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CURRENT  TRENDS I N  AMORPHOUS  MAGNETISM 

J.M.D.Coey  and  D.H.Ryan 

Abst rac t .   Recent   research  on some t o p i c s   i n  amorphous 
magnetism is reviewed  and  quest ions are posed  which 
should  be  answered by f u t u r e  work. The t o p i c s  are i )  
appearance  of  magnetism i n   b i n a r y   a l l o y s   o f   t h e  3d 
t r a n s i t i o n   e l e m e n t s   F e ,  Co and N i  wi th   sp   e lements ,  
i i )   c o n f l i c t i n g   g r o u n d   s t a t e s  of  amorphous i r o n  
(ferromagnet ic ,   asperomagnet ic ,   paramagnet ic) ,  
i n f e r r e d  b y   e x t r a p o l a t i n g   d i f f e r e n t  Fe M 
t o  x = 100, i i i )   i n f l u e n c e  of  hydrogenxo!i0%8 magnetic 

sys tems 

p r o p e r t i e s  of metallic g l a s s e s ,   i v )  random magnetic 
an iso t ropy   and   v)   amorphous   ion ic  compounds wi th  
p u r e l y   a n t i f e r r o m a E n e t i c   i n t e r a c t i o n s .  

INTRODUCTION 

The  magnet ic   propert ies   of   amorphous  mater ia ls  
h a v e   b e e n   s t u d i e d   r a t h e r   i n t e n s i v e l y   o v e r   t h e   p a s t   t e n  
years .   With  the  development   of   methods  of   l iquid  and 
vapour  quenching i t  has  become p o s s i b l e   t o   p r o d u c e  many 
m e t a s t a b l e  metallic a l l o y s  as wel l  as a number  of 
s i m p l e   n o n c r y s t a l l i n e   i o n i c  compounds.  These m a t e r i a l s  
have  extended  our  knowledge  and  improved  our 
unders tanding  of  each  of t h e  two m a j o r   c a t e g o r i e s   o f  
magnetic materials, m e t a l s   a n d   i n s u l a t o r s .  1984 has  
seen   t he   appea rance   o f   t he   f i r s t   monographs   i n   Eng l i sh  
on amorphous   magnet i sm,   one   descr ip t ive   [ l ] ,   the   o ther  
t h e o r e t i c a l  121,  and s u b s t a n t i a l   s e c t i o n s   o f   o t h e r  
recent   works on metallic g l a s s e s  are d e v o t e d   t o   t h e i r  
magne t i c   p rope r t i e s   [3 ,4 ] .  A book i n  German by 
Handrich  and Kobe was p u b l i s h e d   e a r l i e r   [ 5 ]   a n d   t h e r e  
is  a u s e f u l   b i b l i o g r a p h y   c o v e r i n g  work  up t o  1980 161. 

A t t e n t i o n   h e r e  i s  d i r e c t e d   t o  some c u r r e n t   t r e n d s  
i n   r e s e a r c h   i n   t h i s   f i e l d .   T o p i c s   c h o s e n   a r e   r e l a t e d  
t o   t h e   m a g n e t i c  moments a n d   s p i n   s t r u c t u r e s  of 
amorphous  metals   and  insulators .  Each s e c t i o n   e n d s  
wi th   one   o r  two quest ions  which  should  be  answered by 
f u t u r e  work. 

APPEARANCE  OF 3d MOMENTS 

b ina ry   a l loys   o f  a 3d t r a n s i t i o n   e l e m e n t   w i t h  a 
non-magnetic  element, T M 1 0 0 -  , which  have 
non-c rys t a l l i ne   s t ruc tuHes   ovgr  a wide  range of 
compos i t ion   has   l ed   t o   t he   p rospec t  of  examining 
s y s t e m a t i c a l l y   t h e   c o n d i t i o n   f o r   t h e   a p p e a r a n c e  of 3d 
magnetism.  Following  Rainford [ 7 ] ,  i t  is  u s e f u l   t o  
d i s t i n g u i s h   t y p e  I onse t  of  magnetism,  where  the T 
atoms r e t a i n  a magnetic moment even when t h e y   a r e  
r a t h e r   d i l u t e   i n  M ,  and  type I1 onset,   where T atoms 
are ac tua l ly   nonmagne t i c  when d i l u t e   i n  M. I n   t h e  
f i r s t   c a s e ,   m a g n e t i c   o r d e r  sets i n   a t  a c r i t i c a l  
c o n c e n t r a t i o n  x where t h e  T atoms are c l o s e  enough f o r  
exchange   i n t e rac t ions   t o   coup le   mos t  of  them toge the r .  
I f   t h e s e   i n t e r a c t i o n s   e x t e n d   o n l y   t o   n e a r e s t - n e i g h b o u r s  
t h e n   t h e   c r i t i c a l   c o n c e n t r a t i o n  is t h e  si te p e r c o l a t i o n  
t h r e s h o l d  x which is  approximate ly  200/N i n   t h r e e  
dimensions,p(N i s  the   co-ord ina t ion   number) .  A random 
dense-packed   s t ruc ture   wi th  N = 1 2  t h e r e f o r e   g i v e s  x =17. 
I n  the   s econd   ca se ,   t he   onse t  of  magnetism  occurs B t  a 
c o n c e n t r a t i o n  x > x which   depends   sens i t ive ly  on t h e  
number  and  type'of d a r e s t  ne ighbours  a t  t h e   t r a n s i t i o n  
metal si tes.  The e l e c t r o n i c   c o n f i g u r a t i o n s  of t h e  
ne ighbour ing  a,toms c r i t i c a l l y   i n f l u e n c e   t h e   w i d t h  and 
s p i n   p o l a r i z a t i o n   o f   t h e   a t o m i c  3d l e v e l s ,  so t h a t   t h e  
onse t   o f   magnet i sm  re f lec ts   no t   mere ly   the   geometry  of 
t h e   s t r u c t u r e   b u t   a l s o   t h e   n a t u r e   o f   t h e   e l e m e n t s  
concerned  and  the  degree of hybr id i za t ion   and   cha rge  
t r a n s f e r   i n v o l v i n g  3d o r b i t a l s .  The c r i t i c a l  

The use  of   vapour   quenching  to   prepare  s imple 
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P h y s i c s ,   T r i n i t y   C o l l e g e ,   D u b l i n  2 ,  I r e l a n d .  

c o n c e n t r a t i o n   i n   e i t h e r  case may be   i n f luenced  by 
chemical   short-range  order .  

