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Abstract.- The magnetic and electrical properties of erbium-rich metallic glasses are presented. 
Magnetic ordering has been observed around 15 K. Below the ordering temperatures a strong local 
anisotropy develops causing high coercive fields and lack of saturation. The resistivity changes 
drastically at the ordering temperature and either increases or decreases. The negative temperature 
coefficients or resistivity at room temperature are explained with the extended Ziman theory. The 
relationship between the observed kinks in the resistivity curves and the low temperature spin 
correlations are discussed. 

INTRODUCTION ( i i i )  Below t h e  o r d e r i n g  temperature  a l a r g e  mag- 

The magnet ic p r o p e r t i e s  o f  t h e  non S -s ta te  n e t i c  a n i s o t r o p y  develops caus ing h i g h  c o e r c i v i t y  

r a r e - e a r t h  amorphous m a t e r i a l s  can be d iscussed by and l a c k  o f  magnet ic s a t u r a t i o n  ( F i g .  1 ) .  (iv) 

t h e  l o c a l  random a n i s o t r o p y  model [I]. The balance S t rong  temperature  dependent magnet ic a f t e r e f f e c t s  

between magnet ic a n i s o t r o p y  and exchange i n t e r a c -  appear a t  1 i q u i d  he1 ium temperatures,  suggest ing  a 

t i o n s  causes a d i s p e r s i o n  o f  t h e  moments and p ro -  thermal a c t i v a t i o n  process. 

duces t h e  known "speromagnet ic"  (no n e t  moment) o r  I I I I I I I I I 1 
"asperomagnet ic"  ( n e t  ,moment) s t a t e s  [2]. 

I n  t h i s  s tudy  we p resen t  t h e  magnet ic and 

t r a n s p o r t  p r o p e r t i e s  o f  severa l  r a r e - e a r t h  r i c h  
E 

meta l1  i c  g lasses.  I n  p a r t i c u l a r  we i n v e s t i g a t e  t h e  2 100 
H 

e f f e c t  o f  t he  Fermi r a d i u s  kF  on t h e  r e s i s t i v i t y  

measurements and on t h e  " s p i n  s t r u c t u r e . "  Va r i a -  

t i o n  o f  k F  was ach ieved by a l l o y i n g  erbium w i t h  

d i f f e r e n t  t r a n s i t i o n ,  nob le ,  and p o l y v a l e n t  meta ls .  

An a t t e m p t  was a l s o  made t o  r e l a t e  t h e  s p i n  c o r r e -  

l a t i o n s  w i t h  t h e  observed r e s i s t i v i t y  k i n k s  t h a t  

appeared a t  t h e  magnet ic o r d e r i n g  temperatures.  

RESULTS 

Amorphous samples were prepared by t h e  s p l a t  

c o o l i n g  techn ique.  The exper imenta l  techn iques 

have been desc r i bed  e l  sewhere [3]. t?agnet ic  mea- 

surements on a l a r g e  number o f  r a r e - e a r t h  r i c h  amor- 

phous a l l o y s  [3,4,5] show t h e  f o l l o w i n g  f e a t u r e s  : 

( i )  Some k i n d  o f  magnet ic o r d e r i n g  appears a t  l o w  

temperatures.  (ii) The magnetization o f  t h e  S- 

s t a t e  I o n s  (Gd) appears t o  s a t u r a t e  f a i r l y  easy as 

expected (F ig .  1 ) .  I n  t h e  case o f  non S -s ta te  ions, 

Fig. 1. Magnetization curves for 
R-Fe-B glasses at 4.2 K 

R e s i s t i v i t y  measurements i n  Er-Au g lasses 

showed severa l  k i n k s  a t  1 ow temperatures ( F i g .  2) .  

Acomple te  i n v e s t i g a t i o n  o f  these e f f e c t s  has been 

undertaken i n  t h i s  s tudy  where we focus on erbium- 

based amorphous a l l o y s .  The r e s i s t i v i t y  curves o f  

seve ra l  o f  these a l l o y s  a r e  shown on F ig .  2. A 

d r a s t i c  change i n  r e s i s t i v i t y  has been observed a t  

v e r y  l ow  temperatures (15 K ) .  However t h e  tempera- 

t u r e  c o e f f i c i e n t s  o f  r e s i s t i v i t y  a t  4.2 K and a t  

Poom temperature  change s i g n  i n  t h e  sequence f r sm 

Er-Fe to Er-A1. 
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F i g .  2 .  E l e c t r i c a l  r e s i s t i v i t y  f o r  

e r b i u m - r i c h  g lasses.  

