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i i

ABSTRACT

T h is  s tu d y  d e a ls  w i th  p r e p a r a t i o n  and m a g n e tic  p r o p e r t i e s  o f  

g a r n e t  compounds c o n ta in in g  r a r e  e a r t h  io n s  and scan d iu m  io n s  on 

two c r y s t a l l o g r a p h i c  s i t e s :  th e  d o d e c a h e d ra l  and t h e  o c ta h e d r a l .

A num ber o f  compounds o f  t h e  ty p e s  ^ R ^ ^ r  ^  r^  Ga2 - Ga3 )

°12'  W  [ Sc2l  ( Fe2 Ga3 - * ) ° 1 2 '  { R3-y  Scy } C Sc2 l

(r e s ')  ° 1 2 1 and { E3-y ry} [  r 2 1  f Fe2 Ga3 - * 1  °12'  "here
3+ 3+R s ta n d s  f o r  l a r g e  r a r e  e a r t h  io n s  su c h  as  Nd and  P r  , r  s ta n d s

3+ 3+ 3+  3+ 3 4 .
f o r  s m a l l  r a r e  e a r th  io n s  su c h  a s  Lu , Yb , Tm , E r , Ho , and 

3+Dy , was p r e p a r e d .  D i s t r i b u t i o n  o f  r a r e  e a r t h  io n s  was s tu d i e d  in  

r a r e  e a r t h  g a l l iu m  g a r n e ts  i n  o r d e r  to  d e te rm in e  l i m i t s  o f  e x is t e n c e  

o f  g a l l iu m  g a r n e t s  w i th  b o th  d o d e c a h e d ra l  and o c ta h e d r a l  s i t e s  f u l l y  

o c c u p ie d  by  r a r e  e a r t h  i o n s .  A tte m p ts  w ere  made to  r e p l a c e  t e t r a h e -  

d r a l l y  c o o r d in a te d  g a l l iu m  i n  su c h  compounds by t r i v a l e n t  i r o n  io n s .

In  a d d i t i o n ,  a t te m p ts  w ere  made to  p r e p a r e  r a r e  e a r t h  i r o n  g a r n e t  

compounds w i th  i r o n  f u l l y  r e p la c e d  by scand ium  on th e  o c t a h e d r a l  s i t e s .

A l l  p r e p a r a t i o n s  w ere  made by s o l i d  s t a t e  r e a c t i o n s  among o x id e s  

o f  p e r t i n e n t  io n s  a t  e le v a te d  t e m p e r a tu r e s .  The r e s u l t s  o f  r e a c t i o n s  

w ere  ch eck ed  by X -ray  d i f f r a c t i o n .  C o m p o sitio n s  o f  r e a c t a n t  m ix tu re s  

w ere  v a r i e d  u n t i l  s i n g l e  p h a s e  compounds w ere  o b ta in e d .  S in g le  p h a se  

compounds w ere  s u b je c te f to  m a g n e tic  m easu rem e n ts . M a g n e tic  s u s c e p t i ­

b i l i t i e s  a s  f u n c t io n s  o f  te m p e ra tu re  w ere  m easu red  w i th  a  F a ra d a y  

a p p a r a tu s ,  and C u r ie  c o n s ta n t s  w ere  c a l c u l a t e d  and com pared w ith  

t h e o r e t i c a l  v a lu e s .



In  s t u d i e s  o f  i o n i c  d i s t r i b u t i o n ,  i t  h a s  b e e n  fo u n d  t h a t  th e

3+ 3+p la c e m e n t o f  l a r g e  r a r e  e a r t h  io n s  su ch  a s  Nd o r  P r  on th e

d o d e c a h e d ra l  s i t e s  opens up th e  l a t t i c e  so  t h a t  s m a l l  r a r e  e a r t h  

io n s  may e n t e r  th e  o c ta h e d r a l  s i t e s .  F o r  c a se s  w here  th e  s m a l l

w ere p r e p a r e d .  To p r e p a r e  s i n g l e  p h a se  compounds w ith  r  io n s  l a r g e r  

3+th a n  Lu , i t  was n e c e s s a ry  to  p l a c e  s im u l ta n e o u s ly  d e te rm in e d  

minimum am ounts o f  r  i n  th e  d o d e c a h e d ra l  p o s i t i o n s  a c c o rd in g  to  th e

v a lu e  o f  y  i n c r e a s e s  as  th e  d i f f e r e n c e  i n  i o n i c  r a d i i  o f  io n s  o c ­

cupy ing  th e  d o d e c a h e d ra l  and th e  o c ta h e d r a l  s i t e s  d e c r e a s e s .  T rends 

found  i n  i r o n  sy s te m s  w ere  c o n s i s t e n t  w i th  th e s e  f i n d i n g s .  The r e ­

s u l t s  o f  m a g n e tic  m easu rem en ts i n d i c a t e  p a ra m a g n e tic  b e h a v io r  f o r  

a l l  g a r n e t s  w h ich  do n o t  c o n ta in  i r o n  i o n s .  R e s u l t s  o f  m easu rem en ts  

on g a r n e t  compounds w here th e  t e t r a h e d r a l  s i t e s  c o n ta in  i r o n  a t  

l e a s t  to  some e x te n t  show m ore c o m p lic a te d  m a g n e tic  b e h a v io r  w here  

f e r r im a g n e t i c  i n t e r a c t i o n s  a r e  m ore l i k e l y  to  be  e x p e c te d .

r a r e  e a r t h  was L u , s in g l e  p h a s e  g a r n e t s 0 12

g e n e r a l  fo rm u la  | ^ 3 _y
{'

R e q u ire d  minimum
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1.
I .  INTRODUCTION

1 .1  C l a s s i f i c a t i o n  o f  S o l id  S u b s ta n c e s

S o l id s  i n  c r y s t a l l i n e  fo rm  can  be  s im p ly  c l a s s i f i e d  on th e  

b a s i s  o f  th e  sy m m etrie s  o f  t h e i r  c r y s t a l  s t r u c t u r e s .  I n  th e  c a se  

o f  an  i d e a l  c r y s t a l  w i th o u t  any d e f e c t s  w h ic h  w ou ld  b e  form ed by 

th e  r e p e t i t i o n  o f  t h e  b a s i c  c e l l  o f  atom s o r  i o n s ,  t h e r e  alw ays e x i s t  

p o in t s  and d i r e c t i o n s  w h ich  a r e  e q u iv a le n t .  Symmetry o p e ra t io n s  

w h ich  t r a n s fo r m  p o i n t s  o r  d i r e c t i o n s ,  and by  so  d o in g  th e  c r y s t a l  

i s  t ra n s fo rm e d  i n t o  i t s e l f ,  d e f in e  th e  " s p a c e  g ro u p "  o f  an c r y s t a l .  

T h e re  e x i s t  230 su c h  g ro u p s  f o r  c l a s s i f i c a t i o n  o f  c r y s t a l s .

V ery o f t e n ,  p h y s ic a l  p r o p e r t i e s  o f  t h e  c r y s t a l  a r e  r e l a t e d  to  

d e f i n i t e  d i r e c t i o n s  i n  th e  c r y s t a l s .  U sing  sym m etry e le m e n ts  ex ­

c lu d in g  t r a n s l a t i o n s ,  sym m etry " p o in t  g ro u p s"  w h ich  d e f in e  32 

c r y s t a l l o g r a p h i c  c l a s s e s  a r e  d e v e lo p e d . D e te rm in a t io n  o f  th e  

c r y s t a l l o g r a p h i c  c l a s s  and a s s ig n m e n t o f  one  o f  th e  230 sp a c e  g ro u p s  

to  th e  c r y s t a l  i s  o f  b a s i c  im p o r ta n c e  b e c a u s e  i t  a l lo w s  a s y s te m a t ic  

c l a s s i f i c a t i o n  o f  s o l i d  m a t te r s  and i t  c r e a t e s  a  d e f in e d  sy stem  o f  

them  ( 1 ) .

When th e  atom s o r  io n s  i n  th e  c r y s t a l  p o s s e s s e s  a  m ag n e tic  mo­

m ent and when th e s e  moments a r e  o rd e re d  in  some d e f i n i t e  m anner, th e  

m a g n e tic  s t r u c t u r e  o f  su c h  a c r y s t a l  can b e  d e f in e d  ( 2 ) .  The p e r i o ­

d i c i t y  o f  th e  m a g n e tic  s t r u c t u r e  g e n e r a l ly  may n o t  be  t h e  same a s  t h e  

p e r i o d i c i t y  o f  th e  c r y s t a l  l a t t i c e ,  and t h e r e f o r e  th e  c r y s t a l l o g r a p h i c  

and m a g n e tic  u n i t  c e l l s  may o r  may n o t  be i d e n t i c a l .  By a n a lo g y  

w i th  th e  c r y s t a l l o g r a p h i c  s t r u c t u r e ,  th e  m a g n e tic  s t r u c t u r e  a ls o  h a s



sym m etry e le m e n ts  w h ich  fo rm  a  g ro u p . H ow ever, due to  t h e  v e c to r  

c h a r a c t e r  o f  th e  m a g n e tic  m om ent, th e  num ber o f  p o s s ib l e  sym m etry 

e le m e n ts  o f  m a g n e tic  s t r u c t u r e s  i s  much g r e a t e r  th a n  i n  c a s e  o f  

c r y s t a l l o g r a p h i c  s t r u c t u r e s .  The g r e a t  num ber o f  sym m etry e le m en ts  

l e a d s  to  a  g r e a t e r  num ber o f  p o s s ib l e  "m a g n e tic  g r o u p s " ,  1651 i n  

a l l  ( 3 ) .

Such a  l a r g e  num ber o f  g ro u p s  i s  h a r d ly  p r a c t i c a l  f o r  u se  in  

c l a s s i f i c a t i o n .  I t  i s  m ore p r a c t i c a l  to  b a s e  th e  c l a s s i f i c a t i o n  o f 

s o l i d s  on p h y s ic a l  p r o p e r t i e s ,  su c h  as ty p e  o f  b o n d in g , e l e c t r i c  o r  

m a g n e tic  p r o p e r t i e s ,  ev en  i f  i t  i s  to o  b ro a d  and i n a c c u r a t e .  The 

c o m b in a tio n  o f  th e  se c o n d  way o f  c l a s s i f i c a t i o n  o f  s o l i d s  w i th  c r y s t a l  

s t r u c t u r e  c l a s s i f i c a t i o n  g iv e s  g ro u n d s f o r  a n a ly s e s  o f  p h y s ic a l  

p r o p e r t i e s  w i th  r e g a r d  t o  sym m etry and th e  c r y s t a l  s t r u c t u r e  ty p e  

i n  any p a r t i c u l a r  c a s e .

As an  exam ple o f  t h i s  a p p ro a c h , e x te n s iv e  s t u d i e s  co n d u c te d  on 

m a g n e tic  o x id e s  can  b e  c i t e d  h e r e .  Some c o l l e c t i v e  phenom ena such  

a s  f e r r i ,  a n t i f e r r i ,  and  f e r r i - m a g n e t i s m  a r e  o f  i n t e r e s t  i n  s tu d i e s  

o f  m a g n e tic  o x id e s .  E x c lu d in g  f e r ro -m a g n e tis m  w h ich  i s  s c a r c e  in  

o x id e  s y s te m s ,  th e r e  i s  one n e c e s s a r y  c o n d i t io n  f o r  t h e s e  phenomena 

t o  o c c u r ,  and t h a t  i s  t h e  p r e s e n c e  o f  s u b l a t t i c e s  i n  th e  c r y s t a l  

s t r u c t u r e .  How ever, f e r ro m a g n e tis m  can  a l s o  o c c u r  i n  th e  c r y s t a l  

s t r u c t u r e  c o n ta in in g  o n ly  one ty p e  o f  e q u iv a le n t  p o s i t i o n s  a s ,  f o r  

i n s t a n c e ,  i n  th e  NaCl s t r u c t u r e .  On a n a ly z in g  th o s e  c a s e s  more 

c l o s e l y ,  i t  was found t h a t  lo n g  d i s t a n c e  o r d e r  o f  d i f f e r e n t  io n s  on 

th e s e  p o s i t i o n s ,  i . e . ,  a  " s u p e r  s t r u c t u r e " ,  i s  n eed ed  to  y i e l d  f e r ­

ro m a g n e tism .



3.
The d i f f e r e n t  s t r u c t u r e s  y i e l d i n g  m a g n e tic  m a t e r i a l s  can  be  

g e n e r a l l y  sum m arized i n  T a b le  1 .1  ta k e n  from  ( 4 ) .

T a b le  1 .1

S t r u c t u r e  Type
Number o f  Non­
e q u iv a l e n t  Sub­
l a t t i c e s

C o o rd in a t io n  
Number o f  Sub­
l a t t i c e s

M ag n etic
S t r u c tu r e

NaCl 1 6 AF, F , F i
P e r o v s k i t e 2 6 , 1 2 A F,F,W F,Fi
S p in e l 2 4 ,6 F i ,F  ,AF
M a g n e to p lu m b ite More th a n  3 4 ,5 , 6 ,  (12) F i
I lm e n i t e 1 6 W F,AF,Fi
G a rn e t 3 4 ,6 ,8 F i ,AF

F -  F e rro m ag n e tism  
F i  -  F e r r im a g n e tis m  
WF -  Weak F e rro m ag n e tism  
AF -  A n tife r ro m a g n e tis m

The g a r n e t  s t r u c t u r e  i s  i n  some r e s p e c t s  d i f f e r e n t  from  th e  o th e r s  

i n  th e  above t a b l e .  T h is  s t r u c t u r e  i s  n o t  b a s e d  on c lo s e - p a c k e d  o x id e  

i o n s ,  and t h i s  f a c t  im poses some d i f f i c u l t i e s  i n  m a th e m a tic a l  d e s c r ip ­

t i o n  o f  r e l a t i o n s  o f  l a t t i c e  c o n s ta n t s  to  i o n i c  r a d i i  o f  p e r t i n e n t  io n s .  

On th e  o t h e r  h a n d , th e  p r e s e n c e  o f  t h r e e  n o n e q u iv a le n t  ty p e s  o f  c a t io n  

p o s i t i o n s  in t r o d u c e s  a  g r e a t  f l e x i b i l i t y  i n  v a r y in g  p h y s i c a l  p r o p e r t i e s  

o f  t h e  g a r n e t s  by  ch a n g in g  i o n i c  d i s t r i b u t i o n  among th e  d i f f e r e n t  

s u b l a t t i c e s .

1 .2  C l a s s i f i c a t i o n  o f  M a g n e tic  P r o p e r t i e s

From th e  m a c ro sc o p ic  p o i n t  o f  v ie w , m a g n e tic  p r o p e r t i e s  o f  a 

compound a r e  c l a s s i f i e d  by means o f  b e h a v io r  o f  a  compound i n  a  

m a g n e tic  f i e l d .  The m a g n e tic  f i e l d  c a u se s  m a g n e t iz a t io n  o f  a  com­

pound w h ich  r e s u l t s  i n  m a g n e tic  m om ent. T h is  m a c ro s c o p ic  moment i s



r e l a t e d  t o  th e  p re s e n c e  o f  e le m e n ta ry  moments i n  m a t t e r .  Such 

e le m e n ta ry  m a g n e tic  moments a r e  e i t h e r  in d u ce d  by th e  m a g n e tic  

f i e l d ,  o r  e l s e  a r e  p e rm an en t and in d e p e n d e n t o f  th e  o u t e r  m a g n e tic  

f i e l d .

I f  th e  in d u c e d  m a g n e tic  moments a r e  o r i e n t e d  i n  a  d i r e c t i o n  

o p p o s i te  to  t h a t  o f  th e  a p p l i e d  m a g n e tic  f i e l d ,  and th e  l a t t e r  i s  

w eakened by t h e i r  e f f e c t ,  t h e  b e h a v io r  i s  c a l l e d  d ia m a g n e tism . 

D iam agnetism  i s  common to  a l l  compounds o r  e le m e n ts  and d ia m a g n e tic  

moment i s  v e ry  w eak.

I f  th e  p e rm an en t d ip o le s  a r e  a l ig n e d  i n  a d i r e c t i o n  p a r a l l e l  

to  th e  a p p l i e d  o u t e r  f i e l d ,  t h i s  b e h a v io r  (d ep e n d in g  on c ir c u m s ta n c e s )  

can r e s u l t  i n  p a ra m a g n e tism , f e r ro m a g n e tis m , a n t i f e r r o m a g n e t i s m ,  o r  

f e r r im a g n e t is m .

The e x i s t e n c e  o f  p a ra m a g n e tism , and even  m ore fe r ro m a g n e tis m  

and f e r r im a g n e t is m ,  i s  r e s t r i c t e d  to  c e r t a i n  g ro u p s o f  m a t t e r  o n ly . 

T h e re  can  e x i s t  two ty p e s  o f  p e rm a n en t e le m e n ta ry  m a g n e tic  moments 

i n  m a t t e r :  th e  m a g n e tic  moment o f  an a to m ic  n u c le u s  and th e  moment

o f  an e l e c t r o n .

The m ag n e tism  o f  a  n u c le u s  i s  v e ry  weak i n  c o m p a riso n  to  m agnetism  

o r i g i n a t i n g  from  th e  m a g n e tic  moments o f  e l e c t r o n s ,  and i n  t h e  t o t a l  

m a g n e tic  moment i t s  e f f e c t  i s  n e g l i g i b l e .

I n  a  f e r r o m a g n e t ic  s u b s ta n c e ,  th e  a to m ic  moments a r e  o r d e r e d  i n  

th e  c r y s t a l  l a t t i c e  w i th  a l l  moments a l ig n e d  i n  p a r a l l e l  d i r e c t i o n  

a t  a b s o lu t e  z e r o .  The e f f e c t  o f  i n c r e a s i n g  te m p e ra tu re  i s  to  re d u c e  

th e  o r d e r in g .  When th e  te m p e ra tu re  r e a c h e s  C u r ie  t e m p e ra tu re  and
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a b o v e , t h e  o r d e r in g  i s  c o m p le te ly  d e s t r o y e d ,  and th e  sy s te m  becom es 

p a ra m a g n e t ic .  I n  th e  c a s e  w h ere  th e  m a g n e tic  moments a r e  a n t i p a r a l l e l  

to  each  o t h e r ,  th e  n e t  moment i s  z e ro  and  th e  s u b s ta n c e  i s  c a l l e d  

a n t i f e r r o m a g n e t i c .  M ost m a g n e tic  o x id e  sy s te m s  a r e  f e r r im a g n e t i c  

below  th e  C u r ie  te m p e ra tu re .  F e r r im a g n e tis m  i s  a  s p e c i a l  c a s e  o f  

a n t i f e r ro m a g n e t i s m  w here  th e  a n t i p a r a l l e l  moments a r e  u n e q u a l  so  

t h a t  t h e r e  i s  a  n e t  o v e r a l l  m a g n e t iz a t io n .

1 .3  The G a rn e t S t r u c t u r e

The g a r n e t  s t r u c t u r e  was o r i g i n a l l y  d e te rm in e d  by  M enzer (5 ,6 )  

f o r  th e  n a t u r a l l y  o c c u r r in g  g a r n e t s  su c h  a s  g r o s s u l a r i t e  Ca^ A l 2  

(SiO ^ ) 3 , s p e s s a i r i t e  Mn3  A l 2  (S iO ^ )3 , o r  p y ro p e  Mg.̂  Fe^  ̂ 2  Ca 2  

A l2  (S iO ^ ) 3  . The t e c h n o lo g ic a l  im p o r ta n c e  o f  th e  n a t u r a l l y  o c c u r r in g  

g a r n e ts  was l i m i t e d  to  t h a t  o f  a b r a s i v e s ,  and some o f  t h e  s i l i c a t e  

g a rn e ts  a r e  s e m ip re c io u s  s to n e s  u se d  i n  je w e l r y .  I t  was a b o u t t h i r t y  

y e a r s  b e f o r e  t h e  im p o r ta n c e  o f  t h e  g a r n e t  s t r u c t u r e  f o r  m a g n e tic  

m a t e r i a l s  was r e c o g n iz e d .  The f i r s t  c lu e  was g iv e n  by  th e  N ee l th e o ry

(7) w h ich  p o in t s  to  th o s e  c r y s t a l  s t r u c t u r e s  in  w hich  f e r r im a g n e t is m  

m ig h t e x i s t .

The g a r n e t  s t r u c t u r e  i s  c u b ic  b u t  n o t  d e r iv e d  from  th e  c u b ic  

c lo s e  p a c k ed  s t r u c t u r e ,  and i t  b e lo n g s  to  th e  s p a c e  g ro u p  I a 3 d . A l l  

o f  th e  c a t i o n s  a r e  i n  s p e c i a l  p o s i t i o n s  w i th  no d e g re e s  o f  f re e d o m , 

w h ile  th e  oxygen atom s a r e  i n  t h e  g e n e r a l  p o s i t i o n  h w i th  3 d e g re e s  

o f  freed o m . Each oxygen i s  a t  t h e  c o r n e r s  o f  f o u r  p o ly h e d r a :  one

t e t r a h e d r o n  s u r r o u n d in g  a  "d"  io n  ( s e e  T a b le  2 ) ,  one o c ta h e d ro n  

s u r ro u n d in g  an  " a "  i o n ,  and two d o d e c a h e d ra s  s u r ro u n d in g  " c "  i o n s .
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T a b le  1 .2  (From ( 8 ) ) :  D e s c r ip t io n  o f  G a rn e t S t r u c t u r e .

P o in t  Symmetry 

Space Group P o s i t i o n  

T y p ic a l  I d e a l  F o rm ula

24c

222 3 4 1

16a 24d 96h

{ Ca3 ^ [  ( S i3 )  °12

C o o rd in a t io n  t o  Oxygen 

Type P o ly h e d ro n

8 6  4

D odecahedron  
D i s to r t e d  Cube

O c tah ed ro n  T e tra h e d ro n

The u se  o f  d i f f e r e n t  ty p e s  o f  b r a c k e t s  h a s  b e e n  a d o p te d  i n  th e  

d e s c r i p t i o n  o f  t h e  g a r n e t  s t r u c t u r e s :  t h e  c u r ly  b r a c k e ts  i n d i c a t e

e i g h t - f o l d  d o d e c a h e d ra l  c o o r d in a t io n  (a  d i s t o r t e d  c u b e ) , t h e  s q u a re  

b r a c k e ts  i n d i c a t e  s i x - f o l d  o c ta h e d r a l  c o o r d in a t io n ,  and t h e  p a r e n th e s e s  

i n d i c a t e  f o u r - f o l d  t e t r a h e d r a l  c o o r d in a t io n .

F ig u re  1 .1  shows th e  a rra n g e m e n t o f  d i f f e r e n t  ty p e s  o f  p o ly h e d ra  

i n  th e  g a r n e t  s t r u c t u r e .  U n f o r tu n a t e ly ,  t h e  d raw in g  f a i l s  to  show 

t h a t  th e  t e t r a h e d r o n  s h a r e s  two e d g es  w ith  d o d e c a h e d ra  and  two ed g es  

w i th  o c ta h e d r a .



F i e . r -  /

;

* & r 000f

o o 3'  
o  a i1;  
0  S /‘ 
© co'

Fig. 1. Coordination about an  oxygon ion in grosaularito {after A b r a h a m s  and 
, G e l l e r 17)
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A nother f a c t  t h a t  c a n n o t be  s.een  from  th e  d raw ing  i s  t h a t  no 

two t e t r a h e d r a  h a v e  common c o rn e r s .  The o c ta h e d ro n  s h a re s  one  h a l f  

o f  i t s  edges w i th  d o d e c a h e d ra  and th e  se c o n d  h a l f  w i th  o c ta h e d r a .

The p o s i t i o n s  o f  th e  oxygen io n s  in  t h e  s t r u c t u r e s  a r e  d e f in e d  by 

t h r e e  g e n e ra l  p a r a m e te r s :  x ,  y ,  and z . The v a lu e s  o f  t h e s e  param ­

e t e r s  change w i th  th e  c h e m ic a l c o m p o s itio n  o f  g a r n e t s ,  and th e y  

depend f i r s t  o f  a l l  on th e  r a d i i  o f  c a t i o n s .  When o x id e  io n s  a r e  

s h i f t e d  from  i d e a l  p o s i t i o n s ,  d i s t o r t i o n  o f  p o ly h e d ra  r e s u l t s .  The 

d i s t o r t i o n  c h a n g es  th e  l e n g th s  o f  th e  p o ly h e d r a  e d g e s . H ow ever, th e  

d i s t a n c e s  b e tw e en  th e  c e n te r  and th e  c o r n e r s  o f  p o ly h e d ra  a r e  g iv e n  

by c a tio n -o x y g e n  r a d i i  i n  th e  t e t r a h e d r o n  and  o c ta h e d ro n  c a s e s . The 

d i s t o r t i o n  phenom enon a r i s e s  t h e r e f o r e  from  t h e  f a c t  t h a t  t h e  l e n g th s  

o f  t h r e e  d i f f e r e n t  p o ly h e d ra  m ust m atch  i n  th e  s t r u c t u r e .  The 

c o o rd in a te s  o f  c a t i o n s  a r e  g iv e n  a s  f r a c t i o n s  o f  th e  le n g th  o f  th e  

u n i t  c e l l  i n  t h r e e  d i r e c t i o n s  and t h e i r  a r ra n g e m e n t r e s u l t s  i n  o v e r ­

a l l  c u b ic  sym m etry .*

F ig u re  1 .2  shows th e  a rra n g e m e n t o f  c a t i o n s  i n  th e  g a r n e t  

s t r u c t u r e  ( 9 ) .

T h is  s ta t e m e n t  does n o t  a p p e a r  to  b e  q u i t e  c o r r e c t  b e c a u s e  
o f  th e  e x i s t e n c e  o f  f e r r im a g n e t ic  g a r n e t s .  M ag n etic  m a t e r i a l s  
c a n n o t t r u l y  b e  c u b ic  b e c a u se  s p o n ta n e o u s  m a g n e t iz a t io n  a p p e a rs  
i n  o n ly  one d i r e c t i o n  i n  a  g iv e n  dom ain . How ever, m easu rem en ts  
such  as X -ra y  d i f f r a c t i o n  w hich  a r e  i n s e n s i t i v e  to  s p o n ta n e o u s  
m a g n e t iz a t io n ,  may n o t  r e v e a l  d e v i a t i o n  from  th e  c u b ic  sym m etry .
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Fig. M — Arrangement of oations in c, a, and d sites in ffour octants of the 
garnet unit cell.



L im i ta t io n s  i n  th e  e x t e n t  o f  d i s t o r t i o n s  w h ich  a r e  p ro b a b ly  

d i f f e r e n t  f o r  d i f f e r e n t  e l e c t r o n i c  c o n f ig u r a t io n s  o f  c a t i o n s  and 

th e  r e q u i r e m e n t  f o r  th e  o v e r a l l  c u b ic  sym m etry a r e  th e  c a u se  o f  

r e l a t i v e l y  h ig h  s e l e c t i v i t y  o f  th e  g a r n e t  s t r u c t u r e .  They a r e  

a ls o  t h e  r u l i n g  f a c t o r s  f o r  d i s t r i b u t i o n  o f  io n s  among th e  su b ­

l a t t i c e s ,  and  th e y  p la c e  l i m i t s  on p o s s ib l e  fo rm a tio n  o f  th e  g a rn e t  

s t r u c t u r e .  The summary o f  g e n e r a l  r u l e s ,  f o r  i o n i c  d i s t r i b u t i o n  

and s i t e  p r e f e r e n c e  a r e  to  b e  found  i n  r e f e r e n c e  ( 8 ) :

1. The o c ta h e d r a l  and t e t r a h e d r a l  s i t e s  a p p e a r  to  p r e f e r  e x c lu ­

s i v e l y  io n s  w i th  s p h e r i c a l  o r  p s e u d o - s p h e r ic a l  e l e c t r o n i c  

c o n f i g u r a t io n .  The d o d e c a h e d ra l  s i t e s  a r e  n o t  s e l e c t i v e  in  

t h i s  r e g a r d .

2 . S i t e  p r e f e r e n c e s  depend  on r e l a t i v e  io n ic  s i z e s :

a )  I f  an  io n  h a s  a  s p h e r i c a l  e l e c t r o n i c  c o n f i g u r a t io n  

i n  b o th  o c ta h e d r a l  and  t e t r a h e d r a l  c r y s t a l  f i e l d s ,  

th e  l a r g e r  th e  i o n ,  t h e  g r e a t e r  w i l l  b e  i t s  p r e ­

f e r e n c e  f o r  th e  o c t a h e d r a l  s i t e .  The d o d e c a h e d ra l  

s i t e s  a r e  u s u a l l y  o c c u p ie d  by th e  l a r g e s t  m e ta l  

io n s  p r e s e n t .

b ) The s u b s t i t u t i o n  o f  one io n  f o r  a n o th e r  i n  some 

p a r t i c u l a r  g a r n e t  i s  l i m i t e d  by r e l a t i v e  s i z e s  o f  

a l l  o f  th e  io n s  in v o lv e d .

How ever, i n  t h e  l i g h t  o f  th e  l a t e s t  d i s c o v e r i e s ,  t h e s e  r u l e s  a p p e a r  

n o t  q u i t e  c o r r e c t .



1 .4  S y n th e t i c  G a rn e ts

A new e r a  f o r  s c i e n t i f i c  and t e c h n o l o g ic a l  e x p lo r a t i o n  o f  th e  

g a r n e t s  was opened by  d is c o v e r y  o f  f e r r im a g n e t i c  y t t r iu m  i r o n  g a r n e t

made in d e p e n d e n tly  by  two g ro u p s  o f  i n v e s t i g a t o r s :  by B e r ta u t  and

F o r r a t  (11 ) a t  G re n o b le , and by G i l le o  and G e l l e r  (12 ) a t  B e l l  

T e lep h o n e  L a b o r a to r i e s ;  t h e  l a t t e r  d is c o v e r y  was p u b l is h e d  one y e a r  

l a t e r  th a n  t h a t  o f  B e r ta u t  and F o r r a t .

The f e r r im a g n e t i c  g a r n e t s  becam e im p o r ta n t  b e c a u s e  o f  t h e i r  u se  

i n  m odern e l e c t r o n i c  d e v ic e s .  Im p o r ta n t  o p t i c a l  p r o p e r t i e s  o f  o t h e r  

g ro u p s  o f  g a r n e ts  h a v e  b e e n  found  s u i t a b l e  f o r  p r e p a r a t i o n  o f  good 

l a s e r  m a t e r i a l s  (1 3 , 14 , 1 5 ) . More r e c e n t l y ,  i r o n  g a r n e t s  w i th  m ixed 

r a r e  e a r t h  on th e  d o d e c a h e d ra l  s i t e  becam e im p o r ta n t  f o r  m a g n e tic  

b u b b le  dom ain m a t e r i a l s  ( 1 6 ) .

