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ABSTRACT 

We d e s c r i b e  s y s t e m a t i c  H igh -Tempera tu re  S o l u t i o n  c r y s t a l  
g rowth  e x p e r i m e n t s  on Cr ÷= doped GdA10=, where t he  f l u x  and o r  
s o l u t e  s t o i c h i o m e t r y  was changed f o r  p rocess  o p t i m i z a t i o n  t o  
o b t a i n  homogeneous and i n c l u s i o n  f r e e  l a r g e r  c r y s t a l s .  
T r a n s p a r e n t  s i n g l e  c r y s t a l s  up t o  3 . 8  cm = have been grown by 
s low c o o l i n g  t e c h n i q u e  f rom PbO/PbF= f l u x  c o n t a i n i n g  o t h e r  
o x i d e s  as a d d i t i v e s .  S t a b l e  g rowth  c o n d i t i o n s  were a l s o  n o t e d .  

MATERIALS INDEX: r a r e - e a r t h s ,  a l u m i n a t e s ,  o x i d e s ,  chromium, 
g a d o l i n i u m ,  

I n t r o d u c t i o n  

The r a r e  e a r t h  a l u m i n a t e s  a re  o f  c o n s i d e r a b l e  i n t e r e s t  on 
account  o f  t h e i r  o p t i c a l  and magnet ic  p r o p e r t i e s  ( 1 , 2 , 3 )  and 
t e c h n o l o g i c a l  a p p l i c a t i o n s .  The p e r o v s k i t e  s t r u c t u r e s  a re  s t r o n g  
c a n d i d a t e s  f o r  s o l i d  s t a t e  l a s e r s  as t h e  hos t  m a t e r i a l  f o r  Cr ÷= 
and Nd ~= i n  cub i c  and c e n t r o s y m m e t r i c  s i t e s ,  a c o n d i t i o n  
necessary  f o r  o b t a i n i n g  long f l u o r e s c e n c e  l i f e t i m e s  ( 4 ) .  The 
f a c t o r  t h a t  r e s t r i c t s  t he  t e c h n o l o g i c a l  a p p l i c a t i o n  o f  t he  
SdA10=: Cr *= s o l i d  s o l u t i o n s  i n  those  systems was been t he  
i n h o m o g e n e i t y  and t he  d i f f i c u l t i e s  i n  o b t a i n i n g  l a r g e  and h igh  
p e r f e c t i o n  s i n g l e  c r y s t a l s .  In t h i s  paper ,  we d e s c r i b e  s y s t e m a t i c  
GdA10=:Cr ÷= c r y s t a l  g row th  us ing  H igh -Tempera tu re  S o l u t i o n  and 
C z o c h r a l s k i  methods. 

E x p e r i m e n t a l  

The Cr ÷= doped GdA10= s i n g l e  c r y s t a l s  were grown by 
C z o c h r a l s k i  and f l u x  methods.  However we c o u l d  o n l y  o b t a i n  h igh  
q u a l i t y  s i n g l e  c r y s t a l s  f rom the  f l u x  method due t he  deve lopment  
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of  c racks  i n  a l l  t he  s i n g l e  c r y s t a l s  grown i n  t he  C z o c h r a l s k i  
method. These macroscopic  d e f e c t s  a re  a t t r i b u t e d  t o  a s t r u c t u r a l  
phase t r a n s i t i o n  d u r i n g  t h e  a n n e a l i n g  process a t  t e m p e r a t u r e s  
near  18000C ( 5 ) .  

