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AESTRACT 

The magnet ic  behav iour  of [ I l l ] - o r i e n t e d  i r o n  whiskers  is s t u d i e d  a s  a  

f u n c t i o n  of magnetic f i e l d  a p p l i e d  a l o n g  t h e  whisker  l e n g t h  and a s  a  f u n c t i o n  

of temperature .  Based on a c  s u s c e p t i b i l i t y  measurements and observed B i t t e r  

p a t t e r n s  i n  low a p p l i e d  f i e l d s ,  a  domain s t r u c t u r e  is  proposed f o r  t h i s  

o r i e n t a t i o n  of whisker .  T h i s  is compared wi th  o b s e r v a t i o n s  made on [ l o o ]  and 

t h e  r a r e  [ I  101-or iented i r o n  whiskers .  

The t e c h n i q u e  of growing i r o n  whiskers  is d e s c r i b e d .  T h e o r i e s  of 

whisker  growth a r e  d i s c u s s e d .  The r o l e  of carbon i n  i r o n  whisker  growth and 

i t s  d e t e c t i o n  i n  s m a l l  c o n c e n t r a t i o n s  is cons idered .  

The approach t o  s a t u r a t i o n  i n  t h e  [ I l l ]  d i r e c t i o n  f o r  an  i r o n  whisker  

wi th  i t s  long a x i s  i n  t h a t  d i r e c t i o n  i s  s t u d i e d  by a c  s u s c e p t i b i l i t y  

measurements. The d a t a  a t  room tempera tu re  i s  ana lyzed  t o  g i v e  t h e  

magne t iza t ion ,  i n t r i n s i c  s u s c e p t i b i l i t y ,  and demagnet iz ing f i e l d  a t  each of 

15 c r o s s - s e c t i o n s  a long  t h e  l e n g t h  f o r  a p p l i e d  f i e l d s  from 10 t o  1000 oe .  

It i s  concluded t h a t  mean f i e l d  a n i s o t r o p y  t h e o r y  does  n o t  account  f o r  t h e  

r e s u l t s .  The approach t o  s a t u r a t i o n  i n  t h e  [ I l l ]  d i r e c t i o n  may r e p r e s e n t  t h e  

behaviour  of t h e  3 - s t a t e  P o t t s  model. 

The magnetic response  of a  [ I l l ] - o r i e n t e d  i r o n  whisker  i s  measured up t o  

and through t h e  C u r i e  temperature .  The a n i s o t r o p y  c o n s t a n t  i s  found from t h e  

response  i n  t h e  range of f i e l d s  between t h a t  n e c e s s a r y  t o  b r i n g  t h e  

magne t iza t ion  i n  t h e  c e n t r a l  c r o s s  s e c t i o n  of t h e  whisker  t o  Pfs/n and t h a t  

t o  reach  Ms. W e  e x t r a c t  an a n i s o t r o p y  f i e l d  Hk p r o p o r t i o n a l  t o  K1/Ms and 

a n a l y z e  i t s  dependence on Ms and on temperature .  The r e s u l t s  i n d i c a t e  t h a t  

K1/Ms - M~~ wi th  n  = 3 . 1 1 +  0.05 f o r  t h e  t empera tu re  range  0.0005 < 



(Tc - T)/Tc C 0.002 w i t h  n  i n c r e a s i n g  a t  lower t empera tu res .  To o u r  

knowledge t h i s  i s  t h e  f i r s t  o b s e r v a t i o n  of  t h e  power law b e h a v i o u r  of  t h e  

a n i s o t r o p y  i n  a c u b i c  fe r romagne t  j u s t  below t h e  C u r i e  t empera tu re .  

A t  lower  t e m p e r a t u r e s  t h e  a n a l y s i s  i s  compl icated by t h e  f i e l d  

dependence of t h e  demagne t i z ing  f i e l d .  The a n i s o t r o p y  f i e l d  Hk i s  e x t r a c t e d  

from t h e  c r i t i c a l  a p p l i e d  f i e l d  which j u s t  s a t u r a t e s  t h e  c e n t r e  of a  [ I l l ]  

w h i s k e r  a t  each  t empera tu re .  T h i s  is accomplished by c a l c u l a t i n g  t h e  

demagnet iz ing f i e l d  u s i n g  a  method o f  model l ing t h e  s o u r c e s  of  t h e  

demagnet iz ing f i e l d  on t h e  s u r f a c e  of a  c y l i n d e r .  The s e n s i t i v i t y  of t h e  

method p e r m i t s  e x t r a c t i o n  of K1 v a l u e s  o v e r  f i v e  o r d e r s  of  magnitude.  The 

r e s u l t s  a r e  compared w i t h  t h o s e  of o t h e r s  from t o r q u e  c u r v e  and FMR 

measurements. 

F o r  t h e  p u r p o s e s  of  t h e  above a n a l y s i s ,  t h e  t e m p e r a t u r e  dependence of  

t h e  spon taneous  m a g n e t i z a t i o n  Ms is measured from room t e m p e r a t u r e  t o  t h e  

C u r i e  temperature .  T h i s  is d e r i v e d  from t h e  d e p a r t u r e  f i e l d  which j u s t  

s a t u r a t e s  t h e  c e n t r e  of a  [I001 i r o n  whisker .  Minor c o r r e c t i o n s  f o r  t h e  

a n i s o t r o p y  a r e  made. The r e s u l t s  a g r e e  w e l l  w i t h  t h e  measurements of o t h e r s .  

A f i t  f u n c t i o n  t o  t h e  d a t a  i s  g iven  which c a n  b e  u s e d  a s  t h e  c a l i b r a t i o n  

c u r v e  of an i r o n  w h i s k e r  magnet ic  thermometer. 
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I. INTRODUCTION: THE ROLE OF MAGNETIC ANISOTROPY I N  FERROMAGNETIC CRYSTALS 

Many p r o p e r t i e s  of  a m a t e r i a l ,  such a s  s t r e n g t h  and e l a s t i c i t y ,  a r e  

dependent on c r y s t a l l o g r a p h i c  d i r e c t i o n  i n  a l a t t i c e .  The i n t e r n a l  ene rgy  of 

a fer romagnet  is dependent  a l s o  on t h e  o r i e n t a t i o n  of t h e  spon taneous  

m a g n e t i z a t i o n  i n  a c r y s t a l .  Magnetic a n i s o t r o p y  is  w e l l  known from t h e  

measurement of  B-H c u r v e s  w i t h  t h e  f i e l d  H a p p l i e d  i n  v a r i o u s  d i r e c t  i o n s  w i t h  

r e s p e c t  t o  a c r y s t a l  sample.  Fig .  ( 1 )  shows t h e  R-H c u r v e s  f o r  i r o n  a t  room 

t e m p e r a t u r e  f o r  t h r e e  d i r e c t i o n s  of t h e  a p p l i e d  f i e l d .  These c u r v e s  show 

t h a t  t h e r e  a r e  "easy" and "hard" d i r e c t i o n s  f o r  m a g n e t i z a t i o n .  F o r  i r o n  t h e  

e a s y  and h a r d  d i r e c t i o n s  a r e  t h e  [I001 and [ I l l ]  r e s p e c t i v e l y  a t  a l l  

t empera tu res .  

Ferromagnets a r e  s t r o n g l y  i n t e r a c t i n g  sys tems  of magnet ic  moments which, 

l i k e  any system, want t o  a c h i e v e  t h e i r  lowes t  ene rgy  s t a t e .  The s t r o n g e s t  

i n t e r a c t i o n  i s  c a l l e d  exchange which t r i e s  t o  a l i g n  each  moment w i t h  i t s  

neighbours .  T h i s  r e s u l t s  i n  a spontaneous  m a g n e t i z a t i o n  Ms (magnet ic  

moments/unit  volume),  t h e  p r o p e r t y  which i s  synonymous w i t h  f  erromagnetism. 

Exchange i s  a Coulomb i n t e r a c t i o n  mediated by t h e  P a u l i  e x c l u s i o n  p r i n c i p l e ,  

which f o r b i d s  e l e c t r o n s  w i t h  t h e  same s p i n  from b e i n g  i n  t h e  same p l a c e  a t  

t h e  same t i m e ,  b u t  n o t  e l e c t r o n s  w i t h  d i f f e r e n t  s p i n s .  Thus t h e  

e l e c t r o s t a t i c  ene rgy  of a sys tem depends on t h e  r e l a t i v e  o r i e n t a t i o n  of  i t s  

s p i n s .  The exchange energy  of two atoms w i t h  s p i n s  Si ,Sj  i s  Uij  = -2JS .S 
j 

where J i s  t h e  exchange i n t e g r a l  which i s  r e l a t e d  t o  t h e  o v e r l a p  of  c h a r g e  

d i s t r i b u t i o n s  o f  t h e  two atoms. T h i s  is c a l l e d  t h e  He i senberg  model. From 

mean f i e l d  t h e o r y  and t h e  observed C u r i e  t e m p e r a t u r e  of 1043 K ( t h e  

t e m p e r a t u r e  where a f e r romagne t  changes i n t o  a paramagnet) ,  one  can c a l c u l a t e  



a  v a l u e  of J = 11.9 meV. I f  exchange were t h e  o n l y  i n t e r a c t i o n  i n  a  

ferromagnet ,  t h e n  a l l  of  t h e  moments would b e  a l i g n e d  i n  a  s i n g l e  domain. 

Such s i n g l e  domain p a r t i c l e s  e x i s t ,  b u t  a r e  f i n e  p a r t i c l e s  of v e r y  s m a l l  

s i z e s .  C a r e f u l  c a l c u l a t i o n s  of c r i t i c a l  r a d i i  f o r  s i n g l e  domain behav iour  

a r e  given by Brown (1969).  He f i n d s  t h a t  s p h e r e s  of i r o n  and n i c k e l  a r e  

s t a b l e  a s  s i n g l e  domains below r a d i i  of 16.7 and 38 .2  nm r e s p e c t i v e l y .  

However fe r romagne t s  a r e  n o t  s o  s imple ,  even i f  t h e y  a r e  f i n e  p a r t i c l e s .  

F i r s t  of a l l  t h e r e  a r e  magnet ic  d ipo le -d ipo le  i n t e r a c t i o n s .  Divergences  i n  

t h e  magne t iza t ion  (charge)  a r e  avoided i n  t h e  b u l k ,  b u t  magnet ic  charge  on 

t h e  s u r f a c e  of a  f i n e  p a r t i c l e  r e s u l t s .  T h i s  c h a r g e  i s  t h e  s o u r c e  of a  

demagnet iz ing f i e l d  which opposes t h e  magne t iza t ion .  S i n c e  a  p a r t i c l e  is  

u s u a l l y  no t  s p h e r i c a l ,  t h e  magne t iza t ion  w i l l  a l i g n  i n  a  p a r t i c u l a r  

d i r e c t i o n ,  and t h e  c h a r g e  w i l l  d i s t r i b u t e  on t h e  s u r f a c e  of t h e  p a r t i c l e  i n  a  

p a r t i c u l a r  way, i n  o r d e r  t o  minimize t h e  t o t a l  magnet ic  energy.  T h i s  i s  a  

s i m p l e  example of magnet ic  a n i s o t r o p y ,  c a l l e d  shape a n i s o t r o p y ,  r e s u l t i n g  

f  r o n  d ipo le -d ipo le  i n t e r a c t  ions .  

A second kind of a n i s o t r o p y  i s  c a l l e d  m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  and 

is  t h e  main s u b j e c t  matter of t h i s  t h e s i s .  It is t h e  r e s u l t  of s p i n - o r b i t  

i n t e r a c t i o n s  which a r e  aware of t h e  c r y s t a l  symmetry. The s p i n  a n g u l a r  

momentum v e c t o r  of each magnet ic  moment i n t e r a c t s  w i t h  t h e  o r b i t a l  a n g u l a r  

momentum of e l e c t r o n s  which s e e  t h e  i n t e r n a l  e l e c t r i c  p o t e n t i a l ,  which i n  

t u r n  p o s s e s s e s  t h e  symmetry of t h e  l a t t i c e .  A s  a  r e s u l t  t h e  magnet ic  moments 

p r e f e r  t o  a l i g n  a l o n g  c e r t a i n  c r y s t a l l o g r a p h i c  d i r e c t i o n s  o r  axes .  

The s i m p l e s t  t y p e  of m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  i s  u n i a x i a l  

a n i s o t r o p y  a s  found i n  c o b a l t .  Below 400•‹c, t h e  most s t a b l e  c r y s t a l  

s t r u c t u r e  f o r  c o b a l t  i s  hexagonal.  A t  low tempera tu res  t h e  magne t iza t ion  



l i e s  a long  t h e  c -ax i s .  With i n c r e a s e d  t empera tu re  t h e  a n g l e  between t h e  e a s y  

d i r e c t i o n  and t h e  c -ax i s  v a r i e s  a lmos t  l i n e a r l y  wi th  t e m p e r a t u r e  from z e r o  a t  

220•‹c t o  1~12 a t  3 2 0 ' ~  a t  which t empera tu re  and above t h e  e a s y  d i r e c t i o n  

l i e s  i n  t h e  b a s a l  p l a n e  a l o n g  t h e  [ l i 0 0 ]  d i r e c t i o n .  Above 400•‹c and up t o  

t h e  C u r i e  p o i n t ,  c o b a l t  i s  most s t a b l e  i n  a f c c  c r y s t a l  s t r u c t u r e .  Nicke l  

h a s  a f c c  s t r u c t u r e  and i r o n  a bcc  s t r u c t u r e  from O0 K t o  t h e i r  r e s p e c t i v e  

C u r i e  p o i n t s .  Thus t h e s e  t h r e e  3-d t r a n s i t i o n  f e r r o m a g n e t i c  m e t a l s  a l l  have 

cub ic  symmetry and consequen t ly  d i s p l a y  c u b i c  a n i s o t r o p y .  A s  w i l l  be  

exp la ined  below, c u b i c  a n i s o t r o p y  can r e s u l t  i n  [ lo01 t y p e  d i r e c t i o n s  a s  

be ing  e a s y  d i r e c t i o n s  w h i l e  [ I l l ]  t y p e  d i r e c t i o n s  a r e  t h e  h a r d  d i r e c t i o n s .  

T h i s  i s  t h e  c a s e  i n  i r o n .  Vice v e r s a  is  p o s s i b l e  a s  w e l l ,  which i s  t h e  c a s e  

i n  c o b a l t .  F i n a l l y ,  because  m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  i s  s t r o n g l y  

t empera tu re  dependent ,  t h e s e  d i r e c t i o n s  can change w i t h  t empera tu re .  Below 

approximately  200•‹c, n i c k e l  h a s  [ I l l ]  t y p e  e a s y  d i r e c t i o n s  w h i l e  above t h i s  

t empera tu re  i t  h a s  [ l o o ]  e a s y  d i r e c t i o n s .  

The s u b j e c t  of m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  i n  f  errornagnets and r e l a t e d  

exper imenta l  r e s u l t s  have been e x t e n s i v e l y  reviewed by Darby and I s s a c  

(1974).  

Ferromagnets w i t h  dimensions  l a r g e r  than  t h e  exchange l e n g t h  can  

minimize t h e i r  t o t a l  energy by forming r e g i o n s  of a l i g n e d  magnet ic  moments 

c a l l e d  domains. I n  each domain, t h e  magne t iza t ion  is  e q u a l  t o  t h e  

spontaneous  magne t iza t ion  Ms which would b e  found i n  t h e  f i n e  p a r t i c l e .  

The magne t iza t ion  i n  each domain t r i e s  t o  a l i g n  a s  c l o s e l y  a s  p o s s i b l e  t o  an  

e a s y  d i r e c t i o n  t o  minimize i t s  a n i s o t r o p y  energy.  I n  z e r o  f i e l d ,  t h e  

ferromagnet  can b e  i n  a demagnetized s t a t e  o r  a t  l e a s t  a s t a t e  of n e t  

magne t iza t ion  l e s s  t h a n  t h e  v a l u e  Ms. T h i s  depends on t h e  arrangement of 



domains w i t h i n  t h e  fe r romagne t .  

S e p a r a t i n g  t h e  domains a r e  na r row r e g i o n s  c a l l e d  w a l l s .  I n  t r a v e r s i n g  a  

w a l l ,  t h e  d i r e c t i o n  of  m a g n e t i z a t i o n  r o t a t e s  smoothly  from b e i n g  i n  one e a s y  

d i r e c t i o n  t o  be ing  i n  a n o t h e r  e a s y  d i r e c t i o n  i n  an a d j a c e n t  domain. When t h e  

r o t a t i o n  t a k e s  p l a c e  i n  t h e  p l a n e  o f  t h e  w a l l ,  i t  i s  c a l l e d  a  Bloch w a l l .  

D i s c o n t i n u i t y  i n  t h e  component o f  m a g n e t i z a t i o n  normal t o  a  w a l l  i s  avo ided ,  

o t h e r w i s e  a  charged w a l l  would r e s u l t  a t  a  c o s t  of  m a g n e t o s t a t i c  energy.  The 

fo rmat ion  o f  a  w a l l  r e q u i r e s  a  c o s t  o f  b o t h  exchange energy  Be and 

a n i s o t r o p y  energy Ek i n  a  o n e  t o  one r a t i o .  The t h i c k n e s s  of a  w a l l  i s  

Domain w a l l s  a r e  c l a s s i f i e d  a s  180 d e e r e e  w a l l s  o r  90 d e g r e e  w a l l s  

depending on t h e  r e l a t i v e  a n g l e  of t h e  m a g n e t i z a t i o n  i n  each of  t h e  a d j a c e n t  

domains. In  a  t h i n  l a y e r  of b u b b l e  m a t e r i a l  such a s  r a r e - e a r t h  i r o n  g a r n e t s ,  

t h e r e  a r e  s e r p e n t i n e  o r  s t r i p e  domains s e p a r a t e d  by 180 d e g r e e  w a l l s .  A 

s t r o n g  u n i a x i a l  a n i s o t r o p y  e x i s t s  a l i g n i n g  t h e  moments e i t h e r  p a r a l l e l  o r  

a n t i p a r a l l e l  t o  t h e  normal t o  t h e  l a y e r .  A b i a s  f i e l d  when a p p l i e d  causes  

t h e  a n t i p a r a l l e l  domains t o  s h r i n k  down i n t o  c y l i n d r i c a l l y  shaped domains 

c a l l e d  bubbles .  

In  i r o n ,  b o t h  180 d e g r e e  and 90 degree  domain w a l l s  e x i s t .  The c l a s s i c  

domain s t r u c t u r e  f o r  a  b a r  of i r o n  i s  c a l l e d  t h e  Landau s t r u c t u r e  ( s e e  f i g .  

2 ) .  It i s  c h a r a c t e r i z e d  by 4 domains, 2 major  domains r u n n i n g  t h e  l e n g t h  o f  

t h e  b a r  and s e p a r a t e d  by a  180 degree  w a l l ,  and 2 minor domains a t  t h e  ends .  

The end domains o r  c l o s u r e  domains a r e  s e p a r a t e d  from t h e  l o n g  domains b y  90 

d e g r e e  w a l l s .  Vote t h a t  a l l  w a l l s  and s u r f a c e s  a r e  c h a r g e  f r e e ,  e x c e p t  

p o s s i b l y  where t h e  w a l l s  i n t e r s e c t  t h e  s u r f a c e s .  

The w a l l s  we have d e s c r i b e d  s o  f a r  a r e  Bloch w a l l s .  Another type  of 



w a l l  can e x i s t  i n  which t h e  m a g n e t i z a t i o n  r o t a t e s  i n  a  p l a n e  p e r p e n d i c u l a r  t o  

t h e  w a l l .  T h i s  i s  c a l l e d  a Ygel w a l l  and i f  i t  o c c u r r e d  i n  t h e  b u l k  o f  a  

f e r r o m a g n e t ,  would b e  v e r y  c o s t l y  i n  terms of m a g n e t o s t a t i c  e n e r g y  due  t o  

c h a r g e  on such  a  w a l l .  However, r e t u r n i n g  a g a i n  t o  t h e  Landau s t r u c t u r e ,  i f  

t h e  Eloch  w a l l s  g r a d u a l l y  became  gel-like" a t  t h e  s i d e  s u r f a c e s ,  a  s a v i n g  

of  m a g n e t o s t a t i c  e n e r g y  would b e  ach ieved .  The n e t  r e s u l t  o f  t h i s  i s  t h e  

e x i s t e n c e  o f  two e s s e n t i a l  p o i n t  s i n g u l a r i t i e s  i n  t h e  m a g n e t i z a t i o n ,  o n e  on 

e a c h  o f  t h e  s i d e  s u r f a c e s ,  which i s  d i c t a t e d  by t h e  t o p o l o g y  ( A r r o t t  e t  a l .  

1979) .  

I n  t h e  c a s e  o f  n i c k e l  w i t h  [ I l l ]  e a s y  d i r e c t i o n s ,  t h e  w a l l s ,  even  though 

t h e y  a r e  commonly c a l l e d  90 d e g r e e  w a l l s ,  a r e  n o t  t r u e  9 0  d e g r e e  w a l l s .  

P c t u a l l y  t h e y  a r e  a p p r o x i m a t e l y  e i t h e r  70.53 d e g r e e  w a l l s  o r  109.47 d e g r e e  

w a l l s ;  t h e  a n g l e s  a r e  t h o s e  of  a  t e t r a h e d r o n .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  a  1 P O  d e g r e e  w a l l  can  b e  t h o u g h t  o f  as a 

p a i r  of 90  d e g r e e  w a l l s .  T h e r e f o r e  what makes a  180 d e g r e e  w a l l  a  s t a b l e  

e n t i t y ?  K i t t e l  (1949)  answered  t h i s  q u e s t i o n  b y  p o i n t i n g  o u t  t h e  e f f e c t  o f  

m a g n e t o s t r i c t i o n .  When a  f e r r o m a g n e t  expands  o r  c o n t r a c t s  a n i s o t r o p i c a l l y  

depend ing  on t h e  d i r e c t i o n  o f  t h e  s p o n t a n e o u s  m a g n e t i z a t i o n  Ms,  t h i s  i s  

c a l l e d  m a g n e t o s t r i c t  i o n .  S i m i l a r l y ,  a n  a p p l i e d  t e n s i l e  o r  c o m p r e s s i o n a l  

s t r e s s  can  i n d u c e  an e f f e c t i v e  m a g n e t o s t r i c t i v e  f i e l d  which i n  t u r n  r e s u l t s  

i n  a  t o r q u e  on ITs. T h i s  m a g n e t o e l a s t i c  p r o p e r t y  f u r t h e r  c o m p l i c a t e s  t h e  

s t o r y  o f  t h e  m a g n e t o s t a t i c s  o f  f e r r o m a g n e t s .  Two p a r a l l e l  domains s e p a r a t e d  

by  a  180 d e g r e e  w a l l  expand i d e n t i c a l l y  ( m a g n e t o s t r i c t i o n  i s  a x i a l ,  n o t  

d i r e c t i o n a l ) ,  s t a b l i z i n g  t h e  w a l l .  P e t u r n i n g  o n c e  a g a i n  t o  t h e  Landau 

s t r u c t u r e ,  t h e  t h i c k e r  t h e  b a r  of i r o n  i s ,  t h e  l a r g e r  t h e  c l o s u r e  domains  

become. In  i r o n ,  which  h a s  a  p o s i t i v e  m a g n e t o s t r i c t i o n ,  t h e  t o t a l  m a g n e t i c  



energy  i n  t h i c k e r  b a r s  can b e  reduced by hav ing  two o r  more p a r a l l e l  180 

degree  w a l l s .  T h i s  a l l o w s  more, b u t  s m a l l e r  c l o s u r e  domains. The c o s t  i n  

a d d i t i o n a l  wall energy  i s  more than  made up by  t h e  s a v i n g  i n  s t r a i n  energy.  

Domain s t r u c t u r e s  a r e  e a s i l y  observed on t h e  s i d e  s u r f a c e s  of  b a r s  b y  

means o f  t h e  B i t t e r  t e c h n i q u e .  A c o l l o i d  suspens ion  o f  f e r r i t e  p a r t i c l e s  i s  

a p p l i e d  t o  t h e  b a r .  The p a r t i c l e s  congrega te  a t  t h e  w a l l s  making them 

v i s i b l e  w i t h  a  l i g h t  microscope.  A d i s c u s s i o n  of  t h e  B i t t e r  p a t t e r n s  

observed on o u r  samples  w i l l  be g iven  below. An a l t e r n a t i v e  i s  t o  e x p l o i t  

t h e  Kerr  e f f e c t  b y  which t h e  p l a n e  of  p o l a r i z e d  l i g h t  r e f l e c t e d  from a  

magnet ic  s u r f a c e  is  r o t a t e d  depending on t h e  s t a t e  o f  m a g n e t i z a t i o n  a t  t h e  

s u r f a c e .  With t h e  u s e  of c r o s s e d  p o l a r i z e r s ,  domains and w a l l s  become 

c l e a r l y  v i s i b l e .  On t r a n s m i s s i o n ,  t h e  analogous  p r i n c i p l e  i s  c a l l e d  t h e  

Faraday e f f e c t .  T h i s  is  commonly used t o  s t u d y  b u b b l e  domains s i n c e  t h i n  

l a y e r s  o f  b u b b l e  m a t e r i a l  such a s  o r t h o f e r r i t e s  and g a r n e t s  t r a n s m i t  l i g h t  i n  

t h e  v i s i b l e  r e g i o n .  

F i n a l l y  we can  ment ion t h e  c a s e  of f e r r o m a g n e t i c  m a t e r i a l  w i t h  l i t t l e  o r  

no m a g n e t o c r y s t a l l i n e  a n i s o t r o p y .  Such fe r romagne t s  a r e  c a l l e d  s o f t  o r  

i d e a l l y  s o f t ,  a l t h o u g h  t h e s e  t e rms  assume low d e f e c t  d e n s i t i e s  a s  w e l l .  With 

no such a n i s o t r o p y  t h e  f o r m a t i o n  of  domains o f  r i g i d l y  a l i g n e d  moments 

s e p a r a t e d  by narrow w a l l s  i s  n o t  e n e r g e t i c a l l y  n e c e s s a r y .  P a t h e r ,  more 

favour  a b l e  c o n d i t i o n s  a r e  achieved by a  " c u r l i n g  p a t t e r n " ,  an  arrangement i n  

which t h e  moments l o c a l l y  remain a s  n e a r l y  a l i g n e d  a s  p o s s i b l e ,  b u t ,  on t h e  

s c a l e  of t h e  specimen, c u r l s  back  on i t s e l f  t o  a c h i e v e  a  demagnetized s t a t e .  

Such a  c o n d i t i o n  i s  observed i n  i r o n  i t s e l f .  A s  t h e  t e m p e r a t u r e  is  

i n c r e a s e d ,  narrow w a l l s  b e g i n  t o  broaden o u t  a s  t h e  m a g n e t o c r y s t a l l i n e  

a n i s o t r o p y  r a p i d l y  d e c r e a s e s .  E v e n t u a l l y  w a l l  t h i c k n e s s e s  r e a c h  t h e  same 



s i z e  a s  s ample  t h i c k n e s s e s  a  f e w  m i l l i d e g r e e s  be low t h e  C u r i e  p o i n t .  F o r  a 

s t u d y  of t h e  m a g n e t i z a t i o n  p r o c e s s e s  i n  i d e a l l y  s o f t  m a t e r i a l s ,  s e e  t h e  p a p e r  

b y  H e i n r i c h  and A r r o t t  (1975).  

We have  o u t l i n e d  t h e  e d t e n s i v e  r o l e  t h a t  m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  

p l a y s  i n  f e r romagne t i sm.  The r e s t  o f  t h i s  t h e s i s  r e p o r t s  a s t u d y  of  t h i s  i n  

i r o n .  The samples  used a r e  s i n g l e  c r y s t a l s  c a l l e d  w h i s k e r s .  A s t u d y  of  

t h e i r  domain s t r u c t u r e s  and  a c  s u s c e p t i b i l i t i e s  i s  rev iewed .  A d e t a i l e d  

measurement o f  t h e  approach  t o  s a t u r a t i o n  o f  an  i r o n  w h i s k e r  a s  i t  i s  

magne t i zed  i n  t h e  [ I l l ]  d i r e c t i o n  i s  examined a s  w e l l .  The r e s u l t s  a r e  

compared w i t h  mean f i e l d  t h e o r y  and t h e  P o t t s  model. F i n a l l y ,  measurements  

of  t h e  s p o n t a n e o u s  m a g n e t i z a t i o n  Vs and t h e  a n i s o t r o p y  f i e l d  Pk a s  a 

f u n c t i o n  o f  t e m p e r a t u r e  from room t e m p e r a t u r e  t o  t h e  C u r i e  p o i n t  a r e  r e p o r t e d  

and d i s c u s s e d .  I n  p a r t i c u l a r  t h e  t e m p e r a t u r e  dependence  and t h e  

m a g n e t i z a t i o n  dependence  o f  t h e  a n i s o t r o p y  of  a c u b i c  f e r r o m a g n e t  j u s t  b e l o w  

t h e  C u r i e  p o i n t  i s  measured  f o r  t h e  f i r s t  t i m e .  



11. THE SAYPLES: I R O Y  WWHISKE.RS 

A l l  of t h e  magnet ic  measurements d e s c r i b e d  i n  t h i s  work a r e  conducted 

on s i n g l e  c r y s t a l s  of i r o n  c a l l e d  whiskers .  The samples  a r e  grown, s e l e c t e d ,  

and c h a r a c t e r i z e d  f o r  t h e  measurements we wished t o  make. In  t h i s  s e c t i o n  we 

d e s c r i b e  our  t echn ique  f o r  t h e  growth o f  i r o n  w h i s k e r s  a s  w e l l  a s  t h e  

a p p a r a t u s  used.  The t h e o r y  o f  whisker  growth i s  d i s c u s s e d .  A r e p o r t  i s  made 

of t h e  v a r i o u s  a t t e m p t s  t o  measure  and c o n t r o l  t h e  p u r i t y  of  t h e  whiskers  

grown, p a r t i c u l a r l y  i n  t e rms  of t h e  magnet ic  disaccommodation o r  a f t e r -  

e f f e c t .  In t h e  n e x t  s e c t i o n  a  comparison i s  made between t h e  t h r e e  d i f f e r e n t  

o r i e n t a t i o n s  of  whiskers  i n  t e r m s  of domain s t r u c t u r e ,  a c  r esponse ,  

m a g n e t i z a t i o n  c u r v e s  and observed E i  t t e r  p a t t e r n s .  

1. The Growth of  I r o n  L J i s k e r s  

I r o n  whiskers  a r e  long  t h i n  f i b e r - l i k e  c r y s t a l s .  They a r e  grown us ing  a  

t e c h n i a u e  i n  which f e r r o u s  c h l o r i d e  is  reduced i n  a  hydrogen g a s  f low a t  

approx imate ly  7 1 0 ~ ~ .  Whiskers o f  many o f  t h e  t r a n s i t i o n  m e t a l s ,  a s  w e l l  a s  

of s i l i c o n ,  have been grown. The t echn ique  t h a t  we d e s c r i b e  below i s  v e r y  

s i m i l a r  t o  t h e  t echn ique  f i r s t  used by Erenner ( l ?56 ,1?63) .  Yany r e s e a r c h e r s  

have  adap ted  h i s  t e c h n i q u e  t o  produce i r o n  whiskers  f o r  t h e i r  s t u d i e s  ( s e e  

f o r  example, I s i n  and Coleman 1965, He in r ich  and A r r o t t  1972, Bloomberg 1973, 

Lonzar ich  1973, Iowrey 1976, Eerger  1978, and Panham e t  a l .  1979).  I r o n  

w h i s k e r s  have been used f o r  t h e  i n v e s t i g a t i o n  o f  micromagnet ic  and 

m a g n e t o s t a t i c  b e h a v i o u r ,  domain s t r u c t u r e ,  c r i t i c a l  phenomena, exchange- 



s p l i t t i n g ,  galvanomagnet ic  p r o p e r t i e s ,  and t r a n s p o r t  p r o p e r t i e s .  Much o f  t h e  

c u r r e n t  i n t e r e s t  i n  w h i s k e r s  is  concerned wi th  t h e  p r o d u c t i o n  of  r e f r a c t o r y  

w h i s k e r s ,  e  .g. aluminum o x i d e ,  boron c a r b i d e  and s i l i c o n  c a r b i d e .  These 

m a t e r i a l s  o f f e r  an e x c e p t i o n a l  combination of  h i g h  s t r e n g t h ,  h i g h  s t i f f n e s s  

and low d e n s i t y  a s  r e i n f o r c e m e n t s  i n  advanced composite m a t e r i a l s .  

A schemat ic  drawing of o u r  growth a p p a r a t u s  i s  shown i n  f i g .  ( 3 ) .  An 

i r o n  b o a t  i s  c e n t r a l l y  l o c a t e d  i n  a  50 mm x  approx.  2 m q u a r t z  f u r n a c e  t u b e  

i n  a  Linberg  f u r n a c e  which i s  approx imate ly  1 m long.  The f u r n a c e  h a s  3  zone 

c o n t r o l  so t h a t  some v a r i a t i o n  of  t h e  t e m p e r a t u r e  g r a d i e n t  a long  t h e  f u r n a c e  

t u b e  can b e  made. A t  t h e  e n d s  of t h e  f u r n a c e ,  a s b e s t o s  r i b b o n  i s  wrapped 

around t h e  f u r n a c e  t u b e  t o  i n s u l a t e  t h e  f u r n a c e .  The t e m p e r a t u r e  of t h e  

c e n t r e  o f  t h e  f u r n a c e  i s  measured w i t h  a  chromel-alumel thermocouple  and a  

v o l t m e t e r .  A t  t h e  i n l e t  end of t h e  f u r n a c e  t u b e ,  a  r e g u l a t e d  f low of  d r y  

"hydrogen zero" g a s  (<  5 ppm hydrocarbons)  i s  d e l i v e r e d  from a  c y l i n d e r  

through a  Vatheson h y d r o g e n - p u r i f i e r  f i l t e r  and two l i a u i d  n i t r o g e n  c o l d  

t r a p s .  The second cold  t r a p  can b e  by-passed through a  w a t e r  b u b b l e r .  T h i s  

a r r a y  of  b u b b l e r ,  c o l d  t r a p s  and v a l v e s  i s  made of pyrex.  The v a l v e s  a r e  

pyrex wi th  t e f l o n  and v i t o n  p a r t s  and s e a l s .  No g r e a s e  is  used anywhere i n  

t h e  system. T h i s  a r r a y  i s  connected t o  t h e  hydrogen c y l i n d e r  and t o  t h e  

f u r n a c e  t u b e  f l a n g e  w i t h  tygon  t u b i n g .  The f u r n a c e  t u b e  f l a n g e  i s  a  

s t a i n l e s s  s t e e l  quick- lock c o u p l i n g  wi th  a  v i t o n  o-r ing.  The c o u p l i n g  i s  

h e l i - a r c  welded t o  a  Kovar s e a l  on t h e  end of t h e  f u r n a c e  tube .  The I.D. of 

t h e  c o u p l i n g  i s  l a r g e  enough t o  t a k e  an  i r o n  b o a t .  The e x i t  end of t h e  

f u r n a c e  t u b e  is  c l o s e d  excep t  f o r  a  s m a l l  8 mm g l a s s  t u b e .  T h i s  t u b e  is 

connected w i t h  tygon t u b i n g  t o  a  wa te r  b u b b l e r  which i n  t u r n  is  connected t o  

some system f o r  v e n t i n g  t h e  exhaus t  gas .  The dep th  o f  wa te r  i n  t h e  b u b b l e r  



i s  kep t  c l o s e  t o  2 i n c h e s  and d e t e r m i n e s  t h e  p r e s s u r e  i n  t h e  f u r n a c e  t u b e  

r e l a t i v e  t o  t h e  ambient p r e s s u r e .  The e x i t  end of t h e  f u r n a c e  t u b e  i s  f i t t e d  

w i t h  a  window so t h a t  t h e  growth p r o c e s s  can b e  watched w i t h  a  t e l e s c o p e  a s  

i t  t a k e s  p lace .  

We now wish t o  d e s c r i b e  t h e  growth t echn ique .  We f i r s t  d e s c r i b e  what we 

wish t o  a c h i e v e ,  t h a t  i s ,  what we c o n s i d e r  a  good growth o r  r u n ,  and what we 

do t o  a c h i e v e  t h i s .  

For  t h e  purposes  o f  t h e  k i n d s  of measurements d e s c r i b e d  i n  t h i s  t h e s i s ,  

a  good run produces  a  b o a t  w i t h  numerous whiskers  w i t h  c l e a n  s h i n y  s u r f a c e s .  

Although i t  i s  p o s s i b l e  t o  a c h i e v e  a  t a n g l e d  j u n g l e  of w h i s k e r s ,  our  r u n s  

t e n d  toward low y i e l d s ,  even  t o  t h e  e x t e n t  o f  no w h i s k e r s  a t  a l l .  A c o a t i n g  

of o n l y  s m a l l  i r o n  cubes  and c l u s t e r s  i n  t h e  bot tom of t h e  b o a t  can occur .  

The whiskers  we p r e f e r  a r e  long  t h i n  c r y s t a l s  w i t h  r e g u l a r  c r y s t a l - p l a n e  

s u r f a c e s .  I d e a l l y  t h e y  shou ld  b e  un tapered  o r  have un tapered  s e c t i o n s  which 

can b e  c u t .  Lengths  and t h i c k n e s s e s  h o v e f u l l y  l i e  i n  t h e  5  t o  15  mv and .025 

t o  .500 mm range r e s p e c t i v e l y ,  a l t h o u g h  whiskers  a s  long  a s  50-60 mm and w i t h  

t h i c k n e s s e s  from .005 t o  1.000 mm have been grown. 

These b o a t s  i d e a l l y  s h o u l d  have a  c l e a n ,  s h i n y  and g l i t t e r y  appearance.  

A f t e r  t h e y  a r e  removed from t h e  f u r n a c e  t u b e ,  t h e y  a r e  s t o r e d  i n  a  g l a s s  t u b e  

w i t h  a  r u b b e r  s t o p p e r  c o n t a i n i n g  calc ium s u l p h a t e  t o  a b s o r b  m o i s t u r e ,  

r educ ing  t h e  o x i d a t i o n  of t h e  c r y s t a l  s u r f a c e s .  

How we a c h i e v e  a  good run cannot  b e  s t a t e d  i n  p r e c i s e  terms.  We can  

o n l y  d e s c r i b e  our  t echn ique  and t h e  k i n d s  of  t h i n g s  we a r e  concerned about  i n  

o r d e r  t o  produce a  good run.  There  a r e  no hard  and f a s t  r u l e s  t h a t  we know 
I 

of  f o r  growing whiskers  o f  t h e  v a r i o u s  o r i e n t a t i o n s .  We s imply  grow l o t s  of 

whiskers  and l e t  s t a t i s t i c s  d o  t h e  r e s t .  Of t h e  whiskers  which we c o n s i d e r  



u s e a b l e ,  about  90% of them a r e  [ I001 o r i e n t e d  i . e .  t h e y  have  a  [ l o o ]  
Q 

o r i e n t e d  a x i s  w i t h  f o u r  (100)-type s i d e  s u r f a c e s  and a  s q u a r e  c r o s s  s e c t i o n .  
I I. . # 

The r e s t  of  t h e  u s e a b l e  w h i s k e r s  a r e  [ I l l ]  o r i e n t e d  w i t h  s i x  (110)-type s i d e  

s u r f a c e s  and a n  hexagonal  c r o s s  s e c t i o n .  A v e r y  few r a r e  w h i s k e r s  a r e  [ I101 

o r i e n t e d .  

To make a  b o a t ,  a  p i e c e  of  s h e e t  i r o n  (P" x  2.5" x O . O l l ' ,  Q 0 . 9 3 %  Fe) i s  

c u t  and c leaned w i t h  wa te r  and a  s c o t c h b r i t e  pad. The s h e e t  i s  b e n t  i n t o  t h e  

shape of a  sha l low b o a t  ( abou t  0.5" deep) w i t h  p l i e r s  t a k i n g  c a r e  n o t  t o  put  

f i n g e r  g r e a s e  on t h e  b o a t .  It i s  i m p o r t a n t  t o  make t h e  s i d e s  of  t h e  b o a t  

j u s t  s t e e p  enough t o  c o n t a i n  t h e  mel ted  i r o n  c h l o r i d e ,  b u t  no more than  45 

degrees .  Yost of  t h e  whisker  growth w i l l  occur  on t h e  s i d e s  o f  t h e  b o a t  

provided t h e y  a r e  n o t  t o o  s t e e p .  The ends of t h e  b o a t  a r e  u s u a l l y  b e n t  

s q u a r e  t o  t h e  bot tom t o  enhance t u r b u l e n t  f l o w  of t h e  gas .  A g r e a t e r  y i e l d  

i n  t h e  bot tom of t h e  b o a t  was once  produced by bending t h e  bottom i n  a  

c o r r u g a t e d  shape thus  producing more s i d e  s u r f a c e s  on which t o  grow. 

S c r a t c h i n g  t h e  v a r i o u s  s u r f a c e s  does  n o t  i n c r e a s e  t h e  y i e l d  n o r  does  i t  

p r o v i d e  p r e f e r r e d  n u c l e a t i o n  s i t e s  f o r  whisker  growth.  

The empty b o a t  i s  p rec leaned  i n  t h e  f u r n a c e  t u b e  w i t h  a- r a p i d  f l o w  

(abou t  20 ml / sec )  of wet hydrogen. The t e m p e r a t u r e  i s  main ta ined  a t  7 3 0 ' ~  

f o r  2 hours .  Wet hydrogen,  produced by engaging t h e  f r o n t  wa te r  b u b b l e r ,  i s  

commonly known t o  b e  more e f f e c t i v e  i n  removing carbon from i r o n .  The f r o n t  

b u b b l e r  d o e s  n o t  c o n t a i n  s u f f i c i e n t  wa te r  t o  bubb le  hydrogen through t h e  

w a t e r ,  b u t  mere ly  t o  p a s s  t h e  g a s  o v e r  t h i s  s u r f a c e .  The b o a t  can b e  s e e n  t o  

b e  v i s i b l y  c l e a n e r  a f t e r  t h e  p r o c e s s .  

I n t o  t h e  c l e a n  c o l d  b o a t  i s  p l a c e d  40-50 gm of anhydrous f e r r o u s  

c h l o r i d e  ( s u p p l i e r  - I C N  P h a r m a c e u t i c a l s  Tnc.) ,  a  be ige -b rown '~owder  which i s  



pho t o l y t i c .  I n  a f l o w  of d r y  hydro g e n  (about  2 m l /  c )  t h e  b o a t  i n  t h e  

f u r n a c e  t u b e  is h e a t e d  t o  t h e  m e l t i n g  p o i n t  o f  FeC12 (about  6 8 0 ~ ~ )  over  a  

pe r iod  of approx imate ly  30 minu tes .  A s  t h e  t e m p e r a t u r e  c o n t i n u e s  t o  i n c r e a s e  

t o  t h e  growth t e m p e r a t u r e ,  t h e  f r o n t  wa te r  b u b b l e r  i s  engaged f o r  30 minutes .  

Af terwards  i t  i s  i s o l a t e d  w i t h  t h e  v a l v e s  and d r y  hydrogen is  used f o r  t h e  

remainder  of t h e  growth procedure .  It i s  b e l i e v e d  t h a t  t h e  y i e l d  i s  

i n c r e a s e d  by t h i s  i n i t i a l  i n t r o d u c t i o n  of w a t e r ,  t h a t  pe rhaps  t h e  wa te r  

vapour a i d s  i n  t h e  n u c l e a t i o n  o f  whiskers .  I n  f a c t ,  i n  two r u n s  where 

m e t i c u l o u s  c a r e  was t aken  t o  c l e a n  t h e  b o a t  and t h e  sys tem,  and where o n l y  

d r y  hydrogen was used,  b o a t s  wi th  no whiskers  were  produced.  

Whiskers have been s u c c e s s f u l l y  grown w i t h  t h e  c e n t r e  o f  t h e  b o a t  i n  t h e  

t e m p e r a t u r e  range  690-730'~. A t  lower t e m p e r a t u r e s ,  t h e  r e a c t i o n  i s  

incomple te  and w h i s k e r s  t o o  f i n e  t o  b e  used ( l i k e  a  f i n e  gauze pad) a r e  

produced. A t  h i g h e r  t e m p e r a t u r e s  t h e  y i e l d  d rops  o f f  and whisker  a s  w e l l  a s  

o t h e r  i r o n  growth o c c u r s  o u t s i d e  of t h e  b o a t  on t h e  a u a r t z  f u r n a c e  tube.  

The d i s t r i b u t i o n  of w h i s k e r s  i n  t h e  b o a t  and t h e  y i e l d s  a r e  a l s o  

a f f e c t e d  by t h e  f l o w  r a t e  and t h e  t empera tu re  g r a d i e n t .  Too f a s t  a  f l o w  

r e d u c e s  t h e  y i e l d .  I f  t h e  t e m p e r a t u r e  p r o f i l e  i s  t o o  f l a t ,  whisker  growth i s  

more l i k e l y  o u t s i d e  of t h e  b o a t .  

Accompanying t h e  growth o f  i r o n  a r e  two k i n d s  of non-meta l l i c  

by-products  which a r e  p o s s i b l y  hydrogen p e r c h l o r a t e s .  One i s  a  f i n e  w h i t e  

powder which a p p e a r s  a s  a  b e a u t i f u l  snow s t o m  i n  t h e  ends  of  t h e  f u r n a c e  

t u b e  j u s t  o u t s i d e  of t h e  f u r n a c e  i n  t h e  e a r l y  s t a g e s  of  t h e  growth p r o c e s s ,  

p a r t i c u l a r l y  a t  t h e  downstream end. The o t h e r  i s  a  growth o f  t h i n  f i l m - l i k e  

wings which a r e  beige-brown i n  c o l o u r  and t r a n s l u c e n t .  T h i s  a p p e a r s  i n  t h e  

zone between t h e  end of t h e  b o a t  and t h e  end of t h e  f u r n a c e  oh each s i d e  of  



t h e  b o a t .  The g r e a t e s t  growth o f  t h i s  k ind o c c u r s  j u s t  i n s i d e  t h e  f u r n a c e  a t  

t h e  downstream end a t  a  t e m p e r a t u r e  of about  150'~.  The wings ,  i f  l e f t  t o  

s t a n d  i n  a i r ,  decompose and a r e  f a i r l y  c o r r o s i v e .  I f  t h e  f l o w  r a t e  and 

t empera tu re  g r a d i e n t s  a r e  j u s t  r i g h t ,  a  good s e p a r a t i o n  of  t h e  t h r e e  k i n d s  of 

growth i s  a c h i e v e d ,  and a  c l e a n  uncontaminated boa t  i s  produced.  