B a s i c a l l y ,  t h e r e  a r e  f i v e  g ro u p s  o f g a r n e t  compounds w h ich  h a v e  

b e e n  s tu d i e d :

1 .4 .1  S i l i c a t e  G a r n e ts . A l l  o f  th e  n a t u r a l  g a r n e t s  f a l l  i n t o  

t h i s  g ro u p , and th e y  w ere  th e  f i r s t  s u b j e c t  o f  s t r u c t u r a l  r e f in e m e n ts  

(1 7 , 18 , 1 9 , 2 0 , 21) made e i t h e r  on s y n t h e t i c  o r  n a t u r a l  m a t e r i a l s .  

T hose m easu rem en ts  r e v e a le d  th e  d i s t o r t i o n s  o f  p o ly h e d ra  i n  t h e  g a r n e t

S i l i c a t e  G a rn e ts

Germanium G a rn e ts

Aluminum G a rn e ts

G a lliu m  G a rn e ts

I r o n  G a rn e ts



s t r u c t u r e  and c o n t r i b u te d  to  b e t t e r  u n d e r s ta n d in g  o f  g a r n e t  c r y s t a l  

c h e m is tr y .  A s u rv e y  o f  t h e  m ost im p o r ta n t  s i l i c a t e  g a r n e t s  i s  g iv e n  

by G e l l e r  i n  ( 8 ) .

T a b le  1 .3 :  End Member S i l i c a t e  G a rn e ts

a 2+ b3+ a [ l ] R e fe re n c e s

Mg A1 11 .459 1 8 ,2 2 ,2 3
Cr Not R e p o rte d 2 2

Fe Not R e p o rte d 2 2

Ca A1 11 .851 23
Sc 12 .270 24
V 1 2 .0 9 , 12 .07 2 4 , 25
Cr 1 2 .0 0 , 11 .999
Fe 1 2 .0 4 8 , 12 .059 2 3 , 27
Ga 1 2 . 0 0 28
In 12 .350 24

Mn A1 11 .621 2 3 , 29
Fe 1 1 .8 2 2 2 , 30

Fe A1 11 .5 2 6 23
Co A1 11 .471 31

M ost o f  th e  s i l i c a t e g a r n e t s  l i s t e d i n  T a b le  1 .3  have  b een  p r e p a r e d

by h y d ro th e rm a l  t e c h n i q u e s . S y n th e t i c  u v a r o v i t e  } [ c r 2l ( s i ^  o i 2  

may b e  o b ta in e d  by s o l i d  s t a t e  r e a c t i o n .

1 .4 .2  G erm anate  G a r n e ts . T here  a r e  many new g a r n e ts  among th e

s im p le  end-m em ber g e rm a n a te s  i n  T a b le  1 .4  a c c o r d in g  to  G e l le r  ( 8 ) .

Some o f  them  in v o lv e  t r i v a l e n t  y t t r iu m  o r  r a r e  e a r t h  io n  i n  th e  " a "  

2+ 2+s i t e s  and Ca and S r  io n s  in  th e  "c "  s i t e s .  A l l  o f  t h e s e  g a r n e t s  

may b e  p re p a re d  by s o l i d  s t a t e  r e a c t i o n  (3 4 ) .
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T a b le  1 .4 :  End-Member Germ anate  G a r n e ts

2+ 3+ r o - |
A B a  [_ A J R e f e r e n c e s

A1 1 2 . 1 2 0 35
Sc 12 .504 36
V 1 2 .3 5 0 ,  12 .3 2 0 24
Cr 1 2 .2 6 5 ,  12 .275 3 6 ,  37
Mn 12 .325 38
Fe 1 2 .3 2 0 ,  12 .312 3 5 ,  36
Ga 12.251
In 1 2 .6 2 0 ,  12 .5 9 0 3 8 ,  34
Rh 12 .350 38
Y 12 .805 34
Dy 12 .830 34
Ho 12 .810 34
Er 12 .785 34
Tm 12 .765 34
Yb 12 .740 34
Lu 12 .730 34
Sc 12 .785 34
I n 1 2 .8 7 0 ,  12 .8 8 34
Y 1 3 .0 8 5 ,  13 ,091 34
Ho 13 .090 34
Er 13 .065 34
Tm 13 .0 4 0 34
Yb 13 .03 34
Lu 13.01 34
A1 1 1 .9 0 2 ,  1 1 .9 0 1 ,  11.895 35 ,  36
V 1 2 .1 2 5 ,  12 .099 24
Cr 12 .027 3 5 ,3 6
Fe 12 .087 3 5 ,  36
Ga 12 .043 37
A1 12 .077 37
Sc 12 .447 37
V 12 .290 24
Cr 12 .213 37 .
Mn 12 .270 38
Fe 12 .261 37
Ga 12 .191 37
In 12 .515 24
Rh 12 .285 38

The s i g n i f i c a n c e  o f  t h e  e x i s t e n c e  o f  su c h  g a r n e t s  i s  r e v e a l e d  

when g e rm a n a te s  a r e  compared w i t h  o t h e r  t y p e s  o f  g a r n e t s .  Such
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c o m p a r iso n  shows t h a t  t h e r e  i s  g r e a t e r  v a r i e t y  o f  c o m p o s i t io n  th a n  

i n  t h e  c a s e  o f  o t h e r  s y s te m s .  G a r n e ts  c o n t a i n i n g  r e l a t i v e l y  l a r g e  

r a r e  e a r t h  i o n s  on t h e  o c t a h e d r a l  s i t e s  a r e  e s p e c i a l l y  i m p o r ta n t  i n  

r e l a t i o n  t o  t h e  p r e s e n t  w ork .

1 . 4 . 3  G a r n e ts  o f  t h e  Type ^ R are  E a r t h ^  i.Me^ 0 ^ -  These

compounds b e lo n g  t o  t h e  g roup  o f  t h e  m ost i n t e n s i v e l y  s t u d i e d  g a r n e t

3 + 34" 34*
compounds. Me s t a n d s  f o r  t r i v a l e n t  i o n s  such  a s  A1 , Ga , and Fe

The b r o a d  a t t e n t i o n  g iv e n  t o  t h e s e  g ro u p s  o r i g i n a t e d  from  t h e  d i s ­

c o v e ry  o f  f e r r im a g n e t i s m  i n  t h e  c a s e  o f  i r o n  g a r n e t s .  The l a t t i c e  

p a r a m e te r s  o f  compounds i n  t h i s  g ro u p  w ere  sum m arized  by G e l l e r  ( 8 ) ,  

and a r e  l i s t e d  i n  T a b le  1 . 5 .

T a b le  1 . 5 :

^3+ g3+ R e f e r e n c e s

Y A1 1 2 .0 1 ,1 2 .0 2 ,1 2 .0 0 ,1 2 .0 0 3 3 9 ,4 0 ,4 2 ,4 3 ,2 0
Gd 1 2 .1 1 ,1 2 .1 1 3 ,1 2 .1 1 1 2 0 ,4 2 ,4 4
Tb 12.074 45
Dy 1 2 .0 6 ,1 2 .0 4 2 4 2 ,4 5
Ho 1 2 . 0 1 1 45
Er 1 1 .9 8 ,1 1 .9 8 1 4 2 ,4 5
Tm 11.957 44
Yb 11.929 44
Lu 11.912 44
Y Fe 12 .376 4 6 ,1 2
La* 12.767 47
P r* 12 .646 47
Nd* 1 2 .6 0 0 ,1 2 .5 9 6 4 6 ,4 7 ,4 8
Pm* 1 2 .5 7 ,1 2 .5 6 1 4 6 ,4 7
Sm 1 2 .5 2 4 ,1 2 .5 3 0 ,1 2 .5 2 8 ,1 2 .5 2 9 4 6 ,4 7 ,4 8 ,4 9
Eu 1 2 .5 1 8 ,1 2 .4 9 8 4 6 ,4 7
Gd 1 2 .4 7 9 ,1 2 .4 7 2 ,1 2 .4 7 1 4 6 ,4 7 ,4 8

* H y p o t h e t i c a l
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T a b le  1 .5  (C o n t 'd )

a 3+ b 3+ a  [ a ] R e f e re n c e s

Tb 1 2 .4 4 7 ,1 2 .4 3 6 4 6 ,4 7
Dy 1 2 .4 1 4 ,1 2 .4 0 5 4 6 ,4 7
Ho 1 2 .3 8 0 ,1 2 .3 7 5 46 ,4 7
Er 1 2 .3 4 9 ,1 2 .3 4 7 4 6 ,4 8
Tm 1 2 .3 2 5 ,1 2 .3 2 3 46 ,4 7
Yb 1 2 .2 9 1 ,1 2 .3 0 2 46 ,4 7
Lu 1 2 .2 7 7 ,1 2 .2 8 3 4 6 ,4 7
Y Ga 1 2 .3 0 ,1 2 .2 7 3 ,1 2 .2 8 0 ,1 2 .2 7 5 ,1 2 . 274 4 2 ,4 3 ,2 0 ,4 1 ,5 0
P r 12 .57 42
Nd 1 2 .5 0 ,1 2 .5 0 6 4 1 ,4 2
Sm 1 2 .3 5 5 ,1 2 .4 2 0 ,1 2 .4 3 3 4 0 ,4 1 ,4 2
Eu 12.402 41
Gd 1 2 .3 9 0 ,1 2 .3 7 6 4 1 ,4 2
Tb Not R e p o r te d
Dy 1 2 .3 2 0 ,1 2 .3 0 7 4 1 ,4 2
Ho 12.282 41
Er 1 2 .2 5 ,1 2 .2 5 5 4 1 ,4 2
Tm Not R e p o r te d  12 .229 Our V alue
Yb 1 2 .2 0 4 ,1 2 .2 0 0 20 ,41
Lu 1 2 .1 8 8 ,1 2 .1 8 3 20 ,41

1 .5 F e r r i m a g n e t i c  G a r n e ts

1 . 5 . 1  Y t t r iu m  I r o n  G a r n e t ,  YIG. N e e l  (7) f i r s t  p ro p o se d  t h e

e x p l a n a t i o n  o f  m a g n e t ic  p r o p e r t i e s  o f  f e r r i t e s .  He s t a t e d :  " I f  two

atom s o f  u n l i k e  s p i n  a r e  a n t i p a r a l l e l ,  t h e r e  can  b e  a  r e s u l t a n t  

m a g n e t ic  moment, and t h e  exchange  c o u p l in g  w h ic h  f a v o r s  an  a n t i p a r a l l e l  

s h o r t  r a n g e  o r d e r  can  l e a d  t o  an  o u t s t a n d i n g  m a g n e t ic  moment," and 

h e  s u g g e s t e d  t h e  name f e r r i m a g n e t i s m  f o r  t h i s  b e h a v i o r .  F e r r im a g n e t i s m  

i s  t h u s  a s p e c i a l  k in d  o f  f e r ro m a g n e t i s m  and  d i f f e r s  from  a n t i f e r r o ­

m agne tism  i n  such  a way t h a t  t h e  o p p o s i t e l y  a l i g n e d  moments a r e  o f  

d i f f e r e n t  m ag n i tu d e  and  t h e r e f o r e  do n o t  e x a c t l y  c om pensa te .  A n t i f e r r o ­

m agne tism  o r i g i n a t e s  from  n e g a t i v e  s u p e re x c h a n g e  i n t e r a c t i o n  ( 5 1 ) .  I n  

a l l  c a s e s ,  t h e  u n i t  o f  i n t e r a c t i o n  i s  a  l i n k a g e  o f  t h e  M-O-M ty p e .  The
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e x c i t e d  s t a t e s  o f  t h e  o x id e  io n s  c o u p le  t h e i r  s p i n s  t h ro u g h

i n t e r a c t i o n  w i t h  d - e l e c t r o n s  o r  f - e l e c t r o n s  o f  t h e  c a t i o n s .  The

c o u p l in g  i s  e x p e c t e d  t o  b e  g r e a t e r  t h e  s h o r t e r  t h e  c a t i o n - o x y g e n

d i s t a n c e ,  and t h e  c l o s e r  t h e  M-O-M a n g l e  i s  t o  180° .

A n t i p a r a l l e l  s h o r t  r a n g e  o r d e r  o f  i o n s  w i t h  m a g n e t ic  moments

o f  d i f f e r e n t  m a g n i tu d e  c a n  e x i s t  i n  t h e  s t r u c t u r e  w i t h  a t  l e a s t

two n o n e q u iv a l e n t  s u b l a t t i c e s  w hich  can  p r o v id e  l i n k a g e  M-O-M.

The g a r n e t  s t r u c t u r e  even  o f f e r s  t h r e e  su ch  n o n e q u iv a l e n t  s u b l a t t i c e s .

YIG, w h ich  was t h e  f i r s t  f e r r i m a g n e t i c  g a r n e t  p r e p a r e d ,  h a s  a

formula {Y^} [^e2^ ^ e3^i2* ■r*ie Presence of iron in two sublattices
shows t h e  o r i g i n  o f  f e r r i m a g n e t i c  i n t e r a c t i o n s .  The f e r r i m a g n e t i c

moment o f  an  i o n  i s  g iv e n  by M = g J  w here  g i s  g y ro m a g n e t ic  r a t i o  and

J  i s  L-S f o r  i o n s  w i t h  l e s s  th a n  h a l f  f i l l e d  s h e l l s ,  and  L+S f o r  t h o s e

w i t h  h a l f  o r  more t h a n  h a l f  f i l l e d  s h e l l s .  The word " s h e l l "  r e f e r s  to

" f "  s h e l l s  b e c a u s e  f o r  t h e  io n s  o f  i r o n - l i k e  ty p e  w i t h  d - s h e l l  t h e

fo rm u la  f o r  f e r r i m a g n e t i c  moments i s  s i m p l i f i e d  t o  M = gS , w here  g

e q u a l s  2 and  S i s  t h e  s p i n  quantum num ber. T h e r e f o r e ,  one  can  d e -

3+t e r m in e  t h e  f e r r i m a g n e t i c  moment o f  one  Fe io n  o f  c o n f i g u r a t i o n  

3d^ to  b e  M = ( 2 ) ( 2 . 5 )  = 5 ]^  w here  i s  Bohr m agneton o f  v a l u eJt> D
ll6  , h  i s  P l a n c k ' s  c o n s t a n t ,  e  i s  t h e  e l e c t r o n i c  c h a r g e ,  mB 4 me ’ °

i s  t h e  e l e c t r o n  m a ss ,  and c i s  t h e  v e l o c i t y  o f  l i g h t .

For a n t i p a r a l l e l  a l ig n m e n t  o f  " a "  and  "d "  s u b l a t t i c e s ,  t h e  n e t

m a g n e t ic  moment p e r  fo rm u la  u n i t  can  b e  c a l c u l a t e d :

m = 3m -  (3m, -  2m ) , ( E - l )c d a

w here  m i s  t h e  moment o f  t h e  d o d e c a h e d r a l  s u b l a t t i c e ,  m, i s  t h e  c ’ d
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moment o f  t h e  t e t r a h e d r a l  s u b l a t t l a ^  and m& i s  t h e  moment o f  t h e

o c t a h e d r a l  s u b l a t t i c e .  Then f o r  W  f F e2T  f ^ e ^ )  0 ^ 2  w here

m = 0c

m = 0 -  ( 3 x 5  -  2 x 5 )  = -5  JDl

The r e s u l t i n g  moment can be t a k e n  a s  5^(1 ^ b e c a u s e  t h e  s i g n  o n ly  

d e s c r i b e s  t h e  a r b i t r a r y  o r i e n t a t i o n  w i t h  r e g a r d  t o  t h e  t h i r d  s u b ­

l a t t i c e .  T h is  t h e o r e t i c a l  c a l c u l a t i o n  i s  i n  e x c e l l e n t  a g re e m e n t  

w i th  a l l  e x p e r i m e n t a l  m easu rem en ts  on t h i s  compound ( 1 1 , 1 2 ) .

1 . 5 . 2  M a g n e t ic  P r o p e r t i e s  o f  S u b s t i t u t e d  Y t t r i u m - I r o n  G a r n e t s . 

The m a g n e t ic  moment o f  YIG can  b e  v a r i e d  w i t h  c o m p o s i t io n  by  s u b ­

s t i t u t i n g  n o n m a g n e t ic  i o n s  e i t h e r  on t h e  o c t a h e d r a l  s i t e  o r  t e t r a h e d r a l  

s i t e .  The m a g n e t ic  moment s h o u ld  r i s e  w i t h  o c t a h e d r a l  s u b s t i t u t i o n

o f  n o n m ag n e t ic  i o n s  and f a l l  w i t h  t e t r a h e d r a l  s u b s t i t u t i o n  b e c a u s e

34-t h e  moment c o r r e s p o n d s  t o  t h e  d i f f e r e n c e  i n  t h e  moments o f  t h e  Fe 

i o n s  i n  t h e  two o c t a h e d r a l  s i t e s  and t h r e e  t e t r a h e d r a l  s i t e s  p e r  

fo rm u la  u n i t .

In  o r d e r  t o  s tu d y  such  b e h a v i o r ,  a  number o f  sy s te m s  h a v e  been

s t u d i e d  by G e l l e r ,  G i l l e o ,  and o t h e r s  ( 9 ,  10 , 4 3 ) .  The n o n m ag n e t ic

3 + 3 + 3 + 34* 3“4“ 44"
io n s  u sed  i n  s u b s t i t u t i o n  w ere  Sc , I n  , Cr , Ga , A1 , Zr ,

44- 54-
S i  , Ge , V . The s u b s t i t u t i o n s  to o k  p l a c e  i n  some c a s e s  on t h e  

o c t a h e d r a l  s i t e s  o n l y ,  w h i l e  i n  some c a s e s  t h e  n o n m ag n e t ic  i o n s  w ere  

s u b s t i t u t e d  i n t o  b o t h  "a"  and "d "  s i t e s  s i m u l t a n e o u s l y ,  and i n  some 

c a s e s  on t e t r a h e d r a l  s i t e s  o n ly .  I t  h a s  b e e n  found  t h a t  t h e  p ro p o se d  

b e h a v io r  h o l d s  o n ly  f o r  low c o n c e n t r a t i o n s  o f  t h e  n o n m a g n e t ic  io n s  

i n  g a r n e t .  The b e h a v io r  o f  m a g n e t ic  moments i n  t h e  s y s te m s
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W  t ScX Fe2 - x l  ( Fe3  ̂ °12 and

l ¥ 3-2x  Ca2 x \ i SK  Fa2 - J  ( Fe3 )  °12 are ah°'m ln

F i g u r e  1 . 3 .

I t  can  b e  s e e n  t h a t  m a g n e t ic  moments i n c r e a s e  w i t h  i n c r e a s i n g  

x ;  h o w e v e r ,  t h e  maximum moment i s  o b s e rv e d  when x r e a c h e s  a  v a lu e  

a b o u t  0 . 8 .  The moments t h e n  f a l l  s h a r p l y  w i t h  i n c r e a s i n g  x .  A ls o ,  

t h e  C u r i a  t e m p e r a tu r e  i s  d e c r e a s e d  by t h e  s u b s t i t u t i o n  o f  non ­

m a g n e t ic  i o n s  f o r  i r o n .  The d e c r e a s e  o f  t h e  m a g n e t ic  moment and

34-C u r ie  t e m p e r a t u r e  i s  due t o  t h e  d e c r e a s e  i n  t h e  number o f  Fe

2 -  34-0 -  Fe i n t e r a c t i o n s .
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Fig. Magnetization versus composition x  in {Y»}(ScxFei-*](Fe»)Oii (A) 
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S e v e r a l  t h e o r i e s  have  b e e n  p r o p o s e d  t o  e x p l a i n  t h e  i n t r a s u b ­

l a t t i c e  m a g n e t ic  i n t e r a c t i o n s  (5 2 ,  5 3 ,  5 4 ,  5 5 ) ,  f o r  exam ple  t h e  

G i l l e o  t h e o r y  and  t h e o r i e s  o f  N e e l ,  Y a f e t  and K i t t e l ,  and A nderson .

The p o s s i b i l i t y  o f  a  q u a n t i t a t i v e  t h e o r y  w hich  c o u ld  p r e d i c t  t h e  

m a g n e t ic  b e h a v i o r  o f  t h e  s u b s t i t u t e d  g a r n e t s  i s  c o m p l ic a t e d  by  th e  

v a r i o u s  e f f e c t s  o f  s u b s t i t u t i o n  on t h e  m a g n e t ic  s t r u c t u r e .  I t  h a s  

been  found  (9) t h a t  d i f f e r e n t  n o n m a g n e t ic  io n s  i n  t h e  same s i t e  may 

p ro d u c e  d i f f e r e n t  m a g n e t ic  b e h a v i o r .  T h is  r e s u l t s  from  t h e  e f f e c t s  

on i n t e r a c t i o n  g e o m e try .  U n f o r t u n a t e l y ,  q u a n t i t a t i v e  t h e o r y  c a p a b le  

o f  such  p r e d i c t i o n s  h a s  n o t  b e e n  d e v e lo p e d .

1 . 5 . 3 .  O th e r  t h a n  O c t a h e d r a l - T e t r a h e d r a l  Io n  I n t e r a c t i o n  i n  

t h e  G a rn e t  S t r u c t u r e . Much o f  t h e  w ork  on s y n t h e t i c  g a r n e t s  was an 

o u tg ro w th  o f  t h e  d e s i r e  t o  o b s e rv e  d i r e c t l y  t h e  i n t e r a c t i o n s  be tw een  

m a g n e t ic  io n s  i n  o t h e r  th a n  t h e  o c t a h e d r a l  a  and t e t r a h e d r a l  d s i t e s .

As a m a t t e r  o f  f a c t ,  a  -  d i n t e r a c t i o n s  h a v e  a l s o  b e e n  o b s e rv e d  f o r  

m u tu a l ly  i n t e r a c t i n g  i r o n  io n s  o n l y .  The r e f in e m e n t  o f  t h e  s t r u c t u r e  

o f  YIG i n d i c a t e d  t h a t  t h e  c -  d i n t e r a c t i o n  would  be  s t r o n g e r  t h a n  a  

c -  a i n t e r a c t i o n ,  b u t  t h e  c -  d d i r e c t  i n t e r a c t i o n  h a s  n o t  b e e n  

s t u d i e d  y e t ,  and i t  was o n ly  i n d i r e c t l y  deduced  from m a g n e t ic  p r o p e r t i e s  

o f  i r o n  g a r n e t s  w i t h  d o d e c a h e d r a l  c s i t e s  f i l l e d  w i th  r a r e  e a r t h  i o n s .

1 . 5 . 3 . 1 .  D i r e c t  c -  a  I n t e r a c t i o n . The a n t i c i p a t i o n  o f  t h e  

p o s s i b i l i t y  o f  o b t a i n i n g  a  f e r r i m a g n e t i c  s i l i c a t e :was s o  e x c i t i n g  f o r  

some i n v e s t i g a t o r s  (3 0 ,  22) t h a t  t h e y  expended  c o n s i d e r a b l e  e f f o r t  

and d i s r e g a r d e d  t h e  p r e d i c t i o n  o f  a  v e r y  low C u r ie  t e m p e r a t u r e  f o r  

su ch  a  compound. G e l l e r  and o t h e r s  u n s u c c e s s f u l l y  t r i e d  t o  p r e p a r e
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g a r n e t  ° 1 2 * Coes (22)  su c c e e d e d  i n  p r e p a r i n g  t h i s

a t  h ig h  p r e s s u r e  by t h e  h y d r o th e r m a l  m ethod . The m a g n e t ic  m e a s u re ­

m ents o f  t h i s  compound w ere  d i s a p p o i n t i n g  a t  0°K; t h e  s p o n ta n e o u s  

m a g n e t i z a t i o n  was o n ly  0 .1  ( 5 6 ) .  A number o f  germ anium  g a r n e t s

i n c l u d i n g  ®i2  w e re  d i s c o v e r e d  by Tauber e t  a l  ( 5 7 ) .

T h is  g a r n e t  was found  to  be o n ly  a n t i f e r r o m a g n e t i c  a t  low t e r m p e r a -  

t u r e s .  The s t r u c t u r a l  r e f i n e m e n ts  o f  t h i s  g a r n e t  w ere  a c c o m p li s h e d  

by G e l l e r  and  L in d  (5 8 ) .  The a u t h o r s  co n c lu d e d  on t h e  b a s i s  o f  t h i s

r e f in e m e n t  t h a t  t h e  r e a s o n  f o r  s u c h  m a g n e t ic  b e h a v io r  i s  t h e  u n f a v o r a b le

2+ 3+geom etry  o r  i n h e r e n t l y  weak i n t e r a c t i o n  be tw een  Mn and Fe i o n s . 

However, t h e y  c o n s id e r e d  t h e  l a s t  r e a s o n  t o  be u n l i k e l y .

G i l l e o  and  G e l l e r  (59) fou n d  g a r n e t s  Gd2 j  ("Ge3 ^

Oj^f w here  M = Mn and Ca to  be  f e r r i m a g n e t i c  a t  6 °  K o r  lo w e r .  They

c a r r i e d  o u t  m ore d e f i n i t e  m easu rem en ts  on |G d,jj  ( ^ ^ n 2 ] ( G a G e 2)  0 ^ ,

w hich was fo u n d  t o  have  a  C u r ie  t e m p e r a t u r e  o f  8 °  K and a t  0 °  K a

s a t u r a t i o n  m a g n e t i z a t i o n  o f  9 . 6 ^  B ( t h e o r e t i c a l  v a l u e  o f  ll^JL fi) .

The f a c t  t h a t  t h e  Gd -  0 -  Mn i n t e r a c t i o n  i s  s t r o n g e r  t h a n  Mn -  0 -  Fe

i n t e r a c t i o n  i s  e s p e c i a l l y  i n t e r e s t i n g  b e c a u s e  one m ig h t  t e n d  t o  c o n s id e r

r a r e  e a r t h  i o n s  t o  b e  l e s s  c a p a b le  o f  f e r r i m a g n e t i c  i n t e r a c t i o n s  b e -

3+c a u se  t h e  p a r t i c i p a t i n g  e l e c t r o n s  o f  Gd a r e  i n  i n n e r  f  -  s h e l l s .

I . 5 . 3 . 2  D i r e c t  c -  d I n t e r a c t i o n s . G e l l e r  e t  a l .  (60)  r e p o r t e d

p r e p a r a t i o n  o f  g a r n e t  j(Jd £  Z r2 ^  ( ^ 3 ) ° 1 2  and t h e  r e s u l t s

o f  m a g n e t ic  m ea su re m e n ts .  They o b s e rv e d  a  r e s i d u a l  m a g n e t ic  moment

0 .2  j / l lg t  and  an  e x t r a p o l a t e d  C u r i e  t e m p e r a t u r e  ab o u t  6 °  K, and  th e y

deduced  from  t h e  1 vs T c u rv e  t h a t  t h e  sam p le  i s  w e a k ly  f e r r o -  
OC

m a g n e t ic .  T h is  c a s e  i s  t h e  o n ly  known exam ple  o f  d i r e c t  c -  d
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i n t e r a c t i o n .

1 . 5 . 4  R are  E a r t h  I r o n  G a r n e t s .

1 . 5 . 4 . 1  F e r r i m a g n e t i c  I n t e r a c t i o n s  i n  R are  E a r th  G a r n e t s .

The model o f  f e r r i m a g n e t i c  i n t e r a c t i o n s  i n v o lv i n g  t h e  r a r e  e a r t h  io n s  

was d e v e lo p e d  from  a lm o s t  e x h a u s t i v e  s t u d i e s  (61) o f  t h i s  g ro u p .

The moment o f  r a r e  e a r t h  io n s  o c c u p y in g  c s i t e s  i s  combined w i t h  t h e  

n e t  m a g n e t ic  moment o f  i r o n  s u b l a t t i c e s .  The m ost v a l u a b l e  i n f o r m a t io n  

f o r  t h e  d e r i v a t i o n  o f  t h i s  model comes from  m easurem en ts  o f  t h e  

m a g n e t ic  m o m e n t- te m p e ra tu re  d e p e n d en c y .  The r e s u l t s  f o r  su ch  m e a su re ­

m ents a r e  shown i n  F i g u r e s  1 .4  and 5.

The t h e o r e t i c a l  f e r r i m a g n e t i c  moment M o f  r a r e  e a r t h  i o n s  i s  

g j  w here  J  i s  L -  S f o r  t h o s e  w i t h  l e s s  t h a n  h a l f  f i l l e d  f  s h e l l s , 

and L + S f o r  t h o s e  w i t h  more th a n  h a l f  f i l l e d  f  s h e l l s .  M i s  L +

2S f o r  t h e  l a t t e r  g ro u p  and s l i g h t l y  s m a l l e r  th a n  L -  2 S f o r  some 

o f  th e  io n s  o f  t h e  fo rm e r  g ro u p .

In  t h e  g a r n e t  ( ^ 3 ]  CFe 2 l  ( Fe3 ^  °12 w here  t h e  Gd3+

io n  p a r t a k e s  i n  s u p e r  exchange i n t e r a c t i o n  w i t h  th e  f e r r i c  i o n s ,  t h e  

c s u b l a t t i c e  moment can  be  c a l c u l a t e d  and h a s  a  v a lu e  o f  2 1 ^ ,  g .  At 

0°  K th e  s a t u r a t i o n  m a g n e t i z a t i o n  o b s e rv e d  ( F ig u r e  1 .5 )  i s 16^  B

p e r  fo rm u la  u n i t .  T h i s  i n d i c a t e s  t h a t  t h e  s p i n  moment (L = 0) o f  t h e  

c  s u b l a t t i c e  i s  a n t i p a r a l l e l  t o  t h e  n e t  moment o f  i r o n  s u b l a t t i c e s .

