t a t io n  d i r e c t io n  ( lo n g i tu d i ­

n a l ) .  In  CdSe(1) th e  c - a x is  i s  c o in c id e n t w ith  th e  lo n g itu d in a l  

d i r e c t io n ,  w h ile  in  CdSe(3) th e  c -a x is  i s  p e rp e n d ic u la r  t o  th e

lo n g i tu d in a l  d i r e c t io n .  The l a t t i c e  c o n s ta n t  a lo n g  th e  c - a x is  and
0 0

p e rp e n d ic u la r  to  th e  c - a x is  a r e  _ 7A and 4A, r e s p e c t iv e ly  making 

th e  mean c o l l i s i o n  tim e  (u n sc re en e d ) l a r g e r  in  th e  p re v io u s  c a se  as 

com pared to  th e  l a t e r .  T h is f a c t  q u a l i t a t i v e l y  e x p la in s  th e  

l a r g e r  d i f f u s io n  c o n s ta n t  in  CdSe(1) m aking a  s m a l le r  N(At) (by a 

f a c t o r  o f  2) com pared t o  CdSe(3).
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b)Screening of electron phonon Interaction and temperature 
decay time

The te m p e ra tu re  (o r  energy) r e l a x a t io n  r a t e  o b ta in e d  from  

F ig s . ( 3 -5 .3c) i s  0 .3x10 10 eV /sec , w h ile  th e  r a t e  c a lc u la te d  u s in g  

E q .(3 .2 .9 ) i s  0 .9x10l ° eV /sec  a t  1700K. This d i f f e re n c e  i s  due to  

th e  s c re e n in g  o f th e  e le c t r o n  phonon in te r a c t io n .  For c a r r i e r s  

having a  te m p e ra tu re  o f  1700K (av e ra g e  te m p e ra tu re  during  35 p se c  

on th e  decay  p r o f i l e  F ig .3 .5 .3c o r  E  ̂ _ 0.21 eV), one c a lc u la t e s  

u sing  E qs.(3 -2 .5 ) and (3*2.3) th e  c r i t i c a l  d e n s ity  Nq to  be 2x 

10l9 /cm 3. The e x p e r im e n ta l ly  d e te rm in e d  c a r r i e r  d e n s ity  a t  th e  

peak o f  th e  lum in escen ce  (T ab le  3*5.1) i s  2x 1019/cm 3. At t h i s  

d e n s ity  th e  phonon em iss io n  r a t e  w i l l  be reduced  by a  f a c to r  o f  2 

i . e .  0 .45x10 l ° eV /sec . This v a lu e  i s  c lo s e  to  th e  obse rved  v a lu e  

o f  0 .3x10 l ° eV /sec .

The te m p e ra tu re  decay  d a ta  (F ig .3*5 .4(c)) o b ta in e d  fo r  1 /33I~r

e x c i ta t io n  can  n o t be a n a ly z e d  in  te rm s  o f  E q .(3 .2 .9 ) as th e  c a r ­

r i e r s  a r e  co o led  to  th e  l a t t i c e  te m p e ra tu re  (_ 400K) and th e  LO 

phonon e m iss io n  p ro c e s s  i s  no lo n g e r  e f f i c i e n t .  The d a ta  (F ig .s  

3 .5 .5 (c ) , 3 .5 .6 (c ) , 3 .5 .7 (c ) ,  and 3 .5 .8 (c ))  o b ta in e d  f o r  CdSe(3) a l s o  

show s s c re e n in g  o v er t h e  e n t i r e  ra n g e  o f  e x c i ta t io n  f lu e n c e s .  T his 

aga in  in d ic a te s  t h a t  th e  c a r r i e r  d e n s i t ie s  a re  h ig h e r  in  CdSe(3) 

th a n  in  CdSe(1) due t o  ' l e s s '  f a s t  d i f fu s io n  a s  com pared to  

CdSe(1).
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The p o s s ib i l i ty  o f  r e d u c tio n  in  th e  c o o lin g  r a t e  o f  h o t pho­

to e x c i te d  c a r r i e r s  due to  phonon r e a b s o rp t io n  can be e lim in a te d  on 

fo llo w in g  g ro u n d s. I f  we assum e a  ty p ic a l  Debye h e a t  c ap ac i­

ta n c e 33 i . e .  25 Jm ol lK 1 f o r  T > 0, w here 0 i s  th e  Debye tem pera ­

t u r e  ( f o r  CdSe _ 315K ) ,  th e n  f o r  th e  maximum en erg y  d e p o s ite d  o f  

400 u J /p u ls e ,  we o b ta in  a  maximum l a t t i c e  te m p e ra tu re  r i s e  o f  150 

K assum ing a  quantum e f f ic ie n c y  o f 10 $ ( r a d ia t iv e  l i f e  tim e _ 2 

n sec  and o b se rv e d  l i f e t i m e  o f  _ 200 p s e c ) . In  th e  above e s tim a te , 

we assum e t h a t  th e  phonons rem ain  w ith in  th e  i n i t i a l  a b so rp tio n  

dep th  .  10 " cm. This i s  an over e s t im a te  as  th e  phonon l i f e t im e  

o f  _ 5 p sec  has  n o t been ta k e n  in to  a c c o u n t. Thus, c a r r i e r  h e a tin g  

due to  phonon a b s o rp tio n  by th e  c a r r i e r s  i s  a n e g lig ib le  e f f e c t  

making th e  phonon b o t t le n e c k  mechanism i n e f f i c i e n t .

c)Estimates of effective diffusion constant:
The m easured  d e la y  tim es  and c a r r i e r  d e n s i t ie s  (using  Auger 

k in e t ic s )  can  be used  t o  e s t im a te  an  e f f e c t iv e  d if fu s io n  c o n s ta n t  

D a t  d i f f e r e n t  av e ra g e  p h o to g e n e ra te d  c a r r i e r  d e n s i t ie s  du rin g  th e
v

d e la y  t im e s . The e f f e c t iv e  Dfc i s  g iven  by,

Dfce f f  = ( ctN(At)) 2 ( 4TrAt) (3 .6 .1 )

w here N i s  g iven  by E q .(3 .2 .7 ) and N(At) i s  o b ta in e d  from  th e  Auger 

a n a ly s is  w hich i s  l i s t e d  in  t a b le  3 .5 .4  f o r  v a rio u s  e x c i ta t io n  f l u -
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en c es . The v a lu e s  o f  At a r e  l i s t e d  in  t a b l e  3.5.1 (CdSe 3). Thus, 

n e g le c tin g  c a r r i e r  rec o m b in a tio n , th e  e f f e c t i v e  v a lu e s  o f  Dt  o b ta ­

in ed  a t  th e  s u r f a c e  (x=0) a r e  2 .2  x 1 0 \  2 x103, 5 x102, and 60 

cm3/ s e c  f o r  Ip , 1 /41^, 1 /8 lp , and 1 /33 Ip  e x c i ta t io n  f lu e n c e s ,  r e s ­

p e c t iv e ly .  S in ce , N(At) depends on th e  Auger reco m b in a tio n  con­

s t a n t  C ( N(At) _ 1 / /C  ) th e  e f f e c t iv e  Dt  w i l l  depend on th e  cho ice

of C. We have shown d a ta  o f  D f o r  tw o v a lu e s  o f C in
e f f

F ig .(3 .2 .3 ) . I t  i s  d i f f i c u l t  to  e s t im a te  C a s  th e  c a r r i e r  tem p era ­

tu r e  v a r ie s  r a p id ly  d u rin g  At (F ig .3 .5 .3 (c ) ) . However, th e  d a ta  

shows th e  same dependence f o r  a  l a r g e  ra n g e  o f  a t  h igh  c a r r i e r  

d e n s i t ie s .

3.7 DIRECT EXPERIMENTAL EVIDENCES FOR FAST DIFFUSION
a) Time Integrated spectra:

From t h i s  s tu d y  we w ere a b le  to  e s t im a te  d i r e c t l y  average  

p h o to g e n e ra te d  c a r r i e r  d e n s ity  and te m p e ra tu re  a t  d i f f e r e n t  ex c i­

t a t io n  f lu e n c e s .  The m odera te  change in  th e  e s t im a te d  c a r r i e r  

d e n s ity  i s  due to  r a p id  r e d u c t io n  in  th e  c a r r i e r  d e n s ity  w ith in  th e  

th e r m a l iz a t io n  p e rio d . At a  maximum e x c i t a t io n  i n te n s i t y  o f  7x10 16 

p h o to n s/cm 2, th e  t h e o r e t i c a l  f i t  (appendix  C2) t o  th e  tim e  in te g ­

r a t e d  lu m in escen ce  s p e c t r a  i s  n o t good F ig .3 .5 .9 (a ) .  The re a s o n  i s  

b ecau se  th e  te m p e ra tu re  decay  p r o f i l e  h as  tw o com ponents a t  t h i s  

high e x c i ta t io n  f lu e n c e s  ( s e e  F ig .3 .5 .3 (c )  f o r  CdSe(1) and  3 .5 .5 (c ) 

f o r  CdSe(3)). Due to  s c re e n in g  o f  th e  e l e c t r o n  phonon in te r a c t io n ,
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th e  h igh  energy  s id e  o f  th e  tim e  in te g r a te d  s p e c t r a  show s tw o com­

p o n en ts  c o rre sp o n d in g  to  th e s e  tw o te m p e ra tu re  re g im e s . But f o r  

lo w er e x c i ta t io n  i n t e n s i t i e s  th e r e  i s  an e x c e l l e n t  ag reem en t 

be tw een  th e  t h e o r e t i c a l  f i t  and d a ta  f o r  t h e  p a ra m e te rs  shown in  

F ig s .3 -5 .9 :(b ) and 12 (c). I t  sh o u ld  be n o ted  h e re  t h a t  th e  av e ra g e  

e le c t r o n  te m p e ra tu re  and  t h e  c a r r i e r  d e n s ity  o b ta in e d  a r e  s l i g h t l y  

l a r g e r  f o r  h ig h er e x c i t a t io n  power (se e  t a b l e  3 .5 .2 ) .

For CdSe(3), th e  o b se rv e d  te m p e ra tu re s  and c a r r i e r  d e n s i t ie s

a re  h ig h e r  th a n  o b se rv e d  in  CdSe(1) f o r  th e  co m p arab le  e x c i ta t io n

pow ers( s e e  t a b l e  3 -5 .3 ) . S ince  th e  dynam ic ra n g e  o f  s e n s i t i v i t y

f o r  our v id icon  d e te c t io n  i s  from  th e  maximum f lu e n c e  I„  to  th eF

minimum 1/33Ip  e x c i t a t io n  and s in c e  th e  p h o to lu m in e sc en c e  l i f e  

tim e  (1 /e )  i s  230 p se c , th e  in te g r a te d  p h o to lu m in e sc en c e  s p e c t r a  

o b ta in e d  i s  an  a v e ra g e  o v e r a  maximum tim e  d u ra t io n  o f  ab o u t 800 

p sec  f o r  f u l l  i n t e n s i t y  and 500 p sec  f o r  1 /8 lp  e x c i t a t io n .  The 

tim e  re s o lv e d  p h o to lu m in e sc en c e  s tu d y  shows t h a t  th e  h o t  c a r r i e r  

c o o lin g  o c c u rs  w ith in  100 p se c . T h e re fo re , we can  assum e th e  c a r ­

r i e r s  rem ain  a t  a  c o n s ta n t  h o t te m p e ra tu re  f o r  t h e  n e x t  100-800 

p se c . Thus, th e  te m p e ra tu re  o b ta in e d  from  th e  t h e o r e t i c a l  f i t  o f 

t h e  tim e  in te g r a te d  p h o to lu m in e sc en c e  i s  a  good in d ic a to r  o f  th e  

a v e ra g e  h o t c a r r i e r  te m p e ra tu re .

The e n t i r e  p h o to e x c i ta t io n  f lu e n c e  ran g e  I_  t o  1/331,. co v eredr F

in  th e  ex p e rim en t h a s  o n ly  a  m odera te  e f f e c t  on th e  f i n a l  c a r r i e r  

te m p e ra tu re  and a v e ra g e  Ferm i energy  (a v e ra g e  c a r r i e r  d e n s i ty ) .
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T his o b s e rv a t io n  s t r o n g ly  s u g g e s ts  lo n g i tu d in a l  (b u lk ) f a s t  d i f f u ­

s io n  o f  c a r r i e r s  away from  th e  s u r f a c e  and from  th e  "photo e x c ite d  

re g io n . The re a s o n s , why th e  lo n g itu d in a l  and n o t th e  t r a n s v e r s e  

(w ith in  t h e  s u r f a c e  i r r e s p e c t i v e  o f th e  c - a x is  o r ie n ta t io n )  d i f f u ­

s io n  a f f e c t s  th e  c a r r i e r  d e n s i ty ,  was d isc u s s e d  e a r l i e r .  The c a r ­

r i e r  d e n s i t ie s  o b se rv ed  in  CdSe(1) a r e  l e s s  th a n  th e  ones o b se rv ed  

in  CdSe(3). The on ly  d i f f e r e n c e  in  th e  e x p e r im e n ta l  c o n d itio n  

be tw een  th e s e  sam p les  i s  t h a t  th e  lo n g itu d in a l  d i f f u s io n  o c c u rs  

a lo n g  th e  c -a x is  in  CdSe(1) w h ile , i t  i s  p e rp e n d ic u la r  to  th e  c -  

a x is  in  CdSe(3). This d i f f e r e n c e  in  th e  c a r r i e r  d e n s i t ie s  s u g g e s ts  

t h a t  d i f fu s io n  a lo n g  th e  c - a x is  i s  l a r g e r  th a n  a lo n g  th e  p e rp e n d ic ­

u l a r  d i r e c t io n  by a  f a c to r  o f  1 .3 .

The c a r r i e r  d e n s i t ie s  m easured  by th e  tim e  in te g r a te d  s p e c t r a  

ex p erim en t a r e  th e  a v e ra g e  d e n s i t i e s  ( o v e r  _ 500 p s e c ) . Hence, i f  

we c o r r e c t  them f o r  th e  lu m in escen ce  decay  tim e o f  230 p sec , th e  

c a r r i e r  d e n s i t ie s  a t  th e  peak o f  th e  lu m in escen ce  a r e  4 .4x 1019, 

5 .3x  1019, and 3 .4x  10l9/c m 3 f o r  I p , 1 /8  I F> and 1 /33  I p e x c i ta t io n  

f lu e n c e s ,  r e s p e c t iv e ly .  S im i la r ly  in  CdSe(3) th e  i n i t i a l  c a r r i e r  

d e n s i t ie s  (max. o f  Lum.) a r e  6 .3x  1019, 5 .5 x  1019, and 3 .4x  10 l9/c m 3 

f o r  Ip , 1 /4  Ip , and 1 /8  I p e x c i ta t io n  f lu e n c e s ,  r e s p e c t iv e ly .  These 

v a lu e s  o f  c a r r i e r  d e n s i t ie s  a r e  q u i te  c o n s is te n t  w ith  th e  ones 

o b ta in e d  in  th e  n e x t s e c t io n .
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b) Auger recombination of carriers:
The tim e  r e s o lv e d  band edge (710 nm) lu m inescence  from

CdSe(3) d is p la y s  (F ig .(3 .5 .1 1 )) a  f a s t  com ponent o f  _ 35 p se c  ( t )
1

and a  slow  component o f 230 psec  ( t ) which was f i t t e d  (appendix
2

B6) by,

L (t) = A je x p t-— ) + Aze x p ( - — ) (3 .7 .1 )
T1 T2

f o r  t  in  p se c . Such a  double  e x p o n e n tia l  a n a ly s is  does n o t c a r r y

any p h y s ic a l  m eaning. We have a n a ly z e d  th e  d a ta  w ith  Eq.(3-7.1 >

j u s t  to  r u l e  o u t a  p o s s ib i l i ty  o f in te r v a le n c e  band t r a n s i t i o n  and

r e l a t e  th e  i n te n s i t y  dependence o f A /A to  Auger reco m b in a tio n
1 2

(E q .(3 .2 .12 ) and F ig .(3 .5 .1 2 ) ) .The r a t i o  A /A f o r  e x c i ta t io n  in t e n s i -
1 2

t i e s  o f  I F, 1 /4 lp, 1 /8 lp , and 1 /3 3 Ip a r e  0 .45 , 0 .54 , 0 .075 , and

0.003 , r e s p e c t iv e ly .

In  t h i s  ex p e rim en t th e  e x c i ta t io n  pho ton  p o la r iz a t io n  was s e t  

p a r a l l e l  (E | |  C) to  th e  c - a x is .  The p h o to lu m in escen ce  c o l l e c t e d  

was n o t des c r im in a te d  f o r  p o la r iz a t io n  no r f o r  th e  te rm in a l  v a l ­

en ce  band s t a t e s  Tg and due to  th e  cho ice  o f  th e  b ro ad  band 

f i l t e r  (R70) in  f r o n t  o f  th e  s t r e a k  cam era . In  t h i s  geom etry  th e  

h o le s  a r e  c r e a te d  o n ly  in  th e  B -v a le n c e  band a t  t= 0 . The f a s t  

com ponent o b se rv ed  c o u ld  a r i s e  from  e i t h e r  t o  a  f a s t  s c a t t e r in g  

(sa y  35 p sec) from  (B -valence) band to  Tg(A -valence) band o r  due 

t o  th e  Auger rec o m b in a tio n 23 o f  c a r r i e r s .
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The p o s s ib i l i ty  o f  h o le  s c a t t e r in g  (r^-T ,^) i s  exc luded  f o r  th e  

f iv e  fo llo w in g  re a s o n s .
g

1. The i n i t i a l  (t= 0 ) energy  E  ̂ o f h o le s  in  B v a le n c e  band i s  

g iven  by,

EiB = Cfiui-Eg)   f ( 3 .7 .2 )
s  m^ + me

g
w here m. = m i s  th e  e f f e c t iv e  m ass o f  B (r„) h o le s ,  m = 0 .13  m ,

i l  0 I © 0

and EB = EA + 0.026 = 1.736 eV ( A = 0 .026 eV). Thus, f o r  2 .3 1* g g c r

eV one photon  e x c i ta t io n  (530 nm) a . i s  70 meV. The t o t a l  

s c a t t e r in g  o f h o le s  from  B -v a len ce  to  A -valence  band i s  due to  non 

p o la r  LO phonon em issio n  and to  a c o u s t i c a l  phonon em ission .

The a c o u s t ic a l  phonon s c a t t e r in g  r a t e  i s  g iven  by16,

dE E!2m(5/2) T0
= -  8/2/<irfcf> — ^ ----- (kTe ) ( ~ ) ( 1 - ^ - )  (3 -7 .3 )

E = 5 .7  eV i s  th e  a c o u s t ic a l  d e fo rm a tio n  p o t e n t i a l 16’ 21. 
1

g
= m. , T = 300K and T = T. = 2000K, th e  e s t im a te d  v a lu e

il 0 © il

< > = 2.1 x 1010 e V /sec .d t

w here 

For m 

i s ,
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T h e re fo re , th e  t o t a l  s c a t t e r in g  tim e  f o r  e m itt in g  100 meV en e rg y  

from  r ? -*■ Tg w i l l  o ccu r in  _ 1 p se c . This i s  c o n tr a ry  to  th e  

o b se rv ed  decay  tim e  o f  35 p se c .

One sh o u ld  n o te  t h a t  Yoshida e t  a l 29 had o b se rv ed  a  s c a t t e r ­

ing  tim e  o f  35 p sec  f o r  r^CB) -*■ Tg(A) h o le  s c a t t e r in g  a t  4k. The 

c a r r i e r  d e n s i ty  in  t h e i r  experim en t was „ 3x 10l7 /c m 3 and th e  c a r ­

r i e r  te m p e ra tu re  Tg was low _ 30 K. I f  one ta k e s  in to  a c c o u n t 

th e s e  f a c t s ,  t h i s  sh o u ld  e x p la in  t h e i r  m easured s c a t t e r in g  tim e  o f  

35 p sec  w ith in  th e  fram e  work o f non p o la r  L0 and a c o u s t i c a l  

phonon em iss io n  g iven  above.

2 . The B v a le n c e  band h o le s  a r e  s c a t t e r e d  in to  A -v a len ce  

band. S ince  th e  lu m in escen ce  o f  B and A v a le n c e  band a r e  o b se rv e d  

s im u lta n e o u s ly  th e r e  sh o u ld  n o t be an added f a s t  com ponent to  th e  

lu m in escen ce  decay .

3. The r a t i o  o f  d e n s ity  o f  s t a t e s  o f  A -v a len ce  and B v a l ­

ence i s  g iven  by,

2i . (Ii !)<*/*) (3 7 «

S ince  m. and mn a r e  0 .45  m and m , r e s p e c t iv e ly  and E.A = 140 meV 
« o o 0 1
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and E? = 70 meV, th e r e f o r e ,

NA
7r  = 0 .85 (3 .7 .5 )
nb

Hence, th e  o b se rv e d  A /A r a t i o  sh o u ld  be « >1 com pared t o  th e
1 2

o b se rv e d  r a t i o  o f  « 1  ( s e e  F ig .(3 * 5 .1 1).

4. The o b se rv e d  tim e r e s o lv e d  p h o to lu m in escen ce  k in e t ic s  is  

i n t e n s i t y  d ep en d en t.

5. For CdSe(3), i f  th e  e x c i t a t io n  photon  p o la r iz a t io n  i s  p e r ­

p e n d ic u la r  to  th e  c -a x is  ( th e  c - a x is  i s  s t i l l  in  th e  p la n e )  th e  

sam e k in e t ic s  i s  o b se rv e d . T his i s  th e  m ost im p o r ta n t  o b s e rv a t io n  

s in c e  in  t h i s  g eo m etry  o f  e x c i t a t io n  b o th  A and B bands a r e  pumped 

and th e  s c a t t e r i n g  from  B to  A would be d im in ished . How ever, no 

f a s t  com ponent i s  o b se rv e d  in  CdSe(1) f o r  th e  sam e e x c i t a t io n  p o l­

a r i z a t i o n  ( th e  c - a x is  i s  p e rp e n d ic u la r  to  th e  p la n e ) . These o b s e r ­

v a t io n s  to g e th e r  s u p p o rt  th e  s t r o n g  Auger re c o m b in a tio n 23 in  

CdSe(3) due to  th e  p re se n c e  o f  h igh  c a r r i e r  d e n s i ty  ( l e s s  d i f f u ­

s io n ) a f t e r  th e  th e r m a l iz a t io n  tim e  o f  _ 30 p se c .

A f te r  e x c lu d in g  th e  above f iv e  p o s s i b i l i t i e s ,  th e  Auger recom ­

b in a t io n 23 i s  c o n s id e re d  to  be r e s p o n s ib le  to  th e  f a s t  decay 

(E q .(3 .2 .1 0 ) ,( 3 .2 .1 1 ) ,and (3 .2 .1 2 )) .
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The tim e  re s o lv e d  lum inescence  a t  v a rio u s  pump i n te n s i t i e s  

(F ig .(3 .5 .1 2)) w ere a n a ly z e d  using  E q .(3 .2 .12 ) and C=1x10-29 cra- 

^ e c - 1. In  CdSe(1), we do n o t se e  th e  Auger reco m b in a tio n  compo­

n e n t (a b se n c e  o f  f a s t  com ponent in  F ig .(3 -5 .1 )) , even f o r  th e  maxi­

mum pho ton  f lu e n c e  Ip . This s u g g e s ts  t h a t  th e  f a s t  component i s  

lo n g e r  th a n  th e  460 p sec  (o r  r a t e  < Ix IC ^ s e c -1), th e  m onom olecular 

l i f e t im e  o f  c a r r i e r s .  This in d ic a te s  t h a t  f o r  th e  w hole e x c i ta t io n  

f lu e n c e  ra n g e  Ip  to  1 /33 Ip th e  c a r r i e r  d e n s i t ie s  g e n e ra te d  a re  

l e s s  th a n  1x10l9 /c m 3. On th e  c o n tr a ry ,  in  CdSe(3)» th e  o bserved  

Auger rec o m b in a tio n  (F ig .(3 .5 .12 ) f a s t  coponen t) in d ic a te s  c a r r i e r  

d e n s i t ie s  > 1 .0x10 l9 /cm 3 ( t a b l e  IV) b u t < 2 .0 x 1 0 l9/c m 3. The lo n g i­

tu d in a l  f a s t  d i f fu s io n , w ith in  35 p s e c , away from  th e  p h o to e x c ite d  

s u r f a c e  c o u ld  l im i t  th e  i n i t i a l  c a r r i e r  d e n s ity  in  ou r experim en t 

due to  l im i te d  tim e  r e s o lu t io n .  In  CdSe(1), th e  c - a x is  i s  perpen ­

d ic u la r  to  th e  s u r f a c e  and in  CdSe(3). th e  c -a x is  l i e s  in  th e  s u r ­

f a c e .  Hence, we can co n c lu d e  t h a t  th e  f a s t  d i f f u s io n  a lo n g  th e  c -  

a x is  i s  g r e a t e r  th a n  t h a t  a lo n g  th e  p e rp e n d ic u la r  d i r e c t io n  by a  

f a c t o r  o f  2 .

c) Exciton formation from dense e-h plasma:
The e x c ito n  fo rm a tio n  from  a  d en se  f r e e  e -h  p lasm a o c c u rs  

when th e  p lasm a  d e n s ity  becomes e q u a l to  o r  l e s s  th a n  th e  M ott 

d e n s i ty 28’ 32. This can be used to  e s t im a te  th e  i n i t i a l  f r e e  e -h  

p lasm a  d e n s i ty .
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The l a s e r  p u ls e , hav ing  a  photon energy  g r e a te r  th a n  th e  band 

gap , f i r s t  c r e a te s  a  f r e e  e l e c t r o n  h o le  p a ir  which th e rm a l iz e s  and 

f i n a l l y  d i s s ip a te s  th e  e x c e s s  energy  to  th e  l a t t i c e  th ro u g h  LO and 

a c o u s t ic a l  phonon em issio n . During th e  en e rg y  r e l a x a t io n  p ro c e s s , 

re d u c t io n  in  th e  c a r r i e r  d e n s ity  o c cu rs  due to  reco m b in a tio n  and 

p lasm a  expansion . E x c ito n  fo rm a tio n  o c c u rs  a s  a  r e s u l t  o f th e  

Coloumb in te r a c t io n  betw een  e le c t r o n s  and h o le s  p ro v id ed  th a t  th e  

e -h  p lasm a d e n s i ty  i s  s u f f i c i e n t l y  low and l a t t i c e  th e rm a l  energy  

i s  l e s s  th an  th e  e x c ito n  b in d in g  energy .

The c r i t e r io n  f o r  t h i s  M ott t r a n s i t io n  which s e p a r a te s  th e  

co nduc ting  p lasm a  s t a t e  and  th e  " in s u la t in g "  e x c ito n ic  s t a t e  is  

t h a t  th e  c a r r i e r  d e n s ity  sh o u ld  n o t be a b le  to  s c re e n  th e  coloumb 

in te r a c t io n  betw een  th e  e -h  p a ir .  The M ott c r i t e r io n 28’ 32 i s  w r i t ­

t e n  a s ,

iV3
Nm a x = 0 .2  , (3 .7 .6 )

w here a  i s  t h e  Bohr r a d iu s  f o r  an e x c ito n  and N i s  th e  number
X EB

0
d e n s ity  o f  th e  e -h  p lasm a. For CdSe, w ith  a x „ 40 A, t h i s  y ie ld s  a

M ott d e n s ity  o f  N = 1x10l7 /c m 3. m

When th e  l a s e r  p u ls e  p h o to -g e n e ra te s  a  c a r r i e r  d e n s i ty  N > Nm

th e r e  i s  a  tim e  d e la y  be tw een  th e  o n s e t  o f  e x c ito n  fo rm a tio n  and
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th e  l a s e r  p u ls e . For th e  e n t i r e  ( in te n s i ty  d e te c t io n  l im ite d )  one 

photon  e x c i ta t io n  f lu e n c e  ra n g e  th e  p h o to g e n e ra te d  c a r r i e r  den­

s i t y  N »  N^. In  o rd e r  to  overcom e t h i s  d i f f i c u l t y  tw o photon 

e x c i ta t io n  was u se d . This m ethod y ie ld e d  a  l a r g e r  p h o to lu m in es­

cence even though th e  c a r r i e r  d e n s ity  was low . This i s  due to  th e  

l a r g e r  p e n e tr a t io n  d e p th  which re d u c e s  s u r f a c e  reco m b in a tio n  com­

p ared  to  one pho ton  e x c i ta t io n .

The c a r r i e r  d e n s i ty  f o r  tw o photon  a b s o rp tio n  was c a lc u la te d  

as f o l lo w s 31*,

w here I(z )  i s  th e  i n t e n s i t y  o f  th e  l a s e r  in  th e  sam ple  a t  d e p th  z 

m easured from  th e  in c id e n t  s u r f a c e ,  a  i s  th e  one pho ton  a b s o rp tio n

a b so rp tio n  c o e f f ic i e n t  (6 _ 0 .03 cm/MW ) a t  1060 nm. For th e  

l a s e r  power > 1 GW/cm2 ( p u ls e ) ,  th e  one pho ton  a b s o rp t io n  a t  1060 

nm (Nd: g la s s  l a s e r  fu n d am e n ta l w av eleng th ) c o u ld  be n e g le c te d  in  

com parision  to  tw o photon a b s o rp t io n . In  t h i s  c a se  E q .(3 .7 .7 ) 

re d u c e s  to ,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

= — [oc + 3 1  (z ) ]  I(z ) (3 .7 .7 )

c o e f f ic ie n t  (o  _ 0 .1 8  cm ^) a t  1060 nm and 6 i s  th e  tw o photon

(3 .7 .8 )



-  86 -

w here I  i s  th e  in c id e n t  in te n s i t y  a t  th e  s u r f a c e  (z=0). The 
0

re d u c t io n  in  in te n s i t y  AI = ( I  -  I)  i s ,
o

B zl02
AI = 1 + 3 z l0 (3 .7 .9 )

As th e  lu m in escen ce  o b se rv e d  em erges from  a  c r y s t a l  d ep th  o f  _ 1p

(due to  r e a b s o r p t io n  n e a r  bandgap), we can c a l c u l a t e  th e  a v e ra g e

c a r r i e r  d e n s i ty  w ith in  1u o f  th e  s u r f a c e  assum ing AI is  c o n v e r te d

in to  e -h  p lasm a . For th e  maximum I  o f  7 GW/cm2,
0

AI = 141* MW/cm2.

For a  p u ls e  d u ra t io n  o f  5 p sec  th e  maximum c a r r i e r  d e n s ity  p ro ­

duced i s  2x10l9 /cm 3. For 10$ a t t e n u a t io n  o f  I  w ith  an ND25, AI =
0

1.1*4 MW/cm2 and th e  c a r r i e r  d e n s ity  i s  2x10l7 /c m 3.

For I  e x c i t a t io n ,  th e  i n i t i a l  ( t  = 0) e s t im a te d  c a r r i e r  d en - 
0

s i t y  i s  2x10 l9 /cm 3 and th e  p h o to lu m in escen ce  l i f e t i m e  (F ig .3 .5 .1 3 a )  

i s  _ 120 p s e c . The tim e  re q u ire d  f o r  th e  d e n s i ty  to  go down by a 

f a c t o r  200 to  r e a c h  th e  M ott d e n s i ty  1x10l7/c m 3 w i l l  be .  600 

p s e c . H ence, th e  o b se rv e d  e x c i to n ic  lu m in escen ce  w i l l  be d e la y e d  

in  tim e  to  _ 600 p se c  a f t e r  th e  l a s e r  e x c i ta t io n  p u ls e . T h is  i s  

o u ts id e  th e  decay  ra n g e  and was n o t  o b se rv ed  (F ig . 3 .5 .1 3 (a ) ) .
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H ow ever, th e  e x p e r im e n ta l ly  o b se rv e d  tim e  re s o lv e d  e x c ito n ic  peak

o c c u rs  a f t e r  185 p sec  ( i . e . ,  t h e  M ott d e n s i ty  i s  re a c h e d  a f t e r  185

p sec) (se e  F ig .3 .5 .1 3 (c ) ) .  T his f a c t  le a d s  us to  b e lie v e  t h a t  th e

c a r r i e r  d e n s i ty  ach iev ed  a f t e r  l a s e r  p u ls e  w ith  I  e x c i t a t io n  in -
0

t e n s i ty  i s  _ 5x10 17/c m 3 and n o t e q u a l to  th e  c a lc u la te d  v a lu e  o f 

2x10 19/c m 3.

With 1 /1 0  I  e x c i t a t io n  how ever, th e  e x c ito n s  a r e  form ed 
0

a lm o s t  i n s t a n t l y  a s  th e  i n i t i a l  c a r r i e r  d e n s ity  i s  abou t

2x10l7 /c m 3. E x p e r im e n ta lly  one can  se e  ( f i g .3 .5 .1 3(a)) t h a t  th e

f r e e  p lasm a  peak w ith  one pho ton  e x c i t a t io n  i s  s e p a r a te d  from  th e

p re p u ls e  by 105 p sec  w h ile  th e  e x c i to n ic  peak i s  s e p a r a te d  by 118

p se c  (F ig .3 .5 .1 3 (b ). The f r e e  p lasm a  lu m in escen ce  can  n o t  be

o b se rv e d  a lo n g  w ith  th e  e x c ito n  lu m in escen ce  b ecau se  o f  th e  low

quantum  y ie ld  in  th e  p re v io u s  c a se  ( th e  e x c ito n  lu m in escen ce  i s

s t r o n g  com pared to  th e  f r e e  e -h  p lasm a  lu m in escen ce  and i s  s e p e r -  
0

a te d  by „ 50A and can n o t be d is c r im in a te d  by a  b road  band f i l t e r ) .

To a c c o u n t f o r  th e  r e d u c t io n  o f  c a r r i e r  d e n s ity  one n eeds a  

l a r g e  d i f f u s io n  c o n s ta n t .  An e f f e c t i v e  d i f f u s io n  c o e f f ic i e n t  D =
v

4.2x10'* cm2/ s e c  i s  e s t im a te d  u s in g  Eq.(3 -6 .1 ) , th e  i n i t i a l  d e n s ity  

a t  t  = 0 o f  2x10l9/c m 3, and f i n a l  d e n s i ty  o f  5x10l7 /cm 3. Hence, 

th e  e -h  p lasm a  expands o v e r a  l e n g th  o f  40 u a f t e r  30 p se c  ( t h e r -  

m a liz a t io n  tim e  o f  f r e e  e -h  p lasm a) to  y ie ld  a  d e n s i ty  o f  

5x10 l7 /c m 3.
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d) Time integration spatial profile:
U sing th e  s t r e a k  cam era in  th e  fo c u s  mode we -were a b le  to  

m easure  th e  l a s e r  s p a t i a l  p r o f i l e  and th e  lu m in escen ce  s p a t i a l  

p r o f i l e  a t  th e  sam ple ( CdSe(1)). The tim e  in te g r a te d  s p a t i a l  p ro ­

f i l e s  o f  th e  lum in escen ce  d i f f e r  g r e a t ly  in  w id th  (FWHM) as  com­

p a red  t o  t h e  l a s e r  s p a t i a l  p r o f i l e .  The p h o to lu m in escen ce  p r o f i l e  

was in te g r a te d  over a  tim e  d u ra t io n  o f  1 n se c  (due to  th e  dynamic 

ran g e ) and c l e a r l y  show s a t r a n s v e r s e  d if fu s io n  o f c a r r i e r s  w ith in  

1 n se c . The l a s e r  w id th  was 1.35 mm w h ile , th e  p ho to lum inescnce  

w id th  was -  2 .19  mm (s e e  F ig .(3 .5 .1 4)) a t  th e  sa m p le . The e s tim a te  

o f  th e  t r a n s v e r s e  v e lo c i ty  assum ing t h a t  th e  lum in escen ce  i s  c o l­

l e c t e d  d u rin g  1 n se c , i s  4x107 cm /sec  ( v e lo c i ty  needed f o r  p lasm a 

to  expand th ro u g h  0 .42 mm in  1 n se c ) . The t r a n s v e r s e  d if fu s io n  

does n o t c o n tr ib u te  to  th e  d r a s t i c  r e d u c t io n  o f  c a r r i e r  d e n s ity  

w ith in  t h e  th e r m a l iz a t io n  tim e ( -  30 p s e c ) . This i s  due to  th e  

f a c t  t h a t  th e  l a s e r  beam p r o f i l e  a t  th e  sam ple  i s  fo c u sse d  down 

to  1.35 mm d ia m e te r  (2350 p) a s  com pared to  th e  a b s o rp t io n  d ep th  

f o r  one pho ton  a b s o rp tio n  (2.34 eV) o f  0.5 p. However, i t  can 

e a s i l y  be se e n  t h a t  in  o u r ex p e rim e n ts  w ith  th e  lo w er l im i t  on th e  

v e lo c i t i e s  o f 4x107c m /se c , th e  c a r r i e r s  i n i t i a l l y  g e n e ra te d  w ith in

0 .5  p w i l l  d i f f u s e  to  12p w ith in  30 p sec  (d e la y  t im e ) . This 

re d u c e s  th e  d e n s ity  by a  f a c t o r  o f  25. I f  th e  s a tu r a t i o n  o f 

s t a t e s  i s  th e  re a s o n  f o r  th e  o b se rv e d  b ro a d e r  lu m in escen ce  p r o f i l e  

in s te a d  o f  f a s t  d i f fu s io n  ( th e  wings o f  t h e  l a s e r  p r o f i l e  has
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enough power to  g e n e ra te  th e  same c a r r i e r  d e n s ity  as  a t  th e  

c e n te r )  i . e .  0.85 mm o v e r th e  l a s e r  p r o f i le  f o r  1 /3 3 ip e x c i ta t io n ,  

th e n  th e  lu m inescence  s p a t i a l  p r o f i le  would be 27 mm over th e  

l a s e r  p r o f i l e  f o r  I p e x c i ta t io n .  This i s  c o n tr a ry  to  th e  observed  

in c re a s e  o f  1.79 mm ( F ig .(3 .5 .1 4 )).

3 .8  CONCLUSION

Rapid d if fu s io n  o f  h igh d e n s ity  non e q u ilib r iu m  p h o to g en e ra te d  

c a r r i e r  w ith  d i f fu s io n  c o n s ta n t  l a r g e ly  exceed ing  th e  ty p ic a l  equi­

lib r iu m  v a lu e s  can acco u n t f o r  m oderate in te n s i t y  dependenence o f  

th e  Auger reco m b in a tio n  o f f r e e  c a r r ie r s  and o f  th e  c a r r i e r  Ferm i 

l e v e l  in  th e  tim e  in te g r a te d  s p e c t r a  a t  room te m p e ra tu re . Such a 

r a p id  d if fu s io n  can  a ls o  a c c o u n t fo r  e x c ito n  fo rm a tio n  a t  h igh 

e x c i ta t io n  i n t e n s i t i e s  and th e  in c re a se d  p h o to lu m in escen ce  s p a t i a l  

p r o f i l e  over t h a t  o f  th e  l a s e r  p r o f i le .  We c o n c lu d e  t h a t  th e  max­

imum c a r r i e r  d e n s ity  a t t a in a b l e  by one pho ton  e x c i ta t io n  a t  room 

te m p e ra tu re  i s  _ 1x10l9/c m 3 a f t e r  30 p se c . This l im i t  i s  f u r th e r  

re d u c e d  to  5x10l7 /c m 3 a t  low te m p e ra tu re  and i s  due t o  th e  f a s t  

d i f f u s io n  o f  c a r r i e r s  and n o t due to  th e  s a tu r a t i o n  o f  a b so rb in g  

s t a t e s .  Comparing th e  tim e  re s o lv e d  decay c u rv e s  f o r  CdSe(1) and 

CdSe(3)» which shows ab sen ce  o f  Auger rec o m b in a tio n  in  th e  p rev io u s  

c a s e , makes us b e lie v e  t h a t  th e  d if fu s io n  v e lo c i t i e s  a lo n g  th e  c -  

a x is  a r e  g r e a te r  th a n  a lo n g  th e  p e rp e n d ic u la r  d i r e c t io n  by a  

f a c t o r  o f  2. This r e s u l t s  in  r a p id  d if fu s io n  w ith in  30 p se c  red u c ­
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in g  th e  i n i t i a l  c a r r i e r  d e n s ity  in  CdSe(1) more th a n  in  CdSe(3) w ith  

i t s  c -a x is  p a r a l l e l  to  th e  p la n e .

The p o s s ib i l i ty  o f  r e r a d ia t io n  and r e a b s o rp tio n  i s  r u le d  o u t 

s in c e  such  a  p ro c e ss  w i l l  s h i f t  th e  lu m inescence  to  t h e  r e d  (h igh  

energy  t a i l  w i l l  be ab so rb ed  m ore). The te m p e ra tu re  c o o lin g  r a t e  

o b ta in e d  from  th e  tim e  r e s o lv e d , h o t and band edge lu m in escen ce , 

would be f a s t e r  y ie ld in g  much lo w er te m p e ra tu re s  a f t e r  "  30 p sec  

f o r  h igh  pump in t e n s i t i e s .  This i s  c o n tr a ry  to  th e  o b s e rv a t io n . 

Such a  mechanism is  more im p o r ta n t  f o r  u l t r a t h i n  sam p le s  as  com­

p ared  to  b u lk . A lso th e  lum in escen ce  from  th e  sam p les  was c o l ­

l e c te d  in  a  f r o n t a l  geom etry  red u c in g  th e  s e l f  a b s o rp t io n . In  

a d d it io n , t h i s  p ro c e ss  w i l l  make l i f e t im e s  lo n g e r  w ith  in c re a s in g  

pump in te n s i t y  in  c o n t r a s t  to  o b s e rv a tio n .

W ithin th e  t h e o r e t i c a l  fram e  work o f  sc re e n in g  o f  th e  e l e c -  

tro n -p h o n o n  in te r a c t io n ,  we co n c lu d e  from  our e x p e rim e n ts  t h a t  th e  

non p o la r  o p t ic a l  phonon em ission  due to  th e  o p t ic a l  d e fo rm a tio n  

p o te n t i a l  i s  th e  dom inant en erg y  r e la x a t io n  m echanism . The ra p id  

d i f fu s io n  o f  c a r r i e r s  due to  th e  sc re e n in g  o f  e le c t r o n  phonon in ­

t e r a c t io n  i s  an im p o rta n t phenomenon in  l im it in g  th e  p h o to g e n e r­

a te d  c a r r i e r s  and sh o u ld  be ta k e n  in to  acco u n t in  r e f in in g  th e  

e x is t in g  t r e a t i s e  o f  h igh  d e n s ity  energy  and sp in  r e l a x a t i o n 35.
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3 . 1 0  FIGURE CAPTIONS:

3 .2 .1 . The p a ra b o l ic  band s t r u c tu r e  a round  k»0 i s  shown w ith  in ­
i t i a l  en e rg y  e j ( t= 0 ) . The phonon $ v e c to r s  in v o lv ed  in  one 
LO phonon em ission  a r e  shown a s  $min  3max* -

3 .2 .2 . Phonon em ission  f re q u e n c ie s  f o r  p o la r  and non p o la r  i n te r a c ­
t io n s  and qmin  and qmax a re  P lo t t e d  a s  a fu n c t io n  o f  c a r r i e r  
d e n s ity . Nc 's  a r e  th e  c r i t i c a l  d e n s i t ie s  f o r  p o la r  and non 
p o la r  phonon s c a t t e r in g .

3 .2 .3 . D iffu s io n  c o n s ta n t  o b ta in e d  by c o n s id e r in g  sc re e n e d  im p u rity  
and non p o la r  phonon s c a t t e r in g  o f  c a r r i e r s  a r e  p lo t t e d  as  a  
fu n c t io n  o f  c a r r i e r  d e n s ity . Nm and Nc a re  th e  c r i t i c a l  den­
s i t i e s  f o r  s c re e n e d  im p u rity  and non p o la r  o p t ic a l  phonon 
s c a t t e r in g .  The c a r r i e r  te m p e ra tu re  and u n sc re e n e d  v a lu e s  
o f  c o l l i s i o n  tim e s  a r e  given in  th e  f ig u r e .  The •  and A r e p ­
r e s e n t  e x p e im en ta l v a lu e s  f o r  C = 1 x10-29cm-6 s e c _1 and 1 
x10-28cm~6s e c - 1 , r e s p e c t iv e ly .  □ r e p r e s e n t s  d i f fu s io n  con­
s t a n t  o b ta in e d  from  e x c ito n  fo rm a tio n  d a ta .

3 .5 .1 . The tim e  re so lv e d , band edge p h o to lu m in escen ce  a t  710 nm 
from  CdSe(1) f o r  v a r io u s  e x c i ta t io n  f lu e n c e s  a r e  shown. The 
decay  tim e  f o r  a l l  th e  cu rv es  i s  230 p se c . The r i s e  tim es  
f o r  v a r io u s  c u rv e s  cire, (b) 20 p se c ; (c) 17 p sec ; (d) 16 p sec ; 
and (e) 13 p se c , r e s p e c t iv e ly .  The c u rv e  (a) co rre sp o n d s  to  
th e  l a s e r  p u lse  s c a t t e r e d  from  th e  sam ple  to  p rov ide  tim e  
z e ro  f o r  a c c u ra te  d e te rm in a tio n  o f  d e la y  tim es (se e  
E q .(3 .5 .1 ) f o r  f i t s ) .

3 .5 .2 . The tim e  re s o lv e d  band edge lu m in escen ce  a t  710 nm from  
CdSe(3) f o r  v a rio u s  e x c i ta t io n  f lu e n c e s  a r e  shown. The r i s e  
tim e s  f o r  v a rio u s  c u rv e s , a r e  a s  f o l lo w s :  (b ) l8  p sec ; (c) 19 
p sec ; (d) 17 p se c ; and (e) 15 p se c , r e s p e c t iv e ly .  The c u rv e  
(a) r e p r e s e n t s  th e  l a s e r  p u ls e  s c a t t e r e d  from  th e  sam ple  to  
p ro v id e  z e ro  tim e  f o r  a c c u ra te  d e te rm in a tio n  o f  d e la y s . The 
decay  tim e s  w ere u sed  on ly  f o r  conven ience  to  o b ta in  th e  
r i s e  tim e s  and have no p h y s ic a l  s ig n if ic a n c e  (se e  E q .(3 .5 .1 ) 
f o r  f i t s ) .

3 .5 .3 . The c u rv e s  (a) and (b) r e p r e s e n t  h o t (660 nm) and band edge 
(710 nm) lu m in escen ce  from  CdSe(1) a t  pho ton  f lu e n c e  Ip . 
The te m p e ra tu re  decay  p r o f i l e  i s  c a lc u la te d  u s in g  E q .(3 .5 .3 ).

3 .5 .4 . The c u rv e s  (a) and (b) r e p r e s e n t  h o t (660 nm) and band edge 
(710 nm) lu m in escen ce  from  CdSe(1) a t  pho ton  f lu e n c e  1 /33  
Ip . The te m p e ra tu re  decay p r o f i l e  i s  c a lc u la te d  u sin g  
E q .(3 .5 .3 ).

3 .5 .5 . The c u rv e s  (a) and (b) r e p r e s e n t  h o t (660 nm) and band edge
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(710) lum in escen ce  from  CdSe(3) a t  photon  f lu e n c e  Ip . The 
te m p e ra tu re  decay  p r o f i l e  i s  o b ta in e d  from  E q .(3 .5 .3 ).

3 .5 .6 . The c u rv e s  (a) and (b) co rre sp o n d  to  h o t (660 nm) and band 
edge (710 nm) lum in escen ce  from  CdSe(3) a t  a  pho ton  f lu e n c e  
1 /4  Ip . The te m p e ra tu re  decay  p r o f i l e  i s  o b ta in e d  from 
Eq.(3 .5 .3 )  i s  shown in  th e  f ig u r e .

3 .5 .7 . The c u rv e s  (a) and (b) co rre sp o n d  to  h o t (660 nm) and band 
edge (710 nm) lu m inescence  from  CdSe(3) a t  a  pho ton  f lu e n c e  
1 /8  Ip . The te m p e ra tu re  decay  p r o f i l e  i s  o b ta in e d  from 
E q .(3 .5 .3 ).

3 .5 .8 . The c u rv e s  (a) and (b) r e p r e s e n t  h o t (660 nm) and band edge 
(710 nm) lum in escen ce  from  CdSe(3) a t  a  pho ton  f lu e n c e  1/33 
Ip . The te m p e ra tu re  decay p r o f i l e  i s  o b ta in e d  from 
E q .(3 .5 .3 ).

3 .5 .9 . The tim e  in te g r a te d  p h o to lum inescence  s p e c t r a  o b ta in e d  fo r  
v a rio u s  e x c i ta t io n  f lu e n c e s  ( a t  530 nm) in  CdSe(1) a re  shown. 
The e x c i ta t io n  f lu e n c e ,  c a r r i e r  te m p e ra tu re  Te and c a r r i e r  
d e n s ity  N a re  in d ic a te d  in  th e  f ig u r e s  and w ere o b ta in e d  by 
cu rve  f i t t i n g  (E q .(3 .2 .22 ) f o r  th e  p a ra m e te rs  l i s t e d  in  th e  
t e x t .

3 .5 .1 0.The tim e  in te g r a te d  p h o to lum inescence  s p e c t r a  o b ta in e d  fo r  
v a rio u s  e x c i ta t io n  f lu e n c e s  ( a t  530 nm) in  CdSe(3) a re  shown. 
The e x c i ta t io n  f lu e n c e ,  c a r r i e r  te m p e ra tu re  Te and c a r r i e r  
d e n s ity  N a r e  in d ic a te d  in  th e  f ig u r e s .  The co n tin u o u s l in e s  
a re  t h e o r e t i c a l  f i t s  (E q .(3 .2 .2 2 )).

3 .5 .11 .The tim e  re s o lv e d  p h o to lu m in escen ce  a t  710 nm o b ta in e d  from  
CdSe(3) a t  v a rio u s  pho ton  f lu e n c e s  a r e  shown. The co n tin u ­
ous l in e s  a r e  d o u b le  e x p o n e n tia l f i t s  (E q .(3 .7 .1 ))  w ith  tim e 
c o n s ta n ts  35 p se c  and 230 p se c . The r a t i o s  A1/A2 f o r  th e  
c u rv es  (a ) , (b ), (c ) , and (d) a re  a s  shown in  th e  f ig u r e .

