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ABSTRACT 

This work is mainly concerned with the magnetic properties of 

permalloy films which have differing crystallographic structures. The 

structure is altered by using different single-crystal substrates 

(NaC1, NaF or LiF) held at varying substrate temperatures. 

In the first two chapters the magnetic behaviour of thin films is 

discussed and much of the previous work is reviewed. Chapter 3 deals 
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with the magnetisation ripple in detail, comparing 

on the subject. 

All the experimental apparatus and procedures  

most of the theories 

are discussed in 

chapter 4. A large part is concerned with the biased susceptibility 

apparatus and the theory behind it. This theory has been extended to 

include the cases of biaxial and combined anisotropies, the latter case 

being important for real single-crystal films. 

Chapter 5 is concerned with the crystallographic structure of the 

films. The orientation of the film is observed in the electron microscope 

using diffraction patterns. As the substrate temperature is increased 

the films changefrom polycrystalline with a (100) texture to a (100) 

single crystal. In this transition several stages with spurious dif-

fraction spots were observed which have been explained by twinning, 

double diffraction and an atomistic nucleation theory. NaF and LiF 

substrates produce better epitaxy for the same substrate temperature. 

The effect of the substrate temperature on the uniaxial anisotropy 

field is discussed in chapter 6, as is the effect of the various 
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substrates on the biaxial anisotropy. The change in magnetic properties 

produced by using polished substrates has been completely explained 

using Harte's ripple theory. 

In chapter 7 some experiments made on the loss mechanisms are 

discussed and explained in terms of a wall-motion model. The hysteresis 

loops of single-crystal films grown on NaF are shown to agree well with 

the Stoner-Wohlfarth model in chapter 8, contrary to previous observations. 
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CHAPTER 1 

Introduction and Historical Survey 

1.1. Introduction 

Thin films have considerable advantages in physical investigations 

due to the fact that the various properties measured are in two, rather 

than three, dimensions. However, due to their shape, surface effects 

are greatly exaggerated and may obscure the bulk properties under obser-

vation. Furthermore, the method of fabrication has a profound influence 

on the properties of the thin films: in particular the substrates on 

which they are deposited will affect the structural properties whilst 

the residual atmosphere, in which the film is prepared, can give rise 

to surface oxidation and inclusions whose influence may be difficult to 

assess. Thus there are many extrinsic properties of thin films which 

have been the subject of considerable study in the past decade. 

There are several techniques currently available for the production 

of thin films (see for instance, pg. 11, ref. A.1). The films in this 

work were produced by thermal evaporation in high vacuum, so that all 

future discussions will refer mainly to evaporated films. As has been 

mentioned previously, the structure of the film is governed by the choice 

of substrate and its temperature during deposition, although the rate of 

deposition does seem to have some effect. Most metals can be produced 

in thin-film form having a structure varying from polycrystalline, with 

randomly oriented crystallites, to single crystal. (In thin film tech-

nology the term 'single crystal' means: well-oriented crystallites of 
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the order of several millimetres diameter, contrary to the bulk (and 

literal) meaning.) If an amorphous substrate is used, such as glass or 

carbon, then the metal overgrowth produced is generally polycrystalline 

with completely random orientation. For the production of single crystal 

films (an art known as epitaxy) an appropriately-cut single crystal sub-

strate is used, the most common being the (100) cleavage plane of sodium 

chloride. This is held at an elevated temperature of about 300°  or 400°C 

during deposition and for NiFe the film's (100) plane is parallel to the 

substrate and [0011 direction of NiFe parallel to V)01] direction of NaCl. 

At lower temperatures other orientations are present and at room tem-

perature we have a polycrystalline ring diffraction pattern synonymous 

with a film randomly oriented in the plane of the substrate but with 

001:1NiFe parallel to DA NaC1 normal to the substrate. 

Since there is a great need to understand the structure of thin 

films a large amount of effort has been put into understanding the 

nucleation and growth stages. The result of this is that growth can be 

divided into several distinct phases, the first being the nucleation of 
0 

small islands (about 20 A diameter) on the substrate consisting of several 

atoms. For most materials these islands nucleate at preferential energy 

sites, such as cleavage steps. The number increases exponentially dur- 

ing this nucleation stage until a saturation number of about 1011/cm2  
lh2 YlkWea,h.oft 	1,10(-  Veft3 	 1)07  

is reached. kali= stage isJwell understood amd several theories showing 

Hne 5ahaahio- Rumba 
quite good agreement withkeAdJul-iment have been propounded (H.1, H.2, 

L.1, W.1). The second phase consists of island growth in preference to 

further nucleation. The incident vapour atoms are absorbed directly into 
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the existing islands although a minority go towards the nucleation of 

new islands. In the cases of metals on non-metal substrates the islands 

grow in three dimensions so that the film cannot be considered as grow-

ing in layers of single atoms. Also at this stage for epitaxial films 

the islands generally have definite crystallographic sides (S.3). 

Then we have coalescence where some of the islands join up like drops 

of liquid so that the general picture is a decrease in the number of the 

islands while they are still increasing in size. In the early stages of 

coalescence in single crystal films, a certain amount of reorientation 

relative to the substrate occurs and at the coalescence of islands they 

lose their crystallographic form. However, if no more coalescence 

occurs the islands will eventually regain their crystallographic sides. 

Eventually, as coalescence proceeds, the islands join up to form a net-

work. It is at these last two phases in the growth that all the defects 

such as dislocations and stacking faults occur (J.1). In the final 

stage, the holes are gradually filled in and the film becomes continuous, 

although it is far from being a parallel-sided slab, and surface struc-

ture, inherent in this mode of growth, will always be present. To 

‘achieve a parallel-sided film we need the film to become continuous 

at as low a thickness as possible, which requires the islands to grow 

in two dimensions rather than three. This is very difficult and occurs 

only for a few metals on metals (e.g. Au on Ag, P.1) which have low 

interfacial energy, between the substrate and the deposit (relative to 

the surface energy of the deposit on substrate). A result of the island 

coalescence method of growth is the large number of defects —1010 to 
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10
11
/cm, usually dislocations and stacking faults. The effect these 

defects have on the film's magnetic properties is not fully understood. 

Original work on magnetic films proceeded along two lines until 

about twenty years ago. The first, experimental, line consisted of 

rather simple measurements on thin films prepared by electrodeposition 

as far back as 1896 (L.2) although apparatus was not sufficiently refined 

then to measure, accurately, properties of about 10 4gm of material. 

It was not until 1951 that Crittenden et al (C.1) designed a very sen-

sitive loop plotter which enabled hysteresis loops of thin films to be 

observed. Methods of preparation improved and two years later Crittenden 

and Hoffmann (C.2) published some work on nickel thin films prepared by 

evaporation in vacuo. His unfortunate choice of nickel prevented him 

from observing the uniaxial anisotropy which was present. In 1955 Blois 

(B.2) evaporated 80/20 NiFe films under a magnetic field and found that 

there was a minimum energy position for the magnetisation when it lay 

parallel, or antiparallel, to the direction of the field applied during 

deposition (this is uniaxial anisotropy). This discovery was of con-

siderable importance to the computer industry, offering, as it does, a 

bistable device for memory storage applications. 

The second independent line of' research was a theoretical one. 

As far back as 1930, Frenkel and Dorfmann (F.1) calculated the size of 

particle for which it is energetically more favourable to be a single 

magnetic domain. They did this using the analogy of a collection of 

drops versus a liquid formulation, the lower energy state being the more 

stable. Later Kittel (K.1), using a more realistic approach, worked out 
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these critical sizes for plates, needles and particles. He derived a 
0 

critical thickness for a lamina of about 5000 A, although the calculation 

was rather limited in using Bloch walls and a uniaxial anisotropy 

perpendicular to the plate. However, it was probably one of the first 

calculations using 1 micromagnetics'. 
0 

This fact, that a thin magnetic film (thickness <5000 A) should be 

a single domain, means that on application of an increasing reverse 

field the magnetisation should rotate until a critical field (Hk) is 

reached when the film will switch (see Chapter 2). This coherent spin 

rotation is an extremely fast process taking, typically, about one 

nanosecond. Thus a uniaxial, single domain film could be used as a binary 

store which would be one or two orders of magnitude faster than present-

day stores. Further potential advantages are: they have a high pack-

ing density, could be cheaply produced and require low switching fields. 

For these reasons a great deal of research has been carried out by 

the computer industry. The research may be divided into two main parts: 

that done by the computer industry, which is mainly concerned with the 

reversal mechanism and its departure from ideal behaviour; secondly, 

more basic research into the causes of the uniaxial anisotropy and the 

variation of the saturation magnetisation with thickness. 

1.2. The Properties of Films  

Films behave as single domains only under certain conditions and 

do not usually reverse by coherent spin rotation. Reversal in the easy 

direction (minimum energy direction) usually occurs by domains of reverse 
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magnetisation nucleating at one edge and moving across the film. This 

reduces the stray magnetostatic field produced by surface poles along 

the edge of the film. Processes involving domain wall movement are much 

slower than those associated with rotation so that the envisaged store 

would be slower than anticipated. Thus to a first approximation we can 

deal with thin films using the Stoner-Wohlfarth model (S.1) (Chapter 2) 

but as the torque on the magnetisation approaches zero, domains will 

be created. Taking a closer look at film behaviour near the critical 

switching fields we find that there are very noticeable departures from 

ideal behaviour. These departures can be qualitatively explained if one 

allows the magnetisation within a domain to vary sinusoidally along its 

length as shown in figure 3.1a. This 'magnetisation ripple' as it is 

called has been observed and although its origin is not very well under-

stood, it is thought that the dispersion in the local Biaxial easy axes 

of the crystallites in the film makes a large contribution towards it. 

The theories explaining the effect of ripple on film behaviour will be 

dealt with more fully in Chapter 3. An important fact which emerges 

from these theories is that the angular amplitude of the ripple is field 

dependent. At certain fields (>. Hk, the anisotropy field) as the film 

approaches the theoretical switching field, Hk, the magnetisation becomes 

locked (figure 1.1) so that it is held by the stray fields produced by 

the surface charges on the ripple walls. Thus the effective switching 

field is increased and higher fields are required to switch the film. 

We see, therefore, that ripple must be kept as small as possible in a 

store, and for this reason a great deal of research is concerned with 
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the origins of the magnetisation ripple. A further drawback to thin 

film stores is the phenomenon of wall creeping. No wall motion occurs 

in films when two d.c. fields are applied simultaneously in the easy and 

hard directions if the vectorial sum lies inside the critical curve for 

wall motion (figure 1.2). However, if an alternating field is applied 

in the hard direction then the walls tend to move very slowly at fields 

well inside the critical curve. This so-called wall creeping has been 

the subject of much research as, because of it, the pulsed stray fields 

from neighbouring storage elements could cause the stored information to 

change. In early experiments using unipolar hard axis fields, creep 

was not observed in films containing only Neel walls and was extremely 

pronounced for films with combined or intermediate walls. It would seem 

that wall creeping is related to Bloch line and 900  line motion.* Using 

bipolar hard axis fields, creep has been observed in very thin films con-

taining Neel walls and is much faster than in thicker films. Hence 

creep may be assumed to be caused by some internal wall rearrangements 

as well as the motion and nucleation of Bloch and 900  lines. 

Several ingenious models for this behaviour have recently been 

reviewed by Kayser (K.2) who concludes that none are capable of explain-

ing all the observed effects, although all explain some of the effects. 

Creep may be overcome by using two identical films separated by a non-

magnetic layer so that unipolar Neel walls in one film induce quasi-

Neel walls in the other. The thickness of the non-magnetic layer is 

* 90°  lines are the border lines of different magnetisation directions 

in a domain wall. 
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0 

important being up to 2000 A for SiO. Using this and only unipolar 

pulses, creep may be eliminated (pg. 405, ref. A.1). 

Domain Walls. Domains were first postulated by Weiss (W.2) to explain 

his observations in 1907. They were not observed until 1931 when 

Bitter (B.3), using a fine colloidal suspension of Fe203 
in ethyl 

acetate, showed the existence of domains by the collection of colloid 

at their boundaries, where the localised magnetic fields are greatest. 

This pattern was analysed by Bloch (B.4) who postulated a mechanism, 

known as the Bloch wall, by which the spins could rotate from one domain 

to another. This is shown in figure 1.3a. For bulk materials the shape 

of the wall is governed mainly by the anisotropy energy and the exchange 

energy, (the magnetostatic energy caused by the surface poles in the 

wall being negligible). This is not the case for thin films, however, 

as was shown by Neel (N.1) who postulated that below a certain thick-

ness it would be energetically more favourable for the magnetisation to 

rotate in the plane of the film (figure 1.3b). This type of wall will 

have volume poles in the domain walls and not surface poles as for Bloch 

walls. Therefore it follows that the changeover from Neel to Bloch walls 

can be expected when the film thickness is of the same order as the 

wall width. 

With these two wall models many calculations (D.1, M.1, A2) have 

been performed on the wall energy and width as functions of film thick-

ness; the main differences being the form of the magnetisation dis-

tribution through the wall. Bloch walls show good agreement between 
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most models and obey Aharoni's self-consistency criterion (A.3) well. 

The agreement in the case of Ne'el walls is poor and Aharoni concludes 

that all present-day models are unrealistic at the important thicknesses. 

More recent work by Suzuki et al (S.2) shows that there is good agree-

ment between theory and experiment for the width of Neel walls and 

poor agreement for Bloch walls. It is clear that more work is required 

before we can completely understand how the rotations occur in domain 

walls. 

One expects the transition from Neel to Bloch walls to be gradual 

rather than abrupt, since a Bloch wall of alternate rotations has a 

smaller magnetostatic energy (due to surface poles) than a unipolar 

Bloch wall. The rotation of the spins within a Bloch wall of alternate 

segments must occur by short Neel sections which grow in size while the 

Bloch segments decrease as the thickness decreases until we have alter-

nate Neel walls separated by 90°  lines. This method of change from 

Neel to Bloch walls is shown in figure 1.4 as proposed by Feldtkeller 

and Fuchs (F.2). The mixed walls have large stray fields around the 

Bloch lines separating the Neel segments and the formation of 'cross-

ties' is energetically favoured. This intermediate form of wall was 

first observed by Huber et al (H.3) who also proposed the magnetisation 

distribution in figure 1.3c. The transition from Neel to Bloch walls 

was clearly demonstrated by Methfessel et al (M.2) using the Bitter 

technique on a wedge-shaped film. They found that walls with a high 
0 

density of cross-ties appeared in permalloy films of about 900 A thick-

ness and as the thickness decreased the cross-tie density also decreased 
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0 
until they disappeared at about 250 A. These results are in reasonable 

agreement with Middlehoek's calculations (see figure 1.5a). Middlehoek 

(M.3) also calculated the dependence of wall energy on the angle of 

magnetisation each side of the wall and his results show which type of 

wall is stable under fixed conditions of thickness and wall angle 

(figure 1.5b). 

The observation of domains and their boundaries has been reviewed 

in several books (C.2, C.3, P.2); consequently only a brief description 

of the available methods will be given. 

(a) Colloid. This was originally used by Bitter as described above. 

It is essentially a static method and for use in dark field illumination 

it requires a good surface. This technique delineates the domain walls 

by an interaction with the stray field from the walls so that it is dif-

ficult to see Bloch walls. Further drawbacks are that if the colloid 

is incorrectly made it becomes acidic and attacks the sample as well as 

being very temperature sensitive. Many workers have tried to improve 

the resolution of the colloid and these methods have been reviewed by 

Garrood (G.1). The fine structure of domain walls may be observed by 

the method of Craik and Griffiths (6.3). Using a Celacol-stabilised 

colloid they formed a thin film on the surface of the sample by allow-

ing the colloid to dry. After replicating it was viewed by transmission 

in the electron microscope. The resolution of this technique for high 
0 

anisotropy materials can be as low as 300 A, although it is generally 
0 

quoted as better than 2000 A (0.4). 
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(b) Magneto-optical Techniques. The most popular method is the Kerr 

effect where the plane of incident polarised beam is rotated by the 

magnetised surface, the amount of rotation depending on the direction of 

the magnetisation. Thus by using crossed polarisers we can make domains 

visible by contrast. The main advantages of this method of domain 

observations are: (i) the experimental arrangements are easier for 

films in difficult environments (high vacuum or extreme temperatures); 

(ii) edge effects can be eliminated by using small areas (down to about 

1 micron with lasers) in the centre of the specimen; (iii) quantitative 

measurements (hysteresis loops) can easily be made as the light intensity 

is directly proportional to the magnetisation so no integrator is 

required. The two big disadvantages are that, first, the contrast is 

low, although this can'be improved by 'blooming' the film with a 

dielectric layer, e.g. zinc sulphide (P.3). Secondly, the surface must 

be free from imperfections since these can produce contrast. This last 

disadvantage has largely been overcome by Green and Thomas (G.2) who 
a loop p\olter 

have designed oca .4.14±4dIctLu which may be used for diffuse surfaces. 

The second magneto-optical effect is the Faraday effect which is 
0 

limited to transparent films less than about 1000 A thick. This method 

relies upon the fact that the plane of polarisation is rotated when 

passing through a magnetic medium. The resolution of the Faraday effect 

is much higher than that of the Kerr effect and as a result of this 

magnetisation ripple can be observed and the magnetisation directions 

accurately determined. 
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Both these optical methods allow dynamic observations of domains 

and were first used on thin films by Fowler and Fryer (F.3). Since 

then much work has been carried out on optimising the theoretical and 

experimental conditions (see for example, Lissberger, L.4) and a review 

of present-day techniques has recently been produced by Lambeck (L.3). 

(c) Electron Microscopy. The most popular and powerful technique for 

thin films and foils at the moment is Lorentz microscopy where the film 

is observed in transmission in an ordinary electron microscope which is 

deliberately defocussed. A second in-focui method, known as the Foucault 

mode, is occasionally used where a knife edge is used to obliterate 

one of the split diffraction spots caused by a domain wall. The internal 

fields (with magnetic induction = B) in the film deflect the electrons 

(moving with velocity v) by means of the Lorentz force e(v x B) as 

they pass through and produce amplitude contrast at magnetic discontinuities. 

As in the Faraday effect the magnetisation direction is known exactly as 

it is perpendicular to the observed striations in the image. 

This method has a very high resolution and was first used by 

Fuller, Hale and Rubinstein (F.4) to observe ripple. However, early 

calculations based on a geometrical optics approach have been shown by 

Wohlleben (W.3) to be unsatisfactory and wave optics must be used. 

This makes quantitative measurements difficult as they will depend on 

the defocussing distance and apparent source size. Nevertheless, com- 

plicated magnetisation distributions and fine magnetic structure can 

easily be observed and investigations on the interaction of imperfections 

and domain walls performed (J.2, W.4). 
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The obvious limitation to this method is that it can only be 
0 

applied to thinner films but, recently, films of 2000 A have been used 

in an ordinary 100 kv microscope (L.5). Another disadvantage is that 

the film has to be removed from the substrate. These disadvantages 

are overcome in the following two techniques. In mirror microscopy the 

electrons are reflected at equipotential surfaces very close to the 

Tecimen, produced by holding the specimen at a small negative voltage 

relative to the cathode. Thus the electrons travel very slowly and will 

be strongly affected by surface fields (both electric and magnetic). 

Domains were first observed in this mode by Mayer (M.4) and improved 

observations were made by Barnett and Nixon (B.5). This method does 

require very smooth surfaces or else surface features will be super-

imposed and indistinguishable. The second technique uses the scanning 

microscope. Here the secondary electrons emitted from the surface by 

the scanning electron probe produce the contrast. Using a new form of 

detector, Banbury and Nixon (B.6) have been able to distinguish between 

the magnetic and topographical contrasts. By suitably biasing the 

collector system one can eliminate magnetic contrast completely or dis-

tinguish between surface domains and internal domains. Thus perfection 

of the sumalce is not a special requirement, although with both of 

these methods the resolution at the moment is low, typically about 

10 microns. 

A recent review of developments in Lorentz microscopy has been 

published by Cohen (C.6). 
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Magnetic Anisotropy. Many important magnetic properties of films are 

governed by the relative sizes and directions of the anisotropies present 

in them. They are complicated by the fact that usually several different 

anisotropies are present which cannot simply be added vectorially. 

Below are listed some of the possible anisotropies and their causes. 

(i) Shape Anisotropy: When a ferromagnetic body is uniformly mag-

netised, the surface poles created produce a demagneti6ing field pro-

portional to the magnetisation, i.e. HD  = -NM where N is the demagnetising 

factor. Now an ellipsoidal body is the only one which, when uniformly 

magnetised produces a uniform demagnetising field, so that this shape 

is the only one for which the concept of the demagnetising factor, N, 

is strictly applicable. However, for simplified mathematics the 

demagnetising field is often approximated to -NM. For instance, a thin 

film can be approximated to a long, extremely thin elliptical cylinder. 

For an elliptical cylinder with semi-axes a and b, magnetised along one 

of these axes then N
a = 41ra/(a+b) and Nb 

= 4wb/(a+b). Therefore for a 

film whose width 2W is much larger than its thickness, 2L, we have 

N
W 
 4n and N

Lc= 47rL/W. The size of the demagnetising field perpen- 

dicular to the film is 471- M ==. 104 oe for 80/20 NiFe (and NL
M 	

1 
10 oe 

in the film plane) which is sufficient to keep M in the film plane since 

other anisotropies in the film plane are typically --,10 oe. In fact 

most thin films have M confined to the plane and are said to have a 

shape anisotropy constant of 2AM2 the hard direction being normal to 

the film. An exception to this is Manganese Bismuthide which, when 

grown epitaxially, has a very high magneto-crystalline anisotropy energy 
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of -- 1.07 erg/cc when magnetised in the plane compared with a shape 

anisotropy energy when magnetised normal to the plane of -- 2 x 105 erg/cc. 

Thus M prefers to lie normal to the surface. 

(ii) Magneto-crystalline Anisotropy: It has long been known that the 

electron orbits in a crystal lattice have a strongly directional character 

and are virtually unaffected by applied magnetic fields. However, the 

electron spin is influenced by the applied field but since it is also 

coupled to the orbital motion of the electron it will be affected by 

orbital, and therefore crystal, symmetry. Thus we expect preferred 

directions for the magnetisation relative to the crystal lattice. This 

magnetocrystalline anisotropy energy has the following form for a cubic 

crystal: 

E 	= K 	 De': ce 	K2 	0e2C(2.3  
cub 14j  J 

where a.
1 
0(
2 

c<
3 are the direction cosines of M relative to the crystal 

axes and K1, K
2 are the first and second order anisotropy constants. 

For a (100) single crystal thin film M is confined to the (100) plane 

and the anisotropy energy density reduces to E
k 

= E
:1 sin

2
28 which is a 

biaxial anisotropy. Measurements of magnetocrystalline anisotropy 

constants for epitaxial thin films are usually in fair agreement with 

bulk data, deviations being attributed to strain in the film produced 

by the misfit between film and substrate and/or differential thermal 

expansion. 

(iii) Magnetoelastic Anisotropy: When a ferromagnetic body is magnetised 

the magnetic forces between atoms cause a slight change in the dimen-

sions of the crystal lattice. This phenomenon is called magnetostriction. 



24 

Conversely, when a crystal lattice is strained there is a change in 

the energy of magnetisation. It is generally thought that these magnetic 

interactions occur by means of the spin-orbit coupling so that magneto-

crystalline anisotropy and magnetostriction should be closely connected. 

In fact Kittel (K.3) showed that for a cubic crystal one adds a term 

[(c — c )rA2  - 2C )t 2  I to the expression for the magneto-4 11 12 100 44 111 

crystalline anisotropy. C
11 
 C12  C44  are elastic moduli and 

A 100 'I\111 

the magnetostriction constants in the [100] and r111] directions. For 

a system of random crystallites a uniform stress S produces an energy 

of 2 	S sin20where
s is the saturation magnetostriction and e 2 s 

is the angle between M and the stress. As films are generally highly 

stressed there will be a magnetoelastic anisotropy. Attempts have been 

made to overcome this by using zero magnetostriction compositions where 

s = 0, e.g. 81% Ni 190 Fe. For these compositions A 100 
 and 

 3\111 
are 

not separately zero and so we still have local variations in anisotropy 

which in turn will contribute to the ripple. The strain in the film 

will vary, depending on compositional fluctuations, substrate temperature 

and deposition rate variations so that the magnetoelastic anisotropy 

will have local fluctuations. This is probably one of the major causes 

of ripple and could be related directly to crystal structure and defect 

density in the film. Comprehensive reviews on magnetostriction have 

been compiled by Lee (L.6) and Birss (B.7). 

(iv) Induced Anisotropy: Although a great deal of work has been 

initiated on this subject since its discovery, its origins are still 

rather obscure. It is usual to have a saturating magnetic field applied 
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during .film production, which, although not essential, aligns the 

magnetisation, and hence the induced easy axis, into a particular direc-

tion. A uniaxial anisotropy can be described by an energy of the form 

E = K
u• 
sing e where e is the angle between M and the easy direction. 

K
u can be unambiguously measured by means of torque curves (taken in 

saturation fields); low-field methods are sometimes dubious as they can 

be masked by other effects. The magnitude of Ku  is greatly influenced 

by: composition, substrate temperature and any subsequent annealing. 

It appears to be almost independent of deposition rate, film thickness 

and deposition pressure. Much work has been performed on most of the 

Ni-Fe-Co systems and the work up to 1964 has been comprehensively 

reviewed by Prutton (P.2). More recent reviews by Slonczewski (S.4), 

Wilts and Humphrey (14.5) have helped to clarify a few more points. 

There are two well-established mechanisms for the origin of the 

uniaxial anisotropy. The first is the constraint mechanism which is based 

on the fact that at a temperature T a film, free of the substrate, will 

contain a strain which to first order is \ (T) where 	is a suitably-

averaged magnetostriction constant. As the film is cooled; a critical 

temperature (T1) is reached where the film is constrained to the sub-

strate and at this point a stress = YMT1) is exerted on the film by 

the substrate (Y = Young's modulus). If the film is measured at T
m 

then 

there will be a uniaxial anisotropy with Ku  =i SMTm) 	Y'VT1);\(Tm) 

(I.1). Robinson (R.1) used the averaged saturation magnetisation \s  

which gave values which were generally too small. West (W.6) modified 

this by averaging the single crystal magnetoelastic energy over a random 
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collection of crystallites. For a polycrytalline film of material 

with cubic symmetry West found: 

Ku = 10 [(c11 - 012) i\  100(T1 ) cA 100 

The agreement between experiment and this formula is quite good and 

measurements of K
u 

versus substrate temperature for Ni are in very good 

agreement with West's theory. The scatter of previous results and some 

deviations have been explained by the incomplete adherence of the film 

to the substrate. This will be influenced by the preparation conditions 

(W.6) and governs the constraint temperature. 

The second mechanism, proposed by N6e1 (N.2) is that of directional 

pair ordering which is already well established in bulk NiFe alloys. 

It is based on the idea that an atom pair can have different energies 

depending on its orientation relative to the lattice. If the film is 

annealed, or deposited at a high substrate temperature, the atom pairs 

can migrate to minimum energy positions in which they remain fixed as 

the film is cooled, causing a magnetic anisotropy. Various approaches 

have been made to evaluate the dependence of the uniaxial anisotropy 

constant'on the substrate or annealing temperature and on the film com-

position. The composition dependence is strictly only valid for very 

dilute alloys and shows good agreement for the Ni-rich NiFe alloy system 

(R.1). The temperature dependence is determined by the approach but 

the various forms differ only slightly (T.1, N.2, S.4). However, com-

binations of these two mechanisms do not explain completely the induced 

anisotropy in films and several other mechanisms have been proposed. 

Experimental evidence both for and against them has been produced and 
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only vague conclusions can be drawn. Those drawn by Wilts and Humphrey 

in a recent review (W.5) are that gas inclusions have a negligible 

effect and that the directional ordering of vacancies, foreign atoms, 

etc. may produce appreciable components in the induced anisotropy. An 

important method by which the contributions to the anisotropy may be 

separated and perhaps identified is by determining the spectrum of the 

annealing activation energies as done by Smith et al (S.5). Here the 

specimen is annealed with a hard direction field in vacuo immediately 

after the evaporation and the anisotropy constant continually monitored. 

The activation energies are determined assuming that the anisotropy field, 

Hk, =Ej  Hkj  [ 2 exp.(4) -1.1 where 	is the jth  process relaxation 
J 

timehavinganactivationenergyE.
0 
 given by r

j 	
jo exp.(E

jATa). 

Much further careful work is needed in order to confirm these effects 

as annealing often introduces extraneous effects such as oxidation or 

even fundamental film structure changes. 

(v) Perpendicular Anisotropy: It is found in certain conditions that 

the anisotropy Ki  normal to the film plane is not just the shape 

anisotropy 201
2 but contains an extra structural term KI which can be 

negative causing M to rise from the plane. This can only be measured 

easily by torque magnetometry. If there is an isotropic strain in the 

film plane then a perpendicular anisotropy = 2.AS will be produced, which 

will be strongly dependent on substrate temperature (via S) and com-

position (via ). Epitaxial Ni films on NaCl have clearly demonstrated 

this mechanism as on relieving the strain K reverts back to 27TM
2 

However, the fact that K1  has been found to be finite for zero 
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magnetostrictive composition films has caused another mechanism to be pro-

posed. This is that columnar growth, caused by slow deposition rates, 

poor pressure or oblique incidence, can produce K1  by means of the shape 

anisotropy of the columns. Of course, in epitaxial films the magneto-

crystalline anisotropy will contribute to Ka.. A consequence of large 

K is the appearance of stripe domains which have been observed in 

80/20 NiFe by Lo and Hanson (L.7). 

(vi) Anisotropies introduced by special evaporation conditions: There 

are three possibilities, viz: (a) oblique incidence anisotropy, caused 

by oblique evaporation, as its name suggests. Large anisotropies of 

either sign may be produced (due to shape anisotropy of chain or column 

growths); (b) biaxial anisotropy produced by unidirectional scratch-

ing of substrate prior to evaporation; (c) unidirectional anisotropy 

caused by the exchange interaction of a ferromagnet and antiferromagnet 

in close contact (e.g. Ni-NiO, NiFe-NiFeMn) produced by either oxidation 

or film contamination. 

We can conclude that apart from the M-induced uniaxial anisotropy 

most of the anisotropies in thin films are fairly-well understood. 

The Saturation Magnetisation. Ferromagnetism is caused by exchange 

interactions between neighbouring spins, thus in very thin films having 

two surfaces in close proximity, the number of neighbours is reduced 

and this interaction will diminish. Therefore one should observe a 

considerable decrease in the saturation magnetisation and Curie tem-

perature compared with bulk values below a certain thickness. This 

thickness will be reached when the ratio of surface atoms to interior 
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atoms becomes appreciable. There have been two main theoretical 

approaches to this problem which have recently been reviewed by Corciovei 

(C.7). First the Molecular Field theory (proposed by Weiss (W.2) and 

explained by Heisenberg (H.4) as due to interactions between unpaired 

spins in neighbouring atoms' d-shells) and secondly the Spin-wave theory 

(an approximation used by Bloch (B.8)). The Molecular Field theory 

has been modified by Valenta (V.1) and more generally by Corciovei (C.8) 

to account for thin films, although due to a slow convergence in the 

spin partition function these only apply accurately to high temperatures. 

On the other hand, the Spin-wave theory as formulated by Glass, Klein 

and Smith (G.3, K.4) and modified by Doring (D.2) is valid for low 

temperatures, where spin-wave interactions may be assumed negligible 

as the number of reversed spins is small. These advances have produced 

reasonable agreement between the two theories. However, more recently 

the Green's function method has been applied and has the advantage of 

being valid over the complete temperature range although the mathematics 

involved is extremely difficult (C.9). 

Great care must be taken when comparing experimental and theoretical 

variations in Ms 
versus T as oxidation has a large effect on Ms 

and also 

very large fields must be used to ensure that very thin films are 

saturated. These two reasons account for the large divergence between 

earlier data and the more modern experiments. 

Neugebauer (N.3) observed superparamagnetic behaviour of Ni films 
0 

with thicknesses <27 A but more recently Gradmann et al (G.4) have 

found that films remain ferromagnetic down to 2.5 atomic layers. The 
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reason for this discrepancy seems to be that Neugebauer's films con- • 
0 

sisted of islands of the order of 50 - 100 A across and behaved as 

superparamagnetic particles (B.9). However, Gradmann's results (from 

both structural and magnetic observations) indicate that his films are 

coherent single crystals down to 2.5 layers. His results showed good 

agreement with both Spin-wave and Green function theories apart from 

the variation of the magnetisation with applied field. The films of 

48/52 NiFe prepared in between single crystal Cu films showed M
s 

to be 

independent of field up to 5000 oe which was contrary to the theories. 

