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INTRODUCTION 

During the last decade, magnetic properties 

of a large number of melt-quenched ferromagnetic 

amorphous alloys have extensively been studied 

from fundamental and practical points of view. 

Most of these studies, however, have been directed 

towards alloy systems of 3d transition metals with 

about 15-30 at.% of metalloid elements of 111, IV 

and V groups as glass-forming elements. 

Recently, (Fe, Co and/or Ni)-(Zr or Hf) alloys 

containing less than 15 at.% Zr or Hf have been for 

the first time produced in the amorphous state by 

rapidly quenching from the melt. The formation 

range of amorphous phase, the mechanical properties 

as well as thermal stability have been reported 
( 1 , ~ )  

. , 
earlier . In partichar, most of (Fe,c~,Ni)~~- 

Zr10 alloys exhibit low-Pield magnetic properties 
( 3 )  superior to those of TM-metalloid alloys . 

We report here the'magnetic properties of 

these new amorphous alloys based on 3d transition 

metals, (V,Cr,Mn,Fe,Co,Ni), alone or combination, 

and Zr or Hf as the only glass former element. 

EXPERIMENTAL 

Amorphous alloy ribbons (1 mm wide, 20 um 
thick) were prepared by the melt spinning tech- 

nique. These ribbons were confirmed by X-ray dif- 

fraction to be amorphous. The temperature depen- 

dence of magnetization was measured in the range 

4.2-800 K and in a magnetic field of 6 ~ 1 0  kOe by a 
pendulum magnetometer. The densities of the ribbons 

were measured by improved Archimedeam method using 

tetrabromoethane (Br2CHCHBr2). 

RESULTS 

The experimentatl results are summarized in 

Fi.gs. 1 and 2, where the average magnetic moment, 

ng per TM atoms and the Curie temperature, Tc, are 
plotted as a function of the average outer electron 

concentration, N, of TPI atoms, respectively. Data 

for T M ~ ~ P ~ ~ B ~ ~ ( ~ )  are also included for comparison. 

The curves of TM80P10B10 amorphous alloys show that 

nB and Tc change in the similar manner to the Slater 

Pauling curve. The n B for the ( F ~ - C O - N ~ ) ~ ~ Z ~ ~ ~  

amorphous alloys with N more than 8.5 also shows a 

similar decreasing to the general features. 

However, quite different behaviours in nB for TM- 

metalloid alloys less than N=8.5 can be noticed. 

The ng for FegOZr10 (N=8) is significantly small, 

compared with Fe80P10B10, and thus ng for TMgOZr10 

increases rapidly with increasing N and reaches a 

miximumvalue near N=8.4. The maximum value is 

1.85 uB for Fe-Ni-Zr and 2.05 uB for Fe-Co-Zr, res- 
pectively. It is notice that ng for N=8 is the 
ever reported minimum moment of 1.29 u /Fe atom in 
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Fig. 1 The average saturation moment of amorphous 
TM-M alloys(TM; Ni, Co, Fe, Mn, Cr and/or V, M; Zr 
or Hf) plotted as a function of the average outer 
electron concentration of a TM atom 

As seen in Fig. 1, the transition metals such 

as Mn, Cr and V which number of 3d-electrons is,less 
than Fe greatly reduce the net moment of the 

TM-metalloid amoruhous alloys. It is, however, seen 

the interesting behaviour that the replacement of Fe 

by Mn, Cr or V in TMgOZr10 amorphous alloys first 

increases ng contrary to TM-metalloid alloys and 

then decreases greatly. The value of N where the 

ng takes a maximum value decreases with decreasing 

atomic number of TM atoms. 
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Fig. 2 The Curie temperature of  amorphous TM-M 
a l l o y s  p l o t t e d  a s  a func t ion  of t h e  average ou te r  
e l e c t r o n  concentrat ion of TM atom 

I n  a d d i t i o n  t o  t h i s  unusual f e a t u r e  of nB, Tc 

of Fe-rich a l l o y s  a l s o  behaves d i f f e r e n t l y  from t h e  

coventional TM-metalloid amorphous a l l o y s .  Tc t akes  

243K f o r  FegOarlO, which is  very smal l  compared w i t h  

TC f o r  Fe-metalloids. For (Fe-Ni)90Zr10 amorphous 

a l l o y s ,  Tc changes i n  a pa rabo l i c  way wi th  respec t  

t o  N,  showing a maximum va lue  a t  N=9.4. I n  t h e  case  

of Fe-Co a l l o y s ,  a l a r g e  content  of Co more than N= 

8.3(30 a t % )  r a i s e s  Tc beyond the  c r y s t a l l i z a t i o n  

temperature, Tx,") and t h e  compositional dependence 

of Tc has  t h e  s i m i l a r  tendency t o  t h a t  of Fe-Ni 

a l l o y s .  On t h e  o t h e r  hand, Mn, Cr and V simply 

reduce t h e  Tc of amorphous Fe-based meta l lo id  

a l l o y s .  I n  t h e  case  of TMgOZr10 amorphous a l l o y s ,  

however, a smal l  a d d i t i o n  of these  elements r e s u l t s  

i n  the  i n c r e a s e  of Tc, although Tc decreases  i n  t h e  

high concen t ra t ion  range.  

