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PST5-qt1CT. 

A review of past work on the origins of the 

uniaxial anisotropy in thin ferromagnetic films revealed 

that progress in this direction could possibly be 

achieved by performing epitaxial depositions under 

rigorously controlled conditions. 

Accordingly, an ultra high vacuum system 

has been designed and built, in which it was possible 

to maintain c. 5 x 10-9 torr. at best, whilst deposit-

ing nickel at 5 Vsec. 20 cm. from the electron bombard-

ment source. An important feature was the accurate know-

ledge and control of substrate temperature. 

An investigation of anisotropy measurement 

techniques indicated torque magnetometry as being the 

most suitable. A manual torque magnetometer of high 

sensitivity and accuracy was therefore constructed. Cal-

culations on the effect of the deviation of m5  from H 

when plotting torque curves in non-infinite fields have 

been performed, and successfully accounted for the 

torque-reversal phenomenon. 

Torque magnetometry combined with electron 

microscopic analysis on films deposited under widely 

varying conditions have produced the following results: 

1) 17,1  for monocrystalline Ni films has the same value -as 



for bulk Ni. Their magnetostrictive behaviour is pre-

dictable from bulk magnetostriction properties. An 

estimate of the sign of h- is also obtained. 

2) The uniaxial anisotropy can be reduced to extremely 

low levels (500 erg./cc.) by taking steps to exclude 

all known mechanisms. 

3) The effects of stress mechanisms on K and Ku have been 

investigated, and the two, results correlated. In 

particular, a constraint temperature well below the 

substrate temperature has been established. 

4) There seems to be no contribution to Ku from mechanisms 

specifically involving oxygen impurities, at least for 

films grown at up to 2 x 10-5  torr 02. 

5) The effects of lattice imperfections and impurities seem 

quite important in the as- grown films, and can be the 

predominant Ku source. Imperfections arising from the 

growth process itself seem more important than imper-

fections arising from included gas atoms. 
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-PTE? 1. 

Introduction to Ea9-nctic .AnisotrooT and its •; _surement. 

1,1. 	The 	-ninr of iscznetic Axisobroov. 

A sa7.ole of magnetic material is said to be magnetically 

anisotropic if its internal energy is a function of the orientation 

of ito spontaneous magnetisation 11:-. An energy term of this kind 

is called a magnetic anisotropy enerrzy. It implies that It is 

energetically more favourable for LIs- to lie in certain preferred, 

or "easy" directions, rather than in higher energy "hard" 

directions. Thus, if the magnetisation is rotated out of 

preferred direction by the application of an external field, 

there must be an increase in the anisotropy energy. This 

anisotropy energy term, where present, must be added to the 

magnotostatic energy teria and the usual thermodynamic ones of 

enthalpy and entropy to give the total free energy of a magnetic-

ally anisotropic material. Since the anisotropy energy varies 

with c 	the direction cosines of Ys  relative to a fixed _z 

reference direction in the sample, it can be written as Ek x:i). 

There are several forms of anisotropy commonly encountered, 

of which, following Kittel and Galt(K5), four are here mentioned 

in an introductory manner. 

'1.1.1. The Induced Unlayial Anisotropy, taking the form: 

sin2 

9 



where & is the angle between M,  and the easy axis, End Ea  is 

known as the anisotropy constant . This form of anisotropy can 

be induced into some bulk ferromagnets by heat treating or cold 

rolling in a magnetic field. Uniaxial anisotropy can also be, 

induced in magnetic thin films by depositing them in a magnetic 

field. 

Induced uniaxial anisotropy Las a very complicated origin 

which is undoubtedly an involved mixture of the three, physically 

more basic, anisotropies now to be listed. 

1.1.2. The Yar,netocrvstalline LI)isotrol.m. 

Single crystals of most magnetic materials exhibit an 

intrinsic anisotropy associated with the crystal lattice, i.e., 

in the absence of external fields, Ti takes up one of several 

specific directions relative to the crystal axes. This magneto-

crystalline anisotropy, as it is known, generally reflects the 

spatial symmetry of the crystal structure with -which it is 

associated. 

The way in which this comes about is not straightforward. 

The electron orbital motion, which determines the lattice . 

structure is generally immobilised in the lattice and virtually 

unaffected by externally applied fields. In the fair model of 

crystal anisotropy, first developed by Van Vleck(V2) in 1937, 

spin-orbit coupling is invoked to explain how the spin - which 

directly affected by external magnetic. fields - interacts 

I0 



vth the crystal lattice to give rise to crystalline anisotropy. 

This formulation is described in greater detail in the magnetics 

text bool:s(1-1)/(B1)1(G9)  ani ao need not be elaborated here. 

The simplest form of magnetocrystalline anisotropy is, 

in fact, a uniaxial anisotropy. If, for example, the slight 

anisotropy in the basal plane is neglected for the moment, 

hexagonal.cobalt exhibits a uniaxial anisotropy which makes_ the 

easy direction of 11, parallel to the C-axis at room temperature. 

1s if,s  rotates away from the C-axis, the anisotropy energy 

increases with angle of rotation, (3, reaching a maximum value 

at e = 900, and thence decreasing to its original value as Ms  

again reaches the 0-axis in the opposite direction. The energy 

can be expressed by a power series in sin e, including only 

even terms, i.e., Ek  = Y111 sin2 '  K2 sin:4 e  • 1 • 

where Kul, Kul  ... are the magnetocrystalline anisotropy 

constants. Usually, the first term is sufficient to express 

the actual anisotropy energy. The anisotropy must, of course, 

also be dependent on the azimuthal angle about the 0-axis, but 

this term is even smaller than the second term above. In the. 

more general case, the magnetocrystalline anisotropy is defined 

by referring M5  to three axes, not necessarily orthogonal, by 

the direction cosines o( 1, d:2  and 	Ls an example iron, 

which is a cubic crystal, has the easy axis of magnetisation 



-7 along the cube edges /10PJ, and the hard direction the cube 

diagonals LI117, with the La -7  directions intermediate. The 

case for cubic crystals will be discussed in mare detail later. 

1.1.3. 	r:nct2IF-Etic 42LaRtE 

1. magnetoelastic, or magnetostrictive anisotren can 

arise from the interaction between the merfnetisation and the 

mechanical strain of the lattice. In its simplest form, where 

a uniform tensile stress, 	is applied to the specimen, the 

anisotropy energy is given by Ekx  = 2  A 	sing  e where /k 	is 

the magnatostriction constant and e the angle between 140  and 

the direction in which the tension act. 

1.1 .4. Shane fee-IsotroDy. 
That part of the magnotostatic energy due to the self-

energy of a magnetised material in its own field also gives rise 

to an anisotropy, known as shape anisotropy. This is dependent 

on the demagnetising factor of the samole, N, which in turn 

depends on its shape. The expression for the self-energy of a 

ferromagnet is -,12:.1.2 par unit volumewhere 	is the demagnet- 

ising field. For regularly shaped specimens, I 	= -it Ii, so 

that the magretostatic self-energy becomes Ed  = 7;a1 1,1R. N can 

be calculated for simple regular shapes, all of them being 

special cases of the general ellipsoid. This is the only 



general shape for which the demagnetising field is_ uniform 

throughout the volume for uniform magnetisation aistribution°1)* 

Kow, for a non-spherical shaped sample, since N is a function of 

the dimensions of the samele, the magnotostctic self-energy will 

vc-- with orientation of 	Tal-:ing the ellipso4d as an example: 

13 

	>Ms  

d  is small when M- lies along the long axis, and is large if _A 

121s  is swung perpendicular to the long axis. This anisotropy is. 

thus yet, another form of a uniaxial anisotropy, expressed for 
. 

the ellipsoid by: Ed  = 	1111 ) Ms  sin e where J.  and 

Nil are the demagnetising factors. along the minor and major axes 

of the ellipsoid in the plane considered. 

1.2. 	The Mathema. ice]. -formalism of Cubic Ma,Fnetocrystalline Lnisotropy. 

It is now proposed to investigate the mathematical form of 

the magnetocrystalline anisotropy for cubic crystals, e.g., nickel 

or iron. Because of the orthogonality of the cube edges, it is 

most convenient to express the anisotropy energy in terms of 

thedircctIoncosines(- 	"---3 c--)  of 	with respect to '2  



these cube edges. Cartesian trigonometric relationships can 

then simply be used to manipulate the algebraic expressions_ 

involved. Because of the very high symmetry of the cubic system, 

there are many equivalent directions in the cubic lattice in 

which the anisotropy energy is the same. This syrnetry implies 

that if we expand Ek  as a polynomial series in the direction 

coc.ines-oC i, i = 1, 2, 3, two simplifying factors can be 

taken into account: • 

Terms including odd powers ofc‹-i  must vanish, since a 

change in sign of any of the 	must bring the M-vector 

to an energetically equivalent direction. 

(ii) The expression mast be invariant to interchange of any 

twoo: its' since all the cube directions must be 

magnetically indistinguishable. 

The use of various algebraic simplifying expressions 

and the fulfilment of the two above conditions leads_ to 

form for the anisotropy energy up to 6th order in e.0 of: 

4Jic= 
	 ec 2  + 

2 
,̀-3c< 

 3  2c" ci  2 ) 2 2 	, 2_ 2 

(Sec, for instance, Anderson(A1), p. 115-116). K1  and K2  are 

known as the first and second anisotropy constants respectively. 

The magnitude of the constants decrease very rapidly as 

higher order terms are taken, and normally, only the first two 

terms noted above are sufficient. By similar algebraic 

(i) 
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manipulation to that in the work quoted:  it is possible to reduce 

even the higher order terms to simpler symmetrical expressions. 

The eighth and tenth order terms then become: 

K3 ( 
c<

1.4  24 e
,c_ 4 , 

2 	34 O=34  cx 

2 	.2 	 c„.- 2 	2 	c<  2 cc  2).  
and 	K4 	L 2. 	( (12  _ 	2 3 	3 I_ 

It will prove necessary to make use of the first of these higher 

order terms, K3, later on in section E. 

1, thod,s, of neasurement  of Anisotropy ITnergy  Constonts.  

There are three main methods for measuring the anisotropy 

constants_ of ferromagnetic materials: 

(i) from magnetisation curves; 

(ii) by ferromagnetic resonance experiments; 

(iii) by torque magnetometry. 

The first tvo methods are of rather more limited usefulness 

and may be loss accurate than the third, and so will only be 

treated briefly. 

It should, however, be pointed out that both the first 

two methods are capable of a very high order of accuracy if 

porfoimed carefully using the most modern techniques. This is 

evidenced by the classic measurements of Ki  and K2  for nickel 



IN 
by Krause and Fates" "), using the magnetisation curve method, 

prod by Rodbell_'
cal ) , using a resonance method. 

1,3.1. 	notia 6ion Curves. 

It has_ been pointed out in the introduction to.  

anisotropy that the anisotropy energy is a measure of how 

much leas energy is required to magnetise the specimen in 

an easy direction than in a hard direction. It thus followa 

directly that if the work done in magnetising the specimen 

to saturation in different directions can be measured, 

r ti 
i.e., j a  H.d11, then the value of_ the anisotropy constants 

lb 

can be obtained. 

The example of a cubic anisotropy is worked out in 

detail in the various textbooks (e.g., Lnderson(A1)  pp. 126-128), 

and the result obtained is: 

K1 	4(11.10 - Aloo)  

K2 = 27(A111 e Aim) - 36('"110 Aloo) 

whore  Ahk1 is the area under the 11-H c=ve for se- 
 saturation 

in the 5kli direction. Examples of such single crystal 

magnetisation curves are given below in Fig. 7.1. (from 

Boaorth(31), p. 478): 



c3 

H ;t1 ('<. 

Fig. 1.1. 

For a liniaxial anisotropy, the magnetisation curve for 

tilt of 115  from easy to hard direction is simply a straight 

line reaching saturation at the anisotropy field Hk 	
p 

 = 	 -4  

as described 'below in section 2.2. The area- then enclosed by 

the curve in any one quadrant is simply x M x:a A  = Ku  ) 
Ms 

as expected by simply putting 0 = 90°  in the unialial anisotropy 

energy expression. 

1.3.2. Fe -,DJ;ac:retic Rcsonance. 

The resonant frequency in a ferroLiagnetic resonance 

measurement depends on the total internal field acting on the 

spin system in the sample. This will 3e the sum of the applied 

field)  H3, corrected for demagnetisation by the specimen, and 



any anisotropy field, Hk, present. Thus, the resonance condition 

I8 

in its simplest form becomes  CC. = 0 Ola  Hk
). The anisotropy 

field, and hence the_ anisotropy constants, can thus be obtained 

from the shift in resonance field as the applied field is 

rotated from hard to easy direction. 

Ln alternative and, elegant method is to induce spin 

resonance in the anisotropy field itself by the application of 

a suitable small alternat1ng driving field. This is knoun as 

intorna3 ferromagnetic resonance, and has been described and 

reviewed by Lnderson(A2)  and so need not be elaborated further 

here. 

1.3.3. Torcue nasnetometrx. 

The most unambiguous and a standard method of deducing 

the angular dependence of the magnetic anisotropy, Ek  (0), and 

hence the anisotropy constants is by use of the torque magnet-

ometer at high fields. This vas first used byWeiss(W1)  in 

1905, and has been developed by numerous investigations ever 

since. It will be dealt with in detail in section 3.tl- 



2. 

Genera Properties of 
	

atic Films. 

2.1. 	In__,..z.mquctign. 

The method of fabrication of thin films has a profound 

influence on their properties. In particular, for films produced 

by vacuum evaporation or ,putter 	the ci;ructural proper-biem 

are affected by the substrates on vhich they are deposited, its 

temperature, the rate of deposition, and the residual gas_ 

atmosphere, which cart give rise to inclusions and surface oxidation. 

All these factors must be born in mind when considering any 

intrinsic properties of the film, such as magnetisation, as these 

will be strongly influenced by the film structure. 

The main properties of magnetic films in general will now 

be very briefly discussed to assist in understanding the termin-

ology used, and as a prelude to a more detailed review of one 

particular property - the induced anisotropy. 

2.2. 	Domatn Behaviour and Oonseouences Thereof. 

A ferromagnet reduces its bulk maignetostatio energy by 

forming magnetic domains, rhich are formed in greater and greater 

number until the creation of additional doziain walls requires, 

the exoenditure of more energy than is gained by the further 

reduction of magnetostatic energy. The vall energy is governed 



by the exchange and anisoropy energies of the material and ie 

a surface energy. The stray field magnetostardc energy ariaing 

from the domain walls is negligible by comparison with these 

energies. 

In 1930, Fren2:el and aprfmann(F1),  and subsequently also 

Kittel(K2)  (1946) predicted that if a sample of bulk ferromagnet 

were to reduce in size in any one dimension, there would come a 

point when it became energetically favourable to do away with 

domain walls, the whole sample becoming a single domain. This is 

because the total wall energy, being a surface energy, could 

become comparatively more important than the magnetostatic energy, 

which is a volume effect. In particular, for a thin film, a-

domain wall would imply a row of free poles on either surface. 

(The Bloch wall, in which the magnetisation tilts out of the 

plane of the two antiparallel domain magnetisations in crossing 

the wall, was the only wall model known at the time of ratted's. 

calculation.) This would give rise to a very considerable 

magnetostatic demagnetising energy because of the closeness of 

the two film surfaces. The results of Kittells cal oblation, 

which assumed a uniayial anisotropy perpendicular to the film, 

showed that the critical thickness for single domain behaviour 

was around 5000 51, which is of the right order of magnitude 

when compared with experimental results:. 

20 



The first "modern" experiments., using electronic detection 

techniques to give sufficient, sensitivity to the flux-detecting 

mechanics of 13-H loop plotters, thas enabling them to be used on 

the 10-4cc. or less of thin film spies, were reported by 

Crittenden et al. (n)  in 1951. Some two years later, they 

reported the results of some work on nickel films using their 

lcop-plotter(02). The films behaved as Mittel had predicted. 

They were single domain, and the direction of M  could be re-

orientated, by the aoplication of an applied field, into any 

direction equally easily. They were thus isotropic as far aa. 

Crittenden could see. In addition, they responded to magnetic 

annealing if cooled from above the CL1rie temperature in an 

applied field, in exactly the same way as some bulk ferromagnetic 

materials, though the direction and magnitude of the resulting 

uniaxial anisotropy was rather unreliable. It was unfortunate 

that Crittenden chose nickel for his experiments, because the 

intrinsic anisotropic properties of the film were too small 

comparatively for him to detect on his apparatus. 

It vas_ not until two years later that the crucial experiment 

which initiated the flood of work on thin magnetic films 

performed by Blois(B2). He evaporated permalloy (81% Hi, 195 Fe) 

films onto substrates situated in a magnetic field during 

deposition, and found that a strong anisc‹:rooy existed in the 

2.1 



plane of the film. The anisotropy was imsediately characterised 

by observing hysteresis loops as being uniaxial, with an easy axis 

along the direction of the applied deposition field. Since the 

films ware also single domain, it was expected that the prediction 

of Kittel should be applicable, i.e., that Each a sample should 

reverse its magnetisation by coherent spin rotation rather than 

domain wall motion. The hysteresis loops of single domain 

unia:ftal samples in 'which only coherent rotation could occur 

were first calculated in a classic paper by Stoner and Wohlfarth (s1). 

Though the details of the calculation need not concern us here, 

two of the results are of particular interest and will be used 

later in connection with measurement technic-Ives. These are the_ 

hysteresis loops observed in the hard and easy directions: 

a) Hard direction - 

Fig. 2.1. 



The evation of the loop, shon in Fig. 2.1., is: 
2  = 	H 

2Ka  

and M = 

b) Eacy direction - 

11 

11. 

-->H 
H< 

Fig. 2.2. 

The equation_ of the loop is simply (Fig. 2.2.); 

	

M = 	Ms  for H> - 21: 

	

and M = 	Ms for h --"" Y  2Ku 
PAS  

The uniaxial anisotropy can be considered phenomenologically 

as an internal field keeping the magnetisation in the preferred 
2K 1  
leis 

if for /H/.<77:d. 

for 	/.,.:211/ 
-s 

direction, and has a magnituAo Hk  This is known as the 



gif 

anisotropy field, and is of the order of a fevoersteds.typicallY 

in uermalloy files. As shown in the easy direction loop, (Fig. 2.2.), 

it would be erected that a field just equal to Hk  applied along 

the easy axis would be sufficient to switch the film from one stable. 

Ks  state to the other by coherent spin rotation. It is for this 

reason that the thin magnetic film was recognised as having such 

potential for use as a computer storr.ge element. It has two 

distinct stable states capable in theory of being switched from 

one to the other by fields of the order of a few oersteds in a 

time of the order of a few nanoseconds, this being the time taken 

for a coherent rotation process to take place. With present-day 

techniques, ferrite cores are switched by a non-coherent rotation 

process which can be completed in as short as a microsecond. The 

coherent rotation process possible in films thus represents an 

improvement over cores of over two orders of magnitude in switching 

speed. Furthermore, lower fields would be required for switching 

films. Another potential advantaze of the use of thin films for 

manufacturing stores was the great reduction in physical size 

-possible, planar layers of thin films b/Ang capable of a very 

high packing density. The estimated cost of production was 

also lower than for comparative ferrite core stores. 

Very soon after Blois' first experiments on permalloy films, 

the hysteresis loops were compared by smith(S2)  with those 



expected by a single do min coherent rotation model and found 

to be substantially the same for "good" pe=alloy films. This 

showed the assumptions to be approximately correct. The word 

approximately is used because it was found that there were some 

important departures from the ideal single domain model and 

these severely affected the switching process. 

2.3. 	Do 	'es from Single Domain Behaviour. 

Since the first experiments of Blois and of Smith mentioned 

above, work on the properties of thin mametic films has proceeded 

broadly along two distinct lines. In the first place, much 

research has gone into understanding the mechanisms and origins. 

of the deviations from ideal behaviour mentioned above, since it 

is these aspects which ultimately limit the switching speed and 

versatility of any practical film store. The other course of 

research has been directed at trying to find the origin of the 

uniazial anisotropy itself. The aim here is to affect the 

switching properties of a thin film store by being able first to 

control the anisotropy before considering the details of the 

reversal process itself. 

It is now proposed to outline the deviations from ideal 

sinqle domain behaviour, since those are relevant to anisotropy 



ma.ssurements. These deviations are all caused by a breakdown 

in the assumption that the film remains a single domain throughout. 

2.3.1. reverse Temain Nucleation. 

In the first place, the statemr7,nt has been made that the 

film should change its M-direction by coherent rotation under the 

influence of a field Hk  or more. This has assumed that the 

coercive field for domain wall movement, He, is larger than Hk. 

In most cases, however, He  is smiler than Hk. As the easy axis 

switching field is increased, the magnetisation then prefers: 

to reverse by the nucleation and growth of reverse domains from 

the film edges. This was demonstrated very strikingly by 

llidaelhoeka à)  using the Bitter colloid technique. The energy 

required for the establishment of these domain ::alts comes from 

the applied field. The M-H loop is still, however, approximately 

rectangular, but for a different reason. The small nuclei of 

reversed magnetisation at the film edges grow only very slowly 

in the increasing reverse field, until He  is reached. Beyond 

this point, the domain walls move very freely through the film 

and the reversal process is completed with very little increase, 

in the field. 

Uhen the field is applied at some other angle to the easy 

axis, reversal begins by coherent rotation, but after turning 



through a certain angle, reverse doll!ains are nucleated and the 

reversal_ proceeds from then by domain wall motion. 

2.3.2. Rio-ale. 

In principle, there "ore, if He  wore greater than H1, 

magnetisation reversal should take place only by coherent 

rotation. This is not, hwever, so in practice, because of an 

effect knoun as magnetisation ripple, or dispersion. This allows. 

the creation of a multidomain state spontaneously throughout the 

film, rather than just from reverse nuclei at the film edges. 

The ripple is -a wavelike deviation of 11 from the mean 

direction of 11 across the film. Its origin is thought to be in 

the local magnetocrystalline anisotropy of the separate randomly 

orientated crystallites of the film. These local anisotropiea 

con be considered as being small perturbations on Ku. Ku, though 

7-,uch smaller than the crystal anisotropy, still predominates 

because of the strong magmetostatic coupling between neighbouring 

crystallites. In a very large field the ripple falls to zero 

since all the local anisotropies are overcome by the field energy, 

and the magnetisation points in the field direction everywhere. 

hots, to visualise the effect of the ripple on the sw-itching 

properties, consider a file saturated by a hard direction field. 

As the field is slowly re:7)1ced, each local M-vector is no longer 



so sti-ongly aligned with h, and so tilts slightly towards its. 

own local easy axis. The ripple. thus increases, and as the field 

becomes less and less, the file separates into distinct regions 

having different R-directions, with neighbouring regions rotating 

in opposite senses towards the mean easy axis, as shown in Fig. 2.3. 

i4  
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Fig.. 2.3. 

These regions eventually become clearly differentiated magnetic 

domains separated by domain walls - a direct consequence of the 

ripple. This sort of mechanism in fact applies for reversal 

along other directions in the film plane also. It has a profound 

effect on the I•-.H loops if dispersion is sufficiently large. 

There comes a point in the reversal procedure when the ripple 

amplitude has become so big that nagne.Gostatic interaction 

between neighbouring areas of different M-alignment can no longer 

be neglected. linen the energy calculations of those interactions 

are performed it is found that they act in such a way as to 



ciTose further growth of the ripple, and hence further reversal. 

The structure is then said to be "locked", and it requires a 

much larger reversing field to overcome these interactions and 

complete the switching. 

Thus the uriaxial anisotropy of the film only governs the. 

switching properties provided that the dispersion is not too 

prominent. It is for this reason that great care must be. taken 

in the evaluation of the methods of measuring the anisotropy, as 

will be discussed below in chapter 3. 

2.3.3. Anomalous Films. 

Both the above-mentioned deviations from single domain 

behaviour occur in what are comnaratively called "good" films. 

These are films usually deposited under reasonable evaporation 

conditions, i.e., at several hundred 2 per minute, onto clean 

substrates heated to about 200-350°  C, and in about 10-6  mm. 

Hg. residual pressure. Such films have Hk  and Ha  values of a 

few oersteds (for permalloy) and a low easy-axis dispersion of 

the order of a degree or so. 

There also exists, though, a large class of films, termed 

anomalous films, where deviations from the Stoncr-Wohlfarth model 

are even more drastic. Sach films are usually formed when one 

or more of the production criteria for good films is broken, so 
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that the dispersion and H, rise from their optimum values. 

Such films tend to have isotropic hysteresis loops, and observ-

ation shows that very little of the flux rotates coherently in 

the Stoner4lohlfarth mode, but that non-coherent rotation and 

wall motion predominate. Such films have been subclassified by 

0011011(C10) and subsequent workers, and include the so-called 

rotatable initial susceptibility films, mottled films, inverted 

films, rotatable anisotropy films and negative Hk films. Because 

such films show virtually no switching by the Stoner-1:ohlfarth Model, 

their Z-H loops can often provide very little meaningful data 

about the anisotropy; indeed, the 1,:-11 loops of R.I.S. films are 

almost exactly the same in all directions in the film. The only 

way then of learning about the nature of the anisotropy of such 

films is by performing torque magnetometry measurements in a 

range of fields, both low and high compared with 

2.4. 	angle Crystal Films. 

Single crystal films arise from the use of single crystal 

substrates for their preparation. If conditions are correct the 

phenomenon known as epitaxy Occurs and the magnetic film grows in 

a single crystal to a greater or lessor degree of perfection. 

The term "single crystaris used loosely here, since the film 



in almost all known cases grows as a series of very large 

crystallites, with very slight mutual misorientation. The effect 

of the separate crystallites can usually be neglected. This 

contrasts with films grown on amorphous substrates, which have a 

polycrystalline form with much smaller crystallites, of the order 

of hundreds of a across, and whose effects are thought, to be of 

premier importance in theories of the origin of anisotropy 

dispersion. The anisotropy, though, not involving crystallite 

sioe in its theories of origin, is surprisingly independent of 

substrate material so long as it is amorphous and reasonably 

smooth. 

If the films are single crystal, they also have the magnet-

°crystalline anisotropy characteristic of single crystals. This 

will be superimposed on the uniaxial anisotropy normally present 

in polycrystalline films. It is not generally true to say, as 

have Wilts and Himphrey(W2)  in a recent review paper, that "the 

development of epitaxy completely obscures the normal uniaxial 

anisotropy". Yethods for separating and extracting these two 

components arc given in the sections on measurement and torque 

magnetometry in chapter 3. 