The n e t  moment o f  t h e  i r o n  s u b l a t t i c e s  i s  i n  t h e  d i r e c t i o n  o f  t h e  d 

s u b l a t t i c e .  E q u a t io n  ( E . l )  i n  1 . 5 . 1  i s  t h e  m a th e m a t ic a l  e x p r e s s i o n  

f o r  t h i s  r e l a t i o n s h i p .
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per formula unit vs. temperature of Tm, Yb and Lu iron 

garnets (Geller et al., 1964).
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3+B e c a u se  Nd0  F e c 0 1o does  n o t  e x i s t ,  t h e  b e h a v io r  o f  Nd3 5 12 J

i n  t h e  c s i t e  can  b e  o b s e rv e d  i n  compounds p r e p a r e d  by  s u b s t i t u t i o n

3+ 3 +
o f  Nd f o r  Y i n  YIG. Such s u b s t i t u t i o n  r e s u l t s  i n  an  i n c r e a s e  i n

3

t h e  n e t  f e r r i m a g n e t i c  moment ( F ig u r e  1 .4 )  b e c a u s e  L = 6  and S = so  

t h a t  t h e  moment due t o  t h e  o r b i t a l  momentum i s  g r e a t e r  and o p p o s i t e  

i n  d i r e c t i o n  t o  t h a t  due to  t h e  s p i n ;  a s  a  r e s u l t ,  t h e r e  i s  a n e t  

a d d i t i o n a l  moment p a r a l l e l  t o  t h e  t e t r a h e d r a l  s u b l a t t i c e .  The d i r e c t i o n  

o f  t h i s  moment i s  a n t i p a r a l l e l  t o  t h e  o c t a h e d r a l  s u b l a t t i c e ,  b e c a u s e  

t h e  a  and  d s u b l a t t i c e s  a r e  a n t i p a r a l l e l .

Only Gdg Fe,. 0 ^  e x h i b i t s  p r e c i s e  a g re e m e n t  w i t h  t h i s  s im p le

m odel;  t h e  moment o f  o t h e r  r a r e  e a r t h  i r o n  g a r n e t s  a r e  found  t o  be  

lo w e r  t h a n  p r e d i c t e d  on t h e  b a s i s  o f  t h i s  m o d e l .  The c h a r a c t e r i s t i c s  

o f  r a r e  e a r t h  g a r n e t s  o f  t h e  t y p e  Fe,. 0 ^  w here  M i s  r a r e  e a r t h  

i o n ,  and  co m p iled  i n  t h e  T a b le  1 . 6 .

F i g u r e  1 .5  i l l u s t r a t e s  a n o th e r  i m p o r ta n t  p r o p e r t y  o f  s u b s t i t u t e d  

r a r e  e a r t h  g a r n e t s ;  t h a t  i s ,  t h e  e x i s t e n c e  o f  " c o m p e n s a t io n  p o i n t 1. 1 

The c o m p e n sa t io n  p o i n t  i s  t h e  t e m p e r a tu r e  o f  w h ich  t h e  o v e r a l l  m a g n e t ic  

moment o f  a  s u b s ta n c e  e q u a l s  z e r o .  The e x i s t e n c e  o f  c o m p e n sa t io n  p o i n t  

i s  due t o  d i f f e r e n t  r a t e  o f  d e c r e a s i n g  m a g n e t ic  moments o f  r a r e  e a r t h  

and i r o n  s u b l a t t i c e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  The m a g n e t ic  moment o f  

r a r e  e a r t h  s u b l a t t i c e  i s  u s u a l l y  g r e a t e r  t h e n  moment o f  i r o n  s u b l a t t i c e ,  

b u t  i t  d e c r e a s e s  more r a p i d l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  th a n  d o es  t h e  

nett moment o f  i r o n  s u b l a t t i c e s  and  th u s  a t  c o m p e n s a t io n  p o i n t  t h e s e  two 

a n t i p a r a l l e l  moments a r e  e q u a l  t o  each  o t h e r ,  and t h e r e f o r e ,  t h e  r e s u l t i n g  

n e t  moment i s  z e r o .  When t h e  c o m p e n sa t io n  p o i n t  i s  overcom e by f u r t h e r  

i n c r e a s i n g  t h e  t e m p e r a t u r e  t h e  n e t  moment o f  i r o n  s u b l a t t i c e s  i s  o v e r ­

whelm ing  t h e  moment o f  r a r e  e a r t h  s u b l a t t i c e  and  t h e  o v e r a l l  moment a p p e a r s

a g a in  and i t  c o n t in u e s  t o  b e  p r e s e n t  up t o  t h e  C u r i e  t e m p e r a tu r e  o f  t h e  

compound.



Ta
bl

e 
1.

6 
M

ag
ne

ti
c 

an
d 

C
ry

st
al

lo
g

ra
p

h
ic

 
P

ro
pe

rt
ie

s 
of 

G
ar

ne
t9

. 
n 

is 
th

e 
m

ag
ne

ti
c

26.

4-1£a>
6o6

£<U
>•HM
COa)
S

01
6ocn
CD
cd
cn
4-1l—1
3
cna)u

CMpH
o

0)pH

S
cd

rH3

OIH

§

a)
p .
cn£O
4-1<u£60
cd
S
M
■§m
£•H

00£
>•H
00 T3a)4J

304 4JH *H
o 4-»

m
CO•c(1> 3pH CO

CO •
s oM• mhQ)• TJ cd•H a) m4J vOrs cd o>/"~N tH pH

CO Oo (Xcd x><r
04 ■m vO

0) KP4 0 ) ph
CO CO•H •

/-s CO tHcdCO u
o a) 4-1a)
Ol

ocd M
Q) u a)pH pH
04 rHw a a)•H O
/*N aCO o 04o •H vO4J Oscd rH
Ol

a 6 •%
co o cdw m CO£ ocd •H aH hH
g a) cx
a Xi COC H Wo V-/
m # CO4J •X3*H £ aa 33 ( 0 OCJM •H a
a) & op* 4-1 a

a)
•H p .
M a
P 0)

U H
COa
a)P4 P*a ao o

o H

COI
6  ^  cj u• o
3  O
• CM 

6
a]

4J
cfl

m  cn 
I cn 

6  n 
co 6

mI
a

CO

cn
CM

s
£

cn
CM

cofl
ol-l
4->
CJ
a)i—i
w

cn£a)«

OO

cO

£oH

00 VD sd* 00 CO Oh vO os 00 as
Oh vO vO vO vO vO m
m m m m in m m m m m

O'
CO

CO VO CO M O  a) VO
oo -cr cm co oo £  i
CM CM CM O Ois

10(0 10 4(0 0 0 ( 0 0 0 0  
CO O ' CO -4  O  >-< CO s t

»—H ✓-N/̂N/-NCO 00 Os
o O 00 Os Ht Os o 04 as CM 04 04 o o• • « « • • • • • • • « •
m in Os 00 m 04 vO 00 vO m o pH o m

Nw' rH pH pH pH pH

m m pH •d* o CO vO co o o . sd- pH CM m
1 I r*H H t—l pH p H 1 1

i n m < r o vO 04 m m 04 VO Os m
i I pH CM CM CM CM pH i

o o c M c o m v o r ^ i o m ' O - c o c M H O

o o m i o m c o o c o i n v o v o i n c o o

O O N ( O K 1 c O r s O O a ' O H N C r l '4

Os
/H
Os

/H
Os o co pH VO in pH O* Os sd* vO sd*

p H vO 00 o CM CO sd* m VO Os 00 CO O pH
• • • • • • « • • • • • • •

m m m vO vO vO vO vO vO vO vO vO Os Os

vO
/—\ 
Os

V-/

/-S
vO

✓~s
o as 00 pH vO in m Os CO CM CO

Os vO sd’ o CM Os Os CO o OS Stf CM O 00
co r s vO vO m sd* sd- sd* CO CO CO CO CM

« • * • « • • • • • • • • •
CM CM CM CM CM CM CM CM CM CM CM CM CM CM
pH pH pH pH pH pH pH rH pH pH pH pH pH p H

SH N-/

c O K ' C J B S T O ^ ^ . O M f i t Q a



27.
I I .  EXPERIMENTAL STUDIES

I I . 1 O b j e c t i v e s

The p r e c e d in g  l i t e r a t u r e  s u r v e y  o f  r e s e a r c h  a c c o m p l i s h e d  on 

g a r n e t s  i s  f a r  f rom  co m p le te  b u t  i t  s u g g e s t s  g e n e r a l  l i n e s  which 

a r e  t o  b e  f o l l o w e d  i n  f u r t h e r  i n v e s t i g a t i o n s .

The p r e s e n t  work was o r i e n t e d  to w a rd  th e  m a g n e t ic  p r o p e r t i e s  

o f  g a r n e t s .  T ak ing  i n t o  a c c o u n t  t h e  e x i s t e n c e  o f  t h r e e  non ­

e q u i v a l e n t  s u b l a t t i c e s ,  t h e  g a r n e t  s t r u c t u r e  i s  a lm o s t  i d e a l  f o r  

s t u d i e s  o f  v a r y i n g  m a g n e t ic  p r o p e r t i e s  by means o f  c h a n g in g  i o n i c  

d i s t r i b u t i o n  among s u b l a t t i c e s .  R ev iew ing  c o m p o s i t io n s  o f  p r e p a r e d  

s y n t h e t i c  g a r n e t s , i t  i s  s e e n  t h a t  t h e i r  number i s  r a t h e r  s m a l l  i n  

c o m p a r iso n  w i t h  t h e  number o f  p o s s i b i l i t i e s  o f f e r e d  w i t h  r e g a r d  to  

t h e  number o f  t r a n s i t i o n  e le m e n ts  and t h e  a v a i l a b l e  s u b l a t t i c e s .

The r e a s o n  i s  t h e  h ig h  s e l e c t i v i t y  o f  t h e  g a r n e t  s t r u c t u r e .  From 

t h e  s t r u c t u r a l  r e l a t i o n s ,  i t  can  b e  deduced  t h a t  t h e  s e l e c t i v i t y  

o r i g i n a t e s  from  t h e  f a c t  t h a t  a l l  p o ly h e d r a  s h a r e  e d g e s  w i t h  each  

o t h e r .  U n f o r t u n a t e l y  t h e r e  i s  n o t  enough e x p e r i m e n t a l  d a t a  a v a i l ­

a b l e  t o  draw  d e f i n i t e  c o n c lu s i o n s  and  d e v e lo p  r i g o r o u s  r u l e s  g o v e rn in g  

s u b s t i t u t i o n s  i n  t h e  g a r n e t  s t r u c t u r e .

As a  m a t t e r  o f  f a c t ,  t h e  p r e p a r a t i o n  o f  new s y n t h e t i c  g a r n e t  

compounds was b a s e d  on more o r  l e s s  e m p i r i c a l  a s s u m p t io n s .  The 

f i r s t  o b j e c t i v e  was t o  g a t h e r  m ore e x p e r i m e n t a l  d a t a  w i t h  r e g a r d  to  

io n  d i s t r i b u t i o n s  o f  r a r e  e a r t h  i o n s  i n  t h e  g a r n e t  s t r u c t u r e ,  and 

t o  p r e p a r e  g a r n e t s  w i th  r a r e  e a r t h  i o n s  on two c r y s t a l l o g r a p h i c  

s i t e s ,  nam ely  d o d e c a h e d r a l  and o c t a h e d r a l  s i t e s .  The s im u l ta n e o u s
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o c c u r r e n c e  o f  r a r e  e a r t h  i o n s  on more t h a n  one s i t e  i n  t h e  g iv e n  

compound i s  q u i t e  i n t e r e s t i n g  i n  i t s e l f ,  and  from  a  v iew  o r i e n t e d  

to w a rd  m a g n e t ic  p r o p e r t i e s ,  i t  would  b e  an  exam ple  o f  c -  a  i n t e r ­

a c t i o n s  i f  th e y  c o u ld  e x i s t  be tw e en  r a r e  e a r t h  i o n s .

The seco n d  o b j e c t i v e  was t o  p r e p a r e  compounds c o n t a i n i n g  r a r e  

e a r t h  i o n s  on t h e  d o d e c a h e d r a l  s i t e s  and m a g n e t ic  i o n s  on t h e  

t e t r a h e d r a l  s i t e s ,  l e a v i n g  t h e  o c t a h e d r a l  s i t e  f i l l e d  w i th  non­

m a g n e t ic  i o n s .  Such a  ty p e  o f  compound w ould  b e  s u i t a b l e  f o r  s t u d i e s  

o f  d i r e c t  c -  d m a g n e t ic  i n t e r a c t i o n s .

The t h i r d  o b j e c t i v e  was t o  show t h e  p o s s i b i l i t y  o f  p r e p a r i n g  

a  g a r n e t  c o n t a i n i n g  r a r e  e a r t h  io n s  on t h e  o c t a h e d r a l  s i t e  and i r o n  

on t h e  t e t r a h e d r a l  s i t e s .  The b e h a v io r  o f  r a r e  e a r t h  io n s  on t h e  

o c t a h e d r a l  s i t e s  h a s  n o t  y e t  b e e n  s t u d i e d ,  and i t  would  be r a t h e r  

i n t e r e s t i n g  t o  f i n d  o u t  how t h e  m a g n e t ic  moments o f  r a r e  e a r t h  i o n s  

i n  " a "  s i t e s  a r e  o r i e n t e d  when f e r r i m a g n e t i c  i n t e r a c t i o n  w i th  

t r i v a l e n t  i r o n  io n s  on t h e  t e t r a h e d r a l  s i t e s  t a k e  p l a c e .

I I . 2 E x p e r im e n ta l  A pproach

As m e n t io n e d  a b o v e ,  t h e  p r e p a r a t i o n  o f  a  new s y n t h e t i c  g a r n e t  

h a s  t o  b e  b a s e d  on e m p i r i c a l  a s su m p t io n s  b e c a u s e  t h e r e  i s  no t h e o r y  

w h ic h  w ould  a l lo w  one t o  make d e f i n i t e  p r e d i c t i o n s .  However, t h e r e  

a r e  s e v e r a l  e m p i r i c a l  r u l e s  w h ich  h e lp  t o  draw c o n c lu s i o n s  a b o u t  i o n  

d i s t r i b u t i o n s .  The m ost  i m p o r t a n t  one s a y s  t h a t  o n ly  io n s  w i th  

s p h e r i c a l  o r  p s e u d o - s p h e r i c a l  symmetry o f  e l e c t r o n  s h e l l  can be  

t e t r a h e d r a l l y  c o o r d i n a t e d .  A t te m p ts  w ere  made t o  p r e p a r e  compounds 

w i t h  d e s i r e d  io n s  on t h e  c r y s t a l l o g r a p h i c  s i t e s  o f  t h e  g a r n e t
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s t r u c t u r e .  The compounds w ere  p r e p a r e d  i n  p o l y c r y s t a l l i n e  form  and 

s u b j e c t e d  t o  X - ra y  d i f f r a c t i o n  s t u d i e s  a s  t h e  o n ly  m ethod a v a i l a b l e  

f o r  d raw ing  c o n c lu s i o n s  a b o u t  t h e  p u r i t y  o f  t h e  g a r n e t  p h a s e  and i o n i c  

d i s t r i b u t i o n .  M easurem ents  o f  m a g n e t ic  p r o p e r t i e s  o f  s i n g l e  p h a s e s  

w e re  t h e  l a s t  s t e p .

1 1 . 3 P r e p a r a t i o n s

A l l  p r e p a r a t i o n s  w ere  made by s o l i d  s t a t e  r e a c t i o n  among r a r e  

e a r t h  o x id e s  a t  l e a s t  99.9% p u r e ,  Ga  ̂ 0^ 99.999% p u r e  and F&2  0^

99.9% p u r e .  D e s i r e d  q u a n t i t i e s  o f  o x id e s  w ere  c a r e f u l l y  w e ig h ed  and 

i n t i m a t e l y  m ixed  by g r i n d i n g  w i t h  an  a g a t e  m o r t a r  and p e s t l e .  Then 

t h e  m ix tu r e s  w ere  h e a t e d  f o r  s e v e r a l  h o u r s  a t  e l e v a t e d  t e m p e r a t u r e  

i n  open p l a t in u m  c r u c i b l e s  i n  a  m u f f l e  f u r n a c e .  A f t e r  t h i s ,  t h e  

sa m p le s  w ere  r e g r o u n d  and r e h e a t e d  u n d e r  t h e  same c o n d i t i o n s .  The 

c o n d i t i o n s  su c h  as  t e m p e r a t u r e  and f i r i n g  p e r i o d s  w ere  d i f f e r e n t  f o r  

t h e  d i f f e r e n t  s y s te m s  s t u d i e d ,  and th e y  a r e  g iv e n  f o r  e a c h  s y s te m .

The p r o c e d u r e  was r e p e a t e d  as  many t im e s  as  was n eeded  f o r  r e a c h in g  

e q u i l i b r i u m .  I t  was d e c id e d  from t h e  r e s u l t s  o f  t h e  x - r a y  d i f f r a c t i o n  

w h e th e r  r e f i r i n g  was n e e d e d .  B ecause  o f  t h e  l i m i t a t i o n  o f  t h e  f u r n a c e  

u s e d ,  1500°C was t h e  maximum t e m p e r a t u r e  em ployed .

1 1 . 4 X -ray  D i f f r a c t i o n  S t u d ie s

The x - r a y  d i f f r a c t i o n  powder m ethod  u s i n g  N o re lc o  e q u ip m e n t  w i t h  

5 7 .3  mm r a d i u s  powder cam eras  was t h e  b a s i c  t e c h n i q u e  u s e d  t o  c h a r ­

a c t e r i z e  t h e  p r e p a r e d  compounds. X - ra y  p a t t e r n s  o b t a in e d  w e re  checked  

t o  s e e  w h e th e r  t h e y  c o n ta i n e d  o n ly  l i n e s  b e lo n g in g  t o  t h e  g a r n e t  

s t r u c t u r e .  ' T he  p a t t e r n  o f  Nd^ Ga,. 0 ^  g a r n e t  was u s e d  a s  a  r e f e r ­

e n c e .  The r e f l e c t i o n s  o f  t h i s  p a t t e r n  a r e  g iv e n  i n  T a b le  I I . 1.
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The l a t t i c e  c o n s t a n t ,  a ,  was t h e  o n ly - m e a s u r a b le  p a r a m e te r  

w hich s e r v e d  a s  i n d i c a t i o n  o f  t h e  i o n i c  d i s t r i b u t i o n .  The l a t t i c e  

c o n s t a n t s  w ere  c a l c u l a t e d  a c c o r d in g  t o  t h e  r e l a t i o n s h i p  f o r  t h e  c u b ic  

c r y s t a l  s t r u c t u r e .

a  = d ^ h 2  +  k 2  +  l 2  

w here d i s  t h e  s p a c i n g  be tw een  p l a n e s  i n  t h e  u n i t  c e l l ,  and h ,  k ,  

and 1 a r e  t h e  M i l l e r  in d e x e s  o f  t h e  p l a n e s .  Four  l i n e s  i n  t h e  b a c k  

r e f l e c t i o n  r e g i o n  o f  t h e  powder p a t t e r n  ( i . e .  ( 1 2  8  2 ) ,  ( 1 2  6  6 ) ,

( 1 2  1 0  0  ) ,  and ( 1 2  1 0  2 ) ) w e re  u s e d  f o r  l a t t i c e  c o n s t a n t  c a l c u l a t i o n s .

T a b le  I I .  1 In d ex e d  x -  r  Ay p a t t e r n  o f  ̂ N d ^  [ ( ^ ^ ( G a ^  0 ^ *  (75)

d (A) I /% h k 1
2  2  2  h +k + 1 j| h 2 + k2+:

5 .11 16 2 1 1 6 2 .4 4 9
4 .42 6 2 2 0 8 2 .8 2 8
3 .342 1 2 3 2 1 14 3 .741
3 .1 2 8 30 4 0 0 16 4 .0 0 0
2 .796 1 0 0 4 2 0 2 0 4 .4 7 2
2 .669 2 3 3 2 2 2 4 .6 9 0
2 .553 45 4 2 2 24 4 .8 9 8
2 .452 4 4 3 1 26 5 .0 9 9
2 .283 1 2 5 2 1 30 5 .4 7 7
2 . 2 1 1 4 4 4 0 32 5 .6 5 6
2 .029 14 6 1 1 38 6 .1 6 4
1.977 2 6 2 0 40 6 .3 2 4
1.843 4 6 3 1 46 6 .7 8 2
1.805 16 4 4 4 48 6 .9 2 8
1 .735 30 6 4 0 52 7 .211
1.701 6 7 2 1 54 7 .3 4 8
1.6712 35 6 4 2 56 7 .4 8 3
1.5883 1 0 7 3 2 62 7 .8 7 4
1 .563 16 8 0 0 64. 8 . 0 0 0

1.3982 1 0 8 4 0 80 8 .9 4 4
1.3646 2 0 8 4 2 84 9 .1 6 5
1.3489 4 9 2 1 8 6 9 .2 7 3
1.3333 8 6 6 4 8 8 9 .3 8 0
1.2267 6 1 0 2 0 104 10 .1 9 8
1.1923 4 1 0 3 1 1 1 0 10 .488
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T a b le  I I . 1 ( C o n t ’ d)

d (A) i / i o h k 1
2  2  2  

h +k + 1 t f h W - H 2

1.1614 18 1 0 4 0 116 10.770
1 .1513 2 1 0 3 3 118 10 .862
1 .1417 1 0 1 0 4 2 1 2 0 10 .254
1 .1143 4 1 1 2 1 126 11 .224
1.105 1 0 8 8 0 128 11 .313
1.0801 2 1 1 3 2 134 11.576
1.0422 8 1 2 0 0 144 1 2 . 0 0 0

1.0281 1 0 1 2 2 0 148 12.165
1 . 0 2 1 2 6 1 1 5 2 150 12.247
1 .0146 1 0 1 2 2 2 152 12 .328
0 .9 7 0 7 4 1 1 6 3 166 12 .884
0 .9 4 8 2 2 13 2 1 174 13.191
0 .9 4 2 5 8 1 2 4 4 176 13.266
0 .9321 14 1 2 6 0 180 13.416
0 .921 1 2 6 2 184 13.565
0 .8 5 9 1 2 8 2 2 1 2 14 .560*
0 .8 5 0 5 1 2 6 6 216 14 .696*
0 .8 0 0 5 1 2 1 0 0 244 15 .620*
0 .7 9 4 1 2 1 0 2 248 15 .748*

* Used f o r  l a t t i c e  c o n s t a n t  c a l c u l a t i o n s .

I I .5  M a g n e t ic  M easurem ents

M a g n e t ic  s u s c e p t i b i l i t i e s  w e re  d e te rm in e d  by  t h e  F a ra d a y  m ethod 

w i t h  an  a p p a r a t u s  c o n s i s t i n g  e s s e n t i a l l y  o f  a  4 - i n c h  d i a m e te r  V a r ia n  

e le c t r o m a g n e t  w i t h  F a ra d a y  p o l e s , a lo n g  w i t h  a  Cahn GRAM E l e c t r o ­

b a l a n c e  i n  a  h e l i u m - f i l l e d  g l a s s  cham ber p l a c e d  b e tw e e n  t h e  p o l e s  f o r  

m easu rem en t o f  t h e  w e ig h t  c hange  o f  t h e  sam ple  upon a p p l i c a t i o n  o f  

t h e  m a g n e t ic  f i e l d .  A Dewar f l a s k  f i l l e d  w i t h  l i q u i d  n i t r o g e n  was 

used  t o  c o o l  t h e  s a m p le .  Sam ples o f  d i f f e r e n t  w e i g h t s  from  a b o u t  

3 t o  5 mg w ere  p l a c e d  i n  a  5 mm d i a m e te r  q u a r t z  p a n  a t  t h e  end  o f  a 

q u a r t z  f i b e r  i n  a  Vycor hangdown t u b e .  W eigh ings w e re  made f i r s t
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w i t h o u t  and  th e n  w i t h  t h e  f i e l d  a p p l i e d .  The f i e l d  s t r e n g t h  H i n  

t h e  v i c i n i t y  o f  t h e  sam p le  was a b o u t  6  kG.

A C u - c o n s ta n t  and  th e rm o c o u p le  c l o s e  t o  t h e  sam p le  pan was 

em ployed t o  m easu re  t h e  t e m p e r a t u r e .  A l l  r u n s  w ere  s t a r t e d  a t  a b o u t  

78°K (w hich  i s  t h e  b o i l i n g  t e m p e r a t u r e  o f  l i q u i d  n i t r o g e n ) . Then 

t h e  c o o l a n t  was s lo w ly  b o i l e d  away from  t h e  sam p le  a r e a ,  and a f t e r  

t h a t  t h e  sam p le  was h e a t e d  up t o  room t e m p e r a t u r e .  The h e a t i n g  was 

p r o v id e d  b y  a  d o u b le -w o u n d ,  i n s u l a t e d  n ic h ro m e  c o i l  a ro u n d  t h e  

hangdown tu b e .

M a g n e t ic  s u s c e p t i b i l i t i e s  w ere  c a l c u l a t e d  by co m p a r iso n  w i th  

t h e  r e s u l t s  o f  w e ig h t  c hange  o f  t h e  a c c e p te d  s t a n d a r d  u s in g  t h e  

same a p p l i e d  f i e l d  s t r e n g t h .  M ercury  t h i o c y a n a t o c o b a l t a t e  I I  

(Hg £ Co ( s c n ) ^ ,  (62) (Eastm an  O rg a n ic  C h em ica ls  # 8588) was

“6u s e d  a s  a  s t a n d a r d .  I t s  gram s u s c e p t i b i l i t y  a t  20°C i s  16 .44  x  10. 

The a p p a r a t u s  i s  d e s c r i b e d  i n  d e t a i l  i n  ( 6 3 ) .
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I I I .  GARNET COMPOUNDS PREPARED

I I I . l  G a l l iu m  G a rn e ts  w i t h  R are  E a r t h  on B oth  O c ta h e d r a l  and
D o d e c a h e d ra l  S i t e s

R are  e a r t h  io n s  h a v e  b e e n  o b s e rv e d  t o  d i s t r i b u t e  th e m s e lv e s  a t  

l e a s t  to  some e x t e n t  on two c r y s t a l l o g r a p h i c  s i t e s  i n  some g a r n e t s .  

S c h e i d e r ,  R o th  and  W aring (41) i n v e s t i g a t e d  t h e  e x t e n t  o f  g a r n e t  

s o l i d  s o l u t i o n  i n  g a r n e t  sy s te m s  c o n t a i n i n g  w i t h  o x id e s  o f

t r i v a l e n t  r a r e  e a r t h .  S i m i l a r  work was a l s o  done by K e i th  and  Roy

( 4 0 ) .  The maximum s o l u b i l i t y  o f  r a r e  e a r t h  on t h e  d o d e c a h e d r a l  s i t e s

3+was found  a t  Tm and f e l l  o f f  i n  b o t h  d i r e c t i o n s  a lo n g  t h e  r a r e  

e a r t h  s e r i e s .  The fo rm u la  o f  t h e  c o m p o s i t io n  w i t h  maximum Tm i s

H i  I 1 ” . 8  G sl . 2 I  (  Ga^) ® i2 ‘ S c h n e id e r ,  Roth and W aring
3+(41) found  s o l u b i l i t y  o f  Y on t h e  o c t a h e d r a l  s i t e  o f  y t t r i u m

g a l l i u m  g a r n e t  a b o u t  H I  [ Y.7 4  Gs1 . 2 6 ^  ( H )  °12* a  r e 3 u l t

v e r y  s i m i l a r  t o  t h a t  o f  G e l l e r  and E s p in o s a  ( 8 ) .  G e l l e r  and E s p in o s a

a l s o  o b s e rv e d  l i n e a r  i n c r e a s e  o f  t h e  l a t t i c e  c o n s t a n t  w i t h  i n c r e a s i n g

3+c o n c e n t r a t i o n  o f  Y i n  t h e  g a r n e t .  M i l l  (34) p r e p a r e d  g e rm a n a te  

g a r n e t s  w i th  a l k a l i n e  e a r t h  io n s  on t h e  d o d e c a h e d r a l  s i t e s  and  s m a l l  

t r i v a l e n t  r a r e  e a r t h  i o n s  on t h e  o c t a h e d r a l  s i t e s .

Such r e s u l t s  s u g g e s t e d  t h a t  i t  m ig h t  be  p o s s i b l e  t o  p r e p a r e  

g a l l i u m  g a r n e t s  w i t h  t r i v a l e n t  r a r e  e a r t h  i o n s  on b o th  d o d e c a h e d r a l  

and o c t a h e d r a l  s i t e s ,  p e rh a p s  t o  e x c l u s i o n  o f  a l l  o t h e r  i o n s  on t h e  

o c t a h e d r a l  s i t e s  i f  t h e  d o d e c a h e d r a l  s i t e s  w e re  f i l l e d  w i t h  l a r g e  

r a r e  e a r t h  i o n s .
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1 1 1 . 1 . 1  The Neodymium S y s te m s . At f i r s t ,  a t t e m p t s  w ere  made 

to  p r e p a r e  s o l i d  s o l u t i o n s  o f  j  f c a ^  ( c a 3 )  0 ^  ^  th e

n o m in a l  c o m p o s i t io n s  ( g s ^ )  ® i2 ' ant  ̂ t o  d e te r m in e

t h e  r e l a t i o n s h i p  be tw e en  c o m p o s i t io n  and t h e  l a t t i c e  c o n s t a n t .  R
3 + 3 + 3 + 3 + 3 + 3+

s ta n d s  f o r  o t h e r  r a r e  e a r t h  i o n s :  Lu , Tm , Yb , Er , Ho , Dy

The r a n g e  o f  t h i s  sy s te m  a c t u a l l y  c o r r e s p o n d s  t o  t h e  fo rm u la  { ^ 3 ^

£pa 2 _x Rx "J ( ^ 3 )  w here  t h e  above  fo rm u la s  r e p r e s e n t  t h e  end

3+members f o r  x  = 0 and x = 2 r e s p e c t i v e l y .  Nd was c h o se n  f o r  t h e  

f i r s t  r u n s  b e c a u s e  o f  i t s  r a d i u s  w h ich  i s  among t h e  l a r g e s t  found  

i n  th e  r a r e  e a r t h s .  A lth o u g h  i t  e n t e r s  t h e  d o d e c a h e d r a l  s i t e s  o f  

g a l l i a  g a r n e t s  w i t h  e a s e ,  i t  w i l l  n o t  e n t e r  t h e  o c t a h e d r a l  s i t e s  

a t  a l l  (R e f .  41; a l s o  co n f i rm e d  i n  p r e s e n t  s t u d i e s ) .

1 1 1 . 1 . 1 . 1  P r e p a r a t i o n  C o n d i t i o n s .  The t e m p e r a t u r e  em ployed

3+f o r  t h e  s o l i d  s t a t e  r e a c t i o n s  f o r  Nd sy s te m  was 1500°C. O xide 

m ix tu r e s  w ere  h e a t e d  f i r s t  f o r  t h r e e  h o u r s  and th e n  r e g r o u n d  and  

r e h e a t e d  f o r  an a d d i t i o n a l  f i v e  h o u r s .  T h is  p r o c e d u r e  was fou n d  

to  be  s u f f i c i e n t  f o r  e q u i l i b r i u m  t o  b e  r e a c h e d  i n  a l l  c a s e s .