I r o n .  - 
Much in fo rma t ion  is a v a i l a b l e  on i r o n   a l l o y e d  

with  an s p  element  from  subgroups IIIA, IVA,  VA, IIIB, 
I V B  o r  VB o€ t h e   p e r i o d i c   t a b l e [ 8 - 2 2 ] .  Fe MIOO- 
a l loys   a r e   no rma l ly   f e r romagne t s  when t h e   f r o n   b g a r s  a 
moment, bu t  random n o n - c o l l i n e a r   s t r u c t u r e s  are 
occas iona l ly   found  (e .g .  when M=Y). ' The   ave rage   i ron  
moment ji for   fe r romagnet ic   composi t ions  may b e  
deduced Yrom the   spontaneous   magnet iza t ion   ob ta ined  
f rom  the   magne t i za t ion   cu rves   a t  low t empera tu re ,  
assuming no moment r e s i d e s  on M. It is  p o s s i b l e   t h a t  
a small a n t i p a r a l l e l  moment could  be  induced on I V A  o r  
VA s u b g r o u p   m e t a l s ,   b u t   t h i s   h a s   y e t   t o   b e  
demonstrated  for  an  amorphous  material .  
A l t e r n a t i v e l y ,   b o t h   t h e   a v e r a g e   i r o n  moment and i ts  
p r o b a b i l i t y   d i s t r i b u t i o n   P ( p  ) may be   i n fe r r ed   f rom 
t h e   h y p e r f i n e   f i e l d   d i s t r i b u f i o n  P(B ) found  from 
Mi i s sbaue r   spec t r a .   P ropor t iona l i t y  beftween p and B 
h a s   b e e n   e s t a b l i s h e d   i n  a number of c r y s t a l l i g e  and hf  
amorphous   b inary   sys tems  wi th   s lopes   in   the   range  
12.5-15.5 Tes la /uB  [23 ,24] .  
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Fig. 1. V a r i a t i o n  of t h e   a v e r a g e   t r a n s i t i o n - m e t a l  
moment i n  amorphous  binary  a l loys  of   (a)  Fe (b)  Co and 
( c )  N i  with  elements  from  subgroups  IIIA,IVA,IIIB E IVB 
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A c o l l e c t i o n  of r e s u l t s   f o r  (x) f o r   a l l o y s   o f  Fe 
with  subgroup I11 and I V  elements 9s shown i n   f i g .  la .  
Massbaue r   da t a ,   conve r t ed   a t  1 4  T/!J , a l low  the  
ave rage   i ron   a tomic  moment to   be   i ng luded   even   fo r  
sys t ems   w i th   non-co l l inea r   s t ruc tu res .  The c r i t i c a l  
c o n c e n t r a t i o n  i s  i n   t h e   r a n g e   3 0 t x   t 5 5 ,  so t h a t   t h e  
appearance  of  magnetism i s  of   typeCII .  The i n f l u e n c e  
of   local   environment  on the   appea rance  of a n   i r o n  
moment i s  d i r e c t l y   r e f l e c t e d   i n   t h e   h y p e r f i n e   f i e l d  
d i s t r i b u t i o n  P(B  )[8,25-291.  Typically,  when x>x 
t h e r e  is  a broad  peak  centred  near  4 T and  anothercat  
h i g h e r   f i e l d s .  The f i r s t  is u s u a l l y   a t t r i b u t e d   t o   i r o n  
i n  environments  where i t  would  not  normally  be 
magnetic,  and t h e   o b s e r v e d   f i e l d  may be  a t r a n s f e r r e d  
h y p e r f i n e   f i e l d   d u e   t o   c o n d u c t i o n   e l e c t r o n   p o l a r i z a t i o n  
o r  else i t  may r e f l e c t  a weak spontaneous  or   induced 
moment on t h e   i r o n .  The h igh - f i e ld   peak   i n   t he  P(B ) 
d i s t r i b u t i o n   r e p r e s e n t s   i r o n   w i t h  a good spontaneoubf 
moment. Coexis tence  of   s t rongly  magnet ic   and 
nonmagne t i c   i ron   (o r   i ron   w i th  a very weak  moment) h a s  
been   demonst ra ted   to   ex tend   over  a range  of 
concen t r a t ion   above  x i n   a l l o y s   w i t h   B [ 8 ] ,   S i [ 2 5 ] ,  
Ge[26] ,   Sn[27]   and  Y[f8] ,   and  in  some cases t h e  
amount  of  nonmagnetic  iron is p r o p o r t i o n a l   t o   t h e  
f r a c t i o n   o f   i r o n   h a v i n g   f e w e r   t h a n  5 o r  6 i r o n  
nearest-neighbours ,   assuming a simple  model  of  random 
dense  packing. It should  be  ment ioned  that   procedures  
f o r   g e n e r a t i n g   P ( B  ) from  MBssbauer s p e c t r a   i n   t h e  
p re sence   o f   an   apppgc iab le   quadrupo le   i n t e rac t ion  
i n v o l v e   s e v e r e   a p p r o x i m a t i o n s ,   e i t h e r   t r e a t i n g   t h e  
q u a d r u p o l e - s p l i t   c e n t r a l   p a r t   o f   t h e   s p e c t r u m   a s  
m a g n e t i c   h y p e r f i n e   s p l i t t i n g ,   o r   c u t t i n g  i t  out  and 
i g n o r i n g   m a g n e t i c   i n t e r a c t i o n s   e n t i r e l y   i n   t h e   c e n t r a l  
p a r t .  The form  of  the  P(B ) d i s t r i b u t i o n   b e l o w  2 T 
(z0.15i~.  ) may b e   r e g a r d e d   b f t h   s c e p t i c i s m ,   b u t   t h e  
b r o a d   d a s t r i b u t i o n  of, h y p e r f i n e   f i e l d s   a b o v e  x and 
the  inhomogeneous  nature  of t he   appea rance   o f  
magnet i sm  wi th   coexis tence   o f   i ron   having  a 
s u b s t a n t i a l  moment wi th   i ron   which  i s  nonmagnet ic   (or  
weakly  magnetic) is  n o t   i n   d o u b t .   E v i d e n c e   f o r  
chemica l   sho r t   r ange   o rde r   has   been   s een   i n   t he  
r e l a t i o n   b e t w e e n  B and   t he   en tha lpy   o f   fo rma t ion   o f  

h f  

FexM1 0 o-, . a l l o y s  wlEh x 4 5  [30] .  
The In f luence   o f  a l l  3d t r a n s i t i o n  metal 

i m p u r i t i e s  on t h e   i r o n   h y p e r f i n e   f i e l d   h a s   b e e n  
examined i n   t h e  (Fe  T100-x)B15Si13  system  [31].  For T 
elements   f rom  Ti  toXMn t h e r e  i s  a l a r g e   e f f e c t ,  dB /dx - 0.5 T,  whereas  from Fe t o  Cu t h e   e f f e c t  i s  v e r y   h f c h  
less ( f i g .   2 ) .  The p a r t i c u l a r   e f f e c t i v e n e s s  of C r  i n  
d e s t r o y i n g   t h e   i r o n  moment is  e v i d e n t   i n  
(Fe CrlO0- )B20 a l l o y s ,   f o r  which x = 60[29] .  By 
c o n r r a s t ,  h e r e  i s  no ev idence   o f   a ' s ign i f icant  
r e d u c t i o n   i n   i r o n  moment i n  Fe M ~ O O  when M i s  an  
element  from  group I (Ag[32]) 8r I I - ~ M g [ 3 0 ] )   b u t   d a t a  
on these   sys t ems  is s t i l l  v e r y   s p a r s e .   O n l y   a l l o y s   o f  
the  type  (Fe  NilOO-x)G  with G = B,C,Si ... a p p e a r   t o  
exhibi t   an  otfset   of   fekomagnet ism  which is  c l e a r l y   a t  
t h e   p e r c o l a t i o n   t h r e s h o l d  x -19 [33 ,34 ]   ( t ype   I ) .  A 
s p i n   g l a s s   p h a s e   a p p e a r s   a t ' g r e a t e r   d i l u t i o n .  