2.4.1. The E_rects of Etress on Zonocrvstolline Films. 

As ascussed above in section 1.1.3., the application of an 

externally applied stress to a magnetised ferromagnet will 
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produce an extra contribution Ex u the total ciasotropy energy. 

when a single crystal is stressed, this magnetoelastic energy 

tsl:es a particularly interesting form. EA has been rigorously 

derived by Saltzer(139)  for cubic crystals: 

Ex 	, \.̀ 12 
 2 	
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where 	is a linear stress applied at direction cosinesA , 

and the hi  , eci  and S have their usual meaning in magnetostriction 

theory. row, thin films as deposited on their substrates_ are 

usually in a state of high isotropic planar stress, and Freednan(J5)  

has czloulated what contribution such an isotropic planar Stre,ss 

would make to the total anisotropy energy of a (100) single crystal 

magnetic film. He regarded the isotropic stress system in the 

plane of the film as a combination of -two orthogonal stresses 

acting along the cubic axes. Thus for: 

	

6",5027 , 	= 1,, /32  = 

	

and for: 0—zoigy , 	 = /33  = 0 

SZ 
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Substituting these va.lues into 	s expression and adding 

gives: 

2 2 Ex = 01-,P2-14, 	2h.3 v)- ,r.  0-2 	- 

The 4"4.T-st term has the same angular dependence in the (100) 

plane as the mat,netoerstalline anisotropy. Thus, the effective 

crystalline anisotropy constant becomes.: 

Ki 	d-Eh4  2h3) 

Mere KL is the normal constant for unstressed bulk material. 

The second term in the Ex expression is a constant and so does 

not contribute to the anisotropy energy. 

2.5. 	The Uniaxial AnisotroDy. 

To quote from Wilts and HumphreyC:12)  again)  ;ith over ten 

years of concentrated effort, the uniaxial anisotropy is still 

unexplained, and hence one of the more interesting areas. of 

investigation in ferromagnetism." Since uniaxial anisotropy 

is the major subject of study in the experimental programme 

described in this thesis, it is now proposed to consider in 

detail its supposed origins. 

2.5.1. Introduction. 

This tonic has been regularly and extensively reviewed 
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during the past few years. in several books and individual 

review articles, e.g., in exclusive chapters by Frutton(Pi) 

and Soohoo(S5)  in their respective books; in sections of chapters 

on magnetic thin films by Cohen (86)  and Pugh(P2)  in books on thin 

films in general; and in individual review articles by Prutton(P31P4)  

(1962, 1964), hethfessel(142)  (1966), Mats: and Humphrey(W2)  (1968) 

and Sioncsewski (S6)  (1968). For this reason, it is considered 

unnecessary to reproduce here an extensive review of the subject. 

It is proposed, instead, to review, firstly, some of the latest 

work which has not yet had full coverage in the published reviews; 

secondly, many of the more obscure mechanisms based on impurities, 

and imperfections in the films, as these too have not been very 

fully treated in the review literature. Only those aspects and 

conclusions of the major theoretical models_vhich are specifically 

required for the analysis of the experimental results will be_ 

dealt with in detail, the remaining points being merely mentioned 

for the sake of completeness.. 

There are four major sources postulated for uniaxial_ 

anisotrol.:ies observed in films under various conditions. 

2.5.2. 01.1lioue  Incidence Anicotrooy. 

This arises when the vapour beam strikes the substrate at 

an angle of incidence, and apocars even without the presence of 

an aligning field. Its origin has boon nttributed(S7'G7)  fairly 



conclusively by electron microscopy to a geometric effect in 

the structure of the resulting film, and so the anisotropy is 

a pure shape anisotropy. Since, by the term "induced uniaxial 

anisotropy" is usually meant the iii-induced anisotropy, i.e., that 

induced by the magnetic effects of the orientation ofM during 

the deposition, oblique incidence anisotropy need not be 

considered further. 

2.5.3. cmetostrictive Constraint Machansm. 

1;lnen the film is deposited in the presence of a field at 

a temperature Td  it deforms because of magnetostriction, and, in 

the simplest formulation of the theory by Robinson, suffers a 

strain of magnitude AT  in the direction of M- At the high 

substrate temperatures usually used, this strain has no accompany-

ing stress because of the mobility of the atoms. As the film 

cools, there comes a temperature T1  at which the atoms are no 

longer sufficiently mobile to allow the strain to continue to 

follow the changes in X with temperature. An anicotropic stress 

of magnitude Y XT1 (where Y = Young's modulus) is thus formed in 

the film at lower temperatures. This stress will be tensile or. 

compressive according as X T1 is positive or negative. As 

discussed above in section I.I.3 , such an anisotropic stress 

defines a uniaxial anisotropy, first propood by Becker and 
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whore \0  is the value of X at the measuring temperature and 

Cris the stress. For this mechanism, therefore, 

--
3X
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There have been various refinements of this basic theory. 

Iu,-tchorko(n), for in5tance, took into account the contraction 

in the direction perpandicular to ii because of Poisson's ratio, '1 

He therefore used an effective stress YNTO1 

The most accurate formulation of the constraint theory is 

due to 1;est(1.5). He explains that it is incorrect in all the 

above-mentioned derivations to use a mecn X to evaluate the_ 
constraint energy E. In polycrystalline cubic films, for 

exanIple, the mean value of X is given by the usual expression: 

= X 
100 	5 

X 

Thus, if X100 and  >‘ 111 are of opposite sign, it is possible 

that the mean value of X is small, and yet the constraint 

energy could be quite large because of the large stress, tensile 

or compressive, in individually orientated parts of the film. 

He therefore performed a rigorous derivation of the constraint 

energy using the correct averaging procedure for individual 

crystallites, and produced for the anisotropy constant of a 

random polycrystalline array the result: 

Kconstraint 	195C(011  - 012)X 100 (To )X 100 (T1)  

+ 	3044X  111 (r20)X  111 (T1)-7 
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where the C's and )\'s are the standard elastic and magnetostrict-

ive constants. Both West in his original paper, and Slonczewski (s6) 

since, have compared the experimental results of several investig- 

ators with the above constraint term, and have found that the 

experimental values of Kconstra4nt  are almost always equal or 

less than the theoretical value. This West explained in terms 

of the dependence of the constraint energy on the substrate-film 

bond, the constraint term only reaching its theoretical value 

when the bond strength is at its maximum value. 

Recent, and so far unreviewed work by Baltz and Drew(B8)  

has illustrated a magnetoelastic constraint term clearly. They 

deposited permalloy films of various compositions on single 

crystal quartz and observed abnormally large uniaxial anisotropies. 

This they eventually traced to the large difference in the thermal 

„ -r 
expansion coefficients of quartz_ in the /00017 and 41102/ directions. 

This caused large anisotropic stresses in the films as they cooled 

whilst constrained to the substrates, so giving anisotropy 

contributions over and above the normal magnetostrictive self-

constraint term. 

With the sole qualification of the microstress theory 

proposed byKneer and 7inn(K6)  , the constraint term as derived 

by West is now firmly established as describing correctly an 

important source of uniaxial anisotropy. 



2.5.4. Directional Ordering of Atom Pairs. 

From the fact that a significant uniaxial anisotropy is= 

Present even in films of zero-magnetostrictive composition, 

which would give a zero (or very small according to the West, 

derivation) constraint anisotropy, it is concluded that there is 

at least one other major source of anisotropy. A theory first 

proposed independently by ree10)  and Taniguchi(T3)  to account 

for some annealing properties of bulk ferromagnetic alloys. 

involves the directional ordering of atom pairs, and this could 

apply to alloy thin films. Eypressed simply, this stated that 

since the spin-coupling coefficients between different con-

stituent atom pairs in an alloy are different, pairs of like 

atoms would tend to diffuse in the annealing field at high 

temperature into such a position as to minimise their energy 

with respect to the magnetisation direction. Thus, on cooling to 

room temperature, this short range directional order is frozen 

into the alloy lattice, and so the magnetic energy varies with 

the direction of 14. Analysis shows that this variation is in 

fact a uniaxial anisotropy. The anisotropy constant for a 

concentration C of one constituent of the alloy is given by: 

Kpair  c 	02(1 - C)21-°S 	/ TL 

where the co are the interaction energy constants at measuring (2) 

and annealing temperatures (T1), introduced by 1,,A1 to include 
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the possible couPling sche7,es betweon neighbouring atom pairs. 

LxT):riments by 1erguson(l3)  on b-,1k alloys of Ni-Fe showed good 

agree gent with the pair-ordering theories, but it was difficult 

to predict the magnitude of the pair-ordered anisotropy in thin 

films. from Ferguson's results on bulk alloys, the characteristic 

tine for establishment of an equilibrium pair-ordered state in 

82/18 permalloy is of the order of 104  seconds at 450°  G 

corresoonding to an activation energy of the ordering process of 

about 30V. Films, on the other hand, are grown in times of the 

order of tens of seconds at temperatures as low as room temp-

erature, giving an activation energy of the order of only 

1 f-J 	In addition, with the notable exception of Nethfessel 

et al' (M3  ) work on U.H.V. films, the values of the Kpair so 

produced in films is always well below that predicted from the 

bulk values- Lnother difficulty with the pair theory is that 

the derived concentration dependence C2(1 - C)2  is only strictly 

valid for dilute solutions, yet it is necessary for want of a 

more rigorous theory, to use the theory throughout the whole 

of the composition range of Ni Fe films. 

Despite these problems, a number of workers have tried to 

account for the whole of the uniaxial anisotropy in Ni -Fe films 

over a broad composition range by a combination of the constraint 

release tern and a pair-ordering type of term. The magnitude of 



* 0 

the latter vas empirically decided on by using one variable 

parameter adjusted to fit experimental values of Ku  at the 

non-magnetostrictive comoosition where the whole of K is 

supposedly due to pair-ordering. aeference to the relevant 

papers by Robinson'',2 	' ,esu (115), Siegle and Bean (S9),  Telesnin 

et al. (T4), and Wilts"), or in the latter two cases, to the 

deductions drawn from them by Slonczewski(36), shows that the 

fit so obtained is reasonably satisfactory. 

These fits of K data to the strain-pair model are, 

however, only semiquantitative, because of: 

i) lack of knowledge of the true constraint temperature, 

ii) lack of knowledge of the true temperature dependence of 

the atom-pair interaction energy constants, even after 

arbitrary values for the have been chosen by using a 

proportionality constant in the _Kpair, epression which_ 

forces a good single-point fit at one composition and 

temperature, 

iii) lack of knowledge of the true concentration dependence 

of Kpair' 

Serious doubts about the validity of the model also aroae 

from the data obtained by Suzuki and Wilts(810)  in 1967 on the 

Fe-rich end of the Ni-Fc composition range. They showed that 

in this region, the presence of anoz; (BOO) phase gave a 



substantially lower contribution to Ku  than would have been 

obtained if these compositions still existed in the n (no) 
phase, as for higher Ki content alloys. If the value of Ku  

is calculated below 50;; a by extrapolating back from the 

phase results, it is found that the characteristic maximum of 

Ku  at about 505 a predicted by the strain-pair theory no longer 

appears. This, they deduced indicated that pair-ordering was. 

not a significant contribution to Ku. Since this deduction 

was based on only a single point extrapolation below 445 Ni, 

and also assumed that the variation in Ku over a wide composit-

ional and substrate temperature range was due primarily to vari- 

ation of 	their results are not conclusive evidence.. against 

the existence of pair-ordering. 

Nevertheless, the above doubts, and those presented within 

the experimental work to be described in section 2.5.5. below, 

have led to the conclusion that there must be further significant 

contributions to ha  besides the simple strain-pair terms. 

2.5.5. The Role of Impurities and Imperfections. 

2.5.5.1. Introduction. 

In this section contributions to K are considered from 

the following sources: 

i) Impurity atoms in the lattice, 
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ii) Vacancies, self-interstitials, dislocations etc. in 

the lattice, 

or ill) The special effects of =ygen. 

Historically, the effects of lattice imperfections and 

impurities on Ku  in bulk ferromagnetic alloys have all been 

interpreted by variations of the directional ordering theories 

mentioned in section 2.5.4., and have been well reviewed by 

Graham(G1) pp. 297-306. It is important to point out that 

those effects can contribute to Ku  either directly by their own 

directional order, or by enabling pair-order of the alloy atoos 

to proceed more easily. The latter, for instance, is particu-

larly the case for the anisotropy induced by cold rolling of 

permalloy, where it is thought that the diffusion of atoms into 

ordered pairs is enhanced by dislocations moving during deform-

ation. This interaction between the possible effects of 

impurities and imperfections leads_to some difficulty in the. 

interpretation of experimental results. 

The first direct evidence that lattice imperfections alone 

could produce a uniaxial anisotropy was from neutron irradiation 

experiments, first performed in 1959. Magnetic annealing of 

bulk samples of the pure metals Fe, Co, Xi produced no uniaxial 

anisotropy. If, however, the samples were first neutron irradiated 

and then annealed, or, were irradiated in a magnetic field, an 



a7lisotropy appeared(E10)t170'.  Since neutron irradiation 

produces vacancies, inters-title-1s, and their complexes, it was 

deduced that these defects were responsible for the induced 

anisotropy. This type of experiment was first extended to thin 

film camples by Williams and Schindler (1'7)  They found that Ku  

of per,ialloy films deposited in the absence of a field but 

subsequently neutron irradiated showed similar composition 

depenaence to that of a simple strain-pair theory as discussed 

above. This was attributed to the fact that the directional 

short range order could occur by radiation-enhanced diffusion 

even at the fairly low temperatures of their experiments (<600  0). 

This, therefore, constituted an example of a defect mechanism 

contributing to K indirectly, by allowing the normal pair-

ordering mechanism to proceed. Their peak in Ka  around 55% Ni was 

about 21 tines higher than expected from strain-pair theory,  but.  

this they said could well be due to a long range order of the_.  

composition Ni Fe. Such ordering, with a concomitant increase:  

in Ka  , had been observed by Pauleve et al( F5). It is also 

feasible that directional defect ordering itself was contributing, 

to this -peak. 

Sorohn(S11) has performed a series of experiments in 

which Ni films ware bombarded with 1.9117 argon ions. The 

resulting changes :;1:1 Ka  could be quantitatively accounted for 



by a KSel-Taniguchi-type ordering of the di vacancies produced 

by the impact of the incident ions. 

The most recent neutron and ion bombardment experiments - 

those of Roth et al. (a3)  on 81/19 permalloy films - produced 

values of rotational activ.:_tion energies for the annealing of 

Ku  comparable with Ferguson's bulk pair-ordering values.. The 

effect of the bombardment was, as for hilliams and Schindler, 

to induce the evolution of pair-ordering. At the same time, it 

was noticed that a reduction in Ku  occurred as the radiation 

proceeded, probably due to the onset of the long-range order 

of Ni3  Fe. They also found an additional component to K  present 

in films deposited at 150°  0, but not in 300°  C depositions. This 

was attributed to the ordering of lattice imperfections, which 

had a much higher density in the lower temperature depositions. 

2.5.5,2. Static Anncalin Experiments. 

All the above procedures have demonstrated the effects on 

Eu  of lattice imperfections artificially introduced. However, 

there 	a high concentration of defects in thin films simply 

as a result of the growth process itself. The usual way of 

separating out different contril)utione to Ku  is by observing the 

kinetics of the change of Hu  with time and temperature during a 

magnetic ahnealing experiment. As mentioned above in section 2.5.4., 
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activation energies for the annealing of it  La permalloy filaa 

are usually much lower. than those expected from the auto-diffusion 

of the 'A and Fe atoms as obtained from bulk measurements. 

Additionally, under certain conditions, :annealing effects. can 

be observed at temparatures.as low as 300°  K, at which practically 

no diffusion of the natal atoms is expected to occur. These 

observations suggest that part of Ku  is caused by structural 

defects in the film. These have much higher mobilities than 

the lattice atoms themselves. For example in bulk Ni, interstit-

ials are clearly mobile at 100°  C, vacancies at 250°  to 300°, and 

dislocations only at 400°  C. Divacancies, on the other hand, 

are mobile even well below 100°  C(J1)  

Historically, the first worker to invoke imperfection 

ordering to explain the results. of annealing experimental was 

Takehashi CT5)  He could fully account for the changes in K  in 

his films by assuming a two-component model: i) a pair-ordering 

term which could not be rotated below 300°  C, as expected from 

bulk activation energies, and ii) an annealable component with 

activation energy of about lei, - of the correct order for vacancy 

migration. 
(,11/ ) E 	1 etzdorf 4' has. performed a comprehensive 

annealing experiments on 81/19 permalloy films. 

series of 

Like Takahashi, 

his results fitted a two-component model. One of these was more 
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easily re-orientable and constituted about ;'s 1L provided 

Ta al Tdewsition" For 	Td, however, increasing Ta nne ‹  

rotates an increasing fraction of Ku, until at 400°  0, a complete 

re-orientation could be achieved in 1 hour. Eet:;dorf therefore-

assumed that these conditions had established the ordering 

mechanism for Ku  in a state of complete thermal equilibrium. 

Since the values of Ku  achieved were, however, considerably 

below the ex-eected bulk pair-ordered equilibrium values, he 

concluded that pair-ordering was not a significant contribution 

to .2.u , at least for depositions and anneals at up to 400°  C. 

He q,loted the results of Yiethfessel et al. (143) mentioned in 

section 2.5.4. to show that there was nothing intrinsic in the. 

structural imperfection peculiar to thin films which would prevent 

the bulk values ofKpair  from beingachieved. lietzdorf therefore  

concluded that the primary source of K in his films was the 

effects of impurity atom ordering or vacancy ordering, the former 

being the preferable origin. 

netzdorf's arguments are, however, open to considerable 

criticism because of his equating his own films with those of 

lethfessel. Y!ethfessel's films were probably exceptionally free 

of defects and impurity interstitials. (They were deposited at 

a high rate, in U.H.V., on to well outgassed (1000°  0), carefully 

prepared quartz or saphire substrates, and were then subjected 



to a high temperature anneal.) 1:.etzdorf considered that the bull 

values of Epair  in 1:ethfessel et al's films were probably due to 

the high temperatures used (4000  - 525°  0), but did not consider 

that it could have been the structure of their films which was, 

really instrumental in allowing the expected bulk pair  to be, 

achieved. Films such as 1,!'-3- zdorf's own, grown under normal 

technical conditions could be expected to have a much lower 

Kpair, because the high density of interstitial atoms present 

may well only allow a much smaller degree of pair-ordering. 

in the light of these qualifications of Y.etzdorf's con-

clusions, it seems likely that his two-component model is similar 

to that of Takahashi, i.e., pair-ordering as the main constituent 

to Ku, with imperfection or impurity ordering constituting a 

smaller, more easily annealable part. 

17,ven Siegle and Peam(S9), as mentioned above in section 2.5.4., 

pair 
	modified by the 

presence of "local regions of structural abnormalities", i.e., 

imnerfections. This they assumed since Kpair  had a "distribution 

of annealing tines and/or activation energies." rather than a 

single discrete value. The possibility of direct ordering of 

the imperfections themselves was thought less likely because of 

the good 02(1 - 0)2  compositional dependence of Kpair. 

Smith and Weiss (S12), by a sequential annealing and measure- 



;:.cnt preccduTe, were 	to separ-,te five contribtions to 

such a Itu spectrum in 81/19 permalloy filTs:- one component, 

uDannealable in 2 hours at 400°  0, attributed to pair-ordering 

(which has 3eV activation enerRy); 2 components, locked by 

exposure to 02, S 	attributed to lottico vacon.cies_ 

which allowed re-orientation of anisotropic vacancy clusters or 

iron pairs; t'.10 components, E ;::',1eV, perhaps due to self-

interstitials or carbon impurity atom interstitials. 

2.5.5.3. .r 	knreaTinc-  E)-norinents. 

A very fruitful approach in investigating the distinct 

contributions to i;'1  excited by anneal has been to analyse the 

resulting Hk  isotherms into the 51112 of a number of separate 

simple exponential processes of order one. Then, for n annealing 

processes, after time t, 

Hk(t) = 
(Z- 

(0)Z2e
) 

 
j=1  

where v. is the j
th 
 relaxation tine with activation energy E., 

given by the Arrhenius relation: 
E. 

. e 	) 
oj 	tua 

Ey using a slight variant of this analysis procedure, Lesnik, 

Levin and Kedostup(L4)  were able, in an ingenious analysis, to 

account for the whole of the anisotropy .:11 82/18 oermalloy films 



b,;- means of a model based only on the relative number of ordered 

vacancies, disordered vacancies and interstitials in the film 

lattice. They assumed Hk  to be proportional to the number of 

ordered vacancies. The activation energies of the two diffusion 

1)rocesses cost fated - migration cf vacancies to ordered positions, 

and of interstitials to undergo recombination with vacancies - 

tul were practically identical with values obtained by bleelYr-r• on 

balk Ni samples. 

Less surprising results. using this sort of Hk  analysis_ 

have bean obtained by the two main groups - that of Kneer and 

Zinn(K6,h7), and that at the M.I.T. Lincoln Laboratory. 

The forger found that for 81/19 Ni Fe, iron pair-ordering 

could be the mechanism for the main contribution. This constit-

uted 60;; Hk with Ej = 1.5eV in the as-produced films, rising to 

.8 HI, with E = 2•1eV after a. high temperature anneal. This 

latter figure was approaching Ei  values for bulk materials. 

Three other faster processes were also found. In pure Iii films, 

these three fast processes accounted for the whole of Hk, though 

the wider scatter of the data made it impossible to determine 

distinct :E. values. One important outcome of Kneer and Zinn's 

work on 	has been a suggested modification to the West constraint 

term as mentioned in section 2.5.3. Because the Hk  isotherms for. 

the ?A fllms were not smooth curves, but showed small discontinuous 



jumps, Kneer and Zinn suggested that this behaviour waa not 

co:Ipatible with a constraint arising from the film-substrate-

bond. They proposed that the constraint was caused by the 

anisetropic stressfield associated with imperfections, impurities 

or dislocations, frozen into individual crystallites  daring 

deposition. The measured isotherms were therefore a result of 

the orientation kinetics of these microstreas origins. Their 

constraint had the same functional form as that of West, but 

with the addition of a proportionality factor, f, dependent on 

the thermal history of the sample. Thus, the different level 

of constraint found by different observers was attributed by them 

to differences in the density of origin centres for the micro-

stresses, rather than in variation of film-substrate bond, as 

suggested by West. 

Smith, 1:;eiss and Harte(813)  of the M.I.T. group found 3 and 

perhaps 5 processes accounting for 71-Hk  in 81/19 Fi Fe. They 

could not relate any of these processes to the oxygen locked 

vacancy mechanism of their previous paper, but one process 

matched one of Kneer and Zinn's fast processes. This group 

subsequently developed a new rotating anneal method which only 

excited one component of the anisotropy at a time("45). In 

previous experiments, all processes had been annealed simultane-

ously, ms king interpretation difficult and ambiguous. Preliminary 

so 
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results using this method gave imperfection processes with 

similar relaxation times to those of Kneel- and Zinn and of their 

own previous work, but with activation energies one order lower. 

It is apparent from two major problems that none of the 

above imperfection processes can be attributed to the action of 

point defects alone: 

i) why all the 'I are several orders of magnitude greater than 

the Debye relaxation time for point defects (10-13seel, and 
ii) why the are at least ieV too low for point defect diffusion. 

The latest suggestions of this group(H6) explain these two 

anomalies and the differences between the rotating anneal and the 

previous annealing experiments. They use a model involving the 

diffusion of interacting single and divacmcies_to oriented 

grain boundaries. 

Another method which is shedding light on the role of 

lattice defects in Ku  is that of observing the annealing kinetics: 

of defects artificially introduced into the film during production. 

This was first done by Andra and Steenbeck(A5) on 96/4  Ni Co 

and pure Ni films, electrolytically charged with hydrogen during 

deposition. They found that besides the anisotropy caused by 

the directional ordering of hydrogen interstitials, there also 

existed an additional component which they explained either by 

the action of Ni interstitials in the dumb-bell configuration or 



by divacancies. Lubors,:y(L5)  has applied annealing kinetics 

analysis as explained above to investigate the effects on Ku  

of increasing concentrations of sulphur (up to 6.6) in electro-

deposited 81/19 la Fe films. His low temperature isothermal 

anneals_ (at up to 90°  0) gave an activation ona:u of 0.74 eV 

for the processes affected by the sulphur. After stabilisation 

at 150°  C, E fell to 0•4 eV. He proposed from his results 

tLat the inclusion of sulphur in his films produced vacancies, 

defects, strain fields and other structural damage which allowed 

Dair-ordering to proceed even at the low temperature used. A 
1. 

(W-  dependence in the rate ecuation for anneal suggested, after 

Sionczewski(S14), that the diffusion of vacancies or defects to 

a sink such as the grain boundaries was the operable mechanism. 

The stabilisation treatment completely anneals out these 

imperfections. 

In conclusion, it must again be stated that imperfections 

can contribute to Ku  either by direct self-ordering, e.g., 

Lecnik's work, or indirectly by permitting one of the more basic 

mcchanisns to act, e.g., Luborsky's work. It therefore remains 

undecided as to whether such components of Ku  are distinct 

origins of equilibrium anisotropy energy in their own right, or 

whether they are simply different relaxation paths leading 

ultimately to the same energy dictated by the two more basic 

mechanicms of pair-ordering and constraint release (Slonczewski(S6)). 



To illustrate tee effects on i' of even very low levels_ 

of contamination in permalloy films, it is only necessary to 

mention the quite independent results of Astwood and Prutton(A6)  

and of Hodges(K7)  concerning contamination from refractory 

source crucibles. This has not been confirmed, however, in 

subsecuent experiments by Wilts(W8)- 

In a number of experiments, the effects of gas, in partic-

ular oxygen, absorbed in the film have been studied. Possible 

mechanisms by which oxygen imourity atoms could act as a source 

of uniaxial anisotropy have been subdivided by Prutton(23)  into 

three categories: 

i) a ferromagnetic-antiferromagnetic exchange mechanism from 

Ni 0 inclusions, 

ii) a magnetostrictive effect in the ferromagnetic film 

resulting from the strain in ordered Ni 0, 
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iii) (ill) plane faulting due 

(Heidenreich model(H8)). 

The most systematic study of the  

oxygen atoms, 

effects of gases 

to absorbed 

On the 

properties of magnetic films has been performed by Paul and 

Hanson(F6). Summarising their results for HI., no noticeable 

change was obcerved for p02  from just below 10-9 torn to around 

I x 10-5  torr, where 111  began to rise fairly rapidly. Other 



inert gases had no noticeable effects up to a few x 10-4  Corr. 

Paul and Hanson have also given a fairly full literature survey 

of gas effects on magnetic films, so this will not be reproduced 

here. A critical analysis of this past work and the interpretation 

of all the effects found in terms of i'rutton's three mechanisms 

will be given in chapter 6 , when discussing the results of 

the present experiment. 

