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ABSTRACT 

The work described in this thesis is concerned 

with the temperature dependence of the magnetocrystalline 

anisotropy of nickel and gadolinium and with certain 

related magnetic properties such as domain structure and 

magnetostriction. The anisotropy measurements on nickel 

permitted the determination of both the first (K.) and 

second (K2) anisotropy constants. 

The most difficult measurement was that of the 

second anisotropy constant - at room temperature existing 

measurements of K2 differed even as to sign and no attempt 

had previously been made to determine its variation with 

temperature. The magnitude of K2  was obtained directly by 

measuring the torque on a disc-shaped single-crystal specimen 

oriented parallel to a (111) plane. Ki  does not contribute 

to the torque in this plane and the contribution from K2  is 

itself sm.1l, even with a relatively large specimen. 

Spurious torques arising from inadequacies in the torque 

measuring system can therefore be important and they were 

overcome only after a novel form of torque meter had been 

developed. Measurements of K2  and K1  for nickel and 

gadolinium were made within the temperature range 92°K to 

347°K. 

The data obtained for nickel revealed an unexpected 

variation of torque with inverse field at low temperatures. 

This necessitated a detailed and original calculation of the 
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magnetivation process (including the effect of the specimen 

demagnetizing factor) and led to a modification to the usual 

extrapolation procedure for determining anisotropy constants. 

The agreement between calculation and experiment 

was so good that predictions could be made about a related 

magnetic phenomenon namely magnetostriction, and these 

predictions were verified by further experimental 

measurements. 

Finally, the apparatus and measuring techniques 

were employed to investigate the anisotropy of gadolinium in 

the interesting temperature range in which the directions of 

easy magnetization lie on the surface of a cone surrounding 

the hexagonal axis. These measurements are fully described 

together with some related observations of domains on this 

material. 
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ChAFTER ONE.  

INTRODUCTIO N 

The work described in this thesis is concerned 

with the temperature dependence of the magnetocrystalline 

anisotropy of nickel and gadolinium, and with certain 

related mametic properties such as domain structures and 

magnetostriction. The anisotropy measurements on nickel 

permitted the determination of both the first (K1) and 

second (K2) anisotropy constants. 

Prior to the present investigation there was little 

agreement between previous measurements of the second 

anisotropy constant of nickel. In fact different workers 

reported values of differing signs and the accurate 

measurement of this constant is only achieved with 

difficulty. The cost reliable method of determining 

anisotropy constants is by measurement of the torque on a 

single crystal disc of the metal when it is subjected to a 

saturating magnetic field. If, as is customary, the disc 

is chosen to have its surface parallel to a (110) plane, 

then both K1  and K2 
 may be obtained from one set of 

measurements. However the contribution to the torque from 

K2 is at least an order of magnitude smaller than that from 

K1  and it may 	in fact be smnller than the exnerimental 

uncertainties involved, so that such determinations of K2  

are unreliable. A specimen with a (111) plane parellel to 

the disc surface may, however, be used to measure K2  alone, 

and although K1  does not contribute to tLi torque in this 

plane, the contribution from K2  is itself small, even with a 

relatively large specimen. Spurious torques arising from 

inadequacies in the torque rneasurin system are therefore 

important and they were overcome only after a novel form 
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of torque meter had been developed. 

To obtain the anisotropy constant from the torque 

measurements, the normal procedure is to Plot the torque 

amplitude against the reciprocal of the field. Extrapolation 

to tie intercept 1 = 0 then ives the torque auplitude at 

infinite field, H which is required since only then is the 

direction of the magnetization coincident with the applied 

field direction. Under these circumstances the aaisotropy 

constants may be easily extracted from the toraue data. 

Measurements of K2 and K1 
for nickel and R.adolinium were made 

within the temperature range 920K to 347°K. 

The data obtained for nickel reveled an unexpected 

variation of toraue with inverse field at low tempratures. 

This necessitated a detailed and original calculation of the 

magn_ltization process (including the effect of the specimen 

demagnetizing; factor) and led to a modification to the usual 

extrapolation procedure for deteruininc; anisotropy constants. 

The agreement between calculation ancl exreriment was 

so good th--.t predictions could be made about a related 

magnetic phenomenon, namely magnetostriction, and these 

predictions were verified by further experimental measurements. 

However, before the details of these anisotropy and 

magnetostriction measurements ere dealt Lith, the background 

theory is presented in this chapter. First, the intrinsic 

and technical magnetization of ferroma-meta are considered 

in 8 1.1 and § 1.2 and, secondly, these considerations are 
extended to include existing theories of anisotropy and 

magnetostriction in § 1.3 to § 1.5. 
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51.1 Intrinsic Magnetisation. 

Magnetic phenomena in ferromagnetic metals arise 

from the orbital motion and spin of the electrons within 

the rli -terial. A circulation of charge is equivalent to a 

current loop and therefore to a magnetic dipole, and it 

maybe shown clasically that the n_Tnetic moment of this 

dipole is 

a, = - 
g 2mc 

where 	is the angular momentum of the electron. 

Here g is a factor that depends on the details 

of the electronic motion: it is eaual to two if the 

angular momentum of the electron is due to its spin 

alone, and is unity when there is only orbital motion. 

The magnetic properties of a material thus stem from the 

angular momentum of its electrons. 

From the Pauli exclusion principle, it may be 

shown that complete electron shells of a free atom have 

no overall angular momentum and so it mi,Tht be thought that 

these electrons could not contribute to the m=agnetic moment 

of the atoms. In fact, however, te orbital motion of 

each individual electron causes it to precess in a 

magnetic field and this precession rives rise to a very 

small magnetic moment directed in op.wpsition to the applied 
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field. All the electrons O~ the atom contribute to this 

'j' t· m reg~ard18ss of their e ffec t, which is known as c.lc::magnc 1S, > 

momEnt is very .s:;JDll:,~nd i3 therefore only ,10tioc1;16 !hen 

the atom has no incomplete electron shells and th[refore 

no overall angular momentum, or ~hcn there are unfilled 

shells with paired electron spins. .~hen there 3re unfilled 

electron shells ,!ith L:np:;ired electron spins (eaQh with)4 given 

by equation I.r) the resultant magne~ic moment on the atom 

masks the diam22netic rc.o!nent. Such electronic configurations 

occur in the transition elements; for exacple, iron, cobslt 

and nickel h2ve respectively k, 3 cnd 2 unpeired 3d -

electrons per free ~tom. The rare-earth metal gadolinium, 

which is also ferromag:ne tic set room tenpera ture, h2s 7 

unpaired 4f-electrons per free atom. 

In the solid, t~c outer electron shells of gech 

atom interact so ~hst, for instance in iron, cobalt and 

nickel, the outer electrons ~re no lon~er bound but 

become conduction electrons 2nd the 0Verc'lge 'luDb2r of 

unpaired spins per 2tom is then no lonver an inte~er. 

Furthor, the orbitaliotion of the electrons in 8 solid 

is found to be frozen in, or 'que~ched' by the internel 

electric field produced by the atoms. Hence the orbital 

magnetic moments of the unpaired electrons can not rotate 

under the influence of an applied mpgnetic field and their 

overall ma:-'netic Lloment!)8COmeS sta.tistice.lly 2lmost zero. 
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Mfs fact is confirmed by experiments which measure the 

g-factor (equation 1.1), and which give 13-- 1.9 for iron, 

cobalt and nickel showing thet the magnetic moment arises 

predominently from the spin angular momentum in these 

metals. The ma:netic moment of each atom may thus be 

considered to be due just to the unpaired spins on that 

atom, while the orbital magnetic moments may be ignored. 

At high temperatures and with zero applied 

field, the thermal agitation causes the spin vector s, 

and hence the magnetic moment 8., of each atom to be 

oriented randomly with respect to its neighbour and no 

resultant magnetic moment ensues. If a field is applied 

the average spin distribution of the atoms is modified 

since each spin experiences a torque tending to turn it 

towards the field direction and a magnetic moment may be 

induced. Below the Curie point, the disordering thermal 

energy is less important so that the spins tend to align 

and an overall macmetic moment arises even with no 

applied field. The interaction energy between a spin 

and its neighbours may be represented by the energy of 

a spin in a very powerful internal magnetic field (known 

as the molecular field) proportional to the magnetization 

of the material. This is a reasonable approximation 

since a molecular field represents the result of a 

co-operative interaction of the spins and the magnetization 

measures the extent of this co-operation. 



Weiss (190?), first postulated the existence of 

a Daolecular field and showed that, under suitable 

conditions, this could lead to the production of a 

spontaneous magnetization. The molecular field theory 

which will now be considered, follows Weiss, but is 

modified to accomodate the requirements of quantum 

mechanics. 

§ 1.1.1. Molecular Field Theory.  

It is assumed that the electrons responsible for 

ferromagnetism are bound to each atom as though the atoms 

were isolFted. The influence of neighbouring atoms on 

the behaviour of the electrons is then allowed for by 

assuming that haxwell-Boltzmann statistics are obeyed, 

and by introducing the Weiss molecular field. Thus no 

specific interaction between neighbouring spins is 

introduced although the collective effk,ct of such an 

interaction is employed. 

The magnetic momenta, of ar, atom may be written 

P = 	g Pe J 
	 (1.2) 

wherePo  = eV2mc, g is given by 

J(J+1) + S(S+1) - L(L+1)  g = 1 + 
 

2J(J+l) 
( 1.3) 

where S, L and J =7; the spin, orbit and total anTular 

momentum ouantum numbers of the atom measured in units 
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ofIT. It is assumed that 2ussell-Saunders couplinr• occurs 

so that J = L + S. On ar lic.7tion of P masnetic field H 

in the z direction, the :7.1F -ntic Potential energy of the 

atou due to the 111;:f;netic moment of tha electron is .,iven 

by 

	

E = - . 11 • 	 (1.4) 

The anFnlar momentum vector J 7orecesses about the z axis 

and as a result of spatial quantisation it may only have 

positions in space such that its component alonp: the z 

direction has one of (2J + 1) discrete values, namely 

	

J
z 

= J, J - 1, 	 , 	J + 	- J + 1, 	J, 

(1.5) 

so thr,t the potential energy may hive one of (2J + 1) 

values liven by 

E = gpg  H Jz 	 (1.6) 

If no, cl.e problem is simplified by assuming that 

the orbital annular momentum does not contribute siG-nificantly 

to the total mar;metic moment of the electron, so that L = 0, 

and we take J = S = 	this is the simplest case), 

then g = 2 and Jz  may take only the values - h, leadinE,  to 

two energy states E
+z and E-z, given, from (1.6), by 

+Z = + pp  H 

	

E
-z = 	13H . 	 (1.7) 

If it is furthr-r assumed that the 1.iaxwell-3oltzmann 

statistics are obeyed for a collection of these atoms, then the 



Lumber of rtoms per unit volume N+z 
, with energy E+z 

will be :.iiven by 

and similarly, 

N =aeP 
-p„H/kT 

+z 

4p.H/kT 
N
-z 

= a e P 

(1.8) 

(1.9) 

and since N+z 
N-z 

= N, the total number of atoms per 

unit volume, the constant a is given by 

N 
a - 

e + ppH/kT+e  - tipH/kT 	(1.10) 

and the average magnetic moment along the z axis,<J4? 

will be given by 

< µ z
> [ N+Z 

(-pp  ) 	N-z (+Mp ) 
= 

e 
+11 HAT 	

e 
- 

g
HAT 

•  
= p p  

+ p
P 

 lYkT 	e -µ HAT e 

= p 	tanh (µ!) 
kT • 	(1.11) 

The magnetic moment per unit volume Is  is thus given by 

I
s = I0 tanh 	(1.12) 

kT 
where Io = Ng, 

For the more Reneral case with S A A, LA so that g A 2, 

the magnetization becomes 
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Is = N 

+ pez  H/kT 
gp

P
J
z 

e 
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e 
gm J

z 
 H/kT 

(1.13) 

 

This expression cen be rewritten in the form 

Is  = Io  BJ 
 (x) 	

(1.14 ) 

where To 
= N gµR  J, is the mac“ietization at absolute zero, 

B
J (x) is the 3rilloin function riven by 

 

B (x)=.- (2.14...1)coth; 
2J 

(2Jx + x - 	coth (54.3), 

(1.15) 

and 

 

2J - 

x = ( g µpar ) 

kT 
Since nothing has yet been introduced into the working 

which allows for the effect of t'oa ihterection energy 

between spins, equation 1.14 is appropriate to paramanetic 

materials. Thus, in accordance with the correspondence 

principle, it can be seen that equation 1.14 reverts to 

the classicl Langevin solution for paramagnetic materials 

in the limit of very large J. For materials which are 

ferromagnetic at room temperature, and which thus true n 

non-zero or sontaneous magnetization even in zero applied 

field, the above theory is clearly inadequate (except at 

high temperatures above the Curie point). The co-opera tive 

effect of the interaction between spins is introduced, as 
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indicated above, by postulating an internal molecular 

field, whose maa:nitude is proportional to the ma-netizr.tion. 

Thus, the applied field H, is replaced by H +X Is, where? 

is the molecular field parameter. when this is done, the 

magnetization is still given by eoun.tion 1.14 but the 

variable x is now 

x  = gpi3J
s 	

H) 

kT 	 (1.17) 

equations 1.14 and 1.17 are two simultaneous 

equations forx that can be solved to give Is  es a 

function of temperature. Solutions in normalised form, 

taken from Bozorth (1951), are shown in figure 1.1 together 

with experimental curves for iron, nickel and cobalt. In 

these solutions H has been neglected in comparison with 

Is 
and J has been t,Aen equal to S. From figure 1.1 it 

can be seen th.t experimental points for nickel, iron and 

cobalt agree well with the theoretical curves for J = or 

1, while for gadolinium the experimental data co-incides 

more nearly with the curve for J = D(Nigh , Legvold, 

Spedding, 1963)in agreement with the expected values for 

J in these metals. The curve J = co , which is the cl4ssical 

limit of the quantum mechanical modification to the weiss 

theory, does not in general agree very well with the 

experimental data. 

The Curie temperature Tc , may be obtained by euating 
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the slopes of tha -t,.“D curves given by ecu..7.tions 1.14 7:nd 

1.17 (with J = S) :-?.t X = O. The ri 11oin function Bs  (x) 

ap:roziotes, for snail x, to 

(x) \ — 	
+ 1)X  

so thct 

S+1)A = 
c 

= 	Pp 

3k (1.19) 

and it can be seen tnpt the Curie temperature is proportional 

to tiie Iiiolecular field pprameter,X . 

Above the Curie tT)Dper.-. ture ferroma:netic 

1-1:71 -teri,=.1s become parnetic 	susceptibility 

X = 
I
s , may be obt7,ined fran tai: e;:u- tion 
H 

I
s 
=I

o  Bs 
 (x), 

or ap2ro:,;imately, for small x, 

Is - I0  (S + 1)x. 

3S 

(1.-o) 

1-Zewritin ecjuEtio:t 1.21 usinrc 1.17 with J = 3 gives 

or, 	1.19, the Curie— - eis- law 

C 
X 

  

T Tc (1.:3) 
In practice t:ae susceptibility plotted ajainst 1 rives a 

T 
substantially strht line wilich on extrapolation 
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intersects the T axis at T = Tc 
, a value sliahtly ,nrater. 

than T
c
, the tempereture at which the uenetizetion dis-

e7pears. An explanation for tee slijat curve of VX 

versus T near the Curie eoint was 	by Weiss in 

(1948) on the basis of the fo=tion of prellel spin 

clusters. In the above theory it is assumed th:t the 

moleculr field is proportional to the evereee mae-netiztion 

throurrh A, but in practice it is more likely thFt the 

molecular field at a riven point crises only from nearby 

spins so that the magnetic moment of the electron will 

line up with neLehbourin spins if this is dif2erent 

from the direction of the average manetization. Clusters 

of parallel spins then find it eneleeeticelly more 

fvoureble to devir.te froze the averaci:e maL:netizetion 

direction and the Curie point is lowered. It cen be 

seen that this is re .=.o[ 	since the z.e-Jnetization 

direction of each perallel spin cluster will still be 

deflected from the avere7e mar,,netization direction by the 

thermal ee,jitation, but nee, the co-operctive interaction 

must operate between neihbourinF clusters and therefore 

must operate over lonerdistances. The coopereetive 

interaction is known to ee a shorternge ef'ect $o that 

the interaction energy betwe n clusters will ee reduced 

and the Curie point will be lowered. As the teepereture 

increases above the Curie -eoint t`:e clusters disa-e-ear eed 

the 1— versus T plot approaches the strai •-ht line iv w by 
X 
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the oririnal theory. 

§1.1.?. The l'eisenberfr 	Integral.  

The quc, ntum mechznic:1 exPL7-n,7tion of t;_le 'Ao1.3culer 

field postul,:ted by Weis,73 wT,s given by Heisenber in 1928, 

in terms (:): the enerry of excl-in2'e 
V 

W = - 2 	J. . S ..S . , 
ij -1 -j 

i> j 

between two electrons i end j ith spin vectors Si and S. 
-J 

respecti'velYsileretl—Ithe quantum-mechanical exchange 

inte[;ral between the two spins, is related to the overlap 

between the two charre distributions and is riven by the 

overlap integral 

(Li )  Vlj (El) 12 	• (r-2 ) (1-111dr12 

(1.75) 

where 0. and 0i  are the state wave functions describing 

the electrons (numbered 1 + 2) in positions r1  and r2  

while pi1
2 
 is t'lle interaction Hamiltonian e2  

.E-1-  
Since the exchane energy must be a mininum for stability, 

the spins 	from (1.21-), line uP pr.,.rallel or anti-

parallel depending on whether J. . . is positive or neetive 

respectively. Calculations of the exchanc.e integral show 

that this mechanism is capable of Hvin!T a large enough 

interaction energy between spins to explain ferromagnetism. 

(Ordinary electrostatic and magnetic interactions between 



spins rive an interaction energy which is many crders 

of m,-Fnitude too small. This mechanism thus explains 

the large values ofAneeded in e.7. ecluation 1.19 and 

today it is 7c.nerlly accepted as correct. 

Heisenberg used heitler-London type wave 

functions for the A electrons localised around the 

crystal :.toms thus qlssuminT that the 5d electrons were 

tit?htly bound to their respective atoms. Approximate 

calculations by Bethe (1953) showed how the exchange 

interaction depends on the interatomic distance, J 

bein,c? negtive fr. small serrations add Giving rise 

to antiferromagnetiem, Positive for greater atomic 

seppr-tions leading to ferromagnetism, and becoming 
• 

very small for distanCes of 2 or 3 times the normal 

nearest-neighbour separation in crystals. The variation 

of the exchange interaction energy or energy of magnet-

ization with the ratio of the interatomic distance in 

the crystal to the diameter of the 5d orbit is shown 

in figure 1.2 (Hozelitz 1952). An alternative approach 

to the problem of ferromagnetism in netals was initiated 

by Slater (19-6 a, b) and by Stoner (1935, 1938) and was 

based on what is ',mown as the free, itinerant or 

collective electron model. 

§1.1.3 Collective Electron 1.1odel 

20 

Slater and Stoner's calculations required a 
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knowlede of the :lect...--onic band structure for the 

metal concerned. Slater oriinlly extrapol:,:ted the 

data then available for copier to obta in en an roxiite 

result for nickel. SlE,te.r .711d Stoller folloied :!eiss by 

tht Lid exchanre interaction could be 

represented by a molecular field proportion711 to the 

manetization which neant that the two energy bands, 

representing the enemy distribution of the 3d 

electrons with Positive 1-1c1 negative spins, were 

displaced by en energy proportional to the diference 

in the number of electrons in the two bands. The 

assumption was also made that the shape of the bands at 

the high energy end was parabolic in form. Stoner obtained 
I 

m the reduced a,c,:netization curve of Is 
 -- against Tc  , shown 
o 

in figures 1,3 by finding the distribution of electrons 

with minimum total energy at any given temperature. In 

the figure k G' is the measure of the ex-change energy, 

while c
o is the energy level of the top of the unfilled 

3d band when the exchange energy is zero. The curves on 

the right-hand side of the figure five the variation of 

the reciprocal susceptibility versus reduced temperature)  

and exhibit a slight curvature near the Curie point, as 

is observed experimentally, Further advances using this 

model, in some cases modified to take into account the 

mutual repulsion of the electrons, have been made by 

Slater (1959), Stoner (1951), ':!ohlfarth (1953, 1958), 

Friedel (1955, 1958), and others. The theories require 
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initially a knowledae of the band structure of the metal 

concerned and Callaway (1958) has reviewed the 	appropriate 

calculations, 

1,1.4 Spin-.ave Theory, 

An altern: Live ap-eroech to the mechanism of ferro-

magnetism at low temperatures was mede by Bloch (192) and 

by Holstein and 2rimakoff (1.40) with the introduction of 

spin-wave theory, Here the correct exchange coupling is 

used rather than the molecular field coupling and spin 

deviations are assumed to be propogated through the 

crystal. The theory may be understood from a classical 

standpoint by imagining the total 'electronic spin on each 

atom of a ferromagnetic crystal to be perfectly aligned 

Parallel with its neighbours. If a reversed spin is then 

introduced and the constraint on it subseeuently removed, 

the spin will not remain in the position that it is 

placed, but will he propoaated throurd-i the crystal lattice 

owing to the exchan,'e coupling between it and its 

neicchbours. The initial disturbance therefore travels 

throu!th the crystal by spin deviations and forms what is 

known as a spin-wave, or more correctly a spin wave-packet. 

Clearly, however, spin-waves do not obey classical laws 

of superposition since two spin-wave reversexison the same 

atom will produce a normal spin and not a reversal of 

double magnitude. In general spin-waves interact and 
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scatter one another, so that such spin-wave theories 

only apply to low snin-wave concentrations, and hence to 

temPertures near absolute zero. Van Kranendonk (1950 

a, b) introduced a 	snin-wave theory, (known as 

the spin-deviction theory) which allows for the fact that 

the spin-v;:ves scatter one another, -nd he was thus a'Dle 

to extend the ran' of spin-.:iwe theory to hi her 

tezaperatures. 	3loch n2a.uned th:t the exchanr,e 

counlinr, 	 isouronic, ho;:nver, Holstein and ?rimakoff 

introduced anisotronic coualine which depended on the 

directions of the tao spins S and S. with respect to 
—J 

the line joinin:::; them. 	ma -uletic snin-spin 

interaction is -,iven by the dipolar term 

ftj (Si. Li ) - 3(Si. rii) (S i. r..) -13  
j > i 	 2 

r.. 13 

(1.26) 
where 

2 2 D.' = g p 
ij 	13  	1 

	

143ii 	 (1.27) 

andwherer..is the vector connecting th: atoms i and j. 
13 

In practice the interaction is nonclassical; it 

arises indirectly from spin-orbit coupling (Van Vleck 

1937)andtheconstantD..must .:ee replaced by a much larger 

term, D •, known as the pseudopolar coupling. constant. For 
13 

atomic snins Idth S>, nseudoquadrupolar and higher terms 

2 
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mu&:t be introduced. Bloch (1932) and Holstein and 

Primakoff (1940) used ouantum-mechanical theory based on 

the use of creation and annihilation operators, while a 

semi-classical approach has bean developed by Heller end 

Kramers (1934) and Klein end Smith (1950). 

One important result of the spin-wave theory is 

Bloch's T 3/2  law which describes the variation of the 

magnetization, I, near absolute zero , namely 

I = I 	Cc J. ) kT 3/2  

where
o is the magnetization et absolute zero, J is the 

exchange integral and C is a constant equal to 0.1174 for 

a simple cubic structure, 0.0587 for a body-centred cube 

structure, and 0.0294 for a face-centred cubic lattice. 

It is found that experimental measurements of the magnet-

ization at low temperatures are in fairly good agreement 

with Bloch's law (e.g. Rode and Herrman, 1964). At first 

sight, because the spin wave theory assumed the Heitler-

London or Heisenberg model of localised spins at regularly 

spaced lattice sites, it mirf,ht be thought that the results 

of the theory applied only to nonconducting ferrimafpots 

and antiferromagnets. However, Herring and Kittel (1951) 

have shown that it may be applied to conducting ferromagnets 

as well. 

(1.28) 

There are at present numerous different theories 
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on the role that the 3d electrons play in the magnetic 

properties of the transition metals, which are founded on 

the basic concepts of the free or itinerant, and the bound, 

3d electrons, The present state of the .any theories has 

been dealt with by Herring (1960). 

01.2 Technical Magnetization. 

7eiss, in 1907, postulated the existence of 

magnetic domains to explain the fact that while iron, for 

instance, has as intrinsic or spontaneous magnetization of 

1,700 gauss, it is appa=rently not normally magnetized. He 

sugested that the iaagnz!tization within a domain should 

have the :,aturation value, but that there should be equal 

numbers of these domains lyinr,  in opposite directions so 

that no total magnetic moment arose. The existence of 

domains was first confirmed experimentally by Bitter (191) 

using the powder pattern technique. The direction in which 

the spins prefer to lie with respect of the crystal lattice 

depends on the position of the minima. in the anisotropy 

energy density surface for the particular material concerned. 

In iron the easy directions, that is the directions in which 

the material is most easily magnetized, are along the <100> 

crystallographic directions. In nickel the< 111> directions 

are easy directions, while in cobalt the hexagonal axis is 

the preferred axis. In gadolinium, just below the Curie 

point, the hexagonal axis is the easy direction, but at 
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lower temperatures the direction of easy magnetization 

lames on the surface of a cone about the hexagonal axis, 

and the semiangle of the cone varies with temperature. 

The shape of the magnetization curves observed 

experimentally thus depends on the direction in which the 

magnetizing field is applied, and the overall behaviour of 

the curve of magnetization versus field can be explained 

in terms of domain wall movements at lower fields, followed 

by the spin directions turning towards the applied field 

direction for high fields. Typical mgnetization curves 

are shown in figures 14a and b for three ).85% silicon-iron 

single crystals (17illiams 1937) with the regions of different 

magnetization processes marked. The crystals were cut in 

the form of picture frames so that for a particular 

specimen all four sides of the frame lay parallel to the 

same type of crystallographic direction. Coils were then 

wound round the sides of the frme so that the moonetiz2tion 

could be measured by the state method as is coLuonly used for 

ring cores of polycrystalline material. RegionA is known 

as the region of intial permeability and here the magneti-

zation changes by reversible 180°  domain wall movements. 

In this region the domain walls are considered as being 

pinned by impurities or dislocations so that when the applied 

field is removed the walls return to their former positions. 

In region B, the magnetization proceeds by irreversible 
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180°and 900  domain wall movement and it is in tllis re  ion 

that 3arkhausen noise is cost noticeable since it is 

caused by sudden flux chances due to domain walls 

jumping from one stable position to another. In region 

C the niLterial is in a sinije domain state; that is with 

all done: ns lyin parallel to the easy direction nearest 

to the direction of the 	field. The na2;netization 

may than only increase by the rotation of the domains 

towards the aprlied field. For single crystal :.Elterials 

the variation of the mar-netiztion, I, with the a --,lied 

field, H, ( e.g. see fig. 1.4 a, b) in reion.C, may 

fairly easily be calculated for the principal crystal-

loraphic directions if tIle demaTnetizin2; energy of the 

specimen is ignored. 

Let H and I
s 

make a.nsles
o 
and A Rith the easy 

direction [100] in 	iron sin le crystal. Then the torcue 

due to the field on the I
s 

vector 	exactly balance the 

restorin- toroue on I due to the-._isotropy energy E 

and ifIsalways lies in the same plane as the[lCO] irsction 

and H then, 

H I
s 
sin (G

o -A) 	
dE 

= 	c 
d& 

(1.49) 

.hen H is Parallel to a < 110 >direction, 
go 
	and from 

the expression for the cubic anisotropy energy density 

(e.g.§ 1,3, eon. 1.33) 
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dB c = 
dA 	

2- sin 4 Al 	 (100) 

So that the two equations may be obtained 

1 sin 4A 
H - 2I

s sin (n -A) 

I = Io cos 	- ) • 

(1.31) 

from which the I versus H curve may be plotted with A 

as a parameter. In order to obtain the field necessary to 

magnetize the single crystal to saturation in the <110> 

dir3ction, A must be put equal to iT , which gives 

Ifsat  
2K2.  

 

(1.32) 
Is 

• 

The appropriate equations (e.g. Stoner 1950) for the case 

of H aptlied in a <111> direction and for the corresponding 

directions in Nickel may be derived usin; similar arguments 

to those applied in the case just considered. 

Neel (1944 a, b) and independently Lawton and 

Stewart (1948) drew attention to the important influence 

that the demagnetizing energy of a specimen has, in general, 

on the magnetization processes below saturation. They 

assumed that the domain magnetization vectors always lie 

along the direction of the lowest energy minimum. The 

position of the minimum is determined by the anisotropy 

of the crystal and the applied and demagnetizing field 
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energies. This means th - t the state of mar,:netization 

for a -riven a-,:lthed field is determined by minimising the 

energy of the specimen with res-n7,ct to both the ma-netization 

directions of the dom.:.ins nd t ie volume (number) of the 

domains in a riven direction. 

For example, suose tit a small external field 

is applied 	a direction which is slihtly closer to one 

of t o easy directions (e.Lt;. lot H lie in a i100 plane 

near a <110> direction in a i100i disc of iron so that 

H lies almost midway between the two nearest < 100> easy 

directions). All the domains do not then lie parallel 

to the easy direction closest to the ap,alied field direction 

since the dema7:netizing energy of the specimen would become 

3,ZN Is2  (where N is the demaTnetizin7 factor). This 

contribution to the energy of the specimen is reduced if 

there are still a number of domains in the other 

(apparently) less favourable easy direction so th7tthe 

demagnetizing energy is just 121J I2  where I is the resultant 

maznetization vector (I< I
s
). Clearly the way in which 

the total volume of the domains is divided between the 

two easy directions depends not only on the magnitude and 

direction of the .p-olied field but also on the shape of 

the specimen. 

This example illustrates the basic processes that 

occur: in larger fields, of course, the directions of the 
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domains also rotate towards the effective field direction. 

Neel and Lawton 	Stewart showed th. t, in 

eneral, 	a; .lied field increases from zero, the 

magnetiz,_tion of a single-crystal 	F,:o through 

a numToer of distinct chases, distinuished by the number 

of different vectors that art ieeded to specify the 

magnetization directions of tLle domr,ins. Thus an iron-

like sPecimen will o through four distinct reFions: a 

six-vector region (domains along the <100> easy directions) 

for H = 0, and three-. , two- 7:11d one-vector regions for 

H> 0, correspondin to domains 	in, or near to, the 

three, two a.:Ld one nearest easy directions to the field 

direction. 

From figure 1.5, taken from Lawton and Stewart 

(1943), it can oe seen that agreement 'between the experi-

mental points and their theory is good. The experimental 

7points (from Honda and Kaya 1926) are for the components 

of the manetization parallel (I p) and normal (I
n) to the 

aTaied field in an oblate spheroid of iron with a 1C0 

equatorial plane. The field was applied at en angle of 

200 
to the [100] direction, the demagnetizing factor was 

N = 0.184 and Lawton and Stewart assumed that K
1 

= 4.2 x 105  

erg cm-3 and I
s 

= 1720 gauss. The three- , two- and one-

vector reRions are indicated respectively by ox, xy and yz. 

It can be seen th -=- t the experimental points follow a curve 
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that is more rounded th,1-.n the curve predicted by the 

theory, -ad it is probable chJ.t -tift discrepancy i8 

due to te effects of internal strains in the specimen 

(stoner 135C). 

§ 1.3 Anisotropy.  

It is intended briefly to review those less recent 

and now well established theories of magnetic anisotropy 

which are applicable to metals, as opposed to insulating 

magnetic materials. In fact the treatment of anisotropy 

in insulators has received somewhat more attention, 

probably because there is less uncertainty involved in 

determining the electronic configuration of each atom 

since all the electrons must be bound. In conductors, 

the outer shells of electrons of the isolated atom 

disappear in the metal to become conduction electrons. 

The exact extent to which the electron is responsible 

for the magnetization of the material and is also involved 

in conduction has proved difficult to determine. 

Nevertheless this work is primarily concerned with metals, 

so that this section has been limited to the consideration 

of just those theories which are applicable. 

The magnetic free energy of ferromagnetic single-

crystal materials is found to vary with the direction of 

the magnetization vector: the part that varies is known as 

the magnetocrystalline anisotropy energy and is commonly 



described by the phenomenological expressions 

2 2 2 2 2 2 
E
c 

= K
o  + K1 	1 (a- a 2  +a 2  a3 	a 3  °4.1 ) 
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K (a2  a2  a2\+.,. 
2 1 2 3) 	' 

(1.55) 

for the crystals with cubic symmetry and, 

7 	4 
= K

o 
+ K

1 
sin-  0 + K

2 sin 0 + . . • 

(1.34) 

for crystals with hexaon7.1 symmetry. Here the K's are 

the anisotropy constants, while 0 or thea is describe the 

direction of the :.a,:.:ntization relative to the crystal-

lographic axes. The form of these equations is determined 

purely by the crystal symmetry involved. From the 

theoretical stndpoint, anisotropy is believed to arise 

from what is known as spin-orbit coupling. The normal 

Heisenberg e-zch,ini,:e energy between two atoms with spins 

S i and S . is discussed in section 1.1 and is given by 

- 2  J.. S. 	
j 

S 
ij - . (1.35) 

It cannot lead to any anisotropy since the expression is 

indeendent of the dir,ption of the crystallographic axes. 

In the derivation of eourtion 1.35, Heisenberp; assumed th,lt 

the contribution of the orbital annular momentum to the 

total angu1'r momentum is quenched, and although the 

mechanism by which this occurs is not fully understood, 

the Cue aching may be confirmed by measurement of the 

ri:-factor, (the spectroscopic splitting factor). For 
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complete quenching of the orbital moment, g = 2 and it is 

in fact close to this figure for most ferromagnetic metals; 

for example, in nickel gR:1.9. This indicates that 

quenching is very nearly, but not quite, complete, so 

that there can still be some interaction between the 

orbital angular momentum vectors of two adjacent atoms. 

This interaction will be anisotropic in nature since it 
wa 
carry depend upon the angles that the orbital momentum 

vectors make with the line joining the two atoms, and 

hence in general it will depend on the direction of the 

vector with respect to the crystal lattice. Interaction 

of the spin of the electron with its orbital angular 

momentum (spin-orbit coupling) will then lead to an 

anisotropic exchange coupling between the spins of the 

two adjacent atoms. Mathematically this appears as en 

anisotropic variation of J, the ezchnFe integral, which 

represents the degree of overlap between the wave functions 

of the two spins. Before the importance of spin-orbit 

coupling was appreciated, early efforts (Mahajani 1929) 

were directed towards the purely classical interaction 

between the magnetic dipole moments of the spinning 

electrons and it was found that although a cubic array 

of dipoles aligned parallel could not :Ave rise to any 

anisotropy (although a hexagonal array could) a similarly 

aligned cubic array of magnetic quadrupoles could yield 

some anisotropy.; The evaluation of the anisotropy constants 
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Reve e.  value for K1 

:hicb fe.s too szo.r11 by a, factor of 

10. Van Vleck (19)7, 1956, 195), ho enlarged some 

earlir ideas of 3loch and Gentile (1931), obtained the 

first derivation for the anisotropy constants usin, the 

concept of spin-orbit couplinF. he considered the pos-Able 

contributions to the ,Lnisotropy energy from the diPole-

diToole, quadruPole- cuc,drupole, and high order couplinFls. 

The classical Potential energy between two spinning electrons, 

with spin vectors S and S, 
J 
 , is ziven by the following 

expression representing dipole-dipole coupling, 

2 2 R s  

r3. . 
S. - 	r. . 	i  S r 
J 	—1 —3.3 —3 	3  

2 
r. a.j 

where p. is the 3ohr ma - neton, and r 	is the vector joining 
1.3 	 ij 

atoms i and j. Tan Vleck found that usinp: cuantum-mechanics 

he could obtain the same form of coupling between the two 

spins,bat ,lithadifferentconstant,D..
ij

,not e-ual to 

the c1F.siic:1 constant. Similarly, hi-her order coupling 

could be represented by an ex,,ression similar in form to 

simple type of c,undropole-cuadrupole coupling energy, 

thus 

0.. 2  [ (Si.(S 	
ra.j. .) 	(Lj. 1i j

2
) J. 	(1.:-)7) "ij — — 

L 
Here D. . . end '- j_j  are 1-1-nown as the pseudo-dipolar end the 

pseudo-cuadrunole:r coupling const-nts. Van Vleck showed 

that there could :De no pseudoquadrupole couplin,7 unless 
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which is 	sa 	ord—r of ma7nitude 7.s the contribution 

to K
1 

from quadrupole-ciu:drupole couplin7. In practice 

these estia:tes 	good agreement with experimentally 

observed values. For the case of a material with hexa7onal 

symmetry, dipol-  -dipole coupling is not disallowed 90 

7 
J(g 2)2, (1.41) 

'"1 
ti D

ij 

which :=ives a value for K1 
 about 50 times too lnrge in 

the case of cobalt. 

