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ABS'l'RACT 

The induced macnetic uniaxial anisotropy of Ni-F0 alloy films l1as 

been shown to be related to the crystal structurr'? of the film. Ry use 

of electron di f'frac~:i on, Lhe crystal structure or va(~tmm-d('?po~:i ted 

films was determined over the composition ran€':e 5% to 85% Ni, with 

substrate temperat~re during deposition at various temperatures ~n the 

0 0 
range 25 to 500 C. The phase diagram determined in this way has 

boundaries which are in fair agreement with the equilibrium boundaries 

for bulk mater:·.al above 400°C. The (a + y) mixture phase disappears 

0 below 100 C. 

The measurement of uniaxial anisotropy field for 25% Ni-Fe alloy 

films deposited at temperatures in the range -80°C to 375°C has been 

carried out. Comparison of the crystal structure phase diagram with 

the present data and those publishel by Wilts indicates that the 

anisotropy is strongly sensitive to crystal structure. Others have 

proposed pair ordering as an important source of anisotropy because of 

an apparent peak in the anisotropy energy at about 50% Ni composition. 

The present work shows no such peak, and leads to the conclusion that 

pair ordering cannot be a dominant contributor. 

Width of the 180° domain wall in 76% Ni-Fe alloy films as a 
0 

function of film thickness up to 1800 A was measured using the defocuseJ 

mode of Lorentz microscopy. For the thinner films, the measured wall 

widths are in good agreement with earlier data obtained Gy Fuchs. For 

films thicker than 800 A, the wall width increases with film thic:C:r.ess 
0 0 

to about 9000 A at 1800 A film thickness. Similar measurements for 

0 

polycrystalline Co films with thidmess from <:'00 i.u l')()l) A hav(~ bt-'?C'n 



v 

Q Q 

made. The wall width increases from 3000 A at 4oo A film thi~kncss to 
0 Q 

about 6000 A at 1500 A film thickness. The wall widl:hs for Ni-Fe and 

Co films are much greater than predicted by pr(~sent tlworic~;. 'rhe 

validity of thl~ elass ical detf~rminaU on of' wal.l width is <Li iJCUSSf!d, 

and the compar.i son of the present data with theoretical results is 

given. 

Finally, an experimental study of ripple by Lorentz microscopy 

in Ni-Fe alloy films has bee~ carried out. The following should be 

noted: (1) the only practical way to determine experimentally a 

meaningful wavelength is to find a well-defined ripple periodicity by 

visual inspection of a photomicrograph. (2) The average wavelength is 

of the order of 1~. This value is in reasonable agreement with the 

main wavelength predicted by the theories developed by others. The 

dependence of wavelength on substrate deposition temperature, alloy 

composition and the external magnetic field has been also studied and 

the results are compared with theoretical predictions. (3) The 

experimental fact that the ripple structure could not be observed in 

completely epitaxial films gives confirmation that the ripple results 

from the randomness of crystallite orientation. Furthermore, the 

experimental oJservation that the ripple disappeared in the range 71 

and 75% Ni supports the theory that the ripple amplitude is directly 

dependent on the crystalline anisotropy. An attempt to experimentally 

determine the order of magnitude of the ripple angle was carried out. 

The measured angle was about 0.02 rad. The discrepancy between the 

experimental data and the theoretical prediction is serious. The 

accurate experimental determination of ripple angle is an unsolved 

problem. 
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Chapter l Introduction 

The study uf matter in the thin film state has fascinated many 

investigators, and a voluminous experimentul and theoretical literature 

has been built up. Although the magnetic properL ies of th.Ln films had 

occasionally come under consideration, the emphasis had distinctly 

been on other physical properties, particularly tne crystal growth 

mechanism. In the last fifteen years, however, magnetic studies in 

thin films have received considerable attention. This interest 

promises to continue as the magnetic properties of thin films have 

not only intrinsic scientific interest, but also emerging technological 

significance for uigital computer components. The general purpose of 

this thesis is to describe investigations into three topics which appear 

to be important in understanding magnetism in evaporated thin films. 

The thesis consists of three main parts: l) Induced uniaxial anisotropy 

and its correlation with crystal structure (Chapters 2 and 3), 2) 

Domain wall structure (Chapter 4), and 3) Magnetization ripple struc

ture (Chapter 5). 

The shape of a thin film provides a strong anisotropy which usually 

constrains the magnetization to lie in the film plane. This geometry 

is expected to make the film normal a direction of hard magnetization 

und all directions in the film plane equally easy. However, actual 

polycrystalline ferromagnetic thin films almost invariubly show uniaxial 

anisotropy in the film plane. Also additional contributions to anisotropy 

in the normal direction may arise from the physical state of the :'ilm. 

This case, however, is not discussed in the present thes 1 s. A CLmsider

able amount of study on magnetic anisotrLYPY in thin rnetal.Lil· t'ilms has 
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been carried out, but little systematic information is available except 

for the Ni-Fe system and the origin of the anisotropy is not wholly 

understood yet. The first part of this thesis is concerned with the 

uniaxial anisotropy in thin polycrystalljnc metal ulluy f'ilms (Chapter 

2). First, the origin of' the uniaxial anisotropy L1 thin films will 

be discussed on the basis of the mechanisms put forward by others. 

Second new experimental data for the anisotropy in Ni-Fe alloy films 

will be presented and discussed with earlier data from the crystal

lographical point of view. This discussion is based on new results 

for the crystal structure which are given in Chapter 3. Since the 

basic knowledge of film structure is required in understanding the 

magnetic properties of thin films, such studies were carried out by 

electron microscopy. The crystal structure, crystallite size and 

lattice parameters as a function of composition and deposition condition 

will be summarized in Chapter 3. 

Lorentz microscopy, Kerr magneto optics and Bitter technique 

reveal the ferromagnetic domain structure in thin films. The know

ledge of the domain wall structure (magnetization spin distribution 

across walls and accordingly wall width) is necessary to understand 

the dynamical process of' flux reversal by wall motion. However, the 

wall structure in thin films, w::1ich is rather different from that in 

bulk materials, has not been well understood. The only calculations 

to date are based on simple wall models, and no experimental studies 

have been carried out systematically. The purpose of Chapter 4 is to 

describe first the present status of wall energy and wall thic~ness 

calculations. Secondly the experimental technique and new wall width 

measurements obtained by Lorentz microscopy will be given for Ni-Fe 
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alloy and Co films. 

Loca.l:ized stresses and imperfections extending over small ret'.ions 

in thin films may give rise to localized anisotropy of' magnetization. 

Furthermore, si.nee the individual crystallites are randomly oriented 

in a polycrystalline film, the crystalline anisotropy, which is dependent 

on the crystallographical orientations of a crystallite, varies from 

one crystallite to another. Thus such local variation of anisotropy 

should give rise to local variation of magnetization direction with 

respect to the over-all mean magnetization direction. This local 

variation of magnetization is called ripple. Lorentz microscopy reveals 

such a ripple structure. In Chapter 5, the investigation of ripple as 

a function of film composition, substrate deposition temperature and 

the applied field will be summarized and discussed in conjunction with 

the theories presented by others. 

Much of this work has been published in the technical literature: 

Chapters 2 and 

Chaptror 4: 

Chapter 5: 

3: 

T. Suzuki anc c. H. Wilts, J.A.P. 38, 13'56 ( 1967) 

T. Suzuki and c; • H. Wilts, J.A.P. 39, 6110 (1968) 

T. Suzuki, C. H. Wilts and C. E. Patton, J.A.P. 3q, 1983 (1968) 

T. Suzuki and C. H. Wilts, J.A.P. 40, to be published (l969) 

T. Suzuki and C. H. Wilts, J.A.P. 39, 1151 (1968) 
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Chapter 2 

Magnetic Uniaxial Anisotropy 

2.1. Introduction 

It was predicted many years ago and verified experimentally that 

the shape demagnetizing fields would constrain the magnetization to 

lie in the plane of most thin film ferromagnets. It was not expected 

that there would be an anisotropy in the plane of the film. However, 

it is an experimental fact that most ferromagnetic thin films have a 

particular direction along which the mean magnetization lies in the 

absence of an applied field. This direction is called the easy axis, 

and the perpendicular direction (in the film plane) is called the hard 

axis. The existence of a preferred direction implies that energy must 

be supplied to orient the magnetization in another direction. The 

maximum energy required for orientation along the hard axis is called 

the anisotropy energy. The direction of the easy axis can be selected 

by applying a magnetic field in this direction during fabrication of 

the film. 

The uniaxial anisotropy is usually approximated by 

(2 .1) 

where K is the uniaxial anisotropy constant and ~ is the angle be
u 

tween the magnetization direction in the film plane and the easy axis. 

It is easily shown from Eq.(2.l)that a field in the hard axis direc-

tion produces a component of M directly proportional to the field up 



to a r:ri tical value that makes the componr~nt of M equal to the satura-

tion magnetization value. Thl s critical value ot' H i.s ealled the 

anisotropy field Hk and is given by the equation 

Hk = 2K /M (2.2) u s 

where M is the saturation magnetization of the film. The anisotropy 
s 

field Hk may be measured in several ways. Four commonly used methods 

are: (1) the hard axis hysteresis loop, (2) use of the hysteresis 

looper with a method described first by Kobelev (1962), (3) the torque 

magnetometer and (4) ferromagnetic resonance. Since the first three 

have been used experimentally in this research to measure the uniaxial 

anisotropy, these methods are described in detail in Appendix 2. 

One of the most intriguing and interesting aspects of ferromagnetic 

thin films is the origin of the magnetic uniaxial anisotropy. In the 

case of vacuum evaporation, it is known to have a strong dependence 

on the alloy composition and the substrate temperature during deposi-

tion. It also has an unusual dependence on the angle of the incident 

vapor atoms with respect to the substrate surface. This appears to be 

due to the development of structural defects which are difficult to 

measure and analyze. As a result, most work is done with normal inci-

dence beams in order to obtain repr•Jducible characteristics. All work 

reported in this thesis was done in this way. Surprisingly, the 

anisotropy shows little dependence on other deposition parameters, 

such as slight impurities, rate of deposition, degree of vacuum 3nd 

substrate material provided the surface is sufficiently smooth. 
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It is the purpose of this chapter, first to discuss the mecha-

nisms which have been proposed to explain these observed facts about 

the magnetic uniaxial anisotropy in ferromagnetic thin films. Second, 

new experimental data for the magnetic uniaxial anisotropy of 25% Ni-

75% Fe alloy as a function of substrate deposition temperature will be 

presented along with other data previously reported by Wilts (1966) 

for Ni-Fe alloy films. Third, it will be pointed out that no combi-

nation of the mechanisms discussed earlier will satisfactorily explain 

the experimental results in thin films. In addition, a correlation 

will be pointed out between anisotropy variations and a crystal struc-

ture transition in the Ni-Fe alloy. 

2.2. Magnetic Uniaxial Anisotr~ 

2.2.1. Pair Ordering Mechanism 

As a possible mechanism to account for induced uniaxial 

anisotropy in ferromagnetic binary alloys, such as Ni-Fe alloys, the 

pair ordering model is the first which has been proposed by Neel 

(1953, 1954) and Taniguchi (1955). Consider an alloy of two com-

ponents with A and B atoms randomly distributed over the lattice 

points, both having magnetic moments which are constrained to be 

parallel to each other. The dipole-dipole interaction energy of 

neighboring A and B atoms is 

2 
E = t b(r) (cos cp - 1/3) p a 

(2. 3a) 



7 

tab(r) = -3MaMb/r3 (2. 3b) 

where Ma and ~J are the magnet i.e moments of the A and B atoms respec-

tively, r is the distance between the two atoms nnd cp is the angle 

between the magnetiz:ation direction and the line join.inf, the two atoms. 

Only nearest neighbor interactions will be considered since the inter-

action falls off rapidly with the distance r. Thus, the energy due to 

the random distribution of three possible kinds of atom pairs over dif-

ferently oriented pair directions is 

E = 
p L: 

i 
(2.4) 

where N , Nbb and N b arc the number of the A-A, B-B and A-B pairs 
aai i a i 

d . t d ll l t th .th d' t' t' l . th l lrec e para e o e l-- lrec lOn respec lve y, ~i lS e ang e 

between the magnetization direction and the ith direction and taa' R0 b 

and tab denote the dipole coupling coefficients given in Eq.(2.3b). It 

should be noted that N , Nbb and N b are not independent of each aa. . a . l l l 
other. For example, an increase by unity in the number of B-B atom 

pairs in one of the nearest-neighbor directions through any inter-

change between A and B atoms results in an increase by unity in the 

number of A-A pairs and a decrease by two in the number of A-B pairs 

in the same direction. It follows that the change in the energy of 

the dipole coupling due to an interchange between A and B atoms may 

be expressed as t
0 

(cos2~i - 1/3) where 

(2.5) 
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Therefore, the total energy change in the sample can be expressed in 

terms of the anisotropic distribution of B-B atom pairs. 

Eu = ~ ~b . .to (cos
2

cpi - 1/3) 
i 1. 

(2 .6) 

These equations indicate that if the energy of the dipole-dipole inter-

action is different between the different kinds of atom pairs, namely 

between A-A, A-B and B-B pairs and if the atoms are arranged in the 

directionally ordered way, then one can expect the total array of 

dipole-dipole pairs to give rise to a non-zero anisotropy. For quan-

titative estimates it is necessary to have a calculated magnitude of 

.t
0 

for a typical material such as Ni-Fe alloy. For simplicity, the 

Bohr magneton numbers for Ni and Fe atoms are assumed to be the same 

as they are in the pure metals, 0.6 for Ni and 2.2 for Fe. Using 

Eq.(2.~ and the known lattice parameter for the alloy, one finds that 

.tN. N' = -0.56·10-17 erg. 
1.- 1. 

tFe-Fe = -o. 77·lo-16 erg. 

.tNi-Fe = -o.2o·lo- 16 erg. 

Thus, 

t 
0 

-16 = -0.43·10 erg. (2. 7) 

During anneal at a high temperature T' in the presence of a 

strong magnetic field, diffusion of the atoms in the lattice takes 

place and the B-B pairs, for instance, may tend to align themselves 

parallel to the direction of magnetization, provided the sign of t is 
0 

negative as in the case of Ni-Fe alloys. If all the Fe-Fe pairs in 
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a Ni-Fe alloy, for example, were alie;ned (10
22 

palrslcc), then the 

maximum unLaxi al ard_ sot ropy energy E predi rted would bP 0f the order 
u 

of 10
6 erg. I ec. Howr1ver, as will be seen, thermal di ,-,order redure~s 

the !'raotional r~xcess alignment of' !)airs in the le-v; c11erc;y orient~t ion 
? 

to 8'nout 10- ,) . 

In estimating -C.he anisotropy 12nergy it is asswned that the number 

th of B-B pairs fow1d in the i- bond direction is ir. thermal equilibrium 

governed by the Boltzmann factor. That is 

2 
-J,'cos co.lkT' 

o l I ~ 
Nbbe LJ 

i 

2 I --t'cos cp. kT' 
0 l 

e 

where Nbb is the most probable number of B-B pairs (assuming Cb<< 1). 

The exponentials can be approximated by the firs~ two terms of the 

power series expansion since (t'lkT') is of the order of 10- 3 at the 
0 

temperatures of interest here. Also since t is a function of the 
0 

distance between the two atoms, t may be dependent on the temperature. 
0 

Thus, t' is the value of t 
0 0 

0 at T' K. 

If the sample is rapidly cooled down to the lower temperature 

T°K at which measurement is to be made, no further diffusion of atoms 

can be expected and the anisotropic arrangement of B-B atom pairs is 

conserved (quenched). For such a quenched state, Neel (1953 and 1954) 

has used the above considerations to derive the anisotropy energy of 

dipole-dipole interaction for isotropic polycrystalline materials, 

E 
p 

-nN(lll5kT') c2 c2 
t t'cos

2
rn a b o o T 

(2.8) 
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where N is the number of atoms per unit volume, n is the number of the 

nearest neighboring atoms, Ca and Cb are the concentrations of A and B 

atoms, respectively. The angle between the magnetic field direction 

applied at T' and the magnetization direction at T is given by~· 

The expression of Eq. (2.8)can be compared with the anisotropy 

energy expression of Eq.(2.l)and one can define K for the pair 
u 

ordering model to be 

K = (l/15)nNt t •c2
cl:b/kT' 

P o o a 
(2.9) 

This equation illustrates the dependence of magnetic induced uniaxial 

anisotropy on the alloy composition, i.e., the anisotropy is propor

tional to c!c~ = C~(l- Cb)
2

• For 50% Ni-Fe alloys, the predicted 

value of Ku is about 2·10
2 

erg/cc for T' = 300°C, assuming t
0 

= t~. 

The attempt to experimentally verify the mechanism of the pair 

ordering model was first made by Chikazumi and Oomura (1955). They 

carried out the magnetic annealing of Ni-Fe bulk materials (rod shape) 

0 
from 60% to 100% Ni content using various cooling rates from 600 C to 

room tenperature. Even though the anisotropy was found to depend on 

the cooling rate, the anisotropy energy constant K varied as a func
u 

tion of Ni content in a manner similar to that expressed by Eq.(2.9). 

However, the magnitude of K extrapolated to 50% Ni-Fe composition 
u 

3 
was about 5·10 erg/cc which is larger than that expected from theory 

by a factor of 30. The composition dependence of uniaxial anisotropy 

has also been measured by Ferguson (1958) in bulk materials with Ni 

composition above 50%. The value of the anisotropy K obtained at 
u 



ll 

50% Ni content is about 3·103 erg/cc which is in reasonable agreement 

with the results of Chikazumi and Oomura. Ferguson also found that 

the anisotropy is proportional to (T 
c 

2 2 
- T')CbC , where T is the Curie a c 

temperature and T' is the anneal temperature. The experimental depen-

dence of K on composition is similar to the magnetic anisotropy in
u 

duced by mechanical rolling as shown by Rathenau and Snoek as early as 

in 1941. However, the value of the anisotropy K produced by the 
u 

mechanical rolling was about 2·105 erg/cc which is still larger by a 

factor of about 40 than that obtained by Chikazumi and Oomura for 

annealing of bulk alloys. Since the rolling process is not likely to 

produce pair ordering, evidently other mechanisms exist which give the 

same directional dependence. 

Even though it is not clear that the anisotropy due to rolling 

may or may not have the same origin as that of the magnetic annealing, 

the discrepancy between the measured values and the theory prediction 

is serious. It leads clearly to the conclusion that the pair ordering 

model based on the classical magnetic dipole-dipole coupling does not 

explain the induced uniaxial anisotropy in bulk ferromagnetic binary 

alloys. 

Neel and Taniguchi have been aware of this discrepancy and sug-

gested that the interaction energy between atoms, whose origin is prob-

ably related to the spin-orbit coupling, must be treated quantum 

mechanically. The quantum mechanical origin of this coupling is be-

lieved to be due to the combined effects of spin-orbit interaction and 

the un-quenching of the orbital angular momentum by inhomogeneous 
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crystalline fields and by orbital exchange interaction with neighboring 

atoms. To be more explicit, the spin and orbital angular momentum 

interact with eacll other via spin-orbit coupling, and orbital motion 

is in turn influenced by the crystalline field and overlapping wave 

functions associated with the neighboring atoms of the crystal lattice. 

However, the quantum mechanical origin and its magnitude are contro

versial yet today and no quantitative discussion has been given in the 

literature. 

In the case of thin films, the experimental situation is quite 

different. The pure metal films, such as Ni, Fe and Co are known to 

have large values of uniaxial anisotropy instead of zero. In these 

cases, the pair ordering mechanism can have no part in producing the 

anisotropy. In addition, the composition dependence of uniaxial aniso

tropy for the alloys of these metals has been found to be much more 

complicated than that predicted by Eq.(2.9). (Robinson (1961), Taka

hashi (1962), West (lg64), Wilts (1966), and Wilts and Humphrey (lg68)). 

This will be discussed in detail in the following sections. In the 

light of the experimental situation, Robinson and West have suggested 

an additional mechanism to account for a part of the uniaxial anisotropy 

in thin films. This mechanism, dependent on stress and magnetostriction, 

is discussed in the next section. 
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2. 2. 2 Stress Mechanism 

The anisotropy predicted by the pair order model cannot be 

used to explain the total anisotropy of thin films. This model predicts 

no anisotropy for pure single element films, while experimentally 

such films are found to have a substantial anisotropy. In an effort 

to explain the experimental data for Ni-Fe alloy films, Robinson 

(1962) suggested an additional mechanism caused by magnetostriction 

and anisotropic stresses associated with the tight adherence of the 

film to the substrate. In other words, he proposed that the origin 

of the uniaxial anisotropy energy in thin films is due to two mechanisms--
, 

the Neel-Taniguchi pair order mechanism and a stress mechanism. 

The additional mechanism proposed by Robinson can be described 

as follows: When the film is deposited in a magnetized condition at a 

substrate deposition temperature T', the film is spontaneously strained 

in the direction of the applied field. At the time the film is formed, 

the atoms of the film are considered to be sufficiently mobile to 

relieve any anisotropic stre.3 s in the film. Thus the state of the film 

after evaporation in an applied field may be considered as one in which 

the film is free from anisotropic stress but strained magnetostrictively 

by an amount of X. 1 where X. , is the longitudinal saturation magneto-s s 

striction constant at temperature T'. When the film is cooled to room 

temperature, the magnetization remains in the same direction as the 

applied field direction, that is along the easy axis. If the magnetization 

is now rotated to another direction by applying a suitable magnetic 

field, the substrate prevents any change in the strain in the film, so 

that a magne'tostrictive stress is produced. Based on this idea, 
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Robinson derived an expression for an additional uniaxial anisotropy 

energy EX. of the form 

(2.10) 

and 

(2.11) 

where K:>... is a uniaxial anisotropy constant due to stress, :>...s is 

the longitudinal saturation magnetostriction constant at temperature 

T where the measurement is to be made, G is Young's modulus, 

and a is the angle between the direction of the stress in the film 

and the magnetization direction. Robinson suggested that the total 

uniaxial anisotropy of thin films results from a simple summation 

of terms due to the pair order (Kp) and this stress mechanism (K:>...); 

K = K + K'\ 
u p "" 

(2. 1 2) 

West (1964), however, pointed out that Robinson's calculation 

was fundamentally incorrect and calculated the sum of the magneto-

elastic and elastic energies for each crystallite, and then averaged 

the energy over the randomly oriented array of crystallites. The 

' result obtained for materials with cubic symmetry is 

{2.13) 

where c11' c1 2 and c44 are the standard elastic constants a,t 

temperature T, and :>... and :>...' are longitudinal magnetostrictions 

at temperature T and T' respectively. As before, T' is a substrate 

deposition temperature. 



15 

It is worth comparing these two results wJth the experimental 

data. First, one is interested in knowinr, the values for purt~ elements 

such as NJ, Jt,e and Co. T1Li s comparison is made i_n Table 2-l. The 

theoretj_cal values were computed by West using magnetostrictive and 

elastic data referenced in his paper. The differe~ce between the 

results of West and Robinson is very small in the case of Ni, where 

~lll and ~lOO are of same sign so that ~s has the same order of mag

nitude as the simple crystal constants. The experimental results by 

Wilts are in good agreement with both values. However, in the case of 

Fe, where ~100 and ~lll are nearly equal but of opposite sign, the 

difference becomes significant. Robinson's result predicts a much 

smaller value for K than the corresponding calculation by West. The 
u 

reason for this is as follows. Robinson's result was based on the 

average change in dimension of a1 unstressed film. If ~lll and A.100 

are opposite sign and approximately in the ratio of 2 to 3, then the 

value of ~ becomes very small and the energy according to Eq. (2.11) 
s 

becomes also small. On the other hand, West considered the equilibrium 

strain and the corresponding total of magnetoelastic and elastic energies 

in each crystallite based on the larger (and more nearly correct) 

single crystal constants. Then he averaged the energy over the ran-

domly distributed crystallites obtaining an average energy much larger 

than that predicted by Robinson. As shown in Table 2.1, the value for 

Fe obtained in this way by West is in excellent agreement with the 

measured value by Wilts. On the other hand, the value by Robinson is 

smaller than these by an order of magnitude. In the case of Co, because 

of the hexagonal symmetry the expression of anisotropy is different than 

that of Eq. (2.13). The detailed calculation by West is not of primary 

interest here, but the result is important. As shown in Table 2.1, the 
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Table 2-1 

COMPARISON OF THEORETICAL AND EXPERIMENTAL VALUES OF 

UNIAXIAL ANISOTROPY FOR SINGLE ELEMENT FILMS 

All data are for films deposited at 25°C and measured at 25°C. 

Values are given in units of 103 ergs/cc. 

Robinson (Eq. 2.11) 

West (Eq. 2.13) 

Wilts (Experimental) 

Ni 

3.5 

4.1 

'3.6 

Fe 

0.2 

1.8 

1.6 

Co 

30 

42 

20 
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d i ff0.renc:c between the results by Rohinson and West is not s i1;n.i flc:unt 

(')() · 10 3 f!rg/(:C and l1~' • 10 3 crg/cc rcspt~ctlvt:.Ly). 'l'he mea~;ured 
. i ')l'OC • -) I ( vr.~lur~ of' Co fLlms evaporated a: <-) 1.s about 20 · 10· Prg ct~ Wilts, 

1968), wllich disae;rees with the calculated values by a factor of 

about 2. At the present t:Lme, the reason for this discrepancy is not 

clear. If the experimental value were too large, one could postulate 

another anisot~opy source to explain the difference. However, in this 

case the experimental value is low. It should be mentioned that the 

phase transformation between e and r in Co films with changing sub-

strate deposition temperature is gradual, as will be discussed in 

section (3.2.3). Even though the electron diffraction photograph in 

0 
F1g. 3.7 indicates primarily hexago'lal structure at 25 C, one can 

see a diffuse line which may correspond to (200)f.c.c. in the photo

graph. This implies that the films evaporated at 25°C may contain a 

very small amount of f.c.c. structure. Accordingly the anisotropy 

could be different from that based on the theory for h.c.p. structure. 

It is also possible that the single crystal magnetostriction constants 

for hexagonal cobalt are in error. In any case the discrepancy though 

substantial is not unreasonably large. 

As discussed, the measured uniaxial anisotropy for pure Ni, 

Fe and Co films are in reasonable a~reement with those predicted 

by the stress mechanism. However, there still remain some difficulties 

with this mechanism. Before discussing this matter, it is worth pointing 

out that there is good agreement between the experimental data and the 

prediction by a combination of stress and pair order over a limited 

range of alloy composition in Ni-Fe films. As mentioned before, in 

an attempt to explain the observed anisotropy Robinson and West proposed 

a combination of stress mechanism with no adjustable parameters 
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(Eqs. (2.11) and (2.13) ) and the pair order mechanism with an empirical 

coupling constant .1. 
0 

(Eq. (2. 9) ). The dependence of K"- on Ni compo

sition in Ni-Fe alloy films, as expressed by Eqs. (2.11) and (2. 13), is 

plotted in Fig. 2.1 for the composition range between 35 and 100% Ni, 

and for deposition temperature 25 °C (after the paper of West, 1964). 

The difference between the two curves is little for Ni content greater 

than 70%. However, for composition belo,w this value, the difference 

becomes significant; the prediction by West is much larger than that 

by Robinson. The adjustable constant for the pair order model was 

empirically determined from the measured anisotropy at about 80% Ni 

where the stress part of uniaxial anisotropy is expected to be negligible 

since the magnetostriction constants are nearly zero. The resulting 

anisotropy, consisting of the stress and pair order parts, is plotted in 

Fig. 2. 2 as a function of Ni composition in the range 35% to 100% Ni. 

In the figure, experimental data for films deposited at 25 °C are also 

shown for comparison (Wilts, 1966). On the whole, the agreement is 

reasonable between the data an:l the predictions of the theories. However 

in view of the high curvature near SO% Ni and the very sharp decrease 

below 40% Ni, it would be desirable to obtain more experimental points 

in this region. New experime·:1tal data to clarify this matter are given 

in section (2. 3. 2). 

