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A B S T R A C T  

The detai ls  of  pho to luminescence  and exci ta t ion  spectra  of  p o w d e r  phosphors  were  obta ined  at var ious  t empera tu res  
b e t w e e n  6 and 300 K. At 300 K, two emiss ion  bands  or iginat ing f rom the  ~T2g(5d) --~ 2F7/2, 2F.~/2(4f) t ransi t ions  are observed  at 
480 and  535 n m  for S rS :Ce  3+ and at 470 and 527 n m  for S r S e : C e  3+, r e spec t ive ly .  In  t he  exc i t a t i on  spect ra ,  bands  corre-  
spond ing  to the  ~Fsn(4f) --* 2T2g(5d) t ransi t ion are observed  at 433 (SrS:Ce 3+) and 430 n m  (SrSe:Ce3+), and pla teaus  due  to the  
fundamen ta l  absorp t ion  of  the  hos t  crystals in h igher  energy  region. The  v ibra t ional  s t ructures  on the  emiss ion  and exci-  
ta t ion bands  are analyzed by the  use of  energy  matr ices  in order  to de t e rmine  the  coupl ing  cons tan t  of  spin-orbi t  interac- 
t ion ~ and the  crystal  field paramete rs  V4 Cf~, V~ <D for the  4f orbit .  

A l k a l i n e  ea r th  c h a l c o g e n i d e s  are  k n o w n  as e x c e l l e n t  
h o s t  c rys ta l s  of  p h o s p h o r s .  In  pa r t i cu l a r ,  t he  S r S : C e  3+ 
p h o s p h o r  has  b e e n  i n v e s t i g a t e d  in r e l a t i o n  to its avai la-  
b i l i t y  for  c a t h o d o -  (1) and  e l e c t r o l u m i n e s c e n c e  d e v i c e s  
(2). I ts  p h o t o l u m i n e s c e n c e  (PL) and  e x c i t a t i o n  spec t r a ,  
h o w e v e r ,  a re  n o t  ye t  a n a l y z e d  in de ta i l  f r o m  t h e  s tand-  
po in t  of  the  e n e r g y  terms.  The  4f  orb i t  o f a  Ce 3+ ion  incor-  
po ra t ed  in a crys ta l  is e lec t r ica l ly  s c r eened  by the  5s25p ~ 
e lec t rons ,  whe rea s  the  5d orbi t  spl i ts  in to  the  eg and  t~  or- 
bi ts  u n d e r  the  s t rong  in f luence  of  an O, crys ta l  field. The  
~F7/2 and  2F5/2 states  o r ig ina t ing  f rom the  4f  conf igu ra t ion  
in t h e  LS  a p p r o x i m a t i o n  s l i gh t ly  sp l i t  in to  r e s p e c t i v e  
subs t a t e s  F6, FT, Fs, and  FT, F~ in the  crys ta l  field. The  2T2g 
s ta te  sp l i t s  in to  F7 and  F8 s u b s t a t e s  on a c c o u n t  o f  t he  
s p i n - o r b i t  i n t e r a c t i o n .  O n e  can  o b s e r v e ,  in genera l ,  two  
e m i s s i o n  b a n d s  c o r r e s p o n d i n g  to t he  t r a n s i t i o n s  f r o m  
t h e  l o w e s t  e x c i t e d  s ta te  2T2g to t h e  2F7/2 and  2F.~/2 s ta tes  
(1-5). 

We h a v e  a l r e a d y  i n v e s t i g a t e d  MgS,  CaS,  and  C a S e  
p h o s p h o r s  ac t iva ted  wi th  Ce 3+ ions  (4, 5). In  the  p r e s e n t  
pape r ,  S r S : C e  3+ and  S r S e : C e  3+ p h o s p h o r s  are  s t u d i e d  
and  the  resu l t s  are c o m p a r e d  wi th  those  ob t a ined  in pre- 
v i o u s  i n v e s t i g a t i o n s ,  in o r d e r  to e l u c i d a t e  t h e  e f f e c t  of  
hos t  i ng red ien t s  on the  l u m i n e s c e n c e  of  Ce 3+ ions. 