Whisker growth h a s  been observed w i t h  t h e  t e l e s c o p e  mentioned above 

a l t h o u g h  t h i s  was d i f f i c u l t  due t o  t h e  whi te  snow s torm.  There  i s  a  g r e a t  

d e a l  of whisker  f o r m a t i o n  i n  t h e  f i r s t  t en  minu tes  a f t e r  t h e  growth 

t e m p e r a t u r e  is  reached .  P o s s i b l y  no f u r t h e r  whisker  f o r m a t i o n  t a k e s  p l a c e  

a f t e r  t h i s  pe r iod  of t ime .  However t h e  growth c o n d i t i o n s  o f  f l o w  and 

t e m p e r a t u r e  a r e  main ta ined  f o r  a n o t h e r  e i g h t  hours .  T h i s  e n s u r e s  t h a t  a l l  of 

t h e  f e r r o u s  c h l o r i d e  h a s  been reduced .  

F i n a l l y  a s  t h e  f u r n a c e  is  cooled ( t o  room t e m p e r a t u r e  i n  two h o u r s ) ,  t h e  

hydrogen f l o w  i s  i n c r e a s e d  and main ta ined  a t  20 ml / sec .  Once coo led  t h e  b o a t  

can b e  examined and s t o r e d .  Y i e l d s  w i l l  v a r y  from dozens o f  w h i s k e r s  t o  

none. Whiskers a r e  p icked from a  b o a t  wi th  f i n e  t w e e z e r s  under  a  microscope.  

U n d e s i r a b l e  e n d s  a r e  c l e a v e d  w i t h  a  r a z o r  b l a d e  on a  g l a s s  p l a t e .  Whiskers 

a r e  e a s i l y  handled w i t h  a  magnet ized n e e d l e  and can b e  s l i d  i n t o  a  q u a r t z  

c a p i l l a r y  t u b e  t o  b e  h e r m e t i c a l l y  s e a l e d  o r  s imply  t o  b e  p r o t e c t e d  from be ing  

ben t .  

2. The Theory of  Whisker Crowth 

D e s p i t e  t h e  amount o f  r e s e a r c h  t h a t  h a s  been conducted on w h i s k e r s ,  b o t h  

a s  a  type  of c r y s t a l  growth t o  b e  unders tood a s  w e l l  a s  a  s o u t c e  of  m a t e r i a l s  



f o r  r e s e a r c h  o f  t h e i r  p h y s i c a l  p r o p e r t i e s ,  a  complete  t h e o r y  of  whisker  

growth d o e s  n o t  e x i s t .  In  t h i s  s e c t i o n  we b r i e f l y  o u t l i n e  some of t h e  

proposed mechanisms o f  growth f o r  whiskers  and p o i n t  o u t  where each may o r  

may n o t  b e  a p p l i c a b l e  t o  t h e  c a s e  of i r o n .  More d e t a i l e d  d e s c r i p t i o n s  of  t h e  

v a r i o u s  mechanisms can b e  found i n  t h e  monographs b y  Wagner (1970) and Evans 

(1972) .  

Whiskers  of  a  g r e a t  number of e l ements  and compounds h a v e  been found i n  

n a t u r e  o r  have been s y n t h e t i c a l l y  grown. The l i s t  i n c l u d e s  examples of  

m e t a l s  such a s  i r o n ,  z i n c  and t i n ,  semiconductors  such a s  s i l i c o n  and 

germanium, r e f r a c t o r y  m a t e r i a l s  such a s  aluminum ox ide ,  boron  c a r b i d e ,  and 

s i l i c o n  c a r b i d e ,  and n a t u r a l l y  o c c u r r i n g  f i b e r s  such a s  a s b e s t o s .  The term 

whisker  a p p l i e s  t o  a  f i l a m e n t a r y  s i n p l e  c r y s t a l  which i s  h i g h l y  p e r f e c t  i n  

s t r u c t u r e .  It may n o t  n e c e s s a r i l y  b e  c h e m i c a l l y  p u r e ,  a consequence of  

con tamina t ion  d u r i n s  t h e  growth p r o c e s s  o r  s u b s e q u e n t l y  d u r i n g  h a n d l i n g  i n  an 

environment f o r e i g n  t o  t h e  growth environment.  I n  f a c t  such con tamina t ion  

may b e  a  n e c e s s a r y  requ i rement  f o r  t h e  whisker  growth t o  o c c u r .  Length t o  

d iamete r  r a t i o s  a r e  commonly 100 - 1000 o r  more ( a t  l e a s t  5 ) .  Diameters  

r ange  from 0.02 t o  1000 n i c r o m e t r e s .  

Ra tes  of  growth can v a r y  o v e r  a  r ange  of seven  o r d e r s  o f  magnitude o r  

more. Spontaneous growth can b e  a s  s low a s  0.1 nm/sec w h i l e  s y n t h e t i c  

chemical  growth under i d e a l  c o n d i t i o n s  can b e  a s  f a s t  a s  a  few mm/sec. 

P o s t  w h i s k e r s  can  b e  grown w i t h  a  uniform c r o s s  s e c t i o n  which can  b e  

s q u a r e ,  r e c t a n g u l a r ,  hexagona l ,  t r i a n g u l a r ,  c i r c u l a r ,  o r  even s t a r - shaped .  

The a x i a l  growth d i r e c t i o n  and s i d e  f a c e s  u s u a l l y  have m a l l  F i l l e r  i n d i c e s .  

Some s p e c i e s  of  w h i s k e r s  such a s  n i c k e l  may b e  hol low.  Unusual b u t  r e g u l a r  

shapes  such a s  h e l i c e s  a r e  a l s o  p o s s i b l e .  



A high  d e g r e e  o f  s t r u c t u r a l  p e r f e c t i o n  i n  terms of d i s l o c a t i o n  d e n s i t y  

and a t o m i c a l l y  smooth s u r f a c e s  i s  p o s s i b l e  i n  whiskers .  A consequence of  

t h i s  p e r f e c t i o n  a r e  p r o p e r t i e s  o f  h i g h  mechanical  s t r e n g t h ,  a b n o m a l l y  low 

vapour p r e s s u r e s  compared t o  t h e  b u l k ,  l a r g e  o v e r v o l t a g e s  n e c e s s a r y  f o r  

e l e c t r o d e p o s i t i o n  o r  d i s s o l u t i o n  a s  w e l l  a s  p r o p e r t i e s  which a r e  s p e c i f i c  t o  

c e r t a i n  m a t e r i a l s .  Examples of  t h i s  l a s t  c a t e g o r y  a r e  t h e  magnet ic  

p r o p e r t i e s  o f  i r o n  w h i s k e r s  and t h e  f e r r o e l e c t r i c  p r o p e r t i e s  of  bar ium 

t i t a n a t e  whiskers .  

A l l  wh i sker  growth i n v o l v e s  f o u r  d i s t i n c t  s t e p s :  

i )  i n i t i a l  n u c l e a t i o n  on a  s u b s t r a t e .  

i i )  a  p r imary  one-dimensional  l e a d e r  growth.  

i i i )  a  subsequent  t h i c k e n i n g  of  t h e  p r imary  growth.  

i v )  a  f i n a l  slowing-down of t h e  r a t e  o f  growth.  

S t e p  i i i )  may n o t  o c c u r .  I n  our  o b s e r v a t i o n s  of  t h e  growth o f  i r o n  

w h i s k e r s ,  i t  never  took p l a c e .  S t e p s  i )  and i i )  a r e  t h e  c r u c i a l  s t a g e s  of  

growth which need t o  b e  unders tood .  Eow i s  n u c l e a t i o n  i n  t h e  i n i t i a l  s t a g e  

of whisker  growth b r o u g h t  abou t?  What a r e  t h e  c o n d i t i o n s  and mechanism by 

which growth o n l y  o c c u r s  on t h e  t i p  of t h e  p r imary  l e a d e r  w i t h  no n u c l e a t i o n  

and growth on t h e  s i d e  s u r f a c e s ?  

2 .1  N u c l e a t i o n  of I Jh i ske rs  and t h e  Screw D i s l o c a t i o n  

The c l a s s i c a l  p i c t u r e  of  n u c l e a t i o n  c o n s i d e r s  an a t o m i c a l l y  smooth 

c r y s t a l  f a c e  i n  e q u i l i b r i u m  w i t h  i t s  vapour a t  a  p r e s s u r e  Pe. Numerous 

atoms and s m a l l  groups  of atoms ( o r  molecu les )  condense on t h e  s u r f a c e .  They 



a r e  mobile and c a p a b l e  of d i f f u s i n g  long d i s t a n c e s  o v e r  t h e  s u r f a c e  b e f o r e  

evapora t ing .  With i n c r e a s i n g  vapour  p r e s s u r e  P, t h e  number and s i z e  of  

condensed groups i n c r e a s e .  E v e n t u a l l y  a  c r i t i c a l  n u c l e a t i o n  l e v e l  

f o r  two d imens iona l  n u c l e a t i o n  i s  reached where t h e  s u r f a c e  

n u c l e i  a r e  s t a b l e .  T h i s  i s  t h e  f i r s t  s t e p  t o  c r y s t a l  growth s i n c e  a  s t a b l e  

n u c l e u s  p r o v i d e s  s t e p s  and l e d g e s  which ar ,e  e n e r g e t i c a l l y  f a v o u r a b l e  s i t e s  

f o r  atom d e p o s i t i o n .  Growth c a n  t h e r e f o r e  c o n t i n u e  a t  s u p e r s a t u r a t i o n  r a t i o s  

w e l l  below u n t i l  an  a tomic  l a y e r  i s  completed.  C l e a r l y  t h e  

l i m i t i n g  f a c t o r  i n  t h e  growth o f  a  p e r f e c t  c r y s t a l  i s  t h e  n u c l e a t i o n  problem, 

t h a t  i s ,  s t a r t i n g  new l a y e r s .  

T h i s  s i m p l e  p i c t u r e  p r e d i c t s  s u p e r s a t u r a t i o n  v a l u e s  (P/Pe)cri t  i n  

t h e  range 5-10. However e x p e r i m e n t a l l y  observed v a l u e s  a r e  v e r y  c l o s e  t o  

u n i t y .  T h i s  d i s c r e p a n c y  was f i r s t  e x p l a i n e d  by Frank when he sugges ted  t h a t  

a l l  r e a l  c r y s t a l s  c o n t a i n  sc rew d i s l o c a t i o n s  which p r o v i d e  a  s o u r c e  of  s t e p s  

f o r  s u s t a i n e d  c r y s t a l  growth.  [For a  r ev iew of  t h i s  f i e l d  s e e ,  Yeugebauer 

(1959) and F r i e d e l  (1964).]  I f  a  screw d i s l o c a t i o n  i s  p r e s e n t  i t  i s  n e v e r  

n e c e s s a r y  t o  n u c l e a t e  a new l a y e r .  The c r y s t a l  w i l l  grow i n  a  s p i r a l  p r o c e s s  

a t  t h e  exposed "edge" of t h e  d i s l o c a t i o n .  Edge s i z e s  h  a r e  u s u a l l y  o n l y  o n e  

2 o r  two a tomic  s p a c e s  s i n c e  s t r a i n  energy of a  d i s l o c a t i o n  goes  a s  h  . It 

i s  l i k e l y  t h a t  most c r y s t a l  grown a t  low s u p e r s a t u r a t i o n  w i l l  c o n t a i n  

d i s l o c a t i o n s ,  o t h e r w i s e  t h e  c r y s t a l s  would n o t  e x i s t .  

The l o g i c a l  consequence of Frank's  screw d i s l o c a t i o n  p r o p o s a l  i s  t h a t  

whiskers  c o n t a i n  one  o r  more sc rew d i s l o c a t i o n s  p a r a l l e l  t o  t h e i r  axes .  T h i s  

o f f e r s  a  p o s s i b l e  mechanism by which a  whisker  can grow below t h e  c r i t i c a l  

s u p e r s a t u r a t i o n  l e v e l  a t  e n e r g e t i c a l l y  f avoured  s i t e s  on i t s  t i p  w h i l e  

m a i n t a i n i n g  smooth s i d e s .  Screw d i s l o c a t i o n s  have been observed i n  whiskers  



of some m a t e r i a l s  such a s  magnesium ox ide  and s i l i c o n  by  t r a n s m i s s i o n  

e l e c t r o n  microscopy,  b u t  n o t  i n  a l l  whiskers .  

A s t u d y  on t h e  i n i t i a l  s t a g e  of t h e  r e d u c t i o n  growth o f  i r o n  whiskers  

h a s  been conducted by t h e  Japanese  r e s e a r c h e r s  Tino and Yukoyama (1969) .  

They used t h e  Brenner t e c h n i q u e  of r educ ing  FeC12 a t  7 2 0 ' ~  w i t h  hydrogen 

t o  grow i r o n  m i c r o - c r y s t a l s .  They al lowed t h e  growth t o  occur  f o r  o n l y  t e n  

minu tes  o r  l e s s .  The s u b s t r a t e s  on which t h e y  n u c l e a t e d  t h e  m i c r o - c r y s t a l s  

were o p t i c a l l y  f l a t  f u s e d  q u a r t z  p l a t e s .  These p l a t e s  had been e t c h e d  w i t h  

2.5% HF which produced a  r e g u l a r  s u c c e s s i o n  of  e t c h  p i t s  on t h e  p l a t e  

s u r f a c e s .  The r e s u l t  was t h a t  a l m o s t  a l l  t h e  m i c r o - c r y s t a l s  of i r o n  produced 

grew a l o n g  t h e  rows of e t c h  p i t s .  These m i c r o - c r y s t a l s  were n o t  randomly 

o r i e n t e d  on t h e  q u a r t z  p l a t e s  i n d i c a t i n g  t h e  e x i s t e n c e  of  some s h o r t  r a n g e  

o r d e r  i n  t h e  q u a r t z  s u r f a c e s .  Yost of  t h e  m i c r o - c r y s t a l s  grown had a  s q u a r e  

o r  r e c t a n g u l a r  (100)  s u r f a c e  p a r a l l e l  t o  t h e  s u r f a c e  of a  p l a t e ,  b u t  some 

m i c r o - c r y s t a l s  of o t h e r  o r i e n t a t i o n s  were grown. The s h o r t e r  t h e  r e a c t i o n  

t i m e  used,  t h e  l a r g e r  t h e  number of s m a l l - s i z e  c r y s t a l s .  Edge l e n g t h s  ranged 

from 0.1 t o  10's o f  mic romet res ,  w h i l e  h e i g h t s  were from one h a l f  t o  one 

t i m e s  t h a t  of  t h e  edge l e n g t h .  The s m a l l e s t  m i c r o - c r y s t a l s  grown appeared a s  

smal l  rounded p o i n t s .  

Upon e t c h i n g  t h e s e  m i c r o - c r y s t a l s  w i t h  0.4% P i c r a l  , t h e y  found g e n e r a l l y  

a  few e t c h  p i t s .  These p i t s  were l o c a t e d  n o t  o n l y  n e a r  t h e  c e n t r e  o f  a  

m i c r o - c r y s t a l ,  b u t  o f t e n  n e a r  an edge o r  c o r n e r .  Sub m i c r o - c r y s t a l s  and sub 

w h i s k e r s  were  observed t o  grow n e a r  t h e  c o r n e r  of a  m i c r o - c r y s t a l .  T h i s  

seemed s u p p o r t i v e  of  t h e  v iew t h a t  t h e  growth of  an i r o n  whisker  can occur  

around a  screw d i s l o c a t i o n  i n  t h e  i n i t i a l  s t a g e .  

We g e n e r a l l y  f i n d  i n  t h e  h i g h e s t  q u a l i t y  [ lo01  i r o n  w h i s k e r s  which we 



grow t h a t  t h r e e  of t h e  s i d e  s u r f a c e s  a r e  v e r y  smooth, w h i l e  t h e  f o u r t h  i s  

blemished,  o f t e n  w i t h  a  long  r i f t  v a l l e y  runn ing  t h e  l e n g t h  o f  t h e  whisker .  

T h i s  i m p e r f e c t i o n  i s  macroscopic  on a  0.1 mm t h i c k  whisker ,  much l a r g e r  than  

t h e  edge p i t s  observed on t h e  m i c r o - c r y s t a l s  i n  t h e  e a r l y  s t a g e s  of  growth b y  

Tino and Mukoyama. T h i s  s i d e  i m p e r f e c t i o n  i s  n o t  obse rved  i n  [ I l l ]  o r i e n t e d  

whiskers  which we grow. 

Tino and Vu koyama a l s o  observed t h e  c o a l e s c e n c e  o f  s e v e r a l  s m a l l  

m i c r o - c r y s t a l s  i n t o  l a r g e r  ones  d u r i n g  re-growth exper iments .  L a t t i c e  

m i s f i t s  o c c u r r i n g  d u r i n g  t h e s e  c o a l e s c e n c e s  may b e  e l i m i n a t e d  by a  t h e r m a l l y  

a c t i v a t e d  rearrangement  o f  atoms towards  more s t a b l e  conf i g u r a t i o n s  . 
Conversely ,  such i m p e r f e c t i o n s  may p r o v i d e  f a v o u r a b l e  s i t e s  f o r  c r y s t a l  

growth o f  t h e  n e x t  upper l a y e r .  They a l s o  s p e c u l a t e d  " t h a t  t h e  development 

of  a  mic ro -c rys ta l  o r  whisker  may b e  c a r r i e d  through a  number of b i r t h s  and 

d e a t h s  of a c t i v e  d i s l o c a t i o n s ,  h u t ,  n e v e r t h e l e s s ,  t h e  p e r f e c t n e s s  of t h e  

r e s u l t a n t  c r y s t a l  i s  s t i l l  m a i n t a i n e d ,  provided t h a t  t h e  r e g u l a r  atomic 

arrangement i n  t h e  b a s a l  p a r t  i s  e s t a b l i s h e d ,  t h e  two-dimensional a r e a  of  

which i s ,  however, l i m i t e d  t o  v e r y  s m a l l  ex ten t . "  

There  a r e  s e v e r a l  r e a s o n s  f o r  no t  f i n d i n g  a  screw d i s l o c a t i o n  i n  a  

whisker .  There  may b e  more than  one  screw d i s l o c a t i o n  of  o p p o s i t e  s i g n  

p r e s e n t  which c o u l d  c a n c e l  t h e  e f f e c t  of  a  l a t t i c e  t w i s t .  A sc rew 

d i s l o c a t i o n  may b e  moved o u t  o f  a  whisker  by  d i f f u s i o n  o r  b y  a  t h e r m a l l y  

a c t i v a t e d  s l i p  p r o c e s s  d u r i n g  growth.  Equa l ly  1 i k e l y ,  a n o t h e r  growth 

mechanism is  t h e  o p e r a t i v e  one ,  t h e  most l i k e l y  c a n d i d a t e  b e i n g  VLS 

( t h e  vapour - l iqu id - so l  i d  mechanism) . 



2.2 Nuc lea t ion  and t h e  Vapour-Liquid-Solid (VLS) Xechanism 

The VLS mechanism a p p l i e s  o n l y  t o  t h e  growth o f  w h i s k e r s  from t h e  

vapour .  It was f i r s t  proposed by Wagner and E l l i s  (1965) a s  a  means b y  which 

whiskers  can n u c l e a t e  and grow a t  low t e m p e r a t u r e s  w i t h o u t  i n v o l v i n g  a  screw 

d i s l o c a t i o n .  We b r i e f l y  d e s c r i b e  t h e  growth mechanism i n  t h i s  s e c t i o n .  For  

a  r e v i e w  of  t h e  fundamental  a s p e c t s  of VLS growth o f  w h i s k e r s  s e e  t h e  paper  

b y  Givarg izov  (1975).  

The p r e s e n c e  of  a  minute  l i q u i d  a l l o y  d r o p l e t  on a  s u b s t r a t e ,  which can 

a c t  a s  a  p r e f e r r e d  s i t e  f o r  whisker  growth from t h e  vapour ,  i s  t h e  d r i v i n g  

f o r c e  f o r  t h i s  mechanism t o  work. Y o l e c u l e s  from t h e  vapour  can d e p o s i t  i n  

t h e  l i q u i d  d r o p l e t  a t  a  much lower  s u p e r s a t u r a t i o n  r a t i o s  than  (PIPe) cri t  

s i n c e  t h e  accommodation c o e f f i c i e n t  o f  a  l i q u i d  i s  much h i g h e r  than t h a t  of a  

s o l i d .  L i q u i d s  a r e  " i d e a l l y  rough" g i v i n g  them l a r g e  " s t i c k i n g  f a c t o r s "  f o r  

molecu les  s t r i k i n g  t h e i r  s u r f a c e s .  I n  t h e  p r e s e n c e  of a  vapour  of  whisker  

growth m a t e r i a l ,  t h e  d r o p l e t  becomes s u p e r s a t u r a t e d  w i t h  t h e s e  vapour 

molecu les .  A l t e r n a t i v e l y ,  a  he te rogeneous  chemical  r e a c t i o n  t a k e s  p l a c e  

between t h e  molecu les  of  t h e  vapour  phase  a s  t h e y  h i t  t h e  d r .op le t  s u r f a c e  

r e s u l t i n g  i n  a  new phase  of whisker  growth m a t e r i a l  which s u p e r s a t u r a t e s  t h e  

d r o p l e t .  Then a t  t h e  l i q u i d - s o l i d  s u b s t r a t e  i n t e r f a c e ,  p r e c i p i t a t i o n  o c c u r s  

r a i s i n g  rhe  d r o p l e t  o f f  t h e  s u b s t r a t e .  A s  long  a s  t h e  vapour  is m a i n t a i n e d ,  

t h i s  p r o c e s s  can c o n t i n u e .  A whisker  grows r a i s i n g  t h e  a l l o y  d r o p l e t  a t  i t s  

t i p .  

There  a r e  s e v e r a l  d i s t i n c t  s t e p s  t h a t  occur  a t  t h e  whisker  t i p .  We l i s t  

them i n  t a b l e  (1) a long  w i t h  a  sugges ted  mechanism by which i r o n  w h i s k e r s  may 

grow v i a  VLS and hydrogen r e d u c t i o n  of  f e r r o u s  c h l o r i d e .  Any'one of  t h e s e  



s t e p s  can l i m i t  t h e  growth r a t e .  

The VLS mechanism, i f  i t  i s  t o  work, p u t s  s t r o n g  r e s t r i c t i o n s  on t h e  

growth c o n d i t i o n s .  According t o  Evans (l972), t h e  main r e q u i r e m e n t s  which 

must b e  s i m u l t a n e o u s l y  met f o r  VLS growth a r e :  

(1) The a l l o y i n g  a g e n t  o r  i m p u r i t y  must form a  l i q u i d  s o l u t i o n  wi th  t h e  

whisker  m a t e r i a l  a t  t h e  growth t empera tu re .  

( 2 )  The d i s t r i b u t i o n  c o e f f i c i e n t  f o r  t h e  i m p u r i t y  must b e  such t h a t  t h e  

i m p u r i t y  c o n c e n t r a t i o n  i s  h i g h e r  i n  t h e  l i q u i d  than  i n  t h e  

c r y s t a l l i n e  s o l i d .  I f  no  f u r t h e r  i m p u r i t y  i s  s u p p l i e d  through t h e  

vapour t h e  v a l u e  of  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  d e t e r m i n e s  t h e  

whisker  l e n g t h .  

(3)  The vapour  p r e s s u r e  of t h e  a l l o y i n g  a g e n t  must b e  low a t  t h e  growth 

t empera tu re .  Loss of  a g e n t  from s o l u t i o n  does  n o t  n e c e s s a r i l y  

change t h e  a l l o y  c o n p o s i t i o n ,  b u t  i t  does  change t h e  d r o p l e t  volume 

and hence  t h e  whisker  d i a m e t e r  . 
( 4 )  The a l l o y  must n o t  b e  s u s c e p t i b l e  t o  chemical  s i d e  r e a c t i o n s  o r  

r e a c t  w i t h  t h e  s u b s t r a t e  i f  t h a t  d i f f e r s  c h e m i c a l l y  from t h e  

whisker .  

( 5 )  The v a r i o u s  V-S, V-L and L-S i n t e r f a c i a l  e n e r g i e s  a r e  c r u c i a l ,  s i n c e  

i t  i s  i m p o r t a n t  t o  a c h i e v e  t h e  c o r r e c t  w e t t i n g  a n g l e  f o r  whisker  

fo rmat ion .  

( 6 )  The t e m p e r a t u r e  of  t h e  system must remain c o n s t a n t .  Small  

f l u c t u a t i o n s  may c a u s e  l a r g e  d i a m e t e r  v a r i a t i o n s .  

The s e n s i t i v i t y  of  t h e  d i a m e t e r  of  a  whisker  t o  t e m p e r a t u r e  may e x p l a i n  

why many i r o n  whiskers  a r e  grown w i t h  a  uniform t a p e r .  I f  t h e  whisker  is  

formed by a  VLS p r o c e s s  a s  t h e  t e m p e r a t u r e  d r i f t s ,  t h e  s i z e  o f  t h e  d r o p l e t ,  



t h e  c o n t a c t  a n g l e  between t h e  d r o p l e t  and t h e  whisker ,  and t h e  

supersa  t u r a t i o n  l e v e l  can change.  

The c l a s s i c  i l l u s t r a t i o n  of  t h e  ITS mechanism a t  work was accomplished 

when a  r e s e a r c h e r  s p e l l e d  o u t  t h e  l e t t e r s  "VLS" i n  t i n y  g o l d  d r o p l e t s  on a  

s i l i c o n  s u b s t r a t e .  Subsequen t ly  under  c o n t r o l l e d  growth c o n d i t i o n s ,  a s i n g l e  

s i l i c o n  whisker  was grown a t  each  go ld  d r o p l e t  l o c a t i o n  ( s e e  Wagner (1970) 

p. 8 0 ) .  

3. The Role of I m p u r i t i e s  i n  Whisker Formation 

It i s  w e l l  known from e x t e n s i v e  r e s e a r c h  i n t o  whisker  growth t h a t  t h e  

p r e s e n c e  of an i m p u r i t y  may b e  n e c e s s a r y  f o r  t h e  f o r m a t i o n  of  whiskers .  I n  a  

s t u d y  where s i l i c o n  doped w i t h  a r s e n i c  was t h e  growth m a t e r i a l ,  i t  was found 

t h a t  t h e  a d d i t i o n  o f  s m a l l  amounts of  n i c k e l  i o d i d e  was e s s e n t i a l  f o r  whisker  

growth ( G r e i n e r  e t  a l .  1961) .  In  a  p r o c e s s  d e s c r i b e d  by Wagner (1970) t o  

grow s i l i c o n  w h i s k e r s  from h i g h - p u r i t y  s i l i c o n  and i o d i n e ,  o n l y  n o d u l e s  and 

f i l m s  were produced. However w i t h  t h e  i n t r o d u c t i o n  of  a  t r a c e  amount o f  

g o l d ,  a l u s h  growth o f  w h i s k e r s  was c r e a t e d .  The r a t i o  of  f i l a m e n t  t o  nodule  

d e p o s i t  i n c r e a s e d  wi th  t h e  amount o f  gold  added. S u c c e s s f u l  whisker  growth 

was a l s o  achieved w i t h  P i ,  Pd,  Cu, C-d, Yg, and 0 s  a s  i m p u r i t i e s ,  w h i l e  o n l y  

nodu les  were produced wi th  Zn, C ,  M ,  Sn, o r  Ce. 

A s  mentioned above i n  t h e  s e c t i o n  on t h e  growth o f  i r o n  w h i s k e r s ,  no  

w h i s k e r s  a r e  produced when g r e a t  c a r e  i s  t a k e n  t o  c l e a n  o u r  growth system and 

t o  avoid  t h e  i n t r o d u c t i o n  of  i m p u r i t i e s  such a s  w a t e r .  We f i n d  t h a t  t h e  

i n t r o d u c t i o n  of  wa te r  i n  t h e  i n i t i a l  s t a g e s  of  growth i n c r e a s e s  t h e  y i e l d  of 



i r o n  whiskers .  

A s  i s  w e l l  known, i r o n  h a s  a  h i g h  a f f i n i t y  f o r  t h e  i n t e r s t i t i a l  and 

s u b s t i t u t i o n a l  i n c o r p o r a t i o n  of  ca rbon .  In  f a c t  o n e  of  t h e  b e s t  known phase 

diagrams f o r  a  b i n a r y  a l l o y  system i s  t h a t  of  ca rbon  i n  i r o n  (Hansen 1958).  

4. Carbon i n  I r o n  

In  t h i s  work we a r e  concerned w i t h  a- i ron w i t h  v e r y  low c o n c e n t r a t i o n s  of  

i n t e r s t i t i t i a l  carbon.  T h i s  phase  is  b c c  and e x i s t s  up t o  approx imate ly  

910•‹c. There fo re  o u r  growth o f  i r o n  whiskers  and our  magne t i c  measurements 

from room t e m p e r a t u r e  up t o  t h e  C u r i e  p o i n t  (770•‹c) can b e  done a l l  i n  t h e  

a-phase.  A t  9 1 0 ' ~  t h e r e  i s  a  f i r s t  o r d e r  phase change i n t o  t h e  f c c  X-phase. 

Whenever we have hea ted  a  whisker  through t h i s  t r a n s i t i o n  t e m p e r a t u r e  and 

then  coo led  through t h e  C u r i e  p o i n t ,  i t  h a s  r e s u l t e d  i n  i r r e v e r s i b l e  damage 

t o  t h e  i n i t i a l l y  n e a r - p e r f e c t  c r y s t a l  s t r u c t u r e .  

S e v e r a l  t e s t a  have been c a r r i e d  out  e i t h e r  b y  u s ,  o r  f o r  u s ,  t o  

d e t e r m i n e  t h e  ca rbon  c o n t e n t  o f  t h e  i r o n  w h i s k e r s  which we a r e  s t u d y i n g .  The 

most c o n c l u s i v e  of t h e s e  was conducted by D.E. Fanham, Chief  Chemist ,  

I n t e r n a t i o n a l  Vicke l  Company of Canada Ltd .  i n  P o r t  Colborne,  O n t a r i o .  The 

a n a l y s i s  was performed on s i x  samples ,  each c o n s i s t i n g  of o n e  gram of i r o n  

whiskers .  These whiskers  were  t aken  from a  b o a t  s u p p l i e d  t o  us  b y  C.G. 

Lonzar ich ,  P h y s i c s  Department,  UBC, Vancouver, RC.  We c o n s i d e r  t h e s e  

w h i s k e r s  t o  b e  t y p i c a l  of o u r  w h i s k e r s  s i n c e  a  v e r y  s i m i l a r  t e c h n i q u e  was 

used t o  grow them. The o n l y  d i f f e r e n c e  is Lonzar ich 's  much g r e a t e r  y i e l d  of 

whisker  growth which we a t t r i b u t e  t o  t h e  l a r g e r  b o a t ,  l a r g e r  f u r n a c e  t u b e  and 



much l a r g e r  amount o f  FeC12 used.  It was h i s  g o a l  t o  produce g r e a t  amounts 

of l a r g e  s i z e  w h i s k e r s  which he  admirably  achieved.  We used Lonzar ich ' s  

whiskers  f o r  t h i s  t e s t  because  of t h e  l a r g e  sample s i z e  r e q u i r e d .  

The ca rbon  c o n c e n t r a t i o n  was determined by measur ing t h e  i n f r a r e d  

a b s o r p t i o n  of t h e  C 0 2  produced i n  a  complete  combustion of  a  o n e  gram sample 

of  whiskers .  The measurement was made u s i n g  a  d e v i c e  c a l l e d  t h e  W12, made 

by Leco. 

The r e s u l t s  o f  t h e  s i x  measurements i n  % carbon b y  weight  a r e :  

0.0022 

0.0043 

0.0020 

0.0049 

0.0230 

0.0032 

We r e j e c t  t h e  f i f t h  measurement s i n c e  we b e l i e v e  t h e  sample  was 

contaminated by a  p i e c e  of  t i s s u e  paper  packed w i t h  t h e  sample.  Averaging 

t h e  o t h e r  f i v e  measurements produces  a  f i g u r e  0.0033(13) % carbon  by weight  = 

150 ppm atomic  r a t i o  C/Fe. T h i s  e s t a b l i s h e s  a n  upper l i m i t  f o r  t h e  t o t a l  

carbon c o n t e n t  o f  our  w h i s k e r s  s i n c e  g r e a t e r  c a r e  i s  t a k e n  t o  e l i m i n a t e  

s o u r c e s  of  ca rbon  i n  our  growth procedure .  

The obv ious  q u e s t i o n s  a t  t h i s  p o i n t  a r e  what i s  t h e  s o u r c e  of  c a r b o n ,  

and,  a t  what p o i n t  i s  carbon t a k e n  i n t o  a  whisker .  A s  y e t  b o t h  of  t h e s e  

q u e s t i o n s  remain unanswered. There  i s  s t i l l  s u f f i c i e n t  doubt  about  t h e  

a c t u a l  mechanism of i r o n  whisker  growth t h a t  t h e  p o s s i b l e  n e c e s s i t y  f o r  

ca rbon  i n  a  VLS p r o c e s s  canno t  b e  r u l e d  ou t .  On t h e  o t h e r  hand,  ca rbon  may 

n o t  b e  a  c a t a l y s t  f o r  whisker  p r o d u c t i o n ,  b e i n g  o n l y  an  i n c i d e n t a l  i m p u r i t y  



i n  t h e  growth environment.  We c a n n o t  b e  a b s o l u t e l y  s u r e  t h a t  t h e r e  i s  no 

s o u r c e  of ca rbon  w i t h i n  our  growth procedure .  

The o t h e r  and v e r y  r e a s o n a b l e  p o s s i b i l i t y  i s  t h a t  ca rbon  i s  i n c o r p o r a t e d  

i n  i r o n  whiskers  subsequen t  t o  t h e i r  growth when t h e y  a r e  removed from t h e  

f u r n a c e  tube .  K i s h i  and R o b e r t s  (1975) show, u s i n g  x-ray and vacuum 

u l t r a v i o l e t  [He (TI)] p h o t o e l e c t r o n  s p e c t r o s c o p y ,  t h a t  carbon monoxide r e a d i l y  

d i s s o c i a t e s  o n  c l e a n  i r o n  f i l m s  a t  room tempera tu re .  A t  lower  t e m p e r a t u r e s  

o n l y  molecu la r  CO i s  adsorbed .  However a t  295 K b o t h  adsorbed  molecu la r  and 

d i s s o c i a t e d  CO i s  obse rved ,  and a t  350 P o n l y  d i s s o c i a t e d  carbon and oxygen 

can  b e  d e t e c t e d .  When a  f i l m  i s  pre-adsorbed w i t h  s u l p h u r  by exposure  t o  

P2S, t h e  d i s s o c i a t i o n  o f  CO i s  suppressed  and consequen t ly  a d s o r p t i o n  

e n t i r e l y  i n  t h e  molecu la r  s t a t e  o c c u r s .  F i n a l l y  t h e y  a l s o  f i n d ,  when an i r o n  

f i l m  w i t h  adsorbed CO i s  exposed t o  F2S, t h a t  t h e  chemisorbed oxygen i s  

removed and desorbed a s  H20 by  hydrogen genera ted  from t h e  F2S d i s s o c i a t i o n .  

T h i s  l e a v e s  c a r b i d i c  ca rbon  on t h e  s u r f a c e .  

A s t u d y  of t h e  e q u i l i b r i u m  s u r f a c e  s e g r e g a t i o n  of  ca rbon  on i r o n  (100) 

f a c e s  h a s  been r e p o r t e d  by Grabke and coworkers (1975) .  They d i s s o l v e d  0-120 

wt.  ppm C i n  i r o n  s i n g l e  c r y s t a l s  w i t h  s p e c i a l l y  p r e p a r e d  (100) s u r f a c e s  b y  

c a r b o r i z i n g  them i n  a  f l o w  of  CH4-H2 mix tu res  a t  800 '~ .  They then  

s t u d i e d  t h e  compos i t ion  and s t r u c t u r e  of  ca rbon  chemisorbed on t h e  (100) 

s u r f  a c e s  us ing  Auger e l e c t r o n  s p e c t r o s c o p y  (AES) and low energy  e l e c t r o n  

d i f f r a c t i o n  (LEFD) i n  a  vacuum system a t  a  p r e s s u r e  of  l e s s  than  t o r r .  

T h i s  s t u d y  was p o s s i b l e  because  t h e  r a t e  o f  d e s o r p t i o n  of  ca rbon  from a  

s u r f a c e  was s u f f i c i e n t l y  s l o w  and t h e  s o l u b i l i t i e s  were  s u f f i c i e n t l y  h i g h  

t h a t  an  e q u i l i b r i u m  between ca rbon  atoms adsorbed  on t h e  s u r f a c e  and carbon 

atoms d i s s o l v e d  i n  t h e  b u l k  cou ld  be e s t a b l i s h e d  q u i c k l y  witho'ut d e p l e t i n g  



t h e  a d s o r b a t e .  The d r i v i n g  f o r c e  f o r  t h i s  s u r f a c e  s e g r e g a t i o n  i s  t h e  r e l e a s e  

of  e l a s t i c  energy minus t h e  d e c r e a s e d  b ind ing  energy  accompanying t h e  

r e l o c a t i o n  o f  a  ca rbon  atom from t h e  b u l k  t o  t h e  s u r f a c e .  

Using LEED t h e y  d e t e c t e d  t h e  d e p o s i t  of  g r a p h i t e  on t h e  s u r f a c e  which 

d i s s o l v e d  once a  sample  was h e a t e d  above t h e  g r a p h i t e  s o l u b i l i t y  cu rve .  T h i s  

d i s s o l v i n g  p r o c e s s  was moni tored by AES a s  w e l l  which showed t h e  fo rmat ion  of 

f i n e  s t r u c t u r e  a s s o c i a t e d  w i t h  ca rbon  atoms, and t h e  d i s a p p e a r a n c e  of  f i n e  

s t r u c t u r e  a t t r i b u t e d  t o  g r a p h i t e .  The a d s o r p t i o n  o f  c a r b o n  was measured a s  

t h e  r a t i o  of  peak h e i g h t s  f o r  ca rbon  and f o r  i r o n  v e r s u s  t e m p e r a t u r e .  A t  low 

t e m p e r a t u r e  t h i s  r a t i o  approached t h e  v a l u e  0.6, which p robab ly  c o r r e s p o n d s  

t o  t h e  f o r m a t i o n  of  a  s u r f a c e  s t r u c t u r e  i n  a  s a t u r a t e d  l i m i t .  With 

c a l i b r a t i o n  a g a i n s t  known a l l o y s  t h i s  l i m i t i n g  v a l u e  was determined t o  b e  

C/Fe = 0.2 on t h e  s u r f a c e ,  v a s t l y  d i f f e r e n t  from t h e  pprn l e v e l s  of  t h e  b u l k  

samples.  T h i s  r a t i o  c o r r e s p o n d s  t o  a  s u r f a c e  s t r u c t u r e  ~ ( 2 x 2 ) .  Bowever the 

LEED p a t t e r n  i n d i c a t e d  a  ~ ( 2 x 2 )  s t r u c t u r e .  

AES a n a l y s e s  have a l s o  been conducted on some of o u r  i r o n  w h i s k e r s  by  

P h y s i c a l  E l e c t r o n i c s  I n c  . of Y i n n e a p o l i s ,  Yinneso ta .  The b u l k  i n t e r s t i t i a l  

carbon c o n t e n t  had been determined by u s ,  u s i n g  a  magnet ic  t e c h n i a u e  

d e s c r i b e d  below, t o  b e  approx imate ly  10 ppm. P h y s i c a l  F l e c t r o n i c s  found t h e  

carbon c o n t e n t  o f  t h e  s u r f a c e  t o  b e  C/Fe = 0.2 i n  agreement w i t h  t h e  AFS work 

of Grab ke and co-workers . 
Another p o s s i b l e  method of  d e t e r m i n i n g  t h e  ca rbon  c o n t e n t  o f  a  whisker  

is t o  measure  i t s  e l e c t r i c a l  r e s i s t i v i t y .  Swartz  and Cuddy (1971)  have made 

r e s i s t i v i t y  measurements on h i g h  p u r i t y  i r o n  w i r e s  ( r e s i s t i v i t y  r a t i o  = 180) 

from 4 t o  1300 K. These w i r e s  had been charged w i t h  known amounts of ca rbon  

and n i t r o g e n  us ing  s e v e r a l  d i f f e r e n t  g a s  m i x t u r e  t r e a t m e n t s .  h e y  r e p o r t e d  



(fFe + - P F e ) T  v a l u e s  a s  a  f u n c t i o n  of ca rboo  c o n c e n t r a t i o n  and 

t empera tu re .  A s  w e l l  they  determined a  v a l u e  f o r  t h e  d e p r e s s i o n  of  t h e  C u r i e  

t e m p e r a t u r e  dTc/dX = -1.5 +_ 0.7'/atm% a t  155 1 0  ppm ca rbon .  Measurements 

of t h e  r e s i s t i v i t y  of  our  w h i s k e r s  i n d i c a t e d  carbon c o n c e n t r a t i o n s  on t h e  

10-100 ppm l e v e l  which were  c o n s i s t e n t  wi th  a  measurement b y  a  magnet ic  

t echn ique .  However a c c u r a t e  measurements of t h e  r e s i s t i v i t y  of a  whisker  

were  n o t  p o s s i b l e  b e c a u s e  of t h e  s m a l l  s i z e  of  a  whisker .  Such a  measurement 

a l s o  does  n o t  d i s c r i m i n a t e  between i n c r e a s e d  r e s i s t i v i t y  due t o  carbon and 

t h a t  due t o  n i t r o g e n .  

However h i g h  r e s i s t i v i t y  r a t i o s  have been measured i n  t h e  900-4000 range  

f o r  s e v e r a l  of our  w h i s k e r s .  R.V. Coleman c l a i m s  t h e  h i g h e s t  r e s i s t i v i t y  

r a t i o  measured on an i r o n  whisker  i n  h i s  l a b o r a t o r y  i s  10,000. 

F i n a l l y  we t u r n  t o  a  magnet ic  t e c h n i q u e  which we u s e  f o r  d e t e c t i n g  

mobi le  i n t e r s t i t i a l  carbon i n  an i r o n  whisker  n e a r  room t e m p e r a t u r e .  T h i s  

t e c h n i q u e  e x p l o i t s  a  phenomenon c a l l e d  t h e  magnet ic  a f t e r - e f f e c t  . 

5. The Yagnet ic  A f t e r - E f f e c t  

It h a s  been known f o r  a  long  t ime  t h a t  a  s m a l l  amount o f  i n t e r s t i t i a l  

carbon o r  n i t r o g e n  i n  #- i ron g i v e s  r i s e  t o  t h e  magnet ic  a f t e r - e f f e c t  o r  

disaccommodation e f f e c t .  The mechanism of t h i s  e f f e c t  h a s  been t h e o r e t i c a l l y  

e x p l a i n e d  by  gel (1952, 1959) and h a s  been e x p e r i m e n t a l l y  s t u d i e d  by many 

r e s e a r c h e r s  ( s e e  P e j n a l  (1977) and r e f e r e n c e s  t h e r e i n ) .  The i n t e r s t i t i a l  

atoms r e d i s t r i b u t e  themse lves  among i n t e r s t i t i a l  s i t e s  g i v i n g  r i s e  t o  a  

d i r e c t i o n a l  o r d e r .  Through a  m a g n e t o c r y s t a l l i n e  c o u p l i n g ,  t h i s  r e s u l t s  i n  a  



s t a b i l i z a t i o n  of  domain w a l l s .  To d e s c r i b e  t h i s  phenomenon, ~ 6 e l  adds t o  t h e  

usua l  t e rms  of magnet ic  a n i s o t r o p y ,  an energy c a l l e d  t h e  s t a b i l i z a t i o n  

3 energy ,  which can a t t a i n  v a l u e s  of  t h e  o r d e r  of 100 erg/cm . ~ 6 e l  d e r i v e s  

a  g e n e r a l  e x p r e s s i o n  f o r  t h e  p r e s s u r e  of  a 90 o r  180 d e g r e e  w a l l  a t  a  g iven  

t ime ,  which c a u s e s  t h e  d i f f u s i o n  of  t h e  f o r e i g n  atoms, knowing t h e  e a r l i e r  

p o s i t i o n  of  t h e  w a l l  which h a s  been moved. 

'(Ire mention t h e  magnet ic  a f t e r - e f f e c t  h e r e  a s  a n o t h e r  p o s s i b l e  method of 

d e t e c t i n g  i n t e r s t i t i a l  carbon i n  i r o n .  T h i s  can b e  done by  o b s e r v i n g  t h e  

drop i n  measured a c  s u s c e p t i b i l i t y  f o r  a  [I001 i r o n  whisker .  T h i s  can b e  

though t  of a s  a  w a l l  of i n t e r s t i t i a l  carbon g a s  c o l l e c t i n g  a t  t h e  p o s i t i o n  of 

a  Landau w a l l .  When t h e  w a l l  i s  r a p i d l y  moved t o  a  new p o s i t i o n ,  t h e  

e f f e c t i v e  a c  s u s c e p t i b i l i t y  i n c r e a s e s  t o  t h e  l e v e l  which would b e  i f  t h e r e  

were no i n t e r s t i t i a l  carbon.  Then w i t h  a  t ime c o n s t a n t  o f  approx imate ly  one 

second a t  room t e m p e r a t u r e ,  t h e  measured a c  s u s c e p t i b i l i t y  d e c r e a s e s .  The 

s i z e  o f  t h e  drop depends  on t h e  d imensions  of  t h e  sample ,  t h e  ampl i tude  and 

f requency  of ac d r i v e ,  and on t h e  amount of  i n t e r s t i t i a l  carbon.  

The t ime  c o n s t a n t  o f  d i f f u s i o n  is  s t r o n g l y  dependent  on t e m p e r a t u r e  

a c c o r d i n g  t o  Ar rhen ius  d i f f u s i o n  t h e o r y .  T h i s  i s  u s e f u l  f o r  d i s t i n g u i s h i n g  

between i n t e r s t i t i a l  carbon and i n t e r s t i t i a l  n i t r o g e n  s i n c e  t h e i r  t i m e  

c o n s t a n t s  a r e  q u i t e  d i f f e r e n t  a t  room tempera tu re  (abou t  0.1 s e c  f o r  ?). 

