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AMoRPHOUS METALS AND Y-FE 

Abs t rac t . -  I n  r ecen t  years  two a spec t s  of phys i ca l  meta l lu rgy  have a t t r a c t e d  
cons iderab le  i n t e r e s t  from a s c i e n t i f i c  a s  we l l  a s  from a technologica l  p o i n t  

of view: amorphous metals  of t he  TsoMZo type (T+ meta l ,  M +  me ta l l o id )  and 

t he  magnetic s t r u c t u r e  of -Fe. 

I .  Amorphous meta l s  

1. I n t roduc t ion , -  The word "amorphous" i s  
a l ready  causing a  problem because some au- 

t ho r s  claim "glass"  should be used i n s t e a d  

The ques t ion  a r i s e s :  what i s  t he  s t r u c t u r e  
of these  ma te r i a l s  and which term b e s t  de- 
s c r i b e s  t he se  a l l o y s ?  The cont roversy  i s  
a l s o  apparent  i n  t he  producer t r a d e  na- 

mes f o r  t he se  a l l o y s :  Metgl sh (USA), 
Amomet @ (Japan) ,  Vi t rovacb  (Germany) . 
I t  i s  i n t e r e s t i n g  t o  note  t h a t  i n  r ecen t  
yea r s  t he  Use of t he  term ttamorphoustt has  
given way more and more t o  ' lglass".  Con- 
t r i b u t i n g  f a c t o r s  i n  t h i s  development were 
t he  a  a i l a b i l i t y  of t he  commercial Met- & g l a s  and t h e  f a c t  t h a t  f o r  s c i e n t i s t s  
and technolog i s  t s  l lg lassw sounds more i n -  
t e r e s t i n g  gnd more understood than  amor- 
phous. 
The Greek o r i g i n  of t he  word ttamorphoustt 
means lack ihg  s t r u c t u r e  and form. Amor- 
phous metals  d e f i n i t e l y  have a  s t r u c t u r e  - 
a s  a  ma t t e r  of f a c t ,  t o  f i n d  t he  na tu re  of 
t h e  s t r u c t u r e  i s  t he  b a s i c  mot iva t ion  f o r  

AMORPHOUS CLASS many researchers .  
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Fig.l:Amorphous vs.  glass or 

i n a b i l i t y  t o  de f ine  anything.  I n  c o n t r a s t  
g l a s s e s  a r e  u sua l l y  def ined:  t r anspa ren t  
g l a s se s  a s  undercooled l i q u i d s ,  f o r  i n s t a w  

ce ,  o r  s p i n  g l a s s e s ,  Wigner g l a s s e s ,  Sto-  
n e r  g l a s se s  e t c .  Glasses  might be conside-  

r ed  a s  being r e l e a s e d  from t h e  i l l - d e f i n e d  

amorphous pool (Fig.  1 ) .  A t  p r e sen t  t he  
term "amorphous meta l s"  seems app rop r i a t e  
because i t  r e f l e c t s  t h e  s t a t e  of t h e  a r t .  

I n  due time we w i l l  have a  deeper un te r -  
s tanding  and we l l  def ined  express ions  w i l l  
be coined. S p e c i f i c a l l y ,  i f  f o r  t he  amor- 
phous meta l s  t he  mic ro -c rys t a l l i ne  s t a t e  

can  be r u l e d  o u t  and they a r e  indeed li- 
quid- l ike  o r  can be represen ted  by a  ran-  
dom dense packing (RDP) we might use  t he  
de s igna t i ve  "Bernal g l a s s t t  o r  "me ta l l i c  
g l a s s t t  o r  "metglasstt .  I n  connect ion w i th  

t he  var ious  con t rove r s i e s  i n  t he  f i e l d  of 

amorphous meta l s  one might quote  a  r ecen t  
a r t i c l e  on "Science and Halfism": "When 

the  importance of any p a r t i c u l a r  i s s u e  
emerged, it inva r i ab ly  has l e t  t o  t he  de- 

velopment of po l a r i zed  opin ion ,each  op in i -  
on as  extreme and f a n a t i c a l  as  t he  o t h e r  
i n  i t s  abso lu te  convic t ion .  A t  f i r s t ,  one 
camp would appear t o  have t h e  day,only t o  
be l a t e r  superceded by t h e  o the r .  The i r o -  
ny of t h i s  haggl ing over  oppos i t e  views 
has been t h a t  t he  f i n a l  r e s o l u t i o n  of t he  
i s s u e  has recognized t h a t  t he  t r u t h  of 

t h e  ma t t e r  seemed t o  l i e  somewhere, usual-  

l y  halfway, between t he  two extremes"'. 

