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SUMMARY 

An attempt was made to measure the f i r s t three anisotropy 

constants of nic k e l from l i q u i d helium temperature to room 

temperature, by the method of torque magnetometry. One c r y s t a l 

was used i n the experiment: a small d i s c with f l a t surface as the 

(110) plane. 

was found to be i n agreement with the r e s u l t s of other 

workers; values of were found to be si m i l a r to those of other 

workers; measurements of K 3 were found to be highly unreliable. 

In a second, and separate, investigation; the values of 

were measured i n the (100) plane a f t e r a spherical c r y s t a l had been 
18 

irr a d i a t e d i n an isotropic f a s t neutron flux of about 10 neutrons/cm' 

The measured values were compared with those of another worker to 

observe any change i n anisotropy due to i r r a d i a t i o n . No s i g n i f i c a n t 

change was detected. 

The residual r e s i s t i v i t y of nickel subject to the i r r a d i a t i o n 

was also monitored, and compared to measurements made before 

i r r a d i a t i o n . No s i g n i f i c a n t change was found i n the measurements. 
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Chapter I 

Introduction to Maqnetocrystalline Anisotropy 

The work required to magnetize a ferromagnetic c r y s t a l i n a given 

direction depends upon that dir e c t i o n . This phenomenon i s known as 

magnetocrystalline anisotropy. I t i s found experimentally that i n the 

case of nickel (which has a face centred cubic s t r u c t u r e ) - t h e c r y s t a l l o -

graphic directions requiring l e a s t work to produce a given magnetization 

(not n ecessarily, but conveniently, the saturation magnetization) are the 

<111>, or body diagonals of the unit c e l l . The directions requiring 

most work are the < 100 > or edges of the u n i t c e l l ; w h ilst the face 

diagonals, or <T 110 >, require a work value between the other two. In 

the l i t e r a t u r e , these directions are referred to as "easy" and "hard" 

directions of magnetization. 

I f a co-ordinate system i s set up such that the orientation of the 

magnetization i s described by direction cosines with respect to the 

crystallographic axes, a phenomenological expression for the relationship 

between the potential energy of the magnetization and i t s orientation may 

be derived. 

This expression takes into account the f a c t that t h i s potential energy 

depends on the symmetry of the c r y s t a l . Thus to make the anisotropy energy 

independent of the sign of the direction cosine value, only even powers of 

the cosines are allowed; cross multiplications are not allowed; the 

anisotropy must be independent of any interchange of direction cosines* 

I f the direction cosines are as depicted i n Pig. l f l 5 
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Pig. 1,1 THE DIRECTION COSINES (jl.m.n) OF 
AN ARBITRARILY ORIENTATED VECTOR 

then the anisotropy energy expression may be written i n the form 

E • = K + K U 2 m 2 + m-n2 + n - i 2 ) 
A O 1 

+ K 2 U 2m 2n 2) 
..2 2 2 2 2.2.2 + Kg (Jim + mn + n £ ) + . . . . (1,1) 

i n which K. = K. (T) i = 1, 2, 3 

To evaluate the K^, the orientation of the magnetization i s described 

i n spherical polar co-ordinates and the direction cosines are transformed 

into the new co-ordinates. See F i g . (1,2). 
Z 

Fig.(1,2) SPHERICAL POLAR 
CO-ORDINATE SYSTEM 

The relationship between the direction cosines and the spherical polar 

angles are:-

£ = x = r Sin 6 Cos <j> = Sin 6 Cos <j> 
r r 

m = Y = r Sin 9 Sin <l> = Sin 9 Sin i f i r r 

n = z = r Cos 6 
r r 

= Cos 6 

(1,2a) 

(1,2b) 

(1,2c) 
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Following B r a i l s f o r d (1966), we i n s e r t these r e s u l t s into (1,1) 

and the following i s obtained:-

EA = f l ( ( 3 - 4 Cos 20 + Cos 46) (1 - Cos 4)4) + 8 (1 - Cos 46)) 
64 

+ ^2 (2 - Cos 26 - 2 Cos 40 + Cos 66) (1 - Cos ±4) 
256 

+ ^3 ((3 - 4 Cos 20 + Cos 40) (1 - Cos 4^) + 8 (1 - Cos 49$ 2 

64 2 

(1,3) 

This expression i s v a l i d for any orientation i n any cubic c r y s t a l . 

To determine the relationship between the i n order that t h e ^ l l l ) ) 

directions w i l l have the lowest energy, the energy relationship i s evaluated 

along the three directions \"100); , <"110} and < l l l > • This involves 

substituting the direction cosines into equation (1,1). 

For <"100> I = 1, m = 0, n = 0; 

therefore, E A = 0. 

For <110> l = l , m = l , n = 0; 
72 /2 

therefore, E a = / i \ f l) 

i . e . E A = K i 

F o r < l l l ) Z = l , m = _1 , n = 1 ; 
J3 

therefore, E A = 

,/3 73 
2 ,,\2 

fi) [f3) [&) [fij [J3j $ 
+ 1 

2 /,\2 
K l 

\2 + / _! . 1 . 1\ K 2 

U'3 v/3 J3/ 

i . e . E A = ^ + 

3 27 

For <(111> to be a direction of minimum energy, and i f may be either 

positive or negative; 

K x > 0 ; x + K 2 <<: 0 ; 
27 

K l < 0 ; + K 2 < K i ; ^ ^ ( 3 ^ - 4 ^ ) 
3 27 4 

K 2 < - 9K X 
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Torque Curves with f i e l d rotated i n (110) plane 

The (110) plane contains a l l three p r i n c i p a l directions and i f the 

magnetization i s constrained to rotate i n t h i s plane i t w i l l experience 

charges of energy associated with movement between them. I f the following 

co-ordinate system i s used; 

0 THE (110) PLANE 

Pig. (1,3) 

The plane depicted i s a (1 1 0) plane which i s equivalent to a (110) 

plane by symmetry of the cubic system. To obtain the energy equation i n 

the (110) plane, ^ i s set to 45°. After c o l l e c t i n g terms i n cos n9, the 

following i s obtained;(from Equation 1,3) 

- (K x + K 2 + 11K,) 
( 8 ~ 128 256 ) 

+ ( K 2 + ^ 3 ) 
<128 256> 

Cos 20 - 2 l + h + 

32 64 512 

Cos 66 

Cos 46 

(1,4) 

Equation (1,4) then represents the anisotropy potential energy surface 

i n the (110) plane. 

I n order to use the method of torque magnetometry to gain information 

about the anisotropy surface, the anisotropy energy equation i s converted 

into an anisotropy torque equation. The work done, dE, i n a small rotation, 

® % by a torque, L, i s : -

dE = Ld6 

and, so for a magnetization vector 

lyi n g on an anisotropy potential energy gradient, the anisotropy torque. 

L A = ^ A 
de 
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I f t h i s torque i s balanced by an externally applied torque to produce 

equilibrium, t h i s counter torque i s equal to and opposite i n sign to the 

above torque. 

Differentiating (1,4) we obtain; 

" d E A = _f K i + K 2 + 11K3 } Sin 26 -(31^ + K 2 + I7K3) S i n 4 e 

d© ( 4 64 128 ' l"8~ 15 "158"' (1,5) 
+ (3K P + 9K, ) 

(—- — - ) Sin 69 ^64 128 ' 

This equation w i l l henceforth be referred to as the (110) plane torque 

equation. For a discussion of Franse's (1969) torque equation, see 

Appendix I I I . The constants Kj^ have been measured i n di f f e r e n t planes, 

and by di f f e r e n t techniques. The following investigations are of i n t e r e s t 

here:- Franse et a l ( 1969 ) , Amighian et a l ( 1976 ) , Gadsden et a l ( 1977 ) , 

Gadsden & Heath performed ferromagnetic resonance experiments on Nickel 

i n the (110) plane, and obtained Values for the f i r s t 3 constants. 

I n the present work, an attempt was made to obtain K± by the torque 

magnetometry method; I am indebted to Dr. Heath for the loan of one of t h e i r 

samples. 

Torque Curves with f i e l d rotated i n a (100) Plane 

I t i s convenient to measure K-̂  i n the (100) plane for Nickel to 

attempt to observe changes i n the anisotropy energy. The cause of these 

changes i s discussed i n Chapter 2. 

To obtain a torque equation i n the (100) plane, equation (1,3) i s 

considered. With <|> = 0; 

EA = ( 1 _ C o s 4 e ) + K 3 6 4 ( 1 _ C o s 4 e ) 2 

64 642 

Differentiating to obtain the torque equation; 

d fA = K x Sin 49 + K 3 s i n 49 - K3 Sin 86 
d 6 T" 8 16 
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I f to a f i r s t approximation, the terms i n may be neglected, 

L = K Sin 46 (1,6) 
2~ 

This may be j u s t i f i e d by observing the r e l a t i v e Values of and K 3 

at 77K. Franse (1969) gives; 

\ = - 84-2 x 10 3 J n " 3 K 3 = - 16-4 x 10 3 J n 3 

so that i s overestimated by about 5%, and the c o e f f i c i e n t 

of Sin (89) i s j u s t over 2% of that of Sin (46). 

The torque curves produced by rotating the f i e l d i n the (100) plane 

may be used to evaluate K^. This technique was used on two of Amighian's 

(1975) n i c k e l spheres as described i n Chapter 3. 
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Chapter 2 

Theoretical Motivation 

Review of the theory of Magneto C r y s t a l l i n e Anisotropy 

The origin of anisotropy i s believed to be a combination of Spin 

orbit coupling, and incomplete quenching of o r b i t a l angular momentum. 

The theory i s reviewed by reference to the main authors i n the f i e l d . 

Aukulov (1936) assumed that each spin had an i n t r i n s i c energy which depended 

on i t s direction, and which a r i s e s from the int e r a c t i o n between the spin 

and the i n t e r n a l magnetic f i e l d of the atom. 

