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I. INTRODUCTION

Magnetic films w1th their attractive magnetic properties and their
physical construction flexibility have been u;ed successfully in computer
memories, computer logic circuits, parametric devices and many other ap-
plications. The purpose of this investigation was to stﬁdy in both ana-
lytical and experimental detail the behavior of ferromagnetic films one
step further on the frequency scale, that is, at microwafre frequéncies,
and to suggest the pé)ssibility of device gpplications at microwave fre-
quencies.

Thin magnetic films can be vacuum deposited on glass substrate in
small circles or strips with diameters or widths as small as a fraction
of a millimeter and étill exhibit to the full extent their magnetic pro-
perties. Recently the electroplating technique (1, 2) has almost reached
a "perfection" state. This technique allows the control of film thick-
ness, of film composifion and hence Tilm coercive and film anisotropy
fields. In other words, f£ilm properties can be easily controlled_ by this
technique. |

The magnetic films available for this investigation were made of
nickel-iron alloy of approximastely 80 percent nickel and 20 percent iron,
comonly referred to as 80-20 permalloy. . This type of film has low ani-
sotropy and low magnetostriction coefficients. The above alloy was vac-
uum deposited on glass substrate of 6 mil thickness in the presence of
an external magnetic deposition field of a few hundreds of ampere turns
per meter parallel to the plane of the film. With this deposition pro-

cedure the atomic structure of the film is ordered in such a manner that



it possesses an uniaxial anisotrony along an axis parslilel to the origi-
nal direction-of the deposition field. This direction is frequénti& re-
ferred to as "easy" or "rest" direction of magnetization. Perpendicular
to that is the "hard" or "transverse" direction which is also in the plane
of the film. When the thickness of the film is less than the dimensions
of a normal domain (3-6), there will be very slight possibility to find
a domain wall (1-4) existing through such thickness of the film. If a
film possessed uniaxial anisotropy, the gpplication of a‘small magnetic
field along the easy direction will bring the film to a single domain.
As menticned above, the film thickness can be controlled and varied
over a wide range. The practical thickness varies from a few hundred
angstroms to tens of thousands of ang~troms depending upon the applica-
tion. Since the film plated conductor in the strip line can be made as
~ small as one pleases without altering the magnetic properties, it is ad-
ventageous to make use of this construction, for the smaller the con-
ductor, the fetter the results will be as is pointed out later. Depend-
ing upon the characteristic impedance desired, the spacing between the
conductors can be varied; here again there will be an optimum condition
depending upon the particular device as illustrated in Section III, B.
For the moment, it will be assumed that the spacing can be as small as a
£ilm thickness or as large as several hundred times the thickness of e
practical thick film. Such a strip line can support the TEM wave up.to
lO6 megacycles hefore higher order modes can occur. Before such a fre-
quency can be reached, the skin depth problem will be the limiting factor.

Based on the above reasoning, the wave propagated in the strip line



will be of the principle mode. The transmission line approach can be ap-
plied here. The propagation constant of the transmission line will depend
on the value of capacitance and inductance per unit length of the strip
line. The capacitance of the strip line can be assumed constant. The
inductance of the strip line will be made up by the external inductance
and the internal inductance vhich mainly comes from the magnetic films.

A control of magnetic film permeebility implies a control of internal in-
ductance. The effect of the inductance change of the ferromagnetic film
on the propagated wave in the strip line can be regulated and as a con-
sequence, it will be possible to make new microwave frequency devices and
to have new techniques to solve 0ld problems such as the anisotropy field

Hk of the film, the determination of the Lande splitting factor, and the

phenomenological damping constant.



II. INVESTIGATION

A. Analytical Study of the Variable Magnetic Film
Discontinuity in the Strip Line |

The intrinsic impedance of the strip line as well as the propagation
constant are functions of the line capacitance a.nd the line inductance.
Since the inductance is directly related to the permeability, the mag-
netic £ilm susceptibility and permesbility will be studied in detail. In
evaluating the propagation constant , the problem is attacked by tregting
the strip line as made up by various media such as brass, air and mag-
netic films, each with its own dielectric constant and its own permeabil-
ity. The propagation constant of the principle wave was obtained by
solving the boundary problem. Since the permeability of brass is very
close to that of air and remains constent with respect to the bias field,
the only permeability which will change as function of bias field is that

of the msgnetic film.

1. Susceptibility of the magnetic thin film as a function of bias field

a. Derivation of film susceptibility The torque T acting on a

unit volume is related to the angular momentum .density L by

T =

&8
}..J

The magnetization M can be written as a function of the angular momentum

density as:



vhere v is the gyromagnetic (or magneto-mechanical) ratio and is equal
81,
2m

spiitting factor, e is the electron charge in coulombs, By egquals 4x x

to for MKS system of units. In this expression g is the Lande

]_o-7 henry per meter and m is mass of the electron in kg. Numerically
v =2.21 x lOo cycles per second per ampere-turn per meter for electron

spins. The equation of motion can then be written:

=MxE

218
wl

It is important to note that H must contain all of the effective fields
(forces) wvhich produce torque on the magnetization per unit volume.

Up to this point, it is worthwhile to mention briefly a1l of the
types of fields or the types of energies which are of practical concern.
Kittel and others (3, 4) list four types of energy that are of importance
in determining domain structure: exchange energy, anisotropy energy,
magnetoelastic energy, magnetostatic energy. The lost energy due to vis-
cous damping is taken into consideration in this study. In 80-20 perm-
alloy film, the magnetoelastic energy can be considered negligible due to
its low magnetostriction coefficient. The exchange energy is considered
for the most part from interaction of electron spins. Since in a perfect -
single domain ferromagnetic structure, domain rotation is the only mech-
anism which allows magnetic change to occur, the exchange energy is a
constant independent of the magnetization orientation with respect to cry-
stallographic axis. This leaves only the anisotropy and the magnetostatic
energy aé the major énergsr contribution in ‘this case of single domain

80-20 permalloy films.



The uniaxial.anisotropy energy is given as
W =X sin2 e
a

vhere © is shown in Figure 1. The magnetostatic energy results from the
applied and demagnetizing field. Hence the t;)tal field would include
external applied field.'ﬁe, the internal anisotropy field Tza, the demag-
.netizing field -I-I-d and another new field, the dynamic damping loss field
'Lir, vhich takes care of thé lost energy (7). This formulation is based
on Landau aznd Lifshitz phenomenological theory of rotational process.

