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ABSTRACT 

This t h e s i s describes the development of an automatic 
diameter c o n t r o l system f o r a Czochralski c r y s t a l p u l l e r 
i n which the torque on the c r y s t a l as i t revolves i n the 
melt i s monitored and s t a b i l i s e d through changes i n the 
melt temperature* The development of a torque magnetometer 
of new design having a high l i n e a r i t y and absolute accuracy 
i s also described* 

The o n - l i n e a n a l y s i s of data produced by the torque 
magnetometer has y i e l d e d precise values f o r the 
magnetocrystalline anisotropy of c o b a l t (grown by Czochralski 
and other techniques). The magnetometer has also been used 
f o r i n v e s t i g a t i o n s of the magnetocrystalline anisotropy of 
the terbium/gadolinium a l l o y s * I n both cases the 
c o m p a t i b i l i t y of the observed temperature dependences of 
the anisotropy w i t h p a r t i c u l a r models i s i n v e s t i g a t e d * 



PREFACE 

The work described i n t h i s t h e s i s could be subdivided 
i n t o two seperate areas of study. The f i r s t was the 
development of a new automatic c o n t r o l system f o r a 
Czochralski c r y s t a l p u l l e r , the second was the development 
and a p p l i c a t i o n of a new torque magnetometer* The l i n k 
between them i s the f a c t t h a t some of the co b a l t samples 
used i n the magnetometer experiments were grown by the 
author on an i d e n t i c a l Czochralski c r y s t a l p u l l e r , though 
not under automatic c o n t r o l • 

The development of the c r y s t a l growth c o n t r o l l e r i s 
s t i l l a t a very e a r l y stage* To date only copper c r y s t a l s 
have been grown a u t o m a t i c a l l y * The torque magnetometer 
i s more advanced; i n d i c a t i v e of i t s s i m p l i c i t y and the 
a v a i l a b i l i t y of s u i t a b l e o f f - t h e - s h e l f e l e c t r o n i c s * Both 
c r y s t a l p u l l e r and magnetometer could be improved and 
suggestions t o t h i s e f f e c t are described i n the t e x t . 

The cobalt study was motivated by the need, pointed 
out by Szpunar and Lindgard (1979), f o r more accurate 
experimental data t o t e s t e x i s t i n g models f o r the 
magnetocrystalline anisotropy of both t h e pure element and 
the c o b a l t / r a r e - e a r t h a l l o y s ; published r e s u l t s f o r the 
anisotropy were i n c o n s i s t e n t . The p o s s i b i l i t y of a sample 
dependence i n the anisotropy was explored and several 
c r y s t a l s were t e s t e d . These were grown by d i f f e r i n g 
techniques ( f l o a t - z o n e , Bridgman and C z o c h r a l s k i ) . During 
t h i s i n v e s t i g a t i o n the temperature dependences of both K, 



and were obtained f o r the f i r s t t i m e . 
The work on the terbium/gadolinium a l l o y s was the 

c o n t i n u a t i o n of a p r o j e c t which has been undertaken i n the 
Physics Department at Durham over the past few years* This 
has involved m a g n e t o s t r i c t i o n studies ( J o r a i d e , 1980) as 
w e l l as the present anisotropy measurements* The anisotropy 
work was done by the author i n c o l l a b o r a t i o n w i t h Dr. R.D. 
Hawkins who subsequently achieved h i s doctorate* The data 
from t h i s work has r e c e n t l y been re-analysed by the author 
since the torque curves were, i n many cases, not obtained i n 
the single-domain s t a t e as o r i g i n a l l y assumed (Hawkins, 
1982), thus rendering some of the previous r e s u l t s i n v a l i d * 

I t was shown by Smith et a l * t h a t i m p u r i t i e s i n 
gadolinium could s i g n i f i c a n t l y a l t e r i t s magnetic p r o p e r t i e s * 
By analogy t o gadolinium i t was suggested t h a t e x i s t i n g 
measurements on the terbium/gadolinium a l l o y s might also be 
a f f e c t e d by i m p u r i t i e s * The terbium/gadolinium p r o j e c t was 
begun a f t e r very high p u r i t y samples had become a v a i l a b l e 
from the Centre f o r M a t e r i a l s Science, Birmingham 
U n i v e r s i t y , since these motivated a f r e s h assessment of 
the a l l o y s * 
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CHAPTER CNE 

BASIC MAGNETIC CONCEPTS 

1.1 I n t r o d u c t i o n 

Two e x c e l l e n t t e x t s have been w r i t t e n on general 
magnetism by Chikazumi (1964) and f l o r r i s h (1965). 

I f a p a i r of opposite magnetic poles or a c i r c u l a t i n g 
"Amperian" cur r e n t causes a magnetic f o r c e t o manifest i t s e l f , 
when observed from a s u f f i c i e n t distance both appear t o be 
equivalent magnetically. The common p r o p e r t i e s are t h e r e f o r e 
described by a common name; both are said t o have a magnetic 
moment. I n p r a c t i c e a magnetic m a t e r i a l demonstrates 
p r o p e r t i e s r e a d i l y explainable i f i t i s regarded as having 
a magnetic moment or being composed of p a r t i c l e s w i t h such 
moments, the p a r t i c l e s being e i t h e r whole atoms or e l e c t r o n s . 
The magnetic moment per u n i t volume of a m a t e r i a l i s termed 
the magnetisation. 

From e i t h e r d e s c r i p t i o n of the o r i g i n of the magnetic 
moment (poles vs Amperian c u r r e n t s ) i t i s apparent t h a t i t 
i s d i r e c t i o n a l i n nature having, by analogy t o the Earths 
moment, a n o r t h and south d i r e c t i o n . Under the i n f l u e n c e of 
a magnetic body an object having a magnetic moment w i l l 
o r i e n t a t e p r e f e r e n t i a l l y along a c e r t a i n d i r e c t i o n . The 
behaviour of the moment can be described mathematically i n 
terms of a vector f i e l d and the e f f e c t of the magnetic body 
on the moment termed a magnetic f i e l d . Each po i n t of the 
f i e l d i s chara c t e r i s e d by a nor t h d i r e c t i o n and a magnitude 
i n d i c a t i v e of the forces on the moment. 
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The s t r e n g t h of a magnetic f i e l d , ft, can be compared t o 
t h a t i n s i d e a long solenoid of N t u r n s per u n i t length 
c a r r y i n g a cu r r e n t I ; 

H = NIn ...(1.1) 

where n i s a u n i t vector along the solenoid a x i s . The u n i t 
of ^ i s t h e r e f o r e the ampere per metre (Am~*) i n the 5.1. 
system. 

The size of a magnetic moment, ^ J , can be q u a n t i f i e d by 
comparing i t t o t h a t produced by a curr e n t loop. The moment 
of a c i r c u l a t i n g current, I , of area a i s given by; 

JH » IaQ ...(1.2) 

where n i s the u n i t vector perpendicular t o the area. 
2 

Magnetic moment can t h e r e f o r e be measured i n ampere metre 
i n the S.I. system. Magnetisation, <f, which i s magnetic 
moment per u n i t volume, has u n i t s of amipere per metre. 

Macroscopically f i e l d , H, and magnetisation, are the 
most basic q u a n t i t i e s i n magnetism. Other q u a n t i t i e s 
d e f i n a b l e i n terms of these (according t o the S.I. system) 
are; 

1) Flux d e n s i t y , B; 
B = /J.(H+g) ...(1.3) 

where B i s i n u n i t s of t e s l a and p0 i s a constant c a l l e d 
the p e r m e a b i l i t y of f r e e space; 

2) S u s c e p t i b i l i t y , ^ ; 



S u s c e p t i b i l i t y may be defined i n other ways, f o r instance 
as the d i f f e r e n t i a l of magnetisation w i t h respect t o f l u x 
d e nsity r a t h e r than as the r a t i o . 

C l a s s i c a l l y magnetisation cannot occur i n a m a t e r i a l 
i n thermal e q u i l i b r i u m , not even i n an applied f i e l d ; 
magnetisation can only be explained by a quantum mechanical 
t h e o r y . I n such a theory the magnetic moment of an atom 
ar i s e s from three sources; the (quantised) e l e c t r o n s p i n , 
the (quantised) o r b i t a l angular momentum of the e l e c t r o n 
and the change i n the o r b i t a l moment induced by a magnetic 
f i e l d . The f i r s t two e f f e c t s produce paramagnetism i n which 
f i n i t e atomic moments independently o r i e n t a t e i n an applied 
f i e l d t o create a p o s i t i v e s u s c e p t i b i l i t y . The l a s t e f f e c t 
produces what i s c a l l e d diamagnetism c o n t r i b u t i n g a negative 
s u s c e p t i b i l i t y i r r e s p e c t i v e of whether the atomic moment i s 
normally f i n i t e . I n c e r t a i n m a t e r i a l s spontaneous ordering 
of f i n i t e atomic moments occurs; a m a t e r i a l then has a 
magnetisation i n zero applied f i e l d and am undefined 
s u s c e p t i b i l i t y ; these are ferromagnets and r e l a t e d m a t e r i a l s . 
A l l three types of magnetism are discussed i n d e t a i l by 
K i t t e l (1971). 

1.2 Ferromaqnetism 

M a t e r i a l s demonstrating a spontaneous magnetic order may 
be categorised as f o l l o w s : 

1) They can be ferromagnetic; a l l i n t e r n a l moments are 
aligned w i t h each other ( s u b j e c t t o thermal a g i t a t i o n ) . 

2) They can be a n t i f e r r o m a g n e t i c ; the moments order i n 
such a way as t o produce no net magnetisation. 

3) They can be f e r r i m a g n e t i c ; the ordering i s not i n a 



s i n g l e d i r e c t i o n but a net magnetisation r e s u l t s . 
The m a t e r i a l s s t u d i e d i n the present work are a l l 

ferromagnetic. An e x c e l l e n t t e x t on ferromagnetism has been 
w r i t t e n by Bozorth (1951). 

For every ferromagnet there i s a temperature above which 
thermal a g i t a t i o n destroys the spontaneous order; t h i s i s 
the Curie temperature T c• Above the Curie temperature 
ferromagnets become paramagnetic. 

The alignment of the atomic moments i n ferromagnets can 
be l i k e n e d t o the paramagnetic alignment of independent moments 
i n a magnetic f i e l d , c a l l e d the Weiss molecular f i e l d (Weiss , 
1907 ) . The degree of alignment i n d i c a t e s t h a t the Weiss 

f i e l d i s of the order of 10 3 teslas f o r a t y p i c a l ferromagnet 
which i s much greater than the ali g n e d moments themselves. 
The Weiss f i e l d can only be explained quantum mechanically; 
i t i s a c l a s s i c a l analogy t o the r e s u l t of what i s known as 
the exchange i n t e r a c t i o n (see next s e c t i o n ) i n which an 
e f f e c t i v e coupling occurs between the e l e c t r o n spins of 
adjacent atoms and hence the moments associated w i t h those 
atoms. I n ferromagnets the coupling i s such t h a t mutual 
alignment of adjacent moments i s e n e r g e t i c a l l y favourable, 
thus s i m u l a t i n g the presence of an applied f i e l d . 

Ferromagnetism may r e s u l t from an i n d i r e c t coupling of 
the atomic moments i n which exchange forces are mediated by 
l o c a l conduction e l e c t r o n s . The moments, by e x e r t i n g there 
e f f e c t simultaneously on nearby electrons, e f f e c t i n 
consequence each o t h e r . This i s thought t o be the alignment 
mechanism i n the ferromagnetic r a r e - e a r t h s and t h i s mechanism 
w i l l be contrasted w i t h d i r e c t coupling i n the next s e c t i o n . 
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1.3 Microscopic o r i g i n s of ferromaqnetism 

Paula's exclusion p r i n c i p l e s t a t e s t h a t any wavefunction 
i n v o l v i n g several i d e n t i c a l p a r t i c l e s must be antisymmetric 
(must change sign) when the coordinates, i n c l u d i n g the spin 
coordinates, of any i d e n t i c a l p a i r are interchanged. Thus 
f o r two ele c t r o n s having the same spi n s t a t e , the exclusion 
p r i n c i p l e d i c t a t e s t h a t f o r o v e r a l l antisymmetry the s p a t i a l 
p a r t of the wavefunction must be antisymmetric. The only 
p o s s i b l e combination of s p a t i a l wave f u n c t i o n s representing 
the system of two ele c t r o n s i s ; 

f a s ¥ B< 1>V b(2) " u
a ( 2 ) w b U ) ...(1.5) 

where <|>a(3-) 1 S the s i n g l e s p a t i a l wavefunction f o r an e l e c t r o n 
l a b e l l e d "a" at coordinate ( 1 ) . As the ele c t r o n s approach 
each ot h e r , t h a t i s coordinates (1) and (2) approach, the 
wavefunction tends t o zero and the p r o b a b i l i t y of f i n d i n g the 
elec t r o n s close t o each other t h e r f o r e s m a l l . The c l a s s i c a l 
analog i s t h a t a f o r c e of r e p u l s i o n e x i s t s between the 
e l e c t r o n s . For el e c t r o n s of opposite spin s t a t e the s p a t i a l 
wavefunction i s symmetric and an apparent a t t r a c t i o n e x i s t s . 
Thus the exclusion p r i n c i p l e produces what i s c a l l e d the 
"exchange i n t e r a c t i o n " ; i t i s not e l e c t r o s t a t i c . 

For two ele c t r o n s experiencing a p o t e n t i a l due t o an 
atomic nucleus o r , more g e n e r a l l y , several n u c l e i , a 
Hamiltonian,£f, may be w r i t t e n f o r the e l e c t r o n - e l e c t r o n 
i n t e r a c t i o n and an exchange i n t e g r a l defined; 

3 = i^S» a(D*u b(2fH'i'b( 1)V a(2) d ^ d T j ...(1.6) 

The energy of the e l e c t r o n - e l e c t r o n i n t e r a c t i o n may 



then be w r i t t e n as the f o l l o w i n g s i m p l i f i c a t i o n due t o 
Heisenberg (1928); 

U = -2J.. S..S. 
" J w • * • (1.6) 

where i s the spin (complete w i t h moment) of the i atom, 
Heisenberg's equation r e l a t e s t o the d i r e c t i n t e r a c t i o n 

of e l e c t r o n s i n a common p o t e n t i a l . I f the exchange i n t e g r a l 
i s p o s i t i v e the energy w i t h which the spins a l i g n i s negative 
and ferromagnetism occurs* Ferromagnetism i n the t r a n s i t i o n 
metals occurs as a r e s u l t of the d i r e c t i n t e r a c t i o n between 
the e l e c t r o n spins of adjacent atoms since f o r some of these 
metals the i n t e r a t o m i c spacing i s such t h a t J i s p o s i t i v e * 
I n the r a r e - e a r t h elements the ferromagnetic mechanism i s 
an i n d i r e c t one c a l l e d the RKKY i n t e r a c t i o n ( a f t e r Rudermann 
and K i t t e l , .1954 ; Kasuya,.1956; and Yosida, 1957 ) . 

I n the simple RKKY theory, f r e e conduction electrons 
i n t e r a c t w i t h i n d i v i d u a l ions w i t h a Hamiltonian having some 
f u n c t i o n a l dependence on the e l e c t r o n spin and the i o n i c 
s p i n * This gives r i s e t o a p o l a r i s a t i o n of the conduction 
e l e c t r o n s whereby t h e i r spins tend t o a l i g n p a r a l l e l w i t h 
the spin of the nearby i o n * The p o l a r i s a t i o n due t o one ion 
may be w r i t t e n ; 

where Z i s the atomic d e n s i t y of conduction e l e c t r o n s , V the 
atomic volume, K ^ . and Ê . the Fermi wavevector and energy 
r e s p e c t i v e l y and F(x) i s an o s c i l l a t o r y f u n c t i o n dying away 
r a p i d l y w i t h respect t o x; 

P i ( r ) = 
4v E f 

S i F ( 2 K f r ) • • • (1.7) 

F(x) = Sinx-xCosx (1.8) • • • 



The Hamiltbnian f o r the i n t e r a c t i o n of t h i s p o l a r i s a t i o n 
w i t h a second i o n of sp i n 5. i s then simply; 

K= - r S j PL(T.) ...(1.9) 

g i v i n g an o v e r a l l i n d i r e c t exchange i n t e r a c t i o n which reduces 
t o ; 

2 2 
U = - 9 \ r F(2K fr) S..S. ...(1.10) 

which i s of the same form as the Heisoncerg expression. 
Hence f o r appropriate l a t t i c e c o n d i t i o n s ferromagnetism w i l l 
r e s u l t . 

1.4 Macroscopic ferromagnetism 

The spontaneous magnetisation of a ferromagnetic m a t e r i a l 
p r e d i c t e d by the microscopic theory i s not always observed 
macroscopically. This occurs because the magnetisation breaks 
down w i t h i n the s o l i d i n t o regions w i t h i n which a coherent 
magnetisation e x i s t s but which together cancel i f observed 
from a p o i n t outside the sample. The s i z e and magnetic 
o r i e n t a t i o n of these regions, c a l l e d domains, depend on the 
various energies associated w i t h t h e i r formation w i t h i n a 
m a t e r i a l (Landau and L i f s h i t z , 1935 ) : 
1) Magnetostatic; the energy change which occurs simply due 

t o the work done by the forces between magnetic moments. 
Moments tend t o a l i g n a n t i p a r a l l e l w i t h each other or p a r a l l e l 
t o the surface of a magnetised s o l i d f o r t h i s reason. 
2) Ma g n e t o c r y s t a l l i n e ; the energy associated w i t h the 

i n t e r a c t i o n of atomic moments w i t h assymetry i n the l o c a l 
c r y s t a l l i n e environment. I t r e s u l t s i n e n e r g e t i c a l l y 

favourable d i r e c t i o n s f o r the magnetisation w i t h i n the c r y s t a l 



(see chapter 2 ) . 
3) M a g n e t o s t r i c t i v e ; the energy due t o the e l a s t i c deformation 

of the c r y s t a l l a t t i c e as the l o c a l magnetisation d i r e c t i o n 
changes, which asu/sll as tending t o produce favoured 
magnetisation d i r e c t i o n s also a f f e c t s the ease w i t h which the 
d i f f e r i n g regions of s t r a i n associated w i t h each domain f i t 
t o g ether* 

Domain s t r u c t u r e s are u s u a l l y complex and modified by 
defects and i m p u r i t i e s i n the m a t e r i a l i n t h a t these can 
present an energy b a r r i e r t o the motion of the "Bloch" walls 
between domains as they move t o e s t a b l i s h the c o n f i g u r a t i o n 
which would have otherwise given a minimum i n the o v e r a l l 
energy* 

The macroscopic magnetisation of a ferromagnetic 
substance, assuming f r e e domain w a l l movement, occurs through 
the growth i n number and s i z e of those domains which are 
favoured by a p r e v a i l i n g f i e l d . Above a c e r t a i n f i e l d , only 
one domain w i l l be l e f t * with a magnetisation which w i l l tend 
t o f o l l o w the applied f i e l d i f i t i s r o t a t e d . The approach 
t o s a t u r a t i o n of the magnetisation, i t s subsequent behaviour 
dur i n g r e v e r s a l of the f i e l d , and the energy losses associated 
w i t h these processes are c r i t i c a l p r o p e r t i e s i n d e f i n i n g the 
engineering a p p l i c a t i o n s of a m a t e r i a l . 

Energy l o s t during f i e l d - c y c l i n g i s t r a n s f e r r e d t o heat 
by d r i v i n g domain w a l l s through defects or i m p u r i t i e s i n the 
c r y s t a l l a t t i c e , and the magnitude of the l o s s , large or small, 
defines whether a m a t e r i a l i s magnetically "hard" or " s o f t " 
r e s p e c t i v e l y . The average macroscopic magnetisation of a 
sample i f removed from a s a t u r a t i n g f i e l d i s known as the 
remanence. The reverse f i e l d r e q u i r e d t o reduce the average 



magnetisation t o zero i s the c o e r c i v i t y . 



CHAPTER TUL 

;'•AG i \ ET u CR Y5T AL LIN E ANISCTRbPY 

2«1 I n t r o d u c t i o n 

The energy r e q u i r e d t o magnetise an unstressed s p h e r i c a l 
ferromagnetic c r y s t a l i s dependent on the d i r e c t i o n of magne­
t i s a t i o n ; a phenomenon c a l l e d magnetocrystalline a n i s o t r o p y . 

The surface traced by a vector of magnitude equal t o 
the energy r e q u i r e d t o magnetise a c r y s t a l t o s a t u r a t i o n along 
a given d i r e c t i o n i s exemplified i n f i g u r e 2.1 :• 

EASY 
PLANE 

\ 
MAGNETISATION ENERGY SURFACES WITH 
RESPECT TO CRYSTALLQGRAPHIC DIRECTION 

Fig 2-1 

EASY 
AXIS 

POSSIBLE MAGNETOCRYSTALLINE ANISQTRDPY 
ENERGY SURFACES: THE UNIAXIAL CASE 



A d i r e c t i o n f o r which magnetisation occurs r e a d i l y i s 
c a l l e d an easy-axis. Anisotropy y i e l d i n g c y l i n d r i c a l l y 
symmetric energy surfaces of the type i l l u s t r a t e d i s 
termed u n i a x i a l . Easy axes, cones or planes are c l o s e l y 
r e l a t e d t o c r y s t a l s t r u c t u r e ; f o r instance cubic m a t e r i a l s 
l i k e i r o n o f t e n have three c a r t e s i a n easy-axes w h i l s t 
hexagonal m a t e r i a l s l i k e c obalt are o f t e n u n i a x i a l . 

N a g n e t o c r y s t a l l i n e anisotropy shows a very dramatic 
temperature dependence f a l l i n g away q u i c k l y w i t h increasing 
temperature d i s p r o p o r t i o n a t e l y t o the drop i n s a t u r a t i o n 
magnetisation i t s e l f . ' 

The simplest p h y s i c a l consequence of magnietocrystalline 
anisotropy i s t h a t m a t e r i a l s experience a torque w i t h i n a 
magnetic f i e l d p r o p o r t i o n a l t o the d i f f e r e n t i a l of the 
anisotroipy energy w i t h respect t o the angle of induced magne­
t i s a t i o n r e f e r r e d t o the c r y s t a l axes. Torque magnetometry , 
described i n chapter 4, u t i l i s e s t h i s phenomenon t o determine 
the form of the anisotropy, which i s parameterised as described 
i n the next s e c t i o n . 

This chapter introduces the conventions by which 
magnetocrystalline anisotropy (sometimes abbreviated herein 
t o a n i s o t r o p y ) i s described, i n d i c a t e s simply i t s atomic 
o r i g i n s and describes the t h e o r e t i c a l temperature dependences 
suggested by p a r t i c u l a r anisotropy models. 

2.2 Phenomenology 

The energy required t o magnetise a c r y s t a l i n a 
s p e c i f i c d i r e c t i o n at constant s t r a i n and temperature i s 
given by; * 

S-'dif .. • (2.1) 
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where E/V i s the energy per Wilt volume, 6 i s the 
magnetisation vector and B(, i s the int<-rr\al f i e l d 
v e c t o r . 

The d i r e c t i o n a l dependence of the energy f o r a saturated 
sample can be parameterised i n several ways of which only a 
few have become conventional* Taking the hexagonal s t r u c t u r e 
as an example, the energy surface i s o f t e n expressed as i n 
equation 2.2; t a i l o r e d t o r e f l e c t the c r y s t a l symmetries t o 
which the surface i s r e l a t e d ; 

E/V m K Q + K 1Sin 28 + KgSin^B + K 3 S i n B 8 

+ K 4Sin 68.Cos64 + •• •••(2.2) 

where S i s the angle between the magnetisation vector and the 
c-axis and $ the angle between an a-axis and the p r o j e c t i o n 
of the magnetisation vector on the basal plane* The K n 

are the anisotropy constants. Analogous expressions f o r 
the anisotropy energy f o r each of the 32 c r y s t a l l o g r a p h i c 
p o i n t groups have been derived by Doring (1958). 

A systematic expansion f o r the anisotropy energy would 
be; 

E/V - ^ 1^ l<L.Y m ...(2.3) 

Where the Y™ are surface s p h e r i c a l harmonics and the 
s u i t a b l e constants, i n some cases i r r e l e v a n t due t o 
c r y s t a l symmetry. The hexagonal expression would be; 

E/V = K° • K°.Y°(8) • K°.Y°(8) + R°.Y°(B) 

+ K B.Y B(8,^) + .. ...(2.4) 



['lore common however are expressions using the Legendre 
polynomials, P(B) f abstracted from the above harmonics» the 
hexagonal expression being; 

E/V = Kg + K^.P^CosS) + K°.P4(Cos8) + K°.Pg(CosB) 

+ Kg S i n 6 8 CosBf + . # ...(2.5) 

w i t h analogies f o r other s t r u c t u r e s . The d e f i n i t i o n of the 
s p h e r i c a l harmonics and Legendre polynomials are given i n 
Appendix A along w i t h the r e l a t i o n s h i p s between the con­
st a n t s of equation 2.2 and 2.5. 

Bir s s and Keeler (1974) p o i n t out t h a t s p h e r i c a l 
harmonic formalism f a c i l i t a t e s the comparison of derived 
constants w i t h t h e o r e t i c a l p r e d i c t i o n s and, due t o the 
o r t h o g o n a l i t y of the i n d i v i d u a l harmonics, produces values 
of the anisotropy constants which are independent of the 
number of higher terms i n the experimental f i t . However 
d i r e c t comparison w i t h e x i s t i n g experimental data may 
r e q u i r e the use of the a l t e r n a t i v e convention, as was the 
case w i t h the coba l t measurements i n chapter 7. Consistency 
suggested the use of the a l t e r n a t i v e convention i n chapter 6. 

Another convention f o r the anisotropy energy expansion 
i s given by Volkov et a l . (1981) who considered r e d u c t i o n 
as w e l l as t r a n s f o r m a t i o n a l symmetries f o r the l a t t i c e t o 
t a i l o r expressions s i m i l a r t o equation 2.2 t o produce i n 
the hexagonal case; 

E/U » ft,(3CosZB - 1) + K 2(35Cos a8 - 30Cos*8 + 3) 

+ K,(231Cos°B - 315£osHB + lOSCos'S - 5) 

+ K.Sin°B.Cos60 + ...(2.6) 



where the terms are orthogonal and i n v o l v e constants ft . 
The l a t t e r convention has not yet been e s t a b l i s h e d , having 
appeared very r e c e n t l y . 

2*3 Atomic o r i g i n s 

The exchange p o t e n t i a l between the spins of neigh­
bouring ions i n a ferromagnetic m a t e r i a l i s of the form; 

H e x = J i j ...(2.7) 

which i s i n v a r i a n t w i t h respect t o sympathetic r o t a t i o n of 
the spins r e l a t i v e t o the l i n e of the i o n i c centres; i t does 
not give r i s e t o a n i s o t r o p y . A n i s o t r o p i c s p i n o r i e n t a t i o n 
occurs i n order t o accommodate w i t h i n the l a t t i c e the d i s t o r ­
t i o n s of the e l e c t r o n i c charge clouds associated w i t h the 
i o n i c spins due t o the s p i n - o r b i t i n t e r a c t i o n . Two important 
mechanisms by which the charge clouds tend t o a l i g n i n the 
l a t t i c e give r i s e t o the s i n g l e - and two-ion model of magneto-
c r y s t a l l i n e anisotropy r e s p e c t i v e l y • 

I n the s i n g l e - i o n model, the e l e c t r o n i c charge cloud 
of an i o n , d i s t o r t e d by the spin associated w i t h i t , couples 
t o the c r y s t a l l i n e e l e c t r o s t a t i c f i e l d , hence c r e a t i n g the 
necessary energetic l i n k between magnetisation and the l a t t i c e 
symmetry. I n the two-ion model, anisotropy occurs because 
of the dependence of the i n t e r a c t i o n energy on the shape 
of adjacent e l e c t r o n i c charge clouds; an energy which changes 
w i t h respect t o the angle between the s p i n - o r b i t d i s t o r t i o n 
and the l i n e of the i o n i c centres. The two models are not 
e x c l u s i v e . 

S i n g l e - and twio-ion models apply t o magnetic ions 



w i t h l o c a l i s e d moments and are not wholly a p p l i c a b l e 
t o the i r o n t r a n s i t i o n metals i n which the a c t i v e e l ectrons 
are i t i n e r a n t . I n the l a t t e r case the s p a t i a l dependence 
of the i t i n e r a n t e l e c t r o n wave f u n c t i o n s , each d i s t r i b u t e d 
throughout the l a t t i c e and dependent on the c r y s t a l symmetry, 
i s modified, again by the s p i n - o r b i t i n t e r a c t i o n , i n such a 
way t h a t there e x i s t e n e r g e t i c a l l y favourable o r i e n t a t i o n s 
f o r the spins. 

The three cases of s i n g l e - i o n , two-ion and i t i n e r a n t 
e l e c t r o n anisotropi.es w i l l be discussed b r i e f l y . 

2.3.1. The s i n g l e - i o n model 

S i n g l e - i o n anisotropy i s found t o be dominant i n 
magnetic m a t e r i a l s i n which the sets ofmagnetic electrons 
associated w i t h each i o n are i s o l a t e d . Examples include 
magnetic i n s u l a t o r s , i n which the i s o l a t i o n of the m e t a l l i c 
ions i s i n d i c a t e d by the absence of e l e c t r o n i c conduction 
bands. Another example i s t h a t of the rare- e a r t h s where 
the magnetic Af o r b i t a l s are much smaller than the l a t t i c e 
spacing and overlap very l i t t l e . 

For a system of n o n - i n t e r a c t i n g ions i n which the 
spins are aligned by the e f f e c t of the e l e c t r o s t a t i c c r y s ­
t a l l i n e f i e l d on the d i s t o r t i o n of i n d i v i d u a l i o n i c charge 
clouds due t o the. s p i n - o r b i t i n t e r a c t i o n , the Haniiltonian 
f o r the e l e c t r o n i c s t a t e s can be w r i t t e n ; 

£f « g/JB Bm.S + u B B 0.(L + 2S) + J4£ ...(2.8) 

where B i s an e f f e c t i v e molecular f i e l d which simulates 
- H I 

the e f f e c t of the exchange i n t e r a c t i o n w i t h neighbouring 
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ions on the e l e c t r o n spin o r i e n t a t i o n s , Bp i s the applied 
magnetic f i e l d and jpf c i s the Hamiltonian due t o the e f f e c t of 
the c r y s t a l f i e l d and s p i n - o r b i t i n t e r a c t i o n on the e l e c t r o n s . 
The f i r s t and second terms are i s o t r o p i c , being, the exchange 
and Zeeman i n t e r a c t i o n s r e s p e c t i v e l y . fac creates the 
anisot r o p y . 

The d e t a i l e d c a l c u l a t i o n of e l e c t r o n i c energies from 
equation 2.8 depends on the r e l a t i v e magnitudes of the con­
t r i b u t i o n s of the s p i n - o r b i t and c r y s t a l l i n e f i e l d e f f e c t s . 

The c r y s t a l l i n e f i e l d , \ T ( r ) , experienced by an e l e c t r o n 
at postion r , can be expressed as an expansion of s p h e r i c a l 
harmonics r e s t r i c t e d t o s u i t the symmetry of the c r y s t a l ; 

W c(r,0,f) - E I »L-Af.Yf(B,f) ...(2.9) 
L ,m 

where B and j> are r e f e r r e d t o the c r y s t a l l c g r a p h i c axes. 
The c o e f f i c i e n t s of the expansion, A™ , are f r e q u e n t l y derived 
experimentally by e l e c t r o n spin resonance (eg Abraham and 
Bleaney, 197U), and depend on the r a d i a l distance t o neigh­
bouring i o n s , screening and covalency e f f e c t s . I t i s u s e f u l 
i n d e r i v i n g the energies o f t h e e l e c t r o n i c states t o w r i t e 
the c r y s t a l l i n e f i e l d as a se r i e s of operator eq u i v a l e n t s , 
D™ , s i m i l a r t o the , which are polynomials i n L or J 

^c a l l e d Stdvens f a c t o r s ( a f t e r Stevens, 1952); 

u , = H ...(2.10) 
L,m L L 

where the c o e f f i c i e n t s , B^,are given by 

Bj" = r L A™.ofL ...(2.11) 

where of. are. constants. 



The other part of the a n i s o t r o p i c Hamiltonian, due 
t o the s p i n - o r b i t i n t e r a c t i o n , has the form; 

^ S L a ^ ? ( £ i } h±L ...(2.12) 

where; K2 , ... 

?w ~ ' u - 1 3 ) 

and U i s the c e n t r a l i o n i c p o t e n t i a l . 
The e l e c t r o n i c energies, E^ , of the n u l t i p l e t s t a t e s 

associated w i t h each i o n , can be c a l c u l a t e d t r e a t i n g the two 
par t s o f a s a p e r t u r b a t i o n on the exchange and Zeeman 
i n t e r a c t i o n s ; though the l a t t e r i s normally n e g l i g i b l e . 
The q u a n t i s a t i o n axis i s u s u a l l y taken t o be t h a t of the 
e f f e c t i v e molecular f i e l d B_m . The energies, E^ , are found 
by v i r t u e of the anisotropy t o be dependent on the alignment 
of El m i n ths c r y s t a l , t h a t i s the magnetisation angle i n 
cases Gf n e g l i g i b l e Zeeman energy, and are a f u n c t i o n of t h i s 
angle (B,^) , A p a r t i t i o n f u n c t i o n f o r the e l e c t r o n i c status 
can then be w r i t t e n ; 

Z(B,#) = Exp(-E.(8,f)/(K BT)) ...(2.14) 

y i e l d i n g a f r e e energy per ion o f ; 

E(8,|J) « -KBT Log eZ(S,^) ...(2.15) 

which f o r a c o l l e c t i o n of such ions i s the f r e e energy 
which features i n the phenomehological expressions of the 
•..agnetocrystalline anisotropy. 

Darby and Isaac (1S74) give examples of d e t a i l e d 
d e r i v a t i o n s f o r the anisctropy of several classes of 
materials using the s i n g l e - i o n model. Auber't (198C) 



also gives s p e c i f i c examples. Both these papers are 
re l e v a n t reviews on the magneto-crystalline anisotropy of 
f e r r o - and fe r r i m a g n e t s . 

2.3.2. The two-ion model 

The two-ion model i s sometimes found t o be important i n 
magnetic i n s u l a t o r s and the rare-earths as c o n t r i b u t i n g 
w i t h the s i n g l e - i o n model t o the o v e r a l l anisotropy. 

The c l a s s i c a l electromagnetic coupling between two 
i o n i c spins; 

though a n i s o t r o p i c w i t h respect t o the angle between spins 
and the l i n e of the i o n i c centres, i s too small t o y i e l d the 
a n i s o t r o p i c s manifest by r e a l m a t e r i a l s . However Van Uleck 
(1937) found t h a t by superimposing the s p i n - o r b i t coupling 
on the exchange energy between neighbouring spins i n a 
second order p e r t u r b a t i o n c a l c u l a t i o n , an i n t e r a c t i o n cf 
the same form as the electromagnetic d i p o l e i n t e r a c t i o n i s 
obtained, scalBd by a f u n c t i o n , Gij(£ij)» «M©h d i e s away 
r a p i d l y w i t h respect t o separation of the io n s ; . 

; C i j ( r i j ) ( 5 i . S j - 3 ( - i " £ i j ) ( - J ^ i J ) ) ...(2.17) 
r i j 

Fox t y p i c a l nearest neighbour seperations the i n t e r ­
a c t i o n , c a l l e d the pseudo-dipolar i n t e r a c t i o n , i s o f t e n too 
strong t o account f o r observed a n i s o t r o p i c s . However, a 
f o u r t h order p e r t u r b a t i o n c a l c u l a t i o n gives a pseudo-
qiuadrupole i n t e r a c t i o n which i s of the r i g h t magnitude t o 
exp l a i n anisotropy i n cubic m a t e r i a l s f o r which the pseudo -



d i p o l a r i n t e r a c t i o n averages t o zero. The form of the 
pseudo-quadrupole i n t e r a c t i o n i s ; 

D i J ^ 1 . £ i j ) 2 ( S j . £ 1 J ) 2 ...(2.18) 
and can only occur i f the t o t a l i o n i c spin i s greater than 
u n i t y . Exact c a l c u l a t i o n s are d i f f i c u l t on t h i s model; 
only q u a l i t a t i v e explanations are p o s s i b l e . 

2.3.3. The i t i n e r a n t e l e c t r o n model 

The s p a t i a l dependences of the i t i n e r a n t e l e c t r o n 
wave f u n c t i o n s are determined by the atomic symmetry of 
the l a t t i c e and have allowed energies, En(k) » where k 
l a b e l s the states and n i s a band index. The e f f e c t of 
the s p i n - o r b i t i n t e r a c t i o n on the e l e c t r o n i c s t a t e s i s t o 
introduce a d i r e c t i o n a l dependence i n t h e i r energies. 
The t o t a l f r e e energy of the c r y s t a l i s then; 

E(«) = 5~ En(k,OC) ...(2.19) 
n,k n 

whereQfis the magnetisation d i r e c t i o m . The d e t a i l s of 
the c a l c u l a t i o n of the c r y s t a l f r e e energy depend on the 
p a r t i c u l a r s i m p l i f y i n g assumptions which can be made t o 
f a c i l i t a t e i t . 

The c r y s t a l p o t e n t i a l can be w r i t t e n ; 

v cU) - EU(E-3„) ...(2.20) 
R n 

where £ n i s a l a t t i c e vector and U i s a c e n t r a l p o t e n t i a l 
associated w i t h each i o n . By comparison w i t h equation 
2.12, the s p i n - u r b i t i n t e r a c t i o n f o r tiloch s t a t e s can 
be w r i t t e n ; 

, * Yl f ( I - fin )&.k(r - R n) ...(2.21) 
R _ 



and t h i s i s u s u a l l y regarded as a p e r t u b a t i o n on the 
unmodified e l e c t r o n i c s t a t e s of which, f o r s i m p l i c i t y , 
only a feu are considered. Furey (1967) has analysed 
the case f o r n i c k e l and found t h a t e l e c t r o n s having 
uavevectors near the symmetry po i n t X of the B r i l l o u i n 
zone are p a r t i c u l a r l y important and t h a t i n t h i s region 
the d i f f e r e n t , c l o s e l y spaced bands create energies which 
i n some cases favour <100> sp i n alignment, i n others d i s ­
favour i t , and t h a t the sharp temperature dependence of the 
anisotropy occurs as the occupation of these bands changes 
through the smearing of the Fermi surface* I r o n has been 
analysed by Franse (1971) who found t h a t bands were not as 
c l o s e l y spaced at the Fermi energy and t h a t t h e i r d i f f e r e n c e 
i n c o n t r i b u t i o n t o the anisotropy was less s i g n i f i c a n t t o 
the o v e r a l l temperature dependence. Cobalt has been analysed 
by f'lori et a l * (1974) who found electrons haying wavevectors 
near symmetry p o i n t A (along the <1000> d i r e c t i o n ) were 
very important* 

C a l c u l a t i o n s are imprecise i n analyses of the type 
described and p r e d i c t i o n s o f , f o r example, temperature 
dependences f o r the anisotropy constants are poor* I t seems 
t h a t the i t i n e r a n t e l e c t r o n model f o r the anisotropy describe 
only one mechanism among ot h e r s , notably the s i n g l e - i o n 
model, by which anisotropy can occur i n the 3d t r a n s i t i o n 
metals* 

2|4 Ttya v a r i a t i o n of anisotropy w i t h temperature 

The.Lande g, f a c t o r of an i o n , denoting the r a t i o of 
the t o t a l angular momentum,J, t o the magnetic moment, i s 



an i n d i c a t o r of the degree t o which the magnetic moment 
i s e i t h e r o r b i t a l or e l e c t r o n i c . A value of 2 i n d i c a t e s 
e l e c t r o n i c moment only and complete quenching of the o r b i t a l 
angular momentum. 

I t i s found t h a t magnetocrystalline anisotropy f a l l s 
r a p i d l y w i t h respect t o temperature, much more q u i c k l y than 
the s t r e n g t h of the s p i n - o r b i t i n t e r a c t i o n i n d i c a t e d by the 
Lands g f a c t o r and much f a s t e r than the magnetisation 
and t h e r e f o r e cannot be due t o a weakening of the micro­
scopic mechanism causing anisotropy• 

The cause of the temperature dependence of the aniso­
t r o p y i s now g e n e r a l l y recognised, w i t h the exception of 
e f f e c t s s p e c i f i c t o the i t i n e r a n t e l e c t r o n model., t o be 
loss of p a r a l l e l i s m between i n d i v i d u a l spins due t o thermal 
e x c i t a t i o n (Akulov, 1936). Thus f o r s a t u r a t i o n along a 
hard d i r e c t i o n thermal e f f e c t s tend t o d i r e c t the spins 
toward an easy-axis and lower the energy associated w i t h 
them, w h i l s t f o r s a t u r a t i o n along an easy-axis the mis­
alignment due t o temperature promotes the i o n i c energies 
since they are ex c i t e d toward a hard d i r e c t i o n . The e f f e c t 
of t h i s sampling of t h e anisotropy energy over an angle 
i s t h e r e f o r e t o reduce the energy d i f f e r e n c e between easy 
and hard magnetisations, t h a t i s t o reduce the observed 
an|sotropy. The.elementary moment, whether s i n g l e ions 
or ions i n p a i r s or c l u s t e r s , w i l l i n a l l cases be subject 
t o t h i s mechanism whereby anisotropy i s t h e r m a l l y degraded. 
Even i n the i t i n e r a n t e l e c t r o n model, some of the temperature 
dependence w i l l occur f o r t h i s reason. 

To determine the e f f e c t of the temperature on anisotropy 
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the average energy of a l l the spins must be obtained. 
Since the macroscopic magnetisation i s the average of 
the p r o j e c t i o n of the d i s t r i b u t e d spins onto the 
magnetisation v e c t o r , the r a t i o of the magnetisation 
o* (T) t o t h a t produced f o r coherent spins 6 ( 0 ) ( a t O K ) , 
i s a u s e f u l parameter t o describe the spin d i s t r i b u t i o n ; 

<UT) m(T) 

3 The reduced magnetisation •••(2.22) 

Callen and Callen (1966) r e p o r t a h i s t o r y of the 
c a l c u l a t i o n s of the spin d i s t r i b u t i o n and anisotropy 
change w i t h respect t o temperature and Birss (1964) 
gives a rigourous mathematical background. The p r e d i c t e d 
temperature dependences are as f o l l o w s : 

2.4.1. The s i n g l e - i o n model 

At absolute zero the i o n i c spins are supposedly aligned 
and, f o r a d e n s i t y of the spins of N per u n i t volume, the 
anisotropy energy associated w i t h each can be w r i t t e n ; 

e(S) - $ X j ! K L ( 0 ) J L ( S ) ...(2.23) 

where K^(D) i s the L* n order anisotropy constant at 
C K, and, a f t e r Callen and Callen (196$), / | _ ( S ) i s 8 

normalised polynomial i n e i t h e r the s p i n operators or 
a u n i t vector along the spin axis and expressable as a s e r i e s 
of s p h e r i c a l harmonics r e s t r i c t e d t o s u i t the c r y s t a l 
symmetry. For a s i n g l e - i o n model, this< equation continues 
t o apply t o i n d i v i d u a l spins under the e f f e c t s of the f i x e d 
c r y s t a l l i n e p o t e n t i a l when r e o r i e n t e d by thermal a g i t a t i o n . 



Thus the anisotropy energy f o r a spi n d i s t r i b u t i o n per 
u n i t volume may be w r i t t e n ; 

tfv - £ K , ( O ) £ «r <Y!" (S)> . . . ( 2 . 2 4 ) 

L m L L 

where < Y ^ ( S ) ^ i s an average value computed assuming magne­
t i s a t i o n t o be i s o t r o p i c i n magnitude. By a change i n 
coordinates t o the magnetisation frame r a t h e r than l a t t i c e 
frame, Callen and Callen obtained; 

E/V o l K L ( 0 ) <Y°(S»)>y L(Of) ...(2.25) 

where Ol i s a u n i t vector p a r a l l e l t o the magnetisation and 
S' i s the spin u n i t vector r e f e r r e d t o t h i s d i r e c t i o n . 
Comparing w i t h equation 2.23, the q u a n t i t y ; 

K L ( D ) < Y ° ( S ' ) > ...(2.26) 

can be seen t o be the temperature dependent anisotropy and 
t h e r e f o r e the c o e f f i c i e n t K L ( T ) i s given by; 

K L ( T ) 0°(S')> T 

Thus Callen and Callen expressed the temperature p r o f i l e 
of the anisotropy i n terms of the average of the spin 
components i n the magnetisation d i r e c t i o n and, using the 
f a c t t h a t ; 

' ^ T » m(T) ...(2.28) 
< Y ° ( S ' ) > N 

obtained i n a quantum mechanical treatment at low 
temperature; 

- S ^ - - ( - ( T ) ) 1 - ^ * 1 ^ 2 . . . ( 2 . 2 9 ) 



At a r b i t r a r y temperatures t h i s y i e l d e d ; 
K°(T) „ 

- W X ) ..-(2.30) 

where ^ L + ^ ( x ) i s t n e reduced hyperbolic Bessel f u n c t i o n 
of order L + £ and X i s a parameter d e s c r i b i n g the spin 
d i s t r i b u t i o n and which can be elim i n a t e d using the f a c t 
t h a t ; 

m(T) = <CosB'> » £(x) - ^ 3 / 2 ( x ) ...(2.31) 

where£(x) i s the f a m i l i a r Langevin f u n c t i o n equal t o the 
reduced hyperbolic Bessel f u n c t i o n of order 3/2. Hence 
i n general; 

K°(T) 
TU^y- I u ^ ^ M T ) ) ) ...(2.32) 

The d e f i n i t i o n s of these f u n c t i o n s are given i n Appendix K• 
Equation 2.32- reduces t o the r e q u i r e d L ( L + l ) / 2 power law 
at low temperatures .for which x-» oo • 

The L ( L + l ) / 2 power law has been derived c l a s s i c a l l y 
by Zener (1954) who assumed t h a t spins deviated from alignment' 
according t o a random-walk f u n c t i o n . 

Brenner (1957), commenting on Zener's model, considered 
a Boltzman d i s t r i b u t i o n t o be more s u i t a b l e than a random-
walk f u n c t i o n since the Boltzman d i s t r i b u t i o n i mplied a f i e l d 
causing alignment of the moments, and derived an equation 
i n the cubic case f o r the reduced K° i n terms of the reduced 
temperature, t r (reduced w i t h respect t o the Curie tempera­
t u r e ) . By i n s e r t i n g the expression f o r magnetisation given 
by the Langevin-Wei'ss formula; 

m(T) * Coth(3m(T)/t r) - t r / ( 3 m ( T ) ) ...(2.33) 
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he found t h a t at low temperatures t h i s approximated t o 
a 1 0 ^ power law but- an increased power at higher tempera­
t u r e s . The 1 0 t h power law was re q u i r e d by the L ( L + l ) / 2 
r u l e . Carr (1958) developed the ideas of Brenner and 
showed f o r hexagonal m a t e r i a l s ; 

K l < T ) 3 i n • j ^ J - ( K x ( 0 ) + 8/7 K 2 ( 0 ) ) ( m ( T ) ) 3 - 8/7 K 2 ( 0 ) ( n > ( T ) ) 1 0 + ... 
...(2.34) 

i n the convention of equation 2.2 f o r K • 
n 

However, t h i s could not explain the change i n sign of Ki 
f o r c o b a l t . Consequently Carr extended h i s theory t o 
account f o r thermal expansions along d i f f e r e n t c r y s t a l l o -
graphic axes and showed t h a t change i n the l a t t i c e parameter 
r a t i o of cobalt w i t h respect t o temperature was of j u s t the 
r i g h t size t o cause the necessary change i n the anisotropy 
constants through a change i n the c r y s t a l l i n e f i e l d . 
Carr's c a l c u l a t i o n of the a d d i t i o n a l f a c t o r i n the equation 
r e l i e d on determinations of the dependence of the c r y s t a l 
f i e l d on l a t t i c e parameter f o r hexagonal m a t e r i a l s made by 
KlcKeehan (1933 and 1937), room temperature values of c/a 
f o r c o b a l t from Owen and Jones (1954) and thermal expansion 
data at room .temperature f o r cobalt, which he assumed t o be 
uniform over a wide temperature range (American I n s t i t u t e 
of Physics handbook* 1957). The c a l c u l a t i o n also r e l i e d on the 
P K value of K 2 ( 0 ) / K 1 ( 0 ) taken then t o be 0.28. 
The anisotropy equation then became; 

K,(T) 
I^TOT-* U - 3 t ) ( m ( T ) ) 3 ...(2.35) 

e x p l a i n i n g the i n v e r s i o n at approximately 500 K and 
gene r a l l y f i t t i n g the cobalt data w e l l . However i n f o r m a t i o n 



p a r t i c u l a r l y the c/a r a t i o measurements, was inaccurate 
and some u n c e r t a i n t y s t i l l remains i n the form the s c a l i n g 
f a c t o r should t a k e , which must be known t o t e s t the theory 
p r o p e r l y . Takahashi et a l . (1978) r e c a l c u l a t e d using c/a and 
d(c/a)/dT values from "Thermo p h y s i c a l p r o p e r t i e s of matter" 
(1975) and got a value of 1.3 r a t h e r than 3 i n the s c a l i n g 
f a c t o r g i v i n g a poor c o r r e l a t i o n t o experiment. I t i s not 
known t h e r e f o r e t o what extent Carr's work i s v a l i d . 

Szpunar ( t o be published) has very r e c e n t l y worked 
s p e c i f i c a l l y on the problem of cobalt i n which, as i n Carr's 
work, the s i n g l e - i o n model was assumed, and repeated the 
anisotropy c a l c u l a t i o m using the r e l a t i o n s h i p s between the 
anisotropy constants, the c r y s t a l f i e l d parameters and 
Stevens f a c t o r s f o r the hexagonal case as given by Lindgard 
and Danielsen (1975). The assumption t h a t the Stevens f a c t o r s 
followed the s i n g l e - i o n temperature dependence law; 

<0°> « C ( m ( T ) ) L ( L + l ) / 2 ...(2.36) 

was made and using the c/a dependence of the c r y s t a l f i e l d 
parameters, B m» as given by Dixon (1972), a r e l a t i o n s h i p was 
established between anifttropy and temperature. However 
again the u n c e r t a i n t y i n experimental c/a measurements pre­
vented an accurate assessment of the theory and, as i n d i c a t e d 
i n chapter 7, a l l t h a t could be shown was th a t a reverse 
c a l c u l a t i o n of the c/a r a t i o from the anisotropy data gave 
values w i t h i n the experimental e r r o r over the temperature 
range f o r which the r a t i o s were a v a i l a b l e . These comparisons 
are o r i g i n a l t o the present t h e s i s . A d e t a i l e d d e r i v a t i o n of 
the anisotropy dependence on temperature f o l l o w i n g Szpunar 



i s given i n Appendix C. Ono (1981) has also considered 
the temperature dependence of the anisotropy of cobalt 
i n c l u d i n g the e f f e c t s of c/a changes but obtains poor 
c o r r e l a t i o n w i t h experimental values above room temperature. 

Formulae derived from spin-wave considerations have been 
given by Pal (1954), K e f f e r (1955) and by Hausmann (1970) 
showing s p e c i f i c a l l y , i n the case of f o r cubic m a t e r i a l s , 
the standard 10^ n power law or approximately (Turov and Witsek, 
1960) the lO***1 power law. These t h e o r i e s t r e a t the mis-
o r i e n t a t i o n of s i n g l e spins i n p r o x i m i t y t o others as part 
of a corporate e x c i t a t i o n c a l l e d a spin wave having t h e r m a l l y 
e x c i t a b l e energy quanta c a l l e d magnons. The e f f e c t of 
temperature on anisotropy and magnetisation can t h e r e f o r e be 
analayssd but no r e a l change i n the t h e o r e t i c a l p r e d i c t i o n s 
i s found. Cooper (1968, b) reviews these spin-wave c a l ­
c u l a t i o n s . 