T h i s  e f f e c t  can  b e  used a s  a  conven ien t  n o n - d e s t r u c t i v e  measure  of t h e  

amount o f  mobi le  i n t e r s t i t i a l  carbon and n i t r o g e n  i n  an i r o n  whisker .  T h i s  

can b e  s t u d i e d  a s  a  f u n c t i o n  of t e m p e r a t u r e  and a s  a  f u n c t i o n  of  v a r i o u s  

t r e a t m e n t s  of t h e  whisker ,  e i t h e r  t o  d e c r e a s e  o r  i n c r e a s e  t h e  amount o f  

i n t e r s t i t i a l  gas .  
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There  a r e  t h r e e  s p e c i e s  of  i r o n  w h i s k e r s ,  each w i t h  i t s  own o r i e n t a t i o n ,  

namely t h e  [ l o o ] ,  [ l l l l ,  and [1101. In  t h i s  s e c t i o n  we compare t h e s e  

w h i s k e r s  i n  t e rms  of t h e i r  domain s t r u c t u r e s .  The i n f o r m a t i o n  about  t h e  

domain s t r u c t u r e s  i s  o b t a i n e d  from, o r  i n f e r r e d  from, B i t t e r  p a t t e r n s  and a c  

s u s c e p t i b i l i t y  measurements. We f i r s t  d e s c r i b e  t h e s e  two t e c h n i q u e s ,  and 

then  f o l l o w  wi th  a  compar ison of t h e  t h r e e  whiskers .  

1. The B i t t e r  Technique 

T h i s  t echn ique  i s  a method of  making d i r e c t  o b s e r v a t i o n  o f  domain w a l l  

p a t t e r n s  o n  t h e  s i d e  s u r f a c e s  of  a  magnet ic  c r y s t a l .  A c o l l o i d a l  suspens ion  

of  f i n e  f e r r i t e  p a r t i c l e s  i s  p l a c e d  on a  smooth c r y s t a l  f a c e .  The p a r t i c l e s  

t end  t o  congrega te  wherever a  domain w a l l  i n t e r s e c t s  t h e  c r y s t a l  s u r f a c e .  

T h i s  makes t h e  p a t t e r n  of  w a l l s  c l e a r l y  v i s i b l e  w i t h  a n  o p t i c a l  microscope.  

By a p p l y i n g  a  d c  magnet ic  f i e l d  t o  t h e  c r y s t a l ,  domains can  b e  observed t o  

grow a t  t h e  expense of o t h e r s  b y  means of w a l l  mot ions .  Fo th  t r a n s l a t i o n a l  

motion o f  long  s t r a i g h t  w a l l s  and w a l l  bowing can b e  s e e n .  R i t h  a  c a r e f u l  

s t u d y  of t h e s e  w a l l  mot ions  and of t h e  r e l a t i v e  a n g l e s  o f  t h e  w a l l s  on t h e  

c r y s t a l l i n e  s u r f a c e s ,  a  c o r r e c t  p i c t u r e  of  t h e  i n t e r n a l  domain b o u n d a r i e s  can 

b e  deduced. Yost  i n t e r e s t i n g  i s  t h e  i r r e v e r s i b l e  b e h a v i o u r  of  t h e  w a l l s  a t  

t h e  p o i n t  o f  s a t u r a t i o n  of t h e  c e n t r e  of a  b a r ,  such a s  a n  i r o n  whisker .  An 

a p p l i e d  d c  f i e l d  Ho p a r a l l e l  t o  t h e  b a r  which j u s t  s a t u r a t e s  i t s  c e n t r e ,  

and t h e r e f o r e  s p l i t s  t h e  p r e v i o u s  w a l l s ,  i s  c a l l e d  t h e  depar t ; re  f i e l d  Bd. 



A s m a l l e r  f i e l d  which j u s t  a l l o w s  t h e  r e f o r m a t i o n  o f  some domain s t r u c t u r e  a t  

t h e  c e n t r e  i s  c a l l e d  t h e  n u c l e a t i o n  f i e l d  Hn. 

2. AC S u s c e p t i b i l i t y  Measurements 

An ac s u s c e p t i b i l i t y  measurement o f  an i r o n  whisker  can b e  made by 

s imply  us ing  t h e  whisker  a s  t h e  c o r e  o f  a  t r a n s f o r m e r .  The p r imary  c o i l  can 

b e  a  t i g h t l y  wound s i n g l e  l a y e r  s o l e n o i d  which i s  much l o n g e r  than  t h e  

whisker .  Another p o s s i b i l i t y  i s  t o  use  a  matched p a i r  of Belmhol tz  c o i l s  

p r o p e r l y  spaced t o  produce a s  homogeneous a  d r i v i n g  f i e l d  a s  p o s s i b l e .  A 

t y p i c a l  d r i v i n g  f i e l d  is  10 mOe a t  a f requency  from 0.25 t o  25 kHz. The 

secondary c o i l  i s  t i g h t l y  wound and can b e  a  long c o i l  which a v e r a g e s  t h e  ac 

f l u x  o v e r  t h e  l e n g t h  o f  t h e  whisker .  A l t e r n a t i v e l y  i t  can c o n s i s t  of a s  

l i t t l e  a s  one t u r n  and can b e  p l a c e d  a t  any p o s i t i o n  z a l o n g  t h e  whisker ' s  

l e n g t h .  

The ac  s i g n a l  from t h i s  pick-up c o i l  i s  i n p u t  t o  a  PAR 124 lock- in  

a m p l i f i e r  which can b e  used t o  s e p a r a t e  two o r t h o g o n a l  components of t h i s  

s i g n a l ,  an  in-phase component g '  and an out-phase component el1.  With no 

whisker  i n  t h e  c o i l  sys tem,  we can s e t  t h e  phase  of t h e  l o c k - i n  a m p l i f i e r  f o r  

a  maximun d e t e c t e d  s i g n a l .  We c a l l  t h i s  t h e  in-phase s i g n a l  from t h e  pick-up 

c o i l  a l o n e  ( f o r  r e a s o n s  which h o p e f u l l y  w i l l  be  made c l e a r  below) d e s p i t e  t h e  

f a c t  t h a t  t h i s  s i g n a l  i s  90' o u t  o f  phase  wi th  t h e  d r i v i n g  s i g n a l .  ( A c t u a l l y  

i t  i s  90' ahead of t h e  d r i v i n g  s i g n a l  f o r  c o n c e n t r i c  c o i l s  wound i n  t h e  same 

sense . )  There  i s  n o  out-phase s i g n a l  o r thogona l  t o  i t .  A l t e r n a t i v e l y ,  

r a t h e r  than removing t h e  whisker  from t h e  c o i l  sys tem,  something which i s  



o f t e n  inconven ien t  t o  do,  a  v e r y  s t r o n g  dc f i e 1  d  Ho can b e  a p p l i e d  p a r a l l e l  

t o  t h e  whisker  a x i s .  With a  s t r o n g  b i a s  f i e l d  t h e  whisker  i s  u n a b l e  t o  

respond m a g n e t i c a l l y  t o  t h e  ac d r i v i n g  f i e l d ,  and s o  i n  a  s i m i l a r  manner, t h e  

phase of t h e  lock- in  a m p l i f i e r  can b e  a d j u s t e d  f o r  a  z e r o  out-phase s i g n a l .  

T h i s  phase s e t t i n g  may b e  s l i g h t l y  f requency  dependent  a s  w i l l  be  s e e n  below. 

When t h e  b i a s  f i e l d  Ho is made s m a l l e r  than Hn ,  some domain s t r u c t u r e  

i s  n u c l e a t e d  r e s u l t i n g  i n  a  s t r o n g  pick-up s i g n a l  E.  A t  s u f f i c i e n t l y  low 

f r e q u e n c y ,  t h e  6' s i g n a l  i s  a  measure o f  t h e  magnet ic  s t i f f n e s s ,  t h e  e a s e  

w i t h  which magnet ic  domain w a l l s  o s c i l l a t e  i n  r esponse  t o  t h e  ac d r i v i n g  

f i e l d .  A h i g h  i n t r i n s i c  s u s c e p t i b i l i t y  xi  co r responds  t o  f r e e l y  mobi le  

domain w a l l s  which produce a  l a r g e  in-phase s i g n a l .  Pomain w a l l s  a r e  v e r y  

mobi le  i f  t h e y  i n v o l v e  l i t t l e  o r  no n e t  r o t a t i o n  o f  moments away from e a s y  

d i r e c t i o n s .  W e  s h a l l  see t h i s  i s  t h e  c a s e  i n  t h e  [1@0] and [ I l l ]  w h i s k e r s  f o r  

s m a l l  d c  f i e l d s .  I f  locked o r  immobile w a l l s  a r e  f o r c e d  t o  bow, and s p i n s  

a r e  f o r c e d  t o  r o t a t e  i n  r esponse  t o  t h e  d r i v i n g  s i g n a l ,  a  much s m a l l e r  X i ,  

and a  compara t ive ly  s m a l l e r  ti', w i l l  b e  d e t e c t e d .  T h i s  i s  t h e  c a s e  f o r  

w h i s k e r s  i n  h i g h e r  f i e l d s .  

The out-phase s i g n a l  €" i s  a  d i r e c t  measure of t h e  l o s s e s  i n  t h e  

t r a n s f o r m e r  system. S i n c e  an i r o n  whisker  i s  a  h i g h l y  c o n d u c t i v e  c o r e ,  t h e  

major  s o u r c e  of l o s s ,  a t  t h e  f r e q u e n c i e s  we use ,  i s  eddy c u r r e n t s .  Provided 

t h a t  t h e  f l u x  p e n e t r a t i o n  i s  complete ,  t h e  power-loss!unit volume due t o  eddy 

c u r r e n t s  i s  p r o p o r t i o n a l  t o  6 w 2 ~ s 2 ~ e f f  where o i s  t h e  c o n d u c t i v i t y ,  w i s  t h e  

f requency ,  Ms i s  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 ,  and A e f f  i s  a n  effective 

c r o s s - s e c t i o n a l  a r e a  f o r  t h e  whisker  dependent  on t h e  domain s t r u c t u r e  

n u c l e a t e d .  (For  a  s t u d y  of eddy c u r r e n t s  g e n e r a t e d  by w a l l  mot ions  i n  I 

i ron-3% s i l i c o n  p i c t u r e  f rames ,  s e e  t h e  c l a s s i c  paper  b y  Willi'ams e t  a l .  



( 1 9 5 0 ) .  

m e r e  a r e  s e v e r a l  o t h e r  s o u r c e s  of  l o s s .  A t  low f r e q u e n c i e s ,  t h e  most 

i m p o r t a n t  mechanism i s  h y s t e r e s i s .  The o r i g i n  of t h i s  i s  damping phenomena 

such a s  eddy c u r r e n t s  r e s u l t i n g  from i r r e v e r s i b l e  w a l l  mot ions  o r  jumps, a s  

w e l l  a s  i r r e v e r s i b l e  s p i n  r o t a t i o n .  I n  t h e  Rayle igh r e g i o n ,  t h e  l o s s  depends  

on t h e  ampl i tude of t h e  a p p l i e d  f i e l d  Po. Also a t  low f r e q u e n c i e s ,  t h e  

magnet ic  a f t e r - e f f e c t  due  t o  t h e  d i f f u s i o n  of  i n t e r s t i t i a l  g a s  atoms such a s  

carbon o r  n i t r o g e n  is a  s o u r c e  of  power l o s s .  

I n t r i n s i c  l o s s e s  a r e  a l s o  p r e s e n t  i n  t h e  form of  some s o r t  o f  f r i c t i o n  

which a f f e c t s  t h e  f r e e  p r e c e s s i o n  of  s p i n s  i n  an i n t e r n a l  f i e l d .  These have 

been d e s c r i b e d  by t h e  e q u a t i o n s  of  motion of G i l b e r t ,  and of Landau and 

L i f s h i t z ,  each p o s t u l a t i n g  a  damping phenomenon. T h i s  is  c u r r e n t l y  an  a r e a  

of a c t i v e  r e s e a r c h ,  p a r t i c u l a r l y  towards  unders tand ing  t h e  s p i n  dynamics and 

f l u c t u a t i o n s  o f  a  f e r romagne t  n e a r  i t s  c r i t i c a l  p o i n t .  

F i n a l l y ,  a t  h i g h e r  f r e q u e n c i e s  l o s s e s  i n  t h e  f  o m  of r e s o n a n c e s  become 

impor tan t .  There a r e  d imens iona l  r e sonances  due t o  t h e  d r i v i n g  of 

e l e c t r o m a g n e t i c  s t a n d i n g  waves i n  a  specimen and t h e  r e s o n a n t  a b s o r p t i o n  of  

microwaves a t  f e r r o m a g n e t i c  resonance (m). 

Plow f o r  t h e  moment l e t  us assume t h a t  t h e  f requency  i s  s u f f i c i e n t l y  

smal l  t h a t  c" << E' .  Cons ide r  a  s i n g l e  t u r n  pick-up c o i l  a t  p o s i t i o n  z a s  

shown i n  f i g .  ( 4 ) .  There  a r e  t h r e e  c o n t r i b u t i o n s  t o  t h e  f l u x  through t h i s  

c o i l  which induce  t h e  v o l t a g e  €': 

F&(sI H~ - H~(WIJ e i ( w t  - S) 



Here Ho is t h e  a p p l i e d  f i e l d ,  x e ( z )  i s  t h e  a v e r a g e  e f f e c t i v e  

s u s c e p t i b i l i t y  a t  p o s i t i o n  z ,  HD(z) i s  t h e  average  demagne t i z ing  f i e l d ,  

Ac i s  t h e  c r o s s  s e c t i o n a l  a r e a  of  t h e  c o i l ,  and A, i s  t h e  c r o s s  s e c t i o n a l  

a r e a  o f  t h e  whisker.  We c a n  remove t h e  eiWt time-dependence and j u s t  look  

a t  t h e  ampl i tudes .  The f i r s t  term i s  t h e  s i g n a l  from t h e  d r i v i n g  f i e l d  

i t s e l f ,  t h a t  i s ,  t h e  in-phase s i g n a l  f o r  a whisker  i n  a v e r y  s t r o n g  dc b i a s  

f i e l d .  The second and l a s t  te rms a r e  due t o  t h e  sample.  The second term 

r e p r e s e n t s  t h e  ac f l u x  from t h e  n e t  m a g n e t i z a t i o n  l-4 averaged  o v e r  t h e  c r o s s  

s e c t i o n  of  t h e  whisker .  The e f f e c t i v e  s u s c e p t i b i l i t y  xe = W/H, i s  what we 

normal ly  would l i k e  t o  de te rmine .  The l a s t  term r e p r e s e n t s  t h e  opposing f l u x  

through t h e  c o i l  due  t o  t h e  demagnet iz ing f i e l d .  The s o u r c e s  f o r  t h i s  f i e l d  

a r e  magnet ic  c h a r g e s  d i s t r i b u t e d  over  t h e  s i d e  and end s u r f a c e s  of  t h e  

whisker .  

From Faraday's  l aw of i n d u c t i o n ,  t h e  s i g n a l  d e t e c t e d  by a s i n g l e  t u r n  a t  

p o s i t i o n  z i s  

The in-phase s i g n a l  i s  g iven  by  

where X '  = X e  cosd  and H'D = HD c o s d ,  w h i l e  t h e  out-phase s i g n a l  i s  



where X" = Xe s i n 6  and H1ID = HD s i n s .  I f  we c a l l  t h e  in-phase s i g n a l  from 

t h e  whisker  i n  a  h i g h  b i a s  f i e l d  

then  we can  s imply  m i t e  t h e  ~ h a s e  a n g l e  6 f o r  t h e  low f requency  c a s e  a s  

s 2 C 
&'- c,, 

The phase  a n g l e  6  is e s s e n t i a l l y  p r o p o r t i o n a l  t o  w. In  t h e  a n a l y s i s  we 

d e s c r i b e  below, we assume t h a t  6 can b e  t aken  t o  b e  z e r o  s i n c e  t h e  

f r e q u e n c i e p  we use  f o r  our measurements a r e  500 Hz o r  l e s s .  ( 6  < 0.07) 

A s  w e l l ,  i f  t h e  d i a m e t e r  t o  l e n g t h  r a t i o  d / l  i s  s u f f i c i e n t l y  s m a l l ,  t h e  

c o n t r i b u t i o n  of  t h e  l a s t  term i n  ea .  (1) i s  much s m a l l e r  than  t h a t  of t h e  

second and p r o p o r t i o n a l  t o  i t ,  and t h e r e f o r e  can b e  i n c o r p o r a t e d  i n  i t .  The 

demagnet iz ing f i e l d  i s  g i v e n  by 

where M i s  t h e  n e t  m a g n e t i z a t i o n  and D i s  t h e  demagnet iz ing f a c t o r ,  a 

g e o m e t r i c a l  f a c t o r  mainly  dependent  on t h e  d imensions  o f  t h e  whisker .  D i s  

2 rough ly  p r o p o r t i o n a l  t o  (d l11  a l t h o u g h  t h e r e  i s  a  l o g a r i t h m i c  term a s  

w e l l .  ( F o r  an in-depth d i s c u s s i o n  and c a l c u l a t i o n  of D f a c t o r s  f o r  w h i s k e r s ,  



a s  w e l l  a s  of  t h e  d i s t r i b u t i o n  o f  magnet ic  c h a r g e  on an i r o n  r o d ,  s e e  t h e  

t h e s i s  by  Bloomberg (1973) o r  t h e  p a p e r  b y  Bloomberg and A r r o t t  (1975) .) 

Consequent ly  f o r  l o n g  t h i n  w h i s k e r s ,  

and t h e  two s i g n a l s  a r e  d i r e c t  measures  of  t h e  in-phase and out-phase 

s u s c e p t i b i l i t i e s  of t h e  whisker .  

I f  we r e t u r n  once aga in  t o  f i g .  ( 4 )  i t  i s  i n t e r e s t i n g  t o  c o n s i d e r  t h e  

e f f e c t  o f  choos ing  d i f f e r e n t  s u r f a c e s  f o r  d e t e r m i n i n g  t h e  f l u x  p e n e t r a t i o n  of  

t h e  c o i l  a t  p o s i t i o n  z .  I n  t h e  f i g u r e  t h e r e  i s  shown a  s u r f a c e  A which i s  

s imply  t h e  f l a t  s u r f a c e  of t h e  p l a n e  of t h e  c o i l .  Also shown i s  t h e  

c y l i n d r i c a l  s u r f a c e  B o f  dep th  z w i t h  i t s  bottom of a r e a  Ac a t  t h e  c e n t r e  

of t h e  whisker.  The n e t  f l u x  Q, through each  o f  t h e s e  s u r f a c e s  must b e  

equa l .  The p o r t i o n  of  t h e  f l u x  due t o  t h e  a p p l i e d  f i e l d  i s  t h e  s a r e  through 

b o t h  s u r f a c e s ,  and t h e r e f o r e  t h e  t o t a l  f l u x  from t h e  sample  p e n e t r a t i n g  each 

s u r f a c e ,  g iven  by t h e  second and l a s t  te rms of eq. ( I ) ,  a r e  e q u a l  a s  w e l l .  

However from Gauss's l aw,  t h e  f l u x  through s u r f a c e  A due t o  t h e  demagnet iz ing 

f i e l d  d i f f e r s  b y  4nQ from t h e  f l u x  through s u r f a c e  B y  where Q i s  t h e  magnet ic  

c h a r g e  enc losed  by t h e  two s u r f a c e s .  

From eq.  ( I ) ,  t h i s  l e a d s  a l s o  t o  



The d i s t r i b u t i o n  o f  m a g n e t i c  c h a r g e  a l o n g  t h e  l e n g t h  o f  t h e  w h i s k e r  

c o n t r o l s  t h e  d i s t r i b u t i o n  o f  t h e  e f f e c t i v e  s u s c e p t i b i l i t y  a n d  o f  t h e  

demagne t i z ing  f i e l d  a l o n g  t h e  l e n g t h .  A c t u a l l y ,  i n s i d e  t h e  w h i s k e r ,  t h e  

d e m a g n e t i z i n g  f i e l d  r e m a i n s  a s  un i fo rm as  p o s s i b l e  t o  c a n c e l  t h e  un i fo rm 

a p p l i e d  f i e l d .  Thus when we s p e a k  o f  t h e  d i s t r i b u t i o n  o f  t h e  d e m a g n e t i z i n g  

f i e l d  Hn(z) a l o n g  t h e  l e n g t h  o f  t h e  w h i s k e r ,  we a r e  r e f e r r i n g  r e a l l y  t o  t h e  

change  i n  s t r e n g t h  o f  t h e  e x t e r n a l  d e m a g n e t i z i n g  f i e l d  o u t s i d e  o f  

t h e  w h i s k e r .  A s  a  w h i s k e r  i s  m a g n e t i z e d ,  t h e  magne t i c  c h a r g e  which i s  

c r e a t e d ,  e x p e l s  i t s e l f  from t h e  c e n t r e ,  and  r e s i d e s  i n  g r e a t e s t  c o n c e n t r a t i o n  

on t h e  end s u r f a c e s .  T h i s  r e s u l t s  i n  a  demagne t i z ing  f i e l d  which i s  weakes t  

a t  t h e  c e n t r a l  c r o s s  s e c t i o n  w h i l e  s t r o n g e s t  n e a r  t h e  e n d s  s u r f a c e s .  A s  

w e l l ,  t h e  e f f e c t i v e  s u s c e p t i b i l i t y  x e ( z ) ,  and t h e r e f o r e  t h e  m a g n e t i z a t i o n  

M(z) ,  i s  s t r o n g e s t  a t  t h e  c e n t r e  and s m a l l e s t  n e a r  t h e  e n d s .  

A s  t h e  b i a s  f i e l d  Ho i s  i n c r e a s e d ,  t h e  d e m a g n e t i z i n g  f i e l d  i n c r e a s e s  

t o  c a n c e l  i t .  T h i s  i s  accompl i shed  by i n c r e a s i n g  t h e  amount o f  c h a r g e  on 

e a c h  h a l f  o f  t h e  wh i ske r .  Accompanying t h i s  i s  a n  i n c r e a s e  i n  t h e  

m a g n e t i z a t i o n  Y(z ) .  R e w r i t i n g  e q .  ( l l ) ,  we can  s e e  t h a t  

t h a t  i s ,  t h e  m a g n e t i z a t i o n  a t  t h e  c e n t r a l  c r o s s  s e c t i o n  i s  s i m p l y  t h e  t o t a l  

magne t i c  c h a r g e  on o n e  h a l f  o f  t h e  w h i s k e r  d i v i d e d  by t h e  c r o s s  s e c t i o n a l  

a r e a .  With f u r t h e r  i n c r e a s e s  i n  t h e  a p p l i e d  f i e l d ,  t h e  c e n t r e  o f  t h e  wh i ske r  

s a t u r a t e s  a t  a v a l u e  o f  F"(0) = Vs when Po = Ha.  

F o r  Ho > H d ,  t h e  c e n t r a l  volume of  t h e  w h i s k e r  which i s  s a t u r a t e d  

grows.  The c h a r g e  on o n e  h a l f  o f  t h e  w h i s k e r  r e m a i n s  f i x e d  a t '  



b u t  i s  excluded from t h e  s i d e  s u r f a c e s  of t h e  c e n t r a l  s a t u r a t e d  reg ion .  T h i s  

r e s u l t s  i n  an  i n c r e a s i n g  charge  d e n s i t y  on t h e  ends.  I n  t h e  i n f i n i t e  Ho 

l i m i t ,  t h e  charge d e n s i t y  on t h e  ends is Ms. 

There  i s  a  p o s s i b i l i t y  t h a t  a t  t h e  two i n t e r f a c e s  between t h e  c e n t r a l  

s a t u r a t e d  r e g i o n  and t h e  u n s a t u r a t e d  ends ,  a  c e r t a i n  amount of magnet ic  

charge  may b e  l o c a t e d .  T h i s  would cause  a  d i s c o n t i n u i t y  i n  M(z) a t  t h e  

i n t e r f a c e s  t o  occur .  We have made a t t e m p t s  t o  observe  t h e s e  d i s c o n t i n u i t i e s  

w i t h  no success .  I f  they e x i s t ,  t h e y  must be smal l .  

For  Ho < Hd,  t h e  demagnet iz ing f i e l d  HD i n c r e a s e s  w i t h  Ho a s  t h e  

magnetic c h a r g e  i n c r e a s e s .  However f o r  Ho > Hd, t h e  amount of charge  

remains  f i x e d  a s  i t  i s  d r i v e n  away from t h e  c e n t r e .  T h i s  r e s u l t s  i n  a  

d e c r e a s e  i n  HD w i t h  i n c r e a s i n g  Ho. I n  t h e  i n f i n i t e  Ho l i m i t ,  HD 

r e a c h e s  a  minimum v a l u e  of 

where p i s  t h e  d i a m e t e r  t o  l e n g t h  r a t i o  d / l  of a  c y l i n d r i c a l  whisker .  Near 

an end, HD = 2nMs from Gauss's law. 

I n  f i g .  ( 5 ) ,  we show t h e  c o n t i n u o u s l y  measured a c  s i g n a l  d e t e c t e d  w i t h  a 

v e r y  s h o r t  t ightly-wound 2- turn  pick-up c o i l  a s  i t  i s  s l i d  a l o n g  a  whisker .  

Curve A i s  f o r  Ho < Hd,  whi le  c u r v e s  B ,  C ,  and D a r e  f o r  s u c c e s s i v e l y  

l a r g e r  f i e l d s  which a r e  g r e a t e r  than  t h e  d e p a r t u r e  f i e l d .  For  each curve ,  

t h e  c o i l  h a s  been moved from p o s i t i o n  1 t o  p o s i t i o n  3 a s  shown i n  t h e  



diagram. A s  t h e  c e n t r a l  r e g i o n  of t h e  whisker  i s  s a t u r a t e d ,  t h e  a c  f l u x  a t  

t h e  c e n t r e  q u i c k l y  drops.  F o r  f u r t h e r  i n c r e a s e s  i n  t h e  f i e l d ,  t h e  o n l y  

c o n t r i b u t i o n s  t o  t h e  f l u x  a r e  t h e  d r i v i n g  f i e l d  and t h e  demagnet iz ing f i e l d .  

The fo rmer  is s imply  a n  uniform background, independent  of f i e l d ,  of v o l t a g e  

l e v e l  equa l  t o  t h e  l e v e l  f o r  t h e  c o i l  p o s i t i o n e d  o u t s i d e  t h e  end of t h e  

whisker  ( i . e .  p o s i t i o n  3 ) .  The l a t t e r  d e c r e a s e s  a t  t h e  c e n t r e  a s  charge  i s  

e x p e l l e d  towards t h e  ends .  Note t h a t  i n  curve  D,  t h e  s i g n a l  a t  t h e  c e n t r e  

( p o s i t i o n  2) h a s  decreased  t o  t h e  l e v e l  t h a t  would b e  measured wi th  no 

sample ( p o s i t i o n  3 ) .  From eq .  ( I ) ,  t h e  a c  f l u x  i n  t h i s  c a s e  is  

which approaches  A wi th  i n c r e a s i n g  a p p l i e d  f i e l d .  I n  c u r v e s  B and C ,  t h i s  
C 

h i g h  f i e l d  l i m i t  h a s  n o t  been reached .  T h e r e f o r e  a  p o s i t i v e  c o n t r i b u t i o n  t o  

t h e  s i g n a l  from t h e  demagnet iz ing f i e l d  can s t i l l  b e  seen .  The r a t e  of 

change of t h e  demagnet iz ing f i e l d  wi th  a p p l i e d  f i e l d  g r a d u a l l y  d e c r e a s e s  t o  

z e r o  a s  t h e  magnet ic  s u r f a c e  c h a r g e  i s  e x p e l l e d  t o  t h e  end s u r f a c e s  of t h e  

whisker  and a s  more of i t s  c e n t r a l  r e g i o n  s a t u r a t e s .  

The d i f f e r e n c e  between t h e  a p p l i e d  f i e l d  and t h e  demagnet iz ing f i e l d  i s  

c a l l e d  t h e  i n t e r n a l  f i e l d ,  
C 

It i s  i d e n t i c a l  t o  t h e  Lorenz l o c a l  f i e l d  excep t  f o r  a  term which is 

p a r a l l e l  t o  t h e  l o c a l  magne t iza t ion  and t h e r e f o r e  e x e r t s  no  to rque .  The 

e f f e c t i v e  s u s c e p t i b i l i t y  i s  then g iven  by 



where e q u a t i o n  (8 )  h a s  been used and xi  = d ~ / d ~ ~  is t h e  i n t r i n s i c  

s u s c e p t i b i l i t y .  For  X i  + Hi = O and Xe = 1 / 4 ~ D  i s  de te rmined  by t h e  

geometry of  t h e  sample  a l o n e .  The s m a l l e r  t h e  d / l  r a t i o ,  t h e  l a r g e r  t h e  

e f f e c t i v e  c h i -  A s m a l l e r  X i  h a s  t h e  e f f e c t  of  d e c r e a s i n g  X e  below t h e  

v a l u e  cor respond ing  t o  i n f i n i t e  xi. However, i n  some c a s e s  where an 

i n s t a b i l i t y  e x i s t s ,  Xi a c t u a l l y  g o e s  n e g a t i v e  ( through i n f i n i t y )  r e s u l t i n g  

i n  an i n c r e a s e d  Xe.  

It is  a l s o  impor tan t  t o  n o t e  t h a t  t h e  d i s t r i b u t i o n  of IVz) = Xe(o)/Ho 

is dependent  o n  t h e  i n t r i n s i c  s u s c e p t i b i l i t y  Xi. T h i s  h a s  been e x t e n s i v e l y  

s t u d i e d  by B l o o ~ b e r g  and A r r o t t  (1975) .  For  i n f i n i t e  X i ,  t h e  a p p l i e d  f i e l d  

Ho must b e  c a n c e l l e d  by t h e  demagnet iz ing f i e l d  HD. T h i s  can b e  approximated 

by a  l i n e a r  d i s t r i b u t i o n  of c h a r g e  on t h e  s i d e  of a  c y l i n d e r  w i t h  a  uniform 

d i s t r i b u t i o n  of  c h a r g e  on t h e  ends .  A q u a d r a t i c  Y(z) a l o n g  t h e  l e n g t h  o f  t h e  

c y l i n d e r  r e s u l t s .  

For  a  f i n i t e  Xi, t h e r e  i s  a  n e t  Ei f i e l d  accomplished by hav ing  l e s s  

c h a r g e  a t  t h e  c e n t r e .  Both t h e  s u r f a c e  charge  d i s t r i b u t i o n  Q(z )  and V(z) a r e  

r e p r e s e n t e d  by h i g h e r  o r d e r  polynomials  which have p r o f i l e s  t h a t  a r e  f l a t t e r  

a t  t h e  c e n t r e  and s t e e p e r  towards  t h e  ends .  

I d e a l l y ,  one would l i k e  t o  measure  t h 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 d i f f  o f  a  whisker .  T h i s  is  t h e  s i g n a l  one would g e t  wi th  a  s i n g l e  sweep of  

t h e  a p p l i e d  f i e l d  t a k i n g  t h e  whisker  from s a t u r a t i o n  i n  one d i r e c t i o n  t o  

s a t u r a t i o n  i n  t h e  o p p o s i t e  d i r e c t i o n .  When an a c  t e c h n i q u e  a s  d e s c r i b e d  



above i s  used,  one measures t h e  r e v e r s i b l e  p o r t i o n  xreV of t h 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 o r  each  v a l u e  of t h e  dc b i a s  f i e l d  Ho, t h e  whisker  is 

swept on a s m a l l  minor loop  determined by t h e  ampl i tude  of t h e  modulation 

f i e l d .  As a n  i l l u s t r a t i o n  of t h i s  p o i n t ,  t h e  t r a p p i n g  of t h e  domain 

s t r u c t u r e  of a whisker  by i n t e r s t i t i a l l y  absorbed carbon g a s  r e s u l t s  i n  such 

an ampl i tude  dependence. When a ve ry  smal l  5 moe d r i v i n g  f i e l d  i s  used t o  

e x c i t e  t h e  whisker ,  a t r a p p i n g  can b e  observed i n  t h e  form of a decreased  X e  

compared t o  t h e  expec ted  1/4rD va lue .  However, i f  t h e  d r i v i n g  ampl i tude  i s  

i n c r e a s e d  t o  s a y  50 noe ,  t h e  t r a p p i n g  e f f e c t  can  b e  e l i m i n a t e d .  A s  w e l l  

t h e r e  a r e  of t e n  i r r e v e r s i b l e  jumps o b s e r v a b l e  i n  t h e  xd i f f  which would n o t  

show up i n  a X r e v  measurement. There i s  i n f o r m a t i o n  t o  be  had from bo th  

t y p e s  of measurements, and i t  i s  i n p o r t a n t  t o  compare them. 

I n  t h i s  s e c t i o n  we have o u t l i n e d  t h e  behav iour  of a whisker  i n  a dc b i a s  

f i e l d  w i t h  a s m a l l  ampl i tude  a c  modulation.  We have d i s c u s s e d  what you would 

expec t  t o  s e e  w i t h  a pick-up c o i l .  We now t u r n  t o  t h e  t a s k  of d e s c r i b i n g  t h e  

magnetic domain s t r u c t u r e  and behaviour  of each of t h e  t h r e e  whiskers .  

3.  The [I001 Whisker 

T h i s  whisker ,  t h e  most commonly grown of t h e  t h r e e  o r i e n t a t i o n s ,  h a s  

f o u r  (100)-type s i d e  f a c e s  and a square  o r  n e a r l y  s q u a r e  c r o s s  s e c t i o n .  The 

end s u r f a c e s  a r e  u s u a l l y  c leaved  s q u a r e  by u s  from a l o n g e r  whisker.  T y p i c a l  

l e n g t h  and t h i c k n e s s  a r e  10 mm and 0.1 mm r e s p e c t i v e l y .  A s l i g h t  t a p e r  a l o n g  

t h e  l e n g t h  of t h e  whisker  is n o t  uncommon. 



The domain s t r u c t u r e  and magnet ic  behaviour  of  t h e  [ l o o ] - o r i e n t e d  

whisker  have been s t u d i e d  f o r  some t ime.  The c l a s s i c  domain arrangement  f o r  

t h i s  whisker  is t h e  Landau s t r u c t u r e ,  which h a s  been d e s c r i b e d  i n  t h e  

i n t r o d u c t i o n  above. A diagram of t h i s  s t r u c t u r e  i s  shown i n  f i g .  ( 2 ) .  

The Landau s t r u c t u r e  and v a r i a t i o n s  of  i t  have been obse rved  on t h e  s i d e  

s u r f a c e s  of  [ l o o ]  i r o n  whiskers  us ing  t h e  B i t t e r  t echn ique .  These have been 

e x t e n s i v e l y  r e p o r t e d  by Coleman and S c o t t  (1957) ,  and R.W. DeBlois  and C.D. 

Graham (1958).  Fig .  ( 6 )  shows d iagrams  of some of  t h e  p o s s i b l e  s t r u c t u r e s  

which we have observed such a s  diamonds and m u l t i p l e  s t r u c t u r e s  i n  t h i c k e r  

whiskers .  With a  d c  a p p l i e d  f i e l d ,  a  bowing of t h e  long  Landau w a l l  and 

d i sp lacement  o f  t h e  t i e  p o i n t s  n e a r  t h e  ends  can b e  observed w i t h  t h e  R i t t e r  

t echn ique .  

A s t r u c t u r e  o t h e r  than  t h e  Landau s t r u c t u r e  u s u a l l y  o c c u r s  a t  

n u c l e a t i o n .  T h i s  h a s  been dubbed t h e  "Coleman" s t r u c t u r e  b y  u s  s i n c e  i t  was 

f i r s t  d e s c r i b e d  by R.V. Coleman. One o r  p o s s i b l y  two long  180 deg w a l l s  run 

t h e  l e n g t h  o f  t h e  whisker .  Each w a l l  n u c l e a t e s  i n  t h e  c o r n e r  where two s i d e  

s u r f a c e s  meet. A s  t h e  a p p l i e d  f i e l d  i s  d e c r e a s e d ,  t h e  l i n e s  where a Coleman 

w a l l  i n t e r s e c t s  two a d j o i n i n g  s u r f a c e s  can b e  observed t o  move away from t h e  

edge w i t h  t h e  B i t t e r  t e c h n i q u e .  Thus t h e  a r e a  of t h e  Coleman w a l l  i n c r e a s e s  

w i t h  d e c r e a s i n g  f i e l d  i n  c o n t r a s t  t o  t h e  Landau w a l l  which h a s  a  r e l a t i v e l y  

f i x e d  a r e a  ( i g n o r i n g  t h e  e f f e c t  o f  bowing).  The arrangement  o f  c l o s u r e  

domains a t  t h e  e n d s  of t h e  whisker  i s  s t i l l  n o t  known. The Coleman s t r u c t u r e  

i s  m e t a s t a b l e  and e v e n t u a l l y  w i l l  jump i n t o  t h e  ,Landau s t r u c t u r e .  T h i s  w i l l  

b e  d e s c r i b e d  below. 

The in-phase  and out-phase s i g n a l s  i n  an a c  s u s c e p t i b i l i t y  measurement 

o f  a  [ lo01  whisker  a r e  shown i n  f i g .  ( 7 ) .  These would b e  t y p i c a l  t r a c e s  a t  1 



kHz wi th  a  long  pick-up c o i l .  The changes i n  s i g n a l  a r e  more d r a m a t i c  i n  t h e  

out-phase component and we now d e s c r i b e  the  s t e p s  by  which t h i s  t r a c e  i s  made 

f o l l o w i n g  t h e  numbering i n  t h e  diagram. I n i t i a l l y  t h e r e  i s  no out-phase 

s i g n a l  a t  p o s i t i o n  I cor respond ing  t o  a  l a r g e  a p p l i e d  f i e l d  a long  t h e  l e n g t h  

of  t h e  whisker .  The c e n t r a l  r e g i o n  of t h e  whisker  i s  s a t u r a t e d .  A s  t h e  

f i e l d  i s  decreased ,  a  s l i g h t  i n c r e a s e  i n  s i g n a l  can b e  d e t e c t e d .  The volume 

of t h e  t h i s k e r  a t  t h e  ends  which i s  n o t  s a t u r a t e d  i n c r e a s e s  r e s u l t i n g  i n  

i n c r e a s e d  eddy c u r r e n t  l o s s .  T h i s  i n c r e a s e  is n o t  seen w i t h  a  v e r y  s h o r t  

t i g h t l y  wound pick-up c o i l  a t  t h e  c e n t r e  of  t h e  whisker .  F i n a l l y  when t h e  

n u c l e a t i o n  f i e l d  Hn i s  reached ,  t h e r e  i s  a  l a r g e  d i s c o n t i n u o u s  i n c r e a s e  i n  

t h e  out-phase s i g n a l  a s  t h e  Coleman s t r u c t u r e  i s  n u c l e a t e d .  

Shown i n  t h e  diagram i s  t h e  c a s e  f o r  n u c l e a t i n g  two Coleman w a l l s ,  

p r o b a b l y  i n  o p p o s i t e  c o r n e r s .  With f u r t h e r  d e c r e a s e  i n  f i e l d  i n  r e g i o n  11, 

t h e  out-phase s i g n a l  d e c r e a s e s  r o u g h l y  l i n e a r l y  w i t h  f i e l d .  The two w a l l s  

move inward toward each o t h e r  i n c r e a s i n g  t h e i r  r e s p e c t i v e  a r e a s  and 

d e c r e a s i n g  t h e i r  ampl i tudes  of  o s c i l l a t i o n .  The n e t  r e s u l t  i s  a  d e c r e a s e  i n  

eddy c u r r e n t  l o s s .  The 2-wall Coleman s t r u c t u r e  can p e r s i s t  through t h e  V=O 

s t a t e  and i s  s t a b l e  t o  i n c r e a s e s  and d e c r e a s e s  i n  t h e  a p p l i e d  f i e l d .  However 

once  a  s u f f i c i e n t l y  l a r g e  f i e l d  i s  a p p l i e d  i n  t h e  o p p o s i t e  d i r e c t i o n  (pe rhaps  

.., 
Po Hd12) ,  t h e  s t r u c t u r e  w i l l  jump i n t o  t h e  Landau s t r u c t u r e  deno ted  a s  

r e g i o n  111. I f  a  s i n g l e  Coleman w a l l  had been n u c l e a t e d ,  t h e  jump i n t o  

Landau s t r u c t u r e  would occur b e f o r e  t h e  M = 0 s t a t e  i s  reached .  Otherwise  

t h e  g e n e r a l  behaviour  is t h e  same. Whether one o r  two Coleman w a l l s  a r e  

n u c l e a t e d  depends  on t h e  whisker  and i t s  magnet ic  h i s t o r y .  

Once t h e  jump t o  Landau s t r u c t u r e  h a s  o c c u r r e d ,  i t  can b e  s t a b l e  o v e r  

t h e  f u l l  range of a p p l i e d  f i e l d s  between d e p a r t u r e  i n  b o t h  d i r e c t i o n s .  F o r e  



common behav iour  is a  jump back t o  Coleman j u s t  b e f o r e  d e p a r t u r e  is  reached.  

The s i z e  of t h e  h y s t e r e s i s  i n  f i e l d  (Hd-~,) is whisker  dependent .  

The Landau s t r u c t u r e  i s  c h a r a c t e r i z e d  i n  t h e  out-phase  s i g n a l  by hav ing  

a  maximum a t  Ho = 0. T h i s  is due t o  t h e  f a c t  t h a t  t h e  g r e a t e s t  eddy c u r r e n t  

l o s s  o c c u r s  when t h e  Landau w a l l  o c c u p i e s  t h e  c e n t r a l  p l a n e  of t h e  whisker  

l e a v i n g  l a r g e  volumes of conduc t ing  meta l  on e i t h e r  s i d e  i n  which t o  induce  

eddy c u r r e n t s .  A t  d e p a r t u r e  a  v e r y  l a r g e  s p i k e  i n  out-phase  is g e n e r a t e d  due 

t o  t h e  p r o c e s s  of s a t u r a t i n g  t h e  c e n t r e  of t h e  b a r ,  which is  sometimes 

d i s c o n t i n u o u s .  The long  domain w a l l  b reaks  i n t o  two p i e c e s ,  each of which 

r e t r e a t s  a l o n g  t h e  whisker  towards  an end a s  t h e  a p p l i e d  f i e l d  is f u r t h e r  

i n c r e a s e d .  I f  d e p a r t u r e  from t h e  Landau s t r u c t u r e  o c c u r s ,  s a t u r a t i o n  f i r s t  

t a k e s  p l a c e  a t  t h e  c e n t r e  of a  whisker  f a c e  and t h e n  widens  o u t  c u t t i n g  t h e  

Landau w a l l  i n  h a l f .  The Coleman w a l l  b reaks  r i g h t  i n  t h e  edge a t  t h e  p o i n t  

of f i r s t  c o n t a c t .  

The in-phase  component of  t h e  s i g n a l  i s  a l s o  shown i n  f i g .  ( 7 ) .  A s  can 

b e  s e e n  t h i s  s i g n a l ,  which measures t h e  magnet ic  s t i f f n e s s  of t h e  s t r u c t u r e ,  

i s  independent  o f  f i e l d .  It  is  a l s o  independent  of  t h e  s t r u c t u r e  n u c l e a t e d ,  

a l though  we have observed a  s m a l l  s p i k e  o c c u r s  i n  a  dc  p u l s e  measurement a s  

t h e  s t r u c t u r e  jumps from Landau t o  Coleman. F o r  a  t i g h t l y  wound pick-up 

c o i l ,  t h e  f u l l  h e i g h t  of  t h e  s i g n a l  above z e r o  v o l t a g e  ( n o t  above t h e  h i g h  

f i e l d  background) i s  a  measure of X e f f  = 1 / 4 ~ D  f o r  t h e  sample.  T h i s  

assumes t h a t  4TDXi >> 1. Once a g a i n  l a r g e  s p i k e s  o c c u r r i n g  a t  n u c l e a t i o n  

and d e p a r t u r e  can b e  observed i n  t h e  in-phase s i g n a l .  High f i e l d  t a i l s  Can 

be  observed i n  t h e  in-phase  s i g n a l  f o r  bo th  long  and s h o r t  pick-up c o i l s ,  

a l t h o u g h  t h e  s i z e  of t h e  jump a t  d e p a r t u r e  is  l a r g e r  f o r  t h e  s h o r t  c o i l -  

These t a i l s  r e l a t i v e  t o  t h e  h i g h  f i e l d  background a r e  a  measure of X e f f  = 



dHD/dHo. Note t h a t  t h i s  i s  a  p o s i t i v e  c o n t r i b u t i o n  t o  t h e  e f f e c t i v e  

s u s c e p t i b i l i t y  above d e p a r t u r e .  An i n c r e a s e  i n  a p p l i e d  f i e l d  e x p e l s  c h a r g e  

from t h e  c e n t r e  o f  t h e  whisker  r e s u l  t i n p  i n  a d e c r e a s e  i n  t h e  demagnet iz ing 

f i e l d ,  which i s  a  change i n  f l u x  i n  t h e  d i r e c t i o n  of  t h e  a p p l i e d  f i e l d .  

A l l  of t h e  above d i s c u s s i o n  about  in-phase and out-phase s i g n a l s  a p p l i e s  

o n l y  t o  t h e  c a s e  of  low f requency  i . e .  where 6 >> 1. A s  t h e  f r e ~ u e n c y  i s  

i n c r e a s e d ,  t h e  l o s s  a n g l e  6 i s  no l o n g e r  s m a l l  r e s u l t i n g  i n  a  mixing of t h e  

l o s s e s  i n t o  t h e  in-phase s i g n a l  and t h e  s t i f f n e s s  i n t o  t h e  out-phase  s i g n a l .  

For  a  complete  d i s c u s s i o n  o f  t h e s e  p r o c e s s e s  from dc t o  200 kHz, s e e  t h e  

paper  of He i n r i c h  and A r r o t t  (1972) . 
The d e p a r t u r e  f i e l d  of  a  [ I001 whisker  i s  g iven  b y  

T h i s  can b e  seen  from eq .  ( 8 )  above s i n c e  we know t h e  i n t e r n a l  f i e l d  Hi = 

Ho - HD = 0 and t h e  demagnet iz ing f i e l d  a t  s a t u r a t i o n  of  t h e  c e n t r e  i s  

4"DMs. T h i s  h a s  been v e r i f i e d  by P e i n r i c h  and A r r o t t  (1972) by measur ing t h e  

d c  h y s t e r e s i s  loop  wi th  an  i n t e g r a t i n g  p h o t o - e l e c t r i c  galvanometer .  Thus i t  

can b e  s e e n  t h a t  a  [I001 whisker  can b e  used t o  d e t e r m i n e  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  bTs b y  measur ing t h e  d e p a r t u r e  f i e l d  and i t s  e f f e c t i v e  

s u s c e p t i b i l i t y .  T h i s  i s  p r e c i s e l y  t h e  t echn ique  which h a s  been used by u s  t o  

measure t h e  t e m p e r a t u r e  dependence of 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  of  i r o n ,  

t h e  r e s u l t s  of  which w i l l  b e  d e s c r i b e d  below. However minor c o r r e c t i o n s  f o r  

t h e  a n i s o t r o p y  must b e  made. 