3 .5 .1 2.The e x p e r im e n ta l  d a ta  o b ta in e d  under s im i la r  e x p e rim e n ta l 
c o n d it io n s  as  t h a t  o f  f ig u re  (3 .5 .11 ) b u t w ith  a  maximum 
e x c i ta t io n  f lu e n c e  o f  4 lp . The c o n tin u o u s  l in e s  a r e  f i t s  to  
E q .(3 .2 .12 ) w ith  reco m b in a tio n  r a t e s  shown in  th e  f ig u r e  
u s in g  C=*1x10-29cm -6s e c - 1.

3 .5 .1 3JCurve (a) r e p r e s e n t s  f r e e  e -h  p lasm a lu m in escen ce  a t  12 K 
from  CdSe(3) o b ta in e d  w ith  530 nm e x c i t a t io n .  Curve (b) c o r­
re sp o n d s  to  e x c ito n  lu m inescence  o b ta in e d  w ith  2 photon  
e x c i t a t io n  a t t e n u a te d  by 10% o f th e  maximum used  in  cu rv e
(c). The e x c ito n  lu m inescence  peak i s  (shown in  cu rve  (c)) 
d e la y e d  by 185 p se c .
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3 .5 .1 4jCurve (a) shows th e  l a s e r  s p a t i a l  p r o f i l e  o f  530 nm e x c i t a ­
t io n .  Curves (b) and (c) a r e  th e  s p a t i a l  p r o f i l e s  o f  710 nm 
lu m inescence  o b ta in e d  over a  p e rio d  o f  1 n se c  a f t e r  th e  
p u lse  e x c i ta t io n .  The FWHM o f  th e  p r o f i l e s  a r e  shown in  th e  
f ig u r e .
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3 - 1 1  TABLE CAPTIONS

3 .5 .1 . The d e la y s  be tw een  th e  lum in escen ce  maximum and th e  e x c i ta ­
t io n  p u ls e  a t  th e  sa m p le s  a r e  shown f o r  CdSe(1) and CdSe(3) 
f o r  v a r io u s  e x c i ta t io n  f lu e n c e s .  T hese d e la y s  a r e  c o r r e c te d  
f o r  th e  o p t i c a l  d e la y s  in tro d u c e d  by e x c i t a t io n  and lum ines­
cen ce  p a th  f i l t e r s .

3 .5 .2 . The c a r r i e r  te m p e ra tu re s  and c a r r i e r  d e n s i t ie s  o b ta in e d  from  
t h e o r e t i c a l  f i t t i n g s  to  th e  e x p e r im e n ta l ly  o b se rv e d  s p e c t r a  
a r e  shown f o r  CdSe(1) a t  v a rio u s  e x c i t a t io n  f lu e n c e s .

3 .5 .3 . The c a r r i e r  te m p e ra tu re s  and c a r r i e r  d e n s i t ie s  o b ta in e d  from  
t h e o r e t i c a l  f i t t i n g s  to  th e  e x p e r im e n ta l ly  o b se rv ed  s p e c t r a  
a r e  shown f o r  CdSe(3) a t  v a rio u s  e x c i t a t io n  f lu e n c e s .

3.5.M. The Auger re c o m b in a tio n  r a t e s  and c a r r i e r  d e n s i t ie s  a re  
o b ta in e d  from  f i t t i n g s  to  th e  tim e  r e s o lv e d  lu m inescence  
(E q .(3 .2 .1 2 )) a t  v a rio u s  e x c i ta t io n  f lu e n c e s .
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CdSe(l) CdSe(3)
Exc INTEN. DELAY(psec) Exc INTEN. DELAYtpsed

I f 46 V 50
'/4lF 34 «/4lF 32
' /B I f 38 !/8 IF 35

'/33If 27 !/33lF 35

TABLE 3 . 5 . 1
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CdSe (I)

Exc. INTENSITY 
Photons/cm2

CARRIER DENS. 
N (cm-3)

CARRIER TEMP. 
Te (K)

I f 6.0 X I018 600

Vs I F
187.2X 10 550

• /3 3 IF 4.6XI018 400

TABLE 3 .5 .2
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CdSe(3)

Exc. INTENSITY 
Photons/cm2

CARRIER DENS. 
N(cnT3 )

CARRIER TEMP. 
Te (K)

I f 8.6x I018 800

1/4I F 7.5X I018 600

1/8 Ip 4.6XI018 550

TABLE 3 .5 .3
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CdSe (3)

Exc. INTENSITY 
Photons/cm

Auger Rate 
sec-1

CARRIER DENS. 
N cm-3

I f 4.5 X I09 2X10®

*/41F 2.5 X |0 9 I.6XI019

!/ 8 I f 2.5X I09 I.5XI019

’/3 3 1 p 1.5 x  I09 I.2XI0*9

TABLE 3 .5 .4
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CHAPTER IV

High Density Photogenerated Free Carrier Spin Relaxation
Processes in Wurtzite Semiconductors: CdSe and Semimagnetic
Semiconductor Cd, Mn Se.1 -x x

4.1 INTRODUCTION
An e f f i c i e n t  s o u rc e 1’2’ 3 o f  sp in  p o la r iz e d  e le c t r o n s  i s  o f 

te c h n o lo g ic a l  i n t e r e s t  f o r  high energy  s c a t t e r in g ,  low energy  

e le c t r o n  d i f f r a c t i o n ,  and a tom ic  s c a t t e r in g .  The g e n e ra tio n  o f 

s p in -o r ie n te d  c a r r i e r s  in  th e  conduction  band by " p o la r iz e d  o p t ic a l  

pumping" from  heavy h o le  and l i g h t  h o le  v a le n c e  bands has been 

known1*’ 5 f o r  o v er tw o d ecad es . M easurem ents o f  th e  sp in  r e l a x a ­

t io n  r a t e s  in  se m ic o n d u c to rs  a re  im p o rta n t f o r  u n d e rs ta n d in g  th e  

b a s ic  p h y s ic s  behind c a r r i e r  sp in  in te r a c t io n  and s c a t t e r in g  

m echanism s. The d ip o le  a llo w e d  o p t ic a l  s e le c t io n  r u l e s  govern  th e  

maximum d e g re e  o f  sp in  p o la r iz a t io n  o f  c a r r i e r s  in  se m ic o n d u c to rs . 

In  z in c -b le n d e  s t r u c t u r e s  th e  o p t ic a l  t r a n s i t i o n  from  th e  v a le n c e  

bands Tg to  th e  co n d u c tio n  band Tg, shows t h a t  t h e r e  a re  th r e e  

tim es  as  many e le c t r o n s  e x c ite d  to  a  s t a t e  w ith  sp in  a n t i p a r a l l e l  

to  th e  e x c i ta t io n  pho ton  a n g u la r  momentum a s  com pared w ith  th e  

s p in  p a r a l l e l  to  i t 6. A s im i la r  s i tu a t io n  a r i s e s  f o r  th e  semimag­

n e t i c  sem ico n d u cto r Cd.j_xMnxSe ( 0 S x < 0 .5 ) hav ing  a  w u r tz i te  

l a t t i c e ,  even  though  th e  conduc tion  band and v a le n c e  bands a re  o f
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r 7 and Tg, Tj  g roup  sym m etry7’ 8, r e s p e c t iv e ly .  The s te a d y  s t a t e  

s p in  p o la r i z a t io n  o f  th e  co n d u c tio n  e le c t r o n s  dependa n o t  o n ly  on 

th e  s e le c t i o n  r u l e s  (o r  th e  sym m etry  o f  th e  c r y s t a l  s t r u c t u r e  ) 

b u t  a l s o  on th e  r e l a x a t io n  m echanism s6’ 9’ 10*11’ 12’ 13. V arious la b o ­

r a t o r i e s  have in v e s t ig a te d 13’ 11” 15’ 16 th e  m echanism s o f  sp in  r e l a x ­

a t io n .  M ost o f  th e  work p e rfo rm ed  in  t h i s  f i e l d  h as  been  co n fin ed  

to  th e  s tu d y  o f GaAs w ith  cub ic  sym m etry , and th e  e x p e rim e n ta l 

te c h n iq u e s  to  o b ta in  in fo rm a tio n  on s p in  r e l a x a t io n  r a t e s  a r e  in d i­

r e c t  such  as th e  H anle e f f e c t 11” 17, e l e c t r o n  sp in  re s o n a n c e 18, and 

s p in  f l i p  Raman s c a t t e r i n g 19’ 20. U sing a  s t r e a k  cam era , we have 

p re v io u s ly  made th e  f i r s t  r e a l  tim e  m easu rem en ts15,21 o f  th e  sp in  

r e l a x a t io n  r a t e s  o f  h igh  d e n s ity  p h o to g e n e ra te d  c a r r i e r s  in  GaAs. 

T o d a te , no r e a l  tim e  s p in  p o la r i z a t io n  k in e t ic s  have been s tu d ie d  

in  sem im agnetic  se m ic o n d u c to rs .

Over th e  p a s t  th r e e  y e a rs ,  sem im agnetic  se m ic o n d u c to rs  have 

a t t r a c t e d  a  l o t  o f  a t t e n t i o n  b e c au se  o f  t h e i r  f a s c in a t in g  and 

u s e f u l 22 e le c t r o n i c ,  m ag n e tic  and o p t ic a l  p r o p e r t ie s  i . e .  l a r g e  

m a g n e to -o p tic  e f f e c t ,  l a r g e  sp in  f l i p  Raman s h i f t s  e t c .  These 

e f f e c t s  a r e  due to  th e  s t r o n g  exchange in te r a c t io n  o f  c a r r i e r s  

w ith  th e  lo c a l iz e d  Mn2+ io n s .

In  t h i s  a r t i c l e ,  we c o n tin u e  ou r p rev io u s  r e s e a r c h 15*21 on 

sp in  r e l a x a t io n  m echanism s and d i r e c t  o u r in v e s tg a t io n  to  th e  

t r a n s i e n t  s p in  e f f e c t s  in  th e  II-V I w u r tz i te  CdSe and th e  semimag­

n e t i c  se m ic o n d u c to r: Cd.j_xMnxSe ^o r  x = 0*05 and 0 .1 . These sam -
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p ie s  w ere chosen  f o r  s p in  r e l a x a t io n  e x p e rim e n ts  to  in v e s t ig a te  

th e  sp in  exchange m echanism 22. The e x p e rim e n ta l d a ta  i s  i n t e r ­

p re te d  in  te rm s  o f  tw o  s p in  r e l a x a t io n  m echanism s p roposed  by 

D 'yakonov and P e r e l 19. The f i r s t  mechanism o f  sp in  r e l a x a t io n  r e l ­

a t e s  th e  r e l a x a t io n  r a t e  to  th e  n o n c e n tro sy m m etric  n a tu r e  o f  th e  

h o s t  c r y s t a l  (CdSe), w h ile  th e  second  mechanism a d d re s s e s  th e  

e f f e c t  o f  th e  exchange in te r a c t io n  betw een c a r r i e r  sp in s  and 

lo c a l iz e d  m ag n e tic  s p in s .  O ther m echanism s, p a r t i c u l a r l y  th e  one 

p roposed  by E l l i o t  and Y a f e t10’ 11 a r e  d isc a rd e d  b ecau se  o f  th e  te n  

f o ld  s lo w e r  k in e t ic s .

4.2 BACKGROUND
The h o s t  c r y s t a l  CdSe i s  a II-V I sem ico n d u cto r w ith  w u r tz i te  

c r y s t a l  s t r u c t u r e 7’ 8. The v a le n c e  bands c o n s is t  o f  th e  A, B and C 

bands hav ing  r^ , and  sym m etry a t  k=0, r e s p e c t iv e ly .  The 

a n is o t ro p ic  c r y s t a l  f i e l d  in  h exagonal c r y s t a l s  l e a d s  t o  l i f t i n g  o f  

th e  d e g e n era cy  a t  k=0 and to  th e  s p l i t t i n g  o f  th e  upper v a le n c e  

bands Tg in to  subbands and r^ g . This i s  in  c o n t r a s t  to  th e

cub ic  c r y s t a l s  such  a s  GaAs. The c o n d u c tio n  band h as  sym m etry  

hav ing  a  d i r e c t  band gap above r ^ A o f  1.84 eV a t  4 °K. The en erg y  

s p l i t t i n g  r 9A- r 7B, c o rre sp o n d in g  t o  th e  c r y s t a l  f i e l d ,  i s  26 .3  meV

and t h a t  o f  th e  s p l i t - o f f  en e rg y  r ^ g - r , ^ ,  c o rre sp o n d in g  to  th e

sp in  o r b i t  i n t e r a c t io n  i s  406 meV7’ 8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  121 -

For s in g le  pho ton  a b s o rp tio n , th e  s e l e c t i o n  r u l e s  a r e  a s  f o l ­

lo w s: th e  t r a n s i t i o n  from  th e  r v a l e n c e  band to  th e  r^. conduc­

t io n  band i s  a llo w e d  f o r  l i g h t  p o la r iz e d  E l.C  ( c - a x is  o f sym m etry), 

and t r a n s i t i o n s  from  th e  v a len ce  bands r „ D, to  th e  r „  conduc-
I D ( 0  (

t io n  band a r e  a llo w e d  f o r  l ig h t  p o la r iz e d  E X C  and E ||C . For th e  

a b s o rp t io n  w ith  c i r c u l a r l y  p o la r iz e d  l i g h t  p ro p a g a tin g  a lo n g  th e  c -  

a x is ,  th e  s e le c t i o n  r u l e s  y ie ld  th e  sam e s p in  p o la r iz e d  c a r r i e r  

p o p u la tio n  r a t i o  in  th e  conduction  band as  f o r  cub ic  c r y s t a l s 7’ e. 

Cd.j_xMnxSe, w ith in  th e  ran g e  o f M anganese a to m ic  c o n c e n tra t io n  0 £ 

x £ 0 .4 5 , has  th e  w u r tz i t e  c r y s t a l  s t r u c t u r e .  The s e le c t io n  r u l e s  

a r e  i d e n t i c a l  to  th o s e  in  th e  h o s t  CdSe l a t t i c e .

The sp in  p o la r i z a t io n  f a c t o r  p (t)  i s  d e fin e d  by,

N+(t)+N+(t) ’

w here N +(t) and N+(t) a r e  th e  sp in  d e n s i t ie s  o f  e le c t r o n s  a t  tim e  t

w ith  s p in  1 /2  and - 1 /2 ,  r e s p e c t iv e ly .  The r a t e  e q u a tio n s  f o r  th e

p o la r iz e d  c a r r i e r s  in  te rm s  o f th e  t o t a l  rec o m b in a tio n  l i f e t i m e  t

and s p in  r e l a x a t io n  tim e  T a f t e r  a  6 p u ls e  e x c i ta t io n  a r e  g iven
s

by,

dNt N+ N* N+ ( h 0
d t  t “ Ts  Ts  ’ <4*2*2'

and
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The s o lu t io n  o f th e s e  e q u a tio n s  g iv es  th e  tim e  dependen t p o la r iz a ­

t io n  f a c t o r ,

p ( t)  = p ( 0 ) e - t / ( T s /2 ) f (4 .2 .4 )

w here p(0) i s  th e  s e le c t io n  r u l e  a llo w e d  p o la r iz a t io n  f a c t o r .  For 

one photon a b s o rp t io n 6 p(0) tu rn s  o u t to  be 50 %,  w h ile  f o r  two 

photon  a b s o rp t io n 22 p(0) i s  100 %.  Of c o u rs e , th e s e  v a lu e s  a re  

red u ced  from  th e  maximum v a lu e s  because  o f band m ixing. These 

e f f e c t s  w i l l  be d isc u sse d  l a t e r  in  th e  th e o ry  s e c t io n .  I f  we 

assum e t h a t  th e  h o le s  d e p o la r iz e  v e ry  f a s t 23 ( _ 10 13 s e c ) ,  th e  

lu m inescence  p o la r i z a t io n  f a c to r  which i s  g iven  by,

L ( t>-

i s  e q u a l to  p ( t ) .  o ( t )  and o ( t )  a r e  lu m in escen ce  i n t e n s i t i e s  f o r  

r ig h t  and l e f t  c i r c u la r  p o la r iz a t io n  a t  tim e  t .

The rec o m b in a tio n  l i f e t im e  i s  o b ta in e d  by add ing  e q u a tio n s

(4 .2 .2 )  and (4 .2 .3 )  a s  fo l lo w s ,

S - 5r ♦ 3: • «•«>
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Hence,

N(t) = N (0 )e"7  » (4 .2 .7 )

w here N(0) i s  th e  c a r r i e r  d e n s ity  a t  t= 0 .

4.3 SAMPLES
The sam p les o f  CdSe ( h igh  r e s i s t i v i t y  and low r e s i s t i v i t y  ) 

w ere a c q u ire d  from  C le v e la n d  C r y s ta ls ,  In c . A ll th e  sam p les  used  

in  t h i s  experim en t have th e  c -a x is  p e rp e n d ic u la r  to  th e  f l a t  fa c e  

(± 2 °).

The sam p les o f  Cd^_xMnxSe used  w ere grown a t  Purdue U niver­

s i t y  by th e  Bridgeman m ethod. Both th e  sam p les  (x=0.05 and 0 .1) 

a r e  background doped w ith  In  ( _10l6 /c m 3) .  The sam p le  geom etry  i s  

s im i la r  t o  th e  CdSe c r y s t a l s  and was d e sc r ib e d  e a r l i e r .  The p ro ­

p a g a tio n  v e c to r  K o f th e  e x c i ta t io n  photon  i s  o r ie n te d  p a r a l l e l  to  

th e  c - a x is .

4.4 EXPERIMENTAL METHOD
Sam ples w ere m ounted on a  c o ld  f in g e r  in  a  l iq u id  He dew ar 

w ith  o p t ic a l  windows. The te m p e ra tu re  was m o n ito red  u sin g  a  Si 

d iode . P h o to e x c ite d  c a r r i e r s  w ere produced  u s in g  a  N d :g lass  l a s e r  

mode lo ck ed  by Kodak A9860 dye d is s o lv e d  in  d ic h lo ro e th a n e . 

S in g le  p u ls e  (6 p se c  ) tw o photon  e x c i ta t io n  ( A =1060 nm) was
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ach ieved  u s in g  a  s p a rk  gap and a  P o ck e l c e l l  f o r  p u ls e  s e le c t i o n  

from  th e  mode lo ck e d  t r a i n .  The d e t a i l s  o f th e  tim e  - re s o lv e d  s p in  

p o la r iz e d  p h o to lu m in escen ce  s e tu p  and p icosecond  l a s e r  sy stem  have 

been d e s c r ib e d  e ls e w h e re 21’2**. The s in g le  pho ton  e x c i ta t io n  ( A* 

530 nm) was c a r r ie d  o u t u sin g  seco n d  harm onic g e n e ra tio n  in  KDP. 

S to k e s - s h i f te d  s t im u la te d  Raman p h o to n 25 e x c i ta t io n  a t  623 nm was 

ach iev ed  u s in g  a  fre q u e n c y -d o u b le d  p u ls e  ( 530 nm) p a ss in g  th ro u g h  

e th a n o l .

The l i n e a r l y  p o la r iz e d  o u tp u t o f  th e  l a s e r  sy stem  was c i r c u ­

l a r l y  p o la r iz e d  ( l e f t  o r  r ig h t )  b e fo re  e x c i ta t io n  and th e  c i r c u ­

l a r l y  p o la r iz e d  ( l e f t  and r ig h t )  lu m in escen ce  from  th e  sam p le  was 

a n a ly se d  losing a  b road  band q u a rte rw a v e  p l a t e .  A W o llas to n  p rism  

was p la c e d  in  f r o n t  o f  th e  e n tra n c e  s l i t  o f  a  s t r e a k  cam era to  

s p a t i a l l y  r e s o lv e  th e  l e f t  and r i g h t  c i r c u l a r  p o la r iz a t io n  o f th e  

lu m in esc e n c e . A weak l a s e r  p re p u ls e  ( 530 nm ) was d i r e c te d  in to  

th e  e n tr a n c e  s l i t  o f  th e  s t r e a k  cam era  p r io r  to  th e  a r r i v a l  o f  

lu m in escen ce . This p re p u ls e  (s e e  F ig s .4 .5 .1 , 4 .5 .2 , 4 .5 .3 , 4 .5 .4 , 

4 .5 .5 , and 4 .5 .6 )  was u sed  a s  a  m arker f o r  o v e r la p p in g  v a r io u s  d a ta  

f i l e s  f o r  a v e ra g in g , add ing , and s u b t r a c t in g .  Thus, s in g le  s h o t  

k in e t ic s  f o r  l e f t  and r i g h t  c i r c u l a r  p o la r i z a t io n  o f  th e  lu m in es­

cence  was in v e s t ig a te d  s im u lta n e o u s ly . The e le c t r o n i c  windows s e t  

on a  v ideo  cam era  c o n t r o l le d  by a  m ic ro p ro c e sso r  e n a b le d  us t o  

re c o rd  and s t o r e  th e  d a ta 26 in  a  m inicom puter (appendix  B1). The 

in te n s i t y  and tim e  a x is  o f  th e  m easu red  te m p o ra l  c u rv e s  d isp la y e d
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in  F ig s . (11.5.1), (4 .5 .2 ) , (4 .5 .3 ) ,  (4 .5 .4 ) ,  (4 .5 .5 )  and (4 .5 .6 ) a r e  

c o r r e c te d  f o r  th e  s t r e a k  r a t e  n o n l in e a r i ty  o f  t h e  s t r e a k  cam era . 

The te m p o ra l  r e s o lu t io n  - l a s e r  p u ls e  FWHM o f  th e  s t r e a k  cam era 

i s  13 p se c . This c o rre sp o n d s  to  t o t a l  e x p e rim e n ta l tim e  r e s o lu ­

t io n . The lu m in escen ce  band w ere s e le c te d  u sin g  d i e l e c t r i c  f i l t e r s  

in  f r o n t  o f  th e  s t r e a k  cam era .

In  o rd e r  to  m easure  p ( t ) ,  i t  i s  n e c e s s a ry  to  c a l i b r a t e  th e  in ­

t e n s i t y  r a t i o  be tw een  th e  tw o windows. Under th e  m ost id e a l  con­

d i t io n  th e  windows a r e  p r o p e r ly  b a la n c e d  and th e  r a t i o  i s  eq u a l to  

u n i ty . In  some c a s e s  t h i s  i s  n o t  so , th e n  th e  r a t i o  was d e te rm in ed  

and u sed  a s  a  c o r r e c t io n  f a c t o r .  To o b ta in  t h i s  c o r r e c t io n  f a c to r  

we used  l i n e a r l y  p o la r iz e d  e x c i ta t io n .  The lu m in escen ce  from  a 

sam ple  in  su ch  a c a se  would be e q u a l ly  c i r c u l a r ly  p o la r iz e d  (I =

I  ), w h ile  th e  re c o rd e d  d a ta  in  th e  tw o windows w ould r e f l e c t  th eo—

im b alan ce  o f  th e  i n te n s i t y  r e s p o n s e  (appendix  B2). Using t h i s  in ­

fo rm a tio n , a l l  th e  su b seq u e n t tim e  r e s o lv e d  p h o to lu m in escen ce  d a ta  

f o r  c i r c u l a r l y  p o la r iz e d  e x c i t a t io n  was c o r r e c te d  f o r  th e  d i f f e r ­

e n t  window s e n s i t i v i t y .  U sing e q u a tio n s  (4 .2 .4 ) and (4 .2 .6 ) we 

deduced th e  v a lu e s  o f  p(0), T and , t .
3

4.5 EXPERIMENTAL RESULTS
1) CdSe

E x p erim en ts  on CdSe w ere  c a r r ie d  o u t a t  77K. F ig .(4 .5 .1 )

shows s p in  p o la r iz e d  tim e  r e s o lv e d  lu m in escen ce  f o r  one pho ton  530
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nm and o+ p o la r iz a t io n  pumping. The c u rv e s  (a) and (b) in  

F ig .(4 .5 .1 )  c o rre sp o n d  to  o+ and o - p o la r iz a t io n  o f  th e  n e a r  band 

gap (680-700  nm) lu m in escen ce . The i n s e t  d is p la y s  th e  p o la r iz a t io n  

f a c t o r  p ( t)  c a lc u la te d  from  th e  d a ta  u s in g  e q u a tio n s  (4 .2 .4 ) and 

(4 .2 .5 )  on an  expanded tim e s c a l e .  The s o l id  l i n e  i s  an exponen­

t i a l  f i t  t o  th e  d a ta  w ith  p(0)=36±5 % and T =28±4 p sec .
3

Fig. (4 .5 .2 )  d is p la y s  sp in  p o la r iz e d  lu m in escen ce  under s im ila r  

e x p e r im e n ta l  c o n d itio n s  f o r  lu m in escen ce  band 620-660 nm (h o t lum­

in e s c e n c e ) . The p o la r iz a t io n  f a c to r  i s  p(0)=44±5 % and th e  sp in  

r e l a x a t io n  tim e  i s  ? s =24 ±5 p s e c . F ig .(4 .5 .3 )  d e s c r ib e s  band edge 

sp in  p o la r iz e d  lum in escen ce  f o r  623 nm e x c i t a t io n  w av e len g th . The

c o rre sp o n d in g  v a lu e s  o f  p(0) and T a re  48 ± 4 % and 30 ± 4 p se c ,
3

r e s p e c t iv e ly .

2) C d, Mn Se1 - x  x

E xperim en ts  on Cd.j Mn Se w ere c a r r ie d  o u t a t  30 K. The band

gap in  Cd.j_xMnxSe, a s  a  fu n c t io n  o f  x c o n c e n tra t io n , i s  g iven  by27

E = 1 .817+ 1.53x ev a t  a te m p e ra tu re  o f  30K. The band gaps f o r  
8

x=0.05 and 0.1 a r e  1.89 eV and 1.97 eV, r e s p e c t iv e ly .  Two photon 

e x c i ta t io n  (1060 nm) was used to  enhance th e  i n i t i a l  sp in  p o la r iz a ­

t io n .  The p h o to lu m in escen ce  f o r  Cd~ Mn_ ni-Se was re c o rd e d  w ith  

a  n a rro w  band f i l t e r  c e n te re d  a t  660 nm, w h ile  a  b ro ad  band f i l t e r  

( 620-660 nm) was used  f o r  CdQ gMnQ ^ e .  The tim e  r e s o lv e d  pho to ­

lu m in esc e n c e  show s com plex b eh av io r ( F ig .(4 .5 .4 )  and (4 .5 .5 ) ) . 

The second  peak i s  d e lay ed  by ab o u t 100 p se c  a f t e r  th e  f i r s t  f a s t
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decay in  th e  sam p le  w ith  x=0.05. The second  peak i s  d e la y e d  by 

_50 p sec  in  th e  c a se  o f  x=0.1. I t  i s  o b se rv ed  t h a t  th e  f i r s t  lum i­

nescence  peak ( tim e  re s o lv e d  ) i s  sp in  p o la r iz e d , w h ile  th e  second 

peak i s  u n p o la r iz e d . The second peak r i s e s  s lo w ly  and decays 

s lo w ly  in  e i t h e r  c a se . Nurmikko28 e t  a l  have observed  th e  

exchange in te r a c t io n  induced  re d  s h i f t  a s s o c ia te d  w ith  BMP form a­

t io n  in  t h e i r  tim e  r e s o lv e d  s p e c t r a .  T heir d a ta  su g g e s t BMP f o r ­

m ation tim e  o f  _ 400 p sec  in  Cdg g5MnQ Q5^e * ®u r  r e s u l t  i s  c o n s is ­

t e n t  w ith  Nurmikko e t  a l 28 ta k in g  in to  acco u n t th e  fo rm a tio n  tim e 

o f bound e x c ito n  and BMP. The second  peak i s  b e lie v e d  to  be o r ig i ­

n a te d  from  th e  bound m agnetic  p o la ro n  fo rm a tio n  ( BMP ) and d isa p ­

p e a rs  a t  h igh  te m p e ra tu re  (se e  F ig .(4 .5 .6 ) ) . A d e t a i l  s tu d y  w i l l  be

d icu sse d  in  a  f u tu r e  p u b l ic a tio n 29. The v a lu e s  o f p(0) and T fo rs

th e  sam ple  w ith  x=0.05 a r e  18 ± 4 % and 16 p se c , r e s p e c t iv e ly  

(se e  F ig .(4 .5 .4 ))  and th e  d isp la y e d  in s e t .  The c o rre sp o n d in g  v a lu e s  

f o r  th e  sam p le  w ith  x = 0.1 a r e  28 ± 5 % and 20 p se c , r e s p e c ­

t iv e ly  (s e e  F ig .(4 .5 .5 ) ) .  E le c tro n -h o le  re c o m b in a tio n  lum inescence  

l i f e t im e s  d e riv e d  from  th e  f i r s t  peak f o r  x= 0 .05  and 0.1 a re  

abou t 20 p se c  in  b o th  sam p les .

4.6 THEORY
1. Spin Polarization:

For m ost ni-V  and II-V I se m ic o n d u c to rs , th e  t r a n s i t io n s  

betw een th e  v a le n c e  bands and th e  co n d u c tio n  band a re  p r in c ip a l ly
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th e  t r a n s i t i o n s  betw een  bands o f |P> and |S> ty p e s .  Spin o r b i t  in ­

t e r a c t io n  makes | P ^ l  3 /2 , ±3/2> and |3 /2 ,± 1 /2 > , 'a n d  |S> 

|1 /2 ,± 1 /2 > . The v a lu e s  o f  <P |Pz |S> a re  p r a c t i c a l l y  th e  sam e f o r  

a l l  se m ic o n d u c to rs  and depend w eakly  on K (v a ry  by a f a c to r  o f 

tw o ov er th e  e x te n t  o f th e  B r i l lo u in  z o n e )30*31’ 32. F ig .4 .6 .1 (a )

d isp la y s  t h e  o p t ic a l  t r a n s i t i o n s  f o r  n e a r  band edge one photon 

a b s o rp t io n , and F ig .4 .6 .1 (b )  d is p la y s  tw o pho ton  t r a n s i t i o n .  The 

r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t ie s  a r e  shown in  F ig .(4 .6 .1 ) .  The 

r e l a t i v e  p r o b a b i l i ty  r a t i o 33 f o r  o+ p o la r i z a t io n  a b s o rp t io n  a t  530 

nm f o r  A, B, and C v a le n c e  bands to  th e  co n d u c tio n  band i s  = 3 :1 :2. 

Using K ane 's  model f o r  band s t r u c t u r e  in  se m ic o n d u c to rs , th e

sp in  p o la r i z a t io n  f a c to r  p (0) f o r  one pho ton  a b s o rp tio n  in  te rm s
1

o f th e  band gap and e x c i ta t io n  photon energy  i s  g iven b y 3",

( i ) ( 3 /T + y 7+4y'-1)
P i ( 0 ) =  — ---------------  , (4 .6 .1 )

3 /1  +y'+1 + 2y '2

w here p (0) d e n o te s  th e  s p in  p o la r iz a t io n  f a c t o r  a t  t= 0 , y '=E  /fiu  , 
i S i

and i s  th e  e x c i ta t io n  fre q u e n c y  (se e  append ix  A).

In  th e  c a se  o f tw o pho ton  a b s o rp t io n , th e  sp in  o r ie n ta t io n

f a c to r  p (0) (n e g le c t in g  th e  s p l i t  o f f  band c o n tr ib u tio n )  i s  g iven 
2

by3",
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Pa(0). (4 .6 .2 )

w here p (0) d e n o te s  th e  s p in  p o la r i z a t io n  f a c to r  a t  t= 0 , y = 
2

Eg /2 fiU y  and i s  th e  e x c i ta t io n  f re q u e n c y .

For one pho to n  e x c i t a t io n s  a t  530 nm and 623 nm in  th e  c a se  

o f  CdSe w ith  band gap o f  1.81 eV ( 684 nm ), th e  i n i t i a l  p o la r iz a ­

t io n  f a c t o r  i s  c a lc u la te d  t o  be 48 % and 50 %, r e s p e c t iv e ly .  T his 

i s  in  good ag reem en t w ith  e x p e rim e n t, s in c e  th e  m easu red  v a lu e s

f o r  p (0) a r e  44 % and 48 %, r e s p e c t iv e ly .  The band gap o f  
1

Cd.|_xMnxSe f o r  x = 0.05 i s  1.89 eV. The c a lc u la te d  v a lu e  o f p (0)

i s  63 %, w hich com pares p o o r ly  w ith  th e  e x p e r im e n ta l  v a lu e  o f

13±5 %.  S im i la r ly  f o r  CdQ gMnQ ^ e  w ith  a  band gap o f  1.97 ev ,

th e  c a lc u la te d  and e x p e r im e n ta l  v a lu e s  o f  p (0) a r e  64 % and 28±5
2

%, r e s p e c t iv e ly .

2. Spin Dephasing
a) D’yakonov and Perel* Spin Dephasing Mechanism :

The o b se rv e d  f a s t  sp in  r e l a x a t io n  o f  f r e e  c a r r i e r s  in  sem i­

c o n d u c to rs  w ith  th e  w u r tz i t e  s t r u c t u r e  w i l l  be d isc u s s e d  w ith in  

th e  fram ew ork  o f  th e  th e o ry  p roposed  by D 'yakonov and P e r e l '6’ 9 

and e x te n d e d  by M argu lis  e t  a l 35. This th e o ry  i s  a p p lic a b le  to  

b o th  se m ic o n d u c to rs  i . e .  CdSe and Cd1_ xMnxSe. In  o u r  p rev io u s  

w ork15 on th e  s p in  r e l a x a t io n  m echanism s o f  high d e n s i ty  p h o to g en -
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e r a te d  c a r r i e r s  in  GaAs, we had o b se rv ed  t h a t  th e  sp in  r e la x a t io n  

i s  p r im a r i ly  due to  th e  D 'yakonov and P e r e l '  m echanism .

A ccord ing  to  D’yakonov and P e r e l '6’ 9, a  sem ico n d u cto r w ith o u t 

an  in v e rs io n  c e n te r  h as  a  sp in  r e la x a t io n  mechanism whose r o le  

r a p id ly  in c r e a s e s  in  e f f e c t iv e n e s s  w ith  in c r e a s in g  e le c t r o n  e n e rg y . 

This m echanism  in v o lv e s  s p in  s p l i t t i n g  o f  t h e  co n d u c tio n  band p ro ­

p o r t io n a l  to  th e  quasim om entum . This s p l i t t i n g  i s  e q u iv a le n t to  an 

e f f e c t iv e  m agne tic  f i e l d  a c t in g  on th e  s p in s , whose d i r e c t io n  dep­

ends on th e  d i r e c t io n  o f  th e  momentum. In  a  GaAs c r y s t a l  which 

has z in c  b le n d e  c r y s t a l  sym m etry , th e  la c k  o f  in v e r s io n  sym m etry 

c o n tr ib u te s  a  k 3 te rm  to  th e  conduction  band e le c t r o n i c  H am ilto ­

n ian . In  a  s im i la r  way th e  H am ilton ian  d e s c r ib in g  f r e e  c a r r i e r s  in  

a  sem ico n d u c to r w ith  w u r tz i te  c r y s t a l  s t r u c t u r e  has th e  fo llo w in g  

fo rm 3S’ 36’ 37’ 38,

H = + Y c(oxk) , (4 .6 .3 )

w here c i s  a  u n i t  v e c to r  p a r a l l e l  to  c a x is ,  T i s  a  c o n s ta n t  des­

c r ib in g  th e  s p in  s p l i t t i n g  o f  th e  co n d u c tio n  band a t  k#0 , and

o(o ,o  ,o  ) a r e  th e  P a u l i  sp in  m a tr ic e s . The r o l e  o f  th e  second  x y z

te rm  can  be se e n  a s  th e  k dependen t e f f e c t i v e  m ag n e tic  f i e l d  in ­

t e r a c t i n g  w ith  th e  c a r r i e r  s p in s . Thus w ith  e v e ry  c o l l i s io n  th e  

e f f e c t i v e  m ag n e tic  f i e l d  changes i t s  d i r e c t io n ,  and  th e  sp in  compo­

n e n t  changes i t s  s ig n  p ro v id ed  t h a t  th e  p re c e s s io n  tim e  i s  lo n g e r
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th an  th e  c o l l i s i o n  tim e (slow  p re c e s s io n  and h igh  c o l l i s io n  r a t e ) .

Using e q u a tio n  (4 .6 .3 )  M argu lis  e t  a l  have shown t h a t ,  f o r  a 

s t r o n g ly  d e g e n e ra te  c a r r i e r  d i s t r ib u t io n  th e  sp in  r e l a x a t io n  r a t e  

i s  given by35,

i 16 Y2mP£<T>
TT '  f  ^

w here 5 i s  th e  Ferm i energy ; < t >  i s  th e  c o l l i s io n  tim e; and mg i s  

th e  e f f e c t iv e  m ass o f  th e  e le c t r o n .  F o r a  h ig h ly  d e g e n e ra te  c a r ­

r i e r  d i s t r ib u t io n  th e  Ferm i energy  i s  e x p re s se d  in  te rm s  of th e  

c a r r i e r  d e n s i ty  N a s ,

1i2((3v2.N)<4))
5 ~ --------=------------  . (4 .6 .5 )2me

For th e  e s t im a te d  c a r r i e r  d e n s ity  o f  5 x10 l8 /cm 3, 5= 72 meV. 

The v a lu e  o f  Y has been m easu red38 (2 .56  x 1 0 -31 Jo u le -m ) in  CdS 

u s in g  sp in  f l i p  Raman s c a t t e r in g .  The upper l im i t  on Y s e t  by Hop- 

f i e l d 36’ 37 in  th e  c a se  o f  CdSe i s  o f  th e  o rd e r  o f  (1 -3 )1 0 - 31J o u le -  

m. We have u sed  th e  v a lu e  o f Y m easured  in  CdS f o r  our o rd e r  o f 

m agnitude c a lc u la t io n .

U sing m = 0.13m , Y = 2 .56  x10 31 Jo u le s .m , and a  c o l l i s i o n  tim e 
e o

< t > o f  1 x10 1‘*. s e c ,  th e  e x p re ss io n  f o r  th e  s p in  r e l a x a t io n  r a t e
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re d u c e s  to ,

=?- = 6 .67x10 l l 5 , (4 .6 .6 )

w here th e  Ferm i e n e rg y  5 i s  in  eV. This im p lie s  t h a t  th e  sp in  

r e la x a t io n  tim e  i s  21 p se c , f o r  a c a r r i e r  c o n c e n tra t io n  o f  5 

x10l8 /cm 3 (C = 0.072 eV), which i s  i s  q u i te  c lo s e  to  th e  m easured  

v a lu e s  o f  _ 26 p se c . The c a lc u la te d  sp in  r e l a x a t io n  tim e s  f o r  

e s t im a te d  c a r r i e r  d e n s i t ie s  o f  2 x10 l8 /c m 3 and 8 x10l8 /c m 3 a r e  38 

p sec  and 15 p se c , r e s p e c t iv e ly .

The te m p e ra tu re  o f th e  l a t t i c e  does n o t p lay  any s ig n i f ic a n t  

r o le  a s  lo n g  as  th e  c a r r i e r s  a r e  h ig h ly  d e g e n e ra te . T h is i s  due to  

th e  av e ra g in g  o f s p in  r e l a x a t io n  r a t e  o v e r  a  Ferm i th e rm a l  d i s t r i ­

b u tio n . We have o b se rv e d  a lm o s t no s p in  r e la x a t io n  dependence on 

l a s e r  e x c i ta t io n  i n t e n s i t i e s .  To ac co u n t f o r  t h i s ,  we b e lie v e  a 

r a p id  d i f f u s io n 39’1,0 o f  c a r r i e r s  from  th e  p h o to e x c ite d  re g io n  ta k e s  

p la c e  d u rin g  th e  l a s e r  p u ls e  making th e  c a r r i e r  c o n c e n tra t io n  5 

x10l8 /c m 3 in d ependen t o f e x c i ta t io n  power w ith in  th e  e x c i ta t io n  

f lu e n c e  ( 4.25 x1027-1 .2 9  x1026/cm 2s e c  ) . I t  i s  d i f f i c u l t  to  e s t i ­

m ate th e  e x a c t  c a r r i e r  c o n c e n tra t io n . The fo llo w in g  e x p e r im e n ta l  

o b s e rv a tio n s  su p p o rt t h i s  c o n c lu s io n : E x c ito n s  a r e  fo rm ed  e a r l i e r  

th a n  p re d ic te d  by th e  M ott c r i t e r io n  and f r e e  e -h  p la sm a , no 

s h i f t  in  th e  Ferm i l e v e l  a s  a  fu n c t io n  o f  e x c i ta t io n  power was
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e v id e n t from  th e  tim e  in te g r a t e d  lu m in escen ce  s p e c t r a  o b se rv e d  

under h igh  e x c i ta t io n  l a s e r  p u ls e s ,  and no a p p re c ia b le  change in  

th e  Auger reco m b in a tio n  r a t e ^0’ ^2’ ^3 ( “ N2 ) was o b se rv ed  a t  v a r i ­

ous e x c i ta t io n  f lu e n c e s .  From tim e  r e s o lv e d  c a r r i e r  te m p e ra tu re  

s tu d y 1*0 made a t  room te m p e ra tu re ,  th e  c a r r i e r  te m p e ra tu re  Tg i s  

e s ta b l i s h e d  t o  be < 1000 K w ith in  30 p se c . F u r th e rm o re , a t  77 K 

th e  c a r r i e r s  w i l l  c o o l much m ore r a p id ly .  Hence, th e  c r i t e r i a  f o r  

a d e g e n e ra te  th e rm a l  d i s t r ib u t io n  i . e .  £/KgTe > 1  a t  5 = 72 meV i s  

j u s t i f i e d .

b) S p i n - l o c a l i z e d  s p i n  e x c h a n g e  d e p h a s in g  m echan ism  :

U l t r a f a s t  sp in  r e l a x a t io n  and th e  i n i t i a l  s m a ll  sp in  a lig n m e n t 

in  Cd.j_xMnxSe i s  an in d ic a t io n  o f  ra p id  sp in  exchange o f  c a r r i e r  

sp in s  w ith  Mn2+ lo c a l iz e d  s p in s  o f S= 5/2 . In  wide gap sem im ag- 

n e t i c  se m ico n d u c to rs  th e  s p l i t t i n g  o f th e  co n d u c tio n  band i s  g iven  

by1*1*,

AE (H,T) = N . a.x<S > , (4 .6 .7 )
C o Z

w here  N a  (200 mev) i s  th e  exchange p a ra m e te r  betw een  th e  conduc- 
0

t io n  s  and Mn2+ 3 d 5 s t a t e s ;  x i s  th e  m ole f r a c t i o n  o f  Mn a tom s;

and < S > i s  th e  mean sp in  com ponent a lo n g  th e  e x te r n a l  m ag n e tic  z

f i e l d .  At v e ry  low te m p e ra tu re s  x i s  r e p la c e d  by x in  o rd e r  to  

a c co u n t f o r  an a n t i f e r ro m a g n e tic  i n t e r a c t io n 1*5,1,6 be tw een  Mn2+
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io n s . T his w i l l  be ig n o re d  h e re  as  th e  te m p e ra tu re s  a re  g r e a te r

th a n  Taf * 3K. Heiman e t  a l  have o b se rv e d 1*6 a  z e ro  f i e l d  s p in  f l i p

S to k es  e n e rg y  o f 1 mev (x = 0 .1 ) f o r  o f  l a t t i c e  te m p e ra tu re s  (1 .9

-  28 K). The z e ro  f i e l d  sp in  f l i p  en erg y  f o r  x=0.05 i s  0 .5  mev1*1*.

These v a lu e s  can be used  f o r  t h e  exchange e n e rg y  betw een  f r e e

e le c t r o n  and Mn2+ io n s ,  even though  th e s e  s p in  f l i p  m easurem ents

a re  t y p i c a l l y  f o r  donor bound e le c t r o n s .  T h is  im p lie s  t h a t  an

e le c t r o n  i s  s c a t t e r e d  by a  Mn2+ ion  w ith  n e t  s t a t i s t i c a l  sp in  o f

<S > = 0 .05  in s te a d  o f  5 /2 . Assum ing a  s p in  f i e l d  dependence g ivenz

by,

<Sz ( r ) > = ( f ) e x p - ( £ ) 2 (4.6.8)

due to  a  lo c a l iz e d  e le c t r o n i c  sp in  o f  s t r e n g th  5 /2 ,  w here a ' i s  th e

ra d iu s  o f  th e  ion  and r  i s  th e  d is ta n c e  m easu red  from  th e  c e n te r

o f t h e  io n , we have c a lc u la t e d  th e  d is ta n c e  a t  which th e  <S > =z
+  0 

0 .05 . Assuming a  Mn2 io n ic  r a d i u s 1*7 o f  1.0 A, th e  e s t im a te d  s t a ­

t i s t i c a l  d is ta n c e  m easu red  from  a  Mn2+ ion , f o r  s p in  f l i p  s c a t t e r -  
0

in g  i s  1 .88 A( "a" ) . With th e s e  s p e c i f ie d  num bers in  mind we can 

ap p ly  th e  th e o ry  o f  D 'yakonov and P e r e l '1,8 f o r  o p t i c a l  o r ie n ta t io n  

in  a  sy s te m  o f donor bound e le c t r o n s  and l a t t i c e  n u c le i  in  sem i­

c o n d u c to rs . They have  c a lc u la t e d  th e  e f f e c t i v e  m ag n e tic  f i e l d  due 

to  th e  h y p e rf in e  i n t e r a c t io n  betw een  lo c a l iz e d  e le c t r o n i c  s p in s  and 

l a t t i c e  n u c le i  a s ,
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Hc = (u 0g )~ l ^o( ^_  )( | <Krn ) | 2AHFNSn ) , (4 .6 .9 )
n=1

w here u i s  th e  Bohr m agneton; g i s  th e  e f f e c t i v e  g - f a c to r ;  £2 i s  
0 0

th e  volum e o f  th e  u n i t  c e l l ;  i s  th e  h y p e rf in e  i n te r a c t io n

c o e f f ic i e n t ;  Sn i s  th e  n u c le a r  s p in  o f  n - th  n u c le u s ; and i|»(r*n ) i s  

th e  wave fu n c t io n  o f donor bound e le c t r o n s  a t  t h e  n - th  n u c le u s . 

The wave fu n c t io n  f o r  th e  lo c a l iz e d  e le c t r o n i c  s t a t e  ta k e s  th e  

form  i{i(r) =1/v '(ira3)e  . The th e o ry  co u ld  be m odified  f o r

exchange in te r a c t io n .  The mean s q u a re  e f f e c t iv e  f i e l d  i s  th e n  

g iven  b y 1*8,

25ir xN0a 3
< Hc > =( j 2 8 ) . (  (u 0g )2^*^ ex ’ (4 .6 .10 )

f o r  S = 5 /2 , w here xN i s  th e  Mn2 io n ic  c o n c e n tra t io n  (N i s  th e
0 0

c a t io n  d e n s ity  in  CdSe), and Agx i s  th e  exchange e n e rg y . For a  10

% Mn2+ c o n c e n tra t io n  xN i s  = 1.8 x102 l/c m 3 f o r  a  u n i t  volum e o f
0

369 (A3) with wurtzite la t t ic e  parameters of b=4.3 A and c=7 A.

T his th e o ry  i s  a p p l ic a b le  t o  f r e e  e l e c t r o n  exchange in te r a c ­

t io n  p ro v id ed  "a" i s  id e n t i f i e d  a s  th e  i n te r a c t io n  d is ta n c e  param e­

t e r .  The p re c e s s io n  f re q u e n c y  i s  g iven  by,
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li0gV'<Hc 2>
(dc = ------^ -------  , (4 .6 .11)

and th e  sp in  r e l a x a t io n  r a t e  i s  g iven  by,

y -  =(-^)wc2tc , (4 .6 .12)

w here r Q i s  th e  c o l l i s i o n  tim e f o r  e le c tro n -M n 2 ion s m a ll  an g le  

s c a t t e r i n g 9’ 1!*.

The e f f e c t iv e  g v a lu e  d e riv ed  from  th e  mean f i e l d  th e o ry  i s  

e x p re s s e d 1*6 in  te rm s  o f Mn2+ c o n c e n tra t io n  a s ,

3 5 .x .a .N 0
§=s + 12K(T+Ta f ) gMn (4 .6 .13)

*
w here g =0.5 i s  f o r  f r e e  c a r r i e r s  in  n-CdSe; TAp i s  th e  tem p e ra ­

t u r e  c o rre sp o n d in g  t o  a n ti f e r ro m a g n e tic  in te r a c t io n ;  and g„  =2.0Mn

f o r  Mn2+ io n s . N = 1 .8  x1022/c m 3 i s  th e  c a t io n  d e n s ity  in  CdSe. 
0

L a t t ic e  h e a tin g  i s  n e g l ig ib le  and a t  30K th e  v a lu e s  o f e f f e c t i v e  g 

f o r  x=0.05 and 0.1 a r e  1 .6  and 47 .2 , r e s p e c t iv e ly .

The e s tim a te  o f  c o l l i s io n  tim e  o f  f r e e  e le c t r o n s  w ith  mag­

n e t i c  io n s  r e q u i r e s  a  v a lu e  o f mean f r e e  p a th . I t  h as  been p o in ted

o u t t h a t  f o r  a  Born ap p ro x im atio n  c a lc u la t io n 1*6 w ith  txN .  0 .2  ev
0

th e  mean f r e e  p a th  i s  g iven  by,
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(4 .6 .1 4 )

w here X i s  e x p re s se d  in  cm. For a  Mn c o n c e n tra t io n  o f  10 %

ing  a  Ferm i v e lo c i ty  o f  4.5 x107 cm /sec  c o rre sp o n d in g  to  th e  Ferm i 

energy  o f  72 meV, one c a lc u la te s  a  c o l l i s i o n  tim e  o f  _ 14 p se c .

Hence, from  e q u a tio n s  (4 .6 .7 ) ,(4 .6 .8 )  and (4 .6 .9 ) , we f in d  th e  mean

m agnetic  f i e l d ,  th e  p re c e s s io n  f re q u e n c y  and th e  sp in  r e la x a t io n  

tim e  to  be 976 g a u s s , 1.4 x10l l / s e c  and 21.6 p s e c , r e s p e c t iv e ly .  

In  th e  c a se  f o r  t h e  x = 0.05 CdMnSe sa m p le  th e s e  num bers a r e  220

g a u ss , 4.8 x10 lo / s e c  and 90 p se c , r e s p e c t iv e ly .

