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ABSTRACT. 

A short c r i t i c a l h i s t o r y of magnetometer*suitable f o r the 

measurement of magnetocrystalline anisotropy constants, i s 

presented as an i n t r o d u c t i o n f o r the necessity of having a new 

type of magnetometer capable of measuring the large a n i s o t r o p i e s 

associated w i t h the heavy rare earth elements, and p a r t i c u l a r l y 

f o r work on the gadolinium - terbium binary a l l o y system. 

An instrument has been developed which i s compact and rugge 

w i t h good s t a b i l i t y and s e n s i t i v i t y , and i s able to make measure 

ments of anisotropy constants ( u s i n g c r y s t a l s of a convenient s i 
5 9 - 3 having values i n the range 10 to 10 erg cm . 

A m o d i f i c a t i o n i s i n d i c a t e d which w i l l extend t h i s range to 
3 9 -3 10^ t o 10 7 erg cm J . 
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CHAPTER I . 

Magneto-crystalline Anisotropy and the Anisotropy Constants. 

1. H i a t o r i c a l I n t r o d u c t i o n . 

Before s i n g l e magnetic c r y s t a l s were a v a i l a b l e , experiments on 

magnetization produced magnetization curves s i m i l a r to fig.1.1,The precise 

shape of the curves depended on the m a t e r i a l , but the same ma t e r i a l s showed 

very small d i f f e r e n c e s between s i m i l a r l y prepared specimens: t'he magnet

i z a t i o n s g e n e r a l l y rose r a p i d l y i n low f i e l d s and soon reached a plateau of 

s l i g h t i n c l i n a t i o n . 

IS! 

LLI 

A P P L I E D F I E L D H 

Fig. 1.7 Magnetization curve for polycrystali ine mater ia l . 

The theories which apparently described t h i s e f f e c t i n v o lved separate, 

n o n - i n t e r a c t i n g atomic dipoles which were generally randomly a l i g n e d , but 

could r o t a t e a t various angles to the i n c r e a s i n g f i e l d u n t i l s a t u r a t i o n -

complete alignment of a l l dipoles - occurred. 

In 1904 and 1905 Weiss (ref.6,9,10,11) published h i s account o f 

magnetization experiments which he performed on large s i n g l e n a t u r a l 

c r y s t a l s of magnetite and p y r r h o t i t e . He found t h a t p y r r h o t i t e could be 

e a s i l y saturated i n the plane of the hexagonal base of the c r y s t a l s t r u c t u r e 

( i t i s rhombohedral) but s a t u r a t i o n was d i f f i c u l t t o achieve perpendicular 

to t h i s plane. U n c e r t a i n t i e s about the constancy of composition delayed 

i n t e r p r e t a t i o n but i n 1907» Weiss announced h i s ideas, ( r e f . 4 ) -

He suggested t h a t the atomic dipoles could i n f l u e n c e one another 

s u f f i c i e n t l y t o a l i g n themselves p a r a l l ^ l - i Q ^ t h e i r neighbours i n a small 

( 2 8 JUL 1975 ' 
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r e g i o n . These "domains" would be magnetically saturated i n various 
d i r e c t i o n s , and the v e c t o r sum o f the domain moments would give the t o t a l 
moment of the specimen. 

Preparation of a r t i f i c i a l s i n g l e magnetic c r y s t a l s and the advent of 

X ray techniques, which made possible t h e i r accurate alignment w i t h respect 

to a magnetic f i e l d , confirmed Weiss's r e s u l t s . Beck ( r e f . 7 ) , Honda & Kaya 

( r e f . 3 ) and Sucksmith, P o t t e r & Broadway ( r e f . 8 ) , showed t h a t the magnet

i z a t i o n curve would r i s e more slowly when c e r t a i n c r y s t a l l o g r a p h i c d i r e c t i o n s 

were aligned p a r a l l e l t o the magnetic f i e l d . These were c a l l e d hard d i r e c t 

i o n s , and the d i r e c t i o n s i n which magnetization rose q u i c k l y i n low f i e l d s 

were easy magnetic d i r e c t i o n s . The c r y s t a l s magnetized i n easy d i r e c t i o n s 

contained less magnetic energy when saturated than d i d those which were 

magnetized i n the hard d i r e c t i o n s . 

These ideas were a s s i m i l a t e d w i t h Weiss's theory, and i t was recognised 

(Webster ref.13, and Heisenberg ref.14) t h a t unmagnetized m a t e r i a l s would 

have many domains of s a t u r a t i o n , each w i t h i t s magnetization i n an easy 

d i r e c t i o n . 

I f the e n t i r e c r y s t a l were saturated i n an easy d i r e c t i o n , and then 

r o t a t e d u n t i l i t was saturated i n a hard d i r e c t i o n , an amount of work would 

be required which would equal the energy d i f f e r e n c e between magnetizing the 

c r y s t a l i n the two d i r e c t i o n s , i . e . t o the d i f f e r e n c e i n f r e e energy between 

the two s t a t e s . This i s equivalent t o the area between the magnetization 

curves of the two d i r e c t i o n s and i s c a l l e d the anisotropy energy f o r t h a t 

p a r t i c u l a r hard d i r e c t i o n . 

I n any c r y s t a l l o g r a p h i c plane the anisotropy energy i s e i t h e r roughly 

constant or v a r i e s i n an o s c i l l a t o r y manner, w i t h angular" distance 9 from 

any easy d i r e c t i o n . The e v a l u a t i o n o f anisotropy energy i n terms o f polar 

co-ordinates r e f e r r e d to the p r i n c i p a l axes o f cubic c r y s t a l s was f i r s t 

achieved by Akulov ( r e f . 5 ) , who found t h a t the torque Tg per u n i t volume 

when the magnetization of the c r y s t a l was a t angle 9 t o the [100] d i r e c t i o n 

was described by 

T Q = T 1 Q 0 + i K ( i f - cos 29 - f cos 49 ) 

when measured i n the(100)plane. T, n n i s the torque when the magnetization 
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. l i e s along the [100] d i r e c t i o n , and the numerical f a c t o r K i s the anisotropy 

constant. The torque a r i s e s when the magnetization i s not i n an easy 

d i r e c t i o n , and i s due t o the e x t r a magnetic energy which the c r y s t a l then 

has. Accurate experiments now req u i r e several anisotropy constants f o r 

most c r y s t a l s . 

(2) Anisotropy Constants. 

I t i s assumed possible to describe the anisotropy energy i n terms of 

constants m u l t i p l i e d by t r i g o n o m e t r i c f u n c t i o n s of the angle between the 

magnetization v e c t o r and a r b i t r a r y standard d i r e c t i o n s . The standard 

d i r e c t i o n s are chosen f o r convenience w i t h respect to the p a r t i c u l a r 

p r i n c i p a l c r y s t a l l o g r a p h i c d i r e c t i o n s and the easy d i r e c t i o n s of magnet

i z a t i o n . I f the magnetization i s i n a d i r e c t i o n w i t h d i r e c t i o n cosines 

CC, A X A 4 • w i t n respect to the axes of the c r y s t a l we w r i t e the anisotropy 

energy as f o l l o w s : 

f K = K Q + K x (a,Cl\ +0£aj+ OfC£ ) + K 2 (afc£aj ) + • • • • Equation 1.1 

The magnitudes and signs of the anisotropy constants KQ, K^, e t c , 

describe the p o s i t i o n s of the hard and easy d i r e c t i o n s , and are w r i t t e n 

111 OfcSX'UiS Ox t^il t ; I £,,y jjer u i u . li v Q i u i i i c i l i i c i i v a x u c o u c p c u u uuc bcui^dj. a uux c . 

(a) U n i a x i a l C r y s t a l s . 

The term u n i a x i a l i m p l i e s t h a t there i s only one easy axis of magnet

i z a t i o n , and t h a t magnetization perpendicular t o t h i s a x is i s u n i f o r m l y 

d i f f i c u l t . Cobalt a t room temperature i s a t y p i c a l example. I t has a 

hexagonal s t r u c t u r e w i t h easy d i r e c t i o n along the hexagonal a x i s . I f the 

d i r e c t i o n cosines are r e f e r r e d t o two axes a t 120° i n the basal plane and 

to the c a x i s , equation 1.1 can be transformed i n t o 

f R = K Q + 1^ s i n 0 + K 2 s i n ^ 9 Equation 1.2 

where 9 i s the angle between the c axis and the d i r e c t i o n o f magnetization. 

The values of these constants are not those of equation 1.1 . For cobalt 
6 -3 

they are p o s i t i v e and about 10 erg cm (ref.49)« The zero value of 

anisotropy energy i s o f t e n f i x e d by p u t t i n g K n • 0 . 
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( b ) Cubic C r y s t a l s . 

Cubic c r y s t a l s may have more than one easy d i r e c t i o n ; e.g. i n i r o n 

the <100> d i r e c t i o n s are easy, and the body diagonals hard. and 
5 -3 

are both p o s i t i v e and are a l i t t l e over 10 erg cm a t room temperature 

( r e f . 3 8 ) . I n n i c k e l i s less than zero and the <111> d i r e c t i o n s are easy. 

K 2 i s p o s i t i v e and and are an order of magnitude smaller than f o r 

i r o n , ( r e f . 3 9 ) . 

(c ) Hexagonal C r y s t a l s - The Rare Earths. 

The heavy rare earths have complicated magnetic d i p o l e arrangements 

i n various hexagonal c r y s t a l s t r u c t u r e s , and the d i f f i c u l t y of magnetization 

v a r i e s i n the basal plane. Their anisotropy constants are l a r g e , and two 

e x t r a terms are r e q u i r e d to describedanisotropy compared to oobalt: 
2 4 - 6 6 fK = K Q + K1 s i n 9 + K 2 s i n 9 + s i n 9 + K̂ , s i n 9 cos 6j<5 , Equation 1.3 

The term describes the basal plane anisotropy which shows s i x - f o l d 

symmetry i n i t s dependence on the azimuthal angle fi . 

For gadolinium K, = K_ = K, = 10^ erg cm"5 and 

K. = 10 5 erg cm'5 . 4 • 
At room temperature and a l i t t l e below, the c a x i s i s the easy 

d i r e c t i o n , but decreases r a p i d l y w i t h decreasing jtemperature and becomes 

negative a t about 24QK so t h a t the easy d i r e c t i o n moves toward the basal 

plane w i t h o u t , however, e n t e r i n g the basal plane, (ref.40,41,42,43,44). 

Terbium and dysprosium (ref.45*46) have c a x i s components of order 
8 —3 

10 erg cm a t 0 K ( t h e i r Curie p o i n t s are below room temperature). 
„ ... ..6 -3 j j o r xnem K. = 1U erg cm 4 • 

and i s negative f o r dysprosium. Holmium, erbium and thulium (ref.47»48) 

have s i m i l a r very large K values. 

(d) Tetragonal C r y s t a l s . 

A s u i t a b l e expression f o r the anisotropy energy of a t e t r a g o n a l c r y s t a l 

i s f K = K Q + K x s i n 2 9 + K 2 s i n 4 9 + cos 2(X cos 2 (3 

which was used by G u i l l a u d (ref.12) on Mn,, Sb . 9 i s the angle between 
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the magnetization and the t e t r a g o n a l a x is tOOlJ and OL,fi are the angles 
5 -3 

w i t h respect to the other axes. For Sb, = 10 erg cm a t room 

temperature, and the [001] axis i s the easy d i r e c t i o n . There i s some 

asymmetry i n the ( 001) plane. 

(3) The Techniques of Determining Anisotropy Constants, 

(a) Magnetization Measurements. 

By determining the i n c r e a s i n g magnetization of a c r y s t a l o r i e n t a t e d 

i n a p a r t i c u l a r d i r e c t i o n i n a magnetic f i e l d , the magnetization curve f o r 

t h a t d i r e c t i o n can be drawn. This can produce the anisotropy constants i n 

two ways. 

( i ) The work to magnetize the specimen t o s a t u r a t i o n M i n a 

d i r e c t i o n [ h k l ] i s 
•M W h k l " / H d M H 

where M^ i s the magnetization component i n the d i r e c t i o n ThklJ and a t the 

value H of applied f i e l d . The anisotropy energy d i f f e r e n c e f ^ i - ^ m n p 

between the d i r e c t i o n s f b k l ] and fmnp] i s the area between the magnetization 

curves f o r those d i r e c t i o n s , so 

For example consider a cubic c r y s t a l w i t h magnetization measured i n 

the flOOl , [ l l O l and T i l l ] d i r e c t i o n s . The corresponding d i r e c t i o n cosines 

are (1,0,0), (ji'ji'O), (ji'/i'Js) s 0 equation 1.1 reduces to 

•P _ if 100 0 
f110 = Ko + * K l 

rr . 1. tr I TS 

i n ~ *o T 3 " i T 

so 

and 

K i = 4 ^ f n o - f i o o ^ 4 ( w n o - w i o o > 

K 2 = 27(W 1 U - W 1 0 Q ) - 3 6 ( W n o - W 1 0 Q ) 

determine K. and K_ 

J. C. m 

I f several types of anisotropy i n f l u e n c e the magnetization curve, i t 

i s d i f f i c u l t to judge the separate e f f e c t of each on the magnetization curve. 

Further, the i r r e v e r s i b l e magnetization process introduces h y s t e r e s i s i n t o 
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it 
the magnetization curve, and i n some mate r i a l s the hysteres^can be as 

large as the magnetic a n i s o t r o p y , so t h a t t h i s method could not be used 

i n such cases. 

( i i ) A t h e o r e t i c a l magnetization curve can be pre d i c t e d and made 

to agree with the experimental curve by s u b s t i t u t i n g appropriate values 

of the anisotropy constants. Suppose we apply a f i e l d H to the f 1 1 0 ] 

d i r e c t i o n of an i r o n specimen (see fig.J.3 &14)» which we presume to have 

no shape anisotropy. Any domain vectors p g r a l l e l to [001] or t o [00T] 

d i r e c t i o n s , ( i . e . a t 90° "to H) would produce a magnetostatic energy of 
(M H - AM H) per u n i t volume i n excess of the energy of domains i n the s s 
[100J and [010] d i r e c t i o n s (which are at 45° to H). M i s the s a t u r a t i o n 

s 

magnetization per u n i t volume and i t i s the same magnitude f o r a l l domains 

Domains i n the 1100] and E010] d i r e c t i o n s would have excess magneto-

s t a t i c energy of (M H + ^ M H ) per u n i t volume. Hence as H increases 
3 S 

these two sets of domains decrease i n volume i n favour of the flOOJ and 

[010] a l i g n e d domains and i n such a way as to balance out the t o t a l 

magnetostatic energy HMJJ of the r e s u l t a n t magnetization of the specimen 

A t even very low f i e l d s the domains w i l l a l l have turned t o e i t h e r of the 

C100] or [010] d i r e c t i o n s . As H increases f u r t h e r the magnetization of 

these domains begins to r o t a t e toward the [1103 d i r e c t i o n . 