Films below 2.5 layers had anomalous behaviour which could be explained 

by assuming very large surface anisotropies (,-.2 - .3 erg/cc) causing 

M to lie perpendicular to the film. The effect of the bounding Cu films 

on the exchange interactions of the film surface are as yet unknown and 

if calculations are made then they may provide answers to a few of his 

discrepancies. 

1.3. The Aim of the Present Work 

Ripple and dispersion in the anisotropy, together with the property 

of creep mentioned earlier, are of considerable importance,as limit-

ations on the applications of thin magnetic films. Furthermore, it will 

be clear from the foregoing that many factors contribute to these 

phenomena, several being only vaguely understood. The present work was 

undertaken in an attempt to achieve a better understanding of some of 

these factors, particularly the origin and causes of magnetisation 

ripple. 
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Preliminary work was concerned with the effect of crystallite 

orientation on the magnetic properties but the degree of orientation was 

found to be rather a difficult quantity to measure. Later work was 

carried out using different substrates and substrate preparations, to 

observe their associated effects on the magnetic properties. 
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(c) Plan of a cross-tie wall 
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CHAPTER 2 

The Reversal Behaviour of Films  

In this chapter we will consider in some detail the reversal 

mechanisms in thin films to see how well they fit the theoretical model 

of Stoner and Wohlfarth (S.1). This model will also be extended to 

include the cases of a film with biaxial anisotropy and a single crystal 

film, which will in general possess both biaxial and uniaxial anisotropy. 

2.1. Theoretical Model for the Reversal of Uniaxial Films  

Polycrystalline ferromagnetic films prepared in a magnetic field 

possess a uniaxial anisotropy (B.2) and following Stoner and Wohlfarth's 

model, originally proposed to explain the B-H loops of bulk uniaxial 

materials, fairly good agreement has been obtained for thin films. 

Stoner and Wohlfarth's'model (hereafter abbreviated to S-W) assumes 

that the film can only be a single domain (following Kittel, K.1) and 

that reversal occurs by coherent spin rotation. This means that the 

exchange coupling is strong enough to keep all the spins parallel so 

that they rotate together on applying a magnetic field. 

For a field, Ha, applied at an angle o< to the uniaxial easy direction 

(figure 3.2) the total magnetic free energy density may be written as: 

E
T 
= K

u 
sin28 - M

s
H
a 
cos ( 0 - oc) 

where 9 is the angle between the saturation magnetisation, Ms, and the 

easy direction. (Ku  is the uniaxial anisotropy constant.) The stable 

positions of the magnetisation at any particular field are given by 



minima in the total magnetic free energy density. These are given by: 

I)ET  = 0 	
and 	

rx2 
0  
2
T<0. 

ae 	 )192  

In most magnetic text books detailed behaviour with the applied 

field in the uniaxial easy and hard directions is considered so only 

a brief summary will be given here. For the applied field in the easy 

direction (0(  = 0), two stable states (e. 0,W) are derived, these 
becoming unstable (when the second derivative of ET 

with respect to  

equals zero) when H
a 
= + 2KU. This field is known as the anisotropy 
• M 

field Hk. 

The hysteresis loops may be obtained by plotting the component 

of magnetisation parallel to the applied field (for the 'aligned' loops) 

and perpendicular to the applied field (for the 'crossed' loops) against 

the applied field. The aligned loops in the easy and hard directions 

are shown in figure 2.1. 

From these loops we can deduce two general ideas: (i) In the 

easy direction for certain fields there are two possible magnetisation 

states, and which state the magnetisation is in will depend on its mag-

netic history; (ii) Where there is more than one stable state the 

magnetisation can switch from one state to the other at a certain crit-

ical field. At this field the initial state begins to go unstable 

('2ET/  r• 2 = 0) . 

If we write the general energy density in terms of the field com-

ponents in the hard (y) and easy (x) directions, we will have: 

E = -
8

1-1
x 
cos 	- M H sine + K

u
sin

2 n 
u. 

s y 
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aE- Solving this using the conditions . = 	we have 

H
x 
= 
2K
u cos30 	and 	H = — 2 K u sin

3 n 

or, eliminating 9, 

	

2 	2 	2 

	

(Hx)-5 	(Hy)3 = (2Ku/Ms)3  = ( • • .. 	410 	00 	 2.1) 

further to: 

If we use the reduced field notation, i.e. hx 
= Hx, this simplifies 
Hk  

2 	2 
h3  + h3  = 1 x y • • • • 	0 • • • 	0 • • • 	• • .. 	(2.1a) 

This is the equation of a hypercycloid with four cusps (commonly called 

an astroid), and is shown in figure 2.2a, which represents the locus of 

critical fields. Outside there only occur irreversible changes in the 

magnetisation, whereas inside all the changes are completely reversible. 

The astroid has one very important property, i.e. its tangents 

represent stationary points in the energy, 	= 0, so if a tangent is 

drawn to the curve from the tip of the resultant applied field vector, 

this will be the direction of the magnetisation. Care must be taken 

when the field vector lies inside the astroid as there are four possible 

tangents. Two of these tangents (H2A and H2B in figure 2.2a) will be 

energy minima as they are nearest to the easy axis and the other two 

will be maxima. Which of the two minima the magnetisation will be lying 

along depends upon whether, at zero field, M was lying in the +Hx 
or 

x 
direction. 

From this curve we can derive the hysteresis loop in any general 

direction. Referring to diagram 2.3a, as the field Ha 
is decreased from 
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the magnetisation goes through the positions Mi , M2. The component of 

M parallel to H decreases until in the position M
3 

a switch to M
4 

occurs. Following the curve round we have the hysteresis loop shown 

in figure 2.3b. Thus the astroid saves a great deal of mathematics in 

determining the qualitative thin film behaviour. 

2.2. Actual Behaviour  

Although certain films (notably 80/20 NiFe) follow this model 

extremely well, none can be completely described by it. 

The main discrepancies are that: (a) the coercive force in the 

easy direction is generally different from the predicted one of the 

anisotropy field (Hk); (b) the discontinuous jump in magnetisation 

direction actually consists of several jumps over a small range of 

fields; (c) the hard-direction loop opens slightly as the field 

is increased above Hk; (d) the observation of flux changes perpen-

dicular to the applied field (the 'crossed' loops) enables the fraction 

of the total flux rotating to be determined. When the field is exactly 

along the easy or hard directions none is observed to be rotating, 

contrary to theoretical predictions. 

The reason for these differences is that one of the basic assump- 

tions, that the film remains a single domain, is not always valid. 

This implies that with multidomain states we have the second pos-

sibility of reversal by domain-wall motion. In fact, reversal solely 

by coherent rotation has never been observed and reversal usually occurs 

partly by rotation and partly by domain-wall motion. 
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The reversalprocess can be conveniently divided into three 

categories determined by the direction of the applied field relative to 

the uniaxial easy axis. 

2.2.1. Reversal with a Field Applied along the Easy Axis. As has previously 

been mentioned, the shape of the easy axis hysteresis loop in some films 

is in good qualitative agreement with the S-W model, but. the coercivity 

is not equal to Hk. Another disagreement is that the reversal itself 

consists of a series of discreet irreversible jumps in the magnetisation 

rather than one abrupt switch (B.10). These two points seem to suggest 

that reversal occurs by wall motion rather than by rotation. 

It was first pointed out by Shtrikman and Treves (S.6) that the 

demagnetising fields at sharp discontinuities in the magnetisation could 

be reduced if closure domains were formed. Therefore, at the edge of a 

film one might expect closure domains, but this would require domains 

magnetised in the hard direction, which would be energetically unfavour-

able. However, the demagnetising fields could be reduced by the form-

ation of reverse spike domains and this is what actually happens. These 

reverse domains can exist in zero applied field so that when a reverse 

field is applied these domains will grow inwards from the edge and reverse 

the film. 

If these edge domains are eliminated, as in the barrier films of 

Methfessel et al (M.5) then reversal occurs at the domain nucleating 

field or the field for domain-wall motion, whichever is the higher. 



With edge domains present the reversal will depend on the field 

for domain-wall motion, which varies across the film. This is caused 

. by inclusions and inhomogeneities producing localised energy barriers 

(pg. 285 of reference C.10). It is the wall moving from one energy 

k 
barrier to the next which causes the Ba ausen jumps, and so for square- 

loop films we expect the coercive force to be approximately equal to 

the maximum wall-motion field. Thus we see that the squareness of the 

loop is not governed by the anisotropy as predicted by theory, but by 

the fact that reverse-edge domains are present at fields lower than 

H
e 
and by the number of inhomogeneities in the film which might pin the 

domain walls. 

.Evaluation of coercive force mechanisms is very difficult and many 

authors have proposed models. The contributions to the wall-motion 

coercive force fall into four possible groups: (a) dispersion of the 

anisotropy easy directions; (b) thickness variations due to surface 

roughness; (c) wall length changes; and (d) interactions with non-

magnetic inclusions. Middlehoek (M.5) has calculated contributions 

from the first three and finds that the first two are the important ones 

and thickness variations are only appreciable for thick films contain-

ing Bloch walls. Non-magnetic inclusions can have an appreciable effect 

for high densities of inclusions and agreement between theory and 

experiment is fairly good (N.4, N.5). 

We see, therefore, that the coercive force, He, determines the 

method of reversal in the easy direction. For He  much less than Hk  

the reversal occurs by wall motion and is governed mainly by the anisot-

ropy dispersion and the presence of edge domains. 
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For'films with H
e 
larger than Hk  (or equal to it) we expect the 

reversal to occur by rotation in agreement with theory. However, the 

behaviour is rather complicated and is dealt with in section 2.2.4. 

2.2.2. Reversal with the Applied Field along the Hard Axis. The discrepancies 

with this field configuration are that no flux is observed in the easy 

direction during reversal and that the hysteresis loop opens at and 

above the saturating fields. Both these discrepancies are caused by 

the presence in the film of magnetisation ripple, which is probably 

due to local strains and differing crystallite orientations causing 

variations in the local anisotropy from point to point. 

As will be shown later (equation 3.6 or table 3.3) the amplitude 

of the ripple is field dependent, therefore as the field is decreased 

from saturation towards Hk  the ripple amplitude increases, so that 

although the average magnetisation will have no torque acting on it the 

local magnetisation, which varies periodically, will have a torque on 

it. Thus, instead of the magnetisation rotating round to an easy axis 

as the field is decreased, we find that it splits up into bands of 

oppositely-magnetised sections, which accounts for the lack of flux 

measured in the easy direction. The width of these bands, or 1800  

domains, is governed mainly by the ripple wavelength, and since the 

ripple depends on the anisotropy dispersion, so the films having lower 

dispersion will have widely-spaced domains in the final multidomain 

state. Incidentally, this phenomenon is known as 'hard-axis fallback' 

and provides an accurate method of finding the hard axis (i.e. evenly- 
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spaced domain walls) and also provides a method of measuring the 

anisotropy dispersion (M.3). 

The aligned loops always possess some degree of hysteresis unless 
peak 

the magnitude of theta.c. field is less than 2Hk, in which case the 

film can behave as a single domain, since the magnetisation lies within 

the astroid. If the film is saturated we do observe hysteresis, and 

the reason for this lies in the hard-axis fall-back mentioned above. 

After saturation the film can possess many domains and it is the presence 

of these domains which causes the hysteresis losses. As the saturating 

field is decreased the ripple amplitude increases until small-angle 

Neel walls are formed (F.5). These contain surface poles and if they 

are sufficiently close together (small ripple wavelength and high dis-

persion) they cause stray fields which 'lock' the ripple, thus prevent-

ing further rotation except in irreversible jumps, so that reversal 

will occur by ripple reorientation, which involves hysteresis (F.6). 

Thus films with lower dispersion have smaller stray fields from 

the more widely-spaced Neel walls and so show less hysteresis, as 

expected. 

2.2.3. Intermediate Directions. When a field is applied in an intermediate 

direction the magnetisation should, ideally, rotate until a critical field 

(when the tip of the field vector touches the S-W astroid) is reached 

and an irreversible switch occurs. In practice, the rotation to approx-

imately the critical field is observed, then domains are formed and 

reversal is usually completed by wall motion. There appear to be three 
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distinct methods by which reversal occurs, governed mainly by the 

anisotropy dispersion in the film. Models have been proposed (P.4, M.6, 

M.7, S.7, S.8) to explain these mechanisms but relationships between the 

wall angle and the applied field direction do not agree very well for 

any model. The three models will be briefly described; a fuller account 

can be found in Prutton's book (P.2). 

For very low dispersion the low stray field model (P.4) is thought 

to be applicable. In this, rotation occurs to the critical field when 

elongated domains are nucleated at an edge and grow across the film in 

bands. The angle of the wall bisects the magnetisation direction, 

reducing the stray field to zero. 

.Films with high dispersion reverse by partial rotation (M.6). 

Because of its large dispersion, a film of this type will have enhanced 

ripple so that when the average magnetisation is rotated to the critical 

field some of the ripple will pass this point and switch, again forming 

elongated domains.. However, in this case the wall angle does not bisect 

the magnetisation directions, which are a compromise between the easy 

axis and the applied field. The stray fields which arise from this 

determine whether further rotation occurs by the domains' moving parallel 

to each other or by a new domain parallel to the easy axis being nucleated 

and moving across the film. 

The final model, which seems to apply to intermediate dispersion, 

is comprised of a mixture (S.8). The large stray fields at the film 

edge nucleate domains as in the first model, but the wall direction is 

governed by the stray field and the easy direction, and in general does 



not bisect the magnetisation direction. The resulting labyrinth walls 

have very complex fields associated with them, the coupling between the 

walls is unknown and many approximations have to be made in Smith's 

calculations (S.7). 

.The various types of wall motion which occur for a film under 

different switching angles is graphically demonstrated by Middlehoek 

(M.7) for a film showing partial rotation. 

2.2.4. Behaviour in Anomalous Films. Due to the method of fabrication, the 

difficulty of reproducibility has been one of the drawbacks of thin 

films. Because of this, a great deal of work has been concerned with 

the anomalous behaviour of some films. This behaviour is brought about 

by using low evaporation rates, poor vacuum, high substrate temperatures 

and by evaporating onto agglomerated metal underlayers. 

There are three distinct types of anomalous films depending on the 

amount of anisotropy dispersion they possess. 

First, there are high coercivity films including the inverted films 

(K.5) already mentioned. These have a coercive force of the order of, 

or greater than, Hk, and one would expect that they might switch by 

coherent rotation as wall motion requires a higher field. However, 

even inverted films switch by wall motion and the explanation, due to 

Smith et al (S.9), is as follows: As the field in the easy direction 

is decreased from saturation the dispersion, being large, causes the 

formation of low-angle Neel walls or ripple walls. The ripple amplitude 

increases as the field is increased in the opposite direction until it 
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becomes locked by the stray field from the Noel walls. Reversal is 

completed by reverse domains nucleating at the edge and moving across 

the film. 

The next type of film is termed 'rotatable initial susceptibility' 

(RIS) film. The reason for this is that an easy axis can apparently 

be induced in any direction by means of a high field. Cohen (C.11) 

has subdivided RIS films into two types: type I have a large signal in 

a small drive hysteresis loop perpendicular to a previously-applied 

high a.c. field and have no signal parallel to it; for type II films 

the converse is true. The explanation of this behaviour is that after 

the high a.c. field has been applied the type I film magnetisation 

remains in this direction, which acts as an easy axis. Type II films, 

possessing higher dispersion, are left in a locked state on removal of 

the a.c. field and so no signal is observed perpendicular to the mag- 

netisation, but a signal is observed parallel to it since the magnetisation 

can rotate towards the induced easy axis within each domain. 

The last type of film is the 'mottled' film which possesses low 

re ance as well as RIS (which still has high re 	e). The name 

comes from the appearance of the Bitter patterns first observed by 

Huber et al (H.5), whose interpretations are based on an easy axis per-

pendicular to the film. This effect only occurs in films above a cer-

tain thickness and for Ni-rich alloys having negative magnetostriction. 

This, together with the fact that the film loses its mottled appearance 

on being released from the substrate, suggests that its cause is 

inhomogeneous strains via magnetostriction. 
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Two -similar qualitative models have been proposed (C.11, F.7) 

which explain the behaviour of these types of film, but there is still 

doubt as to whether these models apply. 

The first model, due to Cohen, suggests that the film contains 

some high anisotropy centres, the density of which governs how poor 

the film is. 

The model due to Flanders et al (F.7) suggests that the film 

behaviour depends on the volume fraction and the distribution of anisot-

ropies of randomly oriented material present in the film. 

The causes of these 'centres' are not very clear. Cohen, in his 

paper, puts forward strong evidence for inhomogeneous strains being the 

cause, but work by Wilts and others (W.7, P.5, L.8) points to the fact 

that RIS behaviour and rotatable anisotropy are caused solely by oxi-

dation as this has been shown to occur for non-magnetostrictive alloys. 

However, the fact that Wilts is unable to produce mottled films by his 

oxidation-reduction method does indicate that inhomogeneous strains 

play an important part in the formation of these films. 

It seems that the presence of Ni0 has an effect on the film either 

by uniaxial exchange coupling or by a constraint mechanism (B.11) which 

produces RIS behaviour. This surface layer of Ni0 might prevent the 

magnetisation from tipping out of the film plane and so 'mottled' films 

are not allowed to form. In the absence of oxidation the large isotropic 

strain in the film plane may produce an easy axis perpendicular to the 

plane and so the magnetisation will no longer be planar, causing mottled 

films. (This is strongly supported by the observation of stripe domains 

in films with large perpendicular anisotropies (L.7).) 



MsHa sin ( 
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2.3. Reversal -in Biaxial Films  

Cubic crystals have a magnetocrystalline anisotropy energy density: 
2 2 

Ek =K1  ( ? i  2  + 0213  +63 a  1 ) + K Y2 Y 2 X  2 
2 01 v u 3 

where ?CV'2,  U3 ar 
 e the direction cosines of the magnetisation relative 

to the cube edges and K1 , K2 
are the first and second order magneto-

crystalline anisotropy constants. Due to the large demagnetising factor 

normal to a thin film, X3 = 0 when the film plane is (001) and the 

anisotropy energy density reduces to Ek = 41K1 
sin22e, where 9 is the 

angle which the magnetisation makes with the easy axis in the film plane. 

Proceeding as we did for the uniaxial case, we have the total 

magnetic free energy density: 

E = +K1 sin
220 - Ms

H
a 
cos ( O ._ 00 	. . 	.. 	.. 	.. 	(2.2) 

2-  
13E 

NowEbecomesunstablewhen- X82E = 'e =0 which gives: 
2  

and MsHa cos ( 
e - Do + 2K1  cos 49 = 0 

	
00 	Oa 	00 	

.. 	(2.4) 

or in terms of the reduced field components hx = 
M
s
Ha cos0‹, 

2K1 

by  = 
MsHa sin DC, equations (2.3) and (2.4) become: 
2K 

sin 4e  by  - hx 	4 cos e tan e - 	 .. 	.. 	 (2.3a) 

cos 40  hx 
+ b

y 
tan e 	_ cos 0 	00 	60 	04 	00 	

• • 
00 	(2.4a) 

In the easy direction (6 = 0) gives hx 
= -1 h = 0, therefore 

y 

an irreversible magnetisation change occurs in the easy direction when 

h = -1 or Ha = - 
2K1 = -H

1' 
 the biaxial anisotropy field. A closer 

1 
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examination reveals that the film's behaviour in the biaxial easy axis 

is very similar to the uniaxial case with the replacement of Hk  by H1. 

The hard direction is more difficult and generally requires numerical 

solutions for the discontinuities. However, we can easily visualise 

what is happening by using the biaxial 'astroid', derived in a similar 

manner to the uniaxial case. 

From equations (2.3a) and (2.4a) we have: 

h
x 
= - cos a cos 49 - -1-  sin 9 sin 40 	.. 	• 	) 

) (2.5) 
h = - sin e cos 49 	+ cos 9 sin 49 	) 

This, with 0 as the variable parameter, represents the locus of fields 
at which irreversible magnetisation changes can occur. The eight-cusped 

hypercycloid is shown in figure 2.2b and the ringed tips represent the 

easy axes, which will be' [110] for 80/20 NiFe. Using the property of 

the astroid for determining the direction of the magnetisation at any 

known field, we are able to observe what changes occur in the magnetis-

ation for various fields and so produce hysteresis loops. 

As has previously been mentioned, the easy axis loop is square, as 

in the uniaxial case. However, for the hard direction the loop is open 

and switching occurs between adjacent easy axes. This is best explained 

by referring to diagram 2.2b. As the field is increased in the.hard 

direction the magnetisation, assumed to be originally lying along the easy 

axis 'OB', moves around the arm 'BE' of the curve until it is parallel to 

the applied field. The corresponding component of the magnetisation 

parallel to the applied field is plotted on the 'aligned' hysteresis loop 

and the perpendicular component gives the 'crossed' hysteresis loop. 
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On decreasing the field the magnetisation rotates back around the 
aNr foiesso.V 

arm 'EB' andhto position M
1 

whereupon, as the field is further increased, 

the magnetisation will switch to a new arm of the curve, 'AD'. This pro-

cess is now repeated about -H in the same way. 

By similar methods the hysteresis loops at other angles have been 

derived and are displayed in figure 2.4. Note that at certain inter-

mediate angles there are double jumps corresponding to intermediate 

states, which have been omitted by Edelman (E.1) working on similar 

calculations. 

2.4. Reversal Behaviour of Single Crystal Films  

It is difficult to compare theory and experiment for the biaxial 

case as most films possess a uniaxial component in the anisotropy and 

only in very careful experiments can Hbe reduced below about Vo. The 
1 

presence of the uniaxial component not only alters the switching fields 

but also eliminates real easy (hard) axes except where the deposition 

field is so arranged that it produces an easy (hard) axis parallel to 

either of the biaxial easy or hard axes. We must now calculate the 

curves for magnetisation discontinuities for a real single crystal film 

containing mixed anisotropies. 

The magnetic free energy will depend on both the relative size and 

orientation of the anisotropies, so consider the general case shown over-

leaf. For this configuration the total magnetic free energy is: 

E = - H
a
M
s 
 cos(o< - 9) + 41(1  sin22( 	+ /3) + K

u
sin29 	(2.6) 
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where/9 is the orientation of the 

biaxial easy axis relative to the uni-

axial easy axis, the other terms having 

their usual meaning (see Glossary A.1). 

The switching fields (the locus of 

which is given by the astroid), which are 
2 

'LEL solutions of 	= E = ge  	u, cannot be 

obtained easily except for special cases. 

The policy adopted here is to calculate, 

r)E numerically, the curves for — — W2 = 0 for specific cases and from 
Ul   

these we can determine the interesting field directions. 

Writing equation 2.6 in terms of the reduced field components 

hx = 
H
a cos 6( and h = Ha sino< we have: 

Ilk 

= -h
x 
cos e - h sine + -1-

t
)(1

) 
 sin22( 6 + ) + sin20 	(2.6a) 

2Ku 	 8  T  

(i) If= = 0 and (ii) 	- 0 give the following equations: aB N2  

(i) 	h cos e h
x 
sin 9 = 4b1  sin 4( e j3  ) 4- sin 28 	(2.7) 

(ii) -hy  sine, - hx  cos e = b
1  cos 4(9 + p) + cos 28 	.. 	(2.8) 

where b1 
is the ratio of the anisotropies (K

1
/K
u
). 

From these two equations (2.7) and (2.8) the components of the 

critical applied fields, h
x 
and hy  are given by: 

h
x 

= -cos ecos20 - 4-sin26sine - icos4( 9 + ) cos + -147sin4( e 	) sine] ) 

and 	 ))(2.9) 

h 	= -sine cos20+ 4sin2ecose - bi  [cos4( +9+ p) sin e - +sin4( + P)cos 6] ) 
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We see that the critical curve, again in parametric form, depends 

on the relative orientation of the anisotropies, /3, and on their relative 

magnitudes, b1. Only the special case under study is considered here. 

For 80/20 NiFe, or Ni concentrations higher than 75%, K1  is negative 

so that the easy direction in the single crystal film will be [110) 

(reduced from [111.] by demagnetising effects). As the applied field 

during deposition is parallel to the [100] directions then the angle 

between the two easy axes will be 45°. The factors governing the relative 

magnitudes of the anisotropies are the crystallite orientation and the 

substrate temperature. The two are very closely related and go hand-in-

hand, for as the substrate temperature is increased the orientation gets 

better, so K1  increases while the uniaxial component decreases (see. 

Chapter 6). Thus for completeness the switching curve is plotted for a 

range of anisotropies, b1  = 0.5 to 3.0 and ft = 45°  (see figure 2.5). 
For other relative orientations the reader is referred to work by Pugh 

(P.6) and Torok et al (T.2) but as will be shown later the separate 
biased 

anisotropies cannot easily be evaluated using the I'ri,q7finl  susceptibility 

apparatus unless ft  = 45°. 

From the curves shown in figure 2.5 we can see that the easy axis 

is not at 45°  to the biaxial hard axis but varies with the ratio of 

anisotropies. The method of finding the easy axis is the same as finding 

the hard axis, which is to maximise both h
x 
and hy  simultaneously. From 

equation (2.9) with/3 = 45°,/' hx = 0 or 23:y = 0 gives: 
/M3I 

sin 2o cos() 
5b1  sin 48 cos°. 0 	 .. 	(2.10) 
2 
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which has the solutions, sin e = 0, cos C). b and cos 2 8 = 5b . The 
1  

first two solutions represent the biaxial hard axes. The combined easy 

1 
axis is at an angle ()= 4- cos 

1 	to the uniaxial easy axis which 
5b

1  
in general is not 45°. Furthermore, the magnetisation will not be 

parallel to the applied field along one of these easy directions since 

the tangents to the easy axis cusps do not pass through the origin. 

As in the pure biaxial case we may observe the two possible jumps 

la the hysteresis loop as the magnetisation switches into an intermediate 

state. Once again, due to their complexity, the hysteresis loops have 

to be numerically calculated. A series of loops at various field direc-

tions is shown for the ratio of anisotropies = 9 (figure 8.2). Since the 

combined easy direction depends on the ratio of anisotropies, one expects 

the angles at which these double jumps occur to depend on the anisotropies 

also. This is in fact the case as is shown in Chapter 8 where the 

hysteresis loops of a good single-crystal film are compared with the 

theoretical ones. 

In this comparison good agreement is shown for the 'aligned' loops 

but the 'crossed' loops, although not measured here, disagree in the 

hard direction in the same manner as they did for uniaxial films. This 

is to be expected as the effects of dispersion are enhanced due to the 

close proximity of the easy axes (only about 45
o 
from the hard axes). 

Reversal by wall motion in single crystal films has not been as inten-

sively studied as in other films, although much work has been done on 

the observation of domain configurations, mainly by Lorentz Microscopy. 
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There are three main reasons for this: 

(a) It is difficult to produce good single crystal films; 

(b) The interpretation of their switching behaviour is far more 

difficult than the uniaxial case due to the added complication of the 

biaxial anisotropy; 

(c) Very few Bitter patterns have been observed because the film 

is released (if prepared on sodium chloride), when the colloid is placed 

on it. Furthermore, most single crystal substrates possess many small 

cleavage steps on their faces which make observations by the Kerr effect 

and in dark field illumination very difficult. 

It has been shown that only 90°  and a few 180°  domain walls are 

present in good single crystal films (S.10, T.3). During demagnetisation 

the renowned checker-board pattern is observed and no cross-tie walls 

have been observed although the 180°  walls do possess some fine structure 

(5.11). Since the easy axes are only about 45°  away from the hard axes 

the formation of domains should occur very easily and one would expect 

wall motion and partial rotation to be responsible for most reversals. 

As has previously been mentioned, the anisotropy dispersion will be of 

great importance in the hard direction. It is for these two reasons 

that very little work has been published on the use of single crystal 

films in computers, as outlined by Pugh (P.6). 

The dispersion may be measured using a similar method to Middlehoek 

(M.3) and Crowther (C.I2), by observing the transverse hysteresis loop 

around the biaxial easy and hard directions. 



As can be seen from the above, the reversal behaviour of single 

crystal films is far more complicated than that of uniaxial films and 

as a consequence very little work has been done on single crystal films, 

even though the better alignment of the crystallites reduces angular 

dispersion and so should reduce the ripple amplitude. 

55 
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(a) easy direction 

(b) hard direction 

Figure 2.1 Calculated hysteresis loops for a uniaxial film 



Figure 2.2 Theoretical switching curves for (a) uniaxial and 

(b) biaxial anisotropy 
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(b)  

HK  

Figure 2.3 Determination of a hysteresis loop at an intermediate 

angle using the astroid 
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Figure 2.4 Series of theoretical hysteresis loops at various angles 

for pure biaxial anisotropy 
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Figure 2.5 Theoretical switching curves for various combinations of 

uniaxial and biaxial anisotropies 
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CHAPTER 3 

Magnetisation Ripple 

As has been mentioned in the previous chapters, magnetisation ripple 

is one of the serious drawbacks of thin film stores. In this chapter 

the theoretical models will be analysed in greater detail and a brief 

comparison of theoretical predictions and experimental' results will be 

made. 

3.1. Introduction  

It is now well established that the magnetisation varies periodically, 

in direction, in a real film since its discovery by Fuller et al (F.4). 

The scale of this magnetisation ripple is typically 1° amplitude and 

1 micron wavelength so that only Lorentz microscopy or high-resolution 

magneto-optic effects (usually the Faraday effect (L.3)) can be used to 

observe this effect directly. Most of the experimental work determining 

ripple wavelengths and amplitudes has involved a geometrical optics 

interpretation which makes the results doubtful, since it is known that 

unless special precautions are taken only wave optical treatments can be 

used (W.3). Thus great care must be taken when comparing theoretical 

results with values obtained from Lorentz microscopy. In more recent 

work, by Suzuki and Wilts (S.2) for example, care has been taken to 

reduce the apparent source size so that the error involved in using 

geometrical optics is minimised. 
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From the striations observed in Lorentz micrographs there are two 

possible magnetisation configurations, the transverse and longitudinal 

ripple, as shown in figure 3.1. Both these configurations have the 

same exchange and anisotropy energies but in the transverse ripple the 

pole, c"stc.`\"•\"°(1 '1s 	at c- e-re-v\k-  pcockAkcisk 	ary_r 
•••msgm•a-••••m••••= n einulk...-••••••-mn•••••••••-•••,...a•Ml.....0•••••„ W 	oromi•iarammaimmr••-•ta•MISTINT.1•1•1•...10=11.1 

dzb:=14-  and hence a higher magnetostatic energy. 

Since actual observation of ripple is limited to Lorentz microscopy 

or the Faraday effect, work has been concentrated on macroscopic variables 

which have been related directly by various theories to film parameters. 

The most popular macroscopic variable is the incorrectly-termed 'angular 

dispersion' 0(90. This is defined in the following way: if a field 

greater than H
k 

is applied at 
a 

reduced to zero, the reqlence  

an angle 
0<'90 

to the hard axis and then 

in the easy direction is 90% of the 

saturation magnetisation. Thus the angle 0(90  is an index of the mag-

netisation dispersion and not necessarily a measure of the angular 

dispersion of the easy directions. The quantitative correlation between 

0( 
90 

 and the ripple amplitude is complicated and has not been formulated 

as yet. 

It has recently been shown that 0(90 
is not necessarily related 

to the small-scale ripple since large-scale random fluctuations of the 

magnetisation are usually present. The origin of this dispersion is 

completely unknown and has a profound effect on o<90' 
 Fujii et al (F.8) 

have shown that average values of CK90 
over the whole film are several 

times larger than values taken over small areas (100-micron squares). 

Furthermore, these local values were consistent over the whole film. 
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Previous results incorporating 0(90 
values measured over the whole film 

must be regarded as rather dubious unless attempts have been made to 

eliminate this large-scale dispersion. 

A great deal of work has been concerned with the origins of the mag-

netisation ripple. The theories show that the ripple can be explained by 

local random anisotropies possibly associated with the randomly-oriented 

crystallites in the film. Most attempts have been made to distinguish 

between the magnetocrystalline anisotropy and strain magnetostriction 

contributions to the random anisotropies. The method usually employed 

is to study the variation of 
0<90 

with composition and substrate tem-

peiature. A brief description of some of the more reliable experiments 

is given in section 3.5; for more comprehensive details reference to the 

reviews by Leaver (L.9) and Cohen (C.13) should be made. 

