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List of Figures 

Fig. 30.1 Two methods of representation of an ideal perovskite structure. 
The octahedral symmetry of the B ions is shown. 

Fig. 30.2 Picture of an A0 layer. Close packed stacking of these layers 
3 

leads to the formation of one octahedron of oxygens for each A0 
unit . 3 

Fig. 30.3 Ordered perovskite structure, A2BB1O6. The octahedral symmetry of 
B and B' ions is retained. 

Fig. 30.4 . Orthorhombic distortion of the perovskite structure. The reiation- 
ship to the ideal structure is shown. 

Fig. 30.5 Two methods of representation of the rhombohedra1 distortion of the 
peruvsk.itc structure, (a) Tho primitive c ~ l l  and i t s  re la t i~nsh lp  
to the ideal cell is shown. (b) The face-centered cell and the 
primitive cell are also shown. 

Fig. 30.6 Magnetic structures in orthorhombic perovskite-type compounds. 



30.1. In t roduct ion  

The extens ive  re sea rch  devoted t o  the  physics  and chemistry of  s o l i d s  

during t h e  l a s t  q u a r t e r  of a century has l e d  t o  g r e a t  advances i n  t h e  under- 

s tanding of t h e  p r o p e r t i e s  of s o l i d s  i n  genera l .  One a r e a  of very a c t i v e  re-  

search has been mixed oxide systems. These have been of p a r t i c u l a r  i n t e r e s t  

because of t h e i r  s t a b i l i t y  and t h e  f a c t  t h a t  a wide range of p r o p e r t i e s  can be 

obtained by s u b s t i t u t i o n  of one i o n  f o r  another .  Two of the  most ex tens ive ly  

s tud ied  groups of compounds a r e  the  pe rovsk i t e s  and garnets .  

Ever s i n c e  the  discovery of t h e  f e r r o e l e c t r i c  p r o p e r t i e s  of barium ti- 

t a n a t e ,  pe rovsk i t e  compounds of t h e  type ABO have been widely s tud ied .  They 
3 

now c o n s t i t u t e  a l a r g e  group of m a t e r i a l s  of g r e a t  importance i n  s o l i d  s t a t e  

physics and chemistry. For example, the  e l e c t r i c a l  conduct iv i ty  of pe rovsk i t e s  

v a r i e s  over many o rde r s  of magnitude. Many such a s  BaTiO and SrTiO a r e  noted 
3 3 

f o r  t h c i r  high r e s i s l l v i t i e s ,  which makes them u s e f u l  a s  d i e l e c t r i c  m a t e r i a l s ,  

while o t h e r s  such a s  CaMoO and LaTiO a r e  f a i r l y  good conductors o r  semicon- 
3 3 

ductors .  Strontium-doped LaCr03 i s  c u r r e n t l y  a p o s s i b l e  candidate  f o r  high 

temperature e l ec t rodes .  A novel proper ty  r e c e n t l y  repor ted  i s  the  i n s u l a t o r -  

metal t r a n s i t i o n  i n  Sr-doped LaVO Lead zirconate-lead t i t a n a t e  s o l i d  solu-  
3 ' 

t i o n s  have been used i n  s o l i d  s t a t e  devices because of  t h e i r  p i e z o e l e c t r i c  

p roper t i e s .  Various perovski tes  have been u t i l i z e d  f o r  t h e i r  o p t i c a l  proper- 

t i e s  such a s  e l e c t r o - o p t i c  e f f e c t ,  co lo ra t ion  by l i g h t ,  a p p l i c a t i o n  i n  l a s e r  

hos t  m a t e r i a l s ,  e t c .  I n  a d d i t i o n  t o  these  a p p l i c a t i o n s ,  c e r t a i n  pe rovsk i t e  

oxides have c a t a l y t i c  p r o p e r t i e s  comparable t o  those of platinum i n  t h e  oxida- 

t i o n  of carbon monoxide and hydrocarbons. This i s  of obvious s i g n i f i c a n c e  i n  



t he  a r e a  of automobile emission con t ro l .  The c a t a l y t i c  p r o p e r t i e s  have a l s o  

been u t i l i z e d  f o r  making e thano l  sensors  (Obayaski e t  a l ,  1976). . 

The discovery of ferrimagnetism i n  y t t r ium i r o n  ga rne t  has a t t r a c t e d  a t -  

t e n t i o n  t o  the  use of these  m a t e r i a l s  f o r  microwave device app l i ca t ions .  To 

d a t e  ga rne t s  a r e  the  most u s e f u l  m a t e r i a l s  i n  the  microwave indus t ry  because of 

t h e i r  magnetizat ion,  l inewidth ,  Curie temperature and g-fac tcr  p roper t i e s .  W 1 t l 1  

t h e  advent  of s o l i d  s t a t e  l a s e r s ,  y t t r ium aluminium garne t  was soon found t o  be 

an e x c e l l e n t  baser h o s t  m a t e r i a l  f o r  room temperature and high power applica-  

t i o n s .  

Curreiit resedrcll on wealcly f o r romaqn~ t - i c  mate r i a l s ,  such a s  ga rne t s  and 

o r t h n f ~ r r i t e s ,  f o r  magnetic bubble domain devices has s l i u u l a t e d  f u r t h e r  i n t c r -  

e s t  i n  the  magnetic p r o p e r t i e s  of these  compounds. These devices  w i l l  be used 

. f o r  i n t e g r a t e d  c i r c u i t  memory and charged coupled devices i n  t h e  next  genera- 

t i o n  of computer memory technology. 



30.2. Perovski tes  

30.2.1 Prepara t ion  

The pe rovsk i t e  s t r u c t u r e  i s  a close-packed l a t t i c e  with t h e  genera l  for -  

mula ABX Almost a l l  t he  known ra re -ea r th  pe rovsk i t e s  a r e  oxides with the  
3 ' 

r a re -ea r th  i o n  occupying the  A s i t e s  and the  p resen t  d i scuss ion  w i l l  hence be 

r e s t r i c t e d  t o  ABO type compounds. Since most 05 t h e  ra re -ea r th  ions  a r e  s t a b l e  
3 

only i n  the  t r i v a l e n t  s t a t e  the  valence r e l a t i o n s h i p  i s  A 
3+ 3+ 

B 03. It i s  much 

e a s i e r  t o  ob ta in  the  compounds i n  p o l y c r y s t a l l i n e  than i n  s i n g l e  c r y s t a l  form; 

however i n  some ins tances  c r y s t a l s  have been prepared f o r  s p e c i a l  app l i ca t ions .  

A. Powder Synthesis  

Many of the  pe rovsk i t e  compounds can be prepared by high temperature 

s o l i d  s t a t e  r e a c t i o n  of b inary  oxides o r  peroxides.  However, some of these  

tend t o  be r e f r a c t o r y  and hence unreact ive .  Others have a tendency t o  hydra te  

o r  ox id i se  and a l e  i l~cunveniene  t6 use. Therefore, it i s  p r e f e r a b l e  t o  use 

carbonates,  oxa la tes  , o r  o the r  e a s i l y  decomposable compounds, assuming they can 

be obtained with s u i t a b l e  p u r i t y .  These m a t e r i a l s  a r e  usua l ly  i n  t h e  form of 

f i n e  powders and decompose i n  the  i n i t i a l  s t ages  of the  r e a c t i o n  s o  t h a t  f a s t e r  

r e a c t i o n  r a t e s  a r e  obtained.  In  some cases f i n e  powders may be obtained by evap- 

o r a t i o n  of s o l u t i o n s .  The ra re -ea r th  raw m a t e r i a l s  a r e  genera l ly  sesquioxides.  

Since s o l i d  s t a t e  r eac t ions  o f t e n  do no t  proceed t o  completion on t h e  f i r s t  f i r -  

i n g ,  repeated reg r ind ing  and rehea t ing  i s  usua l ly  necqssary. The r e a c t i o n  i s  

conveniently followed by weight l o s s  measurements and by x-ray a n a l y s i s .  The 

r e a c t i o n  i s  genera l ly  c a r r i e d  ou t  i n  alumina, z i r con ia  o r  platinum c r u c i b l e s  

which a r e  f a i r l y  i n e r t  towards these  compounds. However, i f  necessary,  reac- 

t i o n  of the  c ruc ib le  i s  avoided by p lac ing  the  r e a c t a n t s  on t o p  of compacts of 

the  same mate r i a l .  



. . 
I n  a typ ica l  preparation of LaCoO powder, an equimolar mixture of 

,-. 3 

the appropriate oxalates was decomposed by slow heating t o  600°C. The resul-  

t an t  mater ia l  was i n t o  p e l l e t s  and f i r e d  a t  1000 t o  1200°C f o r  two days. 

Repeated grinding and f i r i n g  was necessary t o  eliminate the unreacted mater ia l  

(Raccah and Goodenough, 1967). 

I f .one  of the  const i tuent  mater ia ls  is v o l a t i l e  spec ia l  precautions 

need t o  be taken. Problems of t h i s  nature a r e  frequently encountered i n  the 

synthesis of lead-containing perovskites due t o  the v o l a t i l i t y  of lead oxide. 

Under these circumstances the reaction i s  car r ied  out i n  a lead oxide atmos- 

phere, by using excess lead oxide, o r  i n  a closed system such as  an evacuated 

s i l i c a  tube. 

I n  some instances the valence s t a t e  of an ion may be d i f f e r en t  i n  the 

f i n a l  compound from t h a t  i n  an avai lable  raw material .  For example, i n  LaVO 
3 

the vanadium is  i n  the t r i v a l e n t  s t a t e  whereas it i s  i n  a pentavalent s t a t e  i n  

-4 
V205. Thus LaVO was synthesized by react ing La 0 and V 0 i n  a vacuum of 10 

3 2 3 2 5 

m (Shin-ike e t  a l ,  1976). In  the case of L a N i O  the compound was prepared by 
3 

react ing the appropriate oxalates i n  oxygen (Goodenough and Raccah, 1965). 

In  general ,  conditions which a r e  i dea l  f o r  the  formation of one com- 

pound may be unsuitable for  another s imi la r  material .  Hence the.proper  equil ib- 

rium conditions f o r k h e  synthesis of each compound under study must be deter- 

mined. 

B. Crystal  Growth 

Although s ing le  c rys t a l s  of some perovskite compounds have been grown 

i n  large s i ze s ,  those containing rare-earths have generally been ra ther  small. 

This may be because they have high melting points  and su i t ab l e  fluxes a r e  not  

known. Furthermore, most of the rare-earth perovskites undergo phase t r ans i -  



t i o n s  a t  e levated  temperatures which p resen t  problems i n  t h e  p repara t ion  of s in -  

g l e  c r y s t a l s  by many of t h e  usual  techniques. 

A major i ty  of the  r a re -ea r th  pe rovsk i t e s  have been grown from a f luxed 

- melt .  The most commonly used f luxes  a r e  l ead  oxide and l ead  f l u o r i d e .  Boron 

oxide i s  genera l ly  added t o  inc rease  t h e  s o l u b i l i t y .  S ingle  c r y s t a l s  a r e  grown 

by hea t ing  the  s o l u t e  and f l u x  t o  s u f f i c i e n t l y  high temperatures followed by 

e i t h e r  slow cool ing  o r  evaporat ion of t h e  f lux .  A problem commonly encountered 

i n  the  use of such a technique i s  t h e  entrapment of  l ead  i n t o  the  pe rovsk i t e  

l a t t i c e .  I t  has been found t h a t  the  growth of LaCrO c r y s t a l s  by evaporat ion 
3 

of a PbF -B 0 f l u x  a t  1250°C, r e s u l t e d  i n  t h e  incorpora t ion  of abou t .7  atomic . 
2 2 3  

pe rcen t  of lead  i n  the  compound (Khattak, 1974).  

I n  a f luxed s o l u t i o n  t h e r e  a r e  genera l ly  a number.of c o n s t i t u e n t s .  

Under these  circumstances t h e  p o s s i b i l i t y  of a competing phase forming i n s t e a d  

of  the  pe rovsk i t e  phase must be considered. .  For example, it has  been'found t h a t  

IUL. RAlO ( K  = EU t o  Er)  the  ga rne t  phase, R A 1  0 has an inc reas ing  tendency 
3 3 5 12' 

t o  form a s  the  r ad ius  of the  r a r e  e a r t h  i o n  decreases (Wanklyn e t  a l ,  1975).  

F l i c s t e i n  and Schieber (1973) found t h a t  the  r a t i o  of Dy 0 : A 1  0 :PbF was de- 
2 3  2 3  2 

c i s i v e  i n  the  formation of the  pe rovsk i t e ,  ga rne t  o r  oxyf luor ide  phase. 

The problems assoc ia ted  wi th  f l u x  growth have been overcome by t h e  

growth from the  mel t  a s  i n  the  case of  LaVO (Rogers e t  a l ,  1966).  Another 
3 

method developed r e c e n t l y  i s  the  acce le ra ted  c r u c i b l e  r o t a t i o n  technique (ACRT) 

which g r e a t l y  reduces the  problems of d i f f u s i o n  and homogenization i n  conven- 

t i o n a l  f luxed mel ts  (Scheel,  1972).  I n  o the r  cases h igh p ressure  has been u t i l -  

i zed  f o r  growth of t h e  pe rovsk i t e  phase. Another method developed f o r  ortho- 

f e r r i t e s  f o r  use i n  bubble domain devices  involves  t h e  growth of  t h i n  f i lms  of  



these  compounds. Shick and Nielsen (1971) have u t i l i z e d  the  l i q u i d  phase homo- . 

e p i t a x i a l  growth technique f o r  t h i s  purpose. 

Some e x c e l l e n t  reviews of s i n g l e  c r y s t a l  growth techniques have been 

given by Laudise (1970) , . Goodenough e t  a 1  (1972) , Wanklyn (1972) , Elwell  and 

Scheel (1975). D e t a i l s  of s i n g l e  c r y s t a l  growth of a number of ra re -ea r th  pe- 

rovsk i t es  a r e  given i n  Table 30.1. . 



Table 30.1. Crystal Growth Details for Some of the Rare-Earth 

Perovsk~te Oxides 

AbLrieviations used: 

ACRT - Accelerated Crucible Rotation Technique 
CZG - Czochralski Growth 
EV - Evaporation 
llEG - Homo-epitaxial Growth 
llPS - High-pressure Solution Growth 
HYG - Ilydrothermal Growth 
LPE - Liquid Phase Epitwy 

Crystal Technique Flux 

Approximate 
Temp. Range Cooling Rate Dimensions 

("C) (OC/hr) (mm) References 

LaA103 (Mn) EV 1200 - 3 x 3 x 0.4 Tsushima (1966) 
Pb702F10 a 

(La, Pb) Mn03 

6gPb0. 31Mn03 

LaVO 
3 

PbF -B 0 
2 2 3  

PbF2-PbO 

PbF -PbO 2 

PbO-B 0 
2 3 

from melt 

BaF2 

Zonn & Jaffe (1968) 

Garton et a1 (1972) 

Kjems et a1 (1973a) 

Wanklyn (1972) 

Wanklyn (1969) 

Morrish et a1 (1969) 

Janes and Bodnar (1971) 

Vogel and Fleming (1975) 

Rogers et a1 (1966) 

Galasso et a1 (1966) 



T a b l e  3 0 . 1  ( c o n t ' d )  

A p ~ r  o x  ima te 
Temp. Range C o o l i n g  &ate Dimens ions  

C r y s t a l  T e c h n i q u e  F l u x  ("C) (OC/hr) (mm) R e f e r e n c e s  

Ba (GdO. 5Ta0. 5)  O3 SC BaF 2 

Ra(Lu0.5Ta0.5)03 SC B*2 

BaLaLiW06 CZG - 
BaLaLiMo06 HPS - 

5-LO mm/hr B r j x n e r  (1974)  

- B r i x n e r  (1974) 

PbO-PbF 
2 

Pbo-PbF2 

Zonn 11965) 

G a r t o n  a n d  Wanklyn (1967)  

Zonn a n d  J a f f e  (1968)  

B i r g e n e a u  e t  a 1  (1974)  

J a 2 e s  a n d  Bodner  (1971)  

Z m n  a n d  J a f f e  (1968)  

G a r t o n  a n d  Wanklyn (1967)  

J a n e s  a n d  Bodner  (1971)  

Ilalmes e t  a 1  (1968)  

Wanklyn (1969)  

Wanklyn (1969) 

G e r t o n  a n d  Wanklyn (1967)  

Zc-nn a n d  J a f f e  (1968)  



T a b l e  33 .1  (coAteci)  

C r y s t a l  T e c h n i q u e  F l u x  

Approx imate  , 

Temp. Range C o o l i n g  R a t e  . . Dimens ions  
( "c )  ( OC/hr (mm) R e f e r e n c e s  

SC 

SC 

l IEG 

SC/EV 

SC 

SC 

SC 

SC 

SC 

ACRT 

SC 

EV 

SC 

I lEG 

E'J 

EV 

Pbo-PbF2 

PbO-PkJF2-B203 

PbO-B203 

PbO-PbF2-B203 

PbO-PbF -B 0 
2 2 3  

PbO-PbF -B 0 
2 2 3  

Pbo-PbF -I3 0 -Moo 
2 2 3  3 

PbO 

PbF2 

Pbo-PbF2 

Pbo-PbF -B 0 -Moo 
2 2 3  3 

Pbo-B203 

PbF -R 0 
2 2 3  

PbO 

- 

1 5  

1 

- 

1 0  x 10 p l a t e  

- 

2 

5 X 5 X 1  

6 

3 5  x 3 0  x 2 5  

S c h i e b e r  (1964)  

Van U i t e r t  e t  a 1  (1970a)  

S h i c k  a n d  N i e l s e n  (1971)  

Quon e t  a1 (1971)  

Nakada e t  a l '  (1972) 

P i e r c e  e t  a 1  (1969)  

Wanklyn e t  a 1  (1975)  ' 

D r o f e n i k  e t  a 1  (1973)  

Wanklyn (1969) 

S c h e e l  a n d  Schulz -Dubois  
(1971) ; S c h e e l  (1972)  

Wanklyn (1972)  

G a r t o n  a n d  Wanklyn (1967)  

Wanklyn e t  a 1  (1975)  

S c h i c k  and N i e l s e n  ( 1 9 7 1 )  

Van U i t e r t  e t  a 1  (1970b)  

G a r t o n  a n d  Wanklyn (1967)  



T a b l e  30 .1  ( C o n t ' d )  

C r y s t a l  T e c h n i q u e  Flux 

Approx imate  
Temp. Range C o o l i n g  Raze Dimens ions  

( " c )  ( OC/hr) (mm) R e f e r e n c e s  

ErAlO 
3 

ErA1.03 

EV 

HPS 

SC 

SC PbF2-PbO-B203 1 2 8 0  - 900  

HPS NEIOlI 1 2 0 0  

IlYG KO1 1 385  - 390  

SC Bi 0 
2 3 

1 3 0 0  - 9 5 0  

fIPS IJaOll 1200  

EV PbF -B 0 -Pb02 
2 2 3  

1 2 6 0  

Wanklyn (1969)  

D e r n i e r  a n d  Maines (1971)  

F l i c s t e i n  a n d  S c h i e b e r  
(1973) ' 

Wanklyn e t  a 1  (1975)  

Wanklyn e t  a 1  ( 1 9 7 5 )  

D e r n i e r  a n d  Maines (1971)  

Wanklyn e t  a 1  (1975) 

Van U i t e r t  e t  a 1  (1970b)  

D e r n i e r  a n d  Maines  (1971) 

Wanklyn e t  a 1  (1975)  

- Wanklyn (1972)  

D e r n i e r  a n d  Maines (1971)  

K o l b  a n d  L a u d i s e  (1971)  

3 x 1 2  G e n d e l e v  a n d  T i t o v a  
(19711 

- D e r n i e r  a n d  Maines (1971)  

3 x 3 ~ 2  Hanklyn  (1972)  



T a b l e  30.1 (Cont 'd )  

Approx imate  
Temp. Range C o o l i n g  R a t e  Ditnens i o n s  

C r y s t a l  T e c h n i q u e  F l u x  iOc:+ (OC/hr (m) R e f e r e n c e s  

YbFe03 SC/EV PbO-PhF -B 0 1 3 0 0  - 950 0 . 5  - 
2 2 3  Quon e t  a 1  (1971)  

ybF&03 I E G  PbO-B203 900 - 8 7 5  2 - 2 0  1 .  S h i c k  a n d  N i e l s e n  (1971) 

SC PbF2-PbO-B 0 1 3 0 0  - 1 1 0 0  3 1 2  x 9 Damen a n d  R o b e r t s o n  
2 3 

(1972) 

LuA103 JIPS . NaOII 120C - - D e r n i e r  a n d  Maines  (1971)  I 
I LuCrO EV PbF -PbO -B 0 1260  - 

3 2 2 2 3  3 x 2 ~ 2  Wanklyn (1972)  

LuMnO 
3 

SC B i  0 
2 3 1 2 0 0  50 - 1 0 0  1 Y a k e l  e t  a 1  (1963)  

PbO 

Pb20F2 

1 3 0 0  - 8 5 0  30  . - Remeika (1956)  

1 2 6 0  - 1 0 0 0  3 6 x 6 ~ 3  L i n a r e s  (1962)  

RA103 SC PbO-PbF2-B203 '1290 - 900 2 . 3  - 6 . Wanklyn (1969)  

M103 SC Bi203- B203 1 3 1 5  - 315 2 3 - 6  ' Wanklyn (1969) 

RCoO 
3 

SC PbO 1 3 0 0  - 350 30  1 Remeika (1956)  

I RCrOj SC Bi203  1 3 0 0  - 950  3 0  - Remeika (1956)  

I RCrO EV PbF -B 0 1 2 4 0  - 5 Wanklyn (1969)  3 2 2 3  

I RCrOj EV PbF - B i  o 1 2 3 0  - - 
2 2 3  Subba Rao e t  a1 (1971)  

I W e 0 3  SC PbO 1300  - 850  3 0  - . Remeika (1956) 

1 0 x 5 ~ 2  Remeika a n d  Kometani  
(1968)  



Table 30.1 (Cont'd) 

Crys ta l  Technique 

Akyrox imate 
Tcnlp. Ran.ge Cooling Ri te  Dimensions 

F ~ U X  ( C O )  ( "C/hr) (mm) References 

RFe03 

RFeO 
3 

RFC03 

Rt.'e03 

RFe03 

We03 

IZFe03 

We03 (Bi) 

RFeO (Ni,Cr, Mn) 
3 

RFe03 (Ni,Cr,Mn) 

HGa03 

RGa03 

RGaO 
3 

HGaO 
3 

Wn03 

RMn03 

KON 

Pbo-PbP -B,O 
2 2 3  

Pbo-PbF2-n203 

Pbo-PbF2-B203 

PbO-Bi203-B203 

PbO-PbF2-B203 

PbO-PhF -B 0 
2 2 3  

PbO 

NaOll 

NaOll 

PbO-B 0 
2 3 

Bi 0 
2 3 

Bi 0 
.2 3 

- 
10 

- 
- 

- 

- 
- 

- 

p l a t e  

p l a t e  

Kolb e t  a 1  (1968) 

Wanklyn (1969) 

Giess e t  a l .  (1970) 

Gendelev and Titova (1971) 

Shick and Nielsen (1971) 

I. Mikami (1973); 
I. Mikami e t  a1 (1973) 

Rkaba (1974) 

Remeika e t  a 1  (1969) 

Van U i t e r t  e t  a1 (1970b) 

Van U i t e r t  e t  a 1  (1970b) 

Remeika (1956) 

Marezio e t  a 1  (1966) 

Marezio e t  a 1  (1968) 

Marezio e t  a 1  (1968) 

Bertaut  e t  a1 (1963) 

Bertaut e t  a 1  (1963) 



Table  30.1 (Cont'd) 

C r y s t a l  Technique F l u x  

Approximate 
Temp. Range Cool ing  Rate Dimensions 

("C) ('C/hr) (mm) References  

SC Pb20F2 

SC PbO 

5 Janes  and Bodnar (1971)  

- Re~neika (1956) 



30.2.2 Crys ta l  Chemistry 

The perovski te  family of compounds is  one of t h e  most widely s tud ied  

groups of m a t e r i a l s  and some of the  e a r l i e s t  concepts of modern c r y s t a l  chem- 
I 

i s t r y  were developed i n  the  study of these  compounds. The group de r ives  i t s  

name from the  atomic arrangement f i r s t  found i n  the  r a r e  mineral  pe rovsk i t e ,  

CaTiO The s t r u c t u r e  was o r i g i n a l l y  thought t o  be cubic bu t  the  t r u e  symmetry 
3 ' 

was l a t e r  shown t o  be orthorhombic (Megaw, 1946). However, the  name "perovskite" 

was r e t a i n e d  f o r  the  s t r u c t u r e  type .  The t r u l y  cubic s t r u c t u r e  i s  rekerred  t o  

0 

a s  " i d e a l  perovski te" ,  and has  a u n i t  c e l l  edge of about 4A conta in ing one ABO 
3 

formula u n i t .  I n  t h i s  s t r u c t u r e  the  B ion  i s  i n  oc tahedra l  coordinat ion  and 

the  A c a t i o n  i n  twelvefold coordinat ion  with t h e  oxygen ions .  The simple cubic 

s t r u c t u r e  is  shown i n  Fig. 30. la .  Al t e rna t ive ly ,  t h e  A c a t i o n  may be thought 

of a s  being i n  t h e  body cen te r  p o s i t i o n  and t h e  B c a t i o n  a t  the  corners ,  i n  

which case oxygens would occupy t h e  cen te r  of t h e  edges of t h e  cube, a s  shown 

i n  Fig. 30.lb. The b a s i c  bu i ld ing  blocks of t h e  pe rovsk i t e  s t r u c t u r e  a r e  the  

oxygen octahedra. When these  octrahedra share  corners  cubic s t ack ing  is  ob- 

t a i n e d ,  while t h e  sha r ing  of faces  l eads  t o  hexagonal s tacking.  Thus t h e  pre- 
P 

r e q u i s i t e s  f o r  a perovski te  s t r u c t u r e  a r e  corner-shared octahedra conta in ing a 

small  B ca t ion  i n  oc tahedra l  coordinat ion  with a r e l a t i v e l y  l a r g e  A c a t i o n  i n  

the  i n t e r s t i c e s  of the  framework of octahedra. The s t a b i l i t y  of the  s t r u c t u r e  

a r i s e s  mainly from the  e l e c t r o s t a t i c  (Madelung) energy, s o  t h a t  the  r e l a t i v e  

s i z e s  of t h e  A and B c a t i o n s  a r e  important.  I n  order  t o  have con tac t  between 

the  i o n s ,  ( R  + R ~ )  should equal  42 ( R  + R ~ ) ,  where (RAI  RB and R a r e  the  re- 
A B 0 

s p e c t i v e  i o n i c  r a d i i .  Goldschmidt (1926) def ined a to le rance  f a c t o r ,  t ,  t o  

de f ine  the  l i m i t s  of s t a b i l i t y  of  the  s t r u c t u r e :  



The perovski te  s t r u c t u r e  i s  s t a b l e  wi th in  t h e  range 0.75 < t < 1.00 with t ly- 

ing  between 0.8 and 0.9 i n  most cases.  The n e c e s s i t y  f o r  oc tahedra l  coordina- 

0 

t i o n  s e t s  a lower l i m i t  of 0.51 A on the  s i z e  of t h e  B c a t i o n  i n  oxide systems, 

s ince  an i o n  smal ler  than t h i s  does no t  achieve optimum B-0 separa t ion  and s t a -  

b i l i z e s  a s t r u c t u r e  with lower coordinat ion.  The to le rance  f a c t o r  and t h e  mini- 

3 

mum s i z e  of t h e  B i o n  s e t  a lower bound on t h e  s i z e  of the  A c a t i o n  of 0.90 A. 