Experimental 
Preparations.--The h o s t  ma te r i a l ,  S rS ,  was  p r e p a r e d  

by  su l fu ra t ing  the  pur i f ied  s t r o n t i u m  c a r b o n a t e  at  1000~ 
for  50 m i n  in a s t r e a m  of  H~S. On  t h e  o t h e r  hand ,  S r S e  
was  p r e p a r e d  by  r e d u c i n g  t h e  pur i f i ed  s t r o n t i u m  sele-  
h a t e  at 600~ for 70 m i n  in a s t r e a m  of  H2. T h e  p r o d u c t ,  
S rSe ,  was  r e h e a t e d  at 1080~ for 30 min  in N2 in o rde r  to 
s tabi l ize  it  chemica l ly .  T h e  deta i ls  are  d e s c r i b e d  in a pre-  
v ious  pape r  (6). 

We p r e p a r e d  the  S r S : C e  ;+ p h o s p h o r  by  f ir ing the  mix -  
tu re  of  t he  s t r o n t i u m  sulf ide p o w d e r  and  a smal l  a m o u n t  
of  CeF~ (puri ty,  99.99%) at 1000~ for 50 m i n  in N2 + H2S. 
T h e  S r S e : C e  ~+ p h o s p h o r  was p r e p a r e d  in t he  s a m e  m a n -  
ner  by  the  f ir ing of  the  m i x t u r e  of  the  s t r o n t i u m  se len ide  
p o w e r  and  CeF3 at 1050~ for 50 rain in N2, t oge the r  w i th  
a smal l  a m o u n t  of  N a F  as flux. In  the  p r e l i m i n a r y  exper i -  
m e n t s  it was d e t e r m i n e d  tha t  added  N a F  is usefu l  in im- 
p r o v i n g  t h e  l u m i n e s c e n t  e f f i c i ency  of  t he  Ce 3+ c e n t e r s  
and  does  no t  p r o d u c e  any add i t iona l  e m i s s i o n  and exci-  
t a t i o n  b a n d s  in t he  s p e c t r a l  r a n g e  w h e r e  t h e  m e a s u r e -  
m e n t s  were  made .  

X-ray  d i f f rac t ion  pa t t e rns  for t he  f u r n i s h e d  p h o s p h o r s  
s h o w e d  tha t  t h e y  are  w e l l  c ry s t a l l i z ed  in t h e  r o c k  sal t  
t y p e  s t r u c t u r e  (a = 6.02A for  S r S : C e  3+ and  6.25A for  
SrSe:Ce3+; Na  § and tha t  t he re  are no de t ec t ab l e  t races  of  
ca rbona te ,  se lenate ,  or  oxide.  

Present address: Sumitomo Electric Industries, Incorpora- 
ted, Osaka 565, Japan. 

Photoluminescence measurements.--The e x p e r i m e n t a l  
appa ra tu s  used  to o b s e r v e  the  P L  and  exc i t a t i on  spec t ra  
has  b e e n  d e s c r i b e d  in t he  p r e v i o u s  p a p e r  (6). The  
d ig i t a l i zed  da ta  of  t h e  P L  signals  w e r e  s to red  au tomat i c -  
al ly in a f loppy  d i sk  t h r o u g h  a pe r sona l  c o m p u t e r  wi th  a 
G P - I B  in t e r f ace .  T h e  P L  and  e x c i t a t i o n  spec t r a  w e r e  
d r a w n  on an X-Y p lo t t e r  af ter  t he  co r r ec t i on  for t he  spec-  
t ral  sens i t iv i ty  of  t he  s p e c t r o s c o p i c  sys tem.  