Brooks (1969) pointed out t h a t the enormous anisotropy 
i n some rare- e a r t h s must have an e f f e c t on the a x i a l symmetry 
of the spin d i s t r i b u t i o n f o r an a r b i t r a r y magnetisation 
d i r e c t i o n . For instance, i n terbium the spin precession 
must be compressed i n t o the easy basal-plane increasing the 
power f a l l - o f f of the basal»plane anisotropy and reducing 
the u n i a x i a l f a l l - o f f . Egami (1972) and Brooks and Egami 
(1973 a,b, 1974), using a spin-wave analysis, showed t h a t 
the normal L ( L + l ) / 2 power law had t o be modified by a term 
i n c l u d i n g the d i s t o r t i o n of the symmetry of the spin 
d i s t r i b u t i o n parameterlsed by b ( T ) . They showed; 

• < . ( T ) ) L < L * W ' < 1 . h ( r ) ) ( L U + l M ) / 2 _ ( 2 - 3 7 ) 

I<L(O) / 



and; 

K°(T) 
K°(0) 

( m ( T ) ) L < L + 1 > / 2 / (1 • *{T))^-D/2 ...(2.38) 

They also showed, f o r low temperatures, ( l - b ( T ) ) i s propor­
t i o n a l t o reduced magnetisation and t h a t the i n i t i a l power 
laws f o r l<2 and Kg i n terbium would t h e r e f o r e be 2 n d and 
36**n changing r a p i d l y as the e l l i p t i c i t y parameter f e l l t o 
zero w i t h respect t o temperature t o approach the normal 
power dependence. The parameter b(T) was r e l a t e d simply 
t o the d i f f e r e n c e between the transverse spin components as 
f o l l o w s ; 

(S 2 - S 2) 
b(T) - y , * ...(2.39) 

2S* 

where S and S are components of the spin d i s t r i b u t i o n y x 
perpendicular t o the oper a t i v e molecular f i e l d . There i s no 
d e f i n i t i v e experimental evidence f o r these laws (Coqblin, 
1S77). 

Cooper (1968, a) considered, i n a single«?ion model, 
-magneto-elastic e f f e c t s i n the aniostropy t o derive a 
basal-plane temperature c o n t r i b u t i o n given by; 

*g(T)-
-^|^y PC I g / 2 . I 5 / 2 ...(2.40) 

t o be added t o the normal I13/2 dependence. Generally 
speaking, m a g n e t o s t r i c t i v e e f f e c t s are excluded from the 
t h e o r e t i c a l analyses, which makes experimental data d i f f i c u l t 
t o c o r r e l a t e w i t h theory since the a c t u a l measurements 
i n v o l v e m a g n e t o s t r i c t i v e c o n t r i b u t i o n s . The general e f f e c t 
of m a g n e t o s t r i c t i o n on the. observed a n i s o t r o p i c s i s d e a l t 
w i t h seperately i n s e c t i o n 2.5. 
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2.4.2. The two-ion model 

The tuio-ion temperature dependence of the 
anisotropy constant was shown by Callen and Callen 
(1965) t o be described by an (m(T)) law i n a c l u s t e r -
theory c a l c u l a t i o n i n which the i n f l u e n c e of nearest and 
next-nearest neighbours on the d i s c r e t e ions were taken 
i n t o account. They showed t h a t generally; 

K?(T) , 
• <•<*>> ...(2.41) 

K[;(O) 
i s a p p l i c a b l e at high temperatures (Callen and Callen, 
1966). 

Wan Vleck (1937) showed t h a t the pseudo-dipole i n t e r ­
a c t i o n gave a v a r i a t i o n i n K̂ j having a power dependence 
on m(T) varying from 2 t o 4 as temperature increases and t h a t 
the pseudo- quadrupole i n t e r a c t i o n f o r cubic m a t e r i a l s 
gave a power of 6 decreasing t o 5 at higher temperatures. 
By i n t r o d u c i n g an improved model i n which the pseudo-quadrupole 
i n t e r a c t i o n between p a i r s of ions was considered, the e f f e c t 
of the other ions being t r e a t e d as a molecular f i e l d , 
Van Vieck obtained a power law of 1Q decreasing t o about 5 
at higher temperatures which i s i n i t i a l l y i n accord w i t h 
the l ( L + i ) / 2 power law. These r e s u l t s p e r t a i n t o a theory 
which i s known t o be q u a l i t a t i v e at best and d i f f i c u l t t o 
t r e a t mathematically. 

2.5 Magnetoslastic e f f e c t s 

M a g n e t o s t r i c t i o n i s a term used f o r the change i n 
dimensions of a magnetic m a t e r i a l w i t h respect t o the 



o r i e n t a t i o n of the magnetisation vector i n the c r y s t a l 
l a t t i c e * The energy change associated w i t h the r e ­
o r i e n t a t i o n of the magnetisation due t o work done against 
the e l a s t i c i t y of the l a t t i c e i s c a l l e d v a r i o u s l y magneto-
s t r i c t i v e or magnetoelastic energy and c o n t r i b u t e s t o the 
magnetocrystalline anisotropy observed experimentally. 

The m a g n e t o s t r i c t i v e d i s t o r t i o n i s us u a l l y represented 
as a power series of the d i r e c t i o n cosines of the magneti­
s a t i o n , c<£, and the d i r e c t i o n along which the d i s t o r t i o n 
i s measured r e l a t i v e t o the c r y s t a l axes. Far hexa­
gonal c r y s t a l s , one p a r t i c u l a r , convention t o second order 
i s ; 

• (A«»° +>£' 2(«§ - 1/3))fi 2
2 

+ 1/2 + « 2 ^ ) 2 -

+ 2 > f ' 2 ( < * 1 0 1 + Ot2fi2)0Czp3 ...(2.42) 

where the \ ™ n are m a g n e t o s t r i c t i v e parameters of which the 
Xjf9^ and ̂ 2*^ do n o * describe a shape dependence on magne­
t i s a t i o n d i r e c t i o n , but r a t h e r a d i s t o r t i o n w i t h respect t o 
magnestisation i n t e n s i t y . C l e a r l y a knowledge of the 
e l a s t i c i t y of the l a t t i c e along the various c r y s t a l axes, 
f o r the several ways s t r a i n can be a p p l i e d , would allow 
an energy t o be associated w i t h the ma g n e t o s t r i c t i v e d e f o r ­
mation and t h i s could be expressed i n terras of the 



magnetisation d i r e c t i o n * The e l a s t i c i t y i s i n f a c t 
described by up t o 35 e l a s t i c s t i f f n e s s constants i n a 
m a t e r i a l obeying Hooke's lam and these are l a b e l l e d C 

ntm 
where n and m v/ary independently between 1 and 6. 
Deta i l e d c a l c u l a t i o n s w i l l not be given but r e l e v a n t 
s o l u t i o n s i n c l u d e , f o r the HCP s t r u c t u r e as given by 
Bi r s s (1964); 

AK 2 . -2C 4 4( \ 6 ' 2 ) 2 ...(2.43) 

where f o l l o w s the convention of equation 2.2 and AK^ 
i s the m a g n e t o s t r i c t i v e c o n t r i b u t i o n t o the anisotropy 
constant. The c o n t r i b u t i o n of m a g n e t o s t r i c t i v e energy 
t o the anisotropy w i l l be discussed f o r p a r t i c u l a r 
m a t e r i a l s i n chapters 7 and 8. 

2.6 An i s o t r o p i c magnetisation 

Callen and Callen (1960) p o i n t out t h a t the anisotropy 
i n the magnetisation energy must produce a d i r e c t i o n a l de-

> 

pendence i n the value of the magnetisation i t s e l f t o y i e l d 
' a n i s o t r o p i c m a g n e t i s a t i o n 1 . This i s a g e n e r a l i s a t i o n of 
the idea mentioned i n s e c t i o n 2.4 where a d i s t o r t i o n of the 
thermal spin d i s t r i b u t i o n i n terbium w i t h respect t o c r y s t a l 
d i r e c t i o n was p o s t u l a t e d , being the e f f e c t of the anisotropy 
on the spread of the spins. Although not sta t e d e x p l i c i t l y 
t h i s i m plied an aniostropy i n the l o c a l spontaneous magne­
t i s a t i o n . Aubert (1968) s u c c e s s f u l l y measured anisotropy 
i n the magnetisation of n i c k e l t o f i n d , a p r o p o r t i o n a l 
v a r i a t i o n of Q.Q6% w i t h respect t o o r i e n t a t i o n . The e f f e c t s 
of the magnetisation anisotropy on measured magnetocrystalline 



f o r L > 0 

...(2.45) 

a n i s o t r o p i c s i s u s u a l l y very s m a l l . 
Callen and Callen showed t h a t the magnetisation can 

be described by s p h e r i c a l harmonics; 

6 (T,B,0) • ^ rfL(T) YL< §»f> ...(2.44) 

parameterised by the d*^(T) where d*g(T) i s the main 
i s o t r o p i c component. They proceeded t o show t h a t the 
r e l a t i o n s h i p between the ^ ( T ) and the zero temperature 
anisotropy c o e f f i c i e n t s K^(0) ( i n the convention of equation 
2.5) i s ; 

where XQ(^) i s the i s o t r o p i c s u s c e p t i b i l i t y ; 
cJ(«*n(T)) 

X 0 * T > ° hi d g p ...(2.46) 

and where the normal m ( T ) ' " ^ + ^ / ^ power law has been 
assumed f o r the temperature dependence of the K™(T) . 
By i n s p e c t i o n , the a n i s o t r o p i c magnetisation c o e f f i c i e n t s , 
m^(T^can be thought of as the magnetisation induced by 
an anisotropy f i e l d due t o the c o e f f i c i e n t s subscripted by L. 

The magnetocrystalline anisotropy energy measured 
experimentally w i l l i nclude the Zeeman energy between the 
applied f i e l d and the n o n - i s o t r o p i c components of magne­
t i s a t i o n , t h a t i s the ̂ ( T j f o r L>D. Hence; 

K m ( T ) m K m ( T l L v 'experiment L v 'maghetocrystalline 

- ^ 0 d - L ( T ) B 0 ...(2.47) 

Assuming c o n s t a n t ^ over the f i e l d range employed, the 



supplementary energy term I n the anisotropy can » i n 
p r i n c i p l e , be e l i m i n a t e d by e x t r a p o l a t i n g measured aniso-
t r o p i e s t o zero f i e l d t o y i e l d constants f r e e from the 
e f f e c t s of the a n i s o t r o p i c magnetisation. 

Callen and Callen c a l c u l a t e a r e l a t i v e anisotropy 
i n the magnetisation of c o b a l t of 0.1^ c o n t r i b u t i n g 
n e g l i g i b l y t o the experimental anisotropy constants. 

High anisotropy and low exchange energy i s a com­
b i n a t i o n f o r which the c o n t r i b u t i o n of a n i s o t r o p i c 
magnetisation t o the anisotropy i s l a r g e . The gadolinium/ 
terbium a l l o y s of chapter 8, p a r t i c u l a r l y as they approach 
t h e i r Curie temperatures, manifest t h i s combination, though 
no q u a n t i t a t i v e i n f o r m a t i o n has ever been obtained on the 
d i r e c t i o n a l dependence of t h e i r spontaneous magnetisations. 

Papers have appeared q u a l i f y i n g the i n i t i a l work of 
Callenand Callen, notably those of Charap (eg Charap, 
1961) who analysed the phenomenon of a n i s o t r o p i c magne­
t i s a t i o n more e x t e n s i v e l y using a spin-wave theory. 
However, the general r e s u l t s elucidated here have remained 
unchanged. 



CHAPTER THREE 

CZOCHRALSKI CRYSTAL GROWTH AND AUTOMATION 

3.1 I n t r o d u c t i o n 

The p r o p e r t i e s of a c r y s t a l l i n e m a t e r i a l s o f t e n 
d i f f e r s i g n i f i c a n t l y from those of the n o n - c r y s t a l l i n e 
s t a t e g i v i n g them a p p l i c a t i o n s i n which the d i s t i n c t : p r o p e r t y 
i s sought. For instance the c o n d u c t i v i t y and m o b i l i t y 
requirements f o r i n t e g r a t e d c i r c u i t semiconductors 
d i c t a t e the use of s i n g l e c r y s t a l s . 

C r y s t a l growth by l i q u i d - s o l i d e q u i l i b r i u m , of which 
the p r i n c i p a l techniques are Bridgman, f l o a t - z o n e and 
Czochralski, i s the most widely p r a c t i s e d commercial 
method f o r s i n g l e c r y s t a l growth. I n a l l of these, 
c r y s t a l s are propagated as m a t e r i a l s o l i d i f i e s from the 
melt at a c o n t r o l l e d i n t e r f a c e . The three techniques 
are i l l u s t r a t e d schematically i n f i g u r e s 3.1, 3.3 and 3.4., 

The Bridgman technique, f i r s t used.by Bridgman (1925), 
con s i s t s of t r a v e r s i n g the s o l i d - l i q u i d i n t e r f a c e along 
a volume of molten m a t e r i a l contained w i t h i n an elongated 
c r u c i b l e by passing a c o o l i n g wavefront down the malt. 
The c o o l i n g may be achieved by lowering the power of 
a furnace having a n a t u r a l thermal gradient or by p h y s i c a l l y 
t r a n s p o r t i n g the c r u c i b l e out of the heated zone ( f i g . 3.1). 
The n u c l e a t i o n end of the c r u c i b l e i s usu a l l y pointed so 
t h a t s o l i d i f i c a t i o n begins at a s i n g l e p o i n t ; m u l t i p l e 
n u c l e a t i o n would produce a p o l y c r y s t a l . V e r t i c a l 
c y l i n d r i c a l c r u c i b l e s or h o r i z o n t a l open boats are 
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common and u s u a l l y heated i n a vacuum or I n e r t gas t o 
prevent r e a c t i o n w i t h the atmosphere* Enclosed c r u c i b l e s 
are sometimes used f o r p a r t i c u l a r l y v o l a t i l e m a t e r i a l s f o r 
which Czochralski or f l o a t - z o n e growth are unsuited. The 
Bridgman technique i s sometimes c a l l e d the Bridgman-Stockbarg 
technique due t o the extensive use of i t by Stockbarger 
(eg Stockbarger, 1936). 

Zone r e f i n i n g , shown schematically i n f i g u r e 3.2, i s 
a p u r i f i c a t i o n technique i n which a molten zone i s swept 
repeatedly i n a s i n g l e d i r e c t i o n through the s o l i d . 
A p r e d i s p o s i t i o n f o r i m p u r i t i e s t o occupy the l i q u i d r a t h e r 
than the s o l i d a t the f r e e z i n g i n t e r f a c e ensures t h a t they 
are s y s t e m a t i c a l l y d r i v e n t o one end of the sample which may 
then be p a r t i a l l y removed l e a v i n g a purged remainder. Single 
c r y s t a l s are sometimes produced by t h i s procedure by analogy 
t o the Bridgman technique. 

Float-zone growth i s a c r u c i b l e - f r e e technique w i t h the 
consequent advantage of low melt contamination from the w a l l s 
of a.container. I t involves the passage of a l o c a l i s e d 
molten zone along a v e r t i c a l rod of m a t e r i a l , the zone 
being held between the adjacent s o l i d regions by the surface 
t e n s i o n of the melt ( f i g . 3.3). Rotation of the growing 
or d i m i n i s h i n g rod tends t o create symmetry i n the zone 
which helps s t a b i l i s a t i o n and also homogenises i m p u r i t i e s 
i n the growing c r y s t a l . Float-zone growth r e q u i r e s a 
seed c r y s t a l t o nucleate the s o l i d i f y i n g i n t e r f a c e , the 
zone being i n i t i a t e d i n the seed. Float-zone equipment 
tends t o be more complex than Bridgman, p a r t l y because 



heating a very small zone remotely can be p r o b l e m a t i c a l , 
sometimes r e q u i r i n g e l e c t r o n beam melt i n g or the focusing 
of a r a d i a n t source* 

3*2 Czochralski growth 

One of the most important growth techniques i s t h a t 
named a f t e r Czochralski who i n 1917 grew rod shaped c r y s t a l s 
from the melt. The rods s o l i d i f i e d at the melt surface as 
they were withdrawn and the c r y s t a l l i n e s t a t e propagated 
through the bulk of the rod i f i n i t i a l l y present i n the seed. 
I t was using t h i s technique t h a t Teal and L i t t l e (1950) 
grew the f i r s t s i n g l e c r y s t a l s of s i l i c o n and germanium 
and t h i s technique remains today the c h i e f method of 
production f o r the semiconductor i n d u s t r y * 

The normal requirements f o r a Czochralski c r y s t a l 
p u l l e r are; 

1) a mechanism f o r r o t a t i n g the c r y s t a l l i n e rod w h i l e 
withdrawing i t from the melt; 

2) a means of c o n t a i n i n g and heating the melt, u s u a l l y 
by a r e s i s t i v e or radio-frequency furnace; 

3) a means, i f necessary, of preventing the melt from 
r e a c t i n g w i t h the atmosphere by surrounding the growth 
r e g i o n by vacuum or i n e r t gas* 
Figure 3*4 shows a schematic Czochralski c r y s t a l p u l l e r , 
minus gas/vacuum system* D e t a i l e d diagrams of a p a r t i c u l a r 
Czochralski c r y s t a l p u l l e r are given i n chapter 5, see 
f o r example f i g u r e s 5*3 and 5*4. 

Czochralski technique has advantages over Bridgman 
because i t imposes no mechanical c o n s t r a i n t on the 
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f r e e z i n g i n t e r f a c e . I n Bridgman technique, the forces 
which m a t e r i a l s create on the c r u c i b l e i f they expand on 
•freezing (a feu percent i n the case of s i l i c o n ) d i s t o r t 
the c r y s t a l i n t r o d u c i n g d i s l o c a t i o n s and even low angle 
g r a i n boundaries. No such problem a r i s e s i n Czochralski 
growth. Furthermore, f o r the growth of l a r g e c r y s t a l s , 
Czochralski technique can be scaled whereas f l o a t - z o n e 
growth i s l i m i t e d t o small c r y s t a l s f o r which a p r a c t i c a l 
c r o s s - s e c t i o n a l zone can be r e t a i n e d by surface t e n s i o n 
( o r , t o some e x t e n t , r a d i o frequency l e v i t a t i o n ) , diameters 
of about 1 cm being t y p i c a l . 

The p h y s i c a l c h a r a c t e r i s t i c s of a m a t e r i a l may exclude 
growth by the Czochralski technique or indeed any other 
l i q u i d - s o l i d method. Properties preventing growth are; 

1) the m a t e r i a l decomposes before i t melts or melts 
incongruously; 

2) the m a t e r i a l sublimes before i t melts or i t s vapour 
pressure i s too high at the m e l t i n g p o i n t ; 

3) s t r u c t u r a l change during c o o l i n g (eg FCC HCP f o r 
Co at — 70D K) adversely a f f e c t s c r y s t a l p e r f e c t i o n ; 

4) the m e l t i n g p o i n t i s i m p r a c t i c a l l y high; 
5) the growth c o n d i t i o n s are not s u i t e d t o a desired 

dopant eg due t o i t s v o l a t i l i t y . 
The most c r i t i c a l experimental parameter i n Czochralski 

growth i s the melt temperature which, during t y p i c a l growth, 
must be regulated t o about G.5J& j u s t above the melting 
p o i n t . Control of the p u l l - r a t e i s not as c r i t i c a l . 
For high c r y s t a l p e r f e c t i o n , however, a l l parameters 
are important i n c l u d i n g r o t a t i o n - r a t e , transverse and 



l o n g i t u d i n a l thermal gradients at the growing t i p and, 
i f r e l e v a n t , the f l o w r a t e of the i n e r t gas. 

Rotating the c r y s t a l during growth i s necessary t o 
preserve r o t a t i o n a l symmetry of the c r y s t a l and d i s t r i b u t e 
i m p u r i t i e s . R otation r a t e s are l i m i t e d t o a few hundred 
RPM since above t h i s , melt a g i t a t i o n adversely a f f e c t s 
the growing i n t e r f a c e and thereby c r y s t a l p e r f e c t i o n , 
60 RPN being t y p i c a l . 

The c r y s t a l can be i n i t i a t e d by using a p o l y c r y s t a l l i n e 
s t a r t i n g rod and growing a t h i n neck i n which a s i n g l e 
c r y s t a l l i t e propagates t o the exclusion of others. 
Thereafter the c r y s t a l can be grown out t o the desired 
diameter* However f o r a r e q u i r e d o r i e n t a t i o n of the c r y s t a l 
l a t t i c e a w e l l c haracterised seed c r y s t a l must be used. 

An e x c e l l e n t t e x t on Czochralski and c r y s t a l growth 
techniques i n general i s R.A. Laudise "The Growth of Single 
C r y s t a l s " (1970). 

3.3 Automatic c o n t r o l of Czochralski growth 

Automatic c o n t r o l of Czochralski growth i s defined 
here t o be the automatic s t a b i l i s a t i o n of c r y s t a l diameter 
during growth. 

Automatic diameter c o n t r o l systems f o r Czochralski growth 
were patented i n 1959 (Levinson 1959), f i r s t reported i n the 
l i t e r a t u r e i n 1966 ( A p i l a t et a l . , 1966) and were a v a i l a b l e 
commercially i n the West by 1971. As i n d i c a t e d by 
L o r e n z i n i et a l . (1974) the e f f e c t of these systems 
on the s i l i c o n m a t e r i a l s i n d u s t r y was s i g n i f i c a n t a l l o w i n g 



many p u l l e r s t o be run simultaneously by fewer, less 
s k i l l e d operators t o produce c r y s t a l s f o r which subsequent 
g r i n d i n g was minimal* Furthermore the increased c o n t r o l 
allowed consistency i n the shape of the growing i n t e r f a c e , 
w i t h i t s i n f l u e n c e on c r y s t a l p e r f e c t i o n , so as t o 
r e a l i s e r e p r o d u c i b l y the s p e c i a l growth c o n d i t i o n s whereby 
zero d i s l o c a t i o n c r y s t a l s are produced* 

There are s i x basic methods of c o n t r o l which have 
so f a r been applied t o Czochralski growth, each characterised 
by the method of determining the diameter of the c r y s t a l * 
I n a l l cases d e v i a t i o n s tan the r e q u i r e d diameter are t r a n s ­
l a t e d t o c o r r e c t i v e changes i n the melt temperature or 
p u l l - r a t e completing a feedback-loop i n which c r y s t a l 
diameter i s s t a b i l i s e d * The c o n t r o l e l e c t r o n i c s w i l l not 
be discussed i n d e t a i l here* An a l t e r n a t i v e method of 
making c o r r e c t i v e changes t o the c r y s t a l diameter was 
r e p o r t e d by Vojdani et a l * (1974) who used the P e l t i e r 
e f f e p t t o remove heat a t the growing i n t e r f a c e by passing 
c u r r e n t down the c r y s t a l * This method i s only appropriate 
t o small and medium band-gap semiconductors, these having 
the necessary P e l t i e r c o e f f i c i e n t , and has never been 
used i n the closed-loop c o n t r o l of c r y s t a l diameter* 

The s i x methods of c o n t r o l , excluding the viscous 
torque method reported f o r the f i r s t time i n chapter 5, 
are shown schematically i n f i g u r e s 3*5 t o 3*10. A review 
a r t i c l e by Hurle (1977) on t h i s subject i s e x c e l l e n t but 
does not mention the use of melt depth sensors* 

Bachmann et a l * (1970) reported Czochralski growth 



i n which the growth c o n d i t i o n s were changed s e q u e n t i a l l y 
by a programmer. No in-progress diameter measurements were 
made but l i m i t e d automation was achieved i n c l u d i n g the 
c o n t r o l of neck-down. This was an open-loop method 
r e l y i n g on the r e p r o d u c i b i l i t y of the furnace c o n d i t i o n s 
from one run of the p u l l e r t o the next and d i d not c o n s t i t u t e 
automation as defined here. 

•ne method of producing Czochralski c r y s t a l s w i t h a 
f i x e d c r oss-section i s t o use a d i e f l o a t i n g on the melt 
surface c o n t a i n i n g a hole through which the c r y s t a l i s 
p u l l e d . This technique has found i t s p r i n c i p a l a p p l i c a t i o n 
i n the growth of ribbons r a t h e r than c y l i n d r i c a l rods and 
again i s not an automatic technique i n the sense d e f i n e d . 

The s i x automation methods are described i n the 
f o l l o w i n g s e c t i o n s . 

3.3.1. The ' b r i g h t - r i n g 1 method 

H i s t o r i c a l l y the ' b r i g h t - r i n g * method was one of the 
e a r l i e s t forms of automatic c o n t r o l (Patzner et a l . 1967) 
and used an o p t i c a l pyrometer focused on the melt surface 
adjacent t o the c r y s t a l ( f i g * 3.5). Changes i n the 
c r y s t a l diameter were detected as the luminous meniscus 
r e g i o n , t h a t i s the ' b r i g h t - r i n g ' , advanced or r e t r e a t e d 
across the view of the pyrometer increasing or decreasing 
i t s o utput. S t a b i l i s i n g the pyrometer output by a d j u s t i n g 
the growth c o n d i t i o n s . c o n s t r a i n e d the diameter of the 
c r y s t a l as r e q u i r e d . The b r i g h t - r i n g , as shown by 
Digges et a l . (1975) and independently by T u r o v s k i i 
et a l . (1377), was due t o the r e f l e c t i o n of l i g h t from hot 
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areas of the growth system by the curved meniscus* 
Domey et a l * (1971) reported a development of the 
technique using a computer i n the feedback process w i t h 
c o n t r o l of both melt temperature and p u l l - r a t e r a t h e r 
tjhan s o l e l y p u l l - r a t e * Van O i j k et a l * (1974) and 
T u r o v s k i i et a l * (1977) r e p o r t f u r t h e r developments of 
t h i s method. A l l b r i g h t - r i n g methods r e q u i r e the c r u c i b l e 
t o be l i f t e d t o keep the malt l e v e l constant i n order 
t o prevent apparent movement of the b r i g h t - r i n g w i t h 
respect t o melt d e p l e t i o n as viewed o f f the c r y s t a l 
a x i s * B r i g h t - r i n g c o n t r o l has achieved ± 1% diameter 
r e g u l a t i o n in s i l i c o n ( T u r o v s k i i et a l . 1977) and a 
s i m i l a r accuracy i n a p a t i t e (Steinbrugge et a l . 1972) 
and i s t h e r e f o r e one of the best a v a i l a b l e techniques 
i n t h i s repeat. 

3*3.2* The l a s e r r e f l e c t i o n method 

Closely r e l a t e d t o the ' b r i g h t - r i n g ' method i s the 
la s e r r e f l e c t i o n method described by Gross and Kersten 
(1972) and Van D i j k et a l * (1974)* The meniscus p o s i t i o n 
was sensed o p t i c a l l y but i n t h i s case using a chopped 
He-Ne la s e r t o v e r t i c a l l y i l l u m i n a t e the melt surface 
near the growing i n t e r f a c e ( f i g * 3*6)* Change i n the 
p o s i t i o n of the meniscus curvature deviated the r e f l e c t e d 
l a s e r beam, detected by t w i n photodiodes tuned t o the 
chopping frequency* The out-of-balance s i g n a l i n i t i a t e d 
a p p r o priate changes i n the melt temperature. Control 
of the c r y s t a l diameter was ± 1% f o r 2 cm diameter 
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c r y s t a l s of the KC1 and Bi^GeOgg (Gross and Kersten, 
1972) comparable t o the previous method. 

3.3.3. The o p t i c a l TV imaging method 

Gartner et a l . (1972), O'Kane et a l . (1972) and 
Kim et a l . (19B2) describe c o n t r o l by imaging the c r y s t a l 
w i t h a t e l e v i s i o n camera and d e r i v i n g the diameter from 
the i n t e n s i t y p r o f i l e of a l i n e i n the video image c u t t i n g 
the i n t e r f a c e region ( f i g * 3,7). Viewing the c r y s t a l 
out-of-normal due t o the c r u c i b l e w a l l , produced an 
e l l i p s o i d a l image of the meniscus having an i l l - d e f i n e d 
boundary w i t h the c r y s t a l y i e l d i n g low i n t e r f a c e d e f i n i t i o n 
and reducing c o n t r o l accuracy, A conventional black and 
white v i d i c o n and i n f r a - r e d TV camera were used r e s p e c t i v e l y . 
S t a b i l i s a t i o n of diameter t o w i t h i n ± 5% was possible by 
feedback t o the melt temperature. This c o n t r o l method 
has not been widely adopted presumably due t o i t s 
inaccuracy. 

3.3.4. The X-ray shadow method 

Prue t t and Lien (1974) and Van O i j k et a l . (1974) 
r e p o r t the i n s p e c t i o n of c r y s t a l X-ray shadows using a 
t e l e v i s i o n monitor- ( f i g . 3.8). Resolution was hampered 
by the f i n i t e source s i z e causing b l u r i n the s i l o h e t t e 
detected using a ZnS screen. As i n t h e p r e v i o u s method, 
the d u r a t i o n of the t r a v e r s e of a r a s t e r over the 
darkened p a r t of an appropriate l i n e i n the Video image 
yi e l d e d c r y s t a l diameter. The method i s p a r t i c u l a r l y 
s u i t e d t o l i q u i d encapsulation Czochralski growth i n which. 



66 

u 
UJ 
a 
in 

H- u i u j in 3 u i 

cn 5 ui 
in 

i - w 
Ui K en 

U l U I 
X C in U 3 
o in K4 8 

UI U it in 
I IM 

UJ a K 

UI 
UI 

Ul UI u 
l - U I 

UI UDHtf 
Ul 

a ui _ i o 

u i u 
3 

in 
« in 

UI 
C9 

in 
u i U_ ui 

in ui UJ 
a m 

in 
u u i 

Ul 
UI 

u . in en 

1 •H Ul. u 

Ul U 
tt in 
ui u i 

ui 

Ul 
X Ul 

UJ 



t o prevent v o l a t i l i s a t i o n of the melt, an immiscible 
n o n - v o l a t i l e m a t e r i a l i s f l o a t e d on the surface 
( a f t e r Metz et a l . , 1962) obscuring the i n t e r f a c e 
r e g i o n t o o p t i c a l a n a l y s i s and complicating the use of 
the next two methods of diameter measurement. X-ray imaging 
can however, f o r some m a t e r i a l combinations, show the 
submerged c r y s t a l t i p , as i n the case f o r GaP encapsulated 
by B 2

D3 * U a n D i J k B t a 1 , ( I 9 7 4 ) used t h i s technique t o 
automate growth v i a the melt temperature and achieved 
± 2,5% diameter s t a b i l i s a t i o n , P r u e t t and Lien used the 
technique t o complement manual c o n t r o l of the furnace* 
However, X-ray imaging has not been mentioned i n the 
l i t e r a t u r e since 1974. 

3.3.5. The weighing methods 

By f a r the most important method f o r automatic c o n t r o l 
of the Czochralski technique i s the weighing method ( f i g . 3.9). 
Though envisaged i n a patent as e a r l y as 1959 (Levinson) and 
again i n 1366 (Rummel) the f i r s t working version was reported 
as r e c e n t l y as 1972 (Bardsley et a l . ) and described subse­
quently by Z'innes et a l . (1973), Kyle and Zydzik (1973), 
Reinert and Yatsko (1974), Valentino and Brendle (1374), 
Satoh et a l . (1976), Garabedian et a l . (1S76), i'.ateika et 
a l . (1977), Bardsley et a l . (1977) and Fukuda et a l . (1982). 
I n t h i s methodj the weight of the c r y s t a l or c r u c i b l e f o r 
constant p u l l - r a t e can be compared d i r e c t l y t o a l i n e a r l y 
i n c reasing datum t o provide a s i g n a l i n d i c a t i v e of the 
average diameter e r r o r over the preceding c r y s t a l p r o f i l e . 
Conversely the d i f f e r e n t i a l of the weight w i t h respect 



t o p u l l - r a t e y e i l d s the diameter of the c r y s t a l (Valentino 
and Brandle, 1974; Bardsley et a l . 1977). To achieve t h i s 
method of c o n t r o l the m o d i f i c a t i o n necessary t o a standard 
c r y s t a l p u l l e r need not be extensive; a l l t h a t i s required 
i s a load c e l l w i t h i n the gas/vacuum system. Garabedian 
et a l . (1S7B) quote c o n t r o l accuracy of ± 0.4£ i n 
gadolinium-gallium-garnet using the weighing method; the 
most precise f o r any automation method. 

3.3.6. The melt l e v e l method 

I n the melt l e v e l method, the decrease i n the melt 
l e v e l i s compared t o c r y s t a l l e n g t h or p u l l - r a t e t o y i e l d 
an e r r o r s i g n a l i n the diameter ( f i g . 3.10). Though preceded 
by patents on the weighing method, t h i s seems t o have been 
the e a r l i e s t working automation method f o r Czochralski growth, 
a l l the development being c a r r i e d out i n the U.S.S.R. 
Introduced by A p i l a t et a l . (1966) continuous improvement 
f o l l o w e d , notably by Belgurov et a l . (1970) who reported 
a s p e c i a l i s e d platinum contact m e l t - l e v e l transducer and by 
Burachas and co-workers subsequently. Timan and Burachas 
(1981) and G o r i l e t s k y et a l . (1961) achieved diameter 
c o n t r o l of ± 1.5$£ by t h i s method. 

3.3.7. Discussion of methods 

Both Hurle (1977) and Jozsef (1972) i n r e v i e w - a r t i c l e s 
on the automation of Czochralski growth conclude t h a t methods 
which measure not only c r y s t a l diameter but also the shape 
of the meniscus at the growing i n t e r f a c e are the best means 
of s t a b i l i s i n g c r y s t a l diameter. Lne reason f o r t h i s i s 
t h a t the meniscus angle, cx* , defined i n f i g u r e 3.11,' i s 



dependent an the i n c l i n a t i o n of the c r y s t a l w a l l s t o 
the melt a t the growing i n t e r f a c e * 

Definition of the contact angle >p and die meniscus 
angle a in a schematic cross section through the axis of a 
Czochralski growth arrangement with axial symmetry. The 
crystal is indicated by an ordered, the melt by a disordered 
arrangement of dots. 

This means t h a t meniscus angle i s dependent on the d e r i v a t i v e 
of c r y s t a l diameter w i t h repect t o distance p u l l e d and the 
sensing of the meniscus angle can t h e r e f o r e i n d i c a t e impending 
diameter changes p r i o r t o t h e i r occurrence. I n p a r t i c u l a r 
i t has been shown (eg. Ulenzl et a l . 1S76) t h a t the contact 
angle jP of the surface of the melt w i t h respect t o the 
c r y s t a l surface i s a constant f o r a given m a t e r i a l , being 
zero only f o r those m a t e r i a l s f o r which the l i q u i d completely 
wets the s o l i d , [-iaintaining a meniscus angle of <p 
t h e r e f o r e produces p a r a l l e l - s i d e d c r y s t a l s . However, a 
meniscus angle of defines a size and shape f o r the 
meniscus column held above m e l t - l e v e l by the surface t e n s i o n . 
Thus the d e v i a t i o n from t h i s column geometry a n t i c i p a t e s the 
ensuing diameter changes of the c r y s t a l . A general paper 
on the r e l a t i o n s h i p between the meniscus geometry and the 
shape of growing c r y s t a l s has been w r i t t e n by Surek et a l . 

Fig 3-11 gravity 

(AFTER WENZL ET AL.,;i978 ) 

(1QB0). 



C l e a r l y the ' b r i g h t - r i n g ' and l a s e r methods measure 
not j u s t c r y s t a l diameter but depend also on the s t a t e of 
the meniscus, since r e f l e c t i o n s from the meniscus region 
i n both cases produce the s i g n a l by which c o n t r o l i s 
accomplished. Likewise, though not as c r i t i c a l l y , the 
weighing and melt l e v e l methods are meniscus s e n s i t i v e 
because the volume of f l u i d supported above the melt 
surface by the meniscus i s accredited t o the c r y s t a l r a t h e r 
than themelt i n both cases. T e l e v i s i o n methods ( o p t i c a l , 
i n f r a - r e d or X-ray shadow) are simply diameter s e n s i t i v e 
since meniscus p r o f i l e s are beyond the r e s o l u t i o n of any 
r e a l i s t i c equipment* The c o n t r o l of diameter f o r these 
methods i s accordingly poor. 

Two methods which have been applied t o the automation 
of f l o a t - z o n e growth but not Czochralski growth i n v o l v e 
i n the f i r s t case Y-ray a t t e n u a t i o n through the molten 
zone (Autenshlyus et a l . 1575) and i n the second case 
viscous torque measurement (Quenisset et a l . 1S80). Both 
methods could be applied t o Czochralski growth and the 
l a t t e r i s described i n chapter 5. I t would be d i f f i c u l t 
t o c o l l i m a t e and detect tf-rays i n a method wherby the small 
meniscus region j u s t above the melt i n Czoohralski growth 
i s resolved a c c u r a t e l y and t h e r e f o r e the V-ray method would 
be i n s e n s i t i v e t o the meniscus shape. Viscous torque 
measurements would, on the other hand, be s e n s i t i v e t o the 
shearing of the f l u i d between c r y s t a l and melt surface, 
t h a t i s the l a t t e r would be meniscus s e n s i t i v e and , at 
l e a s t i n t h i s respect* a promising method of automation. 
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CHAPTER FOUR 

TORQUE KAGNETUNETRV 

4,1 I n t r o d u c t i o n 

The magnetocrystalline anisotropy of a m a t e r i a l 
may be determined by several methods, i n c l u d i n g the 
an a l y s i s of magnetisation curves, by ferromagnetic 
resonance, e l e c t r o n d i f f r a c t i o n , i n e l a s t i c neutron 
s c a t t e r i n g and m a g n e t o s t r i c t i v e measurements, A f u r t h e r 
method i s t h a t of torque magnetometry i n which the d i f ­
f e r e n t i a l of the antwtropy energy surface w i t h respect 
t o angle i s i n f e r r e d d i r e c t l y from the torque experienced 
by a m a t e r i a l i n a magnetic f i e l d , 

A torque magnetometer i s b a s i c a l l y a device which 
measures the torque on a sample normal t o the plane of 
r e l a t i v e r o t a t i o n between the sample and an applied 
magnetic f i e l d t o determine p l o t s of torque versus f i e l d 
angle. Related devices, such as the torque pendulum f i r s t 
used by Rathenau and Snoek (1941), the r o t a t i n g sample 
magnetometer devised by Ingerson and Beck (1938) and the 
r i p p l e - f i e l d magnetometer of Birss et a l . (1976), which 
a l l measure magnetocrystalline anisotropy d i r e c t l y , w i l l 
not be discussed here. 

The f o l l o w i n g chapter deals f i r s t l y w i t h o b t a i n i n g 
anisotropy values from torque curves ( s e c t i o n 4.2) and 
then describes e x i s t i n g torque magnetometers, which can be 
compared w i t h the magnetometer of chapter 6. The anisotropy 



constants measured by a torque magnetometer include the 
e f f e c t s of m a g n e t o s t r i c t i o n and a n i s o t r o p i c magnetisation 
and i n n e i t h e r case can these be e l i m i n a t e d s a t i s f a c t o r i l y , 
without independent measurements of the spurious p r o p e r t y . 

The review of Pearson (1979) i s an e x c e l l e n t t e x t on 
the experimental aspects of torque magnetometry. A b r i e f 
i n t r o d u c t i o n t o torque magnetometry i s given by Z i j l s t r a 
(1960). 

4.2. Analysis of data 

4.2.1. The s h e a r - c o r r e c t i o n 

I t has been mentioned e a r l i e r (chapter 2) t h a t the 
torque on a saturated m a t e r i a l i n a magnetic f i e l d can be 
found by d i f f e r e n t i a t i n g the anisotropy energy w i t h respect 
t o angle. A problem a r i s e s however, when ob t a i n i n g the 
anisotropy energy from the torque measured experimentally, 
because the energy i s c o n v e n t i o n a l l y expressed i n terms 
of the angle of magnetisation w i t h i n the l a t t i c e , r a t h e r 
than the angle of the e x t e r n a l applied f i e l d , and i t i s 
dependence on the l a t t e r t h a t produces the observed 
torque. The s o l u t i o n i s t o c o r r e c t the experimental 
torque curve t o one w i t h magnetisation angle along the 
abscissa by applying a 's h e a r - c o r r e c t i o n ' , since the 
torque value, f i e l d value and magnetisation value, f o r 
any p o i n t on the curve, d e f i n e an angle by which the 
f i e l d vector and magnetisation vector must d i f f e r 
(see f i g . 4.1), Each p o i n t on an experimental torque 
curve must t h e r e f o r e be s l i d or 'sheared' by an appropriate 
amount t o y i e l d torque w i t h respect t o magnetisation 
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angle from which the anisotropy constants can then be 
obtained. 

A.2.2. Cbtaining the anisotropy constants 

A common method of d e r i v i n g the anisotropy constants 
from a shear-corrected torque curve i s t o Fourier analyse 
the curve and t o use c e r t a i n e s tablished r e l a t i o n s h i p s 
between the constants and the harmonic content. For example, 
the hexagonal anisotropy energy expression (eqn. 2.2) 
d i f f e r e n t i a t e s w i t h respect t o 8 t o g i v e ; 

^ j - / V ) * IT * Ko + ZKjSinB.CosB + 4K 2Sin 3B.Cos9 

+ 6(K 3 + K 4Cos6^)Sin 5 e.Cos8 + ... 
...(4.1) 

which i s the shear-corrected torque per u n i t volume f o r f i e l d 
r o t a t i o n about the 'b'-axis. I f expressed as a s e r i e s of 
harmonics, i n phase w i t h the easy-axis, parameterised by the 
Fourier coef f i c i e n t s A 2» A^, Ag.. t t h a t i s ; 

- A 2Sin28 + A 45in4B + AgSin68 + ... ...(4.2) 
t. 

then the anisotropy constants are given by; 

K n - i£g f^K ... ( 4.3) 

I n p a r t i c u l a r ; 

Kj^ = A 2 + 2A^ + 3Ag + 4Ag + ... ...(4.4) 

K 2 = - 2A 4 - 8A 6 - 20A 8 + ... ' ...(4.5) 

K 3 m - 16/3 Ag + 32A 8 + ... ...(4.6J 



Note t h a t care must be taken i n the d e f i n i t i o n of 
and higher order u n i a x i a l constants since c o n v e n t i o n a l l y 

i s taken t o be the f i r s t basal-plane anisotropy constant 
(t h e case throughout t h i s t h e s i s ) . There i s no r e p o r t of a 
u n i a x i a l K^ , as defined i n equation 4.3., being measured 
experimentally so there i s no confusion i n p r a c t i c e . The 
basal-plane torque i s given by; 

£ » B gSin6^ + B 1 2 S i n l 2 ^ + ... ...(4.7) 

whence; 

K 4 • 6 B 6 + ••• ...(4.8) 

Rela t i o n s h i p s between torque F o u r i e r c o e f f i c i e n t s 
and anisotropy constants f o r other c r y s t a l s t r u c t u r e s can 
be derived f a i r l y e a s i l y f o r a given phenomenalogical 
convention. The Fourier a n a l y s i s i s u s u a l l y done numerically 
by measuring d i s c r e t e values of torque at s p e c i f i e d f i e l d 
angles and, a f t e r s h e a r - c o r r e c t i o n , c a l c u l a t i n g the 
c o e f f i c i e n t s using an i n t e g r a t i o n technique s u i t e d t o the 
unequal angular spacing of the data due.to shear. 

4.2.3. Unsaturated samples 

Torque measurements can be made on samples which 
are not s a t u r a t e d , t h a t i s not i n the s i n g l e domain s t a t e . 
Under these circumstances the anisotropy constants can only 
be r e t r i e v e d by assuming a .nodel f o r domain behaviour and 
d e r i v i n g the torque i n a given f i e l d from i t . 

The simplest theory f o r domain behaviour, fr.on. which 
tcrque values i n a given f i e l d can be obtained, i s what 

i s c a l l e d 'phase theory', f i r s t described i n d e t a i l by 



tiiel (1944). I n phase theory no analysis i s made of the 
microscopic behaviour of the domains; they are simply 
assumed t o be made up of a feu d i s t i n c t types having a 
c h a r a c t e r i s t i c magnetic o r i e n t a t i o n . Each domain type 
i s c a l l e d a phase, and the theory involves only the 
volume p r o p o r t i o n and magnetisation d i r e c t i o n f o r each 
phase. The domains are assumed t o be mobile, correspon­
ding t o a magnetically s o f t m a t e r i a l , and the i n t e r n a l 
magnetisation of each i s assumed t o be constant; the 
s a t u r a t i o n magnetisation. The volume p r o p o r t i o n and 
d i r e c t i o n of the phases are established by assuming a 
s t a t e of minimum energy i n the sum of the rnagnetostat i c 
and magnetocrystalline c o n t r i b u t i o n s , where the forr.ier i s 
ca l c u l a t e d by assuming a macroscopic magnetisation which i s 
uniform and a v e c t o r i a l average of the phases. A d e r i v a t i o n 
of the torque created by an unsaturated u n i a x i a l disc i s 
given i n Appendix C. A few papers have appeared which 
describe i n d e t a i l phase theory treatment of the magne­
t i s a t i o n process i n c r y s t a l l i n e m a t e r i a l s , p a r t i c u l a r l y 
Hiel (1944), Keel et a l . (1560), Birss and Hegarty (1966), 
Polivanov and Kalugin (1968), Jahn" and r-i l i l l e r (126U), 
Voigt and Pels t e r (1973), Burd et a l . "(1377) and p.ost 
comprehensively Birss and frartin (1975). uf these, 
Polivanov and Kalugin, Jahn and ISUller, Voigi- and 
Pelster t r e a t the r e s u l t a n t torque i n a magnetic f i e l d . 

I n the case of p a r t i a l s a t u r a t i o n of the torque curves, 
i n an i n t e r v a l around the easy-axis, a n i s o t r o p i c s can be 
derived using the conventional method by f i t t i n g a 
harmonic s e r i e s t o the a v a i l a b l e shear-corrected curve 



and then assuming i t s c o n t i n u a t i o n i n t o the undefined 
r e g i o n . The accuracy of the d e r i v a t i o n s u f f e r s because 
the shear c o r r e c t i o n s are ne c e s s a r i l y gross i f the applied 
f i e l d could not wholly s a t u r a t e the sample and the angular 
i n t e r v a l f o r which the corrected torque curve i s a v a i l a b l e 
i s t h e r e f o r e i n v a r i a b l y s m a l l . One s i m p l i f i c a t i o n i s t o 
assume a leading term only i n the anisotropy, which can 
then be derived by i n t e r p r e t i n g the corrected easy-axis 
gradient as the beginning of a s i n u s o i d a l p l o t . The Kj 
data f o r the terbium/gadolinium a l l o y s was determined i n 
t h i s way i n chapter 8. 

4.2.4. E x t r a p o l a t i o n w i t h respect t o f i e l d 

Torque curves taken i n the non-saturated s t a t e 
demonstrate a shape and amplitude which i s c r i t i c a l l y 
dependent on the size of the applied f i e l d . For s a t u r a t i o n 
at a l l f i e l d angles, the torque curve amplitudes of most 
materials remain v i r t u a l l y constant (eg f o r Co i n the 
1.4 - 1.9 T f i e l d range i n f i g u r e 7.4) and the change t h a t 
occurs t o the torque curve w i t h increasing f i e l d i s i n 
the shape as the shear-error reduces. A rough value of the 
anisotropy constants can t h e r e f o r e be obtained from saturated 
torque curves si n c e , f o r an appropriate s h e a r - c o r r e c t i o n , 
they are l a r g e l y independent of the applied f i e l d . . However,' 
i t was r e a l i s e d as long ago as 1S39 (Tarasov), t h a t torque 
curve amplitudes f a i l e d t o show a l i m i t i n g value and 
t h a t an e x t r a p o l a t i o n was necessary; a r e c i p r o c a l - f i e l d 
p l o t continued t o 1/H=0 being suggested. Later, Kouvel 
and Graham (1956 and 1957) suggested a 1//H p l o t . 
However, i t has now become cle a r t h a t t h c r u i s no c o r r e c t 



means of making the e x t r a p o l a t i o n . 
The f i r s t d i f f i c u l t y i n making an e x t r a p o l a t i o n i s the 

lack of a d e f i n i t i v e theory which describes the anisotropy 
f i e l d dependence parameterised by constants which could be 
experimentally determined. S i e v e r t and Zehler (1970) 
pointed out t h a t anisotropy cjr.stants measured by torque 
curves include components which are dependent on the aniso­
t r o p y of the magnetisation, t h a t i s , i t s magnitude v a r i a t i o n 
w i t h respect t o c r y s t a l l o g r a p h i c o r i e n t a t i o n described by 
Callen and Callen (196D) and Aubert (1966), m u l t i p l i e d by 
the applied f i e l d . They concluded t h a t an e x t r a p o l a t i o n t o 
zero f i e l d i s required t o r e t r i e v e a n i s o t r o p i c s since only 
then would the a n i s o t r o p i c s t r u l y r e f l e c t the change i n the 
f r e e energy of the c r y s t a l w i t h respect t o magnetisation 
d i r e c t i o n . They also concluded t h a t , i n a simple theory, 
the e x t r a p o l a t i o n ought t o use a best f i t t i n g quadratic 
and demonstrated a good quadratic f i t between saturated shear-
corrected a n i s o t r o p i c s w i t h respect t o f i e l d i n the case of 
c o b a l t . What they d i d not know i s t h a t t h e i r c obalt 
a n i s o t r o p i c s at f i n i t e f i e l d are at variance w i t h 
b e t t e r recent measurements i n d i c a t i n g t h a t a wrong siieacv 
c o r r e c t i o n parameter, l/(o"gVBgi was used which creates 
a quadratic e r r o r i n the anisotropy w i t h respect t o f i e l d 
i n a second order expansion. I t i s impossible, t h e r e f o r e , 
t o Say t h a t there i s a quadratic component i n the f i e l d 
dependence of the an i s o t r o p y . Indeed P h i l l i p s and Shepherd 
(1970) suggest a quadratic w i t h respect t o 1/B ra t h e r than 
8. I n t e r e s t i n g l y enough, independently of Sie v e r t and 



Zehler, another d e t a i l e d study of the f i e l d dependence 
of the anisotropy constants of cobalt has been done. 
Ono and Yamada (1979) and Dno (1981) showed cobalt 
antsofcropy f i e l d dependences which were much smaller 
than those of S i e v e r t and Zehler ( c o n f i r m i n g the p o s s i b i l i t y 
of shear e r r o r s i n the .former work) and of a form which 
f i t t e d a theory i n which the e f f e c t of the Fermi surface 
movement i n the applied f i e l d was taken i n t o account using 
an i t i n e r a n t - e l e c t r o n model f o r the anisotropy. The f i e l d 
dependence of the magnetisation value was also considered. 
This was e v i d e n t l y a theory g i v i n g a complex f i e l d 
dependence; i t gave only q u a l i t a t i v e p r e d i c t i o n s . Generally 
speaking, t h e r e f o r e , the complexity of the f i e l d dependence 
r u l e s out the p o s s i b i l i t y of an e x t r a p o l a t i o n by a simple 
f u n c t i o n a l form. 

The second d i f f i c u l t y i n making the e x t r a p o l a t i o n 
i s t h a t , t o ob t a i n accurate a n i s o t r o p i c s using torque 
magnetometry, the samples need t o be sa t u r a t e d . This 
n e c e s s a r i l y means high f i e l d s and t h e r e f o r e a very long 
p r o j e c t i o n of the t h e o r e t i c a l f i t f o r the f i e l d dependence 
t o the zero f i e l d value. The e x t r a p o l a t i o n i s t h e r e f o r e 
i n h e r e n t l y i n a c c u r a t e . 

I n chapter 7 an e x t r a p o l a t i o n technique was not 
applied t o the cobalt data, nor t o the «^ values f o r the 
a l l o y s i n Chapter 8. However, the K 4 values f o r the 
a l l o y s showed such a sharp f i e l d dependence t h a t an 
e x t r a p o l a t i o n was c a r r i e d out using the form; 

S|BoB n - ^IB.^ 1 - C/<BS>) ...(4.9) 



where the power index, n , was adjusted t o give a l e a s t -
squares f i t t o the data* I n f a c t a value of n=1 was 
optimum; i n agreement w i t h e a r l y measurements of the 
f i e l d dependence by Tarasov (1939) on s i l i c o n - i r o n , 

4.2.5. N o n - i n t r i n s i c torque e f f e c t s 

P h i l l i p s and Shepherd (1970) analysed the a n i s o t r o p i c 
torque produced by several n o n - i n t r i n s i c e f f e c t s i n torque 
magnetometry. Excluded from these are mag n e t o s t r i c t i v e terms 
i n the anisotropy ( i n t r i n s i c ) , ferromagnetic i m p u r i t i e s 
i n the sample support mechanism and the e f f e c t of s t r a y 
magnetic f i e l d on the e l e c t r i c a l components of the magne­
tometer. Included are the non-horizontal mounting of a 
sample d i s c , the e l l i p t i e i t y of a disc and the e c c e n t r i c i t y 
of a specimen w i t h respect t o the magnetometer movement* 

A non-horizontal disc t i l t e d t o a small angle OfQ 

from the plane of f i e l d r o t a t i o n w i l l generate a torque 

assuming t h a t the disc i s t h i n and saturated t o ̂  • 
2 

T y p i c a l l y , f o r a f i e l d of 1 t e s l a , magnetisation of 10 
a . 3 

emu/g and d e n s i t y of 10 kg/m , the c o n t r i b u t i o n t o the 
anisotropy constants ( p r i n c i p a l l y i n the u n i a x i a l case 

3 3 
to K^) would be about 10 J/ro f o r a misalignment of 2* 
i n the d i s c . 