The first quantitative ripple theory was derived by Middlehoek (M.3) 

who, assuming a sinusoidal variation in the magnetisation, calculated 

the relative magnitudes of the exchange, magnetostatic and anisotropic 

interactions and their effects on the ripple amplitude. This approach 

was extended by Feldtkeller (F.6a) to evaluate the ripple field, enabling 

him to explain the biased susceptibility curves. 

A more realistic approach was made by Rother (R.2) and Hoffmann 

(H.6) as described in section 3.3.1. The original theories have been 

reviewed by Joenk (J.3). Since then Hoffmann (H.7) has extended his 

theory to higher approximations incorporating non-linear interactions. 

Harte (H.8) has also developed a rigorous theory assuming an arbitrary 

origin of the local anisotropy. This theory is extremely general but is 
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rather difficult to use for deriving many of the measurable quantities 

easily accessible from Hoffmann's theory. 

A totally different approach has been evolved by Torok (T.2, T.4) 

which, although it is based on some rather arbitrary assumptions, sim-

plifies the mathematics and produces an easily-understood model. 

These two approaches will be dealt with in greater detail in the 

following sections. 

3.2. The Anisotropy Dispersion Model  

This theory is a non-rigorous model designed essentially to explain 

ripple-dependent properties rather than ripple itself (C.12). It is 

based on the postulate that the film consists of a series of non-

interacting regions. These regions are assumed to have a uniaxial 

anisotropy and easy axis which differ slightly from adjacent regions 

in magnitude and direction respectively. The Stoner-Wohlfarth astroid 

is applied to each region tilted according to the local easy direction. 

The biggest drawback with this approach is that the interactions between 

these regions are neglected. 

Torok (T.4) has produced a similar type of model which approximates 

these interactions. These regions or 'protodomains' are based on 

Hoffmann's original approximations, i.e. that the magnetisation is 

strongly coupled over a small volume determined by the coupling lengths 

parallel and perpendicular to the ripple. The magnetisation is then 

approximately uniform in these protodomains. The protodomains are 

assumed to have an anisotropy consisting of a uniform uniaxial anisotropy 
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with a'randomly-oriented biaxial anisotropy superimposed. These biaxial 

anisotropies are postulated as originating from the strong coupling 

between regions with different uniaxial anisotropies, as well as the 

magnetocrystalline anisotropy of the crystallites. (Other possible 

sources suggested by Torok were coupling between holes, scratches, film 

edge and the adjacent regions of the film.) In their calculation of the 

anisotropy of two coupled regions, Torok et al (T.2) neglected completely 

the effects of an applied field on the system and argued that the local 

biaxial constant is directly related to the local anisotropy. This inter-

action has been treated more rigorously by Yelon (Y.2) who finds that 

the effective biaxial anisotropy constant for the two regions with the 

K2  
same anisotropy constant K

u 
is given by: 

2E + M.H where E
c  is a 

c— 

coupling constant. This term is field independent for low fields and/or 

strong coupling but is still proportional to K. . Taking this to a higher 

approximation there appears a quadriaxial term together with an additional 

biaxial term which both decrease as H
-3 

at high fields. 

Thus we see that to treat interacting regions as having complex 

anisotropy is just a first approximation limited to strongly-coupled 

regions in low fields. 

The anisotropy dispersion model incorporates this additional biaxial 

anisotropy by using complex switching curves as described in chapter 2. 

One serious limitation of Torok's theory is that the interactions 

between locked domains are neglected, which confines this theory to the 

same field regions as Hoffmann's linear theory. 
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A .discrepancy arising between the micromagnetic theory and the 

model of Torok et al is in the calculation of 0(90. This term is defined 

in terms of the dispersion of the local anisotropy field (Hb). SHb  is 

defined so that 90% of the film has a local anisotropy field, Hb, within 

SH
b 
of the average value of H

b 
of the film

' 
 Hb. Then, according to 

Crowther (C.12) (2 or 4)0‹
90 

= sin
-1 

SHb/T1b' the 2(4) referring to 

uniaxial (biaxial) perturbations. It has been shown by Oredson and 

Torok (0.1) that ignoring stress and composition effects, then 

SHb 
= constant x K1, where K1 

is the anisotropy constant of a crystallite. 

(The effective anisotropy of a protodomain containing N crystallites 

is then N 2K1.) From this, for small angular dispersions we have 
K
1 

0  = constant x — or for a uniaxial film - 
9 	

Hb  = Hk  so KucK9000K1. 

b 

For strongly-coupled regions Torok determines the local biaxial anisotropy 

constant as directly related to K, the local uniaxial anisotropy constant, 

so deriving the relation: 
Ku0<90 

 K 	.. 	.. 	.. 	.. 	(3.1.) 

However, if the more rigorous treatment of Yelon is used we have: 

K
u
p<
90

00 K
2 
in agreement with Hoffmann. 

The general conclusions concerning this theory seem to be that, 

although it explains many ripple-affected properties, there are several 

limitations incurred during the development of this particular model. 

3.3. Micromagnetic Model  

This type of treatment represents a fairly rigorous attempt at 

describing the magnetisation variations, based on the principle that 

the minimum energy state is the stablest state. Even with this rigorous 
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treatment several assumptions have to be made but most are shown by a 

self-consistency argument to be justified. The basic assumption, 

common to all theories, is that the magnetisation is parallel to the film 

surface due to the large demagnetising field perpendicular to the film. 

In this theory the parameter causing the ripple is a local anisotropy in 

each randomly-oriented crystallite. (In Harte's theory the local anisotropy 

is uniform within a generalised region governed by the size of the 

inhomogeneity causing the ripple.) This local anisotropy is superimposed 

on the overall uniaxial anisotropy which is uniform in both magnitude and 

direction. It has been shown by Roth (R.3) that there is a variation in 

direction of the induced anisotropy on the same scale as the crystallites. 

Hoffmann (H.9) overcomes this by defining the local anisotropy as the 

cause of the inhomogeneous part of the anisotropy energy. 

One further simplifying assumption is that the film possesses no 

overall magnetostrictive effects, although local stresses do contribute 

to the local anisotropy. 

The magnetisation direction will be affected by these local 

anisotropy perturbations but abrupt changes will be prevented by exchange 

and magnetostatic interactions. The equilibrium direction of the local 

magnetisation will be given by the position for a minimum in the total 

energy as in the Stoner-Wohlfarth calculation. The components of the 

total energy are as follows: (a) applied field energy EH  

(b) uniaxial anisotropy energy EK  

(c) local anisotropy energy Ek  

(d) exchange energy Eex  

(e) magnetostatic energy Em. 
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The first two terms are the two terms appearing in the single-

domain model, while the other three arise from the fact that the magnet-

isation direction is not constant. 

Referring to the co-ordinate system in figure 3.2 we have for the 

various energy densities: 

(a) Applied field 	e
H 
= -Ha  M = - HaM cos (c< 

e
K 

= K
u 

sin 
u 

e
k 
= Kf( , x, y) 

energy over a region where K is constant, 

f being some general trigonometric function. 

(d) Exchange energy 
, e

ex 
= A (grad. )

2 
 

This term arises from the coupling between electron spins, being a 

minimum when the spins are parallel (for a ferromagnet). This can 

be regarded as a °stiffness°  term as it prevents abrupt changes in 

M. A is the exchange constant. 

(e) Magnetostatic or stray-field energy 	e
m 

= -1/2  HS   M. 

The stray field terminology avoids confusion with the magnetostatic 

energy of the applied field. The energy arises from the interactions 

of the magnetisation with the stray fields or demagnetising fields 

caused by the fluctuations in M inducing internal magnetic poles. 

All the mathematical difficulties in the micromagnetic approach stem 

from this term and usually simplifying approximations are made. 

It is from this point, the evaluation of the total energy, that 

all micromagnetic approaches start. We will now consider in detail the 

- 	) 
(b) Uniaxial anisotropy 

(c) Local anisotropy 

This is the local anisotropy 
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two basic methods due to Hoffmann and Harte with some of their basic 

results. 

3.3.1. Hoffmann's Theory. This has recently been extended and was reviewed 

by Hoffmann (H.9) in 1968. Most of his results are taken from this 

paper and reference to his original work is only made for actual cal-

culations omitted from the review. 

Hoffmann's approach is to minimise the total energy of the film 

using the variational integral, 

H 
+ e

K 
 + e

ex 
+ e

k 
+ e

m
) dx dy dz = 0 	.. 	.. 	.. 	(3.2) 

V 	u  
where V is the volume of the film. The energies are expressed in terms 

of the local magnetisation deviation ?)(r) so that the magnetisation 

direction at any point 	(r) is given by: 

S O 	SO 	• 	(3.3) = 	+ 0(r) 

where 00  is the average magnetisation direction. 

The trigonometric function f(i,x,y) is expanded in a Taylor series 

about the point 4 = 96
o 

and cut off at the second power since 0 is 

generally quite small, so: 
2 

ek  = Kf(0o
,x,y) + KOW(00,x,y) + K 12 pro 

ft 	,x,y) 

Hoffmann then evaluates the derivatives of f in terms of a position-

dependent variable, 6 , lying between 0 and 1. The stray field is 

evaluated as being the gradient of the magnetic potential, U, which is 

given by the volume integral: 

U = div M Au  
uv 
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the magnetostatic constants to 

By approximating this integration using a curtailed Taylor expansion 

of M about the point r, the stray-field energy em  is derived in terms 

of ,51) and the two i magnetostatic2  constants cx and c . These constants 

define a small volume surrounding the point r within which the stray 

field is large enough to affect the magnetisation. 

The Euler equation resulting from the variational equation 
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K 'f(r) 
.Dx2 	2A 	'3 2y 	2A • (-1, 

SfetotdV = 0 is given as: 

(2A + Ms cyi),-32  

+{-i7
1 	

- 
-ir x[4  2x1521C +R)21 

K h(oc) M
2
c 	2 

-Q (3.4) 

where Q is a structure-dependent quantity (zero for hysteresis-free film) 

given by Q = 71  
14)1  

h(o4) is the Stoner-Wohlfarth field - 

Integrating this equation enables 

be determined. As mentioned previously, these constants give the effec-

tive volume over which the stray field is significant and are often 

referred to as the longitudinal (c
x) and transverse (c y) coupling lengths. 

Hoffmann derives the expression: 

c
x 
 = 4D

u
Ila-'1(0C) ' 

c
y 
 = 4c

x  

The transverse stray field causes a coupling of the spins perpen- 

dicular to the mean direction with an effective exchange 

From equation 3.4 we see that the transverse stray field 

on the second derivative of 0 with respect to y, i.e. a linear term, 

whereas the longitudinal stray field (exchange constant M2c 
x
) depends 

s  

constant M
2
c . 
s y 

depends solely 

on both the first and second derivatives of 	and is a non-linear effect. 



71 

Hoffmann's linear theory is applicable when the longitudinal 

stray field is neglected in equation 3.4. It is this approximation 

which determines the limit of validity of the linear theory. 

Integrating equation 3.4. a second time enables the dispersion to 

be determined in terms of a modified Bessel function. Hence, knowing 

the distribution of local anisotropies in the film the dispersion at 

any point in the film can be calculated. 

Due to the involvement of a modified Bessel function in the dis- 

persion it can be shown that only the local anisotropies within an ellipse 

centred about r contribute to the dispersion at r. These coupling 

ellipses have a ratio of major to minor axis of about 30 for a permalloy 

film, which is in good agreement with Lorentz micrographs. The wave- 

length of the ripple ( ) is directly related to the minor axis of the 

j 
ellipse and so 	W Ku

hA 
(o‹ ) = 	se 	00 	.0 	0. 	..(3.5) 

This long-range wavelength will not be the only wavelength visible 

in the electron microscope but it should be the dominant wavelength 

visible at different out-of-focus distances. 

The magnetisation dispersion, S , defined quantitatively as the 

root mean square of 0 over the whole film, can be determined for 
randomly-oriented local anisotropies as: 

..17) 0.17  S  
.• 	 (3.6) 

D4M2 

1, 

 [ AK h(cx )1 8  

Kd 
where S is the structure factor = 	

6- d 	,being the crystallite size, 

n the number of crystallite layers in the film and 6 the standard 

deviation of the distribution of the perturbing anisotropies (656-<-7211). 
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given by: 

Neff = h(oC) 

2 
Mscx 
	2

20  + 1/2( 

u ax 

an effective field due to local anisotropies. Its form is 

K 'a
2
f 

+ 2Ku  ob2 )

2 
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Typical values of S are of the order of 1°  and measurements by Suzuki 

and Wilts (S.12) are in fair agreement with predicted values of S and /A . 

The linear theory is strictly only applicable at high fields since 

as the astroid is approached the ripple becomes less stable due to the 

action of the longitudinal stray field. The form of this stray field 

is determined in Hoffmann's non-linear approach. Due to the non-linearity 

of equation 3.4 with the longitudinal stray field present the integration 

is impossible and Hoffmann (H.7) overcame this be defining an effective 

field, heff, from the second variational derivative of the energy, 

i.e. 
"S 

1 	

e totdV  = 	in the same way as for the single domain, i.e. 

d2E
tot 

2K
u dcb 

This field, dependent on position, consists of three parts, (a) the 

Stoner-Wohlfarth field, h(o); (b) an effective demagnetising or stray 

The two stray-field components in the second term are 'parallel and 

antiparallel to M causing stability and instability respectively. The 

condition for stability is: 

2 

2K 

() 
h(o()> M

scx  00 
77 

since the last term is negligible. The limit of stability occurs at a 

field, hb, known as the blocking field, given by: 

2
K 

 2 
h

148.  

	

[ — 1 (2D)2Md 	
.. (3.8) b 	AK

u 	
16 wn 
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The physical interpretation of this is as follows: consider the 

film saturated along the hard axis, as the field h(o() is reduced then 

the wavelength and amplitude of the ripple increase as do the stray fields 

in heff. When the blocking field is reached the ripple becomes unstable 

and should switch; however, this is not the case since we have con-

sidered the ripple as being free, i.e. able to arrange itself into a 

minimum-energy state. When the longitudinal stray field becomes 

appreciable, i.e. as h(a) approaches the astroid, the ripple is not 

free. This results in the production of low-angle ripple walls which 

eventually lead to the domain splitting observed in zero field. The 

domain splitting will be determined by the blocking field (H.17) and 

the domain width, b, equal to half the ripple wavelength at the blocking 

field is given by: 

b = "FAL. 	
16 7r n 	2/5 

.. 	00 	40 	00 	(3.9) 
(2D)

1/2
Md
2K
2 

The blocking field can occur in directions away from the hard axis, 

provided that the coercive field is high enough, and Hoffmann (H.7) has 

calculated the form of the blocking curve (see for example figure 7.3) 

One expects this blocking field to vary throughout the film due to the 

non-uniformity. It can be shown that whatever the distribution of hb 

the film will always be in a blocked state before reaching the S-W 

astroid, assuming wall-motion effects are negligible. 

Another ripple-sensitive variable with which experimental com-

parisons can be made is the susceptibility. It has been shown (section 

4.3.2) that the transverse susceptibility for a uniaxial film is given by: 

M
s  

Hk h(x ) 	
4.0 	40 	00 	00 	00 	04 	40 	(3.10) 
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This is in good agreement at high fields but near the astroid ripple 

effects cause a large deviation between S-W theory and experiment. 

Hoffmann (H.10) pointed out that one needs to replace h(o() by heff  
Ms  

to obtain Xt 
near the astroid. 	- 	e0 	0. 	00 t H h 

k eff 
(3.11) 

This prevents the susceptibility from reaching infinite values. 

The incremental susceptibility, Xi' 
is extremely ripple sensitive, 

since the ideal case with M and H parallel predicts a zero )(i  so that 

^,/ 
any contribution to xi  must come from ripple effects. Applying the 

linear theory we derive: 

- M 	(152 cc h(o( ) /4 	0. 	.. 	.. 	.. 	(3.12) 
H
k 

h(c4 ) 

which provides an accurate test of the linear ripple theory. 

Hoffmann has also derived the angular dispersion n<90 using his 

linear ripple theory (H.11), obtaining: 

3d
2 
 K

2 

0<90 	16 •KAK
u 
h
b 

.. 	• • • • • • • • (3.13) 

Rotational hysteresis has been explained using this linear ripple 

theory (H.14). This is caused by the presence of ripple hysteresis (as 

observed by Feldtkeller (F.6a)) since as the applied-field direction is 

changed the coupling region will change and so there will be a random 

perturbation energy superimposed on the smooth anisotropy energy. This 

perturbation causes small energy barriers and hence ripple hysteresis. 

Recently, Brown (B.13) has shown that Hoffmann's linear theory is 

unreliable for applications in which the long-range effects of the local 

disturbances on the magnetisation are critical. This is due to the form 



75 

of the transverse magnetostatic field and, in particular, the approx-

imation used for c . The true transverse magnetostatic field for long-

range disturbances behaves like a dipole field, whereas Hoffmann's field 

decays. exponentially. However, for most linear ripple theory problems 

these long-range effects will be negligible and Hoffmann's values give 

fairly accurate results. A possible case where these long-range effects 

cannot be ignored would be in films with inclusions where the local 

anisotropy could be much higher than the average value. 

3.3.2. Harte's Theory. This theory (H.8) is a more general approach than 

Hoffmann's and is more able to treat the magnetostatic energy although 

the physical interpretation is more abstruse. Harte is therefore able 

to treat non-linear effects easily but produces r.m.s. values directly 

rather than the form of the local ripple behaviour. 

The basic assumption is that the local anisotropy, K, is caused by 

some general inhomogeneity of scale R. To evaluate the ripple quantities 

various limiting cases have to be considered, these cases depending on 

the size of R compared with certain coupling lengths. 

The magnetisation direction I (r) is expressed in a Fourier series: 
ik.r 

4)(r) = 	0 k e 	— 	.. 	O. 	.. 	 O. 	.. 	(3.14) 
k#0 

where k is a wave vector = 7  
N 

L 
-2-c  

( x y 
—1 , 	L ' 0; Nx,N 	

being integers and 

L
x 

and L the film's dimensions. It is necessary to find all the Ok's, 

corresponding to the various ripple wavelengths, and so Harte calculated 

the total torque expanded about the equilibrium 00  and Fourier analysed 

it. 



76 

The equilibrium position is obtained when these torques balance 

and by considering the zero order, when O k  = 0 for all k A 0 the S-W 

field h(o() is obtained. The first-order effective field is obtained 

using the zero-order value for 960  in the general torque equation: 

(Heff/1 	

2 
— m(„f) + 	k + 4 /ad

s 5""k 
 sin2(
*k 

 - 
1
10) 	•• (3.15) 

where X
k is a magnetostatic function of k and )1/k 

is the 

The dispersion, to first order, is given by (56k)1  = 	 

azimuth of k. 

(Hk  ) 

P
k 
eff 1 where 

P
k is the coefficient in the Fourier expansion of the trigonometric 

functions describing the randomly-oriented local anisotropies. 

The formula for the effective field contains an isotropic term 

from the exchange interactions and a transverse magnetostatic field 

(3rd term) in agreement with Hoffmann's linear theory. 

To obtain higher-order solutions a similar type of solution is 

assumed, i.e. H—
ff  = (H—ff )1  + Vk  where Vk is a non-linear field, and e  

the dispersion (4 
k 	k 
= 	After substituting these into the torque • 
eff 

equation and taking an ensemble average, an integral equation for V
k 

is 

obtained. Harte showed that V
k could be approximated by Vo  for k values 

below a critical wave number (^-1/thickness of film) and by Vd, for k 

values greater than this critical value. This is a good approximation 

provided that negligible contributions were made to V
o 

and Vco  by wave 

numbers around the critical value. Even the integrals for V
o 
 and V, 

proved to be complicated and could only be calculated numerically. 

However, by considering several limiting cases values could be obtained 

for the effective field and the dispersion. 
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These limiting cases depend on the relative size of R, the inhomo-

geneity scale, and the film thickness, D, to the coupling lengths Re 

and Rm. Re 
is the exchange coupling length given by Re = 2A MHeff 	

(3.16a) 

21TMD 
while the magnetostatic coupling length Rm 	Heff  — 	

S 	
(3.16b) 

This determines whether the interactions are exchange or magnetostatic 

or both. In table 3.1 the various limiting cases are calculated together 

with the coupling lengths (longitudinal R1  and transverse Rd. 

Table 3.1  

Inhomogeneity Conditions Interactions 
Longitudinal 
coherence 
length, R1  

Transverse 
coherence 
length' 

R
t 

Fine Scale 

Coarse Scale 

Macroscopic 

R5  D<<Re 

D,R<X R<<It
m e 

10>Rm 

Exchange 
and 

magnetostatic 

Magnetostatic 

None 

r 

w 

(27(
2
)
I
(M

s
A)-D

1/2  ;- 
—A-- MsHeff P 

nR 

• uR 

H 

sRI (7 

eff
-4 3- 

Heff 

nR 

Harte evaluates these for both the thin and thick film cases but 

we will only consider the thin film case. For the fine-scale inhomogeneity 

the coherence lengths, R1  and Rt, are almost identical with the coupling 

lengths derived by Hoffmann. In fact, all the properties derived by Harte 

for the linear, fine-scale inhomogeneity case are identical with Hoffmann's, 

apart from averaging constants. 

V
o 

and V°, have been derived for each of the limiting cases, enabling 

the effective fields to be determined and hence the magnetisation 
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dispersion. Each case considered has its own °intrinsic non-linear 

field°  1/ which is just a normalising constant. The general form of 

the exact solution for the effective field is: 

78 

n 	)n  
H
eff 

= H(o< ) + 
eff 

• • • • • • • • • • • (3.17a) 

where n is a fraction determined by the case under consideration. The 

non-linear case is derived for applied fields H(a() much smaller than 

the non-linear field fl and is given by: Heff  = H(0() i-f/ 	. • 	(3.17b) 

Harte makes an intermediate approximation, termed the quasi-linear 

approximation, which gives fairly reasonable results over a wide field 

range. In this approximation the applied field is assumed much larger 

than the ripple field so that: H
eff 

= H(0) +n 
H (0c
(-1-2- 

)
)n (3.18) 

The various fields for the quasi-linear and non-linear approximations 

are shown in table 3.2 for the various limiting cases, together with 

the associated magnetisation dispersion (table 3.3). The graphs of these 

effective fields as a function of the applied field for the fine and 

coarse scale inhomogeneities are shown in figure 6.11. 

Table 3.2  

Ripple Field Heff  - H(o( ) 

Exact  Quasi-linear  Non-linear  
Intrinsic Non-linear 
Field, 12 

Inhomogeneity 

    

Fine Scale 
5,14  

I/ H 4  
f eff 

rm 5/4  
f H(c);) 4  n.

f 

    

5 
Coarse Scale 	_a H la 	2H(o<) 3/2.  c eff 	11c 
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Magnetisation Dispersion 
Inhomogeneity  

Table 3.3  

Exact  Non-linear 
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4  

DM
5 

Fine Scale 

Coarse Scale 

The only measurable quantity which can be easily derived from this 

theory is the transverse susceptibility Xt, but as yet very little work 

has been done to apply this theory to experimental observations. 

3.4. Further Theoretical Treatments  

The earlier treatments, notably by Middlehoek (M.3) assumed a 

sinusoidal variation in the anisotropy dispersion, together with the 

same variation in the magnetisation but with a different amplitude. 

Middlehoek considered the total energy of both longitudinal and trans-

verse ripple to calculate the lowest energy configuration. He also 

determined the ripple amplitude in both cases. 

For the longitudinal ripple, if the easy direction is given by 

2 iTx sin 	and the magnetisation direction given by 
A 

then the ripple amplitude, 	
l' 

for longitudinal ripple is given by: 

00  
e  
1 

9  LL 
0 = Hk  - B 	

2 7r 2  NI D 03 
1 	2Ku -A 	1 • • • • 	• • • • 	 (3.19) 

the positive (negative) sign referring to the applied field in the 

average easy (hard) direction. 91  must be small and H> Hk. 
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From this we can see that the method due to Crowther (C.12) used 
dtspersion. 

for measuring the easy direction rnplit-nel*  actually measures the ampli- 

tude of the magnetisation ripple. The difficulty in measuring
()' 

together with the assumption of sinusoidal variations, prevents wide 

applications of this formula. 

A more realistic approach was then made by Rother (R.4) based 

again on the easy-direction dispersion origin for the ripple. This 

treatment was far more refined than Middlehoek's. His original results 

emphasised the strong coupling in the transverse ripple, the ripple 

amplitude being proportional to the square of the crystallite size and 

the wavelength dependent only on the crystallite size. Results of Baltz 

and Doyle (B.12) showed quite good agreement of the short-wave ripple 

wavelength with Rother's prediction of A = 4d. However, A levelled 

off above crystallite diameters of 2000 A, when it became equal to the 

long-range wavelength of Hoffmann. Rother (R.4) then revised his theory 

incorporating magnetostatic interactions from the beginning. Assuming 

a Gaussian distribution of easy axes, he derived a relation for the 

average ripple amplitude in agreement with Hoffmann (apart from the 

numerical coeffiCient). He predicted the wavelength 	= 4d again but 

this reached a limiting value, almost identical with Hoffmann's long-

wave ripple wavelength. The one serious drawback with Rother's theory 

is that the predicted domain-splitting width is over an order of mag-

nitude smaller than experimental values. Since this theory has not been 

extended to the non-linear case it has been used infrequently although it 

is explained fairly thoroughly in the review by Joenk (J.3). 
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Another simplified approach has been made by Feldtkeller (F.6a, 

F.9) who again assumed a sinusoidal variation in the magnetisation to 

explain the discrepancies in the susceptibility. The anisotropy was 

assumed constant and the stray field resulting from the divergence of 

the magnetisation was calculated. By evaluating the total torque on 

the magnetisation an effective field can be derived: 

n2 
= Ha + H

k 	s 
+ M 

owDf  H
eff 	 .. 	(3.20) 

—  

f is a numerically-calculated integral depending on — . For 
1

between 

10 and cof lies between 1 and — 7r. and is often taken as unity for 
2 

convenience. 	
M

2
Df 

With the ripple field, 	s 	Feldtkeller was able to explain 

the transverse susceptibility curves, and in a further paper (F.6b) 

explained the imaginary susceptibility in terms of ripple hysteresis. 

3.5. Experimental Evidence Concerning Ripple  

As mentioned previously, this has recently been critically reviewed 

by Leaver (L.9) and so only a brief description of some of the more 

important and reliable work will be given. There are two basic approaches 

to this problem, the first being concerned with the cause of the ripple 

(i.e. the random anisotropy) and the second with testing the theories. 

The cause of the ripple is investigated in two possible ways, the 

first and most powerful being the direct observation of the ripple by 

Lorentz microscopy, varying the materials and methods of production of 

the films. The other way is to vary evaporation properties again (such 

as composition and substrate temperature) and use a macroscopic variable, 
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such as- c<
90 

or the susceptibility. This latter method necessarily incor-

porates the various theories and forms part of theory-testing experimental 

work. These two methods can be combined by measuring the field depen-

dence of the ripple amplitude and wavelength by Lorentz microscopy. 

3.5.1. The Origin of the Random Anisotropy. We must first consider the proposed 

possible origins of the local anisotropy and the suppoiting evidence. 

Two effects which probably contribute to the major part of the 

local anisotropy are the magnetocrystalline anisotropy of each crystal-

lite and magnetoelastic effects correlating the stresses in the film with 

the anisotropies produced, via magnetostriction. Roth (R.3) has shown 

that a variation in the direction of the induced anisotropy, caused by 

pair ordering and stress effects within each crystallite, can give rise 

to a random anisotropy greater than the magnetocrystalline anisotropy. 

This is probably undetectable in the nickel-iron alloys since the effect 

is small there. Other contributions to the local anisotropy having a 

scale not equal to the crystallite size are composition inhomogeneities, 

film imperfections (holes and inclusions) and surface roughness. 

The surface roughness model due to Torok and Oredson (T.5) has an 

inhomogeneity scale of the order of the crystallite size, but the local 

anisotropy in films on polished substrates has a scale of the size of 

the scratch inhomogeneity (Chapter 6). 

If more than one of these contributory effects is in operation 

the method of combining the various anisotropies and the effect on the 

ripple will depend on the scales of their inhomogeneities. If the two 
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sources of anisotropy have widely different inhomogeneity sizes then the 

effects on the ripple may be considered separately (H.8). When the two 

sizes are about the same the resultant anisotropy is often taken as the 

r.m.s. value of the constituents. However, recently Doyle and Finnegan 

(D.3) have shown that the simple r.m.s. value is not the correct one for 

combining the magnetocrystalline and stress-induced anisotropies. They 

show that the resulting anisotropy for a uniform isotropic stress, CY, 

and an applied tension producing an anisotropic strain e, is given by: 

K = [(K1  + Bse 4-i5( '100 	 111))2 +.2. 
	

100 64 
	/

111
)20_2p (3.21) 

where B
s 

= B
1 

- B
2'1 

and B
2 
are the magnetoelastic coupling coef- 

ficients and 
1100'111 

are the magnetostriction constants in the 

[1001 and [111) directions. The form of the local anisotropy as determined 

by Doyle and Finnegan has been used to explain the discrepancies observed 

by Uchiyama et al (U.1) in the temperature and compositional dependence of 

their measurements of 0(90Ku against the theoretical predictions of Hoffmann. 

The methods used for determining the contributory anisotropy effects 

are basically the observation of a variable (either by Lorentz micros- 

copy or macroscopic measurements) as a function of composition or substrate 

temperature. The compositional variation changes the magnetocrystalline 

anisotropy, K1, and the stress effects also change, but only slightly. 

On the other hand, the variation of substrate temperature changes the 

stress effects without changing the magnetocrystalline anisotropy. 

Both methods of determining the magnetic variables suffer from draw- 

backs; Lorentz microscopy has complicated wave-optical effects whereas 

macroscopic measurements include the long-range random magnetisation 
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fluctuations which may not be related to the ripple. This restricts 

the number of reliable experiments on which these comparisons can be 

made. 

Lorentz microscopy measurements can still be used qualitatively 

but only in the work of Suzuki and Wilts (S.12) has care been taken to 

minimise wave-optical effects. The results they obtain indicate a 

minimum in the ripple amplitude at about 73% Ni, 27% Fe and a composition- 

independent wavelength in agreement with Baltz (B.14). This points to 

the origin of K being the magnetocrystalline anisotropy, which is to be 

expected since most constraints will be removed when the film leaves 

the substrate. The actual values agreed with Hoffmann's calculated 

values within 20%. 

Tsukahara (T.6) has shown that surface roughness, produced by 

chemically polishing sheet material, caused ripple to appear in 75% 

NiFe. However, electrolytic polishing caused no ripple and the thick- 

ness contrast observed with the chemical polishing was absent. This 

indicates that the surface roughness produced by chemical polishing 

makes a contribution to the local random anisotropy. 

The most reliable macroscopic measurements on c<90 
have been made 

by Uchiyama et al (U.1). They found that the product 0(90Ku  was not 

proportional to the square of the product of Kd (d = crystallite size) 

but depended directly on K. K was assumed to arise from the magneto- 

crystalline anisotropy and a non-uniform anisotropic stress, K being 

the r.m.s. value of these two contributions. There are three criticisms 

of this work. The first two, pointed out by Doyle (D.3) are that if 
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these anisotropic stresses exist then the resultant anisotropy is given 

by expression 3.21, not the intuitive r.m.s. value; secondly, the assum-

ption that the stress is independent of composition is dubious since, 

from table 6.4, certain temperatures produce permalloy films with tensile 

stresses in, whereas nickel films possess compressive stresses; thirdly, 

the anisotropy due to the isotropic stress in the film has been neglected. 

This will be important where
s 	

0 since the anisotropic stress 

vanishes at this point. 

More recently Fujii et al (F.10) have re-examined their 0(
90 

measure-

ments and determined the structure constant, SocKd, from the transverse 

susceptibility measurements and found very good agreement with Hoffmann's 

theory, i.e. Ku0(90ceS
2
. It would appear, therefore, that the previous 

discrepancy lay in the wrong evaluation of the local anisotropy constant. 

Macroscopic evidence for the surface roughness of local anisotropy 

has been put forward by Fisher and Haber (F.11) who measured the variation 

of 	DC 
9 0 

as a function of surface roughness. This was done by measuring 

0(
90 

over the whole film as a function of grain diameter as measured 

from replicas in the electron microscope. They found a linear dependence 

of 0,,C
90 

on the grain density but the grain sizes used in this experiment 

were about 3 to 15 microns in diameter which is well outside the range 

for polycrystalline films. A second important point was that by extra-

polation for infinite grain size there was a definite dispersion indicat-

ing that surface roughness was only one contributory cause. 