Results and Discussion 
Photoluminescence.--Figure 1 shows  the  P L  spec t ra  of  

t h e  S r S : C e  ~+ and  S r S e : C e  ~+ p h o s p h o r s  at 300 and  80 K. 
T h e  e m i s s i o n  b a n d s  I and  I I  c o r r e s p o n d  to t h e  t rans i -  

Wavelength (nm) 
450 500 550 600 

S [ i l i i ] l t I i I I i f S i i l 

(o) ~ SrS:Ce 3+ 

(D 

[ I l u u i v l v I | I I u I [ a i 

(b) SrSe:Ce3+ 

22 20 18 16 
Wave Number (k~ -z) 

Fig. I. Photoluminescence spectra of (a) SrS:CeF3 [0.02 male per- 
cent (m/o)] and (b} SrSe:CeF~ (0.1 m/o); NaF (1 m/o) at 300 and 80 K, 
excited at 434 nm. 
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Fig. 2. Vibrational structures of the emission (curve 1 ) and excitation (curve 2) bands of (a) SrS:CeF3 (0.1 m/o) and (b) SrSe:CeF3 (0.1 m/o); NaF 
(1 m/o) at 6 K. The emission spectra were obtained under the excitation at 435 nm, and the excitation spectra by observing at 530 nm.(c) Energy 
levels of a Ce 3§ ion in an Oh crystal field for the 4f and Sd configurations and electronic transitions (i-vii) realized between them at law 
temperatures. 

t i o n s  f r o m  t h e  ST2g s t a t e  to  t h e  2Fs/2 a n d  2F7/.2 s t a t e s ,  re- 
spec t i ve ly .  T h e  s a d d l e  p a r t  b e t w e e n  t h e  t w o  e m i s s i o n  
b a n d s  b e c o m e s  m a r k e d l y  d e e p e r  a t  80 K o w i n g  to  t h e  
s u p p r e s s i o n  of  l a t t i ce  v i b r a t i o n s  in  t h e  in i t i a l  s ta te .  

F i g u r e  2 s h o w s  t h e  v i b r a t i o n a l  s t r u c t u r e s  o f  t h e  e m i s -  
s i o n  a n d  e x c i t a t i o n  b a n d s  of  t h e  S r S : C e  3+ a n d  S r S e : C e  3+ 
p h o s p h o r s  a t  6 K. T h e  s h a p e  of  t h e  e m i s s i o n  s p e c t r a  
( c u r v e  1) is a l m o s t  s i m i l a r  to  t h a t  o b t a i n e d  a t  80 K 
(Fig.  1), e x c e p t  t h a t  t w o  p h o n o n  s e r i e s  (i, ii) a p p e a r  o n  
t h e  b a n d  I a n d  t h r e e  p h o n o n  se r i e s  (iii, iv, v) o n  t h e  b a n d  
II. O n  t h e  e x c i t a t i o n  b a n d  ( cu rve  2) o n e  c a n  also o b s e r v e  
w e l l - d e f i n e d  t w o - p h o n o n  se r i e s  (vi, vii). T h e  fac t  t h a t  t h e  
zero  p h o n o n  l ine  of  t h e  se r ies  (vii) o n  t h e  e x c i t a t i o n  b a n d  
j u s t  a g r e e s  w i t h  t h a t  of  t h e  se r i e s  (i) o n  t h e  e m i s s i o n  b a n d  
I s u g g e s t s  t h e  e x c i t a t i o n  b a n d  c o r r e s p o n d s  to t h e  2F.~/2 ---> 
2T2g t r a n s i t i o n .  T h e  2F5/2 --~ 2Eg e x c i t a t i o n  b a n d  c a n n o t  b e  
o b s e r v e d ,  b e i n g  m a s k e d  b y  t h e  f u n d a m e n t a l  a b s d r p t i o n .  
T h i s  m a k e s  t h e  h i g h e r  e n e r g y  p a r t  of  t h e  e x c i t a t i o n  spec-  
t r a  a l m o s t  s i m i l a r  to  t h e  d i f f u s e d  a b s o r p t i o n  s p e c t r a  of  
t h e  c o r r e s p o n d i n g  h o s t  p o w d e r  c r y s t a l  (6). I t  is c u t  off, 
t h e r e f o r e ,  f r o m  t h e  f igure.  