Von Vleck's theory j_ves a definite prediction 

for tIle sin of K
1 

for crystals of cubic symmetry only 

if the pseudodipolar coupling is used to explain the 

anisotropy. This i 	ij is raised to the second 

Power in the second-order 	coupling , so that, 

although he is unable to determine the sign of the 

constantsDij and..,this cannot effect the sipn of 

the estimate for K
1
. He found that K

1 
should be positive 

for the simple cubic structures and negative for body-centred 

cubic or face-centred cubic structures. This would be accep-

table for nickel with a negative K
1 

since only second order 

pseudo-dipolar coupling is expected. For iron, with a positive 

K1, the pseudo-dipolar coupling is not expected to be the main 

cause of anisotropy, and since the sign of quadrupole-

quadrupole coupling is unknown, the experimental 

evidence could still fit the facts. Van Vieck did not 

seriously attempt to determine the magnitude of K
2 
since 
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the choica of th.:1, order of coupling .1.1d the perturbation 

order of the coupling chosen is much les:: restricted than 

it is for Kl. Decause err the dif.:iculty in determining 

theconsca,ntsD..
13 
 ncl Q 13a , it vas not possible to 

obtain more t'^ an 	order of manitude v71ue for K1. 

Hoeever Van Vieck 	did obtain expressions for the 

teriperature variation of K1  in terms cf the temperature 

variation of the ma:netization, and this is further 

discussed in t,-:e next section. 

To try to overcome the problem of solving 

Heisenberg's :finny electron model rigorously, Brooks 

(194C), attempted to solve the problem of anisotropy 

using the itinerant electron model of Stoner and Slater. 

It should be noted that this moLel is not such a rzood 

approximation to the state of the tightly bound 3d 

electrons as is the HeisenberP: model. Brooks used a 

spin orbit interaction with the itinerant electron model 

to obtain the correct sin and estimate of the magnitude 

of K
1 for both nickel a d iron at or near the absolute 

zero of temperature, but again piing to the complexity 

of the theory he was unable to obtain results at 

tempertures other than absolute zero. Fletcher (19f54) 

extended the calculations of Brooks by removing the major 

approximations involved, and by using the calculated form 

of the energy distribution of the d electrons in nickel. 

Fletcher obtained a value for K
1 in nickel of - 5 x 107 
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erg. cm-3 at absolute zero which is probably still some-

what too :rent. 

Joenk (1.63) exten6.ed 	calculations of Van 

Vleck, after modifyinT„ theIJI with snin-uc.v.e theory, to 

obtain values for 2 -t 	z ro. 	calculations 

are discussed further in clla.ter six. 

§ 1.4 The Tc,r1Tture - .e -bennce of .1.a.cmetocrystalline  
Anisotropy in Cubic Crystals.  

• . 

It is generally believed (Akulov 1936, Van Vleck 

1937, Keffer 1955, Zener 1954, Brenner 1957, Carr 1958a) 

that the greater p,rt of the temper:ture variation of 

the anisotropy constants K1 and K2, used in the equation 

describing the magnetocrystalline anisotropy energy 

d_nsity, arises from therual fluctuations of the neigh-

bouring anisotropically cou,)led spins from their positions 

at the absolute zero of temp,r7ture. Fi:ure 1.6 shows 

the vari7.tion of K
1 

for iron, nickel and cobalt, com7pared 

with the variation of the reduced ma,Tnetization with 

tempera.ture. Akulov showed that if all the individual 

spins were assumed to be aligned parallel to one another,_ 

but were allowed to collectively deviate from the direction 

of the applied magnetic field and to precess round this 

field direction, then the law 

K1 (T) 

R
1'
77157 

 

(1.12) 
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Figure 1.6 Dependence of anisotropy energy and magnetization 
on temperature in iron cobalt and nickel. 
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would hold where I(T) is the bulk magnetization at 

temperature T, and n = 10. The rather drastic assumption 

that all the spins were ali-ned parallel can only hold 

near absolute ze::.o. 

The variz-2tion of anisotropy ,Ath.1,7- netization is 

of direct interest when the temperature varia.tion of 

anisotropy is under consideration, since the variation 

of magnetization with temperature is well known and 

understood. Hence, a study of the variation of anisotropy 

with m,s,Tnetization determines in principle the required 

variation of anisotropy.pith temperature, and at the same 

time facilitates theoretical manipulation. 

For some time it was thouht th t the experimental 

data for iron obeyed this law Ath n = 10, with consid-

erable accuracy, Hoyiever, the r2cenc a7,.d careful 

measurements of Graham (1938), who used somewhat hi her 

measurin- fields thatL earlier workers, with correspondingly 

p:reater accuracy, indicate F power law with n = 4 for iron 

for temperatures lying below room temperature. Graham 

also notes that some measurements made by Bozorth in 1952, 

but then unpublished, also indicate that nA.-. 5 for iron. 

For nickel, experimental measurements had for some time 

been widely miseuoted as -dvinR a power law variation of 

about n= 20. In any case, because Ki  for nickel changes 

sign above room temp-rture, before finally disappearing 
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at the Curie tempernture, a power law cannot exactly fit the 

experimental data. However a power law with n = 50 is a much 

better approximation to the available data for low temperatures 

than n = 20, as was first pointed out by Carr (195841 and subse—

quently confirmed by Keffer and Oguchi (1960). 

Van Vleck, usine: the concept of the Feiss 

molecular field, was able to obtain the temperature 

variation of the contribution to the first anisotropy 

constant from pseudodipole and pseudoquadrupole coupling 

separately. His results were given in the fore of 

numerical tables. Fie:ure 1.7, is taken from Keffer's paper 

in which he expresses Van Vleck's results in the form of 

equation 1.4?. The graphs show the variation of n, the 

power of the reduced naanetization, against the reduced 

manetization itself. It can be seen that the curve (C), 

which is derived from the temperature variation of the 

pseudoquadrupole interaction, leads to a power law 

(equation 1.42) with an exponent lying between 5 and 6. 

Keffer pointed out that this should represent the behaviour 

of the anisotropy at high temp r7tures near Tc  where there 

less correlation between neif:JibourinF; spins. Curve (13) 

represents the same pseudoquadrupole contribution calculated 

by Van Vleck by treating the interaction between a Pair of 

atoms rigorously, but using a molecular field to represent 

the interaction between the. pair of atoms and the rest 
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of the crystal. It can be seen that at low temperatures, 

where there is expected to be considerable correlation 

between the spins on adjacent atoms, the exponent n 

approaches 10. The contribution due to dipole-dipole 

coupling is shown by curve (D) and as can be seen, this 

contribution becomes smaller as the temperature is lowered; 

this is because it arises from a second-order effect or 

thermal perturbation of the spins from parallel alignment. 

Keffer showed that the spin wave model of Holstein and 

Primakoff produces the same type of variation of n from 10 

at low temperatures to 6 at hi::her temperatures as obtained 

by Van Vleck, although, of course, spin wave theory does 

not strictly hold at temperatures other than near absolute 

zero. 

Zener derived the temperature variation of the 

anisotropy constants using a purely classical model with 

two basic assumptions, namely that the atomic coupling 

constants were independent of temperature and that over the 

whole range of temperatures for which the theory was 

expected to hold, there was short-range correlation between 

spins. The second assumption is realistic since neutron 

defraction studies (Shull 1955) indicate that there is still 

a relatively large correlation over small regions even at 

the Curie point. It is thus swopOted that small recions 

of undefined volume exist in which the manetization has 

the saturation value appropriate to the absolute zero of 
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temperature, but with the direction randomly deflected 

from tA:t of the spontrneous bulk magnetization. athin each 

small region the s:oins are supposed to ne aligned exactly 

parallel. The r',nisotropy energy of each reion is taken 

to oe riven by 

2 2 2 2 2 2 
e = k

1 
 (a

1  a
.
2 
 +a 

2  a3  +a3  al) ) 

2 2 2 
+ k2 (a1 a2 a 3) + . • . • 	(1.43) 

where the direction cosines,a , refer to the direction 

of a local magnetization, and kj.  = K, (0) and k2  = K2  (0), 

and are the values of K1  and K2  in equation 1.42 for T = 0, 

that is k
1 

and k
2 are not supposed to vary with temperature. 

Zener expresses the anisotropy equation 1.43 in 

the form 

E = 	En  Sn  (al  a2  a 3), 
n 

(1.44) 

where S
n is a surface harmonic of degree n. 5irss (1964 a) 

enumerates, in detail, the relationships that exist between 

the anisotropy constants of equations 1.33 and 1.34, and 

the constants employed in this type of representEtion of 

the anisotropy energy. In particular it should 'oe noted 

2 2 2 2 	2 2 1 
(1.45) S4 = (al a 2 + a2 

a3 + a3 	1  3  

2 2 2 	2 2 2 2 2 2 2 

S = a a a 1 	+a a_ + a3  a1 ) +231 
6 	l 2 3 — Ti  (al c'2 	2 

(1.46) 

that 

and 



and which is appropriate to the bulk magnetization, may 

then be obtained by averaring equation 1.44 with respect 

to the random walk function. His first step was to 

express the surface harmonics 
Sn(al' 

a2, a3) in terms of m 
spherical harmonics Y

n
, thus, 

45 
Zener then assumes that t'ne local magnetization vector 

a2 , a3) undergoes random fluctuations, described by 

a random walk function, from the average direction al, 

of the bulk magnetization. The average anisotropy 

energy represented by equation 1.43, which may oe written 

= 	) 	E 
n 
 (T) S

n 
(a
1' a2' a

3), 	(1.47) 

S
n 

= 	C
m n Ym  (9,0 ) 

L_  
m=-n 

(1.48) 

where Q and 0 represent the polar co-ordinates of the local 

magnetization vectors (a
l'  a2, a 3 ) with respect to the 

bulk u£ t'::7e magnetization (a1' a2' a3  ). Then because 

the random walk function is symmetrical about (aa 	a ) 1' 2' —3 ' 
he averaged out theOterms and rerote the averod function 

<S
n> in terms of Legendre polynomials Pn (cos Q), thus, 

< S
n 
> = C

o 
P
n (a os 9) 
	

(1.49) 

and showed that C
o 

= S
n  (a1  a2  a3) by considering. the 

particular case Q = 0. Zener then averazed P
n (cos 9) 

with respect to the random walk function and found that 

this averaa'ed function, written < Pn  (cos G) D was 

given by 



[Is (T) 
n(n+1) 

(1.54) 

2 
Is (0) 

Hence 

P
n< (cos 9)> 2V 
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Pn  ( cos 9)> 	e -n(n+l)r. 	
(1.50) 

The parameter T was eliminated by obtaining the equation 

= <P1 (cos 	> 7171 

which takes account of the fact that the maFnitude of the 

bulk magnetization at a temnerature T must depend on the 

average anle between the Is(0) direction *and the Is(T) 

direction. Thus 

[ Is(T) 

753 
<Cos A > 

measured 

(1.52) 

so that 

Is  (T) 
- e-27" 

Is  (0) (1.53) 

and finally 

ps(T)1 
<Sn> 	LI(0)J 5   

n(n+1)  
2 Sn(a_, a

2'  a3 
 ). 

- — 

(1.55) 

From (1.55) it can 'ae seen that 

En(T) [ ern 
E  (0) 	s 

n 	7:Tai 

and this leads to the tenth power law for K
1 since [ Birss 

(1964 )] 1  

n(n+1)  
2 (1.56) 
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E
4
(T) 	K1(T) + 11  K2(T) 	Kl(T) 

	

ti  
E4(0) = Ki(0) + 1 K2(0) 	K(0) 

(1.57) 
1 

11 

for 
1

K2  < < 1. K 	It also leads to a 21st power law for K2. 

Brenner (1957) and Carr (1958a)Pointed out that it 

is somewhat artificial tc choose a random walk function 

for the statistical variation in the direction of the local 

maEnetization vector and that a Boltzmann distribution 

might be considered more satisfactory. Following Carri  

it can be seen from 7,ener's theory outlined above that 

E (T) 
= <P4 (cos 0> E4(0) (1.58) 

The averaEinF of Woos Q) may now alternatively be done 

with resrect of a Boltzmann distribution in a molecular 

field as indicted below; 

< P
4(cos e)> = J.  '4(dos  6  ) 

I ir 

g 	a co Ere 

J

e 	sin 0 de 

o 

where m(T) is  T-iven by 

odT) = b 
	

(1.60) 

and h iS n constant de,lendin,7 on the molecular field n,7rnmeter 

nd the averare m,77neti77tion of the spins. C7rr then showed 

that 

  

P4•  (cost)) + 35 — 10 + 105 

a
2 	a 

a3  

 

a cos g 
e sine 00 

(1.59) 
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and, when a 
	is obtained from the :-Jeasured values of 

Is(T) using the equation: 
T(0) 

rIs(T)-1 = cotha 

LiTC:7 measured 
1 , 

a (1.2) 

Carr found that <P (cos Q)> agreed very closely with Zener's 

tenth power law. This is in contrast to the work of Brenner, 

who used tae values of 
I
s
(T) obtained fro:2 the standard 

T-77 

theoretical Langevin-:eiss temperature variation of 

magnetization, and whose values did not agree with Zener's 

tenth power law. By assuming a Boltzmann distribution for 

the spin directions, Birss (19E4 ) has shown that even if 

no correlation exists between spins, the tenth power law 

still holds for K1 
at temperatures near absolute zero. 

As has already been indicated, there is consideracle 

discrepancy between the power laws and the e;;Lperi.L.ental data 

for both iron and nickel. The most obvious reasons for the 

discrepancy appear to lie in the assumption that the k's in 

equation 1.43 are independent of temperature. It was 

assumed that they had the values K1(0), K2(0) etc., but in 

fact it is unlikely that 

ature since they must be  

the k n are independent of temper- 

functions of the spin-orbit 

coupling which is itself probably a function of temperature. 

In fact, if k
1 for nickel is assumed to be a linear function 

of the reduced temperature (Carr 1958a), the theoretical 

variation of K1  may be fitted to the experimental data with 
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some success. However, there 7_npears to be, as yet, no 

theoretical justification for this assumption. 

Another reason for the disagreement between theory 

and experiment may arise from the fact that the averaring 

processes followed in derivin eQuation 1.56 are only 

applicable if the materiel is under constant strain. In 

practice, the experimc,ntal data is obtained under conditions 

of cons.tant stress, so th7;t both the isotropic volume change 

due to thermal expansion, and the anisotropic volume change 

due to magnetostriction must be taken into account. Brenner 

(1957) has investigated the ef'ect of thermal expansion 

alone, which he found did not adeouately explain the dis-

crepancy. 3irss (1964) • has shown how the theory must be 

modified to take account of the effect of both the isotropic 

and anisotropic volume chanes. The subject is discussed 

further in the next section. 

1.5 Plagnetostriction in Ferromnanetic Single Crystal_ Materials 

Meanetostriction may be defined somewhat loosley as 

the variation in the dimension:sof a sample arising due to 

chanves in tie technical M7 netization. In fact this 

definition includes two other small but distinct effects, 

more accurately described under the hea.dini.s of the forced 

magnetostriction and the form effect, which will also be 

dealt with further in this section. 
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Since a ferromaEnetic sample, below its Curie 

point, normally consists of a number of domains within which 

the -dagnetization has its saturation value Is
, the magneto-

striction must be associated with c.r, anisotropic strain of 

each domain. This being so, it is more fundamental, and 

also somewhat easier, to deal with the magnetostriction in 

sinle crystal materials, since in principle the maFneto-

striction can be obtained for polycrystalline specimens by 

a suitable averajmg. Process. 

It can be quite easily seen in a qualitative manner 

how magnetostriction may arise when the magnetocrystalline 

anisotropy energy is a function of the state of strain of 

the crystal lattice. Under these conditions the specimen 

may be expected to deform to lower the anisotropy energy 

so that the observed manetostriction will be the strain 

for ,hick the sum of the anisotropic and elastic energies 

is a minimum. 

A Phenomenological equation has been developed 

(Akulov 19?8, 1930, Gans and Von Harlem 1933, Vautier 1954) 

which describes the dependence of the saturation magneto-

striction on the direction of the maFmetization vector 

(a1, 
 

a nc_ t a3), 
and measuring direction (p1,p2,p3). The 

form of such an equation is determined solely by the 

requirements of the crystal symmetry involved. For cubic 

crystals the expression may be written 



2 2 
A 	= A

o 
+ AiS (a 1  p 1) + A2  S 	a2  j32  

2 2 	4 2 
+ 11.3 S(ala2)  + A4 

S(a
1

p
1
) + A5 S(ala2a3131 2) 

62 	33 
▪ A6 S(a1g1) 	A, S( a a 	P ) ( 	1 2 1 2 

4 	2 2 2 
• A8 s 	a'',191132 ) 	A9 al a2 a3 
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(1.63) 

where the A
n 
are constants and where the operator S ( ) 

stands for the sum of the three terms given by the cyclic 

permutation of the suffixes on the term within the brackets. 

Equation 1.63 describes the magnetostriction at saturation 

and, because of the experimental difaculty of exactly 

reproducing the ideal demagnetized state, measurements are 

normally made between different saturated states. Equation 

1.63 may be manipulated so that the constants A
n can be 

determined from these measurements and this is done in 

chapter 2 for the crystal orientations which are more 

commonly used. From a theoretical point of view, the 

constants A
n, must be functions of the elastic constants 

of the material and must also be functions of the rate of 

change of the magnetocrystalline anisotropy with strain. 

The latter may be expressed as a power series in (all a2t a3 

. and when this is done the coefficients of the series 

are known as the magneto-elastic coupling constants. 

Furthermore, it is then clear that, in principle, the 

constants An , must be related to the fundamental interatomic 

forces which give rise to the anisotropy energy. However, 



52 

in Practice this may only be done if an adeqthete theory 

of anisotropy exists,and, as has been seen in section 1.3, 

this is as yet not the case. It is therefore not surprising 

that theoretical calculations (Vonsovsky 1940, Katayama 1951, 

Gusev 1954, Flecher 1955) of the n 
have not proved 

particularly successful. The saturation magnetostriction 

constants may, however, be writ Gen in terms of -Lee maieento-

elastic constants (Birss 1959), which themselves may be 

empirically determined and in order for these .eneral 

derivations to hold it is necessary that the magnetization, 

the magnetic field within the test specimen and the strain 

components should be uniform throuehout the volume of the 

specimen. It is found in practice that these rather special 

requirements are met if the specimen is saturated as a 

single domain by a uniform external field and with the 

specimen in the form of an ellipsoid . If this is done 

the internal field and hence the demagnetizing field will 

be uniform. The strain components will not be exactly 

uniform owinFe to a small contribution from the form effect, 

which will now be examined. The form effect arises from 

the interaction of the demanetizing field energy with the 

elastic and Ila;;netic enerries of the sample. In practice, 

because the fore: effect and the spontaneous magnetostriction 

are both small, they are treated independently of one 

another so that the form effect is considered as arising 

just from the interaction of the demarmetizing energy and 



the elastic energy. Since the magnitude of the 

demagnetizing field is a function of the shape of the 

sample, a strain will occur in such a way as to lower 

the demagnetizing field and hence the associated energy, 

and this deformation will be opposed by the eleastic 

restoring forces in the sample. The equilibrium deform-

ation may then, in principle, be calculated by minimizing 

the sum of the elastic and demagnetizing energies, if the 

components of strain are uniform throughout the sample. 

However, Brown (1953) showed that the form effect 

could be considered as being due to tractions everywhere 

normal to the surface, a condition which cannot, in 

general, give rise to a uniform distribution of strain. 

Gersdorf (1961) has made calculations of the form effect 

for single-crystal spheroids. 

In the region well below technical saturation 

where the magnetization of the specimen is in a multi-

domain state, a single vector can no longer be used to 

describe the direction of the magnetization, so that the 

theoretical interpretation of the magnetostriction below 

technical saturation involves the eval.uation of the 

contributions to the total magnetostriction of a number 

of differently oriented domains. Birss and Lee (1961) 

extended the work of Akulov (1929) and Heisenberg (1931) 
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who calculated the magnetostriction for iron crystals as 

a function of the reduced magnetization in the three 

principal crystalographic directions. Birss and Lee 

assumed that the magnetostriction of each domain could 

be described by an equation of the form 1.63, but 

terminated after the first two terms. They assumed that 

the strains of each of the individual domains could be 

added algebraically after multiplication by a weighting 

factor proportional to the volume of the domains, to 

give the total magnetostriction. The case of an i0011 

oblate spheroid was considered, with the external applied 

field and measuring directions making arbitrary angles 

with the <110>direction in the i1001 plane. The magneto-

striction was calculated over a range of fields from 

saturation down to the point where the two vectors 

disappeared, that is the region where the magnetization 

vectors of all the domains lie parallel with either of 

the two easy directions lying nearest to the field 

direction. The relative volumes of domains lying in 

these two directions was calculated from the theory of 

Lawton and Stewart (1948) who showed that these volumes 

must be distributed in a way such as to keep the internal 

field parallel with the <110> direction. It was shown 

that their theory was in a reasonable agreement with 

the experimental variation of the magnetostriction below 

54 



saturation. 

In applied fields well above saturation, it is 

found that a small strain occurs, th-lt is proportional 

to the applied field and this has been called the forced 

magnetostriction. The experimental measurements[(Von 

Auwers (1933), Kornetzki (1934), Calhourn and Carr (1955)3, 

have shown that although in iron for instance, the effect 

is predominantly ' a volume change, the effect exhibits a 

small amount of anisotropy, and a phenomenological 

equation may be readily developed from equation 1.63, by 

assuming the constants, An, to be linear functions of the 

applied field. (Carr 1958a,Birss 1959). The forced 

magnetostriction is believed to arise as a direct conse-

quence of forced magnetization, an effect that occurs 

when the applied field is large enough to be comparable 

with the effective molecular field arising from the 

exchange coupling between spins. The applied field may 

then increase the degree of alignment of the spins and 

hence increase the magnetization. The effect is found 

in practice to be large only near the Curie point, in 

agreement with the above ideas. 

It was expected (Kittel, 1959) that the variation 

of the saturation magnetostriction with temperature might 

be treated in an analogous way to the theoretical 
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treatment of the temperature variation of anisotropy, 

dealt with in section (1.4). In that theory, for 
• 

reasons of expediency, the variation of K1  with magnet-

ization, rather than with temperature, was calculated 

theoretically and it can be seen that this was sufficient 

since the variation of magnetization with temperature is 

well known. Thus Kittel and Van Vleck (1960), showed 

that in the same way, the =gneto-elastic constants 

might be calculated as functions of the reduced magnet-

ization, by the extension of the general theory (Van 

Vleck, 1959) for the variation of the anisotropy 

constant K1  with temperature. 

Specifically, if the magneto-eleastic constants 

are defined by 

[ see e.g. Birss (1959)j, 

Vo = Lo + L
1 

a
1
2 + L

2 .1
4  L3 	

a3
2 

Vo2 = 	
2 + L a2 + L 	+ L

3 
a_ a2 o 	.1  2 	2 2 	1 

3 
+ L1 

a2 
3 + L

2 	+ L a21 a
2 

	

3 	3 	2 

V = ,to a2
a

3 
+ M1 a1a2a3 

V°  = M 	+ 5 	o a3a1 	1 a2
2  
a3a1 

V°6 = Mo a1a2 + M1 a3a1a2 (1.64) 
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their predicted temperature dependence is given by; 

L (T) = [1, (0)+6L (o)+IL (on 43  - [61,20)+1L,(0)]4" 7  2 	3 7 	 7 	7 

L2  (T) = [L2(0)] L", 10  

L3 	(T) = IL 3  . / J 
(0)1, 10 

,  

, 
Mo(T) = [M0  (0) + 	MI  (0)] 43  - [M1  lOn410  

Ml (T) 
=[M1  (0)]410  

(1.65) 

where 4 is the reduced magnetization. It should be 

pointed out that the calculntion of Kittel and Van Vleck 

is appropriate to constant lattice strain, whereas the 

reduced magnetization refers to constant stress. The 

state of strain of a crystalline lattice at temperature 

T differs from that at T = 0 partly because of thermal 

expansion and partly because of magnetostriction. The 

normal thermal expansion is supplemented by a change in 

magnetostriction with temperature to give a deformation 

of the lattice which is principally an isotropic volume 

strainl w = w(P), but is partly an anisotropic deformation 

that depends on the direction of the magnetiztion. Since, 

however, it is observed experimentally that, for the ferro-

magnetic metals at least (See Callen and Callen 1960), the 



1 	ais(T,w) 
4' = 	-   	w 

Is(010) Ow 

(1.69) 

magnitude of the saturation magnetization depends on w 

but not on the direction of the magnetization relative 

to the crystal lattice, it is possible to express the 

spontaneous magnetization Is(T,w), at temperature T and 

volume strain w, approximately in the form 

2sIs(T,w) 
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I (T,w) = I
s 
 (T,O) + 

 

w 

 

aw (1.66) 

wherew (0) = 0. The quantity observed experimentally, 

= Is (T,w)/Is(o to). 	 (1.6?) 

should therefore be replaced in equations (85) by either 

Is(T,w)/Is(0,w) or Is(T10)/Is(010), 

(1.68) 

that is by 

Similar calculations of the temperature dependence 

of the magneto-elastic coupling constants for hexagonal 

materials have been performed by Birss and Wallis (1963) 

and these are included as appendix Al. 
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Chapter Two  

THE MAGN2TIZATIO1 PROCESS.  

§ 2.1 Anisotropy.  

The general stages through which the magnetization 

of a ferro-magnetic material passes as an external magnetic 

field is applied have been described in the introduction. 

The exact process by which the magnetization vector is 

turned from an easy direction towards the field direction 

in high fields is of interest and will now be considered in 

more detail. 

2.1.1 	In general terms the exact direction in Rhich the 

magnetization vector lies is dependent on a balance between 

the coupling of the electron spins with the atomic lattice 

and with the applied and demagnetizing magnetic fields. 

The energy density due to the spin-lattice coupling may be 

expressed at saturation by a power series in the direction 

cosines ( all  a2, a 3) specifying the magnetization vector Is. 

The form of the power series may be obtained by considering 

the crystal symmetry involved [Akulov (1928, 1930), Gans 

and Von Harlem (1933)] . For crystals with cubic symmetry, 

terms in odd powers of ai  may not be included since the 

direction specified by +ai  is equivalent in the crystal to 

that specified by -ai. Similarly, since the three cubic 

axies are equivalent, the terms of the power series must be 

invariamtwiththeinterchangeofanytwoofthea.ls. 

Further, since c 	. 2 + a22 +a 
3
2 = 1, the second order term i  

is isotopic so that the series must start with the fourth 

order term 



6o 

( 	
2 	2 2 

a 4 + a 2
4 +a 	= 1 - 2 al

2  a 2
2  + a2

2  a3 +a3 
a l 

i• 
3
4  
 

(Further rel,-, tionships of this type, used in derivinr this 

and higher order terms are.: listed by Birss 1964). Thus the 
L 

magneto-crystaVile anisotropy energy densityi E, for a 

ferromagnetic material with cubic symmetry is given by; 
2 2 2 2 2 2 	2 2 2 

E = Ko Kl (al a2 a  2 43 a3 al)  K2 (al 42 a3)  

(2.1) 

where K1, K2 , etc. are the cubic anisotropy constants 

In the case of ra hexagonal crystal, similar 

considerations lead to the following expression for the 

anisotropy energy density, (Mason 1954), 

E = 	+ 	sin2  0 +si . 4 n 	0 + K3 sin 6  4 

+ k4 sin6 	
cos 60 + 
	(2.2) 

where 0 and 0, r.re the angles that Ts  makes respectively 

with the c-axis and between the projection of Is  and an 

a-axis in the basal plane, and K1! , K2 , etc. are the 

hexagonal anisotropy constants. 

The coupling energy, EH , between the electron 

spins and the cingnetic field, H, is given by 

EH  = - H . Is 	(2.3) 

The energy, per unit volume, Ed , due to the demagnetizing 

field depends on the particular shape considered. For an 
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ellirsoid, chosen because the internal field and magnetization 

are uniform in a uniform applied field, 

Ed 
= yz (N1  + N2 2  

12  + N33  12) 

where N1, N2, N3  and Il, 12, and 13, are the demagnetising 

factors and the magnetization components along the three 

principal ellipsoid axes. The equilibrium position that 

the Is
vector takes up is such as to minimise the total 

free energy, Ef, of.the:crystal, given by 

Ef = E + EH  + Ed' 
	(2.5) 

and the direction of the Is 
vector is thus a function of 

the anisotropy constants, the magnitude of the saturation 

magnetization, the ap-.Dlied field and the specimen 

demagnetizing,factors. The last of these four factors 

depends entirely on the shape of the specimen and if this 

closely ainroximates to, or is exactly, a surface of the 

second degree, the demagnetizing factors are well known 

[e.g. Stoner (1945), and Osborne (1945)]. The magnitude 

of the saturation magnetization is aubstantially constant 

with applied field and its variation with temperature is 

usually well-known from standard magnetisation measurements. 

The anisotropy constants which are again, in general, a 

function of temperature, may be measured by a number of 

techniques, the most important of whibh is direct toraue 

measurements. 

For cubic ferromagnetic single crystal materials, 
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such s iron and nickel, samples oriented in the three 

principal crystalographic planes [i.e. the (100), (110), 

and the (111) planes ] are important, since in these planes 

the magnetization processes may be specified by relatively 

simple expressions, For torque measurements, samples usually 

take the form of oblate spheroids with the two major axes 

in the chosen principal plane. A surface of the second 

degree is desirable to ensure that at saturation the 

magnetization is uniform over the whole volume of the 

sample. In practice a thin disc is often used, which 

approximates fairly well to a thin oblate spheroid when 

the diameter is more than ten times the thickness. For a 

specimen oriented in the (100) plane and in a high enough 

field so that the mFEnetization is in a single domain 

regime, it can be seen from equation 2.1 that 

where 0 is 

to the I
s 

direction 

E = - 1 4* 	(2.6) 

8 

measured in the (100) plane from a[ 001] direction 

vector. If a magnetic field H is applied in a 

making an angle pi with a[ 001] direction then, 

E
H 

= 	I
sH cos ( PI - *) 
	

(2.7) 

and, 

E = + 1 I2  N, 
2 s  

(2.8) 

where N is the demcgnetizing factor in the plane of the disc. 
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The torque, L, on Is 
is given by -aEE , so that 

00 

L = - iKisin40 + HIssin(P' - 0) 	(2.9) 

and to minimise the total energy for equilibrium L = 0, 

when 0 is determined by ecu-Aion 2.9. The torque, r 	on 

the specimen is given by + aE so that, 

= HI
s 
 sin(p' - 0) 	

(2.10) 

By measuring r, the anisotropy constant K1  can, in principle, 

be found at any field above that needed to provide saturation, 

and in general a graphical solution of equation 2.10 first 

suggested by Boaorth and "filliams (1941) may be used. Then 

for very large fields =p so that 

r = IK1sin4431 	(2.11) 

A procedure often used to obtain K1  from experimental data 

is to plot the sin 413 ' component of the torque curve 

( r versus p ) against 1 and then to extrapolate the curve 
H 

to the origin to obtain the effective value of K1  at infinite 

field. Alternatively a first order correction may be made to 

the torque curve at large but finite fields so that it approx-

imates to the curve at an infinite field (Bozorth 1954). The 

procedure involves displacing points on the torque curve parallel 

to the p- axis by amounts r . A similar theoretical analysis 
HI 

to that piven above may be applied to a (110) disc to obtain 

the torque on the specimen as 	function of both K1  and K2  at 

high fields. Thus from equation 2.1 and 2.51 at very large 

fields, 
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r = (iE) 	= 	(2 sin 213' + 3 sin yp I) 

0=P' 
K
2 (sin 2p' + 4 sin4p,  - 3 sin 6p') 	(2.12) 
T4 

where Q andg I are measured in the (110) plane from an 

[p01] direction. The graphical solution used by Bozorth 

and Williams (1941), for lower fields may be used in the 

(110) plane but the problem is somewhat more complicated 

since the magnetization in this plane is the resultant 

of two symmetrically directed 18  vectors lying on either 

side of the (110) plane. 

The case of a disc oriented in a (111) plane, is 

somewhat more complicated than the two foregoing cases 

since even at high fields the magnetization vector does 

not lie in the (111) plane and its direction must be 

specified by two variables. Nevertheless, for very large 

fields 

r _ (ate) aQ QV I 
= 

K
2 sin 6pt (2.13) 

where Q and 0 are measured in the (111) plahe from an 

[ 110] direction. 

It has been shown that in general the position of 

the magnetization vector at high fields may be determined 

if the anisotropy constants are known, and the methods by 

which these constants are obtained from torque measurements 

have been outlined. For nickel the first anisotropy 
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constant K1, has been measured many times end its value is 

vell-known [Bozorth (1951)),For the second anisotropy 

constant K2, however many widely different values have 

been obtained in the past (see table,Chapter 6.) presumably 

owing to the difficult experimental techniques required. 

However, the (111) plane is eminently suitable for 

measuring this constant, since, as indicated above, the 

torque curves at very large fields depend only on K2  But 

it is found, in practice, that sufficiently large fields 

may not be oitained so that some understanding of the 

magnetization process for this orientation, at high 

fields is desirable. This is attempted in section 2.2. 

The magnetization processes that occur in 

gadolinium are of interest since it h:s been reported 

[Corner, Roe & Taylor (1962) and Graham (1962) (1963), 

(1964)] that, over a substantial temperature range below 

the Curie point, the easy directions lie on the surface of 

a cone surrounding the hexagonal axis. The way in which 

the cone ahle varies with the temperature may most easily 

be investigated with a single crystal disc of the material 

orientated so that the hexagonal axis lies in the plane of 

the disc. Using the anisotropy energy density given by 

equation 2.2 nnd ignorin terms involving constants hi her 
• 

than K2 ' the torque on the specimen for infinite fields 

becomes 

r = aE = K, sin 20 + K
2 (sin 20 - sin 40). (2.14) 
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The torque is of course zero in the two perpendicular 

dir ctions On 0, 	and 0 = 'I/2' 3 1r /2. However, if Ki' and K' 
2 

are of opposite signs and 	4 12K2l , then the torque 

is also zero when j6 = OE, where 

cos 20E  = Kli 	K2'  
K21  (2.15) 

and 0E is the semi-angle of the cone of easy magnetization 

directions. In thu experiments which were made on 

gadolinium, it was found to be inconvenient to measure full 

torque curves, although it was possible to measure the slope 

of the torque curve near the position of zero torque. The 

reasons for the method of measurement adopted 7re dealt with 

in Chapter 4, section b.5. The slope of the torque curve at 

positions of zero torque is given by 

ar = 2K' 

	

1 	
(at 0 =0) 	(2.16) 

80 
and by 

	

= -2K' 	 1 
-4K1

2 	
(at 0 = v/2) 	(2.17) 

Hence by measurinri the slope of the torque curves 

at these two positions for high fields and extrapolating to 

infinite.: fields the effective values of Ki1  and K21  may be 

obt7ined. The cone angle OE  can similarly be obtained by 

measuring the angular position of the appropriate torque 

zero for high fields and again extrapolating tb infinite 

fields. In practice, however, these measurements very 

ar 
aq5 



67 

appreciably with the applied field, even at high fields, 

so that the extrapolation is unreliable. 

§ 2.2 The (111) _plane for Nickel.  

As indicated in section 2.1.1, the (111) plane 

is the most favourable plane in which to measure torque 

curves to obtain the second anisotropy constant K2, since 

in this plane, at very high fields, there should be no 

contribution to the measured torque from K1. In the 

(100) end (110) planes the measured torque depends only 

weakly on K2  so that even small experimental uncertainties 

in the measurements lead to quite large errors in K2. 

It is for this reason, that the orientation of the plane 

must be chosen to eliminate any contributions from K1. 

In section 2.1.1 it was also indicated that if the aplied 

field is not infinitely large the magnetization does not, 

in ?.eneral, lie in the (111) plane so that further 

analysis is desirable in order that the experimental 

torcue curves may be properly interpreted. To this end 

the free energy, -;iven by ecuation 2.5, is first obtained 

in terms of the anisotropy, demaFnetizing, and field 

enerifies. The equilibrium position of the magnetization 

vector is then determined by minimising the free energy. 