Amorphous f i lms  c o n s i s t i n g  of metals  such 
a s  Sn,Bi,Pb, were f i r s t  ob ta ined  i n  t h e  
1950's by vapor quenching techniques in -  

2 volv ing  condensat ion on co ld  s u b s t r a t e s  . 
However, t he  s t a b i l i t y  ranges of these  
f i l m s  a r e  r a t h e r  l i m i t e d  and c r y s t a l l i z a -  
t i o n  occurs  a t  temperatures  below loo K. 
I n  t he  fol lowing years  a  l a r g e  v a r i e t y  of 
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amorphous meta l s  was produced by r a p i d  
quenching techn iques  3-6, a f t e r  i t  was found 

t h a t  t h e  amorphous s t a t e  can  be s t a b i l i z e d  

s i g n i f i c a n t l y  by a l l o y i n g  w i t h  h i g h  va lence  

e lements  of s m a l l  s i z e ,  which a r e  known t o  

occupy i n t e r s t i t i a l  l a t t i c e  s i t e s  i n  m e t a l s  

and e x h i b i t  c o v a l e n t  bonding i n  t h e i r  e l e -  

mentary s t a t e s .  I n  g e n e r a l  t h e  composi t ion 

range of t h e  r e l a t i v e l y  s t a b l e  amorphous 

s t a t e  i s  found i n , t h e  v i c i n i t y  o f  80 a t  % 

metal  and 2 0  a t  % m e t a l l o i d :  

T80M20 
(T = Fe, Co, N i ,  Pd, Mo . ..) 
(M = B ,  C ,  N ,  P ,  S i  ...). 

I n  r e c e n t  y e a r s ,  one has  l e a r n e d  t o  produ- 

c e  t h e s e  amorphous m a t e r i a l s  i n  cont inuous 

p r o c e s s e s  and t h u s  i n  l a r g e  q u a n t i t i e s .  I n  

a d d i t i o n ,  they  can be " t a i l o r  made" f o r  

s p e c i f i c  a p p l i c a t i o n s  by vary ing  t h e  compo- 

s i t i o n s  and p r o c e s s i n g  procedures .  Th is  

t e c h n o l o g i c a l  development was accompanied 

by an i n c r e a s i n g  s c i e n t i f i c  i n t e r e s t  and a  

d e s i r e  t o  unders tand  t h e  n a t u r e  of t h e  

amorphous m e t a l s .  N a t u r a l l y ,  something 

which seems t o  l a c k  s t r u c t u r e  i s  a  c h a l l e n -  

ge t o  s c i e n t i s t s .  Another reason  f o r  t h e  
p o p u l a r i t y  of t h i s  f i e l d  i s  t h a t  t h e s e  ma- 

t e r i a l s  a r e  i d e a l l y  s u i t a b l e  f o r  modern 

man's f a v o r i t e  game - p l a y i n g  w i t h  t h e  com- 

p u t e r .  The amorphous s t a t e  i s  most i n v i t i n g  

a s  a  p l a y  ground f o r  anyone i n t e r e s t e d  i n  
b u i l d i n g  up s t r u c t u r e s  from " b a l l s "  by com- 

p u t e r  s i m u l a t i o n .  
The g r e a t  s c i e n t i f i c  i n t e r e s t  i s  demonstra- 

t e d  by t h e  i n c r e a s i n g  number of confe rences  

on t h i s  t o p i c  and t h e  avalanche of books 

and p u b l i c a t i o n s  i n  t h i s  f i e l d  e s t i m a t e d  t o  

be c l o s e  t o  3oa0, of which about  loo app ly  

MBssbauer spec t roscopy  t o  t h e s e  m a t e r i a l s .  

Due t o  l a c k  of space  only a few cou ld  be 

l i s t e d  i n  t h e  r e f e r e n c e s  7 - 1 4 .  Here we r e -  

s t r i c t  o u r s e l f  t o  t h e  TsoMZ0 type .  But i t  

2. P r o p e r t i e s  of T80b120 Alloys . -  Extraordi-  

n a r i l y  deep e u t e c t i c s  a r e  found, which a l -  

ready i n d i c a t e s  a  c e r t a i n  s t a b i l i t y .  As a n  

example t h e  Fe-B phase diagram16 i s  shown 

i n  Fig.2.The d e n s i t i e s  of t h e s e  a l l o y s  a r e  

r e l a t i v e l y  l a r g e  

and t h e  change 

i n  t h e i r  volumes 

compared t o  t h e  

mel t  i s  o n l y  a 

few t e n t h s  of a  

p e r c e n t .  T h e i r  

h igh  e l e c t r i c a l  

r e s i s t i v i t i e s  P 
a r e  comparable 
t o  t h o s e  of li- 

W.ioht ner cant Boron 

quid  meta l s  

t h e  change 

F t  Atomcc per sent Baron 
and 

F i g .  2 :  F e - B  phase d i a g r a m  
i n  p 

over  s e v e r a l  i u n d r e d  d e g r e s s  of temperatu- 

r e  i s  u s u a l l y  on ly  a  few p e r c e n t .  The r e -  

s i s t a n c e  t o  c o r r o s i o n  of t h e s e  a l l o y s  i s  

a l s o  s i g n i f i c a n t .  The magnet ic  p r o p e r t i e s  

of amorphous meta l s  a r e  of s p e c i a l  i n t e -  

r e s t  t o  technology because they  combine 

magnetic s o f t n e s s  (low c o e r c i v e  f o r c e s  and 
h i g h  p e r m e a b i l i t y )  w i t h  h igh  mechanical 

s t r e n g t h  and extreme hardness .  

