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ABSTRACT 

The tempera ture   dependences   o f   the  
a f t e r e f f e c t   c o e f f i c i e n t  Sv and   the   coerc ive  
f o r c e  iHc  have  been  measured  from 4.2K t o  300K 
on two spec imens   p repa red   f rom  s in t e red  
magnets   of   PrgY7Fe77B8  (s intered a t  1060 O C  

and  1100OC). The l a t t e r   h a s   h i g h e r  maximum 
ene rgy   p roduc t s .  The Sv va lues   o f   bo th   have  a 
maximum a t  60K and 150K r e s p e c t i v e l y .   T h i s  is 
a new behavior   which   can   no t   be   expla ined   by  
a n y   t h e o r y   p r o p o s e d   u n t i l  now. 

I N T R O D U C T I O N  

If a c e r t a i n   m a g n i t u d e   o f   a n   e x t e r n a l  
m a g n e t i c   f i e l d  is a p p l i e d   t o  a f e r romagne t i c  
spec imen   sudden ly ,   i n   gene ra l ,   t he   consequen t  
c h a n g e   o f   t h e   i n t e n s i t y   o f   m a g n e t i z a t i o n  i s  
n o t   c o r r e s p o n d i n g l y   r a p i d .   F o r  a l l  
f e r r o m a g n e t i c   s u b s t a n c e s   t h e r e  i s  a t i m e   l a g  
be tween  the   magnet ic   f ie ld   and   the  
magnet izat ion  which i s  not   caused  by  the  eddy 
c u r r e n t   c o n t r i b u t i o n .   T h i s  phenomenon is now 
g e n e r a l l y   c a l l e d   " m a g n e t i c   v i s c o s i t y "  or 
" m a g n e t i c   a f t e r e f f e c t " .  The e a r l i e s t  
o b s e r v a t i o n s  o f  v i scous   magne t i za t ion  were 
made on  I ron  by Ewing [l] , and  then many works 
have  been  accumulated  on t h i s  phenomenon. 
L a t e r ,   t h e  phenomenon w a s  c l a s s i f i e d   i n t o   t h e  
two c a t e g o r i e s   b y  N C e l  [2-41, namely: 

1 . D i f f u s i o n   a f t e r e f f e c t  
2 . T h e r m a l   f l u c t u a t i o n   a f t e r e f f e c t  

The former i s  r e l a t e d   w i t h   t h e   d i f f u s i o n   o f  
i m p u r i t i e s ,   f o r   i n s t a n c e ,   C a r b o n  or Ni t rogen  
atoms i n  a pure Fe c r y s t a l ,   a n d   t h e  l a t t e r  i s  
induced   by   t he   t he rma l   f l uc tua t ion   and  i s  
found more or l e s s   i n  a l l  f e r romagne t i c  
m a t e r i a l s .  I t  i s  found [ 5 ]  t h a t   t h e   t h e r m a l  
f l u c t u a t i o n   a f t e r e f f e c t  i s  r ep resen ted   by   t he  
e q u a t i o n :  

AI'=X'irrSv(lnt2-lntl)/(l-NX'rev) (1) 

where A I '  is t h e   d i f f e r e n c e   o f   t h e   a p p a r e n t  
m a g n e t i z a t i o n   ( n a m e l y ,   w i t h o u t   c o r r e c t i o n   f o r  
a demagne t ing   f i e ld )   be tween  tl and t 2  which 
a re   t he   t ime?   o f   measu remen t   a f t e r   chang ing  
t h e   f i e l d ,  x i r r  a n   a p p a r e n t   i r r e v e r s i b l e  
d i f f e r e n t i a l   s u s c e p t i b i l i t y ,   X ' r e v   t h e  
a p p a r e n t   r e v e r s i b l e   s u s c e p t i b i l i t y   a n d  N t h e  
demagne t i z ing   f ac to r   o f   t he   spec imen .   In  
gene ra l ,   t he   t ime   a s soc ia t ed   w i th   eddy   cu r ren t  
e f f e c t s  i s  v e r y   s m a l l ,  s o  i t  is n e g l i g i b l e .  

