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MATERIALS FOR IR TUNABLE LASER APPLICATIONS AND NON RADIATIVE DECAY 
PROCESSES 

F. AUZEL and J.M. BRETEAU'') 

CNET, 196, Avenue Henri  Ravera,  F-92220 Bagneux,  France 

Abstract  : The o p t i c a l  s ectroscopy o f  the new mater ia l  f o r  IR tunable laser  
appl l c a ~ i o n s  MgAl ,Oh : ~ i g '  i s  presented. A comparison w i t h  we1 1 -known f l u o r i d e  
mate r ia l s  i s  made f o r  I R  f luorescent  l i f e t i m e s  and quantum e f f i c i e n c i e s .  For ~ i 2 +  
and C O ~ +  doped f luo r ides ,  l i m i t a t i o n s  o f  concentrat ions i n  doping ions are esta- 
bl ished. Multiphonon processes are s tud ied w i th  a s ing le  frequency model a?d a 
good agreement i s  found. It i s  shown t h a t  the " e f f e c t i v e  phonon frequency i s  
c l o s e r  t o  mean frequency o f  the densi ty  o f  s ta tes curves than t o  t h e i r  maximum 
and the electron-phonon coupl ing fac to rs  appears t o  vary w i t h  doping concentra- 
t i o n .  

1. In t roduc t ion  : For several years ~ i 2 +  and C O ~ '  doped systems have been studied 
f o r  I R  tunable s o l i d  s t a t e  laser  appl icat ions.  The greater  p a r t  o f  the works 
concerns mate r ia l s  only w i t h  a wel l  def ined doping i o n  concentrat ion, and the 
behaviour o f  r a d i a t i v e  and non r a d i a t i v e  t r a n s i t i o n s  i s  r a r e l y  inves t iga ted  i n  
comparison w i t h  the I.R. l aser  emission, a1 though l a t t i c e  v ib ra t ions  have opposi- 
t e  ro les  i n  the frequency t u n a b i l i t y  and emission i n t e n s i t y .  

I n  t h i s  study we have examined a few well-known l a s e r  mate r ia l s  as Mg F2 : 
Ni2+ . M F : co2+ . K Zn F . ~ i ~ +  ; K Zn F3 : co2+ and a new compound f o r  I R  
tunabfe : Mg ~ 1 '  0, : ~ 1 ~ ' .  Informations are obtained concerning temperatu- 
r e  and concentrat ion ? im i ta t ions  bu t  a lso on non r a d i a t i v e  t r a n s i t i o n s .  

2. Results 
2.1 Quaotum-eff iciensies-~nd-i~nz~c~oc5:nt r a t i ~ n  
Absorpt ion and luminescence spectra o f  Ni 2 and C O ~ '  doped f l u o r i d e s  are 

cons is ten t  w i t h  preceding works 111 121 131 [ 4 ]  151 [ 6 ]  171. For Mg A12 O4 : Ni2+ 
absorpt ion and $mission spectra are given i n  f i g .  1. The absorpt ion spectrum o f  
Mg A12 o4 : N12 i s  s i m i l a r  t o  the absorpt ion spectra o f  Ni2+ ions i n  octahedral 
s i t e s  i n  other  mater ia ls  81  16 17 and i s  not  consis tent  w i t h  the spectrum o f  
~ i 2 '  ions i n  te t rahedra l  s \ tes [J1. 2s i n  the case o f  Mg 0 : NI~' 1101 and L i  Ga5 
0 : ~ i ~ +  181, the absorpt ion spectrum o f  Mg A1 0 Ni i s  dominated by three 
s j in-a l lowed broad band t r a n s i t i o n s .  These are 3 ~ ,  4 ( i ~ )  + 3T (3P) i n  the deep 
blue, 3A2 (3F) + 3T1 (3F) i n  the red and 3A2 (3F) + 3T2 (3F) j n  the near i n f r a -  
red. The r e l a t i v e  pos i t i ons  o f  these three bands a l low one t o  evaluate the crys- 
t a l  f j e l d  parameter Dq/B by comparison w i t h  the Tanabe and Sugano's diagram f o r  
Nf2+ i o n  i n  octahedral s i t e  11 . W$ f i n d  f o r  Mg A1 0 : ~ i ~ +  a Dq/B r a t i o  equal 
t o  1.29. greater  than i n  Mg : 'Ni2 (Dq/B = 1.11 [fo]! and L i  Ga, 0, : Ni ( D ~ / B  
= 1.085 181). 
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F i g .  1 : Absorp t ion  and emission F ig .  2  : Temperature dependance o f  
spect ra  o f  Mg A1 o4 : Ni2+ a t  80 K. IR f luoqescence l i f e t i m e s  i n  N i2+  