He showed; K x (T) ( M (T)) 10 
Ki (o) ( M (o)) 

which applies only at temperatures such that; 

(l - M 1 
\ M (o ),/ 

Van Vleck (1937) suggested that anisotropy may r e s u l t from i n d i r e c t coupling 

between the spin moments of the nearest neighbours. The spin-orbit coupling 

would make the spins see the l a t t i c e through the e l e c t r o s t a t i c f i e l d s i n 

the l a t t i c e . 

Brooks (1940) applied a c o l l e c t i v e electron model. This model represents 

the exchange energy as a Weiss i n t e r n a l f i e l d ; the spin o r b i t coupling 

perturbs t h i s f i e l d . From the wave function used to describe the states of 

the 3-d electrons, a number of solutions may be found which correspond to 

the 5-fold degenerate 3-d electrons of the i s o l a t e d atom. I n the s o l i d , 

3-d o r b i t a l s are allowed to produce bands away from the other two, and an 

anisotropy energy may be calculated. 

Using 4th order perturbation theory for a number of wave vector points 

over the B r i l l o u i n Zone and summing the spin o r b i t correction over a l l the 

occupied s t a t e s , the correct order of magnitude for for n i c k e l was 

obtained. 

No strong temperature dependence of was found. 
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Fletcher (1954) followed Brooks with h i s own data (1952) for the d-band 

i n nickel and got values of the anisotropy constants two orders of 

magnitude bigger than Brooks did. 

Carr (1957) attempted to explain anisotropy by the coulomb energy only. 

He used a v i r i a l expansion and a perturbation. The anisotropy i s due 

to the interaction between the charge distributed about a l a t t i c e s i t e and 

the c r y s t a l l i n e potential of the l a t t i c e . 

"Zener (1954) made two assumptions:-

a) the temperature dependence of the anisotropy a r i s e s s o l e l y from the 

l o c a l deviation i n the direction of magnetization. 

b) the l o c a l deviation i n an elementary region i s the sum of a very 

large number of independent deviations. 

The l o c a l spin deviations could be represented by a "random walk 

function". Their a f f e c t on the magnetic anisotropy was expressed by 

representing the magnetic energy as a s e r i e s of surface harmonics. 

Zener arrived at a power law relationship for the c o e f f i c i e n t C 

associated with the I ' t h order harmonic; 

C (T) = /M S(T)\ U / + 1 ) / 2 

C ( 0 ) ^ ( o 7 ) 

The r i g h t hand side of t h i s equation was compared with the r a t i o K(T) /K(o), 

obtained from experiments on iron. Good agreement was found for £ = 4 for 

K , and for I = 6 for K^. I n the case of n i c k e l , the anisotropy decreases 

much more rapidly, and so Zener's c l a s s i c a l assumptions would not be seen to be 

applicable. 

Keffer (1955) re-examined Van Vleck's theory. He found that at low 

temperatures, pseudo-quadrupolar interactions would give a 10th power lav;; 

but as the temperature rose, a 6th power law - as for Van Vleck - came into 

force. This change can be seen to correspond to a change i n the degree 

of correlation between neighbouring spins - a 10th power law from a high 
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correlation; a 6th power law from a low correlation. Keffer also re-derived 

the A ( /+ i ) generalization, due to Zener. 
2 

Brenner (1957) instead of using Zener 1s random walk function, he used 

a Boltzmann di s t r i b u t i o n , and found good agreement between theory and 

experiment for the f i r s t anisotropy constant (K^) of nickel for the 
T 

condition — \ 0.3. He noted that the spin o r b i t coupling, due to 

increased l a t t i c e vibration and thermal expansion, might change the 

i n t r i n s i c shape of the anisotropy energy surface. 

Carr (1958) used a Langevin function and adjusted i t to f i t the measured 

curve for magnetization against temperature, and from t h i s obtained Zener 1s 

10th power law. From Zener's r e s u l t s , and from the idea that the anisotropy 

surface varies with thermal expansion, Carr found agreement with experimental 

r e s u l t s for Cobalt. In the case of n i c k e l , which has a cubic structure, 

he assumed that a 10th power law would be obtained; but, by using the 

thermal expansion idea developed for Cobalt, he included a factor to allow 

for l a t t i c e expansion. 
K (T) = K (0,0) (1 - 1.74 T J ( M ( T ) ) 1 0 

1 1 C T c ) (M(o)) 

(0,0) i s the anisotropy constant at 0°K and under zero s t r a i n . 

Van Vleck (1959) presented a Spin Hamiltonian, or e f f e c t i v e potential, of 
4 4 4 

the type V = a (S + S v + S ) + C. He discussed cubic anisotropy. C i s 
x y z 

included to average V to zero when the Zeeman components are equally 

weighted. By using t h i s theory with high neighbouring correlation, Van 

Vleck found a 10th power law which was not applicable to n i c k e l . 

Keffer and Oquchi (1960) gave a physical picture of the origin of the 

dipolar type of interaction i n the form of the precession of the spin 

vectors about the axis of quantization. Due to the strong correlation 

between t h e i r directions at low temperatures, they obtained a 10th 

power law. 
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Callen & Callen (1960) noted that the wide angular deviation of the 

individual spins from t h e i r average directions r e s u l t s i n a decrease 

i n anisotropy with increasing temperature. They assumed that the 

anisotropy surface does not change with temperature and at high temperatures 

the spins sample the surface over a wider angle, causing the measured 

anisotropy to decrease. 

Ga l l en & Gal-len (-1-966) used-a quantum mechanical-treatment to obtain -an £(1+1) 
2 

low temperature law. The theory was extended to higher temperatures by 

using a Boltzmann d i s t r i b u t i o n function for the spin deviation. 

Aubert (1968) noted that, for n i c k e l , the major contribution to magnetic 

anisotropy w i l l be from the o r b i t a l contributions rather than the spin 

contributions. The spin-orbit interaction introduced anisotropy into the 

o r b i t a l contribution to energy and magnetization. He considered an 

ef f e c t i v e f i e l d , , c o l l i n e a r to Ms, and represented the interaction of 

the spin system on the quenched o r b i t a l moments through the spin-orbit 

interaction. He wrote:-
2 

ML = aH s + bH s where Mjj i s the o r b i t a l contribution to magnetization. 

Also, W = - 1 aH s
2 - 1 BH S

4 

2 4 

Where a i s a constant, b depends on the direction of Hs and leads to 

the anisotropy of ML. 

Hs = - 4 ( A W) . AW = - 1 BH S
2 

(^M) ' 4 

AM = BHg3 

Wherein W and A M are energy and magnetization differences between 

< f i l l > and <̂ 10Q;> , B i s the difference i n b between the two directions. 

The model gives Hsc<M10. 

Mori (1969) calculated values for and K 2 a t low temperatures for the 

metals iron and n i c k e l . Using a band structure due to Yamashita et a l 

(1963), he showed that i n those parts of the B r i l l o u i n Zone where the 
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o r b i t a l angular momentum was not quenched, the contributions to anisotropy 

were small. For temperature dependence he determined the s p l i t t i n g 

between plus and minus spin bands to agree with experimental r e s u l t s 

on temperature v a r i a t i o n of magnetization and then recalculated K-̂  & K 2 

including the Fermi d i s t r i b u t i o n . Agreement was not found f o r n i c k e l . 

Hausmann (1970) employed spin waves and ferromagnetic resonance phenomena 

to give a general derivation of the 10th power law for the constant K i . 

K l (T) = K | V ( 1 - 1 0 (M(o) - M(T)) ) 
< M(o) > 

Kiv i s the anisotropy constant i n a state of vacuum of magnong. 

Recent Magneto-Crystalline Anisotropy Background 

Most theoretical models indicate that the f i r s t magneto-crystalline 

anisotropy constant of the t r a n s i t i o n metals i s expected to vary as the 

10th power of the magnetization. Expressed mathematically t h i s i s : -

h J E = ( M ( T ) ) 1 0 

K l <°> <Mo7> 
Here, the magneto-crystalline anisotropy (hereinafter- c a l l e d anisotropy) 

i s expressed i n terms of K i , which appears i n the anisotropy energy 

equation, Eq. (1,1). 
&A = (Jim + m n + n f . ) K ^ + . . . . 

where i , m, n are the direction cosines. 

The relationship quoted above i s found to be reasonably well obeyed by 

iron and Cobalt, but not to be v a l i d for n i c k e l . Over some temperature 

ranges, i n f a c t , Ki i s found to vary with magnetization up to i t s 70th 

powers 

As theory and experiment are at variance over the description of t h i s 

phenomenon, Franse et a l (1968) suggested that the anomaly might be due to 

a l i n k between the anisotropy and the mean free path of the conduction 

electrons, which i s the average distance t r a v e l l e d by these electrons 

before they suffer scattering. 
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Attempts were made by several workers to control the variations i n 

mean free path by the method of d i l u t e alloying of the ferromagnetic 

anisotropic metal* Thus, Hausmann et a l (1971) added molybdenum to 

n i c k e l , and measured the anisotropy over a range of compositions for 

t h i s a l l o y system. They found the following relationship between 

anisotropy for the a l l o y at a given temperature, and concentration. 

K^ 1 (T,C) = K (T) exp (.-<=<C) 

Where C i s the concentration of the alloying material and (T) i s 

exponential i n ( T ) . Since the concentration and temperature variables 

may be separated there i s an indication that mean free path could play an 

important r o l e i n anisotropy. 

Amighian & Corner (1975) added vanadium to n i c k e l and measured both 

the anisotropy and mean free path of the system between 4.2°K & 300°K. 

They used a torque magnetometer for the anisotropy measurements and 

the mean free path variations were estimated from r e s i s t i v i t y measurements. 

Their r e s u l t s were compared to those of Hausmann et a l (1971), and i t 

was found; 

K (T,C) = K. (0 5C) exp (- T ) x
 x = 1.49 

1 1 ( T 
o 

K (0,C) = K (0,0) exp (-^C) 

and K (T) ( M ( T ) ) n 

i n which n i s temperature dependent, reaching a maximum 

at between 100 and 140°K. They found a small, but s i g n i f i c a n t , anomaly i n 

the r e s i s t i v i t y of the alloys', but not for pure n i c k e l i n t h i s region. 