2.5.6. 	Proeramme. 

In view of the discussion in sections 2.5.1 to 2.5.5. 

above, it is clear that insight into the origins of the uniexial 

anisotropy in thin magnetic films requires exoerinents to be 

performed under reproducible and rigorously clean conditions. 

Given these it becomes possible to perform the following definitive 

experiment. If a defect-free film of a pure ferromagnetic 

element is grovn in a magnetic field under ultra hj'gh- vaclaaM 

conditions, and is then released without straining from its 

substrate, it should disnlay no uniaxial anisotropy, since all 

the above oroposed mechanisms will have been eliminated. Should 

an anisotropy nevertheless appear, it will then be possible 

either to postulate new mechanisms, or to explain its appearance 

in terms of departure from the ideal conditions envisaged for 

the experiment. 

To facilitate the achievement of these conditions, the 



following details of the experiment were fixed. In the first 

place, nickel was chosen as the material to be used both because 

of its comparative freedom from massive oxidation, and becausa 

of the vast body of published work on it from which various 

constants and properties could be reliably used. Secondly, 

only single crystal films were to be studied since such films 

i) make the analysis of any magnetic data simpler and more 

meaningful, and 

ii) do not have the high density of grain boundaries of 

polycrystalline films, making for simpler structural 

analysis. 

The use of soluble substrates for the epitaxial growth would 

also enable the magnetic influences of the stress system in the 

films to be studied. The use of U.H.V. was necessary not only to 

ensure a low partial pressure of oxygen, but also to increase 

the structural perfection of the resulting films. Balta(1311)  

has shown that permalloy films grown epitaxially by fairly rapid 

deposition in U.H.V. (10-9  torr) exhibited a very high degree_ 

of crystallographic orientation and a very low defect density 

when compared with similar depositions performed in ordinary 

high vacuum (10-5  torr). 



2rlsotro7/ neasurements,cn Thin Films. 

or-coction. 

The methods available for making anisotropy measurements 

on thin film Famoles FL:e broadly speal:ing the same as. those, 

available for general anisotropy measurements, as specified in 

section 1.3. Because of some special properties peculiar to 

films, however, these three methods have to be modified somewhat, 

whilst on the other hand, other novel techniques present them-

selves, These are now briefly considered as a prelude to 

demonstrating which method seemed the most suitable for the 

project in hand. 

3.2. 	f:,retisation Carve Yeasurements. 

In practice, the method outlined above of hieasuringthe_ 

area between magnetisation curves_is not used to find Hk. One. 

of the very earliest workers did use this method)  but the validity 

of its applicability to any other than "perfect" uniaxial films 

is very doubtful.) Use is made, however, of the hard and easy 

axis loops (as. magnetisation curves for thin films are usually 

called). 

According to the Stoner-?soh faith model of single domain 
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unia:dal.behaviour mentioned above in section 2.2., the, hard 

axis loop (Fig. 2.1.) reaches saturation at Hk  = 2  ,... so that 

Hk, and hence Ku  if Ms  is known, is,  easily found. In practice 

however, most films do not show the closed straight line hard 

direction loop which follows- from the Stoner-Wohlfarth model. 

As H is increased towards.saturation, the loop opens up showing 

hysteresis. For films with a low He  ratio, the single domain 
Ri 

model holds true for drive fields of less than about Hk ,-if 
2 

the film has been previously saturated along an easy direction. 

The procedure then adopted is to extrapolate the low drive hard 

axis loop to saturation. The saturation level is obtained -by 

displaying on the curve tracer the easy axis_loop, which is.' 

square and saturates at the same level Ns, as shown in Fig. 3.1. 

M 
A 

/- Easy axis loop 

Low-drive hard axis 
loop. 

Fig. 3.1. 



Deviations from the single domain model occur because_ of 

the effect of the magnetisation ripple, which increases with 

increasing He ratio. The ripple hinders the rotation of the 
lik 

megnetisation, as explained in section 2.3.2. This produces a 

smaller slope of the hard axis loop than the true single domain 

model would give, so yielding values of Hk which are too large. 

The hard axis loop slope also varies with the drive field for 

high 
Incfilms, besides the opening of the line with increasing 
lik 

drive. 

For these reasons, the use of hysteresis loop plotter in 

this way is not considered a "reliable" method of determining 

anisotropy constants because of its very high dependence on the_ 

validity of the single—domain model of rotation. 

Besides these objections, the hysteresis loop plotter only 

gives simple results for unmixed anisotropy, i.a., a single order. 

1:ith mixed anisotropies, switching analysis becomes almost 

impossibly complicated, thus debarring this method on a second 

count. 

There have been several modes of operation of the loop 

plotter proposed1which overcome the difficulties arising because 

of the ripple. These methods are essentially susceptibility 

methods, and so will be considered after the next method. 

SO 



3.2.1. E-,Fe:1z,ibilitv b.lthod. 

This was first proposed by Torok et al. (Ti) and 

E Foldtkeller‘t.2) • and uses the same sort of coil system as doer 

the hysteresis loop plotter. 

The basic measurement of Feldtkeller plots-, the transverse 

susceptibility as a function of an applied saturating D.C. 

field, Hil, for Hil  in the easy and hard directions respectively. 

From  the single domain theory, the expressions obtained for ;Gin

terms of "111  as the field is slowly reduced are: 

for H11 in the hard direction 

H11 - lik 

and 'X 	•vis 	for H in the easy direction. 
H11 

The two curves,are thus congruent but displaced by on amount 

211k  along the Hilaxis. The reason for this is. that X ia 

proportional to 2 
	and for any particular quadrant of the critical. 

CIQ 
d2  

switching astroid introduced by Stoner and Wohlfarth, 
de  
--2:has the 

sane value for Hu  = Ho e Hk  along the easy axis as for 

Hii. = Ho  + Hk along the hard axis. The actual value of the, 

susceptibility measured is affected by the ripple in exactly the 

sane way as for the loop plotter. However, the value of Hk  measured 

is not affected because the ripple will have the same effect on 

the 	rotation whether in the hard or the easy direction. This 

assunes that the orientation of stray anisotropies which cause the 



ripple are distributed in a manner that CCUEns; syl.nnetrieal ripple 

along the easy and hard ax 	 d2E axes for the same value of 	Subject 
d3 

to this aseumotion, which for crystallographically symmetrical 

films seems to hold, the susceptibility method is a "reliable" 

-,,etl-Loci -Pol-F.meeurement in that it is unaffected by the 
He  

On the other hand, for high T-ratio films, the absolute value 
-k 

of. -'falls, so that it becomes difficult to measure the separation 

of the 2,'..,versus Hil curves accurately. The method is thus rather 

inaccurate for such films. 

In the method of Chambers, Pomfret and Prutton(G3), tha 

flax detection is performed by making use of the Kerr magneto-

optic effect acting on a light beam reflected from the film 

surface. The modulation of the light beam by the I: oscillation 

is detected by a photoresistor feeding a phase-sensitive detector 

tuned to the A..0. field frequency, so providing a direct output, 

of the susceptibility as the saturating field is rotated. Thus, 

e".3 
a curve of 7,7 s...-ainst 0 can be obtained on an X-Y plotter. 

du 

The methods of Kobelev(H3)  and of Beam and Siegle (B3)  are 

magnetically vary similar in principle. Beam and Siegle's method 

is paTticular]y convenient to use as their Kerr magneto-optic 

detection system gives a mull output when, according to their 

analysis, the relationship MH11  = nL1.111. is satisfied. 
6 

6. 
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Hu is the smell controllable D.C. field which they use to achieve 

a zero flux change in their particular configuration. The null 

output could then be automatically coupled to control the value 

of H11, and a plot of H11  against the orientation of the film 

sarple would give a ?lElc versus 0 curve. From this, Ek(e) and the 

anisotropy constants could be obtained. This will be discussed 

in section 3.4.2. 

In all susceptibility measurements, the sensitivity fall.s 

as the static saturating field increases, e.g., in Beam and 

i,ic  let, magnetometer, the sensitivity is proportional to 1 . 
Hj 

This therefore limits the saturating field that can be applied. 

This could have serious consequences, as will be discussed more 

fully in the analysis of the torque magnetometer below. 

Of the various susceptibility methods, those of Prutton, 

and of Beam and Siegle, because of their automr'oic plot-out 

facilities, are capable of dealing with mixed anisotropies. The 

other methods need rather complicated manipulation to separate 

various anisotropy contributions of different order. 

It seems a,-mropriate to mention here another flux-change 

method of measuring anisotropy, that cf Hcgedorn(111), though this 

is not a susceptibility method. This method has been called a,  

noeudo-tol-quou method by Humphrey(H2)1 because the observation 

of flux change is such as to make the measurement very similar to 



6i 

the ,aessarement of torque. 

In his method, a field Ho  rotates at a frequency f in the 

plane of the film. For 	Hk, M is also rotated in the film 

n7a-le at a frequency of f but is modulated at multiples of f by 

the anisotropy. The signal induced in a balanced pick-up coil at 

the film is measured with a lock-in detector, enabling voltage 

measurements at frequency f and its harmonics to be obtained. 

Theca are related in a simple way to the coefficients in the 

expression Ek (6), regardless of how complicated Ek  (0) may be. 

There are two limitations to this method. Firstly, the 

applied orthogonal drive fields used to produce Ho  must have. 

extremely low harmonic content - a criterion not easy to achieve 

with commercially available power amplifiers - if the higher order 

anisotropies are to be accurately measured; and secondly, Hagedorn's 

analysis shows the sensitivity to be inversely proportional to Ho, 

so that measurements in very high fields are difficult. 

The complementary method to that of Hegedorn, i.e.)  detecting 

flux changes whilst the sample is rapidly rotated in a static 

field, has been described by Flanders (Ele/ recently. Its biggest 

disadvantage is that the sensitivity fails as , where H is the 

applied field. The fact that it involves mechanically moving parts)  

when compared with purely electronic flux-change measurements,  as 

described above, also gives it some of the disadvantages of 



standard torque magnetometers. 

3.3. ,?•=rromqcrf,tie Peor,?nr,e. (:Boohoo (S5 ), po. 187-196) .1_ ,  • 	•• 

The resonance condition for a thin film sample depends on 

the direction of application of the static field. For a field 

applied in the plane of the film; the resonance condition can 

only be worked out analytically for H in the easy or hard 

directions: 

Wu_ =.614.:Till(H1'Hk) 

Thus, in principle, if the separation of the absorption linos 

is measured, 2Hk  can be found since the other constants- are 

known independently. In practice, a resonance measurement is 

also performed with the field perpendicular to the film plane, 

when the resonance condition becomes: 

COJ_ = 	(HI.- 4Trv) 

HIS  can then be found without assuming values of M andY . 

In assessing this method for the current project, the 

considerable expense of a. U.H.F, bridge or a microwave spectrometer, 

as yell as the lack of experience in resonance techniques_ made 

the method unsuitable even before its merits could be considered. 

That aside, there are, in fact, two important drawbacks to 

resonance measurements. In the first place, the analysis of mixed 
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anisotropies becomes difficult. Secondly, being a dynamic nethod, 

it would be quite conceivable that the anisotropy constants, when 

measured dynamically would produce quite different results from 

vhon performed quasi-sGatically. This is because the latter 

are performed ic:othermally under conditions of constant stress 

whilst the former are adiabatic measurements. under effectively 

constant strain conditions\--'(41) . A detailed examination by Birss 

and lallis (B3)  of some data obtained by different workers using 

difierent methods for K2 of nickel has not fully bon out this.  

premise. The latest anisotropy work on nickel(A4), which 

represents the most rigorous torque measurement work yet performed, 

does however conclude that there is a distinct difference between 

the results of static and dynamic measurements. 

The effects of ripple on resonance measurements is another 

quite unknown factor weighing against this method. 

3.4. Toroue Neasuremeuts. 

The method of torque magnetometry may be applied directly 

to the measurement of anisotropy in films. The only drawback is 

the high mechanical sensitivity required because of the low values 

of torque produced. In all the other respects mentioned above., 



the torque magnetometer is satisfactory in operation. Thus, 

it can handle samples with mixed anisotropies without any change 

in ol=sting mode, and the separation of these components, is m 

fairly routine operation. It also opertes. best at high fields., 

whore the single domain theory is definitely valid since the 

ripple amplitude is then very small. Indeed, it is this aspect, 

which gives it its unquestionable superiority over all the other 

methods. For this reason, the torque magnetometer method was, 

selected for the anisotropy measurements on the films to be. 

produced. 

This method is, therefore, new discussed in more detail. 

3.4.1. Theov of Torque Measurercents. 

The torque acting on the M--vector of a ferromagnetic 

sPriple in an applied field H is given by: 

= I x 
	 (1) 

If the sample is mechanically constrained, then M will swing from 

the easy direction in which it lay before application of HI  to 

a- position somewhere between it and H. This equilibrium position 

of M will be attained when the torque given by equation (1) ia 

exactly counterbalanced by the torque duo to the anisotropy 

"spring". It is this anisotropy "spring" which transfers tha 

magnetic torque on 11 into a mechanical torque acting on thasample. 
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To bo able to utilise this phenomenon, it is necessary 

to determine the exact relationship betw,:en the anisotrocy 

energy and the torque L. The following treatment follows that.  

of Kouvel and Graham(K4). 

Let the total enercy per unit volume be: 

EH 
	Ek 
	

(a) 
where EH  and 1", are the Iragnetostatic and anisotropy energies:  

res-:,ectively, both taken per unit, volume. At equilibrium, E 

must be minimal, i.e.: 

a e 0 > 0 , (3) 

where e is the angle between Ma  and an easy direction, as shown 

in Fig. 3.2. Ms, the saturation magnetisation, is defined as the. 

as:y-  axis < 	 

Fig. 3.2. 

magnetic moment per unit -volume at infinite field, and this, 

implies. perfect technical saturation, i.e., that the field H 

is large enou,,h to make M.  at any point in the sample parallel 

to M at any other point. 
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At equilibrium, 	0 

In general, referring to Fig. 3.2., 
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ITo,J, the torque per unit volume acting on the magnetisation 

by definition of torque: 

(F.!, 	 (6) 

where 	, as shown in Fig. 3.2., is measured for convenience 

from the easy axis. Since the li7p.c  part of E is not an explicit, 

function of ?" , (6) can be written: 

EH 

)Eic  
6 8 
... 3E 	( h = 

,crr 

?Tow, since we have assumed saturation, 

EH 	- 11H cos_ (^f- e) 

. 	 . 	From (5), 	,?/E lc. 	= 	+ 212H sin ()t - 0) 
3 e 

	

But 	H. EH . = + Mg sin C.1.- 0) 

.4, From (8) and (9): 

C-"Yr. I--1 	= + )Ek  

Substituting back into (7). the term in brackets disappears. 

Idding and subtracting 

(7)  

(8)  

(9)  

(1o) 



Eyeerimentally, it is difficult to obtain values of 0 

since the direction of N5cannot he directly observed. However, 

if a very high field is applied, Ya becomes aligned with H so that 

fl becomes very nearly equal to rt" . 	can, of course, be 

measured. Thus, the torque on the sample becomes. - 3Ek  per 

unit volume. 

In practice, the sample is suspended in the high field 

by a torsion wire, and the torque exerted by the specimen can 

then be measured by the rotation of the torsion head necessary 

to bring the sample back to its equilibrium position. The 

map:netic field is rotated slowly and the torque can then be 

measurod as a function of magnetisation orientation with respect 

to a reference direction in the sample. From this curve, known 

as a torque curve, the form of the anisotropy energy, Ek(e), 

and the anisotropy constants, K, can be reproduced. 

3.4.2. Torcue Curve Analvsis. 

In order to use the L = —Z'Ek relationship, the form of 
;.)e 

E,(6) must now be snecified. 

A simple case will first be considered to illustrate_ the 

way in which the toroue curve is used. This will be followed 

by the more complicated practical eases which require complex 

analysis to solve. 



Consider a cubic single crystal posessing on crystalline 

anisotropy. For this case: 

Lk  = 	+0c22,4-2 4.4(32) 
	Ea12,  	

J. `"?( 
2 

2 -̀̀ 3 

In the (100) plane: 

oC1= cos 0 

2 CC 	sin 0 

cc 3  = 0 

Equation (11) becomes.: 

Ek 	= Ki cos?' 8 sing  0 = Ki sing 20 
747 

L 	= 	-- "Ek  = -sin 49  
60 

Thus, the torque curve for a measurement made with H always in 

the (100) plane has a 48 dependence, with maxima and minima of 

± K.  . It crosses the zero-torque axis along easy and hard 

directions as shown in Fig. 3.3. The first order anisotropy 

constant, K1, is thus simply obtained. 

Fig. 3.3. 

(U) 



For the problem in hand, it is necessary to evaluate the 

torque curves resulting froa ffeasurefLents in the (100) plane of 

a cubic crystel, with a superimposed uniaxial anisotropy which 

need not be specifically aligned relative to the crystal a-Tes. 

The magnetocrystalline anisotropy expression has to be considered 

Up to third order approximation. 

Ea 	Ko sin2(e v 	, 2 2 , 2, 
+` *245-32 (CN)  

, 2_ x,32  • Kac-i 

3• 	c:14.  4 ,::: 4c4  4 + 	4,:  
2 3 	3 1.' 

where (le is the angle which the nniaxial anisotropy makes with 

a cub: edge. Substituting the values of direction cosines for 

a (100) plane: 

cci 	 - cos 0 , cc-2  . sin 0 , oc 3, = o , 

equation (12) becomes: 

Ea = Ko  + Ka  sin2(0 +0 2  + K1sin2- 8 cos:. 6 

. 4 	4 + K3sin 0 cos_ 0 

Ko 	Ku sin20 	+ K1 sin 20  + 	ain4  2e 
167 

	

= 2Ku.sin(6 • 	.cos.0 + 	+ 	sin 26.2 cos. 26 , •  

+ K3 . 4 sin3 20 . 2 cos 28 

which:  when eirolified alcbrc_ically becomes: 

(12) 



1f 

v
u sin 2(3 -- )  + K1 . sin 40 4- 1:3, • sin 40 

2 	 —6'" 
— K3 

16  . sin 80 + 	 

L = bE  a = 	Ku.  sin 2(6 + 
76 

— (K1 + 5) sin 40 
2 S 

K,p . sin 88 

The torque curve now contains 20, 40 and 80 components', and in 

order to separate them to obtain the values of the anisotropy 

constants_, it is necessary to perform a Fourier analysis. 

Details of the method used for the analysis are given in 

appendix (1) . The result of the analysis is_ to produce L as_ a.  

series expansion of sine and cosine terms, thus: 

L = ao  al  cos 2a + a2 cos 48 .1- 

b1  sin 20 + b2 sin 40 +  
	

(13) 

Now, the expression obtained for Ea  which must be compared with 

the above L expression is in the form: 

ao  + A sin 2(0 1-c) "4. B sin 4(0 -0) 

C sin ge 4759 

(14) 

since it is not known what relation the arbitrary origin of 0 for 

the analysis bears to the crystal axes. The angle between these 

two "zeros" of 6 is set as 6, in which case cb 



12, 

A_ is here equal to - Ka  

	

B is here equal to -(K1 	) -2-  
is C 	 here here equal to + K3 

•I(3.  

Equation (14) is expanded thus: 

Ea = ao + A vin 2'C.- cos- 20 + A cos_ 	sin 26 

• B sin 4/3. cos 46 	B cos, 4/3. sin 40 

• C sin 84. cos_ 86 • C cos, 8 4. sin 83 

Comparing coefficients. of cos. 26, sin 20, cos 46, sin 40, etc. in 

(15) and (13): bi2 

al 	
) 

= L. sin 	) 
) 	whence 	and 

bi = k cos.: 2.0C ) 
) 

(15) 

Similarly: 
) 

a2  = B sin 4/3 ) 
) 

b2  = cos 4A ) 
) 

     

whence.. 

B, 

4 

/ 2 +  a2 .b  

and 

= t tan-1(a2) 
b2  

and 
= aµ2  + with .1 4- 	 14a43 c uela_ 

and so on. 

Hence, the values of Ku, Ka, K3  and 	nay be obtained from the 

analysis. hen the angular origin for the analysis is not 

laiown relative to the 6 = 0 position of the anisotropy function, 



this method of utilising the data is rather simpler than that 

proposed by Sato and Chpndrasekhar(S3). They performed the 

Fourier analysis many times on each curve, moving the origin of 

analysis every time and assuming that 7? = 0 always. They then 

plotted the coefficient of the term they were extracting against 

the origin taken for each analysis. The maximum value of 

coefficient from the curve thus obtained was the true coeffici-

ent required. At this position, the origin of analysis and the 

origin of the torque relationship were concurrent. One of the 

advantages which such a method brings is a reduction in the errors 

inherent in performing a Fourier analysis using only a fininto 

number of terms, since the analysis is done several times using 

a different set of data point on each occasion. This advantage 

is incorporated to the same effect in the analysis method used in 

this experiment, as explained in the appendix. 

Unless proper precautions are taken, there are two limit-

ations to the torque magnetometer method, one of an experimental 

nature, and the other theoretical. These will now be discussed 

in turn. 

3.4.3. The Stpbility Condition for Toreue Curve 'Measurements. 

It was first pointed out by licbster(143), that a magneto-

torsional system consisting of a non-linear deflecting couple - 

such as the anisotropy torque-- opposed by a linear restoring 
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couple - such as the suspension wire in the simple torque 

Iragnetometer - will be unstable in some configurations unless 

the restoring couple has sufficient stiffness. Ths treatment 

outlined here is due to Harrison(H3). 

1- cfc'.rence direction 
of system 

hero position of 
non-linear cow)]. 

74‘ 

Zero oosition of 
linear couple 

7 

Fig. 3.4. 

The instability can arise if the non-linear deflecting couple, 

expressed as a function of the angle of deflection, pesosses a 

maximum at some point, which is so for anisotropy torque. It 

then becomes possible for an increase in the angle of deflection 

from certain equilibrium positions just below that maximum to 

produce a decrease in the deflecting couple which is larger than 

the decrease provided by the linear restoring couple in moving 

through a similar deflection. 	t this point, the anisotropy 

torque "takes control8, so to speak, of the suspension system and 

"runs away" with it, ceusing the irztability. The restoring 
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couple only "catches up" the an:iFotropy torque when the torque 

curve approaches a minirLum value. Of course, if the linear 

restoring couple per unit deflection is sufficiently large, 

it will always "keep control" of the suspension systeol  and will 

not allow the anisotropy torque to take over, regardless of its 

rate of change with angle. 

The stability condition is determined by miniuising the 

total energy of the system. , 

Iieferring to Fig. 3.1. the work done against the cnistropy 

torque in producing the deflection 6 is given by: 

Ek(e) = 	-L(e) . d0 

where V is the volume of sample and L(8) is the torque curve 

function. That done against the suspension wire is: 
= kk,,c  2 

where k is the torsional- constant of the suspension. The total 

energy is then: 

E T 	= E(6) 	ik&:-2  

= E(e) -1-1c(w e)2 

For a specific ecuilibrium setting, i.e., to fined, the equilibrium 

is stable if 	= 0 and c1-21IE is greater than 0. dd7 d02  

dET = dE 	- k( (CF) 6) 
To 	dO 
	 0 

-27/* 	0 a 	 k , 
9 

Cit7 



.0 
or, since E(e) 	v -L(e)de 	-V . dr4.() 	k 	0 1  

i.e., k > V . !:1L(e) 
dO 

i.e., k dl,(0) 	 (16) 
V da 

Thus, for the measurement to be perforaed under stable conditions, 

k must be chosen so that IR is greater than the maximum positive 
V 

sloe of the torque curve. 

It is interesting to note the limitation set on angular 

deflection of the suspension system as a result of this analysis. 

If Lmex_is the maximum torque in the L(0) expression to be plotted, 

then kenax  = Lir.ax _V. For stability, k must be greater than 

At the maximum, torque point, therefore, 

i 

Lmax  V 

&max_ 

emax: 

v (;p )max. 

T-Tnex 
T610 osi max 

This implies that the angular sensitivity of the torque, magnet-

ometer cannot be increased simnly by increasing the volume of 

specimen used. 

The value of e,„_ is now evaluated for the (100) plane 

torque curve in a cubic crystal. For this case, 

L(e) 	= 	-1.1  sin 4e 

• 	 • 



mac
, 

, 	o 
72-Kl 

i.e., less than 71-radian. 

and 	..727 2K1  
de may: 

Ill  

(17) 

 

=m 2111  cos_. 40 
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Thus, for a pure (100) cubic anisotropy, if the maxi= deflection 

from the zero position is greater than about 140, the torque 

measurement will go unstable on the steepest positive parts of 

the curve. 

The consequences of this are discussed further in section 

4.2. where the experimental aspects of the torque magnetometer 

are treated. 

3.4.4. The 'Zield Deoendence of Torcue Curve 1,:srasurenents. 

In the derivation of the relationship between torque_ and 

anisotropy energy, (Equation (10)), it has been assumed that 

the saturation magnetisation 11,,5  is defined as the magnetic 

moment per unit volume at infinite field, under which condition, 

tai at any point in the sample is parallel to Ill at any other point 

in the sample. In fact, even for perfect samples, this condition 

is more rigorous than is necessary in theory, since all that is 

required is that the sample is in a single domain state. By 

the simple domain theory of magnetisaion, this occurs for an 



applied field of only PM Y 2 t-'1:( for a (100) plane measnrement 

on a cubic crystalline disc, where N is the demkfnetising factor 

of the disc. (Derived from Lawton and Stewart(L1)  - footnote`.(?_) 

of. Kcuvol and Graham(K4)). The infinite field condition is. 

only specified to ensure single domain conditions in real samples. 

Since measurements of torque are never in practice done in 

infinita fields, it becomes necessary to investigate the effect, 

of the use of finite fields. The results of such an investig-

ation show that there are two quite separate corrections to ba 

applied to the torque curves, and these are now considered, 

though both are not always necessary in practical cases, as 

indicated below in section 4.7. 

3.4.5. -Deviation Correction. 

Even after the sample has attained a single-domain state 

so that the L = 	relation applies, experimental arrangements 
a-0 

only allot: "r' and not 0 to be measured. Here 't is the angle 

H makes with the sarple reference direction, and 0 the angle Ms  

ma3u,s, with the aoecimen. It therefore becomes necessary to 

correct for the deviation of 14 from N . This deviation is 

very simply stated(5 B6), since the torTle on the sample, 

- M, x H only exists. whilst 2 and H ere non-parallel, 

i.e., 	L = - EH 

wherocC is the angle by which H deviates from H towords the 
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ne;Ir.est easy direction to 	For smallo{ therefore, the 

deviation is proportional to the i,orque. 

eC = L 
Iii (18) 

This applies regardless of the functional form of L with 

respect to 0 . The actual shape of the torque carvoas 

measured is then simply obtained by replacing 0 by (8 	in 

the expression of L(0) . 