and Co3 doped mat r ices .  

The I R  emission o f  i n t e r e s t  f o r  p o s s i b l e  l a s e r  ope ra t i on  and which i s  a t t r i b u t e d  
t o  t h e  v i b r o n i c  t r a n s i t i o n  3T ( 3 F )  + 3A (3F),  extends from 1.1 t o  1.5 pm w i t h  a  
peak a t  about 1.26 p. No c12ear s t r u c t d r e  i s  observed i n  t h e  IR emiss ion shape. 
Th is  i s  oppos i te  t o  Mg 0  : ~ i 2 +  1121 1101 and Mg F : N i2+  121 f o r  which sharp 
zero-phonon l i n e s  are  observed a t  low temperature 2s w e l l  as s t r u c t u r e  i n  t h e  
v i b r a t i o n n a l  sidebands. Th is  con f i rms  t h a t  t he  electron-phonon c o u p l i n g  i s  very  
s t r o n g  i n  Mg A1 0  . ~ i 2 + .  

The decrease i n ?  1k i i f e t i m e s  temperature found i n  Mg A1, O4 : Ni2+, ~g F, : 
Co2+ and K Zn F3 : co2+ i n d i c a t e s  t h a t  non r a d i a t i v e  d e s e x c i t a t i o n  processes a re  
impor tan t  even a t  low temperatures i n  these m a t e r i a l s  (F ig .  2). Th is  hypothes is  
i s  s t rengthened by measuring the  quantum e f f i c i e n c i e s  o f  t h e  I R  t r a n s i t i o n s  a t  
room temperature w i t h  an i n t e g r a t i n g  sphere and by comparing the m a t e r i a l s  t o  
each o t h e r  as g i ven  i n  t a b l e  I. Now i f  one l ooks  a t  f i g .  2 when n i c k e l  concen- 
t r a t i o n  i s  increased from 2 % t o  10 % i n  Mg F then t h e  IR l i f e t i m e ,  a t  80 K f o r  
ins tance,  i s  reduced by 7.5 %. I n  Mg Fq : CO*, a  c o b a l t  concen t ra t i on  i nc rease  
f rom 1.5 % t o  5.3 % induces an I R  l i f e t i m e  v a r i a t i o n  o f  72 % a t  80 K. I n  c o n t r a s t  
when c o b a l t  concen t ra t i on  i n  K Zn F increases f rom .8 t o  2.2 %, t h e  IR l i f e t i m e  
remains unchanged a t  any temperatur$. As f o r  Mg A1 0 : Ni2+, on l y  one sample 
was s tud ied.  From these exper imenta l  f a c t s ,  i t  i s  Zonhuded t h a t  Mg F : ~ i 2 +  
l a s e r  c r y s t a l  may be used w i t h  h i g h e r  n i c k e l  c o n c e n t r a t i o n  (-  5 %),  a t  6 K, than 
u s u a l l y  cons idered [ 1 2 ]  w i t h o u t  hav ing  an impor tan t  s e l f  -quenching. However i n  K 
Zn F 3  : Co2+ and i n  Mg F : co2+, c o b a l t  c o n c e n t r a t i o n  has t o  be weaker than 2  % 
o the rw ise  non r a d i a t i v e  e+fec ts  a r e  dominat ing.  