1 1 1 .1 . 1 . 2  R e s u l t s . The r e s u l t s  o f  t h e  p r e p a r a t i o n  a c c o r d in g

to  t h e  g e n e r a l  fo rm u la  £ ^ 3  ,  v i [  Rx Ga2 -  Ga3 )  ° i 2

a r e  co m p iled  i n  T a b le s  I I I . l  t o  I I I . 7.
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T a b le  I I I . l  System  [Nd3_y Yb. , 1 K  Ca2_

X y a  (A) P u r i t y

0 . 2 0 12 .504 S l i g h t l y  Im pure
0 .3 0 12 .511 S l i g h t l y  Im pure
0 .4 0 12 .526 Im pure
0 .5 0 12.551 Im pure
0 .7 0 12 .595 Very Im pure
0 . 8 '  0 12 .618 Very Im pure
0 .9 0 12 .650 Im pure
1 . 0 0 12 .680 Im pure
1 . 1 0 12 .699 Im pure
1 . 2 0 12 .718 S l i g h t l y  Im pure
1 .3 0 12 .747 S l i g h t l y  Im pure
1 .4 0 12 .770 S l i g h t l y  Im pure
1 .5 0 12 .7 8 4 S l i g h t l y  Im pure
1 . 6 0 12 .804 S l i g h t l y  Im pure
1 . 8 0 12 .840 Im pure
1.9 0 12 .864 Im pure
2 . 0 0 12 .890 Im pure
2 . 0 0 . 1 12 .906 Im pure
2 . 0 0 . 2 12 .900 S l i g h t l y  Im pure
2 . 0 0 .3 12 .864 P u re
2 . 0 0 .5 12 .855 P u re

T a b le  I I I . 2 System (“ s j  K Ga2 - X]  ^ Ga3^ ° 1 2  y  = 0

X a  (A) P u r i t y

0 . 2 12 .522 Very S l i g h t l y  Impure
0 .4 12 .535 S l i g h t l y  Im pure
0 . 6 12 .592 Im pure
1 . 0 1 2 . 6 6 6 S l i g h t l y  Im pure
1 .4 12 .459 S l i g h t l y  Im pure
1 . 8 12 .829 P u re
2 . 0 12 .881 P u re
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T a b le  I I I . 3 System  ^  Tin Ga2 -  Ga3 )  0 1 2

X Y
0

a  (A) P u r i t y

0 . 2 0 12 .503 Im pure
0 .4 0 12 .501 Im pure
0 . 6 0 12 .527 Im pure
0 . 8 0 12 .585 Im pure
0 .9 0 12 .611 Im pure
1 . 2 0 12 .684 S l i g h t l y  Im pure
1 . 6 0 12 .793 Im pure
2 . 0 0 12 .882 Im pure
2 . 0 0 . 2 12 .882 Im pure
2 . 0 0 .4 12 .876 S l i g h t l y  Impure
2 . 0 0 . 6 12 .854 P u r e

T a b le  I I I . 4 System l M 3-y  Ery }  [ Er* Ga2- J  ( G‘0  °12

X y a  (A) P u r i t y

0 .2 0 12.504 Im pure
0 .6 0 12.503 Im pure
0 .9 0 12.594 Im pure
0.95 0 12.606 Im pure
1.05 0 12.624 Im pure
1.2 0 12.660 Im pure
1.4 0 12.693 Im pure
1.60 0 12.744 Im pure
1.8 0 12.784 Im pure
2 .0 0 12.831 Im pure
2.0 0 .2 12.828 Im pure
2.0 0 .4 12.837 Im pure
2.0 0 .6 12.827 Im pure



37.
T a b le  I I I . 5 System K - y  Hoy i  £ Ho* Gv J  t a ) °12

X y a  (A) P u r i t y

0 .2 0 12.502 Im pure
0 .4 0 12.492 Im pure
0 .8 0 12.522 Im pure
1 .0 0 12 .553  - Im pure
1 .2 0 12.569 Im pure
1 .4 0 12.605 Im pure
1 .8 0 12.640 Im pure
2 .0 0 12.652 Im pure
2 .0 0 .2 12.657 Im pure
2 .0 0 .4 12.662 Im pure
2 .0 0 .6 12 .643 Im pure

T a b le  I I I . 6 System
, M 3 - y  % ]  [ > » * Ga2 - x l  ^ 3 ) °12

X y a  (A) P u r i t y

0 .2 0 12.501 Im pure
0 .4 0 12.492 Im pure
0 .6 0 12.479 Im pure
0 . 8 0 12.483 Im pure
1.0 0 12.492 Im pure
1.4 0 12.504 Im pure
1 .8 0 12.510 Im pure
2 .0 0 12.510 Im pure
2 .0 0 .2 12.524 Im pure
2 .0 0 .4 12.530 Im pure
2 .0 0 .6 Im pure*

The x - r a y  p a t t e r n  h a s  v e r y  p o o r  b a c k  r e f l e c t i o n s ,  and t h e r e f o r e  
t h e  l a t t i c e  c o n s t a n t  c a n n o t  b e  d e te r m in e d  w i t h  p r o p e r  a c c u r a c y .
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'3 - y  *“y j  L “ “ 2-‘ ' “ “ 3 '  “ 12T a b le  I I I . 7 System  { ^ 3 _ ^  C® a 3  )  ° ]

y
0

a (A) P u r i t y

0 . 5 12 .465 P u re
1 . 0 12 .431 P u re
2 . 0 12 .314 P u re
3 . 0 12 .203 P u re

3+
I I I . 1 . 1 . 3  D i s c u s s i o n  o f  R e s u l t s . When s u f f i c i e n t  Ga io n

i s  p r e s e n t  i n  an  a t t e m p t  t o  make a  s o l i d  s o l u t i o n ,  i t  f i l l s  b o t h  t h e

3+o c t a h e d r a l  and  t e t r a h e d r a l  s i t e s ,  and  a l l  r a r e  e a r t h s ,  w h e th e r  Nd 

3+o r  R e n t e r  o n ly  d o d e c a h e d r a l  p o s i t i o n s .  D a ta  f o r  s o l i d  s o l u t i o n s  

o f  t h e  ty p e  (Nd^ Ga,. 0 ^  “  Ga^ 0 ^ )  a r e  g iv e n  i n

T a b le  I I I . 7,  and  t h e  p l o t  o f  t h e  l a t t i c e  c o n s t a n t s  f o r  t h i s  sy s te m  

w hich  a c t u a l l y  c o r r e s p o n d s  t o  ^ ^ 3  y  Yb^ ^  ( ^ 3 !  ® \ 2

g iv e n  i n  F i g u r e  I I I . l .

When a t t e m p t i n g  t o  p r e p a r e  ^Nd^ } [ E2 l ( Ga3)  0 ^ 2  compounds

i t  was found t h a t  g a r n e t s  w ere  fo rm ed  i n  a l l  c a s e s  b u t  e x c e p t  f o r  

^ N d ^ ^  ^G ag ')  0 ^ 2 '  c o n t a i n s  t h e  s m a l l e s t  o f  a l l  r a r e

e a r t h  i o n s ,  i m p u r i t i e s  w ere  a l s o  p r e s e n t .  However, t h e  o b s e rv e d  

i n c r e a s e s  o f  t h e  l a t t i c e  c o n s t a n t s  p r o v e  t h a t  r a r e  e a r t h  i o n s  do 

e n t e r  t h e  o c t a h e d r a l  p o s i t i o n s  t o  an  a p p r e c i a b l e  e x t e n t .

The r e s u l t s  p l o t t e d  i n  F ig u r e  I I I . 2 i n d i c a t e  t h a t  V e g a r d 's  law 

i s  n o t  obeyed ;  r a t h e r ,  e ach  o f  t h e  c u rv e s  c o n t a i n s  a t  l e a s t  two 

segm en ts  w i t h  d i f f e r e n t  s l o p e s .  The f i r s t  segm ent w i th  s m a l l  a d d i t i o n s  

o f  R ( i . e . ,  x  s m a l l )  h a v e  much lo w e r  s l o p e s  t h a t  t h e  s e c o n d  segm en ts
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w here  x I s  l a r g e r .  Some o f  t h e  f i r s t  segm ent s lo p e s  a r e  a c t u a l l y  

z e ro  o r  n e g a t i v e .  The l o g i c a l  e x p l a n a t i o n  f o r  t h i s  a p p e a r s  t o  b e  

t h a t  o f  some o f  t h e  s m a l l  r a r e  e a r t h  i o n ,  R. was a c t u a l l y  e n t e r i n g  

t h e  d o d e c a h e d r a l  p o s i t i o n s  a lo n g  w i t h  t h e  Nd, w h i l e  s im u l t a n e o u s l y  

e n t e r i n g  t h e  o c t a h e d r a l  p o s i t i o n s .  S in c e  t h e  f i r s t  would  d e c r e a s e  

t h e  l a t t i c e  c o n s t a n t  and t h e  second  w ould  i n c r e a s e  i t ,  t h e  n e t  

change  would  b e  s m a l l ,  w hich  i s  p r e c i s e l y  w ha t  was o b s e rv e d .  I n  

a d d i t i o n ,  w i th  R e n t e r i n g  t h e  d o d e c a h e d r a l  s i t e s  and Nd u n a b le  t o  

e n t e r  t h e  o c t a h e d r a l  s i t e s ,  t h e r e  w ould  b e  a  s u r p l u s  o f  Nd. T h is  

i s  i n  f a c t  t h e  c a s e ,  f o r  one im p u r i ty  p h a s e  found  was t h e  p e r o v s k i t e ,  

NdGaO^, when x »  0 .6  f o r  Lu, 1 .2  f o r  Yb, and Tm 1 .8  f o r  Er 

and  0 -2  f o r  Ho and  Dy. A d d i t i o n a l  i m p u r i t y  p h a s e s  found  when 

x = 1 .1 - 2  f o r  Yb, 1-2 f o r  Tm, 0 .9 - 2  f o r  E r ,  and 0 .8 - 2  f o r  Ho and Dy 

w ere  n o t  i d e n t i f i e d .  The l o s s  o f  Ga a v a i l a b l e  t o  t h e  g a r n e t  p h a s e  

w h ich  r e s u l t s  from  t h e  f o r m a t io n  o f  p e r o v s k i t e  a l s o  a f f e c t s  t h e  

am ount, c o m p o s i t i o n ,  and t h e  l a t t i c e  c o n s t a n t  o f  t h e  g a r n e t  fo rm ed .

T h is  i s  t h e  r e a s o n  t h a t  t h e  a b s c i s s a  i n  F i g .  I I I . 2 i s  l a b e l e d  "Nominal 

x"  w h ich  means t h e  amount o f  R i n t r o d u c e d  i n t o  t h e  m ix t u r e  o f  

r e a c t a n t s  b a s e d  on t h e  e x p e c te d  i d e a l  s o l i d  s o l u t i o n  f o r m a t i o n .  The 

s h a r p  r i s e  o f  t h e  s e c o n d  segm en ts  o f  t h e  c u rv e s  i n  F ig .  I I I . 2 i n d i c a t e  

t h a t ,  f o l l o w i n g  p a r t i a l  f i l l i n g  o f  t h e  d o d e c a h e d r a l  p o s i t i o n s  w i t h  R, 

t h e  o c t a h e d r a l  p o s i t i o n s  f i l l  up more e x c l u s i v e l y .

The low er  l e v e l s  o f  t h e  E r ,  Ho, and Dy c u rv e s  i n d i c a t e  t h a t  t h e  

t r u e  maximum v a l u e s  o f  "x"  a t t a i n e d  i n  t h e s e  n o m in a l  sy s te m s  w ere  

lo w e r  t h a n  w i th  t h e  s m a l l e r  io n s  Lu, Yb, and Tm.
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I f  some o f  t h e  s m a l l  r a r e  e a r t h  R e n t e r s  t h e  d o d e c a h e d r a l  

s i t e s  and th u s  l e a v e s  i n s u f f i c i e n t  R f o r  t h e  o c t a h e d r a l  s i t e s ,  i t  

c o u ld  b e  e x p e c te d  t h a t  f u r t h e r  a d d i t i o n  o f  R a c t u a l l y  r e s u l t s  i n  

e x p a n s io n  o f  t h e  l a t t i c e ,  a t  l e a s t  up to  t h e  p o i n t  w h ere  a  maximum 

v a lu e  o f  x i s  r e a c h e d .  T h i s  s h o u ld  o c c u r  b e c a u s e  su c h  f u r t h e r  

a d d i t i o n  would  p r o v id e  s u f f i c i e n t  R b o th  to  s a t i s f y  t h e  d o d e c a h e d r a l  

s i t e s  and t o  c o n t in u e  f i l l i n g  o f  t h e  o c t a h e d r a l  s i t e s .

None o f  t h e  r a r e  e a r t h  io n s  w i l l  e n t e r  t h e  t e t r a h e d r a l  s i t e s  

i n  s u b s t i t u t i o n  f o r  Ga. The fo rm u la  w hich w ould  b e t t e r  c h a r a c t e r i z e  

t h e  t r u e  s i t u a t i o n  can b e  w r i t t e n  as

[ M 3 -y  Ey } [ \  GV x ] ( Ga3 )  °12  '

I t  i s  t h e  nom ina l  v a l u e  o f  t h i s  y (w i th  n o m in a l  x  = 2) which 

i s  p l o t t e d  i n  t h e  r i g h t  p o r t i o n  o f  F ig .  I l l  -  2 .  I n  t h e  c a se  o f  

Lu w here  t h e  c o m p o s i t io n  L ^ ^ ^ G a . ^  0 ^ 2  i s  a s i n g l e

p h a s e ,  one e x p e c t s  to  f i n d  an  im m ed ia te  d e c r e a s e  i n  t h e  v a lu e  o f  a  . 

I n  a l l  o t h e r  c a s e s  e i t h e r  an  i n c r e a s e  o r  a l e v e l l i n g  o f f  i s  o b s e rv e d .  

The m a in te n a n c e  o f  a  c o n s t a n t  v a l u e  o f  a  i s  a l s o  s i g n i f i c a n t  b e c a u s e  

a  t r u e  i n c r e a s e  i n  y i n  a  s i n g l e - p h a s e  m a t e r i a l  c o u ld  o n ly  c a u se  a  

d e c r e a s e  i n  t h e  l a t t i c e  c o n s t a n t .

S e v e r a l  sy s te m s  w ere  p r e p a r e d  w i t h  c o n s t a n t  y  v a lu e s  w h i le  

c h a n g in g  x .  The d a t a  o b t a i n e d  a r e  com piled  i n  T a b le s  I I I  -  8 th ro u g h  

I I I  -  9 .
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T a b le  I I I - 8  System  |^Nd2 g Yb 2 ]  £  ¥ b x Ga2_ . J O ^ )  Ou

y = 0 .2

X a  (A) P u r i t y

0 .0 12 .495 P u re
0 .2 12.522 S l i g h t l y  Impure
0 .4 12 .555 S l i g h t l y  Im pure
0 .8 12.631 S l i g h t l y  Impure
1 .2 12.715 A lm ost P u re
1 .6 12 .800 Alm ost P u re
2 .0 12.900 A lm ost P ure

T a b le  I I I - 9  System  ^Nd2 ? Yb ( \ b x 

y=0. 3

Ga2 - x K Ga3) °12

x a  (A) P u r i t y

0 .0 12.486 P u re
0 .2 12.520 P u r e
0 .4 12.562 P u re
0 .8 12.640 P u re
1 .2 12.715 P u re
1 .4 12 .744 P u re
1 .5 12.767 P u re
1 .6 12.784 P u re
1.9 12.842 P u re
2 .0 12 .864  . P u re
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I t  was fo u n d  t h a t ,  a s  t h e  v a l u e  o f  y  a p p ro a c h e d  a  c e r t a i n  

r e q u i r e d  minimum, s i n g l e - p h a s e  g a r n e t s  w ere  o b t a i n e d .  When 

a p p ro a c h in g  t h i s  minimum v a l u e ,  t h e  p l o t t s  o f  t h e  l a t t i c e  c o n s t a n t s  

v s  c o m p o s i t io n  became more l i n e a r ,  and  a t  t h e  v a l u e  o f  y  w h ich  

y i e l d s  p u r i t y ,  i t  was l i n e a r .  The l i n e a r i t y  o f  su ch  a  p l o t  means 

t h a t  t h e  law  o f  V egard  i s  obeyed . The p r o g r e s s i v e  i n c r e a s e  i n

can  be  s e e n  i n  F i g .  I l l  -  3.

The minimum r e q u i r e d  v a lu e  o f  y  f o r  t h e  Yb sy s tem  was found

t o  b e  0 . 3 .  F o r  t h e  o t h e r  s y s te m s ,  t h a t  i s ,  t h o s e  w i t h  t h e  o t h e r

s m a l l  r a r e  e a r t h s , t h e  y  -  v a lu e s  w ere  d e te r m in e d  a s  f o l l o w s : A

n o m in a l  c o m p o s i t io n  was c h o sen  w here  t h e  p e r o v s k i t e  i m p u r i t y  l i n e s  

i n  t h e  x - r a y  d i f f r a c t i o n  powder m ethod p a t t e r n  w ere  s t r o n g e s t ,  and 

t h e  v a lu e  o f  y was v a r i e d  w h i l e  x was h e l d  c o n s t a n t  u n t i l  a  s i n g l e  

p h a s e  compound was o b t a i n e d .  I n  t h e  Lu s y s te m ,  t h i s  v a l u e  o f  x was 

0 . 5 ,  w h i l e  f o r  t h e  Tm and Er s y s te m ,  0 . 8 .  The v a lu e s  o f  y  d e te r m in e d  

w ere  0 .6  f o r  t h e  Tm s y s te m ,  0 .2  f o r  t h e  Lu s y s te m ,  and 1 .1  f o r  t h e

E r  s y s te m . D a ta  f o r  t h o s e  sy s tem s  a r e  c o m p ile d  i n  t h e  f o l l o w i n g  t a b l e s .

l i n e a r i t y  f o r  t h e  sy s te m 0 12
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GV * T ( G0  °12

X a  (A) P u r i t y

0 .0 12 .454 P u re
0 .4 12 .525 P u re
0 .8 12 .624 P u re
1 .2 12 .705 P u re
1 .6 12 .784 P u re
2 .0 12 .854 P u re

T a b le  I I I - 11 System  

y = 1 .1

( W 1 .9  E r l . l l  [ E rx Ga2 -J (Ga3) °12

X a  (A) P u r i t y

0 .0 12 .414 P u re
0 .5 12 .514 P u re
1 .0 12 .638 P u re
1 .5 12.751 P u re
2 .0 12 .813 Very S l i g h t l y  Im pure

A l l  p r e p a r a t i o n s  l i s t e d  above a r e  s i n g l e  p h a s e s  e x c e p t  f o r  t h e  

one w i t h  E r  a t  x  = 2 . 0 .  The p l o t s  f o r  f o u r  sy s te m s  [ Nd3 - y  \ 1  

f  Rx  Ga2 - x ^  W  0 ^ 2  w i t h  t h e  v a l u e  o f  y  r e q u i r e d  f o r  l i n e a r i t y  

a r e  g iv e n  i n  F ig .  I l l  - 4 .  I t  a p p e a rs  t h a t  i n  t h e  Er c a s e  t h e  

l i m i t i n g  v a l u e  o f  x  i s  lo w e r  t h a n  2 . S i m i l a r l y ,  s i n c e  y f o r  t h e  Er 

i s  1 . 1 ,  t h e  d o d e c a h e d r a l  io n s  c a u se  l e s s  e x p a n s io n  o f  t h e  l a t t i c e .

A l l  a t t e m p t s  to  o b t a i n  a  s i n g l e - p h a s e  c o m p o s i t io n

T a b le  111-10  System  \_Nd2  ^ Tm j  £  

y  = 0 .6

Tm
x
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^  ^  i n c r e a s i n g  t h e  v a lu e  o f  y  w i t h  x  h e ld  c o n s t a n t

a t  2 w ere  u n s u c c e s s f u l  p r o b a b ly  a t  l e a s t  p a r t l y  b e c a u s e  t h i s  c a u s e s  

a  f u r t h e r  d e c r e a s e  i n  t h e  a v e ra g e  s i z e  o f  t h e  d o d e c a h e d r a l  i o n ,  and 

t h e r e f o r e ,  t h e r e  i s  even  l e s s  e n la rg e m e n t  o f  t h e  o c t a h e d r a l  s i t e s .

F i g .  I l l  -  5 i s  a  p l o t  o f  t h e  i o n i c  r a d i i  v s  y v a lu e s  r e q u i r e d  

t o  s a t i s f y  (n o t  s a t u r a t e )  t h e  d o d e c a h e d r a l  s i t e s  and th u s  o b t a i n  t h e  

p u re  g a r n e t s  and t h e  s t r a i g h t  l i n e s  o f  F i g .  I l l  -  4 . I t  s h o u ld  b e  

n o te d  t h a t  t h e s e  "y"  v a l u e s  a r e  p e rh a p s  n o t  t h e  minimum r e q u i r e d  f o r  

p u r i t y  a t  a l l  c o m p o s i t i o n s .  F o r  i n s t a n c e ,  L u ^  (Ga3 )  0 12

may b e  o b t a i n e d  as  a  s i n g l e  p h a s e  m a t e r i a l  b u t  t h e  y v a lu e  o f  0 .2  

i s  r e q u i r e d  t o  y i e l d  s i n g l e  p h a s e  m a t e r i a l s  t h r o u g h o u t  t h e  c o m p o s i t io n

r a n g e  a lo n g  w i t h  a l i n e a r  r e l a t i o n s h i p  be tw e en  t h e  l a t t i c e  c o n s t a n t

and c o m p o s i t i o n .  The e x t r a p o l a t i o n  o f  t h e  c u rv e  i n  F i g .  I l l  -  5 to

3+ 3+t h e  r a d i i  o f  Ho (0 .91A ) and Dy p r e d i c t s  t h e  y v a lu e s  o f  1 .6 5

and 1 . 9 ,  r e s p e c t i v e l y .  I n  t h e s e  c a s e s ,  t h e n ,  t h e  d o d e c a h e d r a l  s i t e s

c o n t a i n  more o f  t h e  s m a l l  r a r e  e a r t h  th a n  Nd i o n s ,  and so  an

a s s u m p t io n  can  b e  made t h a t  e v e n  l e s s  o f  t h e  s m a l l  r a r e  e a r t h  i o n s

can e n t e r  t h e  o c t a h e d r a l  s i t e s  t h a n  i n  t h e  c a s e  o f  E r  i o n s .  The

l i m i t i n g  v a l u e s  o f  x  f o r  t h e s e  c a s e s  w ere  a c t u a l l y  found  to  b e  1 .0

f o r  Ho and s l i g h t l y  l e s s  th a n  1 .0  f o r  Dy.

F i g .  I l l  -  6 i s  a  d ia g ra m  o f  t h e  t e r n a r y  s y s te m  Nd2 0^ -  Yb2

0^ -  Ga2 0 3 b u t  i t  s e r v e s  t o  r e p r e s e n t  i n  fo rm , th o u g h  n o t  i n  d e t a i l ,

a l l  t e r n a r y  sy s te m s  s t u d i e d .  The l i n e  r e p r e s e n t i n g  t h e  p s e u d o b in a r y  

sy s te m  t h a t  y i e l d e d  s i n g l e  p h a s e  g a r n e t s  and t h e  s t r a i g h t  l i n e  i n  

F ig .  I l l  -  3 and I I I  -  4 ( i . e .  ^Nd2 ? YbQ 3 j [ c a  2l f  G a 3 J  0 12 -  
( Nd2 .7  ^ O . s l K l K )  0 j 2 ) i s  p a r a l l e l  t o  t h e  l i n e  r e p r e s e n t i n g
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y v a lu e s  r e q u i r e d  t o  y i e l d  s i n g l e - p h a s e  g a r n e t s  and s t r a i g h t  l i n e s  
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N dG a O j N dYb03

{N d3 }[Y b2](G a3 )0 | 2

{Nd2 7 Ybo 3 }[Y b2 ](G a3 ) 0 |2

{Nd2Y b} [Yb2 ](G a3 ) 0 | 2 
(NOT PURE)

{Nd3 }[Ga2 ](G a 3 )0 ,2

{N d2.7Yb0 .3 }[G a2 ](G a3 ) 0 |2

GQ2 0 3 {Tbj}[Ga2] (Ga3)0|2 HYPOTHETICAL 
{ Yb3 } [Y b2 ](G a3 ) 0 |2

Yb2 0 3

{Yb3}[Ybo.8GQ|.2](Ga3 )0 |2

F i g .  B  The ternary system NdjOj-GajOj-YbjOj. Single-phase garnets are found only in the shaded area and along the 
line between {Nd3}[Gaj](Ga3)0 ,j  and {Nd3.7Yb0.3)[Ga2](Ga3)O,3.
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t h e  n o m in a l  sy s te m  j ^ d ^  °12 - [ M 3 ] [ Yb2 l ( Ga3)  °12*

r e s u l t s  f o r  w hich  a r e  g iv e n  i n  F i g .  I l l  -  2 . The d i s t a n c e  b e tw e e n  

t h e s e  p a r a l l e l  l i n e s  w ould  p r o b a b ly  b e  d i f f e r e n t  f o r  sy s tem s  o t h e r  

t h a n  t h e  Yb sy s te m  b u t  g e n e r a l l y  s i m i l a r .  S i n g le - p h a s e  g a r n e t s  

h a v e  b e e n  found  o n ly  i n  t h e  sh a d ed  a r e a  and a lo n g  t h e  l i n e  b e tw e e n

W W W  °12 ^  { M 2 .7  Yb. 3]  CGa2l C Ga3 ^  °12  •

The s o l u b i l i t y  l i m i t  r e p r e s e n t e d  by t h e  p o i n t  a t  j ^ b g

^ G a ^ )  0^2 i s  from  t h e  p a p e r  by  S c h n e id e r ,  R o th ,  and W aring ( 4 1 ) .

I l l  -  1 .2  P raseodym ium  S y s tem s . T hese  s y s te m s  a r e  a n a lo g o u s

t o  t h e  m a t e r i a l s  d e s c r i b e d  ab o v e .  However, t h e  u s e  o f  a  l a r g e r  i o n

(S h a n n o n -P r e w i t t  (64)  " IR "  r a d i i  f o r  c o o r d i n a t i o n  number 8:

3+ °  3+ &P r  = 1 .1 4  A, Nd = 1 .1 2  A ) on t h e  d o d e c a h e d r a l  s i t e  m ig h t

y i e l d  f u r t h e r  i n f o r m a t i o n  r e g a r d i n g  t h e  r e l a t i o n s h i p  be tw een

r e l a t i v e  s i z e s  o f  c a t i o n s  i n  t h e  d o d e c a h e d r a l  and t h e  o c t a h e d r a l

p o s i t i o n s ,  and t h e  r e s u l t i n g  e f f e c t  on t h e  minimum y v a l u e .

At t h i s  p o i n t ,  i t  i s  d e s i r a b l e  t o  sum m arize  t h e  r e a s o n i n g  t h a t

p e r m i t s  a s s ig n m e n t  o f  i o n s  t o  d i f f e r e n t  c r y s t a l l o g r a p h i c  p o s i t i o n s .

I t  s h o u ld  be  u n d e r s to o d  t h a t  i t  i s  p o s s i b l e  t o  make d e f i n i t e

a s s ig n m e n ts  o n ly  when d e a l i n g  w i t h  s i n g l e - p h a s e  m a t e r i a l s  o f  known

3+s t o c h i o m e t r i c  c o m p o s i t i o n s .  L arge  r a r e  e a r t h  i o n s  su ch  a s  Nd o r

3+ 3+P r  can  e n t e r  o n ly  t h e  d o d e c a h e d r a l  s i t e s  ( 4 1 ) .  Ga io n  can  e n t e r

b o t h  t e t r a h e d r a l  and  o c t a h e d r a l  s i t e s  b u t  n o t  t h e  d o d e c a h e d r a l  s i t e s .

3+
The s m a l l  r a r e  e a r t h  R can  e n t e r  b o th  d o d e c a h e d r a l  and o c t a h e d r a l

s i t e s  b u t  n o t  t h e  t e t r a h e d r a l  s i t e s .  I f  s u f f i c i e n t  l a r g e  r a r e  e a r t h  

3+and R io n s  a r e  p r e s e n t  to  f i l l  b o th  d o d e c a h e d r a l  and o c t a h e d r a l

j  [ Yb.8  Gal . 2]
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3+s i t e s ,  Ga io n  w i l l  e n t e r  o n ly  t h e  t e t r a h e d r a l  s i t e s .  I f  t h e r e

i s  l e s s  th a n  enough t o t a l  r a r e  e a r t h  p r e s e n t  t h a n  n eed ed  t o  f i l l

3+t h e  d o d e c a h e d r a l  and o c t a h e d r a l  s i t e s , t h e n  t h e  Ga io n  added

o v e r  t h e  amount r e q u i r e d  t o  f i l l  t h e  t e t r a h e d r a l  s i t e s  w i l l  e n t e r

t h e  o c t a h e d r a l  p o s i t i o n s .  T h e r e f o r e ,  i n  any s t o c h i o m e t r i c  s i n g l e

p h a s e  g a r n e t  o f  t h e  ty p e  ^RE^_y Ga2. - J K )  "1 2

3+w here  RE s t a n d s  f o r  l a r g e  r a r e  e a r t h  i o n ,  t h e  RE m ust be i n

d o d e c a h e d r a l  p o s i t i o n s ,  t h e  t e t r a h e d r a l  p o s i t i o n s  m ust b e  f i l l e d  

3+ 3+w i t h  t h r e e  Ga i o n s ,  and R m ust b e  d i s t r i b u t e d  o v e r  t h e  d o d e c a h e d r a l

3+and o c t a h e d r a l  s i t e s  so  t h a t  t h e r e  i s  a  t o t a l  o f  t h r e e  i o n s  o f  RE 

and R^+ on t h e  fo rm e r  and two io n s  o f  R^+ and Ga^+ on t h e  l a t t e r  s i t e s .  

No o t h e r  p o s s i b i l i t y  e x i s t s .