For further check of the theories, one should look at other alloys 

with zero magnetbstrictive compositions ("- = 0). Two examples are s 

Ni-Co and Ni-Fe alloys. The recent study of Ni-Co alloys by Brownlow 

and Wilts (1968) indicates that there is no minimum in the anisotropy at 

the composition where "- is zero. Clearly Robinson's model fails s 

here and the agreement with West's model is poor. 
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Since the stress mechanism is based on the stress due to the 

adherence of the film to the substrate, one might expect the stress 

part of the total anisotropy to disappear after removing a film from 

the substrate. However, Pugh and coworkers (1960) have found that 

the uniaxial anisotropy in Fe films deposited on NaCl substrate was 

about the same after removal as before. They concluded that the 

stress mechanism could not account for any significant part of the 

uniaxial anisotropy. A similar result has also been reported by Wako 

and his coworkers (1963) for Ni films. On the other hand, Krukover (1968) 

has recently reported a result contrary to that of Wako et al. The 

anisotropy of Ni evaporated at 100 °C was found to be 3. 5 • 103 erg/cc, 

which is in good agreement with the theoretical values of Robinson and 

West and the experimental value of Wilts. However, he found that the 

anisotropy decreased to zero after removal from the substrate. He 

inferred from this that the magnetostrictive stress mechanism is mainly 

responsible for induced anisotropy in the case of Ni films. The anisotropy 

of Co films, on the contr;:.ry 1 was found to decrease very little, from 

15 • 103 erg/cc to 13.5 • 10
3 

erg/cc. From this he concluded that 

only 10% of the total anisotropy could be attributed to the stress 

mechanism, even though West's calculation predicted a value of 

40 • 103 erg/cc based on this mechanism. In addition, for Fe films, 

he found little change in anisotropy after separating the films from 

the substrates 1 concluding that the stress mechanism contributed less 

than 10% of the measured anisotropy even though West's calculation 

agreed very well with the experimental value. In the light of this chaotic 

situation, a systematic study of this matter is needed. 
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In an attempt to explain anisotropy in thin films, some workers 

have dis cussed the importance of lattice defects and impurities (Bozorth 

(1957), Anderson (1961), Takahashi (1962) and Purtton (1963) ). It was 

proposed that structural defects such as vacancies, dislocations and 

impurities might contribute to the anisotropy, if an alignment of these 

defects occurs during deposition. However, this is not plausible in 

the case of impurities since the magnetic uniaxial anisotropy observed 

does not seem to depend on residual gas in the vaccuum system over 

-5 -7 
a relatively wide range of vacuum (10 to 10 mm Hg) or on small 

amount of impurities in the melt, but it does vary widely with composition, 

substrate deposition, and measuring temperatures over a range of at 

least 20 to 1. The same argument may not apply to vacancies, dis-

locations and other defects, but in any case, no meaningful quantitative 

predictions have been advanced. 

As seen so far, the origin of tre uniaxial anisotropy is not 

satisfactorily understoo•l, and the experimental results of the magnetic 

uniaxial anisotropy cannot be explained fully in terms of the mechanisms 

discussed earlier. Therefore, it is worthwhile to consider whether 

relevant information can be obtained from investigating variation of 

anisotropy with crystallographic structure of thin films. Such investigations 

were made in Ni-Fe alloy films, and the results and discussion will be 

given in the following sections. 
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2. 3 Measurement of Magnetic Uniaxial Anisotropy and Correlation 

with Crystal Structure 

2. 3. 1 Introduction 

In the previous section, the pair ordering and the magnetostriction 

stress mechanisms for induced magnetic uniaxial anisotropy have been 

discussed and it was pointed out that neither mechanism nor a combination 

of them fully explains the experimental results. In the light of this 

discrepancy, it seems plausible that some significant factors which 

contribute to the uniaxial anisotropy energy have been overlooked, and 

the origin of the uniaxial anisotropy should be reconsidered. In this 

section, an experimental investigation of the correlation between crystal 

structure and anisotropy in Ni-Fe alloy films is presented. 

The motivation for this study was initiated by Wilts (1966) who 

first suggested a correlation betwean the uniaxial anisotropy and the 

crystal structure in ferromagnetic thin films on the basis of the 

measul'ement of anisotropy made on the 19% Ni-Fe alloy. To confirm 

his results, the same measurements were repeated for the 25% Ni-Fe 

alloy, a slightly different composition from that which he used. At the 

same time, crystal structure determination was carried out by electron 

diffraction for compositions ranging from 5% to 80% Ni content and over 

a wide range of substrafe deposition temperature. This experimental 

crystal structure work is discussed in detail in a later section. 



24 

2. 3. 2 Measurement of the Uniaxial Anisotropy of Ni-Fe Alloy Films 

The experimental values of uniaxial anisotropy obtained by many 

workers over the last decade show common trends even though the 

specific numerical values show a large variation from one laboratory to 

another. The most striking systematic variations are the dependence 

of uniaxial anisotropy on alloy composition and on the substrate deposition 

temperature. The first of these has been commonly used by many 

workers to check the validity of the theories put forward, but the latter 

dependence has not been given much attention. This is mainly because 

of two reasons. First the pair ordering indicates directly the compositional 

dependence but not the temperature dependence of induced uniaxial anisotropy. 

Specifically the temperature dependence of the number of pairs and the 

parameter J. I 

0 
in Eq. (2. 9) is not known. Second, the stress m1~chanism 

predicts that the other component of anisotropy depends on the elastic and 

magnetostriction constants whose composition dependence has been 

determined experimentally at room temperature, but whose temperature 

dependence is unknown. Accordingly, the dependence of anisotropy on 

substrate deposition temperature was thought not to provide any 

significant information to test directly the theories. 

However, this view is not necessarily true. If the uniaxial 

anisotropy is closely related to crystal structure in Ni-Fe alloy films, 

this correlation between them might suggest sources which were over-

looked in the previous considerations of the origin of anisotropy, or 

might shed some light on the mechanism of pair foDmation. Since the 

crystal structure depends on deposition temperature as well as composition, 

a corresponding var~ation of anisotropy would demonstrate the significance 

of structure. 
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It is experimentally difficult to measure the dependence of 

uniaxial anisotropy on substrate deposition temperature in the desired 

composition range near 30% Ni content. Since the suspected correlation 

is based on a single measurement of this type by Wilts, it was felt 

desirable to first verify his previous work. Consequently, an additional 

measurement was made of the uniaxial anisotropy as a function of 

deposition temperature. The film composition 25% Ni was chosen since 

the alloy with this composition is known to have a crystal structure 

transition at about 250 °C (see Fig. 3-1 in the next chapter). This 

temperature is significantly different than the corresponding temperature 

for the alloy used by Wilts, but is still within the range of interest. 

In order to obtain this film composition a melt composition of 45~1o Ni 

was used. The deposition condition and the procedures are described 

fully in Appendix 1. 

The induced uniaxial anisotropy constant K or anisotropy field 
u 

~ may be measured by several methods, 1) use of a hard axis hysteresis 

loop, 2) the same instrument but using a procedure first described 

by Kobelev (1962), and 3) use of a high field torque magnetometer 

(Humphrey, 1967). These procedures are described in Appendix 2. 

Of these ,the hard axis hysteresis method is the most common for 

measuring the uniaxial anisotropy. However, in practi~e, this method 

frequently fails to give a meaningful value for the uniaxial anisotropy. 

In some cases, the M- H characteristic opens up into a loop without 

well defined shape, and for other films the characteristic remains 

nearly single valued, but has a slope which depends on the amplitude 

of the applied field. For example, characteristics such as these are 

almost always found in the so-called inverted films in which H is 
c 

greater than ';;he anisotropy field Hk. They also occur in situations 
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where the dispersion and ripple amplitude are very large. 

Almost all of the fllms investigated in the present work with 

25% Ni content showed a slightly opened loop for a low field applied 

in the hard axis direction so that an accurate measurement was 

impossible by this method. However, both the Kobelev method and 

the high field torque magnetometer gave reasonably consistent and 

apparently meaningful values for the anisotropy field. Both of 

these were used in the present study. 

The uniaxial anisotropy field ~ determined by the torque 

magnetometer as a function of substrate deposition temperature T 1 

is shown in Fig. 2. 3. It is seen that the uniaxial anisotropy field 

Hk slowly decreases with substrate deposition temperature from the 

value of about 9 oe. at -80°C to 6 oe at 250 °C, and then rapidly 

decreases to zero at about 420 °C. This indicates that some transition 

in the behavior of ~ as a function of T 1 takes place at about 250 °C. 

The uniaxial anisotropy field ~ determined by Kobelev 1s method 

is shown in Fig. 2. 4. As can be seen by comparing the two figures, 

the values measured by Kobelev 1s method are generally smaller than 

those obtained by the torque magnetometer by about 15%. However, 

the trend of anisotropy as a function of substrate deposition temperature 

is the s arne. Again, a distinct abrupt change in slope occurs at about 

250°C substzate deposition temperature. Evidently this result is not 

influenced by the method used for measuring the uniaxial anisotropy. 



-. Cl) 

0 -
0 10 • 
_J • • 
w -
LL..a 
>-a_ 
0 

~6 
0 
(/) -z 
<(4 
_..J 
<( -
~2 
z 
::::> 

0 
-100 0 100 200 300 400 

SUBSTRATE DEPOSITION TEMPERATURE (°C) 
Fig.2-3 Uniaxial ~~iso~rcpy field H measured by torque magneto~ter as 
a function of substrate deposition temp~rature for 25%Ni-Fe alloy :~ilrr.s. 



-. Q) 
0 

~ 

I 

0 
_J 
w 

10 

lL 8 
>-
0... 
0 
0:: 6 
1--
0 
(/) 

~ 4 
_J 

<I 
X 2 
<I 
z 
:::::> 

• • 

0 100 200 300 
SUBSTRATE DEPOSITION TEMPERATURE (°C) 

.ng. 2-~ Uniaxia.L field H,_ measured by Kobelev method as a function of 
substrate deposition temperature for 25%Ni-Fe alloy films. The figure 
should be compared to Fig.2-3. 

... ... ... ... 
' ... ... ... 

' 

400 



29 

2. 3. 3 Correlation of Uniaxial Anisotropy with Crystal Structure 

InFig. 2.5, values of I-lk asafunctionof T' for44o/o, 19o/o, 

11 o/o and Oo/o Ni compositions in Ni- Fe alloy films are reproduced from 

the data by Wilts {1966), along with the present data for 25o/o Ni 

composition. The curves for 44o/o, 11 o/o and Oo/o Ni composiition show 

a smooth variation with no rapid change in slope. On the other hand, 

the curves for 25o/o and 19o/o Ni compositions show definite break points 

at about 250 ° and 330 °C, respectively. As will be seen in a later 

section, these temperatures lie within the transition range from 

b. c. c (a) to f. c. c (y) crystal structure. For ease of comp arisen, 

the arrows in Fig. 2. 5 indicate the temperatures at which the transition 

from a to 'Y phase is about 25o/o complete for the two compositions 

of interest. These temperatures were obtained from Fig. 3. 1 which will be 

discussed in detail in a later section. Since the data on crystal structure 

is only semi-quantitative, the correlation between the two sets of data 

seems ·'l'ery good. 

It can also be observed in Fig. 3.1 that no phase transition 

takes place in the temperature range from 0° to 500 °C for films with 

Oo/o and 44o/o Ni compositions. Correspondingly, there are no breaks in 

the data in Fig. 2. 5 for these compositions. On the other hand, 

Fig. 3. 1 shows a definite phase transition just above 400 °C for the 11 o/o 

Ni alloy films. Accordingly, a break in the curve of ~ vs T' would 

be expected at a temperature in the range 400 °C to 425 °C. However, 

the anisotropy field Hk has been measured only up to 400 °C, so it is 

not known whetper the correlation holds for this composition. One may 
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conclude that the experimental evidence indicates a definite correlation 

between the crystal structure transition and the abrupt change in the 

behavior of uniaxial anisotropy as a function of substrate deposition 

temperature in Ni-Fe alloy films. If this correlation is found in Ni-Fe 

alloys, then it also should be observed in other alloy systems. One 

such study has been recently carried out by Brownlow and Wilts (1968). 

Again, there appears to be a correlation between the crystal structure 

transition and the anisotropy in Ni-Co alloy films. 

The variation of anisotropy with composition has been used to 

test theories of the origin of anisotropy. This is customarily done for 

films made at an elevated temperature of about 300 °C. Inspection of 

Fig. 5 in the paper by Wilts (1966) shows that the varying Curie temperature 

makes the comparison very questionable. Values extrapolated tiO a low 

temperature, or the value a·; some fraction of the Curie temperature or 

alternatively the slope of the curve at the Curie temperature would 

appear to be more suitable. Since the Curie temperature and data near 

the Curie temperature are not known for all compositions, in what 

follows all comparisons will be made by extrapolation to 0 °K. 

From Figs. z. 5 and 3. 1, it is plausible that those parts of the 

curves for 19% and 25% Ni compositions which lie below the break points 

in temperature correspond to the anisotropy in the p: phase. Similarly, 

the other portions at high temperature above the break indicates the 

anisotropy in the 'Y phase. In order to estimate the uniaxial anisotropy 

0 at 0 K for the 'Y phase it is necessary to make an extreme extrapolation 

of the curves at high temperatures to the lower temperature region. 

In this way one can estimate and compare the uniaxial anisotropy as a 

function of alloy composition for both a- and 'Y phases in the compes ition 
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:rangf~ where both pllases are present at di t'ferent. temperatures. The 

claLa olJtained hy such an extrupolution urc ~>hown ln Jt'ig. 2.G. In· this 

figure, the anisotropy energy rather than the anlsotropy field is 

gi.ven. This is obtai ned from the equaU on K 
u (l/2)HkM , where M s s 

is the saturation magnetization. It is seen in Fig. 2.6 that the 

uniaxial anisotropy for the r phase decreases with increasing Ni 

content from about 20 • 103 erg/cc at 19% Ni to 2 · 103 erg/cc at 

90% Ni, and then increases to the values 5 3 10 erg/cc at 100% Ni 

content. Further, it should be noted that the uniaxial anisotropy for 

the r phase is much larger than that for the a phase at 20 'to 25% Ni 

composition where the anisotropy can be measured for both structures. 

For direct comparison with West's and Robinson's theories, similar 

data for room temperature (25°C) are shown in Fig. 2.7. For the Ni 

rich composition range, the anisotropy shown in Fig. 2.7 is in reason-

able agreement with the prediction by Robinson and West. However, 

for the Fe rich compositions, the discrepancy becomes very large. 

The anisotropy for the r phase in Fig. 2.7 does not show a peak near 

50% composition nor much curvature. Even qualitatively, the present 

duta show that the model put forward by Robinson and West is not satis-

f'Cid:c)ry to account for the observed uniaxial anisotropy. For the a 

phase, theoretical calculations are not possible because the necessary 

magnetostriction data are not available. 

2.4 Summary 

This section on magnetic uniaxial anisotropy in thin films first 

discussed the theories which lwve been advan,~t~d to explain the~ origin 

of magnetic uniaxial anisotropy. To provide :1ddi tional l!Xperi m(!rd,aL 
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data, the measurement of unia:<Jal anisotropy t'or 25% NL-Fe alloy films 

was r~arri_eLl out [JS [l f'unction or sulJst-.rah~ deposj Lion tcmpl'rnLure. The 

un_i_axial an_i_sutropy field Hk was measured by the Kobelev method und 

the bigh field torque magnetometer. The results obtained by both 

methods were in good agreement, and furthermore ar;reed well with 

measurements by Wilts on the 19% Ni-Fe alloy. These data were com

pared with the resalts of the crystal structure s~udy which is given 

in the next chapter. It was found that a break point in the curve of 

anisotropy vs. deposition temperature corresponded to the phase transi

tion between the a and y phases. For compositions which do not have a 

crystal structure transition over the temperature under consideration, 

the anisotropy data showed no such breaks. This indicates that the 

uniaxial anisotropy in thin films is strongly sensitive to crystal 

structure. 

The uniaxial anisotropy for the y phase was found to be much 

larger than that for the a phase at 20 to 25% Ni composition where the 

anisotropy can be measured for both structures. Furthermore, the 

dependence of anisotropy as a function of composition was found to be 

very different from that predicted by the pair ordering mechanism and 

therefore, the pair ordering mechanLsm does not make a major contribu

tion to the magnetic uniaxial anisotropy in this composition range. 
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Chapter 3 

Structure Study of 

Ni-Fe and Ni-Co Alloy Films by Electron Optics 

3.1. Introduction 

It is commonly known that the magnetic properties of bulk 

materials are influenced by the type of crystal structure, the crystal

line state (i.e., polycrystalline, single crystal or amorphous), and 

by the presence of defects, impurities and so forth. Thus, it is a 

reasonable assumption that an understanding of the magnetic properties 

of thin films will require information about the crystallographic pro

perties of such films. For example it was pointed out in Chapter 2 

that the uniaxial anisotropy in Ni-Fe alloy films appears to be depen

dent on the crystal structure. Little is known about the anisotropy 

of other ferromagnetic alloys, but on the basis of fragmentary data it 

appears likely that a similar dependence may exist for the binary 

alloys of Ni-Co and Fe-Co. ~or this reason it is important to make a 

systematic study of the crystal structure of ferromagnetic alloy films 

to look for a similar dependence on crystal structure. 

In the present study, the determination of crystal structure in 

Ni-Fe and Ni-Co films was carried out by electron diffraction. The re

sult for Ni-Fe alloy films has been referenced in the previous chapter 

and discussed in connection with magnetic uniaxial anisotropy. In 

addition, the lattice parameter in Ni-Fe alloy films has been carefully 

measured. Finally, the mean crystallite size has been obtained, since 
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such information is important in the discussion of magnetization 

ripple which will be given in chapter 5. 

3.2. Crystal Structure Study 

3.2.1. Crystal Structure of Ni-Fe Alloy Thin Films 

It is well known in Ni-Fe bulk alloys that the exact 

placing of the equilibrium phase boundaries has met with great experi

mental difficulties due to the formation of metastable structural 

states which vary widely according to the composition and heat treat

ment and due to the extreme sluggishness of diffusion at temperatures 

below 500°C. Particularly at low temperature, the published data of 

the phase transformation between a(b.c.c) and Y(f.c.c) may represent 

a metastable state rather than the equilibrium state. (See for 

example, Owen and Sully (1939), Owen and Liu (1949), Pickles and 

Sucksmith (1940) and Hoselitz and Sucksmith (1943).) The transition 

between the a and y phases in bulk Ni-Fe alloys is shown in Fig. 3-1 

by the dotted lines. This transition has been measured both by x-ray 

method (Owen and Liu (1949) and by magnetic method (Hoselitz and 

Sucksmith (1943)). The boundaries were determined for alloys subjected 

to very long periods of annealing. For example, Owen and Liu annealed 

the bulk alloys for more than one year to obtain the data for 300 and 

350°C. However, the figure shows that even after long periods of 

anneal, the transition boundaries between the a and y phase vary from 

one experiment to another, especially in the temperature range 300 to 

450°C. 
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Fig.3-1. Dependence of crystal structure of evaporated 
Ni-Fe alloy films on composition and substrate deposition 
temperatureo The dotted lines indicate the bulk phase 
diagram after EoAoOwen and YaHaLiu (1949) and KoHoselitz 
and WaSucksmit l: .. (1943) o 
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It is worth mentioning that the existence of metastable condi-

tions is evidenced by the fact that the transformation between the a 

and y phases is effected with a temperature hysteresis that increases 

with increasing Ni-content. The transformation temperature on heating 

is typically a few hundred degrees higher than that on cooling, and 

the temperatures of the transformation are quite independent of the 

rate of change of temperature between 2 and 150°C/min. (Jones and 

Pumphrey (1949)). It is also believed that the transformation between 

the a and Y on continuous heating and cooling has the features of a 

diffusion-less, martensitic transformation. The a phase formed on con-

tinuous cooling is usually called the ~ phase, and gives broad lines 

in the x-ray diffraction because of the lattice distortion in the crys-

tal. The martensitic transformation has been the subject of numerous 

studies so far, but the phenomena observed are not yet fully understood. 

The present study concerns the crystal structure of Ni-Fe alloy 

films as a function of substrate deposition temperature and alloy com-

position. All electron diffraction was performed at room temperature. 

The films examined were evaporated onto cleaved NaCl single crystal 

substrates as described in detail in Appendix 1. Vacuum during depo-

-7 0 sition ·~as about 10 Torr, evaporation rate was about 10 A/sec, and 

cooling rate after deposition was about 40°C/min. The film thickness 

was about 500 R. The samples were floated off the substrate in water 

and left in the water for about three minutes so that all NaCl from 

the substrate was completely dissolved. Then, the sample was picked 

up on an electron microscope grid for examination in the electron 
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microscope. The transmission electron diffraction was carried out in 

the RCA EMU 2 and 3 electron microscopes, operated at 50 kV and 100 kV, 

respectively. Crystal structure was determined by examining the rings 

or spots in the diffraction photograph. In the case of mixture phases, 

the relative volume of the two phases was estimated from the relative 

intensity of the rings or spots. The alloy composition was varied from 

0 5% to 100% Ni and the substrate deposition temperature from 25 to 500 c. 

The other evaporation parameters, such as degree of vacuum, evaporation 

speed, cooling rate after deposition and substrate surface condition, 

were kept as constant as possible, and the present results are believed 

not to be influenced significantly by fluctuations in these parameters. 

The resulting phase diagram is shown in Fig. 3-1. In this figure, 

the crystal structure measured at room temperature is indicated as a 

function of substrate deposition temperature and alloy composition. 

The a phases are shown by an open circle, the y phases by a shaded 

circle and a mixture phase of the two by a partially shaded circle in 

which the degree of shading gives a rough estimate of the ratio of the 

a andy phases. In comparing the data with the phase diagram of bulk 

alloys, it should be remembered that for thin films the ordinate repre-

sents the deposition temperature while for bulk materials the ordinate 

represents the temperature at which the crystal structure was deter-

mined. In the present results, the a structure is found at all tern-

peratures for Fe rich composition, while the y structure is found for 

Ni rich composition. The mixture of a and y phases is found between 

5% and 45% Ni, with its exact location varying greatly with substrate 



deposition temperature. The diffraction photos in Flc;. 3-2 show the 

gradual change of phase for films with 30% Ni content as the substrate 

2 
. 0 

deposition temperature is varied from 5 to 500 C. At room temperature 

only the a phase is found. At higher tempera.ture, the y phase appears, 

and the a phase decreases with increasing temperature, disappearing at 

substrate deposition temperatures above 400°C. 

Approximate boundaries between the single and the mixture phases 

are shown by the solid lines in Fig. 3-l. These boundaries correspond 

to about 10% transformation. The important result which can be seen 

in this figure is that the phase diagram of thin films is in good 

agreement with that for bulk materials at temperatures above 400°C. 

It should be recalled that the ordinate in the figure for bulk phase 

diagram does not have the same meaning as that for thin films. How-

ever, the two phase diagrams are in good agreement. This close agree-

ment suggests the fol~.owing argument. The crystal structure determined 

at room temperature in a thin film is very close to the structure at 

time of deposition since the phase transformation rate is very slow 

compared to the cooling rate after formation of the film. If the film 

is formed in the equilibrium structure for that temperature then the 

diagram of Figure 3-l would represent a true equilibrium diagram. 

For thin films the boundaries between the mixture and the single 

0 
phases shift toward each other at temperatures below 300 C, and the 

0 mixture phase essentially disappears at temperatures below 100 C, as 

shown in Fig. 3-l. No corresponding behavior is seen in the 
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Fig . 3- 2 . Diffraction photographs of 30%Ni-Fe alloy films 
evaporated on t o NaCl s ubst rates ) taken at 50 kV . 



4') _) 

equilibrium phase diagram for bulk alloys. This does not support the 

suggestion in the previous paragraph that the thin film data might also 

represent the bulk equilibrium situation. Certainly the data by OWen 

and Liu do not appear to support this statement, although as dis-

cussed earlier their data may not represent a true equilibrium state. 

The data of Hoselitz and Sucksmith do not deviate from the present 

results by a significant amount, but their data do not extend to tern-

peratures low enough to establish oc even indicate the disappearance 

of the mixture phase. 

It should also be noted that although epitaxial growth is found 

at temperatures above 300 to 400°C, the existence or absence of epi-

taxy seems to have no significant effect on the type of crystal struc-

ture. Examples of epitaxial growth are shown in Figs. 3-3 a and b. 

Both the f.c.c and b.c.c films have the epitaxial orientation of 

(100) II (100) The additional satellite spots near those 
Ni-Fe ' Nacl" 

corresponding to the basic (100) epitaxial orientations may be due 

to double diffraction (Burbank and Heidenreich (1960)) or different 

epitaxial orientations (Ogawa, Watanabe and Fujita (1955)). The film 

of Fig. 3.3 b shows the partial epitaxial growth for the b.c.c stru-

ture. In general, the epitaxial growth temperature for the b.c.c(a) 

structure was found to be higher than that for the f.c.c(y) structure. 

In summary, through use of electron diffraction, the crystal 

structure of vacuum deposited films was determined over the composi-

tion range 5% to 80% Ni, with substrate temperature during deposition 

varied throughout the range 25 to 500°C. The phase diagram determined 
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(a) 60%Ni -Fe (b) 5%Ni-Fe 

Fig . 3-3· Diffract ion photographs , exhibiting the epitaxial 
growth for the f . c . c structure (a) of the 60%Ni - Fe alloy film 
and for the b .c. c structure (b) of the 5%Ni-Fe alloy film, deposited 

0 
onto NaCl substrates at 400 c. The photographs were taken at 50 kV . 



in this way has boundaries which are in good agreement with the equi

librium boundaries for bulk materials above 400°C. It is suggested 

that even though there is no data available on the phase diagram of 

0 
bulk materials at temperatures below 300 C, the equilibrium boundaries 

of bulk materials may be indicated by the present results for thin 

films. The (a+ y) mixture phase disappears below l00°C. Although 

epitaxial growth occurs at high temperatures, the existence or absence 

of epitaxy has no significant effects on the type of crystal structure. 

3.2.2. Lattice Parameter of Ni-Fe Alloy Evaporated Thin Films 

The lattice parameter of a solid solution binary alloy is 

often found to vary approximately linearly with composition, except in 

a two phase region where the lattice parameters remain constant. This 

rule of behavior, called Vegard's Law, is expected to be followed if 

the two phases represent the true equilibrium structure. The question 

has been raised in th~ literature (Nagakura ~~· (1963)) whether the 

lattice constant of evaporated thin films varies in this way, but no 

systematic study has been reported. The present section is concerned 

with an investigation of the lattice parameter of Ni-Fe alloy films. 

The results will be discussed in connection with the phase diagram of 

Ni-Fe films previously discussed in the Section 3.2.1. 

Alloys of nickel and iron were evaporated in a vacuum of about 

10-7 Torr onto cleaved NaCl single crystal substrates. The evaporation 

speed was about 10 K/sec. After evaporation, the films were cooled as 

rapidly as possible without admitting gas to the vacuum system. The 

cooling rate was about 40°C/min. The film composition was varied 
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from o% Ni. to 100'~ Ni as determined by X-ray fluorescc~nCf~, and the Sllll-

ntrDLr~ depositicm temJ!erature was varied !'rom room h~mpt't·atlt.re tl' r,ool)C. 

0 0 

'J'he film thickne~;r; was between 200 A and ·roo A. 'fram;mLss i <m eled.ron 

d.i l'fraetlon was performed j n an RCA EMU-3 electron mi<TOSt:ope at )0 and 

0 

100 kV. For calibration purpose, evaporated thin films of gold LtOO A 

in thickness were used. The lattice parameter for the gold films was 

ass1~ed to be the same as bulk material and the most probable val~e 
0 

was taken to be Lt. 0783 A (Wyckoff (1948)). There is however a possible 

uncertainty of almost 0.2'fo, since a recent publication (Otooni (1968)) 
0 

reports a lattice parameter of 4.071 A perpendicular to the plane of 

the film when still adhering to the substrate. Except for this uncer-

tainty, the probable error in lattice constant determination is estimated 

to be about 0.2'fo. 