Consider ( f i g . 1 . 4 ) a domain a t an angle (l[j - 9) to H. I t s magneto

s t a t i c and a n i s o t r o p i c energies balance f o r e q u i l i b r i u m and the d i r e c t i o n 
cosines of M are OL. = cos 9, Ct, = s i n 9 and GL => 0 w i t h respect to the s * i 
[100] d i r e c t i o n . 

From equation 1.1 f ^ = KQ + cos*" 9 sin 4" 9 

or f K = K Q + K 1 f c o s 2 (_g - 9) - i ] 2 

since the angle (J) between H and the easy d i r e c t i o n [ l 0 0 ] i s g i n t h i s 

case. The magnetostatic energy c o n t r i b u t i o n i s 

f 7 7 = - M H cos ( n _ Q) H s s h ' 

and f v and F„ combine t o give the minimum energy, so 



Two magnetization 

curves f o r a s i n g l e 

nj c r y s t a l aligned i n two N 
non-equivalent d i r e c t i o n s cn 

Applied field H 

[100] 

[010] 

Fig.1.3. The d i r e c t i o n s [ 1 0 0 ] 3 

[0101 and [ l i o ] l i e i n the 

(001) plane. [ 1 0 0 ] and[010] 

are at r i g h t angles and [ 1 1 0 ] 

f100] 

fOIOJ 

Fig.1.4 The f i e l d H i s ap p l i e d 

along the [110] d i r e c t i o n and 

draws the magnetization v e c t o r 

MjOf some domain out of the 

easy d i r e c t i o n [100 J so t h a t 

M moves from 45° from H to 9 

from H. 
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From t h i s MgH - 4 Kj_ [ c o s 2 ( 2 - Q ) _ i ] Cos ( jjf - 9) 

or M_H = / a" / '"H \ " "H Equation 1.4 
4K, I M / 2M 1 • s / s 

which describes the magnetization curve of the component o f M along 
s 

H (NL = Mg cos ( TT - 9)), f o r experimentally we measure Mg Mg i s 
4 

determined from the asymptotic values of and values o f , H , and 

of M are r e a d i l y s u b s t i t u e d i n equation 1.4 to f i n d K1 . I f s a t u r a t i o n 
S J. 

cannot be achieved, two values of ML corresponding to d i f f e r e n t values of 

H w i l l give two simultaneous equations i n M g and . 

Equation 1.4 f i t s the magnetization curves o f many mat e r i a l s very 

w e l l , but i t i s not the most convenient, nor the most accurate way of 

f i n d i n g . 

(b) Torque Measurements. 
I f f = f + f v i s the t o t a l f r e e magnetic energy of a c r y s t a l 

H K 

saturated i n a magnetic f i e l d , then the torque on the magnetization 
^ f of 

i s L = - A l by d e f i n i t i o n ( not L = - £-1 as used i n r e f .50 ) where 
d(\p-9) W 

9 and uV are the angles t h a t Mg and H r e s p e c t i v e l y make w i t h the easy 

a x i s , ( f i g . 1 . 4 ) . Again ^ = 0 since the magnetization v e c t o r always 

r o t a t e s so t h a t f i s a minimum, and + = 0 . Now f„ i s a 
93 39 K f u n c t i o n of 9 only, and 9 and ̂  are not e x p l i c i t l y r e l a t e d so t h a t 

3* 
" I * = 0 . Therefore 

- - i f J ± 

o - af„ . 
d<f> 

Now f„ = - M H cos (^ - 9) H s V T ' 

so = MH s i n ( l i - 8) = - j-(N 

3/* 

measurements can produce anisotropy constants. A t y p i c a l torque curve 

might look l i k e f i g . 1.5 • 

y 29 ' • 

Therefore L = - |f* , and t h i s i s the j u s t i f i c a t i o n t h a t torque 
0 9 



F I G . 1 . 5 A T Y P I C A L 1 8 0 ° T O R Q U E C U R V E . 

In the case of hexagonal c r y s t a l s can be determined by the maximum 

or minimum points of the torque measured i n the basal plane. Then the value 

of 9 i n equation 1 . 3 i s 90° and the maximum torque i s 

• IfL. - 6>vin6* lm a x 
L m « = t 6 \ 

depending on the sign of K. 

Finding , Kg » and K^ requires a more elaborate a n a l y s i s . 

Equation 1.3 may be written 

fK = L"Ko + * K l + * K 2 + h < K3 + K 4 ° O S 6 ' ^ 

+ [- fc^ - ̂ C 2 - j f ( K 5 + K 4 cos 6 p ) ] cos 2 © 

+ [ i K 2 + £ ( K 5 + K 4 cos 6 0 ) ] cos 4 6 

+ f - ( K ? + K 4 cos 6 0 ) ] cos 6 0 j 

or conveniently as 

f„ = A + B cos 2 9 + C oos 4 9 + D cos 6 9 . 
K. 

For measurements not made i n the basal plane but at some constant p value, 



- 9 -

the torque i s 

L = - 2B s i n 29 - 4C s i n 49 - 6D s i n 69 . 

A F o u r i e r analysis of t h i s curve w i l l provide values of B, C and D, from 

which, since 

B = i X x - 4- K 2 - £ ( K 3 + K 4 cos 60) 

C = i K 2 + 1 ( K 3 + K 4 cos 60) 
D = - X ( K 3 + K 4 cos 60) 

we f i n d the f o l l o w i n g values of 

K ] = - 2B - 8C - 18D 

K 2 = 8 (D + C) 

K 5 = - 32D - K 4 cos 60 . 

Expressions f o r the torque i n various planes i n cubic c r y s t a l s have 

been derived by Bozerth (ref.15), Tarasov & B i t t e r ( r e f . l 6 ) and Schlechtweg 

( r e f . 1 7 ) . Their r e s u l t s are summarised by Bozorth ( r e f . 1 8 ) . 

(c ) Ferromagnetic Resonance. 

The angular momentum vectors of ele c t r o n s i n a magnetic f i e l d precess 

a t a r a t e depending on the f i e l d s t r e n g t h . I f a second f i e l d i s made t o 

o s c i l l a t e a t various frequencies, the electrons are found t o absorb energy 

a t the s p e c i f i c frequencies a t which t h e i r angular momentum vector can 

resonate w i t h the secondary f i e l d . I f an a n i s o t r o p i c cubic c r y s t a l i s i n 

an a p p l i e d f i e l d H then i t s anisotropy constant i s equivalent t o an 

"anisotropy f i e l d " H 1 0 Q = 2 ^ f o r the <100> d i r e c t i o n s ( r e f . 1 9 ) . 
HIT 
JV1 

s 

For a t h i n cubic c r y s t a l , p a r a l l e l to the (100) plane the resonant 

frequency i s 
00 = af(B + f ^ i ) ( H ~ f f l s i n 49)1 * Equation 1.5 
O I M M J s s 

where B i s the i n d u c t i o n i n the c r y s t a l and 

a = i l 
2m C 

i s a constant from wave mechanics, q i s Lande's s p l i t t i n g f a c t o r , and 

c, m and e are the v e l o c i t y of l i g h t and the e l e c t r o n i c mass and charge 



r e s p e c t i v e l y . 0; i s the angle between H and the COOlJ d i r e c t i o n i n the 

c r y s t a l . 

I f the specimen i s not saturated, f u r t h e r terms are introduced i n t o 

equation 1.5 , and i f the anisotropy constants and are l a r g e , they 

may modify the resonance curve and make i t d i f f i c u l t to i n t e r p r e t . Equation 

1.5 also applies to u n i a x i a l c r y s t a l s . 

The o s c i l l a t i n g f i e l d i s g e n e r a l l y a p p l i e d by microwave techniques, 

and the anisotropy constant found from the s h i f t of the resonance f i e l d 

between two d i r e c t i o n s . For example, the anisotropy f i e l d i n cubic <111> 

d i r e c t i o n s i s &m = - 4K^ so t h a t the s h i f t i n resonance f i e l d s 
3M 

s 

between the [100]and [ l l l j d i r e c t i o n s corresponds to the d i f f e r e n c e i n 

anisotropy f i e l d s and i s 

A H = H 1 Q 0 - H m - ^ f l . 
3M 

s 

A H may be determined q u i t e accurately so t h a t small a n i s o t r o p i c s and 

small c r y s t a l s may be e a s i l y i n v e s t i g a t e d ( B i c k f o r d , r e f . 5 l ) • 



CHAPTER 2 . 

Measurement of Anisotropy Constants. 

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

The three p r i n c i p a l techniques are, i n order of h i s t o r i c a l 

development: 

( i ) Measurement of the magnetic moment of a sample as an a p p l i e d f i e l d 

i s increased from zero u n t i l i t produces s a t u r a t i o n magnetization. 

( i i ) Measurement of the torque on a magnetically saturated sample as i t 

i s made t o r o t a t e through 180° i n the applied f i e l d . 

( i i i ) The examination of the resonance curve of a saturated specimen i n 

an o s c i l l a t i n g f i e l d . 

I n each case, s i n g l e - c r y s t a l specimens must be used. They must be 

cut i n t o a convenient shape, g e n e r a l l y e l l i p s o i d a l , s p h e r i c a l or d i s c , 

and the c r y s t a l l o g r a p h i c d i r e c t i o n s must be accu r a t e l y known. 

Consider a cross section of the specimen, f i g . 2.1. M and H 
s 

represent the d i r e c t i o n s of the a p p l i e d f i e l d H and s a t u r a t i o n magnet
i z a t i o n M which are not nece s s a r i l y p a r a l l e l . Induced on the specimen 

s 

i s a magnetic p o l a r i t y which opposes the f i e l d K and creates an ^.H-t'sraal 

demagnetizing f i e l d . For specimens whose surfaces are described by 

equations of the second degree, Maxwell (ref.19) has shown t h a t the 

i n t e r n a l f i e l d , the i n d u c t i o n and the magnetization are always u n i f o r a , 

so t h a t the demagnetizing f i e l d i s uniform f o r the above mentioned shapes 

Then the demagnetizing f i e l d i s w r i t t e n - NM and i s p a r a l l e l to the 
s 

magnetization, and i n the opposite d i r e c t i o n . The f a c t o r N i s the 

demagnetizing f a c t o r and 0 ^ NjJ^ < 1 i n MKSA u n i t s . N depends on 

the shape o f the specimen and has been c a l c u l a t e d by Osborne, ( r e f . 2 0 ) 

f o r many cases. (Thin discs may be regarded as approximately p r o l a t e 

spheroids and t h e i r demagnetizing f a c t o r s are deduced from the same 

formula. This i s e s p e c i a l l y u s e f u l f o r torque magnetometry). 
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(2) Magnetization Measurements. 

(a) Many modern methods are elaborations of the techniques used by 

Weiss, (ref.10,11) , who i n h i s work on P y r r h o t i t e used a t o r s i o n a l method 

and a b a l l i s t i c method. The t o r s i o n method i s more s e n s i t i v e and may be 

used on smaller specimens, but i s subject to more possible e r r o r s , and 

some measurements r e q u i r e t h a t c r y s t a l s have a large magnetic anisotropy. 

His apparatus i s depicted i n fig.2.2 . A t o r s i o n wire W suspends 

the c r y s t a l C between the poles N.S. of a magnet. The c r y s t a l i s held i n 

a non-magnetic s t i r r u p , the lower section of which suspends a long wire 

w i t h damping vanes V attached; these are immersed i n o i l , and the bottom of 

the wire f i x e d to avoid azimuthal motion. The t o r s i o n wire i s suspended 

from a r o t a t a b l e t o r s i o n head T which has a l i n e a r scale which may be read 

by telescope as i t passes tha needle P. 

A magnetic f i e l d H w i l l exert a couple H M g s i n 9 = II M̂  per u n i t 

volume when the magnetization i s at an angle 9 to H. i s the i n t e n s i t y 

o f magnetization normal to the f i e l d and may be p l o t t e d f o r various f i e l d 

d i r e c t i o n s as the magnetic f i e l d i s r o t a t e d i n small amounts. i s found 

by counter r o t a t i n g the t o r s i o n head by angle ft u n t i l the t o r s i o n wire 

balances the torque and the c r y s t a l resumes i t s o r i g i n a l d i r e c t i o n . I f C 

i s the t o r s i o n constant of the wire 

H M,j = C p 
This formula enables M^ to be p l o t t e d a t constant H as H i s r o t a t e d , 

o r M̂ j may be p l o t t e d against i n c r e a s i n g H while the d i r e c t i o n of the c r y s t a l 

i s constant i n the f i e l d . 

I f the specimen i s disc shaped, then i s found w i t h the disc 

h o r i z o n t a l , and the component Mp of magnetization p a r a l l e l to the f i e l d 

i s found by suspending the disc sideways at a small angle CL to the f i e l d 

( f i g . 2 . 3 ) . 

The couple on the disc at t h i s angle i s countered by r o t a t i n g the 

t o r s i o n head by (j) and 

H M p s i n a =F Cljj . 
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Mp i s now studied by r o t a t i n g the disc i n the v e r t i c a l plane. I n 
t h i s mode the l i n e s of force are not q u i t e p a r a l l e l to the plane of the 
d i s c and so i t i s not s t r i c t l y Mp which i s measured. However, f o r a 
h i g h l y a n i s o t r o p i c m a t e r i a l the d i f f e r e n c e i s n e g l i g i b l e . Sucksmith et 
a l c r i t i c i s e t h i s method ( r e f . 2 l ) . 

Beck ( r e f . 2 2 ) , i n h i s pioneering work on i r o n , and Webster (ref.23) 

used s i m i l a r apparatus. The small c r y s t a l s a v a i l a b l e to Beck, meant t h a t 

h i s discs had large demagnetizing f a c t o r s , and to keep and H i n the same 

plane, he cut e s p e c i a l l y t h i n d i s c s , 0.06 m.m. to 0.1 m.m. t h i c k . Even so, 

Mp had to be found by an i n d u c t i o n measurement i n three separate planes. 

Webster's apparatus had s l i g h t m o d i f i c a t i o n s , fig.2.4 . His t o r s i o n 

head was threaded and adjustable to any height to f a c i l i t a t e the c e n t r i n g 

o f the c r y s t a l i n the f i e l d . He suspended a heavy weight from the lower 

t o r s i o n wire and constrained i t to prevent l a t e r a l movement. The angle of 

the t o r s i o n head was determined by viewing a meter scale r e f l e c t e d i n a 

m i r r o r which was attached to the head; and w i t h a telescope the r o t a t i o n 

could be determined to b e t t e r than 1 arc. The system was unstable when 

the suspension had n e a r l y returned to zero, because Mp decreases suddenly 

so the magnetization couple disappears. I t s e f f e c t was reduced w i t h 

t h i c k e r t o r s i o n f i b r e s , but then the s e n s i t i v i t y was also much l e s s . He 

was able to use l a r g e r specimens, (4.74 m.m. diameter by O.569 m.m. t h i c k ) 

but required second order demagnetizing c o r r e c t i o n s . 