The energy equation 2.1 for E refers the 

direction cosinesa
l'  a2, a 3, to three rectcngular 

cartesian axes x 1  yl, z' parallel to the cubic 
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crys).allographic axes. It is more convenient to re-arrenae 

these axes as shown in figure 2.1 so that the new axes x, 

y, z, coincide respectively with [ 110 ], [112] , [111] 

crystalographic directions. If the Is  vector is then 

specified by the polar and azimuthal azieles 0 and 

respectively, such that 	is measured from the [110] 

direction to the projection of Is  in the plane, while 9 

is measured from the [111 ] direction to Is, then the 

direction cosines al, a a 1' 2' 3' become, 

a 1  = 	[v3 sin 0 cos 0 + sin A sin 0 +J 2 cos 0] 

a 2  = 1[ -V3 sin cos 0 + sin sin 0 +N/2 cos ] 

a 3  = 1 [ - 2 sin 0 sin 0 +.12 cos 9 ], 	(2.18) 

and it may easily be shown that ; 

E = Rio  + 
	[ 12 - 3 sin4A - 6 sin220 - 6 .V2 sin2i0 
36 

sin2G sin 30  ] 

+ K2 [4 - 3 sin4A sin6G cos 60 -6sin229 

- 6 Nk. sin2A sin 29 sin 30 + 6 sin220 sing  0 

+ 3.12 sin4A sin 29 sin 30 +21 2 sin32G sin 30]. 

(2.19) 

The m:rrnetic field energy EH  is 

EH 	= -IsH 	+a. 2ft 	+a 35 ) 	(2.20) 

where PI , P2 , P; , are the direction cosines of the mn,netic 

field in the [111] plane end are -iven by equations 2.18 -:)ith 
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Figure 2.I 
POSITION OF AXES FOR (III) THEORY  
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16 = N ' and Q =71/2. Thus 

ER  = -IsH sin Q cos (0 -p 1). 	(2.21) 

Further, the demagnetizin energy Ed, for an oblate 

spheroid with demagnetizing factor N in the Plane of an 

equivalent disc, is ziven by 

Ed  = 2  I N a2  + N a 2  + N a2  
s x 	y 	z z (2.22) 

where qx 
 , a 

y 
 la 

 z 
 are the direction cosines of Is  relative 

to axes x, y, z. Then, since N = Ny  * N from the symmetry x  

of the oblate spheroid, and N
z 
= (47r - 2N), 

E
d = 32 i

2 [ N 	(1+ iT - 3N) cos2Q] 
	

(2.23) 

The free energy of the system is given by equation 2.5 and 

the direction of the magnetization vector will be such as 

to minimize E, so that Q and 0 are determined by the 

simultaneous eouations, 

taE 	aEF) CA-00 = 0 and )Q  o (2.24) 

To simplify the solution of these two equations when H is 

large but finite, the followincs substitution may be made; 

0 = 	At 
	(2.25) 

and 

= 71./2 +a., 	(2.26) 

so chat a and A are small ansles. If it is assumed that a 

and A are so small that 



sin n A = nA 

sin n a = na 
cos 

cos n a = . nA = 1, 

for n 4 6, then equations 2.24 may be written in the form 

(h + ki)a + k2a A + k3A +k4  = 0. 	(7.27) 

k
5
a +k6  aA 	(k7  — h) A + k8 = 0, (2.28) 

where 
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h = H Is, 

kl = 	K2 
7 iE 

(47T 3N), 

k2  = 	1._. sin 6p1  1  
3 

k3  = .42 (K, + Ic2) cos 
—g 

k = V2 4 	-- (17  "1 + K2 ) sin 
3 	-6.—  

V2 (K + K2) cos 
1 —7 0 

k6 = 3/2 (Ki  + K2) sin 3p', 
7 

k7  = - K2 cos 6131  
3 

k8—+ K2 sin 6p . 
ig 

cos 6g,  + I2 

(2.29) 

3p ',   

313  

3P I  t 

Solving equations 2.27 and 2.28 simultaneously for A gives 

-k8  (h + kl) + k4  k5  

(k7  - h) (h + ki) k3k5  - k4k6  + k2k8  

which, usin: equations 2.29, may be written in the form 

(2.30) 

A 

K2 sin 6p,  (Ki  + K2)2  
3 	sin 6p' 
777717 (2.31) 

   

h[ 1 +12 -  1 	(k3k5 +k4k6 - k2  k81 h 	h(h+ki)  



If the terms of the order 
K  in the square brackets in the 

denominator are neglected in favour of unity, then the 

fin?1, high-field, solution for A is 
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A = 
r 
. K2  

g 3  (K1  + p)2 

h + ki  

sin 6pf. 	(2.32) 

It should be noted that kiP,I.K1 + Is
2 (4g - 3N), since 

the term in Is
2 is an order of magnitude greater than K1  

for the specimen form used in the experiments and the terms 

in K2  may therefore be neglected since K2<K1. 

The torque on Is, in the (111) plane, is given 
a Ea  

by -a E and at equilibrium this is equal to + -
a 	

so 

that the torque about the axis of the disc,r , is ziven 
aE
H by either + aE or - a l. It may therefore be seen from 

ecu-.tion 2.71 that the torque on the specimen is simply 

+ hp. 

As a better approximation than K<< 1, the 
h 

denominator of equation 7.30 may be expanded binomially, 

so that it is only necessary to assume K < 1. If this is 
h 

done the followiivT equation may be obtained after some 

manipulation 

K 
A 	1 I K2 - 1 (K

i  + 

Z'2)2  ] E 
1 + K22 . `h Li 18 3 	h + ki 

108h (h+ki) 

4. terms of order K 
[ h ] 	

sin 12pl + 	• • • 
(2.33) 



where T6 = K2-1    -1 
 +1
7 -7— 

(ic 	I 
0  3 

1+ 

Inspection of equations 2.29 shows that 	oontains a 

small term
K
2 cos 01 1. However if 1  (1+ ki)

-1 is 
h rh 

expanded binomially as before, it may be seen that this 

term can only give rise to a small correction with an 

angular dependence of 1213'. Hence the expression 2.33 

may be rewritten in the form 

A h = r = T6 
sin 613' + T12 sin 1? pl + 
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and k1' = kl  - 
K
2 cos 6pl. 
18  

(2.34) 
K.22 

108 h(h+kil) 

(2.35) 

(2.36) 

To facilitate comparison of expression 2.35 with 

experimental measurements, the measured torque values may 

be subjected to Fourier analysis, so that the 613' component 

may be compared_directly with r 6. 

The angle a, rbich measures the extent to which 

the I
s vector lies out of the (111) plane, may be found from 

the simultaneous equations 2.27 and 2.28, in the same way 

as for A , to be, 

-\/2 (K1  4K2) 
K2 Cost  3P' 	I 	 L  = 	3 	h + ki 	1-3 	

sin VI 
h + Ke cos 6/3 

3 	(2.37) 

At high fields, this ecuation becomes 

a K2 
(K1 	) 3  sin 3P 1  . 	(2.38) 
h + k 

1 
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It will be shown in chppter 4, that in fact equation 

2.32, which predictsG , can only be fitted to the experimental 

data above applied fields of the order of 6 koe. Hence it 

is reasonable to sui)pose thato , given by equation 2.38, 

will also be a good approximation only above this field 

value. However, the experimental measurements give 

directly since the measured toraue is just hA. Hence if 

the experimental torque is represented by a Fourier series 

rexpt = 	A2n 
sin anp '. 	(2.39) 

n=1 

so that the 613/ component ofA becomes 	A6 sin 43 1  

h 

equation 2.27 becomes, when K2A is ignored in comparison 

with (h + ) -1  , 

1 
(X: 4-1112) [1 - 6h6 cosz3pi] sin 3p1 

h k
1 

(2.4o) 
and equation 2.28 becomes, when k6A is ignored in 

comparison withk 5, 

r K2 + cos 6 (31  ) 42[i  + 	A6 (1 - 
K
2 

	  l 
sin 3p1 

a2 = 3h 

(Ki  17K2)  
(2.41) 

Clearly neither equation 2.40 nor 2.41 exactly 

represent abelow 6 k0e, since the A which simultaneously 

satisfies equations 7.27 and 2.28 is different from the 

equilibrium A measured directly from experiment. However, 

in the absence of a better expression fora below 6 koe, 
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ecwAions 2.40 and 2.41 .sive a reasonable indication of 

the expected variation of cc . 

The foregoing analysis fora, and A is only 

strictly correct at very high fields, ,,ad in fact the 

approximations m. de,_,ay  be expected to hold yell for 

aplied fields in excess of 5 k Oe. At lower fields, 

the measured vraues ofA 	and the estim:.ted values ofa 

become large enough so that the approximations sin ne = ne, 

and cos ne. = 1 , 	a.re no longer sufficiently good 

for the hicher values of n used (i.e. n = 6). To test 

whether these approximations will expl-in the disagreement 

of theory and experiment belme; about 6 kOe the analysis has 

been extended to higher powers of a, and A , by writing 

n2  A2 cos nG = 1 - 2 

Accordinly the simultaneous equations 2.2? and 

2.23 now oecome; 

,;, Z k9  + a, (h + ki) + c,,G k
2
_ 2A  h + A k3  -EL 2 lc- 2 	10 

+ k4  = 0 	 (2.42) 

jr 	
11 	

2 A h 2— + a, k
5 
+ oil k6 + A (k7 - h) 

k + ct, '  

+ A
2 
k12 + k8 = 0 	 (2.43) 

where terms in A and c62 have been ignored except when 

they are multiplied by h. The constants ki  to k8  are 

given .by equations 2.29 while 

21_
33`"
?_ (K1 • ko  = -Eio) 	sin 3 pf 

- 5V-2 (K1 + K2) 	sin 3 pi , 	(2.44) 
2 
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k11 = - 1K2  sin6p', 

k12 = K
2  sin6p'. 	(2.44) 

It is convenient to consider equations 2.42 and 2.43 in the 

form 

a2a
1  + ab1 + 1 = 0 

and 
a2a2 + ab2 + c2 = 0, 

so that unon solving these simultaneous equations separately 

for a and equating the two solutions, it may easily be shown 

that the following expression is obeyed ; 

N 	, (a1c2 a2c1)2-+  01
b
2 
- a

2
b
1)(b2c1- b1c2) 	

= 0. 

Elimination of a from equations 2.42 and 2.43 thus gives an 

equation of the form 

A2 + BC = 0, 	(2.45)  

where 
	

B7  and C are the following functions of A 

Aqk ][k +A2k +A(k_-h)]-[k11 2 +D.1][6k10+6k3+k4], 
9 8 12 

xr 
B=[k ][k +Ak ]-(k +Ah)L-A

2  h+Ak +h+k ], 
9 5 6 11 T 7  2 1 

lr 	 r 
C=N5+AkOtA

2 
 ki0+Ak3+k0

2
-[-A2h+Ak2+(h+ki)]Lk8+A

2 
 ki  2+A(k7-h)]* 

It may be seen th-t at high fields, A
2 « BC, so that C 	0, 

since B 	0. Then treating C as a quadratic in 6 

yields the following equation; 
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A2[ 	(K

1 
 + 1K2 
	36 
)2 + 11110c,] sin 6p' 

- 1 Fe)  (h + k )(k_ - h)] 
108 ` 	1 	7 

1(K + 1K) -(h+k 1K] sin 613' = C • 0. 	(2.4-6) +3 	'  2 18 

The solution for A is then approximately 

1(K, + 1K2)2 	1(K + IK ) .2 
- 2 6  = 2i11618°  r 1. E-2  - 3  ' -.6.  	- 1K2[ 3 1 	6 	- 1 K, ]2  

	] h 	L  18 	h+ k 1 	 ` 6 	h + k 	18 1  
113(k-t-lki) 	 (2.47) 

Evaluation of the third term in equation 2.47 at 92°K, 

shows tIrst for H = 2 x 103 oersted, the estimated A .is reduced 

by only 2.5;0 from the value obtained from equation 2.32. This 

correction term may therefore be neglected for fields of 

2 x 103 oersteds upwards so th,2.t equation 2.46 becomes 
. C 	Ah (h + k1 ) +[ 1(K,+ 1K,)2 	(h + k1)1 K2] sin6P'. 

' 6 	18 Then from equation 2.4, 

2 . 
1(K + 1K ) 
- 	 - A = 1 	K - 	6 	sin6p' 	A2  ir3  2 	

1 	2 
 

	

h + k1 	 B(h + ki ) 
(2.48) 

The experimental values of A may be used to evaluate the 

term A2  numerically. It is of the order of 0,3 x 
B(h + ki ) 

103 dyn. cms. at 92°k for a field of 2 x 103 oersted, so that 
this correction is also neligible at theist/ fields. It is 

thus clear that the approximation used in the original 

theory (first order in a and A ) appears to hold quite well 

▪ p 
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down to 2 x 103oE;r:ite3, so that the cause of the observed 

divergence of tIle theory and experiment at hirher fields 

may not be explained in this Qay. 

2.3 Nagnetostriction.  

The phenomenological equation (1.75) appropriate 

to a material with cubic symmetry referred to in section 

1.5, may be replaced by an equation terminating after the 

6th term, 

X = Bo  + 	S ( 	2 ) + B2 S(a' ci2  p 	2 ) 
(2.49) 

2 
+ B

3 
s(c4: 4) + B4. s(ai4 2 + B

5 Val a2 a  3 1 (32 )' 

which is generally believed (3irss 1959) to be consistent 

with the experimental data. An even shorter equacion 

X = Co 	
C
1  S( 1  013 2) 	C2 S(Ez12P1P ). 

(2.50) 

may be used to represent the experimental data for nickel. 

These equations represent the saturation deformation, 

X, from an unmagnetized (or non magnetic) reference state 

which is found to be, in practice, an unsatisfactory 

reference state from which to make measurements since to 

unmanetize the specimen its temperature must be raised 

above the Curie point. To overcome thiE, difficulty, the 

con: tent Ao  (Bo  or C0), which is isotropic, nay be 

measured independently of the constants An  (e.. by 
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measuring the deformation of the specimen as the temperture 

p.7.sses throuh the Curie ;point); the constants An  may then be 

obtained by making measurements between two saturated 

states. It should be noted that, contrary to much Ey st 

practice, the demagnetized state (that is the state when 

there is no overall mar,:netization owing to the prence 

of equal numbers of domains in opPosite easy directions) 

is not a satisfactory reference state either, since the 

distribution of domains in this state may depend on the 

method of demagnetization used (Lee 1955), and hence it 

cannot he a unique state comaon to different measurements 

and specimens. 

To obtain the saturation magnetostriction 

corresponding to a demagnetized specimen, it is usually 

assumed th::.t there are equal numbrs of domains in each 

easy direction, Inc this state is known as the ideal 

demacnetized . state. If the assumption is made that 

the magnetostrictive strains of th,, individual domains 

may be added toether algebraically, after multiplication 

by a. fi7ctor proportional to their volumes, the deformation 

of an ideally demagnetized specimen becomes 

A i  =B 1 0 
1 + —B 3 	1 + 

1 
B 3 	4 

for iron and 

X. =B o 
1 

+—B 3 	1 
1 

+—B 3 	3  
1 

+—B 9 

for nickel. 

(2.51) 
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The magnetostrictive strain, A, (=X -X) referred 

to the ideal demagnetized state, may then be obtained by 

subtracting equations 2.51 from equation 2.49. The 

resulting equation forALis mare often quoted in the form 

first given by Becker and Miring (1939) where B1,  B
2, 

2 
(B3  - 5  B4), B4, B5  are replaced by h1, 2 h2,  h3, h4 and 

2 II_
2 
 respectively. 

If eqution 2.50, is used for the evaluation of 

measurements between different saturated states, the 

saturation magnetostriction may be written in a particularly 

simple form, (Birss 1959); 

Xx 	0 -X = q (cos 20 - 1) 	2r sin 2p sin 2e. 

(2.52) 

which applies, when the magnetization and measuring 

direction both lie in one of the three Drinciphl crystal-

lographic planes. For convenience the three planes used 

are the (001), (110), or (111) planes where 	is the angle 

that the o_easuring direction mikes from a [110] direction, 

and 0 is the allcle between the :Ieasuring direction and the 

magnetization vector. The sign of these anjes is such 

that p and 0 are positive when measured in a direction from 

the (110) direction towards [110], [001] and [112] 

directions in the (001), (110) and (111) planes respecAvely. 

The functions q ((3) and r 43) are different in the three 

planes and are given by 



(111) 	6q = (C1 
+ C2

), 

r = 0. 
plane 
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(001) 	8q = (2 C1 + C2
) - (2 C1 

- C2
) cos 4p 

plane 
8r = (2 C1 - C2

) cos 2p , 

(110) 32q = (6 C1  + 5 C2) - (2 C1 	C2
) (2 cos 2p - 3 cos 4(3 ), 

plane 
32r = (2C1  - C2) (1 - 3 cos 2 p ), 

(2.53) 

From equation 2.52 it can be seen that two 

measurements are usually enough to determine 01  and C2  

if it is assumed that equation 2.50 is exact, as opposed 

to being the first three terms of a series. For example, 

in the (001) plane, with p = 0, x 
	A
2, 	x 

- X
o 
= - C2 

and if f3 = 7  with x- 2 — ' X -X = -C1. 
In the (111) 

x o 
plane equation 

	
'oecomes 

= (C1 + C2) (Cos 2x - 1) 

6 	(2.54) 

so that it is not possible to measure C1 and C2 separately 

in this plane. The detriled behaviour of the magnetization 

procesues that occur in the (111) plane, at high fields 

will now be considered. 

§2.4 Maumetostriction in the (111) plane for Nickel.  

In section 2.2 equations were developed that rave 

the dependence of the dirction of the saturation magnetization 

vector on the field for 	fields in the (1111 plane. The 

information may be used to predict the high field variation 
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of the magnetostriction with field in the same plane. 

The saturation InT.tmetostriction for nickel ma be 

represented by equation 2.50, and the direction cosines 

(a,
1'2' 3)  of the magnetization vector ::,re riven by 

equations 2.1. The direction cosines (pl,p 2 (33) of 

the Deasurin!T direction are given by eauations 	vdth 

JIS =7C Q =p and are thus; 
2 

P 1 = 
	

( 13 cos (3 + sin p )  

P 2 = 16 (-13 cos (3 + sin P) 

13  3 = 	(-2 sin (3 ) 
	 (2.55) 

where (3 is the angle between the measuring direction and 

the [110] direction in the (111) plane. Substitution of 

equations 2.18 and 2.55 into equation 2.50 gives 

= Co 	Cl + 	[2 + sin2  0 cos 2 (/3 - P) --c  
+12 sin 2 0 sin(2(3 + ch)] 

+ C2 	1 - 3 cost 0+2   sin2 	cos 
12 

2(0 - (3 ) 
-12 sin 2 0 sin (213+,6)3. 

(2.56) 

The substitutions 0 = 	+a, and jtS =p -- may be 
2 

made withp ' representing the angle between the [lic] 

direction and H, and the approximation that at high 

fields both 	and 1 are small may be applied. If this 

is done and if all terms other than the first order in 

and A are neglected, equation 2.56 becomes 
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= C 	+ 
c1[2 + cos 2 (p' -p) + 2A sing (p'- p) 

0 	3,7 

212asin (2p pt)j+ C2 [1 - 2 cos 2 (P' - 0 
12 

+4. As in2( re! -p) + 2J2a sin (2 p+ p )1 

and this may be regrouped to collect terms independent 

of, and dependent on (land/Si . Thus, 

x. c 	C1 + 1 + 	+ 1  (C1  + C2) cos 2W- ?) 
3 12 

+ 3 1 (C1  + C2 ) A sin 2 (P'-  ) - 3  (C3. - C  2 )(I sin(p'+ 	) 

(2.58) 

Measurements of the variation of the magnetostriction with 

field for high fields ma: thus be interpreted intarms of 

the variation ofa,  and A , the angles specifying the 

direction of the I
s vector, which should be in agreement 

with the results from torque measurements. 

Further deductions may be made from equation 2.58 

to find the most profitable measuring aad field directions 

for experimental measurements of a and A from the,magneto-

striction. It would, of course, be desirable to measure 

the contributions to the saturation magnetostriction from a 

and A separately, and inspection of equation 2,58 All 

yield the conditions under which thi: may be done. First, 

however it is helpful to rewrite G and A in a form that 

takes account of their anLular depen&ence as determined 

by ecu:tions 2.32 and 2.38, namely; 



84 

A = A
A 
 sin 6p1 

a= A sin 
	 (2.59) 

Then, to measure the contribution due to A alone, the 

followinsl conditions must apply 

p 	= rt-T. —3, but (3' 	111-21  +p 

or 

2a , 
= 

but p/  
3 	

, 

where n = 0 tl, I P, I 3, , . 	. etc. 

measure a alone, 

(3 1  = 	+pbut (3' ,4 	- 2p 

or 
7  out , 	n9t 

3 ' 

r tz 

(2.60) 

Similarly, to 

(2.61) 

are the conditions that muab be complied with. To 

illustrate these conditions, the an2u1r dependence in 

the field direction, of the lest two terms of equation 

2.58 have been plotted in figures 2.2 a, b, c forp= 7.5°, 
150, 300.  

It can then be seen at a glance that for p 

15
0 
 and 30°, only the terms in a may be measured alone, 

while for p = 7.50  there are positions of p where the 

terms ilia and A may be measured alone. 

The variation Ath field of equation ".56 is small 

and may be partially masked by the forced magnetostriction 

[ Carr (1958) and "Ursa (1959)] which arises from varition 

of the mnetostriction constants with field, end by the 

maE,netocaloric heating effect which Tives rise to a 
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• I- 

,61  3 0.  

- rzpr 

-1.00 

Figure 2.2c.  

ANGULAR DEPENDENCE OF A., AND 'A &  
• )1i,cusint2p.)sin3A, Ah  sin2(A—A sitE/Sf. 
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transient deformation when the applied field mas.aitude 

is chanced. 

It is customary to assume th't the nacnetostriction 

constants vary linearly with field so 1;11:at, for instance, 

C1 
may be replaced by C1  + C1' H, where C1

' is the forced 

magnetostriction constant. The change in the saturation 

manetostriction a, that arises from a change in fidld 

8H (= H
2 - H1

) is then given by 

SA 	=8 	 Co'HE 	+ 1C l' + 1 C2  ' + 1 (C1  ' + C2') cos 243 1  -0 3  a   

5 
1 cc,. c2) 8A .ain2W 	

3 
- p ) + 	(c11 + c2') 

(A2  H2 	1 -A H1) sin2((3' 13 ) 

-
3 
 (C1  - 	ocr,sin(pf + 2 0 - 12(c,' 	36.c2 ) 

2 	 3 J- 
(1 H2  - a, Hi )sin(pl + 2(3)1] 

(2.62) 

where SA =A
2 	1 

-A 	and Om =a, 2  - mi. Then if the values 

of the maFnetostriction for values of f3' siven by p' 	300, 
300 + 45o,  .013 + 900, 

 are denoted by X30, X
75 

and X 120' 

when p = 30°, 

2  87'120 - -1-6X 30 	5X 75 = 	1 (C11 	C21)8 H  2 	2 	 3 

- 
3  
1 (c1  + c2) 8A - 

3  1 
(C1' + C2 ')(L12 - A1  H1  ) 2  

(2.63) 

and. 
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$X i 	 -SX 30  = - 1 (C 	+ C2' ) 8 H + 	(C1 	')C2 )8c. 	 v 

3  1 	 3 

+ /2(C ' 	3. C2 f ) (a, 2H2 al H1)  7  1 
(2,64) 

In "Principle, equ::Itions 2.63 and 	enble the fo::ced 

manetostriction constants C1' and C2' to be determined. 

Hoever, in practice, the last terms of both ecru= Lion 

2.63 and 2..64 are necaiGible so that it is only possible 

to -neasure the sum C1' + C21. 
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Chapter Three 

DESIGN OF APPARATUS AND SPECDEN PREPARATION  

53.1 The Torque Meters 

The method chosen to determine the magnetocrystalline 

anisotropy constants of nickel involved the measurement of 

small torques developed about the symmetry axis of a disc-shaped 

specimen (described in 3.3) whena uniform magnetic field was 

applied in the plane of the disc. A number of different torque 

meters or torque magnetometers, all of which may be used for such 

measurements, have been described in the literature. A common 

type (Sato and Chandrasekhar 1956), consisting of specimen holder 

with mirror attached, torsion suspension and torsion head, suffers 

from certain disadvantages. For stable measurement of a complete 

torque curve, the elastic constant of the suspension must be greater 

than a limiting value determined by the volume of the specimen and 

the slope of the torque curve (Harrison 1955). The maximum 

sensitivity is therefore limited for stable operation. Although 

this system is basically simple, it would appear that considerable 

care and. patience are needed to obtain accurate results. 

These difficulties are reduced, although not eliminated, 

in a somewhat different type of apparatus first described by Craft, 

Donahoe and Love (1955) and subsequently modified and improved by 

others including Penoyer (1956) and Pearson (1957 1959). The 

specimen is suspended from the coil of a moving-coil galvanometer 

and the torque developed in the specimen is balanced bf passing• a 

curra.it through the galvanometer coil. Automatic balancing is 

achieved by the use of feedback and the sensitivity of this type 

of instrument appears to be about one centimeter of deflection of 

the indicating instrument per dyne-cm. The same principle (of 

balancing torque against electromagnetic force) is used, with a 

much higher sensitivity, to measure the anisotropy of thin 

films (Humphrey and Johnston 1963), but the system is necessarily 
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complex and the apparatus is cumbersome. 

In another type of torque magnetometer Caller 1950), 

the specimen is supported by an axle mounted in bearings. A 

phosphor bronze strip, wrapped once round the axle and kept 

under tension, converts the torque on the axle to a tangential 

force on the strip, which is directly measured with a commercial 

force-measuring device that operates on the strain gauge principle. 

The maximum sensitivity is of the order of 10 3 centimeters per 

dyne-cm. Friction in the bearings limits the sensitivity, and an 

error is present due to the rotation of the specimen when torque 

is applied. The torque magnetometer described by Aldenkamp, Marks 

and Zijlstra (1960) avoids bearing friction by the use of a special 

torsion suspension incorporating three phosphor bronze strips 

between two discs. This arrangement makes the suspension relatively 

rigid to lateral displacements. A differential transformer and 

commercial displacement meter are used to measure the relative 

rotation between the two discs. It is claimed that there is a 

negligible rotation of the pecimen and that the maximum sensitivity 

is about 6 x 10
-2 
 centimeters par dyne-cm. 

On considering these various arrangements it became 

apparent that a more convenient torque meter might be developed 

usint; the principle employed in resistance strain gauges. Such a 

development is attractive because it allows a particularly simple 

experimental arrangement in which the fractional resistance change 

resulting from a torque developed in the specimen, may be measured 

easily and accurately with a Wheatstone bridge. No feedback network 

is necessary for stable operation, nor is there a limit in this 

respect, to the maximum working sensitivity. The configuration of 

resistance wires adopted in this torque meter gives a number of 

desirable features, namely 

(1) positive location of tlle specimen in the 

magnetic field, with nsp;ligible rotation 

on application of torque; 
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(2) insensivity to unwanted translational, 

forces and torques; 

(3) insensitivity to small changes in ambient 

temperature and pressure; 

(4) ease of temperature control and stabilization 

duo to the small volume of the torque meter 
1 (about 12 cm3  ); 

(5) absence of friction e.g. from supporting 

bearings, (since support is entirely by 

elastic means); 

(6) linearity between the output from the Wheatstone 

bridge and the torque to be measured. 

The use of semi-conductor strain-gauge elements was 

considered because they exhibit a much greater resistance change 

for the same strain. However, the sensing element in the torque 

meter has to measure stress rather than strain, and high sensitivity 

is achieved with a small area of cross-section, so that a largo 

strain, and hence a large resistance change, accompanies a given 

stress. Semiconducting materials are generally stiffer than wire 

so that for a given cross section and stress there is less strain. 

FUrther factors favouring the use of strain gauge wires are that they 

are readily available, that they are much easier to manipulate than 

semiconductor elements of the same cross-section, and that the 

magneto.!, resistance of these wires is small when compared with 

galvanomagnetic effects in semiconductors. 

§3.1.1. Considerations in the Design of the Torque Meter.  

The basic construction of the torque mater is shown in 

figure 3.1. The prestressed resistance wires ABCD and 'UGH form 

two adjacent arms of a Wheatstone bridge. A torque about the axis 



Figure 3.1 

TORQUE METER PRINCIPLE 
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of the disc, transmitted by the two central supports 
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(CF and BG) increases the stress in one arm and decreases 

.l he stress in the other. Since the resistance of the two 

arms varies linearly with the stress provided the elastic 

limit of the wire is not emceeded, small torques produce a 

proportional out-of-balance current in the galvanometer G. 

Inspection of figure 3.1 shows that if a translational force 

were ap:)lied parallel to the direction AB then sections AB 

and CH would be increased in length and sections CD and 2F 

would be decreased in length. There would thus be no 

overall change in the length of either arm ABCD or cf arm 

JFGH, and consequently no change in the bridge balance point 

would. occur. A translational force perpendicular to AB would 

increase the length of all four sections by the same amount, 

again leading to no change in the balance point of the bridge. 

Further inspection shows that torques about the two diameters 

of the disc parallel and perpendicular to the direction of the 

resistance wires also leave the balance point of the bridge 

unaltered. This design also compensates automatically for 

changes in resistance due to the magnetoresistance of the wires 

in a magnetic field and due to small changes of temperature. 

Consider a wire of length 6 and resistance R. If 

its volume and resistivity remain constant and its length is 

increased byA6, it can easily be shown that 

aik - 2 AO. 	(3.1) 

In practice, neither of these conditions is satisfied; since 

the volume does not remain constant and the resistivity of the 

wire changes with deformation, the factor 2 must be replaced 

by a number, G, called the gauge factor, which is usually nearer 

2.2. If a force F is apnlied to a wire of cross section h-r".  

F = 711.2E 	p then, 

where D. is Youngs modulus, and 

ERA = q/ irr2E. (3.2) 

Now consider the configuration of figure 3.1 and let a force 

F in each of the four wires counteract a torque L developed 

in the specimen. If the separation of the two central auT)norts 



is 2d, then L = 4Fd and 	 95 

A R/R = GL/47/r2d 	(3.3) 

Furthermore, it can be shown that for a bridge with bridge 

current 2i, galvanometer resistance RG 
and each arm of 

resistance R, the galvanometer current is 

iG 	1AR/2(R + RG) 	(3.4) 

where AR is a small change of resistance in one of the 

bridge arms such that A R << R. In the present case both 

arms change by A R but in opposite senses, giving an 

effective change of 2A R in one arm, whence 

iG = iRG114(R R
G)vr2Ed 	(3.5) 

Under these conditions, the galvanometer current iG  is 

therefore proportional to the torque. 

The upper and lower limits to the torque that 

can be measured, depend respectively on the breaking 

strain or elastic limit of the wire and on the smallest 

value of galvanometer current that can be measured in 

practice. The upper limit thus depends on the type of 

wire available. The wire used was Nichrome wire with a 

diameter of about 0.0027 cm, a Youngs modulus of 18 x 10
11 

dyne-cm
-
'2  and an estimated elastic limit of 2 x 102dyne-cm

-2 

(corresponding to a fractional change of the resistance 

of 2.4 x 10-3). The lower limit of AR is more difficult 

to estimate, since it depends on the amount of amplification 

that can, in practice, be applied to the out-of-balance 

signal from the Wheatstone bridge. Electrostatic and 

electromagnetic pick-up and electrical noise originating 

from temperature instability, electrical contacts, thermal 

e.m.f.ls and mechanical vibration, limit the maximum 

sensitivity. A conservative estimate of the lower limits 
AR of --for a normal bridge circuit with complicated 

auxiliary apparatus would be about 10-6, although this 

limit could be extended, probably by one or two orders of 

magnitude, depending on the amount of care taken in 
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reducing noise and the efficiency of the amplifying 

equipment used. 

It may be seen from equation 3.3 that these 

practical limits (of 10-3 and 10
6) between which L4i 

may he measured, define upper and lower limits of torque, 

depending on the factor, d, which is half the separation 

of the support wires. The value of d, used in the torque 

meter was 0.2 centimeters, so that the approximate range 

of torque that could be measured as from 4 x 103 to 4 

dyne-ems. Because of obvious geometrical and mechanical 

limitations the factor d, cannot be reduced by more than 

about one order of magnitude, although it could be 

increased in size to a limit determined only by the maximum 

desirably size of the apparatus. The lower limit of torque 

that could be measured withthe strain gauge wire used was 

therefore between about 10 and 10-2 dyne-cms. 

For the bridge circuit used, in which R = 6o0 , 
RG = 400 and i = 10 mA., equation 3.4 gives the galvanometer 

currents corresponding to the upper and lower limits of 

torque as 6 p A. and 6 x 10-3  pA. The galvanometer used 

was a Tinsley type 4500 LS, for which these currents give 

deflections at 2 meters of 1300 centimeters and 1.3 

centimeters respectively (this corresponds to an overall 

sensitivity of about 3 dyne-cms. per centimeter deflection). 

In practice, a galvanometer amplifier with almost full 

negative feedback is inserted between the bridge and the 

galvanometer so that the sensitivity can easily be varied. 

A simple calculation using equations 3.1 and 3.2 indicates 

that when the elastic limit of the wires is approached, say 
at 109 dyne-cms.-2, then At  -- 5 x 10 4 Since t = 0.5 ems 
and 	= 2.5 x 10-4 ems, the maximum rotation of the 
specimen is then about 10-3 radians, that is about 3 mins. 
of arc. 

• • . 
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For unwanted torques and translational forces 

to h,ve no effect on the balance of the bridge, it is 

important that the wires should be parallel and of the 

same length, resistance and elasticity. These conditions 

can never be perfectly fulfilled in practice but careful 

construction does reduce unwanted effects to a tolerable 

level. In particular it was found to be important that 

the two parallel planes containing the resistance wires 

AB CD and EFGH (figure 3.1) should be as close together 

as possible. If this is not done, more torque is transmitted 

to the arm EFGH, nearer to the specimen, due to the 

flexibility of the specimen support wires. For the same 

reason, under these circumstances the proper compensation 
of unwanted effects is not achieved either. 

6L.J2 The Mechanical Lay-out of the Torque Meters.  

The mechanical layout of the first torque mnter that 

was made is shown in figure 3.2. The second torque meter, 

which was basically the same but which was modified to 

facilitate calibration under working conditions, is shown 

in figure 3.3. Since a wire cannot be compressed by 

pressure on its ends, all four wires have to he prestressed, 

ideally to half the elastic limit. This was done by forcing 

the two Lalves of clamp A apart with the differential screw 

so that the support wires B were made to flex from their 

bases. The torque from the specimen H in the specimen 

holder C, was then transmitted via the specimen support 

wires D to produce a strain in the resistance wires E. When 

not in use the clamp A was closed, removing the stress 

from the resistance wires and clamping the wires D 

supporting the specimen holder so that, for instance, the 

specimen could be changed without risk of damage occurring. 

In the first model the phosphor bronze suspension wire J 
attached between the calibration head F and the specimen 

holder C.was of circular section and was used for calibration 

purposes. A photograph, one centimeter in diameter, of a 

circular protractor was cemented centrally on to the top of 
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Figure 3.2 

MECHANICAL LAYOUT OF FIRST TORQUE METER  

(A) Clamp jaws, (B)(D) Support wires, (C) Specimen holder!  (E) Resistance 
wires, (F)Torque head, (G) Main body of torque meter, (H) Specimen. 
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MECHANICAL LAYOUT OF SECOND TORQUE METER  

(A)Clamp jaws, (B,I4Support wires, (C)Specimen holder, (E)Resistance 
wires, (J)Phosphor bronze filament, (K)Filament clamp, (L)Silver 
ligament, (M)Calibration coil, (N)Brass rod, (P)Soldering post, 
cQ)Threaded stud. 
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the torque head. Thus the angular rotation of the head could 

be measured accurately with the aid of a microscope. A thin 

coating of Araldite on the support wires B and D insulated them 

from the resistance wires E. The ends of these resistance wires 

were terminated mechanically at the tops of the support wires B 

by wrapping them once round the support wires and then coating 

them with Durafix. Soldering tags, which were spot—welded to 

the ends of the resistance wires E prior to assembly, were then 

soldered to copper soldering posts (not shown in the diagram for 

the sake of clarity). The soldering posts were let into the 

clamp jaws A and were insulated from them by Paxolin bushes. 

Electrical connections from the Wheatstone bridge were made to 

these soldering posts. A port was provided in the main body 

G of the instrument, so that the phosphor bronze suspension 

could be unsoldered and replaced. To gain access to the' 

specimen H, the specimen holder G was made in two halves. In 

operc.tion these were secured with smears of Durofix which 

could be readily dissolved in acetone when the specimen was to 

be changed. Within the specimen holder, the specimen was 

mounted on a thin rubber pad to provide a small degree of 

flexibility in the plane of the specimen. 

The method of calibration used in this model 

proved quite satisfactory for measurements near room 

temperature. However, at other temperatures the variation 

of the modulus of rigidity of the torsion filament with 

temperature must be found by a separate experiment and a 

rather inconvenient temperature control sot up would be 

required for calibration purposes since the torque head 

would have to be rotated at the calibration temperature. 

In the second torque meter, the configuration of the strain 

gauge wires, specimen holder and clamp jaws was not modified 

in principle. However, the method of applying a known torque 

to calibrate the meter was changed. Because measurements 

were always made in a large uniform magnetic field, it was 

feasible to connect a rectangular coil rigidly to the 
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specimen holder C (figure 3.3) and to use the torque 

developed in the coil when it carried a current in the 

magnetic field to calibrate the torque meter directly. 