Using th e  e q u a tio n s  (4 .6 .6 ) , ( 4 .6 .7 ) ,  (4 .6 .9 ) , (4 .6 .10 ) and

(4 .6 .11 ) and ta k in g  in to  accoun t th e  s p in  r e l a x a t io n  m echanism s of 

th e  h o s t  c r y s t a l  (CdSe) and th e  lo c a l iz e d  Mn2+ io n s , th e  t h e o r e t i ­

c a l  t o t a l  sp in  r e l a x a t io n  r a t e  ( fo r  5=72 meV) (F ig . 4 .6 .2 ) i s  given 

by,

in  s e c - 1.

The t o t a l  sp in  r e l a x a t io n  tim es c a lc u la t e d  a r e  17 and 20 p se c  f o r  

x=0.1 and 0 .0 5 , r e s p e c t iv e ly .  These v a lu e s  a r e  in  re a s o n a b le  

ag reem en t w ith  o u r m easu rem en ts.

-4(x=0.1) th e  mean f r e e  p a th  i s  c a lc u la te d  t o  be 6 xIO cm. Assum-

(4 .6 .1 5 )
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4 . 7  D ISCUSSIO N

a) CdSe ( host crystal x-0)
The s p in  p o la r iz a t io n  f a c t o r s  and s p in  r e l a x a t io n  tim es f o r  

CdSe m easured  f o r  v a rio u s  lu m in esc e n c e  bands w ith  d i f f e r e n t  one 

photon e x c i t a t io n  e n e rg ie s  a r e  in  e x c e l l e n t  ag reem en t w ith  th e o ry .

For GaAs th e  v a le n c e  bands |3 /2 ,± 3 /2 >  and |3 /2 ,± 1 /2 >  a re  deg­

e n e ra te  a t  t h e  c e n te r  o f  B r i l lo u in  zone, t h i s  r e s u l t s  in  th e  lum i­

n escen ce  p o la r iz a t io n  f a c to r  o f  * 25 56 ( f o r  a  s e le c t io n  r u l e  

a llo w e d  s p in  p o la r iz a t io n  f a c t o r  o f  = 5 0 $ ). In  CdSe, th e  v a le n c e  

band d e g en eracy  i s  rem oved by c r y s t a l  f i e l d  s p l i t t i n g  AQr =26 meV 

a t  k=0. At o u r e x c i ta t io n  l e v e l s  th e  h o le  Ferm i l e v e l  i s  ab o u t 24 

meV, which a l lo w s  o n ly  th e  |3 /2 ,± 3 /2 >  (A v a le n c e )  band h o le s  to  

p a r t i c i p a te  in  th e  lu m in escen ce  p ro c e s s .  The B and C band a re  

occup ied  by e le c t r o n s .  In  t h i s  c a s e  th e  lu m in escen ce  p o la r iz a t io n  

f a c t o r  i s  th e  same as th e  f r e e  c a r r i e r  sp in  p o la r iz a t io n  f a c to r  

b ecau se  th e  |3 /2 ,± 1 /2 >  band does n o t p a r t i c i p a t e  in  th e  recom bina­

t io n .

The lum in escen ce  bands s e l e c t e d  f o r  530nm e x c i ta t io n  a r e  in  

th e  620 -  660nm and 680 -  700nm w a v e le n g th  re g io n s . The lu m ines­

cence  band f o r  630nm e x c i ta t io n  in  o u r ex p e rim e n t i s  15 meV above 

th e  bo ttom  o f  co n d u c tio n  band w ith  a  lu m in esc e n c e  re g io n  o f 680 -  

700nm. The d i f f e r e n c e  betw een  th e s e  p u ls e  e x c i t a t io n  c o n d itio n s  i s  

t h a t  th e  s p l i t  -  o f f  v a le n c e  band i s  pumped by 530nm e x c i ta ­

t io n ,  w h ile  f o r  630nm e x c i t a t io n s  i t  i s  p re c lu d e d  due t o  th e  en erg y

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  1 3 9  -

d i f f e r e n c e .  The n e a r  bandedge (15 meV above bandgap) s p in  p o la r i ­

z a tio n  f a c t o r  i s  d e f in e d  t o  be pBE.

The p o la r i z a t io n  f a c t o r  p, m easu red  n e a r  th e  e x c i t a t io n  e n e r­

g ie s , f o r  530nm and  630nm e x c i t a t io n  a r e  44±5 % and 48±4 % (as  

shown in  F ig .4 .5 .2  and 4 .5 .3 ) , r e s p e c t iv e ly .  T his a g re e s  w e l l  w ith  

th e  t h e o r e t i c a l  v a lu e s  o f 48% and 50% , r e s p e c t iv e ly .  To q u a l i t a ­

t iv e ly  u n d e rs ta n d  th e  r e l a t io n s h ip  be tw een  th e s e  p 's ,  th e  e f f e c t  

o f th e  s p l i t  o f f  v a le n c e  band ( r  ) has  been n e g le c te d  f o r  530nm
7

e x c i ta t io n .  T h is  i s  a  r e a s o n a b le  a ssu m p tio n  b ecau se  th e  d e n s i ty  o f 

s t a t e s  i s  ab o u t a  f a c t o r  o f  10 s m a l le r  f o r  th a n  f o r  th e  v a l ­

ence band. This g e n e ra te s  few e r c a r r i e r s  in  th e  co n d u c tio n  band 

edge due t o  th e  t r a n s i t i o n  from  th e  r^. v a le n c e  band. The e f f e c t  

o f  t h i s  t r a n s i t i o n  i s  t o  d e p o la r iz e  th e  s p in  a lig n m e n t o f  th e  con­

d u c tio n  band edge e le c t r o n s  due to  th e  n a tu r e  o f  th e  s e le c t io n  

r u l e s 33. This e f f e c t  i s  l e s s  th a n  3%, and c o n tr ib u te s  to  th e  

ob se rv ed  band edge 680 -  7Q0nm (15 meV above th e  band gap) sp in  

p o la r iz a t io n  f a c t o r  PBE(0) o f  36±5 % o b se rv e d  under 530nm one 

photon e x c i t a t io n  (F ig . 4 .5 .1 ) . The o b se rv e d  h o t e le c t r o n  p o la r iz a ­

t io n  f a c t o r  o f  44±5 % (F ig .4 .5 .2 )  i s  som ew hat l a r g e r  th a n  th e  band 

edge e le c t r o n  s p in  p o la r i z a t io n  f a c t o r .  T his o b s e rv a t io n  i s  con­

s i s t e n t  w ith  th e  s p l i t  o f f  v a la n c e  band t r a n s i t i o n  argum en t given 

above, a lth o u g h  th e  d i f f e r e n c e  i s  l a r g e r  th a n  e x p e c te d . The 

o b se rv ed  d e la y  tim e  be tw een  th e  h o t and band edge lu m in escen ce  i s  

■ 6 p s e c  f o r  530nm e x c i t a t io n  and l e s s  th a n  3 p se c  f o r  630nm ex c i­
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t a t i o n .  This can  e x p la in  th e  lo w er v a lu e  o f  pD„(0) i f  we a llo w
Dti

f o r  th e  sp in  r e l a x a t io n  (p OI?(0) = p (0 )e x p (-2 t/T  ) ) d u r in g  6 p sec
DL S

w ith  a  s p in  r e l a x a t io n  l i f e t i m e  o f 30 p se c . T his r e s u l t  i s  c o n s is ­

t e n t  w ith  623nm (1 .986 ev) e x c i ta t io n ,  a s  th e  o b se rv ed  v a lu e  f o r  

P BE( 0 )  o f  48$ i s  l a r g e r  th a n  530nm e x c i ta t io n  P g g ( 0 )  v a lu e  o f  3 6 $ . 

The s p in  r e l a x a t io n  tim e s  o b ta in e d  in  t h e  h o t lu m in escen ce  reg io n  

(620 -  660nm) and th e  band edge re g io n  (680 -  700nm) a r e  25±5 p sec  

and 28±5 p se c , r e s p e c t iv e ly  f o r  530nm e x c i ta t io n .  The h o t c a r r i e r s  

have 15L0 phonon e x c e ss  e n e rg y  com pared t o  th e  band edge c a r r i e r s .  

This means t h a t  th e  e l e c t r o n  -  L0 phonon s c a t t e r in g  a d d it io n a l  

c h a n n e l i s  a v a i l a b le  f o r  th e  h o t e le c t r o n  en e rg y  r e la x a t io n  and 

f o r  s p in  r e l a x a t io n .  S ince e x p e r im e n ta l ly  we do n o t f in d  any s ig ­

n i f i c a n t  d i f f e r e n c e  be tw een  th e  s p in  r e l a x a t io n  tim e s  f o r  d i f f e r e n t  

c a r r i e r  e n e rg ie s  we co n c lu d e  t h a t  th e  L0 phonon em ission  does no t 

p la y  a  m ajor r o l e  in  th e  s p in  r e l a x a t io n  p ro c e s s . The m easure­

m ents o f  sp in  p o la r i z a t io n  f a c t o r s  a r e  a ls o  in  ag reem en t w ith  th e  

above co n c lu s io n  as  th e  L0 phonon em ission  tim e  i s  _ 10 12 s e c  

com pared to  e -e  o r  e -h  c o l l i s i o n  tim e s  o f _ 10 1<* s e c .

The m easured  v a lu e  o f  sp in  r e l a x a t io n  tim e  ( * 25 p se c  ) i s  in  

good ag reem en t w ith  th e o ry  ( 21 p sec  ) . The t h e o r e t i c a l  sp in  

r e l a x a t io n  tim e s  a r e  s e n s i t iv e  t o  th e  e x a c t  know ledge o f  v a lu e s  o f 

Y and Ferm i l e v e l  £ . The sp in  r e l a x a t io n  tim e s  a r e  a  l i t t l e  

lo n g e r  f o r  n e a r  edge c a r r i e r  (*30 p se c )  com pared to  n e a r  e x c i ta ­

t io n  c a r r i e r s  (25  p s e c ) . T h is i s  e x p e c te d  a s  th e  mechanism i s
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e f f e c t iv e  f o r  l a r g e  k . Spin r e l a x a t io n  tim e s  and i n i t i a l  p o la r iz a ­

t io n  f a c t o r s  a re  th e  sam e f o r  th e  high r e s i s t i v i t y -  (1 0 s ohm-cm) 

and low  r e s i s t i v i t y  (12 ohm-cm) sa m p le s , which in d ic a te s  t h a t  th e  

e le c tr o n - S e  vacancy  s c a t t e r i n g  r a t e  i s  s ig n i f ic a n t ly  s m a l le r  as 

com pared to  e le c t r o n - h o le  o r  e l e c t r o n - e l e c t r o n  s c a t t e r in g  r a t e s

( t “ 10 ll* s e c ) .  The o b se rv e d  band edge lu m in escen ce  (o+ + o-) c

show s tw o component decay  (F ig .4 .5 .1 ) , w hereas t h e  sp in  p o la r iz a ­

t io n  (o+ -  o -) /(o +  + o -) i s  o b se rv ed  o n ly  in  th e  f a s t  com ponent. 

The reco m b in a tio n  lu m in escen ce  l i f e t im e s  ( f a s t  com ponent) a re  

s h o r t  =* 45 p sec  in  th e  low r e s i s t i v i t y  sam p le  (n - ty p e )  a s  com pared 

t o  = 70 p sec  in  a  high r e s i s t i v i t y  sam p le . This f a s t  com ponent i s  

e s s e n t i a l l y  due t o  Auger rec o m b in a tio n . The d i f f e r e n c e  in  th e  

l i f e t im e s  i s  a  m easu re  o f  h o le  c a p tu re  r a t e  a t  th e  h o le  c a p tu re  

c e n te r s  e x is t in g  in  low  r e s i s t i v i t y  sam p les  (o n ly  n - ty p e  CdSe cou ld  

be grow n). However, th e  o b se rv e d  sp in  r e l a x a t io n  tim e s  a r e  about 

t h e  sam e in  th e  h igh  and low  r e s i s t i v i t y  sam p les  due t o  t h e  l a t ­

t i c e  in h e re n t  DP m echanism . C onduction e le c t r o n  Raman sp in  f l i p  

m easu rem en ts in  CdS g iv e s 19 an e s t im a te  o f  1 0 -11 s e c  f o r  th e  sp in  

r e l a x a t io n  tim e. Which sh o u ld  be o f  th e  o rd e r  o f  m agnitude 

e x p e c te d  f o r  CdSe b ecau se  o f  s im i la r i t y  in  c r y s t a l  s t r u c t u r e .  The 

v e ry  f a c t  t h a t  e x p e r im e n ta l ly  we o b se rv e  -  50$  lu m in escen ce  p o l­

a r i z a t i o n  a t  t**0, j u s t i f i e s  th e  assu m p tio n  t h a t  even in  CdSe(x-O), 

th e  v a le n c e  h o le s  d e p o la r iz e  w ith in  10 13 s e c .  Warnock23 e t  a l  

have o b se rv ed  t h i s  f a s t  s p in  r e l a x a t io n  o f  h o le s  in  Cd^_xMnxSe (x
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= 0.05 and x -  0 .1) f o r  above bandgap e x c i ta t io n .

b ) Cd, Mn Se (x-0.05 and 0.1)
The o b se rv e d  v a lu e s  o f th e  tw o pho ton  s p in  p o la r iz a t io n

f a c t o r  p jO )  o f  20? f o r  CdQ 95MnQ Q5Se and 28? f o r  CdQ gMnQ .jSe

a r e  n o t c o n s is t e n t  w ith  th e  t h e o r e t i c a l  v a lu e s  o f 63 ? and 64 ? ,

r e s p e c t iv e ly  ( s e e  t a b l e  4.7.1 ) . T his i s  b e lie v e d  to  be due to  

th e  e x is ta n c e  o f  Mn2+ e x c ite d  s t a t e s 1*9' s0 (**G) in  th e  co n d u c tio n  

band. A n g le -re so lv e d  u l t r a v i o l e t  p h o to em issio n  s p e c tro s c o p y Sl 

s tu d ie s  had c l e a r l y  in d ic a te d  s t r o n g  h y b r id iz a t io n  o f  Mn2+ d l e v e l s  

w ith  p - l ik e  s t a t e s  in  th e  v a le n c e  band. In  such  a  c a s e ,  th e  o p t i ­

c a l  t r a n s i t i o n  i s  from  a mixed (p -  A1) v a le n c e  band to  a  mixed ( s -
6

**A , “E, “T and , ) co nduction  band. These mixed l e v e l s  may p la y
I I  2

an  im p o r ta n t  r o l e  in  red u c in g  th e  p o la r i z a t io n  f a c t o r  p (0) by mod-
2

i fy in g  th e  s e le c t i o n  r u l e s .  The t h e o r e t i c a l  ag reem en t o f s p in  

r e l a x a t io n  t im e s  in  Cd.j_xMnxSe i s  s u b je c t  to  our ap p ro x im atio n  in  

t h e  c a lc u la t io n s  o f  th e  c o l l i s i o n  d is ta n c e ,  a ,  and s c a t t e r in g  t im e , 

t  . However, in  th e  ca se  o f  Cd. Mn Se sa m p le s , a  c o n firm in g
C 1 *~X X

t r e n d  o f  s h o r t e r  s p in  r e l a x a t io n  tim e  w ith  in c re a s in g  x has been 

e s ta b l i s h e d  th ro u g h  our e x p e rim e n ts , a l th o u g h  th e  e x a c t  r e l a t i o n ­

sh ip  betw een  Tg and x has n o t  been w e l l  e s ta b l i s h e d  ( s e e  Eq.

(4 .6 .1 5 ) and F ig .4 .6 .2 ) .  I t  i s  n e c e s s a ry  t o  m easure  h igh  c o n c e n tra ­

t io n  sa m p les  w ith  h ig h e r  te m p o ra l  r e s o l u t i o n  in  o r d e r  to  o b ta in  

th e  e x a c t  dependence o f  sp in  r e l a x a t io n  tim e  on m agnetic  concen­
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t r a t i o n .

The f r e e  c a r r i e r  lu m in escen ce  ( f i r s t  peak) i s  p o la r iz e d  and 

BMP lu m in escen ce  ( second  peak) shows a lm o s t  z e ro  p o la r iz a t io n .  

This i s  c o n s is te n t  w ith  W arnock23 e t  a l  ( s te a d y  s t a t e  p -  1 $ ) ,  

which i s  due t o  f a s t  r e l a x a t io n  o f  f r e e  c a r r i e r s  (e -h ) w ith in  30 

p sec  f o r  above bandgap e x c i t a t i o n .  T h e re fo re , th e y  o b se rv e d  th e  

n e a r  z e ro  p o la r iz a t io n  o f BMP. I t  i s  known1*8 t h a t  th e  s p in  s t a t e  

o f th e  n u c le i  changes due t o  th e  exchange i n te r a c t io n  w ith  th e  

s p in  p o la r iz e d  e le c t r o n s .  S in c e , th e  s p in  exchange tim e  in v o lv e d  

i s  ~ 10 6 s e c , t h i s  can n o t in f lu e n c e  th e  s p in  r e l a x a t io n  r a t e  o f 

f r e e  c a r r i e r s  d u rin g  th e  l i f e t i m e  o f th e  f r e e  c a r r i e r s  (40 p se c ) . 

Thus, th e  o b se rv ed  in c re a s e  in  sp in  r e l a x a t i o n  tim e  (20 p se c  in  

CdQ gMnQ .jSe v s . 16 p sec  in  CdQ g$Mn0 Q^Se) i s  n o t due t o  th e  

t r a n s f e r  o f a n g u la r  momentum from  Mn2+ s p in s  to  c a r r i e r  sp in  

sy s te m . Raman sp in  f l i p  s c a t t e r i n g  (RSFS) l i n e  w id th s  i s  an  in d i­

r e c t  m easu re  o f  s p in  d ep h asin g  t im e s . For C d ^ M n ^ e ,  d a ta  on 

co n d u c tio n  e le c t r o n  Raman s p in  f l i p  s c a t t e r i n g  tim e  i s  n o t  a v a i l ­

a b le .  For lo c a l iz e d  bound s t a t e s  ( i .e .  BMP ) th e  Raman s p in  f l i p  

l in e  w id th  b roaden ing  i s  p a r t l y  due to  l a r g e  in h o m o g en e itie s  o f  th e  

e n v iro n m en t. Hence, th e  o b se rv e d  l in e  w id th  o f  ~ 8 cm- 1 (1 mev 

f o r  x=0 . 1) “6 i s  enhanced and s h o u ld  n o t be ta k e n  t o  c a l c u l a t e  th e  

sp in  r e l a x a t io n  t im e . This w i l l  g ive  an u nder e s t im a te  < 10 12 s e c .  

T aking t h i s  f a c t o r  in to  a c c o u n t , we b e l ie v e  o u r d i r e c t  m easu re­

m ents a r e  m ore a c c u r a te  th a n  th e  dephasing  t im e  e s ta b l i s h e d  by th e
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RSFS m easu rem en ts .

The o b se rv e d  s p in  r e l a x a t io n  t im e s  in  Cd,j Mn Se c o u ld  be 

e x p la in e d  in  te rm s  o f  D 'yakonov and P e r e l '  m echanism s s in c e  o th e r  

s p in  r e l a x a t io n  m echanism s i . e .  E l l i o t - Y a f e t 10*11, B ir-A ronov- 

P ik u s12 and K le in m a n -M ille r13 v i r t u a l  p ho ton  m echanism s a r e  a t  

l e a s t  one o rd e r  o f  m agnitude s lo w e r. S in c e , th e  d i f f e r e n t  mechan­

ism s depend on th e  l e v e l s  o f  c a r r i e r  d e n s i ty  and te m p e ra tu re ,  a 

l a r g e  ra n g e  o f  e x c i t a t io n  pow ers i s  n eed ed  to  u n d e rs ta n d  and quan­

t i t a t i v e l y  d e s c r ib e  which s p in  r e l a x a t io n  p ro c e s s  dom in a tes  in  

Cd1_xMnxSe. Our p r e s e n t  s in g le  s h o t l a s e r  sy stem  p re c lu d e s  a  den­

s i t y  dependence s tu d y  due t o  a  la c k  o f  good s ig n a l  to  n o ise  r a t i o  

a t  low e x c i ta t io n .
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4 . 9  FIGURE CAPTIONS

4 .5 .1 . The c u rv e s  (a) and (b) r e p r e s e n t  p h o to lu m in escen ce  from
CdSe c o rre sp o n d in g to  o+ and o - p o la r i z a t io n s .  The 
e x c i t a t io n  w av e len g th  and p o la r i z a t io n  a r e  530 nm and 
o+, r e s p e c t iv e ly .  The lu m in escen ce  c o rre sp o n d s  to  th e  
680 -  700 nm s p e c t r a l  re g io n  (band  edge) a t  77K. The 
i n s e t  i s  e x p e r im e n ta l  d a ta  on a  expanded tim e  s c a le  f o r  
p o la r i z a t io n  f a c t o r  p ( t ) .  The s o l i d  l in e  i s  an  exponen­
t i a l  f i t  w ith  p(0) = 0 .36  and Ts  =* 28 p se c .

4 .5 .2 . The c u rv e s  (a) and (b) r e p r e s e n t  p h o to lu m in escen ce  w ith  o+
and o - p o la r iz a t io n .  The e x c i t a t io n  w a v e len g th  and 
p o la r i z a t io n  a r e  530 nm and o+, r e s p e c t iv e ly .  The 
lu m in esc e n c e  w a v e len g th  re g io n  i s  betw een  620 *  660 nm.
The i n s e t  shows th e  t h e o r e t i c a l  f i t  c o rre sp o n d in g  to
p(0) = 0 .44  and Ts  * 24 p se c .

4 .5 .3 . The c u rv e s  (a) and (b) c o rre sp o n d s  to  o+ and  o -  p o la r i z a t io n
w ith  e x c i t a t io n  w a v e len g th  o f  630 nm. The e x c i ta t io n  
p o la r i z a t io n  i s  o+. The lu m in escen ce  c o rre sp o n d s  t o  680-700 
nm s p e c t r a l  re g io n  a t  77K. The i n s e t  shows th e  t h e o r e t i c a l  
f i t  c o rre sp o n d in g  t o  a  s in g le  e x p o n e n tia l  w ith  p(0) = 0 .48 
and Ts  = 30 p sec .

4 .5 .4 . The c u rv e s  (a) and (b) r e p r e s e n t  s p in  p o la r iz e d
p h o to lu m in escen ce  from  Cdo.95Mno.05S® a t  30K. The 0+ and
0-  lu m in escen ce  c o rre sp o n d s  to  tw o  photon  e x c i ta t io n  a t  1060 
nm and o+ p o la r i z a t io n .  The s p e c t r a l  band o f  th e  
lu m in escen ce  i s  660 ±10 nm. The in s e t  c u rv e  f i t t i n g  
p a ra m e te rs  a r e  p(0) = 0 .2  and Ts  = 16 p se c .

4 .5 .5 . The c u rv e s  (a) and (b) r e p r e s e n t  s p in  p o la r iz e d  pho to lum in­
e sc e n c e  from  Cdo.9Mno.1Se a t  30K. The 0+ and 0-  lu m in esc ­
ence  c o rre sp o n d s  t o  tw o  pho ton  e x c i t a t io n  a t  1060 nm and 
0+ p o la r i z a t io n .  The s p e c t r a l  band i s  620 -  660 nm. The 
i n s e t  cu rv e  f i t t i n g  p a ra m e te rs  a r e  p(0) = 0 .28  and Ts  = 20 
p se c .

4 .5 .6 . The u n p o la r iz e d  tim e  r e s o lv e d  band edge lu m in escen ce  f o r
a) x -  0 .0 5 , 4K, b) x = 0 .05 , 77K, c) x = 0 .1 ,
4K, and  d) x * 0 .1 , 77K.

4 .6 .1 . F ig u re  (a) shows one pho ton  t r a n s i t i o n s  from  v a le n c e
bands A, B, C, t o  th e  co n d u c tio n  band f o r  a  w u r tz i te  
se m ic o n d u c to r. The r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  
a r e  show n. The s p in  d e n s i t ie s  in v o lv e  a d d it io n  o f  
v a r io u s  t r a n s i t i o n s  w ith  w e ig h ted  d e n s ity  o f  s t a t e s .
I n  (b) th e  s im p le  tw o  pho ton  a b s o rp t io n  m odel i s  shown.
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The two pho ton  a b s o rp tio n  p r e d ic ts  100? sp in  p o la r iz a t io n  
u n le s s  band m ixing i s  ta k e n  in to  a c c o u n t. The s t r a ig h t  
a rro w s  co rre sp o n d  t o  a b s o rp tio n  w h ile  w igg led  a rro w s show 
p h o to lu m in escen ce .

4 .6 .2 . The d o t te d  l in e  co rre sp o n d s  to  th e  t h e o r e t i c a l  e x p re ss io n  
1 /T S -  Ax2 + B. Where 1/B i s  th e  sp in  r e l a x a t io n  tim e  o f 
c a r r i e r s  in  h o s t  CdSe. The v a lu e s  o f  A and B a re  a s  in  
E q .(20). The o a re  th e  e x p e rim e n ta l p o in ts .

4.10 TABLE CAPTIOM
4.7.1 The e x p e rim e n ta l c o n d itio n  ( e x c i ta t io n  w av e len g th , tem p e ra ­

t u r e ,  and lu m in escen ce  band ), m easured  v a lu e s  o f p0 and 
Ts , and t h e o r e t i c a l  v a lu e s  o f p0 and Ts  a r e  ta b u la te d  
f o r  C d i-xMnxSe.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  151 -

TIME (p se c )
349329

CO

3 0%

(a)
llJ

ixJocnLlIz

CdSe 
7 7 K  

Ex — 5 3 0  nmCT

100 200 3 0 0 4 0 0 5 0 0 6 0 0
TIME (psec)

FIGURE 4 . 5 . 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-1 5 2 -

TIME (psec)
264 285

(Q)

O
LU O - 
CO 
LU .

4 0 0I00 200 3 0 0 5 0 0 6 0 0
TIME (psec)

FIGURE 4 .5 .2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 1 5 3 -

TIME(psec)
244 265

3 0 %

t -
(a)CO

LU

UJ

o
UJ

CdSe 
7 7  K 

Ex —6 3 0 m n

cr

I00 200 3 0 0 4 0 0 5 0 0 6 0 0
TIME (psec)

FIGURE 4 .5 .3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  1 5 4  -

TIME (psec)
475457

( 0 )

UJ

UJo

Cda95 MnaQ5 Si
30K  

Ex — I060nm

100 200 3 0 0 4 0 0 5 0 0 6 0 0
TIME (psec)

FIGURE A.5.4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 1 5 5 -

TlME(psec)
489co 453

30%

c n

( a )

ino
CO111

0 9 0.1

cr

100 200 3 0 0 4 0 0 5 0 0 6 0 0
TIME (psec)

FIGURE 4 .5 .5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  156 -

Cd,_xMnxSe
Exc. l060nm,0ND

X =0.05
S»# * 4K  T(a)

BMP

X = 0 .05  
77  K,

co
LU

X=0.lo
LUO
CO
LU BMP

X=0.l 
77  K

100 200 300 4 0 0 5 0 0
TIME ( D s e c )

FIGURE 4 .5 .6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 1 5 7 -

( a )

ii  .I i  >
J 9 * ? '  *9 .9  '

V  >■««
ACr= 0 02£ eV 
A.s l  = o- 4  eV

( b )

VIRTUAL
STATE

a
b

FIGURE 4 .6 .1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 1 5 8 -

20

LU
CO

15 18 21 2 4  2 7  3 0

Mn2* x CONCENTRATION ( ATOMIC0/ . )

FIGURE 4 .6 .2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  159 -

( f iLU
3 oQ>tf)
£
-J
<

a .

£
CM CM CM 20 £

O
h
UJ
OC
S
X

35

48 32 50 63 64

\ —

3UJ><
5
UJo

o o o o
<0 o o CO

c/>
H

S -?
to fw r - o CO

s *
1 • t 44 1

Z UJ2K o o o o oUJ a CM CD CO C0 CM
2
UJ
cc

3
-J

CO CO CO CO CO

3
c/>
< 1

XLlJ Q_
2

z  £
-o g  S - O O o o O
c ro ro to CO CO

CO
”  U|C
£
UJ 5

iO to CO o O

o
1—
o

o<UCO&
iO
41

to
41

M-
41

to
41

to
41z

o .»
M"
CM CO

CM 30 CO OCMo H

_i
< gS to to cr IO
1- 44 44 44 44 41 .
z
UJ
2

Q O M"
M"

CO
fO

CO CO 00
CM

cr
UJ Ul ' S _
Q. 1

Cd
 

M
n 

0.9 
0.X

UJ 0 .
2
<
CO C

d
S

e
x

»
o

(7
7K

Cd 
M

n 
09

5 
(

(3
0K

X
o
IO

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TA
BL

E 
4.

7



-  160 -

CHAPTER V

2 4 -Influence of Nn Ions on Bound States of Carriers in Wurt- 
zite Semimagnetic Semiconductors Cd^ ̂ Mn^Se.

5.1 INTRODUCTION
Over th e  p a s t  t h r e e  y e a rs  sem im agnetic  sem ico n d u c to rs  l ik e  

Hg. Mn Te, Cd. Mn Te and Cd. Mn Se, have gained  a  l o t  o f  a t t e n -
I A A I A A I A , A

t i o n 1*2 b ecau se  o f  t h e i r  f a s c in a t in g  and u s e fu l  p r o p e r t ie s .  Most 

o f  th e s e  p r o p e r t ie s  e v o lv e  a round  th e  la r g e  m ag n e to -o p tic  

e f f e c t 1’2 due to  s t r o n g  exchange in te r a c t io n s  betw een s p in s  o f  th e  

lo c a l iz e d  e le c t r o n s  and th e  band e le c t r o n s .  The in te r a c t io n s  

a f f e c t  th e  energy  band and im p u r ity  l e v e l  p a ra m e te rs  o f  th e s e  

se m ic o n d u c to rs . The band p a ra m e te r s 1 can be v a r ie d  o v er a  wide 

ra n g e  by changing th e  Mn c o n c e n tra t io n  and th e  e x te r n a l  m agnetic  

f i e l d .  In  p r in c ip le ,  a  sem ico n d u cto r in  which some o f  th e  l a t t i c e  

c o n s t i tu e n t  a tom s ( c a t io n s )  a r e  r e p la c e d  by m agnetic  io n s , can  be 

re g a rd e d  a s  a  d i lu t e  sem im agnetic  sem ico n d u cto r (DMS). The c ry ­

s t a l  s t r u c t u r e ,  a s  w e l l  a s  th e  m ech an ica l, o p t ic a l  and e l e c t r i c a l  

p r o p e r t ie s  o f  DMS a r e  q u a l i t a t i v e l y  s im i la r  to  t h e i r  no n -m ag n e tic

" p a re n t"  compounds; t h a t  i s ,  Cd^_xMn Te re se m b le s  CdTe in  many

2 +
r e s p e c t s .  In  DMS th e  s u b s t i t u t i o n a l  Mn io n s a r e  g e n e r a l ly  con­

s id e re d  t o  be random ly  d i s t r ib u t e d  in  th e  l a t t i c e  a lth o u g h  th e r e  i s  

ev id en ce  f o r  s tr o n g  d e v ia t io n s  from  a  random  s t a t i s t i c a l  d i s t r ib u ­

t io n .  The h a l f  f i l l e d  3 d s s h e l l  o f  th e  Mn2+ ion  i s  h ig h ly  l o c a l -
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iz e d  a t  th e  ion  s i t e ,  and c o n ta in s  f iv e  e le c t r o n s  w ith  a lig n e d  

s p in s , g iv in g  each  in d iv id u a l ion  a  m ag n e tic  moment3 o f  f iv e  Bohr 

m agnetons (S -5 /2 ) . The in te r a c t io n  among th e s e  lo c a l iz e d  s p in s  a r e  

i n t e r e s t i n g  in  t h e i r  own r ig h t ,  g iv ing  in s ig h t  in to  th e  beh av io r o f  

a d is o rd e re d  m agnetic  sy s te m . Most o f  th e  know ledge1’ 2 o f  th e  

m agnetic  p r o p e r t ie s  o f  DMS comes from  s p e c i f ic  h e a t ,  lo w - f i e ld  

m agnetic  s u s c e p t ib i l i t y ,  h ig h - f ie ld  m a g n e tiz a tio n , n e u tro n  s c a t t e r ­

ing , and e le c t r o n  p a ra m ag n e tic  re so n a n c e  (EPR) s tu d ie s .  O p tic a l  

m easurem ents u n lik e  th e  p re v io u s ly  m en tioned  ones  p robe  th e  l o c a l  

env ironm en t r a t h e r  th a n  t h a t  o f  th e  b u lk  and r e v e a l  in te r a c t io n s  

be tw een  th e  c a r r i e r s  and th e  Mn2+ io n s .

R e c e n tly , we have determined** th e  e f f e c t  on sp in  r e la x a t io n  

r a t e s  o f  f r e e  c a r r i e r s  due to  th e  exchange i n te r a c t io n .  I t  seem s 

re a s o n a b le  t o  assum e t h a t  w ith in  a  f r e e  c a r r i e r  l i f e t im e  o f  * 40 

p se c , a  c a r r i e r  und erg o es one o r  tw o c o l l i s i o n s  w ith  a  h igh  p ro b a­

b i l i t y  o f  sp in  exchange. This s i t u a t i o n  i s  d i f f e r e n t  com pared to  

an  e -h  p a ir  in  an e x c ito n ic  s t a t e  w hich e n c lo s e s  w ith in  i t s  o r b i t  a  

l a r g e  num ber o f  Mn2+ io n s . Due to  th e  lo n g  l i f e t i m e  (> 1 n sec ) o f  

t h i s  bound s t a t e ,  th e  c a r r i e r s  s lo w ly  d ig s  in  an  a t t r a c t i v e  p o te n ­

t i a l  w e l l  f o r  i t s e l f .  The f i n a l  s t a t e  i s  more lo c a l iz e d  in  n a tu r e  

and i s  known a s  a  bound m agnetic  p o la r o n 5’ 6’ 7 (BMP). The lu m in es­

cence  o b se rv e d  from  t h i s  s t a t e  r e v e a ls  th e  exchange en erg y  c o n t r i ­

b u tio n  t o  th e  b ind ing  e n e rg y , changes in  th e  b ind ing  energy  due to  

a n t i f e r ro m a g n e tic  in te r a c t io n  among th e  e n c lo s e d  Mn2+ io n s  and
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a ls o  th e  non m ag n e tic  bandgap s h i f t s .

In  t h i s  a r t i c l e ,  th e  e f f e c t s  o f  Mn2+ io n s  on th e  bound s t a t e  

o f  c a r r i e r s  u s in g  s te a d y  s t a t e  and p ico seco n d  tim e  re s o lv e d  sp e c ­

tro s c o p y  a r e  p r e s e n te d .  U sing s te a d y  s t a t e  lu m in escen ce  from  

Cd  ̂ MnxSe sa m p le s  w ith in  th e  ran g e  0 £xS 0 .8 6 , we have m easured  

bandgap changes a s  a  fu n c t io n  o f  Mn c o n c e n t r a t io n .  Combined w ith  

th e  x - ra y  l a t t i c e  c o n s ta n t  d a t a 8, we a r e  a b le  t o  deduce th e  in d i­

v is u a l  co n d u c tio n  and v a le n c e  band d e fo rm a tio n  p o t e n t i a l s 9’ 10’ l l . 

In  doing s o , we d e m o n s tra te  th e  im p o rta n c e  o f  th e  lo c a l iz e d  n a tu r e  

o f  th e  Mn2+ io n  e x c i te d  s t a t e 12’ 13 1*G in  d e te rm in in g  th e  in d iv id u a l 

c o n tr ib u t io n  o f  th e  d e fo rm a tio n  p o t e n t i a l s  o f  th e  co n d u c tio n  and 

v a le n c e  bands t o  th e  bandgap.

The te m p e ra tu re  dependence o f  th e  lu m in esc e n c e  peak p o s it io n  

f o r  a g iven  Cd^_x MnxSe sam p le  was s tu d ie d .  Using th e  CdSe lum i­

n escen ce  peak a s  a  r e f e r e n c e  p o s i t io n ,  we a r e  a b le  to  o b ta in  bound 

m agnetic  p o la ro n  e n e rg ie s  a f t e r  ta k in g  in to  a c c o u n t th e  tem p e ra ­

t u r e  and x dependence  o f th e  bandgaps. In  t h i s  a n a ly s is  i t  was 

a l s o  assum ed t h a t  th e  b ind ing  e n e rg ie s  o f  th e  e x c ito n  s t a t e  p r io r  

t o  ta k in g  in to  a c c o u n t any exchange e n e rg y  does n o t  depend on x. 

The BMP r a d iu s  was o b ta in e d  u s in g  th e  th e o ry  d ev e lo p ed  by S p a lek  

e t  a l 5 and th e  s m a l le r  r a d i i  f o r  BMP's in  l a r g e  x sam p les  (x > 

0 .3 ) a r e  i n t e r p r e t e d  a s  due t o  th e  BMP lo c a l iz e d  on one o f  th e  

Mn2+ io n s . T h is  BMP i s  te rm ed  a s  B M P -n . This i s  c o n tr a ry  t o  th e  

o rd in a ry  ty p e  B M P (-I), which i s  lo c a l iz e d  on a  donor s i t e  in  s m a l l
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x (< 0 .3 ) sa m p le s . The te m p e ra tu re  dependence o f  th e  BMP lum ines­

cence  peak p o s i t io n  and i n te n s i t y  shows an  a n o m a ly 'a ro u n d  -60  K. 

T h is anom aly  i s  e x p la in e d  in  te rm s  o f th e  Neel* te m p e ra tu re  beha­

v io r  o f  th e  a n ti f e r ro m a g n e tic  i n t e r a c t io n 1**’ 15,16 among Mn2+ io n s . 

From th e  p ico seco n d  tim e  r e s o lv e d  lu m in esc e n c e  d a ta ,  we have 

deduced  BMP fo rm a tio n  tim e s . F u r th e rm o re , th e  tw o BMP reg im es (x 

>0.3 and x <0.3) show d i f f e r e n t  te m p o ra l b e h a v io r .

5 .2  BACKGROUND

S im ila r  to  many t e r n a r y  se m ic o n d u c to rs 17 l ik e ,  th e  bandgap o f 

Cd.j_xMnxSe in c r e a s e s  l i n e a r l y 18 w ith  x . L o w -f ie ld  e l e c t r o r e f l e c ­

ta n c e  (ER) d a ta  on Cd1_xMnxSe in  th e  e n e rg y  ran g e  1 .2 -2 .7  eV f o r

v a r io u s  te m p e ra tu re s  and co m p o sitio n s  r e v e a l  t r a n s i t i o n s  from  th e

to p  v a le n c e  band ( s p l i t  by th e  hex ag o n al c r y s t a l  f i e l d  and s p in -  

o r b i t  c o u p lin g ) t o  th e  co n d u c tio n  band. The ER s tu d y  f o r  a  tem ­

p e r a tu r e  ra n g e  o f  4 -300 K and co m p o sitio n  ra n g e  o f  0 £ x £ 0.45 

have shown t h i s  l i n e a r  b e h a v io r .

The bandgap v a r i e s 18 a s ,

E -  1.829 + 1.63x a t  4 K, (5 .2 .1 )
o

E = 1.807 + 1.32x a t  77 K, (5 .2 .2 )
O

and
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E -  1.725 + 1 .1 6x a t  300 K (5 .3 .3 )
©

in  eV.

These bandgap dependences on x and te m p e ra tu re  have been used  in  

our a n a ly s i s  o f  BMP b ind ing  e n e rg ie s  o b ta in e d  from  th e  observed  

dependence o f  lu m in escen ce  peak p o s it io n  on x and te m p e ra tu re . 

S ince th e  ER te c iin iq u e s 19 ( p re s s u re  m odu la tion ) a re  s e n s i t iv e  to  

th e  p r e s s u r e  s e n s i t iv e  s t a t e s ,  i t  r e v e a ls  th e  fu n d am en ta l band 

edge due t o  th e  r e l a t i v e l y  la r g e  d e fo rm a tio n  p o te n t i a l  o f  th e  con­

d u c tio n  band. Thus, a  Mn2+ le v e l  w ith  a s m a l l  c r y s t a l  f i e l d  p a r ­

am e te r 0^ c o u ld  e a s i l y  go u n d e te c te d  in  an ER m easurem ent. How­

e v e r, in  a  lu m in escen ce  experim en t i t  i s  p o s s ib le  ( f o r  x > 0 .3) to  

o b se rv e  a  t r a n s i t i o n  from  th e  e x c ite d  Mn2+ l e v e l  to  th e  v a le n c e  

band.

In  d i re c tg a p  sem ico n d u cto rs  th e  ph o to lu m in escen ce  peak i s

o b se rv ed  a t  a b o u t _ E^+ 1/2kgTg eV f o r  h igh te m p e ra tu re s  and above

bandgap e x c i t a t io n ,  w here Tg i s  th e  f r e e  c a r r i e r  te m p e ra tu re . At

low te m p e ra tu re s  f r e e  c a r r i e r s  fo rm  f r e e  and bound e x c ito n s . In

th e s e  c irc u m s ta n c e s  th e  lu m inescence  peak w i l l  be a t  _ E -E  andg x

Eg-E^, w here Ex and E^ a r e  th e  b in d in g  e n e rg ie s  o f  th e  f r e e  e x c i­

to n s  and bound e x c ito n s ,  r e s p e c t iv e ly .  For d i l u t e  sem im agnetic  

sem ic o n d u c to rs  f u r t h e r  c o m p lic a tio n s  a r i s e  b e c au se  o f  th e  tem p era ­

tu r e  and c o n c e n tra t io n  dependen t r e d  s h i f t 20’21 o f  th e s e  e x c ito n s
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due to  th e  exchange in te r a c t io n  betw een  th e  e le c tr o n s ( e )  and 

h o le s (h )  w ith  Mn2+ s p in s .  E x p e r im e n ta lly , i t  h a s  'b e e n  observed  

t h a t  f o r  a  Mn c o n c e n tra t io n  o f  40 % in  Cd1 _xMnxSe th e  band gap 

energy  o f  2 .2  eV (4K) i s  e q u a l t o  th e  Mn2+ f i r s t  e x c i te d  s t a t e  “T .
i

The l a r g e  changes in  th e  band gap o f  mixed se m ico n d u c to rs  a r e

r e l a t e d  to  th e  change in  th e  c r y s t a l  l a t t i c e  p a ra m e te r .  In  th e
0

c a se  o f  CdMnSe, th e  a to m ic  r a d i i  o f  Mn, Cd and Se a r e  1.30 A, 1.56 
0 0
A, and 1.17 A, r e s p e c t iv e ly .  When Mn ( 4S2 s t a t e s )  becom es an i s o -  

e le c t r o n ic  s u b s t i tu e n t  f o r  Cd ( 5S2 s t a t e s ) ,  th e  l a t t i c e  p a ra m e te r  

becomes s m a l le r  w ith  in c r e a s e s  in  x. This can be view ed as  h o s t  

c r y s t a l  CdSe be ing  under x dependen t h y d r o s ta t ic  p re s s u r e .  For 

th e  w u r tz i te  s t r u c t u r e  o f  Cd^_xMnxSe th e  l a t t i c e  p a ra m e te rs  a r e  

found to  v a ry 8 a s ,

a  -  4.049 -  0 .12x A (5 .2 .4 )

and

c = 6.629 -  0 .193x A (5 .2 .5 )

We have used  t h i s  x - ra y  d a ta  in  e v a lu a tin g  d e fo rm a tio n  p o te n t ia l s

in  th e  c o n d u c tio n  and v a le n c e  b an d s. The a v e ra g e  l a t t i c e  param e-
o

t e r  change Aa i s  * 0 .1 5x A.
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5 .3  MATERIAL

The s in g le  c r y s t a l s  o f  Cdi_ xMnxSe ( 0 .045 < x < 0.42 ) w ere 

grown u s in g  th e  Bridgman m ethod a t  Purdue U n iv e rs i ty . The compo­

s i t i o n  o f  th e  s a m p le s  was checked  by a to m ic -a b s o rp t io n  ( Schw az- 

kopf M ic ro a n a ly tic a l  L a b o ra to ry , In c ) .  A ll  o f  th e  sa m p les  used  in  

th e  ex p erim en t a r e  A -p la te  w ith  th e  c -a x is  p a r a l l e l  t o  th e  l in e a r  

p o la r iz a t io n  o f  th e  e x c i ta t io n  beam. The sam p les  o f  CdSe w ere 

grown by C le v e la n d  C r y s ta l ,  Inc .

5 .4  METHODS

a) S te a d y  S t a t e  P h o to lu m in e s c e n c e :

An a rg o n  io n  l a s e r  was used  to  e x c i te  th e  sa m p le s  a t  e i t h e r  

488 nm o r  477 nm w a v e len g th s . The ty p ic a l  pow er d e n s i t ie s  u sed  in  

th e  ex p e rim en t w ere in  th e  ran g e  o f  10 -1 OOW/cm2. The e x c i ta t io n  

beam was chopped a t  900 Hz. The sa m p le s  w ere m ounted on a  c o ld  

f in g e r  in  an  o p t i c a l  he lium  dew ar. The sam p le  te m p e ra tu re  was 

m easured  w ith in  ±2 K u s in g  a  s i l i c o n  d io d e . The p h o to lu m in escen ce  

was c o l l e c t e d  and  im aged in to  a  d o u b le  Spex-1/2m  s p e c tro m e te r  and 

d e te c te d  by a  RCA-7265 p h o to m u l t ip l ie r  tu b e  (S -20) and a  PAR lo c k -  

in - a m p li f ie r  tu n e d  t o  900 Hz.

b) T im e R e s o lv e d  P h o to lu m in e s c e n c e :

The p h o to e x c i te d  c a r r i e r s  w ere  p roduced  u s in g  a  N d :g la ss  

l a s e r  mode lo c k e d  by Kodak A9860 dye d is s o lv e d  in  d ic h lo ro e th a n e .
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S in g le  p u ls e  (6 p sec) tw o -p h o to n  e x c i t a t io n  (1*1060 nm) was a c h i­

eved u s in g  a  sp a rk  gap and P ockel c e l l  f o r  p u ls e  s e le c t i o n 22 from  

th e  mode lo ck e d  t r a i n .  S in g le  p h o to n  e x c i ta t io n  (X* 530 nm) was 

ac h ie v e d  u s in g  second  harm onic g e n e ra tio n  in  KDP. The p h o to lu m i­

n e sce n c e  was c o l l e c t e d  and fo c u se d  o n to  th e  e n tr a n c e  s l i t  (50y) o f  

a  s t r e a k  cam era  f o r  t im e  r e s o lv e d  p h o to lu m in e sc en c e  s tu d ie s .  An 

a t t e n u a t e d  l a s e r  p u ls e  (530 nm) was d i r e c te d  in to  th e  e n tr a n c e  

s l i t  o f  th e  s t r e a k  cam era  p r io r  t o  th e  a r r i v a l  o f  lu m in escen ce . 

The p r e p u ls e  was u sed  a s  a  m arker f o r  o v e r la p p in g  v a rio u s  d a ta  

f i l e s  f o r  a v e ra g in g  and  f in d in g  th e  s t a r t  o f  lu m in escen ce  a f t e r  

th e  e x c i t a t io n  p u ls e .  The e le c t r o n i c  window s e t  on th e  v ideo  

cam era  c o n t r o l le d  by a  m ic ro p ro c e sso r  e n a b le d  us to  r e c o rd  and 

s t o r e  (appendix  B1) th e  d a ta  in  a  m in icom puter. The o v e r  a l l  

s t r e a k  cam era  r e s o lu t io n  was 13 p s e c . A ll th e  tim e  re s o lv e d  d a ta  

w ere c o r r e c te d  f o r  n o n l in e a r i ty  o f  th e  s t r e a k  r a t e  u s in g  com puter 

s o f tw a r e  (append ix ).

5.5 EXPERIMENTAL RESULTS:
In  th e  s te a d y  s t a t e  lu m in escen ce  m easu rem en ts we ty p i c a l l y  

o b se rv e d  a  narrow  peak  a t  h ig h er e n e rg y  and a  b ro ad  peak on th e  

low  e n e rg y  s id e  o f  th e  s p e c t r a  ( F ig s .5 .5 .1  and 5 .5 .2 ) .  These tw o 

bands w i l l  be te rm ed  h e r e a f t e r  a s  t h e  y e llo w  em iss io n  and r e d  

e m iss io n . The y e llo w  lu m in escen ce  have  been  a t t r i b u t e d  to  bound 

m ag n e tic  p o la ro n  e m iss io n  and a l s o  c o u ld  be a s s o c ia te d  a p p ro x i-
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r a a te ly  (± 30 mev) t o  th e  bandedge em ission  f o r  x <0.3. This i s  

b ecau se  o f  l in e a r  dependence o f  bandgap ( s e e  f o r  exam ple 

E q .(5 .2 .1 ))  and a l s o  o f  th e  b ind ing  e n e rg y  (se e  E q .(5 .6 .21 )) o f  BMP 

on x. Using th e  x dependence o f  s te a d y  s t a t e  y e llo w  lum in escen ce  

peak p o s it io n , th e  o p t i c a l  d e fo rm a tio n  p o te n t i a l  f o r  co nduc tion  and 

v a le n c e  bands w ere e s t im a te d . The te m p e ra tu re  dependence o f th e  

y e llo w  lum in escen ce  h as  been  used  in  o b ta in in g  th e  BMP e n e rg ie s  

f o r  v a rio u s  sa m p le s . The r e d  lu m in escen ce  h a s  n o t  been found  to  

be r e l e v e n t  to  th e  band s t r u c tu r e .  The tim e  re s o lv e d  m easure­

m ents o f  y e llo w  lu m in escen ce  w ere u sed  in  o b ta in in g  BMP fo rm a tio n  

tim e . The tim e r e s o lv e d  m easurem ent f o r  r e d  lu m inescence  can n o t 

be i n te r p r e te d  in  te rm s  o f  any m echanism .

a )  Y e llo w  L u m in e s c e n c e :

F ig .(5 .5 .3 )  and (5 .5 .4 )  sum m arize th e  s te a d y  s t a t e  lu m in es­

cence  s p e c t r a  f o r  d i f f e r e n t  x and a t  4K. The te m p e ra tu re  depen­

dence o f  th e  lu m in escen ce  peaks a r e  sum m arized in  F ig s .(5 .5 .3 ) , 

( 5 .5 .4 ) , (5 .5 .5 ) , (5 .5 .6 ) ,  and (5 .5 .7 ) . The y e llo w  em ission  f o r  CdSe 

i s  due to  donor bound e x c ito n s  and i t s  peak  p o s i t io n  m o n o to n ica lly  

s h i f t s  to w a rd s  th e  r e d  a t  a  r a t e  o f  -2x10  ** eV/K (F ig . 5 .5 .3 (a ) ) .  