"-. 

2 0  c 
I 
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T 
Fig. 2. Var i a t ion   o f  57Fe h y p e r f i n e   f i e l d   a n d   i r o n  
moment w i t h   t r a n s i t i o n  metal i m p u r i t i e s   i n   ( F e  
T)78B12Si lo   ( a f t e r   r e f   31 ) .  

Cobal t  & Nickel  

The v a r i a t i o n  of 3d moment is  shown f o r   b i n a r y  Co 
and N i  amorphous a l l o y s   i n   f i g u r e s  l b  and IC. Some 
c o b a l t   p o i n t s  were obta ined   f rom  fe r romagnet ic  
resonance   da ta ,   assuming a density.   obtained  by 
i n t e r p o l a t i n g   t h e   e l e m e n t a l   l i q u i d   d e n s i t i e s .  The 
c r i t i c a l   c o n c e n t r a t i o n s   f o r   t h e   c o b a l t   a l l o y s   f a l l   i n  
t he   r ange   404x   t 70 ,   whereas   fo r   n i cke l  x -80. A v e r y  
low c r i t i ca l  c$ncen t r a t ion  x = 41  is  fo&d f o r  
Ni-Ag[35],   but  for Ni-Mg x fs 72[161- 

of Fe, Co and N i  i s  summarized i n   € a b l e  1. I n  g e n e r a l  
X (Ni )  > x (Co) > x ( F e )   f o r  a g iven  M ,  and  the 
cg i t ica l  c h c e n t r a t f o n   i n c r e a s e s   w i t h   t h e  number  of s p  
e l e c t r o n s  on M f o r  a g iven  T. Values of x w i t h i n   e a c h  
column a r e   f a i r l y  similar. These   sys temat fcs  are 
b r o a d l y   i n   a c c o r d   w i t h   t h e   p r e d i c t i o n s  of t he   s imp le  
Slater-Paul ing  model ,   which  takes  no account   o f   a tomic  
s t r u c t u r e   o r   n e a r e s t - n e i g h b o u r   e n v i r o n m e n t s .  ,mis 
model has   r ecen t ly   been   r ev ived  by Williams et  a1 [36] 
wi th   the   concept   o f   magnet ic   va lence .   Magnet ic   va lence  
is  d e f i n e d   a s  

The s y s t e m a t i c   v a r i a t y o n  of x f o r   b i n a r y   a l l o y s  

zm = 2N + -z 
d (1) 

where 2 i s  the  normal   chemical   valence  (e .g .  3 f o r  Y ,  
4 f o r   S i ,  8 for   Fe)   and  N .r i s  5 f o r   i r o n  and elements 
t o  i t s  r i g h t ,  which are sdpposed   t o   have   fu l l   sp in -up  
3d  bands,  and 0 f o r   e l e m e n t s   t o  i t s  l e f t .   T h e r e  is  a 
f u r t h e r   c o n t r i b u t i o n  from t h e   s p  band so t h a t  N 4  = 
Nd4 + N . The magnetic moment is  then  

S P  

M = Z +2N 1. 
m SP 

Z i s  to   be   averaged   over   the   a l loy   composi t ion ,   and  
Nm 4 i s  taken  as 0.3. The p red ic t ions   o f   t he   mode l  
a?& i n c l u d e d   i n   t a b l e  1. It roughly   reproduces   the  
observed   t rends ,   a l though  devia t ions   f rom  the   assumed 
s t rong   f e r romagne t i sm  ( i . e .  N j d t  =5) are e v i d e n t   i n  
a l l   i r o n - r i c h   a l l o y s .  No more than  a c r u d e   i n d i c a t i o n  
should  be  expected of a model tha t   depends   on ly  on 
coun t ing   t he  number o f   e l e c t r o n s   i n   t h e   a l l o y .  

Fe Co Ni 

43 - - Sb 40 - - Ge 36 4 5  60 y 

45 68 75 p 39 - - sj 36 - - 

' Fe Co Ni Fr Co Ni 

La - 42 - Sn 35 51 - 
~3 69 - Ti 

56 59 - Nb 

- 37 - Hf 

38 64 6s Zr 

7 1  - - Ta 
_ _ _ - ~  

Th 43 - - 
eq.2:46 60 80 57 66 65 63 73 68 

Although we have  def ined x by e x t r a p o l a  .ng t h e  t j  ~ 

r a p i d l y - € a l i i n g   s e c t i o n s  of  theCT , i; or -B   Curves  
t o   z e r o ,   t h e   m a g n e t i c   p r o p e r t i e s  fiave'only bgen 
examined a t  low t e m p e r a t u r e s   i n   t h e   v i c i n i t y   o f  x f o r  
a few systems  including  Fe-Sn[l2]  and  Ni-Y[37]. 
s p i n   g l a s s   p h a s e   f o u n d   t h e r e   f o r  x < x , probably  
i n v o l v e s   o n l y   t h e   f r a c t i o n  of T atoms s i t u a t e d   i n  
envi ronments   favourable   for  moment formation,  which 
i n t e r a c t   v i a  weak long- range   i n t e rac t ions .  

3d  magnetism on t h e   b a s i s   o f   e l e c t r o n i c   s t r u c t u r e  
c a l c u l a t i o n s   f o r  real is t ic  models   o f   non-crys ta l l ine  
b i n a r y   a l l o y s .  Two questions  which  must  be  answered 
by f u r t h e r   e x p e r i m e n t a l  work are: When do  3d  elements 
r e t a i n   t h e i r  moments as i m p u r i t i e s   i n  a nonmagnetic 
amorphous mat r ix?  Does a s p i n   g l a s s   p h a s e   j u s t   b e l o w  
x i n e v i t a b l y  accompany the   onse t   o f   magnet i sm  in  
akiorphous  binary  a l loys? 

The cha l l enge  is  now t o   e x p l a i n   t h e   a p p e a r a n c e   o f  
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THE PUZZLE OF AMORPHOUS IKON 

The re   a r e  no modern r epor t s   on   magne t i c   p rope r t i e s  
of   wel l -au thent ica ted   examples   o f  pure amorphous  iron. 
On t h e   c o n t r a r y ,   e v i d e n c e   i n d i c a t e s   t h a t   t h e   p u r e   m e t a l  
c a n n o t   b e   s t a b i l i z e d , e v e n  a t  4 K [38].  Samples 
o r i g i n a l l y   r e p o r t e d  as being  amorphous  iron  have 
s u b s e q u e n t l y   t u r n e d   o u t   t o   c o n t a i n   s i g n i f i c a n t ,  
uncontrolled  amounts of impur i ty   such   as  C [39] .  