Because this calibration technique was used, it was 

important that the flux through the coil from the 

demagnetizing field of the specimen should be negligible 

oompared with the applied magnetic field. The lower end 

of the coil and the specimen holder were therefore connected 

by a massive brass rod some 9mms long. The top end of the 

coil was connected to a flattened phosphor bronze filament 

J which acted both as a suspension and as an electrical 

connection to the coil. The other electrical connection 

to the coil was made by a silver ligaments this was 

situated at the top of the coil and was connected between 

the coil and an insulated solder post. The dimensions of 

these ligaments were chosen so that they would cause a 

negligible error in the measurement of the torque, bearing 

in mind the small, but finite, rotation of the specimen. 

A modification was also made to the method of 

terminating the strain sensing resistance wires at the outer 

support posts B. Originally the posts were insulated with 

a thin layer of Araldite and the resistance wire was wound 

around them and anchored with Durafim. Electrical 

connections were then made separately to the free unstressed 

end of the resistance wire. This method had the advantage 

that the state of stress of the wire could not effect the 

contact resistance of the electrical connection, but it 

required a fairly substantial length of non-active resistance 

wire. This led to a reduction in sensitivity and also to 

rather clumsy arrangements for connection of the leads to the 

Wheatstone bridge. The modification was to use enamelled 

constantan wire (22 s.w.g.) for the support posts, so that 

there was no electrical connection between them and the body of 

the torque meter. The strain sensing resistance wire could then 

be soldered directly to the support posts, connections from the solder 
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posts at the top of the torque meter being made to the 

ocher free projecting ends of the support posts. In 

practice it was found that with carefully soldered joints 

the effect of strain on the contact resistance at the 

joint was not troublesome. The same method of changing 

the specimen was used as before. The clamp jaws were 

contracted by the differential screw, relieving the stress 

in the resistance wires E and clamping the support wires D. 

ease of the specimen holder with the specimen attached, 

together with coil and suspension filaments, could then be 

withdrawn through the port in the body of the torque meter, 

after the clamp K has been loosened to free the support 

filament E. 

§3.2 The Apparatus for Temperature Control and  
Auxiliary Apparatus.  

The earlier measurements were carried out with 

a 4" Newport water-cooled electromagnet (with cylindrical 
pole pieces) mounted on a turntable. To facilitate access 

to the experimental equipment, the magnet and turntable 

were placed on a trolley and rails as shown in figure 3.4. 

The design of the pair of wheels on one side of the trolley 

and the corresponding rail permitted the magnet to be 

withdrawn from the experimental equipment and replaced 

accurately after withdrawal. This arrangement permitted 

small translational adjustments of the position of the 

magnet relative to the remaining experimental equipment 

and parallel to the direction of the rails. Horizontal 

translational motion perpendicular to this direction was 

accomplished with the aid of a slide supporting the 

temperature control equipment, while the three sulv., orting 
adjustiT:nt screws -.flowed vertical movemnt and alignment 

of the temperature control equipment. Later experiments 

were conducted with the aid of a 7" Newport water-cooled 

electromagnet with conical pole tips, again mounted on a 

turntable. Tho same traley was used as bokr 3, hut. a slide 
'::114  oh prrmitt: d contrbl of lat .r .1 disDlao mcnt 
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AUXILIARY APPARATUS  
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ovr about 2" was inserted between the trolley and the 

mrignet turntable. The provision of two degrees of 

translational freedom thus ensured that the magnet and 

turnt:ble could be accurately positioned with respect 

to the romainini; apparatus, while the provision for 

vertical movement and alignment wa.s -rovided on the 

temperature control equipment by a similar arrangment 

to chat used with the 4.1  magnet. 

Preliminary measurel4ents made with the smaller 

magnet used a temperature control system based on 

thermoelectric cooling modules. These were manuf.?ctured 

by De La Rue under the trade name of 7rigistors and were 

constructed from n- 7.nd n-type semi-conducting bismuth 

telluride. The smallest module- available consisted of 4 

couples, and it was claimed that it would achieve a 

temperature difference of 62°C between t 	hot and cold 

junctions Atb no lict .",1111110S, or ould pum,- 3.5 watts 

of re at for zero cemperature difference between the 

junctions. These figures are based on the assumption t:I.,-ttho 

hot junctions are held at 27°C with a current of 	amps 

and a voltage of about 0.4 volts across the device. 

The preliminary experimental set up, shown in 

fiFure 3.5, enployed two thermoelectric cooling stages 

operated in cascade. The hot junctions of the first-stage 

modules were thus cooled by the cold junctions of the second 

stare modules. The hot junctions of the second stae were 



WATER 
PIPE 

LEADS TO 
TORQUE METER 
NYLON 
BOLTS I. • 	. •r-LT 

POLETHENE 
ENVELOPE 

PLATINUM RESISTANCE 
THERMOEETER 

COPPER SPECIMEN 
HOUSING 	 

DEWAR 

LEVELLING 
SCREWS 

AA 

JATER CCOLED 
HEAT SINK 

SECOND STAGE 
FRI GISTORS 

INTER STAGE 
HEAT CONDUCTOR 

EXPANDED 
POLYSTYRENE 

FIRST .STAGE 
FRI GISTOR 

105 

Figure 3.5 

PRELIMINARY TEMPERATURE CONTROL APPARATUS 
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then water cooled. Because Joule heat is generated 

within the thermocouple, it can be seen that even with 

no heat pumped and therefore with the maximum temperature 

difference realised across the first-stage modules, the 

second stage must still pump a substantial quantity of 

heat. In order to achieve a reasonable temperature 

difference across the second stage, the heat pumped per 

module must be kept low, and the ratio of second to first 

stage modules should ideally be large. A ratio of 5:1 was 

chosen in the preliminary equipment as being a reasonable 

compromise between expense and efficiency and as giving an 

overall theoretical maximum tempernture difference of about 

900C for no heat pumped. From figure 3.5 it can be seen 
that the two stages are clamped together via the interstage 

heat conductor, between the water-cooled secondl*etage host 

sink and the copper specimen housing. Nylon bolts were 

used to reduce heat losses by conduction. Heat losses were 

further reduced by the use of the dewar surrounding the 

specimen housing and by lagging the remaining exposed 

surfaces with expanded polystyrene. A polythene envelope 

was found to be necessary to reduce condensation. A 

platinum resistance thermometer located in the specimen 

housing was connected, in series with an adjustable 

resistance)  in one arm of an a.c. Wheatstone bridge circuit, 

as indicated in figure 3.6. The out.of-balance a.c. signal 

from the bridge was amplified and used continuously to control 

a direct current power supply to the thermoelectric cooling 

devices. The full circuit for this bridge amplifier and 
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Figure 3.6 
PLATINUM RESISTANCE THERM CtIETER CIRCUIT  
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d.c. supply is shown in appendix B. The value of the 

resistance in series with the nlatinum resistance 

thermometer determined the temperature at which the system 

stabilized, :ad this particular configuratioa hed the 

advantee that the outnut imnedance of the bridge at or 

ne7r balance did not vary with temperature. However, the 

sensitivity of the bridge to changes in temnerpture 

decreased with temperature and hence the resistance of 

the platinum thermometer was reduced. Nevertheless this 

type of system was found to be capable of holding the 

temperature of the specimen housing constant to within about 

1/50th to 1/20th of a degree centigrade over a range from 

room temperature to liquid-air temperature. The lowest 

temnerature at vi:ich measureAents were made with this 

eqaipment was, however, only about -60°C. Lower 

te-Aperacures could oe obtained, but this took a long 

time and excessive condensation was troublesome. 

Temperatures aove the ambienc could be obtained by 

reverAn- the current through the Frircistors and thou an 

upper limit of about 100°C was set by the melting point 

of the solder used in their construction. 

The modified temperature control system shown 

in fiure 	h.ed aeout three times t-te heat pumping 

ca,?acity of the first model and this reduced the time 

required to reach thermal eieili-Drium. The wrnole system 

.,as e closed in an evecuated e:velone (c) which eli,  ieated 
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condensation and reduced heat losses. By the use of 

liquid air or water cooling for the second-stage hot 

junctions (e), the temperature range was extended from 

100°C down to liquid-air temperatures. From figure 

3.7 it can be seen that the same cascade principle of 

operation was used as before, except that the three 

identical units were symmetrically arranged round the 

central copper specimen housing (c). Nylon bolts were 

used only to clamp the second stage module (b) in 

position. Paths by which heat could be conducted 

across the modules were eliminated in the first stage 

by bolting the three units to the two brass rings (f) 

to force the three first stage modules (a) inwards against 

the hexagonal faces of the torque meter housing (c). 

The ratio of the numbers of modules in the first and 

second stages was changed to 1:6 to increase the 

maximum temperature difference across the second stage 

modules. The only paths by which stray heat could be 

conducted to the first stage were then via leads to 

the measuring equipment in the specimen housing, the 

leads to the platinum resistance thermometer (located in 

drill hole (h) and thermocouple, and the polythene tube 

(j). Heat transfer by the leads was kept small by reducing 

their diameters as far as was practicable. The polythene 

tube (j) was used to control the atmosphere within the 

specimen housing to improve heat transfer. Heat transfer 

by radiation from the first stage was reduced as much as 

110 
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possible by periodically cleaning the copper specimen 

housing; in chromic acid, to ensure low surface emissivity. 

Heat transfer by convection was reduced, as already mentioned, 

by evacuating the polished brass vacuum vessel surrounding the 

temperature control unit to between 10
4 
and 10-5 mm. of mercury. 

A conventional system comprisinf,. diffusion and backina pumps 

and Penning gauge was employed to produce and measure this 

vacuum. -later or liquid air was circulated to the second- 

stare heat conductors within the vacuum vessel vie three 

nolythene tubes (k). Conventional rubber 0-ring vacuum 

seals were used at the entry of the polythene tubes to the 

vacuum vessel. To prevent the breakdown of these seals when 

liquid air was in use, electrical heaters (w) dissipating 

about 15 wat ts each were used. 

The temperature control circuit was the same 

as that described for te prelirlinary apparatus except 

that the controlled d.c. power was sup:Ilied to only the 

first stae thermoelectric coolin modules. A separate 

supply of d.c. power to the second stare could be controlled 

manually. 

The liquid air supply to the epnaratus operated 

in a semi-continuous manner because the sizes of the three 

reservoirs attached to the second-stare hot junction 

conductors (e in the fi::ure) were small. Liquid air, 

conducted by a transfer tube fro 	large25 litre sto 



devar, was introduced into the three reservoirs, by 

1/8th in. bore copper tubes penetrating via the 

polythene tubes (k) almost to the lower ends of the 

reservoirs. The three open ends of the polythene tubes 

were thus left free for the efflux of boil-off gas. A 

thermocouple, located near the top of one of the three 

reservoirs, controlled the liquid-air level in the 

following way. The output from a conventional 

potentiometer that measured the thermocouple e.m.f. 

operated a Cambridge spot galvanometer. A phototransistor, 

attached to the Galvanometer scale at a position 

appropriate to the temperature of liquid air, controlled 

the air pressure inside the large storage dewar by means 

of a relay and compressed-air valve. 

§3.3 Preparation of the Nickel Specimen.  

The sample of pure nickel, from which the (II) 

specimen was to be cut, was in the form of a thin 

slightly irregular slab, about 1.5 x 1.5 x 0.3 ems. 

It was beleived to bo substantially a single crystal with 

a (111) plane approximately parallel to the surface of 

the slab. A rough orientation had been carried out at 

the Eullardts Research Laboratories (Salford), where a 

small flat had been ground on the surface of the slab to 

within 10  of the (111) plane. The specimen was required 

in the form of a disc with the symmetry axis coincident 

with a (111) direction. To this end, the nickel slab was 

112 
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first etched to reveal the presconce of any grain 

Leundaries and then oriented by means of X-rays so 

that a flat surface could be ground and polished to 

within 15 minutes of a true (111) plane. A second 

surface was then ground on the back of the slab parallel 

to within 6 minutes of the first surface. Finally a disc 

was spark-cut from the slab to give the required specimen. 

§3.3.1. X-Ray Orientation.  

X-rays emitted from a copper target were 

available for purposes of orientation and, because the 

crystal was about 0.3 ems thick, only back reflection 

could be used. A Laue back-reflection camera was 

employed on a Phillips-typo camera mount. The film 

size was 16 x 12 ems. and the working distance between 

the crystal and the film plane was 3 ems. The camera 

holder contained a horizontal turntable with goniometer 

head free to rotate about two perpendicular horizontal 

axes and translate along two perpendicular horizontal 

directions. There were also two arms rotating coaxially 

with the turntable and supporting respectively an illuminated 

slit with collimator, and a telescope with cross hairs. Finally 

there were mountings for the film-holder and X-ray collimator. 

The normal proceermnre for setting up the apparatus was to 

rotate the telescope until it was coaxial with the X-ray 

collimator when the telescope was locked in this position. 

The crystal was mounted with plasticine on the goniometer 
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head which was adjusted until an imap.e of the slit in 

tie collinator, refleated from the surface of the crystal 

that W2S being inspected, coincidod with the crosshairs in the 

toloscopo, when tho collimator and tho toloocopo wore 90P 

apart. At the same time, the Foniometer was adjusted 

both to make a reference edge of the crystal parallel to 

the vertical cross-hair in the telescope and to make the 

surface of the crystal coincide with the intersection of 

the cros3hairs in the telescope while also coinciding 

with the axis of rotation of the turntable. After 

rotation of tne turntable by 13) 	the equipment was 

set up as required with the crystal surface perpendicular 

to the ',Z.-ray beam and 3 ems fra,:, the film plane. After 

exposure, the resultins- nesvitives (an example of which 

is shown in plate 3.1) were analysed in. the following tiay. 

The circular rin was interpreted as being du:: to 

diffraction of tho coppor Ka ( A . 1.54250 line by tho 

ra-edomly oriented surface crystallites created during 

9,rindin7 operations. The plane of the recirprocal latAce 

snown in figure 3.8 was drawn out to scale, together s.ith 

a circle representing the cross section of the sphepre of 

reflecAon with a diameter for copper Ka radiation of 

wavelength 1.5421 It was found to pass exactly through 

a 3)1 point which requires an an ;'le of 22001  between 

incident and reflected beams and agrees well with the 

sabtended by the diffraction ring. The discrete 

selots on the neative were then identified by comparin 
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the measured angles with those possible as reflections 

due to refraction of white radiation at(113) and 031) type 

planes, as indicated on t'le plate. The exact anf!le between 

the 	bean (and hence the crystal surface) could then 

be obtained gra?hically in t',:te following way. The origin 

of the reciprocal lattice was imagined at the centre of 

sphere, radius 	with a [111] direction as a diameter. 

Suppose the three symetrically Placed 331 points on the 

reciprocal lattice subtend anz:les Q with the [111] directian 

at the origin and let the three measured ar4gles between the 

3-.-.)1 spots on the plate and the ,L-ray beam be 1)1  1,2  4,3  

Then circles drawn on the surface of the sphere with 

centres at the 33l points, and diameters subtendin-,' half 

the :easured anles 2 
2 2 2  

posiAou of the ..„-ray beam. To ma_ -.ea '.J.a7-.)hict&l solution 

possible, thx. stereoraphic projection of the sphere onto 

the eauetorial plane was used as shown in fiure 3.9. 

Circles a:,-c:. arcs are projected as such, although their 

centres :ove, and anrjes of illterseotion between :1-eat 

circles are reproduced as angles between straight lines 

on tact projection Plane. The position of the centre of a 

projected circle was found using the formulae: 

	

s. 	R [tana9 + 	+ tan(i9 - i)] , 

	

1 	2- 

intersect to 

si 	s the astr:ce of t;',e centre of a 7rojected 
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circle from the centre of the sphere, and R was the radius of 

the sphere. The radius/ rip  of a projected circle was then 

Given by 
r. = R [tan(j + 	) — tan(1-43 — 71-(11)] . 4 

2 

The point of intersection of the three arcs then 

gave the position of the X—ray beam relative to the [111] 

direction, and it only remained to measure the separation 

between these two points on the Graphical solution and convert 

this to the error angle. The direction of the error relative 

to the reference direction on the crystal was easily found by 

direct comparison of the Graphical solution with the original 

negative. 

§3.3.2 Grinding and Orientation Procedure.  

The jig shown in figure 3.10 was devised so that 

grinding and polishing; could be done by hand. In use the s-oeciman 
at 

was mounted in shellac" in the brass specimen cup (A) which was 

att:.ched to the central sliding-  rod (b) via a universal ball 
a. 

joint (4). The sliding rod was locked in position with the 

crystal surface slightly proud of the jig face (e). The jig 

face and the crystal were then ;;mound simultaneously on abrasive 

paper supported on a flat plate of glass (f). The jig face thus 

defined the grinding plap and the following technique was used 

to orient the crystal relative to this plane before grinding 

commenced. The jig, with specimen, was supported with its 
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Figure 3.10 

GRINDING 	JIG 

(a) Ball joint, (b) Sliding rod, (c) Specimen,(d) Specimen cup, 
(e) Jig face. 
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axis horizontal on a spectrometer turntable. The collimator and 

telescope of the spectrometer were designed to have an apjerture 

large enough for light from an illuminated pin hole in the 

collimator to fall on both the crystal plane under observation 

and the polished surface of the jig face. With the collimator 

adjusted to give a parallel beam of light, and the telescope 

focused at infinity, two images of the pin hole could be seen 

in the telescope field of view reflected from the specimen and 

the jig face. The specimen cup could then be adjusted on its 

universal ball joint and locked in the required position to 

give the correction to the plane, as indicated by the X-ray 

diffraction analysis. In order that small corrections could 

be achieved accurately, the turntable was rotated by a micrometer 

screw bearing on an arm connected to the turntable. In practice 

dampened grade 0000 abrasive paper was found to permit quite 

high grinding speeds while giving• a good reflecting surface 

on both the nickel specimen surface and the steel jig face. 

In order to grind the back face of the crystal 

parallel with the front face, already aligned, the central 

sliding rod of the jig was replaced by one with a flat end. 

This end was then ground until its plane was parallel with the 

jig face. The crystal was then attached with shellac, with the 

aligned face in contact with the and of the rod, and grinding was 

continued until the crystal was of the required thickness. The 

error in alignment between the back and front faces of the 
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of the crystal was measured optically on the x-ray camera 

holder and was found to be less.than 6 minutes of arc* 

The diffraction photographs gave the orientation, 

relative to a reference edge on the crystal, of the [112] 

directions lying in the (111) plane. Hence it was possible, 

before the specimen disc was cut from the crystal, to 

inscribe on the (111) plane, a line giving the [112] 

direction. This was done by mounting the crystal in Shellac at 

the centre of the turntable. A travelling microscope was 

mounted in such a way that it bridged the turntable and 

could be used to traverse the crystal face. By first rotating 

the table so that the microscope objective traversed along 

the reference edge of the crystal, and then rotating the 

turntable by the angle given by the X-ray data the objecttve 

could be made to traverse the crystal face parallel to a 112 

direction. The objective lens was then replaced by a brass 

blank carrying a scribe, and the traverse across the crystal 

face was made to give the reference line. A spark-cutting 

machine with a hollow cylindrical copper tool of the correct 

internal diameter was used to cut the disc from the prepared 

nickel slab, because this method leaves the specimen 

substantially free from strain. The area from which the disc 

was cut was selected after a number of X-ray photographs over 

the whole surface had been inspected to find the least 

disturbed area. The weight and dimensions of the disc were 

leight 0.7662 grins, diameter 1.006 cm., and thickness 0.1110 



3.4 	Preparation of the Gadolinium Specimen. 
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A single crystal specimen of gadolinium was made 

available by K.J. Tauer and A. Marotta and was in the form of 

a roughly rectangular thin parallel sided slab with two some- 

what rounded corners (see plate 3.2). The plane in which the 

parallel faces lay was perpendicular to a [1170] direction, 

while the c-axis was perpendicular to one of the slab edges, 

The specimen was subjected to a preliminary etch to reveal 

the position of unwanted crystallites. The etchant used was 

Nital (1% HNO3 - (specific gravity 1.42) in absolute alcohol) 

and was one of a number recommended by Spedding and Daane 

(1961). The crystal surface was swabbed with this etchant 

until the grain boundaries shown in plate 3.2 were observed. 

Subsequently a reference line was scribed on the crystal 

surface, parallel to a reference edge, and a disc was spark- 

cut as indicated by the broken circle superimposed on the 

photograph. The techniques used for inscribing the refer,eft line 

and for spark cutting were the same as those described for 

the corresponding operations on the (111) nickel single 

crystal,(section 3.3.3). Tho• disc was subsequently used for 

toroue measurements while the detached corner, marled (a) on 

the plate, was further prepared for domain observations which 

required a well polished surface free from any surface layers 

that might prohibit the observation of domains. Electro- 

polishing was investigated since this operation has been used 

successfully in the preparation of surfaces on cobalt, iron 

and nickel for domain observation and has been used on 

gadolinium for shaping purposes (Corner, Roe and Taylor 1962), 
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However, none of the methods tried for electro-polishing 
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caalinium for the observation of domains was considered 

satisfactory and the apparatus shown in figure .').11 was 

therefore set up for ion-bombardment of the specimen held in 

the jaws of a copper specimen clamp. A vacuum of 20-30 

microns was maintained within the bell-jar, while argon gas 

was permitted to leak slowly into the system. The specimen 

and clamp were held at a negative potential of 2 Kv. relative 

to earth, with a current flowing of between 0.1 and 0.2 mA. 

Per square centimeter of cathode. Heat was removed from the 

specimen by a thick copper conductor and external fins. A 

test specimen of pure polycrystalline gadolinium was first 

Polished by hand with a diamond paste having a paraffin type 

base. Subsequently the specimen was ion-bombarded for about 

4 hours in the apparatus under the conditions just described. 

Inspection under a microscope then revealed the grain 

boundaries shown in plate 3.3, indicating that the process 

had had the required effect. The single crystal specimen 

was subsequently prepared in a similar manner. On removal 

from the vacuum system, it was imr•iediately placed under 

Xylene to avoid deterioration of the surface. 

3.5 	Preparation of the Magnetic Colloid.  

It was found that colloids prepared with the normal 

base e.g. water (Bitter 191, Elmore 1938, Bozorth.1951,Craik& 

Griffithal9560Garraod1962) and with acetone (Gustard 1964) 

attacked the prepared surface of the specimen and were thus 

unsuitable. However, the technique used by Gustard for 

preparation of colloids in acetone was modified by replacing 
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acetone with Xylene and was used with some success. The 

collod was made in the following way from solutions of 2.78 

grins.ofFeS0.
4' 
 5.11-Ogrmsof. ToC131. and 5.20 grms of KOH, 

each in 50cc of distilled water. To 16 cc. of boiling KOH 

solution, 12 cc. of a 1:1 mixture of the FeC3.3  and FeSO4  

solutions was added. Boiling was continued with frequent 

stirring for 45 minutes (G6Lrrood.1962) in a magnetic field of 

'.bout 1600 oe. The resulting precipitate was then filtered, 

washed in distilled water, in ethyl alcohol and in Xylene, 

and finally dispersed in a 50 milli-molar concentration of 

Aerosol 0.T. (C20 H37 07 SNa) in Xylene. After ultrasonic 

agitation, the colloid was separated from the remaining 

precipitate to be used for domain observations. 
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Chapter Four 

EXPMEMITAL TIMSUKITITTS 	RTSULTS.  

and Otly hooks on Performance of Apparatus. 

Before reliable measurements of anisotropy or 

magnetostriction could be made, it was necessary to carry out 

a number of preliminary and other checks on the performance of 

the apparatus involved. These are discussed here before: the 

details of the measuring procedure are described.. 

§4.1.1 The Torque Meter.  

Anisotropy measurements could only be made if the 

torque meter was deemed to be satisfactory in respect of the 

configuration of the strain gauge wires, the method of mounting 

the specimen, the method of predicting the sense of the torque, 

the calibration techniques and their roliability, and the 

overall performance of the toroue motor. It is convenient to 

consider these desiderata separately. 

§4•1.1.1 Preliminary tests on the original torque meter were 

first performed to verify the theoretical analysis of the 

performance of the configuration of the strain gauGe wire. 

This analysis predicted (equation 3.5) that the fractional 

charge in resiritance,AR , of the resistance wires should 
R 

vary lineally with the applied torque r • To test this, the 
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torque. head (F in figure 3.2) was rotated to apply a torque to 

the strain—sensing resistance wires via the torsion suspension 

and specimen holder. A photograph, 1 cm. in diameter, of a 

circular protractor was cemented centrally onto the torque head, 

so that the angles through which the torque head had been rotated 

could be accurately measured with the aid of a low—power 

microscope. The applied torque caused a deflection on the 

Wheatstone bridge output galvanometer. This deflection was 

cancelled by adjustment of one of the two sternal bridge arm 

resistances (R in figure 4.4) from which the fractional change 

in resistance was obtained. The dependence of A R on the 
R 

to be linear as shown in 

figure 4.1. The elastic constants of the torsion suspension 

were found by measuring the DDria. of small oscillations of a 

body of known moment of inertia supported by a known length of 

the suspension. Hence the torque meter could be calibrated 

without relying on the strict validity of equation 3.5. The 

operation of the torque meter depended on the prestressing of 

the strain—sensing resistance wires, which was accomplished by 

the use of the differential screw between the two clamp jaws 

(A) in figures 3.2 and 3.3). The two halves of the differential 

screw in the original torque meter were threaded with 10 and 11 

B.A. dies, so that the relative movement of the clamp jaws 

depended on the difference in pitch of these two thread sizes. 

In the modified torque meter the two thread sizes wore changed 

to 7 and 8 B.A. To prestress the wires the clamp jaws were then 

rotation of the torque head was found 
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opened until the resistance wires were seen to be strained. The 

operation of the torque meter was not particularly sensitive to 

the amount of stress applied by the clamp jaws as long as this 

was in emcess of the stress in the resistance wires caused by the 

torque being measured by the system. 

It was important to know the amount of rotation of the 

specimen holder that occurred in practice when a torque was applied. 

A small mirror, with a radius of curvature of one meter, was 

therefore temporarily attached to the specimen holder so that small 

angular movements could be measured. It was found that a torque of 

350 dyne—ems. which corresponds with a typical torque measurement, 

gave a rotation of the order of 0.1 minutes of arc. 

4.1.1.2. Calibration tests on the modified torque meter were 

conned with detecting any variation of the sensitivity of the 

torque meter with the magnitude and direction of the applied 

magnetic field. The calibration procedure, described in section 

4.2.1. was followed to obtain calibration curves of the current 

through the calibration coil (1 in figure 3.3) versus output 

galvanometer deflection. This was done for different fields over 

the same range as that for which torque curves wore usually 

measured. However, before plotting the points the values for the 

calibration coil currents corresponding to different magnetic 

fiolds were normalised to give values corresponding to the field 

of 4,865 oersteds usually used for calibration purposes. This 

was done by multiplying the calibration coil ourrent by the ratio 
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of tho flux meter readings for the field in question and the 

normal calibration field of 4,865 oersteds. All the curves 

thus obtained were found to coincide, showing that there was 

no measurable variation of the torque meter sensitivity with 

field. To check that the measurements were valid for other 

field directions, the above procedure was repeated with different 

magnet positions. This meant that the flux through the 

calibration coil was now no longer nPrimised. However, the 

procedure was otherwise the•same as before, the magnet being 

turned exactly 90°  from the position at which the flux was 

measured to the position at which the calibration measurements 

were made. No variation of the sensitivity of the torque meter 

with field could be found for different field directions. 

§4.1.1.3. It was important to know in which direction the output 

galvanometer would be deflected for a given direction of torque 

on the specimen holder. The simplest method of obtaining this 

information was to immerse the torque meter in a cylinder of 

silicone oil (LS 550) and to note the output galvanometer 

deflection when the cylinder was rotated. The viscosity of the 

oil used was such as to give satisfactory results when the 

cylinder was rotated by hand. The result of this test could 

be verified by checking the geometry and connections of the 

torque meter, and noting the output galvanometer deflection when 

the resistance of the external arms of the Wheatstone-bridge 

was altered. 
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§ 4.1.1.4. The specimen was mounted with Durafix in the torque 

meter specimen holder on a pad of asbestos paper, thus avoiding 

any undesirable restrictions on the specimen. To check that the 

asbestos paper and Durafix cement did in fact reduce the constraints 

on the specimen to an acceptable level, an alternative method of 

mounting was tested. The specimen was cemented centrally on a 

slender brass peg (a diameter of about 2 mms.) to reduce the clamped 

volume of the specimen to a minimum. However, no difference in the 

torque curves obtained was detected so that the original method of 

mounting was adopted. 

4.1.1.5. To test the performance of the torque meter, preliminary 

measurements were made of the second magneto-crystalline anisotropy 

constant 	K2  of nickel, using the single crystal disc oriented 

parallel to a (111) plane (section 3.3). For this orientation, even 

with the relatively large specimen, the torque is small and it may 

easily be masked by unwanted torques due to inadequacies in the 

measuring apparatus and from other sources. 

The measurements were made using a similar measuring 

procedure and bridge circuit to those described in 4.2.1. The 

torque expected should have consisted of an almost pure sin69 

variation. However, it was found that the sin69 component was 

small compared with unwanted 20 and 40 components (Sato and 

Chandrasckhar 1956). These may have arisen from a number of 

sources. Those attributed Principally to the specimen area 

(i) misalignment of the disc surfaces relative to the 

(111) plane. This can occur during the preAration 

of the disc and should give rise to terms, which 

depend on K1  in sin2G, cos29, sin49, and cos4G. 

(ii) misalignment of tc disc (and hence the (111) Plane), 

relative to the magnetic field. This can occur during 

the assembly of the apParatus and again should give 

rise to terms up to sin49 and cos40 (Tarasov and 

Bitter 1937). 
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(ili) any deviation in the shape of the specimen from that 

assumed, e.g. variation in thickness or deviation from 

circular profile. 

(iv) any included grains of different orientation within 

the crystal disc, together with internal stresses and 

consequent additional anisotropy. 

Only the first item contains a contribution from 

the torque-measuring apparatus. However, there may be other 

contributions due to the malfunctioning of the torque measuring 

device. In practice it was found that careful alignment of the 

torque meter in the magnetic field was important in reducing 

the unwanted 20 and 40 variations. Contribution (ii), given 

above, was, of course, reduced by this careful alignment. It 

was also found that cancellation of contributions due to unwanted 

translational forces and torques was not quite complete. Thus 

careful alignment played an important role in reducing the forces 

and torques which arose due to the slight non-uniformity of the 

magnetic field. After the strain-sensing resistance wires had 

been rewound to obtain the proper compensation (section 3.11)9  

careful alignment was no longer found to be so critical. Figure 

4.2  shows a torque curve obtained at room temperature without 

careful alignment and before effects of unwanted forces and 

torques were being properly cancelled. For comparison a torque 

curve obtained by Sato and Chandrasekharls superimposed. The 

broken curve gives the 60 comDonsnt of both these curves. A 

fairly typical torque curve, obtained at a temperature of 9°5°C 
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afte:. careful alignment and with full compensation for 

unwanted effects, is Shown in Figure 4.3. 

54.1.2  The Strain 'Measuring Apparatus.  

The temperature control and auxiliary equipment used for 

magnotostriotion measurements have boon described in detail in 

section 3.2. No modifications were made to tiis equipment, 

but the torque meter used for anisotropy measurements was 

replaced by a copper specimen holder, which is shown inset 

in figure 3.7. 

Before the magnetostriction measurments could be made 

it was necessary to ensure that the strain measuring equipment 

was functioning properly. Since the strain gauges were 

commercial types that had been extensively used for similar 

measurments it was not necessary to test the operation of the 

gauges themselves. However, a number of special precautions 

were taken in their use and these will be considered separately 

below. 

54.1.2.1. Type 6J strain gauges (manufactured by Tinsley and 

Co. Ltd.) were used to measure the magnetostrictive strains. 

A gauge was mounted on the free surface of the specimen with 

Durafix in the manner recommended by the manufacturers. It was 

important to know the orientation of the gauge with respect to 

the reference line scribed on the specimen. Accordingly the 
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slacken was mounted, face upwards in plasticine, at the centre 

of a spectrometer turntable. A microscope was mounted vertically 

above the turntable and a cross hair in the microscope eyepiece 

was then aligned parallel to the reference line on the specimen 

and the turntable scale was read. The strain gauge was then 

affixed and the turntable rotated so that the microscope cross 

hair was parallel with the strain gauge wires which were visible 

through the paper strain Gauge mounting and which represented 

the direction of measurement of strain. After again reading the 

turntable scale, the orientation of the strain gauge relative to 

the reference direction, and hence to the crystal axles, lute Lmawn. 

§ 4.1.2.2. An identical strain gauge, known as the edummyt was 

placed as close as possible to the first, or active, strain Gauge 

with their measuring directions aligned as nearly parallel as 

possible. The two gauges were then connected in the two arms of 

the same Wheatstone bridge circuit that vas used for anisotropy 

measurements (fig. 4.4), so that the change in resistance of the 

gauges could be measured. The purpose of the dummy gauge was to 

balance out the change in resistance of the gauges with 

temperature and with field. Although changes in resistivity with 

temperature are compensated thereby, the thermal expansion, per 

degree centigrade was of the order of 105, while the fractional 

change in length due to the magnetostriction was of the order 

10-6. Serious drifting of the output galvanometer of the 

Wheatstone bridge thus resulted from very small temperature 
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changes and to overcome this difficulty the dumpy gauge was 

cemented to a dumpy specimen. Since there are no suitable 

metals with a coefficient of expansion close to that of nickel, 

a bimetallic disc was constructed from copper and aluminium 

strips, stuck together with Araldite. The thickness of the two 

strips was adjusted until the effective thermal expansion on 

the outer surface of the copper strip was equal to that of 

nickel and this was found to greatly improve the temperature 

stability of the system. 

4.1.2.3. 	The (111) disc was mounted with Durafix at the 

end of the specimen holder: An asbestos pad was inserted 

between the disc and the specimen holder to ensure that the 

specimen was not unduly strained by its mounting (c.f.:§4.1.1.4) 

§ 4.2  Magnetocrystalline Anisotropy Constants Ki and KZ 
for Nickel.  

The first and second anisotropy constants were 

obtained by measuring torque curves on the (111) 

single-crystal disc 9  the preparation of which was described 

in section 3.3. The way in ,7hich the torque on the (111) 

specimen was expected to vary with field was discussed in 

section 2.2. The theoretical torque curves were therefore 

fitted to the torque curves obtained experimentally by adjusting 

the values of K1.and  ICE. Subsequently the values of K1  were 

checked by measuring torque curves on a (110) single-crystal 

disc. The torque meter described in section 3.1 was used for 
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all torque measurements, in conjunction with the temperature 

control and auxiliary apparatus described in section 3.2. A 

number of preliminary tests were peformed on the original and on 

the modified versions of the torque meter to ensure that they 

were functioning satisfactorily. 

§4.2.1 Measurements and. Measurint Techniques.  

Before torque measurements were taken, the torque 

meter and temperature control apparatus were aligned as accurately 

as possible in the centre of the magnet pole gap with the aid of 

the positioning equipment described in chapter 3. For the earlier 

experiments using the 4I electromagnet, the relatively large gap 

used, gave rise to a reduction in the uniformity of the field. 

[For the smaller magnet the field Gradient at a point 0.5 cm. from 

the centre of the pole bap was approximately twice that of the 

larger magnet with the same pole gap and field so that correct 

alignment was found to be fairly critical]. Use of the 711  

magnet, wit'. a correspondingly more uniform field, reduced these 

difficulties. The original unmodified torque meter was used for 

preliminary measurements at or near room temperature with the 

first temperature control apflaratus described in chapter 3. 

The purpose of these measurments was to test the principle 

of operation and to ensure that the system was working correctly. 

Measurements at other than room temperatures yielded somewhat 

uncertain results owing to t_-te difficulties of calibration. 

The methods of calibration and the experiments made with this 

torque meter have been described in section 4.1.1. 
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The strain-sensing resistance wires in the torque meter, 

described in charter 3, formed two arms of a Wheatstone bridge; 

the full circuit actually used for torque measurements is shown 

in figure 4.4. Before measurements were made, the bridge current 

was always standardised by co=aring the e.m.f. across the 

standard 50c2 resistance with that of the standard cell. 