A s l i g h t l y e l l i p t i c a l d isc of f r a c t i o n a l diameter 
v a r i a t i o n , & , and small thickness t o diameter r a t i o , rf, w i l l 
produce a torque o f; 

r l/Bgrfg P ( l - Cos«Jj)Sin28 • • • (4.10) 

r Sin2B 
16 

. • • (4.11) 



which fox £=u.ul, R»0.2, P olGT kg/m*5 and d*s-10* emu/g 
gives an a n i s o t r o p i c energy c o n t r i b u t i o n of about 
10** J/m3 » again p r i n c i p a l l y t o i n the u n i a x i a l case. 

An e c c e n t r i c a l l y mounted specimen, i n a uniform f i e l d 
g radient which r o t a t e s w i t h the applied f i e l d , produces 
a resolved torque of; 

d B n 
P = urf g P(-^ f i-)rSin2B ...(4.12) 

where r i s the distance between the centre of mass of 
the specimen and the r o t a t i o n axis of the magnetometer. 
For r*10""3 m, P*10 4 kg/m 3 , e f - l O 2 emu/g and f i e l d 
g r a d i e n t = l T/m, the c o n t r i b u t i o n t o anisotropy energy, 
again p r i n c i p a l l y t o , would be about 10 3 J/m3 . 

4.3. E x i s t i n g magnetometers 

The l i t e r a t u r e a v a i l a b l e r e p o r t i n g i n d e t a i l the 
c o n s t r u c t i o n of torque magnetometers i s extensive. 
Torque magnetometry as a technique was reported i n 1935 
by Weiss, and torque magnetometers have been described, since 
then. The present survey concentrates mainly oh equipment 
devised since 1950. Torsion s u s c e p t i b i l i t y balances f o r 
f l u i d s (eg S p l i t t g e r b e r and G i l l , 1071) are excluded. Where 
pos s i b l e , papers quoted r e f e r t o the i n i t i a l r e p o r t s of a 
type of instrument or an improvement riade, r a t h e r than 
i t s use subsequently. D e t a i l w i l l be kept t o a minimum 
and diagrams are schematic o n l y . The purpose of t h i s 
s e c t i o n i s to i n d i c a t e the background against 
which the mechanically simple yet e f f e c t i v e magnetometer 
of chapter 6 was constructed. 



Four aspects of the design of a torque magnetometer 
by which i t can be conveniently c l a s s i f i e d are: 

1) The support method by which the necessary r o t a t i o n s 
of the sample can take place (suspension f i b r e , l e a f 
s p r i n g s , a i r bearings, etc ) * 

2) The method of d e t e c t i n g the p o s i t i o n of the magnetometer 
movement i f e l e c t r i c a l feed-back i s employed ( p h o t o c e l l s , 
inductance methods, c a p a c i t a t i v e methods, e t c . ) . 

3) The method of producing counter-torque on the sample 
( f i e l d c o i l , passive e l a s t i c , c o n t r o l l e d e l a s t i c , quadrant 
electometer, e t c ) . 

4) The method of reading the torque produced by the 
sample ( l i g h t l e v e r and scale, c a p a c i t a t i v e , i n d u c t i v e or 
r e s i s t i v e transducers, e t c . ) 

Table 4.1 gives the s p e c i f i c a t i o n of several magne­
tometers according t o t h i s scheme against the authors 
r e p o r t i n g them ( f u l l references appear at the back of 
t h i s t h e s i s ) . S e n s i t i v i t y ranges are quoted where 
a v a i l a b l e , the most s e n s i t i v e extreme corresponding 
t o experimental noise. Cross-references are given t o 
r e l e v a n t i l l u s t r a t i o n s ( f i g u r e s 4.2 - 4.29). 

H i s t o r i c a l l y the f i r s t torque magnetometer was t h a t 
of Weiss (1905) who measured the anisotropy of p y r r h o t i t e . 
The design i s perhaps the simplest possible and i l l u s t r a t e d 
i n f i g u r e 4.2. Sevastyanov (1960), using a 5/km quartz 

-12 
f i b r e , achieved s e n s i t i v i t i e s of 5x10 Nm using essen­
t i a l l y t h i s method. The m i s o r i e n t a t i o n of a suspension 
f i b r e , t w i s t e d so as t o maintain a f i x e d sample alignment 
i n a r o t a t i n g f i e l d , i n d i c a t e d the torque on the sample. 



TABLE 4-1 
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AUTHORS SUPPKRT 
DETECTION 

-F 
WDVlTItNT 

COUN'TER-
fi.«te»E 

QUANTITY 
READ SENSITIVITY FIG. 

No. 
DETECTION 

-F 
WDVlTItNT 

COUN'TER-
fi.«te»E 

QUANTITY 
READ 

FIG. 
No. 

WEISS 
(190S) 

SINGLE 
FIBRE 

LIGHT 
LEVER 

AND SCALE 
MANUAL 

TWIST OF 
FIBRE 

OVERALL 
FIBRE 
TWIST ' - 4.2 

SEVAST'YANOV 
(1960) 

. SINGLE 
FIBRE 

LIGHT 
LEVER 

AND SCALE 
MANUAL 

TWIST OF 
FIBRE 

OVERALL 
FIBRE 
TWIST 

S 10~12Nm 
(MOST 

SENSITIVE) 

WILLIAMS 
(1938) 

TWIN 
JEWEL 
BEARINGS 

POINTERS 
ON TORSION 

WIRE 
MANUAL 
TWIST OF 

FIBRE 
MISALIGN­
MENT OF 
POINTERS - 4.3 

TARASOV 
AND 

BITTER 
(1937) 

HORIZONTAL 
KNIFE EDGES 
ON SAMPLE 

AXIS 

POINTER 
AND 
SCALE 

WEIGHTS 
ON A 
LEVER 

WEIGHT 
APPLIED - -

NILLER 
(1950) 

TWIN 
JEWEL 
BEARINGS 

STRAIN-
GAUGE 

STRAIN-
GAUGE 
ELASTICITY 

STRAIN-
GAUGE 
OUTPUT 

5 10"3Nm 
(LEAST 

SENSITIVE) 4.4 

BYRNES AND 
CRAWFORD 
US5S) 

TWIN' 
PIVGT 

EEAR1NGS 
STRAIN-
GAUGE 

STRAIN-
GAUGE 
ELASTICITY 

STRAIN-
GAUGE 
CUTPUT 

7 10" 3 

(LEAST 
SENSITIVE) 4.5 

CROFT 
ET AL 
(1955) 

SINGLE 
FIBRE 

LIGHT 
LEVER AND 
PHOTOCELLS 

COIL IN 
AUXILLIARY 
FIELD 

RESTORING 
CURRENT 
IN CCIL 

- 4.6 

PEARSLN 
(Ia56) 

CCUELE 
FIBRE 

LIGHT 
LEVER AND 
PHOTOCELLS 

CCIL IN 
AUXILLIARY 
FIELD 

RESTORING 
CURRENT 
IN COIL 

i o - 7 -
S 10"5Nm 4.7 

GEREER 
AND VILIH 

(1968) 
DOUBLE 
FIBRE 

LIGHT 
LEVER AND 
PHOTOCELLS 

COIL IN 
AUXILLIARY 
FIELD 

RESTORING 
CURRENT 
IN COIL 

10" 6 -
10""3Nm 4.6 

AU6ERT 
(1966) 

SINGLE FIBRE 
AND CENTRING 
WEIGHT 

LIGHT 
LEVER AND 
PHOTOCELLS 

COIL IN 
AUXILLIARY 
FIELD 

RESTORING 
CURRENT 
IN COIL . 

, i o - 7 -
10~2N« 4.6 

• HUMPHREY 
AND 

JOHNSTON 
(1963) 

DOUBLE 
FIBRE 

LIGHT 
Pi ASK AND 
PHOTOCELLS 

CONDUCTOR 
IN 

AUXILLIARY 
FIELD 

RESTORING 
CURRENT 

IN 
CONDUCTOR 

10~l3Nm 
(MOST 

SENSITIVE) 4.9 

PENOYER 
(1659) 

JEWEL 
AND AIR-
BEARING 

LIGHT 
LEVER AND 
PHOTOCELLS 

COIL IN 
AUXILLIARY 
FIELD 

RESTORING 
CURRENT 
IN COIL 

i o - 7 -
10"2Nm 4.10 

MAXIM 
(ia5B) 

JEWEL AND 
MAGNETIC 
BEARING 

LIGHT 
LEVER AND 
PHOTOCELLS 

COIL IN 
' AUXILLIARY 

FIELD. 
RESTORING 
CURRENT 

. IN COIL 
I D " 9 -
2 10"3Nlll 4.11 

WILLEY 
ET AL 
(ls7 2 ) 

DOUBLE 
AIR-

BEARINGS 
LIGHT 

LEVER ANO 
PHOTOCELLS 

COIL IN 
AUXILLIARY 
FIELD 

RESTORING 
CURRENT 
IN COIL 

i o - 5 -
10"3N« 4.12 

ABE AND 
CHIK AZUI1I 

(1978) 
TRIPLE 
LEAF-
SPRINGS 

LIGHT 
LEVER AND 
PHOTOCELLS 

COIL IN 
AUXILLIARY 
FIELD 

RESTORING 
CURRENT 
IN COIL 

I D " 6 

10"2Nm . -

BRANSKY 
ET AL 
(1968) 

• 

DOUBLE 
RIBBON AND 
JEWEL 
BEARING 

LIGHT 
MASK AND 
PHOTOCELLS 

COIL IN 
AUXILLIARY 
FIELD 

RESTORING 
CURRENT 
IN COIL 

2 10"UNi« 
(MOST 

SENSITIVE) 
4.13 

WESTWLUO 
ET At 
(1970) 

JEWEL AND 
PLAIN 
BEARING 

LIGHT 
;>iASK AND 
PMUTOCCLLS 

COIL IN 
AUXILLIARY 
FIELD 

REbTCKlNG 
CURRENT 
IN ClIL 

5 10"^Nm 
(MOST 

SENSITIVE) 

4.14 



TABLE 4-1 cont 

AUTHORS SUPPORT 
DETECTION 

uF 
PDVlThlENT 

Cl-'UKTER-
TURQUE 

QUANTITY 
htM SENSITIVITY FIG. 

No. 
DETECTION 

uF 
PDVlThlENT 

Cl-'UKTER-
TURQUE 

QUANTITY 
htM 

FIG. 
No. 

CCNOON ANO 
MARCUS 
(1964) 

SINGLE 
FIBRE 

A.C. 
INDUCTION. 
1NTC COIL 

D.C. CURREN1 
T6 SAME CCU 
IN A FIELD 

O.C.CURRENT 
RESTORING 
COIL 

I D " " -
10""7N» 

4.IS 

VAKDERKOOY 
(1969) 

DOUBLE 
FIBRE 

A.C. 
INDUCTION 
INTO COIL 

D.C. CURRENT 
TO SANE COIL 
IN A FIELD 

D.C.CURRENT 
RESTORING 
COIL 

10-9N» 
(MOST 

SENSITIVE) 
4.16 

VERGE 
ET AL 
(1976) 

DOUBLE 
JEWEL 
BEARINGS 

A.C. 
INDUCTION 
INTO COIL(S) 

ID. C. CURRENT 
TG SAKE COIL 
IN A FIELD 

D.C.CURRENT 
RESTORING 
COIL(S) 

5 lO" 8 -
10"3N» 4.17 

VCIGT AND 
FQNER 
(1972) 

DOUBLE 
FIBRE 

VARIABLE 
CAPACITOR 

COIL IN 
MAIN FIELD 

RESTORING 
CURRENT 
IN COIL 

i o - 7 -
10*3Nm 4.18 

SATO AND 
CHAKDRASEkHAI 

(1957) 
SINGLE 

II FIBRE 
LIGHT 
LEVER AND 
PHOTOCELLS 

nOTQRISED 
TWIST OF 
FIBRE 

FIBRE TWIST 
SCALE AND 
MICROSCOPE 

4.19 

KING 
ET AL 
(1964) 

SINGLE 
FIBRE 

LIGHT 
LEVER AND 
PHOTOCELLS 

QUADRANT 
ELECTROMETER 

RESTORING 
VOLTAGE OF 
ELECTROMETER 

10"11Nm 
(RUST 

SENSITIVE) 4.20 

iiEUG&SAUER 
(1353) 

3H.SLE 
' FIERE 

LIGHT 
LEVER AND 
SCALE-

i-ANUAL 
TWIST OF 
FIBRE 

FIBRE TWIST 
READ CA 

LIGHT SCALE 
- 4.21 

TELESiUh 
ET AL 

(1964) 
SIHSLE 
FIBRE 

LIGHT 
LEVER ANO 
SCALE 

MANUAL 
TWIST OF 
FIBRE 

OVERALL. 
FIBRE 
TWIST 

10 - l iMii 
(MCST 

SENSITIVE) 
4.22 

SCKELLEhG 
ANO RADC 
(1963) 

TWIN 
JEWEL 
BEARINGS 

SCALE 
ANO 

KICR05CGPE 
MANUAL 
TWIST OF 
FIBRE 

AS READ ON 
SCALE - 4.23 

GENGNAGEL 
ET AL 
(1963) 

DOUBLE 
FIBRE 

LIGHT 
LEVER AND 
PHOTOCELLS 

PASSIVE 
. FIBRE 

MOVEMENT OF 
TRACKED 
PHOTOCELLS 

. I D " 7 -
5 10-3Nm 

4.24 

ALDEKKAKP 
ET AL 
(1960) 

TRIPLE 
LEAF-
SPRINGS 

A.C. 
INDUCTION 
INTO COIL 

PASSIVE 
LEAF-
SPRINGS 

INDUCED 
A.C. 

i o - 6 -
10"3Nn> 

4.25 

BURO 
ET AL 
(1977) 

TRIPLE 
LEAF-
SPRINGS 

LIGHT 
LEVER ANO 
SCALE 

PASSIVE 
LEAF-
.SPRINGS 

AS READ ON 
SCALE 4.25 

B1RS5 AND 
SHEPHERD 
(1978) 

TRIPLE 
LEAF-
SPRINGS 

VARIABLE 
CAPACITOR 

PASSIVE-
LEAF-
SPRINGS 

CAPACITANCE 
KEASUREKENT - 4.2S 

GRIESSEN 
(1973) 

QUADRUPLE 
LEAF-
SPRINGS 

VARIABLE 
CAPACITOR 

' PASSIVE 
LEAF-
SPRINGS 

CAPACITANCE 
MEASUREMENT - 4.26 

BIRSS ANO 
WALLIS 
(1883) 

FIBRE AND 
WIRE CRAOLE 

RESISTIVE 
CHANGE IN 
WIRE CRADLE 

STRETCH OF 
CRADLE 
WIRES 

RESISTANCE 
OF STRAINED 
WIRES . 

3 10" 7 -
5 10"*Nm 

4.37 

TAJIMA AND 
CHIKAZUNI 
.(1967) 

PHOSPHOR-
BRONZE 
CAGE 

STRAIN-
GAUGES ON 
CAGE 

DISTORTION 
' OF CAGE 

STRAIN-
GAUGE 
OUTPUTS 

.5 10"* -
10"2Nm 4.28 

UIARNOCK 
(196S) 

RAOIAL 
LEAF-
SPRINGS 

STRAIN-
GAUGES CN 
IEAF-
SPaUGS 

PASSIVE 
LEAF-
SPRINGS 

STRAIN-
GAUGE 
CUTPUTS 

i 

I D " 5 -
1 U - 1 ^ 4.29 
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The arrangement i s s t i l l used i n paleomagnetic devices 
(eg Stacey, 1960, and Stacey and Banerjee, 1967) 
However Harrison (1955) has shown t h a t a f i b r e suspension 
of t h i s kind can be unstable f o r low t o r s i o n a l constants and 
lar g e t w i s t s , i n t h a t the sum of the anisotropy and t o r s i o n a l 
energies may be a maximum at a p o i n t of t o r s i o n a l balance, 
r a t h e r than a minimum. Consequently, there has been 
,only l i m i t e d adoption of t h i s technique where accurate 
r e l a t i v e torque measurements are r e q u i r e d . 

Two notable e a r l y magnetometers were those of Williams 
(1936) and Tarasov and B i t t e r (1937) of which the former 
i s i l l u s t r a t e d i n f i g u r e 4.3. Williams used a c a l i b r a t e d 
phosphor-bronze t o r s i o n f i b r e i n a v e r s i o n of the Weiss 
magnetometer having a movement guided i n jewel bearings. 
The misalignment of the two p o i n t e r s , at the top and 
bottom of the f i b r e , i n d i c a t e d torque. The l a t t e r used 
a modified commercial balance acted upon by the torque of 
the sample f i x e d c o a x i a l l y t o the axis of the h o r i z o n t a l 
bar of the balance t o achieve a r e l a t i v e torque accuracy 
of about 0.2%,. The f i e l d n e c e s s a r i l y r o t a t e d i n a v e r t i c a l 
plane; a c o n f i g u r a t i o n never reported subsequently. 

The f i r s t torque magnetometer t o d r i v e a pen 
recorder, t o produce continuous torque curves a u t o m a t i c a l l y , 
was t h a t of . l i l l e r (1950). A s h a f t held between jewel, 
bearings was coupled t o a l i n e a r s t r a i n transducer by a 
phosphor-bronze s t r i p c o i l e d once round the s h a f t ( f i g . 4.4). 
Shaft motion, due t o the torque on the sample, winched the 
s t r i p so as t o move the transducer* The whole was c a r r i e d 
on a r o t a t i n g t a b l e between magnet pole, pieces. A p o s i t i o n 
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potentiometer relayed a v o l t a g e , p r o p o r t i o n a l t o 
magnetometer angle, t o an X-Y recorder fed simultaneously 
by the transducer t o produce torque curves. A development 
of t h i s design was.reported by Byrnes and Crawford (1S57 
and f i g . 4.5). This type of head f e l l i n t o disuse, but 
automatic recording of torque curves i s now almost 
standard. Apart from the previous two magnetometers, 
those devised a f t e r 1950 are gen e r a l l y s t i l l i n use i n 
some form today. 

1955 brought the development of a torque magnetometer 
f e a t u r i n g a f i b r e suspension w i t h automatic e l e c t r i c a l 
feedback i n which the torque on a sample i n the main f i e l d 
was counteracted by a c u r r a n t - c a r r y i n g c o i l i n an a u x i l l i a r 
f i e l d c o n t r o l l e d by e l e c t r o - o p t i c a l measurement of the 
t w i s t of the suspension from e q u i l i b r i u m ( C r o f t et a l . 
1955). The c o i l c u r r e n t r e q u i r e d t o prevent appreciable 
movement of the suspension i n d i c a t e d torque and was 
fed t o a pen recorder. The suspension was oil-damped 
using a c i r c u l a r conduit and paddles shown i n f i g u r e 4.6 
(minus the lower suspension f i b r e ) . A high s e n s i t i v i t y , 
d u p l i c a t e made by Boyd (1960) could detect torques of 
l O - " ^ Nm . A v a r i a t i o n on these magnetometers was t h a t 
of Pearson (1956) and recent high s e n s i t i v i t y developments 
of i t (eg Jayaraman and Dutta-Roy, 1976), i n which a lower 
f i b r e tensioned the movement t o improve l a t e r a l s t a b i l i t y . 
A magnetometer of t h i s type was used i n the analysis 
of the terbium/gadolinium a l l o y s of chapter 8. Gerber 
and V i l i m (196B) also held the modement between two f i b r e s 
w i t h the lower f i b r e a c a r e f u l l y optimised distance down 
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the movement i n a frame accomodating i t g i v i n g a compromise 
between l a t e r a l s t a b i l i t y and thermal i s o l a t i o n of the 
sample at the t i p . This magnetometer had a l l the features 
of f i g u r e 4*6. Wilson et a l * (197?) reported o n - l i n e torque 
analaysis from such a device (wi t h o u t the oil-damping) w i t h 
the whole magnetometer d r i v e n round i n a f i x e d f i e l d by a 
stepper-motor c o n t r o l l e d by the computer* Commercial 
galvanometer c o i l s were i n e v i t a b l y used i n t h i s k i n d of 
design when small torques were being measured. The 
magnetometer of Cr o f t et a l . was enclosed i n a vacuum 
system and operated i n conjunction w i t h a c r y o s t a t t o 
allow measurements of the temperature dependence of th« 
anisotropy* Low temperature f a c i l i t i e s were common t h e r e ­
a f t e r . 

The magnetometer of Fletcher et a l * (1969) was a 
simple high s e n s i t i v i t y device (10 -10 Nm) of the 
Cr o f t type (as i n f i g u r e 4*6 minus lower suspension f i b r e 
and oil-damping) f o r use up t o 1000 K w i t h a r e a d i l y 
interchangeable f i b r e a l l o w i n g several s e n s i t i v i t y ranges* 
Larsen and Livesay (1979) described a s i m i l a r device f o r 
use i n a pressurised'hydrogen environment up t o about 
200 atm. Interchangeable balancing c o i l s gave a torque 
range of 1 0 " 1 1 - 10~* Nm • An L.E.D. l i g h t source was 
used t o survive the pressures since the o p t i c a l parts 
were contained w i t h i n the pressure vessel* Data was 
c o l l e c t e d and processed o n - l i n e by a computer* 

Escudier (1975) reported a double f i b r e suspension 
l i k e t h a t of Gerber and V i l i m w i t h the interposed member 
f i x e d and having a large mobile surrounding frame c o n t i n u i n g 



down t o the sample. This instrument could measure r e l a t i v e 
torque changes of 10~^ by p a r t i c u l a r l y accurate current 
measurements through the balancing c o i l . Of s i m i l a r 
r e l a t i v e accuracy was the magnetometer of Auibert, constructed 
at the same i n s t i t u t i o n, in which the l a t e r a l s t a b i l i t y of 
the sample was maintained by a large weight on the f i b r e 
suspension ( f i g * 4.8) and the usual p h o t o c e l l s and balancing 
c o i l enabled t o r s i o n a l feedback. 

A high s e n s i t i v i t y magnetometer using a simple 
c u r r e n t - c a r r y i n g wire i n a f i e l d to create the balancing 
torque, r a t h e r than a c o i l , was reported by Humphrey and 
Johnston (1963) and i s i l l u s t r a t e d i n f i g u r e 4.9. The 
conducting element was fed through the gold coating on the 
double quartz suspension f i b r e s , the element also forming 
a mask which occluded t w i n p h o t o c e l l s i n the feedback 
process* 

The use of t o r s i o n a l feedback by a balancing c o i l i n 
an a u x i l l i a r y magnetic f i e l d was also a common f e a t u r e i n 
torque magnetometers p a r t i a l l y or e n t i r e l y without suspension 
f i b r e s . Furthermore, as w i l l be seen, instruments appeared 
i n which the method of determining the movement of the 
suspension i n the feedback process involved e n t i r e l y 
e l e c t r i c a l methods ( u s u a l l y i n d u c t i v e ) . 

Of the magnetometers t h a t depart from the Croft et a l * 
t r a d i t i o n i n the support of the suspension, notable are those 
of Penoyer (1959), ft ax i n (1968), UJilley et a l . (1972) and 
Abe and Chikazumi (1976). Penoyer achieved support of the 
suspension using a j e w e l , oh the undersurface of the 
balancing c o i l frame, r e s t i n g on a s t e e l p o i n t , and 
l a t e r a l s t a b i l i t y was provided at the lower end by an 
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a i r - b e a r i n g i n which an a i r cushion i s o l a t e d the 
moving surfaces ( f i g * 4*10)* Piaxim used the upper jewel 
bearing design of Penoyer but used a main f i e l d w i t h an 
i n t e n t i o n a l inhomogeneity of a form which a t t r a c t e d the 
sample t o the centre of the pole-piece gap p r o v i d i n g 
l a t e r a l s t a b i l i t y * The pole-piece faces were indented 
i n order t o achieve t h i s ( f i g * 4.11). W i l l e y et a l . 
used opposing c o n i c a l a i r - b e a r i n g s t o support the sus­
pension and achieve a robust and s e n s i t i v e magnetometer 
( f i g . 4.12). Abe and Chikazumi used a t r i p l e l e a f - s p r i n g 
cagein which the lower end of the v e r t i c a l r a d i a l l e a f -
springs were f i x e d i n an i n v e r t e d v e r s i o n of f i g u r e 4.25 
where the weight of the movement attached t o the upper 
disc v i r t u a l l y counteracted the t o r s i o n a l r e s t r a i n t of 
the springs by i t s tendency t o cause r o t a t i o n a l collapse* 
The geometry of the springs constrained the suspension t o 
r o t a t e about a s i n g l e axis w i t h inherent l a t e r a l s t a b i l i t y 
However the counter-torque was s t i l l provided mainly by 
a c o i l r a t h e r t h a t e l a s t i c a l l y . The Abe and Chikazumi 
suspended body was complex, and i n v o l v e d t w i n stepper-
motors t o c o n t r o l a sample support-platform i n three 
dimensions under computer c o n t r o l * I t provided automatic 
sample o r i e n t a t i o n , without X-ray a n a l y s i s , by i n s p e c t i o n 
of the torque curves* 

Two magnetometers of f u r t h e r note which involved 
balancing c o i l s i n a u x i l l i a r y f i e l d s were those of 
Bransky et a l . (1968) and Uestuood et a l . (1970). The 
former magnetorneter ( f i g * 4.13)' u t i l i s e d a commercial 
electro-balance turned through 30* w i t h the counter torque 
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c o i l from the o r i g i n a l balance supported by double 
suspension ribbons. The c o i l was j o i n t e d through a double 
f o r k and bar arrangement t o t u r n the r e s t of the movement, 
which rested on a jewel bearing. The sensing of the 
suspension o r i e n t a t i o n was by an ec c e n t r i c mask and photo­
c e l l s . The instrument of Uestwood was e s s e n t i a l l y a low 
s e n s i t i v i t y device f o r use i n an undergraduate l a b o r a t o r y * 
A jewel bearing took the suspension weight and a p l a i n 
bearing centred the lower end ( f i g . 4.14), w i t h a mask 
and photocells c o n t r o l l i n g the balancing c o i l c u r r e n t . 

A magnetometer using a balancing c o i l i n an a u x i l ­
i a r y f i e l d was constructed by Condon and Marcus (1964). 
I t d i f f e r e d from those discussed p r e v i o u s l y i n t h a t two 
supplementary Helroholtz-like c o i l s were attached t o the 
poles of the balancing c o i l magnet t o induce a high f r e ­
quency a.c. voltage i n t h e balancing c o i l i n p r o p o r t i o n t o 
i t s d e v i a t i o n w i t h respect t o the c o i l - p a i r perpendicular. 
The induced s i g n a l was fed t o a phase-sensitive a m p l i f i e r 
which c o n t r o l l e d a d . c . c u r r e n t , running simultaneously 
through the balancing c o i l , i n such a way as t o provide, 
the necessary counter torque t o f i x the balancing c o i l at 
30° t o the p a i r . D.C curr e n t i n d i c a t e d torque as usual. 
Following the very simple method of Rhyne and iicGuire (1967), 
who used' a balancing c o i l i n the main f i e l d along side the 
sample t o counteract the anisotropy torque, Vanderkooy 
(1969) and Verge et a l . (197B) produced two very simple 
magnetometers adopting the Condon and l.arcus p o s i t i o n 
sensing method. 

The magnetometers of V/anderkooy and Verge were both 
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s u i t a b l e f o r use i n the bores of solenoids, w i t h sample 
r o t a t i o n o c c u r r i n g on an axis perpendicular t o the bore. 
The magnetometer of Vanderkooy i s i l l u s t r a t e d i n f i g u r e 
4.16. Using the solenoid f i e l d i t s e l f t o create the 
counter-torque, the d.c. f i e l d of the balancing c o i l 
s t a b i l i s e d the sample o r i e n t a t i o n at an angle where the 
a.c. s i g n a l induced i n the balancing c o i l from the s t a t i c 
c o i l p a i r was minimised at the i n p u t of the phase s e n s i t i v e 
a m p l i f i e r supplying the d.c* c u r r e n t . The necessary 
adaptation t o the Condon and Marcus method was t o add an 
a r t i f i c i a l s i g n a l t o the a.c. output of the balancing c o i l 
so t h a t the phase s e n s i t i v e a m p l i f i e r minimised the sum of 
the s i g n a l s t o produce an e q u i l i b r i u m balancing c o i l p o s i t i o n 
d e v i a t i n g from 90° t o the s t a t i c p a i r by an amount depending 
on the phase and amplitude of the added s i g n a l , tfanderkooy 
found the ±- 60* movement of balancing c o i l and sample were 
p r a c t i c a l w i t h the c o n s t r a i n t s of the c o i l leads and the 
di m i n i s h i n g e f f i c i e n c y of the balancing c o i l as i t 
approached p a r a l l e l i s m w i t h the solenoid f i e l d . Verge et 
a l . improved the magnetometer of Vanderkooy by i n t r o d u c i n g 
two balancing c o i l s , set at 90° ( f i g * 4.17), and summing 
the a.c. outputs so as to produce a p o s t i o n a l s i g n a l of 
changing phase r a t h e r than amplitude ( c . f . the synchro -
r e s o l v e r i n machine servo systems). D i r e c t current was 
fed t o the two c o i l s i n such a p r o p o r t i o n as t o produce a 
p o s i t i o n a l s t a b i l i t y of constant compliance w i t h respect 
t o sample o r i e n t a t i o n . Verge achieved a ± 100* r o t a t i o n . 

V o i g t and Foner (1972) have reported a magnetometer 
s u i t a b l e f o r use i n a s o l e n o i d , i n which a balancing c o i l 
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l i k e t h a t of Vanderkooy was r o t a t e d p h y s i c a l l y i n a small 
cage by a worm gear w i t h the c o i l c u r r e n t c o n t r o l l e d so as 
t o s t a b i l i s e the capacitance between a s e m i c i r c u l a r p l a t e 
on the c o i l and a s e m i c i r c u l a r p l a t e on the cage ( f i g * 4.18). 

I n the category of magnetometers of the type s u i t e d t o 
a normal iron-yoke electromagnet and using a f i b r e sus­
pension, was the magnetometer of Sato and Chandrasekhar 
(1957) who achieved t o r s i o n a l feedback using a motor d r i v e n 
support which t w i s t e d the top of the suspension f i b r e so as 
t o counteract the torque ( f i g * 4*19). Barron and Hoffman 
(1970) reported a s i m i l a r instrument w i t h the motor d r i v e 
passing through magnetic linkages i n t o a high vacuum enclo­
sure around the magnetometer* 

Again, of those magnetometers s u i t e d t o the normal 
i r o n - y o k e electromagnet and using f i b r e suspensions, 

were th r e e notable high s e n s i t i v i t y torque magnetometers 
using the r e s t o r i n g f o r c e of a quadrant electometer. A 
general paper on the use of quadrant eleetometers t o measure 
small t o r s i o n a l movements i s given by de Boer at a l * (1380). 
King et a l * (1984) produced an instrument w i t h e l e c t r o - o p t i c a l 
p o s i t i o n sensing t o e s t a b l i s h feedback through the electometer 
p o t e n t i a l ( f i g * 4*20), and two s i m i l a r instruments were 
devised subsequently; Dey (1972) and Gradmann et a l * 
(1976). These instruments were s u i t e d t o anisotropy measur-
ments on t h i n f i l m s and have a s e n s i t i v i t y greater than those 
of the c o i l feedback magnetometers, t h a t i s t y p i c a l l y 
1 0 " 1 1 Nro. 

Three magnetometers have been devised f o r s p e c i a l i s e d 
work on t h i n f i l m s , deposited on a substrate w i t h i n the 
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magnetometer i n high vacuum, using the simple Weiss f i b r e * 
I n the design of Neugebauer (195S and f i g . 4*21) the substrate 
was l i f t e d , by a p u l l e y operated by magnets e x t e r n a l t o the 
vacuum system, i n t o the main f i e l d a f t e r d e p o s i t i o n of the 
f i l m . The devices of Graham and Lommel (1962) and Telesnin 
(1964) deposited the f i l m w i t h the substrate i n s i t u . 
The b e n e f i t of the f i b r e was t h a t i t could be conveniently 
t w i s t e d by the magnetic linkages (Neugebauer, Graham and 
Lommel) or by a s h a f t r o t a t i n g i n an 'O'-ring seal (Telesnin 
and f i g . 4.22) t o produce a simple magnetometer having very 
few p a r t s w i t h i n the (high) vacuum system. 

An adaptation of the simple manually t w i s t e d f i b r e 
design f o r use i n the bore of a solenoid was t h a t of 
Schelleng and Rado (1969) i n which the sample was supported 
t r a n s v e r s e l y on a s h a f t , held between jewel bearings i n the 
solenoid bore, d r i v e n by a c o t t o n thread around a c o a x i a l 
p u l l e y . A s i m i l a r p u l l e y , supported on jewel bearings ab.-ve 
the s o l e n o i d , tensioned the thread and was acted upon by a 
phosphor - bronze f i b r e . A micrometer read the misalignment 
between the ends of the f i b r e t o y i e l d torque ( f i g . 5.23). 

Gengnagel et a l . (1963) reported a magnetometer i n > 
which two t h i c k f i b r e s were used t o support the magnetometer 
movement without e l e c t r i c a l feedback t o the suspension. 
An automated output was provided by tapping the c o n t r o l 
voltage of a servo motor which moved t w i n p h b t o c e l l s on 
r a i l s t r e n s v e r s e l y t o a l i g h t lever r e f l e c t e d from a m i r r o r 
on the suspension. The t o r s i o n f i b r e was interchangeable, 
p r o v i d i n g d i f f e r e n t s e n s i t i v i t i e s , and the instrument had 
the usual vacuum ja c k e t and'heating f a c i l i t i e s . The magnetometer 
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• f Gengnagel was of a type i n which the t o r s i o n a l feedback 
was purely e l a s t i c w i t h no adjustment, e i t h e r manual or 
automatic, of the r e s t o r i n g system t o minimise sample 
movement. I t had a very r i g i d head on which were made 
p o s i t i o n a l measurements of high angular s e n s i t i v i t y , and 
i n t h i s respect was akin t o the generation of magnetometers 
c l a s s i c a l l y i l l u s t r a t e d by t h a t of Aldenkamp et a l . 

I n 1360 Aldenkamp et a l * described a magnetometer 
having three symmetrically disposed l e a f - s p r i n g s ( f i g * 4.25) 
suspending the sample w i t h good l a t e r a l s t a b i l i t y and the 
necessary s u s c e p t i b i l i t y t o t w i s t * They used an i n d u c t i v e 
l i n e a r displacement transducer, e c c e n t r i c a l l y placed from 
the axis of the magnetometer w i t h components attached 
a p p r o p r i a t e l y t o the upper and lower d i s c s , t o e s t a b l i s h 
a changing s i g n a l w i t h respect t o r o t a t i o n of the suspension. 
The magnetometer of chapter 6 (Paige and Tanner, 1982) i s 
s i m i l a r t o t h i s , but f o r a d i r e c t l y a n g u l a r l y s e n s i t i v e 
c o a x i a l transducer ( f i g * 6* 1 ) . The Aldenkamp et a l . 
magnetometer was e s s e n t i a l l y f r i c t i o n l e a s and revolved as 
a whole i n a s t a t i o n a r y magnetic f i e l d . . 

The t r i p l e l e a f - s p r i n g c o n f i g u r a t i o n of f i g u r e 4*25 
has been used i n co n j u n c t i o n w i t h c a p a c i t a t i v e displacement 
measurement ( A l b e r t s and A l b e r t s , 1971, Birss and Shepherd 
1978) and w i t h a simple o p t i c a l lever and scale (Burd et 
a l , 1977). The design of Birss and Shepherd involved two 
capacitor p l a t e s secured so as t o face each other on the 
perimeter of the suspension down the l i n e of r e l a t i v e 
movement between t h e i r i n d i v i d u a l support posts attached 
seperately to the two d i s c s . The whole was i n miniature 
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and was contained w i t h i n the c r y o s t a t region i n s i d e the . 
main f i e l d . 

A magnetometer l i k e t h a t of E irss and Shepherd, using 
a d i f f e r e n t l e a f - s p r i n g c o n f i g u r a t i o n , was t h a t of Griessen 
(1973). Sample torques were detected by capacitance measur-
ment using opposing p l a t e s , as i l l u s t r a t e d i n f i g u r e 4.26, 
on a movement w i t h d i f f e r e n t geometry but s i m i l a r c o n s t r a i n t s 
t o t h a t of the l e a f - s p r i n g arrangement of Aldenkamp et a l . 

A p a r t i c u l a r l y i n n o v a t i v e magnetometer was reported by 
Birss and Wall is (1963) again having passive e l a s t i c r e s t r a i i 
i n t h i s case produced by a wire cradle ( f i g * 4.27). Two 
f u r t h e r papers i n d i c a t i n g developments of i t f o l l o w e d ; by 
Qirss and Wallis (1965) and Birss and Hegarty (1967). A 
f i b r e provided some support of the sample to keep i t on the 
magnetometer a x i s . The i n g e n u i t y l a y f i r s t l y i n the use 
of the cradle wires as strain-gauge elements, and secondly 
i n using a c o n f i g u r a t i o n which gave the associated e l e c t r i c a l 
bridge n a t u r a l immunity t o magnetoresistive, t r a n s l a t i o n a l 
and thermal changes i n the wires. The torque on the inner 
two pegs ( f i g . 4.27) caused one of the two wires, strung i n 
*Z* c o n f i g u r a t i o n from- two outer d i a g o n a l l y opposing f i x e d , 
pegs, t o r e l a x , and the other, strung from a d i f f e r e n t p a i r 
of f i x e d d i a g o n a l l y opposing pegs,to s t r e t c h . Opposite 
torques had the opposite e f f e c t on each nichrome wire i n 
the miniature assembly. The out-of-balance voltage s i g n a l , 
created by the changing r e s i s t a n c e of the wires due t o s t r a i n 

gave the torque magnitude and sense. The voltage changes 

were monitored using a Wheatstone br i d g e . 
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Another magnetometer arrangement having passive e l a s t i c 
r e s t r a i n t was r e p o r t e d by Tajima and Chikazumi (1967) and 
seemingly independently by Kuntsevich and Palekhin (1973), 
and i s shown i n f i g u r e 4.28. A t o r s i o n cage was constructed 
from a t h i n - w a l l e d s l o t t e d , phosphore bronze tube, and 
movement was detected by two crossed paper strain-gauges 
on the surface. The strain-gauges were included i n a bridge 
c i r c u i t s e n s i t i v e t o t o r s i o n on the cage but i n s e n s i t i v e t o 
d e f l e c t i o n . The cage d i d not have the same p r e f e r e n t i a l 
tendency to t w i s t as t h a t of Aldenkamp et a l . , and was 
appropriate f o r the measurement of l a r g e torques. 

Another strain-gauge arrangement was t h a t of Warnock 
(1975) shown i n f i g u r e 4.29. Four r a d i a l nylon l e a f - s p r i n g s 
converging from a c i r c u l a r r i m t o a hub c a r r y i n g the sample 
were monitored by two strain-gauges on opposing 'spokes' 
while the whole was r o t a t e d i n a solenoid bore. The device 

suthuJ"to 

Was p a r t i c u l a r l y Ar high anisotropy m a t e r i a l s . 
F i n a l l y * chapter 6 describes a computerised magnetometer 

based on the Aldenkamp et a l * design f e a t u r i n g r e a d i l y a v a i l ­
able o f f - t h e - s h e l f e l e c t r o n i c s and comprehensive o n - l i n e 
data c o r r e c t i o n t o account f o r non-ideal magnetometer 
behaviour (eg n o n - l i n e a r i t y i n the e l e c t r i c a l p o s i t i o n 
m o n i t o r i n g , time-constant e f f e c t s i n the e l e c t r o n i c s e t c . ) . 
The device achieves a high absolute accuracy i n torque 
measurements. 

4.4. Suggested a l t e r n a t i v e designs 

Reviewing the l i t e r a t u r e , i t i s evident t h a t torque 
measurements are c a r r i e d out i n several a n a l y s i s techniques, 
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and i n p a r t i c u l a r i n d u s t r i a l research has gone i n t o devices 
which measure torque* I n t h i s category i s a torque meter 
devised f o r general use by F u l i n s k i and Grotowski (1977). 
Suggested a p p l i c a t i o n s were the measurement of torques 
created by moving-coil meters, the c a l i b r a t i o n of small 
r o t a t i o n a l s p r i n g s , the measurement of s t a t i c or dynamic 
f r i c t i o n i n small bearings end the measurement of the d r i v e 
torques i n f r a c t i o n a l horesepower motors* A working version 

—8 
produced by them had a s e n s i t i v i t y range of about 10 t o 
10*"** Nm (lower l i m i t corresponding t o noise v a l u e ) . The 
design was very s i m i l a r t o several of the torque magnetometers 
described p r e v i o u s l y i n t h a t a movement, r e t a i n e d i n t h i s case 
between jewel bearings, was held i n check by a balancing c o i l 
between the pole-pieces of a small magnet* The method of 
determining the d e v i a t i o n from the n u l l p o s i t i o n was, however, 
unusual i n t h a t a fieissener generator was used* This device 
consisted of an o s c i l l a t o r f e a t u r i n g two c o i l s i n a p o s i t i o n 
of strong f l u x l i n k a g e w i t h a small air-gap between them 
(see f i g . 4*30)* The o s c i l l a t i o n s were sustained by p o s i t i v e 
feedback r e l y i n g , at one stage, on the mutual inductance 
between the two c o i l s * An aluminium f l a g , attached t o a 
lever on the movement, swung i n t o the a i r - g a p , reducing the 
o s c i l l a t i o n amplitude by an amount depending on the p e n e t r a t i o n 
of the f l a g i n t o the gap* An a m p l i f i e r w i t h a d.c. output, 
o f f s e t t o zero f o r a standard detected s i g n a l from the 
o s c i l l a t o r , fed the balancing c o i l so as t o d r i v e the f l a g 
t o a p o i n t l i m i t i n g the fteissener o s c i l l a t i o n s t o the 
standard amplitude and thereby e s t a b l i s h i n g a t o r s i o n a l 
feedback i n the meter movement* C l e a r l y a torque magnetometer 
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Fig 4-30 

The moving-
coll final control mechanism f generat­
ing a compensating torque to'counter­
act the torque being tested, is. fed 
from the "control" system of the Meiss-
ner generator 6 via amplifier 7. The 
shaft of the moving element mounts 
an aluminium flog (screen) 4 that mov­
es in the air gap between hte coils 5 
of the feedback circuit of the Melssner 
generator A. The pointer of the mova­
ble element 3 terminates in a fork, the 
former engaging the pointer of the in­
strument being tested during the meas­
urement. 

THE TuRQUE METER OF FULINSKI AND GROTUldSKI 
THE USE OF A MEISSENER GENERATOR TO SENSE THE • 

POSITION UF THE METER MOVEMENT COULD CLEARLY BE ADOPTED 
IN THE DESIGN OF A TORQUE MAGNETOMETER. 



could be b u i l t w i t h t h i s method of s t a b i l i s a t i o n . An 
advantage would be the s i m p l i c i t y of the e l e c t r o n i c s . 

Techniques obviously e x i s t i n i n d u s t r y f o r measuring 
torques produced by machinery, but these are u s u a l l y heavy 
duty devices and i r r e l e v a n t t o torque magnetometry. 

Taking the s c i e n t i f i c l i t e r a t u r e , many experiments 
have been reported i n which t o r s i o n balances are used. 
The g r a v i t a t i o n a l experlaments of Cavendish or EBtvHs are 
examples. I n p a r t i c u l a r , s t a t i c measurements of very small 
t o r s i o n a l movements are c a r r i e d out i n the EfltvBs experiment, 
and p h o t o e l e c t r i c a u t o c o l l i m a t o r s have measured the angular 
d e f l e c t i o n of m i r r o r s t o about 10 radians (Hakner, 1963). 
However, Kantor et a l . (1972) describe a method of 
determining the d e f l e c t i o n t o a s e n s i t i v i t y of 10 radians; 
by using the m i r r o r t o p r o j e c t an image of a l a s e r - i l l u m i n a t e d 
pin-hole t o a p a i r of remote t w i n p h o t o c e l l s . For a 100 /urn 

—15 
quartz f i b r e suspension of l e n g t h 10 cm, torques of 10 
Nm would be detected, but such extreme s e n s i t i v i t y i s 
seldom re q u i r e d i n torque magnetometry. 

P.akheyen and Gogolev (1972) have described a method 
of measuring t o r s i o n a l angles using t w i n r e f l e c t i n g 
d i f f r a c t i o n g r a t i n g s of which one i s attached t o the movement. 
I t i s a valuable technique when the v/iew of the moving sus­
pension i s so r e s t r i c t e d t h a t i n f o r m a t i o n on a l i m i t e d angular 
change must be conveyed, not by a simple o p t i c a l l e v e r , but by 
the frequency of the emerging l i g h t . A p p l i c a t i o n s t o torque 
magnetometry are not obvious, nor i s the s i m i l a r technique 
i n v o l v i n g the e x t i n c t i o n of a p p r o p r i a t e l y p o l a r i s e d l i g h t 
r e f l e c t e d from a t i l t i n g surface on a moving body. 



I t has come t o the a t t e n t i o n of the author t h a t the 
c r o s s - c o i l transducer of the magnetometer reported i n 
chapter 6 bears a resemblance t o the i n t e r n a l windings 
of a c e r t a i n servo transducer, c a l l e d a magslip, manufactured 
i n t h i s country by f.uirhead and Co. L t d . The standard 
• t r a n s m i t t e r ' magslip c o n s i s t s of a s t a t o r , s i m i l a r t o t h a t 
of a three-phase i n d u c t i o n motor, energised by three 
in-phase or in-antiphase supply voltages producing a 
no n - r o t a t i n g a l t e r n a t i n g f i e l d across a s i n g l e - c o i l armature. 
The f u n c t i o n of the magslip as a servo elemant w i l l not be 
described here, but there e x i s t s a n u l l - c r i u n t a t i o n f o r the 
armature at which no voltage i s induced. I n t h i s s i t u a t i o n 
the magslips f u n c t i o n s i n the s a i n t way as the transducer of 
chapter 6. M o d i f i c a t i o n of the magslip t o l e a f - s p r i n g support, 
r a t h e r than p l a i n bearings, would be easy, y i e l d i n g a device 
w i t h a high voltage output f o r a given d e f l e c t i o n of the 
ready-made, very accurate c o i l - s y s t e m . Furthermore, f i n e 
adjustment of the angle of the primary f i e l d would be possible 
by a change i n the amplitude r a t i o of the three primary c o i l 
voltages using a potentiometer, e l i m i n a t i n g the phase-shift 
network (see chapter 6, s e c t i o n 6) which would otherwise 
be required t o o f f s e t the induced a.c. s i g n a l t o produce 
a quiescent e q u i l i b r i u m output. The c o n s t r u c t i o n of a 
torque magnetometer around such a device seems t h e r e f o r e 
t o be an i n t e r e s t i n g p o s s i b i l i t y . 
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CHAPTER FIVE 

A NEW METHOD OF AUTOMATING 
CZOCHRALSKI CRYSTAL GROWTH 

5,1 I n t r o d u c t i o n 

This chapter describes the e a r l y development of a system 
f o r automating Czochralski c r y s t a l growth. The innov a t i o n 
l i e s c h i e f l y i n the measurement of the viscous torque on 
the groining c r y s t a l as i t I s r o t a t e d i n the melt t o determine 
the s i z e of the c r y s t a l . The c r y s t a l diameter i s s t a b i l i s e d 
by c o n t r o l of the. melt temperature. Float-zone growth has 
been monitored by a viscous torque method by Quenisset et a l . 
(1980) but the Czochralski technique has never been t r e a t e d 
i n t h i s way. 

Only one p a r t i c u l a r design f o r accomplishing c o n t r o l 
has been looked i n t o i n the present work. I t i s a design 
i n c o r p o r a t i n g a suspension f i b r e which c a r r i e s the c r y s t a l , 
whereby torque i s derived from t w i s t i n the f i b r e ( f i g . 5.1). 
M i r r o r s at the top and bottom of the f i b r e r e f l e c t l i g h t 
s i g n a l s t o a l i g h t s w i t c h as the whole suspension r o t a t e s , 
the i n t e r v a l between pulses i n d i c a t i n g torque. The simple 
on/off pulses created by the l i g h t - s w i t c h t r i g g e r the 
t i m i n g p art of a l o g i c c i r c u i t which subsequently c o n t r o l s 
the c r y s t a l grower R.F. furnace v i a a potentiometer d r i v e n 
by a stepper-motor. The a t t r a c t i o n of t h i s design l a y i n 
i t s s i m p l i c i t y . 

An a l t e r n a t i v e system would be t h a t of measuring the 
torque created by the c r y s t a l bn the c r u c i b l e using a t o r s i o n 
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head l i k e t h a t of the torque magnetometer of chapter 6. 
The arrangement could be as shown i n f i g u r e 5.2 w i t h a long 
rod a l l o w i n g i s o l a t i o n of the pick-up c o i l , connected through 
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t h e rod t o the c r u c i b l e , from t h e R.F. heater f i e l d * 
Microcomputer c o n t r o l of the potentiometer stepper-motor 
using a v a i l a b l e hardware f o r the flinicam i n t e r f a c e (see page 
191) would be f a i r l y s t r a i g h t forward* However commercial 
i n t e r e s t had been shown i n a f a i r l y inexpensive method of 
c o n t r o l so the former design was selected having a cheaper 
custom b u i l t "hard" c o n t r o l l e r . 

The growth c o n t r o l was accomplished by changing the 
melt temperature; the a l t e r n a t i v e of changing the c r y s t a l 
p u l l - r a t e d i d not have as s i g n i f i c a n t an e f f e c t on the c r y s t a l 
diameter. Furthermore the R.F. furnace power c o n t r o l l e r had 
a f a c i l i t y f o r a t t a c h i n g a remote potentiometer so a stepper-
motor c o n t r o l l e d potentiometer could t h e r e f o r e r e a d i l y be 
attached i n such a way as t o change the melt temperature. 

I t was a n t i c i p a t e d , and indeed proved t o be the case, 
t h a t a given torque value would f a i l t o d e f i n e a p a r t i c u l a r 
diameter of c r y s t a l at growth e q u i l i b r i u m w i t hout some 
knowledge of the combination of p u l l - r a t e and melt temperature 
c r e a t i n g the torque. Torque** as expected, was found t o be a 
f u n c t i o n of diameter, temperature and p u l l - r a t e . However 
the three v a r i a b l e s are at growth e q u i l i b r i u m f u n c t i o n a l l y 
i n t e r - r e l a t e d and t h e r e f o r e e i t h e r of the l a t t e r two could 
i n p r i n c i p l e be e l i m i n a t e d . Therefore a t e q u i l i b r i u m f o r 
torque t o depend simply on diameter, a remaining v a r i a b l e , 
e i t h e r p u l l - r a t e or temperature, must be f i x e d . The c o n t r o l 
process i s t h e r e f o r e n e c e s s a r i l y simple i n t h a t only one 
parameter can be adjusted, and i t was decided t h a t the parameter 
l i a b l e t o d r i f t i n a way t h a t would most a f f e c t the c r y s t a l 
would be changed and the other assumed t o be s t a b l e and l e f t 



untouched. Therefore temperature adjustment was again . 
i n d i c a t e d . 

I n using viscous torque c o n t r o l i t i s assumed t h a t f o r 
s t a b l e growth c o n d i t i o n s , t h a t i s when f o r the p r e v a i l i n g 
c o n d i t i o n s of f i x e d p u l l - r a t e and melt temperature the growing 
c r y s t a l has reached an e q u i l i b r i u m diameter, the torque so 
re q u i r e d t o r o t a t e the c r y s t a l i n the melt ( a t a f i x e d r a t e ) 
monatonically increases w i t h respect t o c r y s t a l s i z e . 
A d d i t i o n a l l y i t i s assumed t h a t any p h y s i c a l change i n the 
melt as i t s temperature i s changed i n order t o a f f e c t the 
diameter of the c r y s t a l , p a r t i c u l a r l y v i s c o s i t y and surface 
t e n s i o n e f f e c t s , do n o t , p r i o r t o r e - e s t a b l i s h i n g a s t a b l e 
diameter, cause the torque t o change i n the opposite sense 
t o the change which would occur u l t i m a t e l y at the new 
e q u i l i b r i u m . Since c r y s t a l diameter decreases w i t h repect 
t o melt'temperature d u r i n g Czochralski growth, the 

above c o n d i t i o n s are f u l f i l l e d f o r most m a t e r i a l s , the 
requirement being t h a t v i s c o s i t y and surface tension decrease 
monatonically w i t h respect t o temperature over the r e l e v a n t 
temperature range. The complex flows e s t a b l i s h e d i n the 
melt due t o convective and magnetohydrodynamic s t i r r i n g change 
w i t h temperature but were found i n r e t r o s p e c t , f o r the 
present equipment and m a t e r i a l s , not t o i n t e r f e r e w i t h t h i s 
well-behaved r e l a t i o n s h i p between c r y s t a l diameter and torque. 
The use of a g r a p h i t e susceptor t o heat the copper c r y s t a l s 
grown here reduced the magnetohydrodynamic s t i r r i n g 
c onsiderably. 



