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ABSTRACT 

This paper presents a technique to control the anisotropy 

of nickel-iron films hy appropriate masking during deposition. 

Because of the demagnetizing effect, the resulting anisotropy 

is increased if ridges representing thickness variations are 

formed along the easy axis and is decreased if ridges are 

perpendicular to the easy axis. low-anisotropy films may he 

applicable in thin film memories because of small driving 

fields and fast responses. A theoretical model is postulated 

to explain this effect. Some numerical calculations and 

experimental data confirm the predicted phenomenon. 
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-I 

-THEORY 

1-1. Introduction 

The drive requirements on nickel-iron memory films 

are controlled by the so called anisotropy field K^. 

The reduction of H^. permits some reduction of driving- 

fields or an improvement in switching times for the same 

drive in film memories. Beam and Siegle^^ have tried 

to control the anisotropy of Ni-Fe films through sequenced 

field deposition. It was controlled by time-sequenced 

application of orthogonal fields during deposition. 

However, another possibility exists if we can make uniaxial 

films with ridges associated with square-wave or sinusoidal 

thickness variation. Magnetic poles are formed, when 

the direction of magnetization is perpendicular to the 

ridges and an excess demagnetization energy is created. 

This demagnetizing effect makes the resulting anisotropy 

field increase or decrease according to the relative 

direction of the ridges. Square wave films can be made 

by masking the substrate during vacuum deposition. The 

mask is made of fine copper wires mounted on aluminum 

frame. Controlling the number of wires, the distance of 

mask to substrate and the thickness of films, we can 

adjust the anisotropy of the permalloy films. 



1-2. A Theoretical Model for Thin Films with Sauare 

• V/ave Thickness Variation 

If we use a mask during deposition, the resulting 

films as shown in Fig. 1, have a surface with a square- 

wave shape. In order to obtain a quantitative calculation 

of this kind of film, we make the following assumptions: 

(1) The magnetization is distributed uniformly 

throughout the film. In other words, we neglect the 

effect of closure domains at the edges of the film, which 

is caused by the demagnetizing effect. These irregular 

domain configurations do not represent states of minimum 

energy. Thus, when a small alternating field is applied 

in the hard direction, the walls start to creep and 

after an elapse of time, the domain configuration with the 

lowest energy is assumed. The calculation of the length 

and form of edge domains is still an unsolved problem 

in micromagnetics, Besides, dislocations, nonmagnetic 

and magnetic inclusions, and local easy axis dispersion 

are also negligible when compare with the phenomenon to 

be studied. 

(2) The energy of magnetic poles is assumed to be 

stored in the air gap between the ridges, which means 

the stray field is very small and can be neglected. 

Therefore, there is no energy coupling between the gaps. 

This assumption is quite reasonable if the width of the 

ridge is much larger than the gap. 
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Easy 
axis 

Easy axis 
■< > 

Pig. 1. Schematic diagram of thin films with 
scmare wave thickness variation. (a=10"lm, 
r = 2*10 m, c=2.5x10"7m, h=2^10'Jm) 

Easy axis 

Pig. 2. Coordinate system of thin films with 
the ridges along the easy axis. 



(3) Dut to the presence of different uniaxial anisotropy 

constant between the base and the ridges, the energy coupling 

of this kind of film, unlike that of ordinary 82$ Ni and 

18$ Fe films, is very complicated. But, if we make the 

ridged films with the volume of the ridges much larger than 

that of the base, the exchange energy per unit volume becomes 

very small and can be neglected. Thus, the total hysteresis 

loop can be considered as a lineal' superposition of the 

ridges and the base. 

Fig. 2, shows a special case of masked films with the 

ridges formed along the easy axis. To get the hard axis 

loop, vie apply an external field H, -. along the hard axis 

and integrate the signal induced in the transverse pick-up 

coil. The free energy of the total system is a summation 

of the anisotropy energy, demagnetizing energy and the energy 

associated with the applied field. 

Let us first consider the demagnetizing energy stored 

in the gap between ridges. It is analogous to find the 

field distribution and stored energy between two cylindrical 

wires separated far away in electrical problem. 

In Eq. (1), vie define - V- M as the magnetic charge 

density C^. In Eq. (2), vie define a magnetic potential 

function Pm. - V • M =■ Q. 