If energy is lost, it must by definition occur from forces opposing
.the motion. For simplicity, it is assumed that the loss forcés are vis-
cous in nature, that is ﬁv = - % vhen a is the phenomenological damping
constant and M is the magnitude of the magnetization. Equation. 3 then

can be written as:

—
.

M=y

=1

x (4 -

-‘Im

=Z1=d
A
>

Forming the vector cross product of M and Equation 4, one ‘gets:
ﬁxﬁ=rﬂ‘x—ﬁxi-%ﬁdﬁxlﬁ) 5

Since

Mx (Mxh) =M (K- 0 -n (M)

1

vhere the term involving (M - M) drops out, Equation S can be written in

this form:

azfda-%r—ﬁx(ﬁx-ﬁ)-i-%‘lzxﬁ 6
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Figure 1. Schematic representzations of a single domain
thin film with external applied fields
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Figure 2. Model for mathematical solutions for waves
between permalloy plated imperfectly conducting
planes



From Equation 4,

Mx M= -I:/I+Til-xﬁ

=Ie

Substitution in Equetion 6 and rearrangement gives:

n=THXE . & Yix (MxE) 7
1+a (1+a" M

which is the Landau-Lifshitz form.

The strip line is operated at microwave freguency, the bias field
varies over a wide range, and the region of great interest is around fes-
onance, i.e., at high bias field. The phenomenological damping constant

a can be assumed to be about 0.0l. Equation 7 can be reduced to:
Mi=MHxE -yt x (¥ x B) e

Consider the megnetic film of a rectangular shape with the coordi-
nates chosen as shown in Figure 1. In the MKS system, the vector magnetic

flux density B in a magnetic domain is given as:

E=uo-ﬁ+ﬁ 9

where u is the permeability of free space, H is the total magnetic
field intensity at the point of interest, M is the vector saturation mag-
netization per unit volume of material. Singe there is no field applied
in the y direction, Eqﬁation 9 gives the demagnetizing field in the y

direction as:

10

a2
"
1
oF ME!



The easy direction of the film is shown in Figure 1 along the z-axis.
The r.f. field is app?_ied along the x-axis and the bias field is applied
along the z-axis, as shown in Figure 1.

Writing the megnetization vector M in terms of its rectangular com-
ponents, by nofing that the r.f. component of M in the z-direction is

much less than MZ 5 induced by the applied bias field, then

—— —

1= 1Im_ + jm_+ kM 11
X y z ‘

where _i, 3 ’ andTi are unit vectors. Similarly ET’ the total magnetic

field intensity can be expressed as:

HT.—.ihx--Jaf-k(HL+HK) | 12

n

where h‘{ is the r.f. field intensity, - LTX is the demagnetizing field in-
) o}

tensity, % is the spplied field intensity and HK is the anisotropy field

intensity.
Due to dependence upon both time and space, it is to be understood

that o s my and hx are no more than abbreviated expressions for
. eJ((Dt-kZ), o eg(wt-kz)
X y

Meking use of Equations 11 and 12,

j(wt-kz)

and hxea , respectively.

MXHT— ilm (HI. HK)+E;m]m
+ ,'{[Mz,hx - m (5 + E)] 13
_omE
+ k[ - i - myhx]

By assuming small angle or rotation, Mz may be approximated by M and the
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| product of small quantities may be neglected. For the uniaxial single do-
main film used, M equals gpproximately 1 weber/me, Hk = 240 ampere-turns/

meter, H_L can be assumed of the same order of magnitude ;-hence H_L + HK <

M
2
o
Equation 13 then reduces to:
V = i —— ! -
Mx Hy,=1 (uo )my + J(Mzhx mxHo) 14
where

- B+ | 1

Substitution of Equation 14 in M x (M x E'T) gives

Mx (Mx ET) = il- M (Mh - mxHO)]
- MZ2 '
+ ,j['—u-o- my ] 16

_ M
+klm (Mh -mH)--2n
yUzx X 0 ko

2]

Substitution of Equations 13 and 16 into Equation 7 produces the following

set of equations:

Mjam =’rMMz m +aM (Mh -mH) 17
e Ky ¥ z Y2 x X 0 :
. 31"1422 :
Mjom = YMMb - mE] - e 18
) Mz 2
0= .-ar[mx(Mth - mxHo) - Eo- m ] 19

Maxwell's equation may now be applied to the film medium. The field



equations needed &are:

&

VxE=- 20

VxH-cE+g-]2 ‘ ' 21

Permalloy film is a good conductor; hence the displacement current term

may be neglected in the above equation, and

V*B=0 ' o 22
Téking the curl of Equation 21

VxVxHE=0VxE 23

Expanding,
W9 m) FEe - B (TN

Since V + B = 0 from Equation 22,

V.2H= A,ogg F) : 24

Recalling that h._, hy, m, and m are written with the assumed function-

eg(wt—kz) , the x-component of Equation 24 then becomes:

m

= s =X
..kzhx = Joup ,(hx + Mo) 25
Rearranging Equation 20,
2 By :
(Jocmo + k )hx = -J0 By o= 26

Rearrangement of Equations 17, 18 and 26 with the unknowns in the order
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hx’ m and my,

2 M4,
aM,h - (Jt + eyME Ju + Tomy =0 27
MZ2 .
- - (5aM + ~)n =
TMMZhx TMH m (juM + oy uo)my 0 . 28
. 2 . _ '
(Jozmo+k)hx+gowmx-o 29

Non-trivial solutions to Equations 27, 28 and 29 will result if the

determinant of the set is zero.

2 . TMMZ
arM, (M arMi ) ™
™M M -(Gatt + &y =)=0 30
g o Ky
. 2 .
(Jou + X7) Jow 0

Going through with the algebraic manipulation, and neglecting relatively

small terms,
M M
(o + k)@, - o + Jar 2 o) = -y Zyom (L + jaw) 3
M mn o'
o o o
vhere
L2_ M
o= m Ho 32

From Equation 26, the susceptibility)g( is given by definition as

mx
Xe=gp
X
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or 5
jouuo + k
. 33
~jow
Substituting Equation 31 into Equation 33, one obtains
M . :
™ (y—+ jaw) 34

’)( - 2 Mg
x [w2-w2+ja;fgz—w]
e} lJ-O.