3.  S t r u c t u r e . -  Controversy p e r s i s t s  a s  t o  

t h e  n a t u r e  of t h e  s h o r t - r a n g e  a tomic ' a r ran-  

gement. Consider ing t h e  t h r e e  s t a t e s  of ag- 

g r e g a t i o n  s c h e m a t i c a l l y  shown i n  F i g . 3  

( t o p )  one might ask  stab  at ( 1 9 - e  

t h e  q u e s t i o n :  a r e  ,,&, 

m Jdtkm,, "won "" l (U 0,- 

cooled l i q u i d  wi th  nor.ng*k. r- n r w  od 
,.%-r- & 

Ilmw 
some kind of c o n t i -  , . 

-?7- 
nuous random s t r u c -  

,.,nd-u f."lur. ,&,-I. rry#Oi 

should be no ted  t h a t  our  MBssbauer confe-  of b o r i d e s ,  c a r b i -  --*la marNdm -anfafm 

rences  have covered t h e  o t h e r  types  of d e s ,  n i t r i d e s  e t c .  F i g . 3 :  

amorphous m a t e r i a l s  r a t h e r  w e l l  i n  p rev ious  w i t h  unique atomic arrangements  - separa -  
i n v i t e d  t a l k s .  Of p a r t i c u l a r  i n t e r e s t  i n  t e d  from each o t h e r  by "gra in  boundaries" .  

t h i s  connec t ion  i s  l a s t  y e a r s t  t a l k  by J .  O r  i s  t h e  quenche6in s t r u c t u r e  a l r e a d y  t h e  

c h a p p e r t l 5  on amorphous magnetice r a r e  f i r s t  s t a g e  accord ing  t o  t h e  Ostwald ru-  
e a r t h  a l l o y s .  l e l  7 ?  A t  p r e s e n t  t h e  main con t roversy  i s  : 

random s t r u c t u r e  versus  micro- o r  quasi- 



crystallites or "molecules". However, one 

should realize that scientists too often 

depend on idealized models. On this speci- 

fic issue the two points of view move clo- 

ser together if on the one side a certain 

deviation from randomness is allowed, and 

on the other side the micro- and quasi- 

crystallites or molecules are redefined in 

terms of size, symmetry, orientation, stoi- 

chiometry etc. In other words, the problem 

is to find the dividing line between the 

definitions of the "molecules" with a fi - 
xed structure", the "quasi-crystallites 

based on a locally distorted off-stoichio- 

metric lattice"14 and the liquid-like Ber- 

nal packing containing the metalloid atoms. 

Orientations are also of interest. Analo- 

gous to the three states of aggregation we 

might distinguish three states of orienta- 

tion of an assembly: random orientation, 

preferred orientation and unique orienta- 

tion (see Fig.3 bottom). Preferred orien- 

tation of an assembly is called texture, 

where the assembly may consist of crystals, 

molecules, principal axes of electric 

field gradients (EFG), spins etc. Texture 

is a common phenomenon in nature and re- 

sults from processes like growth, magneti- 

zation, polarization, sedimentation, pre- 

cipitation, crystallization, recrystalli- 
zation, plastic deformation etc. Thus ma- 

terials provided by nature or by technolo- 

gy are usually in the intermediate state 

of preferred orientations: texture. 
In principle, the angular dependence of 

the hyperfine interactiongives information 

on the texture of the principal axes of 
the electric field gradient (EFG) as well 

as on the texture of the spins19. However, 

if the magnetic interaction dominates in 

magnitude and a distribution of fields is 

present it is very difficult to evaluate 

any of the EFG parameters: magnitude, sign, 

asymmetry parameter, texture etc. In fer- 

romagnetic materials the spin texture is 

of interest. In crystalline materials usu- 

ally the magneto-crystalline anisotropy 

governs the orientations of the spins 

wfthin the domains, that is, along the ea- 

sy direction of magnetization-In amorphous 

metals the domain patterns are determined 

by the three types of anisotropy energies: 

shape anisotropy, magnetoelastic coupling 

energy, and structure anisotropy2~. Essen- 
tially two characteristic domain patterns 

have been observed in amorphous metals: 

broad stripes with a width of about 25 

and patches of maze or fingerprint-type 

patterns with a smaller domain width of 

about 3-5 um. If the magnetostriction is 

Positive21! as is the case for most of the 
amorphous T80M20 metals, the striped do- 

main patterns can be related to regions 

with tensile stresses leading to easy axes 

within the ribbon plane, while the finger- 

print domains are associated with compres- 

sive stresses producing closure domains,as 

for instance, shown in Fig. 4. In general, 

F i g . 4 :  S u g g e s t e d  domain p a t t e r n s  

metals in the crystalline state contain de- 

fects like point-,one-,two- and three-di- 

mensional imperfections. In amorphous sy- 

stems we are faced with the problem and 

question: do defects exist which can be de- 

scribed as counterparts to the known and 

relatively well-defined defects in the cry- 

stalline state? If amorphous metals are 

characterized by a breakdown of atomic or- 

der, we encounter great difficulties in 

imaging imperfections corresponding' to ' 

such defects as 'vacancies, inters ti tials, 

order-disorder, dislocations, etc. For the 

amorphous state, most defects seem to have 

lost their defined meaning and structure. 