H = -VV 

m (1) 

’m (2) 

Then, from the Maxwell's equation, vie can derive the 

Poission equation and Laplace equation to describe the 

magnetic field distribution, just the same as electrical 



problem. 
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V x H ~ 0 

V * B - 0 

B = ^qH + M 

V • H=_ 1 

Po 

-V* M-Q* 

H " - VP. 

V- M 

'm 
Q 

V p — S_ (3) 
m /o 

(2) Rarao and Whinnery' ' solved this electrical static 

problem by logarithmic transform. The eequivalent inductance 

per unit length is rr 
L = 

log( ■Z- + O 4 C ,qr^r > 
(4) 

The corresponding demagntizing energy stored in the 

gap is given by 

W* = 
’m 
2L 

S_sggeainax log (_|_ +fSTTT) 
(5) 

Therefore, the average demagnetizing energy per unit 

volume can be obtained from dividing Eq. (5) by the total 
I 

volume of one ridge plus one gap. 

elf Sin' & w — 

d ~ 

2*f0Va + 
log (■ - 1 )=cUf Sin^ 

2ToW+rJ loS ^ c +f-c" “ ^ 2rp0(b-+r') 

Now, let us go back to Pig. (2), and discuss the ridged 

C flog |- 

(6) 

(7) 

film under an external hard-axis switching field. Assume 

we only consider the Stoner-Y/ohlfarthw/ coherent rotation 
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mode, which means the magnetization changes by coherent 

rotation from a single domain state, the dynamic as well as 

the static distribution of the magnetization is independent 

of position in the material. The total energy per unit 

volume is given by 
N 

E = - HjMSine + K-, Sin© + -™- M*Cos'd rJiMaSinx© (8) 
x <yxo 

The first term is the energy associated with the applied 

field. The second term represents the anisotropy energy 

with being the first order anisotropy constant. The 

third term represents the demagnetizing energy in the 

X or easy direction, and the last term represents the 

interaction energy between the ridges. 

Thus, the equilibrium position of M is given by 

e?E 
and Using Eq. (8) we easily find 
&©' • N 

= - H.M CosB+ 2Kn Sine Cos© - -- M*’SinQCosfl+ 2MM
a'Sin0CosO 

30 1 Pn 
N ° 

= Cosfif- HXM + a^Sine - -- M*Sin©+ 2*M*Sine] - 0 

•*. Cose=0 e=f. °- £ 
,2K1 Nx 1 

Or H.M = M Sine^-Uji - M + 2*M J 
F° ,2K, H. 

= H.MSine -v(Cos*0 - Sine) M!-^ - rr2 M + 2*M1 
90 1 V
 ' 1,12Kn N 

if M+ 2«*M For e = f 

For e=-f 

For Sin0= - 

; 

d-& £>° 

ae%>° 

H, 

M 

-2K-, N_ 
if f -rr- M - &|M 

/ o 

M 

£i. __ 

Nx 

*o 
2K 

M -j- 2fclM 

N 2K-, N. 
& ,.= M Cosfe(-~ - M + 2<W«f|> 0y if ~ M + 2*M> 0 (9) 

F6 
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then, M Sin0 = 
Hi. 

M 
!x 
Po 

M (10) 
M +• 2m 

The hard-axis loop is plotted in Pig. 3. It is seen that 

the loop has no hysteresis and saturates at 
2K-, 

M + 2m. 
M P0 

Prom the above discussion, we see that a transverse field 
2% N 

of the value  — M + 2AM is required to rotate the 
A Po 

magnetization completely to the applied-field direction. 

Define Hk, as the equivalent anisotropy field, and K* as the 

equivalent anisotropy constant for uniaxial, films with 

ridges along the easy axis. .Prom the criterion of Eq. (9)» 

we find that the equivalent anisotropy field is larger 
Nx 

than normal anisotropy field by an a.mount of 2AM - —— M. 
21^ N„ Po 

Hv. = 
x 

M Po 
M t 2AM 

N 
K1 

% d y* 
% 

(ID 

(12) 

Pig. 4, is a schematic diagram of the hard-axis loop 

corrected by a small effect of the base. According to 

the foregoing analysis, we can draw an important conclusion 

that the resulting anisotropy field H^, is increased if 

the ridges are formed along the easy axis during depo¬ 

sition. 