5*2 Advantages of viscous torque c o n t r o l 

5,2.1 Of viscous torque c o n t r o l i n general 

Perhaps the most important advantage, which was not 
f u l l y appreciated u n t i l a f t e r t e s t i n g the equipment and which 
i s i nherent t o the method of viscous torque c o n t r o l , i s t h a t 
the torque on the c r y s t a l i s very s e n s i t i v e t o t o the 
co n d i t i o n s of the meniscus region around the growing i n t e r f a c e 
and changes d r a s t i c a l l y depending on the height of the s o l i d / 
l i q u i d i n t e r f a c e above the melt surface, t h a t i s the torque 
depends on the s i z e of the small l i q u i d column between the 
c r y s t a l and the melt surface r e t a i n e d by surface t e n s i o n 
(see f i g * 5*35). The dependence i s i n t u i t i v e l y obvious, the 
the magnitude of the e f f e c t i s not, as i s d e t a i l e d l a t e r * 
S e n s i t i v i t y t o the s t a t e of the meniscus marks out viscous 
torque c o n t r o l as superior t o some other methods, f o r instance 
the imaging techniques mentioned i n chapter 3, s e c t i o n 3*3*2 
and 3,3*3 , i n t h a t changes i n c r y s t a l diameter can be 
a n t i c i p a t e d . For example i f c r y s t a l torque i s monitored 
dur i n g an increment i n the melt temperature during growth, 
the m e l t i n g back of the c r y s t a l along i t s l e n g t h would be 
detected almost immediately, as a r e d u c t i o n i n the torque, 
before narrowing of the c r y s t a l had begun* Corrective 
measures could then be implemented before s i g n i f i c a n t change 
i n the c r y s t a l diameter had occurred* 

5*2*2 Of the present design f o r achieving i t 

Viscous torque c o n t r o l i s i n p r i n c i p l e simple, as i s the 

present equipment* The f a c t t h a t t here are no e l e c t r i c a l 
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components w i t h i n the vacuum system e l i m i n a t e s lead-throughs. 
The e s s e n t i a l elements of the i n t e r n a l mechanism are two 
m i r r o r s and a f i b r e . 

Related t o s i m p l i c i t y i s the f a c t t h a t the cost of 
automation was low, t h a t i s of the order of £200 f o r 
components. 

An i n d i r e c t advantage of the present c r y s t a l suspension 
i s t h a t the thermal gradients a t the growing i n t e r f a c e are 
reduced due t o the thermal i n s u l a t i o n of the c r y s t a l by the 
f i b r e . The reduced temperature gradients reduce the number 
of d i s l o c a t i o n s formed during growth t o produce more p e r f e c t 
c r y s t a l s (Zasimchuk et a l . ,1979 ) • 

5.3 Disadvantages of viscous torque c o n t r o l 

5.3.1 Of viscous torque c o n t r o l i n general 

A disadvantage of the method of viscous torque c o n t r o l 
i s t h a t torques on the c r y s t a l are small, and accurate 
measurement of them by a mechanism robust enough t o support 
the c r y s t a l (or c r u c i b l e i f the counter-torque i s measured) 
i s d i f f i c u l t . I t might be p o s s i b l e under c e r t a i n circumstances 
t o f l o a t a t h i n l a y e r of viscous f l u i d on the melt surface 
t o increase t h e torque on the c r y s t a l t o produce a diameter 
s e n s i t i v e (but not meniscus s e n s i t i v e ) torque reading of 
more manageable size ( c . f . l i q u i d encapsulation methods f o r 
Czochralski growth devised by Ptetz et a l . , 1962 ) but g e n e r a l l y 
the problem of measuring very small torques remains. A 
p r e l i m i n a r y experiment Whereby the end of a r i g h t 12 mm 
c y l i n d e r was r o t a t e d c o n c e n t r i c a l l y i n contact w i t h a water 
surface a t 20°C ( v i s c o s i t y » 1.005 c e n t i p o i s e ) at 50 RPi'l 



(water 3 cm deep i n a beaker 8 cm diameter concentric w i t h 
the c y l i n d e r ) gave a torque of 4x10 Nrru Faster r o t a t i o n 
r a t e s would promote torque but be u n s u i t a b l e f o r q u a l i t y 
Czochralski growth. The v i s c o s i t y of copper i s about 
5 c e n t i p o i s e at i t s m e l t i n g p o i n t so the expected torques 
f o r copper c r y s t a l s up t o 12 mm diameter were at most 2x10 Mm. 

Another disadvantage i s t h a t the viscous torque on a 
c r y s t a l i s dependent on the l e v e l of the melt during the 
p u l l i n g process since as the melt l e v e l lowers, the shearing 
of the f l u i d increases. However most of the f l u i d shearing 
occurs l o c a l l y at the growth i n t e r f a c e and t h e r e f o r e the 
torque i s not s i g n i f i c a n t l y changed by remote changes i n the 
f l u i d boundaries and i s thus not c r i t i c a l l y dependent on 
melt depth. Furthermore attempts can be made t o use c r u c i b l e s 
of s u f f i c i e n t s i z e , or even a u t o m a t i c a l l y replenished c r u c i b l e s 
such t h a t the melt dimensions do not a l t e r notably d u r i n g 
growth. 

5.3.2 Of the present design f o r achieving i t 

One disadvantage of using a suspension f i b r e i s t h a t 
i n the simplest arrangement where a l l the c r y s t a l weight i s 
c a r r i e d by the f i b r e without a secondary support bearing 
(one of these was u l t i m a t e l y employed) s t r e n g t h and t o r s i o n a l 
s e n s i t i v i t y tend t o be e x c l u s i v e . I f i t i s assumed t h a t the 
torque on the c r y s t a l i s p r o p o r t i o n a l t o i t s c r o s s - s e c t i o n a l 
area and t h a t the s t r e n g t h of the f i b r e and i t s t o r s i o n a l 
r i g i d i t y per u n i t l e n g t h are p r o p o r t i o n a l t o the f i b r e cross-
s e c t i o n a l area and t h a t a given angular d e f l e c t i o n i s required 
f o r s u c c e s s f u l l torque measurement, i t can be shown t h a t , f o r 
a s p e c i f i c set of f i b r e and c r y s t a l m a t e r i a l s , the l e n g t h of 



123 

f i b r e r e q u i r e d t o monitor the torque i s p r o p o r t i o n a l t o the 
maximum l e n g t h of c r y s t a l t o be p u l l e d . Furthermore* f o r a 
10 t o r s i o n a l d e f l e c t i o n , the p r o p o r t i o n a l i t y might be about 
one metre of f i b r e per centimetre of c r y s t a l ; wherein l i e s 
t he disadvantage since commercially grown c r y s t a l s might 
t h e r e f o r e r e q u i r e a 10 t o 100 metre f i b r e suspension. 
Consequently, i n the very simple form o u t l i n e d i n the 
i n t r o d u c t i o n , the automatic c o n t r o l device i s only s u i t a b l e 
f o r growing small c r y s t a l s , I n f a c t a jewel support bearing 
was added even i n the present v e r s i o n of the device due, t o 
repeated breakage of the f i b r e , 

5,4 Mechanical d e t a i l s of the automatic p u l l e r 

5,4,1 The unmodified p u l l e r 

The unmodified head of the present commercial 
Czochralski p u l l e r i s shown i n s i m p l i f i e d form i n f i g u r e 5,3, 
The machine used as the basis f o r the m o d i f i c a t i o n was a 
Metals Research BCG 365 c r y s t a l p u l l e r . 

The e s s e n t i a l requirements of l i f t i n g and r o t a t i n g were 
performed by the p u l l e r head using two independent motors. 
The p u l l i n g distance was about 12 cm covered a t r a t e s of up t o 
1 mm per minute. The r a t e of the p u l l motor was uniform enough 
f o r the present work ( s t a b l e t o w i t h i n about 5 %) but the 
r o t a t i n g motor was replaced (see s e c t i o n 5,4,3), The flange 
on the bottom of the head formed the upper w a l l of a vacuum 
system surrounding the furnace, the r o t a t i n g p a r t of the 
p u l l e r p e n e t r a t i n g the f l a n g e through a double " C - r i n g s e a l . 

The furnace p a r t of the c r y s t a l p u l l e r was e s s e n t i a l l y 

a v e r t i c a l double-walled vacuum system w i t h the i n t e r - s p a c i n g 
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forming a conduit f o r c o o l i n g water (.see f i g . 5.4). An inner 
w a l l of quartz and outer w a l l of pyrex ensured good v i s i b i l i t y 
of the c e n t r a l c r u c i b l e . ' Since an i n e r t gas atmosphere was 
not used, r o t a r y and d i f f u s i o n pumps i n tandem provided the 
vacuum necessary t o prevent melt o x i d a t i o n during growth. 
The c r u c i b l e was heated using a 25 Kli/ Stanelco Thermatron 
r a d i o frequency furnace operating at 480 KHz. 

5.4.2 Growth c o n d i t i o n s 

The automatic c o n t r o l device was developed by growing 
copper c r y s t a l s i n vacuum i n a g r a p h i t e susceptor ( t o reduce 
magnetohydrodynamic s t i r r i n g ) . An i n e r t gas atmosphere was 
not used incase of convective disturbance t o the c r y s t a l 
suspension. The c r u c i b l e was approximately 2.5 cm i n diameter 
and 3 cm deep and almost f u l l when c r y s t a l p u l l i n g began. 
C r y s t a l s i n excess of 1 cm i n diameter were grown f o r less 
than the f u l l 10 cm distance due t o the appreciable l o s s of 
melt t h a t f u l l growth would i n c u r . Melt loss could have 
detramental e f f e c t s on the automation by a l t e r i n g c r y s t a l 
torque and also by changing the thermal response of the melt 
and hence the feedback process. 

5.4.3 The mechanical components of the c o n t r o l device 

A: d e t a i l e d diagram of the modified Czochralski head i s 
given i n f i g u r e 5.5 and a cross-section i s given i n f i g u r e 
5.6. The components were as f o l l o w s : 
l ) The suspension f i b r e : 

As o r i g i n a l l y envisaged the f i b r e was t o have supported 
the weight of t h e c r y s t a l aswell as provide the d r i v e torque. 
The p h y s i c a l requirements f o r these two r o l e s were however 
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c o m p e t i t i v e and i t s dual f u n c t i o n was e v e n t u a l l y r e j e c t e d ; 
a jewel bearing was i n c o r p o r a t e d t o take the c r y s t a l weight. 
Metal f i b r e s were found t o be too l i a b l e t o r o t a t i o n a l creep, 
even under the small torques a p p l i e d . For a 44 SWG copper 
wire a r o t a t i o n of 30° per hour was observed at a temperature 
var y i n g between 200*0 and 30WC along a 50 cm length under 

—7 
torques of approximately 10 Nm, t h i s hourly r o t a t i o n being 
t y p i c a l of the l e g i t i m a t e t o r s i o n a l r o t a t i o n created by a 
c r y s t a l . Metal f i b r e s were also inconvenient because they 
formed, i f not properly i n s u l a t e d from the body of the p u l l e r , 
an e l e c t r i c a l e a r t h r o u t e f o r the melt. The e a r t h i n g c u r r e n t s 
were produced by R.F. i n d u c t i o n and l a r g e enough t o i n s t a n t l y 
fuse the w i r e s . B o r o s i l i c a t e glass f i b r e was used as a simple 
a l t e r n a t i v e and the creep was reduced t o a s a t i s f a c t o r y l e v e l . 
The b o r o s i l i c a t e f i b r e was 49 cm long of thickness between 
80 and 100 /*m having a t o r s i o n a l constant of about 1.5*10 
Nm per r a d i a n . 

Attachment of the f i b r e was w i t h A r a l d i t e at i t s upper 
p o i n t and w i t h a pin-chuck t o the lower suspension. I n order 
t o prevent the pin-chuck from breaking the f i b r e , a j a c k e t 
of A r a l d i t e was applied t o about 1 cm of i t s l e n g t h at the 
lowest p o i n t . The maximum possible l e n g t h of f i b r e was 
encorporated i n t o the head, the c e n t r a l stem being replaced 
by • t u b i n g i n order t o achieve t h i s , the s e n s i t i v i t y of 
the suspension t o torque being thereby promoted. 

Manual adjustment of the f i b r e and hence the e q u i l i b r i u m 
o r i e n t a t i o n of the suspension could be made e x t e r n a l l y when 
the p u l l e r was under vacuum by the mechanism i l l u s t r a t e d i n 
d e t a i l i n f i g u r e 5.7. 
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2) The intermeshing frames: 
The two intermeshing frames ( f i g * 5*8) had several 

purposes. The upper frame supported the m i r r o r and was f i x e d 
w i t h respect t o the c r y s t a l * The upper frame and mi r r o r were 
f r e e t o r o t a t e on the jewel bearing under the r e s t o r i n g f o r c e 
of the suspension f i b r e . The i n t e r l e a v i n g of the upper frame 
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w i t h the lower frame prevented excessive t w i s t i n g of 
the f i b r e . The upper frame was shaped so as t o produce 
maximum thermal i s o l a t i o n of the m i r r o r from the heat 
conducted up the suspension from the c r y s t a l . The lower 
frame, f i x e d w i t h respect t o the motor d r i v e , c a r r i e d the 
remaining m i r r o r which was t h e r m a l l y i s o l a t e d by the c o o l i n g 
e f f e c t of the brass surround. At p o i n t s on the frames l i k e l y 
t o clash t o g e t h e r , A r a l d i t e was applied as i n s u l a t i o n t o 
prevent the a r c i n g of e a r t h c u r r e n t s . The shape of the 
frames prevented alignment of the m i r r o r s w i t h each ot h e r , 
making s u p e r p o s i t i o n of the r e f l e c t e d l i g h t s i g n a l s impossible, 
as was necessary t o the operation of the c i r c u i t r y . 

The upper frame provided a u s e f u l p o i n t t o a t t a c h the 
jewel bearing, which was e l e c t r i c a l l y i n s u l a t e d by securing 
i t w i t h A r a l d i t e thereby preventing a c c i d e n t a l e a r t h i n g 
from the p i n t o the brass jewel holder. At the bottom 
of the upper frame was another bearing,operative only i f 
the torques on the c r y s t a l exceeded s i g n i f i c a n t l y those 
encountered i n t y p i c a l growth. The l a t t e r bearing prevented 
th e mechanism being damaged i f the melt f r o z e w h i l e the 
c r y s t a l was immersed. 

The lower frame and m i r r o r were p o s i t i o n e d close t o the 
lower p a r t of the upper frame t o r e s i s t any small upward 
t h r u s t s which would unhi t c h the jewel bearing. 
3) m i r r o r s : 

The m i r r o r s ( f i g 5.8) were made from £" aluminium 
r o d . They were crudely formed on a l a t h e then polished 
w i t h Dialap 6 jm p o l i s h . Their f o c a l l e n g t h was approximately 
4 cm. The m i r r o r s f u l f i l l e d the requirement t h a t more l i g h t 
was r e f l e c t e d by them from the lamp t o the detector than 



any other r e v o l v i n g surface* The m i r r o r s could be 
t i l t e d and secured w i t h s i n g l e screws so as t o enable 
l i g h t from the lamp t o reach the detector v i a e i t h e r 
m i r r o r as the whole mechanism r o t a t e d * 
4) Piatt-black surround and attachments: 

The matt-black surround ( f i g 5*8) reduced s t r a y 
l i g h t on the d e t e c t o r . The bl a c k i n g was achieved using 
a normal commercial p a i n t outgassed f o r one week. The 
surround provided p r o t e c t i o n t o the suspension, and support 
f o r f o u r r e l a t e d attachments; the condensation s h i e l d , the 
s u p p o r t - p i n , the lower frame and the c e n t r a b l e guide hole* 

The c i r c u l a r condensation s h i e l d prevented m a t e r i a l 
from the melt condensing on the quartz inner tube i n the 
s i g n a l l i n g r e g i o n * A 5 mm t o l e r a n c e was l e f t between the 
s h i e l d and tube t o prevent c o n t a c t , l i t t l e condensation 
f i l t e r i n g through* A f u l l complement of r e f l e c t e d l i g h t 
was always, i n t h i s way, a v a i l a b l e t o the photoswitch. 

The v e r t i c a l s e c t i o n of the support-pin c a r r i e d 
a hardened s t e e l p o i n t r e s t i n g i n the jewel bearing. 
The h o r i z o n t a l p a r t of the support-pin was made of threaded 
brass, two nuts clamping i t t o the w a l l of the matt-black 
surround* The shape and method of attachment of the p i n 
allowed f l e x i b i l i t y of the p o s i t i o n of the t i p i n two 
d i r e c t i o n s , given t h a t l i m i t e d t i l t i n g was p e r m i s s i b l e * 
Adjustment of the p i n p o s i t i o n allowed i t t o be accura t e l y 
centred on the r o t a t i o n a x i s t o minimise swaying of the 
suspension as i t revolved* 

The c e n t r a b l e guide hole constrained the suspension 
t o a f f o r d l i m i t e d p r o t e c t i o n against sideways f o r c e s . 



The hole was i n s u l a t e d around i t s perimeter w i t h A r a l d i t e 
t o prevent a r c i n g of ea r t h c u r r e n t s , though i t d i d not 
o r d i n a r i l y cone i n t o contact w i t h any pa r t of the suspension. 
The 6 mm hole could be al i g n e d w i t h the r o t a t i o n a x is by 
moving the small s t e e l p l a t e secured through a s l o t by one 
screw. A 1 mm tungsten wire ( f i g 5.8) on the suspension 
ensured against f u s i n g i n the event of e l e c t r i c a l contact 
w i t h the guide hole should the i n s u l a t i o n have worn. 

Precautions had t o be taken t o make sure t h a t the head 
of the c r y s t a l p u l l e r was v e r t i c a l so t h a t t he suspension 
d i d not rub on the guide hole and, equally as important, 
t h a t the tungsten support w i r e , the jewel bearing and the 
centre of g r a v i t y of suspended mass were s u f f i c i e n t l y 
c o l l i n e a r t o avoid rubbing of the tungsten wire i n the hole. 
5) The brass spacer: 

I n order t o accommodate the lengthened p a r t of the 
p u l l e r head (between the c r y s t a l and the top of the vacuum 
system), a t u b u l a r brass spacer approximately 16 cm long was 
inserted,. flanged ends were s u i t a b l e f o r mating w i t h the 
e x i s t i n g surfaces of the head and furnace u n i t . 
6) The motor d r i v e : 

The o r i g i n a l motor f o r r o t a t i n g the c r y s t a l i n the 
melt was replaced by a s q u i r r e l - c a g e motor since a s t a b l e 
r e v o l u t i o n r a t e was e s s e n t i a l f o r s t a b i l i t y I n t he viscous 
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torques generated. D r i f t i n the r e v o l u t i o n r a t e was of the 
order of 1% during use. 

The r o t a t i o n of the motor was t r a n s f e r r e d v i a a 
r e d u c t i o n gearbox t o the c r y s t a l p u l l e r t o give a f i n a l 
d r i v e of 50 RPPI. The d r i v e was t r a n s m i t t e d through a 



mechanism which produced a w e l l defined non-uniform 
r o t a t i o n over each each r e v o l u t i o n , g i v i n g an angular 
v e l o c i t y w i t h a s i n u s o i d a l component (see f i g 5.9)• 
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This procedure was introduced so t h a t the r o t a t i o n a l 
r o c k i n g of the support-pin, w i t h i n the r o t a t i n g frame 
of reference of the motor d r i v e , prevented s t i c k i n g of 
the jewel bearing due t o s t a t i c f r i c t i o n , the a c t u a l 
suspension and jewel having too great an i n e r t i a and too 
tenuous a coupling w i t h the d r i v e t o f o l l o w the rock i n g 
a c t i o n . Hence the jewel bearing was operated i n a con­
tinuous s t a t e of s l i p g i v i n g s u f f i c i e n t ' m o b i l i t y f o r the 
c r y s t a l torques t o . act c o n s i s t e n t l y on the suspension 
f i b r e . 

One important d e t a i l about the use of the rocking 
bearing was t h a t care had t o be taken so t h a t the suspension 
d e f l e c t i o n was sampled at an appropriate phase i n the 
execution of the rock i n g a c t i o n . The c r y s t a l , observed i n 



a 50 RPM r o t a t i n g frame, was, i n p r a c t i c e , f o rced i n t o 
a s l i g h t r o t a t i o n a l rock by the p i n w i t h an amplitude 
dependent on the mass of the c r y s t a l , hence i n v a l i d a t i n g 
the assumption t h a t the c r y s t a l i t s e l f maintained continuous 
or a t l e a s t r e p r o d u c i b l e r o t a t i o n * The best s o l u t i o n was 
t o make sure t h a t t he l i g h t from the suspension m i r r o r , 
f o r a p o s i t i o n of approximate t o r s i o n a l e q u i l i b r i u m during 
growth, was r e f l e c t e d when the support p i n was at a p o s i t i o n 
of maximum or minimum v e l o c i t y , t h i s corresponding i n a 
very simple p i c t u r e , where s t a t i c f r i c t i o n only i s considered, 
t o the p o i n t i n time when the forced r o c k i n g of the c r y s t a l 
was at zero displacement* Thus the c o n f i g u r a t i o n of the 
e c c e n t r i c d r i v e mechanism and detector was as i n d i c a t e d i n 
f i g u r e 5*10* 

DIAGRAM OF THE RELATIONSHIP NECESSARY 
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AXES AND THE POSITION OF THE LAMP AND 
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had an amplitude of only two ox t h r e e degrees. Assuming 
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a 30 t w i s t on the suspension f i b r e ( 7*10 Nm ) a s being 
t y p i c a l and a r o c k i n g of the c r y s t a l of 3° amplitude observed 
by proper d e t e c t o r p o s i t i o n i n g as a l£° e r r o r i n the c r y s t a l 
angle, and t a k i n g i n t o account the f a c t t h a t the forced 
ro c k i n g i s counteracted t o some extent by viscous damping 
from the melt, the t y p i c a l r e l a t i v e e r r o r i n the torque i s 
<5% due t o t h i s e f f e c t . 

The motor d r i v e and gear box were v i b r a t i o n a l l y 
i n s u l a t e d from the c r y s t a l p u l l e r i n a l i m i t e d way by rubber 
grummet supports t o reduce disturbance t o the melt during 
growth of the c r y s t a l s (see f i g . 5 . 7 ) . 
7) The lamp and d e t e c t o r : 

The lamp was a s i n g l e uncollimated 24 w a t t , 12 V bulb 
having a v e r t i c a l f i l a m e n t . The f i l a m e n t produced v e r t i c a l 
r e f l e c t e d s t r i p s of l i g h t i n the image plane producing, as 
they were swung h o r i z o n t a l l y over the d e t e c t o r , a sharp 
s i g n a l . The e l o n g a t i o n of the r e f l e c t i o n allowed a con­
venient t o l e r a n c e i n the v e r t i c a l p o s i t i o n of the detector 
and lamp, which were ad j u s t a b l e as i l l u s t r a t e d i n f i g u r e 
5.11 on two independent s l i d e s and, i n the case of the 
d e t e c t o r , on two b a l l and socket a r t i c u l a t i o n s . 

The d e t e c t o r was a s i n g l e - s t r a n d polymer f i b r e - o p t i c 
cable of 1 mm o p t i c a l diameter c a r r y i n g l i g h t t o a 
TTL-compatible photoswitch i n the main c o n t r o l box (see 
s e c t i o n on e l e c t r i c a l d e t a i l s ) . The f i b r e - o p t i c cable 
was necessary because R.F. i n t e r f e r e n c e d i s t u r b e d the 
photoswitch i f placed near the furnace. The method of 
attachment of the f i b r e t o the d e t e c t o r i n the c o n t r o l box 
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M I L D STEEL TRACKING ARM 
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CONNECTION 

Fig 5-12 
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i s shown i n f i g u r e 5.12. 
The lamp and d e t e c t o r , mounted e x t e r n a l l y t o the 

vacuum system, were tracked v e r t i c a l l y i n sympathy w i t h 
the i n t e r n a l components of the c r y s t a l p u l l e r by a rod 
attached t o the threaded r a i s i n g s h a f t and running i n a 
s l i d i n g bearing ( f i g 5.5 and 5.6)• 
8) The stepper-motor and potentiometer 

The stepper-motor f o r a d j u s t i n g the R.F. furnace 
power was geared t o a 100,A l i n e a r potentiometer w i t h a 
re d u c t i o n r a t i o of 120:1 

POTENTIOMETER 

TO REMAINING 
GEAR TRAIN AND 
STEPPER-MOTOR 

FRONT CONSOLE 
OF CONTROL BOX 

THE POWER CONTROL POTENTIOMETER 
AS HOUSED IN THE CONTROL BOX Fig 5-13 

ACCESSIBLE 
GRUB-SCREW 
(TO ENGAGE 
STEPPER-
MOTOR 
DRIVE) 

KN08 FOR 
MANUAL 
ADJUSTMENT 
OF 
POTENTIOMETER 
(WHEN GRUB-
SCREW IS 
SLACK) 



The normal running speed of the stepper-motor was about 
90 RPM g i v i n g a r e s i s t a n c e slew-rate of about 1.5 A/second. 
As set up during the growth of copper, the f u l l range of the 
r e s i s t a n c e would change the melt temperature by about 100*C 
i n an i n t e r v a l t h a t covered the m e l t i n g p o i n t , g i v i n g the 
temperature r e q u i r e d f o r s t a b l e growth over a wide range of 
c r y s t a l diameters. Manual adjustment of the potentiometer 
could be achieved by slackening the l o c k i n g screw, securing 
the f i n a l t u b u l a r d r i v e of the gear t r a i n t o the p o t e n t i o ­
meter spindle, and r e t i g h t e n i n g a f t e r movement of the s p i n d l e 
(see f i g 5.13). The whole assembly was housed w i t h the 
l o g i c c i r c u i t r y i n a c o n t r o l box w i t h only the potentiometer 
d i a l and l o c k i n g screw a c c e s s i b l e . 

5.5 E l e c t r i c a l d e t a i l s of the automatic p u l l e r 

5.5.1. I n t r o d u c t i o n 

The c i r c u i t r y f o r the c o n t r o l device (excluding the 
R.F. r e g u l a t i o n c i r c u i t operated by the power potentiometer) 
had t o perform the f o l l o w i n g f u n c t i o n s : 

1) Determine the time delay between p a i r s of l i g h t pulses 
a r r i v i n g from the c r y s t a l suspension 

2) Draw a comparison between the observed delay and 
a datum, rep r e s e n t i n g the delay c o n s i s t e n t w i t h the desired 
growth c o n d i t i o n s , and create an e r r o r s i g n a l . 

3) Use the e r r o r s i g n a l t o c o n t r o l the stepper-motor 
so as t o t u r n i t by an amount and i n a d i r e c t i o n which 
would d r i v e the furnace power and subsequently the growth 
process toward the desired e q u i l i b r i u m . 

A g r o s s l y s i m p l i f i e d schematic diagram of the c i r c u i t 



used i s shown i n f i g u r e 5*14* The c i r c u i t works i n two 
stages : I n the f i r s t , the l i g h t - p u l s e p a i r i s converted 
t o a s i n g l e pulse by a b i e t a b l e which t r i g g e r s , f o r the 
d u r a t i o n of t h a t pulse, a s i g n a l generator, the pulse 
chain being fed i n t o a counter stack* I n the second stage 
the stack' i s counted down by a reference pulse-chain* Extra 

pulses r e q u i r e d t o r e s t o r e the counter t o zero i n d i c a t e the 
e r r o r , the up/down count c o n t r o l during r e s t o r a t i o n i n d i ­
c a t i n g the e r r o r s i g n * The e r r o r pulse i s fed,.during the 
zeroing of the counter, t o the stepper-motor t o produce 
the r e q u i r e d c o n t r o l of the furnace* Once the motor a c t i o n 
i s complete, the c i r c u i t r e t u r n s t o the l i g h t d e t e c t i o n mode 
t o r e - c y c l e * 

A more d e t a i l e d schematic vers i o n of the c i r c u i t 
appeers i n f i g u r e 5*15* A d d i t i o n a l d e t a i l s i n c l u d e ; 

1) a means of suppressing the b i s t a b l e output f o r a 
p e r i o d p r o p o r t i o n a l t o the relaxed misalignment of the 
m i r r o r s t o allow an o f f s e t i n the torque s i g n a l so t h a t 
zero s i g n a l can represent zero torque; 

2) an independent d i g i t a l counter t o i n d i c a t e t o the 
operator the number of pulses i n i t i a t e d by the b i s t a b l e 
thereby m a i n i f e s t i n g t h e torque; 

3) a time delay c i r c u i t and t h i r d counter enabling the 
c o r r e c t i v e movement of the stepper-motor t o occur i n two 
opposing unequal stages w i t h i n t e r v e n i n g delay* 

The f l e x i b i l i t y i n the stepper-motor a c t i o n mentioned 
i n 3 above was included i n case long assymptotic approaches 
of the diameter of the c r y s t a l t o e q u i l i b r i u m were observed, 
i n which case d e l i b e r a t e overshoot and r e t u r n of the power 
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MORE DETAILED DIAGRAM OF THE LOGIC 
CIRCUIT FOR THE AUTOMATIC CRYSTAL PULLER 
(STEPPER-MOTOR CONTROLLER NOT SHOWN) 

SUBTRACTS 
STANDARD 
PULSE-CHAIN 
FROM FIRST 
COUNTER 
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MODE 2 
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16th READING 
-CIRCUIT GOES 
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GENERATOR N3 2 CHARGES 
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DISCHARGED BY GENERATOR 
NS 1 (PULSE-CHAIN 
DIVIDED BY THE RATIO 
OF THE FREQUENCIES) 
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FOR 

COUMTOIS 
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•—, — 1 

liow-Meaumcy; 

N51 . . 
M 

7 
DISCHARGE OF 
COUNTERS BY 
GENERATOR No 1 
ALSO FEEDS 
STEPPER-MOTOR 
CONTROLLER 

THE CIRCUIT WHICH 
CONTROLS THE 
ADDITION OR 
SUBTRACTION OF 
PULSE CHAINS FROM 
THE COUNTERS ALSO 
YIELDS THE STEPPER* 
PiOTOR DIRECTION 
SIGNAL 

STEPPER-
^MOTOR 

DIRECTION 
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"1 
i 
i _ 

Tine 
i D E L A Y 
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i 

TIME-DELAYED DISCHARGE OF 
SECOND COUNTER BY GENERATOR 
NO 1 ALSO FEEDS STEPPER-
MOTOR CONTROLLER 

A MORE COMPREHENSIVE DESCRIPTION OF THE ORDER OF EVENTS 
OCCURRING DURING ONE OPERATING CYCLE OF THE CIRCUIT IS GIVEN 
IN THE TEXT. THE FULL DETAILS OF THE CIRCUIT ARE GIVEN IN 
FIGURES 5.17 to 5.30. 

Fig 5-15 



s e t t i n g would improve the feedback response. 
The console f o r the c o n t r o l box i s shown i n 

f i g u r e 5*16* The adjustments a v a i l a b l e are; 
1) The photoswitch l i g h t t h r e s h o l d * 
2) The dead-time ( o f f s e t ) by which p a r t o f the torque 

s i g n a l i s suppressed* 
3) The torque datum 
4) The t o t a l movement of the stepper-motor f o r a given 

detected e r r o r i n the c r y s t a l t o rque, abreviated t o T.S.C.; 
t o t a l stepper change* 

5) The delay between the two stepper-motor movements per 
operating c y c l e * 

8) The r a t i o of the f i r s t t o the second movement of the 
stepper-motor. 

7) A coarse manual adjustment t o the power s e t t i n g of 
the furnace* 

8) A f i n e adjustment t o the power s e t t i n g of the furnace 
which can be c o n t r o l l e d by the stepper-motor* 

9) A r e v o l v i n g s h a f t making any stepper-motor a c t i o n 
obvious (geared 1:10 w i t h motor)* 

10) A s w i t c h t o i n t e r r u p t the feedback process -and d i s p l a y , 
on the d i g i t a l counter, d i s c r e t e torque values f o r each, 
r o t a t i o n of the c r y s t a l p u l l e r * 

The simple a p p l i c a t i o n of 74121 and 555 monostable/astable 
i n t e g r a t e d c i r c u i t s as c o n t r o l elements i n the l o g i c c i r c u i t 
allowed adjustments t o the c i r c u i t t o be made through the 
R.C. networks associated w i t h them; hence the p o s s i b i l i t y 
of potentiometer c e n t a l s on the f r o n t consols* The 74121 
and 555 i n t e g r a t e d c i r c u i t s ; a r e quoted as having a time 
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delay r e p r o d u c i b l e t o about 1% at a given temperature, 
which was adequate f o r the accuracy desired here* 

The d e t a i l s of some of the l o g i c g a t i n g was i n f l u e n c e d 
by the a v a i l a b i l i t y of i n t e g r a t e d c i r c u i t s ; a l t e r n a t i v e 
s o l u t i o n s could be devised. 

5,5,2* D e t a i l s of the c i r c u i t o p e ration 

R e f e r r i n g t o f i g u r e 5,15, the order of events i n 
the c o n t r o l c i r c u i t d uring normal operation i s as f o l l o w s : 

1) The b i s t a b l e t r i g g e r e d by the photoswitch sends suc­
cessive bursts of pulses from the generator (frequency 
a d j u s t a b l e using T.S.C. c o n t r o l ) through a divide-by-16 
i n t e g r a t e d c i r c u i t (a 7493 using the l a s t b i t of the f o u r t h 
b i s t a b l e as output) t o counter No 1 , A f t e r 16 b u r s t s , counter 
No 1 i s i s o l a t e d and i s l e f t c o n t a i n i n g an average over 16 
values of the torque i n u n i t s dependent on the pulse 
generator frequency. At t h i s stage, the d i g i t a l counter 
(not shown) i s l a t c h e d t o d i s p l a y the torque permanently 
u n t i l the same p o i n t i n the next operating c y c l e , 

2) Upon i s o l a t i o n from the torque signal» t h a t i s at. 
the beginning of mode 2, the reference pulse chain generator 
d e l i v e r s - a standard number of pulses, c o n t r o l l e d by the 
datum s e t t i n g , t o the counter, r e s e t t o count down r a t h e r 
than up* Monitoring the counter f o r the empty c o n d i t i o n 
allows a s i g n a l t o be produced d e f i n i n g the p o l a r i t y of 
the remaining contents* The number l e f t i n the counter 
i s p r o p o r t i o n a l t o the d e v i a t i o n of the c r y s t a l torque from 
the present datum* 

3) A low frequency (approximately 50 Hz) generator 



discharges the contents of counter No 1 t o the stepper-
motor, the e r r o r p o l a r i t y s i g n a l d e f i n i n g whether a count 
r e v e r s a l i s necessary and also i n d i c a t i n g the r e q u i r e d 
d i r e c t i o n of motor r e v o l u t i o n * Simultaneously t o the dischar 
a second counter i s charged at a lower frequency t o accumulat 
a reduced e r r o r s i g n a l w i t h a s c a l i n g f a c t o r equal t o the 
r a t i o of the two low frequencies. 

4) A f t e r the f i r s t movement of the stepper-motor, a 
time delay operates which i n h i b i t s a l l c i r c u i t r y f o r a 
short p e r i o d . 

5) At the end of the delay, the counting d i r e c t i o n of 
the second counter i s reversed and the counter discharged 
at the higher low frequency t o the stepper-motor a f t e r i t s 
d i r e c t i o n a l c o n t r o l has been reversed. 

6) When both counters are empty a s i g n a l i n i t i a t e s mode 
1 and a f u l l c y c l e of the c i r c u i t has been completed. 

To f a c i l i t a t e a d e t a i l e d d e s c r i p t i o n of the l o g i c 
c i r c u i t r y , i t w i l l be discussed as the sum of the smaller 
c i r c u i t elements shown i n f i g u r e s 5.17 t o 5.29. 

The photoswtich c i r c u i t ( f i g 5.17) was based on an 
RS 305 434 T.T.L. compatible i n t e g r a t e d c i r c u i t using a 
s i l i c o n photodiode ( f i g 5.18). I n order t o produce 
d i s t i n c t t r i g g e r i n g of the s w i t c h , i t was found necessary 
t o i s o l a t e the photoswtich from the power supply of the 
r e s t of the c i r c u i t . The voltage r e g u l a t o r s used t o power 
the r e s t of the c i r c u i t were loaded t o an extent t h a t 
caused greater v o l t a g e i n s t a b i l i t y than was permissible 
f o r the c r i t i c a l l y s e n s i t i v e photoswitch, the symptom 
being t h a t as the l i g h t l e v e l rose through t h r e s h o l d the 
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PHOTQSWITCH CIRCUIT 
(OPERATES CONTINUOUSLY IN BOTH CIRCUIT NODES) 
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LIGHT ACTIVATED SWITCH (R5 305-434) 
THIS DEVICE IS A TTL COMPATIBLE SWITCH WITH A LIGHT 

THRESHOLD SET BY AN EXTERNAL RC NETWORK. SUCH A DEVICE PERFORMED 
THE LIGHT DETECTION ON THE AUTOMATIC CRYSTAL PULLER. 

swit c h i n g a c t i o n would tremble and upset the c i r c u i t 
l o g i c . A t h i r d 7805 voltage r e g u l a t o r f o r the photoswitch 
alone solved the problem* 

Since the l i g h t - p u l s e p a i r s could be timed i n two 
possible ways, namely the short i n t e r v a l or the long i n t e r v a l , 
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a means of d i s c r i m i n a t i n g and moving i n t o the r e q u i r e d 
phase was necessary* This was achieved by using a 74121 
monostable w i t h i t s negative t r i g g e r e d i n p u t coupled 
t o the output of a 7473 b i s t a b l e * The monostable period 
was set t o one h a l f of the r o t a t i o n period of the c r y s t a l 
p u l l e r , and i t s output coupled t o the b i s t a b l e so as t o 
cl e a r i t f o r the d u r a t i o n of the monostable delay* Using 
t h i s c o n f i g u r a t i o n the b i s t a b l e a u t o m a t i c a l l y phased as 
desired w i t h the l i g h t s i g n a l s , the *Qf l o g i c output 
( f i g 5*17) having a value of 1 during the short period 
between pulses* 

The ' f r o n t end* pulse chain generator and d i g i t a l 
counter ( f i g 5*19) received continuously the b i s t a b l e 
pulses from the photoswitch c i r c u i t but could be i n h i b i t e d 

"FRONT-END" PULSE-CHAIN GENERATOR AND DIGITAL COUNTER 
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when t o r s i o n a l i n f o r m a t i o n was not r e q u i r e d . The s i g n a l 
from l i n e C a c t i v a t e d the 74121 monostable v i a the 
n e g a t i v e - t r i g g e r e d i n p u t t o prevent the astable ( s i g n a l 
generator) passing pulses t o l i n e g and the d i g i t a l counter 
(based on the ZN 1040 E shown i n f i g 5.20). 

ZN1040E COUNT DISPLAY INTEGRATED CIRCUIT (R5 306-285) 
A ZN1040C WAS USED TO PROVIDE A DIGITAL DISPLAY OF THE 

TORQUE SIGNAL (THE "FRONT END" COUNTER). 
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Fig 5-20 
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A f t e r b r i e f l y suppressing the astable s i g n a l (frequency 
approximately 10 KHz) the remaining s i g n a l continued 
u n t i l i n t e r r u p t e d by the end of the b i s t a b l e pulse, t h i s 
process occuring 16 times before the fro n t - e n d was i n h i b i t e d . 
On the 16th b i s t a b l e pulse a negative going s i g n a l from a 
divide-by-16 i n t e g r a t e d c i r c u i t t r i g g e r e d a monostable 
which la t c h e d the d i g i t a l counter so as t o d i s p l a y the 
accumulated s i g n a l t h a t had a r r i v e d along l i n e g (a l s o v i a 
a divide-by-16 i n t e g r a t e d c i r c u i t ) * The l a t c h i n g pulse 
was sent out v i a l i n e h t o t r i g g e r the reference pulse-chain 
generator c i r c u i t which i n t u r n , via the up/down c o n t r o l 
c i r c u i t , i n h i b i t e d the fr o n t - e n d l e a v i n g the c i r c u i t i n 
mode 2* 

REFERENCE PULSE-CHAIN GENERATOR Fig 5-21 

INITIATE-
MODE 2 
INPUT • PPNOSTMLE 

3> 
-•» TO UP/DOWN CONTROL CIRCUIT 

•3 fc REFERENCE PULSE-CHAIN 
OUTPUT (TO COUNTER No l ) 

LOGIC LEVEL DIAGRAM: 
h 
i 
j 

The reference pulse-chain generator c i r c u i t ( f i g 5.21) 
operated once, very b r i e f l y , during a normal working cycle 
of the whole c i r c u i t * 

Counters number 1 and 2 ( f i g u r e s 5*22 and 5*23) were 



COUNTER No 1 
Fig 5-22 

CLEAR TVWS INPUT _ |300 
TVWS 

_ |300 
LOW-FREQUENCY 
DISCHARGE INPUT* 

r + 
i i 

TORQUE-SIGNAL \ — nnu 
PULSE-CHAIN 
INPUT 9 

REFERENCE 
PULSE-CHAIN 
INPUT j ° A A P 

UP/DOWN CONTROL INPUTS 

COUNTER-
EMPTY 
OUTPUT 

COUNTER No 2 Fig 5-23 

COUNTER 
EMPTY n OUTPUT 

CLEAR 
INPUT LOW 7<H43 FREQUENCY 

CHARGE 
QiR 
DISCHARGE 
INPUT 

UP/DOiWN CONTROL INPUTS 

BOTH COUNTERS ARE SIMILAR. THE PULSE CHAINS ARE STORED 
WHAT ARE ESSENTIALLY STACKS OF BISTABLES. 
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s i m i l a r , both c o n s i s t i n g b a s i c a l l y of a stack of b i s t a b l e s 
each having three 74193 counter i n t e g r a t e d c i r c u i t s . 
Counter No 1 was charged during mode 1 by the torque s i g n a l , 
then discharged by the reference s i g n a l f o l l o w e d by a low 
frequency s i g n a l . The counting d i r e c t i o n of the 74193 stack was 
set by the p a r t i c u l a r i n p u t used, but two nand gates a l t e r e d 
t h i s t o c o n t r o l by the l o g i c s t a t e of a p a i r of in p u t s 
(1,0 or 0,1), a t h i r d i n p u t t a k i n g the pulse chain. The 
counting d i r e c t i o n s of both counters were set simultaneously 
by the up/down c o n t r o l c i r c u i t . Using three f o u r - i n p u t nor 
gates feeding a t h r e e - i n p u t nand gate, a counter-empty s i g n a l 
was produced by a zero count i n e i t h e r c i r c u i t (0»empty). 
For the f i r s t counter t h i s s i g n a l was relayed t o the up/down 
count c o n t r o l as i n d i c a t i n g whether a count r e v e r s a l was 
necessary before low frequency discharge. For the second 
counter i t served only t o i n d i c a t e t h a t a new operating cycle 
of the c i r c u i t as a whole could begin. Clearing of the f i r s t 
counter when the c i r c u i t i s switched on was accomplished using 
a c a p a c i t a t i v e voltage t r a n s i e n t on the cl e a r i n p u t . The 
second counter was provided w i t h a s i m i l a r c l e a r i n g pulse 
o r i g i n a t i n g i n the c l e a r c i r c u i t . 

The up/down c o n t r o l c i r c u i t ( f i g 5.24) a l t e r e d the 
count d i r e c t i o n of the two counters, t r e a t e d together by 
the c i r c u i t , on the basis of f o u r i n p u t s . The l o g i c l e v e l 
diagram f o r the possible cases of p o s i t i v e and negative 
torque e r r o r i s given i n f i g u r e 5.25. The fo u r i n p u t s are 
l a b e l l e d h, i , k and n. 

The low frequency discharge c i r c u i t ( f i g 5.26) was 
a more complex v e r s i o n o f the reference pulse-chain c i r c u i t . 



UP/DOWN CONTROL CIRCUIT 

STEPPER 
DIRECTION 
OUTPUT 

UP/DOWN 
CONTROL 
OUTPUT 
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COUNTERS) 

FIRST-
COUNTER-
EMPTY 
INPUT 
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INPUT 
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CLEARING 
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THIS CIRCUIT CONTROLS THE DIRECTION IN WHICH THE STEPPER-
MOTOR TURNS SINCE THIS IS INDICATED BY THE COUNTING SENSE 
REQUIRED BY THE TWO COUNTERS AS THEY DICHARGE THE TORQUE-ERROiR 
PULSE CHAIN (OR THE DIVISION OF I T ) . 

LOW-FREQUENCY CHARGE AND DISCHARGE CIRCUIT 

LOW-FREQUENCY 
( f , ) OUTPUT 
PULSES TO 
DISCHARGE 
FIRST COUNTER 

FIRST-COUNTER-
EMPTY INPUT 

Fig 5-26 
ENABLE 
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CONTROL 
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EMPTY INPUT 

LOW-FREQUENCY 
( f t ) OUTPUT 
PULSES TO 
CHARGE SECOiND 
COUNTER OiR f, 
PULSES TO 
DISCHARGE IT 

THIS CIRCUIT OPERATES ON COUNTERS 1 AND 2 PRODUCING AS IT 
DOES SO THE PULSES WHICH DRIVE THE STEPPER-MOTOR LOGIC. 
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UP/DOWN CONTROL CIRCUIT LOGIC LEVELS 

FOR ONE OPERATING CYCLE: 
(TWO POSSIBLE CASEST 

CASE 1 REFERENCE PULSE EMPTIES COUNTER Nol AND OVERRUNS 
TO GIVE A NEGATIVE TORQUE ERROR IN COUNTER. 
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The d i f f e r e n c e s were t h a t the low frequency c i r c u i t had the 
c a p a b i l i t y of p r o v i d i n g two s i g n a l s of d i f f e r i n g frequency 
and t h a t there were f i v e c o n t r o l i n p u t s * The l o g i c l e v e l 
diagram of f i g u r e 5*25 i n d i c a t e s the a c t i v i t i e s of the low 
frequency c i r c u i t * 

The time delay c i r c u i t ( f i g 5*27) had a range of 8 
t o 160 seconds* 

TIME DELAY CIRCUIT 

TIME-DELAY-
OVER OUTPUT 

CLEAR 
INPUTS 

SECOiND-
COUNTER-
EMPTY 
INPUT 

* 3 > 

DISCHAR'GE-SECUNU-
u _ COUNTER OUTPUT (f , ) 

CLEAR-
FIRST-
COUNTER 
OUTPUT 
(SIGNAL SENT THROUGHOUT 
TIMER OPERATION) 

FIRST-
COUNTER-
EMPTY 
INPUT 

f A Fig 5-27 

THIS CIRCUIT CONTROLS THE DELAY BETWEEN THE FORWARD AND 
BACKWARD CORRECTIVE MOVEMENTS OF THE STEPPER-MOTQiR. 

Two in p u t s monitored f o r ah appropriate c o n d i t i o n of the 
counters, namely t h a t the f i r s t was zero and the second 
non-zero, while the t h i r d i n p u t provided a d i s t i n c t 
t r i g g e r i n g pulse from p a r t of the f r o n t - e n d c i r c u i t r y * 

Logic l e v e l s during operation are i n d i c a t e d i n f i g u r e 5*28* 
A c l e a r i n g pulse was sent t o counter No 1 from the beginning 
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TIME-DELAY CIRCUIT LOGIC LEVELS 
FOR ONE OPERATING CYCLE pjg 5*28 
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of the time-delay t o the recommencement of mode 1 because 
changing the count d i r e c t i o n a t the end of the delay, using 
l i n e s 0 and P, i n j e c t e d a pulse i n counter Nol causing the 
los s of the empty-signal i f c l e a r i n g was not maintained. 
Loss of the empty-signal at t h a t stage would prevent the 
c i r c u i t as a whole working* For the same reason, at the 
commencement of mode 1, a c l e a r i n g pulse was supplied t o 
counter No 2 simultaneously t o the f i n a l change i n counting 
d i r e c t i o n , so t h a t i t would be zero as r e q u i r e d at the 
beginning of the operating c y c l e * 

The c l e a r c i r c u i t ( f i g 5*29) res e t ( c l e a r e d ) a l l 
counters and b i s t a b l e s a t the end of mode 2 f o r each 
ope r a t i n g c y c l e * I t also produced t r a n s i e n t c l e a r i n g 
pulses at switch-on* The c l e a r i n g pulses at the beginning 
of mode 1, were t r i g g e r e d by pulses from the f r o n t - e n d 



CLEAR CIRCUIT 

FIRST-COUNTER-
EMPTY INPUT 

SECOND-COUNTER 
EMPTY INPUT 

Fig 5-29 

CLEAR 
OUTPUT TO 
UP/DOWN 
CIRCUIT, 
TIMER 
CIRCUIT 
AND 
DIGITAL 
COUNTER. 

CLEAR-SECOiND-COUNTER OUTPUT 
(COUNTERS MUST B£ HELD CLEAR DURING THE 
CLEARING OF THE UP/DOWN CIRCUIT) 

THIS CIRCUIT CLEARS THE UP/DOWN CONTROL CIRCUIT WHICH IN 
TURN SENDS THE "FRO'NT END" INTO MODE 1.. THE CIRCUIT ALSO CLEARS 
THE TIMER WHICH IN TURN PRIMES THE FIRST COUNTER. THE CIRCUIT 
ALSO RESETS THE DIGITAL COUNTER IN THE "FRONT-END". NOTE THAT 
CLEARING PULSES ARE PRODUCED TRANSIENTLY BY THE CAPACITORS ON 
SWITCH-ON. 

along l i n e f i n order t h a t mode 1 synchronised w i t h the 
incoming torque s i g n a l s , preventing t r u n c a t i o n of the f i r s t 
torque s i g n a l * 

The complete c i r c u i t , minus the c i r c u i t r y f o r the 
stepper-motor, i s given i n f i g u r e 5*30* A l l switches were 
incorporated i n t o one f o u r - p o l e , four-throw t o g g l e s w i t c h 
a l l o w i n g d i s p l a y o f the torque f o r every r e v o l u t i o n of the 
p u l l e r without mode 2 oper a t i n g * 

The Irapex 4-pole stepper-motor (type IDO 4) was 
c o n t r o l l e d by a commercially a v a i l a b l e TTL-compatible 
c i r c u i t r e q u i r i n g only a d i r e c t i o n i n p u t ( 1 or 0) and a 
clock i n p u t t o step the motor. These were coupled t o R and 
T r e s p e c t i v e l y i n f i g u r e 5*30* As i s normal, the ea r t h 



159 

TO 

2 a 

EC 

F I b J 

a. 
a 

t_J 

- ( a 

5 1 no 
m 
01 

i 
EE UJI 

i a 

3 iff IT) 

31 Uf i 3 

1 U l 

u_ 



160 

l i n e of the motor was i s o l a t e d as f a r as possible from 
the l o g i c c i r c u i t r y t o prevent i n d u c t i v e noise d i s t u r b i n g 
the l a t t e r * (A standard RS 238 514 mains f i l t e r was 
also incorporated t o p r o t e c t the l o g i c c i r c u i t r y ) * 

A t y p i c a l d i g i t a l read-out from the c i r c u i t was 
500 u n i t s f o r a 10° mismatch of the suspension m i r r o r s , 

_Q 
corresponding t o a torque of about 3X10 Nm • Thus the 
s e n s i t i v i t y was t y p i c a l l y about SxlO"" 1 1 Nm per b i t though 
i n s t a b i l i t i e s gave a standard d e v i a t i o n of about 50 b i t s 
i n the torque s i g n a l , averaged over 16 readings, under 
normal running c o n d i t i o n s * 
5*6 Operation 

I n operation i t was found important t o ; 
1) manually a d j u s t the suspension f i b r e t o give 

s u f f i c i e n t r o t a t i o n a l clearance between suspended frame 
and lower frame ( f i g 5*8) t o ensure t h a t the r e l a t i v e 
r o t a t i o n a l r o c k i n g of the lower frame d i d not cause 
i t t o s t r i k e the upper over the a n t i c i p a t e d torque range* 
S t r i k i n g of the frames was manifest as a gross i n s t a b i l i t y 
i n the apparent torque; 

2) a d j u s t the photoswitch t h r e s h o l d t o about the middle 
of the range over which the two d i s t i n c t l i g h t pulses were 
observed, the photoswitch output being displayed on an 
o s c i l l o s c o p e * An i n i t i a l l y clean quartz tube was used 
so t h a t there was no l i g h t i n t e n s i t y change w i t h respect t o 
t r a c k i n g of the d e t e c t o r ; 

3) s w i t c h i n t o f u l l c o n t r o l (from d i s c r e t e torque 
measurement) while the r o t a t i n g m i r r o r s of the suspension 
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were w e l l away from the d e t e c t o r , t h a t i s w h i l s t no 
torque s i g n a l was being sent, thereby e l i m i n a t i n g the 
p o s s i b i l i t y t h a t the f i r s t s i g n a l was truncated r e s u l t i n g 
i n a s n a i l e r r o r i n the f i r s t averaged torque reeding i n 
the new s t a t u s . 