I n  Fig.3 ,  the  reduced magnet izat in ,  M(T)/M(O), 

as a func t ion  of reduced temperature, T/Tc, is 

i l l u s t r a t e d  f o r  Fe-Zr and Fe-Hf amorphous a l l o y s  

toge the r  wi th  those of Feg8B12, F ~ - P - c ( ~ ) ,  c r y s t a l -  

l i n e  a-Fe and Fe-Ni i n v a r  a l l o y .  The curves f o r  t h e  

p resen t  a l l o y s  a r e  very c losed t o  t h a t  of Fe88B12, 

being much l e s s  convex upward than t h a t  of a-Fe. 

These curves  t rends of approximately t h e  same o r d e r  

a s  t h a t  of c r y s t a l l i n e  Fe-Ni invar  a l l o y .  It has  

a l s o  been found t h a t  t h e  replacement of Fe by Mn, 

? r  o r  V makes t h e  reduced magnet izat ion curve l e s s  

convex upward than those of t h e  binary Fe 
9oZr10 

and Fe Hf amorphous a l l o y s  . 
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Fig. 3 Reduced magnetization curves of  amorphous 
Fe-(Zr of Hf) a l l o y s  together  with  those of amor- 
phous Fe-B and Fe-P-C and those  of c r y s t a l l i n e  a- 
Fe and Fe-35.8 N i  a l l o y s  

The d e t a i l e d  compositional dependences of nB 

and Tc i n  t h e  systems of Fe-Zr and Fe-Hf a r e  shown 

i n  Fig.  4. Both nB and Tc decrease monotonically 

w i t h  decreasing Zr of Hf content .  I f  our d a t e  is  

combined with  those of Kazama e t  a1.(6)  f o r  Fe-Zr 

a l l o y s  prepared by a s p u t t e r i n g  method, i t  appears 

t h a t  both ng and Tc show a peak around c r i t i c a l  va lue  

x=1.3(~!Since t h i s  v a r i a t i o n  i n  ng is  s i m i l a r  t o  t h e  

magnetic moment vs .  concentrat ion curve f o r  Fe-Ni 

i n v a r  a l l o y s .  It is  of i n t e r e s t  t o  apply t h e  

weis; hypothsis ,  namely two magnetic s t a t e s  04 Fe, 

f o r  explaining t h e  p r e s e n t l y  found v a r i a t i o n  i n  nB. 

I n  regard  t o  t h i s  anomalous behaviour i n  nB and Tc, 

t h e  fol lowing r e s u l t s  concerning dens i ty  should be 

no t i ced .  
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Fig, 4 Sa tu ra t ion  moment and Curie  temperature 
a s  a func t ion  of Zr o r  Hf content  
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Fig. 5 i l l u s t r a t e s  t h e  dens i ty ,  D ,  f o r  amor- e l e c t r o n  concentrat ion,  N, of TM atoms i n  Fig. 6. 

phous ( F ~ - C O ) ~ ~ Z ~ ~ ~ ,  ( ~ e - C O )  8$20(8) and (Be-Co) 7i- The dens i ty  of these  a l l o y s  f o r  N more than 8 have 
~ i ~ ~ ~ ~ c ) a l l o y s  a s  a func t ion  of coba l t  concentrat ion been already explained. me behavior in density 

CO/ (co+Fe). Three s i g n i f i c a n t  f e a t u r e s  may be noted. around N=8 should be noticed. The replacement of 

First, t h e  dens i ty  inc reases  i n  t h e  order  of (Sf ,B)-, Fe by smal l  amounts of Mn, Cr o r  V f o r  (Fe-TM)goZr10 
B-and Zr-(Fe-Co) a l l o y s ,  o r  w i t h  inc reas ing  t h e  a l l o y s  does no t  change t h e  va lue  of dens i ty  s i g n i f i -  

t o t a l  amount of (Fe-Co) content .  Second, t h e  dens i ty  can t ly .  This  is  p a r t i c u l a r l y  no t i ceb le  i n  t h e  case  

changes almost l i n e a r l y  a g a i n s t  Co content.  bu t  wi th  -of C r  and V atoms. However. when t h e  replacement i s  

two d i f f e r e n t  slopes which can be  i d e n t i f i e d  a t  a l a r g e ,  t h e  dens i ty  of (Fe-TM)90Zr10 a l l o y s  i s  g r e a t l y  

c r i t i c a l  concentrat ion (c .c) .  The dec l ines  f o r  r e d u n c e d i n t h e  sequence of C r ,  V and Mn. 