The in te n s i t y  o f  t h e  peak a l s o  d e c re a s e s  a t  a r a t h e r  s low  r a t e  

w ith  te m p e ra tu re . The in te n s i t y  a t  200K i s  35$ o f  th e  i n te n s i t y  

a t  4K (F ig . 5 .5 .4 (a ) ) .  The te m p e ra tu re  dependence o f  th e  peak  pos­

i t io n  o f  th e  lu m in escen ce  f o r  th e  sa m p le  w ith  x=0.045 i s  a lm o s t
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i d e n t i c a l  (F ig . 5 .5 .3 (b ))  to  CdSe (x*0). In  t h i s  c a se  th e  r a t e  o f  

th e  s h i f t  i s  -2 .7x10  * eV/K. However, th e  o b se rv e d  'i n te n s i ty  dec­

r e a s e d  f a s t e r  w ith  th e  in c re a s e  in  te m p e ra tu re  (F ig . 5 .5 .4 (b )) . The 

i n te n s i t y  a t  200K i s  10$ o f  th e  in te n s i t y  a t  4K. For a  l a r g e r  x 

( i . e .  x -0 .0 9 2 ), th e  g e n e ra l  t re n d  o f  th e  s h i f t  (F ig . 5 .5 .3 (c ))  o f  th e  

lum in escen ce  peak (-2 .4x10  " eV/K) i s  th e  same a s  d isc u sse d  e a r l i e r  

e x c e p t f o r  th e  peak p o s it io n  whose s h i f t  w ith in  th e  te m p e ra tu re  

ran g e  o f  35-55K i s  u n u su a l. Even th e  i n te n s i t y  d e c re a s e s  (F ig . 

5 .5 .4 (c ))  r a p id ly  com pared to  p re v io u s ly  d isc u s s e d  sam p les  o f  x=0 

and 0 .045 . The in te n s i t y  d e c re a se d  to  5$  a t  80K from  i t s  maximum 

v a lu e  a t  4K. W ithin th e  te m p e ra tu re  ran g e  o f  50-55K th e  in te n ­

s i t y  in c r e a s e s  w ith  in c re a s e  in  th e  te m p e ra tu re . For th e  x=0.3 

sam ple  th e  peak p o s i t io n  w ith in  th e  te m p e ra tu re  ra n g e  o f 4-65K 

shows a  non-m onotonic  behav io r (F ig . 5 .5 .3 (d ))  b u t f o r  T > 65K th e  

peak p o s it io n  s h i f t s  to w a rd s  lo w er en erg y  a t  a  r a t e  o f  -5 .3x10  ■* 

eV/K w hich i s  c o n s id e ra b ly  l a r g e r  th a n  f o r  sa m p le s  w ith  x=0, 0.045 

and 0 .092 . For x = 0 .3 , th e  peak in te n s i ty  a l s o  shows a  nonmono­

to n ic  b eh av io r (F ig . 5 .5 .4 (d ))  f o r  th e  te m p e ra tu re  ra n g e  o f  4-65K. 

The peak p o s it io n  and th e  in te n s i t y  i s  maximum a t  65K. For th e  

sam p le  w ith  x -0 .3 6 , th e  peak p o s i t io n  o f  th e  lu m in escen ce  s h i f t s  

to w a rd s  lo w e r en e rg y  ( re d  s h i f t )  f o r  th e  te m p e ra tu re  ra n g e  o f  

4-11 OK (F ig . 5 .5 .5 (a ) ) .  W ithin th e  110-130K ra n g e  th e  peak p o s it io n  

i s  c o n s ta n t  a t  _ 2 .164 eV. For te m p e ra tu re s  > 130K th e  peak 

s h i f t s  l in e a r l y  w ith  a  s lo p e  o f  -5 x 1 0 "“ eV/K (F ig . 5 .5 .5 (a ) ) . The
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i n t e n s i t y  a l s o  d e c re a s e s  (F ig . 5 .5 .5 (b ))  a t  200K to  8 % o f  i t s  maxi­

mum v a lu e  a t  5K. But th e  d e c re a s e  i s  ra p id  up to  70K and s lo w e r  

a t  h ig h e r  te m p e ra tu re .  The sam e te m p e ra tu re  b eh av io r o f  th e  peak 

p o s i t io n  and i n te n s i t y  o f  th e  lum in escen ce  i s  shown (F ig . 5 .5 .6 (a )  

and  5 .5 .6 (b ))  by th e  sam ple  w ith  x * 0 .42 . However, th e  abnorm al 

f e a t u r e s  a r e  more d i s t i n c t  th a n  f o r  th e  sam ple  w ith  x*0 .36 . H ere, 

th e  peak s h i f t s  to w a rd s  th e  low  en erg y  up to  65K. For th e  ran g e  

o f  te m p e ra tu re  65-11 OK th e  s h i f t  i s  o s c i l l a t o r y  w ith  te m p e ra tu re . 

For te m p e ra tu re  > 110 K th e  peak p o s it io n  s h i f t s  a t  a  r a t e  o f 

-5 .4 x 1 0  14 eV/K. The in te n s i t y  d e c re a s e s  w ith  te m p e ra tu re  and 

becom es 6 % o f  th e  maximum ( a t  4K) a t  180K. The i n t e n s i t y  show s a 

cusp  a t  80K. The sam ple  w ith  x=0.86 shows com plex te m p e ra tu re  

b e h a v io r  whose f e a t u r e s  a r e  v e ry  d i s t i n c t l y  shown in  F ig s . 5 .5 .7 (a )  

and 5 .5 .7 (b ) . I t  i s  i n t e r e s t in g  to  n o te  t h a t  th e  i n te n s i t y  in c r e ­

a s e s  f o r  th e  ran g e  110K-200K.

b) Red Luminescence:

We have o b se rv ed  in  a d d it io n  to  BMP (y e llo w ) lu m in escen ce  an 

em iss io n  around 1 .8  ev (se e  F ig s . 5 .5 .1  and 5 .5 .2 ) f o r  a l l  sam p les  

o f  Cd.j_xMnxSe (0 .045 £ x 2 0 .8 6 ) . This em ission  i s  weak in  th e  

c a se  o f  sam p le s  w ith  x=*0.045 and  x=0.092. The lu m in esc e n c e  f o r  

x -0 .0 4 5  w ith  i t s  peak p o s it io n  a t  1.75 eV, does n o t  change w ith  

te m p e ra tu re  (±5mev). The i n t e n s i t y  o f  t h i s  lu m in escen ce  d e c re a s e s  

s lo w ly  t o  10 ?  of. th e  peak i n t e n s i t y  (15K) a round  80K. T here  i s  no
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ab n o rm al b e h av io r w ith in  th e  ran g e  o f  4-80K. On th e  c o n tr a ry ,  th e  

sam p le  w ith  x -0 .0 9 2  show s a  s t r u c t u r e  (F ig . 5 .5 .8 (a ))  a t  60K b o th  

in  th e  dependence o f  th e  peak p o s i t io n  (_ 1 .8  ev) and in t e n s i t y  (F ig . 

5 .5 .9 (a ) )  on te m p e ra tu re  o f  th e  lu m in esc e n c e . The sam e f e a tu r e s  

w ith  more prom inence a r e  o b se rv ed  in  th e  sam p le  w ith  x=0.3. In  

t h i s  c a se  th e  peak p o s i t io n  (» 1.91 ev) (F ig . 5 .5 .8 (b ))  and in te n s i t y  

show s an abno rm al te m p e ra tu re  dependence (F ig . 5 .5 .9 (b ))  a t  60K. 

S im ila r  f e a t u r e s  a r e  p r e s e n t  in  th e  sa m p le s  w ith  x=0.36 and 0 .4 2 . 

The sam p le  w ith  x=0.86 show s much more com plex b eh av io r in  which 

th e  peak p o s it io n  (F ig . 5 .5 .8 (c ) )  s h i f t s  to w a rd s  h ig h e r  en erg y  and 

th e  in te n s i t y  (F ig . 5 .5 .9 (c ) )  o f  th e  peak show s a  change in  th e  

te m p e ra tu re  dependence a t  _70K. The r a t i o  o f  th e  lu m in escen ce  in ­

t e n s i t i e s  w ith  p o la r i z a t io n  p e rp e n d ic u la r  to  th e  c - a x is  to  t h a t  

p a r a l l e l  to  th e  c -a x is  i . e .  I jl / I jj i s  p l o t t e d  in  F ig .(5 .5 .1 0 ) . I t  

i s  c l e a r  t h a t  f o r  sa m p le s  w ith  0 S x < 0.1 th e  r a t i o  m o n o to n ic a lly  

d e c re a s e s ,  w h ile  f o r  0 .42  2 x 2 0 .36  i t  i s  a lm o s t th e  sam e („ 2 ). 

I t  i s  v e ry  i n te r e s t i n g  t o  n o te  t h a t  th e  r a t i o  i s  l e s s  th a n  1 f o r  

x -0 .8 6 . T his in d ic a te s  t h a t  th e  v a le n c e  band sym m etry in v o lv e d  i s  

m ixed r a t h e r  th a n  and a s  i s  th e  c a se  in  CdSe.

c) Time Resolved Yellow Luminescence
Time r e s o lv e d  k in e t ic s  have been m easu red  f o r  y e llo w  lu m in es­

ce n ce  in  f iv e  sa m p le s  w ith  d i f f e r e n t  x and low  te m p e ra tu re s  « 10K.

(1) CdSe(x-O)
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The tim e  r e s o lv e d  lu m in escen ce  (1 .8  eV) c o rre sp o n d in g  to  f r e e

e -h  p lasm a  show s, when e x c i te d  w ith  a  530 nm p u ls e ,  a  s im p le

e x p o n e n tia l  decay  p r o f i l e  w ith  a  1 /e  tim e  o f  .  120 p se c  and a r i s e

tim e  o f  _ 20 p se c  (F ig . 5 .5 .1 1 (a ) ) . T here  i s  no change in  th e  decay

p r o f i l e  even  f o r  a  r e d u c t io n  o f  th e  e x c i ta t io n  i n te n s i t y  by a

f a c t o r  o f  30. W ith th e  maximum tw o pho ton  e x c i t a t io n  I  (_ 2x10 17
0

p h o to n s/c m 2) , th e  lu m in escen ce  peak i s  s h i f t e d  by 185 p sec  a s  

m easured  from  th e  s t a r t  o f  one pho ton  e x c i ta t io n  (F ig . 5 .5 .1 1 (b )) . 

For a  r e d u c t io n  in  th e  i n te n s i t y  by a  f a c t o r  o f  4 th e  d e la y  i s  

re d u c e d  t o  100 p se c . By re d u c in g  th e  e x c i ta t io n  i n te n s i t y  by a  

f a c t o r  o f  10, th e  d e la y  becom es n e g l ig ib le  (F ig . 5 .5 .1 1 (c ) ) .

(2) Cd0>95Mn0>05Se

The tim e  r e s o lv e d  lu m in escen ce  a t  4k show s an  in s ta n ta n e o u s  

peak w ith  l i f e t im e  _ 20 p se c , w hich i s  fo llo w e d  by a  d e la y e d  peak 

(F ig . 5 .5 .1 2 (c ) ) . The d e la y e d  peak  o c c u rs  a f t e r  124 p se c  f o r  th e  

maximum tw o pho ton  e x c i t a t io n  and i s  a b s e n t  f o r  one pho ton  e x c i ta ­

t io n .  The d e la y e d  peak d isa p p e a rs  f o r  1/101 tw o pho ton  e x c i ta t io n
0

f lu e n c e .  The d e la y e d  peak  a l s o  d is a p p e a rs  a t  77K (F ig . 5 .5 .1 2 (d )) .

(3) Cd0 .9 Mn0 .1 Se

The c h a r a c t e r i s t i c s  o f  th e  tim e  r e s o lv e d  lu m in escen ce  a r e

s im i la r  t o  th e  one o b se rv e d  in  th e  sam p le  w ith  x -  0 .05  e x c e p t 

t h a t  th e  d e la y  o f  th e  second  peak i s  .  60 p se c  (F ig . 5 .5 .1 3 (c ) ) .
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The d e la y e d  peak  a l s o  d isa p p e a rs  a t  77K (F ig . 5 .5 .1 3 (d )) .

(4) cd0 .6 4 Mn0 .3 6 Se

The lu m in escen ce  peak i s  d e la y e d  by 80 p se c  a t  th e  maximum

tw o photon  e x c i t a t io n  f lu e n c e  (I  )(F ig . 5 .5 .1 4 (a )) . At 1/51 e x c i ta -
0 0

t io n  f lu e n c e ,  th e  r i s e  tim e  i s  _ 150 p sec  (F ig . 5 .5 .1 4 (b )) , and f o r

1/101 , th e  r i s e  tim e  i s  „ 200 p se c  (F ig . 5 .5 .1 4 (c ) ) .
0

Cd0 .58Mn0 .4 2 Se

The lu m in escen ce  d e la y  w ith  i n t e n s i t y  o f  e x c i ta t io n  i s  

e n t i r e l y  d i f f e r e n t  th a n  th e  ones o b se rv ed  in  sam p les  w ith  0 £ x 2 

0 .1 . For maximum e x c i ta t io n  in te n s i t y  th e  lu m inescence  maximum 

o c u rs  w ith in  30 p se c  (F ig . 5 .5 .15 (d )) and th e  d e la y  in c re a s e s  as  th e  

e x c i ta t io n  i n t e n s i t y  o f th e  two pho ton  e x c i t a t i o n  i s  d e c re a se d  by a 

f a c t o r  o f  10 (F ig . 5 .5 .1 5 (b )) . The maximum d e la y  i s  100 p s e c . The 

one pho ton  e x c i t a t io n  shows a  s im i la r  r i s e  tim e  (F ig . 5 .5 .1 5 (a ))  a s  

in  th e  maximum tw o pho ton  e x c i ta t io n .  However, th e  lu m inescence  

l i f e t i m e  i s  lo n g e r  (100 psec) th a n  one o b se rv e d  in  tw o pho ton  ex c i­

t a t i o n  (20 p s e c ) .

d) Time Resolved Red Luminescence
The re d  lu m in escen ce  o b se rv ed  f o r  x=0.045 shows no s t r u c tu r e  

and h as  a  l i f e t i m e  (1 /e )  o f  20 p sec  o v e r  th e  te m p e ra tu re  ran g e  

4 -77  K (F ig s . 5 .5 .1 2 (a )  and 5 .5 .1 2 (b )) . On th e  c o n tr a ry ,  th e  sam ple
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w ith  x -0 .0 9 2  show s a  second  peak s e p a ra te d  by 30 p sec  from  th e  

f i r s t  one (F ig s . 5 .5 .1 3 (a ) and 5 .5 .1 3 (b )) . For sam p les  x -0 .4 2  and 

0.36 (x>0.3) th e  r e d  lum in escen ce  shows a  v e ry  d i f f e r e n t  decay  

p r o f i l e .  In  t h i s  c a se , th e  lu m in escen ce  show s a  r is e t im e  o f  _ 200 

p sec  and a decay tim e  o f  1.2 n se c  (F ig . 5 .5 .1 6 ) .

5.6 DISCUSSION
In  w u r tz i te  CdMnSe th e  a rra n g e m e n t23 o f  th e  a tom s up t o  and 

in c lu d in g  n e x t n e a r e s t  n e ig h b o rs  i s  i d e n t ic a l  to  t h a t  o f a  z in c -  

b len d e  c r y s t a l  su ch  a s  CdMnTe. In  each  c a se , th e  Mn2+ ion  i s  s i t ­

u a te d  a t  a l a t t i c e  s i t e  w ith  a  t e t r a h e d r a l  a rran g em en t o f  th e  

n e a r e s t  n e ig h b o rs . Because o f  th e  s im i l a r i t y  o f th e  a rran g em en t 

f o r  th e s e  DMS, any d i f f e r e n c e  o b se rv e d  in  p r o p e r t ie s  which a r e  in ­

f lu e n c e d  by a  s h o r t  ran g e  i n te r a c t io n  betw een  th e  Mn2+ and th e  

lo c a l  en v iro n m en t, can be a t t r i b u t e d  to  th e  d i f f e r e n t  ch a lco g en  

occupying  th e  n e a r e s t  ne ighbo r s i t e .  In  z in c b le n d e  s t r u c tu r e s  th e  

k in e t ic  and p o te n t i a l  energy  c o n tr ib u t io n  to  th e  d e fo rm atio n  p o te n ­

t i a l  f o r  v a le n c e  bands a re  o f  o p p o s ite  s ig n 21* and th e  n e t  defo rm a­

t io n  p o t e n t i a l  i s  s m a l l ,  hence  th e  maximum o f  th e  v a le n c e  band 

energy  does n o t change s ig n i f i c a n t ly  w ith  c o n tr a c t io n .  H ere, we 

m ust p o in t  o u t t h a t  th e  te m p e ra tu re  dependence o f th e  v a le n c e  and 

co n d u c tio n  bands a r e  d i f f e r e n t .  This i s  p r im a r i ly  because  o f  th e  

f a c t  t h a t  th e  te m p e ra tu re  dependence in c lu d e s  a  D ebye-W alle r- 

f a c to r  (DWF) and a  volum e te rm . The volum e te rm  c o n tr ib u tio n  i s
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a t l e a s t  10% s m a l le r  th a n  th e  DWF te rm . Hence, in  t h i s  c a se  th e  

co n d u c tio n  band te m p e ra tu re  c o e f f ic i e n t  i s  in s ig n i f ic a n t  com pared 

to  th e  v a le n c e  band te m p e ra tu re  c o e f f i c i e n t 2 *’2 6.

The te m p e ra tu re  dependence27’ 28 o f  th e  p h o to lu m in escen ce  peak 

o f  Cd^_xMnxTe f o r  x < 0 .4  and f o r  x > 0 .4  a r e  e s s e n t i a l l y  th e  same 

( -  4x 10 ‘’eV/K ) even though  in  th e  fo rm e r  (x < 0 .4 ) th e  t r a n s i ­

t io n  in v o lv ed  i s  band-band , w h ile  in  th e  l a t t e r  (x > 0 .4 ) i t  i s  

from  a  Mn2+ e x c ite d  io n ic  s t a t e  to  th e  p -d  h y b rid iz e d 29 v a le n c e  

s t a t e .  This i s  c o n s is te n t ,  s in c e  th e  v a le n c e  s t a t e  i s  th e  main 

c o n tr ib u to r  and th e  io n ic  s t a t e  h a s  l i t t l e  e f f e c t  due to  th e  tem ­

p e ra tu re  dependence o f  th e  c r y s t a l  f i e l d  p a ra m e te r  D^. As a 

m a t te r  o f  f a c t  th e  c r y s t a l  f i e l d  p a ra m e te r  d e c re a s e s  w ith  tem ­

p e r a tu r e  due to  an in c r e a s e  in  th e  l a t t i c e  c o n s ta n t30’ 31, which in  

tu r n  would in c re a s e  th e  en erg y  d i f f e r e n c e  f o r  th e  t r a n s i t i o n .

The e s s e n t i a l  d i f f e r e n c e  o b se rv e d  betw een  th e  Cd^_xMnxTe and 

Cd.j_xMnxSe p h o to lu m in escen ce  ( PL ) peak p o s it io n  dependence on x 

i s  sum m arized a s  f o l lo w s .  The PL peak p o s it io n  i s  e s s e n t i a l l y  in ­

d e p e n d en t13 o f  x f o r  x > 0.4 in  Cd1 Mn Te a t  a  g iven  te m p e ra tu re ,  

w h ile  ou r d a ta  f o r  Cd.j_xMnxSe show s t h a t  th e r e  i s  a  b reak  p o in t  a t  

x«0.3 a f t e r  which th e  PL peak in c r e a s e s  to w a rd s  h ig h e r  en erg y  l e s s  

r a p id ly  ( » 0 .4  eV/x) a s  com pared t o  t h a t  f o r  x < 0 .3  ( 1.2 eV/x )( 

F ig .5 .6 .1 ) .  We b e lie v e  t h i s  d i f f e r e n c e  i s  due to  th e  d i f f e r e n c e  in  

th e  c r y s t a l  sym m etry o f  th e s e  mixed c r y s t a l  and n o t due t o  th e  

d i f f e r e n t  an io n s ( Te and Se ) . The bandgap te m p e ra tu re  c o e f f i -
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c i e n t s 25 o f  ZnSe and ZnTe, b o th  o f  which have z in c b le n d e  sym m etry , 

a r e  -5 .1 x 1 0  ** eV/ K and  -5 .5 x 1 0  HeV/K, r e s p e c t iv e ly .  These r e s ­

u l t s ,  t o g e th e r  th o s e  from  o th e r  e x am p les25 l ik e  GaSb and InSb b o th  

o f  w hich a r e  z in c b le n d e , shows t h a t  f o r  a  g iven  c r y s t a l  sym m etry

th e  c r y s t a l s  w ith  d i f f e r e n t  an io n s  show s im i la r  bandgap te m p e ra ­

t u r e  dependences ( in c lu d in g  th e  volum e c o n tr ib u t io n  ) . Hence, in  

s p i t e  o f  th e  f a c t  t h a t  th e  an io n s  ( Te and Se ) a r e  d i f f e r e n t ,  th e

x dependence o f  th e  PL peak in  Cd.j Mn Se f o r  x > 0 .3  i s  due to

th e  v a le n c e  band s h i f t  ( in  a d d it io n  to  th e  e x p e c te d  co n d u c tio n  band 

s h i f t  ) which i s  p ro b a b ly  r e l a t e d  to  th e  d i f f e r e n t  c r y s t a l  symme­

t r y .

a) Deformation potential
In  o r d e r  t o  a n a ly z e  o u r d a ta ,  we f i r s t  rev iew  th e  s t r e s s  work 

o f  G rynberg10 on CdSe. A ccording t o  t h e i r  d a ta  th e  a b s o rp t io n  edge
A A A A A A

does n o t s h i f t  by s t r e s s  when EJJC and P_LC o r  P II C. They d id  n o t
A A A A A A  A

o b se rv e d  any s h i f t  when E i C  and PJLC (E, P, and C a r e  u n i t  vec­

t o r s  a lo n g  a b s o rp t io n  p ho ton  p o la r i z a t io n ,  u n ia x ia l  s t r e s s ,  and th e  

c -  a x is ,  r e s p e c t iv e ly ) .  However, a  c o n s id e ra b le  s h i f t  o f  th e
A A A A

a b s o rp t io n  edge was o b se rv e d  when EJL.C and  P | |  C. The o b se rv e d  

s h i f t  o f  th e  a b s o rp t io n  edge i s  g iv en  by, <j> -  H x10-6 eV/Kg/cm 2. 

Knowing th e  v a lu e  o f  <J>, and u s in g  th e  th e o r y  d e v e lo p ed  by P ik u s11, 

one can  o b ta in  d e fo rm a tio n  p o t e n t i a l s  f o r  th e  c o n d u c tio n  and v a l ­

ence  bands a s  f o l lo w s .
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The en erg y  s h i f t  r e l a t i o n s  o f  co n d u c tio n , Tg v a le n c e  and 

v a le n c e  bands as  a  fu n c t io n  o f  v a r io u s  s t r e s s  com ponent i s  g iven  

b y 10,

Ec = E 0 + D e + D e . , (5 .6 .1 )
u 1 11 2 U

E -  E 0 + 5 + 6  (5 .6 .2 )
1 1  1 2

and
9 9

E = E 0 + 6 + Y 6 (5 .6 .3 )1 1  1 2  
7 7

w here E °, E and E 0 a r e  th e  band e n e rg ie s  b e fo re  s t r e s s  i s
C 9 7

a p p lie d  and  e  = e  , e .  = e  + e  6 = C e + C e . , 6 = C e
1 1  zz  L xx yy x i n  z  L 2 3 1 1

+ C £ . .  The D , D , C , C , C , and C a r e  th e  com ponents o f  th e
“  1 2 1 2 3  i»

d e fo rm a tio n  p o te n t i a l  t e n s o r s  f o r  th e  c o n d u c tio n  and v a le n c e  

ban d s, r e s p e c t iv e ly .

The v a lu e  o f  Y f o r  th e  band m odel a s  p re s e n te d  by Thomas and 

H o p fie ld  i s  g iven  by l0 , lx ,

1 Aj
y  -  < 4 ) ( 1 ------------------ i------- -------- t t t )  (5 .6 .4 )

CCAx -  A2) 2 + 8A22] W

w here A -  c r y s t a l  f i e l d  s p l i t t i n g ,  3 A -  sp in  o r b i t  s p l i t t i n g ,  and 
1 2

Y f o r  CdSe i s  0 .643 .
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The m easurem ent o f  th e  en erg y  gap , which g iv e s  us th e  change
A A A A

in  th e  r e l a t i v e  p o s it io n s  o f  th e  bands, shows t h a t  f o r  PJ_C, e | | c
A A

and E.LC th e  energy  gap i s  c o n s ta n t .  Thus,

D e  + D e. -  [ C e + C e. + Y( C e + C e . ) ]  -  0 (5 .6 .5 )
1 1 1  2  L  1 1 1  2  L  3 11 *  L

D e  + D e r - [ C e  + C e T + C e  + C e T] = 0  (5 .6 .6 )
1 1 1  2  L* i l l  2  L  3 1 1

A A

and f o r  P C ,

D e  ' + D eT ' -  [ C e ' + C e. ’ + Y( C e * + C e. ') ]  = 0
1 1 1  2 1 1 1  2  *-* 3 1 1  ** L,

(5 .6 .7 )

D e  ' + D e. 1 -  [ C e , + C e ’ + C e  ' + C eT ']  -  4>.P
1 1 1  2 1 1 1  2 3 1 1

(5 .6 .8 )

w here <J> = dE /dP l * * = ^ .1 0 -*  eV/Kg/cm2 
g PlIC

The d e fo rm a tio n  p o te n t ia l  t e n s o r  can  be e v a lu a te d  u s in g  th e  s t r e s s  

t e n s o r  and th e  e l a s t i c  m odulii m a tr ix  f o r  CdSe g iven  by B e r l in -  

c o u r t  e t  a l 32. I t  now f o l lo w s  t h a t  e * PS , e. = P( S + S
11 13 *-■ 11 12

) , e • = PS and e . ' = 2PS .
11 33 U 13
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S o lv in g  th e s e  eq u a tio n s  i . e .  (5 .6 .5 ) , (5 .6 .6 ) ,  (5 .6 .7 ) , and (5 .6 .8 ) , 

th e  c a lc u la te d  d e fo rm atio n  p o te n t ia l s  a r e ,

D -  C = 2 .17  eV ,
i i

D -  C = -1 .5  eV, 
2 2

C = 3 .4  eV,
3

and

C = -2 .3  eV . (5 .6 .9 )

For h y d r o s ta t ic  p re s s u re  (e  = 5  and eL = 26), th e  e q u a tio n s
1 1

((5 .6 .1 )  and (5 .6 .2 ))  red u c e  to :

En = E 0 + (D + 2D )6 , (5 .6 .1 0 )
C C 1 2

S . * E + (C + 2C + C + 2C )6, (5 .6 .1 1 )
1 1  1 2  3 *♦

9 9

= E? + ( D + 2D -  0 .37  )6, (5 .6 .12 )
1 2 

9

and

E (6) = E 0 + 0 .376 . (5 .6 .1 3 )
o o

In  o u r c a s e  th e  h y d r o s ta t ic  p r e s s u r e  i s  cau sed , a s  m entioned 

e a r l i e r ,  by th e  re p la c e m e n t o f  Cd by Mn in  Cd^^^M ^Se. We assum e
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t h a t  th e  m echan ica l p r o p e r t ie s  do n o t change s ig n i f i c a n t ly  w ith  

t h i s  s u b s t i tu t io n .  We can  c o r r e l a t e  th e  s t r e s s  dependence o f  th e  

band gap o f  CdSe and o u r e x p e r im e n ta l  o b s e rv a t io n  o f  th e  band gap 

dependence o f  Cd^_xMnxSe on x a s  f o l lo w s .

E (x) = E 0 + 1.2x (5 .6 .1 4 )
o o

T h is i s  th e  ap p ro x im ate  band gap dependence o b se rv e d  in  F ig .(17) 

and by S ta n k ie w ic z 18 e t  a l .  The p re s s u re  ca u se d  by f r a c t i o n a l  Cd 

re p la c e m e n t, u s in g  E q .(5 .6 .13 ) and E q .(5 .6 .l4 ) , i s  g iven  by,

6 = 1.2/0.37X . (5 .6 .15)

Hence, E q .(5 .6 .10 ) and (5 .6 .1 1 )  a r e  r e w r i t t e n  a s ,

E = E ® + (D + 2D )(3 .2 x ) (5 .6 .1 6 )C C 1 2

E = E + (D + 2D -  0 .3 7 )(3 .2 x ) (5 .6 .1 7 )
I i  1 2

9 9

For x > 0.3» th e  lu m in escen ce  o b se rv e d  c o rre sp o n d s  t o  a  Mn2+ 

e x c i te d  s t a t e  and th e  te r m in a l  v a le n c e  band maximum. I f  th e  Mn2+ 

l e v e l s  rem ain  f i x  w ith  r e s p e c t  t o  th e  vacuum l e v e l  th e n  th e  depen~ 

dence o f  lu m in escen ce  peak p o s i t io n  on x can  be r e l a t e d  t o  th e  x - 

dep en d en t s h i f t  o f  th e  v a le n c e  band maximum. Thus, u s in g
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E q.(5 .6 .17 ) and th e  e x p e r im e n ta l  o b s e rv a t io n  sum m arized in  

F ig .(5 .6 .1 ) ,  we g e t ,

3.2(D + 2D -  0 .37) = -0 .4  (s lo p e # 2  = 0.411 eV/x)
1 2

by ta k in g  in to  a c c o u n t th e  n e g a tiv e  e n e rg y  in c r e a s e  o f  th e  v a le n c e

band w ith  x . Thus, u s in g  E q .(5 .6 .l6 )  and (5 .6 .1 7 ) , th e  d e fo rm a tio n

p o te n t ia l s  o f  th e  co n d u c tio n  and v a le n c e  bands a r e  g iven  by,

D + 2D = 0.25 eV/Kg/cm2 and D + 2D -  0 .37 = -0 .1 2  eV/Kg/cm 2. 
1 2  1 2

Hence,

Eq = Ec ° + 0 .8x (5 .6 .1 8 )

and

Ep = Er  -  0.38x . (5 .6 .1 9 )
9 9

S ince  th e  s t r e s s  in v o lv e d  i s  lo c a l iz e d  a round  th e  Mn atom  th e  

d e fo rm a tio n  p o t e n t i a l  o b ta in e d  in  t h i s  c a se  i s  th e  o p t ic a l  de fo rm a­

t io n  p o t e n t i a l  and n o t th e  a c o u s t i c a l  on e . U sing Eq.s (5 .2 .4 )  and 

(5 .2 .5 ) w hich im p ly  a v e ra g e  l a t t i c e  p a ra m e te r  change Aa = 0 .1 5x A 

a lo n g  w ith  E q s .(5 .6 .l8 )  and (5 .6 .1 9 ) , th e  v a lu e s  o f  c o n d u c tio n  band 

and th e  v a le n c e  band d e fo rm a tio n  p o t e n t i a l s  in  c o n v e n tio n a l u n i t s  

o f  eV/cm a r e  0 .5 x 1 0 9 eV/cm and 0 .24x10 9 eV/cm, r e s p e c t iv e ly .  In  

th e  above a n a ly s i s  i t  i s  assum ed t h a t  th e  r o l e  o f  Mn s u b s t i tu t io n  

i s  to  g e n e ra te  l o c a l  s t r a i n  in  th e  b a s ic  h o s t  c r y s t a l  CdSe and th e
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v a lu e s  o f  d e fo rm a tio n  p o t e n t i a l s  a r e  f o r  Cd.j MnxSe f o r  x £ 0 .5 . 

The o p t ic a l  d e fo rm a tio n  p o te n t i a l  p la y s  an im p o r ta n t  r o l e  in  h o t 

c a r r i e r  en erg y  r e l a x a t io n  v ia  non p o la r  o p t ic a l  phonon em ission  a s  

th e  p o la r  in te r a c t io n  g e ts  sc re e n e d  a t  high c a r r i e r  d e n s i t i e s 33. 

Thus, o u r p h o to lu m in escen ce  tec h n iq u e  b r in g s  o u t an  im p o rta n t 

d i f f e r e n c e  b e tw een  th e  z in c b le n d e  and w u r tz i te  c r y s t a l  s t r u c tu r e  

in  te rm s  o f  a  v e ry  s m a ll  v a le n c e  d e fo rm a tio n  p o t e n t i a l  in  z inc  

b len d e  sem ic o n d u c to rs  com pared to  th o s e  o f w u r tz i te  s t r u c tu r e .  

The m easured  v a lu e  o f  th e  o p t ic a l  d e fo rm a tio n  p o t e n t i a l  i s  in  good 

ag reem en t w ith  th e  l i t e r a t u r e  i . e .  109 eV/cm.

b) B ound m a g n e t ic  p o l a r o n  e n e r g i e s

The second p a r t  o f  th e  s tu d y  c o n s is t s  o f  th e  d e te rm in a tio n  o f 

th e  PL peak p o s i t io n  dependence on te m p e ra tu re  f o r  0 £ x £ 0 .86 . 

From t h i s  s tu d y  bound m agnetic  p o la ro n  e n e rg ie s  w ere  d e te rm ined  

f o r  a  wide ra n g e  o f  te m p e ra tu re  and Mn c o n c e n tra t io n . The tem ­

p e r a tu r e  d ependen t s h i f t s  a r e  o f th e  o rd e r  o f  10 meV in  a d d itio n  

to  th e  r ig id  bandgap s h i f t  due to  th e  D ebye-W aller f a c t o r 2 s’ 2 6(DWF) 

te rm  o r  phonon c o n tr ib u t io n .  This s tu d y  b r in g s  o u t th e  s m a l l  b u t 

c le a r  te m p e ra tu re  and x dependen t sp in  exchange i n te r a c t io n  

be tw een  th e  Mn2+ io n s  and th e  bound lo c a l iz e d  s t a t e  o f  th e  e le c -  

t r o n - h o le  p la sm a . The exchange i n te r a c t io n  i s  r e p r e s e n te d  a s  a  

m agne tic  p o la ro n  by G ennes7*31* and t h i s  co n cep t was developed  

f u r t h e r  by Kasuya e t  a l 3S t o  e x p la in  th e  m e ta l - in s u l a to r  t r a n s i ­
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t io n  in  E u -ric h  EuO th ro u g h  th e  d - f  exchange in te r a c t io n .  I t  has 

a l s o  been used  by D ie t l  and S p a le k 5’ 6 to  e x p la in  p h y s ic a l p ro p e r­

t i e s ,  i . e .  sp in  f l i p  Raman s c a t t e r in g  o f  bound c a r r i e r s ,  due t o  th e  

p re se n c e  o f  bound m agnetic  p o la ro n s  (BMP) in  Cd  ̂ Mn Se.

An e x te n s iv e  t h e o r e t i c a l  t r e a tm e n t  o f  BMP in  DMS has  been 

d isc u s s e d  by many a u th o r s 5,6,36,87 and a  l a r g e  number o f  e x p e r i­

m ents in  v a rio u s  DMS e x p la in  th e  sp in  f l i p  Raman s c a t t e r in g  ( SFRS 

) e x p e r im e n ts 36' 37 in v o lv in g  donor bound e le c t r o n s .  P la n e l  e t  a l 37 

have d e riv e d  th e  fo llo w in g  e x p re s s io n  f o r  th e  mean BMP exchange 

en erg y ,

< eb« p  > ■ • <5 - 6 -2o>

where p o la ro n  energy

Ep  = [  ^ f ^ j c N o o O ^ ^ X S i r a X r ^ k g t t  + Ta f ) ) -1 . (5 .6 .21 )

In  th e  above e x p re s s io n , S = 5 /2  i s  th e  e le c t r o n  sp in  quantum

number o f  Mn2+ io n s , xS /S  can be i n t e r p r e t e d 37 a s  an e f f e c t iv e
o

c o n c e n tra t io n , N = 1 .8x1022/cm 3 i s  th e  number o f  c a tio n s  p e r  u n i t  
0

volum e, and 8ira3N i s  th e  e f f e c t iv e  num ber o f  c a tio n  s i t e s  ly in g  
0

w ith in  th e  s p a t i a l  e x te n t  o f  th e  e l e c t r o n  (h o le )  wave fu n c t io n . At 

low  te m p e ra tu re s  < E > = Ep , w h ile  a t  h igh te m p e ra tu re s  i t  van­

is h e s  a s  3Ep ( p o la ro n  energy  Ep i t s e l f  i s  a  fu n c t io n  o f  te m p e ra ­
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t u r e  ) . The a n tif e r ro m a g n e tic  te m p e ra tu re  T^p r e f l e c t s  th e

Mn2+-Mn2+ a n tif e r ro m a g n e tic  i n te r a c t io n .  A lthough, th e  e x p re s s io n

(E q .(5 .6 .2 1 )) i s  d e riv e d  f o r  donor bound e le c t r o n  exchange d e te c te d

in  SFRS, in  o u r lu m in escen ce  e x p e rim e n ts  we have t o  ta k e  in to

ac co u n t th e  h o le  exchange en erg y  to  c a lc u la t e  th e  t o t a l  exchange

induced  re d  s h i f t .  S ince th e  exchange c o e f f ie n t  N B f o r  h o le s  i s
0

g r e a t e r  th a n  f o r  e le c t r o n s  ( i . e .  N B * 1 .15 eV and N a  = 0.28 eV
0 0

) 36 th e  m ajor c o n tr ib u t io n  to  th e  n e t  exchange energy  comes from  

h o le  o f  th e  bound e x c ito n  even though we a re  concerned  w ith  n -  

Cd^_xMnxSe. In  o rd e r  to  com pare th e  e x p e r im e n ta l ly  d e te rm in ed  

v a lu e s  o f  BMP e n e rg ie s  w ith  th e o ry  one needs to  know th e  v a lu e s  

o f x and T^p u s u a l ly  o b ta in e d  from  m ag n e tiz a tio n  e x p e rim e n ts . For 

x = 0 .1 , th e  v a lu e s 36 o f  xS /S  (= x) and T .„  a r e  0.04 and 3 K, r e s -
0 AC

p e c t iv e ly .  W hile f o r  x = 0 .3 , th e  v a lu e s 38 o f  x and T ^ , a r e  0.06 

and 14 K, r e s p e c t iv e ly .  Such a  re m a rk a b le  d i f f e r e n c e  betw een  x 

and x f o r  x = 0 .3  i s  due to  c l u s t e r  fo rm a tio n  in  w hich th e  sp in s  

c a n c e l  o u t in  p a ir in g . In  o rd e r  t o  g e t  t h e o r e t i c a l  f i t t i n g s  to  th e  

e x p e rim e n ta l d a ta  o f  BMP en e rg y  dependence on te m p e ra tu re , we 

have u sed  v a lu e s  o f  x and T^p, c o rre sp o n d in g  to  a n ti f e r ro m a g n e tic  

in te r a c t io n s ,  o b ta in e d  by e x t r a p o la t in g  v a lu e s  from  th e  d a ta 1*1 on 

Cd. Mn Te. The b e s t  l e a s t  sq u a re  f i t  o b ta in e d  f o r  x and TftC, f o r• X . X Ac

a wide ran g e  o f  x (0 £ xS 0 .7 ) i s  a s  f o l lo w s ,

2 -  275(0.13 -  0 .421ogx) (5 .6 .22 )
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TAF " (35 .3)x0,9 (5 .6.23)

The v a lu e s  o f  x f o r  x = 0 .36 , 0 .42  and 0 .86  a r e  0 .081 , 0 .079  and

0.067, r e s p e c t i v e ly .  The v a lu e s  o f  T ^ , a r e  14K, 16k and 30K, r e s ­

p e c t iv e ly .  This e x t r a p o la t io n  i s  n e c e s s a ry  s in c e  m a g n e tiz a tio n  

d a ta  i s  u n a v a i la b le  f o r  th e s e  sa m p le s . For x = 0 .0451*2, 0 .0 9 2 36, 

and 0 .3 38, t h e  v a lu e s  o f  X a re  0 .028 , 0 .0 4 , and 0 .075 , r e s p e c t iv e ly .  

For th e  r e s p e c t iv e  x , th e  v a lu e s  o f  TAp a r e  2.5K, 3 .8 k , and 14k.

In  o r d e r  to  e x t r a c t  th e  BMP c o n tr ib u t io n s  from  th e  t o t a l  

b ind ing  e n e rg y  o f  an BM P-exciton, we f i r s t  ta k e  th e  d i f f e r e n c e  in  

th e  b in d in g  e n e rg ie s  (BE) a t  100K be tw een  Cd^_xMnxSe and CdSe 

assum ing n e g l ig ib le  m agnetic  c o n tr ib u t io n s  (ou r e x p e rim e n ts  a r e  

w ith  z e ro  m agnetic  f i e l d ) .  This d i f f e r e n c e  c o rre sp o n d s  to  th e  

r ig id  band gap d i f f e r e n c e  (d e fo rm a tio n  p o t e n t i a l  r e l a t e d )  a t  100K. 

The e x c ito n  b ind ing  e n e rg ie s  which a r e  a lm o s t th e  same f o r  th e  

sam p les  w ould  be c a n c e l le d  o u t .  A s im i la r  d i f f e r e n c e  o b ta in e d  a t  

4K (o r  any  o th e r  lo w e r te m p e ra tu re  T) i s  s u b t r a c te d  to  f in d  th e  

BMP e n e rg y  a t  4K (o r  T). For bandgaps w hich v a ry  l i n e a r l y  w ith  x 

and T t h i s  can  be sum m arized a s  f o l lo w s ,

EX(T) -  Ex (100) = E0(T) -  Eo(100) + [(3E 0/ 3 x ) |T -  (3E0/ 3 x ) | ioo) ]x  +
aBMP

(5 .6 .2 4 )

f o r  0 £ x £ 0.1 and T < 100 K.
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( ^ r ) ( 1 0  -  T)

(5 .6 .2 5 )

The p a ra m e te rs  3E /3 x | and 3E /3 x | , in  th e  above e x p re s s io n ,
O 10 0 100

a r e  ta k e n  fro m  th e  e l e c t r o r e f l e c t a n c e  d a ta  o f  S tan k iew icz  e t  a l 18 

o b ta in e d  a t  10K and 100K assum ing 3E /3 x  i s  a  l i n e a r  fu n c t io n 18 o f

te m p e ra tu re .  S u b s t i tu t in g  3E /3 x | = 1.1*5 eV /x and 3E /3 x |
0 1 0  0 1 0 0

1 .3  eV /x in to  E q .(5 .6 .2 5 ), a s im p le  e x p re s s io n  f o r  d e te rm in in g  

from  th e  e x p e r im e n ta l ly  d e te rm in e d  lu m in escen ce  peak  p o s it io n  can 

be w r i t t e n  a s  fo l lo w s :  From E q .C S .b ^ )

w here Ex (T) and Ex (100) a r e  th e  peak p h o to lu m in e sc en c e  e n e rg ie s  

(F ig .(5 .5 .3 ) )  f o r  Cd. Mn Se. E (T) and E (100) a r e  th e  peak p h o to -
I a  A . Q Q

lu m in escen ce  e n e rg ie s  f o r  CdSe (F ig .(5 .5 .3 ) )  a t  te m p e ra tu re s  T and 

100K, r e s p e c t iv e ly .

For x * 0 .0 9 2 , u s in g  E (100) = 1.903 eV and E (100) « 1.785 eV,
A A

0

OE*o
ABMP = tE x (T) -  Ex(1 00)] -  [E 0(T) -  Eo(100)] -  ( — ) T -  (■

(5 .6 .2 6 )

E q .(5 .6 .26 ) r e d u c e s  to
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Abmp “ "  E0(T) “  0 ,132 "  1‘6x10“ '*(10 “  T> eV (5 .6 .27 )

S u b s t i tu t in g  E (T) and  E (T) o b ta in e d  from  F ig .(5 .5 .3 )  inX o

E q .(5 .6 .2 7 ), v a lu e s  w ere o b ta in e d  a t  d i f f e r e n t  te m p e ra tu re s

(se e  F ig .5 .6 .2 ) .

For x = 0 .045 ,

ABMP = Ex (T) _ E0(T) '  0 ,062 * 7 .65x10 - s(10 -T) eV (5 .6 .28 ) 

( E (100) = 1.839 eV s e e  F ig .5 .6 .3 )

In th e  c a se  o f  th e  x = 0 .3  sam ple , we assum ed th e  m agne tic  e f f e c t s  

d isa p p e a r  o n ly  a t  170K (co n v en ien t d a ta  p o in t)  and n o t a t  100K as  

p re v io u s ly  assum ed f o r  low  x sa m p le s .

aBMP -  CEjt(T) -  Ex (170 )] -  [E 0(T) -  Eo(170)] - ( » )
^ 3 x ' ~ &T 3x 170

(5 .6 .29 )

3E/3x| i s  c a lc u la te d  by u sin g  th e  te m p e ra tu re  ra n g e  100 -  300K
170

i . e .  from  th e  g iven  s lo p e s  3E/3x| and 3E/3x| by S tan k iew icz  e t
100 300

a l 18. The v a lu e s  o f  3E/3x| f o r  T < 100K a re  d e te rm in e d  from  th e
T

known v a lu e s  o f  3E/3xj and 3E/3x| , w h ile  f o r  T > 100 th e y  a r e

d e te rm in e d  from  3E/3xl and 3E/3x|
1 0 0  -

This i s  n e c e s s a ry  s in c e
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th e  assum ption  o f  a  l in e a r  r e l a t io n s h ip  betw een  3E/3x ' s  a t  d i f f e r ­

e n t  T 's  i s  v a l id  f o r  a  s m a l l  ran g e  o f  te m p e ra tu re s .

Hence, f o r  T < 100,

( £ ,
v3 x ' -  ( £ )T 3x 1 70

= 0.20 + 1.70x10— 3C10 -  T) eV

and

and f o r  T 2 100,

( « )  
v dx T -  ( — ) T dx 0.05 + 7 .0x10 - H( 100 -  T) eV

Thus f o r  T < 100,

ABMP = Ex (T) "  E0(T) '  ° ' n° 8 ~ 5*1x10-,*(10 ‘  T> eV

and f o r  T > 100,

AgMp = Ex (T) -  E (T) -  0.363 -  2 .1x10 - “(100 -  T) eV

C E (170) = 2 .120 eV and E (170) = 1.772 eV )X Q

The t h e o r e t i c a l  f i t  i s  poo r, s in c e  f o r  x = 0 .3  th e  Mn2+ e x c ite d  

s t a t e  i s  c lo s e  to  th e  band edge (se e  F ig .5 .6 .2 ) .

We would p a r t i c u l a r l y  l ik e  to  em phasize  t h a t  f o r  x < 0.3 th e

bound e x c ito n  c o n s is t  o f  an e le c t r o n  and h o le  w ith  e f f e c t iv e

m asses 0.13m and 0.45m , r e s p e c t iv e ly .  C o n tra ry  to  th e  p rev io u s  
0 0

ca se  f o r  x > 0 .3  th e  e x c ito n  i s  fo rm ed  from  an e x c ite d  e le c t r o n  on
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a  Mn2+ ion  ( “G s t a t e  ) and a  h o le  o f  th e  v a le n c e  band a s  th e  Mn2+

le v e l  moves o u t o f th e  conduction  band and l i e s  betw een th e

bandgap ( se e  F ig .5 .6 .2 ) . The h o le  r a d iu s  o f  th e  bound e x c ito n  f o r  
o

x < 0 .3  i s  * 30 A a s  in  CdSe b u t i t  becom es s m a l le r  a s  x in c re a s e s  

due t o  th e  in c re a s e d  exchange energy  w hich a d ju s ts  th e  r a d iu s  s e l f  

c o n s i s t e n t ly 37. The lum in escen ce  peak (y e llo w ) o b se rv e d  from  sam­

p le s  w ith  x =* 0 .36 , 0 .42 and 0.86 i s  a s s o c ia te d  w ith  th e  m agnetic  

e x c ito n  lo c a l iz e d  on Mn2+ io n s . This e x c ito n  c o n s is t  o f an e x c ite d  

e le c t r o n  lo c a l iz e d  on th e  Mn2+ ion  and a  h o le  in  th e  v a le n c e  band. 

S ince th e  e l e c t r o n  i s  s t r o n g ly  l o c a l iz e d  on th e  Mn2+ ion , i t s

e f f e c t iv e  m ass i s  e s s e n t i a l l y  m (and n o t  0.13m a s  f o r  conduction
0 0

band e le c t r o n s ) ,  w h ile  th e  h o le  e f f e c t i v e  m ass i s  0.45m . The
0 0

Bohr ra d iu s  a s s o c ia te d  w ith  t h i s  c o n f ig u ra t io n  i s  12.35A. In  o rd e r  

t o  g e t  th e  BMP c o n tr ib u t io n  due to  th e  exchange in te r a c t io n  o f 

t h i s  e x c ito n  w ith  th e  Mn2+ ions w ith in  i t s  o r b i t ,  we can s a f e ly  use  

th e  argum ent t h a t  th e  te m p e ra tu re  dependence25 o f  th e  band gap i s  

d e riv e d  from  th e  energy  changes o f  th e  v a le n c e  band . We u se  th e  

te m p e ra tu re  c o e f f ic i e n t  o f -7 x 1 0 -“ eV/K a s  m easured  by S ta n k -  

ie w ic z 18 f o r  th e  band gap f o r  x > 0 .3 . The BMP b in d in g  energy  in  

t h i s  c a se  i s  g iven by th e  d if f e re n c e  be tw een  th e  bandgap en erg y  

and th e  o b se rv e d  lu m in escen ce  peak e n e rg y . Thus,

Abmp = Ex( 193) + 7x10--(193  -  T) -  Ex (T) f o r  x = 0.36

(5 .6 .3 0 )

(se e  F ig . 5 .6 .6 )
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-  E (185) + 7 x 1 0 -“( l8 5  -  T) -  E (T) f o r  x = 0 .42
A X

(5 .6 .3 1 )

(se e  F ig . 5 .6 .7 )

= E (245) + 7x10 --(245  -  T) -  E (T) f o r  x = 0 .86
X X

(5 .6 .32 )

(se e  F ig . 5 .6 .8 )

in  eV. The te m p e ra tu re s  193K, 185K and 245K f o r  sam p les  w ith  x = 

0 .36 , x= 0 .42  and x = 0 .8 6 , r e s p e c t iv e ly  have been chosen  s u f f i ­

c ie n t ly  l a r g e  f o r  w hich th e  m ag n e tic  c o n tr ib u t io n  i s  n e g l ig ib le .