The h igh  q u a l i t y  and homogeneous Cr ÷= doped GdA10= s i n g l e  
c r y s t a l s  were grown by usua l  f l u x  e x p e r i m e n t s  c a r r i e d  o u t  i n  
sea led  p l a t i n u m  c r u c i b l e s  as d e s c r i b e d  p r e v i o u s l y  ( 6 ) .  The 
a c c e l e r a t e d  c r u c i b l e  r o t a t i o n  t e c h n i q u e  (7) was a l s o  used i n  some 
e x p e r i m e n t s  f o r  t o  homogenize t he  l i q u i d  phase and t o  c o n t r o l  t h e  
n a t u r a l  c o n v e c t i o n .  The e x p e r i m e n t a l  and t h e o r e t i c a l  t e m p e r a t u r e  
programs~ based on maximum s t a b l e  g rowth  r a t e  c r i t e r i a  (8)~ 
c a r r i e d  o u t  i n  most o f  our  c r y s t a l  g rowth  exper iments~  a re  shown 
in  t he  f i g u r e  1. The n u c l e a t i o n  c o n t r o l  method was t h e  same 
d e s c r i b e d  b e f o r e  ( 9 ) .  
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FIG. I 
The e x p e r i m e n t a l  and t h e o r e t i c a l  t e m p e r a t u r e  programs~ based on 
t he  maximum s t a b l e  g rowth  r a t e  c r i t e r i a  a f t e r  (8) 
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TABLE I 
High-Temperature S o l u t i o n  Growth Exper iments 

C r  ~=  S t o i c h i o m e t r i c  C r y s t a l s  
Exp. Charge c o n c e n t r a t i o n  d e v i a t i o n  = s i z e  and 

(mol%) (mol%) Sd=O=(mol%) remarks 
Gd=O= 8.7 
AI=O= 7.5 23x21x8 mm ~ 
Cr=O= 0 . I  c l e a r  

1 PbO 42.5 1.7 16 (see t e x t )  
(ACRT) P b F =  3&.1 7x7x5 mm = 

B=O= 4.& c l e a r  
PbO= 0 .5  
Gd=O= 8.& 
Al=O= 7.4 
Cr=O= 0.4 

2 PbO 42.5 5.0 I b  12x8x7 mm ~ 
PbF= 36.1 9x8x& mm = 
B=O= 4.5  c l e a r  
PbO= 0.5 
Gd=O= 8.0  
AI=O~ &.4 
Cr=O = O.& 

3 PbO 43.2 9.1 27 7xlOx2 mm = 
PbF= 36.7 5x4x3 mm ~ 
B=O= 4.6 c l e a r  
PbO= 0 .5  
Gd=O= 11.9 
Al=O= 10.2 15xlOx5 mm = 
Cr=O= 1.0 i n te rg rown  

4 PbO 37.2 i 0 . i  l& c r y s t a l s  w i t h  
PbF= 31.8 i n c l u s i o n s  
B=O~ 7.5  
PbO= 0.4 
Gd=O= 12.1 
AI=O= 10.5 lOxbx2 mm = 
CrmO~ 1.1 i n te rg rown  

5 PbO 38.3 10.1 l a  E lear  c r y s t a l s  
PbF= 32.7 
B=O= 3.8 
V=O= 1.5 
Gd=O= 11.8 
Al=O= 10.2 
Cr=O= 1.0 

& PbO 37.2 10.1 l& Bx5x3 mm = 
PbF= 31.7 c l e a r  
B=O= 7.5  
V=Om O.b 
Gd=O= 7.4 
Al=O= 10.7 
Cr=O= 0.8 

7 PbO 38.1 7.5 -31 hopper growth 
PbF= 34.7 
B=O= ~7.0  
V:O= 1.3 

$ - d e v i a t i o n  between the r a t i o  Sd/A1 = 1 (see t e x t )  

I I r 
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From the  maximum s t a b l e  g rowth  r a t e  c r i t e r i a  we can 
d i s t i n g u i s h ,  f o r  e x p e r i m e n t  i ,  two g rowth  c o n d i t i o n s :  a ) u n s t a b l e  
g row th ,  b ) s t a b l e  g r o w t h .  In t h i s  e x p e r i m e n t  t he  t r a n s i t i o n  t o  
s t a b i l i t y  c o n d i t i o n s  occu r red  near  1500 K and 2 ,9  mm c r y s t a l  
s i z e .  