T a b l e  I s h o w s  t h e  f e q u e n c i e s ,  0~TO a n d  O~LO, o f  t h e  TO 
a n d  LO p h o n o n s  o f  h o s t  c r y s t a l  (7) a n d  t h e  l o c a l i z e d  
p h o n o n  f r e q u e n c i e s ,  ~ex a n d  o~m, t h a t  is, t h e  i n t e r v a l s  o f  
t h e  p h o n o n  s e r i e s  o b s e r v e d  o n  t h e  e x c i t a t i o n  a n d  e m i s -  
s i o n  b a n d s ,  r e s p e c t i v e l y  [cf. Fig.  2], for  s o m e  a l k a l i n e  
e a r t h  c h a l c o g e n i d e  p h o s p h o r s  a c t i v a t e d  w i t h  Ce 3+ ions .  
O n e  c a n  see  t h e  t r e n d s  r < ~Oex ~ We~ < O~LO for t h e  sul-  
f ides  a n d  ~WO = r = ~m < ~LO for  t h e  s e l e n i d e s .  F u r t h e r  
r e s e a r c h  wi l l  be  n e e d e d  in  o r d e r  to  c l a r i f y  t h e  m e c h a -  
n i s m  p r o d u c i n g  t h e s e  t r e n d s .  

Energy  ma t r i ce s . - -Three  e n e r g y  m a t r i c e s  for  t h e  Fs, FT, 
F8 s u b s t r a t e s  r e s u l t i n g  f r o m  t h e  4f  c o n f i g u r a t i o n  a n d  two  
ene rgy  mat r ices  for the  177, 178 subs t ra t e s  resu l t ing  f rom the  
5d conf igura t ion  are s h o w n  in the  Append ix .  T he  m a t r i x  

e l e m e n t s  of  t h e  f o r m e r  a n d  t h e  l a t t e r  t a k e  t h e  f o r m  of  l in-  
e a r  c o m b i n a t i o n s  in  f o u r  e n e r g y  p a r a m e t e r s  Af, ~f, V4 (D, 
V6 (D a n d  in  t h r e e  o n e s  Ad, ~d, 10 Dq, r e spec t i ve ly .  T h e  no-  
t a t i o n s  Af a n d  Ad m e a n  t h e  e n e r g i e s  o f  t h e  4f  a n d  5d or- 
b i t s ,  r e s p e c t i v e l y ,  w h i l e  ~, a n d  ~d d e n o t e  t h e  c o u p l i n g  
c o n s t a n t s  o f  t h e  s p i n - o r b i t  i n t e r a c t i o n  for  b o t h  t h e  o rb i t s .  
T h e  c r y s t a l  p a r a m e t e r  for  t h e  5d o r b i t  is  d e n o t e d  b y  10 
Dq, w h e r e a s  t h o s e  of  t h e  f o u r t h  a n d  s i x t h  o r d e r s  for  t h e  
4f  o r b i t  b y  V4 (D a n d  V6 (D, r e s p e c t i v e l y .  As  t h e s e  m a t r i c e s  
h a v e  a r a n k  n o t  h i g h e r  t h a n  two ,  t h e  s e c u l a r  e q u a t i o n s  
r e f e r r i n g  to t h e m  c a n  b e  s o l v e d  a l g e b r a i c a l l y .  O w i n g  to  
t h e  s m a l l n e s s  o f  t h e i r  n o n d i a g o n a l  e l e m e n t s ,  e a c h  o n e  o f  
t h e i r  d i a g o n a l  e l e m e n t s  m a y  be  c o n s i d e r e d  as e x p r e s s i n g  
a p p r o x i m a t e l y  t h e  e n e r g y  of  t h e  c o r r e s p o n d i n g  s ta te .  