(Amighian (1975)). 

Amighian plotted a variable, o< , derived from anisotropy measurements, 

against the atomic number of the impurity elements for a given at, % l e v e l 
o 

i n each case, having extrapolated the anisotropy to 0 K. 

Following FarreUand Greig (1968), Amighian also plotted minority 

spin residual r e s i s t i v i t y against atomic number. He found that, i f he 
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chose di f f e r e n t interpretations for minority spin residual r e s i s t i v i t y 

for vanadium and titanium a l l o y s , the two graphs were remarkably s i m i l a r 

i n shape. 

I t i s possible that the act of alloying the materials w i l l change 

the band structure from that of the pure metal, and so introduce a new 

variable. Low (1969) has used i n e l a s t i c neutron scattering experiments 

to show that some a l l o y s , which l i e on the S l a t e r - Pauling curve, have 

screening lengths of the order of 0-2 Angstroms. For these a l l o y s , the 

magnetic disturbance i s l o c a l i z e d at the impurity atoms whilst for other 

a l l o y s , the disturbance extends to f i r s t and second nearest neighbours. 

But the band structure changes may be small since anisotropy and minority 

spin r e s i s t i v i t y measurements l i e on si m i l a r smooth curves. 

A d i f f e r e n t kind of magnetic disturbance to that produced by impurities 

may be produced by i r r a d i a t i n g n i c k e l with neutrons, with the intention 

of displacing the n i c k e l atoms from t h e i r l a t t i c e s i t e s and so creating 

scattering centres. Changes i n conduction electron mean free path may 

be observed and measured through changes i n the residu a l r e s i s t i v i t y . I f 

the anisotropy changes alsOj and i f the change i n anisotropy measured 

i s comparable to the change which occurred when the n i c k e l was alloyed to 

the same r e s i s t i v i t y change as for the i r r a d i a t e d n i c k e l , then the mean 

free path hypothesis would receive strong additional support. 

PRINCIPLEOF THE TORQUE MAGNETOMETRY METHOD 

When the c r y s t a l i s magnetized i n an ar b i t r a r y direction i n the (110) 

plane, the c r y s t a l w i l l attempt to align a <^111> direction with the 

external f i e l d . By supplying an equal and opposite torque the c r y s t a l w i l l 

be held i n position against the anisotropy torque. This position w i l l be 

one of equilibrium between the external torque and the anisotropy torque. 

I f the external f i e l d i s now rotated i n the (110) plane, i t w i l l 

force the magnetization to follow i t , due to the M x H torque. When 

the magnetization t r a v e l s across the plane i t samples di f f e r e n t portions of 
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the a nisotropy energy surface and so f e e l s d i f f e r e n t anisotropy torques. 

Thus, the e x t e r n a l torque r e q u i r e d t o keep the c r y s t a l s t a b l e w i l l vary, 

and measurement o f t h i s torque provides t h e means o f measuring the 

and hence determing the shape o f the anisotropy energy surface. I t 

should be emphasized a t t h i s p o i n t t h a t the anisotropy torque i s a c t i n g 

on the magnetization v e c t o r . This torque i s c o r r e c t l y described i n the 

(110) plane by t h e torque equation ( 1 , 5 ) . 

As mentioned above, however, the f i e l d t o rque, responsible f o r causing 

the magnetization t o r o t a t e , i s described by the v e c t o r product M x H. 

This expression i m p l i e s t h a t t h e e x t e r n a l f i e l d i s not c o l l i n e a r w i t h t h e 

magnetization. Now, w h i l s t a t h e o r e t i c a l torque curve expresses r e s t o r i n g 

torque as a f u n c t i o n o f t h e angle between the magnetization v e c t o r and a 

reference d i r e c t i o n i n the c r y s t a l , an e m p i r i c a l torque curve expresses 

r e s t o r i n g torque as a f u n c t i o n o f the angle between the e x t e r n a l magnetic 

f i e l d and a reference d i r e c t i o n i n the c r y s t a l . 

I f the anisotropy torque i s l a r g e , t h e magnetic f i e l d torque r e q u i r e d 

t o p u l l t h e magnetization round w i l l a l s o be l a r g e , and t h i s w i l l r e q u i r e 

a l a r g e value o f M x H. I n t u r n , t h i s r e q u i r e s a l a r g e value o f Sin Sj^jjuj 

which i m p l i e s a l a r g e value of $ ( l a r g e r e l a t i v e t o c o l l i n e a r i t y t h a t i s ) . 

On the other hand, i f t h e anisotropy torque i s s m a l l , the corresponding 

value o f <£ w i l l be s m a l l . 

This o v e r a l l v a r i a t i o n i n t h e r e l a t i v e p o s i t i o n s o f magnetization and 

e x t e r n a l f i e l d w i l l cause mis-estimation o f the p o s i t i o n of the 

magnetization a t which a given torque i s being exerted - since we are i n 

f a c t r e c o r d i n g t h e p o s i t i o n of t h e f i e l d a t which a given torque i s being 

exerted. 

From the above arguments, i t can be seen t h a t the torque equation 

curve w i l l be d i s t o r t e d i n the experimental s e t up. I t i s important 

t o see, f o r the (110) plane, how t h i s r e l a t i o n s h i p between e x t e r n a l f i e l d 

and magnetization w i l l d i s t o r t the curve. 
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DETAILED DISCUSSION OF TORQUE CURVES 

Consider t h e anisotropy energy diagram i n the(110 )plane, shown here 

w i t h angle along a h o r i z o n t a l a x i s . See F i g . ( 2 , 1 ) . 

MCA 

ENERGY 

ANISOTROPY ENERGY DIAGRAM 
IN HQ PLANE 

100 111 110 111 100 Fig.(2,1) 

The anisotropy torque i s given by - dEfJd.6 and has maximum value when 

on the steepest p a r t o f th e energy curve. See F i g . ( 2 , 2 ) . 

TORQUE CURVE IN 110 PLANE 
DERIVED FROM ABOVE 

Fig.(2,2) 

The applied counter torque employed t o equalize t h e anisotropy torque 

t o prevent the c r y s t a l moving w i l l be a m i r r o r image o f t h i s curve i n the 

6-axis. 

I f t h e e x t e r n a l f i e l d i s f o l l o w e d as i t r o t a t e s i n the (110) plane, 

i t w i l l be seen t h a t the magnetization l i e s between the f i e l d and t h e \ 1 1 1 ^ 

easy d i r e c t i o n when t h e f i e l d i s going from <fl00> t o \111) . Thus, d u r i n g 

t h i s t r a v e r s e , t h e magnetization a r r i v e s a t a steeper p a r t o f the energy 

g r a d i e n t before t h e e x t e r n a l f i e l d , and th e associated magneto c r y s t a l l i n e 

torque i s higher than i t would be i f th e magnetization were c o l l i n e a r w i t h 

the e x t e r n a l f i e l d . So f o r t h i s p o s i t i o n o f e x t e r n a l f i e l d , t h e torque i s 

higher than f o r t h e corresponding magnetization torque curve. 

Continuing t h e journey, t h e magnetization reaches the maximum slope 

p o s i t i o n before t h e e x t e r n a l f i e l d does, and since t h e torque i s due t o 
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i n t e r a c t i o n s on the magnetization, the maximum torque w i l l occur t o the 

l e f t o f the peak shown on the 8(M) torque curve. 

When the e x t e r n a l f i e l d passes through t h e p o s i t i o n o f maximum slope, 

the magnetization l i e s on a p o s i t i o n o f lower slope and the c r y s t a l l i n e 

torque i s correspondingly l e s s . 

When the e x t e r n a l f i e l d comes i n t o l i n e w i t h t h e £lXl~j d i r e c t i o n , i t 

becomes c o l l i n e a r w i t h the magnetization and the torques go t o zero. 

As the f i e l d s t a r t s t o move from t h e [~1H~] t o jlioj d i r e c t i o n s , 

t h e anisotropy f o r c e s w i l l tend t o t r y t o draw t h e magnetization back i n t o 

the easy d i r e c t i o n . Thus, the e x t e r n a l f i e l d w i l l a r r i v e a t the maximum 

slope p o s i t i o n before the magnetization - i n c o n t r a s t t o the previous case. 

Thus, the recorded torque w i l l be l e s s than t h a t f o r t h e same p o s i t i o n on 

the QCK) torque curve. Only when the magnetization reaches the p o i n t o f 

maximum slope, a f t e r the f i e l d has passed t h i s p o i n t , w i l l the maximum 

torque be shown. On the [no] d i r e c t i o n , t h e r e w i l l be a p o i n t where 

the f i e l d and magnetization are c o l l i n e a r . such t h a t j u s t a f t e r t h a t p o i n t 

the magnetization can again assume a p o s i t i o n between the e x t e r n a l f i e l d 

and the nearest easy d i r e c t i o n . 

L A 

& 

SHEARED TORQUE CURVE 

Pig.(2,3) 

The form o f the r e s u l t i n g d i s t o r t i o n on the curve i s termed "shear". 

Without some magnitude o f shearing, torque curves would be unobtainable 

i n the present method. The shear was e l i m i n a t e d by p r o j e c t i n g the torque 

curve through a s u i t a b l y i n c l i n e d g r a t i c u l e so t h a t the p o i n t s on the curve 

were displaced i n t h e X - d i r e c t i o n by an amount which would remove the 
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shear o f the curve. By examining t h e geometrical r e l a t i o n s h i p between 

the magnetization vector and t h e f i e l d v e c t o r , Welford (1974) a r r i v e d a t 

an expression f o r the value o f the shear. His argument i s reproduced here:-

EA&Y AXIS 

MAGNETIC VECTORS IN THE CRYSTAL 

Pig.(2,4) 

I n t h e t r i a n g l e ; B K = B p 

Sin 0 Sin (180-O + $)) 

Sin «=xr = B Sin 6 

The magnetic torque per u n i t volume exerted by the f i e l d on th e 

magnetization, and equal t o the anisotropy torque i s : -

L = B^ % Sin o<̂  i s the S a t u r a t i o n Magnetization 
V p. 

