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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. direct observation in 

the microscope 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 
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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 
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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 
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(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) ) . 



213 

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) 
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(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) 
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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 
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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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