An a l t e r n a t i v e  way of viewing t h e . p e r o v s k i t e  s t r u c t u r e  i s  a s  a close-  

packing of oxygen anions,  o n e ' q u a r t e r  of which have been replaced by a l a r g e  A 

c a t i o n ,  o r  a s  a close-packing of ordered A0 l a y e r s  a s  i l l u s t r a t e d  i n  Fig.  30.2. 
3 

The A ca t ion  may be thought of a s  ly ing  a t  t h e  corners  of t h e  b a s a l  p lane  of a 

hexagonal c e l l  with oxygens a t  the  edge-centers and t h e  face-centered p o s i t i o n .  

Close-packed s t ack ing  of these  l a y e r s  l eads  t o  t h e  formation of one octahedron 

of '  oxygens f o r  each A 0  u n i t .  
3 

I n  the  r a r e  e a r t h  perovski te  oxides ,  t h e  rare-ear th  i o n ,  R,  i s  a r e l a -  
t 

t i v e l y  l a r g e  i o n  and i s  hence genera l ly  t h e  A ion  i n  t h e  ABO s t r u c t u r e .  Most 
3 

of the  examples i n  the  l i t e r a t u r e .  a r e  RBO type compounds b u t  compounds of the  
3 

type ARO a r e  a l s o  known and some examples of these  a r e  l i s t e d  l a t e r .  In  some 
3 

i n s t ances  the  r a re -ea r th  i o n  may s u b s t i t u t e  f o r  some f r a c t i o n  of the  A o r  B ions 

leading t o  the  formation of systems of t h e  type (R,A)BO o r  A ( R , B ) O  respec- 
3 3 

t i v e l y .  

Early explora tory  s t u d i e s  (Wood, 1951; Roy, 1954; Keith and Roy, 1954; 

Yakel, 1955; Roth, 1957) involved a search  f o r  pe rovsk i t e  phases i n  a number of 

metal oxide systems. La te r ,  more sys temat ic  i n v e s t i g a t i o n s  were c a r r i e d  o u t  i n  

a s e r i e s  of compounds i n  which one of t h e  ca t ions  was kept  the  same and the  



o t h e r  va r i ed  (Brous e t  a l ,  1953; Ge l l e r  and Wood, 1956; Ge l l e r  and Bala, 1956; 

G i l l e o ,  1957; Koehler and Wollan, 1957; Gel ler  1957a; Yakel e t  a l ,  1963; Eib- 

schiitz,  1965).  Meanwhile the  c o r r e l a t i o n  of the  r e l a t i v e  i o n i c  r a d i i  (Ge l l e r ,  

1957b) and covalent  cha rac te r  (Da lz ie l ,  1959) wi th  the  crys ta l lography of pe- 

r o v s k i t e  compounds was s tudied .  Recently a  number of s t u d i e s  have t r e a t e d  pe- 

r o v s k i t e  oxides i n  terms of the  b a s i c  bui ld ing blocks of the  s t r u c t u r e .  Some 

of these  s t u d i e s  have d iscussed pe rovsk i t e  compounds i n  terms of the  d isplace-  

ment parameters from an idea l i zed  model (Megaw, P968a) and changes in the  shape 

and s i z e  of the octahedra (Megaw, 1968b, 1968c; Marezio e t  a l ,  1970; Glazer ,  

1972).  Review a r t i c l e s  dea l ing  with these  f a c t o r s  aimed a t  an understanding of 

the  pe rovsk i t e  s t r u c t u r e  (Megaw, 1972; Meyaw and Darlington,  1975) a r e  of par- 

t i c u l a r  i n t e r e s t .  Fukunaga and F u j i t a  (1973) have developed a r e l a t i o n  between 

the  i o n i c  r a d i i  and c e l l  volumes i n  perovski te  compounds by using values f o r  

over 200 oxides. This equat ion  of s t a t e  i s  use fu l  i n  p r e d i c t i n g  t h e  molar vol- 

ume of a  perovski te  obtained from a p a r t i c u l a r  combination of elements. Sak- 

hnenko e t  a 1  (1972) have developed a method of c a l c u l a t i n g  t h e  in te ra tomic  d i s -  

tance  i n  c r y s t a l s ,  based on the  idea  of deformation of the  uns t ressed  lengths  

of cation-anion bonds. These procedures were adopted by Fesenko and Geguzina 

(1973) t o  compare the  ca lcu la ted  mean u n i t  c e l l  s i z e  of 675 compounds with the  

experimental ly observed value .  They found t h a t  agreement was wi th in  1% i n  646 

of these  compounds. McCarthy and Greedan (1975) and Greedan e t  a 1  (1975) have 

suggested guidel ines  t o  p r e d i c t  new phases of compounds conta in ing Eu. Glazer 

(1975) has described simple ways of determining t h e  symmetry of perovski te  

s t r u c t u r e ,  using t r i a l  models based on t i l t i n g  of r i g i d  oc t rahedra .  

Crys ta l lographic  d e t a i l s  f o r  some of the ra re -ea r th  perovski tes  a r e  l i s t e d  

i n  Table 30.2. Wherever poss ib le  the  d a t a  a r e  taken from t h e  same source f o r  a  



p a r t i c u l a r  s e r i e s  of compounds such a s  manganites, vanadi tes ,  e t c .  S t r u c t u r a l  

d e t a i l s  of  o t h e r  perovski tes  can be found i n  t h e  l i t e r a t u r e  (Galasso, 1969; 

Goodenough and Longo, 1970; MUller and Roy, 1974). 



30.2.3 Crystal:  S t r u c t u r e  

Although many of the  c r y s t a l  chemistry concepts developed i n  t h e  e a r l y  

days can be understood i n  terms of t h e  i d e a l  cubic s t r u c t u r e ,  i n v e s t i g a t i o n s  i n  - 
t he  p a s t  two decades have shown a v a r i e t y  of dev ia t ions  from cubic symmetry, es- 

p e c i a l l y  i n  rare-ear th  perovski te  oxides. Even though d i s t o r t i o n s  from t h e  s i m -  

p l e  cubic s t r u c t u r e  a r e  very f requent ly  observed, such compounds never the less  

e x h i b i t  a s t rong  pseudocubic na ture ;  In  many previous s t u d i e s  t h e  d i s t o r t i o n s  .. 
were very small and the  t r u e  symmetry was n o t  determined a t  t h a t  time. I n  such 

cases  t h e  d e s c r i p t i o n s  of t h e  s t r u c t u r e  were given i n  terms of a pseudocell .  

The d i scuss ion  of perovski te  systems i n  t h e  l i t e r a t u r e  involves many assump- 

t i o n s ,  r e v i s i o n s ,  redeterminations and con t rovers i e s ,  some of which h a v e  r iu t  

been resolved t o  da te .  Even though t h e  d i s t o r t e d  s t r u c t u r e  may e x i s t  a t  room 

temperature it may transform t o  t h e  i d e a l  perovski te  s t r u c t u r e  a t  h igh  tempera- 

tu re .  This t r a n s i t i o n  may proceed i n  s e v e r a l  s t a g e s  v i a  o the r  d i s t o r t e d  phases. 

Deviations from the  i d e a l  perovski te  s t r u c t u r e  may occur a s  a simple d i s t o r t i o n  
+ .. 

of the  p r imi t ive  u n i t  c e l l ,  o r  an enlargement of the  p r i m i t i v e  c e l l ,  o r  a com- 

b i n a t i o n  of both. *.  
The space group of  the  simple cubic s t r u c t u r e  is  ~m3m-0' with atoms i n  the  

h 

fol lowing p o s i t i o n s  (Fig.  30.1): A i n  l ( b )  s i t e s  a t  (1/2, 1/2, 1/21; B i n  l ( a )  

s i t e s  a t  (0 ,  0 ,  0 )  and 0 i n  3 (d)  . s i t e s  a t  (1/2, 0 ,  0 ) .  There is  one formula 

u n i t  pe r  u n i t  c e l l .  An example of such an arrangement is provided by EuTiO 
3 ' 

This compound was f i r s t  repor ted  by Brous e t  a 1  (1953) and r e c e n t l y  s tud ied  by 

McCarthy and Greedan (1975) . 
A modif ica t ion  of the  simple pe rovsk i t e  s t r u c t u r e  i s  obtained when two 

types of B ions with s u i t a b l y  d i f f e r e n t  i o n i z a t i o n  and s i z e  a r e  incorpora ted .  

I n  the  case  of equiatomic propor t ions  of t h e  two types ,  the  genera l  formula of 



the  perovski te  i s  now A ( B  B '  ) 0 3  o r  A2BB10  I t  was pos tu la ted  (Galasso 
0 -5  0.5 6  ' 

e t  a l ,  1959) t h a t  an ordered d i s t r i b u t i o n  of t h e  two types  of B ions along a l -  

t e r n a t e  (111) planes  is  most probable when a  l a r g e  d i f f e r e n c e  e x i s t s  i n  e i t h e r  

t h e i r  charges o r  i o n i c  r a d i i .  A'completely ordered s t r u c t u r e  of such a  perov- 

s k i t e  is  shown i n  Fig. 30.3. I t  can be seen t h a t  t h e  u n i t  c e l l  i s  doubled along 

a l l  t h r e e  axes,  compared t o  a  p r i m i t i v e  u n i t  c e l l .  I n  t h e  ordered s t r u c t u r e  the  

.oxygens a r e  s l i g h t l y  s h i f t e d  towards the  more h ighly  charged c a t i o n  b u t  t h e  octa-  

hedra l  symmetry of the  B and B '  ca t ions  i s  re ta ined  (Steward and Rooksby, 1951; 

Cox e t  a l ,  1967; Khattak, e t  a l ,  1973, 1975, 1976) . The symmetry now becomes 

face-centered cubic and t h e  space group ~m3m-0' with A i n  8 ( c )  s i t e s  a t  (1/4, 
h  

1/4, 1/4) ; B i n  4 ( a )  sites a t  (0,  0 ,  0 ) ;  B' i n  4 ( b )  s i t e s  a t  (1/2, 1/2, 1/21 ; 

and 0  i n  24(e )  s i t e s  a t  (1/4, 0, 0 ) .  There a r e  four  formula u n i t s  of A B B ~ O  
2  6  

pe r  u n i t  c e l l .  

D i s to r t ions  from the  i d e a l  ABO cubic symmetry occur f requent ly  and s t r u c -  
3 

t u r e s  with t e t r a g o n a l ,  orthorhombic, rhombohedral, monoclinic and t r i c l i n i c  sym- 

metry a r e  known. The number of compounds repor ted  t o  have t e t r a g o n a l ,  mono: 

c l i n i c  o r  t r i c l i n i c  s t r u c t u r e s  i s  few and d e t a i l e d  s t r u c t u r a l  c h a r a c t e r i z a t i o n s  

have n o t  been c a r r i e d  ou t  i n  most of these  cases.  On t h e  o t h e r  hand, examples 

of the  orthorhombic and rhombohedral s t r u c t u r e s  a r e  numerous. 

I n  the r a r e  e a r t h  pe rovsk i t e s ,  compounds with an orthorhombic d i s t o r t i o n  

a r e  t h e  most common. This s t r u c t u r e  was f i r s t  observed i n  a  s i n g l e  c r y s t a l  of 

GdFe03 (Ge l l e r ,  1956) and l a t e r  by Coppens and Eibschiitz (1965) and i s  hence 

sometimes t y p i f i e d  a s  t h e  GdFeO s t r u c t u r e .  The c e l l  cons tants  of the  d i s t o r t e d  
3  

perovski te  a r e  r e l a t e d  t o  the  cubic pseudocel l ,  a  a s  follows: 
0 

a  .\, fi a. 
o r tho  2 bortho .\, 



and c 2, 2a 
o r tho  2, o 

I n  many e a r l y  pub l i ca t ions  t h i s  c e l l  was indexed i n  terms of a  monoclinic pseu- 

d o c e l l  wi th  a  = b 2 c  ; a  and B 2, 90° t o  emphasize t h e  d i s t o r t i o n  from the  
0 2, 

i d e a l  perovski te  c e l l .  The t r u e  orthorhombic space group Pbnm - D:: has f o u r  

formula u n i t s  p e r  u n i t  c e l l  with atoms i n  t h e  fol lowing p o s i t i o n s :  A in 4 ( c )  

s i t e s  a t  + (x, y,  1/4; 1/2 - X I  1/2 + y,  1/41 ; B i n  4  (b)  s i t e s  a t  (1/2, 0 ,  0;  

1/2,  0, 1/2; 0 ,  1/2, 0; 0,  1/2, 1/2) and 0  i n  8 ( d )  s i t e s  a t  + ( x ,  y ,  z; 1/2 - x, 

- - 
1/2 + Y I 1/2 - z;  X I  Y I  1/2 + Z ;  1/2 + x,  1/2 - y ,  z )  and 4 ( c )  s i t e s .  This. d i s -  

t o r t e d  perovski te  form, shown i n  Fig. 30.4, i s  obtained by t i l t i n g  of  the  oxygen 

octahedra i n  such a  way. t h a t  the  A atoms a r e  d isplaced along < l i 0 >  pseudocubic 

d i r e c t i o n s ,  or  <010> d i r e c t i o n s  i n  the  orthorhombic c e l l  (Glazer ,  1975).  

The Pbnm space group is  a  c e n t r i c  one. I n  some m a t e r i a l s ,  such a s  LaYbO 
3 ' 

non-centr ic  symmetry has been found, descr ibed by t h e  space group Pbn2 9  
1 - C2" 

(Miiller-Buschbaum and Teske, 1968). However, the  dev ia t ions  from the  c e n t r i c  

s t r u c t u r e  a r e  very s m a l l .  

An i n t e r e s t i n g  f e a t u r e  of the  RBO type compounds with an orthorhombic 
3  

s t r u c t u r e  i s  the  v a r i a t i o n  of the  c e l l  parameters with t h e  r a r e  e a r t h  i o n i c  ra-  

d ius .  I t  has  been found t h a t  while t h e  l a t t i c e  parameters  a  and c ,  and volume 

of the  c e l l ,  V, decrease smoothly with the  r ad ius  of the  r a r e  e a r t h  ion ,  the  

l a t t i c e  parameter b inc reases  and sometimes goes through a  maximum. Such be- 

havior  has  been repor ted  f o r  RAlO (Dernier and Maines, 1971),  RTi03 (McCarthy 
3  

e t  a l ,  1969),  RVO (McCarthy e t  a l l  19741, RCr03 (Quezel-Ambrunaz and ~ a r e s c h a l ,  
3  

1963) ,  RMn03 (McCarthy e t  a l l  1973),  RFe03 (Eibschiitz, 1965) ,  RCo03 (~emazeau 

e t  a l l  1974) and R G ~ O ~  (Ge l l e r  e t  a l l  1974).  



I n  e a r l y  work, rhombohedral d i s t o r t i o n s  were considered i n  terms of devia- 

t i o n s  from t h e  p r i m i t i v e  c e l l ,  a  s o  t h a t  a  rhombohedral c e l l  was s p e c i f i e d  
0 

with one formula u n i t  p e r  c e l l .  Subsequent i n v e s t i g a t i o n s  showed t h a t  i n  many 

1 cases  the  anions were d isplaced s o  a s  t o  r e q u i r e  a  l a r g e r  u n i t  c e l l ,  and a ' f a c e -  

1 centered rhombohedra1 c e l l  conta in ing e i g h t  formula u n i t s  with a  c e l l  s i z e  
I 

af 2 2ao and a  90' was used. Another way of desc r ib ing  such a  rhombohedral 

I c e l l  is  with a  p r i m i t i v e  c e l l  conta in ing two formula u n i t s  with c e l l  edge a  'L 
P %  

&a and a  2 60'. The r e l a t i o n s  (Gel ler  and' Bala, 1956) between t h e  face-  
0 

centered  and p r i m i t i v e  rhombohedral c e l l s  a r e  a s  follows: 

a  = 1/2 af J [ 2 ( 1  + cos a f ) l  
P  

L 
cos a  - 

P - 1 ' 2 c o s a  f  + l  

a  = a  J ( 3  - 2 cos a  ) (30.4) 
f P  P  

cos a  = Y 
f 3  - 2cos a  

P  

Figure  30.5a shows the  p r i m i t i v e  rhombohedral c e l l  and i t s  r e l a t i o n  t o  t h e  i d e a l  

cubic s t r u c t u r e .  Figure 30.5b i n d i c a t e s  how the  p r i m i t i v e  u n i t  c e l l  i s  derived 

from the  face-centered rhombohedral c e l l .  Megaw and Darl ington (1975) have d i s -  

cussed the  geometrical  and s t r u c t u r a l  r e l a t i o n s h i p  between the  var ious  space 

groups i n  such d i s t o r t e d  perovski tes .  

The rhombohedral s t r u c t u r e  i s  sometimes t y p i f i e d  a s  t h e  LaAlO s t r u c t u r e .  
3 

Although i n  e a r l y  i n v e s t i g a t i o n s  LaAlO was descr ibed a s  monoclinic (Ruggiero 
3  

and Fer ro ,  1955) and t e t r a g o n a l  (Ber taut  and F o r r a t ,  1956) it was f i n a l l y  es tab-  

l i s h e d  t o  have a  rhombohedral s t r u c t u r e  (Gel ler  and Bala, 1956).  However, they 



descr ibed it with the  space group R S ~  - . I t  was l a t e r  found t o  have R ~ C  - 
D3d 

D6 symmetry (Der ighe t t i  e t  a l ,  1965; Rango e t  a l ,  19661, and t h i s  ass ignment  
3  d  

was confirmed by d e t a i l e d  neutron s c a t t e r i n g  d a t a  (Kjems e t  a l ,  1973a).  



Table 30.2. Crystal lographic Proper t ies  of Some Rare-Earth 
Perovski.te Oxides 

Abbreviations used f o r  Symmetry: 
C - Ciibic 
I 1  - llexagonal 
M - Monoclinic 
0 - Orthorhombic 
R - Rhombohedra1 
T - Tetragonal 

Compound 

a 

S P -  A 

C 
0 

A Angle Space Group Remarks References 

Geller  and Bala (1956) 

T = 650°C, 
Cubic T > 
435-C . . 

Der ighe t t i  e t  a 1  (1965); 
Rango e t  a 1  (1966) 

Kjems e t  a1 (1973a) 

Roth (1957) 
K i m  (1968) 

Geller  and Bala (1956) 

T = 239 K Burbank (1970) 
205<T<1320 K Birgeneau e t  a1 (1974) 

T = 172 K Burbank (1970) 
151<T<205 K Birgeneau e t  a1 (1974) 



Table  30.2' (Cont 'd) 

Syrn. a b Angle Space Gromp R~marks  Compound References 

- 
M 5.335 7.477 5.317 0=90°40B 

'18 T = 135 K 
I4 3.74 3.74 3.79 8=90.07O 

D4 h T=4.2 K, A l -  
most t e t r a -  
gonaL 

Burbank (1970) 

Birgeneau e t  a 1  (1974) 

G e l l e r  and Bala (1956) 

Pbnn 
P b m  

G e l l e r  and Bala (1956) 
Iligh. Pres- 
s u r e  p r e p  
ara t i ion 
T=8W°C, 
rhomohedra l  
1'>800°C 

Dernier  and Maines (1971) 
G e l l e r  (1957a) 

G e l l e r  and Bala (1956) P b m  
Pbnm High Pres- 

s u r e  Prep- 
a r a t i o n  Dernier  and Maines (1971) 

G e l l e r  and Bala (1956) Pbnm 
Pbna tl igh Pres- 

s u r e  Prep- 
a r a t i o n  Dernier  and Maines (1971) 

Pbnn 
P b m  

Garton and Wanklyn (1967) 
High Pres- 
s u r e  P r e p  
a r a t i o n  Dernier  and Maines (1971) 

Pbnm G i l l e o  (1956) 
Pbnn High Pres- 

s u r e  Prep- 
a r a t i o n  Dernier  and Maines (1971) 



Table  30.2 (Cont 'd)  

Compound Sym. a b c Angle Space Group Remarks R ~ f e r e n c e s  

PrScO 
3 

NdSc03 

Pbnm 
Pbnm 

Pbnm 
Pbrun 

Pbnm 
Pbnm 

Pbnm 
Pbnm 

Pbnm 

Pbnm 

Pbnm 

Pbrun 

Pbnm 

Schne ide r  e t  a 1  (1961) 
High Pres-  
s u r e  Prep- 
a r a t i o n  Dern i e r  and Maines (1971) 

Schne ide r  e t  a 1  (1961) 
Iligh Pres-  
s u r e  Prep- 
a r a t i o n  ~ e r n i e r  and Maines (1971) 

Schne ide r  e t  a 1  (1961) 
High Pres-  
s u r e  Prep- 
a r a t i o n  Dern i e r  and Maines (1971) 

High Pres-  
s u r e  Prep- 
a r a t i o n  

ttigh Pres-  
s u r e  Prep- 
a r a t i o n  

No l a t t i c e  
pa rame te r  
g iven  

Gar ton  and Wanklyn (1967) 

De rn i e r  and Maines (1971) 

De rn i e r  and Maines (1971) 

G e l l e r  and Wood (1956) 

Geller (1357a) 

Kei th  and Roy (1954) 

Geller (19S7a) 

G e l l e r  (19573) 



Table  30.2 (Con ted )  

Syn. a b c Angle Space Group Remarks References  

SlnScD 
3 

EuScO 
3 

GdSc03 

Dy ScO 
3 

IlOSCO 
3 

RnTiO 
3 

YbTiO 
3 

LuTiO 
3 

YTiO 
3 

LaV03 

Bbrm 

Pbrm 

Pbnm 

Pi am 

Pbnm 

Pbnm 

Pbxm 

Pm 3m 

Fbm 

Pbnm 

P h m  

Pbnm 

Ptnm 

Pt nm 

Ptnm 

Ptnm 

Pblun 

Pbnm 

Schneider  e t  a 1  (1961) 

Faucher and Caro (1975) 

G e l l e r  (1957a) 

Schneider  e t  a 1  (1961) , 
G e l l e r  (1957a) 

McCarthy e t  a 1  (1969) 

YcCarthy and Greedan (1975) 

McCarthy et a 1  (1969) 

McCarthy et a 1  (1969) 

McCarthy et a 1  (1969) 

McCarthy e t  a 1  (1969) 

McCarthy e t  a 1  (1969) 

Mccarthy et a 1  (1969) 

McCarthy e t  a 1  (1969) 



T a b l e  30 .2  ( C o n t ' d )  

Compound SYm. a b c Angle  S p a c e  Group Remarks R e f e r e n c e s  

CeV03 T 5.519 7.809 Pbnm McCarthy e t  a 1  (1974)  

Pbnm 

Pbnm 

Pbnm 

Pbrlm 

Pbnm 

Pbnm 

P b ~ n  

Pbnm 

Pbnm 

Pbnm 

Pbnm 

Pbnm 

Pbnm 

Pbnm 

McCarthy e t  a 1  (1974)  

McCarthy e t  a 1  (1974)  

~ c ~ a r t 1 ' 1 ~  e t  a 1  (1974)  

McCarthy e t  a 1  ( 1 9 7 4 )  

McCarthy e t  a1 (1974)  

McCarthy e t  a 1  (1974)  

McCarthy e t  a 1  (1974)  

McCarthy e t  a 1  (1974) 

McCarthy e t  a 1  (1974)  

McCarthy e t  a 1  (1974)  

McCarthy e t  a 1  (1974)  

McCarthy e t  a 1  (1974)  

McCarthy e t  a 1  (1974)  

G e l l e r  (1957a)  

R u i z  e t  a 1  (1967) 



Table 30.2 (Cont'd) 

Compound SYm. a b c Angle Spaze Gcoup Remarks . References 

LaCr03 0 5.515 5.479 7.753 Pbnm Quezel-Ambrunaz and 
Mareschal (1963) 

SmCrO 3 
W '  
0 

EuCr03 

Quezel-Ambrunaz and 
Maresclial (1963) 

Quezel-Ambrunaz and 
Mareschal (1963) 

Quezel-Ambrunaz and 
Mareschal (1963) 

Quezel-Ambrunaz and 
Mareschal (1963) 

Quezel-Rmbrunaz and 
Marescl~al (1963) 

Quezel-Ambrunaz and 
Mareschal (1963) 

Quezel-Ambrunaz and 
Mareschal (1963) 

Quezel-Ambrunaz and 
Marescllal (1963) 

Quezel-Ambrunaz and 
Mareschal (1963) 

Quezel-Ambrunaz and 
Mareschal (1963) 

Quezel-Ambrunaz and 
Maresclial (1963) 



Table 30.2 (Cont'd) ' 

Compound S F .  a b c Angle Space Group Remarks References 

YbCr03 0 5.195 5.510 7.490 Pbnm Quezel-Ambrunaz and 
Mareschal (1963) 

Pbnm Quezel-Ambrunaz and 
Mareschal (1963) 

Pbnm Quezel-Ambrunaz and 
Mareschal (1963) 

Pbnm 2%t& is as Voorhoeve et a1 (1975b) 
Mn 

Pbnm Quezel-Ambrunaz (1968) 

I W 
PrMnO 

3 
P b m  Quezel-Ambranaz (1968) 

Pbnm Quezel-Ambrunaz (1968) 

Pbnm 

Pbnm 

Quezel-Ambrunaz (1968) 

Quezel-Ambrunaz (1968) 

Pbnm Quezel-Ambrunaz (1968) 

, Pblun Quezel-Ambrunaz (1968) 

Pbnm High Pres- 
sure and ~ i g h  
Temperature 
Preparation Waintal et a1 (1966) 

High Pres- 
sure Prep- 
arativn ~aintal and Chenavas (1967) 



Table  30.2. (Cont 'd) 

a b Compound S P -  c Angle ' S p c e  Grcup Remarks References  

Pbnm 

Pbnm 

Pbnm 

Pbnm 

Pbnw 

Pbrn 

Pb nm 

Pbnm 

Iligh Pres- 
s u r e  P r e p  
a r a t i o n  Waintal  and Chenavas (1967) 

riigh Pres- 
s u r e  Prep- 
a r a t i o n  N a i n t a l  and Chenavas (1967) 

High Pres- 
s u r e  Prep- 
a r a  ti on . Waintal  and Chenavas (1967) 

High Pres- 
s u r e  Prep- 
a r a t i o n  Waintal  and Chenavas (1967) 

Rhombohedra1 ' G e l l e r  and Wood (1956);  
above 980°C D a l z i e l  (1959) 

Robbins e t  a 1  (1969) 

Marezio e t  a 1  (1970) 

Marezio e t  a 1  (1970) 

Marezio e t  a 1  (1970) 

Marezio e t  a 1  (1970) 

Marezio e t  a 1  (1970) 

E ibschu tz  (1965) 

~ i b s c h u t z  (1965) 



Table  30.2 (Cont 'd) 

Compound SYm. a b c Angle Space Group Remarks References  

IloFeO 
3 

0 5.278 5.591 7.602 Pbnm E ibschu tz  (1965) 

0 5.263 5.582 7.591 Pbnm Eibschutz  (1965) 

0 5.251 5.576 7.584 Pbnm E ibschu tz  (1965) 

0 5.233 5.557 7.570 Pbnm E ibschu tz  (1965) 

LuFeO 
3 

0 5.213 5.547 7.765 Pbnm E ibschu tz  (1965) 

YFeO 
3 0 5.283 5.592 7.603 Pbnm E ibschu tz  (1965) 

Wold e t  a 1  (1957) ;  Raccah 
and Goodenough (1967) ;  
Raccah and ~oodenough  
(1967) 

S i s  e t  a 1  (1973) 

B e r t a n t  and F o r r a t  (1956). 