Temporary drifting of the balance point often occured after the 

bridge was initially balanced. Small changes in the balance 

point could be made to compensate for this effect by adjusting 

the variable reistance R. The 0,uonuator circuit between the 

Tinsley galvanometer-amplifier and the output galvanometer G, 

was then used to adjust the overall sensitivity of the circuit 

so that the deflections to be measured on G were of convenient 

size relative to full-scale deflection. The modified torque 

meter was calibrated by generating a known torque in the calibration 

coil attached to the sDecimen holder. The flu:: through the coil was 

first maximised by rotating the electromagnet on its turntable until 

no deflection was observed at the output galvanometer G when current 

was passed through the calibration coil. The current sulnly to the 

coil was then temporarily replaced by a flux meter and the flux was 

measured by reversing the current su-,1ply to the electromagnet. The 

magnet was then rotated through exactly 90°  to give the position of 

zero flux through the calibration coil. After reconnection of the 

calibration current su-oljly, the deflection of the outout galvanometer 

(G) for different calibration currents was recorded. A large-scale 

graIeh of these measurements was used for calibration purposes. 
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The toraue r on the calibration coil was given by 

r = Fl dyne-cm. 
20 

where i was the calibration currant in amperes and F was the 

not flux change in meawell turns through the coil:: 

Torque measurements were then made by noting the output 

galvanompter deflection for a given magnet position and using 

the calibration curve and eouation 4.1 to obtain the corresponding 

torque. The procedure used in raking torque measurements was to 

rotate the magnet through 180°  in steps of 5°. In order to 

avoid te effect of drift in measurements above room temperature, 

whre the torque to be measured was small, the output galvanometer 

reading was taken at the 0°  position between each 5°step. The 

average of successive 0°  galvanometer readings was then subtracted 

from the intervening reading to give the corrected reading, free 

from drift. At lower temperatures drift was not troublesome and 

it was found to be sufficient137 accurate to repeat the 0°  reading 

only at the end of the 180°  run. 

A Fourier analysis -.:as performed on the torque curves 

for the 	(111) specimen to obtain the sin60 and cos 60 components 

(sin29 cos 20, and sin 40, cos 40 for the (110) specimen) from 

the arbitrary origin corresponding to 0°  on the magnet scale 

(whore 0 was the angle given by the magnet scale). The sine and 

cosine amplitudes were then combined to give the resultant 6/31  

amplitude and true origin (or q3' and 4r veriation),,Where 
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(4.1) 
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p t was the true angle of the field from a <110> direction . It 

then only remained to determine the sign of this amplitude. A 

test, described in section 4.1.1, was applied to find the sign 

of the deflection on the galvanometer output scale corresponding 

to a torque developed by the specimen in the direction of p,  

increasing on the magnet turntable scale. A torque developed by 

the specimen in the direction oft increasing on the magnet scale 

corresponded to a negative galvanometer deflection. The procedure 

for torque measurements just described was repeated at a given 

temperature for a number of different fields up to the maximum 

field obtainable with the magnet, pole gap, and power supply used. 

The ranges of field at which measurements were made were from 

1,400 oersted to 7,100 oersted and from 1,400 to 14,700 oersted 

for the 4" and the 7"magnets respectively. All these measurements 

were repeated at different temperatures over a range from + 70°C 

to —196°C. 

After these measurements had been made, the torque 

meter was partially dismantled so that the direction of the 

reference line on the crystal could be found relative to the 

magnet turntable scale. It was found that the magnet field was 

parallel with the reference line (a <112 > direction in the crystal) 

when 8 on the magnet turntable scale was 20°. This angle 

corresponded to a posticn of zero torque (p,  = 30°) 

with a negative slope on the torque curve. 
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§4.2.2 Results. 

The results of the measurements described in 4.2.1 

are shown in figures4.5 and 4.6. Figure 4.5 shows the variation 

of the amplitude of the 6p. component of the torque curves with 

field and with temperature. The results are presented in a more 

detailed numerical form in hapter 5. 

The theoretical field dependence of the torque 

curves at high fields was obtained in section 2.2. Equation 

2.32 gave the field dependence ofA , but it was also shown in 

that section that the torque on the specimen was given by hA 

so that 

] r = 	[1. 	- 1 	1K 	sin6pi 	(4.2) T.81( 
 2 	

K + 
3 	6 

2.2 
 

h. + k1 

The amplitude of the curves obtained from equation 4.2 when the 

correct values of Is' 
H and N were inserted was made to .fit the 

experimental points on figure 4.5 by adjusting the magnitude of 

Ki  and IC2. The curves representing equation 4.2, adjusted for 

best fit, are shown in figure 4.5 as unbroken curves. The final 

values of Xi and IC2  used in the equation are plotted on figure 

4.6 against temperature as unbroken lines. The broken curve on 

figure 4.6 is the variation of K2, with sign changed, taken from 

Bozorth's book. It may be seen from equation 4.2 that, since the 

sign of Ki  is negative, the theoretical equation appropriate to 

low temPeratures may only be fitted to the experimental points 

when K2  is negative. 
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The relation usually jven (Bozorth 1951, Brailsford 

1960, Stoner 1950) for the anisotropy torque in high fields is 

= 
Cr 

where . is the anisotropy enarj;y density. r is the torque 

exerted on the crystal 	unit volume of the crystal and 

is the angle (in the Diane of which the magnetization rotates) 

between the direction of manetization and a fixed direction 

in the crystal. Since the differentiation is performed 

relative to axes fixed with resPect to the crystal whilst the 

orientation of the magnetization direction varies relative to 

the crystal axes, it misht reasonably be supposed that equation 

4.1  gives the torque on the crystal, in the direction of 

increasing., when / is measured from a fixed direction in the 

crystal to the direction of magnetization. Such optimism would, 

howeverlbe misplaced for, -:;ith this interpretation of the symbols, 

the torque must be j_ven by 

r 

(4.4) 
because it must be in ouch a direction as to bring. an  easy 

direction into coincidence 77ith the field direction when the 

easy direction makes a small a,;13 with the maunetization. 

In fact, equation 4.3 j.ves the torque on the masnetization 

when the crystal is fixecl whilst 4.4 Gives the torque on the 

crystal when the manetization is fixed (by the direction .of the 

field). The reason that the di3tinotion between 4.3 and 4.4 
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is often not important is that the torque usually contains 

a (leading) term involving Ki, the sign of which may, of 

course, be predicted in advance from the known position of the 

easy directions. In the (111) Plane, however, 

r = 
	4.  2 

 sin 6p, 
	

(4-5) 
a/ 	13 

where is the angle made by the magnetization in the (111) 

plane with a <110> direction. The sign of K2  can not therefore 

be determined correctly by using equation 4.3 and it is thought 

that both the direct determinations of K2  (Sato and Chandrasekhar 

1956, end,  appendix A 3') made at room temperature are in error 

for this reason. The sign of the torque was known (as explained 

in§ 4.2.1). Further, the correct origin of the sin 6p1 component 

was found by inspection of the slope of the torque curve for the 

value of p' for which the field was parallel to the reference 

direction on the specimen. The sign of K2 was thus easily 

verified from the experimental measurements with the aid of 

equation 4.4 

The experimental points on figure 4.6 are the values 

of Ki  taken from torque measurements on the (110) crystal. These 

values of Ki wore obtained by Fourier analysis of the torque 

curves for 2p 1  and 413' components as explained in§ 4.2.1. From 

the theoretical expression for the torque in a (110) plane above 

saturation, namely, 

r  = -1K
I 
 (2sin2i3 1  + 3sin413') + 1 K2  p 

. 	• 
sin2i3 - 24.sin4p1 - 

(4.6) 
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it can be seen that if A2  and A4  are the amplitudes of the 

219tand446j variations, Ki  is given by 

Kl = 8A2 3A4  

5 

The effective values of K1, found in this way for thrGo 

different fields, were Plotted against 1 and the resulting 
H 

straight line el:trapolated to 1 = 0 to obtain the value of 

K1  appropriate to infinite field. The procedure described for 

determining the sign of K2  was, however, repeated for these 

measurements which confirmed that K1  was negative, in 

agreement with the known directions of the easy magnetization. 

4.3 Forced Magnetostriction in nickel in the (111) plane.  

At high fields the saturation magnetostriction in the 

(111) plane will be a function of the variation with field of 

both aandA (section 2.4). The forced magnetostriction will 

also produce a variatioa of the magnetostriction with field 

and this contribution has also bean considered in section 2.4. 

Since both a and0 have bean determined experimentally, the 

equations derived in section 2.4 may be used to provide 

information about C i  and C
2 , 

the forced magnetostriction 

constants. The results of such measurements will tam be 

considered. 

(4.7) 
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§4.3.1 Measurements and %ieasurinc Techniques.  

The measurements wore directed towards observing the 

small change in magnitude of tile saturation magnetostriction 

with the change in the applied field. Since this change was 

expected to be small comnared wit:: the saturation magnetestriction 

itself, measurements were made from a reference state at a fixed 

field large enough to saturate the specimen. 

To take a set of measurements, the procedure was first 

to achieve temperature stability, which was indicated by a 

reduction in the drift of the output galvanometer of the 

Wheatstone bridge. The magnetic field was then applied in the 

required direction and the output galvanometer deflections were 

noted as the field magnitude was changed in a measuring sequence, 

A, B, A, C, Al  D9  A ...., measurement A representing the 

measurement of the magnetostriction of the reference state. It 

was found that changing the magnetic field rapidly caused slight 

heating of the specimen ,lith a consequent short term drift 

superimposed on the steady background drift. Thu decay time of 

this thermal fluctuation that occurred with each field change 

was about 15 seconds. To overcome this effedt, the successive 

measurements were made at intervals of time with a period between 

measurements of about 1 minute and this was long enough to ensure 

that the transient drift was negligible. The steady background 

drift could then be allowed for from the succesAve measurements 

of the reference state A. 
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The fractional chano in resistance,6 11, of the active 

gauge due to the fractional change in length 9  At', of the 

specimen was obtained from the deflections of the output 

galvanometer by using an identical calibration technique to 

that described in section 4.2.1. The fractional change in 

length of the specimen duo to the magnetostriction was then 

given by 

De = G 6R 
	(4.8) 

where G was the gauge factor. 

In order to find the orientation of the avolied field relative 

to the strain gauge and specimen, it was merely necessary to observe 

the saturation magnetostriction as the magnet was rotated. Then as 

can be seen from equation 2.58 (remembering that a andA are small) 

there will be a maximum when p = p', that is when the measuring 

direction is parallel with the applied field, and a minimum for p p' 

n • 
2 

The measurements were made with the active gauge stuck to the 

crystal so that p . 30 o..- 10 . This-orientatiommas chosen for a number 

of reasons. First, although choosing p = 30 does not allow the 

contributions of both a andA to be measured separately, (see figure 

2.2 c) it is possible to measure a alone, at p' = 300, and the sum 

of a and i may then be measured at pt = 75°, so that AIN may be 

determined. Secondly, at pt = 1200  both a and 6 are zero so that 

any variation of the magnetostriction constants due to forced 
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magnetostriction may be determined. Thirdly, it will be noted 

that these four measurin3 positions coincide with the extromal 

and zero points of -Le overall magnetostriction given by 

equation 2.58. Hence the ease with which the applibd field 

may be accurately alinged with the specimen was very much 

improved, which is an important point in view of the rapid 

angular variation of the magnetostriction due to a andA 

4.3.2. Results.  

Measurments were made in the four field directions for 

extramal and zero overall magnetostriction. A typical set of 

curves of the variation of the strain of the sample with field 

measured at 2130K are shown in fig. 4.7. The four curves are 

superimposed so that the points corresponding to the reference 

measuring field coincide. Curves a and b represent X
30 

and 

A120  respectively while curves c and d represent x_ -30 + 45 

(0:4". section 2.4). Equations 2.63 and 2.64 can in principle be 

used to evaluate the forced magnetostriction constants. However, 

it was found that the last term of both equations was negligible 

when compared with the remaining parts so that it was only 

possible to measure the sun Cl  + C2j: 

The values of a and A used in equations 2.63 and 2.64 are 

shown in figure 4.8.Bc2,The values shownhere of A were obtained 

directly from the torque curves (figures 4.2 and 4.3) since the 

torque is given by HIsA (see section 2.3). The values of a 
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shown in figures 4.8 were calculated using equations 2.40 and 

2.41. The correction terms (proportional to 6A6 
K 	

jn 
3

A6

t 

these two equations were neglected. 

The effective gauge factor and the resistance of 

the strain gauges change with temperature, but these quantities 

must be known for calibration Pury:oses. To obtain this 

information the quantity X,JO  — ?̀ 120 was measured. From equation 

2.58 it can be seen that 
I 

1 
(ClX - 	= — 	2 , 

30 	-120 3 	
0 ) 	(4.9) 

when p 300  and when the small terms multiplied bya and A are 

neglected. Comparison of the measured values of X30  — X120  with 

known values of Cl and C2 (Birssand Lee 1960)thw: gave the effective 

multiplicative factor needed for calibration purposes. 

The results of the measurements of the forced 

magnetostriction are shown in table 4.1. The two columns give 

the values of 	+ C2
1 
 obtained using the two different equaticns, 

2.63 and 2.64. Only measurements made above 8:K0e. 7,/ere used in 

evaluating these constants to ensure that the values of a  used 

would be correct. (Since the predicted values of A begin to diverge 

from the experimental values around 6 K0a. the values of ot 

predicted by the same theory may be considered unreliable below 

this field magnitude). To indicate the extent of agreement of the 

theory with the measurements below 8 K0e.,values of 8a and SA 

were estimated from the magnetostriction measurements, using the 
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TABIE 4.1  

Temperature 
( C; ) 

From Eqn. 
2.63 
ac101° 

From Eqn. 
2.64 xiato 

213 -1.25 -0.52 

131 -1.18 -0.33 

92  -0.80 j -0.17 

(For further details see table 5.12) 
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values of C1 	C2. obtained above 8 KOo. These points were 

plotted against H and.thon superimposed,for the purpose of. _comparison, 

onto the curves of a and shown in figure 4.8. 

As the temperature was lowered, the magnetoresistance 

of the strain gauge became very large so that very careful 

alignment of the active and dumny gauges was required. Even so 

it was found that it was not pos:dble to obtain complete cancellation 

of this effect and it is believed that the values for C1 	
C2 in 

the two columns of table 4.1 :aro different for this reason. The 

explanation of this difficulty may lie in the fact that although 

it is possible to exactly match the resistance of the active and 

dmirly gauges, the magnetoresistance of the gauges will not, in 

general, be matched thereby because of the variable amounts of 

impurities in the resistance wire. 

§4.4 Torque Measurements on Gadolinium.  

The (1120) specimen of gadolinium, the preparation of which 

was described in section 3.4, pormittod- torquo measurements to. be 

I 
made to determine the first and second anisotropy constants K1  

and It2  for gadolinium. Unfortunately the torque meter had 

bean designed with fixed sensitivity, large enough to facilitate 

accurate measurements on the (111) nickel disc, and this proved 

too great to permit the measurement of complete torque curves on 

the gadolinium crystal without damage to the device. However 

mesurements of the slope of,,.the torque curve could etill to 
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made at or near zero torque usinj2; otherwise the same general 

measuring and calibration teohniaues as described in section 

4.11. It was possible to calculate the anisotropy constants 

from these rIleasure72ents as has been shown in section 2.1. 

Equations 2.16 and 2.17 give the dependence of the slope of 

the torque curves on Xi" and If2 " at / = o and n/2. A cone of 
v. 

easy magnetisation emists v: hen AKi 4 <2 'K2 : and equation 

2.15 gives the dependence of OE  (the semiark3le of the cone of 

easy directions) on the anisotropy constants. It was possible 

to measure °E directly by finding the positions in which the 

field exerted no torque on the crystal. From symmetry, two 

such positions aro parallel and Perpendicular to the hexagonal. 

axis, but over the temperature range for which the cone exists, 

there are another two positions of zero torque making angles 

OE  with the hexagonal axis. Since the torque meter was 

limited in the magnitude of the torques that it could accept, 

such positions were found in practice by gradually increasing 

the field and simultaneously adjusting its angular position in 

the plane of the disc so as to keep the torque small or zero. 

(A similar procedure is necessary when the field is reduced). 

The values of K1  and K2  obtained from the measured slopes 

were plotted against 1  and the curves obtained were 
H 

extrapolated to give the effective values of ICI  and I(2 _ at 

infinite field. These values have been plotted against 

temperature on figure 4.9. The variation of the effective values 
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of Ki' and K2' against 1 was not linear, so although a 
H 

maximum field of 14,700 oersteds was used, there may be 

some error on the values estimated for infinite field. 

The values obtained compare well, however, with those of 

Corner, Roo and Taylor (1962) and Graham (1962). Figures 

4.10 and 4.11 give the variation of the semi-angle OE  of 

1 the easy cone of magnetization with ly and with temperature 

respectively. Detailed numerical results for all these 

measureulents on the gadolinium specimen are riven in 

chapter 5. 

As already indicated, it was not possible to obtain 

complete torque curves so chat measurements were limited to 

the determination of torque slopes. This was a disadvanta7e 

wince to obtain the maximum information the Fourier 

components of the complete torque curve should be analysed. 

This is particularly important for gadolinium since there is 

evidence (Corner Roe and Taylor 1962) thrt the contribution 

to the torque from K3  and possibly higher anisotropy 

constants is not negligible. Further, the variation of the 

effective values of K1'  and K2  with 1 is not linear so 

that the ma.l.imum field available from the 7" Newport magnet 

did not permit the accurate extrapolation of these curves to 

1 = 0. In view of these difficulties it was decided not to 

pursue these torque measurements as part of the present 

investigation. 
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§ 4.5 Domain Observations on Gadolinium.  

Dolo.ain observations aere mace on a small piece of 

adolinium single crystal using the well known magnetic 

colloid or Bitter figure technique, first discovered by 

Bitter (1931) and independently by Hamos and Thiessen 

(1931). Gadolinium reacts fairly readily with water so 

that the usual colloid preparations based on this solvent 

could not be used. Xylene was therefore chosen because 

there can be only a very small percentage of water 

dissolved in it. No reaction was detected between the 

xylene-based colloid, prepared as described in section 

3.4.2, and the gadolinium suecimen. Defore do,lains could 

be observed the surface of the gadolinium had to be 

prepared by ion bombardment, as described in section 3.4.1. 

It is beleived that this process removed a surf2ce layer of 

polycrystalline gadolinium created during mechanical 

polishing, and probably also non-magnetic surface 

impurities which may have been created due to the reaction 

of the gadolinium with water in the atmosphere. To observe 

domains the Prepared specimen was placed in the special 

microscope stage shown in fiure 4.12. The specimen laT 

in the brass cup in a recess maedined accurately to the 

shape of the specimen. The magnetic field was applied in 

such a way that there was a small component of force on 

the specimen downwards, thus holding the specimen in the 

recess and hence preventing any lateral displacement. A 

cover slip placed on top of the cup then permitted a thin 
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layer of colloid to be introduced between the cover slip 

and the specimen without evanoration of the colloid 

occuring. The temperature of the brass cup was controlled 

by a single lf; amp, 4-couple frigistor unit (similar to 

those described in section 5.2) wit::: water-cooled hot 

junctions. The e.:11.f. across a copper-constantan thermo-

couple embedded in the brass snecimen cup was measured by a 

potentiometer whose output was displayed on a Cambridge 

spot-galvanometer. A photo-transistor attached to the 

galvanometer scale operated a relay to control the current 

sup7ly to the frigistor. .The temperature of the microscope 

stage could thus be maintained constant to I 10  C at any 

required temperature down to about -20°C. To prevent 

atmospheric condensation the cover slip was covered with 

glycerine. 

The domains shown in plate 4.13 were observed at -5°C. 

It can be seen from figure 4.9 that this temperature is in 

the region where Ki is large and positive, with IC2  very 

small, so that the domains might be expected to be similar 

of those seen on cobalt and this is in fact the case. However, 

the magnetization for gadolinium is smallft-5°C due to the close 

proximity of the Curie point (+16°C.) so that Bitter patterns 

do not form very readily. On application of e magnetic field 

the domain walls moved in the expected manner, that is the 

domains with their magnetization in the direction of the 

applied field grew in width at the expense of those domains 

whose magnetization lay in the reverse direction. It was 
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Plate 4.13 

DOMAINS ON GADOLINIUM (x320, c—axis vertical) 
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not found possible, with the techniques and colloid 

described, to obtain Bitter fiures in the interesting 

reion below about -15°C. where a cone of easy magnetization 

exists. 

In view of the low tnerntures 	which it 1,ould 

be desirable to malce domain observations on this material, 

it was not thought to ,.)e worth rursuing further the present 

observations by the sitter figure technique. 
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Chapter Five 

NUMERICAL RESULTS  

§7.1 Anisotropy Measurements, (111) Nickel.  

The torque developed in the (111) specimen gave a 

reading on the output galvanometer of the measuring system 

(see §3.2 P.nd § 4.2). These re,!-dings were not linearly 

dependent on torque since there was some distortion introduced 

by the galvanometer amplifier. They were converted to further 

nuubers which were directly proportional to torque by the use 

of calibration graphs. These latter numbers are listed in 

tables 5.1 - 5.6 for different temperatures, field magnitudes 

(a), and field directions ( 9). The 6p' components were obtained 

from these numbers by Fourier analysis in the following way. 

Let the range (0, 2ff ) be divided into p eaual parts numbered 

1, 2, 	 r, 	 p. Then if x
r 

= 27rr and the value of 

the function at x
r is yr, then 

a6  = 1 ? 	yr  cos 6xr, ,  
(5.1) 

r=1 

and 

b6 = 2 	y.  sin 6xr 	(5.2) 
13  

r=1 

where a6  and b6  are the sin 6p' and cos 6f components. 

From the tables it will be seen that the ranc,e actually 

measured was (0, 7T) and that p = 36, so that xr  = 	. The 

numbers in the tables therefore represent y
r. For convenience 

equations 5.1 and 5.2 were rewritten in the following way, 
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[ A +N/3 B + j2 C ] 	(5.3) 

2 

and 

b6  = 1 	D +N/3 E + 	F ] 
173 

since the angles 6xr  were multiples of 300. 

(514) 

The constants A, B, C, D, E and F are given by 

A = 	-y6 

B = +y1 -y5 

C =v 	-- v 4.-2 	4 

D = +y3  

E = +Y2 114 

+y1 +y5  

-77 

-Y8 

-Sr9 

-78 

-Y7 F = -Y19 

4-Y12 

+y11 

4-Y10 

-y10 

-YU 

+y13 

+Y14 

+y15 

41.14 

+713 

-y18 

-717 

-Y16 

+y16 

4-Y17 

-Y19 

-720 

-Y21 

-y20 

+Y21+ 

"73 

41.22 

-y22 

-Y23 

"25 

+Y26 

+727 

4-726 

41.25 

-730 

-729 

-Y28 

4728 

+y
29 

-731 

-732 

-y33 

-732 

-Y31 

4136 

"35 

1-734 

-y34.  

-Y35 

The rows of numbers labelled A6, which represent the 

amplitude of the 6pi component, in the tables 1 - 5 were then 

obtained from 

A = 6 	6 

and were converted to torque in dyn-cms per cm3  by the use of 

the multiPlica.tion factors riven (the si;nific-nce of these 

factors is discussed in the next parpgraph). This data, plotted 

against 1/H, is shown in figure 4.5. 

The first factor which converts the numbers in the 

tables to calibration coil current was introduced :"or 

convenience in plotting the calibration graphs and is of 

no other physical significance. The second factor, 

converting calibration coil current to torque in dyn-cms. 

a6 
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per cm3., was obtained by usin equation 4.1 and dividing by 

the volume of the specimen. The maximum flux through the coil 

remained almost constant as the temperature was changed, and a 

typical value was 25.90 x 104  maxwell turns. (The volume of 

the specimen was 0.08609 c m 3). 

The anisotropy constants were obtained by fitting 

equation 4.7! to the curves shown in figure 4.5. The 

demagnetizing factor, N, had the value 0.955 which was obtained 

by measuring the ratios of the diameter to the thickness and 

by then using the data given by Bozorth(1951). The valutzobtained 

for Ki  and K2  were plotted against temperature in figure 4.6 

and are also given in table 5.7, together with the values of 

Is used inihe calculations (Bozorth 1951). 

582.2 Anisotropy lieasure_lents, (110) Nickel.  

Numbers derived from the output galvanometer readins 

of the toroue measuring system are given in table 5.8. As in 

the case for the (111) Nickel specimen, these figures are as 

read from calibration graphs and are directly proportional to 

the torque. The 2,8 1  and Opt components were obtained by 

Fourier analysis of the numbers, with the aid of the following 

expressions derived from equations corresponding to 5.1 and 

5.2 in a similar way to the expressions obtained for 6P 1  

analysis. 

a2  

b2 

= 

= 

Let 

1 
9 
1 

(1.0000A 

(0.3420F 

+ 0.93973 

+ 0.64280 

+ 0.76600 + 0.5000D 

+ o.866oR + 0.9848J) 

+ 0.1736E) 

(5.5) 



.-y9 

-Y8 	-Y10 

-Y7 	-y11 

-y6 	-Y12 

-Y5 	-Y15 

For b2 

Y  +-8 	-y10 

+y7 	-Y11 

1-Y6 	-112 

+ 	-Y15 

+y18 

+y17 

+Y3.6 

+y15 

+Y14 

-y17 

-116 

-115 

-Y14 

L 

M  = -Y4 

N = +Yi 

-Y5 

Q = +Y2 

or 

R = +Y4 

S  = +Y1 

T 	+y3  

=-1-y2  

+y9  

-Y5 	-Y13 

+y6 	+Y10 

-Y6 	-y12 

+y7 	+Yil 

For b4 

-y5 	+Y15 

-Y8 	+Y10 

-Y6 	+y12  

-Y7 	*Y11 

+Y18 

-Y14 

+Y17 

-Y15 

+Y16 

-Y14 

-Y17 

-Y15 

-Y16 

A = 

B _
+Y1 

C = +y2  

D = +y3 

= 
+Y4 

F = +y1 

G = "FY2 

H = +y3  

J +Y4 = y5  

4 

bh  

= 

= 

1 
9 - (i.0000L 

(0.34208 

+ 0,9397M 

+ 0.64283 

+ 0.7660N + 0.5000? 

+ o.866oT + 0.9848u) 

0.1736Q) 

(5.6) 
9 

where the constants A to U are given by 
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The rows of numbers, A2  and A4  (representing the 2(3,  

and 4[31  amplitudes) at the bottom of table 5.8 were then 

obtained from, 

A2 = N./ a2 2  + b22 	
and A4  = 	a4  + 4  

The conversion factors used to change the readings to 

dyn cms per c m, are also given. These were obtained in the 

same way as those for the (111) specimen. (The volume of 

the (110) specimen was 0.00880 cm3). 

From eouation 2.12, it can be seen that, for very 

large fields, 
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K1  = 8A2  - 3A4 
	 (5.7) 

5 

The effective values of K1  given by equation 5.3 were plotted 

against 1/H and extrapolated to 1/H = 0 (H =co ). The values of 

K1  that were obtained, and which were appropriate to infinite 

field, are given on the bottom line of table 5.8. These values 

of K, are also plotted against temperature in figure 4.5. 

§5.3 Anisotropy Measurements on Gadolinium.  

Anisotropy measurements on gadolinium were made by 

measuring the slope of the torque curve at positions of zero 

torque. The whole torque curve was not measured, for reasons 

discussed in Chapter 4. Fortunately, owing to the symmetry of 

the specimen (1120), there were two directions of zero torque 

which were exactly 900  apart (parallel and perpendicular to the 

c-axis). This meant that the calibration procedure described 

in chapter 4 could still be followed, although the flux could 

no longer be maximised through the coil. It can be seen that 

equation 4.1 still holds so long as the magnet is turned through 

exactly 900  between measuring the flux and generating a 

calibration torque in the coil. 

Since the torques measured on the gadolinium snecimen 

were much larger than those for the nickel specimen, it was 

Possible to adjust the galvanometer amplifier ald attenuator 

circuit (described in chapter 3) in such a way as to make the 

galvanometer output exactly proportional to torque. It was thus 

not necessary to process e-,ch separate galvanometer reading to 
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eliminate the distortion which was encountered in the 

aniLotropy measurements on nickel. 

Table 5.9 gives the slopes of the torque curves that 

were measured for the two mutually perpendicular angular 

positions of the magnet A and 3, which gave zero torque 

the slopes are given in divisions of the output galvanometer 

scale per degree of rotation of the magnet. The readings were 

plotted against 1/H and the curves that were obtained were 

extrapolated to 1/H = 0, (H =co ). The values that were 

obtained in this way have been listed intable 5.10. They 

were converted first to units of m.A. per degree by use of the 

calibration_ scale factor, also listed in table 5.10. These 

numbers were then converted to dyn-cms per radian nar Fram with 

the aid of equation 4.1, and by dividing the torques obtained 

by the weight of the specimen (0.4567 grins.). 

The positions A and B were identified as nositions 

such that the field was parallel and perpendicular resplotilnay 

with the hexagonal axis, so that the slope of the torcue curve 

at these points 	was given by equations 2.16 and 2.17. The 

values of K1  and K2  obtained using these equations '.inve been 

listed in table 5.10 and are also plotted against temperature 

in figure 4.9. The direction of the cone of easy magnetization 

was found directly by observing the angular position of the 

magnet for zero torque, relative to the direction of the c-axis 

of the specimen. The semi-angle of the cone of easy directions 

that was found in this way, has been plotted against 1/H for 

variousiuraperataesinfigures 4.10 and 4.11. The curve labelled 
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H =' in figure 4.11 was obtained by extraPolatins the curves 

of
E 

verses 1/H to 1/H = 0 to obtain 15 	the cone semi-angle 
Em 

appropriate to infinite field. 

§5.4 Eagnetostriction Measurements on (111) Nickel.  

The figures given in the second, third and fourth 

columns of table 5.11 respresent the change in the output 

galvanometer deflection with field (the reference field was 

5400 oe), for the three different magnet positions corresponding 

to pf = 30°, 75° and 120o. Because of random fluctuations and 

thermal drift it was not feasible to alloy; the deflection due 

to the change in the magnetostriction to occupy more than a 

small part of the cr.s1v7nometer scale. Under these circumstances 

the small amount of distortion due to the galvanometer amplifier 

was negligible so that, as in the measurements on gadolinium, it 

was not necessary to process each seperate galvanometer reading. 

The figures in table 5.11 were therefore directly proportional 

to 5A 20,5A
75 and 8X  120 (see § 2.4). 

The two columns in table 5.11 labelled X and Y were 

found directly from the preceeding three columns using 

X = 384 	8A 	_8X 
2 120 	30 75 

and 

Y = 8A
120 

-8A 	. 
30 

X and IT were then plotted against H so that their values at 

H = 8 koe and 14 kOe could be determined accurately. The 

difference in X andY between these two field values are 

given in table 5.12. 
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The exact strain that these numbers represent was found 

firF: by converting them to the change in resistance of the 

gauge, and then by using the resistance of the gauge and the 

gague factor to obtain the strain. The conversion factor which 

gave the change in resistance of the gauge per division of the 

output galvanometer scale, was found by calibrating the bridge 

(see§ 4.2). This factor vas constant over the range of 

temperatures at which measurements were made and had the value 

4.00 x 10-50 per division. 

The resistance and gauge factor of the gauges at room 

temperature was 99.8 f2  and 2.09 respectively. However, both 

these quantities change with temperature an'a in order to 

determine the effect of this variation, the magnetostriction 

between /31 = 300  and 1200  was measured. Then from equation 

2.54 (which neglects the very small contributions from the 

forced magnetostriction)it can be seen that 1A30  -X int 

= - -61 (C1  + C2). The appropriate values for C1 and C21 

taken from Bires and Lee (1960), were then used to find the 

effedtive value of the gauge factor. (It was assumed that the 

resistance of the gauge was constant at 100 0  ) so that the 

variation of the effective gauge factor included the effect 

of the change in resistance of the gauge with temperature). 

It was felt that the procedure outlined above was 

preferable to merely accepting the data of Birss and Lee on 

temperature dependence of gauge factor since both the gauge 

factor and its variation with temperature is liable to differ 

between batches, and from gauge to gauge, and to depend on 
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the exact conditions under which the gauges are fixed to the 

specimen and subsequantly used. The values of the effective 

gauge factor that were obtained are tabulated against 

temperature in table 5.12. 

Equations 2.63 and 2.64 were then used to obtain the 

values of (C1 + C2 1 ) given in table 5.12, using the values 

of (C1 + C
2)' (C1 - 2  )" a and A given in the same table. 

In evaluating C1' + C21  it was found that the last terms of 

both equations 2.63 and 2.64 were negligible so that C1' and 

C2' could not be determined separately. 

Finally equations 2.63 and 2.64 were used to obtain 

the effective values of a and A using the values of (C1' + y) 

already determined. These values for a and Aare tabulated in 

the last two columns of table 5.11, and have been plotted 

against H, and superimposed on the theoretical curves of a 

and Ain figure 4.8 so that the theoretical values of a and A 

may be compared with those values found from these experiments 

below 8 k0e. 
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TABLE 5.1. 

1- 	Temperature 92°K 

H 	1  
(oel 1,440 	1,820 3,100 4,050 

. 
0-90 95-18010-90 95-180 0-90 95-180 0-90 95-180 

0 1 
! 36.30 s38.95 - 40125 • I4o.35 

5 95 33.60 14.90 	35.4o  11.50 36.50 11.65 37.1 12.21 
10 '.a90 29.10 18.851:30.20 15.55 31.45 15.90 31.75 16.35 

15 t1 l05 24.25 23.30 24.30 23.15 24.50 22.95 25.15 22.75 
.20 '110 119.40 27.60 18.75 30.85 17.95 30.20 17.55 29.55 

25 115 15.10 31.45 13.15 34.90 12.30 34.35 11.81 33.65 

30 120 12.60 32.75 09.85 34.50 09.05 34.45 08.751 33.75 

35 125 14.75 30.35 10.25 31.00 09.90 31.20 10.0o 30,85 
40 130 19,50 26.35 15.70 26.25 15.60 25.85 15.60 25.35 
45 135 24.15 21.80 24.45 21.05 24.20 20.15 23.75 19.30 

50 140 29.15 17.45 32.75 15.85 31.95 14.10 31.25 13.15 

55 145 33.50 14.15 37.10 11.60 36.85 09.75 36.15i  09:513 

60 150 35.00 12.95 37.15'09.45 ?:,7.55 08.25 37.35 07.95 
65 155 32.90 16.20 134.20 11.40 35.10 10.95 34.90 11.351 

70 160 28.90 21.35 29.65 13.40 30.15 18.65 30.00 19.20 

75 165 [24.75 26.40 24.75  27.90 24.75 27.95 24.55 28.10 
_8o 170  20.15 31.25 19.75 35.55 18.95 36.05 18.90 35.85 
85 

--4.. 	- 
175 16.25 35.25 14.65 39.35 14.30 40.25 14.55 40..25 

go 180 13.55 36.15 	11.30 38.85 11.6o 40.35 11.90j 40.95 
A6 	i 

(divs) L-. 

10.24 	13.43 14.00 13.90 

1 division = 6.325 m.a. = 	1.882 x 103 dyn-cm per cc. 

7;73--1 
clyn-cm 
er cc.) 

19.27 

I 

 25.27 26.35 26.16 
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TABLE 5.1 (Continued).  

Temperature 92°K 

H 
(0e) 

, 

5,700 8,650 

. 

14,000 

0 0-90 '95-180 0-90 95-180 0-90 95-180 

0 40.55 1 40.10 38.65 
t - 

5 95 37.40 1 13.55 37.35 15.35
r  

+36.35 17.55 
10 100 32.65116.50 32.25 17.45 32.00 18.75 
15 105 25.40 22.25 25.30 21.85 26.15 21.95 
20 110 18.05 28.80 19.25 27.55 20.25 26.45 
25 115 12.25 32.30 13.95 30.45 15.55 28.55 
30 120 09.55 32.40 10.75 30.45 12.60 28.15 

35 125 10.65 29.65 11.95 27.75 13.60 25.75 
40 130 15.65 24.40 16.25 23.00 17.20 21.45 
45 135 23.05 18.35 22.55 17.45 22.15 16.85 
50 140 29.95 12.40 28.70 12.25 27.15 12.65 

55 145 34.50 08.85 32.70 09.30 31.00 10.40 
1 60 150 36.00 08.35 34.55 09.35 32.25 11.05 
65 155 34.15 11.95 32.95 13.05 31.35 14.95 
70 160 29.95 19.45 29.75 20.70 28.90 21.75 
75 165 24.75 28.60 25.30 28.65 25.70 29.25 

1 80 170 19.70 35.95 20.75 35.85 22.14 35.65 
85 175 15.45 40.50 17.15 40.00 19.55 39.45 
90 180 13.05 41.15 15.10 40.45 17.75 39.90 

A6 13.14 11.68 9.79 
(dive) 

1 division = 	6.325 m.a. = 1.882 x 103  dyn-cm per ccl  

A6  x10-3  1 	24.73 	1 	21.98 18.43 
(dyn-cm 
I per cc. 

.. 	1 
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TABLE 5.1 (Continued).  