I l l  -  1 . 2 . 1  P r e p a r a t i o n s . A l l  p r e p a r a t i o n s  w e re  made by  s o l i d

s t a t e  r e a c t i o n  among t h e  r a r e  e a r t h  o x id e s  and Ga20g. Most o f  t h e

r a r e  e a r t h  o x id e s  em ployed w ere  s e s q u i o x i d e s  b u t  t h e  praseodym ium

compound was P r  CL... I t  was found t h a t  t h e  o x i d a t i o n  s t a t e  o f  t h e  
6 *• +

P r  i n  t h e  p r o d u c t s  was in d e p e n d e n t  o f  i t s  i n i t i a l  o x i d a t i o n  s t a t e  

i n  t h e  r e a c t a n t .  The m ix t u r e s  o f  o x id e s  w e re  h e a t e d  3 h o u r s  a t  

1350°C i n  open p l a t i n u m  c r u c i b l e s  i n  a  m u f f l e  f u r n a c e .  A f t e r  t h a t ,  

t h e  sa m p le s  w e re  r e g r o u n d  and r e h e a t e d  f o r  5 h o u r s  u n d e r  t h e  same 

c o n d i t i o n s .  T h is  p r o c e d u r e  was found  s u f f i c i e n t  f o r  e q u i l i b r i u m  t o

be  r e a c h e d  i n  a l l  c a s e s .

I l l  -  1 . 2 . 2  R e s u l t s .  As i n  t h e  c a s e  w here  t h e  l a r g e  d o d e c a h e d r a l

i o n s  w e re  Nd^*, an  a t t e m p t  t o  p r e p a r e  CGa3 ^  G12 WaS

made. The r e s u l t s  o f  t h e s e  a t t e m p t s  a r e  c o m p ile d  i n  t h e  f o l l o w i n g  

t a b l e s .



T a b le  I I I  -  12. System  j P r 3 V |_ Yb^ Ga2 "J^Ga^ 0 12

X
o

a (A) P u r i t y

0 .0
0 .4
0 .5
0 . 8
1 .0
1 .2
1 .5
1 .6  
2 .0

12 .552
12.530
12.536
12.655
12.780
12.785
12.870
12.900
12 .928

P u re
Impure
Impure
Impure
Im pure
Impure
Impure
Impure
Almos t P u re

T a b le  I I I  -  13 System Ga2 - x l ( Ga3 ) °12

X a (A) P u r i t y

0 .0
0 .4
0 .8
1 .2
1 .6
2 .0

12.552
12.505
12 .655
12 .798
12.867
12.904

P u re
Im pure
Impure
Impure
Im pure
Almos t P u re
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T a b le  I I I  -  14 System

[ pr3 K Er* 0*a 3 )  °12

X a  (A) P u r i t y

0 .0 12.522 P u re
0 .4 12 .503 Im pure
0 .8 12. V ery  Im p u re ,  n o t  m e a s u r a b le
1 .2 12.787 Im pure
1 .6 12 .885 Im pure
2 .0 12.882 Very Impure

I I I  1 .2 .3 D i s c u s s i o n o f  R e s u l t s . The r e s u l t i n g  l a t t i c e  c o n s t a n t s

a r e  p l o t t e d  v s  c o m p o s i t io n  i n  F i g .  I l l  -  7 .  The s lo p e s  o f  t h e  c u rv e s

i n  F i g .  I l l  -  7 a r e  s i m i l a r  to  t h o s e  o f  c o r r e s p o n d in g  Nd s y s te m s .

The segm en ts  o f  d i f f e r e n t  s l o p e s  a r e  p r e s e n t  b u t  t h e s e  d i f f e r e n c e s  i n

s l o p e s  a r e  even  m o re . p ro n o u n ce d  th a n  i n  t h e  fo rm e r  c a s e ,  s u g g e s t i n g

t h a t  t h e  s m a l l  r a r e  e a r t h  i o n  e n t e r s  t h e  o c t a h e d r a l  s i t e s  to  a  g r e a t e r

34-e x t e n t  th a n  i n  t h e  c a s e  o f  Nd s y s te m s .  I t  was e x p e c te d  t h a t  t h e  

P r  sy s te m  w ould  b e h a v e  s i m i l a r l y  t o  t h e  Nd s y s te m ,  b u t  t h a t  t h e r e  

w ou ld  b e  some s l i g h t  d i f f e r e n c e s .  I t  was fo u n d  t h a t  t h i s  a s s u m p t io n  

was c o r r e c t ,  and t h e r e f o r e  t h e  s t e p s  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e  

c h o s e n  w ere  t h e  same a s  i n  t h e  sy s te m  d e s c r i b e d  e a r l i e r .

I n  o r d e r  t o  s tu d y  t h e  e f f e c t  o f  y on i n c r e a s i n g  l i n e a r i t y  o f  

t h e  p l o t s  o f  a  v s  x ,  two sy s te m s  h a v e  b e e n  p r e p a r e d  as  l i s t e d  i n  

f o l l o w i n g  T a b le  I I I  -  15 and T a b le  I I I  -  16 , and shown i n  F i g .  I l l  -  8.



L a t t i c e  c o n s t a n t  v e r s u s  n o m in a l  x f o r  n o m in a l l P r 3 j L Rx Ga2 - x J l Ga

13.00

12.90  -

12.8 0 -

12.70 -

12.60 -

12.5 0 -

V T m

/

Yb AND Tm

12.40

P r 3 6 a 5 0 | 2 P r 3 R2 G
NOMINAL X
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F i g . i t t . s 56.

L a t t i c e  c o n s t a n t  v e r s u s  n o m in a l  x w i t h  s e v e r a l  v a lu e s  o f  n o m in a l  y  f o r

K - y  " y J l X  Ga2 - J ( Ga3 )  ° 1 2 ’

13.00

NOMINAL yVALUES
12.90

□ 0.2 
V O . 5

12.80

12.70

12.60

12.50

12.40 1.61.2 2.00.4 0.80

NOMINAL x



T a b le  I I I  -  15 System  [ p r 2 g Yb 2 ] f Ybx  Ga2 - x l ( Ga3 )  0 
y  = 0 .2

57.

12

X a  (A) P u r i t y

0 .0 12 .541 P u re
0 .8 12 .683 Im pure
1 .6 12 .868 P u re
2 .0 12.941 P u re

T a b le  I I I  -  16 System ( P r 2 .5 I b . 5 ] ^ x  Ga2 . J ( G a 3 )  0 U

y = 0 .5

O
X a  (A) P u r i t y

0 .0 12 .505 P u re
0 .6 12 .610 P u re
1 .0 12 .710 P u re
1 .5 12 .810 P u re
2 .0 12 .890 P u r e

The minimum r e q u i r e d  v a l u e s  o f  y f o r  Yb, Tm, and E r  sy s te m s  w ere  

d e te r m in e d  by t h e  same p r o c e d r u e  a s  i n  theN d s y s te m s ,  and t h e y  w ere  

fo u n d  to  be 0 .5  f o r  t h e  Yb, 0 .8  f o r  t h e  Tm, and  1 .1 5  f o r  t h e  E r  

s y s t e m s ,  r e s p e c t i v e l y .  A lso  t h e  g a r n e t  [ p r , } [ * £  ( ^ )  0,12

w hose l a t t i c e  c o n s t a n t  i s  12.881A0 .

R e s u l t s  o f  t h e s e  p r e p a r a t i o n s  a r e  c o m p i le d  i n  T a b le s  I I I  -1 7  

and I I I  -  18, and  th e y  a r e  shown g r a p h i c a l l y  i n  F i g .  I l l  -  9 .
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T ab le  I I I  -  17 System  2  Tm s l [ - - Tlnx ^a 2 - x ^  (Ga3 ^ G12
y = 0 .8

X a (A) P u r i t y

0 .0 12.480 P u re
0 .6 12.590 P u re
1.0 12.670 P u re
1.5 12.770 P u re
2 .0 12.882 P u re

T a b le  I I I  -  18 System  

y = 1.15
[ Pr1.85 Er1 .15 i  [ Erx Ga2 - x -1 ( 0a3 ")

X a (A) P u r i t y

0 .0 12.433 P u re
0 .6 12.564 P u re
1.0 12.652 P u re
1.5 12.770 P u re
1.75 12.823 P u re
2 .0 12.860 S l i g h t l y  Im pure

A lso  as  i n  t h e  P r  s y s te m ,  t h e  minimum r e q u i r e d  v a lu e  o f  y  i s  t h e  

v a lu e  w hich  y i e l d s  a  s i n g l e - p h a s e  m a t e r i a l  o v e r  t h e  e n t i r e  r a n g e  

o f  c o n c e n t r a t i o n s .  H ow ever, t h e  end  members o f  t h e  Yb and  Tm sy s te m s  

w ere  p r e p a r e d  as  s i n g l e - p h a s e  g a r n e t s  w i t h  s i g n i f i c a n t l y  lo w e r  v a lu e s

o f  y ,  f o r  exam ple  0 .2  f o r  ^ y  i  f ^ 2  - l ^ a 3^ G1 2 ’ an<^

f o r  j p r ^ y  Tm^ J " ^ C Ga )  ^ 2  • ^  w i t h  t h e  Nd p r e p a r a t i o n s ,

^ 3+t h e  maximum p o s s i b l e  v a lu e  o f  x  w i t h  R = E r  was l e s s  t h a n  2 .
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F i g .  I l l  10 c o n t a i n s  a p l o t  o f  t h e  y v a lu e s  r e q u i r e d  t o  y i e l d  t h e  

s i n g l e - p h a s e  P r  g a r n e t s  and  t h e  s t r a i g h t  l i n e  i n  F i g .  I l l  9 vs  

S h a n n o n - P re w i t t  IR r a d i i  f o r  t h e  s m a l l  r a r e  e a r t h  i n  8 f o l d  c o o r d i n a t i o n .  

I t  a l s o  c o n t a i n s  a  s i m i l a r  p l o t  f o r  t h e  Nd g a r n e t s .

I n  t h e  Nd p r e p a r a t i o n ,  i t  was found  t h a t  t h e  minimum y v a lu e  

i n c r e a s e d  w i t h  i n c r e a s i n g  s i z e  o f  t h e  s m a l l  r a r e  e a r t h  i o n .  The 

same i s  t r u e  h e r e  b u t  i t  c an  b e  s e e n  i n  a d d i t i o n  t h a t  t h e  minimum 

y v a l u e  f o r  any g iv e n  s m a l l  r a r e  e a r t h  i o n  i s  h i g h e r  i n  t h e  P r  

m a t e r i a l s  t h a n  i n  t h e  Nd m a t e r i a l s .  These  r e s u l t s  a r e  c o n s i s t e n t  

and may be  r a t i o n a l i z e d  on t h e  b a s i s  t h a t  t h e  r a d i i  o f  b o t h  Nd 

and P r  a r e  somewhat h i g h e r  t h a n  t h e  optimum f o r  s u c h  s y s te m s .  The 

te n d e n c y  t o  r e a c h  such  an optimum c a u s e s  some o f  t h e  s m a l l e r  r a r e  

e a r t h  i o n s  t o  b e  a t t r a c t e d  t o  t h e  d o d e c a h e d r a l  s i t e s  i n  o r d e r  to  

d e c r e a s e  t h e  a v e r a g e  i o n i c  r a d i u s  o f  t h i s  s i t e  t o  t h e  o p t im a l  v a lu e .

The s m a l l e r  t h e  r a r e  e a r t h ,  R , t h e  s m a l l e r  amount o f  i t  one  needs  

t o  d e c r e a s e  t h e  a v e ra g e  r a d i u s  t o  i t s  o p t im a l  v a l u e .  T h i s  seems t o  

be  t r u e  i n  b o th  Nd and P r  s y s te m s .

T h e r e f o r e ,  i n  t h e  c a s e  o f  t h e  l a r g e r  P r  t h e r e  i s  n e e d  f o r  a 

g r e a t e r  v a l u e  o f  y th a n  i n  t h e  Nd s y s te m . These  v a l u e s  a r e  compared 

i n  t h e  f o l l o w i n g  t a b l e .

R'3+ Nd P r

Lu 0 .2 R'3+ Nd P r
Yb 0 .3  0 .5

Tm 0 .6  0 .8 Er 1 .1  1 .1 5
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y -  v a l u e s  r e q u i r e d  t o  y i e l d  s i n g l e - p h a s e  g a r n e t s  and s t r a i g h t  l i n e s  
i n  F i g .  9 (and  i n  F i g .  4) v e r s u s  i o n i c  r a d i i  o f  t r i v a l e n t  r a r e  e a r t h s ,  R.

1.0
Pr SYSTEM

0.8

Nd SYSTEM

>» 0.6

0.4

0.2

1.010.97 0.99 1 .0 00.98

t
Lu 3 +

t
Yb3+ Tm 3 + c u

IONIC RADIUS (A) 
(CN = 8)
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T a b le  I I I  19 shows t h e  c a l c u l a t e d  a v e ra g e  S h a n n o n - P re w i t t  (64)

3+ 3+"IR "  r a d i i  f o r  t h e  d o d e c a h e d r a l  s i t e s  c o n t a i n i n g  Nd o r  P r

a lo n g  w i t h  t h e  minimum v a lu e  o f  y  f o r  v a r i o u s  s m a l l  r a r e  e a r t h  i o n s .

The a v e ra g e  i n v o l v i n g  any g iv e n  s m a l l  r a r e  e a r t h  R a r e  v e r y  c l o s e  

3+ 3+f o r  Nd and P r  b u t  t h e  a v e ra g e  d e c r e a s e s  s l i g h t l y  a s  t h e  r a d i u s  

3+o f  R , w h ic h  a l s o  goes  i n t o  t h e  o c t a h e d r a l  s i t e ,  i n c r e a s e s .

T a b le  I I I  19. C a l c u l a t e d  A verage  R a d i i  f o r  t h e  D o d e c a h e d ra l  s i t e

3+ 34*C o n ta in in g  Nd o r  P r  and  Minimum y V a lu e  Amounts 

o f  S m a ll  R are  E a r th  R. I o n i c  R a d i i  A c c o rd in g  ( 6 4 ) .

r 3+ R ad iu s  o f  R3+ Nd3+ P r 3+
f o r  C oord . No. 6 Compounds Compounds

Yb3+ 0 .8 6 8 1 .1 0 6 1 .1 1 4

Tm3* 0 .8 8 0 1 .0 9 4 1 .1 0 0

E r 3* 0 .8 9 0 1 .0 7 6 1 .086

I I I  2 R a re  E a r t h  I r o n  G arn e t  w i t h  t h e  O c ta h e d r a l  S i t e s  C o m p le te ly  
F i l l e d  w i t h  Nonm agnetic  I o n s .

As was s t a t e d  e a r l i e r ,  compounds o f  t h i s  ty p e  h a v e  a t t r a c t e d  th e  

a t t e n t i o n  o f  s e v e r a l  i n v e s t i g a t o r s  b e c a u s e  su c h  compounds o f f e r  

p o s s i b i l i t i e s  o f  d i r e c t  c -  d i n t e r a c t i o n s .  L o r i e r s  and  h i s  c o -w o rk e rs  

(65) s t u d i e d  t h e  sy s te m s  | ^ d ^  } [ Sc>t F e2 - * l ( Fe3 )  °12  and

[ “ 3}  [  Sc^ ^ e 2-x"^J C ^ e 3 )  ^12 )̂u*' t h e y  w ere  no^ a h l e  t o  p r e p a r e

compounds w i t h  t h e  o c t a h e d r a l  s i t e s  c o m p le te ly  f i l l e d  w i t h  S c .  G e l l e r  

and h i s  c o -w o rk e r s  (60) w ere  n o t  a b l e  t o  p r e p a r e  g a r n e t  ^  ^ 3  ^  ^ C2 ^  

^ F e ^  0 ^ 2  • The o n ly  g a r n e t  o f  t h i s  g r o u p ,  (o d  » . ! [  Z r2 > 3 )  ° 12 •



was s t u d i e d  by  G e l l e r  and o t h e r s  (60 )  , and th e y  fou n d  t h a t  i t  a p p e a re d  

to  b e  a  weak f e r r o m a g n e t ,  w h ic h  was u n e x p e c te d  b e h a v i o r  b a s e d  on t h e  

model o f  m a g n e t ic  i n t e r a c t i o n s  i n  t h e  g a r n e t  s t r u c t u r e .  A cco rd in g  

to  t h i s  m o d e l ,  t h e  m a g n e t ic  moments o f  su ch  compounds s h o u ld  be  

a n t i p a r a l l e l  and t h e r e f o r e  r e s u l t  i n  f e r r i m a g n e t i c  i n t e r a c t i o n s .

The b e h a v i o r  o f  t h e  Nd -  Sc -  Fe sy s tem  was r e p o r t e d  by  L o r i e r s  

(6 5 ,  6 6 ) .  I t  shows a  s i m i l a r i t y  t o  sy s te m s  i n  t h e  p r e s e n t  work i n  

r e s p e c t  t o  t h e  l a t t i c e  c o n s t a n t  v s ,  c o m p o s i t io n  p l o t s  o f  s i m i l a r  Ga 

s y s te m s .  B ecau se  i t  a p p e a r e d  p o s s i b l e  t h a t  t h e  c o n c e p t  o f  s im u l ta n e o u s  

f i l l i n g  o f  b o t h  d o d e c a h e d r a l  and o c t a h e d r a l  s i t e s  by  s m a l l e r  io n s  

r e p o r t e d  i n  t h e  p r e s e n t  w ork  c o u ld  a l s o  be  a p p l i e d  t o  i r o n  s y s te m s ,  

t h e  Gd s y s te m  was s t u d i e d  i n  some d e t a i l ,  and t h e  end members o f  

s i m i l a r  s y s te m s  o f  o t h e r  r a r e  e a r t h  i o n s  w ere  p r e p a r e d .

1 1 1 . 2 . 1 . 1  P r e p a r a t i o n s . A l l  p r e p a r a t i o n s  w e re  made by  th e  

same p r o c e d u r e  a s  d e s c r i b e d  f o r  P r  g a r n e t s .  The o n ly  d i f f e r e n c e  

was i n  t h e  h e a t i n g  t im e  p e r i o d s  n e e d e d  t o  r e a c h  e q u i l i b r i u m .  These 

a r e  l i s t e d  i n  t h e  t a b l e s  f o r  e a ch  p r e p a r a t i o n .

1 1 1 . 2 . 2 . 1  Gd -  Sc I r o n  G a r n e t s .  The s u b s t i t u t i o n  s t a r t e d  w i th

I I I . 2 . 2 . ?  R e s u l t s . The r e s u l t s  o f  t h e  p r e p a r a t i o n s  a r e  com p iled  

i n  T a b le  I I I  20 and shown i n  F i g .  I l l  11.

t h e  n o m in a l  fo rm u la  f o r  p r e p a r e d  g a r n e t 0 12
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12

X a (A) P u r i t y
H e a t in g  
Time ( h r s )

0 .0 12.471 P u re 5
0 .3 12.488 P u re 5
0 .6 12 .510 P u re 5
0 .9 12.532 P u re 5
1 . 2 12.563 S l i g h t l y  Im pure 5 , 5 ,  5
1 .5 12 .594 S l i g h t l y  Im pure 5 , 5 ,  5
1 .8 12 .600 Im pure 5 ,  5 ,  5

I t  was found  i n  F i g .  I l l  11 t h a t  t h e  p l o t  o f  a  v s  c o m p o s i t io n

f o l lo w s  V e g a r d 's  law  up t o  t h e  v a lu e  o f  x  = 0 . 9 .  The g a r n e t s  o v e r

t h i s  r a n g e  o f  c o m p o s i t io n s  a r e  s i n g l e  p h a s e s .  Above th e  v a lu e  

x = 0 .9  t h e  c u rv e  i s  no l o n g e r  l i n e a r  b u t  an i n c r e a s e  i n  s l o p e

f o l lo w e d  by l e v e l i n g  o f f  above  t h e  v a lu e  x = 1 .5  can  be  o b s e rv e d .

The l a t t e r  d e c r e a s e  o f  t h e  s l o p e  and l e v e l i n g  o f f  o f  t h e  c u rv e  

s u g g e s t  t h a t  some o f  Sc i o n s  c o u ld  have  e n t e r e d  t h e  d o d e c a h e d r a l  

s i t e s .  The a p p e a ra n c e  o f  an  i m p u r i t y  p h a s e  may b e  due to  Ga io n  

rem oved from  t h e  d o d e c a h e d r a l  s i t e s ,  and t h i s  i s  c o n s i s t e n t  w i t h  

su c h  a  s u g g e s t i o n .  S e v e r a l  a t t e m p t s  w ere  made t o  p ro v e  t h i s  

c o n s i d e r a t i o n  by a t t a i n i n g  compounds such  a s  -^Gd^ ^  Sc 

( F e 3 )  0 i 2  . These  a t t e m p t s  w ere  s u c c e s s f u l  a t  y  = 0 . 5 ,  and

t h e  s i n g l e  p h a s e  g a r n e t  [ c d , , ^  Sc 5 ]  [ s c ^  ( F e 3 )  0 12 wag

p r e p a r e d .  H o ld ing  t h e  y v a l u e  c o n s t a n t ,  t h e  sy s te m  l Gd2 .5  S c . 5 ]  

[ So* F e2 - X l ( Fes )  °12  was p r e p a r e d .  The r e s u l t s  a r e  c o m p ile d  

i n  T a b le  I I I  21 , and p l o t t e d  i n  F ig .  I l l  11.
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T a b le  I I I  21 System  ^Gd2 5 Sc 5 J £ Scx Fe2 -X"i CFes )  °12

X
o

a (A) P u r i t y H e a t in g  
Time (H rs )

0 .0 12 .504 S l i g h t l y  Im pure 5 ,  5 ,  5
0 .3 12 .515 S l i g h t l y  Im pure 5 ,  5 ,  5
0 .6 12 .532 S l i g h t l y  Im pure 5 ,  5 ,  5
1 .0 12 .546 S l i g h t l y  Im pure 5 ,  5
1 .2 12 .555 Pure 5
1 .4 12 .565 P u re 5
1 .6 12 .584 P u re 5
2 .0 12 .6 0 4 P u re 5

On i n s p e c t i n g  T a b le  I I I  21 and t h e  p l o t  o f  t h e  s y s te m

{ Gd2 .5  SC0 . 5 ]  t Scx  Fe2 - x 3 ( F a 3 )  ° 1 2 <F18- m  1 1 ) ,  I t  i s

found  t h a t  i n  t h i s  c a s e ,  t h e  s i n g l e  p h a s e  r e g i o n  o c c u rs  f o r  v a l u e s

o f  x l a r g e r  t h a n  . 2 ,  and t h a t  t h e  p l o t  c o n s i s t s  o f  two l i n e a r

segm ents  o f  d i f f e r e n t  s l o p e s .  No s a t i s f a c t o r y  e x p l a n a t i o n  o f  t h i s

b e h a v io r  can  b e  drawn on t h e  b a s i s  o f  t h e  o b t a i n e d  e x p e r i m e n t a l  d a t a .

I l l  2 .3  R e l a t e d  Compounds o f  G e n e r a l  Form ula  [ R3- v SCv ]

• S e v e r a l  end members o f  s i m i l a r  s y s te m s  w i t h  

o t h e r  r a r e  e a r t h  i o n s  w ere  p r e p a r e d  and t h e  minimum v a l u e s  o f  y 

r e q u i r e d  t o  y i e l d  a  s i n g l e - p h a s e  i n  t h e  s y s te m  £ R3 _y  Sc^ ? } [ SC2 l  

( F es )  0^2 w e re  d e te r m in e d .  The r e s u l t i n g  compounds a r e  l i s t e d  

i n  T a b le  I I I  22 .
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T a b le  I I I  22 Compounds ^  Sc^ ̂ 3 [ Sca l CFe3) ° i 2
R = Tm, E r ,  Ho, Dy

C o m p o sitio n
■o

a  (A) P u r i t y
H e a tin g  
Time (H rs . )

W s Sc1 . 2 ] [ Sc2 3 ( Fe3) °12
— P u re 5 ,  5 ,  5

l Er2/ Sc i  [ Sc2 l ( Fe3 ) °12
— P u re 5 ,  5 , 5

K . 2 °12 12 .4 8 5 P u re 5 , 5 , 5

( Dy2 .3 Sc0 . 7 i [ . Sc2 l C ^ 3 ) °12 1 2 .5 2 0 P u re 5 ,  5 , 5

I t  i s  to  b e  n o te d  i n  T a b le  I I I  22 t h a t  on g o in g  a lo n g  th e  r a r e  

e a r t h  s e r i e s  from  t h e  l i g h t e r  io n s  to  th e  h e a v ie r  ones th e  v a lu e  o f 

y i n c r e a s e s .  The i n c r e a s e  o f  y  v a lu e  m eans th e  d e c r e a s e  o f  th e  

a v e ra g e  i o n i c  r a d iu s  o f  th e  d o d e c a h e d ra l  s i t e s . T h is  t r e n d  i s  

r a t h e r  u n e x p e c te d , and one w ou ld  c e r t a i n l y  e x p e c t j u s t  th e  o p p o s i te  

t r e n d  b e c a u s e  i t  was shown t h a t  t h e  e x i s t e n c e  o f  r a r e  e a r t h  i r o n  

g a r n e ts  i s  l i m i t e d  to  a  c e r t a i n  i o n i c  r a d iu s  o f  a  r a r e  e a r t h  (4 7 , 5 0 ) . 

I t  i s  p o s s i b l e  to  p r e p a r e  i r o n  g a r n e t s  o f  a l l  r a r e  e a r t h  io n s  from  

Sm to  Lu b u t . i t  i s  im p o s s ib le  t o  p r e p a r e  g a r n e t s  c o n ta in in g  o n ly
v

l a r g e  r a r e  e a r t h  io n s  such  a s  P r  and Nd on th e  d o d e c a h e d ra l  s i t e s .

T h is  m ig h t s u g g e s t  th e  e x is t e n c e  o f  a  l i m i t  i n  th e  v a lu e  o f  th e  

l a t t i c e  c o n s ta n t  o f  t h e  i r o n  g a r n e t s ,  t h a t  i s ,  an  u p p e r  l i m i t  f o r  

th e  a v e ra g e  i o n i c  r a d iu s  o f  th e  d o d e c a h e d ra l  s i t e .  The s m a l le r  r a r e  

e a r t h  io n s  on d o d e c a h e d ra l  s i t e s  h a v e  a  s m a l le r  y -  v a lu e  t o  d e c re a s e  

th e  a v e ra g e  i o n i c  s i z e  to  a  p r o p e r  v a lu e  f o r  th e  d o d e c a h e d ra l  s i t e .
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S u b s t i t u t i o n  o f  s m a l le r  io n s  on d o d e c a h e d ra l  s i t e s  m akes i t  p o s s ib l e  

t o  p r e p a r e  s in g l e - p h a s e  g a r n e t  o f  c o m p o s itio n  l Gd2 .5  Sc0 .5  J CSc2-1
^ F e ^  0^2 • A cco rd in g  t o  th e  above re a s o n in g  t h e  g a rn e t  w i th  

3+s m a l le r  Dy on d o d e c a h e d ra l  s i t e s  s h o u ld  h av e  a  y  v a lu e  s m a l le r  

th e n  0 .5 .

The e x p e r im e n ta l  r e s u l t s  show t h a t  t h i s  r e a s o n in g  i s  i n c o r r e c t  

and th e  o p p o s i t e  s i t u a t i o n  i s  t r u e  ( s e e  T a b le  I I I  2 2 ) .  C o n d it io n s  

o f  th e  e x i s t e n c e  o f  i r o n  g a r n e t s  depend on f a c t o r s  o t h e r  th a n  io n ic  

r a d i i  a lo n e .  When t h i s  d is c r e p a n c y  i s  a n a ly s e d  i n  te rm s  o f  d i f f e r e n c e s  

b e tw een  i o n i c  r a d i i  o f  io n s  on d o d e c a h e d ra l  and o c ta h e d r a l  s i t e s ,  i t  

i s  fo u n d  t h a t  th e  r e s u l t s  a r e  c o n s i s t e n t  w ith  th e  s i t u a t i o n  i n  th e  

sy s te m s  ( n d 3_y Ky ] [ \  0 12 and  { P r 3 -y  Ry ]

[ \  Ga2 - m l ( Ga3 )  0^2 • I n  th e  Nd c a s e ,  th e  y -  v a lu e  i n c r e a s e s  

when th e  d i f f e r e n c e  be tw een  i o n i c  r a d iu s  o f Nd and R d e c r e a s e s .

The same i s  t r u e  f o r  th e  y -  v a lu e  i n  P r  s y s te m s . I n  th e  c a s e  o f  

i r o n  g a r n e t s  w i th  Sc on th e  o c ta h e d r a l  s i t e ,  th e  y -  v a lu e  a l s o  

i n c r e a s e s  as  th e  d i f f e r e n c e  b e tw e e n  i o n i c  r a d iu s  o f  Sc and i o n i c  

r a d i i  o f  r a r e  e a r t h  io n s  on t h e  d o d e c a h e d ra l  s i t e  d e c r e a s e s .  I t  i s  

a l s o  n o te w o rth y  t h a t  g a r n e t s  c o n ta in in g  Lu and Yb c o u ld  n o t  b e  p re p a re d  

u n d e r  t h e  same e x p e r im e n ta l  c o n d i t i o n s .  More d e t a i l e d  s t u d i e s  w ould 

be  r e q u i r e d  i n  o r d e r  to  e x p la in  th e  i r r e g u l a r  b e h a v io r  o f  t h e  i r o n  

g a r n e t  s y s te m s . The m ost h e l p f u l  one w ould  be  s t r u c t u r a l  r e f in e m e n ts  

on s i n g l e  c r y s t a l s  o f  th e  abo v e  m e n tio n e d  c o m p o s i t io n s .

I I I . 2 .4  System s w i th  L a rg e  R a re  E a r th  on th e  D o d e c a h e d ra l S i t e s .



69.
I I I . 2 .4 .1  Neodymium Scandium  I r o n  S ystem . A l l  a t t e m p ts  to

Fe 3  ̂ 0 ^ 2  have  b e e n  u n s u c c e s s f u l  up 

to  now, and i t  i s  a l s o  v e ry  w e l l  known t h a t  ev en  Nd^ Fe^ 0 ^  

g a r n e t  does n o t  e x i s t .  The p r e v io u s  r e s u l t s  o b ta in e d  from  g a l l iu m  

g a r n e t  sy s te m s  w i th  r a r e  e a r t h  io n s  on two c r y s t a l l o g r a p h i c  s i t e s ,  

e s p e c i a l l y  t h e  y - v a lu e s  fo u n d  to  b e  n e c e s s a ry  i n  o r d e r  to  s y n th e s iz e  

s i n g l e  p h a s e  g a r n e t s ,  e n c o u ra g e d  th e  i d e a  t h a t  i t  m ig h t b e  p o s s ib l e  

to  p r e p a r e  g a r n e t s  w ith  l a r g e  r a r e  e a r t h  io n s , on th e  d o d e c a h e d ra l  

s i t e s  and Sc io n s  on th e  o c ta h e d r a l  s i t e s .  The a p p ro a c h  o f  d i s t r i b u t i n g  

Sc io n s  among th e  d o d e c a h e d ra l  and  th e  o c ta h e d r a l  s i t e s  p ro v e d  to  

be  s u c c e s s f u l  i n  th e  c a s e s  o f  s m a l le r  r a r e  e a r t h  on c s i t e s ,  and i t  

r e s u l t e d  i n  th e  p r e p a r a t i o n  o f  a  few  new m a t e r i a l s .