A n a l y s i s  o f  spec t ra . - -We  d e t e r m i n e d  t h e  v a l u e s  of  t h e  
e n e r g y  p a r a m e t e r s  b y  s a m e  p r o c e d u r e  as  d e s c r i b e d  in  
t h e  p r e v i o u s  p a p e r s  (4, 5). A t  t h i s  t i m e  w e  o n l y  g ive  a n  

Table I. Frequencies (cm -1) of TO and LO 
phonons and localized phonons 

COTG 42)L O ~Oez (Bern 

CaS:Ce 3+ 229 342 278, 282 (a) 294, 293 
(b) 294, 294, 294 

SrS:Ce ~+ 185 282 246, 250 (a) 268, 266 
(b) 267, 268, 266 

CaSe:Ce '~+ 168 220 168, 166 (a) 168, 167 
(b) 169, 168, 168 

SrSe:Ce 3+ 141 201 144, 146 (a) 156, 154 
(b) 155, 153, 153 

References (7) (7) (5) and this work 

The frequencies (a) and (b) correspond to the phonon series on 
the emission bands I and II, respectively. 
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Table II. Comparison of values (cm -~) of energy parameters 

~f V4 (f' Vs (" ~d References 

MgS:Ce ~+ 666.5 2957 638.4 644 (4) 
CaS:Ce 3+ 658.3 2711 486 619 (5) 
SrS:Ce a+ 646.6 2589 339.7 588 This work 
CaSe:Ce 3+ 650.3 2383 317.3 601 (5) 
SrSe:Ce ~+ 652.5 2279 323.7 558 This work 

o u t l i n e  of  t h e  p r o c e d u r e .  R e f e r r i n g  to t he  d i a g o n a l  ele-  
m e n t s  of  t he  two  5d-mat r ices  [A-4], [A-5] and t ak ing  into  
a c c o u n t  the  i nequa l i t y  

lODq > >  ~d > 0 [1] 

o n e  can  con f i rm  tha t  E[FT(2T2g)] > E[Fs(2T2~)], w h e r e  t he  
no t a t i on  E[ ] m e a n s  the  e n e r g y  of  the  s ta te  i nd ica t ed  in 
t h e  b r a c k e t s .  A c c o r d i n g l y  t h e  in i t i a l  s t a te  of  t h e  f ive 
p h o n o n  series  (i) to (v) in Fig. 2 is a s s igned  to the  Fs(~T~,) 
s ta te ,  and  t h e  f inal  s ta tes  o f  t h e  p h o n o n  se r ies  (vi) and  
(vii) are  a s s igned  as s h o w n  in Fig. 2c. F o r  the  5d orbit ,  the  

T h e  v a l u e s  of  t he  e n e r g y  p a r a m e t e r s  c a l c u l a t e d  are  
s h o w n  in T a b l e  I I  t o g e t h e r  w i t h  t h o s e  of  o t h e r  a lka l i ne  
ea r th  c h a l c o g e n i d e  p h o s p h o r s  a c t i v a t e d  w i t h  Ce 3+ ions.  
The  va lue  of  the  p a r a m e t e r  ~f r ema ins  nea r ly  u n c h a n g e d  
for va r ious  hos t  crys ta ls  owing  to the  e lec t r ic  sc reen ing ,  
w h e r e a s  the  va lues  of  ~a, V4 (f), and  V6 (f' dec rease  g radua l ly  
as t h e  ion ic  r a d i u s  o f  h o s t  i n g r e d i e n t s  i nc rea se s .  I t  has  
a lso  b e e n  f o u n d  tha t  t h e  p a r a m e t e r  ~f for  o t h e r  t r i v a l e n t  
rare  ear th  ions  is c o n s p i c u o u s l y  i n d e p e n d e n t  of  hos t  in- 
g red ien t s  (9). 