To o p t i m i z e  t h e  c r y s t a l  g rowth  e x p e r i m e n t s ,  s e v e r a l  f l u x  
c o m p o s i t i o n s  were t r i e d .  These s t a r t i n g  m a t e r i a l s  and t h e  r e s u l t s  
o f  t he  main e x p e r i m e n t s  a re  shown i n  t h e  Tab le  I .  A l l  f l u x  
c o m p o s i t i o n s  were based on i n t r i n s i c  p r o p e r t i e s  r e l a t e d  
p r e v i o u s l y  by s e v e r a l  a u t h o r s  ( I 0 ) .  The ma jo r  s o l v e n t  
c o n s t i t u e n t s  have a low e u t e c t i c  t e m p e r a t u r e  (490 C; 66 mol% o f  
PbF=), h i gh  s o l u b i l i t y  f o r  t he  c r y s t a l  c o n s t i t u e n t s  and s u i t a b l e  
v i s c o s i t y  a t  g rowth  t e m p e r a t u r e  t h a t  can c o n t r i b u t e  t o  mass 
t r a n s p o r t .  The a d d i t i v e  compounds (B=O=~ PbO= and V=O~) a re  
i m p o r t a n t  as o x i d i z i n g  agen ts  and t o  c o n t r o l  t he  n u c l e a t i o n  
r a t e s ,  p r o b a b l y  by i n c r e a s i n g  t he  w i d t h  o f  t he  m e t a s t a b l e  
r e g i o n s .  

From t h e  s o l v e n t  system PbO-PbF= we cou ld  o b t a i n  t he  bes t  
r e s u l t s  i n  t he  p r e p a r a t i o n  o f  t he  Cr ÷= doped 8dA10= when we 
added B=O= and PbO= as a d d i t i v e s .  In  t h i s  e x p e r i m e n t ,  l a r g e  a r e a ,  
c l e a r ,  and i n c l u s i o n s  f r e e  s i n g l e  c r y s t a l  were grown. The 
i n c l u s i o n s  a re  p r e s e n t  o n l y  near  t he  n u c l e a t i o n  r e g i o n  as 
e s t i m a t e d  by t he  maximum s t a b l e  g rowth  r a t e  c o n d i t i o n s .  A l l  
changes i n  t he  s o l v e n t  c o m p o s i t i o n ,  however ,  can mod i f y  s t r o n g l y  
t he  e f f e c t i v e  s e g r e g a t i o n  c o e f f i c i e n t  ( 9 ) .  

R e s u l t s  

In a l l  t h e  e x p e r i m e n t s  ( e x c e p t  i n  run 7) an excess o f  Gd=O= 
was added ( n o n - s t o i c h i o m e t r i c  c o m p o s i t i o n )  t o  a v o i d  a decrease i n  
t he  Gd ÷~ c o n c e n t r a t i o n  i n  t h e  s o l u t i o n  which m igh t  GdOF f o r m a t i o n  
d u r i n g  t h e  c r y s t a l l i z a t i o n  p rocess .  S t o i c h i o m e t r i c  d e v i a t i o n s  i n  
most o f  t h e  e x p e r i m e n t s ,  was 16%. I n c r e a s i n g  t he  d e v i a t i o n  t o  27% 
an i n c r e a s e  i n  the  n u c l e a t i o n  r a t e ,  w i t h o u t  change i n  t h e  
c r y s t a l s  q u a l i t y  was n o t e d .  

Working w i t h  a s t o i c h i o m e t r i c  d e v i a t i o n  i n  t he  Al=O= 
d i r e c t i o n  ( run  7 ) ,  we o n l y  cou ld  grow poor  q u a l i t y  s i n g l e  
c r y s t a l s  (hopper  g r o w t h ) .  

The bes t  r e s u l t s  i n  t h e  p r e p a r a t i o n  o f  t he  chromium doped 
GdAIO= were o b t a i n e d  i n  runs i ,  2 and 3 where t he  s o l v e n t  
c o m p o s i t i o n  was keep c o n s t a n t  a t  42.5% PbO; 36.1% PbF=; 0.5% PbO= 
and 4.6% B=O= (mo la r  r a t i o ) .  These e x p e r i m e n t a l  r e s u l t s  a l l o w e d  
us t o  v e r i f y  t he  hydrodynamic c o n t r o l ,  t he  s t o i c h i o m e t r i c  
d e v i a t i o n ,  and t he  dop ing  c o n c e n t r a t i o n  i n f l u e n c e s  on t he  g rowth  
p rocess .  The bes t  c o m b i n a t i o n  o f  these  paramete rs  was done i n  
e x p e r i m e n t  i ,  t h a t  a s s o c i a t e d  w i t h  a s u i t a b l e  t e m p e r a t u r e  program 
( e x c e p t  i n  t he  n u c l e a t i o n  r e g i o n )  p r o v i d e  l a r g e  and n e a r l y  
homogeneous, f r e e  i n c l u s i o n s  s i n g l e  c r y s t a l s .  