In Weiss' second method, he had. a large magnetizing solenoid 

c o n t a i n i n g a smaller d e t e c t i n g solenoid concentric w i t h i t and s l i g h t l y 

removed from the middle, fig.2.5 

His c r y s t a l was placed at the end of a rod along the axis of the 

solenoids and could be r a p i d l y i n s e r t e d i n t o the d e t e c t i n g solenoid. The 

d e f l e c t i o n r e g i s t e r e d on a b a l l i s t i c galvanometer i n series w i t h the l a t t e r 

s o l e n o i d , would be p r o p o r t i o n a l to the magnetization along the a x i s , so 

t h a t Mp could be measured. This equipment was easy to construct and 

operate, and the r e s u l t s were s a t i s f a c t o r y i n s p i t e of the reduction i n 

s e n s i t i v i t y compared to the t o r s i o n a l balance. 
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The experiments o f Honda and Kaya ( r e f . 2 4 ) , marked a great advance 

i n technique, both of experiment and of specimen pr e p a r a t i o n . Their 

apparatus i s o u t l i n e d i n f i g . 2.6 . Two r o t a t a b l e discs were mounted 

on .a long brass p l a t e and connected by a p u l l e y b e l t . One was mounted 

w i t h a small disc to which the specimen could be cemented, and the other 

could be r o t a t e d manually so t h a t the specimen would be r o t a t e d remotely 

by designated amounts. Small sensing c o i l s , not attached t o the p u l l e y 

system but capable of being s w i v e l l e d i n a h o r i z o n t a l plane, were mounted 

close together on e i t h e r side of the c r y s t a l t a b l e so t h a t the c r y s t a l 

was a t t h e i r c e n t r e. A large magnetizing solenoid was placed so t h a t the 

c r y s t a l on the p u l l e y system could be i n s e r t e d a t the centre of t h i s 

s olenoid. 

The specimen was r o t a t e d to some chosen angle w i t h respect t o the 

f i e l d of the sole n o i d , and any d e f l e c t i o n on the galvanometer allowed to 

r e t u r n t o zero. The specimen was then s w i f t l y r o t a t e d u n t i l one o f the 

p r i n c i p a l c r y s t a l l o g r a p h i c axes coincided w i t h the d i r e c t i o n of the a p p l i e d 

f i e l d . A f l u x change corresponding to the magnetization along the chosen 

d i r e c t i o n of the c r y s t a l would pass through the sensing c o i l s , and the 

s i g n a l from a b a l l i s t i c galvanometer attached to the sensing c o i l s gave-

a measure of t h i s magnetization, and a magnetization curve can be p l o t t e d 

f o r the chosen angle. By r o t a t i n g the sensing c o i l s e i t h e r p a r a l l e l or 

perpendicular to the solenoid axis and Mp are r e a d i l y found. 

Because of edge e f f e c t s , the precise value of the demagnetizing f a c t o r 

o f a disc i s impossible t o c a l c u l a t e , and Williams (ref.25)» avoided much 

of t h i s u n c e r t a i n t y by c u t t i n g some specimens of s i l i c o n - i r o n i n the shape 

of a p i c t u r e frame (see f i g . 2.7). Each side of the specimen was p a r a l l e l 

t o a p r i n c i p a l c r y s t a l l o g r a p h i c d i r e c t i o n , i . e . p a r a l l e l t o one of the sets 

<100>J a i O > o r " < l l l ? . 

For samples i n the shapes of discs or e l l i p s o i d s the e f f e c t i v e f i e l d 

i s small and i s the d i f f e r e n c e between the two l a r g e r q u a n t i t i e s the a p p l i e d 

f i e l d and the demagnetitizing f i e l d . Thus small e f f e c t i v e f i e l d s cannot 

be determined a c c u r a t e l y and the i n i t i a l p a r t of the magnetization curve 
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and at B and D, are 2 cos' = 109°-47. 
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s u f f e r s from considerable e r r o r . The parallelogram specimens o f f e r e d a 
continuous f l u x path so t h e i r demagnetizing f i e l d i s considered n e g l i g i b l e , 
but the f l u x a t corners may not be p a r a l l e l to e i t h e r parallelogram edge. 

The magnetic p r o p e r t i e s were i n v e s t i g a t e d by winding each specimen 

w i t h primary and secondary c o i l s and t e s t i n g w i t h a fluxmeter. This 

provided r e l i a b l e , accurate r e s u l t s , but the shape i n which the specimens 

must be cut depends on magnetically equivalent d i r e c t i o n s and demands a 

p r i o r knowledge of the anisotropy, and t h e i r preparation i s more than 

u s u a l l y tedious. 

I n m a t e r i a l s where the magnetic easy d i r e c t i o n s change w i t h temperature, 

t h i s method could not determine how anisotropy constants vary w i t h tempera

t u r e . Okamura and Hirone (ref.30) used t h i s method to f i n d the temperature 

v a r i a t i o n of magnetization of n i c k e l , but t h e i r r e s u l t s appear to have been 

s l i g h t l y anomalous and l i t t l e i n t e r e s t has been shown i n the technique since 

then. 

The O s c i l l a t i n g Sample Magnetometer. 

This i s a r e f i n e d device f o r the measurement of the magnetization o f 

c r y s t a l s . Although P l o t k i n (ref.60) o r i g i n a l l y designed such an instrument , 

i t was the work of Van Oosterhout (ref.53) and Foner (ref.54) which pointed 

to the q u a l i t i e s and p o s s i b i l i t i e s of the instrument. I t has proved so 

s e n s i t i v e and adaptable t h a t i t has been widely used and developed ( r e f s . 

55156f57»58,59»64). The p r i n c i p l e of t h i s type of magnetometer i s t h a t the 

specimen i s made to perform small r e g u l a r o s c i l l a t i o n s w i t h i n a uniform 

magnetic f i e l d so t h a t the r e s u l t i n g f l u x changes around the region o f 

oscillation:-may be measured from the s i g n a l s received from d e t e c t i n g c o i l s 

placed near t h i s r e g i o n , and the magnetization evaluated through p r i o r 

c a l i b r a t i o n w i t h a specimen having an otherwise determined magnetization. 

I f the specimen v i b r a t e s between two i d e n t i c a l sensing c o i l s connected i n 

seri e s o p p o s i t i o n , i t w i l l induce an a l t e r n a t i n g voltage E between them 

which w i l l be p r o p o r t i o n a l to the r a t e of change of l o c a l f i e l d . This i s 

i n t u r n p r o p o r t i o n a l to the r a t e of change of magnetization §Ij w i t h i n 
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t h e i r s e n s i t i v e volume, so 

L 33 i t 

where j i s a measure of the p o s i t i o n of the specimen. 

P l o t k i r i ' s design was s p e c i f i c a l l y f o r use i n a magnetizing solenoid, 

and a s i m i l a r idea was used by Van Oosterhout, whose method i s shown i n 

f i g . 2 . S and fig.2.9 . The sample v i b r a t e s between the two c e n t r a l pickup 

c o i l s , and induces an a l t e r n a t i n g voltage between them. I t i s impossible 

t o prevent some v i b r a t i o n of the pickup c o i l s and t h i s w i l l cause a spurious 

s i g n a l i f the second d e r i v a t i v e of H, * ^ J ^ , i s appreciable. 

Two compensating c o i l s , c o a x i a l w i t h and at e i t h e r side of the pickup 

c o i l s and connected i n o p p o s i t i o n as shown i n f i g . 2 . f f w i l l counterbalance 

t h i s spurious s i g n a l . They may be s u f f i c i e n t l y f a r away from the specimen 

to f a i l to detect i t s o s c i l l a t i o n s . 

A loudspeaker e x c i t e d by an o s c i l l a t o r i s a convenient v i b r a t o r and a 

reference s i g n a l i s taken from two c o i l s around a standard magnet which i s 

attached t o the v i b r a t o r . The reference s i g n a l i s attenuated to balance the 

s i g n a l from the sample and any subsequent change i n sample magnetization may 

be determined by a m p l i f y i n g the d i f f e r e n c e between these s i g n a l s as shown. 

This makes the method extremely s e n s i t i v e (down to moments of lOT^ Wbm) and 

e l i m i n a t e s any e f f e c t s due to changes i n v i b r a t i o n amplitude, d r i v e r wave 

form or a m p l i f i e r gain. 

Foner's design (ref.55) had the advantage of being useable w i t h an 

electromagnet. This he achieved by using d e t e c t i n g c o i l s w i t h e f f e c t i v e 

area-turns non-symmetrically d i s t r i b u t e d about the axis of specimen v i b r a t i o n . 

The design i s shown i n fig.2.1 0 . A c o n i c a l paper cup i s attached t o the 

cone of a loudspeaker, and holds the specimen support v e r t i c a l l y . Near the 

top of the specimen support i s a small permanent magnet which generates a 

reference s i g n a l i n two c o i l s placed at e i t h e r side of i t . The specimen i s 

a t the bottom of the holder and i t o s c i l l a t e s p e r p e n d i c u l a r l y to the a x i s 

o f two c o a x i a l d e t e c t i n g c o i l s which are connected i n series o p p o s i t i o n ; the 

axes of the d e t e c t i n g c o i l s are p a r a l l e l to the magnetic f i e l d . 

Part of the reference s i g n a l i s phased to balance the sample s i g n a l , 
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and the d i f f e r e n c e s i g n a l i s sent through a tuned a m p l i f i e r to an o s c i l l o 
scope which i s used as a n u l l d e t e c t o r . I n s t a b i l i t y of the magnetic f i e l d 
has a minimum e f f e c t because the c o i l s are i n o p p o s i t i o n . 

The apparatus i s simple, v e r s a t i l e , and h i g h l y accurate (Foner obtained 

a magnetization curve f o r n i c k e l t o b e t t e r than lfo accuracy). 

The e n t i r e u n i t may be evacuated or pressurised so t h a t magnetization 

may be determined as a f u n c t i o n of a p p l i e d f i e l d or temperature or pressure, 

(however, the low temperature usefulness i s not good because of the e l e c t r o 

mechanical v i b r a t o r ) . Further, the v i b r a t i n g system and specimen may be 

r e a d i l y r o t a t e d to observe the d i r e c t i o n a l p r o p e r t i e s of the specimen. The 

one complication which cannot be e l i m i n a t e d a u t o m a t i c a l l y through i n s t r u 

mental m o d i f i c a t i o n i s the magnetic image of the specimen i n the e l e c t r o 

magnet: the e f f e c t must be c a l c u l a t e d and depends p r i n c i p a l l y or. the spacing 

of the pole pieces and the t o t a l moment of the specimen. 

Dwight, Menyuk and Smith (ref.70) continued the development of Smith's 

magnetometer ( r e f . 6 l ) and improved the s e n s i t i v i t y by a f a c t o r of 100. They 

chose c a r e f u l l y matched electromagnet pole faces to increase the homogeneity 

o f the f i e l d ( t h i s i s the most l i m i t i n g f a c t o r on s e n s i t i v i t y ) , and they 

attached a monitoring c o i l to the sample d r i v e system and compared the 

o s c i l l a t i n g voltage from i t w i t h a standard frequency. 

By feeding the d i f f e r e n c e between standard and monitor frequencies 

through a power a m p l i f i e r to the d r i v i n g system they maintained the uniform

i t y of specimen v i b r a t i o n . 

Among the adaptations of the basic design, the p o s s i b i l i t i e s f o r the 

magnetometer of Foner and McNiff (ref.57) seem p a r t i c u l a r l y important f o r 

the high f i e l d experiments desired f o r anisotropy measurements of the heavy 

r a r e earths. They used f l u x i n t e g r a t i o n techniques on a sample which was 

v i b r a t e d slowly (75Hz to 3 Hz ) over a region extending beyond the pickup 

c o i l centres; fig.2 -11 . 

The instrument was intended f o r use i n superconducting magnets. The 

sample rod was driven by a rock and p i n i o n gear d r i v e , and held the sample 

mount which was kept a c c u r a t e l y centred by Teflon guides w i t h i n a tube on 
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which the d e t e c t i n g c o i l s were mounted. The c o i l mount tube was i n t u r n 
centred by a plug i n the inner dewar. The r i g i d c o i l mounting avoided 
background f i e l d pickup, and the c e n t r i n g guides reduced r a d i a l p o s i t i o n i n g 
e r r o r s . 

P recision i n these d e t a i l s was important f o r the k i n d of work intended 

f o r the magnetometer. I n a high magnetic f i e l d a s t r o n g l y magnetized sample 

w i l l s u f f e r a s i g n i f i c a n t and unwanted f o r c e i n even a small f i e l d g r a d i e n t , 

and such e r r o r s are impossible to c a l c u l a t e s o r e l i m i n a t e e l e c t r o n i c a l l y . 

V a r i a t i o n s i n the d i f f e r e n t i a l p e r m e a b i l i t y (between the specimen and 

i t s surrounding medium) were recorded as a f u n c t i o n of time ( p o s s i b l e because 

the sample moved beyond the c o i l centres) and used to f u r t h e r minimise 

p o s i t i o n i n g e r r o r s . 

Pig.2.12 shows a block diagram of the magnetometer. The specimen moved 

past the centres of the d e t e c t i n g c o i l s on each v i b r a t i o n . These c o i l s were 

i n i t i a l l y w e l l balanced i n order to minimise the e f f e c t of f l u c t u a t i o n s i n 

the a p p l i e d f i e l d , and t h e i r output was fed to a high s t a b i l i t y e l e c t r o n i c 

f l u x - i n t e g r a t o r . Each v i b r a t i o n was recorded as the d i f f e r e n c e from a 

reference voltage source, and they could then time-average the f i e l d f l u c t 

u a t ions and measure small d i f f e r e n c e s of the output as a f u n c t i o n of a p p l i e d 

f i e l d or of temperature. 

Other low temperature - high f i e l d magnetometers have been b u i l t by 

S t r n a t and Bartimay (ref.56) and by McGuire ( r e f . 5 8 ) . S t r n a t (ref.65,66) 

has proved the usefulness of h i s magnetometer f o r anisotropy measurements 

on i n t e r m e t a l l i c - rare earth compounds, and i t i s shown i n o u t l i n e i n fig.2.13 

The sample was mounted on a rod which was r i g i d l y clamped to a small p l a t f o r m . 