It is seen in Fig. 3-1 that the phase diagram has boundaries 

which are in fair agreement with the published equilibrium boundaries 

for bulk materials only above 4oo°C. The (a = y) mixture phase dis-

0 
appears below 100 C. For the y phase, the measured values of lattice 

parameter for bulk materials are shown in Fig. 3-4. In the figure, 

the data corresponding to different substrate deposition temperatures 

are designated by different symbols. The measured lattice parameter 
0 

a increases w1th decreasing Ni composition from a 
0 0 

3.527 A at lOO'fo Ni 
0 

3.591 A at 42% Ni. For composition below 42% Ni, the measured 
0 

lattice parameter is essentially constant at about 3. 590 A. Within 

the Gmall scatter of the experimental data, it was found that the 

rn<~a~wred lattice parameter did not depend on substrate deposition 
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temperature. For comparison, the dotted line shows the value of the 

lattice parameter for bulk material at 25°C determined by X-ray dif-

fraction (Bozorth (1951), Owen (1937)). For bulk alloys the lattice 

parameter increases linearly with decreasing Ni to 40% Ni composition; 

below 40% Ni, the lattice parameter decreases with decreasing Ni com-

position. Above 40% Ni, the present data are systematically about 

0.2% larger than the lattice parameter of bulk alloys. Below 40% Ni, 

the difference becomes larger. In particular, the change in lattice 

parameter for bulk alloys between 20 and 40% Ni does not seem to be 

present in the case of evaporated films. 

It should be mentioned that Nagakura and co-workers (1963) mea-

sured the lattice parameter of the y phase of evaporated Ni-Fe alloy 

films with composition range between 18 and 23% Ni. The mean measured 

value of the lattice constant was 3.591 R, in good agreement with the 

present data in this composition range. 

For the a phase, it was found that the lattice parameter a for 
0 

films deposited at 400°C does not depend on the Ni composition between 

5% and 30% Ni. The lattice parameter had an average value of 2.874 R 

with mean deviation 0.3%. However, for films deposited at room tern-

perature, the lattice parameter does depend on Ni content. As shown 

in Fig. 3-5, the lattice parameter increases with increasing Ni compo-

sition from a = 2.866 Rat 0% Ni to a = 2.910 Rat 41% Ni. The 
0 0 

dotted line in Fig. 3-5 indicates the published lattice parameter for 

bulk material at 25°C, determined by X-ray diffraction (Owen, Yates 

and Sully (1937)). The bulk lattice parameter increases slightly 



with Ni composition from a = 2.861 Rat 0% Ni up to a = 2.863 Rat 
0 0 

about 5% Ni and then remains constant up to 23% Ni composition. The 

present data are in reasonable agreement with those for bulk material 

only in the composition range 0% to 10% Ni. The sharp increase in the 

lattice parameter with Ni composition beyond 20% Ni would not be pre-

dieted from the bulk material data. 

The most important question raised by the data of Fig. 3-1 is 

whether the crystallites of the two phases have equilibrium composition 

corresponding to the temperature at time of deposition. This would be 

a reasonable supposition since the films are formed rather slowly 

(3 atomic layers per second), the crystallites are small (about 100 R), 

and the films are quenched rapidly to room temperature. Since this 

would also imply that the boundaries in the diagram are equilibrium 

ones, the question could be answered in part by comparison with bulk 

equilibrium phase boundaries. However, as can be seen in Fig. 3-1, 

there are no such data available below 300°, and data for bulk material 

from different laboratories are in substantial disagreement in the 

range from 300° to 400°. Another way to test the hypothesis is by 

comparison of the measured lattice parameters with predictions based 

on empirical rules such as Vegard's Law. 

At first glance the data of Fig. 3-4 for the y-phase appear to 

satisfy this rule with the break in slope occuring in the region 40 

to 45% Ni, in good agreement with the low temperature Y-phase boundary 

of Fig. 3-1. However all data in Fig. 3-4 below 41% Ni correspond 

to high substrate temperatures. Fig. 3-1 shows that the lattice 
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f f 400° and 500° h ld h b · parameter or temperatures o s ou s ow a reak 1n 

slope at 35 and 25% Ni (rather than 45% Ni) and therefore mixture 

phase lattice constants of 3.606 and 3.619 R, respectively. In other 

words, the high temperature data of Fig. 3-4are inconsistent with 

Vegard's Law and theY-phase boundary shown in Fig. 3-1. 

Data for the a-phase are in qualitative agreement with Vegard 's 

Law. According to the phase diagram in Fig. 3-1, two phases are pre-

0 sent at 400 C throughout the composition range used. This then is 

consistent with the observed constant lattice parameter. At room tern-

perature only one phase is present and variation of lattice constant 

is to be expected. However, the measured lattice constant of Fig. 3-5 

does not increase linearly with composition. 

In summary, the following points should be emphasized: 

(1) For films deposited at 25°C, only a-phase crystallites 

are present from 0 to 40% Ni, and only Y-phase crystal

lites from 45 to 100% Ni. For 25°C films, the measured 

lattice parameter from the y-phase is about 0.2% above 

that of bulk materials. The same is true of the a-phase 

only in the composition range 0 to 10% Ni. 

(2) From 10% Ni to 40% Ni the lattice parameter of the a-phase 

increases much more ra)id ly than would be expected from 

published bulk material data. 

(3) Whether Fig. 3-1 represents an equilibrium diagram cannot 

be answered with certainty from consideration of Vegard's 

Law since deviations from this law appear to be too large. 
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3.2 .3. Crystal Structure of Ni-Co Alloy Thin Films 

It is known that Co-Ni alloys form a continuous series of 

solid solutions in the y-phase (f.c.c) at temperatures above 500°C. 

At lower temperatures the e-phase (h.c.p) is found for the high cobalt 

alloys. The structures of the y- and e-phases were first confirmed by 

X-ray diffraction by Masumoto (1926) and Osawa (1930). The hysteresis 

of the transformation temperature between the e and y was also deter

mined by measuring changes in properties on heating and cooling 

(Masumoto (1926), Hashimoto (1937) and Broniewski and Pietrik (1935)). 

The hysteresis of the transformation is roughly constant independent 

of composition, and the separation of the two temperatures is 70 to 

100°C as shown by the dashed lines in Fig. 3-6. In the bulk alloy, 

it is believed that the transformation between e and y is diffusion

less and takes place slowly, just as in the case of Ni-Fe alloys. 

The crystal structure in Ni-Co alloy films has been studied by 

electron diffraction. This investigation was originally motivated 

by the knowledge that this alloy has a phase transition between e

and y-phases, and some corresponding change in magnetic properties 

might be found as was the case with Ni-Fe alloys. The Ni-Co alloy 

films were evaporated in vacuum onto NaCl crystals as explained in 

detail in Appendix l. The two phases observed are thee (h.c.p) and 

they (f.c.c). Diffraction photographs of Co films deposited at 

25 , 200, 300, and 350°C are shown in Fig. 3-7. For the €-phase it 

was found that the ratio of c/a is 1.622, which is not far from the 

ideal ratio for hexag0nal closest packing (c/a = 1.633). For bulk 
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Fig.3-7· Electron diffraction photog r aphs of Co films for 
various deposition t emper a ture s . The films were deposite d onto 
NaCl substrate s. The photographs were taken at 100 kV • 



materials, the ratio of 1.62 has been reported (Bozarth, "Ferro

magnetism"). It can be seen in Fig. 3-7 that epitaxial growth occurs 

at quite low temperatures. Even at room temperature a very weak par

tial epitaxy is found. This was not observed at such low temperatures 

in Ni-Fe alloy films. 

The observed phase diagram is shown in Fig. 3-6. The ratio of 

the two phases in the mixture region was determined by the relative 

intensity of the spots or riugs, mainly of the (lOO)h.c.p and (200)f.c.c. 

which are not coincident with or close to corresponding diffraction 

features from the other structure. One can see that the phase tran

sition between e and y takes place very gradually over a wide range of 

composition and substrate deposition temperature. This may be because 

the crystallographical similarity between h.c.p and f.c.c structures 

gives nearly equal energy for the two structures. For ease of com

parison with the bulk transition boundaries, solid lines are used in 

Fig. 3-6 to show approximate boundaries for 70% transformation. Unlike 

the phase diagram for Ni-Fe alloy films, the mixture phase (€ + Y) re

mains at low temperature. On the other hand, for substrate deposition 

temperature above 350°C, the mixture phase vanishes and only the y 

phase is found over the entire composition range. It would be surpri-

sing that the mixture range in thin films be so wide if the diagram in 

any way represents the equilibrium situation. In this respect the data 

for Ni-Fe and Ni-Co thin films appear to be at variance. Since no 

data on the range of the mixture phase in bulk materials have been 
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reported, it is not possible to compare directly the thin film results 

with that for bulk materials. 

3.3. Crystallite Size in Thin Films as a Function of Substrate 

Deposition Temperature 

It is quite plausible that crystallographic microstructures, such 

as crystallites, may have an influence on the local distribution of 

magnetization, called ripple structure. Indeed, the accepted theories 

of magnetization ripple predict a structure which is related to the 

mean size of the crystallites. Thus, the crystallite size must be 

known to discuss the ripple theories in a quantitative way. No com

prehensive study of crystallite size in ferromagnetic thin films is 

available and only a few experimental measurements have been published 

(Wiedenmann and Hoffmann (1964)). In order to support the research on 

ripple structure discussed in the next chapter, it was felt necessary 

to make additional independent measurements. The present section con

cerns especially the crystallite size in Ni-Fe and Co films, as a 

function of substrate deposition temperature. 

The films were prepared by vacuum deposition onto cleaved NaCl 

single crystal substrates in vacuum of about 10-7 Torr. Details of 

the deposition procedure are described in Appendix 1. The films were 

stripped from the substrates in water and mounted on microscope grids. 

Observation was made by means of high resolution transmission electron 

microscopy using an accelerating voltage of 100 kV. The films ex

amined in the present study had thickness of 100 to 400 R. 



Typical transmission electron microscope photographs for Ni-Fe 

alloy films are shown in Fig. 3-8. The increase in size of crystal-

lites with increasing substrate deposition temperature is clearly evi-

dent in the photographs. Electron micrographs of Co films are shown 

in Fig. 3-9. The average crystallite size is very nearly the same as 

that for Ni-Fe alloy films deposited at the corresponding substrate 

deposition temperature. Since there is little difference in crystal-

lite size between Ni-Fe and Co films, data for both materials were 

averaged. The average crystallite size is shown in Fig. 3-10 as a 

function of substrate deposition temperature. The bar indicates the 

range of scatter in the data. The crystallite size increases with 

temperature from a mean value of about 100 K at 25°C to about 600 K 
0 

at 500 c. It should be recalled, as mentioned in the previous section, 

that epitaxial growth is found above 3S0°C in Ni-Fe alloy films eva-

porated onto NaCl substrates. However, the occurence of epitaxy does 

not seem to influence the size of the crystallites. In Fig. 3-10 

the size increases monotnnically with temperature and the curve does 

not indicate any change with the onset of epitaxy. Thus, it may be 

inferred that films evaporated onto glass substrates (without epitaxy 

at any temperature) should consist of crystallites with approximately 

the same size as indicated in the figure. These results may be com-

pared with the data by Wiedenmann and Hoffmann (1964). They examined 

surface replicas of Ni-Fe alloy films evaporated onto glass substrates, 

inferring crystallite size from surface features. Transmission micro-

graphs of selected thin samples were used to confirm the validity of 
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~ 600A 

Fig. 3-8a Electron transmission micrograph of a 
76iNi-Fe alloy film. The substrate deposition temperature 
is 25°c. The photograph was taken at 100 kV. 



L.....__l 600A 

Fig.3-8 b Electron transmission micrograph of a 76%Ni
Fe alloy film. The substrate depo s ition temperature is 
300°c. The photograph was taken at 100 kV. 
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Fig.3-8c Electron transmission micrograph of a 76%Ni-
Fe ~lloy film. The substrate deposition temperature is 
400 c. The photograph was taken at lOOkV. 
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l.___J 1200 A 

Fig.3-9 a Ele ctron transmi ssion micrograph 
The substr ate depo s ition t emper a ture i s 25°c. 
phot ogr aph was taken at 100 kV. 

of a co film . 
The 
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1200A 

Fig.J-9b Electron transmission microgra~h of 
The substrate deposition temperature is 200 c. 
photograph was taken at 100 kV. 

a co film. 
The 
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Fig.3-9c Electron transmis~ion micrograph of a Co film. 
The substrate deposition temperature is 400°c. The 
photogr aph was taken at 100 kV. 



the method. Their data for Ni-Fe films about 300 R thick, and evapo

rated at 1 K/sec are shown by the dotted line in Fig. 3-10. The agree-

ment between the two sets of data is quite good. Also shown in the 

figure, by a triangle, is the value obtained by Baltz and Doyle (1964) 

for a single film deposited at 25°C onto NaCl substrate. This value 

is also in good agreement with the other data. The film thickness 

used by them is not given, but it is presumed to be in the thickness 

range of the present study since the film was also examined by trans-

mission electron microscopy. 

The data by Wiedenmann and Hoffmann also show the dependence of 

crystallite size on film thickness between 100 R and 1000 R. The crys-

tallite size was found to increase slightly with film thickness, typi

cally about 50% increase between 100 and 1000 R. However, the increase 

0 
was generally less at low temperatures (25 C) and somewhat larger at 

high temperature (400°C). At the present time, no data by transmission 

microscopy have been reported on this thickness dependence. However, 

as discussed earlier, the agreement between the two methods for thin 

films (100 to 400 R) suggests that the surface features seen on replica 

examination correctly indicate ~rystallite size not only for this 

thickness range but for thicker films also. 

In summary, the crystallite size in Ni-Fe and Co films was ex-

amined by high resolution transmission electron microscopy. It was 

found that the average crystallite size differs very little between 

Ni-Fe and Co films. The average crystallite size increases with 
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Fig.3-10 The average crystallite size as a function of 
substrate deposition temperature in Ni-Fe alloy and co films 
evaporated onto NaCl substrates. The solid line indicates 
the present result and the dotted line the data by Wiedenmann 
and Hoffmann (1965). The triangle point is after Baltz 
and Doyle (1964). 



substrate deposition temperature from about 100 R at 25°C to 600 R 
0 

at 500 c. The present data are in good agreement with the other data 

reported previously. 

3.4. Summary 

To understand the magnetic properties of thin films requires 

knowledge of fundamental, crystallographic properties. However, no 

systematic study of such properties is found in the literature. There-

fore, in the present chapter, the results of a careful study of struc-

tural features of Ni-Fe and Ni-Co alloy films has been presented. The 

crystal structure of Ni-Fe alloy films has been already referred to in 

the previous chapter in connection with magnetic uniaxial anisotropy. 

The phase diagram determined in Ni-Fe alloy films has boundaries 

which are in fair agreement with the equilibrium boundaries for bulk 

materials above 400°C and which deviate markedly below 300°C. Although 

epitaxial growth occurs at high temperature, the existence or absence 

of epitaxy has no significant effects on the type of crystal structure. 

The careful study of lattice parameter of Ni-Fe alloy films was 

performed by electron diffraction. The following points were empha

sized. (1) For 25°C films, the measured lattice parameter for the 

y-phase is about 0.2% above that of bulk materials. The same is true 

of the a-phase only in the composition range 0 to 10% Ni. (2) From 

10% Ni to 40% Ni the lattice parameter of the a-phase increases much 

more rapidly than would be expected from published bulk material data. 
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The crystal structure study of Ni-Co alloy films indicates the 

gradual transition between the y- and e-phases over a wide range of 

composition and substrate deposition temperature. Unlike the phase 

diagram for Ni-Fe alloy films, the mixture phase remains at low tem

perature. On the other hand, for substrate deposition temperature 

above 350°C, the mixture phase vanishes and only the y-phase is found 

over the entire composition range. 

Finally, the average crystallite size in Ni-Fe and Co films was 

examined by high resolution transmission electron microscopy. It was 

found that the average crystallite size differs very little between 

Ni-Fe and Co films. The average size increases with substrate depo

sition temperature from about 100 R at 25°C to 600 R at 500°C. 

Epitaxy is found in varying degrees at high temperatures, but the 

existence or absence of epitaxy does not seem to have any effect on 

the crystallite size. 
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Chapter 4 

Domain Wall Structure 

The existence of domains in ferromagnetic materials was first 

postulated by Weiss (1907). His hypotheses were: 1) A ferromagnetlc 

specimen of macroscopic dimensions contains in general a number of 

small regions (domains) which are spontaneously magnetized and the 

net magnetization of the specimen is determined by the vector sum of 

the magnetic moments of the individual domains. 2) Within each domain 

the spontaneous magnetization is due to the existence of a "molecular 

field," which tends to produce a parallel alignment of the atomic 

dipoles. The explanation of the molecular field in terms of exchange 

forces was contributed by Heisenberg in 1928, and an explanation of 

the origin of domains in terms of magnetic field energy was given by 

Landau and Lifshitz in 1935. The existence of domains may be inferred 

from the character of the magnetization curve itself. However, by far 

the most direct and cogent evidence of domain structure is furnished 

by microphotographs of domain boundaries obtained using the technique 

of magnetic powder patterns introduced by Bitter, (1931). This is the 

first method which provided convincing proof that domains exist in a 

ferromagnetic material, although since that time magneto-optics and 

Lorentz microscopy have also been used to demonstrate their existence. 

Bloch (1932) was the first to study the nature of the transition 

region or domain wall which separates adjacent domains magnetized in 

different directions. Bloch's essential idea is that the magnetic 

dipole direction in going from one domain to another does not change 

abruptly across one atomic layer, but gradually in a manner determined 

by the balance between exchange and anisotropy and any other torques. 
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The exchange energy between two adjacent dipoles is proportional to 

2 (l-eos8) and hence for small angles to e where e is the angle between 

the directions of the dipoles. In the absence of other energy sources 

this would give an infinite width to a domain wall. On the other hand, 

since the dipoles within the wall are directed away from the direction 

of minimum anisotropy energy one expects an increase in anisotropy 

energy which is roughly proportional to the thickness of the wall, 

thus favoring a wall of zero width. In bulk materials it can be shown 

that the magnetostatic stray field energy may be neglected. In this 

case if magnetostrictive effects are ignored the actual wall width as 

well as its shape can be found by a variational calculation which min-

imizes the total energy consisting of exchange and anisotropy components. 

In thin films, however, the domain wall situation is quite different. 

As will be discussed in detail in later sections, the magnetostatic 

stray field energy is no longer negligible and plays an important role 

in determining the shape of the wall. Neel (1955) was the first to 

point out the importance of the magnetostatic field of a wall in thin 

films, and proposed a different t~Je of wall structure from that predicted 

by Bloch for bulk materials. Since then, attempts to calculate the 

stray field energy of a wall in thin films have been made on the basis 

of simple wall models by a r.umber of workers including Middlehoek (1961), 

Dietz and Thomas (1961), Collette (1964), Brown and LaBonte (1965), 

Aharoni (1967) and Kirchner and Doring (1968). On the other hand, 

very little has been accomplished in experimental measurements of 

domain wall structure in both bulk materials and thin films, and 

accordingly no meaningful, systematic comparison between the theoretical 



predictions and the experimental observations l1as been possible. 

Fuller and Hale (1960) first suggested a method to measure wall 

width in thin Lilms by a special mode of operation or the electron 

microscope called Lorentz microscopy. Fuchs (1962) was the first to 

attempt a systematic measurement of the wall width of Ni-Fe alloy 

thin films using this method. The results obtained by Fuchs indicated 
0 

that except for very thin films (of the order of lOOA thickness) the 

wall widths were much larger than those calculated with the simple wall 

models of Neel and others. Also, based on an entirely different kind 

of evidence, Patton and Humphrey (1966) suggested that the actual wall 

width in thin films is much wider than that calculated from the simple 

wall models. Therefore, there is some doubt about the validity of the 

models postulated for the wall structure, and a more systematic inves-

tigation of wall width has been urged. 

The primary concern in this section is to present new experimental 

measurements of wall width obtained by Lorentz microscopy in Ni-Fe 

alloy and Co films, and to discuss the results in conjunction with the 

theoretical predictions. Furthermore, the validity of the present 

technique of Lorentz microscopy is a matter of obvious importance, and 

this will be discussed in detail. Before presenting the experimental 

results, it is worth discussing briefly the fundamental problem of 

calculating wall width in thin films and the current wall models based 

on a one dimensional magnetization rotation. This will be given in the 

next section. 
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4.2 Theoretical considerations of domain wall structure 

The first studies of the transition layer between two adjacent 

domains in bulk materials were made by Bloch in 1932. For this reason 

such domain walls are usually called Bloch walls. The main concept 

associated with Bloch's model of the transition region is that the 

change in dipole moment orientation does not occur suddenly across one 

atomic plane, but gradually over mal!y planes. A Bloch wall is defined 

as one in which the orientation of a dipole moment changes from that in 

a given domain to that in a neighboring domain by rotating about an 

axis normal to the plane of the wall. This is shown schematically in 

Fig. 4-l(a) for the special case of a 180° wall in a thin film. The 

x and y axes represent the hard and easy axes in the film plane, and the 

z axis is the normal to the film plane. The magnetization rotates in 

the y-z plane. 

The magnetostatic stray field term can be calculated from a hypo

thetical magnetic charge densit;r defined by pm = - 'V·M • For a Bloch 

wall, the divergence of M is zero everywhere except where the wall 

intersects the surface of the material. Therefore, magnetic free 

charges pm occur only on the in~ersection surface. If 8 is the angle s 

between the magnetization direction and the normal to the upper surface 

of the sample, the magnetostatic charge density at the upper surface 

a is equal toM cos8 , and the charge density at the opposite lower m s 

surface is equal to -M cos8 
s The magnetostatic stray field H can 

s 

be thought to arise from these charges. The stray field energy density 

associated with a wall is given by 



z 

x--;) 
y 

Bloch Wall 

I Neel Wall 

Figo4-l Sctematical illustration of magnetization 
direction in B:.och and Neel walls o 
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E = -1/2 M: . H 
s s (4.1) 

In bulk materials, the positive and negative charges are very :t'ar apart 

in comparison to the wall width, so that throughout most of the wall 

the field H is small and the stray field energy density is likewise 
s 

small and can be neglected in comparison with the anisotropy and 

exchange energies. 

A one dimensional 180° Bloch wall is one in which the magnetization 

vector lies in the y-z plane and the angle 8 between the magnetization 

..... 
M and the y-axis is dependent only on the x-coordinate. For such a 

wall, exchange energy density is very well approximated by the simple 

function 

E = exchange energy density = A (d8/dx)
2 

e 

In thin films we are primarily interested in the case of uniaxial 

anisotropy given by the equation 

E = uniaxial anisotropy energy density = K sin28 • u u 

In these equati0ns A is the exchange constant and K is the uniaxial 
u 

anisotropy constant as defined by Eq. (2.1). Thus the total wall 

energy per unit area of wall for a bulk material with ideal uniaxial 

anisotropy is given by 

00 

r = J [ Ku sin
2 

8 + A(d8/dx)
2
] dx (4.2) 

-00 

The stable magnetization configuration within the wall can be obtained 

by minimizing the total wall energy with the boundary condition that 
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(d8/dx)x=±oo = 0 . The result of such a variational problem is 

8 = 8(x) =- cot-l (sinh x/o ) 
0 

(4.3) 

where o = (A/K )1/ 2 . 
0 u 

This is the exact result for the magnetization variation in a 

domain wall in bulk material with uniaxial anisotropy where no stray 

field energy and no magnetostriction effects are considered and where 

the magnetization is considered to be continuously distributed instead 

of consisting of localized dipoles at atomic sites. The orientation 8 

of the magnetization expressed by Eq. (4.3) is shown by the solid line 

in Fig. 4.2(a). For this magnetization distribution the wall width for 

0 a 180 wall has been customarily defined as the product of the total 

rotation rr and the reciprocal of the slope of the magnetization rota-

tion at the center of the wall. In this case, the wall width a is 
0 

expressed by 

a = rr(d8/dx)-l 
0 

rro = rr(A/K )112 
0 u 

X=O 

However, it should be emphasized that this definition of wall width 

(4.4) 

is slightly different from that used in this thesis. For reasons dis-

cussed in detail else~here, the wall width in the present thesis is 

defined to be 

a(l80° wall) 

so that the wall width in the case of no demagneti~inr: fjeld becomes 

a = /2a
0 

. The mj_nimum wall energJ· per unit area y 
0 

,·nrrespl)lldint~ to 

the magnetization rotation expressed by Eq. (4.3) is 



(4.5) 

In thin films, the domain wall situation is quite different from 

this. The free poles at the surface of a Bloch wall are separated by 

a distance equal to the film thickness, and yield relatively large 

stray fields and stray field energy which cannot be a priori neglected 

in comparison with the exchange and the anisotropy energies. In fact, 

Bloch wall energy density approaches the large value 2rtM 2 in the limit 
s 

of zero film thickness. On the other hand, if the magnetization remains 

in the plane of the film as it rotates from one domain to the other, 

then the energy density approaches zero in this same limit. It follows 

that in the limit of zero thickness, the magnetization in a domain 

wall rotates about an axis perpendicular to the plane of the film 

instead of about an axis in the plane of the film. N~el first demon-

strated (1955) in an cpproximate calculation that there is a definite 

range of thickness above zero in which the energy of such a wall is less 

than that of a Bloch wall. This type of wall, called a Neel wall, is 

schematically shown in Fig. 4.l(b). The magnetization turns around an 

axis normal to the film plane (parallel to the z-axis). For this mag-

netization configuration, there appears no magnetostatic surface charge 

associated with the wall intersecti~n at the film surface since M = 0 
z 

and oM joz = 0. However, since M and oM /ox are non-zero, a magneto-z X X 

static volume charge occurs inside the wall, and this in turn produces 

a magnetostatic stray field. 

The wall width calculabon in films of finite thickness was first 

carried out by N4el (1955). For purposes of calculating the magneto-
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static field energy, the wall was approximated by a cylinder with an 

elliptical cross section, while for the calculation of the anisotropy 

and exchange energies, a linear rotation of the magnetization inside the 

wall was assumed. The width of the cylinder and t.he region of linear 

rotation are both taken to have the width a. Neel further assumed the 

saturation magnetization M itself for the effective magnetization of s 

the cylinder. Middlehoek (1961) has also treated the one dimensional 

ellipsoidal model for the stray field energy calculation for the wall. 

However, he used the value (2)-1/ 2 M as the effective magnetization of 
s 

the cylinder in order to get agreement with the exact calculation for 

the magnetostatic energy in limiting cases. For Middlehoek's model, 

the total wall energy per unit area rB for a Bloch wall is approximated 

by 

= r2 
-a/2 

(E + E + E )dx 
s e u 

= ~a2M 2
j(a+d) + A~2/a + (l/2)aK s u 

( 4.6) 

" and for a Neel wall, 

2 2 rN = ~adM /(a+d) + A~ /a + (l/2)aK s u (4. 7) 

where a is the wall width, d is the film thickness, and E , E 
s e 

and E are the stray field energy, the exchange energy and the uniaxial 
u 

anisotropy energy densities respectively. Minimizing rB and rN with 

respect to the parameter a gives an approximate value for the wall 

width and energy of Bloch and N~el walls. Such values of wall width 

and wall energy as a function of film thickness are given by the solid 

lines in Figs. 4-3 and 4-4. The exchange constant, the saturation mag-
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netization and the uniaxial anisotropy constant are taken to have the 

-6 I s 3 I values A = 10 erg em , M = 00 oe , K = 10 erg cc respectively. 
s u 

These values are typical for Ni-Fe alloy films with composition about 

80% Ni deposited on substrates at 300°C, and will be used in all cases 

where various theoretical predictions are compared. However, it should 

be noted that these values are not appropriate for the material used 

for the actual wall width measurements discussed ir. a later section. 