The s o l v e n t  c o m p o s i t i o n  e f f e c t s  can be e v a l u a t e d  i n  t he  
e x p e r i m e n t  4. Th is  s o l v e n t  c o m p o s i t i o n  has a s l i g h t  m o d i f i c a t i o n  
i n  t he  PbO and PbF= r e l a t i o n ,  whereas t h e  B=O= q u a n t i t y  was 
d r a s t i c a l l y  i n c r e a s e d .  Under these  c o n d i t i o n s  we cou ld  o b t a i n  
l e ss  f a v o r a b l e  r e s u l t s .  

In t he  e x p e r i m e n t s  5, 6 and 7 t h e  PbO= a d d i t i v e  was 
r e p l a c e d  by V=Om in  t he  s o l v e n t  c o m p o s i t i o n .  W h e n  the  
s t o i c h i o m e t r i c  d e v i a t i o n ,  t he  dop ing  c o n c e n t r a t i o n ,  and t h e  ma jo r  
s o l v e n t  c o n s t i t u e n t s  were kep t  c o n s t a n t s ,  as i n  runs 5 and 6,  we 
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cou ld  v e r i f y  t h a t  t h e  s i n g l e  c r y s t a l  q u a l i t y  was improved when 
the  V=O= and B=O= c o n c e n t r a t i o n  was i n c r e a s e d .  The bad r e s u l t  i n  
e x p e r i m e n t  7 we can a t t r i b u t e  t o  an excess o f  AI=O= s i n c e  o t h e r  
parameters  were i n t e r m e d i a t e  between e x p e r i m e n t s  w i t h  b e t t e r  
resu I t s .  

The Cr ÷= dop ing c o n c e n t r a t i o n  and t h e  Pb s o l v e n t  
i n c o r p o r a t i o n  was de te rm ined  by e l e c t r o n  m ic rop robe  t e c h n i q u e  i n  
s e v e r a l  samples.  ( F i g u r e  2 ) .  
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FIG. 2 
Cr+3 c o n c e n t r a t i o n  and Pb i n c o r p o r a t i o n  p r o f i l e s  i n  t he  l a r g e r  
c r y s t a l  grown i n  e x p e r i m e n t  I .The d i s t a n c e  (d)  was measured from 
the  n u c l e a t i o n  p o i n t .  

The p r o f i l e  f o r  t h e  Cr ~= c o n c e n t r a t i o n  does n o t  obey 
a c c u r a t e l y  t h e  Burton~ Pr im and S l i c h t e r  e q u a t i o n  (11) f o r  a 
K . ~ = 0 . 3 8  ( 9 ) .  The Cr ÷= d i s t r i b u t i o n  i s  n e a r l y  c o n s t a n t  i n  a l l  
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c r y s t a l s  whereas the Pb i n c o r p o r a t i o n  has a maximum in  the 
nuc lea t ion  p o i n t  dues probablys to  i n s t a b l e  growth as est imated 
from the ca l cu l a ted  temperature program. 

Conclusions 

We can grow~ using a s u i t a b l e  so lven t  composi t ion and 
temperature program, la rge  and near l y  homogeneous Cr ÷= doped 
GdAIO= s i n g l e  c r y s t a l s .  Pb so lven t  i m p u r i t y  contaminat ion was 
a lso observed in  most of  the c rys ta l ss  mainly in  the nuc lea t ion  
regions where unstab le  growth was p red i c t ed .  In the region of  
high Pb i m p u r i t y  i n c o r p o r a t i o n ,  a low Cr ÷= doping concen t ra t ion  
was noted. This r e l a t i o n s h i p  was observed in  a l l  c r y s t a l s .  
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