The p l a t f o r m could f r e e l y s l i d e v e r t i c a l l y and was attached by a short moving 

arm t o an e c c e n t r i c cam driven by a synchronous motor. The f l u x s i g n a l from 

the d e t e c t i n g c o i l s was put through an i n t e g r a t i n g d i g i t a l v o l t m e t e r which 

converted the voltage i n p u t i n t o a sequence of pulses, the number of pulses 

being p r o p o r t i o n a l t o the i n p u t . Counting over a f i x e d time, the number of 

pulses was p r o p o r t i o n a l to the magnetization of the specimen, and a d i g i t a l -

analogue converter D.A.C. passed t h i s s i g n a l t o an X - Y recorder. 
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The f i e l d s i g n a l f o r the magnetization curve was taken from the voltage 
across a small resistance i n the c i r c u i t of the solenoid and i t s power 
supply. 

Further improvements of pickup c o i l design have been explained by 

Noakes, A r r o t t , and Haakana ( r e f . 6 8 ) , who used a s i x - c o i l system t o e l i m i n a t e 

the s e n s i t i v i t y to f i e l d noise and microphonics, and a s i x cycle chopper 

attached to the d r i v e of the specimen i n such a way as to el i m i n a t e a l l 

even harmonics and the t h i r d harmonic. 

Because very low temperatures r e q u i r e some vacuum system to i s o l a t e 

the experimental r e g i o n , any device which r e l i e s on an even transmission of 

mechanical motion to the specimen i s a t a grave disadvantage. Gubser and 

Mapother ( r e f . 6 2 ) used a remotely c o n t r o l l e d p i e z o e l e c t r i c v i b r a t o r i n 

t h e i r compact v i b r a t i n g sample magnetometer, and t h e i r idea was borrowed 

by Mangum and Thornton (ref.63) , f o r adaptation to a v i b r a t i n g sample 

magnetometer, o u t l i n e d i n fig.2.11* . 

A Bimorph (the trade name belonging t o the C l e v i t e Corporation, f o r a 

f l e x i n g p i e z o e l e c t r i c element) c o n s i s t i n g of two f l e x i b l e p i e z o e l e c t r i c 

s t r i p s , o p p o s i t e l y o r i e n t e d and f i x e d one on e i t h e r side of a t h i n sheet of 

brass, was used as a v i b r a t o r . I f the two s t r i p s have s u i t a b l e p i e z o e l e c t r i c 

compliances an o s c i l l a t i n g voltage a p p l i e d across them w i l l a l t e r t h e i r 

lengths so t h a t they w i l l f l e x from side to side. When one end of the 

bimorph i s clamped i t behaves l i k e a v i b r a t i n g c a n t i l e v e r . 

One end of a Bimorph was clamped to the magnetometer support, and i t 

had a specimen holder attached to i t s f r e e end. The specimen holder passed 

between the c o a x i a l centres of the two pickup c o i l s which were clamped i n 

the magnetometer support, while a reference s i g n a l was obtained by a s i m i l a r 

arrangement lower down the bimorph from an y t t r i u m i r o n garnet sphere. 

Bimorphs have several mechanical resonances but troublesome modes may 

be avoided by using the fundamental resonance. Below 10K the magnetization 

of YIG i s ne a r l y independent of temperature so i n t h i s range the reference 

s i g n a l can be used w i t h a servosystem to vary the voltage applied to the 

Bimorph i n order t o maintain a constant amplitude of v i b r a t i o n . 
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This i s a very compact magnetometer and could be constructed with a 
maximum dimension of 10 m.m. according to Mangum and Thornton. The noise 
levels i n the detecting co i l s was unchanged i n f i e l d s of 2.2 T so that the 
s e n s i t i v i t y and accuracy would be excellent i n the small temperature range, 
0.3 K to 5 K, over which they used i t , but this would l i m i t i t s a p p l i c a b i l i t y . 

Over a higher temperature range some other source of reference signal 

would be required, and very elaborate ca l i b r a t i o n would be needed to allow 

f o r the voltage adjustment necessary to keep the Bimorph v i b r a t i n g with i t s 

fundamental frequency which changes by 25% between 300 K and 0.3 K. 

The Vibrating Coil Magnetometer. 

The Vibrating Coil Magnetometer has many s i m i l a r i t i e s with the v i b r a t i n g 

sample magnetometer as regards instrumentation, v e r s a t i l i t y and accuracy, 

and i t was developed at around the same time by D.0. Smith ( r e f . u l ) . 

A small detecting c o i l i s made to vibrate near the magnetized sample 

and because the f i e l d i s non-uniform a. measureable e.m.f. w i l l be generated 

across the c o i l . The c o i l system i s generally vibrated along a direction 

p a r a l l e l to the applied f i e l d H ; the apparatus involved, i s indicated 

i n f i g . 2 . I f f . 

Very uniform f i e l d s are necessary with this type of magnetometer. Any 
non-uniformity may be d i f f i c u l t to correct f o r , especially as non-uniform
i t i e s may be functions of the applied f i e l d . The second derivative of H , 
a*- u 

g-pj^ has been compensated f o r by taking two concentric, coaxial c o i l pairs, 

each with a region of uniform s e n s i t i v i t y , as a detecting system. The inner 

c o i l i s the sampling c o i l and the outer, the compensating c o i l (fig.2./6 ) 

and the area-turns configuation i s designed to give the c o i l system zero 

quadrupole moment. The input c i r c u i t of f i g . 2 . I f f i s an amplifier which 

introduces a negative scale factor to adjust the detector signal, depending 

on the r e l a t i v e sizes of the detecting and bucking c o i l s which are connected 

i n opposition. 

Especially when the magnetometer i s used with an electromagnet ( as 

shown) i t i s even then hard to reduce the s e n s i t i v i t y to the external f i e l d 

to a negligible quantity and t h i s i s the main l i m i t a t i o n to the measuring 
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s e n s i t i v i t y . However, the magnetometer can perform measurements over a 

wide range of physical conditions, and i t may be advantageous compared to 

the v i b r a t i n g sample magnetometer in work involving a wide range of tempera

ture or application of hydrostatic pressure. 

Specialised requirements have been met by a number of ingenious 

modifications. Kaeser, Ambler and Schooley (ref.67) desired to make magnet

iza t i o n measurements i n the m i l l i K e l v i n temperature range, i n which even a 

single vibration reaching a small specimen could a l t e r i t s temperature 

s i g n i f i c a n t l y , and a vi b r a t i n g specimen magnetometer seemed out of the 

question. They made the v i b r a t i n g pickup c o i l s small enough to f i t inside 

the dewar, and suspended them from thin stainless steel tubes which were 

guided by a loudspeaker spider. 

F a r r e l l (ref.69) used a similar detector c o i l suspension and drive 

system for low temperature work on superconductors, and obtained accuracies 

claimed to be la/o, which were of the same order as uncertainties of temperature. 

Gubser and Mapdther (ref.62) designed a v i b r a t i n g c o i l magnetometer 

using a Bimorph as vibrator which they used below 1 K. 

(3) Torque Magnetometry. 

(a) Early Experiments. 

The principles behind the torque curve method of determining anisotropy 

constants, were f i r s t enunciated by Akulov, ( r s f . 3 l ) and C-ar.s ( r e f . 3 2 ) . 

A.s experimental technique and accuracy improved, elaborations of the 

theory were made by Bozorth (re f . 1 5 ) , Schlechtweg (ref.l7)» Tarasov and 

B i t t e r ( r e f . l 6 ) , and Bozorth and Williams ( r e f . 3 3 ) . Williams (ref.26), and 

Dahl and Pfaffenberger ( r e f . 2 7 ) , were the f i r s t to use this method success

f u l l y , although Akulov ( r e f . 3 4 ) , had made some attempts previously. This 

method removed doubts about hysteresis i n the magnetization curve, but the 

torques on nickel and iron crystals were small, and to improve the sensitiv

i t y , Williams used disc specimens of order 1 inch i n diameter. Besides the 

fa c t that such large single crystals are hard to make, i t i s d i f f i c u l t to 

arrange f o r large magnetic f i e l d s to be uniform over such an area. More 

sensitive techniques have made torque magnetometry the most important 
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technique i n the measurement of ferromagnetic anisotropy. 

The principle of the method i s i d e n t i c a l to that of the torsional 

apparatus of Weiss: a disc i s suspended from a torsion wire and a saturating 

magnetic f i e l d i s rotated about the plane of the disc. The torque i s 

determined every 10° or so and a complete curve of torque against direction: 

of magnetization i s produced. This i s interpreted as explained i n section 

3 (b) of chapter 1. The maximum torque increases as the f i e l d i s increased 

and i t i s the l i m i t i n g torque curve as the applied f i e l d approaches i n f i n i t y 

which precisely determines the anisotropy constants. 

Dahl and Pfaffenberger had an iron yoke mounted on a turntable, and 

wound with copper coils which could be excited by an array of batteries, 

(f i g . 2 . / ? ) . The turntable could be adjusted horizontally and v e r t i c a l l y 

so that the specimen would be precisely i n the centre of the pole-pieces 

as they rotated. Two reversed conical pole pieces produced a f i e l d which 

was reasonably uniform over the region around the specimen. The electro

magnet was small and this contributed further to reducing the maximum f i e l d 

to only 500 Gauss. The underside of the specimen had a small dimple d r i l l e d 

i n i t s centre, and i t rested on a conical pivot to prevent i t from swinging 

toward either pole piece, but this introduced errors i n the torque through 

f r i c t i o n , and the dimple must have altered the demagnetizing f i e l d i n a 

small but unpredictable way. The specimen was suspended from a torsion 

f i b r e which had been calibrated from a mechanical torque. Their f i b r e s 

had large torsion constants and large samples were needed to produce 

measureable torques, so only the f i r s t order anisotropy constant 

could be measured. 

Williams (ref.52) i n a modification of his earl i e r apparatus (ref.26) 

used two torsion wires i n his experiment. A short rod attached a small 

mirror to the upper surface of his disc specimens, and the mirror was 

suspended by the upper torsion wire. The second f i b r e was attached to the 

bottom of his specimen and passed through a hole d r i l l e d through the 

electromagnet's yoke and the bench, and i t suspended a large calibrated 



F I G . 2.17 THE P R I N C I P L E OF THE A P P A R A T U S OF 
DAHL AND P F A F F E N B E R G E R . 

BENCH 

MU 
MIRROR 0 

L 

/ 

L O W E R T O R S I O N 
W I R E 

TORSION WIRE 

R I G I D S U P P O R T 

L 

// 

F I E L D D I R E C T I O N 
S C A L E 

T O R S I O N S C A L E 

F I G . 2.1ft THE A P P A R A T U S OF W I L L I A M S ( R E F 5 2 ) . 



- 2 3 -

disc which gave a measure of the torque on the specimen. The magnet 
could be rotated by an amount measured on a scale attached to i t . This 
altered the torque on the crystal which rotated s l i g h t l y , taking the mirror 
with i t , and deflecting a l i g h t beam reflected by the mirror. The torsion 
disc was rotated i n a contrary direction so that the l i g h t beam returned to 
i t s o r i g i n a l position; the angle through which the torsion scale rotated 
determined the torque. This instrument was used i n room temperature 
experiments. 

Brailsford (ref.28), improved the torsion apparatus i n many respects, 

(see f i g . 2J9)» His torsion f i b r e T was suspended through a large calibrated 

brass disc A and attached to a spindle which held the upper of two discs 

between which the specimen was clamped. Both the upper and the lower spindle 

S„ rested on .journal .jewel bearings which substantially reduced f r i c t i o n . 

A protective tube D around the torsion wire, had a long pointer P attached 

to i t s lower end, and a c o l l a r C on i t , rested on the apparatus support. The 

electromagnet was fixed and was more powerful than those used previously i n 

th i s experiment, producing f i e l d s up to 2.8 kGauss. A pointer not shown i n 

fig . 2 J 9 attached to the electromagnet, gave the rotation of A with respect 

to the f i e l d . The tube D could be rotated by hand, and the specimen would 

rotate with A so that the position of the pointer Q gave the angular d i s 

placement of the specimen. The torque on the wire was calculated from the 

small advance that P had made over the disc A^ and thi s should equal the 

torque on the specimen. 

This instrument was b u i l t to investigate materials suitable f o r 

transformers and though providing results rapidly and conveniently at 

room temperature, could not be adap.ted f o r low temperature work. 
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(b) Automatic Balancing Torque Magnetometers* 

There are seven main d i f f i c u l t i e s with torque measurements by 

torsion f i b r e ; 

( i ) They are time consuming; 

( i i ) Measurements are not continuous; 

( i i i ) A preliminary knowledge of the anisotropy constants must be 

available so that a suitable torsion f i b r e may be chosen to match the range 

of torque to be measured. The f i b r e must be capable of measuring the largest 

torque expected, and remain within i t s elas t i c l i m i t , and i t must provide a 

reasonably large deflection i n order to minimise reading errors; 

( i v ) The need f o r an enclosure i n which a constant and predetermined 

temperature may be maintained, makes design f o r a support to s t a b i l i z e the 

specimen d i f f i c u l t ; 

(v) For low temperature work, the specimen must be i n an evacuated 

enslosure. I f the torsion wire i s outside the evacuated system, i t w i l l 

require a vacuum seal j o i n t which could involve f r i c t i o n greater than any 

torque to be measured: thus the torsion wire must necessarily be included 

i n the vacuum system; 

( v i ) At low and (especially) at high temperatures, a temperature 

gradient exists along the torsion wire; this effects the torsion constant 

and hence the c a l i b r a t i o n ; 

( v i i ) The torque produced by the f i b r e must always be i n stable 

equilibrium with the magnetic torque on the specimen. Suppose that E i s 

the t o t a l r o t a t i o n a l potential energy of the specimen. I t i s due to the 
o 

anisotropy energy f v and the torsional energy C9" , where C i s the torque 

constant of the f i b r e and 9 i t s angle of t w i s t . Then 
E = f K + i C92 . 

For stable equilibrium 3E _ n and £ E _ •> N

 S 0 

39 " U d & ' 

C > P fK J at a l l times. 
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Penoyer had a system which attempted to eliminate these problems, 

( r e f . 2 9 ) . His specimen was held i n a r i g i d suspension which could rotate 

i n a horizontal plane (fig.2.1.0) . The specimen was centred between the 

poles of an electromagnet which could rotate i n a horizontal plane, i n a 

manner controlled by a d.c. motor. The shaft of the motor also rotated 

a potentiometer i n a linear voltage source, and this provided an output 

which could be used to indicate the rotation of the magnetic f i e l d d i r e c t i o n . 