For practical reasons (namely to avoid epitaxy on NaCl substrates) 

these films were deposited at room temperature and hRve a correspond

ingly higher value of anisotropy energy, K = 3.5 x 103 ergslcc. 
u 

The calculated wall energy per unit area for a Bloch wall decreases 

with increasing film thickness, while the wall energy per unit area 

for a Neel wall increases with increasing film thickness. It is 

important to note that in the limit of infinite thickness for a Bloch 

wall and of zero thickness for a Neel wall, the magnetostatic stray 

field energy terms in Eqs. (4-6) and (4-7) vanish, and one obtains the 

wall energy per unit area to be 

tim YB 
d-<CO 

and the corresponding wall width a to be 

( 4.8) 

The linear wall shape for the limiting cases is shown in Fig. 4-2(a) 

for ease of comparison with the exact solution. 

The wall energy per unit area y
0 

for the limiting case of the 

linear wall model, Eq. (4.8), differs from that expressed by Eq. (4.5) 
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for the exact model by only lo%. HJwever, the wall width defined by 

Eq. (4.9) for the linear model differs by a factor of (2)1/ 2 from that 

given by Eq. (4.4). Though this difference is not large, it is desir-

able to have the same wall width value for both models at infinite 

film thickness and at zero film thickness where the effect of the 

demagnetizing field vanishes. In the light of this, the wall width 

except for the linear rotation model is defined to be larger than the 

customary definition by a factor of (2)1/ 2 

a= (2)1/ 2n(d8/dx)-l (4.10) 
X=O 

instead of the value given by Eq. (4.4). Comparison of the two wall 

shapes in Fig. 4-2(a) shows the latter definition to be quite reason-

able from the physical standpoint. 

It is an unsolved problem whether the linear rotation ellipsoidal 

magnetization model for wall structure gives accurate width and energy 

for real films which have neither zero nor infinite thickness, or 

whether a more sophisticated assumption of the magnetization configura-

tion could lead to a more accurate structure and lower energy. In an 

attempt to clarify this point, several workers have made calculations 

on the basis of more complicated one-dimensional wall models (Dietz 

and Thomas (1961), Collette (1964), Brown and LaBonte (1965), Oredson 

and Torok (1967) and Kirchner and Doring (1968)). More recently 

Aharoni (1967) completed a calculation for a two-dimensional wall 

model. 

Dietz and Thomas used a simple function fL•r the di~~tribution of 

magnetization in a one-dimensional wall model, and computed all e11ergy 

terms (exchange, anisotropy and stray field) corresponding to this 
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assumed distribution function. The assumed functional form is 

0 < 8 < :n: (4.11) 

where 8 is the angle between the magnetization direction and the easy 

direction in the film plane. Wall width and energy were obtained by 

minimizing the total energy with respect to the parameter b , which 

is directly related to the wall width. 

Since the shape is quite similar to that of the exact solution 

for zero or infinite thickness, it is not surprising that the pre-

dieted wall width agrees quite well with the exact calculation for 

these limiting cases. Comparison of shape and size is shown in Fig. 

4.2(b). In their published work, Dietz and Thomas defined the wall 

width to be 2b, which is of course different from the other definitions 

discussed above. For consistency it is necessary to convert their 

results to conform to the definition given in Eq. (4.10).* The wall 

widths obtained in this way are shown in Fig. 4-3. These values are 

in good agreement with those obtained by Middlehoek for both Bloch and 

Neel walls. The wall energies per unit area are shown in Fig. 4-4(a) 

and (b) for Bloch and Neel walls respectively. The wall energy does 

not differ significantly from those obtained by Middlehoek either. 

In the above discussions, the wall shapes assumed by Middlehoek 

and by Dietz and Thomas were considered to be unchanged with film 

thickness. It is quite reasonable to surmise that the wall shape would 

vary with thickness, depending on the relative importance of the mag-

netostatic stray field. Therefore, it is open to question whether 

*It is necessary to multiply the Dietz and Thomas wall width by the 
factor :n:/2 to give the wall width expressed by Eq. (4.10). 
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these models can be used to give a good estimate of the actual wall 

size. In an effort to answer this question, Collette (l96lt), Brown 

and LaBonte (1965), and Kirchner and Dorinf, (1968) have calculated 

wall shapes in more rigorous ways, but with one remaining important 

approximation -- that the wall has only one-dimensional variation. 

Collette (1964) has calculated the wall energy and determined 

the wall shape for a one-dimensional 180° N~el wal:. He solved the 

exact one-dimensional pair of simultaneous non-linear differential 

equations with two point boundary conditions by numerical integration. 
0 

The calculations were made for films with thickness from 0 to 200 A 

using magnetic parameters very close to those quoted earlier. The 

wall width and the wall energy as functions of film thickness are 

shown in Figs. 4-3 and 4-4(b) respectively.* In addition the calculated 
0 

wall shapes are plotted for the thicknesses of 0, 50 and 200 A in 

Fig. 4-5(a). His result is quite important since he demonstrated 

conclusively that the shapes assumed by others for the N~el wall were 

in very serious error for non-zero film thickness. In particular he 

showed that three regions in a N~el wall can be distinguished: a 

central region where the magnetization rotates rapidly, and two 

adjacent regiors extending far into the neighboring domains where the 

magnetization rotation takes place slowly, as can be seen in Fig. 4-5(a). 

Indeed, it was found that the walls extend more than ten microns into 
0 

each of the adjacent domains for film thickness of 200 A. Because of 

difficulty in forcing convergence of the numerical integration, Collette 

*The value of Ku used by Collette was Ku = 1,500 ergs/~c , ~0~ lar~er 
than that used Ln the other culculot.i ons. c,)rrt~ctlons h1 hi~; dat:1 huvu 
been estimated t'or the cnmpor i~;ons shown in t.he~w t'igurt!~'. 
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was not able to extend his calculations beyond a thickness of 200 A. 

Brown and LaBonte (1965) have carried out the numerical computa-

tion of Bloch wall shape and energy for a finite difference model, in 

which the wall is divided into a large number of prisms and the contin-

uous magnetization distribution is approximated by a stepwise distribu-

tion of magnetization. For this model, the magnetostatic energy was 

calculated exactly,. and the minimizing total wall energy was found by 

a variational method. Again, since they used still another definition 

of wall width, it is necessary to convert their results for comparison 

with the other calculations. The wall width obtained in this way is 

also shown in Fig. 4-3. The values of wall width do not differ greatly 

from those obtained by the other models, and the wall energy shown in 

Fig. 4-4(a) is only slightly lower. A similar calculation for a N~el 

wall could not be completed because the computer solution converged 
0 

too slowly. The Bloch wall shape obtained for a film with 1000 A 

thickness, having the same magnetic parameters mentioned above, is 

shown in Fig. 4-5(b). The figure also shows for comparison the wall 

shape expressed by 8 = cot-
1

(sinh(x/5)) with the same slope (d8/dx)x = 
0 

as that for the Brown and LaBonte wall. One interesting feature in 

Brown and LaBonte's results is that on each side of the magnetization 

rotation, the magnetization tends to dip out of the plane of the film 

in the direction opposite to that in the central 180° transition region. 

This indicates that the magnetization is arranged so that some of the 

external stray field linEs begin and terminate on the same side of the 

film. Stated in another way, the dcmagneti;;inc; fi.elll due L,, the nmin 

reversal tends to magnetize the adjacent regions in the oppusite d:irec-
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tion. It should be noted further that in principle, the method by 

Brown and LaBonte like that of Collette should give an exact result 

for a one-dimensional wall as the numher of' prisms goes to infinity. 

The good agreement between the results by Brown and L~1Bunte and by the 

other approximations (Mlddlehoek, and Dietz and Thomas) shows that 

these crude models are quite good for the Bloch wall even though very 

poor for the case of the Neel wall. 

Recently Kirchner and Doring (1968) reported results for Neel walls 

in thick films. They also made in principle an exact calculation of the 

d 800 d. . , wall shape an energy for a l one- lmenslonal Neel wall using a dif-

ferent scheme that avoids Colle~te's convergence difficulties. They 

2 0 

obtained the value of 4.5 erg/em for a film with thickness 1000 A. The 

wall energy is much smaller than that obtained by Middlehoek and Dietz 

and Thomas, but is quite corsistent with Collette's result, as can be 

seen in Fig. lt-4(b). Furthermore, it should be noted that the wall 

shape shown in Fig. 4-5(a) has the same features of Collette's results. 
0 

In fact Kirchner has also obtained unpublished results for a 200 A wall 

that completely confirm Collette's work. 

Very few attempts have been made to determine the effect of allow-

ing two or three-dimensional variations in the magnetization through 

a wall. Aharoni (1967) calculated the Bloch wall energy for a two-

dimensional variation of magnetization distribution, in which the mag-

netization direction varies through the film thickness as well as in 

the hard direction in the film plane. He obtained a wall energy which 

is again slightly smaller than tha"t obta:i.ned by Brown al'd LaB,:mte, as 

shown in Fig. 4-4. For examplr'!, the energy cah·ul:.:tt.,~d by Allcll'l1lli is 
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about 10% lower at film thickness 1000 A.* 

Siner! the N<<el wall confi.r:uration is cnergd:.ically more favorable 

in very thin fllm~ and the Bloch wall configuration is more favorable 

in very thick films, there must be a transition between Neel and Bloch 

walls at some intermediate film thickness. The one-dimensional models 
0 

discussed above predict the transition thickness to be about 400 A for 

a typical So% Ni-Fe alloy film, as can be seen in Fig. 4-4(a) and (b). 

Huber, Smith and GJodenough (195S) first suggested that such a transi-

tion could be observed using the Bitter pattern technique. This tech-

nique consists of depositing a colloidal suspension of very fine magne-

tite (Fe
3
o4) particles on the surface of a specimen. Due to Brownian 

motion, the particles move about in the suspension until they are cap-

tured by the magnetic stray fields associated with the domain walls. 

With the domain boundaries indicated by the equilibrium positions of 

the magnetite particles, a visual picture of the domain configuration 

is obtained, which can be observed by dark field optical microscopy. 

It is found experimentally that the resulting contrast for Neel walls 

in a very thin film is much higher than that for Bloch walls in a 
0 

thicker film, and the transition appears to occur at about 1000 A film 

thickness for So% Ni-Fe alloy films. 
0 

The observed trarsition thickness of about 1000 A is much larger 
0 

than the 400 A predicted by the simple one-dimensional wall models. 

The cause of this discrepancy is not certain, but it is believed that 

*Note: LaBonte also calculated a two-dimensional case (Ph.D. thesis, 
University of Minnesota, 1966, unpublished). He calculated just two 
points and obtained 2.7 erg/em and 2.2 erg/cm2 at 1000 and 1500 A 
respectively for Bloch walls in a Permalloy film. 
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one of the reasons is due to the existence of the so-called "cross-tie 

walls", which are not considerecl in the simple one-dimensional wall 

models. The cross-tie walls are found in films of intermediate thick-

ness. A typical Lorentz micrograph of the cross-tie walls for a 76% 
0 

Ni-Fe alloy film with 615 A film thickness is shown in Fig. 4-6. A 

schematic interpretation of cross-tie walls is given in Fig. 4-7. It 

can be seen that the main N~el wall* is cut at close intervals by short 

right angle "cross-ties". In addition, each cross-tie wall is assoc-

iated with two structures called Bloch lines where the main Neel wall 

changes its polarity. The alternating polarity of the wall provides 

short flux closure paths outside the wall, so that the cross-tie wall 

structure serves to decrease the magnetostatic stray field energy and 

accordingly leads to larger wall widths than those calculated on the 

basis of one-dimensional wall models. Further detailed discussion of 

cross-tie walls will be given in later sections. 

In 1965, Torok and co-workers showed theoretically that in addition 

to N~el and Bloch walls, there exist walls that have both Bloch and 

Neel components. For this type of walls, the magnetization rotates 

around an axis neither no:.·mal to a film plane nor normal to a wall 

plane, but roughly around an axis somewhere between them. It was shown 

that all 180° walls are either pure N~el or Bloch walls, depending on 

the film thickness. However, pure Bloch walls cannot exist unless the 

walls are 180° walls, and intermediate walls should exist for vralls 

*Based on experiments by Moon (1959) with Bitter powder pattern methods, 
there is strong evidence that both cross-tie and main walls are predom
inantly Neel in character. 
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Fig. 4-6. A typical Lorentz microscope photograph of the 
cross -tie walls associated with the Bloch lines for a 76%Ni-Fe 
alloy film with 615A film thickness, evaporated at room temperature. 
The cross-tie wall density will be given in Fig.4-19. 



Figo4-7 Schematical illustration of cross-tie walls and associated Bloch lineso 
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with angles smaller than 180° and larger than o crLticul angle which 

depends on f'i.lm thickness. For walls with angles less than the criticttl 

~mt.~lc~, Ne1!l wu.LLs ex i si.. Thu.n the truns.L t.Lon bc~tween N(~cl tmd Bloch 

wu.Lls as a i'unct.iun of wall anc;lc! wus pred i.cted t.o be ~~rudw.tJ, ruther 

than abrupt. Torok and coworkers further suggested that a 180° Bloch 

wall is probably energetically unstable, and tends to change its 

polar~ty by 180° along the wall, having cross-tie walls associated with 

transition regions, called Neel lines.* Janak (1966 and 1967) and 

others approximated the energy corresponding to s~ch a configuration 

of a Bloch wall and showed that such division of Bloch walls is energet-

ically favorable in materials with sufficiently small anisotropy, such 

as Ni-Fe alloys. 

In summary, the general concept of the ferromagnetic domain 

structure in thin films has been briefly given in this section. The 

following points were emphasized: l) The stray field energy associated 

with the magnetostatic charge distribution of the wall plays an important 

role in thin films in determining the wall structure, in contrast with 

bulk materials where the effect is believed to be negligible. 2) The 

influence of the stray field energy is to greatly reduce the wall width 

in thin films. 3) Cross-tie walls associated with Bloch lines can 

reduce the stray fielt energy of a wall, thus leading to larger wall 

width than that calculated from one dimensional wall models. 4) The 

transition between Neel and Bloch walls may not be abrupt but gradual, 

and an intermediate wall structure may exj_st. 5) Although accurate 

*The name Neel line is due to the nature of the transition region, in 
which the magnetization lies in the film plane. 



one-dimensional calculations have now been achieved for both N~el and 

Bloch walls, no conclusive calculation for two- or three-dimensional 

mar;netization distribution has yet been made. 
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1+. 3 Survey- of Earlier Experimental Investigations of Wall 
Strueture and Width 

A summary of theoretical work on wall structure in thin films was 

given in the previous section. It is worth presenting a brief survey 

of previous experimental investigations into wall structure, before 

discussing the present data of wall width in thin films. Up to the 

present time, no really systematic studies have been made, and ttus 

the comparison of experimental data with theoretical predictions is 

of necessity incomplete. Most of the experimental measurements of 

wall width have been carried out by Lorentz microscopy. The description 

of this mode of operation of the electron microscope is given in 

Appendix 3. Lorentz microscopy has shown considerable advantage in 

resolution over the more conventional Bitter powder and magneto-optic 

methods. The contrast formation mechanism of this method was initially 

explained on the basis of geometric (classical) optics. However, it 

has been recently pointed out by Wohlleben (1966 and 1967) that an 

analysis of Lorentz microscopy on the basis of quantum mechanics or 

wave optics is often necessary. As discussed in Appendix 4 and later 

sections, the region of validity of geometric optics is 6~>>h/2e, where 

6~ is the minimum flux change in the sample which is to be detected, 

his Planck's constant and e is the electronic charge. Outside of 

this region, wave optics must be considered. The quantity of magnetic 

flux, h/2e, appears to have a fundamental significance here. It is 

often called a fluxon. 

Fuchs (1962) was the first to measure the wall width in a series 

of very thin films using Lorentz microscopy. He interpreted the Lorentz 



microscope photoe;raphs in terms of geometric optics. Even though there 

.i.s some question about the validity of his method of determining wall 
0 

width in very thin films (100 A film thickness), the results for thicker 

films are probably meaningful. The wall widths obtained for So% Ni-Fe 

alloy film are shown in Fig. 4-8. 
0 

In the thickness range 300 to 800 A 

these widths are much larger tha~ those calculated from the one-dimen-

sional models. Tje discrepancy between the data &nd the theoretical 

values of Collette and Kirchner and Doring is abo~t a factor of 3 over 

the entire thickness range. 

In an earlier section, it was pointed out that Collette and others 

predicted long tails in the Neel wall shape. Fuchs experimentally 

measured such behavior in the Neel wall region, though not with suffi-

cient accuracy to confirm the theoretical calculations. However, the 

qualitative agreement implies that it may not be meaningful to define 

wall width in terms of the slope of the magnetization at the center of 

a Neel wall. A detailed discussion of width and the intensity distribu-

tion for such wall shapes will be found in section (4.4.4). 

Wade (1965) has also measured the wall width in thin films, but 

in a different way from that used by Fuchs, and with very different 

results. He used a very large out-of-focus distance in the range 20cm 

to 8ocm. 
0 

The measured wall width is essentially constant (about 2000 A) 
0 0 

for the film thickness range 125 A to 260 A. As shown in Fig. 4-8, the 

wall width measured is in agreement with that calculated by Collette 

and Kirchner and Doring. However, it is questionable whether 
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his method of determining wall width is correct. In particular it 

should be mentioned that the flux change corresponding to the wall 
0 

widtl1 2000 A inferred by Wade .Lies in the range 0.1 to 0.2J 1'luxons, 

and thus r.:lcarly this is beyond the classical Limit. A more detailed 

criticism will be given in the section on wall width measurement (4.4.5). 

No attempt to determine wall width using a wave op~ical treatment in 

Lorentz microscopy has been made as yet, and no comparison with tte 

results obtained classically is possible. 

Patton and Htwphrey (1966) have been able to indirectly estimate 

wall widths on the basis of their measurements of domain wall mobility. 

From such considerations they have suggested that the actual wall width 

for Neel walls is much greater than that calculated from simple one-

dimensional wall models and completely consistent with the measure-

ments of Fuchs. Furthermore mobility data for thicker films (presumably 

with Bloch walls) suggest wall widths even greater. 

Before closing this section, notice should be taken of another 

experimental result which was obtained recently by Daughton, Keefe, 

Ahn and Cho (1967). They indirectly measured the wall energy in 

Permalloy films as a function of film thickness, and obtained values 

of energy which are smaller than those calculated by the simple wall 

models. The data of wall energy per unit area are shown in Fig. 4-9, 

which is reproduced from the paper by Daughton and coworkers. In the 

figure, the theoretical predictions by Middlehoek, Collette, Brown and 

LaBonte and Aharoni are shown for comparison. The measured wall energy 
0 

per unit area is a maximum in the region 500 to 1400 A film thickness, 

which corresponds roughly to the transition thickness between N~el 
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and Bloch walls. 

The energy per unit area of the wall in films with thickness above 

this transition decreases more rapidly with film thickness than is 

predieted by the one-dimensional simple models, but the data are in 

good agreement with the prediction hy Aharoni on the basis of the two 

dimensional wall model. Furthermore, the theoreti.cal prediction by 

" Collette is in reasonable agreement at about 200 A film thickness. 

As the foregoing discussion has shown, experimental data for wall 

width have been given by only two experimenters for a single material 

and over a very limited thickness range, with results which disagree 

with each other and with the theoretical predictions based on the 

simple wall models. The reaGon for this discrepancy is still unknown. 

However, there may be real significance in the fact that for thick 

films, the measured wall ehergies are in better agreement with a pre-

liminary calculation based on a two-dimensional model than with those 

using simple one-dimensional models. In this sense, a more rigorous 

calculation based on E. model with three dimensional variation of mag-

netization is needed. On the other hand, for very thin films, the 
0 

fad that wall energy measured at about 260 A thickness is in reason-

able agreement with that expected on the basis of the Collette's 

results implies that for this thickness range, the one-dimensional 

wall ~alculation may be adequate. The discrepancy between the measured 

wall widths and those calculated, however, is not understood and no 

convincing explanation has been offered. In any event, a more compre-

hensive experimental study of wall width in thin films is clearly n~eded. 
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Lf,lt, Dumu.i.n Wall Width M<~asurement in 'l'hin Fllmc1 

l.t.l+.l Introduction 

The electron microscope has been found to rx~ outntandi nc;ly success

ful ::·or Jirect observations of magnetic domain wails in ferromagnetic 

materials. In one r:Jethod the domain walls are revealed by covering the 

surface of the spec:men with a fine ferromagnetic colloid, and surface 

rep:iicas are take:1. to study these structures at high resolution (for 

review, see Craik and Tebble, 1961). However, it :.s questionable 

whether such replicas reveal the domain wall widU: in an accurate 

quantitative way. Another method, Lorentz microscopy, has been more 

commonly used to investigate the domain wall structure in a quantita

tive manner. In Lorentz microscopy, the domain walls are revealed 

directly as a result of the deflections of electrons caused by the 

magnetic induction of the sample. The beams from the two domains 

converge or diverge a·: the boundary, depending on the sense of the 

magnetization direction in the two domains. In principle the detailed 

structure of domain walls can be determined by measuring the intensity 

distribution across the image of the wall. However, ~n practice such 

determinations meet with difficulties, as will be discussed in later 

sections. The mechanism of contrast formation in this case is rather 

different from that leading to the observation of lattice defects, and 

special techniques are required. A detailed description of the image 

formation in Lorentz microscopy is given in Appendix :,. 
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4.11.2 Intensity distribution for walls on the basis of geometrical 

optics 

The contrast formation mechanism in Lorentz microscopy may be 

discussed on the basis of either classical optics or wave optics. In 

the realization that a magnetic film is a phase object to an electron 

stream, the wave optical approach is more fundamental and basic. How

ever, as will be discussed later, under certain conditions the classical 

optical approach is sufficiently accurate to obtain information on 

magnetic structure and this approach was used in the present study. 

In order to calculate the intensity distribution of the wall image, 

one must know the magnetization dis~ribution across the wall. However, 

since there is no valid information on the actual distribution, it is 

simplest to assume a class of distributions and seek a best fit. In 

practice the situation may be further complicated by the fact that films 

of different thickness may have different types of domain wall and, 

therefore, different magnetization distributions, which will in turn 

lead to different image profiles. If the observed image profile could 

be corrected for finite beam divergence and other errors and then 

processed by deconvolution, for example by using Fourier analysis, then 

the actual magnetization distribution would be obtained directly. Such 

an experiment has not yet been attempted since it is doubtful that the 

image intensity can be obtained with sufficient accuracy to give mean

ingful results. 

As a first order approYimation, one may assume a simple one

dimensional magnetization distribution for the calculation of the 

intensity profiles. In the present study the magnetization distribution 

was first assumed to have the same shape as that determined by exchange 
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and uniaxial anisotropy in the absence of demagnetizing fields. How-

ever, the scale of the wall or the wall width was allowed to vary in 

order to match the experimental intensity profile as closely as possible 

with a calculated profile. It is therefore necessary to know the 

calculated profile when the magnetization varies in the way described 

by Eq. (4.3). 

In Section ( 4.1) it was shown ·.:hat the magnetization variation 

desired here is given by 

-1 l 8 =-cot (sinh u) =-cot- (sinh x/o) 

giving a magnetization distribution 

~ 

M = + e M 
X S 

_, 
sech (x/o) - e M tanh (x/o) 

y s 

(4.3) 

(4.12) 

for a wall along the y-axis. A graph of this distribution has already 

been shown in Fig. 4-2(a). In the above expressions, 8 is the angle 

between the magnetization and the easy axis direction at a distance x 

from the wall center in the hard axis or x-direction and u x/o is the 

normalized distance from the wall center in the film plane. The slope 

of the curve defined by Eq. (4.3) is l/o at the wall center. 

As discussed by Fuller and Hale (1960), the classical intenstiy 

distribution is given by the equation 

I(U)/I 
0 

(4.13a) 

where I is the beam intensity far from the wall, z is the out-of-focus 
0 

distance and wx is a Lorentz deflection angle in the x direction after 

passing through the wall. For the present case, this becomes 
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I ( u ) I I 
0 

[ 1 ± R sech
2 

(xlo)f
1 

(4.13b) 

[ l ± z~o sech2 (xlo)}-l 

The variable U = s I 5 is the normalized distance from the wall center 

in ~he focal plane, where ~ is the coordinate in ~he focal plane, 

parallel to the x-coordinate in the film plane. The Lorentz deflection 

is expressed in normalized form, R = z ~ I o, where z is the out-ofo 

focus distance and ~ is the Lorentz deflection angle far from the wall. 
0 

The positive and negative signs in Eq. (4.13b) refer to divergent and 

convergent walls respectively. The intensity distributions expressed 

by Eq. (4.13b) are shown graphically in the paper by Fuller and Hale 

(lg60) and are reproduced here in Figs. 4-10 (a) and 4.10 (b). The 

curves indicate the intensity distributions as a function of R. One 

can see that the intensity at a wall center for the convergent wall 

case increases with R, and the divergent wall intensity decreases with 

increasing R. It should be emphasized that these intensity distribu-

tions are only valid for the shape given by Eq. (4.3). When it is 

necessary to calculate the distribution for a wall shape that cannot 

be expressed in simple functional form, it is necessary to determine 

1\J d 
0 

cos 8 
dx 

from the wall shape e (x). 

4.4.3 Experimental Considerations. 

In practice, the electron beam used to image the wall is not para-

llel and the beam divergence should be taken into account. The influ-

ence of beam divergence on the wall image was first discussed by 

Warrington in 1964. The resulting image may be considered as a series 

of parallel illumination images superposed with linear displacements 
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up to the limits of ± (3z where (3 is the convergence angle of the 

incident beam. The presence of the condenser aperture ensures that, to 

a good approximation, the intensity per unit solid angle is reasonably 

constant over this angle. Using this assumption, the intensity or the 

wall image was calculated as a funct:ion of R l'o::· Jii'fcrent values of 

the ratio of 13/\~ . The results given in a paper ty WC!rrington are 
0 

reproduced in Fig. 4.11 (a) and (b) for both convergent and divergent 

walls respectively. The figures give results for ~he overfocused con-

dition. The effects of a finite (3 is greater as R increases, especially 

for convergent walls. A typical value of t3/* would be 0.6 and thus for 
0 

a value of R == 0.8, one can see that the intensity ratio for a convergent 

wall is decreased from 5 to 2.2. On the other hand, for a divergent 

wall the effect is much smaller, with an increase in this case from 

0.56 to 0.57. Therefore it is concluded that the Fuller and Hale result 

is applicable for the convergent wall case only if the ratio of the 

beam convergence angle (3 to the Lorentz deflection angle w is of the 
0 

-l -4 
order of 10 or less. In the present situation, (3 ~ \V ~ 10 rad. 

0 

and t:./ \!r
0 
~ l. For divergent wall images, on the other hand, the 

intensity profiles are very insensitive to beam divergence, and the 

Fuller and Hale result is apJ;licable for t3/~r0 as large as unity. 

To verify the influence of the finite beam divergence on the 

intensity maximum and minimum for both convergent and divergent wall 

cases respectively, a preliminary experiment was carried out. Using 

the methods described in Section 4.4.4, the intensity at the wall 

center for the convergent and divergent wall imae;es was rneasure,i as a 
0 

function of the out-of-focus distance for a 430 A thick film made of 

76% Ni-Fe alloy. The out-of-focus distance was varied from l.lmm to 
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6.6mm. The results are shown in Figs. 4-12 (a) and (b) for the con-

vergent and divergent walls respectively. The dotted lines in these 

figures are taken from Warrington's calculations (Fig. 4-ll) using the 

approximate experime:1tal values Iii = 4·(10- 5 ) , o 
0 

-5 10 em, and assuming 

that ~/w0 ~ 1. The agreement is very good except ~cr the largest value 

of out-of-focus distance. As will oe seen in late!' sections, the 

validity of this point is subject to question on t#o counts. First 

the basic validity of the classical calculation may be expected to fail 

for out-of-focus distances larger than about 3mm (see Sect. 4.4.7). 

Second the deviation caused by differences between the assumed shape 

and the true Neel wall shape is known to be small only for lmm z-values. 