4. The [ I l l ]  Whisker 

Most of  t h e  r e s e a r c h  r e p o r t e d  i n  t h i s  t h e s i s  was conducted on 

[ l l l l - o r i e n t e d  i r o n  whiskers .  These whiskers  a r e  r e l a t i v e l y  r a r e  and many 

a t t e m p t s  were made t o  grow them b e f o r e  s u c c e s s  was ach ieved .  They t end  t o  b e  

l o n g e r  and t h i c k e r  than t h e  [ lo01  whiskers  grown under t h e  same c o n d i t i o n s  i n  

t h e  same b o a t .  Lengths  and t h i c k n e s s e s  a r e  t y p i c a l l y  12  mm and 0.4 mu! 

r e s p e c t i v e l y .  They c a n  b e  s l i g h t l y  t a p e r e d  a s  w e l l .  

The s i d e  s u r f a c e s  a r e  s i x  (110)-type s u r f a c e s  forming a  r i g h t  hexagonal 

pr ism w i t h  a  [ l l l l - a x i s .  T h i s  hexagonal  whisker  can b e  thought  of  a s  a  

packed bundle  of s i x  w h i s k e r s ,  each  w i t h  a  e q u i l a t e r a l  t r i a n g u l a r  c r o s s  

s e c t i o n .  Once a g a i n  t h e  f a c e s  o f  t h e s e  t r i a n g u l a r  p r i sms  a r e  (110) s u r f a c e s ,  

one  f a c e  of each of  t h e  t r i a n g l e s  b e i n g  one f a c e  of t h e  hexagon. Viewing t h e  

hexagon i n  t h i s  way makes i t  e a s i e r  t o  understand. i t s  domain s t r u c t u r e .  We 

w i l l  d e s c r i b e  the  domain s t r u c t u r e  of  t h e  t r i a n g u l a r  p r i sm and then  c o n s t r u c t  

t h e  same f o r  t h e  hexagonal  p r i sm from i t .  

The growth t i p  of a  [ lo01  whisker ,  i f  i t  i s  n o t  t a p e r e d  down t o  a  p o i n t ,  

i s  u s u a l l y  i r r e g u l a r .  I n  c o n t r a s t ,  a  [ill] whisker  i s  u s u a l l y  t e r m i n a t e d  i n  

a  b e a u t i f u l l y  r e g u l a r  growth t i p  of t h r e e  m u t u a l l y  o r t h o g o n a l  (100) s u r f a c e s .  

A diagram of a [1111-or iented whisker  showing t h i s  growth t i p  a p p e a r s  i n  f i g .  

( 8 )  

We now t u r n  t o  d e s c r i b i n g  t h e  domain s t r u c t u r e .  A s i m p l e  domain p a t t e r n  

f o r  a  t r i a n g u l a r  pr ism c o n s i s t i n g  of 3 domains i s  shown i n  f i g .  ( 9 ) .  Each 

domain i s  magnetized i n  a  [ loo] - type  e a s y  d i r e c t i o n  a s  r e p r e s e n t e d  by t h e  

o r i e n t a t i o n  o f  a  s m a l l  b e e r  can w i t h  an  arrow. T h i s  p a t t e r n  produces  n o  

f r e e - p o l e s  o n  t h e  o u t e r  s u r f a c e s  o r  on any o f  t h e  t h r e e  domain 'wa l l s .  The 



w a l l s  a r e  90 degree  w a l l s  which a r e  (112)-type s u r f a c e s .  T h i s  p a t t e r n  

a p p l i e s  t o  t h e  c e n t r a l  c r o s s  s e c t i o n  of  t h e  pr ism where t h e r e  i s  no c h a r g e  on 

t h e  o u t e r  s u r f a c e  b y  symmetry. (Away from t h e  c e n t r e  t h e r e  i s  a  v a r i a t i o n  o f  

t h e  b a s a l  p l a n e  components t h a t  p u t s  magnet ic  c h a r g e  d e n s i t y  on t h e  s u r f a c e s  

a s  r e q u i r e d  by dYz/dz. The c o n t r i b u t i o n  t o  t h e  magnet ic  f l u x  from t h i s  

p a t t e r n  i s  ~ ~ 4 % ~ / 0 .  During approach t o  s a t u r a t i o n  i n  t h e  a x i a l  

d i r e c t i o n ,  t h e  m a g n e t i z a t i o n  v e c t o r s  c o n t i n u e  t o  l i e  p a r a l l e l  t o  t h e  e x t e r n a l  

s u r f a c e s  of  each domain a s  t h e y  r o t a t e .  The domain w a l l s  a r e  no  l o n g e r  90 

degree  w a l l s ,  b u t  t h e y  s t i l l  remain c h a r g e  f r e e .  

The r e s u l t  of  combining 6 of t h e s e  t r i a n g u l a r  p a t t e r n s  i s  shown i n  f i g .  

( 1 0 ) .  T h i s  produces  12 domains, 6 of t h e  o r i g i n a l  t r i a n g u l a r  domains and 6 

diamond shaped domains where t r i a n g l e s  j o i n  i n t e r n a l l y .  The magne t i c  f l u x  i s  

s t i l l  g i v e n  by  AS4~4 , / f3 ,  and t h e  approach t o  s a t u r a t i o n  i s  t h e  same a s  

f o r  t h e  i n d i v i d u a l  t r i a n g u l a r  p r i sms .  The 6 t r i a n g u l a r  p r i s m s  now s h a r e  a  

mutual  demagnet iz ing f i e l d .  

The s t a r t  o f  t h e  r e v e r s a l  p r o c e s s  i s  i n d i c a t e d  i n  f i g .  ( 1 0 ) .  R e v e r s a l  

below t h e  knee of  t h e  m a g n e t i z a t i o n  c u r v e  can proceed by n u c l e a t i o n  of  180 

d e g r e e  w a l l s  i n  t r i a n g u l a r  t r i o s .  There  a r e  s i x  s i t e s  where t h e s e  

n u c l e a t i o n s  can t a k e  p l a c e ,  namely t h e  c e n t r e  of  t h e  s i x  t r i a n g u l a r  p r i sms .  

A l l  s i x  n u c l e a t i o n s  a r e  r e q u i r e d  f o r  t h e  r e v e r s a l  t o  b e  complete .  

Fig .  (10)  shows o n l y  t h e  s i m p l e s t  p a t t e r n  c o n s t r u c t e d  by p l a c i n g  t h e  

t r i a n g l e s  of  f i g .  ( 9 )  i n  t h e  hexagonal  c r o s s  s e c t i o n .  They can  b e  made much 

s m a l l e r  a t  t h e  c o s t  o f  w a l l  energy.  A s  s a t u r a t i o n  is  approached ,  t h e  w a l l  

energy g e t s  l e s s  and l e s s .  I n  t h i s  l i m i t  one  can g a i n  a  l o t  of  e n t r o p y  b y  

c r e a t i n g  f l u c t u a t i n g  m a g n e t i z a t i o n  c o n f i g u r a t i o n s  based on t h e s e  

d i v e r g e n t l e s s  p a t t e r n s .  Fach p o i n t  i n  a  c r o s s  s e c t i o n  c o u l d  f i n d  i t s e l f  



sampl ing d e v i a t i o n s  from t h e  [ I l l ]  d i r e c t i o n  by r o t a t i n g  toward any  of t h e  

t h r e e  [ l o o ] ,  [0101 and [0011 d i r e c t i o n s .  The d ipo le -d ipo le  c o n s t r a i n t s  do  

n o t  appear  t o  v i o l a t e  t h e  p r i n c i p l e  f e a t u r e  of t h e  t h r e e  s t a t e  P o t t s  model i n  

t h a t  t h e  v e c t o r  h a s  t h r e e  c h o i c e s .  We w i l l  d i s c u s s  t h i s  model below. 

It is  c l e a r  a l s o  t h a t  t h e  number of r e v e r s a l  p r o c e s s e s  and demagnet iz ing 

s t a t e s  a r e  l i m i t l e s s .  T h i s  shows up d r a m a t i c a l l y  i n  measuring t h e  

d i f f e r e n t i a l  a c  s u s c e p t i b i l i t y  f o r  Y < a s  shown i n  f i g .  (11) .  In  

c y c l i n g  t h e  a p p l i e d  f i e l d  o v e r  t h i s  r e s t r i c t e d  range ( t y p i c a l l y  I H ~ I  < 1 5  oe) , 

o n e  d e t e c t s  a  r e l a t i v e l y  l a r g e  s i g n a l  c h a r a c t e r i s t i c  of a  h igh e f f e c t i v e  

s u s c e p t i b i l i t y  a s s o c i a t e d  wi th  w a l l  motion.  Isowever i n  c y c l i n g  t h e  f i e l d  one 

f i n d s  numerous sudden r i s e s  and f a l l s  i n  t h e  s i g n a l  a s  domain w a l l s  a r e  

n u c l e a t e d ,  a n n i h i l a t e d  o r  become locked.  What i s  r e p r o d u c i b l e ,  however, i s  

t h a t  i n  making a  monotonic sweep of  t h e  app l i ed  f i e l d ,  t h e r e  a r e  s i x  peaks i n  

t h e  w a l l  motion r e g i o n .  We i d e n t i f y  each of t h e s e  peaks w i t h  t h e  n u c l e a t i o n  

o f  a  t r i o  o f  mobi le  180 degree  w a l l s  a s  t h e y  come i n  one a t  a  t ime .  In  t h e  

f i g u r e ,  we show t h e  s i g n a l  f o r  o n l y  one  s imple  sweep of  t h e  f i e l d .  

I n  t h i s  low a p p l i e d  f i e l d  r e g i o n ,  t h e  response  is main ly  b y  r e v e r s i b l e  

w a l l  mot ion,  b u t  t h e  m o b i l i t y  of t h e s e  w a l l s  i s  n o t  s u f f i c i e n t  t o  produce t h e  

a c  m a g n e t i z a t i o n  t h a t  comple te ly  c a n c e l s  t h e  app l i ed  a c  f i e l d .  Consequent ly ,  

a t  a l l  bu t  t h e  h i g h e s t  t e m p e r a t u r e s ,  t h e  s u s c e p t i b i l i t y  i n  t h i s  r e g i o n  i s  

l e s s  than  expected f o r  f r e e l y  moving w a l l s  where t h e  response  would b e  

determined by t h e  demagnet iz ing f i e l d  a lone .  T h i s  i s  i n  c o n t r a s t  t o  t h e  d c  

l o o p  measurement which shows a  s l o p e  of 1/4~rD f o r  V p l o t t e d  a g a i n s t  a p p l i e d  

f i e l d .  

The knee of  t h e  m a g n e t i z a t i o n  c u r v e  a t  M = FfS/J? cor responds  t o  a  

s t e e p  d rop  of  t h e  measured a c  response .  With f u r t h e r  i n c r e a s e ' i n  a p p l i e d  



f i e l d ,  t h e  m a g n e t i z a t i o n  p r o c e s s  i n v o l v e s  r o t a t i o n  away from e a s y  d i r e c t i o n s  

towards  t h e  [ I l l ]  ha rd  d i r e c t i o n .  E v e n t u a l l y  a  c r i t i c a l  f i e l d  PC is 

reached where t h e  s u s c e p t i b i l i t y  r i s e s  i n  a  s p i k e  ( a t  low t e m p e r a t u r e s )  and 

then  d rops  a s  t h e  c e n t r a l  c r o s s  s e c t i o n  s a t u r a t e s .  F ig .  (12)  shows a  t y p i c a l  

c u r v e  a t  room tempera tu re .  A t y p i c a l  v a l u e  f o r  Hc i s  420 o e  o r  more, 

depending on t h e  t h i c k n e s s  t o  l e n g t h  r a t i o  of  t h e  whisker .  T h i s  f i e l d ,  Hc ,  

i s  r e l a t e d  t o  t h e  a n i s o t r o p y  f i e l d ,  f rk ,  and t h e  demagne t i z ing  f i e l d  through 

t h e  r e l a t i o n  

It i s  t h i s  r o t a t i o n a l  p a r t  o f  t h e  s u s c e p t i b i l i t y  c u r v e  which i s  

c a r e f u l l y  s t u d i e d  i n  t h e  n e x t  s e c t i o n .  The t e m p e r a t u r e  dependence i s  

r e p o r t e d  i n  t h e  s e c t i o n  a f t e r  t h a t .  

Another f a c t o r  t o  b e  c o n s i d e r e d  w h i l e  s p e c u l a t i n g  on domain s t r u c t u r e s  

i s  t h e  energy d e n s i t y  of a  w a l l .  Both 90 and 180 d e g r e e  w a l l s  can b e  

o r i e n t e d  a t  any a n g l e ,  b u t  t h i s  a n g u l a r  o r i e n t a t i o n  a f f e c t s  t h e  energy  

d e n s i t y .  The e q u i l i b r i u m  c o n d i t i o n  i s  t h a t  t h e  exchange energy  d e n s i t y  b e  

equa l  t o  t h e  a n i s o t r o p y  energy  d e n s i t y  everywhere i n  t h e  w a l l .  ( T h i s  i s  a  

s i m p l i f y i n g  assumpt ion which i s  t r u e  on ly  i f  t h e r e  i s  no p i n n i n g  of t h e  s p i n s  

a t  t h e  s i d e s  of  t h e  w a l l .  P o s s i b l e  d i p o l e - d i p o l e  energy i s  i g n o r e d  a s  w e l l . )  

However t h e  a n i s o t r o p y  energy  d e n s i t y ,  and t h e r e f o r e  t h e  t o t a l  ene rgy  

d e n s i t y ,  i s  dependent  on t h e  o r i e n t a t i o n  of  t h e  p l a n e  of  t h e  domain w a l l .  It 

i s  s i m p l e  t o  c a l c u l a t e  t h i s  a n p u l a r  dependence a s  shown i n  Chap te r  9  of 

Chikazumi's book (1964) .  For  t h e  c a s e  of c u b i c  a n i s o t r o p y  i n  i r o n ,  assuming 

K1 > 0 t o  be  t h e  o n l y  impor tan t  a n i s o t r o p y  c o n s t a n t ,  one  f i n d s  t h e  energy 



d e n s i t y  b o t h  of a  90 d e g r e e  w a l l  and of a  180 degree  w a l l  i n c r e a s e s  

m o n o t o n i c a l l y  a s  t h e  w a l l  i s  r o t a t e d  from l y i n g  i n  a  (100) p l a n e  t o  l y i n g  i n  

a  (110)  p l a n e .  The energy d e n s i t y  of t h e  (110) w a l l  i s  297 h i g h e r  then  t h a t  

of  a  (100) w a l l  i n  t h e  c a s e  of 90 d e g r e e  w a l l s ,  w h i l e  i t  i s  387 h i g h e r  i n  t h e  

c a s e  of 180 degree  w a l l s .  

With t h i s  i n f o r m a t i o n  one can wonder what i s  t h e  o r i e n t a t i o n  of  a  180 

d e g r e e  Coleman w a l l  d e s c r i b e d  above.  I f  i t  i s  n u c l e a t e d  i n  t h e  c o r n e r  of  a  

[ l o @ ]  whisker  a t  45 degrees ,  i t  i s  a (110) p l a n e  which p o s s e s s e s  t h e  h i g h e s t  

p o s s i b l e  energy  d e n s i t y .  Powever i f  one r o t a t e s  t h e  w a l l  t o  r educe  t h e  

energy  d e n s i t y ,  t h e  a r e a  o f  t h e  w a l l  w i l l  i n c r e a s e .  I f  one  v a r i e s  t h e  a n g l e  

of  t h e  w a l l  w h i l e  h o l d i n g  t h e  m a g n e t i z a t i o n  of  t h e  whisker  f i x e d ,  o n e  f i n d s  

t h e  t o t a l  energy of t h e  w a l l  i s  a  minimum f o r  t h e  (11P) o r i e n t a t i o n .  T h i s  

h e l p s  t o  account  f o r  t h e  s t a b i l i t y  of Coleman w a l l s  o v e r  a  r a n g e  of a p p l i e d  

f i e l d s .  

These same c o n s i d e r a t i o n s  can b e  a p p l i e d  t o  t h e  90 d e g r e e  w a l l s  of  a  

Landau s t r u c t u r e  i n  a  [ l o o ] - o r i e n t e d  i r o n  whisker .  DeBlois and Graham (1958) 

made o b s e r v a t i o n s  o f  such  w a l l s  and found them t o  b e  i n c l i n e d  away from t h e  

(110)  o r i e n t a t i o n  s o  a s  t o  minimize t h e i r  t o t a l  w a l l  energy.  

The energy d e n s i t y  of a  90 d e g r e e  w a l l  i s  approx imate ly  one  h a l f  of  t h a t  

of  a  180 degree  w a l l  of t h e  same o r i e n t a t i o n .  T h i s  i s  e x a c t l y  t r u e  f o r  (100) 

w a l l s .  T h i s  i s  e a s y  t o  unders tand  s i n c e  one  can v i s u a l i z e  a  180 degree  b e i n g  

composed of two 90 degree  w a l l s .  (The midpoint  of  t h e  w a l l  i s  an e a s y  

d i r e c t i o n ) .  A s  mentioned above,  K i t t e l  h a s  po in ted  ou t  t h a t  a  180 degree  

w a l l  i s  n o t  f r e e  t o  s e p a r a t e  i n t o  two 90 degree  w a l l s .  To do s o  would c r e a t e  

a  new domain w i t h  m a g n e t i z a t i o n  p e r p e n d i c u l a r  t o  t h e  domains on e i t h e r  s i d e .  

I r o n  i s  no  l o n g e r  cub ic  when magne t i c ,  b u t  expands i n  t h e  d i r e c t i o n  of  



m a g n e t i z a t i o n  by  21 p a r t s  p e r  m i l l i o n .  T h i s  domain p e r p e n d i c u l a r  t o  t h o s e  on 

e i t h e r  s i d e  s e t s  up a  s t r a i n  f i e l d  which s u p p r e s s e s  t h e  s e p a r a t i o n  of  t h e  

w a l l  i n t o  two p a r t s .  

Thus t h e  w a l l s  w i t h  t h e  l o w e s t  ene rgy  d e n s i t y  i n  i r o n  a r e  (100) -o r i en ted  

90 d e g r e e  w a l l s .  The (112) -o r i en ted  90 degree  w a l l s  of  t h e  t r i a n g u l a r  and 

hexagonal  [ I l l ] - o r i e n t e d  whiskers  have  energy d e n s i t i e s  which a r e  o n l y  2% 

g r e a t e r .  T h i s  s t r e n g t h e n s  o u r  v iew t h a t  t h e  fundamental  domain s t r u c t u r e  o f  

t h e  [ I l l ]  * i s k e r  is  c o n s t r u c t e d  of t h e s e  t y p e s  of  90 d e g r e e  w a l l s .  

A l l  of t h i s  d i s c u s s i o n  about  w a l l  energy d e n s i t i e s  f o r c e s  us  t o  q u e s t i o n  

t h e  n u c l e a t i o n  o f  t r i o s  o f  (110) -o r i en ted  180 degree  w a l l s  f o r  t h e  purpose  of  

demagnet iz ing t h e  [ I l l ]  whisker .  Is i t  n o t  p o s s i b l e  t o  f i n d  a  demagnetized 

s t a t e  us ing  180 degree  w a l l s  of lower  energy d e n s i t y ,  p r e f e r a b l y  (100) w a l l s ?  

F i r s t  of  a l l  we can imagine  a  demagnetized s t a t e  f o r  t h e  hexagonal  whisker  

u s i n g  no 180 degree  w a l l s  a t  a l l .  T h i s  i s  i l l u s t r a t e d  i n  f i g .  ( 1 3 ) .  Powever 

t h i s  s t a t e  h a s  two s e r i o u s  drawbacks. It i s  n o t  e a s i l y  magnet ized and i t  i s  

composed e n t i r e l y  of (110) -o r i en ted  90 degree  w a l l s .  We a r e  b e t t e r  o f f  by  

m a i n t a i n i n g  t h e  s t r u c t u r e s  of 1 ower energy (1  12) -o r i en ted  90 degree  w a l l s  and 

s e a r c h i n g  f o r  ways t o  i n t r o d u c e  low energy  180 degree  w a l l s .  

The i n t r o d u c t i o n  of  (100)-type 180 degree  w a l l s  would r e s u l t  i n  t h e s e  

w a l l s  i n t e r s e c t i n g  t h e  (110)  f a c e s  o f  t h e  whisker  a t  a n  a n g l e  9 = 54.74 

d e g r e e s  (cose  = 1/$5) w i t h  r e s p e c t  t o  t h e  [ I l l ]  a x i s .  Note t h a t  t h e s e  a r e  

t h e  f i r s t  w a l l s  t h a t  we  have mentioned which i n t e r s e c t  t h e  s i d e  s u r f a c e s  of  

t h e  whisker  and t h e r e f o r e  c o u l d  b e  observed by t h e  B i t t e r  t e c h n i q u e .  I n  z e r o  

f i e l d ,  we have observed t h e s e  w a l l s  on some o f  t h e  (110) f a c e s  and a t  c e r t a i n  

r e g i o n s  a l o n g  t h e  l e n g t h  o f  t h e  whisker .  From photographs  we made, t h e  w a l l s  

a p p e a r  t o  b e  a t  t h e  expec ted  a n g l e  w i t h  r e s p e c t  t o  t h e  a x i s .  I n  t h e  r e g i o n  



on a  f a c e  where t h e s e  w a l l s  c o u l d  h e  s e e n ,  t h e y  appeared  i n  a  r e g u l a r  p a t t e r n  

o f  equa l  s p a c i n g  a s  i l l u s t r a t e d  i n  f i g .  (14) .  The r a t i o  of  t h e  s p a c i n g  

between t h e  w a l l s ,  s ,  measured i n  t h e  a x i a l  d i r e c t i o n  t o  t h e  wid th  o f  a  f a c e ,  

w, appeared t o  b e  1 / 2 0 .  T h i s  r a t i o  h a s  t h e  f o l l o w i n g  i n t e r e s t i n g  

consequence: assuming t h a t  t h e s e  walls e x i s t  on t h e  t h r e e  f a c e s  of  a  

t r i a n g u l a r  whisker  i n  a  candy c a n e  p a t t e r n ,  a  s i n g l e  s t r i p e  would make one 

r e v o l u t i o n  i n  an a x i a l  d i r e c t i o n  of  s i x  w a l l  s p a c i n g s  ( 6 s ) .  Thus e v e r y  f a c e  

o f  t h e  t r i a n g u l a r  whisker  i s  i d e n t i c a l  ( a  r o t a t i o n  by  120 d e g r e e s  i s  a  

s i m i l a r i t y  t r a n s f o r m a t i o n ) .  The domains a l t e r n a t e  i n  t h e i r  p o l a r i z a t i o n  i n  a  

r e g u l a r  way on t h e  f a c e s ,  b u t  t h e  "sense" of t h e  w a l l  c o n t i n u e s  from f a c e  t o  

f a c e .  

The a p p l i c a t i o n  of  a  s m a l l  f i e l d  c a u s e s  t h e  w a l l s  t o  p a i r  up, c o l l a p s e  

t o g e t h e r  and van i sh .  Removal of t h e  f i e l d  a l lows  t h e  w a l l  t o  r e t u r n .  It 

a p p e a r s  t h a t  t h e s e  w a l l s  remain o n l y  i n  t h e  demagnetized s t a t e .  A s t a b l e  

ar rangement  o f  t h e s e  w a l l s  w i t h  an  a p p l i e d  f i e l d  s t r o n g e r  than  t h a t  of  t h e  

e a r t h  can n o t  b e  main ta ined .  

F o r  each  candy s t r i p e  l i n e  observed w i t h  t h e  Bitter t e c h n i q u e  on t h e  

c e n t r a l  f a c e ,  t h e r e  a r e  two p o s s i b l e  o r i e n t a t i o n s  f o r  w a l l s  i n t e r n a l l y .  For  

example,  c o n s i d e r  a  (017) f a c e  which h a s  candy s t r i p e  l i n e s  r u n n i n g  upward t o  

t h e  l e f t  i n  a  [ lo01 d i r e c t i o n .  I n t e r n a l l y  one  of  t h e s e  l i n e s  cou ld  b e  t h e  

edge of e i t h e r  a  (010) o r  a  (001)  180 d e g r e e  w a l l .  A s e l f  c o n s i s t e n t  

ar rangement  o f  t h e s e  i n t e r n a l  180 degree  w a l l s  which i s  c h a r g e  f r e e  h a s  n o t  

y i e l d e d  t o  o u r  a t t e m p t s  t o  d e t e r m i n e  i t .  It can b e  based  on t h e  whole 

hexagonal  pr ism o r  on i n d i v i d u a l  t r i a n g u l a r  p r i sms ;  more l i k e l y  t h e  l a t t e r  

s i n c e  t h e  candy s t r i p e  is observed on ly  on some of  t h e  f a c e s  o f  a  whisker .  



5. The I1101 Whisker 

Without a  doub t ,  t h e  [ I l O I - o r i e n t e d  i r o n  whisker  i s  t h e  r a r e s t  of  t h e  

t h r e e  observed o r i e n t a t i o n s .  Indeed,  i n  t h r e e  y e a r s  o f  growth and s t u d y  of 

i r o n  w h i s k e r s  b y  u s ,  o n l y  two which have [I101 a x i s  have  been found. However 

t h i s  i s  p a r t l y  due t o  u s  n o t  knowing what geometry of  s i d e  f a c e s  t o  expec t  

f o r  t h i s  t y p e  of whisker .  

One of t h e s e  whiskers  we have examined c a r e f u l l y  b o t h  b y  t h e  Bitter 

t e c h n i q u e  and by a c  response .  T h i s  whisker  h a s  s i x  f a c e s ,  two much b r o a d e r  

than t h e  o t h e r  f o u r ,  producing a  c r o s s  s e c t i o n a l  shape a s  shown i n  f i g .  (15) .  

The wid th  and t h i c k n e s s  a r e  r o u g h l y  1.0 and 0.3 mm r e p e c t i v e l y  w h i l e  t h e  

l e n g t h  i s  abou t  10 mm. 

By t h e  B i t t e r  t e c h n i q u e  w e  observed long r e g u l a r l y  spaced p a r a l l e l  w a l l s  

p e r p e n d i c u l a r  t o  t h e  sample  a x i s  on t h e  broad f a c e s .  These w a l l s  which we 

have i l l u s t r a t e d  i n  f i g .  (16)  extend a lmost  a c r o s s  t h e  f u l l  wid th  o f  a  f a c e .  

Conceivably  t h e y  c o u l d  e i t h e r  b e  90 d e g r e e  w a l l s  on a (100) f a c e  o r  180 

d e g r e e  w a l l s  on a  (110) f a c e .  With c l o s e r  examina t ion ,  we can a l s o  o b s e r v e  

p a t t e r n s  such a s  t h e  one shown i n  f i g .  (17) which can o n l y  e x i s t  on a (100) 

s u r f a c e .  These p a t t e r n s  c o n s i s t  of  90 degree  w a l l s  p e r p e n d i c u l a r  t o  t h e  

(110) -ax i s  and 180 degree  w a l l s  a t  45 d e g r e e s  t o  t h i s  a x i s .  Thus t h e  

magnet ic  s t r u c t u r e  c l e a r l y  i n d i c a t e s  t h a t  t h e  two broad s i d e  f a c e s  a r e  (100) 

s u r f a c e s .  

The a n g l e  which t h e  s m a l l  f a c e s  makes w i t h  t h e  b road  ones  was measured 

and was found t o  b e  54 t o  55 d e g r e e s  i n  a l l  c a s e s .  T h i s  was done by  f i r s t  

r e f l e c t i n g  a  l a s e r  beam w i t h  a  b road  f a c e  o n t o  a  f a r  s c r e e n .  The sample was 

t h e n  r o t a t e d  on a  goniometer abou t  i t s  (110) a x i s  u n t i l  t h e  beam was 



r e f l e c t e d  by an a d j a c e n t  s m a l l  f a c e  t o  t h e  same p o i n t  o n  t h e  s c r e e n .  The 

measured a n g l e s  i n d i c a t e  t h a t  t h e  f o u r  smal l  f a c e s  a r e  (111) s u r f a c e s .  

The in-phase a c  response  of t h i s  sample a s  a  f u n c t i o n  o f  f i e l d  a p p l i e d  

a long i t s  l e n g t h  i s  shown i n  f i g .  ( 1 8 ) .  There  i s  a  w a l l  mot ion r e g i o n  o f  

h i g h  s u s c e p t i b i l i t y  a t  low a p p l i e d  f i e l d s .  There  i s  l i t t l e  of t h e  h y s t e r e s i s  

d i s p l a y e d  by t h e  [ I l l ]  whisker .  The s i g n a l  h a s  a  maximum a t  z e r o  f i e l d ,  

d r o p s  s l o w l y  i n i t i a l l y ,  and then  much more r a p i d l y  a s  t h e  c e n t r a l  c r o s s  

s e c t i o n  r e a c h e s  a  m a g n e t i z a t i o n  i f  pls/fi. The f i e l d  a t  t h i s  p o i n t ,  H1 = 

4 m ) ~ ~ / p  '. 70 o e  is determined h i  t h e  geometry of  t h e  sample.  With f u r t h e r  

i n c r e a s e  i n  f i e l d ,  t h e  s i g n a l  remains  a t  a  low, b u t  f i e l d  independen t ,  v a l u e  

a s  t h e  magnetic domains a r e  r o t a t e d  from e a s y  d i r e c t i o n s  i n t o  t h e  

[ 1101-direc t i o n .  F i n a l l y ,  w i t h o u t  a  s p i k e ,  t h e  s i g n a l  d r o p s  t o  background 

l e v e l  a t  a n  a p p l i e d  f i e l d  Hz = Pk + 4nDVS 660 oe. T h i s  i n d i c a t e s  a n  

a n i s o t r o p y  f i e l d  Hk = 550 o e  which i s  c o n s i s t e n t  w i t h  t h e  a n i s o t r o p y  f i e l d  

determined f o r  t h e  [ l l l l  wh isker  accord ing  t o  mean f i e l d  t h e o r y .  I n  t h e  n e x t  

s e c t i o n  we w i l l  d e s c r i b e  t h i s  t h e o r y  and our  measurements on [1111 whiskers .  



I V .  THE APPROACH TO SATURATION OF A [Ill]-ORIENTED I R O N  WHISKER 

1. I n t r o d u c t i o n  

Over 50  y e a r s  a g o  Honda and Kaya (1926) produced magnet i 'za t ion c u r v e s  

f o r  s i n g l e  c r y s t a l  e l l i p s o i d s  of i r o n .  The i r  r e s u l t s  a r e  o f t e n  reproduced i n  

r e v i e w s ,  accompanied by c u r v e s  showing t h e  p r e d i c t i o n  of a n i s o t r o p y  t h e o r y  i n  

t h e  mean f i e l d  approximat ion.  According t o  t h i s  t h e o r y  t h e r e  shou ld  b e  a  

f i r s t  o r d e r  jump i n  t h e  m a g n e t i z a t i o n  f o r  t h e  approach t o  s a t u r a t i o n  i n  t h e  

[ I l l ]  d i r e c t i o n .  The absence  of a  jump i s  d i s c u s s e d  by S t e w a r t  i n  h i s  

monograph on Ferromagnet ic  Domains (1954).  Pe r e c a l l s  t h e  argument o f  Cans 

and C z e r l i n s k i  (1932).  The m a g n e t i z a t i o n  i n  t h e  [100] d i r e c t i o n  does  n o t  

s a t u r a t e  i n  ze ro  i n t e r n a l  f i e l d .  There  must b e  some a d d i t i o n a l  f i e l d ,  which 

a a y  b e  due t o  i n t e r n a l  s t r e s s ,  t h a t  h a s  t o  h e  overcome t o  r e a c h  s a t u r a t i o n .  

I f  t h i s  i s  t r u e  i n  t h e  [I001 d i r e c t i o n  i t  shou ld  a l s o  a p p l y  i n  t h e  [ I l l ]  

d i r e c t i o n .  T h i s  e x p l a n a t i o n  i s  s a t i s f y i n g ,  y e t  n o t  i n t r i n s i c a l l y  v e r y  

i n t e r e s t i n g .  Perhaps t h i s  i s  why most a u t h o r s  choose n o t  t o  ment ion t h e  

d i f f i c u l t y .  

R e c e n t l y ,  t h e  t h e o r i s t s  Mukamel, F i s h e r  and Domany (1976) have  d i r e c t e d  

a t t e n t i o n  t o  t h e  approach t o  s a t u r a t i o n  i n  t h e  [ I l l ]  d i r e c t i o n  of  Fe. They 

f e e l  t h a t  t h i s ,  a s  w e l l  a s  s e v e r a l  o t h e r  magnet ic  and non-magnetic sys tems ,  

a r e  p h y s i c a l  r e a l i z a t i o n s  o f  a  s t a t i s t i c a l  mechanical  model of some i n t e r e s t  

c a l l e d  t h e  3-dimensional 3 - s t a t e  P o t t s  model. They and many o t h e r  

r e s e a r c h e r s  have s t u d i e d  t h i s  model bo th  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  

w i t h  p a r t i c u l a r  i n t e r e s t  i n  d e t e r m i n i n g  t h e  n a t u r e  of  t h e  phase  t r a n s i t i o n .  

We r e v i e w  t h e  work t h a t  h a s  been done on t h i s  model below, and compare t h e  



f i n d i n g s  wi th  what we s e e  i n  i r o n .  

In  t h i s  s e c t i o n  we r e p o r t  o u r  s t u d y  of t h e  approach t o  s a t u r a t i o n  o f  a  

[ I l l ] - o r i e n t e d  i r o n  whisker  a t  room tempera tu re .  F o r  such a  whisker  t h e r e  i s  

no r e a s o n  t o  expec t  i n t e r n a l  s t r e s s  o r  any o t h e r  d e f e c t s  t o  i n f l u e n c e  t h e  

approach t o  s a t u r a t i o n .  I f ,  from t h e  same b o a t ,  we t a k e  [ l o o ] - o r i e n t e d  

w h i s k e r s ,  we f i n d  t h a t  t h e  m a g n e t i z a t i o n  i n  t h e  c e n t r a l  c r o s s  s e c t i o n  

s a t u r a t e s  i n  s l i g h t l y  l e s s  t h a n  z e r o  i n t e r n a l  f i e l d  ( H e i n r i c h  and A r r o t t ,  

1972).  The whisker  we s e l e c t e d  f o r  s t u d y  h a s  a  l a r g e  l e n g t h  t o  d i a m e t e r  

r a t i o  t o  a s s u r e  t h a t  t h e  demagnet iz ing f i e l d  was much s m a l l e r  than  t h e  

a n i s o t r o p y  f i e l d ,  and h a s  l i t t l e  t a p e r  a long  i t s  l e n g t h .  

The experiment we c a r r y  o u t  i s  a  s i m p l e  measurement o f  a c  s u s c e p t i b i l i t y  

a s  a  f u n c t i o n  of a p p l i e d  f i e l d  f o r  a  number of p o s i t i o n s  of  a  s h o r t  pick-up 

c o i l  a long  t h e  l e n g t h  o f  t h e  sample.  The e x t r a c t i o n  of  t h e  dependence of t h e  

m a g n e t i z a t i o n  v e c t o r  on t h e  l o c a l  i n t e r n a l  f i e l d  i s  n o t  s imple .  A s e r i e s  of 

q u e s t i o n s  needs  t o  b e  answered i n  d e t a i l  b e f o r e  we can deve lop  f u l l  

c o n f i d e n c e  i n  our  p r i n c i p l e  r e s u l t  . Like  Bonda and Kaya and everyone who h a s  

p u b l i s h e d  r e s u l t s ,  we do n o t  o b s e r v e  a  f i r s t  o r d e r  t r a n s i t i o n  f o r  i r o n .  

Among t h e  q u e s t i o n s  we d i s c u s s  a r e  t h e  r o l e  of sample  p e r f e c t i o n ,  

a l ignment  o f  t h e  [ I l l ]  a x i s  wi th  t h e  a p p l i e d  f i e l d ,  t h e  e f f e c t s  of  

demagnet iz ing f i e l d s  on t h e  v a r i a t i o n  a long  t h e  whisker  l e n g t h  of  t h e  n e t  

magnet ic  f l u x  i n  each c r o s s  s e c t i o n ,  t h e  domain s t r u c t u r e  i n  t h e  approach t o  

s a t u r a t i o n ,  and t h e  r o l e  of d i p o l e - d i p o l e  i n t e r a c t i o n s  i n  t h e  magnet ic  

f l u c t u a t i o n s .  Our t e c h n i q u e  of measurement i s  des igned  t o  h e l p  answer some 

of t h e s e  q u e s t i o n s .  



2.  The Phenomenological Theory o f  Cubic V a g n e t o c r y s t a l l i n e  A n i s o t r o p y  

I n t e r n a l  energy i n  a lmost  a l l  f e r romagne t s  i s  s e n s i t i v e  t o  t h e  

o r i e n t a t i o n  of  t h e  spontaneous  m a g n e t i z a t i o n  Vs i n  a  c r y s t a l .  An energy  of 

magnet ic  a n i s o t r o p y ,  one  t e r m  i n  t h e  magnetic p a r t  o f  t h e  f r e e  energy ,  can b e  

expressed  a s  Ek = f ( a l ,  a 2 ,  a3 )  where a i  a r e  t h e  d i r e c t i o n  c o s i n e s  

of IdS. F o r  c u b i c  symmetry such a s  found i n  Fe and P i ,  t h e  a n i s o t r o p y  

energy  can b e  w r i t t e n  i n  a  polynomial  expansion of  t h e  d i r e c t i o n  c o s i n e s ,  

where 

and 

The d i r e c t i o n  c o s i n e s  a r e  measured w i t h  r e s p e c t  t o  t h e  [ l o o ]  cube edges .  

T h e r e f o r e  i n  t h e  c a s e  of i r o n  (K1 > 0 )  , t h e  s i x  e a s y  d i r e c t i o n s  a r e  [ a l ,  

a 2 ,  a31 = [+1,0 ,0] ,  [O,f1,0] and [ O , O , ~ l l  w h i l e  t h e  e i g h t  ha rd  d i r e c t i o n s  

a r e  n [ a l ,  a2 ,  a31 = 1 1 1 1  , [-1,1,11, 1 - 1 1 1  , 1 1 - 1 1  , [-1,-1,-11, 

[I ,-1,-11,  [-I, 1,-11, and [ -1 , -1 , l I .  The a n i s o t r o p y  c o n s t a n t s  Ki a r e  

measured o r  a r e  c a l c u l a t e d  from t h e o r y ,  and i n  g e n e r a l  a r e  dependent  on 

t e m p e r a t u r e  and a p p l i e d  f i e l d .  The form of each term i n  t h e  expans ion  is t h e  

r e s u l t  o f  r e q u i r i n g  i t  t o  b e  an i n v a r i a n t  under  a l l  t h e  symmetry o p e r a t i o n s  

f o r , a  cube.  The l e a d i n g  term dl2 + 42 2 + q: does  n o t  a p p e a r  i n  t h e  

expans ion  s i n c e  it i s  e q u a l  t o  u n i t y  a s  r e q u i r e d  f o r  t h e  u n i t  v e c t o r  f i e l d  

Ms. T h i s  f a c t  i s  u s e f u l  f o r  s i m p l i f y i n g  h i g h e r  o r d e r  t e rms  i n t o  p r o d u c t s  



of t h e  lower  o r d e r  terms.  A l l  t e rms  which s a t i s f y  t h e  c u b i c  symmetry 

r e q u i r e m e n t s  b u t  appear  t o  b e  miss ing  from t h e  expans ion  can b e  expressed  i n  

t e r m s  of S , ~ , S ~  and c o n s t a n t s .  

An e x p r e s s i o n  f o r  t h e  i n t e r n a l  f i e l d  Hi a s  a  f u n c t i o n  of t h e  d i r e c t i o n  

of Ifs can b e  ob ta ined  by minimizing t h e  magnetic f r e e  energy.  I n  o u r  c a s e ,  

w e  a r e  i n t e r e s t e d  i n  t h e  s i m p l e  r o t a t i o n  of t h e  m a g n e t i z a t i o n ,  f o r  example, 

i n  t h e  (110) p l a n e  from t h e  [0011 easy  d i r e c t i o n  i n t o  t h e  [Ill] hard  

d i r e c t i o n .  L e t t i n g  n b e  t h e  d i r e c t i o n  c o s i n e  o f  Ms w i t h  r e s p e c t  t o  t h e  

[I111 d i r e c t i o n  i n  t h i s  p l a n e ,  t h e  i n t e r n a l  f i e l d  i s  t h e n  g i v e n  b y  

t a k i n g  t e rms  of t h e  energy  e x p r e s s i o n  t o  e i g h t h  o r d e r  i n  t h e  d i r e c t i o n  

c o s i n e s .  Expressed i n  t e rms  of q, 

The e x p r e s s i o n  f o r  t h e  a n i s o t r o p y  energy a s  a  f u n c t i o n  of  t h e  d i r e c t i o n  

c o s i n e s  o f  FJS i s  a  Landau expans ion  o f  t h e  f r e e  energy i n  t h e  o'rder 



paramete r .  (Landau proposed t h a t  such expansions  o f  thermodynamic p o t e n t i a l s  

cou ld  b e  made about t h e  c r i t i c a l  p o i n t  f o r  t h e  purpose  of  d e t e r n i n i n g  t h e  

c r i t i c a l  behaviour  of  a system.) Fa. (20) i s  a l s o  c a l l e d  a mean f i e l d  t h e o r y  

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

mic roscop ic  i n t e r a c t i o n s  between t h e  i n d i v i d u a l  moments i s  used.  Each moment 

o r  c l u s t e r  of moments f e e l s  an a v e r a g e  t o r q u e  due t o  a l l  of t h e  f i e l d s  of t h e  

system. I n  a mean f i e l d  t h e o r y  each  moment i n t e r a c t s  e q u a l l y  w i t h  e v e r y  

o t h e r  moment o f  t h e  sys tem.  A s  can b e  s e e n  i n  t h i s  c a l c u l a t i o n  none of  t h e  

d e t a i l s  i n v o l v i n g  dovain s t r u c t u r e  o r  t h e  s i z e  and shape of t h e  sample  a r e  

used. 

3. Yeasurements 

A [ I l l ]  Fe whisker  wi th  d imensions  0.3 x 0.3 x 11.7 mm i s  o u r  p r i n c i p a l  

s u b j e c t  f o r  t h e s e  measurements. It i s  p laced  i n  a g l a s s  c a p i l l a r y  of  0.5 mm 

O.D. on which i s  wound 5 t u r n s  of c l o s e l y  spaced #50 w i r e .  The c o i l  a c t s  a s  

a secondary whose p r imary  i s  a p a i r  of Helmholtz c o i l s  c a r r y i n g  a 500 Hz 

c u r r e n t  which produces an  a c  f i e l d  of  1 0  m i l l i o e r s t e d .  Care i s  t a k e n  t o  s e e  

t h a t  t h e r e  i s  n e g l i g i b l e  c o u p l i n g  t o  t h e  l e a d  wi res .  There  i s  a d c  b i a s  

f i e l d  s u p p l i e d  by an e lec t romagne t  wi th  a 7 cm gap. The e l e c t r o m a g n e t  i s  

s u f f i c i e n t l y  h y s t e r e t i c  and s u f f i c i e n t l y  conduc t ing  t h a t  i t  d o e s  n o t  respond 

t o  t h e  f i e l d  of t h e  Felmhol tz  c o i l s .  The dc f i e l d  i s  measured w i t h  a 

c a l i b r a t e d  P a l l  probe.  

The a c  v o l t a g e  from t h e  secondary  i s  measured w i t h  a phase  s e n s i t i v e  

lock- in  a m p l i f i e r  a s  a f u n c t i o n  of  d c  b i a s  f i e l d .  The out-phase  component i s  



n e g l i g i b l e .  A u x i l l i a r y  exper iments  were c a r r i e d  ou t  t o  g i v e  a s s u r a n c e  t h a t  

t h e  d i f f e r e n t i a l  a c  s u s c e p t i b i l i t y  a g r e e s  w i t h  t h e  s l o p e  of t h e  m a g n e t i z a t i o n  

c u r v e  measured on c o n t i n u o u s l y  i n c r e a s i n g  f i e l d .  It d o e s  f o r  f i e l d s  

s u f f i c i e n t  t o  remove t h e  180 degree  domain w a l l s .  These a r e  p r e s e n t  o n l y  

below t h e  knee of  t h e  m a g n e t i z a t i o n  c u r v e ,  t h a t  i s  f o r  Ff < ys/fi. 

% e  d i f f e r e n t i a l  ac  s u s c e p t i b i l i t y  i s  measured f o r  i n c r e a s i n g  and 

d e c r e a s i n g  dc b i a s  f i e l d  from 1 0  t o  approx imate ly  1000 o e r s t e d s .  The f i e l d  

i s  swept a t  1 oers ted/min.  Readings  a r e  t aken  every  30 s e c o n d s  u s i n g  a  t ime 

c o n s t a n t  o f  10  seconds  on t h e  o u t p u t  o f  t h e  phase  s e n s i t i v e  d e t e c t o r .  The 

sweeps up and down i n  f i e l d  a r e  made f o r  15 p o s i t i o n s  of  t h e  secondary  c o i l  

a l o n g  t h e  f u l l  l e n g t h  o f  t h e  whisker .  We t h u s  map o u t  t h e  f i e l d  dependence 

of  t h e  f l u x  f o r  t h e  e n t i r e  sample.  T h i s  d a t a  can then  b e  analyzed t o  e x t r a c t  

o n l y  t h a t  c o n t r i b u t i o n  t o  t h e  ac f l u x  due t o  t h e  m a g n e t i z a t i o n  of  ' the  sample.  

4. A n a l y s i s  

The measured v o l t a g e  i s  e q u a l  t o  t h e  r a t e  o f  change of f l u x  i n  t h e  

secondary.  From e q u a t i o n  ( I ) ,  i t  can  b e  s e e n  t h a t  t h e r e  a r e  t h r e e  

c o n t r i b u t i o n s  t o  t h e  f l u x  p e r  t u r n  

-+ 
where Ac is t h e  c o i l  a r e a ,  Hp i s  t h e  demagnet iz ing f i e l d ,  t h e  e lement  o f  

-+ -+ 
a r e a  d s  i s  a l o n g  t h e  a p p l i e d  f i e l d  Po, and E i s  t h e  m a g n e t i z a t i o n  v e c t o r .  

The component o f  M a l o n g  t h e  [ I l l ]  d i r e c t i o n  i s  t h e  same througtiout  any 



p a r t i c u l a r  c r o s s  s e c t i o n  i f  our  model of t h e  domain s t r u c t u r e  is  c o r r e c t .  

The d r i v i n g  f requency  i s  s u f f i c i e n t l y  s m a l l  t h a t  we can t a k e  t h e  l o s s  a n g l e  

6 t o  b e  ze ro .  I f  we assume t h a t  t h e  z  component o f  HD does  n o t  v a r y  a c r o s s  

t h e  c o i l ,  we can w r i t e  

where As i s  t h e  c r o s s  s e c t i o n a l  a r e a  of t h e  sample.  T h i s  i s  o n l y  a  good 

assumpt ion f o r  a  t i g h t l y  wound pick-up c o i l .  One of o u r  coworkers ,  T.L. 