Pbnm 

Pbt~m 

Pbnm 

I l i g l~  Pres-  
s u r e  Prep- 
a r a t i o n  Demazeau e t  a 1  (1974) 

High Pres-  
s u r e  Prep- 
a r a t i o n  Demazeau e t  a 1  (1974) 

High Pres- 
s u r e  Prep- 
a r a t i o n  Demazeau e t  a 1  (1974) 



T a b l e  ,363.2 . (Cont 'd )  

Compound S P -  a b c h 9 1 4  Spe.ce Groap Remarks Re fe r ences  

Pbnm 

E b m  

Ebnn 

Ebnn 

Pbnm 

mm 

l l igh Pres-  
s u r e  Prep- 
a r a t i o n  Demazeau e t  a 1  (1974) 

High Pres-  
sure P r e p  
a r a t i o n  Demazeau e t  a 1  (1974) 

Iligh Pres-  
s u r e  Prep- 
a r a t i o n  Demazeau e t  a 1  (1974) 

High P re s -  
s u r e  Prep- 
a r a t i o n  

High P re s -  
s u r e  Prep- 
a r a t i o n  

High Pres-  
s u r e  Prep- 
a r a t i o n  

High Pres-  
s u r e  P r e p  
a r a t i o n  

High Pres-  
s u r e  Prep- 
a r a t i o n  

High P re s -  
s u r e  Prep- 
a r a t i o n  

Demazeau e t  a 1  (1974) 

Demazeau e t  a 1  (1974) 

Demazeau e t  a 1  (1974) 

Demazeau e t  a 1  (1974) 

Demazeau e t  a 1  (1974) 

Demazeau e t  a 1  (1974) 



Table 30.2 (Cont'd) 

Sym. a b c Angle Space Group Remarks Compound References 

Wold e t  a1 (1957) 

Geller  e t  a 1  (1974) 
T=900°C, 
Rhombohedra1 
T>87S°C Gel le r  (1957a) 

Predicted Geller  e t  a1 (1974) 

Pbnm 
Pbnm 

Marezio e t  d l  (1968) 
Geller  e t  a 1  (1974) 

Pbm 
Pbnm 

Marezio e t  a1 (1968) 
Gel le r  e t  a 1  (1974) 

Pbnm High Pres- 
sure  Prep- 
a r a  t ion 

. Quenched 
from molten 
s t a t e  

Marezio e t  a 1  (1968) 
Pbnm 

Gel le r  e t  a 1  (1974) 

Pbnm 

Pbnm 

High Pres- 
sure  Prep- 
a r a t i o n  
Quenched 
from molten 
s t a t e  

Marezio e t  a 1  (1968) 

Gel le r  e t  a1 (1974) 

Pbnm High Pres- 
sure  Prep- 
a r a t i o n  Marezio e t  a 1  (1968) 



Table 30.2 (Cont'd) 

SYm. a b 03 Angle Sprce Group Remarks Compound References 

Bbnn Quenched 
from m l t e n  
s t a t e  Geller  e t  a 1  (1974) 

Pbnn 

Pbnm 

Iligh Pres- 
sure  Prep- 
a r a t i o n  
Quenched 
from molten 
s t a t e  

Marezio e t  a 1  (.1968) 

Geller  e t  a 1  (1974) 

High Pres- 
sure  Prep- 
a r a t i o n  
Quenched 
from molten 
s t a t e  

Marezio e t  a 1  (1968) 

Geller  e t  a 1  (1974) 

Iiigh Pres- 
sure  Prep- 
a r a t i ~ n  
Quenched 
from molten 
s t a t e  

~ a r e z i o  e t  a 1  (1968) 

Geller  e t  a 1  (1974) 

lligh .Pres- 
sure  Prep- 
a r a t i o n  
Quenched 
from molten 
s t a t e  

Marezio e t  a 1  (1968) 

Gel le r  e t  a 1  (1974) 

Pbnm High Pres- 
s u r e  Prep- 
a r a t i o n  Marezio e t  a 1  (1968) 



Tab le  30.2 (Cont 'd)  

I Compound S F .  a b c Angle Space Group Remarks Re fe rences  

Pbnm lligh Pres- 
s u r e  Prep- 
a r a t i o n  Marezio e t  a 1  (1968) 

LuGaO 
3 

I 
Pbnm High Pres-  

s u r e  Prep- 
a r a t i o n  Marezio  e t  a 1  (1968) 

High Pres-  
s u r e  Prep- 
a r a t i o n  Marezio e t  a 1  (1968) 

Pbnm 

Pbnm High Pres-  
s u r e  Prep- 
a r a t i o n  Cou tu re s  and Foex (1974) 
T=1600°C; 
1550<T<1750°C Cou tu re s  and Foex (1974) 
T=1860°C; 
1750<T<1975°C Cou tu re s  and Foex (1974) 
T=2O5O0C; 
1975<T<222S°C Coutures  and Foex (1974) 

S h a f e r  (1965) Pm3m 

Pm3m 

Pbnm 

Pbnm 

McCarthy and Greedan (1975) 

Wold e t  a 1  (1957) 

lligh Pres-  
s u r e  Prep- 
a r a t i o n  Shannon (1970) 

Wold e t  a 1  (1963) 

Shannon (1970) 

Pbnm 
Pbnm High Pres-  

s u r e  Prep- 
a r a t i o n  



Table  30.2 (Con tmd)  

References  c Angle %ace G n u p  Remarks 

Phnm 

Ptnm 

Ptnm 

ll igh Pres-  
s u r e  P r e p  
a r a t i o n  Shannon (1970) 

High Pres-  
s u r e  Prep- 
a r a t i o n  . Shannon (1970) 

High Pres-  
s u r e  Prep- 
a r a t i o n  Shannon (1970) 

Shannon (1970) 

Shannon (1970) 

Pknm 

Pt lun 

High Pres-  
s u r e  Prep- 
a r a t i o n  

Iligh Pres-  
s u r e  Prep- 
a r a t i o n  

i l igh Pres-  
s u r e  Prep- 
a r a t i o n  , Shannon (1970) 

High Pres-  
s u r e  Prep- 
a r a t i o n  Sliannon (1970) 

High Pres-  
s u r e  Prep- 
a r a t i o n  Shannon (1970) 

High Pres-  
s u r e  Prep- 
a r a t i o n  

Pbnm 

Shannon (1970) 

- 



Tab le  30 .2  (Cont 'd)  

Compound Sym. a b c Angle Space ,Group Remarks Re fe rences  

GdInO 
3 

Iligh Pres-  
s u r e  Prep- 
a r a t i o n  

Iligh Pres-  
s u r e  Prep- 
a r a t i o n  

lligh Pres- 
s u r e  Prep- 
a r a t i o n  

High Pres-  
s u r e  Prep- 
a r a t i o n  

Iligh Pres-  
s u r e  Prep- 
. a r a t i o n  

High Pres-  
s u r e  Prep- 
a r a t i o n  

High Pres-  
s u r e  P r e p  
a r a t i o n  

Roth (1957) 

Roth (1957) 

Roth (1957) 

Shannon (1967) 

Shannon (1967) 

Shannon (1967) 

Shannon (1967) 

Berndt  e t  a 1  (1975) 

Schne ide r  and Roth (1960) 

Schne ide r  and Roth (1960) 

Berndt  e t  a 1  (1975) 



Cable 30.2 (Cont'd) 

Compound SYm. a b c Angle S& a r e  ' ~ r u u ~  3eaarks References 

'PbnZ1 Schneider and Roth (1960); 
Muller-Buschbaum and Teske 
(1968) 

Pm3m T=2080DC Traverse e t  a 1  (1968) 

Berndt e t  a1 (1975) 

Berndt e t  a 1  (1975) 

Berndt e t  a 1  (1975) 

Berndt e t  a1 (1975) 

Berndt e t  a 1  (1975) 

Berndt e t  a 1  (1975) 

Berndt e t  a 1  (1976) 

Berndt e t  a 1  (1976) 

Rho-nbohedral Voorhoeve e t  a1 (1975b) 

Rho-nbohedral Voorhoeve e t  a 1  (1975b) 

Voorhoeve e t  a 1  (1975b) 

Rhonbohedral voorhoeve e t  a 1  (1975b) 

Rhonbohedral 'Joorhoeve e t  a l '  (1975b) 

Rhomhhedral , Voorhoeve e t  a 1  (1975b) 

Rhombohedra1 Voorhoeve e t  a 1  (1975b) 



Table 30.2 (Cont 'd) 

Compound Sym. a b c Angle Space Group , Remarks References  

86Sr0.16Cr03 0 5.515 5.479 7.753 Pbnm Meadowcroft (1968) 

sKO. sTi03 C 3.914 Pm3m Roy (1954) 

6gPh0. 31Mn03 

Eu EuTaO 
2 6 

Eu CaW06 2 

Eu SrWO 
2 6 

La2MgIr0 6 

La CoIrO 
2 6 

Roy (1954) 

Roy (1954) 

Iwahashi and I i d a  (1965) 

Yakel (1955);  Gai and Rao 
(1975) 

F a y o l l e  e t  a 1  (1975) 

F a y o l l e  e t  a 1  (1975) 

Vogel and Fleming (1975) 

S a t o  e t  a 1  (1975) 

S h a f e r  (1965) 

Shaf e r  (1965) 

B la s se  (1965) 

B l a s s e  (1965) 

B la s se  (1965) 

Br ixne r  (1974) 

Br ixne r  (1974) 



Tab le  30.2 (Cont 'd )  

Compound SYm- a b c Angle Space  G r m p  Eemarks Re fe r ences  

~ r i x n e r  (1974) 

B r i x n e r  (1974) 

B r i x n e r  (1974) 

Lyubut in  and  Vishnyakov 
11973) 

Lyubut in  and  Vishnyakov 
(1973) 

Lyubut in  and  Vishnyakov 
(1973) 

Lyubut in  and  Vishnyakov 
(1973) 

Lyubut in  and  ~ i s h n ~ a k o v  
(1973) 

Lyubut in  and  Vishnyakov 
(1973) 

Pbnm Jacobson e t  a 1  (1972) 

Jacobson e t  a1 (1972) Pbnm 

Jacobson e t  a 1  (1972) 
Jacobson e t  a 1  (1972) 

So lov ' eva  and  G a v r i s h ( l g 7 4 )  

Ga l a s so  e t  a 1  (1966) 



Table 30.2 (Cont'd) 

Compound SYm. a b c Angle Space Group Remarks References 

I Ba HoTaO 
2 6 

Ba ErTa06 
2 

Ba TmTa06 
2 

Ea YbTaO 
2 6 

Ba LuTaO 
2 6 

Ba YTaO 
2 6 

Ba LaNb06 
2 

e 
w Ba NdNb06 

2 

Ba2SmNb0 
6 

Ba EuNbO 
2 6 

Ba2GdNb0 6 

13a2DyNb0 6 

Ba2110Nb0 
G 

Ba ErNbO 
2 6 

Ba 2TmEJb0 
6 

Ba YbNb06 
2 

Ba LuNh06 
2 

Ba LJPaO 
2 6 

-- - 

Galasso e t  a 1  (1966) 

Galasso e t  a 1  (1966) 

Galasso e t  a 1  (1966) 

Galasso e t  a 1  (1966) 

Galasso e t  a 1  (1966) 

Galasso e t  a 1  (1966) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Galasso and Darby (1963) 

Keller  (1965) 



Table 30.2 (Cont'd) 

Compound Sym. a b c Angle Space Group , Remarks References 

Ba CePaO 
2 6 

C 8.800 Fin 310 Keller (1965) 

Be PrPaO 
2 6 

Ba2NdPa0 
6 

Fm 3m 

Fm 3m 

Fln 31n 

E'm 3m 

Fm 3m 

Fln 3m 

Fm 3m 

Fln 3m 

E'm 3m 

FIO 3m 

Fm 3m 

Fm 3m 

Fm 3m 

Fm 3m 

Keller  (1965) 

Keller  (1965) 

Keller (1965) 

Keller  (1965) 

Keller (1965) 

Keller  (1965) 

Keller (1965) 

Keller (1965) 

Keller (1965) 

Keller (1965) 

Keller (1965) 

Keller (1965) 

Keller (1965) 

Awasthi e t  a 1  (1967) 

Awasthi e t  a 1  (1967) 

Awasthi e t  a 1  (1967) 

Awasthi e t  a 1  (1967) 



Table 30.2 (Cont'd) 

Compound SYm. a b c Angle . Space Group Remarks References 

I C 8.65 Ba. DyUO6 
2 

Awasthi et a1 (1967) 

Rn3m Awasthi et a1 (1967) 

Awasthi et a1 (1967) 

Awasthi et a1 (1967) 

Awasthi et a1 (1967) 

Viskov et a1 (1966) 

Galasso et a1 (1966) 

Galasso et a1 (1966) 



30.2.4 Phase Trans i t ion  

A very common f e a t u r e  of  t h e  d i s t o r t e d  perdvski tes  i s  t h e  readiness  with 

which they undergo phase transformations a s  a func t ion  of temperature. An ex- 

ample of  t h i s  is  provided by LaAlO which undergoes a t r a n s i t i o n  t o  a cubic 3 ' 
phase a t  48g°C (Ge l l e r  and Bala, 1956). The rhombohedral s t r u c t u r e  i s  re ta ined  

t o  l i q u i d  hel ium.temperature (Granicher e t  a l l  1957; Kiro e t  a l l  1963; Miiller 

Rhombohedra1 PrAlO undergoes a s e r i e s  of t ransformations and has been 
3 

the  s u b j e c t  of a d e t a i l e d  study.  On hea t ing  t h i s  compound e x h i b i t s  a t r a n s i -  

t i o n  t o  a cubic phase a t  1320 K s i m i l a r  t o  t h a t  observed i n  LaAlO On cooling 3 ' 

it undergoes a f i r s t  o rde r  t r a n s i t i o n  t o  an orthorhombic phase a t  205 K,  f o l -  

lowed by a second order  t r a n s i t i o n  a t  151 K (Cohen e t  a l l  1969). The 151 K 

t r a n s i t i o n  has been inves t iga ted  by x-ray s t u d i e s  (Burbank, 1970) ,  neutron 

s c a t t e r i n g  techniques (Kjems e t  a l l  1973b), Raman s c a t t e r i n g  and f luorescence 

, (Harley e t  a l l  19731, and EPR (Cohen e t  a l l  1974) measurements. 

Another i n t e r e s t i n g  example of a rhombohedral perovski te  i s  LaCoO This 
3 ' 

was f i r s t  descr ibed i n  terms of t h e  space  group ~ 7 m  - D : ~  (Wold e t  a l l  1957) 

6 
b u t  l a t e r  e s t a b l i s h e d  t o  have RTC - Dgd symmetry (Raccah and Good&nough, 1967). 

. . 

On hea t ing  i t  transforms t o  another  rhombohedral phase a t  375OC with the  space 

- 
group R3. I n  t h e  low temperature phase a l l  t he  Co ions  a r e  i n  t h e  low sp in  

s t a t e  whereas i n  the  high temperature phase the re  i s  o rde r ing  of the  low sp in  

and high s p i n  Co ions .  i n  adjacent  (111) planes.  ~t ' 937OC LaCoO undergoes a 
3 

t r a n s i t i o n  t o  another  rhombohedra1 phase, the  space group RT being r e t a i n e d ,  

b u t  t h e  rhombohedral angle ,  a ,  changing from 60.4' t o  60.0'. In  t h i s  phase the  

geometry i s  apparently q u i t e  cubic but  the  symmetry i s  rhombohedral a s  the  ions  

a r e  s h i f t e d  from t h e i r  i d e a l  pos i t ions .  The t r a n s i t i o n  a t  937'C i s  descr ibed 



-f 

according to a localized electron + collective electron model (Raccah and 

Goodenough, 1967). 



30.2.5 Magnetic P roper t i e s  

In the  i d e a l  cubic perovski te  s t r u c t u r e ,  each oxygen i s  shared by two B 

c a t i o n s ,  forming a B-0-B angle of 180'. Such a conf igura t ion  i s  genera l ly  

highly favorable f o r  superexchange i n t e r a c t i o n s  between magnetic B ca t ions .  

This exchange i s  usua l ly  negat ive  and t h e r e f o r e  r e s u l t s '  i n  a n t i p a r a l l e l  coup- 

l i n g  of nearest-neighbor magnetic moments. This may be viewed a s  a two- 

s u b l a t t i c e  s t r u c t u r e ,  one with spin-up and t h e  o t h e r  with spin-down moments, 

and a magnetic s t r u c t u r e  of t h i s  type is  designated a G-type s t r u c t u r e .  Thus 

i n  a simple pe rovsk i t e  conta in ing paramagnetic B ions ,  the ,sequence  of moments 

from one (111) l a y e r  t o  the  next  can be represented  a s  .... B ( f )  B ( + )  B ( f )  B ( + )  

.... and the  s t r u c t u r e  i s  ant i fer romagnet ic .  Goodenough (1963) and Kanamori 

(1959) have discussed the  s t r eng th  and s i g n  of the  180' and 90' superexchange 

i n t e r a c t i o n s .  

When the  ions  on the  two s u b l a t t i c e s  have d i f f e r e n t  moments, a s  i n  A BB'O 
2 6 

perovskites, o the r  spin arrangements a r e  poss ib le .  I f  B '  .is a diamagnetic ion  

the  B ions  a r e  usua l ly  a l igned an t i f e r romagne t i ca l ly  i n  the  fol lowing sequence 

.... B ( f )  B '  B ( + )  B '  B(1.1 B '  B O )  .... (Blasse,  1965; Cox e t  a l ,  1967; Khattak 
4 

e t  a l ,  1976).  Here t h e  most important  exchange mechanism is  bel ieved t o  be a 

longer range superexchange i n t e r a c t i o n  through two oxygens of the  type B-0-B'- 

0 

0-B o r  B-0-0-B. The B-B sepa ra t ion  i s  now considerably more than t h e  4 A ,  sep- 

a r a t i o n  found i n  the  i d e a l  pe rovsk i t e s ,  and t h e r e  a r e  both 90' and 180' con- 

f i g u r a t i o n s .  These i n t e r a c t i o n s  a r e  by no means i n s i g n i f i c a n t ;  f o r  example, 

the   eel temperature of S r  NiMoO i s  71.5 K (Nomura and Nakagawa, 1966).  
2 6 

I f  both B and B ,  a r e  paramagnetic i o n s ,  the  l i n e a r  B-0-B' i n t e r a c t i o n  i s  

expected t o  predominate once again ,  which f o r  negat ive  exchange r e s u l t s  i n  the  

sequence .... B ( f )  B ' O )  B ( f )  B ' O )  .... . An arrangement l i k e  t h i s  r e s u l t s  i n  a 



simple fer r imagnet ic  s t r u c t u r e .  However, i f  longer range i n t e r a c t i o n s  between 

B ions  alone a r e  of comparable s t r e n g t h ,  more complex s t r u c t u r e s  can r e s u l t ,  

6 + 
f o r  example when B'  i s  the  Re i o n  (Khattak e t  a l ,  1973, 1975).  

The above d i scuss ion  a p p l i e s  t o  cubic pe rovsk i t e s  with non-magnetic A 

ions.  In  ABO pe rovsk i t e s  of t h i s  type t h e  s i m p l i c i t y  of t h e  arrangement makes 
3 

t h e o r e t i c a l  c a l c u l a t i o n s  more amenable. For ordered pe rovsk i t e s  t h e  longer 

range i n t e r a c t i o n s  complicate t h e  s i t u a t i o n  somewhat. However, most of t h e  

r a r e  e a r t h  perovski tes  have d i s t o r t e d  v a r i a n t s  of the  cubic s t r u c t u r e  and, i n  

some c a s e s , ,  the  displacements from i d e a l  p o s i t i o n s  may be very s u b s t a n t i a l .  

Urider these  circumstances such simple arguments a r e  no longer v a l i d .  Further-  

more, a d i s t i n c t i o n  should be made according t o  the  number and type of magnetic 

ions ,  v i z .  (i) magnetic ions  on the  A s i t e s  ( f o r  example, rare-ear th  a lumina tes ) ,  

(ii) t r a n s i t i o n  magnetic ions  on B s i t e s  ( f o r  example, LaMnO YCr03), and (iii) 
3 ' 

magnetic i o n s  on both s i t e s  ( f o r  example, HoFeO E r C r O  ) .  Even more compli- 
3 ' 3 

ca ted  magnetic i n t e r a c t i o n s  occur when some of the  A o r  B o r  both ions  a r e  re- 

placed by o the r s .  

The rare-ear th  pe rovsk i t e s  a r e  usua l ly  t r e a t e d  i n  terms of a two-sublat t ice 

model wi th  a rare-ear th  i o n  on the  A s i t e  and a t r a n s i t i o n  metal ion  on t h e  B 

s i t e .  Early neutron d i f f r a c t i o n  s t u d i e s  (Koehler e t  a l ,  1960) ind ica ted  t h a t  

t h e r e  was l i t t l e  i n t e r a c t i o n  between the  two s u b l a t t i c e s .    his' i s  a l s o  suggested 

by the  r e spec t ive  order ing  temperatures : f o r  example, i n  the  or thof  e r r i t e s  the  

i r o n  l a t t i c e  o rde r s  around 700 K and t h e  r a re -ea r th  l a t t i c e  only a t  a few degrees 

ke lv in .  An advantage of t h e  low order ing  temperature of t h e  r a re -ea r th  sub la t -  

t i c e  i s  tha* s t u d i e s  can be made w e l l  above T without  much e . f f ec t  from the  the r -  
N 

ma1 v i b r a t i o n s  of the  l a t t i c e .  



Magnetic s t r u c t u r e s  have been der ived a s  r ep resen ta t ions  i n  the  appro- 

p r i a t e  magnetic space group (analogous t o  t h e  c rys ta l lograph ic  space group 

which desc r ibes  t h e  c r y s t a l  s t r u c t u r e )  by the  in t roduc t ion  of an "antisymmetry" 

element. This new element may be thought of a s  a normal symmetry element com- 

bined with a time- ( o r  current - )  r e v e r s a l  opera tor .  With t h e  use of t h i s  op- 

e r a t o r  the  32 c r y s t a l l i n e  c l a s s e s  a r e  increased t o  90 magnetic c l a s s e s  and the  

230 space groups t o  1651 'magnetic groups ' .  Reviews of t h i s  r ep resen ta t ion  the- 

ory have been given by Belov e t  a 1  (1957), Donnay e t  a 1  (1958), Opechowski and 

Guccione (1965) , Ber tau t  (1968) , and Yamaguchi and Tsushima (1973) . 
Using t h i s  approach f o r  the  space group Pbnrn e i g h t  poss ib le  magnetic 

groups a r e  obtained.  For each of the  space groups, i f  one opera tes  on the  mag- 
. L  . 

n e t i c  moment represented a s  a vec to r  quan t i ty  a v a r i e t y  of magnetic modes can 

be der ived a s  shown i n  Table 30.3. The no ta t ion  f o r  t h e  p o s i t i o n s  of t h e  mo- 

ments i s  t h a t  of Cox (1972) a s  shown i n  Fig. 30.6. These simple s t r u c t u r e s  can 

be combined t o  g i v e  a . v a r i e t y  of noncol l inear  s t r u c t u r e s ,  and it i s  p o s s i b l e  

f o r  r e o r i e n t a t i o n  of t h e  magnetic moments t o  occur a t  in termedia te  temperatures. 

The magnetic s t r u c t u r e s  of some of the  r a re -ea r th  pe rovsk i t e s  repor ted  i n  the  

l i t e r a t u r e  a r e  given i n  Table 30.4. 