t h r e e  a l l o y s  a r e  nea r ly  the  same i n  the  Co r i c h  8.0 1 I I 

region bu t  d i f f e r e n t  i n  t h e  Fe r i c h  region. Third,  I I 

t h e  s lope  of the  dens i ty  vs .  Co content  i n  t h e  Fe 

r i c h  region becomes smal l  i n  the  order  of Si-B, 
7.9 - TM 
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I I I I 1 n 
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Fig. 6 The dens i ty  of amorphous TM-M a l l o y s  

p l o t t e d  a s  a func t ionof  t h e  average o u t e r  e l e c t r o n  
concentrat ion of a TM atom . 

- The smal l  change i n  dens i ty  near  N=8 may be 

a t t r i b u t e d  t o  s t r u c t u r a l  r e l a x a t i o n  due t o  t h e  TM 
- 

I I I atom s i t u a t e d  i n t e r s t i t i a l l y  among Fe atoms. On t h e  

0 .2 .4 .6 .8 1.0 o t h e r  hand, t h e  l a r g e  reduct ion of dens i ty  due t o  

Cot (Fe+C0) t h e  high content  of Mn, C r  and V may be  occured with  

the  s u b s t i t u t i o n  of Fe by t h r e e  elements. 

Fig. 5 Composition dependence of t h e  dens i ty  f o r  
amorphous Fe-Co based a l l o y s  

It seems t h a t  t h e  dens i ty  is t h e  Fe r i c h  region 

a r e  abnormaly l a r g e ,  compared with  t h e  va lue  obtain-  

a b l e  by ex t rapo la t ing  t h e  l i n e a r  por t ion  i n  Co r i c h  

region t o  Co=O. This l a r g e  dens i ty  i s  thought t o  

be a r i s e d  with  t h e  s u b s t i t u t i o n  of Co by Fe atoms 

accompanving with  a considerable  s t r u c t u r a l  re lax-  

a t i o n  such t h a t  t h e  amorphous s t r u c t u r e  makes much 

dense. This  view is  supported by t h e  r e s u l t  of 

X-ray s tudy on s t r u c t u r e  ( I 0 ) ,  t h a t  i s  , t h e  coordi- 

na t ion  number of Fe-Fe atoms i n  Fe gOZr10 a l l o y  is  

11.8 which is  bigger  than 10.8 f o r  CogOZr10 a1J.o~. 

The dens i ty  f o r  amorphous (Fe-TM)90Zr10 a l l o y s  

is  p l o t t e d  a s  a func t ion  of t h e  average o u t e r  

Discussion 

The sharp decreases  i n  ng and Tc f o r  amorphous 

TMgOZr10 and TM Hf a l l o y s  with  inc reas ing  i r o n  
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concentrat ion,  observed he re ,  i s  a l s o  found i n  t h e  

case  of t h e  c r y s t a l l i n e  Fe-Ni invar  a l l o y .  I n  regard 

t o  t h i s  s i m i l a r i t y ,  i t  should be  noted t h a t  t h e  amor- 

phous quatermary a l l o y s  of (Fe Co N i  ) 1-x-y x y 90 Zr10 for 
x+y l e s s  than 0.28 have, i n  f a c t ,  a c l e a r  invar  

c h a r a c t e r i s t i c s  i n  a wide temperature range. (11) 

Although no d e f i n i t i v e  theory t o  exp la in  t h e  invar  

e f f e c t  has  y e t  been es tab l i shed ,  i t  seems of l i t t l e  

doubt t h a t  t h e  invar  e f f e c t  i s  assoc ia ted  with  a 

nega t ive  exchange i n t e r a c t i o n  among some of t h e  

magnetic moments(12). It is  known t h a t  t h e  s p i n  

moments on Fe atoms have a tendency t o  t h e  negat ive 

coupling when t h e  Fe atoms a r e  densely packed. 



The concentrat ion dependence of t h e  dens i ty  f o r  

TMgOZr10 a l l o y s  implies  t h a t  Fe atoms a r e  dense 

randamly packed i n  t h e s e  amorphous a l l o y s .  That is,  

Fe-rich p o r t i o n  i n  t h e  amorohous a l l o y s  seems t o  have 

a considerable  amount of l o c a l  atomic c l u s t e r  based 

on near ly  12-fold coordinated dense rondom packing 

s t r u c t u r e .  This  c l u s t e r  would seem t o  have t h e  

Fe-Fe p a i r s  c l o s e l y  paclced t o  each o t h e r ,  the re fo re ,  

such Fe-Fe p a i r s  may have presumably a negat ive 

exchange i n t e r a c t i o n .  Assuming t h e  negat ive exchange 

i n t e r a c t i o n  amorng Fe atoms, t h e  decrease  i n  % with  

decreasing Zr o r  Hf as found i n  Fig. 4 can be  ex- 

pla ined by t h e  inc rease  i n  the  number of t h i s  type 

of Fe-Fe p a i r s .  