If the phencmenological damping constant a is neglected, Equation 32
illustrating the resonant condition will reduce to Equation 20 given by
Kittel (8) describing resonance for a plane specimen. Kittel's Equation

20 given in the cgs system of units is:

= 2&}”2

V=T {(H oA+ o=

!
where HZ + 2! is equivalent to H in our Equation 32. Since
Z

o

.=
M

A

<< 4nM

for the practical purpose, the Kittel's Equation 20 bears the same form
as Equation 31 with the term involving the phenomenological constant neg-
lected, namely

e’ 1/2
@ =T [4nM(HZ + M—)]
Z

Ferromagnetic resonance phenomena have been investigated from radio fre-
quency to ubf and for different bias configurations (9-14), in the en-

deavor to study the reversal phenomena, to determine the phenomenological
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damping constant a, the anisotropy field, Hk and the Lande splitting fac-
tor g. A comparison between these technigues and the methods suggested
here will be drawm in Section III, A.

| The film permeability may be found from the susceptibility equation.

Let

1"

' -
Ko =X - Xgy 55
"Rationalization of Equation 34 and recognition that Mzg M for small
angles results in:

f M
A+ ga)l(0® - o) - gar Lo
p.o o llo

36

[(a)02 - m2)2 + (ar I—;f: w)2]

By noting that a2 << 1, the components of Xlx can be presented in a more

simple form.

' 2 2
X! - o (o - ¢7) -
o [(a)02 - m2)2 + (EEM w)zl

e}
-

- . M
Similarly, by remembering that H << -“—,X 1x

<28
aer(co2 + r—zﬁg)

1 _
° 38

[(%2 - PP+ (a % ©)°]

can be expressed as:

Y i.-

b. The bias field for peak value of the real part of the film sus-

ceptibility At this point, it is worthwhile to find the expressions for
1
B vhich will yield pesk values of le .

Substitution of Eguations 15 and 32 into Equation 37 gives:
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M2 r 2 M >
.(E;) Iy E(HL*'HK)'“E] 39

1
Xlx -

2 , 22 M 2
[(r E;(HL*HK) - %) +(ar§w)]

where cnl is the operating angular velocity. Differention of Equation 39

with respect to HL and subsequent equating to zero gives:

[rgf—o(HL+HK)-w12]'=i(arl—:;ml) , 40

With a little arrahgement , Equation 40 becomes:

H"L -7 41
vwhere H’Lo = Ho - HK’ the value of applied field necessary for resonance.

From Equation 41,
!
ody, = Y 42

Equation 42 agrees with the result given by Conger and EZssig (10). Based
1
on Equation 41, it is obvious from Equation 39 that xlx will reach its

negative peak value at HL = HLo = - and a positive pesk value at HL =

L.

2. The permeability of megnetic-thin film as a function of bias field.

a. Derivation of magnetic film permeability As mentioned before,

the magnetic f£ilm flux density in a ferromagnetic domain in the MKS system

of units is:

§= uof-!-ﬁ
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By definition, the permeability is

=
]
ol

hence

p=p + K 43

Since)(_:Lx is shown to be a complex number, similarly Ky, can be writ-

ten in the same form:

t 1

Big = By = JHpy

then can be writ-

Since uo is the permesbility of air, a real number, p'lx

ten as:

1 '
L'llx=“o+.L_bc . ' . 45

In the situation under investigation here,
2 2,2 M 42 M2, 2 2
p (0 - o)+ p (ar0o)” + ()0 ® - o)
' o' o ChT By o .
ulx = 46
[(wo2 - m2)2 + (ar M o 2]

Ho

Since g—- > Ho and 1 > 32, Equation 46 becomes, after minor rearrange-
o)
ment:

2 2 M2 2

(6, - &) [(E® -
= 47

[, - &)+ (o= o]

My

¢

From Equation 47 it is observéd that uix changes sign twice, one time at
resonance, the other st w= El‘ﬁ . The imaginary part of ulx is the same

o .
as the imaginary part of xlx’ hence:
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'l" '
w (ar— o) (2 + 7]
n H H
w = o 0 18
[(m02 - a)2)2 + (a:rff— m)2]
o

From Equations 47 and 48, it is seen that p'lx willAhave the follow-

ing form:
ulx = I'1op'rlxv 49
where Bax is the relative permeability. Hence
(0 2 - D)2 - 2
o )
o]
Hrix =
2 242 ™M 42
[(a)o -0 )" + (apo )] 50
..M M2 2
~3(ar - w)[(uL) + o]
0 o] .
[(a:02 - u)2)2 + (auLM- 0.))2]
o]

Since it is expected that the film

b. Peak values of Hoax
permeability will have a direct effect on the behavior of the electro-
magnetic field in the strip line, it is worthwhile to analyze the perm-
eability curve in detail. Once the relationship between the propagated
wave znd the film permeability is esteblished, one cen be used to pre-
dict the behavior of the other, and vice versa.

From Equation 40 it is noted that Xl’_x reachés a negative peak value,
then a positive peak value; hence it is expected that u;lx will behave

likewise.

By subétituting the negative root of Equation 40 into the real part
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of Equation 50 and by making use of the relation %— >> Ho , with some
: )
arrangement, one obtains

! ™

1! .= - Sla
r1xMin 2uoaml

Doing likewise with the positive root of Equation 40 one obtains:

s TM o -
HrixMax = 2u_at 51b

Equations Sla and S1b offer some interesting information concerning

the frequency range at which thin film devices can be operated. Since
1

Brix
f
frequency, the lower the amplitude of Boixe The saving factor for this

t
situation is that Py also varies inversely with respect to the damp-

varies inversely as the operating angular velocity, the higher the

ing constant a, which is expected to decrease at high bias field in-

l
tensities. My will go through zero at resonance end at w = EXI— .
o}
1t

It is obvious from Equation 50, that Bx will reach a meximum
value at resonance, i.e., w2 = a)oz. By substituting this relation into
the imaginary part of Equation 50, and teking into consideration the

M
= >
fact " Ho B

o}
1
™
B r1xMax B &0 ’ 52
Comparison of Equation 52 with Equation S5l1b,
" []
’ 53

p‘rlxMa.x = a"r

It is interesting to note from Equation 53 that the maximum of the real
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paxrt of By is ;elated to the maximum of the imaginary part of Ry
by & factor 1/2. |

Tt is informative to find the value of p:lx at the bias field in-
tensity HP, vhere “:lx reaches the peak value. By substituting Equation
30 into the imaginary part of Briy and meking use of the relation g— >

o
Ho , one gets

Prix - 2 W 54
H
b
Hence
" '
Mooy =y rlxMax A 55
H
i

From Equation 55 it 1s observed that the peaks of the real part of
By will occur right at the half width posi’c;lon of the imaginary part
of By and equal half of its maximum value. The amplitude of p':lx also
varies inversely with angular velocity w and damping constant a.