Temperature 92°K 

A (oe) 7,250 10,780 

0 0-90 95-180 0-90 95-180 
0 40.80 39.50 

. , . . 
5 95 37.50 14.65 36.75 16.65 
10 100 32.85 17.45 32.15 18.30 
15 105 25.75 22.50 26.45 22.15 
20 110 19.35 28.60 19.85 27.15 
25 115 13.35 31.65 14.70 29.75 
3o 120 10.70 31.80 11.95 29.65 
35 125 11.85 29.15 13.05 27.00 
40 130 16.80 23.95 16.85 22.40 
45 130 23.05 18.35 22.25 17.45 
50 140 29.75 12.90 28.15 12.75 
55 145 34.15 09.50 32.25 10.65 
6o 150 35.85 09.45 33.65 10.55 
65 155 34.25 13.30 32.35 14.50 
70 160 30.65 20.85 29.4o 21.55 
75 165 25.75 29.05 25.65 29.30 
8o 170 20.75 36.45 21.75 36.10 
85 175 16.40 40.90 18.65 4.00 
90 180 14.85 41.35 16.65 40.45 

A6  
(divs) 2.38 10.72 

1 division = 	6.325 m.a. = 1.882 x 103  dyn-cm per cc. 

A6x10-3  
(dyn-cms, 	25.50 	20.17 
per cc.) 

. 	1 
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TABLE 5.2 

Temperature 131°K 	• 

H 
(oe) 

1,440 I 	1,820 3,100 4,050 

0 0-90 95-180 0-90 95-180 0-90 95-180 0-90 95-14 
0 36.35 38.0o 39.15 40.30 

. 	. 
5 95 32.75 09.40 34.45 08.75  36.05 09.30 36.85 09.55 
10 loo 27.75 13.80 29.00 13.25 29.95 13.30 30.35 13459 
15 105 21.90 21.15 22.15 21.15 22.00 20.30 22.60 20,45 
20 110 16.20 28.30 15.65 28.60 14.75 27.5o 14.85 27.30 
25 115 10.95 32.4o 09.80 32.85 o8.45 31.95 08.50 31.5o 

30 120 07.85 32.40 06.55 32.90 05.50 32.35 05.50 31.90 

35 125 08.75 29.50 07.80 29.75 07.15 29.25 07.15 28.85 

40 130 14.35 24.60 13.70 24.75 13.35 23.85 13.45 23.20 

45 135 22.55 19.60 22.5o 19.00 21.65 17.25 21.25 16.75 
5o 14o 30:45 14.35 30.95 13.25 30.00 10.95 29:5ti 10.40 

55 145 34.75 10.35 35.5o 08.70 35.8o o6.6o 34.4o o6.lo 
6o 150 35.05 08.55 36.05 07.05 36.25 05,65 36.20 05.60 
65 155 32.35 10.95 33.30 10.00 33.85 09.30 34.00 09.7 
70 160 27.85 17.85 28.50 17.15 28.95 17.35 29.4$ 17.9 
76 165 23.10 25.90 22.80 26.45 22.85 26.45 23.45 27,,0 
8o 170 17.50 33.05 17.35 34.20 17.00 34.25 17.05 34.7 
85 175 12.55 36.75 11.55 38.35 11.65 39.10 12.50 39.7q 
go 180 09.30 36.45 08.60 38.15 8.35 39.65 09.45 40.75 

A6 13.23 [ 	14.22 14.78 14.68 
(di:vs) 

,..... 
1 division = 	3.975 m.a. = 1.183 x 103  dyn-cm/cc. 

A6  xio-3  
(dyn-cm 15,65 16.81 17.48 17,36 
per cc.) 



183 

TABLE 5.2  (continued) 

Temperature 1310K 

It 
(0e) 

5,700 8,650 14,000 

95-180  
0  0-90 195-180 0-90 95-180 0-90 95-180 0-90 
0 40.45 40.55 39090  r----  

• 
5 95 37.05 11.45 37.75 13.00 36.75 15.15 
10 100 31.20 14.00 31.80 15.25 32.50 15.85 
15 105 23.30 20.10 24.85 20.05 25.05 19.30 
20 110 15.50 26.45 16.85 25.65 17.95 24.15 
25 115 09.00 30.35 10.70 28.90 12.20 26.75 
30 120 06.30 30.75 07.60 29.05 08.85 26.55 
35 125 07.85 27.70 08.85 26.35 09.90 23.85 
40 130 13.45 22.05 13.75 21.15 14.15 19.00 
45 135 20.95 15.85 20.50 15.20 19.75 13.85 
50 140 28.50 09.70 27.45 09.50 25.50 09.05 

55 145 33.35 05..95 32.20 06.40 29.95 06.60 

60 150 35.25 06.05 33.85 06.85 31.95 07.75 
65 155 33.85 10.25 32.80 11.60 31.05 12.60 
70 160 29.45 18.55 29.15 19,70 28.55 20.10 

75 165 23.75 27.50 24.50 28.40 24.60 28.35 
80 170 18.o5 35.055 19.50 35.45 20.55 35.15 
R5 175 13.30 40.15 15.75 40.10 17.65 39.65 
90 180 10.45 41.45 13.60 41.45 15.75 41.05 

A6  _r  
(dive) 13.73 12.72 11.10 1 

1 

1 division = 	3.975 m.e. = 1.183 x 103 dyn-cm per cc. 

A6 x10-3  
(dyn-cm 
per cc.) 16.24 15.04 13.13 
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TAME 5.3 

Temperature 171°K 

H 
(oe) 

1,440 1,820 3,100 4,050 
-1 

0 0190'1 95-180 .07.90 95-180 0-90 95-180 0r90 , 	- 95-180 
0 37.60 38.05 39.50 40,05 - 

p 95 34,75 14.50 35.25 14.30 36.60 14.55 37.75 14.95 
10 loo 30.35 18.10 30.4o 18.05 31.75 17.80 32.05 17.75 
15 105 25.25 23.90 24.60 23.85 24.85 23.50 25.35 23.05 

go 110 20.30 29.35 18.80 29.00 18.45 28.85 18.60 28.65 
25 115 16.50 32.50 14.35 31.70 13.55 32.40 13.40 32.00 
30 120 14.05 32.75 12.15 33.05 11.50 32.95 11.25 32.60 

35 125 15.10 30.50 13.45 30.85 13.05 30.75 12.85 30.25 
40 130 13.55 26.75 18.35 26.65 18.15 26.3o 17.8o 25.70 

45 135 24.95 22.55 25.0o 22.05 24.65 21.15 24.15 20.50 
5o 140 31.25 18.30 31.5o 17.45 31.05 16.05 30.85 15.50 
55 145 34.95 15.20 35.40 14.05 35.35 12.80 35.00 12.35 
Go 150 35.4o 14.20 36.25 13.25 36.85 12.60 36.75 12.50 
65 155 33.30 16.50 34.35 16.15 35.20 16.05 35.45 16.15 
7o 160 29.60 21.85 30.50 22.00 31.25 22.20 31.60 22.65 
75 165 25.30 28.3o 25.75 28.80 26.15 29.20 26.75 29.95 
8o 170 20,85 34.15 20.80 34.85 21.05 35.70 21.75 36.15 
85 175 16.65 37.05 16.5o 38.35 16.50 39.25 17.35 39.85 
90 180 14.20 36.85 13.85 38.25 14.15 39.70 14.75 4o.5o 

J 
A6 
(divs) 10.48 11.33 11.88 11.88 

1 division = 	3.062 mpa. = 0,9108 x 103  dyn-cm per cc. 

A010-3  
(dyn-cm 
per cc.) 9.543 10.32 10.82 10.82 
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TAMP  5.3 (continued) 

Temperature 171°K 

H 	5,700 	8,650 	14,000 
(o e) 
0  

0-90 95-180 0-90 95-180 0-90 95-180 

0 40,55 40.90 40.85 

5 95 37.65 15.90 38.50 17.40 38.50 19.15 
10 100 32.85 18.10 33.25 18.50 33.70 19.10 
15 105 25.65 23.25 26.95 22.95 27.65 22.75 
20 110 19.00 28.25 20.00 27.45 20.65 26.75 
25 115 13.75 31.25 14.60 30.15 15.35 28.90 
30 120 11.55 31.65 12.20 30.35 12.95 28.90 

35 125 13.10 29.30 13.55 28.05 14.15 26.65 
40 130 17.50 24.90 17.75 23.70 17.85 22.60 
45 135 23.90 19.80 23.55 19.00 22.75 18.25 
50 140 130.10 15.00 29.50 14.50 28.20 14.40 
55 145 34.35 12.25 33.45 12.35 32.30 12.65 
60 150 36.45 12.75 35.35 13.30 34.50 14.00 
65 155 35.15 16.75 34.70 17.35 34.05 13.25 
70 160 31.75 23.25 51.80 23.75 31.85 25.15 
75 165 27.15 30.40 27.95 31.15 28.60 31.75 
80 170 22.55 36.85 23.70 37.30 25.25 37.50 
85 175 18.85 40.45 20.60 40.70 22,45 41.00 
90 180 16.10 41.15 17.95 41.75 20.50 42.00 

4 

A6  
(dies) 11.43 10.65 9.63 

1 division = 	3.062 m.a. = .9108 x 103  dyn-cm per c,_:. 

A6 x10 3  

(dyn-cms 	10.41 per cc.) 9.699 8.777 
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TABLE 5.4 

Temperature 233 K 
H 
(oe)  1,440 1,020 3,100 4,050 

P 0-90 95-180 0-90 95-180 0-90 95-180 0-90 	I  95-180 

0 +16.10 +17.05 +17.65 +20.65 

5 95 +18.00 -04.05 +19.00 -04.50 +19.90 -05.05 +23.15 -01.75 

10 100 +16.85 -02.60 +17.85 -02.85 +18.75 -03.25 +22.20 -00.15 

15 105 +13.15 +01.70 +14,15 +01.60 +14.75 +01.50 +18.10 +04.60 

20 110 +08.10 +08.00 +08.75 +07.90 +08.85 +08.10 +12.65 +11.20 

25 115 +03.20 +14.15 +03.20 +14.55 +03.10 +14.25 +06.75 +17.70 

3Q 120 -00.85 +18.25 -01.10 +18.70 -01.50 +18.90 +01.80 +22.20 

35 125 -02.60 +19.25 -02.95 +19.90 -03.40 +20.40 -00.15 +23.70 

40 130 -01.60 +17.25 -01.95 +17.85 -02.30 +18.40 +01.05 +21.45 

45 135 +01.95 +13.20 +02.00 +13.45 +02.05 +13.35 +05.15 +16.85 

50 140 +07.75 +07.95 +07.90 +07.45 +07.95 +07.00 +11.05 +10.05 

55 145 +13.65 +02.25 +13.80 +01.55 +14.00 +00.60 +17.20 +03.55 
60 150 +17.45 -02.40 +17.80 -03.25 +18.50 -04.60 +21.85 -01.60 

65 155 +18.25 -04.70 +19.05 -05.55 +19.80 -06.65 +23.30 -03.55 
70 160 +16.40 -04.00 +17.20 -04.60 +17.95 -05.30 +21.35 -07.10 
75 165 +12.30 -00.25 +12.80 -00.60 +13.45 -00.80 +17.05 +02,30 
80 170 +06.85 +05.25 +07.30 +05.55 +07.25 +05.40 +10.80 +08.90 
85 175 +01.85 .4-11.85 +01.70 +12.15 +01.35 +12.60 +04.35 +16.25 
90 180 -02.20 +16.70 -02.65 +17.45 -03.20 +17.80 -00.051 +21.15 

A6  
(dins) 11.19 11.82 12.53 12.64 

1 division = 1 m.o. = 0.3007 x 103 dyn-cm per cc. 

A 	x10-3 	1 
6 1 

(dyn-cn 
per c01  3.364 3.555 3.766 3.801 

1 
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TABLE 5.4 (continued) 

Temperature 233°K 

H 
(oe) 5,700 8,650 10,780 14,000 

# 0-90 25-180 0-90 95-180 0-90 -180 0-90 95-380 
0 +20.35 +20..25 

• 
+20.00 +19..80 . 

5 5 +23.00 -01.45 +23.0o -00.70 +22.85 -00.35 +22.75 -00,25. 

10 100 +22.20 +00.15 +22.35 .+03:20 .+22.65 -1.01..25 +22.45 +01.60 

15 105 +17.50 +05.05 +16.85 +05.85 +19.20 +06.50 +19.15 +06.30 

20 110 +12.80 +11.70 +13.50 +12.25 +13.85 +12.25 +14.30 +12.65 

25 115 +07.10 +17.95 :4-07:90 +18,30 +0.45 +18:25 +08.70 +18.15 

30 120 +02.45 +22.25 +03.25 +22.80 +03.60 +22.45 +04.05 +22.25 

35 125 +00.25 +23.6o +01.25 +23.65 +01.90 +23.50 +02.10 +23.3o 

40 130 +01.40 +21.40 +02.25 +21.45 +02.60 +21.00 +02.90 +20.75 
45 135 +05,50. +16.55 +06.05 +16.55 +06.50 +16.20 +06.60 +16.15 
$0 140 +11.45 +10.10 +11.80 +10.20 +12.20 +10.40 +12.10 +09.85 
55 145 +17.55 +03.35 +17.85 +03.95 +17.90 +03.95 +17.75 +04.20 
6o 150 +21.85 -01.40 +22.05 -00.90 +22.05 -00.65 +22.00 -00.60 
65 155 +23.35 -03.75 +23.50 -02.80 +23.45 -02.45 +23.35 -02.20 
70 160 +21.55 -01.85 +21.65 -01.25 +21.75 -01.15 +21.35 -00.80 
75 165 +17.15 +02.75 +17.00 +03.25 +17.40 +03.55 +17.20 +03.70 
80 170 +11.00 +09.00 +10.95 +09.50 +11.30 +09.65 +11.35 +09.80 
85 175 +04.85 +16.00 +05.00 +16.25 +05.40 +16.45 +05.05 +16.45 
90 180 +00.15 +21.20 +00.90 +21.15 +01.05 +21.35 +01.10 +21.35 

A
6 
(divs) 12.48 12.10 11.89 11.68 

1 division = 1 m.a... = 0.3007 x 103 dyn-cm per cc. 

2 
1 

A6 	, 

(dyn-cm 
per cc.) 	3.753 3.639 3.576 3.514 
x 10-31 
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TAT IT  5.5 

Temperature 277°K 
H 

(0e) 1,440 1,820 ,,100 4,050 

0 0-90 95-180 0-90 95-180 0-90 95-130 0-90 95-180 
0 27.90 28.20 • 27.70 27.40 

5 95. 29.65 10.15 30.15 8.90 50.00 7.85 29.85 07.75 
10 100 28.60 11.65 29.10 10.60 29.15 9.40 29.10 09.20 

15 105 25.20 16.10 25.70 15.15 25.55 13.55 25.5o 13.65 

20 110 21.00 21.65 20.70 20.75 20.25 19.70 20.40 19.20 

25 115 16,60 26.80 15.90 26.20 15.40 25.15 15.55 2+.85 

30 120 13.15 30.15 12.45 29.85 11.45 29.20 11.60 28.95 

35 125 12.05 30.90 11.20 30.65 10.25 30.20 10.35 29.95 
40 130 13.15 28.9$ 12.50 28.75 12.00 28.10 11.80 27.75 
45 135 16.75 24.95 16.15 24.35 15.90 23.5o 15.80 23.05 
50 140 21.45 19.60 21.40 18.55 21.55 16.85 21.60 16.75 
55 145 26.25 14.45 26.35 12.85 26.60 11.05 27.05 10.65 

60 150 29.50 10.45 29.85 8.40 30.35 06.65 30.70 06.05 
65 155 30.10 8.55 30.65 6.70 31.15 04.90 51.55 04.40 
7o 160 28.25 9.40 28.70 7.65 29.25 06.20 29.55 05.80 
75 165 24.40 12.75 24.60 11.30 24.60 10.40 25.15 10.05 
80 170 19.20 17.85 19.20 15.95 19.30 16.2o 19.15 15.95 
85 175 14.70 23.40 13.80 23.05 13.30 22.50 13.30 22.50 
90 180 11.30 27.75 10.35 27.95 09.25 27.70 09.25 27.50 

A6 
(divs) 9.988 10.80 11.41 11.51 

1 division = 0.5000 m.a. = 0.1502 x 10+3  dyn-cms per 
cc. 

A6 I 
(dyn-cm 
per cc.) 	1.501 1,623 1.715 1.729 
x 10-11 
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TABI 5.5 (continued) 

Temp.3rature 277°K 
H 

(oe)  
5,700 8,650 10,780 14,000 

0  0-90 95-180 0-90 95-180 0-90 95-180 0-90 95-180 

0 27.10 26.90 26.50 25.95 

5 95 29.65 07.90 29.55 07.85 29.25 07.50 29.95 07.20 

10 loo 29.10 09.40 29.25 09.35 28.95 08.85 28.75 18.70 

15 105 25.85 13.75 26.10 13.55 26.00 13.25 25.80 12.95 

20 . 110 20.85 19.30 21.35 19.05 21.50 18.75 21.30 18.50 
25 115 15;75 25.05 16.35 24.70 16.40 24.05 16.45 24.0o 
30 120 12.05 28.85 12.70 29.25 12.70 28.00 12.80 27.65 
35 125 10.80 29.85 11.45 29.40 11.45 28.90 11.50 28.55 
4o 130 12.35 27.45 13.00 27.00 :.13.00 26.55 12.95 26.0o 
45 135 16.30 22.85 17.00 22.40 16.85 21.75 16.95 21.05 
5o 140 22.00 16.35 22.70 15.90 22.55 15.65 22.90 15.05 
55 145 27.35 10.25 27.80 09.85 27.85 09.45 27.95 09.05 
60 150 31.15 05.70 31.55 05.30 31.55 05.00 31.6o 04.55 
65 155 32.15 04.15 32.60 03.85 32.45 03.45 32.40 03.10 
70 160 30.05 05.65 30.55 05.35 30.40 05.05 30.35 04.75 
75 165 25.65 09.95 25.80 09.65 25.65 09.20 25.45 08.85 
80 no 19.70 16.10 19.80 15.55 19.50 15.15 19.30 14.75 
85 175 13.80 22.70 13.80 22.25 13.5o 21.75 13.25 21.60 
go 180 09.45 27.45 09.45 126.95 09.05 26.55 08.75 76.35 

A6 
(divs) 11.43 11.43 11.38 11.43 

1 division = 0.5000 m.a. = 0.1502 x 103 dyn-cm per cc. 

A6 
(dyn-cm 1.718 1.718 1.711 1.718 
per cc.) 
x 10-3 
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TA3L 5.6 

Temperature 347°K 

	n 
(oe) 

1,464 1,963 3,154 

B 5-90 95-180 5-90 95-180 5-90 95-180 

5 9  -00.95 +20.20 -00.65 +21.40 +00.30 +20.70 

-10 lop +01.10 +16.55 +01.85 +17.05 +03.50 +16.0o 

15 105 +o5.30 +1040- +06.95') +09.95 +09.40 +09.00 

-2.o.; 110+10.35'. +03.80 +12.40 +02.25 +15.55 +01.20 

Z5 115 +15.25) -01.80 +17.35 -03.90 +.21.20 -05.15 

30' U0 +18.05 -04.75 +20.35 -06.70 +24.60 -08.75 

-36-,  125 +17.90 -03.90 +20,45 -05.50 +24.40 -08.40 

50. 130 +14.85 +00,47 +17.25 -01.50 +20.65 -03.55 

4+5, 3'5 +09.95 +06.70 +11.65 +05.10 +14.55 +02.90 

50 1#0 +04.10 +13.80 +05.10 +12.90 +07.25 +10.95 

65 145-01.10 +20.10 -00.28 +19.55 +01.30 +17.30 

60 150-04.00 +24.65 -0.55 +24.40 -02.45 +22.10 

65. 155-03-60 +26.25 -03.20 +25.60 .02.35 +23.35 

70 160-00.25 +24.05 +00.40 +23.25 +00.30 +20.55 

75 165 +05.6o +19.45 +06.10 +18.40 +05.80 +15.65 

80 170+12.30 .12.55 +12.75 +11.65 +12.15 +09.75 

85 175+17.30 +06.05 +18.45 +05.65 +17.80 +03.30 

90: 180+20.25 +01.80 +21.50 +01.75 +21.20 +01.20 

A6 12.31 12.47 12.66 
(divs) 

1 division = 0.1250 m.s. = 33.05 dyn-cms per cc. 

A6  r 
(dyn-cm1 	0.4069 0.4122 0.4187 
per cc.) 

x 10-3  I 



TABLE 5.6 (continued) 

Temperature 3470K 

H 
(oe) 

4865 7085 

B 5-90 95-180 5-90 95-180 

5 	95 +00.65 +16.25 +01.00 +17.10 

10 	100 +04.60 +14.15 +05.25 +13.10 

15 	105 +10.40 +07.55 +11.90 +06.95 

20 	110 +1'(.40 +00.0o +19.35 +01.o0 

25 	115 +23.35 -06.35 +25.30 =08.40 

30 	120 +26.85 -10,50 +28.95 -12.00 1 

35 	125 +26.50 -10.15 +28.65 -11.50 

4o 	130 +22,45 1.05.90 +24,60 .07.05 
45 	135 +15.95 +01.15 +17.85 +00.00 

50 	140 +08.15 +09.00 +09.70 +07.70 

55 	145 +01.65 +15.85 +02.60 +14.25 
60 	150 -02.60 +19.70 -02.75 +18.50 

65 	155 -0..,'.20 +21.00 -0).95 +19.50 

70 	160 -00.45 +18.50 -01.40 +17.15 

75 	165 +04.60 +15.60 +03.90 +12.75 
80 	170 +10.45 +07.75 +09.55 +06,80 
85 	175 +15.95 +02.95 +14.70 +02.00  
90 	180 +1:-;.45 +00.30 +17.50 -00.35 

A6 
(divs) 13.32 13.60 

1 division = 0.1250 m.a. = 33.05 dyn-cm per cc. 

A6 
(dyn-cm 
per cc.) 

x 10-3 	0.4402 1 0.4494 

191 



TABZ 5.7 

T 

oK 

I 
8 -K1 

x 105 
erg cm-3 

- 1 K — 	2 	11 18 
x 103 

erg cm-3 

92 507 5.28 8.42 

13]. 503 3.62 7.94 

171 499 2.47 6.23 

233 491 0.854 3.19 

277 483 0.307 1.65 

347 1+71 - 0.530 

192 
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TABI.r.; 5.8 

--, 1 	92 K 131°K 

H(00-,4925 8650 14000 4925 8650 14000 

0 15.55 17.00 16.20 17.95 18.95 119.45 

10 34.84 32.60 31.75 34.45 33.10 32.55 

20 43.90 42.65 41.85 44.75 43.35 42.75 
30 43.00 43.95 44.45 45.15 45.70 46.05 
40 38.00 39.35 40.20 40.20 41.35 42.05 
50 31.70 32.15 32.70 33.25 33.85 34.25 
60 25.15 25.05 24.75 26.00 25.70 25.70 
70 20.10 19.30 19.05 20.60 19.85 19.70 
80 18.05 17.75 17.75 18.75 18.50 18.55 
90 21.90 22.05 22.05 23.05 22.95 23.15 
100 29.95 29.30 29.25 31.15 30.50 30.50 
110 33.55 33.35 33.35 35.05 34.75 34.95 
120 31.50 31.75 32.15 33.05 33.45 33.75 
130 26.40 26.45 26.35 27.75 27.45 27.60 
140 19.95 18.75 18.20 20.25 19.35 18.95 
150 13.05 11.00 10.00 13.00 11.33 10.45 
160 07.40 05.60 05.15 07.50 06.35 06.05 
170 05.95 06.65 07.70 07.55 08.35 09.15 
180 15.30 17.05 18.25 17.65 18.90 19.35 
A2 07,35 07.81  07.99 107.59 07.93 01.09 
A4 . 1320 .1 13t5g i 	.50 )13.64. 13.81. 13 ,89 
1 = 5.870 = 17.1 	x ir 

mia, 	dyn-cm/cm 	. 	. m.a. 	dY11-cm/cm3  

yerg cm-3 5.34 x 105  (3.67 x 105  

1 



TABLE 5.8 (continued) 

T 	169°K 233°K 

H(oe) 4925 8650 14000 4925 8650 14000 

0 
0 21.45 19.40 19.95 19.60 18.75 17.70 
10 35.70 32.55 32.00 33.25 32.25 31.05 
20 46.00 42.45 42.10 44.30 43.10 42.30 
30 47.75 45.55 45.75 48.15 47.65 46.85 
4o 43.15 41.45 42.2o 43.95 43.75 43.25 
50 35.65 33.75 34.15 35.15 34.50 34.00 
bo 28.05 25.75 25.50 25.70 24.75 23.70 
7o 22.45 19.65 19.25 18.95 17.75 16.55 
80 20.85 18.40 18.3o 17.90 17.0o 15.85 
90 25.30 23.00 23.15 23.50 22.80 21.75 
100 33.05 30.40 30.45 32.05 31.25 30.30 
110 37.35* 34.95 34,95 37.23 36,60 35.75 
120 35.70 33.65 33.80 35.65 35.45 34.55 
130 29.85 27.5o 27.60 28.4o 28.15 27.55 
140 22.05 19.00 18.85 18.70 17.65 16.35 
150 14.50 10.95 10.15 09.15 08.05 05.95 
160 09.60 045 0.615 04.35 03.50 01.95 
170 11.10 09.35 09.70 07.85 07.55 06.25 
180 20.85 19.45 19.50 19.00 18.55 17.55 

A2 7.60 7.81 7.96 8.587 8.524 8.821 

A4 13.81 13.67 13.83 15.53 15.70 16.01 

1 = 2.750 = 8.04 x 103  1 = 1.065 = 3.12 x 103  
m.a. 	d,yri-cm/cm3  m,a. 	dyn-cm/cm3  

erg .z 
E4 cm ' 2.42 x 105  0.960 x 105 

194 
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TABLE 5.9 

H (Oe) 1440 1820 3100 4050 5700 8650 1400 

T°K A +0.230 +0.306 +0.518 +0.712 +1.003 +1.402 +1.886 

288 B -0.220 -0.337 -0.591 -0.816 -1.077 -1.633 -2.170 

A +1.719 +1.921 +2.168 +2.360 +2.515 +2.700 +2.820 
273 B -4.050 -4.000 -3.716 -3.550 -3.475 -3.458 -3.408 

A +2.200 +2.485 +2.740 +2.860 +2.940 +2.945 +2.790 
253 B -3.716 -4.775 -4.608 -4.375 -4.116 -3.850 -3.500 

A -2.040 +2.325 +2.530 +2.590 +2.595 +2.515 +2.265 
243 B =2.708 -4.008 -4.058 -3.891 -3.683 -3.416 -3.066 

228 
A +1.528 +1.793 +1.903 +1.884 +1,312 +1.631 +1.281 

B -.891 .2.941 -.3.091 -3.033 42491 -2.666 -2.325 
A +0.687 +0.868 +0.896 +0.809 +0.593 +0.321 4.0.115 

214 
B -1.08 -1.92 -2.12- J2.07 . -1.985 -1.830 -1.540 
A -0.462 -1.250 -1.759 -2.010 -2.375 -2.845 -3.440 

188 
B -0.115 -0.670 -0.905 -0.910 -0.885 -0.810 -0.610 

161 
A -0.740 -2.240 -3.975 -4.420 -4.775 -5.325 -5.925 
B -0.045 -0.360 -0.580 -0.610 -0.625 -0.585 -0.450 
A -1.083 -3.066 -76100 -7.600 -8.066 -8.800 -9.483 

148 
B -0.040 -0.310 -0.765 -0.50 -0.930 -0.990 -0.950 

123 
A -0.816 -2.716 -9.750 -11.08 -11.66 -12.01 -12.96 
B -0.040 -0.40 -2.035 -2.365 -2.610 -2.84o -2.945 

98 
A -0.600 -2.420 -11.02 -13.00 -13.25 -1.7.62 -11+.47 
B -0.075 -0.580 -5.100 -6.062 -6.650 -6.975 -6.850 
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TA,31-6 5.10 

T 
oK 

A 
Intercept 
(divisions 
per degree) 

B 
Intercept 
(divisions 
per degree) 

X Factor 
(ma/div.) 

K'1  
x 10-5 

(dyn-cui 
per ri:ram) 

K1 2 
x 10-5 

(dyn-cm 
per cram) 

288 +3.04 -3.70 7.07 +0.337 +0.037 

273 +2.75 -3.50 6.67 +0.287 +0.039 

253 +2.20 -3.00 6.67 +0.230 +0.042 

243 +1.78 -2450 6.80 +0.190 +0.041 

228 +0.66 -1.60 6.80 +0.071 +0.050 

214 -0.65 -1.00 6.75 -0.069 +0.087 

188 -4.15 -0.35 6.50 -0.423 +0.230 

161 -6.65 -0.25 6.25 -0.652 +0.338 

148 -10.25 -0.80 5.85 -0.941 +0.507 

123 -14.70 -3.00 5.80 -1.337 +0.805 

98 -15.70 -7.00  5.80 -1.428 +1.032 
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TkLiw 5.11 

Tenperature 213°K 
	 - 

a  
11(0e3\ 	30

0 	75° 	120o X Y x 10-3  
SH  

x1o3 x10 

1300 -2.78 	+0.55 	+2.55 -2.98 +0.23 -4.10 -7.07 -5.09 

1900 -2.83 	-0.05 	+2.28 -2.35 +0.55 -3.5o -5.25 -7.47 

3000 -1.70 	-0.33 	+1.48 -2.04 +0.22 -2.40 -4.94 -3.90 

4150 -0.88 	-0.25 	+o.88 -0.63 0 -1.25 -0.87 -1.29 

5400 0 	0 	0 0 0 0 0 0 

665o +0.50 	+0:28 	+0.68 +0.49 +0.18 +1.25 +0.41 -0.22 

1 	8350 +0.85 	+0.57 	+1.30 ,+0.95 +0.55 +2.95 +0.87 -2.21 

9250 +0.95 	+0.75 	+1.45 +0.95 +0.50 +3.85 +0.07 -0.82 

10650 +1.12 	+0.85 	+1.90 +1.44 +0.78 +5.25 +0.72 g=2.31 

11950 +1.32 	+1.25 	+2.45 +1.76 +1.13 +6.55 +0.64 -4.04 

13500 +1.50 	+1.35 	+2.82 +2.13 +1.32 +8.10 +1.00 -4.72 

14000 +1.45 	+1.45 	+3.05 +2.40 +1.6o +8.50 +1.47 -6.6o 
Readings in these 3 
columns proppl.toSA 

4,,K.• 	3°  
Temperature = 131°K 

H(Oe 	30° 	75° 	120°  X Y 
Er--  
-3 x 10 c' 

x10'' 
8a„, 
x03  

1300 !+0.42 	+5.15 	-1.35 
i 

-7.38 -1.77-  -4,10 -22.6 +14.3 
1900 ;-1.48 	+2.92 	-1.38 -4.25 +0.10 -3.50 -12.1 -2.79 
3000 -1.40 	+0.97 	-1.10 -1.92 +0.30 -2.40 -4.78 -3.66 
415o -0.68 	+0.30 	-0.68 -1.48 0 -1.25 -5.94 -0.85 
5400 c 	o 	0 0 0 0 0 0 
6650 +0.42 	+0.05 	+0.60 +0.64 +0.18 +1.25 +1.06 -0.81 
8350 +0.77 	+0.17 	+0.92 +0.82 +0.15 +7.95 +0.69 -0.20 
9250 +0.80 	+1.00 	+1.50 +0.85 +0.70 +3.85 0 -4,26 

10650 +1.05 	+0.42 	+1.62 +1.48 +0.57 +5.25 +1.34 7.45 
11950 +1.17 	+0.67 	W2.25 +2.12 +1.08 +6.55 +2.49 -6.41 
13500 +1.35 	+0.92 	+2.72 +2.48 +1.37 +8.10 +2.90 -8.47 
14000 +1.42 	+0.97 	+2.77 +'.47 +1.35 18.6o +7.49 -7.98 



TABLE 5.11 (continued) 
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Temperature 92 K 
c t 

H(Oe 	30° 	75° 	120o X y 
811x 
' .10-3  
„x 

661.03  
x , 

8a 10' 

1300 +2.55 	+8.20 	-2.95 -13.90 -5.50 -4.10 -47.9 +54.97 

1900 -0.30 	+4.65 	-0.90 -7.35 .-0.60 .-3.5o .v24.7 ,48,18 

3000 -1.10 	+1.57 	-1.08 -4.84 r+0'.02 ...;.200 .4.1611 -0.92 
4150 -0.65 	+0.52 	-0.65 -2.97 0 -1.25 -9.9 -0.04 

5400 0 	0 	0 0 0 0 0 0 

665o +0.32 	+0.25 	+0.65 +0.56 +0.33 +1.25 t.4.1424 '..2..92 
8350 +0.95 	+0.40 	+1.10 +0.77 +0.15 +2.95 +1.34 -0.68 

9250 +1.17 	+0.32 	+1.82 +1.82 +0.65 +.9.85 +4..,80 -6.09 
10650 +1.55 	+0.85 	+2.27 +1.78 +0.72 +5.25 +3.86 -5,83 
11950 +1.85 	+1.42 	+2.85 +1.93 +1.00 +6.55 .+3.70 -8.28 
13500 +2.15 	+1.60 	+3.4o +2.42 +1.25 +8.10 +4.92 -10.48 
14000 1+2.22 	+1.82 	+3.65 +2.53 +1.42 +8.50 +5.02 -12,09 

TIA.214:2 5.12 

Temperature °K 213 131 92 

Effective 
gauge factor 2.22 '.09 1.98 

(c1 + c2) x 10 -159.0 -167.4 -169.5 

(c1  - Yx2
) x 106 -45.50 -43.75 -42.00 

8X'14 - 549 +1.6 +1.8 +1.7 

SY14 - SY8 +1.1 +1.2 +1.1 

Da 14 - .8a8 
(radians) 

-0.0044 -0.0084 -0.0111 

SA 14 - SA8 
(radians) +0.00073 +0.00194 +0.00293 

(C.1' + C2  1 ) x 10
10 

(from 'Lem. 2.63) 
-1.25 -1.18 -0.80 

(C1' 	+ c2') x 1010 

(from Eqn. 2.64) 
-0.52 -0.33 -0.17 
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Chapter Six  

DISCUSSION C]? RESULTS AND CONCLUSIONS  

§ 6.1  The Anisotropy Measurements.  

The measurements of the first anisotropy constant, 

K1, using the (110) nickel specimen were undertaken to verify 

by comparison with existing data that the modified version of 

the torque meter, together with the temperature control 

apparatus, was functioning correctly. From figure 4.6 it 

will be seen that in fact the present results for Ki, lie 

within the range of existing measurements so that it may be 

concluded that the apparatus was working satisfactorily. 

The primary purpose of the anisotropy measurements on 

the (111) nickel specimen was the accurate determination of 

the second anisotropy constant K. This was accomplished, 

but only after an adeaunte theory for the magnetization 

Process in high fields had 

obtained by previous investigators 

present work was started are 	 

K2  x 10:4 	Temp. 
(erg cm) 

+ 	5.3 	Room 

+ 	1.09 	Room 
o - 	 .6 	20 C 

- 14
3 
 + 0.5 	4.2°K 	] 

- 	6.06 	20°C 

+ 
31.7  
2.34 	2 77oK  6°C 	] 

+ 

(MC, from measurements of 

been developed. 	The values for K2 

that existed when the 

sminarised in the table below. 

Method 	Reference 

MC 	McKeehan (1937), 
Honda, et al. 	(1935). 

MC‘ 	Nakamura (1955) 

IdD 	Reich (1956) 

MW 	Barlow and Standley 
(1958) 

T 	Sato and Chandrasekhar 
(1958) 

magnetization curves; NflT, from 
microwave resonance technique; T, from torque curves.) 
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This table reveals considerable disagreement between 

prev:'.ous measurements and it was therefore thought to be 

desirable to make the present measurements of K2. One 

explanation put forward (Pearson 1960, Anderson and Donovan 

1959) for the discrepancies between the values of K2  given in 

the table was that experiments by static and by microwave 

resonance techniques do not, in fact, measure anisotropy 

constants under the same conditions, and that the former 

correspond to constant stress and the latter to constant 

strain. However, it is possible to calculate the difference 

between the effective value of K2 
at zero stress and at 

constant strain, and this has been done in appendix4 where 

it was found that A K2 was 0.57 x 10
4 

erg cm-3. It is there-

fore unlikely that this explanation of the discrepancies 

exhibited in the table is correct, and it might be expected 

that the data obtained from direct torque measurements would 

be more reliable. In fact the magnitude for K2  obtained by 

Sato and Chandrasekhar, using direct torque measurements, 

agrees well with the present measurements at room temperature, 

and it is believed, for the reasons stated in Chapter 4, that 

an error in sign was made in Sato and Chandrasekhar's 

measurements. 

After the publication of the present results (Birss 

and 'irJallis 1964, Appendix A4), further direct torque 

measurements over a wide range of temperatures were reported 

by Hofmann (196,,), who used a conventional torque measuring 

system in conjunction with a single crystal nickel sphere. 