Let us take, as an example, dislocations, 

since a technologically,importaot property 

cations. An edge 

dislocation shown 

in Fig.5 is cha- 

racterized by a 
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g l i d e  system (g l i de  plane and g l i d e  d i r ec -  

t i o n )  and t h e  Burgers vec to r .  I f  d i s l oca -  

t i o n s  e x i s t  i n  amorphous metals  t he  g l i d e  

systems would c e r t a i n l y  no t  be unique as 

they a r e  f o r  t h e  c r y s t a l l i n e  s t a t e  and t he  

Burgers vec to r  would be v a r i a b l e .  

I t  has  been shown by gene ra l  continuum 

theo ryz2  t h a t  i n t e r n a l  s t r e s s e s  can be re-  

p resen ted  by quas i -d i s loca t i ons  wi th  Bur- 

ge r s  vec to r s  much smal le r  than  t he  d i s t a n -  

ce  between n e a r e s t  neighbors.Kronmuller e t  

a l . z O  poin ted  o u t  t h a t  i n  t he  r a p i d  coo- 

l i n g  process  mass dens i t y  f l u c t u a t i o n s  

w i l l  occur l e ad ing  t o  vacancy-l ike o r  i n -  

t e r s t i t i a l - l i k e  d e f e c t s .  By agglomeration, 

zones a r e  formed a s  schemat ica l ly  shown i n  

Fig.6. One might cons ider  t h a t  from an 

a 1 b) c 1 
Fig.6: (b) amorphous s t r u c t u r e  forming ( a )  
quasi-vacancy and ( c )  q u a s i - i n t e r s t i t i a l  
d i s l o c a t i o n s  

o r i g i n a l  con f igu ra t i on  i n  t h e  c e n t e r  (b) 

seven atoms i n  a  row have been taken  o u t  

and by t he  l o c a l  c o l l a p s e  most atoms do 

not  touch each o t h e r  any more as shown on 

t h e  l e f t  ( a ) .  On the  r i g h t  a  row of atoms 

has  been added and t h e  r e s u l t i n g  s t r e s s  i s  

i n d i c a t e d  by t he  over lap  of the  atoms ( c ) .  

Note t h a t  t he  o u t e r  contours  remained un- 

changed. The con f igu ra t i ons  i n  (a)  and (c )  

wi th  t he  two quas i -d i s loca t i ons  might be 

compared i n  t h r e e  dimensions t o  vacancy o r  
i n t e r s t i t i a l  d i s l o c a t i o n  loops i n  c r y s t a l -  

l i n e  m a t e r i a l s .  (a )  l eads  t o  reg ions  w i th  

t e n s i l e  s t r e s s  and p r e f e r r e d  o r i e n t a t i o n s  

of t he  sp in s  i n  t h e  plane of t he  r ibbon,  

whi le  [ c ) l e a d s  t o  regions under compressi- 

on and w i l l  develop t he  maze type of do- 

mains. The d e n s i t y  of t he se  quas i -d i s loca-  

t i o n s  i n  amorphous meta l s  were es t imatedz0  

t o  be i n  t he  o rde r  of 1 0 ' ~ / c m ~  

4 .  Bernal model.- Almost two decades ago 

~ e r n a l ' ~  proposed a  genera l  geometr ical  

model i n  an a t tempt  t o  exp l a in  t h e  s t r u c -  

packing (DRP) of hard spheres .  The Bernal 

model has served i n  many i n v e s t i g a t i o n s  a s  

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

amorphous a l l o y s .  I t  was noted from c e r t a i n  

geometr ical  assumptions t h a t  i n  t he  DRP 

s t r u c t u r e  f i v e  types of polyhedra a r e  f o r -  

med. These f i v e  polyhedra were c a l l e d  de l -  

t ahedra  because of t h e i r  t r i a n g u l a r  f ace s .  

They a r e  shown i n  Fig.  7  wi th  i nc r ea s ing  

Fig.7:Holes i n  Berna l ' s  DRP Topology 

s i z e  of t h e  i n t e r i o r  h o l e  and t h e i r  r e l a t i -  

ve occurrence i n  t h e  Bernal s t r u c t u r e .  This  

l e d  polkZ4 t o  propose a  model f o r  amorphous 

a l l o y s  i n  which t he  l a r g e r  atoms (T) form 

a  Bernal type DRP s t r u c t u r e  while  t he  smal- 

l e r  me ta l l o id  atoms (M) a r e  d i spe r sed  

throughout.  The l a r g e r  polyhedra a r e  b i g  

enough t o  accommodate me ta l l o id  atoms i f  
t h e i r  atomic s i z e s  a r e  the  same a s  i n  t h e i r  

c r y s t a l l i n e  s t a t e s  (carbides,borides,nitri- 
des  e t c . ) .  According t o  t h i s  model t he  r a -  

t i o  of t he  components f o r  t he se  a l l o y s  

t u r n s  out  t o  be approximately 79:21 which 
i s  c l o s e  t o  t h a t  a c t u a l l y  observed i n  amor- 

phous meta l s .  Bernal a l s o  i n v e s t i g a t e d  t he  

number of con t ac t s  and near -contac ts  be- 

tween each sphere and i t s  neighboring sphe- 

r e s :  t he  coo rd ina t i on  Co .  The r e l a t i v e  pro- 

b a b i l i t i e s  P  a r e  given i n  Table 1 .  