In summary the magnetic film permegbility is made up of a real part
whlch contributes the inductance to the line and the imaginary part which
represents the loss component. The real part varies from a negative val-
ue, reaches a negative peek, goes through zero then reaches a positive
peak as the bias field increases; while the imaginary part representing
the power absorption of the film at resonance always remains positive

and reaches a peak at resonance bias field intensity. The peak value of

the real part is related to that of the imaginary part by a factor 1/2



and occurs at the half width points of the latter.

3. The boundary value problem

Before solving the boundary value problem, a discussion of the fol-
lowing assumption will be in order.

The conducﬁivity of a permalloy film is in the neighborhood of one
tenth of that of copper, a.nd its skin depth at 1000 Mc is about 6 x
10-4 cm or 60,000 angstroms. The practicel film thickness varies from
50 to 5000 angstroms depending on the application. The film used for
the investigation was approximately two thousand angstroms thick. The
ratio between the film thickness of 2000 angstroms and the skin depth is

about 3.3%. Under these circumstances,

e-0.033 e-J0.033 -J0.033

H=H =0.97 H e
o o

The amplitude and the phase constant change about three per cent
throughout the film thickness., It is reasonable to assume that for a
film not much thicker than 2000 angstroms and with the ‘operating fre-
quencir around 1000 Mc, the inagnitude and phase of the electromagnetic
wave remain the seme through the film thickness and as a consequence,
for the above operating frequency, the spin wave effect may be neglected,
(15, 16). For thinner- films, the frequency may be much higher and the
above assumption is still satisfied. With that assumption, the boundary
value problem can be attacked directly.

Consider two parallel planes made up by a good conductor coé.ted
with a magnetic thin film aé shown in Figure 2. Let air be designated

as medium 0, permalloy film as medium 1, and the outside conductor as



medium 2. Starting with Maxwell's equations

V:D=0 56
V-B=0 57 °
vx§=-§-—§ 58

oD _ | 59

VXH-—OE'!‘S—

Forming the curl of Equation 58,

VxVxE._-u ng—H- .

Expanding,
YY - E) - VE= - Vx( )

By remembering that V - E= 0 from Equation 56 and that time and space
partial derivatives msy be taken in either order, and obtaining V x H

from Equation 59, one finds:
YE= - %(o’f-}-(—:%-ﬁ) 60

where ¢ is the conductivity.

In 2all enalysis to follow, all the coefficients Ex’ Hx’ Ey, ete.

are functions of x and y only; since the z and time functions are taken
swp=T
care of in the assumed ert Z, Hence

2
V2E-V2 E+ = a
Bz
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3%8 2

322 .

Equation 60 then can be written as

— 2-— —
V2 E+ "TE= 3 o+ joe) E
- Jap (o + jue)

Assuming there is no variation in the y-direction, the above equation re-

duces to
d—a-‘g- = %% 61
ax

where
X = Pe-jmdc+-m£) 62

a. Medium O: air Since in free space, 0 < e, , one has

-

2 2 2 :
ko = p +0.>u°€° 63

Due to the boundary condition involved a solution with EZ odd in x is

sought and expressed as a sine term.

E, =A SinK_ 84
From (17)
1 BEZ BHZ
E = - +
" P2, 2 [ & rmgg]
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vhere k2=a)2p,<-:
r : ‘ _ _
E =-—ACos Kx : 65
k o) '

X
0

H& is given from (17) as:

1 al:‘-“z aHz
o= - T2 [jwe 5=+ TS ]
Since HZ- = 0,
-jaﬁo
H = A Cos k x 66
Yy ko o] o)

b. Medium l: permalloy film From this point on, the subscript

x on the magnetic film permegbility p.l is dropped to simplify the equa-
tions.

Let the permeability, the conductivity and the dielectric constant
of permelloy film be designated as s dl and él respectively. TFor

conducting magnetic film, it follows that
v2 2 2
E= -~ +k)E
- ( )

using the same I" as in the free space region, since the continuity re-
lations between the fields of the two regions must be satisfiéd at the
boundary for all values of z. Assuming that there is no veriation in

the y-direction, one has:

5 =k E ' 67

where
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2 L2 . .
lﬁ‘ = | = Jml(cl + del)

Since permalloy film is a good conductor, then this relation oy >>

“lel holds, and the following equation results:

2_ no

Ezl then has the solution of the form:

-3k x Jix
1 = Ble + Bee

- jwplol 68

E 69

Referring to the continuity relation at the boundary mentioned above,

since f’2 should turn out to be of the same order of magnitude as

Qe
a?uoeo, and since = <K i, " in Equation 68 may be neglected; hence
1
2 .
ko= -y 70

Carrying out the same prqcedure as in free space, one finds:

< -,jklx' Jlﬁx
E, = %—l— [Be - Bye ] 71
~ Similarly
- jcl "jklx j]ﬁ_x
nyl = ? [Ble - Bze ] 72

At the boundary, i.e., at x = g- » B, and E_mst be contimous. Apply-
ing the boundary condition to the tangential electric field in Egquation

64 and Equation 69, one obtains

. S .. S
= B.e k12 + B.e kl 2

i o 73

A Sin k
o

N,

0o
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Application of the boundary condition to the tangential magnetic field

in Equation 66 and Equation 72 gives:

we

c.
-—=—2 A Cosk ==
o] o}

s
£ 2 K5

c. Medium 2: the conducting material For the conducting mater-

. S . S
—J — J —
(B e 2, 0,

o 74

ial in region 2, using the sare f7as in region 1, i.e., the same/? as

in free space due to the continuity relation for all z one may also

write
d2Ez 2
-3 = -k2 EZ 75
dx
vhere
2 2 v
. _ s .