The t h e r m a l   f l u c t u a t i o n   a f t e r e f f e c t  
a p p e a r s   r e m a r k a b l y   s t r o n g   i n   m a g n e t i c a l l y   h a r d  
materials, e s p e c i a l l y   i n  rare e a r t h   m a g n e t s .  
Recen t ly ,  much a t t en t ion   has   been   focused   on  
t h e  R-Fe-B mater ia l   (where  R i s  r a r e   e a r t h  
e l emen t s ) ,   s ince   h igh   ene rgy   pe rmanen t   magne t s  
having maximum e n e r g y   p r o d u c t s   l a r g e r   t h a n  280 
KJ/m3(35MG0e)  were  develo2ed  on  the  basis  of 
t h e   i n t e r m e t a l l i c  compound hu2Fe14B . From t h e  
p o i n t   o f   v i e w   o f   t h e   p r a c t i c a l   u s e ,   t h e  
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e x i s t e n c e   o f  a l a r g e   m a g n e t i c   a f t e r e f f e c t  is 
a n   u n d e s i r a b l e   c h a r a c t e r i s t i c   f o r   t h e  
permanent  magnets. We have   s tud ied   the   thermal  
f l u c t u a t i o n   a f t e r e f f e c t   i n  R-Fe-B magnets,  
e s p e c i a l l y   i n  Pr8Y7Fe77Bg magnets,  and 
d e t e r m i n e d   t h e   t h e r m a l   f l u c t u a t i o n   a f t e r e f c e c t  
c o e f f i c i e n t  Sv in   t he   ne ighborhood  o f  t h e  
c o e r c i v e   f o r c e  as a f u n c t i o n   o f   t e m p e r a t u r e ,  
b e c a u s e   i n   t h i s   r e g i o n   t h e   t h e r m a l   f l u c t u a t i o n  
a f t e r e f f e c t   a p p e a r s  most  pronounced. 

EXPERIMENTAL PROCEDURE 

Two specimens were s i n t e r e d  a t  1100°C 
and   1060°C  r e spec t ive ly .   In  this p a p e r ,   t h e  
s p e c i m e n   s i n t e r e d   a t  1100°C w i l l  b e   c a l l e d  as 
spec imen1  and   the   o ther   spec imen II. Both  of 
them  were  formed i n t o   s p h e r e s   o f   a b o u t  5 m m  i n  
d iameter .   Af te ref fec t   measurements   were  
c a r r i e d   o u t  a t  temperatures   between 4.2K and 
300K i n   e x t e r n a l   f i e l d s  up to   5 .2T ,   u s ing  a 
superconduct ing   magnet .   Magnet iza t ion   va lues  
of   spec imens   were   de te rmined   by   the   induct ion  
method  using a p r e c i s i o n   d i g i t a l   m a g n e t o m e t e r  
which   can   reso lve  a r e l a t i v e   m a g n e t i z a t i o n  
change  of 5 ~ 1 0 - ~  . The r a t e  o f  t h e   f i e l d  
change i s  15600 A / m  per   second.  

I n  a r e g i o n   o f   t h e   h y s t e r e s i s   l o o p   w h i c h  
i s  c l o s e   t o   t h e   c o e r c i v e   f i e l d ,   a n d  shown i n  
F ig .1 ,   t he   magne t i za t ion  I, is measured a t  
H=Ho.  This  measurement i s  made 30  seconds 
a f t e r  H r e a c h e d   t o  H o  . T h i s   i n t e r v a l   o f   3 0  
seconds is n e c e s s a r y   f o r   t h e   f i e l d   t o   b e  
s t a b i l i z e d .  Then t h e   m a g n e t i c   f i e l d  i s  changed 
t o  a new p o i n t  H I ,  and   t he   d i f f e rence   o f   t he  
magne t i za t ion  i s  measured as A I ' = I B - I c  from 
30 seconds   t o   10   minu te s   a f t e r   t he   magne t i c  
f i e l d   r e a c h e s H 1  . A t  l as t ,  t h e   m a g n e t i c   f i e l d  
is r e t u r n e d   t o  Ho a g a i n ,   t h e   m a g n e t i z a t i o n  i s  
measured as ID 30   s econds   a f t e r   t he   magne t i c  
f i e l d   r e a c h e s  H o .  From e q .  (1) , t h e  
a f t e r e f f e c t   c o e f f i c i e n t  Sv can   be   ob ta ined  by 
s u b s t i t u t i n g   t h e   f o l l o w i n g   r e l a t i o n s :  
x ' i r r = ( I A - I B ) - ( I  -I ) , A I ' = I B - I C , ~ ' r e v = I  -I D C  0 C '  