The  most  promising  approach  to  the  problem  has 
b e e n   t o   e x t r a p o l a t e   t h e   p r o p e r t i e s   o f   s e r i e s   o f  
i ron - r i ch  Fe X ~ O O -  a l l o y s   t o  x=100.  Systems  that   have 
been   i nves t iga t ed  ?n some d e t a i l   i n c l u d e  

Fe-B up t o  x = 90[8 ,11 ,40 ,41]  
Fe-Y up t o  x = 88[9,28] 
Fe-Zr up t o  x = 93[12,24,42,43] 

The magne t i c   g round   s t a t e  of t h e s e   a l l o y s   h a s   b e e n  
character ized  f rom  MSssbauer   data   and  magnet izat ion 
cu rves  a t  low tempera tures .  From the   fo rmer ,   t he  
d i s t r i b u t i o n  of atomic moment P ( u  ) and i t s  average  
va lue  i; may be   i n fe r r ed ,   whereas ' t he   l a t t e r   g ives   t he  
averageOcomponent  of t h e  moment i n   t h e   d i r e c t i o n  Of 
t h e   f i e l d  . Iff; z ; , t h e   a l l o y  i s  f e r romagne t i c  
b u t   i f  i g  s i g n i f i c a n e l y  less than   then   the  
s t r u c t u r g  must he   nonco l l inea r .  

show a f a l l   i n   C u r i e   t e m p e r a t u r e  as ? + l o o , x ( f i g .   3 a ) .  
The e x p l a n a t i o n  may b e   c o l l a p s e   o f   t h e   i r o n  moment or 
weakening of t h e   f e r r o m a g n e t i c   e x c h a n g e   i n t e r a c t i o n   o r  
bo th .  A r e d u c t i o n   i n   i r o n   m a g n e t i z a t i o n  i; i n   t h e  
i ron - r i ch  limit may a l s o   r e f l e c t  a r e d u c t i 8 n   i n   t h e  
i r o n  moment o r   e l s e   t h e   o n s e t  of a random nonco l l inea r ,  
a s p e r o m a g n e t i c   s p i n   s t r u c t u r e   ( f i g .  5) because  of a 
s h i f t   i n   t h e   e x c h a n g e   d i s t r i b u t i o n  P(f )  t o  encompass a 
s u b s t a n t i a l   m i n o r i t y  of an t i f e r romagne t i c  
i n t e r a c t i o n s .   D a t a   i n   f i g .  3 on t h e   t h r e e   a l l o y s  
s y s t e m s   c i t e d   a b o v e   i l l u s t r a t e   t h e s e   e f f e c t s .  

i r o n  momegt w i t E  i nc reas ing   x ,   bu t  i t  does show a 
d e c r e a s e   i n  T which r e f l e c t s  a weakening  of   the  net  
ferromagneticCexchange. This may r e f l e c t   t h e   p r e s e n c e  
of some a n t i f e r r o m a g n e t i c   i n t e r a c t i o n s ,   b u t   t h e y   a r e  

0' 

Some ferromagnetic  amorphous Fe M100- systems 

a-Fe B l O 0 -  shows  no s i g n   o f   a n y   r e d u c t i o n   i n  
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Fig .   3 .   (a )   Magnet ic   o rder ing   tempera tures   and  
(b)   average  a tomic moment f o r  amorphous i r o n   a l l o y s  
w i t h   e x t r a p o l a t i o n s   t o  x = 100. 

i n s u f f i c i e n t   t o   d e s t r o y   t h e   c o l l i n e a r   g r o u n d   s t a t e .  
The e x t r a p o l a t e d  amorphous i r o n  i s  t h e r e f o r e  
fe r romagnet ic   wi th  a moment ! of  about 2.31.1 and a 
C u r i e   t e m p e r a t u r e   c l o s e   t o  ro8m tempera ture .B We w i l l  
c a l l   t h i s  a-amorphous i r o n .  

A second  form, 6-amorphous i r o n ,  may b e   i n f e r r e d  
from  Fe Y Rere the   average   a tomic  moment ii 
behavesxs%?&ly t o   t h a t  of Fe-B. However the   ay loys  
are not   fe r romagnet ic  a t  any  composition,  but are 
asperomagnets   ins tead .  A f r a c t i o n   o f   t h e   a t o m i c  
moment c a n   b e   e a s i l y   s a t u r a t e d   i n   a n   a p p l i e d   f i e l d ,  
bu t  no l a b o r a t o r y   f i e l d  i s  enough t o   a l i g n   t h e  moments 
comple te ly[44] .  The random n o n c o l l i n e a r   s t r u c t u r e  i s  
a t t r i b u t e d   t o  a s u b s t a n t i a l   m i n o r i t y  of 
a n t i f e r r o m a g n e t i c   i n t e r a c t i o n s   w h i c h   d e s t a b i l i z e   t h e  
f e r romagne t i c  state. The moment ji e x t r a p o l a t e d   t o  
x=lOO i s  about 21.1 , bu t   t he   sp in   fpeez ing   t empera tu re  
is  only  130 K. N8 o t h e r  Fe-M systems  with similar 
proper t ies   have   been   descr ibed ,   bu t  Fe-Lu and  Fe-Sc are  
l i k e l y   c a n d i d a t e s .  

a-Fe Z r l O O  l i k e  a-Fe B ~ O O  h a s   t h e   C u r i e  
t e m p e r a t d e  pass?Ag through 3 max&m near  x=80. 
However, a s  x+100 both T and t h e   i r o n  moment d e c l i n e  
s h a r p l y .   E x t r a p o l a t i o n  Eo x=100 i n d i c a t e s   t h a t   t h e  
moment would   have   d i sappeared   en t i re ly   in   pure  
amorphous i r o n  which  would then  have a paramagnetic 

.ground s ta te  w i t h   e n h a n c e d   s u s c e p t i b i l i t y .  Fe-Elf 
appea r s   t o   behave   s imi l a r ly [42] .  We may c a l l   t h i s  
non-magnetic  variety y-amorphous i ron .  As a g e n e r a l  
tendency, i t  i s  obse rved   t ha t  amorphous i r o n   a l l o y s  
wi th  a s u b s t a n t i a l l y  weakened i r o n  moment o r  a reduced 
Cur i e   t empera tu re   t end   t o  show t h e   i n v a r   e f f e c t  [ 4 5 ] .  
This i s  t r u e   o f   i r o n - r i c h  Fe-Zr [43],   and Fe-B [45] as 
well as s e v e r a l   a l l o y s   w i t h  x j u s t   g r e a t e r   t h a n   t h e  
c r i t i c a l   c o n c e n t r a t i o n   f o r   t h e   a p p e a r a n c e  of magnetism 
[ 4 7 1 -  

Table  2. Magnet ic   p roper t ies  of  amorphous i r o n   a t  OK 
extrapolated  f rom  amorphous  binary Fe-M a l l o y s  

- -  
M *hf ' 0  'z Magnetic T o  Form Ref, 

(T)  ( v B )  (vB)  State  ( K )  

B 32.0  2.3  2.3  Ferromagnetic 300 [8 ]  

Y 32.2 2.3 1.6 Asperomagnetic 130 B [28,44] 