Now, let us turn our attention to the uniaxial films 

with the ridges perpendicular to the easy axis. Pig. 5» 

gives a schematic representation of this kind of films, 

and the total energy per unit volume under an external 

applied field is 
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N. 
E = - H.M Cos 6 -f Kn COS0-;- 

x M Cos0+-piM Sine (13) 1 — -ifo 

where the last term still represents the interaction energy 

between the ridges. 

Similarly, the equilibrium position of the magneti- 

zation is given by §-£. and -x; >o 

if- = H.M Sinft- a;, SinOCose- M*SinaOosa+ 2J.H1Sin«Cos© 
30 - JXQ 

< NY 

- Sinel HUM - ^Cosfl- ~ M^Cosa-f SoUvfCosdJ - 0 

Sin 0 * 0 . 

Or HaM - M Cos® 

2?J= 
>&’- 

2K 

= HjM Cose -[ / . 

For 

o
 

II dXE 

For 6= -rr s?E. ~ 
00l ^° 

For Cos6 = 
H 

2K-, N 

^o 
Q -•= a , 7T 

2K1 NX T 

ir+^M- *MJ 

N 
J. M _ OJ M l M l' Of 

2K-. N 

if Hj. > “M" * ^ 
M 

if Hx< -(■ 

>V 
2K1 

/ °N 

TT
+ 

2d M 

/o 
- awf) 

M 
2AM 

a^£ 

9 01- 

then, 

>o “ 
,2K, N n * 

-L-TT1 + TT^ M - 2AM I Sin e > 0 K w ' 

2K 
if + ~ M - 2AM >0 

M 

N, 

A 

M Cos© 
HxM 

pr<- u 

ir * jr M - 
/ ° 

(14) 

with the help of Eq. (14), we can plot the hard-axis loop 

shown in Pig. 6. 

In this case the transverse field required to rotate 

2d M. 
2K-, N 

the magnetization M to the hard axis is -rr- + M 
1 / 0 

Define the equivalent anisotropy field H^.„as the anisotropy 

field of the films with ridges perpendicular to the easy 
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•axis. Similarly, is the equivalent anisotropy constant. 

It is noted that the equivalent anisotropy field is smaller 
Nx 

than the normal one if 21M > ~ M 
r o 

2KX N 
V ~ir + f0

n- 2dM 
N 

Ki = Ki + 
x
 M'-AM* 

(15) 

(16) 

Consequently, the resulting anisotropy field H^,, of the 

thin film is decreased, if the ridges are formed perpen¬ 

dicular to the easy axis during deposition. 
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MS'irtB 

pig. 3, Hard-axis loop of permalloy films with ridges 
along the easy axis. 

JPip-. 4. Total hard-axis loop combining the ridged 
part and the base, for thin films with ridges along 
the easy axis. 

Hi 
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Fig. 5. Coordinate system of thin films with ridge 
perpendicular to the easy axis. 

yUCoS © 

Fig. 6. Hard axis loop of permalloy films with ridges 
perpendicular to the easy axis. 
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IT IT 

1-3. Numerical Calculations for Low k and High k Films 

In the foregoing section, we derived quantitative 

expressions for an effective anisotropy field due to 

periodic thickness variations. For films having ridges 

along the easy axis, the equivalent anisotropy field 

is given by 
2K-, NX M +• 2m 

v ~ M 

Nx 
Hk, > Hk , if 2AM > ~ M 

For films having ridges perpendicular to the easy axis, 

(17) 

the equivalent anisotropy field is given by 

2Kn 
Hk„ - n 4. 

M * 

N 
_2 
h 

M 2cU-I (18) 

V<Hk, 
N. 
x 

if 2AM > -- M 
ro 

Now, let xis make some calculations to prove Eq. (17) 

and Eq. (18) are valid under experimental conditions. 

For thin films having following specifications: 

a = 1 cm =10 m 

b = 0.2 cm = 2* 10 3 m 

. -7 
c =2500 A = 2.5 * 10 m 

r =0.02 cm = 2*10 ‘ m 

M=0.5 weber/nf 

K-^ = 10 joule/m} 

N
x = 

bc 
ab + be + ca 

■- 2.5*10 
-5 
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™ M = 0.125 oe 
ro . 