U sing th e  e x p re s s io n s  f o r  AgMp (E q .s  (5 .6 .2 0 ) and (5 .6 .2 1 )) , 

The BMP r a d i i  f o r  d i f f e r e n t  x sam p les  w ere o b ta in e d  a t  4k. These

v a lu e s  f o r  BMP r a d i i  f o r  x = 0 .045 , 0 .092 , 0 .3 , 0 .36 , 0 .42  and 0.86
0 0 0 0 0 0  0 

a re  30A, 25A, 15A, 12A, 12A, and  12A, r e s p e c t iv e ly .  The 12A ra d iu s

f o r  x>0.3 i s  c o n s is te n t  w ith  th e  Bohr r a d iu s  f o r  a  bound e le c t r o n

and h o le  bound s t a t e  w ith  m asses  m and 0.45m , r e s p e c t iv e ly .
0 0

c) Antiferromagnetic interactions within a BMP
We have o b se rv e d  (F ig .(5 .5 .3 )  th ro u g h  (5 .5 .9 ))  th e  e f f e c t  on 

th e  i n t e n s i t y  and en e rg y  o f  th e  PL peak o f  th e  a n t i f e r ro m a g n e tic  

i n te r a c t io n  be tw een  Mn2+-Mn2+ io n s w ith in  th e  BMP vo lum e. The 

d i s t r ib u t io n  o f  Mn2+ io n s  in  t h e  l a t t i c e  can  be c o m p le te ly  random , 

o r  i t  can  d e v ia te  from  a  s t a t i s t i c a l  d i s t r i b u t io n 15. S ince  th e r e
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a re  12 c a t io n  n e a r e s t  n e ig h b o rs , one can e x p e c t f o r  x < 1 /12  

(0 .083) and a  random  d i s t r ib u t io n  (good sa m p le ), t h a t  - th e  Mn2+ io n s  

a r e  i s o l a t e d  from  each  o th e r .  T his i s  one o f  th e  re a s o n s  t h a t  th e  

a n t i f e r ro m a g n e tic  i n te r a c t io n  does n o t show a  s ig n i f ic a n t  c o n tr ib u ­

t io n  ( T^p = 0 and x _ x ) in  ou r sam ple  o f  x«0.045 (p a ra m a g n e tic  

p h a se ) . But sa m p le s  w ith  l a r g e  v a lu e s  o f  x c o n ta in  c e r t a in  

num bers o f  p a i r s ,  t r i p l e t s ,  and l a r g e r  c l u s t e r s .  For Cd^_xMnxTe 

w ith  a  FCC l a t t i c e ,  a  s p in  g la s s  phase  has been  p r e d ic te d 15 f o r  x >

x ( x * 0 .17 ) , w here  x i s  th e  p e rc o la t io n  th r e s h o ld .  T his sp in  C O  c

g la s s  phase  due to  s h o r t - r a n g e  a n t i f e r ro m a g n e tic  i n te r a c t io n  i s  

d i r e c t l y  r e l a t e d  to  th e  f r u s t r a t i o n  o f  th e  sp in s  on a  l a t t i c e  

which does n o t a l lo w  th e  s im u lta n e o u s  m in im iza tio n  o f  a l l  exchange 

e n e rg ie s . A s im i la r  p a r a l l e l  can be draw n f o r  Cd1 -x MnxSe a s  th e  

number o f  n e x t n e a r e s t  n e ig h b o rs  a r e  th e  sam e a s  b e fo re .  The sp in  

g la s s  ( SG ) and a n t i f e r ro m a g n e tic  ( AF ) p h a se s  a r e  id e n t i f i e d  by 

t h e i r  m agnetic  s u s c e p t ib i l i t y  b eh av io r a s  a  f u n c t io n  o f  tem p e ra ­

t u r e .  For a  ty p ic a l  AF p hase , m agnetic  s u s c e p t ib i l i t y  i s  indepen ­

d e n t o f  te m p e ra tu re  below  th e  N 'e e l  te m p e ra tu re  (T^) w ith  low  a n i­

s o tr o p ic  m agnetic  f i e l d .  SG phase  m agnetic  s u s c e p t i b i l i t i e s  show 

maxima n e a r  th e  f r e e z in g  te m p e ra tu re  (T ) .  We w ould  l ik e  to  n o te  

t h a t  th e  T^ m easu red  by G alazka e t  a l  f o r  Cd^_xMnxTe in  th e  ra n g e  

0 .4  < x < 0 .6  l i e s  w ith in  8-20  K, w h ile  th e  N 'e e l  te m p e ra tu re  o b ta ­

ined  by f i t t i n g  th e  B r i l lo u in  fu n c t io n  to  th e  e x p e r im e n ta l  p o in ts  

g iv es  TN = 49 K even  f o r  x=0.3 . The sp in  g l a s s  t r a n s i t i o n  may go
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u n n o tic e d  in  lum in escen ce  e x p e rim e n ts  due to  th e  s m a l l  change in  

th e  m agnetic  s u c c e p t ib i l i t y .  G iebu ltow icz  e t  a l 39*1*0 c a r r ie d  ou t 

n e u tro n  s c a t t e r in g  ex p e rim e n ts  on sam p les  w ith  0 .6  < x < 0 .7 . The 

o b se rv e d  m agnetic  Bragg peaks w ere L o re n tz ia n -sh a p e d  and n o t Guas- 

s ia n  a s  i s  u s u a l ly  e x p e c te d  f o r  t r u e  lo n g  ran g e  m agne tic  o rd e r . 

They1*0 co nc luded  t h a t  th e  s p in s  o f  th e  random ly  d i s t r ib u t e d  Mn2+ 

io n s  a r e  o rd e re d  in  uncoupled  ( o r  w eakly  co u p led  ) c l u s t e r s  which 

may be due to  th e  d i s t r ib u t io n  o f  th e  Mn a to m s. The s iz e  o f  th e  

c l u s t e r s ,  which when deduced from  th e  h a l f  w id th  a t  h a l f  maximum, 

a r e  o f th e  o rd e r  o f  a few  l a t t i c e  c o n s ta n ts .

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  f o r  th e  sam p les  w ith  x=0.36 

and 0 .42 , th e  d isc re p a n c y  betw een th e  t h e o r e t i c a l  and e x p e r im e n ta l 

p o in ts  ( se e  F ig s . 5 .6 .6  and 5 .6 .7 ) i s  l a r g e s t  around  60K ( _ 5 meV). 

T h is , we b e lie v e  i s  due to  th e  c l u s t e r s  o f v a rio u s  s iz e s  hav ing  a 

b road  d i s t r ib u t io n  o f  x and TAp c o n tr ib u t in g  to  th e  BMP e n e rg y , x 

and Tftp may n o t be c o n s ta n t  a s  assum ed in  m a g n e tiz a tio n  e x p e r i­

m ent, and th e  B r i l lo u in  fu n c t io n  t h e o r e t i c a l  a n a ly s is ,  and c o u ld  be 

te m p e ra tu re  dep en d en t. The BMP e n e rg y  a s  a fu n c t io n  o f  tem p e ra ­

t u r e  f o r  x = 0 .86  i s  v e ry  com plex and a d d i t io n a l  e x p e r im e n ta l  work 

i s  needed . R e c e n tly  S pa lek  e t  a l 3 d e te rm in e d  th e  n e a r e s t  ne ighbor 

exchange i n t e g r a l  J  u s in g  m agnetic  s u s c e p t ib i l i t y  m easu rem en ts .
i

A cco rd ing ly , 2 J  /k g  i s  21.2 ± 0 .4  K, w here k0 i s  th e  B oltzm ann 

f a c t o r .  U sing t h i s  v a lu e  we can  d e te rm in e  th e  N’e e l  te m p e ra tu re  

f o r  t h i s  in c o m p le te  a n t i f e r ro m a g n e tic  p h ase . The N e e l' tem p e ra ­
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t u r e  and J  a r e  r e l a t e d  a s 16,
1

kgTjj -  2/3 S(S+1)(-z,n (5.6.33)

w here z i s  th e  number o f  n e a r e s t  n e ig h b o rs . For th e  s m a l le s t

c l u s t e r  in v o lv in g  a  p a ir  o f  Mn2+ io n s , z * 1. Thus th e  N 'e e l tem ­

p e ra tu r e  Tn f o r  0 .3  < x < 0.H5 i s  _ 62K.

This i s  th e  te m p e ra tu re  a round  which we o b se rv e  l a r g e  d is c r e ­

p a n c ie s  due t o  changes in  x a t  T^. At T^, th e  a n t i f e r ro m a g n e tic

c o u p lin g  b re a k s  down and tw o a d d it io n a l  s in g le  Mn2+ e le c t r o n ic

s p in s  o f  5 /2  a r e  made a v a i la b le  p e r p re v io u s ly  non c o n tr ib u t in g  

p a ir  f o r  ho le-M n2+ exchange in te r a c t io n s  which i s  m a n ife s te d  a s  an 

o b se rv ed  in c re a s e  in  AgMp.

d ) Red lu m in e s c e n c e

A b road  band lum in escen ce  was o b se rv ed  a t  low  te m p e ra tu re .  

The s te a d y  s t a t e  lu m inescence  peak p o s it io n s  o f  t h i s  band o b se rv ed  

in  v a rio u s  sam p les  a re  shown in  F ig .(5 .6 .1 )  a t  *tK. T his lu m in es­

cence  band h as  been o b se rv e d  in  many Mn s u b s t i tu t e d  sy s te m s  l i k e  

ZnS: Mn, CdMnTe, e t c .  I t  h a s  been s u g g e s te d 31 t h a t  t h i s  band i s  to  

be due t o  th e  J a h n -T e l le r  e f f e c t .  I t  h as  been a rg u e d  t h a t  in  

CdMnTe and CdMnSe d i s to r t i o n  o f  th e  n e a r e s t  ne ighbor t e t r a h e d r a l  

c o -o rd in a t io n  o f  th e  Mn2+ ion  may occu r a s  a  r e s u l t  o f  a  non un i­

form  envoironm ent o f  th e  n e x t n e a r e s t  n e ig h b o rs . Such a  s t r a i n
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p u r tu r b a t io n , to g e th e r  w ith  co u p lin g  w ith  e i t h e r  an  E o r  T v ib ra -
2

t i o n a l  mode, may p roduce  th e  tw o n o n e q u iv a le n t minima in  co n fig u ­

r a t i o n a l  c o -o rd in a te  s p a c e . As a  m a t te r  o f  f a c t ,  th e  y e llo w  and 

r e d  lu m in escen ce  w ere a s s ig n e d  to  th e  h ig h e r  and lo w e r - ly in g  m in i- 

mas o f  th e  c o n f ig u ra t io n a l  c o -o rd in a te  sp a c e , r e s p e c t iv e ly .  The 

e x c i ta t io n  o c c u rs  in  t h i s  c a se  v ia  a  6A (v a le n c e  h y b rid iz ed )  “T
i i

t r a n s i t io n ,  o r  from  6A to  h ig h er Mn2+ 3ds s t a t e s  i . e .  **T , HA , HE
1 2 1

e t c .  F a s t  r e la x a t io n  in to  th e  h ig h e r  ly in g  minima o f  th e  “T s t a t e
1

and a l s o  tu n n e lin g  in to  th e  low er **T minima r e s u l t s  y e llo w  and
i

r e d  lu m in escen ce , r e s p e c t iv e ly .  T h is  model r e q u i r e s  J a h n -T e l le r

d i s to r t i o n  o f  th e  “T s t a t e  by _ 250 meV. T his m o d el31 p r e d ic ts  a
1

s t r o n g  p a ir  r e l a t io n s h ip  be tw een  y e llo w  and r e d  lu m in escen ce  w hich 

we have n o t o b se rv ed  e x c e p t f o r  th e  anom alous lu m in escen ce  in te n ­

s i t y  dependence around 60K (F ig .(5 .5 .4 )  and F ig .(5 .5 .9 ) ) .

A nother mechanism f o r  r e d  lum inescence  h as  been  p ro p o sed 1* 3,<“* 

t o  be th e  r a d ia t io n le s s  r e s o n a n t  e n e rg y  t r a n s f e r  from  th e  p r im a r­

i l y  e x c ite d  Mn2+ io n s v ia  s e v e r a l  o th e r  Mn2+ io n s  t o  c e r t a in  r e d  

em issio n  c e n te r s .  In  t h i s  mechanism th e  tw o  bands (y e llo w  and 

re d )  sh o u ld  be dependen t on each  o th e r  b u t n o t a s  s t r o n g ly  a s  th e  

one s u g g e s te d  by th e  p re v io u s  m echanism 31. The e x c i t a t io n  s p e c t r a  

f o r  b o th  bands sh o u ld  be th e  same w ith in  t h e  fram ew o rk  o f e i t h e r  

o f  th e  m echanism s. Even th e  te m p e ra tu re  dependence o f  b o th  bands 

s h o u ld  be r e l a t e d .  However, th e  r e d  em issio n  c e n te r s  may be m ore 

o r  l e s s  d ependen t on th e  sam p le  q u a l i ty .  The J a h n - T e l le r  d i s t o r ­
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t io n  o f  th e  f i r s t  e x c ite d  s t a t e  C T ) by 250 meV can n o t  be p ro -
1

dueed by a  non uniform  c r y s t a l  f i e l d  e n v iro n m en t1*s. - In  th e  ZnMnS

sy s te m , MnS c l u s t e r s  i . e .  o c ta h e d r a l ly  c o -o rd in a te d  Mn2+ in s te a d  
6

o f  th e  u s u a l  t e t r a h e d r a l l y  c o -o rd in a te d  Mn2+, have been specu­

l a t e d .  This i s  a l s o  a p p lic a b le  t o  c l u s t e r s  o f  MnSe . Such o c ta -
6

h e d ra l  c o -o rd in a t io n  o f  Mn2+ io n s  i s  p o s s ib le  in  Mn c l u s t e r s  con­

s i s t i n g  o f  s e v e r a l  Mn2+ io n s  w ith  minimum d is ta n c e s  which fo rm s 

th e  r e d  em iss io n  c e n te r s .  The dependence  o f  th e  i n te n s i t y  and 

peak p o s i t io n  o f  th e  re d  lu m in escen ce  on te m p e ra tu re  a ro u n d  N 'e e l 

te m p e ra tu re  (F ig s . 5 .5 .8  and 5 .5 .9 )  in d ic a te s  th e  p ro b a b le  o r ig in  o f 

t h i s  lu m in escen ce  i . e .  from  Mn c l u s t e r s .  The a n t i f e r ro m a g n e tic  in ­

t e r a c t i o n  c o u ld  s t r o n g ly  a f f e c t  th e  e n e rg y  l e v e l s  o f  th e s e  r e d  

c e n te r s .  T his w ould  e x p la in  why th e  r e d  e m iss io n  i s  e x c i t e d 31 o n ly  

v ia  re so n a n c e  e n e rg y  t r a n s f e r  from  th e  y e llo w  c e n te r s  ( T
1

e x c ite d  s t a t e  o f  Mn2+) . To f i t  such  MnSe c l u s t e r s  i n to  th e  s u r -
6

ro u n d in g  w u r tz i t e - ty p e  l a t t i c e ,  i n t r i n s i c  d e f e c t s  a r e  n e c e s s a ry  

which re d u c e  th e  sym m etry  o f  th e  l a t t i c e  p o in ts .  This w i l l  a l s o  

make th e  r e d  e m iss io n  c e n te r s  dep en d en t on c r y s t a l  g ro w th  condi­

t io n  a s  o b se rv e d  in  ZnMnS and in  CdMnSe. The r a t i o  f o r  r e d

lu m in escen ce  shown in  F ig .(5 .5 .1 0 )  f o l lo w s  a  s im i la r  dependence on 

x a s  f o r  th e  y e llo w  lu m in escen ce . S in ce  th e  n a tu r e  o f  th e  y e llo w  

lu m in escen ce  i t s e l f  i s  d i f f e r e n t  f o r  tw o  reg im es  o f  x , i t  i s  p o ss i­

b le  t h a t  th e  o r ig in s  o f  th e  r e d  lu m in esc e n c e  f o r  x < 0 .3  and f o r  x 

> 0 .3  a r e  d i f f e r e n t .  More e x p e rim e n ts  a r e  r e q u ir e d  t o  u n d e rs ta n d
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t h i s  em ission .

e) Time resolved red luminescence
The decay  k in e t ic s  o f  t h i s  lu m in escen ce  band f o r  x < 0.3

(F ig .5 .5 .12a and 5 .5 .13b ) i s  re m a rk a b ly  d i f f e r e n t  th a n  th a t

o b se rv e d  f o r  x > 0 .3  (F ig .5 .5 .1 6 ) . The r e d  lu m in escen ce  model

which assum es th e  p re se n c e  o f  re d  c e n te r s  due to  MnSe can n o t
6

j u s t i f y  th e  lo n g e r  r i s e  t im e s  > 200 p se c  f o r  x = 0 .42  a s  com pared 

to  20 p sec  in  s a m p le s  w ith  x * 0.05 and x = 0 .9 . This i s  because 

th e  re s o n a n t  non r a d i a t i v e  t r a n s f e r  o f  th e  y e llo w  lum in escen ce  

pho tons to  th e  r e d  c e n te r  w i l l  be r a p id  in  l a r g e  x s a m p le s . The 

J a h n - t e l l e r  d i s t o r t i o n  m odel w ould p a r t l y  e x p la in  th e  s lo w  r i s e  

tim e  (F ig .(5 .5 .1 6 ) )o f  th e  r e d  lu m in escen ce  f o r  x > 0 .3 . In  t h i s  

m odel th e  r i s e  t im e  c o rre sp o n d s  to  th e  s c a t t e r in g  tim e  f o r  th e  

e l e c t r o n  from  h ig h e r  la y in g  minima to  th e  lo w e r la y in g  minima in  

th e  c o n f ig u ra t io n  sp a c e . At t h i s  s ta g e  i t  i s  d i f f i c u l t  make a  r e a ­

s o n a b le  judgem en t a b o u t th e  n a tu r e  o f  t h i s  lu m in escen ce  from  th e  

tim e  re s o lv e d  d a ta .

f) Bound Magnetic Polaron Formation
In  a  n - ty p e  sem im ag n e tic  sem ico n d u c to r i t  i s  known t h a t  a s  

th e  f r e e  e x c ito n  l o c a l i z e s  a t  a n e u t r a l  donor s i t e  w ith  Mn2+ ions 

e n c lo s e d  w ith in  i t s  Bohr o r b i t ,  th e  i n i t i a l  (t= 0 ) s t a t e  com prised  

o f  n-BMP i s  t ra n s fo rm e d  in to  h-BMP1*5. T his i s  a lw ay s  t r u e  f o r
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CdMnSe s in c e  o n ly  n - ty p e  CdSe co u ld  be grow n. The e le c t r o n  ra d iu s  

i s  s m a l le r  th a n  th e  h o le  r a d iu s  in  a  donor bound e x c ito n . Hence, 

in  th e  beg in ing  th e  exchange c o n tr ib u t io n s  to  th e  BMP b ind ing  

energy  comes from  e le c t r o n  exchange. The n-BMP and h-BMP s t a t e s  

have b inding  e n e rg ie s  o f  _ ImeV and _ 10meV, r e s p e c t iv e ly ,  f o r  a  

ty p ic a l  sam p le  o f  Cdg gMng .jSe. Thus, th e  n-BMP s t a t e  can n o t be 

o b se rv ed  s e p a r a te ly  in  a  lum inescence  ex p e rim en t (b u t can be m eas­

u red  in  RSFS). The te m p e ra tu re  d ependen t s h i f t s  we o b se rv ed  o f 

th e  y e llo w  em iss io n  in  th e  s te a d y  s t a t e  e x c i ta t io n  ex p e rim en ts  

co rre sp o n d  in d eed  to  th e  h-BMP a s  th e  n-BMP quantum  y ie ld  i s  low 

( s h o r t  l i f e t im e ) .  The second  peak in  o u r tim e  r e s o lv e d  lu m ines­

cence , i s  id e n t i f i e d  w ith  th e  n e t  fo rm a tio n  tim e  o f th e  bound e x c i­

to n -  h-BMP. We can  d e te rm in e  th e  fo rm a tio n  tim e  o f  th e  bound 

e x c ito n  from  tim e  r e s o lv e d  d a ta  on CdSe(x=0)(Fig. 5 .5 .1 1 ) . To a 

f i r s t  ap p ro x im atio n , th e  t o t a l  lo c a l iz a t i o n  r a t e  f o r  fo rm ing  th e  

exciton-BM P com plex comes from  th e  couloum b f i e l d  o f  a  donor and 

f r e e  e x c ito n  and th e  exchange f i e l d  o f  Mn2+ io n s w ith in  th e  donor 

bound e x c ito n  r a d iu s .  The m easured  t o t a l  fo rm a tio n  tim e  (Tr ) , th e

m easured  bound e x c ito n  fo rm a tio n  tim e t  „ .0 and h-BMP fo rm a tio nr-C dSe

tim e  Th_BMp a r e  r e l a t e d  a s ,

Tp i s  th e  t o t a l  r i s e  tim e  o f  th e  2nd peak (F ig .5 .5 .1 2 c  and 5 .5 .13c)
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and Tr “ CdSe i s  th e  r i s e  tim e  o f  th e  bound e x c ito n  (F ig .5 .5 .1 1 c ). 

Bound e x c ito n  em issio n  do m in a tes  th e  lum in escen ce  - sp e c tru m  in  

s te a d y  s t a t e  and v e ry  low in te n s i t y  e x c i ta t io n  p icosecond  sp ec ­

tro sc o p y  o r  to w ard s  lo n g e r  tim e s  a t  h igh  e x c i ta t io n  in te n s i t y .

I t  has beer o b se rv ed  t h a t  w ith  th e  530 nm (2nd harm onic) 

e x c i ta t io n ,  even a t  low  pow er, th e  lum in escen ce  d e te c te d  i s  due to  

th e  e -h  p lasm a . This i s  b ecau se  th e  c a r r i e r  d e n s ity  g e n e ra te d  i s  > 

10l9/cm 3. Hence, w ith  th e  120 p se c  l i f e t im e  o f  th e  lu m in escen ce , 

th e  c a r r i e r  d e n s ity  does n o t re a c h  a  d e n s ity  o f  1 .0x10 l7 /c m 3 (M ott 

d e n s ity )  r e q u ire d  f o r  e x c ito n  fo rm a tio n  f o r  a t  l e a s t  600 p se c . On 

th e  c o n tr a ry  w ith  ou r l e v e l  o f  e x c i ta t io n  power f o r  tw o photon  

e x c i ta t io n  (1 0 ?  o f  th e  maximum) th e  band edge lu m in escen ce  i s  

a lm o s t e n t i r e l y  due t o  bound e x c ito n s  from  th e  beg inn ing  (« 

t= 0 )(F ig . 5 .5 .1 1 (b )) . For th e  maximum f lu e n c e  o f  tw o pho ton  e x c i­

t a t io n ,  th e  f r e e  e -h  p lasm a  em iss io n  i s  weak and can  n o t be d e t ­

e c te d  a lo n g  w ith  h igh  quantum  y ie ld  e x c ito n  lu m in escen ce . The
0

narrow  band f i l t e r s  u se d  a r e  t y p ic a l l y  w ith  bandw id th  o f  60 A. 

The d e la y e d  lu m in escen ce  peak c o rre sp o n d in g  t o  bound e x c ito n s  i s  

ve ry  d i s t i n c t  (F ig . 5 .5 .1 1 (c ) ) . Thus, by c o n s id e r in g  tim e  z e ro  a s  

th e  tim e  a t  w hich th e  peak  o f  th e  f r e e  e -h  p lasm a  e m iss io n  i s  max­

imum we deduce th e  bound e x c ito n  fo rm a tio n  tim e  o f  185 p se c  f o r  

CdSe (x=0) a t  th e  maximum pow er d e n s i ty .  Any d e v ia tio n  

(E q .(5 .6 .3 1*)), i . e .  re d u c e d  fo rm a tio n  tim e s  in  Cd. Mn Se (x # 0)
I X  X

w i l l  be c o n s id e red  a s  due to  a d d i t io n a l  l o c a l i z a t i o n  p ro v id ed  by
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exchange i n te r a c t io n  b e tw een  h o le  and Mn2+ ion  s p in s  (h-BMP). 

Thus, th e  r i s e  tim e  o f  120 p se c  o f  th e  2nd peak  (F ig .-5 .5 .1 2 (c ) )  f o r  

x=0.045 y ie ld s  a  fo rm a tio n  tim e  Th_BMP = 340 p se c . In  th e  c a se  o f

th e  CdQ g MnQ .jSe sam p le  th e  t o t a l  r i s e  tim e  o f  60 p sec  (F ig .

5 .5 .1 3 (c ))  y ie ld s  a  *h_BMP o f  90 p se c .

H a rr is  and Nurm ikko1*6 m easured th e  t o t a l  fo rm a tio n  tim e  o f  

400 p se c  f o r  th e  f i n a l  s t a t e  i . e .  h-BMP in  Cdn QMnn .S e .  TheU# 7 v« I

Mn2+-Mn2+ sp in  i n te r a c t io n  i s  im p o r ta n t  and d e te rm in e s  BMP fo rm a­

t io n  tim e a t  low te m p e ra tu re s  ( < T^p = 3.8K ) . Below TAp th e  

s t r o n g  c o u p lin g  w ith in  Mn2+ s p in s  p re c lu d e s  exchange in te r a c t io n  

w ith  th e  h o le  sp in  m aking fo rm a tio n  tim e s  lo n g e r . The e x tra p o ­

l a t e d  s p in - s p in  d ephasing  tim e  from  d a ta  o b ta in e d  by O s e ro ff  e t

a l 1*7 i s  _ 100 p se c . This r e p r e s e n t s  a  lo w e r l im i t  f o r  th e  fo rm a­

t io n  tim e o f  a  BMP in  Cdg gMng .jSe. The o b se rv e d  BMP fo rm a tio n  

tim e  by H a r r is  e t  a l 1*6 was o b ta in e d  from  th e  s p e c t r a l  s h i f t  o f  th e  

e x c ito n  l in e  w ith  tim e . The BMP fo rm a tio n  tim e  o f  90 p sec  o b ta ­

in ed  f o r  CdQ .jSe com pare w e l l  w ith in  th e  o th e r  m easu rem en ts 

o f  H a rr is  e t  a l 1*6 and O s e ro f f  e t  a l 1*7 w hich a r e  400 p se c  and 100 

p se c , r e s p e c t iv e ly .

The BMP fo rm a tio n  t im e  t o  a  f i r s t  ap p ro x im a tio n , i s  in v e r s e ly  

p ro p o r t io n a l  to  th e  h-BMP e n e rg ie s  and i s  g iven  by,

t 0C( T + T^p ) a 3] 
t BMP * Z (5 .6 .3 5 )
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w here x i s  a  p h enom eno log ica l c o n s ta n t .  x o b ta in e d  from  th e  
0 0 _ o

e x p e r im e n ta l  d a ta  f o r  CdQ g5MnQ Q5Se i s  5.42x10 s p sec/K /A 3 u s in g

x = 340 p se c , x = 0 .028 , T =• 2.5K, and a  = 30 A. The BMP 
BMP

fo rm a tio n  tim e  o b ta in e d  f o r  CdQ gMnQ ^Se from  E q .(5 .6 .3 5 ) i s  165 

p se c . The sam ple  in h o m o g e n ie tie s , fe r ro m a g n e tic  dom ains e t c .  

c o u ld  p la y  an  im p o r ta n t  r o l e  in  th e  fo rm a tio n  t im e .

The n a tu r e  o f  th e  t r a n s i t i o n  in v o lv e d  in  sa m p le s  w ith  x > 0 .3  

i s  d i f f e r e n t  th a n  f o r  sa m p les  w ith  x < 0 .3 . As m entioned  e a r l i e r ,  

in  th e  p rev io u s  c a s e , w ith  2 .3 4  eV pho ton  e x c i ta t io n ,  th e  e x c i t a ­

t io n  and rec o m b in a tio n  i s  b e tw e en  th e  Mn2+ e x c i te d  s t a t e  and th e  

p -d  h y b rid iz e d  v a le n c e  band. F o r th e  l a t t e r  c a se  th e  t r a n s i t i o n  i s  

be tw een  th e  co n d u c tio n  and v a le n c e  band. The m easured  r i s e  tim e  

o f  th e  second  peak in  t h i s  c a s e  (x  < 0 .3 ) i s  i n d i r e c t ly  r e l a t e d  to  

th e  fo rm a tio n  o f th e  h-BMP ( ty p e  I ) .  The tim e  r e s o lv e d  lu m in es­

cence  from  CdQ ^M ng  ^ S e  show s a  d e la y - r i s e  tim e  o f  50 p se c  and a 

decay  tim e  o f  30 p se c  a t  th e  maximum (I  ) tw o pho ton  e x c i t a t io n .
0

The lu m in escen ce  peak g e ts  d e la y e d  a s  th e  e x c i t a t io n  pow er i s

lo w e re d  and f o r  1/101 e x c i t a t i o n  f lu e n c e  th e  peak i s  d e la y e d  by
0

a b o u t - 1 0 0  p se c . The tim e  r e s o lv e d  lu m in escen ce  b e h a v io r  under 

530 nm e x c i t a t io n  i s  d i f f e r e n t .  The d e la y  tim e  i s  n e g l ig ib le ,  

w h ile  th e  decay  tim e  i s  150 p s e c . Such te m p o ra l  b e h a v io r  under 

d i f f e r e n t  e x c i ta t io n  w a v e len g th  and i n t e n s i t i e s  in d ic a te s  t h a t  th e  

lu m in escen ce  o b se rv e d  a t  maximum tw o pho ton  e x c i t a t io n  i s  s tim u ­

l a t e d  and a t  low  e x c i t a t io n  i s  m o s tly  sp o n ta n e o u s . The bound
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s t a t e  be tw een  th e  e le c t r o n  lo c a l iz e d  on an  e x c i te d  Mn+2 ion  w ith

m ass m and a  h o le  from  th e  v a le n c e  band w ith  e f f e c t iv e  m ass 0
0

0.45m has a r a d iu s  o f  12 A. This i s  a l s o  e s t im a te d  by com paring  
0
w ith  th e  t h e o r e t i c a l  v a lu e  g iven  by E q .(5 .6 .21 ) f o r  sam p les  

w ith  x = 0.36 and 0 .42 . The M ott d e n s i ty ,  which d e te rm in e s  th e  

th e  upper l im i t  f o r  th e  bound s t a t e s / c m 3, w ould be 3x10l8 /c m 3. 

The a b s o rp t io n  c o e f f ic i e n t s  f o r  CdMnSe a r e  n o t  known p a r t i c u l a r l y  

f o r  x > 0 .3 . I t  i s  e x p e c te d  to  be much lo w e r  th a n  f o r  CdSe in  

w hich th e  m easured  tw o pho ton  a b s o rp t io n  c o e f f ic i e n t  0 i s  0.03 

cm/MW and above bandgap one pho ton  a b s o rp t io n  c o e f f ic i e n t  i s  4x10“ 

cm 1. Taking th e s e  f a c t o r s  in to  a c co u n t th e  maximum f r e e  h o le  

d e n s i ty  cou ld  be 1Ol0/c m 3 in s te a d  o f  2x10l9 /cm 3 as  in  CdSe o r 

a p p ro x im a te ly  in  Cd. Mn Se f o r  x £ 0 .3  ( I  = 7GW/cm2). Hence, th e
I “ X X 0

exciton-BM P fo rm a tio n  p ro c e s s  sh o u ld  n o t be d e la y e d  a s  much a s  in  

Cdg g^Mng Q^Se o r  Cdg gMnQ .jSe due to  th e  m inim al s c re e n in g  

e f f e c t s .  The c a lc u la te d  BMP ( ty p e  I I )  fo rm a tio n  tim e  f o r  su ch  a  

c a s e  ( x = O.36 and 0 .42) w ould be » 20 p se c  u s in g  th e  r e l e v a n t  

p a ra m e te rs  and E q .(5 .6 .3 5 ). This i s  much s m a l le r  th a n  th e  m eas­

u re d  v a lu e  (from  sp o n te n e o u s  em issio n  F ig .5 .5 . l4 c  and 5 .5 .1 5 b ) o f  

100 p s e c . More e x p e rim e n ts  a r e  needed  in  th e  p re se n c e  o f  a  mag­

n e t i c  f i e l d  to  u n d e rs ta n d  th e  r o l e  o f exchange induced  lo c a l i z a t i o n  

and  o th e r  f a c t o r s  p ro b a b ly  su c h  a s  d e f e c t s ,  dom ains e tc .
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5 . 7  CONCLUSION

From th e  s te a d y  s t a t e  s tu d ie s  o f  th e  dependence o f th e  lum i­

n escen ce  peak p o s i t io n  on th e  Mn c o n c e n tra t io n  o v er a  b road  ran g e  

(0 £ x £ 0 .86 ), th e  o p t ic a l  d e fo rm a tio n  p o t e n t i a l s  w ere o b ta in e d  

f o r  CdMnSe. The v a lu e s  o f th e  c o n d u c tio n  band and th e  v a le n c e  

band d e fo rm a tio n  p o te n t i a l s  a r e  0.5x10® eV/cm and 0.24x10® eV/cm, 

r e s p e c t iv e ly .  The bound m agnetic  p o la ro n  e n e rg ie s  w ere o b ta in e d  

f o r  d i f f e r e n t  Mn c o n c e n tra t io n  sa m p le s  a s  a  fu n c t io n  o f  tem p e ra ­

t u r e .  From th e s e  s tu d ie s  i t  was con c lu d ed  t h a t  th e r e  a re  tw o r e g ­

im es o f  BMP which a r e  d is t in g u is h e d  from  th e  o th e r  by ra d iu s  o r 

th e  e f f e c t iv e  e le c t r o n  m ass. The BMP in  low c o n c e n tra t io n  sam p les  

(x < 0 .3 ) c o n s is t s  o f  an e le c t r o n  (0.13m ) and a  h o le  (0.45m )
o o

lo c a l iz e d  a t  a  dono r. However, in  h igh  c o n c e n tra t io n  sam p les  (x >

0 .3) th e  BMP c o n s is t s  o f  an e le c t r o n  (m ) on an  e x c ite d  Mn2+ ion
0

and a  h o le  (0.45m ) .  This c a u se s  a  th r e e  f o ld  r e d u c tio n  in  th e  
0

ra d iu s  o f  th e  BMP in  h ig h er c o n c e n tra t io n  sa m p le s . The a n t i f e r r o ­

m agnetic  in te r a c t io n  betw een Mn c l u s t e r s  w ith in  th e  Bohr r a d iu s  o f  

BMP c o u ld  be o b se rv e d  in  th e  form  o f  changes in  th e  lu m inescence  

in te n s i t y  and peak p o s it io n  around T„ _ 60K. In  a d d it io n  to  th eN

BMP lu m inescence  (y e llo w ) a  s e p a r a te  lu m in escen ce  band (re d )  i s

o b se rv ed  to w a rd s  low energ y . The so u rc e  o f  t h i s  lu m inescence

c o u ld  be MnSe c l u s t e r s .  The BMP fo rm a tio n  tim es  in  
6

CdQ Q̂ Se and CdQ gMnQ ^ e  a r e  340 p sec  and 90 p sec , r e s p e c ­

t i v e ly .  The BMP fo rm a tio n  t im e s  in  Cd„ c.M n- _ ,S e  and
0« O 4  Q o O
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Cdo. j-gMrig jj2^ e a r e  -100 p se c  c o n tr a ry  to  th e  e s tim a te d  v a lu e s  o f  

20 p se c . The BMP lum in escen ce  in  th e s e  sa m p le s  i s  s t im u la te d  a t  

l a r g e  tw o pho ton  e x c i ta t io n  f lu e n c e s .  The r e d  lu m in escen ce  tim e 

r e s o lv e d  m easurem ents a re  in c o n c lu s iv e .
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5 . 9  FIGURE CAPTIONS

5 .5 .1 . S te ad y  s t a t e  lu m in escen ce  s p e c t r a  o b ta in e d  a t  4k w ith  488 nm 
e x c i ta t io n  w av e len g th  a r e  shown w ith  th e  lu m inescence  peaks 
(y e llo w ) m arked in  eV f o r  v a rio u s  Cd-|_x MnxSe sam p les ,
a) x = 0, b) x « 0 .045 , c) x = 0 .092 , and d) x = 0 .3 .

5 .5 .2 . S tead y  s t a t e  lum inescence  s p e c t r a  o b ta in e d  a t  4K w ith  477 nm 
e x c i ta t io n  w av e len g th  a re  shown w ith  th e  lum inescence  peaks 
(y e llo w ) m arked in  eV f o r  v a rio u s  C d i-xMnxSe sam p les ,
a) x = 0 .36 , b) x = 0 .42 , and c) x = 0 .8 6 .

5 .5 .3 . S te ad y  s t a t e  lum in escen ce  peak p o s i t io n s  (y e llo w ) o b ta in ed
w ith  488 nm e x c i ta t io n  w av e len g th  a r e  p lo t t e d  a s  fu n c tio n
o f  te m p e ra tu re  f o r  sa m p le s , a) x = 0, b) x = 0 .045 , c) x = 
0 .092 , and d) x = 0 .3 . Tjj i s  th e  N 'e e l  te m p e ra tu re . The 
dashed  l in e s  draw n th ro u g h  th e  p o in ts  a re  w ith  th e  s lo p e s , 
a) 2x 1 0 --  eV/K, b) 2 .7x 1 0 -- eV/K, c) 2 .4x 1 0 --  eV/K, and 
d) 5 .3x  1 0 -- eV/K.

5 .5 .4 . S tead y  s t a t e  lu m inescence  peak i n t e n s i t i e s  (y e llo w ) o b ta in e d
w ith  488 nm e x c i ta t io n  w a v e len g th  a r e  p lo t t e d  a s  a fu n c t io n
o f te m p e ra tu re  f o r  v a rio u s  sa m p le s , a) x = 0, b) x = 0.045, 
c) x = 0 .092 , and d) x -  0 .3 . T^ i s  th e  N 'e e l  te m p e ra tu re . 
The l in e s  draw n th ro u g h  th e  p o in ts  a r e  f o r  v is u a l  guidance 
o n ly .

5 .5 .5 . S te ad y  s t a t e  lum in escen ce  peak p o s i t io n s  and in te n s i t i e s
o b ta in e d  w ith  477 nm e x c i ta t io n  a r e  p lo t t e d  a s  a  fu n c tio n  
o f  te m p e ra tu re  f o r  x = 0 .36 . The s t r a i g h t  l in e  i s  o f  
s lo p e  5x 10 - -  eV/K. The d o t te d  c u rv e  i s  f o r  v is u a l  gu idance 
o n ly .

5 .5 .6 . S tead y  s t a t e  lu m inescence  peak p o s i t io n s  and i n te n s i t i e s  
o b ta in e d  w ith  477 nm e x c i ta t io n  a r e  p l o t t e d  a s  a  fu n c tio n  
o f  te m p e ra tu re  f o r  x * 0 .42 . The s t r a i g h t  l in e  i s  o f  
s lo p e  5 .4x  1 0 -- eV/K. The d o t te d  l in e  i s  f o r  v is u a l  
gu idance  o n ly .

5 .5 .7 . S te ad y  s t a t e  lum in escen ce  peak p o s i t io n s  and in te n s i t i e s  
o b ta in e d  w ith  477 nm e x c i ta t io n  a r e  p lo t t e d  vs te m p e ra tu re  
f o r  x * 0 .86 . The c u rv e s  draw n th ro u g h  th e  p o in ts  a re  f o r  
v is u a l  gu idance o n ly .

5 .5 .8 . S te ad y  s t a t e  lum in escen ce  peak ( re d )  p o s it io n s  a r e  p lo t t e d  
vs te m p e ra tu re  f o r  sa m p le s , a) x -  0 .092 , b) x  -  0 .3 , and 
c) x = 0 .8 6 . The l in e s  draw n th ro u g h  th e  p o in ts  a re  f o r  
v is u a l  gu idance o n ly . T^ i s  th e  N 'e e l  te m p e ra tu re .

5 .5 .9 . S tead y  s t a t e  lum inescence  (re d )  i n t e n s i t i e s  a r e  p lo t t e d  vs
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te m p e ra tu re  f o r  s a m p le s , a) x * 0-092, b) x = 0 .3 , and 
c) x » 0 .8 6 . The c u rv e s  draw n th ro u g h  th e  p o in ts  a r e  f o r  
v is u a l  gu idance o n ly . Tjj i s  th e  N’e e l  te m p e ra tu re .

5 .5 .1 0 . The r a t i o s  /  f o r  y e llo w  and r e d  lu m in esc e n c es  o b ta in e d  a t  
4k a re  p l o t t e d  vs Mn c o n c e n tra t io n . The c u rv e s  draw n 
th ro u g h  th e  p o in ts  a r e  f o r  v is u a l  guidance o n ly .

5 .5 .1 1 . The tim e re s o lv e d  band edge lum in escen ce  o b ta in e d  a t  12K
f o r  CdSe(3) a r e  shown a t  d i f f e r e n t  e x c i ta t io n  w av e len g th s  and 
i n t e n s i t i e s :  a) 530nm, Ip ; b) 1060 nm, 1 /1 0 I o; and c)
1060 nm, I 0.

5 .5 .1 2 . The tim e  re s o lv e d  y e llo w  and r e d  lu m in esc e n c es  o b ta in e d
w ith  1060 nm e x c i t a t io n  o f  th e  x=» 0.045 sam p le  a r e  shown. The 
BMP is  fo rm ed  w ith in  120 p sec  a f t e r  p u lse  e x c i ta t io n .

5 .5 .1 3 . The tim e r e s o lv e d  y e llo w  and r e d  lu m in esc e n c es  o b ta in e d  
w ith  1060 nm e x c i ta t io n  o f  th e  x = 0.092 sam p le  a r e  shown.
The BMP i s  form ed w ith in  60 p sec  a f t e r  p u ls e  e x c i ta t io n .

5 .5 .1 4 . The tim e re s o lv e d  y e llo w  lu m in escen ces  o b ta in e d  w ith  1060 nm
e x c i ta t io n  o f  th e  x= 0 .36 sam p le  a t  4k a r e  show n.

5 .5 .1 5 . The tim e re s o lv e d  y e llo w  lu m in escen ces  o b ta in e d  w ith  530 and 
1060 nm e x c i ta t io n  o f  th e  x= 0 .42  sam ple a t  4K a r e  shown.

5 .5 .1 6 . Time re s o lv e d  re d  lu m in esc e n c es  o b ta in e d  w ith  1060 nm e x c i t ­
a t io n  o f  th e  x= 0 .42  sam p le  a t  4K a re  shown.

5 .6 .1 . The s te a d y  s t a t e  lu m in escen ce  peak p o s it io n s  a r e  p lo t t e d  w ith
Mn a to m ic  c o n c e n tra t io n  a t  4k, 77K, and 185K. The s t r a ig h t  
l in e  c o rre sp o n d s  t o  th e  bandgap a t  4K (Stankiew icz e t  a l ) .  The 
open c i r c l e s  c o rre sp o n d  to  th e  r e d  lu m in escen ce  peak p o s it io n s  
a t  4K.

5 .6 .2 . The band s t r u c t u r e  v a r ia t io n  m odel n ea r r  p o in t  f o r
Cdi_xMnxTe (z in c  b len d e )  and Cd-|-xMnxSe (w u r tz i te )  
w ith  Mn2+ 3 d 5 l e v e l  shown.

5 .6 .3 . The BMP e n e rg ie s  o b ta in e d  u sin g  Eq.(35) a r e  p l o t t e d  vs
te m p e ra tu re  f o r  x =* 0 .092 . The co n tin u o u s l i n e  r e p r e s e n ts  
Eq.(28) w ith  th e  p a ra m e te rs  shown in  th e  f ig u r e .

5 .6 .4 . The BMP e n e rg ie s  o b ta in e d  u sin g  Eq.(36) a r e  p l o t t e d  vs
te m p e ra tu re  f o r  x -  0 .045 . The c o n tin u o u s  l in e  r e p r e s e n t s  
Eq.(28) w ith  th e  p a ra m e te rs  shown in  th e  f ig u r e .

5 .6 .5 . The BMP e n e rg ie s  o b ta in e d  u sin g  Eq.(37) a r e  p l o t t e d  vs
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te m p e ra tu re  f o r  x = 0 .3 . The c o n tin u o u s  l in e  r e p r e s e n t s  
Eq.(28) w ith  th e  p a ra m e te rs  shown in  th e  f ig u r e .

5 .6 .6 . The BMP e n e rg ie s  o b ta in e d  u s in g  Eq.(38) a r e  p l o t t e d  vs
te m p e ra tu re  f o r  x * 0 .3 6 . The c o n tin u o u s  l in e  r e p r e s e n t s  
Eq.(28) w ith  p a ra m e te rs  shown in  th e  f ig u r e .

5 .6 .7 . The BMP e n e rg ie s  o b ta in e d  u s in g  Eq.(39) a r e  p l o t t e d  vs
te m p e ra tu re  f o r  x = 0 .4 2 . The co n tin u o u s  l in e  r e p r e s e n t s  
Eq.(28) w ith  th e  p a ra m e te rs  shown in  th e  f ig u r e .

5 .6 .8 . The BMP e n e rg ie s  o b ta in e d  u s in g  Eq.(40) a r e  p lo t t e d  vs
te m p e ra tu re  f o r  x = 0 .8 6 . The co n tin u o u s  l in e  r e p r e s e n t s  
Eq.(28) w ith  th e  p a ra m e te rs  shown in  th e  f ig u r e .
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CHAPTER VI

CONCLUSIONS and FUTURE DIRECTIONS

In  p o la r  sem ico n d u c to r CdSe, a t  p h o to g e n e ra te d  c a r r i e r  d e n s i­

t i e s  > 10 l8/c m 3, th e  h o t c a r r i e r  en e rg y  r e l a x a t io n  i s  p r im a r i ly  due 

to  n o n -p o la r  o p t i c a l  phonons g e n e ra te d  v ia  o p t ic a l  d e fo rm a tio n  

s c a t t e r in g .  The phonons e m itte d  a r e  t y p i c a l l y  w ith  wave v e c to r  

_107 cm x(q ), s in c e  s m a l le r  q phonon em iss io n  p ro c c e s s e s  becomeIllaX

i n e f f i c i e n t .  T his i s  p r im a r i ly  due to  t h e  c r i t i c a l  c a r r i e r  d e n s ity  

Nc> which d e te rm in e s  th e  o n s e t  o f  s c re e n in g  o f  th e  e le c tro n -p h o n o n  

in te r a c t io n s  f o r  c a r r i e r  d e n s i t ie s  ex ceed in g  Nq, i s  s m a ll  f o r  sm a ll  

q phonons. This s c re e n in g  mechanism a l s o  c c n t r  ib u te s  to  th e  ra p id  

d i f fu s io n  o f  c a r r i e r s  a  f o r  c a r r i e r  d e n s i ty  > 10 l9 /c m 3. The maxi­

mum c a r r i e r  d e n s i ty ,  -30  p sec  ( th e r m a l iz a t io n  tim e) a f t e r  an 

u l t r a - s h o r t  l a s e r  p u ls e  e x c i ta t io n ,  i s  2x10 l9/c m 3 a t  room tem p era ­

t u r e  and i s  -  5x10 17/c m 3 a t  12K. In  o r d e r  to  exam ine th e  p a r t i c i ­

p a tio n  o f  "q " phonons, one sh o u ld  p e rfo rm  tim e  r e s o lv e d  Raman
QlaX

s c a t t e r in g  e x p e rim e n ts  w ith  fem to seco n d  (10 13 s e c  ) r e s o lu t io n .  

Due to  th e  p a ra b o l ic  n a tu re  o f  th e  c o n d u c tio n  band, th e  Raman 

s ig n a l  a t  d i f f e r e n t  tim es  w i l l  c o rre sp o n d  to  q o f  d i f f e r e n t
IQ3X

m agnitude . D uring th e  th e r m a l iz a t io n  tim e , Nq a l s o  s h i f t s  from  a  

l a r g e r  v a lu e  to  a  s m a l le r  v a lu e .
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We f in d  t h a t  in  CdSe (x -0 ) , th e  n e t  s p in  a lig n m en t i s  b e s t  

u n d e rs to o d  in  te rm s  o f  th e  band sym m etry . The c o rre sp o n d in g  one 

pho ton  s p in  a lig n m en t i s  50?  a t  t= 0 . However, t h i s  i s  n o t t r u e  

f o r  Cd^_xMnxSe (x#0) s in c e  th e  d l ik e  s t a t e s  o f  Mn2+ io n s  c o n t r i ­

b u te  t o  th e  co n d u c tio n  band f o r  x < 0 .3 . The o b se rv ed  sp in  p o la r i ­

z a tio n  f a c t o r s  a r e  a lm o s t h a l f  th e  v a lu e  c a lc u la te d .  W hether th e  

d s t a t e s  r e a l l y  a f f e c t  th e  sp in  a lig n m en t can  be checked u sin g  

sam p les  o f  x > 0 .3  and w ith  th e  c -a x is  p e rp e n d ic u la r  to  th e  s u r ­

f a c e .  In  th e s e  sa m p le s  th e  d l e v e l s  do n o t c o n tr ib u te  to  th e  con­

d u c tio n  band and f o r  th e  above bandgap e x c i ta t io n  o f  f r e e  c a r r i e r s  

th e  n e t  sp in  a lig n m en t sh o u ld  be s im i la r  to  CdSe.