Z r  0 0 0 Paramagnetic - ~ 2 4 1  

It i s ,  of cour se ,   conce ivab le   t ha t   t he   t r ends  
v i s i b l e   i n   f i g .  3 might  reverse  themselves  and come 
t o g e t h e r   a t   e v e n   h i g h e r   i r o n   c o n t e n t   w h e r e  i t  h a s   n o t  
y e t   b e e n   p o s s i b l e   t o   p r e p a r e   t h e   a l l o y s   i n   t h e i r  
amorphous  form.  Rut t h e   d a t a ,  as of now, s u g g e s t   t h a t  
t h e r e  may b e   t h r e e   d i f f e r e n t   v a r i e t i e s   o f  amorphous 
i ron ,   one   nonmagne t i c ,   t he   o the r s   w i th  moments Of 
around 21.1 / F e   a r r a n g e d   e i t h e r   i n  a f e r r o m a g n e t i c   o r   i n  
an   a spe ro iagne t i c   con f igu ra t ion .   The re  i s  no r eason  
t o   b e l i e v e   t h a t   t h e r e  must be  a unique  form of 
noncrystall ine  iron:  amorphous  polymorphism is a l r e a d y  
known f o r   m e t a l l i c   g l a s s e s  1481. I n   t h e   c r y s t a l l i n e  
s ta te ,  bcc   and   hcp   i ron   have   qu i te   d i f fe ren t   magnet ic  
p r o p e r t i e s ,  and t h e   b e h a v i o u r   i n f e r r e d   f o r   f c c   i r o n  
depends on the  alloy  system  from  which  one 
ex t r apo la t e s [49 ] .   Ques t ions   wh ich  now a r i s e  are: What 
i s  t h e   s t r u c t u r a l   b a s i s  of t he   t h ree   magne t i c  
v a r i a n t s ?  Can t r a n s i t i o n s   b e t w e e n  them occur as a 
func t ion   o f   t empera tu re   o r   p re s su re?   [S I ]  

HYDROGEN 

S t u d i e s  of the   in f luence   o f   hydrogen  on t h e  
magne t i c   p rope r t i e s  of metallic g lasses   have   begun 
recently  [24,43,.50-53].   Alloys may be  loaded by gas  
p r e s s u r e ,   e l e c t r o l y s i s   o r   p r o t o n   i m p l a n t a t i o n .   C e r t a i n  
composi t ions  such as Zr75Rh25 may b e   p r e p a r e d   d i r e c t l y  
i n  t h e  amorphous hydrided  form by s imply   expos ing   the  
c r y s t a l l i n e   a l l o y   t o   g a s   p r e s s u r e   [ 5 5 ] .   O t h e r s ,  
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p a r t i c u l a r l y   i n   t h e  N i - Z r  s y s t e m ,   a r e   a t t r a c t i v e   f o r  
h y d r o g e n   s t o r a g e   a p p l i c a t i o n s   s i n c e   t h e y   s u f f e r  less 
damage on   absorp t ion-desorb t ion   cyc l ing   than   do  
c r y s t a l l i n e   a l l o y s   [ 5 6 ] .   U s u a l l y  it is  n e c e s s a r y   t o  ' 

use  hydrogen  pressures  of o rde r  1MPa (10  bars)   and 
hea t   t he   s ample  somewhat to  load  them,  but  the  need 
fo r   e l eva ted '   p re s su res   and   t empera tu res  may b e  
overcome by evapora t ing  a t h i n   l a y e r  of pal ladium  onto 
t h e   s a m p l e   s u r f a c e   t o  act as an  Hz d i s s o c i a t i o n  
c a t a l y s t   [ 5 4 ] .  

d i s soc ia t ed   hydrogen   a toms   d i r ec t ly   t o   t he   su r f ace   o f  
the  sample,   which is the   ca thode  of a n   e l e c t r o l y t i c  
c e l l   c o n t a i n i n g  a non-ac id   e lec t ro ly te   such  as K2C03 
and a Pt  anode.  'Ihe  method i s  a p p l i c a b l e  so long  as 
t h e   c a t h o d e   d o e s   n o t   f a l l   a p a r t ,   w h i c h  means t h a t   v e r y  
low cur ren ts   somet imes   have   to   be   used .  

t h ree   hydrogen   a toms   pe r   ea r ly   t r ans i t i on  metal (e.g. 
Y, Z r )   o r   r a r e - e a r t h .   T h i s   f a c t   i n d i c a t e s   t h a t   a n  
a n i o n i c   p i c t u r e  i s  appropr ia te ,   whereby  more than  one 
e l e c t r o n   r e s i d e s   i n   t h e   v i c i n i t y   o f   t h e   p r o t o n .  I n  
c rys t a l s   t he   dens i ty   o f   l ower - ly ing   bond ing  states is 
s t rong ly   mod i f i ed  by hydrogen ,   and   sp l i t -of f  
metal-hydrogen  bands  appear 5-7 e V  below  the  Fermi 
leve l   [57] .   Di f fe ren t ia l   scanning   ca lor imet ry   shows 
t h a t   t h e   b i n d i n g   e n e r g y  i s  of  order  leV/H[51],   and  that  
hydrogen  desorbt ion  begins   around 400 K f o r  
Ni36Zr64[56]  and  FeglZrg[24],   and  around  700 K f o r  
Feb0YsO [24] .  A sample  of  hydrogenated  FeggY12  has 
shown p r a c t i c a l l y  no change   in   hydrogen   conten t   over  a 
pe r iod  of two years   whereas   i ron- r ich  Fe-Zr a l l o y s   l o s e  
t h e i r   c h a r g e   i n  B mat te r   o f  weeks [24] .  

hydrogenat ion   because  of t h e   s u b s t a n t i a l   i n c r e a s e   i n  
volume  which may reach  20% i n  some cases,   and  because 
o f   t h e   c h a n g e   i n   e l e c t r o n i c   s t r u c t u r e .  The  volume 
e f f e c t  is most i m p o r t a n t   f o r   i r o n - r i c h  Pe-M a l l o y s  
where M is  a r a r e - e a r t h   o r   y t t r i u m .  The Fe-Fe d i r e c t  
exchange i s  a s e n s i t i v e   f u n c t i o n   o f   n e a r e s t - n e i g h b o u r  
d is tance ,   and   the   downturn   in   Cur ie   t empera ture   and  
n o n - c o l l i n e a r   s p i n   s t r u c t u r e s   h a v e   b o t h   b e e n   a t t r i b u t e d  
to   ' b road   P ($ )   d i s t r ibu t ions   wh ich   i nc lude   nega t ive   o r  
on ly  weak p o s i t i v e   i n t e r a c t i o n s   c o r r e s p o n d i n g   t o   t h e  
s h o r t e s t  Fe-Fe bonds.  Hydrogen  should  have a d rama t i c  
e f f e c t  on the   magnet ic   p roper t ies   o f   these   a l loys   and  
indeed i t  does.  a-Fe  Y1oo- with  75<x<88  change  from 
asperomagnets  With a :pin f rgez ing   t empera tu re  of  120 K 
t o  good so f t   f e r r zmagne t s   w i th  T 2400 K. There i s  
l i t t l e  change   i n  u , the   average ' i ron moment. However, 
the   Cur ie   t empera tgre   o f   fe r r imagnet ic  a-Fe Gd100- 
which is  approximate ly  450 K r e g a r d l e s s  of  $omposiffion 
f o r  60 <x<90, dec reases  by 50 r< f o r   a n   a l l o y   w t t h  x = 
67.  The compensat ion  temperature  is a lso   reduced  by 
hydrogen   [54 ] .   These   e f f ec t s   r e f l ec t  a s u b s t a n t i a l  
s h i f t  of Gd-Gd exchange   towards   an t i fe r romagnet ic  
va lues  which may b e   a t t r i b u t e d   t o  a change   i n  Gd 
c o n d u c t i o n   e l e c t r o n   d e n s i t y .  