An a t te m p t  to  d e te rm in e  th e  y v a lu e  i n  th e  sy s te m  ^ Cy ^

Oj^ was m ade. The ru n s  w ere  s t a r t e d  w i th  y = 0 .1 ,  

and i n c r e a s i n g  th e  v a lu e  o f  y  up to  y  = 1 .5 ,  f i f t e e n  ru n s  w e re  made.

I t  was fo u n d  t h a t  no s i n g l e  p h a s e  r e s u l t e d  n o r  was any im provem ent 

o b s e rv e d  to w a rd  d e c re a s in g  th e  am ount o f  e x t r a  p h a s e s .

T h e r e f o r e  i t  was c o n c lu d e d  t h a t  Nd and Sc do n o t  m ix on one

ty p e  o f  c r y s t a l l o g r a p h i c  s i t e s .  T h is  i s  p ro b a b ly  so  b e c a u s e  th e

3+ 34-b ig  d i f f e r e n c e  o f  i o n i c  r a d i i  o f  Nd and Sc do es  n o t  f a v o r  

s o l i d  s o l u t i o n  f o r m a t io n s .

B ecau se  o f  t h e  f a i l u r e  o f  t h e  above  m en tio n e d  a p p ro a c h , a  

d i f f e r e n t  p ro c e d u re  was t r i e d .  I t  was c o n c lu d e d  t h a t  i n  o r d e r  to  

d e c re a s e  th e  r e s u l t i n g  l a t t i c e  c o n s ta n t  th e  a v e ra g e  i o n i c  r a d iu s  

o f  t h e  t e t r a h e d r a l  s i t e s  s h o u ld  b e  d e c re a s e d  by i n t r o d u c in g  io n s

p r e p a r e  th e  compound/Nd^
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3+ 3+s m a l le r  th a n  Fe on th e  d s i t e s  a lo n g  w ith  Fe i o n s .  A ttem p ts

3+to  d e c re a s e  t h e  a v e ra g e  i o n i c  r a d i u s  o f  th e  d s i t e s  u s in g  A1

io n s  w ere  n o t  s u c c e s s f u l  e i t h e r ,  p ro b a b ly  b e c a u s e  an  AIO^ t e t r a h e d r o n

3+w ould  h a v e  e d g e s  to o  s h o r t  t o  m atch  th e  Nd d o d e c a h e d ra  w ith  w hich
3+

two o f  them  a r e  s h a re d .  T h e r e f o r e ,  Ga io n s  w ere  c h o se n  f o r  th e

3+s u b s t i t u t i o n  i n  d s i t e s  b e c a u s e  i t  i s  known t h a t  i n  th e  Ga c a s e  

t h e r e  a r e  no su ch  d i f f i c u l t i e s .

The fo rm u la  ( ^ 3 ^  j^S c2 3  CFe3 -z  Gaz ^ °12  e x p re s s e s  th e

c o m p o s itio n  o f  a t te m p te d  p r e p a r a t i o n s .  The f i r s t  v a lu e  o f  z was 

0 .1  and i t  was added i n  in c re m e n ts  o f  0 .1  u n t i l  t h e  s in g l e - p h a s e  

g a r n e t  was p ro d u c e d . The fo rm u la  o f  th e  s in g l e - p h a s e  m a t e r i a l  was

fo und  t o  b e  ] [ Sc2 ^ ( F e2 .2  Ga. s )  °12  W±th 3 l a t t i c e
o

c o n s ta n t  o f  a  = 12 .721  A.

I I I . 2 .4 .2  P raseodym ium  Scandium  I ro n  S y s te m . F o llo w in g  th e  

same p ro c e d u re  as t h a t  d e s c r ib e d  i n  th e  p r e v io u s  p a r a g r a p h ,  s e v e r a l  

c o m p o s itio n s  w ere fo u n d  to  y i e l d  s in g l e - p h a s e  g a r n e t s :

^Pr3]  f  Sc2"] ( v * 2 . l Ga<9) °12
[P r 3j  L sc2 ]  ( F e 1<9 Gal . l ) °12

t Pr3l  CSC2^ 0 * 1 . 8 Gal .2 ^ °12

( Pr3l  t SC21 ■ ( Fe1.6 6a1.4  ) °12

[ pr 3]  [ s c 2 l  ( F e 1>5 Gal . 5 ) °12

I I I . 2 .4 .3  D is c u s s io n  o f  R e s u l t s . The l a t t i c e  c o n s ta n t s  o f  

th e  new g a r n e t s  a r e  th e  m ain  m e a s u ra b le  p a ra m e te r s  on w h ich  any 

c o n c lu s io n s  a b o u t i o n i c  d i s t r i b u t i o n  a r e  b a s e d  i n  t h e  sy s te m s
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s t u d i e d .  F o r t h i s  r e a s o n ,  i t  was a t te m p te d  to  p r e d i c t  l a t t i c e  

c o n s ta n t s  w hich  s h o u ld  r e s u l t  when p ro p o se d  c o m p o s itio n  t o g e t h e r  w i th

p ro p o se d  i o n ic  d i s t r i b u t i o n  i s  o b ta in e d .  The c a l c u l a t i o n s  w ere  b a s e d

Si­on th e  f a c t  t h a t  Sc io n s  on th e  t e t r a h e d r a l  s i t e s  c a u se  an  i n c r e a s e

°  3+o f  0 .1 4  A i n  th e  i r o n  g a r n e t  l a t t i c e  when Sc f i l l s  th e  a s i t e s

c o m p le te ly .  The d i f f e r e n c e  b e tw een  l a t t i c e  c o n s ta n t s  o f  c o r r e s p o n d in g
a

Fe and Ga g a r n e t s . i s  0 .1 0 0  A. T o g e th e r  w i th  th e  e x p e r im e n ta l  v a lu e s  

o f  l a t t i c e  c o n s ta n t s  o f  ^Nd^^ Ga,. 0 ^  an(l Ga5 ° i2

th e s e  f in d in g s  a l lo w  c a l c u l a t i o n  o f  th e  l a t t i c e  c o n s ta n t s  f o r  a 

g iv e n  c o m p o s itio n . L a t t i c e  c o n s ta n t  c a l c u l a t i o n s  a r e  d i s c u s s e d  i n  

s e c t i o n  IV o f  t h i s  w o rk . I n  T a b le  I I I  2 3 , o b s e rv e d  v a lu e s  o f  th e  

l a t t i c e  c o n s ta n ts  a r e  com pared w i th  v a lu e s  c a l c u l a t e d  as  i n d i c a t e d  

a b o v e .

T a b le  I I I  23

C o m p o sitio n
a (A) 

O bserved
a  (A) 
C a l . a (A)

[ Kd3 l M ( Fli2 .2 G a. s ) °12 12 .721 1 2 .7 2 2 -0 .0 0 1

[ Fr3 } [ Sa2] ( Fe2 .1 o , g ) °12 12 .740
«

1 2 .7 6 2 -0 .0 0 2

t Pr3 i L Sc2 J ( Fe1.9 Gal . l ) °12 12 .7 4 8 1 2 .7 5 5 -0 .0 0 7

{ p r j  [ s c 2l ( F e i _8 Gal . 2 ) °1 2 12 .7 6 4 1 2 .7 5 2 + 0 .0 1 2

{ f r 3} [ s c 2 ] ( F e u 6 Ga1 .4  ) °12 12 .7 6 0 1 2 .7 4 5 + 0 .0 1 5

( P r 3 K Sc2 ^ ( F e 1 .5 Gal . 5 ,) °12 12 .759 12 .7 4 2 + 0 .0 1 7



When T a b le  I I I  23 I s  i n s p e c t e d ,  i t  i s  s e e n  t h a t  th e  o b s e rv e d  

and c a lc u l a t e d  v a lu e s  o f  a  a r e  i n  f a i r  a g re e m e n t e x c e p t  f o r

had  to  e n t e r  th e  o c t a h e d r a l  s i t e s ,  and i t  r e s u l t e d  i n  a  d e c re a s e  

i n  t h e  v a lu e  o f  t h e  l a t t i c e  c o n s ta n t .  The h ig h e r  v a lu e  o f  a  i n d i c a t e s  

t h a t  t h i s  c a l c u l a t i o n  i s  n o t  q u i t e  a c c u r a t e .

I l l  3 G a rn e ts  w i th  R a re  E a r th  on th e  O c ta h e d r a l  and D o d e c a h e d ra l 
S i t e s  C o n ta in in g  Fe Io n s  on th e  T e t r a h e d r a l  S i t e s .

An a t te m p t  was made to  r e p l a c e  g a l l iu m  by  i r o n  i n  sy s te m s  w i th  

Nd and  r a r e  e a r t h  io n s  on b o th  o c ta h e d r a l  and  d o d e c a h e d ra l  s i t e s .

Such g a r n e t s  w ould  c r e a t e  a  new g roup  o f  m a t e r i a l s  em p loy ing  a  -  d 

m a g n e tic  i n t e r a c t i o n s  o f  su c h  ty p e  h a v e  n o t  p r e v io u s ly  b e e n  s tu d i e d  

in  th e  g a rn e t  s y s te m , and  i t  i s  t h e r e f o r e  n o t  known how th e  o c t a h e d r a l ly  

c o o r d in a te d  r a r e  e a r t h  f i t s  th e  m odel o f  th e  m a g n e tic  i n t e r a c t i o n s  

i n  t h e  g a rn e t  s t r u c t u r e .  Such s t u d i e s  c o u ld  n o t  b e  c a r r i e d  o u t  

b e c a u s e  t h e r e  was no known g a r n e t  o f  t h e  r e q u i r e d  c o m p o s i t io n , t h a t  

i s  w i th  r a r e  e a r t h  on a  s i t e s  and i r o n  on d s i t e s .  I n  o r d e r  to  

e x p lo r e  th e  p o s s i b i l i t i e s  o f  o b ta in in g  su c h  com pounds, s u b s t i t u t i o n

was a tte m p te d . T h is  sy s te m  was c h o sen  b e c a u s e  c  and a  s i t e s  a r e  

c o m p le te ly  f i l l e d  w i th  r a r e  e a r t h  i o n s , and no r a r e  e a r t h  io n  can

P r 3S  LSc2 i v  e l  5 ^ a l  5 /  ®12 * ŵ e r e  o b s e rv e d  v a lu e s  a r e

P r„  V I S c „ J ( F e _  1 Ga Q)  0 .„  w here  th e  e x p e r im e n ta l  v a lu e  i s

o
h ig h e r  by 0 .0 2  A. The lo w e r  v a lu e  o f  a  i s  a  m ore s e r io u s

d is c r e p a n c y  b e c a u s e  i t  c o u ld  i n d i c a t e  t h a t  t h e r e  was n o t  enough

^ C2®J u sed  i n  t h e  o r i g i n a l  m ix tu re  o f  o x id e s  so  t h a t  some i r o n

a c c o rd in g  to  th e  fo rm u la 0 12
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e n t e r  d s i t e s .  The i r o n  s u b s t i t u t e d  on d s i t e s  does n o t  h a v e  any 

p l a c e  to  go e x c e p t  t h i s  s i t e ,  and a s  lo n g  a s  a  s in g l e - p h a s e  g a r n e t  

r e s u l t s ,  t h e  i o n i c  d i s t r i b u t i o n  i s  d e te rm in e d  by  th e  c o m p o s itio n  

o f  th e  r e a c t a n t  m ix tu r e .  I t  was l e a r n e d  l a t e r  t h a t  th e  am ount o f  

Yb on th e  d o d e c a h e d ra l  s i t e s  (y v a lu e )  c h a n g es  when h ig h e r  v a lu e s  

o f  z a r e  r e a c h e d  (o v e r  z = 0 .8 ) .  S in g le - p h a s e  compounds w i th  a  z 

v a lu e  g r e a t e r  th a n  0 .8  w ere  o b ta in e d  by  c h a n g in g  v a lu e s  o f  y  i n  th e

w ere  made a t  1350°C . I t  was found  t h a t  t h e  p r e p a r a t i o n  o f  s i n g l e  

p h a s e  g a r n e t s  w i th  g r e a t e r  z v a lu e s  th a n  0 .8  r e q u i r e s  s i g n i f i c a n t l y  

p ro lo n g e d  h e a t i n g .  T h ese  compounds w ere  o b ta in e d  as  s i n g l e  p h a se s  

o n ly  a f t e r  t h r e e  o r  f o u r  t im e s  r e p e a te d  h e a t i n g ,  each  a t  l e a s t  f o r  

tw e n ty - f o u r  h o u r s .

R e s u l t in g  compounds o b ta in e d  a s  s i n g l e  p h a s e s  a r e  c o m p ile d  i n  

T a b le  I I I  24 . The g r e a t e s t  amount o f  i r o n  s u b s t i t u e d  on d s i t e s  

c o rre s p o n d s  t o  z = 1 .4 .  Such s c o n c e n t r a t io n  o f  i r o n  on d s i t e s  

c o u ld  b e  s u f f i c i e n t  to  p ro v id e  enough a c t i v e  l in k a g e  f o r  m a g n e tic  

i n t e r a c t i o n s  s in c e  c  and  a  s i t e s  a r e  c o m p le te ly  f i l l e d  w i th  m a g n e tic  

i o n s .

sy s te m 0^2* A l l  p r e p a r a t i o n s
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T a b le  I I I  24 S ystem  ^Nd3_y Yby ]  [  Yb2 F ez ^  0 12

y z a  (A) P r e p a r a t i o n  C o n d i t io n s  
F i r i n g  Time ( h r s ) .
( i n  S e p a ra te  P e r io d s )

0 . 3 0 .2 12 .860 5 ,  5 , 5
0 . 3 0 .4 12 .864 5 , 5
0 . 3 0 .6 12 .864 5 , 5
0 . 3 0 .8 12 .866 5 , 5
0 . 2 1 .0 12 .881 3 ,  5 , 24 , 24
0 . 2 1 .2 12.881 5 , 2 4 , 2 4 , 24
0 . 3 5 1 .3 2 4 , 24 , 24
0 . 4 5 1 .4 2 4 , 2 4 , 2 4 , 24

I I I  4 G a rn e t Compounds w ith  T r i v a l e n t  V anadium .

D e c re a s in g  th e  num ber o f  a c t i v e  m a g n e tic  l in k a g e s  (m a g n e tic

d i l u t i o n )  i s  th e  g r e a t e s t  p ro b lem  when an  a t te m p t  to  i n c r e a s e  n e t

m a g n e tic  moment o f  YIG i s  made by  s u b s t i t u t i o n  o f  n o n m ag n e tic  io n s

on th e  o c t a h e d r a l  s i t e s .  The m a g n e tic  d i l u t i o n  can  b e  a v o id e d  by

s u b s t i t u t i o n  o f  s u i t a b l e  m a g n e tic  io n s  w i th  s m a l le r  m a g n e tic  moment

on a  s i t e s  o f  th e  YIG, and th u s  i n c r e a s i n g  th e  n e t  m a g n e tic  moment

3+o f  th e  i r o n  g a r n e t .  The V io n  w i th  two d -  e l e c t r o n s  c a p a b le  o f

g iv in g  a  f e r r im a g n e t i c  moment o f  A  seem s to  be  s u i t a b l e  f o r  su c h

s u b s t i t u t i o n .  The n e t  m a g n e tic  moment o f  t h e  t h e o r e t i c a l  compound

^Y 3 ^ t v 2 3  ( ^ 3 )  ®12 s ^ ou^  b e com pared w ith  5 ^  f o r  YIG.
3+A n o th e r r e a s o n  w h ich  s u p p o r ts  th e  c h o ic e  o f  V i s  t h e  f a c t  t h a t

3+ 0o c ta h e d r a l ly  c o o r d in a te d  V h a s  t h e  same i o n i c  r a d iu s  o f  0 .6 4 5  A
3 +

a s  o c t a h e d r a l ly  c o o r d in a te d  Fe io n .  The same i o n i c  r a d i i  w ould

3+im ply  t h a t  t h e r e  s h o u ld  n o t  b e  any s t r u c t u r a l  r e s t r i c t i o n s  f o r  V
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3+ 3+e n te r in g  i n  p la c e  o f  Fe . I t  was a l s o  e s t a b l i s h e d  (8 ) t h a t  V

io n  does  e n t e r  th e  o c ta h e d r a l  s i t e s  o f  th e  g a r n e t  s t r u c t u r e  in

compounds l i k e  Ca3 S i^  0 12 (24) o r  Ca^ Ge^ 0 12 (3 4 ) .

But t h e r e  i s  no r e p o r te d  g a r n e t  compound composed o f  t r i v a l e n t

c a t io n s  c o n ta in in g  o n ly  t r i v a l e n t  vanad ium .

3+I I I . 4 .1  S u b s t i t u t i o n  o f  V i n  I r o n  G a r n e ts .

1 1 1 .4 .1 .2  P r e p a r a t i o n . The p r e p a r a t i o n  o f  t h e  p ro p o se d  

compounds V2 Fe^ 0 ^ 2 was b a s e d  on s o l i d  s t a t e  r e a c t i o n

among o x i d e s .

3R2°3 +  2 V 20 3 + 3 F e2 ° 3 - J> 2 R 3V2F e30 12 

The o x id e s  u se d  f o r  th e  p r e p a r a t i o n  w ere  99.9% F e20 3> 99.9%  r a r e

e a r t h  o x id e s ,  and  ^ 0 ^  p r e p a r e d  by th e  r e d u c t io n  o f  99.9% 

by c h a r c o a l .  The a p p r o p r i a t e  am ounts o f  o x id e s  w e re  m ixed  i n  an 

a g a te  m o r ta r  and s e a le d  i n  vacuum  i n  f u s e d  s i l i c a  tu b e s  a f t e r  

f l u s h i n g  w i th  a rg o n . The sa m p le s  w e re  h e a te d  f o r  t h r e e  h o u rs  a t  

400°C , and a f t e r  t h a t  th e  te m p e r a tu r e  was in c r e a s e d  to  960°C , and 

a f t e r  two h o u rs  f i r i n g  th e  sa m p le s  w ere  quenched  to  room te m p e ra tu re  

by rem o v in g  them  from  th e  f u r n a c e .

1 1 1 .4 .1 .3  R e s u l ts  and  D is c u s s io n . The a tte m p te d  c o m p o s itio n s

w ere  j^Sm^ 0 j 2 . I n  b o th

c a s e s ,  t h e  r e s u l t i n g  compounds had  d a rk  g re e n  c o l o r s ,  and x - r a y

d i f f r a c t i o n  r e v e a le d  g a r n e t  p h a s e s  w i th  im p u r i t i e s  a l s o  p r e s e n t .

The x - r a y  pow der p a t t e r n s  h ad  p o o r  b a c k  r e f l e c t i o n s ,  and t h e r e f o r e

l a t t i c e  c o n s ta n t  m easu rem en ts  c o u ld  n o t  be  a c c o m p lis h e d . B ecause

3+ 3+o f  th e  same i o n i c  r a d i i  o f  V and  Fe on th e  o c t a h e d r a l  s i t e s
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i n  g a r n e t s ,  t h e  l a t t i c e  c o n s ta n t s  o f  p ro p o se d  compounds s h o u ld  b e

th e  same a s  l a t t i c e  c o n s ta n t s  o f  t h e i r  i r o n  a n a lo g s .  Only i f  th e

r e a c t i o n  w ould  r e s u l t  i n  s i n g l e  p h a se  g a r n e t  c o u ld  th e  c o n c lu s io n

c o u ld  be  draw n t h a t  t h e  s u b s t i t u t i o n  fo llo w e d  th e  p ro p o se d  r e a c t i o n .

H ow ever, t h i s  was n o t  t h e  c a s e  w i th  th e s e  p r e p a r a t i o n s ,  and t h e r e f o r e

3+no c o n c lu s io n  c o n c e rn in g  th e  s u b s t i t u t i o n  o f  V on th e  o c ta h e d r a l  

s i t e s  o f  t h e  i r o n  g a r n e t  c o u ld  be  draw n.

3+I I I  .4 .2  S u b s t i t u t i o n  o f  V i n  G a lliu m  G a r n e ts .

I I I . 4 .2 .1  P r e p a r a t i o n .  The p r e p a r a t i o n s  w ere  p ro p o se d  

a c c o r d in g  t o  th e  s o l i d  s t a t e  r e a c t i o n .

3 R2 ° 3 +  2 V203 + 3 Ga20 3 - >  2 R3V2Ga30 12

Ga2C>3 99 .9% , r a r e  e a r t h  o x id e s  a t  l e a s t  99.9%  p u r e ,  and V203 

p r e p a r e d  by  re d u c in g  99.9%  p u re  V20,. w ere  u s e d . B ecause  i t  was 

fo u n d , w h i le  w ork ing  w i th  th e  i r o n  sy s te m  w i th  f u s e d  s i l i c a  t u b e s ,  

t h a t  s i l i c a  was v i s i b l y  a t t a c k e d  by r a r e  e a r t h  o x id e s  a t  e le v a te d  

t e m p e r a tu r e s ,  th e  ru n s  w ere  done i n  open P t  c r u c i b l e s  and i n  

g r a p h i t e  c r u c i b l e s  u n d e r  a  n i t r o g e n  a tm o sp h e re . W eighed am ounts 

o f  o x id e s  w ere  m ixed t o g e t h e r  i n  an  a g a te  m o r ta r  and t r a n s f e r r e d  

i n t o  c r u c i b l e s .  Each c r u c i b l e  c o n ta in in g  a  m ix tu re  o f  r e a c t a n t s  

was p la c e d  i n  a  s i l i c a  tu b e  5 in c h e s  i n  d ia m e te r  p ro v id e d  w ith  an  

i n s u l a t e d  s to p p e r  and s i l i c a  tu b in g  f o r  d e l i v e r y  o f  n i t r o g e n  g a s .

The s i l i c a  tu b e  was i n s e r t e d  i n t o  th e  f u rn a c e  and h e a te d  to  200° C. 

T hen th e  te m p e ra tu re  was i n c r e a s e d  to  1100° C. A t t h i s  te m p e r a tu r e ,  

t h e  sa m p les  w ere  h e a te d  f o r  one  h o u r .  A f t e r  one h o u r ,  th e  fu rn a c e  

was s w itc h e d  o f f  and a llo w e d  to  c o o l ,  w h i le  t h e  n i t r o g e n  gas was
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ru n n in g  th ro u g h . The c o o l in g  to o k  s i x  h o u r s .

I I I . 4 . 2 . 2  R e s u l t s  and  D is c u s s io n . The g a r n e t s  whose 

p r e p a r a t i o n  was a t te m p te d  w e re :

W W K )  °i2 • M M  (S') °i2 •
M l X ]  C M  ° i 2  • M M  C M  ° i 2  -

and  |Y b 3]  [ v 2 ]  ( o a j )  0 J2  .

A l l  p r e p a r a t i o n s  r e s u l t e d  i n  m a t e r i a l s  m o s t ly  c o n s i s t i n g  o f  g a r n e t  

p h a s e s ,  b u t  some i m p u r i t i e s  w ere  a l s o  p r e s e n t .  The e x te n t  to

w h ich  th e  s u b s t i t u t i o n  a c t u a l l y  p r o c e e d e d , can  b e  deduced  from  th e
3+ 3+

l a t t i c e  p a ra m e te r  a  b e c a u s e  th e  V io n  i s  l a r g e r  th a n  Ga and

so  w ould  i n c r e a s e  t h e  s i z e  o f  th e  u n i t  c e l l .  The d i f f e r e n c e  i n

l a t t i c e  c o n s ta n ts  o f  ^ ^  Ga,. 0 ^  and ^ ^ 3 ^} [^ 2  ]  ( Ga3 ) G12 *
o

c a l c u l a t e d  from  th e  d i f f e r e n c e  o f  i o n i c  r a d i i ,  i s  0 .0 4  A. R e s u l t s  

o f  t h e s e  p r e p a r a t i o n s  a lo n g  w ith  th e  c a l c u l a t e d  l a t t i c e  c o n s ta n t s  

a p p e a r  in  T a b le  I I I  25 .

T a b le  I I I .  25

N om inal a  (A) a  (A) a  (A)
C o m p o sitio n  P u r i t y  E x p e r . C a lc . o f  R^G a^O ^

°12 Im pure 12 .5 2 4 12 .544 12 .5 0 4

°12 Im pure 1 2 .4 6 0 12 .480 12 .4 4 0

°12 Im pure 12 .4 0 6 12 .415 12 .3 7 5

°12 Im pure 1 2 .3 4 8 12 .354 1 2 .3 1 4

°12 S l i g h t l y
Im pure

1 2 .2 4 8 12.251 12 .211
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The c o n c lu s io n  can  b e  d raw n, b a se d  on th e  i n c r e a s e  o f  l a t t i c e  

3 +
c o n s ta n t s ,  t h a t  V io n  e n te r s  th e  o c ta h e d r a l  s i t e s  o f  t h e  g a l l iu m

g a r n e t s .  The im p u r i ty  p h a se  was i d e n t i f i e d  a s  RVO^ , w i th  th e

YVÔ , s t r u c t u r e .  The a p p e a ra n c e  o f  v a n a d a te s  shows t h a t  t h e  a p p a r a tu s

3+ 5+was n o t  p e r f e c t ,  and o x id a t io n  o f  some V to  V to o k  p l a c e .  The 

s tu d i e s  o f  t h e s e  sy s te m s  w ere  d i s c o n t in u e d  b e c a u s e  o f  e x p e r im e n ta l  

d i f f i c u l t i e s .
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IV . LATTICE CONSTANT CALCULATIONS.

As was m e n tio n e d  e a r l i e r ,  t h e  a s su m p tio n s  w hich  p e r m i t t e d  

a s s ig n m e n ts  o f  io n s  t o  d i f f e r e n t  c r y s t a l l o g r a p h i c  s i t e s  a r e  

d e r iv e d  from  th e  s e l e c t i v i t y  o f  t h e  g a r n e t  s t r u c t u r e  w i th  r e s p e c t  

to  v a r io u s  i o n s ,  and from  th e  v a lu e s  o f  l a t t i c e  c o n s ta n t s .  To 

o b ta in  a  s in g l e - p h a s e  m a t e r i a l  o f  known c o m p o s itio n  i s  o f  c o u rs e  

a  n e c e s s a ry  c o n d i t io n .  The l a t t i c e  c o n s ta n t  and i t s  v a r i a t i o n  w ith  

c o m p o s itio n  i s  o f  e x tre m e  im p o r ta n c e  i n  a l l  k in d s  o f  su c h  a n a l y s i s ,  

e s p e c i a l l y  when no  o t h e r  means a r e  e a s i l y  a v a i l a b l e  f o r  t h e  d e t e r ­

m in a tio n  o f  i o n i c  d i s t r i b u t i o n .  E s p e c i a l l y  i n  c a s e s  when a  g iv e n  

io n  can e n t e r  m ore th a n  one c r y s t a l l o g r a p h i c  s i t e ,  th e  a g re e m e n t 

o f  th e  e x p e r im e n ta l  v a lu e  w ith  t h e  c a l c u l a t e d  v a lu e  o f  t h e  l a t t i c e  

c o n s ta n t  can  c o n f irm  t h e  a t te m p te d  i o n i c  d i s t r i b u t i o n .  H ow ever, 

t h e  c a l c u l a t i o n  o f  t h e  l a t t i c e  c o n s ta n t  o f  t h e  g a rn e t  u n i t  c e l l  

c a n n o t b e  b a s e d  on s im p le  geom etry  a s su m p tio n s  b e c a u se  th e  u n i t  

c e l l  i s  n o t  d e r iv e d  fro m  c lo s e  p a c k ed  s t r u c t u r e s .  The a n a l y t i c a l  

s o l u t i o n  c o u ld  b e  d e r iv e d  from  th e  d a t a  s u p p l i e d  by s t r u c t u r a l  

r e f in e m e n t  m e a su re m e n ts .

I V .1 A n a l y t i c a l  C a l c u l a t i o n s .

An a t te m p t  was made to  d e r iv e  a n a l y t i c a l l y  an  e x p r e s s io n  f o r

l a t t i c e  c o n s ta n t  c a l c u l a t i o n s  f o r  r a r e  e a r t h  g a r n e ts  o f  t h e  ty p e

0 ^ 2  • The f r a c t i o n  o f  t h e  u n i t  c e l l  a lo n g  t h e  C o o l]
d i r e c t i o n  w h ere  th e  r a r e  e a r t h  d o d e c a h e d ro n  s h a r e s  ed g es  w i th  an 

3+M t e t r a h e d r o n ,  was ta k e n  i n t o  a c c o u n t .  The f r a c t i o n  o f  t h e  u n i t  

c e l l  u sed  f o r  t h e  d e r i v a t i o n  a p p e a rs  i n  F ig .  IV 1.
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S e v e r a l  a s su m p tio n s  w ere  m ade:

a ) The t e t r a h e d r o n  i s  d i s t o r t e d  and i s  a lw ays s t r e t c h e d  a lo n g  

th e  [O O I]  d i r e c t i o n  ( 2 0 ) .  The d i s t o r t i o n  v a lu e s  w ere  

assum ed t o  b e  c o n s ta n t  f o r  a l l  g a r n e t s  w i th  a  g iv e n  c a t io n  

on th e  t e t r a h e d r a l  s i t e .

b ) A l l  io n s  w ere  assum ed to  b e  r i g i d  s p h e r e s .

c) The d i s t a n c e s  R -  0 i n  c h a in s  a lo n g  [ o o i l  w ere  assum ed to

3+be  in d e p e n d e n t  o f  th e  ty p e  o f  M io n s .  The n o t a t i o n  f o r  

t h e s e  d i s t a n c e s  i s  dgQ.

The g e o m e t r ic a l  r e l a t i o n s h i p  w h ich  c o u ld  b e  d e r iv e d  from  F ig .  IV .1 ,  

i s :

j  = (Rfc +  Rq ) cos0^ + d g0 cos@2 (IV -  1)

(Rfc +  Rq ) s i n  0 :  = dgQ s i n 0 2 (IV -  2)

w here Rfc i s  i o n i c  r a d iu s  o f  t h e  t e t r a h e d r a l  i o n ,  and Rq i s  t h e  r a d iu s  

o f  oxygen .