Templeton,  w i t h  a  computer c a l c u l a t i o n ,  determined t h e  z  and r a d i a l  

components of t h e  i n t e r n a l  and e x t e r n a l  demagnet iz ing f i e l d  f o r  a  c y l i n d r i c a l  

b a r  of g i v e n  s u s c e p t i b i l i t y .  From h i s  r e s u l t s  we d e t e r m i n e  an e f f e c t i v e  

v a l u e  f o r  A, i n  eq. (28) .  

We use  a l l  of o u r  d a t a  t o  d e t e r m i n e  MZ(z) and Hp(z) s e l f - c o n s i s t e n t l y  

f o r  each a p p l i e d  f i e l d .  We need 

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

F u r t h e r  we need dHn(z) /dFo t o  c a l c u l a t e  t h e  i n t r i n s i c  s u s c e p t i b i l i t y  from 

d @/dH0 which we measure.  We use  t h e  r e s u l t  



6 0 

Note  t h a t  one  c o r r e c t s  t h e  e n t i r e  f l u x  f o r  t h e  e f f e c t  o f  t h e  d e m a g n e t i z i n g  

f i e l d  and t h e n  s u b t r a c t s  t h e  h i g h  f i e l d  c o n t r i b u t i o n  from t h e  d r i v i n g  c o i l !  

What we measure ,  o f  c o u r s e ,  i s  t h e  v o l t a g e  induced  i n  o u r  p ick-up  c o i l  

of n  t u r n s ,  

The f a c t o r  

s t a n d a r d  [ 

c o n d i t i o n s  

wnho/c can b e  d e t e r m i n e d  by measu r ing  t h e  induced  v o l t a g e  w i t h  a  

1001 i r o n  w h i s k e r  i n  t h e  pick-up c o i l  w i t h  t h e  same d r i v i n g  

and i n  z e r o  a p p l i e d  f i e l d .  A t h i c k  and long  [I001 w h i s k e r  of  

c r o s s  s e c t i o n a l  a r e a  A. i s  used  t o  min imize  t h e  a r e a  A,-A, o u t s i d e  t h e  

c o i l .  T h i s  w h i s k e r  i s  o f  s u f f i c i e n t l y  h i g h  s u s c e p t i b i l i t y  t h a t  we can  assume 

t h a t  t h e  induced s t a n d a r d  v o l t a g e  i s  

where Hd i s  t h e  d e p a r t u r e  f i e l d  of  t h e  s t a n d a r d  w h i s k e r  and Ys i s  t h e  

room t e m p e r a t u r e  v a l u e  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  o f  i r o n .  

T h e r e f o r e  we c a n  r e w r i t e  e q u a t i o n  ( 3 1 )  i n  terms of  t h e  measured  v o l t a g e  

v(z ,H, ) ,  t h e  s t a n d a r d  v o l t a g e  v o  and t h e  h i g h  a p p l i e d  f i e l d  v o l t a g e  v h f  = 

We o b t a i n  t h e  f u n c t i o n  i n  eq. ( 2 9  f rom t h e  e x p e r i m e n t  and t h e  



f o l l o w i n g  computation.  I f  we know @ ( z )  a t  a  g i v e n  Ho,  t h e n  eq .  ( 2 8 )  g i v e s  

one r e l a t i o n  between Y(z) and F D ( z ) .  A second r e l a t i o n  i s  o b t a i n e d  by 

assuming one knows Y(z) i n  o r d e r  t o  c a l c u l a t e  t h e  s o u r c e s  o f  HD(z) ,  and 

t h e r e f o r e  HD(z) i t s e l f .  One d o e s  t h i s  i t e r a t i v e l y  t o  f i n d  s e l f - c o n s i s t e n t  

v a l u e s  of FD(z) and Ft(z). To o b t a i n  @(z,Fo)  a t  each  Po we f i r s t  c a l c u l a t e  

@ ( z  ,oo) f o r  the  comple te ly  s a t u r a t e d  whisker .  Then we n u m e r i c a l l y  i n t e g r a t e  

our  measured d@/dEo down from s a t u r a t i o n  t o  g e t  

Here  we s u b t r a c t  t h e  h i g h  f i e l d  background f i r s t  b e f o r e  c a r r y i n g  ou t  t h e  

i n t e g r a t i o n  t o  o b t a i n  t h e  p o r t i o n  o f  t h e  f l u x  due t o  t h e  sample.  T h i s  

i n t e g r a t i o n  i s  performed f o r  each of  t h e  15 p o s i t i o n s  of  t h e  c o i l .  

F o r  t h e  p u r p o s e s  o f  t h e  computat ion we t r e a t  t h e  sample  a s  i f  i t  were a 

r i g h t - c i r c u l a r  c y l i n d e r  w i t h  t h e  same c r o s s  s e c t i o n a l  a r e a  a s  t h e  [1111 

sample  b e i n g  s t u d i e d .  The maqnet ic  c h a r g e s  which a r e  t h e  s o u r c e s  of  t h e  

demagne t i z ing  f i e l d  a r e  a l l  on t h e  s u r f a c e s  because  d i v  M = 0 a s  long  a s  xi 

depends  o n l y  on Pi and n o t  on p o s i t i o n .  The c h a r g e  d e n s i t y  on i t s  s i d e s  i s  

g i v e n  by  

T h e r e  is  a l s o  c h a r g e  d e n s i t y  on t h e  end s u r f a c e s  e q u a l  t o  M, e v a l u a t e d  

a t  t h e  ends .  We c a l c u l a t e  t h e  z-component of t h e  demagne t i z ing  ' f i e l d  Hn(z) 



on t h e  a x i s  of  t h e  c y l i n d e r .  The c y l i n d e r  i s  g iven  t h e  t a p e r  of  t h e  measured 

wbisker  i f  i t  i s  s i g n i f i c a n t .  From m a g n e t o s t a t i c s ,  

Here 

where p i s  t h e  r a d i u s  of t h e  c y l i n d e r  a t  t h e  c e n t r e ,  R i s  t h e  l e n g t h  and t i s  

t h e  t a p e r .  I n i t i a l l y  i n  t h e  c a l c u l a t i o n  i t  i s  assumed t h a t  t h e  f l u x  

@ ( Z , H ~ )  i n  eq. (35)  r e p r e s e n t s  V(z)As(z).  T h i s  i s  f i t t e d  t o  a  t w e l f t h  

o r d e r  polynomial  i n  z ,  which i s  used t o  c a l c u l a t e  HD(z) a c c o r d i n g  t o  eq.  

( 3 7 ) .  Then u s i n g  eq.  (281,  a  c o r r e c t e d  v a l u e  f o r  Y(z) i s  c a l c u l a t e d  and t h e  

p r o c e s s  i s  r e p e a t e d .  

The f u n c t i o n  o f  eu. ( 2 9 )  which i s  t h e  r e s u l t  of t h i s  ca lcuf ia t ion  i s  



shown i n  f i g .  (19) .  Also shown i s  t h e  f i t  t h a t  we u s e  t o  d e t e r m i n e  t h e  

d e r i v a t i v e  dHD/dHo. It shou ld  h e  no ted  t h a t  Hp i s  n o t  a  monotonic f u n c t i o n  

of Ho. It i n c r e a s e s  a s  t h e  magnet ic  c h a r g e  on t h e  s u r f a c e s  i n c r e a s e s  u n t i l  

a  maximum va lue  i s  reached n e a r  t h e  s a t u r a t i o n  of t h e  c e n t r a l  c r o s s  s e c t i o n .  

Then w i t h  f u r t h e r  i n c r e a s e  i n  Po,  t h e  c h a r g e  on each h a l f  of  t h e  sample  

remains  t h e  same, b u t  moves towards  t h e  ends ,  r e s u l t i n g  i n  a d e c r e a s e  i n  

HD. Note t h a t  g r e a t e s t  c o r r e c t i o n  t o  t h e  d a t a  b o t h  i n  f i e l d  and i n  s i g n a l  

o c c u r s  a t  t h e  c r i t i c a l  p o i n t .  

The r e s u l t s  of  t h e  a n a l y s i s  a r e  shown i n  f i g s .  (20)  and ( 2 1 )  which g i v e  

xi and Y a s  a f u n c t i o n  of Pi, r e s p e c t i v e l y .  I d e a l l y  Xi shou ld  remain s l o w l y  

v a r y i n g  r i g h t  down t o  Hi = 0 .  The a p p a r e n t  i n c r e a s e  i n  xi f o r  low f i e l d s  

w i l l  p robab ly  go  away when we c a r r y  o u t  t h e  demagnet iz ing f i e l d  c o r r e c t i o n s  

f o r  t h e  end of t h e  f i e l d  range .  The f u n c t i o n  we used i n  ea .  (29)  i s  o b t a i n e d  

from da ta  t a k e n  above 100 oe.  T h i s  low f i e l d  d i s c r e p a n c y  d o e s  n o t  h i n d e r  o u r  

e f f o r t s  t o  s t u d y  t h e  c r i t i c a l  behav iour  a t  h i g h e r  f i e l d s .  

5. P e s u l t s  

The 

and 

and 

Yean f i e l d  t h e o r y  p r e d i c t s  t h e  dashed curves  shown i n  f i g s .  

v a l u e s  used f o r  K1, K2 and K?  a r e  t h e  t o r q u e  c u r v e  v a l u e s  of  - 
3 3 Hofmann (1968) who g i v e  K1 = 472 x  10 erglcm , K2 = -7 .5  x  

3 3 K3 = 19.0 x 1 0  erg/cm . They e x t r a p o l a t e  t o  h i g h  f i e l d s  t o  

( 2 0 )  and (21) .  

Cengnagel 

3 1 0  erglcm 3 

overcome t h e  

e f f e c t s  of sample  i m p e r f e c t i o n s .  The c u r v e  of f i g .  (21)  i s  a  p l o t  of  

e q u a t i o n  (23)  where = M,/Yo. A s  can b e  s e e n  from t h e  d e t a i l s  of  t h e  

i n s e t ,  t h e  phase  t r a n s i t i o n  i s  f i r s t  o r d e r .  There  i s  a  c r i t i c a l  f i e l d  H c l  



= 410 o e  f o r  i n c r e a s i n g  i n t e r n a l  f i e l d  and a  c r i t i c a l  f i e l d  Fc2 = 3 6 7  o e  

f o r  d e c r e a s i n g  i n t e r n a l  f i e l d .  These a r e  analogous  t o  s u p e r c o o l i n g  and 

s u p e r h e a t i n g .  I f  n u c l e a t i o n  and growth occur  t o  a c h i e v e  a  the rmal  

e q u i l i b r i u m  of two phases  i n  a  f i r s t  o r d e r  t r a n s i t i o n  t h e y  s h o u l d  occur  a t  

P f e o  = 403 o e  where t h e  two phases  can c o e x i s t .  The d e r i v a t i v e  of t h e  

t h e o r e t i c a l  curve  of f i g .  (21)  i s  t h e  dashed curve  of f i g .  ( 2 0 ) .  

The r e s u l t s  of  o u r  measurements and a n a l y s i s  a r e  t h e  s o l i d  curves  of  

f i g .  (20)  and (21) .  In  f i g .  ( 2 0 ) ,  t h e  d a t a  h a s  been c o r r e c t e d  f o r  t h e  

demagnet iz ing f i e l d  c o n t r i b u t i o n  t o  t h e  magnetic f l u x  changes ,  excep t  a t  low 

f i e l d s .  T h i s  c u r v e  of d a t a  i s  i n t e g r a t e d  from h igh  f i e l d  down t o  o b t a i n  t h e  

s o l i d  curve  of f i g .  (21) .  No d i s c o n t i n u o u s  jump i n  t h i s  c u r v e  n e a r  

s a t u r a t i o n  can b e  s e e n .  

I n  a  m a t e r i a l  a s  n e a r  p e r f e c t  a s  our  whisker  we might r e a s o n a b l y  expec t  

t o  o b s e r v e  Fcl  and Hc2 and a  pronounced h y s t e r e s i s .  I f  Hcl cou ld  b e  

reached  wi thou t  a  n u c l e a t i o n  of  s a t u r a t i o n ,  t h e n  l / x i  shou ld  go l i n e a r l y  t o  

z e r o  w i t h  TI = . 9 7 9 9 ,  f o r  t h e  chosen v a l u e s  of  K1, K 2  and K3. Fig.  

(22)  compares l / x i  a s  a  f u n c t i o n  of  rl from exper iment  wi th  t h e  p r e d i c t i o n  

o f  t h e o r y .  There  i s  a n  i n d i c a t i o n  i n  t h e  exper imenta l  c u r v e  t h a t  something 

happens  a t  Hcl even though t h e  maximum i n  xi i s  a t  a  h i g h e r  f i e l d .  

6 .  Discuss ion  

Our r e s u l t s  f a i l  t o  show t h e  f i r s t  o r d e r  jump p r e d i c t e d  by mean f i e l d  

t h e o r y .  Adding t e rms  t o  t h e  f r e e  energy which a r e  p r o p o r t i o n a l  t o  TI o r  any 

power of  canno t  comple te ly  s u p p r e s s  t b e  f i r s t  o r d e r  change because  t h e  



a n i s o t r o p y  h a s  a  term i n  which i s  l i n e a r  i n  t h e  a n g u l a r  

d e v i a t i o n  from t h e  [ I l l ] ,  whereas  t h e  t e rms  i n  q a r e  q u a d r a t i c  i n  t h e  ang le .  

An i n t e r n a l  s t r e s s  f i e l d  n o t  p a r a l l e l  t o  t h e  [ I l l ]  d i r e c t i o n  can s u p p r e s s  t h e  

jump, j u s t  a s  can an a p p l i e d  f i e l d  s u f f i c i e n t l y  m i s a l i g n e d  w i t h  r e s p e c t  t o  

t h e  [ 1111 a x i s .  Though we doubt t h a t  e i t h e r  i n t e r n a l  s t r e s s  o r  misal ignment  

a r e  p l a y i n g  a  r o l e  h e r e ,  we have y e t  t o  demons t ra te  t h i s .  We can o n l y  p o i n t  

o u t  t h e  p e r f e c t i o n  o f  o u r  samples  and s t a t e  t h a t  c a r e  was t aken  i n  a l i g n i n g  

them. A s  w e l l  any smal l  component o f  t h e  a p p l i e d  f i e l d  p e r p e n d i c u l a r  t o  t h e  

a x i s  of t h e  whisker  i s  c a n c e l l e d  by t h e  l a r g e  demagnet iz ing f i e l d  2rMx. 

The g r a d i e n t  o f  t h e  m a g n e t i z a t i o n  a long  t h e  l e n g t h  o f  t h e  whisker  

c o n t r i b u t e s  t o  both  t h e  exchange energy  and t h e  demagnet iz ing energy .  The 

l a t t e r  y i e l d s  a  f i e l d  i n  t h e  [ I l l ]  d i r e c t i o n  and t h e r e f o r e  shou ld  n o t  

s u p p r e s s  t h e  t r a n s i t i o n .  The exchange w i l l  produce a  t o r q u e  away from 

complete a l ignment ,  b u t  i t s  magni tude i s  e n t i r e l y  n e g l i g i b l e  w i t h  r e s p e c t  t o  

t h e  a n i s o t r o p y  t e rms .  

It i s  our  c o n c l u s i o n  t h a t  t h e  f i r s t  o r d e r  t r a n s i t i o n  i s  n o t  t h e r e  

because  t h e  mean f i e l d  t h e o r y  i s  n o t  a p p l i c a b l e .  T h i s  i s  i n  c o n t r a s t  t o  t h e  

c o n c l u s i o n s  o f  Barbara ,  Ross igno l  and Bak (1978) who s t u d y  h i g h l y  a n i s o t r o p i c  

DyA12 i n  h igh f i e l d s  a t  low t e m p e r a t u r e s .  They f i n d  e x c e l l e n t  agreement 

w i t h  t h e  t h e o r y .  The jumps occur  even a t  h i g h e r  t e m p e r a t u r e s  where much of 

t h e  m a g n e t i z a t i o n  comes from t h e  a p p l i e d  f i e l d  a l i g n i n g  moments a g a i n s t  

thermal  a g i t a t i o n .  PyA12 h a s  s i n g l e  ion a n i s o t r o p y ;  Fe d o e s  n o t .  The 

p r e d i c t e d  jump f o r  i r o n  i s  from rl = 0.964. In  DyA12 t h e  measured jump i s  

from = 0.73.  K 2  must b e  i ~ p o r t a n t  i n  PyP12. There  i s  v e r y  l i t t l e  

h y s t e r e s i s  i n  nyA12 and one n e v e r  g e t s  c l o s e  t o  Fcl  o r  Hc2, s o  t h e  

f l u c t u a t i o n s  d o  n o t  g e t  a  chance t o  p l a y  a  s i g n i f i c a n t  r o l e .  



7. The (q = 3 ) - S t a t e  P o t t s  Yodel 

It h a s  been sugges ted  t h a t  c u b i c  f e r romagne t s  wi th  t h r e e  e a s y  a x e s  of  

m a g n e t i z a t i o n ,  such a s  Fe and t h e  ( rare-ear th)-A12 compounds, i n  a  d i a g o n a l  

[ I l l ] - o r i e n t e d  f i e l d  a r e  p o s s i b l y  a c c u r a t e  m a n i f e s t a t i o n s  o f  what i s  c a l l e d  

t h e  (q = 3 ) - s t a t e  P o t t s  model (Yukamel e t  a l .  1976,1977).  In t h i s  s e c t i o n  we 

d i s c u s s  t h i s  p r o p o s i t i o n  a s  w e l l  a s  t h e  a u e s t i o n  what i s  r e q u i r e d  of a  

p h y s i c a l  sys tem t o  q u a l i f y  i t  t o  b e  l a b e l l e d  a  r e a l i z a t i o n  o f  a  p a r t i c u l a r  

model . 
The more f a m i l i a r  I s i n g  model i s  a  d-dimensional  l a t t i c e ,  each  s i t e  of  

which can b e  i n  one of  two s t a t e s .  Pn example of  i t s  a p p l i c a t i o n  i s  t o  model 

a b i n a r y  a l l o y  where each s i t e  can b e  occupied by an atom b e l o n g i n g  t o  one of  

two e lements .  In  1952, R.R. P o t t s  g e n e r a l i z e d  t h i s  model s o  t h a t  e a c h  s i t e  

can b e  i n  one o f  o d i s t i n c t  s t a t e s  ( P o t t s  1952).  Using a  m a t r i x  approach ,  h e  

d i s c o v e r e d  a  d u a l i t y  t r a n s f o r m a t i o n  which s u c c e s s f u l l y  l o c a t e s  t h e  t r a n s i t i o n  

t e m p e r a t u r e  To f o r  t h e  c a s e  of  t h e  s q u a r e  l a t t i c e  ( i . e .  d  = 2) and f o r  

g e n e r a l  q. A s  i n  t h e  c a s e  of  t h e  I s i n g  model (which happens t o  be the 

(q  = 2 ) - s t a t e  P o t t s  model) ,  o n l y  n e a r e s t  ne ighbours  i n t e r a c t ,  e i t h e r  w i t h  an  

energy  Eo i f  t h e y  a r e  i n  t h e  same s t a t e  o r  w i t h  a n  energy  F1 i f  t h e y  a r e  

n o t .  E x t e r n a l  f i e l d s  51,52,  ..., Sq can i n f l u e n c e  a  s i t e  t o  b e  i n  one  of 

t h e  q p o s s i b l e  s t a t e s .  There  can b e  a s  many f i e l d s  a s  s u b l a t t i c e s .  F o r  

q = 2 t h e r e  need b e  o n l y  one f i e l d .  

R e c e n t l y  t h e r e  h a s  been much t h e o r e t i c a l  i n t e r e s t  i n  t h e  ( q  = 3 ) - s t a t e  

P o t t s  model. As d i s c u s s e d  by F l o t e  and Swendsen (197?a,  1979b, 1 9 7 9 ~ ) ~  i t  i s  

a p p a r e n t l y  r e l e v a n t  f o r  t h e  d e s c r i p t i o n  of s e v e r a l  k i n d s  of p h y s i c a l  problems 

which a r e  c u r r e n t l y  b e i n g  s t u d i e d .  The i n v e s t i g a t i o n  of  n o b l e  g a s e s  adsorbed 



on g r a p h i t e  ( E r e t z  1970) ,  c e r t a i n  s t r e ss - induced  c r y s t a l l o g r a p h i c  t r a n s i t i o n s  

(Aharony e t  a l .  1977) ,  and f e r r o m a g n e t s  w i t h - c u b i c  a n i s o t r o p y  i n  a  magnet ic  

f i e l d  (Barbara  e t  a l .  1978, Panham e t  a l .  1979) a r e  some examples.  

The d e g r e e  o f  s u c c e s s  i n  s o l v i n g  t h e  3 - s t a t e  P o t t s  model depends  on t h e  

s p a t i a l  d i m e n s i o n a l i t y  of  t h e  model. For  ( d  = 1)-dimension,  t h e  model i s  

s o l v a b l e ,  b u t  h a s  n o  phase t r a n s i t i o n  except  a t  ze ro  t empera tu re .  I n  

( d  = 2)-dimensions ,  t h e  P o t t s  model undergoes a  c o n t i n u o u s  (second o r  h i g h e r  

o r d e r )  phase  t r a n s i t i o n  i n  z e r o  f i e l d  f o r  q & 4. T h i s  i s  shown b y  h i g h  

t e m p e r a t u r e  s e r i e s  s t u d i e s  ( S t r a l e y  and F i s h e r ,  1973) and by an e x a c t  

c a l c u l a t i o n  of  t h e  l a t e n t  h e a t  ( F a x t e r ,  1973).  In c o n t r a s t ,  however,  P o t t s  

(1952) h a s  shown t h a t  t h e  t r a n s i t i o n  i s  f i r s t  o r d e r  when a  phenomenological  

approach i s  taken.  A term i n  t h e  f r e e  energy i s  t h i r d  d e g r e e  i n  t h e  o r d e r  

pa ramete r ,  t h u s  n e c e s s a r i l y  p r e d i c t i n g  a  d i s c o n t i n u o u s  t r a n s i t i o n  by  Landau 

t h e o r y .  

For  t h e  ( d  = 3)-dimensional  model, t h e  o r d e r  of t h e  t r a n s i t i o n  i s  a s  y e t  

undetermined.  It can b e  e i t h e r  f i r s t  o r d e r  a s  sugges ted  by mean f i e l d  t h e o r y  

(which does  n o t  t a k e  t h e  d i m e n s i o n a l i t y  d i n t o  accoun t ,  b u t  which i s  

supposed ly  c o r r e c t  f o r  d  2 4 )  o r  second o r d e r  ( a s  f o r  d = 2 ) .  E x t e n s i v e  

t h e o r e t i c a l  work h a s  been c a r r i e d  ou t  on t h e  (d  = 3, q = 3 ) - P o t t s  model t o  

r e s o l v e  t h i s  q u e s t i o n  ( s e e  B l o t e  and Swendsen, 1979a; a s  w e l l  a s  r e f e r e n c e s  4  

t o  20 found t h e r e i n ) .  

The c o n c l u s i o n  o f  R l o t e  and Swendsen (1973b) from t h e i r  Yonte C a r l o  

r e n o r m a l i z a t i o n  group c a l c u l a t i o n s  i s  t h a t  t h e  t r a n s i t i o n  i n  3-dimensions i s  

11 n e a r l y  second order".  It i s  a p p a r e n t l y  f i r s t  o r d e r .  However, a second 

o r d e r  f i x e d  p o i n t  l o c a t e d  i n  t h e  v e t a s t a b l e  r e g i o n  c a u s e s  s u b s t a n t i a l  

f l u c t u a t i o n s  and t h u s  dominates  t h e  f l o w  o f  t h e  r e n o r m a l i z a t i o n  p rocedure  



n e a r  t h e  t r a n s i t i o n .  

A s u f f i c i e n t  c o n d i t i o n  f o r  a  f i r s t  o r d e r  t r a n s i t i o n  i s  a  d i s c o n t i n u i t y  

f i x e d  p o i n t .  No d i s c o n t i n u i t y  f i x e d  p o i n t  i s  found. R a t h e r  t h e  o n l y  grounds  

f o r  d e s i g n a t i n g  t h e  t r a n s i t i o n  a s  f i r s t  o r d e r  a r e  t h e  same a s  i n  Landau 

t h e o r y .  The f r e e  energy of b o t h  phases  i s  t h e  same a t  t h e  t r a n s i t i o n  

t empera tu re ,  s o  t h a t  they  can c o e x i s t  a s  i n  a  n u c l e a t i o n  and growth p r o c e s s .  

The t r a n s i t i o n  i s  d r i v e n  b y  t h e  c r i t i c a l  f l u c t u a t i o n s  r e v e a l e d  by t h e  Yonte 

C a r l o  c a l c u l a t i o n .  The chance  of  such  a  f l u c t u a t i o n  is  e  where AS i s  

t h e  d e v i a t i o n  of t h e  e n t r o p y  from t h e  e q u i l i b r i u m  v a l u e .  I f  AS i s  n o t  t o o  

l a r g e ,  spontaneous  n u c l e a t i o n  of  a  new phase  can o c c u r .  Mean f i e l d  t h e o r y ,  

o r  Landau t h e o r y ,  which l e a d s  t o  a  f i r s t  o r d e r  t r a n s i t i o n  d o e s  n o t  t a k e  t h e s e  

f l u c t u a t i o n s  i n t o  Dccount. On c a r r y i n g  out t h e  same c a l c u l a t i o n  f o r  t h e  

( d  = 4)-dimension model, B l o t e  and Swendsen f i n d  t h e  f l u c t u a t i o n s  a r e  

s u b s t a n t i a l l y  reduced,  and t h e  t r a n s i t i o n  i s  c l e a r l y  f i r s t - o r d e r .  A summary 

of  t h e  n a t u r e  of t h e  t r a n s i t i o n  is  shown i n  t a b l e  2. 

Re tu rn ing  now t o  fer romagnet ism,  we r a i s e  t h e  obv ious  q u e s t i o n :  what 

d o e s  t h e  P o t t s  model have t o  do w i t h  our  problem? Yukamel e t  a l .  (1976, 

1977) c l a i m  t h a t  a  c u b i c  f e r romagne t  wi th  t h r e e  e a s y  a x e s  p r o v i d e s  a  r a t h e r  

a c c u r a t e  r e a l i z a t i o n  of  a  q=3 P o t t s  model. S i n c e  t h e  e x a c t  n a t u r e  of t h e  

t r a n s i t i o n  i n  3 dimensions  h a s  n o t  y e t  v i e l d e d  t o  t h e o r e t i c a l  r e s e a r c h ,  t h e y  

f e e l  t h e  problem may b e  solved by exper imenta l  s t u d y  of such fe r romagne t s .  

They show t h a t  t h e  form of t h e  a n i s o t r o p y  term i n  a  Landau-Ginzburg-Pilson 

Fami l ton ian  f o r  t h e  c u b i c  fe r romagne t  i s  t h e  same a s  t h e  c u b i c  term i n  t h e  

cor respond ing  LCW Fami l ton ian  of  t h e  P o t t s  model. A s  w e l l ,  t h e y  show t h e  

topo logy  of c r i t i c a l  p o i n t s ,  edges  and s u r f a c e s  of  t h e  phase  diagram,  b o t h  

f o r  mean f i e l d  t h e o r y  r e s u l t s  and f o r  r e s u l t s  o b t a i n e d  f o r  t h e  ' 



(d=2)-dimensional  model. However, t h e  d i s c o v e r y  of  which o f  t h e s e  d iagrams 

i s  c o r r e c t  i s  l e f t  up t o  t h e  e x p e r i m e n t a l i s t .  

Exper imenta l  work, which i s  c la imed t o  b e  ev idence  f o r  t h e  p h y s i c a l  

r e a l i z a t i o n  o f  t h e  ( q  = 3 ) - s t a t e  P o t t s  model, l i e s  i n  t h r e e  a r e a s .  Two of 

t h e s e  we o n l y  mention.  The t h i r d ,  t h e  s u b j e c t  of  t h i s  t h e s i s ,  i s  d i s c u s s e d  

i n  more d e t a i l .  

B r e t z  (1976) measures t h e  h e a t  c a p a c i t y  of t h e  o r d e r i n g  t r a n s i t i o n  of 

he l ium f i l m s  on h i g h l y  uniform g r a p h i t e  s u r f a c e s .  The c r i t i c a l  exponent a 

which t h e y  o b t a i n e d  i s  s u b s t a n t i a l l y  d i f f e r e n t  from t h a t  c a l c u l a t e d  f o r  t h e  

( a  = 3 ) - s t a t e  P o t t s  model i n  two dimensions .  A second o r d e r  t r a n s i t i o n  

i s  i n d i c a t e d  i n  agreement w i t h  t h e  t h e o r y .  

Aharony e t  a l .  (1977) s t u d y  t h e  s t r u c t u r a l  phase  t r a n s i t i o n s  i n  

SrTi03 a s  a  f u n c t i o n  of t e m p e r a t u r e  and s t r e s s  a p p l i e d  a long  t h e  I1111 

d i a g o n a l  d i r e c t i o n .  A t  c o n s t a n t  s t r e s s  p(>O) w i t h  d e c r e a s i n g  t e m p e r a t u r e ,  

t h e y  o b s e r v e  a  second o r d e r  t r a n s i t i o n  from "pseudocubic" t o  t r i g o n a l  phases  

fo l lowed  a t  a  lower  t e m p e r a t u r e  b y  a  f i r s t  o r d e r  t r a n s i t i o n  t o  a  "pseudo- 

t e t r a g o n a l "  phase.  A s  t h e  s t r e s s  p i s  reduced t o  z e r o ,  t h e  t e m p e r a t u r e s  of  

t h e s e  two t r a n s i t i o n s  approach each o t h e r  f i n a l l y  meet ing a t  a  b i c r i t i c a l  

p o i n t  a t  p  = 0. The c l a i m  t h a t  t h e y  make i s  t h a t  t h e  second o r d e r  t r a n s i t i o n  

i s  I s i n g - l i k e  ( s e e  page 496 of Bruce  and Aharony, 1P75) w h i l e  t h e  f i r s t  

o r d e r  t r a n s i t i o n  is  d e s c r i b e d  by t h e  c o n t i n u o u s  v e r s i o n  of t h e  t h r e e - s t a t e  

P o t t s  model. The r o t a t i o n a l  order-parameter  % a l t e r s  from b e i n g  a long  t h e  

I1111 d i r e c t i o n  i n  t h e  t r i g o n a l  phase  t o  hav ing  components i n  t h e  (111) p l a n e  

a s  t h e  s t r e s s  i s  reduced.  T h i s  p l a n e  h a s  t h r e e - f o l d  symmetry b e c a u s e  of  

p r e f e r e n c e  f o r  o r d e r i n g  a long  cub ic  [ I001 axes .  Using t h e  v a r i a b l e s  o f  

t e m p e r a t u r e  and s t r e s s ,  t h e  e x p e r i m e n t e r s  a r e  a b l e  t o  examine t h e  t r a n s i t i o n  



a t  d i f f e r e n t  v a l u e s  o f  t h  ie o rd  e r  parameter  Ye4 <+ [I111 > and a  
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t d i f f e r e n t  

v a l u e s  o f  t h e  c u b i c  a n i s o t r o p y  c o e f f i c i e n t  v .  They o b t a i n  a  v a l u e  of t h e  

c r i t i c a l  exponent 6 which a g r e e s  w e l l  w i t h  t h e o r y  (Golner ,  1973; Rudnick, 

1975).  The t h e o r y  shows f o r  small v a l u e s  of w  ( t h e  symmetry-breaking term i n  

t h e  reduced Hamil tonian)  which i s  p r o p o r t i o n a l  t o  v ,  t h e  t r a n s i t i o n  i s  no 

l o n g e r  d e s c r i b e d  by mean f i e l d  theory .  C r i t i c a l  f l u c t u a t i o n s  c a u s e  t h e  

t r a n s i t i o n  t o  become n e a r l y  second o r d e r .  

The t h i r d  c a s e  is t h e  s t u d y  of c u b i c  f e r romagne t s  w i t h  t h r e e  e a s y  a x e s  

of m a g n e t i z a t i o n .  These a r e  s t u d i e d  a s  a  f u n c t i o n  of  f i e l d  H p a r a l l e l  t o  t h e  

[ I l l ]  d i r e c t i o n  and a s  a  f u n c t i o n  of  t e m p e r a t u r e  below t h e  C u r i e  p o i n t .  

Barbara  e t  a l .  (1978) r e p o r t  m a g n e t i z a t i o n  measurements on DyA12 i n  

ex t remely  h i g h  magnet ic  f i e l d s  a t  s e v e r a l  t e m p e r a t u r e s  below Tc (Tc-50K). 

They f i n d  t h a t  t h e  t r a n s i t i o n  i s  f i r s t  o r d e r  i n  agreement w i t h  mean f i e l d  

theory .  However, t h e  h y s t e r e s i s  t h e y  measure  is  much s m a l l e r  than would be  

expec ted  from mean f i e l d  t h e o r y  a l o n e .  A s  w e l l ,  t h e  s i z e  of t h e  jump i n  

m a g n e t i z a t i o n  is  more than  25% compared t o  3.66% p r e d i c t e d  by mean f i e l d  

t h e o r y  i f  o n l y  t h e  f o u r t h  o r d e r  a n i s o t r o p y  term i s  assumed. 

There  a r e  many d i f f i c u l t i e s  and some e r r o r s  i n  t h i s  work b y  Barbara  e t  

a l .  The r e a s o n  t h a t  t h e  d i s c o n t i n u i t y  i n  m a g n e t i z a t i o n  a t  t h e  t r a n s i t i o n  i s  

s o  l a r g e  is  t h a t  t h e  second a n i s o t r o p y  c o n s t a n t  K 2  i s  o f  t h e  same o r d e r  of 
8 

s i z e  a s  t h e  f i r s t  a n i s o t r o p y  c o n s t a n t  F1. T h i s  i s  i n  c o n t r a s t  t o  t h e  c a s e  

of  i r o n  where K2 can b e  ignored i n  comparison wi th  K I  a t  a l l  t e m p e r a t u r e s  

from z e r o  t o  Tc. T h i s  huge jump i s  c l e a r l y  n o t  suppor ted  by t h e  work of  

t h e  t h e o r i s t s  on t h e  ( q  = 3 ) - P o t t s  model. B l o t e  and Swendsen conc lude  t h a t  t h e  

t r a n s i t i o n  is  n e a r l y  second o r d e r  f o r  t h e  ( d  = 3)-dimensional  model T h e i r  

r e s u l t s  imp1 y  t h a t  thermodynamic q u a n t i t i e s  a r e  a n a l y t i c a l l y  c o n t i n u a b l e  i n t o  



t h e  m e t a s t a b l e  r e g i o n .  Thus no huge jump i n  t h e  m a g n e t i z a t i o n  is  expec ted  

f o r  t h i s  model. 
4 

I n  e x p l a i n i n g  t h e i r  d a t a ,  Barbara  e t  a l .  show t h e  r e s u l t s  of  c l a s s i c a l  

c a l c u l a t i o n s  i n  which t h e y  u s e  t h e  v a l u e s  o f  t h e  phenomenological  a n i s o t r o p y  

c o n s t a n t s ,  K1 = -1 and K2 = 0.5. They f e e l  t h a t  t h e s e  c a l c u l a t i o n s  

r e p r e s e n t  a  behav iour  a s  shown b y  t h e i r  d a t a  i.e. a  s i m i l a r  s i z e  of  jump a s  

t h e  f i e l d  i s  a p p l i e d  i n  v a r i o u s  d i r e c t i o n s .  We can o n l y  p o i n t  o u t  t h a t  t h e  

s i g n s  and magni tudes  o f  t h e  a n i s o t r o p y  c o n s t a n t s  which t h e y  u s e  a r e  i d e n t i c a l  

t o  t h e  c o n s t a n t s  measured i n  n i c k e l  a t  room tempera tu re .  A s  i s  w e l l  known, 

n i c k e l  h a s  f o u r  e a s y  d i r e c t i o n s  o f  m a g n e t i z a t i o n ,  namely t h e  [ I l l ] ,  [ i l l ] ,  

[ l i l l  and [ l l i l  d i r e c t i o n s .  Nicke l  is  n o t  a  p h y s i c a l  r e a l i z a t i o n  of  t h e  

(q = 3 ) - P o t t s  model. I f  t h e  v a l u e s  of  t h e  c o n s t a n t s  used by Barbara  e t  a l .  

a r e  even modera te ly  a c c u r a t e ,  t h e n  DyA12 i s  n o t  a  P o t t s  model e i t h e r .  

The a n i s o t r o p y  f i e l d  FK of DyA12 i s  approx imate ly  58 Koe a t  4.2' K 

3  w h i l e  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  Ms i s  10ug/ny(-10 magnet ic  moment 

~ m - ~ .  T h i s  compares w i t h  Hk = 403 o e  and Ms = 1714 magnet ic  moments 

cm-3 f o r  Fe a t  room tempera tu re .  I r o n  a t  4' K h a s  HI, = 446 o e  and irs = 1760 

magnet ic  moments The a n i s o t r o p y  f i e l d  of DyA12 i s  o v e r  two o r d e r s  

of magni tude l a r g e r  than t h a t  of i r o n  w h i l e  t h e i r  s a t u r a t i o n  m a g n e t i z a t i o n s  

a r e  comparable.  Caut ion shou ld  t h e r e f o r e  b e  e x e r c i s e d  i n  c o n s i d e r i n g  DyA12 

a s  a  P o t t s  model. The a n a l y s i s  and mean f i e l d  t h e o r y  phase  diagram o u t l i n e d  

b y  Yukamel e t  a l .  a r e  f o r  s m a l l  a n i s o t r o p y .  Barbara  e t  a l .  add s i x t h  o r d e r  

t e rms  t o  t h e  t h e o r y ,  a s  t h e y  shou ld ,  b u t  t h e y  assume t h e  e a u i v a l e n c e  of  

DyA12 and t h e  P o t t s  model i s  j u s t i f i e d  based on symmetry c o n s i d e r a t i o n s  

on ly .  The c o r r e c t n e s s  of  t h i s  i s  n o t  c l e a r  and may b e  d i f f i c u l t  t o  j u s t i f y .  

The ana logy  t h a t  Ifukamel e t  a l .  make between t h e  c o n t i n u o u s  (a  = 3 ) - P o t t s  



model and a  cub ic  f e r romagne t  c o n s i d e r s  o n l y  t h e  f o u r t h  o r d e r  a n i s o t r o p y  

terms.  T h i s  makes i r o n  a  much b e t t e r  c a n d i d a t e  f o r  b e i n g  a  P o t t s  model. 

T h i s  l e a v e s  us  w i t h  t h e  q u e s t i o n :  what can we s a y  a b o u t  t h e  P o t t s  model 
1 

from our  d a t a ?  The a n i s o t r o p y  of i r o n ,  n o t  s i n g l e - i o n  a n i s o t r o p y  a s  i n  t h e  

c a s e  of  DyA12, seems t o  f i t  t h e  P o t t s  model p i c t u r e .  However t h e r e  seems 

t o  b e  a  d e f i n i t e  d i f f e r e n c e ;  i n  h igh  f i e l d s ,  t h e  s p i n s  i n  i r o n  a l i g n  i n  t h e  

[Ill] d i r e c t i o n  whereas i n  t h e  P o t t s  model, t h e  average  v a l u e s  of  t h e  s p i n  

components p e r p e n d i c u l a r  t o  t h e  [Ill] d i r e c t i o n  go t o  z e r o  a t  t h e  P o t t s  

t r a n s i t i o n  t empera tu re .  There  may b e  t h e  same c o u p l i n g  i n  t h e  two c a s e s ,  b u t  

t h e  c o n s t r a i n t s  on t h e  s p i n  d i r e c t i o n s  a r e  d i f f e r e n t .  

I n  our  exper iment  we do no t  s e e  a  f i r s t  o r d e r  jump i n  t h e  m a g n e t i z a t i o n  

a t  room t e m p e r a t u r e  o r  a t  h i g h e r  t empera tu res .  N e v e r t h e l e s s  we canno t  

conc lude  t h a t  t h e  t r a n s i t i o n  i s  h i g h e r  o r d e r .  The t r a n s i t i o n  c o u l d  b e  

" n e a r l y  second order".  It cou ld  b e  t h e  l i m i t  o f  s t a b i l i t y  of  a  phase  

superhea ted  beyond a  f i r s t - o r d e r  t r a n s i t i o n .  Like  Barbara  and coworkers ,  we 

do n o t  measure  t h e  o r d e r  pa ramete r ,  t h a t  i s ,  t h e  s p i n  components i n  t h e  (111) 

plane .  We measure t h e  average  v a l u e  of t h e  z-component of  t h e  m a g n e t i z a t i o n .  

I n  p a r t i c u l a r  we measure  t h e  m a g n e t i z a t i o n  i n  t h e  c e n t r a l  c r o s s  s e c t i o n  o f  

t h e  sample  p l u s  t h e  c o n t r i b u t i o n  t o  t h e  i n t e r n a l  f i e l d  from a l l  t h e  s o u r c e s  

of t h e  demagnet iz ing f i e l d .  W e  can  a n a l y z e  f o r  each of  t h e s e  c o n t r i b u t i o n s  

u s i n g  a l l  of o u r  d a t a  measured a long  t h e  l e n g t h  of  t h e  sample.  A s  w e l l ,  even 

though our  t h r e e  t u r n  pick-up c o i l  i s  s h o r t  ('0.2 x  sample  d i a m e t e r ) ,  w e  

measure  an average  o v e r  a  c e r t a i n  l e n g t h  o f  t h e  sample.  

F i n a l l y  t h i s  b r i n g s  u s  t o  t h e  g e n e r a l  q u e s t i o n  of  comparing r e a l  sys tems  

w i t h  models.  A model i s  an approximat ion of  a  r e a l  sys tem.  The s i m p l e r  t h e  

model, t h e  more l i k e l y  we w i l l  know i t s  behav iour ,  b u t  t h e  l e s s  l i k e l y  i t  



w i l l  r e p r e s e n t  t h e  r e a l  sys tem which we a r e  t r y i n g  t o  u n d e r s t a n d .  To s a y  

t h a t  a  r e a l  system i s  a  p h y s i c a l  r e a l i z a t i o n  of  a  p a r t i c u l a r  model demands 

t h a t  we o u t l i n e  t h e  l i m i t a t i o n s  o f  t h e  comparison t h a t  we a r e  a t t e m p t i n g  t o  

make. 

I n  making t h e s e  k i n d s  of  compar isons  t h e r e  seem t o  b e  two fundamental  

c r i t e r i a ,  symmetries and c r i t i c a l  behav iour .  With t h e  d i s c o v e r y  of  

r e n o r m a l i z a  t i o n  group t h e o r y ,  we now know t h a t  c r i t i c a l  behav iour  is a r e s u l t  

of f u r t h e r  symmetries which had n o t  been p r e v i o u s l y  f u l l y  a p p r e c i a t e d .  I f  a  

model and a  r e a l  sys tem d i s p l a y  t h e  same symmetries and c r i t i c a l  behav iour ,  

t h e n  i t  cou ld  be  argued t h a t  o n e  i s  a  p h y s i c a l  r e a l i z a t i o n  of  t h e  o t h e r .  

F u r t h e r  t h e o r e t i c a l  and exper imenta l  r e s e a r c h  c o u l d  h e  pursued t o  d i s c o v e r  

t h e  s i m i l a r i t i e s  and d i f f e r e n c e s .  

However t o  s a y  t h a t  a  r e a l  sys tem i s  a  m a n i f e s t a t i o n  of a  model based on 

symmetry arguments  a l o n e  i s  q u e s t i o n a b l e .  It i s  f u r t h e r  q u e s t i o n a b l e  t o  

conc lude  t h a t  a  model h a s  a  p a r t i c u l a r  c r i t i c a l  behaviour  based on 

measurements of  t h e  r e a l  sys tem i t  i s  supposed t o  r e p r e s e n t .  The c r i t i c a l  

behaviour  o f  t h e  3-dimensional 3 - s t a t e  P o t t s  model h o p e f u l l y  w i l l  b e  

determined by t h e  t h e o r i s t s .  The e x p e r i m e n t a l i s t s  w i l l  t h e n  s e e k  r e a l  

sys tems  wi th  t h e  p r o p e r  symmetr ies  and c r i t i c a l  behav iour  r e v e a l e d  f o r  t h a t  

model. 



V. THE TEMPERATURE DEPENDENCE AND MAGNETIZATION DEPENDENCE OF THE 

MAGNETIC ANISOTROPY OF IRON 

1. I n t r o d u c t i o n  

I r o n  whiskers  which a r e  grown w i t h  t h e i r  a x e s  p a r a l l e l  t o  t h e  [ I l l ]  

d i r e c t i o n  have magnet ic  p r o p e r t i e s  which a r e  more dependent  upon magnet ic  

a n i s o t r o p y  than  t h o s e  g r m n  w i t h  t h e  [ l o o ]  o r i e n t a t i o n .  I n  t h e  p r e v i o u s  

s e c t i o n s  we r e p o r t e d  our  f i n d i n g s  concern ing  t h e  domain s t r u c t u r e  and t h e  

approach t o  s a t u r a t i o n  of [ I l l ]  whiskers  a s  they  a r e  magnet ized i n  t h e  h a r d  

[ I l l ]  d i r e c t  ion.  I n  t h i s  s e c t i o n  we d e s c r i b e  o u r  measurements of  t h e  

a n i s o t r o p y  a s  a  f u n c t i o n  of t empera tu re  from room t e m p e r a t u r e  up t o  t h e  C u r i e  

p o i n t .  A s  w e l l  we u s e  t h e  r e s u l t s  of o u r  measurement of  t h e  t e m p e r a t u r e  

dependence of t h e  spon taneous  magne t i za t ion  Ms t o  a r r i v e  a t  t h e  Ms 

dependence of t h e  a n i s o t r o p y  o v e r  t h e  same t e m p e r a t u r e  range.  I n  t h e  

c r i t i c a l  r eg ion  j u s t  below Tc ( 0  < Tc - T < 12' K ) ,  o u r  method of a n a l y s i s  

g i v e s  t h e  a n i s o t r o p y  a s  a  f u n c t i o n  of Ms d i r e c t l y .  