To counterbalance the torque on the specimen, a small c o i l was attached 

to the other end of the specimen suspension and placed between the poles of 

a small permanent magnet. A small plane mirror was attached to the suspension 

system. A collimated l i g h t source shone onto the mirror, and the l i g h t was 

reflected onto the edge of a triangular prism at either side of which were 

two photocells positioned so as to receive equal amounts of the l i g h t reflected 

at the prism. The photocell signals were passed to a d.c. amplifier which 

controlled the current i n the balancing coi l s and passed a corresponding 

signal to the X - Y recorder. 

When the torque on the specimen rotated the mirror s l i g h t l y , there was 

a reduction i n the amount of l i g h t incident on one of the photocells and an 

increase of l i g h t incident on the other. 

The difference between the photocell signals was amplified and passed 

on to the balancing c o i l so as to give the c o i l and the specimen another 

torque equal to and opposing the torque on the magnetization of the specimen 

and thereby keeping the specimen fi x e d , at least to within - 0°*5 . As the 

electromagnet i s rotated, the inputs to the X - Y recorder produce a contin

uous signal which i s traced out as a torque curve. The torque curve i s 

produced very rapidly and simply and i n such a" short time that the tempera

ture can obviously be assumed constant. 
A 

Manually operated magnetometers, in which the torque i s recorded when 

the specimen i s at various orientations i n the magnetic f i e l d , and the 

instrument readjusted a f t e r each measurement, suffered from t h e i r lack of 

speed when i t came to analysing many specimens. 
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Ingerson and Beck (ref.35) designed a continuously recording 
magnetometer i n which the torque curve was displayed on a cathode ray 
oscilloscope. This was much more e f f i c i e n t i n producing r e s u l t s , but 
s t i l l the record of the torque curve had to be i n d i r e c t l y produced by 
photography. 

D.S. M i l l e r ( r e f . 36) adapted the l a t t e r system by recording on an 

X - Y recorder (actually a modified X - T recorder was used o r i g i n a l l y ) . 

His disc specimens were r i g i d l y held by spring jaws on the holder B 

(fig.21) . The holder could be inserted onto the two arma of a pivoted 

shaft I which was held i n a frame on a calibrated disc D. An electro

mechanical s t r a i n gauge K was also mounted on D, and a th i n phosphor-

bronze s t r i p S was wound once around the shaft I and t i g h t l y fixed by 

two locking collars C to the shaft of the gauge. The whole structure 

could be rotated with the specimen i n a magnetic f i e l d . The torque on 

the specimen i s easily transmitted through the shaft I and phosphor-

bronze s t r i p to the gauge shaft. The output terminals of the gauge 

were connected to the recorder, and the synchronous motor d r i v i n g the 

structure also moved the chart paper of the recorder. 

This was successful i n applications where small torques were 

involved, butsome error was unavoidable i n the measurement of angles 

because of the small rotation ( = 1°) permitted by the bronze s t r i p . 

Byrnes and Crawford (ref.53) adopted many of Mil l e r ' s ideas, but 

they used a torque shaft which was Buspended from a l u c i t e platform 

and required no bearings at the bottom. This enabled them to put the 

specimen holder at the lower end and surround i t with a crypstat so 

that low temperature work could be undertaken, at least to l i q u i d 

nitrogen temperature. They used a thin beryllium-copper s t r i p , shaped 

l i k e a fork with two prongs so that the g r i p end would f i t between the 

prongs, to connect the shaft to the gauge transducer; t h i s was less 

l i k e l y to 3 l i p on the shaft. 
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A 360° torque curve could be produced in 4 minutes. The machine 
was rugged and could be manhandled without s i g n i f i c a n t l y a l t e r i n g the 
c a l i b r a t i o n , so specimens could easily and quickly be attached to the 
holder and t h e i r torque curves rapidly produced. 

The magnetometer of Tajima and Chikazumi (ref.37) had no bearings, 

and the error i n the angular position of the specimen was e n t i r e l y 

n e g l i g i b l e . The specimen holder was at the bottom of a long metal 

shaft suspended from a cylinder of phosphor-bronze, fig.2.22. The 

cylinder was hollow, 10 m.m. outer diameter and 1 m.m, thick, and had 

twelve s l i t s , each 20 m.m. long and 1 m.m. wide. The s l i t s increased 

the s u s c e p t i b i l i t y of the cylinder to t w i s t , but retained enough r i g i d i t y 

i n i t to hold the specimen i n any f i e l d . Two paper st r a i n gauges of the 

cross-wire type to determine torque, were bonded on opposite sides of 

the phosphor-bronze cylinder. 

In order to measure the large torques involved i n work on the 

heavy rare earth elements, more specialised techniques must be used. 

Rhyne and Clark (ref.45) f i x e d t h e i r samples i n the centre of a 

small solenoid and balanced the moment from each i n the applied f i e l d 

(fig.2.2?)The solenoid was pivoted and as the magnetic f i e l d was increased 

a larger current was required by the solenoid to keep i t i n the same 

position. The accuracy with which the solenoid could be kept stationary 

was the main l i m i t i n g factor i n the experiment, and since t h i s accuracy 

was equivalent to the difference between the torques of the specimen 

and solenoid and was a small quantity compared to the torques, the 

method has a much better s e n s i t i v i t y compared to the d i r e c t measurement 

of torque. 

They used t h e i r data to f i n d the second anisotropy constants of 

dysprosium and terbium to an accuracy which they considered to be 

+ 2jfo, very good considering that the elements were not saturated i n 

t h e i r hard directions. 
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The Rotating Sample Magnetometer. 

In this device the sample i s rotated rapidly i n a steady magnetic f i e l d . 

Generally the applied f i e l d i s made large enough to restrain the t o t a l moment 

of the specimen from deviating by more than a few degrees from the direction 

of the f i e l d H. The moment oscillates up to some angle (X to either side of 

the f i e l d direction and produces a small component M^of the t o t a l magnet

iz a t i o n normal to the f i e l d . 

A pair of solenoids monitor the variation i n and produce a signal 

which can be interpreted to provide measurements of magnetic moment, hysteresis 

magnetocrystalline ansiotropy and anisotropic s u s c e p t i b i l i t y . There appears to 

be no i n t r i n s i c upper l i m i t to the range of moments raeasureable, but most of 

the published data relates to work on ferromagnetic thin f i l m s . 

Ingerson and Beck ( r e f . 7 l ) f i r s t designed and b u i l t such an instrument, 

which they used to measure the magnetocrystalline anisotropy of ro l l e d s i l i c o n -

i r o n sheet. Their apparatus was basically as shown in fig.2.24, with a motor 

r o t a t i n g a disc-shaped sample which was placed at the centre of a small station 

ary pick-up c o i l . The signal from the c o i l was integrated electronically and 

displayed on an oscilloscope as a torque curve. This was possible because the 

time base of the oscillo,pe was triggered by, and synchronous with the rotation 

of the sample. 

Because of the low number of components necessary fo r the experiment, the 

apparatus i s cheap and easily constructed, but i t produces only a small signal 

with a high noise l e v e l . Some modifications to the principle were made by 

Hagedorn (r e f . 7 2 ) , who rotated the f i e l d about a stationary sample. Unfortunat 

ely this imposed severe l i m i t s to the magnitude of the f i e l d which could be 

applied so that only small anisotropics could be measured; t h i s was not an 

important consideration f o r him as he was interested i n th i n f i l m s , but his 

methods of noise elimination were used by Gessinger, Kronmuiler and Bundschuh 

( r e f . 7 7 ) . and by Flanders (ref.74.75.76). 

The principles of Flander s'experiment are outlined i n fig.2.2 J", i n 

block form. The diagram also suggests the s i m p l i c i t y and ease of construction 

of the apparatus. The sample i s rotated by a small synchronous motor at a 
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ra.te between 30 Hz and 100 Hz, the lower r a t e being governed by the response 
o f the l o c k - i n a m p l i f i e r , and the upper r a t e l i m i t e d by the bearings and 
gears of the d r i v e system, as w e l l as by the mechanical lead through necessary 
w i t h any vacuum system. 

Flanders used a l i g h t chopper attached to the r o t a t i n g s h a f t o f the 

motor, i n conjunction w i t h a p h o t o c e l l to give a reference frequency-signal 

r e q u i r e d t o modulate the l o c k - i n a m p l i f i e r . Two s i m i l a r d e t e c t i o n c o i l s 

connected i n series o p p o s i t i o n , produced a s i g n a l which was p r o p o r t i o n a l to 

the magnetization of the sample, the angular v e l o c i t y of the sample and the 

angle between the magnetization and an easy d i r e c t i o n of the sample. 

For measurements of magnetocrystalline anisotropy, the r o t a t i o n a x is of 

the sample i s best put perpendicular to the a p p l i e d f i e l d , and the sample 

should have an axis of symmetry c o i n c i d i n g v/ith the r o t a t i o n a x i s . Optimum 

s e n s i t i v i t y i s achieved by having the pick-up c o i l s arranged a x i a l l y a t r i g h t 

angles to the f i e l d , so t h a t they generate a s i g n a l p r o p o r t i o n a l t o Mj_ -

the component of magnetization perpendicular to the f i e l d . Connecting-

i d e n t i c a l c o i l s i n series o p p o s i t i o n eliminates ( t o the f i r s t order) noise 

sources such as spurious sample or c o i l v i b r a t i o n , or f i e l d v a r i a t i o n , 

p r o v i d i n g t h a t the c o i l s are symmetric w i t h respect to the f i e l d . I t i s not 

necessary t h a t the c o i l s be symmetric w i t h respect to the sample, and they 

may be p o s i t i o n e d so t h a t the magnetization s i g n a l s add, or one c o i l may be 

a t such a distance t h a t i t does not augment the s i g n a l of the other 

s i g n i f i c a n t l y . 

A l o c k - i n a m p l i f i e r can generate an a l t e r n a t i n g reference voltage of 

various frequencies and amplitudes and the chopper i s needed to provide a 

governor f o r the reference frequency. The L.I.A. then averages out the noise 

from the i n p u t , and gives an output p r o p o r t i o n a l t o the s i g n a l created by 

the magnetization alone. 

Because the s i g n a l from the pick-up c o i l s depends only on the dimensions 

and shape of the c o i l s and the c o n f i g u r a t i o n of the c o i l s and sample, f o r a 

given sample these f a c t o r s can be :represented mathematically by a coupling 

constant C. Apart from noise, the output from the c o i l s i s then a voltage 



- 3 0 -

V such t h a t 

V = v C < ^ 

depending on the volume v of the sample and the time t . This formula 

contains an i m p l i c i t v a r i a t i o n of V w i t h angle i/> between the t o t a l magnet

i z a t i o n and the easy d i r e c t i o n , because 

dLt Jit tty el * 

I f the anisotropy of the sample i s r e l a t i v e l y small f o r the f i e l d used 
K K ( i . e . i f H » — where K i s the p r i n c i p a l anisotropy constant and — i s 
s s 

approximately the anisotropy f i e l d ) then the angle « between M and the f i e l d 
s 

w i l l always be small. Consequently u may be regarded as being constant so 

t h a t V(V) - ~ )/~^f- ££* 
defines a d i r e c t p r o p o r t i o n a l i t y between the induced voltage and the r a t e of 

change o f torque- the torque being 

n / i j . A ^ 

Hence the s i g n a l from the pickup c o i l s , detected and a p l i f i e d by the L.I.A. 

can be i n t e g r a t e d t o produce a s i g n a l d i r e c t l y p r o p o r t i o n a l to the torque. 

When the output s i g n a l i s not i n t e g r a t e d i t may be expressed ( r e f . 7 6 ) as 

a power series i n / K \ , each term being m u l t i p l i e d by F o u r i e r components 
M H / 
s " 

(cos n o t ) . For u n i a x i a l anisotropy the f i r s t three terms are shown i n 

Each component may be separately i d e n t i f i e d and measured by the L.I.A.,and 

the r a t i o of the magnitudes of any two terms w i l l determine K. 

Cubic and hexagonal a n i s o t r o p i e s n a t u r a l l y r e q u i r e a more cumbersome 

a n a l y s i s but i n p r i n c i p l e may be determined by t h i s method. The a b i l i t y of 

the L.I.A. to separate signals of any frequency, enables i t t o measure other 

a n i s o t r o p i c influences such as v a r i a t i o n of s a t u r a t i o n magnetization w i t h 

angle, f i e l d induced anisotropy and s t r a i n induced anisotropy. P r o v i d i n g 

some mathematical analysis p r e d i c t s a l l the a n i s o t r o p i c components, i t i s 

i n p r i n c i p l e possible f o r the L.I.A. to separate a s u f f i c i e n t number of terms 

t o form a non-degenerate set of simultaneous equations. This applies even to 

cases i n which H ̂  H R but a s a t i s f a c t o r y general analysis f o r t h i s case 

has not y e t been published. 
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CHAPTER 3-
The Need f o r a New Magnetometer. 

The Gadolinium - Terbium A l l o y System. 

The p r o j e c t f o r which the magnetometer was required involved the 

i n v e s t i g a t i o n of the anisotropy constants of the gadolinium - terbium binary 

a l l o y system. Properties of several r a r e earth - rare earth binary systems 

have been examined previously (e.g. r e f . 8 4 , 8 5 , 8 6 ) but experiments on t h i s 

p a r t i c u l a r system have been c u r i o u s l y l a c k i n g , apart from the e f f o r t s of 

Tajiraa and Chikazumi ( r e f . 3 7 » 7 8 ) to determine the anisotropy constants of 

terbium by a l l o y i n g a very small q u a n t i t y of terbium (about Vfo by weight) 

w i t h gadolinium; they allowed f o r the e f f e c t of pure gadolinium on t h e i r 

torque curves, and assumed th a t the r e s u l t s were i n d i c a t i v e of the magneto-

c r y s t a l l i n e anisotropy of pure terbium. 

Perhaps people have been put o f f by the d i f f e r i n g easy magnetic d i r e c t 

i o n of gadolinium and terbium, and t h e i r d i f f e r e n t d i r e c t i o n a l behaviour 

which may make r e s u l t s awkward t o i n t e r p r e t , or the systematic v a r i a t i o n of 

magnetic p r o p e r t i e s w i t h i n c r e a s i n g atomic number may have led people t o 

f e e l t h a t there would be no unusual features i n the system, and t h a t no 

profound advance of understanding could be gained from examining i t . However, 

since the atomic and i o n i c dimensions of gadolinium and terbium are so s i m i l a r 
' c ' 

( 5 + i o n i c radius r a t i o = 1.016 ; 4 f e l e c t r o n radius r a t i o = 1 .021 ; — value 
Si 

r a t i o = 1.006 ; 'a' spacing r a t i o = 1.008 ) i t should be possible to observe 

p r e c i s e l y the change i n prop e r t i e s e f f e c t e d by the gradual a l t e r a t i o n i n mean 

s p h e r i c i t y of the i o n i c ground s t a t e from gadolinium ( S ) to terbium ( P ) . 