Fig .  1 The exper imenta l   p rocedure  
f o r   m e a s u r i n g   t h e   a f t e r e f f e c t   c o e f f i c i e n t  Sv 
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RESULTS AND D I S C U S S I O N  

An example   o f   t he   a f t e re f f ec t   obse rved  a t  
60K on  specimen U i s  shown i n   F i g . 2 .  From 
t h i s  f igu r ' e  w e  c a n   f i n d   o u t   t h a t   t h e   r e s u l t s  
o f   ou r   expe r imen t   acco rd   w i th  t he  e q u a t i o n  (1) 
v e r y   w e l l .   F o r   t h e   i n v e s t i g a t e d   s p e c i m e n s ,  the 
t o t a l   v a r i a t i o n   o f   m a g n e t i z a t i o n   d u r i n g  the  
time i n t e r v a l   o f   o b s e r v a t i o n  i s  s m a l l ;  i t s  
o rde r   o f   magn i tude  is about  1 p e r c e n t   o f   t h e  
s a t u r a t i o n   m a g n e t i z a t i o n .   F i g u r e  3 shows t h e  
measured  Sv  values as a f u n c t i o n   o f  
t empera tu re   fo r   bo th   spec imens .  The c o e r c i v e  
fo rce   changes   w i th   t empera tu re  as shown i n  
F i g . 4   a n d   t h e   a p p a r e n t   i r r e v e r s i b l e  
d i f f e r e n t i a l   s u s c e p t i b i l i t y   c h a n g e s  w i t h  
t empera tu re  as shown i n   F i g . 5 .  I t  i s  a v e r y  
i n t e r e s t i n g  fac t  t h a t   t h e  Sv v a l u e   o f   t h e  
specimen II h a s  a maximum at  about  60K, which 
c o r r e s p o n d s   e x a c t l y   t o  the  case of  Nd15Fe77Bg 
magnett61,  and  which is q u i t e   c o n t r a r y   t o  the 
c a s e   o f  SmCog magnets   where  Sv  increases   with 
i n c r e a s i n g   t e m p e r a t u r e ( c f   F i g . 6 )  E51, a lmos t  
f o l l o w i n g  the  Ngel l a w , S v - ~ 1 / 2  t 1 1 ]  The Sv 
va lue   o f   t he   spec imen  I has a maximum a t  
abou t  150K, the   peak  is very   b road   and   the  
m a g n i t u d e   l a r g e r   t h a n   t h a t   o f   t h e   s p e c i m e n  II 
The c o e r c i v e   f o r c e  iHc of   bo th   spec imens  
d e c r e a s e s  w i t h  i n c r e a s i n g   t e m p e r a t u r e ,   b u t   t h e  
magnitude  of  the c o e r c i v e   f o r c e ,   o f   t h e  
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Fig .  4 Temperature  dependence 
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Fig .  5 Tempera ture   dependence   of   the   apparent  
i r r e v e r s i b l e   d i f f e r e n t i a l   s u s c e p t i b i l i t y .  