3.5.2. Direct Comparison between Experiment and Ripple Theory. Very few field-

dependent measurements of the ripple amplitude and wavelength have been 
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made using Lorentz microscopy since the effective field at the area 

under observation may be affected by nearby domain walls, stray fields 

of lenses, etc. This could possibly explain some of the peculiarities 

observed by Tsukahara (T.6) in her field dependence of the ripple wave-

length. However, Hoffmann (H.12) has shown that the field dependence 

of the longitudinal coupling length was in good agreement with theory. 

As regards macroscopic measurements, the theory has been fairly 

successfully applied to the 40C90 measurements as described previously. 

The susceptibility measurements taken in conditions obeying Hoffmann's 

theory show good agreement. Most experimentors (the author included) 

have been concerned with the variation of the field for peak suscep-

tibility (Hp) above the anisotropy field (Hk) with the local anisotropy. 

This can be done by applying stresses to the film (D.3, L.10). Leaver 

et al (L.10) attempted to correlate (H
p 
- H

k
) with K1  and 	100 	EA111 

resulting in only a general trend. Doyle and Finnegan (D.3), although 

unable to explain the large, actual changes in (H 	Hk), did show that 

values of (H - H
k
) relative to (H - H

k
) at zero strain varied linearly 

with the strain to the correct, predicted, power of Y3, implying that 

the strain or coupling constant in each crystallite is larger than 

measured. 

For the field dependence of the transverse susceptibility good 

agreement with Hoffmann's theory was obtained by Fujii et al (F.10) 

on small film areas, but poor agreement was obtained by Leaver, Prutton 

and West (L.10) who fitted the curves at the peak susceptibility (Hp). 

Maksymowicz (M.8) obtained slightly better agreement by fitting the 
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susceptibility at 2H p, but it is still rather poor. There appear to be 

two reasons for these last two disagreements: firstly, the susceptibility 

of the whole film will incorporate the long-range dispersion discovered 

by Fujii et al (F.8) and secondly, the method of fitting is possibly 

beyond the limits of the linear theory. 

Small-area measurements of the incremental susceptibility performed 

by Leaver (L.11) show good agreement with Hoffmann's theory in skew- 

free regions, but for films with skew this relation was not obeyed. 

These regions did behave as predicted by Harte's theory for inhomogeneity 

sizes corresponding to coarse and macroscopic scales. 

Further experiments regarding ripple hysteresis have been made to 

explain the cause of the loss component (or imaginary susceptibility). 

Harte et al (H.13) showed that the field dependence of the quadrature 

flux (imaginary susceptibility) was the same for any magnetisation dir- 

ection so long as the field used was the component of applied field 

parallel to the magnetisation, as predicted by ripple theory. This 

also showed that the imaginary susceptibility is caused by the ripple, 

as suggested by Feldtkeller (F.6a). 

Another discrepancy between experiment and the S-W theory is the 

rotational-hysteresis-field curve. The S-W model predicts that rotational 

hysteresis occurs only for fields in the range 2Hk < H <:Hk, however 

these curves do in fact possess a high field tail. This has been qualitat- 

ively explained by Hoffmann (H.14) using a ripple hysteresis theory. 

The explanation is based on his linear theory and needs to be extended 

to incorporate the non-linear effects at the blocking field before good 

quantitative agreement is expected. 
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3.6. Conclusions  

From the preceding section we see that the number of reliable 

experiments with which quantitative comparisons can be made with the 

theories is very few. Reliable results can only be made from macroscopic 

variables when measured over a skew-free region or a very small area, 

<0.1 mm
2
. Lorentz micrographs must be made only when the wave-optical 

effects have been minimised. With these precautions more experiments 

are required on the origins of the local anisotropy. 

The linear theory has been fairly-well proven and is now widely 

accepted, provided that it is not applied outside the limits of the theory. 

Hoffmann's non-linear theory is still in its early stages and 

very little work has been done to quantitatively support the theory. 

This theory requires extensions incorporating a distribution of blocking 

fields and then reasonable comparisons of properties, such as domain-

splitting width and D(90, can be made near the astroid. 

Harte's theory in its general form must be adapted to provide 

equations for macroscopic measurables other than magnetisation dispersion 

and transverse susceptibility. 

The experimental evidence supporting Torok's theory seems rather 

scarce and this model has difficulty in explaining certain susceptibility 

phenomena, locking and inverted films, so is generally regarded as an 

approximation with many severe limitations. 
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Figure 3.1 (a) Longitudinal ripple 	and 	(b) Transverse ripple 

Y (hard axis) 

Figure 3.2 Field and magnetisation directions for micromagnetic theory 
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CHAPTER 4 

The Experimental Methods  

In this chapter the experimental apparatus and methods used in this 

work are discussed. As well as the measuring systems, the theories 

behind them and the method of film fabrication are described. 

4.1. The Production of Magnetic Films by Vacuum Evaporation  

Section 4.1. deals with the method by which the variously-orientated 

films were grown on different types of single-crystal substrates, some 

prepared in different ways, followed by a brief description of the 

methods by which the film thicknesses and compositions were determined. 

4.1.1. The Vacuum System. A six-inch vacuum system, using an oil diffusion 

pump and cold trap, was constructed as shown in figure 4.1. The water-

cooled chevron baffle prevented backstreaming of diffusion-pump oil 

vapour into the chamber which could be very troublesome when using an 

electron bombardment source (section 4.1.3). The bell jar could be 

isolated by the high-vacuum butterfly valve, thus giving access to 

the source and substrate without turning off the diffusion pump. Con-

tamination of the source and substrate by hydrocarbons was kept low by 

heating them immediately before, and usually during, deposition. The 

base pressure attainable with this system was 2 x 10
-8 

torr (1 torr 

1 mm Hg), after pumping overnight. The pressure during evaporation 

(which will be the pressure referred to in future) depended on the 
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length'of pumping and consequently on the amount of degassing. It was 

always in the range 4 x 10
-7 

torr to 2 x 10
-6 

torr. 

It is popularly quoted that at these pressures there is a monolayer 

of gas deposited per second. This fact is obtained by using the formula 

J = 3.51 x 10
22
P(MT) 2, J being the arrival flux of atoms of molecular 

weight M, T the absolute temperature of the gas and P the pressure (torr). 

This formula, derived from the kinetic theory of gases; assumes that the 

sticking coefficient is unity, i.e. none of the adsorbed atoms (or 

adatoms) are re-evaporated from the substrate. The average lifetime 

of adatoms on the surface is 	= 10-13exp 503'3 Qa  (F.12), where Qa 
T
s 

is the adsorption energy of an atom on the substrate in kilocal/mole 

and T
s 
is the substrate temperature. These times are usually extremely 

short for deposits on insulators and so the number of atoms per unit 

area on the substrate at any time is given by: 

503.3 Qa  
n = 3.51 x 109  (MT)- 1/2P exp 	 

T
s 

Taking typical values of Qa  = 10 kilocal/mole, M = 20, and 

P = 10
-6 torr it is found that for room temperature n = 9 x 10

8 
and for 

the epitaxial temperature (300°C) n = 9 x 104. Assuming that the area 

of substrate occupied by a gas atom is 10 (A)2  then for a 1 cm
2 
sub-

strate the area covered per unit time is 9 x 10
5 
(A)

2 at the elevated 

temperature and the contamination during the bake-out is <10
-4
%. At 

room temperature the contamination would be about 0.3% for the same 

period. 

Thus we see that there is negligible contamination of the substrate 

at elevated temperatures by the residual atmosphere unless there is a 
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strongdr, physical or chemical, attraction. Furthermore, the quantity 

of adsorbed gas in the film will be negligible unless the film has an 

affinity for any of the gases in the surrounding atmosphere. 

The amount of volatile gas was kept to a minimum by using viton 

gaskets or indium seals in all the high-vacuum parts of the system. The 

evaporation chamber is also shown in figure 4.1. An off-centre base 

plate had to be used to allow the vertically-mounted electron bombardment 

source to be located as near the centre as possible, as a result of 

which the pumping speed was reduced by about 507.. 

During each evaporation three circular films were prepared. They 

were supported by glass microscope slips which had 1-cm diameter holes 

in the centre and a small hole at the side which enabled the temperature 

to be monitored and also provided a specimen for the electron microscope. 

The three specimens, an inch apart, were nearly 8" from the source so 

that the variation of the angle of incidence across each specimen was 

negligible. The two side films were deposited at an angle of incidence 

of 8°. (The effect of this on the anisotropy is very small, however, 

see S.13.) The shutter was operated by melting through a nickel fuse 

wire, (which was carefully shielded from the substrate), allowing the 

shutter to swing open. 

A d.c. magnetic field of 36 oe was normally applied during the 

evaporation and also while the film cooled. It was produced by two 

large coils held near the Helmholtz position and parallel to any field 

from the substrate heater. The variation in direction of the field over 

a film was less than 0.1°  and its magnitude constant to within 1/2%. 
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4.1.2. The Substrate Temperature. The substrates were radiantly heated by 

six parallel tantalum wires connected in series about 1" above the sub-

strates. There was no direct heating from underneath the substrates, 

apart from source radiation and reflected heat from the shutter, so there 

might have been a temperature gradient across the substrate. These 

gradients were kept constant and fairly small by allowing the substrates 

to reach a steady-state condition before evaporation. 

The substrate temperature was monitored using a 40-gauge chromel-

alumel thermocouple in physical contact with the front face of the 

substrate and the glass mask. One side of the thermocouple was earthed 

to prevent the ionised vapour beam from affecting the true thermocouple 

voltage. Since this temperature was not the actual temperature it was 

calibrated using the series of compounds shown in table 4.1. These were 

placed on the substrate's back surface and the calibration curve shown in 

figure 4.2 was obtained. It should be noted that the measured sublimation 

point of NaC1
o
C) agrees well with the curve. 

Table 4.1  

Compound In AgNO
3 

NaNO
2 

NaNO
3 

KC10
3 

Melting Point (°C) 156 212 271 307 368 

When the various substrates were calibrated by this method they 

all registered the same temperature within the large experimental error 

involved. If the compounds do not melt by direct adsorption of the 

radiation, it can be surmised that the substrate is being heated by 
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conduction from the mask and supports rather than by radiation. This 

idea is supported by the similarity in the thermal conductivities of 

the different substrate materials in table 4.2. (see over). If the 

substrates are only heated by absorption of wavelengths outside their 

transmission range and including the small percentage not transmitted 

in this range, then it would take a long time for the substrate to reach 

the high temperatures used. Furthermore, the LiF should get much hotter 

than the NaCl but, in actual fact, they both reach approximately the 

same temperature. The presence of inclusions in the substrate may 

increase the absorption but from these results it would appear that the 

main increase in temperature is due to conduction from the mask and 

supports. 

4.1.3. The Method of Evaporation. There are many methods of heating the 

evaporant, the one used here being a Planer-Unvala electron bombardment 

source (manufactured by G. V. Planer Ltd.). It is so designed that the 

electrons emitted from the filament can be focussed onto the ingot by 

the electric field from the cage which is held at -6 or -7 kilovolts. 

The central, earthed stem is made of stainless steel with a copper hearth 

brazed on top to prevent any nickel alloying with the steel. This stem 

is water cooled, thus preventing any contamination of the ingot by the 

copper and, if the thermal contact is very good, the base of the ingot 

remains cold and evaporation occurs only from the top of the ingot. 

This method, however, requires a great deal of input power and transfers 

any local inhomogeneity in an alloy ingot to the film. If the thermal 
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Table 4.2  

Transmission range (At.) 

NaC1 NaF LiF 

0.2 - 	15 0.19 	- 	12 0.11 	- 	6 

Absorption 

coefficient at: 	4p. <0.01 0.02 0.03 

10/.4 0.1 0.7 30 

% transmittance 	2/2. 94 94 94 

Energy transmitted by a tungsten 

filament at 2000°K at the end of 

each substrate's transmission 

range expressed as a percentage 

of its maximum, assuming Planck's 

radiation law applies 

0.25% 0.6% 6% 

Thermal conductivity at room 

temperature (10-3  cal/sec.cm °C) 
15 22 25 

 

Thermal expansion coeff at room 

temperature (10
-6
/
o
C) 

44 37 
 

36 

Melting point (°C) 801 980 870 

Solubility at room temperature 

in gm per 100 gm of water 
35.7 4.22 0.27 

Density at room temperature 

in gm/cc 
2.2 2.8 2.6 

References: J.4 and A.4 
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contact is reduced the whole ingot melts into a ball and vigorous 

agitation in it is observed. Although the temperature gradient across 

the ingot is lowered, its base still remains solid, ensuring negligible 

contamination from the hearth. The ingot was supplied in the form of 

a 1/2" diameter rod from New Metals and Chemicals Ltd. The composition 

was confirmed as 80.15% Ni and 19.85% Fe by chemical analysis and was 

constant within 0.2% down the whole rod. Each ingot was used for about 

six or seven evaporations and then disposed of as its composition had 

changed to about 81.9% Ni. This is the result of fractionation; iron, 

having a lower vapour pressure than nickel at any temperature, evaporates 

more readily. Consequently, the film composition was usually up to 2% 

more nickel rich than the ingot. 

Several modifications were carried out on the source to improve 

its performance. As supplied, this source had a drawback in that many 

flash-overs occurred during an evaporation. This was very inconvenient 

as the 10 kv power supply (manufactured by E. M. Wareham Ltd.) had 

good regulation and so tripped every time a flash-over occurred. By 

disconnecting the trip and putting a 2 	limiting resistor in series 

with the source, the surge for a short circuit was limited to 31/2  amps. 

The pressure reading was also drastically affected by the large number 

of ions produced by the flash-overs. In fact, monitoring the pressure 

during an evaporation was virtually impossible. These flash-overs 

were mainly caused by metallic deposits on the central quartz insulator, 

thus allowing 'tracking' across its surface. In addition, gas inclu-

sions in the ingot and on the source assembly produced some ionisation. 
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The flash-overs were minimised by a thorough outgassing procedure and 

by preventing a continuous path of deposit on the insulator. This 

latter problem was overcome by placing two small quartz rings around 

the central stem, thus preventing the formation of a continuous path 

by any deposit. The outgassing could have been carried out by isolating 

the filament from the cage and putting a positive voltage on the cage, 

causing the electrons from the filament to outgas the cage. This was 

not very successful since the gun design limited this positive voltage 

to 500 volts and hence the power to only 30 watts for outgassing, before 

the insulation broke down. This meant that the source had to be run for 
a 109 KrAe. 
vito 	a whilo. The method eventually used for outgassing was to run 

the filament at full current for about 1 - 2 hours prior to evaporation 

with the water supply turned off. This enabled the stem and cage to 

outgas. The ingot was outgassed by running the source at 4 kV for 

about ten minutes before evaporating. With these alterations no flash-

overs were observed until after several evaporations. The quartz 

insulators were cleaned in a 50:50 mixture of HF and HNO
3 
after about 

ten evaporations. 

There are several distinct advantages of this method of evaporation, 

but there are also some disadvantages whose effects had to be minimised. 

The main advantage of this source is that there is no contamination 

from the source material (crucibles, etc.) since the hearth, being 

water cooled, remains well below its melting temperature. This source 

may also be used for materials which alloy with normal source refractories, 

as the hearth can be made from almost any metal. It may also be used 
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for evaporating refractory materials or difficult materials such as 

tungsten, platinum etc. A side effect from this source, which in the 

present case is a considerable advantage, is that the epitaxy is improved. 

Films have better orientations when evaporated from an electron bombard-

ment source, all other conditions being identical. It has been shown 

(S.14, C.14) that the improved epitaxy is due to the electron bombardment 

of the substrate during film formation, the reason for this not being 

very clear. 

One possible drawback stems from this last advantage and is con-

nected with possible film damage from this bombardment. This is a 

difficult question to answer but in experiments with a d.c. magnetic 

field applied during evaporation the electron bombardment, although 

greatly reduced, was found to be still finite and the films so pro-

duced had dislocation densities of the order of 5 x 10
10
/cm

3
, which 

is typically the number for films produced using other sources. Further-

more, the number of microtwins in the electron diffraction pattern is 

greatly reduced (C.14), thus confirming the fact that with a field of 

36 oe present the electron bombardment does not seem to have any 

appreciable effect on the defect density. 

The second disadvantage of this source is again connected with 

the electron bombardment of the substrate. In any kinetic vacuum system 

there will be some hydrocarbon vapours in the residual gas and during 

evaporation the associated electron bombardment will polymerize any 

hydrocarbons which condense on the substrate. This contamination will 

build up linearly with the time of bombardment as in the electron 
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microscope and is virtually independent of the accelerating voltage 

above 80 volts (E.2). The two ways in which this contamination may 

be reduced are, first to prevent condensation onto the substrate, which 

may be achieved by heating it above about 250°C (E.3); secondly, the 

number of hydrocarbons in the residual gas may be decreased. To do this, 

all sources of these vapours must be eliminated, such as grease, certain 

rubber gaskets (E.3); the provision of a cold trap above the diffusion 

pump will prevent the intake of backing-pump and diffusion-pump oil 

vapour; finally, all metal surfaces near the substrate should be 

chemically cleaned and baked before being put in the vacuum system. 

With all these precautions the contamination rate will be negligible. 

The final disadvantage of the electron gun is that, for the electron 

emission currents required, an appreciable amount of the filament is 

evaporated. This can be overcome by a careful choice of filament 

material and also be shielding the substrate from direct evaporation. 

Of the three possible materials, tungsten, molybdenum and tantalum, 

the latter gives the highest emission for the same temperature, closely 

followed by molybdenum and then tungsten (S.15). Tungsten •is ruled out 

as it reacts with residual water vapour to form the volatile WO2  and 

is also difficult to work because it is so brittle. Molybdenum and 

tantalum both evaporate at similar rates but since the resistivity 

of tantalum is three times that of molybdenum (B.15) the latter was 

used as it suited the available power supply. The substrate can be 

shielded from the filament directly but evaporation onto the ingot 

and reflection from hot surfaces are difficult to eliminate. However, 
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with this system the amount of filament evaporated onto the substrate 

was undetectable. 

The procedure for an evaporation was as follows: 

(i) the substrate was placed into the vacuum system immediately 

after being cleaved, etc. and the system was left pumping at about 

5 x 10
-8 

torr overnight; 

(ii) the substrate was then baked at between 400°  and 420°C for 

between 1 and 11/2  hours, at the same time as the electron gun was being 

outgassed; 

(iii) the substrate temperature was altered to the required level 

and left to stabilise for 30 minutes; 

(iv) the electron gun water supply was turned on and the source 

run at -4 kV and about 60 - 80 watts to outgas the ingot. At this 

power the ingot was almost white hot and no noticeable evaporation was 

taking place. The gun was then focussed by maximising the ratemeter 

current (see section 4.1.4.). This was stopped when the pressure had 

dropped again (after about 5 - 10 minutes); 

(v) the magnetic field was switched on and the voltage on the 

gun was then increased to -6 or -7 kV and the filament current altered 

until the correct rate was attained, the gun gs focus being checked before 

the shutter was opened by melting through the fuse wire supporting it; 

(vi) the evaporation usually lasted for about 5 minutes at a rate 
0 

of 2 + .5 A/sec before the gun and substrate heater were switched off; 

(vii) the films were allowed to cool down to room temperature in 

the magnetic field before being removed for magnetic measurements. 
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4.1.4. Other Film Parameters. Many of the magnetic properties depend on the 

film thickness, composition and occasionally on the rate of deposition. 

In this section the methods by which these parameters were measured 

are discussed. 

The thickness was measured indirectly using the third film grown 
0 

on a glass substrate. This was coated with about 1000 A of aluminium 

(using a high rate of deposition to obtain a good reflecting surface) 

and the thickness measured using a Varian Interferometer. This instru-

ment is based on the principle that the multiple-beam interference 

pattern will show a step at the film edge, the thickness of the film 

governing the size of this step (T.6). By taking about ten different 
0 

readings the average error in thickness was usually about 40 A. 

The thickness of films grown on the single-crystal substrate 

could not be measured directly as the surface is covered with many 

cleavage steps (section 4.2.1.) which are indistinguishable from the 

film edge in the interferometer (see figure 4.3a). However, for the 

polished substrates these steps were absent, but here the scratches 

interfere with the pattern (see figure 4.3b). 

A check was made to compare the thicknesses of films grown on 

NaCl and glass in the same evaporation, using the electron probe (see 
0 

below). It was found that for these thicknesses 	800 A) the difference 

in thickness was within the experimental errors of about 10 - 15%. 

The compositions were determined by the Analytical Services 

Laboratory at Imperial College. Both the nickel and iron contents 

were determined simultaneously by means of electron probe microanalysis. 
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This method was first used by Castaing and Descamps (C.15) and involves 

the bombardment of the specimens by electrons with energies of about 

25 keV. The intensities of the two characteristic X-radiations pro-

duced (from the nickel and iron contents) were measured. These counts, 

taken over a scan of about 150 microns length, were compared with 

nickel and iron standards. The composition was determined from these 

two values assuming the film only contains the two elements. 

However, with the films produced, the compositions so determined 

were more iron rich than expected. When a polished sample from the 

ingot, prior to evaporation, was analysed by this method it was found 

to be 6 - 7% too iron rich. This ingot was then chemically analysed 

to 0.03% and used as the bulk standard. It seems that, due to the 

closeness of these elements (only two atomic numbers apart) and the 

spread in the X-ray intensity, there is some overlapping of the inten-

sities. This means that the weaker component will contain some counts 

from the other. Using the pure elements as standards this will be 

emphasised in determining the compositions. .The error will be greatly 

reduced by using a composition near the required one as a standard. 

The film composition ranges from 80% NiFe for the first evaporation 

to about 83% NiFe for the final evaporation from one ingot. The error 

in these compositions is about 0.8%. 

The relative film thicknesses could be obtained by directly com-

paring the relative total X-ray intensities. This provides only a very 

rough ratio of thicknesses since the measured intensity has to be cor-

rected for (a) the presence of the substrate, (b) the finite thickness 
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of the film as there might not be 100% absorption, (c) the normal- 

isation factor between film and bulk intensity. Hutchins (H.15) explores 

these corrections and derives a formula from which the thickness of 

any film may be determined after calibrating the instrument. From 

this article we see that the correction for (b) is a power series in 

the thickness and neglecting the correction for this we have a 19% 

error in the example Hutchins uses which will give an error of about 

14% in the thickness. This leads to an error of up to 12% in the 

ratio of thicknesses depending on how close together the two thick- 

nesses are. However, this method was used to obtain an indication of 

all the relative thicknesses. 

The method of measuring the rate of deposition utilised the fact 

that the vapour beam was ionised. A crystal ratemeter could not be 

used as the ionised beam would damage the quartz crystal unless a 

large magnetic field was applied across the crystal during deposition. 

As this would have affected the direction and homogeneity of the 

deposition field it was not used. 

The ratemeter consisted of a tantalum vane situated next to the 

substrates and well insulated from the apparatus. This vane was used 

to collect electrons and ions in the evaporation chamber, produced by 

ionisation of the residual gas or vapour beam, although a certain number 

arrive direct from the electron bombardment source. Initially, an 

electron current of about 20 microamps was collected during an evaporation, 

corresponding to an electron flux of the order of 1.5 x 10
12 

electrons 

per cm
2 
per second. The current was measured by connecting an AVO 
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meter directly between the vane and earth. However, this method of 

measuring the rate proved to be rather inadequate since it was affected 

by the filament current (independent of the evaporation rate). If the 

input power, and therefore the evaporation rate, was changed by altering 

the voltage on the cage and keeping the filament current constant, the 

electron current gave a fairly reproducible value of the rate. This 

proved to be a rather insensitive and difficult method of keeping a 

constant rate and so it was discarded. 

When a positive voltage was applied to the collector an ion current 

of between 10 and 20 microamps could be measured. With increasing 

voltage on the collector the electron current dropped until above about 

4.6 kV a constant ion current was measured (with a cage voltage of -6 

kV). The ion current was found to be independent of the pressure (at 

least within the range used) but it did vary with the cage voltage which 

had to be kept constant for each evaporation. The ratemeter was not calib- 

rated since the same rate was required for each evaporation. However, 

keeping the voltage on the cage constant, the same ion current gave 

very similar evaporation rates and was found to be sensitive enough 

to enable accurate focussing of the source (by maximising the rate). 

4.2. Substrate Preparation  

Several types of substrates were used to improve the epitaxy and 

the magnetic properties. The first substrate used was single-crystal 

NaCl, which being the coumonest proved difficult to handle due to its 

affinity for water. In order to try to improve the film properties 
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several' treatments of the NaC1 were used. Other substrates used were 

sodium fluoride and lithium fluoride, but no special treatments were 

necessary for these. The single-crystal NaC1 and LiF were obtained 

from Harshaw Chemical Co. and the single-crystal NaF was kindly supplied 

by Dr. Stevenson of Aberdeen University. 

4.2.1. Cleaved Substrates. All the single-crystal substrates used cleaved in 

the [100] directions and each was cleaved using a new, clean razor blade. 

Care had to be taken not to let the blade scratch the cleavage face 

after it had been struck. Even so, the faces were covered with many 

cleavage steps which, although not visible to the eye, can be shown 

after decoration, and using the electron microscope. This method, due to 
0 

Bassett (B.1) involves evaporating a few A of gold, or silver, onto 

the freshly-cleaved surface. Due to its high mobility the gold moves 

to preferential nucleation sites, resulting in the contours of the 

cleavage steps being visible in the electron microscope. In figure 

4.4a is shown a typical example of the decoration of a cleaved NaC1 

crystal. 

The substrates were cleaved immediately before pump down so that 

little moisture or dust could contaminate the surface. 

Replicas of these surfaces showed little detail, apart from the 

cleavage steps which sometimes broke into minor cleavage steps (figure 

4.4b) leaving loose pieces of NaCl on the surface. These were removed 

by, brushing the surface lightly with a camel-hair brush before placing 

in the vacuum system. 
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The replicas were produced by shadowing with platinum at about 

20°  and a carbon support film evaporated, normally, on top. The platinum 

was evaporated by putting a small piece of platinum foil in the carbon 

arc and evaporating as for carbon. 

4.2.2. Polished Substrates. In an attempt to remove the cleavage steps, which 

could have an effect on the magnetic properties of the film, polishing 

was tried in a similar manner to that reported by Heavens et al (H.16). 

The procedure was to cleave the rocksalt and remove any gross 

cleavage steps by vigorous rubbing on wet filter paper for a short time. 

Further etching was prevented by immediately polishing on a dry filter 

paper. The substrate was then polished on a new Selvyt cloth, lubricated 

with a fine suspension of tin oxide in saturated brine. Before looking 

at the face the NaC1 had to be polished on a dry Selvyt cloth to prevent 

the saturated brine from crystallising in the polished face. A final 

polish on a dry Selvyt cloth completed the procedure. However, films 

prepared on these substrates were found to contain a large number of 

tin-oxide particles from the polish. This was reduced by washing the 

substrate in isopropyl alcohol in between polishes. 

Several other lubricants were tried without much success but 

better magnetic films were produced by using a solution of saturated 

brine containing ceric-oxide powder (e.g. table 6.6, anomalously high 

H
k values for polished films using tin oxide). 

The platinum-carbon replica in figure 4.5a shows that the cleavage 

steps are replaced by random scratches of various sizes. The density 
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of scratches is very high, as can be seen from the low-magnification 

electron micrograph in figure 4.5b. Some of the polished substrates, 

when replicated, showed rectangular crystallites of NaC1 on the surface 

(figure 4.5c). This was presumably due to either moisture attack from 

the atmosphere after polishing or incomplete drying at the end of 

polishing. Occasionally the replica showed a very bumpy, irregular 

surface (figure 4.5d) which is possibly due to isopropyl alcohol being 

left on the surface after polishing. However, with care these 

irregularities can be removed as is shown by figure (4.5a). 

4.2.3. Etched Substrates. All the imperfections and dust on the surface may 

be removed by etching the sodium chloride in de-ionised water. This 

leaves the surface very bumpy on a microscopic scale and improves the 

epitaxy (the production of many nucleation sites, crystallographically 

situated) but the film is no longer planar. Thus, if the etching could 

be controlled it might be possible to improve the epitaxy and keep the 

film planar. 

When the NaC1 is placed in water the Coulomb force of attraction 

between the Na and Cl ions is reduced due to the high dielectric constant 

of water and the Na and Cl ions will go into solution until the water 

becomes saturated (from table 4.2. this requires just under 36 gm in 

100 gm of water). Since the Coulomb force is directional the etching 

will also be directional and so a rough surface will be expected. An 

obvious way to reduce the etching is to put the substrate in a near-

saturated brine solution. However, this has the disadvantage that the 
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brine Crystallises on the substrate in rectangular crystallites similar 

to those in figure 4.5c. 

The NaCl will only dissolve if equal amounts of Na and Cl ions 

are allowed to go into solution. If there are some Na or Cl ions 

already in the water then the rate of etching can be slowed down. 

This was achieved with a 507. mixture of hydrochloric acid and water. 

Both the H and Cl ions go into solution in the water and so reduce the 

rate of etching. 

The drawback with this method was that after dipping the substrate 

in the mixture the solution on the substrate surface had a large surface 

tension energy and would not drain away easily. This was removed by 

spinning the substrate on a centrifuge for 15 - 20 minutes to enable 

a flat surface to form. 

4.2.4. Microscope Slips. These were required for the control film from which 

the composition and thickness were determined. The method by which 

the 24-mm square slips were cleaned is described below. Being very 

fragile (only 0.15 uuu thick) they had to be handled very carefully. 

First they were washed with 'teepol', to remove any grease on the 

surface, and well rinsed before being transferred to an ultrasonic bath. 

They were left in this in a 47. solution of RBS 25 (an efficient and 

very pure detergent) for 30 - 40 minutes, then rinsed in distilled 

water in the bath for a further 5 minutes. Finally they were put in 

a recirculatory vapour degreaser, using isopropyl alcohol, for several 

hours. After cooling and drying they were placed in the evaporating 

plant. 
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4.3. Biased Susceptibility Apparatus  

This section describes the apparatus with which most of the magnetic 

measurements were made and also the theory behind it for all types of 

films from polycrystalline to single crystal. The actual apparatus is 

shown in figure 4.6a and in block form in 4.6b. 

4.3.1. Apparatus. This is based on the hysteresis loop plotter of Crittenden 

et al (C.1). It consists of two perpendicular sets of Helmholtz coils 

mounted vertically with a third 'pick-up' coil, much smaller than the 

others, mounted horizontally near the film's surface. An alternating 

current is fed into one of the pairs of coils from an Advance audio 

oscillator (type H1) coupled with a 50-watt power amplifier (manufactured 

by Vortexion Ltd.). A suitable capacitor is placed in series with the 

coils to form a resonant L,C (and R) circuit. This is necessary because 

at the frequency used (2 kc/s) the output voltage of the oscillator is 

small and as the coil's reactance is so high the current flowing would 

be small. A series resistor, R1, is used to monitor the current going 

through the coil, by observing the voltage across it using an oscillo-

scope. The value of R1 was about 1 ohm but the error in its actual size 

was overcome by measuring the a.c. field at the film surface directly, 

with a Hall probe gaussmeter, as a function of the voltage on the 

oscilloscope. (It should be mentioned that a lower frequency (250 c/s) 

had to be used since the Hall probe is limited to frequencies below 

about 300 c/s. However the resistor, being non-inductive, had the 

same reactance at both frequencies.) 



In the hysteresis loop plotter the induced voltage in the pick-

up coil, which is proportional to the rate of change of flux, is fed 

into an integrating amplifier and then into the Y input of an oscillo-

scope, the X-plates being connected to the a.c. field. The Y signal, 

the integrated induced voltage, will then be proportional to the flux 

or magnetic induction, B, of the film. The figure on the oscilloscope 

will then be a B-H hysteresis loop, assuming that both the X and Y 

signals are in phase. (Any small relative phase shift can cause a 

large distortion of the loop.) 

The method used here differs from this, and was originally used 

by Torok et al (T.7) although his interpretation is rather dubious. A 

fuller description is given by Feldtkeller (F.9). The signal is not 

integrated but only amplified before being fed into an X-Y recorder as 

B 
being proportional to -d  d-t- . The a.c. field used in this method is 
extremely small and in the second pair of coils a d. . field or bias 

field is produced, so that the resulting effect is a bias field 

oscillating through a very small angle about its mean position. This 

bias field is applied to the X input of the recorder via the resistor 

R
2 
and the current is measured using an AVO mark 8 in series with a 

stabilised, constant-current power supply. On the recorder, therefore, 

the rate of change of induction is plotted as a function of the bias 

field. 