The most complete  d a t a  on t h e  a n i s o t r o p y  c o n s t a n t s ,  K1, K2 ,  and Kg 

of i r o n  a r e  t h e  t o r q u e  measurements t aken  i n  t h e  (100) and (111) p l a n e s  of 

s i n g l e  c r y s t a l  s p h e r e s  by  Gengnagel and Hofmann (1968).  They g i v e  t h e  

t e m p e r a t u r e  dependence of t h e  a n i s o t r o p y  c o n s t a n t  K1, o b t a i n e d  by l i n e a r  

e x t r a p o l a t i o n  t o  H =a and t o  H = 0 i n  p l o t s  of K v s  1 / H ,  f o r  t e m p e r a t u r e s  

from 20' K up t o  Tc - T = 92' K. They conclude t h a t  " t h e  c r y s t a l  e n e r g y  

c o n s t a n t s  K2 and K3 can b e  n e g l e c t e d  i n  r e l a t i o n  t o  K1 of i r o n  w i t h i n  

t h e  whole t e m p e r a t u r e  range i n  m a g n e t o c r y s t a l l i n e  energy express ions" .  

Here  we p r e s e n t  r e s u l t s  on t h e  m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  f o r  t h e  



p r e v i o u s l y  unexamined c r i t i c a l  r e g i o n  of a c u b i c  f e r romagne t .  Our d a t a  y i e l d  

K1 up t o  w i t h i n  0.5 d e g r e e s  o f  Tc. These d a t a  a r e  a n a l y z e d  t o  o b t a i n  t h e  

dependence of K1 on t e m p e r a t u r e  and a power law r e l a t i o n  between K1 and 

t h e  spon taneous  m a g n e t i z a t i o n  Ms i n  t h e  c r i t i c a l  r e g i o n .  From Landau 

t h e o r y  one e x p e c t s  K1 t o  be  p r o p o r t i o n a l  t o  ns4 i n  t h e  l i m i t  of s m a l l  

a n i s o t r o p y .  The a n a l y s i s  i s  i n  t e rms  of t h e  a n i s o t r o p y  f i e l d  Hk ' K1/Ms 

which is  deduced i n  two s e p a r a t e  exper iments  by two d i f f e r e n t  methods of 

a n a l y s i s .  The r e s u l t s  a r e  i n  good agreement. The more p r e c i s e  set of  d a t a  

i n d i c a t e s  t h a t  Hk i s  p r o p o r t i o n a l  t o  nsn w i t h  n = 3.11 + 0.05 u s i n g  a s  a 

l e v e l  of c o n f i d e n c e  a 10  p e r  cen t  i n c r e a s e  i n  t h e  mean s q u a r e  d e v i a t i o n  of 

t h e  f i t .  I n  terms of t e m p e r a t u r e  dependence we f i n d  

where B i s  t h e  c r i t i c a l  exponent f o r  t h e  t empera tu re  dependence of t h e  

spon taneous  magne t i za t ion .  

The a n a l y s i s  of o u r  d a t a  from room tempera tu re  u p  t o  t h e  c r i t i c a l  r e g i o n  

i s  compl ica ted  by t h e  f i e l d  dependence and t empera tu re  dependence o f  t h e  

demagnet iz ing f i e l d .  I n  t h e  s e c t  ion  on t h e  approach t o  s a t u r a t i o n  above,  we 

have shown how t o  h a n d l e  t h i s  problem i n  a n a l y z i n g  o u r  room t e m p e r a t u r e  

r e s u l t s .  Using t h e  room t e m p e r a t u r e  r e s u l t s  and a s i m i l a r  method of 

a n a l y s i s ,  we have e x t r a c t e d  t h e  t empera tu re  dependence of Hk up t o  

approx imate ly  12  d e g r e e s  below Tc. The u n c e r t a i n t y  i n  t h e  d a t a ,  however, 

due t o  t h e  r a p i d  d e c r e a s e  of Hk compared t o  HD makes e x t e n s i o n  of t h e  

a n a l y s i s  t o  even h i g h e r  t e m p e r a t u r e s  i n a c c u r a t e .  The t e c h n i q u e  which we u s e  

i n  t h e  c r i t i c a l  r e g i o n  g i v e s  by f a r  t h e  more a c c u r a t e  r e s u l t s . '  



2. The Experiment and Measurements 

The sample i n v e s t i g a t e d  i s  a [1111 i r o n  whisker ,  hexagonal  c r o s s  s e c t i o n  

w i t h  0.118 mm edges  and 12.6 mm l e n g t h ,  h e r m e t i c a l l y  s e a l e d  i n  vacuo i n  a 

q u a r t z  c a p i l l a r y .  T h i s  is p l a c e d  i n  a long s i n g l e - l a y e r  d r i v i n g  c o i l  of 

ce ramic  i n s u l a t e d  p l a t i n u m  w i r e .  Concen t r i c  pick-up c o i l s  of d i f f e r e n t  

l e n g t h s  a r e  used i n  t h e  two exper iments  r e p o r t e d  h e r e .  T h i s  assembly is  

mounted i n  a boron n i t r i d e  chamber i n  an  evacua ted  f u r n a c e  w i t h  r a d i a t i o n  

s h i e l d s .  The t e m p e r a t u r e  of t h e  w a t e r  j a c k e t  i s  c o n t r o l l e d  t o  fl mK 

(Heinr ich  e t  a l . ,  1978). The h e a t i n g  c o i l  i s  e n e r g i z e d  by a d c  power s u p p l y  

s t a b i l i z e d  t o  f 2  ppm. A t y p e  S thermocouple measures  t h e  t e m p e r a t u r e  of t h e  

sample  r e l a t i v e  t o  t h e  c o n t r o l l e d  wa te r  j a c k e t  t empera tu re .  With t h i s  

sys tem,  t e m p e r a t u r e  c o n t r o l  r e l i e s  on t h e  f a c t  t h a t  t h e  d r i f t s  i n  w a t e r  

c o n t r o l  p o i n t  and room t e m p e r a t u r e ,  a s  w e l l  a s  i n  t h e  power s u p p l y ,  a r e  

s u f f i c i e n t l y  l o n g  i n  t ime  and s m a l l  i n  s i z e  t h a t  t h e y  c a n  b e  ignored .  

S t a b i l i t y  t o  b e t t e r  t h a n  0.01' K o v e r  2 h o u r s  c a n  be ach ieved  w i t h  mK 

s t a b i l i t y  o v e r  s h o r t e r  p e r i o d s .  The f u r n a c e  s i t s  i n  t h e  20 cm gap of an 

e l e c t r o m a g n e t  which a p p l i e s  a d c  f i e l d  p a r a l l e l  t o  t h e  sample  a x i s .  A H a l l  

p robe  o u t s i d e  t h e  f u r n a c e  moni to r s  t h i s  f i e l d .  

Two d i f f e r e n t  exper iments  have been c a r r i e d  o u t .  I n  t h e  f i r s t ,  a  

m u l t i l a y e r  150 t u r n  pick-up c o i l  is  used whi le  t h e  d r i v i n g  c o i l  i s  e x c i t i n g  

t h e  sample  w i t h  a 1 0  m i l l i o e r s t e d  f i e l d  t y p i c a l l y  a t  2 kHz. The in-phase  and 

out-phase a c  response  a r e  measured w i t h  two lock- in  a m p l i f i e r s  a s  a f u n c t i o n  

of d c  f i e l d  and t empera tu re .  Frequency i s  swept a s  w e l l  t o  o b t a i n  

i n f o r m a t i o n  on l o s s  mechanisms, b u t  t h i s  work i s  n o t  d i s c u s s e d  h e r e .  

I n  t h e  second exper iment ,  small t h r e e  t u r n  c o i l s  a t  s e v e r a l  p l a c e s  a long  



t h e  whisker  a r e  used.  T y p i c a l  exper imenta l  r e s u l t s  a r e  shown i n  f i g .  (23) 

f o r  a s e r i e s  of t empera tu res  w i t h  a s m a l l  c o i l  abou t  t h e  c e n t r a l  c r o s s  

s e c t i o n  of t h e  whisker.  These r e s u l t s  f o r  t h e  i n t e r m e d i a t e  t e m p e r a t u r e  range 

630 t o  760' C have been normal ized a t  each t empera tu re  t o  t h e  c r i t i c a l  

f i e l d  Hc a t  which t h e  c e n t r e  of t h e  sample s a t u r a t e s .  The t e m p e r a t u r e  

dependence of Hc o v e r  t h e  f u l l  t empera tu re  range from room t e m p e r a t u r e  t o  

Tc is shown i n  f i g .  (24) .  T h i s  f i e l d  is  r e l a t e d  t o  t h e  a n i s o t r o p y  f i e l d  

Hk and t h e  demagnet iz ing f i e l d  through t h e  r e l a t i o n  g iven  by eq. (19) .  

The d i f f i c u l t y  i s  t h a t  t h e  demagnet iz ing f a c t o r  D i t s e l f  is dependent on 

t h e  a n i s o t r o p y ,  a l though  t h i s  can b e  n e g l e c t e d  i n  t h e  l i m i t  of v e r y  low 

a n i s o t r o p y  i n  t h e  t e m p e r a t u r e  i n t e r v a l  1 2  K below Tc. Using t h e  t empera tu re  

dependence of Hc shown i n  f i g .  (24)  one can deduce Hk once 47rDMs is 

determined,  e i t h e r  i n d e p e n d e n t l y  o r  s e l f - c o n s i s t e n t l y  from t h e  measurements 

of t h e  f i e l d  dependence w i t h  t h e  s e v e r a l  s m a l l  c o i l s .  The f i r s t  p a r t  o f  t h e  

a n a l y s i s  r e p o r t e d  h e r e  w i l l  be  f o r  t h e  12 K t empera tu re  range immediately 

below Tc, f o r  i n  t h a t  r e g i o n  D i s  c o n s t a n t  up t o  s a t u r a t i o n ,  and 

fu r the rmore ,  t h e  shape  of t h e  c u r v e s  of in-phase responses  v s  a p p l i e d  f i e l d  

can b e  i n t e r p r e t e d  more r e a d i l y .  The second p a r t  o f  t h e  a n a l y s i s  t r e a t s  t h e  

rest of t h e  d a t a  down t o  room tempera tu re ,  e x t r a c t i n g  Hk from Hc. 

I n  t h e  second run ,  t h r e e  s h o r t  pick-up c o i l s ,  each 3 t u r n s  of p la t inum 

w i r e ,  a r e  used,  one a t  t h e  c e n t r a l  c r o s s  s e c t i o n  p o s i t i o n  of t h e  sample  and 

t h e  o t h e r s  3 mm and 4 mm r e s p e c t i v e l y  a long  t h e  sample away from t h e  f i r s t .  

The sample i s  d r i v e n  by a 6 8  m i l l i o e r s t e d  f i e l d  a t  2 kHz. A t  h i g h e r  

t empera tu res ,  where t h e  f a l l - o f  f  f i e l d  of t h e  s p i k e  a t  Hc becomes 

comparable w i t h  t h e  d r i v i n g  ampl i tude  and t h e  eddy c u r r e n t  l o s s e s  become more 

s i g n i f i c a n t ,  t h e  sample i s  t h e n  e x c i t e d  by a 10 m i l l i o e r s t e d  f i e l d  a t  0.5 



kHz. A t  low tempera tu res  t h e  sample i s  d r i v e n  by a  0.75 o e  f i e l d  a t  30 Hz i n  

t o  t h e  2  kHz measuring f i e l d .  T h i s  e x t r a  d r i v e  p r e v e n t s  t h e  

d e c r e a s e  of t h e  s u s c e p t i b i l i t y  due t o  t h e  i n t e r a c t i o n  of domain w a l l s  w i t h  

i n t e r s t i t i a l  gas  atoms of carbon.  T h i s  is t h e  phenomenon c a l l e d  t h e  magnetic 

a f t e r - e f f e c t ,  desc ibed  above. A s  t h e  t empera tu re  is  i n c r e a s e d ,  t h e  hopping 

f requency  of t h e  g a s  i n c r e a s e s ,  and t h i s  d r i v e  becomes unnecessa ry  above 

zoo0 C. 

D i g i t a l  d a t a  i s  c o l l e c t e d  f o r  t h e  3 c o i l s  a s  measured by 3 lock- in  

a m p l i f i e r s .  The dc f i e l d  is  monitored and s tepped  i n  0.5 o e  inc rements  o v e r  

a  s u f f i c i e n t  r ange  t o  s a t u r a t e  t h e  c e n t r a l  p o r t i o n  of t h e  whiskers  i n  b o t h  

d i r e c t i o n s .  As can b e  s e e n  i n  f i g .  (24) ,  HE is a  s t r o n g  f u n c t i o n  of 

temperature .  To compensate f o r  t h i s ,  t h e  f i e l d  s t e p  s i z e  is  changed t o  0.2 

o e  and t h e n  a g a i n  t o  0.08 oe.  

The l a r g e  drop i n  s i g n a l  a t  Hc r e s u l t s  i n  a  s h a r p l y  peaked second 

harmonic s i g n a l  d e t e c t e d  by t h e  lock- in  a m p l i f i e r  (He inr ich  and A r r o t t ,  1975; 

He inr ich  e t  a l . ,  1978). T h i s  is t h e  b e s t  means f o r  de te rmin ing  Hc ,  

e s p e c i a l l y  n e a r  Tc where t h e  s p i k e  i n  t h e  fundamental  s i g n a l  i s  n o t  

p r e s e n t .  Using second harmonic d e t e c t i o n  wi th  t h e  l a r g e  c o i l ,  we measure 

Hc d u r i n g  a  sweep i n  t e m p e r a t u r e  which is l i n e a r  i n  t ime.  The r a t e  of 

change of t empera tu re  i s  determined by t h e  thermocouple v o l t  ages  averaged 

o v e r  t h e  run,  and t i m e  i s  used t o  g i v e  t h e  t empera tu re  change on t h e  s c a l e  of 

f r a c t i o n s  of a  mK. The  r e s u l t s  of such an experiment a r e  shown i n  f i g .  

(25) .  I n  c o n s t a n t  t e m p e r a t u r e  r u n s  we u s e  t h e  v a l u e  of Hc a s  a  magnet ic  

thermometer wi th  f i g .  (25)  s e r v i n g  a s  a  c a l i b r a t i o n  curve.  



3.  Analys i s  : High Temperatures  

The a n a l y s i s  d e s c r i b e d  i n  t h i s  s e c t i o n  is  a p p l i e d  t o  o u r  d a t a  i n  t h e  

t e m p e r a t u r e  i n t e r v a l  0 C Tc - T < 1 2  K. The a n i s o t r o p y  f i e l d  can b e  deduced 

from t h e  i n t e g r a l  of t h e  measured a c  s u s c e p t i b i l t y .  One t a k e s  t h e  measured 

s i g n a l  v  minus t h e  s i g n a l  a t  h i g h e r  f i e l d s  vhf  where t h e  sample  no l o n g e r  

c o n t r i b u t e s ,  and n o r m a l i z e s  i t  t o  Vo-Vhf where Vo is t h e  s i g n a l  i n  t h e  

r e g i o n  where t h e  magnet ic  response  is  complete ly  determined by t h e  c a n c e l l i n g  

of t h e  a p p l i e d  f i e l d  by t h e  demagnet iz ing f i e l d .  The r e l a t i o n  f o r  Hk from 

e q u a t i o n  (19) g i v e s  

For  t h i s  a n a l y s i s  t o  be  c o r r e c t  i t  i s  n e c e s s a r y  t h a t  t h e  demagnet iz ing 

f i e l d  s c a l e  wi th  t h e  magne t iza t ion  i.e. t h e  t h i r d  term must s c a l e  w i t h  t h e  

f i r s t  term i n  eq. (1). T h i s  is t r u e  a s  long a s  Vo-V i s  s m a l l  compared t o  

Vo. It i s  a l s o  n e c e s s a r y  t h a t  t h 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  measured 

cor responds  t o  t h 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  of t h e  dc  m a g n e t i z a t i o n  curve .  

The l o w e s t  t empera tu re  p o i n t s  cons idered  i n  our  a n a l y s i s  of t h e  h i g h  

t empera tu re  behav iour  of Hk a r e  t h e  two h i g h e s t  c u r v e s  i n  f i g .  ( 2 3 ) .  The 

h i g h e r  t empera tu res  have Vo-V approaching c l o s e r  and c l o s e r  t o  zero .  The 

c l o s e r  t h e  s i g n a l  i n  low f i e l d s  is  t o  t h e  v a l u e  i t  would have f o r  t h e  

demagnet iz ing e f f e c t  a l o n e ,  t h e  more we can be  c o n f i d e n t  i n  t h e  u s e  of eq. 

( 3 9 )  

By c a r r y i n g  o u t  t h e  a n a l y s i s  u s i n g  eq. (39 )  we o b t a i n  Hk a t  a  s e r i e s  

of f i x e d  t empera tu res .  Hc i s  determined d i r e c t l y  from t h e  f i e l d  a t  which 



t h e  s a t u r a t i o n  t a k e s  p lace .  4HDMs is t h e n  c a l c u l a t e d  from eq.  (19) .  Fig .  

(26)  i s  a p l o t  of Hk a s  a f u n c t i o n  of ( 4 9 ~ ~ ~ ) ~  f o r  12 d a t a  p o i n t s  i n  

t h e  i n t e r v a l  0.5 K < Tc - T < 2 K. A power law f i t  ( s o l i d  l i n e )  t o  t h e s e  

p o i n t s  y i e l d s  an  exponent n = 3 . 1 1 f 0 . 0 5 .  The dashed s t r a i g h t  l i n e  i s  f o r  a 

f i t  t o  t h e  8 h i g h e r  t empera tu re  p o i n t s  u s i n g  n = 3.00. It i s  known t h a t  t h e  

power law exponent a t  lower  t empera tu res  is  much g r e a t e r  than  t h i s .  ( T h i s  is 

d i s c u s s e d  below; s e e  f i g .  (28) .  Indeed a l r e a d y  i n  t h e  range down t o  11•‹ K 

below Tc t h e r e  is  e v i d e n c e  t h a t  Hk i n c r e a s e s  f a s t e r  t h a n  f o r  t h i s  more 

l i m i t e d  range.  Perhaps  t h e  power n = 3.00 a p p l i e s  a s y m p t o t i c a l l y  a s  we 

approach Tc, b u t  i t  i s  d i f f i c u l t  t o  conclude t h i s  from o u r  d a t a .  

Using t h e  v a l u e  of Hc f o r  each c o n s t a n t  t empera tu re  run we can c o n v e r t  

t h e  d a t a  t o  p l o t s  of 4nDMs and Hk v s  temperature .  These a r e  shown i n  

f i g .  (27)  where t h e  s o l i d  c u r v e s  a r e  f o r  B = 0.371 and n = 3.11 i n  t h e  

expr  e s  s i o n s  

and 

By t a k i n g  n = 3.11 from t h e  d a t a  of f i g .  (26) and v a r y i n g  t h e  remaining 4 

pa ramete rs ,  a ,  b ,  Tc and 8 ,  one  can produce t h e  b e s t  f i t  l i n e s  of f i g .  

(27) .  The i n c r e a s e  i n  n w i t h  d e c r e a s i n g  t empera tu re  can b e  s e e n .  

One can  perform t h i s  a n a l y s i s  on Hc w i t h o u t  u s i n g  t h e  i n t e g r a l  method 

t o  o b t a i n  Hk. By assuming t h a t  t h e  form of Hk and 4'lrDMs i s  a s ' g i v e n  i n  



eq. (40) and (41) and u s i n g  eq.  (19) one can v a r y  a l l  f i v e  pa ramete rs .  The 

p r e c i s i o n  of t h i s  method i s  much l e s s ,  b u t  i t  h a s  t h e  m e r i t  t h a t  i t  i s  

independent  o f  t h e  i n t e g r a l  method. I n  t h i s  a n a l y s i s  i t  i s  n e c e s s a r y  t o  t a k e  

B a s  known. Whether we u s e  t h e  v a l u e  B = 0.368, which h a s  been assumed i n  

t h i s  l a b o r a t o r y  o v e r  many y e a r s  i n  p r e v i o u s  a n a l y s i s  of d a t a  f o r  [ lo01 

whiskers ,  o r  6 = 0.371 from t h e  above a n a l y s i s  makes l i t t l e  d i f f e r e n c e  i n  

what we o b t a i n  f o r  n. T h i s  is because  t h e  e r r o r  i n  n  i s  l a r g e  from t h e  

s t a t i s t i c s  of e x t r a c t i n g  t h e  s m a l l  a n i s o t r o p y  c o n t r i b u t  T r e s e n c e  of 

t h e  l a r g e r  47rDMs c o n t r i b u t i o n  t o  Hc. N e v e r t h e l e s s  one o b t a i n s  i n  t h i s  

manner n  = 3.3 f 0.6. 

The lower curve  i n  f i g .  (25) shows t h e  e x t r a c t e d  v a l u e s  of Hk i f  one 

assumes n  = 3.11 and B = 0.371 i n  f i t t i n g  t h e  d a t a  u s i n g  eq.  ( 1 9 ) ,  (40)  and 

(41) .  T h i s  shows t h a t  d e s p i t e  t h e  accuracy of t h e  d a t a  f o r  Hc, i t  i s  

d i f f i c u l t  t o  be p r e c i s e  i n  t h e  f i t  t o  Hk because  i t  i s  such a s m a l l  p a r t  o f  

Hc. T h i s  is why i t  i s  n e c e s s a r y  t o  u s e  t h e  i n t e g r a l  method f o r  p r e c i s i o n .  

4. Analysis :  Low Temperature 

The d a t a  i n  t h e  l a r g e  t empera tu re  i n t e r v a l  between room tempera tu re  and 

12' K below Tc cannot  b e  ana lyzed  by t h e  i n t e g r a l  method. The demagnet iz ing 

f i e l d  does n o t  s c a l e  wi th  t h e  magne t iza t ion  and a  c a n c e l l a t i o n  of t h e  a p p l i e d  

f i e l d  by t h e  demagnet iz ing f i e l d  does n o t  occur .  The a n a l y s i s  r e q u i r e s  a 

c o r r e c t i o n  f o r  t h e  dHD/dH c o n t r i b u t i o n s  t o  t h e  s i g n a l .  

Our approach is t o  model t h e  demagnet iz ing f i e l d  s o u r c e s  w i t h  a s e l f  

c o n s i s t e n t  d i s t r i b u t i o n  of magnet ic  c h a r g e  on t h e  s u r f a c e  of a c y l i n d e r .  The 



v a l i d i t y  of t h i s  can b e  checked by u s i n g  t h e  measured s i g n a l s  of t h e  3 c o i l s .  

The method r e l i e s  on our  knowledge of t h e  t empera tu re  dependence of Ms of 

i r o n  o v e r  t h e  f u l l  t e m p e r a t u r e  range.  T h i s  we have measured and r e p o r t  i n  

t h e  n e x t  s e c t i o n .  

A s  a t  high t e m p e r a t u r e s ,  t h e  problem i s  t o  e x t r a c t  Hk from t h e  

measured va lue  of Hc a t  each t empera tu re  accord ing  t o  eq. (19) .  I n  o t h e r  

words, t h e  problem i s  t o  de te rmine  t h e  demagnetizing f i e l d  HD = 4nDMs a t  

each t empera tu re .  The t e m p e r a t u r e  dependence of Ms h a s  been measured i n  a 

s e p a r a t e  experiment.  A s  w e l l  t h e  demagnet iz ing f a c t o r  D ,  through i t s  

dependence on on Xi ,  i s  dependent on temperature .  A s  t h e  t empera tu re  of an 

i r o n  whisker  is i n c r e a s e d ,  t h e  a n i s o t r o p y  q u i c k l y  d e c r e a s e s  c a u s i n g  a n  

i n c r e a s e  i n  xi .  T h i s  c a u s e s  t h e  d i s t r i b u t i o n  of m a g n e t i z a t i o n  a l o n g  t h e  

l e n g t h  of a whisker ,  j u s t  s a t u r a t e d  a t  i t s  c e n t r e ,  t o  become more q u a d r a t i c ,  

b r i n g i n g  a g r e a t e r  f r a c t i o n  of t h e  charge  from t h e  ends  t o  t h e  c e n t r e .  T h i s  

r e s u l t s  i n  an  i n c r e a s e d  D and HD a t  t h e  c e n t r e .  Thus, a s  t empera tu re  is  

i n c r e a s e d  from room t e m p e r a t u r e  t o  t h e  C u r i e  p o i n t ,  t h e  s t r e n g t h  of HD which 

i s  opposing t h e  a p p l i e d  f i e l d  f i r s t  i n c r e a s e s  i n  s t r e n g t h  due t o  a n  i n c r e a s e d  

D ,  and t h e n  subsequen t ly  d e c r e a s e s  a s  Ms more r a p i d l y  approaches  z e r o  n e a r  

Tc. Our c a l c u l a t i o n  below shows t h a t  HD a t  t h e  c e n t r e  r e a c h e s  a maximum 

v a l u e  a t  TITc = 0.92 (T = 690' C). 

We model t h e  whisker  a s  an  un tapered  long c y l i n d e r  of d i a m e t e r / l e n g t h  

r a t i o  p and uniform i n t r i n s i c  s u s c e p t i b i l i t y  xi. An e f f e c t i v e  d iamete r  f o r  

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

is  e q u a l  t o  t h a t  o f  t h e  sample. A uniform f i e l d  Hc i s  a p p l i e d  s o  t h a t  

t h e  c y l i n d e r  is j u s t  s a t u r a t e d  a t  i t s  c e n t r a l  c r o s s  s e c t i o n .  T h i s  r e s u l t s  i n  

a d i s t r i b u t i o n  of magnet ic  c h a r g e b i t  a r e a  o a long  t h e  c y l i n d e r  which is 



assumed t o  r e s i d e  on ly  on t h e  s i d e  s u r f a c e s  and t h e  ends .  These charges  a c t  

a s  t h e  s o u r c e s  of  a  demagne t i z ing  f i e l d  HD which opposes t h e  a p p l i e d  f i e l d .  

The sum of t h e  two i s  c a l l e d  t h e  i n t e r n a l  f i e l d  g iven by eq. (16)  

We assume t h a t  X i  i s  independent  of Hi. From our  p r e v i o u s  work a t  

room tempera tu re ,  we f i n d  t h a t  t h i s  is  roughly  t r u e ,  excep t  n e a r  t h e  c r i t i c a l  

p o i n t  where Hi = Hk. Here  x i  r i s e s  i n  a  s h a r p  s p i k e  ( s e e  f  i g e  ( 2 0 ) )  

There fo re  i n  our  n o d e l  t h i s  assumpt ion i s  c o r r e c t  except  a t  t h e  r e g i o n  of t h e  

c e n t r a l  c r o s s  s e c t  ion where Hi = Hk. A s  temperature  i s  i n c r e a s e d ,  t h e  

v a l i d i t y  of t h i s  assumpt ion o n l y  improves, a s  can be  s e e n  i n  f i g -  (231, 

u n t i l  t h e  c r i t i c a l  r e g i o n  j u s t  below Tc is reached.  

F o r  t h e  [ I l l ]  whisker ,  t h e  knee of t h e  magne t i za t ion  c u r v e  o c c u r s  f o r  MZ 

= M ~ I ~  The c o s i n e  of t h e  a n p l e  between t h e  [ I l l ]  z -ax i s  and s a y  t h e  

[ lo01 d i r e c t i o n  i s  116. Using t h e  above assumpt ion,  we can s a y  

M(z) t a k e s  a  maximum v a l u e  a t  t h e  c e n t r a l  c r o s s  s e c t i o n  of t h e  c y l i n d e r  

(2  = 0 )  and d r o p s  o f f  monoton ica l ly  toward t h e  ends.  Near t h e  ends  of t h e  

whisker ,  M Z  < M , I ~ ,  and Hi approaches  z e r o  a s  xi approaches  

i n f i n i t y .  However, we assume a  c o n s t a n t  xi  f o r  t h e  c y l i n d e r  and a l l o w  Hi 

t o  go n e g a t i v e .  T h i s  r e s u l t s ,  a s  w i l l  be s e e n  below, i n  an  i n a c c u r a c y  of t h e  

v a l u e  of Hi o v e r  a  d i s t a n c e  of 4% of t h e  l e n g t h  of t h e  whisker  a t  room 

tempera tu re .  Once a g a i n  t h e  e r r o r  r e s u l t i n g  from t h i s  assumpt ion i s  s m a l l  

and d e c r e a s e s  w i t h  i n c r e a s i n g  t empera tu re .  Assuming t h a t  t h e  x i  is s m a l l e r  

a t  t h e  ends  than  i t  a c t u a l l y  is, h a s  t h e  e f f e c t  of e x c l u d i n g  c h a r g e  away from 

t h e  c e n t r e .  T h i s  means t h a t  t h e  v a l u e  we c a l c u l a t e  f o r  HD(0) i s  t o o  s m a l l ,  



and t h e r e f o r e  we o v e r e s t i m a t e  Hk. However a s  t e m p e r a t u r e  i s  i n c r e a s e d ,  t h e  

xi a t  t h e  middle of t h e  whisker  approaches  t h e  Xi a t  t h e  ends ,  and t h i s  

e r r o r  goes  away. 

It i s  p o s s i b l e  i n  o u r  c a l c u l a t i o n  t o  i n t r o d u c e  a n  i n t e r f a c e  a t  t h e  

p o s i t i o n  where H(zIF) = r.ls/fl. F o r  1 > we can a l l o w  Hi = 0 and Xi t o  

go t o  i n f i n i t y .  We would have t o  p o s t u l a t e  how t o  h a n d l e  t h i s  i n t e r f a c e  i n  

t e rms  of i t s  shape and t h e  d i s t r i b u t i o n  of c h a r g e  on t h e  i n t e r f a c e  and on t h e  

s i d e s .  T h i s  would b e  h i g h l y  a r t i f i c i a l  s i n c e  we have no  e v i d e n c e  t h a t  such 

i n t e r f a c e s  e x i s t  i n  a p a r t i c u l a r  form. The s m a l l  improvement i n  t h e  accuracy  

of t h e  c a l c u l a t i o n  does  n o t  w a r r a n t  t h i s  approach.  

The computer c a l c u l a t i o n  we d e s c r i b e  h e r e  i s  ana logous  t o  t h e  one used 

by Bloomberg (1973) ( a l s o  Bloomberg and A r r o t t  (1975)) f o r  11001 o r i e n t e d  

c y l i n d e r s .  However s e v e r a l  d i f f e r e n c e s  a r e  n e c e s s a r y  t o  accommodate t h e  

[ I l l ]  o r i e n t a t i o n  and t h e  above assumpt ions .  

Rewr i t ing  eq. (42)  we have 

where we have s e t  t h e  a p p l i e d  f i e l d  t o  the c r i t i c a l  f i e l d  Hc,  t h a t  j u s t  
/ 

s a t u r a t e s  t h e  c e n t r e  o& t h e  whisker ,  which we have measured.  We l e t  t h e  

charge  d e n s i t y  on t h e  s i d e s  b e  D(z) and we assume a uniform c h a r g e  d e n s i t y  on 

t h e  ends  equa l  t o  send. These a c t  a s  t h e  s o u r c e s  of  t h e  demagne t i z ing  f i e l d  

which can  b e  e x p r e s s e d  a s  



where t h e  geometr ic  f a c t o r s  a r e  

and 

i n  t e rms  of d i m e n s i o n l e s s  v a r i a b l e s .  From Gauss' law,  we a l s o  have 

S ince  t h e  c e n t r e  of t h e  c y l i n d e r  is j u s t  a t  s a t u r a t i o n  we can u s e  eq.  

(47)  t o  e x p r e s s  Ms i n  t e rms  of t h e  charge  d e n s i t i e s ,  namely, Ms = 

M, ( 0 ) .  Thus we have 

F o r  t h e  purposes  of t h e  computer c a l c u l a t i o n ,  t h e  c y l i n d e r  i s  d i v i d e d  

i n t o  200 d i s k s .  The c a l c u l a t i o n  i s  done on 112 of t h e  c y l i n d e r  s i n c e  i t  i s  

symmetric about  i t s  c e n t r a l  c r o s s  s e c t i o n .  Thus t h e r e  a r e  101 l i n e a r  

e q u a t i o n s  i n  101  unknowns, t h e  100 s i d e  c h a r g e  d e n s i t i e s  b ( z )  and t h e  end 

charge  d e n s i t y  vend. The FORTRAN-called s u b r o u t i n e  LEOTlF which r e s i d e s  i n  



t h e  IMSL ( I n t e r n a t i o n a l  Mathemat ica l  and S t a t i s t i c a l  L i b r a r y )  i s  used t o  

s o l v e  t h e  e q u a t i o n s .  The r o u t i n e  performs Gauss ian e l i m i n a t i o n  w i t h  

e q u i l i b r a t i o n  and p a r t i a l  p i v o t i n g .  Once t h e  e q u a t i o n s  a r e  s o l v e d ,  we 

c a l c u l a t e  HD, Hi and Mz a l o n g  t h e  l e n g t h  o f  t h e  c y l i n d e r .  The r e q u i r e d  

i n p u t s  t o  t h e  program a r e  t h e  d i a m e t e r l l e n g t h  r a t i o p ,  t h e  i n t r i n s i c  X i ,  

and t h e  c r i t i c a l  f i e l d  Hc. I f  Hc i s  g iven  i n  o e r s t e d s ,  t h e n  s o  a r e  HD 

and Hi w h i l e  Mz is  i n  t e rms  of emu magnet moments/cm3 and is i n  emu 

2 chargelem . A l l  t h r e e  of t h e s e  u n i t s  a r e  t h e  same- 

The v a l u e  of P which we u s e  is o b t a i n e d  by measur ing t h e  l e n g t h  and 

w i d t h  of our  hexagonal  whisker  u s i n g  a n  o p t i c a l  microscope.  The w i d t h s  a r e  

measured w i t h  1% a c c u r a c y  a t  b e s t .  The v a l u e  of X i  which w e  u s e  is  v a r i e d  

t o  o b t a i n  t h e  v a l u e  MZ(0) = Ms which we have measured a t  each t empera tu re .  

T h i s  a n a l y s i s  h a s  been c a r r i e d  o u t  f o r  t h r e e  d i f f e r e n t  [ I l l ] - o r i e n t e d  

w h i s k e r s  a t  room tempera tu re .  The r e s u l t s  a r e  shown i n  t a b l e  ( 3 ) .  Samples 1 

and 3  have Hk v a l u e s  which a g r e e  w i t h i n  0.6% w h i l e  samples  1 and 2 a g r e e  

w i t h i n  2.3%. Sample 1 i s  t h e  whisker  used i n  t h e  approach t o  s a t u r a t i o n  

measurements. Sample 2  i s  t h e  whisker  used f o r  t h e  t e m p e r a t u r e  dependence 

measurements r e p o r t e d  i n  t h i s  s e c t  ion. 

We c a n  p o i n t  o u t  t h a t  t h i s  approach can b e  a p p l i e d  t o  [ I001 w h i s k e r s  t o  

m a g n e t i c a l l y  de te rmine  P .  S i n c e  xi is v e r y  l a r g e ,  one  can v a r y p  t o  o b t a i n  

t h e  p r o p e r  v a l u e  of Ms a t  t h e  c e n t r e .  Thus t h e  measurement of  t h e  l e n g t h  

of a  [ l o o ]  w h i s k e r  and i t s  d e p a r t u r e  f i e l d  can b e  used t o  compute an  

e f f e c t i v e  "diameter"  f o r  t h e  whisker .  

I n  our  c a s e  we f i r s t  a n a l y z e  t h e  h i g h e s t  t e m p e r a t u r e  d a t a  where we have 

p r e v i o u s l y  determined Hk and Xi by t h e  i n t e g r a l  t e c h n i q u e  d e s c r i b e d  i n  

t h e  s e c t i o n  above. Thus we can v a r y  p t o  o b t a i n  t h e  appropr iaTe  v a l u e  of 



Mz(0) f o r  t h e  p a r t i c u l a r  t e m p e r a t u r e  d a t a  b e i n g  examined. The v a l u e  of 

which we o b t a i n  i n  t h i s  way i s  1.68 x  lo'* which i s  i n  good agreement w i t h  

t h e  measured v a l u e  r e p o r t e d  i n  t a b l e  ( 3 ) .  W e  can u s e  t h i s  v a l u e  t o  a n a l y z e  

a l l  of  t h e  d a t a  down t o  room t e m p e r a t u r e  s i n c e  it i s  t e m p e r a t u r e  independen t -  

5. Discuss ion  of Measurements 

The f i n a l  r e s u l t s  of  o u r  measurements and a n a l y s i s  a r e  g i v e n  i n  t a b l e s  

( 4 )  and (5 ) .  The f i r s t  t a b l e  c o n t a i n s  t h e  r e s u l t s  of t h e  low t e m p e r a t u r e  

measurements up t o  18' K below Tc, and t h e  second t a b l e  t h e  r e s u l t s  a t  

h i g h e r  t e m p e r a t u r e s  up t o  0.5' below Tc. I n  t h i s  s e c t i o n  we d e s c r i b e  

t h e  o r i g i n  and u n c e r t a i n t y  of each of  t h e s e  q u a n t i t i e s .  The fundamenta l ly  

measured q u a n t i t i e s  i n  t h e s e  t a b l e s  a r e  t h e  t e m p e r a t u r e  r a t i o  TITc and t h e  

c r i t i c a l  f i e l d  Hc. The measurement of  I!, i s  d e s c r i b e d  i n  t h e  n e x t  

s e c t i o n .  The a n i s o t r o p y  f i e l d  Hk and demagnet iz ing f i e l d  HD a r e  o b t a i n e d  

by two methods of a n a l y s i s ,  one  f o r  t h e  h i g h  t e m p e r a t u r e  d a t a  and one f o r  t h e  

low t e m p e r a t u r e  d a t a .  These methods have been d e s c r i b e d  i n  t h e  l a s t  s e c t i o n -  

A f t e r  s u f f i c i e n t  t i m e  i s  a l lowed f o r  t h e  f u r n a c e  sys tem t o  s t a b i l i z e ,  

t h e  d r i f t  of t e m p e r a t u r e  i n  t i m e  becomes n e g l i g i b l y  small. T h i s  is 

p a r t i c u l a r l y  t r u e  f o r  t h e  t ime  i t  t a k e s  t o  measure t h e  c r i t i c a l  d e p a r t u r e  

f i e l d  of t h e  whisker  i n  bo th  d i r e c t i o n s  which is  less t h a n  one minute .  Two 

measurements of t e m p e r a t u r e  a r e  made s imul taneous ly .  A q u a r t z  ' thermometer 



moni to r s  t h e  r e f e r e n c e  j u n c t i o n  of t h e  thermocouple which i s  i n  the rmal  

e q u i l i b r i u m  w i t h  t h e  w a t e r  j a c k e t  of t h e  f u r n a c e .  The q u a r t z  thermometer 

measures i n  a b s o l u t e  d e g r e e  C e l s i u s  t o  b e t t e r  than  one m i l l i d e g r e e .  It i s  

p e r i o d i c a l l y  checked a g a i n s t  d i s t i l l e d  wa te r  a t  i t s  i c e  p o i n t .  The w a t e r  

j a c k e t  i s  t y p i c a l l y  a t  20•‹ C .  

The second measurement of  t empera tu re  i s  t h e  thermocouple  v o l t a g e .  A 

t y p e  S thermocouple (Pt-Pt  lO7Rh) i s  used which when c a l i b r a t e d  i s  s t i l l  a n  

i n t e r n a t i o n a l  s t a n d a r d  of  thermometry i n  t h e  t e m p e r a t u r e  i n t e r v a l  600 t o  

900' C .  U n f o r t u n a t e l y  t h i s  m a t e r i a l  "ages". The s e n s i t i v i t y  of t h e  

thermocouple s l o w l y  d e c r e a s e s  w i t h  t i m e  a s  t h e  rhodium forms a n  o x i d e  on t h e  

s u r f a c e  of t h e  thermocouple  w i r e .  T h i s  p r o c e s s  i s  v e r y  a tmosphere  dependent.  

A type  S thermocouple which h a s  been c a l i b r a t e d  i n  a i r ,  which is  t h e  u s u a l  

c a s e ,  shou ld  b e  used i n  a i r  f o r  a measurement. Obviously  t h i s  c r e a t e s  

d i f f i c u l t i e s  i n  exper iments  such a s  o u r s  which a r e  done i n  vacuum. 

Type S thermocouples  a r e  c a l i b r a t e d  by t h e  Heat  and Thermometry D i v i s i o n  

of t h e  N a t i o n a l  S c i e n c e  and Eng ineer ing  Research Counci l  of Canada (NSERC). 

T h i s  is done i n  a f u r n a c e  which is r e g u l a r l y  checked a g a i n s t  p r imary  

s t a n d a r d s  such a s  t h e  m e l t i n g  p o i n t  o f  s i l v e r .  I f  c a r e  i s  t a k e n  n o t  t o  

stress t h e  thermocouple and t o  employ t h e  same e x p e r i m e n t a l  environment ,  a  

measurement of  770' C can  be  made w i t h  an u n c e r t a i n t y  of 0.5'. T h i s  is 

done w i t h  a f i t  c u r v e  of a p a r t i c u l a r  f u n c t i o n a l  form which i s  p rov ided  by 

NF.C w i t h  each c a l i b r a t i o n .  T h i s  f i t  remains  r e l i a b l e  o n l y  o v e r  a few h i g h  

t e m p e r a t u r e  r u n s  and o v e r  a few months. It i s  dependent  on run d u r a t i o n ,  

t e m p e r a t u r e  c y c l i n g  and e x p e r i m e n t a l  atmosphere.  C l e a r l y  t h i s  l e a v e s  room 

f o r  p l e n t y  of improvement i n  thermometry i n  t h i s  t e m p e r a t u r e  reg ion .  NSERC 

i s  p r e s e n t l y  s t u d y i n g  t h e  r e l i a b i l i t y  and accuracy  of h i g h  t e m p e r a t u r e  



pla t inum r e s i s t a n c e  thermometers f o r  u s e  a s  a s t a n d a r d  above 600•‹ C. 

A t  t h i s  p o i n t  we can mention t h e  l a c k  of a p r imary  s t a n d a r d  t e m p e r a t u r e  

p o i n t  i n  t h e  v i c i n i t y  of t h e  C u r i e  p o i n t  of  i r o n  (770•‹ C). T h i s  i n v i t e s  

t h e  s u g g e s t i o n  of A r r o t t  and H e i n r i c h  t o  e s t a b l i s h  t h e  C u r i e  p o i n t  of  h i g h  

p u r i t y  i r o n  a s  such a p r imary  p o i n t .  There  h a s  been some i n t e r e s t  from 

s t a n d a r d s  a g e n c i e s  a l o n g  t h e s e  l i n e s .  The problem i s  n o t  t h e  l a c k  of sample  

m a t e r i a l .  H e i n r i c h  and A r r o t t  have been s t u d y i n g  [ l o o ]  o r i e n t e d  i r o n  

w h i s k e r s  n e a r  t h e  C u r i e  p o i n t  o v e r  many years .  They have s t u d i e d  w h i s k e r s  

grown i n  a t  l e a s t  t h r e e  d i f f e r e n t  l a b o r a t o r i e s .  I n  an exper iment  t h e y  c a n  

t a k e  t h r e e  w h i s k e r s  of  d i f f e r e n t  d iamete r  t o  l e n g t h  r a t i o s  and s i m u l t a n e o u s l y  

moni to r  t h e  t e m p e r a t u r e  dependence of t h e  t h r e e  d e p a r t u r e  f i e l d s .  

Temperature i s  a l lowed  t o  d r i f t  a t  a  c o n s t a n t  r a t e  i n  t ime  upward and th rough  

t h e  C u r i e  p o i n t .  The t e m p e r a t u r e s  a t  which t h e  t h e  d e p a r t u r e  f i e l d  of each 

of t h e s e  w h i s k e r s  goes  t o  z e r o  a g r e e  t o  w i t h i n  3 m i l l i d e g r e e s  a t  1043' K. 

( T h i s  same measurement h a s  been conducted w i t h  one [ I l l ]  o r i e n t e d  i r o n  

w h i s k e r  and two [I001 o r i e n t e d  whiskers .  The Tc of t h e  [ I l l ]  w h i s k e r  was 

70 mdeg lower  than t h e  Tc's of  t h e  [ l o o ]  whiskers  which a g r e e  w i t h i n  10  

mdeg w i t h  each o t h e r  .) The e s t a b l i s h m e n t  o f  t h e  C u r i e  p o i n t  o f  i r o n  a s  a 

p r imary  t empera tu re  p o i n t  a w a i t s  o n l y  t h e  c a r e f u l  and r e p e a t e d  measurement of  

such d e p a r t u r e  f i e l d s  a g a i n s t  a r e l i a b l e  thermometer.  

I n  our  measurements we u s e  t h e  thermocouple i n  vacuum. The thermocouple  

v o l t a g e  is  measured w i t h  a 6 d i g i t  v o l t m e t e r  i n  b o t h  s e n s e s  t o  check t h e  z e r o  
, 

o f f s e t  of  t h e  v o l t m e t e r .  The measurement i s  made t o  an  a c c u r a c y  of 1 

m i c r o v o l t  which c o r r e s p o n d s  t o  O.1•‹ n e a r  Tc. Along w i t h  t h e  r e a d i n g  of  

t h e  q u a r t z  thermometer t h i s  measurement i s  conver ted  t o  t e m p e r a t u r e  i n  OC 

u s i n g  a s t a n d a r d  thermocouple  t a b l e .  



A s  w e l l ,  t h e  a p p a r e n t  Tc is measured by a l l o w i n g  t h e  t empera tu re  t o  

d r i f t  l i n e a r l y  i n  t ime  up and through Tc. The c r i t i c a l  f i e l d  Hc ,  

thermocouple v o l t a g e ,  r e f e r e n c e  t empera tu re  and t i m e  a r e  recorded  i n  r e g u l a r  

i n t e r v a l s .  The sweep i n  t empera tu re  i s  made over  approx imate ly  3O C i n  a 

p e r i o d  of t ime of about  4 hours .  I n i t i a l l y  t h e  i n t e r v a l  between measurements 

is 3 minutes .  However t h i s  i s  g r a d u a l l y  decreased.  When Hc is changing 

most r a p i d l y  j u s t  below Tc, a measurement is  t a k e n  every  10 seconds .  

I d e a l l y  t h e  sweep i n  t e m p e r a t u r e  is  l i n e a r  i n  t ime and s o  t i m e  i t s e l f  becomes 

t h e  measure of t empera tu re .  A s  w e l l ,  t h e  r e f e r e n c e  j u n c t i o n  t e m p e r a t u r e  h a s  

n o t  changed by more than a few hundred ths  of a degree .  By making a p l o t  of 

H ) ,  where t h e  c r i t i c a l  exponent 6 = 0.368, v e r s u s  t i m e ,  t h e  t i m e  when 

T r e a c h e s  Tc, and t h e r e f o r e  Tc is determined. 