This will now be illustrated by two oxemples, firstly the 

pure uniaxial case, and then the mixed uniaxisl and biaxial case. 

For a uniaxial anisotropy, Ek  = Ku  sin28, 

L(19) = 	Ku  sin 28 

in infinite field. Therefore, the 11-deviation angle, 04 , at 

louor fields is. 	Ku  sin 28 . Therefore, 6 in equation (19) LH 
KU sin 28 

MEI 

Ku  sin(28 2Ku  sin 2e)  

Ku  sin 28 . cosy 2Ku  sin 28 

must be replaced by 6 

Ku  cos 28 . sin au  sin 28 
MH 

(20) 

It is now assumed that Ku 	1. This assumption is implicit 
Rill  

in equation (19) above, and must be so if the sample is even 

only a little way above the single domain state, wherc_AT  is 



aboutdepending on the demagnotisIng factor of the sample. 

The sine and cosine expressions involving 1::u in equation (20) 
LH 

can then be expanded to give: 

/- 	2K. 2 	2F 
L = Ku  sin 20/ 1 - -7A.7  sin-

2 
 2E7 + 	

2- 
20 . sin 20 

1°i II 

 
= Ku sin 20 +u sin 40 	 (21) 

neglecting the E)2-  term in sin 20 as_ of second order. of 

- - only. LA 

Thus, it is seen that the torque curve now contains,a 

biaxial term + 	sin 40 because of the lack of complete 
!°F F2 

alignment of d with H. 

This result is of some importance in the phenomenon known 

as_ "torque reversal.̀  . This was_ first observed by Nesbitt, 

Williams and Dozorth(a)  who found that the fourth order 

torque of single crystals of Fe2NiAe decreased and changed 

sign as the measuring field was: increased. This same phenomenon 

was observed for Alnico 5 by Nesbitt and Williams (112),  and for 

Go ferrite by Williams, Heidenreich and Kosbitt(W4), the latter 

associating the phenomenon only with materials which respond 

to magnetic annealing. 

They all explained the biaxial torque by the specific 

model of uniaxial anisotropy employed to account for the results 



obtained. Chikazumi(CO  showed thereafter that this result 

is quite general for any anisotropy mechanism randomly 

distributed along three orthogonal axes of the sample. Fe 

derived an expression for the effective biaxial anisotropy 

81. 2 constant then appearing, 	. This had to be added to any 

cubic crystal anisotropy present, to give the resultant fourth 

order anisotropy. 

Con wring the torque expression derived in equation (21) 

shove with Chikazumi's result for a uniaxial anisotropy -along 

one axis only of the crystal (equation (3) in his paper), there 

appears to be a discrepancy of a factor of 2. Fron Chikazumi, 

11J• 	/._ 	 _ 

the applied field direction. Putting A.  = sin 8 , 2 cos 8 , 

/g3  = 0 for a (100) plane measurement, and differentiating to 

2- sin 40. obi:,ain the apparent torque.: -L = Ku  sin 20 
Iii 

The reason for this discrepancy is that his energy expression, 

Ex  , is expressed in terms of the 's, the field direction, 

whilst to obtain the torque, the differential of E with respect 

to thec)C'q i.e. the M  direction has to be taken. 

Calling oC-1  = sin 0 , 	2  = cos 0 

and id1 = sin 0 , /42  = cos 8 

where the unprimed 0 refer to magnetisation directions, and the 



primed quantities, O',to measurement directions; Chikazuui's 

e.nergy relatioriship then becomes: 

K..2 E 	= - Ku $in2 01 	u sin?  281  

L = )E 

)01  
zie,r  

and 0 = 81  + Ku sin 201  
Ire 	

approximately 

= 1 	2K, 005 231  

sin 231  4- 2K sin 01) 
. • 

(1 	ER— cos 28 ) 
2Ku  

sin 28 + 2Ka2 sin 1 

	

40 	- 	sin 401  
121 

	• • • 

(for small 	) 
14.H 

2 
= Ku  sin 2e 	K 	

sin 48
1 
 

LH 

i.e., exactly as obtained by the calculation here. 

It is important to note, however, that it Is not correct 

to say, as Chikazumi does, that the torque reversal occurs at 

the field given by making the biaxial energy term zero. Torque. 

reversal and energy reversal are not directly equivalent unless 

both are expressed in terms of mognetisation directions, and 



not field directions, simply because L 	it 
 
— 	

• 

Test of the Theory. 

Some figarea are now inserted into the derived expressiers 

for L to test the validity of the result. The results of 

Kesbitt and Williams(2)  on single crystal samples of Alnico 5 

are used for simplicity, since their results showed that Alnico 5 

has zero masmetocrystalline anisotropy. Figure 10 of their 

paper shows the uniaxial anisotropy induced along Olysa 50P/r axis 

only by heat treating a (110) disc in a field perpendicular to 

its face: 
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of their torque curvos_on an IBM 7094 computer 

yields t're following results: 



   

0oBff. of 23 

7.9 x 105  erg/cc. 

7.4 x 105  erg/cc. 

0Deff. of 40 

    

H = 20,000 

5,000 ce- 

  

1.1  x 105  erg/cc. 

2.1 x 105  erg/cc. 

rFing the accepted value of 4"fil of 14,000 gausz.for Alnico 5, 

the coefficient, 	, of the 40 component of L, is found to be. 
Y11 

0.72_7: 10' for Ku. = 8 x 10-• erg/cc. Inserting the values. H = 

20,000 oe. and H_= 5,000 oe., the 40 coefficienta in their 

Fig. 10 cone to 0.36 x 105 erg/cc. and 1,14 x 105  erg/cc. 

lespactively, which are in good agreement with the ''allot' 

obtained from the Fourier analysis if two factors: are taken 

into account: 

i) the poor accuracy of the extraction of a small 48 component 

from a large 23 component for the data presented; 

ii) that the assumption that there is no crystalline anistropy 

present in the data of Fig. 10 is valid. 

1,!ore impressive is the_ agreement with their results on 

a (100) disc, also heat treated in a field applied perpendicular 

to the disc face. In this case, the uniaxial anisotropy is 

induced ecually into both perpendicular j027 directions of the 

disc. The torque expression becomes,: 

L = Ka  sin 26 + Ku  sin 2(8 +12) 	Y1  sin 40 + I'll
2 
 sin 4(8 + 

xpanding, this becomes.: 
olc 2 s L 	= 	sin 40 



i.e., the 28 component is supressed and only the pseudo-40 

component appears in the torque curve. 1.asuming the same value 

of Ka  es in the (110) disc (and since the magnitude of the Ku  

induced, ceteris paribus, depends only on the direction of 

field during heat treatment, which was the same in the two casor;), 

the expected values of the 46 coefficient of torque, as in Fig. 7 

of their paper, can be calculated for the various H. 

e.g., At 7,000 oe., 

2K
2 = 2,05 x 105'erg/cc. compared with 

MH 	
2.25 x 105  from their experimental curves. 

Similarly, at 20,000 oa., 

, 2 = 0.72 x 105  erg/cc. compared with 

0.80 x 105  from their curvee7. 

The theoretical 46 component versus Iplot.in fact shown 

renar3cable fit to their experimental curve as shovn in Fig. 8, 

taken from their paper: 
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The result derived above in equation (21) thus fu:rnishea 

a simple explanation for the results of Nesbitt aud 

The method of derivation shows, however, that this spurious 

foul :Al order torque is one  a special instance of the higher 

order torques which always arise when torque measurements_ are 

done innon-infinite" fields-. The method of derivation, though 

less, basic than that of Chihazumi, since he deals with energy 

relationships whilst this method uses the torque relationshipa 

as starting point, is more easily applied to practical casea 

in torque magnotometry. It enables the higher order components 

to be evaluated analytically for any conceivable case of 

anisotropy. 

To illustrate this, the second example - of 	uniaxial 

and biaxial anisotropies is evaluated in appendix A.2. The 

treatment is rather more complicated algebraically, but is 

performed in an exactly analogous manner. The result obtained 

for the torque is: 

L 	Ku  sin 20 	K1 sin 40 	_ Kuk sim 20  
211H 

Ka2-  sin .. /0 	t ?cilia cos be 	Kl2  

1111 	 2Kil sin 83  

where the first two terms represent the normal expression. As 

expected, extra terms in sin 46 and sin 86 arise from the original 

sin 20 and sin 4 terms, but the new feature of this mixed 

8 

(22) 
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anisotropy case is the appearance of cross product (KuK1) 

cosine terms of order a and 6e, The latter is of particular 

interest since the normal anisotropy expression for a (100) 

plane measur=ent of a cubic crystal si:ecifically excludes_ 

a 68 term, K2:12-:22132  being the only term in Ek which could 

give a 60 term to L 	, and one of the direction cosines 

all-ays being zero in a (100) plane. The significance of these 

additional terms will be further discussed in the experimental 

results section below. 

The torque reversal found by Nesbitt et al. (N1)  and by 

Williams et al. (1'T4)  is now simply explained by the Ka2  sin 40 
hH 

tern of equation (22) being added to the K1 sin 48 term of the 
2 

same equation, the actual field at reversal being where: 

 

2 

 

= 0 

i.e., 	H = 

 

apply 

In practice, the constants_ of the expression (22) only- 

,— 
if Ku  is aligned along a L102/ direction. If this is not 

so, the anisotropy expression: 

Ek 	
7 S111410 q5) "1" 
"U 

sin2  e cost 8 

must be used where 
	

is the misalignment of Ku  from the cube 

edge. This leads to amendments of some of the coefficients by 



factors of sin 1) and cos, 	and also to extra :tiermsin for 

instance cos4e. The form of olie result is not, however, radi- 

cally changed. 

3.1,6. The H-Z.crr,ndarce of K Correction. 

;:von if the If-deviation correction is applied, it has 

been experimentally found that the coefficients obtained from 

torque curves are field dependent and grow with increase of 

measuring field. For this reason, the practice was- initiated 

(first by Schlechtweg(84-)  in 1936) of measuring the anisotropy 

constants at several increasing fields, and plotting the curve 

of apparent anisotropy constant against 1  . This usimily 
Ii 

gave a straight line, whose extrapolation to 1 = 0 , i.e., 
H 

H = co was supposed to give the tru:anisotropy constant. 

(See Bo-orth(B1), p. 566). 

Tarasov(T2)  was the first to suggest a mechanism for this, 

in that the discs used for the measurements were not completely 

saturated, reverse domains existing at the edges to very high 

field values. This he deduced from the fact that the constant 

uall in his empirically-found expression: 

Kl_ ensured 	-true (1  - i_  

decreased with decreasing thickness - to - diameter ratio of his 

seecimens of iron-silicon. The maximum fields he used wore 3.5 k0e. 

as  
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The experiments of Tarasov were repeated by Kouvel and Graham‘"f 

up to 20 hOe., and they found that their data fitted a relation-

ship of the form: 

Klmeasured = Kltrue (1 _. 11-1 

first proposed by.  Langford(L2). This ersin they ascribed to 

a small variation of M with 0 arising from a reverse domain 

structure persisting to fields well above the theoretical 

saturation limit. 

That both these er,pirically discovered relationships of 

K with field were not the full story was_ first proposed by 

Vcorman, Frense and Rathenau(V1). Their experiments, which 

were performed on nickel spheres, showed a steady linear increase 

of the apparent anisotropy constant with field, by about N 

nor k0e. from fields of about 8 hOe. to 33 k0e. Below 8 hOe, 

the increase waslmtha:steeper, and this they attributed to the 

lack of technical saturation which the previous_ workers had 

found. They therefore concluded that the magnetocrystalline 

anisotropy "constants" were not constants at all, but were a 

function of the applied field H. They suggested that the 

functional relationship arose because K1 could be completely 

described as a function of M, which itself is a function of H 

and T, the temperature. This result was also connected by 



them with the well-knows anisotropy of 1I, introduced by Callen 

and Callen(05). 

Recent results of Flanders")  on (100) discs of nickel 

have shown a much smaller intrinsic field dependence of Kl. 

Between 2 and 20 k0a., he obtained a value of 1  . alr-1 of 
—61  

less than 0.04: per k0e., i.e., more than one order of magni- 

tude less than Voerman's result. 

The 

(

latest series of anisotropy measurements on nickel 

. 
by Aubert%'''

) 
 have taken this approach to the problem to an 

even finer stage. He has shown the impossibility of making 

really accurate anisotropy measurements simply by means of 

extrapolation procedures to infinite field. 

3.4.7. Instru-aental Sources of  Error Torques. 

If the applied field is regarded as being homogeneous over 

the whole of the sample volume, the measurement will be relatively 

insensitive to small linear displacements of the centre of the 

specimen from the axis of the torquemeter suspension. For the 

special case of thin film torque measurements, the measurement 

will be very sensitive to tilt of the specimen from the 

horizontal plane of rotation of H. The effective torque due 

to tilt of the specimen is, therefore, now calculated, by a 

method die to Leave-(0). 

9 



Fig. 3.5. 
Referring to Fig. 3.5., let the plane of the film along 

the y-axiF., have an inclination 	from the plane of rotation of 

H. Then the effect of H will be to attempt to pull M out of 

the plane of the film against the torque exerted by the perpen-

dicular anisotropy Hj, of the film which tries to keep M in the 

film plane. The extent to which M lifts from the film plane 
" /40  varies with 	the angle of application of H, and it is this 

variation which gives rise to the effective tilt anistropy. 

It is first necessary to find how the angle, /3 , between 

the component of H: in the film plane and the plane of rotation 



of H (the x-y nlane) variea with 1'. 

Using the two vertical black shaded triangles.  with Z 

as•their common side: 

ZA  = r tan/g 

and 
74 

= r  sin?. tan eC 

r tatA = r sinY. tan 0C._ 

For, an.all tilt angles, the tan terms nay be approximated by 

the angles. 

• • 	= oCsin'Y 	(23) 

The e:7-:tent to which K is pulled down in a vertical plane towards 

H is given by equalising the torques on Ii due to i) the film's 

perpendicular anisotropy and ii) the field H. 

EH sin 0- e) = KJ, ain 20 

where Ki is the perpendicular anisotropy constant, and equals 

271- M2  for a stress-free polycrystalline film, or 21T1 2--+ Ki 

for a (100) plane cubic single crystal film. 

Therefore for small tilt angles, 

Ifiri (r)- 	= 2K1 

Ty  21(1, 
1. + 

The additional energy given the film by the M tilt is therefore 

the sum of the magnetostatic and perpendicular anisotropy terms 

6 - 	coo. 	0) 

i.e., 0 	= 



93 ,  

which, for small tilt angles becomes: 

= KLe2 - 	(.1e)2-2 

Substituting for 9 and (&-e) from (24), 

E =- 
A 2_ 

h-L(1 2K.„) 
4K 2  

"I' 
E:2H2  

21;772 	1,2 
L . 

Using equation (23) to eliminate A : 

2, , 21c,12-cc 2 	2 
- 

+ 21T-2- sin  )- (1 	 111(1 + 	5111  
1,21 

The first two terms represent a uniaxial anisotropy as  

varied, i.e.)  as H is rotated. The effective anisotropy con- 

stant is: 

K1,42 
Koff. 

± 21L12- 
EH / 

2 2. 

2  mH(1  
ET)  

K 	C 2 	2Ki  

+ 
MU 

=-_ 
	KlcC2  

	

MU 
	 (25) 

The effect of this anisotropy on the torque curves and the 

re cautions thereby needed are discussed in the experimental. 

section. 



QUI??1'2. A. 

Tho Toroue Fia,:metometer - Design Consideratiors and Performance. 

4.1. 	lntroduction. 

nen considering what sort of design to use for the 

torque magnetometer, three factors had to be taken into account. 

initially: 

a) It would he useful to have an instrument which could produce 

torque curves in a minimum of time, firstly to minimise. tha 

oroblem of maintaining a constant temperature at the sample_ 

the anisotropy constants being very strongly dependent on 

temperature - and secondly so that curvea could be ro,pidly 

plotted at several fields on the same sample, in order to 

perform the infinite field extrapolation procedure. 

I)) The instrument should have an accuracy which is a minimal. 

function of operator skill and fatigue. 

e) It should most desirably be capable of taking samples of 

widely different thicknesses and composition without loss 

of sensitivity, in order to be of most universal application 

in the laboratory. 

For these reasons, work was initially commenced on an 

automatic recording magnetometer. In this sort of instrument, 

a restoring couple equal and opposite to the torque being 

measured is applied to the sample by an electrostatic or 



electromagnetic torque generator. The null position is detected 

by a beam of light shining on a split photocell, whosa output 

is amplified by a high-gain servo-amplifier, and then applied 

to the torve generator. This output signal, proportional to 

the measured torque, can then be used, together with a signal 

proportional to the magnet rotational angle, to provide an 

automatic plot-out of the complete torque curve. Thus, the 

first two requirements_above are fulfilled, but more important 

is the way in which is the third. Since the "stiffness" of the 

suspension is dependent on the feedback characteristics of the 

amplifier, it can be made as high as is desired. The limit ia 

set by the necessity of having a tiny sample deflection to 

maintain the off-balancing current from the photocells. The 

stability recuirenient considered in section 3.4.3. then becomes, 
quite trivial, for the suspension can be made effectively almost 

infinitely stiff, thus maintaining stability for large torques. 

Also, since the feedback can be simply changed by means of 

switching in or out resistors, it is possible to maintain full 

sensitivity of the instrument over a large range of torques. 

This advantage of the automatic force-balancing mode of operating 

a torque magnetometer is not always fully appreciated. 

Unfortunctely, the particular design chosen, that of 

'Humphrey a d J.cLnston(H4), proved to be a little overambitious 
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for the constractional facilities available for the rroject, 

and when it had become imperative to commence magnetic measure-

ments, the electromagnetic torque-balancing unit was still not 

successfully operational. The instrument therefore had to ba 

passed over for use in this experirental programme. 

It was, therefore, decided to construct a classical type 

of magnetometer in the minimum amount of time, but nevertheless, 

some interesting features_ were incorporated to facilitate the 

taking of measurements. The system is shorn in Fig. 4.1. 

4-.-2. 	Susransion S,,stem. 

As regards the stiffness of the suspension wire, a criterion 

for the range of films to be measured had to be adopted to 

enable only one suspension to be used. This saved having to 

change suspension from film to film. In the first place, only 

nickel films were to be measured, thereby restricting any 

variation in the order of ragnitude of torque per unit volume 

from film to film. Secondly, it 11-9.s decided to try to make all 

measurements on films of similar thickness and area and an 

arbitrary 1000R thickness and 1 cm. diameter were selected as: 

standard. This was regarded as being a good compromise between 

a sufficiently thick film to: 
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Fig. 4.1.() 	Torque magnetoweter. 



a) reduce the relative effects of s rface oxidation, and 

b) increase the volume of magnetic material on which to make 

measurements; and a film not so thick ca  either to: 

a) make electron microscopy investigations difficult, or 

b) risk the magnetisation lifting from the plane of the film. 

It vas expected that a thickness of 100u° could be easily 

achieved to within
Q 

 - 	The maximum torque then expected 

would therefore come from a 1200° biaxial film attached to its, 

su'Ostrate, with a maximum of internal stress. This would set 

as upper limit to the torque to be measured with that suspension. 

The lowest torque expected would then be from a stress-free. 

biaxial film of about 800a. Since the effect of the maximum 

expected intrinsic stress was estimated to produce an increase 

in effective NI  of less than 50%, the result of this thickness 

limitation was to produce a range of torques differing from 

film to film at most by a factor of 2. If the shapes of the 

torque curves are now regarded as being pure biaxial to a first 

approximation, then their maximum positive stapes, which is the 

quantity which determines their stability for a specific 

suspension, can be regarded as being proportional to their 

torque maxima. Thus, if a suspension constant was, chosen stiff 

enough just to keep the largest amplitude torque curve from 

going unstable, the sensitivity of this suspension would only 
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be reduced by one *Loaf for the-TI,_ 1.11st a-Tplitude torque curves 

to be dealt with. Ln estimnte of the torsional constant required 

was therefore made: 

Eaximum effective K1  for stressed film of nickel 

7.5 x 104 erg/cc. 

From equation (17) in section 3.4.3., 

(SlIn 
'del max 

c..-% 	1.5,  x 105 erg/ec. = 2KLef„.  

1.7.fz:inum film thickness ti  1200a 

• -o nsIALum volume V 1.---== fl x (0.5)2 x 1200 x 10 cc. 

Cc% 10-5  cc. 

From equation (16), maxi mum torsional constant 

k 
	

V  (a )max 	1'5 x 105 x 10-5  dyne.cm./rad. 

1.5 dyne.cm./rad. 

Having obtained this critical value of torsional. constant, 

required for the suspension, there was a choice of several 

materials and even several sizes_of the same material. The 

deciding factor was a consideration of what would be the most 

desirable length of suspension to use. For that particular 

length selected, the cross-section of the material had to be 

sufficiently large for it to withstand tl,e inevitable rigours 

of loading and unloading specimens. Now the torsion head would 

constantly be adjusted by hand during the course of a curve plot, 
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and this process would inevitably give small mechanical shocks 

to the suspension, which would then set the sample swinging. 

It was therefore dedided that the suspension length should be 

chosen to minimise the time taken for these lateral oscillations 

to die away. Since most of the damping of the suspension would 

be due to air friction, the higher the frequency of the swing the 

more rapidly it would die away. The suspension length was there-

fore chosen to be as short as possible. This criterion also 

had the advantage of keeping to a minimum any sideways movement• 

of the specinen if the field were at all inhomogencous. This 

follows since the work done against gravity in moving the sample 

sideways, and hence raising it, is directly proportional to the 

susp:nsion length. 

The limit to the minimum length of suspension vas set 

mainly by the ability of the suspension to withstand the weight 

of the sample and holder, and any mechanical shocks they may be 

subjected to. A secondary consideration was that the suspension 

length must be a well defined and unchanging quantity. With 

e%trenely short suspensions, the end regions where the wire is 

attached to the support post end sample holder, and whore the 

restoring couple may not therefore be linear with angle, would 

constitute too great a percentage of the total suspension length 

to ensure an accurately linear torsional characteristic. Bearing 

Or! 
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the,:: two limitations in mind, a suspension made of 0.0065" x 

0.0004" phosphor bronze was selected from the available 

materials, and a length of about 1.7 ems. gave the required 

torsional constant. The wOreaking stress" of this material was• 

quoted as about 40 gms. wt., which gave a very generous safety 

margin, the sample and holder being less than 2 Urns. 

The suspension wi-Ls. calibrated in the following way. 

Three lengths of 	brass rod were cut, about LI cm., am. and 

ems. respectively, to provide three accurately known momenta 

of inertia. These were placed in turn on the sample holder, 

and the torsional oscillations of the system were timed. An 

absolute measure of k was thus possible. (In fact only two 

test pieces were necessary to eliminate 1o, the moment of 

inertia of the sample holder, but a third was included to 

increase the accuracy of the calibration.) 

4.3. 	cal Detection gEstem. 

A compact optical system, with an optical path length of 

only 41-inches, driving an OCP 71 photo-transistor was used for 

detecting the zero-position of the sample. The beam of light 

was prodced by a subminiature bronchoscope lamp7N of 1 mm. diameter. 

Ootained from ammer, Eros., 18, Aylesbury Street, E.0.1. 



with an integral lens for producing a parallel beam. As shown 

in Pig. 4.1., the beam was. reflected from the mirror mounted on 

the sample holder, of to a long slit mirror, .-Fmm. wide. About 

1-2" above the mirror was a defining slit also iimA. wide and 

carefully aligned to be exactly parallel to the slit mirror. 

LI° above the defining slit and co-linear with mirror and slit 

was the phototransistor, whose current lias_ monitored on a very 

fast-response moving coil microammeter. The torsion head was 

adjusted to give maximum deflection on the meter. In practice, 

the swinging of the light beam either side of the phototransistor 

caused regular double-kicks of the meter needle, one as. the beam 

flashed across the detector in one direction, and another when 

it returned in the other direction. By adjusti 	i•itc)rsion 

head to produce meter kicks at equal intervals, it vas possible 

to get extremely close to the zero position even before the 

suspension had come to rest, and in this way a great deal of 

time was saved. It was found possible to adjust any particular 

null setting reproducibly to within 0  mm. on the torsion 

head, the limit being set by the ability to read off or move 

the torsion head by a smaller increment. This corresponded to 

an angular deflection of 0.15°, or a torque of 4 x 10-3  dyne cm. 

with the c. 1.5 dyne cm./rad. suspension used for the instrument. 



4.4. 	E.D1,2iCUS Instrumental Torques. 

Initially a number of spurious torques caused considerable 

difficulty. The major component was simple to eliminate, being 

the background torque arising from the sample holder and mirror. 

The exact origin was qaite unknown, since care had been taken 

in the construction of the sample holder to use on 3y non-ferro-

magnet.ic materials of very high purity:- quartz rod, a piece of 

quartz cover-slip for the mirror backing, pure evaporated 

aluminium for the mirror surface, and "durofixil for attaching 

the mirror to the sample holder itself. This no-sample torque 

curve remained c;. 	constant in time and so was simply subtracted 

out of each --' of torque figures before plotting. The acceptabil-

ity

,-,eu  

of this procedure vas checked by turning all films through 

9Q0  on the sample holder, and replotting the curve. After sub-

traction of the no-sample torque, the results always exactly 

superimposed on the original curve to within the experimental 

accuracy. 

The only other component which gave spurious torques on 

the carves was far more difficult to find and may never have 

been discovered had it not bean for the accidental failure of 

the magnet power supply on one occasion whilst the sample holder 

was resting on its support. It vas noticed that, as the field 

collapsed, the detector current charged, despite the fact that 
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the sample holder could not have moved. An induction effect 

was rapidly eliminated as the source of this, and it was discovered 

that apolication of the field actually appeared to bend the beam 

of lights In fact, this effect was traced to the lamp, whose 

filament was a single loop of tungsten wire driven by a D.C. 

current. This therefore suffered a translational force in the 

field. Thus as the field rotated around the sample, the beam of 

light moved its origin and direction, and so the effective zero-

position of the suspension shifted. The solution was simply to 

drive the lamp filament with an A.C. current so that its mean 

position remained unaltered with applied field direction. Mains 

frequency proved useless as the filament vibrated with such an 

amplitude that it hit the bulb wails and broke. Higher audio and 

ultrasonic frequencies did not help since although the movement 

of the filament was no longer visible above a few kc/s, the 

filaments always suffered some sort of fatigue failure in a very 

short time. This applied even at 50 kc/s. It was therefore 

necessary to drive the bulb with an R.F. current, and a 1 Mc/s 

signal was feu into an R.F. power amplifier to provide sufficient 

current to light the lamp. It has since functioned for several 

hundred hours without failure. 



4.5. !F r et System and Temorature Control. 