Connected in series with the pick-up coil is a similar coil which 

compensates for the signal induced in the pick-up coil by its mutual 

inductance with the a.c. field coils. This compensating coil is moved 

110 
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in a non-uniform part of the a.c. field, well away from the film, until 

the air-flux signal is cancelled out. Oguey (0.2), in a comprehensive 

review on increasing the signal to noise ratio in the loop plotter, 

decided that this was the most satisfactory method of eliminating the 

air-flux signal, although this signal cannot always be completely com-

pensated for. This was due to eddy currents in nearby metallic conductors 

which produce a relative phase shift in the signals induced in the two 

coils. To overcome this a conductor such as a piece of aluminium is 

moved about near the compensating coil in an inhomogeneous part of the 

field and together with the compensating coil can reduce the air-flux 

signal to a very low level. To increase the sensitivity of the system 

the pick-up coil was wound in a square figure of eight so that voltages 

induced in the arms would cancel while those induced in the centre near 

the film were added. 

It is very difficult to eliminate noise with the hysteresis loop 

plotter since the integrator must be a wide-band amplifier which means 

that most of the noise will also be amplified. However, in this method 

the wide-band amplifier is not used since no integration is required. 

As only the component of the signal having the same frequency as the 

a.c. field is required, the use of a lock-in amplifier will eliminate 

a large amount of the noise. A reference signal of the same frequency 

and phase as the a.c. field was fed from the oscillator direct to the 

Brookdeal phase shifter (MS 320). This was connected to the lock-in 

amplifier (Brookdeal model FL 355) which compares the pick-up signal 

with the reference signal and amplifies that part of it having the 
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same frequency. The lock-in amplifier acts as a synchronous switch 

so that the d.c. output voltage will be proportional to that part of 

the input signal which is in phase with the reference signal. The 

induced signal was previously passed through a narrow-band amplifier 

having 3 db points at 1 and 3 kc/s which, in conjunction with the phase-

sensitive detector, improves the signal to noise ratio tremendously 

and enables very small susceptibilities to be measured. 

One further advantage which ought to be mentioned is that the phase 

shifter alters the reference signal phase relative to the pick-up voltage 

so that either the in-phase or out-of-phase component of the induced 

signal can be measured just by changing the reference signal phase by 

90°. This means that both the real and imaginary parts of the suscep-

tibility can be observed. 

The choice of frequency is governed by two factors. The lower 

limit is governed by inductive pick-up from nearby mains cables and 

transformers. The upper frequency is limited by the lag of the magnet-

isation change behind the applied field, which introduces an effective 

phase shift, and stray capacitances also play an important part at 

high frequencies. 	
real-a-We. 

The film is supported by aAcircular perspex holder, thus enabling 

any co-planar orientation between the film and the bias field to be 

used. 

There are several important points which must be carefully inves-

tigated as possible sources of error. They may be divided into two 

categories: (a) phase of signal and (b) amplitude of signal. 
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(a) Any slight phase shift between the pick-up voltage and the 

reference signal can have drastic effects on the signal magnitude, 

especially near the critical fields. The phase shift can come from 

two sources. The first causes a change in the zero susceptibility. 

If any surrounding metallic object is moved after the noise level is 

minimised the phase of the pick-up signal is altered and the noise 

level increases. The second cause of phase shift is instrumental. If 

we are measuring the real part of the susceptibility then we need the 

in-phase component and so an oscilloscope trace of the signal against 

the reference signal should be a straight line. However, this phase 

setting did not give the correct curves and it was found that there 

was a slight phase shift either in the lock in amplifier or the 

oscilloscope amplifiers. It was therefore decided to adjust the phase 

so that the susceptibility was a maximum with a bias field in the hard 

direction of 2Hk. This method of adjusting the phase was found to be 

far more accurate for measuring the imaginary susceptibility since this 

should be zero for large fields where the S-W model is obeyed with a 

small peak at a field just below H where H is the field for the peak 

real susceptibility. The phase was thus adjusted so that X = 0 

for H> 2Hk. 

(b) The amplitude error is not very large for most films but can 

become significant. The output voltage is very dependent on the size 

of the a.c. field and any slight change in this field can cause a 

large variation in the susceptibility, especially near Hp. To ensure 

having as constant an a.c. field as possible, both the oscillator and 
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power amplifier were driven from an Advance constant voltage transformer 

(type CVN 750) which reduced input variations by a factor of 15. The 

oscilloscope used to measure the a.c. field was also run from this to 

avoid amplification changes. The actual size of the a•c • field may 

also affect both the real and imaginary susceptibilities. The real 

susceptibility varies with the a.c. field amplitude over a range of 

fields depending on the size of the dispersion (F.9), and the imaginary 

suceptibility varies appreciably with the a.c. field near the astroid. 

This is because of ripple hysteresis produced by the a.c. field. It 

will be dealt with in more detail in chapter 7. 

The hard direction is found by maximising the susceptibility with 

a bias field of about 2H
k 

with respect to the direction of the applied 

field. One further important error is connected with the earth's field. 

At fields near the astroid the resultant torque on the film is nearly 

zero and then the earth's field can have a large effect so that it has 

to be cancelled. Alternatively, the coils can be arranged so that the 

earth's field is parallel to the bias field and the film is rotated 

within this system. When measuring in the hard and easy directions, 

the intercepts of the versus H graph should be -Hk  + He  and Hk  + He, 

thus evaluating both Hk  and He. If the earth's field is not parallel 

to the bias field the two hard directions, with + bias field, will 

appear not to be 180°  apart, or, the maximum susceptibility in the hard 

direction will be different for + Hp. In fact, this provides a very 

accurate method of aligning the coil system in the earth's field. 
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4.3.2. Theoretical Behaviour for Uniaxial Anisotropy. The evolution of this 

apparatus was by way of Torok et al (T.8) who still used an integrator 

together with the extra bias field, thus obtaining a series of biased 

hysteresis loops from which they determined the anisotropy dispersion. 

Torok's interpretation neglects interactions between domain walls and 

so must be rather suspect near the astroid. Feldtkeller (F.9) describes 

the apparatus briefly and discusses the behaviour of two uniaxial films 

and also the causes of any losses, which appear as an imaginary 

susceptibility. 

In discussing the measurements it is most convenient to start with 

the ideal, Stoner-Wohlfarth film. Referring to the astroid in figure 

4.7a the d.c. bias field, H
a
, is in the easy direction with the a.c. 

'tickle' field, neiwt, along the hard axis. The resultant field, there-

fore, varies between the points A and B. The associated magnetisation 

directions, those lying nearest to the easy axis, are known to be 

 

+ E eIto the easy direction. —  
between positions M

A 
and M

B at angles 

These angles are quite small as 2H is small compared with Hk, so that 

we can say: 

H 	c 	( 	He  
A iwt 

tan S
e H + H 	

o
e 	

Or 	C e e 	H
a 
+ H

k 
• • 
	• • 

a k 
(4.1.) 

the search coil (of area 

Nd/ 
dt 

A) picking up a flux / . Now the compensating 

The induced voltage is v where N is the number of turns in 

coil was adjusted so that no voltage was picked up with the specimen 

absent. The pick-up flux with the specimen in position will then be 

	

specimen - 	displaced air, therefore: 

Nd t  
- 

NAd 	In 

- B 	
) = NAd (47  m) 

	

dt 	air' = 	dt 	airdt 
, V = 
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since for air it.= 1, i.e. 

Aidfl 	4 	. v = 4 NA A,— = i4 -fc C.0 NAti elwt  
dt • • • • 	• • (4.2.) 

and so the induced voltage is proportional to the susceptibility, X . 

Ms  e  

iwt 

iwt M 
M 	6e  Now the susceptibility, 	
dH 	- 	H  , using d 	

He 	a 
equation 4.1. 

For the bias field in the hard direction the situation is shown in 

figure 4.7b. The difference for this case is that the magnetisation 
A 

directions nearest to the easy axis are M
c and MD where s 

	H  
h H

a 
 Hk  

so that the signal voc_ H 
1 

a H
k 

These calculations only apply for H
a
> H

k 
where M is nearly parallel 

to the applied field. For fields inside the astroid the field depen-

dence of the signal is extremely complicated except for very small fields 

(< Hk/10) where the signal is linearly dependent on H
2
a
. The signal 

should reduce to zero at H
a = 0, since M will be in the easy direction 

and so parallel to the a.c. field. 

It is apparent, therefore, that the susceptibility at various d.c. 

1  bias fields should have the form XcC 
H 	depending on the direction Ha  + 

— H k 
of the applied field and the applicability of the S-W model. The shapes 

of these curves should be hyperbolae with infinite points at Ha  = + Hk. 

Furthermore, the separation of the curves in the easy and hard directions 

should be 2Hk, so by plotting 1 — versus H
a we should have two parallel 

straight lines with intercepts at Hk  and - H1. 

4.3.3. Actual Behaviour of Uniaxial Films. In figure 4.8 are shown two such 

curves for a typical uniaxial film and the theoretical curves from the 
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S-W model. The agreement between theory and experiment in the hard 

direction is very good down to a field slightly greater than Hk 
when 

it drops below the theoretical curve, the peak susceptibility, )c, 

occurring at a field Hp(> Hk
). An idea of how closely the film obeys 

the S-W prediction can be obtained by measuring H - Hk  and X /X p 	o 

o 
being a normalising constant. (It is the susceptibility in an 

effective field'of Hk, so that X0 	2Ku  
The experimental curve tends to the theoretical one as H - Hk 

H - H
k 

and 	oo and so -77— and 	are critical measures of how near 
Xo 	

PH

k 

the film is to the Stoner-Wohlfarth model for a perfect film. 

The discrepancy between theory and experiment in the hard direction 

can be explained as being due entirely to ripple effects. As the field 

is decreased from saturation, so the ripple amplitude increases according 

to equation 3.6. There will be no divergence from the theoretical 

curve if the ripple, which is being rotated slightly by the a.c. field, 

produces no hysteresis losses and acts as though it is completely free. 

Thus, as the ripple amplitude increases the stray field coupling will 

increase and cause the magnetisation ripple to become stiffer. 

Feldtkeller (F.9), using a simplified sinusoidal ripple with no hysteresis, 

finds that the susceptibility may be written as X = 
M

s 

 

+ H a + Hk + 
M
s 
fD 

—  

 

where e is the ripple amplitude, 	its wavelength, D is the film 

thickness and f a numerically calculated definite integral. The 

susceptibility decreases, therefore, from the S-W prediction, the dif-

ference increasing as the amplitude, 6,  increases. However, due to 

2 
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the dispersion both in the anisotropy field magnitude and direction, 

which contributes to the ripple, certain regions will have a local 

anisotropy field >Hk  and so will try to switch at fields higher than 

H
k. The result of this dispersion is to allow some regions to switch 

before others, causing the film to split into narrow domains separated 

by small-angle Neel walls. The susceptibility will now continue to 

decrease as the field is decreased. The maximum imaginary susceptibility 

is not expected to occur at the field H since both ripple hysteresis 

and irreversible ripple wall motion contribute to the losses and these 

are greater the larger is the ripple amplitude. For fields decreasing 

below H the amplitude is greater and consequently the losses will be 

greater until the magnetisation rotation within the domains is prevented 

by stray fields from the walls. From figure 4.8 we see that the 

imaginary susceptibility has its maximum below H and this field varies 

with the a.c. field as described in chapter 7. 

The agreement between theory and experiment in the easy direction 

is not as good. The film switches from one branch to the other at the 

coercive field H
c
, usually 4:Hk. This process occurs simply by wall 

motion, edge domains nucleating and reversing the film by moving across. 

The film does obey the S-W model above He  as can be seen from figure 

1 
4.8. The 52 versus H

a 
curves are also parallel (figure 4.9) even though 

there are deviations from the ideal model. Different curves are 

observed for inverted films and they have been explained by Feldtkeller 

(F.9) in a similar manner to normal films. 
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4.3.4. Behaviour for Biaxial Anisotropy and Single Crystal Films. We can 

calculate the susceptibility-field relationships for biaxial anisotropy 

in a similar manner to the uniaxial case. The easy and hard directions 

will be almost identical with the uniaxial case but with Hi  replacing Hk. 

Because the biaxial easy axis is at 45°  to the hard axis there will be 

A 	Ms
.  

a finite signal = le
iwt 

 4 -rtNAHco-77—i  , with no field applied in the hard 
1 

direction, since M will be at 45°  to the a.c. field and not parallel to 

it. 
PeroutAloy 

As has previously been mentioned,4single crystal films nearly 

always have an appreciable uniaxial anisotropy superimposed on the 

magnetocrystalline anisotropy. In the case of NiFe on NaC1, where K
1 

is negative, this mixture of anisotropies has the immediate effect of 

eliminating any easy-direction curve, unless two perpendicular bias 

fields are used. The curves in the two adjacent biaxial hard directions 

are very similar to the uniaxial films. It can easily be shown that 

the curves will be of the form Xce 	
 

H - H + H , the positive (negative) 
a 	1 — k 

sign being for the bias field in the uniaxial easy (hard) direction. 

When the inverse signal is plotted against the bias field there should 

be two parallel lines, separated by 2Hk  and with intercepts of Hi  + Hk. 

Thus both the uniaxial and biaxial anisotropies can be evaluated at 

low fields. 

In figures 4.10 and 4.11 are shown two typical curves. The agree- 

ment is good in both directions and the differences can be explained 

in exactly the same way as for the uniaxial hard direction. 
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Note again that the susceptibility in the hard directions is not 

zero at zero field. Referring to figure 4.12 the signal in zero field 

will be proportional to the angle g . The signals in the two hard 

bb, 
	 C 	c  directions will be in the ratio 7-, where Sa 

tn.()  
and 0b 	

2h 
H 
ose 

Ob 

where 9 is the angle between M and the uniaxial hard axis, 'A'. The 

ratio of the two susceptibilities is therefore = tan 9 
	

The angle 9 

5b1  - 1 
Expanding cos 29 in terms of tane gives tang  9 - so that 

5b
1 
+ 1 

Xa 	5b1  - 1 	[5H1  - Hk  11/2  

5b 	+ 1 - 	• • 
1 5H

1  + 
	 .. 	(4.3.) 

xb 	
Hk 

An interesting case arise when the biaxial anisotropy is present 

but is the smaller anisotropy component (b14:1). The susceptibility 

curves are then rather different and are shown in figure 4,13a. The 

uniaxial hard direction is as predicted for the cases with bl> I. The 

uniaxial easy direction should, according to the previous explanation, 

have a peak at H1  - Hk  i.e. a negative applied field. However, as can 

be seen from figure 4.13a, the peak occurs at a positive applied field 

as for cases with b1> 1. This can be explained using the biaxial astroid 

shown in figure 4.13b. For a field in the uniaxial easy direction the 

magnetisation orientation which is energetically favourable will be M
1 

on the arm (Hk  - H1) rather than on the arm (H1  - Hk) as for the case 

with bl> 1. Thus the peak is expected at Hk  - H1  rather than H1  - Hk. 

The film shown in figure 4.13 has anisotropy fields H
1 
 = 2 oe and 

H
k = 3 oe. Thus the tips of the arms 'ilk  - H1' and 'H1  - Hk' will be 

is approximately the angle between the net easy axis and the uniaxial 

1 
hard axis and from equation 2.10 this is given by cos 29 = 

5b
1  
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very close so that the angle through which the magnetisation moves 

after the initial peak at Hk  - H1  is very small and remains virtually 

constant so that the susceptibility changes only slightly. 

This example demonstrates the complexity of combined anisotropy 

behaviour and that the position of the maximum susceptibility field 

does not always give a correct indication of the ratio of the anisotropies 

present. 

A second possibility which will now be discussed is the case where 

the uniaxial easy axis is induced parallel to the biaxial easy axis 

(i.e. [110]). The analysis is very similar and the susceptibility 

curves in two adjacent biaxial easy axes (the uniaxial hard and easy 

directions) should have intercepts of -H1  + Hk. However, there are two 

difficulties which occur for this case: 

(a) Measurements are being taken in the biaxial easy direction so 

the curves will be cut off by wall motion at 'H ' and the range of 

fields over which the susceptibility can thus be measured accurately 

is greatly reduced; 

(b) It will be difficult to determine the exact easy directions 

since the average hard direction will be at an intermediate angle 

(depending on the relative anisotropies) to the easy axis and the method 

of determining the easy axis is not as sensitive as the determination 

of the hard axis. To find the easy axis the susceptibility is maximised 

in zero field, producing a typical error of up to 5°  compared with the 

hard  .'1°  error in determining theaxis.2 This combination of anisotropies 

does allow the coercive forces to be measured. 



The biaxial anisotropy was always fixed in direction relative 

to the crystal, but the uniaxial anisotropy depended on the relative 

direction of the deposition field to the crystal. Since this could not 

be lined up better than, say, 5°, a small-angle approximation was per- 

formed to account for such a discrepancy. 

Suppose the uniaxial easy axis lies at an angle ft = 45
o 
+ E. to 

the [110] direction, where e is small, < 2°. The general form for 

the angles ( B) at which switching vertices occur for the mixed 

anisotropy case is given by: 

2 sin20 + 5b1  sin4(8 +/S ) = 0. 

The switching vertices in the biaxial hard direction are given 

by sin29 = 0, for /3= 45°  and the 'easy' directions are given by 

1 
cos2e - — . Assume that the effect of a relative displacement ''of 5b1  
the anisotropies by e causes a movement of the switching vertex by 

a small angle 17 , then proceeding as for equation 2.10: 

2 sin(21 + n71) = -5b1  sin(1\ + 2np + 4rt  + 4e) 

where n is a positive integer. 

(-1)
•  n  2 sing 1 = +5b1  sin4(11 + C ). 

Using the small-angle approximations sin 1L= 7, cos' 	1, we have 

4 T[(-1)n  - 5b1] = 20b1€ 

or
5b1 

 
- ( _1)n 	5b1  

It is therefore expected that the susceptibility maxima, i.e. the 

two 'biaxial hard' directions, will be separated by an angle 
( 10b1  E ) 
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.6=90 - 7, n=1 - ?n=0 or 	90 
1 25b

1 
2 
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This slight misorientation does not affect the size of the switching 

field but has the effect of slightly changing the shape of the curve 

at the switching vertices. 

4.4. Torque Measurements  

The susceptibility apparatus can measure the uniaxial and biaxial 

anisotropy fields for single-crystal films with certain known relative 

orientations. Certain polished films (section 6.5) had properties 

which suggested the presence of biaxial anisotropies in unknown directions 

and due to the complicated mathematics, analysis of the susceptibility 

curves is very difficult. The method used to determine a mixture of 

anisotropies of any relative orientation is torque magnetometry. This 

involves measuring the torque exerted on a film placed in a uniform 

magnetic field for various angles between the magnetisation and the 

applied field. The following gives a theoretical interpretation of the 

torque-anisotropy relationships used in torque magnetometry. 

For a sample in a uniform field Ha  at an angle o( with the easy 

direction then the magnetic energy density, E, is given by: 

E = - MH
a 
cos(cA - (9) + 	E

k
( e ) 	4. 	O. 	8. 

where 0 is the angle the magnetisation makes with the same easy axis 

and Ek
( 0) the anisotropy energy density. 

	

The torque on the sample, L = 	= MH
a
sin( cba. 	0) and the 

condition for equilibrium is — e = 0, which gives MH
a 
sin( o( - 0) 

from equation 4.4. Thus the general torque equation is: 

laE
k 

L = 	
e 	

.. 	00 	04 	0. 	00 	(4.5.) 

.. 	(4.4.) 

(3Ek  
= 
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and knowing the general form of Ek, by Fourier analysis of the torque 

curves both the anisotropies and their relative orientations can be 

found. 

4.4.1. Low-field Torque Curves. These were produced by adapting the suscep-

tibility apparatus, previously described (4.3.1), after the method of 

Beam and Siegle (B.16). This involves applying a constant d.c. bias 

A 
field (H

o
) parallel to the small a.c. field (H) which ensures that the 

film remains a single stable domain. The d.c. field perpendicular to 

this (H
a
) is decreased from saturation until no flux change is observed 

(i.e. the pick-up signal is zero) and then the magnetisation will be 

parallel to the a.c. field. The torque on the magnetisation exerted 

by the external fields will then be MHa, thus producing a torque 

equation: MH = 	. 
a 	9 

In the case of real films the field, H
a
, is adjusted to find a 

minimum susceptibility, (non-zero because of dispersion and ripple). 

An important effect to be eliminated is that of rotational hysteresis, 

which will be very important at these low fields (only slightly greater 

than the anisotropy field). This is achieved by approaching the null 

point from saturation in the same direction every time. 

The constant d.c. field was supplied by batteries as shown in 

the inset in figure 4.6b and could be varied from 7 to 22 oe. The 

inductance, L, was made very large at 2 kc/s but still keeping the resis-

tance small so that the resonance of the a.c. field was hardly affected. 
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The anisotropy energy density for a uniaxial film is Ek = Kusin
29 

so that 7—  = K
b 
 sin2O , therefore: 

dO 
H
k 

MH
a  = Ku 

 sin29 
or Ha 2 

= sin29 .. ..  .. 	(4.6.) 

This curve gave a result for H
k 

which was in very good agreement 

with the susceptibility method, and its torque curve is shown in figure 

4.14. The displaced centre is due to the effect of the earth's field. 

This film was one with small dispersion and large susceptibility (----.̂,=6). 

On the whole, for films with poor dispersion, the null point could not 

be detected very accurately and some points where the torque was small 

were almost impossible to determine with an error of less than 50 - 100%. 

It was concluded that this technique was simple and useful for films 

with large signals and fairly low dispersion, but for other films only 

qualitative results could be extracted. 

The sensitivity of this method depends on VI + fi1-2  so the smaller 
o — 

the d.c. bias field, H
o
, the greater the sensitivity. However, the 

minimum field must be kept above Hk  and H
e 

or the film will be in a 

multidomain state. Thus it can be seen that this method will be very 

sensitive for films with low Hk  and H
c
, which are usually difficult 

to measure with the torque magnetometer. For films with higher 

anisotropies Ho  has to be increased but the a.c. field also has to 

be increased to give larger signals, thus reducing the sensitivity 

appreciably. The drawback with this is that for higher dispersion 

films the variation in the resultant transverse field will cause large 

changes in ripple amplitude and so produce appreciable signals even 

though the magnetisation may be in the 'null' position. This means 

aE 
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that the determination of the null point with any accuracy near the 

eaxy axis is almost impossible as the sensitivity drops close to zero 

at these points for any film. 

This method appears very useful for low-anisotropy, low-coercive-

force films and the sensitivity may be increased sufficiently (by 

increasing the a.c. field) for higher anisotropy films to enable torque 

curves to be measured. However, for increasing dispersion the torque 

curves become rather erratic and no numerical values can be obtained 

from them. 

4.4.2. High-field Torque Curves. In the previous section some of the draw-

backs of the low-field torque measurements were outlined. The object 

of these measurements Was to determine if any biaxial anisotropy was 

present in polished films which possessed a large degree of dispersion. 

It was obvious, therefore, that a torque magnetometer had to be used for 

these polished films. 

The torque magnetometer used is described in more detail by 

Secemski (S.16), but it consists essentially of a quartz holder sus-

pended by a fine strip of phospher-bronze from a torsion head. 

The sensitivity of the instrument could be varied by altering 

the length of the suspension. The film's reference position was 

measured by reflection of a small light beam from a mirror attached 

to the quartz holder onto a photocell, its reading being a maximum in 

the reference direction. The whole suspension was enclosed in a perspex 

tube and placed in between the poles of a four-inch electromagnet. 



127 

A'constant field of 5000 oe was used and the torque was calibrated 

by measuring the period of a known moment of inertia in the absence of 

a field and assuming simple harmonic motion. The calibration of the 

suspension used was 1.54 erg/radian and 2n radians == 25 cm on the 

torsion head. 

The instrumental errors were eliminated by measuring a torque 

curve with a blank NaC1 substrate in the holder and subtracting this 

from the actual curve. The corrected curve was then Fourier analysed 

and the relevant anisotropies and orientations extracted. 

The case under study consists of a general mixture of biaxial (K1
) 

and uniaxial (Ku
) anisotropies at angles of 	1  and Vu 

 to the reference 

direction. For the magnetisation at an angle 9 to this direction the 

anisotropy energy density Ek  = 4 K1  sin22( 0 - 	+ Ku  sing( 8 - Xu) 

'-()Ek  
torque, L = 	 

-3";  - pu 

k 
K1 

-a e 2 sin4( 9 - 	+ Ku  sin2( 	- xu) 

K

2
1 

Or 	L = (Ku  cos2 '1u) sin28 	cos4Y
1 
 sin48 

-K1  
+ (-Ku  sin2 W u ) cos28 + 2 sin4 	cos49 

= A2sin2& + A
4 

sin49 	B
2  cos20 
	B

4 
cos40 

Thus from a Fourier analysis of this curve the uniaxial and biaxial 

anisotropy constants will be the moduli of A2, B
2 
and A4, B4 respectively 

and their relative orientations can be determined from the ratio of 

these coefficients. 

If the film and the applied field are not co-planar or the film is 

very thick the fourth-order magnetocrystalline anisotropy constant, K2, 
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must be taken into account, as well as demagnetising effects. Ignoring 

demagnetising effects the analysis for K1, K2 
and K

3 
has been performed 

by Aubert (A.5). 

Details of the Fourier analysis used here are given in the appendix 

of reference S.16. 

4.5. Kerr Effect Apparatus  

The final piece of apparatus was used for the observation of the 

hysteresis loops of films prepared on single-crystal substrates. These 

single-crystal substrates presented a large problem since they produced 

non-specular reflection from cleavage steps and the microstructure of 

polished films. By using a small spot size these effects could be 

minimised and the effects of 'skew' (F.8) could also be eliminated. 

The longitudinal Kerr effect could not be enhanced by 'blooming' since 

the epitaxy would be affected. It is therefore necessary that a high-

powered, coherent source be used, capable of being focussed to a small 

spot size. With these points in mind the following apparatus was used. 

In figure 4.15 the main components are shown: an 8 mW continuous-

wave, uniphase, He-Ne gas laser as the source and a R.C.A. photomultiplier 

with ten stages as the detector. The polariser and analyser consisted 

of Glan-Thompson prisms which had extinction coefficients greater than 

10
6
. 

The first Glan-Thompson prism is arranged so that plane-polarised 

light with the plane of vibration parallel to the plane of incidence 

is focussed onto the film surface by the lenses A and B in figure 4.15. 
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The reflected beam will contain a component vibrating in a plane 

perpendicular to the plane of incidence if there is a component of 

magnetisation in both the plane of incidence and the film plane. The 

amplitude and phase of this perpendicular component will depend on the 

magnitude and direction of the magnetisation. The second Glan-Thompson 

prism is placed in front of the photomultiplier in an almost-crossed 

position with the analyser. The photomultiplier output, being propor-

tional to the component of magnetisation in a fixed direction in the 

plane of incidence, is fed to the Y input of an oscilloscope, the X 

input being proportional to the a.c. field. 

The size of the longitudinal Kerr effect depends on the angle of 

incidence, being a maximum for about 60
o. However, this finite angle 

of incidence introduces elliptical polarisation since, due to the 

convergence of the beam onto the film surface, the angle of incidence 

will vary. This effect can be minimised by using a smaller angle of 

incidence, a smaller spot size and a lens with a smaller numerical 

aperture. In this apparatus the angle of incidence was 49°, the spot 

size was 0.8 mm
2 
and the numerical aperture was 0.08. 

The film was supported in the same holder as for the susceptibility 

measurements to enable the easy axis to be determined accurately prior 

to the observation of its hysteresis loop. This was necessary for some 

of the polished films which had nearly isotropic hysteresis loops. 

Typical hysteresis loops from this apparatus are shown in figures 

4.16a and 4.16b. The non-linearity in the saturation part of the loops 

was present even with the laser switched off and was assumed to be due 
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to mains pick-up by an earth loop between the oscilloscope and 

photomultiplier. 

The a.c. field used was at 50 as for convenience and was supplied 

by a variac and transformer from the mains. 
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Figure 4.1 Schematic diagram of the vacuum system 
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(a) 
	

(b) 

Figure 4.3 Multiple beam interference patterns of (a) cleaved and 

(b) polished NaCl substrates 
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Fiurc 464 (a) Cleavage steps on NaC1 decorated with gold (x 200006) 

(b) Pt-C replica of cleaved NaC1 (x 8000) 
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(d) 

Fi4urc 4.5 (a) Pt-C replica of polished substrate (x 36000) 

(b) Electron micrograph of film grown on polished substrate 
(x 5000) 

(c) Pt-C replica of crystallites on polished NaC1 (x 80000) 

(d) Pt-C replica of poorly-polished NaC1 (x 23000) 
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Figure 4.6.a Photograph of the bias susceptibility apparatus 
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Figure 4.6.b Block diagram of the susceptibility apparatus 



137 

H, 

Figure 4.7 The field configurations for the susceptibility curves in 

(a) the easy and (b) the hard directions 



(xi) 	as 

a function of the bias field for a uniaxial film in 

(a) the hard and (b) the easy direction 



C) c— 
Figure 4.9 The inverse transverse susceptibility plotted against 	1 

the bias field for the same film as in figure 4.8 
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Figure 4.10 The susceptibility curves for a single-crystal film 

prepared on NaCl. (a) uniaxial easy and 

(b) uniaxial hard direction 
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Figure 4.11 The inverse susceptibility curves for the same film 

as in figure 4.10 



Figure 4.12 Diagram for the calculation of the zero-field 

susceptibilities 
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Figure 4.14 Low-field torque curve of a uniaxial film 
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Figure 4.15 Photograph of the Kerr apparatus 



(a) Uniaxial hard axis 

(b) Uniaxial easy axis 

Figure 4.16 Traces of the hysteresis loops from the Kerr Effect 
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CHAPTER 5 

Crystallographic Structure of the Films  

In chapter 4 it was shown that the susceptibility curves can be 

used to determine the presence of both biaxial and uniaxial anisotropies. 

It is important to correlate these magnetic properties with the 

crystallographic structure of the films. The main variant is the 

films' crystallographic orientation which may be directly observed in 

the electron microscope by means of their diffraction patterns. 

For the magnetic measurements in the following chapters two main 

approaches were used to control the film properties: firstly, the effect 

of the substrate temperature on the films and secondly, the effect of 

the nature of the substrate (both the material and preparation of the 

substrate). 

In this chapter the effects of these parameters on the film structure 

are discussed and an attempt is made to explain them qualitatively. No 

attempt was made to verify these explanations by further experiments. 

5.1. The Effect of the Substrate Temperature  

The electron micrographs and diffraction patterns of eight films 

prepared on NaCl at various substrate temperatures are shown in figure 

5.1. As the substrate temperature is increased several general obser-

vations can be made: 

(1) There is an increase in crystallite size; 

(2) The imperfections grow in size and decrease in number; 
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• 

(3) The diffraction pattern changes from a ring pattern (figure 

5.1(i)) into a spot pattern (figure 5.1(vii)); 

(4) Once the ring pattern has disappeared the spot pattern has 

satellite spots around most of the main spots, which gradually disappear 

as the temperature is increased further. These satellite spots are 

caused by the phenomena of twinning and double diffraction and will be 

dealt with in more detail later. 

The diffraction patterns can be divided into five types: (a) the 

ring pattern, as in figure 5.1(i); (b) ring pattern + spots of smaller 

intensity, as in figure 5.1(ii); (c) spot pattern + rings of smaller 

intensity, as in figure 5.1(iv); (d) spot pattern + twin spots, as 

in figure 5.1(v); (e) spot pattern, as in figure 5.1(vii). These 

types of diffraction patterns are found to have an approximately linear 

dependence on the substrate temperature. 

The four observations mentioned above can be explained as the 

direct result of higher substrate temperatures as follows: at higher 

substrate temperatures the adatoms and islands on the substrate will 

possess more thermal energy and, therefore, higher mobility. This means 

that they will show more liquid-like behaviour and so will allow re-

orientation of islands when coalescing. Taking this to the limit, it 

can be said that the higher the substrate temperature the more perfect 

is the single-crystal film. The upper limit, however, will be governed 

by re-evaporation of the material from the substrate. As T
s 
increases 

the accommodation coefficient of the material on the substrate decreases, 

as will the associated sticking coefficient. Eventually, a temperature 
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will be reached when these coefficients are zero and so no film will 

be produced. For NaC1, sublimation of the substrate occurs before this 

temperature is reached. The thermal etching which ensues causes the 

films to have a milky appearance when the surface roughness produced 
0 

is on the optical scale (^J5000 A). Higher substrate temperatures 

can be used on other alkali halides such as NaF, LiF resulting in 

better single-crystal films (S.16). 