I n  t h e  s e r i e s  RAlO t h e  A 1  i o n  i s  a diamagnetic i o n  and t h e  only magnetic 
3 

c o n t r i b u t i o n  i s  from the  ra re -ea r th  ion .  Magnetic s u s c e p t i b i l i t y  da ta  below 4 K 

f o r  t h i s  s e r i e s  of  compounds have been repor ted  by Cashion e t  a 1  (1968a; 1968b), 

and shows t h a t  t h e  Gd, Tb and Dy compounds order  whereas t h e  E r  and Ho compounds 

show no order ing  down t o  1.5 K.  The phenomenon of metamagnetism, i n  which a f e r -  

romagnetic component i s  induced i n  an antiferromagnet  by t h e  a p p l i c a t i o n  of a 

f i e l d ,  usua l ly  descr ibed a s  a "spin f l i p " ,  has been observed i n  TbAlO (Mare- 
3 

scha l  e t  a l ,  1968; Ber taut ,  1972).  Depending 'on the  d i r e c t i o n  of the  appl ied  



f i e l d  t h i s  can r e s u l t  i n  a s i n g l e  o r  a double order ing  t r a n s i t i o n  (Holmes e t  a l l  

1968).  

The orthochromites a r e  an example of a t r a n s i t i o n  metal i o n  on the  B s i t e .  

The chromium s u b l a t t i c e  i n  t h i s  s e r i e s  o rde r s  between 282 K ( fo r  LaCrO ) and 
3 

112 K ( f o r  LuCr03), whereas the  r a re -ea r th  s u b l a t t i c e  order ing ,  i f  any, occurs 

below 17 K. Some very complex s t r u c t u r e s  a r e  observed, a s  f o r  example i n  TbCrO 
3' 

i n  which t h e  Tb s u b l a t t i c e  undergoes order ing  a t  4 K and transforms t o  a d i f f e r -  

e n t  s t r u c t u r e  a t  3.05 K. The coupling between t h e  two s u b l a t t i c e s  has  been in-  

ves t iga ted  by Pataud and S iva rd ig re  (1970a, 1970b). 

The r a re -ea r th  o r t h o f e r r i t e s  a r e  one of the  most widely s tud ied  s e r i e s  of 

compounds because of t h e i r  poss ib le  a p p l i c a t i o n  a s  technologica l  magnetic mate- 
, ,  

r i a l s  (Koehler and Wollan, 1957; Treves, 1965; White, 1969; Moskvin and S i n i t s y n ,  

1973a, 1973b; Yamaguchi, 1974).  These compounds show a weak spontaneous moment 

which i s  a t t r i b u t e d  t o  a s l i g h t  cant ing  of the  i r o n  moments which a r e  otherwise 

ant i fer romagnet iudl ly  a l igned i n  a G-type a r r a y  (Treves, 1962).  The i r o n  mo- 
;* . 

ments a l i g n  s o  t h a t  the  d i r e c t i o n  of easy magnetizat ion i s  along the  a o r  c a x i s  
r, e - -  

of the  orthorhombic c e l l  (Bozorth e t  a l l  1958).  The weak ferromagnetic moment of 

0.03 - 0.07 JJ /mole l e d  t o  these  m a t e r i a l s  being considered f o r  bubble l o g i c  and 
B 

memory devices (Van U i t e r t  e t  a l l  1970a; Antonov e t  a l l  1973; Bobeck, 1975) .  

The l a r g e  anisot ropy f i e l d  and low s a t u r a t i o n  magnetic f i e l d  r e s u l t s  i n  f l a t ,  

square magnetizat ion curves f o r  these  compounds (Mikami e t  a l ,  1973).  The s t rong-  

e s t  i n t e r a c t i o n  i n  t h e  o r t h o f e r r i t e s  i s  the  ant i fer romagnet ic  coupling of t h e  i r o n  

moments which i s  reElec ted  i n  the  high ~ 6 e l  temperatures of around 700 K. The 

weak ferromagnetic,component i s  a l igned along t h e  c a x i s  a t  high temperatures 

(Sherwood e t  a l l  19591.. On cooling the  i r o n  moments may undergo a r e o r i e n t a t i o n  . . 

t o  a p r e f e r r e d  alignment along a ax i s .  This t r a n s i t i o n  has  been the  s u b j e c t  of 



extens ive  s tudy dur ing  r e c e n t  yea r s  (Gyorgy e t  a l l  1968; Gorodetsky e t  a l l  

1968; Pin to  e t - a l l  1971; Bidaux e t  a l l  1974; Yamaguchi, 1974; Shapiro e t  a l ,  

1974; Nikolaev and Rusakov, 1976). For some time t h e r e  was uncer t a in ty  about 

whether t h i s  r .eor ienta t ion  of moments was continuous o r  discontinuous.  Recently 

torque measurements (Gyorgy e t  a l l  1968) have ind ica ted  t h a t  t h e  moments undergo 

o r i e n t a t i o n  i n  a continuous manner. F i n a l i y ,  on cool ing  below 10 K the  i a e -  

e a r t h  i o n  s u b l a t t i c e  o rde r s  (TbFeO DyFeO HoFeO ErFe03). 
3 ' 3 ' 3 ' 

The ra re -ea r th  manganites show very i n t e r e s t i n g  magnetic p roper t i e s .  I t  

3+ . i s  d i f f i c u l t  t o  ob ta in  t h e  Mn ions  a s  Mn alone s ince  t h e r e  i s  usual ly  some 

contamination by ~ n ~ + .  When p a r t  of the  rare-ear th  s i t e s  a r e  s u b s t i t u t e d  by a 

4 + 3+ 
d i v a l e n t  i o n  a corresponding nulher of Mi1 are crca tod on Mn s i t e s  t o  main- . - 

3 + 4+ 
t a i n  s to ichiometry .  Compounds conta in ing mostly Mn o r  Mn ions show a n t i -  

4+ 
ferromagnetic  behavior. However i n  the  range of 25 - 35% Mn content  f e r r o -  

magnetic behavior has been repor ted  (Jonker and Van Santen, 1950; Jonker, 1956).  

These s t u d i e s  ind ica ted  t h a t  t h e r e  was a weak magnetic i n t e r a c t i o n  between Mn 
3 + 

4 + 
i o n s ,  a negative i n t e r a c t i o n  between Mn ions and a s t rong  p o s i t i v e  i n t e r a c t i o n  

3 + 4 + 
between Mn and Mn ions.  Neutron d i f f r a c t i o n  s t u d l e s  (Wollan and Koehler, 

1955; Koehler and Wollan, 1957) confirmed t h i s ,  and a d d i t i o n a l  suppor t  was pro- 

vided by a model based on semicovalent exchange by Goodenough (1955). In  pre- 

vious s t u d i e s  it was assumed t h a t  the  ca t ions  a r e  i o n i c a l l y  bound based on the  

over l ap  of the  atomic o r b i t a l s  of the  ca t ions  and anions. The semicovalent ex- 

change theory  considers  the  over lap  of the  empty c a t i o n  o r b i t a l s  with the  f u l l  

o r b i t a l s  of neighboring anions,  thereby g iv ing  a covalent  na tu re  t o  the  binding. 

The degree of covalency depends upon the  r e l a t i v e  s t a b i l i t y  of these  o r b i t a l s .  

3 + 4 + 
Simi la r  behavior was found f o r  the  combination Co and Co , bu t  t h e  C r  and Fe 

compounds were found t o  be ant i fer romagnet ic  (Jonker and Van Santen, 1953).  



S u b s t i t u t i o n  of two kinds of t r a n s i t i o n  elements i n  t h e  B s i t e s  and the  e f f e c t  

on magnetic p r o p e r t i e s  has a l s o  been s tud ied  (Holmes e t  a l l  1971; Rao e t  a l l  

4 + 
J u s t  a s  t h e  presence of Mn i n  (La, Sr)MnO l e a d s  t o  dev ia t ions  from 

3 

simple behavior ,  t h e  ex i s t ence  of low s p i n  and high sp in  Co causes complicated 

behavior i n  t h e  RCoO compounds. The d i f f e r e n c e  i n  energy of t h e  t r i v a l e n t  
3 

diamagnetic (S = 0) low sp in  s t a t e ,  C O ~ ' ~ ,  and t r i v a l e n t  c o b a l t  (S = 2) high 

3 + 
sp in  s t a t e ,  Co , i s  only 0.08eV (Reccah and Goodenough, 1967).  Magnetic sus- 

c e p t i b i l i t y  d a t a  f o r  LaCoO showed t h r e e  regions v i z .  a low temperature and a 
3 

high temperature region i n  which 1 / x  v s  T was l i n e a r  bu t  wi th  d i f f e r e n t  s lopes ,  

and an in termedia te .  region where 1 / x  was e s s e n t i a l l y  independent .of  temperature 

(Heikes e t  a l l  1964; Bhide e t  a l l  1972).  This has been explained a s  due t o  the  

ex i s t ence  of t h e  predominately low s p i n  CO'" s t a t e  a t  low temperatures,  and a 

3 + 3+ 
p a r t i a l  t ransformat ion  t o  Co up t o  about 200K. Above t h i s  temperature Co 

I11 4 + 
and Co transform t n  COII and Co i s .  The behavior of  LaCoO has  been 3 

repor ted  ex tens ive ly  i n  the  l i t e r a t u r e  (Jonker and Van Santen, 1953; Goodenough, 

1958; Heikes e t  a l l  1964; Goodenough and Raccah, 1965; Naiman e t  a l l  1965; 

Jonker, 1966; Menyuk e t  a l l  1967; Bhide e t  a l l  1972; Bar i ,  1972).  

Europium t i t a n a t e ,  EuTiO i s  an example of  a r a re -ea r th  pe rovsk i t e  i n  
3 ' 

which t h e  Eu i o n  is  i n  t h e  d i v a l e n t  s t a t e .  From magnetic measurements it was 

repor ted  t h a t  EuTiO i s  one of t h e . f e w  ant i fer romagnet ic  m a t e r i a l s  wi th  a pos i -  
3 

t i v e  Curie-Weiss cons tant  (McGuire e t  a l l  1966). This w a s . a t t r i b u t e d  t o  a 180' 

superexchange showing a p o s i t i v e  va lue  of the  exchange i n t e g r a l  f o r  nex t  n e a r e s t  

neighbors. 



Table 30.3. Magnetic modes for 4(a) and 4(c) sites allowsd by symmetry in 
the family of magnetic space groups derived from 
the crystallographic group Pbnm (see Fig. 30.6). 

A sites or 
4(aI sites 

B sites cr 
4(b) sites 

Pbnm A G C - - C ' 

Pbn @ m  I F C G F I C 1  - F 
2 9 

Pb'nm' 

Pb'n'm 

Pb'n'm' 

Pb'nm 

Pbn'm 

Pbnm ' 



Table 30.4. Magnetic s t r u c t u r e s  and t r a n s i t i o n  tempera tures  
t 

o f  some r a r e - e a r t h  p e r o v s k i t e  ox ides  (see Fig.  30.6) 
The numbers enc losed  i n  pa ren theses  a r e  f o r  t h e  r a r e - e a r t h  i on .  

Compound 
T 

N (K) Magnetic S t r .  Moment ( p B )  References 

SmA1O3 (1.3)  Combarieu e t  a l .  (1968.) 

GdA103 (3.69) G (Gd) Cashion e t  a l .  (1968a) 

TbA103 (4)  G , A  (Tb) (8.25) Mareschal e t  a l .  (1968) 

DyA103 (3.42) F (7.0) Herpin and Meriel (1964) 

(8.8) Holmes e t  a 1  . (1971b) ; 
Bidaux and Mer ie l  (1968) 

'3 
v1 LaCrO 282 G(Cr) 2.45 ~ e r t a u t  e t  a l .  (1966) 

3 

PrCrO 
3 

NdCr03 

2.46 B e r t a u t  e t  a l .  (1966) 
(0.5) 

2.55 B e r t a u t  e t  a l .  (1966) 
(1.3) B e r t a u t  & Mareschal (1967) 

SmCrO 192 G (Cr)  B e r t a u t  e t  a l .  (1966) 
3 

181 EuCr03 G ( C r )  B e r t a u t  e t  a l .  (1966) 

158 G (Cr) 
(4)  FtC (Tb) 
(3.05) complex (Tb) 

2.85 B e r t a u t  e t  a l .  (1966) ;  
B e r t a u t  e t  a l .  (1967a) ; 

(8.6) Mareschal e t  a l .  (1968) 

tA compi la t ion  of  t h e  t r a n s i t i o n  tempera tures  h a s  been r epo r t ed  by Connollk and Copenhaver 
(1972) .  



Table 30.4 (Cont'd) 

T 
Compound N (K) Magnetic S t r .  Moment ( p B )  References 

G ( C r )  
complex (Dy) 

2.76 Bertaut  & Mareszhal (1968) 
(9.6) 

DyCrO 
3 

146 
(2.16) 

' HoCrO 
3 

1 4 1  
( 1 2 )  

2.90 Bertaut  e t  a l .  (1966) ;' 
(5.2) Bertaut  & Mareschal (1967) 

E r C r O  
3 

13 3 
(16.8) 

2.58 Bertaut  e t  a l .  (1966) 
(0.8) 

YbCr03 

LuCrO 
3 

YCrO 
3 

LaFeO 
3 

PrFeO 
3 

B r t a u t  e t  a l .  (1966) 

Koehler & Wollan (1957) 

Treves (1965) ; Pinto and 
Shaked (1972) 

Koehler e t  a l .  (1960) 

Bertaut  e t  a l .  (1967b) 

~ r e v e s  (1965) ; 
Gorodetsky e t  a l .  (1968) 
Berton & Sharon (1968) 



Table 30.4 (Cont 'd)  

T 
Compound N (K) Magnetic ~ t r .  Moment (pB)  References 

HoFeO 
3 

ErFeO 
3 

Sm Dy FeO 
1-x x 3 

LaMnO 
3 

Koehler 'e t  a l .  (1960) 

Koehler e t  a l .  (1960) 
Gorodetsky e t  a l .  (1973) 
Vigneron (1976 

Treves (1965 ) ; 
Leake e t  a l .  (1968) 

P i e r c e  e t  a l .  (1969) 

Wollan and Koehler (1955) ; 
Koehler and Wollan (1957) 

Quezel-Ambrunaz (1968) 

Quezel-Ambrunaz (1968) 

LaErO 
3 

(2.4) complex (Er)  (6.3) Moreau e t  a l .  (1968) 

BaTb03 (37)  G (Tb) (7.99) ~ o e f i e l d  e t  a l .  (1972) 

TbCoO. (3.31) A,G(Tb) (8.0) -Mareschal e t  a l .  (1968) 
3 

TbV03 C,F(Tb) (7.6) Mareschal e t  a l .  (1968) 

EuTiO (5.3)  G (Eu) (7  McGuire e t  a l .  (1966) 
3 



.,Table 30.4 (Cont'd) 

T 
Compound N (K) Magnetic Str. Moment (pE)  References 

La(Mn Cr )03 
l-x x 

0 5 x < 0.15 

0.15 2 x < 0.60 

0.60 ( x 2 1.00 

complex 

Bents (1957) 



30.2.6 E l e c t r i c a l  P roper t i e s  

' J u s t  a s  the  magnetic p r o p e r t i e s  of r a re -ea r th  pe rovsk i t e s  e x h i b i t  very d i -  

1 . verse  behavior, the  e l e c t r i c a l  conduc t iv i t i e s  a l s o  show wide v a r i a t i o n s .  Some 

compounds have been u t i l i z e d  f o r  t h e i r  d i e l e c t r i c  p r o p e r t i e s ,  o t h e r s  show metal- 

l i c  conduct iv i ty ,  b u t  a  major i ty  a r e  semiconductors. Large chanyes i n  conduc- 

t i v i t y  have been observed a s  a  r e s u l t  of i o n i c  s u b s t i t u t i o n s .  The conduct iv i ty  

behavior is  a l s o  influenced by s t r u c t u r a l  o r  magnetic t ransformat ions .  

The e l e c t r i c a l  behavior of a  ma te r i a l  i s  dependent on t h e  outermost e l ec -  

t r o n s ,  which may be l o c a l i z e d  a t  s p e c i f i c , a t o m i c  s i t e s  o r  may be c o l l e c t i v e .  

Since l o c a l i z e d  e l e c t r o n s  may ca r ry  a spontaneous moment, t h e r e  i s  a s t r o n g  cor- 

r e l a t i o n  between the  e l e c t r i c a l  and magnetic p r o p e r t i e s  of perovski tes .  Rare 

e a r t h  pe rovsk i t e s  with t r a n s i t i o n  metal ions  show widely d i f f e r i n g . e l e c t r i c a 1  

111 
p r o p e r t i e s .  For example, LaNi03, which conta ins  N i  i n  t h e  low s p i n  s t a t e  N i  , 

and LaTiO e x h i b i t  c o l l e c t i v e  d-electron behavior ,  showing a m e t a l l i c  conductiv- 
3 

i t y  and Pauli paramagnetism (Coodenougli cirld Raccah, 1965; Ganguly and Rao, 1973).  

The orthochromites have been s tud ied  by Ruiz e t  a 1  (1967) and Subba Rao e t  

a 1  (1971). The former authors  found LaCrO t o  be a semiconductor with an a c t i -  
3 

va t ion  energy of 0.6 eV, while t h e  l a t t e r  repor ted  a value of 0.22 eV. It i s  pos- 

s i b l e  t h a t  t h e  0.6 e V  f i g u r e  i s  r e l a t e d  t o  impur i t i e s  o r  n a t i v e  de fec t s .  For t h e  

heavier  r a re -ea r th  chromites t h e r e  seem t o  be two regions of conduct iv i ty .  In  

the  low temperature region t h e  a c t i v a t i o n  energy inc reases  along t h e  r a re -ea r th  

s e r i e s  (from 0.27 e v  f o r  Dy t o  0.37 eV f o r  Yb) while the  high temperature region 

i s  characte,r ized by a va lue  of about 0.23 e V .  The mechanism of conduction i s  

4 + 
a t t r i b u t e d  t o  the  presence of high mobi l i ty  C r  ions  g iv ing  r i s e  t o  p-type ex- 

t r i n s i c  conduction. The decrease of conduct iv i ty  . in the  heavier  r a re -ea r th  com- 
. 

pounds may be r e l a t e d  t o  a  decrease i n '  t he  covalency of the  Cr-0 bond and an 
I 



i nc reased  covalency of the  R-0 bond. .  This i s  s i m i l a r  t o  the  arguments suggested 

by Goodenough (1966) . 
I n  t h e  RMnO s e r i e s ,  t h e  e l e c t r i c a l  behavior of LaMnO has  been s tud ied  i n  

3 3. 

some d e t a i l  (Jonker,  1966). H e  found an abrupt  change i n  conduct iv i ty  a s  we l l  

as i n  the  magnetic s u s c e p t i b i l i t y  a s  a funct ion  of temperature near  450°C (Jon- 

k e r ,  1956). This e l e c t r i c a l  behavior i s  explained by Goodenough (1966) on the  

b a s i s  of arguments advanced f o r  orthochromites,  namely t h a t  the  charge c a r r i e r s  

a r e  holes  hopping amongst l o c a l i z e d  l e v e l s .  

I n  t h e  case of n r t h o f e r r i t e s ,  although the  magnetic p r o p e r t i e s  have been 

s tud ied  ex tens ive ly  very l i t t l e  d a t a  on t h e i r  t r a n s p o r t  p r o p e r t i e s  e x i s t  (Jonker 

1954; SubbalRao e t  a l ,  1971).  Here again ,  a s  f o r  the  RCrO and RMnO. s e r i e s ,  - 3 3 

t h e  conduction mechanism i s  p-type semiconduction assoc ia ted  wi th  l o c a l i z e d  d- 

e l e c t r o n s .  

Lanthanum c o b a l t i t e ,  LaCo03, has been repor ted  t o  have very i n t e r e s t i n g  

e l e c t r i c a l  conduct iv i ty  behavior (Heikes e t  a l ,  1964; Goodenough and Raccah, 1965; 

Raccah. and Goodenough, 1967; Bhide e t  a l ,  1972).  The mate r i a l  behaves l i k e  a 

semiconductor up t o  about 12S°C. A t  higher temperatures,  125 < T < 650°C, the  

conduct iv i ty  inc reases  much more r a p i d l y  and l a t e r  650 < T < 937OC goes through 

a broad, f l a t  maximum. Above 937OC it shows m e t a l l i c  behavior. A t  low temper- 

a t u r e s  t h e  Co ions  a r e  e s s e n t i a l l y  i n  the  low sp in  CO'" s t a t e .  A s  t h e  temper- 

a t u r e  i s  increased t h e r e  i s  coexistence of t h i s  and t h e  high s p i n  paramagnetic 

3 + 3+ 
Co s t a t e .  A s  t he  temperature i s  incredsed f u r t h e r  t h e  Co and Co 'I1 i on  

p a i r s  t ransform t o  co2+ and CO" p a i r s .  Thus with inc reas ing  temperature the  

3+ 
f r a c t i o n  of Co decreases and d isappears  around 937OC when only long range 

o rde r  i s  p r e s e n t ,  r e s u l t i n g  i n  a f i r s t  o rde r  t r a n s i t i o n .  Along with the  sp in  

behavior t h e  ou te r  e l e c t r o n s  a l s o  show a t r a n s i t i o n  from l o c a l i z e d  t o  a co l l ec -  



t i v e  behavior. LaCoO is one of the few mater ia ls  which shows a localized- 
3 

co l l ec t i ve  e lec t ron  t r ans i t i on .  

The e l e c t r i c a l  proper t ies  of LaVO have been s tudied by Rogers e t  a 1  
3 

(19661, Dougier and Casalot (1970) and Sayer e t  a1  (1975). The mater ia l  behaves 

a s  a semiconductor with an ac t iva t ion  energy of 0.12 eV.  The d-electrons a re  

considered local ized but the  low ac t iva t ion  energy ind ica tes  t h a t  the covalent 

mixing of the  o r b i t a l s  i s  c lose  t o  inducing local ized-col lect ive  e lec t ron  behav- 

i o r .  

The rare-earth perovskites described above contain a t r i v a l e n t  t r a n s i t i o n  

metal ion,  and the majority a r e  semiconductors. Addition of su i t ab l e  ions may 

force  p a r t  of the t r a n s i t i o n  ion  i n t o  a higher oxidation s t a t e  so  a s  t o  maintain 

charge neu t r a l i t y ,  thereby grea t ly  modifying the  conductivity behavior. One of 

the f i r s t  such systems t o  be studied-was La M Mn03, where M is Ba, Ca o r  Sr  
1-x x 

(Van Santen and Jonker, 1950). The introduction of a d iva len t  ion  can be formu- 

3+ 2+ 3+ 4+ ,I . 
l a t ed  a s  Lal - Mn 03+ For example, i f  M i o  S r  ar~d x = 0, all the  Mn Mnl-x A 

ions a re  i n  the Mn3+ s t a t e  and occupy equivalent s i t e s ,  the  spin  moments a re  

ordered antiferromagnetically below 150 K and the compound exhib i t s  semiconduct- 

4 + 
ing  proper t ies .  An increase i n  x r e s u l t s  i n  the  creat ion of Mn holes,  thereby 

increasing the conductivity. A change i n  ac t iva t ion  energy i s  observed a t  the 

magnetic disorder temperature. For 0 . 2 , <  x. < 0.4 the  system becomes ferromag- 

n e t i c  and shows a metal-semiconductor transformation (Parker, 1975). The co- 

b a l t i t e s  show s imi la r  behavior. In  the  case of Lal-xSrxCoO and Ndl xSrxCo03 
3 - 

the  conduction i s  meta l l i c  a t  room temperature f o r  x = 0.4 and 0.23 respect ively  

(Ohbayashi e t  a l l  1974). A s  already .discussed the ac t i va t i on  energy f o r  LaVO 
3 

i s  v e r y . 1 0 ~  and following subs t i t u t i on  of Sr corresponding t o  x = 0.225 on the  

La s i t e ,  the  mater ia l  undergoes a semiconductor-metal t r a n s i t i o n  (Dougier and 



Hagenmuller, 1975). I n  t h e  case of La Sr  C r O  an inc rease  i n  conduct iv i ty  1-x x 3 

i s  a l s o  seen with inc reas ing  S r  content  (Meadowcroft, 1969)'. I n  - a l l ' t h e  above 

examples an inc rease  i n  conduct iv i ty  is seen with t h e  add i t ion  of Sr;  however, 

f o r  Lal-xSrxNiO a decrease i n  conduct iv i ty  is  observed (Obayashi and Kudo, 
3 

1975).    his i s  because i n  these  compounds t h e  charge n e u t r a l i t y  is maintained 

4+ 
by t h e  c r e a t i o n  of  oxygen vacancies r a t h e r  than N i  ions.  

S u b s t i t u t i o n  i n  t h e  B s i t e  by another  t r a n s i t i o n  metal c a t i o n  has been 

s t u d i e d  by Rao e t  a1 (1975). For LaNi Co 0 t h e  behavior i s  m e t a l l i c  f o r  1-x x 3 

x = 0.50, s i m i l a r  t o  t h a t  of LaNiO This i s  a t t r i b u t e d  t o  t h e  presence of 3 ' 

low s p i n  CO*". When ~ 0 . 3 0  Ulr uuspound ia a ~ a m i o o n d u c t n ~ ,  with the behavior 

z~se&Ljnrj t h a t  ~f LaCoO, f o r  x>0.90. I n  the  case of LaNil-xYex~3 a meta l l iu-  

semiconductor t r a n s i t i o n  occurs a t  x = 0.2. 

The a d d i t i o n  of rare-ear ths  t o  d i e l e c t r i c  m a t e r i a l s  has  been s t u d i e d  f o r  

a long time. Rare-earth dopants i n  BaTiO have been repor ted  t o  lower the  re- 3 

s i s t i v i t y  (Saburi ,  19591, while La-doped BaZr03 showed an inc rease  i n  r e s i s -  ' 

t i v i t y  by s e v e r a l  o rde r s  of magnitude (Koenig and J a f f e ,  1964) . The former was 

3 + 
a t t r i b u t e d  t o  t h e  formation of T i  ions whereas i n  the  l a t t e r  case the  hole 

concentra t ion  was lowered. 



30.2.7 Optical Properties 

Although the op t i ca l  absorption and fluoresence spectra  of rare-earth 

compounds has been s tudied for  a long time only recently has a cor re la t ion  

w i t h  the magnetic proper t ies  been studied. The rare-earth perovskites a r e  of 

pa r t i cu l a r  i n t e r e s t  since the e f f e c t  of magnetic ordering of the t r a n s i t i o n  

metal ion i n  the B s i t e  can be studied i n  addit ion t o  t h a t  of the rare-earth ion. 