A four inch Newport magnet was used to nrovide the field, 

with the pole-pieces set at a 22.-" gap. This gave a maximum field 

inhomogeneity of 15 at 5 koe over a 1 cm. cube at the centre_ of 

the gan around the sample. 

Two major faults in the magnet were discovered, one of 

which proved to advantageous and the other the opposite. In the 

first place, the water cooling system for the magnet coils was. 

so poorly designed that even with a flow rate of 1 gallon per 

cirute, at which the temperature rise of the outlet water was, 

less than 1 degree, the cheeks and pole-pieces became almost too 

hot to touch at full power. At half-power, 7-2 A., which gave 

5.1 koe, the pole-nieces still reached about 400  C. The magnet-

ometer itself was enclosed in an airtight perspex tube, and the 

effect of the radiation from the pole-pieces at this current was 

to raise the temperature of the inside of the tube, and hence of 

the sample, to a very uniform 310  0, independent of the room 

temperature around (within reasonable limits cf fluctuation). 

Now, the magnetocrystalline anisotropy constants are extremely 

fast functions of temperature. The variation with T for K1  of 

nickel is theoretically ex7)ressed by Carr(GO as: 

K1(T) 10  1.74 	m 
q(o) 	 Te '140 



although in practice, a mach higher power of 	is obtained. 
11.0  

For this reason, it is essential to have close temperature control_ 

of the sample during measurement, and the constant heating effect 

of the magnet pole-pieces at constant current provided this, 

without any need for elaborate screening from draughts. and 

temperature fluctuations in the room. 

The experimental procedure adopted was to turn on the.: 

magnet at least one hour before the measurements were to be 

commenced to enable the whole magnetometer to reach the equil-

ibrium temperature. The dark current of the phototransistor 

wts used to measure the temperature to within 22- degree C. It 

was ceelibratcd against a thermocouple in the magnetometer. The 

dark current at constant voltage, was just under 50pA at a 

room temperature of 22°  C, rising exponentially to just over 

360/',A at the operating temperature of 31°  C. The torque 

measurement was not commenced until the system had stabilised 

for some time at its equilibrium temperature. 

The other magnet fault lay in the calibration of the 

turntable. The appearance of unexpectedly large odd Fourier 

components in the analysis led, after elimination of all other 

known causes, to the suspicion that the turntable scale was not 

regularly divided. A check was therefore made, using a travelling 

microscope, of the angular intervals on tae engraved scale, and 
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it was discovered that there was.a random cumulative error in 

the engraved angular scale which amounted to as much as 0.9o from 

the true angular position at the worst point. This sort of error 

probably arose from worn locating pegs on the engraving machine 

used in the factory. A correction table was drawn up and the, 

true angular position always obtained by reference to it. 

4.6. 	Enecimen Tilt. 

The specimen holder was so designed as, to present a 

horizontal plane for the sample when it is symmetrically placed 

relative to the axis of the suspension fibre, and the holder 

hung from its single support point. This was achieved during 

construction by tiny manipulations of the angles of the arms of 

the holder with a micro oxy-hydrogen torch. The holder was hung 

with a sample in position and slowly rotated by means of the 

torsion head whilst a beam of light was reflected from the 

surface of the sample at a glancing angle. From the movements. 

of the reflected light spot, it was estimated that the sample 

was then well within -k°  of the horizontal, the exact angle being 

difficult to specify more precisely because of the swing of the_ 

sample during rotation. Daring measurements, it was found that 

because of slight variations in shape of the substrates, in order 
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to :educe the tilt angle to zero the sample required very small 

adjustments from the position which put the centre of the film 

on the axis of suspension. The method used was_ to observe a 

reflection in the film at an almost glancing angle as the film 

was rotated. 

Substituting values into equation (25) of section 3.4.7. to 

obtain some idea of the order of error torque expected: 

K1  V 211-M2  + K1 _ 

-hers 2711:2  is the shape anisotropy and K1  the magnetocrystalline 

anisotropy. 

Let cC = io 2- 10-  rad. 

5 koe and H 	14 = 500 gauss. 

A 	27i. (500)2  --5 x 104  erg/cc. 

1.5 x 106 erg/cc. 
• = 	

'clot,:  2 
Ktilt  

1,21 

,-/-t-; 	75. erg/cc. 

This represents about 1.5: x 10-3 of K.1_ for Ni. and so will not, 

interfere uith the measurements, as such a fraction of K1, 
appearing as a uniaxial component could not be detected. It 

is, worth while noting, however, that because of the square--law 

dependence ofoat:  on 0C , if the tilt were as little as 20 the 

uniaxial torque appearing would correspond to an anisotropy 
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constant of about 1000 ergo/cc. This would be a very serious, 

error in many of the measurements. 

4.7. Field Dependence of  Yeasurementa.  

lath the magnetometer (and operator) working well, it 

was found possible to perform a complete torque. curve plot at 

intervals of 5°  over- 180°  in about 2 hours. Because of the time. 

involved, the question of making several plots at different fields 

to obtain "infinite-fieldil corrected values for the K's 

discussed above in section 3.4.6. had to be seriously considered. 

Since 	Ku  for all the samples measured, to a first 

order of approximation the M-direction was determined only by 

the magnetocrystalline part of the combined anisotropy. It is. 

thus only necessary to consider how close the applied field was. 

to infinite field conditions for K2  measurements on the samples. 

The room temperature value ofHk  for nickel comes to about 

200 oe. Thus, at the field used, 5.1 koe, the measurements 

were being done at about 25 H. Therefore, even if theAL-- 

correction of Kouvel and Graham is used - which gives s. severer 

dependence of K on H than the more usually used 1  correction - 

and the same value of constant for the slope of their curve is 

substituted, the present experimental conditions would give a 



K value within 7 of K at infinite H. In fact, the situation 

could well be even better than this, since the thinness of film 

samples as compared with their discs would make the occurrence 

of reverse domains at the edges_of the sample even less likely 

to occur. The qualifications of Veerxan et al. and of Flanders 

mentioned above do not affect these conclusions, since according 

to their work, it is only meaningful to ascribe a specific 

value to Ki  accurately if the field at which that measurement 

is made is specified. 

The only check that could conveniently be applied with the 

magnet used with the magnetometer was to increase the field from 

the 5.1 koe used, to the maximum field possible, 6.7 koe. At 

that input power, the heating effect from the pole-pieces was, 

so considerable that it was impossible to plot a full torque 

curve without the temperature of the sample rising appreciably. 

For this reason, only a rough check on any increase in K1  was 

possible from spot torque values taken at the curve peaks. The 

result showed a negligible increase_ in the Ki. peahs for the 

samples used, estimated at 2% 	.(1):;; . Though not a very 

comprehensive test it was sufficient to show that any technical. 

H--dependence of K1  was complete at 5 hoe. Since, in any casel  

the main. feature of the experiment was to extract 	ratios, 
K1 

rather than to make accurate Ki  measurements, the use of a iri?ced 



field value as high as 5 koe vas thought to be justified without 

field extrapolation procedures. 

4.8. Harmetometer Accuracy. 

As mentioned above in section 4.3., the optical null-

detection system was found to be capable of resolving an angular 

position of the sample to within - 0.1, i.e., - 0°05 mm. on 

the torsion head. It should be pointed out, however, that this 

resolution was only maintained over the steep negative-going 

slopes of the torque carve where the system sensitivity was high. 

The reason for this is that on these sections, the composite 

suspasion system - consisting of magnetic and elastic torques - 

is closest to instability, with the magnetic torque exercising 

its greatest effect. Thus, only a tiny rotation of the torsion 

head led to a comparatively large rotation of the sample away 

from the null position, so giving a high angular sensitivity. 

On the positive-going slopes, the situation was reversed. The 

torsion head had to be moved more appreciably to effect a 

noticeable shift of the sample from the null  position. It was 

thus more realistic to put a resolving limit of _ 0•1 mm. on 

the positive-going parts of the curves. 

It is thus stated with confidence that the accuracy of 



any point on a torque curve as plotted is within 0.1 mm. 

This represents_a torque of ± 4 x 10-3  dyne cm. with the 

suspension used. This is the reproducibility limit of the. 

instrument itself, and inspection of, for instance, the linearity 

of the almost strajght slopes of the torque carve fully supports 

this. estimate. 



Dasi= ard Performance of Vacuum System. 

5.1 	Intro action. 

The usual method currently adopted to achieve ultra high 

vacuum in evaporation plants is to use titanium ion pumpa 

combined with titanium sublimation pumping. The latter provides 

extra spied during the evaporation itself. Since no small 6" 

ion pumped U.H.V. system was commercially available at the time 

this work was begun, it was decided to construct the system in 

the laboratories from standard parts available. Since an ion 

pump operates by "storing" all the gases it pumps and in view 

of the large amount of gas evolved in the course of the high 

temperature bake out of a vacuum system, it was decided not 

to instal a second ion pump for use during bake-out, as is 

usual commercial practice. Instead, a well trapped U.H.V. oil 

diffusion pump was chosen for this purpose, as this pumps 

indefinitely without change in performance, subject to regular 

oil changes. 

5.2. 	The Vacuum System. 

The vacuum system is shown in Fig. 5.1. Only stainless 

steel componenta were used, sealed to each other with aluminium 
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F i g . 5 . 1 . (a) View of va cuum system .



Fig. 5. 1. (b). 	View of vacuum system with evaporation in progress. 



wire rings. The 3" Edwards diffusion pump, type E02, surmounted 

by the water cooled baffle and liquid nitrogen trap could achieve 

J the .10. -10  Corr range when charged with Convalez.-l0 oil. This 

testified to the very low level of contamination produced by it, - 

so justifying its use in place of a second ion pump. Its_ pumping 

speed was only 25 1/s. at the camber, after allowing for the main 
A 

isolating valve and a second cold trap. The main pumping was. 

performed by a 25 1/s. Ultek ion pump mounted below the baeeplate. 

On top of the chamber was bolted a 6" titanium sublimation pump, 

water or liquid N2 cooled, manufactured by Vacuum Generators, Ltd. 

to the author's design. The base-collar was machined in the 

Departmental workshops, and L.E.I. type 570 vacuum lead-through 

electrodes were sealed to it. A Vacuum Generators type 16 

bakeable leak valve was also installed. Two ovens were constructed 

in the laboratories4  one of 4 KW for the top half of the system, 

and one of 1 KW for the ion pump below the working level. These 

enabled all parts of the system on the U.H.V. side of the main 

valve to be baked at over 400°  C. The total cost of the system, 

including the evaporation source, was less than £1000. 

Evolution of the system during operation led to a high 

degree of automation in the pumping cycle. For the overnight 

bake-out, the power level to the furnaces was initially set 

with thermostatic switches. Secondary control was effected by 



an Edwards relay unit actuated by .the hacking pressure. This 

iLterrupted the bake-out whenever the pressure rose above 150,/,/, 

of mercury. At the end of the bake-out time, a time switch was: 

installed to turn the furnaces off. This was arranged for two 

Hours before the operator's arrival in the morning to save part 

of the delay during the cooling time. 

The liquid nitrogen level in the diffusion pump cold 

trap was maintained automatically overnight with a dispenser 

designed and built by the author. One arm of a lJheatstone 

bridge composed of four 10-SL carbon resistors rested in the cold 

trap near the top. The other three arms were maintained in a.  

reference Dewar of liquid nitrogen. A fall in the cold trap 

liquid nitrogen level unbalanced the bridge. The resulting 

imbalance voltage was D.C. amplified and used to activate a.  

ma4netic valve which admitted nitrogen gas into the liquid 

nitrogen reservoir forcing more liquid nitrogen into the cold 

trap, so rebalancing the bridge. The arrangement is shown in 

Fig. 5.2. The D.C. amplifier is a Mullard(Y6)  design, with 

the output meter replaced by the actuating relay as shown. 

When the system had cooled to below 200°  G after bakc-out, 

the main valve was shut and the ion pump switched on. From 

this moment, the system was operated like any normal ion pumped 

-1 U.H.V. system. The ultimate pressure was below 1 x 10 -0  torn 

as detected on a hullard I0 12 ionisation gauge. 
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The quality of an evaporation depends, however, not on 

the ultimate pressure the system can attain, but on the degree 

of limitation of the pressure rise during the evaporation. To 

this end, all the contents of the vacuum chamber were designed 

to be capable of thorough outgassing. 

5.3. 	Lvaooration Furnace. 

To comply with the stringent conditons for cleanliness, a 



cold-hearth electron bombardment furnace was used, in which 

the substrate "sees" only the molten top of the ingot. The 

design by Unval a(U1)  was used with a number of alterations_ to 

make the furnace more suitable for U.H.V. It was made entirely 

of stainless steel in the laboratories. 

The main feature was the isolation of the 0.020" tantalum 

filament from the body of the furnace, using ceramic insulators 

in the base to hold the nickel filament supports in place. By 

aplying an accelerating voltage to the body with respect to 

the filament, the inside of the furnace could be outgassed by 

electron bombardment. The top and outside of the furnace were 

similarly outgassed using four filaments supported by a nickel 

structure around the furnace. During outgassing, 100 watts was_ 

used to heat the inside until the hearth temperature reached 

500°  C through radiation from the hot furnace. This took about 

20 minutes. At this stage, the collar of the furnace was around 

1200°  G, whilst the base was around 750°  C. 250 watts was 

sufficient to outgas the outside walls to 1000°  C. 

The cold hearth was turned out of 0.F.H.C. copper, and 
to p, 

vacuum brazed at 950°  %stainless steel flange using gold--nickel 

ctectic wire (01% Au.). The nickel ingot, supplied by 3,4etals 

Research;  Ltd., was of 5N muitiplely zone-refined material, the 

1%2.0 



last pass having been in vacuum. It was found possible to put 

up to 650 watts into a 2 - 3 mm. spot in the centre of the 

ingot, this producing a deposition rate of up to 10A/sec. 20 cm: 

from the ingot. Because of the good thermal conductivity of Ni 

at high temperatures, it was necessary to have a large ingot 

length-to-diameter ratio (2 to 1), and the comparatively large 

room temperature clearance of 0.0015" between ingot and hearth, 

in order to maintain a sufficient temperature gradient just to 

melt the whole of the top surface of the ingot. 

5.4. 	Substrate Heatinq. 

This is one of the most difficult aspects of film 

production technique and yet is extremely important since the. 

constraint temperature and film structure depend crucially on 

the substrate temperature.(See for instance ref. 816). The 

design of the substrate heater was, therefore, the subject of 

considerable thought. 

The recuirements were for i) a very low outgassing-rate 

heater, ii) producing a uniform temperature across the substrate, 

with iii) the temperature of the substrate itself accurately 

monitored. Contact heaters.were, therefore, excluded, being 

i) gassy, and ii) so dependent on the degree of co-called 
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contact between substrate and conduction plate. Black body 

enclosures, as recommended by Wilts(w6), were considered to be 

of doubtful value, since they only ensure that the substrata 

temperature is the same as the black body temperature when a 

complete thermal equilibrium has been reached. On Wilts,  own 

admission, his substrate temperature rise during deposition 

was of the order of 10  C par sec., i.e., over 500  C per minute. 

This is considered to be extremely high, since the response of 

black body heaters is much too slow to allow for correction of 

this by turning down the heater power as the evaporation proceeds. 

The origin of this temperature rise is very unlikely to be found 

in the thermal energy incident on the substrate by radiation 

and the evaporant, as suggested by Wilts. The calculations 

shown in Appendix L3 indicate that the maximum possible temp-

erature rise from these two sources in the present authorIsi 

system -were about 10-2- deg. C/sec. and 1.4 x 10 - 3 deg. C/sec. 

respectively. Even allowing for the smaller thermal capacity 

of lilts! substrates, the expected temperature rise from these_ 

two sources is about an order of magnitude short of that 

observed by Wilts. 

A radiation heater was therefore used. It consisted of a 

resistively heated 0.002" molybdenum strip, 1" wide clamped a 

few mm. behind the substrate support. The advantages of such 
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a heater were several. Its low mc.ss m,'7de for very rapid response 

to changes in input power. The heating uniformity was excellent. 

The field at the substrate due to such a strip was extremely 

uniform (See Appendix A 4). Its closeness to the substrate 

necessitated using a comparatively low radiating temperature. 

This had advantages as will be evident below. 

The use of a radiant heater on alkali halide substrates 

led however to a number of potential difficulties. Sodium 

chloride crystals, on which the majority of the evaporations: 

were performed, is substantially transparent to radiation of 

from about 0.2t. to somewhat over T.. Black bodies with 

radiation temperatures around that possessed by the substrate 

heater during normal usage (1000-1400°  10, have, little of their 

radiant energy below 0•21. or above 15;4., as shown in Fig. 5. 3. 



The substrates therefore absorb very little of the incident 

heat and the heating efficiency is low, but, nevertheless, 

adequate heating can be achieved. (This is sometimes overcome. 

by coating the back surface of the rock-salt with an absorber 

such as colloidal graphite paste, but this was excluded here 

on the grounds of contamination.) 

A second problem was that the substrate support should 

rot absorb appreciably more of the radiation than the substrate 

itself. This was to ensure as uniform a heat flow as possible 

across the substrate, thus keeping its temperature uniform 

right up to the edges of the mask. From the choice of materials 

available fox the mask, fused quartz was the most suitable, 

becoming fairly opaque below 0.12/L and beyond about 61A. From 

the tabulated data for the Planck radiation integral (American 

Inst. of Physics Handbook, chapter 6 K), the following ratios 

of integrated radiation are obtained: 

( 0.26 for A = 6/4, 
( j 	idd A 

WelA 

	 = At 1000°  K, 

0 	( 0 • 03 for A 	3..5/A 

Oa 	0.13 for m = 61t. 

1400°  K, k 

1.idA 
( 0.013, for X = 15 /AA 

i.e., at 1000°  K, there is about 9 times as much integrated 



radiation between 6/), and co as there is between 15/1. and 0 • 

The corresponding ratio for 1400° K is about 10 times. Since 

the quartz_ mask was only le the thickness of the substrate, 
10 

its absorbtion was thus about the same as tha:~ of the substrate_. 

It was therefore presumed that the quartz support did not 

seriously affect the uniformity of heating of the rock-salt 

substrate. 

5.4.1. Substrate Temperature ICeasurement. 

The best method of measuring the surface temperature of 

the substrate is by means of a thin film thermocouple evaporated 

on to that surface. There are, however, a number of disadvantages 

to this method. Firstly, it is difficult to produce a durable 

thin film thermocouple on such a water soluble material as 

Nan. Secondly, because the thermocouple has to monitor the 

temperature of the substrate as the deposition proceeds, the 

dummy block of yaCl with the thermocouple on it must be exposed 

to exactly the same conditions as the substrate itself. Thus, 

before evaporation even commenced, it would show a higher reading 

than a clean substrate because of the disturbing effect of the 

thermocouple on the heat flow. Then again, during the course 

of the evaporation, it must become coated with evaporant and 

so would cease to function. A thin protective layer, such as 

Si 0, would be useful in this respect, but would still demand 



the eli;ployment of a frcsh temperature sensor for each evaporation, 

as the evaporant could not be removed without damaging the 

thermocouple. 

Wire thermocouples pressing against the substrate surface 

are also unsuitable as they are never in equilibrium with the 

substrate itself because of the variability of the thermal 

contact achieved. 

It was therefore decided to use a very fine wire thermo-

couple (44  s.w.g.) embedded in a 0-018" diameter hole drilled 

in the side of a blank of rock-salt. This was placed on the 

quartz mask next to the substrate, as shown in Fig. 5.4. 

Current • 
for heating. >;‘ 	0.(,02" Mo stria  

* 	 
tr.  , ; -11 

0.18mm. quartz 
cover slip. I 

Evaporant. 

Fig. 5.4. 

It proved to have the following advantages: 

i) The very small mass of the thermocouple tip gave it a very 

short time constant for equilibrium with the massive NaG1 

block around it. The KaC1 in fact acted as a black body 

radiator •,,ith respect to the thermocouple embedded in it. 



:he v,i-res were too ?r; l_ to upset t.ee thermal conditions 

of such a large piece of FaCl. 

3) Na01 blank reacted during the deposition in exactly.  

the same ray as the substrate itself, being covered by 

e-va3orant at the same rate and so reflecting or absorbing 

radiation in the same way. In this respect, conditions 
within the blank were identical to those of the substrate 

itself. 
4) A simple  wipe-over with a moist filter paper 'was 

sufficient to remove all the evaporant and leave the 

sensor ready for the next deposition. 

simple exoeriment was performed to test the effect- 

iveness of the thermocouple. An Fe-Fi thermocouple was de- 
posited on to the front face of a blank of rock-salt con- 

taining a 44 s.w.g. chromel-alumel wire thermocouple. The 

embedded thermocouple showed a temperature about 12°  C lower 
than that of the thin film at 300°  C, but this was not 

necessarily significant since the Fe-Ni thermocouple could 
only be calibrated in wire form, the thin film form being 

much too fragile. Errors of 10 degrees are quite common when 
such an extrapolation to a thin film thermocouple is made. 

(The expected temperature difference between the centre of 

the substrate and its surface due to the thermal flux across 
the substrate is only about 3 deg. C. This assumes that the 

radiant heat flow from the substrate heater, typically at 

1200°  K, is z  cal./cm.2,/sec., as obtained from the radiation 
integral tables and the known emissivity of ii:olybdenum. 

Using the given value of thermal conductivity for Na011  

- 0.02 caVom./sec./deg. 0 - the temperature difference 
across lun. of the substrate comes to 3 deg. C. This is about 
one order lower than for a similar glass substrate.) 

1,=ore significant was the comparison of the responses 
of the two thermocouples to a step function in the heater 

power. Unfortunately, though detailed graphs could not be plotted 



t'• rough the inability to collect the data sufficiently rapidly, 

From the points taken it was evident that the initial response 

of the wire thermocouple to a 25 degree step function was within 

a few seconds of that of the thin film one. The asymptotic 

approach to the higher temperature was rather slower for the 

wire than for the thin film, but the longer time scale (15 minutes) 

of this section may well explain this. Even if this delay effect 

is real, since changes during evaporation take place very rapidly, 

this temperature sensor was regarded as being entirely satisfactory. 

In use during an evaporation, the thermocouple showed no 

significant change when the shutter was opened, in agreement 

with the calculations in section 5.4. As the evaporation proceeded_ 

a small gradual rise in temperature was observed until, when the 

film became visible to the eye (400 ,̂500A), the temperature 

would shoot up if the input power were untouched. .This was. 

probably the effect of reflection of the radiation from the film 

surface back through the substrate, thereby doubling its heating 

effectiveness. As the film became completely opaque (1004, the 

temperature rise decreased to a very slow rate, this probably 

being the exponential tail to the temperature change effect. If 

unattended, this temperature rise was over 100°  C from 300°  C. 

It was this effect which had caused many of the films grown 



(70 

previous to the development of this temperature sensor to be 

ruined through overheating, since a wire thermocouple touching 

the front surface of the substrate, as initially used, had not 

shown this large rise. In practice, the input power of the 

heater was turned down as the evaporation proceeded, keeping 

the temuerature constant. 

5.5. :ate_eterand meticField. 

The ratemeter was simply a semicircular plate in the upper 

part of the chamber which collected the resultant plasma current 

from the vapour stream. This current was read on an AVO meter 

and vas found to be electronic in origin. The ratemeter had to 

be calibrated against pressure and furnace emission current, 

as the current collected was a function of both of these. In 

one run, for example, for fixed furnace conditons, 

	

'ratemeter 	21/LA 	at 8 x 10-9  torr 

	

and Iratemeter 
	72ft" 75/k.5. at 1.5 x 10

-6 torr. 

The ratemeter current was independent of pressure below about 

10-7  torr. In practice, fixed furnace operating conditions 

made rate-monitoring very straightforward. The nature of the 

ratemeter current is discussed further in the section on structure 



and colour centres below, section 6.1-2,. 

As derived in Appendix A 4, the magnetic field at the- 

substrate due to the heater strip is given by 

H = 	tan-1 W  2d 

For the conditions of this experiment, this gave- a field 

of 11 oe for 50 A heater current (a typical value). The heater 

current return to earth was taken through a pair of single turn 

Helmholtz "coils" made of thick copper strip on either side of 

the substrate. They were positioned in such a way as to exactly 

counteract the heater field. The field due to substrate heating 

was thus reduced to less than 1 oe at all times. 

Any externally applied field reauired was produced from 

a large Helmholtz pair situated outside the chamber and providing 

up to 175 oe at the substrate. The substrate heater had to be 

driven by D.C. from large accumulators to prevent it from 

vibrating in this externally applied field. 

The substrate heater arrangement is visible in 

7i€. 5.6. 

5.6. 	-hvaporation Procedure. 

The furnace was cutgassed whilst the system was still hot 

from its bake-out. The substrate was outgassed, at not more than 

400°  C for YaC1, for up to lhour. It had been found that the. 

rock-salt already sublimed noticeably at about 4159N,420° 



nig. 5.6. 	Interior of vacuum chamber, 
showing substrate heater 
and temperature probe at 
top, furnace at bottom. 



reeulting in a ruined surface if a bake-out were attempted 

near this temperature. This finding is compatible with the 

results of Sella and Trillat(S15).  The shutter release wire 

was also outgassed, and the substrate temperature was dropped 

to the desired value. The furnace vas started and when the 

initial pressure rise was over, the leak valve was opened if 

it vas desired to admit any gas. The shutter could then be 

dropped to commence the evaporation. The beat pressure held 

during evaporation was 5 x 10-9  torr at 5R/sec. deposition at 

20 cm. A more usual pressure was 8,,J9 x 10-9  torr at 6A/7 pi/sec. 

The films were allowed to cool in the field, if applied, and 

needed about 15 minutes to fall below 100°  C from 350°  0. 

The quartz  mask had a small 2 mm. hole near the corner of 

the substrate position to produce a specimen for electron 

microscopy. This was performed in a MI-7 model at 100 KV. 

After the magnetic measurements, the film thickness was 

determined by X-ray fluorescence. The method was, doubly 

calibrated using five standards. In the first place, these 

standards had been weighed on production to within 4.  1,4g. 

Secondly, the standards mere analysed by the Imperial College 

analytical services laboratory staff by using a micropolarography 

method. The accuracy of the straight line produced, Fig. 5.5,  
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shows that the X-ray fluorescence method should be ca2able 

of producing film uthicknesses" to within 4.  la. The 

”thickness" so determined is in fact proportional to the mass 

of metal present, independent of density, and so is ideal for 

magnetics work. 



ciiIIP7:5Z 6. 
metic end Structural Results and their interpretations. 

6.1 	General Pronerties of the Films. 

?ter the initial trial period, in which most of the major 

operational features of the vacuum plant and of the evaporation 

procedure were mastered, about forty serious attempts were made 

to produce films for investigation, from which only about 30 

were actually produced. Of these some were elinlinated by visual 

inspection as being unlikely to give meaningful mgretie data. 