At lower magnifications long striations are observed on the better 

single-crystal films. These are termed 'bending or extinction contours' 

and can stretch over several millimetres. They result from the bending 

of the specimen so that the contrast is due to the varying angle of 

incidence between the electron beam and the film. Theoretically one 

expects a series of fringes around the extinction contour, which can 

be observed for thin specimens (H.18). For thicker films the fringes 

are not generally resolved due to the anomalous absorption effects 

caused by inelastic scattering. This results in the extinction contours 

appearing as single broad bands. The extinction contours are not 

usually continuous over large-angle grain boundaries (T.8) and so the 

lengthsof the extinction contours gives an indication of how perfect 

a single-crystal the film is. 

At intermediate temperatures the smooth changeover from (100) 

ring to (100) spot patterns is interrupted by the appearance of 

spurious spots. It was found that large areas had hexagonal orientations 

correspondong to (111). As the temperature was increased further these 

extra spots disappeared. Whatever the mode of growth of epitaxial 
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films it is generally conceded that the formation of the initial islands 

Is most important. The atomistic nucleation theory of Rhodin and Walton 

(R.5) can be used to explain these extra spots. In their theory the 

nucleation rate contains a term known as the critical nucleus size 

which is of extreme importance in epitaxy. It is defined as the smallest 

number of atoms which, when grouped in a cluster, has a greater pro- 

bability of growth than decay on the adsorption of another atom. At 

high supersaturations the critical size will be a single atom, so a pair 

should grow rather than split into two atoms. Thus for a metal deposit 

on NaC1 at room temperature the critical nucleus is likely to be a 

single atom and the stable pairs of atoms can attach to the substrate 

in any random direction giving polycrystalline films. However, as 

pointed out by Gillet (G.5) for NaC1 the pairs will preferentially align 

in the [110.1 directions as this provides favourable sites over large 

distances. Therefore, we expect a predominantly (100) orientation. 

As the substrate temperature is increased whilst maintaining a 

constant incident rate the supersaturation decreases and eventually a 

supersaturation will be reached where there is an equal probability of 

growth and decay for a pair. The critical nucleus is now a pair and 

islands will grow when they contain a minimum of three atoms. Following 

a similar argument to that of Walton et al (W.8), the most stable con- 

figuration containing three atoms will be an equilateral triangle. 

This produces a film with the (111) plane parallel to the substrate. 

The growth rate of this configuration will be affected by the energetically 

unfavourable sites which have to be occupied by the third atom. 



151 

If the supersaturation is decreased further there comes a point 

where a group of three atoms has an equal probability of growth and 

decay. The critical nucleus now becomes the two adjacent sides of a 

square so that the most stable cluster will be a square. Since this 

cluster has many energetically favourable sites for a face-centred 

cubic metal on a cubic substrate the nucleation rate is expected to be 

far higher for this configuration than for the (111). Thus, although 

the films at intermediate temperatures will contain some (111) regions 

they should be predominantly (100). The orientation which is favoured 

is governed by two conditions: (a) the critical nucleus leading to one 

orientation is more strongly adsorbed than any other orientation, which 

is mainly the case for f.c.c. metals on cubic substrates; (b) the critical 

nucleus which leads to another orientation is adsorbed strongly but sub- 

sequent growth requires the addition of atoms in unfavourable positions, 

so that this orientation nucleates but is unable to grow. 

A slightly different, three-dimensional, explanation has been pro- 

posed by Gillet et al (G.5). At high supersaturations they observed 

in electron micrographs both triangular and square islands for gold on 

NaCl. They propbse that both these nuclei are present at high super- 

saturations but due to its larger size the square has a lower growth 

rate so this gives a predominantly hexagonal orientation. When the film 

becomes purely (100) it is suggested that the supersaturation has decreased 

sufficiently to provide a stable island containing five atoms in the form 

.of a pyramid with a square base. This is preferential to a pyramid with 

a triangular base if the binding energy of the metal atom to three others 

is less than the adsorption energy of the atom on the substrate. 
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Both explanations seem acceptable although only Walton et al (W.8) 

obtain good quantitative agreement. It would seem that the explanation 

of Gillet et al (G.5) is applicable at a later stage in the growth, 

after the critical nuclei are deposited. The rectangular pyramid 

proposed by Gillet must be the stage after the square for three-dimensional 

growth. This shape has four (111) planes on its surface enabling a 

model for the observed twinning to be visualised. 

5.1.1. Twinning and Double Diffraction. Once the main (100) pattern has been 

established, there exists around each main spot a group of four symmet-

rically placed satellite spots, which disappear at higher temperatures. 

These result from microtwins, which are small regions having a new and 

special orientation with respect to the matrix. The twin orientation is 

obtained by rotating the matrix orientation by 180°  about a particular 

crystal direction known as the twin axis. For most f.c.c. metals these 

twin axes are usually the four [111] directions. Since these twins 

are a new orientation the composite diffraction pattern should contain 

two separate patterns. 

As mentioned previously, for f.c.c. metals 
\-(-0„4\5 0c0A of she yi\,AA the tvz,3 poAt-eri\ lies 

vmulaiiy=i7imqin the diffraction pattern or reciprocal lattice plane. 

For this case the construction of the generated twin points is simply 

a reflection of the main spots in the twin axis. This gives the impres-

sion of the satellite spots mentioned earlier. In figure 5.2. the con-

structed twin spots are shown by the full circles. 

The Miller indices of the reciprocal lattice twinned spots may be 

calculated fairly simply for the case where the twin axis lies in the 

the twin axes are 
ro Nne 
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reciprocal lattice plane (pg 141, reference H.20). The satellite spots 

were first explained as twin spots for permalloy by Burbank and Heidenreich 

(B.17) who deduced the origin of the twins as a relief mechanism occurring 

at the boundaries of growing nuclei to reduce the strain energies. 

Comparing the diffraction pattern of an actual twinned film (figure 

5.1(v)) with the predicted one, figure 5.2. shows a discrepancy in the 

number of satellite spots. Double diffraction is the phenomenon which 

produces four satellite spots around each main spot. As its name suggests, 

double diffraction occurs when a diffracted beam acts as an incident 

beam for another region and is diffracted a second time. The resulting 

composite diffraction pattern is a superposition of the two, the second 

pattern being produced by a translation of the first pattern until the 

first diffracted beam becomes the new origin. This is the explanation 

of the occasional appearance of so-called 'forbidden' reflections, 

i.e. diffraction spots which should be inherently absent when the struc-

ture factor is zero. 

Due to the symmetry of the diffraction pattern of cubic materials, 

double diffraction should result solely in an increase in the intensity 

of existing spots. For a twinned region, however, it results in the 

appearance of the other twinned spots shown in figure 5.2. as the open 

circles. It has been shown by Pashley et al (P.7) that the double dif-

fraction of the twins can only occur in the vicinity of twin boundaries 

and is not a property of the boundary itself. Since films possess a 

large number of relatively small-sized twins, double diffraction is 

nearly always present to produce the four satellite spots. 
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Several other irrational spots (such as the forbidden (110) spots) 

have been observed in (001) permalloy films by Alessandrini (A.6). They 

can be explained in terms of the double diffraction of twinned regions. 

From Alessandrini's work, these irrational spots depend on the presence 

of (111) orientations which are created during an annealing process and 

are not generally present in evaporated films. 

5.2. The Effect of Various Substrates  

Three different alkali-halide substrates were used, all cleaving in 

the [100] directions. Films prepared on the sodium fluoride (a) and 

lithium fluoride (b) substrates at various substrate temperatures are 

shown in figure 5.3. A comparison of these films with those produced on 

sodium chloride at various temperatures can be made from figures 5.1. 

and 5.3. 

The polycrystalline films prepared on NaF and LiF appeared very 

similar in the electron microscope to those prepared on NaCl. This 

is because the effects of the various physical properties of the sub-

strates have been masked by the lack of mobility of the adatoms causing 

the polycrystallinity. 

At higher substrate temperatures the films on NaF and LiF again 

looked very similar when prepared under similar conditions (T
s
, pressure 

etc.). The films prepared on NaCl did, however, appear to have a slightly 

higher defect density than those on NaF and LiF, as can be seen by com-

paring figures 5.1(vii) and 5.3(a)(Ts  = 340°C). In fact, at about 330°C 

the defect densities for films grown on NaC1 and NaF are = 1.5 x 10
10
/cm

2 

and 	7 x 109/cm2  respectively. 
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The main differences produced by the substrates can be seen by com-

paring the diffraction patterns. Generally speaking, the films grown on 

NaF and LiF possess a higher degree of orientation (for approximately the 

same substrate temperature) than films grown on NaCl. One possible 

explanation for this is an increase in the binding energy between the 

deposit and the substrate causing the (100) sites to be preferred even 

more than the (111). This means that the intermediate, mixed, diffraction 

pattern will occupy a smaller temperature range leading to an effective 

lowering of the epitaxial temperature. 

The binding energy quoted above will be affected by surface impurities 

and since NaC1 is so soluble in water any water-vapour attack from the 

ambient atmosphere would tend to smooth out the cleavage steps initially 

and so reduce the number of nucleation sites. The surface could also be 

more effectively cleaned for the NaF and LiF substrates since a higher 

bake-out temperature could be used. 

Another important point which may contribute to the improved epitaxy 

is the difference in sublimation points of the alkali halides. The rock-

salt, having a relatively low one ("-'420°C) will have a fairly significant 

evaporation rate at high deposition temperatures. This has the effect of 

mixing with the film giving the milky appearance mentioned previously. 

Thus, to avoid this, the substrate temperature has to be kept down to 

about 330°C whereas for NaF and LiF the maximum is much higher, enabling 

increased mobility of the adatoms to improve the epitaxy. Even below 

330
o
C the vapour pressure of NaC1 is higher than those of LiF and NaF, 

hence more gets into the film. 
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5.3. The Effect of Various Preparations of NaCl.  

The various methods of preparation were described briefly in 
especially 

section 4.2. and their effect on the magnetic properties,.of the polishing, 

e,v c 	:.1i1, is discussed in section 6.5. This section deals with the 

effects visible in the electron microscope. 

5.3.1. Polished Substrates. The most obvious feature of the 'polished substrate' 

films is the scratches transmitted from the substrate into the film. 

These are shown in the electron micrograph of a 'polished' film in figure 

4.5.b. and the Pt-C replica of the substrate (figure 4.5.a). The polish-

ing of the substrate also produced films with a better degree of orientation 

In figure 5.4. two films prepared in the same evaporation are shown. 

Film (a) was grown on a cleaved substrate whilst film (b) was grown on 

a polished substrate. The polished film has a better orientation showing 

less twinning and less spread of orientation. Single-crystal 'polished' 

films usually showed a faint ring pattern near the centre of the spot 

pattern. The origin of this was thought first to be due to some of the 

polishing material remaining on the substrate surface and possibly 

undergoing some chemical transformation during the evaporation. This 

was dismissed after a calculation was made of the possible diffraction 

patterns from the polishing compound. It is now proposed that this ring 

pattern originates from misoriented material deposited along scratches 

in the substrate. 

A possible explanation of the improved orientation is that the 

polishing process has, by producing inclusions, dislocations etc., 

increased the infra-red absorption coefficient of the NaCl. The two 
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substrates would then be at different temperatures for the same 

evaporation. This explanation appears to be supported by the micrographs 

in figure 5.4. The polished film has a smaller defect density and the 

stacking faults present are well oriented along two perpendicular direc-

tions, indicating very good orientation. Both of these points can be 

explained by a higher substrate temperature. 

5.3.2. Etched Substrates. The electron micrographs and diffraction patterns of 

two films prepared in the same evaporation are shown in figure 5.5. The 

etched substrate (b) has produced a film with a far better orientation 

although the defect density is higher. These two observations do not 

tally with an increase in the substrate temperature. 

It is proposed that the etching has produced a large number of pre-

ferential nucleation sites which are crystallographically orientated. This 

will greatly improve the epitaxy while the crystallite size and defect 

density as determined mainly by the substrate temperature will remain 

about the same. 

It has been shown by Sella and Trillat (S.17) that thermal etching 

introduces substantial micro-relief causing many defects to be introduced 

in films grown on this type of substrate. If the etching used produces 

the same roughness as the thermal etching then the increased defect 

density can be explained as the result of the growing together of these 

non-planar regions. 



= 130°C 

Figure 5.1 Electron micrographs (x 100000) and diffraction patterns of 

films grown on cleaved NaCI at various temperatures 
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Figure 5.1 (continued) 
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Figure 5.1 (continued) 
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Figure 5.1 (continued) 
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Figure 5.2 Composite diffraction pattern of an f.c.c. metal 
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Q 	Double diffraction of twin spots 



(a) 	Na. 

(b) 	Lii 
	

T = 125 ei  

Figure 5.3 Electron micrographs (x 100000) and diffraction patterns of 

films grown on (a) NaF and (b) LiF at various tempelature 
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(a) \aF 
	

I = 2 	r 

(b) LiF T — — 260 C s   

Figure 5.3 (continued) 
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Figure 5.3 (continued) 



(a) Cleaved NaC1 

(b' Polished NaC1 
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Figure 5.4 Comparison of electron micrographs (x 100000) and diffraction 

patterns of films grown in the same evaporation on (a) cleaved 

NaC1 and (b) polished NaCl (Ts  = 230°C) 
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(a) Cleaved NaC1 

(b) Etched NaC1 

Figure 5.5 Comparison of electron micrographs (x 100000) and diffraction 

patterns of films prepared in the same evaporation on 

(a) cleaved NaC1 and (b) etched NaC1 (Ts  a 300°C) 
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CHAPTER 6 

Magnetic Properties: (A) Derived from the Susceptibility Curves  

In this chapter we are concerned with the variation of magnetic 

properties, derived from the susceptibility curves, with the film 

properties. The film properties under consideration are dependent on 

the temperature of the substrate during evaporation, the substrate 

material and the preparation of the substrate. This chapter relates 

the magnetic properties directly to these variables mentioned above. 

6.1. Introduction  

The susceptibility as a function of the applied-bias field has 

been obtained as described in section 4.3. From these curves several 

parameters can be determined: (i) the separation parallel to the bias 

field of the susceptibility curves in the uniaxial easy and hard direc- 

tions is equal to 2Hk  so that the uniaxial anisotropy constant may be found; 

(ii) the field values for the inverse susceptibility curves at theoretically 

infinite susceptibility in the two biaxial hard directions enable both 

H
1 
and H

k 
to be measured and hence both the uniaxial and biaxial anisotropy 

constants may be determined for single-crystal films with this specific 

anisotropy orientation (i.e. uniaxial and biaxial hard axes parallel); 

(iii) for the uniaxial films the coercive force Hc
, may be easily 

measured; (iv)
)Cp  

 for each film, — and Hp 
- H

k 
can be compared directly 

)(o 

with ripple theory predictions for uniaxial films. X is the peak 

susceptibility in a field H and o 
is the normalising susceptibility 
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in an effective field of Hk. For the biaxial films the effective anisotropy 

field must be used,(H
1  H

k) in both instances, and then a similar comparison 

is possible. 

All the films prepared on cleaved substrates showed very similar 

behaviour, apart from the actual magnitudes of the measured fields. The 

films prepared on etched substrates behaved in the same manner as those 

on cleaved substrates and so both results are considered together. 

However, the polished substrates produced films showing certain anomalies 

which will be discussed separately in the final section. 

6.2. The Variation of the Uniaxial Anisotropy with the Substrate Temperature  

during Evaporation  

The two main types of investigation into the origins of the induced 

anisotropy in thin films are: first, the variation of Hk 
or Ku 

with 

one property of the film, such as the substrate temperature or composition 

of a well-known alloy system (Ni-Fe), the other properties being kept 

constant; second, using the activation energies; the various contributions 

to H
k 

from annealing experiments are determined. 

We are concerned here with the variation of Hk 
with the substrate 

temperature. The variation of Hk 
with T

s 
for the permalloy films grown 

on the single crystal substrates of sodium chloride, sodium and lithium 

fluoride is shown in figure 6.1. These films do not all have identical 

properties and it is presumably the composition variation which causes 

the large scatter in Hk 
values, although the films on NaC1 may be 

affected by inhomogeneous film-to-substrate bonding caused by the affinity 

between NaCl and water vapour in the ambient atmosphere. This effect 
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should be small since the stress contribution for these compositions is 

small. 

All of the previously-reported work on the temperature dependence 

of H
k 

has been for films grown on glass for which the crystallographic 

orientation remains virtually unchanged. Care has to be taken when 

comparing previous H
k 

values at various temperatures since certain 

abnormalities in this curve are obtained if H
k 

is measured by the 

hysteresis-loop method. Feldtkeller (F.13) has shown that as the sub-

strate temperature is increased beyond about 350°C the coercive force 

increases suddenly. This influences the hysteresis loop in such a way 

that the anisotropy field as measured from the hard-direction loop 

also increases sharply. When Hk  is measured using the susceptibility 

method or torque methods this increase is absent and the general monotonic 

decrease continues as predicted by theory (P.8). A systematic study of 

H
k for various Ni-Fe alloy films on glass at various substrate tem-

peratures has been performed by Wilts (W.9). The substrate temperature 

was monitored very carefully and this data seems to be representative 

of previous work on this substrate. On figure 6.1. the temperature 

variation of H
k 

for a polycrystalline film on glass has been plotted for 

an 80/20 NiFe film, the values being inferred from Hk versus composition 

curves at various substrate temperatures. Also on figure 6.1. are shown 

the values obtained by Feldtkeller (F.13) using the susceptibility 

method for an 81/19 NiFe film, also on glass. 

It can be seen that the anisotropy field starts at a higher value 

and drops much more rapidly than the values for films prepared on glass. 
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This must be connected with the change in crystallographic orientation, 

since the values for the various substrates lie on a similar curve when 

plotted against the degree of orientation as indicated by the type of 

diffraction pattern as shown in figure 6.2 and chapter 5. The results 

for films on sodium and lithium fluoride substrates in figure 6.1. show 

the smallest scatter as can be seen from the lines through the experimental 

points. 

As the variation of uniaxial anisotropy with composition and tem-

perature is in good agreement with the theoretical models of directional 

ordering and constraint release machanisms we must investigate the 

possible changes which might occur in these models when applied to 

single crystals. 

6.2.1. Contribution from Constraint Energy. This will be small since the 

average magnetostriction,
s 
for 80/20 NiFe, is small. West (W.6) 

calculated the constraint energy per unit volume (ea  )for a cubic 

crystal as: 
s 

BiBi  ce 82 	132B2  t/-)ene a A _i_ n( g A 4. N' N el  — [C
1  - C-1 	77 	3.1 3. 	 , 	\''T-21-112 ' --23r2p ' -3-1M) 
11 	12 i" 	44 

where /3i  are the direction cosines of the magnetisation at temperature 

/ 
T and DC. those at temperature T. B

1, 
B
2 
are the magnetoelastic coupling 

/ 
constants at T°C and C.. the cubic elastic constants at T

/0
C. 

1] 

For a polycrystal this energy term is averaged over all angles 

cx1  . A. 1  and gives: /  

K
u 
= - 	[(C 	C 

10 	11 	C12) 
	+ 3C 100 	100 	44 	111 	111] 
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For an 80/20 NiFe film deposited at room temperature when the 

constraint temperature T'= T
s 
= T, the measuring temperature, Ku has 

the value of 45 erg/cc implying an anisotropy field of 0.09 oe. 

For the case of a perfect single crystal with the field applied 

along the [100] direction during deposition the contribution to the 

anisotropy is: 

9  fr.' 
Ku = 	 11 	

C
12
) 
 '100 	100 

equivalent to an anisotropy field of 0.08 oe for an 80/20 NiFe film. 

It can be concluded from this that although there is a difference 

between the single crystal and polycrystal induced anisotropy, this 

effect is negligible for an 80/20 NiFe film as the magnetostriction 

constants are so small. 

6.2.2. Contribution from Directional Ordering.. This mechanism is well under-

stood for bulk alloys and has had a lot of success in thin films. It 

originates from a hypothetical term: 

e. = w cos  rj 

in the energy of a pair of nearest-neighbour g Ag  atoms in an alloy AB. 

In this expression j is an index specifying the orientation of the AA 

bond under consideration, w is a temperature-dependent coefficient 

which disappears above the Curie temperature and yeij  is the angle 

between the spontaneous magnetisation Ms  and the bond T. Affixing a 

prime to the quantities at the substrate temperature TI  during evaporation, 

the total energy per unit volume due to pair ordering at a temperature 

w'cos2 54 1. 
e = In.e. cc lw cos2  t).exp(- 	kTi  )cc E. 1.1 - 	

kT' 	
3 w cos 2  

j 3 3 	3/  

T is given by Sclonzewski (S.4) as: 
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n. being the number of AA bonds with orientation specified by v.I • 

kT' is typically of the order of 10
-3 

so that only the first term in 

the expansion need be considered. 

For a polycrystal with all the bonds isotropically distributed 

the anisotropic term in e is equivalent to an anisotropy constant of 

ww,  
kT" 

With a single crystal these bonds will not be isotropically oriented 

so that the direction of the field during deposition is important and 

it could lead to different anisotropy energies. It is assumed that the 

magnetisation lies p.arallel to the field applied during deposition so 

that 	is the angle between H and the AA bond. If only nearest-neighbour 

pairs are considered there will be six pairs for the f.c.c. structure, 

as shown in figure 6.3. The orientations of the distinguishable pairs 

relative to the central atom (0,0,0) are the atoms: 

a 	a a A1, (-1, 0, ± 7); 	A2, (± 7, 7, 0); 	A3, (0, 2, ± 

With the field during deposition in the [100] direction and M lying 

parallel to [106] the energy takes the form: 

e 	oc r w wwil 100 	L7 - kri" 
When M is in the [010] direction the energy due to directional ordering is: 

rw wwl  
e010cG  L2 2kTil 

This is equivalent to a uniaxial anisotropy constant: 

1 ww' 
K100 = - 2 kT' 

When the deposition field'is along [110] the energies with M lying 

parallel to tl101and [110] are: 

5 ww' 	 5 wwl 
e110

oc lc - 	and 
e110 °C-  32 kT/ 
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where c is a position-independent constant. These equations imply a 

uniaxial anisotropy constant: 

35 ww' 
K110 = - 32 kT' 

With the deposition field along the [111] direction all the bonds 

t
are at the same angle to [111.] so that there is no induced uniaxial 

anisotropy. 

Thus for a perfect single crystal with the field during deposition 

applied along [100], the induced uniaxial anisotropy is half the poly-

crystalline value. From figure 6.1 we see that at the highest substrate 

temperatures the anisotropy field is 1.7 + 0.5 oe compared with the 

polycrystalline value of Wilts' (W.9) of about 3 oe which is in good 

agreement with the theoretical prediction. 

The room temperature evaporations produce films which are poly-

crystalline but all the crystallites have (100) planes parallel to the 

(100) substrate face. The theoretical polycrystalline value as determined 

by Sclonzewski (S.4) takes all possible orientations into the averaging 

process and will therefore contain some contributions from crystallites 

with the [ill] direction parallel to the applied field. The room-

temperature films on single-crystal substrates will have crystallites 

in which the applied field lies between [1001 and [110] in the (001) 

plane. The uniaxial anisotropy constant of these films will be an 

average of K100  and K110. Hence the anisotropy field for polycrystalline 

films prepared on single-crystal substrates should be higher than for 

films grown on glass or any amorphous substrate. This is observed 

experimentally as shown in figure 6.1. 
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From this it can be concluded that the temperature variation of 

the anisotropy field for films grown on single-crystal substrates cannot 

be quantitatively described as the temperature dependence of the crystallite 

orientation is not known. However, the general shape of the graph has 

been shown to possess a sharper drop than for polycrystalline films. 

Also, the residual anisotropy field of good single-crystal films has been 

shown to be approximately equal to the theoretical value of half the 

polycrystalline value. 

This directional ordering can apply to iron pairs in Ni-Fe alloys, 

vacancies and defects, but it does not apply to interstitials. A further 

difference in the anisotropy constant between single-crystal films and 

polycrystalline films is concerned with the diffusion of imperfections 

along grain boundaries. This follows from the fact that for epitaxial 

films, grain misorientations will be smaller and so the effect of grain 

boundaries will be much more localised. Consequently, the amount of 

diffusion will be reduced as will the contribution to the anisotropy 

field. 

6.3. The Effect of Stress on the Biaxial Anisotropy Constant  

A comparison of the magnetocrystalline anisotropies of the single-

crystal NiFe films shows large discrepancies amongst themselves and also 

with bulk data (B.18). The most likely origin of this has been presumed 

to be due to 'isotropic' stresses in the film caused by differential 

thermal expansion between the film and the substrate (F.14, T.9). (The 

term 'isotropic' not being strictly valid since the thermal expansion 
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will not be completely isotropic but very little data has been recorded 

on the expansion coefficients of NiFe and so the thermal expansion will 

be assumed isotropic.) 

Several other suggestions have been made as to the origin of the 

discrepancy between film and bulk values of K1, such as the lattice 

misfit between film and substrate (C.16) or the orientation of voids 

and imperfections (T.10). Good agreement has been obtained for nickel 

films grown on NaCL (F.14) and LiF (S.16) using the thermal expansion 

argument. 

An isotropic stress, 6 , produces a biaxial anisotropy K16 given by: 

2 
K16. = 	3 h4 

 - 2h3) 

where h
3 

and h
4 

are the third and fourth order magnetostriction constants. 

Assuming the discrepancy between film and bulk anisotropy, AK, is due 

to the thermal expansion mechanism, we can derive an isotropic stress. 

This in turn will be associated with a strain, E. , which can be obtained 

using classical elasticity theory, remembering that 6
x 
= 6 = 6 and 

6 = 0. It can easily be shown that: 	6. — 	 where Sii  are 
S
11 

+ S
12 

the elastic compliances. These can be expressed in terms of the elastic 

modulii (c..) ie: 
13 

C11 + C12 	
-C
12  

S11 	(C
11 

- C
12
)  (C

11 
+ 2C

12
) 	

and 	S12 — (C
11 

- C
12
)  (C11 + 2C12) 

Al 
If 	is the expansion coefficient and LT the temperature range 

over which the film is bonded to the substrate during cooling, then 

the strain produced is given by: 

(41) 
/NiFe (1 1/substrate r 
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The constraint temperature, 're, is defined as the temperature at which 

the film bonds to the substrate and may be determined from: 

(S11 + S12) AK 

where T
o 

It is necessary to use the expansion coefficient applicable to the 

temperature range LT which must be done by trial and error. However, 

the errors involved in h
3 

and h
4 

are over 100% so that the loss of 

accuracy in neglecting this effect is unimportant. For the temperature 

range 0 - 200°C the expansion coefficients are given below: 

80/20 NiFe: 13 x 10
-6 o

C
-1 

(B.19); 	LiF: 41 x 10
-6 o

C
-1 

(C.17) 

NaF: 36 x 10
-6 o

C
-1 

(A.4) 
	

NaCl: 44 x 10
-6 °

C-1  (C.17). 

The values of the magnetostrictive constants h3  and h4  for NiFe 

alloys near the permalloy composition have been determined only by 

Bozorth and Hamming (B.20) for a 78% NiFe alloy in both quenched and 

slowly-cooled conditions. During film production the iron and nickel 

atoms will be arriving randomly at the substrate and so the compositional 

ordering will be negligible (apart from iron pair ordering) for room 

temperature depositions. At higher temperatures this is not so obvious 

but due to the high rate of cooling (",•103 °C/hr) the films will possess 

very little compositional ordering. It was therefore decided that the 

values for the quenched alloy would be more appropriate. The values for 

807. and 827 NiFe alloys were obtained using a linear interpolation between 

78% Ni and 100% Ni and are given in table 6.1. 

(C11 - C12)(C11 + 2C12)  Cl NiFe - 
41
1
,
sub13 h4 

 - 2h
3
) Al 

is the measuring temperature. 

T
c 

T
o 

— 
ri.14121., 	_ 
C( 1)NiFe  1NiFe 	‘1 'sub 	J 

h4  - 2h3) 

C11 AK (6.1) 
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Composition (%Ni) 

Table 6.1 	(reference B.20) 

h
4 
(x 10-6) h3 (x 10

76
) 

78 -0.3 + 0.8 1.1 + 1.4 

100 -2.8 + 3.1 -7.5 + 5.2 

80 -0.6 0.3 

82 -0.33 -0.5 

There is also very little data on the elastic constants of NiFe 

alloys and following West (W.6) a linear interpolation of the results 

of Alers et al (A.7) for 30% NiFe and 100% Ni has been used to determine 

the elastic constants of 80% and 82% NiFe as shown in table 6.2. 

Table 6.2 	(reference A.7) 

Composition ('/,Ni) C11 x 10
-12 C

12 
x 10-12 C44 x 10

-12  

30 1.480 0.896 1.131 

100 2.508 1.500 1.235 

80 2.10 1.33 1.20 

82 	• 	' 2.14 1.35 1.21 

The bulk value of K
1 
 for 80/20 NiFe (and 82%) was taken from 

Bozorth and Walker (B.18) to be -3 x 10
3 erg/cc. The various substrates 

are compared by using three films (one on each substrate) with very 

similar physical properties (Ts, composition, thickness). 

The film grown on LiF used for comparison with bulk was produced 
0 

on a substrate held at 330°C and was 800 A thick and contained 80% nickel. 
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The biaxial anisotropy field was measured as 27 oe, implying a magneto- 

crystalline anisotropy constant = -13.5 x 10
3 

erg/cc 

4.08 x 10
-7 
 (-10.5 x 10

3
)  

-- — 	 = 154°C 	i.e. T 	175°C. 
-28 x f0 6  

In table 6.3 the constraint temperature and isotropic stresses in 

the films on the various substrates are shown together with their 

'physical' properties. 

Table 6.3  

Substrate Ts(°C) Composition 

(7.Ni) 

Thickness 
o 
A 

K1(x103) 

erg/cc 

Tc(°C) 6(x109) 
2 

dyne/cm 

LiF 330 80 800 -13.5 175 -7.5 

NaF 340 82 800 - 6.8 110 -3.6 

NaC1 330 80 --700 - 	5.5 55 -1.3 

To determine whether the thermal expansion origin of ilK is feasible 

the constraint temperature (Tc) and isotropic stress (cr) in the film 

must be compared with previous values to see if they are acceptable. 

Very little work has been done on the calculation of the constraint 

temperatures for films on single-crystal substrates. In fact, the author 

could only find the values due to Secemski (S.16) which were 190°C for 

nickel films on lithium fluoride and 195°C on sodium chloride. The 

agreement with the lithium fluoride substrate is extremely good, consider-

ing the large errors involved in interpolating the film constants from 

bulk data; also the substrate temperature used by Secemski was higher. 

The disagreement in the case of the sodium chloride substrate could be 
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due to several factors. An obvious reason'is connected with the 

solubility of NaC1 in water. It is thought that the large scatter of 

H
1 values for single-crystal films grown on NaC1 is caused by the small 

microdissolution of the substrate producing uneven local bonding and so 

decreasing the average constraint temperature. This appears to be 

borne out by the change in Tc  with the solubility of the substrate in 

water (tables 6.3 and 4.2). There is a general decrease in T
c and an 

increase in the insolubility. 

Another reason for these discrepancies is that only one film on 

each substrate has been considered and this may not be an average film, 

although the scatter of data for films on NaF and LiF is far less than 

that on NaCl. 

As regards the isotropic stress in films, a great deal of work has 

been concerned with Ni and NiFe alloys on glass or mica but very little 

with alkali halide substrates. (Glass and mica make suitable substrates 

since the distortion caused by the isotropic stress can easily be 

measured by interference techniques (H.19).) 

In table 6.4 overleaf are listed some of the experimental results 

obtained by various workers. 