For values as large as 6mm it is very plausible that a large discrepancy 

would result (see Sect. 4.4.5). In the light of the general agree-

ment shown by Fig. 4-12, it is concluded that Warrington's calculations 

are consistent with the experimental results. We therefore accept 

his conclusion that the intensity distribution for the divergent wall 

is not sensitive to ~/$0 , and accordingly one does not have to determine 

~ accurately to analyze an intensity distribution of a divergent wall 

image as long as ~ is roughly of the order of Iii or less. Furthermore, 
0 

the source is so large that the images are free from a coherent inter-

ference fringe effect, as will be discussed in Sections 4.4.6 and 4.5. 

The above discussion suggerts two ways of determining the wall 

width from the intensity distribution on the Lorentz microscopy photo-

graph. The intensity ratio at the center of the wall ( u = U = 0 ) 

permits calculation of R fro~ Eq. (4.13). The Lorentz deflection angle 

$
0 

can be calculated from known film and microscope data using Eq. (A-3.1) 

in Appendix 3. Tl1us wall width is obtained t~om J!O "" /:) J( :t. $ I R. 
(J 
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However uncertainty in saturation magnetization anJ film thickness 

introducE£ substantial additional error into the wall width dd.t:rmlr,lation. 

Another method is to adjust 5 in Eq. ( l+-l3b) to match the experimental 

intensity distr:ibut ion as closely as possible~ with the theorr.ti.cal 

intensity profile. In order to use Eq. (4-l3b) it ::..s also necessary 

to know R. As disc·J.ssed above this requires knowlecge of zi!J unless 
0 

the value of R is obtained from the experiment. Siuce W
0 

is not known 

accurately, it seems more satisfac~ory to determine R experimentally 

from the intensity ratio at the wa~l center. Since this fixes the 

value of R independent of 5, only the normalized coordinates u = x/5 

and U s/5 should be changed in Eq. 4-13b in seeking a profile match. 

On the basis of the foregoing discussion, the wall width determina-

tions were made utilizing only the divergent wall images and by adjusting 

5 in Eq. 4-13b in order to get the best profile match with the experi-

mental data. 

4.4.4 Experimental Methods 

Lorentz microscopy observations were made with an RCA EMU-3 micro-

scope operated at 100 kV. Beam divergence was minimized by using a 

double condenser lens with the second lens overfocused beyond crossover 

as much as possible. The influence of the divergence angle on the 

intensity profile of the wall image was discussed in the previous section. 

The distance between the effective source and the sample plane in this 

case is about 20 em. Condenser apertures were 250 microns in diameter, 

and a 20 micron objective aperture was used. Aperture angle f3 of the 

-4 
electron beam was of the order of 10 radians or less. It is important 

to know with reasonable accuracy thE! out-of-focus distance in Lorentz 

microscopy, since the distance :influences tl1c imal~'' prof'i Lc in a ~~ ignit'-
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icant way. The specimens were placed in an "over focussed" position by 

raising them above the focal plane of the objective lens mechanically 

by use of a special specimen holder. As discussed in the previous 

sr~c~.1~m, ·it is quite important to use Cl small out-ol'-t'ocus d.istance, 

and ~hus lbr most measurements the out-of-focus d:stance was set a~ 

the s:nall value of C).55 mm. However, experimenta::_ :lifficulties made 

0 

such measurements ULreliable for thickness less t~an about 600 A, and 

for these cases the out-of-focus distance was increased to 1.1 mm. 

Specimen preparation is discussed in Section 4.4.5 and Appendix 1. 

The magnification of the microscope in the Lorentz mode was 1,600, 

and was measured by use of a carbon grating replica (E. F. Fullam, Inc., 
0 

New York). For film thickness above 1,200 A the illumination intensity 

on the observation screen was so weak that the exposure times of the 

photographic plates were longer than 10 minutes. Therefore, special 

precautions were taken to eliminate mechanical vibration of the micro-

scope. The photographic plates used were Kodak High Contrast Projector 

Slide Plates. The photographic plates were analyzed by a scanning 

photodensitometer (Joyce, Loeble Co., England). The transmission data were 

converted to intensity using an experimental calibration curve for the 

emulsion. 'rhis calibration ws.s made using 100 kV electrons, and estab-

lJshed that the plate response was linear over the exposure range 

utilized. The magnification of the scanning photodensitometer was 50, 

and accordingly the total magnification of the trace curves was 8·104. 

Determination of the intensity distribution and intensity ratio 

is complicated by the background i.ntensity caused by elel'l.r<'ll ~;c>aLteri.n~~ 

from the various microscope apertures and Uw SDlllfll(! i.l r;elf. /\r~(~ord i.np;l.Y 

the background intensity is variable, clependin[~ on <!X~>O!;Iln: cundil.illtJ:> 
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in the microscope. To correct for microscope scattering it is therefore 

necessary to determine the background intensity for each photographic 

plate. Fig. 4-13 (a) shows a LoY2ntz microscope photograph of domain 
0 

walls for a 76% Ni-Fe alloy film with 220 A tl1ickness, taken at 100 kV. 

A schematic illustration of the densitometer trace ..:~or this photograph 

is shown in Fig. 4-~3 (b). In this figure r 00 is the intensity of 

regions unexposed to either direct or scattered electrons, Ib is t~e 

background density due to microscope (not sample) electron scattering, 

and r1(o) and I 1(U) are the measured intensities fay from the wall, and 

within U:e wall. If the emulsion response is linear, the intensities 

simply add, and the desired magnetic intensities far from the wall, and 

respectively, providing that the background intensity Ib is uniform over 

the region under consideration. However, the correction for sample 

scattering is not achieved so simply. Discussion of this matter will 

be deferred to section 4.4.7. 

4.4.5 Experimental values of domain wall width in 76% Ni-Fe alloy films 

For quantitative comparison of theoretical models and experimental 

measurements, it is convenient to have a simply defined measure of the 

wall width. For a fixed shape of wall, there would be no problem, 'but 

in the real wall, the shape as well as the width varies with film thick-

nes[3. As a result any definition must be arbitrary and approxi.mate. 

For N~el walls of zero film thickness and Bloch walls of infinite thick-

ness, the demagnetizing fields are zero and the theoretical wall shape 

is given in Eq. (4-4) and Fig 4-2 (a). For this shape, the wall width 

may be defined by extrapolatinr; the central slop(~ or Llll~ wuJ l LL) the 
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extreme values of 8 . This gives the value :n:5 for a 1£30° wall. In 

section (4.2), it was pointed out that the linear apprvximation model 

• l f 1 h • h • 11 1- f t (r') -l/? d g1ves a va ue .or s ope w lC lS sma er oy a ac or ~ , an u 

wall width which is correspondingly larger, namely (2) 1 / 2
:n:6. In order 

that the models will agree (at least in the absence of demaenetizine; 

1/r) 
fields), the definition for wall width adopted in Sec. 4.2 was (2) ~:n:5. 

Specifically this means that the approximate calculation of Middlchoek 

including the demagnetizing field will agree with the wall width for 

the exact theoretical magnetization variation at the limits of zero and 

infinite thickness. 

The 76% Ni-Fe alloy films used in the present study were vacuum 

evaporated from a melt of 80~ Ni and 20% Fe onto glass or cleaved NaCl 

substrates at room temperature in a moderate vacuum of about 10-7 Torr. 

The detailed description of film preparation is given in Appendix 1. 

Electron diffraction analysis showed that the films were of f.c.c. poly-

r~rystalline structure. Film thickness and anisotropy energy K were 
u 

d~t~rmined magnetically, using a low frequency hysteresis loop tracer. 

The specimens for Lorentz microscopy were mounted on microscope grids 

after being floated off the NaCl substrates in water. 

A typical example of the profile match method to experimentally 

determine the wall width is shown in Fig. 4-14 (a,b and c). The film 
0 

thickness is 615 A and the out-of-focus distance is l.l mm. In the 

figure, the solid dots indicate the experimental intensity distribution 
0 

in the normalized coordinate (U = s/1360 A). The solid curves (Fig. 

4-14 (a, b and c)) correspond to the intensity distributions expressed 
0 0 0 

by Eq. (4-l3b) for 5 of 300 A, 600 A, and 900 A, respectively. It can 

0 

be seen that the theoretical curve for 5 = 600 A most nearly matches 
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the experiml;ntal .i.ntensLty profile, c;lving an experimental wall wlclt.h 
0 0 

a = /2rr. ·(Goo A) ~ ;:-~660 A • For most of thl' measurements in the present 

thesis, the tltcon~t:Lcal curvr~s were plottt~u by computc~r in td:eps of 

0 

100 A in o to r;t;ek the hest fj t. 

The measured wall width of 1B0° domain walls in 76% Ni-Fe alloy 

as a function of film thickness is shown in Fig. 4-15. Also shown are 

the theoretical curves based on one-dimensional wall models discussed 

in Sec. 4.2. 
0 

It is tempting to regard the data between 200 and Boo A 

as defining a trend lying above but roughly parallel to the theoretical 

curves for the Neel wall. However, this trend is ~argely determined by 
0 

the point for 200 A thickness, and it is for this thickness that the 

accuracy of the method is most uncertain. This matter will be discussed 

in detail in a later section. The other points for thickness between 
0 0 

350 A and Boo A show sufficient scatter that one cannot assert the trend 

to be well established. On the other hand, the data agree reasonably 

well with that obtained by Fuchs (Fig. 4-B), in which this trend is 
0 0 

clearly seen. In any case, between Boo A and lBOO A thickness the 

measured wall width clearly increases nearly linearly from an apparent 
0 0 0 

minimum of 2000 A at Boo A thickness to 9000 A for the thickest film 

which could be measured with the 100 kilovolt microscope. As can be 

easily seen in the figure, all of these wall widths are in complete 

disagreement with calculations based on the simple wall models described 

previously. 

4. 4.6 Comparison with other experir::tental data 

It is worth comparing the present experimental results of wall 

width with those obtained by others. Fuchs (1962) also used the simple 

geometric theory for calculating the experimental wall width. For suf-
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ficiently large out-of-focus distance, the convergent wall image 

contains two infinite peaks (see Fig. 4-10 (b)). Fuchs pointed out 

that the defocusing distance z at which the two peaks degenerate 
0 

into one is simply related to the slope of 8(x) at X = 0 ' independent 

of the specific wall model. That is, 

1/~ z 
0 

0 Thus for a 180 wall, the wall width as defined in this section may 

be determined to be 

/2rrz $ 
0 0 

Fuchs' wall width was obtained from this equation using the minimum 

out-of-focus distance z 
0 

for which he could observe only one maxi-

mum. 

According to Fuchs, the physical interpretation of z is compli
o 

cated by diffraction and interference effects, and the experimental 

error in determing the value of z may be as large as 25%. 
0 

If Fig. 

4-8 is compared with Fig. 4-15 it is seen that Fuchs' data are in 
Q 

reasonable agreement with the present data in the range 200 to 800 A. 

Wade has also measured the domain wall widths in So% Ni-Fe alloy 

films by Lorentz microsCOlJY• He used a very large out-of-foct<.s 

distance (8 em to 80 em) and measured the width of convergent and 

divergent domain wall images (We and Wd) which may be approximated by 



and 

= 2zW +a 
0 
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Therefore, an approximate wall width may be experimentally determined 

by 

a W/2 

The result obtained by Wade is that the wall width in Ni-Fe films is 
Q 

about 2,000 A ± 50%, independent of film thickness d, in the range 
Q 

between 125 and 260 A. This result is quite different from those in 

the present study and by Fuchs. However, the experimental accuracy of 

Wade's work is very questlonable for two reasons. First, the image 
Q 

widths he measured were of the order of 10 ~ (100,000 A) for a typical 

value of z = 50 em and W = 2 · 10- 5 rad., while the deduced value of 
0 

Q 

wall width was about 2,000 A which was thus extracted from the difference 

of two nearly equal quantities. Second, and more important, the e~ge 

of the wall image obtained at such large out-of-focus distance should 

be modulated by Fresnel fringes (Wade, private communication and 
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Wohlleben, private communication). On the basis of the foregoing arguments, 

the results obtained by Wade cannot be accepted as the actual wall widths 

in the samples. 

4.4.7 Discussion on the discrepancy between the experimental and theoretical 
results. 

As shown in Fig. 4-15, the discrepancy between the experimental and 

calculated wall widths is significant, particularly for thicker films. 

This section is concerned with the possible sources of the discrepancy. 

These sources can be grouped in the following categories, (1) sources due 

to experimental difficulties, (2) sources attributed to the limitation of 

classical optics, and finally (3) deficiencies in the models used for thea-

retical calculations. 

(1) Experimental difficulties 

The first thing one can 2onsider on this matter is the effects of 

the finite beam divergence B of the illumination source in Lorentz micros-

copy. As discussed in detail in the previous section (4.4.3), the intensity 

of a convergent wall image is very sensitive to a finite ~. Thus one has 

to accurately evaluate ~' the width of the divergence cone as well as the 

electron intensity distribution within this cone in order to get meaningful 

intensity distribution of the wall. On the other hand, the effects of a 

finite ~ is much smaller in the case of a divergent wall image as long as 

~/t!T0~1. In view of this, only the intensity profile of the divergent wall 

image was considered. Accordingly, the influence of a finite ~ on the 

intensity profiles is not important. 

Second, microscope scattering has been properly accounted for by the 

method of measuring intensity distrjbution on the photographic plates. 

Therefore, this should not contribute s.i.gnificantly to th,~ d i scr('f)arwy. 



121 

Third, it should be noted that the electron beam transmitted through 

a ferromagnetic film undergoes crystallographic scattering us well as 

ma~:~netic det'lecilon. The crystallographical scattering may be div.ided 

into two parts, (l) Bragg reflection (elastic scattering) in individual 

crystallites and (2) inelastic scattering. The contribution of the 

first is negligible because the diffracted beam of Bragg reflection 

(a Bragg angle of a low order diffraction beam is about 10-2 rad.) was 

cut out by the objective aperture (20 microns in diameter) which would 

-3 correspond to a semi angular aperture of about 2'10 rad. in the present 

microscope objective of focal length 4.7 mm. On the other hand, the 

contribution of the inelastic scattering is complicated, and the way in 

which this inelastic scattering smears the intensity profiles has not 

been worked out quantitatively. This effect is expected to be large 

for thicker films, and therefore it is possible that the discrepancy may 

be in part due to this effect. In the present work, the effect was 

minimized as mu2h as possible by using small microscope lens apertures. 

Finally, one should consider the assumed wall shape used in the 

present study. In order to determine the wall width experimentally, 

the wall shape expressed by Eq. (4.3) was used. However, as already 

mentioned in the previous section (4.2), there is a significant differ-

ence in wall shape between the finite thickness one-dimensional thea-

retical Neel wall and :q. (4.3). For a Bloch wall, as shown in Fig. 

(4-5b), the theoretical wall shape determined by Brown and LaBonte is 

not significantly different from the present wall shape (Eq. 4.3). On 

the other hand, Collette, and Kirchner and D()ring have shuwn (Fig. 4-5a) 

that the theoretical N~el wall shape is much diffe1·enL. ConsequenLly 
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one would expect to get a better agreement for a Bloch wall than for 

a N6el wall, if this matter is mainly responsible for the dis~repancy. 

However, experimentally this is not the case as shown in Fig. 4-15. 

The agreement between the experimental and calculated wall widths is 
0 

better for Neel wall region (d<900 A) than for the Bloch wall region 
0 

(d '>900 A). 

To clarify this point, the intensity distribution of a divergent 

wall image based on the wall shape by Collette has been calculated. 
0 

Here, one is particularly interested in the case of thickness 200 A. 

For this thickness, Collette obtained the slope d8/dxlx=o = 2.69 · 105 

rad/cm . On the other hand, the zero thickness exact wall model has a 

slope d8/dx\x=o = 1/5 . The point in question is whether the two wall 

shapes will give similar intensity distribution if they have equal 

slope of the magnetization rotation at the wall center. For this value 

of slope in the zero thickness exact model, the value of 5 must be 

(2.69·105 )-:·cm or 372 A. In Fig. 4-.16 the cosine of the magnetization 
0 

angle 8 as a function of a normalized distance ~ (~ =x/2580 A) in the 

film plane is shown for the two models (refer also to Fig. 4-5). The 

intensity distributions for the models were calculated using Eqs. 4.13a 

and 4.13b and the results are shown in Fig. 4-17. In the figure, the 

0 

distance U in the focal plane is also normalized by the factor 2580 A. 

0 

Furthermore, in the figure, the value of z~ is taken to be 258 A, 
0 

which is close to the value used in the present experimental study. 

As can be seen in Fig. 4-17, the intensities for the two models are 

surprisingly similar though roughly 30% different in spread. This 

implies that the long tails in the Neel wall do not influence the inten-
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si ty distribut_Lon in a significant way. Since the wall widths in the 

present work were determined on the basis of a profile match, Fig. 4-17 

suggests that a 3CJ'/o increase in experimental wall width would give a 

best fit for Collette's wall shape. Though the difference is not sig-

nificant, it is distressing that the shift is in the wrong direction to 

reduce the large discrepancy between experimental and theoretical 
0 

values at 200 A film thickness. 

(2) Classical limitation 

The intensity distribution in the image plane given by Eq. 4.13 (a,b) 

was calculated on the basis of classical geometric optics, i.e., the 

electrons are incoherent and no interaction between them is considered. 

The most important question relating to the experimental measurement 

is the validity of this classical interpretation or calculation. The 

fundamental limitation of classical optics based on the uncertainty 

principle is discussed by Wohlleben (1967). This limitation sets the 

minimum amount of flux change which can be detected classically. That 

is, a change of magnetic field between two points (a magnetic inhomo-

genuity) can be resolved classically if the flux change due to the 

inhomogenuity is much larger than a fluxon, h/2e, where h is Planck's 

constant and e is the electronic charge (Appendix 4). For the 

measurements shown in Fig. 4-15, the number of fluxons is a minimum of 
Q c 

about 5 for 160 A film, increasing slowly to about 10 for 850 A and 
0 

then increasing rapidly to aJout 100 for the 1,800 A film. This implies 

that as far as this criterion is concerned, the classical picture is 
c 

quite adequate for films in excess of 1,000 A, but may be somewhat 
0 

inaccurate for films less than 500 A thick. 
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A second criterion (Wohlleben, private communication) is that if 

M is not large compared to a fluxon, then the classical result is still 

similar to the wave-mechanical result provided the out-of-focus distance 

is small compared to the reciprocal of the gradient of' the Lorentz deflec

tion ( d 'V/ dx) -l. In the region where the number of fluxons is small, 

the experimental value of (d1lr/dx)-l varied from about 2 em for 160 A 
0 

thickness to about 2 mm for 600 A thickness. This implies that if 

other things are equal the smallest z value possible (0.5 to 1 mm) 

should give more reliable results than larger values. In order to 

check this point, the out-of-focus distance was varied from 0.55 mm 
0 

to 4.4 mm for two samples with thickness of about 1,000 A, and from 
0 

1.1 mm to 6.6 mm for one sample with thickness of 430 A. Wall widths 

deduced from both profile match and peak intensity ratio are shown in 

Fig. 4-18. The values of 5 obtained from the profile match showed 

remarkably little scatter, typically ± 2oo/o. The values obtained from 

the peak intensity ratio were in reasonable agreement with the other 

method at the smallest z value but were systematically high by a 

factor of about 1.7 for higher z values. In view of this result 

only wall widths obtained by a profile match were presented in the 

earlier sections. 

Finally it is worth discussing the coherence condition of the 

electron beam. In the fore[)ing discussions, one assumed that an 

incoherent electron beam is deflected by the Lorentz force due to the 

internal flux of the film. According to Boersch, Harnisch, Wohlleben, 

and Grohmann (1960), non-classical diffraction effects oc~cur if the 

electron beam satisfies the coherence condition, 
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where A. is the deBroglie wave length of the electrons, and E: ~ l . 
e 

-10 _)+ 
In the present case, A.e = 3. 7 ·10 em, z Rj l mm and 'VoR:j 10 racl., 

-6 thus the beam divergence angle ~ must be smaller than )•10 rad. for 

e = 1. Therefore the present experimental conditions (~ Rj 10-
4 

rad.) 

do not satisfy the coherence condition, and one may neglect the 

coherence effect of the electron beam. Furthermore, in the approximation 

that the domain wall represents an opaque region in the specimen, there 

may occur Fresnel diffraction fringes at the edges of the domain wall 

(Heidenreich, 1964). According to Heidenreich, if the nth maximum in 

the fringes is just visible, the coherency condition requires that 

[z(z+t)•A.'(2n-l)/t]t ~ A./2~ 

where t is the distance between the effective source and the film 

plane. In the present case, z << t (t ~ 20 em), one can therefore 

obtain 

n < l/2 

Under the present conditions even the first maximum is suppressed. 

Furthermore, a real wall presents a diffuse region rather than sharp 

edges, thereby restricting still further the visibility of the fringes. 

It follows that the observed images are negligibly modified by dif-

fraction effects so that under the conditions described, geometrical 

optics can be expected to be valid. The detailed description of wave 

optics is given in section (4.5). 
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(3) Magnetic sources 

Up to this point, possible sources for the discrepancy have been 

discussed from the experimental point of view. It is quite natural, 

however, to ask if the theoretical treatments discussed in tl1e previous 

section, are reasonable or not. Further, lt should be asked whether 

there is any significant change in magnetic parameters in films removed 

from substrate. 

The data of Fig. 4-15 were obtained from films evaporated onto 

and stripped from NaCl substrates. In order for such data to be taken 

as representative for films evaporated on glass as well, it is neces-

sary to determine whether the substrate or strippi~g procedure modified 

wall structure appreciably. A convenient wall structure parameter 

which can be easily measured for films on glass using the Bitter 

technique and films on microscope grids using Lorentz microscopy is 

the number of cross-tie structures per unit length of wall. These data 

are shown in Fig. 4-19. The cross-tie density is remarkably similar 

for both films on glass and stripped films mounted on copper grids. 
0 

The cross-tie density increases with thickness to a maximum near 950 A 

and decreases to zero for thicker films. Earlier data by Methfessel 

et al. (1960) using the Bitter technique are also shown. They are 
0 

qualitatively similar but show a reduced maximum at about 750 A instead 
0 

of 950 A. It is believed th~t the cross-tie configuration is a sensi-

tive indicator of wall struc:ure. The close agreement between cross-

tie measurements on stripped films and films on glass strongly implies 

that the measurements of wall width of stripped films also nre valid 

for films still adhering to the substrate. 
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The above measurements of cross-tie density lead to an interesting 

correlation, unrelated to the original purpose of the observations. 

It will be recalled that an apparent wall structure transition is 
0 

observed at about 1000 A thickness in Bitter patterns for domain walls 

in Permalloy films (see Sec. 4.2). There is also a distinct change 

observed at this thickness for both measured wall width (Fig. 4-15) 

and cross-tie density (Fig. 4-19). It is probable that all these 

phenomena are associated with the transition from a predominantly 

Neel to a predominantly Bloch wall. 

As can be easily shown, the anisotropy energy of a wall for a 

finite film thickness is usually negligible in comparison with the 

exchange and magnetostatic stray field energies. In other words, 

there is very little change in wall width due to a change in the 

anisotropy constant, such as might occur upon removing the film from 

the substrate. However, it ~s still worthwhile noting that experimen-

tal measurements of uniaxial anjsotropy of films deposited on glass 

and films deposited simultaneously on NaCl and subsequently stripped 

from the NaCl were in satisfactory agreement. In view of these 

observations, the discrepancy in wall width cannot be explained in 

terms of a change in anisotropy. 

Sugita, Fujiwara, Saito and Taniguchi (1967) have shown that a 

large perpendicular anisotropY* K~ will increase the width of a Bioch 

*Note: It is known that films evaporated under certain conditions 
exhibit a uniaxial anisotropy called perpendicular anisotropy whose easy 
axis is normal to the film plane. The perpendicular anisotropy energy 
E.1 may be expressed byE~ == K.l.· cos28 where 8 is the angle between the 
magnetization out of the film plane and the easy axis in the film plane. 
This anisotropy is believed to be attributed to crystallographical 
structure i.n the film. 
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wall. For example, the wall width of the Bloch wall in a Permalloy 

film with KJ./2:rrMs
2 = 0.15 becomes twice as large as that with zero 

perpendicular anisotropy. 
2 

The value of K,/2n:M = 0.15 was reported 
- s 

by Iwata, Prosen and Gran (1966) for an 81% Ni-Fe alloy film with 
0 

thickness 1000 A. However, Sugita, Fujiwara and Saito (1967) reported 

2 
the value of K /2:rrM to depe'nd strongly on the degree of vacuum at 

.1. s 

deposition. The value of the anisotropy ratio was as large as 0.1 for 

vacuum of 5 x 10- 5 Torr, but in the normal vacuum of l0-6 Torr, the 

ratio was less than 0.01, which is much too small to explain the 

discrepancy. The theories discussed previously (Sec. (4.2)) did not 

consider the effect of K,~, on wall structure in thin films, but in any 

event for normal fabrication procedures the effect should be negligible. 

As discussed in Chapter 2, magnetostriction is one of the important 

factors which governs the state of magnetization. The calculations of 

theoretical shape based on one dimensional wall models have all avoided 

this problem. However, by use of 76% Ni-Fe alloy films the magneto-

striction should not be important because of the small value of the 

magnetostriction constant at this composition. On the other hand, in 

the case of Co films, which 'Till be discussed in a later section, 

magnetostriction might be an important factor in wall structure. In 

any case the effect of magnetostriction on wall structure is open to 

question at the present time. 

Finally, it should be noted that the present consideration is 

restricted to one dim~nsional wall models. These models neglect any 

change in magnetization direction in a wall through the film thicluwss 

(z-axis) or along the wall direction (y-axis). In Section (l1.3), it 

was pointed out that for thick films, the measured wall cnerg i.cs arc 
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in better agreement with those based on a two dimensional wall model 

than with those using the simple one dimensional models. On the other 

hand, for very thin f1lms the wall energy js in reasonable agreement 

with that expected on the basis of Collette's wall model. 
0 

For very thin films up to 300 A, since the wall widths are much 

larger than film thickness, it is probable that the one dimensional 

wall model is adequate. However, as was seen earlier, cross-tie walls 
0 

associated with Bloch lines .~ppear for thickness above about 200 A. 

For this situation the one dimensional wall picture is certainly nc 

longer realistic (Fig. 4.6 and Fig. 4-19). 

For thick films the calculated wall widths are much smaller than 

the film thickness, and the variation of demagnetization field along 

the z-direction (thickness direction) becomes significant. Accordingly, 

a two-dimensional wall model should be more realistic than a one-dimen-

sional wall model. However, it should be emphasized that the experimental 

results indicate that the wall widths are in fact much larger than the 

film thickness and thus the argLment that a one-dimensional wall picture 

is adequate would appear to be valid based on the experimental evidence. 

This matter remains unresolved. 

As discussed in Section (4.2), the energy of the ordinary Bloch 

wall in a crystal has been calculated by neglecting the presence of 

the cross-tie walls associated with Bloch or Neel lines. The Bloch 

walls are subdivided by these cross-tie walls with alternation of their 

polarities. Such subdivisions of the Bloch wall into a periodic struc-

ture of right- and left-hand walls were first observed by Williams and 

Goertz (1952) and by DeBlois and Graham (19'58) Ln bulk mater i.als using 
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the Bitter technique. Shtrikmann and Treves (1960) have argued that 

the energy of the Bloch wall can be reduced if the wall is subdivided 

into segments of alternating polarity by a Neel line or region in which 

the magnetization rotates smoothly from one polarity to the other 

within the wall. They gave an approximate calculation to show that 

the periodic Bloch wall has a lower energy than the ordinary Bloch 

wall. Janak (1967) has also shown that the periodic Bloch wall is 

energetically more favorable than the ordinary Bloch wall in materials 

of sufficiently small anisotropy, such as Ni-Fe alloys. Thus, the 

present discrepancy could be in part due to the presence of the cross-

tie walls, which is not taken into account in calculating the wall 

widths in thin films. However, it is doubtful that this detail provides 

the entire answer for the discrepancy since the cross-tie density is 
0 

observed experimentally to be low for film thickness above 1200 A, 

while the discrepancy is the greatest for thickness above this value. 