Since the difference i n  ordering temperatures of the  two types of ions is  large 

there  is  l i t t l e  in te rac t ion .  The absorption s p e c t r a . e i t h e r  f o r  the host  ion o r  

a f t e r  introduction of a nominal 1% concentration "probe" in to  a diamagnetic l a t -  

t i c e  can be studied. In  the former case of magnetically concentrated systems a 

- 1 broad spectrum is obtained (with linewidths typ ica l ly  0.5 - 5 cm. 1, while i n  

the l a t t e r  a sharp spectrum is -obtained (linewidths about 0.1 cm-l) . A study 

of the absorption spectra  from a rare-earth ion i s  by no means t r i v i a l  as  a 

typ ica l  spectrum may contain a t  l e a s t  100 absorption l i nes  with perhaps only 

a s  many as ten sharp enough to"dioplay 's-kructure re la ted  tu magnetic e f t ec t s .  

consider ideal ized behavior of s ing le  ion absorption spectra  i n  a simple 

two sub la t t i ce  antiferromagnet. A t  high temperatures a s ing le  absorption l i ne  

i s  observed but on cooling below T the e f f ec t ive  i n t e rna l  f i e l d  produces a 
N 

Zeeman s p l i t t i n g  of both ground and excited doublet s t a t e s .  This means t h a t  

as  many a s  four l i nes  a r e  observed i n  the absorption spectrum below T The 
N ' 

appearance of these l i nes  i s  re la ted  to ,  the  ordering of the  moments. The ex i s t -  

ence of an external  f i e l d  below T may remove the sub la t t i ce  degeneracy re- 
N 

su l t i ng  i n  the appearance of addi t ional  s p l i t t i n g .  When the external  f i e l d  i s  

la rger  than t h a t  required fo r  a spin-f l ip  o r  spin-flop ce r t a in  l i nes  disappear, 

while others  appear i n  the absorption spectrum (Leask, 1968). 

I n  the rare-earth perovskite,  RB03 type compounds the mater ia ls  whose op- 

t i c a l  proper t ies  have been explored a re  those i n  which B is  A l l  Gd, C r ,  o r  Fe. 



General ly t h e  bulk p r o p e r t i e s  a r e  determined by t h e  B ion.  When t h i s  i s . a  

t r a n s i t i o n  metal i o n  the  ma te r i a l  tends t o  be opaque, otherwise t r ansparen t .  

T h i s . i s  a s soc ia ted  with t h e  l o c a l i z e d  3d e l e c t r o n s  of t h e  t r a n s i t i o n  metal i o n  

(Allen 1975). The orthoaluminates and o r t h o g a l l a t e s  a r e  t r ansparen t  throughout 

the v i s i b l e  region except  f o r  the a r e a s  where absorpt ion  l i n e s  due t o  t h e  crys- 

t a l  f i e l d  t r a n s i t i o n s  of  the rare-ear th  i o n  a r e  p resen t  (Merker and Herrington, 

3+ 
1964).  For example, a t r i p l e t  s t r u c t u r e  a s soc ia ted  with the  Tb t r a n s i t i o n s  

i n  TbAlO has  been repor ted  by HGefner e t  a 1  (1968). 
3 

Amongst the  compounds conta in ing a t r a n s i t i o n  metal  I3 i on  most of 

the  o p t i c a l  work has been done on the  o r t h o f e r r i t e s .  1x1 t y p i c a l  examples of 

t h i s  type o p t i c a l  s t u d i e s  have been made on ErFeO (Wood e t  a l ,  1969) and TmFe03 
3 

(Malozemoff, 1971). I n  a d d i t i o n  t o  t h e  absorpt ion  l i n e s  due t o  the  rare-ear th  

3 + 
i o n s ,  broad bands r e l a t e d  t o  the  c r y s t a l  f i e l d  absorpt ion  of t h e  Fe i o n  a r e  

present .  Another o p t i c a l  proper ty  s tud ied  f o r  t h e  o r t h o f e r r i t e s  i s  t h e  p o l a r  

Kerr e f f e c t  (Wood and Remeika, 1967; Kahn e t  a l ,  1969). This i s  assoc ia ted  with 

the  r o t a t i o n  of p lane  po la r i zed  l i g h t  i n c i d e n t  on a c r y s t a l  due t o  t h e  i n t e r -  

a c t i o n  with the  magnetic moments p r e s e n t  i n  the  ma te r i a l .  

The behavior of t h e  orthochromites is s i m i l a r  t o  t h a t  of t h e  o r t h o f e r r i t e s  

3 + 
b u t  with a d d i t i o n a l  s p e c t r a  a s soc ia ted  with C r  . Recent o p t i c a l  d a t a  on or- 

thochromites has been , repor ted  and d iscussed by Courths e t  a l  (19701, Tsushima 

e t  a 1  (1970),  Meltzer (1970) and Sugano e t  a 1  (1971). 



30.2.8 Catalyt ic  Proper t ies  

The area  of ca t a ly s i s  has recent ly  received renewed a t t en t ion  because of 

possible appl icat ions  i n  solving environmental problems. Precious metals have 

been found useful  f o r  the oxidation of.CO t o  CO but  a re  not e f f ec t i ve  i n  the  
2  ' 

reduction of NO. The p o s s i b i l i t y  of using perovskite type ca t a ly s t s  seems prom- 

i s i n g  s ince it was reported t h a t  LaCoO 
3 ' and t h e i r  subs ti tu t ed  deriva- 

t i v e s  have i n t e r e s t i n g  c a t a l y t i c  p roper t ies  i n  regard t o  appl icat ion i n  fue l  

c e l l  e lect rodes  (~eadowcrof t , 1970) and i n  the oxidation reduction react ions  

involved i n  the  control  of automotive exhaust emissions (Libby. 1971; Voorhoeve 

e t  a l ,  1972, 1973). 

The c a t a l y t i c  proper t ies  of RBO type compounds a re  re la ted  t o  the  spin  
3  

and valence s t a t e  of the t r ans i t i on  metal ion ,  B (Prakash e t  a l ,  1974). These 

authors have s tudied the  oxidation of CO t o  CO over rare-earth coba l t i t e s  and 
2 

found t h a t  NdCoO and HoCoO showed the highest  c a t a l y t i c  a c t i v i t y ,  which i s  
3  3  

re la ted  t o  the  higher ac t iva t ion  energy of these compounds ( ~ ~ 0 . 3  eV) compared 

t o  others  i n  the.  s e r i e s  (Q 0.1 eV)'. Sorenson e t  a1 (1974) have studied the re- 

duction of NO over LaCoO and a t t r i bu t ed  it t o  the creat ion of oxygen defects  
3  

which leave the c a t a l y s t  i n  a  reduced s t a t e .  

Since Prakash e t  a1  (1974) found a  cor re la t ion  between the  f r ac t i on  of 

3+ 
high spin Co present  and the c a t a l y t i c . a c t i v i t y ,  attempts were made by Voor- 

hoeve e t  a1  (1975a) t o  a l t e r  t h i s  r a t i o  by subs t i t u t i ng  a  d iva len t  ion.  It was 

found t h a t  p a r t i a l  subs t i t u t i on  of La by a  d iva len t  ion  i n  LaCoO and LaCrO re- 
3  3  

duced the a c t i v i t y  of the  compound. However, i n  the  case of LaMnO and LaFeO 
3 3  

the c a t a l y t i c  a c t i v i t y  was enhanced. Thus e f f o r t s  were concentrated on the  

system La M MnO where M is Pb o r  Sr. Amongst these two s e r i e s  it was re- 
1-x x  3  

ported t h a t  the  S r  containing compounds were more s t a b l e  and c a t a l y t i c a l l y  more 



ac t ive  than the Pb containing compounds (Gallagher e t  a l ,  1974). This was 

a t t r i bu t ed  t o  migration of lead t o  the surface and deactivation of the cata- 

l y t i c  act ion (Gallagher e t  a l ,  1975a). The perovskite systems La M Mn03 
1-x x 

where M is K, Na, Rb or  Ce have a l so  been studied (Voorhoeve e t  a1 1975b; john- 

son e t  a l ,  1976). . . 

I n  order f o r  the ca t a ly s t  t o  be e f fec t ive  both i n  oxidation as  well as  

reduction reactions it should equi l ib ra te  with the exhaust gases without being 

degraded o r  mechanically a l tered.  A po ten t ia l  advantage of the oxide systems 

i s  the a b i l i t y  t o  form mixed valence s t a t e s  which a re  f a i r l y  s t ab l e  under a 

given s e t  of oxidising o r  reducing conditions. The compound can then ad jus t  

t o  these by minor changes i n  the stoichiometry and valency s t a t e s  of the cat-  

ions. Another advantage i s  t h e i r  res is tance t o  poisoning. Platinum, the cata- 

lysi presently being used for  automobile exhaust emission control ,  i s  deacti-  

vated o r  poisoned i n  the presence o f . l e a d  (Dwyer, 1972). La0.7Pb0.3Mn03 i s  

a l so  deactivated by the migration of l e a d . t o  the surface when it i s  heated. . 

However; La MnO does not have t h i s  problem, although it is poisoned by 
0 . 7 ~ ~ 0 . 3  3 

SO2. An addition of a s  l i t t l e  as  200 ppm platinum imparted s ign i f i can t  res i s -  

tance t o  poisoning by SO (Gallagher e t  a l ,  1975 b ) .  
2 

The only ordered perovskite which has been studied fo r  c a t a l y t i c  ac t iv i ty  

is  Ba COW06. This has been found t o  be comparable t o  the manganese based, .rare- 
2 

ear th  perovskite,  but it i s  ea s i ly  poisoned i n  the presence of SO (Voorhoeve 
2 

e t  a l ,  1974). 



30.3 Garnets 

3 0.3.1. Crystal. Structure 

The determination of garnet structure was first made on natural 

garnet minerals nearly fifty years ago Wenzer, 1926). Structural 

refinements were carried out on synthetic YIG crystals (Geller and 

Gillco, 1957; Batt and Post, 1962; Euler and Bruce, 1965). The 

symmetry of the single crystal X-ray photograph is Oh-m3m. The 

following types of reflections are present: 

(hkl), h + k + 1 = 2 n  

(UO), h = 2n and k = 2n 

(hkl) , 1 = 2n and 2h+ 1 = 4n 

Therefore, the most probable space group for garnets is established 

to be the cubic group 0:- la3d. 

Garnets have the general chemical formula of {C31 [%I (D3)O12, 

where 0 denotes the oxygen atom or..ion., a d  C, A, and D denote cations.' 

There .are eight formula molecules per unit cell. Therefore, there 

are 96 h-sites which are occupied by oxygens. The point symmetry of 

the h-site is 1. 'TG cation sites in the garnet structure are 
classified into three types of sites. They are: 

1. Tetrahedral sites: Each tetrahedral or d-site is surrounded by 

4 h-sites to form a tetrahedron. There are 24 d-sites in each unit 

cell. Each d- site has the point symmetry group of 4 (s~) . 
2. Octahedral sites: Each octahedral or a-site is surrounded by 6 

h-sites to form an octahedron. There are 16 a-sites in each unit 

cell of garnet. Each a-site has the point group of 3 (s6). 
3. Dodecahedra1 sites: Each dodecahedra1 or c-site is surrounded by 

8 h-sites to form a triangular dodecahedron. A triangular dodecahedron 

is a polyhedron which has 12 faces with each face a triangle. There 



are 24 c-sites in each unit cell of garnet. Each c-site has the point 

group of 222 (D2) : 
Each d-site is surrounded by 'four d-sites, four a-sites, and six 

c-sites. Each a-site is surrounded by eight a-sites at the corners of 

a body-centered cube. It is also surrounded by six d-sites and six 

c-sites. Each c-site is surrounded by four c-sites, four a-sites, and 

six d-sites. Each c-site is translated one fourth of the lattice 

constant distance from' its corresponding d-site . 
The garnet structure has a high percentage of its polyhedra which 

share edges. Each tetrahedron shares two edges wiUl triangular 

dodecahedra, and each octahedron shares six edges with triangular 

dodecahedra. The triangular dodecahedron has three types of shared 

polyhedral edges. Each triangular dodecahedron shares.two edges with 

tetrahedra, four edges with octahedra, and four edges with other 

triangular dodecahedra. Tetrahedra share only corners, i.e., oxygens, 

with octahedra. A more detailed summary of the information on the 

crystal structure of garnet appeared elsewhere (Wang, 1973). 



3 0 . 3 . 2  Crystal Chemistry 

There exists a detailed review of the crystal chemistry of garnets 

(Geller, 1967). In the following, only a few general feature's relating 

I 

I to  the rare earth ions in garnets w i l l  be discussed. 

1 The primary consideration of the occupancy of polyhedral s i tes  by 

cations i s  the ionic size. The ionic radius increases with the coordina- 

tion number (C.N.) .  A table of effective ionic radi i  in sides was 

compiled (Shannon and Prewitt, 1969). In Table 30.5 are l isted the 

known examples of rare earth ions occupying the c-sites, or the tri- 

angular dodecahedra1 s i tes  in garnets. The examples refer to the s i t e  

occupancy as a major constituent by the rare earth ions. In Table 30.6 

are l isted the examples of rare earth ions occupying the a-sites, or the 

ortahedral si tes.  Rare earth ions have not been found to exist in the 

d-site, or the tetrahedral s i te .  It i s  apparent that the small size of 
. .... . . .  ~ 

the tetrahedral site precl.11de.s the large sized rare earth ions. 



TABLE 30.5 

Examples of rare earth ions a t  the c-s i tes  G.N.=8) 

Ionic Radius 
Ion (OA> Example Reference 

2 + 1.25 EU None reported 

La 3+ 
1.18 None reported 

h3* , 1.14 None reported 

~ d ~ +  1.12 None reported 

h3+ 1.09 Fe-, Ga-garnets 

Pr 4+ 0.99 None reported 



TABLE 30.6 

Examples of r a r e  e a r t h  i o n s a t  the  a - s i t e s  (C..N.=6) 

Ionic  Radius 
Ion (OA> Example Reference 

Pr3+ 1.013 

(Mil l t  , 1965a) 

(Mi l l t ,  1965a) 

(Mil l t  , 1965a) 

(Mi l l t ,  1965a) 

(Mill.' , 1965a) 

(Mi l l t ,  1965a) 

@fillt, 1965a) 

(Tauber e t  a l ,  1961) 



Garnets have the crystal structure: cubic (0:'-la3d). As a first 

approximation the cubic lattice constant of garnet, a, can be considered 

as the linear sum of contributions from the triangular dodecahedra1 

(c)-sites, the .octahedral (a-) sites, and the tetrahedral [d-) sites 

wang, 1973) 

a = KccrC> + K <r > + KD<rD> A A (30.6) 

w h e r e  r , and erg> are the mean effective radius of c-site, A 

a-site, and d-site cation, respectively, and Kc, KAY and % are the 
least square parameters indicating the cation contributions to the 

lattice constant from the c-, a-, and d-sites, respectively. Effective 

radius values (Shannon and Prewitt , 1969) for the corresponding 
coordination number (C.N.) and lattice constants of various garnets 

(germanium garnets, aluminum garnets, iron garnets, gallium garnets : 

Geller, 1967; silicon garnets: Novak and Gibbs, 1971) were used to 

calculate the least squares parameters KC, KA, and KD in Eq. (30.6) 

(Table 30.7). Values for silicate garnets are derived from the least 

square values given by Novak and Gibbs (1971). Values for the germanate 

garnets are also listed in several groups in Table 30.7. 



TABLE 30.7 

LEAST SQUARE PARAMETERS I N  EQ. [l l)  FOR THE CATION CONTRIBUTIONS TO LATTLCE 
CONSTANTS . OF . VARIOUS . GARNETS . (WANG , .. 19 73) '. . . '. . . . . . . . . . . . '. . , . . . . . . . 

Cat ions . . . .  
Paramef e r  

Ncrmber 
(Cl [A1 (Dl of data . . . .KC ; . . K A  . . . 5 
Ca Cations exclusive of Ge; 13 1.89 1.81 22.60 

rare  earth 

Rare earths 
only 

Rare earths only Ge 7 1.75 2.00 22,60 

Cations including Ge 20 1.85 1.87 22.60 
rare  earths 

Cations exclusive of Ge 3 2.'02 1.64 22.60 
rare  earth 

Rare earths only Ge 7 1.83 1.95 22.60 

Cat ions including Ge 10 1.79.  2.02 22.60 
rare  earths 

Cations exclusive of Ge 
raw earth 

Rare earths Fe 
only 

Rare earths Ga 
only 

Cations exclusive Cations exclusive of S i  5 6 1.61 1.89 34.77 
of rare earths rare  earths 



3 0.3.3 Phase Equilibria 

Garnets have been synthesized in hundreds of varieties, but there 

are only a limited number of phase equilibria studies available in the 

sys tems which contain garnets ,-.-:,In=-:the sys tems containing the iron 

garnets, the foremost example is the Y203-Fe2O3 system. The combined 

effects of oxygen partial pressure and the multivalencies of Fe convert 

this system into a ternary system of Fe0-Fe203-YFe03 (VanHook, 1961, 

1962a) Yttrium iron garnet (YIG) is an incongruent melting compound. 

Its incongruent melting point is related to the oxygen partial pressure 

(Van Hook, 1963b). 

log po (am) = -10' (I/T) 
2 



TABLE 3C. 7 

Melting Points of Rare Earth Garnets 

Compound Melting Points OC 

Y Fe 0 (YIG) 
3. 5 12 149~~+7' in CO (P 4,.3 Tom) - 
(incongruent) - 

O2 ~ S S S O + ~ ~  in air 

Gd3Fe5012 (GdIG) 1495O+7O - air 

(incongruent) lf50~+10~ - in O2 

yfUsolZ WAG) 1970' 
(congruent) 1980' 

Nd3Ga5012 (NdGG) . .  1515O 

Sm3Ga5012 (SmGG) 1620' 

Gd3Ga501 (GdGG) 1690' 
, : .-, . , ' . :  . ' 3 '  

TbgGaSO1 (TbGG) 1715' 

Ho3Ga5012 (HoGG) 1750° 

Er3Ga5012 (ErGG) 1760' 

Reference 

(Van Hook,1962a) 
(Van Hook, 1962a) 

(Van Hook, 1962a) 

(Van Hook, 1962b) 

(Van Hook, 1962b) 

Oran Hook, 1962b) 

(Warshaw $ Roy, 1959) 

(Van Hook, 1963a) 

(Brandle $ Valentino, 1972) 

(Brandle $ Valentino, 1972) 

(Brandle $ Valentino, 1972) 

(Brandle 6 Valeiltirlu , 1972) 

(Brandle 6 Valentino, 1972) 

(Brandle $ Valentino, 1972) 

(Brandle 6 Valentiho, 1972) 



3 0 . 3 . 4  Preparation 

A. Ceramic Synthesis 

1. Oxide method: Polycrystalline garnets are prepared frum the solid 

state reactions between the constituent oxides. This is the method 

most easily used and is applicable to all types of garnets. 

Reaction kinetics vary with the physical states &d the impurity 

levels of the oxide raw materials. 

2. Decomposition method: This method seeks an intimate mix of oxides 

by the them1 decomposition of mixed components. Preferably, 

thcsc components are soluble in c m n  Iiqiiirl ~ n l v e n t . ~ ,  and they 

can be mixed in liquid tom. For example, Iron can be i11 Lhe fun11 

of ferric ammonium sulfate Fe (NH4) (SO4) 1 W20, and aluminum can be 

in the form of aluminum ammonium sulfate Al (NH4) (SO4) 12H20. 

Yttrium and rare earths can be in the form of chlorides or 

carbonates. Chlorides of yttrium or rare earths are readily avail- 

able, but they are deliquescent. Carbonates are therefore to be 

preferred. This decomposition method is definitely an improvement 

over the oxide method. It works even in the case of some components 

which are not soluble. Thermal decomposition produces active sites 

in the' decomposed products. These active sites promote the reactions 

of foxmation. The disadvantage lies, however, in the contamination 

of the reaction residues due to incomplete decomposition reactions. 

3. Chemical Precipitation Method: In this method, the mixed cations 

are precipitated out of solution by suitable agents (usually, 

hydroxide) ; it produces very intimate d i n g  -:when conditions are 

perfect. The thermal decomposition process is then employed. following the 
. . 

filtration of the:.precipitates'i This method is limited' in ' actual applicati( 
. . 



Disadvantages include the limits placed on the types of cations, 
. . . 

the difficulty and inefficiency of the filtration process, and the 

expenses of extra reagents required. These. last two points reduce 

the industrial importance of this method. . . .. 

4. Conventional Sintering: The oxide mix, obtained by any of the above 

three methods, is pressed into sample shapes which are called green 

bodies. Green bodies are then sintered in air or in controlled 

atmospheres. 

5. Pressure Sintering (Hot-Press) : In this method, the oxide m i x  is 

simulta~ously pressed and heated to an elevated temperature. For 

instance, Ga-doped GdIG powders of particle size 0.2 pm were cold- 

pressed at room temperature and 2000 kg/an2 to 50% theoretical 

density. The cold-pressed powder compacts were then transferred 

into alumina dies. Fine-sized alumina powder was used as the , 

pressure transmitting medium. The die assembly was evacuated to 

about 0.1 Torr, and it was then hot-pressed at 900~-1300~~ and 

300-1000 kg/anL fo'r 1-20 hr (Coeure et al., 1969). At a hot- 

pressing operation of 3 hr at 1 1 7 ~ ~ ~  and 1000 kg/m2, the GdIG 

samples had an average grain size of 3 pm. Hot-pressing shortens 

the total processing time 'and the time at elevated temperatures as 

compared with conventional sintering processes. The shortening 

of process time decreases the formation of second phase in the 

garnet, and it affords better control of grain size in the samples. 

Grain size can vary from 2 prn at 1 0 5 0 ~ ~  for 1 hr to 20 pm at 

higher temperatures (>1250~C) and longer times (>8 hr) . An improved 
control of grain size can also be achieved by hot-pressing to 1 pm 

and by annealing at 1 4 0 0 ~ ~  to achieve the desired grain size of 10 pm 



(Patton, 1970).  Higher porosity i s  the result of hot-pressing 

plus annealing. 

B. Single Crystal Methods: 

Several recent books dkscr.ibe the, grokh methods of s ingle  crystals 

extensively [Brice, 1965; Laudise, 1970; Laudise e t  al, 1971) . . The 

methods which produced garnet crystals successfully include rhe foflowirrg: 

1. Flux Growth Method: Fluxes, such as PbO memeika, 1956) , PbO-PbF2 

(Nielsen, 19601, PbO-B203 (Giess, 1962), BaQ-B203 [Linares, 1962 b) ,  

PbO-PbF2-B203 (VanUitert e t  a l . ,  1965), and Pb0-Bi2O3 Gsponoza 

and Geller, 1964), were used successfully. Gradient method Gaudise 

e t  a l . ,  1962) was also employed to T r o v e  the crystal yield. 

2. Czochralski. Growth Method: Iron garnets, being incongruently 

melting compounds, cannot be grown by the Crochralski.method. 

Aluminum and gallium.garnets can be grown by this  method readily. 

3.  Hydrothermal Growth Method: This method is possible to. grow garnet 

crystals, but requires careful adjustment ,of growth conditions 

(Kolb and Laudise, 1971). 

C. Epitaxial Garnet Films: 

1. Sputtering Methods: Several sputtering methods can be used to  

grow garnet films (Sawatzky and Kay, 1968). One is the rf 

reactive sputtering. The other is the dc inert  gas sputtering. 

The third method i s  the dc reactive sputtering. Currently, the 

sputtering technique cannot produce high quality epitaxial garnet 

films . 
2. Chemical Vapor Deposition Method: The chemical vapor deposition 

(CVD) process can produce epitaxial garnet film of acceptable 

qua1it.j (Robinson e t  a l . ,  i971) .  But a great deal of improvement 

in  the process i s  s t i l l  required. 



3. Liquid Phase Epitaxy Methods: An extension.of the flux grown method 

evolves into the liquid phase epitaxy [LPE) method. Currently,, 

the LPE method produces'the best quality garnet films. In this 

process, the liquid, which consists of flux and garnet, is made 
. . 

to be in contact with the substrate, and the epitaxial garnet 

film deposits onto the substrate. Most methods employed 

PbO-B203 as flux (Blank 6 Nilsen, 1972). Before insertion into 

the melt, the substrates, properly etched and cleaned, are held 

immediately above the melt surface to equilibriate in a region 

where the temperature is within 1°c of the melt. The substrates 

are rotated in a horizontal place at 100-200 rpm during the epitaxial 

film growth which takes place with 5' to 15'~ of supercooling 

(Gilss et al., 1972). To terminate growth, the substrates are 

withdrawn from the melt and held immediately above the melt 

surface rotating at 200-1000 rpm to remove flux adhering to the 

film. Finally, the wafers are withdrawn from the furnace at a 

maxinnn~~ rate of 12 cm/min. to prevent thermal shock cracking 

(Hewitt, et al. , 1973). Alternate to the horizontal rotation 

method, a vertical substrate dipping method produces epitaxial 

garnet film of good quality (Tolksdorf, 1975). The film quality 

is indicated by the effective lattice.misfit, Aa. Below 0.02 A 

can be readily achieved by the above LPE method. 

In epitaxy, there are three major causes of stress in the film. 

One is the lattice misfit. The other is the mismatch in the thermal 

expansions. The third cause is the concentration or impurity effect. 

The last effect is now reintroduced into the garnet film to achieve 

the increase its magnetic uniaxial anisotropy. The ion implantation 

method is used to achieve this effect (Wolfe et al., 1973; Hu and Giess, 



. Direct measurement of stress and strain in epitaxial YIG films on 

YAG was made with an X-ray diffraction technique (Zeyfang, 1970; 

Klokholm et al., 1972). It employs the planes parallel to the film 

surface for diffraction. The strain perpendicular to the surface E' 

is given by 

E~ = (~dl) /doL (30.8) 

where do1 is the lattice spacing in the unstrained film, and ~d'. is 

the difference between the lattice spacing in the strained and 'in 

the unstrained condition. It was found that E' is -2 .lx10-~. The 

strain parallel to the film surface E I iscalculated to be 2. SXIO-~, 

using a Poisson's ratio of 0.29 (Spencer et al., 1963). Using a 
2 Young's modulus E of 2.0x1012 dyn/an for YIG, a tensile stress of 

9 2 about 6.5~10 dyn/m parallel to the surface was found at room 

temperature in a film deposited at 1225'~. 