Adjustment of the remaining e l e c t r i c a l c o n t r o l s was 
dependent on the desired c r y s t a l s i z e and growth r a t e * 

Figures 5.31 and 5.32 show the whole equipment and the 
p u l l i n g r e g i o n r e s p e c t i v e l y . 

5.7. Results 

On the basis of the work done, c e r t a i n observations 
can be made, some r e l e v a n t t o viscous torque c o n t r o l i n 
p r i n c i p l e , others t o the present means of a c h i e v i n g . i t . 

5.7.1. General 

A p l o t of torque US diameter i s given in f i g u r e 5.33 
f o r copper under t y p i c a l c o n d i t i o n s of p u l l - r a t e and 
r o t a t i o n r a t e , f o r the melt dimensions mentioned i n 5.4.2. 
"The monatonic increase i s as r e q u i r e d , but the torque i s 
smaller than a n t i c i p a t e d by about a f a c t o r of 3 .(see 
comment on p u l l - r a t e ) . 

The m e l t i n g p o i n t v i s c o s i t i e s f o r a number of metals 
are as given i n t a b l e 5.1 from Cavalier (1960) and Ofte 
(1967) w i t h copper having a value of about 5 c e n t i p o i s e . 
Assuming t h a t the torque i s p r o p o r t i o n a l t o v i s c o s i t y , 
then most pure metals w i l l give torques of the order 
shown i n f i g u r e 5.33. Table 5.1 i s on page 172. 

A p l o t of torque VS p u l l - r a t e f o r copper a t a 
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PLOT OF TORQUE ON A CZOCHRAL5.KI GROWN COPPER 
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diameter of 7 mm, f o r a melt temperature which s t a b i l i s e s 
growth at t h a t diameter at a p u l l - r a t e 0*3 mm/min, i s 
shown i n f i g u r e 5.34. The e x t r a o r d i n a r y s e n s i t i v i t y 
of the torque measurements t o the c o n d i t i o n s of the 
meniscus at the growing i n t e r f a c e i s apparent, indeed 
a change i n the p u l l - r a t e by a f a c t o r of 2 changes the 
torque by a f a c t o r of 5. For a very slow p u l l , the torque 
approaches the a n t i c i p a t e d values deduced from the e a r l y 
t r i a l s w i t h water f o r which no meniscus column was present* 

Higher p u l l - r a t e s give lower torques p r i o r t o the 
r e d u c t i o n i n c r y s t a l diameter t h a t the change i n the p u l l -
r a t e subsequently causes* Higher p u l l - r a t e s were observed 
t o give r e l a t i v e l y more s t a b l e ( a l b e i t s m aller) torque 
readings, the increased meniscus column between growth 
i n t e r f a c e and melt surface presumably decoupling the 
c r y s t a l from s t i r r i n g e f f e c t s i n the bulk of the melt, 
the m a j o r i t y of the torque then being due t o shearing of 
the f l u i d i n the meniscus region (see f i g 5*35)* 
The torque on l a r g e r diameter c r y s t a l s w i l l be less 
c r i t i c a l l y dependent on the ( r e l a t i v e l y ) smaller meniscus 
r e g i o n * 

The torque on the growing c r y s t a l i s dependent on 
the c o n c e n t r i c i t y of the c r y s t a l t i p i n the melt* An 
e c c e n t r i c a l l y r o t a t i n g c r y s t a l r e q u i r e s a torque dependent 
on i t s diameter but also on any c o n c e n t r i c i t y change 
during growth* Furthermore, i n s t a b i l i t y i n the torque 
reading develops f o r e c c e n t r i c r o t a t i o n * Centring of 
the c r y s t a l on i t s r o t a t i o n axis i s t h e r e f o r e v i t a l f o r 
e f f e c t i v e automatic c o n t r o l * 



The torque on the c r y s t a l can be a l t e r e d s i g n i f i c a n t l y 
by i m p u r i t i e s i n the melt, p a r t i c u l a r l y those manifested 
on t h e melt surface, which i n t e r f e r e w i t h the normal 
r o t a t i o n a l shear of the f l u i d . I m p u r i t i e s of a type 
v i s i b l e on the melt surface s h o r t l y a f t e r l i q u i f i c a t i o n 
but subsequently l o s t by adhesion t o the c r u c i b l e or by 
evaporation (or perhaps ' l o s t 1 by d i s s o l u t i o n i n t o the 
melt) were observed t o cause torque increases of a f a c t o r 
of two* 

P I ACTAH SHOWING SCHEMATICALLY THE CHANGE I N THE MELT 
SHAPE b / lTh R l s E l N TW! FRE E Z I N G INTERFACE* (ASSUMTD" 
PLANAR) DUE TO SUDDEN INCREASE I N THE.MELT TEMPERATURE 
OR CRYSTAL PULL-RATE: THE MENISCUS REGION INCREASING 

AND CRYSTAL TORQUE DECREASING 

Fig 5-35 
TORQUE DECREASING 
FOR CONSTANT CRYSTAL 

DIAMETER 

meniscus 
region 

5*7*2* The present equipment 

A c o n t r o l c r y s t a l was grown without any t o r s i o n a l 
feedback t o i l l u s t r a t e the d r i f t i n the c r y s t a l diameter 
o c c u r r i n g under c o n d i t i o n s of nominal temperature s t a b i l i t y * 
The c r y s t a l ( f i g * 5*36) shows a gradual increase i n diameter 
( t y p i c a l of other c r y s t a l s not shown) w i t h an absence of 
f l u c t u a t i o n s associated w i t h the power adjustments made 
during the growth of l a t e r automated c r y s t a l s * This c r y s t a l 
shows a 100$ increase i n diameter over a 6 cm len g t h grown 
i n 1 hour and 40 minutes* 
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Feed-back s e n s i t i v i t y i s t h e change i n e q u i l i b r i u m 
d i a m e t e r ( r a t h e r t h a n observed diameter which i s u s u a l l y i n 
a s t a t e of t r a n s i t i o n ) c o r r e l a t i n g t o t h e o v e r a l l change i n 
t h e f u r n a c e power ( a f t e r f o r w a r d and r e v e r s e a d j u s t m e n t s ) 
per g i v e n d e t e c t e d t o r q u e d e v i a t i o n . The t i m e - c o n s t a n t 
r e f e r s t o the response of t h e c r y s t a l diameter t o an 
a l t e r a t i o n of t h e power c o n t r o l l e r of t h e f u r n a c e . 

P u l l - r a t e 
Feed-back s e n s i t i v i t y 

Time-constant 
Time d e l a y 

T o : f r o r a t i o 

0.4 mm/min 
2 . 5 x l 0 5 N - 1 

160 sees 
120 sees 
2:1 

Fig 5-37 

Fig 5 36 
A ' c o n t r o l ' c r y s t a l 

f 



Three lengths of c r y s t a l grown under automatic c o n t r o l are 
i l l u s t r a t e d i n f i g u r e s 5*38-5*40* The c r y s t a l s were not 
necked down since t e s t i n g of the equipment d i d not r e q u i r e 
t h i s * The regions over which c o n t r o l took place are 
i n d i c a t e d * These c r y s t a l s show a poor l e v e l of c o n t r o l 
having a diameter v a r i a t i o n of approximately ±10%, the 
t o r s i o n a l measurement being too i n s e n s i t i v e and unstable i n 
the present equipment f o r more accurate work* The system i s 
however workable and f u r t h e r development could improve the 
c o n t r o l by the f a c t o r of 10 necessary t o compete w i t h 
e x i s t i n g commercial methods* The p r i n c i p a l problem at the 
moment i s f r i c t i o n i n the jewel support bearing (which could 
be replaced by a f l o a t i n g bearing using s i l i c o n e o i l ) • 

At a given diameter of c r y s t a l , a c e r t a i n small change 
i n the R.F. power potentiometer produces a w e l l defined 
change i n c r y s t a l diameter once e q u i l i b r i u m i n the growth 
has been re-established. Since the c o n t r o l c i r c u i t changes 
the power by ah amount dependent on the torque e r r o r s i g n a l , 
the feedback can be measured in m i l l i m e t e r s ( o f c r y s t a l diameti 
per newton metre ( o f torque e r r o r ) f o r the p r e v a i l i n g mean 
diameter • A time-constant can u s u a l l y be defined f o r a 

given c r y s t a l diameter (by which p r o f i l e changes occur t o 
the c r y s t a l f o r a step i n R.F. power), though the speed 
of response of the c r y s t a l may i n some cases be dependent 
on the changing thermal mass of the melt* Other feedback 
parameters, more r e a d i l y measured, are the delay time between 
forward and reverse movements of the power potentiometer by 
the stepper-motor and the r a t i o of these movements* The 
c o n t r o l c o n d i t i o n s are summarised by these parameters i n 
f i g u r e s 5*37-5*40 w i t h each c r y s t a l shown* 
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The consequence of not roc k i n g the jewel bearing 
supporting the suspension i s shown i n f i g u r e 5.37 ; the 
shape of the c r y s t a l i s due t o a p o s i t i v e feedback whereby 
the c r y s t a l o r i e n t a t i o n s t i c k s at opposite extremes on 
the jewel bearing due t o s t a t i c f r i c t i o n , and o v e r c o r r e c t i v e 
measures t o the diameter (about an average value) are 
req u i r e d t o e s t a b l i s h a c r y s t a l - t o r q u e / f i b r e - t o r q u e d i f ­
ference capable of d i s l o d g i n g the bearing* 

DIAGRAM SHOWING THE STEPPED CRYSTAL 
STRUCTURE DUE TO I N I T I A L E C C ENTRICITY 
OF THE CRYSTAL SEED ON A FREELY 

HANGING SUSPENSION 

Fig 5-41 

S T E P ^ _ J § 5 ^ f (CRYSTAL 
SHOWN 
INVERTED) 

MELTED-BACK REGION 
FORMING A HOLE 

I t has been found, very c o n v e n i e n t l y , t h a t poorly centred 
c r y s t a l s a u t o m a t i c a l l y centre themselves i n the present 
equipment aided by the f a c t t h a t the weight added t o a growing 
t i p w i l l always move the centre of g r a v i t y of the whole 
c r y s t a l i n such a way as t o b r i n g greater c o l l i n e a r i t y 
between the hanging p o i n t , the centre of g r a v i t y (these 
two define the r o t a t i o n a x i s ) and the t i p of the c r y s t a l * 
However, t h i s c e n t r i n g mechanism can be cat a s t r o p h i c i f 
the c r y s t a l t i p i s misaligned by more than a few m i l l i m e t e r s 
since high p o i n t s on the growing i n t e r f a c e can become f r e s h 
seeding p o i n t s causing d i s j o i n t e d growth of the k i n d 
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i l l u s t r a t e d i n f i g u r e 5.41, 

5,8 Conclusion 

A new form of automatic c o n t r o l f o r Czochralski growth 
has been explored. The method r e l i e s on d i f f i c u l t measure­
ments of the very small viscous torques associated w i t h 
c r y s t a l r o t a t i o n . 

A very simple mechanism f o r achieving c o n t r o l has been 
described and, while f a i l i n g t o match the p r e c i s i o n of com­
merc i a l systems, demonstrates the v i a b i l i t y of the technique. 

I t has been found t h a t viscous torque c o n t r o l has 
advantages over some other techniques since i t i s meniscus 
s e n s i t i v e , indeed extremely so. The magnitude of the obser­
ved meniscus e f f e c t i s s i g n i f i c a n t ; viscous torque c o n t r o l 
may w e l l i n p r i n c i p l e be b e t t e r than present commercial methods 
f o r c o n t r o l of smaller diameter c r y s t a l s (up t o say 3 cm) 
under c e r t a i n common c o n d i t i o n s , p r i m a r i l y t h a t the surface 
t e n s i o n , l i k e t h a t of s i l i c o n , i s high enough t o create an 
adequate meniscus column between c r y s t a l and melt. Under 
these c o n d i t i o n s the torque on the c r y s t a l has a component 
which i s p r o p o r t i o n a l t o the d i f f e r e n t i a l of the c r y s t a l 
diameter w i t h respect t o a x i a l d i s t a n c e . This d i f f e r e n t i a l 
component i s present t o a much gr e a t e r degree i n torque 
measurements than any other measuring technique and i s the 
property t h a t reviewers ( H u r l e , 1977 and Jozsef, 1979) 
have s i n g l e d out as the basis f o r a successful automation 
method. 



EXAMPLES OF VISCOSITIES OF METALS 
AT THEIR RESPECTIVE MELTING POINTS 

METAL MELTING POINT 
•c 

VISCOSITY 
(CENTIPOISE) 

LEAD 337 2,47 
GOLD 1063 4.84 
URANIUM 1133 6.5 
COBALT 1495 5.5 
NICKEL 1452 5.8 
IRON 1536 5.9 
BISMUTH 271 2.0 
TIN 232 2.6 

INFORMATION TAKE FROM OFTE (1967) AND CAVALIER (1960) 

TABLE 5-1 



173 

CHAPTER SIX 

A NEW TORQUE MAGNETOMETER 

6.1.1ntroduct i o n 

The new torque magnetometer described here i s based on 
the design due t o Aldenkamp, Marks and Z i j l s t r a (1960)* 
I t i s i n n o v a t i v e i n the use of a mutual inductance of d i r e c t 
angular s e n s i t i v i t y t o detect the movement of the magnetometer 
head. A wide dynamic range and o n - l i n e data processing using 
a microcomputer render the device p a r t i c u l a r l y s u i t a b l e f o r 
the r a p i d a n a l y s i s of a la r g e number of samples and, due t o 
i t s r i g i d i t y , f o r accurate measurement on m a t e r i a l s of la r g e 
magnetocrystailine a n i s o t r o p y . 

A s i m p l i f i e d diagram of the magnetometer head i s shown 
i n f i g u r e 6.1. The suspension employs two h o r i z o n t a l discs 
connected by thr e e symmetrically placed l e a f - s p r i n g s which 
are h i g h l y s e n s i t i v e t o small t w i s t s but very r i g i d w i t h 
respect t o sideways displacement. The specimen i s mounted 
on a support attached t o the lower d i s c while the upper disc 
i s r i g i d l y clamped. For small displacements, the movement 
of the lower disc i n d i c a t e s torque p r o p o r t i o n a l l y . 

I n the o r i g i n a l design, Aldenkamp et a l . r o t a t e d the 
magnetometer i t s e l f i n a f i x e d magnetic f i e l d and used 
an e c c e n t r i c a l l y placed l i n e a r p o s i t i o n transducer t o 
measure angular displacement. I n the present design the 
magnetometer i s f i x e d i n a r o t a t i n g f i e l d and an angu l a r l y 
s e n s i t i v e transducer i s used. 

A block diagram of the e l e c t r o n i c s i s given i n 



SIMPLIFIED DRAWING OF MAGNETOMETER HEAD 
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f i g u r e 6.2* I n d i c a t e d on t h i s i s the c r o s s - c o i l transducer, 
d r i v e n by an o s c i l l a t o r and mounted on the magnetometer head, 
which produces a s i g n a l having a phase and amplitude i n d i c a ­
t i n g the app l i e d torque. A l o c k - i n a m p l i f i e r i n t e r p r e t s the 
s i g n a l f o r the fY 1 i n p u t of an X-Y p l o t t e r w i t h 'X» input 
l i n k e d t o a p o s i t i o n potentiometer on the magnet base. Hand 
r o t a t i o n of the magnet tra c e s out a torque curve on the 
p l o t t e r , the g r a p h i c a l I n f o r m a t i o n also being recorded by an 
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BLOCK DIAGRAM OF THE ELECTRONICS OF THE TORQUE MAGNETOMETER 
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o n - l i n e computer* Subsequent an a l y s i s of the data t o 
y i e l d aniaotropy constants can take as l i t t l e as one 
minute. Further d e t a i l s of the e l e c t r o n i c s and computer 
are given i n sections 6.5 and 6.6. 

The t o r s i o n a l constant of the magnetometer i s measured 
once, t h e r e a f t e r torque can be i n f e r r e d from the d e f l e c t i o n 
of a l i g h t beam from a m i r r o r on the moving p a r t of the head 
and the e l e c t r i c a l output c a l i b r a t e d w i t h respect t o t h i s . 

6.2 Advantages of the design 

The normal advantages of the t r i p l e l e a f - s p r i n g design 
over a l t e r n a t i v e s apply (see chapter 4 ) , namely robustness, 
cheapness and, due t o the p a r t i c u l a r c a l i b r a t i o n method, 
accuracy. Furthermore, since the sample i s attached t o the 
end of a rod r a t h e r than w i t h i n an enclosure forming p a r t of 
a more complex suspension, r a p i d sample changing i s f a c i l i t a t e d . 
The e s t a b l i s h e d advantages of an o n - l i n e microcomputer also 
apply, c h i e f l y the r a p i d i t y i n o b t a i n i n g and processing 
experimental data. 

Advantages s p e c i f i c t o the present design are p r i n c i p a l l y 
t h a t the cross — c o i l mutual inductance i s easy t o c o n s t r u c t , 
uses a r e a d i l y a v a i l a b l e o f f - t h e - s h e l f phase s e n s i t i v e detector 
and provides a very wide ranging, very p o s i t i o n a l l y s e n s i t i v e 
means of monitoring the head w i t h a l l the advantages t h a t , 
i n t u r n , accrue t o t h i s . Indeed, o v e r a l l r i g i d i t y and r e l a t i v e l y 
high s e n s i t i v i t y are both obtained simultaneously i n t h a t 

g 
10 Nm s e n s i t i v i t y i s a v a i l a b l e on a suspension capable of 
withs t a n d i n g nearly 1 Nm. 



The l a r g e working range al l o w s , t h e r e f o r e , a range of samples 
t o be i n v e s t i g a t e d which d i f f e r i n anisotropy by an amount 
normally excluding the use of a s i n g l e unmodified instrument. 

6.3 Disadvantages of the design 

One disadvantage of the present design i s t h a t the s i d e ­
ways r e s t r a i n t of the sample by the magnetometer compares 
unfavourably t o t h a t of a (double) ligament suspension magne­
tometer of the same t o r s i o n a l constant, thus the forces pro­
duced by a p a r t i c u l a r sample magnetisation and f i e l d inhomo-
geneity may r e q u i r e the use of ligaments t o o b t a i n the 
necessary combination of both l a t e r a l support and freedom 
f o r sample r o t a t i o n s of the magnitude necessary i n 
any measurement of torque. Furthermore, i n any attempt t o 
increase the mechanical s e n s i t i v i t y of the present design, 
which has a l a r g e moment of i n e r t i a due t o the lower d i s c , 
the n a t u r a l frequency of angular v i b r a t i o n becomes inacceptably 
low i n t h a t s u f f i c i e n t damping of the v i b r a t i o n s i n t e r f e r e s 
w i t h the dynamic response of the magnetometer during torque 
curve a c q u i s i t i o n . This moment of i n e r t i a l i m i t s the p r a c t i c ­
able s e n s i t i v i t y of the l e a f - s p r i n g arrangement and favours 
again the ligament suspension. 

6.4 Mechanical d e t a i l s of the magnetometer 

The primary c o i l s of the transducer were mounted on 
a r o t a t a b l e c r o s s - s l i d e combination ( f i g 6.3) t o allow the 
c o i l s t o be centred a c c u r a t e l y and or t h o g o n a l l y around the 
pick-up c o i l . This procedure minimised the spurious s i g n a l 
produced by the pick-up c o i l when the magnetometer was relaxed 
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and i n t u r n reduced t h e amount of e l e c t r i c a l back-off 
necessary t o produce the quiescent s t a t e (see s e c t i o n 6,5), 

The l e a f - s p r i n g s were made of s t a i n l e s s s t e e l and of 
dimensions 10 mm x 75 mm x 0*54 mm which attached t o a 7 cm 
diameter lower disc producing a t o r s i o n a l constant of 0.1474 
rad/Nm. Thus, even i n the case of the cobalt c r y s t a l 
analysed i n f i g u r e 6,16, the maximum sample r o t a t i o n was 
only 4 arc minutes* O r d i n a r i l y no c o r r e c t i o n to the torque 
curve due t o magnetometer r o t a t i o n was t h e r e f o r e necessary* 
Conventional ligament suspension feedback instruments of the 
• n u l l d e f l e c t i o n ' type (eg C r o f t et a l * , 1955) t u r n a 
s i m i l a r amount t o produce the out-of-balance o p t o - e l e c t r o n i c 
s i g n a l * The l e a f - s p r i n g s enabled a maximum working load of 
between 0*1 and 1 Nm* A general equation f o r the t o r s i o n a l 
constant of the t r i p l e l e a f - s p r i n g suspension, due t o B i r s s 
and Shepherd (1978) i s given below; 

where E i s Young's modulus, 1*1 _ the shear modulus, A the cross-
s e c t i o n a l area of the s p r i n g s , 2a t h e i r w i d t h , 2b t h e i r 
t h i c k n e s s , I t h e i r e f f e c t i v e l e n g t h , and R the distance of 
t h e i r centres from the axis of suspension* 

The e l a s t i c - a f t e r - e f f e c t of the l e a f - s p r i n g s was accounted 
f o r i n the computer software (see s e c t i o n 6*6). 

The lower movable Oisc, attached t o the l e a f - s p r i n g s , 
was about 1 cm i n thickness and made of nylon t o produce a 
low moment of i n e r t i a g i v i n g a n a t u r a l frequency of a p p r o x i ­
mately 50 Hz* Such a frequency could be damped without 
i n t r o d u c i n g an appreciable l i m i t i n g slew-rate t o the dynamic 

e_ 
r 

e 
6EAb R 

+ 
M A ( a 2 + b 2 ) • • • (6.1) 
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response of the magnetometer. I n the event, damping was 
©bwaVe<A bv̂  Co.pacita.fc wit *fAcoi;Kir\^ t h e «.U.ctr i c a \ o u t p u t . 

The sample support rod was made l a r g e l y of 6 mm 
pyrex t u b i n g having a l e n g t h of about 30 cm w i t h a m e t a l l i c 
end-piece capable of accepting a screw-in sample holder on 
a 5 mm metric thread ( f i g 6.4). 

T H E S A M P L E S U P P O R T ROD 

ALUMINIUM BOUSING 

\ PYREX ROD 

THERMOCOUPLE 

SAMPLE 

ALUMINIUM SCREW—IN Fig 6*4 
SAMPLE HOLDER 

The 7 mm diameter, 3 cm long aluminium end-piece which 
was attached t o the pyrex by a thermosetting cement, 
improved temperature measurements on the sample by th e r m a l l y 
coupling the sensor i n the rod t o the m e t a l l i c sample holder 
and sample. No adjustment t o the sensor (a copper-constantan 
thermocouple read by a Schlumberger 4045 d i g i t a l 
v o l t m e t e r ) was necessary during sample change-over. The 
end of the sample support rod was found t o produce para­
s i t i c torques during f i e l d r o t a t i o n by r e a c t i o n of the 

http://Co.pacita.fc


induced eddy c u r r e n t s w i t h the f i e l d . The s i z e of the 
metal body was t h e r e f o r e kept t o a minimum* The eddy-current 
torques, when comparable t o sample torques, were counteracted 
e l e c t r i c a l l y (see s e c t i o n 6.5 and f i g s 6.8 and 6.9). The 
support rod was attached t o the magnetometer by an a d j u s t a b l e 
t u f n o l mount whereby the o r i e n t a t i o n of the rod and thereby 

the transverse p o s i t i o n of the t i p , could be manipulated 
through 3 brass screws symmetrically disposed around the base. 
This allowed the sample to be centered accurately on the 
r o t a t i o n axis of the magnetometer movement; e s s e n t i a l f o r 
accurate work since a non-central sample t r a n s f e r r e d torque 
resolved from the t r a n s l a t i o n a l forces on the sample by f i e l d 
inhomogeneity and produced thereby an a r t i f i c i a l s i g n a l . 

The vacuum system surrounding the magnetometer ( f i g 6.5) 
prevented atmospheric condensation on the i n t e r n a l p a r t s 
during low temperature work. I t also reduced c o r r o s i o n of the 
heated p a r t s of the magnetometer during high temperature runs. 
The 30 cm long, 1 cm diameter s t a i n l e s s s t e e l lower-sheath of 
the vacuum system was o r i e n t a b l e t o accommodate the sample 
support r o d , the s e a l i n g a c t i o n being performed by fine-guage, 
r i d g e d phosphor-bronze t u b i n g . I n the brass upper s e c t i o n of 
the vacuum system were two o p t i c a l l y f l a t 8 cm x 6 cm windows 
of 6 mm f l o a t glass by which l i g h t could be r e f l e c t e d from the 
magnetometer m i r r o r during c a l i b r a t i o n . The vacuum system 
p h y s i c a l l y supported the top of the magnetometer head on a 
stand by which the whole system was evacuated. Evacuation 
took place through a t u b u l a r 'O'-ring j o i n t a l l o w i n g a l i m i t e d 
adjustment of the magnetometer p o s i t i o n w i t h respect t o the 
f i e l d (see f i g u r e 6 ) . 



T H E 

C O M P L E T E M A G N E T O M E T E R 
Cut away diagram of complete torque magnetometer: 

A, glass window (opposite side similar to allow projection of 
crosshair image via mirror); B, magnetometer head; C, housing 
for acceptance of the evacuating tube which supports the 
magnetometer; D, heating coil; E, screw-in sample holder 
(sample glued to end); F, vacuum sheath for sample support 
rod; O, cryostat; H, directional mounting for vacuum sheath 
(for alignment of sheath and sample support rod); J, cross hairs; 
K, cross hair image projector (mirror on magnetometer not 
visible). 

T H E 



183 Fig 6*6 THE MAGNETOMETER ON ITS STAND 



Fig 6*7 THE MAGNETOMETER AND MAGNET 184 



185 

A pyrex dewar around the lower sheath of the vacuum 
system was s u i t a b l e f o r exposing the magnetometer t o l i q u i d 
n i t r o g e n temperatures. To cool the sample t o 77 K, about 
10 t o r r of Helium was used as a t r a n s f e r gas f a i l i n g which 
about 85 K was p o s s i b l e . Intermediate c o o l i n g was obtained 
by r a t i o n i n g the n i t r o g e n i n the dewar. A maximum warm-up 
r a t e of about 3 K per minute was observed. A helium gas-
f l o w c r y o s t a t normally used f o r X-ray d i f f r a c t o i m e t r y (Jones 
and Tanner, 1980) was a v a i l a b l e f o r the magnetometer and would 
allow the present 2 t e s l a magnet pole-piece c o n f i g u r a t i o n t o 
be r e t a i n e d . The l a t t e r arrangement has not yet been used 
e xp e r i me n t a 11 y • 

A c o i l around the lower sheath of the vacuum system 
allowed r a d i a n t heating of the sample. Temperatures of up 
t o 650 K were obtained using a 20-turn nichrome c o i l i n a 
m a trix of thermosetting cement g i v i n g a power of about 50 
watts at 20 V. 

To reduce mechanical v i b r a t i o n t o the magnetometer by 
the r o t a t i o n of the magnet, both were separately attached 
t o a common concrete'base. The magnet and support stand 
are shown i n f i g u r e s 6.6 and 6.7. Further d e t a i l s of the 
magnet are given i n the next s e c t i o n . 

6 . 5 . E l e c t r i c a l d e t a i l s of the magnetometer 

The computer i n t e r f a c e , microcomputer and software 
are d e a l t w i t h i n the next s e c t i o n . 

The primary c o i l s of the transducer, c o n s i s t i n g together 
of 2500 t u r n s of 34 swg copper wire (DC r e s i s t a n c e about 
ID'OA) were fed w i t h a 3 KHz AC s i g n a l . The pick-up c o i l , 



c o n s i s t i n g of 2500 t u r n s of AO swg copper w i r e , detected 
an induced s i g n a l when movement of the lower disc misaligned 
i t from the n u l l p o s t i o n . For a small displacement, the 
amplitude of t h i s s i g n a l was p r o p o r t i o n a l t o the r o t a t i o n 
of the lower disc and hence the torque on the sample. 
Depending on the sense of the r o t a t i o n , the secondary voltage 
was e i t h e r i n phase or out of phase w i t h the primary. Thus, 
i f the s i g n a l was fed t o a l o c k - i n a m p l i f i e r ( f i g 6.2) and 
a f r a c t i o n of the primary voltage used as a reference, a DC 
output was produced p r o p o r t i o n a l t o the magnitude and sense 
of the tor q u e . Use of the l o c k - i n a m p l i f i e r enabled e f f e c ­
t i v e l y a l l unwanted e l e c t r i c a l noise t o be r e j e c t e d . R i g i d i t y 
of the apparatus was such t h a t the s h o r t e s t time-constant of 
the l o c k - i n a m p l i f i e r (10 ms on the Brookdeal type 401) gave 
s u f f i c i e n t damping t o e l i m i n a t e the modulating e f f e c t of the 
50 Hz mechanical v i b r a t i o n . Hence torque curves could be 
obtained d i r e c t l y on the P h i l l i p s PCI 8141 per recorder without 
f e a r of s i g n i f i c a n t d i s t o r t i o n due t o delay i n the response 
of the l o c k - i n . 

The transducer s i g n a l was increased by almost an order 
of magnitude by operating the primary c o i l s i n resonance using 
0.01 /i f c a p a c i t o r . Further attempts t o s e n s i t i s e the device 
using a f e r r i t e core i n the pick-up c o i l were successful but 
r e j e c t e d on the grounds t h a t the equipment became unacceptably 
subject t o p e r m e a b i l i t y changes i n the, r e g i o n around the head; 
t o the extent t h a t movements of a human operator could be 
detected. The f e r r i t e core was also unacceptable because 
i t s elongated shape tended t o o r i e n t a t e i n the s t r a y magnetic 
f i e l d producing unwanted torque. I n the f i n a l form, the 
transducer produced a s i g n a l of about I V pk-pk per radian 
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f o r a nominal o s c i l l a t o r output of 5 V pk-pk. 
The potentiometer on the base of the magnet consisted 

of approximately 1 metre of nichrome wire having a r e s i s ­
tance of about 2n. and l i n e a r i t y ( g r a d i e n t d ( v o l t a g e ) / d x ) 
constant t o w i t h i n about 2%, I t was fed by a F a r n e l l E 30/2 
power supply s t a b l e t o b e t t e r then O.ljG w i t h respect t o t i m e , 
load change or t y p i c a l mains f l u c t u a t i o n s . 

For work at the lower end of the s e n s i t i v i t y range two 
supplementary items of e l e c t r o n i c s were necessary. The f i r s t 
was simply a v a r i a b l e amplitude phase s h i f t e r by which a pro­
p o r t i o n of the primary AC s i g n a l was added t o back-off the 
r e l a x e d - s t a t e pick-up c o i l output t o generate a n u l l s i g n a l , 
hence avoiding precise manipulation of the pick-up c o i l 
p o s i t i o n . This phase-shifted s i g n a l was a v a i l a b l e from the 
feedback l/PO 602 o s c i l l a t o r d i r e c t l y as an a u x i l l i a r y o u tput. 
The second c i r c u i t was r e q u i r e d by the eddy-current torques 
mentioned e a r l i e r . These torques were dependent on the magnet 
angular v e l o c i t y . Sporadic magnet r o t a t i o n produced noise on 
the torque curves e x e m p l i f i e d , at high s e n s i t i v i t y , by the 
curve shown i n f i g u r e 6.8. The compensating c i r c u i t was. a 
d i f f e r e n t i a t o r ( f i g . 6.10) which monitored the voltage s i g n a l 
a r i s i n g from the potentiometer on the base of the magnet and 
returned a s i g n a l p r o p o r t i o n a l t o the time d i f f e r e n t i a l of any 
change i n the potentiometer v o l t a g e . E m p i r i c a l adjustment of 
both the p r o p o r t i o n a l i t y constant and the time-constant of the 
d i f f e r e n t i a t o r c a p a c i t a t i v e output, y i e l d e d a s i g n a l capable 
of counteracting the spurious torque s i g n a l i f i n j e c t e d i n 
antiphase. The success of the technique i s i l l u s t r a t e d i n 
the improvement of the former torque curve t o t h a t of f i g u r e 
6.9* taken w i t h s i m i l a r sporadic magnet r o t a t i o n . 
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DIFFERENTIATOR CIRCUIT FOR TORQUE MAGNETOMETER 
C1,R1 AND R2 ARE MATCHED TO SUIT THE PARTICULAR EQUIPMENT. 

The electromagnet was constructed by Roe (1961) and 
was of conventional design. The c o i l s were c a r r i e d on 
pole-pieces and were water cooled using a closed c i r c u i t of 

de-ionised water f l o w i n g through a heat exchanger. The f i e l d 
obtainable w i t h a pole-piece gap of 5.1 cm and a power d i s ­
s i p a t i o n of 40 KUi was about 1.1 t e s l a . However, w i t h added 
c o n i c a l face pieces,2 t e s l a s could be obtained across a 2.2 

o 
cm gap. The magnet could be r o t a t e d through about 200 on a 
c a l i b r a t e d base accurate t o a f r a c t i o n of one degree. 

6.6 Computer i n t e r f a c e and software 
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6.6,1. Hardware 

Recent advances i n microprocessors have l e d t o a number 
of very inexpensive microcomputers becoming a v a i l a b l e . The 
present magnetometer used a Commodore PET microcomputer which 
had up t o 32 Kbytes of memory; and a BASIC compiler together 
w i t h video d i s p l a y u n i t , tape deck, p r i n t e r and keyboard. A 
number of i n t e r f a c e s were commercially a v a i l a b l e but a modular 
i n t e r f a c e was adopted having the f l e x i b i l i t y necessary f o r use 
elsewhere i n the l a b o r a t o r y and p o t e n t i a l l y the o p t i o n f o r 
stepper-motor c o n t r o l of the magnet p o s i t i o n i n a possible 
f u t u r e development of the magnetometer. Two 1 2 - b i t analogue-
t o - d i g i t a l converters were used i n a Besselec Flinicam system 
(Rodrigues and Siddons, 1979) which i s commercially a v a i l a b l e 
from Bede S c i e n t i f i c Instruments, Coxhoe, Co. Durham. 
One AOC took a s i g n a l from the p o s i t i o n potentiometer i n the 
magnet base p r o p o r t i o n a l t o r o t a t i o n angle. (With a 1 2 - b i t 
ADC, the r e s o l u t i o n i n angle was p o t e n t i a l l y a l i t t l e b e t t e r 

0 
t h a t 0.1 ) • The computer inspected t h i s s i g n a l at a read 
r a t e of 30 Hz u n t i l the s p e c i f i e d angular movement was reached 
and then the magnetometer output was read v i a the second ADC. 
This method of data c o l l e c t i o n had the advantage t h a t the magnet 
could be r o t a t e d by hand and d i d not necessarily r e q u i r e ex­
pensive high power motors. 

On-line torque magnetometry i s not new and, i n f a c t , i t 
i s mentioned f o u r times i n the l i t e r a t u r e (Abe and Chikazumi, 
1976; Kanomata and Higuchi, 1976; Wilson et a l . , 1977; and 
Larsen and Livesay, 1979). 



6.6.2. Software 

As the Minicam i n t e r f a c e incorporated an E.PR0M, the 
ADC outputs appeared t o the operator as BASIC i n t e gar 
v a r i a b l e s . One l i n e of BASIC s u f f i c e d t o read the ADC, 
f o r example; 

30 A% = 3 : A = USR(5) : PRINT A 

Line 30 set the address l\% t o t h a t of the appropriate module 
( i n t h i s case 3) and USR (5) r o u t i n e located a subroutine i n 
the EPROM which returned the ADC output as v a r i a b l e A, subse­
quently p r i n t e d on the video d i s p l a y u n i t . I t thus proved 
very simple t o w r i t e a BASIC program t o c o l l e c t the data. 

I n an e a r l y form of the magnetometer software, a torque 
data p o i n t was acquired a f t e r the p o s i t i o n potentiometer 
v o l t a g e was recognised t o be w i t h i n one of a set of predeter­
mined windows corresponding t o angular i n t e r v a l s centred 
every 3°. The angular r e s o l u t i o n was t h e r e f o r e dependent on 
the s i z e of the voltage window. A small window would mean 
high r e s o l u t i o n but u n f o r t u n a t e l y would increase the proba­
b i l i t y of the window being missed as the voltage from the 
p o s i t i o n potentiometer was swept. The problem was solved 
by using l a r g e windows but i n c l u d i n g i n s t r u c t i o n s w i t h i n the 
software t o read e x p l i c i t l y the p o s i t i o n potentiometer 
voltage before and a f t e r r e c ording the torque s i g n a l . The 
average p o s i t i o n voltage was then l i n e a r l y i n t e r p o l a t e d t o 
y i e l d an accurate angular p o s i t i o n fox the given torque. The 
r e s o l u t i o n of the Improved technique was as i f the windows 
were of a voltage range corresponding t o h a l f of one b i t of 
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the monitoring ADC and the r e l i a b i l i t y of a c q u i s i t i o n at 
sweep r a t e s of s e v e r a l degrees per second was about 99*95^* 
The e a r l i e r form of programing was used i n the basal-plane 
anisotropy measurements of the T b ^ G d j ^ a l l o y s (chapter 8 ) . 
The more accurate work on c o b a l t (chapter 7) r e q u i r e d the 
l a t t e r i n t e r p o l a t i o n technique* 

C e r t a i n c o r r e c t i o n s were w r i t t e n i n t o the software 
t o account f o r systematic d i s t o r t i o n of the torque curve 
a r i s i n g from the non-ideal behaviour of the magnetometer 
r a t h e r than i n t r i n s i c e f f e c t s such as shear* I n t r i n s i c 
c o r r e c t i o n s w i l l be d e a l t w i t h i n those chapters r e p o r t i n g 
the a n a lysis of the p a r t i c u l a r m a t e r i a l s , on which these 
c o r r e c t i o n s depend. 

A c o r r e c t i o n was made f o r the e f f e c t s of a time-constant 
i n the e l e c t r o n i c s monitoring the torque s i g n a l * The p r i n c i p a l 
c o n t r i b u t o r was the c a p a c i t a t i v e smoothing on the ADC i n p u t 
w i t h a constant of approximately 0*14 seconds* The e f f e c t 
of the exponential decay i n the magnetometer response was t o 
d i s t o r t the torque curve, taken dynamically, i n such a way 
as t o e f f e c t the harmonic content and thereby %Ke anisotropy 
d e r i v a t i o n * The c o r r e c t i o n r e q u i r e d t h a t the precise times at 
which a l l data p o i n t s were obtained were recorded using the 
i n t e r n a l clock of the microcomputer* These times allowed 
the d i s t o r t i o n t o be removed by enabling the computer t o 
generate c o r r e c t values f o r each data p o i n t from an i n s p e c t i o n 
of the c o r r e c t i o n derived f o r the previous p o i n t and a know­
ledge of the l a s t change i n torque value and time* The 
recurrence r e l a t i o n by which the corrected torque curve was 
developed i s given o v e r l e a f ; 
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V f l I ( l - E x p ( ^ ) ) - A t ( T B p - T B IExp(4;) + T A I E x p ( ^ ) ) 
AF ° A t 

t c ( l - E x p ( ^ ) ) 
•••(6.2) 

where; 
Tftp = a c t u a l ( c o r r e c t e d ) torque value 

TBF' TBI B e x P e r ; i - m e n t a l torque value and previous value r e s p e c t i v e l y 
^AI = P r e v / i ° u s corrected torque value 
At = time elapsed between reading Tgj and Tgp 
t a time-constant i n torque output* 

and where i t i s assumed t h a t between the two data p o i n t s 
Tgj and Tgp torque v a r i e s l i n e a r l y w i t h respect t o time. For 
hand r o t a t i o n of the magnet the l i n e a r i t y c o n d i t i o n was a p p r o x i ­
mated t o over the small i n t e r v a l s between torque measurements* 
Since the f i e l d r o t a t i o n was paused b r i e f l y before the acqu i ­
s i t i o n of the f i r s t data p o i n t , i t was assumed t h a t the t i m e -
constant c o r r e c t i o n f o r t h a t p o i n t was zero ( T f l j = T g j ) . 
The corrected torque curve was then generated r e c u r s i v e l y from 
the subsequent experimental torque values. 

A c o r r e c t i o n was made f o r the d i s t o r t i o n due t o e l a s t i c -
a f t e r - e f f e c t i n the l e a f - s p r i n g s of the magnetometer head. I t 
was found possible t o describe the recovery of the p o s i t i o n of 
the magnetometer a f t e r the instantaneous r e l a x a t i o n of an 
applied torque by a model i n which the motion i s resolved 
i n t o two components: 

1) An instantaneous movement of the magnetometer head t o 
an angular d e f l e c t i o n p r o p o r t i o n a l t o applied t o r q u e : 

2) A movement p r o p o r t i o n a l t o an exponential decay but 
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reduced i n magnitude. Thus, f o r example, a torque step-
f u n c t i o n would be responded t o mechanically as i n f i g u r e 
6.11. 
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CCNSTANTS AND K CAN 
BE CONSTRUCTED. 

I t must be emphasised t h a t t h i s model was appropriate 
because the displacement was measured i n a way whereby 
the mechanical v i b r a t i o n , a f t e r a change i n torque, could 
be ignored. Combining t h i s model w i t h the smoothing of a 
time-constant associated w i t h the i n s p e c t i o n of p o s i t i o n , 
(see f i g u r e 6.12) t h a t i s t h e e l e c t r o n i c time-constant, 
e x c e l l e n t agreement could be obtained between observed 
magnetometer output and t h a t p r e d i c t e d f o r instantaneous 
r e l a x a t i o n . Two parameters were d e f i n e d , the e l a s t i c - a f t e r -
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e f f e c t time-constant and K, both represented i n f i g u r e 6 . l l . 
A t e s t program mas w r i t t e n t o sample the magnetometer output 
r a p i d l y at r e g u l a r i n t e r v a l s subsequent t o a c a t a s t r o p h i c 
r e l a x a t i o n of the torque and the r e s u l t s are portrayed gra­
p h i c a l l y i n f i g u r e 6.15 i n s e c t i o n 6.8. Comparing t h i s t o 
the p r e d i c t i o n of the model i n f i g u r e 6.13, the gradients 
and i n t e r c e p t s d e f i n i n g the two time-constants and the value 
of K can be calculated.To account f o r the e l a s t i c - a f t e r - e f f e c t , 
time-constant c o r r e c t i o n s were generated f o r a complete torque 
curve using the e l a s t i c - a f t e r - e f f e c t time-constant but only a 
p r o p o r t i o n of the f u l l c o r r e c t i o n was applied t o the data, 
namely K times the f u l l c o r r e c t i o n , the r e t r o s p e c t i v e s c a l i n g 
being done en bloc r a t h e r than p o i n t by p o i n t during the r e ­
c u r s i v e c a l c u l a t i o n . 

I t was important t o apply the e l e c t r i c a l time-constant 
c o r r e c t i o n f i r s t and then l a t e r adjust f o r e l a s t i c - a f t e r - B f f e c t 
so as t o take away the e f f e c t s of the two i n reverse of the 
order of occurrence i n the equipment. The v a l i d i t y of the two 
c o r r e c t i o n s was manifest i n the r e p r o d u c i b i l i t y of the harmonic 
content of p a r t i c u l a r torque curves whether obtained w i t h a 
forward or backward t r a v e r s e of the magnet. 

I t was found experimentally t h a t the angular p o s i t i o n 
i n d i c a t e d by the average of two voltage end-points, c o r r e s ­
ponding t o an angular seperation of 180* i n the magnet p o s i t i o n 
potentiometer, was about 2° from the expected p o s i t i o n . 
P o s i t i o n a l accuracy was improved by i n f e r r i n g angular p o s i t i o n 
from a l i n e a r i n t e r p o l a t i o n of voltages taken every 60* 
r a t h e r than at the extremes of a 180° i n t e r v a l * The e f f e c t s 
of non- l i n e a r i t y i n the p o s i t i o n potentiometer were thus 
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corre c t e d t o enable measurements t o w i t h i n about 0.2 
using the voltage output. 

The c o r r e c t i v e measures described took about one minute 
t o implement f o r a 60-point torque curve i n p u t t e d i n a 
s i m i l a r t i m e . A simple s h e a r - c o r r e c t i o n and Fourier a n a l ­
y s i s of the curve using the trapezium r u l e modified f o r un­
equally spaced abscissa and y i e l d i n g three c o e f f i c i e n t s took 
another minute. The speed of operation was such t h a t i n one 
day's running, during the Tb Gd, work, 86 torque curves 

iC A ̂* JC 

were recorded and analysed. 
A program which obtains f i v e 90-point torque curves 

w i t h a l l the c o r r e c t i v e processes mentioned i s given i n 
Appendix D. 
6.7 C a l i b r a t i o n 

I n order t o c a l i b r a t e the torque magnetometer, the 
t o r s i o n a l constant of the magnetometer head was measured. 
This was done by d e f l e c t i n g the magnetometer w i t h a known 
torque using a small beam f i x e d t o the lower suspension acted 
upon by a weight (see f i g 6.14). The weight was attached 
t o the beam v i a a thread f e d over a s m a l l , clean b a l l race 
i n such a way t h a t the weight was r e d i r e c t e d normal t o the 
v e r t i c a l plane c o n t a i n i n g the beam and the v e r t i c a l a x is 
of the magnetometer. S t i c k i n g of the b a l l race was i n s i g ­
n i f i c a n t since the magnetometer d e f l e c t i o n was r e p r o d u c i b l e 
f o r r e l a x a t i o n from each side of the e q u i l i b r i u m f o r several 
b a l l race angular p o s i t i o n s . The r o t a t i o n introduced i n the 
magnetometer by the applied torque was determined by measuring 
the movement at a distance of 206 cm of a cross-wire image 
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Fig 6-14 
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CALIBRATION OF THE TORQUE MAGNETOMETER 

A SIMPLE GRAVIMETRIC TECHNIQUE CAN PROVIDE VERY ACCURATE 
CALIBRATION pF TORQUE. 

r e f l e c t e d from a 2*0 x 2.5 cm m i r r o r mounted on the lower 
suspension using a remote t r a v e l l i n g microscope accurate 
t o 10/im a I n t h i s way, the t o r s i o n a l constant was measured 
t o b e t t e r thanQ«l%« Subsequently c a l b r a t i o n s were c a r r i e d 
out by cros s - r e f e r e n c i n g the e l e c t r i c a l output of the torque 
magnetometer w i t h the torque i n d i c a t e d by an absolute measure­
ment of the t w i s t of the magnetometer head using the o p t i c a l 
technique mentioned. 



Conventional c a l i b r a t i o n methods, i n v o l v i n g a search-
c o i l c a r r y i n g a known c u r r e n t i n a known f i e l d , do not as 
e a s i l y o b t a i n the accuracy of the g r a v i m e t r i c technique 
described here, e i t h e r i n the i n i t i a l determination of the 
t o r s i o n a l constant of the magnetometer head or i n the a l ­
t e r n a t i v e c a l i b r a t i o n method of c o r r e l a t i n g the e l e c t r i c a l 
output of the magnetometer head d i r e c t l y w i t h a s e a r c h - c o i l 
torque applied during each experimental r u n . 

The technique of i n i t i a l l y determining the t o r s i o n a l 
constant of the magnetometer head and subsequently d e t e r ­
mining e l e c t r i c a l c a l i b r a t i o n from torques recovered from 
the head movement, was made possible by the f a c t t h a t i n the 
present magnetometer the torque i s i n d i c a t e d a ccurately by 
the absolute movement of an e l a s t i c system which, having no 
e l e c t r o n i c t o r s i o n a l feedback, has a c o n s i s t e n t t o r s i o n a l 
constant. Magnetometers w i t h t o r s i o n a l feedback i n v o l v i n g 
e l e c t r i c a l a m p l i f i c a t i o n stages, subject as they are t o 
d r i f t i n g a i n , do not have f i x e d t o r s i o n a l constants 
from which meaningful torque values can be determined by 
absolute measurements of the magnetometer d e f l e c t i o n , at 
l e a s t not t o the accuracy desired o f the present instrument. 
Here, however, the once-only a p p l i c a t i o n of a standard 
torque i s s u f f i c i e n t f o r a l a s t i n g c a l i b r a t i o n of the head 
of the magnetometer. 

During the measurement of torques which were too small 
t o y i e l d comparative o p t i c a l measurements, the c a l i b r a t i o n 
was c a r r i e d out by reducing the l o c k - i n gain by an 
accurately known amount and i n t r o d u c i n g an a r b i t r a r y torque 
lar g e enough t o be measured accurately by the o p t i c a l method. 



The e l e c t r i c a l s i g n a l could then be c o r r e l a t e d t o the 
o p t i c a l l y measured torque and the f i n a l c a l i b r a t i o n obtained 
by m u l t i p l y i n g by the f a c t o r change i n the l o c k - i n g a i n . 
The a r b i t r a r y torque was introduced by a cam incorporated 
i n the magnetometer which could be made t o bear a p p r o p r i ­
a t e l y on the lower suspension. 

Due t o the shape of the l e a f - s p r i n g suspension, a 
change i n the t o r s i o n a l constant of the head was produced 
by the weight of an attached sample. For the given geometry 
of the head, t h i s e f f e c t was n e g l i g i b l e , both f o r the mass of 
samples used and f o r the mass of the c a l i b r a t i o n beam, 
amounting t o a p r o p o r t i o n a l change of 10" 5 per gram applied 
t o t he sample support r o d . 

B.8 Performance 

The response of the combined magnetometer head and 
e l e c t r o n i c s t o an instantaneous change i n torque i s i l l u s ­
t r a t e d i n the graph of l o g torque (as read by the computer) 
VS time shown i n f i g u r e 6.15. The parameters d e s c r i b i n g the 
response, as defined e a r l i e r , are derived i n the f i g u r e 
and were found t o be; 

E l a s t i c - a f t e r - e f f e c t time-constant : 0.87 sec 
K : 0.082 

E l e c t r o n i c time-constant : 0.14 sec 

The g r a p h i c a l i n f o r m a t i o n Was obtained by using the 
sampling program given i n Appendix E set i n operation j u s t 
p r i o r t o r e l a x i n g the magnetometer head. The o r i g i n a l 
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data i s also given i n the Appendix. The sampling time, 
l i m i t e d by the execution r a t e of "the. A PCs was 0.059 
seconds per measurement. Appropriate software counteracted 
the d i s t o r t i o n of the torque curves a r i s i n g from t h i s non-
i d e a l response (see s e c t i o n 6.6.2)• Later software could 
t h e r e f o r e be w r i t t e n and annexed t o the c o r r e c t i v e r o u t i n e s 
by the operator as though no d i s t o r t i o n had taken place. 

The p o s i t i o n potentiometer l i n e a r i t y was worse than 
1% but accounted f o r i n the software as mentioned e a r l i e r 
( s e c t i o n 6.6.2). 

The l i n e a r i t y of the torque, as sampled by the computer, 
was e x c e l l e n t ; d(torque read)/d(torque a p p l i e d ) was constant 
t o w i t h i n 0.3$ over a range of ± 10 Nm and r e q u i r e d no 
software c o r r e c t i o n . 

The maximum torque r e t a i n a b l e by the magnetometer head 
without damage or f e a r of a l t e r i n g the p r o p e r t i e s of the 
l e a f - s p r i n g s was judged t o be 0.2 Nm corresponding t o a 1$ 
movement of the lower suspension. Torques of about 1 Nm 
might be possible but operator nerves, i f not accuracy, 
would s u f f e r . An example of the q u a l i t y of the torque curves 
produced on the X t - Y p l o t t e r i s given i n f i g u r e 6.16. 

The si z e of the lower vacuum sheath was such t h a t samples 
no l a r g e r than 8 mm diameter could be measured. The l o n g i t u ­
d i n a l r e s t r i c t i o n was about 2 cm. However, i f room temperature 
work was s u f f i c i e n t . t h e lower vacuum sheath could be removed 
lea v i n g a 2*2 cm gap between the pole-pieces and t h e r e f o r e 
much greater room f o r the samples. The maximum f i e l d was 
about 2 teslas and the temperature range, w i t h sheath, was 
77-650 K. 
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D e f i n i n g a lower l i m i t f o r the torque range as t h a t 
amplitude comparable t o experimental noise f o r the average 
of f i v e curves, the s e n s i t i v i t y l i m i t of the present device 

«»E 5 
was 10 Nm g i v i n g a dynamic range of >10 ; greater than any 
reported f o r a torque magnetometer having no interchangeable 
mechanical p a r t s * The s e n s i t i v i t y of the mutual inductance 
technique f o r monitoring suspension p o s i t i o n i s manifest 
by the f a c t t h a t at the highest s e n s i t i v i t y , movements of 

-7 
10 r a d i a n could be measured; corresponding t o a displacement 

p 
of approximately 3A at the perimeter of a t y p i c a l sample* 

An a n a l y s i s r a t e of about 3 seconds per data p o i n t was 
t y p i c a l which included the execution of supplementary software 
s u i t e d t o the p a r t i c u l a r c r y s t a l symmetry* A hard copy of 
e i t h e r the e x p l i c i t torque measurements or the anisotropy 
constants could be recorded a f t e r each run using the p r i n t e r * 

The capacity f o r data c o l l e c t i o n of a magenetometer w i t h 
an o n - l i n e microcomputer i s i l l u s t r a t e d by the f a c t t h a t , 
d uring the c o b a l t work (chapter 7 ) , about 2 x 10 5 separate 
readings d e s c r i b i n g the s t a t e of the instrument were taken 
by the ADCs t o e s t a b l i s h the temperature dependence of the 
f i r s t f o u r anisotropy constants* 
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CHAPTER SEVEN 

THE rcAGNETQCRYSTALLIK'E AMSuTRDPY CF CC8ALT 

7.1 I n t r o d u c t i o n 

I n the l i g h t of i n c o n s i s t e n c i e s i n the published r e s u l t s 
on the magnetocrystalline anisotropy of c o b a l t , the present 
work was undertaken. The dependence of the anisotropy 
constants on the sample q u a l i t y and higher, normally 
disregarded harmonics i n the shear corrected torque curves, 
was i n v e s t i g a t e d . I n determining the l a t t e r , the temperature 
p r o f i l e s of K-j and were found f o r the f i r s t time. 