4.4.8 Domain Wall Width in Co Films 
0 

The measured domain wall width of Ni-Fe alloy films from 200 A 

0 

to 1800 A thick was found to. be much wider than that predicted from 

one-dimensional N~el and Bloch wall models as discussed in the pre-

vious sections. In addition, the observation of a wall width minimum 
0 

and cross-tie density maximum at about 1000 A were ascribed to a wall 

structure transition in this region. The data suggested that theoretical 

calculations might be in error due to gross overestimation of the mag-

netostatic energy in the simple one-dimensional models. In order to 

obtain further information about this matter, domain wall width was 
0 0 

measured for cobalt films with thickness from 200 A to 1500 A. The Co 
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films were evaporated onto glass or cleaved NaCl. substrates at room 

temperature in a moderate vacuum of lo-
6 

Torr. The fllms, which were 

polycrystalline, showed H. C. P. structure by electron dH'fruction. As 

with Ni-Fe films, only the intensity profiles of the divergent wall 

image were taken into account in determining the wall width. The out-

of-focus distance was 1.1 mm for the entire thickness range. 

The measured domain wall width as a function of film thickness is 

shown in Fig. 4.20. 
0 

Though the trend in wall width between 200 A and 
0 

500 A film thickness is not clearly established, there appears to be a 

slight decrease with increasing film thickness. In any case, the wall 
0 0 

width for thicker films clear·ly increases from about 3000 A at 500 A 
0 0 

thickness to about 6000 A at 1500 A thickness. Th~s trend agrees with 

that found for Ni-Fe alloy films although the slope is smaller by a 

factor of two in the present case. By extrapolation, the wall width 
0 

at zero film thickness is estimated to be about 4000 A. Using the 

material in Sec. 4.2, it is possible to predict theoretically that at 

zero (and infinite) film thickness where the average stray field energy 
~ 

density is negligible the wall width should be /2n(A/K )~. For such a 
u 

4 
calculation we take anisotropy constant K = 2.0 x 10 erg/cc measured 

u 

for Co films on glass substrates, and exchange constant A= 1.3 x l0-6 

erg/em measured by spin wave resonance. The predicted value is about 
0 

3600 A in good agreement with the extrapolation. However, for the 

actual finite thickness films, the measured wall width is again much 

wider than that based on the simple one-dimensional models, a~d for 

thick films even exceeds the calculated value for infinite film thick-

ness. 
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As mentioned above, the discrepancy between the measured and cal-

culated wall widths is quite large. It is necessary, therefore, to 

discuss possible sources for this discrepancy, as in the cnse of Ni-Fe 

alloy films. First of all, it should be emphas.ized !.lwt as with Lhe 

case of Ni-Fe, the quantum mechanical limitations do not apply to this 

case either, because of the choice of divercent wall image, small out-

of-focus distance, and the relatively large beam divergent angle. The 

discussion Sect. 4.4.7 certainly applies to this present case of Co, 

and thus it is not necessary to repeat here. 

Second, the change of anisotropy on removing films from substrates 

as in the case of Ni-Fe films cannot be an important factor. Even 

though K is larger for Co films, by a factor of about 6, the effect 
u 

on wall width is still very small except for very thin or extremely 

thick films. Furthermore it hat: been reported by Krukover ( 1967) 

and confirmed in this laboratory that the change in K for Co films 
u 

is even less than for Permalloy films. 

Third, as mentioned in Sect. 4.4.7 a probable source of discrepancy 

lies in the use of one-dimensional wall models to represent two or 

three-dimensional variation, but confirmation of this requires very 

difficult refinements of the computer programs used to make the thea-

retical predictions. 

Regardless of the discrepancy with theoretical predictions, there 

is an interesting and significant difference between the experimental 

results for Ni-Fe alloy and Co films. This difference may be due to the 

larger magnetostriction in Co. In any case, there is a clear dif:erence 

in cross-tie structure which implies a considerable difference in wall 
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structure. The cross-tie density for Co films was measured by Lorentz 

microscopy with the result shown in Fig. 4-21. This characteristic is 

very difficult to measure by the Bitter pattern technique because the 

cross-tie density is very large (about 4 times greater than for Ni-Fe 

films and the cross-tie length is very short compared to colloid size 

and minimum resolution of the optical microscope. As a result, clear 

identification of cross-tie in the micrograph is rather difficult. It 

should be mentioned, however, that the peak in the cross-tie density 
0 

occurs at a lower value of thickness (500 to 800 A) and the minimum in 

experimental wall width also occurs at a lower film thickness (about 
0 

500 A) than is the case with Ni-Fe films. 
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4.5. Wave Optics 

The wave mechanical (diffraction) theory of Lorentz contrast 

formation has been given by Boersch, Harnisch, Wohlleben and 

Grohmann (1960). In the wave mechanical picture, magnetic structure 

in a sample presents a phase object to the electron beams, i.e. it 

changes the phase. It was shown by Aharonov and Bohm (1959) and 

Feinberg (1963) that the phase difference S between two points A and 

F along an electron ray is given by (Fig. 4-22) 

A 
s = - e/A J A · d t (4.15) 

F 

.... 
where A is the vector potential. The two rays originate in the source 

point A and end in the same point F. It is evident that the inter-

ference of the two parts at F will <iepend on the phase difference 

(s1 - s2 )/ ~ = ~S between them. Thus there is a physical effect of 

the potentials even though no force is ever actually exerted on the 

electrons. The effect is evidently essentially quantum mechanical 

effect in nature because it comes in the phenomenon of interference. 

The phase difference between the electrons traveling along the 

paths land 2 at the poi't F is given by Eq. (4.15) 

(4.16) 

path l path 2 

where~ is the total flux enclosed between the two paths. One assumes 

that there is a variation of the magnetization B in the x-direction in 



Fig. 4-22. If one path goes through point x
1

, while the other path 

goes through point x2, one obtains 

e x2 
b.S =- p d s B ( x) clx ( 4. l 7 ) 

xl 

Thus if the path Ax
1

F is taken as the reference path, then Eq. (4.17) 

gives the phase shift for any arbitrary path Ax2 F. The object is thus 

a phase object, with the phase shift S given by Eq. (4.17). The phase 

difference given by Eq. (4.16) may te rewritten to be in the image 

plane 

b.S 
2e 
7i 

D J, d•D-·
,f_, +z 

Therefore, the phase shift is zero on the axis (;=0), and varies 

( 4.18) 

linearly with the coordinate s in the observation plane, that is, re-

inforcement and cancellation of the superimposed waves alternate, thus 

producing an interference fringe system. For the fringe separation, 

one can obtain from Eq. (4.18) 

(
-f. +z ) ( , ) D.; = t hJ2edB (4.19) 

The diffraction intensity distribution in the image plane has been 

also calculated on the basis of the Kirchoff theory (for reference, 

Born and Wolf, 1964; Wohlleben (1967) and Cohen, (1967). For the one-

dimensional case described in Fig. 4.21, the intensity distribution is 

expressed by 
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I 

where C is a normalized constant. 

A typical diffraction photograph taken at 50 kV behind the con-

0 

vergent wall in 79-21 Ni-Fe alloy film with 146 A film thickness is 

shown in Fig. 4-23 (a). In an attempt to provide the coherent source 

of the electron beam, a special filament was made using one mil 

tungsten wire instead of the usual 4 mil wire. In addition, 100 microns 

condenser aperatures and 20 microns objective apertures were used. 

The exposure times of the pl:' ::Jtographic plate was about 20 minutes. The 

intensity distribution curve was obtained by the photodensitometer, 

as shown in Fig. 4-23 (b). The average fringe distance was measured 
0 

to be about 1,500 A in the image plane, while the expected value from 

Eq. (4.19) is 1,800 A for z ~ 3 em, ,f..,~ 20 em and t~ 1.6·10-5 rad. 

These are in reasonable agreement with each other. The discrepancy 

probably due to uncertainties in the values of z and t. 

In order to obtain a perfect coherent source of electrons, there 

are some difficulties to be solved. The source may not be perfectly 

monochromatic, and has a finite width. Slnce the electrons leave the 

cathode surface uncorrelated in time, each point of the source produces 

its diffraction coherently, but in random phase in relation to the 

neighboring source points. Such a finite size of the source produces 

a finite illumination aperture ~· In a commercial microscope, this 

-6 angle cannot be decreased much below 10 rad. and one must consider 

the influence of illumination aperture on the diffraction profiles. 
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Another serious problem is that there is an inelastic scattering effect, 

which may disturb significantly the image profiles. In any event an 

attempt to apply the wave optics to study of magnetic inhomogeneit.ies 

in thin films has not yet been systematically carried out. 
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4.6 Summary 

In this chapter, experimental measurements of the wall widths of 

Ni-Fe alloy and Co films have been presented. The experjmental results 

were compared with the calculated results obtained by the simple domain 

wall models. The validity of the present technique to determine wall 

width has been also discussed on the basis of the c~iteria put forward 

by others. 

Wall width was determined experimentally using the defocussed 

mode of Lorentz microscopy. It was found that the beam divergence must 

be considered for this techniquE, and only the divergent wall images 

were used to determine the wall widths. The profile match of the 

experimental intensity distribution of wall images with the theoretical 

intensity curves is believed to give more accurate measurement of wall 

width. 

0 

The 76% Ni-Fe alloy films in the thickness range between 200 A and 
0 

1800 A were examined. The results obtained are significantly different 

from those calculated with the simple one-dimensional wall models. The 
0 

dependence of wall width on film thickness between 200 and 800 A is not 

clear in the present study due to scatter in the data. Between 800 and 

0 

1800 A film thickness the wall width increases nearly linearly from a 

0 0 

minimum of about 2000 A to 9000 A. Such a rapid increase in i'l'all width 

with thickness cannot be explained by the simple wall models. 

The wall width of Co films as a function of film thickness from 
0 0 

200 A to 1500 A was also measured. It was found that (l) the wall 

widths are mucll wider than those expected from the one-dimensional 



simple theories, as in the case of Ni-Fe alloy films, and (2) the change 

in wall width with thickness is more gradual than with Ni-Fe films. 

At the present time, though the reason for the discrepancy between 

the experimental data and the theoretical predict_1_ons is not clear, it 

is possible that the calculations on the basis of the one-d.imensional 

wall models may be in considerable error in overestimating the magneto

static stray field energy of the wall. Whether this discrepancy can 

be explained or not is a question that can be only answered through 

careful and persevering studies of both experimentalists and theorists 

in the future. 
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Chapter 5 

Ripple Structure 

In the previous sections, the magnetization within each domain 

was considered to be uniformly oriented alone; the easy axis. As will 

be discussed below, however, the local direction of magnetization in 

each domain is not uniform, but deviates in a quasi-periodic manner 

from the average direction of magnetization. This local variation in 

the magnetization direction gives rise to a fine structure evident in 

Lorentz microscopy photographs. Such a fine structure, called ripple 

structure, was first observed by Fuller and Hale, and by Boersch and 

coworkers, both in 1960. A photograph showing typical ripple structure 

in a 76% Ni-Fe alloy film evaporated at room temperature is shown in 

Fig. 5-l. 

A polycrystalline thin film consists of randomly oriented crystal

lites. The individua:_ crystRllites have crystalline anisotropy energies, 

which depend on the magnetization direction with respect to the crystal

lographic axes of the crystallite, and therefore the crystalline aniso

tropy energy varies from crystallite to crystallite for a given direction 

of the magnetization. (Refer to Appendix 5.) It follows that the 

crystalline anisotropy is a variable local anisotropy in a polycrystal

line film. In addition to the crystalline anisotropy, there are other 

sources which contribute to the total local anisotropy. For example, 

magnetostrictive anisotropy due to inhomogeneous stresses in a film 

may be one of these sources. Also, there may be a contributio~ to tne 

local anisotropy from the crystallographical inhomogeneities, such 

as holes (porosities), impurities and dislocations. 



Fig o 5- lo A Lorentz microphotograph taken at 100 kV for a 
76';0Ni -Fe alloy f ilm evapo3ated at room t emperature . 
( n~gnificat ion, 2o5 o 10 ; the out -of - focus distance , about 3 cm) o 
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It is easily seen that the magnetization does not completely 

follow these local wanderings of the direction of minimtw local aniso

tropy energy. Instead, exchange coupling tends to straighten the course 

of the magnetization so that the magnetization nearly follows the mean 

easy axis. In addition, the magnetization dipu.les arr~ coupled by 

magnetostatic interactions which are of long range order and thus the 

ripple structure is not simply determined by the minimum local aniso

tropy energy condition. 

There are two main questions concerning this ripple phenomenon, 

what is the origin, and how does it affect the macroscopic magnetic 

properties of a thin film7 These questions are quite closely related. 

In fact, one of the means of studying the origin is to vary the film 

parameters in order to measure a macroscopic parameter which is related 

to the ripple via theory. In this chapter, it is intended to confine 

the discussion to topics which throw light on the origins of the 

ripple, and on the validity of the theories developed. First we 

shall discuss briefly some theoretical and experimental problems of 

magnetization ripple. 
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5.2 General considerations of ripple structure 

5.2.1 Theoretical considerations 

Lorentz microscopy reveals wavelike mac:netic fin•~ stru<'t.ure in a 

ferromagnetic polycrystalline film with uniaxial anisotropy, as ~1own 

in Fig. 5-l. To interpret the fine structure of ripple shown in the 

photograph, one can consider two possible kinds of ripple structure, a 

longitudinal ripple and a transverse ripple, as shown in Fig. 5-2. 

For a longitudinal ripple, the change in direction of the magnetization 

... 
M is a function only of the coordinate along the direction parallel to 

the mean magnetization. Similarly, for a transverse ripple structure, 

the change in direction of the magnetization M is a function only of 

the coordinate normal to the mean magnetization direction. As a first 
.... 

approximation, for theoretical considerations, the change in M of the 

ripple structure may be considered as sinusoidal. If the wavelength \ 

and the maximum angular excursion 8 are assumed to be equal for both 
0 

longitudinal and transverse ripple, then the contribution of ripple to 

the total eflergy of the film from exchange and anisotropy is identical 

for both structures. This leaves only the magnetostatic stray field 

energy as that source which determines the configuration that is 

ener~etically more favorable.* From the assumed sinusoidal variation 

fcJr the magneti :z.aU on direction, one can i'i.nd that the (hypothetical) 

Vf.Jlume densl t;y p is much smaller for longitudinal ripple ( p o= -'V • M 
m m 

is proportional to 8
2

) than for transverse ripple (p = -'V • M is pro
m 

portional to 8) as long as 8 is small. Accordingly, the magnetostatic c 

*For simplicity of discussion here, one nt~glt~(:t:.s uUH:r lt~:>:; irnpcll·taJJL 
energy sources, such as mae;nettlstricti ve s !.rt':>s t'l\(~J't~Y. 
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stray field energy is much smaller for the longitudinal ripple than 

for the transverse ripple. Therefore, the main contribution to the 

magnetization ripple should be longitudinal, and the fine structure 

lines observed by Lorentz microscopy should be interpreted as loci 

of nearly constant magnetization direction. In the Lorentz microscopy 

photograph of the ripple shown in Fig. 5-l, the mean magnetization 

~ 

direction M is indicated by an arrow, which is normal to the stripes. 
0 

As discussed in the previous section, the source of the ripple 

structure must result from an inhomogeneous local anisotropy of some 

kind. Before summarizing the principle theoretical treatments of this 

problem, it is desirable to clearly state the difference between the 

homogeneous and the inhomogeneous local anisotropies. Consider the 

total anisotropy E which is a function of the coordinate r where the 
a 

..... 
anisotropy is evaluated and of the angle ~ between M and the reference 

axis (Fig. 5-3). 

We define the homogeneous and inhomogeneous anisotropy energies by 

the equation 

E (~ , r) 
a (5.1) 

where 

(E ( ~ , r) ) and 
a 

0 

The average is taken over all valueE of r with ~ fixed, independent of 

r. If we differentiate this with respect to iti, we obtain the anisotropy 

torque 
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It is clear from the definition of Eh that 

over r with 
iP fixed 

- 0 

It is convenient to write Ek = K ·f (iP , r) where K is the local 

anisotropy constant, and f is a trigonometric function of the 

...... 

(5.2) 

angles between M and the reference axis, which is normalized so that 

its maximum absolute value is unity. 

The first attempt to calculate the ripple wavelength and ripple 

amplitude was made by Rother in 1962. He formulated the variational 

problem of the total energy including only exchange and crystalline 

anisotropy, and neglecting other energy terms. The calculation was 

based on a model in which the thin film was assumed to consist of 

non-interacting linear chains of ideal, square, strain free, but 

randomly oriented crystallites. The mean wavelength was found to be 

a function of crystallite size D: 

"-Rother~ 4D (5.3) 

The average maximum ripple angle was found to be 

(5.4) 

where K is a local anisotropy constant, and A is the exchange constant. 



The values of average wavelength and average ripple angle for a typical 

-6 I Permalloy film with exchange constant A = 10 erg em, local anisotropy 

4 0 0 

constant K=lO erg/cc, and crystallite size D= 200 A, are about 800 A, 

and 0.24 rad. respectively. 

In 1964, he refined the calculation by allowi~g two-dimensional 

interactions and adding energy terms due to external and stray fields. 

In developing this theory, he found two distinctly different ripple 

components, i.e. short and long wavelength ripple. For the short 

wavelength ripple, the average ripple wavelength was found to be 

A h t ~ 4D for D < D s or g (5.5a) 

A ~ 4D for D > D short g g (5.5b) 

where D ~ (A/2M H)1/ 2 . As before, M is the saturation magnetiza-
g s s 

tion and A is the exchange constant. The field H is the total effec-

tive field including both internal anisotropy field and applied field. 

The short wavelength ripple was found to have amplitude of the order of 

8 

8 

0 short 

0 short 

for D > D 
g 

(5.6a) 

where d is the film thickness. It is instructive to evaluate Eqs. 
_(i )I 

(5.6) for a typical permalloy film with A ~ 10 er1~/f'rn, K : .l.t1 t>l"~~/c(:, 



0 

D d ; 200 A and M = Boo 
s 
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8 ~ .03 rad. forD <D 
0 short g 

It should be noted that for a normal field in the range of l oe. to 
0 0 

10 oe., the value of D is in the range of 2500 A to 1000 A and there
g 

fore only the approximationsgiven by Eqs. (5.5a) and (5.6a) apply for 

the short wavelength ripple. In this case, the short wavelength 

ripple structure is independent of the field H and determined only by 

film parameters. 

For the longer wavelength ripple, the average wavelength and the 

r.m.s. ripple angle were found to be 

rr 
l/2 

(5.7a) 

(5.Ba) 

Numerical values for a typical Permalloy film can be calculated using 

the same magnetic parameters: 

:\
1 

R1 10 H- 3/ 4 (i-t) 
ong ( 5. 7b) 

-3/B ( ) 8 ~ 0.03 H rad. 
0 
long 

( 5 .Bb) 

It should be emphasized here that Rother pred:ir.ted that the ripple 

could be regarded as a superposition of two ripple stnll·tm·\!S: one 
0 

which has the short wavelength of about Boo A and ripple angle of about 
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0.03 rad., and the other which has the long wavelength of about 1.8~ 

and ripple angle about .014 rad. at an effective field of 10 oe. for a 

typical Permalloy film. 

Hoffmann (1964) also calculated the mean ripple wavelength and 

root-mean-square amplitude. 'l'he variational problem was considered 

for the total energy including exchange, uniaxial anisotropy, local 

anisotropy and magnetostatic energy resulting from both stray field 

and applied fields. His method of obtaining an approximate solution 

was completely different from that by Rother and led to a non-linear 

differen-~ial equation for the magnetization variation eG). As a first 

approximation, Hoffmann neglected the non-linear term in this differential 

equation, and found a solution which could be expressed in terms of 

modified Bessel functions. In obtaining this solution, he introduced 

a coupled region within which a given dipole is coupled to neighboring 

dipoles. This dipole is centered in the coupled region which is 

defined by an elliptical boundary. The major axis of the ellipse is 

normal to the mean magnetization direction. The ratio of the major 

and minor axes varies as the (-1/4) power of the total homogeneous 

field H (a) defined below. Therefore, this ratio is insensitive to 

the value of the applied field over a wide range. In the absence of 

an external field, the ratio of the axes is about 30 for typical 

Permalloy films. Thus the coupled region is generally a narrow band 

normal to the mean mag1etization direction. This implies that along 

the mean magnetization direction the magnetization variation takes 

place more rapidly than in the direction normal to the mean magnetiza

tion. Therefore, this theory also predicts that the ripple shoY:n in 
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Fig. 5-l is predominantly of the longitudinal type. 

It was shown that the wavelength of the predominant ripple is 

related to the minor axis of a coupled region. The detailed calculation 

gave the value of' the wavelength to be 

A __ ff = 2n [2A/M H(a)]1
/
2 

·~o mann s 

where 

H(a) 

In the above equations, 

..... 
H is the applied field 

0 
..... 
Hk is the effective homogeneous anisotropy field 

a is the angle between H and the easy axis 
0 

(5.9) 

(5.10) 

~ is the angle between the mean magnetization direction and the 
0 

easy axis. 

The field H(a) is actually the component of the total homogeneous field 

(H
0
+Hk) in the direction of the mean magnetization M

0
• Ripple com

ponents with shorter wavelengths than that expressed by Eq. (5.9) are 

suppressed by exchange coupling and thus are of small amplitude. 

Furthermore the components of longer wavelength are of lower amplitude 

because of the decreasing amplitude of their generating function. 

Therefore, he concluded that the wavelength A of Eq. (5.9) is the mean 

wavelength which would be measured in a real film, essentially indepen-

dent of the experimental parameters used in the microscopy. Since this 

conclusion is important in establishing an experimental verification 

of the theory, a detailed discussion of the matter will be given in a 
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later section dealing with the experimental measurements. For a 

-6 I typical Permalloy film with exchange constant A = 10 erg em, and 

uniaxial anisotropy constant K = 103 erg/cc, the wavelength given by 
u 

Eq. ( 5. 9) is of the order of 11-1. in the absence of an applied field 

( ie. H(a)=H and <P =0). 
k 0 

In Hoffmann's development it is necessary to evaluate the local 

torque at every point 

(5.11) 

In order to solve the differential equation for <P , he found it con-

venient to use a Taylor expansion for the derivative of the anisotropy 

energy 

-T 
k 

+ higher order terms} 

K f
1

(<P ,r) + (<P-<P )K f 2 (<P ,r) +higher order terms s 0 0 s 0 

In the approximate solution of the differential equation, only the 

first term of the expansion was used. The torque function f 1 (<P
0
,r) 

is basically a product of trigonometric function of the angles between 
..... 

the magnetization direction M and the crystallographic axes and has a 

value of the order of unity for random orientation of crystallites. As 

pointed out in Eq. 5.2, if this function is averaged over the entire 

film, it has a value of zero from its basic definition, ie., ( f ) 
l over 

the 

its 

-O Its root mean square value is therefore equal to entire film - · 

standard deviation cr1=/(f~) . This parameter enters into Hoffmann's 

theory in a fundamental way. It should be emphasized that in the case 
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where local anisotropy contains only crystalline anisotropy, the 

standard deviation cr1 characterizes the degree of epitaxy. For the 

case of completely random orientation of crystallites, cr
1 

has a value 

which is independent of ~ and depends only on the particular form of 
0 

local anisotropy, but its value is less than unity and in fact for the 

usual cubic anisotropies, it lies in the range 1/6 ~ cr
1 

~ 1//2. For 

partial epitaxial films, the value of cr
1 

is reduced approximately by 

the factor (1-~), where ~ is the fraction of the film which has pre-

ferred orientation.* For perfect epitaxy, cr1 = 0. 

With this background, it is possible to write Hoffmann's value 

for the r.m.s. ripple angle /(82) = /<(~-P 0 )2) in the following form, 

(5.12) 

In this equation, S, called the structure factor, is a parameter 

which reflects the crystallographical structure of the film. It 

depends directly on the mean crystallite size D, local anisotropy 

constants Ks and cr1 , and inversely on the square root of n, the number 

of crystallites contained in the film thickness. 

(5.13) 

As can be seen in Eq. (5.12), the r.m.s. value of the ripple angle is 

sensitively dependent on the structure factor S. For typical films of 

Permalloy, the r.m.s. value of the ripple angle given by Eq. (5.12) 

*Note: For the case where the non-epitaxial crystallites are completely 
random, the variation of cr1 can be evaluated exactly: cr1= cr1 max(l-~)(1+~). 



becomes 

where we have 

M =800 gauss, 
s 
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(':>.14) 

. -6 I ~ I taken the values A = 10 erg em, K ~10- erg cc, 
u 

4 0 

Ks=lO erglcc, D=d= 200 A, n=l and cr1= ll/2. 

It should be emphasized that as far as the wavelength is concerned, 

the result obtained by Hoffmann is at variance with that by Rother 

since Rother predicted two different ripple components, neither of 

which varies with film parameters in the way predicted by Hoffmann. 

Nevertheless, for a normal Permalloy film, the average ripple wavelength 

of Hoffmann is about the same as that for the long wavelength of 

Rother (and is larger than the short wavelength of Rother by a factor 

of about 10). Also there is surprising agreement between the values 

of the ripple angle predicted by Hoffmann and Rother. Not only do 

they predict the same dependence on the magnetic parameters K,D,A,M , 
s 

d and effective field H, but both have the same order of magnitude, 

10-2 rad. 

In summarizing the theory of Hoffmann, the important features are 

the 1ntroduction of the coupled region which essentially determines 

the average wavelength, and the prediction that the ripple results from 

the randomly oriented local anisotropy in a film. Since the average 

ripple angle strongly depends on the structure factor S, this is an 

important parameter through whose variation one can test the validity 

of the theory. It should be also noted that the average ripple angle 

is relatively insensitive to exchange, uniaxial anisotropy, applied 

field and film thickness. 



In 1964, Harte made a detailed and more general calculation of the 

ripple structure in thin films. His calculation was based on local 

torque balance using the exchange, applied and stray fields, homogeneous 

anisotropy and inhomogeneous anisotropy terms. The predicted average 

spin coupling distance and the r.m.s. ripple angle are in excellent 

agreement with the mean wavelength and ripple angle obtained by 

Hoffmann, differing only slightly in the numerical factors (about 30% 
larger than that of Hoffmann for the case of a1=l//2 and n=l). 

5. 2. 2 Experimental situation of the ripple study 

Limited experimental studies of the ripple structure in thin films 

have been carried out by several workers. Fuller and Hale (1960) and 

Boersch and coworkers (1960) were the first who showed the presence of 

the ripple structure in thin films by Lorentz microscopy. The mean 

wavelength observed by Fuller and Hale was of the order of l~ in 

Permalloy films. This value is in reasonable agreement with that 

predicted by Hoffmann, and also with Rother's long wavelength pre-

diction. Baltz and Doyle in 1964 reported an experimental confirmation 

of the short wavelength predicted by Rother, including the dependence 

of the shorter wavelength on crystallite size. They controlled the 

crystallite size D through recrystallization by annealing. In this 
0 

way, they deduced a value of D of 2000 A for Permalloy polycrystalline 
g 

films. 

Fuchs (1961), and Baltz (1964) studied the dependence of the 

ripple on alloy composition in Ni-Fe alloy films. They found that the 

ripple structure disappeared at the composition of about 74% Ni where 

the bulk crystalline anisotropy constant K1 passes through zero (refer 
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to Appendix 5), and therefore suggested a correlation of the ripple 

structure with the crystalline anisotropy. Baltz further concluded 

that the origin of the ripple is in the random orientation of crystal-

lites. 

Puchalska in 1964 observed the temperature dependence of ripple 

in Ni-Fe alloy films (80% Ni melt composition) and found that the 

0 
ripple disappeared partially or completely at about 300 C. For temp-

eratures above this value, the ripple reappeared. It was suggested 

that the observed phenomenon of the ripple disappearance at 300°C was 

connected with the disappearance of either the crystalline anisotropy 

or the induced uniaxial anisotropy at this temperature. 