Since medium 2 is made up of good conducting materiel, the ja£2

term as well as r’2 may be neglected, with the approximate result:
k 22 2 o, 77
2 T %% |

The solution of Equation 75 is written in terms of exponentials, retain-
ing only the negative exponential term so that the field intensity will
die off properly as x spproaches infinity. The result is:

-jk.x

E,=C, e 2 78

For the electric field and the magnetic field in this region,



26

carrying out the same procedure as for the two previous media and using

the condition mentioned above, one gets:

. -jk. X
E_ =9 ¢ ¢ 2 ' ' 79
2~ k. 2
)
(o)) -k x .
H =—2 ¢ o @ 80
y2 kK, 2
Let
s+2d=0b ‘ 8L

vhere d is the magnetic film thickness.

Applying the boundary condition to the electric field in Equations
69 and 78,

... D o, D ., D
=ik 3 3 3 -3k, 3
B e kl 2 + B, e #l e C. e 22 82

1 2 2

Doing likewise for the magnetic field in Equations 72 and 80,

-jk b

3 b
9% ik 5 5 & ) 05
—_— - 2 e

kl [Bl e

Equations 73, 74, 82 and 83 may be rewritfen with the unknown con-

o
2

= —C. e 83
k2 2

stants in the following order; A , Bl’ BQ, 02:

o

s:.n’—o%./s.o-e 2Bl-e 232+o =0
we o. -jkl s c. jkl s
o) s 1 2 : L 2

-—— Cosk =A =-—e¢ B, +—e¢e B.+ 0 = 0

ko o270 kl 1 k1 2
b . b . b
-k 3 o I3 -y 5 _
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... b .
- S J
elﬁgB -l-ek‘L

© 1

+

In order to have nontrivial solutions, the determinant made up of

the coefficients of the above homogeneous equations must be equal to

zero. That is:
. s . ]
. s. -k 3 3
Sink = - e -e 0
o 2
. s . S
_ o s o -dg3 o &3
D= -wk_COSkOE - — € 0]
o =1 5
b . b b
- — k — - —f
. op -3 3 o 3 Ty ~Jk 5=0
0 — e -— e —Ze
5 5
) o D s b
A ¥ 3 ¥y 3
0 e e -e
- 0'2
Multiplying the fourth row of the above determinant by - e and
2
adding to the third row, one has:
. s . S
e %o - 5 -3k 3
Sin 5 s -e -e 0
. s . s
-ﬁCOSki _ﬁe-Jk]'E c_lJlL‘l'E 0
k 02 k1 k.
o 1
-5k 2 qe DTl
o % T3 o % K3 e
0 (—" - k—)e -(—- + .k— 0 =0 T
k’l 2 kl 2
... D ... b .. D
-3k 3 I 3 -k 3
0 e e -

The above determinant reduces to:
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.. S . s
s -k 3 -
Sink = - -e
o 2
-Jjk 2 we o, -jk = o, ik, =
23 o s 1 "3 1 K3
e -TCOSK 3 -—e — e . =
2 2 k)
. b .. D
o G "5 0 O I3
0 (&= - e (e
2 RTE
'jkeg :
Since the operating frequency is finite, e cannot be egual to
zero; then the determinant has to be equal to zero. That is:
a g, O© s jﬁf{b's) G, O, © 'Jif(b's)
L oo st 1,1 2 1,1 2
ZLsink 212 (F+ D -2 (E - e ]
5 S 2
we s ¢ o, O, J2_'(1"5) o, o, 'Jﬁb's)]}
+ — Cos k (= + e + (= - =) =0 g4
ko o2 kl k2 kl k2
Let
c. g
5 5
o. c
1 2
—_— . ==X 86
kl k2 2

Substitution of Equatidhs 81, 85, and 86 into Equation 84 gives

the following interesting result:

c jkld -jkld
1l .. s
kl—- Sin k3 [Nl e -, e ]
we jkld» -jkld
o) S .. _
+ 4 Cos k = [11 e +T,e ] =0



Dividing through by Cos ko % and rearranging,

Jk,d -jk.d
wekl N ela'%-N el&
tank S= .91 [ 2 1 87
0BT T g S A
o1 Nle -Nze

Recalling that

k02 = ]"2 + wauoeo s

and since from the approximate a.ﬁa;ysis r‘2 is expected to be near the
value (-aaep.oeo) found for the ideal case, ko should be very small end
it is reasonable for a first order analysis to approximate the tangent

by the angle in Equation 87. Then

jk.d -jk.d
s kl Nlek‘L+I\12e kl
k sk = = =g —ea |
> ° ° 1 NeJ]ﬁ - N eJkl
1 2
or
ke -
. 2= i 2ux~:okl [Nl e + I\I2 e ]
o T . L mE o
1 I\le -N2e
Lethp.e =k2.
oo o)
Then
Jk.d -Jk.d
[12 5 Zausokl[l\‘lekj'-i—Nzekl]
= -k - - -
o TTes T R/ET T
Nle -vN2e

After some minor rearrangement,
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_ Jk.d -jk d
o 2 ZIL_L Nlelﬁ'+1‘4'2ek'L
M=k [L+g ( . —)]
g, M s Jkld -jk,d
olo N e - X 1

1 By €

H
0 R .
where Tlo = — , wave impedance in free space.

€
0
Jk,a
Factoring out Nl e in the second term of the above equation,
Na
and letiing T R,
1

. ~jk, d
2 (LtRe
kX 0.7 s -j2k d
olo 1-Re2kl

2

.2
NS = -k [1+ 88

Ratio R may be expressed in terms of strip line pearameters as fol-
lows:
kp 0 -k 9

=
ky 0 Ky 0y

Recalling from Equations 63, 70 and 77 that

R

and k2 = =Jjuuo,
the gbove relation for R then can be written as

. 1/2 . 1/2
Ba (JWEUQ) Gl = (leul) 02

) 1/2 Y Z
(Jarya, )™= o) + (Jow o, )" o

Factoring out (,jwalce)l/ 2 from the above equation,
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] (clug)l/ 2 (agul)l/ 2
(o2 + (o0 72
or - _‘12_“_1_)1/2
R = iy | 89
1+ ("2”1)1/2
il