Table 1  

Bernal 

Mtissbauer 1 I I Int(Hi) 11.5 20.0  26.0 25 .2  15.1 
Hi(kOe) 199.2 225.5 2 4 7 . 7  269.4 293.9 

5.Berna11s Co  and Mossbauer hyper f ine  f i e l d  

d i s t r i b u t i o n s . -  Mossbauer spectroscopy a l -  

lows one t o  probe t he  p r o p e r t i e s  of atoms 

a s  a f f e c t e d  by t h e i r  near-neighbor a r r an -  

gements. I t  was thought t h a t  t h i s  t o o l  

might be u s e f u l  t o  check t he  v a l i d i t y  of 

t he  Bernal model. 
t u r e  of l i q u i d s  i n  terms of a  dense random 



I t  i s  remarkable t h a t  ferromagnet ic  amor- 

phous a l l o y s  w i th  d i f f e r e n t  c o n s t i t u e n t s  

but  wi th  a  composition of about TsoMZo ex- 

h i b i t  s i m i l a r  s p e c t r a ,  t h a t  i s ,  magnetic 

hyper f ine  p a t t e r n  wi th  broad l i n e s .  The 

s i m i l a r i t i e s  sugges t  t h a t  i t  i s  reasonab- 

l e  t o  assume a  genera l  geometr ical  s t r u c -  

t u r e  which i s  almost independent of t he  
i nd iv idua l  p r o p e r t i e s  of t he  var ious  con- 

s t i t u e n t s .  I n  most such s t u d i e s  cont inu-  

ous hyper f ine  f i e l d  d i s t r i b u t i o n s  have 

been eva lua ted  from the  s p e c t r a .  I n  con- 

t r a s t ,  we assumed a  discont inuous d i s t r i -  

bu t i on  and decomposed t he  p a t t e r n  i n t o  5 

s ~ b s ~ e c t r a ~ ~  a s  i n d i c a t e d  i n  t he  upper 

spectrum o f .  Fig.8. I t  turned out  t h a t  t h e  - 
r e s u l t i n g  r e l a t i v e  

i n t e n s i t i e s  I n t  (Hi) 

of t he  hyper f ine  

f i e l d s  Hi a r e  very 

c lo se  t o  Berna l ' s  

p r o b a b i l i t i e s  of 

n e a r e s t  neighbors 

as seen i n  Table 1 .  

This sugges ts  t h a t  
t h e  subspec t ra  i n  

t he  a n a l y s i s  co r r e s -  

pond t o  Berna l ' s  

coord ina t ions ,  Co Vrloclly lmmlsl 

(mainly 8 ,  9,  10, F i g . 8 : F e ~ ~ B 2 ~  spectra 

11, 12) .  Accor- in H at 2 0  K. 
e x t  

d ing ly ,  i n  t h i s  i d e a l i z e d  model t he  hyper- 

f i n e  f i e l d  Hi r ep re sen t s  neighboring con- 

f i g u r a t i o n s ;  of course ,  i n  r e a l i t y  c e r t a i n  

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

concerning t he  polyhedra and coo rd ina t i -  

ons have t o  be considered,  bu t  b a s i c a l l y  

each a d d i t i o n a l  t r a n s i t i o n  metal  neighbor 

adds a  c e r t a i n  amount t o  t he  f i e l d  H i .  
This  c o r r e l a t i o n  seems r a t h e r  genera l  and 

it holds f o r  a  l a r g e  v a r i e t y  of ferromag- 

n e t i c  amorphous 
a1 quenchad 

TsoMZ0 a l l o y s  a t  va- 

r i ous  condi t ions  of 

temperature,  ex t e r -  

n a l  s t r e s s  and mag- 

n e t i c  f i e l d s .  

S t r a i g h t  l i n e s  a r e  

obtained by p l o t t i n g  O 

c. 
H i  versus  Co as  i t  ~ i g .  9 : H ~  VS. co 

i s  shown i n  Fig.9 f o r  a  Fe8,BZ0 sample a t  

20 K and e x t e r n a l  magnetic f i e l d s ,  Hext = 

o, 21 and 35 kOe. Recent ly,  t h i s  model 
13 

was cor robora ted  by Schurer and Morrish . 
6.  Magnetic f i e l d  measurements.- Hext was 

appl ied  perpendicu la r  t o  t h e  p lane  of a  

FeSoBZ0 sample and t h e  recorded s p e c t r a  
26 

a r e  shown i n  Fig.8. The fol lowing e f f e c t s  

a r e  of i n t e r e s t :  

a) Because of t h e  nega t ive  hyper f ine  i n -  

t e r a c t i o n  t h e  i n t e r n a l  magnetic f i e l d  

sh r inks  wi th  i nc r ea s ing  Hext. 

b) Observed asymmetries a r e  r a t h e r  smal l  

and on t h i s  b a s i s  quadrupole i n t e r a c t i o n s  

- i f  they  e x i s t  - could no t  be eva lua ted .  