F o r  each compounds, t he  non r a d i a t i v e  decay r a t e  (Wnr) has been determined 
as a  f u n c t i o n  o f  t e m p e r a t u r e  by Wnr = l / zF (T ) - l / . co  where r F ( T )  i s  t h e  t o t a l  I R  
f l u o r e s c e n c e  l i f e t i m e  a t  t empera tu re  T  and z0 i s  t he  r a d i a t i v e  l i f e t i m e .  TO i s  
ob ta ined  by measuring t h e  IR quantum e f f i c i e n c y  a t  room' temperature as above 
m e n t i o n e d .  To  has been v e r i f i e d  t o  be temperature independant s i nce  i n t e g r a t e d  
abso rp t i on  o f  t he  v i b r o n i c  abso rp t i on  i s  about cons tan t  w i t h  temperature : v i -  
b r o n i c  bands do n o t  c o n t a i n  v i b r a t i o n  f o r ced  e l e c t r i c - d i p o l e  t r a n s i t i o n s .  On t h e  



F ig .  3 : Phonon d e n s i t y  o f  s t a t e s  g(w) 
f o r  Mg FZ, f rom 1151. Energies and cou- 
p l i n g  f a c t o r s  o f  t h e  phonon modes f o r  
mu1 t iphonon n o n - r a d i a t i v e  desexci  t a t i o n  
o f  ~ i 2 +  and ~ 0 2 ' .  

b a s i s  o f  a s i n g l e  f requency (o) model, t he  t r a n s i t i o n  p r o b a b i l i t y  thermal beha- 
v i o u r  f o r  mul t iphonon non r a d i a t i v e  d e s e x c i t a t i o n  can be w r i t t e n  113; : 

where So i s  Huang-Rhys parameter, Wnr(0) the  p r o b a b i l i t y  a t  OK. IN i s  the  m d i -  
f i e d  Besse l  f u n c t i o n  and n = [exp(#'f)-l]-'. The number o f  phonons i n v o l v e d  i s  N 
where N h .U = AE, AE i s  t he  energy gap, namely t he  energy d i f f e r e n c e  between t h e  
l o w e s t  s p i n - o r b i t  l e v e l  i n  t h e  f i r s t  e x c i t e d  s t a t e  and the  h i g h e s t  s p i n - o r b i t  
l e v e l  i n  t h e  fundamental s ta te .  There i s  always a good agreement between the  
t h e o r e t i c a l  curves and the  measured va lues o f  decay ra tes .  Phonon energ ies  de te r -  
mined i n  t h i s  way, correspond t o  m x i m a  o f  t h e  phonon s t a t e s  d e n s i t y  curves f o r  
Mg FZ  ma t r i ces .  For  a l l  m a t e r i a l s  s t u d i e d  here, t he  number o f  phonons i n v o l v e d  i n  
t h e  non r a d i a t i v e  processes i s  between 20 and 30 w i t h  energ ies  v a r y i n g  f rom 200 
t o  400 cm-l w i t h  very  v a r i o u s  c o u p l i n g  f a c t o r s  (Tab le  I). I n  s p i t e  o f  these 
f l u c t u a t i o n s  these parameters are  s i m i l a r  t o  ones g iven i n  o t h e r  works (Mg 0 : 
~ i 2 + ,  h, = 308 cm-1, N = 26 [LO] ; LiGa508 : ~i 2+, hw = 250 cm-l, N = 25 481. 

It must be noted i n  f i g .  3 t h a t  phonon ene rg ies  f o r  non r a d i a t i v e  mu1 ipho-  
non processes remain near average l a t t i c e  energy. 

I n  Mg A12 O,, : N i2+  we have n o t  a t  hand any s t a t e s  d e n s i t y  curves b u t  t he  
va lue  (409 cm 1 ) i s  no doubt much lower  than the  c u t - o f f  f requency i n  an oxyde 
( u s u a l l y  600 cm-1). 