I t was discovered t h a t , i n some cases, v a r i a t i o n i n 
e x i s t i n g r e s u l t s was due to an inadequate form of analysis 
i n which the shear-correction of torque curves was i n c o r r e c t l y 
c a r r i e d o u t . I n others the v a r i a t i o n was not e a s i l y r a t i o n a l i s e d . 

The present work was aided by the magnetometer reported 
i n chapter 6 having a high l i n e a r i t y and absolute accuracy 
w i t h the convenience of on - l i n e data processing. 

An added i n c e n t i v e f o r the present work was t h a t i t 
could provide r e l i a b l e data t o t e s t the t h e o r i e s of Szpunar 
and Lindgard (1979) who have attempted t o model the temperature 
dependence of the anisotropy of c o b a l t / r a r e - e a r t h a l l o y s , 
and i n p a r t i c u l a r c o b a l t , by considering the e f f e c t s of l a t t i c e 
parameter changes w i t h respect t o temperature i n a s i n g l e - i o n 
model* This model i s given p a r t i c u l a r a t t e n t i o n herein* 

7*2 Previous work 

Cobalt, having an HCP s t r u c t u r e , has an anisotroipy 



energy expression which can be w r i t t e n as f o l l o w s ; 

E R » K Q + K 1Sin 2B + K 2Sin 48 + K 3 5 i n 6 B + K 4Sin 6B.Cos60 

as defined i n chapter 2, equation 2,2. This equation i s 
used (or a t r u n c a t i o n of i t ) throughout the l i t e r a t u r e t o 
parameterise the anisotropy; there are no reported instances 
of any of the other possible conventions being adopted i n 
work on c o b a l t . 

Attempts i n the past t o determine the magnetocrystalline 
anisotropy of c o b a l t have l e d t o i n c o n s i s t e n t r e s u l t s , the 
reported values of having a spread of about 20% at room 
temperature (Kaya, 1928; Honda and Flasumioto, 1931; Gans and 
C z e r l i n s k i , 1932; Sucksmith and Thompson. 1954; Bozorth, 
1354; Barnier et a l . , 1961; Kouvel and H a r t e l i u s , 1964; 
Chikazumi et a l . , 1965; Tajima and Chikazumi, 1967; Kadena, 
1967; S i e v e r t and Zehler, 1970; R e b o u i l l a t , 1972; Burd et a l . , 
1977; Takahashi et a l . , 1978; Takahashi and Suzuki, 1979; 
Ono and Yamada, 1979; and Ono, 1981 ) • This has a r i s e n 
p r i m a r i l y because of the i l l - c o n d i t i o n i n g of the anisotropy 
c a l c u l a t i o n s from the data* I n some cases, however, when 
torque magnetometry has been used (Bozorth, Tajima and 
Chikazumi, S i e v e r t and Zehler, Chikazumi et a l . , Burd et al«, 
Takahashi et a l . , Takahashi and Suzuki, Ono and Yamada, Ono) 
f u r t h e r e r r o r s have been introduced by f a i l u r e t o make 
adequate c o r r e c t i o n f o r the misalignment of the magnetisation 
w i t h applied f i e l d , t h a t i s , several workers (Chikazumi et 
a l . , Takahashi et a l . t Takahashi and Suzuki) have Fourier 
analysed torque curves i n t h e i r uncorrected form and sought 
t o r e t r i e v e f i e ld-independent a n i s o t r o p i c s using an 
e x t r a p o l a t i o n of the harmonics on a r e c i p r o c a l f i e l d p l o t . 
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However no simple j u s t i f i c a t i o n f o r such an e x t r a p o l a t i o n 
e x i s t s , r a t h e r i t can be shown (Hofmann, 1964 ) t h a t the 
Fourier c o e f f i c i e n t s of a torque curve sheared i n p r o p o r t i o n 
t o i t s o r d i n a t e by Sin*~^(T/(o* sBgii)), t h a t i s the shear-
c o r r e c t i o n , do not tend t o the unsheared values l i n e a r l y 
w i t h respect t o l / B , 

Callen and Callen (1960) as w e l l as Aubert (1268) have 
shown t h a t i t i s not only the free-energy of the c r y s t a l 
anisotropy which c o n t r i b u t e s to the form of the torque curve 
but a term a r i s e s due t o " a n i s o t r o p i c magnetisation" (see 
chapter 2, s e c t i o n 2,6), which i s dependent oh the i n t e n s i t y 
of the applied f i e l d , and t h i s r e s u l t s i n a f i e l d dependence 
of the anisotropy constants. Thus a more fundamental 
anisotropy can be obtained by e x t r a p o l a t i n g t u zero f i e l d , 
the f i e l d dependence of the anisotropy being regarded as a 
seperate p r o p e r t y . D i r e c t e x t r a p o l a t i o n of the harmonics 
i s t h e r e f o r e a d d i t i o n a l l y questionable since i t derives i n 
p r i n c i p l e the anisotropy constants at i n f i n i t e f i e l d , 

f]f those workers who have made an adequate shear-
c o r r e c t i o n or used other forms of magnetometry, there i s 
s t i l l however disagreement, S i e v e r t and Zehler, and Gno 
have shown experimentally t h a t the anisotropy of cobalt 
has a t r u l y f i e l d dependent term (not,, at l e a s t i n the l a t t e r 
case, the a r t e f a c t of a wrong shear f a c t o r ) , yet the e f f e c t 
i s too small t c cause the given ambiguity i n the anisotropy 
constants. Such a r e l a t i v e observation of the f i e l d 
dependence i s possible i r r e s p e c t i v e of the absolute accuracy 
of the d e t e r m i n a t i o n . 

The data e x i s t i n g on cobalt i s given i n f i g u r e s 7,1 
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and 7. 2 where r e s u l t s from inadequately corrected torque 
curves are r e j e c t e d * Of t h i s data the work of Ono stands 
out as being p a r t i c u l a r l y accurate since h i s determinations 
of the t r u e f i e l d dependence of the anisotropy, derived 
from shearscorrected torque curves, r e q u i r e d r e l a t i v e 
measurements of the anisotropy t o w i t h i n a f r a c t i o n of one 
percent. S i g n i f i c a n t l y , however, the e f f e c t s of the t h i r d 
u n i a x i a l harmonic were not i n v e s t i g a t e d . 

Constants of higher order than and are not given 
by any source except f o r a d i s c r e t e room temperature 
measurement of by S i e v e r t and Zehler. I t i s f e l t t h a t 
the value obtained by them i s i n e r r o r due t o an inadequate 
shear»correction suggested by the d i f f e r e n c e between t h e i r 
lower order constants, and those of Ono or, i n r e t r o s p e c t , 
the present work. I n any case the s i n g l e value i s much 
l a r g e r than obtained here f o r the corresponding temperature; 
they i n d i c a t e a value of -3.1x10* J/m3 compared t o an 
average of about -1.2x10* J/m3 f o r three samples i n the 
cu r r e n t a n a l y s i s . 

As pointed out by Barnier at a l . ( l 9 6 1 , b ) , due t o the 
i n v e r s i o n of a t about 500 K and i t s c o n t i n u a t i o n t o a 
magnitude greater than the easy-axis of cobalt undergoes 
a t r a n s i t i o n from the c- a x i s , through an easy cone 
symmetrically disposed around the c-axis, t o an easy c-plane, 
as i l l u s t r a t e d i n f i g u r e 7.3. I n f a c t a marginal s i x - f o l d 
energy dependence due t o a f i n i t e i s observed w i t h respect 
t o r o t a t i o n of the magnetisation i n the c-plane, so the easy 
cone i s s l i g h t l y deformed accordingly. The c o n i c a l s t a t e 
covers about 80 K. 
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7.3 The samples 

Four disc-shaped samples of cobalt were i n v e s t i g a t e d . 
One c-plane disc and one b-plane disc were cut from the 
same f l o a t - z o n e c r y s t a l , b-plane discs were also cut from 
a Czochralski c r y s t a l and a Bridgman c r y s t a l . The masses, 
measured on an O e r t l i n g model 146 high p r e c i s i o n balance, 
and approximate diameters are given i n t a b l e 7.1. Sample 
p u r i t i e s were of the order of 99.99 % • 

TABLE 7.1 DETAILS OF THE COBALT SAMPLES 

SAMPLE No ORIENTATION MASS 
(mg) 

DIAMETER 
(mm) 

GROWTH 
METHOD 

1 b-plane 97.67 3.8 Float-zone 
2 b-plane 252.26 4.3 Bridgman 
3 b-plane 120.27 4.9 Czochralski 
4 c-plane 98 3.8 Float-zone: 

The Czochralski c r y s t a l was grown by the author and 
Mr T. Brown, then of the Cavendish Laboratory, Cambridge, at 
Cambridge, on a Metals Research BCG 265 c r y s t a l p u l l e r . The 
fl o a t - z o n e c r y s t a l was supplied by Prof. Takahashi of Iwate 
U n i v e r s i t y , Japan and the Bridgman c r y s t a l by Metals Research 
L t d . The author's only involvement i n the preparation of 
the sample discs was the spark erosion and planing of the 
Bridgman c r y s t a l t r a n s f e r r e d t o the c u t t i n g machine on a 
goniometer from a Laue b a c k - r e f l e c t i o n X-ray camera by which 
i t was o r i e n t e d . Alignment of the disc w i t h the nominal 
c r y s t a l l o g r a p h i c plane was t o an estimated p r e c i s i o n of 
about 1°; an accuracy assumed f o r the remaining samples cut 
by experienced workers. A l l samples were c i r c u l a r t o b e t t e r 



than 1J6. 

7.4 Experimental technique 

The anisotropy measurements were c a r r i e d out using the 
torque magnetometer of the previous chapter, i t s l a r g e 
dynamic range being p a r t i c u l a r l y s u i t e d t o the present 
measurements i n which torque amplitudes v a r i e d from 10 Nm 
(~100. mg cobalt b-plane disc at 77 K) t o 10" B Nm (~10O mg 
c-plane disc at 400 K), The d e t a i l s of the magnetometer 
are given i n chapter 6. 

For the two f l o a t - z o n e samples (Nos.1 and 4 ) , 
measurements were made over the f u l l temperature range of the 
magnetometer, t h a t i s 80 K- 610 K. These temperatures were 
obtained as described e a r l i e r . The remaining two cob a l t 
samples were cooled t o between 80 K and 300 K. Sample 
temperatures were measured t o an estimated accuracy of 3 K 
accounting f o r , among other t h i n g s , s t h e r m a l l a g during t y p i c a l 
sweeps at about 100 K/hour. 

A l l torque measurements were made at a s i n g l e f i e l d 
s t r e n g t h , namely 1.618 + 0.008 t e s l a , comparable t o the f i e l d 
a p p l ied by Ono f o r much of h i s work and a l l o w i n g reasonable 
comparison of the two data s e t s . The f i e l d was determined by 
using the magnetometer t o measure the torque on a search -
c o i l i n a l a r g e uniform magnetic f i e l d and c a l i b r a t i n g a 
H a l l probe against the c a l c u l a t e d f i e l d value. This was 
possible because of the high absolute accuracy of t o r s i o n a l 
measurements from the magnetometer. The probe was then 
applied t o the c e n t r a l homogeneous region of the f i e l d of 
i n t e r e s t , which was too r e s t r i c t e d f o r an accurate s e a r c h - c o i l 



measurement to be made d i r e c t l y . The main f i e l d was 
reproduceo by d u p l i c a t i n g the cu r r e n t through the magnet 
c o i l s as read on a Schlumberger 4045 d i g i t a l amneter t o a 
r e l a t i v e accuracy of about 0.1 % • The H a l l probe used was 
a H i r s t model FN 75 . A f t e r making a s h e a r - c o r r e c t i o n , 
a n i s o t r o p i e s were derived from a Fourier a n a l y s i s of the 
harmonic content of the torque curves. A f i e l d e x t r a p o l a t i o n 
was not c a r r i e d out. 

Samples were attached t o the magnetometer using Holts 
"Gun Gum" manufactured as an automobile exhaust sealant and 
i d e a l f o r the extremes of temperature encountered i n the 
present i n v e s t i g a t i o n . Sample attachment i s i l l u s t r a t e d 
i n f i g u r e 6.4. No c l e a r assessment could be made of the 
an i s o t r o p i e s c o n t r i b u t e d by stresses associated w i t h 
d i f f e r e n t i a l thermal c o n t r a c t i o n between sample, cement 
matrix and sample holder during heating or co o l i n g , except 
t h a t measurements f o r A r a l d i t e d samples glued onto a plane 
surface, r a t h e r than recessed i n t o a holder, showed no 
apparent d i f f e r e n c e . I n c l i n a t i o n of the sample discs w i t h 
respect t o the f i e l d plane was estimated to be less than 
3* g i v i n g a n e g l i g i b l e c o s i n a l e r r o r i n the measured 
a n i s o t r o p i e s . 

The magnet pole pieces gave a c e n t r a l f i e l d homogeneity 
of b e t t e r than 1% over a volume of about 1 cm 3 ; w e l l i n 
excess of the c u r r e n t sample volumes ( 0.01 cm 3 ) • 

Using the o r i e n t a t i o n adjustment of the sample-support-
rod of the magnetometer, the t i p of the rod was c a r e f u l l y 
c e n t r a l i s e d by minimising the i n d i c a t e d torques resolved 
from the sideways fo r c e s between a dummy p o l y c r y s t a l l i n e 



i r o n sample and a small bar-magnet. Careful replacement 
of the dummy w i t h a c o b a l t sample ensured the c o n c e n t r i c i t y 
of the l a t t e r w i t h the magnetometer movement and s i m i l a r 
immunity of the measured torques t o p u l l i n g of the sample 
by f i e l d inhomogeneity• I t was found e m p i r i c a l l y t h a t 
p a r a s i t i c torques due t o f i e l d - p u l l could, f o r an unadjusted 
sample support r o d , give torque s i g n a l s w i t h amplitudes of 
up t o 2 % of the room temperature u n i a x i a l values and a 
greater p r o p o r t i o n a l e f f e c t on the d e l i c a t e harmonics t o be 
ex t r a c t e d subsequently. 

N o n - l i n e a r i t y of the torque measurements as read by the 
computer was found t o be no more than 0.3 j£ (g r a d i e n t 
range) corresponding t o a maximum harmonic d i s t o r t i o n t o the 
second and t h i r d components of a torque curve of less than 
0,15% and 0,1% of the f i r s t ( p r i n c i p a l ) harmonic 
r e s p e c t i v e l y w i t h the l i k e l y d i s t o r t i o n much less than t h i s 
i n p r a c t i c e . Harmonic d i s t o r t i o n due t o shape anisotropy 
(see r e s u l t s s e c t i o n ) was found t o be s i m i l a r l y very small 
given a 1% v a r i a t i o n i n the diameter of the sample and a 
tendency f o r t h i s t o be e l l i p t i c a l i n form. 

Software which performed the data a c q u i s i t i o n and 
cor r e c t e d f o r non-ideal magnetometer behaviour (see chapter 
6, s e c t i o n 6.6 ) had already been w r i t t e n , and t o t h i s was 
annexed the a n a l y s i s program s p e c i f i c t o the present c o b a l t 
i n v e s t i g a t i o n s . The f u l l program i s given i n Appendix F 
and performed the s h e a r - c o r r e c t i o n f o l l o w e d by a F o u r i e r 
a n a l y s i s . The analysis used a trapezium r u l e modified f o r 
data spaced unevenly along the abscissa r e s u l t i n g from the 
applied s h e a r - c o r r e c t i o n and the method of data a c q u i s i t i o n . 



Least-squares c u r v e - f i t t i n g was r e j e c t e d on the grounds t h a t 
i t was slower by an order of magnitude than the Fourier 
method, which processed the f i v e torque curves from one run 
of the program i n about ten minutes t o an adequate consistency 
i n the determined values* The f i r s t t h ree harmonics were 
determined as an average, a f t e r s h e a r - c o r r e c t i o n , of the 
values obtained f o r each of the f i v e curves from one rum* 

As a f u r t h e r means of r e j e c t i n g noise i n the torque 
curves, the phase of the higher harmonics w i t h respect t o 
the easy-axis was examined and only t h a t component having 
a node at the easy-axis was used i n the anisotropy d e r i v a t i o n ; 
higher harmonics which are out of phase w i t h the easy-axis 
cannot be l e g i t i m a t e since they do not r e f l e c t the c r y s t a l 
symmetries. The r e l a t i o n s h i p s between the anisotropy 
constants and the Fourier c o e f f i c i e n t s (harmonics) 
are d e a l t w i t h i n chapter 4. 

During each run of the magnetometer program the torque 
curve was c a l i b r a t e d from the movement of the magnetometer 
head, measured using a t r a v e l l i n g microscope (see chapter 6, 
s e c t i o n 6,7), y i e l d i n g a very accurate peak-peak torque 
value f o r the curve* The torque value was entered i n t o the 
computer, t h e r e a f t e r t o be equated a u t o m a t i c a l l y , at the end 
of data a c q u i s i t i o n , t o the range of the magnetometer output, 
a l l o w i n g a l l the data t o be converted t o Nm* A request f o r 
the magnetisation value at the p r e v a i l i n g temperature, 
i n t e r p o l a t e d - f r o m the data of Myers and Sucksmith (1951), 
and requests f o r the sample volume and f i e l d s t r e n g t h were 
made t o complete the i n f o r m a t i o n necessary f o r the computer 
t o perform the she a r - c o r r e c t i o n of the data and subsequently 



the F o u r i e r a n a l y s i s . 
The data a c q u i s i t i o n was such t h a t each experimental 

p o i n t was derived from f o u r v a r i a b l e s (two p o s i t i o n a l 
measurements taken before and a f t e r the torque i n p u t , the 
torque value i t s e l f and the time at which the torque value 
was t a k e n ) , and each torque curve was measured at 
approximately every 2* along the 0-77 i n t e r v a l . Since 
f i v e curves were taken f o r each of about 100 program 
executions, the t o t a l number of p o i n t s taken, each t o a 

5 
nominal 1 2 - b i t accuracy, was about 2*10 • An experiment 
such as t h i s would have been impossible without o n - l i n e 
a q u l s i t i o n and processing of the data! 
7.5 Results 

Examples of the torque curves produced by the 
magnetometer on the X-Y recorder are given i n f i g u r e s 7.4 
to 7.6 • Figure 7.4 shows t h a t torque curve amplitudes 
s a t u r a t e f o r c o b a l t i n the 1.4 - 1.8 t e s l a f i e l d range even 
at l i q u i d n i t r o g e n temperatures f o r which the anisotropy i s 
highest. I t can be concluded, t h e r e f o r e , that the f i e l d of 
1.61B t e s l a used throughout the present i n v e s t i g a t i o n was 
adequate f o r producing the single-domain s t a t e under a l l 
experimental c o n d i t i o n s . Figure 7.5 and 7.6 show the u n i a x i a l 
torque curves produced over two i n t e r e s t i n g temperature 
i n t e r v a l s covering the p o i n t of i n v e r s i o n of the f i r s t 
harmonic and the p o i n t of i n v e r s i o n r e s p e c t i v e l y . The 
anisotropy data as computed o n - l i n e from the harmonics of 
the shear-corrected torque curves i s given i n f i g u r e s 7.7 
to 7.16 and t a b u l a t e d i n Appendix q. Comparison of the 
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t h r e e p l a t s i s provided by f i g u r e 7.17 which reproduces 
simultaneously the t h r e e suggested f i t s . Figures 7.18 and 
7*19 make a s i m i l a r comparison f o r « 2 and K-j. 

As mentioned i n chapter 4, s e c t i o n 4.2, there i s no 
r e l i a b l e method f o r c o r r e c t i o n of the anisotropy constants 
t o a f ield-independent value. The q u o t a t i o n of the c o b a l t 
values at a given f i n i t e f i e l d i s t h e r e f o r e necessary. 
However, Ono has shown t h a t the f i e l d dependence of the 
anisotropy f o r c o b a l t i s of the order of 1% i n a 1 t e s l a 
f i e l d range above s a t u r a t i o n f o r the constant. Therefore 
f i e l d e x t r a p o l a t i o n s would be small i r r e s p e c t i v e of the l i k e l y 
means of achieving them. 

The i n c l u s i o n of the t h i r d harmonic i n the d e r i v a t i o n 
of the a n i s o t r o p i c s has had an adverse e f f e c t on the spread 
of the data. The t h i r d harmonic was i n a i l cases small and 
t y p i c a l l y about 0.5 % of the f i r s t harmonic. However i n the 
anisotropy d e r i v a t i o n i t c o n t r i b u t e d d i s p r o p o r t i o n a t e l y t o 
the values of and K 2,being weighted by a greater f a c t o r 
than the other harmonics. Consequently i t s e r r o r was 
m u l t i p l i e d and added t o the values of the two f i r s t - o r d e r 
constants t o increase t h e i r spread. The paradox of i n c l u d i n g 
the higher harmonics i n the conventional, non-orthogonal 
expansion of the anisotropy energy used here, i s t h a t although 
mathematically, by d e f i n i t i o n , i t ought t o allow more accurate 
c a l c u l a t i o n s of the constants, i n p r a c t i c e , due t o the spread 
i n the harmonic values, r e s u l t s become more inaccurate since 
the constants are subject t o the a d d i t i o n of e r r o r s from a l l 
c o n t r i b u t i n g harmonics. Thus the spread f o r each constant 
diverges w i t h respect t o the number of harmonics used t o 
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c a l c u l a t e i t * I t i s t h e r e f o r e not n e c e s s a r i l y expedient i n 
p r a c t i c e t o expand the energy t o the highest possible 
order* An orthogonal f u n c t i o n a l expansion of the energy would 
be f r e e from accumulating e r r o r s i n the lower-order 
constants w i t h respect t o the number of harmonics included 
i n the c a l c u l a t i o n d e r i v i n g them. Arguably the (orthogonal) 
F o u r i e r c o e f f i c i e n t s themselves are the most fundamental 
i n d i c a t o r of magnetocrystaliine anisotropy and are, f o r 
t h i s reason, given w i t h the r e s t of the data i n AppendixG • 

The values of the constants show decreasing consistency 
w i t h respect t o order* Figure 7*17 and 7*18 . i l l u s t r a t e the 
s i m i l a r i t y between the p r i n c i p a l anisotropy constants f o r the 
t h r e e samples; f o r they are w i t h i n 5% of each other and l O % 
the values given by Ono i n a l l cases* E x p l i c i t 
comparison of these f i g u r e s with e x i s t i n g data, i n c l u d i n g t h a t 
of Ono., are given i n f i g u r e s 7*20 and 7*21* 

The inconsistency of the present r e s u l t s demonstrates 
t h a t sample v a r i a t i o n s , not n e c e s s a r i l y i n t r i n s i c , have an 
e f f e c t on the anisotropy, even f o r c a r e f u l l y prepared 
specimens* Sample d i f f e r e n c e s i n c l u d e : 

1) The c r y s t a l q u a l i t y ; - r e l a t e d t o i n i t i a l p u r i t y , the 
p a r t i c u l a r growth technique and, i n p r a c t i c e , subsequent 
handling* 
2) The sample dimensions;- the c i r c u l a r i t y of the d i s c , 

the u n i f o r m i t y of thickness and the diameter/thickness r a t i o 
of the d i s c * 
D i s t i n g u i s h i n g the e f f e c t s of these i s d i f f i c u l t * Furthermore 
i t was discovered t h a t an inconsistency i n the anisotropy 
values f o r a given sample was evident, dependent on i t s s h o r t -
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Fig 7-22 

MEASURE 12. 
ANISOTRUPY 
AT 77K 
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77K 

WAR'M TC RCOPi 
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AND .REVERSE 
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DIRECTUM 

WARM TO ROOM 
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FREEZE TL 
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i'.EASURE 1 
ANISCTRCPY 
AT 77K 

A REPRESENTATION CF ONE CYCLE OF EVENTS UHICH 
SHOWED THE "ANNEALING" OF THE MAGNETO CRYSTALLINE 
AMISOTRCPY OF COBALT. (NOTE THAT THE MEASURING 
PROCESS INVOLVED ROTATING THE FIELD OVER A 
FIXED 180 INTERVAL SEVERAL TIMES) 
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term h i s t o r y , t h a t i s , a form of annealing was found t o occur. 
D e f i n i n g l o o s e l y an annealing process as e i t h e r 

forward and reverse movements of the f i e l d over the a v a i l a b l e 
180°, or a c y c l i n g of the temperature up t o about 300 K and 
back again, the progress of the anisotropy constants at 80 K, 
a f t e r a change i n the sample o r i e n t a t i o n of 180° i n the b-
plene d i s c f o l l o w i n g complete annealing at i t s previous 
o r i e n t a t i o n , was as shown g r a p h i c a l l y i n f i g u r e 7.22. K 2 

and K j show the c l e a r e s t change. The e f f e c t on K-j was t h a t 
a t r a n s i t i o n occurred which was greater than the magnitude of 
the completely annealed value averaged from opposite 
o r i e n t a t i o n s . (Data r e p o r t e d f o r c o b a l t i n t h i s t h e s i s i s 
f o r the t o t a l l y annealed case). S i g n i f i c a n t l y , annealing 
was only observed at low temperatures, f o r which the 
anisotropy was approaching a value close t o the t h r e s h o l d f o r 
m u l t i p l e domain formation a t the p r e v a i l i n g f i e l d by a phase-
theory c a l c u l a t i o n . However, even i f domains were present, 
perhaps a t the edges of the d i s c (Kouvel and Graham, 1956, 
1957), then the annealing mechanism i s s t i l l obscure since i t 
would correspond t o a d i m i n i s h i n g t o r s i o n a l h y s t e r e s i s f o r 
which the exact progress of the domain p a t t e r n w i t h respect 
t o f i e l d o r i e n t a t i o n undergoes a t r a n s i t i o n . I t i s r e v e l a n t 
t o p o i n t out t h a t i f the annealing was due t o the presence 
of domains, then t h e i r e x c lusion a f t e r f i e l d - c y c l i n g cannot 
be guaranteed, and consequently the low temperature r e s u l t s 
may be subject t o a small e r r o r . I t i s also r e l e v a n t t o 
mention t h a t t h i s has n e i t h e r been described nor accounted 
f o r i n past determinations of the anisotropy constants. 

Figures 7.23 t o 7.24 show the precise e f f e c t of the 
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t h i r d harmonic on the c a l c u l a t i o n of the f i r s t two anisotropy 
constants and shows t h a t the percentage change, e s p e c i a l l y 
i n l<2» can be s i g n i f i c a n t , i n d i c a t i n g the necessity of 
measuring the t h i r d harmonic f o r accurate determinations of 
the lower-order constants. 

To quote the anisotropy constants as an energy per u n i t 
volume, the d e n s i t y of c o b a l t was r e q u i r e d , energy per u n i t 
mass being unconventional. The value of 8.756 g/cm3 was 
chosen and c o r r e c t i o n s f o r thermal expansion neglected (the 
volume changes less than Q,l% below room temperature (White, 
1965) and probably less than 1% below BOOK)* 

The magnetisation values used during the experiment, t o 
allow o n - l i n e s h e a r - c o r r e c t i o n , were derived from fryers and 
Sucksmith (1951) ; the only extensive data set reported 
numerically ( c . f . T y l e r , 1931, Barnier et a l . , 1961 a, 
and Rode and Hermann, 1964 ) . These are shown i n f i g . 7.25. 

The values of the anisotropy constants given i n f i g u r e s 
7. 7 t o 7JL6 i n c l u d e , by d e f i n i t i o n , the m a g n e t o s t r i c t i v e 
energies associated w i t h the motion of the magnetisation 
v e c t o r . Takahashi et a l . (1978) c a l c u l a t e d e x p l i c i t l y 
m a g n e t o s t r i c t i v e c o n t r i b u t i o n s t o the Kg. anisotropy constant 
f o r c o b a l t using the m a g n e t o s t r i c t i v e constants reported by 
Fiasumoto et a l . (1967) and Bozorth (1954) w i t h the e l a s t i c 
constants of McSkimin (1955) and T s u k i j i (1969). D e t a i l s of 
the c a l c u l a t i o n are given i n Appendix H.; i t y i e l d e d an 

3 3 
a n i s o t r o p i c energy c o n t r i b u t i o n of 3*10 J/m at room 
temperature and 1.7xio 3 j/m 3 at 600 K. A s i m i l a r c a l c u l a t i o n 
on was impossible f o r want of necessary data. However 
the p r o p o r t i o n a l c o n t r i b u t i o n t o K~ from m a g n e t o s t r i c t i o n 
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i s , on average, about one p a r t i n 10 , suggesting t h a t 
conventional anisotropy p l o t s f o r c o b a l t , derived from 
torque magnetometry or magnetisation curve measurements, 
r e f l e c t t o reasonable accuracy the t r u e magnetocrystalline 
anisotropy. 

The c r i t i c a l nature of the sh e a r - c o r r e c t i o n i s 
i l l u s t r a t e d i n f i g u r e s 7. 26 t o 7.28, These three f i g u r e s 
i n d i c a t e the e f f e c t on the c a l c u l a t e d anisptropy constants 
of a 1% e r r o r i n the shearing f a c t o r ( t h e f a c t o r r e l a t i n g 
torque t o an angular displacement ) f o r a f i e l d value of 
about 1*8 t e s l a . The e r r o r would be cumulative, a r i s i n g 
from u n c e r t a i n t i e s i n the f i e l d value, the magnetisation 
value or the two q u a n t i t i e s from which sample volumes were 
c a l c u l a t e d , namely mass and d e n s i t y . Note t h a t a shearing 
f a c t o r e r r o r of 1% produces a r e l a t i v e e r r o r of greater than 
1Q% i n Kg f o r the m a j o r i t y of the temperature range 
covered. The anisotropy e r r o r s w i t h respect to changes i n 
the shear f a c t o r were computed, while the experiment was 
running, by applying d i f f e r i n g shear-corrections t o the 
o r i g i n a l torque curves. 

Chapter 4 discusses, among other t h i n g s , c e r t a i n non-
i n t r i n s i c e f f e c t s t h a t i n t r o d u c e e r r o r s i n t o the derived 
a n i s o t r o p i c s . The two s p e c i f i c c a l c u l a t i o n s made on the 
r e s u l t s of sample e l l i p t i c i t y and t i l t i n g of the sample 
disc, ware i n f a c t , t a i l o r e d t o s u i t the c o n d i t i o n s of the 
present experiment. These c a l c u l a t i o n s showed t h a t e r r o r s 
i n the anisotropy from the two e f f e c t s were both small* 
amounting t o about 10^ J/m^ i n both cases and c o n t r i b u t i n g 
p r i m a r i l y t o the la r g e K, constant r a t h e r than the higher-
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order constants f o r which such a c o n t r i b u t i o n would be 
s i g n i f i c a n t * The care taken i n c e n t r a l i s i n g the sample 
on the r o t a t i o n a l a x is of the magnetometer (see s e c t i o n on 
experimental technique) e l i m i n a t e d any s i g n i f i c a n t e r r o r 
due t o the t h i r d n o n - i n t r i n s i c e f f e c t mentioned i n chapter 
4, namely the t o r s i o n a l c o n t r i b u t i o n from resolved forces 
created by f i e l d inhomogeneity on the sample magnetisation* 

The o v e r a l l e r r o r i n the present anisotropy values 
f o r c o b a l t must, i n the l a s t a n a l y s i s , be an estimate of 
the cumulative e r r o r produced by the equipment as a whole, 
( f o r example l i n e a r i t y problems i n the magnetometer), the 
mathematical l i m i t a t i o n s ( p r i n c i p a l l y the t r u n c a t i o n of the 
anisotropy expression f i t t e d t o the experimental torque 
c u r v e s ) , i n t r i n s i c sample e f f e c t s t h a t are subject t o change 
(the annealing process) and n o n - i n t r i n s i c sample e f f e c t s 
( f o r example anisotropy due t o thermal s t r e s s e s ) * R e a l i s t i c 
c u r r e n t e r r o r estimates are ± 10* J/m3 i n K p ±10* J/m3 

f o r K 2, ±S*io 3 J/m3 f o r K3 and ± 10 3 J/m3 f o r K4 . 

Having taken i n t o account most forms of experimental 
e r r o r , there remains evidence f o r an i n t r i n s i c sample 
dependence i n the value of the magnetocrystalline anisotropy 
of c o b a l t . The o r i g i n of t h i s v a r i a t i o n may be the 
d i f f e r i n g p u r i t y or c r y s t a l p e r f e c t i o n of the specimens* 

7*6 T h e o r e t i c a l modelling of the anisotropy 

There have been many t h e o r e t i c a l explanations made of 
the temperature v a r i a t i o n of and f o r c o b a l t * These 
have involved e i t h e r the s i n g l e - i o n model f o r the anisotropy 
(Zener, 1954; Carr, 1954, 1958; Szpunar and Lindgard, 1979) 



a combination of s i n g l e - and two-ion models (Yang, 1976), 
or the i t i n e r a n t e l e c t r o n model (Mori et a l . , 1974; Ono and 
Yarneda, 1979). Of these models, only t h a t of Yang succeeds 
i n f i t t i n g the data s a t i s f a c t o r i l y , but t h i s i s not 
ne c e s s a r i l y s i g n i f i c a n t since the model involves 4 a d j u s t a b l e 
parameters i n the f u n c t i o n a l form t o which the data i s 
f i t t e d ; i t may not be due t o the resemblance of the nodel 
to p h y s i c a l r e a l i t y . 

A l l the above workers, w i t h the exception of Zener and 
Yang, recognise the f a c t t h a t , f o r an accurate p r e d i c t i o n 
of the a n i s o t r o p y , the change of the c/a l a t t i c e parameter 
r a t i o must be taken i n t o account since i t a f f e c t s d i r e c t l y 
the c r y s t a l l i n e e l e c t r o s t a t i c f i e l d upon which the anisotropy 
depends• Since the change i n l a t t i c e parameter r a t i o w i t h 
respect t o temperature f o r co b a l t i s not known p r e c i s e l y , 
none of the models can be t e s t e d r i g o u r o u s l y . 

Figures 7.29 t o 7.30 show p l a u s i b l e temperature 
dependences f o r the f i r s t two anisotropy constants of c o b a l t 
according t o the simple s i n g l e - i o n model f o r c/a values 
devised t o best generate the observed a n i s o t r o p i e s . The 
postulated c/a values are compared t o the a v a i l a b l e 
experimental data i n f i g u r e 7.31. I t can be seen t h a t a 
t o t a l l y s e l f - c o n s i s t e n t set of p r o f i l e s f o r the temperature 
dependence of the a n i s o t r o p i c s , as produced by the s i n g l e -
ion model, can f i t the experimental data f o r and K 2 

almost p e r f e c t l y f o r a c o n t r i v e d c/a p r o f i l e which f i t s 
the known p r o f i l e to w i t h i n the c/a experimental e r r o r . 
The d e t a i l s of these c a l c u l a t i o n s are given i n Appendix B w i t h 
a paper by Srpunar awaiting p u b l i c a t i o n . The c/a values 
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f o r c o b a l t have been determined by Sekito (1927), Wyckoff 
(1931), 1'iarick (1936), Neuburger (1936), E l l i s and Greiner 
(1948), Taylor (1950), Owen and Madoc-Jones (1954)* 
n l l l l e r et a l . , (1967) and Godderd (unpublished). rcuch of 
t h i s work was c a r r i e d out at room temperature o n l y . A l l 
the a v a i l a b l e data i s included i n f i g u r e 7.31. 

I t must be emphasised t h a t the s i n g l e - i o n model w i t h 
l a t t i c e parameter e f f e c t s has not been v i n d i c a t e d by the 
present work since the r e q u i r e d c/a dependence on 
temperature i s so u n c e r t a i n . Furthermore, the values 
c a l c u l a t e d by Szpunar f o r the f i r s t two anisotropy constants 
i m p l i c i t l y d e f i n e , on the same model, values f o r the 
higher order constants , and these d i f f e r s i g n i f i c a n t l y from the 
measurements made h e r e i n . For instance, the values of K-j 
and should, on the simple model, be p r o p o r t i o n a l , which 
they are m a n i f e s t l y not according t o f i g u r e s 7.13 and 7,16. 
Even i f , as f o r , there i s a sample dependence i n 
the values of the c o n s t a n t , which might obscure a more 
i n t r i n s i c p r o p o r t i o n a l i t y , the r a t i o between the two as 
pr e d i c t e d by the model i s such t h a t the data could not be 
co n s i s t e n t w i t h theory; the model gives K 3= -231 whereas 
the experimental average r a t i o i s about K j = -2 K^. 

7.7 Discussion 

C r y s t a l p e r f e c t i o n i s d i f f i c u l t t o achieve i n cob a l t 
because of the s t r u c t u r a l phase t r a n s i t i o n t h a t a c r y s t a l 
undergoes when c o o l i n g from melt temperatures. This occurs 
at 680 K f o r l a r g e s i n g l e c r y s t a l s but f o r p o l y c r y s t a l l i n e 
m a t e r i a l s w i t h many g r a i n s , the FCC s t r u c t u r e may be 



r e t a i n e d , or p a r t i a l l y r e t a i n e d , at room temperature (Owen 
and Madoc-Jones, 1954). D i s l o c a t i o n s generated at the 
i n t e r f a c e f a r the phase t r a n s i t i o n w i l l be numerous. The 
somewhat belated a n a l y s i s of the anisotropy of cobalt t h a t 
has occurred i n the l i t e r a t u r e has been the r e s u l t of e a r l y 
d i f f i c u l t i e s i n producing good c r y s t a l s p a r t l y f o r t h i s 
reason. Furthermore, any i m p e r f e c t i o n s , once introduced, 
w i l l have a s i g n i f i c a n t e f f e c t on the l o c a l c r y s t a l l i n e 
environment by the same mechanism t h a t permits the FCC 
s t r u c t u r e t o be r e t a i n e d at room temperature i n f i n e l y 
segregated p o l y c r y s t a l s . I t i s t h e r e f o r e p l a u s i b l e t h a t the 
anisotropy of co b a l t c r y s t a l s d i f f e r s due t o v a r i a t i o n s i n 
the degree of disturbance t o the c r y s t a l s t r u c t u r e , and t h a t 
such v a r i a t i o n s are r e s p o n s i b l e , i n the present a n a l y s i s , 
f o r the i n c o n s i s t e n c i e s i n the r e s u l t s . The f a c t t h a t the 
c r y s t a l s , from which samples No 1, No 2 and No 3 were 
taken, were a l l grown by d i f f e r i n g techniques, i s a good 
reason f o r expecting the necessary d i f f e r e n c e s i n sample 
p e r f e c t i o n . 

7.8 Conclusion 

The present r e s u l t s f o r the magnetocrystalline 
anisotropy of cobalt i n d i c a t e t h a t there i s an i n t r i n s i c 
sample dependence r e l a t e d t o c r y s t a l p e r f e c t i o n , the 
i m p u r i t y v a r i a t i o n s between the present samples being too 
small t o e x p l a i n the d i f f e r e n c e s . This i s compatible w i t h 
the h i s t o r y of i n c o n s i s t e n t r e s u l t s f o r the anisotropy 
values re p o r t e d i n the l i t e r a t u r e . 

The present a n a l y s i s has y i e l d e d , f o r the f i r s t t ime, 



t h e temperature p r o f i l e s of the K j and anisotropy 
constants of c o b a l t * These have values which are t y p i c a l l y 
about 1% of the l a r g e constant. 

The i n c l u s i o n of values f o r the t h i r d harmonic from the 
u n i a x i a l torque curve i n the d e r i v a t i o n of the f i r s t two 
anisotropy constants has l e d . i n the case of K^, t o a 
n e g l i g i b l e a d d i t i o n a l c o n t r i b u t i o n t o the computed value 
bu t , i n the case of «2» t o a c o n t r i b u t i o n amounting t o up 
t o 10% of the o r i g i n a l value. 

Q u a n t i t a t i v e t h e o r i e s p r e d i c t i n g the observed 
a n i s o t r o p i c s of c o b a l t have not yet been proven. The two 
contending models ( s i n g l e - i o n and i t i n e r a n t e l e c t r o n ) , are 
both modified by the thermal change i n the l a t t i c e parameter 
r a t i o and r e q u i r e an accurate knowledge of i t . The attempt 
here t o show the consistency of the p r e d i c t e d l a t t i c e 
parameter r a t i o s , derived from the observed a n i s o t r o p i c s 
using a s i n g l e - i o n model, w i t h experimental values, has 
been i n d e c i s i v e ; the a v a i l a b l e c/a data i s too poor. The 
a v a i l a b l e models, which are not e x c l u s i v e , cannot be 
v a l i d a t e d w i thout an accurate knowledge of the c/a 
temperature dependence. 
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CHAPTER EIGHT 

THE MAGNETOCRYSTALLINE ANISGTRGPY 
OF TER8IUK/GADDLINIUW ALLOYS 

8.1 I n t r o d u c t i o n 

The work described i n t h i s chapter i s the c o n t i n u a t i o n 
of a p r o j e c t a t Durham on the p r o p e r t i e s of the terbium/ 
gadolinium a l l o y s and was c a r r i e d out i n c o l l a b o r a t i o n w i t h 
R.D.Hawkins (1982). The p r o j e c t was begun by A.A. Jpraide 
(1980) who made ma g n e t o s t r i c t i o n measurements. During the 
present work on the anisotropy constants, Hawkins made 
measurements on a r o t a t i n g sample magnetometer of h i s own 
c o n s t r u c t i o n and also performed, independently of the author, 
some torque magnetometery using a conventional ligament 
suspension feedback instrument ( c . f . Pearsons magnetometer 
mentioned i n chapter 4 ) • The R.S.P1. work was very l i m i t e d 
and w i l l not be mentioned here, but the l a t t e r yielded much 
of the data and thanks f o r t h i s are again expressed. 

The terbium/gadolinium a l l o y s give a valuable i n s i g h t 
i n t o the anisotropy mechanism of terbium; a m a t e r i a l which 
manifests an anomalously high energy de n s i t y i n t h i s repect 

8 3 
(K^ - 10 J/m at OK).This i s because gadolinium, which i n the 
pure c r y s t a l has only a very small a n i s o t r o p y , acts as an 
almost i d e a l d i l u e n t f o r terbium since t h e i r c r y s t a l l i n e 
f i e l d s are almost i d e n t i c a l • Consequently gadolinium can 
be accommodated i n t o the terbium l a t t i c e w i t h o u t , f o r 
instance, changing.the s i n g l e - i o n . c o n t r i b u t i o n t o the 
terbium a n i s o t r o p y , since the c r y s t a l l i n e environment f o r 



each terbium i o n remains e s s e n t i a l l y unchanged* Nor does 
the gadolinium c o n t r i b u t e a s i g n i f i c a n t masking anisotropy 
t o t h a t produced by the terbium* Thus,, for a s i n g l e - i o n 
model, anisotropy would f a l l o f f l i n e a r l y w i t h respect t o 
d i l u t i o n , representing merely the p r o p o r t i o n a l loss of the 
a c t i v e m a t e r i a l * However a two-ion model would p r e d i c t a 
much f a s t e r d e c l i n e i n the anisotropy corresponding t o a 
weakening of the fundamental mechanism due t o separation of 
the terbium ions from each other* 

The s t r u c t u r e of a l l the terbium/gadolinium a l l o y s i s 
the same as t h a t of c o b a l t , mentioned i n the previous 
chapter, namely HCP, and the same anisotropy energy 
expression w i l l be adopted; 

E k » K Q + K 1Sin 2B + K 2Sin 4B + K 3Sin 6B + K4Sin88.CosBj» 

The choice of t h i s convention i s somewhat a r b i t r a r y since 
e x i s t i n g work has i n v o l v e d , i n some cases, other 
conventions, p a r t i c u l a r l y t h a t of sqn. 2*5* I n the present 
work only and were determined* 

An important reason f o r repeating the i n v e s t i g a t i o n of 
the anisotropy constants f o r the terbium/gadolinium a l l o y s 
i s t h a t errors could have a r i s e n i n previous r e s u l t s due t o 
the presence of i m p u r i t i e s i n the a l l o y s then a v a i l a b l e * 
This was suggested by the sharp dependence of the p r o p e r t i e s 
of gadolinium metal on the presence of non-magnetic 
i n c l u s i o n s i n the c r y s t a l l a t t i c e as found by Smith et a l . 
(1977), i n p a r t i c u l a r the e f f e c t oh the anisotropy. The 
a v a i l a b i l i t y of very high p u r i t y samples of terbium/ 
gadolinium a l l o y s from the Centre f o r M a t e r i a l s Science, 



Birmingham, has encouraged , t h e r e f o r e , a f r e s h i n v e s t i g a t i o n 
of these a l l o y s . 

8.2 E x i s t i n g work 

8.2.1 On gadolinium 

Measurements of the anisotropy constants of gadolinium 
are extensive and have been made by Corner et a l . (1962), 
Graham (1962, 1963, 1967), Darby and Taylor (1964), Birss 
and W a l l i s (1964), Belov et a l . (1968), Tajima (1971), 
Tohyama and Chikazumi (1973), Franse and K i h a i (1977) and 
Smith (1978) using torque magnetometry, and Feron and 
Pauthenet (1969) and Feron et a l . (1970 a,b) using 
magnetisation curves. Smith et a l . showed t h a t the presence 
of non-magnetic i n c l u s i o n s i n gadolinium a l t e r s s i g n i f i c a n t l y 
the measured values of both the f i r s t anisotropy constant, 
K^, and the easy d i r e c t i o n of magnetisation, and i n 
subsequent work (Smith, 1978) made the most recent, most 
complete and most r e l i a b l e r e s u l t s on p a r t i c u l a r l y high 
p u r i t y samples. The temperature dependence of the f i r s t 
a n isotropy constant,K^, was found by Smith (1978) t o be 
associated w i t h a combination of s i n g l e - and two-ion 
mechanisms while K 2 seemed t o suggest s i n g l e - i o n o r i g i n 

s t 
o n l y . was found t o f o l l o w the 21 power law w i t h respect 
to magnetisation; c o n s i s t e n t w i t h the s i n g l e - i o n model. As 
already i m p l i e d , the anisotropy of gadolinium i s n e g l i g i b l e 

5 3 
compared t o t h a t of terbium ( K j J g ^ A -10 J/m ) • 

8.2.2 On terbium 

Terbium a n i s o t r o p i c s have been given by Rhyne and Clark 
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(1967), Bly et a l . (1968), Rhyne et a l . (1968), DuFlessis 
(1969), Fe'ron (1969), Wagner and Stanford (1969), Feron 
et a l . (1970 a,b), Shepherd (1976), Birss et a l . (1977 a,b), 
N i k i t i n and Arutyunian (1979) and Corner (unpublished) using 
a v a r i e t y of methods i n c l u d i n g torque magnetometry, analysis 
of magnetisation curves and m a g n e t o s t r i c t i o n c o e f f i c i e n t s , 
r o t a t i n g sample magnetometry and ferromagnetic resonance. 
QK and 80 K values are given i n t a b l e 8.1. A d d i t i o n a l l y 
Birss et a l . (1981), from a n i s o t r o p i c magnetisation i n 
terbium, deduced values which declined from 7.5*10 t o 
0.4x10 J/m between 95 and 170K. The work of Corner was 
done at Grenoble, France a f t e r the present r e s u l t s had been 
obtained. The temperature dependence of the f i r s t 
a nisotropy constant, K^, has been measured by Rhyne and 
Clark, and Feron by torque magnetometry and the magnetisation 
curve method r e s p e c t i v e l y and was found t o f i t the s i n g l e - i o n 
model q u i t e w e l l . The constant was found by Feroin t o 
f i t the I g y 2 f u n c t i o n s t r i k i n g l y w e l l ; again i n d i c a t i n g the 
s i n g l e - i o n model. There i s , however, a discrepancy between 
Kg c o e f f i c i e n t s ( = ) as rep o r t e d by d i f f e r e n t authors. 
Feron, Rhyne and Clark and Bly et a l . i n d i c a t e t h a t the 
Kg c o e f f i c i e n t f o l l o w s the Ig/2* I5/2 f u n c t i o n a l dependence 
of the model of Rhyne and McGuire (1972), but Birss et a l . 
(1977 a,b) describe a good s i n g l e - i o n dependence. The 
recent work of Corner has shown, i n the case of K^, a f a i r 
s i n g l e - i o n dependence. 

8.2.3 On terbium/gadolinium a l l o y s 

Of d i r e c t relevance t o the present i n v e s t i g a t i o n i s 



the work of Tajima and Chikazumi (1967 b) and Tajirna (1971) 
who measured Kg, and Kg f o r one low terbium concentration 
a l l o y , the work also of N i k i t i n and Arutyunian (197b) and 

0 6 
Corner (unpublished) i n which Kg and Kg were measured f o r 
a number of a l l o y compositions, and the work of Bagguley 
et a l . (1380 a,b) i n determining K̂  and K^, again f o r a 
number of a l l o y compositions. 

I n order t o draw comparisons between e x i s t i n g data, 
constants were adjusted t o correspond t o a s i n g l e convention 
f o r the anisotropy expression, namely t h a t of equation 2.2. 
The data of Tajima i s given e x p l i c i t l y ( f i g 8.1) but no 
conversion was attempted since the a n i s o t r o p i c s were too 
small i n Tbg Qig^dg ggg f o r a u s e f u l comparison w i t h the 
remaining data. Corner derived values of Kg from 
magnetisation curves by assuming t h a t and higher 
c o e f f i c i e n t s i n the u n i a x i a l anisotropy expression were 
zero, his Kg values could t h e r e f o r e be scaled d i r e c t l y by 
3/2 t o y i e l d K^ ( f o r the r e l a t i o n s h i p s between constants of 
the two re l e v a n t conventions see Appendix A ) . N i k i t i n and 
Arutyunian found t h a t higher order c o e f f i c i e n t s were small 
and also neglected them, again enabling an easy conversion 
of Kg t o K1. Feron published Kg and K^ values ( f o r pure 
terbium), so the K̂  d e r i v a t i o n required the second term i n 
equation A.12. The o r i g i n a l u n i a x i a l data of Feron i s 
given e x p l i c i t l y i n f i g u r e s 8.2 and 8.3 and the derived 
values of appear i n f i g u r e 8.4. The constants describing 
the basal-plane anisotropy acquire the same values i n both 
conventions and can t h e r e f o r e be p l o t t e d interchangeably. 
A l l a v a i l a b l e data i s portrayed i n f i g u r e s 8*1 t o 6.7. 



A s i n g l e - i o n model 
produces, given c e r t a i n 
approximations, a l i n e a r 
dependence of the anisotropy 
on a l l o y composition. 
E x t r a p o l a t i n g the values of 
Tajima t o 100% terbium, 
(re g a r d i n g terbium as the 
a c t i v e c o n t r i b u t o r t o the 
anis o t r o p y ) gives a value 
which i s w i t h i n a f a c t o r of 
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Kg anisotropy constant, the s i n g l e - i o n model. However a 
simple f o u r t h power law i n the magnetisation gives a much 
b e t t e r f i t f o r the high.terbium concentrations. ' The basal-
plane (c-plane) data of Corner suggests very c l e a r l y the 
magnetoelastic model of Rhyne and McGuire f o r a l l 
compositions, 

Tajima et a l . used torque magnetometry t o determine 
anisotropy constants. N i k i t i n and Arutyunian used 
magnetisation curve measurements t o determine K?, and 
torque magnetometry t o measure Kg. Bagguley et a l . used a 
microwave absorption technique and Corner used magnetisation 
curve measurements throughout. Some of the d i f f e r e n c e s i n 
the r e s u l t s may be due t o the d i f f e r e n c e i n the techniques 
used, f o r instance the r e s u l t s of Bagguley et a l . are, i n 
some cases, at variance w i t h the r e s t ; but so i s t h e i r method 
determining the a n i s o t r o p y . I t may be t h a t the resonance 
experiments of Bagguley et a l . , which measure the anisotropy 
during an o s c i l l a t i o n of the l o c a l magnetisation vector i n 
an e f f e c t i v e f i e l d , due t o the dynamic nature of the sensing 
technique, measure a fundamentally d i f f e r e n t a n i s o t r o p y . 