which  have a reduced   i ron  moment ( f i g .  3) .  The 
moment is  r e s t o r e d   t o  i t s  f u l l   v a l u e   o f  -211 o n  
hydrogenat ion ,   and   there  is  a c o r r e s p o n d i n g   i n c r e a s e   i n  
Cur ie   t empera ture .  The spontaneous volume 
magne tos t r i c t ion  and i n v a r   e f f e c t   a r e   n o t   a f f e c t e d ,  hut. 
c o e r c i v i t y  which   abpears   in   the   l iqu id   he l ium  ragge   for  
t h e s e  materials is  reduced by a f a c t o r  of 10[43] .  
Comparison  of  the  volume  dependence  of  the  Curie 
tempera ture  on hydrogena t ion   w i th   t he   e f f ec t   o f  
pressure,   assuming a bulk  modulus  measured on similar 
composi t ions ,  shows a q u i t e   d i f f e r e n t   s l o p e  i n  t h e  two 
c a s e s   ( f i g ,   4 ) ,   i n d i c a t i n g   t h a t   t h e r e  is a n   i n f l u e n c e  
of  hydrogen on t h e   e l e c t r o n i c   s t r u c t u r e   b e y o n d   t h e  
normal  volume e f f e c t .  A similar conc lus ion  i s  reached  
Erom i somer   sh i f t   and  ESCA measurements. I n  summary, 
t h e   e f f e c t  of  hydrogen i n  i r o n - r i c h   a l l o y s   a p p e a r s   t o  
b e   t o   c o n v e r t  f3 o r  y amorphous i r o n   t o   t h e  a 
modi f i ca t ion .  In i ron -poor   a l loys   w i th   r a r e -ea r ths  

The e l e c t r o l y t i c  method [24 ]   supp l i e s  a stream of 

The maximum h y d r o g e n   l o a d i n g   a t t a i n a b l e  i s  roughly  

Magne t i c   p rope r t i e s  of  amorphous a l loys   change  on 

Ano.ther e f f e c t  is  found i n   i r o n - r i c h  Fe-Zr a l l o y s  

R 

where  only  the  rare-ear th  i s  magnet ic ,   hydrogen  has  
t h e   o p p o s i t e   e f f e c t ,   d e p r e s s i n g   t h e   C u r i e   t e m p e r a t u r e  
and p r e c i p i t a t i n g   s p i n  g l a s s  behaviour   [53 ,58] .  
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Fig.  4.  Hydrogen  content as a f u n c t i o n  of  volume 
change  for-  0 Fe-Zr 7 Fe-Y amorphous a l loys .   The  
i n s e r t  shows the   change   i n   Cur i e   t empera tu re   w i th  
volume i n c r e a s e  on h y d r o g e n a t i o n   f o r   i r o n - r i c h  
Fe-Zr(o)  and  volume  decrease  under  pressure - - ~ - [ 7 8 1  

Q u e s t i o n s   t o  be answered by f u t u r e  work i n   t h i s  
a r e a   a r e :  Is i t  p o s s i b l e   t o  make use  of  hydrogen  to 
t a i l o r   t h e   m a g n e t i c   p r o p e r t i e s   o f   a l l o y s   f o r   s p e c i f i c  
a p p l i c a t i o n s ?  Can the  inf luence  of   volume  and 
e l e c t r o n i c   s t r u c t u r e   c h a n g e s  on magne t i c   p rope r t i e s   be  
unrave led?  

RANDOM SINGLE-ION ANISOTROPY 

The e l e c t r o s t a t i c   f i e l d   a c t i n g  on t h e  4f s h e l l   o f  
r a re -ea r th   a toms   i n   amorphous   a l loys   c r ea t e s   l oca l ,  
random s ing le - ion   an i so t ropy  which l e a d s   t o  random 
n o n c o l l i n e a r   m a g n e t i c   s t r u c t u r e s .  To d e s c r i b e   ' t h e  
i n t e r a c t i o n   o f  a s i n g l e   i o n   h a v i n g   t o t a l   a n g u l a r  
momentum quantum  number J w i t h   t h e   e l e c t r o s t a t i c   f i e l d  
a t  i t s  s i te ,  the  fol lowing  Hamil tonian i s  used 

where n = 0,2,4,6  and I m l  Gn. C o e f f i c i e n t s  B m i n   t h e  
e x p a y i o n  are t h e   ] . o c a 1   e l e c t r o s t a t i c   f i e l d   g a r a m e t e r s  
and 0 m a r e   t h e   S t e v e n s   o p e r a t o r s .  Most of t h e s e  terms 
a r e   a 8 s e n t  by symmetry i n   c r y s t a l s   h u t  28 of them a r e  
needed t o   d e s c r i b e   t h e   i n t e r a c t i o n   i n   t h e   g e n e r a l  case. 
The problem  evident ly  calls  € o r   r a d i c a l   s i m p l i f i c a t i o n .  
By f a r   t h e  most popular   course   has   been   to   cons ider  
on ly   second  order  terms.* With a n s u i t a b l e   c h o i c e   o f  
axes ,  only t h e  terms i n  O Z o  and O Z 2  remain .   I f   the  
of f -d iagonal  term is a l so   neg lece td ,   t he   Hami l ton ian  
reduces  toJ320620 = 8z0(35 2-J(J+1)). An e q u i v a l e n t  

from s i t e  d i s ; te  ( D  is p o s i t i v e ) .  I n  t h e  rahdom a x i a l  
form i s  -DJ where the  &iest  d i r e c t i o n  z. v a r i e s  

anisotropy  model ,   in t roduced by Harris, Pl i shke   and  
Z1t::kermann i n  1973  [59] z .  is  assumed t o   v a r y   i n  a 
-andom, i s o t r o p i c  manner  rrom s i t e  t o  s i te .  The 
3ami l ton ian  is 