A comparison of stresses in table 6.4 shows confusion as to whether 

the stress is compressive or tensile. Measurements of the perpendicular 

anisotropy of NiFe films grown on rocksalt (K.7) require an isotropic 

tension in the film of about 2 x 1010 dynes/cm
2
. In a recent review 

by Fujiwara and Sugita (F.15) it is stated that this tension is present 

over the nickel range 55% to 100%. All the results determined from the 

perpendicular anisotropy measurements disagree with other methods. The 



Table 6.4  

Substrate T
s
(°C) Composition 

(7.Ni) 

Stress 

(x109dyne/cm2) 

Method Author 

(100) 	LiF 330 80 -7.5 Present work 

(100) 	NaF 340 82 -3.6 Difference in ti 

(100) 	NaC1 330 80 -1.3 K1  between  I, 

(100) 	LiF 365 100 -10.0 film and 
Secemski 	(S.16) 

(110) 	LiF 400 80 -18.0 j bulk 
*Tokutaka et al 	(T.9) 

Glass 330 81 -1.0 Prutton 	(P.9) 

Glass or Substrate 
mica 330 83 -4.0 

distortion 
Weiss & Smith 	(W.10) 

Glass 225 80 +7.0 Spain 	(S.18) 

(100) 	NaC1 >200 100 -12.0 X-ray Freedman 	(F.14) 

Mica 300 100 +5.0 Ferromagnetic 
resonance 

Macdonald 	(M.9) 

* The stress is incorrectly quoted as tensile but must be compressive since K1<0 for 80/20 NiFe. 
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origin of this tension and the discrepancy is not at all clear and several 

possible mechanisms, including imperfection ordering and oxygen diffusion 

have been proposed. 

From table 6.4 the isotropic stresses measured in the films depend 

both in sign and magnitude on the orientation of the film, the substrate 

material and the substrate temperature. The sign discrepancy in the 

case of Spain's value can possibly be explained by the strong substrate 

temperature dependence of the stress in permalloy films (e.g. Prutton 

(P.9), Smith and Weiss (W.10)). 

It can be said, however, that the calculated stresses are in agree-

ment 2  7  with previous values. Since the signs of Ki  and  h4  - 2h3  for 

permalloy are the same as for nickel but smaller in magnitude, by direct 

comparison with the single-crystal films (F.14, S.16) a compressive 

stress of smaller magnitude than for nickel should be expected. This 

is in fact what is observed. The variation in magnitude of the stress 

with the various substrates can be ascribed to the same origin as the 

constraint temperature variation, i.e. to the effects of the substrate 

surface on the substrate-film bond. 

6.4. A Comparison of Hp  - Hk  and )6p/ X0  with Ripple Theory 

It was mentioned in chapter 3 that in films with large relative 

susceptibilities, (X 
p
/X ), the field for peak susceptibility, Hp, 

(in the hard direction) is usually close to Hk, i.e. Hp  - Hk-I0.0. These 

films approach the ideal single-domain behaviour predicted by Stoner and 

Wohlfarth (S.1). This section will be concerned with comparing these 



Ms 
Hk  + S(Ha  + Hk)n] 

where S is a film-dependent constant. 

X - • • 	•• 	 • 	(6.3) 
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values (Hp 
- Hk, X

p/X) with the existing ripple theories for uniaxial 

films and then extending them for biaxial films. 

Consider the general form of the susceptibility for a film with 

a total effective field, Heff, applied (equation 3.11): 

= s/Heff 

The ripple theories are mainly concerned with evaluating this field 

and it can usually be written as a sum of the ideal S-W field, H(400, 

and a ripple field, HR. In all the theories, HR  can be written as a 

function of the applied field, usually a power (n). 

The peak susceptibility will occur at a field H given by: 

H
a 

_ 0 	
•• 
	

(6.2) 

The susceptibility in the easy or hard direction for a general 

ripple theory may be written as: 

Equations 6.2 and 6.3 give: 	Hp  ± Hk  = (-) 
	

• 	(6.4) 

This gives a theoretical expression for Hp  + Hk, dependent on each 

ripple theory, from which the local anisotropy constant can be determined 

(via S). 

Referring back to equation 6.3: 

M
s  

	

- • 	(6.5) 
(Ha  ± Hk)11 + S(Ha  -± Hk)n-1.1 

Now at the peak susceptibility, X , H = H and using 6.4 in 6.5 

we have: 



• • 

1 

• • 	• • • • 	• • • • 	(6.6) n 

).L 	Hp  + Hk  ) - 	1 
Ms 	1 - 

(h 
P
± 1) 

Or 

X0 	
n - 1 
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Therefore from each ripple theory the theoretical dependence of;;,  

on h + 1 can be plotted. 
- 

6.4.1. Form of the Ripple Field. There are three basic theories from which we 

can determine the ripple field. These belong to Feldtkeller (F.9), 

Harte (H.8) and Hoffmann (H.9) and have been dealt with in chapter 3. 

The ripple field due to Feldtkeller, equation 3.20, is M
s 	

Df 
, the 

power n depending on the values taken for the mean ripple amplitude 

and wavelength. 

First using the values due to Hoffmann, equations 3.5 and 3.6, 

forA and 0 , we have for the ripple field: 

HR = SF1 (Ha  + Hk)3/4 	(i.e. n = 	(6.7) 

All' Mk 

This is the long-wave ripple wavelength. Using Rother's value 

of 	= 4d and 9 = C Kd
2 

2A )4 gives a constant ripple field, i.e. n = 0. A  
M Dd 

Leaver et al (L.10) made the assumption that the short-wave ripple wave- 

length had an amplitude given by Hoffmann's long-wave value (3.6) so: 

HR  = S
F2  (Ha  + Hk )

-1 	(i.e. n = -1) 	(6.8) -  

2 
2  where SF2 

 = 0.015 D1-S
3- • 

d (AMs)4 

where SF1 - 0.04 DS
2 
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Harte's expression for the effective field depends on the scale of  

the inhomogeneity causing the ripple and has been tabulated in chapter 3. 

The power (n) of the ripple field is -1/4  for the fine-scale inhomogeneity 

and - 3 — for the coarse scale. The constants (fl
f 
and 1)) can also be 

2 

found in table 3.2. 

Hoffmann (H.10) has extended his theory to evaluate the susceptibility 

directl 	
1 	P(H) 	Q(H) 

y: 
X0 	ha  ± 1 fl  

(h
a ± 

1)8 	(h
a 
 + 1)

19 

 /81 

Where P(g) and Q(g) are constants dependent on the a c measuring field. 

When either the second or third term dominate we have: 

	

(h
p 
 - 1) 	3

/11 	(2nd term) 

Xo 

	

or 	
19
/27 	(3rd term). 

He evaluates the peak field directly as: 

H 
1 [11 	KdA8 	

8/3 
 

H =  
k 	M

s 
16 412 Mi  (2D)  (6.9) 

Thus we can compare directly the experimental values of 26/X0  as 

a function of (h - 1)
-1

,(one point per.film), with the theoretical slopes 

predicted by the three theories in a similar manner to Leaver et al (L.10). 

6.4.2. Uniaxial Films. The results for these films are shown in figure 6.4. 

Most points lie between the bounds of the Hoffmann theory in agreement 

with Leaver et al (L.10) but some points remain outside all the theoretical 

boundaries. There are three possible reasons for this which are considered 

below. 

Firstly, it may be that the film is no longer a single domain and 

that the domain splitting caused during the hard axis fall-back has 
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already begun in certain areas so that the effective field is not accurately 

described simply by the applied field, anisotropy and ripple fields. An 

extra stray field acting on the ripple, caused by the free poles on the 

low-angle ripple walls, must be taken into account in the effective field. 

If the field at which the susceptibility decreases to 90% of the ideal S-W 

susceptibility is used instead of H in figure 6.4 then most of the films 

previously lying outside Hoffmann's limits are found to lie within these 

limits. 

Secondly, the transverse susceptibilities used for these determinations 

may not have been measured exactly in the easy and hard directions. A small 

angular discrepancy, although not apparent at high fields where the S-W 

model is applicable, will be severely enhanced near the astroid and will 

produce an asymmetry in the inverse susceptibility curves near H
k in the 

hard direction. It is at these points where a slight misorientation pro-

duces a non-zero average torque on the magnetisation resulting in a drastic 

change in the susceptibility. This has been observed for one film lying 

outside the theoretical lines, even using the field values for 90% 

susceptibility. 

The third possibility is that the films outside the limits do not 

behave in accordance with the theories. There is no evidence supporting 

this possibility since the first two explanations can account for all the 

discrepancies. 

From the various theories the local anisotropy constant can be 

determined using equation 6.4. This is especially relevant for three 

films, 11NF1, 16NF1 and 45NF1 as the values obtained for these can be 

compared with those from other sources (chapter 7 and section 6.5). The 

values obtained are listed in table 6.5. 



Table 6.5  

Specimen 

number 

Hp - Hk 
(oe) 

Local random anisotropy (erg/cc) 

Method for 

previous value 

Bulk value  
(erg/cc) 

Hoffmann Harte Feldtkeller Previous 

value 

11NF1 0.88 9.8 x 10
3 

2.3 x 10
4 

fine scale 

4.5 x 10
2 

a 

1 x 10
4 

Critical loss 

curve 

3 x 10
3 

16NF1 0.32 5.6 x 10
3 

1.0 x 10
4 

fine 

1.7 x 10
2 

a 

1 x 10
4 

Critical loss 

curve 

3 x 10
3 

4.1 x 10
4 

coarse 

45NF1 4.1 1.7 x 10
4 

1.2 x 10
4 

1.2 x 10
3 

6.9 x 103 Non-linear 3 x 10
3 

coarse a . effective field 

8 x 10
4 

b 
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The relevant formula used in the theories of Feldtkeller and Harte 

is the one for the line nearest to the film in figure 6.4. It should 

also be noticed that film 45NF1 lies quite close to Harte's coarse-scale 

ripple line in agreement with the conclusions of section 6.5. 

The values obtained for the local anisotropy show general agreement 

apart from Feldtkeller's values, which are over an order of magnitude 

lower. If the field-dependent ripple wavelength is used rather than a 

constant then acceptable values are obtained. 

In summary, we can say that the majority of uniaxial films measured 

lay within the extreme theoretical boundaries in figure 6.4, most being 

incorporated by Harte's fine and coarse scales and by Hoffmann's two 

limiting cases. Relatively poor agreement was obtained for Feldtkeller's 

phenomenological theory both on figure 6.4 and the local anisotropy values. 

This suggests that the magnetisation direction can only approximately 

be regarded as sinusoidal. The films which lay outside the limits had 

either low values of
p 
 /96

o 
 or high values of H

p 
- Hk, both indicating 

high dispersion and the possibility of domains existing at the peak 

susceptibility field as mentioned previously. 

6.4.3. Biaxial Films. The ripple theories may be extended to single-crystal 

films as long as the anisotropy field incorporates both the uniaxial 

and biaxial anisotropies, which for the combination in these films means 

using Ha  - H1 	Hk  instead of Ha  Hk. The peak susceptibility must be 

normalised with respect to the susceptibility in a field equal to the 

resultant anisotropy field, H1 	Hk. The susceptibility in the uniaxial 
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easy direction at the field which gives zeo inverse susceptibility in 

the hard direction, is the susceptibility in a field, Hk. The required 

susceptibilities are then calculated using: 

X H p± 	1 — H k c) 

Xo Hi, X0 
the sign depending along which biaxial hard axis the field is applied, 

positive sign for field along the uniaxial hard axis. 

The graphs for the uniaxial easy and hard directions are shown 

in figures 6.5a and 6.5b. 

Again nearly all the points lie within the theoretical limits and 

those outside can be explained in a similar way as the uniaxial films 

were. Several negative values for H - (H1  + Hk 
 ) were obtained especially 

—  

for films measured in the uniaxial easy direction. They occurred for 
H
1 films having an anisotropy ratio 	in which case wall-motion effects 
Hl 

may be reducing H below the theoretical switching field. 

Most of the points lie within the limits of Hoffmann's theory, 

whereas relatively poor agreement is obtained for the theories of Harte 

and Feldtkeller. There seems no obvious reason for the poor agreement of 

biaxial films with Harte's theory. 

It can be concluded that the present ripple theories apply equally 

well to single-crystal and uniaxial films, provided that the resultant 

anisotropy field is used, and wall-motion effects can be neglected. 

6.4.4. Zero-field Susceptibility. In section 4.3.4. the susceptibility in zero 

field in two adjacent biaxial hard directions was shown to be directly 

related to the anisotropy ratio Ki/Ku. 



The experimental points are shown of the susceptibility ratio 
xh 

squared against (H1  + Hk)/(1-11- Hk) in figure 6.6. These points should 

lie on a straight line in accordance with equation 4.3. 
H
1 	H1 + Hk 

As expected for high ratios of —where 
H
k 
' 	H

1 
- H

k 

On a closer inspection, this breakdown is found to be associated with 

higher values of the susceptibility in the easy direction with the hard-

direction susceptibility remaining almost the same from film to film. 

The higher easy direction susceptibility is strongly indicative of some 

form of locking or blocking preventing the magnetisation from rotating 

towards the easy axis. A possible explanation is proposed on the 

following lines: In the theory of blocking (H.7) the most important 

parameter is the effective field acting on the magnetisation; as this 

approaches zero, blocking effects become more important. For effective 

fields just below zero then the onset of locking is observed where both 

the ripple and the ripple walls are prevented from moving by the stray 

fields induced by the non-uniformity of Ms. This situation causes a 

higher value of M in the field direction than expected from the S-W 

model and so the susceptibility measured will be larger than predicted 

by S-W. The ideal S-W effective field in the uniaxial easy direction 
H
1 

is H
1 
- H

k and as -- approaches unity so the field for peak susceptibility, H
k 

HP' approaches zero. Hence the zero-field susceptibility will be measured 
H 

values of Xed/X1  than predicted. 
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xe 

tends to unity, 

H
1 the agreement is fairly good but the relation breaks down for 
H
k 

at smaller effective fields, as 	thus an increase in locking- 
H1 

k 
effects on the zero-field susceptibility is expected resulting in higher 



191 

Alternatively, it can be said that the predicted dependence of 

on H
1 

and H
k 
was derived, for zero field, assuming that the magnet-

)(h 

isation was lying in one of the combined easy directions. However, for 

low anisotropy ratios the combined easy axes will be close to the 

uniaxial easy direction and so in the 'hard' axis domain splitting the 

angles between two adjacent domains will be fairly small (,..-200) in zero 

field and so the stray fields will affect the magnetisation directions, 

H
1 

When the anisotropy ratio ---<1 this cannot be applied since the 
Hl 

zero-field easy-direction susceptibility will be measured in a positive 

effective field and the uniaxial easy direction will be an overall easy 

direction. 

6.5. The Magnetic Properties of Films Prepared on Polished Substrates  

As was mentioned at the beginning of this chapter, films prepared 

on polished substrates (loosely referred to as 'polished' films) showed 

'anomalous behaviour in the susceptibility curves. This behaviour was 

suggestive of very high dispersion and extremely small susceptibilities. 

It increased with the substrate temperature to such an extent that no 

low-field measurements could be made on the single-crystal films prepared 

on these substrates since the flux changes were so small, although electron 

diffraction patterns showed very good crystallographic orientation. This 

section is concerned, therefore, in explaining the behaviour of poly-

crystalline °polished' films using Harte's ripple theory. 

Xe 

tending to keep adjacent domains parallel. This results in a. breakdown 

Xe 
a
n
d 
H
1 

H
k 

of the theory used for deriving the relation between  
Ah 	H1 

- H
k 
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First, however, it must be mentioned why films were prepared on 

polished substrates. Cleaved single-crystal substrates necessarily 

possess a large number of cleavage steps on their surfaces which can 

act as domain-wall nucleation sites. An attempt was made to remove these 

steps by polishing in a similar manner to Heavens et al (H.16) in the 

hope of increasing the coercive field. This would result in the film's 

behaving as a near-ideal single domain, the switching occurring by rotation, 

which is a faster process. Polishing removes the cleavage steps and 

replaces them with scratches which are on a far smaller scale and should 

have a smaller effect on the coercive field. The polishing, however, 

produces certain anomalies in the switching process which will now be 

discussed in detail. 

The susceptibility curves in the uniaxial easy and hard directions 

for two such films are shown in figures 6.7 and 6.8. Figure 6.7 applies 

to a film deposited at room temperature, while for the film in figure 6.8 

the deposition temperature was 150°C. 

6.5.1. Bias Field along the Easy Direction. Reversal of the magnetisation 

occurs very gradually with this field configuration and although the 

filmS are not inverted (see table 6.6) the susceptibility behaviour is 

very similar to that of inverted films (compare with figure 5 in 

reference F.9). 

The gradual reversal can be explained in a similar manner as being 

due to the stray fields produced by the high dispersion. As the field 

is increased in the reverse direction to saturation the ripple amplitude 
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increases until the ripple walls become blocked. The ripple is still 

allowed to rotate within these domains, causing a peak in the susceptibility. 

The film finally reverses by means of domain-wall movement probably 

nucleated at imperfections such as scratches as well as the film edge. 

The wide range of fields over which reversal occurs (see table 6.6 below) 

is presumably caused by the complicated stray field configuration allowing 

some regions to switch at lower fields than others. 

Table 6.6  

Properties of Permalloy Films Prepared on Cleaved and Polished NaC1  

Substrate 

preparation 

T
s 

H
k 

 

(oe) 

H
e 

(oe) 

Field range 

for reversal 

(oe) 

11  

X0  

H -Hk  He  

Hk 
H
k 

NaC1 cleaved 

in air 

NaCl cleaved 

in air 

NaC1 polished 

with tin oxide 

NaC1Tolished 

with ceric oxide 

room 

temp. 

160°C 

room 

temp. 

room 

temp. 

8.1 

5.3 

22.2 

8.2 

3.4 

1.26 

15.8 

5.5 

+ 0.3 
— 

+ 0.1 — 

+2.0 — 

+ 2.0 — 

3.6 

6.4 

1.0 

0.9 

0.1 

0.06 

0.5 

0.5 

0.4 

0.25 

0.7 

0.7 

6.5.2. Bias Field along the Hard Direction. A comparison of figures 6.7 and 6.8 

with the low-dispersion case (figure 4.8) shows both an increase in the 

width of the curve and a drop in the peak susceptibility. This is more 

accentuated the higher is the substrate temperature. These changes 
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indicate a larger spread in the distribution of the local anisotropy 

fields and/or the local anisotropy easy directions. 

As previously mentioned, two indirect measures of the ripple 

amplitude and the dispersion are ;y;)6 and H - Hk. The values for 

two 'polished' films of these magnetic constants are shown in table 6.6 

with the values for two 'cleaved' films. 

The general shape of the curves with the bias field in the hard 

direction can be explained in terms of ripple hysteresis causing the 

rotational hysteresis. 

The high values of the induced uniaxial anisotropy fields measured 

are thought to be due to anisotropically oriented lattice defects. 

This suggestion is based on work done on nickel films grown on similar 

substrates by Secemski (S.16). He observed anomalously high uniaxial 

anisotropy constants for films on polished and etched substrates, as 

compared with cleaved substrates. On annealing these films at 250°C 

for ten minutes the values dropped to more acceptable values. He con-

cluded that this decrease in K
u 
was due to the annealing out of mobile 

lattice defects. These defects were assumed to be caused by the increased 

number of nucleation sites produced by the polishing, thereby increasing 

the number of stacking faults which occur when islands coalesce. 

All the films prepared on polished substrates exhibited rotatable 

initial susceptibility (RIS). The effect of this on the susceptibility 

curve is shown by the dotted line in figure 6.8 for the field in the 

easy direction after the film had previously been saturated in the hard 

direction. This type of behaviour was usually, but not invariably, 

observed in films prepared on cleaved rocksalt. It is thought that 
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this might be due to the large local stresses (C.11) introduced by the 

inhomogeneous film-to-substrate bonding. Films prepared on cleaved NaF 

and LiF, which are almost insoluble in water, did not show RIS. The 

uneven bonding may have been caused by the dissolution of small areas 

of the substrate by water vapour from the ambient atmosphere. 

6.5.3. The Inverse Susceptibility Curves. These curves are shown in figure 6.9. 

There are two main differences between these and the corresponding plots 

for low-dispersion films. The first and most important is that a large 

and constant internal field is observed parallel to the applied field, 

which for the film shown is almost equal to Hk  (8.2 oe). The second 

difference is the reduced slope of the line which is connected with the 

smaller pick-up coil voltages observed in these films. For the film 

shown, the slope is a factor of 5 smaller than expected and so is very 

unlikely to be due simply to a compositional change or an increase in 

the amount of non-magnetic material in the film. 

Consider first the possible explanations for the reduction of the 

susceptibility. As the applied field approaches Hk  the ripple amplitude 

increases and so the component of the magnetisation parallel to the field 

decreases, reducing the voltage in the pick-up coil. However, for 

reasonable values of the angular dispersion this can only reduce the 

signal by 5 	15%. It would seem, therefore, that there is another factor 

influencing the pick-up coil voltage, which is considered below. 

Films with specifically enhanced dispersion will be locked over 

wide field ranges and in this state can no longer be treated as single 
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domains. They may be considered roughly as a series of parallel domains 

for which the external flux distribution will be different. 

A simple calculation was performed to determine whether the change 

in flux distribution could produce a significant drop in pick-up coil 

voltage., The two extreme cases, shown in figure 6.10, of a single domain 

and a locked state with 90
o 
dispersion were taken. Calculating the pick-

up flux, )6 sc, through a search coil of negligible width compared with 

the domain-wall spacing (j) in the same manner as Oguey (0.2) we have: 

sc = frf(o,a) - Ao,b).) 

where 	is the flux in the film and ili(x,y) is the fraction of flux 

passing outside the point (x,y) (always less than 0.5). 

For the single domain: 

tan-1  2L(b - a)  
(6.10Y 

cc = it 
4ab + L

2 

For the set of parallel domains with spacing I: 

0sc. 
OF { tan-1  2i(b - a)  
7T 4ab 	2  

22 	 tan
-1 

tan-1 	44 	4bi JI  (6.11) 
n=1 L 42'+ (16n2  - 1)/2 	4b2  + (16n2  - 1)1 

The dimensions of the experimental arrangement were as follows: 

film 'width, L = 1 cm; search coil width (b - a) = i cm situated k cm 

from the film (a). This gives for the single domain: 

= 0.26. 

With a domain-wall spacing of 1 knit, cbtsc = 0.16 y5 F. However, as 

decreases the number of comparable terms in the summation in equation 

6.11 increases, as a result of which the following estimates are very 

approximate: 
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/!= 10-2  cm for 	 0.1 
sc 

and for i= 10-4  cm 
Yrsc 	

0.03 0F. 

The only conclusion which may be drawn is that it is possible for 

the flux picked up by a search coil not actually in contact with the 

film to be reduced by the film's splitting into domains. The decrease 

will not be as great as calculated for two reasons. First, the finite 

width of the search coil will increase the flux picked up in case 2 

more than case 1, and secondly, the case of 90°  dispersion is never 

actually reached. 

The source of the constant internal field will now be examined. 

The presence of this field could be explained by a biaxial anisotropy 

constant of + 4.0 x 10
3 

erg/cc. 

A low-field torque curve of another film prepared on polished NaC1 

when Fourier analysed showed a biaxial anisotropy field of 7.3 oe, over 

half the uniaxial contribution. However, since the signals were low 

and there were doubts as to whether the film was a single domain a high-

field torque curve was taken using the apparatus described in section 

4.4.2. The Fourier analysis showed a uniaxial field of 22.6 oe and a 

biaxial component of about 0.3 oe (the susceptibility value for Hk  was 

22.2 oe). The origin of this field-dependent biaxial anisotropy is not 

magnetocrystalline for three reasons: (a) the films are completely 

polycrystalline with no preferred orientation in the (100) plane; 

(b) the composition is such that K1  is negative; (c) the anisotropy 

changes with measuring field. 

The proposal by Prosen et al (P.10) that a biaxial anisotropy 

could result from substrate scratching was considered but random polishing 
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should not produce any biaxial anisotropy (P.11). Since sodium chloride 

cleaves easily along [100] it was thought that the scratches might have 

some fine structure along [100] directions causing a biaxial shape 

anisotropy. However, no evidence for this was observed on Pt-C replicas 

of the polished substrates. 

The field dependence of the anisotropy constant suggests that its 

origin is connected with the coupling of isolated regions as proposed 

by Torok (T.4) and Yelon (Y.2). In fact a reasonable explanation has 

been obtained using the calculation of Yelon (Y.2) whereby two interact-

ing uniaxial regions produce a field-dependent biaxial anisotropy. This 

method of treating short-range interactions between adjacent scratched 

regions is only a rough approximation since it treats only interactions 

between pairs of regions. A better approach is to use a properly-

constructed ripple theory. 

The explanation proposed here to account for the constant internal 

field is based on the ripple theory of Harte (H.8). In these films 

the magnetisation is thought to be blocked at high fields (up to about 

5H
k
) and so the S-W model is no longer applicable, hence X-1  • is no 

longer proportional to Ha  Hk. The susceptibility is given by X = 

where H
eff 

is a hypothetical effective field parallel to the magnetisation. 

From chapter 3 the effective field can be written in the form: 

Heff = H(00 HR 

where HR  is the ripple field. The constant internal field referred 

to above can be explained as being equal to the ripple field in Harte's 

non-linear case where the ripple field is equal to the intrinsic non-linear 

M 

Heff 
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field,SI , (table 3.2) which is field independent. This has the effect 

of shifting the inverse susceptibility curves by a field,. . In order  

to check the validity of this explanation the magnitude off). must be 

determined and the range of applied fields over which the approximation is 

valid should be compared with the range over which the measured inverse 

susceptibility is proportional to the applied field (figure 6.9). 

6.5.4. Comparison between Theory and Experiment. Before evaluating the non-linear 

field, Li, we must determine which inhomogeneity scales are applicable. 
For these films the exchange coupling length (equation 3.16a) is about 

10
3 

A whilst the magnetostatic coupling length (equation 3.16b) is about 

5 x 10
5 
A. 

In these films on polished substrates there are two possible 

inhomogeneities. One is the random scratching of the substrate and the 

other is the individual crystallite. Since films grown on cleaved sub- 

strates do not show the same kind of behaviour, the latter source of 

ripple, if present, must arise from a difference in the mode of growth 

on polished and cleaved substrates. The dimensions of these inhomogeneities 
0 

are for the scratches, a characteristic width and.separation around 5000 A 
0 

while the crystallites are about 100 A across. From the coupling lengths 

it can be seen that the crystallite size is less than the exchange length, 

a situation Harte refers to as fine-scale ripple. The scratch size falls 

between the two coupling lengths and thus fits into Harte's category of 

coarse-scale ripple. 

In both of these cases it is possible to calculate from Harte's 

theory the range of field values over which the non-linear approximation 
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is accurate to a given degree. The details are given in Appendix A.2 

and the result is that this approximation should cease to apply at fields, - 

H
a 
 ±  H

k' 
 greater than 16 oe. However, the data in figure 6.9 shows that 

the experimental curves are indistinguishable from straight lines up to 

a field H
a 
 + H

k 
 of about 55 oe. It is clear that the non-linear approx- 

imation 	

— 

does not give an acceptable description of the data. 

However, when the theoretical expression of Heff 
 is evaluated without 

any approximations and plotted against Ha  + Hk  (see curves 1 on figure 

6.11a and 6.11b) it is found that the plot appears to be very nearly a 

straight line over quite substantial regions. This raises the possibility 

of fitting the exact solution of Half  to the data of figure 6.9. It has 

been done by drawing several different straight-line fits to the exact 

solutions in figure 6.11 of which lines 5 are examples. The best fit 

is obtained when the theoretical field range (over which the straight 

line fits the exact solution to 17) is the same as the experimental field 

range (over which the points in figure 6.9 lie on a straight line to the 

same accuracy). Again, the details are given in Appendix A.2; the result 

is that a very good fit is obtained with the assumption of a coarse-

scale ripple, but not a fine-scale ripple. It is therefore concluded that 

the susceptibility data can be explained by the effects of scratching pro-

duced during polishing. From the intercept of the straight-line approx- 

imation 5 in figure 6.11 the intrinsic non-linear effective field 	can 

be evaluated by comparison with the experimental curve in figure 6.9. The 

theoretical formulation of S./ as given in table 3.2. enables the evaluation 

of K, the local random anisotropy constant, as 6.9 x 10
3 

erg/cc. 
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6.5.5. Conclusions. It has been shown that the effect of polishing is to produce 

highly-dispersive magnetic behaviour which can be explained using Harte's 

theory. The additional dispersion can be ascribed to the scratches 

introduced during polishing, producing a collection of planar areas with 

a local root mean square value of anisotropy of 6.9 x 103 erg/cc, 

separated by non-planar or discontinuous regions. 

This highly-dispersed film behaviour manifests itself in the 

susceptibility curves in several ways: (a) the magnitude of the signal, 

as compared with a low-dispersion film of similar thickness, decreases 

appreciably as can be seen from figures 4.8, 6.7 and 6.8, which have 

the same attenuation for the susceptibility; (b) an 'effective' non-

linear field, independent of the applied field is observed; (c) a large 

amount of rotational hysteresis is observed with the bias field in both 

the easy and hard directions. (The curves from which measurements were 

taken were always obtained by decreasing the field from saturation); 

(d) locking occurs on reduction of a hard direction field with the result 

that the susceptibility in zero field is appreciable (about 307. of the 

peak susceptibility); (e) reversal in the easy direction occurs over a 

wide range of fields due to blocking of the magnetisation ripple and the 

presence of energy barriers for domain-wall motion at or near the scratches. 

Similar work carried out by Doyle et al (D.4) on films electro- 

deposited on wires emphasises this highly-dispersive behaviour caused 

by the surface roughness of the substrate. 
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Figure 6.7 The susceptibility curves for a film prepared on a polished 

substrate at room temperature. (a) easy and 

(b) hard directions 
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CHAPTER 7 

Magnetic Properties: (B) Maximum Loss Curves  

In this chapter the peak imaginary susceptibility is measured as 

a function of the combined a.c. and bias fields. The shape of the 

resulting curve is discussed in terms of two separate models. First, 

using Hoffmann's blocking curve and secondly, using a modified wall-

motion model. 

7.1. Introduction  

Since the origin of quadrature flux or imaginary susceptibility 

has been shown to be ripple hysteresis (H.13) it was thought that by 

careful measurement of the losses around the hard axis the shape of the 

blocking curve as postulated by Hoffmann (H.7) could be determined. To 

enable contributions to the imaginary susceptibility to be made the field 

vector must cross the blocking curve from the outside (a single-domain 

state) causing the ripple walls to remain fixed. A further change in 

the field is then required to reorient the ripple by moving at an angle 

to the average magnetisation. 

The easiest method of achieving this is to superimpose an a.c. 

field on top of a bias field in the hard direction, the size of the a.c. 

field governing the portion of the blocking curve under surveillance. 

This method is limited to small a.c. fields as the signal drops off as 

the magnetisation approaches the a.c. field direction. 
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The experimental procedure was to fix a value of the a.c. field 

using the biased susceptibility apparatus described in section 4.3, 

and then the bias field was decreased in the hard direction until a 

peak in the imaginary susceptibility (corresponding to maximum losses) 

was observed. This was repeated for several values of a.c. field and 

the field combinations were then plotted in field space. The curve so 

obtained represents a plot of the maximum losses which, if they correspond 

solely to irreversible ripple reorientations should be the blocking curve 

or, because of hysteresis, a curve almost parallel to it. 

The imaginary susceptibility was measured by adjusting the reference 

signal phase to the phase-sensitive detector so that the out-of-phase 

component of the input signal was amplified. Care has to be taken in 

setting the phase as all phase shifts in the electronics must be eliminated 

as was mentioned in section 4.3.1. The variation of the imaginary 

susceptibility with the bias field for a fixed a.c. field is shown in 

figure 4.8. 

The normalised maximum loss curves are shown in figure 7.1. for 

two films,11NFI and 16NF1,which have widely differing properties (see 

table 7.1). 

Table 7.1  

Film Substrate H  
(oe) 

Hk 
(oe) 

Field range 

for reversal 

(oe) 
x 

H 	H k  

H
k 

H
c 
H
k 

11NF1 

16NF1 

Cleaved 

NaC1 

+ 1.8 

+ 0 . 1 

8.8 

5.3 

0.98 

0.25 

0.1 

0.06 

3.1 

6.4.  

8.6 

1.26 
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The measurements for the second film were performed at three 

frequencies (200, 600 and 2000 c/s) (figure 7.2) to eliminate instrumental 

errors and any relaxation phenomena. 

7.2. The Blocking Curve and Ripple Hysteresis  

As a field applied in or near the hard axis is decreased from 

saturation the ripple amplitude increases as the field approaches the 

astroid. The large stray fields involved cause blocking which prevents 

the ripple walls from moving but still allows rotation within the domains. 

The fields at which this occurs have been calculated by Hoffmann and form 

the blocking curve, figure 7.3. The equation of the blocking curve in 

parametric form is given by Hoffmann as: 

h
x 
= - cos39 + h

b 
cos9 + 2  sine 	 (7.1a) — 2 

by 

	

= sin3O + hb  sine + I cos() 	.. 	.. 	.. 	.. 	(7.1b) 

where e is the angle the magnetisation makes with the easy axis and 

h
b and Q are constants given by: 

1  4 

hb — 

	

	

/c 
1 ilMs  (D\1/2  (Kdol '' 
AK

u 	411n ‘71 
	.. 	. • 	.. 	.. 	(7.2a) 

1 	1  

	

(Kdo— 	
3 2

)2 	;- 
and Q 

AK 	4.7cn 	(-2) 	.. .. 	.. 	.. .. 