The usual cause for this rejection procedure, particularly 

amongst the early films before substrate temperature control 

bad been adequately understood, was a cloudiness of the film 

surface. This indicated that the substrate had been allowed to 

get too hot, either during pre-heating or during evaporation. 

One or two films were also rejected on the grounds of gross. 

variations in thickness across them, probably a result of 

substrate contamination. This left 22 films which were actually 

measured on the torque magnetometer. 

6.1.1. Film Growth and Structure. 

Many of the features, of the film production technique 

described in this section were in fact only adopted as a result 

of identifying the causes L:ffailures in previous films. Three 

4 0  

ii 3J  



types of substrate were used in the main. In the first place, 

following the suggestions of Heavens et al(H9), polished rock- 

salt substrates. were used. The polishing agent vas a suspension 

of tin oxide in saturated sodium chloride solution. This 

technique produced very flat surfaces on the rock-salt, albeit 

with a high density of microscopic scratch marks. Since these 

were random in direction, and, being invisible to the eye, 

certainly smaller than cleavage steps, they were not thought to 

influence the magnetic properties of the alit's. It was., not 

found possible to take this substrate preparation technique to 

the ultimate stage used by Heavens et al, by the evaporation of 

a 1000 r.,2000 epitaxial layer of copper, since it was not 

possible with the evaporation conditions used (111.H.V.), to 

obtain wall orientated (100) films of copper without a considerable 

nroportion of (111) orientation also. This was exactly in 

accordance with the findings of Imo et al(I2), who observed a 

similar deterioration of the epitaxy of Cu on rock-salt. when 

moving from ordinary high vacuum to U.H.V., even when the rock-salt 

teas_. cleaved in vacuum. 

Air cleaved rock-salt and lithium fluoride were also used 

as substrates. The quality of the resulting films, both mngnet- 

ically and structurally, indicated that there had been no great 

yV 



disadvantage in not using vacuum-cleaving, which may have been 

considered more desirable in any low-contamination evaporation 

procedure. It could even be postulated that the exposure of 

the cleaved face to the moist atmosphere would tend to smooth 

out the cleavage steps on a ,small scale, by means of a micro- 

solution and recrystallisation process. Such a suggestion could 

find support in the fact that good decoration of cleavage steps, 

is only usually possible on vacuum-cleaved substrates. All 

substrates were heated before deposition, for up to :1- hour at 

a temperature not exceeding 400°  C for the 1aC1, as explained 

in section 5.6. The lithium fluoride substrates were preheated 

at 425P C, the limit of the substrate heater with the power 

supply available (75 amps.). This preheat was, necessary to 

remove any surface contamination, particularly in the case of 

the polished films. Such a thermal etch, involving the removal 

of a microscopic layer of the surface, was also thought to be: 

beneficial to the film growth because of the release of some of 

the surface stresses resulting from the cleavage or polishing 

process. 

The substrate temperature used was usually 300°  C for the 

La01 and 365°  C for LiF. This latter temperature was chosen as 

being above the Curie temperature of nickel. (355°  0). The applied 



field, when used, vas 150 ,e.e This was_considered quite adequate 

since the rapid fall of K1  with rise in temperature ensured that 

such a field was. always several times the anisotropy field even 

at the low temperatures. at which the magneto-stress properties, 

of the film were probably established. (100,,  200°  C; . see below, 

sections 6.5. - 6.5.1.) 

Attempts were made to measure the films on NaC1 both 

before and after release from the substrate. In this way, it 

was hoped that the stress—contribution to Ku  could be easily 

determined. Unfortunately, one or other of these two measurements, 

was not always possible. In some cases, the films were physically 

damaged during the floating-off procedure. In other cases, the; 

substrate-to-film bond was. s9 weak that even the moisture in the 

atmosphere caused a relief of the stress. system in the film by 

allowing it partially to detach itself on a microscopic scale. 

This was recognised macroscopically by a sudden clouding-over 

of the shiny nature of the film surface. On inspection under 

an optical microscope, the surface was seen to be wrinkled in 

a random manner where the compressive stress in the film (to be. 

discussed below) had proved too large for the moisture-exposed 

NaC1 surface to maintain. It was for this reason that a number 

of evaporations were performed on LiF substrates for the purpose 

of making the primary investigations of the constraint energy. 



tit is almost insoluble in water (2.7 gm/1 at 18°.0) and so 

maintains a good bond to the film even in moist atmospheric. 

conditions. LiF also has two other incidental advantages, over 

NaCl. The lattice misfit of Ni on Li? is much smaller than 

for Ni on KaCl. (Lattice constant for Ni = 3.524 2, LiF = 4.02. 

0 NaC1 = 5.04 4 It is thus_ likely that the Ni films would grow 

epitaxially on LiF with a lower density of lattice faults. than 

on NaCl. The second advantage is that the sublimation temp-

erature of LiF is considerably higher than that of Na01. It was 

thus possible to carry out better thermal cleaning of the LiF 

before deposition than in the case of EaC1, and also to 

evapo:.-ate at a higher temperature without danger of damaging 

the surface. This gave the incident atoms higher mobility on 

the substrate and so would tend to contribute to better crystal 

parfection of the films. It was not possible, unfortunately, 

to use LiF for the whole of the current investigation becausa 

of the difficulty of removing the films intact from the substrates. 

Small electron microscope specimens (1 mm. in diameter) were, 

however, easily stripped by the action of a hot saturated 

ammonium chloride solution, lithium chloride being more solubla 

than lithium fluoride (640 gm/1 at 0°  C). 

KH4CL + LiF 	Li01 + NH4F 

All magnetic measurements were performed on the as-grown films, 



i.e., no attempt was made to anneal the films. (The two 

exceptions to this rule are noted below in section 6.7.) It 

was considered that the effect even of so-called "zero field" 

anneals would only be to complicate the situation as regards_ 

mechanisms operating to produce Ku. It should be borne.in mind 

in this context, that at 300°  C, the magnetostatic energy arising 

from a "stray" field of only 1 oersted is probably the dominant, 

term in the total energy determining the film's magnetic 

properties. This is because anisotropy constants, fall exception-

ally rapidly with rising temperature, whilst Ms  at 300°  C is 

still over half its room temperature value so that the anisotropy 

field HE: =-7-;Ms_vill be very small. Likewise large stresses are 

unlikely to be maintained at this temperature so that magneto-

elastic effects will be small._ The only annealing effect the 

films were subjected to, therefore, was in cooling down to room 

temperature after the deposition, as mentioned in section 5.6. 

The main structural features of the filns are apparent 

from the electron micrographs and electron diffraction patterns, 

shown in figure 6.1. Al' the films showed broad extinction 

contours at low magnification, and were very well orientated, 

with parallel growth: (100)Ni II (100)LiF or NaCl. The rock-

salt films usually showed some twinning along (111) type planes 

though in general, those from the Polished substrates showed 
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Fig. 6.1(c). 

Electron diffraction 
pattern of large area 
of U.H.V. film on UP, 
showing well-defined 
Kikuchi pattern. 

Fig. 6.1(d). 

Lag. = 75,600 

Micrograph typical of the 
worst areas of U.H.V. films 
on LiF. The broad black 
band is an extinction con-
tour due to the film bend-
ing. The fine black features 
are defects of some sort. 



Fig. 6.1(e). 
= 75,U00 

icrograph typical of 
U.il.V. films on polished 
Naas A few stacking faults 
and also some very fine 
detail kkre visible. 

Fig. 6.1(f). 

DAg. 	75,0U0 

Nicxograph typical of 
film grown in ordinary 
high VitCULLEt (1 z 1(75torr) 
on polished Na01. 
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much less than did the cleaved substrates. On the other hand, 

some areas of the polished substrates' films were very grainy. 

The micrographs of all the U.H. V. films were very featureless, 

the_ occasional twin or stacking fault being the only sharp 

identifiable features. The U . H. V. films on LiF were_ exception-

ally perfect. Their diffraction patterns showed no twinning at 

all, and the well defined Kikuchi patterns testified to the_ 

crystalline perfection. The imperfection density was of the 

order of 1010 	1011  visible defects, per cm2  of film, this 

being a very low figure. More specific correlation of structure 

with magnetic properties will be attempted in the relevant 

sections. below. 

6.1.2. Colour Centres in LIP. 

It was observed that the films grown on Lir in the absence 

of a magnetic field displayed a distinct yellow colour when 

vieved from the back, i.e., through the LiF substrate. Such a 

colouration, though of a deeper reddish brown colour, had been 

previously observed by Chambers and Prutton(CU)  in similar 

circumstances. They showed that this colouration was probably 

due to the presence of F-centrea produced in the substrate near 

its surface, as a_result of the heavy incident electron flux 

from the electron bombardment evaporation source. They also 



attributed the excellent crystalline orientation and the low 

defect density of the resulting films_ to the effect of this.. 

electron bombardment. Since, in the present programme, it was 

noted that the application of a field during deposition com-

pletely supressed the appearance of the colour centres, and 

yet the resultant films. were indistinguishable as far as 

crystalline perfection was concerned, a simple experiment was 

performed to attempt to clarify the nature of the ionic plasma 

from the furnace incident on the substrate. 

The electron gun source was turned on and stabilised at 

a fixed input power of 100 mA of emission at 7 KV (water-cooled 

hearth earthed, furnace body at -7 KV). The system. pressure 

was 4 ^,6 x 10
-6 torr. The ratemeter vane was, collecting. 90/4A 

of electronic current, and since it was effectively earthed 

through the AVO-meter, it was at the same potential as the 

substrate and surroundings_ during evaporation. The magnetic. 

field was then gradually applied, and the raterneter current noted 

as a function of field. The result is shown in fig. 6.2. The 

shape of the curve can be explained by assuming that the incident 

flux of electrons contained electrons of all energies. up to 

7 KeV, the operating voltage of the furnace- As the field 

increased, more and more of these electrons are deflected away 

from the vapour beam, until,at about 65 oe., a residual current 
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of -5J.L is reached, and is not reduced by further increase_ 

in the field up to 160 oe. Now, from electron-optics tables 

of functiona(r̀ 8), it is observed that a.7 KeV beam of electrons 

has momentum 2.83 x 10-4  Uebers/metre, where the electron 

momentum is given by (Br)e, the product of the radius of 

curvature, r, of the electron in a magnetic field, B. Substi-

tutina in our value of critical field, 6.5 x 10 3 web./m2 (65 oe), 

the radius of curvature of the electron beam is calculated as: 

approximately 4- cm. When it is borne in mind that the effective 

field from the Helmholtz: coils extends to about 6 cm below the 



substrate level (this is the point at which the field has, 

fallen to I  of its axial value), it seems reasonable to suppose. 
5_ 

that at that field of 65 co., the most energetic electrons. in 

the beam are just being diverted sufficiently so as not to hit 

the ratemeter, and hence the substrate. The residual 5{0. of 

current could possibly be due to residual gases ionised in the 

intense electron flux present within the furnace. Since the 

gaseous ions have a large mass they would be virtually unde-

fleeted by fields of only hundreds of oersteds. 

In order to test this postulated behaviour, the effect 

of applying a potential to the ratemeter vane was_investigated. 

With increasing negative potential, the initial -90/A current 

fell, reaching zero at about -800 volts and rising approximately 

linearly to a plateau of + 550j(A  at -7 KV. At this voltage, 

application of a field made no difference to the current. 

Decreasing the furnace coerating voltage to .-6 KV also decreased 

the voltage at which this saturation set in to -6 KV. It is 

therefore supposed that in this mode of operation, positive Ni 

ions were being collected, with energies of ap to the furnace 

operating potential. Such ions would, of ccurse, be undeflected 

by the field applied. In normal operation, such ions would not 

reach the substrate because of the high electric field opposing 

their passage away from the furnace body, which was_ at a high 



negative potential. 

;;men a positive potential was applied to the ratemeter, 

the currant collected rose steadily from -904/AA to a maximum of 

-600p at 7 KV. Application of an increasing magnetic field 

at this stage decreased the current collected, until by about_ 

90 oc., the current had become approximately constant at -l0o,"11.. 

It is therefore proposed that this effect can again be explained 

by means of a combination of electrons and residual gas ions. 

The accelerating electric field makes the flux collected higher 

than in the normal operating mods where the collector is at 

earth potential. 

From measurements of the geometry of the ratemeter vane, 

the normal -90/LA current represents an electron flux of about 

2 x 1013  elecs./cm2/sec. This is over an order of magnitude 

less than that reported in Chambers and Prutton's experiment. 

This may be due to their smaller source-substrate distance. 

In conclusion, it is therefore proposed that the yellow 

colour in the LiF substrates of films prepared in the absence 

of a magnetic field are indeed colour centres, as suggested 

by Chambers and Prutton. The paler colour could be due to the 

lower electron flux in the present author's experiments_. The 

application of the magnetic field normally used virtually 



completely deflects_ this electron flux, thereby preventing the 

formation of the F-centres. Since this does not lead to 

deterioration of the films' structural properties, it seems 

that the incident electron flux under these experimental con-

ditions is not instrumental in producing the excellent structural 

properties- 

6.2. Features of the Toroue Cures_. 

Beforetaking any torque curves, films were always. brought 

into a cyclic state magnetically by making them perform several 

complete revolutions in the field. After the curve had been 

plotted in one direction, spot checks were made whilst rotating 

the field back in the opposite direction. In no case was_ any 

rotational hysteresis observed at the field used (5.1 K Oe.). 

As expected, the torque curves showed a predominantly 49 

dependence. Typical examples are shown in figure 6.3. The 

computer output from the Fourier analysis consisted of three 

separate sets of coefficients and phase angles, resulting from 

three separate analyses performed at 5°  intervals on the input 

curve. An example of the output is shown in fig. 6.4. As is; 

observed,—the variation of coefficients between the three analyses. 
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was ,very small. This signifies_that no part of the curve is 

seriously inaccurate. It is also expected that the angles, 

"PHI" of the 26 and 40 components should move 10°  and 20°  

respectively between each of the three analyses. (in which the 

angle 0 moved 50). Each PHI represents the angular displacement 

of each particular coefficient from the origin of the analysis. 

The degree to which this is so is a second check on the. con-

sistency of the input curve. 

The misalignment angle of the 23 component (representing Ku) 

from the 0 component (representing iira), is given by 0 .,3 -cc 
in the terminology of equation (15) of section 3.4.2. It could 

be found by subtracting half the value of PHI for 28 from al 

quarter of the value of PHI for 48. A simpler method for finding 

this phase angle is to observe by interpolation or extrapolation 

where the origin of the 48 component lies, i e .; where PHI (4e)=. 00. 

0 is then simply obtained by observing the value of PHI (28) at 

this point, which is then 20J away from the value 0°. This is, 

illustrated in fig. 6.5. 

Where r1iI(4e)= 0°, 
?HI( 26)=80°  

6  = 602-   0  
_ 	= 40°. 



6.2.1. 11-Dsvjation Results, and K3. 

It is now proposed to investigate how far the results of 

the N-deviation calculations carried out in section 3.4.5. are. 

upheld by the exparimental results. From equation (22) of that, 

section, it is expected that the predominant pseudo-torque term 
2. 

will K1  be 	sin 80, since 17.1. *>. Ktt  in all of the curves, obtained. 
2121.-  

the 46 coefficient, 
K
1 . Scrutiny of the results showed that 
2 

the 80 coefficient was indeed always in antiphasa to the 46 

coefficient at the latter's origin. In order to check the 

magnitude of the 89 term, a number of the torque curves were, 

graphically replotted, adjusting each point according to the, 

deviation expected in the 5.1 K oe. field by the relationship, 

= 	. The resulting curves, ware analysed, and in all 

cases, the net effect was to reduce the 80 component considerably, 

whilst leaving the other components virtually unchanged. For 

example, in the results for Ni26 given in fig. 6.4., the following, 

table compares the mean coefficients before and after graphical_ 

E-deviation correction. 

Conoonent Uncorrected Coeffs. Corrected Coeffs. 

20 0.0663 0.0635, 
49 0.7987 0.7974 
66 0.0067 0.0099 
80 0.0326 0.0124 
108 0.0034. 0.0043 
120 0.0040 0.0028 

Since KI for Ni is negative,
r 
	should be of opposite sign to 

2MH 



Nov, since the 86-coefficient after M-deviation correction was 

still larger than the expected random noise level for an 88 

component, a closer investigation was made of the magnitudes of 

the 88 components_in all of the curves. In Ni26, for instance: 

-7- 98 x 1014'' e rz/c c 

   

1.28 x 103"erg/cc. 
6  21a 

(assuming H = 490 gauss.) 

Experimentally, the coefficient of 88 was, however, 1•56 x_103.  erg/cc. 

In all cases, the experimental values of the 88 components- were in 

excess of the expected theoretical values, on average by 

0.3 x 103, erg/cc. By means of a comparison with the random noise 

levels of the other components of the analysis, a maximum value of 

about 0.2 x 103 erg/cc was expected. This suggests the possibility 

that the excess 88 is due to the presence of the a sin 86 term.  
16 

in the torque expression derived in section 3.4.2. to 8th order in 

the or i. Support for this is derived from the fact that the-

excess 88 component is always of the same sign as the K-deviation 

n 
part of 80. This will be so if it comes from 

E  
_4 sin 89, since 
16- 

this acts in concert with 
KZ 
 sinsin 88, both having the earns angular 

2111 
origin. Random fluctuations, on the other hand o would sometimes 

tend to make the 86 component bigger than its expected value of 

K 2- , and sometimes smaller. That this interpretation is 
2i' 



reasonable is supported by the fact that the values. of the 

excess_ 88 component fluctuated. from 0.07 to 0-514. x 103' erg/cc, 

i.e., over. approximately the range either side of 0.3 x 103 erg/cc 

expected from a random noise fluctuation of 0.2 x 103 erg/ce. The 

only alternative source for this 8e component could be found in 

the lack of justification in the assumption that Ms  for the_ films 

has the same value as for bulk Ni. A reduction in Ma  of about 

30 would, however, be necessary to bring the average. Y1-- 
2MH 

value up to the average experimental 80 component, and this is 

thought to be very unlikely. 

It is therefore concluded that the effect observed is in 

fact the - K3  sin 0 term, and it becomes possible to state. that the 
16 

sign of K3, asobserved here, is negative (since the sign of 

Tc is positive). This disagrees with the results of Krause. 
2MH 
and ratz(12) and of Hofmann(1110, but probably could agree with 

Aubert(A4). It is very difficult to ascribe a value to K3, 

because of the uncertainties mentioned above. In particular, it 

seems that even randomly positive and negative noise. contributions 

to the individual sine and cosine parts of 86 will always make 

second order positive contribUtions to the total 88 coefficient. 

The value 0.3 x 103  erg/cc could thus be taken as the max ,mum 

possible value of 	
- 

, giving K31 	5 x 103  erg/cc at room 
16  
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temperature. This is of the same order as both Krause and Patz 

and Hofmann obtained (3 x 103  erg/cc), but is probably too large 

compared with Aubert's results. The good agreement in magnitude 

with Krause and Patz is encouraging, in that they too were 

deducing their K3  values from an otherwise unexplained difference. 

in two anisotropy terms. It would not be out of place to quote 

here their concluding remarks, since they are almost equally 

applicable to the current result: "Der Fehler muss in unserem 

Fall jedoch zu etwa
AK,  
	 = 1.00 angegeben werden, so dass kaum 
K3, 

mehr als eine Aussage fiber das Vorzeichen abrig bleibt." (The 

probable error assigned to K3, must be approaching 100%, so that 

one can say little more than a comment as to the sign of K3.) 

6.3. 	Results of the Analyses. 

The values of Ku, Kl, R—K11  and the misalignment angle 0 

(measured from the K1  easy axis) are given below in table 6.1. for 

all the films produced, together with details of the production 

conditions for each. The order of film number is chronological. 

In the table, POL refers to a polished substrate, and 01, to a 

cleaved one. The residual gas, pressure, substrate temperature, 

deposition rate and deposition field particulars are noted. The 



0 

No H 

400 

H along:. /110> 
22° 
20°  

No IL 
/JD 
2 

201° 

No. Ii 

240  

10°  

H along .1.0> 

1° 
19°  

H along 4.10> 

4179  
3° 

,,", 	6.1.  

Film 
No. 

On or Cff. 
Substrate 

Ku_ x 10-3  
in erg/cc. 

7 	2. 104+ 
in erg/cc.xl- 

Ni 8 POL 
On 

Films.; on NaCl. 

4g/sec 2 x 10-8  tore: 	350°  C 
Released on exposure to atmosphere 

Off 1°07 5.-41 0.020 

a 11 CL 5-6 x 10-9  300°  C 4C/sec 
On 3.69 7.19 0.051 
Off 0.51 5.74 0.009 

Ni. 20 CL 7 x.10-9  300°  0 6a/sec. 
On 5,- 61 8.10 0.069 
Off I_. 54. 6.64. 0.023 

Ni 32 HGL etched 2-3 x 10-8  365° C 71°I/sec 
On Released on exposure to atmosphere 
Off 4'28 5-'36 0.080 

Annealed . 2.2L 5.23 0.042. 

1;1_18 POL - 4 x 10 8  0a  300°  C 5:j /sec: 

On 6.72.. 9.00 0.075 
Off. 813 5.78 0.1111 

Ni 17 POL 2 x 10-7 02  300°  C 5g/sec 

On 3.C4 6.84 0.056 
Off 3•49 5.70 0.061 



5') 
6.1. (Cont.)  

Ni 15. POL 
On 
Off 

Annealed 

L x 10-6  0? 
2:56 
5,•16; 
2 65 

300°  C 
7-82. 
5-• 97 
5.65- 

4.00°,/0:383: 

0.047 

H along <110> 
12°  
12°  
22°  

Ni. 21. POL 7: x 10-6  02 300°  C 7gisez H along Q.10> 
On 2.'79- 4.17 0.067 25°  
Off. 2.90 3.32- 0.087 3310  

Ni 22. POL 6. x 10-6  02  300°  C 4?,./see H along c110> 
On 8.95 7'77 0.12 31-20  
Off 1.57 4,  53: 0.035 10°  

Ni 34 CL 22 x 10-5  02 3000 C 42,/see. No 1 
On Releaacd on exposure to atmosphere. 

Ni 35; 

Off 

CL 

1.96 

-5  a x 10 	02.  

6.02. 

300°  C 

0.033, 

5.0./see-  

5P 

H along <110> 
On 1,61. 8'93 0.018 422 

Off. Damaged 

Ni 36 CL 
On 

-5.  2_ x 10 	- 02 
4,65 

305? C 
7.60 

6-F--1./s.ec 
0.061 

H along <110> 
o 2 

Off. 1.-19 6.08 0.020. 250 



Table 6.1. (a)-1:r.) 

NI 16 	POT 	1-,2 x 10-6  172 	300°  C 	Wisoc 	H along <*> 

On 	Accidentally released 

oft 	2.64 	5,26 	0.05o 	27°  

/ 
Ni 37 	CL 	2 x 10-5  Na 	300-340°  C 	69/sec 	H along \IN, 

On 

Off 
4.35,  7.60 0.057 10°  
1-88 6.45, 0.029 20° 



6.1. 	(Cont.) 

Film& on 'LiF. 

Ni 23 CL 1 x 10-8 3500 0 gisec 
On 1.64. 5.35, 0.030 

Ni 25, CL 5-10 x 10-7 365° C9/sec. No 
On 4.22- 7.34. 0.058 

Ni 26 CL 8 x 109  365? C 
70241•0640 ec On 3.18 7°98 

1a 27 CL 1...12 x 10-8  365? C 72./sec 

On 4'04 7.31 0.055 

Ni 28 CL 2 x 10-8  365°  C 72/see 
On 6L 7.73 0-034. 

Ni 31 CL 1-2 x 10-8  365 72,/sec 
On 3.05, 7.21. 0.042 

Ni 29 CL 2 x 10-8 365°  62/see 
On 5.29 7.17 0.074. 

Ni 30 CL9 x 10-9  365 63,/see. 
On 4.81 7.58 34? 0.0633 

No If 
229 

H 
17°  

No IL 
3e 

IL midway-  between 
400 and <110> 

29°  

H along <110> 
21° 

H along 410> 
zo 

H along <106> 

35°  

H along . 100> 



films fall into two groups, Ni 8-22, Ni 32-37, which were made 

on NaCi substrates_- at different pressure, and Ni 23-31, which 

were on cleaved LiF and with one exception, at U.H.V. 

Different aspects of the results are then dealt with in 

subsecuent sections. 

6.4. EaKnitude of K/  for Ni. 

The values obtained for K1  from films floated off their 

substrates and picked up_ on cleaned glass. cover slips are as 

follows 

Ni 8 - 5.41 x 104 erg/cc. 

11. - 5.74 
15. - 5.65 
16 - 5.26 
17 - 5.70 
18 - 5.78 
20 - 6.64 	0. 	DO. 00. rejected. 

21_ - 3.32. 	 000 0.0 rejected. 

22 - 4.53- 
32 - 5.23 
34 6.02_ 
36 - 6-08 
37 - 6.45 	... rejected. 

The three rejected values fall too far from the mean value to be 

acceptable as reliable. The result then becomes,: 



Eean K, 

at 3040  K. cEf all the 

-5.52 x 104  erg/cc., so 

mechanism is not biased 

This value can be 

= -5.54 x 104 erg/cc. 

films are included, the mean comes to 

it would appear that the rejection 

in one direction or another.) 

compared with all the other recent 

values for 	quoted in the literature: 

Author K1  x 10
-4 

d 300°  K. 
erg/cc. 

Aubert (") (1968) -5.0 

Tatsumoto et al. (T6)  (1965) -5'6. 

Krause. and Pata(K1)  (1965) -5.0 

Rodbell()  (1965) -4!7 

Puzei(P7)  (1957) -5.0 

The data of Tatsumoto et al. were not regarded as being quite_ 

so reliable as that of the others quoted, as they had obtained 

positive values for K2)  contrary to the currently accepted most 

probable data. itodbell's data, though of unquestionable quality, 

were obtained from microwave resonance experiments, which may 

not give the same results as static measurements_ (see discussion 

in section 3.3. above). Thus, it may be concluded from a 

consensus of all of the most recent work, that the most likely 

value of K1  is -5.0 x 104  erg/cc. Since the difference from the 

result obtained here, -5.5 x 104  erg/cc.,was rather larger than 



could be explained by the errors in the present experiment, a-

source for this discrepancy was sought. 

6.4.1 Intrinsic and Effective Magnetic Anisotropy. 

The magnetic anisotropy of an undeformed single crystal 

is known as the intrinsic magnetic anisotropy. An undeformed 

crystal_is one which has not been allowed to deform either due_ 

to magnetostriction or to externally applied stresses. The 

effective anisotropy of a single crystal which has been permitted 

to deform freely is the sum of the intrinsic anisotropy and 

contributions from the magnetostriction and/or applied stress.. 