Substituting Equation 89 into Equation 88 and taking the square
root , the propagation constant of the electromagnetic wave in the strip

line in terms of strip line parameters and magnetic film permeability

beconmes: /
1l/2
( _ %M 1 /2 - w
L- G
1'2 -j’é‘l&d
1+ e
c
L 2“1)1/2
% iy
\_I = 'jkO 1+
! k oNs
olo L (62;11)1/2
o ks -321:16.
l - e
o
M1/
L B 1+ () / - J 90a
12
where
k = o{p € )l/2
o] O 0
ol 1/2

cl = permalloy conductivity

conductivity of conducting material in medium 2

Q
]
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d = magnetic film thickness

'ﬂo = 377 ohms |

s = spacing between two parallel plexes

Hy = permesbility of conducting material in medium 2

By = magnetic £ilm permeability obtained from Equations 49 and 50

Combination of Equation 49 and 50 gives

w, =t
rl uo
or
2 2¢qM2 2 ,
(0 =07 H)" - o] (armo) (T )% + o°]
° Ho Mo
Py = - 5
242 TM (2
[(w02 ) a)2)2+ (arglgm)z ] [(mo -0 )" + (a-%a)) ]
° 90b

As a check of the previous assumption, using the film relative perm-
egbility given in Figure 3, the spacing s ebait 1 millimeter end the film
conductivity of 0.5 x 107 mhos per meter, with frequency high enough, it
can be shown that the second term of Equation 90 is small end ['© is in
the order of -a)euoeo.

The evaluestion of the reflection coefficient is beyohd the scope
of thié work, but once the propagation constant is known, thke reflection
coefficient (17) can be solved for by using the relation coefficient for

the input impedance
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Figure 3. Film relative permeability components
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[chosh1>£+'nc sinh 1 2

'ﬂc coshr\s!+zc sinh 1 £

i c
where 1'1c is the characteristic impedance

+ 1Acosk'ox

6 = Ex _ ko _ =3
c + wE
By LWE o)
Jk—o A cos ko X

The reflection coefficient is then:

4. Analytical evaluation of Bz and the transmitted wave of electric
field intensity

The Cyclone Computer was programmed to handle simultaneously Equa-

. .
tions 90a end 90b, to give Rel = &, Tmagl' = B, Re by =, and
' , ,

. R
Imag K.y = K. - In addition, since ¢ was found, the transmitted wave
of electric field intensity through the length £ of the strip iin_e was
found in the same computer operation, the equation of the wave being

Qg

g =1.0e .

tr]

The parameters used for the computation are given below:

a= 0.01

B = 240 ampere-turns/metei'

0.15 x lO-3 meter

S

d = 500 A, 2000 A, 4000 A

£ = 700 Mc, 1000 Mc, 1500 Me, 2000 Mc



35
6
o, = 4.76 x 10 mhos /meter
_ 6
5, =6 x 10 mhos /meter
2
M= 1 weber/m
' g
T = 2.21 x 10° cycles per second per ampere-turn per meter

H = variable bias field intensity, in ampere-turns per meter

a. Computation of fllm relative permeability, B The components
of the relative permeability of the magnetic film are plotted in Figure 3
for three frequencies, 700 Mec, 1000 Mc and 1500 Mc. It is interesting to
observe that the amplitude of the real part of the permeability is alwsys
half of that of the imaginary part, as predicted in Eguation 53. The pesk
of the permesbility curves decrease as a function of frequency and. the half
width of p.:l increases with frequency as predicted in Equations 52 and 53,
respecfively.

Another interes:ting feature is that the reel part of the permezbility
béyond the resonance bias field intensity changes much more slowly ‘than the
ima.ginary part. Since the inductance is related to the real part of the
permeebility, one can then, by varying the bias field intensity, change
the inductance from positive <®o nega’civev and vice-versa.

The curves of both éomponent‘s shift to the left as frequency decreases,
due to the presence of H‘K of the film; at low frequency, one can expect the
inductance will deci'ease as the field increases. One élso notes that uz"l

changes very fast between the positive and negative peaks. This behavior

will be used in the device application as illustrated in Section III, B.



b. Computation of the attenuation constant, & With the results

obtaineé from the computation, the curve of the real pért of the propaga-
tion constant, i.e., the attenuation constant, was plotted vs. bias field .
Aini':ensity for 700 Mc, 1000 Mc and 1500 Mc for three different film thick-
nesses, 5004, 20004, and 4000A as shown in Figures 4, 5, and 6.

" It is observed that as frequency increases, the half width of the
curve also increases. The same effect is observed for tne imaginary part
of film relative permeability. An increase in frequency shifts the
curve toward the high bias field intensity and raises its amplitude by a
small amount.

For d = 2000A, the half width increaseé and the peak of the Q curve
increases noticeably as frequency increases. It is also observed that the
O curve is not symmetrical as one might expect from its similarity with
the curve of the imaginary component of reiative permeability. The slope
on the right side of ¢ curve is mich sharper than that on the left.

For 4 = 40004, similar behavior is observed. It is interesting to
note that @ changes more dras.tical_ly with respect to freéuency as the film
becomes thicker and reaches an optimum thickness, approximately 3000 A in
this study.

For film thickness of 2000A, as the frequency varies from 700 Mc to
1500 Mc, there J.s an increase in attenuation of 6.5 nepers per meter;
while for a S00A film, there is only an increase of 2.0 nepers per meter

for the same range of frequency.

c. Computation of the phase constant, B The solutions were obtained

for B as a function of bias field intensity HL for few typical frequencies
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such as 700 Mc, 1000 Me, 1500 Mc and 2000 Mc for cartain film thicknesses.
The curves of B for film thickness of SO0A, 2000A and 4000A are shown in
Figures 7, 8, and 9.

For 4 = 5004, one observes at all frequencies the f vs. HL curves
have the same shape as the l-l;l curves shown in Figure 3. One might expect
thé difference between two peaks values of the curves to decrease as a
function of frequency as does the difference between two pezks values of

1
Ba- On the contrary, the difference between the two peagks of B increases

slightly, not at the same rate as that of i . decrease. The actual value

]
rl
of B does increase with frequency. One thing is true here for both the

p . and P curves, that an increase in frequency does shift both curves to-

rl
ward the high field intemsities as expected from the resonance Egquation 32.

For @ = 20004, the phase _angle B increases rapidly with HL but the
only curve vhich shows a distinet negative peak is that at 2000 Mec. For
lower frequencies only the meximm of B is observed. The maximum phase
difference for this thickness is about 31 radians per unit length.