= BA M 5 Sin e 

6 = S i n " 1 A L (2,1) 
B0VLS V 

I n p r i n c i p l e , the method o f an a l y s i s was t o perform a numerical F o u r i e r 

a n a l y s i s on the torque curves which were produced by the experimental 

arrangement described i n Chapter 3. Then, t h e F o u r i e r C o e f f i c i e n t s so 

obtained could be equated t o t h e C o e f f i c i e n t s o f Sin (n6) i n equation ( 1 , 5 ) . 

The r e s u l t i n g simultaneous equations are:-

32Ki + 2K 2 + 11K 3 = 12SA2 (2,<2) 

48Ki + 8K2 + 17K3 = I 2 8 A 4 (2,3) 

6K 2 + 9K 3 = 128A 6 (2,4) 

These were solved t o y i e l d t h e K i i n t h e (110) plane. 
The whole c a l c u l a t i o n was performed by the Northumbrian U n i v e r s i t i e s 

Multi-Access computer, using a programme w r i t t e n i n F o r t r a n IV (Formula-
T r a n s l a t i o n ) . The programme i s i n c l u d e d i n Appendix I 
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Chapter 3 

Experimental D e t a i l s 

Anisotropy Measurements 

Torque Magnetometer Apparatus 

F i g . (3,1) d e p i c t s schematically t h e torque magnetometer. The 

c r y s t a l specimen i s h e l d v e r t i c a l l y between two ligaments. A l i g h t 

beam f a l l s on a small plane m i r r o r i n t h e suspended system and i s 

r e f l e c t e d onto two p h o t o - t r a n s i s t o r s . When there i s no torque a c t i n g 

on the system, t h e beam i s made t o f a l l symmetrically on these and 

t h e i r c u r r e n t s are equal. I f a torque i s experienced by the suspended 

system, t h e l i g h t beam moves s l i g h t l y and the c u r r e n t s become unequal. 

Two a m p l i f i e r s feed a c u r r e n t p r o p o r t i o n a l t o the d i f f e r e n c e i n photo 

t r a n s i s t o r outputs t o a counter torque c o i l which i s mounted i n t h e 

gap o f a permanent magnet (not shown). 

This servo system produces a counter torque which j u s t balances the 

d e f l e c t i n g torque. A voltage p r o p o r t i o n a l t o the counter torque c u r r e n t 

i s applied t o the Y i n p u t on an X - Y recorder. 

The torque on the sample i s produced by the magnetic f i e l d due t o 

an electromagnet which may be r o t a t e d and a vo l t a g e derived from a 

potentiometer on the electromagnet base i s connected t o the X-input o f 

the recorder. This X - Y recorder can be used t o t r a c e a torque curve 

as d e t a i l e d i n Chapter 2. 
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Legend f o r F i g . (3.1) 

A A m p l i f i e r 

B Plane M i r r o r 

C Counter Torque C o i l 

D C r y s t a l Specimen 

E Electromagnet 

F S l i d e w i r e over transparent i n s u l a t i o n on magnet scale 

G S l i d i n g Contact 

H R a i l s on which magnet moves 

J Resistor 

K Voltage Supply 

L X - Y Recorder 

M Warning Meters 

N,N' Support Ligaments 

PT1, PT2 P h o t o t r a n s i s t o r s 

S P r o j e c t o r L i g h t Source 

T Concave M i r r o r 

U Output Potentiometer 
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F i g . (3,1) 

TORQUE MAGNETOMETER SCHEMATIC 



Magnetometer C a l i b r a t i o n 

The apparatus was c a l i b r a t e d by t h e method used by Welford (1974). 

A small c o i l o f N t u r n s , each o f cross s e c t i o n a l area A i s attached t o 

the magnetometer suspension around the specimen-holding volume, w i t h o u t 

the specimen being present. The c o i l i s o r i e n t a t e d so t h a t i t s magnetic 

moment i s normal t o t h e f i e l d B o f t h e electromagnet. Thus, when c u r r e n t I 

flows through both, a torque BANI i s exerted on t h e t e s t c o i l . 

The magnetometer gave an output which was a measure o f the torque on 

the t e s t c o i l . The measurements were performed over a range o f t e s t c o i l 

c u r r e n t s , and over a range o f electromagnet c o i l c u r r e n t s . 

The r e s u l t o f t h e c a l i b r a t i o n gave:-

C a l i b r a t i o n f a c t o r = 1.29 x 10~ 2 Nm V - 1 

-4 

Standard D e v i a t i o n o f 3.5 x 10 based on 14 readings. 

This value was used t o evaluate i n t h e (100) plane, b u t a value 

o f 1.24 x 10~ 2 N.M V"1 was used f o r K^, K? and i n t h e (110) plane, 

since these measurements (110) were c a r r i e d out before those i n t h e (100) 
_2 

plane, and i t was thought t h a t 1.24 x 10 more n e a r l y represents t h e 

c o n d i t i o n s p e r t a i n i n g a t t h a t time. Between the performance o f the 

experiments, the magnetometer was dismantled several times, and t h i s 

d i s m a n t l i n g o f the apparatus may have changed i t s c a l i b r a t i o n c o n d i t i o n . 

(110) Plane Specimen 

The c r y s t a l d i s c was examined using the Law-e technique t o ensure t h a t 

the (110) plane was indeed p a r a l l e l t o the surface o f t h e d i s c . A 

molybdenum t a r g e t tube was selected and t h e c o n d i t i o n s chosen were; 26kV, 

32 mA, 5 minutes exposure. The r e c o r d i n g medium was a P o l a r o i d type 57 f i l m . 

The (110) plane was e s t a b l i s h e d t o be the f l a t face o f the d i s c t o w i t h i n 

0.5°. 
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With the surface plane i d e n t i f i e d , the c r y s t a l was cleaned i n 

a l c o h o l , and weighed on an e l e c t r o n i c balance and then measured using 

a micrometer. The specimen was attached t o the magnetometer by means o f 

a specimen holder, and the attachment was made by " D u r o f i x " g l u e . The 

specimen was simply pushed on t o the hol d e r , thereby sandwiching a f i l m 

o f glue between the two. This a c t i o n meant t h a t the o r i e n t a t i o n o f 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 i n the specimen were unknown, w i t h a 

consequence t h a t a torque curve e x a c t l y l i k e those depicted i n Chapter 1 

were very u n l i k e l y t o be obtained, the torque curves would i n general have 

an a r b i t r a r y zero. 

(100) Plane Samples 

Consideration w i l l be given here t o t h e experimental techniques 

employed i n t e s t i n g t h e hypothesis mentioned i n Chapter 2. 

Four samples were i r r a d i a t e d ; Amighian's 5N & 4N p u r i t y spheres and 

two rods, also o f 5N & 4N p u r i t y , on which the r e s i s t i v i t y checks could 

be performed. Since Amighian had p r e v i o u s l y measured t h e anisotropy and 

r e s i s t i v i t y o f these samples, t h e i r use provided a good datum from which 

t o observe any changes i n c u r r e d by r a d i a t i o n damage. 

The samples (a sphere and a rod) were packaged i n Cadmium sheet i n one 

case, and i n Cadmium f o i l and a polythene container i n t h e o t h e r . They 
17 19 i were subjected t o an i s o t r o p i c i n t e g r a t e d dose o f 10 - 10 f a s t neutrons/cm' 

by p l a c i n g them i n the ce n t r e o f the swimming pool r e a c t o r a t the AWRE 

Aldermaston. 

The Cadmium f o i l was used t o absorb thermal neutrons i n t h e r e a c t o r . 

N i c k e l has a h i g h capture cross s e c t i o n f o r thermal neutrons, and t h e 

r e s u l t s o f such capture are not the displacement o f the n i c k e l atoms from 

the l a t t i c e s i t e s . Indeed, the r e s u l t of such capture i s a nuclear 

r e a c t i o n which renders the sample r a d i o a c t i v e , and such r a d i o a c t i v i t y 

i s undesirable. By excluding t h e thermal neutrons, only high energy neutrons 
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can bombard the c r y s t a l s and cause the displacement o f n i c k e l atoms. 

Presumably, by t h i s procedure, the a c t i v i t y r e s u l t i n g from the 

i r r a d i a t i o n i s kept low. 

On r e t u r n i n g from the AWRE the samples were placed i n the 

r a d i o a c t i v e s t o r e a t Durham and l e f t t h e r e f o r about a year. At t h i s 

stage, the l e v e l o f r a d i a t i o n was l e s s than 1.5 mrem h r " 1 based on a 

40 hour continuous exposure week. 

Legal requirements mean t h a t the handling o f r a d i o a c t i v e m a t e r i a l s 

i n the l a b o r a t o r y be c a r r i e d out under the s u p e r v i s i o n o f the Radiation 

P r o t e c t i o n O f f i c e r . A p r e c i s e programme f o r the manipulation o f the 

samples was w r i t t e n out, and t h i s i s given i n Appendix I . 

The samples were cleaned i n a n a l y t i c a l n i t r i c a c i d by immersion. 

The o r i e n t a t i o n was performed using t h e Laue method. The c r y s t a l was 

stuck t o a specimen holder by p l a s t i c i n e . The specimen holder was 

mounted i n a goniometer j i g which was designed t o be able t o move along 

two independent axes, and t o r o t a t e i n planes perpendicular t o these axes. 

The axes o f r o t a t i o n coincided a t a p o i n t very near the centre o f the 

specimen holder bracket, so t h a t the c r y s t a l could be held i n p o s i t i o n 

c o i n c i d e n t w i t h the i n t e r s e c t i o n o f the two r o t a t i o n axes. When the 

c r y s t a l was c o r r e c t l y mounted there would be no t r a n s l a t o r y motion when 

the goniometer was manipulated. 

The use o f p l a s t i c i n e p e r m i t t e d the specimen holder t o be stuck t o 

the c r y s t a l r a t h e r than vice-versa which might have i n v o l v e d handling 

the c r y s t a l , which was undesirable. 