This systematic change i n magnetic p r o p e r t i e s i s most r a d i c a l near the 

middle of the s e r i e s , and gadolinium i s the f i r s t to have a ferromagnetic 

phase. I t s Curie temperature i s 293 K ( r e f . 7 9 ) and i t has no antiferromag-

n e t i c phase. (Doubts e x i s t over the i n t e r p r e t a t i o n of r e s u l t s by Salamon and 

Simons ( r e f . 8 0 ) who found a small 'a' a x i s r e s i s t i v i t y anomaly, and a small 

step change i n s p e c i f i c heat at 226 K i n d i c a t i n g a phase change . S i m i l a r l y , 

the work of Belov, L e v i t i n , N i k i t i n and Ped'Ko ( r e f . 8 7 , 8 8 ) i s now disregarded. 
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I n very low f i e l d s (about 1.5 Oe or l e s s ) they found small peaks i n the 
s p e c i f i c magnetization - temperature curve a t 210 K. Small anomalies i n the 
coercive f o r c e and the remanence were also found by these people, but were 
not observed elsewhere.) 

Terbium occurs next i n the s e r i e s , and i t has an antiferromagnetic 

phase between = 229 K and Tc = 221 K, and i s ferromagnetic below t h i s 

temperature. 

Heavier rare earths have s y s t e m a t i c a l l y lower Curie Tr and N eel T.T 

temperatures, T c being nearly p r o p o r t i o n a l to the de Gennes f a c t o r G 

(G = (g - 1) J (J + l ) , where g i s Lande's 1 g 1 f a c t o r ' of the t o t a l angular 

momentum vect o r J of the m e t a l l i c i o n ) and T^ i s p r o p o r t i o n a l to G 3 . 

Features Required of the Magnetometer. 

( i ) The magnetometer should be adaptable f o r use w i t h both an e l e c t r o 

magnet and a solenoid magnet. 

Durham U n i v e r s i t y S o l i d State Laboratory possesses a large e l e c t r o 

magnet which may give f i e l d s of up t o 3 T when i t s c o n i c a l pole pieces are 

attached. This i s too small to make much progress i n t o the terbium end of 

the Gd - Tb system, since Tb has not y e t been saturated i n a hard d i r e c t i o n 

although magnetized a t 15 T, and i t was a n t i c i p a t e d t h a t work could be c a r r i e d 

out a t the high f i e l d f a c i l i t y a t R.R.E., Malvern. 

( i i ) Consequent to the l a t t e r p o i n t , the magnetometer must be compact, 

rugged, and r i g i d . 

( i i i ) A l t e r a t i o n s to the c a l i b r a t i o n should not occur through frequent 

demounting. 

( i v ) Accuracy and r e p r o d u c e a b i l i t y were demanded f o r measuring anisotropy 
6 —5 8 —3 constants i n the range 10 erg CE to 5 x 10 erg cm e.g. f o r a t o r s i o n 

4 5 

system t h i s would imply t h a t torques i n the range 10 dyn-cm to 5 x 10 dyn-cm 

could be measured w i t h p r e c i s i o n . 

The E l i m i n a t i o n of other Designs. 

( i ) Normal b a l l i s t i c magnetization experiments are slow and cumbersome, 

and open to much numerical e r r o r i n the f i n a l r e s u l t , because of h y s t e r e s i s 
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e f f e c t s . Further, these devices g e n e r a l l y lack the compactness and high 
r i g i d i t y necessary f o r work i n v o l v i n g solenoids having a x i a l access and 
encumbranced w i t h a double dewar system. 

( i i ) V i b r a t i n g c o i l and v i b r a t i n g sample magnetometers are b a s i c a l l y 

b u i l t around a p a r t i c u l a r magnet, and are i n s u f f i c i e n t l y adaptable, although 

accurate and r e l i a b l e a t high f i e l d s and low temperatures. They need c a l i b 

r a t i n g each time they are reconstructed because t h e i r output i s susceptible 

t o small changes i n the c o n f i g u r a t i o n of the surroundings. 

( i i i ) Resonance experiment and i n e l a s t i c neutron s c a t t e r i n g r e q u i r e much 

more s p e c i a l i s e d d e t e c t i o n techniques and are expensive to set up from s c r a t c h . 

Neutron d i f f r a c t i o n would not be continuously a v a i l a b l e , t r a n s p o r t 

would be a problem, and r e s u l t s can only be i n t e r p r e t e d i n the l i g h t of a 

very extensive a n a l y s i s . 

( i v ) R o t a t i n g Sample Magnetometers are extremely promising and are under 

considerable development e f f o r t i n other l a b o r a t o r i e s because of the v/ide 

v a r i e t y of i n f o r m a t i o n which can be e a s i l y e x t r a c t e d from them once an e x p e r i 

ment i s under way. However, the large a n i s o t r o p i e s a n t i c i p a t e d f o r the Gd-Tb 

system suggest t h a t the magnetization vector o f the r o t a t i n g specimen would 

not stay close to the f i e l d d i r e c t i o n w i t h the f i e l d s p resently a v a i l a b l e . 

This f a c t o r would introduce many e x t r a frequency terms i n t o equation 2.S", 

and a s u i t a b l e mathematical analysis t o d e l i n e a t e each e f f e c t , appears 

daunting a t present. 

( v ) Torque magnetometers are the type most u n i v e r s a l l y used f o r deter

mination of magnetocrystalline anisotropy, producing the anisotropy constants 

most d i r e c t l y , but the usual t o r s i o n f i b r e techniques seemed inadequate : 

(a) the t o r s i o n f i b r e suspension may become unstable a t high f i e l d s 

unless the s e n s i t i v i t y i s reduced. Harrison ( r e f . 8 l ) has shown 

t h a t , f o r instance, f o r a cubic s t r u c t u r e c r y s t a l of volume y 

suspended by a f i b r e of t o r s i o n constant k~, the s e n s i t i v i t y i s 

l i m i t e d by the c o n d i t i o n t h a t k > 2K^v i f a complete torque curve 

i s t o be measured. (K^ i s the f i r s t anisotropy constant and the 

(100) plane of the c r y s t a l i s p a r a l l e l t o the f i e l d d i r e c t i o n ) . 
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( b ) a u t o m a t i c a l l y balancing torque systems (29»45»82,83) take much 
time to set up, and are cumbersome to operate ( e s p e c i a l l y i f an 
electromagnet has to be r o t a t e d ) . 

( c ) t o r s i o n suspension systems are incompatible w i t h solenoids having 

a x i a l access on l y , because the f i e l d must be applied perpendicular 

to the suspension. 

Consequently an o r i g i n a l design of torque magnetometer was embarked 

upon. 
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CHAPTER 4 
The Magnetometer. 

P r i n c i p l e . 

The design of the magnetometer i s based on the wheel, f i g . 4 . 1 . The 

specimen i s to be attached to the axle of the wheel. I n a magnetic f i e l d 

the torque on the specimen acts on the a x l e , and attempts to r o t a t e the 

wheel. The rim i s f i x e d , and the torque r e s u l t s i n a s l i g h t d i s t o r t i o n of 

the spokes. The spokes are rectangular and have s t r a i n gauges attached 

l o n g i t u d i n a l l y , and these measure the bending of the spokes and produce a 

s i g n a l p r o p o r t i o n a l to the torque. 

Design. 

Pig. 4«2 represents a mechanical beam of length 1, width w, thickness t , 

which i s r i g i d l y f i x e d to a w a l l ( e q uivalent to the rim of the wheel). The 

beam s u f f e r s a s t r a i n when a force F (the force exerted through the axle) i s 

ap p l i e d normally to i t s f r e e end. A s t r a i n gauge i s shown i n o u t l i n e , attached 

t o the beam (spoke) w i t h i t s centre a distance b from the f r e e end of the beam. 

According to Timoshenko ( r e f . l ) the s t r a i n a t b i s 
6Pb 

^ Ewt 2 Equation 4.1 

and the d e f l e c t i o n a t the f r e e end i s 
6F1^ 

y = — J Equation 4-2 

where E i s Young's modulus f o r the beam. 

To make the magnetometer symmetric and r i g i d , i t was b u i l t w i t h f o u r 

spokes. The axle had radius a so tha t a torque T on the axle exerts a f o r c e P 

on the end of the spoke3 where 

T = 4Pa Equation 4.3 
P = _T_ 

4a 
. - 2 3 

The volume of a t y p i c a l disc specimen i s = 10 cm so the maximum 
7 

torque w i l l be = 10 erg f o r the heavy rare earths, and the maximum f o r c e 

on each spoke = 10 dyne. For the proposed dimensions of the spokes, 1 = 6 m.m. 

W = 5 m.m. t = 2 m.m. equation 4«2 gives y = 4 x 10 m.m. (E = 5 x dyn 

crrT^ f o r the m a t e r i a l chosen), a.nd the maximum angle through which the axle 
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p o s i t i o n X Z while the 

axle has r o t a t e d « rad. 
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would t u r n i s <* = 10 ^ rad. 

The f o r c e P on each spoke has a component F perpendicular to the spoke 

X Y (see f i g 4*3) > and a component F ' p a r a l l e l to the spoke. The angles are 

s u f f i c i e n t l y small to regard the spoke as having r o t a t e d r i g i d l y by fi from 

i t s unstrained p o s i t i o n XZ . P i s a t angle 9 to X Y and 

s i n 9 = cos = 1 

cos 9 = s i n = 0 

so F = P and F' = 0 . 

The s t r a i n gauges of the magnetometer, form an arm of the usual Wheat-

stone Bridge arrangement, which i s used to determine the resistance changes 

i n the gauges. Between the l i m i t s imposed by the s e n s i t i v i t y of the bridge 

and the maximum s t r a i n acceptable to the gauges, a d i g i t a l v o l t m e t e r or X. - Y 
.,-2 -5 

recorder across the bridge can measure s t r a i n from 10 to 10 . This i s 

equivalent to torques of 5 * 10^ erg t o 5 x 10^ erg and i n specimens of 
- 1 3 -3 3 

volumes ranging from 10 cm to 10 cm i t would be possible to measure 

anisotropy constants of 5 x 10^ erg cm ^ to 10^ erg cm ^. 

Construction. 

The magiifc!Loiiieter was cut from s t r i p s of a s p e c i a l p l a s t i c , 'Nylon 6', 

prepared by Mr.L.J.Maisey, of the Rubber and P l a s t i c s Research Association 

(R.A.P.R.A.). The use of metals i n the c o n s t r u c t i o n of the spokes, was 

e l i m i n a t e d because t h e i r high Young's Modulus (10 x higher than f o r p l a s t i c s ) 

would have necessitated a p r o p o r t i o n a l reduction i n the size of the spokes 

t o obtain the same s t r a i n range. The b r i t t l e n e s s of metals a t low temper

atures would have made such use dubious, and the accurate c u t t i n g of the 

spokes and axle to such dimensions would be very d i f f i c u l t . 

U n f o r t u n a t e l y , most p l a s t i c s become extremely b r i t t l e (more so than 

metals) a t low temperatures,and r e c y c l i n g d i s t o r t s them and a l t e r s t h e i r 

mechanical p r o p e r t i e s r a d i c a l l y . However, the Nylon 6 developed fey 

R.A.P.R.A. seems to be f r e e of these d i f f i c u l t i e s . The only doubt was 

t h a t the expansion c o e f f i c i e n t , c h a r a c t e r i s t i c a l l y very high i n p l a s t i c s , 

might be too great f o r the s t r a i n gauges to bear comfortably. The behaviour 
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v.'as tested by measuring the expansion c o e f f i c i e n t of the p l a s t i c by a 
s t r a i n gauge method as described i n the appendix. Nylon 6 does not approach 
Te f l o n i n the extravagance of i t s expansion, and the gauges behaved c o n s i s t 
e n t l y w e l l throughout a number of experimental runs. 

The r i m , the spokes and the axle were cut separately from a 5 m.m. t h i c k 

s t r i p . I t would have been more s a t i s f a c t o r y to mould them, or cut them as a 

s i n g l e piece, but that would have made i t impossible to apply the pressure 

to bond the gauges c o r r e c t l y . 

The spokes were cut and f i l e d i n t o r ectangular blocks 9 m.m. x 5 m.m. x 

2 m.m. cleaned thoroughly w i t h a degreaser and d r i e d . A t h i n l a y e r of Micro 

Measurements M-Bond 610 adhesive was applied to the spokes and gauges. The 

gauge was placed c a r e f u l l y p a r a l l e l to the long side of the spoke, covered 

w i t h Mylar (which does not adhere to M-Bond 610), clamped at about 25 l b i n 

and cured f o r 2 hours at 150° C. The gauges were I/Iicro Measurements type 

WK -15-031 CF-3505 350Q wire resistance gauges made from a Karma a l l o y 

o f very low magnetoresistance, and having a s e l f temperature compensation 

of 31 p.p.m. 

A f t e r c u r i n g , the gauges were cooled slowly, coated w i t h a p r o t e c t i v e 

l a y e r of 610 adhesive, and cured again. 

The s l o t s i n the disc which was to form the r i m , the ends of the spokes 

and the s l o t s i n the ax l e , were degreased, cleaned, iSried and coated w i t h 

a t h i n layer of A r a l d i t e A Y 105 mixed w i t h YF 953 hardener, they were 

placed together i n a small j i g which gave r i g i d i t y to the s t r u c t u r e while 

i t was heated i n an oven f o r Lg- hours at 120° C. 

The specimen holder, a small c y l i n d e r of Nylon 6, 2 m.m. radius and 

5 m.m. long, was attached by 8 B A brass screw, and cemented w i t h A r a l d i t e 

Y F 105 to the lower side of the axle. A short aluminium rod, 80 m.m. long 

and 10 m.m. diameter, was bonded w i t h M-Bond 610 to the centre of a 15 m.m. 

wide section of Nylon 6 cut from a 25 m.m. diameter d i s c , and was cured f o r 

2 hours at 150° under 50 lbs i n ~ 2 . This w§s to support the magnetometer 

and two 5 ta.m. t h i c k segments of Nylon 6 were placed as spacers between the 

support and the magnetometer. On the base of the support, two pieces of 
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p l a s t i c , i d e n t i c a l t o the spokes and mounted s i m i l a r l y w i t h s t r a i n gauges, 

were bonded w i t h A r a l d i t e . They were placed so as to be p a r a l l e l to the 

spokes with gauges, so th a t the dummy gauges being connected to the second 

arm of the bridge c i r c u i t , would balance out e f f e c t s of thermal expansion, 

magnetoresistance and lead-wire connections. 