* = -zr^-lb-rTT lgg ' -I- + - i) 

4ir*10'jr‘ * 1#^ 

2c*M = 1.33 oe 
Nx 2dM » M 

2K 
— = 5.03 oe M 

Hk' = 

Ik» 

2K] 

if 
N. x M 

2KX 
H-,.,, -J- ~ M 

z1 o M 
2K-, 

Hk “TT^5-03 

+ 2AM — 6 • 23 

- 2slM=s3.83 

oe 

oe 

oe 



EXPERIMENTAL RESULTS 

2-1. Experimental Procedures 

Thin films are prepared by the vapor deposition method 

which involves the melting of the metals to be deposited 

in a vacuum and allowing the resulting vapor beam to strike 

a substrate thus forming a film. If the source to target 

distance is sufficiently small compared to the mean free 

path of the vapor molecules in the vacuum system, then a 

large fraction of the metals will reach the target -without 

suffering collision with molecules of the residual gas in 

the system. In our vacuum system, the pressure during 

-6 -5 
deposition is 5*10 to 10 torr, and the evaporation rate 

O 

is 1500 A of film thickness per minute. 

Pig. 7, ivS a schematic diagram of the vacuum system 

which consists of a large bell jar employing Vacsorb pump, 

Titanium pump and Vacion pump. To obtain uniaxial aniso¬ 

tropy in a given direction, a magneticifieldfofJ28c0esis 

applied to the film during deposition by a pair of square 

coils. The distance from substrate to source was kept at 

8.25". A high-energy electron beam of 4,000 ev, wan used 

to melt the permalloy of 82.2$ Ni and 17.8$ Pe composition 

placed in the crucible. The substrates, used were four 

1^ square inches 7059 glass slides, maintained 
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* O 
at 225 C and annealled by turning off the heater immedi¬ 

ately after deposition. The slides were cleaned in a 

supersonic cleaner by rinsing in acetone solution and 

distilled water. The mask used to control the anisotropy 

of the thin film, was made of pure copper wire to avoid out 

gasing in the vacuum system. As shown in Pig. 7, it was 

placed between the substrate and the source, in order to 

get some ridged films. 



Square 

Vacuum jar 

Permalloy 
source 

Vacsorb 
pump 

Electron 
gun 

Vacion 
pump 

Schematic diagram of electron gun evaporating 
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2-2. Results 

Pig. 8, shows some photographs of M-H curves for 

normal films, films with ridges along the easy axis and 

films with ridges perpendicular to the easy axis. At low 

drive, the hard axis is a closed loop, which means it is a 

reversible process, and the magnetization rotates coherently. 

However, as the driving field increases, the magnetization 

breaks up into many small domains and some irreversible 

domain wall motions take place. The static and dynamic 

losses cause the hard-axis loop to enclose a finite area. 

This irreversible process is associated with the magnitude 

dispersion and the angular dispersion of anisotropy in the 

thin film The angular dispersion can be explained 

by the fact that some anisotropic strains caused by rand¬ 

omly distributed stresses, act on the magnetostrictive 

material. These uniaxial stresses produce local strains 

and if the film is magnetostrictive, they will produce 
/ 5 y 

strain induced anisotropy' * . Nevertheless, we can still 

determine Hk by reading the saturated magnetization from 

the easy loop and extending the slope of closed hard-axis 

loop to the saturated magnetization. 

It .is now pertinent to see how the theoretical results 

of Eqs. (11) and (15) correlate with experiments. 

According to the fact that the total number of ridges ft, 

on a thin film of one centimeter diameter, is equal to 

—(b+r expressed in centimeters), Eq. (7) becomes 
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ok log ~~ ( M.K.S. units, r»c) 
dT o 

Thus, for films with the following specifications: 
-Z 

a=l cm = 10 m 

o -7 
c=2500 A -2. 5x10 m 

r=0.02 cm = 2x10* m 

M=0.5 weber/m* 

K-j=10X joule/m3 

Eqs. (11) and (15) give the following theoretical results 

(19) 
1 < ~\ K = 1 + ^0.058 n - 0.025] 

— = 1 - [0.058 n - 0.025] (20) 

r 7 
Similarly, for c -550 A -0.55*10 m and other specifications 

remain unchanged, we find 

(21) 
JJ 

-j~=l +(o,0104 n - 0.0056] 

H 
1-(p.0104 n - 0.0056] (22) 

Fig. 9 shows the theoretical curves of Eqs. (19), (20), 

(21), (22) and some experimental points. 
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Pig. 8a, Hard-axis loop of 
thin film with ridges para¬ 
llel to the easy axis of 
3000 A thick. The horizon¬ 
tal scale is 5 oe/div. 