1-97 cm 0-4cm 

S P E C I M E N 
S E A T 

SPECIMEN HOLDER TO FIT 
IN GONIOMETER 

F i g . (3,2) 
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With the c r y s t a l mounted i n the X-ray beam, an exposure was made 

using 20 kV H.T., 20 mA tube c u r r e n t and a molybdenum t a r g e t . Exposure 

times of about 5 minutes were found t o be s a t i s f a c t o r y . P o l a r o i d type 57 

f i l m was used. 

Photographs would show Bragg r e f l e c t i o n s appearing as white spots, and 

any p a r t i c u l a r l y b r i g h t spots occurred a t the i n t e r s e c t i o n o f two o r more 

zones. The coordinates o f such spots were measured on a Greninger c h a r t , 

and the goniometer manipulated t o b r i n g the zone i n t e r s e c t i o n spot i n t o 

t h e c entre o f the f i l m , i n the hope t h a t a p a t t e r n showing i d e n t i f i a b l e 

symmetry would be seen around t h e spot. 

I f no spots were found, or no b r i g h t e r spots were found a t the s t a r t , 

the c r y s t a l was moved a b i t r a r i l y , and the " f i s h i n g " process continued u n t i l 

spots were found. 

By searching out f o r the spot p a t t e r n symmetry i n t h i s way, the 

p a r t i c u l a r 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 which happened t o be c o l l i n e a r t o 

the X»iray beam could be i d e n t i f i e d . Knowing t h a t the c r y s t a l was cubic, 

the angles between the planes are the same as the angles between the poles, 

so we may t u r n t h e c r y s t a l around according t o t h e geometry o f the c r y s t a l 

and so a r r i v e a t a c o r r e c t o r i e n t a t i o n . 

For t h e present purpose i t was r e q u i r e d t o have the (100) spot i n the 

c e n t r e o f the f i l m w i t h a 4 - f o l d symmetry o f spots around i t . When a Laue 

p i c t u r e had been taken which showed t h i s , t h e area of the c r y s t a l i n the 

beam path was marked by a l i g h t touch o f "Sno-pake" t o l a b e l t h e p o l e i n 

case o f accident. 

Then, the t u f n o l h older, which would a t t a c h the sphere t o the 

magnetometer was placed i n a s p r i n g holder which had a groove i n i t s base 

so t h a t i t could r e s t on the X-ray arm which supported the c r y s t a l ' s 

goniometer. When the holder was so placed, F i g . (3,3) i t caused t h e t u f n o l 

c a r r i e r t o l i e w i t h i t s axis p a r a l l e l t o the arm; so, by a d j u s t i n g t h e 

h e i g h t o f the goniometer, the c r y s t a l could be glued c a r e f u l l y and a c c u r a t e l y 
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t o the t u f n o l holder using "Evostick" glue. When the glue had s e t , the 

c r y s t a l on the t u f n o l holder was placed i n t h e magnetometer. 

The experimental procedure from here was c l o s e l y s i m i l a r t o t h a t f o r 

the Nottingham c r y s t a l , mentioned e a r l i e r . 

ru 

60N IOMETER 

CRYSTAL TRANSFER 
ARRANGEMENT 

F i g . (3,3) 
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R e s i s t i v i t y Measurements 

R e s i s t i v i t y may be obtained from measurements o f the r e s i s t a n c e of 

a bar of known geometry. To o b t a i n the v a r i a t i o n of r e s i s t i v i t y w i t h 

temperature, the bar was placed i n an A l l b o n Saunders c r y o s t a t . The 

c r y o s t a t had a long c e n t r a l column w i t h a specimen holder a t the bottom 

which could accommodate the bar. The holder had a semiconductor 

temperature sensor, Lakeshore c r y o t r o n i c s diode type DT-500KL, which took 

a c u r r e n t o f 100 mA, and gave a temperature dependent voltage o f between 

2.1 V & 0.4 V corresponding t o temps between 4.2°K & 300°K. The c r y o s t a t 

also had a heater f i t t e d t o a l l o w i n t e r m e d i a t e temperatures t o be a t t a i n e d . 

A constant c u r r e n t was passed through the sample, and the v o l t a g e 

across a given p a i r o f contacts was measured. The c u r r e n t was assumed 

uniform between the v o l t a g e contacts. I f V i s the v o l t a g e from these 

contacts, and I i s the c u r r e n t between them; 

p = AV , where t i s the contact spacing 
r X? (3,1) 

Amighian (1975) used a D.C. method t o measure the r e s i s t i v i t y of the 

samples, and a D.C. method was employed i n t h i s i n v e s t i g a t i o n a l s o . 

The surface of each bar was swabbed w i t h a n a l y t i c a l n i t r i c a c i d 

s o l u t i o n t o clean i t . A small r e c t a n g l e o f f i n e gauge veroboard was c u t 

t o approximately 2 cm x 0.5 cm. Pour 26 S.W.G. wires were passed through 

t h e board holes so t h a t they protruded by about 0.5 cm above the non-

m e t a l l i c s i d e o f the board. I n t h i s p o s i t i o n , they were soldered t o the 

m e t a l l i c s i d e o f the board. Using t h i s r e l a t i v e l y sturdy assembly, the 

wires on the p l a s t i c s i d e o f the board were spot welded t o the sample bar 

so t h a t two were close t o each other a t one end o f t h e bar, and two were 

close t o each other a t the other end. 

This procedure was found t o be more r e l i a b l e than spot welding before 

s o l d e r i n g . The spot welds were checked under a low power microscope t o 

ensure t h a t the welds had flowed. The welding c o n d i t i o n s depend upon the 
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m a t e r i a l s being welded and on t h e el e c t r o d e m a t e r i a l s , and i n f o r m a t i o n may 

be found w i t h the equipment, s i t u a t e d i n the Applied Physics b u i l d i n g 

a t Durham* 

I n s u l a t e d copper leads were soldered f u r t h e r down t h e veroboard 

s t r i p s from t h e S.W.G. leads; t h e i n s u l a t e d leads were taken t o the head 

of t h e c r y o s t a t . The specimen and veroboard were glued by "Evostick" 

t o the specimen holder - both t o keep them i n p o s i t i o n and t o prevent t h e 

metals coming i n t o contact w i t h t h e m e t a l l i c specimen holder. 

At frequent i n t e r v a l s i n the execution o f t h i s procedure, c o n t i n u i t y 

checks were made using an "Avo" meter. 

The specimen holder was i n s e r t e d i n t o the c r y o s t a t and e x t e r n a l 

connections were made. The c u r r e n t was measured using a 2 Amp F.S.D. 

ammeter; and the voltage was measured using a S o l a r t r o n d i g i t a l v o l t m e t e r 

(D.V.M.) reading t o l ^ V . 
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Chapter 4 

Results Analysis 

The torque curves were analysed by numerical i n t e g r a t i o n i n a 

Fo u r i e r expansion. 

I n t h e simplest case, the torque curve would be as depicted i n 

Chapter 2. However, as noted i n t h a t Chapter, t h e o r i e n t a t i o n o f t h e 

£lOOj , [ l l l j » and i 1 " 1 " 0 ! c r y s t a l l o g r a p h i c axes was unknown; except t h a t 

they l a y somewhere i n t h e plane o f the d i s c . Also, since the output 

device - the pen recorder - was e s s e n t i a l l y a centre-zero analogue 

vo l t m e t e r , i f t h e leads t o i t were connected i n an a r b i t r a r y f a s h i o n , 

the curve would, a t f i r s t s i g h t , bear no resemblance t o the r e q u i r e d 

curve. The o r i g i n o f t h e measured curve i s displaced u n p r e d i c t a b l y and 

l o c a t i o n o f the t r u e o r i g i n and subsequent angular c o r r e c t i o n i s a 

tedious process. This may be avoided as f o l l o w s : -

Equation (1,5) i s : -

d E A = ( K i + Kg_ + 11K 3) Sin 26 •+ + K 2 + 17K 3 ) Sin 46 
d e ( 4 64 128 ) ( ~ 16 128~ j 

_ / 3 K 2 + ^3 ) Sin 66 
* ( 64 128 ) 

This may be r e - w r i t t e n : -

d E A = L
A = £A nSin n6 d6 

Due t o the random o r i e n t a t i o n o f the c r y s t a l , t h e e m p i r i c a l torque 

curve may be expressed by i n c l u d i n g an unknown phase, 

LA = ? A n Sin (06 + pn) (4,2) 

A f u n c t i o n may be expanded i n a F o u r i e r Series as f o l l o w s : -

.£(0) = L (©) a J(s n Cos he + Cp S i n n e ) (4,3) 
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I n t h i s expression, t h e S n, Cn are the c o e f f i c i e n t s t o be determined 

by t h e f o l l o w i n g r e l a t i o n s : -

s n = 1 [* L ( 6 ) Cos (n6) de ( 4 , 4 ) 

c n = 1 rx L ( E ) S I N < N 6 ) D E ( 4 , 5 ) 
x J o 

Equation ( 4 , 2 ) i s expanded as f o l l o w s : -

LA = 1 A p * S i n n e C o s + 0 0 : 3 n 9 s i n ' ^ n ) 

= J ((An Sin Ai) Cos ne + (An Cos &n) Sin ne) 

r ( Sn Cos n9 + Cn Sin n6) 
( 4 , 6 ) 

wherein 

) Cn ( 4 , 7 ) 
Cn = An Cos /zfoy 

The i n t e g r a l s r e f e r r e d t o above i n equations ( 4 , 4 ) and ( 4 , 5 ) are 

evaluated by a summation i n 5 ° steps. Thus, ( 4 , 4 ) may be solved by 

using a Euler-Maclaurinexpansion, expressed i n t h e form 

j- M*t(o)de . Je ( f (o) + H *e> + i ( 2 £ e) + ... f(m-i)£e) 

where -f (6) = L(e)Cos(ne), mSO = <fe i s the step s i z e and m i s t h e 

number of steps. The summation was performed i n t h e F o r t r a n Programme. 