In contrast to the conclusion mentioned above that the origin of 

the ripple structure is found in the crystalline anisotropy in poly-

crystalline films, Tsukahara and coworkers in 1963 concluded that local 

stresses are the main cause of ripple. This belief was primarily based 

on the observation of ripple in polished Ni-Fe alloy single crystals 

with relatively small crystalline anisotropy (K1 ~ 10
4 

erg/cc). They 

also observed the ripple structure in 75.8% Ni-Fe alloy films where the 

crystalline anisotropy constant K1 is very small and where the mag

netostriction constant is large (~lo- 5 ). Therefore, they concluded 

that the ripple was due to stresses in the films rather than to 

randomly oriented crystalline anisotropy. Even though their studies 

were carried out in a qualitative way, their result is at variance with 

that reported by Baltz and Fuchs. 

From the above discussion, it is clear that no systematic 

experimental study of ripple has been made, and accordingly no meaning-



ful comparison between theoretical predictions and experimental rcstuts 

is possible. Therefore, it was felt that it was desirable to further 

examine experimentally the ripple structure in order to shed more light 

on the origin of ripple in thin films. In the next sections, the 

experimental method and results in Ni-Fe alloy films will be presented. 
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5. 3 Experimental results and discussion or ripplt~ 

in Ni-Fe alloy films 

5.3.1 Ripple measurement 

The present study of ripple structure hns heen perf~rmed by 

Lorentz microscopy. Since general considerations pertaining to Lorentz 

microscopy were presented in part in the previous chapter and are 

given in Appendix 3, we shall confine the discussion here to the more 

specific experimental details for ripple observation. 

Since the large demagnetizing field through the film thickness 

direction constrains the magnetization to lie in the film plane, the 

magnetization distribution for ripple can be considered to be two-

dimensional.* 

M (-; sin8 + -; cos 8 ) Ms 
X y 

(5.15) 

in which 8 is the angle between the y-axis and the local magneti_za-

-- --tion direction, and e and e denote the unit vectors in the x- and 
X y 

y- direction in the film plane, respectively. We further assume that 

8 is a function of only x and y coordinates, ie. there is no variation 

of 8 through the film thickness. 

As discussed in section (5.2.1), the ripple structure is expected 

to be predominantly longitudinal, and it may be assumed to be sinusoidal 

as a first approximation. 

*Note: As discussed in the previous section on domain viall structure, 
this approximation should be reconsidered if there is any perpendh·ular 
anisotropy which tends to pull the magneti:~.at.ion nut or the t'ilm plnne. 
Since this is b,~lic~VNl to be negligiJ,l(' in tlw pr,,s,~nt :;!.udy, \"(~did md 
consider the c~rsc~ wLth rnagnei;i~·.at.iun l'l)mpur~t·nL in tl1•~ tl<'l'lll:tl dir·,·,·li<'ll. 
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8 sin (2rry/A) 
0 

8 sin ky . 
0 

(r..l6) 

where 8 is the maximum ripple angle, A is the rjpple wavelength and 
0 

k 2rr/A· The schematic description of the rlpplr~ was given in Fig. 5-~1 • 

'l'he present objective .Ls Lo detc~rmine r~xpcc;r Lmr!ntnlly tllf~ predominant 

wavelength and the~ mean ripple amplitude :in the mae;net ic film frum the 

intensity distribution of the Lorentz micrograph. For the sinusoidal 

magnetization distribution expressed by Eqs. (5.15) and (5.16), the 

intensity distribution of ripple can be calculated on the basis of 

classical optics, in a similar way to that discussed in detail in 

Chapter 4 on domain wall structure. Substitution of Eq. (5.16) into 

the classical intensity distribution expressed by Eq. (A-3.1) in 

Appendix 3 yields 

provided 

I('l\) I (l + z9 * k cos ky)-l 
0 0 0 

~ I (l-Z8 * k cos ky) 
0 0 0 

y + z8 ~ sin ky 
0 0 

9 << l , and 2rrz8 w << A 
0 0 0 

(5.17) 

The derivation of Eq. (5.17) assumes zero-beam divergence in the 

microscope. The actual finite beam divergence sets a limit tc• the 

fineness of detail and therefore the minimum wavelength which can be 

observed. This limit is given approximately by 

A . ~ z() 
mln 

( ") .18) 
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In the present microscope, ~ has its minimum value if the dl)UlllC' con-

denser lens is used with maximum over-focusing. In this case, f~ is 
r: 

about 5 X 10-:; rad, so A min 
is about 0. Jf.l l'or an out-ol'-f'ocu~' distance 

Y. == l em and 2f.L for z -- Lt em. From the prad. icu.l point or view, Llte 

out-of-focus distance must be greater than one em, in order to o1Jlu.in 

usable contrast in the photographs. Since lhe expected wavelength is 

about 21-1, the out-of-focus distance should not exceed 4 em. Most of 

the measurements described in the following sections were made within 

these limits. 

In the case of sinusoidal ripple with wavelength greater than A . 
m111 

the wavelength can be simply obtained by direct measurement of' the 

periodicity on the photomicrograph. The ripple angle 8 can be 
0 

determined from the intensity ratio T == I . /I where I . and mln max mln 

I are the minimum and maximl~ intensities. Using Eq. (5.17), the max 

ripple angle 8 is given by 
0 

(5.19) 

As discussed in the previous section, a wide distribution of 

wavelengths is present in the case of actual ripple. For example, 

a typical photodensitometer trace is shown in Fig. 5-4. The problem 

then is to find an experimental method for determining the predominant 

wavelength pred i.cteu by th'~ var.i.ous theorlec~. Sl'Veral md:hocls lwvc 

been sugges teJ for o1Jtaining the rna in perj odLr: i ty from m<!a:;un~mt!llt:; 

made on the photomicrographs. The two most obvious methods are: 

(l) counting the number of peaks per unit distance and (2) counting 

the number of times the intensity trace crosses tl1e mean intensity per 



52Ni-48Fe FILM 25°C 

IOfL 

Background 

Fig. 5-4 A typical photodensitometer trace for a 52%Ni-Fe 
alloy film evaporated at room temperature. 
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un i.t dlntance (number ot' zero-crosslnt~s). ExperLmc~ntaLly, it has hPen 

found that thf!SC critnr.ia c;i.ve Vf'l'Y similar rr~sults fur ripplt~ phL~tc•-

~~ru.phc takrm wi Lh uui.-uf'-fcww:; d i sLmwes var,ylnt: from on(~ Lo t'uur l'm. 

th&t the number of zero-crossinE!,S depends primarily on the microscope 

conditions and ls almost independent of the actual ripple detail in the 

film, as long as the ripple spectrum covers a wide range of wavelength. 

His result is: 

A = 1.66 (nzA )~ 
zero. e 

(').20) 

where A is the deBroglie wavelength of the electrons. Clearly, if 
e 

this result is correct, the predominant wavelength in the actual film 

cannot be obtained by these methods. 

A third method has been devised independently in the course of 

the present research and by Hoffmann. It is believed that a physically 

meaningful wavelength can be obtained by visually finding a well-defined 

predominant periodicity on the Lorentz photomicrograph which is inde-

pendent of microscope conditions, particularly the out-of-focus distance. 

Up to date, no meaningful study of this matter has been reported in 

literature, and it is desirable and appropriate to investigate this 

problem systematically. In the present study, all three methods were 

explored for determining the wavelength. The measurements were carrjed 

out as a function of otrt-of-focus distance at 100 kV. The reasons for 

choosing z as a variable parameter are (1) the intensity should be 

directly dependent on out-of-focus distance, (2) the resolution of the 

microscope is dependent on out-of-focus distance as well as beam diYer-

gence, and (3) the most controversial point in this matter is whether 
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the average observed wavelength is changed by out-of-focus distance. 

Samples of 76% Ni-Fe and 81% Ni-Fe alloy films were chosen with thi~k-
0 

ness between 500 and 600 A, evaporated at room temperature. 

One sequence of photocraphs for a 76% Ni-Fe alloy film taken at 

several out-of-focus distances is shown in Fig. 5-5. All the photo-

graphs show the same region of the film. The following features are 

immediately evident: (l) the overall contrast of the ripple structure 

clearly increases with out-of-focus distance, (2) although the fineness 

of detail appears to decrease as the out-of-focus distance z increases, 

all the photographs exhibit essentially the same pattern of ripple 

lines. One can see a well defined ripple periodicity of about 2~ for 

all z values larger than one em. It may be argued, however, that 

the definition of a well defined periodicity is subject to an individual 

person's choice. One mig.:It pick up each fine ripple line and call that 

the well defined ripple structure. However, the important thing is 

that within the network of fine ripple lines, one can recognize the 

presence of the main ripple by its higher contrast. It is probably 

easier to find such a well defined ripple periodicity if one looks at 

a photograph from some distance (about lm) or at a glancing angle. The 

photographs shown later in Fig. 5-l~~ are other good examples in which 

the main ripple wavelength varies greatly with the applied field, even 

though z is held constant. 

In order to determine the mean wavelengths by the three different 

methods described above, photodensitometer traces of the photographs 

were taken, and also the well defined ripple lines were l'Olmteti visually 

on the photographs. The results arP shown in Vi1';. ')-(>. Tn Ill~' fi,..~ur·e, 
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Z ' 16 cm 

I ? ? ern 

Fi g . 5- 5 A sequence of ripple photographs fo r a 76%Ni -
Fe a lloy f ilm with 560A f ilm t hickness evaporated at 
room temper ature. 



Fig-5-6 Observed mean wavelength by the three different methods as a function of 
out-of-focus distance for the 76%Ni-Fe alloy film. The ripple photographs were 
given in Fig.5-5· Also shown are the theoretical prediction by Harte and the 
resolution limit due to beam divergence. 
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A.pcak and A.zero are the vultWc> ot' meun spuclng ut' i.nl.t~n,-.;it:y pcal~s :mli 

mr:un [Jpac inr'; of' zr•ro-c·rossin[~i> n~sp<'<'Li vcL.v, and A. t't>:tT•.·:;punds t c) 
oh:: 

Lhc: vaLw: <l<:Lc:rrnined h.Y <~hou:~i111~ the well <lt•l'i!Jt:d rippl1: p<•ricH!it·ity. 

'1'!1•: I'•>Llowi.nt~ ::li<>JJld lJc: f!tnpliu::izc:d; (L) A. 
1 

rc:nH.drt:: ''::::r~rd.i:JI.l.Y 
() ) :> 

c()nstant, until z c:xceeds j c:m. and (2) A. und A. irwn,asc: 
zero peak 

steadily with z. SjmD_ar results were ohtained with t'our other samples. 

It is easily seen from the photographs given in Fig. 5-5, that the 

increase in A. and A. k with z are due to the gradual disappearance 
zero pea 

of fine structure. 

In order to compare this with theoretical predictiOns, the diver-

gence cut-off Eq. (5.18), and Harte's results Eq. (5.20) have been 

plotted in Fig. 5-6. The agreement with the experimental values of 

A. is quite satisfactory. However, it will be noted that since z~ 
zero 

and A. are nearly equal for the smallest usable value of z, it is 
zero 

not possible to confirm Harte's calculation. In the present case, 

the effect of beam divergence dominates. In view of the above results, 

one may now conclude that the well defined ripple periodicity indicates 

something physically meaningful, e.g. the predominant wavelength 

predicted by Rother and Hoffmann, or the size of the coupled regions 

prr-odicted by Harte. Furthermore, meaningful quantitative measurements 

with a photodensitometer are very difficult. It is somewhat ironic 

that with all of our well-developed instrumentation it may at times be 

easier to use one's qualitative judgement in making a physically mean-

ingful measurement. It should be added that Hoffmann has independer.tly 

put forth these same ideas. 

The problem of ripple angle measurement is even more diffiGtlt. 



unr~lr; based on class icu.L opU c:~>. In the case nl' at~hwl ripple.', t lle 

prr;blem is complicated by tht~ !'act that a wide d i.stribttLi.on L't' wave-

lf:ngths is necessary for o. Fourier rc~presentati.un of the~ mugnt:tL·ut:i.c:Jll 

variation. Accurdin('; to Harte, even though the microscope purameters 

are chosen so that the classical evaluation is valid t'or a single 

component, the same cannot be said for the ¥ourier representation. 

Since the intensity variation is not sinusoidal, Eq. (5.17) and ().18) 

are not valid. It is possible, however, that use of equation (5.18) 

and the average minimum and maximum intensities of Fig. 5-l+ will gi.ve 

an order of magnitude estimate of the ripple ampLitude. This method 

has been used utilizing the techniques described in Chapter 4 for 

evaluating the background intensity. However, these measuremt.;nts are 

not intended to represent an accurate value for the ripple amplit.t.t,le. 

The accurate experimental determination of the ripple amplitude is an 

unsolved problem. 

5.3.2 Dependence of ripple wavelength on applied magnetic field 

The theories of Rother and Hoffmann predict slightly different 

dependence of ripple structure on magnetic field. It is important to 

study the field dependence of ripple if one wishes to establish the 

validity of one of the theories. The present section is concerned with 
0 

such a study using an 81% Ni-Fe alloy film with 420 A thickness evap-

orated at room temperature. The specimen was placed in a sample chamber 

which replaced the intermediate lens of the mi<2roscope. A unifo1·m 

field was applied by a small Helmholtz coil with a compensat:i ,m coil tc 

minimize the net deflection of the electron beam. The microscope was 



uvr_~rf'ocusuJ ahutJL 3.0 em. 

(.L) The magneUr: field alont_'; Uw easy axis: 

In order to align the easy axj ~3 uf tl!c srunplc with the: c'xternul 

mar_;:netir~ fjeld dj_rection, the~ following prOl'l!dure was used: ( l) Virst 

th-: sample was placed so that its ect~>Y axis was roughly :.;long the 

magnetic field. (2) If the axis was not accurately aliened, oppli:~a

tion of a magnetic field caused slight rotation of ripple lines. (3) 

The sample position was adjusted until the ripple lines did not change 

their direction. In this way the sample could be aligned with an 

accuracy of about two or three degrees. 

After aligning the sample, a magnetic field of about 30 oe. wo.s 

applied to saturate the magnetization along the easy axis. Lorentz 

micrographs were taken as the field was decreased to zero and increased 

in the opposite direction. 

(2) The magnetic field along the hard axis: 

In order to align the hard axis with the applied field, the 

following procedure was used: (l) The sample was placed so that the 

hard axis was roughly along the field direction. (2) A field was 

applied whose nagnitude was large enough to saturate the film. (3) 

Then the field was decreased to zero, and the resulting domain splitting 

was observed. The sample was rotated until the splitting produced equal 

area of domains oppositely magnetized. The unequal splitting v1hich 

results when a film is not in correct alignment is shown in Fig. C)--(. 

These figures are most easily interpreted if it is remembered that :he 

mean magnetization is always perpendicular to the ripple liGes. After 

aligning the film as accurately as possible, a lwrJ uxi s Cit'ld. c>f' abuul 
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l O . 5 °e · 9 .0 oe . o .u oe . 4 .2 oe . 0 

?ig . 5 - 7 Lore:n;z r.-cicropiowgrap is sno1.-ring the doma i n splitting for an Bl~Ni -?e ·t~it; (_ 
-+20 -~ -:::-.ic:Kness evapo rated at roO!:. temperat-..;re . T~e field ·.·las de creased fror:. 10 . 5 Oe . 
to zero . 
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'50 uf:. wus uppli.r:d Lo saturate~ Ute CLlm. A~; the field was L1Wf~I'l!d to 

thr: point whcr(~ dom<Ji.n spliti. inu; touk place~, Lorentz photographs Wt're 

Lukr~n. 

(~) Results and discussion: 

An example of ripple photographs as a function of applied field 

for the easy axis and hard axis directions is given in Fig. 5-8. In 

comparing these photographs it will be noted that the ripple lines are 

at right angles to each other in the two sets, and yet the ripple struc-

ture is remarkably similar in the two sets if the applied field in the 

easy direction is 18 oe. less than the corresponding value in the hard 

direction. The mean wavelength as a function of applied field was 

measured by visually counting the well defined periodicity of ripple 

rather than using a photo densitometer trace. As discussed in the 

previous section, the ripple wavelength was determined usin~ the peri-

odicity with high contrast. The data are plotted as a function of 

applied field in Fig. 5-9(a). In Hoffmann's theory, Eq. (5.9) shows 

that the ripple wavelength should vE,ry inversely with (Ha± Hk) 1/ 2 

where Ha is the applied field and Hk is the uniaxial anisotropy field. 

The plus and minus signs apply to the easy and hard axis cases respec-

tively. Therefore, the two sets of experimental data should be separated 

horizontally by the amount 2Hk in Fig. 5-9(a). On the basis of this 

prediction, the anisotropy field Hk should be about 9 oe., which is in 

satisfactory agreement with the value Hk= 8 oe. measured by ether 

methods for a film simultaneously evaporated onto a glass substra-::e. 

The data have been normalized to the value Hk= 9 oe. and replotted 

in Fig. 5-9(b). The solid lines show the variation predicted by 
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Hoffmann's theory if the value of A is taken to be 1.5~ at an effective 

field of H/Hk=2.0. Also shown by dotted lines are the theoretical 

predictions of Eq. (5.7) for the long wavelength ripple component of 

( ) -3/4 
Rother, Ha± Hk • As can be seen, the agreement between both 

theoretical predictions, and the present data is reasonable. If these 

results are used with Rother's and Hoffmann's equations for the wave-

length, one can estimate the value of tpe exchange constant A. Using 

the value M = 800 oe., such calculations give A = 0.7·10-6 erg/em 
s 

for Rother, and A = 4·10-6 erg/em for Hoffmann. In view of the many 

approximations used in these theories, this is in reasonable agreement 

-6 I with the value A = 1.0 x 10 erg em obtained from ferromagnetic 

resonance experiments. In any case, the dependence of wavelength on 

field gives strong evidence supportlng the basic hypotheses of the two 

theories. However the difference in dependence between the two theories 

is not great enough to give a clear choice of which gives better fit 

to the experimental data. 

5.3.3 Dependence of the ripple structure on substrate deposition 

temperature 

As the ripple structure is predicted by theories to depend on film 

parameters such as local anisotropy constant K, crystallite size D, 

exchange constant A, saturation magnetization M and induced uniaxial 
s 

anisotropy~' one of the means of testing the validity of the theories 

is to vary these film parameters in order to see how the ripple is 

changed. The present section is concerned with the study of the ripple 

dependence on substrate deposition temperature for 76% Ni-Fe alloy films. 
0 

Films about 300 A thick were deposited in the temperature range -150 to 



400°C onto freshly cleaved NaCl substrates. The method of measuring 

the average wavelength and ripple angle was described in the previous 

section. The samples were placed in the normal sample chamber in the 

microscope. The microscope was underfocused about 3 em by decreasing 

the objective lens current the appropriate amount. Measurements were 

made at room temperature. 

Epitaxy: A sequence of ripple photograph as a function of sub

strate deposition temperature is shown in Fig. 5-10. Also shown are 

the electron diffraction photographs as a function of substrate depo

sition temperature for each film. 1'he ripple structure could be seen 

for films deposited at temperatures up to 350°C in which partial 

epitaxy is present. For the films deposited at 400°C, however, 

the ripple could not be observed. In this case, the films were found 

to be completely epitaxial. This finding is quite important. As 

discussed previously f 1 is zero over the entire film for the case of 

complete epitaxy, and the ~efore cr1 becomes zero. Thus the present 

experimental evidence gives confirmation to the hypothesis that ripple 

is dependent on the random orientation of crystallites. 

On the other hand, Tsukahara and coworkers reported that ripple 

was observed in a polished single crystal and concluded that the 

ripple resulted from local stresses rather than from random orientation 

of crystallites. No information regarding the sample preparation and 

measurement technique was published, and attempts to communicate with 

this laboratory by mail were unsuccessful. No other reports have been 

found in the literature in which ripple was observed in epitaxial films 

or single crystals. In any event, the present data are at variance with 
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Lorentz photographs Electron diff raction 

• 
.A, • 

~ • ) 

• ... 
• 

L-.....-J8·3 1-l 

Fig-5-10. A sequence of rigple photographs for 76%Ni-Fe alloy 
films evaporated at -150°, 200, 350° and 4oo0 c. Also shown are 
the e l ectron diffraction photographs f or each f i lm, taken at 100 kV • 



their result. 

Wavelength: 'rhe well del' i ned ripple period il' l t:v fllr t'ilrns 

deposited in the temperature range -180°C to ~'00°C is i!.Lven i11 Fit~· 

5-11. For the films deposited ut )"50°C, i_t is 1\>~md Uw t Lll(' r Lpplt~ 

structure is not well defined and thus no meani.nt:';ful rt1('asurt~llll?nt was 

possible. The figure also shows the theoretical predictions ,.,f 

( ) -6 Hoffmann and Rother long wavelength ripple component using A =1·10 
~ 

erg/em, M = 800 oe. d == 200 A and the values of K for each substrate s u 

deposition temperature as reported by Wilts (1966).* As can be seen 

the experimental mean wavelengths are larger by a factor of about 1.5 

than those predicted by Hoffmann, and are in better agreement with 

those for the longwavelength component of Rother. However, in view 

of the approximate nature of the theories, it is not believed that 

these differences are significant. On the ~ther hand, the slight 

dependence of the theoretical wavelength on substrate deposition 

temperature was not observed. 

5.3.4 Ripple dependence on composition in Ni-Fe alloy films 

In the previous section, we discussed the dependence of the 

ripple on substrate deposition temperature. Variation of temperature 

primarily affected crystallite size and the degree of epitaxy, both of 

which are important parameters in the structure factor S, and accord-

ingly the ripple structure. Another parameter which Pnters into the 

structure factor S is the local anisotropy r;ow~tant K. Sinu~ thr: 

local anisotropy constant is expected to depend stron~ly on alloy 

-l'·Note: For this film composition, the uniaxial anis,)trc1py ''l•lJst~lnt K 
for films removed from subsLr~1i.e is rPpo:rted t_,, l,,~ tl\':11' l,v- ~~:llll•' ~~:~ UwJl 
for films on e;luss, :u; menLiL'llt'd i.n Cl1api.,•r .'. (Knd\l'V•'I' (1•1(, 1-)). 
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cornpositiun, it wus Celt tllul vuryin1r, the uLLoy t~L)fTIJhl~_;ii.iL)ll 'w'tll!ld ,,ivc 

addiU.orwL ini'orrnutJun c:onr:erninr, the oril•:in ur ripple~. In Vi<~W ell' 

Ut h:, thr! study ul' the ripplr! df!pend(~nce un aLL•'.Y r•ornpu:; it i un wu;; 

carric.!d out fur Ni-F'e alloy films with cornpun.il.ion var.vintr, b<!l.wer:n '.JO% 

and 90% N:i. All the films were deposJted ut room temperature ond 

measurements were also made at room temperature. The electron micro-

scope condition was the same as that described before. 

Wavelength: It should be first noted and ~emembered as one of 

the important results in this study that in the range 71% to 75% Ni, 

no ripple structure could be seen except near the free edges where 

weak ripple was observed. A seQuence of ripple structure photographs 

for 56%, 71.5% and 85% Ni is given in Fig. 5-12. 

The average wavelength as a function of alloy composition is given 

in Fig. 5-13. Also shown are the theoretical prediction of Hoffmann 

and the long wavelength ripple component of Rot,'1.er using the values 

of K reported by Wilts (1966). Furthermore, the values of K for u u 

films removed from the substrate have been reported to be different 

than for films on glass by an amount depending on composition. There-

fure, the theoretical predictions using the changes of K reported by 
u 

Krukover (1967) are also shown in the same figure. The measured wave-

length remains essentially constant over the entire composition range 

(about 1.8~), whereas the theoretical predictions show an increase 

with Ni composition. Even though the agreement between the data and 

the theoretical predictions is not unreasonable for the composition up 

to about 76% Ni, the discrepancy between the trends is obvious beyond 

this composition. 
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Fig . 5 - 12 . Lorentz micrographs sho1Ning the presence and aLJs~nce 
of ripple fo r f ilms evaporated at room Lempe r at 11r e . The p ho toc; r aplts 
1Ne re ~nken aL 100 kV. 
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It should be added that a recent unpublished report (Suhanova (1968)) 

indicates a definite direct correlation between the change in measured 

wavelength and the variation in longitudinal saturation magnetostric-

tion constant A. as the composition is varied from 50% to 100% Ni. s 

At the present time, no detailed information is available about the 

experimental technique or conditions, but in any event, the present 

data are in clear disagreement with this report. 

5.3.5 Measurement of ripple angle 

There is no generally accepted method of measuring the ripple 

angle. As pointed out in Sect. 5.3.1 the amplitude of a purely 

sinusoidal ripple can be obtained using Eq. 5.19, with a correction 

necessary for quantum mechanical reasons if the microscope parameters 

are not carefully chosen. However use of this equation cannot be 

justified theoretically when a wide spectrum of wavelengths is present. 

Nevertheless, it might be supposed that even in such a situation, 

Eq. 5.19 would at least give an order of magnitude measure of the 

ripple amplitude. Since the ripple angle is predicted to depend 

strongly on material composition and substrate temperature, this 

provides an experimental method for simultaneously testing the ripple 

theories and testing this method of measurement. Experimentally, the 

average intensity peak ratio was obtained from a photodensitometer 

trace. Measurements vere made for both the variation of substrate 

deposition temperature and variation of composition discussed earlier 

in connection with wavelength measurements. Results are shown in Figs. 

5-14 and 5-15. In most cases about 10 separate measurements were made 

for each sample. The points in the figures are thP average vulue, with 
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bars to indicate the range of the individual measurements. 

Substrate temperature variation: 

Although the point for 200°C indicates an increase in ripple 

angle, this represents a single measurement on a very poor photograph. 

If this point is discounted, the ripple angle shows little variation 

with temperature. In order to compare the present results with the 

theoretical predictions (section (5.2.1)), it should be recalled that 

the . l l . t" l to KD d-l/4M-l/2 A- 3/ 8 K-3/8 ;n r.m.s. r1pp e ang e J.S proper lona ~ 
s u 

the theories of Hoffmann and Harte, and also the long wavelength ripple 

components of Rother's theory. In Hoffmann's theory, the additional 

-l/2 term cr
1

n appears. In the present study, the composition is fixed. 
0 0 

The film thickness for most of the films is about 300 A to 500 A and 

thus it may be considered to be constant in the theoretical predictions 

because of the l/4th power variation. By changing substrate deposition 

temperat·u.re, one expects a change in the average crystallite size D, 

induced uniaxial anisotropy constant K , the standard deviation cr1 u 

and n, the number of crystallite through the film thickness. One 

would expect no change in the saturation magnetization M , exchange 
s 

constant A and probably no change in local anisotropy constant K unless 

local anisotropic stresses are influenced by the deposition temperature. 

Let us consider the parameters in more detail which depend on 

substrate deposition temperature. First of all, as discussed in 

Chapter 3, the average crystallite size D increases with substrate 

deposition temperature. The average crystallite size for the films 

deposited at -l80°C was roughly estimated to be 50 A. Since this value 

is close to the resolution limit of the present microscope (about 30 to 



0 

50 A), an accurate measurement was not possible. However, the sharp-

ness of the diffraction lines clearly requires the average crystallite 
0 

size to be larger than 20 A, (see Fig. 5-lO~and direct observation in 

the microscope sho~s that they cannot be significantly larger than 
0 

50 A. For higher temperatures, the crystallite size can be observed 

directly. 
0 0 

The average size increases from 100 A at 25 C to about 

200 A at 200°C (refer to Fig. 3-10). In summary, the average crystallite 

size D increases by a factor of about 4 from -l80°C to 200°C. 

Second, according to the work by Wilts (1966), the induced uniaxial 

anisotropy constant K for this alloy composition decreases by a factor 
u 

of about 1.3 in this temperature range. Third, the films deposited at 

400°C are completely epitaxial. Films evaporated at 350° and 200°C 

substrate deposition temperature are found to be partly epitaxial, 

possibly about 85% and 30% respectively. On the other hand, the films 

deposited between -l80°C and l00°C show no significant epitaxy. Although 

the evaluation of cr1 is difficult for the case of partial epitaxy, it 

was pointed out in section (5.2.1) that the value of cr1 decreases 

approximately by that fraction of the film which is epitaxial. And 

finally, n , the number of crystallites through the film thickness, 

is a function of the E.verage crystallite size and the shape of crystal-

lite. Although there is no information available on the crystallite 

shape, one simple assumption is roughly spherical, in which case the 

value of n would be d/D. For this case, the value of n decreases 

by a factor of 4 from -l80°C to 200°C. On the other hand, if the 

crystallite has the shape of a column, then the value or n i.s inde-

pendent of the crystallite size. Therefore, the value of n (~hunges 
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with temperature by a factor lying between 1 and 4, depending on the 

shape of crystallite. 