F ig .  2 An example  of the  a f t e r e f f e c t  
observed a t  6 0 K  on  specimenn. 
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F i g .  3 Temperature  dependence 
o f  t h e   a f t e r e f f e c t   c o e f f i c i e n t  Sv. 
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Fig .  6 Temperature   dependence  of   the 
a f t e r e f f e c t   c o n s t a n t  Sv f o r  a SmCo5 magne t [5 ] .  
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specimen I i s  much l a r g e r   t h a n   t h a t   o f  
specimen II . The behav io r   o f   t he   appa ren t  
i r r e v e r s i b l e   d i f f e r e n t i a l   s u s c e p t i b i l i t y  
X ' i r r  between  the two specimens i s  q u i t e  
d i f f e r e n t :  The X'irr of   the  specimen I 
i n c r e a s e s   a n d   t h a t   o f   t h e   o t h e r   d e c r e a s e s   w i t h  
i n c r e a s i n g   t e m p e r a t u r e .  

About t h e   r e l a t i o n   b e t w e e n   t h e   v i s c o s i t y  
c o e f f i c i e n t  Sv and   t he   t empera tu re ,   t he re   have  
been many i n v e s t i g a t i o n s ,   b u t   t h e i r   r e s u l t s  
are not   cons is ten t .   For   example ,   on   Aln ico  
sv-  T 3 / 4  was found  by  Barbier  [ 7 ] ,  X i r r S V  -T 
by S t r e e t  and Wooley [ 8 ] ,  sv - ~ 3 / 2  by 
Matsuura [91  ; on Ni3Mn x i r r s " -~  by 
Taoka[lOI;  and  on SmCog, sV-~1 /2  by 
Yamada [51.  On t h e   t h e o r y   s i d e ,   t h e r e   a r e   a l s o  
d i f f e r e n t   c o n c l u s i o n s .  Some o f  them  which a r e  
impor t an t  are t h e   f o l l o w i n g  : 

Sv2=4nkT/6V(Q1+ln-0 (2) 

which w a s  d e r i v e d  by Nee1 [111, and 
S=Xi,,SV=NMshkT ( 3 )  

by Brown [121,  where Ms i s  the   spon taneous  
m a g n e t i z a t i o n ,  V t h e   a c t i v a t i o n  volume  swept 
o u t   t h e   e n e r g y   b a r r i e r ,  kT the  Boltzmann 
ene rgy ,  t t h e   " w a i t i n g  time" b e f o r e  a b a r r i e r  
i s  overcome a t  a n   a b s o l u t e   t e m p e r a t u r e  T, N 
t h e  number  of t h e   p a r t i c l e s   w h i c h   p o s s e s s   t h e  
"volume" V ,  h t h e   v a l u e   t h a t   d e t e r m i n e   t h e  
d i s t r i b u t i o n   o f   t h e   p a r t i c l e s   w h i c h   p o s s e s s   a n  
a n i s o t r o p y   e n e r g y  W ,  and Q' a c o n s t a p t .  

From t h e   d i s c u s s i o n  made above, w e  can  
s a y   t h a t   t h e   r e s u l t s   o f   o u r   e x p e r i m e n t   r e v e a l  
a new behav io r   i n   t he   t empera tu re   dependence  
o f   t h e   v i s c o s i t y   c o e f f i c i e n t ,   t h a t  i s  n o t  
e x p l a i n e d  by a n y   e x i s t i n g   t h e o r y .  From Figs .3-  
5 ,  we c a n   a l s o  see t h a t   t h e   d i f f e r e n c e s   o f   t h e  
p r o p e r t i e s   b e t w e e n   t h e  two specimens are q u i t e  
l a r g e ,   a l t h o u g h   t h e  two specimens  have  the 
same chemical   composi t ion.  So we c a n   s a y   t h a t  
Sv c o n t a i n s   d e t a i l e d   i n f o r m a t i o n   o n   t h e  
e lementary   magnet iza t ion   process   and  i s  
sens i t i ve   t o   t he   mic romechan i sm  o f   t he  
spec imen.   Because   the   magnet ic   a f te re f fec t  i s  
due t o  a g r e a t  number  of   complexly  correlated 
m a g n e t i c   p r o c e s s e s ,   t h e   e f f e c t s   c a n   h a r d l y   b e  
d e s c r i b e d   i n   s i m p l e   t e r m s .  