The s u s c e p t i b i l i t y  measurements a r e  shown i n  

F ig .  3. A broad maximum has been observed i n  a l l  

samples a t  v e r y  l o w  temperatures.  I n  Er-Ga and Er-  

A1 glasses, t h e  s u s c e p t i b i l i t y  drops r a p i d l y  below 

t h e  maximum and " f i e l d  c o o l i n g "  e f f e c t s  a r e  

n o t i c e a  b l  e. 

H i g h - f i e l d  magne t i za t i on  measurements a r e  

shown i n  F ig .  4 f o r  Er-Ga. Flagnetic s a t u r a t i o n  has 

n o t  occu r red  even a t  f i e l d s  up t o  80  kOe. A rough 

e x t r a p o l a t i o n  o f  t h e  h i g h - f i e l d  p o r t i o n  o f  t h e  mag- 

n e t i z a t i o n  cu rve  a t  4.2 K r e s u l t e d  i n  a va lue  o f  

t h e  spontaneous moment F.lo = 122 emu/g. 

F igu re  5 shows t h e  l a r g e  c o e r c i v e  f i e l d s  wh i ch  

develop below t h e  o r d e r i n g  temperatures .  I n  Er-Au 

20 40 6 0 
T (K)  

F i g .  3. Magnet ic  s u s c e p t i b i l i t y  f o r  
e r b i u m - r i c h  g lasses  (H= 700 Oe) 

F i g .  4. 14agnet iza t ion  curves f o r  
(ErgOGa20) g l a s s  

and Er-Ga t h e  c o e r c i v i t y  remains f a i r l y  cons tan t  

between 10  and 20 K suggest ing  a quantum mechanical  

t u n n e l i n g  i n  t h i s  range [6]. For t h e  o t h e r  two a1 - 

l o y s  t h e  s u b s t a n t i a l  i nc rease  i n  c o e r c i v i t y  which 

i s  observed below 10  K i s  assoc ia ted  w i t h  thermal 

processes. 

Metamagnetic behav ior  has been observed i n  
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Er-Au and Er-Ga i n  the  temperature range o f  30-60K. 

This i s  shown on Fig. 6 by the  c o n s t r i c t e d  hystere- 

s i s  loop.  It suggests the  presence o f  a n t i f e r r o -  

magnetic i n t e r a c t i o n s  which cou ld  be broken up by 

the app l ied  f i e l d .  

F ig .  5. Temperature dependence of c o e r c i v i t y  
in  erb ium-r ich glasses 

H (kOe) 

F ig .  6. Hysteres is  loops i n  
(ErgOAu20) 90B1u glass 

DISCUSSION 

I t  i s  ev ident  from the  s u s c e p t i b i l i t y  curves 

t h a t  magnetic o rder ing  takes p lace around 15 K f o r  

a l l  Er-based a l l o y s .  The high-temperature suscep- 

t i b i ' l i t y  data were f i t  t o  a Curie-Ueiss law and 

Mef f  per Er atom was found t o  be 11 -0, 10 and 8 pB 

f o r  the  Er-Au, Er-Ga and Er-A1 glasses respect ive ly .  

The corresponding Curie temperatures were est imated 

t o  be 6, 4 and 15 K respec t i ve ly ,  i n d i c a t i n g  f e r r o -  

magnetic i n t e r a c t i o n s .  The values o f  peff deter-  

mined appear t o  be s l i g h t l y  d i f f e r e n t  than the  ex- 

pected 9.5 pB. 

Below the  o rder ing  temperatures hys te res is  e f -  

f e c t s  appear. The lack  o f  magnetic s a t u r a t i o n  sug- 

gests the  presence o f  a h igh  magnetic an isot ropy.  

The zero f i e l d  ext rapolated values o f  the moment 

1 a re  about T gJpB i n d i c a t i n g  an "asperomagnetic" o r -  

der ing w i t h  the moments spread o u t  i n t o  a hemi- 

spher ica l  " fan". 