A l t h o u g h   h i g h l y   s i m p l i f i e d ,   t h i s  model provides  a good 
s t a r t i n g   p o i n t   f o r   u n d e r s t a n d i n g   m a g n e t i c   p r o p e r t i e s  
of   ra re -ear th   amorphous   a l loys  whose  random, 
n o n c o l l i n e a r   s t r u c t u r e s  are dominated by s i n g l e - i o n  
a n i s o t r o p y   [ 6 0 ] .   T h e s e   s t r u c t u r e s  may b e   p a r t i a l l y  
c h a r a c t e r i s e d  by n e u t r o n   d i f f r a c t i o n   [ 6 1 ] .  There i s  a 
l a r g e   l i t e r a t u r e  on t h e  random a x i a l   a n i s o t r o p y  model 
[ 6 0 ] ,   s e c o n d   o n l y   t o   t h a t  on the  random  exchange  model. 
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Even  very weak an i so t ropy  (a = D / Z  << 1, where Z i s  t h e  
coordination  number) w i l l  t h e o r e t i c a l l y   d e s t a b i l i z e   t h e  
f e r romagne t i c  s t a t e  i n   f a v o u r  of  one  where  the 
d i rec t ion   of   average   loca l   magnet iza t ion   wanders  
cont inuous ly   th roughout   the   sample .   ( I t   has   been  
s u g g e s t e d ,   h o w e v e r ,   t h a t   t h e   s u s c e p t i b i l i t y  may s t i l l  
d i v e r g e   [ 6 2 ] ) .  In t h e  limit a<<l, t h i s  s ta te  would  be 
p r a c t i c a l l y   i n d i s t i n g u i s h a b l e   f r o m  a s o f t   f e r r o m a g n e t ,  
bu t  as w i n c r e a s e s ,   t h e r e  i s  an   abrupt   changeover   to  a 
s t rongly-pinned  regime when wX.4.  Each s p i n  is  then  
c l o s e   t o  i t s  l o c a l   e a s y   d i r e c t i o n .   T r e a t i n g   t h e   m o d e l  
i n   t h e   m o l e c u l a r   f i e l d   a p p r o x i m a t i o n   w i t h  a unique 
z - d i r e c t i o n   f o r   t h e   m o l e c u l a r   f i e l d   l e a d s   t o   t h e  
asperomagnet ic  s ta te  i l l u s t r a t e d   i n   f i g .  5 wi th   an  
average i, . However,  more r e a l i s t i c  
approaches   invol%ing  cogputer   s imula t iun   or  
l eng th - sca l e   a rgumen t s   i nd ica t e   t ha t  a s t a t e  wi th  no  
n e t  moment i s  marg ina l ly   l ower   i n   ene rgy ,   and   t ha t   t he  
local   z-axis   wanders   over   dis tances  of o r d e r   s e v e r a l  
i n t e r a t o m i c   s p a c i n g s ,  a t iny  'asperomagnet ic   domain '  
whose s i z e   d e p e n d s  on the   r ange   o f   t he   f e r romagne t i c  
e x c h a n g e   i n t e r a c t i o n .   N e v e r t h e l e s s ,   a n   a p p l i e d   f i e l d  
w i l l  s t a b i l i z e   t h e   b u l k   a s p e r o m a g n e t i c   s t a t e   o f   f i g .  5,  
t h e r e b y   e x p l a i n i n g  why i n  low tempera ture   magnet iza t ion  
curves  of many rare-ear th   amorphous  a l loys a r e l a t i v e l y  
small f i e l d  w i l l  induce   about   ha l f   the  moment, bu t   an  
enormous  one i s  needed t o   a p p r o a c h   s a t u r a t i o n   ( a s  
1 /B2) .   Bes ides   magnet iza t ion ,   the  model h a s   a l s o   h a d  
some s u c c e s s   i n   e x p l a i n i n g   t h e   h y s t e r e s i s ,  
low-temperature   specif ic   heat   and  magnetoresis tance  of  
r a r e - e a r t h   g l a s s e s   [ 6 0 ] .  

F ig .  5. .&I a s p e r o m a g n e t i c   s p i n   s t r u c t u r e .  

The   next   s tep  ha: b e e n   t o   i n c l u d e   t h e   o t h e r  
second  order  term B220z2  which l i f t s   t h e   d e g e n e r a c y  
f o r  non-Kramers ions.  Agreement  with  measured 
magnet iza t ion  and s u s c e p t i b i l i t y   o f   d i l u t e   a l l o y s  P r 3 +  
i s  improved  thereby  [63].  Besides  choosing  randomly 
o r i en ted   coord ina te   axes   a t   each  s i t e ,  B z o  and B2' 
shou ld   be   a l lowed   t o   t ake  a d i s t r i b u t i o n  of v a l u e s .   I n  
p r i n c i p l e ,   t h e s e   s e c o n d   o r d e r   e l e c t r o s t a t i c   f i e l d  
p a r a m e t e r s   a n d   t h e i r   d i s t r i b u t i o n s  are o b t a i n a b l e  
direct ly   f rom  measurements  of nuc lear   quadrupole  
i n t e r a c t i o n s  by nmr d r  Mossbauer   spectroscopy  s ince B z o  
is p r o p o r t i o n a l  t o  V z z ,  t h e   p r i n c i p a l  component of t h e  

parameter [64] .  I n  p r a c t i c e ,  i t  has  proved d i f f i c u l t   t o  
e l e c t r i c   F i e l d  g r a d i e n t ,  and B 2 2 / B ~ "  = TI, the  asymmetry 

o b t a i n  much more than   average   va lues  of t h e  two 
p a r a m e t e r s   b e c a u s e   o f   t h e   l i m i t e d   r e s o l u t i o n   o f   t h e  
experimental   probes  1651,   a l though  the new 74Yb 
resonance i s  promising[66].  The d i s t r i b u t i o n   o f  
s p l i t t i n g  of t he   g round   and   exc i t ed   s t a t e s   has   been  
p robed   d i r ec t ly  by i n e l a s t i c   n e u t r o n   s c a t t e r i n g   [ 6 7 ] .  
The d i s t r i b u t i o n s   o f   t h e   p a r a m e t e r s ,  V and q have 
b e e n   c a l c u l a t e d   f o r   s i m p l e   s t r u c t u r a l   i % d e l s   [ 6 8 ] .  

By c o n t r a s t ,   t h e r e   h a s   b e e n  l i t t l e  a t t e m p t   t o  
examine  anything  other   than  the  second-order  
e l e c t r o s t a t i c   f i e l d   i n  amorphous s o l i d s ,   a l t h o u g h   t h e  
approximat ion  is i n a d e q u a t e   t o   e x p l a i n   t h e  
magnet iza t ion   curves   o f  some d i l u t e   l i g h t   r a r e - e a r t h  
a l l o y s  and   heavy  ra re-ear th   g lasses  [ 6 0 ] .  While i t  i s  
o b v i o u s l y   i m p o s s i b l e   t o   t a k e  more than  a few  terms 
i n t o   a c c o u n t ,  i t  has   been   sugges ted   tha t  a f i e l d   o f  
random hexagonal symmetry [69] ,   o r   one   wi th  a few 
t e rms   t o   r ep resen t   quas i c rys t a l l i ne   a tomic   env i ronmen t s  
randomly  or iented  [60]  may b e   b e t t e r .  The q u e s t i o n   t o  
be   r e so lved   he re  i s :  Can any a l t e r n a t i v e   s i m p l i f i c a t i o n  
o f   t h e   e l e c t r o s t a t i c   f i e l d   H a m i l t o n i a n   b e  as successfu l .  
as t h e  random a x i a l   a n i s o t r o p y  model i n   e x p l a i n i n g   t h e  
magne t i c   p rope r t i e s  of r a r e - e a r t h   a l l o y s ?  