The sp in  r e la x a t io n  in  CdSe a t  h igh c a r r i e r  d e n s i t ie s  (_

10 l8/cm 3) and low te m p e ra tu re s  «  100K) i s  due to  th e  D 'yakonov

and P er e l '  m echanism . The sp in  r e l a x a t io n  tim e s  a r e  - 3 0  p se c . In  

Cd1_xMnxSe, th e  sp in  r e la x a t io n  i s  due to  com bination  o f  th e  D-P 

and th e  sp in  exchange m echanism . We have o b se rv e d  sp in  r e la x a t io n  

tim e s  < 20 p sec  in  Cdrt QMnn .S e  which i s  e x p e c te d  to  be s h o r te rl/t? , U• I

f o r  l a r g e  x. Due t o  th e  la c k  o f  tim e  r e s o lu t io n ,  we co u ld  n o t 

m easure  sp in  r e l a x a t io n  tim es  f o r  l a r g e  x. I t  i s  n e c e s s a ry  to

make more m easurem ents o v e r  a  wide ra n g e  o f  x .

We have m easured  o p t ic a l  d e fo rm a tio n  p o t e n t i a l s  f o r  th e  con­

d u c tio n  (0 .5x10 9 eV/cm) and v a le n c e  (0 .24x10 9 eV/cm) bands s e p a r ­

a t e l y .  This was p o s s ib le  due to  th e  p re se n c e  o f  Mn2+ 3d l e v e l s  

w ith in  th e  fo rb id d e n  bandgap f o r  x > 0 .3 . We m easured bound mag­
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n e t ic  p o la ro n  (BMP) e n e rg ie s  fo r  v a rio u s  x and  found t h a t  th e  a n t i ­

f e r ro m a g n e tic  i n te r a c t io n s  (Mn2+-Mn2+) s t r o n g ly  a f f e c t s  th e  BMP 

e n e rg ie s . The te m p e ra tu re  dependence o f  t h e  BMP lu m in escen ce  and 

energy  show s a b n o rm a li t ie s  a round  th e  N 'e e l  te m p e ra tu re  _ 60K 

which we have a t t r i b u t e d  to  th e  c l u s t e r s .  The BMP-I r a d i i  f o r  x <
O 0

0 .3  a r e  _ 30A, w h ile  f o r  x > 0 .3 a r e  _ 12A (BM P-II). This i s  due to

th e  d i f f e r e n t  e f f e c t i v e  m asses o f  th e  e l e c t r o n s  in v o lv ed , i . e .  me =

0.13m and m = m f o r  th e  fo rm e r  and l a t e r  c a s e s , r e s p e c t iv e ly .  
0  ® 0

The fo rm a tio n  tim es  o f  th e  BMP becomes s h o r t e r  f o r  l a r g e  x (0 < x 

< 0 .3 ) . This i s  c o n s is te n t  w ith  th e  s te a d y  s t a t e  BMP e n e rg ie s  

s in c e  t h e  l a r g e  x p ro v id e s  more lo c a l iz a t i o n  e n e rg ie s . For l a r g e  

x, th e  x becomes in d ep en d en t o f  x . The BMP-II fo rm a tio n  tim e  fo r  

x > 0 .3 may become c o n s ta n t .  More tim e r e s o lv e d  s p e c t r a l  m eas­

u rem en ts  a r e  r e q u ire d  to  u n d e rs ta n d  th e  e f f e c t  o f  a n tif e r ro m a g ­

n e t i c  i n te r a c t io n  on BMP. The r e d  lu m in escen ce  sh o u ld  be s tu d ie d  

f o r  w e l l  c h a ra c te r iz e d  sam p les  in cu d in g  c r y s t a l  g row th  c o n d itio n s  

and under m agnetic  f i e l d  to  s e e  th e  e f f e c t  o f  a n tif e r ro m a g n e tic  

i n te r a c t io n .
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APPENDICES

A.1 ONE PHOTON SPIN ALIGNMENT EXCLUDING SPLIT-OFF VALENCE 
BAND

The r ig h t  handed c i r c u l a r l y  p o la r iz e d  l i g h t  adds one u n i t  o f  

a n g u la r  momentum t o  th e  v a le n c e  e le c t r o n  a n g u la r  momentum d u ring  

a b s o rp t io n . The f i n a l  s t a t e s  a r e  w ith  a n g u la r  momentum +1/2 o r  -  

1 /2 . Hence fo llo w in g  t r a n s i t i o n s  a r e  p o s s ib le  ( th e  d o t p ro d u c t 

f o r  a l l  o th e r  m a tr ix  e le m e n ts  w ith  e l e c t r i c  f i e l d  v e c to r  i s  z e ro ) :

I n i t i a l  sp in  + Photon  sp in  = F in a l  sp in

- 3 / 2  1 - 1 / 2

- 1 / 2  1 + 1 / 2

N(+) -  |<C, V 2, + V a |? |V l h , 3/ 2f - 1/ 2> * E |2 

-  | - ~ P ( i  -  i j )  ( i  +  i j ) | 2

N(+) -  |<C, l / 2, - V 2 |? |V hh, 3/ 2, - 3/ 2> * E |2

- | - r P ( 7  -  y) (x + y ) | 2 
/ 2
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-  2P2

The r a t i o  N(+):N(+) i s  1 :3 . The p o la r i z a t io n  f a c t o r  p i s ,

N( •») ~ N(+) ]_
P “ N(+) + N(+) " 2 *

A. 2 ONE PHOTON SPIN ALIGNMENT INCLUDING SPLIT-OFF VALENCE 
BAND

Using th e  s im i la r  a rg u m en ts  a s  in  A.1 we g e t ,

N(+) -  I <C, V 2, +1/ 2|?|Vih , V 2, - l/ 2>-E|2

+ |<C, V 2, + V 2 |P|  A , V 2, - V 2> * £ | 2

■ip 2 + I p 2 
3 3

2P2

N(+) -  | <C, V 2, “ V 2 |P|Vhhf  3/ 2 f  _ 3 / 2> . E | 2

2P2

The r a t i o  N(+):N(+) i s  1:1 and th e  p o la r i z a t io n  f a c t o r  i s  0.

The more a c c u ta te  t r e a tm e n t  m ust in c lu d e  mixed s  uc&65*
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SPIN POLARIZATION BASED ON KANE BAND MODEL
S ch ro d in g e r E quation  f o r  an  e le c t r o n  i s  g iven  by,

[P 2/2m + V (? )M fc .r)  -  E¥(1<fr )

w here P, V(r) a r e  momentum and ion  c o re  p o t e n t i a l  o p e ra to r s .

4 '(£ ,r) = u £ ( r ) e ^ * r

uk( r )  a r e  B loch wave fu n c t io n s .

[ (P 2/2m) + V(r) + Cfc/m)k.P + -h/4m2c 2( V V (r)x P ).t]u k( r )  = Ek 'u k(r)

w here Ek ' = Ek -  -fi2/2m k2

Assume th e  s o lu t io n  o f th e  e q u a tio n ,

[P 2/2m + V]uki  = EjUki ,

i s  known i . e .  uki ' s  form  th e  b a s is .  In  III-V  o r  II-V I m a te r ia l  th e  

c o d u c tio n  and v a le n c e  bands a r e  s  and p ty p e , r e s p e c t iv e ly .  Hence, 

u s ing  th e  b a s is  fu n c t io n s  |iS+>, |(X -iY )+ //2 > , |Z+>, |(X+iY)+>,

|iS+>, |-(X ~ iY )* //2 > , |Z+>, |(X-iY)+> th e  8x8 i n t e r a c t io n  m a tr ix  may 

be w r i t t e n  a s ,

T his i s  due to  tw o f o ld  d eg en eracy  o f  l a s t  f o u r  wave fu n c t io n s  

w ith  th e  f i r s t  f o u r .

H 0

0 H

|iS+> | (X -iY )+ //2>  |Z+> |(X +iY )+ //2>

|iS+>

|(X -iY )+ //2 >  

|Z+>

|(X +iY )+//2> 0

0

kP

Ep-A/3 /2 A /3

/2 A /3  Ep

0

0

kP

0 Ep+A/3

0

0

0 = H
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P -  - ( i ‘fi/m )<S|Pz |Z>

A -  3fti/4m 2c 2<X|3V/3xPy -  3V/3yPx |Y>

Es  and Ep a r e  e ig e n v a lu e s  o f th e  H am ilto n ian  H0 « P2/2m + V(r). 

E igenvalues  o f  H a re  o b ta in e d  as  f o l lo w s .

det 0

kP

0

Ep-A/3-A

/2 /3 A

0

kP 0

/2 /3A  0

Ep 0

0 Ep +A/3-A

( E p + A / 3 -  A ) [ ( E S -  A)(Ep -  A/3  -  A)(Ep - A ) - ( E s  -  A ) 2 / 9 A 2 -  (kP)2(Ep

-  A /3  - A ) ]  = 0

For s m a ll  v a lu e s  o f k2, th e  e ig e n v a lu e s  o r  en erg y  bands a re ,

Ec = Eg + *h2k2/2m + P2k2/3 (2 /E g + 1 /(E g+A))

Eh = ‘fi2k2/2m 

E2 = -h2k 2/2m -  2P2k 2/3E g 

Ea = -A  + i l 2k2/2m  -  P2k 2/(E g+A).

The wave fu n c t io n s  f o r  c o n d u c tio n , heavy h o le , l i g h t  h o le  and 

s p l i t - o f f  v a le n c e  bands a re  d e s ig n a te d  a s  c , Vh , V2 , and VA, r e s ­

p e c t iv e ly  (w ith  r e s p e c t iv e  sp in  c o o rd in a te s  to o l ) .

|C ,1 /2 ,1 /2 >  = Ac |iS+> + Bc//2 |-(X + iY )+ >  + Cc |Z*>

|C ,1 /2 ,-1 /2 >  -  Ac | iS+> + Bc //2 |(X -iY )+ >  + Cc |Z+>

|Vh ,3 /2 ,3 /2 >  =■ 1/ /2 1  (X+iY)+>
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|Vh ,3 /2 ,-3 /2 >  = 1 //2 |(X -iY )+ >

|Vl ,3 /2 ,1 /2 >  = A1 |iS+> + B1//2 |-(X + iY )+ >  + C i |Z t>  

i Vl ,3 /2 ,-1 /2 >  = A iliS O  + Bx/ /2 1  (X~iY) +> + C1 |Z+>

|V a, 1 /2 ,1 /2 >  -  As |iS+> + Bs //2 |-(X + iY )+ >  + Cs |Z+>

|V a, 1 /2 ,1 /2 >  = As  | iS+> + Bs / /2 1  (X-iY) +> + C i |Z O

a

■fi/m<S|?|X> = iP
A

-h/m <S|?|Y> = jP
A

•ft/m<S|?|Z> = kP

A ll o th e r  m a tr ix  e le m e n ts  a r e  e q u a l to  z e ro .

For th e  c a se  o f  d ip o le  i n te r a c t io n  (~A.?) and r i g h t  c i r c u la r  

p o la r iz a t io n  (RCP) e x c i t a t io n ,  th e  p r o b a b i l i ty  o f  +1 /2  s p in  t r a n s i ­

t io n s  in  conduc tion  band i s  g iven by,

|< C ,1 /2 ,1  /21P.A |V h ,3 / 2 ,3 /2 > |2 + |< C ,1 /2 ,1 /2 |P .A |V h ,3 / 2 , - 3 / 2 > |2 +

|< C ,1 /2 ,1 /2 |P .A |V 1 ,3 / 2 ,1 /2 > |2 + |<C,1 /2 ,1  /21P .A |V l , 3 / 2 , - 1 / 2 > |2 +

| <C,1 /2 ,1  /21 P.A| VA, 1 /2 ,1  /2 > | 2 + |<C>1 /2 ,1 /2 |P .A |V a , 1 / 2 , - 1 / 2 > |2 

=0 + 0 + 0 + (AcB ;]//2  -  Pl̂ q / ^ 2 ) 2 + (AcBs / / 2  -  As Bc / / 2 ) 2 

The th e  p r o b a b i l i ty  o f  - 1 /2  s p in  t r a n s i t i o n  in  co n d u c tio n  band i s  

g iven  by,

J< C ,1 /2 ,-1 /2 |P .A |V h ,3 / 2 ,3 /2 > |2 + |< C ,1 /2 ,-1 /2 jP .A |V h ,3 / 2 , - 3 / 2 > |2 +

|< C ,1 /2 ,-1  /21P.A | VA,3 / 2 ,1 / 2 > |2 + |< C ,1 /2 ,-1 /21P .A !V l t 3 / 2 , - 1 / 2 > |2 +

| <C,1 /2 ,-1  /21 P. A| VA, 1 / 2 , 1 /2>  | 2 + j <C, 1 /2 ,- 1 /2 |P .A | VA, 1 /2 ,-1  /2>  | 2 

0 + (Ac/ / 2 ) 2 + 0 + 0 + 0  

Spin p o la r iz a t io n  p -  (n+-n+)/(n++n+)
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[(A cB£ -  AaBc ) 2 -  A*]

[(AcBi -  A$BC)2 + Aq]

ex c lu d in g  s p l i t - o f f  v a le n c e  band.

F o r  s m a l l  k

Ac = kP[Eg + P2k2/3 (2 /E g + 1/(E g  + A)) + 2A /3]/N  

Bc = /2A /3C P2k 2/3 (2 /E g + 1 /(E g + A))]/N 

B£ -  /2A /3H - 2P2k 2/3E g -  Eg ]/N  

Aj, = k P [-2 P 2k2/3 E g + 2 /3  A]/N 

As  = k P [-A -P 2k2/3 (E g+A)+2/3A)/N 

Bs  = /2 /3 A [-A -P 2k2/3(Eg+A )-Eg ]/N

w here N i s  a  n o rm a liz in g  f a c t o r  e q u a l t o  th e  sq u a re  r o o t  o f th e  

sum o f  th e  s q u a re s  o f  th e  n u m e ra to rs . For v e ry  s m a l l  k,

A* = 0, B£ = 1 / /3 ,  C* = / 2 /3

and p = -1 /2  a s  shown e a r l i e r  in  A .I.

The k 's  in v o lv e d  in  s p in  + and sp in  + a r e  d i f f e r e n t .  Hence, k f o r  

th e  heavy h o le  and l i g h t  h o le  sh o u ld  be c a lc u la t e d  s e p e r a te ly .

Ac -  1, Bc -  Cc = 0

>r, -fi2k 2 ~ Eg )mh
e -  =2me me + mj,

(hu) — Eg)me

me + nih
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Spin polarization including split-off valence band
[(A cB4-A*Bc) 2-Ac2+(Ac 'Bs ’-As 'B c ' ) 2:

P " [(AcB4-AaBc)2+(Ac'Bs '-As 'Bc ')2+Ac2] '

'd e n o te s  s p l i t - o f f  t r a n s i t i o n  v a lu e s  a s  k would be d i f f e r e n t .

For l a r g e  k, A can  be n e g le c te d  from  th e  s e c u la r  E q .s .

The s o lu t io n s  t o  th e  s e c u l a r  Eq.s a re ,

E' = 0

and

E '(E '-E g)(E '+  A) -  k2P2(E '+  2/3A) = 0

N e g le c tin g  A, one o b ta in s  fo u r  s o lu t io n s ,  i . e .

Ec = -ft2k 2/2m  + [Eg + ( E | + 4k2P2) 1 /2 ] /2

EVi = •ft2k2/2m

Ev = -h2k2/2m 
y 2

Ey3 = -h2k2/2m  + [Eg -  (E | + 4k2P2) 1 /2 ] /2

Hence,

Ac -  k P [1 /2 (E g + (Eg + 4k2P2) 1/2) + 2/3A )/N  

Bc = /2 /3 A [1 /2 (E g + (E | + 4k2P2) 1/2) -  Eg )/N 

B£ = ~/2/3A Eg/N

AZ -  kP(2/9A)/N

k c o rre sp o n d in g  to  2 .34  eV pho ton  in  CdSe w ith  Eg » 1 .8  eV and A » 

0 .4  eV,

Ec  -  Ey =* -  1 / 2 ( E g  + / ( E g  + 4k2P2)

f o r  mP2 -  13 eV, kP = 1 .12  eV.
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N e g le c tin g  A f o r  l a r g e  k t r a n s i t i o n  in  a l l  v a le n c e  band -  conduc­

t io n  band t r a n s i t i o n s ,  th e  v a lu e s  o f  Ac , Bc , Bg,, A j, As , and Bs  a re  

a p ro x im a te ly  2 .6 , 0 .15 , -0 .4 ,  0 .3 , 0 .8 4 , and 0 , - r e s p e c t iv e ly .

Hence, th e  v a lu e  o f  p c a lc u la te d  in c lu d in g  s p l i t - o f f  t r a n s i t i o n  

w ould be * -0 .3 5 . In  th e  above a n a ly s i s  I  have n e g le c te d  com­

p l e t e l y  th e  k dependece o f  d e n s ity  o f  s t a t e s .  S ince  th e  s p l i t - o f f  

t r a n s i t i o n  i s  a d d it iv e  t o  th e  c o n tr ib u t io n  from  v a rio u s  t r a n s i t i o n s  

to  th e  p, th e  t o t a l  p would be < -0 .3 5  due t o  s m a l l  d e n s i ty  o f  

s t a t e s  o f  th e  s p l i t - o f f  v a le n c e  band . This e s t im a te  i s  in  good 

ag reem en t w ith  th e  r e f e r e n c e s  and m easu red  v a lu e s  g iven  in  c h a p te r  

IV.
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A ll  th e  fo llo w in g  p rogram s a r e  w r i t t e n  in  program m ing 

lan g u ag e  ’BASIC* u nder RT-11 o p e ra t in g  sy s te m  on D ig i ta l  Mine 11-03 

com pu ter.

B.1 SP1NIN.BAS

This program  c o l l e c t s  256 d a ta  p o in ts  from  Hamamatsu TA a t  

300 baud and s t o r e s  th e  d a ta  a lo n g  w ith  in fo rm a tio n  on tem p e ra ­

tu r e ,  TA ga in , MCP ga in , e x c i ta t io n  w a v e len g th  and f i l t e r s ,  lum i­

n escen ce  p a th  f i l t e r s ,  s l i t  w id th  and s t r e a k  r a t e  e t c .
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100 REM THIS PROGRAM IS  FOR ENTERING TWO WINDOW STREAK CAMERA DATA 
110 REM NO PROVISION I S  MADE FOR ANY ON LINE ANALYSIS.
120 DIN A *< 19)
130 DIM CC256 )»R(256>
140 PRINT 'ENTER FI RST FOUR DI GI TS  OF F I LE  CODE"
150 LINPUT W* \  W * = ' S Y i : ' + W 4  
160 U *= ' Y *  \  Z * = ' *
170 PRINT 'PRESS RETURN WHEN READY TO INPUT DATA'
180 INPUT T*
190 PRINT 'START TA DIGITAL OUTPUT'
200 C I N ( , A * ( 1 > » , 1 >
210 CIN< > A * < 2 ) • > 1 )
220 CINC > A * ( 3 ) » ,1>
230 FOR 1=1 TO 16 
240 C I N ( » A * ( I + 3 > » , 1 >
250 NEXT I
260 PRINT 'DATA INPUT COMPLETE'
270 FOR 1=3 TO 19
280 A * ( I ) = S E G * ( A * ( I ) , 2 , 1 0 0 )
290 PRINT A$( I >
300 NEXT I
310 PRINT ' I S  DATA TRANSFER GOOD? (Y OR N>'
320 LINPUT T*
330 I F  T S O U *  GO TO 170  
340 C*=DAT*
350 PRINT 'ENTER PICTURE NUMBER'
360 LINPUT D*
370 PRINT 'ENTER WINDOW NUMBER'
380 LINPUT Nt
390 PRINT 'ENTER TA GAIN'
400 LINPUT M6
410 PRINT 'OTHER INFO UNCHAGED? <Y OR N>'  \  LINPUT T *  \  I F  T*=U*  GO TO 570
420 PRINT 'ENTER SAMPLE TEMP. '  \  LINPUT F4
430 PRINT 'OTHER INFO UNCHAGED" <Y OR N ) '  \  LINPUT T*  \  I F  T t =U*  GO TO 570
440 PRINT 'ENTER EXCITATION WAVELENGTH AND FILTERS'  \  LINPUT Gt , H4
450 PRINT 'OTHER INFO UNCHAGED? (Y OR N ) '  \  LINPUT T*  \  I F  T i  = U* GO TO 570
460 PRINT 'ENTER LUMINESCENT PATH FILTERS'
470 LINPUT 0*

"490 KfSJI :S5?fg K nShaSge ^ ? tY 0R N)I N LINPUT T* ' IF T*=u* e° ™ *'*>
500 LINPUT E*
510 PRINT 'ENTER REFERENCE BEAM FILTERS'
520 LINPUT I *
530 PRINT 'ENTER S L I T  WIDTH AND STREAK CAMERA SPEED'
540 LINPUT J * , K *
550 PRINT 'ENTER CHANNEL PLATE GAIN'
560 LINPUT L*

■570 A* <1 ) =C *+ *  P I C T * * + D » + '  SAMPLE=' + E4+ • T E H P . = ' + F * + '  WL=‘ +G$+'  ATTN BY • 
600 A » < 1 ) = A * < 1 ) + H * + *  REF. F I L T E R S = ' + I t
610 A $ < 2 ) = ' S L I T = ' + J * + '  STREAK SPEED=' +K*+ '  CP G A I N = * + L * + '  TA GAIN= ' +M*
620 A * ( 2 ) = A $ ( 2 ) f  WINDOW# ' +N$+ '  F I LTE RS =' +0 *
630 PRINT A » ( l )
640  PRINT A $ ( 2 )

* f NTER P ILE  NAME FOR THIS SHOT, LAST- NAME WAS ' , B *
0 6 O  I n P U I  d *
670 B*=W*+B*
680 OPEN B* AS F I LE  * 1  
690 FOR 1=1 TO 19 
700 PRINT « 1 , A S ( I >
710 NEXT I  
720 CLOSE *1
730 PRINT 'DO YOU WANT ANOTHER SHOT? <Y OR N ) '
740 LINPUT T*
750 I F  T*=U*  GO TO 170 
760 END
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B .2  S P IN B L .B A S

This p rogram  g iv e s  th e  i n te n s i t y  r a t i o  f o r  tw o windows. The 

windows c o rre sp o n d  to  tw o o r th o g o n a l p o l a r i z a t io n s - b u t  ta k e n  w ith  

s in g le  l a s e r  s h o t .
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1 0 0  PRI NT  "NAME OF THE F I L E :  S P I N E L "
1 1 0  PRI NT  " T H I S  PRG. DETERMINE? THE BALANCF. Or  TWO WINDOWS."
1 2 0  PRI NT  "YOU NEED TUO PERPENBICULAR F I L L S  COR.  TO SINGLE SHOT."
1 3 0  B I N  A t ( 1 ? ) . B t i 1 ? )
1 4 0  DIM A ( 2 5 6 > . B <  2 5 6 ) . X i 2 5 6 > * Y ( 2 5 6 ) . L i t  P S A ) . L 2 ' 2 5 6 ) . R < 2 5 6 > . S < 2 5 6 )
1 5 0  GOSUB 2 0 0 0  \  PEN LOAD THF STREAK CAM! RA I ' l l
1 6 0  GOSUB 2 1 0 0  \  REM LOAD THE PARALLEL FTI..E AND CUPPFCT TT
1 7 0  GOSUB 2 2 0 0  \  REH LOAD THE PERPEND I CUE AR F I L E  A* CORRECT I T .
2 0 0  D ISPL AY- CLE AR
2 1 0  REM ENTER REF CHANNEL PEAK.  I F  UNKNOWN THEN F I N D  I T .
2 2 0  REM
2 3 0  PRINT "ENTER REF.  CH.  FOR PARALLEL F I L E ,  I F  ? ENTER > 2 5 6 "
2 4 0  INPUT A2 \  I F  A 2 7 2 5 6  THEN GOSUB 3 0 0 0
2 5 0  PRINT "ENTER REF.  CH PEAK FOR PERPENDICULAR F I L E » I F  ? ENTER > 2 5 6 "
2 6 0  I NFUT B2 \  I F  B 2 > 2 5 6  THEN GOSUB 3100
2 7 0  FOR I = A2 TO 2 5 6  
2 8 0  L l ( A 2 - l ) - 0  
2 9 0  X ( I > = A < t > * S ( I >
3 0 0  L 1 ( I ) = L 1 < I - 1 ) + X ( I >
3 1 0  NEXT I 
3 2 0  FOR I - R ?  TO 2 56  
3 3 0  L 2 ( B 2 ~ 1 >~0  
3 4 0  Y ( I > = H ( T  > * S < 1)
3 5 0  L 2 ( I ) - L 2 < ) - 1 ! + Y < I )
3 6 0  NEXT I
3 7 0  R 1 = L 1 < ? 5 6 > / L 2 ( 2 5 6 >
3 8 0  R 2 = l / R 1
3 9 0  PRINT USING " INTEGRATED I N T E N S I T Y  U1 % U 2 t * t * *  * * # # ♦ " » L I ( 2 5 6 > . L ? < 2 5 6 )
4 0 0  P RI NT  USING "R1 AND R 2 * * . * * »  * * . * * ♦  " . R l ' . R 2  
5 0 0  PRINT "DO YOU WANT ANOTHER F I L E  v f ! OF; N>"
6 0 0  L I NP UT Ot \  I F  0 $ - " Y "  THFN GO TO 1 s')
7 0 0  GO TO LOOOO
2 0 0 0  REM T H I S  SUBROUTINE LOADS THF. S IRFAK CAMERA RATE F I L E .
2 0 1 0  PRI NT  "FNTER THE STREAK CAMERA RATI. P I L I - . "  \  LLNPUT R$
2 0 2 0  OPEN R t  AS F TI.E * 1
2 0 3 0  FOR 1=1 TO 2 5 6  '  INPUT t l . P ( I )  • NfXT 1
2 0 4 0  3 < 1 )  = R < 1 > \  FOR 1 = 2 1 0  2 3 6  \  ?< I )  = S •: I -1 ) FR < I > \  NEXT I
2 0 5 0  CLOSE * 1  \  RETURN
2 1 0 0  REM
2 1 0 5  REM T H I S  SUBROUTINE LOADS THE PARALLEL I ILL 
2 1 0 7  REM
2 1 1 0  PRINT "ENTER WINDOW 1 F I L L  NAME."  \  L I NPUT A t  \  A t = " S Y i : " + A t  
2 1 1 5  PRINT "ENTER m INDOU 2 F I L E  NAME" «. L INPUT L<t \  Bf = " 3 Y i : " E B t  
2 1 2 0  OPEN A t  AS F I L E  »2  \  FOR 1=1 TO 19 \  L I N P M T # 2 . A t i I >  \  NEXT I
2 1 3 0  CLOSE * 2  \  A 1 =P O S<A t ( 2 ) . " TA GATN = " . 1 ) \  AOt  =SEGt  ( A t  ( 2 ) . A 1 1-8 • A 1 F3 >
2 1 4 0  A ( 0 ) = U A L ( A O t )
2 1 5 0  FOR 1=4 TO 19 \  FOR J =1  TO 16
2 1 6 0  K = 1 6 * ( I - 4 ) + J  \  C t  = S E G t ( A t ( I ) . 4 * J - 3 » 4 * J -  1) \  A ( K ) = V A L <C t ) * R ( 1 ) / ( AC0 ) * R ( K ) )  
2 1 7 0  NEXT J \  NEXT I  \  RETURN 
2 2 0 0  REM
2 2 0 5  REM T H I S  SUBROUTINE LOADS THE PERPENDICULAR F I L E  
2 2 0 7  REM
2 2 2 0  OPEN B t  AS F I L E  * 3  \  FOR 1=1 TO 19 \  L I N P U T  * 3 » B t ( I )  \  NEXT I  \  CLOSE »3  
2 2 3 0  A 1 = P 0 S ( B t ( 2 ) » ’ TA G A I N = " » 1 >  \  A O t = S E G t ( B t ( 2 ) » A l + 8 t A l + 8 ) \  B < 0 ) = U A L<A O t >

2 2 5 0  C t = S E G t ( B t ( I > » 4 * J - 3 r 4 * J - l )  \  BCK>= V A L ( C t >* R < 1 > / ( B < 0 > * R < K >>
2 2 6 0  NEXT J \  NEXT I  \  RETURN
3 0 0 0  REM T H I S  SUBROUTINE F I N D S  THE REFERENCE CHANNEL PEAK
3 0 1 0  GRAPH( ' S ' * 2 5 6 » » A ( 1 > )
3 0 2 0  PRINT "MOVE CURSOR U N T I L  I T  I S  ON THE REFERENCE CHANNEL "
3 0 3 0  A2 = 7 5  \  F I N D . P O I N  I <A 2 »A3)
3 0 4 0  A 2 = I  N T ( A 2 ) \  P R I N T  USING "FA R.  F I L E  REFERENCE I S  * * * " . A 2  \  RETURN 
3 1 0 0  REM T HI S  SUBROUTINE F I ND S  THE RE FI: Rf NCF CHANNEL PEAK
3 1 1 0  G R A P H C ' S ' . 2 5 6 .  * B ( 1 ) )
3 1 2 0  PRINT "MOVE CURSOR U N T I L  I T  I S  ON THE REFERENCE CHANNEL "
3 1 3 0  B2= 75  \  F I ND. .P0 1  N T ( B 2 r B 3  )
3 1 4 0  B ? - I N T ( D 2 )  \  P R I NT  USING "THE PER.  F I L E  REF.  IS  M * " , R 2  \  RETURN 
1 0 0 0 0  P.N|i
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A ll th e  fo llo w in g  program m es i . e .  B.3, B .4, B.5, B.6, and B.7 

c o n ta in  a  su b ro u tin e  to  c o r r e c t  th e  s t r e a k  r a t e  non l i n e a r i t y  in  

tim e  and in te n s i ty .

B.3 ANSPN1.BAS + SNPLT1 .BAS
These program mes a n a ly z e  s p in  a lig n m en t and r e la x a t io n  d a ta  

o b ta in e d  in  c h a p te r  4. I t  a l s o  p lo t s  th e  e x p e r im e n ta l  d a ta  and 

t h e o r e t i c a l  f i t .  This r e q u i r e s  tw o d a ta  f i l e s  o b ta in e d  w ith  same 

l a s e r  s h o t  and in te n s i ty  c o r r e c t io n  r a t i o  o b ta in e d  f o r  th e  windows 

a s  in  B.2.
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10 P RI NT  • V J i l l ' N t ----------------p l )L .  Uf! H P7225A
100 P R I N T  • THIS PROGRAM TAKES TWO INI'1.1! P I L E S .  CORRESPONDING TO LEFT AND"
110 P R I N T  • PIGHT CIRCULAR POLAR17 AT IONS AND F I T S  TOTAL K I N E T I C  DECAY AMD‘
120 P R I N T  • S P I N  RELAXATION I. I N F T I C S . "
125 COMMON Cl  2 3 4 )  . ZC2 5 6 > . R < 2 5 6 > • 5 C2 5 6 )  . I I , C 2 . C5 . P 2 . £:. A*  • A*  < 19 > ,  R« , T 2 .  P5 
130  DIM B*  <1'>5 
140 DIM A ( 2 5 4 )  » B 1 2 5 6 )
150 GOSUB 2 0 0 0  '  RTM LOAD THE STRIAK CAMERA FILIT
160  GOSUB 2 1 0 0  \  REM LOAD I HE PARALLEL P I L E  AND CORRECT I T
170  GOSUB 2 2 0 0  '  REM LOAD I HP. PERPEND f r.ULAR F I L L  AND CORRECT I T .
180  P R I N T  * DO YOU WANT TO EI ITFR A CORPE C.T ION FACTOR FOR A I 1LE? (Y OR N ) ‘
190 L I N P U T  0 *  \  I T  r n = ‘ Y ‘ THI N GOSUB !?•)()
2 0 0  B IS PL A Y- C LE A R
2 1 0  REM ENTER REF CHANNEL PEAK.  I F  UNKNOWN T H E N  F I N D  I T .
2 20  REM
2 30  P R I N T  * ENTER REF.  CH.  PEAK FOR PARALLEL F I L E .  I F  v ENTER > 2 5 6 '
24 0  I NP UT  A2 \  I F  A 2 > 2 5 6  THEN GOSUB 3 0 0 0
25 0  P R I N T  ‘ ENTER RE F.  CH PEAK FOR PERPENDICULAR F I L E .  I F  ? ENTER > 2 5 6 *
26 0  I N PU T B2 \  I F  B 2 > 2 5 6  THEN GOSUB 31 OC-
27 0  A 4 = A 2 - 5  \  A 5 - 2 5 1 - A 4  \  FOR ( * A 4  TO 251  \  J = I i B 2 - A 2  \  P 1 = ( A 2 + B 2 ) / 2
2 8 0  C ( I ) = A ( I ) + B ( J >  \  NEXT 1
2 9 0  GOSUB 3 2 0 0  \  REM F I N D  START POINT COR F I T .
2 9 5  P2= C2  
30 0  REM
3 1 0  REM PROPERLY SUM CURVES TO F I N D  KCT)
3 2 0  REM
3 3 0  A 4 = A 2 - 5  \  A 5 = 2 5 1 - A 4  FOR I = A 4  1 0  251 \  J = I + B 2 - A 2
3 4 0  C ( I ) = A ( I ) + B ( J i  \  NEXT I
3 5 0  PRINT ‘ WHAT TYPE OF PLOT? L 0 G = 1 .  L I N = 0 . F 0 R  S I NG LE  EXP RECOMB T I ME "  \  INPUT L 9
3 6 0  I F  L 9 = l  THEN GOSUB 2 7 0 0
3 7 0  GOSUB 2 6 0 0  \  REM F I N D  MAX AND MIN VALUES OF C O  
3 8 0  GOSUB 4 0 0 0  \  REM GRAPH C ( I >
3 9 0  GOSUB 5 0 0 0  \  REM F I T  AND GRACH SINGLE EXPONENTIAL DECAY CURVE
4 0 0  PRINT ‘ PLOT DIFF ERE NTL Y? (Y DP N . * '■ ! I N P U T  01.
4 1 0  I F  04= ‘  Y * THEN D IS P L A Y -C L E A R  \  GO TO .I / ' . '
4 1 5  REM STORE I I F F  TIME \  T2 “ T I
4 2 0  REM
4 3 0  REM THIS SECTION F IN D S  THE S PI N  RE! AX AT I C'lJ n . M r .
4 4 0  REM
4 5 0  FOR I - A 4  IQ 2 5 J \  J= I - F B 2 - A3
4 6 0  I F  AC I ) P B < J > = 0  THEN C ( 1 > = 0  \  GO I !' 47 5
4 7 0  C C I ) = C A ( I ) -  C< C .1 > ) /  C A ( I  > +B ( J > >
4 7 5  I F  1 = 251 GO Til 490  \  NEXT I
4 9 0  PRI NT  "WHAT TYPE OF PLOT? L 0 0 = 1>  l . I N  = O.FOR S I N G L E  EXP S P I N  RELAX T I ME*  \  I NP UT L9
4 9 2  DISPLAY- CLEAR \  GOSUB 3 2 0 0  P3=C2 \  REM F I N D  START P O IN T
4 9 5  P RI NT  ‘ BACKGROUND SUBSTRACI IONCY OR N > ? ‘ \  L I N P U l  » *
4 9 6  I F  0 5 = ‘ Y ’ THEN P RI NT  ‘ BACKGROUND?- \  INPUT B \  FOR I = C 2  TO 25 1  \  C ( I ) = C ( I > - B  \  NEXT I  
5 0 0  I F  L 9 = l  THEN GOSUB 2 7 0 0
5 1 0  GOSUB 2 6 0 0  \  REM F I N D  THE MAX AND MI N VALUES OF C C I )
5 2 0  D l = l  \  GOSUB 4000  \  P O I N T C ' B ' . S C P 2 ) . 0 . 2 )  \  P O I N T C ' B ' . S C P 3 > . 0 . 2 )  \  REM GRAPH C C I )
5 3 0  GOSUB 5 0 0 0  \  REM F I T  AND GRAPH S IN GLE  EXPONENTIAL D I F F U S I O N  L I F E T I M E .
5 4 0  D 1 = 0
5 5 0  P R I N T  ‘ PLOT D IFFERENTLY? CY OR N>*  \  L I NP U T 0 *
5 6 0  I F  Q$= * Y* THEN GO TO 4 4 0
5 6 3  A * = A * + ‘ / ‘ + B *  \  PRI NT  ‘ HARDCOPY OF POL TACTOR DATACY OR N ) ? ‘ \  L I N P U T  U*
5 6 5  I F  Q * = ‘ Y ‘ THEN CHAIN * S P N P L T ‘ L I N E  7 0 0 0
5 7 0  P R I N T  ‘ DO YOU WANT TO F I T  MORE F I L E S ?  (Y  OR N > ‘
5 8 0  L I N P U T  Q$ \  D I S PL AY- CL EA R
5 8 2  P R I N T  USING ‘ LAST F I L E S  MAX.LUM AT PSEC * * * * . * • » S C P 2 )
5 8 3  P R I N T  USING ‘ MAX POL FACTOR AT PSEC * * * ♦ . * * . S <P 3 ) '
5 8 4  P R I N T  USING ‘ T I ME B I F F . I N  MAXLUM *  MAX POL I N  PSEC * * # . * ‘ . CS( P 2 ) - S < P 3 ) )
5 8 5  P R I N T  USING ‘ POL FACTOR OF * # . * * • , CCP3>
5 8 6  P R I N T  USING ‘ RECOMB L I F E  TI ME OF # * # *  % S P I N  RELA X.  T I M E  OF * * * # * . T 2 . 2 * T 1
5 8 7  I F  0 * = ‘ Y ‘ GO TO 16 0  
5 9 0  GO TO 1 0 0 0 0
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2 0 0 0  REM T H I S  SUBROUTINE LOADS THU STREAK CAMERA RATE F I LE . "
2 0 1 0  P RI NT  1F NTER THE STREAK CAMERA RATE T I L E . "  \  L I N P U T  R t  
2 0 2 0  OPEN R$ AS F I L E  41
2 0 3 0  FOR 1 = 1 10 2 5 6  INPUT 4 1 • 1< ! T ) \  NEXT I
2 0 4 0  S ! 1 >  = R ! 1 . ’ \  TOR I  “ 2 ru 2 5 6  \  S '  I  >=S(  1 - 1  ) +R(  I  ) \  NEXT I
2 0 5 0  CLOSE 41 \  RETURN 
2 1 0 0  REM
2 1 0 5  REM T H I S  SUBROUTINE LOADS THE PARALLEL FILE.
2 1 0 7  REM
2 1 1 0  P RI NT  ’ ENTER UINDOU 1 F I L E  NAME." \  L I N P U T  AS \  A 4 = ’ S Y i : ’ + A t  - 
2 1 1 5  P R I N T  ’ ENTER UINDOU 2 F I L E  NAME’ \  L I N P U T  PS \  B * = ' S Y i : ’ +B*
2 1 2 0  OPEN AS AS KTLE 42 \  FOR 1 = 1 TO 19 \  L I N P U T  4 2 » A S ( I >  \  NEXT I
2 1 3 0  CLOSE 42  \  AT"POSE A S ! 2 ) . ’ TA GA1N=’ , 1 >  \  AOS -S UUS <A S < 2 / » A ) + 8 f A 1 + S )
2 1 4 0  A ! 0 ) = VAL ! AOS)
2 1 5 0  FOR 1 =4  TO 19 \  FOR J= 1 TO 16
2 1 6 0  K = 1 6 * < I —1 ) + J \  C * = S E G * ! A * ! I > » 4 * J - 3 . 4 « J - 1 >  \  A ! K > =VAL ! C*  > * R ! 1 )  / !  A '  0  > *F: ! K > > 
2 1 7 0  NEXT J \  NEXT I  \  RETURN 
2 2 0 0  REM
2 2 0 5  REM T H I S  SUBROUTINE LOADS THE PERPENDICULAR F I L E  
2 2 0 7  REM
2 2 2 0  OPEN DS AC F I L E  43  \  FOR 1=1 TO 19 \  L I N P U T  4 3 » B * ! I )  \  NEXT I  \  CLOSE t 3  '
2 2 3 0  A1=P0S< B S < 2 ) > * T A G A I N = ’ t 1> \  A O t = S E G S ! B 4 ( 2 > . A l + 8 »A l + 8 > \  B10 > = V A L 1 AOS>
2 2 4 0  FOR 1 = 4  TO 19 \  FOR J= 1 TO 16 \  K = 1 6 * ! I - 4 > + J  
2 2 5 0  C S = S E G S ( B S ( I > , 4 * J - 3 » 4 * J - 1 )  V. 8 ! K >= V A L ! C S ) * R ! 1 > / ! B ! 0 ) * R ! K >>
2 2 6 0  NEXT J \  NEXT I  \  RETURN
2 3 0 0  REM CORRECTION FACTOR ENTRY AND OPERATION
2 3 1 0  P R I N T  ’ ENTER THE M U L T I P L I C A T I V E  FACTOR FOR UINDOU 1 . ’ \  INPUT C
2 3 2 0  FOR 1=1 TO 2 5 6  \  A ! I ) = A ! I ) * C  \  NEXT I  \  RETURN
2 6 0 0  C3 =0  \  C 4= 0 \  FOR I = A 4  TO 251  \  I F  C ! I ) > C 3  THEN C 3 = C ( I )
2 6 1 0  I F  C ! I K C 4  THEN C4= C(  I )
2 6 2 0  NEXT I  \  RETURN 
2 7 0 0  FOR 1=1 TO 256
2 7 1 0  I F  C I I K - C  THEM CCI>  = - 1  \  0 0  Til . • 730
2 7 2 0  C C I >=LOG1 0 ! C ! I >)
2 7 3 0  NEXT I \  RETURN
3 0 0 0  REM T H I S  SUBROUTINE F I N D S  THE REFERENCE CHANNEL PEAK 
3 0 1 0  GRAPH! ' S ' • 2 5 6 »  » A (11  )
3 0 2 0  PRINT ’ MOVE CURSOR U N T I L  IT I S  ON THE REFERENCE CHANNEL PEAK*
3 0 3 0  A2=7S \  F I N D _ P 0 I N T ! A 7 « A 3 >
3 0 4 0  A2 = I N T  <A 2 ) \  P R I N T  USING ’ PAR.  F I L E  REFERENCE PEAK I S  * 4 * ’ r A2  \  RETURN 
3 1 0 0  REM T HI S  SUBROUTINE F I N D S  THF REFERENCE CHANNEL PEAK 
3 1 1 0  GRAPH! ' S ' > 2 5 6 r »B ! 1 )  >
3 1 2 0  PRINT ’ MOVE CURSOR U N T I L  I T  I S  ON THF REFERENCE CHANNEL PEAK*
3 1 3 0  B 2= 75  \ ' F I N D _ F 0 I N T ( B 2 » B 3 )
3 1 4 0  B 2 = I N T ! B 2 >  \  P R I N T  USING ’ THE PER.  F I L E  REF.  PEAK I S  444’ . B2 \  RETURN 
3 2 0 0  REM T H I S  SUBROUTINE F I N D S  THE B EG I NN I N G POINT FOR CURVE F I T T I N G  
3 2 1 0  G R A P H ( ' S ’ * 2 5 6  t  > C <1> >
3 2 2 0  P RI NT  ’ MOVE CURSOR U N T I L  I T  I S  AT THE STARTING P O I N T  FOR CURVE F I T T I N G *  
3 2 3 0  C 2 = 1 0 0  \  F I N D _ P 0 I N T ( C 2 f C 3 >
3 2 4 0  C 2 = I N T ( C 2 )  \  P R I N T  USING ’ R E F .  PEAK I S  444’ , C 2  \  RETURN  
4 0 0 0  REM
4 0 1 0  REM T H I S  SUBROUTINE GRAPHS C OA ND SE TS U IN D OU A ND G RI D FO R CU R VE FI T T I N G  
4 0 2 0  REM
4V3V_W1NUUWV' - t  "f"SFR4 )  ?L4 » S I  201 ; r  C3» 0 )........ .........................  ...........
4 0 4 0  I F  L 9 = l  THEN GO TO 4 0 6 0
4 0 5 0  I F  D l  = l  THEN U I N D O U ! , S ( A 4 ) , -  1 . S ( 2 5 1 ) . 1 . 0 )
4 0 6 0  G RA P H ! ' - E f S ' r A 5 r S ' A 4 >»C <A 4 ) t r , 1)
4 0 7 0  E1= S< C2 > \  E 2 = C ! C 2 >  \  GRAPH( ' - E ? B ' r l » E l > E 2 r » 0 * 2 )
4 0 8 0  RETURN 
4 2 0 0  REM
4 2 1 0  REM T H I S  SECTION PLOTS THE EXPONENTIAL F I T  AND CALCULATES THE SUM OF
4 2 2 0  REM SQUARES D E V I A T I O N .
4 2 3 0  C7=0 \  FOR I = C 2  TO 251
4 2 4 0  C 6 = C 5 * E X P ! - ! S ! I ) - S < C 2 ) ) / T l ) \  C 7 = C 7 + ! C 6 - C 1 1 > ) " 2  
4 2 4 3  Z ( I ) =C4
4 2 5 0  I F  L 9 = 0  THEN GO TO 4 2 7 0  
4 2 6 0  C6 = L0G 1 0 F6  )
4 2 7 0  P O I N T ! r S ! I > * C 6 . 2 )  \  NEXT I
4 2 8 0  P RI NT  USING ’ FOR A T I M E  CONST.  OF 4444 PS AND A CONST.  OF 4 . 4 ?  ’ r T l , C 5
4 2 9 0  P R I N T  USING ’ THE SUM OF THE SQUARES I S  4.44- '  ’ , CV
4 3 0 0  RETURN

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-2 5 2  -
5000 REM
3 0 1 0  REM THIS SECTION CALCULATES A F I T  FROM T NF’l.t T r  T :  ' R 1A I. VALUES  
5 0 2 0  REM
5 0 3 0  PRINT ‘ ENTER A TRI AL  T I ME  CONSTANT IN P ICOSECONDS*  \  INPUT T1 
5 0 4 0  I F  L ? “  1 THEN C5"= 1 0 " C  ( C 2 ) \  GO TO 50 A0  
5 0 5 0  C5= C( C2>
5 0 4 0  60SUP 4 2 0 0
5 0 7 0  PRINT ‘ HO YOU UANT TO TRY ANOTHER F I T" 7 (Y  OR H > ‘
5 0 8 0  L I NP UT  0$  \  I F  0 * 0 *  Y " 0 0  TO 5 1 1 0
5 0 9 0  PRINT ‘ ENTER A NEW T I ME  CONSTANT AND M U L T I P L I C A T I V E  FA CT OR ."
5 1 0 0  INPUT T 1 . C 5  \  GOSUB 4 2 0 0  \  GO TO 5 0 7 d
5 1 1 0  REM P R I N T  ‘ DO YOU UANT A HARDCOPY OF THIS  GRAPH? (YORNJ*
5 1 2 0  REM L I N P U T  0 *  \  I F  r i * = ‘ Y ‘ THEN GOSUB 6 0 0 0
5 1 3 0  RETURN 
6 0 0 0  RETURN 
1 0 0 0 0  END
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7 0 0 0  REM
7 0 0 1  P R I N T  ■ 11: r P, l"RP PLOr i :  BATA ON H P 7 22 5 A P LOT ER . (  SPNPI .T ) ’
7 0 1 0  COMMON C ( L j 4> f . " : - : . 6  > fFM 2 5 4 )  fS< 2 5 6 )  » T l . C 2 F C 5 . P 3 r S » A t » A * < 1 9 ) » R *
7 0 2 0  REM
7 0 3 0  REM T i m  SUBROUTINE PLOTS THE EXPERIMENTAL F I T  F I L E  ON H P7525A  
7 0 4 0  REM
7 0 4 2  BOSUB 7 0 7 0  \  POSUR 8 1 4 0
7 0 4 3  P R I N T  '  THEORA r i>;- ,L F I T  (Y OR N >?*  \  L I NP UT 04
7 0 4 4  I F  Q t - * Y *  THEM GOSUB 7 0 5 0  \  GOSUB 7 1 7 0  \  CHAIN ' A N S P I N  '  L I N E  5 7 0
7 0 7 0  V 4 = 5 0 0

• 7 0 8 0  I F  R t = * S F 1 5 0 *  THEN V 5 = 6 0 0
7 0 9 0  I F  Rt  = * 5 F 0 7 5 * THEN 0 5 = 1 3 0 0
7 0 9 5  I F  R t  = ’ S F 0 3 0 ’ THEN V 5 = 3 6 0 0
7 1 0 0  I F  R t =  * S FC 15 * THEN 0 5 = 6 0 0 0
7 1 2 0  V 6 = - . 1 * V S  \  0 7 = - . 1 * 0 4
7 1 3 0  0 4 = 0 4 * 5  \  0 5 = 0 5 * 5  \  0 6 = 0 6 * 5
7 1 3 1  0 7 = - 0 4  \  REM MULT.  BY 5 FOR BETTER PLOT RESOL.
7 1 4 0  0 4 t = S T R $ ( 0 4 )  \  V S * = S T R * ( V S )  \  0 6 * = S T R t ( 0 6 )  \  0 7 4 = S T R * ( 0 7 )
7 1 5 0  H l t = * S C * R S T R t ( S I C 2 - 1 0 ) > + * f * + S T R 4 ( S ( C 2 + 4 0 > ) + • , ’ + V 7 4 + * f * + V 4 t + * , I  \  C O U T ( f H 1 * f f 1)  

\  REM SCALING
' 7 1 6 0  H 2 $ =  ‘ PU ! PA * + STR*  ( S  ( C 2 - T 0 ) ) + * f 0  J ■ V COUT ( fHuT T f I ) '  \  RETURN \  RtM n u v t  I ODRTGTR
7 1 6 1  H9$=CHR4 < 3 )  \  H 1 = P 0 S ( B * f ■U L = * » 1 >
7 1 6 2  113*= * f * R S T R t l - . 0 5 * V 4 >  + * fLB*
7 1 7 0  FOR I  = C 2 - 1 0  TO C 2+ 40
7 1 8 0  H 1 * = T A *  + S T R t ( S '  I ) > + * f * + S T R t  ( Z (  I ) * 2 0 0 0 )  I * IF Hi  
7 1 3 1  NEXT I  \  REM PLOT CUROE 
7 1 8 4  B l t = ' SLOU TIME CONST.  I N  PSEC='
7 1 3 5  B 2 * = ' SLOU AMI’L I  TUBE *
7 1 8 6  B 3 * = ' F A S r  TIMK CONST.  I N  i ' S t C = '
7 1 3 7  B 4 t =  ' I AS ’ AMPITUBC » =
7 1 8 8  B 5 t = ' ! IU AL UNNORMALI ZED AMR!
7 1 3 9  U4 = B I T  \  Y t  = S T !•:?•: T 1. ) \  HI  *  = '
7 1 9 0  U * = B 3 *  \  Y t - S T R t ( T 2 >  \  H l * = '
7 1 9 1  U * = B 4 $  \  Y t = S T R t < A 9 / C )  \  H11
7 1 9 2  U * = B 5 t  V Y* - .STRt<  ( A l  + A 9 ) / C !