It is fortunate that the effective anisotropy energy and the. 

intrinsic anisotropy energy can be simply expressed inthe same 

form with respect to the direction cosines cCi, as was shown 

by Kittel(K9): 

2 2
( 	

2 2 , 2 2 
i.e., ,EK)intrinsic 	OC1)int. 	Gc2 	eC2. cc3 4" c.-3 	) 

2. 2 2 

▪ (K2 )int.1 (2. DC3 4. *Oa 

2 2 . , 2 2 , 	2 2 
or 	(E .) „ 	(1C1)eff. (ccl 	'c43 	3 1 ) 

2 2 2 
+ ("def.-Pfc.]. 2 

es appropriate. This means that the term (K. off. - (K) 	is int. 

a constant independent of 0C.„ The evaluation of this difference 

• • • 
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vas first performed to first order only by Becker and D5ring(B7)  

(p. 145) and by Kittel(K9). More recently, Baltzer(B9)  has, 

produced an expression for this difference to 2nd order in K 

(i.e., 6th order incc ): 

(Kl)off. 	(K1)int. 	(C11 - C12)(1112-  + 311h4 — h1116. h4h6) 

2_ 
- 

,,1112  .1.  v18)  
3011 2c12jk d,  

5 	105 

where the C are the standard elastic moduli of the crystal and 

the hi the usual magnetostriction constants- 

When magnetic measurements are normally made, no external 

constraints are usually applied, and the sample is allowed to 

deform freely due to magnetostriction, thereby involving the, 

effective anisotropy constants. This is the situation in all 

the experiments, mentioned above, from which K1  data has. been 

derived. Now, in the present experiments, the Ni films were. 

floated off the substrate and mounted on cover slips which had 

been previously well cleaned, using both ultrasonic and vapour 

degreasing techniques. Under these conditions, the films were 

found on drying to adhere extremely tightly to their new 

)substrates, (c.f. Boyd(B12 , so much so that even prolonged 

soaking in water subsequently failed to detach any part of the 

film from the glass. It is therefore proposed that such films.. 



:66 

are so constrained to the substrate as to approximate the case-

of the undeformed single crystal. The measured anisotropy 

constant in this case is therefore the intrinsic Kl. Some 

values are now inserted into Baltzer's expression to determine, 

themagnitude of (Ki)eff. 	(Ki)int.. The terms involving h6  

and h8 	0 are nealected since no data is available on these. The 

elastic constants of Alers et al.(A7) and the magnetostriction 

data of Benninger and Pavlovic(B13)  are used, these being the 

most reliable currently available. Substituting: 

C11 - C12  = 1.008 x 1012  dyne/cm2  

C44 	1.235 x 1012 dyne/cm2  

011 4" 2012 = 5.508 x 1012  dyne/cma  

h1_ 	= - 85. x 10-6  

h2. 	- 41 x 10
-6  

h3 	- 4 x 10-6 

h4 	- 9 x 10-6  

whence (Ki)eff. 	(K1)int. 
	4.98  x 103• erg/cc. 

(If the 2-constant expression is used, this difference comes 

to only + 3.13  x 103  erg/cc.) 

1:hen this adjustment is made to the K1 value from this 

experiment, in order to obtain (Ki)eff., the result becomes: 

= - 5.04 x 10' erg/cc. 



in good agreement with the most reliable resultaat present, 

available. 

6.5. 	The Effects-of  Stress on  K1. 

Because of the qualifications made in section 6.1.1. about 

the lack of reliability of NaC1 substrates for maintaining the 

film-substrate bond against the effects of film stress, only 

the LiF films are used for the primary quantitative measurements 

of stress effects. 

As derived in section 2.4.1., an isotropic planar stress, 

in the film will produce an extra contribution to Kl, of 

magnitude c( h4  2h3). The values of Ki  obtained from the 

films on their LiE substrates are: 

K1  x 10-4 in erg/cc. 

	

Ni 23 	- 5,35 

	

25 	- 7.335 

	

26 	- 7.98 

	

27 	- 7.31 

	

2$ 	- 7.73 

	

29 	- 7.20 

	

30 	- 7.17 

	

31 	- 7.58 

 

rejected 

 

Ni 23 was rejected by electron microscopic inspection, where 

it was seen to have some areas of (ill) orientation. The 



torque curve also showed an abnormally large 80 component 

(105 of the 4e component). From the remaining films, the mean 

value of K1  is - 7.52 x 104  erg/cc. Subtracting from this 

the intrinsic  K1 value obtained above, the stress contribution 

to K1  becomes - 2.0 x 104  erg/cc. 

.,c)-(1114 2h3) 	-2x 104 erg/cc.. 

The two most recent sets of data for the magnetostriction 

constants are by Tatsumoto et al.(T7)  (1965) and by Benninger 

and Pavlovic
(B13) (1967). The discrepancy between them is so 

great that one of them must be regarded as far less reliable. 

Birss and Wallis
(B14) have preferred to use Benninger and 

Pavlovic's results because they were performed at higher field 

and were a least squares fit from data obtained on disc shaped 

specimens, rather than differencing measurements on rods. They 

are also substantially in agreement with the previously best 

available data)by Bozorth and Hamming(B15)  

Substituting in h3 = 	4.0 x 10-6 

- 
and h4  = - 9.0 x 10 

6  

from Benninger and Pavlovic, the result is: 

CT = - 1.0 x 10
10 

dyne/cm2 

This result agrees exactly with the stress obtained by Freedman(F5)  

by direCt X-ray observation of the strain in his Ni films on NaCl. 

• 
• 4 



It, is also interesting to note that by the current calculation, 

he obtained a value for Cr of - 7 x 101°  dyne/crag, having only 

Bozorth and Hamming's h values at his disposal (and admittedly, 

a 2S.K1  twice as large as the one obtained here). Totutaka et 

al.(T8) have obtained for nermalloy films evaporated at 4000 C 

on to (110) LiF faces, a value c-  = - 1.8 x 1010  dyne/cm2, again 

in fair agreement with the present result. 

The result here is within the elastic limit of nickel 

films, of cr ezei 1'3 x 101°  dyne /0m2  as: obtained by Grunes(G2-). 

Lxisting data for the so-called intrinsic stress_ in Ei films 

is of little use in the present case. All available data are for 

films on glass, and with the exception of Prutto
(P8)
ns 	results 

(for permalloy), and Klokholm and Freedman's(no), do not 

extend to sufficiently high temperature to be of any use. Even 

in these two cases, no guidance is given at all as to the origins 

of the component parts of the stress observed, but in any case 

it appears to be comoaratively small (1 x 109  dyne/cm2) in the 

region of 300°  C substrate temperature. It would therefore 

appear that no great error would be incurred by assuming, after 

Freedman(5), that the origin of the stress in this experiment 

lies in the differential thermal expansions of the LiF and Ni. 

To calculate the strains, 	, classical elasticity theory 

is used: 



u_ = 	
CII C12 -012 

(c11 - 012)(011 + 2012) 
and S12 

=: 
(C11 - c12)(c11 2P12) 

Ex 

c r_y 

Ez12_ 

= 

= 

= 

5115rx 

S 	0-  12 	x 

S 	gir-x  

+ 

+ 

+ 

ZCr 12_ y 

CE S 11. y 

S 	cry  12 

Where the .. am elastic compliances. (cr ,,, 0 since the Sid 	 z 

film is unconstrained normal to its surface. 

the Poisson contraction due to 	and 6y.) 

Ex  = Zy  by symmetry. 

= icry 	
S12 

(Note that 	________ is simply E, Young's modulus.) 
S1] 

Using the data of Alers_et al.(A7)  and the relationships: 

sz  is then simply 

the result for Ni at 3000   K is: 

511 	0.722 x 10
-12 

cm2/dyne 

and S12 	- 0.270 x 10-12- cm2/dyne. 

. 	0.452 x 10 -12  cr- 

4•52 x 10-3  

C
r(A1\ 	1 AT 
1 in 	LiF 

where the bl are expansion coefficients. and AT is the 
1_ 

temperature ralige over which the substrate with bonded film 



must cool in order to set up the strain E.. This AT is the 

object of the calculation. Since the dl  are temperature 
1 

dependent, it is necessary to use a trial and error method of 

selecting the correct temperature range to give values_of the_ 

/A1  which then produce a value for AT from the above equation, 
1 
consistent with the original choice of the temperature range 

for the Al . 
1 

The. Al are 
1 

and from a consensus of a number of different tables, for Ni. 

Between 20° and 1800  C, 

and (Al) 
_ Ni" 

- 41 x 10
-6  

= 13 x10-6  

taken from Combos et al.(C12)  for the LiF, 

ter. 
• 
(LN1) _ (Al) 
1 in 	1 LiF 

= - 27 x: 10-6  

= - 4.52 x 10-3  

- 27;1 x 10-6  

165 deg. C 

-constraint 
	/Id 190°  C. 

This temperature is well below the substrate temperature 

of 365°  O. Its significance is, therefore, that the film-

substrate combination cools quite considerably before the 

film-substrate bond is established, and that, as suggested by 

West (W5)  in his theory, the constraint temperature is not 



necessarily eoual to the substrate temperature. 

It therefore is of interest to see how this_ 'constraint 

temperature" compares with the constraint temperature derived 

from the magnitude of the uniaxial anisotropy set up in the 

films. 

6.5.1. The Effects of Stress on K. 

(013) Chikazumi 	was the first to show that the magnitude 

of an induced uniaxial anisotropy depends upon the direction 

of application of the annealing field for a process such as 

pair-ordering which involves direction cosines of magnetisation 

within the single crystal sample. He later showed a similar 

effect with pure monocrystal Ni fibs (014), without specifying; 

the origin of the anisotropy. 

The general expression for the constraint energy of a 

cubic single crystal is given by West(W5)  as: 

4-4A2+°52/4:32)  = 	-24-011 - C1.2 )X100X1001 (IA. 

9C/ A111X1 	+''c2P'63 3 + bc3n/3/6), 441.11-(°c±c2 

where thecC and /3  are direction cosines of M5  at T and T, the. 

measuring and constraint temperatures_ respectively. Now, because 

of the dependence of W on 	the constraint anisotropy of a. 

single crystal will vary with the crystallographic direction of 

the applied field used to establish the mechanism. The full 



I ter, 

derivation of this effect for a (100) type of film is carried 

out in appendix 5, and the result shows two particularly simple 

cases, as might be expected. When H lies along a cube edge, 

the anisotropy energy is: 

(310100 	(all - C]..2100/\1001 °°5'
2 

= 	 e  

where e is the angle M makes with the uniaxial easy axis. 

(the cube edge). When H lies along a <110> direction, the 

anisotropy energy isI 

('ii )110 = — 9  C 4  X X 4 	111 111 1 
2. , cos 

where /1'4s the angle 11, makes with the uniaxial easy axis, 

(the <110) direction). Thus, the anisotropy constanta depend 

on the direction of applied field during deposition: 

e-g., (Ka)100 
1. 

"1°11 c12) 100"100 
4 

and 9 	Xi 1  (Ku)110 	2 C 44/ 111 J.11 

(These results could have been deduced on sight from Baltzer's (B9)  

expression for the effective anisotropy energy within a domain. 

wall. Indeed, Baltzer's 180°  domain wall is exactly analogous 

to the magnetostrictive constraint mechanism, in that within the 

wall, Ys  has to rctate against the magnetostrictive effects of 

a constant elastic deformation resulting from the magnetostriction 

in the two antiparallel domains on either side of the wall.) 



the following is obtained for the unknowns 

5.0 x 103 

x 1.008 x 5..06 x 107  

1. and 	/ 1. 
100 	111. 

- 43'6 x 10-6  1 = 
100 

From the Ku  results on films Ni 28 - 31, the following 

averages are obtained: 

(K)100 
	5.0 x 103 erg/cc. 

2.8 x 103  erg/cc. 

1  , 	5.0 x 103  = - 2- (Cl,—  G12)X300nl00 I 4 

4 '  
1 

and 2.8 x 103; = - i C  44Xiii)  in.. 

From the data' of Birss and Lee(B16), the values of A100  and 

111 at 300° K are -50.6 x 10-6  and -23.3 x 10 6 respectively. 

Using the data of Alers et al.(A7), 

C11 -  012 =, 1.008 x 1012-dyne/cm2" 

and 044 	x 1012  dyne/cm2  

whence T = 110°  C. 

2.8 x 103 = - 21.7 x 10-6  

x 1.235 x 2.33 x 107 2 

whence T = 85° C 

Yore reliance for a, mean value of T constraint was_placed on 

the (100> result (110°  C) than on the <110) (85° 0), since 



the angular position of the uniaxial easy axis was. more con-

sistent with theory for the <06> cases, the misalignment 

from the cube edges being only 10°  and 11°  in the two films 

produced. 

Comparing this result with the constraint temperature of 

190° C derived from the stress effect of /=!.K1, the agreement 

is considered to be very reasonable for a number of reasons. 

In the first place, looking at the problem the other way 

round, if the value Tconstraint = 190° C is used, what values 

for (Ku)loo and (Ku)110 are expected? From the data of Birss 

and Lee(B16), at 190°  C, 

- 32,0 x 10-6  

- 17-3 x 10 6  

from which on substitution are obtained the values: 

(Ku)100 = 3.7 x 103'erg/cc. 

(Ki)uo = 2•2
5 
x 103  erg/cc. 

i.e., approximately 	the experimentally obtained valuea. 

The first suggestion, therefore, is that in ass-liming that the- 

whole of Ku  in the LIP films is due to the constraint term, too 

low a value of TconaL..  has resulted. A small contribution to 

(1- )stress of only 500 erg/cc from another source aligned with (1-) s tress 

K stress would bring the values of Tconst.  up to 140°  C and 190°  C 

for the <10d> and <110> cases respectively, in much better 



agreement with the ,21[1  constraint temperature. Such a small 

contribution could readily be ascribed to an imperfection 

ordering mechanism. No attempt could be made to anneal out 

this contribution since an anneal may also affect the constraint 

term itself and so render the result useless. 

Another suggestion on these lines comes from a consideration 

of the magnitude of the anisotropic stresses involved in pro- 

ducing the K. These are calculated to be about 7 x 107  dyne/cm2 

for both of the iorientations, i.e., over 2 orders of magnitude 

less than the isotropic stress. It is thus feasible that even 

only a tiny directional inhomogeneity in the substrate structure 

could cause an anisotropic stress large enough to affect Ku. 

Such a source of inhomogeneity could, for instance, be found 

in the cleavage steps on the LiF substrates. (liiisorientation 

of parts of the film would produce a biaxial anisotropy, and 

so would affect K1  but not Ku.) 

The third possibility is that not all of the isotropic 

stress is indeed due to thermal expansion effects between film 

and substrate, as assumed in section 6.5., and that intrinsic 

stress also contributes to e-. If this is so, then it is difficult 

to understand why such a similar value ford' (- 1.1 x 10
10 dyne/cm2) 

is obtained from the NaC1 results (to be discussed in the next 

section), when: 

d75 



a) the lattice misfit of Ni on LiF is only 14% compared with 

60% for 	on HaGl; 

b) the defect density, perhaps as a result of a), and perhaps 

as a result of the higher substrate temperature used, was:• 

much lower for the LiF films than for the Natal films under 

equivalent vacuum conditions. 

This suggestion is therefore rejected. 

The fourth, and probably major part of the discrepancy, 

lies in the accuracy of the h3  and h4  values used to calculate cr. 

.1 .easurements of the magnetostriction constants beyond h2  are 

notoriously difficult. h4  and h5  are particularly susceptible. 

to experimental error (Baltzer(B9)). Indeed, Bozorth and 

Hamming had put probable errors of 130% and 70% respectively 

on h3 and h4, so that, as pointed out by Freedman(15), the 

error in the combination (•a4  2h3) could well be several 

hundred percent. It is in this respect that Benninger and 

Pavlovicls(B13) data have produced such an improvement of the 

present author's estimation ofc-  over that of Freedman, since_ 

their data was taken from smooth continuous curves of the h 

with temperature, whilst Bozorth and Hamming's were a single 

determination at room temperature. Benninger and Pavlovic 

were even able to detect the presence of h6 and h7, thereby 

indicating the high accuracy of their experiments. For this 
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reason, the probable error infa-obtained by using their magneto-

striction data was only in the region of a few tens of percent. 

Certainly, the reasonable consistency of the change of 

with field angle suggests that this is not badly in error, 

and that the greater part of the  Teonst. discrepancy arises  

from errors in the estimation ofcr. This is also indicated 

by the fact that film Ni 27, produced in a field midway between 

<100) and <ELIO.> type directions, showed an intermediate Ku  value 

and orientation angle. 

The only doubtful feature of the experiment is that it 

is the measured value of misorientation angle which should 

determine the magnitude of Ku, and not the actual applied 

field direction. Only one of the films, Ni 28, showed any 

great error however (0 = 21°  instead of 00). This problem 

will be discussed further in the section below on the NaCl resulta. 

In conclusion, a constraint temperature for Ni films grown 

on LiF under U.H.V. conditions of probably no more than 150° C 

has been established. One consequence of this is a reinterpret- 

ation of the effect, observed by Freedman, that the effect of 

stress on K1 was independent of substrate temperature above_ 

about 250 - 300°  C. This he interpreted as the effect of 

plastic glowin the film once the limit of elasticity had been 



exceeded. It is apparent from the present work that this 

is not necessarily so, and that the independence of the:7- 

of substrate temperature is simply because the true constraint 

temperature is veil below that of the substrate. 
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6.6. Stress effects on K
1 of films grown on Nan 

The values of K1  for films before removal from their 

ik01 substrates were as follows: 

Nill 

x lo-4 erg/cc 

7.19 

Preparation conditions 

U.H.V. 

15 7.82 1 x 10-6  02 
17 6.84 2 x 10-7 02 
18 9.00 4 x 10-8  02 

20 8.10 U.H.V. 

21 . 	4.17 	. 	. 	. . rejected 7 x 10-6  02 
22 7.77 7 x 10-6  02 
35 8.93 2 x 10-5  02 
36  7.60 2 x 10-5  02 
37 7.60 2 x 10-5  N

2 

Film Ni21 was rejected outright, es in section 6.4 

as its K values were much too low for it to be regarded as 
1 

a "well behaved" salle ferromagnetically. .Lfter consideration 

Ni18 and Ni35 were also rejected for the purpose of calculating 

the mean K
1
. The value for Ni35 could have been accounted for 

by the preserce of an abnormally high constraint temperature 

(c 275°0), sIi1,7;e the associated value of K
u on the substrate 



1.02 x 10
10 
 = 

27 	x 10 -6-12 _12 .A.T. • 
. • 0.452 x 10 

was exceptionally lost. This would indicate a very energetic 

substrate-film bond which could perhaps be attributed to 

substrate contamination conditions peculiar to that particular 

evaporation. No such correlation between K1 
and Ku 

could, 

however, be found for Ni18. One possible cause for any of 

the rejections could be an inaccurate estimation of the film 

thickness, this being the only experimental measurement not 

carried out by the author. Certainly, in the case of Ni21 

the errors could be attributed to an incorrect thickness being 

given, since the K1 
values both on and off the substrate were 

below the exected values by equal proportions. There was 

very little trace of polycrystalline la which could also 

have caused such an error in the K's. 

The mean K1  of the remaining films was 7.56 x 104  erg/cc, 

corresponding to an isotropic stress, r, of about -1.02 
x 1010 

dyne /cm
2. Taking the temperature range 20 - 180°C, 

) (.-- 
L'  , 	- 	( ) Na C1 is calculated as 27,i- x 10-6. 
4 Ni 	1. 

60 

whence AT = 	167 deg. C. 

i.e. T 	1,50c 
constraint 



- almost exactly as obtained for the Li? substrates. Indeed, 

it would have been considered strange if the result had been 

otherwise. Whether the nature of the film-substrate bond is 

a chemi-sorption process or a Van der Waals tyre of force, 

the differences between the properties of the various alkali 

halides yould not be expected to be significant enough to 

materially slter this bond. 

After measurement on the substrate, the films were floated 

off in distilled water and picked up on cleaned glass cover 

slips. When first picked up on the cover slips, the films are 

separated from the slip by a layer of water. It was noticed 

that the films exhibited a convex shape, and this was attributed 

to strain resulting from the compressive stress built into the 

during its production whilst flat on its substrate. A 

simple attempt to obtain a direct measurement of this strain 

was therefore made on one film (Ni16). After picking up the 

film, the glass cover slip was supported horizontally and upside 

down with the film "floating" on its layer cxsfese of water on 

the bottom surface of the cover slip. A vernier microscope was 

used to obtain the degree of conveity of the film surface by 

measuring the excess "height" of the centre of the film below 



its edee. This was found to be ap.proximetely 0.5 mm. Using 

the results of appendix 6, this represents the effect of an 
initial stress in the film of -2 x 1010  dyeAm2.1  which 

is in order-up-magnitude agreement with 0-  obtained magnet-

ically. 

6.6.1. Stress effects on K of films crown on NaCl 

be observed from the table of film results in 

section 6.3, there does not appear to be the same sort of 
correlation as there was for the films on LiF between the 

values of K
u 

on the substrates and the angle of applied field 

during deposition. 

In view of the rather large values of Ku.  in some of the 

films even after stripping, this in itself cannot be considered 

significant. If, however, the chance in Ku on stripping is 

observed, then the true contribution to Ku 
from the constraint 

theory should be obtained. The addition or subtraction of 

anisotropies (of the same order only) can be carried out by 

simple vector addition and subtraction, provided that the 

angles used in the process are twice the angles actually present 

between the various easy axes in the film. Even when this 

construction is performed for each of the films, however, there 

still appears to be no correlation between the various AK 



and the film preparation conditions, ALL the 6Ku, so obtained, 

with only two exception, fell within the range 2.6 to 

4.8 x lo3  erg/cc. These results are in agreement, as to 

magnitude, with the expected values of Kconstraint' 

6.7. Residrc:1 Anisotrouy nechanisms  

The values of Ku  obtained after stripping all the films 

from their NaC1 substrates are shown below. They are grouped 

according to deposition conditions. 

a) Grown in U.H.V; 

	

Ni8 	FOL. 1.07 x 103 erg/cc 

	

11 	CL. 0.51 

	

20 	CL. 1.54 

32 HG1 etch. 4.28 falling to 2.21 x 103  erg/cc. on anneal. 

b) Grown in residual gas -pressures quoted: 

	

Ni18 	POL 	4 x lo
8 	

02 	
8.13 x 103  erg/cc 

tt 

	

17 	11 	2 x 10 7 	" 	3.149 

15 It  1 x 10
-6 41 3.16 falling to 2.65 on anneal 

21 is 6 x 10
-5 it 2.90 (rising to 4.80 on correction) 

22 so 7 x 10
-6 t? 1.57 

34 CL 2 x 10-5 I,  1.96 

36 2 x 10-5  111 1.19 



1,09- 
	

la16 	POL. 	1-2 x 10
-6 

N2 
	2.64 

	

37 	CL, 	2 x 10-5 
	

1.88 

The U.H.V. results are considered first. Two of them 

Nib and Ni11, showed, for Ni films, remarkably low levels of 

uniaxial anisotropy. In the case of Fill, Ku  was only 500 

erg/cc., i.e. less than 1c: of K1. This was ay2roaching the 

limit of confidence of K
u 

measurerhent in the presence of K1. 

The rAcro:raths of N18 and 11 were very featureless, as observed 

in fig. 6.1. There were, however, some lattice defects or 

vacancy agglomerations visible. In this respect, they were 

a little inferior to the best U.K.V. grown LiF films. Ni32 

was a trial film grown on an NaC1 substrate which had been 

treated for 10 secs. with a solution of 2 parts hydrochloric 

acid to 1 part of water. Such an etchant acts very slowly 

and controllably on NaC1 because of the very high Cl-  ion 

content of the solution. The aim was to achieve the same 

surface advantages as obtained .kith a water etch, but without 

the accomoanying rated pitting. As seen from the tables, the 

result was clisapiDointinf;. The 171 film auto-released from the 

substrate immediately on e::posure to the laboratory air, and 

the value of Ku  was une;:oectedly high, A micrograph of the 

film, shown in fig. 6.1,, showed a very grainy structure, 
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which was nevertheless very well orientated. It vas therefore 

thou;ght that the high K
u could perhaps be associated with 

some anisotropic structural defect orientation, which was 

not present (or present to a much lesser extent) in the 

other U. .V. Grown films. To apply a qualitative test to 

this suggestion, the film was annealed at 250°C for 10 mins. 

Crae was taken to carefully alicn the Ku easy axis with the 

direction of the residual field present, which was due to 

incomplete cancellation of the substrate heater field, and 

in any case was less than Ice. 	In this way, it was hoped 

that no anisotropy c'langes could occur because of the annealing 

3a of rrocesses in a direction perpendicular to the initial 

easy axis. The result of the anneal was a reduction of Ku  

to 2.21 x 10' 
 
erg/cc., approaching the low level expected 

from the other U.N.V. films. It was thus supposed that the 

reduction in K
u 

was due to the annealing out of mobile lattice 

defects which had become anisctropically orientated. Since 

only one anneal was performed, it was not possible to obtain 

values of the activation energy and C for the annealing 

process. 

It is thus reasonable to state that the assumption made 

in section 2.5.6. is upheld by the results of the U.H.V. 

grown films -- namely, that if a pure la film is grown under 
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U.E.V. conditions, and is then released from its su:;strate 

straining, it shows an exceptionally small uniexial 

anisotropy, subject to its possessing a sufficiently high 

level of structural perfection. 

This result in itself is of some importance. It - 

represents the first reported occasion in which such a 

low level of K
u 
has been observed in films grown under 

conditions specifically controlled to prevent any of the 

proposed mechanisms for K
u 

from acting. 

6.8. The Effects of Deposition Atmosphere on KU 

The majority of the evaporations were performed with 

a view to determining the effect of the residual gas atrnos- 

phere au,-inc deposition on the resulting Ku. In view of the 

importance of oxygen in theories involving residual gas 

sources of K
u 

, as discussed in section 2.5.5.4., most of 

the films were grown in varying partial pressures of oxygen. 

Two films were also grown in nitrogen atmospheres for compar- 

ison purposes. 

The first films, Ni15 - 22, grown on polished substrates, 

showed unexpectedly high residual Ku  values, with wide variations 

from film to film unrelated to evaporation pressure. The high 

u values are explicable if it is assumed that the plishing 



irocess has the same effect on fucleatin& density for film 

Growth as a water etch-viz, to increase the number of nucleating 

centres. If this is so, far more defect centres will be formed 

in the film ::hen the increase4number of individual 	crow 

together. It was for this reason that films Ni34 - 37 were 

subsequently Grown on cleaved substrates. The results are 

shown in fig. 6.6. 
K in 
ergRicc. 