For d = 4000A, a similar pattern is observed. Even though the B
curve for 2000 Mc is not obtained, one may make the following observation: |

The difference between two peaks of the B vs. H.L curve does not

increase much as function of frequency but does increase notice-

ably as the thickness increases. An increase in the film thick-

ness has a tendency to shift the minimm of the curve toward the

weak bias field intensity.

d. Computation of the transmitted wave In order to be able to

compare the analytical result with the experimental result, it is desirable



(9]
N

N
m

B (randians/meter)
%
b

158

12}

1000 MC

d = 500 A

700 MC

A . A A A A A

16 ‘24 32 40 48 56
nL(J.oo ampere-turns /meter)
Figure 7. Phase constant



42

56t

52

B (radians/meter)
& (S

[
N

a8}

'y A A A A A A A

— A -

8 16 24 32 10 28 56
4 (100 ampere-turns/meter)
Figure 8. Phase constant



8 (radians/meter)

lat

10

A

43

—.

16

24 32
HL(IOO ampere-turns /meter)
Figure 9. FPhase constant



>
[

to use the proper length of the strip line considered in the experiment to
formulate the transmitted wave. The length of the strip line used is ép-
proximately 0.06 meter.

Assuming that the electric field‘intensity at the input side of the
strip line is maintained at unity, then the output electric field intensi-

Ty can be expressed as
Ibtrl =1l.0e

The above equation is evaluated at 700 Mc, 1000 Mc and 1500 Mc for three
different film thicknesses of 5004, 2000A and 4000A and the resulis are
shown in Figures 10, 11, 12.

For d = 500A it is interesting to note that the amplitude of the trans-
mitted wave, as a function of bias field intensity taken at different fre-
quencies, has the form of the inverted attenuation curve. It is also ob-
served that the amplitude of the transmitted wave decreases as the fre-
quency increases and the half width increases with frequency.

For the geometry of the strip line in question, a film thickness of
SO0A can only suppress the amplitude of the transmitted wave down to one
third for a certain freguency.

For 4 = 20004, the half width increases with freguency and the mini-
mum amplitude of the transmitted wave is nalf of that at 500A.

For 4 = 4000A, the same pattern is observed. It is of great interest
to note that for this special thickness with the same bias condition and
the same operating frequency, the amplitude of the transmitted wave is

-much less than for thinner films, and the minimum does not decrease
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noticeably compared with that at 2000A.

Consequently it seems that an optimum film thickness will miﬁimize
the transmitted wave at the "cut-off" condition, i.e., at the lower peak
of the transmitted wave; and give a fast rise of the wave emplitude in the
transmitted region.

One can observe that the transmitted wave curves are almost symmetric-
al. The dashed parts of the curves are guestionable. The points contrib-
uting to those parts of the curves were obtained with the assumption that
the film was single domain and the rofation angle of the magnetization was
small. These assumptions are no longer true at low bias field intensities.
Theoretical investigation of this range of HL is beyond the scope of this

investigation.

B. Experimental Verification

1. Description of the strip line

The permalloy film was vacuum deposited on a 6 mil glass substrate -
1 inch by 2 inches with the easy-direction along the width of the glass
plate. The film was then cut into small strips 1 millimeter wide with
the film easy-direction along the strip line. The film strips were then
embedded on b9th sides of the center brass conductor of 3 mil thickness.
The whole arrangement was then sandwiched between two outer grounded con-
ductors made up of fwo pieces of brass 1 millimeter wide and 6 cm long.

Figures 13 and 14 show the top and side views of the strip line used.

2. Measurements

The bias coil consisted of 800 turns wound around a square paper tube
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Figure 13. Top view of the strip line

Figure 14. Side view of the strip line



50

with 1 square inch cross section and 6-1/2 inches long.

The measuring equipment consisted of:

Power oscillator, Type 124, Airborn Instruments Laboratory;

Varisble attenuator, Type 874-GA, General Radio;

Coaxial slotted section, Type 805 A/B, Hewlett Packard;

Standing wave indicator, Type 415 B, Hewlett Packard;

Vacuum tube voltmeter, Model 610 B, Hewlett Packard;

Microwave power meter, Model 430 C, Hewlett Packard;

Power supply, Model 722 AR, Hewlett Packard.
Figure 15 gives the block diagram of the measurement set-up used in this
investigation.

Due to the construction of the strip line and equipment limitations,
the measurement of the phase constant could not be carried out as desired.

The transmittea povwer for a frequency range from 700 megacycles to
1250 megacycles wés measured. An effort to maintain consfant voltage ;-
cross the strip linebduring the'measurement was made with the available
equipnment. Fd% the low frequency, the vacuum tube volimeter was inserted
between the strip line and the variable attenuator. Unfortunately this
voltmeter can be operated only up‘to 700 megacycles. Above 760 megacycles
the slotted line was used to locate the position of the strip line. The
standing wave ratio meter was calibrated with the power meter, so the
same power level could be maintained by observing the standing wave ratio
meter indication throughout the measurements.

Before discussing the data, it is worthwhile to recall some differ-

ences between the analytical method and the experimental approach. In
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the analytical part, one evaluated the amplitude of the transmitted wave.
In the experimental approach, the power of the transmitted wave was mea-
sured instead.

In order that the most general equations might be developed, the
strip line considered in the analytical part was made up of two parallel
plane conductors, both plated with permalloy, with air as the supporting
dielectric. In the experimental work, since the minimum spacing between
the two parallel plane conductors was desired, only one of the two planes
was covered with permalloy film and glass was the supporting dielectric.

The data tzken at 700 megacycles, 800 megacycles, 900 megacycles,
1000 megacycles and 1250 megacycles with the bias current varying from O

to 1.2 amperes are presented in Figures 16 and 17.

C. Discussion

As pointed out previously, the strip line described in the analytical
part and the model used for the experiment were not quite the same, due to
the narrow choice of films and substrates. Hence the eddy current losses
as well as the dominant effect of the film thickness are important reasons
for the higher attenuation observed in the experimental results. In addi-
tion, the experimental output was measured in watts while the analytical
output was computed in volts.

The irregular spacing between the output curves of Figure 16 is due
to the switching of the voltage indicator at the strip line from the
vacuum tube voltmeter to the slotted liné and fhe standing wave indicator

combination.
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It is interesting to note that at low bies field intensities, the
experimental output curves do not cross one another as the analytical
curves tend to show, because the latter were computed with the general
assumption of a single domein film and a small angle of rotation.