E x i s t i n g measurements of the anisotropy of the terbium/ 
gadolinium a l l o y s show t h a t t h e r e i s no i n v e r s i o n of K^ 
w i t h respect t o temperature as i s observed i n pure 
gadolinium, thus the easy-axis remains i n the fa-
d i r e c t i o n . 

6«3 The samples 

The c o n s t i t u e n t s of the terbium/gadolinium a l l o y s were 
p u r i f i e d by s o l i d s t a t e e l e c t r o t r a n s p o r t (see Verhoeven, 
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1966). I n t h i s method a l a r g e d i r e c t c u r r e n t i s passed f o r 
about one meek down a c y l i n d r i c a l sample heated t o w i t h i n 
about 200"C of i t s m e l t i n g p o i n t . The l a r g e e l e c t r i c f i e l d 
e f f e c t i v e l y t r a n s p o r t s the i m p u r i t i e s t o one end of the bar. 
The process i s c a r r i e d out under extremely high vacuum or 
i n a high p u r i t y i n e r t gas (10 t o r r or e q u i v a l e n t ) . 
Charge sizes are determined by a compromise between the 
convenience of p u r i f y i n g a la r g e amount of m a t e r i a l i n one 
run and the necessity of l i m i t i n g diameter i n order t h a t 
the surface c o o l i n g per u n i t volume can adequately 
counteract the e l e c t r i c a l j o u l e h e a t i n g . A t y p i c a l sample 
diameter would be about 6 mm. Zone r e f i n i n g (page 55 ) was 
also c a r r i e d out t o p u r i f y the elements. The a l l o y s were 
formed by r e c r y s t a l l i s a t i o n annealing under argon. F i n a l 
p u r i t i e s of about 99,9% were i n d i c a t e d by the r a t i o of the 
zero and room temperature resistances of samples taken from 
the same source. P u r i t i e s were maintained by s t o r i n g under 
argon where p o s s i b l e . 

The samples were spark-cut i n t o discs about 5 mm i n 
diameter and about 1 mm t h i c k w i t h one of the three p r i n c i p a l 
hexagonal axes normal t o the disc plane. Sample masses 
were measured on an O e r t l i n g high p r e c i s i o n balance, model 
146, t o b e t t e r than 0.1j£. F u l l d e t a i l s are given i n t a b l e 8.2. 

8.4 Experimental technique 

The m a j o r i t y of the torque measurements on the terbium/ 
gadolinium a l l o y s were c a r r i e d out on the instrument 
reported i n chapter 6. The wide dynamic range and robust 
nature of t h i s device made i t uniquely appropriate f o r the 



present measurements i n which torques varying from 0.1 Mm 
(produced by the 260mg, 90% To, b-plane disc at 77K) t o 
10" 5 Nm (produced by the 130 mg, 10% Tb, c-plane disc at 
260 K)could be accommodated without m o d i f i c a t i o n t o the 
instrument* The f a c t t h a t some of the c-plane work was 
done on a conventional ligament suspension feedback 
instrument was because the new magnetometer was 
incomplete at the tim e . 

The p a r t i c u l a r ligament suspension magnetometer used 
here has been described by Corner et a l . (1962) and i n 
d e t a i l by Welford (1975) and Smith (1978). I t i s based on 
the design of Pearson described i n chapter 4. The d e t a i l s 
of the c o n s t r u c t i o n are given i n f i g u r e s 8.8 t o 8,11. 
Figure 8.8 i s a s i m p l i f i e d diagram of the e l e c t r o n i c s . The 
o p t o e l e c t r o n i c components consisted of two OCP 71 
p h o t o t r a n s i s t o r s sensing l i g h t r e f l e c t e d by a m i r r o r on the 
suspension from a 150 III, 21.5 V bulb c o l l i m a t e d by a 10 cm 
diameter, 30 cm f o c a l l e n g t h l e n s . The out-of-balance 
torque s i g n a l from the two a m p l i f i e r s , each denoted A, was 
combined w i t h the output of a p o s i t i o n potentiometer on the 
base o f the magnet t o y i e l d torque curves on a P h i l l i p s 
PM 8141 X-Y rec o r d e r . The magnetometer was i n t e r f a c e d t o 
a Commodore PET microcomputer system i d e n t i c a l t o t h a t 
described i n chapter 6 a l l o w i n g the automatic a c q u i s i t i o n 
and processing of data. The software used was a simpler 
form t o t h a t developed f o r the new torque magnetometer and 
i s given i n Appendix I . Figure 8.9 i s a s e l f - e x p l a n a t o r y 
diagram o f the moving element of the magnetometer showing, 
among other t h i n g s , the use of oil-damping vanes; a 
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development of the o r i g i n a l design of Pearson. The support 
f o r the upper suspension f i b r e i s i l l u s t r a t e d i n f i g u r e 8.10 
and a cross-section of the vacuum system i s given i n f i g u r e 
8.11. 

C a l i b r a t i o n of the magnetometer was c a r r i e d out using 
a AO t u r n , 21.2 mm diameter s e a r c h - c o i l of 42 SU/G copper 
c a r r y i n g c u r r e n t from a F a r n e l l E30/2 power supply through 
a d i g i t a l Avometer model DA 116. F i e l d values were 
determined using a H a l l probe and standard magnet. The 
c a l c u l a t e d torques were found t o i n d i c a t e l i n e a r i t y i n the 
magnetometer t o w i t h i n 1% f o r output s i g n a l s of up t o 0.1 V 
corresponding t o the 10" 3 Nm which covered a l l the 
determinations. 

The ligament suspension magnetometer had a sample 
space s u i t a b l e f o r discs of up t o 6 mm diameter, which was 
adequate f o r the present work, and a temperature range of 
77 K t o 300 K. Temperature c o n t r o l was achieved by using a 
l i q u i d n i t r o g e n dewar t o provide r a d i a n t c o o l i n g i n 
competition w i t h the conductive heating of an i n t e r n a l 
r e s i s t i v e c o i l . I n f a c t a helium gas-flow c r y o s t a t was also 
a v a i l a b l e but i n many cases the holding torque of. the 
magnetometer was i n s u f f i c i e n t t o c o n s t r a i n the high torques 
developed i n the very low temperature regime, consequently 
the measurements were r e s t r i c t e d t o 77K and above* A copper-
constantan thermocouple, fed t o a Schlumberger 4045 d i g i t a l 
voltmeter w i t h 1/AI r e s o l u t i o n , measured sample temperatures 
w i t h an estimated thermal lag of t y p i c a l l y two or three 
degrees during temperature sweeps of the f u l l range l a s t i n g 
about one hour. F i e l d homogeneity i n the conventional i r o n — 



yoke electromagnet was b e t t e r than 1% over a volume of 
30 cm^ about the f i e l d centre and up t o 1.1 t e s l a was 
a v a i l a b l e f o r cu r r e n t s of 180 amps. (The magnet was t h a t 
of Roe, 1961, mentioned i n chapter 6, s e c t i o n 6.5.) 

Attachment of the samples i n the ligament suspension 
magnetometer was w i t h O u r o f i x . The attachment of the b-
and a-plane discs t o the new magnetometer r e q u i r e d a much 
stronger glue due t o the remarkable torques generated, 
e s p e c i a l l y by some of the high terbium samples ( t h e f o r c e 
operating t a n g e n t i a l l y t o the perimeter of a 5 mm terbium 
d i s c of 1 mm thickness i n a high f i e l d i s about 40 N and the 
f o r c e per u n i t area on the surface i s t h e r e f o r e about 

6 2 
2.5x10 N/m or 340 Lbs/sq.in.). Samples f i x e d w i t h 
A r a l d i t e were detached using chloroform as a solvent whereas 
D u r o f i x r e q u i r e d only acetone. 

I n the case of Kp the anisotropy data was obtained 
from torque curve g r a d i e n t s taken at the easy-axis. These 
were taken from the p l o t s recorded on the P h i l l i p s PM 8141, 
r a t h e r than derived o n - l i n e , since f o r the very simple 
manual .determinations of the curve i n c l i n a t i o n of t h i s kind 
the inconvenience was minimal* The analysis method has been 
mentioned i n chapter 4 and assumes t h a t the c o n t r i b u t i o n of 
higher constants i n the u n i a x i a l torque expression are 
n e g l i g i b l e . The easy-axis method was necessary since 
s a t u r a t i o n , t h a t i s achievement of the s i n g l e domain s t a t e , 
was discontinuous i n most of the samples at the a v a i l a b l e 
f i e l d s . The a n a l y s i s was performed o n - l i n e and involved 
a s t r a i g h t forward Fourier a n a l y s i s of the s i x t y data p o i n t s , 
taken over the 180* r o t a t i o n of the magnet, y i e l d i n g the 



amplitude of the 68 harmonic t o which i s simply r e l a t e d . 

8,5 Results 

Examples of the torque curves produced by the terbium/ 
gadolinium a l l o y s are given i n f i g u r e s 8*12 and 8.13. The 
28 and 66 harmonics mere the fundamental components of the 
u n i a x i a l and basal-plane torque curves r e s p e c t i v e l y . 

measurements were made by d e r i v i n g a corrected 
torque curve easy-axis gradient by applying a shear-
c o r r e c t i o n t o the small region of the torque curve f o r 
which t h i s was l e g i t i m a t e ; a region around the easy-axis 
of an angle dependent on the p a r t i c u l a r sample anisotropy 
and applied f i e l d s t r e n g t h and f o r which the s i n g l e domain 
s t a t e occurs. The small s e c t i o n of corrected curve was 
then assumed t o be p a r t of a sinusoid produced by a m a t e r i a l 
w i t h f i n i t e constant o n l y . The computed amplitude then 
y i e l d e d values which are portrayed i n f i g u r e 8.14 and 
given e x p l i c i t l y i n Appendix 7 w i t h the f i e l d , values used 
i n each case. The derived a n i s o t r o p i c s r e f e r t o f i n i t e 
f i e l d values (measured at about 1.8 t e s l a ) and no f i e l d 
e x t r a p o l a t i o n has been attempted. Magnetisation values 
were assumed t o be i s o t r o p i c y e t , as discussed i n chapter 2, 
s e c t i o n 2.5, terbium a l l o y s are m a t e r i a l s f o r which t h i s i s 
not l i k e l y t o be c o r r e c t , at l e a s t f o r temperatures 
approaching the Curie p o i n t . Furthermore the e r r o r s 
introduced by assuming n e g l i g i b l e higher-order constants 
w i l l almost c e r t a i n l y be s i g n i f i c a n t , yet f o r n e i t h e r of the 
l a t t e r two e f f e c t s i s there q u a n t i t a t i v e i n f o r m a t i o n 
a v a i l a b l e t o assess the erroneous c o n t r i b u t i o n . 
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As mentioned e a r l i e r , data was derived from the 
amplitude of the 68 harmonic i n the basal-plane determined 
by the computer which, i n the absence of s h e a r - c o r r e c t i o n 
and higher harmonics ( t h i s was assumed because the 
observed torque curves were apparently s i n u s o i d a l ) , was 
r e l a t e d very simply v i a the sample mass t o the anisotropy 
constant at the p r e v a i l i n g f i e l d . A conventional 
e x t r a p o l a t i o n of the anisotropy constants at a given 
temperature t o i n f i n i t e f i e l d using a r e c i p r o c a l - f i e l d p l o t 
y i e l d e d the data portrayed i n f i g u r e 8.15 and recorded w i t h 
the i n t e r m e d i a t e f i n i t e - f i e l d data i n Appendix J* 

The v a l i d i t y of an e x t r a p o l a t i o n of the kind applied 
here t o i s suspect,since there i s no j u s t i f i c a t i o n f o r 
assuming l i n e a r i t y i n 1/BQ. I n f a c t i t can be shown t h a t 
f o r the higher terbium samples the applied f i e l d s could 
not have sat u r a t e d the samples and t h a t the increase i n the 
measured a n i s o t r o p i c s w i t h respect t o f i e l d was due r a t h e r 
t o a canting of the magnetisation i n d i f f e r e n t domain 
phases. The c a n t i n g magnetisation was observed as an 
in c r e a s i n g torque amplitude due t o an increasing r e s o l u t i o n 
of the torque between l o c a l magnetisation vectors and the 
anisptropy f i e l d i n the plane of the sample d i s c , 
t h i s l a t t e r mechanism would y i e l d a f a i r l y complex 
f u n c t i o n a l dependence between f i e l d and observed anisotropy. 
Thus even i f i n t r i n s i c a l l y , i n the s i n g l e domain l i m i t , 
a nisotropy tended t o a l i m i t l i n e a r l y w i t h 1/BQ, the 
e x t r a p o l a t i o n would be i n v a l i d f o r many sauples due t o the 
break down of the magnetisation i n t o phases. However, of 
several a r b i t r a r y e x t r a p o l a t i o n s attempted i n powers of 
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1/BQ, l i n e a r i t y was best achieved w i t h respect t o by 
the simple l / B Q r e l a t i o n s h i p and t h i s was consequently used. 

P l o t s of the composition dependence of both and 
at 80 Kare given i n 8.16 and 8.17. E x t r a p o l a t i o n s of the 
present data t o 0K by the best t h e o r e t i c a l f i t ( a n t i c i p a t i n g 
the r e s u l t s of the next s e c t i o n ) are given i n f i g u r e s 8.18 
8.19. Comparisons w i t h e x i s t i n g data are made i n these 
f i g u r e s . Figures 8.20 and 8.21 show d i r e c t comparisons of 
the present temperature p r o f i l e s and those of oth e r s . 

Such was the anisotropy of the high terbium 
concentrations t h a t the an a l y s i s s u f f e r e d from an i l l -
c o n d i t i o n i n g whereby the corrected easy-axis gradients 
approached p a r a l l e l i s m w i t h the torque a x i s . For t h i s 
reason the 90% terbium p l o t i s omitted since i n some cases 
negative a n i s o t r o p i c s were obtained ( c o r r e c t e d curve 
g r a d i e n t s changed s i g n ) and indeed the 50% terbium p l o t i s 
r e j e c t e d as in a c c u r a t e . Appendix J gives these r e s u l t s 
w i t h the remaining data* 

The c o r r e c t i o n s t o the easy-axis gradient t h a t were 
made i n the d e r i v a t i o n of re q u i r e d values of the 
magnetisation and two sources of the magnetisation w i t h 
respect t o temperature were a v a i l a b l e ; the data of Bagguley 
et a l . (1980 a,b) and the recent data of Corner. Both data 
sets agreed t o w i t h i n , t y p i c a l l y , 1% and were consi s t e n t t o 
t h a t accuracy w i t h i n t e r p o l a t i o n s derived by Joraide (1980) 
from data on pure gadolinium (Nigh et a l . , 1963) and pure 
terbium (Hegland et a l . , 1S63). Magnetisation values of 
Bagguley et a l . were a r b i t r a r i l y adopted and i n t e r p o l a t e d 
where necessary f o r c e r t a i n compositions. The values of the 
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chosen magnetisations are ta b u l a t e d i n Appendix J along 
w i t h the easy-axis torque gradients from which, a f t e r 
c o r r e c t i o n , the values were derived* 

The e r r o r s t h a t have ar i s e n i n the present measurements 
of the anisotropy of the terbium/gadolinium a l l o y s , a r i s i n g 
u l t i m a t e l y from the small f i e l d s a v a i l a b l e from the 
conventional electromagnet of the cu r r e n t apparatus, have 
prevented, i n the l a s t a n a l y s i s , a c l e a r assessment of whether 
there i s a change i n the anisotropy w i t h respect t o sample 
p u r i t y . I t i s yet unproved t h a t there i s a p u r i t y dependence 
of the magnitude observed i n gadolinium by Smith et a i * 
( f o r example 20% change i n for a 1% oxygen a d d i t i o n ) i n 
the terbium/gadolinium a l l o y s * 

•ne p a r t i c u l a r observation made during the present 
i n v e s t i g a t i o n was t h a t f o r a c e r t a i n temperature and a l l o y 
composition anomalous torque curves are produced* This was 
mentioned by Tajima who o f f e r e d no explanation and i t has not 
been reported since* The anomaly i s shown i n f i g u r e 8.22 
and represents a r e d u c t i o n i n the observed torque i n an 
i n t e r v a l around the hard-axis* 

8.6 T h e o r e t i c a l modelling of the anisotropy 

The t h e o r e t i c a l temperature dependences of the 
anisotropy constants f o r several models have been discussed 
i n chapter 2. Cn the basis of these, l e a s t squares f i t s 
f o r the predicted f u n c t i o n a l forms were made t o the 
experimental r e s u l t s reported here. The f i t s are; 

1) A sin-.ple power law i n the reduced magnetisation m(T); 

K A(T) or K 4(T) = a ( m ( T ) l b ...(8.1) 



2) A s i n g l e - i o n f i t due t o Callen and Callen f e a t u r i n g 
the reduced hyperbolic Bessel f u n c t i o n ( o f order appropriate 
t o the constant being described) of the inverse Langevin 
f u n c t i o n of the reduced magnetisation (see Appendix K); 

K^T) = c I 5 / 2 0 . - 1 ( m ( T ) ) ) ...(8.2) 

K 4(T) = c l 1 3 / 2 a - 1 ( m ( t ) ) ) ...(8.3) 

Note t h a t the model of Callen and Callen defines the 
temperature dependences of the K " constants and t h a t i n 
equation 8.1 the f u n c t i o n a l form i s v a l i d only i f the 
higher order constants in the anisotropy energy expression 
are assumed t o be zero since here the constants are defined 
i n a d i f f e r e n t expression, where constants only c o r r e l a t e 
by a simple s c a l i n g f a c t o r i f the subsequent ones are zero. 
However t h i s assumption has already been made i n order t o 
derive experimental values f o r both and K^. 

3) An ad-hoc two i o n model w i t h a square dependence on 
reduced magnetisation; 

K 1(T) or K 4(T) = d ( m ( T ) ) 2 •••(8.4) 

4) A combination of the s i n g l e - and two-ion models; 

K X(T) = e l ^ J C V C T ) ) ) + f ( m ( T ) ) 2 ...(8.5) 

K 4(T) = e I 1 3 / 2 ( X . - 1 ( m ( T ) ) ) + f ( m ( T ) ) 2 ...(8.6) 

5) A s p e c i a l f i t due t o Rhyne and f.cGuire from a 
model which considers magnetoelastic i n t e r a c t i o n s between 
ions; 

K 4 " 9V2 a~ 1 ( m ( T ) ) )-V2 (£" 1 ( n' ( T ) ) ) . . . ( a.7) 
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A l l the experimental data i s given i n f i g u r e s 8.23 t o 
8.31 showing the behaviour of each of the two constants f o r 
various a l l o y compositions. With these are given the best 
f u n c t i o n a l temperature f i t s using each model by a d j u s t i n g 
the a v a i l a b l e parameters by a l e a s t squares c r i t e r i o n . 
These parameters, f e a t u r e d i n equations 8.1 t o 8.7, are 
given on each f i g u r e and c o r p o r a t e l y i n t a b l e 8.3 and r e f e r 
t o the best a v a i l a b l e curve f o r each model. Appendix J 
gives three computer programs ( i n BASIC) which were w r i t t e n 
t o a s s i s t i n the a n a l y s i s . The p a r t i c u l a r values f o r a, c, 
d, g and the sum e+f are the anisotropy constants 
ext r a p o l a t e d t o zero temperature. Table 8.3 and f i g u r e s 8.23 
t o 8.31 also i n d i c a t e the sum of the squares of the 
r e s i d u a l s i n each attempted t h e o r e t i c a l f i t which, f o r a 
given temperature p r o f i l e belonging t o one a l l o y composition 
and anisotropy constant, i n d i c a t e the r e l a t i v e m e r i t s of 
each f u n c t i o n a l form. The f i t s g i v i n g the smallest e r r o r -
sum are used t o give the 0 K. values of the anisotropy p l o t t e d 
i n f i g u r e s 8kl8 and 8.19. I n a l l cases the reduced 
magnetisation was derived using the data of Bagguley et a l . , 
a p plied e a r l i e r i n the c a l c u l a t i o n s , and given i n 
Appendix J. T h e o r e t i c a l models w i t h two a d j u s t a b l e 
parameters w i l l , ipso f a c t o , y i e l d b e t t e r f i t s than those 
w i t h one ; care should be taken i n drawing comparisons 
between one- and two-parameter t h e o r i e s . 

As e q u a l i t a t i v e comment on the t h e o r e t i c a l temperature 
dependences of equations 8.1 t o 8.7, i t i s evident t h a t i n 
a l l cases except two (K^, 30% Tb and K^, 75% Tb) the simple 
power law gives the best f i t , and f o r the exceptions when i t 
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does not, i t compares favourably w i t h the best a l t e r n a t i v e . 
Apart from the 5% Tb values, the power dependence i s very 
close t o the value of 3 p r e d i c t e d by the L ( L + l ) / 2 law. The 

power law f l u c t u a t e s between indeoes of 10 and 16 w i t h no 
obvious t r e n d w i t h respect t o a l l o y composition. These 
values are n o t i c e a b l y at variance w i t h the p r e d i c t e d 21st 
power dependence of the L ( L + l ) / 2 law. At the opposite 
extreme t o the power law, the ad-hoc two-ion model i s 
m a n i f e s t l y i n c o n s i s t e n t w i t h the data, g i v i n g the worst f i t 
i n a l l cases. 

Of r e a l s i g n i f i c a n c e i s the comparison between the 
s i n g l e - i o n model, parameterised by the constant c, and the 
simple power law. For a l l compositions, shows a good 
s i n g l e - i o n dependence, indeed 30% Tb shows greater consistency 
w i t h t h i s model than the power law. The i n c l u s i o n of a 
two-ion component i n the s i n g l e - i o n model has l i t t l e e f f e c t 
on the f i t t i n g . However the values do not i n d i c a t e the 
s i n g l e - i o n law as c l e a r l y ; the power law i s n o t i c e a b l y 
s u p e r i o r . Furthermore the I n c l u s i o n of two-ion e f f e c t s i s 
more b e n e f i c i a l than i n the previous case though the 
magnitude of the c o r r e c t i v e two-ion component i s s t i l l small 
( f / e < 5% always). 

The magnetoelastic model f o r shows good agreement 
w i t h some of the data but such inaccuracy at higher terbium 
concentrations t h a t i t casts doubt on the s i g n i f i c a n c e of 
the low terbium f i t s . 

The mechanism responsible f o r the magnetocrystalline 
anisotropy of terbium would seem t o be of s i n g l e - i o n o r i g i n 
and, i n p a r t i c u l a r , p r e d i c t e d w e l l by the theory of Callen 



and C a l l e n . This judgement i s , however, a s i m p l i f i c a t i o n , 
as revealed by the d i f f e r i n g success of the s i n g l e - i o n model 
f o r d i f f e r e n t anisotropy constants. 

Confirming the conclusion about the s i n g l e - i o n model are 
the composition dependences of the two constants. 
demonstrates l i n e a r i t y a t 80 K w i t h i n experimental e r r o r 
( f i g s . 8.16 and 8.17). E x t r a p o l a t i o n s t o OK are less v a l i d 
i n drawing a conclusion i n t h i s repect since a model must be 
assumed i n making such' an e x t r a p o l a t i o n . However the 
l i n e a r i t y i n s t i l l s u rvives the e x t r a p o l a t i o n t o OK f o r 
any p l a u s i b l e f i t . The values at both 80K and 
extr a p o l a t e d t o 0K ere l i n e a r w i t h respect t o composition, 
w i t h i n experimental e r r 0 3 i f the 75% Tb values are r e j e c t e d . 
This r e j e c t i o n i s j u s t i f i a b l e since these values would, of a l l 
the measurements made on the a l l o y s , be subject t o e r r o r s 
due t o sample s a t u r a t i o n problems Ln the o r i g i n a l 
experiment, and i n any case are values which d i f f e r most 
markedly from those of other workers. 

Most of the t h e o r e t i c a l f i t s mentioned herein have not 
been attempted before on the anisotropy data of terb i u m / 
gadolinium a l l o y s . However Bagguley et a l . demonstrate some 
consistency of the L ( L + l ) / 2 power law w i t h t h e i r data, 
p a r t i c u l a r l y t h a t the temperature dependence f o l l o w s the 
necessary 21st power dependence on the reduced magnetisation. 
The temperature dependence of the pure terbium anisotropy 
constants have been modelled i n d e t a i l by Rhyne and Clark 
(1967), Feron (1970 a,b) and B i r s s et a l . (1977 a,b). 
These are c o n s i s t e n t w i t h what has been found p r e s e n t l y f o r 
the a l l o y s i n t h a t the Callen and Callen s i n g l e - i o n model 



f i t s the anisotropy w e l l f o r K j J and K]J ( c . f . K x f o r the 
a l l o y s ) but the K g ( c . f . K 4 f o r the a l l o y s ) seems t o f i t 
l ess w e l l i f a consensus of the basal-plane r e s u l t s i s t o 
be beli e v e d * I f the basal-plane measurements made most 
r e c e n t l y are more r e l i a b l e , then i t can be said t h a t the 
s i n g l e - i o n model, without exception, s u c c e s s f u l l y describes 
the temperature dependence of the anisotropy of terbium, 
which i s i n agreement w i t h the broad conclusion 
reached here on the a l l o y s * 

8*7 Discussion 

A l i n e a r d e c l i n e i n the anisotropy w i t h respect t o the 
d i l u t i o n of the terbium i n the terbium/gadolinium a l l o y s 
has been c i t e d as evidence f o r the s i n g l e - i o n model of the 
anisotropy* This assumes t h a t the d i l u t i o n of terbium ions 
i n a gadolinium host i s a means of separating them from each 
other i n an unchanged c r y s t a l f i e l d and t h a t the 
p r o p o r t i o n a l loss i n the anisotropy c o r r e l a t e s merely t o the 
loss of a c t i v e m a t e r i a l , each i o n having the same anisotropy 
i r r e s p e c t i v e of i t s p r o x i m i t y t o another* By t h i s reasoning 
n o n - l i n e a r i t y would i n d i c a t e some two-ion c o n t r i b u t i o n t o 
the a n i s o t r o p y . 

The reasoning behind the foregoing argument i s , 
however, questionable, i n p a r t i c u l a r the assumption t h a t the 
c r y s t a l f i e l d i s unchanged w i t h respect t o a l l o y composition. 
I n p r a c t i c e a c/a r a t i o a l t e r a t i o n w i l l occur i n the HCP 
s t r u c t u r e w i t h repect t o a l l o y composition a s s i s t e d by the 
changing m a g n e t o s t r i c t i o n of the a l l o y . Tajima (1971) has 
discussed the e f f e c t s of t h i s on the c r y s t a l f i e l d and 



concluded t h a t a n o n - l i n e a r i t y of perhaps 20% could be 
introduced i n the anisotropy composition dependence i n the 
terbium/gadolinium a l l o y s , even i f the s i n g l e - i o n model were 
v a l i d . Such d e v i a t i o n s are observed i n the consensus of 
e x i s t i n g data for K^, f o r which Tajima's comments are v a l i d , 
and are of the sense p r e d i c t e d , i n t h a t e x t r a p o l a t i o n s of 
low terbium a n i s o t r o p i c s t o 100$ terbium undervalue the 
more r e l i a b l e e x p l i c i t measurements of the pure terbium 
a n i s o t r o p y . Thus the evidence of e x i s t i n g experimental data 
i s t h a t the Callen and Callen s i n g l e - i o n anisotropy model 
describes the values w e l l , and i n p a r t i c u l a r the 
s i n g l e - i o n r e s u l t f o r the composition dependence of 
i s obeyed c o n v i n c i n g l y . a f t e r account i s made of the 
c/a v a r i a t i o n * 

The success of the present i n v e s t i g a t i o n has been 
l i m i t e d by the low f i e l d s a v a i l a b l e e x p e r i m e n t a l l y , which 
have r e s u l t e d i n excessive e x t r a p o l a t i o n s of the data 
w i t h respect t o f i e l d and a c a l c u l a t i o n of i n which, t o 
f i r s t order, was neglected* Comparison between present 

values and those reported elsewhere on less pure 
m a t e r i a l s are, however, good, and suggest minimal 
dependence on i m p u r i t y concentrations of the kind observed 
i n gadolinium* The unpublished work of Corner on samples of 
equal p u r i t y t o those used here, also from the Centre f o r 
M a t e r i a l s Science, Birmingham, gives value's which 
•are c o n s i s t e n t w i t h those reported elsewhere, 
c o n f i r m i n g t h a t a n e g l i g i b l e p u r i t y dependence i n the 
anisotropy i s observed i n these a l l o y s over the p u r i t y range 
of m a t e r i a l s i n v e s t i g a t e d i n the past* 



8.8 Conclusion 

The magnetocrystalline anisotropy constants of several 
terbium/gadolinium a l l o y s have been measured. These are 
c o n s i s t e n t , w i t h the exception of the values at high 
terbium c o n c e n t r a t i o n s , w i t h e x i s t i n g data, and suggest both 
i n the temperature p r o f i l e s and composition dependences t h a t 
tha anomalously high anisotropy of terbium i s of s i n g l e — i o n 
o r i g i n . This i s i n d i c a t e d most c l e a r l y by the 
measurements. 

I n the small area of disagreement between the c u r r e n t 
r e s u l t s and those of ot h e r s , the e r r o r s seem l i k e l y t o be 
the consequence of the low f i e l d s provided by the 
conventional electromagnet used i n the present i n v e s t i g a t i o n . 

There i s no evidence t h a t the improved p u r i t y of the 
ma t e r i a l s used i n the present work over those used by others 
has a f f e c t e d the anisotropy values f o r the a l l o y s . 



APPENDIX A i RELATION BETWEEN THE 
ANISOTROPY CONSTANTS AND COEFFICIENTS 

T h e o r e t i c a l models f o r the magnetocrystalline 
anisotropy commonly employ an expression f o r the energy 
which involves s p h e r i c a l harmonics; 

EkA = XZ 2Z (Km)» Y m ( S , f ) . . . ( A . l ) 
K L=0 m=-L 

where the Y^(8,jfl) are the s p h e r i c a l harmonics; 

Ym(B,0) - ( - l ) m / % ^ | ^ | } f P m(Cos8).Exp(ii,m|^) ..(A.2) 

and P™(x) are associated Legendre polynomials; 

m (2L-2m)l . -

and (K™) 1 are the anisotropy constants, o f t e n c a l l e d 
c o e f f i c i e n t s t o d i s t i n g u i s h them from the phenomenological 
parameters of equation 2.2. The s p h e r i c a l harmonic 
expression i s o f t e n s i m p l i f i e d t o an expression i n v o l v i n g 
only the Legendre polynomials; the hexagonal s i m p l i f i c a t i o n he 
already been given i n chapter 2 (eqn. 2.5) where; 

0 L ( x ) - I I Pf(*> ...<*.•) m=—L 
The r e l a t i o n s h i p between the anisotropy constants of 
equation 2.2 and the c o e f f i c i e n t s of equation 2.5 can be 
derived e a s i l y from the appropriate expansions f o r the terms 
i n the two energy expressions. The d e r i v a t i o n i s as f o l l o w s : 

The f i r s t three Legendre polynomials o c c u r r i n g i n 
equation 2.5 can be expanded e x p l i c i t l y ; 

P 2(Cos8) = 1/4 (1+3COS2B) ...(A.5) 



P 4(CosB) * 1/64 (9+20Cos28+35Cos48) •••(A.6) 

P g(Cos8) = 1/512 (50+105Cos28+126Cos48+231Cos6B) ..(A.7) 

These can then be converted t o expressions i n v o l v i n g powers 
of the sines using the r e l a t i o n s ; 

Cos28 - l-2Sin 2B ...(A.8) 

Cos4B = l-8Sin 28+8Sin 48 ...(A.9) 

Cos68 m l-18Sin 2B+48Sin 4B-32Sin 68 •••(A.10) 

g i v i n g ; 

P 2(CosB) ** 1-3/2 Sin 2B 

P 4(CosB) » l-5Sin 2B+35/8 S i n 4 8 

P B(Cos8) m 1-21/2 Sin 2B+189/8 Sin 48-231/1B Sin 6B ..(A.11) 

The desired r e l a t i o n s are then obtained by comparing 
c o e f f i c i e n t s i n the above expressions w i t h those of equation 
2.2, g i v i n g ; 

K x * -3/2 K° - 5K° -21/2 K° - ... ...(A.12) 

K 2 » 35/8 K° + 189/8 Kg + ... ...(A.13) 

K 3 m -231/16 K° - ... ...(A.14) 

= Kg + ... ...(A.15) 

and correspondingly; 

K° - -2/3 K A - 16/21 K 2 - 176/231 K 3 - ... ...(A.16) 

K° = 8/32 K 2 + 144/385 K 3 + ... ...(A.17) 



K° = -16/231 K 3 - ... 

6 
KB " K 4 + 

305 

...(A.18) 

...(A.19) 
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APPENDIX B : SINGLE-ION CALCULATIONS 
OF THE COBALT ANISOTROPY AFTER SZPUWAH 

This appendix i s the pr e c i s of a paper w r i t t e n 
by Dr. B. Szpunar which i s awaiting p u b l i c a t i o n . 

The Temperature Dependence of the Anisotropy Constants of 
Cobalt 

I n the proposed model the s i n g l e - i o n model i s assumed 
t o be dominant i n c o b a l t . 

A s i m i l a r model was proposed pr e v i o u s l y by Szpunar and 
Lindgard (1979) as an explanation f o r the high anisotropy of 
the YCog compounds. I t has been found t h a t the c r y s t a l 
f i e l d parameters depend on the l a t t i c e parameters t o an 
extent which accounts f o r the f a c t t h a t the anisotropy of 
YCOg i s about ten times t h a t of c o b a l t . The quasispin model 
was used f o r the d e s c r i p t i o n of the exchange i n t e r a c t i o n . 
( L i u , 1976). I t i s however unclear what numbers t o take f o r 
the spin and o r b i t a l moment f o r c o b a l t ; the magnetisation 
temperature dependence i s close t o the B r i l l o u i n f u n c t i o n 
suggesting J « I n the ground s t a t e the t o t a l spin 
quantum number of seven d-electrons i n the cobalt (2+) i o n 
i s 4.5. I n the c r y s t a l the o r b i t a l moment i s almost 
quenched and the t o t a l magnetic moment on the atom i s 1.7 g. 
L i u assumed f o r the quasispin of coba l t the value equals 
one. 

Lindgard and Danielsen (1975) have given the r e l a t i o n s h i p s 
between anisotropy constants ( f o r equation 2.2 of t h i s t h e s i s ) 
and the c r y s t a l f i e l d parameters, B.m; 



» -3/2 B°(<0°>-<o|»-SB°«0°>-3<o2>)-2l/2 B°(<og>-S<o|» 
. . . ( B . l ) 

K 2 - 35/8 B°«0°>-4<oJ>+<oJ»+63/8 B°(3<0°>-20<Og>+S<o£>) 
...(B.2) 

K3 = -231/16 B°(<0°>-15/2 <Q^>+3<0^>-l/2 <QJ> ) 

K 4 - 1/16 Bg(<Qg>-15/2 <Qg7+3<0*>-1/2 <•[!>) 

. . . (B.3) 

. . . (B.4) 

where <Q™> i s the temperature average of the Stevens 
operators 0 m. For t o t a l angular momentum quantum number 

2 0 
equal t o one, only 0^ and are non-zero and K^t K-j and 
are also t h e r e f o r e zero. I f any i n f o r m a t i o n i s desired on 
the higher anisotropy constants, the highest t o t a l angular 
momentum quantum number must be assumed* This means t h a t 
many more p r o j e c t i o n s on the q u a n t i s a t i o n axis are allowed; 
i n the l i m i t o b t a i n i n g the c l a s s i c a l s i t u a t i o n where 
thermal f l u c t u a t i o n s may change the spin d i r e c t i o n s 
a r b i t r a r i l y . I n t h i s work the assumption i s made t h a t J 
f o r cobalt i s equal t o the ground s t a t e value. 

An e f f e c t i v e f a c t o r f o r o b t a i n i n g the macroscopic 
moment c o r r e c t l y can be introduced. For the c l a s s i c a l l i m i t 
t he temperature dependence of the Stevens operators i s ; 

<0m> * c ( m ( T ) ) L ( L + l ) / 2 ...(B.5) 

where m(T) i s the reduced magnetisation. From the 
experimental curves of magnetisation as a f u n c t i o n of 
temperature, and the above equations, the temperature 



dependence of the anisotropy constants could be p r e d i c t e d . 
From the preceding formulae, one simple r e l a t i o n s h i p i s ; 

K 3/K 4 = -231/16 B°/l/l6 B| = -231B°/B[! ...(B.6) 

The r e l a t i o n s h i p between the temperature and the 
anisotropy constants f o r cobalt can be explained from the 
equations given by Dixon (1972) f o r the dependence of the 
c r y s t a l f i e l d parameters on the c/a l a t t i c e parameter r a t i o ; 

B° (1.633 - c/a) ...(8.7) 

B° r3= (0.1127 - (0.752(1.633 - c / a ) ) ) ...(B.8) 

B° dfa (0.260 - (0.369(1.633 - c / a ) ) ) ...(B.9) 

Bg -(2.52 - (0.815(1.633 - c / a ) ) ) ..(B.10) 

Even very small changes i n the l a t t i c e parameter r a t i o of 
c o b a l t have a big i n f l u e n c e on the anisotropy constants. 
A simple s u b s t i t u t i o n of equations B.7 t o B.10 i n t o the 
e a r l i e r expressions f o r the anisotropy constants allowed, 
given a temperature dependence of the Stevens operators 
i n the form of equation B.5, r e l a t i o n s h i p s t o be established 
between c/a r a t i o s and the anisotropy constants. Using these 
r e l a t i o n s h i p s , given the temperature dependence of the c/a 
r a t i o , the temperature p r o f i l e s of the anisotropy constants 
could be c a l c u l a t e d i n d e t a i l . However a more accurate 
knowledge of the c/a r a t i o of c o b a l t i s needed before t h i s 
can be meaningful. C a l c u l a t i o n s of the c/a dependence 
from given anisotropy values show reasonable consistency 
w i t h a v a i l a b l e experimental data f o r c/a values. This i s 
i n a c a l c u l a t i o n which begins w i t h two s e l f - c o n s i s t e n t 



temperature p r o f i l e s , f o r the f i r s t two anisotropy constants, 
t h a t f i t the experimental temperature p l o t s f o r and « 2 

t o the best possible accuracy. (These p r o f i l e s are given i n 
f i g u r e s 7.29 and 7.30 and the deduced c/a dependence i s 
given i n f i g u r e 7.31 of t h i s t h e s i s . ) The derived values 
of the K-j and constants i n t h i s scheme are not however 
c o n s i s t e n t w i t h the measured values of K-j and K^, i n 
p a r t i c u l a r the p r e d i c t e d r a t i o between K 3 and of equation 
B.6 i s not obeyed. 

I n conclusion, the c a l c u l a t i o n s f o r and Kg f o r 
c o b a l t which have been made here f o r a s i n g l e - i o n model, 
t a k i n g i n t o account the changing c/a r a t i o w i t h respect t o 
temperature, are i n agreement w i t h experimental data given 
the u n c e r t a i n t y i n present c/a measurements. However the 
temperature dependence of the higher constants cannot be 
explained, but these, i t must be n o t i c e d , are very small 
anyway• 
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APPENDIX C .:. TORQUE CURVES FOR 
MATERIALS WITH UNIAXIAL CRYSTAL 
ANISOTROPY •* UNSATURATED CASE 

As an example of the phase theory treatment of torques 
generated by an unsaturated ferromagnetic c r y s t a l having 
maginetocrystalline a n i s o t r o p y , the simplest possible case 
w i l l be discussed here. 

A demagnetising f a c t o r can be a t t r i b u t e d t o an e l l i p s o i d 
r epresenting the r a t i o of the. magnetisation t o the 
"demagnetising f i e l d " experienced i n t e r n a l l y by the sample 
due* i n the simple model, t o f r e e magnetic poles on the 
surface of the sample. Taking such a specimen, w i t h a 
u n i a x i a l easy-axis along the d i r e c t i o n of c y l i n d r i c a l 
symmetry, and an anisotropy energy described by a s i n g l e 
constant, K̂ , the t o t a l energy of the specimen i n a magnetic 
f i e l d i s given by; 

E t o t / V " P Kl S i" 2°< + U-P^Sin 2/* . . . ( C . l ) 
-(PBQd*sCos(6-«) - (1-P)B 0O' S COS(6+^))/>J C J 

+ (l/(2;j Q))Do' 2((PSin<x+ ( l - P ) S i n ) B ) 2 + (PCos<*- ( l - P ) C o s ^ ) 2 ) 

where P i s the volume f r a c t i o n of one of the two possible 
domain phases, o( and p are the angles of the magnetisation 
c h a r a c t e r i s t i c of each phase w i t h respect t o the nearest 

B 

EASY (l-P)o-Per s AXIS 

THE DOMAIN PHASES IN A UNIAXIAL CRYSTAL 



easy-axis, 0 i s the demagnetising f a c t o r f o r the e l l i p s o i d 
and 6 i s the angle of the applied f i e l d t o an easy d i r e c t i o n 
i n the specimen. The terms are i l l u s t r a t e d i n f i g u r e C.l. 

The f i r s t l i n e of equation C.l represents the magneto-
c r y s t a l l i n e energy produced by the canting of the two domain 
phases away from the easy-axis, the second l i n e of the 
equation i s simply the Zeeman energy of the net magnetisation 
(o*), t h a t i s the v e c t o r i a l average of the two phases, w i t h 
the applied f i e l d , and the t h i r d l i n e i s the magnetostatic 
s e l f energy of the net magnetisation. Terms which account 
f o r the energy of the domain w a l l s are always r e j e c t e d since 
phase theory does not describe the d e t a i l s of the domain 
s t r u c t u r e . 

The values o f <X, and P which give the e n e r g e t i c a l l y 
most s t a b l e s t a t e can be obtained by s o l v i n g the three 
simultaneous equations t h a t r e s u l t from s e t t i n g each of the 
three p a r t i a l d i f f e r e n t i a l s ^ and - | j t o zero. The 
thre e simultaneous equations are, a f t e r s i m p l i f i c a t i o n ; 

2K,Sin*Cos* £-sSin(6-oc) + -—£(l-.p)sin<(tf+l) = 0 ...(C.2) 
1 TO 

Bn<f Dd 2 

2K.Sin£Cos^ ~5sin(6+>3) +-—s-(l-P)Sin(«+^) = 0 ...(C.3) 
1 fQ ro 

_ _ B |-» d* 
K.(Sin Zc* - S i n > ) 2-£(Cos(6"-oc) + Cos(&+^)) 

1 ro 

+- 7- a(2P-l)(l+Cos(o<+^)) a Q ...(C.4) 
ro 

These solve t o g i v e ; 
I Bno" Sin6 / » 



and; 
BQCos6 

P • V 2 * 2Dtf C P X ...(C6) s 
The torque on the unsaturated sample can be expressed 

r e a d i l y i n terms of the parameters already described; i t i s 
simply the sum of the torques produced by each domain phase 
seperately i n the applied f i e l d ; 

T *. Bnd-s(PSin(6-oc) - (l-P)Sin(6+jB)) ...(C.7) 

which s i m p l i f i e s t o ; 

T « B 0rf s((2P-l)Coso(Sin6 - Sin*Cos6) *..(C8) 

given the e q u a l i t y of ex. andyS. Invoking the e x p l i c i t 
expression f o r oc given i n equation C.5 completes the 
r e d u c t i o n t o y i e l d , f o r c o n d i t i o n s where P<1, t h a t i s i n the 
unsaturated case; 

T - ?gsin26 (1 - ^ „ p r f 2 ) ...(C.8) 
s 

Note t h a t equation C»9 r e f e r s t o the case where only the 
Kj. anisotropy constant i s f i n i t e and, i n c i d e n t a l l y , t h a t the 
shape anisotropy of the e l l i p s o i d i s included as an a d d i t i o n a l 
q u a n t i t y i n t h i s anisotropy* 
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APPENDIX D : A DATA ACQUISITION 
PROGRAM FOR THE NEW MAGNETOMETER 

The f o l l o w i n g program, w r i t t e n i n BASIC, obtains f i v e 
go-point torque curves f o r a 0 t o n i n t e r v a l and c a r r i e s out 
a l l the c o r r e c t i v e processes mentioned i n chapter 6, s e c t i o n 
6.6.2. The angular data i s stored i n the dimensioned 
v a r i a b l e s 1*111(1,D) where I runs from 1 t o 90 and D runs from 
2 t o 6. The, torque data i s stored i n the v a r i a b l e s BA(I,D). 
The program p r i n t s out a l l corrected data along w i t h an 
index number f o r a data p o i n t p a i r and a time at which each 
data p o i n t p a i r was taken. 

4010 REM:INITIALISING INTERFACE 
402© POKEi,0 :PQKE2,148 :AK=1:NK=1sTX=l 
4030 REM:TAKING SAMPLE CHARACTERISTICS 
4040 PR I NT " •UMMflSTTORQUE MAGNETOMETER PROGRAMME " 
4050 PR I NT " SUUHHUftlKISN ITCH PRINTER ON" 
4060 INPUT"Sm!WOLUME OF SAMPLE IN CC";V 
4070 INPUT"l*llfcI1ASS OF SAMPLE IN GRAMS";MA 
4090 INPUT "PRECISE ANGLE OF EASV AXIS < DEGREES > WMfrMWMWHM" ;EA 
4090 EA=EA*tr/180 
4108 REMJDIMENSIONING NECESSARV VARIABLES 
4110 DIMBA<91,5>aDIMTI<90,5>:DIMH<5> 
4128 DIMAS<90,5> :DIMMP<90,5> :DIMC<8> 
4138 DIMA<8,5>:DIMB<8,5>:DIMMQ<90,5> 
4140 DIMT<98>«DIMD<8>:DIMEE<5> 
4150 DIMMU<91,5> «DIMFF<5> sDIMR<8,5> 
4160 DIMF<13> :DIMG<6> :DIMBB<6> 
4178 REM*CALIBRATING POSITION POTENTIOMETER 
4188 F0RN-1T04 
4198 PRINT" J01AGNET TO"< N-1> #60"DEGREES THEN PRESS RETURN" ; 
4200 GETA*:IFA**""GOTO4208 
4210 PR i NT " H I j > i i im w m m r j K •• 
4220 A«=7 
4238 FORI*1TO20 
4248 H < N > =H < N > +USR < 5 > : NEXTI 
4250 H<N>=H<N>/20 
4260 PR INT"StMW A TO D NUMBER 7 READS "H<N> 
4270 NEXTN 
4280 REM:TORQUE CURVE AQUISITION 
4298 E-CH<4>-H<1>>^200 
4300 F0RD=*2T06 
4310 PRINT"3" 
4320 P R I N T " aiMMMMMBllBSET CURRENT TO-NEXT VALUE IF NECESSARV" 
4330 PRINT"aftMM*fcl*l^ET MAGNET TO START" 
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434© AK=*7sIFUSR<5»H<l>GOTG4340 
435© PRINT"3" 
-360 FOR J"31TQ3 
-•379 FORI = 1TO30 
- 380 UU=H< J> + <H<J+l>-H < J> >*1/30 
- 390 A?i«7sR=USR<5> 
- 400 IFR<<LIU-E>THENPRINT"gaaSaiSHaftllU ROTATE MAGNET FORWARD >" 
4410 IFR>CUU-E>THEHPRIHT"aSBIfiBHSBffiB9ai<: ROTATE MAGNET BACKWARD " sG0T0439© 
442© R=USR<5> 
"430 IFR«UU-E>GOTO4420 
-44© IFRXUU+E>GOTO4390 
- 450 A2=7 s MP < I +30* < J-1 > r < D-1 > > *«USR < 5 > 
- 460 AK=6:BA<I+30* < J-1>,< D-1> > =USR<5> 
* 4^0 AK~7;MQ<I+30*<J-l>,<D-i>>«USR<5> 
-480 TKI+30*<J-l>,<D-i>>»TI • 
< 490 PR i NT " ammmmmmmmm" i +30* < J - 1 > 
<500 NEXTIsNEXTJ 
-510 PRINT"r^»fc»»ft»»gMaMM»MlRLL READINGS TAKEN" 
-152© NSXTD 
A me REM 1TORQUE AMPLITUDE CALIBRATION 
-1540 INPUT"aHlWUMAX OPTICAL DEFLECTION"jTM 
455© TM=TM^138.13 
-1560 INPUT > ,eiftttlliS < ,;MS 
457© REMtPROCESSING OF DATA 
-1580 PRINT"3»iii»iiim«fcfflftNALVSIS STARTED" 
4590 REMsCONVERTING POSITION VOLTAGES TO ANGLES IN RADIANS 
4 600 H < 5 >~2*H < 4 >-H< 3> > FORD=1T05 
-J 610 TT=0aX=0:FORK=lTO90 
4 620 MLK K rD>»<MP < K ,D >+MQ < K,D>>/2 
4 IFMU < K D » H < X+2 > GOTO4650 
A©40' MU<K,D>safr#<<MU <K,D>-H<X+1 >>/<H<X+2>-H < X+1> > +X >/3 BNEXTKSG0T04668 
4 ̂ $isr X«X+1 s GOTO4640 
4jf| 0 MU<91 ,D>=tr+MU< 1 ,D> sBA<91 ,D>=BA< 1 ,D> 
4 R E M 8APPLYING TIME CONSTANT CORRECTION 
4686 F*0sA=BA<l,D> 
4690 F0RK=1T089 
4700 U*»EXP< <TKK,D>-TT <K+1 ,D> >/8.6> 
471© P*=P*U+<A-BA<K+1 .-D>>*8.6#<1-U>/'<TI<K+1,D>-TI<K,D>> 
4720 A«BA<K+1J,D> 
473© BA<K+1,D>=BA<K+1,D>-P 
4740 NEXTK 
4750 REMsAPPLYING ELASTIC AFTER EFFECT CORRECTION 
4760 P«0sA=BA<l,D> 
4770 F0RK=1T089 
478© U=€XP< <TI <K,D>-TKK+i ,D> >/53.3> 
479© P=P*U+<A-BA<K+1,D>>*53.3*< 1-U.V<TKK+1,D)-TKK,D)> 
4800 A=BA<K+1,D> 
4810 BACK+1,D>=BA<K+1,D>-P*. 866 
4820 NEXTK 
483© REMsFINDING MAXIMUM AND MINIMUM TORQUE 
4840 CC=8 
48©0 F0RK=2T089 
43)50 2 FBA < K , D > <CCTHEN488© 
4 p » £C=BA<K,D> 8DD<D> = <BA<K-1,D>+BA<K,D>+BA<K+1,D> >/3 
4380 NEXTK 
4M& Qc-0 



4908 F0RK»2T089 
4910 IFBA<K,D»CCTHEN4930 
4920 CC=BA<K,D> :EE<D>=«BA<K-1,D>+BA<K,D>+BA«K+1,D>>/3 . 
4930 NEXTK 
4940 REM SAMPLITUDE AND DISTORTION DETERMINATION 
4950 FORK»2TO90:TT=»TT+BA<K,D>#<MU < K+1, D > ~MU < K-1, D > > / < 2*tr > 
4960 NEXTK 
4970 TT»TT+BA<1,D>*<MU<2,D>-MU <90,D> +tr>/<2*tr> 
4960 G<D+l>=<DD<D>-EE<D>>/2 
4990 FF<D>«TT-<DD<D>+EECD>>/2 
5000 REM:TORQUE OFFSET CORRECTION 
5010 FORK=1TQ90 
5020 BA<K,D>»BA<K,D>-TT 
5030 NEXTK 
5040 REM:DATA PRINT OUT 
5045 GOTO5130 
5050 0PEN1,4 
5060 PRINT*!,"":PRINT#1,"DATA FOR CURVE"D"" 
5070 FORI*1TO90 
5080 PRINT#1, " < " I " ,11" "MU="MU< I ,D> " ,H" ? "BA-"BA< I ,D> " ,11" ; 
5090 PRINT#1, MTI-"TI <I,D>""">" 
5100 NEXTI 
5120 CLOSE1 
5130 NEXTD 

Note t h a t i n t h i s p a r t i c u l a r program, tK% = 7 i s the 

address f o r the p o s i t i o n potentiometer a n a l o g - t o - d i g i t a l 

module, and t h a t AjS « 6 i s the address f o r the magnetometer 

a n a l o g - t o - d i g i t a l module. These address numbers are 

explained i n s e c t i o n 6.6«2« 



APPENDIX E ; THE SAMPLING PROGRAM 
FOR MEASURING THE ELASTIC-AFTER­
EFFECT AND TIME-CONSTANT OF THE 

NE1U MAGNETOMETER 

The f o l l o w i n g program allows a sequence of readings of 
the magnetometer output t o be taken at regul a r i n t e r v a l s 
of 0.059 seconds, corresponding t o the cycle time f o r the 
program on the p a r t i c u l a r microcomputer used (a Commodore 
PET). Readings are converted t o logarithms and p r i n t e d out 
i n the form i l l u s t r a t e d i n t a b l e E . l . The data provided 
by the program when set i n a c t i o n j u s t p r i o r t o an 
instantaneous r e l a x a t i o n of the magnetometer head allowed 
the time-constant and e l a s t i c a f t e r - e f f e c t t o be determined 
(see chapter 6, s e c t i o n 6.6.2). 