8.13 

(rejected) 
$0 - 

a 
/I\  

corrJction. anneal. 

3- 

x103 

2- 0 

a 

N; 
ab 
31 

M 	 N; Ni 	 Ni 

az21 	it, 	IS 	
4 

to  -s z 	 Jo"' 	 z 	10 -7  
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Ki15 was annealed by exactly the same procedure as that 

outlined in section 6.7, since it had shown a large increase 

in Ku 
on floating off its substrate. The annealed value was 

a more reasonable result. Ni18 was rejected outright, as in 

section 6.6, as being much too high a value to be considered 

realistic. Ki21 is the film whose K
1 

values were consistently 

too low, due perhaps to a faulty thickness estimation. If all 

the K values of that film are corrected to bring K1  to its 

expected value, the value of K
u 
rises to the position shown on 

the graph. 

There are several significant features of this graph. 

In the first place, the spread in Ku  results on the polished 

films did not really permit any meaningful conclusion to be 

drawn from them. The most probable reason for this spread 

could lie in the varying microstructure from film to film. 

This must be a result of the random nature of the quality of 

the 1\aC1 surface after polishing. This contrasts with cleaved 

surfaces, which, cleavage step density aside, are always of 

the same nature atomically. If-ore conclusive, however, are 

the results of the cleaved substrates films. Besides the 

different substrate surface, another, perhaps significant, 

detail is that the films were always demaznetised before 



removal from the torque r_agnetometer for floating off after 

the first measurements. This, it was hoped, would not rrovide 

any internal aligning field by means of which a inner and Zinn 

type of constraint mechnnism could act on the dislocations 

formed in the film on floating off. The rrevious films had 

always been floated off immediately after removal from the 

torque magnetometer in a saturated state. Though this sug- 

gestion - that the dislocations could be rendered magnetically 

active in contributing to K
u 
because of the remanent state 

of the films -does seem rather remote, all Precautions were 

nevertheless taken for the final films. The significant 

feature about the three cleaved films is their closely similar 

values of K
u' 
 despite the fact that two were grown in 2 x 10-5  torr 

of oxygen, and one in 2 x IC torr of nitrogen. Indeed, Ni36 and 37 

are practically identical marmetically, both on and off their 

substrates (the former because of the great care taken to shield 

the films from moisture before insertion in the magnetometer for 

measurer:ent). In the case of the nitrogen grown film, the partial 

-a 
r.ressure of oxygen was certainly below 1 x 10 ' torr, since 

U.H.V. 1:,'oceclures had been followed in all cases before admis-

sion of any gas. The oxygen content of the nitrogen itself was 

quoted by the sur-nliers as .less than 5 parts per million. Thus, 

tilese results would appear to suggest stronL;ly that there is 



no cross effect of oxygen on Ku, at least up to pressures of 

2 x 10 torr. Further support for this conclusion is obtained 

from the fact that the magnitudes of the Ku on these three 

films were lower than those of the films grown at lower oxygen 

:reseures. lotwit'...--7,tanding the discussion on defect density 

above, if some significant oxygen mechanism for Ku  were active 

at 2 x 10-5  tcrr, it would be expected that the values of Ku 

would have risen with increasing P02. 

The fact that the Ku  observed for these throe "good" 

films is higher than for the U.H.V. films is quite easily 

accountable for by the existance of many more opportunities 

for vacancy and defect ordering than in the case of the U.H.V. 

films. 

The micrographs and diffraction patterns of these films 

are shown in fig. 6.7. They show that at 2 x 10-5 torr 02' 

the oxygen is incor-oorated in the film mainly as polycrystalline 

1;i0, whilst at 2 x 10-7  torr 02' 
the quantity of oxygen involved 

is so small that it can all easily sr - as 	in an oriented 

state. The diffraction pattern for Ni37 showed no trace of 

oxide at all, as expected. The bright and dark field micro- 

rraphs of 1;i36 indicate that at x 10 	most of the oxygen 

19 
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Fig. 6.7 (a). 

Ni 37. 2 x 10-5  N2. 

Pattern indistinguishable 
from U.H.V. films. 

Fig. b.7 (b). 
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?ie. 6.7(c). 

1 1  a.7 Z 1C-6u2  

Aighly orientated poly-
crystalline i0 showing. 

The (020) type and (22c) 
NiU spots are clearly 

visible within their )01y-
crystalline rings. 
•,traking In all tour Lill] 
directions is also visible. 

Fig. 6.7(d). 

Ni )6 2 X 1C-502  

High density of Poly-
crystalline NiO. 
'1;eoondary diffraction 
patterns from many of 
the Ni planes. 

bole orientated Ni0 
visible in the rings. 
Innermost ring is 
probably fro Ni0 
twin spots. 
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:dig. 6.7(s). 

Ni 36. 2 x 10-502 

kag. = 75,G00. 

harp black ares etre 
probably agLiomerates 

NiO. 

Pig. 0.7(f) 

1;i 36. 

kag. = 75.t'00 

Dark field micrograph of 
the above, using two inner-
ost NiU rings for image 
formation. 

ore of the white areal3 
line up with dark patches 
in the bra.,_ ht field 
micrograph. 



exists as distinct agglomerations of Ni0 within the film, 

but there is also a small 1percenta7e distributedthroughout 

the Ni lattice, as is evident front the dark field picture. 

Lleetron probe microanalysis was performed on one of the 

2 x 10-5  02 	- filme1  and (-rave a value of about 5 atomic percentent 

oxygen content, though at this level, the background count 

is of the same order as the oxygen count, So that this figure 

may be considerably in error. 

It therefore seems that a not insignificant atomic per-

centage of oxygen, as NiO, is contained within the film lattice, 

both as orientated and as polycrystalline material, and in both 

an agglomerated form and diffusely spread throughout the lattice. 

Additionally, streaking was detected in all four [1111 directions. 
.08) 1.1essandrinI, 	in her experiments on the annealing of Ni films 

in hieh 02  partial pressures, has associated this with the lat- 

tice

-   

distortion caused by the presence of (111) planes of 

interstitial oxygen. This is thus tie extension of Heidenreich 

and Nesbitt's observations to films. The com-lex Ni 0 phase 

observed by her was not detected here. 

Consequently, it would appear that oxygen is incorporated 

in the film in almost all the ways possible for it to become so, 

end yet the films still show, to within the accuracy justified 



y the ilag-net5o results, no uniaxial anisorc_y srecifically 

attributable to the s2ecial effects of this oxycen. It is 

therefore consideredrrofitable to investigate all the lit-

erature references to oxygen mechanisms for H to ace how 

the present result rc-rees with rrevious -ork. 

7 A already mentioned in section 2.5.5./1., the yr,rk of 

Taul and Hanson (p 6) indicated no distinct cry en effects 

on 	from below 10-9  torr to a few x 10-5  torr, above which 

pres,:.re H, rose. Since the HeidenrPich and I:esb-Ttt mechanism 

needs a minimum oxygen level of only 10 	to enable it 

to orerate, 17-aul and Hanson thought that such a 107,: 	turation 

already have been ras,:ed in a11 of their exl„eriments. 

That this interpretation is unlihely oan 	c7educed from the 

results of Graham and. 1_0==-1 whc3e Ni films showed ro mean- 
- c', 	r- - ne in I:

u 
from evaporation -oressres of 2 a 10

10 
 to 

c.10-5 torr. 

The 7:artial pressures of oxygen at which the various struc- 

tural effects of oxy:en on the Hi lattice ,:ere observed by 

were aloe in the range from 3 x 10-5  tour u1,-ards 

at 400°C. Sue,. a co-:risou of 1:resures is 1. 	strictly valid, 

since the structural effects 	she obs,-,rved were all the 

result cf annealing initially ;erfect 	films in =yin; oxygen 

IC6 
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atmospheres and at varying temperatures, rather than processes 

occuring during film growth itself. It certainly seems 

reasonable to assume, however, that these effects should be 

similar to within an order of magnitude measurement of pres-

sure. Thus, the fact that Alessandrini found no structural 

change in her Ni films if annealed for 1 hour at 500°C in 

the upper 10 6  torr range of oxygen, or for 1 hour at 450°  

even at 1 x 10-5  torr of oxygen, seems to indicate that oxygen 

effects are not active in films below this level. 

(F7) 
The results of Freedman 	on la films evaporated at 

pressures of from 1.1 x 10 9  to 32 x 10-7  torr of oxygen are 

not directly comparable with the Ku  results presented here. 

Freeeman had shown that such a change in oxygen pressure caused 

a marked shift in the resonance field and in the perpendicular 

anisotropy. This result is however not unexpected, since both of 

these measurements are known to he notoriously sensitive to 

the presence of the antiferromagnetic NiO, either at the film 

surface; or at the film substrate interface. Indeed, Lykken 

et al
1.6) had shown that the pinning of spins,probably on anti- 

ferromagnetic surfaces, exists in 81/19 permalloy films in a 

total pressure of only 1 x 10-7  torn, even before the films 

have been exposed to the atmosphere. The same reservations 



apply to the U.H.V. results of Usa-:i et al(U2) who only made 

K measureelents, and by means of resonance techniques. 

regard to the possible effects of the antifer- 

romagnetic NiO on Ku  of the Ni films, it should be pointed 

out that the usual results of a ferromatnetic-antiferromagnetic 

exchange interaction are twofold. 

i) A unidirectional coin:onent in the torque curves 

ii) rotational hysteresis even at fairly high fields. 

There has been only one reported exrerimental result in which 

the exchange interaction gave rise to a uniaxial anisotropy. 

Th w is as the work of Glazer et al
(04) 
 using Niro NiFeYin system. 

Their results were interpreted in terms of a mechanism proposed 

earlier by Vlasov et al(v3), which relies on the existence of a 

low-alisotropy antiferromagnstic region. :Then the ferromagnetic 

spins are reversed by means of 	external field, the spins of 

the weakly anisotropic antiferromagnet also rotate 1800  because 

of the exchange coupling. The easy direction controlled by 

these regions is, therefore, also reversed. Such a small 

unidirectional anisotropy thus has the same effect in the system 

as a uniaxial anisotropy. Since, however, in the case of the 

current author's films, the Ni0 was certainly very evident, and 

'8 
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if ordered has a very strong anisotropy energy, such a mechanism 

could be excluded. The very fact that neither rotational 

hysteresis nor unidirectional torque components were observed 

see= to imply that the laO was not formed in a single-domain 

state, but was ordered in random directions in different parts 

of the film. This may have been a result of the low value of 

aligning field used, at least as regards antiferromagnetic 

ordering ex:eriments. 

Concluions 

Summarising the main features of the eXperimental results, 
CAn 

the followin4be stated: 

1) Sin,sle crystal nickel films show magnetic behaviour in excellent 

agreement with bulk material as fax as the magnetocrystalline ani-

sotropy and magnetostriction properties are concerned. 

2) Films grown under sufficiently riorous conditions, as specified 

above, show exceptionally small values of uniaxial anisotropy. 

3) The effects of stress mechanisms, both on 7.1 
and on Ku 

are well yn.leosttc.i. 

In particular, a constraint temperature well below the substrate 

temterature during evaporation has been established. 
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4) There seems to be no contribution to Ku, within the ii:Lits 

of the exrerir-entel accuracy, from mechcnisms involving 

impurity oxygen in these filr2s. This ray' not be the sit-

uation in fil= which have monoon:ain orderek:i0 present. 

5) The effects of lattice imperfections and impurities (other 

than the s-pecial effects of oxygen) are quite important 

in the as-grorn films, and can be the predominant Ku source. 

In this resnect, imperfections arising from the Growth 

mecharAsm itself seem; :,ore 111.1)ortant than ilf.yerfections 

arising from included gas atoms, cr the effects of the gas 

tor:s themselves. 



t 
_„_.___ 

B 

BC 

_ _ BC J Y 
have-  'oeen-B(J) = 1.000L, 	2, B (J) 	p.5500 

-0 rr.:0 2-33 __ 
The output sho,  

2.01 

Al  

	 nethod for Fourier Ainlvais  

The method first used was a library subroutine entitled FORIT, 

o the I.B.E. 360 series scientific package. This programme 

uses a recursive techni:,lue devised by Goertzel, and described in 

"nathematical nethods for Digital Computers", edited by A. Ralston 

and H. Will', John Me y, New York, 1960. The results using this 

programme, showed, however, large deviations from the expected 

results, this being particularly noticeable in the large magnitude 

of the higher order terms, which were nominally zero. In order to 

test the programme therefore, calculated values of a known function 

were inserted. The function used wqs 

sin 8 	0.5 sin 28 

On inserting values of f to four significant fiEures for every 

10°  A  rees (i.e. 36 points), the resulting output was: 
J) 	= ^d 0 0000-- 	E.1( „I) • 

BC. ...I)= 

for J = (3) and all other cceffs. zero. In fact, errors of up to 

10:, were occurinL- in some of the coefficients. In an attempt to find 



the source of these errors, the number of input points was 

doubled to 72, i.e. every  0 5 . The output was then: 

J = 6 	A(J) = 	-0.0027 	5(J) --------- -0.0122 z-- 	Trai.17Z 

     

     

As is observed, the errors are approximately halved, but were 

still surprisingly high. The reason for this level of error was 

not fully understood. The method uses as its starting point the 

classical solution for a Fourier analysis: 

2 
r 	n -e. =  

n-1 

f 
k=0 

PT-11-r COS ri 

n-1  
br = 	> 	4' 

-k 
sin 

k=11 

27rkr 
n 

1 a = - 
o 

The only possible suggestion is that in the attempt to make the 

rzethod_universally'aT:Tlicable to any order of analysis, the 

recursive relatdonships used have necessitated loss of accuracy 

n-1 
f 

k=0 
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when only a finite number of input points are used, however accur-

ately those points may be specified. 

An alternative method was therefore sought. A suitable method 

was found in "The Calculus of Observations" by E. Whittaker and 

G. Robinson, 31ackie, London, 1944. 

Starting with the expressions mentioned above, substitutions 

were made for n = 12, i.e. for input points every 30°, and. from 

the series of equations so produced, an ingeneous table was drawn 

up which enabled the coefficients to be ray:idly calculated up to 

6th. order (see p. 270 of 1::hittaker and Robinson). The table was, 

of course, designed for hand computation, but a simple transcribing 

process soon enables it to be converted into a Troz,-ramming lani,xage. 

Since this method is really a trigonometric interpolation, i.e. 

finding a trir:onometric series with a finite number of terms which 

fits a :given finite number of data points, rather than a true Fourier 

Analysis, it was expected to be mole accurate for the problem in hand. 

Indeed, insertion of the test function calculated every 30°, i.e. 12 

points, accurate to onl-r 2 significant figures, produced the output: 



This Was thus regarded as a totally satisfactory 
method. Since the data from the toriue magnetometer was 
obtained effectively every 100  (really every 50 , but over 
only 1500), three interlocking analyses (called phases of 
the coifi.putation in this programme) of every third point 
of the data were performed, the origin moving-100  (5O  in 

reality) between each phase. 



Appendix A.2. Evaluation of toroue  expression for mixed uniaxial 

and biaxial anisotropies in non-infinite field. 

For a (100) plane measurement on a cubic crystal whose. 

uniaxial anisotropy is aligned along a cube edge: 

Ek = Kusin20 + K1sin28.cos20 + 

K1. -L = Y i  sin. 	2 20 + --sin49  
L Ku' qin28 + 	sin40 

Substituting 	=-- R-H  = 

2Kusin28 + K1sin48 7 K1 . 	ausin29 + 2Kisin40 
MH 

	

-L = Kusin420 +  	2 '61 4e MH 

Rearranging the first term, the following is obtained: 

Kusin29.cosTa(2Kusin24 + K1sin40) + Kucos2e.sini142Kusinal + Kisin4e) 

Expanding the small angle sine and cosine terms: 

Ksina45 --1-(4K 2Si220 + K1si240 + auKisin20.sin40)2 142/12. 

+ Kucos.29. 1-  TT-14 5Kusin29 + K1sin4e 

2, 	 K1
N   = Kusin.20(1 	2H2_- I  6-KU (1 --cos48) + 	(1 - cos8G) + 2KuK1(cos29 - cos69)4 . 	m  2_ 

2. DNA.. arkert ;n iScui  

21Cua 
	

KiK  
+ mn sin28.cos28 + -Tysin.48.cos2,0 

Ku 	KlKu 
= Kusin28 + Misin4G 	2Mir(sin69  + s41.28) 	 (1) 

1,73 



From the second term, the following is obtained: 

Kl 	2 	 2 in4 G „cc s 	+ 	in4e) + —2 cos4e.sin----(2:cusin29 + airit,e) 2 	Kis la 

K1 	4  i n40 .Zf 	(4 
m2/12. 

2. 2 	2 2 
sin 20 + KZ  sin 49 +411111Cisin2Gain4.8)1 

+ 1 - 2 ' 2 	, • 14-14-( Kusin28 + K1sin40) 

K-) 	 2 
i/149C1 — 4  (22c (1 - cos/.1.8) + 

-2 	1,2 (1 •"' cosh©) 	2ii-11( CO 29 	co s69 )_7). 
2 

K mci . 	.5/1,1  

2KuKL 	KI 
_sin2e-cos40 ---sin4e.cos4e 

MH 	141 

K 	+  K1a 	K Ki =sin80 + u (sin60 - 54129) 
2 	2Mis 	MH 

Adding (1) and (2) to obtain full expression for -L in non-infinite 

field conditions: 
2 	K 2-  -L = Kusin20 + asin0 + 	

21.2 
+ 1.sin8e 2 	 1 

-  KuK164 29 + 3KuKleos 60 

	

ari 	211-1 

where the norual expression is given by the first two terms. 

2. 

(2) 



Anoendix A.3. The heating effect on the substrate due to  

radiation from the source and incident evanorant. 

A.3.1. Radiation Effect. 

By the Stefan-Boltzmann Law, the rate of radiation of 

thermal energy dE  from a source at temperature T°K to its,  

surroundings at To°K is given by 

dE 	= cr A et  (T4  - To4) 

where 	<y-  is the Stefan-Boltzmann constant, 

A 	is the radiating area, 

et  is the total emissivity of the radiating surface. 
If To 	T, it can be neglected. 

For the vapour source, the ingot, of diameter -1-", was regarded 

as being at a constant temperature of 1850°  K. The small areas 

at the electron focus were about 200°  hotter, but their effect 

could be neglected as their total radiating area was so small. 

6:1850 for Ni cz,.. 0.26 

(extrapolated from 1000°  0, the highest temperature at which_ 

published data is available) 

.dt = 5.7 x 10-5  . Tr x(0.65)2  , 0.26 
' dE 

2.2 x 108  erg/sec. 

5 calories/sec. 

(1850)4  ergs/sec. 



Assuming that this energy is radiated uniformly over a hemisphere 

of radius 20 cm. (the source-substrate distance) with the ingot 

at its centre point y  

sate of incident energy per unit area at substrate_ 

5 
2 x7; x (20)2  

2 x 10-3.   cala/sec/cin 

(By way of comparison, the incident radiant energy from the 

substrate heater at 1200°  K is about 2  cal/sec/cm2.) 

Since about 1 c2 of substrate is exposed to the radiation, 

the radiant power received is thus 2 x 10-3  cats/sec. This 

assumes zero reflectivity of the substrate and so represents,  

the maximum theoretical heating effect from the radiant energy. 

dE 	M c d Now, 
dt 	P dt

e  

where 11 = mass of substrate, 

C = specific heat of substrate, 

de 
= af, 	rate of temperature rise.. 

Substituting values, the result for a 1_. gm. substrate is: 

dt. 	10-2  deg./sec. 

A.3.2. Incident  Evaporant Effect. 

If it is assumed that the vapour beam has the equilibrium.  

"temperature" of the source, this will give the maximum possible 

•:' t 

cals/sec/cm2  



contribution from this effect. 

The thermal energy content of the evaporant flow is given by 

d) 
dt 	Rm  Cp T = 

where 	Rm 	= mass rate of evaporation, 

0 	specific heat of evaporant, 

source temperature. 

For a deposition rate on the substrate of 10 ./sec., which is 

]/A,g/cm2/sec. for Ni, 

= 	1.4 x 10-4  cals/cmalsec. 

This heat flow causes the substrate temperature to rise at the, 

9 n( 

dQ 

de rate of 69  where dQ = 
y67 	0 P dt 

Whence, substituting values, 

for unit area. 

de 
dt 	= 1.4 x 10 3  deg/sea. 

Thus, the radiant heating term is dominant. 

It is assumed that Wilts used an ingot of roughly the same 

size and temperature as was used in this experiment. (Since 

vapour pressure is such a sensitive function of temperature, only 

a small temperature increase gives a comparatively ]arge rate 

increase.) The radiant energy at the substrates is then of the 

same order as in this experiment (since Wilts' source-substrate 

difference was also 20 cm.), i.e., 2 x 10-3 cals/sec/cm2. 



X10 

Mass of Wilts' glass substrates 1,-0'15 gm. 

Cp for glass 0.15 

del 	2.x 10-3  deq/qec. 0.1 deg/sec. • dt — 0.15 x.0.15 

i.e., about one order of magnitude lower than his observed rise. 

Amendix A.4. Field due to substrate heater. 

Consider a section across the heater strip looking along 

the current flow direction: 

c4.14 

Let i = current per unit of width. 

Zd = width of strip. 

At the point P, a distance d from centre of strip, field dH 

due to current element dx a distant x from centre of strip, 

is given by: 

dH = 2i.dx  
d. 

Component of dH parallel to strip width 

2id dx- 

d' 
= 	2i dx 	.d 

Vi x2  + a2  rx2-  da  



Total field H 
jr

lid dx  

x2  4- d2  
— W 
2 

+W 
2i5an-1 x7 2.  

W 

ZEI 

41 tan 1-  
2d 

where I = total current. 

For current series of experiments 

W 	= 	23 mm. 	4 ME1. 

For a current of 50 amps., (= 5.e.m.u.), 

H = 11_oe. 

Annendix A.5. The constraint term in single crystal films. 

Following West(W*5), the angular—dependent part of the 

constraint energy of a cubic single crystal film is given by: 

BBil 	2 2. 	2p 2 4.0c 	2
) W (cryi  ) ( 1l—  1.) 	cc2/-)2 3/'3 

C11 C12. 

1 B 114 
2.  2.  

C441  ('clf-c; 	
/ 

(from equation (8) of his paper) 

+ cc,R 
3 4-3/ 1_ 



where 	are direction cosines of 	at measuring temp. T, 

and 
	

are directioncosinesofRat measuring temp. T1. 

The B and C are the standard magnetoelastic coupling constanta 

and the pure elastic constants, being primed or unprirned 

depending on the temperature T1  or T. 

Converting to magnetostriction constants by using the relationships: 

B1 	--3—(C - C ) 2.  11 12-, X  1100 and 	B2 

2 2 	2j 2 	2„)  
Cll - C12) 1001\ 100 ('(1/31_ 	(C2IPZ 	3/1)3 ) 

	

- 9 C44A111A111 (4"71Y]fi2 	2 3/2 3 
+ 3cCIAA) 

	

Now, for a (100) plane measurement, .4:3 	 e - - /. 1 = 0. 

Putting  
- .5.4 (C11 - C12)  X 100 X100 	A  

1 
- f C44 )' 111 X 111 and 	 = B, 

bJ 1,1 (100) 7 A (12/312 
°62

27)2J 2n,4 & fig - 1 2 	2. 

Now, if 0 = angle of field during deposition 

and 	6 = angle of field during measurement, 

both angles being referred to a cube edge, 

them cCi = cos_ 6 , 	d: 
2_ 	Si21 

I / _ coa. 0 /32 sin y5. 



Also, by definition, cos(8 - 0) 	eC2,2 

'cc:  J. 
1

2 cc22/
52

2) = cos 2(9 - 0) - 
1 2 2: 

Substituting in expression for W above, 
2 14cIA)100 	A cos (9 - 0) - 2(A - B)sinGcosG.sin0e0s0 

= A coa2(9 - 0) - 	B)50s2-(8 - 0) cos2 (9 0)2 

This is a combination of three uniaxial anisotropy energies, 

and so is itself a uniaxial anisotropy. 

There are two particularly simple cases to be considered: 

i) Field applied along cube edge during deposition, 

i.e., 0 = 0 

• 
• W 	 A cos-28 

i.e. 1  = - -4 	/` 9--(C 11 - 12- 100/\ 
	

s- 
2, 

100 c°  
HLog7 

ii) Field applied along substrate diagonal during deposition, 

i.e., 0 = -Tr 
4 

W 	A cos2(8 - !L) - 
A - B

5Cia (e 	) cos2(e + 1n2 
4 

which, on expanding, becomes: 

Z, 
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W = const. + sin20 
2. 

= 	konst. + B cost"( - — 0) 

i.e., a uniaxial anisotropy whose easy a...s lies along one of 

the L1127 directions, 

i.e., it lc)" 	G44)\11112-cOaair + eonst. 

where 11  is the angle between Lia  and a ing direction. 



endix 6. Calculation of film stress from direct strain measurement 

Consider a diametric cross section of the film: 

4.• 

Ey geometry, length of surface of film 
2h2 

= 2r — r 
2h2 

(2r --) . . Strain - 2r 
2r 

h2 

r 2 

	

Now r 	= 0.5 cm. 

	

h 	= 0.05 cm. 

	

. . Strain 	= 	10-2 

.• . Stress = Strain x Young's modulus 

= 2 x 1010  d 	/c   2 yne/m 

     

     

This result is approximate for two reasons: 



a) The difficulty of obtaining an accurate measurement of h. 

b) The assumption that the weight of the excess liquid beneath 

the film is exactly counterbalanced by the surface tension 

effect of the convex surface. Ln estimate of these two 

qvantities is now made. 

Excess pressure inside "bubble" of water beneath film 

where T = surface tension of water, = 75 dyne/cm. 

R calculated geometrically = 10 cm. 

F = 15 dyne/cm2 

h ' 
r2 

;:ass of water within "bubble" = 	= 20 mgm. 

. . Gravitational force = mg .;;;;# 20 dynes. 

3 
This acts over an effective area of about 4 cm2  . 

• • Hydrostatic pressure inside bubble at arex =% 27 dynes/cm2 

These two pressures, therefore, seem to balance in an order 

of magnitude calculation. Even if this were not so, they are 

so small in magnitude that they could not appreciably affect the 

strain already in the film. Thus, supposing that the whole of 

the gravitational force of 20 dynes were acting tangentially on 

a strip of the film supposed 1 cm. wide (and 100011 thick). 

The stress involved would still be only 2 x 106  dynes/cm2. 

i.e. almost 4 orders of magnitude less than the stresses present 

during film production. 

2T 
R' 
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