There are other methods of direct stress measurement for films, 

such as deflection measuring techniques with the traveling microscope 

(Weiss and Smith, 1962), and the electrobalance (Klokholm, 1969). These 

methods are limited to the measurement of a one-dimensional state of 

stress. The stress on a macroscopic scale was a priori assumed to be 

isotropic. A modified Ligtenberg reflective Moire method (Chiang 

et al., 1971) measures the two-dimensional state of stress in films. 

The method consists of projecting a grating onto the film surface 

which acts as a mirror. The distortion in the grating image due to 

the bending of the film plate is obtained through the Moire fringes 

which result from the superpositions of the distorted and reference 

gratings. The principal stresses can be obtained from the measured 

moments. This method enables a stress measurement on every point of 



the film surface. It is a method which can be easily adopted to stress 
. . 

measurements in garnet films on garnet substrates. 



3 0 . 3 . 5 .  bhgnetic Properties 

A. Magnetization: 

There are extensive reviews of magnetic garnets (for example, 

Geller, 1966; Von Aulock, 1965). This article is limited to the 

magnetic properties of garnets as pertainiag to their material properties. 

Magnetic garnets, such as YIG and RIG, were the first garnets 'found to 

be ferrimagnetic (Pauthenet, 1956, 57, 58). Neel theory of ferri- 

magnetism (Neel, 1948), as applied to the garnet structure, considers 

the sublattices of the a-site and the c-site cations to be ferromagnet- 

ically coupled. The d-site cation sublattice is considered to be 

antiferrmagnetically coupled to the a-site sublattice. The net magnetic 

moment of the garnet is given by 

where $a), Sa(T), and q(T) are the sublattice magnetizations of the 
d-site, a-site, and c-site, respectively. When a magnetic cation, such 

as ~ d ~ + ,  is used to substitute for the nonmagnetic y3+ ions on the 

c-site, at a ratio greater than 0.4, there is a temperature at which 

fin) =o. This temperature is called the compensation temperature, 

T comp . Above T . the c-site sub-lattice contribution diminishes, comp, . 

and the Wu) curve tends to approach that of YIG. The T cow value is 

'a good indicator of the cation distribution in the garnet, dependent 

on the heat treatment, preparation condition, and chemical composition. 

Magnetic properties of the garnets reveal a great deal about the 

rare earth ions. First there is a separation of grouping between the 

lighter rare earth ions, such as La, Pr Sm, and Eu (Geller et al., 
f 

1963e), and the other heavier rare earth ions. Second, some of the 

rare earth ions in the magnetic garnets have their magnetic spins 



canted with respect to a preferred spin direction. In WIG, ErIG, 
. . .  . 

and YbIG, the rare earth spins were.found to tilt away from the <Ill> 

easy axis in the' (1101 planes pickart et'al., 1970). In HoIG, the 

Fe ions at the'd-site have their moments along the <Ill> axis, and the 

Fe ions at the a-site have their moments along the c i i b  axis. The 

Ho ions' at the c-site have a double conical arrangement about this 

axis, and their resultant moment is along the direction (Herpin 

et al., 1960; Allain et al., 1966). The spin canting of rare earth 

ions adds to the complexity, for the spin canting anglecan change with 

temperature and composition. Third, the mixed rare earth garnets, 

in which more than one kind of rare .earth ions exist, show that rare 

earth ions behaved differently in the presence of other rare earth 

ions. For example, one finds a magnetic moment of 1.6 and 1.8 Bohr 

magnetons per pr3+ and ~ d ~ +  substituted in LuIG, as compared with 0.8 

and 1".0 Rohr magnetons per pr3+ and P4d3+ substituted in YIG (Prrel and 

Schieber , 1962) . 
B. Molecular Field Theory 

The Neel theory of antiferromagnetism (a molecular field treatment 

for three sublattices of the garnet structure), as applied to ferri- 

magnetism (Neel, 1948), shows that the fields acting at a-, d-, and 

c-sites, respectively, are 

4 = H - N + - N ~  4 + 
Hc caa cdd -rc"c 

- where the molecular field coefficients Nad = Nda, Nac = Nca, Ncd - 

Ndc, and the applied magnetic field is?. The moduli of the sublattice 



nagnetizations are given by 

. . 

where . 

xi = /kT , i = a,d, or c 

and where Na, Nd, and Nc are the numbers of atoms per unit volume for 

a-, d-, and c-sites, respectively, Ja, Jd, and J' are the intrasublattice 
C 

exchange constants, g is the splitting factor, pg is the Bohr magneton, 

and B(x) is the Brillouin function (Morrish, 1965). The canting of 

the rare earth ion can be included in this treatment by considering 

all magnetic moments in vectors. Magnetism equations (30.9) - (30.11) 
are implicit .functionsi;ofex namely, %exists on both sides of the 

same equation. The simultaneous sets of three equations for three. 

sublattices make them infinitely more difficult to solve', even with 

computers. Therefore, there is no thought of further subdividing each 

crystallographic site into sublattices of Bravais lattices. 

In YIG where the c-site ions are nonmagnetic, the picture is 

simplified into two sublattices, namely, the d- and a-sublattices. A 

spin wave study of YIG produces exchange constants Jad = Jda = 4.8~10-l5 erg, 

Jaa = 1.1x10-~~ erg, and Jdd = 2. erg (Douglas, 1960) . 
In { Y j l  [%Fez-i] (QyRe3-y)012, where R and Q are nonmagnetic ions, 

such as In, Ga, and Al, the molecular field ~~'~fficients were found to 



Ndd = -30.4(1-0.43~)' 

= -65.0[1-O,A2y) . Naa (30.12) 

N~~ = 97.0(1-0.12~x-0.127~) mole/on 3 

for xs0.70 and ys1.95. The values x and y are related' to ka and kd, 

which represent the fraction of nonmagnetic ions in the respective 

sublattice. Thus, the molecular field coefficients are linearly 

related to ka and kd. For substitutions in one sublattice, the co- 

efficient of the opposite sublattice is reduced in magnitude while 

its own coefficient remains unchanged. For substitutions in either 

sublattice, the intersublattice coefficient Nad is reduced. Geller 

(Geller et al., .1964b) found that the concept of canting. (Yafet 

and Kittel, 1952) can be used to interpret the magnetizations of 

substituted YIG. When substitutions are made in one sublattice, 

random canting takes place in the opposite one. The amount of canting 

in a given sublattice appears to be directly related to a change in its' 

molecular field coefficient . Since I Ndd 1 < I Naa 1 ,initially, canting 
would be expected to occur earlier in the d-site in accord with 

experiment. An extension of this approach (Brnadle and Blank, 1976) 

produced the list of molecular field coefficients for rare-earth 

iron garnets, as shown in Table 30.8. The multiplying factor f is 

given by the equation. 

M(T) = f MyIG(T) (30.13) 

.This is due to great similarity between the satu~ation magnetization 

of the rare earth iron garnet, MV) and the saturation magnetization of 

YIG, MyIG (T) . Only in the case of Eu, the multiplying factor of needs 
to be a function of temperature. This approach (Dionne, 1970) relies 

on the best fit of experimental magnetization data, and it has some . 



inherent disadvantages. It depends on a large amount of experimental 

data and consistencies among the data. It has a degree of arbitrar.iness 

which lacks suitable explanation. The results of this approach, however, 

relate the magnetic data directly to the cation distribution in the 

garnet. 

Another approach (Gilleo, 1960) uses the statistics of inter-. 

actions to relate the magnetic data with the cation distributions. 

For the garnet {R3)[MyFe2-y] (M2Fe3-=)O12 where R is magnetic and M is 

nonmagnetic, the total magnetic moment can be estimated to be, in 

Bohr magnetons 

where Ei is the probability of an ion at i-site to be linked with at 

most one, of the magnetic ions. 

This approach, does not take into account spin canting. It also fails 

to include the temperature' dependence, but it allows a simple check 

between the magnetic moment and the cation distribution. Therefore, 

with either of these two approaches, one can obtain a picture of 

cation distribution in the garnets from their magnetication data. 

Magnetization data can be readily obtained in comparison to either X-ray 

or neutron diffractions, which are usually employed to gain cation 

distribution information. Because many cations can enter into the 

garnet structure, and many garnets are magnetic, this approach is a 

very useful one. 



TABLE 30.8 

Molecular Field Coefficients for Rare-Earth Iron Garnets . . 
. . 

*Wit. = 0.000645T + 0.4538, for T>I~OOK. - 



C. >Iagnetocrystalline hisotropy 

The magnetization fi in a ferrimagnetic material is always bound to . 

a certain preferred crystallographic direction, which is the easy axis. 

Anisotropy energy Fk is required to tun fi from the easy%'axis direction 
to any other direction. Phenomenologically, this magnetocrystalline 

anisotropy can be described, to a second approximation, for cubic 

c'rystals as 

(30. lb) 

The coordinate axis coincide with the crystal axes, and al, a2, 

and ag are the direction cosines of i.f with respect to the crystal axes. 

The constants K1 and K2 are the first-order and the second-order 

magnetocrystalline anisotropy cosntants, respectively. For the purpose 

of energy minimization, the Fo term can be neglected. The constants 

K1 and K2 are used to represent the magnetocrystalline anisotropy in 

the crystal. 

The magnetocrystalline anisotropy is a direct measure.of the 

contributions from individual cations in the lattice. The success of 

the single ion model of the anisotropy theory (Yoshida and Tachiki, 

1957; Wolf, 1957), as applied to the ferrites and garnets, makes the 

anisotropy constants very useful. 

A list of magnetocrystalline anisotropy constants of several 

garnets is shown in Table 30.9. There are several general features 

about them. First, the rare. earth ions make a huge contribution 

the magnetocrystalline anisotropy constants. Tb ion has the. most 

significant effect, and TblG has the largest anisotropy constants. 

Second, K1 and K2 are phenomenological constants. Consequently, the 

neglect of K2, or its inclusion, makes a significant difference in the 



TABLE 30.9 
Elagnetocrystalline'.4nisotropy Constants of Garnets 

K, 
I 3 Fonnula (OK) (ergs/an ) K2 Reference 

Y I G  

I ErIG 

(von Aulork, 1965) 
(Iida, 1967) 

(Pearson, 1962J 

(Pearson, i962) 
(Iida, 1967) 

(Rodripe et al., 1960) 
(Iida, 1967) 

(Pearson, 1962) 
(Iida, 1967. 

(Pearson, 1962) 
(Iida, 1967) 

(Pearson, 1962) 
(Iida, 1967) 

(Pearson, 1962) 
(I?&, 1967) 

(Miyadai, 1960) 

(Pearson, 1962) 
('Iida, 1967) 



values of K1 and K2. Third, the temperature dependence of K1 or K2 

is generally a monotonic varying function. si4* -doped YIG shows a 

maximum in the temperature dependence of K1 which has been attributed 

to the onset of a relaxation process (VanGroenou et a1 . , 1967) . - , 

D. Growth - Induced Noncubic Anisotropy 
Whenever multiple types of cations occupy the same crystallographic 

sites in the garnets, noncubic uniaxial magnetic anisotropy was found 

to exist. Although the presence of rare earth ions is not the necessary 

condition (Akselrad and Callen, 1971), the existence of such a noncubic 

anisotropy with the magnetic garnets containing mixed rare earth ions 

is most interesting. For it dembnstrates most dramatically that rare 

earth ions, notwithstanding with their many similarities, are 

distinctly different from each other. 

There are six inequivalent c-sites in the garnet structure. The 

site notation in terms of the orientation of local axes of the c-site 

is listed in Table 30.10, following that used by Rosencwaig et a1 

(1971b). When the magnetic rare earth iron garnets are grown from the 

melt, either by the flux method or by the liquid phase epitaxy method, 

the rare earth ions apparently show different crystallographic site 

preferences according to the substrate crystal orientation and the 

different rare earth ions. 

There are six types of facet cuts which yield useful uniaxial 

garnet platelets (Bobeck et al, 1971). Type I cut is perpendicular 

to the <Ill> axis which is nearly normal to the 12111 facets. This 

<Ill> direction is the easy axis emergent from the junction of, and 

19'28 off of, the nonnal to the three (2111 facets. Type I1 cut is 

perpendicular to the till> axis contained in a 121'11 facet. The 

9 0 



TABLE 30.10 

Orientation of Local Axes of the Dodecahedra, or c-, 
Sites ( D ~  Symmetry) (Rosencwaig et. al, 1971b) 

Site Equivalence 
Axes. 

Site a c ilas.1 c z i l >  
facet facet 

ioi 101 010 

ioi 

iio 

110 iio 001 z2 



easy axis o.f the type 11. cut is also the <Ill> axis. Type 111 cut is 

perpendicular to the esy axis <loo> in the (11'0). facet. Types IV, V, VI 

cuts have their easy axis directions in <110>. Type VI .cut is for the 

{Zlll faceted crystai, and Type IV and V cuts are for' {1101 facet crystals. 

Representative noncubic anisotropy results can be shown in the 

case of the garnet 

where the measured cubic anisotropy K, of the. type I11 cut of the garnet 
3 was found to be -3300 erg/an (,Rosencwaig et al, 1971a). The type I11 

cut has the easy axis in <loo>, the medium axis in <11'0>: and the 
L' 

hard axis in <110>11 (LeCraw et al, 1971). Its average noncubic, 

uniaxial, growth-induced, anisotropy was found to be 0 in the easy axis, 
3 3 7100 erg/an in the medium axis, and 9200 erg/an in the hard axis. A 

different cut from the (2111 facet of the same crystal has an easy ,axis,, . :. ,Z . 

in the (i10) plane containing the <lib and ~112, axes, and at an angle 

of 52' from <lli> toward the ~112, axis. The hard axis lies in this plane, 

n o m l  to the easy axis. The intermediate axis is the <i10> direction. 
3 The cubic anisotropy was found to be -3100 erg/an for this cut. Its 

3 noncubic anisotropy was 0 in the easy axis, 1200 erg/an in the medium 
3 axis, and 8000 erg/cm in the hard axis. The noncubic anisotropy can be 

eliminated by annealing at temperatures above 1200~~. It was found that 

the cubic anisotropies are nery nearly the same for all samples and in 

good agreement with the total anisotropy measured in the same samples 

after elimination of the noncubic anisotropy by annealing. The magnitude 

of noncubic anisotropy varies from sample to sample. This variation is 

significantly greater than can be attributed to experimental uncertainty. 

It suggests that the growth conditions may be the deciding factor this 

variance. 



The origin of the uniaxial anisotropy is uncertain, but there are 

many theoreies about it. Early explanations of the strains induced 

during growth are found wanting [Lefever et al., 1965). The current 

theories include the growth- induced pair-ordering model, the site - 
!reference model, the dipolar mechanism, and the local symmetry 

distortion model. 

The growth- induced pair ordering model (Rosencwaig and Tabor, 

1971) proposes that the noncubic anisotropy arises from the presence of 
. . 

a small amount ' of growth- induced short -range pair : ordering which .occurs 

during crystallization. This pair ordering is a result of preferential 

cation pair-bond directions with .respect to the crystal growth facets. 

There are two mechanisms for this model. One involves the c-site rare 

earth ions and the d-site .iron ions. The other involves the c-site 

rare earth ions and the d-site iron ions. In applying this model to 
, . . .  . . 

)O . (Rosencwaig aid Tabor, 1971) , less than 1% {Eu2Erl 1 [Fez] (Fez. 4Ga0. 6 12 

preferential pair ordering, i.e., <loo> in the first mechanism and 

<210> in the second mechanism, can account for the observed noncubic 

anisotropy. 

The site preference model (Callen, 1971a,b) explains the noncubic 

anisotropy in terms of the preferential occupation, by one of the 

multiple types of rare earth ions, of particular c-sites. There are two 

nearest-neighbor tetrahedral sites for each c-site. The next closest 

neighbors are the octahedral sites. The second-nearest tetrahedral 

neighbors are sources of the observed noncubic anisotropy, according to 

Callen (1971a). A combination of pair ordering and site preference is 

another form of the site preference model (Rosencwaig et al., 1971b). 

In this version, the nearest tetrahedral and the nearkst octahedral 



neighbors lead to a uniaxial anisotropy under both growth facets. 

Inclusion of the next-nearest tetrahedral neighbors results in the observed 

orthorhombic anisotropies. The site selectivity for rare earth ions 

in garnets was confirmed by the spin resonance spectra. They demonstrated 

facet-related site selectivity for ~ d ~ +  and Y'b3+ ions in flux-gown YAG 

(Wolfe et a1. , 1971). In Table 30.11, the average populations of X1, 

X, Y1, and Y, sites are taken as unity, and the populations of Z1 and 
L L 

Z2 sites are presented relative to this average. Under a {Zlll facet, a 

Z1 site is 2.3 times as likely and a Z2 site' is 3.5 times as likely as 

any X or Y site are to be occupied by Nd ions. Equal population of the 

Z1 and Z2 sites would imply uniaxial anisotropy. The orthorhombic 

anisotropy implies that the Z1-Z2 population difference is as important 

as the Z- (X,Y) difference. The site population ratios vary approximately 

exponentially with Ar, where Ar is the excess of the ionic radius of the 
3+ rare earth ion over Y . 

The dipolar mechanism (Sturge, 1972), applied to a garnet containing 

only ed3+ anf ~ e ~ +  as magnetic ions, together with the site selectivity 

on the c-site. sublattice, accounts well for the uniaxial term in the growth- 

induced anisotropy of {Y2Gdl [Fez, 2Alo. &O12. This model requires the 

calculation of the dipolar and crystal field contributions to the noncubic 

anistropy. The rhombic term in the anisotropy cannot be attributed solely 

to the dipolar mechanism and ii attributed to a contribution from the 

~ e ~ '  sublattices. 

The local symmetry distortion model (Akselrad and Callen, 1971) is 

based on the distortion of the local symmetry around the tetrahedral 

d- site, caused by referential ordering among their tetrahedral (or other) 



TABLE 30.11 

Relative Populations of Impurity Ions in Dodecahedra1 Sites 

Impurity Relative population 

(Approx. at. '%). Facet ([XI = [Y] -1) - 
[Z1l. [Z21 

1% Yb 

3% Nd 

(annealed) 

Accuracy 
(%I 



neighbors. This model is especially useful when the rare. earth-based 

mechanism cannot be operative. In mixed rare earth garnets, a distortion 

of tetrahedral symmetry can be caused by ordering of dodecahedra1 site 

ions. This local symmetry distortion is the cause of noncubic anisotropy. 

E. Magnetostriction 

The interaction between magnetization and strain produces a lattice 

deformation in a magnetized body. When the si~ecimen is magnetized to 

saturation, the saturation magnetostrictions laong the <loo>  and <Ill> 
directions are denoted by  and A<111,, respectively. These linear 

magnetostrict ions arise from the strain-dependence of the magnetic anisot - 
ropy. The magnetoelastic energy tensor BijH is 'given by (White and 

Phillips, 1968) 

where ails are the direction cosines of the magnetization (considered to 

lie along an external magnetic field) with respect to the crystal axes, 

and the ckl are the strain components in Love's notation. Keeping terms 

up to second degree in spin operators, the magnetic Hamiltonian can be 

written as 

where 7 and5 are the g-tensor and the crystal-field tensor of the ion, 
respectively, Ti is the applied external magnetic field in the case of a 
paramagnet or the molecular field in the case of the magnetically ordered 

crystal, and is the spin of the ion. The magnetoelastic energy linear 

in the strains is 

= 1 1 B(aga /ackl)o~~~j~kl 
a ijkl i j 

+ Z E ( ~ D ; ~ / ~ E ~ ~ ) ~ s ~ s ~ o ~ ~  
a ijkl 



where the derivatives evaluatedat equilibrium are the magnetoelastic 

constants and the summation is overall u sites. For a cubic crystal, 

Eq. (30.17) can be written as 

. .  . . . 

+ B  [ a a c  + . ~ U E  +act€ ] 2 1 2 x y  2 3yz' 3 1 zx 

The magnetoelastic energy tensor Bijkl is reduced to two independent 

magnetoelastic constants B1 (= Bll - BIZ) and B2 (= 2Bq4), which are 

related to the saturation magnetostriction constants, h<lll, 

by 

If the directional cosines of the linear dilation are B1, B2, and B3 

with respect to the crystal axes, the dilation is related to magneto- 
' __., : :. . . :.. 

striction constants by 

The origins of the magnetoelastic constants have been discussed in . 
several reviews (Kanamori, 1963; Comstock, 1965; Jones, 1966; Callen, 

1968). Fundamentally, they are the indicators of the changes in crystal 

field due to strains. Experimentally, they are determined with certain 

degrees of arbitrariness. Consequently, they have significant variances 

in values determined by either the strain gauge method or the parallel 

pump method of the resonance technique. This does not take into account 

the reduction of symmetry by the presence of the magnetization or strain 



vector, which adds to the complexities. Phenomenologically, the 

magnetoelastic constants, or the'linear magnetostriction constants as 

shown in Table 30.12, are algebraically additive over *all sublattices of 

the garnet structure. The similarity between them and the sublattice 

magnetization is very real, and there is also a' compensation temperature 

from the competition of sublattice magnetostrictions. The additive 

property of magnetostriction is exemplified by the linear dependence of 

magnetostriction or rare earth iron garnets on the rare earth concentra- 

tion (Clark et al., 1968). The difference between the magletostrictions 

of YIG and ReIG denotes the rare-eafth contribuLiu1i to magnctostriction, 

which is related to the rare earth magnetization. For GdIC, the results 

showed 

0 
X<lOo> (GdIG, 296 ),-XilOO, WIG, 296') 

Ig,4. ZO) -A<100>(YIG,4. ZO) = 0.19 A<ioo> (Gd 

Also, as shown in Table 30.13, the doping of 1.8% MI in YIG changed the 
3 3 

X<loo> from - 1.4 x loa6 erg/an for YIG to +9.0 x erg/m at 300~~. 

The h values are therefore very sensitive to the impurity ions. Present 

quantum mechanical theory (Callen and Callen, 1963, 1965) fits experi- 

mental results in the garnet systems very well. The magnetostriction 

allows a better understanding of the strain dependence of the crystal 

field surrounding a single ion. Moreover, garnets have useful technical 

acoustic properties. Magnetoacoustic, or magnetoelastic, interactions 



in the magnetic garnets require 'a knowledge of their magnetos trict ions. 

Therefore, it is an important property.whid.1 needs to be investigated more 

thoroughly. 



TABLE 30.12 

'Magnefoelasfic'Constants of Garnets 

Garnet Reference 

(Andres 6 Luthi, 1963) YIG 

(Nilsen et a1,.1965) - .  

(Nilsen et al, 1965) 

(Bartel, 1969 j 

(Andres E Luthi, 1963) 

EuIG (Nilsen et al, 1965) 

(Nilsen et al, 1965) 

(Iida, 1963) 

(Nilsen et al, 1965) 

(Iida, 1963) 

GdIG (Philips and White, 
1966) 

(Jones, 1966) 

(an- '/molecule) (Jones, 1966) 

(Iida, 1963) 

(Iida, 1963) 

Yb~. lYo g IG 40K -41 +34 (an-l/molecule) (Jones, 1966) 

77'~ -6 ,. + 24 (an-'/molecule) (Jones, 1966) 

WIG 
2 B 12(an-) B ' (an-l) (Clark et' a1,1966) 

OOK 2900 1090 

HoIG OOK 1930 

Er IG OOK. -870 



I 

TABLE 30.13 

Linear Magnetostriction Constants of Garnets 

1.5OK k0K 4.Z0K 77OK 7 8 O ~  1 ~ 1 0 ~ ~ .  200°K , 3 0 0 ' ~  375OK 

Y I G  A100 x lo6 -1.1 e a 
-1.0 - -l.la -1.4a - 

A l l 1  x lo6  -5.4e -3.6& - -3. ga -2.4& - 
S m I G  A100 x l o 6  - 15ga A 4ga 21a - 

A l l 1  x lo6 - 183" -28.1a -8.5& - 
~ I G  A100 x lo6 n o e  86& - 51a 21a lla 6 A l l 1  x 10 2oe 9.7& , '- 5.3& 1.8& - 
G d I G  A100 x 10; 7. le 4.0a - 1.7& 0 a - 

A l l 1  x 10 -3. ge -5.1a - -4.5 a -3,1a - 
T ~ I G  1100 x l o 6  560a - 65& 12& - 

6 A l l 1  x 10 
6 67& - - 1 0 . 3 ~  -3.3& - 

WIG AloQ x 10 -16.ga , -46.6a -12.5~ - 
A l l 1  x lo6  -145~ - -21.5& -5.ga - 

HO IG A100 x xo6 -82.2& '- - 1 0 . 6 ~  -4.0a - 
A l l 1  x lo6 -56.3& - -7.4& -3.4& - 

E r I G  A100 x l o 6  420; 1 0 . 7 ~  - 4.1"' 2.0" - 
P A l l 1  x lo6  6 -300 -19.4a - -8.8& -4.ga - 
0 
P 

T m I G  A100 x l o 6  25& - 4.ga 1 . 4 ~  - 
A l l 1  x 10 

6 b 
-31.2~ '- -11.3a -5.2& - 

YbIG ~ O O  x l o 6  49b. 18.3& - 5 . 0 ~  1 . 4 ~  - 
A 1 1 1  x lo6  -27 -14.4& - ,-7.1a -4.5& - 

YIG:Mn1.8% A l 0 0 x 1 0  
6 

- - - 7 9.0: - 
A i l 1  x l o  - - - - 0.4 - 

6 . . 
Y1G:Mn 2.3% . A100 x lo6  - 43' - - - 11. 5' - 

A l l 1  x 10 - -11.8' - - - 0.4' - 
( H  d o n g  [1i11 a x i s )  0.9gd - 
(H along [ loo]  and [ o i l ]  axes) 1 . 0 0 ~  - 

YbOB lYOe 91G , A100 x l o 6  6 7e le - - - - - 
A 1 1 1  x 10 -6e -4e - - - - - 

a 
- I i d a ,  1967. 
b ~ h i l l i p s  and White, 1967. 

C~yorgy  e* al, i967. 
d ~ i o n n e ,  1970. 



3 0 . 3 . 6  Optical Properties 

Synthetic garnets have excellent optical properties. Aluminum 

garnets are excellent crystal  hosts and they are useful as solid s t a t e  

laser  materials. Iron garnets have interesting infrared properties. 