To f a c i l i t a t e e l e c t r i c a l connections, two small s t r i p s of Vero board 

were glued t o opposite sides of the aluminium rod and close to the bottom. 

The 4 - leads from each gauge, were soldered t o the Vero board, and once 

constructed, no p a r t of the magnetometer need be di s t u r b e d . 

The support rod could be i n s e r t e d i n t o a s t a i n l e s s s t e e l tube of length 

appropriate to magnet and c r y o s t a t dimensions, and the other end of the s t e e l 

tube was attached to an Edwards Rotary Vacuum s h a f t . Two aluminium discs 

were s l o t t e d over the tube. Their diameter was s l i g h t l y less than the glass 

c r y o s t a t i n t o which the system was to be f i t t e d , and they provided the e x t r a 

r i g i d i t y to the s t e e l tube which was necessary to keep the magnetometer i n a 

f i x e d p o s i t i o n i n the magnetic f i e l d . 

The r o t a r y s h a f t v/as sealed i n t o the top of the brass c r y o s t a t head 
if..? 

( f i g ! ) and had a l i n e a r h e l i p o t i n v e r t e d over i t . A small emf was put 

across the h e l i p o t , and the output from the h e l i p o t tap, being p r o p o r t i o n a l 

to the r o t a t i o n of the s h a f t , would give a s i g n a l depending on the angle 

through which the magnetometer was turned. The h e l i p o t casing was r i g i d l y 

attached to the c r y o s t a t head. 
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C a l i b r a t i o n of the Magnetometer. 

For the magnetometer to provide a s a t i s f a c t o r y measurement of torque, 

three c h a r a c t e r i s t i c s must be observed i n i t : 

( i ) the output of the bridge must vary l i n e a r l y w i t h the torque imposed; 

( i i ) a f t e r the i n i t i a l c a l i b r a t i o n , a l l r e s u l t s should be accurately 

reproduceable; 

( i i i ) f o r a given torque, the output of the bridge must be c a l i b r a t e d 

f o r the various temperatures at which measurements are a n t i c i p a t e d 

to be r e q u i r e d . 

( i ) C a l i b r a t i o n of L i n e a r i t y . 

C a l c u l a t i o n s with the formulae introduced e a r l i e r i n t h i s chapter 

showed t h a t the measured torque could be expected to be l i n e a r w i t h produced 

torque f o r values ranging up to somewhat more than one hundred times the 

greatest torque contemplated i n a c t u a l experiments. ( This means t h a t a 

graph of produced torque against measured torque should be a s t r a i g h t l i n e ) . 

The l i m i t s were imposed by the d e v i a t i o n from l i n e a r i t y i n bridge output w i t h 

respect to small changes i n arm resistance a f t e r the bridge became unbalanced 

by a c e r t a i n amount, and by the bending of the magnetometer's spokes becoming 

non l i n e a r w i t h respect to applied f o r c e a f t e r a c e r t a i n l e v e l of s t r a i n i s 

introduced. I t w i l l be seen t h a t these expectations were s l i g h t l y confounded 

by experience although l a t e r experiments show how these d i f f i c u l t i e s may be 

overcome. 

The l i n e a r i t y of the magnetometer was c a l i b r a t e d using a small solenoid 

c o n s i s t i n g of 230 turns of 26 SWG wi r e . This could carry a cur r e n t which 

was great enough t o produce a torque ten times t h a t expected from c r y s t a l s . 

The t e s t solenoid was r o t a t e d u n t i l i t was perpendicular to the a p p l i e d f i e l d . 

When a current of I amp passed through the solenoid, a f i e l d of H t e s l a put 

a torque 

L = 1.074 H I x 10 N m 

onto the solenoid ( a f i g u r e deduced from the mean area-turns of the s o l e n o i d ) . 

I f H i s i n oersted then 

L = 10.74 H I dyn cm . Equation 4-4 

Fig.4.6 shov/s the c i r c u i t diagram of the experiment. A voltage of a l i t t l e 
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Fig.4.6. A c i r c u i t - and block - diagram showing the apparatus used 

to c a l i b r a t e the magnetometer. 
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over 1.2Vwas supplied by a power supply u n i t E to e x c i t e the bridge c o n s i s t 
i n g of the a c t i v e and dummy s t r a i n gauges G. and Ĝ  Two 100 k Q h e l i p o t s 

XI i l l 

R^and R̂  shunt Ĝ  and Ĝ  and the other arms of the bridge are completed by 

two f i x e d resistances R-. and R. whose values are close to the nominal 350 O 
3 4 

o f the s t r a i n gauges, and a small resistance R̂  i s used as a potentiometer 

t o balance any d i f f e r e n c e s between R̂  and R̂  or between R̂  and R̂  • A d i g i t a l 

v o l t m e t e r DVM determined the balance p o i n t of the bridge t o b e t t e r than 

* 0.5U.V. The h e l i p o t s were not necessary f o r t h i s experiment, but provided 

the d e l i c a t e adjustment necessary to f i n d the n u l l p o i n t of the brid g e ; two 

were used to make the w i r i n g i d e n t i c a l i n each h a l f of the bridge. 

Besides being monitored by the d i g i t a l v o l t m e t e r , the output of the 

bridge was passed to an X - Y recorder. The X terminals of the recorder! 

were connected to the output of the power supply u n i t PSU which supplied the 

cur r e n t to the torque producing solenoid. This solenoid was glued to the 

c r y s t a l holder of the magnetometer. A given f i e l d was applied to the solenoid 

and the c u r r e n t through i t was g r a d u a l l y increased from zero. The in c r e a s i n g 

moment of the c o i l produced an i n c r e a s i n g torque which correspondingly unbal

anced the Wheatstone bridge by an amount described by the Y movement of the 

char t recorder whose Y s e n s i t i v i t y was set a t 0.05 roV per cm. X movement of 

the recorder depends on the voltage ap p l i e d to the solenoid, and by Ohm's law 
i 

arid equation 4.4 t h i s should be p r o p o r t i o n a l to the produced moment. With a 

maximum solenoid current of two amps, the o r i g i n a l r e s u l t s f o r various f i e l d s 

are shown i n f i g . 4 . 7 ' Each graph took about 20 sees, to form. 

(a) Noise on the curve appeared to be due e n t i r e l y to the a m p l i f i e r 

or servo-system of the X - Y recorder and has not been included 

i n the f i g u r e . The gain of the Y a m p l i f i e r was set a t i t s highest 

value and gave a Y s e n s i t i v i t y of 0.05«V cm ^ . Although i t i s 

probably f i v e times more s e n s i t i v e , the DVM gave no such i n d i c a t i o n 

of noise, which appeared as an i n t e r m i t t e n t v i b r a t i o n of the recorder 

pen i n the Y d i r e c t i o n . The sampling r a t e of the DVM was set a t 

10 Hz and the response time could e a s i l y have coped w i t h the noise 
i n d i c a t e d on the X - Y recorder, the r a t e of t h i s being about 2 Hz 
and the amplitude 15 U.V. 
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(b) Hysteresis i s considerable, being about jfo of the maximum torque 
i n each case. 

(c) There i s a s l i g h t departure from l i n e a r i t y e s p e c i a l l y on the lower 

( i n c r e a s i n g c u r r e n t ) part of the curve. Here, i t i s about 0.6% 

over the f u l l length of the curve i n the l a r g e s t f i e l d s . P l a i n l y 

most of t h i s departure occurs at the extreme r i g h t hand side of 

the l i n e s and l a t e r i t was discovered t h a t some of t h i s e f f e c t 

was due to the solenoid voltage being taken higher than the 

recorder servomechanism could cope w i t h , but the s t r a i n on the 

servomechanism was not no t i c e d a t f i r s t . 

(d) Deviations from l i n e a r i t y o f the decreasing current part of the 

curve are too small to be measured over the lower fOfo of the curve. 

Hence, the i n i t i a l o b j e c t i v e was to e l i m i n a t e a l l h y s t e r e s i s . By 

experience i t was found t h a t the amount of hyst e r e s i s depended on 

the time r a t e of change of torque, and i t was possible to reduce 

the h y s t e r e s i s by incr e a s i n g and decreasing the torque very slowly. 

Fig . 4 « 8 shows how e f f e c t i v e t h i s was. 

I n t h i s instance the r i s e to maximum torque took about two minutes 

f o r each f i e l d . Except a t the highest f i e l d s (and torques) hystere

s i s i s now n e g l i g i b l e , and the n o n - l i n e a r i t y has decreased to 0.5% 

of the f u l l torque l i n e . F i n a l l y a torque l i n e was produced i n 

which the maximum torque was 5 x 10^ dyn cm. Hysteresis was e n t i r 

e l y n e g l i g i b l e (up to f i e l d s of 1 T) and n o n - l i n e a r i t y was too small 

to be determined even when the f u l l curve was produced i n less than 

10 seconds. Thus i t became c l e a r t h a t the magnetometer would work 
A 

very s a t i s f a c t o r i l y i f the torques were kept below 10' dyn cm. 

However f o r t h i s to be e f f e c t i v e the s i g n a l to the X - Y recorder 

must be pr e - a m p l i f i e d i n order t h a t the pen produce a reasonable 

d e f l e c t i o n . I t seems tha t t h i 3 w i l l be f e a s i b l e without i n t r o d 

u c ing too much noise and f u r t h e r i n v e s t i g a t i o n s are now under way. 
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F i g . 4 . 8 . Torque l i n e s f o r a much slower r a t e of torque increase, again at room temperatu 
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( i i ) Reproduceability. 

I n i t i a l l y the r e p r o d u c e a b i l i t y was no b e t t e r than to w i t h i n y/a , 

but the l a t e r r e s u l t s from the low magnitude torque l i n e s seem to give 

r e s u l t s agreeing to b e t t e r than lfo at a l l temperatures and torques. 

( i i i ) Temperature C a l i b r a t i o n . 

A given torque w i l l produce a s i g n a l which varies w i t h temperature 

because of the f o l l o w i n g e f f e c t s . 

(a) P r i n c i p a l l y , the v a r i a t i o n of Young's modulus of Nylon 6, which 

a f f e c t s the r e s u l t s as a r e c i p r o c a l i n equation 4«1 • Judging by 

the r e s u l t s obtained mechanically and by u l t r a s o n i c s f o r s i m i l a r 

p l a s t i c s and nylon, the Young's modulus of Nylon 6 could be expected 

to increase by upwards of lOOfo as the temperature decreases from 

290 K t o 4 K. (Some e f f o r t s were made to determine the e l a s t i c 

constants through u l t r a s o n i c means but r e f l e c t i o n s were too weak 

wi t h the transducers which were a v a i l a b l e ) . Thus the response to a 

given torque may be halved between these temperatures. 

(b) A r e l a t i v e l y minor v a r i a t i o n i n the gauge f a c t o r k of the s t r a i n 

gauges. The a l t e r a t i o n of gauge resistance R i s p r o p o r t i o n a l 

to the s t r a i n £ imposed according to the r e l a t i o n 
^ -. ht . 

k i s p r a c t i c a l l y constant over a. f i f t y degree K e l v i n temperature 

range around 290K, but between 4X and 300K i t s value reduces by 

Cpfo according t o the manufacturers s p e c i f i c a t i o n s , and a s t r a i n 

w i l l produce a s l i g h t l y d i f f e r e n t bridge output e according to 

ij4ua L-ivjii t f • j 

where G. and G„ are the a c t i v e and dummy gauge resistances respect-

i v e l y , and E i s the i n p u t voltage of the Wheatstone br i d g e , 

(c) A very small e f f e c t i s caused by the l i n e a r c o n t r a c t i o n of the 

spokes, amounting to < 2"/o over a 300 degree Kelvin temperature 

range. According to equation 4*5 t h i s should produce a change i n 

s t r a i n output of a s i m i l a r magnitude, but i t i s e f f e c t i v e l y counter

balanced by the dummy gauge, which, being bonded to s i m i l a r but 
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unstrained m a t e r i a l , s u f f e r s a s i m i l a r thermal c o n t r a c t i o n , 
(d) An a l t e r a t i o n i n the n u l l point of the bridge amounting to 300 Jj/V 

wafi observed i n c o o l i n g from 290 K to 80 K. This appeared to be 
due to resistance e f f e c t s on the soldered e l e c t r i c a l connections, 
but whatever i t s cause, the amount seems to be too small to a l t e r 
the response c h a r a c t e r i s t i c s of the bridge. The e f f e c t could 
e a s i l y be allowed f o r without d i s t u r b i n g the bridge resistance by 
a l t e r i n g the zero s e t t i n g of the X - Y recorder. (300(iV i s 
equivalent to a l t e r i n g the resistance of one arm of the bridge by 
0.05 Q . or O.Oljfi.) 

For the process of c a l i b r a t i o n a t various temperatures, the proceedure 
was adopted as i n s e c t i o n ( i ) . Some r e s u l t s are displayed i n f i g u r e s 4»9> 
4 . 1 0 , 4 4 * 1 2 , and 4«13» Generally the l i n e a r i t y of the l i n e s improves 
g r e a t l y w i t h decreasing temperatures, and d e v i a t i o n s from l i n e a r i t y are too 
small t o determine below 200 K, but there i s a c e r t a i n amount of h y s t e r e s i s 
which i t was impossible to e l i m i n a t e . The graph of r e s u l t s taken at 125 K 
shows how the h y s t e r e s i s increased with r a t e of increase of torque. S i m i l a r 
graphs were taken at the other temperatures but are not included here, because 
the r e s u l t s were s i m i l a r and non Q u a n t i f i a b l e . The c a l i b r a t i o n deduced from 
each graph i s shown a t the top of the graph and they are c o l l e c t e d i n t a b l e 
4 . 1 , which shows the amount of torque required to produce a 50 jj,V s h i f t i n 
the n u l l p o i n t of the bridge at a given temperature. 

A graph of the c a l i b r a t i o n i s shown i n f i g . 4«14« Prom what was s a i d 

e a r l i e r , t h i s graph should f o l l o w very c l o s e l y the graph of Young's modulus 

Eg f o r Nylon 6 , and i t i s hoped to obtain measurements by u l t r a s o n i c t e s t i n g 

which w i l l enable us to v e r i f y t h i s s h o r t l y . As a rough comparison f i g . 4*14 

i n d i c a t e s t h a t Eg increases 2 .1 times between 290 K and 77 K whereas McClintock 

and Kropschot ( r e f . 8 9 ) found a corresponding f i g u r e of 2.6 times f o r 'Nylon' 

(and 12.3 times f o r ' T e f l o n ' ) . 