AMORPHOUS MAGNETIC INSULATORS 

F e r r i t e s  and r e l a t e d   n o n - m e t a l l i c   t r a n s i t i o n - m e t a l  
compounds have   been   the   ob jec ts   o f  a g r e a t   d e a l   o f  
research  in   magnet ism.   Product ion of t h e s e   m a t e r i a l s  
f o r   a p p l i c a t i o n s  i s  comparable i n   v a l u e   t o   t h a t   o f  
f e r romagne t i c  metals and a l l o y s .  Y e t  t h e r e  is no 
r e s e a r c h   a c t i v i t y  on amorphous   magnet ic   insu la tors   to  
compare  with  that  on amorphous m e t a l l i c   a l l o y s .  Why 
n o t ?  The answer l ies  s i m p l y   i n   t h e   s i g n  of t h e  
exchange.  With few excep t ions ,   l i ke   a -FeF2[70]   o r  
nonstoichiometric  a-FeGa03[71]  where  the  exchange i s  
pos i t i ve   ( f e r romagne t i c )   because  of a s p e c i a l  
FeZf-F-Fez+  bond angle   o r   Fe2++Fe3+  e lec t ron   hopping ,  
t h e   s u p e r e x c h a n g e   i n t e r a c t i o n s   i n  3d compounds are 
u s u a l l y   n e g a t i v e   ( a n t i f e r r o m a g n e t i c ) .   C r y s t a l l i n e  
f e r r i m a g n e t s  owe t h e i r   u s e f u l   m a g n e t i c   p r o p e r t i e s   t o  
c r y s t a l   s t r u c t u r e s   i n  which t h e   c a t i o n   s i t e s   c a n   b e  
s p l i t  i n t o  two (o r   more )   unequa l   sub la t t i ce s ,  s o  t h a t  
n e g a t i v e   i n t e r s u b l a t t i c e   i n t e r a c t i o n s   l e a d   t o  a n e t  
moment. T h i s   s p e c i a l   t o p o l o g y   a p p e a r s   i n   p r a c t i c e   t o  
b e   d e s t r o y e d   i n  amorphous ox ides   and   f l uo r ides ,  
a l t h o u g h   t h e r e  i s  no geomet r i ca l   r ea son  why t h a t   s h o u l d  
n e c e s s a r i l y   b e  so. Fig.  6a  shows a n o n c r y s t a l l i n e  
network i n  which  every  ant i ferromagnet ic  0-x 
i n t e r a c t i o n   c o u l d   b e   s a t i s f i e d ,   l e a d i n g   t o  a l a r g e   n e t  

a b C 

: ig. 6. Two d imens iona l   noncrys ta l l ine   ne tworks .  

,moment. However the  only  amorphous  ferr imagnets  known 
.ire m e t a l l i c  Gd-T a l l o y s  (T=Fe, Co o r  Ni)  where  the two 
subne tworks   a r e   de f ined   chemica l ly   r a the r   t han   t opo lo -  
g i ca l ly ,   and   f e r r imagne t i sm is a product  of p o s i t i v e  
T-T i n t e r a c t i o n s  and weaker ,   negat ive Gd-T coupl ing .  

Turning  to   the  special   case  of   amorphous 
an t i f e r romagne t s ,  i t  i s  a l s o   p o s s i b l e   t o   i m a g i n e  a 
nonc rys t a l l i ne   ne twork  composed of even-membered r i n g s  
( f igure   6b)   which   can   be   d iv ided   in to  two equa l  
subnetworks i n  such a way t h a t   n e g a t i v e  0-x 
i n t e r a c t i o n s   c a n  a l l  be   s imu l t aneous ly   s a t i s f i ed .   Such  
a material should  order  as a c o l l i n e a r   a n t i f e r r o m a g n e t .  
However, n o n c r y s t a l l i n e  3d i o n i c  compounds t h a t   h a v e  
been  examined  to   date  1721 t u r n   o u t   t o   h a v e   t h e i r  
a n t i E e r r o m a g n e t i c   i n t e r a c t i o n s   f r u s t r a t e d   b y  
t o p o l o g i c a l   d i s o r d e r  of t h e   t y p e   i n d i c a t e d   i n   f i g u r e   6 c  
- odd-membered r i n g s   a r e   d i s t r i b u t e d  a t  random among 
t h e  even-membered ones.   In  consequence, two 
subnetworks  cannot  be  defined  and a random n o n c o l l i n e a r  
s p i n   s t r u c t u r e   e m e r g e s   a s  a compromise  ground state.  
This   speromagnet ic   order  may i n c l u d e   a n t i p a r a l l e l   n e t  
n e a r e s t - n e i g h b o u r   c o r r e l a t i o n s ,   b u t   t h e y   f a l l   o f f   v e r y  
qu ick ly   w i th   d i s t ance   [73 ] .  

an t i f e r romagne t i c   supe rexchange   i n t e rac t ions  is t h a t  
t h e   s p i n   f r e e z i n g   t e m p e r a t u r e  T i n   n o n c r y s t a l l i n e  
compounds i s  reduced by an  ordef  of  magnitude  or more 
r e l a t i v e   t o   t h e  N6el temperature   that   would  be  found 
f o r   a n   u n f r u s t r a t e d   c r y s t a l   ( o r   a n   a m o r p h o u s   s o l i d  
l i k e   f i g .   6 b )  - T does  not  exceed 150 K f o r  Fe3+ 
compounds,  and i s  cons iderably   lower   for  Mn2+, Co2+ o r  
t h e  rare ear th   ions   [72] .   Magnet ic   p roper t ies   a round 
and below T broadly  resemble  those of t h e   c a n o n i c a l  
s p i n   g l a s s e g ,   e x c e p t   t h a t   l i g h t   i n f l u e n c e s   t h e   m a g n e t i c  
re laxat ion  [74] .   Deviat ions  f rom  Curie-Weiss  
s u s c e p t i b i l i t y  x = C/(T+8)  usual ly  set  in   we l l   above  

a f f ; i p a r a l l e l   c o r r e l a t i o n s  of ne ighbour ing   sp ins .  
T with a reduced   cons tan t  C ,  which r e f l e c t s   s t r o n g  

The  main  consequence  of  frustrating  the 

f 
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Table 3. Magnetic  properties of crystalline 
and amorphous  ferric  compounds 

TO 
e 

(K) (K) Magnetic Order 
P 

(crystalline)  363  -610  Antiferromagnet 
FeF3  (noncrystalline) 29 -485 Speromagnet  [76] 

Y3Fe5012 (noncrystalline) 40  -500 Speromagnet  [77] 

a-FeF3  is  a  particularly  simple  example of a 

modelled by an  octahedral  random  network  containing 
noncrystalline  ionic  compound  whose  structure  can  be 

3 - , 4 -  and 5lnembered  iron  rings [75]. The  crystal  has 
only 4- membered  rings, and the  drastic  differences in 
magnetic  properties  between  crystalline and amorphous 
forms of this  compound, and the well-known ferrimagnet 
Y3Fe5012 are  summarized  on  table 3. It  is worthwhile 
concentrating on these  materials f o r  which  plausible 
structural  models  can  be  constructed  rather  than on 
complex  silicate  or  other  glasses if progress  is  to  be 
made in  relating  structure  to  magnetic properties. 

Two questions  which  future  research may answer 
are: Is it possible  to  devise  materials  with  structures 
like those in fig. 6a) or b) which  would be true 
amorphous  ferrimagnets  or  anti€erromagnets?  Can  spin 
freezing  ever  occur in systems  with  antiferromagnetic 
interactions and S < 3 1 2 ?  

(crystalline)  560 -1100 Ferromagnet 
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