However, he obtained (Hofmann 1964b)the expression 

	

r6  = 17:8 	16 HI8  \K2 	 I 

	

1 	81 K1 

2 	

(6.1) 
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for the amplitude of the sin 613' component of the torque 

curve, by making the incorrect assumption that the 

magnetization vector always moves in a plane containing the 

easy direction and the field direction. Comparison of the 

above expression with equation P.35  shows the extent by which 

his analysis was in error. Hofmann's results nevertheless 

agree in sign and order of magnitude with the present work. 

A microwave study of the variation of K1  and K2  with 

temperature has also recently been reported by Rodbell (1964) 

who used single crystal whiskers and platelets of nickel. He 

obtained results which agreed in order of magnitude and sign 

with the present measurements. 

From figure 4,6 it can be seen that the variation with 

temperature of K2  obtained in the present work becomes 

progressively more rapid as the temperature is lowered, but 

that at a temperature of about 100°K this trend is reversed 

and the variation begins to decrease again. This feature is 

exhibited even more strongly in the results of Hofmann, where 

K
2 is actually found to reach a maximum value at about 130

°K. 

(It should be born in mind, however, that these latter results 

must be to some extent incorrect owing to the method of 

analysis used). It is thus clear that the variation with 

temperature of K2  cannot be explained by assuming that it 

is proportional to some power (e.g. the 21
st

) of the 

reduced magnetization, as has been described in ohapter 1, 
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must be found. Such an explanation might be that the second 

anisotropy constant arises from a pseudomultipole interaction 

which depends for its existence on the non-alignment of the 

spins. Such interactions would be similar to the pseudo-

dipolar interaction sugested by Van V/eck (1937) for K, in 

nickel. He pointed out thatbec-use nickel has cubic symmetry, 

pseudodipolar interactions cannot lead to any anisotropy when 

the spins are perfectly aligned. (He also showed that the 

pseudoquadrupolar and higheis order interactions are not allowed 

unless S 3 1, so that in nickel, where S x.34, these interactions 

may not exist either). 7ithout perfect alignment of the spins 

he showed that a second-order pseudodipolar contribution to Ki, 

may appear which is of the same order of magnitude as chat due 

to a pseudoquadrupolar interaction. However, by implication 

the second-order pseudodipolar anisotropy must presumably 

decrease as the temperature approaches absolute zero -nd the 

spins become more nearly aligned. Although no corresponding 

decrease in K1, has been observed as the temperature approaches 

absolute zero, a similar argument might still be fruitful in 

explaining any decrease in K2  with decreasin=3 temperature. 

Joenk (1963), using the original Van Vleck theory, 

amended by spin wave analysis, has evaluated the contributions 

to K_ (0)and K2
(0) from pseudodipolar, quedrupolar and dipole-

quadrupolar interactions. He did not attempt to determine the 

teupernture variation of the anisotropy constants, but found that 

K1(0) =t- KID(0) + K1a(0) + KiDQ,(0) + Kip,(0) + K114 ,(0) 	(6.2) 

K2(o) x2m(0) x2Q(o) x2D(0) 	 (6.3) 



D ( 	3. 6 - 
2J (2SZ - 1) 2  

(6.4) 
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where the subscripts D and Q indicate the pseudodipolar or 

pserdoquadrupolar origin of the terms, while the dash indicates 

'a second-order interaction. Jcenk assumed that S = 3z for 

nickel, which meant that all quadrorole-like terms were zero, 

and he was then able to obtain two equations in D (the 

pseudodipolar coupling constant which is proportional to D13.. 

in Van Vieck's 1937 theory) namely 

K1(0) * K1D(0) + K1D1(0) 

9 2 D2 NS 	n  (1 + 0.222A )011c  2J 	SZ — ) 	14  

K2(0)  = K2D(o) 

= 

and 

27 2 D3 (  26 	54SA)  

2J(2SZ - 1)2  
(6.5) 

where for f.c.c. nickel the various constants have the following 

39 values n  = 0.9793, A  = 11° 	= 2 , 9 
CI 16 = ' n 26 = - 	Z 	12, 2 

and JS = 2.5 x 10-14  ergs. Joenk extrapolated the known values 

of K1  (T) to obtain Ki  (0) = - 8.5 x 105  erg cm-3  and was thus 

able to obtain a value for D from equation 6.4. He chose the 

negative sign for D (by inspection of equation 6.5) since the 

best experimental evidence (Sato and Chandrasekhar) indicated 

that K2(0) was positive. He then used this value of D in 

equation 6.5 to obtain the magnitude of K2  (0) = 0.271 x 105  

erg cm-3 and concluded that this was not in good agreement with 

experiment , which indicated at that time that K2(0)::. 4 x 105 
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erg cm , 

From the present measurements of K2  by torque methods 

it is clear that the sign of D, obtained by Joenk, must be 

changed. Further inspection of equation 6.4 shows that the 

second order term in D3  is very small so that the magnitude 

of D = -2.84 x 1015  erg will be approximately unchanged, and 

that K2(0)::: - o.271 x 105 erg cm-3. Inspection of fig. 4.6 

shows that this may now be in fairly good agreement with 

experiment but that clearly further low temperature 

measurements are desirable before such an assertion can be 

made with certainty, especially since the change in trend of 

the vorintion of K2 
with temperature only just becomes 

apparent at the lowest temperatures at which measurements 

have been made so far. 

§6,2 The Theory for the Magnetization Process in a (111) Plane.  

In§ 2.2, equations were derived that specified the 

behaviour of the magnetization vector as a function of the 

ayalied field. The calculations are appropriate to the high 

field or 'single-vector' region, that is the region where the 

specimen is magnetized as a single domain. In order that the 

equations could be solved analytically it was necessary to 

introduce a number of approximations which were only valid for 

large apIllied fields rand it was shown in§ 2.2 that at first sight 
these approximations appear to start to break down at fields 

of about 6 koe. However, more detailed analysis showed, 

in fact,that the approximations introduced very little error 

down to 2 koe. There is thus a discrepancy between the 
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theoretical and experimental torque curves which in fact 

diver. se at applied fields between 5 and 71a0e. 	It must be 

emphasised, at this point, that there is no reason to believe 

that the theory is incorrect at higher fields since experiment 

and theory agree very well there. 

The various possible reasons for the divergence of the 

theory from experiment will now be discussed separately. 

§6.2.1. 	At first sight, the most likely possibility 

aprears to be that the approximations used in the theory are 

not valid. As already stated, it has been shown that the 

approximations made should not introduce substantial errors 

until the field is reduced to about 2koe . However, the 

analysis is fairly complicated so that another method of 

estim7tion is desirable to confirm that these calculations are 

correct, especially since it appears that the approximations 

themselves become invalid at about the field magnitude where 

theory and experiment diverge. Full numerical solution, by 

computer, of the equations that define the position of the 

I
s vector (eouations 2.24) would fulfill this need. 

6.2.2. 	The onset of a multidomain state at a particular 

field (e.g. 6koe .) would invalidate the theory below this field 

magaiuth. However, the field at which the specimen becomes 

saturated may easily be estimated, although the estimate 

depends on the direction of the aplied field, H. If H is 

along a <112> direction, saturation will occur when H— 200 

oe, assuming Ki = 5 x 105 erg cm-3. The demagnetizing field 
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of the specimen has not been taken_ into account here but it 

cannot alter,by the order of magnitude required,the field that 

must be applied externally to obtain saturation. Hence there 

can be no question of the onset of a general multidomain state 

which would invalidate the theory at fields A8 high as Owe. 

This statement must be qualified, because the shape of the 

specimen was not ideal. An ellipsoidal surface is required 

for the magnetization to be uniform within the specimen, but 

the specimen was actually a thin disc, which approximates 

closely to the required shape. Nevertheless there is a 

possibility of closure domains persisting in the 'corners' of 

the disc at fields higher than those estimated for saturation. 

However the volume involved would be very small so that this 

can only be a minute contributory cause of the discrepancy. 

5 .2.3. 	The possibility that the torque measuring 

equipment was not functioning properly must be ruled out as 

demonstrated by the measurements of Kl, values of which fell 

within the range of accepted values to be found in the 

liternture. In particular, any variation of the sensitivity 

of the torque-meter with field could be important. However 

this point was carefully checked and no change in sensitivity 

could be detected. 

§6.2.4. 	Any error in the orientation of the (ill) 

Plane relative to the surface of the specimen might mean that 

the field was not applied in the correct plane and 

consequently that the theory would not apply. Careful X-rayr 



207 
analysis over a large area of the surface of the disc 

(chalAer 3) showed that the (111) plane was within 15 minutes 

of the surface, although internal twinning or other 

irregularities would not be detected by X-ray analysis owing 

to the very small penetration depth of the X-rays. It is, 

however, unlikely that a good 6p' torque curve such as that 

shown in fig, 4.3 would have been obtained, had such 

irregularities been present. It must therefore be concluded 

that neither the present specimen nor the torque meter could 

be the cause of the observed discrepancy. 

§ 6,3 The MaRnetostriction Measurements on Nickel.  

These measurements were made in the (ill) plane so that 

the theoretical calculations developed to describe the movement 

of the magnetization vector in high fields could be employed. 

These calculations enabled the saturation magnetostriction to 

be predicted, and the difference between the measured and 

predicted values of the saturation mAgnetostriction then 

Permitted the forced magnetostriction to be deduced. In 

principle it is possible to measure both the first and second 

forced magnetostriction constants separately, however in the 

(111) plane it was only possible to measure the sum C11  + C2',  

Only measurements between 8 and 14kce were employed to ensure 

that the theory used was applicable. It was found that the 

two methods used to determine C
1 

	C2' were not entirely 

consistent, and it was concluded that the cause of the 

inconsistencies was the inability to match exactly the active 

and dummy strain gauges. This difficulty arose because 
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although it was Possible to match the gauges so that changes 

in rsistance arisin,L from temperature changes were exactly 

cancelled, it was still not generally possible to 

simultaneously match the gauges for magnetoresistance. This 

is presumably because of th prescence of variable amounts of 

impurity in the strain gauge wire. The difficulty was 

aggravated at the lower temperatures since the magneto-

resistance of the gauges become large and very careful 

angular alignment of the dummy and active gauges was necessary. 

From the results it can be ssen that the forced 

mr.snetostriction decreases with decrease in temperature, 

as is expected, since it arises from the degree of disalign-

ment of the spins, which will decrease as the temperature is 

lowered. The magnitude and sign of these results are also 

in reasonable agreement with the recently published results 

of Lourens and Alberts (1964) who measured the first and 

second forced magnetostriction constants of nickel at room 

temperature and found h
1 = C1 = -0.84 x 10-10  oe-1  and h 

= C2' = -0.33 x 10
-10 

 oe
-1 

 . Their value of C1' + C2' is 

0 	- i thus2  - 1.50 x 10-1  oe ,and may be compared with the results 

given in Chapter 4 (and in Chapter 5) namely Cl,  + C2' 

-1 x 10-10  oe-1  at 213oK. 

Using the values of C1' + C2' obtained in the field 

range 8 to 14 koe,A anda (the in-plane and out-of-plane 

angles specifying Is  relative to H) were estimated for 

fields from 8 koe down to 1.5 koe so that the extent of 

the agreement with values obtained theoretically could be 



209 
inspected. From figures 4.8.1 and 4.8.2 it can be seen that 

the ap;reement in this field range is better for Athan fora 

which reflects the fact that (theoretical) is determined 

directly from the torque measurements, while a(theoretical) 

is found from the theory which itself is not particularly 

reliable below 6.koe. Clearly, if the magnetostriction 

measurements could be improved it should be possible to use 

them to measure a directly but it is doubtful if this could be 

done using. a strain-gauge technique. 

6.1;. 	The Anisotropy Measurements on Gadolinium.  

The anisotropy measurements on the gadolinium 

specimen were of a tentative nature. They were undertaken 

because the specimen was available and the torque measuring 

apparatus, which was already being used for successful 

measurements on nickel, was also available. Such measurements 

as could easily be made were therefore carried out, and in 

fact the first and second anisotropy constants, K1/ and K2I 

were obtained froM torque curve slopes around zero torque 

over a range of temperatures from the Curie point down to 

77oK.  Measurements of the angle of the easy-cone of 

magnetization were also made and these measurements agree well 

with those of Corner Roe and Taylor (1962) and Graham (1963:, 

1964). However, two features of these experiments were not 

entirely staisfactory and these will now be discussed. 

First., the sensitivity of the torque meter was 

suitable for measurements on nickel. The volume of the 

nickel specimen was roughly the same as that of the 
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gadolinium specimen so that the torques developed on the 

latter would have been too large for the torque meter. Hence 

it was only possible to make measurements in field directions 

where the torque was nearly zero and this only permitted the 

measurement of the slope of the torque curve and the semi-

angle of the easy cone of magnetization. More comprehensive 

measurements of the complete torque curve would have mn.de it 

Possible to extract the maximum information from the 

experiments by the use of Fourier analysis. This would also 

enable the higher-order anisotropy constant to be measured 

which would be desirable since there is some evidence (Rodbell 

and Moore 1964) that these higher order constants may not be 

insignificant. 

Secondly, the maximum field available was only 14 koe . 

The 	anisotropy 	constants were found by extrapolating the 

results obtained to infinite field by plotting them against 

1/H and extrapolating to find the interecpt at 1/H = 0. In 

the case of gadolinium this procedure was unreliable since 

the variation of the torque slope against 1/H was not linear 

and this could lead to fairly substantial uncertainties in 

the intereept at 1/H = 0. This difficulty eppears to arise 

from the large variation with field of the saturation 

magnetization over a wide temperature range (Nigh Legvold 

and Speddinc-, 1963) and may clearly obly be resolved by making 

measurements in much higher fields. 

For the two reasons just discussed, and because 

Graham (1964) had already made adequate torque measurements 

on gadolinium at fields up to 20.koe , it was not considered 
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expedient to continue with these particular measurements of 

anjstropy. 

§6.5 The Domain Observations on Gadolinium.  

Domain observations were made by a colloid technique 

on a single-crystal gadolinium specimen which was prepared at 

the same time as the single crystal disc used for anisotropy 

measurements. Both the preparation of the colloid and the 

preparation of the surface of the specimen were found to be 

critical for success. The colloid used has a Xylene base and 

was prepared in a similar manner to that used by Gustard 

(1964) for the preparation of acetone based colloids except 

that the dispersant used to keep the colloid in suspension 

was Aerosol U.T. (diethylhexyl sulphosuccinate). The surface 

was prepared by careful polishing and then by ion bombardment. 

Domains were observed in the region between 273°K and the 

freezing point of the colloid, and they were similar in form 

to those seen on cobalt. This was to be expected since both 

cobalt and gadolinium have (in this temperature range) a large 

uniaxial anisotropy. Domains on gadolinium were, however, 

much harder to observe than on cobalt owing to the proximity 

of the Curie point, which meant that the saturation 

magnetization was small. In order to increase the sensitivity 

of the colloid, the particle size was increased with a 

consequent reduction in detail and this explains the very poor 

definition shown in figure 4.13. Clearly it would be of 

interest to make domain observations in the region where 

there is an easy cone of magnetization. However, such 



212 

observations were not possible owing to the high freezing 

point of the colloid used and owing to difficulties of 

atmospheric condensation on the specimen. These difficulties 

would be mast easily overcome if the domains were observed 

by the Kerr-rotation technique although again difficulty may 

be experienced near the Curie point where the magnetization 

is small. 

§ E.G Proposals for Further Research.  

A number of ways in which the measurements described 

here may be extended have been indicated in the foregoing 

discussion. These will now be summarised and a further 

sug- stion for a connectedlonger-term experiment will be made. 

§6.6.1. 	The torque measurements on the (111) nickel 

specimen should be extended to lower (liquid-helium) 

temperatures. This would establish the low-temperature 

behaviour of K2  and also allow a reasonable estim.te of K2(0) 

to be made for comparison with the estinated theoretical 

value (Joenk 1963). Such an extension of the present 

measurements would require the production of somewhat hisher 

aarlied fields (possibly by the use of a superconducting 

solenoid) than are currently available, because there is, 

at 77°K, only a small high-field range over which K2  may ee 

determined from torque curve amplitudes. This range decreases 

as 	increases and since 	will be much larger at 4.2°K, 

than at 770K, it will be difficult to measure K2  accurately 

here unless the maximum evollaied field available is increased. 
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§ 6.6.2. 	Improvement and extension of the magneto-

striction .measurements on the (111) specimen depends on 

the method of _Leasuring strain and the wire strain 

gauges used for this purpose were found to be not 

entirely satisfactory. Extension of the present measure-

ments must therefore await the introduction of a more 

satisfactory means of measuring the very small strains 

involved. 

6.6.3. 	There is clearly scope for improving both 

the anisotropy measurements and the domain observations 

on gadolinium. The former measurements again require 

much higher fields than are available at present, to 

allow the accurate extrapolation of the effective 

anisotropy constants to infinite field. ''Then adequately 

large applied fields become available the torque measure-

ments might be usefully extended to lower temperatures 

(e.g. 4.2°k). 

The domain observations should be extended at 

least to a tempereturewhere there is a cone of easy 

directions, so that the effect of this type of magnet- 

ization on the domain structure may be studied. It 

might prove to be possible to obtain the cone angle from 

the domain configurations to provide confirmation of the cone 

angle obtained indirectly from the present torque 

measurements. To do this a new colloid must 	developed 
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since Xylene freezes at-40°C, a temperature which is 

too high. Alternatively the magnetic Kerr effect might 

conveniently be used for domain observations. (Roberts 

and Bean 1954). 

§6.64 	The torque meter described in this work wzs 

originally designed so th-2t anisotropy moasurenents might 

be u-de at high pressures. The torque meter is particularly 

suitable for such measurements because of its small volume, 

because it may be calibrated under working conditions and 

because it only requires electrical leads to be introduced 

into the pressure vessel. 

Measurements at high pressures would allow a 

study to be made of the varintion of the anisotropy 

constants with the change in volume of the specimen. 

The variation of K1  with pressure is of use in 

correcting the temperature dependence of this constant 

for the effect of thermal expansion. Carr (1958a)drew 

attention to the fact th--t before the experimentally 

measured temperature variation of K1  could be compared 

with, for instance, Zener's tenth power law for K1, the 

experimental values must be corrected for the effect of 

thermal expansion. Complete corrections may only be 

made when the pressure dependence of Ki, is known 

(Birss 1964). It is therefore sugeested that such high— 



pressure anisotropy measurements be made on nickel and 

gadolinium to obtain the variation of the anisotropy 

constants with pressure. This would provide continuity 

with present anisotropy measurements made near zero 

(atmospheric) pressure on these zetals. 
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APPENDIX Al 

The Temperature Dependence of Magnetostriction 

In a recent paper Kittel and Van Vleck (1960) have extended the conventional 
theory of the variation with temperature of the anisotropy of cubic crystals to include 
that of the magnetoelastic constants. Specifically, if these constants are defined by 
the equations (see, for example, Birss 1959) 

= L0+L10c12+ L26(14+  L3„2„2 	v20  = L0+L1c(22+1,2124 +L3cC32c412  
v30 	L0+Lia(32+L2G,34+L3,2,2 	v40  = m0oc2a3+m1ct12c<2c(3 
v50  = mo,,+m,oc22.3«1 	v60  = moctrx2+MIx32citicc2 

their predicted temperature dependence is given by 

L1( T) = [L1(0)+1.L2(0)+1L3(0)N3 —H-L2(0)+413(0)]410  
L2(T) = L2(0)010 	 L3(T) = L3(0)00  

MOM = [M0(0) "i114-1(0)10 +114.1(0)0° 	MO') = Mi(0) C10 	(1) 

where is the reduced magnetization. 
The first purpose of this letter is to point out that the calculation of Kittel and 

'Van Vleck is appropriate to constant lattice strain, whereas the reduced magnetization 
refers to constant stress. The state of strain of a crystalline lattice at temperature T 
differs from that at T = 0 partly because of thermal expansion and partly because of 
magnetostriction. The normal thermal expansion is supplemented by a change in 
magnetostriction with temperature to give a deformation of the lattice which is princi-
pally an isotropic volume strain, w = w(T), but is partly an anisotropic deformation 
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that depends on the direction of magnetization. Since, however, it is observed experi-
mentally that, for the ferromagnetic metals at least (see Callen and Callen 1960), the 
magnitude of the saturation magnetization depends on w but not on the direction of 
the magnetization relative to the crystal lattice, it is possible to express the spontaneous 
magnetization 1,(T, co), at temperature T and volume strain w, approximately in the 
form 

ars(T, 
1s(T, w) = 18(T, 0) + 	 

w  Ow 
where w(0) = 0. The quantity observed experimentally, = 	, (0)11s(0, 0), should 
therefore be replaced in equations (1) by either /s(T, w)//,(0, w) or MT, 0)1.1,(0, 0), 
that is by 

yy 	 1 	a/s(T, w) 
= 	0). 

	

Is(0, 0) 	aw 

The second purpose of this letter is to present expressions, corresponding to (1), 
for the temperature dependence of the magnetoelastic coupling constants for hexagonal 
materials as derived from the theory of Kittel and Van Vleck. For hexagonal materials 
the magnetoelastic coupling constants may be defined by the equations 

VI° = Lo + (L1—L3)xi2+L2x22  + 4L3a12222+  L40,220,32+  (L5 4..L3),;,32ci2 

V2° = L0+ (L2+L3)x12+L1oc22-4L30420c22+L5a220c32+ (L4 —L3)%320(42  
V3° = Mo+M1(742+ 0:22 )+ M2(042+ 0:22)c(32  
V40  = 0:20c3(No +Nioc32) 	V50  = ccacti(Aro Nioc32) 
V6° = %la 2 [(LI — L2 —  L3) —  (L4 — L5 — L3)32+ 2L3(cci2  cx22 )]• 

These equations may also be written in the form 
1 	 1 

V1° = 3(3Lo+L1+L2+3L4+3L5)Ys,o-
21

(7/4  +7L2— 	LOY2,o 

1 	 4 
+ —(7/4  — 7L2  — 6L3 — L4+ LOY2,2 —   

35
(L4+ Ls)Y4,o 

42  
1 	 1 

105 
— 	

210 
(Lo — L4 -FL5)Y4 2 —  L3Y4 4 

1 	 1 
V2°  = 3(3LO ± L1+ L2 ± 3L4 3L5)Y0,0 — y-

1(7L1+ 7L2 — L4 — LOY2,o 

1 	 4 
--(7L1-7L2 — 6L3—L4+Ls)Y2,2-

35(L4+Ls)Y4,s 
42 

1 	 1 
— 	 

105 (L
3 — L4+Ls)Y4,2+ 210 L3Y4,4 

1 	 2 	 8 
1730 

 = 15 
—(15M0  + 10M1  + 2M2)Yo,o 21 --(7M1 — M2)1(2,o —

35  —M2Y4,o 

1 	 2 	 1 	 2 
V4° = 21 —(7N0  + 3N4)Y2' 35 

	 21 
+ —NiY4 	V5° = —(7No + 3N4)Y2' 

35  + — NtY4 

1 	 1 	 1 
Vs°  = —

42(
7L1-7L2-6L3— L4 + L5)Y2,-2 + 105 --(La — L4 + LOY4,-2± 

210L3Y4,-4 
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where the surface harmonics Yn,m  are defined in terms of the (Ferrer's) associated 
Legendre functions of the first kind as follows: 

Yn,m  = cos mckPnm(cos 0) 	for m > 0 
Ynon  = Pn(cos 0) 	for m = 0 
Yn,m  = sin Im156P.Imi(cos 0) for m < 0 

and where 
al = sin 0 cos a3 = cos 0. 0I2 = sin 0 sin 

Consequently, the temperature dependence of the magnetoelastic coupling constants is 
given by 

L1( T) = [L1(0)— 1-1,3(0)-1L4(0)}(C)3+1-L3(0)(C')10+.3-L4(0)(c)to 

1,2( T) = [L2(0) + 7L3(0)— i-L5(0)](C')3  — 1-L3(0)(C)1° 41,5(0)( )1° 

L3(T) = L3(0)(C)1° 	L4(T) = L4(0)(C)lo 
	

L5( T) = L5(0)(c)lo 

Mi(T) = [A(0)— i-M2(0)](C)3  + -i1112(0)(nio 	M2( T) = M2(0)(c)'°  

No(T) = [No(0)+11‘71(0)](C)3 — ,W1(0)(n10 	Ni(T) = N1(0)(n10. (2) 

(The coefficients of Y0,0  may not be included in relations of this type; this has been 
discussed by Lee and Birss 1961.) 

If the temperature dependence of the elastic compliance moduli Su, S33, S121 S13 
and S44 (see, for example, Birss 1959) is known, then the variation of the spontaneous 
magnetostriction 

A = Qo+ OP32+ [Q2+ Qax39(1—(x32) 

OC2. 2, CC3, 3 + [Q4 + Q5(39(1 —132)1a32  + {Q6  + Q7c(321(m1P1 + 6 1 6 

+[Qs+Qsfxs2J(Iiii+msg2)2+ Qio(2cciasPi+rx]2)92— oc22P2)2  
with temperature may be predicted immediately from (2), since 

Qo = —Lo(S11+ S12)— MoSi3 	Ql = —L0(25.13— — S12)+ Mo(S13— S33) 
Q2 = — Ll S12 L2S11 MI S13 Q3 = L5S12 L4S11 M2S13 

Q4 = L1S12 L2SI — (L1 ± L2)S13 Ml(S13 — S33) 

Q5 = LIS] ± L5SI — (L4 + L5)S] 3 M2(S13 — S33) 

Q6 = N0S44 	 Q7  = — N1544 

Qs = — (L1 — L2 — L3)(S11 —  S12) Qg = — (L5 — L4 + L3)(S11 — S12) 

Q10 = L3(S11 S12)• 

Department of Electrical Engineering, 	 R. R. Buiss. 
Imperial College, 	 P. M. WALLIS. 

London, S.W.7. 
10th December 1962. 
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APPENDIX A2 

MAGNETIC DOMAINS IN GADOLINIUM 

R. R. BIRSS and P.M. WALLIS 
Imperial College, London 

Received 5 April 1963 

The ferromagnetic Curie point of gadolinium is 
at about room temperature and for most of the tem-
perature range down to 0°K the first magnetocrys-
talline anisotropy constant, K1, is negative 1, 2). 
However, immediately below the Curie point there 
is a range of approximately 30-50°K in which Kl is 

Direction of hexagonal axis  

of gadolinium at -5°C. At this temperature water-
based colloids are unsuitable and it was found con-
venient to employ a suspension of magnetite parti-
cles in xylene, stabilised with a ten millimolar 
concentration of sodium di(ethylhexyl) sulphosuc-
cinate. 

Fig. 1. Bitter patterns (x 320) of ferromagnetic domains on a (1120) 
crystallographic plane of a gadolinium single crystal. 

positive and in which the domain structure of gado-
linium might be expected to be similar to that of 
cobalt. Since the maximum value of K1  within this 
range is only about one twentieth of that for cobalt 
(at room temperature) and since the spontaneous 
magnetisation is also low near the Curie point, 
Bitter patterns of the domains are difficult to ob-
tain and none has previously been reported. 

Fig. 1 shows Bitter patterns (magnified 320 
times) obtained on a (1120) face of a single crystal 

On the application of a magnetic field, the walls 
separating adjacent domains were observed to move 
in the customary manner, the movement being sim-
ilar to that obtained with cobalt and other uniaxial 
ferromagnetic materials. 

References 
1) W D . Corner, W. C . Roe and K. N. R. Taylor, Proc . 

Phys. Soc. 80 (1962) 927. 
2) C.D.Graham Jr., J. Phys. Soc. Japan 17 (1962) 1310. 
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APPENDIX A3 
A new torque meter or torque magnetometer 

R. R. BIRSS and P. M. WALLIS 
Imperial College of Science and Technology, London 
MS. received 12th August 1963, in revised form 27th August 1963 

A torque meter is described which employs the principles used in work with resistance strain 
gauges to convert small torques developed in isolated specimens directly into electrical 
signals. The overall sensitivity and the maximum torque that can be measured with this 
meter can both be altered appreciably by suitable modifications in design, but for the 
instrument described the overall sensitivity is about 3 dyn cm per cm deflection and the 
maximum torque is approximately 4 x 103  dyn cm. 

The meter has been used to measure the anisotropy torque developed in a (1 1 1) single-
crystal disk of nickel and hence the second magnetocrystalline anistropy constant K,. 
At 23° c the effective values of K2 appropriate to 7300 Oe and infinite field are respectively 
2.38 x 104  and 2.53 x 104  erg cm-3. These results are in excellent agreement with the 
direct determination of K2 for nickel by Sato and Chandrasekhar. 

1. Introduction 
A consideration of the types of torque meter at present in 
use for measuring small torques, such as the torques developed 
in the measurement of magnetocrystalline anisotropy and 
rotational hysteresis in small isolated magnetic specimens, 
revealed that a somewhat simpler and more convenient 
torque meter might be developed using the principle 
employed in work with resistance strain gauges. Such a 
development is attractive because it allows a particularly 
simple experimental arrangement: the fractional resistance 
change resulting from the development of a torque in a 
specimen may be easily and accurately measured with a 
Wheatstone bridge. 

The normal type of torque meter (Sato and Chandrasekhar 
1956), consisting of specimen holder with mirror attached, 
torsion suspension and torsion head, suffers from certain 
disadvantages. For stable measurement of a complete 
torque curve the elastic constant of the suspension must be 
greater than a limiting value determined by the volume of 
the specimen and the slope of the torque curve (Harrison 
1955) and consequently the maximum sensitivity is limited 
for stable operation. Although the system is basically simple 
it would appear that considerable care and patience are 
needed to obtain accurate results. 

These difficulties are reduced, although not eliminated, in 
a somewhat different type of apparatus first described by 
Craft, Donahoe and Love (1955) and subsequently modified 
and improved by others including Penoyer (1956) and Pearson 
(unpublished). The specimen is suspended from the coil of 
a moving-coil galvanometer and the torque developed in the 
specimen is balanced by passing a current through the 
galvanometer coil. Automatic balancing is achieved by the 
use of feedback and the sensitivity of this type of instrument 
appears to be about 1 dyn cm per cm deflection of the indi-
cating instrument. The same principle (of balancing torque 
against electromagnetic force) is used, with a much higher 
sensitivity, to measure the anisotropy of thin films (Humphrey 
and Johnston 1963), but the system used is necessarily com-
plex and the apparatus cumbersome. 

In another type of torque magnetometer (Miller 1950), the 
specimen is supported by an axle mounted in bearings. A 
phosphor bronze strip, wrapped once round the axle and 
kept under tension, converts the torque on the axle to a  

tangential force on the strip which is directly measured with 
a commercial force-measuring device using the strain gauge 
principle. The maximum sensitivity is apparently of the 
order of 103  dyn cm per cm. Friction in the bearings limits 
the sensitivity, and an error due to the rotation of the 
specimen when torque is developed is also present. 

The torque magnetometer described by Aldenkamp, Marks 
and Zijlstra (1960) avoids bearing friction by the use of a 
special torsion suspension which incorporates three phosphor 
bronze strips between two disks. This arrangement makes 
the suspension relatively rigid to unwanted lateral displace-
ments. A differential transformer and commercial displace-
ment meter are used to measure the rotation between the 
two disks. It is claimed that there is negligible rotation of 
the specimen and that the maximum sensitivity is 150 dyn cm 
per cm. 

The torque meter to be described is based on the change 
in resistance of a wire which occurs when it is strained, a 
property employed in resistance strain gauges. A torque 
developed in the system yields an electrical signal via a simple 
Wheatstone bridge circuit. No feedback network is neces-
sary for stable °pet ation, nor is there a limit, in this respect, 
to the maximum working sensitivity. 

The configuration of resistance wires finally adopted gives 
the torque meter a number of desirable features. These 
include: 

(i) positive location of the specimen in the magnetic field, 
with negligible rotation on application of torque; 

(ii) insensitivity to unwanted translational forces and 
torques; 

(iii) insensitivity to small changes in ambient temperature 
and pressure; 

(iv) a small volume ( 	12 cm3), facilitating temperature 
control and stabilization; 

(v) absence of friction from supporting bearings, etc. 
(since support is entirely by elastic means); 

(vi) linearity between the output from the Wheatstone 
bridge and the torque to be measured. 

The use of semiconductor strain gauge elements was con-
sidered because they exhibit a much greater resistance change 
for the same strain. However, the sensing element in the 
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torque meter has to measure stress rather than strain, and 
high sensitivity is achieved with a small area of cross section, 
so that a large strain, and hence a large resistance change, 
accompanies a given stress. Further factors favouring the 
use of strain gauge wires are that they are readily available, 
that they are much easier to manipulate than semiconductor 
elements of the same cross section and that the magneto-
resistance of these wires is small when compared with 
magneto-electrical effects in semiconductors. 

2. General design and apparatus 
The basic construction of the torque meter is shown in 

figure 1. Resistance wires ABCD and EFGH form two 
adjacent arms of a Wheatstone bridge. A torque on the 

Figure I. Diagram of principle of torque meter. 

two central supports (CF and BG) about the axis of the disk 
increases the stress in one arm and decreases the stress in the 
other. Since the resistance of the two arms varies linearly 
with stress, provided the elastic limit of the wire is not 
exceeded, small torques produce a proportional out-of-
balance current in the galvanometer G'. Detailed inspection 
of figure 1 reveals that, for this configuration, translational 
forces, and also torques about the other two perpendicular 
axes, affect both arms of the bridge equally and so do not 
contribute to the out-of-balance current. This design also 
compensates automatically for changes in resistance due to 
magnetoresistance of the wires in a magnetic field and due 
to small changes in temperature. 

3. Detailed design considerations 
The mechanical layout of the torque meter is shown in 

figure 2. Since a wire will not compress from pressure at 
its ends, all four wires have to be prestressed, ideally to half 
the elastic limit. This is done by forcing the two halves of 
clamp A apart with the differential screw so that the support 
wires B are made to flex from their bases. The torque from 
the specimen H and specimen holder C can then be trans-
mitted via the specimen support wires D to produce a strain 
in the resistance wires E. When not in use the clamp A is 
closed, removing the stress from the resistance wires and 
clamping the wires D supporting the specimen so that it can 
be changed without risk of damage occurring. For cali-
bration purposes a phosphor bronze suspension is attached 
to the other end of the specimen holder and to the calibration 
head F. A photograph, 1 cm in diameter, of a circular 
protractor is cemented centrally on to the top of the torque 
head so that, with the aid of a microscope, accurately known 
angular rotations can be applied. A thin coating of Araldite 
on the support wires B and D insulates them from the resis-
tance wires E. The ends of these resistance wires are ter-
minated mechanically at the tops of the support wires B by  

wrapping them once round the support wires and then coating 
them with Durofix. Soldering tags, which are spot welded 
to the ends of the resistance wires E prior to assembly, are 
then soldered to copper soldering posts (not shown in the 
diagram for the sake of clarity). The soldering posts are 

Figure 2. Plan of torque meter. A, clamp jaws; 
B, D, support wires; C, specimen holder; E, resistance wires; 

F, torque head; G, main body; H, specimen. 

let into the two clamp jaws A and are insulated from them 
by Paxolin bushes. Electrical connections from the Wheat-
stone bridge are made to these soldering posts. 

A port is provided in the main body G of the instrument, 
so that the phosphor bronze suspension may be unsoldered 
and replaced. To gain access to the specimen H, the speci-
men holder C is made in two halves. In operation these are 
secured with smears of Durofix which are readily dissolved in 
acetone when the specimen is to be changed. Within the 
specimen holder, the specimen is mounted on a thin rubber 
pad, to provide a small degree of flexibility in the plane of 
the specimen. 

3.1. Analysis of operation 
Consider a wire of length / and resistance R. If its volume 

and resistivity remain constant and its length is increased 
by Al, it can easily be shown that 

AR 
, 1 

A/ 
R = 
	 (I) 

In practice, since the volume does not remain constant and 
the resistivity of the wire changes with deformation, the 
factor 2 is usually nearer 2.2 and must be replaced by a 
number, denoted by G, called the gauge factor. If a force F 
is applied to a wire of cross section wr2, then 

Al F = Trr2E 
 

where E is Young's modulus, and 
AR GF 
R irr2E' 

Now consider the configuration of figure 1 and let a force F 
in each of the four wires counteract a torque L developed 

(2) 



A NEW TORQUE METER OR TORQUE MAGNETOMETER 

in the specimen. If the separation of the two central supports 
is 2a, then L = 4Fa and 

tJ.R GL 
R - 4E7Tr2a' 

(3) 

Furthermore, it can be shown that for a bridge with each 
arm of resistance R, bridge current 2i and galvanometer 
resistance Rg , the galvanometer current is 

. itJ.R 
Ig = 2(R + Rg) (tJ.R R) 

where tJ.R is the small change in one of the bridge arms. 
In the present case both arms change by tJ.R but in opposite 
senses, giving an effective change of 2tJ.R in one arm, whence 

. iRGL 
Ig = 4(R + Rg)71r2 Ea' (4) 

Hence under these conditions the galvanometer current ig 
is proportional to the. torque. (In practice, in order to 
keep R large and yet have wire that is of reasonable cross 
section, more than one strand of wire is used per arm, the 
strands being connected in series.) 