c )  Su rp r i s i ng ly  smal l  f i e l d s  (H,,~< 5 kOe) 

tend  t o  r o t a t e  t he  sp in s  i n t o  t he  p lane  

of t h e  r ibbon,  t h a t  i s  away from t h e  d i -  

r e c t i o n  Hex t ,  The r e l a t i v e  i n t e n s i t i e s  of 

t h e  l i n e s  I  ( I s )  and I 3  ( I 4 )  corresponding 

t o  A m=O and A m=+1 t r a n s i t i o n s ,  r e s p e c t i -  
ve ly ,  a r e  given by 

I ~ / I ~  = 4  s i n  @ / ( I  + cos2 91, 
and g ive  in format ion  regard ing  t h e  or ien-  

t a t i o n  of t h e  s p i n s .  0 denotes  t he  angle 

between t he  i n t e r n a l  f i e l d  and t he  propa- 

ga t i on  d i r e c t i o n  of t he  2( - rays  ( p a r a l l e l  

t o  Hext). I n  t he  ca se  of a  d i s t r i b u t i o n  

of s p i n  d i r e c t i o n s  (domain s t r u c t u r e )  o r  
a  p r e f e r r e d  s p i n  o r i e n t a t i o n  ( s p i n  tex-  

t u r e )  t he  r a t i o  12/13 and t h e  eva lua ted  

angle  r ep re sen t s  an average. The s p i n  

d i r e c t i o n s  r e l a t i v e  t o  t h e  r ibbon p lane  

a r e  shown schemat ica l ly  on t he  l e f t  hand 
s i d e  of Fig.8. I n  Fig.10 t he  r a t i o  12/13 

of the  a s  quenched and of t he  annealed 

( 2 5  mins. a t  630 K )  sample i s  p l o t t e d  

versus  Hext. For comparison t he  r e s u l t s  

f o r  a  l o n g i t u d i n a l  magnetized d -Fe f o i l  
a r e  a l s o  shown. The e f f e c t  i n  t h e  amor- 

phous meta l s  might be expla ined  by assu-  

ming t h a t  

a r e a s  of a -  
vorab le  o r i en -  

t a t i o n s  of t he  5 
" 

f i n g e r p r i n t  " 1.0 

domains a r e  

t e d  t o  s t r i p e  nd 1k0.1 
domains under F ~ ~ . ~ o : I ~ / I ~  vs. H~~~ 



C1-56 JOURNAL DE PHYSIQUE 

t h e  i n f l uence  of Hext a s  shown i n  Fig.4. 

alignment of t he  sp in s  has no t  been accom- 

p l i s h e d .  An explana t ion  f o r  t h i s  observa- 

t i o n  can be given by cons ider ing  t h e  s h o r t  
0 

range (1 - 10 A) i n t e r n a l  e l a s t i c  s t r e s s e s  

around quas i -d i s loca t i ons .Th i s  might cause 

an inhomogeneous s p i n  arrangement a s  sche- 

m a t i c a l l y  shown i n  Fig.11. 

7 .  Ex te rna l  s t r e s s  measurements.- The 

f i r s t  measurements under s t r e s s  were made 

u n i n t e n t i o n a l l y .  I t  was observed t h a t  t he  

magnet izat ion vec to r  r o t a t e s  pu t  of t he  

plane of an amorphous r ibbon  when the  
8  specimen was cooled . Such behavior ,  o r  

t he  o r i g i n  of t he  an i so t ropy ,  i s  d i f f i c u l t  

t o  understand cons ider ing  t he  magnetic 

s o f t n e s s  of t h e  m a t e r i a l .  I t  was r e a l i z e d  
and demonstrated by van Diepen and den Bro- 

ede r l1  t h a t  t he  cause of t he  r o t a t i o n  i s  

b a s i c a l l y  not  a  thermal e f f e c t  of t he  spe- 

cimen but  r a t h e r  t he  r e s u l t  of t he  p o s i t i -  

ve magne tos t r i c t i on  of t he  cons t ra ined  ma- 

t e r i a l .  

Experiments under c o n t r o l l e d  condi t ions  

were c a r r i e d  ou t  by applying a  t e n s i l e  

s t r e s s  Ci' t o  t h e  absorber  r ibbon ((j'l( R) 

and making use  of l i n e a r i t y  po l a r i zed  - 
r a y s z 7 .  The l a t t e r  were produced by a  

t r ansve r se ly  magnetized source c o n s i s t i n g  

of ~0~~ i n  oC -Fe. The fou r  A m = 21 l i n e s  

a r e  po l a r i zed  perpendicu la r  t o  t he  two 

Am = 0 l i n e s .  By moving s i x  source li- 

nes (des igna ted  by t h e  l e t t e r s  A, B, C ,  D ,  

E ,  F i n  ascending order  of energy) 
over  t h e  broad absorber  l i n e s  des igna ted  

by t he  Greek l e t t e r s  d , 8 ,  8 , 8 , e , 7 , 
we expect  a  36 l i n e s  spectrum. The pos i -  