With this background, one would expect the average ripple angle to 

increase with temperature by a factor of about 4.5 for Rother's und 

Harte's theories. It is difficult to estimate the expected change in 

Hoffmann's theory because of the uncertainty in the variation of cr
1 

and 

n. The increase in the average ripple angle between -180° and 200°C could 

be as large as 10 and as small as 3. The roughly constant value of the 

experimental measurement appears to be in disagreement with both 

theories. 

Composition variation: The measured average ripple angle as a 

function of Ni composition was presented in Fig. 5-15. As shown in 

-2 
this figure, the average ripple angle is about 2·10 rad. except in 

the range 68 to 75% Ni and remains roughly constant within the scatter 

of the data. In the range 71% to 75% Ni, no ripple could be observed 

far from the free edges as mentioned before. 

Let us consider in detail the comparison between 

and the theoretical predictions. The additional term 

the present data 

-l/2 cr
1

n which 

appears in Hoffmann's theory is not significant. Since all the films 

in the present study were deposited at room temperature, the average 

crystallite size and the randomness of orientation should be constant. 

Since the thickness was also held constant, the factor n and cr1 should 

not vary with composition. The dependence of exchange constant A on 

Ni composition in this alloy range is not available. However, since 

measured values of A for pure Ni, Fe and Co as well as 81% Ni-Fe alloy 

are all nearly equal and since exchange enters into the equati.on for 



196 

ripple angle as the 3/8 power, it is doubtful that variation in A is 

responsible for any variation in ripple angle. 

The local anisotropy constant K, saturation magnetization M and 
s 

induced uniaxial anisotropy constant K all change with composition: 
u 

(1) The local anisotropy constant K may be one of the crystalline 

anisotropy constants, or may be a constant associated with magneto-

striction, or a combination of these constants, depending on their 

relative size. 

(a) It should be recalled that the crystalline anisotropy constants 

K1 and K2 appears in the energy expression for cubic symmetry, ie., 

.... 
in which a 1 , a 2, and a

3 
are the directional cosines of M with respect 

to crystallographical axes. To discuss which term is most significant 

in the case of polycrystalline films, we will consider the average 

2 2 2 
values of (~iaj) and (a1 a 2 a

3
) over the all orientations of crystal-

lites. It can be shown that 

2 2 
(~.a.) = 1/5 

l J 

Therefore, the crystalline anisotropy constant K
1 

can be considered 

as the major contribution to the crystalline anisotropy unless K
2 

is 

greater than K1 by a factor of more than 20. Now we consider the 

variation of K1 and K2 with composition in the range 50% Ni to 90% Ni. 

Data for bulk material taken from Bozorth and Walker (19'53) and Bozorth 

(1951) are shown in Fig. 5-16(a), (b), and (e). As shown .in Fig. r;-16 
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(a), the composition at which the anisotropy constant K
1 

becomes zero 

depends on cooling rate and varies from 75% (quenched, el)Ol:i ng rate, 

10'? °C/hr) to 63% Ni (slow cooling, 2°C/hr). Bozarth and Wulker stated 

further that alloys cooled at the intermediate rate of 50°C/hr have 

intermediate values of K1 as shown by the broken line in Fig. 5-l6(a). 

The alloy with 74% Ni was cooled at various rates, and the resultant 

anisotropy constants are shown in Fig. 5-l6(b). In any event the 

composition where K1 is zero is somewhat ambiguous unless the cooling 

rate is known. In the present case of thin films, the cooling rate is 

very high and therefore the data for rapid quenching in bulk material 

~probably representative for this case. It should be also noted from 

comparison of K1 and K2 (Fig. 5-16(a) and (c)), that the contribution 

of K2 to th·= total crystalline anisotropy may be neglected in the 

entire range except within l/2% of the zero crossing. 

(b) Another possible factor is the magnetostriction. Even though 

it is very difficult to treat this problem in a quantitative way, the 

effect should depend on the longitudinal saturation magnetostriction 

constants. In this composition range, AlOO' Alll and the polycrystalline 

A all vary in approximately the same way. Data for A are shown in 
s s 

Fig. 5-16(d) (Chikazumi, (1964)). As can be seen, the value of A 
s 

decreaSE!S with Ni content and passes through zero at about 83% Ni. 

(2) The saturation magnetization Ms decreases almost linearly by a 

factor of about 2 from 50% to 9o% Ni. (Bozarth (1951)). 

(3) The induced uniaxial anisotropy constant K for films deposited 
ll 

onto glass at room temperature decreafH!S lln i forml,y by a !'ad. or or about. 

7 from 50% to 90% Ni (Wilts (L966)) (rd'er tll l•'ie;. 2-'(). 



Using the above data, one can D~W compare the measured data with 

the theoretical predictions. For simplicity, A will be neglected s 

initially so that we only consider the variation of K1 (using the data 

for quenching), M and K . For this case, one can calculate the rlpplP. s u 

dependence on composition from Eqs. (5.8) and (5.12) for Rother's 

and Hoffmann's theories respectively. The predicted r.m.s. ripple 

angles of Hoffmann and the longer wavelength components of Rother are 

plotted in Fig. 5-15. It can bP. seen that the present data agree 

with the theoretical prediction only in the existence of a minimum 

near 75% Ni. They are in disagreement with each other in the following 

points. (l) The minimum of the measured ripple angle is not as sharp 

as the theory predicts and is shifted about 2% to the lower Ni side. 

(2) The measured values of ripple angle are much larger than those 

predicted by theories. And (3) the experimental data appear to reach 

a saturation value within a few percent of the minimum, and remain 

constant outside this region. Concerning these discrepancies, it 

should be noted that the film composition was determined by x-ray 

fluorescence, and the accuracy of the film composition is believed to 

be better than 0.5o/o. Therefore, the shift of the minimum is not caused 

by error in film composition. It should be emphasized, however, that 

since the composition at which K1 becomes zero depends on cooling rate, 

and since the accurate value of cooling rate is not known in the 

present case, the discrepancy stated in (1) may be due to this uncer-

tainty. Furthermore, in the light of the recent work by Aubert (1968), 

earlier data of crystalline anisotropy constants are all suspect, and 

should be rechecked. Finally the crystalline anisotropy constant for 
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a thin film may be significantly different than bulk material. 

In the discussion given above, we only considered the crystalline 

anisotropy IS_· If the magnetostriction is the major part of K, then 

one would expect the ripple angle to have a minimum at around 83% Ni 

where the magnetostrictive constants becomes small (Fig. 5-16 (d)). 

As shown in Fig. 5-15 clearly this is not the case. Therefore, one 

r:an conclude from the absence of' a minimum at 83% and from the 

observed minimum at about 75% Ni that the magnetostriction is not the 

major factor which is responsible for the origin of ripple, and that the 

experimental data support the hypothesis that the crystalline aniso

tropy is in large measure responsible for ripple. On the other hand, 

except for the range where the ripple vanished, all measured ripple 

angles in both Figs. 5-14 and 5-15 are nearly equal, with average value 

about 0.02 radius. In view of this and the great discrepancies with 

theory, it is difficult to argue that the experimental data are related 

in any significant way to t~.·.e actual ripple angle in the magnetic film. 
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5.4 Summary 

The experimental study of ripple by Lorentz microscopy in Ni-Fe 

alloy films was carried out, in order to test the validity of the 

theories developed by others. The following should be noted: (l) the 

only possible way to determine experimentally a meaningful wavelength 

is to find a well-defined ripple periodicity on a photomicrograph. 

(2) The average wavelength determined in this way is of the prder of 

1~. This value is in reasonable agreement with the main wavelength 

predicted by the theories developed by others. However, the slight 

dependence of this observed wavelength on substrate deposition temp

erature and alloy composition were not observed. On the other hand, 

the strong dependence of the measured wavelength on the external 

magnetic field is in good agreement with that predicted theoretically. 

(3) The experimental fact that the ripple structure could not be 

observed in completely epitaxial films gives confirmation that the 

ripple results from the randomness of crystallite orientation. Further

more, the experimental observation that the ripple disappeared in the 

range 71 and 75% Ni composition supports the possible correlation of 

the ripple origin with the crystalline anisotropy. Finally (4) the 

experimental problems of measuring the actual ripple angle were pointed 

out. An attempt to experimentally determine the order of magnitude of 

angle was carried out, using the average maximum and minimum intensities. 

The ripple angle was determined using the intensity formula based on 

the single frequency of a sinusoidal ripple component and based on 

classical optics. The ripple angles measured in this way ure nearly 

equal (about 0.02 rad.) where the ripple was observed. 'l'he discrepancy 
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between the experimental data and the theoretical prediction is serious. 

The accurate experimefital determination of the ripple angle is an 

unsolved problem. 
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Appendix 1 FLlm Preparation 

All thn r.umples used in Uw present s Lwly were f'ubr i.~atctl by the 

vacuum-deposition method, first described by Blois in 1955. Nickel, 

iron and/or cobalt in the correct proportion were placed in a high 

purity alundum crucible (Van Waters and Rogers, Inc.), and melted by 

-6 
rf induction heating in vacuum of about 10 Torr~ The total weighing 

of the melt was about 20 gr. Purity of the metals used was as follows: 

Ni - 99.98%, Fe - 99.99%, Co - 98%. The substrates were glass and 

NaCl single crystal. Glass plates were of 0.472" x 0.472" with 0.024" 

thickness (Corning #0211 microsheet). The glass substrates were cleaned 

carefully in benzine, acetone, chromic acid cleaner, methylalcohol and 

finally in distilled water, all with ultrasonic agitation for about 3 

minutes in each cleaner. The NaCl single crystal substrates were pre-

pared by cleaving a lump (Harshaw Chemical Company). The size and 

thickness were 1 em x 1 em, and about 0.7 mm, respectively. The sub

strates were baked in vacuum (lo-6 Torr.) at about 350°C for 1 hour 

before bringing to deposition temperature. The substrates were 

located about 20 em above the crucible, and the incident evaporation 

beam was normal to the substrate surface. 

Substrates were mounted in a copper block and covered by two 

shutters, one of which was made of thick copper sheet fitting tightly 

against the holder. This in effect put the substrates in a "black 

body cavity," insuring an equilibrium substrate temperature equal to 

that of the block. Ordinary wire thermocouples attached to both 
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substrate holder and shutter were used to confirm that the shutter 

made good thermal contact and formed a real blaek body eo.vity. 

Usually, the temperature difference between these twu vo.ried from a 

0 
few degrees to about 20 C, depending on the temperature uf the body. 

The deposition system is of conventional design using a liquid 

nitrogen filled Meissner trap in the vacuum depos-Ition chamber in 

addition to the use of a liquid nitrogen trap above the oil diffusion 

-6 pump. The vacuum was usually better than 1 x 10 Torr. during evap-

oration, measured by an ion gauge attached to the side of deposition 

chamber. (Fig.A-1). 

The melt in the crucible was heated by high frequency induction 

(Lepel High Frequency Labs.). During the evaporation a magnetic 

field of 30 oe. was applied in the film plane by the pair of large 

diameter coils (about 10 in. diameter) placed outside of the vacuum. 

A copper mask with circular holes produced films 1 em in diameter. The 
0 

evaporation speed was in general about 10 A/sec. and the film thickness 
0 0 

ranged from 100 A to 2000 A. After evaporation, the films were cooled 

as rapidly as possible without admitting gas into the vacuum system. 

This corresponds to a rate of about 50°C/min. During cooling, the 

external magnetic field was left on. 

In the earlier stages of the present research, film thiclmess 

was monitored during evaporation by measuring the resistance of a 

test strip of f.ilm and comparing the value obtained with a pn~vious 

film thickness calibration. During the last stages of the research, 

a quartz crystal thickness monitor (sloan ) was usE' l. 

The film thickness after evaporation could be determined directly 
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by the Tolansky multiple beam interference technique ( S. 'l'olau~-;ky, 

"Multiple Beam Interferometry or Sllrface Films" (Oxford Uni vc~rsity 

Press ( 19i~8)), or indirectly from a f'l ux mea:.m:n~mcnt hy Lhe hy:..;b~re sis 

loop tracer. Sinr·e the height of the hysLcrr,:.-; i :.-; Loop i :.; pn1pn rt i u1w.L 

to the th:i.ckne:.>s of the film, i.h(~ f'i.lm th ichncc:j muy tH~ mca:.;urr'd prr;-

v ided the instrumrmt has been r~alibrated l;y compar Lson w i.th Uw opt i r~a.L 

method. The hysteresis loop method permits the measurement of effective 

magnetic film thickness of as little as ten angstroms. In the present 

study, the film thickness was measured mainly by this hysteresis loop 

method. 

For the purpose of examining the films in the electron microscope, 

it was necessary to remove the films from the substrates. In practice, 

it is very tedious to remove the films from glass substrates. There

fore, the films intended for electron microscope observation were 

evaporated onto NaCl r.ingle crystal substrates. Substrate :mrface 

was the (100) cleavage face of NaCl. The NaCl crystals were easily 

dissolved in water leaving the films on the surface. The films were 

placed on 3mm dia. microscope copper grids (150 mesh). The film 

thickness was considered to be the same as that for films depositeJ 

simultaneously onto glas;;. This is reasonable since experimentally 

thf;re was little variation in thickness amonc; the four films simultan-

~0usly deposited onto glass. 
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Appendix 2 Uniaxial Anisotropy Measurement in 'l'llin 

Ferromagnetic J•'llmr; 

(a) Hard A:d s Loop. 

'rhe total energy per unit volume due Lu Llw l~>Ctc!rnul rn;J:';llc~t i <: 

i'.i c~lc:l energy ancl due to the 1m i axlul anisolropy energy !'or Ll1•' sin1_~le 

domain state is 

E M H cos8 - M H sin8 + K sin
2

8 
S X S y U 

(A-2.1) 

where the component of the applied field in the easy axis direction is 

H , in the hard direction H und 8 is the angle between the magnetiza-
x y 

tion and the easy axis direction. When the field is in the hard 

direction only, one g~ts 

E 

5E/58 

M H sinS + K sin
2

8 
s y u 

M cos8 [H - Hksin8] s - y 

= M [H sin8 + Hk(cos
2

8 - sin
2

8)] 
s y 

(A-·2. 2) 

(A-2.3) 

(A-2.4) 

wtv~rr~ the lJSUCJ.L nut at ion H_kc= ?K /M is w;c~d. For a e; j ven H , the~ 
u s y 

stablro r:ond i.t iun is [~l ven by that value of 0 for which E u; a min.imum, 

2 2 
ir~., oE/o8 = CJ 8_nd 5 E/58 > O. Th•'! c:onrUUon oE/58 == 0 allows two 

possible conditions on 8 , 

or 

H 
y (A-2.Ja) 
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cos8 = 0 (A-2.3b) 

If lnyl < Hk, the second derivative e;iven by Eq. (A-:?.!1) is posHive 

in the first case (A-2.3a) and negative in the second (A-2.3b). Thus 

the stable state is given by the first, namely 

sin8 (A-2.5) 

If lnyl > Hk the first condition is meaningless and the second deri

vative is positive in the second case provided 8 is ~/2 for positive 

H and -~/2 for negative H . Thus the stable conditions are that y y 

and 

8 = -~/2 for H < H y k 

(A-2.6a) 

(A-2.6b) 

The component of the magnetization in the hard direction M is given 
y 

by M = M Sin 8. 
y s 

Therefore, 

M =M Sin 8 = M H /Hk unless 8 
y s s y ± ~/2 

The hysteresis loop is a straight line below saturation and saturation 

takes place for I H) = Hk. Ideally the hard axis loop could be used 

to determine the uniaxia __ anisotropy field Hk by finding the field at 

which saturation occurs. In practice, however, the straight line 

usually exists only for Hy < Hk. At drive fields greater than Hk, the 

loop opens up so that the straight line can not be observed. Therefore, 

the conventional method of measurement is to extrapolate the slope at 
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low fields to the saturation value of magnetization and the field at 

the intersection is taken to be the experimental value of the anisotropy 

field Hk. 

(b) Kobelev Method. 

For films in which the straight line in the hard axis loop is not 

well defined, the hysteresis method is inaccurate to measure Hk. 

Several alternative methods have been developed. The method which is 

most convenient, uses the conventional hysteresis loop tracer in a 

different mode, first suggested by Kobelev (1962). This method requires 

a large a.c. field transverse to the axis of the pickup coil and 45° to 

the axis of anisotropy. A d.c. field perpendicular to the a.c. field 

is then increased until a certain portion of the observed loop becomes 

flat, as shown in Fig. A-2. For ideal uniaxial anisotropy of the form 

given in Eq. A-2.1, this occurs when the d.c. field is equal to 0.5 Hk. 

The criterion of flatness is very sensitive allowing a very accurate 

measurement. In actual use, the measured values of Hk is quite inde-

pendent of the magnitude of the a.c. field, and meaningful measure-

ments can be made even on films which have an open loop characteristic 

with a hard axis field. For films in which the hard axis measurement 

is also possible, the values of Hk obtained by the two methods are 

almost always in agreement within 2 or 3 percent. 

(c) Torque method. 

Uniaxial anisotropy may be described by Eq. (2.1) in chapter 2. 

-The effect of the anisotropy energy is that M is subject to a torque, 

tending to turn it into the easy direction, given by 



~·11 

(a) 

(b ) 

Fig . A- 2 KoiJe l ev rne Lllod . (a) no d . c . f ield normal Lo 
drive f i e ld . (t_: ) Lhe d . c . field Hk/ 2 was applied . 
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L dE /ct8 = K sin 2 8 . u u u 

__.. 
In the presence of an external field H applied i_n the plane uf tlw 

film at angle a to the easy axis direction, the anisotropy torque 

is opposed by a magnetostatic torque M·H sin (a-8), so that i takes 

up an equilibrium position given by 

K sin 2 8 
u 

M H sin (a - 8). 

If the field is large enough, say greater than h " If/Irk '~ .L, l:hf!ll t:he 

film remains a single domain and the maximum torque occurs when G = LJ,/J 

Because the magnetization does not exactly follow the field, the plot 

of torque vs. a is not a pure sinusoidal wave, but the maximum torque 

is theoretically independent of H. The detailed descriptions of the 

torque magnetometer are givr;"n elsewhere (Humphrey and Johnston (1962) 

and Humphrey ( 1967) ) . 
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Appendix 3 Lorentz Microscopy 

The electron microscope is now a well-established research 

tool both in the biological and physical-metallurg.i.cal domains, and 

tbr;re are several authoritative texts and review articles dealing w:i th 

the special field of electron optics (Hall (1953), Heidenreich (1964), 

Hirsch and colleagues (1965) and Kay (1966)). The electron microscope 

used in the present study is an RCA 

double-condenser lens. 

EMU-3E equipped with the special 

The Lorentz microscopy is based on Uw Lorentz dr>('lpr·l.iutl ,,1· 

electrons passing through a magnetic film. The medwn.ic;m r,[' ,·cmt.nJ:-;t 

formation in this use is rather different from that leadin~ Lo the 

observation of lattice defects in transmission electron microscopy, 

and special techniques are required. 

A magnetic flux B gives rise to the Lorentz force F = -e(~xB)/c. 

Hence the magnetic field curves the electron trajectory, but the 

energy of the electron remains constant. The trajectory ~eornetry for 

calculation of electron intensity distri but:ion in an observu Lion plmw 

is shown in Fig. A-3. In the figure, (x,y) are the cuordillui.\:S in i.hr~ 

magnetic sample with thickn~~ss d, (t;. T\) are slrnilar c:uunJ i JJ:J l.r:~; in t.hr: 

local plane, tiJ(x.y) is the Lorentz deflecLiun angle and .t and z 

designate the distance from the electron source to the film plane A, 

and from the film plane to the local plane B. 

Geometrical Optics: 

The resulting intensity distribution in a plane B a distance z 

behind the plane A is 



y + zip 
y 

iii = -iii My /Ms 
X 

iii = iii Mx/Ms , 
y 

1/2 iii = ( 4rrdMs/ c) ( e/2Vm) 

214 

(A-3.1) 

where the symbols are defined in the table of notation. In the ulluve 

derivation, the incoherence of electrons was assumed. 

Wave Optics: 

The wave mechanical theory of Lorentz contrast formation is based 

on the fact that the incoming electron wave experiences a phase shift 

S(x,y) in the object. The relative difference in magnetic phuse shift 

between two points r 
1 

and r 2 in the plane A is calculated by l.he rtlle 

where ~cp (r1,r2 ) is the flux change through the ureCJ. belween Llle put:hs 

1 and 2 and the planes z = 0 and z = d outlined in Fig. A-3. The 

Kirchoff diffraction theory is used to calculate the diffraction 

pattern in the local '>lane B from the incoming and phase-shifted wave 

in the plane A. 

co co 

I
0

lC' J J dxrly 
-00 -CX> 

·[ 1/2k (1 1) ( 2 2) exp1 - ~ 7 + - x + y 
e '1_, z 

,, 
( XS + Y 1) ) - .::;_ ~ cp ( X • ,Y ) Jl' 

~ 

where ke= 2rr/> ... e and C' is a normalized constant. 

( /\- ~. j) 



T-----

z 

2 I 

Fig.A-3 Lorentz microscopy. 

A 
Effective 
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Plane A 

Focal 
Plane 8 
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Appendix 4 Flux Criterion 

Consider the simple case sketched in Fig. A-4. The film plane 

is the x-y plane and the easy axis is along the y-direction. For 

simplicity, B = B (x) and dB/dy = dB/dz = 0. Electrons with mass m 

and charge e travel in the negative z-direction with velocity v. 

In the field the electrons are deflected in the x-dj ret'!: ion, i. .t~. 

they acquire momentum P ( x) depending on the 1'"1 t~.Ld st r(!llt:~tll u t. Ute 
X 

coordinates x of penetration, 

p (x) 
X 

- e 
t 

J 0 
dt·u·B(x) 

td 
- e e • d·B( x) 

(A-4.1) 

Since the momentum P (x) of one electron is canonically conjugate to 
X 

its coordinate x, the uncertainty principle limits the exact knowledge 

of the coordinate 

6x·6P (x) 
X 

t:.x e·d·6B(x) > h 

The quantity 

is the flux change through the area between the paths 1 and 2 and 

the planes z = 0 and z = d, due to the change in the magnetic field. 

In an approximation, 
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Thus one may obtain from Eqs. (A4-1) and (A4-3) 

~~ > h/2e (A-4.4) 

-15 ( ) = 2.07 x 10 weber in M.K.S. unit . 

-7 2 = 2.07 x 10 gauss em (in C.G.S. units). 



2 
z 

® B(x) 
-----~x 

Fig.A-4 Schematical illustration of beam pa.l.ll:.:;. 
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Appendix 5 Magnetocrystalline Anisotropy Energy 

The magnetocrystalline anisotropy energy of a ferromagnet.ic 

single crystal acts in such a way that the magnetization tends to be 

directed along certain definite crystallographic axes which accordingly 

are called easy axes of magnetization. In the quantitative evaluation 

of magnetocrystalline anisotropy, the crystalline anisotropy energy 

may be expressed as a function of the direction cosines, a1 , a 2 , a
3 

of the magnetization vector with respect to the crystallographical 

axes. 

In a cubic crystal, the expression, written in ascending powers 

of the a., is 
1. 

(A-). L) 

+ Higher order terms 

where K1 and K2 are the crystalline anisotropy constants. 

For crystals of hexagonal symmetry, such as cobalt, it is more 

convenient to use the sine instead of the cosine of the angle between 

the magnetization and the hexagonal axis. Letting thi.s angle be ~ , 

the energy may be expressed by 

(A ,. •")) 
-) .r:. 

Higher terms and terms depending on the orientation in the (00.1) 

plane have so far been found unnecessary. 



A: 

B: 

c a' cb, 

ell' 

D: 

E : e 

E : s 

Eh: 

Ek: 

E : u 

E l.: 

EA: 

E : p 

G: 
...... 
H : 

0 

Hk: 

H(a): 

I(U): 

I : 
0 

cl2' c44 

220 

Thesis Notations 

exchange constant 

magnetic flux density 

concentrations of A and B atoms respectively 

standard elastic constants 

average grain size 

exchange energy density 

stray field energy density 

homogeneuus anisotropy energy 

inhomogeneous local anisotropy energy 

uniaxial anisotropy energy density 

perpendicular aniso~ropy energy density 

anisotropy energy density due to stn~ss 

dipole-dipole interaction energy density 

Young's modulus 

externally applied magnetic field 

anisotropy field 

effective field component along the mean magnetization 

direction H = H cos(a-~ ) + H cos 2~ 
0 0 k 0 

intensity distribution in the image plane by Lorentz 

microscopy 

incident beam intensity 

background intensity 

uniaxial anisotropy constant 

perpendicular-anisotropy constant 



-+ 
L: 

M: a 

~: 

M: s 
-+ 
M· o" 
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anisotropy energy constant due to stress 

anisotropy energy constant due to pair-ordering 

..... -Torque == M X H 

magnetic moment of A atom 

magnetic moment of B atom 

saturation magnetization 

mean magnetization vector 

local magnetization 

number of atoms per unit volume 

Naa.' Nbb. and Nab.: number of the A-A, B-B and A-B puirs d.irer:tE!d 
l l l 

ll l t t]: .th d' t' para e o 1e l- lrec ·lon 

S: 

T: 

T': 

V: 

a: 

c: 

d: 

e: 

-+ -+ 
e x' e y 

h : 
0 

h: 

.t: 

.tab(r): 

.t: 
0 

phase in electron waves 

tempe:rature where measurement is to be made 

substrat~ deposition temperature, or annealing temperature 

accelerating voltage 

wall width 

velocity of light 

film thickness 

electron charce 

unit vectors along x - and y - directions respectiv8ly 

applied field normalized to the anisotropy fjeld h == II /Hk 
0 () 

effective field normalized to the anisotropy field h = H/Hk 

distance between the effective electron beam source and 

the film plane 

dipole-dipole coupling constant between A and B atoms 

equivalent dipole-dipole coupling constant 



.t . 
o' 

m: 

n: 

z: 

(x,y,z): 

x: 

y: 

u: 

U: 

a: 

t3: 

~ . 
o' 

$ : 
X 

p : 
m 

8: 

<P : 
0 

<P : 

cp: 
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the value oft at T'. 
0 

electron mass 

number of the nearest neighboring atoms (Chapter 2) 

number of crystallites through film thickness (Chapter 5) 

out-of-focus distance 

rectangular (Cartesian) coordinates 

coordinate along the hard axis in the film plane 

coordinate along the easy axis in the film plane 

rectangular coordinates in the image plane 

normalized >..- coordinate 

normalized s- coordinate 

..... 
angle between H and the easy axis 

0 
..... 

directional cosines of M to the crystallogr~phical axes 

beam divergence angle 

Bloch wall energy per unit area 

N~el wall energy per unit area 

wall width parameter 

maximum Lorentz deflection angle 

Lorentz deflection angle in the x-direction 

(hypothetical) magnetic charge density 

angle between the mean magnetization M and the easy 
0 

..... 
direction, (except Chapter 5), or angle between M and 

the mean magnetization direction (only in Chapter 5). 

angle between M and the easy axis 
() 

..... 
angle between M and the easy axis 

..... 
angle between M and the line joining two atoms 



A.: 

A. : e 

A. : 
s 

A. ' : s 

a: 
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angle between M and the direction of an ith pair 

ripple wavelength 

electron wavelength 

longitudinal saturation magnetostriction at T 

longitudinal saturation magnetostriction at T' 

longitudinal magnetostriction constants along [lOOl and 

[lll], respectively, at T 

longitudinal magnetostriction constants along [100] and 

[111], respectively at T, 

stress magnitude 
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