M a n u s c r i p t  s u b m i t t e d  Jan .  26, 1987; r e v i s e d  m a n u -  
sc r ip t  r e c e i v e d  J u n e  5, 1987. 

O k a y a m a  Univers i ty  assisted in meet ing the publica- 
t ion costs of  this article. 

A P P E N D I X  

Energy Matrices 
1. E n e r g y  m a t r i c e s  for  t h e  4f  c o n f i g u r a t i o n  in an  Oh 

s y m m e t r y  (4, 5) 

3 ? ~  400 V,f  ) [A-l] 
E[Fs(2F~/2)] = Af + ~ - -  ~f + ~ : }  V4(f) + 1287 

FT(2FT/2) 

FT(2Fs/2) 

Fs(2FT/2) 

Fs(2Fs/2) 

FT(2FT/2) FT(2Fs/2) 

3 2 f~ 80 V 'f) 
A f + - ~ - ~ - ~ V ~  r + 429 6 

F~(~Fm) 

4X/5 20~f5 ,f) 
V4 (f) + ~ V s  [A-2] 

77 1 4 3  

Af - 2~f --  y V 4  (f) 

Fs(2F.~/2) 

3 2 320 
Af § -~-~f + 6 ~ - V 4 ( f )  1287 

-4X/3 50~/3 
- - V G  (f) - - V J  ) + V6 (f) [A-3] 

77 429 

Af - 2~f + ~ V 4  (D 

i n e q u a l i t y  [1] and  t h e  s ecu l a r  e q u a t i o n s  r e f e r r i n g  to t h e  
5 d - m a t r i c e s  [A-4], [A-5] l e a d  to t he  a p p r o x i m a t e  e x p r e s -  
s ion 

3 
E[F~(~T2~)] - E[Fs(2r2g)] = ~ -  Ca > 0 [2] 

w h i c h  g ives  i m m e d i a t e l y  t he  v a l u e  of  ~a. On  t h e  o t h e r  
hand ,  r e f e r r i n g  to t h e  d i a g o n a l  e l e m e n t s  of  t h e  t h r e e  
4 f - m a t r i c e s  [A-1]-[A-3] and  t a k i n g  in to  a c c o u n t  t he  
i nequa l i t y  

V4 (f) >> V6 (f) > 0 [3] 

which is valid for the octahedral coordination, we can 
confirm that E[Fs(2FT/2)] > E[FT(2FT/2)], E[Fs(2FT/~)] and that 
E[Fs(~Fs/2)] > E[FT(2Fs/2)]. This permits us to conclude that 
the final state of the phonon series (v) can be identified 
with the F6(2FT/2) state and that those of the phonon series 
(i) and (ii) with the FT(2Fs/2) and Fs(2Fs/2) states, respec- 
tively. The assignment of the two pnonon series (iii) and 
(iv) to the two transitions Fs(2%g) ---> FT, Fs(2FTn) produces 
two possibilities, one of which is to be alternatively 
adopted. The values of the energy parameters for the 4f 
orbit are determined by the method of least squares so 
that the positions of the zero phonon lines and the corre- 
sponding roots of the secular equations may coincide 
with each other as well as possible. The inequality [3] and 
the restriction that ~f should be nearly equal to that of a 
free Ce 3+ ion [= 643.7 cm-' (8)] lead to a unique assign- 
ment as shown in Fig. 2c (4, 5). 

2. 
s y m m e t r y  (4, 5) 

E[FT(2T2g)] = Ad - 4Dq + Ca 

E n e r g y  m a t r i c e s  for t h e  5d c o n f i g u r a t i o n  in an Oh 

[A-4] 

Fs(2E~) Fs(2T2g) 
-2- 

Aa + 6Dq g - = - - ~ a  [A-5] 
~ Z  Fs(ZEg) 

Fs(2T2~) 1 
A a - 4 D q -  ~ d  
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