The Ziman theory and i t s  extensions 171 are 

employed t o  exp la in  the r e s i s t i v i t y  measurements 

o f  amorphous mate r ia l s .  I n  these theor ies  the  

r e s i s t i v i t y  i s  given by 

where S(q) i s  the s t r u c t u r e  fac to r ,  v (q )  i s  the  

Four ier  t ransform o f  the pseudopotent ial  o f  a s i n g l e  

i o n  o r  the  s i n g l e  t -mat r i x  f o r  the t r a n s i t i o n  met- 

a l s  and 2kF i s  t h e  diameter o f  the  Fermi sphere. 

Because o f  the  q3 fac to r ,  the i n t e g r a l  i n  Eq. (1) 

heav i l y  weights those values o f  t h e  in tegrand near 

q = 2kF. Therefore the temperature dependence o f  p 

fo l lows the temperature dependence o f  S(q) near 2kF 

The f i r s t  peak o f  S(q), a t  the  p o s i t i o n  q becomes 
P'  

lower  and broader as temperature increases. There- 

fore, the p o s i t i o n  o f  2kF w i t h  respect t o  q w i l l  
P 

determine the  s i g n  o f  the  h igh  temperature c o e f f i -  

c i e n t  o f  r e s i s t i v i t y  Bh. I n  Er-Fe, Er-Co and Er-Ni 

glasses Bh i s  negative. Thus according t o  t h e  

Ziman theory [71 q = 2kF f o r  these th ree  glasses. 
P 

This suggests t h a t  the  number o f  conduct ion e lec-  



t rons  i s  the same f o r  the th ree  t r a n s i t i o n  metals, 

suppor t ing t h e  assumption o f  Esposito e t  a l .  [8!. 

However i n  going from N i  t o  Ga, kF increases s ince 

the  number o f  conduct ion e lect rons increase. This 

suggests t h a t  2 k F > q  which would be cons is ten t  
P 

w i t h  a p o s i t i v e  Bh as i s  observed. These assump- 

t i o n s  a re  conf irmed exper imenta l ly .  I n  Er-Fe, 

2kF= 2.27 i and q = 2.27 i-'. However i n  Er-A1 
P 

2kF = 2.44 i - l a n d  q ~ 2 . 2 7  i-' . 
P 

Magnetic o rder ing  con t r ibu tes  an add i t i ona l  

term t o  r e s i s t i v i t y .  Asomoza e t  a l .  [9] obtained 

the  f o l l o w i n g  expression f o r  the r e s i s t i v i t y  i n  

t h e  ordered magnetic s ta te :  

p = a + bm(2kF) (2) 

where the  f i r s t  term i s  due t o  independent sca t te r -  

i n g  by each magnetic ion,  the  second term i s  due t o  

coherent exchange s c a t t e r i n g  and m(2k ) i s  the  sp in  
F 

c o r r e l a t i o n  func t ion  a t  2kF. This  f u n c t i o n  i s  

given by 

I f  however an asperomagnetic o rder ing  i s  assumed, 

then 

where p1 i s  a parameter o f  l o c a l  magnetic order  and 

Sll (q) i s  t h e  s t r u c t u r e  f a c t o r  o f  t h e  magnetic 

ions. As kF  increases, Sll ( q )  and there fo re  p de- 

creases (Eq. 2) .  Th is  was observed on Fig. 2 where 

t h e  1 i q u i d  he1 ium temperature c o e f f i c i e n t  o f  r e s i s -  

t i v i t y  B1 changes from negat ive t o  p o s i t i v e  i n  

going from Er-Fe t o  Er-A1 glasses. 

The anomaly i n  p(T) a t  80 K observed i n  Er-Au 

and Er-Ga may be due t o  l o c a l  ant i fer romagnet ic  

s p i n  c o r r e l a t i o n s  as expressed i n  the magnetiza- 

t i o n  o f  Fig. 6. The ant i ferromagnetic i n t e r a c -  

t i o n s  may a r i s e  from s u b t l e  l o c a l  s t r u c t u r a l  ef-  

fec ts .  This  a lso  cou ld  g ive  r i s e  t o  the  coer-  

c i v i t y  anomalies observed i n  Er-Au and Er-Ga i n  the  

temperature range o f  30 t o  60 K. 
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