The s t r u c t u r a l  r e f in e m e n t  o f  YIG was u sed  to  c a l c u l a t e  0^

f o r  i r o n  g a r n e t  (12) u s in g  e x p r e s s io n s  IV 1 and IV 2 . Then th e

s e t  o f  d or. d i s t a n c e s  was c a l c u l a t e d  f o r  th e  w ho le  s e r i e s  o f  r a r e  
oU

e a r t h  io n s  u s in g  th e  s e t  o f  i o n i c  r a d i i  g iv e n  i n  (64 ) and r e p o r te d  

v a lu e s  o f  l a t t i c e  c o n s ta n t s  o f  r a r e  e a r t h  i r o n  g a r n e t s .  T hese  

v a lu e s  can  be a p p l i e d  i n  th e  e x p r e s s io n  f o r  c a l c u l a t i n g  l a t t i c e  

c o n s ta n ts  o f  r a r e  e a r t h  g a r n e t s  o f  t h e  ty p e  Rg Mg 0 ^ 2 • T h is  

e x p r e s s io n  was d e r iv e d  from  IV 1 and IV 2 .
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The o n ly  unknown i n  t h i s  e x p re s s io n  i s  t h e  a n g le  0^ . I t s  

v a r i a t i o n  a c t u a l l y  i s  t h e  m easu re  o f  th e  s t r e t c h i n g  o f  th e  g iv e n  

t e t r a h e d r o n  a lo n g  001 d i r e c t i o n .  A c c o rd in g  to  a s su m p tio n  a 

a b o v e , t h i s  a n g le  can  b e  c a l c u l a t e d  from  th e  know ledge o f  th e  

l a t t i c e  c o n s ta n t  o f  one g a r n e t  i n  th e  g iv e n  g ro u p , u s in g  th e  

e x p r e s s io n  IV 3 .

The v a lu e s  o f  dg^ c a l c u l a t e d  f o r  r a r e  e a r t h  io n s  a p p e a r  in  

T a b le  IV 1.

T a b le  IV 1

Io n dg 0 (A) R a d i i  o f  r a r e  e a r t h  
io n s  CN = 8

P r 3+ 2 .4 1 4 1 .1 4

Nd3"*" 2 .4 0 5 1 .1 2

Sm3+ 2 .3 9 0 1 .09

Eu3* 2 .3 8 4 1 .0 7

Gd3+ 2 .3 8 0 1 .0 6

Dy3* 2 .3 6 6 1 .0 3

H o 3 + 2 .3 6 0 1 .0 2

E r3* 2 .3 5 4 1 .0 0

Tm3+ 2 .3 4 9 0 .9 9

Yb3+ 2 .3 4 5 0 .9 8
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F o r g a ll iu m  g a r n e t s ,  co s0^  = 0 .6 4 1  f o r  t h e  GaO^ t e t r a h e d r o n  

was c a lc u l a t e d  from  th e  e x p e r im e n ta l  a  o f  Yb^ Ga,. 0 ^  • U sing  

IV 1 , t h e  l a t t i c e  c o n s ta n t s  o f  g a ll iu m  r a r e  e a r t h  g a r n e t s  w ere  

c a l c u l a t e d  and com pared t o  th e  e x p e r im e n ta l  v a lu e .  The r e s u l t s  

a p p e a r  i n  T ab le  IV 2 .

T a b le  IV 2 .

C o m p o sitio n
o

a  (A) E x p e r.
o

a  (A) C a lc .

Yb3 Ga,. 0 12 12.211 12 .209

■"”3 Ga5 °12 12 .229 12 .229

E r 3 Ga5 °12 12 .255 12 .2 5 4

" ° 3  Ga5 °12 12 .282 12 .2 8 4

Dy3 Ga5 °12 12 .3 1 4 12 .3 1 4

0 d 3 Ga5 0 12 12 .375 1 2 .384

Eu3 Ga5 0 , 2 12 .405 12 .4 0 4

Sm3 Ga5 °12 12 .440 12 .4 3 4

“ d3 Ga5 °12 12 .504 1 2 .5 0 8

P r 3 Ga5 0 , 2 12 .552 12 .5 5 3

The ag reem en t i n  th e  above t a b l e  i s  f a i r  i n  s p i t e  o f  th e  f a c t  

t h a t  th e  above m e n tio n e d  a s su m p tio n s  a r e  n o t  p e r f e c t l y  c o r r e c t ,  

b u t  u n f o r tu n a te ly  e q u a t io n  IV 3 h o ld s  o n ly  f o r  s im p le  compounds 

su c h  as  R_M_01o and i s  t h e r e f o r e  o f  r a t h e r  r e s t r i c t e d  u s e . To makeJ j  LZ

a  s i m i l a r  d e r i v a t i o n  f o r  m ore com plex compounds i s  n o t  p o s s ib l e  

b e c a u s e  t h e r e  a r e  no a v a i l a b l e  d a ta  o f  s t r u c t u r a l  r e f in e m e n ts  o f  su c h  

com pounds.
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IV 2 E m p ir ic a l  C a l c u l a t i o n .

The p ro b lem  o f  p r e d i c t i o n  o f  th e  l a t t i c e  c o n s ta n t s  h ad  to  be  

ap p ro a c h e d  on a  m ore e m p i r ic a l  b a s i s  u s in g  l a t t i c e  c o n s ta n ts  

c o l l e c t e d  from  e x p e r im e n ta l  work and c o n c lu s io n s  w ere  draw n from  

th e  d i s t r i b u t i o n  o f  io n s  on d i f f e r e n t  s i t e s .  When an io n  e n t e r s  

one o f  th e  s u b l a t t i c e s  i n  th e  g a r n e t  s t r u c t u r e  th e  r e s u l t i n g  e f f e c t  

on th e  l a t t i c e  c o n s ta n t  depends on th e  change o f  th e  a v e ra g e  i o n i c  

r a d iu s  o f  io n s  w h ich  occupy  th e  s i t e  i n  q u e s t i o n .  As th e  a v e ra g e  

r a d iu s  o f  io n s  on th e  g iv e n  s i t e  d e c r e a s e s ,  t h e  l a t t i c e  c o n s ta n t  

s h o u ld  a l s o  d e c r e a s e .  S i m i la r ly ,  th e  l a t t i c e  c o n s ta n t  s h o u ld  

i n c r e a s e  as  t h e  a v e ra g e  r a d iu s  o f  io n s  on th e  g iv e n  s i t e  i n c r e a s e s .  

Em ploying th e s e  a s s u m p t io n s , a fo rm u la  was d e v e lo p e d  f o r  c a l c u l a t i n g  

l a t t i c e  c o n s ta n t s  o f  new g a r n e t s  ( 6 7 ) .  The i n c r e a s e  o r  d e c r e a s e  o f  

th e  l a t t i c e  c o n s ta n t  o f  a  g a rn e t  i s  p r o p o r t i o n a l  to  th e  i n c r e a s e  o r  

d e c re a s e  o f  th e  a v e ra g e  i o n i c  r a d iu s  c a u se d  by s u b s t i t u t i o n .  T h e r e f o r e ,  

th e  change i n  th e  l a t t i c e  c o n s ta n t  i s  g iv e n  by  th e  d i f f e r e n c e  b e tw een  

th e  i o n i c  r a d i u s  o f  an io n  i n  a  new g a r n e t  and th e  i o n ic  r a d i u s  o f  

th e  io n  i n  a  r e f e r e n c e  g a r n e t  m u l t i p l i e d  by  a p r o p o r t i o n a l i t y  c o n s ta n t .  

I t  was found  t h a t  t h e  p r o p o r t i o n a l i t y  c o n s ta n t  i s  d i f f e r e n t  f o r  

d i f f e r e n t  s u b l a t t i c e s .  P r o p o r t i o n a l i t y  c o n s ta n t s  f o r  g a l l iu m  g a r n e t s  

w ere  d e te rm in e d  i n  th e  fo llo w in g  w ay:

Koct ^ r o c t 1.56
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U sing  th e s e  c o n s t a n t s ,  t h e  fo rm u la  f o r  c a l c u l a t i o n  o f  c o n s ta n t s  

o f  g a l l iu m  g a r n e t s  can  b e  w r i t t e n :

“ c a lc  '  < -™ re g e  r D0D - r w 3+ ) ,K ])0D +  (a v e ra g e  r o c t  - r Ga3+).

^ o c t  + aHd Ga 0 (IV  1)

o r

a c a lc  = ( a v e r a 8e  r D0D “ 1* 12) k ( 2 .1 5 )  +  (a v e ra g e  r oct;-  0 .620)*  

x ( l .5 6 )  + 1 2 .5 0 4  (IV  2)

w here  r ,.* ^  and  r  „ r e p r e s e n t  r a d i i  o f  io n s  on th e  d o d e c a h e d ra l  and DOD o c t  v

t h e  o c ta h e d r a l  s i t e s ,  r e s p e c t i v e l y .  O bserved  and c a l c u l a t e d  l a t t i c e  

c o n s ta n ts  o f  p r e p a r e d  g a r n e ts  ( u s in g  S h a n n o n -P re w it t  IR  r a d i i  (64) ) 

a r e  l i s t e d  i n  T a b le s  IV 3 ~ S >



86.
T a b le  IV 3 O bserved  and C a lc u la te d  L a t t i c e  C o n s ta n ts  o f  

N eodym ium -G allium  G a rn e ts

Compound o r  S o l id  
S o lu t io n

W W ( Ga3 )  °12

( x b j ]  [ g s 21  ( c a 3 )  0 12

°12

[» d 3 } [ Y b 2 l ( G a 3 )  0 12 

[m 3 ]  [Tm 2 l ( c a 3 )  0 12

°12

(Nd31l [ H o 2 l ( G a 3 )  0 12 

[Nd3 ] [ D y 2 l ^ a 3)  0 U

l Nd2 .8  Lu . 2 ^  ^-Lu2  ̂ ^ Gas )  °12

K . 7  ° 12

K . 5  Yb. 5 l t b2 ^ ( Ga3 )  °12  

K . 4  °12

K . 9  E r l . l } [ E r2 l ( Ga3 )  °12

a -  c a l c u l a t i o n  b a se d  on th e s e  

b -  from  n o m in a l c o m p o s itio n s  

c -  n o te  t h a t  t h i s  p r e p a r a t i o n  c o n ta in s  m ore Yb (y  = 0 .5 )  on 

th e  d o d e c a h e d ra l  s i t e  th a n  th e  minimum (y  = 0 .3 )  r e q u i r e d  to  

o b t a i n  a  s i n g l e  p h a s e - g a r n e t .

1 2 .5 0 4 a

1 2 .2 0 3 a

12.88^^ a

12.89*5 1 2 .8 9

00COCsJ
t—i 1 2 .91

1 2 .83^ 1 2 .9 3

12.65b 12 .9 4

12* 5*o 1 2 .9 6

12.86,
b

12 .8 6

1 2 .8 6 .4 12 .8 6

12 .85^ 1 2 .8 4

1 2 .8 5 4 12 .85

1 2 .8 1 b 1 2 .8 3

O bserved  C a lc u la te d
a  (A) a  (A)
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T a b le  IV 4 O bserved  and C a lc u la te d  L a t t i c e  C o n s ta n ts  o f  Some

O th e r R a re E a r th  G a lliu m  G a r n e ts .

Compound O bserved  
a  (A)

C a lc u la te d  
a  (A)

W W W °12 12.22 12.22

{E r3 ] [ G a 2 l ( G a 3 ) °12 12.25 12.25

THo3 5 t Ga2 T ( Ga3 ' °12 12.28 12.29

{Dy3 l  t Ga2 K Ga3 ) °12 12.31 12.31

The c o rre s p o n d e n c e  o f  c a lc u l a t e d  and o b s e rv e d  v a lu e s  from  

T a b le  IV 2 , and T a b le  IV 3 i s  good i n  c a s e s  w h ere  p re p a re d  

compounds w ere  s in g l e - p h a s e s .  I n  a d d i t i o n ,  i t  can  b e  o b se rv e d  

t h a t  i n  th e  c a se  o f  neodymium sy s te m s  th e  a g re e m e n t i s  b e t t e r  

th a n  i n  t h e  c a se  o f  p raseodym ium  p r e p a r a t i o n s .  T h is  m ig h t b e  due 

to  th e  f a c t  t h a t  c a l c u l a t i o n  o f  p r o p o r t i o n a l i t y  c o n s ta n t s  f o r  

E q .I V .l  w ere  b a se d  on neodymium p r e p a r a t i o n s  and  any e x p e r im e n ta l  

e r r o r  i n  d e te r m in a t io n  o f  l a t t i c e  c o n s ta n t s  o f  th e s e  p r e p a r a t i o n s  

i s  r e f l e c t e d  i n  th e  o t h e r  s y s te m s . Im provem ent o f  t h e s e  c a l c u l a t i o n s  

c o u ld  b e  o b ta in e d  by em p lo y in g  h ig h  p r e c i s i o n  m easu rem en t o f  l a t t i c e  

c o n s t a n t s .  H oever, c a l c u l a t i o n s  made as shown h e r e  s e r v e  t h e i r  

p u rp o s e  s a t i s f a c t o r i l y  e s p e c i a l l y  i f  one i s  aw are  fo  th e  s o u rc e  o f  

t h e  e r r o r  and i t s  v a lu e .



T a b le  IV 5 O bserved  and  C a lc u la te d  L a t t i c e  C o n s ta n ts  o f

88.

P raseo d y m iu m -G alllu m  G a r n e ts .

C o m p o sitio n O bserved  
a  (t)

C a lc u la te d  
a (A)

{Pr3l [ Ga2l f Ga3'> °12 1 2 .5 5 2 12 .55

K 1  [ l “2 3 K )  °12 1 2 .9 4 , 12 .92

o 1 2 .928a 1 2 .93

K . 5  Yb.5}LGa2l ( Ga3) °12 1 2 .5 0 5 12 .49

( Pr2 .5  Yb. 5 } [ Yb Gal ( Ga3)  <*12 1 2 .7 °6 1 2 .6 8

t Pr2 .5  Yb. 5 i  CYb2 1  0>a 3 ) Gl 2 1 2 .8 9 1 2 .8 8

W K K o - s )  °12 1 2 .9 0 ^ 12 .95

i p r2 .2  ^ . 81 LGa2"-J ^ Ga3)  °12 1 2 .4 8 12 .46

( Pr2 .2  Ga] ( Ga3)  °12 1 2 .6 7 12 .66

l P r 2 .2  J ( Ga3)  °12 1 2 .8 8 2 12 .87

M M K )  °12t \ p y
1 2 .8 8 2 12 .97

£P r l . 85 Er1 .1 5 j  LGa2 j ( Ga3)  °12 1 2 .4 3 12 .43

{ Pr1.85  Erl .  15 3 CErl .75 Ga.2 53 ( Ga3) °12 12- 823 12 .80

[Pr1.85 Erl . l 5 } [ Er2 l ( Ga3)  °12 1 2 .8 6 * 12 .85

a  -  a lm o s t s in g l e - p h a s e  

b -  n o m in a l c o m p o s itio n



V. RESULTS OF MAGNETIC MEASUREMENTS

89.

V .l  P r e l im in a ry  M easurem ents

B e fo re  m aking m a g n e tic  m easu rem en ts on th e  p r e p a r a t i o n s  w ith  

w h ich  t h i s  w ork d e a l s ,  g a r n e t  compounds c o n ta in in g  p e r t i n e n t  r a r e  

e a r t h  io n s  o n ly  on th e  o c t a h e - r a l  s i t e s  ( i n  g e rm a n a te s )  and o n ly  

on th e  d o d e c a h e d ra l  s i t e s  ( i n  g a l l a t e s )  w ere  p r e p a re d  and t h e i r  

m a g n e tic  s u s c e p t i b i l i t i e s  m easu red  a t  t e m p e ra tu re s  from  78°K to  

300°K . The o b ta in e d  d a ta  w ere  p u t  i n t o  th e  form  o f  A v s  T p l o t s ,  

and C u r ie  c o n s ta n t s  d e te rm in e d  from  th e  s lo p e s  o f  th e  r e s u l t i n g  

s t r a i g h t  l i n e  p o r t i o n s .  M olar C u rie  c o n s ta n t s  w ere o b ta in e d ,

and  th e  i n d iv i d u a l  gram  -  atom  C u rie  c o n s ta n t s  f o r  th e  r a r e

e a r t h  io n s  w ere c a l c u l a t e d  from  them . The m a g n e tic  p r o p e r t i e s  o f  

t h e s e  compounds h ad  b e e n  e a r l i e r  r e p o r t e d  i n  t h e  l i t e r a t u r e  (by 

B e lo v  e t  a l .  (68) ) b u t  i t  was th o u g h t n e c e s s a r y  to  r e p e a t  t h e  w ork 

w i th  th e  same a p p a ra tu s  and u n d er th e  same c o n d i t io n s  em ployed f o r  

th e  m easu rem en ts on new m a t e r i a l s .  The d a ta  a r e  p l o t t e d  i n  F ig s .

V 1 and V 2 , w here  th e  compounds and s o l i d  s o l u t i o n s  a r e  g ro u p ed  

a c c o rd in g  to  t h e i r  m a g n e tic  s u s c e p t i b i l i t i e s  r a t h e r  th a n  t h e i r  

c o m p o s itio n . The m a t e r i a l s  a r e  a l l  p a ra m a g n e tic  and th e y  obey th e

C u r ie  -  W eiss law , a t  l e a s t  o v e r  th e  te m p e ra tu re  ra n g e  78 -  300°K.

The d ash ed  l i n e  p o r t i o n s  a r e  e x t r p o l a t e d  to  A  = 0 i n  o r d e r  to  

i n d i c a t e  th e  m a g n itu d e s  o f  th e  W eiss c o n s t a n t s .

The m o la r  G u r ie  c o n s ta n t s  ) o b ta in e d  from  78 -  300°K

p o r t i o n s  o f  th e  p l o t  a r e  g iv e n  in  T a b le  V 1 a lo n g  w ith  th o s e  

c a l c u l a t e d  from  t h e o r e t i c a l  v a lu e s .  T a b le  V 2 g iv e s  th e  i n d i v i d u a l
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gram  -  atom  C u r ie  c o n s ta n t s  ) f o r  t h e  p e r t i n e n t  r a r e  e a r t h

io n s  a s  c a l c u l a t e d  from  e x p e r im e n ta l  v a lu e s  i n  T a b le  V 1 and from  

th e  t h e o r e t i c a l  m a g n e tic  moments g iv e n  by K ern and R accah  (6 9 ) .

The low e x p e r im e n ta l  v a lu e s  found  i n  t h i s  te m p e ra tu re  ra n g e

f o r  Cj^ (T a b le  V 1) and C jy^n(j) (T a b le  V 2) w ere  n o t  u n e x p e c te d .

V a lu e s  low er th a n  t h e o r e t i c a l  w ere o b s e rv e d  n o t  o n ly  by B elov  e t  a l ,

(68 ) b u t  a l s o  by  A le o n a rd  and  P a u th e n e t  (70 ) who m easu red  th e

m a g n e tic  s u s c e p t i b i l i t i e s  o f  r a r e  e a r t h  g a l l iu m  g a r n e t s  w i th  th e

r a r e  e a r t h  o n ly  on th e  d o d e c a h e d ra l  s i t e s .  The lo w e r  th a n

t h e o r e t i c a l  v a lu e s  a r e  a t t r i b u t e d  to  p a r t i a l  q u e n c h in g  o f  th e

m a g n e tic  moment (7 0 , 7 1 ) . E x p e r im e n ta l  v a lu e s  w h ich  a p p e a r  in

T a b le s  V 1 and V 2 a r e  t h e r e f o r e  c o n s i s t e n t  w i th  th e  v a lu e s  in

th e  l i t e r a t u r e .  The d a ta  i n d i c a t e  l i t t l e  o r  no depen d en ce  on

3+ 3+s i t e  i n  th e  c a s e s  o f  Tm and Er , b u t  th e  d i f f e r e n c e  a p p e a rs

3+to  b e  s i g n i f i c a n t  f o r  Yb
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R e c ip r o c a l  M olar S u s c e p t i b i l i t y  v s  A b s o lu te  T e m p era tu re  f o r  G a rn e t 
Compounds w i th  T r i v a l e n t  R are  E a r th  Io n s  on E i th e r  D o d e c a h e d ra l  o r  
O c ta h e d r a l  S i t e s .

1. 0  {Sr3}[Tm2j(Ge^O,2

2. ta {Tm3}[Ga2.](Ga3)0|a.
3. a  {Sp3}[Er2](Ge3)0i2

4. ® { e r3}[Ga*](Ga3)0i2

5. a  {Ho5} [G aJ(G a3)0  13.

6 . o  {py3} [Goiz] (6 0 3 ) 0 1 2 ,

2 8 0  3 0 0
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R e c ip r o c a l  M o la r S u s c e p t i b i l i t i e s  v s  A b s o lu te  T e m p e ra tu re  f o r  
G a rn e t Compounds and  S o l id  S o lu t io n s  w i th  T r i v a l e n t  R are  E a r th  
Io n s  on e i t h e r  D o d e c a h e d ra l  o r  O c ta h e d r a l  S i t e s .

1. © {Nd3}[GQ2l(®Q3)0|2

2. v {srs} [Yb2](see)0iz 

■3. Q { N d2 ,7Y bo .3} [G 02](& l3 )O |2 .

4- B { ^ 3 } [pQ2](Sc»3)0i^

5. □ {Md2.4Tmo.6}[®a23(6Q3)°l2

6. v {Ndtg En.i} [6^2]
7. O {Nd|,36 Ho 1̂ 5} [602.1(603)012

120 
T(°K)

160 2 0 0  £ 40  0 5 0  ZO O
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T a b le  V 1 E x p e r im e n ta l  and  C a lc u la te d  M olar C u r ie  C o n s ta n ts

o f  G a rn e ts  w i th  T r i v a l e n t  R are  E a r th  Io n s  on E i th e r  

D o d e c a h e d ra l o r  O c ta h e d r a l  S i t e s .

Compound E x p e r im e n ta l

CM
Cj*j C a lc u la te d

From T h e o r e t i c a l  
V a lu e s  *

/ If*" /* V °12 4 .9 2 5 .1 2

(Sr3j LTm2 J (Ge3 ) °12 12 .6 4 1 2 .1 8

Sr3] ĵEr2 l^Ge^ °12 19 .2 4 2 2 .7 6

Yb3] [Ga2l(ca3 ) °12 6 . 03 7 .6 8

CGa2 ^ Ga3 ^ °12 1 9 .7 4 2 1 .2 7

' Er3 l [ Ga2X Ga3 ) °1 2 2 9 .4 1 3 4 .1 4

1H°3j CGa2 Ĵ Ga3 / °12 3 6 .5 3 4 1 .8 2

{Dy3][Ga2](Ga3) °12 3 7 .9 1 4 2 .1 8

{Nd3][Ga2*HGa3) 
(Pr3][Ga2](Ga3)

°12 3 .7 4 4 .8 6

°12 4 .7 2 4 .7 7

* i n  colum n 3 o f  T a b le  V 2 .
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T a b le  V 2 I n d i v i d u a l  Gram - atom  C u r ie G o n s ta n ts  (C . ,) i n d

Ion

From E x p e r im e n ta l  V a lu e s

i n  T a b le  V 1 
D o d e c a h e d ra l  O c t a h e d r a l

C a l c u l a t e d  from 
T h e o r e t i c a l  Magn. 
Moments i n  R e f .  (69)

S i t e S i t e

Yb3+ 2 .0 1 2 .4 6 2 .5 6

Tm3+ 6 .5 8 6 .3 2 7 .09

E r 3+ 9 .8 0 9 .6 2 11 .3 8

Ho3 + 12 .18 a 13 .94

Dy3+ 12 .64 a 14 .06

Nd3+ 1 .25 b 1 .62

P r 3'*' 1 .57 b 1 .59

a -  We w e re  u n a b le  t o  p r e p a r e  s i n g l e - p h a s e  S r  o r  Ca g e rm a n a te

g a r n e t s  w i t h  t h e s e  r a r e  e a r t h  i o n s  on t h e  o c t a h e d r a l  s i t e s

by  s o l i d  s t a t e  r e a c t i o n  o f  t h e  o x id e s  a t  1350°C.

3+ 3+b -  Nd and P r  do n o t  e n t e r  t h e  o c t a h e d r a l  s i t e s .

V .2  M easurem en ts  on Neodymium-Small R a re  E a r th  G a l l iu m  G a r n e t s .

New m a t e r i a l s  o f  t h i s  ty p e  w ere  s u b j e c t e d  t o  m easu rem en ts  a t  

t e m p e r a t u r e s  from  78 -  300°K. F iv e  o f  them , t h o s e  w i t h  h ig h  con­

c e n t r a t i o n  o f  r a r e  e a r t h  i o n s  on t h e  o c t a h e d r a l  s i t e s ,  w e re  a l s o  

m easu red  a t  4 . 2 °  K w i t h  a  v i b r a t i n g  sa m p le  m agne tom e te r  ( f i e l d  

s t r e n g t h  a b o u t  7.8KG) i n  t h e  l a b o r a t o r y  o f  P r o f e s s o r  A. Wold a t  

Brown U n i v e r s i t y ,  P r o v id e n c e ,  R . I . ,  and two sam p les  w e re  c h eck ed
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a t  t e m p e r a t u r e s  down t o  1 .6 °  K w i t h  a  pendulum  m agne tom e te r  ( f i e l d  

s t r e n g t h  1 5 .2  KG ) i n  t h e  l a b o r a t o r y  o f  R .C . Sherwood a t  B e l l  

T e lep h o n e  L a b o r a t o r i e s .  The d a t a  w e re  a g a i n  p u t  i n t o  t h e  fo rm  o f  

^  Vs T p l o t s  and C u r ie  c o n s t a n t s ,  C *» ,w ere  d e te r m in e d .  The 

m a g n e t ic  d a t a  o b t a i n e d  from t h e s e  m ea su rem e n ts  a r e  g iv e n  i n  F i g s .

V 3 ,  V 4 ,  and V 5 .  As can  b e  s e e n  from  t h e s e  f i g u r e s ,  t h e  C u r i e -  

W eiss law  i s  o b s e r v e d ,  a t  l e a s t  o v e r  t h e  78 -  300° K r a n g e ,  and t h e  

dashed  l i n e  p o r t i o n s  a r e  e x t r a p o l a t i o n s  to  i n d i c a t e  t h e  m a g n i tu d e s  

o f  t h e  W eiss c o n s t a n t s .

The 4 .2 °  K p o i n t s  f a l l  on t h e s e  e x t r a p o l a t i o n s  i n  some c a s e s  

b u t  i n  o t h e r  c a s e s  t h e  g ra p h s  show ch an g es  i n  s lo p e s  downward 

tow ard  t h e  T a x i s .  The e x p e r i m a n t a l  C u r ie  c o n s t a n t  v a l u e s ,  t h o s e  

c a l c u l a t e d  from  t h e o r e t i c a l  v a l u e s ,  and t h o s e  c a l c u l a t e d  p r i m a r i l y  

from  e x p e r i m e n t a l  v a l u e s  f o r  i o n s  on t h e  d o d e c a h e d r a l  and o c t a h e d r a l  

s i t e s  a r e  g iv e n  i n  T a b le  V 3 .

I n s p e c t i n g  T a b le  V 3 and com par ing  e x p e r i m e n t a l  v a l u e s  o f  C ^  

w i t h  t h o s e  c a l c u l a t e d  from  e x p e r i m e n t a l  v a l u e s  f o r  i o n s  on one  s i t e  

o n ly ,  a  t r e n d  i n  q u e n c h in g  o f  p a r a m a g n e t i c  moments can  b e  s e e n .  The 

p r e s e n c e  o f  h e a v i e r  s m a l l  r a r e  e a r t h  i o n s  a lo n g  w i th  Nd seem s t o  

remove some o r  a l l  o f  t h e  q u e n c h in g .  T h is  t e n d e n c y  d e c r e a s e s  as  t h e  

s m a l l  r a r e  e a r t h  i o n  becomes l i g h t e r  and i n  t h e  c a s e  o f  t h e  l i g h t e s t  

i o n  u s e d ,  Dy, t h e r e  i s  even  a  l i t t l e  m ore q u e n c h in g  th a n  w ou ld  be  

e x p e c te d  f rom  t h e  c a l c u l a t i o n  from  e x p e r i m e n t a l  v a l u e s .  I t  i s  

d i f f i c u l t  t o  b e  c e r t a i n  t h a t  t h i s  t r e n d  i s  r e a l  b e c a u s e  t h e  C u r ie  

c o n s t a n t s  m ea su rem e n ts  a r e  r e l i a b l e  o n ly  t o  a b o u t  5%. I n  o r d e r  t o  

d e te r m in e  t h e  e x t e n t  o f  a  change o f  q u e n c h in g  phenomenon, m ore d e t a i l e d  

s t u d i e s  on a  l a r g e r  s e t  o f  compounds w ould  b e  r e q u i r e d .
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R e c i p r o c a l  M o la r  S u s c e p t i b i l i t y  v s  A b s o l u te  T e m p e ra tu re  f o r  G a r n e ts  
w i t h  T r i v a l e n t  R a re  E a r th  I o n s  on b o th  D o d e c a h e d ra l  and O c t a h e d r a l  
S i t e s  ( R = Y b ) .

5 0

1. v  {Nd2.7Y bo.s} [Ybl.5 6 a i .5 ] (603)012,

2. g> {Nd2.7Ybo.3}[Yb2.J(GO3)0|2

3. o  Some as 2 » b u r t  measured by R.C. Sherwood
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R e c i p r o c a l  M olar  S u s c e p t i b i l i t y  v s  A b s o lu te  T e m p e ra tu re  f o r  G a r n e ts  
w i t h  T r i v a l e n t  R a re  E a r t h  I o n s  on Both  D o d e c a h e d ra l  and O c t a h e d r a l  
S i t e s  (R = Tm).

1. B { N d 2 ,4 T m o .6 } [ ‘r rn l .6 GQ0 .4 J ^ G a3 ) 0 IZ

2. ^{N d 2_4 TTno.sJfTroa] (£03)012.

3. O Same as 2 , but measured by R/5.Sherwood.

2 AND 3

2 8 0  3 0 0
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R e c i p r o c a l  M o la r  S u s c e p t i b i l i t y  v s  A b s o l u t e  T e m p e ra tu re  f o r  G a r n e t  

w i t h  T r i v a l e n t  R a re  E a r t h  Io n s  on B oth  D o d e c a h e d ra l  and O c t a h e d r a l

S i t e s  (R = E r ,  Ho, D y ) .
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T a b le  V 3 E x p e r im e n ta l  and C a l c u l a t e d  M ola r  C u r ie  C o n s t a n t s , 

o f  G a r n e ts  w i t h  Two R a re  E a r t h  Iona  on D o d e c a h e d ra l  

S i t e s  and Ga a n d /o r  R a re  E a r t h  I o n s  on O c t a h e d r a l  S i t e s .