The advantage o f t h i s method l i e s i n the f a c t t h a t the o r i g i n o f t h e 

torque curves may be taken a t the l e f t hand s i d e o f the t r a c e . The 

q u a n t i t y A n contains a l l the i n f o r m a t i o n about the amptitude o f the 

F o u r i e r C o e f f i c i e n t r e q u i r e d i n t h i s case. 

Shear C o r r e c t i o n 

The form of t h e torque curves was discussed i n Chapter 2. There i t 

was noted t h a t the curve t r a c e d out by the pen recorder was n o t described 

by equation ( 1 , 5 ) . 
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Using equation (2,1) the angle at which the torque which was traced 

out should have occurred i n order to agree with (1,5) may be found by 

adding or subtracting the shear correction, depending on the nature of 

the torque curve., I n order to perform t h i s task reasonably e f f i c i e n t l y , 

the shear angle was calculated for the value of f i e l d used i n obtaining 

a given trace, and for a given torque. 

Using the equivalence of one degree per millimetre on the X-axis 

of the trace, the shear angle was converted to millimetres. The torques 

then had to be moved t h i s distance to obtain the true abscissa for 

equation (1,5). 

F i g . (4,1) attempts to i l l u s t r a t e the conversion of the shear correction 

to a gr a t i c u l e i n c l i n a t i o n . I f the g r a t i c u l e i s t i l t e d r e l a t i v e to the 

X - a x i s i n a direction such as that indicated i n Pig. (4,2), here i s a 

method of reading the curves. 

INCLINATION OF GRATICULE 

The torqueyL, which i s recorded at A, should occur at B for equation 

(1,5) to be v a l i d . The distance AB i s evaluated from 0, equation (2,1) 

expressing 6 i n millimetres. 

&<?/HTl£.L>i.E 
l l J C t i u M T i o t J 

Fig.(4,1) 
RELATIONSHIP OF SHEAR CORRECTION 
AND GRATICULE INCLINATION 

Pig.(4,2) 
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Then, the i n c l i n a t i o n of the graticule which i s required to project 

the measured torque to the correct abscissa point i s found as the angle L B L ' 

To make i t easier, the distance between the 17.5 cm mark on 

the i n c l i n e d graticule and the axis of the trace i s made to be:-

17.5 tan ( L B L' ) 

Provided the quantity /'oL i s small, then 6c<L 
BoMsV 

(equation 2,1); and t h i s i s the j u s t i f i c a t i o n for i n c l i n i n g the gra t i c u l e . 

In practise, the length CL was read off from the trace; the variable 

length BC, F i g . (4,2), was added to i t and the t o t a l length BL projected 

to the ordinate BL 1. The process was carried out on the computer. 

Some Shear Correction Values 

The following calculations are based upon:-
Magnetometer c a l i b r a t i o n 

constant 

Pen recorder scale factor 10 

1.24 x 10 

-2 

-2 ,=1 

-1 

Sample volume 1*742 x 10 

Saturation magnetization 0*606 
of Nickel 

-8 

Nm V 

V cm 
3 
m 
Tesla 

4^-x 10 -7 

Torque curve trace height 4*0 
-1 

N A 

cm 

-2 

Shear angle 6 = Sin A>L 
BoMsV 

9 = S i n - 1 o«o59 
Bo 

and assume 1° = 1 mm on trace. 

TABLE (4,1) 

-Electromagnet 
Current 
Amps 

10 

20 

30 

40 

0, in mm 

1 

i 

7 

-tan" 1e 
4-e F i g . (4,3) 

Applied f i e l d 

T esla 
0.26 

0.505 

0.635 

0.715 

13.12 

6.71 

5.33 

4.73 

"DY"= 17.5 t a n - 1 (9(mm)) 
(40 mm) 

5.74 

2.94 

2.33 

2.07 

- 30 -



Electromagnet 
Current 
Amps 

Applied f i e l d 

T esla 

0° "DY"= 1 

50 0.7b 4.45 1.95 

faO 0.81 4.18 1.83 

70 0.855 3.96 1.73 

80 0.89 3.80 1.66 

90 0.925 3.6b 1.60 

100 0.96 3.52 1.54 

110 0.99 3.42 1.50 

120 1.02 3.32 1.45 

-1 
(40mm ) 

The parameter "DY" i s the distance, measured along the gr a t i c u l e , from 

the 17.5 cm ordinate to the horizontal 6 axis of the trace. I t simply forms 

a convenient l a b e l for identifying the shear. 
TABLE (4,2) 
K j Results, at 77°K, for ni c k e l i n the (110) plane 

Magnetic f i e l d 
Tesla 

»DY" 
cm 10 3 J n f 3 

K2 
10 3 J .m 

K 3 3 103j af J 

0.635 -2.33 -76.3 -9.6 12 

0.760 -1.95 -77.7 -4.2 9 

0.86 -1.73 -80.0 4.7 4 

0.96 -1.54 -81.1 8.7 1 

1.01 -1.45 -81.7 10.4 -1 

Franse's (1969) r e s u l t s are presented here for comparison:-

1.8 -84.2 8.3 -16.4 

I n another experiment, values of K]_ and K 2 were recorded 

of values around a nominal "BY". This was done to see how s e n s i t i v e and 

K2 were to change i n 11 DY". I t also provided an estimate of the possible 

error from the estimate of shearing. 
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TABLE (4.3) 

The Dependence of on "DY" at 77°K. 

Magnetic f i e l d »DY" K l K 2 

(Tesla) (cm) (10 J J ra •*) ( 1 0 3 J m"3) 

0.76 -1.1 -73.3 -28.8 

-1.5 -77.2 - 7.64 

-1.7 -76.4 -12.1 

-1.75 -76.3 -12.1 

-1.9 -77.2 - 5.9 

-2.1 -78.8 3.77 

0.96 -1.3 -79.0 - 6.17 

-1.6 -82.6 17.0 

-1.8 -84.1 19.6 

-1.9 -84.3 30.5 

-2.0 -83.2 20.9 

-2.25 -83.2 33.1 

1.01 -0.75 -96.8 71.9 

-0.5 -76.4 -26.4 

-0.85 -78.0 -14.4 

-1.0 -76.6 -27.9 

-1.2 -82.7 21.0 

-1.6 -82.3 16.1 

Conclusions 

From the Kj_ r e s u l t s presented at 77°K i t would appear that there i s 

a magnetic field-anisotropy dependence. This i s despite the f a c t that 

the K 2 are highly dependent on the nature of the shearing correction - for 

by applying the standard method indicated, appears to be approaching 

the value quoted by Franse. However the value of K 2 disagrees 

s i g n i f i c a n t l y with that of Franse, but appears to have an increasing value 

with applied f i e l d . See F i g . (4,4). 
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APPLIED MAGNETIC FIELD VARIATION 
05* K 1, Kg AND 

IN (110) PLANE AT 77K. 

Fig.(4,4) 
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Secondly, the value of Ki i s stable r e l a t i v e to other parameters 

being varied, as shown by the variable "DY". However, K2 i s very variable, 

and the only r e l i a b l e method of evaluating i t i n the present conditions i s 

to define the shearing conditions as exactly as possible. 

Evaluation of K3 gives no agreement with other workers, and t h i s value 

must be highly suspect. This i s because the Fourier Coefficient required to 

evaluate K3 i s that of the 60 component, and t h i s c o e f f i c i e n t was i n most 

cases at l e a s t an order of magnitude smaller than the Fourier Coefficients 

of the 26 and 46 components. When attempting to measure the trace of the 

pen recorder, the accuracy of measurement i s at best, about 2 mm; and often 

much worse. The output would need to be magnified by 10 times to render 

the 66 component measurable, and t h i s would cause the pen to go off s c a l e . 

Estimate of error i n (110) plane 

Major sources of error are:-

Sl i g h t misorientation of the i n c l i n e d g r a t i c u l e - as re f l e c t e d i n 

the value of "DY". 

Error i n reading the torque ordinates from the trace. 

The misorientation can be observed through table (4,3) for K 1 and K 2 

and i t can be seen that for K i error due to misorientation i s j u s t over + 2% 

maximum. For K2 t h i s error i s seen to be very much larger, over 100% i n 

some cases eg.0.96 Tesla. 

The error i n reading the torque trace i s thought to be interpretable 

by considering the amplitude of the Coefficient of Sin (60). The l a r g e s t 
2 • —3 

value obtained, i n connection with table (4,2) was 5.36x10 j m which 

represents about 1 mm on the trace. Noise on the trace made reading to 

t h i s accuracy impossible. Thus, t h i s c o e f f i c i e n t i s more l i k e l y to be 

j u s t random error from trace reading. 
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Measurement of K i i n the (100) plane 

The torque curves derived from experiments i n the (100) plane were 

analysed by simply halving the peak to peak value of the trace. 

I n accordance with equation (1,6) t h i s amplitude represents the 

Coefficient of Sin (46); and i f K3 i s ignored i n a f i r s t approximation, 

since i t i s very much smaller than Kx, the amplitude may be used to 

determine K i . The r e s u l t s for the two nic k e l samples are shown i n F i g s . 

4,5 and 4,6 for a range of temperatures from 15K to 293K. 

Amighian's r e s u l t s are also recorded there for ease of comparison. 

Measurement of R e s i s t i v i t y 

A simple calculation, based on equation (3,1) gave the r e s i s t i v i t y 

r e s u l t s down to a temperature at which the voltage across the sample was 

below the resolving power of the d i g i t a l voltmeter. The variation of 

r e s i s t i v i t y with temperature for the two samples investigated i s shown i n 

Figs . (4,7 and4,8). 
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TEMPERATURE VARIATION OF 
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Fig- (U,7) 

x AMIGHIAN'S WORK 

+ PRESENT WORK o 
CM 

O CM CM 

O 
OO 
H 

O -J-i—I 

O O H 

* 

o o 

-6 RESISTIVITY (xlO -fL.cm) 



TEMPERATURE VARIATION OF 
RESISTIVITY FOR NEUTRON 
FLUX ON UN SAMPLE OF 

0.81 x 10l8/cm2 

F i g . (U,8) 

* AMIGHIAN'S WORK 

+ PRESENT WORK 

RESISTIVITY (xl O ~ 6 it .cm) 



Chapter 5 

Conclusions and Suggestions 

CONCLUSIONS 

(110) Plane Measurements 

The f i r s t anisotropy constant, K l f for n i c k e l i n the (110) plane can 

be measured by torque magnetometry. A graph of against external f i e l d 

i s plotted i n F i g . (4,4). The error i n the measurement i s estimated to be 

about 2%. 