Another impor tan t  f a c t  has t o  be n o t i c e d  ; i t  i s  t he  apparent v a r i a t i o n  o f  
t h e  c o u p l i n g  f a c t o r  S, as a f u n c t i o n  o f  concen t ra t i on .  Th i s  e f f e c t  o f  concent ra-  
t i o n  s e n s i t i v e  electron-phonon c o u p l i n g  was a l ready  n o t i c e d  f o r  r a d i a t i v e  t r a n s i  - 
t i o n s  1141. However, f o r  r a d i a t i v e  t r a n s i t i o n s ,  i t i s  d i f f i c u l t  t o  avo id  comple- 
t e l y  any reabso rp t i on  on the  o-phonon l i n e  a t  h i ghe r  concen t ra t i on  and c o u p l i n g  
parameter determined from s i d e  bands t o  0-phonon i n t e n s i t y  may c o n t a i n  some e r -  
r o r s .  Here f o r  t he  f i r s t  t ime an analogous phenomena i s  observed i n  a i n o r g a n i c  
m a t e r i a l  d i r e c l t y  f o r  non - rad ia t i ve  t r a n s i t i o n s  so w i t h o u t  such u n c e r t a i n t y .  
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3. Conc lus ion 

L u m i n e s c e n t  and a b s o r p t i o n  exper iments  have been c a r r i e d  o u t  on many N i  
2 + 

and ~ 0 2 '  doped systems. Among these m a t e r i a l s ,  Mg A1 -0,. : ~i 2+ i s  a new compound 
f o r  t unab le  l a s e r  a p p l i c a t i o n s .  Un fo r tuna te l y  non r a j l a t ~ v e  desexci  t a t i o n  proces- 
ses i n  Mg A1 0 : ~i 2+ are  dominat ing  even a t  low temperature ( q  = 10 %, Wnr(o) 
= 570 sec-1 g t  b 0  K) which w i l l  reduce cons ide rab l y  t h e  l a s e r  c a p a b i l i t i e s  o f  
t h i s  m a t e r i a l .  So, though be ing  o f  i n t e r e s t  f o r  t h e  wavelength domain covered by 
i t s  i n f r a r e d  emiss ion (1.1 ,,m ,m;. ,: 1.5 ,,m), Mg A12 0, : Ni2+ does n o t  seem i n  
t h e  l o n g  r u n  t o  be a very  good l a s e r  cand idate .  

The I R  f l uo rescence  l i f e t i m e  se l f -quench ing a l l owed  us t o  d e f i n e  concent ra-  
t i o n  l i m i t s  f o r  n i c k e l  (=  5 %) and c o b a l t  ( =  1 % t o  2 %) i n  Mg F and K Zn F . 
Beyond these l i m i t s  t he  q u a l i t y  o f  t h e  l a s e r  emission w i l l  be ce r ta3n l y  cornprom?- 
sed. 

The dependence o f  t he  e l  ectron-phonon coup1 i ng as f u n c t i o n  o f  t h e  concen- 
t r a t i o n  i s  n o t  q u i t e  understood, a c t u a l l y  t h i s  e f f e c t  and i t s  o r i g i n s  and conse- 
quences a re  under i n v e s t i g a t i o n .  As i n  1141 t h i s  phenomena should be cons idered 
as a new se l f -quench ing process t o  be taken i n t o  account when d i r e c t  resonnant o r  
phonon a s s i s t e d  energy t r a n s f e r s  c ross  r e l a x a t i o n  do n o t  e x i s t .  However f rom 
1141 t h e  a b s o l u t e  v a l u e  o f  Wnr(T) should i nc rease  much more than i t  i s  observed 
when t h e  S c o u p l i n g  f a c t o r  increases even s l i g h t l y  because a f a c t o r  S/ i s  h idden 
i n  Wnr(0). 
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