C om pos it ion E x p e r im e n ta l
CM

C a l c u l a t e d  C a l c u l a t e d  
from T heo -  from  C a lc ,  
r e t i c a l  v a l u e s  V a lu e s  f o r  
(Column 3 i n  i o n s  on Dod. 
T a b le  V 2) and O c t .  S i t e s  

(Column 2 i n  
T a b le  V 2)

“ 2 . 7  ° 1 2
5.18 5.14 3.98

Nd2 .7  Yb0.3.S K . S  Ga0 . 5 | ( Ga3)  °12 8.19 8 .98 7.67

M 2.7  ?b0 . 3 i l Yb2 l Ga3 > l 2 9 .3 3 ,  (10. 0)* 10.3 8 .90

Nd2 .4  °12 8.69 8 .14 6.95

jNd2 .4  Tm0.6jLTm1 .6  Ga0 - a]  VGa3)  °12 18.2 19.5 17.1

l Nd2 . 4  T" 0 .6^ [Tm2^ ia3 )  ° 12 2 1 .2 ,  (22 . 2)* 22.3 19.6

K . 9 14.1 15.6 13.2

( Nd1.9  Erl . l } t ? r 1 .5  Ga0 . 5 ! CGa3)  °12C *V r- r j -

26.9 32.7 27 .6

K . 3 5  Ho1 . 6 s 5 K i Ga3 )  °12 23 .4 25.2 2 1 .8

“ 1 . 3 5  ““ i . e s l K . s  Gal . 5l ( Ga3)  °1L2 2 8 - X 32.2 28.0

“ l . 3 5  Ho1 .65]C H°  Gal ( Ga3 ) ° 1 2 35.0 39.1 34.2

Hdl . l 25 .0 28.5 25.4

Ndl . l  Dy 1.9_ U-^O. 5 Gal . 8~1 (?a3 /  °12 30.5 35.5 31.6

“ l . l  Dy 1 .9 S?y Ga] 0 a3 ) ° i 2 36.0 42.6 37.9

* V a lue  o b t a i n e d  from  m easu rem en ts  o f  R. C. Sherwood a t  B e l l  

T e lep h o n e  L a b o r a t o r i e s .
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From t h e  g r a p h s ,  no e v id e n c e  was found  o f  f e r r o m a g n e t i c ,  

f e r r i m a g n e t i c ,  o r  a n t i f e r r o m a g n e t i c  o r d e r i n g .  F e r ro m a g n e t ism  can  

b e  r u l e d  o u t  on t h e  b a s i s  o f  t h e  a b s e n c e  o f  p o s i t i v e  W eiss c o n s t a n t s .  

I n  t h e  c a s e  o f  a n t i f e r r o m a g n e t i s , A  s h o u ld  d e c r e a s e  w i t h  d e c r e a s i n g  

t e m p e r a tu r e  above  t h e  N e e l  p o i n t  and  t h e n  r i s e  a g a in  be low  t h e  

N e e l  p o i n t .  I n  o t h e r  w o rd s ,  t h e  s l o p e  ch an g es  s i g n  a t  t h e  N ee l  

t e m p e r a t u r e .  Above t h e  N ee l  t e m p e r a t u r e  p a ra m a g n e t ic  b e h a v i o r  i s  

t o  b e  e x p e c t e d .  In  no c a s e  i s  such  change  o f  s l o p e  o b s e rv e d  h e r e .

F e r r im g a n e t i s m  c a n n o t  b e  r u l e d  o u t  on t h e  b a s i s  o f  t h e s e  

m easu rem en ts  b e c a u s e  t h e  ^  v a lu e  a t  4 . 2 °  K m ig h t  n o t  b e  much 

lo w e r  i n  t h e  c a s e  o f  f e r r im a g n e t i s m  th a n  f o r  p a ra m a g n e t is m ,  and 

downward ch an g es  o f  d i r e c t i o n  o f  t h e  ~~ v s  T c u rv e  w ere  i n d i c a t e d  

by  4 .2  K m e a su re m e n ts .  F o r  t h i s  r e a s o n ,  m easu rem en ts  o v e r  t h e  

r a n g e  1 . 6°K w e re  c a r r i e d  o u t  on two com pounds,

K . 7  " o . a j W K )  °12 a"d f M 2 .4  " V e j K l K )  

0^2 • These  two m easu rem en ts  c o n f i rm e d  t h e  d e p a r t u r e  from  l i n e a r i t y

o f  t h e  — v s  T c u rv e  a t  low t e m p e r a t u r e s  b u t  th e y  d id  n o t  r e v e a l

any p o s i t i v e  i n t e r c e p t s  o f  t h e s e  c u r v e s  w i t h  t h e  T a x i s .  I n  a d d i t i o n ,

m easu rem en ts  o f  m a g n e t ic  moment o f  s e v e r a l  sa m p le s  a t  4 .2 °K  a s  a

f u n c t i o n  o f  d e c r e a s i n g  f i e l d  (o v e r  t h e  r a n g e  7 .8  -  0 .0  KG) w ere

made b u t  no e v id e n c e  was found  f o r  any  m a g n e t ic  rem anance  w h ich  one

m ig h t  e x p e c t  i f  f e r r i m a g n e t i c  o r d e r i n g  e x i s t s  i n  t h e  compound.

N e i t h e r  d id  t h e  two sa m p le s  m easu red  a t  1 .6°K  show any s i g n  o f

h y s t e r e s i s  on c h a n g in g  t h e  a p p l i e d  m a g n e t ic  f i e l d  o v e r  t h e  r a n g e

0 .0  -  15 .2  -  0 .0  KG. However, a l l  m ea su rem e n ts  w ere  made i n  r e l a t i v e l y

weak m a g n e t ic  f i e l d s ,  and  r e p e a t i n g  t h e s e  m easu rem en ts  i n  s t r o n g e r
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f i e l d s  o f  t h e  o r d e r  o f  20 -  40 KG m ig h t  b e  w o r th  t r y i n g .  From t h e  

above d e s c r i b e d  r e s u l t s ,  i t  can b e  s t a t e d  t h a t  no l o n g - r a n g e  o r d e r i n g  

e x i s t s  a t  t e m p e r a t u r e s  o v e r  1 .6°K and  u n d e r  a p p l i e d  f i e l d s  up t o  

1 5 .2  KG i n  t h e s e  compounds.

V 3 M easurem ents  on Praseodym ium  S m a ll  R a re  E a r th  G a l l iu m  G a r n e t s .

The compounds w h ich  a p p e a r  i n  T a b le  V 4 w ere  s u b j e c t e d  t o

m a g n e t ic  m easu rem en ts  a t  t e m p e r a tu r e s  o v e r  t h e  r a n g e  78 -  300°K.

The m a g n e t ic  d a t a  o b t a i n e d  w ere  t r e a t e d  as  i n  t h e  c a se  o f  neodymium

compounds; t h a t  i s ,  t h e  m o la r  C u r ie  c o n s t a n t s ,  CM , w ere  c a l c u l a t e d

from  th e  s l o p e s  o f  t h e  ^  vs T c u rv e s  and compared w i t h  v a lu e s
■M

c a l c u l a t e d  from  t h e o r e t i c a l  v a lu e s  and  from  e x p e r i m e n t a l  v a l u e s  

( f o r  io n s  on t h e  o c t a h e d r a l  and d o d e c a h e d r a l  s i t e s )  o f  t h e  i n d i v i d u a l  

gram -  atom C u r ie  c o n s t a n t s  C . The m a g n e t ic  d a t a  p l o t t e d  i n  

t h e  form  o f  ^  v s  T a p p e a r  i n  F ig .  V 6 ,  V 7 ,  and V 8. No 4 .2 °K  o r  

o t h e r  low t e m p e r a t u r e  ( i . e .  be low  78 K ) m easu rem en ts  w ere  made on 

t h e s e  compounds. From t h e s e  p l o t s ,  t h e r e  i s  no e v id e n c e  t h a t  would  

s u g g e s t  f e r r i m a g n e t i c ,  f e r r o m a g n e t i c ,  o r  a n t i f e r r o m a g n e t i c  o r d e r i n g .  

T h e r e f o r e ,  i t  c an  b e  s t a t e d  t h a t  a l l  t h e s e  compounds a r e  p a ra m a g n e t ic  

u n d e r  t h e  c o n d i t i o n s  a t  w hich  t h e  m easu rem en ts  w ere  c a r r i e d  o u t .

The p a ra m a g n e t ic  v a l u e s  o b t a i n e d  e x p e r i m e n t a l l y  a r e  i n  a l l  c a s e s  

c l o s e r  t o  t h o s e  c a l c u l a t e d  from v a l u e s  c a l c u l a t e d  f o r  io n s  on t h e  

d o d e c a h e d r a l  and  o c t a h e d r a l  s i t e s  t h a n  t o  t h e o r e t i c a l  v a l u e s .  I n  

f a c t ,  th e y  a r e  lo w e r  t h a n  t h o s e  c a l c u l a t e d  from  e x p e r i m e n t a l  v a l u e s ,  

u n l i k e  t h e  v a l u e s  f o r  m o s t  o f  t h e  c o r r e s p o n d in g  Nd -  s m a l l  r a r e r  

e a r t h  g a r n e t s  ( 7 2 ) .  T h is  s u g g e s t s  t h a t  q u e n c h in g  i n  P r  g a r n e t  s o l i d  

s o l u t i o n s  i s  g r e a t e r  t h a n  i n  Nd g a r n e t  s o l i d  s o l u t i o n s .  However,
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FIG. V - 8 104.

R e c i p r o c a l  M o la r  S u s c e p t i b i l i t y  v s  A b s o l u te  T e m p e ra tu re  f o r  G a r n e ts  
w i t h  R a re  E a r t h  I o n s  on Both D o d e c a h e d ra l  and O c t a h e d r a l  S i t e s  w i t h  
R = E r .

22

{Pri.es Er 1.15} [Ga2 ] (<5a3 )

{ Prl.85 ErI.IS} [ Erl.75Ga0.25] (Ga3 ) 0 |2

20

2  I2

160 200 2 4 0 230 30080 1 2 00
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t h e r e  i s  a  p o s s i b i l i t y  t h a t  an  o x i d a t i o n ,  -  r e d u c t i o n  p r o c e s s

4+ 2+would y i e l d  s m a l l  amounts o f  P r  a lo n g  w i t h  R i o n s .

Such an  o x i d a t i o n  -  r e d u c t i o n  p r o c e s s  would be  p r o b a b l e  i n  

t h e  c a s e  w here  R = Yb. T here  i s  some o p t i c a l  e v id e n c e  t h a t  s m a l l  

amounts o f  t h e s e  i o n i c  s p e c i e s  a r e  p r e s e n t  when R = Yb, s u c h  a s  a 

change o f  c o l o r  from  y e l l o w i s h  g r e e n  t o  t a n  i n  t h e  c a s e  o f  { P r 2 .5  “ o j  

^j^Ga^') 0^2 d a rk  b ro w n ) .  R e f l e c t a n c e  s p e c t r a

have  been  m ea su red  by R. M ondegar ian  ( 7 3 ) .

T ab le  V 4 E x p e r im e n ta l  and C a l c u l a t e d  M ola r  C u r ie  C o n s t a n t s ,  , 

o f  P r  -  S m a ll  R are  E a r t h  G a rn e t  S o l id  S o l u t i o n s .

____________ 4*_____________
C o m p o sit io n  E x p e r im e n ta l  Theo -  C a l c u l a t e d  from

r e t i c a l  E x p e r im e n ta l  Cf*| 
v a l u e s  g iv e n  i n  
T a b le  V 2 
Column 2

i Pr2 .5  '“ ’D . s j h K )  ° ._  

l Pr2.5  lb 0 . s ] t n ’ GaX Ga3) 0

W5 ’VsliKlK) 0
\ P r 2 . 2 1V s } [ Ga2X Ga3)  0

f c r 2 .2  Gal ( Ga3 ) 0

( Pr2 .2  0 

( Pr1.35

i P r1.85 Er1 . 1 5 j [ Er1.73 Ga. 25I ( ^ 3)  0

12 

}12 

'12 

*12 

J12 

'12 

*12

4 .1 0 5 .2 6 4 .9 3

6 .2 3 7 .8 2 7 .3 9

9 .2 7 10 .4 9 .8 5

8 .2 8 9 .1 7 8 .7 2

14 .2 16 .3 15 .0

19 .4 2 3 .4 2 1 .4

1 2 .8 16 .0 14 .2

2 8 .6 35 .9 3 1 .0



106.

V.4 M a g n e t ic  M easurem en ts  on I r o n  -  C o n ta in in g  G a r n e t s .

V .4 .1  M a g n e t ic  B e h a v io r  o f  t h e  Compounds 

K )  0^2 • The R i n  t h e s e  sy s te m s  c o r r e s p o n d s  t o  Gd, Dy, Ho, E r ,  

and Tm. The compounds c o n t a i n i n g  r a r e  e a r t h  on t h e  d o d e c a h e d r a l  

s i t e s  and i r o n  on t h e  t e t r a h e d r a l  s i t e s  w h i l e  t h e  o c t a h e d r a l  s i t e s  

a r e  o c c u p ie d  by  n o n m ag n e t ic  i o n s  s h o u ld  b e h a v e ,  a c c o r d in g  t o  t h e  

m odel o f  m a g n e t ic  i n t e r a c t i o n s  and t h e  r e s u l t s  o b t a i n e d  from  

m easurem en ts  on R^ Fe,. 0 ^  g a r n e t s ,  a s  f e r r i m a g n e t s  p r o v id e d  t h a t  

i n t e r a c t i o n s  a r e  s t r o n g  enough. F i g .  V 9 shows t h e  r e s u l t s  o f  

s u s c e p t i b i l i t y  m easu rem en ts  o v e r  t h e  r a n g e  o f  t e m p e r a t u r e s  78 -  300°K.

I n  t h e  c a s e  o f  f 5d2 .5  S c . 5 ] ( Sc2 ] ( Fe3 )  0j2> t h e  p l o t  o f  ^  v s  T

shows o n ly  p a r a m a g n e t i c  b e h a v io r  g i v i n g  C = 2 6 . 3  com pared w i th

t h e  t h e o r e t i c a l  v a l u e  f o r  CL = 3 0 .8 .  The d i f f e r e n c e  can  be
M

a t t r i b u t e d  t o  q u e n c h in g  o f  p a ra m a g n e t ic  moment as  i n  p r e c e d i n g  c a s e s .

D i f f e r e n t  b e h a v i o r  i s  i n d i c a t e d  by p l o t s  o f  v s  T f o r  t h e
r i

compounds c o n t a i n i n g  Dy, Ho, E r ,  and  Tm on t h e  d o d e c a h e d r a l  s i t e s .

The i  v s  T p l o t s  a r e  n o t  s t r a i g h t  l i n e s  a s  th e y  s h o u ld  b e  f o r  t h e

1c a s e  o f  p a ra m a g n e t is m ,  and a l s o  t h e  v a lu e s  o f  a t  low t e m p e r a t u r e s  

a r e  s m a l l e r  t h a n  th e y  s h o u ld  be  i n  t h e  c a s e  o f  p a ra m a g n e t is m ,  

i n d i c a t i n g  g r e a t e r  t h a n  p a ra m a g n e t ic  m oments. A lso  p l o t  o f  m o la r  

s u s c e p t i b i l i t i e s  v s  T i n  F ig .  V 10 shows t h a t  i s  c o n s i d e r a b l y  

g r e a t e r  t h a n  i n  t h e  c a s e  o f  p a ra m a g n e t is m  and i n c r e a s e s  a lo n g  t h e  

R a re  E a r th  s e r i e  a s  i t  goes t o  h e a v i e r  r a r e  e a r t h  e le m e n ts  i n v o lv e d .  

The m a g n e t ic  d a t a  o v e r  t h e  t e m p e r a t u r e  r a n g e  78 -  300°K a r e  n o t  

s u f f i c i e n t  t o  draw any  d e f i n i t e  c o n c lu s i o n s  a b o u t  t h e  t y p e  o f
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m a g n e t ic  b e h a v i o r .  The o n ly  c o n c l u s i o n  a b o u t  t h e  t y p e  o f  m a g n e t ic  

b e h a v io r .  The o n ly  c o n c lu s i o n  w h ich  can  be  s t a t e d  i s  t h a t  t h e s e  

compounds do n o t  b ehave  p a r a m a g n e t i c a l l y , and a d d i t i o n a l  d e t a i l e d  

m a g n e t ic  s t u d i e s  would  be  r e q u i r e d .

Sc2 l ( Ga3 -z  Fez) ° 1 2 '
3+ 3+R i n  t h e s e  sy s te m s  s t a n d s  f o r  Nd o r  P r  i o n s .  A c c o rd in g  t o  th e  

model o f  m a g n e t ic  i n t e r a c t i o n s  i n  t h e  g a r n e t  s t r u c t u r e ,  n e t  moments 

o f  Nd o r  P r  on t h e  d o d e c a h e d r a l  s i t e s  s h o u ld  be  a l i g n e d  p a r a l l e l  to  

t h e  m a g n e t ic  moment o f  t h e  t e t r a h e d r a l  s u b l a t t i c e ,  th u s  r e s u l t i n g  

i n  f e r r o m a g n e t i s m .  M ag n e tic  d a t a  o v e r  t h e  r a n g e  78 -  300°K f o r  

s e v e r a l  compounds a r e  shown i n  F i g .  V 1. The d a sh ed  p o r t i o n  o f  

c u rv e s  v s  T a r e  e x t r a p o l a t i o n s  t o  t h e  t e m p e r a tu r e  a x i s  i n
-’S i

o r d e r  t o  d e te r m in e  W eiss c o n s t a n t s .  As t h e s e  p l o t s  i n d i c a t e ,  t h e

i n t e r c e p t s  o f v s  T a r e  p o s i t i v e  on  t h e  t e m p e r a t u r e  a x i s .  The

p o s i t i v e  W eiss c o n s t a n t s  can  p e r h a p s  i n d i c a t e  f e r r o m a g n e t i c

i n t e r a c t i o n s  be low  t h e s e  t e m p e r a t u r e s ,  b u t  t h e  d a sh ed  p o r t i o n s

s h o u ld  b e  c o n f i rm e d  by low t e m p e r a t u r e  m ea su re m e n ts .  T a b le  V 4

c o n ta i n s  e x p e r i m e n t a l  m o la r  C u r i e  c o n s t a n t s ,  C„ , and  W eiss
M

c o n s t a n t s  o b t a i n e d  by  e x t r a p o l a t i o n .

V . 4 . 2 M a g n e t ic  M easurem ents  on System
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R e c i p r o c a l  S u s c e p t i b i l i t y  v s  T e m p e ra tu re  f o r  G a r n e t s  o f  t h e  Type 

{ R3 -y  Scy ]  [ Sc2 J  ( F e3 )  °12  R =  Gd> Dy» H o> E r ’ Tm
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T a b le  V 5 E x p e r im e n ta l  and  T h e o r e t i c a l  C u r ie  C o n s t a n t s  and Weiss

C o n s ta n ts  O b ta in e d  by  E x t r a p o l a t i o n  o f

E x t r a p o l a t e d
C o m p o s i t io n  C^ Exp. C^ T h e o r .  W eiss C o n s ta n t

Nd2 Sc2 Fe2 .2 Ga. 8 °12 11 .6 13 .2 32°K

P r 3 Sc2 P e l . 5 Gal . 5 °12 8 .4 10 .39 6°K

P r 3 Sc2 Fe 1 .6 Gal . 4 °12 9 .7 10 .77 8°K

P r 3 SC2 Fe 1 .8 Gal . 2 °12 9 .1 11 .52

o00i-H

V . 4 . 3 M agnetic  M easurem en ts  on G a rn e ts  y  Yby^  [  Y b J

(Ga0 Fe I 0 1o . M a g n e t ic  d a t a  o b t a in e d  from  m easu rem en ts  ove r
J “ Z Z •  J,£m

t h e  t e m p e r a t u r e  r a n g e  78 -  300°K o f  v a r i o u s  c o m p o s i t io n s  o f  t h i s  

s y s te m  w ere  t r e a t e d  a s  i n  t h e  p r e c e d in g  c a s e s ,  i . e .  p l o t t e d  i n  t h e  

f o r m e r  v s  T , and m o la r  C u r ie  c o n s t a n t s  w ere  d e te r m in e d  from  t h e
O *

s l o p e s  o f  t h e s e  c u r v e s .  A l s o ,  e x t r p o l a t i o n s  w e re  made i n  o r d e r  t o  

d e te r m in e  t h e  v a lu e s  o f  W eiss  c o n s t a n t s .

M a g n e t ic  d a t a  f o r  t h r e e  compounds o f  t h i s  s y s te m  a p p e a r  i n  

F i g .  V 12. E x p e r im e n ta l  v a l u e s  o f  m o la r  C u r ie  c o n s t a n t s  compared 

w i t h  t h e o r e t i c a l  v a l u e s  and  W eiss c o n s t a n t s  o b t a i n e d  by e x t r a p o l a t i o n  

a r e  g iv e n  i n  T a b le  V 5 .
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T a b le  V 6 E x p e r im e n ta l  and T h e o r e t i c a l  Ĉ ,  and W eiss C o n s t a n t s  f o r  

G a rn e t  Compounds, ( m 3 - v  Y\ 1  O J  <■ Ga3 - z  ° 1 2 -

C o m p o s it io n

y z CM ExP* T h e o r .

W eiss C o n s ta n t  

(by E x t r a p o l . )

0 .2 1 .0 12 .0 13 .92 -  28°  K

0 .3 5 1 .3 12.31 15 .1 8 -  22° K

0 .4 5 1 .4 11.43 15 .65 -  6° K

As m a g n e t ic  d a t a  show t h e s e  compounds a p p e a r  t o  b e  p a r a m a g n e t ic  

o v e r  t h e  t e m p e r a t u r e  r a n g e  78 -  300°K d i s p l a y i n g  a l s o  a  c o n s i d e r a b l e  

q u e n c h in g  o f  p a ra m a g n e t ic  mements. How ever, from t h e  h i g h  c o n c e n t r a t i o n  

o f  m a g n e t ic  i o n s ,  one  m ig h t  e x p e c t  lo n g  r a n g e  o r d e r i n g  a t  l e a s t  a t  

low t e m p e r a t u r e s .
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R e c i p r o c a l  S u s c e p t i b i l i t y  v s  A b s o lu te  T e m p e ra tu re  f o r  G a rn e ts

{ Kd3 -y  Yby J  f Yb2 ]  (  Ga3 - Z FeJ  ° 12
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V I. CRITICAL EVALUATIONS AND RECOMMENDATIONS

V I .1 Compounds w i th  R a re  E a r th  I o n s  on Both D o d e c a h e d ra l  and 
O c ta h e d r a l  S i t e s .

A t te m p ts  to  p r e p a r e  g a r n e t  compounds w i t h  r a r e  e a r t h  i o n s  on 

two c r y s t a l l o g r a p h i c  s i t e s  ( d o d e c a h e d r a l  and o c t a h e d r a l )  w ere  

s u c c e s s f u l .  The a s s u m p t io n  t h a t  t h e  p r e s e n c e  o f  a  l a r g e  r a r e  e a r t h  

i o n  on t h e  d o d e c a h e d r a l  s i t e  " o p e n s "  t h e  c r y s t a l  s t r u c t u r e  so  t h a t  

t h e  s m a l l e r  r a r e  e a r t h  i o n  may e n t e r  t h e  o c t a h e d r a l  s i t e  was 

c o n f i rm e d  by  t h e s e  s t u d i e s .  S e v e r a l  f a c t s  w hich  m ig h t  b e  c o n s id e r e d  

a s  c o n t r i b u t i o n s  to  t h e  c r y s t a l  c h e m is t r y  o f  g a r n e t s  w e re  d i s c o v e r e d  

d u r in g  t h e  c o u rs e  o f  t h i s  i n v e s t i g a t i o n .

F i r s t  o f  a l l ,  r a t h e r  i m p o r ta n t  i s  t h e  f a c t  t h a t  t h e  s m a l l e r  io n

a l s o  s im u l t a n e o u s l y  e n t e r s  t h e  d o d e c a h e d r a l  s i t e  t o  a  c e r t a i n  e x t e n t  

when b e in g  s u b s t i t u t e d  i n  t h e  o c t a h e d r a l  s i t e .  S e c o n d ly ,  i t  was

fou n d  t h a t  t h e r e  does n o t  e x i s t  one  "maximum a v e ra g e  i o n i c  r a d i u s "

on t h e  d o d e c a h e d r a l  s i t e ,  b u t  t h e  a v e ra g e  i o n i c  r a d i u s  on t h e  

d o d e c a h e d r a l  s i t e  depends  on t h e  c o m p o s i t io n  o f  t h e  g a r n e t  and i s  

d e c r e a s e d  when a  l a r g e r  i o n  i s  s u b s t i t u t e d  on t h e  o c t a h e d r a l  s i t e .  

E x p e r im e n ta l  d a t a  a l s o  s u g g e s t  t h e  e x i s t e n c e  o f  a  maximum l a t t i c e

0 ^ 2  • I t  was found  t h a t  v a l u e s  o f  su ch  maximum l a t t i c e  c o n s t a n t s  

a r e  d i f f e r e n t  f o r  d i f f e r e n t  s y s te m s .  When P r  i s  u s e d  i n s t e a d  o f  

Nd, t h e  v a l u e  o f  t h e  maximum l a t t i c e  c o n s t a n t  was fou n d  t o  be  

l a r g e r .

The s t u d i e s  o f  m a g n e t ic  p r o p e r t i e s  o f  t h e s e  compounds r e v e a l e d  

o n ly  p a ra m a g n e t ic  b e h a v i o r .  An a t t e m p t  t o  grow s i n g l e  c r y s t a l s

c o n s t a n t  f o r  a  g iv e n  s y s te m ,  su ch  a s
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w i th  c o m p o s i t io n  s u g g e s t e d  by t h e  p r e s e n t  work would  b e  m ost  d e s i r a b l e  

f o r  f u r t h e r  w ork .

V I. 2 Compounds w i t h  N onm agnetic  I o n s  on O c ta h e d r a l  S i t e s .

A t te m p ts  t o  p r e p a r e  g a r n e t s  w i t h  r a r e  e a r t h  io n s  on t h e  

d o d e c a h e d r a l  s i t e s ,  i r o n  on t h e  t e t r a h e d r a l  s i t e s ,  and n o n m a g n e t ic  

i o n s  on t h e  o c t a h e d r a l  s i t e s  w ere  s u c c e s s f u l .  A number o f  com­

pounds o f ' t h i s  t y p e  was p r e p a r e d .  The i d e a  o f  s im u l ta n e o u s  

p la c e m e n t  o f  s m a l l  i o n s  on b o th  s i t e s  ( d o d e c a h e d r a l  and o c t a h e d r a l )  

p roved  t o  b e  s u c c e s s f u l  i n  y i e l d i n g  s i n g l e - p h a s e  compounds i n  

many c a s e s .  However, i t  would  b e  d e s i r a b l e  t o  s tu d y  t h e s e  sy s te m s  

i n  more d e t a i l  i n  o r d e r  t o  d e te r m in e  t h e  c o n d i t i o n s  o f  t h e i r  

e x i s t e n c e  ( e . g .  t h e  r a n g e s  o f  c o m p o s i t i o n ) .

The p r e l i m i n a r y  s t u d i e s  o f  m a g n e t ic  b e h a v io r  o f  t h e s e  compounds 

showed t h a t  many o f  them w ere  more th a n  j u s t  p a r a m a g n e t i c .  F u r t h e r  

more d e t a i l e d  m a g n e t ic  s t u d i e s  a t  low t e m p e r a t u r e  m ig h t  r e v e a l  

i n t e r e s t i n g  r e s u l t s .  T here  i s  no d o u b t  t h a t  t h e s e  compounds show 

s ig n s  o f  l o n g - r a n g e  m a g n e t ic  o r d e r .  H ow ever, t h e  d e t e r m i n a t i o n  o f  

t h e  n a t u r e  o f  m a g n e t ic  i n t e r a c t i o n  i s  beyond  t h e  l i m i t s  o f  t h e  

p r e s e n t  eq u ip m en t  employed f o r  m a g n e t ic  s t u d i e s  d e s c r i b e d  e a r l i e r .

VI. 3 G a rn e t  Compounds w i t h  R a re  E a r th  on D o d e c a h e d ra l  and
O c t a h e d r a l  S i t e s  and w i t h  I r o n  on t h e  T e t r a h e d r a l  S i t e .

A r e p r e s e n t a t i v e  o f  t h i s  g ro u p  was p r e p a r e d .  As was s a i d  e a r l i e r ,  

t h e  r o l e  o f  r a r e  e a r t h  io n s  o c c u p y in g  o c t a h e d r a l  s i t e s  i n  g a r n e t s  h a s  

n o t  p r e v i o u s l y  b e e n  s t u d i e d  f o r  f e r r i m a g n e t i c  i n t e r a c t i o n .

The p r e p a r e d  m a t e r i a l ,  4 Nd£ 5 5{
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p r o b a b ly  c o n ta i n s  enough i r o n  on t h e  t e t r a h e d r a l  s i t e  t o  y i e l d  a t  

l e a s t  weak i n t e r a c t i o n s .  However, no s i g n s  o f  s u c h  i n t e r a c t i o n s  

w ere  found  i n  p r e l i m i n a r y  m ea su rem e n ts .  T h e r e f o r e ,  i t  i s  b e l i e v e d  

t h a t  m a g n e t ic  m easu rem en ts  a t  low t e m p e r a tu r e s  (4 .2 °K )  m igh t  

u n c o v e r  su ch  i n t e r a c t i o n s .

A l s o ,  a  p r e p a r a t i o n  o f  o t h e r  compounds o f  t h i s  t y p e  c o n ta i n in g  

P r ,  Tm, and p r o b a b ly  E r ,  f o l l o w e d  by d e t a i l e d  m a g n e t ic  m easurem ents  

c o u ld  c o n t r i b u t e  t o  t h e  t a s k  o f  f i n d i n g  t h e  r o l e  o f  o c t a h e d r a l l y  

c o o r d i n a t e d  r a r e  e a r t h  i o n s  on f e r r i m a g n e t i c  i n t e r a c t i o n s  o f  g a r n e t s .
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