_Pig. 8a', Hard-axis loop of 
thin film deposited in the 
same batch of Pig. 8a films, 
but has no ridges. The hori 
zontal scale is 5 oe/div, 

Pig. 8b, Hard-axis loop of 
'thin film v;ith ridges per¬ 
pendicular to the easy axis 
of 3000 A thick. The hori¬ 
zontal scale is 2 oe/div. 

Pig. 8b’, Hard-axis loop of 
thin film deposited in the same 
batch of Pig. 8b films, but 
has no ridges. The hori¬ 
zontal scale is 2 oe/div. 



2i: 

Pig. 9* Eauivalent anisotropy fields for thin films 
2500 A thick and 350 A thick. 
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-2-3 • Dicussion 

(1) In our model, we assume the energy of poles 

formed hy the ridge is stored in the gaps, and there is 

no interaction between the gaps. If we take the stray 

field into consideration, the field distribution is 

analogous to the calculation of energy storage in a 

system of power distribution lines by the method of geo¬ 

metric mean distance and the voltage differences between 

two poles is given by 

= -2wr(Qal0S 
2D v. . D 

+ Qbiog 2ir~ + Qcios^ + ■ 
ab ca 

') ab znjxQ 

where V ^ is the magnetic voltage difference between 

pole a and pole b, is the magnetic charge of pole n, 

D ^ ^is^ance between pole a and pole b, and c is 

the height of the ridge. However, if the width of the 

ridge is much wider than that of the gap, then Eq. (23) 

can be approximated by Eq. (4). 

(2) Another way to get thin films with square wave 

thickness variation is scratching or etching the surface 

of uniaxial permalloy films. The M-K curves of the 

scratched films are shown in Eig. 10. It is noted that 

the equivalent anisotropy field is decreased because 

of some ridges formed perpendicular to the easy axis by 

scratching. Due to the film edge imperfection^^ and the 

magnetization deviation by scratching, the hard-axis 

loop encloses a finite area which is propotion to the 

irreversible losses. 

(23) 
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Pig. 10a, Hard-axis loop of thin film before 
scratching. The horizontal scale is 2 oe/div. 

Pig. 10b, Hard-axis loop of thin film after 
scratching. The horizontal scale is 2 oe/div. 
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III 

APPENDIX 

Calculation of Equivalent Anisotropy Constant 

The purpose of this section is to present the detail 

calculations of equivalent anisotropy constants H^, and Hk„ 

In section 1-3, we assume the thin film has the following 

specifications: 

a = 1 cm =■ 10 m 
-2 

b — 0.2 cm = 2x10 m 

c = 2500 A- 2.5A107m 

r “ 0.02 cm = 2x1 O^m 

M — 0.5 weber/mx 

^ - 10* joule/m* 

2KX N 
= TT - ^ M + ‘k 

Hk„ = 

N = ■ 

2Kn H 

^ + iv 
-.7 

be 
x ab be + °a s “Sr = ~T-= 2.5X10 

-1- 

10 

N 
- 2 

u M " ro 4wxl0 

= 0.125 oe 

ol = 

-r -jr 3 

x 0.5 amp. -turn/m = --,-^?-x0.5x4 irxld o 
4trxl0 

Pnj^TFTTJ log( 
2.5xl07log 

-f 

2.5xl07 

2TfX4Txl6x 2.2x10^ 

2.5 

2X4TTX6.9X10
: 
“log 1.6x10 = 

4nxl0 
-3 x 1.53 
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2<*M- = 2*0.5* rrxl.33 amp.-turn/m 
4TTX10 

- 2/0.5 *—-4—* 1.35 oe =1.33 oe 
4rr>: ltf4 

Nx 2*M » fp M 
r o 

OIT 7- 

—W^~~ "gf afflp • -turn/m - - —x4TTx10^oe 

- 5.03 oe 

Hk,= 5.03 - 0.125 1.33 = 6.23 oe 

Hk„ = 5.03 + 0.125 - 1.33 = 3.83 oe 

Hk = 5.03 oe 
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