t i o n  of a l l  36 l i n e s  i s  e a s i l y  c a l c u l a t e d  

by adding o r  s u b s t r a c t i n g  t h e  correspon- 

ding l i n e  p o s i t i o n s  of source and absor-  

ber  while  t he  t r a n s i t i o n  p r o b a b i l i t i e s  and 

d) A t  l a r g e  f i e l d s  - + -- - 
/ even up t o  Hext = - 

50 kOe - t he  Am = 0 
-/--- 

l i n e s  do no t  d i sap-  - 

and p o l a r i z a t i o n s  of t h e  corresponding - - 
A 

5 - 
-/----A - 

d 

t r a n s i t i o n s  determine t he  r e l a t i v e  l i n e  

i n t e n s i t i e s .  For p a r a l l e l  (HS\( HA) and 

perpendicu la r  (HSAHA) magnet iza t ion  of 

- t he  source and absorber  (Fe40Ni40P14B6) we 
/ -/ 

expect  2 0  and 1 6  l i n e s ,  r e s p e c t i v e l y ,  
1- A 

which a r e  p l o t t e d  i n  t he  c e n t e r  p a r t  of 

Fig.12. For t h e  upper 

pear  completely ---. , / 
1.- , - --::A ->;, 

ass T K.? 4 ,' 

( I ~ / I ~ )  0) ind ica-  -------:I 
t i n g  t h a t  t he  s a t u -  A A - 

A -.--. 
4 

s p e c t r a  of Fig.12 

rm. 5 @ 
: .-+. .%>! 
kJ * ,?\ 3, p . 

\ :  . . 2 , ;  
, . 

0% - . , . . 0 

; ;. .: : \a*.* 

1 

* %  ,m.sK. bmi,, 
r, .':. . 
. , t ,  + . 

' 6 . .  . . . , .  . ,  . . 
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Fig.12:Fe40Ni4,P14B~ spectra obtained with 
linearly p o l a r ~ z e d  x -rays (see text) 

rati 'on magnetiza- 
Fig. 11 :Spins around 

t i o n  and complete quasi-dislocations20 

t he  r ibbon d i r e c t i o n  R and t h e  source  mag- 

n e t i c  f i e l d  HS were p a r a l l e l  ( ~ ~ 1 1  R) and 

i n  t h e  lower s p e c t r a  they were perpendi-  

c u l a r  (HSIR)  t o  each o the r .  The two spec- 

t r a  on t h e  l e f t  a r e  r a t h e r  s i m i l a r ,  on 

i n spec t i on ,  however, d i f f e r e n c e s  i n  t h e  
r e l a t i v e  l i n e  i n t e n s i t i e s  become ev iden t ,  

i n d i c a t i n g  a  degree of p r e f e r r e d  o r i e n t a -  

t i o n  ( t e x t u r e )  of t he  s p i n s  i n  t h e  r ibbon 

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

t o  t he  absorber  (G I \  R) t he  s p e c t r a  chan- 

ge cons iderab ly  as  shown on t h e  r i g h t .  

Now the  s p e c t r a  f o r  t he  arrangements 

H S \ \  G ,  R and H S I  r, R match we l l  w i th  
t h e  corresponding s t i c k  diagrams ind i ca -  

t i n g  t h a t  t h e  app l i ed  s t r e s s  has a l i gned  

t he  sp in s .  

8- Fe-Ni a l l o y s . -  The amorphous system 

(Fe,Ni) 8oM20 has  been s t u d i e d  ex t ens ive ly .  

I t  i s  i n t e r e s t i n g  t o  compare t he  co r r e s -  

ponding magnetic phase diagrams of amor- 

phous28 (NixFel-x)P 

i n  t h e  c r y s t a l l i n e  s t a t e  

shows the  hyper f ine  f i e l d s  Hint ( top)  and 

t he  Curie  temperature TC and Nee1 tempera- 

t u r  TN (bottom). The TC behaviors  of t h e  
amorphous and t he  c r y s t a l l i n e  s t a t e s  a r e  

almost mir ror  images of each o t h e r .  The 

h igh  T C  va lues  f o r  amorphous Fe- r ich  



a l l o y s  i n d i c a t e  a  rover reg!rn 

l a r g e  ferromagne- , - 
t i c  Fe-Fe exchange z 3 0 1  ? a,,i7 
parameter value li 

200 ~.F . (C, , .~~~ ' N ' ~ F * l - ~ l ~ ~ P l ~  '6 

= 617 K) rorro 
mmarphour 

( J ~ e ~ e  a 

and a  very weak N i -  =;lw 

N i  exchange ( JNiN$4 ,-F.K.~ 

0 AntlCrro ; o K ) ' ~ .  I n  con- 

t r a s t ,  t he  h igh  T C  

va lues  f o r  t he  fee cryrtoll~ne 

c r y s t a l l i n e  N i -  

r i c h  a l l o y s  g ive  

evidence f o r  a  
200 

l a r g e  ferromagne- 

t i c  N i - N i  exchange 

Darameter va lue  FP N I  Concenlmt~on x NI 

F i g .  l 3 : H i n t r T c , T ~  of 
( J ~ i ~ i  = 630 K, (Ni,Felmx) BOP 14Bg and 
and a  nega t ive  - fcc ~ i ~ ~ e ~ - ~  
an t i fe r romagnet ic  