The magnetic optical effects  i n  iron garnets are not ulily useful i n  

devices, but also provide fundamental information about the materials 

themselves. Finally, silicon-doped iron garnets have pho toinduced effects 

which increase the potential i ty of these materials i n  solid s t a t e  devices. 

A. Crystal F ie ld  E f f ec t  

The garnet structure, as d i s~zs sed  extensively i n  Section 3.1, can 

accommodate a great variety of cations. I t  is ,  therefore, an excellent 

crystal  host which can be employed to '  study the crystal f i e ld  effects on 

various cations. The crystal f i e ld  analysis provides much,detailed infor- 

mation about the electronic structure of the cation,.and it enables the 

determination of crystal f i e ld  parameters fo r  the garnet crystals. The 

parameters are usually f i t t e d  t o  experimental optical or magnetic data 

or both. There are still  large overall errors i n  these parameters but - 

they enable us to  understand the magnetic anisotropy and optical spectro- 

scopy. of the garnet crystals.  In recent 'years, there have been many 

crystal  f i e ld  studies i n  rare earth garnets, and they were reviewed and 

compared i n  a paper by Wolf (1964), where the principal results  are sum- 

marized. There are a number of general conclusions, s tated by Wolf, 

which are l i s t ed  here. 

1. Crystal f ie lds  are  generally large ( ~ 5 0 0 ~ a n ' ~ )  : about an order of 

magnitude larger than the iron-rare earth exchange. 

2. The local symmetry is f a r  from cubic. 

3.  The effect  of neighbors other than t h e  eight nearest  02- ions on 

the crystal f i e ld  is  appreciable. 

102 



4. The second degree terms are extremely sensitive to  small changes 

or uncertainties in structure. This rules out the possibility of'extra- 

polating these parameters from one compound to another (e.g., from a 

gallium garnet to  an iron-garnet) . 
5. The sixth degree terms in  the crystal f ie ld are not negligible. . . 

The magnetic anisotropy in the rare earth garnets can be'understood 

I by the g-factor valuesb The agreement between experiments and theoretical 

calculations i s  very good, as shown in  Table 30.14. As discussed, there 

are six nonequivalent c-sites in the garnet structure. The g-factor ' axes, 

as oriented relative to the cubic crystal axes, follow the convention that 

the g, direction is along the c axis, as l isted in  Table 30.10. The. g, 

direction can be either the . . a axis or the b axis, and the selection is 

arbitrary. The g-factor values, as shown in  Table 30.14, are very h i s o -  

tropic, and the gj, and g, values are negative in sign. 



TABLE 30.14 

The g-Factors  of  Garnets 

( c a l c  . ) 0.9 0.5 17.5' 

Y(Dy)AG 

( e x ~ t  ) 0.7 0.4 17. 7b 

(cnlc.  ) 11.3 1.9 7. 4a 

y (Dy) GAG 

(expt 1 10.8 1.2 7.0' 

(ca lc .  ) 5.1 3.9 10. 8d 

(expt .)  4.3 2 0.3 4.3 c 0.3 11.3 0 . 3 ~  

(ca lc .  ) -8.2 +3.4  -7.2 d 

ErAG 

%&berg e t  a1, . 1969. 
$all k t  a l ,  1963. 
C ~ o l f  e t  al . ,  1962. 

Q r l i c h  a d  a fne r ,  1969 
eCrosswhite and MOOS, 1967. 



B. Magneto-Optical Effects 

Magneto-optical effects are useful in unraveling the electronic . . 

structure of atomic, molecular, and solid state systems. There are many 

types of magneto-optical effects, which have been discussed in several 

reviews (~e'rshan, 1967; Freiser, 1968 ; Dillon, 1968; Suits, 1972). ' Iron 

garnets were .found to exhibit much Faraday rotation (Dillon, 1958). The 

present discussion is confined to the Faraday rotation effect. In the 

near infrared, there are at least two contributions to the Faraday effect 

in the iron garnets (Krinshick and Chetkin, 1962). The first part is 

nondispersive and due to ferrimagnetic resonance. It is given for ReIG 

by the fomla 

27r<n> 
a~ 

(nondispers ive) 
= [ [~~e@Fe(d)-~Fe(a))-~~e%eI 

. . . . . . 

w1ler.e M Fe (d) M ~ e  (a) and MR, are the algebraic sublartice magnetizations; 

(d) and (a) in the subscripts of MFe denote the d-site and the a-site, 

are gyromagnetic ratios; <n> is the average respectively; y~, and yRc 

refractive index; and c is the free-space velocity of light. The second 

part is a dispersive contribution associated with the allowed electric 

dipble transitions of Fe3+, which give rise to strong absorption in the 

visible region. It is given by the expression for the ReIG 

where the A, B, and C are the frequency-dependent coefficients for the 

electric-dipole rotation. The coefficients for YIG, GdIG, and TbIG are 

listed in Table 30.15 (cooper et al. , 1968 ; Crossley et al. , 1969) . All 
the electric-dipole ' (dispersive) parameters are negative, implying positive 

rotations from an ion whose moment is antiparallel to the light direction. 



The octahedral ~ e ~ ' ,  gives a much larger contribution than the tetrahedral 

i n  YIG and GdIG leading t o  the resultant positive rotations. 

Faraday rotation do.es not depend on frequency for  X > 6 pm. In 

TbIG, a changes sign a t  the compensation point. A t  T = l l o O ~ ,  a undergoes 

a second change in  sign and increases with further decrease i n  temperature 

(Chetkin and Shalygin, 1968). This second change in the sign of a was 

also observed in  Y0.5Dy0 51G i n  the region of 50'~. A t  a wavelength greater 

than 4 w, the a of Bi0.24Ca2.76Fe3.62V1.J8012 (Chetkin and Shalygin, 1968) 

is positive and independent of A.  The a is 16O/an. In the vis ib le  region, 

the a value is negative. 

There are various mechanisms operating i n  different parts of the 

spectrum (Dillon, 1968). The magneto-optical effects can a r i se  from: 

1. Spin orbit  sp l i t t i ng  of ~ e ~ +  ion allowed transitions i n  the visible 

or above. These may be charge transfer transitions or allowed single-ion 

transitions. 

2. Exchange sp l i t t ing  of rare earth sharp-line transitions. 

3. Exchange or spin orbit  spl i t t ings  of rare earth allowed transitions. 

4. Ferromagnetic resonance and exchange resonances correspond t o  the 

response of whole sublattices t o  external magnetic f ie lds .  

Faraday rotations were studied i n  {Bi Ca 1 [Fez 1 (Fe3-xVx)012 where 3-2x 2x 

the V substitutes for .  tetrahedral Fe leading t o  a magnetically compensated 

ferrimagnetic composition a t  x = 1.0 (Buhrer, 1969). Ultraviolet measure- 

ments of the complex polar-Kerr effect (rotation and e l l ip t i c i ty )  were 

reported between 1 .7  and 5.64 eV fo r  YIG,  EuIG, ErIG, and Ga-substituted<-+-. 

EuIG (Kahn e t  a l . ,  1969a,b). Charge transfer transitions a t  about 4 and 

5 eV, associated with Fe(a) and Fe(d) , respectively, are found t o  be respons- 

ib le  fo r  the principal ul traviolet  magneto-optical spectra. 



TABLE 30.15 

Coefficients, for Nondispersive and Dispersive contributionsa to the 
. . 

Faraday ~otations of YIG, GdIG, and TbIG at 1.15 w 

Nondispers ive Fe 3+ cd3+ I'b3+ 

Dispersive A B 

. YIG -40.3 + 1.7 -21.4 +, i.2. - 
GdIG -42.4t1.8 -27.1z1.3 -1..O + 0.2 
TbIG -9.0 f 15.0 -10.0 2 11.0 -84.4 f 2.5 

a From Cooper et a1. , 1968, and Crossley et al. , 1969. 



C. Photomagnetic Effect 

The photoFgnetic effect induces a change i n  magnetic properties 

through the .influence of photons, whereas the magneto-optic effects ,  such 

as Faraday rotation, e tc . ,  cause the l ight  propagation t o  be influenced 

by the magnetization distribution. 'l'he photomagnetic ef lec t  was f i r s t  

observed in  Si-substituted Y I G  (Teale and Temple, 1967). Changes i n  

crystal l ine anisotropy were found in YIG:Si, and they depend on the 

angle between the l ight  polarj.zation and the crystal  axes (R. F. Pearson 

e t  a l . ,  1968). A t  77OK, a single crystal  picture frame YIG:SiOeO5 had 

i ts  i n i t i a l  permeability, of 6 dlanged t o  4 a f te r  the l ight  irradiation, 

and a polycrystalline toroid Y1G:Si 0.005 had i ts  i n i t i a l  permeability 

o f  120 changed t o  20 a f t e r  exposure t o  the l igh t  a t  an intensity of about 

10 '~  w/m2 (Enz e t  a l .  , 1969). The l ight  also influences the switching 

behavior of Si-dopedrYIG. ."',After irradiation with l ight ,  YIG: S i  has an 

extremely square hysteresis loop. When a step f i e ld  is applied there is 

a certain period of time during which no flux is switched irreversibly. 

The level of th i s  delay depends on the amplitude of the applied step 

f ie ld .  After th is  delay, the YIG: Si  switches i n  the normal way. A t  

4.2' and 7 7 ' ~  these changes are permanent; a t  200% the effects disappear 

a f t e r  'the termination of.  l ight  (Holtwi j k e t  a1 . , 1970) . 
A saturating f i e ld  was applied along [I001 of a [0011 polished plate 

of Y1G:Si 
0.03' 

Since [I001 is a symmetry direction of the cubic crystal,  

the anisotropy contributes no torque. After 50 sec of illumination with - 
intense white l ight ,  l inearly polarized with E along [loo], the axis of 

polarization is rotated t o  [ l i ~ ] .  A torque appears and increases rapidly 

3 to  a value of 1 . 2  x l o 4  dyn-a/an . After 150 sec, the polarization 

axis rotates 'to [110]. Over the next 100 sec the torque decreases t o  



a large negative value. This type of photoinduced anisotropy implies 

that  there is an anisotropy i n  the .absorption of l ight  by. a single s e t  

of crystallographic s i t es .  This is a photoinduced dichroism (Dillon 

e t  a1. , ,1970). For a crystal  plate.  thickness of 0.011 an, the dichroism 

w a s  found t o  be a t  1 . 5 ' ~  

2A1<11p = 0.035 and 
2AI<100> 

I I = 0.007 

where I is the l ight  transmitted. 

The above photoinduced effects  a t  relat ively high levels of S i  are 
$ 

reversible. The photoinduced effect  a t  low Si  content, i. e.,  0.01 to  

0.017 Si  per YIG formula, is irreversible and does not depend on the 

polarization of light.  A ' [I101 plate of YIG:  SiO. 017 a t  4 .2 '~  shows a 

change i n  its cubic magneto-crystalline anisotropy a f t e r  irradiation of 

l ight .  The contiibution of the Fez+ ions t o  the crystal  anisotropy is 

large, is of opposite sign t o  
~ I G  

and increases rapidly with decreasing 

temperatures. Light i rradiat ion decreases the absolute value of K 
Fez' 

a t  77 '~  and increases the value a t  4.2%. The percent a t  7 7 ' ~  decreases 

with S i  content. Samples doped with Ca instead of S i ,  and so containing 

Fe4*, showed no changes under the same condition. I t  appears that  there 

are near and f a r  s i t e s  fo r  ~ e "  i n  YIG: Si and the i r  relat ive proportion 

is influenced by irradiation. A t  each temperature, the experiment detects 

only those s i t e s  whose relaxation is of the order of u'l. Consequently, 

the Fez+ detected a t  77 '~  must be i n  a substantially, different local  

environment than that  observed a t  4 . 2 ' ~  (Flanders e t  al., 1971). Each 

s i t e  has i ts  own easy axis (one of the four <Ill> cubic directions) and 

when the population balance among s i t e s  is upset, a uniaxial anisotropy 

appears. Polarized l igh t  can create an imbalance because i t s  coupling 



t o  the pancake-like ~ e "  wave function is different for  differently 

oriented s i t es .  Using a crystal f i e ld  theory, it was found that  a 

5-.lo% population imbalance between different oriented s i t e s  is expected 

fo r  l igh t  polarized along the <110> direction (Allen e t  al.,, 1971). 

Irreversible photoinduced changes i n  optical absorption of YIG:si4+ and 

YIG: ca2+ were found i n  the near infrared region (Gyorgy e t  a1 . , 1971) . 
D. Infrared Spectra 

Ferrimagnetic garnets, namely the iron garnets, are transparent 

within the infrared region. The infrared spectra of RIG fo r  various 

rare earth cations are l i s t ed  i n  Table 30.16 (McDevitt, 1969). Similarly, 

the infrared. spectra 'of RAG' and RGaG are l i s t ed  i n  Tables 30.17 and 

30.18, respectively. . The to t a l  irreducible representations of the 

transverse optical modes are 

The factor-group analysis predicts a to ta l  of 98 lattice-vibration modes; 

however, the character table for  the point group shows that the trans- 

lat ion operations are of symmetry species F only. One acoustic mode lu  

w i l l  also be found i n . t h i s  species and w i l l  be infrared-inactive. There- 

fore, th i s  analysis predicts seventeen infrared-active l a t t i c e  modes. 

In Table 30.16, ten frequencies were l i s t ed  for  the RIG series.  Twelve 

frequencies were l i s t ed  for ,  the RGaG series (Table 30.18) , and f i f teen 

frequencies were l i s t ed  fo r  the RAG series (Table 30.17). They suggest 

that  the powder-transmission method does not .yield a l l  of the infrared- ,: ::>:-.. :. ..- 

active modes. 

A l l  of the rare-earth garnets have a s e t  of three bands i n  the 

800-600 on-' region. l ~ e s e  bands are isolated by a high-transmission 



maximum from other spectral features. One other general characterist ic  

shows a strong absorption band in  the region470-370 an-'. 



TABLE 30.16 

Infrared Lat t ice  Frequencies of R3Fe5012 ~ a n e t s ~  

- -- 

630 an-' 635 an-' 638 an-' 647 an-I 65.5 an-' 655 an-' 656 an-' 658 an" 658 cm-' 655 ~TI-' 



TABLE 30.17 

Infrared Lattice Frequencies of R ~ a r n e t s ~  

a After McDevitt, 1969 



TABLE 30.18 

Infrared Lattice Frequencies of R Ga 0 Garnets a 
3 5 12 

I-' 
I-' 

461 464 469 476 474 4 76 480 485 483 490 
IP 

384 3 84 388 . 388 390 393 385 392 387 392 

a After McDevitt, 1969. 



The yttrium garnets have a number of distinctive features that set 

them apart from the rest of the rare-earth garnets in each series. The 

frequencies for YAG at 378, 332, 292, 220 ,are higher than the other 

frequencies in the RAG series (Table 30.17). In the low frequency region 

the 93 an-' band is missing from the YAG spectrum. Similarly, the 

frequencies for YGaG at 393, 340, 257, 234 an-' are higher than others 

in the series (Table 30.18). In the low frequency region, the 110 and 

86 an-' bands are missing. In the case of YIG, the 338, 318, 259, 

227 on-' are higher than others, the 144 an-' band is nonexistent in 

others, and the 107 an'' band is missing in the YIG spectrum (Table 30.16). 

From the optical. spectra, the energy levels of the ground state multiplets 

of trivalent rare-earth ions in garnets can be determined and are listed 

in Table 30.19 (Oliver et al. , 1969a) . 



TABLE 30.19 

Energy Leve l s  of the  Ground S t a t e  i%ltiplet of Tr ivalent  

Rare Earth Ions in Garnetsa 

Host No. of Wave number 
Ion c r y s t a l  Mult iple t  levels (a -1> . . Ref. 

GdAG 

GdGaG 

TbAG 

YAG 13 0;  5; 61; 70; 116; 207; (d) 
270; 432; 443 

13 unknown - 
13 unknawn - 

TbGaG 

YGaG 

YIG 

DAG 

YAG 

DyGaG 

YGaG 

HoAG 

YAG 

HoGaG 

YGag 

ErAG 

8 0; 44; 49; 76; 422; 430; (n) 
490; 527 



Tm3+ YAG 3H6 

~ m ~ +  . TmGaG jH6 

~ m ~ +  YGaG 3 ~ 6  
Yb3+. YbAG 2F7/2 

Yb3+ YbGaG 2~ 
7/ 2 

%liver e t  al., 1969a. 
b ~ i e k e  and Crosswhite, 1963. 
CCooke e t  al., 1967. 
d~on ings t e in ,  1964. 
eIhight  and Huber, 1968. 
f ~ o n i n g s t e i n  and Ng, 1969. 
%runberg e t  al. , 1967. 
%eyssie and Dreyfus , 1967. 
=Milward, 1967. 
J ~ i e v e r s  and Tinkhan, 1963. 

%nn et  al. , 1967a. 
l ~ e l l w e g e  e t  al. , 1966. 
Wreyfus  e t  al. , 1965. 
Wrosswhite and Moos, 1967. 
OBierig and Rimai , 1965. 
P ~ o n i n g s t e i n  , 1966. 
Q. J. Pearson e t  al., 1968. 
r~uchanan e t  a l . ,  1969. 
S ~ c h a n a n  e t  al .  , 1967. 



E. Optical Absorption 

. , The optical absorption coefficient a can be determined by the equation 
2 

I = ( 1 R )  exp(-at) (30.26) .. , 

where I is the transmitted l igh t  intensity, I, the incident l ight  intensity, 

R the single-surface reflection loss a t  normal incidence, and t is the 

thickness i n  centimeters. The a values are useful technical quantities and ' 

are also excellent monitors of the purity of samples. , For example, i n  an 

undoped YIG, the a values are about 0.03 an-' i n  the infrared region botween 

2250 and 8350 an-'. with a 0.13 a t .  4 Si  addition, the a value chatlges ro 

6 an-' i n  the region between 5800 and 9100 on-' (LeCraw e t  a1 . , 1965) . 
The optical absorption of YAG w a s  studied in the region from 10 t o  

55,000 an-' (Slack e t  a l . ,  1969). No l a t t i c e  absorption peaks were observed 

i n  YAG for  wave number less  than 80 a n - l  (Milward, 1967) . .The wave number 

? region between 0 and 860 a n - l  is labeled as the one-phonon region where 

the absorption of one photon generates one phonon. The a values in th i s  

region are a l l  f a i r l y  high and then decrease rapidly fo r  O > 860 a n - l  (Slack 

e t  a l .  , 1969) . 
The absorption peaks a t  i = 700, 729, 792 a n - l  are components of the C3 

vibration of the A104 molecular. group. These V3 peaks sh i f t  t o  about 600 an-' 

i n  YGaG and YIG,  caused by Ga04 and Fe04 groupskand the larger sizes and 

masses of Ga and Fe. 

The very lowest wave number mode is a t  P = 123 an'' in YAG. In WAG, 

HoAG, and ErAG where the rare earth ion substitutes for  Y, this mode sh i f t s  

t o  95 an-'. It further sh i f t s  t o  85 an-' for  ErGaG and YbGaG. This lowest 

mode i n  YAG is probably an external mode of the whole l a t t i ce ,  involving the 

Y and A l  ions .. 



The region between 860 and 2400 is believed t o  be caused by multi- 

phonon processes in  which one photon generates two or  more phonons. The 

a values fo r  the two-phonon processes are about times as large as the 

one-phonon processes, and the three-phonon processes give a values about 

times as large. 

The two phonon processes produce an absorption peak i n  YAG a t  1450 

on-' which is just about 2f3 .  The three-phonon processes produce the peak 

a t  ,2120 an'', which is nearly equal to  3f3 of the A l O  vibration, and it is 
4 

an in t r ins ic  feature of YAG and is not caused by trace impurities. The 

2C3 and 3% peaks of Fe04 groups i n  YIG occur a t  1200 and -1700 an-' 

(Cockayne, 1966; Wood and Remeika, 1967). 

The range between 30,000 and 52,000 an-' appears t o  depend on the 

purity or  the growing conditions of the crystal or both. The cr values 

vary from sample t o  sample. da.not depend on the stoichiometry of 

the melt. 

The far-infrared l a t t i c e  absorption bands in garnets a t  - 4 ' ~  are 

l i s t ed  i n  Table 30.20 (Oliver e t  a l . ,  1969b). Three types of excitations 

occur in  ReIG. The first is the sp l i t t ing  of the ground-Kramers doublet by 

the exchange f ie ld ;  the'second is a transi t ion t o  a higher crystal  f i e l d  

level as s p l i t  by the exchange f ie ld ;  and the th i rd  is a collective mode 

in  which the ent i re  Fe and rare earth sublattices undergo a mutual pre- 
. . 

cession (Tinkham, 1962) . The far-infrared magnetic resonance results  fo r  

YbIG, as extrapolated t o  O'K, show a ferrimagnetic resonance a t  3.00.r 

0.05 an-' w i t h  a linewidth of <0.2 an-'; an exchange resonance a t  13.65 

0.05 an" w i t h  a linewidth of <0.38 an-'; two single Yb ion resonances a t  

23.2 + 0.1 an-' with a linewidth of 0.5 a n - l  and a t  27.0 0.1 cm-' w i t h  

a linewidth of 0.5 an-'; and a Yb-Yb combination resonance a t  26.3 f 0.1 an" 

with a linewidth of 0.5 an" (Richards, 1963) . 



TABLE 30.20 

Far-Infrared L a t t i c e  Absorption ~ & d s ~  in Garnets a t  - 4 ' ~  
. . . . . . . . . . . . . . . .  

Garnet Ref. 

D>13A15012 (DAG) 94.2 + 0.4 - (c) 

H0 3f150 2 OloAG) 94.5 + 0.4 - (c) 

Er3A15012 (ErAG) 96.0 + 2.0 109 + 3.U (dl 

Tm3A15012 (TmAG) 87.0 - (c) 

Yb3A15012 (YbAG) 90.0 + 0.8 - (el 

L"3A15012 ( LUG) 88.0 + 1.0  106.5 + 0.5 (el 

Ho3Ga6Ol2 (HoGaG) , 86.0 + 1.0 111 + 2.0 (dl 

Er3Ga5012 (ErGaG) 86.0 + 1.0 114 + 3.0 (dl 

Yb3Gas012 m G a G )  85.0 + 1.0 111 + 3.0 (d) 

Sm3Fe5012 (SmIG) 83.0 -1. 2.0 - (dl 

Ho3Fe5012 (HoIG) 81.6 + 0.9 98 + 2.0 ( 4  

a 
From Ol iver  e t  al. , 1969b. 

b ~ l a c k  e t  a l .  , 1969. 
CMilward, 1967. 

d ~ i e v e r s  and Tinkham, 1963. 
e ~ l i v e r  e t  a1 . , 1969b. 



The optical absorption bkds o f  cr3+, ~ e ~ ' ,  OH-, impurities in garnets 

are l isted in  Table 30.21 (Oliver e t  al .  , 1969a). Impurities are dependent 

on crystal growing conditions. Hydrothermal YIG contain an appreciable con- 

centration of the OH group which absorbs radiation in  a line spectrum 

extending from 2500 to 3700 on-' in  the infrared. YIG crystals grown from 

D20 solution have the OD isotope stretching frequency from 2200 to 2700 

an-' w i t h  one-to-one correspondance w i t h  the O H  lines a t  qOH = 1.3 GOD. 

The very broad .line a t  2930 a n - l  i s  associated with a s i t e  containing the 

~ a +  ion. 

A Ga-doped YIG crystal contains two lines a t  3442 and 3419 a n - l .  In 

undoped YIG, two lines a t  3578 and 3568 on-l disappear with Ga substitution. 

They may be due to  OH groups in the vicinity of a vacancy in  the tetra- 

1 hedral s i te .  

. . .  . . .  . . The OH absorption spectrum i s  different for different seed orientations, . ' 

with some individual lines present in  crystals of (100) seeds, and missing 

f r m  crystals of (111) or (211) seeds. The absolute intensity of the strong- 

est  OH lines is the least for growth on (111) while the growth on (loo), 

(110), and (211) shows increasing amounts in that order (Wood e t  a l . ,  1968). 

The.refractive index of single crystal YIG over the wavelength range 

1-6 was measured by the minimum deviation method (Johnson and Walton, 

1965). The mean refractive indices of YIG as a function of wavelength are 

l isted in  Table 30.22. The dispersion curve agrees with the mean index 

results for YIG to within 0.2% by a set  of constants f l  = 3.739, hl = 

0.28 w, f 2  = 0.79, X 2  = 10.0 as applied to  a dispersion curve equation 

'of the form 



TABLE 30.21 

Optical Absorption Bands of Cr, Fe, OH Impurities in ~arnets~ 
. . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . 

Wavc Number 

Impurity Garnet Ref. 

cr3+ YAG 17,000; 23,000 - (b) 

cr3+ YGaG 17,000; 22,500 (b) 

(a-site) YIG 10,200; 11,100; 14,280 

pe3* (d sito) YIG 16,4130 (c) 

Fe3* (a-site) YGaG 23,000; 23,870; 24,270 (c) 

~ e ~ +  (d-site) YGaG 20,410; 21,050; 26,300; 26,670 (c) 

OH- YIG ' . 3571 (d) 

a~rom 0liver et al. , 1969a. 'wood and Remeika; 1967. 
%ood dt al. , 1963. d~olb et al. ,: 1967. 



TABLE 30..22 

Mean Infrared Refractive Index of Y I G ~  
. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

a~ohnson and Walton, 1965. 



3 0.3  . 7  Thermal Properties 

A. Thermal Conductivity 

The t h e k l  conductivities of garnet crystals,  as a group, have been 

extensively investigated. Studies were made on YIG (Luthi, 1962; Friedberg 

and Harris,'1963; Douglass, 1963; Oliver and Slack, 1966; Rives e t  a l . ,  

1966), on YAG (Oliver and Slack, 1966; Klein and Croft, 1967), on YGaG 

- (Holland, 1368), and on DAG (Landau and Dixon, 1970). Theoretical studies 

were also made on YIG (Bllaldari and V e m ,  1966; Joshi ahld Sinha, 19661. 

These garnet crystals have a thermal conductivity K of about 0.07 to 

C ) .  10 W/&K a t  300'~ and reach a K maximum of 1 t o  5 W / ~ I ~ K  near 20'~. 