C 0 U 1 < » H 1 * » . 1 )

. I T ' U E .  V
■ I N J P A . ’ C - P p . S O O O S P U f  
' i n ;  p a t o o o  . 4 0 o \  ; r -u ;

• l * ) : ' ' A . I ( ) 0 ' ) . 3 S O O ; i , ! i :  • 
i i i t - ' * l N ; p A ; :  • >{ ) » - ; %ooo

\  COUT( . H i t .  . 1 )  
\  COUT( . H i t . . 1 )

\  GOSUB 7 2 1 0  
\  GOSUB 7 2 1 0

\  COU r ( . H I i .  . 1 ) \  GOSUB 7 2 1 0  
■PBS* \  COUT ■: . l i l t . . 1 )  \  GOSUB'

ro io
7 1 9 3  U t  = B 2 t  \  Y t  = S T R t ( A l / C )  \  H 14 = * I  N ? P A 2 0 0 ' >  •• 4 5 0 0  i PH ! ’  \  C U I H t  

\ - r , 0  10  7211

. H l t . . l )  \  GOSUB 7 2 1 0

■RETURN7 2 1 0
7 2 1 1  
8 0 0 0

_ 8 0 1 0  
8 1 4 0 '
8 1 5 0  
8 1 6 0

'81'WFOR 1 = 1 TO 12 \  H 1 * = H 1 * + * P A * + S T R * ( S ' C 2 - 1 0 )  ) + * f *+ S T R * Y V 4 * <1-6> /1 2 >+ * f Y T I *  T ' N E X T  I  
\  H l t  = H l t  R * P U I *
COUT( > H i t > ?1)  \  REM PLOT AN Y - A X I S  ------------------------------------------------------------------
FOR I = C 2 - 1 0  TO C 2 + 4 0

H 1 $ = * L B * + U * + Y * + H 9 S  \  C O U T C , H l t . . 1 )
RETURN
REM
RETURN _ _
H 1 * = * P D f * ' \  FOR 1 = 1 TO 12 \  H14 = H l t + * P A * + S T R t ( S < U 2 - - 1 0 )  + ( S ( C " 2 j - 4 0 ) - S < C 2 - 1 0 ) _ ) * I / l ‘2 ) _  
COUT( » H l t » , 1 )  \  REM PLOT AN X - A X I S  +*T6‘ +*  fXT5 * \  NEXT I
C O U T ( f * P U f P A * + S T R * ( S ( C 2 - 1 0 ) > + * f OS * . f 1 ) \  H 1 * = * P D f *

S18 <T 
8 1 9 0  
8 2 0 0  
8 2 1 0  
8 2 2 0
8 2 2 5
8 2 2 6  
8 2 2 7  
8 2 3 0  
8 2 3 5  
8 2 4 0  
8 2 4 2  
8 2 5 0  
8 2 5 5  
8 2 6 0  
8 2 7 0  
1 0 0 0 0

h i * = * p a * + s t r $ ( s < i ) )  + * f , + s t r $ < c ( i > * 2 0 0 0 )  + * ; p b ; p u f " \  c o u t < f H 1 * f , d
NEXT I  \  REM PLOT CURVE
H I t =  * PU f P A * + S T R * ( . 1 * V 5 )  +  * f * + S T R t  < . 9 * V 4 ) + * f * \  COUT< f H I t .  .  1 )  
H 9 $ = C H R t < 3 )  \  H 3 t = *  f  * + S T R * ( - . 0 5 * V4 > +  * 5LB*
H 1 * = * L B * + A * + H ? S + * C P J  * \  C O U T I f H I S f f 1 )
H 1 = P 0 S ( A * C 1 ) , * U L = * f 1>
H 1 * = * L R * + S E G * < A * < 1 > f 1 fH 1 - 1 ) + H 9 * + * C P ; *  \  COUT( f H I t f f 1 ) 
H l * = * C P 4 F 0 F L B * + S E G t ( A t ( l ) F H 1 . 1 0 0 ) + H 9 t + * C P F *  \  COUTCf H I * f f 1> 
H l t = , L B * + A t ( 2 ) + H 9 t + * C P ; * \  COUT< f H i t f f 1)
REM H 1 * = * L B * + A * < 2 0 ) + H 9 t + * C P ; * \  REM COUT( , H 1 * f f 1>
FOR 1 = 1 TO 6 \  H l * =  * PU fPA* + S T R *  ( V 5 * I  / 6  ) l - H3 *+ STR *  C V 5 * l / 3 0  > + H 9 * +  • P U . * 
C O U T ' . H 1 * f f 1 )
NEXT I  \  REM NUMBERING THE X - A X I S  
CH AI N ' A N S P I N  '  L I N E  

END
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B .4  ADDGNW.BAS

This program  a v e ra g e s  a  number o f  d a ta  f i l e s  ta k e n  under 

id e n t ic a l  e x p e r im e n ta l  c o n d itio n s . Each d a ta  f i l e '  m ust in c lu d e  a 

p re p u ls e  f o r  b e t t e r  a v e rag in g .
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3 i e  PRINT • PROGRAM AL'I'G. tAS ’
31V PRIN T - T H I S  PROGRAM ADDS “.AN'. ■ IL E S  OF HAT A*
320 PRINT ‘ TA NORMALIZATION IS INCLUDED '
321 PRINT 'TAKE THE BEST FILE F I R S T r I T  IS  TAKEN AS REFERENCE • ‘
322 DIM A < 2 5 6 > . B ! 2 5 6 > . R ! 2 5 6 > . S ( 2 5 6 > » A * ! 1 9 J . B i - - 2 0 >
324 PRINT * ENTER THE NAME OF FIRST FILE •
325  LINPUT Al*
324 B * ! 2 0 ) = ‘ FILES ADDED=‘ +A1* \  A l * = ‘ SY11 ‘ +A1*
32 8  OPEN A l t  AS FILE *1
329  FOR 1=1 TO 19 \  LINPUT * l r A * ! I >  \  NEXT I
332 CLOSE *1
333  FOR 1=1 TO 3 \  B *! I >= A* ! I >  \  NEXT I
337  REM GOSUB 2 00 0  \  REM LOAD THE STREAK CAMERA FILE
347  GOSUB 2 10 0  \  REM LOAD THE DATA FILE S CORRECT IT
357  DISPLAY-CLEAR
35 8 GOSUB 3 2 0 0  \  REM FIND START POINT FOR F I T .
36 0  PRINT * DO YOU WANT DIFFERENT FIRST F IL E ? ! Y OR N J ‘ \  LINPUT 0$
362 IF  Q * = ‘ Y‘ GO TO 324
370 GOSUB 2 60 0  \  REM FIND MAX S MIN VALUES OF A O
330 REM GOSUB 4 00 0  \  REH GRAPH A( I>
390 GO TO 5101
2000  REM THIS SUBROUTINE LOADS THE STREAK CAMERA RATE FIL E.
2 002  PRINT 'DO YOU UANT A NEU STREAK CAHERA RATE FILE?  <Y OR N) LAST UAS’ rR* 
2004 LINPUT 0*  \  IF  Q*<>‘ Y‘ GO TO 2 0 5 5
2010 PRINT ‘ ENTER THE STREAK CAMERA RATE F I L E . "  \  LINPUT R*
2020 OPEN R* AS FILE *1
2030 FOR 1=1 TO 256  \  INPUT # l r R ! I >  \  NEXT I
2040 S ( 1 ) = R ( 1> \  FOR 1=2 TO 256  \  S < I > = S < 1 - 1 ) +RCIi  \  NEXT I
2050 CLOSE *1 \  RETURN
2055 RETURN
2100  REM
2105  REM THIS SUBROUTINE LOADS THE FILE 
2107 REM
2130 A 1 = P 0S ( A *! 2 J . ‘ TA GAIN=‘ . l )  \  AO*=SEOi<AS I 2 > . A l + 8 . A l + 8 )
2140  A(0>=VAL!AOS)
2150 FOR 1=4 TO 19 \  FOR J=1  TO 16
2160  K = 1 4 * < I - 4 J + J  \  C*=SEG11AS! I ) t 4 * J - 3 : 4 * J -1 • \  A! K)=VAL!C*) / A!0)
2170  NEXT J  \  NEXT I \  RETURN
2300  REM CORRECTION FACTOR ENTRY *, OPERATION
2310 PRINT ‘ ENTER MULTIPLICATIVE FACTOR » IF NONE r ENTER 1 ‘ \  INPUT C
2320  FOR 1=1 TO 256 \  A ! I ) = A ! I ) * C  \  NKX'  T \  RETURN
2600 A3=0 \  A4=0 \  FOR I = A4 TO 251 \  IF  A t I ) > A 2  THEN A3=A!I>
2610  IF A < I X A 4  THEN A4=A!I>
2620  NEXT I \  RETURN
3200  REM THIS SUBROUTINE FINDS BIGINING POINT FOR CURVE FIT1 ING‘
321 0  GRAPH( '  S '  » 2 56  v r A! 1)  )
3220  PRINT ‘ MOVE CURSER UNTIL I T  I S  AT POINT FOR CURVE MATCHING*
3230  A2=100 \  FIND-POINT ! A2»A3‘
3240 A2=INT(A2) \  PRINT USINC 'START CHANNEL I S 4 t t ‘ .A2 \  RETURN 
4000 REM
4010 REM THIS SUBft. GRAPHS A O  iSETSUINDOWGRIDFORCURVEFITTING.-----------------
4020 REM
4030 U I N D O U ! ' - E ' » S ! A 4 ) » A4, S 1 2 5 1 > r A 3 r 0 )
4050 IF D l = l  THEN WINDOW!, S ( A 4 > * - 1 r S ! 2 5 1 ) , 1 . 0 )
4060 GRAPH! ' - E  » S ' » 2 5 6 r S ! A 4 ) » A ! A 4 ) r r r l )
4070 E1=S!A2)  \  E2=A!A2> \  GRAPH!' - E »B ' »1 r E l , E 2 r . . 2 )
4080 RETURN
5101 PRINT ‘ DO YOU UANT DIFFERENT START CHANNEL?!Y OR N>‘
5102  LINPUT G* \  I F  Q*=‘ Y‘ THEN GO TO 357  
5120 FOR 1=1 TO 256  \  B ! I ) = A ! I >  \  NEXT I 
5125 A9=A2
5127  N=1
5128 B ! 0 ) = A ! 0 )
5130 PRINT ‘ DO YOU HAVE ANOTHER FILE TO ADD ( Y OR N -»)’ LA = T WAS ‘ . A ! *
5135 LINPUT 0*  \  IF  Q * 0 ‘ Y'  GO TO 5 1 9 1  '
5136 PRINT ‘ TYPE ANOTHER FILE NAME TO ADD ‘
5140 LINPUT Al *
5141 A l * = ‘ S Y i : ‘ +A1*
5143 F1 * =S EG * ! A1 * .5 . 1 5 >
5145 OPEN Al *  AS FILE #1 \  FOR 1=1 TO 19 
5150 LINPUT * 1 . A * ! I >  \  NEXT I \  CLOSE *1
5153 REM GOSUB 2 0 0 0  \  REM LOAD THE STREAK CAMERA FILE
5154 GOSUB 2 1 0 0  \  REM LOAD THE DATA FILE  S CORRECT IT
5155 DISPLAY-CLEAR \  GOSUB 3200
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- 256 -

5156  PRINT -LIKE IT?<Y OR N)" \  LINPUT Q* \  IF  Q $ , - y  THEN B » ( 2 0 ) = B t ( - 0 ) + • + • F , «
X I F  Q$=" N" GQ TO 5130  + F 1 *

“ 515 7  GOSUB 2 6 0 0  \  REM FIND MAX X MIN POINT FOR FIT
51 5 8  REM GOSUB4000 \  REM GRAPH A d )
515 9  PRINT 'DO YOU UANT DIFFERENT START CHANNEL''< Y OR N>"
5160  LINPUT Q* \  I F  0*="Y" THEN GO TO 357
5161  IF N>1 THEN GO TO 5 17 7
5162  A=ABS(A9-A2) \  L=256-A \  I F  SGN(A9-A2)>0  GO TO 5 1 75
5165  E=L \  FOR 1 = 1 TO L \  X=< A< A+I ) + N * B d  >) /  C N+l > \  » < - )  = /. \  NEXT I
51 7 0  FOR I=L+1 TO 2 5 6  \  B d >  = 0 \  NEXT I \  GO TO 5 1 84
5175  E=256 \  FOR 1 = 1 TO L \  X=<N*B< I+A)+A •: I ) ) / ( N  + l ) \  B d  + A)=X \  NEXT T \  GO T0
51 7 7  A=ABS(A9-A2) \  L=256-A \  I F  ( 2 5 6 - A 2 ) > ( E-AV> THEN GO TO 5 181
517 8  FOR 1 = 1 TO C256-A)  \  X=(N*B( 1 5+ A t I  + A) > / < N + l ) \  B d ) = X  \  NEXT I
517 9  FOR I = ( 2 5 7 - A )  TO 25 6  \  B ( I ) = 0  \  NEXT I \  E=256-A \  GO TO 5 1 3 4
5181 IF A2>A9 THEN GO TO 5183
518 2  FOR 1 = 1 TO ( E- A)  \  X=<N*Bd+A)+A d  > > /  < N + l ) \  B( I+A)=X \  NEXT I  V  GO TO 5 184
51 8 3  FOR 1 = 1 TO E \  X = ( N * 8 d ) + A d + A >  >/<N+1 > \  B<I )=X \  NEXT I
518 4  B < 0 )= ( AC 0 ) + N* B C 0 ) ) / < N+ l )
5 185  N=N+1
5 190  GO TO 5 1 30
5191 FOR 1=1 TO 2 5 6  \  A d ) = B d >  \  NEXT I
5 195  GOSUB 2 6 0 0  \  REM FIND MAX t  MIN VALUES OF AO
5196  GOSUB 3 2 0 0  \  REM GRAPH A d )
5200  FOR 1=1 TO 2 5 6  \  A < I ) = A ( I > * 8 ( 0 )  \  NEXT I
5300  PRINT "ENTER NAME OF FILE TO STORE DATA , IF  NOT TYPE N '
5310  LINPUT D* \  I F  D*="N" GO TO 5 4 60  
5320  IF S E G * ( D* f 1 » 4 ) = " S Y 0 : "  GO TO 5 3 4 0
5325  IF S E G * ( D * f l r 4 ) = " S Y i : "  GO TO 5 3 4 0
5330  D*="SY1!"+Di
5340  FOR 1=4 TO 19 \  B t d )  = "" S FOR J=1  TO 16 \  K = 1 6 * < I - 4 ) + J  
535 0  C * = S T R * ( I N T ( A ( K ) ) )
5 360  IF S E G $ ( C * , 2 » 2 ) = "  " GO TO 539 0
5370  IF S E G t ( C S , 3 > 3 ) = "  " GO TO 5 410
5 37 5  GO TO 5 430
5 3 9 0  B S d ) = B 4 ' . I 5  + , 0 , + , 0 ' + C l  + " "
5 40 0  GO TO 5 4 4 0
5 4 1 0  BS d  ) = BS( I ) + * 0 " + CS + 1 •
5 4 2 0  GO TO 5 440
5 4 3 0  B * ( I ) = B * ( I ) + C 4 + "  "
5 4 4 0  NEXT J  \  NEXT I
5 4 4 2  H l =P O S ( A S d > F *  SAMPLE * f 1)
5 4 4 3  B * ( l ) = S E G * t A * ( l ) . 1 »9>+SEG*<A t d >»H1 r2 00 )
5 4 4 4  H2=P0SCAt ( 2 ) » "TA GAIN="f 1)
5 4 4 5  B S ( 2 ) = S E G t ( A t ( 2 ) 11> H 2 - 1 ) + "TA GAIN="+STRtCBCO) ) +SEG$ <A t < 2 ) » H 2 + 9 » 2 0 0 )
5 4 5 0  OPEN Dt AS FILE *1 \  FOR 1=1 TO 2 0  \  PRINT 4 1 » B t d >  \  NEXT I \  CLOSE 41 
5 4 6 0  PRINT "DO YOU HAVE ANOTHER SET OF FILES TO ADD?(Y OR N) "
5 47 0  LINPUT OS \  I F  Q t O ’Y" GO TO 7 0 0 0  
5 4 8 0  GO TO 324  
7 0 0 0  END

5 184
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This program p lo ts  experimental data and a th eoretica l f i t

given by Eq. (3 .4 .2).
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10 PRINT * FILE NAME: ANRISE. BAS"
20  PRINT " THIS PRG. F ITS SINGLE EXP TO TAIL X RISE
30 PRINT * FIRST TRY TO F I T  THE TAIL OF THE LUM IN PURE
40 PRINT • STARTING POINT OF RISE SHOULD BE KNOWN FROM 5300A SCATTERING FROM SAMPLE F I L E S . •
130 DIH A*C19)
140 DIH AC2 5 6 ) . R C 2 5 6 ) . S C 2 5 6 ) . L C 1 0 0 ) . Z C 2 5 6 )
150 GOSUB 2 000  \  REM LOAD THE STREAK CAMERA FILE
160 GOSUB 2 100  \  REM LOAD THE DATA FILE 1 CORRECT IT
2 0 0  DISPLAY-CLEAR
2 9 0  GOSUB 320 0  \  REM FIND START POINT FOR F I T .
3 5 0  PRINT "UHAT TYPE OF PLOT? LOG=1.LIN=0" \  INPUT L9 
3 6 0  I F  L9=l  THEN GOSUB 2 7 0 0
3 7 0  GOSUB 2 600  \  REM FIND MAX X MIN VALUES OF AC)
3 8 0  GOSUB 4 000  \  REM GRAPH AC I )
39 0  GOSUB 5 0 00  \  REM F IT  X GRAPH SINGLE EXP. DECAY CURVE 
5 7 0  PRINT "DO YOU UANT TO FIT'MORE FILES?CY OR N>"
5 8 0  LINPUT Q$ \  I F  Qt="Y* GO TO 160 
5 9 0  GO TO 10000
2 00 0  REM THIS SUBROUTINE LOADS THE STREAK CAMERA RATE F I L E .
2 01 0  PRINT "ENTER THE STREAK CAMERA RATE F I L E . "  \  LINPUT R*
2 020  OPEN R* AS FILE *1
2 0 3 0  FOR 1=1 TO 2 3 6  \  INPUT * 1 . R U )  \  NEXT I  
2 040  SC1)=RC1) \  FOR 1=2 TO 256  \  S CI ) = S C1 - 1 ) +R C I > \  NEXT I 
2 050  CLOSE *1 \  RETURN 
2 100  REM
2105  REM THIS SUBROUTINE LOADS THE FILE 
2107  REM
2 110  PRINT "ENTER FILE NAME . "  \  LINPUT A* \  A i = " S Y i : " + A $
2120  OPEN A* AS FILE #2 \  FOR 1=1 TO 19 \  LINPUT * 2 » A * ( I ;  \  NEXT I 
2130  CLOSE *2 \  A1=P0SCA*C2) . "TA G A I N = " . l )  \  AO*=SEGJCA*C2) . A l + 8 . A l + 8 )
2140  ACO)=VALCAO»)
2150 FOR 1=4 TO 19 \  FOR J=1  TO 16
2160 K = 1 6 * C I -4 )+ J  \  C*=SEG*CA*CI) » 4 * J - 3 . 4 * J - 1 > \  ACK>=VAL<CS) *RC100)/RCK>
2170  NEXT J  \  NEXT I \  RETURN
2300 REM CORRECTION FACTOR ENTRY X OPERATION
2310  PRINT "ENTER THE MULTIPLICATIVE FACTOR . "  \  INPUT C
2320  FOR 1=1 TO 256  \  A C I ) = A ( I ) * C  \  NEXT I \  RETURN
2600  A3=0 \  A4=0 \  FOR I=A4 TO 251 \  I F  A( I ) >A3  THEN A3=ACI)
2610  IF A C I XA 4  THEN A4=ACI)
2620  NEXT I \  RETURN 
2 700  FOR 1=1 TO 256
2 710  IF AC I ><=0 THEN ACI>=-1 \  GO TO 2 730  
2 720  AC I )=L0G10CACI) )
2 730  NEXT I  \  RETURN
3 000  REM THIS SUBROUTINE FINDS THE REFERENCE PEAK.
3 010  GRAPHC' S ' . 256».AC1>>
3 020  PRINT "MOVE THE CURSOR UNTIL IT IS  ON THE REFERENCE CH."

, 3 03 0  A2*75 \  FIND-P0INTCA2. A3)
3 0 4 0  A2=INTCA2) \ ~PRINT USING "FILE REF.  CH. IS  t * * " . A 2  \  RETURN ----
32 0 0  REM THIS SUBROUTINE FINDS BIGINING POINT FOR CURVE FITTING"
3 21 0  GRAPHC' S ' . 2 5 6 . . A C1 ) )
3220  PRINT "MOVE CURSOR UNTIL I T  I S  AT THE STARTING POINT FOR CURVE FITTING"
323 0  A2=100 \  FIND-POINTCA2.B3)
3 24 0  A2=INTCA2) \  PRINT USING "START CHANEL I S * « " , A 2  \  RETURN 
40 0 0  REM
4100  REM THIS SUBR IS  FOR SETTING UINDOU X GRID FOR TOTAL F I T .
410 5  F=256-A2
4 11 0  U I N D O U C ' - E ' . S C I ) . A 4 . S C 2 5 1 ) . A 3 . 0 )
4120  I F  L 9 = l  THEN GO TO 4 1 4 0
41 3 0  I F  Dl  = l  THEN UINDOUC. S CA4 ) . - 1 . SC2 5 1 ) . 1 . 0 )
4 14 0  G R A P H C ' - E . S ' . 2 5 6 . S C A 4 ) r A C A 4 ) . . . 1 )
41 5 0  E1=SCA2) \  E2=ACA2) S G R A P H C ' - E . B ' . 1 . E 1 , E 2 » . . 2 )
41 6 0  RETURN 
41 7 0  REM 
42 0 0  REM
421 0 REM THIS SECTION PLOTS THE EXPONENTIAL FIT I CALCULATES THE SUM 
42 2 0  REM OF SQUARES DEVIATION.
42 3 0  A7=0 \  FOR I=A2 TO 251
424 0  A6 = A5*EXPC- CSCI ) -SCA2) >/ Tl )  \  A7=A7+CA6-ACI) ) “ 2 
42 4 5  A1>A5
4250  I F  1.9=0 THEN GO TO 4 2 7 0  
426 0  ZCI)=A6
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4270 P 0 IN T ( ,S < I> » A 6 .2 >  \  NEXT I
4280 PRINT USING ’ FOR A TIME CONST. OF M M P S  S A CONST. OF * . * * -------- ’ . T 1 . A 5
4 290  PRINT USING * THE SUM OF THE SQAURES IS * . M -------• , A7
4300 RETURN 
5 000  REM
501 0  REM THIS SECTION CALCULATES A F I T  FROM INFUTED TRIAL VALUES 
50 2 0  REM
5 03 0  PRINT ’ ENTER A TRIAL TIME CONSTANT IN PICOSECOND’ \  INPUT T1 
50 4 0  IF L ? = l  THEN A5=10"A(A2> \  GO TO 5060  
SOSO A5SA( A2)
5 0 5 5  G=S<A2>
5 0 6 0  GOSUB 4 20 0
50 7 0  PRINT ’ DO YOU UANT TO TRY ANOTHER F IT? ( Y OR N>’
5 0 8 0  LINPUT 0*  \  I F  Q S O ’ Y* GO TO 5101
5 0 9 0  PRINT ’ ENTER A NEU TIME CONST. S MULTIPLICATIVE FACTOR.’
5 1 0 0  INPUT T1»A5 \  GOSUB 4200  \  GO TO 5070
5 101  PRINT ’ DO YOU UANT DIFFERENT START CHANELTIY OR N ) ’.
5 1 0 2  LINPUT Q* \  I F  QS=’ Y’ THEN GO TO 200
5 1 1 0  PRINT ’ I S  THIS A RISE TIME EXP.  F IT ? ( Y  OR N ) ’ \  LINPUT MS
5 12 0  IF  M S O ’ Y’ THEN GOSUB 8 99 9  \  T2=0 \  A9=0 \  I F  M S O ’ Y’ GO TO 6 17 5
51 2 5  DISPLAY-CLEAR \  PRINT ’ GIVE LUMINESCENCE START POINT FROM PREPULSE IN PSEC’
5 12 6  INPUT D \  PRINT ’ IN THE GRAPH PUT CURSOR AT PREPULSE’
51 2 7  GOSUB 3 2 0 0
51 2 8  FOR 1=1 TO 100 \  L(0>=0 \  L < I ) = L < 1 - 1 ) +R < A 2 + I -1 ) \  I F  L ( I ) > D  GO TO 5 1 2 9  \  NEXT I  '
5 12 9  PRINT ’ LUMSTART CHANEL » ’ . A2 + I  \  A2=A2+I
5 13 0  REM
5131  PRINT ’ MOVE CURSOR ON FLAT OF LUM’ \  D2=100 \  FIND_P0INTCD2,B3)
5133  PRINT ’ GIVE TIME CONST. OF RISE TIME IN PSEC’ \  INPUT T2
5 134  Z=CT2*T1/CT1-T2>>*L0G(T1/T2>
5 136  IF Z < ( S ( D 2 ) - S ( A 2 ) ) THEN T2=T2+3 \  GO TO 5134 
5140  REM THIS SUBROUTINE FINDS FAST COMPONENT.
5 150  REM
5155  A 1 = A 5 * EX P ( ( G - S ( A 2 ) ) / T 1 )
5165  GOSUB 4100  
5 175  A9=A<A2)-A1 
5 180  FOR I=A2 TO 256
5190  A 8 = A 1 * E X P C - < S < I ) - S C A 2 ) ) / T l ) - A l * E X P ( - v S ( I ) - S ( A 2 ) ) / T 2 )
61 0 0  P 0 I N T ( ? S ( I ) , A 8 ? 2 )  \  Z ( I ) = A 8  \  NEXT I
6 14 0  PRINT USING ’ SLOU TIME CONST. OF M M  I  COTRIBUTION # . * *  ’ . T l i A l
6141 PRINT USING ’ RISE TIHE CONST.OF M M ’ , T2
61 5 0  PRINT ’ BO YOU UANT ANOTHER RISE TIME COMP.?< Y OR N>’
6133 LINPUT 0 *  \  I F  0 * = ’ N’ GO TO 6157

' 6 1 5 5  PRINT ’ GIVE T2 IN PSEC I  A l ’ \  INPUT T2.A1 \  GO TO 5 1 7 5 -------- --------------------- --------
6 1 5 7  PRINT ’ NEU START FOR RISE TIME <Y OR N ) ? ’ \  LINPUT OS
6 15 8  IF QS=’ Y’ THEN GO TO 5 125
6 1 6 2  PRINT ’ SLOU COMP FIT?<Y OR N ) ’ \  LINPUT Q*
6 1 6 3  IF QS=’ N’ GO TO 6 175
61 6 4  PRINT ’ GIVE T1»A’ \  PRINT USING ’ PREVIOUS T1 M S *  Z Al * . * * -------- ’ , T1 , A1

\  INPUT T1»A1 \  GO TO 5 175
6 1 7 5  PRINT ’ HARDCOPY OF EXP. DATATIY OR N>’ \  L1NPU1 US
6 1 7 6  IF  GS=’ Y’ THEN GOSUB 8 000  \  GOSUB 7 02 0  \  GOSUB 8 1 4 0
6 1 7 7  PRINT ’ HARDCOPY OF THOERITICAL F IT ? ( Y  OR N)PLEASE UAIT FOR 30SEC* \  LINPUT OS \  

_  I F  QS=’ Y* THEN GOSUB 7000
6 17 8  IF  OS=’ N’ THEN GO TO 5 7 0  '  -------------------------------------
61 7 9  GOSUB 7 170  \  DISPLAY-CLEAR \  PRINT USING ’ T1 SLU * # * *  t  T2 * * M ’ , T l f T 2
6 18 5  PRINT USING ’ Al  SLU * * * . ♦  t  A9 FST * * * . * ’ , A1,A9
6 1 9 0  GO TO 570
7 0 0 0  REM 
7 0 2 0  REM
7 030  REM THIS SUBROUTINE PLOTS THE EXPERIMENTAL FIT F ILE ON HP7525A 
7 04 0  REM
7 0 5 0  C3=0 \  FOR 1=1 TO 256 \  IF  C ( I ) > C 3  THEN C3=CU> \  NEXT I
7 0 6 0  IF  K 1 0 0  THEN C4=100
7 07 0  IF  I > =1 0 0  THEN C4=30O
7 0 8 0  IF  RS=’ SF150* THEN C5=600
7 0 9 0  IF RS=’ S F 0 7 5 ’ THEN C5=1800
7 09 5  IF RS=’ S F 0 3 0 ’ THEN C5=3600
7 10 0  IF  RS=’ S F 0 1 5 ’ THEN C5=6000
7 11 0  C4=300
7 1 2 0  C6 = - . 1* C 5  \  C 7 = - . 1 * C 4
7 13 0  C4=C4*5 \  C5=C5*5 \  C6»C6*5
7 1 3 1  C7=C7*5 \  REM MULT. BY 5 FOR BETTER PLOT RESOL.
7 1 4 0  C4$=STRS CC4) \  C5S»STRS(C5)  \  C6S=STRS(C6)  \  C7S=STRS<C7)
7 150  H l S = ’ SC’ +C6S+’ , ’ +C5S+’ , ’ +C7S+’ , ’ +C4S+’ ! ’ \  C O U T ( t H l S r t l )  \ .REM SCALING
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7160 H 2 *= 'P U ;P A O .O ; • \  C O U T t > H 2 * . . l )  \  REM MOVE THE PEN TO 0 . 0

r 7161
7 1 6 2
7170
7180
7181
7184
7185
7186  
7 1 8 ?  
7190  
7193
7210
7211  
8000  
8010  
8140  
8150  
8160  
8170  
8180  
8190  
8200  
8210  
8220
8225
8226  
8227  
8230  
8235  
8240  
8242  
8250  
8255  
8260  
8270  
899?
9000
9001
9002  
10000

\  RETURN

H9*=CHinrC3) ' VHl=HUSlB*> •«! .= • »1> ------------
H 3 *“ " . ■ + S T R * ( - . 0 5 * C 4 > + " 5 LB"
FOR I=A 2  TO 256
H l * = , P A * + S T R * t S t I ) * 5 > + * . , + S T R *tZ  11>*5> + ’ 5P B .■ \  COUTt. H I * . .1>  
NEXT I  \  REM PLOT CURVE 
B1*='SL0W TIME CONST. IN  PSEC='
B 2 * = '  AMPLITUDE *  = '
B 3 *= 'R IS E  TIME CONST. IN  PSEC='
U *=B1* \  T*=STR*<T1> \  H 1 * = ' IN ;P A 2 0 0 0 .5 0 0 0 5 P D ;

\  H 1 * = * IN ;P A 2 0 0 0 .4 0 0 0 ;P D 5  
\  H 1 * = * IN ;P A 2 0 0 0 .4 5 0 0 ;P D J  

RETURN

COUT( >H1*> . 1 )  
C O U T ( . H l * f . l >  
COUT < f H l * . . l >

\  GOSUB 7210  
\  GOSUB 7210  
\  GOSUB 7210

SYTS* \  NEXT I  \  H 1 * = H 1 *+ * P U 5 ■

U*=B3* \  YS=STR*tT2)
U*=B2* \  r *=STR*<Al )  \  H l * = * I N I P A 2 0 0 0 . 4 5 0 0 . PD1* \  C O U T t . H l * r . l >  \  GOSUB 7 21 0  \  GO TO 7211 
H1*=*L8* +U*4Y*4H9* \  C OU T t . H I * . . 1 >  \
RETURN 
REM
RETURN
H1* = , PD;> \  FOR 1 = 1 TO 12 \  H1*=H1*+*PA-+STR* t C 5 * I / 1 2 )  + • , 0 ‘ + *»XT.* \  NEXT I  
C O U T ( . H I * . . 1 )  \  REM PLOT AN X-AXIS 
COUT £ . - P U .P A O. O . " . . 1 )  \  H1 *= , P D ; ’
FOR 1=1 TO 12 A H 1 *= H 1* + -P A 0 . * +S T R * t C 4 * I / 1 2> +
C0UT(»H1*.»1> \  REM PLOT AN Y-AXIS 
FOR 1=1 TO 256
H l * = - p A - + S T R * t S t I ) * 5 > + , » - + S T R * t A t I > * 5 > + , ;PD»-  \  C O U T t . H I * . . 1 )
NEXT I \  REM PLOT CURVE
H l * = - P U ; P A - + S T R * f . l * C 5 ) + - . - + S T R * t . 9 * C 4 > + - ; -  \  COUTt , H I * . ,1>
H9*=CHR*t3)  \  H3*=’ . * + S T R * ( - . 0 5 * C 4 ) + , 1LB"
H l * = ’ LB, +A*+H9*+, C P i '  \  C O U T t . H I * . , 1 )
H l = P O S ( A * ( l ) . ’ U L = ' . l )
H l * = " L B * + S E 6 * t A * t l > . l . H I —1 >+H9*+-CP 5 * \  C O U T t . H I * . . 1 )  
H l * = ■ C P 4 . 0 ; L B • ^ • S E G * t A * t l ) . H 1 . 1 0 0 ) + H ? * + • C P ; ■  \  COUT t . H I * . .  1 >
H1*=, LB, + A * t 2 )+ H 9* + , CP?* \  COUTt , H I * . . 1 )
REM H1*="LB"+A* t 2 0 ) + H 9 * + " C P . # \  REM C O U T t . H I * . »1>
FOR 1=1 TO 6 \  H l * = , PU; PA, 4 S T R * t C 5 * I / 6 ) + H 3 * + S T R * t C 5 * I / 3 0 ) + H 9 * + ' P U ; ■
C O U T t . H I * . . 1 )
NEXT I  \  REM NUMBERING THE X-AXIS 
RETURN
FOR I=A2 TO 256 
A 8 = A 5 * E X P t - t S t I ) - S t A 2 ) ) / T l )
POINT t . S t  I ) . A 8 . 2 )  \  2 11)=A8 \  NEXT I
PRINT USING 'SINGLE EXP TIME CONST. OF ***#  t  CONTRB * . * * ♦ --------- . T 1 . A 5  \  RETURN

END
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This program p lo ts  experimental data and a th eoretica l f i t

given by Eq. (3.5.26).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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10 P RI NT  • P I LE  h o m e : U E XP . BA S '  ---------
20 P RI NT • TH I S  PPG.  F I T S  DOUBLE E X P . '
30 P RI NT • F I R S T  TRY HJ  F I T  THE TAIL  OF THE LUM IN PURE 
1 3 0  DIM A t ( 2 0 >
14 0  DIH A < 2 5 6 > r R < 2 5 6 > . S < 2 5 6 ) . Z < 2 5 6 >
1 5 0  GOSUB 2 0 0 0  \  REM LOAD THE STREAK CAMERA F I L E
1 6 0  GOSUB 2 1 0 0  \  REM LOAD THE DATA F I L E  X CORRECT I T
2 0 0  DI SPLAY. CLEAR
2 9 0  GOSUB 3 2 0 0  \  REM F IN D START POINT FOR F I T .
3 5 0  P RI NT  ' UHAT TYPE OF PLOT? L0G = 1 . L I N = 0 ’ \  INPUT 1 9  
3 6 0  I F  L 9 = 1 THEN GOSUB 2 7 0 0
3 7 0  GOSUB 2 6 0 0  \  REM FIND MAX X MIN VALUES OF A O
3 8 0  GOSUB 4 0 0 0  \  REM GRAPH A < T >
3 9 0  GOSUB 5 0 0 0  \  REM F I T  X GRAPH SINGLE EXP.  DECAY CURVE 
5 7 0  P RI NT " DO YOU UANT TO F I T  MOPE F I L E S ? ( Y  OR N>*
5 8 0  LINPUT O t  \  I F  Q t = ' Y '  GO TO 1 6 0  
5 9 0  GO TO 1 0 0 0 0
2 0 0 0  REM T H IS  SUBROUTINE LOADS THE STREAK CAMERA RATE F I L E .
2 0 1 0  PRI NT ' ENTER THE STREAK CAMERA RATE F I L E . '  \  LINPUT R t  
2 0 2 0  OPEN R t  AS F I L E  #1
2 0 3 0  FOR 1=1 TO 2 5 6  \  INPUT * 1 , R ( I )  \  NEXT I  
2 0 4 0  S t l ) = R ( l >  \  FOR 1 = 2  TO 2 5 6  \  S ( I ) = S ( I - 1 ) + R ( I >  \  NEXT I 
2 0 5 0  CLOSE *1 \  RETURN 
2 1 0 0  REM
2 1 0 5  REM T H IS  SUBROUTINE LOADS THF. F I L E  
2 1 0 7  REM
2 1 1 0  PRINT ' ENTER F I L E  NAME . '  \  L INPUT A t  \  A t = ' S Y i : ' + A t
2 1 2 0  OPEN A t  AS F I L E  * 2  \  FOR 1=1 TO 2 0  \  LINPUT » 7 » A S ( I )  \  NEXT I
2 1 3 0  CLOSE t 2  \  A 1 = P 0 S ( A t ( 2 ) r ' TA G A r N = ' » l )  \  AO $ = S E G t ( A t < 2 ) . A1 + 8 . A l +8>
2 1 4 0  A ( 0 ) = V A L ( A O t )
2 1 5 0  FOR 1=4 TO 19 \  FOR J = 1  TO 16
2 1 6 0  K = 1 6 * ( I - 4 ) + J  \  C t = S E G t  1 At ' .  I ) r 4 *  j - 3 ,  4 * J - l  '  \  A •: K ) =VAL < C t ) *F: (1  0 0  ) /  R C K )
2 1 7 0  NEXT J  \  NEXT I \  RETURN
2 3 0 0  REM CORRECTION FACTOR ENTRY X OPERATION
2 3 1 0  PRINT ' ENTER THE MULTIPLICATI VE FACTOR \  INPUT C
2 3 2 0  FOR 1=1 TO 2 5 6  \  A C I ) = A ' I >YC \  NEXT I '  RETURN
2 6 0 0  A3 = 0 \  A4 = 0 \  FOR I = A4  TO 2 5 1  \  IF  A'. I V.. AJ THEN A3 = A ( 1 )
2 6 1 0  I F  A < J > < A 4 THEN A4 = A ( I )
2 6 2 0  NEXT I  \  RETURN 
2 7 0 0  FOR 1=1 TO 2 5 6
2 7 1 0  I F  A ( I ><=0 THEN A C I ) = - 1  \  GO TO 2 7 3 0  
2 7 2 0  A ( I ) = L 0 G 1 0 ( A ( I > )
2 7 3 0  NEXT I  \  RETURN
3 0 0 0  REM T H I S  SUBROUTINE FINDS THE REFERENCE PEAK.
3 0 1 0  GRAPH < '  S '  . 2 5 6  .  . A ( 1 )  )
3 0 2 0  P RI NT 'MOVE THE CURSOR UNTIL I T  I S  ON THE REFERENCE C H . '
3 0 3 0  A 2 = 7 5  \  F I N D . P O I N T C A 2 » A3)
3 0 4 0  A 2 = I N T ( A 2 >  \  P RI NT USING ' F I L E  R E F .  CH.  I S  * * * ' » A 2  \  RETURN
3 2 0 0  REM T HIS  SUBROUTINE FINDS B I G I N I N G  POINT FOR CURVE F I T T I N G '
3 2 1 0  GRAPH ( ' S ' . 2 5 6 .  . A ( 1 ) )
3 2 2 0  P RI NT 'MOVE CURSOR UNTIL I T  I S  AT THE STARTING P OI NT FOR CURVE F I T T I N G *  
3 2 3 0  A 2 = 1 0 0  \  F I N D . P O I N T ( A 2 . B 3 )
3 2 4 0  A 2 = IN T < A 2 >  \  P R IN T  USING 'S T A R T  CHANEL I S » * # ' . A 2  \  RETURN 
4 0 0 0  REM
4 0 1 0  REM T H IS  SUBR.  GRAPHS A< ) XSETSUINDOUGRIDFORCURVEFITTING.
4 0 2 0  REM
' 4 0 3 0  UINDOU< ' - E ' . S ( A 4 ) r A 4 » S < 2 5 1 ) r A 3 » 0 >
4 0 4 0  I F  L 9 = l  THEN GO TO 4 0 6 0
4 0 5 0  I F  D1 = 1 THEN UINDOU ( r S ( A4 > . - 1  >S < 251 > 7 1 > 0  >
4 0 6 0  G R A P H ! ' - E . S ' . 2 5 6 . S t A 4 ) . A t A 4 > . . . 1 >
4 0 7 0  E 1 = S ( A 2 )  \  E 2 = A ( A 2 )  \  GRAPH( ' - E . B ' . 1 . E 1 . E 2 . . . 2 )
4 0 8 0  RETURN
4 1 0 0  REM T HIS  SUDR I S  FOR SETTING UINDOU X GRID FOR TOTAL F I T .
4 1 0 5  F = 2 5 6 - A 2
4 1 1 0  U I N D O U C ' - E ' . S ( A 4 ) . A 4 . S C 2 5 1 >. A 3 . 0 )
4 1 2 0  I F  L 9 = 1 THEN GO TO 4 1 4 0
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4 1 3 0  I F  P l ^ l  THEN U I N D O U C , S ( A 4 >, -  1 , S ( 2 5 l ) , 1 . 0 )
4 1 4 0  GRAFH ( '  -F. . 3  '  . 2 5 6 , S <  A 4 ) , A( A4)  , , , 1 »
4 1 5 0  E 1 - S ( A 2 !  \  E 2 - A < A 2 !  \  GRAPH ( '  - E » P '  »1 . E l  »E 2 » • * 2 )
4 1 6 0  RETURN 
4 1 7 0  REM 
4 2 0 0  REM
4 2 1 0  REM THIS  SECTION PLOTS THE EXPONENTIAL F I T  % CALCULATES THE SUM
4 2 2 0  REM OF SQUARES DEVIATION.
4 2 3 0  A7=0  \  FOR I = A 2  TO 2 5 1
4 2 4 0  A 6 = A 5 * E X P ( - ( S ( I ) - S ( A 2 > > / T l > \  A 7 " A 7 + < A 6 - A I I ) > ' 2  
4 2 4 5  A1=A5
4 2 5 0  I F  L 9 = 0  THEN GO TO 4 2 7 0  
4 2 6 0  Z ( I ) =A6
4 2 7 0  P 0 I N T ( , S < I ) , A 6 , 2 )  \  NEXT I
4 2 8 0  PRINT USING ‘ FOR A TIME CONST.  OF * * * * P S  S A CONST.  OF * . * * ~ ~ — * , T 1 , A 5
4 2 9 0  PRI NT USING * THE SUM OF THE SOAURES I S  * . * * ---------* , A 7
4 3 0 0  RETURN 
5 0 0 0  REM
5 0 1 0  REM THIS SECTION CALCULATES A F I T  FROM INPUTED TRIAL VALUES'
5 0 2 0  REM
5 0 3 0  PRINT ' ENTER A TRIAL TIME CONSTANT IN PICOSECOND'  \  INPUT T1 
5 0 4 0  I F  L9 = l  THEN A 5 = 1 0 " A ( A 2 >  \  GO TO 5 0 6 0  
5 0 5 0  A5=A( A2)
5 0 5 5  G=S(A2>
5 0 6 0  GOSUB 4 2 0 0
5 0 7 0  P RI NI  'DO YOU UANT TO TRY ANOTHER F t T ? ( Y  OR N ) '
5 0 8 0  LINPUT 0 $  \  11-" 0 * 0 ' Y*  0 0  TO 5 1 01
5 0 9 0  P R IN T  '  F.MUR A NIW T IM E  CONST.  X M U L T IP L IC A T IV E  F A C T O R . '
5 1 0 0  INPUT T 1 . A 5  \  GOSUB 4 2 0 0  \  GO TO 5 0 7 0
5 1 0 1  PRINT 'DO YOU UANT DIFFERENT STAR! CHANEL?( Y OF: N>*
5 1 0 2  LINPUT G t  \  I F  G * = ' Y '  THEN GO 10 2 0 0
5 1 1 0  PRINT ' I S  T H IS  A DOUBLE EXP.  F I T Y i Y  OR N ) '  \  LINPUT M$
5 1 2 0  I F  M S O ' Y'  THEN GOSUB S 9 9 9  \  T 2 = 0  \  A R- 0  \  I F  M $ 0 ' Y '  GO TO 6 1 7 5  
5 1 2 5  DISPLAY-CLEAR \  GOSUB 3 2 0 0  
5 1 3 0  REM
5 1 4 0  REM THIS SUBROUTINE FINDS FAST COMPONENT.
5 1 5 0  REM
5 1 5 5  A 1 = A 5 * E X P ( ( G - S < A 2 ) ) / T 1 )
5 1 6 5  GOSUB 4 1 0 0
5 1 7 0  PRINT '  GIVE TIHE CONST.  OF FAST COMP. I N P S E C S '  \  INPUT T2 
5 1 7 5  A 9 = A ( A 2 ) - A 1  
5 1 8 0  FOR I=A2  TO 2 5 6
5 1 9 0  A 8 = A 1 * E X P ( - ( S ( I ) - S ( A 2 ) ) / T 1 ) + A 9 * E X P ( - ( S ( I ) - S C A 2 ) ) / T 2 )
6 1 0 0  P O I N T ! , S < I > , A 8 , 2 >  \  Z ( I ) = A 8  \  NEXT I
6 1 4 0  PRINT USING * SLOU TIME CONST.  OF * * * *  S COTRIBUTION * . * * --------- ' , T l , A l
6 1 4 1  PRI NT USING ■ FAST TIME CONST.  OF * * * *  % CONTRIBUTION * . * * ------- ' ' ■ ' , T 2 , A 9
6 1 5 0  PRI NT 'DO YOU UANT ANOTHER FAST C O MP .? !  Y OR N > '
6 1 6 0  LINPUT Qt  \  I F  Q * = ' N '  GO TO 6 1 6 2
6 1 6 1  P RI NT  ' G I V E  T2  IN PSEC I  A C A 2 ) '  \  INPUT T 2 »A ( A 2 >  \  GO TO 5 1 7 5
6 1 6 2  P RI NT  'SLOW COMP F I T ? < Y  OR N > '  \  LINPUT Q*

. 6 1 6 3  I F  G * = ' N ’ GO TO 6 1 7 5

6 1 6 4  P RI NT '  GIVE T l . A '  \  PRINT USING ' PREVI OUS T1 * * * *  t  A l " * . * * --------- ' , T 1 , A 1

\  INPUT T 1 , A l  \  GO TO 5 1 7 5

6 1 7 5  P R I N T 'HARDCOPY OF E XP.  DATA7IY OR N ) '  \  L INPUT Q* ---------------
6 1 7 6  I F  Q * = ' Y '  THEN GOSUB 8 0 0 0  \  GOSUB 7 0 2 0  \  GOSUB 8 1 4 0
6 1 7 7  P RI NT '  HARDCOPY OF THOERITICAL F I T ? < Y  OR N I P L ^ A S E  UAIT FOR 3 0 S E C '

\  L IN P U T 0 *  \  I F  Q * = ' Y '  THEN GOSUB 7 0 0 0  

. 4.V7.8 . . IF  0 *  = ' N '  THEN GO TO 5 7 0
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6185
6190
70007020
7030
7040
7050
7060
7070
7080
7090
7095
7100
7110
7120
7130
7131 
7140 
7150
7 1 6 0

7 1 6 1
7162 
7170
7180
7181
7184
7185
7186
7187
7188
7189
7190
7191
7192
7193

7210
7211 
8000 
8010 
8140 
8150 
8160 
8170 
8180 
8190 
8200 
8210 
8220
8225
8226 
8227 
8230 
8235 
8240 
8 2 ' ; ^  
8250 
8255 
8260 
8270
8999
9000
9001
9002 
10000

PRINT USING * Al  SLU * ♦ * . *  S A9 FST » M . * ‘ r A l » A 9
GO TO 5 7 0
REM
REM
REM THIS  SUBROUTINE PLOTS THE EXPERIMENTAL F I T  F I L E  ON H P 7 52 5 A  
REM
C 3 = 0  \  FOR 1 =1  TO 2 5 6  \  I F  C < I ) > C 3  THEN C 3 = C ( I >  \  NEXT I
I F  K 1 0 0  THEN C 4 = 1 0 0
I F  I > = 1 0 0  THEN C 4 = 3 0 0
I F  R $ = * S F 1 5 0 ‘ THEN C 5 = 6 0 0
I F  R S = ’ S F 0 7 5 *  THEN C 5 = 1 8 0 0
I F  R S = ‘ S F 0 3 0 *  THEN C 5 = 3 6 0 0
I F  RS= * S F 0 1 5 *  THEN C 5 = 6 0 0 0
C 4 = 3 0 0
C 6 = - . 1 * C 5  \  C 7 = - . 1 * C 4  
C 4 = C 4 * 5  \  C 5 = C 5 * 5  \  C 6 = C 6 * 5
C 7 • C 7 * 5  \  REM MULT. BY 5 FOR BETTER PLOT RESOL.
C4S=STR»CC4> \  C 5 S = S T R t ( C 5 >  \  C 6 S = 5 r R S <C 6 > \  C 7 S = S T R * ( C 7 > 
H 1 S = * S C * + C 6 S + * i ’ + C 5 S 4 " » " + C 7 1 I *** + C41 I ■;■ \  ( m i T ( • H I f . r 1> \  REM SCALING 
H 2 t  = ‘ P U ; P A 0 f 0 ; * \  COUT( t H2S r . 1 )  \  REM MOVE THC FEN I n  0 . 0

C O U T ( r H l t i i l )  
C O U T ( > H l S r r l )  
COUT < . H I S  * * 1 )

GOSUB
GOSUB
GOSUB

7210
7210
7210

\  RETURN __
H9* = CHR«<3)  \  H 1 = P 0 S C B $ .  *UL = * -1 >
H3S = * . * + S T R S C - . 0 5 * C 4 > + * f  L B '
FOR I =A 2  TO 2 5 6
H l $  = * F'A ■ FSTRS ( S ( I ) * 5 > + *  . * + STRS < Z f I ) * 5  ) + * r PH i * \  COUTf , H l S r  t  1 )
NEXT I \  REM PLOT CURVE 
B1S = ‘ SLOU TIME CONST.  IN P S E C = '
B2S = ' SLOU AMPLITUDE *  = '
B 3 S = ' F A S T  TIME CONST.  IN P S E C = '
B 4 S = ' F A S T  AMPITUDE * = '
B 5 S = ' TOT AL UNNORMALIZED AMPLITUDE * = '
US=B1S \  Y * = S T R S t r i >  \  H l « = , I N f P A 2 0 0 0 t 5 0 0 0 ; P D ; ’ \
US=B3S \  Y S =STR S<T2 )  \  H I S  = * I N ! P A 2 0 0 0 - 4 0 0 0 i P D 5 * \
US=B4S \  YS=STRSCA9> \  H l * = * I N r P A 2 0 0 0 t 3 5 0 0 f P D ?* \
US=B5S \  YS=STRS(A1+A9> \  H l * = • I N t P A 2 0 0 0 > 3 0 0 0 ? P D i * \  COUT( » H 1 $ » » 1 )  \  GOSUB 7 2 1 0
US=B2S \  Y S =S T R S ( A l ) \  H I * = ’ IN *P A 2 0 0 0 f 4 5 0 0 5 P D i * \  COUT( , H i t . . 1 )  \  GOSUB 7 2 1 0  \

GO TO 7 2 1 1
H 1 S = • LB* +US FYS+H9S \  COUT < » HI S  > > 1} \  RETURN ----------------- ---------- ------ ------------------------------
RETURN
REM
RETURN
H l S = * P O r *  \  FOR 1=1  TO 1 2  \  H 1 S = H 1 S + * P A * + S T R * ( C 5 * I / 1 2 > + * r O * + * F X T J * \  NEXT I  
COUT( * H 1 S » »1> \  REM PLOT AN X - A XI S  
C O U T( i *PU»PAOfOF * t » 1 > \  H 1 S =* P D» *

pnfir/=ui 1° ^  V ^ * =H^,+ *PA0’*+str*<C4*I/12> + *;YT;* \ NEXT I  \ H 1 S = H 1 S + ‘ P U ?* 
C O U T t » H l S f » 1 > \  REM PLOT AN Y - AX I S  
FOR 1=1  TO 2 5 6
h i * = * p a*+str* cs( I ) * 5 ) + * , * + str* ( a <i ) * 5 ) + * ; p d ; p u ;*  \  couT t , h i $ , , n
NEXT I  \  REM PLOT CURVE
» i ! = : r U ; P A - + S T R * < . l * C 5 > + - , * + S T R * ( . 9 * C 4 ) + * ; * \  COUT< » H I S »»1>
H 9S=CHR $(3>  \  H 3 S = " » * + S T R S ( - . 0 5 * C 4 > + *  FLB*
H l S = * L B * + A S + H 9 S + * C P r * \  C O U T t , H 1 S , »1>
H 1 = P 0 S ( A S < 1 ) , *UL=* r 1)
H 1 S = * L B * + S E G S C A $ < 1 > , 1 , H 1 - 1 > + H 9 $ + * C P ; *  \  COUT < t H I S t ' t  1 )
H l * = * C P 4 r O f L B * F S E G S t A S t 1 ) i H l ? 1 0 0 > + H 9 S F *C P 5 * \  COUT( » H I S > t 1)
H 1 S = * L B *  + A S ( 2 ) + H 9 S + * C P ; * \  C O U T ( r H I S > i 1)
H1S=*LB* + A S ( 2 0  > + H9S+ * C P } * \  COUT{ , H I S r . 1 )
FOR 1 = 1 TO 6 \  H I S =  * PUrPA * + STRS < C 5 * I / 6 ? + H 3 S + S T R S ( C 5 * I / 3 0 ) + H 9 S + *  P U !*
COUT( » H I S t  » 1 )
NEXT I  \  REM NUMBERING THE X - AX I S  
RETURN
FOR I = A 2  TO 2 5 6
A 8 = A 5 * E X P ( - ( S ( I ) - S ( A 2 ) > / T l )
P 0 I N T ( . S ( I ) , A 8 , 2 )  \  Z ( I ) = A 8  \  NEXT t 
PRINT USING ‘ S INGLE EXP TIME CONST.