The second anisotropy constant, K2, can also be measured, and 

measurements are recorded i n F i g . (4,4). K 2 i s very s e n s i t i v e to gr a t i c u l e 

orientation. 

The t h i r d anisotropy constant, K3, was below the resolving power of the 

apparatus. 

The precise orientation of the measuring graticule i s important as 

indicated i n table (4,3). 

Kj Variation with "concentration" i n (100) plane 

No s i g n i f i c a n t difference was found between the variation with 

temperature for either 5N or 4N single c r y s t a l n i c k e l spheres which had 

been i r r a d i a t e d with 8.5 x 1 0 1 7 neutrons cm - 2 and 8.1 x 1 0 1 7 neutrons cm2 

respectively, as shown i n Figs. (4,5) and (4,6). 

No s i g n i f i c a n t difference was found between the residual r e s i s t i v i t y 
17 -2 

for either 5N or 4N nic k e l bars i r r a d i a t e d with 8.5 x 10 neutrons cm 
17 -2 and 8.1 x 10 neutrons cm respectively. 

DISCUSSION AND RECOMMENDATIONS 

Anisotropy Constants i n (110) Plane 

I n order to measure K 3, the output of the apparatus must be s u f f i c i e n t l y 

s e n s i t i v e to record the 60 component i n the torque curve. A larger output 
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i s c e r t a i n l y desirable. Since the torque measured i s that which i s 

required to balance the magnetization (magnetic moment per u n i t volume) -

crystallographic direction interaction, increasing the physical s i z e of 

the specimen would increase the torque and hence increase the Fourier 

components. 

As well as increasing the s i z e of the specimen, the noise from the 

electronics could be eliminated. This would y i e l d a smooth torque 

curve, allowing the 66 component to be measured with greater certainty. 

K i Variation with "concentration" i n (100) plane 

I t may be that the radiation damage had annealed out of the samples 

during storage. More i r r a d i a t i o n s could be carried out, over a greater 

range of doses and the measurements performed immediately. Such a 

procedure r a i s e s problems regarding the handling of radioactive material. 

I n t h i s connection i t should be noted that the maximum permissible dose 
_7 

for a non-registered worker i s 1.5 mrem hr ; and that t h i s dose i s based 

upon 40 hours week"""*- for 50 weeks y r ~ ^ spent continuously working with 

the material. The reaction of a contamination monitor ought to be 

interpreted i n t h i s context when deciding whether or not the material i s 

safe to handle. Of course, the expert advice of the radio l o g i c a l 

protection o f f i c e r should be sought as a matter of l e g a l necessity. 

A method of inducing damage thermally may be considered. Samples 

could be heated to allow atomic migration and then quenched to maintain 

the i n t e r n a l damage so caused. R e s i s t i v i t y measurements could be made to 

monitor the amount of damage. The procedure i s safer than i r r a d i a t i o n . 
R e s i s t i v i t y 

Using the arrangement described e a r l i e r , i t was found that below 60K 

the voltage measurements necessary to determine the r e s i s t i v i t y became 

unobservable. A more s e n s i t i v e detection system seems desirable, the 

most well known being a phase s e n s i t i v e detector, i n order that small 

changes can be accurately monitored. 
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I n the present Investigation, the r e s u l t s were compared with those 

of Amighian so that there was l i t t l e point i s using more s e n s i t i v e 

apparatus than he had used. 

The observation that the c r y s t a l had been affected by the bombardment 

could be made because i t was radioactive. Since the residual r e s i s t i v i t y 

was unchanged, the electronic mean free path was unaltered. The anisotropy 

was also found to be unaltered. That they were "unaltered together" i n 

spi t e of some c r y s t a l damage gives "moral" support to the hypothesis 

tested. 
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APPENDIX I 
Programme for Fourier Analysis 

P H O E e o o i 11 if. A .y? PM T U E . , 13 J U W E , i 9 ? s 

0001 FTU'\.- I 3 i I-
0002 PROGRAM HSCJE <3, 96 >, 13. 66. ?8 K U ) 110 Pl.fiWE 
0003 P E R L RR<36, 6 ) , R£(36, 6>, RC<36, s>, i f l c j o , R L P M R<6) 
0004 REAL F0UCPT<6>, F 0 C P T K 6 ) , R<6>, S<C>, C<6> 
0005 INTEGER T I T L E CSS) J I W, OUT, PRAMS < 5 J 
0006 EQUIVALENCE UN* PRAMS), (OUT, PRflHS<2>> 
000? CRI.L RMPAR<PRAMS) 
0(505* ) F ( IN. I..E. 0)GO TO 999 
0009 xv <our. i . . E . O > O U T « I N 
003.0 IT0F--0UT+ 1180B 
o o 1 i c R L I. i: >: E c ( ::< > i T O F , •• • i ) 
0012 10? RERDUN, * ) (TR< I ) , 1 «i, 36) 
0013 PER IK ) U, *)DV 
0014 READ< I N , * > C R L , S C R L , RMRSS 
0015 CALL R E H.K1, IH + 4G0E:, T I T L E , -64) 
0016 G A L L RI:!REG( I S TR T , L E NTL ) 
0017 Oil I.!.. E!>:EC<2, OUT, T I T L E , -I.ENTI.) 
0018 SClU*SCAL*6. 601 
0019 RHftSS«KHRSS*8. 666601 
oose iu;ounT«t". 
0021 CALL S P K R R ) 
0022 IFCOUT. EQ. 6>CRLL LURU(1.6, 1) 
0 0 2 3 IJ P. I T E ( 0 U T, 11 ) N 0 0 U N T 
6024 15. FORMAT (/"THE TORQUES FROM THE GRAPH ARE", 12, " DEGREE STEPS 
0025 Ur:JTE(OUT, 1 2 ) ( T A ( I > , 1 = 1, 36) 
0026 12 FORMAT (1G(F6. 2 ) ) 
002? IJ!:ITE<OUT, 1 3 ) D V 
0028 13 l"0RliAT ( / ' ' D V •= " , F5. 2) 
0029 CALL SP4CI A, DY) 
0030 ^=5 
0031 Up H E (OUT M - O J 
0032 1*5 F0RMAT < / " SH E A R E D TORQUES RT " • I 2, "DEGREE INTERVALS") 
0033 URITE<OUT*15><TA<1>,1*1,36) 
0034 15 FORIS AT ( 10F8. 4) 
0035 DO 100 M==l, 6 
0036 1«1 
(503? 101 i'l<:'! ( I 1 1 ) TR ( I ) * R R < I .• K) 
0038 I'-Ml 
0039 I F <1. LE. 36) GO TO 161 
00'so ioo coirniuji: 
0041 CALL SP5(AA) 
0042 DO 102 M-l, 6 
004 3 \ •• • }. 
0044 10 3 f'l C ( I.' I I) : : : T A ( I ) * A A ( I , t'i) 
004!;- l - I + l 
0046 I F ( I . I..E, 36) GO TO 103 
004? 102 CONTINUE 
0045: UR 3 T E (OUT, 16)CRL, SCAL, R M R S S 
0049 If . F 0 R !! R T ( / / " M R GI-.' E'!' 0 I'l E '!' E R C R L I B R A T ION FACTOR I S : ", E l 6. 3, " N M / V 
0056 C P E N RECORDER SCALE I S : , "E10. 3, " WCM",/, 
0051 C SRMPLE MRSS 1S : " > EiO. 3, " KG") 
0052 J := 5 
0053 UR I'!' E (OUT .• i ? ) o 
0054 1? FORIIRT (//"RESULTS O F FOURIER R U R I.VSIS FOR RHQL E INCREMEHTS" 
0055 UR J TE(OUT,18)J 
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PHCE 0002 M S C J E 4:1? PM THE., 13 JUNE, 1S78 

005G 1 8 FORIlftTC/VCOEFFS OF SI hi N< THE T i l ) , FOR STEP S I Z E " 1 2 , r » J t 1 < 
005? Cf'lLL SP2 CAEs, S U M , M, I , FGUCPT, CftL, SCfiL, RMflSS, OUT) 
0058 1)0 104 I1:=ij G 
00 53 FOCPTl<lt>==FOUCPT<M> 
00 GO C < 11 > » F 0 U C P T < ID * F 0 U C P T < 11) 
OOGi 1 04 COUT I HUE 
00G2 UP j Te. (OUT, 19) J 
OOG:? I S FORHR"K/V"COEFFS O F COS N< TI-IET ft > FOR STEP SIZE"#12' " » J H < -
00G4 CRL. L SP2 CflC, SUM, 11, I.. FOUCPT, CftL, SCfiL, RMf-iSS, OUT ) 
00G5 DO 105 11= l i G 
00G6 5 < 11 > F 0 U C P T C H > * F 0 U C P T < 11) 
DOG? fKIO^SURi '<&Clinic CM ) ) 
00G8 f i L P H i-i t M ) ••••• a s &. e • :<. 14 A. 5 s > * ft T R N C F 0 u c p T < n ) / F 0 c p T 1 < 11)) 

0GG3 105 coin 1 H U E 
0070 fi2.1 «flC2> 
00 VI n-i 1 n < <i > 
0072 
oo? 3 UR I TEC OUT,20) 
0074 20 FORI!ftT<,-V/',RESUl.TS OF RHftLVSIS H I T H PURSES" > 
0075 1)0 10G M==2, 6, 2 
0076 1JIVI TIf. <0UT, 21) 11, J, f l < K > , ft 1.PI-!ft<M> 
0 0 ? ? 21 l :ORHRT</"COEFF. 0 F M 2 , 11 THETft CPTi FOR", 12, " D E G . S T EPS I S 
0078 CE10. 3, "PHASE RNGLI- I S ",E1G. 3) 
0079 10 G coin i H U E 
0080 NRITECOUT,25>R21,ft4i 