F o r  t h e  d a t a  r e p o r t e d  i n  t a b l e s  ( 4 )  and ( 5 ) ,  t h e  a p p a r e n t  Tc which 

r e s u l t e d  i s  763.7' C. T h i s  is c l e a r l y  d i f f e r e n t  from t h e  t r a d i t i o n a l l y  

accep ted  v a l u e  of 770' C.  The s e n s i t i v i t y  of t h e  thermocouple is decreased  

due t o  t h e  rhodium o x i d a t i o n  on t h e  s u r f a c e  of t h e  thermocouple  mentioned 

above-  To h a n d l e  t h i s  d i f f i c u l t y ,  we c a r r i e d  o u t  t h e  f o l l o w i n g  c a l i b r a t i o n  

procedure .  W e  f i t  t h e  f o l l o w i n g  f u n c t i o n  t o  a s t a n d a r d  - t y p e  S thermocouple 

t a b l e :  

With our  f i t  p a r a m e t e r s ,  



we can g e n e r a t e  t h e  s t a n d a r d  t a b l e  t o  w i t h i n  5 m i c r o v o l t s  o v e r  t h e  f u l l  range 

from 0 t o  770' C .  The s t a n d a r d  t y p e  S thermocouple t a b l e  which we u s e  is  

t a b l e  53  on pages  204-5 of t h e  "Manual on t h e  Use of Thermocouples i n  

Temperature Measurement, 1974". The t a b l e  is  i n  lo C i n t e r v a l s  from -50 t o  

1760' C w i t h  t h e  r e f e r e n c e  j u n c t i o n  a t  0' C. The emf v a l u e s  a r e  g iven  i n  

a b s o l u t e  m i c r o v o l t s  t o  an accuracy  of one mic rovo l t  and t e m p e r a t u r e s  a r e  i n  

degrees  C (IPTS 1968). 

We can  make t h e  above f i t  u s i n g  j u s t  t h e  f i r s t  two terms of eq. (49)  t o  

t h e  Pt-Ptl3%Rh thermocouple i n  t h e  same manual. We f i n d  t h a t  a i s  

i n s e n s i t i v e  t o  t h e  t h e  d i f f e r e n c e  i n  t h e  rhodium c o n t e n t .  T h e r e f o r e  we can 

do a one parameter  f i t  of eq. (49)  a d j u s t i n g  on ly  b t o  o b t a i n  t h e  emf a t  

770' C i n  t h i s  t a b l e .  T h i s  f i t  a g r e e s  w i t h  t h e  Pt-Ptl3XRh thermocouple 

t a b l e  t o  w i t h i n  lo C o v e r  t h e  f u l l  range.  

I n  l i g h t  of t h i s  s u c c e s s  we s imply c a l c u l a t e  a v a l u e  b s o  t h a t  o u r  emf 

a t  Tc corresponds t o  770' C and g e n e r a t e  o u r  own thermocouple t a b l e .  

T h i s  t a b l e  is used t o  de te rmine  t h e  T/Tc v a l u e s  of t a b l e  ( 4 ) .  The v a l u e  of 

b used i s  

The maximum u n c e r t a i n t y  i n  T/Tc v a l u e s  is e s t i m a t e d  t o  b e  0.1% f o r  t h e  



v a l u e s  of t a b l e  ( 4 ) .  

The u n c e r t a i n t y  i n  t h e  T/Tc v a l u e s  a t  h i g h e r  t e m p e r a t u r e s  shown i n  

t a b l e  ( 5 )  i s  much s m a l l e r .  Here  t h e  v a l u e s  of Tc-T a r e  de te rmined  v e r y  

a c c u r a t e l y  from t h e  measured Hc v a l u e s  and t h e  power law f i t  of Hc v s  

Tc-T f o r  t h e  l i n e a r  t e m p e r a t u r e  sweep. The u n c e r t a i n t y  v a l u e s  i n  T/Tc 

a r e  e s t i m a t e d  assuming a n  u n c e r t a i n t y  i n  Tc of one degree .  

The measurement of  t h e  c r i t i c a l  d e p a r t u r e  f i e l d s  i s  made w i t h  a B e l l  

model 620 H a l l  probe w i t h  a 1 X  probe.  The i n s t r u m e n t  i s  used  on t h e  1000, 

300, 100, 30, o r  10 o e  range  a c c o r d i n g  t o  t h e  s i z e  of f i e l d  t o  be  measured. 

F u l l  s c a l e  d e f l e c t i o n  cor responds  t o  one v o l t  o u t p u t  which is  measured t o  one 
k 

m i l l i v o l t  w i t h  a Fluke 4.5 d i g i t  mul t ime te r .  The l i n e a r i t y  of t h e  H a l l  p robe  

i s  t e s t e d  a g a i n s t  t h e  c u r r e n t  producing a f i e l d  i n  a p a i r  of matched 

Helmholtz c o i l s .  A random s c a t t e r  of d a t a  about  a s t r a i g h t  l i n e  f i t  o v e r  a 

range  of FS d e f l e c t i i o n  i n  b o t h  d i r e c t i o n s  is  found. The s c a t t e r  i s  w i t h i n  

0.1% of f u l l  s c a l e .  T h i s  test a l s o  compares t h e  s c a l e  d e f l e c t i o n s  f o r  t h e  

same f i e l d  on d i f f e r e n t  r a n g e  s e t t i n g s .  

Measurements of t h e  d c  f i e l d  a p p l i e d  i n  bo th  d i r e c t i o n s  a l o n g  t h e  l e n g t h  

of t h e  whisker  which j u s t  s a t u r a t e s  t h e  c e n t r e  of t h e  whisker  a r e  made. The 

magnitudes of t h e s e  f i e l d s  a r e  averaged t o  e l i m i n a t e  t h e  z e r o  o f f s e t  of  t h e  

H a l l  probe.  The p robe  is n o t  i n  c l o s e  p r o x i m i t y  t o  t h e  sample  s i n c e  t h e y  a r e  

s e p a r a t e d  by t h e  r a d i u s  of t h e  f u r n a c e .  A s e p a r a t e  measurement of  Hc i s  

made b e f o r e  t h e  sample  i s  mounted i n  t h e  f u r n a c e .  The f i e l d  measurements 

made w i t h  t h e  sample  i n  t h e  f u r n a c e  a r e  then  s c a l e d  a c c o r d i n g l y .  T h i s  



compensates f o r  t h e  e f f e c t  of t h e  f i e l d  g r a d i e n t  o v e r  t h e  d i s t a n c e  between 

t h e  sample and t h e  H a l l  probe.  

The H a l l  p robe  is  c a l i b r a t e d  i n  t h e  f o l l o w i n g  way. A f l u x  probe is used 

t o  measure t h e  f i e l d  of a l a r g e  f a c e ,  s m a l l  gap e lec t romagne t  w h i l e  a 

s imul taneous  measurement is  made w i t h  t h e  H a l l  probe.  Measurements a r e  made 

f o r  t h e  nominal f i e l d s  of 0 t o  1500 oe  i n  100 oe  i n t e r v a l s .  The f l u x  p robe  

c o n s i s t s  of a s m a l l  c y l i n d e r  of aluminum of v e r y  uniform d iamete r  on which is  

wound 380 t u r n s  of no. 50 copper wi re .  Upon r e v e r s i n g  t h i s  c o i l  i n  t h e  

f i e l d  of t h e  magnet t h e  change i n  f l u x  i s  measured w i t h  an i n t e g r a t i n g  

d i g i t a l  v o l t m e t e r  i n  mVs. F o r  each f i e l d ,  s e v e r a l  measurements a r e  made, 

averaged,  and a f i e l d  v a l u e  i s  c a l c u l a t e d .  T h i s  p r o v i d e s  a s t r a i g h t  l i n e  

c a l i b r a t i o n  c u r v e  f o r  t h e  H a l l  probe.  T h i s  i n  t u r n  i s  used t o  measure t h e  

d e p a r t u r e  f i e l d  of our  sample which then  becomes a s u i t a b l e  ins t rument  

s t a n d a r d  i t s e l f .  The d e p a r t u r e  f i e l d  of our  sample i s  

a t  room temperature .  T h i s  more o r  l e s s  r e p r e s e n t s  t h e  accuracy  of t h e  Hc 

v a l u e s  given i n  t a b l e s  ( 4 )  and (5) .  The accuracy i s  main ta ined  t o  t h e  

s m a l l e s t  f i e l d s  i n  t a b l e  ( 5 )  w i t h  power law f i t s  of t h e  f i e l d  a g a i n s t  

temperature .  

These v a l u e s  of t h e  spon taneous  magne t iza t ion  of i r o n  a r e  o b t a i n e d  a t  

each t empera tu re  from a f i t  of t h e  d e p a r t u r e  f i e l d  of a [ l o o ] - o r i e n t e d  



whisker  v e r s u s  t empera tu re .  T h i s  exper iment  and f i t  a r e  d e s c r i b e d  i n  t h e  

f o l l o w i n g  s e c t  ion on t h e  t e m p e r a t u r e  dependence of Ms f o r  i r o n .  These 

v a l u e s  have a n  u n c e r t a i n t y  of 0.1%. 

The u n c e r t a i n t y  i n  HD(0),  t h e  c a l c u l a t e d  demagne t i z ing  f i e l d  a t  t h e  

c e n t r e  of t h e  whisker ,  c a n  b e  e s t i m a t e d  i n  a  s i m p l e  way. The g r e a t e s t  

c o n t r i b u t i o n  t o  i ts  u n c e r t a i n t y  w i t h i n  t h e  l i m i t a t i o n s  of  o u r  model i s  t h e  

u n c e r t a i n t y  i n  our  measurement of t h e  t h i c k n e s s  of t h e  whisker .  Doubling 

t h i s ,  s i n c e  HD i s  p r o p o r t i o n a l  t o  t h e  t h i c k n e s s  squared ,  g i v e s  u s  

~ H ~ / H ~  = 3.3%. From o u r  room t e m p e r a t u r e  d a t a ,  Hg = -3.98 +, 0.13 oe.  

Combining t h i s  w i t h  t h e  u n c e r t a i n t y  i n  Hc g i v e s  u s  HK = 413.0 f 0.5 o e  

( o r  + 0.12X). F o r  t h e  h i g h e s t  t empera tu re  p o i n t  i n  t a b l e  ( 4 ) ,  HD =-7.60 2 

0.25 o e ,  g i v i n g  HK = 1.00 f. 0.3 oe.  T h i s  is  a  g r o s s  o v e r e s t i m a t i o n  of t h e  

u n c e r t a i n t y  i n  HK a t  t h i s  t e m p e r a t u r e  s i n c e  we d i d  n o t  r e l y  s o l e l y  on t h e  

measured v a l u e  of p .  We a c t u a l l y  u s e  a v a l u e  of p which a l l o w s  t h e  low 

t e m p e r a t u r e  t o  e x t r a p o l a t e  smoothly  upwards i n t o  o u r  more p r e c i s e  h i g h  

t e m p e r a t u r e  d a t a .  The v a l u e  of p we choose is  w i t h i n  t h e  e r r o r  b a r s  of  o u r  

measured va lue .  

I n  t h e  i n t e g r a l  method which we u s e  f o r  t h e  h i g h  t e m p e r a t u r e  d a t a  we do 

n o t  need t o  c a l c u l a t e  HD(0). HK i s  determined d i r e c t l y ,  and t h e n  i f  

d e s i r e d ,  HD(0) i s  c a l c u l a t e d  by s imply  s u b t r a c t i n g  HK from Hc. 



F o r  t h e  low tempera tu re  a n a l y s i s  based on our  model, HK i s  c a l c u l a t e d  

by s imply s u b t r a c t i n g  t h e  c a l c u l a t e d  HD (0)  from t h e  measured Hc. 

E s t i m a t e s  of e r r o r s  a r e  g iven  above. 

However f o r  t h e  h i g h  t empera tu re  d a t a ,  HK i s  determined more d i r e c t l y  

u s i n g  t h e  i n t e g r a l  method. S i n c e  Hc and t h e  s i g n a l  a t  z e r o  f i e l d  Vo a r e  

determined most a c c u r a t e l y ,  t h e  main c a u s e  of u n c e r t a i n t y  i s  t h e  i n a c c u r a c y  

of performing t h e  i n t e g r a t i o n  of t h e  s m a l l  s i g n a l  Vo-V a g a i n s t  f i e l d .  We 

e s t i m a t e  t h e  u n c e r t a i n t y  i s  no g r e a t e r  than 10%. 

6 .  R e s u l t s  

The c r i t i c a l  d e p a r t u r e  f i e l d  Hc f o r  a  [ I l l ] - o r i e n t e d  whisker  h a s  been 

measured a s  a  f u n c t i o n  of t empera tu re  from room t e m p e r a t u r e  t o  j u s t  below t h e  

C u r i e  p o i n t  Tc. T h i s  f i e l d  h a s  been analyzed t o  e x t r a c t  t h e  a n i s o t r o p y  

f i e l d  HK a t  each t empera tu re .  These r e s u l t s  a r e  g iven  i n  t a b l e s  ( 4 )  and 

( 5 ) .  T a b l e  ( 4 )  c o n t a i n s  t h e  r e s u l t s  from room t e m p e r a t u r e  t o  18' K below 

Tc. These d a t a  a r e  o b t a i n e d  by a  method of a n a l y s i s  which models t h e  

whisker  a s  a  c y l i n d e r  of uniform s u s c e p t i b i l i t y .  Tab le  (5)  c o n t a i n s  t h e  

r e s u l t s  from 11' below Tc t o  0.5' below Tc. These d a t a  a r e  ana lyzed  

by i n t e g r a t i n g  t h e  a r e a  under  t h e  measure s u s c e p t i b i l i t y  curves .  

Also g i v e n  i n  t h e  t a b l e s  is t h e  demagnet iz ing f i e l d  HD(0) a t  t h e  

c e n t r e  of t h e  whisker  j u s t  a s  t h e  whisker  i s  s a t u r a t e d  a t  i t s  c e n t r e .  I n  

t a b l e  ( 5 ) ,  t h e  a n i s o t r o p y  i s  s u f f i c i e n t l y  s m a l l  t h a t  HD(0) f o l l o w s  t h e  



m a g n e t i z a t i o n  Ms. However t h i s  is  n o t  t r u e  f o r  t h e  v a l u e s  i n  t a b l e  ( 5 )  a t  

lowqkr t empera tu res .  Here  t h e  demagnet iz ing f a c t o r  D i s  chang ing  

s i g n i f i c a n t l y  w i t h  t e m p e r a t u r e  a s  t h e  d i s t r i b u t i o n  of magne t i c  c h a r g e  a l o n g  

t h e  whisker  a l t e r s .  

F o r  completeness ,  v a l u e s  of  t h e  spontaneous  m a g n e t i z a t i o n  Es a r e  g i v e n  

i n  b o t h  t a b l e s .  These v a l u e s  a r e  used a s  p a r t  of  t h e  a n a l y s i s  of t h e  d a t a  of 

t a b l e  ( 4 ) ,  b u t  no t  i n  t h e  a n a l y s i s  of t a b l e  (5) a t  h i g h e r  t empera tu res .  

These v a l u e s  a r e  o b t a i n e d  from a  f i t  t o  o u r  measurement of  Ms d e s c r i b e d  i n  

t h e  n e x t  s e c t i o n .  

Graphs of t h e  h i g h e r  t e m p e r a t u r e  d a t a  have been d e s c r i b e d  above.  F ig .  

(26)  shows a  p l o t  of  HK v e r s u s  HD(0) r a i s e d  t o  t h e  t h i r d  power. Data  

o v e r  t h e  lo K i n t e r v a l  below Tc i n d i c a t e  a  t h i r d  power law w h i l e  a  power 

of 3.11 f i t s  b e t t e r  t o  t h e  d a t a  i n  t h e  2O K i n t e r v a l  below Tc. 

Fig .  (27)  shows p l o t s  of HK and HD v e r s u s  T-Tc o v e r  t h e  11' K 

i n t e r v a l  below Tc. T h i s  d a t a  i s  con ta ined  i n  t a b l e  ( 5 ) .  The s o l i d  c u r v e s  

a r e  t h e  a p p r o p r i a t e  power laws u s i n g  t h e  exponents  nB and ,f3 where = 0.371 

and n  = 3.11. Even i n  t h i s  s m a l l  t e m p e r a t u r e  i n t e r v a l  t h e r e  i s  a n  i n d i c a t i o n  

t h a t  n  i s  i n c r e a s i n g  a s  t e m p e r a t u r e  d e c r e a s e s .  

Fig .  (28)  shows a  log- log p l o t  of  HK v e r s u s  Ms no rmal ized  t o  t h e i r  

r e s p e c t i v e  z e r o  t e m p e r a t u r e  v a l u e s .  The z e r o  t e m p e r a t u r e  v a l u e  f o r  HK was 

c a l c u l a t e d  from t h e  d a t a  of  Gengnagel and Pofmann (1968) and f o r  Ms from 

t h e  d a t a  o f  Crang le  and Goodman (1971).  A l l  of  t h e  d a t a  of  t a b l e  ( 4 )  a t  

lower  t empera tu res  and f i v e  p o i n t s  from t a b l e  (5)  a r e  shown. The t e m p e r a t u r e  

TITc of each p o i n t  i s  i n d i c a t e d  a l t h o u g h  more a c c u r a t e  v a l u e s  can b e  

o b t a i n e d  from t h e  t a b l e s .  S t r a i g h t  dashed l i n e s  a t  h i g h  and low t e m p e r a t u r e s  

i n d i c a t e  t h e  v a l u e  of t h e  power law exponent n .  The v a l u e  n  = 11 a t  lower  



t empera tu res  is much h i g h e r  than  t h e  u s u a l l y  expected v a l u e  n  = 9.0. A t  h igh 

t empera tu res  n  = 3.1 i s  v e r y  c l o s e  t o  t h e  expected v a l u e  of n  = 3.0. 

Also shown as a  s o l i d  c u r v e  i s  t h e  t h e o r e t i c a l  curve  of C a l l e n  and 

C a l l e n  (1966). T h i s  c a l c u l a t i o n  is  expected t o  work w e l l  f o r  a  ferromagnet  

w i t h  l o c a l i z e d  moments, b u t  n o t  f o r  an  i t i n e r a n t  ferromagnet  such a s  i r o n .  

The c a l c u l a t i o n  does  produce t h e  t h i r d  and n i n t h  power laws a t  h igh and low 

tempera tu res .  A b r i e f  review of t h e  t h e o r e t i c a l  work i n  t h i s  a r e a  i s  g iven  

i n  t h e  d i s c u s s i o n  below. 

F i n a l l y  i n  f i g .  (29) a  comparison i s  made of o u r  r e s u l t s  w i t h  t h o s e  of 

Gengnagel and Hofmann. A p l o t  of our  lower t empera tu re  Hk d a t a  from room 

tempera tu re  t o  18' below Tc is given.  The r e s o l u t i o n  of t h e  graph does  

n o t  a l low u s  t o  show our  h i g h e r  t empera tu re  v a l u e s  j u s t  below Tc. Also  

shown a r e  t h e  r e s u l t s  of a  mean f i e l d  c a l c u l a t i o n  u s i n g  t h e  K1, K2  and 

K3 v a l u e s  of Gengnagel and Hofmann. We have f i t  t h e i r  K2  and Kg d a t a  

a g a i n s t  temperature .  Then f o r  each t empera tu re  where t h e y  r e p o r t  a  K1 

v a l u e ,  we have c a l c u l a t e d  t h e  upper  c r i t i c a l  f i e l d  Hc a c c o r d i n g  t o  t h e  
1 

mean f i e l d  t h e o r y  d e s c r i b e d  p r e v i o u s l y .  The agreement between o u r  r e s u l t s  

and t h e s e  c a l c u l a t e d  v a l u e s  is good, d e s p i t e  t h e  f a c t  t h a t  t h e  t e c h n i q u e s  of 

measuring t h e  two s e t s  of d a t a  a r e  q u i t e  d i f f e r e n t .  A d i s c u s s i o n  of t h e  

t o r q u e  curve  method used by Gengnagel and Hofmann and o t h e r s  is g iven  n e x t .  

Bhagat and R o t h s t e i n  (1972) have r e p o r t e d  5 v a l u e s  of K1/Ms 

determined from t h e i r  FMR measurements on i r o n  whiskers .  We have c a l c u l a t e d  

upper  c r i t i c a l  f i e l d  v a l u e s  f o r  t h e s e  and p l o t t e d  them i n  f i g .  (29) a s  w e l l .  

Good agreement w i t h  our  r e s u l t s  i s  found a s  w e l l .  T h i s  t e c h n i q u e  of 

de te rmin ing  t h e  a n i s o t r o p y  i s  d i s c u s s e d  a l s o  i n  t h e  nex t  s e c t i o n .  

F i n a l l y  we show i n  f i g .  (29)  two c a l c u l a t e d  c u r v e s  of t h e ' a n i s o t r o p y  



f i e l d  v e r s u s  t empera tu re .  These a r e  based on t h e  s i n g l e  i o n  t h e o r y  of C a l l e n  

and C a l l e n .  Good agreement w i t h  t h e  exper imenta l  d a t a  i s  n o t  found,  b u t  t h i s  

is  n o t  expected.  An e x p l a n a t i o n  of t h e s e  c u r v e s  is g i v e n  below i n  t h e  

s e c t i o n  on t h e  d i s c u s s i o n  of t h e  r e s u l t s .  

7. O ther  Methods of Measuring t h e  Aniso t ropy  

Here  we b r i e f l y  d e s c r i b e  two o t h e r  methods of measur ing t h e  a n i s o t r o p y  

c o n s t a n t s  of a f e r r o m a g n e t i c  m a t e r i a l .  Each h a s  i t s  own advan tages .  Both 

methods produce r e s u l t s  which a r e  i n  agreement w i t h  ours .  

@ 

The Torque Curve Method 

The most commonly used t e c h n i q u e  t o  e x t r a c t  t h e  t e m p e r a t u r e  dependence 

of t h e  a n i s o t r o p y  c o n s t a n t s  is  t h e  t o r q u e  c u r v e  method. T h i s  t e c h n i q u e  was 

used by Gengnagel and Hofmann (1968) t o  de te rmine  t h e  t e m p e r a t u r e  dependence 

of K1, K2 and Kg of i r o n  o v e r  a wide range of t e m p e r a t u r e  from 20' K 

t o  approx imate ly  950' K. T h i s  is t h e  most complete  s e t  of d a t a  on t h e  

a n i s o t r o p y  of i r o n  t o  d a t e  which h a s  been r e p o r t e d  i n  t h e  l i t e r a t u r e .  A s  can 

be  s e e n  from f i g .  (29)  our  r e s u l t s  a r e  i n  agreement w i t h  t h e i r s .  

K l e i n  and K n e l l e r  (1966) r e p o r t  t o r q u e  curve  measurements of K1 which 

a r e  i n  agreement w i t h  t h o s e  of Gengnagel and Hofmann. They emphasize t h a t  i t  

i s  impor tan t  t o  r e p o r t  t h e  f i e l d  i n  which t h e  a n i s o t r o p y  i s  measured. They 

e x t r a p o l a t e  t h e i r  measurement t o  o b t a i n  z e r o  f i e l d  r e s u l t s  and r e p o r t  t h e  

f i e l d  dependence of K1. 



Weste r s t rand  e t  a l .  (1975) have measured K1 of i r o n  and of  

i r o n - s i l i c o n  a l l o y s  a t  low tempera tu res .  They have s t u d i e d  t h e  dependence of 

K1 on t h e  c o n c e n t r a t i o n  of s i l i c o n  i n  i r o n .  

There  a r e  numerous e a r l i e r  measurements of t h e  a n i s o t r o p y  of i r o n  

(Bozor th  1936, Bozorth and Wil l iams 1941, S a t o  and Chandrasekhar  1957, Graham 

1958).  S e v e r a l  of t h e s e  c e n t r e d  on t h e  c o n t r o v e r s y  abou t  t h e  ~ a g n i t u d e  and 

s i g n  of K2.  I t  i s  now g e n e r a l l y  accep ted ,  based  on t h e  r e s u l t s  of 

Gengnagel and Hofmann, t h a t  K2 i s  n e g a t i v e  and K3 i s  p o s i t i v e  o v e r  t h e  

f u l l  t e m p e r a t u r e  range.  However both  a r e  s u f f i c i e n t l y  s m a l l  t h a t  f o r  most 

a p p l i c a t i o n s  they  c a n  b e  ignored  compared t o  K1 i n  micromagnet ic  

e x p r e s s i o n s  of  t h e  energy.  I n  f i g .  (29 )  we have graphed t h e  a n i s o t r o p y  f i e l d  

c a l c u l a t e d  a c c o r d i n g  t o  eq. (23)  u s i n g  a l l  t h r e e  a n i s o t r o p y  c o n s t a n t s .  I f  

o n l y  t h e  K1 term had been used,  t h e  c a l c u l a t e d  a n i s o t r o p y  f i e l d  would have 

been two p e r c e n t  s m a l l e r  a t  t h e  l o w e s t  t empera tu res .  A s  w e l l ,  t h e  K1 

v a l u e s  used i n  t h i s  c a l c u l a t i o n  a r e  t h o s e  o b t a i n e d  from a n  e x t r a p o l a t i o n  t o  

i n f i n i t e  f i e l d s .  I f  t h e  z e r o  f i e l d  v a l u e s  of Gengnagel and Hofmann had been 

used,  t h e  c a l c u l a t e d  a n i s o t r o p y  would have been two p e r c e n t  s m a l l e r  a t  low 

t emperatures .  

The t o r q u e  c u r v e  method i n v o l v e s  u s i n g  a  d e v i c e  c a l l e d  a  t o r q u e  

magnetometer. A s i n g l e  c r y s t a l  sample i s  suspended on a  f i b r e  w i t h  good 

t o r s i o n a l  p r o p e r t i e s  between t h e  p o l e  f a c e s  of  an e lec t romagne t .  The sample 

i s  a l lowed  t o  t w i s t  on t h e  f i b r e ,  b u t  n o t  al lowed t o  move towards  one of t h e  

p o l e  f a c e s .  The c r y s t a l  i s  c u t  i n t o  t h e  shape  of a  s p h e r e  o r  d i s k  s o  t h a t  

c o r r e c t i o n s  f o r  demagne t i z ing  e f f e c t s  can b e  made e a s i l y .  The c r y s t a l  i s  

o r i e n t e d  s o  t h a t  t h e  p l a n e  of r o t a t i o n  is  one of t h e  symmetry p l a n e s  w i t h  low 

M i l l e r  i n d i c e s .  I n  t h e  c a s e  of a  c u b i c  f e r romagne t  such a s  i r o n  o r  n i c k e l  



t h i s  would b e  a  ( l o o ) ,  (110) o r  (111) p lane .  

A  s t r o n g  f i e l d  is  a p p l i e d  t o  t h e  sample which c a u s e s  t h e  magne t iza t ion  

of t h e  v a r i o u s  domains t o  a l i g n  a s  n e a r l y  p a r a l l e l  t o  t h e  f i e l d  a s  p o s s i b l e .  

Because of t h e  a n i s o t r o p y ,  t h i s  r e s u l t s  i n  a  t o r q u e  on t h e  sample which 

causes  i t  t o  r o t a t e  on t h e  f i b r e .  The t o r s i o n  c o n s t a n t  o f  t h e  f i b r e  i s  

s e l e c t e d  s o  t h a t  s m a l l  a n g u l a r  d i sp lacements  of no more t h a n  5 degrees  a r e  
/ 

achieved.  T h i s  a n g u l a r  d isplacement  is  a  measure of t h e  t o r q u e  on t h e  

sample* A l t e r n a t i v e l y  a  compensating t o r q u e  can b e  a p p l i e d  t o  t h e  sample s o  

t h a t  t h e r e  i s  no a n g u l a r  d isplacement  i n  t h e  l a b o r a t o r y .  The magnitude of 

t h e  compensating t o r q u e  i s  then  t h e  t o r q u e  on t h e  sample  due t o  

magne tocrys ta l  l i n e  a n i s o t r o p y .  

The t o r q u e  on t h e  sample i s  measured a s  a  f u n c t i o n  of t h e  a n g u l a r  

d i r e c t i o n  of t h e  a p p l i e d  f i e l d .  A s  a  s i m p l e  example c o n s i d e r  t h e  (100) p l a n e  

of i r o n .  T h i s  h a s  four - fo ld  r o t a t i o n a l  symmetry. I f  (Q i s  t h e  a n g l e  t h a t  t h e  

magne t iza t ion  Ms makes w i t h  one of t h e  f o u r  e a s y  d i r e c t i o n s  i n  t h i s  p l a n e ,  

t h e n  t h e  t o r q u e l u n i t  volume due t o  t h e  a n i s o t r o p y  i s  g iven  by 

where Ek i s  given i n  e q u a t i o n  (20) .  I n  terms of 9 ,  

Note t h a t  no i n f o r m a t i o n  abou t  K2 can b e  ob ta ined  from measurements i n  

t h e  (100) p lane .  From eq. (50)  and (51) ,  t h e  t o r q u e  i s  



From t h i s  i t  i s  seen  t h a t  t h e  measured t o r q u e  curve  i s  a  p e r i o d i c  

f u n c t i o n  of t h e  a n g l e  cp. By c a r r y i n g  o u t  a F o u r i e r  a n a l y s i s ,  t h e  

c o e f f i c i e n t s  can b e  e x t r a c t e d  and from t h e s e  t h e  a n i s o t r o p y  c o n s t a n t s  K1 

and K3 can b e  determined.  

I n  p r a c t i c e ,  t h e  a n a l y s i s  is  more complicated t h a n  i s  s t a t e d  h e r e .  

Lower o r d e r  t e rms  i n  t h e  F o u r i e r  a n a l y s i s  may b e  r e q u i r e d  due t o  a  p o s s i b l e  

induced u n i a x i a l  a n i s o t r o p y  which may b e  p r e s e n t .  A s  w e l l ,  t h e  a n a l y s i s  must 

t a k e  i n t o  account  t h e  p o s s i b l e  a n g l e  between t h e  Vs v e c t o r  and t h e  a p p l i e d  

f i e l d  d i r e c t i o n  i f  t h e  f i e l d  i s  n o t  s u f f i c i e n t l y  s t r o n g  t o  a l i g n  t h e  

magne t iza t ion  a g a i n s t  t h e  a n i s o t r o p y .  T h i s  is always t h e  c a s e  f o r  a  f i n i t e  

a p p l i e d  f i e l d  which i s  n o t  a long a  p r i n c i p l e  symmetry d i r e c t  ion.  

The measurement o f  t o r q u e  c u r v e s  and t h e  a n a l y s i s  is  u s u a l l y  c a r r i e d  o u t  

f o r  a  s e r i e s  of a p p l i e d  f i e l d s  s o  t h a t  an e x t r a p o l a t i o n  of t h e  K1 v a l u e  can 

b e  made t o  z e r o  o r  i n f i n i t e  f i e l d s .  The i n f i n i t e  f i e l d  v a l u e  i s  h i g h e r  s i n c e  

t h i s  i s  ana logous  t o  lowering t h e  t empera tu re ,  b u t  t h e  z e r o  t empera tu re  

a n i s o t r o p y  c o n s t a n t  is n o t  achieved,  anymore than  t h e  z e r o  t empera tu re  Ms 

v a l u e  can b e  achieved.  The s u s c e p t i b i l i t y  f o r  i n c r e a s i n g  Ms i n  magnitude 

w i t h  a  s t r o n g  f i e l d  is  v e r y  smal l ,  b u t  does  i n c r e a s e  wi th  t empera tu re .  Thus 

i t  would b e  expec ted  t h a t  t h e  pe rcen tage  i n c r e a s e  i n  K1 v a l u e s  a t  i n f i n i t e  

f i e l d s  w e r  t h e  same a t  low f i e l d s  would b e  l a r g e r  a t  h i g h e r  t empera tu res .  

T h i s  can b e  s e e n  from Gengnagel and Hofmann's d a t a .  However t h e  2% 

disc repancy  between t h e i r  K1 v a l u e s  a t  low tempera tu res  i s  more l i k e l y  due 

t o  d e f e c t s .  

The advantage of t h e  t o r q u e  curve  method is  t h a t  i t  l e n d s  i t s e l f  t o  t h e  



d e t e r m i n a t i o n  of t h e  a n i s o t r o p y  c o n s t a n t s  which a r e  s c a l e r s .  These t h e n  

s p e c i f y  t h e  a n i s o t r o p y  energy  a s  a  s c a l e r  f u n c t i o n  of t h e  d i r e c t i o n  c o s i n e s  

of Ms. T h i s  i n  t u r n  a l l o w s  t h e  c a l c u l a t i o n  of a l l  of  t h e  components of t h e  

a n i s o t r o p y  f i e l d .  A disadvan tage  is  t h a t  t h e  method is  n o t  s e n s i t i v e  enough 

f o r  measurement o f  v e r y  s m a l l  a n i s o t r o p i e s  such a s  t h e  c a s e  of i r o n  i n  t h e  

l a s t  100' K below T,. 

The FER Method 

Ferromagnet ic  Resonance (FMR) i s  t h e  resonan t  a b s o r p t i o n  of microwaves 

by a  ferromagnet  i n  an e x t e r n a l  dc f i e l d .  The magnet ic  moments of t h e  

m a t e r i a l  p r e c e s s  about  t h e  e f f e c t i v e  f i e l d  d i r e c t  ion w i t h  a f requency  

determined by t h e  e f f e c t i v e  f i e l d  i n s i d e  t h e  m a t e r i a l ,  

where 8 = Ige12mcl i s  t h e  magnetomechanical r a t i o .  However because  of 

damping due t o  t h e  l a t t i c e ,  t h i s  p r e c e s s i o n a l  motion r e q u i r e s  energy.  I f  

energy i s  s u p p l i e d  i n  t h e  form of i n c i d e n t  microwaves, t h e  a p p l i e d  f i e l d  can 

be  a d j u s t e d  t o  f i n d  a  resonan t  a b s o r p t i o n  of microwave power by t h e  

f  erromagnet.  

When an  a n i s o t r o p y  f i e l d  Hk i s  p r e s e n t  p a r a l i e l  t o  t h e  a p p l i e d  f i e l d ,  

t h e  r e l a t i o n s h i p  i n  eq. (53) must b e  modif ied t o  
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I n  o t h e r  words t h e  r e s o n a n t  f i e l d ,  t h e  a p p l i e d  f i e l d  a t  which resonance  

o c c u r s ,  i s  reduced o r  i n c r e a s e d  by t h e  magnitude of Hk depending on i t s  

s i g n .  

Bhagat and R o t h s t e i n  (1972) have s t u d i e d  FMR i n  [ l o o ]  and [ I l l ]  o r i e n t e d  

i r o n  w h i s k e r s  from 300 t o  1090•‹ K. Using a 9.6 G H z  microwave sys tem t h e y  

have measured t h e  r e s o n a n t  f i e l d  and l i n e  wid th  a s  a f u n c t i o n  of t e m p e r a t u r e  

f o r  each of t h e s e  samples .  I n  each c a s e  t h e  a p p l i e d  f i e l d  was p a r a l l e l  t o  

a t h e  a x i s  of t h e  whisker .  The r e s o n a n t  f i e l d  i n  t h e  [ I l l ]  d i r e c t i o n  i s  

g r e a t e r  than  t h a t  i n  t h e  [100] d i r e c t i o n  by a n  amount 3 . 3 3  K1/Ms, 

a c c o r d i n g  t o  mean f i e l d  theory .  Thus they  r e p o r t  K1fis v a l u e s  f o r  f i v e  

t e m p e r a t u r e s  i n  t h e  range 520 t o  870' K. We have c a l c u l a t e d  Hk v a l u e s  

(upper  c r i t i c a l  p o i n t :  Hk = 1.48 K1/Ms) f o r  t h e s e  and p l o t t e d  them i n  

f i g .  (29) .  It can  b e  s e e n  t h a t  t h e  agreement w i t h  t h e  t o r q u e  curve  and o u r  

d a t a  i s  good. 

The advantage of FER a s  a method of measuring a n i s o t r o p y  i s  t h a t  s m a l l  

samples  can b e  used ,  a s  is t h e  c a s e  w i t h  our  method. T h i s  a l l o w s  t h e  u s e  of  

whiskers  which have h igh  p u r i t y  and few d e f e c t s .  However, a s  w i t h  t h e  t o r q u e  

c u r v e  method, s m a l l  a n i s o t r o p y  f i e l d s  cannot  b e  measured. 

8. Discuss ion  of R e s u l t s  

Our v a l u e s  of t h e  a n i s o t r o p y  f i e l d  Pk v e r s u s  t e m p e r a t u r e  a g r e e  w e l l  

w i t h  t h o s e  determined by o t h e r  methods i n  t h e  t e m p e r a t u r e  range  where t h e s e  

d a t a  c o e x i s t  a s  can b e  s e e n  i n  f i g .  (29) .  T h i s  i s  d e s p i t e  t h e  f a c t  t h a t  

t h r e e  d i f f e r e n t  t e c h n i q u e s  of  measurement of t h e  t h r e e  s e t s  of '  d a t a  have been 



used.  The samples  i n  t h e  FMR measurements were i r o n  w h i s k e r s  a s  i n  o u r  

exper iments ,  whi le  t h e  t o r q u e  c u r v e  measurments were conducted on s i n g l e  

c r y s t a l  s p h e r e s  c u t  from s t r a i n  and annea led  h i g h  p u r i t y  i r o n .  

No complete t h e o r y  which c a l c u l a t e s  K1 v e r s u s  Ms o r  v e r s u s  T, and 

which i s  s u i t a b l e  f o r  i r o n ,  p r e s e n t l y  e x i s t s .  T h i s  is u n f o r t u n a t e  s i n c e  t h e  

combined d a t a  of  f i g .  (29)  r e p r e s e n t s  a good s e t  of  e x p e r i m e n t a l  

measurements w i t h  which t o  compare such a theory .  The combined d a t a  span  a 

t e m p e r a t u r e  range from 20' K t o  0.5' K below t h e  C u r i e  t empera tu re .  

The good agreement amongst t h e s e  d a t a  i s  n o t  found w i t h  an e a r l i e r  

measurement by Eozor th  (1951).  I n  f i g .  (30) we show a composi te  p l o t  of  t h e  

d a t a  of f i g .  (29) .  Hk v a l u e s  which have been c a l c u l a t e d  u s i n g  Bozor th ' s  

K1 v a l u e s  a r e  shown a s  w e l l .  The agreement i s  poor  a t  low t e m p e r a t u r e s  b u t  

improves a s  t e m p e r a t u r e  i s  i n c r e a s e d .  We f e e l  t h a t  Rozor th ' s  d a t a  d i d  n o t  

y i e l d  t o  a good t o r q u e  curve  a n a l y s i s  f o r  K1 and K2  a t  low tempera tu res .  

I n  p a r t i c u l a r ,  h i s  K2  v a l u e s  a r e  p o s i t i v e  o v e r  t h e  f u l l  t e m p e r a t u r e  range ,  

and show a s l i g h t  peak i n  magnitude a t  approx imate ly  100' C .  T h i s  is i n  

c o n t r a s t  t o  t h e  f i n d i n g s  of Gengnagel and Hofmann which show a n e g a t i v e  K2  

w i t h  no peak. 

Also shown i n  f i g .  (30)  a r e  Hk v a l u e s  from t h e  r e p o r t e d  

K1 (T)/K1(0) v a l u e s  of Yang e t  a l .  (1973). We have normal ized  t h e s e  

u s i n g  t h e  low t e m p e r a t u r e  e x t r a p o l a t e d  v a l u e  K1(0) of Bozor th .  Once a g a i n  

t h e s e  v a l u e s  show poor  agreement w i t h  t h e  compos i t e  d a t a  a t  low tempera tu res .  

The method by which t h e i r  d a t a  was measured and t h e  s o u r c e  of t h e i r  d a t a  a r e  

u n k n m .  T h i s  set of  d a t a  i s  of some i n t e r e s t  because  t h e y  c l a i m  t o  f i n d  

e x c e l l e n t  agreement w i t h  C a l l e n  and Ca l l en ' s  theory .  We do n o t  f i n d  a good 

agreement between t h i s  t h e o r y  and t h e i r  d a t a .  T h i s  d i s c r e p a n c y  is based on 



our  measurement o f  t h e  t empera tu re  dependence of t h e  spon taneous  

magne t iza t ion .  The s o l i d  l i n e  i n  f i g .  (30)  i s  t h e  t h e o r e t i c a l  c u r v e  

s u i t a b l y  normal ized a t  z e r o  temperature .  

Before  we d i s c u s s  t h e  C a l l e n  t h e o r y ,  we wish t o  p o i n t  o u t  r e c e n t  

p r o g r e s s  made by Mori e t  a l .  (1974). I n  t h e i r  p a p e r  t h e y  d i s c u s s  t h e  

c a l c u l a t i o n  of Mori (1969) i n  which h e  f i n d s  q u a l i t a t i v e l y  good agreement 

w i t h  t h e  d a t a  o f  Bozor th  f o r  bo th  K1 and K2 v e r s u s  t e m p e r a t u r e  f o r  i r o n  

and f o r  n i c k e l .  He c a l c u l a t e s  t h e  a n i s o t r o p y  e n e r g i e s  f o r  i r o n  and f o r  

n i c k e l  u s i n g  p e r t u r b a t i o n  t h e o r y  on t h e  b a s i s  of t h e  energy  bands of t h e s e  

meta l s .  The s p i n - o r b i t  i n t e r a c t i o n  is  inc luded  i n  t h e  t i g h t  b i n d i n g  

approximat ion up t o  f o u r t h  and s i x t h  o r d e r .  Mori f i n d s  t h a t  doubly 

d e g e n e r a t e  energy l e v e l s  i n  t h e  bands which i n t e r s e c t  t h e  Fermi l e v e l  produce 

t h e  dominant c o n t r i b u t i o n s  t o  t h e  a n i s o t r o p y  energy.  V a r i a t i o n s  of t h e  

s p i n - o r b i t  i n t e r a c t i o n ,  t h e  magnitude of t h e  spon taneous  m a g n e t i z a t i o n  and 

t h e  Fermi l e v e l  a r e  t a k e n  i n t o  account .  The t empera tu re  dependence of t h e  

a n i s o t r o p y  c o n s t a n t s  of n i c k e l  a r e  exp la ined  by t h e  t e m p e r a t u r e  v a r i a t i o n  of 

t h e  Fermi l e v e l .  The z e r o  c r o s s i n g  of K1 i n  n i c k e l  i s  produced. I n  i r o n  

t h e  t empera tu re  dependence of t h e  c o n s t a n t s  is  unders tood  i n  t e rms  of t h e  

d e c r e a s e  of t h e  exchange s p l i t t i n g .  

It i s  remarkable  t h a t  t h i s  t h e o r e t i c a l  c a l c u l a t i o n  a g r e e s  w i t h  Bozorth 's  

d a t a  s o  w e l l .  T h i s  is e s p e c i a l l y  t r u e  t o  t h e  e x t e n t  t h a t  t h e  peak i n  K2 i s  

produced and t h e  s i g n  of t h i s  c o n s t a n t  i s  p o s i t i v e .  C l e a r l y  t h e  approach of 

t h i s  c a l c u l a t i o n  i s  much more s u i t a b l e  f o r  i t i n e r a n t  3-d t r a n s i t i o n  

ferromagnets  than o t h e r s  a t t empted  i n  t h e  p a s t .  The r e s u l t s  a r e  most 

encouraging.  However an a t t e m p t  shou ld  be  made t o  f i n d  s u i t a b l e  v a l u e s  of 

t h e  pa ramete rs  of t h e  t h e o r y  which emulate  t h e  d a t a  o f  Gengnagkl and Hofmann. 



The t h e o r e t i c a l  c a l c u l a t i o n  of C a l l e n  and C a l l e n  (1966) i s  a  s i n g l e  ion  

t h e o r y  most s u i t a b l e  f o r  comparison wi th  f  er romagnets  wi th  l o c a l i z e d  moments. 

Each s p i n  i s  assumed t o  t o  have a  d i rec t ion-dependen t  energy d e n s i t y  of t h e  

form 

where s is a  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of t h e  s p i n ,  K (0)  a r e  a n i s o t r o p y  
I 

c o n s t a n t s  a t  z e r o  t empera tu re ,  and a  a r e  c o n s t a n t s  determined by t h e  R 
c r y s t a l  symmetry. I f  t h e  expansion is  made i n  t e rms  of t h e  d i r e c t i o n  c o s i n e s  

of s ,  a s  i n  equa t ion  (20), r a t h e r  than i n  t e rms  of t h e  s p h e r i c a l  harmonics ,  

one  f i n d s  

The summation o v e r  i n  e q u a t i o n  (55) i s  r e s t r i c t e d  t o  even v a l u e s  of 1 
i n  o r d e r  t o  p r e s e r v e  t ime- reversa l  symmetry. The r e s u l t s  of t h e i r  

c a l c u l a t i o n  a r e  

and 

where m(T) = Ms (T) h f s (0 )  and 



a  r a t i o  o f  h y p e r b o l i c  Besse l  f u n c t i o n s .  The q u a n t i t y  X i s  an independent  

parameter  . 
I f  t h e  pa ramete r  e q u a t i o n s  (57)  and (58) a r e  examined i n  t h e  l i m i t  of  

l a r g e  X (low t e m p e r a t u r e s ) ,  one f i n d s  t h e  famous 1 0 t h  power law i n  i t s  

g e n e r a l  form 

T h i s  power law h a s  been d e r i v e d  by many a u t h o r s  u s i n g  many d i f f e r e n t  

methods o v e r  many y e a r s  (Akulov 1936, Zener 1954, K e f f e r  1955).  C a l l e n  and 

Cal l e n  (1966) have reviewed admirably  t h e  s t a t u s  of t h i s  low tempera tu re  

power law g i v i n g  t h e i r  own g e n e r a l i z e d  d e r i v a t i o n .  

C a l l e n  and C a l l e n  a l s o  p o i n t  o u t  t h a t  t h e r e  i s  a  cor responding  h i g h  

t empera tu re  power law. I n  t h e  l i m i t  of s m a l l  X (T c l o s e  t o  T,) ,  

I n  o t h e r  words t h e  1 0 t h  power l aw of low tempera tu res  becomes t h e  4 t h  

power law n e a r  Tc w i t h  a  c o n t i n u o u s  v a r i a t i o n  between. 

We have p l o t t e d  t h e  p a r a m e t r i c  e q u a t i o n s  (57)  and (58) i n  t e rms  of 

a n i s o t r o p y  f i e l d  and magne t iza t ion  i n  f i g .  (28 )  as  a  s o l i d  curve.  I n  t h i s  

c a s e  t h e  power laws a r e  t h e  9 t h  and t h e  3rd  power a t  low and h igh  



t empera tu res  r e s p e c t i v e l y .  Our d a t a  does  n o t  extend t o  s u f f i c i e n t l y  low 

tempera tu res  t o  make a  comparison w i t h  t h e  f i r s t  of t h e s e  power laws. W e  can 

o n l y  p o i n t  o u t  t h a t  o u r  power law a t  room t e m p e r a t u r e  i s  two powers h i g h e r  

( n = l l ) .  D u p l e s s i  (1971) h a s  t a k e n  t h e  a n i s o t r o p y  and m a g n e t i z a t i o n  d a t a  of 

o t h e r  r e s e a r c h e r s  and h a s  found power laws which a r e  much s m a l l e r  than  t h e  

1 0 t h  power a t  low tempera tu res .  Graham (1958) h a s  r e p o r t e d  a  4 t h  power law 

below room tempera tu re .  We have l i t t l e  t o  c o n t r i b u t e  i n  t h i s  m a t t e r  s i n c e  we 

have d a t a  o n l y  a t  h igh  t empera tu res .  