	

.. 	(7.2b) 
u 

where the terms have their usual meaning (Appendix A.1) and Cr. ..C:,-- 1/2, 

n 2,c D/d. Using the following values: A = 10
-6 

erg/cc, K
u = 3 x 10

3
erg/cc, 

M
s 
= 10

3 
gauss, crystallite size,d = 170 x 10-8 cm, thickness D = 

450 x 10
-8 

cm and K = 3 x 10
4 

erg/cc, values of 0.098 for the normalised 

blocking field, hb, and 0.009 for Q were obtained. The effect of the 
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final terms in equations 7.1a and 7.1b will be negligible with this value 

of Q near the hard axis. 

By fitting the theoretical and experimental curves in the hard 

direction (hx  = 0, hy  = 1 + hb) a value for hb  of 0.022 is obtained which 

is of the right order. Using this value equation 7.2a predicts a local 

anisotropy of 1 x 10
4 

erg/cc which can be explained by a stress of 

1.0 x 10
9 

dyne/cm
2 
 using the model due to Doyle and Finnegan (D.3). 

However, the general shape of the blocking curve in comparison with the 

actual loss curve shown in figure 7.4 demonstrates very poor agreement 

as they have opposite curvatures for fields above Hk. 

For the field configuration applied here the losses will mainly 

arise from the freeing of the ripple rather than its blocking. The 

method by which the losses are thought to arise is shown in figure 7.5. 

In (i) the field is outside the blocking curve and the ripple is free. 

Diagram (ii) shows the blocked ripple with the resultant field just 

touching the blocking curve. Further decrease of the a.c. field rotates 

the ripple within these domains until the limiting stable case (iii) 

is reached. Any further increase in field will free the ripple causing 

a large irreversible change in the magnetisation with an accompanying loss. 

If the ripple angle is 0 when the film becomes blocked then the 

transverse component of magnetisation, Mt  = Mse and the associated 

transverse field can be approximated to: 

H
t 

c= Mt/Xt  where % t  is the transverse susceptibility. 

Using the approximation due to Feldtkeller (F.6a) for the transverse 

susceptibility derived assuming motionless ripple walls and a sinusoidal 
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variation in the ripple amplitude: 

M Df 02 

t 

	

= M 
s 
 /(H

a 
 + Hk 
	) 
+ 	s 	 .0 	.8 	(7.3) —  

	

where D is the film thickness, 	the ripple wavelength and f a numerical 

factor depending on both /A and the crystallite size (approximately 

constant for '\ > 20 x crystallite size), thus: 

MDf 2 
H
t 
= M

s 
/`X,t = 0(H + H + 

s  
a — k 	1 

M Df 
or 	H

t 
= H(c);)0 + 

A 	
93.. (7.4) 

Therefore if a field Ht is applied perpendicular to the mean magnetisation 

direction the limiting case will be reached and the ripple will be virtually 

free. Applying this correction to the blocking curve should give the 

loci of the fields for maximum loss. 

The expression used for deriving a value for a  at the blocking 

curve was twice the domain spacing in the hard-axis fall-back, given by 

Hoffmann (H.9) as: 

= 2 Tr]M 	2A   m1 	:.2 . 	.. 	.. 	.. 	(7.5) 
s

H(o() - 2.09 H(00  

In determining the ripple amplitude, the dispersion in the thin-film, 

fine-scale inhomogeneity case of Harte's ripple theory (H.8) was used. 

For fields near the astroid the intrinsic non-linear effective field 

is greater than the applied field (Ha  - H
k
) so that: 

1 3 1/2 	2/5  
1

m-) 
e_ I(2 2 (4lrdK)  ' 

.. 	.. 	.. 	.. 	(7.6) 14,4)"10  D 
(4104a)

4
/5  

3 
where I(-1 

'2  --) and I(2,2) are numerical constants, d is the crystallite 2 

diameter, D the film thickness and K the local anisotropy constant. 
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0
With K = 10

4 0 	 3 
erg/cc, d = 100 A, D = 500 A, M

s 
= 10 gauss, 

0 = 0.03 radians. 

The field correction including these values becomes: 

	

H
t 
= 0.03 H(00 + 0.0019 H(oc)2 	00 	00 	00 	0* 	(7.7) 

Applying this correction for the ripple hysteresis reduces the 

curvature as shown in figure 7.4 although the curve still remains convex. 

A further prediction resulting from this explanation is that below an 

a.c. field of amplitude 2Ht  no losses should be observed as the blocked 

ripple is never freed. Since losses were observed below 2Ht  it follows 

that there should be more than one contribution to the losses. Careful 

observation of the amplitude of the imaginary susceptibility as a function 

of the a.c. field showed a uniform increase with no peak near 2Ht. 

The suggestion that these losses were caused by long-range 'skew' 

or a dispersion in the blocking fields was dismissed for the following 

reasons: Since the ripple amplitude at blocking is independent of field 

it will be constant round the curve, a result of which is that the 

maximum losses will occur when the largest possible area is blocked. 

Consequently, the maximum loss curve will be an envelope of all possible 

blocking curves which enhances the convexity of the blocking curve. 

This applies even for a Gaussian distribution of blocking fields as can 

be seen from the sign of d
2
h 
y
/dh

2
. 
x 

It appears that this explanation is inadequate on several counts 

and so the next approach is concerned with the losses due to wall motion. 
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7.3. Wall-motion Model  

Without any applied a.c. field a reduction in the bias field in 

the hard direction leads to the production of an equal number of 

'oppositely' magnetised domains ('hard-axis fall-back'). 

The onset of this will occur by the formation of low-angle ripple 

walls. It is proposed here that the application of an a.c. field will 

cause small irreversible movements of the ripple walls by 'Barkhausen' 

jumps. There are at least two possible methods by which the walls can 

move, as shown in figure 7.6. Case (a) consists of enlargements and 

diminutions of domains magnetised nearest to the applied field while 

case (b) consists of movements of ripple walls into and out of unblocked 

regions. To decide which would be the dominant process we need to com-

pare the energy changes in both cases. 

From Middlehoek's thesis (pg 129, M.3) we have for a wall of length 1, 

moving under an applied field H, a distance dx, Isg 4.  4 dD X1] 
2M
s 

dx D dx 1 dx 

where X is the surface energy density of the wall and D the film thick-

ness. This is calculated from the three coercive-force mechanisms of 

anisotropy variations, thickness changes and alterations in the wall 

length respectively. For the small changes involved in these wall 

movements the thickness variations will be assumed either negligible or 

the same in both cases. 

Middlehoek (M.3) calculates the field required to overcome an 

a AK anisotropy variation AK as -4- 	where a is the wall width and d 

the crystallite size. Suppose that the field required for a wall-Length 

H — 
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change, dl, is Hdl  (according to Middlehoek this will be -- 0.025 oe) 

then the fields required to move the walls in the two cases are: 

(a) 	 .. H = H
T .. 	(7.8a) .. Ha 	4M d 	a 	.. 	.. 	

•
• 	.. 

 

and 	(b) Hb  = HT + 4M d 
	

b + 
H
dl 	• • 	.. 	 (7.8b) T 	

s 
 

Now Hai H
b 
if: CNK

a 

4M d 
- 21Kb => 	s  H 

a 	dl 
i.e. if A, Ka - O Kb>0. 

For a film to be uniformly blocked thrOughout at almost the same 

field the anisotropy field variation will be very small, whereas the 

anisotropy variations required to produce a mixture of blocked and 

unblocked regions will be far higher. 

.% QK
a 
- AN4C0. 

Hence H
a 
< H

b 
and so the walls in case (a) will move at a lower 

field. 

This is only a rough calculation and the existence of cleavage steps 

in the substrate will probably produce easy nucleation sites for reverse 

domains making the mechanism (b) a distinct possibility. 

To check if one type of wall motion predominated, visual observations 

using the Bitter technique (B.3) were made on a similar film grown on 

LiF. . LiF was chosen because it possesses cleavage steps but does not 

dissolve in the colloid, as did NaC1 and NaF. 

The experimental field configuration used in the loss measurements 

could not be reproduced exactly as only one field could be applied at once. 

However, the following photographs indicate that both types of wall motion 

occur. Figures 7.7a and 7.7b show the film after saturation in the hard 

direction and secondly with a small field (1.2 oe) in the easy direction. 
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However, in both cases we will be concerned with the movement of 

low-angle walls and the fields at which these movements occur. Due to 

energy considerations this film should possess low-angle walls of the 

Neel type (figure 1.5b). Thus if the losses do occur because of irrever-

sible wall perturbations then they should occur at or near the coercive 

fields for Neel walls. 

Neglecting thickness variations and wall-length changes Middlehoek 

has shown that for domains magnetised at an angle 	to the easy axis 

the coercive force is given by: 

CNN )( (180°) 
(1 - sin54.)

2 

He 
— 	

2M 	cost 	•• 
• • 	

•• 
• • 	• • 	(7.9) 

s 

Films of thicknes'ses used in these experiments will have cross-tie 

walls for angles (0 )'( 20°  and the coercive force is given by: 

CBXB(180°) 

He 
— 	

2M 	cos 5i 	SO 	.0 	OS 	• • 	OS 	01. 	(7.10) 
s 

where )/N(180°), W180°) are the surface energies of the Neel and Bloch 

or cross-tie walls
' 
C
B and CN being constants. 

These curves are shown in figure 7.8a superimposed on the maximum 

loss curves plotted with the constants 

= H
k and Hy  = Hk sin?(. 2M 	2M2Ms  

These values for the constants were chosen since good quantitative 

agreement has been obtained by Il'icheva et al (I.2) using these values. 

The approximation sin 3i = H
y
/H
k is fairly accurate for small values of 

H
x 
(or Hy). 

cN N(180°) 	CB  y B(iso°) 



• • 	• • • • 	• • 

sin d )
2 • • • • 

	

(1 	 = H
k 	cos si 

.. 	(7.11) 
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As can be seen from the graph the curvatures of the theoretical 

and experimental curves are in agreement. The loss curve of film 11NF1 

lies in closer agreement with the wall-motion model although it increases 

faster as the magnetisation approaches the hard axis. The second loss 

curve, for film 16NF1, lies parallel over a wider field range, and a 

vertical displacement of the theoretical curve would give extremely good 

agreement as shown in figure 7.8b. 

This is justified by combining this model with Hoffmann's blocking 

curve. It has been assumed that walls are only present for fields <Alk, 

but when the film becomes blocked there exist low-angle walls which may 

be moved by the a.c. field. If this is the case then the equation for 

the field for wall motion will be: 

H = (1 + hb) Hk  sin 

In figure 7.8b a value of 0.022 was used for h
b for 16NF1 as in 

figure 7.4. 

The relatively poor agreement for film 11NF1 is explained by one 

'of the shortcomings of this wall-motion explanation. In Middlehoek's 

original derivation of the theoretical coercive force he neglected to 

take into account the magnetostatic interactions produced by the non-180°  

domain walls. Now the magnetostatic-free poles induced on the domain 

walls will give rise to an energy density of M .grad U where U is the 
--s 

magnetostatic potential. 
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The magnetostatic potential consists Of two terms, a surface term 

which is negligible for Neel walls, and a volume term which is only 

important for small domains. The volume term for long needle-shaped 

domains can be approximated by line dipoles on each side of the domain 

wall and if the wall separation is comparable with the domain-wall width 
0 

then this term will be large. For films 500 A thick the Neel wall width 
0 

is about 400 A, so for the domain separation to be comparable with the 

wall width there should be a density of ,•,10
5 
walls per cm. 

A convenient method of determining this density is by comparing 

the experimental hard direction hysteresis loop with those predicted by 

Middlehoek (pg 120, M.3) for various domain-wall separations. The local 

hard-axis loop for film 16NF1 is shown in figure 4.16a obtained by using 

the Kerr effect as described in chapter 4. The magnetisation intersects 

its saturation value at a field of 5.7 oe. By comparing this with the 

susceptibility-method determination of Hk  (5.3 oe) a wall density of 

about 8 walls/cm is derived. From this it appears that the magnetostatic 

interactions for film 16NF1 are negligible and so Middlehoek's formula is 

applicable. However, for film 11NF1 the hard-direction loop was very 

open and the loop properties varied substantially across the film, which 

made it impossible to estimate the wall density. It must be fairly high 

since this film has high dispersion, as may be deduced from its properties 

(table 7.1) so that we cannot expect Middlehoek's formula to agree. 

7.4. Conclusions  

It appears that the losses which contribute to the imaginary 

susceptibility, as determined using the transverse biased susceptibility 
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apparatus, originate in small irreversible wall movements rather than 

ripple hysteresis. The low-angle ripple walls, of the Neel type, pro-

duced during the blocking process are moved in small discreet jumps by 

the superimposed a.c. field. 

Previous explanations of these losses by Feldtkeller (F.6b) have 

been based on ripple hysteresis and irreversible reorientations. The 

difference between small jumps of very low-angle walls (ripple walls) 

and irreversible-ripple reorientations is very slight. As can be seen 

from the Lorentz micrographs in Feldtkeller's papers it is very difficult 

to distinguish between the two. The predicted fields at which these 

losses occur will depend solely on the model used. Feldtkeller (F.6b) 

derives the losses by ripple hysteresis for fields just outside the 

astroid using a method developed by Preisach (P.12) and Neel (N.6). 

They were considering hysteresis losses by wall motion in the Rayleigh 

region (small magnetisation changes). The difference between this treat-

ment and that of Feldtkeller seems to be just nomenclature. 

The conclusions that can be drawn are therefore that the loss 

curves measured here can be explained using a wall-motion model even 

though the actual losses may be caused by ripple reorientations. 
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FILM 11 NF1 	 FILM 16NF1  

Figure 7.1 Plots of the bias field (hy) against the a.c.'tickle' field 
(hx) for maxima in the real and imaginary parts of the 
susceptibility for two films 
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Figure 7.3 Theoretical blocking curve for the two cases where the 

blocking field hb  = 1.0 and 0.35 
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Figure 7.5 Model for ripple hysteresis 
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CHAPTER 8 

Magnetic Properties: (C) Hysteresis Loops  

This chapter is concerned with the hysteresis loops of some of the 

more perfect single-crystal films. With a biaxial anisotropy one expects 

two switches, corresponding to 90
o 
jumps (figure 2.4), rather than the 

single 180
o 
 switch observed in the uniaxial easy-direction hysteresis 

loops. For a field applied in an intermediate direction these 90°  jumps 

should occur at different fields producing a metastable state where the 

magnetisation is almost perpendicular to the applied field. Pugh (P.6) 

suggested that this could be used as a store whereby the film is kept in 

this metastable state by a constant bias field and the application of 

a small positive or negative field causes a 90°  switch into one of the 

two binary states. 

8.1. Introduction 

Due to the difficulty encountered in producing well-orientated 

single-crystal films only a few authors (D.5, L.12, Y.1) have investigated 

their switching properties. They all found that the agreement between 

their films and the rotational model of Stoner and Wohlfarth was poor 

at low fields but good at high fields. An important point which was 

neglected in this previous work was the presence and effect of the uniaxial 

anisotropy. All the films prepared in this work exhibited a uniaxial 

component down to 10% of the biaxial anisotropy, its size depending to 

a large extent on the substrate temperature during the evaporation 
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(figure 6.1). It was found that this component could not be ignored in 

the energy calculations, in particular those for the switching curve. 

In fact a uniaxial component of about 10% produces theoretical hysteresis 

loops containing double steps for 31°  around the uniaxial and biaxial 

hard axis and 14°  around the uniaxial easy axis, rather than 22.5
o 

for 

a pure biaxial anisotropy. It can be seen, therefore, that the uniaxial 

component must not be neglected. 

8.2. Comparison between the Theoretical and Experimental Loops  

The film for which a detailed analysis was performed was epitaxially 

grown on sodium fluoride. It had biaxial and uniaxial anisotropy fields 

of 13.6 oe and 1.52 oe respectively as measured from their susceptibility 

curves (chapter 4). This corresponds to anisotropy constants of 6.7 x 10
3 

and 7.4 x 10
2 
erg/cc. The hysteresis loops were obtained using the 

longitudinal Kerr effect over 0.8 mm
2 
areas. The two biaxial hard-axis 

loops, corresponding to the uniaxial easy and hard directions, are shown 

in figure 8.1, together with the loops at 45°  to this direction, loosely 

referred to as the biaxial easy axes. A series of loops for this film 

at various angles to the uniaxial hard direction are shown in figure 8.3. 

(The slight opening observed in the loop at 15°  is due to a slight 

misalignment of the analyser to emphasise the steps.) 

8.2.1. The Stoner-Wohlfarth Rotation Model. The film being considered has a 

ratio of anisotropies, bl, equal to 9 and the associated rotation 

switching curve is calculated by finding the field conditions for an 
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inflexion point in the energy (as in section 2.4). The curve is shown 

in figure 8.2, being very similar to the pure biaxial case only the 

easy axes are 3
o 

further away from the uniaxial hard axis. The aligned 

hysteresis loops, calculated as for the pure biaxial anisotropy, can be 

compared directly with the experimental loops by changing from the 

reduced values of the switching curve to the actual values for this 

film (multiplied by Hk  = 1.52 oe). The agreement is exceptionally good 

(figure 8.3) except near the °biaxial easy°  axis. This is very like the 

case of uniaxial anisotropy films. The explanation of reversal in the 

easy direction by 180°  wall motion could again solve this problem. 

A similar comparison of loops for a single-crystal cobalt film 

grown on Mg0 by Doyle (D.5) showed poor agreement with the coherent 

rotation model and fairly good agreement with a wall-motion model 

originated by Kondorsky (K.8). 

8.2.2. The Kondorsky Wall-motion Model. This model is based on the assumption 

that only non-coherent rotation is allowed, which implies that the 

anisotropy field is very much greater than the critical field for wall 

motion. When the component of the applied field perpendicular to the 

bisector of the initial and final direction of the magnetisation is equal 

to a certain critical field, determined by the film structure, the film 

switches. 

Doyle extended this model to the case of biaxial anisotropy by 

allowing 90°  wall motion rather than 180°  wall motion as in the uniaxial 

case. There will then be two steps in the hysteresis loop at intermediate 



angles. These two steps occur at the same field in the easy and hard 

directions producing one, 180°, switch. Referring to diagram 8.4 we 

see that the switching fields are given by the components H
w 

and H 
 

where: for the switch M
1 

to M
2 

H
w 
 = 

H 
 

and for M
2 

to 
cos( c< - 132°) 
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H 
 

M3 Hw 
/ 

— 
cos(222° 

 

H
o 

being the critical field and the negative 
oc ) 

sign indicating the direction of H relative to M1. 

To find the critical field, H
o, the switching field in the 'biaxial 

easy direction' was fitted with the theoretical value. Using this value 

of H
o the resulting loops are plotted together with the experimental 

loops in figure 8.5. For a pure non-coherent rotation model there are 

only discontinuous changes so that the magnetisation remains constant 

except at these changes. 

8.3. Discussion  

A comparison of the two models with the experimental loops shows 

that the actual values using the S-W theory, assuming only the biaxial 

and uniaxial anisotropy fields, agree extremely closely. Furthermore, 

the correct number of 90o switches or double steps are observed and the 
a 

change in re ence also agrees with the coherent rotation model. 

However, near the 'biaxial easy' axis the film switches before the 

predicted fields for rotation are reached. The switch is very sudden 

and not gradual like the previous switches, indicating that this is due 

to wall motion. A gradual switch points to rotation of a film possessing 

a finite amount of dispersion. 
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Thus the film under observation behaves in an identical way with 

a good uniaxial film in that the coherent rotation model of Stoner and 

Wohlfarth may be extended to the biaxial anisotropy case and predicts 

the correct switching modes except near the 'biaxial easy' axis where 

the film is switched by the motion of 180°  domain walls. 

There are several possible reasons why these results conflict with 

the work of Doyle (D.5). The main ones are: first, the uniaxial 

anisotropy cannot be neglected; secondly, this work is concerned with 

the behaviour of small areas whereas Doyle's measurements were over the 

whole film; finally, these films may have had improved epitaxy due to 

the electron bombardment during production. 

The extra, intermediate states corresponding to a switch through 

approximately 90
o 
were never observed for films prepared on single-crystal 

sodium chloride in agreement with the work of Yelon et al (Y.1). Several 

films prepared on lithium fluoride were tried and these showed some inter- 

mediate states but the relatively large uniaxial anisotropy prevented 

them from being as successful as the films grown on sodium fluoride. 

8.4. Anomalous Hysteresis Loops  

Occasionally a loop was observed with a double switch on one side 

only, as shown in figure 8.6d. On decreasing the field to an extremely 

critical value both double switches could be observed (figure 8.6b). 

Comparing figures 8.6b and 8.6c it can be seen that a small increase 

in field prevents the 90
o 
 switch, suggesting some form of locking. This 

may be caused by an area adjacent to the one under observation switching 
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through 90°  and so producing stray fields which could cause locking in 

the observed area until a further increase in the field causes another 

90°  switch in this area, thus removing the stray fields and allowing the 

region being measured to switch through 180°. A non-symmetrical 

distribution of these areas which cause locking can account for the 

non-appearance of this effect in the opposite direction. 

If there were a large number of these regions, randomly distributed 

throughout the film, then the double switches would be obliterated and 

the hysteresis loops would be similar to those observed for films on 

NaCl. If this explanation is correct then NaCl should possess a large 

number of these areas whereas NaF and LiF should have only a few. This 

suggests that the cause of these areas is possibly connected with the 

substrate solubility. Sodium chloride dissolves easily in water and so 

the film-to-substrate bonding may be extremely uneven due to local dis-

solution of the substrate near film discontinuities by water vapour in 

the ambient atmosphere. This produces regions which are not bonded to 

the substrate and so will contain different stresses and consequently 

different magnetic properties to those parts of the film still bonded to 

the substrate. Since NaF and LiF only dissolve very slightly in water 

these areas should be few and far between, therefore having very little 

effect on the overall properties. 

In conclusion, it seems that the disappearance of 90°  switches 

by coherent rotation in films prepared on NaC1 could be explained by a 

large number of unequal stress areas producing local stray fields which 

o 
prevent 90 switching of adjacent areas by locking. This then allows 
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only 180°  switching, probably by wall motion or possibly by partial 

rotation as suggested by Yelon et al (Y.1). However, for films prepared 

on NaF and LiF the stresses in the film are thought to be fairly uniform 

and so the local stray fields will be small, allowing these 90°  switches 

to be observed. 



uniaxial and biaxial 

hard axis H&(oe) 

239 

'biaxial easy' axis 

uniaxial easy and 

biaxial hard axis 

'biaxial easy' axis 

Figure 8.1 Traces of the hysteresis loops of a film on NaF in the 

biaxial easy and hard axes 
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Figure 8.2 The switching threshold curve for a film -with a ratio of 
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Figure 8.4 Kondorsky's wall-motion model for biaxial anisotropy 
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Figure 8.6 Series of anomalous hysteresis loops for increasing 

applied fields 
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SUMMARY  

The aim of this section is to correlate the research outlined in 

the preceding chapters and in particular to connect the magnetic and 

crystallographic results. It was previously mentioned (section 1.3) 

that the aim of this work was to study the effects on the magnetisation 

ripple of the various degrees of orientation of the film. This entailed 

the production of single-crystal films. Sodium chloride was the sub-

strate used as this had the advantage of being the most common, and 

hence the cheapest. 

The orientation was altered by changing the substrate temperature 

for each successive evaporation. The changes in the uniaxial and biaxial 

anisotropy constants (measured using the susceptibility apparatus) with 

substrate temperature have been explained as the direct result of the 

effect of the change in the degree of orientation on the directional 

ordering contribution. 

Ripple effects have been measured rather indirectly by comparing 

H 	- H
k 

versus
p  / % for each polycrystalline film against the pre-

dictions of the various theories. All the films were incorporated by 

the two limiting cases of both Hoffmann's and Harte's theories. This 

treatment was then extended to biaxial anisotropy and applied to the 

single-crystal films, in both biaxial hard axes (corresponding to the 

uniaxial easy and hard axes). 'Again, good agreement in both directions 

was obtained, but for films with low values of 
H1/Hk the uniaxial easy 
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direction produced poor agreement. This was explained as being due to 

wall-motion effects. 

The biggest disadvantage encountered using NaC1 was the large 

scatter of values of K
u 
and K

1 at similar substrate temperatures. This 

is thought to be due to the ease with which NaC1 dissolves in water 

so that microdissolution occurs near film discontinuities, affecting the 

stress in the film and also the constraint temperature. Another possible 

cause which may affect the magnetic properties is the low sublimation 

point of NaC1 which could also affect the epitaxy. It was decided to 

use other alkali halide substrates with slightly different physical 

properties. The two other substrates used were LiF and NaF, both cleaving 

in the [100] direction. 

Films prepared on NaF and LiF were far superior both crystal-

lographically and magnetically: 

(i) The films had lower defect densities and a smaller spread 

in orientation for similar evaporations at elevated temperatures (>250°C), 

but these differences were much less at lower temperatures. 

Magnetic properties were fairly similar to films on NaC1 at the 

lower temperatures but they deviated widely at higher temperatures. 

(ii) The single-crystal hysteresis loops showed extremely good 

agreement with the single domain theory for films grown on NaF, but 

films on NaC1 did not even show a double step in the hysteresis loops. 

Observation of certain films on NaF and LiF with double steps on only 

one side of the loop enabled an explanation to be proposed for the lack 

of double steps for films on NaCl. It is thought that the solubility of 
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NaC1 caused varying properties in adjacent regions and large local stray 

fields, preventing pure rotation. 

(iii) The magnetocrystalline anisotropy constant had higher values 

for the NaF and LiF substrates than for NaC1 but all three were higher 

than bulk values. This was explained as being due to an isotropic stress 

caused by differential thermal expansion between the film and substrate. 

The stresses and constraint temperatures were higher for NaF and LiF, 

which was attributed to a better surface and no microdissolution. 

A large amount of previous work had been concerned with methods 

of improving epitaxy by electron bombardment, vacuum cleaving, etc. 

In this work several other preparations of the NaC1 were tried with the 

same aim. The NaC1 substrates were both etched and polished, resulting 

in improved epitaxy in both cases, although the etched substrates pro-

duced films with increased defect densities. The polishing, besides 

improving the epitaxy, removed the cleavage steps, replacing them with 

far smaller scratches. Although the polished substrates provided better 

epitaxy the magnetic properties were drastically affected by the 

scratches, producing coarse-scale ripple and interaction fields. The 

anomalous susceptibility curves of these films were successfully 

explained using Harte's ripple theory. The 'etched films' with improved 

epitaxy had very similar magnetic properties to the films on cleaved 

NaCl. 

The only direct ripple measurements performed were concerned with 

the loss mechanisms, as explained in chapter 7, whereby the biased 

susceptibility apparatus was used for plotting the loci of the maximum 



imaginary susceptibility in field space. The resulting curve was 

expected to correspond to Hoffmann's blocking curve. However, even 

allowing for a certain degree of ripple hysteresis the agreement was 

very poor. By considering the losses to arise by irreversible ripple 

wall motions the loss curves can be described fairly accurately using 

the coercive field calculations of Middlehoek (M.3) for films which 

have negligible interactions between ripple walls. Although the 

theoretical treatments of ripple reorientations and ripple wall move-

ments are distinguishable, in the actual experimental observations of 

Feldtkeller (F.6.b) it is virtually impossible to distinguish between 

the two. 
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APPENDIX I  

Glossary 

A 	exchange constant 

b
1 	

ratio of anisotropies (K
1
/K

u
) 

B magnetic induction 

d crystallite diameter 

D film thickness 

h = H/Hk  reduced field 

H 	peak a.c. field in susceptibility apparatus 

H(0.4.) 	Stoner-Wohlfarth single-domain field 

H
a 	

applied field 

H
b 	

blocking field 

H
c 	

coercive field 

H
e 	

earth's field 

H
eff 	

total effective field 

H
k 	

uniaxial anisotropy field (2Ku/Ms) 

Hp 	value of applied field for peak susceptibility 

H
s 	

stray field 

H
1 	

biaxial anisotropy field (2K M
s
) 

K local anisotropy constant 

K
1 	

first-order magnetocrystalline anisotropy constant 

L torque exerted on film by the field (aEkp3e) 

Ms 	saturation magnetisation 
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P 	pressure (torr) 

T
s 	

substrate temperature (°C) 

U 	magnetostatic potential 

'angular dispersion' 

magnetisation dispersion 

ripple wavelength 

magnetostriction constant in the [hkl] direction 

average magnetostriction constant 

permeability 

magnetic flux 

real transverse susceptibility 

imaginary susceptibility 

incremental susceptibility (real part) 

transverse susceptibility in a field Hk  (M
2
/2K ) 

u 

peak value of transverse susceptibility 

non-linear intrinsic field (Harte's theory) 
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APPENDIX 2  

In chapter 6 the inverse susceptibility curves were compared with 

the theoretical predictions of Harte (H.8). In figure 6.11 the theoretical 

values of Heff are plotted against the applied field, Ha 
 + H

k 
 , both axes 

—  

being normalised with respect to a field fl. The coarse-scale ripple 

in figure 6.11.a the normalising field, n_c, is given by: 

  

{1(2
'2
2)1

2

1
1
/5 

= 1.22 x 10-2e5oe 	.. 	(A.2.1) 2 
_Qc  K

4
ar  L  

4RM3 

   

where the exchange constant A = 1 x 10
-6 

erg/cm
3
, M

s 
= 10

3 
gauss, the 

30 
 

film thickness 2L = 10 A and the inhomogeneity scale, R, = 5 x 103A. 

3 3 
K is the r.m.s. value of the local anisotropy and 1(7,7) is a constant, 

equal to 1.854. The case of the fine-scale ripple is covered in figure 

6.11.b in which the normalising field, -(-)
I' is given by: 

2 2 

n_ = 
M
s 

(RK)4-q L{I(4,4)1 	/5  
= 3.56 x 10

-7
K
7/5 	

.. (A.2.2) f 2A 	47-rMs  

The symbols have the same meaning and R has been put equal to 102A. 

It is important to note that the intercept of line 3 on the H
a 
axis 

in figure 6.11 is /lc  or 	The validity of the non-linear approximation 

can now be checked. From the intercept in figure 6.9 a value for -awas 

determined and then the field range over which the approximate solution 

agreed to within 10% with the correct solution was calculated. In the 

cases of both fine and coarse-scale ripple the upper limit of agreement 

occurred at a field, H
a 
 + H

k  , of 16 oe, which is well below the point at —  

which the experimental curves begin to deviate from linearity. 
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It is obvious from figure 6.11 that the non-linear approximation 

is in any case a rather poor fit to the correct solution, having a 

markedly different slope. 

The method finally used for fitting the data in figure 6.9 to the 

correct solution was described in the text but essentially involved 

approximating the correct solution with the straight line 5. From the 

intercept of this line on the (H
a 

H
k
) axis the value of n- was determined 

and the field range over which this approximation gave 1% accuracy was 

then calculated and compared with the experimental range as follows. 

The experimental points agree with the straight line in figure 6.9 

to within 1% over a range of Ha  + Hk  of 19 + 3 oe to 57 + 8 oe. The 

errors quoted mainly arise from small discrepancies between the two lines, 

possibly caused by some anisotropy in the film's structure, or in the 

case of the lower limit, by the onset of wall motion. For the same 

accuracy the ranges calculated for two suitable lines in figure 6.11 are 

23 to 50 oe for the coarse scale and 13.5 to 135 oe for the fine scale. 

The former figures fit very closely with the experimental range, but 

the latter give far too wide a range. Moreover, the choice of a dif- 

ferent straight line in figure 6.11.b which reduces the upper limit also 

reduces the lower one. 

Since the value of S)
"c 

is directly related to K it is possible to 

determine the latter after finding the best fit and using equation A.2.1. 

For the polished film in figure 6.9, K is calculated as 6.9 x 10
3 

erg/cm
3
. 



APPENDIX 3  

Publication 

The following paper was published during the course of these 

studies on the magnetic properties of films prepared on polished NaCI 

substrates: 

'The effect of surface roughness on the susceptibility of 

thin permalloy films' 

R. J. Fairholme & K. D. Leaver 

British J. Appl. Phys. 	Series 2 Vol. 2 pg 1267-77 	(1969) 
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