1 QPEN1,4»CMD1iLIST 
10 POKE! ,9IPOKE2,148 i f l J i - 1 sTX-1 iN«-l 
28 DIMfi<200> 
22 PRINT"PRESS RETURN FOR TRANSDUCER OUTPUT PREVIEW TO STOP" 
23 fi-TI 
24 IF<TI-A><200GOTO24 
25 PRINTUSR<5> 
26 GETB* 11FB*«""00T025 
30 INPUT"RELAXED OUTPUT"pR 
40 PRINT"PRESS RETURN TO TRIGGER READING SEQUENCE" 
42 GETK* 11FK*»""G0T042 
43 PRINT"OK" 
45 C-TI 
50 FORI-1TO200 
60 A<I>=L0G<ABS<USR<5>+.1-R>> 
70 NEXTI 
75 B-TI 
80 OPEN1,4 
83 PRINT#1,"TRANSDUCER RELAXATION DATA" 
85 FORI«1TO208 
90 PRINT#l,""A<I>j 
100 NEXTI 
105 PRINT#1,""«PRINT#1,"TIME SPREAD-"B-C 
110 CLOSE1 
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The i n f o r m a t i o n of t a b l e E.l i s the a c t u a l data 
p l o t t e d i n f i g u r e 6,15 from which r e s u l t s f o r the 
magnetometer head were d e r i v e d . 
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APPENDIX F ; THE PROGRAM USED 
IN THE COBALT EXPERIMENT 

The f o l l o w i n g program was annexed t o the a c q u i s i t i o n 

program of Appendix D and performed the Fourier a n a l y s i s of 

the corrected data obtained by i t . The program takes 

about 15 minutes t o run on a Commodore PET, produces values 

f o r the f i r s t t h ree anisotropy constants ( u n i a x i a l 

m a t e r i a l s ) and p r i n t s these out on an attached p r i n t e r * 

The program also shows the shear corrected torque curve 

on the video d i s p l a y of the computer. 

5148 REMsSHEAR CORRECTION 
5150 BB<l>=1.618^BB<2> = 1.618BBB<3>=«1.618jBB<4> = 1.618sBB<5>»1.618 
5168 F0RJ=1T05 
517Q PP«TM*1000^<Mfl*MS*BB<J>*GC5> > 
5188 FORN-1TO90 
5190 LL«PP*BACN,J> 
5200 RS<N,J>-MU<N,J>+flTN<LL^<<flBS<l-LLt2>>t.5>> 
5218 NEXTN:NEXTJ 
5220 REM:FOURIER ANALVSIS 
5230 FORN=1T05 : FORI = 1T08 
5240 A<I,N>=0*B<I,N>=0 
525© A<I,N>=<AS<1,N> - AS < 89 , N > +ir > #BA < 98 , N > #COS < 2* I * AS <90,N> > 
5260 B<I,N>=<AS<1,N>-AS<89,N> +ir>*BA<98,N>#SIN<2*I*AS<90,N>> 
5270 A< I ,N>»A< I ,N> + <AS<2,N>-AS<90,N>+ir>*BA< 1 ,N>*C0S<2*I*AS< 1 ,N> > 
5288 B<I,N>»B<I,N> + <AS<2,N>-AS<90,N>+fr>*BA< 1 ,N>*SIN<2#I*AS< 1 ,N>> 
5290 F0RJ*2T089 
5300 A< I , N >=»R< I ,N> + <AS< J+1,N> -AS< J-1,N> >*BA<J,N>*COS<2*1 *AS< J,N> > 
5310 B<I,N>=B<I,N>+<AS<J+i,N>-AS<J-l,N> >*BA<J,N>*SIN<2*I*AS<J,N>> 
5320 NEXTJ 
5330 A<I,N>=A<I,N)/irsB<I,N>=B<I,N>^ir 
5340 NEXTI 
5350 NEXTN 
5360 REM:FINDING IN-PHASE AND OUT-OF-PHASE HARMONICS 
5370 F0RN=1T08 
5388 D<N>=© 
5398 C<N>=© 
5400 F0RJ=1T05 
5418 R<N,J>=A<N,J>#SIN<EA*2*N>-B<N,J>*COS<EA*2*N> 
5420 D<N>=D<N>+R<N,J>/5 
5430 C<N>=C<N>+<A<N,J>*<C0S<EA*2*N)>+B<N,J>*<SIN<EA#2*N>>>/'5 
5440 NEXTJ aNEXTN 
5450 REM 8ERROR ANALYSIS 
5460 LS«0 
5470 SL»1 
5488 IFABS<D<2>»ABS<D<1>>THENSL=2 



§W& F0RQ=1T05 
• M FORN=1TO90 
W t d F0RJ=1T03 

QR»QR-<D<J>*SIN<2*J*<RS<N,Q>-Eft>>-C<J>*C0S<2*J#<flS<N,Q>-Efi>>>*R<SL,Q>/'DCSl 

§530 NEXTJ 
§543 LS»LS+<QR-Bft<N,Q>>t2 
5350 QR=0 
Sf56J@ NEXTN 
5370 PRINT'TS-'^LSsNEXTQ 
5580 PRINT"LS-"LS"FOR MS«"MS"EMU/G" 
5590 REM SPRINT OUT OF RESULTS 
5S00 0PEN1,4 
5S10 PRINT#1,"" 
5S20 F0RJ-1T08 
5S38 PRINT#lJ."0<,,J',>«aD<J>*TM/'G<5>j" C<"J">»"€<J>*TM/G<5> 
5S48 NEXTJ 
5S50 FORI=1T08:FORJ=1T05 
5S€0 PRINT#i,"R<"I" r"J">»"R<I,J>f"IP<"I","J"> = "A<I,J>f" B<"I","J">-"B<I,J> 
5S-70 NEKTJsNEXTl 
5580 F0RI=1TQ5 
9 S9@ PRINT*i,"0<"1+1">="G<1+1> 
5 ?0@ NgXTI 
Si>10 K1»-TM*<D<1>+2*D<2>+3*D<3>>/<V*G<5>> 
3 MB K2«TM*<2#D<2>+8*D<3>>/<V#G<5>> 
5 f30 K3=-TM*16*D <3 >/<3*V*G<5> > 
5PRINT#1,"K1-"t-K1#1000000"J^Mt3" 
5 ?S& PRINT*1," K2=";-K2*1000000"J/Mt3" 

PRINT#1,"K3 *";-K3*l080000"J/Mt3" 
5 r m PRINT#1," MS="jMS "EMU/G" 
5 f80 PRINT#1,"LS=";LS 
5^90 CLOSE1 
5 300 REM»GRAPHICAL DISPLAV 
5 310 PRINT"FOR DISPLAV OF CORRECTED CURVE PRESS RETURN" 
5 320 GETR* sIFR*«""G0T05828 
5 330 PRINT"PLEASE WAIT 10 SECONDS" 
5348 F0RL-1T039 
5 350 NK»<L*ir/39>-EA 
5360 AS<L,1CD<1>*SINC2*NK>+0<2>#SIN<4*NK>+D<3>*SIN<6*NK>>/<1.2*<D<1>+D<2>>> 
3370 T<L>=INT<10.4+10*AS<L,1>/<1.85>> 
5380 TCL+40>*10.4+10*AS<L,1>/<1.85>-INT<18.4+10*AS<L,1>/<X.85>> 
5S90 NEXTL 
5 5100 PR I NT "3" 
5 £10 F0RI=1T022 
S3f20 PR I NT "-P 
3S$0 NEXT I 

P R I N T " T T n i I I I I I 1 " ; 
§350 F0RJ-1T039 
5 I F J * 1 f H E N P R I N T " 4" ; 
5 i ^ 0 PRINT"-"; 
5?88 NEXTJ 
5?9S PRINT"«iMIMmm^^ « 
6 300 F0RJ-1T039 
6i310 FORI=0TOT<J> 
Sp2Q PRINT"3"; 

NEXT I 
I F I NT < 8*T < J+40 > > =»0THENPR I NT " ; s G0T0612© 
IFINT < 8*T < J+40 > >-1THENPRINT"_";:G0T06120 
IFINT < S*T <J+40 > >-2THENPRINT"-";»G0T06128 
IFINT < 8*T < J+40 > >-3THENPRINT" -" ;sG0T06128 

6080 IFINT<8*T<J+40>>=4THENPRINT"-";aGOTO6120 

€ 9m 



6090 I F I N T ^ r T O ^ O ^ S T H E N P R I N T " - " j :GOTO6120 
6100 IFi:NT<8*f<J+40>>«6THENPRINT"-"> SG0T06128 
6110 IFINT<8*T<J+40>>=?THENPRINT,,"-,,^ 8G0T06128 
6120 FORI*0TOT<J> 
6130 PR I NT "IB" > 
6140 NEXTI 
6150 NEXTJ 
6160 GETK*siFK*« M , ,GOTO6160 
6170 REMsALTERNATIVE FOURIER ANALVSIS 
6190 FORN=1T05IFORI-1T08 
6190 A<I,N>=0iB<I,N>*0 
62O0 A<I,N>*BA<90>N>*<SIN<2*I*<AS<l^N>+tr>>-SINC2*I*AS<89,N>>> 
6210 B< I ,N>=BAC90,N>*<COS<2*I*< AS< 1 ,N>+ir> >-C0S<2*I*AS<89,N> > > 
6220 A< I ,N>*A< I>N>+BA< 1 ,N>*<SIN<2*I*<AS<2,N>+ir> >-SIN<2*I*AS<90,N> > > 
6230 B<I,N>*B<I,N>+BA<1,N>#<C0S<2*I*<AS<2,N>-Hr>>-COS<2*I*AS<90,N>>? 
6240 F0RJ-2T089 
6258 A<I,N>=A<I,N>+BA<J,N>*<SIN<2*I*AS<J+i,N> >-SIN<2*I*AS<J-i,N> > > 
6260 B<I,N>=B<I,N>+BA<J,N>*<C0S<2*I*AS<J+1,N>>-C0S<2*I*ASCJ-1,N>>> 
6270 NEXTJ 
6280 A< I,N>*A<I,N>/<I*tr*2> sB< I ,N>=-B< I ,NV<I#fir*2> 
6290 NEXTI 
6300 NEXTN 
6310 GOTO5360 



APPENDIX G ; THE COBALT DATA 

The f o l l o w i n g t a b l e s are a comp i l a t i o n of the cob a l t 
anisotropy data derived i n the present work. The Fourier 
c o e f f i c i e n t s of the torque curves are also given; expressed 
as an energy per u n i t volume* I n t e r p o l a t e d values f o r the 
magnetisation are given (from the data of Myers and 
Sucksmith, 1951} and the number N r e f e r s t o the number of 
experimental runs of the magnetometer, i n which on each 
occasion f i v e separate torque curves were taken, which were 
c a r r i e d out t o derive the given a n i s o t r o p i c s . Magnetisation 
values are not given w i t h the basal-plane data s i n c e , f o r these 
no shear c o r r e c t i o n was r e q u i r e d and1 d*_ values were t h e r e f o r e 
i r r e l e v a n t . 

ANISOTROPY DATA FOR COBALT SAMPLE No4 

TEMP 
(K) 

N D 
( J / M 3 ) ( J / M s ) 

85-5 1 a o i o 120 50 
Ih- 1 I 2 2 I O 
«*lt--5 ( 2.OSL0 l20«(O 
H 7 1 1170 I i s /O 
11*5 I 1*160 I > 7M-0 
tfco 1 H 3 0 1 1 56Q 
1*3 | I f IO 10*70 
I«I2 ( l ? o o IO« IO 
ZOfe I 1730 I O 3 GO 
225 1 1 6 1 0 9 7 OO 
2.31 1 S 220 
2.55-5 1 |3«lO 
27 1 1 7 3 9 0 

| I I 3 0 6 9 0 3 
6 q<»5 5 S 7 o 

3oq 1 S * 7 5 3 2o 
32«f 1 7 2 5 V3SO 
337 1 5 7 9 34-70 
3^fo 1 56« 3/f I© 
3-56 ( 27 5-0 
36? ( 3 6 * 2X1 O 
38*1 f "5 13 \ 9*0 
313 1 2-87 1 720 
<*OS 1 I «3* V 1 3 0 
*-<7 I i 3 9 * 3 0 

TABLE Q-1 



ANISOTROPY DATA FOR COBALT SAMPLE No1 

TABLE G-2 

322 

TEMP 

(K) 
N 

EMUG) 

A 
( j / M 5 ) 

B 
( J /M s ) 

c 
(J /M 3 ) 

Ki 
( J / M ' ) ( J / M s ) 

K, 
( J /M ' ) 

qo 6 i&a-so qomoo -31700 935000 79500 -10000 
I -anxoo -300 935000 60900 - l too l IS i 16Z-M «B«? lOO «-3oqoo -IOO 92&OOC 6 2 600 - SOO 

ixs i 1 *2-31 9R3SOO -3S100 - 4-OQO 911OOO (0X700 -xi 500 I3S I I61-3U tfqonoo "3U.OOO -3100 «V3000 S3700 -I7IOO 
no t 161-31 970300 -33*rOO -1900 ^SSOO -15 IOO 
t6S i 161-26 962300 -36|00 -3000 79/IOOO S6VOO -16 IOO 

I62X6 967500 -3SOOO -2500 792000 °l«200 -I3SOO 
u i x i 9?(*-330O -3SSOO - a s o o 7S7000 S«TOO "13200 
16X15 «> 35*^00 -H-1500 753> OOO 92900 100 

IBEE1 1(113 «*xs too -49^00 - »»-)oo 7XXOOO IX36SOO -•X|0|OO 
16113 S23700 -ih«*"300 -0.000 7 an OOO lO^qoo - loqoo 

1H \ i icx-oq 906BOO -1ROO 70«\000 111 <*oo - IS 1+00 
— 161-07 7«3300 - x o o o 69IOOO 11 xooo -lOtrOO 

; 133 l 162-06/ 7*1 OOO - 1 «300 69SOOO 103500 -*ooo 
i »6X©2 76^600 - V7i#.0© -1.6.00 667000 115500 -|3«JOO 

5l¥V. I 16101 760300 ~**-TX©0 -3000 6S7ooo MfllOO -isqoo 
itfi- 16»*1 7S1700 - i*3900 - 1700 65SOOO IOSIOO -9000 
2SS i I6I-T7 7as«»oo - w o o o -1600 61VOOO IX<3 IOO ~il*IOO 

it 

' 162 1 16>«*5 7Xi aoo -SOttOO - 3SOO 010000 1a?3oo -I9SOO 

it 
l k « J 1 161 6S«lXOO "S0600 -lOOO 5S*XOOO 117 200 'lOfOO 

it 
XB«1 1 1*1-96 6S7000 -3X600 -xsoo 5«t3O00 ia«>9oo - 1 5 7 0 0 

it IO 16193 6M-3600 \oo 539QOO -13100 it 

X I 7 I V 61-90 633000 17 O O 530000 1 l 1 GOO -«ixoo 
SO«| I 161-63 605500 -««.qzoo -1700 50X000 l u 900 

I 161-51 5«?2«300 *- V* IOO --Z.I4-00 <h77000 117600 - \ moo 
IfciAJ l 161* 1*3. SŜ ItOO ~ ¥«SOO • i S o o V5SOOO 116900 "13100 
T1337 | 1 16126. 527700 -if«V700 USX.OOOO 1x 1700 -li**oo 
IfTTJ i !60-q» «t-7i qoo - lf.9300 - i AtOO SIIOOO lOfflOO -7700 
3 7 a i V607S -XlOO 3 I S OOO 109600 -1ICJOO 

l ! 160-75 <fls*oo - l*V900 - n o o 3XSOOO lOqSOO "S300 
i 3*7500 "46700 -XtfOO 2^1000 1 I7.300 _ 12. too i 160-ttt. 37S700 -VTIOO - 1 «oo 276000 (09900 -17 OO 

I 160-33 -VfeVio© 'lOOO •2.39000 ) 0 q 3 0 0 i -1 OiHDO 
i 160-21 3X*3SOO -<flTOO - 3000 ITS I OOO i09 70O -16XOO 
( I5«i«% i«*«Vioo "if-S^OO - 1 noo XOtt-OOO /ot+100 , - W o o 

•43 1 ISS99 - 1+5500 -1 l^-gaoo lOlqOO - 7 3 OO 
i XSl €00 -IflfSOo - 14-00 IS^ O O O 1009*00 - 7 7 0 0 
1 2X2600 ' W700 - |fOO 130000 roi <hOo 

it* i i«*6l©o ^k-a-700 - i 3 0 0 IO7000 -69/©© 
1*69 1 172500 - Lf 1900 -150© 9V300 ^ 5 9 0 0 -9IOO 

. f 159-75 16,9600 -tflXOO - 1 7 0 0 S<H 100 q 9 o o o -S IOO 
i 159-56 1*2 1300 - ̂-Ot̂ OO - 1200 36SOO qOU-OO - 6«+00 

- i IS9-V3 JOSH OO -3°ISOO - t x o o 135 0 0 9 9 7 0 0 - 6 5 0 0 
SOS z 159-23 eexoo - 4-0 ICO - MOO 4-SOO - 6 | O © 
BiO 1 150-09 "7I°»00 -37200 -1000 - 6d-00 92<tOO ~ 5<tOO 
5ZO 1 157-96 S * H O © -36700 - 1 1 0 0 -xasoo 9 3 6 0 0 -6ifOO 

1 IS7-69 X6500 -37tOO - 1600 -9600 
1 157-6/7 S"SOO -36,300 - 1 xoo -fe\6«00 - 6SOO 
1 157-15 -*i0600 0 -«o3oo 6S700 O 

i»7 1 )S703 -367©© *57SOO •* SCO -IOHOOO 6 7 ^ 0 0 * 1^700 
1 1567*- -4**t-oo - 30600 + ^oo -lovooo 5A-300 *it-GOO 
/ 136-iH -60400 ~30 1OO + i s o -110000 59*100 ••©OO 

^< ( I5607 -77600 - 100 -fSSOOO 57SOO - w o 1 l«5'««f - qt+eoo -0.9300 - 5 0 0 -195000 6aROO - i s 0 0 1 19571 -103*900 - a « 3 o o -900 -16.3000 S3ifOO goo 
•* 

t 
1 155-W - lOTJOO - 2 7 7 0 0 - «\oo - 1 6.SOOO 6ZXOO - ^ c o o •* 

t i fS5-3» -11 <tioo - 1 2 0 0 -f79/000 6 5*3 0 0 - fe«*00 



AfflSOTROPY DATA FOR COBALT SAMPLES N62 AND No3 
it 

— — - - — — •• - • - • 

i 

MP 

0 
N 

(EMU/G) 

A 
( J / M J ) 

B 
(J /M 3 ) 

c 
( J / M s ) 

K, 
( J / M M 

K a 

( J /M 3 ) 
K3 

(J /M*) 
L •* -36-900 -2.900 9 0 9 0 0 0 ss°ioo . -1 4-*IOO 
H 997OOO -376,00 - 1 9 0 0 906OOO 9*1600 -9600 

D E I U I62?63 97SOOO - 4.000 79SOOO 1 10 5 0 0 - x i s o o 
a 1 ̂X-TSTT 99 2.000 - U-X700 * 6soo 7«l4-OoO <louoo - 3 4-00 
mm I6a*5 9 7 0 0 0 D -3S900 -3900 77<IOOO 1IOOOO - 20 300 

USE 1 9 6 9 0 0 0 - M«*oo - \ TOO 77HOOP q i ? o o - T i o o 
tmm ica-at 9S6OO0 - t o f l o o - 1*300 76-2000 \ I6000 -aa700 

i * 162-24 9*1-3000 -M-«1300 -2000 -73900O 114.000 -10500 
11331 i [62-23 944000 -IfOSOO -590© 74-6000 127000 -31000 
ma* i i 16215 92.6000 - 4-BOOO "3( OO 7 2 7 0 0 0 1 1SOOO -|6SOO 

[ t 
I M L 1 

t l ^OOO "44-&00 -fc-OOO 729000 i a i 000 -210,00 
I M L 1 9 n o o o -4-1100 -3SOO 7 2 7 0 0 0 110000 -i9i#-oo 

d [ i 912.000 ~ 54-00 "717000 12.1000 -29700 
900000 - w q o o - a too 702000 loqooo - 1 1 lOO 

mm i 1&206 77GOOO - H 7 0 0 - I f lOO 6 7 0 0 0 0 10,7000 -2ZIOO 
i i t a os 7 9 0 0 0 0 -4-5 WO -V7oo 6VT50OO lOflOOO -2S2.00 

ESUrl ' 162-04- "773000 "4-9200 -2.000 67 IOOO I l l O O O -1 06OO 
E5S1 162-04- 76flOO£> - 4-6.&00 -3500 66 4-000 1 22.000 " I f l l O O 

i 161S7 732000 -IfSTOO -S loo 6 17OOO I 4-0000 -XTSOO 
E353 7 ISOOO -4V9500 -1*300 6OSOOO \ 31000 

\6IH2 6 9 6 0 0 0 -S32.00 - "lOO 5 9 7000 t V I+-000 - SOOO 
i 161-Ro 6 93 0 0 0 - 5oe»oo -2.700 574-000 \ 2 . 3 0 0 0 - J 4-feOO 

E S S i i6i-9s 6 73O00 -52SOO - 4.000 5 5 6 0 0 0 13 7 0 0 0 -2.1400 
E S i l i iM96 - if 1.00 5U-3000 l l fOOOO - ZZ4-00 
E S S ! 6 i6i«o - "t«!500 -3700 S i q o o o 119000 -1 ̂  t o o 
a 

« 

a 

i 

, SAI 
1 1 

MPLE 
L_ J 

No 3 
— s ;AMPLE 1 ̂6 2 • 

9 9 6 0 0 0 -2 \MOO -7SOO 910000 114-000 
99XOOO - m o o 901000 M30OO - 3 S I 0 0 

i6 1 \62-47 97«*OGO -Z9900 - -TO OO 901 OOO 113000 - 3 7 2 0 0 
1 >62W, 977 O OO -•50700 ~ 5 7 0 0 7H1000 IO7O0O -30 4 0 0 
1 162-3B 97e>000 - 3 2 9 0 0 - 3 7 O 0 -7990OO VI 1000 -30fe00 

I 1 1 i&*3i 9 6 0 0 0 0 - 5«*-°|00 - WOO -779000 .103000 - 1 2 1 0 0 
{ 162-29 956,000 -S5000 - 5 2 0 0 7 7 0 0 0 0 U2.000 -2.7 7 0 0 
1 162-16 -372.00 -3^00 -760000 106000 -Z JOCO 

r i J 1 16X24 9 V 3 0 0 0 - 1 9 3 0 0 - 7 0 0 0 772000 q 6 i o o -2.6,4.00 
•i< iS ( 167.15 92.1OOO - 43 00 72<fOOO J13000 -r2*Z70O 
H iS 1 ICX-IO 7^000 - 4.37*00 - 20 00 "7 Ol 000 V04-000 - I 0 9 0 0 
17 1 i62-o«i 111 ©OO - W o o ~3*t©0 6S2000 1 I 6OOO -192. OO 

ft 54. 1 162-04 763000 - W l O O - 1 T 00 665O00 107000 -10000 
'la 1 IfclOl 750000 - W O O -1700 «4-9000 1 15 COO -14-300 
w f 722. OOO - fcAHOO - fe.lf.00 61^000 105000 -X34-00 
jfljjl 1 161 95 •70ROOO -Soooo - 1 100 6O6COO to?ooo - 5 6 0 0 jfljjl 

I 161 •<» 61 7 0 0 0 - 3 0 « f O 0 — 2 5 0 0 59<ROOO l a i o o o - 1 33oO 

3s 
1 161-9* 67*1000 - 51 3 0 0 - 7.000 570000 1 I^OOO - 1 0 7 0 0 

3s 1̂ ' 6 I6| •SO 6I50QO -51SOO - 100 5IOOOO I O G O O O - 5 0 0 

TABLE G-3 

file:///6IH2
file:///62-47
http://fe.lf.00


APPENDIX H : THE KACNETOSTRICTIt/E 
CONTRIBUTION TO THE MEASUREMENTS 
OF THE ANISOTROPY OF COBALT 

The f o l l o w i n g d e r i v a t i o n i s given by Takahashi et a l . 
(1978). 

The magnetoelastic c o n t r i b u t i o n t o the magneto-
c r y s t a l l i n e anisotropy constants f o r the HCP s t r u c t u r e i s 
given by Birss (1966) and by Brooks and Goodings (1968) f o r 

and K 2; 

AK X = - R 0 ( ( C 1 1 * C 1 2 ) ( A w + X B ) + 2 X c C 1 3 ) - ( R n + R 1 ) ( C 1 3 ( X A + > 8 ) + C 3 3 X c ) 

-1/2 ( - A . - V ^ D ) 2 ^ > - > ( H A ) 

AK 2 = - i/2 c 1 1 ( A A + > | ) - c ] L 2 A F L A B - c 1 3 X C ( A A + A B ) 

-1/2 C 3 3X2 +l/2 C A 4 < - V - V * V 2 

...(H.2) 

where A B » and XQ a r e t h e m a g n e t o s t r i c t i o n constants ( a n 
a l t e r n a t i v e convention t o those of chapter 2, s e c t i o n 2.5). 
The C. . are the e l a s t i c s t i f f n e s s constants and R Q and 
RQ + R̂  are the anomalous thermal expansions perpendicular 
and p a r a l l e l t o the c-axis r e s p e c t i v e l y . The expansion data 
i s n o t, at the present time, a v a i l a b l e f o r c o b a l t . 

The magnetoelastic e f f e c t s i n K 2 can, by i n s p e c t i o n of 
equation H.2, be derived without a knowledge of the thermal 

6 —6 
expansion data. Using X f t « -45*10 , X B « -95x10 , 
X C » 110xl0 ~ B and « -100*10~ 6 from Bozorth (1954), and 

using C n = 3.07x1a 1 1 N/m2, C 1 2 = 1.65K10 1 1 N/m2» 
C 1 3 » 1.03*10 n N/m2. C 3 3 » 3.58X10 1 1 N/m2 and C^ = 0.76*10 i ; L 

N/m2 at 300K from McSkimmin (1955), a c o n t r i b u t i o n t o K 2 of 



3X10 J/m can be demonstrated a t room temperature. At 
BOOK the value i s found t o be ̂  1 .7xl0 3 J/m3 using \ f l a -14 
X10" 6, \ B = -65.3X10" 6, X e = 86X10" 6 and X D = -58.2xl0" B 

from T s u k i j i (1969) and C n = 2.4X10 1 1 N/m2, = 2.4X10'11 

N/m2, C 1 3 * 1.33X10 1 1 N/m2, C 3 3 = 2.5*10 n N/m2 and 
C44 * 0 » 4 5 x l Q N/m from Masumoto et a l . (1967), Thus the 
c o n t r i b u t i o n t o Kg by magnetoelastic e f f e c t s was, at room 
temperature, smaller by a f a c t o r of 100 than the measured 
values of K- and, at 600 K, smaller by a f a c t o r of 10. 
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APPENDIX I ; THE MAGNETOMETER 
PROGRAM USED DURING THE WORK 
ON TERBIUM/GADOLINIUM ALLOYS 

The f o l l o w i n g program was used i n the analysis of 
the terbium/gadolinium a l l o y s . I t i s a longer program than 
t h a t used i n the co b a l t a n a l y s i s but less s o p h i s t i c a t e d i n 
both the method of data c o l l e c t i o n and i n the processing of the 
obtained torque curves (see chapter 6, s e c t i o n 6.6.2). The 
program does, however, allow a choice of c r y s t a l symmetries 
t o be s t u d i e d . One torque curve only i s taken during each 
run . Execution, f o r a 60-point analysis takes about two 
minutes. The ana l y s i s of only was c a r r i e d out using t h i s 
program since the values were derived from a torque 
gradient method (from the X-Y recorder p l o t s ) due t o the 
f a i l u r e of the a v a i l a b l e f i e l d s t o Saturate the high terbium 
samples-over the f u l l angular range of the f i e l d . 

0 REM '• MAGNETOMETER PROGRAMME 
18 POKEl,0:POKE2,14S:RK=l:NK=l:T#=i:REM INITIALISATION FOR INTERFACE 
15 REM:AA IS ANGLE A/D ADDRESS ND..TA IS MAGNETOMETER ADDRESS NO. 
16 flfl=6: Tfl— 1 
28 CO-0'TT-TI'REM ZERO TIMER,ZERO COUNTER 
30 REM:INPUT DATA FOR EXPERIMENT 
40 GOSUB1060 
50 REM:READINGS TAKEN FROM MAGNETOMETER 
€0 GOSUB 2000 
70 REM:TORQUE READINGS MULTIPLIED BV MAGNETOMETER TORQUE FACTOR 
80 REM ANGLES CONVERTED TO RADIANS; SHEARING CORRECTION APPLIED 
90 GOSUB 3000 
100 REM:FOURIER ANALVSIS ROUTINE 
110 GOSUB4000 
120 REM:DISPLAV FOURIER COEFFS. & OTHER IMPORTANT DATA 
130 GOSUB5000 
14© REM:CONVERT FOURIER COEFFS. TO SINE COEEFS. AND PHASE ANGLES 
150 GOSUB6000 
160 REM:RELATE SINE COEFFS. TO ANISOTROPV CONSTANTS 
170 GOSUB7000 
50© PRINT"ANOTHER RUN ? <V OR N>" 
502 GETZ*:IFZ*=,,,,THEN502 
503 IFZ*="N"THEN970 
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505 CO-10 
310 INPUT"WHAT IS HEW FIELD STRENGTH ",B0:PRINT 
520 GOTO50 
570 PRINTr PRINT:PRINT" PROGRAMME ENDS.":PRINT" TIME TAKEN WAS 
58© PRINTINK <TI-TT.V60>; " SECONDS. " :PRINT'PRINT PRINT 
59© END 
!i©00 PRINTM SfTORQUE MAGNETOMETER PRGGRAMMESMHM" 
©01 PRINT"BEFORE ANV FURTHER ACTION, ENSURE THAT WALL UNITS HAVE BEEN"; 
062 PRINT" SWITCHED ON FOR AT MLEAST 5 MINUTES,TO ENSURE THAT THERMAL " 
005 PRINT"M STABILITV IS ATTAINED" 
010 PRINT"MMHWWREDUCE MAG. FIELD TO ZERO SO THAT MAGNETM-OMETER OFFSET MAV"; 
011 PRINT" BE MEASURED." PRINT 
012 PRINT"WHEN READV PRESS RETURN."=PRINT 
013 GETA$:IFfi*-""THEN1013 
814 R'/.-Jfi • FOR I = 1 TO 100: T0=T0+USR <5>- NEXT I 
015 T0=INT<T0/100> 
©16 •*NPUT"WHAT IS SAMPLE SVMMETRV <HEX. OR CUBIO ".:S$:PRINT:IFS*<"H"GOTO1025 
017 PRINT"WHAT IS ORIENTATION OF SAMPLE WRT BASAL":PRINT 
018 INPUT"PLANE <PAR. OR PERP.> ";0*:PRINT 
019 IF0*>"PAX."THENINPUT"WHAT IS VALUE OF PHI ";TH:PRINT 
1|020 GOTO 1030 
025 INPUT"SAMPLE ORIENTATION <IE. 100,110,ETC.> ";CO*:PRINT 
030 K=l•REM:K IS MAGNETOMETER CALIBRATION FACTOR 
035 PRINT"MAG. FIELD MAV BE SWITCHED BACK ON NOW.":PRINT 
04© INPUT"FIELD STRENGTH CTESLA) =";B0:PRINT"" 
055 PRINT"MAGNET MUST BE ROTATED FROM LOW ANGLE TO HIGH ANGLE.":PRINT 
060 PRINT"ROTATE MAGNET TO STARTING POSITION"=PRINT"" 

11070 INPUT"WHAT IS STARTING ANGLE "; P: AJi^AA: A=USRC5> : PRINT 
10S0 PRINT"ROTATE TO FINAL POSITION - >180DEG.ROUND" 
1090 INPUT "WHAT IS FINAL ANGLE " J Q: ATi^AA: B̂ USR C5 > : PRINT 
11092 IFB=ATHENPRINT"STi'OU HAVE NOT ROTATED THE. MAGNET" : GOTO 1055 
100 REM:NEXT FINDS EQNS.FOR CONVERSION OF A/D OUTPUT TO ANGLE <RAD.>. 
11© M=< A-B>*180,'< <P-Q>#ff> = C=A-P*M*ir/180 

1120 DEF FNA<V>=M*V+C "DEF FNB<W>=<W-C>/M 
1130 RETURN 
000 REM:DATA COLLECTION SUBROUTINE 
070 ZZ=0 

3080 IFCO=10THEN2095 
3090 INPUT"NUMBER OF READINGS TO BE TAKEN 'SNÔ BIM AT<NO,2>=DIM ERCNO):PRINT 
092 DIM ET<NO> 
3095 E=<B-A>A10*NO> 
100 FORI-0TONO •• J=ir*I/NO+P*ff/180: ATCI, 1 >=FNA< J> =NEXTI 
110 PRINT"RESET MAGNET TO START POSITION.":PRINT 

2120 PRINT"WHEN READV TO TAKE READINGS PRESS RETURN"- PRINT 
2130 PRINT"THEN ROTATE MAGNET SLOWLV."=PRINT 
135 GEmaFV*=""G0T02135 
136 A»=AA:R*0:F0RI-1TO20:R=R+USR<5>:NEXT 

^137 R«R/20:IFR>AT<:0,l>THENPRINT"*r'OU HAVE NOT RESET THE MAGNET" :G0T02110 
138 PRINT"OK" 

3148 FORI=0TONO 
158 Â =AA:R-USR<5> 
160 iFR<AT<I,l>GOTO2150 
170 IFRXATO, 1>+E>GOTO2210 
180 JM=TA: AT < 1,2 > NJSR < 5 > : PR I NT I : NEXT I 

2185 IFZZ>0GOTO2250 
2%m PRINT"ALL READINGS HAVE BEEN TAKEN.":PRINT 
^200 GOTO2500 
210 ER(ZZ>=I:ZZ=ZZ+1:NEXTI 

3250 FORJ=0TOZZ:ETCJ>*ER<J):NEXTJ 
260 XX=ZZ:2Z=0 
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231© PRINT"SEVERAL OF THE DATA POINTS HAVE BEEN MISSED.":PRINT 
2315 PRINT"POINTS MISSED ARE : - " : FOR I ̂ ©TGXX-1: PR INTET ( I >.: : NEXT I : PR INT 
232© PRINT"RESET MAGNET TO START POSITION.":PRINT 
,2330 PRINT"WHEN READY TO RETAKE THESE READINGS PRESS RETURN. ":PRINT 
2340 GETA$:IFA*="."THEN2340 
2345 PRINT'-OK" 
2?5© FORI=OTOXX-l 
23S0- A?i=AA = R*U$R < 5 > 
2370 IFR<AT<ET<I),I>GOTO2360 
2380 IFR><ATCET<D,1>+E>GOTO240© 
2390 fl?i=TA:AT<ET<I>,2>=USR<:5)'PRINT ET<I>:NEXTI 
2398 IFZZ>0i0TO2250 
1W$ GOTO2410 
2 t o ER<ZZ)«ET<I>:ZZ=ZZ+1:NEXTI 
dm IFZZ>©GOTO2250 
2410 PRINT"ALL READINGS HAVE BEEN TAKEN.":PRINT 
2500 RETURN 
3«I00 REM: DATA CORRECTION SUBROUTINE 
S: @0 FORI=0TONO 
3: I® RT<I,2>=<:AT<I,2>-T0)*K 
3:20 AT<I,1>=FNBCAT<I,l>> 
3; 3 0 NEXT I 
3! 40 RETURN 
4«i00 REM COURIER ANALYSIS ROUTINE 
48(90 IFCO=10THEN4120 
4100 INPUT "ENTER HIGHEST FOURIER COEFF. WANTED "SPRINT 
4110 DIM A<F>=DIM B<F>:DIMC<F>:DIMD<F> 
4120 FORI=0TOFSTEP2 
4130 A<I>=<AT<1,1)-AT<0,1>>*AT<0,2>*COS<I*AT<0,1)> 
414$ B<I>-<AT< 1,1 >-AT<0,1 > >*AT<0,2)*SIN< I#AT<0J. 1 >) 
41 Sift A<I>=A<I>+<AT<NO, 1 )-AT<CNO-l>,1>>*AT<NO,2>*C0S<I*AT<NO, 1 >) 
4110 B<I>-B<I) + <AT<:NO, 1 >-AT< CNO-l>, 1)>*AT<N0,2>#SIN<I*AT<NO, 1J>> 
4170FGRJ=2TO<NO-1> 
4186 faD=A<I>+<AT<CJ+1 >, 1 >-AT<<J-l>, 1 >>*AT<J,2>*C0S<I*AT<J, 1>> 
4)$0 UI >=B< I )+<AT( CJ+l >, 1 )-AT< ( J - l >, 1 > >#AT<Jjt 2>*SIN<I*AT<J, 1) ) 
4*||fiXTJ 
42:1^ A< I >«A< I Vir: B< I )*B< I >/tr 
438$ #B&<TI 
42 30 RETURN 
5«?00 REM:FOURIER COEFFICIENTS DISPLAV 
$im PRINT".! FIELD STRENGTH ",B0:PRINT 
51I0B PR INT " MAGNET I SAT I ON MS:PRINT 
m m PRINT" NUMBER OF READINGS % NO: PRINT 
M m PRINT" FOURIER COEFFICIENTS ARE :-" :PRINT 
M m F0RI=2T0FSTEP2 
I f W A<I)=INTaE4#A<I>>/lE4 

B(I>=INT<1E4*B<I))/1E4 
PRINT" _ A<";I;">=";A<I>, "B<•«; I ; " >="; B<I> 
NEXT I 
RETURN 
REM:CONVERSION T0 SINE COEFFICINETS AND PHASE ANGLES PRINTMMI N FORM Ca>SIN<I*X+D> WE HAVE" : PR I NT 
tiRIs0TOFSTEP2 
C<I>=INT< 1E4*<<A<I>*A<I>+BCI>*B< I > > tfl,5> >/lE4 
TNaA<I)/(B(I>+lE-30> 
fK|>aATN<TN> 

6131 IFTN<0ANDB<I>>0THEND<I)=Da)+ir 

* 
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61:32 IFTN>0ANBB<IK0THEND<I>=B<I>-ir 
6135 D<I>=INT<1E4*D<I)V1E4 
6140 PRINT"C<"I">=,,Ca:>,,,B<,,r'>="D<I> 
61! J0 NEXT I 
6170 RETURN 
7000 REM:CALCULATION QF ANISOTROPV CONSTANTS 
7004 IFCO=10THEN7010 
7005 DIMS<F> 
70 ,0 FORI=0TOFSTEP2 
70J!0 S<I)-C<I> 
70:J0 IFABS<D<I>-D<2>»2.6ANDABS<D<I>-D<2>)<3.8THENS(I)=-S(I) 
7040 NEXTI 
7090 IFS*<MH"THEN7500 
?\m IFO$>,,PAX,,THEN7300 
7200 K4=S<6>/-6 
721© PRINT"K4 ="K4 
7220 GOTO7910 
7300 K1=-SC2>+2*S<4>-3*S<6> 
73i0 K2*2*S<4>-8*S(6> 
73M K3=16*S<6>/3 
7330 PRINT" K1 = "K1 = PR I NT = PR I NT " K2 = "K2: PR I NT: PR I NT " K3+ " PH"*K4 =" K3 
7ft» 60TO7710 
7|S 10 I FC0*O " 100 " THEN7600 
7 3 ; 0 K1*-2*S<4) 
75^0 PRINT"K1 ="K1:PRINT 
75CI© GOTO7710 
76810 IFCOJrO"110"THEN7700 
76:0 K1=-1.6*<S<4>-4*S<2>> 
76i :© K2*25.6*<S<4>-1.5*SC2>> 
76;© PRINT"K1 ="K1:PRINT = PRINT"K2 ="K2:PRINT 
76* 0 GOTO7710 
77«!0 PR INT" SVMMETRV OF AN UNKNOWN TVPE.": PRINT 
77J & PRINT"IF VOU WISH TO SEE THE FOURIER COEFFS.H AGAIN PRESS F . OTHERWISE 
77*©'PRINT" RETURN." PRINT 77; 
77* 0 I F*$="F"THENGOSUB6000 = RETURN 
793 © RETURN 
10G 00 STOP 

REAHV. 

0 6PTA$:IFA*=""THEN7730 



APPENDIX J : DATA FOR THE TERBIUM/ 
GADOLINIUM ALLOYS .WITH PROGRAMS FOR 
THE TEMPERATURE DEPENDENCE ANALYSIS 

Table J . l gives the easy-axis gradients f o r samples of 
the given s p e c i f i c a t i o n f o r a range of temperatures* These 
apply t o the u n i a x i a l torque curves ( t h a t i s , w i t h the 29 
harmonic fundamental)* From these values were c a l c u l a t e d 
the data given i n t a b l e J.2 along w i t h magnetisation 
values derived from Bagguley et a l * (1980 a,b). Table 
J*2 also gives the reduced magnetisations, the inverse 
Langevin f u n c t i o n of the reduced magnetisations and the 
reduced hyperbolic Bessel f u n c t i o n of the inverse Langevin 
f u n c t i o n of the reduced magnetisations* Table J*3 i s the 
i n t e r p o l a t e d data as a c t u a l l y measured at the given 
f i e l d s ; i t i s not subject t o the u n c e r t a i n t i e s t h a t surround 
the e x t r a p o l a t e d data ( t a b l e J*4) f o r which an a r b i t r a r y 
f u n c t i o n a l f i e l d dependence was assumed* 

Programs J . l , J.2 and J.3 helped i n the f i t t i n g of the 
t h e o r e t i c a l temperature dependences t o the anisotropy data 
(chapter 8, s e c t i o n 8.6). The f i r s t program simply derives 
the inverse Langevin f u n c t i o n of a s t a t e d reduced 
magnetisation* Reduced hyperbolic Bessel f u n c t i o n s (see 
Appendix K) were found from a set of ta b l e s (see, f o r 
example,Joraide, 1980)* The second program accomplishes 
the least-squares f i t of a l l the f u n c t i o n a l forms c i t e d i n 
se c t i o n 8*6 from data of the type provided by t a b l e 3.2. 
The t h i r d program simply r e c o n s t r u c t s the t h e o r e t i c a l f i t s 
from the parameters produced by the previous program, at 
selected temperatures* 
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EXTRAPOLATED K», DATA FOR Tb x Gd, . x ALLOYS 

TABLE J-4 

#Tb/T(K) 80 90 100 110 120 130 140 

5 0*24 0-23 0-21 0*17 0*12 0*09 0-07 
10 0*68 0-58 0*46 0*34 0«25 0*20 0-15 
30 2*08 1-74 1*68 1*43 1-10 0*78 0-60 
50 4-74 3-67 2*65 1-47 1 »00 0*60 
75 8»77 6*23 4*58 3-13 2»24 V6B 

100 11»36 

%Tb/T(K) 150 160 170 180 190 200 210 

5 0*04 0*03 
10 0-10 0*07 0-05 0-01 — — — 

30 0*43 0-32 0*23 0-14 0-07 0-03 0*03 
50 0*42 0'17 0*01 
75 1*15 0-67 0«47 0*38 0»20 0*09 --

The values of the anisotropy constant K 
(x 10 4 3 m"3) extrapolated to i n f i n i t e f i e l d using 
a r e c i p r o c a l - f i e l d plot. 



PROGRAM 3.1 

i@ PRINT"INVERSE LANGEVIN FUNCTION PROGRAM" 
29 INPUT"M<T>s"jM 
30 X».S 
48 A<*EXP<X>+EXPOX> 
50 B=EXP<X>-EXP<-X> 
€0 C«R-Bt2*<l+l/<Xt2>>/A 
70 D«"B-Bt2*Cl/X+M>/fi 
S0 E=X 
90 X= I NT < 100©* < X+D/'C > +. 5 > /1000 
100 PRINTX 
11© IFX*»E THEN 20 
120 G0T04© 

PRPGRAW 3.2 

10 PRINT"LEAST SQUARES FIT" 
20 INPUT"NO OF DflTfl POINTS:";N 
30 DIMK<N>,LCN>,M<N>,KN> 
40 FORI," 1 TON 
50 INPUT"M<T>,K5/2>,K1 s " j'.M<L> , KL> ,K<L> 
51 NEXT L 
56 INPUT"ANRLVSIS NUMBER" jsTT 
62 PRINT"MRNURL <M> OR RUTOMRTIC <fl>.ITERATION ROUTINE ?" 
64 GET R*sIF R*»H,,THEN64 
66 I F fi**"M" THEN 200© 
68 IF R*<>,,ft"THEN 64 
70 Ml=61M2-0 iCQ=0 »DO=0:€O«0»N1=01N2-© 11«1 
75 Ml-Ml+I 
30 GOSUB1000 
90 SR»S0 
100 Mi-Ml+I 
110 GOSUB1000 
120 IF SGKSRRND CO-0THEN SR«SQ«CO=10sMl=Mi+I:GOT011© 
130 I F CO=*0THEN C0=2©*Ml»Ml-2*IiGOTOl18 
140 IF SQ<SR AND CO-10THEN SR-SQ*Mi=Mi+I sGOTOU© 
150 I F CO»10THENCO«30sMl*Ml-IsM2=M2+IsGOTbll0 
160 IF SCKSRAND CQ=20THEN SR=*SQ «M1»M1-I sGOTOl 10 
.170 I F C0*»2©THENC0-3©»M1=M1+1sM2-M2+1sGOTO110 
IB© IF 8Q<SR AND C0-38THEN SR*SQ:M2«M2+IsGQTOl10 
190 I F CO=30THEN 00*4©:M2*M2~IsGOTOl10 
192 IF SQ<SR AND CO»40THEN SR-SQ8M2-M2-I»G0T011© 
194 IF 3Q>SR AND CO-4© THEN M2*M2+I:GQTQ21© 
210 CO«0 
220 IF DO«0 ANDEO»0THEN SS-SR «N1*M1 sN2»M2 «DO«=10 sGOTOl©0 



336 

238 IFDO*10 flNDSR<SSTHEN SS*SRsNi=Ml»N2=M2:GOTO199 
276 IFEO«0THEN M1=N1+Ia M2=N2-1:EO=10 ?DO=©s GOTO110 
28© IF EO-10RND SR<SS THEN SS"=SR aNl=Ml r,N2=M2 sMl=Nl+I :M2=N2-I sGOTOl 1© 
290 I FEO= 10THENEO-20: M1 =N 1 -2* I : M2-N2+2* I : GOTO 110 
300 IF EO-20OND SR<SS THEN SS-SR:N1=M1:N2«M2BM1=N1-I:M2=N2+I"GOTOl10 
310 IFEO«20THEN320 
320 I F I = .001THENM1=»N1 »M2«N2:GOTO340 
330 I«I^10:M1=N1s M2«N2:G0T075 
340 PRINT"FINRL RESULTs"sGOSUB1000 
350 GOTO2000 
1000 IFTT»1THENGOSUB3000 
1001 IFTT=2THENGOSUB4000 
1002 IFTT=3THENGOSUB50©0 
1003 IFTT=4THENGOSUB6000 
1004 IFTT-5THENGOSUB7000 
1005 IFTT-6THENGOSUB8000 
1050 PRINT"M1i"Mi," M2s"M2j"SQ:";SQ 
1058 PRINT"" 
1060 RETURN 
2000 INPUT "GUESS Ml,M2s ";M1,M2 
2801 IFTT=1THENGOSUB3000 
2002 IFTT=2THENGOSUB4000 
2003 IFTT-3THENGOSUB5000 
2004 IFTT*4THENGOSUB600© 
2005 IFTT=5THENGOSUB7000 
2006 IFTT=6THENGOSUB8000 
2060 PRINT SQ 
2065 PRINT"NEW RNfiLVSIS? <V OR N>" 
2066 GETft*: I FA*8*" " THEN2066 
2067 IFR*»"V"THEN 56 
2068 IFfl*="N"THEN2070 
2069 IFfl*<>"V"THEN2066 
2070 GOTO200© 
3000 SQ«0 
3010 FOR P=1T0N 
3020 L<P>=Ml*M<P>tM2 
3030 SQ=SQ+<L<P>-K<P>>t2 -
3048 NEXTP 
3050 RETURN 
4000 SQ=0 
4010 FOR P-1TON 
4020 L<P>-M1*KP> 
4030 SQ*SQ+<L<P>-K<P>>t2 
4040 NEXTP 
4058 RETURN 
5000 SQ»0 
5010 FOR P=»1T0N 
5020 L<P>«Ml*M<P>t2 
5830 SQ»SQ+<L<P>-K<P>)t2 
5040 NEXTP 
5050 RETURN 
60O0 SQ-0 
6010 FOR P-1TON 
6020 L<P>-Ml*I<P>+M2H«M<P>t2 
6030 SQ-SQ+<L<P>-K<P>>t2 
6040 NEXTP 
6050 RETURN 



PROGRAM J.3 

18 DIMT<8> sDIMM<8> sDIMI<8> »DIMJ<8> rDIMK<8> 
28 INPUT-'ETB" jTB 
38 PRINT"K1 ANALYSIS ?<V OR N>" 
48 GET A*sIFA*=""G0T048 
50 IF A*="N"THEN B*="K4" BG0T0128 
60 B*="Ki" 
78 F0RN-1T08 
88 INPUT"TEMPERATURE"?T < N > 
98 INPUT"REDUCED MAGNETISATION";M<N> 
180 INPUT"K5/2>";ICN> 
110 NEXTNsGOTO190 
128 FORN-1TOS 
138 INPUT"TEMP"jT<N> 
140 INPUT"REDUCED MAGNETISOTION"*M<N> 
150 INPUT,,K5/2>";K<N> 
160 lNPUT"I<9/2>";J<N> 
170 INPUT"I<13/2>";I<N> 
180 NEXTN 
19© INPUT"A",-A 
280 INPUT"B";B 
210 INPUT"C";C 
22© INPUT"D".sD 
230 INPUT"E";E 
248 INPUT"F";F 
250 INPUT"G";G 
260 0PENl r4 
270 FORN« 1T06: PR I NT# 1, " »NEXTN 
288 PRINT#1,B*,"TB««:"TB 
290 F0RN=1T08 
388 PRINT*! ,T<N>,A*M<N>tB,C*I<N>,D*M<N>t2,E*I<N>+F#M<N>t2, 
318 IFB*="K4"THEN PRINT#1,G*J<N>*K<N>iGOTO330 
320 PRINT#1,"" 
330 NEXTN 
340 CLOSE! 
350 GOTO20 



APPENDIX K ; HYPERBOLIC BE55EL FUNCTIONS 

The temperature dependence of the anisotropy constants 

f o r the terbium/gadolinium a l l o y s has been given i n terms of 

the reduced hyperbolic B e s s e l f u n c t i o n s * These are derived 

from Bessel"'s modified d i f f e r e n t i a l equation; 

x 2 y + xy - ( x 2 + n 2 ) y - 0 ( n > 0 ) . . . ( K . l ) 

which has s o l u t i o n s of the form; 

I n ( x ) - J n ( i x ) - E x p ( - W 2 ) J n ( i x ) ...(K.2) 

inhere J
n ( x ) are ordinary B e s s e l f u n c t i o n s of the f i r s t kind* 

The ? - n ( x ) a ? e termed hyperbolic B e s s e l f u n c t i o n s , and can be 

expressed i n terms of the s e r i e s ; 

I„(x) - 5_ U / 2 ) ...(K.3) 
n k«0 k l T ( n + k + 1) 

The reduced hy p e r b o l i c B e s s e l f u n c t i o n s are defined as ; 

1/2 V"> - l^TJV -...<K.*) 

and thus ; 
I 3 ^ 2 ( x ) • Cothx - 1/x ...(K.5) 

i s the f a m i l i a r Langevin f u n c t i o n , J C ( x ) . Using the 

recu r r e n c e r e l a t i o n ; 

together with equations K.2 and K.3, the fo l l o w i n g a n a l y t i c 

e xpressions can be der i v e d : 

I 5 / 2 ( x ) » 1 + 3/x 2 - (3/x)Cothx ...(K.7) 



t g / 2 ( x ) « 1 + + 105/x a - (105/x" 5 + 10/x)Cothx 
...(K.8) 

t 1 3 / 2 ( x ) = 1 + 2 i 0 / x 2 4 4725/x A + 10395/x 6 

-(21/x + 1260/^ 3 + 10395/x 5)Cothx ...(K.9) 

Values fox the reduced hyperbolic B e s s e l f u n c t i o n s have 

been t a b u l a t e d ( s e e , for example, J o r a i d e , 1980). 
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