3.2. Limits of operation and sensitivity 

The upper and lower limits to the torque that can be 
measured depend respectively on the breaking strain or 
elastic limit of the wire and on the smallest value of galvano­
meter current that can be measured in practice. The upper 
limit thus depends on the type of wire available, that used 
being Nichrome wire with a diameter of about 0·0027 cm. 
It had a Young's modulus of 18 x 1011 dyn cm-2 and an 
estimated elastic limit of 2 x 109 dyn cm- 2, corresponding 
to a fractional change in resistance tJ.RIR of 2·4 x 10-3. 

The lower limit for tJ.RI R is more difficult to estimate since 
it depends on the amount of amplification that can, in 
practice, be applied to the out-of-balance signal from the 
Wheatstone bridge. Electrostatic and electromagnetic pick­
up and electrical noise originating from electrical contacts, 
temperature instability, thermal e.m.fs and mechanical 
vibration limit the maximum sensitivity. A conservative 
estimate of the lower limit for tJ.RIR for a normal bridge 
circuit without complicated auxiliary apparatus would be 
about 10-6, although this limit could be extended, probably 
by one or two orders of magnitude, depending on the amount 
of care taken in reducing noise and in developing suitable 
amplifying equipment. 

It may be seen from equation (3) that these practical limits 
(of 10-3 and 10- 6) between which tJ.RIR may be measured 
define upper and lower limits of torque, depending on the 
factor a which is half the separation of the support wires 
in figure 1. The value of a used in the present torque meter 
is O· 2 cm, so that the approximate range of torque that can 
be measured is from 4 x 103 to 4 dyn cm. For obvious 
mechanical reasons the factor a cannot be reduced by more 
than about one order of magnitude, although it could be 
increased in size to a limit determined only by the maximum 
desirable size of the apparatus. The lower limit of torque 
that could be measured with the strain gauge wire at present 
in use would therefore appear to be between about 10-\ 
and 10-2 dyn cm. 

For the bridge circuit actually used, in which R = 60 n, 
Rg = 40 nand i = 10 mA, equation (4) gives the galvano­
meter currents corresponding to the upper and lower limits 
of torque as 6 Ji-A and 6 x 10-3 Ji-A. The galvanometer 

used was a Tinsley type 4500 LS for which these currents give 
deflections, at 2 metres, of 1307 cm and 1·3 cm respectively, 
corresponding to an overall sensitivity of about 3 dyn cm 
per cm deflection. In practice, a galvanometer amplifier with 
almost full negative feedback is inserted between the 
bridge and the galvanometer so that the sensitivity can easily 
be varied. 

A simple calculation using equations (1) and (2) indicates 
that when the elastic limit of the wires is approached, say 
at 109 dyn cm-2, then tJ.11l 5 x 10-4• Since I O' 5 cm, 
tJ.1 2·5 X 10-4 cm and the maximum rotation of the 
specimen is then about 10- 3 radian or about 3 minutes of 
arc. Because this rotation is so small it is possible to choose 
a relatively stiff phosphor bronze suspension so that it may 
support the weight of the specimen holder, while still con­
tributing a negligible error to the measured torque. 

For unwanted torques and translational forces to have no 
effect on the balance of the bridge, it is important that the 
wires should be parallel and of the same length, resistance 
and elasticity. These conditions can in practice never be 
perfectly fulfilled but careful construction readily reduces 
unwanted effects to a tolerable level. In particular it was 
found important that the two parallel planes containing the 
resistance wires ABeD and EFGH in figure 1 should be as 
close to one another as possible. If this is not done more 
torque is transmitted to the arm EFGH nearer to the 
specimen, due to the relative flexibility of the specimen 
support wires. Under these circumstances the proper com­
pensation of unwanted effects is not achieved either, for the 
same reason. 

4. The performance of the torque meter when used to study 
magnetocrystalline anisotropy 

To test the performance of the torque meter measurements 
were made of the second magnetocrystalline anisotropy 
constant K2 of nickel, using a single-crystal disk orientated 
parallel to a (Ill) crystallographic plane. For this particular 
orientation, even with a relatively large specimen, the torque 
is small and may easily be masked by unwanted torques due 
to inadequacies in the measuring apparatus and from other 
sources. The determination of K2 is itself of value since 
there is disagreement-even as to sign-among the figures 
already published for this constant. 

4.1. Theory of the measurempnts 

The magnetocrystalline anisotropy energy density W is 
given for a cubic crystal by the equation 

W = Ko + K J (CXt2CX22 + CX22CXl + CX32cx \2) 

+ K2CXJ2cx22cx32 + ... 
where K t and K2 are the first and second anisotropy con­
stants, and the cx's are the direction cosines of the magnetiza­
tion vector relative to the crystal lattice. If it is assumed 
that the direction of the magnetization vector and that of the 
magnetic field coincide and lie in the (Ill) plane (which 
is only strictly true for H = (0), then it may readily be 
shown that the torque per unit volume of the specimen 
is - () WI()8 = - -/8 K2 sin 6(), where 8 is the angle made by 
the magnetization in the (Ill) plane with the [110] direction. 
In order to ensure that the magnetic field is uniform and lies 
in the (111) plane, the specimen must be an oblate spheroid 
with its minor axis coinciding with the [111] direction. The 
disk used had a diameter-to-thickness ratio of about ten and 
approximated reasonably well to the desired shape. 

In practice, there are a number of other contributions to 
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the torque actually measured with the torque meter. These 
may be due to: 

(i) misalignment of the disk surface relative to the (111) 
plane. This can occur during the preparation of the disk 
and should give rise to terms, which depend on K1, in sin 20, 
cos 20, sin 40 and cos 40. 

(ii) misalignment of the disk (and hence of the (111) plane) 
relative to the magnetic field. This can occur during the 
assembly of the apparatus and again should give rise to 
terms up to sin 40 and cos 40 (Tarasov and Bitter 1937). 

(iii) any deviation in the shape of the specimen from that 
assumed, e.g. variation in thickness or deviation from circular 
profile. 

(iv) any included grains of different orientation within 
the crystal disk, together with internal stresses giving rise to 
additional anisotropy. 

The main contributions to the unwanted torques include 
terms only up to sin 40 and cos 40, so that Fourier analysis 
of the torque curve to determine the terms in 60 can effectively 
separate the contribution due to K2  from that due to K1. 
Although terms from random sources such as (iii) and (iv) 
could conceivably contribute to all even terms including 60, 
such contributions are likely to be very small. 

The theory given above assumes H to be very large, so 
that the magnetization vector may be identified with the 
direction of the magnetic field. In practice, torque curves 
are taken at different values of the field and the apparent 
values of the anisotropy constants so obtained are plotted 
against H-1. The straight line obtained is then extrapolated 
to the origin to give the value of the anisotropy constant 
appropriate to infinite field—a procedure frequently used 
(Bozorth 1951). 

4.2. The specimen preparation and auxiliary apparatus 

The specimen used for the measurement of K, was prepared 
from the ingot. X-ray back-reflection Laue photographs 
were used for orientation purposes and to ensure that there 
were no large areas of disoriented or polycrystalline material. 
An optically flat surface was polished to within 15 minutes 
of arc from a (111) plane and a second surface was then 
ground and polished parallel, within ±6 minutes, to the first 
surface. A number of x-ray photographs were taken to find 
the most suitable area of the resulting slab from which to cut 
the final disk. Cutting was done using a spark-cutting 
machine with a hollow copper tool bored to the correct 
internal diameter (1 cm). The disk was subsequently etched 
to remove any polycrystalline material created by the polishing 
and cutting operations. 

The apparatus used in the measurements employed the 
torque meter as already described, with associated centring 
and levelling support arrangements and with appropriate 
electrical circuitry. A 4 in. Newport electromagnet was used 
with 4.4 cm pole gap, giving a field of 7300 Oe at 15 A. The 
Wheatstone bridge circuit used is shown in figure 3. A 
galvanometer amplifier is used with negative feedback, 
primarily so that the damping on the galvanometer can be 
adjusted to the most convenient level. The impedance of 
the Wheatstone bridge is otherwise such that the galvano-
meter used is heavily over-damped, causing considerable delay 
in taking readings. The arrangement also allows the sen-
sitivity of the circuit to be easily changed. The current 
through the bridge was kept at 20 mA since it was found that 
thermal drift became progressively more troublesome as the 
current was raised above this level. 

TORQUE MAGNETOMETER 

4.3. Measurements and results 
Because of slight non-uniformity in the field due to the 

relatively large pole gap used, it was found important to 
position the specimen and the torque meter centrally in the 
magnetic field when the apparatus was initially set up. Before 
any measurements were made the bridge current was always 

Figure 3. Wheatstone bridge circuit. 

standardized by comparing the e.m.f. across the standard 
50 E2 resistance with that of the standard cell. The sen-
sitivity of the bridge was also always checked by varying 
resistance R of figure 3 and noting the galvanometer deflec-
tion. The procedure, then, for calibrating the torque meter 
was to apply accurately known rotations to the torque head 
and to note the corresponding galvanometer deflections. In 
order to minimize errors due to possible drift, a galvanometer 
reading was taken corresponding to a reference zero on the 
torque head between each reading corresponding to different 
torque head positions. The relationship between OR and 
the position of the torque head was found to be linear. 
Measurements of the anisotropy torque were made by noting 
the galvanometer deflection for different positions of the 
magnet, a procedure similar to that employed in calibrating 
the torque meter again being used to minimize the errors 
introduced by thermal drift. 

Figure 4 shows the results which were first obtained without 
careful alignment of the specimen relative to the magnet pole 
gap and when full cancellation of unwanted translational 
forces was not obtained because there was a large separation 
between the two planes containing the resistance wires. The 
undesirable effect that this separation has on the operation 
of the torque meter has been explained in § 3.2. For pur-
poses of comparison, a torque curve obtained by Sato and 
Chandrasekhar (1956) using a similar (111) nickel sample is 
superimposed on figure 4, the ordinates of the two curves 
having been adjusted so that the amplitudes of the com-
ponents periodic in 60 (indicated by the broken curve) are 
the same. 

After the necessary modifications had been made to the 
torque meter the correct centring of it in the pole gap was 
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where, for nickel, the elastic compliance moduli are (de Klerk 
and Musgrave 1955) 
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found to be no longer so critical and the spurious contribu-
tions periodic in 20 and 40 could be reduced to a minimum. 
Greatly improved torque curves were then obtained, especially 

0 40 80 120 160 200 240 280 320 360 
Angle between the magnetic field and a fixed direction "n the sample (°) 

Figure 4. Comparison of a measured torque curve (A) with 
one obtained by Sato and Chandrasekhar (1956) ( B). 

at lower temperatures, and a set of curves, measured at 
—9.5' c and at different magnetic field strengths, is shown 
in figure 5. These curves were subsequently subjected to 
Fourier analysis and the amplitudes of the components 
periodic in 20,40 and 60 are plotted against H-1  in figure 6, 
where Sn  and Cn  denote respectively the amplitudes of the 
sin nO and cos nO components. 

The effective amplitude of the sin 60 curve at 23° c and 
a field of 7300 Oe is 113.8 dyn cm, and, since the volume 
of the crystal is 0.08609 cm3, the torque per unit volume 
is 	1.322 x 103  dyn cm, giving a value for K2 of 
2.38 x 104  erg cm-3. The extrapolated value correspond-
ing to infinite field is 2.53 x 104  erg cm-3. 

4.4. Discussion of results 
The values obtained by previous investigators for K2 for 

nickel are summarized in the table, together with the tem-
perature at which the measurement was made and the method 
used. 
K2 x 10-4  
(erg cm-3) 

Temp. Method Reference 

+5.3 Room MC McKeehan 	(1937), 	Honda, 
et al. (1935) 

+1.09 Room MC Nakamura (1955) 

—3.6 20° c MW Reich (1956) 
—6.06 20° c MW Barlow and Standley (1958) 

+2.34 26° c T Sato and Chandrasekhar (1956) 
MC, from measurements of magnetization curves; MW, from 

microwave resonance technique; T, from torque curves. 
It may be seen that the present determination of K2 agrees 
well with the figure obtained by Sato and Chandrasekhar 
(1956) at a slightly higher temperature. One explanation put 
forward (Pearson 1960, Anderson and Donovan 1959) for 
the discrepancies between the other values of K2 given in the 
table is that experiments by static and by microwave resonance 
techniques do not, in fact, measure anisotropy constants 
under the same conditions, and that the former correspond 
to constant stress and the latter to constant strain. However, 
it is possible to calculate the difference between the effective 
value of K2 at zero stress and at constant strain: it is 
AK2  = S11{3L1(L2  + L3 ) + L2(4L2 + L3)} 

— 4-544(6mo + M1)M1 

S11  = 0.7336 x 10-12 cm2 dyn- 

S12 0.2744 x 10-12 cm2 dyn 

S44 = 0.8019 x 10-12 cm2 dyn 

0 20 40 60 80 100 120 140 160 180 
Angle between the magnetic field and a fixed direction in sample (°) 

Figure 5. Variation of torque curve with magnetic field at —9.5° c. 

and the magnetoelastic coupling constants are (Bozorth and 
Hamming 1953) 

L1  = 88.36 x 106  dyn cm-2  
L2  = —12.67 x 106  dyn cm-2  
L3 = 20.11 x 106  dyn cm-2  
Mo  = 91.03 x 106  dyn cm-2  
Mt  = —19.20 x 106  dyn cm-2. 

These figures give a value for AK2  of 0.57 x 104  erg cm-3. 
It is therefore unlikely that this explanation of the discrepan-
cies exhibited in the table is correct, and it is probable that 
the value of K2 derived from torque measurements must be 
accepted as correct. The close agreement of the present 
results with the work of Sato and Chandrasekhar (1956) is 
gratifying since they are the only other investigators to have 

+ S12 {3Li(L2 +L3) + 5L2L3 — L32} 
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measured K, directly using a (111) single-crystal disk. The 
two sets of values for K2  derived from measurements of 
magnetization curves are obtained by estimating the areas 
under these curves rather than by curve fitting at high fields, 
and the figures obtained for K2  are therefore thought to be 
unreliable—indeed the corresponding estimates for the first 
magnetocrystalline anisotropy constant Ki  differ by some 
25%. 
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The temperature variation of magnetocrystanme 

anisotropy for nickel and gadolinium 	 APPENDIX Aif 

R. R. BIRSS and P. M. WALLIS 

Physics Laboratory, University of Sussex, Falmer, Brighton, Sussex, England 

Abstract. Measurements of magnetocrystalline anisotropy have been made on single crystals of nickel 
and gadolinium within the temperature range 92°K to 347°K. At room temperature a direct measure-
ment on a (111) nickel disk gives a value of the second anisotropy constant (appropriate to infinite field) 
of K2  = —2. 38 x 104  erg cm-3. 

For nickel the variation with temperature of K1  is in satisfactory agreement with published data 
but that of K2  is not. For gadolinium the variation with temperature of the semi-angle of the cone of 
easy magnetization appears to be in slightly better agreement with the 1962 results of Graham than 
with those of Corner, Roe and Taylor. 

1. Introduction 
Although estimates of the value at room tempera-

ture of the second magnetocrystalline anisotropy con-
stant K2  of nickel have been made by several investi-
gators, these estimates are not mutually consistent 
and differ, in fact, even as to sign. The values of K2  
obtained indirectly from magnetization curves are 
generally positive, for example, K2  = + 5. 3 x 104  erg 
cm-3  (McKeehan 1937) and K2  = +1. 09 x 104  erg cm-3, 
(Nakamura 1955). However, Standley and his co-work-
ers have obtained negative values by using a micro-
wave resonance technique, for example K2  = —3. 6 x 
104  erg cm-3  (Reich 1956), and K2  = —6. 06 x 104  erg 
cm-3  (Barlow and Standley 1958). It is therefore de-
sirable that direct measurements of K2  be made by 
investigating the anisotropy torque in a single crystal 
disk of nickel orientated so that the plane of the disk 
is a (111) plane (this being the crystallographic plane 
in which the first anisotropy constant Kl  does not con-
tribute to the torque). Two such measurements have 
been made, the values of K2  obtained being K2  = 
+2. 34 x 104  erg cm-3  (Sato and Chandrasekhar 1956) 
and K2  = +2. 38 x 104  erg cm-3  (Birss and Wallis 
1963). It is now thought, for reasons which are given 
below, that both these figures, whilst of the correct 
magnitude, are of the wrong sign and that the actual 
value (appropriate to infinite field) is K2  = —2. 38 x 
104  erg cm-3. 

The relation usually given (Bozorth 1951, Brails-
ford 1960, Stoner 1950) for the anisotropy torque in 
high fields is 

dE 
L = 

d0 

where E is the anisotropy energy density. For a cubic 
crystal 

E = Ko  + K1(a12a22  + a220132 cy32a12) K2a12a22a32 
+..., 

where the a's are the direction cosines of the magne-
tization relative to the crystallographic axes. L is 
the torque exerted on the crystal per unit volume of 
the crystal and 0 is the angle (in the plane in which 
the magnetization rotates) between the direction of 
m 	etization and a fixed direction in the crystal. Since  

the differentiation is performed relative to axes fixed 
with respect to the crystal whilst the orientation of 
the magnetization direction varies relative to the cry-
stal axes, it might reasonably be supposed that equa-
tion (1) gives the torque on the crystal, in the direction 
of 0 increasing, when 0 is measured from a fixed di-
rection in the crystal to the direction of magnetization. 
Such optimism would, however, be misplaced for, with 
this interpretation of the symbols, the torque must be 
given by 

L = + 
0 	

(2) 

because it must be in such a direction as to bring an 
easy direction into coincidence with the field direction 
when the easy direction makes a small angle with the 
magnetization. In fact, equation (1) gives the torque 
on the magnetization when the crystal is fixed whilst 
(2) gives the torque on the crystal when the magneti-
zation is fixed (by the direction of the field). The rea-
son that the distinction between (1) and (2) is often 
not important is that the torque usually contains a 
(leading)term involving K1, the sign of which may, of 
course, be predicted in advance from the known posi-
tion of the easy directions. In the (111) plane, however, 

dE K2  
L = +

d0 	18 
+— sin 60, 

• 

where 0 is the angle made by the magnetization in the 
(111) plane with a (110) direction. The sign of K2  can 
not therefore be determined correctly by using equation 
(1) and it is thought that both the direct determinations 
of K2  mentioned above are in error for this reason. 
That K2  is in fact negative is confirmed, as will be 
shown in § 3, by a comparison of a theoretical estimate 
of the field dependence of the torque with experiment 
for low temperatures. 

In §2 data are presented for nickel and gadolinium 
'single crystals within the temperature range 92°K to 
347°K. 

2. Experimental results 
Figure 1 shows a typical torque curve obtained 

at 347°K with a (111) simile-crystal nickel disk for 

(1) 

(3) 
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a (110) direction). The curves obtained for each value 
of magnetic field were subsequently subjected to Fou-

• rier analysis to separate the amplitude of the term 
periodic in 6{3 from other unwanted contributions to 
the torque (for a discussion see Birss and Wallis 
(1963». It was then possible to draw a curve showing 
the variation of the amplitude, A, of the term periodic 
in 6{3 (referred to unit volume of the crystal) as a func­
tion of l/H, where H is the magnetic field strength. 
Figure 2 shows a selection of such experimental curv­
es appropriate to various temperatures within the 
range of 92°K to 347~. For high temperatures the 
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Figure 1. Variation of torque with the angle (3 
between the field and a (110) direction for the 
(111) nickel disk in a field of 1380 Oe at 347°K. 
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Figure 2. Variation with l/H of the amplitude A 
of the component of torque periodic in 6{3 (refer­
red to unit volume of the nickel crystal) for va­
rious temperatures. 

torque curves vary little with field at high fields. The 
reduction in torque at small values of l/H for low tem­
peratures warrants further discussion, however, and 
this is attempted in § 3. 

smg e crys a IS 0 ga 0 mlUm onen e 
parallel to a (1120) crystallographic plane was also 
available for torque measurements and it was thought 
to be of interest to investigate this crystal within a 
similar temperature range. This would afford a direct 
comparison with the work of Graham (1962) and Corner, 
Roe and Taylor (1962) in the interesting temperature 
region below room temperature in which the easy di­
rections are thought to lie on the surface of a cone 
surrounding the hexagonal axis. Unfortunately, the 
torquemeter had been designed with a fixed sensitivity, 
large enough to facilitate accurate measurements on 
the (111) nickel disk, and this proved too great to per­
mit the measurement of complete torque curves on 
the gadolinium crystal without damage to the device. 
However, it was still possible to determine the orien­
tation of the cone of easy magnetization by finding the 
positions in which the field exerted no torque on the 
crystal. From symmetry, of course, two such positions 
are parallel and perpendicular to the hexagonal axiS, 
but in certain temperature ranges it is also possible 
to find another two positions of zero torque making 
angles l/I with the hexagonal axis. Since the torque­
meter is limited in the magnitude of the torques it 
can accept, such positions are found in practice by 
gradually increasing the magnetic field and simulta­
neously adjusting its angular orientation in the plane 
of the disk so as to keep the torque small or zero. (A 
similar procedure is necessary when the field is re­
duced.) Figure 3 shows the variation of l/I, the angle 
for zero torque, with 1/H for various temperatures: 
the value of l/I obtained by extrapolation to infinite 
field l/Ico may be identified with the semi-angle of the 
cone of easy magnetization. 

201"k 
41 61Kr' 

I/H (oersted-I) 

Figure 3. Variation with l/H of the angle for zero 
torque l/I at various temperatures, for the gadoli­
nium crystal. 

3. Discussion 

In equation (3), e is the angle between the magneti­
zation and a reference direction in the crystal. It is 
only at infinite fields that the magnetization and the 
applied magnetic field are strictly parallel. However, 
at temperatures well below the Curie point it is per­
missible to assume that in large but finite fields the 
crystal is magnetized as a single domain, the direction 



the sum of the magnetic field energy, the demagneti­
zing energy, and the anisotropy energy. Thus the direc­
tion of the magnetization may be related to both the 
magnitude and the direction of the field and the varia­
tion in torque due to this effect may be calculated. It 
turns out that in high fields the main contribution is of 
the form A sin 6{3, where 

K2 [K1 + 1/6K2]2 
A = - - ---'''------':........;;:'--

18 3(HIs + k) 
(4) 

and powers of IjH higher than the first have been ne­
glected. The quantity k depends on the demagnetizing 
energy and can only be calculated exactly when the 
boundary of the specimen is a surface of the second 
degree. If the flat disk is assumed to approximate 

";' 
E 
u 

-8x ' 

100 200 300 
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Figure 4. The variation with temperature of Kl 
and 5K2 for nickel. 

to an oblate spheroid with a demagnetizing factor N 
in the plane of the disk, then, neglecting a small term 
of order K2/9, 

Since the magnetization does not lie in the plane 
of the disk it is not possible to correct the torque curve 
by displacing it parallel to the f3 axis by an amount 
L/HIs (Bozorth 1954) and it is necessary to compare 
the variation of A with field obtained experimentally 
with that given by equation (4) to determine the correct 
value of K2. This has been done in figure 2 where the 
broken lines are drawn through the experimental data 
and the solid curves are calculated from equation (4) 
using N = 0.955. If equation (4) were modified by the 
inclusion of terms in (1/H)2 the agreement between 
theory and experiment would presumably hold to higher 
values of 1/H. 

At low temperatures the value of Kl is accurately 
known from the data given by Bozorth (1951), and these 
values may be used in equation (4). At high tempera-

e m gm u e 0 1 IS muc re uce ,an any 
errors in the valueD given by Bozorth would cause ap­
preciable errors in the slopes of the (A, 1/H) curves 
since these involve K12. The values of Kl have there­
fore been slightly adjusted in obtaining the solid curves 
shown in figure 2. The extent of the adjustment is 
shown in figure 4 where the broken curve for Kl is 
that given by Bozorth and the solid curve is that used 
in equation (4). The experimental pOints are some 
confirmatory values obtained by replacing the (111) 
disk with a (110) nickel disk. Also shown, as a solid 
curve, in figure 4 is the temperature dependence of 
K2 (plotted, for convenience, as 5K2) deduced from the 
present investigation. The broken curve corresponds, 
except for a sign change, with that given by Bozorth 
(19.51). 
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Figure 5 .. The variation with temperature of the 
angle for zero torque l/I at various fields, for the 
gadolinium crystal. 

Figure 5 shows the angle for zero torque l/I for 
gadolinium as a function of temperature for various 
values of fields. The experimental pOints on which an 
error is indicated are of 1/100 and these may be compared 
with the broken curves which are due to (a) Graham 
(1962) and (b) Corner, Roe and Taylor (1962). Because 
of the strong dependence of l/I on 1/H above 185°K it 
would not be realistic to plot experimental pOints at 
higher temperatures. 
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APPENDIX A5 

A' torque• magnetometer for a wide range of temperatures 

R. R. BIRSS• and P. M. WALLIS 
Physics Laboratory, University of Sussex, Falmer, Brighton, Sussex 
MS. received 27th October 1964, in revised form 17th December 1964 

Abstract. This paper describes the modifications made to a torque magnetometer pre-
viously described by the authors to permit its use within the temperature range 77-373 °K. 
These limits are set by the arrangements used for temperature control (also described) and 
do not represent intrinsic limits of the method. The performance of the device has been 
checked by measurement of the temperature variation of the first magnetocrystalline aniso-
tropy constant of nickel. 

1. Introduction 
In a recent paper (Birss and Wallis 1963) a description was 
given of a new form of torque magnetometer that permitted 
the measurement of the small torques developed in isolated 
ferromagnetic samples during measurement of magneto-
crystalline anisotropy and rotational hysteresis. The torque-
sensing elements were very fine resistance wires arranged in a 
particularly advantageous balanced configuration (fully 
described in the original paper), and forming two arms of a 
Wheatstone bridge circuit. The device had a number of 
advantages which included insensitivity to unwanted torques 
and translational forces and to small changes in temperature, 
pressure and magnetic field. The stability of the torque 
magnetometer against small changes in the ambient temper-
ature was so good, in fact, that it was felt that the device 
could be modified to permit its use over an extended range of 
temperatures. Such a modification proved possible and this 
paper describes an experimental arrangement that has been 
used for temperatures between 77 and 373°K. These 
temperature limits are set by the means used to control the 
temperature (described in § 3) and there is no doubt that the 
torque magnetometer itself would work satisfactorily over a 
much larger range of temperatures. 

2. The modified torque magnetometer 
Before modification, the torque magnetometer was not 

particularly suitable for measurements at temperatures other 
than room temperature because of the method used for 
calibration. This was effected by rotating a torque head 
(with microscale) to twist a torsion filament, the resultant 
torque applied to the specimen (calculated from the modulus 
of rigidity of the filament) being used for calibration purposes. 
It would therefore be necessary to determine the variation 
of this elastic constant with temperature from a separate 
experiment and a rather elaborate arrangement for temper-
ature control would thus be required for calibration purposes 
as well as for actual measurements of torque on particular 
specimens. 
• The modification to the original design of the torque 
magnetometer that permitted calibration under working 
conditions at any temperature was facilitated by the fact 
that measurements are always made in a large uniform 
magnetic field: . It' is -therefore feasible-  to connect a rect 
angular coil (M' in figure I) rigidly: to the specimen holder C 
and to use the torque' developed 'in the coil when it carries a 
dare% in the magnetic field to calibrate the torque magneto-
meter ''directly.. It is important, for reasons mentioned  

later, that the demagnetizing field of the specimen should not 
contribute appreciably to the flux through the coil. The 
lower end of the coil and the specimen holder are therefore 
connected by a rigid brass rod N and are separated at their 
nearest points by at least 9 mm. The top end of the coil is 

Figure 1. Two elevations, with cross sections, of the modified 
torque magnetometer. 

A, clamp jaws; B, outer support posts; C, specimen holder; 
D, inner support posts; E, resistance wires; J, phosphor bronze 
filament; K, filament clamp; L, silver ligament; M, rectangular 
coil; N, brass connecting rod; P, soldering posts; Q, threaded 

mounting stud. 

connected to a flattened phosphor bronze filament J, which 
acts both as a suspension and as an electrical connection 
to the coil. The other electrical connection to the coil is 
made via a silver ligament L, which carries current between a 
terminal at the top of the coil and one of the insulated 
soldering posts P. 

A modification is also made to the method of terminating 
the strain-sensing resistance wires at the outer support posts 
B. Originally the posts were insulated with a thin layer of 
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Araldite and the resistance wire was wound round them and 
anchored with Durafix. Electrical connections were then 
made separately to the free unstressed end of the resistance 
wire. This method has the advantage that the state of stress 
of the wire cannot affect the contact resistance of the electrical 
connection but it requires a fairly substantial length of 
non-active resistance wire: this leads to a reduction in  

that with carefully soldered joints the effect of strain on the 
contact resistance at the joint is not troublesome. 

The specimen, contained by the specimen holder C, was 
originally mounted on a rubber pad which permitted a small 
degree of flexibility in the plane of the disk. However, at 
low temperatures, rubber is unsuitable for this purpose and 
the specimen was therefore mounted on a pad of asbestos paper. 

ri  

rn  
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Figure 2. Arrangements for temperature control. 
a, first-stage cooling modules; b, second-stage cooling module; 
c, torque magnetometer housing; d, interstage heat conductor; 
e, second-stage heat conductor; f, brass rings; g, vacuum 
vessel; h, drill-hole for platinum resistance thermometer; 
j, polythene tube; k, threaded hole for mounting torque 

magnetometer. 

sensitivity and also to rather clumsy arrangements for 
connections to the leads. The modification is to use ena-
melled Constantan wire (22 s.w.g.) for the support posts B, 
so that there is no electrical connection between them and 
the body of the torque magnetometer. The strain-sensing 
resistance wire can then be soldered directly to the support 
post, connections from the soldering posts P at the top of 
the torque magnetometer being made to the other free 
projecting ends of the support posts. In practice it is found 

The procedure adopted to calibrate the torque magneto-
meter at a given temperature is as follows. A current 
of the order of 10 ma is supplied to the coil with a magnetic 
field applied in an arbitrary direction and the magnet is 
then rotated about the torque magnetometer until the position 
of minimum torque is reached. A further rotation of the 
magnet through 90° is then made and the variation in the 
deflection of the torque magnetometer with current through 
the coil is observed. Finally the current supply to the coil 
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Figure 3. Schematic diagram of the temperature control 
system. 

R. R. Birss and P. M. Wallis 
is disconnected and the flux through the coil measured with a 
fluxmeter at the position of minimum torque. Clearly, 
there must be a negligible contribution to the flux through 
the coil from the demagnetizing field of the specimen. In 
addition care is taken in positioning the connecting wires 
so that the flux measured is due only to the coil and not to 
the disposition of other parts of the circuit in the magnetic 
field. 

3. Arrangements for temperature control 
The temperature of the specimen (and, in fact, of the whole 

torque magnetometer shown in figure 1, which is attached 
below the position k in figure 2) is controlled by a unit that 
employs thermoelectric cooling modules supplied by De La 
Rue Limited under the trade name of Trigistors'. The 
smallest, standard, 15 A module consists of four thermo-
couples. Each thermocouple comprises a pair of conducting 
elements, and the eight elements are connected electrically 
in series but are arranged so that the hot junctions abut 
on to an aluminium plate (9 mm x 19 mm) and the cold 
junctions on to a similar parallel plate. The plates are about 
6 mm apart and they are in thermal but not electrical contact 
with the thermocouple junctions. The overall width of the 
module, measured across the aluminium plates'," ig about 
7 mm. Heavy-current leads are attached at one end of the 
module. The maximum heat pumped against zero tem-
perature gradient is 3.5 w and the ultimate temperature 
difference between hot and cold junctions is 62°c for zero 
heat pumped. This assumes that the hot junctions are held 
at 27°c, with the module run at 15 A and 0.4 v. In the 
temperature control unit there are two stages of cooling 
modules run in cascade, so that a larger temperature 
difference can be achieved with normal water cooling of the 
hot junction of the second stage. The ratio of the numbers 
of modules in the first and second stages is the suggested 
one of 1: 6. 

Temperatures above room temperature can be attained 
by reversing the current through the modules, the upper 
temperature limit being set by the melting point of the 
solder used in the construction of the Trigistors'. In 
practice this allows an upper temperature of about 100°c. 
The temperature range of the unit can be further extended by 
cooling the 'hot' junctions of the second stage to 77°K. with 
liquid nitrogen. Although the maximum temperature 
difference between hot and cold junctions is very much 
reduced at these low temperatures, temperatures between 
77°K and room temperature can readily be obtained by 
using the module with reverse current. 

The mechanical layout of the temperature control unit is 
shown in figure 2. The torque magnetometer is mounted 
in this unit by screwing the threaded stud Q, at the top of 
the apparatus, shown in figure 1, into the threaded hole k, 
shown in figure 2. The cooling modules (a and b) of the 
first and second stages are arranged with three-fold symmetry 
round the central copper housing c that contains the torque 
magnetometer, shown in figure 1. For clarity, only one of 
the three identical units is shown in the figure. Nylon 
bolts are used to clamp the second-stage Trigistors' between 
the interstage heat conductor d and the water or liquid-air 
cooled conductor e adjacent to the 'hot' junction of the 
second stage. The first-stage Trigistors' a are held in 
position by bolting the three second-stage, 'hot' junction 
conductors e to two brass rings f which press the three 
identical units inwards so as to clamp on to hexagonal 
faces on the housing c. A polished brass vessel g makes it  

possible to maintain the whole temperature control apparatus 
under vacuum, whilst a polythene tube j enables the atmos-
phere within the torque magnetometer housing to be 
controlled separately. A precalibrated thermocouple is 
used to measure the absolute temperature of the torque 
magnetometer and specimen. 

The method of clamping the first-stage Trigistors' ensures 
that there are no thermal connections to the first stage due 
to structural supports. The only thermal connections that 
remain (apart from convection and radiation) are those 
provided by the polythene tube j and the leads to the torque 
magnetometer, the thermocouple and the platinum 
resistance thermometer—which is located in drill-hole h. 
Convection and radiation losses are reduced by the use of 
the polished brass vacuum vessel g evacuated to a pressure 
of between 100 and 10 iritorr of mercury. To improve heat 
transfer, the space between the copper housing and the 
torque magnetometer is not evacuated for temperatures 
above that of liquid air. 

The control system used to maintain a given temperature 
to within about *, degc for periods up to four hours is 
shown schematically in figure 3. The temperature of the 

D.C. power ,.  

Thermal • energy 

torque magnetometer housing is measured with a platinum 
resistance thermometer which is connected, in series with a 
variable resistance, into one arm of a Wheatstone bridge 
circuit. The out-of-balance error signal from the bridge is 
used to control a continuously variable direct-current power 
supply (via an a.c. amplifier) to the first stage of the thermo-
electric cooling unit. The variable resistance is set to a 
value that determines the stabilization temperature of the 
system. The series arrangement of the variable resistance 
and platinum resistance thermometer ensures that the out-
put impedance of the bridge at balance does not vary with 
temperature. A separate, manually controlled power unit 
is used to supply power to the second stage of the thermo-
electric cooling unit. 
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4. Performance of the torque magnetometer 
To test the performance of the torque magnetometer over 

the temperature range attainable with the equipment des-
cribed above, measurements were made of the first magneto-
crystalline anisotropy constant ICI  for nickel, using a single-
crystal disk orientated parallel to a (110) crystallographic 
plane. In high' fields, the anisotropy torque in this plane 
is given by 

T= 
Ki  
—
8 

(2 sin 20 ± 3 sin 40) 

K2  
- 

64
- (sin 20 — 4 sin 40 — 3 sin 60) 	(1) 

where T is the torque exerted on the crystal per unit volume 
of the crystal and 0 is the angle measured from a < 100 > 
direction to the direction of the magnetization vector. 

The torque curves obtained experimentally for various 
values of applied field were subjected to Fourier analysis to 
obtain the components periodic in 20 and 40, and hence the 
effective value of K1 . (The contribution to the torque from 
K2 is so small that equation (1) cannot be used to obtain 
reliable values for this constant.) Equation (1) is strictly 
true only for very large fields, when the directions of the 
magnetization vector and the magnetic field coincide and 
lie in the (110) plane. In practice, this is not quite so and 
the effective value of K1  is plotted against the reciprocal of 
the applied field to obtain, by extrapolation to infinite field,  

the true value of K1. Values of K1  obtained in this way 
are in good agreement with the known temperature depen- 
dence of 	At the lowest temperature attainable (77°K), 
the value of K1  is almost midway between that obtained by 
Williams and Bozorth (1939) and by Honda, Masumoto 
and Shirakawa (1935). It may therefore be concluded that 
the modified torque magnetometer functions satisfactorily 
over the temperature range from 77 to 373°K and is likely 
to do so over a more extended temperature range provided 
appropriate attention is given to the arrangements for 
temperature control. 
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