The similarity in  K among the garnets, both synthetic and natural, provides 

a study case of the effect  of crysta1,structure on K. In the , ra re  earth 

doped garnet crystals ,  the K data can reveal the phonon scattering by the 

rare earth ions. A detailed discussion of the thermal conductivity of 

garnets has been presented i n  an extensive a r t i c l e  (Slack and Oliver, 

1971), which readers are advised to.consult for  K data of garnet crystals. 

Briefly, the K results  of garnets can be summarizedas follows. All 

garnets are nonmetallic. They have no f ree  electrons to  carry heat, and 

thus heat transport is predominantly via  the phonons. From the Debye 

temperature, OD, obtained i n  other studies, the K vs. T experimerltal curve 

can be extrapolated t o  give an experimental value of K a t  T = OD. 
0 This 

value can be calculated by the equation 

K ' = 1.43 X 10 -8<~>  (<vo>) 1/38D2 w / a n O ~  
0 (30.28) 

where <M>'is,-the average atomic mass of an atom in the garnet crystal  i n  

grams, and <Vo> is  the average volume i n  cubic angstroms, occupied by one 

atom of the solid. The ra t io  K ~ / K ~ '  is called the crystal complexity 



factor G (Oliver and Slack, 1966). The values of r0, K l ,  and G ,  for 
0 

several garnets are l isted in  Table 30.23 (Slack and Oliver, 1971). The 

crystal complexity factor G varies from 0.080 to  0.114 for these garnets, 

with an average value of 0.09 + 0.01. The factor G for the natural garnet, 

i . e . , grossulanite '[ essentially (Mg , Fe , Mn) 3A12Si3012] agrees with other 

synthetic garnets. The ferrimagnetic YIG . . agrees with other nonmagnetic 

garnets in  their G factors. '  



TABLE 30.23 . 

Thermal Conductivity values a t  OD, fo r  , Garnet ~ r y s  t a l sa  
. . . . .  . . . . , . . . . . . .  

Debye Thermal conductivity 
temperature Cw/cmO~) 

0 
Crystal (OK) K~ ' G 

Grossularite 

YAG 

c m c  

LuAlG 

YGaG 

GdGaG 

YbGaG 

YIG 

a~rom Slack and Oliver, 1971. 



Therefore, the crystal complexity factor G can be considered as a 

characteristic feature of the garnet'structure, with an average . . value of 

The theory of the effect of crystal structure on K is st i l l  in a very 

rudimentary state. I t  i s  generally observed that the larger the number of 

optical branches in  the phonon s p e c t m ,  the lower the thermal conductivity. 

In garnets, there are 80 atoms in  the primitive unit cel ls ,  and there are 

97 upeical modes a t  the zone center (Hurrell e t  a1 . , 1968) . The combination 

of infrared and Raman studies has a t  most found 42 of the 97 optical un- 

knowns. A phonon of energy kgT a t  T = 300'~ has an energy in wave number 

of 209 an-', it is a n  optical phonon in YAG, and it has a very small or 

nearly zero propagation velocity. I t  contributes very l i t t l e  to the 

thermal conduction in  the crystal. 

The presence of the low-lying optical modes in  YAG and their  absences 

i n  A1203 caused the absence and presence of the Umklapp processes  in^ 

data. The characteristic of Umklapp processes in  the exponential r ise  i n  

K with decreasing temperature. Wlapp  processes require that the wave 

vectors of the three interacting acoustic phonons cmbine to  equal a wave 

vector of the reciprocal latt ice.  The wave vectors of the reciprocal 

la t t ice  are very small in  garnets because of the large size'of its unit 

cell.  The phonons of relatively low wave vector and low energy can undergo 

Umklapp processes in garnet. The cr i t ica l  phonon energy is that of the 

acoustic phononS a t  the zone boundary. The K of YAG rises with decreasing 

temperature with a dependence of exp(@/bT), where b i s  about 2 and 0 is 

1 7 7 ~ ~ .  This dependence agrees with the observed datai 

If  the only mechanism which limits the mean free path of the phonon 



is the boundary scattering, then K should be proportional to  the sample 

size (Thacher , 1967) . A t  3 ' ~ ,  the experimental ra t io  of r t o  the sample 

diameter d of YAG had a temperature dependence of T~ (Slack and Oliver, 

1971). 

Phonon scattering produced by the  luw-lying electronic levels of the 

rare-earth ions i n  garnets reduces the K below that  of the corresponding 

non-magnetic garnet. 'The data on DAG show no anomaly.in and through it 

Nee1 point TN of 2.54'~. I f  there is  a magnon contribution t o  K near TN 

of DAG, it is less  than 10% of the l a t t i c e  K ,  and may be zero (Slack and 

Oliver, 1971). This is i n  disagreement with the report of a minimum i n  

K a t  TN (Landau and Dixon , 1970) . The K of some magnetic garnets, such as 

those of To, Dy, Ho, E r ,  and Tm, is suppressed by a one-phonon resonance 

scattering process for  those phonons whose energies are equal t o  the energy 

difference between two electronic levels. The effectiveness of this 

magnetic scattering is largest for  Dy and decreases i n  the series,  Dy, 

To, Tm, E r ,  and Ho. I t s  temperature dependence is closely related t o  the 

thermally determined population differences between the two levels involved 

in  the transition (Slack and Oliver, 1971). 

B. Specific Heat 

Specific heat i n  garnets has been analyzed theoretically (Harris and 

Meyer, 1962). I t  can be expressed by 

% ' C L + % ' %  (30.29) 

where CL, $ , and $ refer  to  the contribution to  the t o t a l  specific heat, 

Cv, from the l a t t i c e ,  from the interactions betweenunpaired electrons of 

the ions (magnetic), and from the electron-nuclear spin interactions 

(nuclear) , respectively. The l a t t i c e  specific heat, CL, follows the well- 

known T~ law a t  low temperatures where the ra t io  O/T may be taken to  be 



infinite for a l l  practical purposes, and 0 is the Debye temperature. 

where R i s  the gas constant. An interpolation scheme to  calculate the CL 

of ReIG from the CLof EuIG i s  fomd to  be more successful in the case of 

the scaling factor being the 3/2 power of the ratio of masses of rare 

earth ion to Eu .ion than i n  the case of the scaling factor being the ratio 

of the molecular weights of the two garnets. The fonner case i s  given by 

CL (RIG) = (WRE/WEU) '' 'cL (EUIG) 

where WRE and Ww are the masses of the rare earth ion and Eu ion, 

respectively (Henderson e t  dl., 1969). A l i s t  of the la t t ice  specific 

heat temperature coefficients, AL, for several RIG and YIG i s  given in 

Table 30.24. 

The nuclear specific heat, CN, has a T - ~  dependence given by 

for Ai< kgT, where the summation i s  over the different isotopes and where 

- 
Ai -. gN>iB@~,i (30.33) 

is the separation between successive nuclear levels. Ii i s  the nuclear 

spin, gN is the nuclear spli t t ing factor, B N  i s  the nuclear magnetron, 
' 2 

and %,i i s  the field a t  the nucleus. The $ of ~e~~ above 0 . 4 ' ~  is 

negligible . . because of the small spli t t ing b ( ~ e ' ~ ) / k ~  = 3 x ~ o - ~ o K ,  and 

because of the low abundance of this isotope, 2.5%. Therefore, only .the 

CN of the rare earth ions needs to  be considered in  RIG. A list of nuclear 

specific heat temperature coefficients, AN, for several R I G  is also 

given in  Table 30.24. 

For the magnetic iron garnets, there is a magnetic contribution, 

CM, to the specific heets. The magnetic specific heat of YIG, EuIG, and 

129 



TmIG can be attributed entirely to the acoustical spin-wave modes, since 

their optical modes have too high an energy to be populated at low temper- 

atures (Harris, 1963). For YbIG and SmIG, the CM is dominated by the 

contributions from the twelve low-lying optical modes with energy E-(k) 3 
corresponding to the 12 inequivalent c-sites in the unit cell. 



TABLE 30.24 

S p e c i f i c  Heat ~ e m p e r a t u r e  C o e f f i c i e n t s  f o r ,  Seve ra l  ReIG 
. .  

. . . .  . . . . Temperamre . coef f icientsa 

L a t t i c e  AL 
. . . .  

Nuclear % 

YIG 

SmIG 0.75 x l o e 4  2.6 t 0.4 x 

EuIG 0.75 x l o - 4  9.07 + 0 .1  x 

GdIG 0.75 x l o - 4  

YbIG 

LuIG 

' ~ e n d e r s o n  e t  al . ,  1969. 



For the acoustic spin-wave modes, the temperature dependence of 

follows mainly the T ~ / ~  relationship coupled with a moderating function 

G (TI 

= (0.113/4) R ( ~ ~ T / D )  3 / 2 ~  (T) (30.34) 

where D is the dispersion constant which i s  a linear combination of the 

exchange integrals in  the garnet. The moderating function G(T) can be 

ei ther  calculated or  'experimentally curve-fitted. One calculated expres- 
> 

sibn of GiTj is  (Harris, 1963) 

G(T) [l + 1,47(kBT/D)[(SE + F)/ll]) 
(30.35) 

x [ k g ~ - l .  6 @ ~ ]  [ k B ~ - g ~ ~ A ]  [kir] -' 
where HA i s  the anisotropy f ie ld .  For Y I G ,  the CM data, calculated from 

kqs. (30.34) and (30.35), using the values E = 5 an-', F = 0, and D = 

30 an-l ,  and the CL data, calculated from Eq. (30.36) with AL = 0.557 x 

1 0 ' ~  can be subtracted from the t o t a l  specific heat, $. The remaining . 

part can be empirically. f i t t e d  by a linear expression' (Onn e t  a l . ,  1967b) 

cr = ( c V - c L - ~ )  = R 1.11~ (30.36) 

An alternate expression for  G(T) is (Henderson e t  a l . ,  1969) 

G(T) = exp(-0.45~) (30.37) 

where 

x = g0Hi/kBT (30.38) 

fo r  YIG, the residual part  of C, af te r  the subtraction of CL and CM 

where CM is calculated from Eqs. (30.34), (30.37), and (30.38) , i s ,  

within the error  limit,  a linear function of temperature. The linear 

temperature coefficient E was found t o  be.-(6:4c1. 5) x R a t  H = 0 

and (9.022) x R fo r  H > 4M)e. A t  1 ' ~  and a t  ~ O K ,  th is  linear 

residual part  accounts fo r  -35% and -6%, respectively, of the to ta l  

specific heat (Henderson e t  a l . ,  1969). 



In EuIG, the nuclear specific heat, CN, must be included. The 

linear residual part had a temperature coefficient of (0.23$0.03) x ~ o - ~ R ,  

and it is -15% of C, above Z'K, but becomes . negligible . below' 1.2OK 

(Henderson et al., 1969). The C, data of TmIG behave approximately the 

same as for EuIG and YIG. Their analysis is hampered by the uncertainty - 

on the value of D for TmIG. No evidence of a ?h3+ optical level becoming 

populated at temperatures below 4. S°K was found in the Cv data. 

In SmIG, where the optical spin-wave modes dominate, the CM data 

can be fitted by the expression 

$ = (W6) (E/kgT) 'exp (-E/kBT) (30.39) 

with E = 38' f 3'~ (Henderson et al., 1969). The same situation obtains 

for YbIG, but here agreement between data and calcu1ation.i~ not very 

good (Henderson et al., 1969). 

Specific heat measurement is ar r  effecrive method of obtaining the 

Debye temperature, OD, but it is affected by impurities in the samples. 

In the case of YIG where many samples were used by different workers, 

the OD, as obtained from the S, data, varies from 572Oto 538OK. A list 

of the Debye. temperatures .of several garnets is given in Table 30.25, 

with some of the OD valuesobtained-from elastic constant measurements 

(Oliver et al. , 1969a). 



TABLE 30.25 

Debye Temperatures of ~ a r n e t s ~ ~ ~  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

<M> 0 
Crys t a1 . (?PI (OK) Method Ref. 

. . . . . . . . . . . . . .  . . . . . .  

YAG 

TmAG 

YGaG 

Y I G  

YIG 

EuIG 

LuIG 

NdGaG 

''he terns used: 

M average mass of an atom of the crystal 

8 Debye temperature 

C i  j denotes the determination of 0 from room temperature 
e l a s t i c  constants 

. c p , c v  denotes the determination of 8 from specific heat measure- 
ment a t  low temperatures. 

'~rom Oliver e t  a l .  , 1969a. 
f Oliver e t  a l .  , 1969a. 

CSpenc,er e t  a l .  , 1963. g ~ a r r i s  and Meyer,,, 1962. 
dAlton and Barlow, 1967. h~ateman, 1966. 
e~oga ,  1967. 'Onn e t  a l .  , 1967b. 



Dysprosium aiuninum garnet (DAG) ..is an interesting compound which 

resembles closely a two-lattice Ising antiferromagnet (Ball e t  a l . ,  1964). 

The IIy3+ ions have an extremely anisotropic g factor with gz = 18 and 
. . 

g X ? g y  = 0. DAG is a highly anisotropic antiferrornagnet with moments 

Si = % which point along the + x, +, y, and f z axes. In a magnetic f i e ld  

along a <Ill> axis, the x, y, and z. sublattices become equivalent. Below 

1.66OK, the specific heat of DAG undergoes a f irst-order transi t ion in  

applied f ie lds ,  and above 1.66OK, the transi t ion has a continuous, but 

f i n i t e  derivative, i n  the observed thenodynamic- functions (Keen e t  a l . ,  

1966). Close to  TN (2.53'~), the phase boundary between the an t i fe r ro-  

~ magnetic and the paramagnetic phases can be accurately f i t t e d  t o  the 

data by the expression: 

& = A [ ~ - ( T / T ~ ) ] ~  mt (30.40) 

with n = 0.50 + 0.02 as predicted by theory (Fisher, 1360) , A = 6.52 me, 

and TN = 2.53 0.01'~. 

The specific heat results  of DAG can best be f i t t e d  by the equation 

c = A' (T-TN)-a + B i  '(30.41) 

with a = 0.31 + 0.02 (Keen e t  a l . ,  1967). 

The lambda'transition of llAG can also be indicated by the thermal 

expansion data. For I 1- (T/TN) I < 0.1. , the thermal expansion data are 

consistent with a l o g a r i t h i c  singularity when T < TN and w i t h  a power 

l a w  behavior fo r  T > TN (Philip e t  a l . ,  1969). 

C. Thermal Expansion 

Lattice constants of YAG, YGaG, GdGaG, GdIG, and.YIG were measured 

in  the temperature r F g e  296°-14000~ (Geller e t  al., 1969). The data 

were f i t t e d  t o  the expression 

(Aa)/ao = I + bT + ( 4 2 ) ~ ~  + d ~ - '  (30.42) 



where a. was the lattice constant at 296O~. The polynomial parameters 

I, b, c, and d for these garnets are listed in Table 30.26. Below the 

Curie temperature of both YIG and GdIG, there is a slight concavity of 

(Aa/a,) vs. T, while above Tc, (Aa/a,) vs. T is straight for both garnets. 

The parameters listed in Table 30.26 are very sensitive to the observed 

ci values. They are simply empirical parameters used to fix the data. 

Dilatometry studies of YAG crystals (Gupta and Valentich, 1971) 

show good agreement with lattice parmeter nleasure~~zents of YAG powders 

(Croft, 1965; Geller et al., 1969). Dilatometric data on a polycrystalline 

YAG sample with about 5% porosity show lowering of thermal expansion. 

From room temperature to 1673'~~ the linear thermal expansion coefficients 

-6 0 are 8.9 x 10 / K and 8.0 x ~O-~/'K for single crystal and polycrystalline 
3 YAG, respectively. Change in density, from 4.38 gm/m to 4.35, gm/an3,  of 

the polycrys~alline sample showed no differences in its expansion. 



TABLE' 30.26 

Polynomial Parameters  f o r  the Mean Thennal Expansion C o e f f i c i e n t s  o f  

S e v e r a l  Garnets ( ~ e l b e r  e t  al. , 1969) 
, . . .  . . . . . . . . . . .  . . .  . . .  

% Temperature 
I -6 C -1 a t  2 9 6 ' ~  range  

(X (X 10 1. (X (X 10 gj , , , , 

. . . . . . . . . . .  . (OK> 

YAG -2.968 8.192 0.994 1.535 12,008 296 - 1401 

YGaG -0.747 4.692 4.519 -2.545 12,274 296-1309 

GdGaG -2.201 7.084 2.457 -0.034 12.375 296-1402 

GdIG -8.580 21.335 -14.422 8.564 12.471 296 - 553 

-3.012 10.177 - - 12.471 553-1273 

-11.258 25.661 -17.810 13.155 12.376 296-553 YIG 



3 0 . 3 . 8  Elast ic  Properties 

A. Elast ic  Constants 

The e las t i c  constants of EuIG, YIG,.GdIG, GeGaG, YGaG, and YAG are 

tabulated in  Table 30.27. Two natural s i l i c a t e  garnets are also included 

in  Table 30.27. They are designated Si-garnet 1, 

3 (F'155Fe43. ?go. ZCal 3)0100 *A1203*3Si02 

and Si-garnet 2 ,  3(Fe81Mg14Mn1Ca4)0100.~3.3Si02 (Varma, 1960). The 

e l a s t i c  constants increase i n  the order of EuIG, YIG,  GdTG, GdGaG, YGaG, 

Si-garnets 3. and 2 ,  and YAG. Elastic anisotropy is defined for  the garnet 

structure as 

A = 2C44/(Cll-C12) 

From the A values l i s t ed  i n  Table 30.27, GdIG with an A of 1.0007 has the 

lowest anisotropy,YGaG with an A,of 1.10 has the highest anisotropy. 

Most of the l i s t ed  A values i n  Table 30.27 l i e  within + 5% of isotropy. 

The longitudinal and shear velocities of several garnets are  l i s t ed  i n  

Table 30.28. Longitudinal velocities f a l l  within the range 6.3-8.6 x 10' 

cm/sec, and shear velocities f a l l  within the range 3.3-5.0 x l o 5  cm/sec. 

The temperature dependences of the e las t i c  constants of.  YAG are found 

to be negative (Alton and Barlow, 1967). Based on the e las t i c  constants 

a t  25'~ Cll for  YAG is 1.0127 times greater than a t  150°K, C44 is 1.010 

times greater, and C12 i s  1.007 times greater a t  1 5 0 ~ ~ .  The isotropy 

factor A i s  found to  decrease from 1.033 a t  300°K t o  1.027 a t  1 5 0 ~ ~ .  

As a comparison, the temperature dependences of e las t i c  compliances of 

natural s i l i ca te  garnets are found t o  be positive fo r  sll and s44, and 

negative for  s12 (Reddy and Bhimasenacha, 1964). The sll value is 3.84 x 

1013 cm2/dyn a t  93OK, 3.95 x 1013 a t  323OK, and 4.17 x 1013 a t  573'~. 



The Sl2 value is  -1.17 x 1013 m2/dyn. a t  9 3 ' ~ ~  -1.14 x 1013 at  323OK, 

and -1.09 x 1013 at  5730~ .  The s44 value i s  2.45 x loi3, 2.42 x loi3, 

and 2.62 x 1013 an2/dyn f o r  93O, 3230, and 573OK, respect ively .  The 

. temperature gradient of sll varies from 0.00025 a t  9 3 ' ~  t o  0.0006 a t  

3 ~ 3 ~ ~ ~  and t o  0.0012 a t  ~ 7 3 ~ ~ .  The (As12/AT) varies from -0.000125 a t  

9 3 ' ~  t o  -0.0002 at 323OK, and t o  -0.0004 at  573'~. The (As~~/AT) va r i e s  

from 0.00075 at 9 3 ' ~  t o  0.0018 at  3 2 3 ' ~ ~  and t o  0.0016 a t  573'~. 

Microhardness values of YIG, YGaG, and YAG are l i s t e d  i n  Table 30.29 

(Gendelev and Shcherbak, 1966). The values a r e  more ref ined than the 

previously reported 1500 kg/mm2 f o r  Y I G  (Courtel e t  a l . ,  1962). On {110} 

faces ,  t he  microhardness is m a x b  i n  <.loo> and minimum in <Ill>. On 

t he  (110) face  of YIG, M.H. <loo> = 1340 kg/mm2, M.H. <Ill> = 1210 kg/m2, 

and M.H. <loo> > M.H. <110> > M.H. <Ill> (Gendelev and Shcherbak, 1966). 

1 On {2113  faces  the maximum M.H. d i rec t ion  is <110>; the M.H. values f a l l  ~ 
in  t h e  d i rec t ions  <311> and <210>. On t h e  (211) f ace  of Y I G ,  M.H. 

<110> = 1320 kg/mm2, and M.H. <Ill> = 1230 kg/mm2. Replacement of Fe by 

Ga, and espec ia l ly  by Al, increases  microhardness i n  a l l  d i rec t ions  of the 

(110) plane. I n  YAG, (1101 faces  predominate markedly ove r  (211), and 

a l s o  prove t o  be harder .  YIG and YGaG {2111 faces a r e  harder t h a n  {110} 

faces. 



TABLE 30.27 

E l a s t i c  Gonstants .of  Severa l  Garnets 
. . . , . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

E l a s t i c  
a n i s o  opy 

C1l C44 
A = 5E44 

C11-C12 Densi ty 
x 1 0 - l 1  dyn/an2 , (g11/a3) ~ e f  . a 

EuIG 25.10 10.70 7.62 1.051 6.28 1 

GdIG 27'.31 12.50 7.41 1.0007 3 

GdGaG 

[Ool] 28.57 11.49 9.02 1.0562 7.085 4 

[ 1101. 28.59' 10.53 9.03 1.0574 7.085 4 

[ i i o  I 28.51 10.47 9.02 1.0574 7.085. 4 

YGaG 29.03 11.73 9.547 1.10 5.79 5 

YAG 33.32 11.07 11.50 1.03 4.55 5 

S i - g a r n e t  1 30.73 10.97 9.52 4.247 6 

a ~ e y  t o  r e f e r e n c e  numbers: 1. Bateman, 1966; 2. Clark  and St rakna ,  
1961; 3. Comstock e t  al.,  1966; 4. Graham and'Chang, 1970; 5. Spencer 
e t  al . ,  1963; 6. Varma, 1960. 



TABLE 30.28 

Longitudinal and Shear Velocities of Several Garnets 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . , . . . . . . . . . .  . 

Longitudinal velocity Shear velocity . 

. ~ l  (x 10-5 an/sec) vs . ~ef. . a . , . .  , .  . . . . . , . .  . . . . . . . . . . . .  . 

EuIG W[llOl, P[110] 6.375 w[llo], P[lfO] 3.385 

W[llO], P[OOl] 3.484 1 

YIG W[TlOI, P[110] 7.172 ~[110], ~[lio] 3.902 

GdIG 6.50 

GdGaG W[OOl] 6.399 

W[llO] 6.402 

-- w~ilo] 6.394 : . w[ilo] 3.467 

YGaG W[OOl] 7.080 W[OOl] 4.0601 

W[110] 7.1914 W[llO], P[OOl] 4.0614 

~[iio], ~[iio] 3.8655 5 

YAG W[OOl] 8.5630 W[OOl] 5.0293 

W[llO] 8.6016 W[llO] , , P[OOl] 5.0274 

~[iio], ~[iioj 4.9438 5 

Si-garnet 1 W[100], P[100] 8.51 W[lOO], P[lOO] 4.74 

W[lOO], P[llO] 8.47 6 

Si-garnet 2 W[100], P[100] 8.54 W[lOO], P[lOO] 4.75 

W[lOO], P[110] 8.51 6 

?'he key to , reference nmbers is given in Table 30.27. 

b~he chemical fomlas are Si-garnet 1: 3 (Mn 5Fe43 5Mg0e 2Ca1.3)0100.A1203. 3Sio2; 
Si-garnet 2: 3 ( ~ e ~ ~ ~ ~ ~ ~ h ~ ~ a ~ ) ~ ~ ~ ~ . ~ ~ .  3sia2. 



TABLE 30.29 

Microhardness of YIG, YGaG, and YAG 

(Gendelev and Shcherbak, 1966) 
. . . . .  . . . . . . .  

Error in  
Mean measuring 

microhardness microhardnes s 
of faces . of faces . Mean Class 
(kg/mm2) (kg/m2) microhardness of 

. ... bf c ~ s f a l  Hardness 
C l l O ]  (2 11) CllOI (21.1 ) % Ho 

YIG 1210 1240 3 5 50 1230 

YGaG. 1450 1520 45 75 1490 8.0 

, YAG 1900 1650 5 0 85 1730 8 .4  



B. Ultrasonic Attenuation 

. . The observed sound attenuations at.room temperature were theoretically 

related with the measured thermal properties of several insulating crystals 

(Woodruff and Ehrenreich, 1961). The theory applies for the limit of 

UT 1, where o is the angular frequency of the sound wave, and r is- the 
relaxation time of thermal phonons. The sound attenuation T. in decibels 

per centimeter is given by 

where <y> is the average Gruneisen constant, which depends on the mode and 

polarization of the sound wave, K is the thermal conductivity, p is the 

density, a is the angular frequency of the sound wave, and <v> is the 

average velocity of sound in 'the Debye approximation. From the work of. 

Oliver and Slack (1966), a figure of merit R can. be obtained from Eq. 
. < , . .  .. , (30.44) : 

-1/3 
R = (K0/Kif ),(300/~1~ 06) (30.45) 

The sound attenuation r in decibels per centimeter can be expressed in 

terms of rT in decibels per micron second by the equation (Oliver et al., 

The sound attenuations, sound velocities, Debye temperatures, and. 

figures of merit for'several garnets are listed in Table 30.30 (Oliver et al.," 

1969a). The data for other crystals are also included in Table 30.30 for 

comparison. 



TABLE 30.30 

Sound Attenuations, Sound Velocities, Debye Temperatures and 

Acoustic Figures of Merit of ~ a r n e t s ~  
. . .  . .  

Sound attenuation Sound Debye Acou. tic figure 
velocity Temp. of merit 

30 (1) 

9 (s) 

10 (1) 

3 (5) 

3 (1) 

2.1(s) 

0.44 (s) 

Diamond 
12.8 (s) 

0.6 (1) 

0.37 (s) 

0.2(1) 

0.5(s) 

0.4(1) 

1.5(s) 

0.4(1) 

O.l(s) 

0.3(1) 

0.15 (s) 

0.37 (1) 

0.2(s) 

YAG 

, YGaG 



0.34 (s) 

7.31 (1) 

4,15 (s) 

T m A l G .  4.14 (s) 620 0.004 

a ~ r o m  O l i v e r  et dl. , 1969a. 
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