F i g . 4»15 i s the c a l i b r a t i o n of measured torque against applied torque a t 

80 K. The upper section i s f o r c a l i b r a t i o n l i n e s w i t h the solenoid current 

reversed. This means tha t the torque i s i n the reverse d i r e c t i o n , and the 
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F i g . 4 . 9 . Graph of ap p l i e d torque p l o t t e d against measured torque a t 125 K. For each f i e l d three graphs are shown; the 

lower one produced i n 4 minutes, the middle one i n 40 seconds, and the upper one i n 5 seconds. 
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Table 4«l»The amount of torque necessary to produce a output from 

the Wheatstone bridge at various temperatures. (50|J,V i s 

equivalent to a Y s h i f t of 1 cm on the X - Y r e c o r d e r ) . 

Temperature C a l i b r a t i o n x 10 

Kelvins dyn cm per 50(1 V. 

30 4 • 05 

120 3 • 42 

140 3 • 20 

160 2 • 95 

ISO 2 • 78 

200 2 • 76 

260 2 • 28 

290 1 • 89 

E r r o r x 10 

dyn cm per 50|J,V. 

± 0 - 0 9 

0 • 08 

0 • 07 

0 • 07 

0 • 07 

0 • 06 

0 • 05 

0 - 04 
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graphs i n d i c a t e t h a t a given torque applied i n opposite d i r e c t i o n s w i l l 

produce signals which d i f f e r i n amplitude by less than Vjfo. 

( i v ) F i e l d Dependence. 

To check th a t the output of the bridge was not f i e l d dependent, a 

H a l l probe was f i x e d close to the t e s t solenoid and i t s output applied t o 

the X terminals of the recorder, while the Wheatstone bridge was connected 

to the Y t e r m i n a l s . The f i e l d was increased slowly from zero up t o 8 kG. 

Above 5 kG the output of the H a l l probe was i t s e l f non-linear and t h i s e f f e c t 

was s u f f i c i e n t t o account e n t i r e l y f o r the s l i g h t upward curve seen i n the 

higher f i e l d regions of the graphs of f i g s . 4.16 and 4.17 • A l l o w i n g f o r 

t h i s , the graphs i n d i c a t e t h a t the magnetometer output i s d e f i n i t e l y not 

f i e l d dependent at f i e l d s of up to 8 kG. Graphs were p l o t t e d at 290 K , 

200 K and 100 K f o r various t e s t solenoid c u r r e n t s . They are n e g l i g i b l y 

n o n - linear up.to f i e l d s of 4.5 kG and a f t e r t h a t become s l i g h t l y concave 

upward by amounts corresponding to the higher f i e l d s f o r given H a l l probe 

output. 

( v ) Torque Curves. 

F i n a l l y , some torque curves at various f i e l d s and temperatures are 

appended. Fig.4.18 shows two curves at room temperature. They were obtained 

from a compound Si - Fe disc created from nine discs which had been cut from 

a t h i n cold r o l l e d s i l i c o n - i r o n sheet. To obtain the graphs the disc was 

r o t a t e d more than 360° and then back to zero. The curves show d i r e c t i o n -

r e v e r s a l h y s t e r e s i s , e s p e c i a l l y at maximum and minimum torques, (and there i s 

a corresponding small angular s h i f t i n minimum and maximum to r q u e s ) , but the 

dimensions are the same f o r a l l f i e l d s f u r t h e r i n d i c a t i n g the f i e l d independ

ence of the magnetometer. There i s no obvious s h i f t i n the angular p o s i t i o n s 

o f maxima and minima when the disc i s being r o t a t e d i n the same d i r e c t i o n a t 

d i f f e r e n t f i e l d s . The h y s t e r e s i s i s due t o the speed w i t h which the torque 

curves were taken, f o r the electromagnet coulcl be run f o r short periods only 

a t t h i s stage due to d i f f i c u l t i e s w i t h the c o o l i n g system. 

The f i n a l graph, fig.4.21 i s a t 80 K and i s a torque curve taken 

from the c a l i b r a t i o n solenoid i n a greater time (about 90 sec). The r e v e r s a l 
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hysteresis has been nearly eliminated. 

( v i ) Conclusion. 

In i t s present form the magnetometer can measure torques of up to 

10^ dyn cm at temperatures down to 80K and with an accuracy of - 4f° With 

the usual sizes of single crystal discs, this i s s u f f i c i e n t to measure the 

highest anisotropies l i k e l y to be encountered i n the rare earths, but f o r 

intermediate and low values of anisotropy at the higher temperatures,, more 

amplification of magnetometer output w i l l be required to produce a reasonable 

deflection of the recorder pen. A. gain improvement of 10 - 100 times would 

enable anisotropy constants of as low as 10^ erg cm ^ to be measured, and 

such a figure seems attainable on f i r s t investigations. 

A Pye galvanometer amplifier, using photocell amplification, was 

used, to pre-ampiify the input to the recorder and achieved a 28 times gain 

without introducing s i g n i f i c a n t noise or d r i f t into the recorder output . 

Unfortunately the low output impedance of the preamplifier reduced the system 

response time s i g n i f i c a n t l y , and i t would not be feasible to use i t to 

produce torque curves, so a more suitable preamplifier i s now under consider

at i o n . 

Another benefit of being able to use low signal inputs would be 

the elimination of r o t a t i o n a l hysteresis effects and the speeding up of the 

recording of torque results , and i t i s expected that low anisotropy torque 

curves could be produced in under a minute with negligible r o t a t i o n a l 

hysteresis. 
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APPENDIX 
Measurement of the Expansion Coefficient of Nylon 6. 

A . l . Introduction. 

The temperature variation of the coefficient of linear expansion of 

Nylon 6 was determined by the standard st r a i n gauge technique of comparing 

the expansion of Nylon 6 with that of fused s i l i c a . S i l i c a has an expansion 
_7 

co e f f i c i e n t of about 4 x 10 which i s nearly constant i n the temperature 

range 77K to 300K and i s less than l°/o of that of Nylon 6. This i s smaller 

than other errors introduced i n the experiment, so i t i s satisfactory to 

regard the expansion of s i l i c a as zero and take the calculated values f o r 

Nylon 6 as the absolute c o e f f i c i e n t of linear expansion. 

A.2. Apparatus. 

(a) The Cry 0 3tat System. 

A piece of fused s i l i c a and a piece of Nylon 6, each 5 m.m. x 3 m.m x 

2 m.m. were cut from a larger block, degreased with acetone and washed and 

dried. A small area of one surface of each was coated with M-Bond 610 

s t r a i n gauge cement, and a Kyowa KF-1-C3 str a i n gauge was bonded to each 
2 o under 251b i n ~ pressure and cured f o r two hours at 130 C. These gauges 

are of the wire type on an epoxy backing, had 119*9^ nominal resistance 

and 1 m.m. aotive length. The gauge factor was 2 .19» and Chatterjee ( r e f . 2 ) 

when checking the varia t i o n of gauge factor with temperature f o r t h i s type 

of gauge ( i t was not specified by the manufacturer) found that the maximum 

var i a t i o n was j/o and the mean varia t i o n yfo i n the range 77K to 293K. 

The gauge cement must be p a r t i c u l a r l y even and thin to ensure the 

closest possible contact between the gauge and the surface, and reduce 

the d i l u t i o n of str a i n due to the e l a s t i c i t y of the cement. 

Details of the experimental arrangement are shown i n f i g . A l . 

The s i l i c a and plastic were glued on the i r edges so that they f a. ced 

each other 10 m.m. apart on a 5 thick, 15 m.m. diameter disc of t u f n o l , 

which served as a slow thermal conductor to the specimens. A copper-

constantan thermo-couple was l i g h t l y glued to the tu f n o l between the; 

specimens. Copper lead wires were soldered to each s t r a i n gauge, and 
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the disc was suspended t i g h t l y near the bottom of a thin stainless steel 

tube which i n turn f i t t e d f i r m l y i n t o the base of the cryostat. 

The e l e c t r i c a l connections were made to a lead through centred i n 

the screw-on cap v/hich covered the head of the cryostat. An 'O' r i n g 

completed the seal. The cryostat could be unscrewed from the cap without 

disturbing any e l e c t r i c a l connections, 

(b) The Wheatstone Bridge. 

The active strain gauge on the p l a s t i c , and the dummy gauge on the 

s i l i c a , formed the lower two arms of the bridge (fig.A.2) . Each was 

shunted with a lOOkQ helipot. The upper arms of the bridge were Muirhead 

K-15-A, 120Q standard resistances separated by a 1.2^ potentiometer 

which was needed to balance the s l i g h t differences i n the st r a i n gauge 

resistances. 

The n u l l point was determined by a Fye Scalamp Galvanometer i n 

conjunction with a Pye Galvanometer Amplif i e r . This could readily detect 

microvolt changes i n the bridge p o t e n t i a l . 

The power was supplied by a Parnell CI d.c. power pack adjusted to 

give a 5 m A current to the st r a i n gauges. This was well within t h e i r 

tolerance l e v e l , and t h e i r s t a b i l i t y was excellent. 

The maximum rate of heat that the gauges could supply to the specimens 
-1 -1 

was 3 m W, and with a heat capacity of 10 JK the specimens would be so 

l i t t l e affected by th i s that there would be negligible thermal lag between 

specimens and thermocouple. 

To minimise the effect of thermal emf's, a l l soldered j o i n t s at 

corresponding points i n the bridge were placed as closely together as 

possible and insulated from draughts. Inasmuch as i t was possible to 

keep the cryostat temperature steady i n that time, i n 15 minutes the 

thermal effects appeared to lead to negligible deflection of the 

galvanometer. 

Experimental Proceedure. 

The cryostat was put i n a dewar of l i q u i d nitrogen and the bridge 

was balanced by adjusting the apex and helipot resistances, and allowed 
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to s t a b i l i s e f o r h a l f an hour. The nitrogen was then allowed to b o i l 
o f f so as to allow the specimen temperature to r i s e by 40K per hour. 

At each 2K increase i n temperature the bridge was quickly rebalanced 

by adjusting one of the helipots. I t was possible to do t h i s at precise 

temperatures because the galvo spot moved at a uniform rate, and with 

practise i t was easy to adjust the helipot at a corresponding rate, so 

that the spot remained on the n u l l point. At the correct thermocouple 

reading t h i s adjustment was halted and the helipot reading noted. The 

helipot readings i n conjunction with gauge facto r , gauge resistance and 

precise temperature change would determine the d i f f e r e n t i a l expansion 

over that temperature. 

After a 20K r i s e i n temperature, the measuring helipot had come 

near the end of i t s scale and had to be reset at a higher resistance; 

t h i s was compensated for by s l i g h t l y adjusting the other helipot. 

The temperature was determined by a copper-constantan thermocouple 

with a reference junction i n l i q u i d nitrogen, the voltage being read by 

d i g i t a l voltmeter. The thermocouple ca l i b r a t i o n was checked at l i q u i d 

nitrogen and melting ice temperatures and the thermal e.m.f. was accurate 

to better than 10jj,V i n each case. 

Several runs were made to condition the p l a s t i c to thermal cyciing 

and to discover the range which the helipot might cover without d i s t o r t 

i n g the r e l a t i v e conditions of the active and dummy gauges. I f the 

heli p o t resistance were too low i t would reduce the current through 

the corresponding gauge and lessen the s e n s i t i v i t y (and the errors i n 

determining the resistance i n the helipot would be much greater). I f 

the helipot resistance were made too high i t could increase the current 

i n the gauge beyond the s t a b i l i t y l e v e l . 

Results. 

The average values from three runs were taken to f i n d the mean 

co e f f i c i e n t between each two degree i n t e r v a l , and the four degree 

average (over a range plus and minus two degrees at each temperature) 

was calculated. 
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I f S and R are the resistances of the active gauge and helipot 
at some temperature, and a change i n temperature of A9 al t e r s 
S by AS, then R must be altered by AR to maintain the balance* 

I f we suppose that the resistances i n a l l other arms remain 

constant, then the combined resistance i n thi s arm must remain constant, 

and i t follows that the s e n s i t i v i t y i s 

('SSI ' 

This obviously improves at higher R. 

I f AS corresponds to a change i n gauge length (and presumably 

i n specimen length) from i0 to i , the d e f i n i t i o n of gauge factor 

k i s that 
I ' I . _ ± . a s 
" I T - ~ k S 

_ S Aft 

I f of i s the expansion coefficient of the material i n t h i s 

temperature range 
L = 1 . ( 1 
<* = ^~^9' Equation A 1. 

« ^ SLM . 

Then « i s calculated f o r each temperature i n t e r v a l A6 from 

equation A l . 

A graph of the results was plotted ( f i g . A 3)» I t shows several 

kinks, but the results were consistent over each run. The pla s t i c 

i s s l i g h t l y anisotropic and the kinks probably represent some 

realignment of the anisotropy. 

However, the most satisfactory conclusion f o r the magnetometer 

was that the st r a i n gauges behaved consistently and regularly 

at a l l temperatures i . e . the contraction of the plastic was s e l l 

w i t h i n the capacity of the str a i n gauges. 
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The Four Degree Average of the Temperature Coefficient of Linear 
Expansion of Nylon 6. 

[Temp 
(Kelvins 2 x 10 6 Temp 

Kelvins x 10 6 Temp 
Kelvins x 10 6 Temp 

Kelvins x 10 6 

84 - 158 45.4 192 55.5 246 65.I 
86 47.1 140 47.1 194 55.6 248 65.4 

88 49.3 142 47.8 196 56.0 250 66.5 

90 49.4 144 47.5 198 57.8 252 67.O 

92 50.7 146 47.1 200 59.2 254 67.5 

94 49.8 148 46.0 202 59.8 256 68.5 

96 48.8 150 46.4 204 58.1 258 69.7 

98 46.6 152 47.0 206 56.8 260 71.4 

100 44.5 154 46.7 208 56.8 262 71.7 

.102 43.2 156 47.9 210 56.4 264 71.5 

104 42.7 158 48.4 212 55.8 266 72.2 

106 41.5 160 49.7 214 57.1 268 75.1 

108 42.7 162 50.2 216 57.8 270 75.9 

110 43.5 I64 50.6 218 58.6 272 75.5 

112 43-9 166 51.5 220 59.8 274 79.2 

114 41.1 168 51.9 222 61.0 276 81.5 

116 57.5 170 52*0 224 60.6 278 82.6 

118 37.6 172 55.0 226 59.6 280 84.9 

120 40.2 174 53.1 228 60.1 282 85.5 

122 42.5 176 53.0 230 60.9 284 88.4 

124 41.9 178 53.2 232 U J . . 0 286 89.7 

126 42.8 180 54.0 254 62.1 288 90.1 

128 43.0 182 54.2 256 62.8 290 91.0 

1J0 43.8 184 54.7 258 62.9 292 -
132 44.0 186 55.4 240 65.1 294 -
134 44.1 188 55.7 242 65.0 296 ** 

136 45.1 190 55.6 244 64.1 298 
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