END OF **** * CONTRB *.#** *>T1»A5 \ RETURN
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B .7  PL A SM 2.B A S

This program p lo ts  experimental data and a th eo retica l f i t

given by Eq. (3.5.3*0.
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10 PRINT • FILE NAME: PLASM2.BAS"
20  PRINT • THIS PRO FITS IN SOL. OF EQ. DER NCT>=-A*N-B*N**2"
30 PRINT * FIRST TRY TO FIT  THE TAIL OF THE LUM IN PURE
40 PRINT ’ EXP.  CURVE UHICH GIVES A I  THEN B.
130 DIM A$( 2 0 )
140 DIM A( 2 5 6 ) « R( 2 5 6 ) r S ( 2 5 6 ) > Z ( 2 5 6 )
ISO GOSUB 2 0 0 0  \  REM LOAD THE STREAK CAMERA FILE
160 GOSUB 2 1 0 0  \  REM LOAD THE DATA FILE I  CORRECT IT
2 0 0  DISPLAY-CLEAR
29 0 GOSUB 3 2 0 0  \  REM FIND START POINT FOR F I T .
2 9 5  PRINT • DO YOU LIKE (Y OR N>? ■ \  LINPUT 0*
29 7  IF  Q*="N" GO TO 570
35 0  PRINT "UHAT TYPE OF PLOT? L0G=1»LIN=0" \  INPUT L9 
3 6 0  IF  L9 = l  THEN GOSUB 2 7 00
37 0  GOSUB 2 6 0 0  \  REH FIND MAX S MIN VALUES OF A O
3 8 0  GOSUB 4 0 0 0  \  REM GRAPH A( I>
3 9 0  GOSUB 5 0 0 0  \  REM FIT t  GRAPH SINGLE EXP. DECAY CURVE 
57 0  PRINT * DO YOU UANT TO F I T  MORE F ILES? (Y OR N)"
580  LINPUT Q* \  IF  Q*="Y" GO TO 160 
5 9 0  GO TO 1 0 00 0
2 000  REM THIS SUBROUTINE LOADS THE STREAK CAMERA RATE FIL E.
2010  PRINT "ENTER THE STREAK CAMERA RATE F I L E . "  \  LINPUT R*
2020  OPEN R* AS FILE *1
2030  FOR 1=1 TO 256  \  INPUT * 1»R( I>  \  NEXT I
2040  S ( 1 ) = R( 1 >  \  FOR 1=2 TO 256  \  S ( I > = S ( 1 - 1 > + R ( I ) \  NEXT I
2 050  CLOSE »1 \  RETURN
2 10 0  REM
2 10 5  REM THIS SUBROUTINE LOADS THE FILE 
2 10 7  REM
2 11 0  PRINT "ENTER FILE NAME . "  \  LINPUT A* \  A * = " S Y l f + A *
2111  H 1 * = SE G *( A* r 9 , 9 )  \  IF  ASC(H1*)>57 THEN M=20 \  GO TO 2120
2 11 3  M=19
2 120  OPEN A* AS FILE *2 \  FOR 1 = 1 TO M \  LINPUT # 2 i A * ( I >  NEXT I 
2 13 0  CLOSE *2 \  A1=P0S( A$( 2 ) . " TA GAIN=".1> \  AO*=SEG*( A*( 2 > . A l + 8 . A l + 8 >
2140  A(0)=VAL(AO*)
21 5 0  FOR 1=4 TO 19 \  FOR J=1 TO 16
2 160  K = l o * ( I - 4 ) + J  \  C * = S E G * ( A * ( I ) . 4 * J - 3 » 4 * J - 1 )  \  A<K>=VAL(C*>* R < 1 0 0 > / R <K>
217 0  NEXT J  \  NEXT I  \  RETURN
2 30 0  REM CORRECTION FACTOR ENTRY t  OPERATION
2310  PRINT "ENTER THE MULTIPLICATIVE FACTOR . "  \  INPUT C
2320  FOR 1=1 TO 25 6  \  A ( I > = A ( I ) * C  \  NEXT I \  RETURN
2 60 0  A3=0 \  A4=0 \  FOR I=A4 TO 251 \  IF A ( I ) > A3  THEN A3=A(I>
2 6 1 0  IF A< I )<A4 THEN A4=A(i>
2 6 2 0  NEXT I \  RETURN 
27 0 0  FOR 1=1 TO 256
27 1 0  IF  A ( I ) < = 0  THEN At I J = - l  \  GO TO 273 0
27 2 0  A ( I ) = L 0 G 1 0 ( A ( I > )
2 7 3 0  NEXT I \  RETURN
30 0 0  REM THIS SUBROUTINE FINDS THE REFERENCE PEAK.
30 1 0  G R A PH ( ' S ' » 2 5 6 »» A (1 ) >
3 02 0  PRINT "MOVE THE CURSOR UNTIL IT I S  ON THE REFERENCE CH."
30 3 0  A2=75 \  FIND_P0INT(A2 fA3)
3 04 0  A2=INT( A2) \  PRINT USING "FILE REF.  CH. IS  t * * ‘ .A2 \  RETURN 
32 0 0  REM THIS SUBROUTINE FINDS BIGINING POINT FOR CURVE FITTING"
3 21 0  G R A P H ( ' S ' . 2 5 6 r r A ( l ) )
3220  PRINT "MOVE CURSOR UNTIL IT I S  AT THE STARTING POINT FOR CURVE FITTING* 
3230  A2=100 \  FIND_P0INT(A2 fA3)
3240  A2=INT(A2> \  PRINT USING "START CHANEL I S * » » " . A 2  \  RETURN 
40 0 0  REM
4 01 0  REM THIS SUBR. GRAPHS A ( ) 1SETSUINDOUGRIDFORCURVEFITTING.
4020  REM
4 03 0  UINDOU( ' - E ' . S < A 4 ) . A 4 . S ( 2 5 1 ) . A 3 . 0 )
40 4 0  IF L9 =1 THEN GO TO 4 06 0
4050  IF D l = l  THEN UINDOU(»S ( A4> » - 1 . S ( 2 5 1 > . 1 r 0>
40 6 0  GRAPH( ' - E » S ' f2 5 6 i S<A4 ) rA<A4) . r . 1>
40 7 0  E1=S(A2> \  E2=A(A2) \  GRAPH( ' - E »B ' . 1 .  E l  > E 2 » r »2)
4080  RETURN
4 100  REM THIS SUBR I S  FOR SETTING UINDOU X GRID FOR TOTAL -FIT.
410 5  F=256-A2
4110  UINDOU( ' - E ' . S ( A 4 ) » A 4 » S ( 2 5 1 ) » A 3 » 0 >
412 0  IF L9 = l  THEN GO TO 4 1 4 0
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■1130 IF D l » l  THEN U I N 0 0 U ! r S < A 4 > r - l . S ( 2 5 1  > . 1 . 0 )
4140 GRAPH<' - E r S ' f2 5 6 fS!A4> >A!A4) tf >1)
4150 E1 = SC A2> \  E2=A!A2> \  GRAPH( ' - E f B ' f 1 f E 1 f E 2 f f f 2 )

4160  RETURN 
4170  REH 
4200  REH
4 210  REM THIS SECTION PLOTS THE EXPONENTIAL F I T  I  CALCULATES.THE SUM
4 220  REM OF SQUARES DEVIATION.
4230 A7=0 \  FOR I = A2 TO 251
4240  A 6 = A 5 * E X P ( - ( S ( I ) - S ( A 2 ) ) / T 1 )  \  A7=A7+!A6-A! I ) ) " 2  
4250  IF L9=0 THEN GO TO 4 270  
4 260  A6=L0G10!A6)
4270  P 01 NT( fS ! I ) fA 6 f 2)  \  NEXT I
4280 PRINT USING "FOR A TIME CONST. OF ****PS X A CONST. OF * . * *  " fT I fAS
4 29 0  PRINT USING * THE SUM OF THE SQAURES IS  ♦ . * ♦  " fA7
4 300  RETURN 
5 000  REM
5 010  REM THIS SECTION CALCULATES A FIT FROM INPUTED TRIAL VALUES 
5020  REM

503 0  PRINT "ENTER A TRIAL TIME CONSTANT IN PICOSECOND" \  INPUT T1
504 0  IF L9 =l  THEN A5«10“ A(A2> \  GO TO 5 06 0
505 0  A5=A!A2)
505S G=S!A2>
5060  GOSUB 4 200
5070 PRINT "DO YOU UANT TO TRY ANOTHER F I T ? ( Y  OR N»"
508 0  LINPUT 0* \  IF  0*<>"Y" GO TO 5101
5090 PRINT • ENTER A NEU TIME CONST. X MULTIPLICATIVE FACTOR."
5 100  INPUT T1 . A5  \  GOSUB 4200  \  GO TO 5 070
5101 PRINT "DO YOU UANT DIFFERENT START CHANEL?( Y OR N)"
5102 LINPUT 0* \  I F  Q*="Y" THEN GO TO 200
5110  PRINT " I S  THIS A SINGLE EXP. FIT?<Y UR N J "  \  LINPUT MS 
512 0  IF  M*="Y" THEN GOSUB 8999  \  B=0 \  U=0 \  GOSUB 6 1 75  \  B=0 
5125  DISPLAY-CLEAR \  GOSUB 3200  
5 130  REM
5 140  REM THIS SUBROUTINE FINDS FAST COMPONENT.
5 150  REM
5155  A1=AS*EXP< ( G - S ! A 2 > ) / T l )
5 160  B =( ACA 2 ) / A1 -1 ) / (T1 * A(A2 >>
5 16 5  GOSUB 4100
5 170  B = < A ! A 2 ) / A 1 - 1 ) / ! T 1 * A ! A 2 ) )
5 1 8 0  FOR I=A2 TO 2 5 6
519 0  A 8 = A ! A 2 ) / < ! 1+B*A!A2)*T1>*EXP! I S ! I ) - S ! A 2 >>/ T 1 >-Tl*B*A<A2>>
610 0  P 0 I N T ! fS ! I > fA8 f2> \  Z ! I ) = A 8  \  NEXT I
614 0  PRINT USING "BIMOLECULAR RECOMB.CONST.B PER PSEC * * * * * * ----- ~" f B
6141 PRINT USING "TIME CONST. Tl  IN PSEC * * * * " . T1
6 150  PRINT USING • DO YOU UANT TO GIVE A NEU VALUE TO BCY OR N>?"
6 16 0  LINPUT Q* \  I F  0*="N" GO TO 6171
6 1 7 0  PRINT "NEU B=" \  INPUT B \  GO TO 5 1 80
617 1  PRINT " DO YOU UANT ANOTHER TOTAL F I T ? ( Y  OR N)"

- 6 1 7 2  LINPUT Q* \  I F  Q*»"N" THEN GO TO 6 1 7 5 -
6 173  PRINT "GIVE T I fAI" \  INPUT T l r A l
6 174  GO TO 5 170
6 17 5  PRINT "HARDCOPY OF EXP. DATA?<Y OR N)"  \  LINPUT Q*
6 1 7 6  IF  Q*="Y" THEN GOSUB 8000  \  GOSUB 7 0 2 0  \  GOSUB 8 14 0
6 177  PRINT " HARDCOPY OF THOERITICAL FIT?<Y OR N>PLEASE UAIT FOR 30SEC"

\  LINPUT Q* \  IF Q*="N" THEN GO TO 6 1 7 ?  \  GOSUB 7000  ~
6 1 7 8  U = B * ! A ! A 2 ) ) * 1 . 0 0 0 0 0 E + 1 2  \  GOSUB 7 170  \  DISPLAY-CLEAR \  PRINT USING ' T l  

IN PSEC**** X B I S  * * . » * * -----' " . T l . U  \  GO TO 570
6 1 7 9  U=B * ! A! A2 ) >* 1 . 0 00 0 0E +1 2  \  PRINT USING " T l  IN PSEC**** X B I S

* * . * * • ----**T1»U \  GO TO 570
7 0 0 0  REM REGI ON ! ' FU LL '>
70 1 0  REM GRAPH!"SHADE'f2 5 6 » S < 1 ) fZ<1 ) )
7 02 0  REM
7 03 0  REH THIS SUBROUTINE PLOTS THE EXPERIMENTAL F I T  FILE ON HP7525A 
7 04 0  REM
7 05 0  C3=0 \  FOR 1=1 TO 2 5 6  \  IF  C ! I ) > C 3  THEN C3=C!I>  \  NEXT I
7 06 0  I F  K 1 0 0  THEN C4=100
7 07 0  IF  I > = 1 0 0  THEN C4=300
7 0 8 0  IF R *=" SF150"  THEN C5=600
7 09 0  IF R$="SF075"  THEN C5=1800
7 095  IF  R*=" SF030"  THEN C5=3600
7 10 0  IF R *=" SF015"  THEN C5=6000
7 11 0  C4=300
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7 12 0  C6 =- . 1* C5  \  C 7 = - ■1*C4
7 13 0  C4=C4*5 \  C5=C5*5 \  C6=C6*5
713 1  C7=C7*5 \  REM MULT. BY 5 FOR BETTER PLOT RESOL.
7 1 4 0  C4t=STRtCC4> \  C5t=STRtCCS> \  C61=STfi t<C6) \  C7t=STRtCC7>
7 15 0  H l t = " S C " + C 6 t + " F " + C 5 t + " . " + C 7 t + " , " + C 4 t + " ; "  \  COUTC. H i t . . 1 >  \  REM SCALING
7 1 6 0  H 2 t = " P U I P A 0 . 0 . " \  COUT<. H 2 * .>1> \  REM MOVE THE PEN TO OrO \  RETURN
7 16 1  H?*»CHR*C3) \  H1 = P 0S (B * »‘ UL=’ »1)
7 1 6 2  H 3 t * " r "+STRt  1 -  »05<C4 > + " f LB"
7 1 7 0  FOR I=A2 TO 2 56
7 1 8 0  H l t “ "PA"+STRtCSC I ) * 5 > + "  . * +STRt  CZC 1 54tS>*F“ 5PD* ■ \  COUT< . H i t . f 1)
7 1 8 1  NEXT I  \  REM PLOT CURVE
7 1 8 3  B4*"'BIH0LECULAR RECOMB. CONST. NORMALIZED TO ACA2)='  \  H=B*1.OOOOOE+12
7 1 8 4  B1V='SL0U TIME CONST. IN PSEC = '
7 1 8 5  B2t - 'BIN0LECULAR RECOMBINATION RATE CONST. IN SEC='
7 1 8 6  B3$n / AMPLITUDE * = '
7 1 8 8  U t =B 4 t  \  Yt=STRt (H)  \  H l t = " I N ; P A 2 0 0 0 f5 5 0 0 f PD S ■ \  C O U T C . H i t . . 1 )  \  GOSUB 7 2 1 0
7 1 8 ?  U t = B l t  \  Y*=STR*(T1)  \  H l * = ■IN.PA2000tSOOOJPD5• \  C O U T C . H i t . r l >  \  GOSUB 7 21 0
7 1 9 0  U t =B2 i  \  Yt=STRtCU> \  H l t = " I N f P A 2 0 0 0 . 4 5 0 0 ; P D ; ■ \  C O U T C . H i t . . 1 )  \  GOSUB 7 2 10

7191  U t =B 3 t  \  Yt=STRtCACA2>> \  H l t = " I N 5 P A 2 0 0 0 . 4 0 0 0 . PD i " \  COUTC»H1*f>1)
\  GOSUB 7210 \  GO TO 7220

72 1 0  Hl t=" LB" + Ut +Yt +H9 t  \  COUTC. H I t . . 1 )  \  RETURN 
7 220  RETURN
8 000  REM REGIONC' FULL'>
8 0 1 0  REM GRAPHC'SHADE' f 2 5 6 fSC1>.A<1>> \  RETURN
8 140  H l t = " P D ; "  \  FOR 1 = 1 TO 12 \  H1* = H1t  + 1 PA* + STRS( C S H I / 1 2 ) + * . 0 "  + 1 ; XTi '  \  NEXT I
8 15 0  COUTC.Hit  f f 1)  \  REM PLOT AN X-AXIS
8 1 6 0  C0UTCf "PUfPA0f 0 f " f f 1> \  h i * = * p d ; ‘
8 1 7 0  FOR 1=1 TO 12 \  H l t = H l t + " P A 0 . *+ S T R t C C 4 * I / 1 2 ) + " ; YTi • \  NEXT I  \  H l t = H l t + " P U S *
8 1 8 0  COUTC fH U f f 1 > \  REM PLOT AN Y-AXIS
8 1 9 0  FOR 1=1 TO 256
8 2 0 0  H l t = #PA"+STRtCSCI><:5) + " f  "+STRt  CACI)*5)+"  f P D J P U f  " \  COUT C . H i t .  f  1 >
8 2 1 0  NEXT I  S REM PLOT CURVE
8 2 2 0  H l * = , PUFPA- + S T R t ( . l * C 5 > + , F, +STR*C. ?*C4>+, F* V COUTCfHi t f f 1>
8 2 2 5  H9t=CHRtC3> \  H 3 t = " f "+STRt ( - . 0 5 * C 4 > + " . L B "
8 2 2 6  Hl t =* LB " + At +H9 t+ " C P f "  \  COUTC . H i t .  f  1)
8 2 2 7  H1=P0SCA*C1) f ’ UL=*f 1)
5230  H1*=- LB*+SEG*CA*(1) f 1 fH 1 -1 )+ H 9 * +* CP f • \  C O U TC . H i t . f 1>

H l t = " C P 4 . 0  .LB" +SEGS C At C1 1 . H I f 1 0 0 ) + H 9 t + " C P r * \  C O U T C . H i t f f 1)
8 2 4 0  H l t =" L B" + A t C2 ) +H 9 S + "C P . * \  COUTC. Hi t . f 1)
8 2 4 2  H l t = " L B , + A * C 2 0 ) F H ? t + " C P ; ’ \  COUTC. Hi t . , 1>
8 2 5 0  FOR 1=1 TO 6 \  H l t =* P UF p A* t S T R t C C5 * I / 6 ) + H 3 $ + S T R t CC 5 * I / 3 0 > + H 9 t + " P U5 *
8 2 5 5  C OU TC. H i t . . 1>
8 2 6 0  NEXT I  \  REH NUMBERING THE X-AXIS
8 2 7 0  RETURN
8 9 9 ?  FOR I=A2 TO 256
9 0 0 0  A8=A5*EXPC-CSC I ) - S C A 2 ) > / T l )
9001  P0INTCfS C I ) . A 8 . 2 )  \  ZCI)=AB S NEXT I
9 0 0 2  PRINT USING "SINGLE EXP TIME CONST. OF « ♦ *  S AMPLITUDE * . * • *  " fT 1 fA5 \  RETURN
1 00 00  END
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C .1  LUM IN.BAS

This program  t r a n s f e r s  s to r e d  d a ta  f i l e  c o n s is t in g  o f  500 

ch a n n e ls  t o  th e  D ig i ta l  11 -03  com puter a t  1200 baud . I t  a l s o  

s to r e s  in fo rm a tio n  co ncern ing  e x p e r im e n ta l  c o n d itio n .
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90  PRINT ■ LUHIN •
100 REM THIS PROGRAM I S  FOR RECIVING LUMIN. SPECTRA DATA FROM 0MA2 1215  
110 REM NO PROVISION IS  MADE FOR ONLINE ANALYSIS.
120 DIM A S (1 02 )
140 PRINT ’ ENTER FIRST FOUR DIGITS OF FILE  CODE’
150 LINPUT U* \  US=’ SY1’. ’ +U*
160 U$=’ Y’ \  Z * = ”
170 PRINT ’ PRESS RETURN UHEN READY TO INPUT DATA’
ISO INPUT T$
190 PRINT ’ START OMA DIGITAL OUTPUT’
230  FOR 1=1 TO 100  
240  CIN( . AS C I ) . ? 1  )
250  NEXT' I
260  PRINT ’ DATA INPUT COMPLETE’
270  FOR 1=1 TO 100
280 ASCI >=SEG*: A$<I >» i . l OO>
290  PRINT AS ( I ;
300 NEXT I
310 PRINT M S  ItfV! A TRANSFER GOOD? (Y OR N ) ’
320 LINPUT T*
330 IF TSOUS GO TO 170 
340 CS=DATS
350 PRINT ’ ENTER PICTURE NUMBER*
360 LINPUT 0*
370 PRINT ’ UINDOU * ’
380 LINPUT NS
410 PRINT ’ OTHER INFO UNCHAGED? CY OR N ) ’ \  LINPUT T$ \  I F  TS = US GO TO S70
420 PRINT ’ ENTER SAMPLE TEMP.’ \  LINPU: FS
430 PRINT ’ OTHER INFO UNCHAGED? <Y OR N ) ’ \  LINPUT TS \  IF TS=US GO TO 5 70
440 PRINT ’ ENTER EXCITATION UAVELENGTH AND FILTl-hS* \  LINPUT GS.HS
450 PRINT ’ OTHER INFO UNCHAGED? CY OR N ) ’ \  LINPUT I :  \  IF  TS=US GO TO 5 7 0
460  PRINT ’ ENTER LUMINESCENT PATH FILTERS’
470 LINPUT 0*
480 PRINT ’ OTHER INFO UNCHAGED? CY OR N ) ’ \  LINPUT T* \  I F  TS = US GO TO 570
490 PRINT ’ ENTER SAMPLE NAME’
500  LINPUT E*
510  PRINT ’ ENTER UAVELENGTH RANGE’
520  LINPUT IS
530  PRINT ’ ENTER SLIT UIDTH ’
540  LINPUT J*
550  PRINT ’ GRATING SPACIFICATIONS’
560  LINPUT L*
570  ASC101>=C$+’ P I C T * ’ +DS+’ SAMPLE=’ + E* + ’ TEMP.=’ + F t + ’ UL=’ +G*+’ ATTN. BY ’ 
600  A t ( 1 0 1 ) = A S ( 1 0 1 > + H * + '  UAVELENTH»’ + I «

610 A»(102)=’SLIT=’+JS+’GRATING=’+L$ ‘
620  A * < 1 0 2 ) = A * ( 1 0 2 > + ’ UINDOU#’ + N * f  FILTERS=’ +0*
6 30  PRINT A $ ( 1 0 1 )
6 40  PRINT A S U 0 2 1
650 PRINT ’ ENTER FILE  NAME FOR THIS SHOT. LAST NAME UAS ’ . B *
660  INPUT B*
670 B*=U*+B$
6 80  OPEN B$ AS F ILE *1 
690 FOR 1=1 TO 102  
7 00  PRINT 4 1 . A S U )
710  NEXT I  
720 CLOSE t l
730 PRINT ’ DO YOU UANT ANOTHER SHOT? <Y OR N ) •
740 LINPUT T*
750 IF  TS=US GO TO 170 
760 END
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C .2 LUMFL4.BAS + OMAREG.BAS + LUMPLT4.BAS
These p rog ram s a r e  ’c h a in e d ' to g e th e r  f o r  la c k  o f  s u f f i c i e n t  ( 

o n ly  64K b y te s )  memory. The s u b ro u tin e s  in c lu d e d  c o r r e c t  th e  wav­

e le n g th  a x is ,  p l o t  d a ta  and a  t h e o r e t i c a l  f i t  g iv en  by E q.(3 .5 .2 2 ) .
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90  PRINT * OMAREG
100 PRINT * THIS PRG IS  FOR RECIEVING 0HA2 1215  REGISTERS F I L E . "
120 DIH R4C8)
130 DIH S<500}
140 PRINT "ENTER FIRST FOUR DIGITS OF FILE CODE"
150 LINPUT U* \  U* =" SYi : " +U*
140 U4»"Y" \  Z*=*"
170 PRINT "PRESS RETURN UHEN READY TO INPUT DATA"
180 INPUT T$
190 PRINT "START TA DIGITAL OUTPUT"
230 FOR 1=1 TO 8 
240  C I N ( i R $ < I ) > f l )
250  NEXT I
240 PRINT "DATA INPUT COHPLETE"
270  FOR 1=1 TO 8
280 R$ < I ) = SE G* < R* ( I > » 1» 1 00 )
290 PRINT R*CI>
300 NEXT I
310 PRINT " I S  DATA TRANSFER GOOD? ( Y OR N>"
320 LINPUT T*
330 IF T * O U »  GO TO 170 
340 C*=DAT*
350 V1*=SEG*CR*<8>»9»18>
355 V2 t =SEG* <R * <8 )p l9 »2 8 )
360 V3J=SEG*CR*C8)>2y»38)
370 ' . '4i = SEG*(R*<8)  »40»49)
380 V5J=SEG$<R4<8) f5 0 f59>
390 V1=VAL(V1*)
400 V2=VALC'.'29>
410 V3=VALC'.'3*>
420 V4=VALCV4i>
430 V5=VALCV59>
440  FOR 1=0 TO 499
450 S CI ) = V5 *<I t V 1 ) ~ 3 + V 4 * ( I + V 1 ) - 2 +V 3 * ( I+ V 1) F V2  
440  NEXT I
450 PRINT "ENTER FILE NAHE FOR THIS OHA REGESTERS. LAST NAME UAS "»B* 
660 INPUT B»
670 B4=U4+B$
680 OPEN B* AS FILE *1 
690 FOR 1=0 TO 499  
7 0 0  PRINT * 1» S CI )
710  NEXT I  
7 20  CLOSE *1
7 30  PRINT "WAVELENGTH RANGE IN ANGSTRH DF"
74 0  PRINT SCO) fS (499>
760  END
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10 PRINT ’ FILE  NAME: LUM4.BAS’
14 PRINT ’ E-H COMBINED DENSITY OF STATES I E- EG> ~ .5  *
15 PRINT • BAND TO BAND W**2 TERM NOT PRESENT DIRECT TRANSITIONS*
16 Z*='DIRECT TRANSITIONS BAND-BAND U” 2 TERM ABSENT. '
20 PRINT ’ THIS PRG FITS HIGH ENERGY TAIL SINGLE EXP TO FIND OUT TEMP.*
30 PRINT 'USING FERMI ENERGY AS A PARAMETER GET ENTIRE F I T .
40 PRINT * ENTER BANDGAP IN UAVELENGTH ANGSTRM * \  INPUT G1 
43 PRINT ’ ENTER ELECTRON MASS RATIO.  • \  INPUT M2
45 PRINT ’ ENTER RATIO OF ELECTRON/HOLE MASS OF SEMICONDUCTOR.* \  INPUT M
50 PRINT ‘ UAVELENGTH RANGE IN A >USED IN EXPERIMENT . *  \  INPUT U5
51 PRINT ‘ LONG UAVELENGTH LIMIT IN A * \  INPUT CO
SO COMMON S (2 5 0 >  > A ( 2 5 0 ) f L * <2> t G 1 1A* , Mf M2fZ<250>fT1 . G»S5fAS*EfUSf COfFf Z*
82 DIM A S t 1 0 2 ) t B ( SO O ) fX(SOO)
90 GOSUB 2 000  \  REM LOAD 0MA2 REGISTERS FILE AND GET UAVE LENTH CALIBRATION. 
130 CHAIN ' LUMFL4'
200 DISPLAY.CLEAR
290 GOSUB 3 20 0  \  REM FIND START POINT FOR F I T .
370 GOSUB 2 60 0  \  REM FIND MAX I  MIN VALUES OF A O
380 GOSUB 4 000  \  REM GRAPH A ( I )
390 GOSUB 5 000  \  REM FIT X GRAPH SINGLE EXP. DECAY CURVE
570 PRINT ’ DO YOU UANT TO F IT  MORE FILESTtY OR N)*
580 LINPUT Q$ \  IF QS = - f ’ GO TO 130 
590 GO TO 10000
2000 REM THIS SUBROUTINE LOADS THE 0MA2 PARAM.X GETS UAVE LENTH CALIBRATION. 
2010 PRINT -ENTER THE 0MA2 REGISTER F I L E . ’ \  LINPUT X* \  X*=*SYi :*+X*
2020 OPEN Xt AS FILE »1
2030 FOR 1=0 TO 499  \  INPUT * 1 > X ( I )  \  NEXT I
2033 CLOSE »1
2034 FOR J=0  TO 249 \  S ( J ) = X ( 2 * J )  \  NEXT J  \  RETURN
2600 A3=0 \  A4=0 \  FOR I=A4 TO 24 9  \  IF A ( I ) > A 3  THEN A3=A(I>
2610 IF A<I ) <A4 THEN A4=A(I>
2620 NEXT I \  RETURN 
2700  FOR 1=0 TO 499
2710  IF At I >< = 0 THEN A ( I )  = - 1  \  GO TO 2730  
2720  A( I )=LOG10(ACI )>
2730 NEXT I \  RETURN
3000 REM THIS SUBROUTINE FINDS THE REFERENCE PEAK.
3010  GRAPHt' S ' f  2 4 9  f  f  A10 ) )
3020.  PRINT ’ MOVE THE CURSOR UNTIL IT I S  ON THE REFERENCE CH.*
3030 A2=250 \  F IND. POINTt A2 fA3)
3040 A2=INT(A2)  \  PRINT USING ‘ FILE  REF.  CH. I S  M * * , A 2  \  RETURN 
3200 REM THIS SUBROUTINE FINDS BIGINING POINT FOR CURVE FITTING*
3210 G R A P H t ' S ' f 2 4 9 f f A < 0 ) )
3220 PRINT ’ MOVE CURSOR UNTIL I T  I S  AT THE STARTING POINT FOR CURVE FITTING* 
3230  A2=150 \  F IND_P0INT(A2fA3>
3 240  A2=INTCA2) \  PRINT USING "START CHANEL I S # * * * fA2 \  RETURN 
4000 REM
4010 REM THIS SUBR. GRAPHS A<>XSETSUINDOUGRIDFORCURVEFITTING.
4020 REM 
4022 A3=A(A2)
4030 UINDOU( ' - E ' f S  10 )  f  A4 > S 1249 ) f A3fO)
4060 G R A P H t ' - E f S ' . 2 4 9 . S ( 0 > i A t O ) f » f 1)
407 0  E1=S(A2)  \  E2=A<A2) \  GRAPH( ' - E fB ' f 1 fE 1 fE 2 f f f 2)
4 080  RETURN
4100  REM THIS SUBR IS  FOR SETTING UINDOU X GRID FOR TOTAL F I T .
4110  U I N D O U ( ' - E ' fS C 2 4 9 ) f0 fS ( 0 ) fA3 f0)  ^
413 0  GRAPHt ' - E fS '  f2 4 9 fS(0> fACO) f  f f D

4150  E1 =S ( 0 )  \  E2=A<0) \  G R A P H t ' - E fB ' f 1 fE 1 fE 2 f f f 2 )
4160 RETURN —
4170  REM 
4200  REM
4210 REM THIS SECTION PLOTS THE EXPONENTIAL F IT  1 CALCULATES THE SUM
4220 REM OF SQUARES DEVIATION.   .
4230  A7=0 \  FOR I=A2 TO 24*
4240  A6 =A5 * EXP (t ( l  " i t A 2 ) - l / S t  I ) > * Q ) / T 1 ) \  A 7 = A 7 + < A 6 - A t I ) ) ~ 2  
4250  IF L9=0 THEN GO TO 4 270  
4260 Z t I ) = A 4
4270 P 0 I N T t . S t I > F A 6 F 2 >  \  NEXT I
42B0 PRINT USING ’ FOR A TEMPERATURE OF K X PEAK LUM. OF * . t *  ’ f T 1 fA5
4290  PRINT USING ’ THE SUM OF THE SQAURES IS  * . # ♦  ’ fA7
4300 RETURN
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5000
5010
5020
5030
5050
5051
5054
505 5
5056  
506 0  
507 0  
SOSO 
509 0
51 0 0
5101
5 10 2  
5110 
51 2 0  
5125  
5130  
5140  
5150  
5155
5165
5166
5167
5168
5169  
518 0
5184
5 18 5

5 1 90

~5T91~ GO TO 6 1 0 0 ------------------------  ------------------------------------------------------------
5 1 9 3  A8=0
6 1 0 0  P Q I N T C r S < I ) t A 8 . 2 )  \  Z ( I ) = A 8  \  NEXT I  
6 1 1 0  S5=S(A2)  \  A5=A(A2>
6 1 4 0  PRINT USING ‘ TEMP. OF * » **  t  F ENERGY IN ANGSTRM OF * * * * ‘ . T l r F
614 1  PRINT USING ■ PEAK OF LUM I S # . M ------  1 UAVE LENGTH * . # * ------- -»A<A2>,S(A2)
6 15 0  PRINT *00 YOU UANT ANOTHER F I T ? (  Y OR N ) •
615 1  LINPUT Q* S I F  Q t = ‘ N‘ GO TO 61 7 5
6 1 5 8  PRINT ‘ NEU FERHI ENERGY(Y OR N>?‘ \  LINPUT Q* \  I F  Q*=‘ Y‘ GO TO 516 6
6164  PRINT • GIVE T 1 fA<A2>‘ \  INPUT T1.ACA2) \  GO TO 5 1 6 7
6175  PRINT ’ HARDCOPY OF EXP.  DAT6“ ! Y OR N ) ’ \  LINPUT Q t
617 6  IF 05 = ’ Y ’ THEN CHAIN '1.MPLT4'  LINE 8 00 0
6180  PRINT ’ HARDCOPY OF THEQRATICAL FITTCY OR N ) ’
6181 LINPUT OS \  IF 0 5 = ‘ Y‘ THEN CHAIN ' LMPLT4' LINE 8 2 7 5  
6190  GO TO 570
10000  END

10 PRINT ’ F ILE  NAME! LUMFL4.BAS*
20 PRINT ’ THIS PRG. TAKES LUM.FILE S CONVERT INTO LINEAR FORMAT ’
130 COMMON S < 2 5 0 ) t A < 2 5 0 > j L * < 2 > . G l . A t . M r M 2  
132 DIM AS( 1 0 2 ) rB(SOO)
211 0  PRINT ‘ ENTER FILE  NAME . '  \  LINPUT A4 \  AS=‘ S Y i : ‘ +A$
2 1 2 0  OPEN At AS FILE # 2  DOUBLE BUFr F ILESIZE 20  V FOR 1=1 TO 1 02  \  LINPUT * 2 » A « ( I >

\  NEXT I 

213 0  CLOSE *2
2 1 5 0  FOR 1=1 TO 100 \  FOR L=1 TO 5 
2 1 6 0  J = 1 0 * L - 1  
2 1 6 2  K = 5 * < I - 1 ) 4 L - 1
2 1 6 4  C t = S E G t < A t ( I ) » J » J + 6 >
2 1 6 5  M5«LEN(C*>
2 1 6 6  N = P 0 S ( C * » ' - ' » 1 >  \  B*-SEGt (Ct»N»M5> \  B(K>=VAL(D$>
2 1 7 0  NEXT L \  NEXT I ’
2171  FOR J=0  TO 2 49  \  A ( J ) = B ( 2 * J >  \  NEXT J  
2 1 7 5  L t d > = A S <  1 01 )  \  L t ( 2 > = A t ( 1 0 2 )
218 0  CHAIN 'LUM4'  LINE 2 0 0 .
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REM ------
REM THIS SECTION CALCULATES A F I T  FROM IMPUTED TRIAL VALUES 
REM
PRINT ’ ENTER A TRIAL TEMPERATURE IN KELVIN* \  INPUT T l  
A5=A<A2)
S5=S(A2)
Q = 1. 42450E+08
U = 1 / G 1 - . 5 * T 1 / D
G=l /U
GOSUB 4 2 0 0
PRINT ‘ DO YOU UANT TO TRY ANOTHER FI T? ( Y OR N>*
LINPVT O* \_1F Q t O ’Y* GO TO 5101
PRINT ’ CNTER A NEU TEMP. CONST, t  MULTIPLICATIVE FACTORT*------------ * ------------------
INPUT T1»A5 \  GOSUB 4 2 0 0  \  U = 1 / G 1 - . 5 * T 1 / Q  \  G = l / U  \  GO TO 5070  
PRINT ’ DO YOU UANT DIFFERENT START CHANEL7 (Y OR N ) ‘
LINPUT Q t  \  IF Q t = ‘ Y‘ THEN GO TO 2 0 0
PRINT ’DO YOU UANT ENTIRE CURVE FITTING USING FERMI D I ST R . ? ( Y  OR N ) ‘ \  LINPUT Mt 
IF M S O ’ Y’ THEN GO TO 6175
DISPLAY.CLEAR \  PRINT ‘ STARTING POINT IS MAXIMA OF LUM.* \  GOSUB 3 20 0
REM t
REM THIS SUBROUTINE FITS  TOTAL LUMINESCENCE .
REM
A3=A<A2)
GOSUB 4100
PRINT ‘ GIVE FERMI ENERGY IN A ■ \  INPUT F
E = 6 . 3 4 0 0 0 E + 2 7 * ( M 2 / F ) ' ' 1 . S * ( 1  + 5 . 8 7 0 0 0 E - 1 7 * ( F * T 1 ) ” 2 )
U = 1 / G 1 - . 5* T1 / Q  \  G =l /U  
Ml=l /<1+M)
FOR 1=0 TO 249
K = 1 0 0 0 0 * < 1 / S ( I > - 1 / G )  \  IF K<0 THEN GO TO 5 1 9 3
X=A< A 2 > / < 1 / S ( A 2 ) - 1 / G ) ~  , 5 * < E X P ( < M 1 * M * ( 1 / S < A 2 > - l / G ) - M / F ) * 0 / T 11 + 1 ) * ( E X P C ( M l t ( 1 / S<  A2 ) 
- 1 / G ) - 1 / F ) * Q / T 1 ) + 1 )

A 8 = X * < 1 / ( E X P ( C M 1 * M * < 1 / S < I ) - 1 / G ) - M / F ) * Q / T 1 ) + 1 ) ) * ( 1 / S < I ) - l / G > ~ . 5 * ( 1 / ( E X P ( ( M l *  
( 1 / S C I ) - 1 / G ) - 1 / F ) * Q / T 1 ) + 1 > )
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6 9 0 0 , PRINT ’ F I L E  NAME: LMPLT4.BAS’
6 9 10  PRINT ’ THIS  PRG.PLOTS LUMINESCENCE DATA ON HP7225A *
69 2 0  COMMON S ( 2 S 0 ) . A( 2 5 0 ) , L * < 2 ) , 6 1 , A* » H , M 2 , Z t2 5 0> , T 1 »G » S 5» A5 » E» U5 » C 0 , F . Z*
7 0 0 0  REM 
70 2 0  REM
7 0 30  REM THIS SUBROUTINE PLOTS THE EXPERIMENTAL F I T  F I L E  ON HP7525A 
7 0 4 0  REM
7 0 5 0  C 3 - 0  \  FOR 1=0 TO 249  \  I F  C t I >> C 3  THEN C3=C(I>  \  NEXT I
70 6 0  I F  K 1 0 0  THEN 0 4=100
7 0 70  I F  I > = 1 0 0  THEN C4=300
70 8 0  C5=U5
71 1 0  C4=A5*2
71 20  C 6 = - . 1 * C 5  \  C 7 = - . 1 * C 4
71 3 0  C4=C4*5 \  C5=C5*5 \  C6=C6*5
71 3 1  C7=C7*5 \  REM MULT. BY 5  FOR BETTER PLOT RESOL.
7 14 0  C4*=STR*tC4> \  C5*=STR*tC5> \  C6*=STR*tC6> \  C7*=STR*tC7> .
715 0  H1 * = *S C* +C 6 * 4 - , "4C5*4* , “4 C 7 * 4 " , "4C4*4* »■ \  COUTt»H1*», 1 )  \  REM SCALING
7 16 0  H 2 * = - P U I P A 0 , 0 f  \  C0UTC>H2*, .1> \  REM HOVE THE PEN TO 0 . 0

\  RETURN

716 1  H9*=CHR*t3> \  H1=P0St  B *» " WL=* . 1 1  \  H 3 * = - , *4STR*( - . 0 5 * C 4 ) 4 * f L B '
716 2  FOR 1=0 TO 249
716 3  H 1 * =- PA - 4S TR * (< CO-S( 0 ) - t S < 2 4 9 ) - S < 2 4 9 - 1 ) ) > * 5 ) 4 - » “4STR*<Z( I > * 5 ) 4 • f P D f •

\  COUT( , H 1 * , , 1 )  \  NEXT I

71 6 4  BO*='FERMI ENERGY IN EV FROM BOTTOM OF CONDUCTION BAND='
7 1 6 5  B1*='ELECTR0N TEMP. IN K='
7 1 6 6  B 2 *= ' ELECTRON DENSITY IN CM-3='
7 1 6 7  B3*=' MAXIMUM OF LUM.='
7 1 6 8  B4* = ' BAND GAP AT LATTICE TEMP IN A = ' .
7 1 6 9  B5*='R£DUCED BAND GAP AT ELECTRON TEMP. IN A = '
7 1 7 0  B6$= ' MAX EMISSION WAVELENGTHIN A = '
7 1 7 3  V= 1 25 0 0 / F
7 19 0  H l * = - I N f P A 2 0 0 0 , 5 5 0 0 f P D > * \  C 0 U T t » H l * , , l >
719 1  H1*=-LB*4Z*4H9* \  C O U T t . H I S . . 1 )
7 19 5  U*=BO* \  Y*=STR*tV)  \  H I t = * I N f P A 2 0 0 0 , 5 0 0 0 ? P D f  * \  COUT( . H I * , r 1 )  \  GOSUB 7 2 1 0
7 1 9 6  U*=B1* \  Y * = S T R * t T l )  \  H l « = a I N f P A S 0 0 0 , 4 S 0 0 f P D f * \  COUTt»H1*», 1 1  \  GOSUB 7 2 1 0
7 1 9 7  U*=B2* \  Y*=STR* t E)  \  H 2 * » * I N f P A 5 0 0 0 , 4 0 0 0 f P D » ■ \  COUT<, H 2 * , , 1 )  \  GOSUB 7 2 1 0
7 1 9 8  U*«B3* \  Y*=STR*<A5) \  H 3 * = * I N f P A 5 0 0 0 , 3 5 0 0 f P D f ■ \  COU Tt »H3 * . , 1>  \  GOSUB 7 2 1 0
7 1 9 9  U*=B4* \  Y*=STR*t Gl )  \  H 4 * = * I N . P A 5 0 0 0 . 3 0 0 0 f P D f • \  C O U T t , H 4 * . , 1 >  \  GOSUB 7 2 1 0
7 2 0 0  U*=B5* \  Y*=STR*(G)  \  H 5 * = - I N f P A 5 0 0 0 » 2 5 0 0 f P D J • \  COUT<»H5*», 1 >  \  GOSUB 7 2 1 0
7 20 1  U*=B6* \  Y*=STR*tS5)  \  H 6 * = ' I N ; P A 5 0 0 0 , 2 0 0 0 » P D '  \  COU Tt ,H6 $» »1)  \  GOSUB 7 2 1 0  
7 21 0  H1*=, LB’ +U*+Y*+H9* V COUTt ,H1* , , 1 >  \  RETURN
72 2 0  RETURN 
8 0 0 0  REM
8 01 0  GOSUB 6 9 0 0  \  GOSUB 81 4 0  \  GO TO 82 75  '  '  ‘
8 1 40  Hl*=-pD» * \  FOR 1=1 TO 10 \  H l * = H l * 4 - P A - 4 S T R * t C 5 * I / 1 0 > 4 -  , 0  ■ + ■ fXTf ■ \  NEXT I
8 15 0  COUTt, H I * . , 1 )  \  REM PLOT AN X-AXIS
8 1 6 0  COUTt , ’ P U f P A O , O f ‘ , , 1 >  \  H l *  = - P D f
8 1 70  FOR 1 = 1 TO 10 \  H 1 * = H1 * 4* P A 0 , - 4 S T R * f C 4 * I / 1 0 > 4 * f Y T f  • \  NEXT I  \  H i * = H l * 4 - P U f  *
8 18 0  C O U T t , H l * , . l )  \  REM PLOT AN Y-AXIS
8 1 85  H2*=*PUfPACO.OI • \  COUTt »H2* . ,1>
8 1 9 0  FOR 1=0 TO 249
l l l O  } j E x ° ^ A’ +^ > ^ ^ <® - ^ 9 > - S < 2 4 9 - I , , - S < 0 ) > * 5> + * ' , + S TR *< A< I) *5 )  + a ; P D ; P U f  \  C O U T t , H 1 * , , 1 J

82 2 0  H l * = " P U ; P A * + S T R * t . l * C 5 ) 4 ’ , * + S T R * ( . 9 * C 4 ) f f  \  COUTt ,  H I * .  , 1 >
8 2 2 5  H9*=CHR*t3)  \  H3 *=’ . • + S T R * t - . 0 5 * C 4 ) 4 * f L B -
8 2 2 6  H1*="LB*4A*4H9*4 ' CP» * \  C O U T t , H I * , , 1 )
8 2 2 7  Hl =POSt L*  1 1 ) ,  • VIL= ■»11
8 2 3 0  Hl *=*LB, + S E G * ( L * t l ) » l , H l - l ) + H 9 * + - C P f  \  COUTt , H I * ,  , 1 )
8 2 3 5  H l * = - C P 4 , 0 f L B ' + S E G * < L * t l ) >H I , 1 0 0 >4H9*4*CP»• \  COUTt , H I * . . 1 )

■■8240 H l * » - L B - + L * ( 2 ) + H 9 * + - C P f  • \  COUTt>H1*. , 1>----------------- —  - - - -  ~ r . I
8 2 5 0  FOR 1=1 TO 10 \  H1* = -PU»PA'  4STR* t C 5 4 I / 1 0 ) 4 H 3 * 4 S T R *  < C 0 - C 5 * I / 5 ' ) >  ■*-H9*4 -°U f •
8 2 5 5  C O U T t , H I * . , 1)
8 2 6 0  NEXT I \  REH NUMBERING THE X-AXIS 
8 2 7 0  RETURN
8 2 7 5  PRINT -HARDCOPY OF THEORATICAL FI T? ( Y OR NfPLEASE WAIT FOR 30 SEC-
8 2 8 0  LINPUT Q* \  I F  0 * = '  Y • THEN GOSUB 7000 \  GOSUB 7 1 6 1  \  CHAIN '  LUM4'  LINE 1=0
8 2 8 5  IF Q*=-N* THEN GOSUB 7164 \  CHAIN 'LUM4'  LINE 5 7 0
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