A t  h igh t e m p e r a t u r e s ,  t h e  agreement between t h e o r y  and our  d a t a  i s  good 

a s  f a r  a s  t h e  power law i n  concerned.  To our  knowledge t h i s  i s  t h e  f i r s t  

demonstra t ion of t h e  4 t h  power law i n  a c u b i c  fe r romagne t  j u s t  below t h e  

C u r i e  p o i n t .  T h i s  power law shou ld  b e  q u i t e  g e n e r a l  i n  i t s  v a l i d i t y  s i n c e  i t  

depends on ly  on t h e  c u b i c  symmetry and n o t  on a  d e t a i l e d  a c c o u n t i n g  of t h e  

mic roscop ic  i n t e r a c t i o n s  o f  t h e  system. D e v i a t i o n s  from t h i s  power law o c c u r  

q u i c k l y  w i t h  d e c r e a s i n g  t empera tu re .  Our d a t a  show t h a t  i t  h o l d s  o n l y  w i t h i n  

t h e  las t  few d e g r e e s  below Tc, which is  approx imate ly  1043' K. 

T h i s  t h e o r y  i s  a l s o  p l o t t e d  a s  Hk v e r s u s  t e m p e r a t u r e  i n  f i g .  (29)  a s  

two s o l i d  curves .  F o r  t h e  c u r v e  t h a t  a g r e e s  more c l o s e l y  w i t h  t h e  d a t a ,  t h e  

t e m p e r a t u r e  v a l u e s  a r e  o b t a i n e d  from o u r  f i t  of spon taneous  m a g n e t i z a t i o n  

v e r s u s  t empera tu re  r e p o r t e d  below. The o t h e r  c u r v e  i s  o b t a i n e d  by 

c a l c u l a t i n g  t e m p e r a t u r e  v a l u e s  a c c o r d i n g  t o  

where X i s  t h e  independent  parameter .  T h i s  is a  r e s u l t  of  Weiss m o l e c u l a r  

A 
f i e l d  theory  u s i n g  t h e  Langevin  f u n c t i o n  13/2(X). T h i s  poor approach is 



shown h e r e  o n l y  t o  emphasize t h e  importance t h a t  t h e  assumed M, v e r s u s  T 

d a t a  p l a y s  i n  making such p l o t s  of a n i s o t r o p y  v e r s u s  t empera tu re .  A s  w e l l ,  

we have shown t h e  C a l l e n  t h e o r y  h e r e  i n  t h e  c l a s s i c a l  l i m i t  ( s  = m).  

Assuming a f i n i t e  s p i n  does  n o t  improve t h e  agreement w i t h  our  d a t a .  I f  

s < 2 t h e  term of c u b i c  symmetry i n  t h e  c a l c u l a t i o n  v a n i s h e s  i d e n t i c a l l y  

(Wolf, 1957). 

It is  p o s s i b l e  t o  i n c l u d e  two-ion terms i n  t h e  c a l c u l a t i o n  which a r e  

pseudo-quadrupolar i n  s t r u c t u r e .  The ground work f o r  do ing  t h i s  was l a i d  by 

Van Vleck (1937) and h a s  been extended by K e f f e r  (1955). Reviews of t h e  

microscopic  o r i g i n s  of magnet ic  a n i s o t r o p y  have been w r i t t e n  by Kanamori 

(1963) and Yosida (1968). These  s t u d i e s  a r e  a p p l i c a b l e  once aga in  t o  

ferromagnets  which have l o c a l i z e d  moments and n o t  t o  t h e  i ron-group m e t a l s  

and a l l o y s .  

The t h e o r y  of magnet ic  a n i s o t r o p y  i n  3-d t r a n s i t i o n  m e t a l s  seems t o  be 

w a i t i n g  f o r  f u r t h e r  developments i n  t h e  t h e o r y  of ferromagnet ism i t s e l f .  

C a l c u l a t i o n s  such a s  Mori's based  on t h e  energy bands of t h e  meta l  a r e  

encouraging and h o p e f u l l y  w i l l  be  extended. 



VI. TEMPERATURE DEPENDENCE OF THE SPONTANEOUS MAGNETIZATION OF IRON 

1. I n t r o d u c t i o n  

The measurement of  t h e  spon taneous  m a g n e t i z a t i o n  of i r o n  h a s  a long  

h i s t o r y .  The e a r l i e s t  a b s o l u t e  measurements on i r o n  and n i c k e l  were  t h o s e  of 

Weiss and F o r r e r  (1926, 1929) by a n  a x i a l  e x t r a c t i o n  method. S i n c e  t h e n  t h e  

measurements have been r e p e a t e d  many times on bo th  m a t e r i a l s  u s i n g  t h e  

e x t r a c t i o n  method and f o r c e  methods. The r e s u l t s  of t h e s e  s t u d i e s  have been 

summarized by Danan e t  a l .  (1968). The mean measured v a l u e  f o r  t h e  a b s o l u t e  

s a t u r a t i o n  of i r o n  i s  = 2 2 1 . 7 1 2  0.08 emu/g cor respond ing  t o  Mo = 

2.216 PB. 

The f i r s t  s t u d y  of t h e  t e m p e r a t u r e  dependence of t h e  m a g n e t i z a t i o n  of 

i r o n  from room t e m p e r a t u r e  t o  t h e  C u r i e  p o i n t  is  t h a t  of P o t t e r  (1934) .  H e  

employed a  f o r c e  method u s i n g  a  Sucksmith r i n g  ba lance .  Vore r e c e n t l y  t h i s  

exper iment  h a s  been r e p e a t e d  by Crang le  and Goodman (1971) from 4 t o  1023' K. 

A s  w e l l  t h e y  have measured t h e  a b s o l u t e  s a t u r a t i o n  and have found t h e  above 

v a l u e  f o r  i t .  

I n  t h i s  s e c t i o n  we r e p o r t  o u r  measurement of  t h e  spon taneous  

m a g n e t i z a t i o n  of i r o n  a s  a  f u n c t i o n  of t empera tu re  from room t e m p e r a t u r e  t o  

t h e  C u r i e  p o i n t .  By spon taneous  m a g n e t i z a t i o n  Ms(T) we mean t h e  i n t e r n a l  o r  

domain m a g n e t i z a t i o n  i n  z e r o  a p p l i e d  f i e l d .  The u n i t s  f o r  m a g n e t i z a t i o n  

which we u s e  is magnet ic  moments p e r  u n i t  volume. Using t h e  v a l u e  of Gorton 

e t  a l .  (1965) f o r  t h e  l a t t i c e  pa ramete r  of i r o n  a t  295' K,  a s  w e l l  a s  

C r a n g l e  and Goodman's v a l u e  f o r  t h e  s p e c i f i c  m a g n e t i z a t i o n  a t  t h e  same 

tempera tu re ,  we c a l c u l a t e  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  t o  b e  gS(295O K) 



= 1714 emu/cm3. 

Our t e c h n i q u e  i s  t o  measure t h e  d e p a r t u r e  f i e l d  Hd of a [ l o o ] - o r i e n t e d  

i r o n  whisker  a s  a f u n c t i o n  of temperature .  A s  d e s c r i b e d  p r e v i o u s l y  Hd is 

r e l a t e d  t o  Ms by 

where D i s  t h e  demagnet iz ing f a c t o r  of t h e  sample. The t e m p e r a t u r e  

dependence of D i s  n o t  expected t o  change by more t h a n  1% o v e r  t h e  f u l l  

t empera tu re  range f o r  our s i z e  of sample(B1oomberg 1973).  Bloomberg and 

A r r o t t  (1975) show t h a t  2.3% of t h e  magnetic c h a r g e  on an  i r o n  whisker  i s  

s i t u a t e d  on t h e  domain w a l l s  a t  room temperature .  T h i s  expense i n  

m a g n e t o s t a t i c  energy i s  compensated by a s a v i n g  i n  a n i s o t r o p y  energy.  With 

i n c r e a s e d  t empera tu re ,  t h e  charge  on t h e  w a l l s  goes  t o  t h e  s u r f a c e  of t h e  

whisker  a s  t h e  a n i s o t r o p y  decreases .  We make a s m a l l  c o r r e c t i o n  f o r  t h e  

t empera tu re  dependence of D accord ing  t o  t h e i r  c a l c u l a t i o n s .  We a l s o  moni to r  

t h e  low f i e l d  a c  s u s c e p t i b i l i t y  of t h e  sample a s  w e l l ,  b u t  t h i s  is  n o t  

expec ted  t o  be a good i n d i c a t o r  of t h e  t empera tu re  v a r i a t i o n  of D. 

F i n a l l y  we compare our  d a t a  t o  t h o s e  of Crang le  and Goodman. We c o r r e c t  

t h e i r  d a t a  g iven  a s  s p e c i f i c  magne t iza t ion  v a l u e s  i n  emu/g f o r  t h e  thermal  

expansion of i r o n .  Our d a t a  b e i n g  r e l a t i v e  measurements a r e  normal ized t o  

t h e i r s .  We c u r v e  f i t  bo th  s e t s  of d a t a  t o  t h e  f u n c t i o n  



where t = TITc and m ( t )  = Ms(T)/Ms(0). T h i s  f i t  t o  t h e  d a t a  r e q u i r e s  

on ly  t h e  d e t e r m i n a t i o n  of t h e  pa ramete r  C s i n c e  B and A a r e  p r e v i o u s l y  

well-determined exper imenta l  q u a n t i t i e s .  Our cho ice  of t h e  712 power i s  

based s o l e l y  on u s  o b t a i n i n g  a  b e t t e r  f i t  than i f  some o t h e r  r e a s o n a b l e  power 

had been used. For  i n t e n s i v e  s t u d i e s  of t h e  d e v i a t i o n  from t h e  T  t o  t h e  312 

law a t  low tempera tu res ,  s e e  t h e  work by Argyle e t  a l .  (1963) ,  Aldred and 

F r o e h l e  (1972),  R i e d i  (1973) ,  and Ododo (1977). A s  mentioned p r e v i o u s l y ,  t h e  

c r i t i c a l  exponent 6 h a s  been measured f o r  many [ l o o ] - o r i e n t e d  whiskers  by 

Heinr ich  and A r r o t t .  The v a l u e  8 = 0.371 which we found f o r  a  [ I l l ] - o r i e n t e d  

whisker ,  and have d i s c u s s e d  above,  i s  i n  good agreement a s  w e l l .  

The above c a l i b r a t i o n  f i t  i s  used i n  t h e  a n a l y s i s  of o u r  a n i s o t r o p y  d a t a  

a s  p r e v i o u s l y  d e s c r i b e d .  It can a l s o  b e  used a s  t h e  c a l i b r a t i o n  c u r v e  f o r  an 

i r o n  whisker  magnetic thermometer. Such a  thermometer h a s  been des igned  by 

A r r o t t  and H e i n r i c h  (1980) and is  p r e s e n t l y  b e i n g  used a s  a n  exper imenta l  

t o o l .  

2. The Experiment 

The experiment i s  conducted 

w h i s k e r  which h a s  been d e s c r i b e d  

mm l o n g  and 0.150 mm on  a  s i d e .  

Hd of t h e  [ l oo ]  w h i s k e r  a r e  made 

i n  e x a c t l y  t h e  same way a s  f o r  t h e  [ I l l ]  

above. The [ l o o ]  w h i s k e r  s t u d i e d  i s  9.675 

Accura te  measurements of t h e  d e p a r t u r e  f i e l d  

a t  each t empera tu re  u s i n g  second harmonic 

d e t e c t i o n  wi th  t h e  phase  s e n s i t i v e  lock- in  a m p l i f i e r .  Our thermometry is  

d e s c r i b e d  i n  t h e  s e c t i o n  "Discussion of t h e  Measurements", above. A d e t a i l e d  

measurement of Hd i s  made as  t h e  t empera tu re  of t h e  sample i s  a l lowed t o  



s lowly  d r i f t  l i n e a r l y  i n  t ime from 3O K below Tc up t o  and through t h e  

C u r i e  temperature .  A f i t  t o  t h i s  d a t a  p rov ides  u s  wi th  a  v a l u e  f o r  t h e  

parameter  C i n  eq.  (63) .  

3. R e s u l t s  and Discuss ion  

F o r  a  [ l o o ]  whisker  t h e  b a l l i s t i c  demagnet iz ing f a c t o r ,  up t o  

s a t u r a t i o n ,  depends s l i g h t l y  on t h e  a n i s o t r o p y  c o n s t a n t  K1. An approximate  

e x p r e s s i o n  h a s  been g iven  by Bloomberg and A r r o t t  (1975; s e e  e q -  6.5 

t h e r e i n )  f o r  t h e  r e l a t i o n s h i p  between Ms and d e p a r t u r e  f i e l d  Hd. 

where d  and 4 a r e  t h e  t h i c k n e s s  and l e n g t h  of t h e  whisker ,  r e s p e c t i v e l y .  

While t h i s  e x p r e s s i o n  f o r  t h e  b a l l i s t i c  demagnet iz ing f a c t o r  is  a c c u r a t e  o n l y  

t o  about  2% f o r  p r e d i c t i o n s  of t h e  numerical  r e l a t i o n  between Hd and Ms, 

i t  shou ld  be q u i t e  adequa te  t o  c o r r e c t  t h e  measured v a l u e s  of Hd determined 

a t  a  t empera tu re  f o r  which Ms i s  known. The c o r r e c t i o n  f o r  t h e  whisker  

used t o  o b t a i n  t h e  t empera tu re  dependence of Ms i s  0.8% a t  room t e m p e r a t u r e  

and l e s s  than 0.1% above 750•‹ K. 

Our d a t a  i s  normal ized  t o  t h o s e  of Crang le  and Goodman, a f t e r  c o r r e c t i n g  

t h e  l a t t e r  f o r  t h e  thermal  expansion of i r o n  ( s e e  Gorton 1965 f o r  thermal  

expansion s t u d y  of i r o n ) .  Both sets of d a t a  f i t  w e l l  t o  t h e  f u n c t i o n  i n  eq. 

( 6 3 ) .  The paramete rs  of t h i s  e q u a t i o n  a r e  determined by t h e  asympto t ic  



behav iour  a t  low t e m p e r a t u r e s  a s  measured by Argy le  e t  a l .  (1963) and a t  

h i g h  t e m p e r a t u r e s  from o u r  own work. Using 

B = 0.368 

A = 0.1098 

C = 0.129 

we o b t a i n  t h e  v a l u e s  shown i n  t a b l e  ( 6 )  and t h e  f i t  c u r v e  i n  f i g .  (31) .  

A s  expec ted  we d o  n o t  f i n d  t h a t  t h e  measured low f i e l d  s u s c e p t i b i l i t y  

f o l l o w s  t h e  d c  s u s c e p t i b i l i t y  a t  t h e  lower  t empera tu res .  The measured a c  

s i g n a l  i n c r e a s e s  by  6% from room tempera tu re  t o  abou t  550' C .  It d o e s  n o t  

v a r y  by  more then  1% above t h i s  temperature .  

I n  f i g .  (31) we show a p l o t  of  o u r  d a t a  i n t e r p r e t i n g  o u r  d e p a r t u r e  

f i e l d s  a s  r e l a t i v e  measurements of t h e  spon taneous  m a g n e t i z a t i o n .  A s  s t a t e d  

above t h e s e  have been c o r r e c t e d  f o r  t h e  t e m p e r a t u r e  dependence of t h e  

b a l l i s t i c  d e q a g n e t i z i n g  f a c t o r .  A s  w e l l  we p l o t  t h e  d a t a  of  Crang le  and 

Goodman f o r  i r o n .  S i n c e  t h e i r  d a t a  a r e  r e l a t i v e  measurements of t h e  s p e c i f i c  

magne t i za t ion  t h e y  must be  c o r r e c t e d  f o r  t h e  the rmal  expans ion  of i r o n  i n  

o r d e r  t o  be  compared w i t h  o u r  d a t a .  To do t h i s  we u s e  t h e  x-ray measurements 

of t h e  l a t t i c e  p a r a m e t e r  of i r o n  made by Gorton e t  a l .  (1965).  The 

agreement between t h e  two sets of d a t a  i s  good e x c e p t  f o r  o u r  room 

t e m p e r a t u r e  p o i n t  which is  abou t  0.3% h i g h e r  t h a n  t h e  d a t a  of C r a n g l e  and 

Goodman. T h i s  p o i n t  is n o t  t h e  r e s u l t  of some e r r o r  of measurement, a l t h o u g h  

i t  i s  measured b e f o r e  and a f t e r  h e a t i n g  t o  h i g h  t e m p e r a t u r e s  and found t o  b e  

s m a l l e r  by 0.5% a f t e r  t h i s  a n n e a l i n g  t r e a t m e n t .  A l a r g e r  than  expec ted  

d e p a r t u r e  f i e l d  r e s u l t s  i f  t h e  i n t e r n a l  s u s c e p t i b i l i t y  i s  lower  f o r  some 

reason .  T h i s  c a n  b e  caused by a n  i n t e r a c t i o n  between t h e  domain s t r u c t u r e  

and i m p e r f e c t i o n s  of  t h e  c r y s t a l  which w i l l  d imin i sh  w i t h  i n c r e a s e d  



temperature .  A probab le  c a u s e  of t h e  lower s u s c e p t i b i l i t y  i n  our  samples is 

an i n t e r a c t i o n  of t h e  domain w a l l s  w i t h  an absorbed i n t e r s t i t i a l  gas  of 

carbon. As t empera tu re  i s  i n c r e a s e d ,  t h e  hopping f requency  of t h e  carbon 

atoms from s i t e  t o  s i t e  i n c r e a s e s .  The p r e f e r e n c e  of carbon atoms f o r  

c e r t a i n  s i t e s  due t o  t h e  l o c a l  d i r e c t i o n  of t h e  i n t e r n a l  m a g n e t i z a t i o n  i s  

reduced. 

I n  summary e q u a t i o n  (63)  f i t s  t h e  combined s e t s  of d a t a  w e l l .  T h i s  f i t  

i s  used i n  our a n a l y s i s  t o  e x t r a c t  Hk v a l u e s  from o u r  measured v a l u e s  a s  

d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  



V I I .  SUMMARY 

We have r e p o r t e d  our  s t u d y  of t h e  magnetic behav iour  of t h e  i r o n  whisker  

which grows wi th  i t s  a x i s  a l o n g  t h e  [ I l l ]  c r y s t a l l o g r a p h i c  d i r e c t  ion.  We 

have compared t h i s  behaviour  w i t h  t h e  same f o r  t h e  [ l o o ]  and [ I l O I - o r i e n t e d  

i r o n  whiskers  i n  t e rms  of t h e i r  r esponse  t o  a p p l i e d  a c  and dc  f i e l d s .  A 

s i m p l e  domain s t r u c t u r e  f o r  t h e  [ I l l ]  whisker  is proposed and i s  shown t o  be 

c o n s i s t e n t  w i t h  t h e  observed a c  behaviour  and w i t h  t h e  hexagonal  c r o s s  

s e c t  ion of such whiskers .  

A d e t a i l e d  d e s c r i p t i o n  of t h e  growth of i r o n  whiskers  h a s  been given.  

T h i s  is d i s c u s s e d  f u r t h e r  i n  terms of t h e  proposed mechanisms of w h i s k e r  

growth. Both t h e  screw d i s l o c a t i o n  mechanism and t h e  VLS mechanism have been 

g iven  s p e c i a l  a t t e n t i o n .  The impor tan t  r o l e  of i m p u r i t i e s  i n  whisker  growth 

h a s  been d i s c u s s e d  and a  summary of our  methods and o t h e r s  of t h e  d e t e c t i o n  

of minute amounts of carbon i n  i r o n  h a s  been made. 

A d e t a i l e d  measurement of t h e  approach t o  s a t u r a t i o n  of t h e  [ I111 

w h i s k e r  h a s  been r e p o r t e d .  T h i s  h a s  been s t u d i e d  by a c  s u s c e p t i b i l i t y  

measurements a s  t h e  whisker  i s  magnetized i n  i t s  [ I  111 a x i a l  d i r e c t i o n ,  t h e  

"hard" d i r e c t i o n  f o r  magne t iza t ion .  Measurements a long  t h e  l e n g t h  of t h e  

w h i s k e r  a l lowed a  s e l f - c o n s i s t e n t  de te rmina t ion  of t h e  d i s t r i b u t i o n  of 

magnet ic  c h a r g e  a l o n g  t h e  whisker 's  l e n g t h .  T h i s  i n  t u r n  was used t o  make 

c o r r e c t i o n s  t o  t h e  d a t a  f o r  t h e  e f f e c t s  of t h e  demagnet iz ing f i e l d .  S p e c i a l  

i n t e r e s t  was d i r e c t e d  towards t h e  n a t u r e  of t h e  t r a n s i t i o n  t o  s a t u r a t i o n  a t  

t h e  whisker 's  c e n t r e .  No f i r s t  o r d e r  jump t o  s a t u r a t i o n  was observed d e s p i t e  

i t  be ing  p r e d i c t e d  by mean f i e l d  a n i s o t r o p y  theory .  A rev iew of t h e  

exper imenta l  and t h e o r e t i c a l  work on t h e  3 - s t a t e  P o t t s  model i s  given.  



It has  been sugges ted  by o t h e r s  t h a t  c u b i c  f e r romagne t s  wi th  t h r e e  e a s y  

a x e s  of m a g n e t i z a t i o n  c o u l d  b e  p h y s i c a l  r e a l i z a t i o n s  of t h i s  model. 

Exper imenta l  measurements on t h e s e  p h y s i c a l  r e a l i z a t i o n s  cou ld  r e v e a l  t h e  

n a t u r e  of t h e  P o t t s  t r a n s i t i o n  i n  3 dimensions.  However, even though we do 

n o t  s e e  a  f i r s t  o r d e r  t r a n s i t i o n  i n  i r o n ,  i t  c o u l d  b e  " n e a r l y  second order" .  

Conversely  mean f i e l d  a n i s o t r o p y  t h e o r y  may n o t  b e  a p p r o p r i a t e  f o r  d e s c r i b i n g  

t h e  n a t u r e  of t h e  t r a n s i t i o n .  

A measurement of  t h e  a n i s o t r o p y  f i e l d  Hk ' K1/Ms a s  a  f u n c t i o n  of 

t e m p e r a t u r e  and m a g n e t i z a t i o n  h a s  been made. T h i s  f i e l d  h a s  been e x t r a c t e d  

from measurements of t h e  c r i t i c a l  a p p l i e d  f i e l d  which j u s t  s a t u r a t e s  t h e  

c e n t r e  of a  [ I l l ]  whisker .  C o r r e c t i o n s  f o r  t h e  demagnet iz ing f i e l d  a r e  made. 

The agreement w i t h  s i m i l a r  d a t a  from t o r q u e  curve  measurements and FMR 

s t u d i e s  is good. Our t e c h n i q u e  h a s  t h e  advantage of b e i n g  s e n s i t i v e  t o  v e r y  

smal l  a n i s o t r o p y  f i e l d s  and t h u s  a l l o w s  t h e  e x t r a c t i o n  of HK v e r s u s  M and 
9 

v e r s u s  T up t o  0.5' K below t h e  C u r i e  t empera tu re  Tc. We have found 

t h a t  K1 f o l l o w s  t h e  4 t h  power of Ms, b u t  on ly  f o r  lo below Tc. The 

power law exponent  q-uickly  i n c r e a s e s  w i t h  f u r t h e r  d e c r e a s e  i n  t empera tu re .  

T h i s  is t h e  f i r s t  measurement o f  t h i s  power law i n  a  c u b i c  f e r romagne t  j u s t  

below t h e  C u r i e  p o i n t .  The power law i s  determined by t h e  c u b i c  symmetry of 

t h e  fe r romagne t  and n o t  by  t h e  d e t a i l e d  i n t e r a c t i o n s .  Two t e c h n i q u e s  f o r  t h e  

c o r r e c t i o n  f o r  demagne t i z ing  f i e l d  e f f e c t s  have been made. A t  h i g h  

t e m p e r a t u r e s  a t e c h n i q u e  of i n t e g r a t i n g  t h e  measured a c  response  v e r s u s  f i e l d  

is used.  A t  lower  t e m p e r a t u r e s ,  a  c a l c u l a t i o n  i s  made t o  model t h e  

d i s t r i b u t i o n  of magnet ic  c h a r g e  on t h e  s u r f a c e  of t h e  whisker  a s  t h e  s o u r c e s  

of t h e  demagne t i z ing  f i e l d .  

F i n a l l y  we have measured t h e  t empera tu re  dependence of t h e  spon taneous  



magne t iza t ion  of i r o n  a s  a  f u n c t i o n  of temperature .  These d a t a  were o b t a i n e d  

from our  measurements of t h e  d e p a r t u r e  f i e l d  of a  [ l o o ] - o r i e n t e d  i r o n  

whisker .  Smal l  c o r r e c t i o n s  f o r  t h e  demagnetizing f i e l d  e f f e c t s  were made. 

Comparison wi th  t h e  d a t a  of o t h e r s  o b t a i n e d  by a  f o r c e  t e c h n i q u e  h a s  been 

made and t h e  agreement i s  good. These r e s u l t s  have been used t o  a i d  u s  i n  

o u r  a n a l y s i s  f o r  t h e  a n i s o t r o p y  f i e l d  Hk v e r s u s  t empera tu re .  A f i t  h a s  

I 
been made t o  t h e  magne t iza t ion  d a t a  us ing  a  f u n c t i o n  of t h e  form of a  Pade 

approximate.  A l l  o f  t h e  pa ramete rs  of t h i s  f i t  have been e x p e r i m e n t a l l y  

determined from magne t iza t ion  measurements i n  t h e  low and h i g h  t empera tu re  

asympto t ic  l i m i t .  T h i s  f i t  can be  used a s  t h e  c a l i b r a t i o n  c u r v e  f o r  a n  i r o n  

whisker  magnetic thermometer.  



Table  1. S t e p s  i n  a  VLS mechanism of whisker  growth and sugges ted  s t e p s  

f o r  i r o n .  

Foo tno te :  I n f o r m a t i o n  on t h e  phase  diagram of Fe and C 1  i s  v e r y  

ske tchy .  An e x t e n s i v e  s e a r c h  of t h e  l i t e r a t u r e  found no  b i n a r y  a l l o y s  

of Fe and C 1 .  FeC12 and FeC13 a r e  s t a b l e  compounds. M e l l o r  (1961) 

r e p o r t s  t h a t  FeC12 m e l t s  i n  t h e  t e m p e r a t u r e  range  670-674'~, 

a l t h o u g h  s u b l i m a t i o n  i s  p o s s i b l e  wi th  a  p a r t i a l  decomposi t ion t o  FeC13 

i n  t h e  r e a c t i o n  3FeC12 = 2FeC13 + Fe. Apparen t ly  t h e  decomposi t ion 

i s  s u p r e s s e d  i f  t h e  s u b l i m a t i o n  t a k e s  p l a c e  i n  a n  H C I  a tmosphere .  



TABLE (1) 

Step  Descr ip t ion  

1 Dif fus ion  of molecules i n  t h e  
vapour phase t o  t h e  d rop le t .  

2 Vapour depos i t i on  a t  t h e  d rop le t .  
Frequent ly  involv ing  a  chemical 
r e a c t  ion t o  produce whisker 
growth ma te r i a l  . 

3 Dif fus ion  of r e a c t  ion by-products 
away from t h e  d r o p l e t .  

4 Transport  of vapour molecules o r  
new phase (whisker growth 
m a t e r i a l )  through d rop le t  t o  S-L 
i n t e r f a c e .  

5 P r e c i p i t a t i o n  t o  f  o m  a whisker.  

I r o n  Whisker 

Di f fus ion  of sublimed FeC12 
vapour & H2 molecules t o  t h e  
d rop le t .  

FeC12 r e a c t i n g  with H2 t o  
produce Fe i n  s o l u t i o n  of HC1 .  
Carbon &/o r  water  may p lay  a 
r o l e  i n  d rop le t  formation.  

Di f fus ion  of HC1 and o t h e r  by- 
products  away from t h e  d r o p l e t .  

D i f fu s ion  of Fe through the  
d r o p l e t  t o  t h e  t i p  of t h e  
whisker.  

P r e c i p i t a t i o n  of Fe t o  form 
next  whisker growth l a y e r .  



Table  2. A summary of o u r  p r e s e n t  unders tand ing  of t h e  n a t u r e  of t h e  

t r a n s i t i o n  f o r  t h e  d-dimensional q - s t a t e  P o t t s  model. 



'TABLE (2)  

t r a n s i t i o n  

h igh  e r  
o r d e r  

(Baxt e r  ) 

second 
o r d e r  

f i r s t  
o r d e r  

no t r a n s i t i o n  

h igh  e r  
o r d e r  

(Baxt e r )  

n e a r l y  
second 
o r d e r  

f i r s t  
o r d e r  

h i g h e r  f i r s t  
o r d e r  o r d e r  

(Baxt e r )  (Baxt e r )  



Table 3. A comparison of three [ I l l ] -or iented  iron whiskers a t  room 

temperature. The calculated HD value depends on the measured p value.  

Agreement among the extracted HK values can be seen.  



TABLE (3) 

Sample H c  (oe) HJ> (oe Hk (oe) 
No. I (measured) lQXlo2 (measured) (calc .) (ca lc  . ) 



Table  4. A summary of e x p e r i m e n t a l  r e s u l t s  from room t e m p e r a t u r e  t o  

1 8 ' ~  below T, f o r  a [ I l l ]  i r o n  whisker .  



TABLE ( 4 )  



Table 5. A summary of exper imenta l  r e s u l t s  from l l • ‹ K  below Tc t o  

0 . 5 ' ~  below T, f o r  t h e  [ I l l ]  i r o n  whisker.  



TABLE (5) 



Table  6 .  Measurements of  t h e  d e p a r t u r e  f i e l d  of [ l oo ]  whisker  v e r s u s  

t empera tu re .  C o r r e c t i o n  f o r  D(T), our  v a l u e s  f o r  Ms (T)/Ms(R.T.), and 

v a l u e s  from t h e  f i t  a r e  a l s o  shown. 



TABLE (6)  



Fig .  1. Magnet izat ion c u r v e  of i r o n  s i n g l e  c r y s t a l  measured by a p p l y i n g  

t h e  magnetic f i e l d  p a r a l l e l  t o  each of t h e  t h r e e  p r i n c i p a l  c r y s t a l l o -  

g r a p h i c  d i r e c t i o n s  ( a f t e r  Honda and ICaya, 1926) .  



Gauss ( x  47r x 10-~wb/rn*)  
1800 I- 



Fig.  2 .  The Landau S t r u c t u r e  f o r  a  [ l oo ]  o r i e n t e d  b a r  of i r o n  i n  z e r o  

f i e l d .  It i s  c h a r a c t e r i z e d  by 4 domains, 2 major  domains runn ing  t h e  

l e n g t h  of t h e  b a r  and s e p a r a t e d  by a  180 degree  w a l l ,  and 2 c l o s u r e  

domains a t  t h e  ends  bounded by 90 degree  w a l l s .  The domain w a l l s  a r e  

Bloch w a l l s  which become Nee l - l ike  a t  t h e  s i d e  s u r f a c e s .  T h i s  r e s u l t s  

i n  two e s s e n t i a l  s i n g u l a r i t i e s ,  one on each o f  t h e  s i d e  s u r f a c e s .  





F i g .  3 .  The whisker growth apparatus.  





Fig.  4. A s i n g l e  t u r n  pick-up c o i l  a t  p o s i t i o n  z d e t e c t s  3 

c o n t r i b u t i o n s  t o  t h e  a c  f l u x :  a p p l i e d  f i e l d ,  m a g n e t i z a t i o n  of  sample,  

and t h e  demagnet iz ing f i e l d .  The t o t a l  f l u x  th rough  s u r f a c e  B e q u a l s  

t h a t  through s u r f a c e  A .  The d i s t r i b u t i o n  of magnet ic  c h a r g e  a l o n g  t h e  

l e n g t h  of t h e  sample  d e t e r m i n e s  t h e  d i s t r i b u t i o n  of e f f e c t i v e  

s u s c e p t i b i l i t y  and of t h e  demagnet iz ing f i e l d  a long  t h e  l e n g t h .  

S u r f a c e  A i s  t h e  f l a t  p l a n e  of t h e  c o i l .  S u r f a c e  P i s  t h e  

c y l i n d r i c a l  s u r f a c e  w i t h  t h e  d i a m e t e r  of t h e  c o i l  p l u s  t h e  f l a t  

s u r f a c e  a t  p o s i t i o n  z.  Thus A and B t o g e t h e r  form a  complete ly  

c l o s e d  s u r f a c e  w i t h  t h e  shape  of  a  can.  



I I n,, 



Fig.  5. Cont inuous ly  measured a c  s i g n a l  d e t e c t e d  w i t h  a v e r y  s h o r t  

t ightly-wound 2- turn  pick-up c o i l  a s  i t  i s  s l i d  a l o n g  t h e  whisker . '  

Curve A i s  f o r  Ho < Hd, w h i l e  c u r v e s  B ,  C ,  and D a r e  f o r  s u c c e s s i v e l y  

l a r g e r  f i e l d s  which a r e  g r e a t e r  than  Hd. For each c u r v e ,  t h e  c o i l  h a s  

been moved from p o s i t i o n  1 t o  p o s i t i o n  3 a s  shown i n  diagram. A l l  

measured s i g n a l s  a r e  i n  phase  wi th  t h e  d r i v i n g  f i e l d .  





Fig. 6 .  Schematic drawings of p o s s i b l e  domain s t r u c t u r e s  f o r  [ l oo ] -  

o r i e n t e d  i r o n  whiskers  and b a r s  based on observed B i t t e r  p a t t e r n s .  

( a )  a  diamond, (b )  m u l t i p l e  Landau w a l l s  and c l o s u r e  domains, ( c )  a  

whisker  i n  an a p p l i e d  f i e l d  n e a r  d e p a r t u r e .  





Fig.  7 .  S i g n a l s  measured w i t h  lock- in  a m p l i f i e r  f o r  a  [ l o o ]  whisker  

d r i v e n  a t  approx imate ly  1  kHz. A long  pick-up c o i l  i s  used.  ( a )  o u t -  

phase  s i g n a l ,  and (b) in-phase  s i g n a l  v s .  f i e l d .  Var ious  r e g i o n s  of  

behav iour  a r e  r e f e r r e d  t o  i n  t e x t .  The r a t i o  of in-phase t o  out-phase  

s i g n a l  i s  much l a r g e r  t h a n  i s  i n d i c a t e d  (approx.  10  a t  1 kHz). 





Fig.  8. The growth t i p  of a [ I l l ] - o r i e n t e d  i r o n  whisker .  The whisker  

' h a s  an hexagonal c r o s s  s e c t i o n  c o n s i s t i n g  of 6 (110)-type s u r f a c e s .  The 

whisker  o f t e n  t e r m i n a t e s  i n  a t i p  c o n s i s t i n g  of t h r e e  m u t u a l l y  

p e r p e n d i c u l a r  (100)-type s u r f a c e s .  ( a )  t o p  view,  (b) p e r s p e c t i v e .  





Fig.  9. The domain s t r u c t u r e  of a  t r i a n g u l a r  pr ism.  The [ I l l ]  

d i r e c t i o n  i s  p e r p e n d i c u l a r  t o  t h e  page.  The [ l o o ] ,  [ O l O I ,  and [ O O ~ I  

d i r e c t i o n s  a r e  o u t  of  t h e  page a t  a n g l e s  of -55 d e g r e e s  from t h e  

p e r p e n d i c u l a r .  





Fig.  10. Domain s t r u c t u r e  of a  hexagonal prism. The r e s u l t  of 

n u c l e a t i n g  one t r i o  of 180  d e g r e e  w a l l s  i s  shown a t  one  of t h e  s i x  

p o s s i b l e  s i t e s .  A l l  v e c t o r s  a r e  p o i n t i n g  i n  e a s y  d i r e c t i o n s ,  which a r e  

-55 degrees  t o  t h e  a x i s  of t h e  p r i sm which i s  t h e  [ I l l ]  d i r e c t  ion .  





Fig.  11. Low f i e l d  a c  in-phase response  f o r  a [ I l l ]  whisker  vs. f i e l d .  

Note t h e  s i x  peaks  which s u p p o r t  t h e  sugges ted  domain s t r u c t u r e  of fig. 

(10).  Each peak i n  s i g n a l  co r responds  t o  t h e  n u c l e a t i o n  of a t r i o  of  

mobi le  180 degree  w a l l s .  MZ < M,/O here .  





Fig.  12. In-phase s i g n a l  vs .  f i e l d  f o r  [ I l l ]  whisker  a t  500 Hz. Sweep 

i n  f i e l d  s u f f i c i e n t  t o  s a t u r a t e  t h e  c e n t r e  of whisker  a t  Hc i n  bo th  

d i r e c t i o n s .  Note  low f i e l d  r e g i o n  of h igh s u s c e p t i b i l i t y  due t o  mobi le  

domain w a l l s .  A t  h i g h e r  f i e l d s ,  t h e  s u s c e p t i b i l i t y  i s  much lower  a s  

moments a r e  r o t a t e d  a g a i n s t  t h e  a n i s o t r o p y .  A s p i k e  i n  s u s c e p t i b i l i t y  

o c c u r s  a s  t h e  c e n t r e  of t h e  whisker  s a t u r a t e s .  





Fig. 13. A simple demagnetized state for the hexagonal prism using only 

90 degree walls. 





Fig.  14,  A c a n d y - s t r i p e  domain p a t t e r n  observed on t h e  s i d e  s u r f  ace  of 

a  [I111 whisker  i n  z e r o  f i e l d  u s i n g  t h e  Bitter t e c h n i q u e .  The r a t i o  s / w  

a p p e a r s  t o  be  e q u a l  t o  l I 2 m .  





139a 

Fig.  15. A c r o s s  s e c t i o n  of a  [ l lO] -o r ien ted  i r o n  whisker  showing t h e  

geometry of s u r f  a c e s .  

F ig .  16. B i t t e r  p a t t e r n  on t h e  b road  (100) f a c e  of t h e  [I101 whisker .  

90 degree  w a l l s  extend a c r o s s  t h e  f a c e  and a r e  even ly  spaced.  

F ig .  17. B i t t e r  p a t t e r n  on t h e  broad (100)- f a c e  of t h e  [ I101 whisker .  

Both 180 and 90 degree  w a l l s  a r e  observed.  T h i s  i s  c o n s i s t e n t  o n l y  w i t h  

a  (100)-face .  Thus t h e  domain s t r u c t u r e  h e l p s  i n  o r i e n t i n g  t h e  c r y s t a l .  



Fig. 15 

Fig. 16 

Fig. 17 



Fig.  18. In-phase r e s p o n s e  v s .  a p p l i e d  f i e l d  f o r  [I101 whisker  a t  low 

f requency .  In t h e  w a l l  motion r e g i o n  ( -Hi  < B < H ~ )  , M= < MsIn 

and t h e  s u s c e p t i b i l i t y  i s  high.  A t  h i g h e r  f i e l d s ,  t h e  s u s c e p t i b i l i t y  i s  

low a s  moments a r e  r o t a t e d  a g a i n s t  t h e  a n i s o t r o p y .  U l t i m a t e l y ,  t h e  

w h i s k e r  s a t u r a t e s  a t  i t s  c e n t r e  w i t h  no peak i n  s u s c e p t i b i l i t y  a t  a 

f i e l d  Hc.  





Fig.  1 9 .  HD(0) vs .  Ho f o r  t h e  c e n t r e  of  t h e  [ I l l ]  whisker .  The f i t  

t o  t h e  d a t a  r e p r e s e n t s  t h e  f u n c t i o n  of eq. ( 29 )  which i s  n e c e s s a r y  f o r  

t h e  a n a l y s i s .  Note t h a t  HD i s  n o t  a monotonic f u n c t i o n  of  Ho. 





Fig.  20. Exper imental  r e s u l t s  f o r  t h e  i n t r i n s i c  s u s c e p t i b i l i t y  xi a s  

a  f u n c t i o n  of i n t e r n a l  f i e l d  f o r  [ I l l ]  d i r e c t i o n .  The low f i e l d  d a t a  

a r e  n o t  f u l l y  c o r r e c t e d  f o r  t h e  demagnetizing f i e l d  c o n t r i b u t i o n  t o  t h e  

magnetic f l u x  changes.  C a l c u l a t e d  s u s c e p t i b i l i t y  u s i n g  mean f i e l d  

t h e o r y  a l s o  shown. 





Fig. 21. Exper imenta l  r e s u l t s  f o r  MZ a s  a  f u n c t i o n  of i n t e r n a l  f i e l d  

f o r  [ l l l ]  d i r e c t  ion .  Mean f i e l d  c a l c u l a t i o n  of t h e  dependence of ' 

m a g n e t i z a t i o n  on i n t e r n a l  f i e l d  f o r  Fe a l s o  shown. At Hcl, Mcl, t h e  

m a g n e t i z a t i o n  jumps up spon taneous ly .  A t  HF.-,. t h e  s t a t e s  w i t h  M = 
z  

Ms and M, = MFeO. c o e x i s t  thermodynamically.  A t  Hc2 t h e  magne t i za t ion  

jumps down t o  Mc2 spon taneous ly .  





Fig.  22. I n v e r s e  s u s c e p t i b i l i t y  a s  a  f u n c t i o n  of t h e  f r a c t i o n a l  

magne t i za t ion :  ( a )  from exper iment ,  (b) from mean f i e l d  a n i s o t r o p y  

t h e o r y .  The expec ted  f i r s t  o r d e r  phase  change f o r  c o e x i s t e n c e  of two 

phases  s h o u l d  s t a r t  a t  MZ/Mo = 0.964. 





Fig. 23. Measured in-phase  s i g n a l  v s  a p p l i e d  f i e l d  normal ized  a t  each 

t empera tu re  ( i n  t h e  range  630' C t o  760' C )  t o  t h e  f i e l d  H,. The  

t e m p e r a t u r e s  a r e  632, 650, 666, 685, 705, 715, 726, 735, 745, 754 and 

759O C. 





F i g  24. Hc vs. temperaure from room temperature t o  Tc - T - 0.5' 

K. A t  room temperature ,  4 n ~ ~ ~ / n -  11.0 oe. 





Fig.  25. H c  and HK vs .  t empera tu re  j u s t  below t h e  C u r i e  p o i n t .  The 

f i t s  were made w i t h  B = 0.371 and n = 3.11. The Hc d a t a  i s  t h e  

c a l i b r a t i o n  c u r v e  f o r  t h e  magnetic [ I l l ]  i r o n  whisker  thermometer. 
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3 Fig.  26. HK vs .  (4nDM,) i n  t h e  t empera tu re  range  0.0005 < (Tc 

- Tl/Tc < 0.002. S o l i d  c u r v e  shows f i t  w i t h  n = 3.11 (on t h e s e  ax&, 

t h e  exponent is 3.11/3.00). Dashed curve  i s  a f i t  t o  t h e  8 h i g h e r  

t empera tu re  p o i n t s  w i t h  n = 3.00. 





Fig* 2 7 .  4nDMs and HK v s .  temperature from the  integral  ana lys i s .  

F i t  curves assume n = 3 .1  1 ,  & = 0.371.  The increase i n  n with 

decreasing temperature can be seen.  





Fig.  28. Log-log p l o t  of HK(T)/HK(0) vs .  Hs(T)/Ms(0). The (*I 

d a t a  a r e  from o u r  low tempera tu re  a n a l y s i s  and (+) d a t a  a r e  from o u r  

h igh  t e m p e r a t u r e  a n a l y s i s .  TITc v a l u e s  a r e  i n d i c a t e d  f o r  each p o l n t .  

The dashed c u r v e s  i n d i c a t e  t h e  power laws n e a r  room t e m p e r a t u r e  (n = 11) 

and n e a r  Tc (n = 3.1).  The s o l i d  curve  i s  from t h e  s i n g l e  a n i s o t r o p y  

t h e o r y  of C a l l e n  and C a l l e n .  





Fig.  2 9 .  HK vs .  T/Tc from t h e  exper imenta l  work of Gengnagel and 

Hofmann ( t o r q u e  c u r v e s ) ,  of Bhagat and R o t h s t e i n  (FMR), and of  o u r s e l v e s  

(approach t o  s a t u r a t i o n ) .  Good agreement among t h e  t h r e e  sets of d a t a  

can b e  s e e n .  The of t h e  graph does n o t  a l l o w  u s  t o  show o u r  

h i g h e s t  t empera tu re  d a t a .  The s o l i d  curves  a r e  from t h e  s i n g l e  

a n i s o t r o p y  t h e o r y  of C a l l e n  and C a l l e n  where a d i f f e r e n t  t e m p e r a t u r e  

dependence of Ms h a s  been used f o r  each.  The Ms dependence on 

t e m p e r a t u r e  shown i n  f i g .  (31) i s  used f o r  t h e  upper  s o l i d  curve .  The 

Langevin f u n c t i o n  i s  used f o r  t h e  lower  s o l i d  curve .  





F i g .  30. HK vs .  TITc where t h e  d a t a  of f i g .  (29) i s  shown a s  a  

composi te  p l o t .  These a r e  compared w i t h  t h e  d a t a  of Bozor th ,  of yang e t  

a l . ,  and w i t h  t h e  t h e o r y  c u r v e  of C a l l e n  and C a l l e n  now normal ized  t o  

Bozorth 's  l o w e s t  p o i n t .  The agreement among t h e s e  s e t s  of d a t a  i s  poor .  





Fig.  31. Ms(T)/Ms(0) v s .  T/Tc from t h e  work of Crang le  and 

Goodman ( f o r c e  t e c h n i q u e )  and from o u r  work ( s a t u r a t i o n  t e c h n i q u e ) .  The 

d a t a  of  C & G a r e  c o r r e c t e d  f o r  t h e  the rmal  expansion of i r o n .  

C o r r e c t i o n s  a r e  made t o  o u r  d a t a  f o r  demagnet iz ing f i e l d  e f f e c t s  due t o  

t h e  t e m p e r a t u r e  dependence of t h e  a n i s o t r o p y .  The agreement between t h e  

two s e t s  of dat,a is  good. The s o l i d  curve  is  a f i t  t o  both s e t s  of d a t a  

a s  e x p r e s s e d  i n  eq. (63) .  
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