On t h e  case  of (Fel-xCox o r  Fel-xNix)90Zr10 

a l l o y s ,  t h e  number of Fe-Fe p a i r s  wi th  negat ive 

exchange i n t e r a c t i o n  decrease  w i t h  inc reas ing  x,  

whi le  t h e  number of Fe-Co o r  Fe-Ni p a i r s  wi th  

p o s i t i v e  exchange i n t e r a c t i o n  inc rease .  Therefore, 

t h e  nB i n c r e a s e s  sha rp ly  with  i n c r e a s i n g  x. 

On t h e  o t h e r  hand, i n  t h e  case  of amorphous 

(Fe-TM)90Zr10 a l l o y s  (TM=Mn, C r  o r  V), a s  shown 

i n  Pigs.  1 and 2, r ep lac ing  Fe by a smal l  amount 

of TM atoms i n c r e a s e s  both Tc and ng. This decre- 

ment may be  t e n t a t i v e l y  explained a s  follows. As 

a l raady mentioned i n  Fig. 6 ,  no s i g n i f i c a n t  change 

i n  dens i ty  can be observed by rep lac ing  of Fe by 

C r  and V i n  t h e  (Fe-Cr o r  V)goZr10 a l l o y s .  The 

mechanism f o r  t h e  smal l  change i n  dens i ty ,  even 

though t h e  atomic weight of C r  o r  V i s  smal ler  than 

t h a t  of Fe, may be  e x ~ l a i n e d  such t h a t  t h e  atoms of 

C r  o r  V a r e  placed i n t e r s t i t i a l l y  among Fe atoms 

s o  a s  t o  inc rease  t h e  t o t a l  number of Fe and C r  

(o r  V) atoms per  u n i t  volume. TM atoms s i t u a t e d  

i n t e r s t i t i a l l y  among Fe atoras would s l i g h t l y  in-  

c rease  t h e  atomic d i s t a n c e  of surrounding Fe atoms. 

This  s l i g h t  expansion may change t h e  magnetic i n t e r -  

a c t i o n  of Fe-Fe p a i r  from nega t ive  t o  p o s i t i v e .  

Therefore, t h e  values  of ng and Tc inc rease  wi th  

a d d i t i o n  of a smal l  amount of Co o r  V. The de- 

c rease  i n  ng i n  t h e  high con ten t  of Mn, Co and V 

i s  a t t r i b u t e d  t o  t h e  ant i ferromagnet ic  coupling 

ACKNOWLEDGEMENTS 

We a r e  indebted t o  D r .  H. Masumoto, Di rec to r  

of t h e  Research i n s t i t u t e  of E l e c t r i c  and Magnetic 

Alloys ,  f o r  h i s  constant  guidance i n  t h e  course  of 

t h e  work, and t 6  Prof .  H.  Fujimori f o r  va luab le  

d i scuss ion  and permit t ing us t o  use  t h e  apparatus  

f o r  measuring t h e  magnet izat ion a t  4.2 K. 

REFERENCES 

1 )  M. Nos& and T. Masumoto; Sci .  Rep. RITU, g, 
2 32 (1980) 

2) A. Inoue, K. Kobayashi and T. kasumoto; t o  be 

publ ished i n  J. de Phys. 

3) M. Nos& and T. Masumoto; Suppl. Sci .  Rep. RITU 

A-222 (1980) 

4) T. Mizoguchi, K. Yamauchi and H. Miyajima; i n  

Amorphous Magnetism (Plenun P less ,  New york) 

325 (19 73) 

5) K. Fukamichi, M. Kikuchi. S. Arakawa and T. Ma- 

sumoto; So l id  S t a t e  Comm.,Z 955(9977) 

6 )  N. S. Kaxama, N. Heiman and H. Watanabe; suppl .  

Sci .  Rep. RITU. 131(1978) 

7) S. Ohnuma, K. Shirakawa, M. Nose and T. Masumoto: 

t o  be  publ ished i n  IEEE Trans. on Mag. 

8) R. C. O'Handley, R. Hasegawa, R. Ray and C.-P. 

Chou; Appl. Phy. L e t t e r s  9 330(1976) 

9) K. Shirakawa and T. Masumoto; t o  be publ ished i n  

Japan J. Appl. Phy. 

1O)T. Waseda; P r i v a i t e  Comunication. 

11)K. Shirakawa, S. Ohnuma, M. Nos& and T. Masumoto 

t o  be  publ ished on IEEE Trans on Mag. 

12)e .  g. R. Kloss; Int. J. Magnetism, 5 251(197?) 

between Fe and TM atoms. 