23 F 0 R1 i R T < / " R2 = " , E l C>. 3, 11 R4 >= ",E1Q. 3> 
0082 021^ OG4. 0*fl21> 
0093 ft41>=<-!G. G*ft4:l) 
0084 RG1«G4. 0*ft61 
0065 l) = 10. 0 
008G l.)K:1.~- a Tl21"fl41) 
008? DK2K{5.G. B*fi'll--G. G*fl2:l) 
0088 ft2i = 2. 0*fi21 
0089 fi*t5.--8. 0*fi41 
0090 ftGl-2. 0*ftGl 
0091 l>K3-32. 0*<8. 6*fl61-G. 8*ft41)--2. (5*48. *FlGi + ft21*48. *G. 
0032 RK1-DK1/I) 
0093 F:K2r= DK2.-D 
0094 RK3H :>o/i344. o 
0095 URITECOUT,2G)PV 
0096 FORHlVK/V'TlNISOTROPV CONSTANTS, K d ), FOR DV « " , F 5 . 2, " ftRE:- " 
009? URITECOUT,24>RKi,RK2,RK3 
0098 2-i lORMi'Vt' " K:t = ",£10.3," .111 < ••• 3 ) 1 , /, "K2 = ",E18. 3, " J IK •- 3) " 
0033 C, /, 1 1 3 •= ",E10. 3, " J11<-3>") 
OiOO (.'.OUT ). RUE 
0101 »RITE< O U T ,25> 
0102 2 5 FORIIfiTC " END OF DftTft INPUT") 
0103 Cfil.L EKE CC3, IT OF, - 1 ) 
0104 999 ST OP 
0105 END 
l : T I M COMPILER: IIP920GG~16092 REV. 1 7 2 6 



,,'iiGE OGC«i FTN. <\;y? i-MI TUE. , O JUNE, 19?G 

O-'OG fiUli-TiOUT JWt £".P4 < flFO 
o^o? REI'IE f i n o d f i ) 
OiOS HO :V H:.-i, t'. 
(JAos DO x i'--x, ::<e 

* P.fi< I , l-!>:--SIH<K=!=H--i=5. 0->:< l ' ! l i 7 U : r t 0 ) 
O i l 2 RETURN 

ERD 

oA<\ iup.poLiT ) iii-: sp2<f in , s u H I , H, I , F O U C P T . CITv.. s cHL . * M n s s , ouT> 
O i i s REUE f!fi<::<G, c>, i-'oucp'i <G> 
O i i C ' 1HTEGER OUT 
iC ' i iV 1)0 .'l M » A J t". 
it \ x s G n i. L :< < n f i - H > s u 111, r o u c P T > 
M I 9 o •=!-:> 

;? 0 I-" 0 U C P T < H ) F 0 U C P T < H > * C fiL * S C FlL i:S. S E 3 / K Hn SS 

a. coirniu.il-: 

on;?* i.T.'i Ti-.' cOUTj : O H I J , r o u c p T < t o 
O ^ M EORUiVK " COEFFICIENT FOR", 1 2 , " THETfi» FOR S T E P SIZK"# I 2 J 

c i s r , i".-.ii. <t> 
( u s e co u r x uui-: 
tttj>? RETURN 
or..;?s EI ID 
0 •; ;> <) <•. 111.: R 0 U T ). I IY. ?. P3 < R H, M .• £ U M I ; l : 0 U C P T ) 
is\:<i\ pi-iii.. f i fuse, F O U C P K S ) 

«i:<:< i r. 111 i 3 •- - . L 1111 ̂  n ri > 

0.1:?s I F < i . i.E. ."<£•> fio TO i 
FOUCPT <»>'- t. r.UHM:5. 0 + 2 . O/ISO. 0 

UilS? RETURN 
0.13 8 END 
OiSJj SUBROUTINE SP4 <Tfl, l:-V) 
ti ri. I o REUI.. n i o o 
( J i l l I-~A 

;l TlU I > = <Tfl< I > + M*DV/3l5>*COS<fiTr : lN<DV^li \ 5>> 
0:V<i<1 I « J + i 
Ori.'i!;'i H=--U + S. 
Oi/,G IF < I. EE. 36> GO TO 1 
Or,.',? RETURN 
Oi ' is END 
I -T IM C O M P I L E R : HPS3eeB--16092 REV. 
* * no K f tmmuis *•»• NO ERRORS ** • PROGRAM eoc«8«i COMMON - oouoo 
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PfiCsK 6001 : . F T H . <4 ; A? PH TUE. , . 13 JUNE* 1 9 7 8 

O i l 9 JiUEiROUTINE SP5 (FIFO 
OS. 50 REflL. I-W'KSG^G) 
OS. 5 A DO x 11* A , e 
0:152 DO 4 J e l , 
0S.53 1 :••=][-•:«. 
015*? i f t fl < 1: i 11 > 1= C 0 S < l< * 5. 8 * H * 3. 1416 /' i 8 e. 0 ) 
0 i 5 5 RET URK 
0S.5G END 
I" TIM C O M P I L E R : HF'920G6"1G692 REV. 1726 
* * NO u n i j i a n G S * * wo ERRORS #+• PROGRAM == e o o ? i COMMON == ooooo 
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APPENDIX I I 

A Programme for the Removal of Neutron 
Irradiated Nickel Samples 

The samples were contained in a small envelope of black plastic, 

wrapped round with Cadmium f o i l , contained i n a plastic bottle which 

was packed in a metal t i n marked "Radioactive11. This was placed in a 

standard box of known dimensions. 

The metal t i n was opened with a t i n opener under constant rate-

meter monitoring and the plastic bottle was removed with the particulate 

packing. On opening the bottle, the Cadmium was seen to be radioactive, 

i t was removed leaving the nickel samples in the black plastic packaging. 

No contamination of the packing (particulate matter) had occured. 

The black plastic was broken and a l l fragments were recovered. The 

separate pieces, together with the Cadmium were placed in separate 

specimen bottles and radioactivity warning labels were stuck on. 

F i l l four specimen bottles, of a similar type to those holding the 

samples at present, with chloroform to about half f i l l each bottle. 

Place a l i d on each bottle. 

In a controlled radiation area and in a fume cupboard, open the 

two specimen bottles which hold the specimens. 

Pour in liquid chloroform, sufficient to immerse the samples and 

replace the li d s of the bottles. 

Observe when the plastic i s dissolved (how long this w i l l take i s 

not known). 

Remove the lids from the second bottles of chloroform (having placed 

warning labels on them). 

Remove the lids from the bottles containing the samples and, using 

tweezers, remove the samples and place them in the second bottles of 

chloroform. Replace the lids on each bottle of chloroform. 
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Repeat this process until as much of the plastic as possible has 

been removed. 

When this condition has been f u l f i l l e d , dry the samples with a hair 

dryer, or in ai r , holding them with tweezers. 

Place the samples in small sample bottles packed lightly with cotton 

wool and marked with radioactivity warning labels. 

Ensure that a l l bottles are properly sealed and bear the appropriate 

labels, and that they w i l l be disposed of i n the correct manner. 

Obtain a labelled container containing n i t r i c acid to a depth 

sufficient to immerse the nickel samples. Using tweezers, dip the samples 

in the acid, remove and set down on an absorbent surface. 

Pick up the sample again using tweezers across a different diameter 

and immerse i n n i t r i c acid. 

Repeat this process six times. 

Seal the n i t r i c acid container, dispose of the absorbent surface and 

wash in water, sealing the water vessel and labelling i t radioactive. 

Dip the specimens into labelled containers containing chloroform and 

then blow dry the specimens, sealing a l l containers. 

Transfer the specimens back to the Physics Department and store in a 

safe area until required. 

When required, remove the sample from the bottle, using tweezers and 

care. Mount the specimen on top of a small brass rod using soft wax. 

Take aL.aue photograph using a recommended exposure time (Amighian) 

of four minutes. 

Change the orientation of the crystal. 

Take another photograph. 

Continue this process until the required orientation has been found. 

A sample holder, which i s designed to hold the sample i n the 

experimental apparatus, i s mounted on a bracket which can slide along the 

track which supports the goniometer and i s attached to the X-ray generator. 
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The holder i s brought into contact with the sample and durofix glue 

i s applied to form an adhesive bond between the sample and the holder. 

The sample holder i s mounted in the goniometer and another photograph 

i s taken to ensure correct orientation. 

The sample and sample holder are then mounted i n the torque magnetometer 

and a warning label i s attached to the apparatus. 

When the experiment i s completed, remove the sample from the 

magnetometer, place in the specimen bottle and inform Supervisor or 

Dr. Thompson and remove to radioactive store. 
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APPENDIX I I I 

Derivation of the Correct Form of the 
(110) Plane Torque Equation 

Franse (1969, p22) writes:-
L A = - K 1 s'dmn) - K 2 P (Imn) - 2K3 S (Lmn) s'(/„mn) + ... (2,7) 

wherein Z.mn are the Miller indices of the plane being considered 
o „ ,2 2 2 2 2 ,2 & S = I m + mn + n £ 

2 2 ? 
also P = H m n~ 

S(110) = ,1 Sin 46 + Sin 2 6 Cos 26 S (110) = 1, Sin 26 (1 + 3 Cos 26) 
4 4 

p (no) = i sin 4 e cos 2e P (no) = s ' (no) 1 sin 2 e 
4 2 

The derivation proceeds as follows:-

L A = s' - K 2 s' Sin 2 e - 2K^ Ss' 

= - s' (K^ + K 2 Sin 26 + 2K3 S) 

2„ 2^ 2 ) 
in a< 

2 

= - 1 Sin 26 (1 + 3 Cos 26) (K + 1 K + 2K (Sin ̂ 6 + Cos Sin "e} 
4 < 2" ( 4 J ' 

In contrast, Franse writes:-
L A = " 1 Sin 29 (1 + 3 Cos 26) (K + CK + 2K ) Sin 26 + . . . j (2,9) 

4 C T 5 
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