F i n a l l y  i t  i s  i n t e r e s t i n g   t o  compare  the 
t e m p e r a t u r e   d e p e n d e n c e   o f   t h e   a f t e r e f f e c t  
c o e f f i c i e n t  Sv o f   t h e   i n v e s t i g a t e d  R-Fe-B 
m a g n e t s   t o   t h a t   o f  SmCo5, because   bo th  are 
c l a s s i f i e d  as t h e   n u c l e a t i o n   c o n t r o l l e d   t y p e ,  
a p p a r e n t l y   d i s t i n g u i s h e d   f r o m   t h e   p i n n i n g   t y p e  
such as Sm2Col7-based  magnets. The t empera tu re  
d e p e n d e n c e   o f   t h e   a f t e r e f f e c t   c o e f f i c i e n t   S v  
o f   t h e  SmCog s i n t e r e d   m a g n e t s  is shown i n  
F ig .6  [ 5 ] .  A t  low tempera ture ,   bo th   magnets  
show a similar t r e n d   o f   i n c r e a s i n g   S v .  
However, a t  h ighe r   t empera tu re  a d i s t i n c t  
d i f fe rence   emerges   be tween R-Fe-B and SmCog . 
Namely, i n   t h e   l a t t e r ,  Sv s t i l l  i n c r e a s e s   w i t h  
t empera tu re ,  whereas i n   t h e   f o r m e r ,   t h e  Sv 
d e c r e a s e s   w i t h   t e m p e r a t u r e .   I n   o r d e r   t o  
e x p l a i n   t h i s   b e h a v i o r ,  we h a v e   t o   c o n s i d e r   t h e  
f o l l o w i n g   f a c t s   [ 1 3 ] :   I n  SmCo5 magnet ,   the  
Cur i e   t empera tu re   o f   t he   g ra in   boundary   r eg ion  
i s  h i g h e r   t h a n   i n   t h e   m a t r i x   p h a s e .   T h e r e f o r e ,  
a r e l a t i v e l y   h i g h   v a l u e   o f   m a g n e t i c   a n i s o t r o p y  
i s  ma in ta ined  a t  t e m p e r a t u r e s   c l o s e   t o  Tc of  
the m a t r i x .   C o n t r a r i l y ,   i n   t h e  R-Fe-B magnets 
the   g ra in   boundary   reg ions   (Nd-r ich   phase   and  
B- r i ch   phase )   a r e   a lways   magne t i ca l ly   so f t e r  
t han   t he   ma t r ix   phase   because   o f  i t s  
n e g l i g i b l e   a n i s o t r o p y   a n d  low T c .  Now, l e t  u s  
suppose   t he   fo l lowing :  the  d i f f e r e n c e   i n   t h e  

magne t i c   p rope r t i e s   o f   t he   g ra in   boundary  
p h a s e s   b e t w e e n   t h e   i n v e s t i g a t e d  R-Fe-B and 
SmCo5 permanent  magnets makes t h e   t e m p e r a t u r e  
dependence   o f   t he   ac t iva t ion  volume V of 
e q . ( 2 )   d i f f e r e n t .   I n   t h e   c a s e   o f  R-Fe-B 
magnet, V c h a n g e s   w i t h   i n c r e a s i n g   t e m p e r a t u r e ,  
w h i l e   i n   t h e  SmCo5, V remains  unchanged as 
supposed  by  Ngel. So i t  a p p e a r s   t h a t   t h e  
e x i s t e n c e   o f   t h e   b o u n d a r y   p h a s e   i n   t h e   g r a i n  
boundary   r eg ion   o f   t he   s in t e red  R-Fe-B magnets 
is a n   e s s e n t i a l   f a c t o r   i n   t h e   m a g n e t i c  
a f t e r e f f e c t  mechanism i n   t h i s   t y p e   o f   m a g n e t .  
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