Fe-Fe exchange JFeFe< 0 K3' .  I n  both ca- 

s e s  JFeNi i s  l a rge .  I t  seems t h a t  one can 
i d e n t i f y  a  c r i t i c a l  concent ra t ion  co inc i -  

ding with t he  onse t  of e i t h e r  a  mictomag- 

n e t i c  o r  an t i fe r romagnet ic  behavior .  A t  

0 . 2 2  4 x ,( 0.34 we f i n d  the i nva r  reg ion  

where coexis tence  of f e r r o -  and a n t i f e r r o -  

magnetism was suggested and because of 

m a r t e n s i t i c  t ransformat ions  i t  i s  d i f f i -  

c u l t  t o  o b t a i n  da t a  f o r  Fe-r ich a l l o y s  
( x 4  0.22) .  Q u a l i t a t i v e l y  one can exp l a in  

t he  T behavior  by cons ider ing  the  s ens i -  C 
t i v i t y  of t he  exchange t o  i n t e r a tomic  

d i s t ances  as documented i n  t h e  Bethe-Sla- 

t e r  curve.  With i nc r ea s ing  d i s t ance  t he  
Fe-Fe exchange becomes p o s i t i v e  and s trong-  

l y  ferromagnet ic  whi le  t he  oppos i te  i s  t he  

case  f o r  t he  N i - N i  exchange which weakens 

wi th  g r e a t e r  atomic s epa ra t i on .  This i s  

what we expect  i n  amorphous meta l s  where 

t he  t r a n s i t i o n  metal  atomic d i s t ance  i s  
enlarged - compared t o  t he  c r y s t a l l i n e  

a l l o y s  - by the  presence of t h e  meta l lo id  

atoms. Recently, experiments32 on amor- 

phous FegoBZ0.under t e n s i l e  s t r e s s  have 

indeed produced an i nc r ea se  of  about 5 kOe 

i n  Hi .  

Pure & -Fe ( f cc )  i s  uns t ab l e  a t  room tem- 

pe ra tu r e ,  bu t  i t  can be s t a b i l i z e d  by t he  

fol lowing methods: 

1 .  coheren t  p r e c i p i t a t i o n  i n  an f c c  ma- 

t r i x ,  such a s  Cu; 

2 .  extending t he  -phase reg ion  by a l l oy -  

ing  a s ,  f o r  i n s t ance ,  i n  a u s t e n i t i c  s t e e l ;  
3. producing e p i t a x i a l  f i lms  on appropr i -  

a t e  su r f ace s .  

A t  t h e  time of the  discovery of the  Moss- 

bauer e f f e c t  Kondorskii and ~ e d o v ~ ~  rea-  

l i z e d  on t he  b a s i s  of t h e i r  magnetic 

s u s c e p t i b i l i t y  measurements t h a t  a n t i f e r -  

romagnetic order ing  occurs i n  s t a i n l e s s  

s t e e l  a t  low temperature.  The Ngel tempe- 

r a t u r e s  as  determined by Mossbauer spec- 
t roscopy a r e  about  4 0  K f o r  s t a i n l e s s  

s t e e l  depending somewhat on composition 

and 67 K f o r  coherent  f c c  8 - F e  p r e c i p i -  

t a t e s  i n  a  copper mat r ix34 .  The i n t e r n a l  

f i e l d  a t  low temperature i s  r a t h e r - s m a l l  

(Hint- 23 kOe) , Two s e t s  of cont rad ic -  

t o r y  r e s u l t s  have been obta ined  concer- 
ning t he  magnetic order ing  of f c c  & -Fe 

f i lms :  by macroscopic methods ferromag- 

netism was observed i n  f i lms  o r i en t ed  

p a r a l l e l  t o  {ill) 35 and (1 lo] 36 p l anes .  

Mossbauer spectroscopy,on t he  o the r  hand, 

e s t a b l i s h e d  ant i ferromagnet ism i n  {loo) 37  

f i lms  and r e c e n t l y  a l s o  i n  {I lo) f i lms .  

Thus, one i s  tempted t o  conclude t h a t  t he  
f i lm  o r i e n t a t i o n  i s  t he  determining f ac -  

t o r  i n  t he  magnetic order ing .  However, 

concur ren t ly  wi th  t he  f i l m  o r i e n t a t i o n ,  

magne tos t r i c t i on  produces adjustments  i n  

t he  l a t t i c e  parameter  a t  t h e  coherent  

Cu-Fe i n t e r f a c e .  Consequently, wi th  i n -  

c r ea s ing  t he  l a t t i c e  parameter ,  t h e  mag- 

n e t i c  o rder ing  might change from a n t i -  

ferromagnet ic  t o  ferromagnet ic  according 

t o  t he  Bethe-Slater  curve.  Recently co- 

he ren t  p r e c i p i t a t e s  of 8 -Fe produced i n  

an expanded f c c  h o s t  mat r ix  of 69 a t  % Cu 

30 a t  % Au have been found t o  be f e r r o -  
magnet ica l ly  ordered w i th  a  magnetic 

hyper f ine  f i e l d  of 210 k0e3'. I t  seems 

t h a t  t he  magnetic o ~ d e r i n g  and t h e  mag- 

n e t i c  hyper f ine  f i e l d  of 8 -Fe f i lms  

depend c r i t i c a l l y  on t he  l a t t i c e  parame- 

t e r  and pos s ib ly  on t he  f i l m  o r i e n t a t i o n .  
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The question mark on the Fe-side in Fig. 
13 should indicate that the problem con- 
cerning the magnetic stress of fcc \(-Fe 
has not yet been solved. 
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