The difficulty involved in the cutting of film into smaller strips
m2y be alleviated by the use of electroplated wire as a center conductor.
The strip line construction then reduces to a single task of putting the
plated wire as a center conductor between two grounded planes (18).

Since the region of greater interest is near and beyond the reso-
nence point, where the film is operated at high bias field intensity,
£ilm uniformity is secured and problems such as multidomain films or
considerable low field loss at low bias field intensities are eliminated.

Anothér interesting observgtion mey be made on the analytical results.
If the transmitted weve amplitude curves of Figures 10, 11 and 12 are in-
verted and observed carefully, they bear some resemblance -to the real
part of the film permeability below resonance. In other words, the atten-
uation observed is not due mainly to the absorption curve and losses as
one might expect, but also carries the earmarks of a reactive atitenuation.
The later phenomenon was verified experimentally by meesuring the standing
wave ratlo, hence the reflection coefficient, as a function of bias field
intensity. It was found that the standing wave ratio reached a maximum as
the transmitted wave reached its "cut-off" and tapered down as shown in
Figure 18 where both power transferred and the voltage standing wave rafio

are plottéd as function of bias field intensity at 700 Mc.
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ITI. APPLICATIONS

A. A Technique To Determine the Phenomenological Damping
Constent a, the Lande Splitting Factor g, and the Ani-
sotropy Field Intensity HK

It is interesting to note from Figure 7 that the phase difference be-
tween the minimum and the maximum does not change much with frequency but

the half width does increase with frequency according to Eguation 42.

42

<|8

A HL =
where

ge b
T= 7

As a consequence, one can expect that for certain film thickness, the
losses do not affect the behavior of the B curves. Hence Equation 42 can
be used to determine a or g for warious frequencies. AHL will be the a-
rithmetic mean of the bias field intensities at the two peaks of the B
curve.

As mentioned earlier, ferrc;magnetic resonance phenomena have been in-
vestigated (9 - 14). The phenomenological demping constant a, and the
Lande splitting factor g, were determined by using the half width of the
absorption curve measured by using cavity techniques. The gbsorption
curve. as obtained depends on the dispersion of the anisotropy field HK
The gbove difficulty is eliminated by the method suggested above.

From data which can be obtained from Figure 7, one can also calculate

HK directly by using the resonance equation
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or

Let HI.l be the bias field intensity necessary for resonant angular
velocity @y and HL2 be the bias field intensity necessary for resonant
angular velocity a)e.

Then 5

=LD]>LLO-
B 2 He

and w2
2 LLo

Ep= 2 - B

If the bias coil had a fixed number of turns per meter, then the
ratio of the two e@.a’cions above can be expressed in terms of the bias

current as follows:

The above equation offers a method of determining HK at any angular veloc-
ity by obtaining the curve for two different angular velocities and re-

cording the corresponding bias currents.
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2« Device Possibilities

1. A phase modulator

It is interesting to note from Figure 8, that for a film thiclmess
of 20004, at 2000 Mc, the maximum phase change is about 31 radians per
unit length for a bias change of about 2900 ampere-turns/meter. Since
the phase change is also a function of film thickness as seen from Fig-
ures 7 and 9, one can.expect there is an optimm film thickness for & max-
imum phase change condition.

Referring to Equation 90a, the spacings between the two parallel
planes is another parameter which can be used to advantage for this ap-
plication. By reducing s, the phase constant P increases.

To obtain a certé.in phase constant, one can eithe;' increase the
length of the strip line or reduce the spacing between two plane conductors.

Magnetic films are known for their high speed. The switching time is
of the order of a na.nosecoﬁd, hence the phase change as a result of ap-
plied bias field intensity can be expected to occur J.n the oraer of a re-

laxation time, i.e., in less than the usual switching time (19, 20). -

2. An amplitude modulator

It is obvious from Figure 11, where the amplitude of the transmittéd
wave 1is ploi;-ted vs. the bias field intensity, an amplitude modulator at
microwave frequency can be obtained. The normalized transmitted wave amp-
litude can be controlled to vary from 0.18 to 0.7 linearly as the bias
field intensity sweeps from 2000 to 3700 ampere-turns per meter. Here
again, the amplitude change will depend on the film thickness and the op-

erating frequency. As in phase modulator applications, the parameter s in
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Equation 90a can also be adjusted for the maximum advantage.

3. A thin film microwave switch

It has already been shown that at certain bias field intensities, a
minimm transmitted power occurs; at other intensities, almost complete
transmission occurs. This achieves the purpose of a microwave switch.
Even though the magnetic film is not able to completely cut off the trans-
mitting wave as seen in Figure 11, complete cut-off is not required in |
certaein applications. If space limitation is a major problem, then the
magnetic film geometry advantage can be used to fabricate compact minia-
ture microwave switches. 4One can change from one state to the other as
fast as the bias current can be switched, since it only takes the film

less than a nanosecond to change from one state to the other.

4. A tunable low pass filter

From the resonance relationship

0 2= y? I:——(HL+HK) 32
o}

o}

" and Figures 16 and 17, one can’expect for a specific bias cut-off to oc-
cur at & specific @ - Waves at angular velocities below @ will be trans-
mivted, while those at angular velocities above @ will be suppressed.

It is interesting to note that one can tune to any cut-qff frequency
just by applying the proper bias. The disadvantage is that the strip
line cannot cut off the wave completely, bﬁt in cases where complete cut-
off is not an important factor but space-saving and speed are mostly desired

then the magnetic £ilm can be of advantage.
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S. An electrically movable discontimuity in the strip line

In a transmission line, it is often desirable for matcl}ing or tuning
purpose to be able to move the short slong the line. As pointed ocut in
Section II, C the cut-off occurs as a result of reactive attenuation,
hence reflection occurs at cut-off as indicated by the maximum VSWR re-
corded at cut-off bias. The film biased for cut-off can be considered as
a discontinuity in the strip line.”

+ Ho be the bias field intensity necessary for the discontinuity to
occur. If the strip line was located along the x-axis and if the bias coil
was wound such that the magnetic field intensity decreases linearly as a -
function of x, then by varying the bias current one can electrically move
the discontinuity to any point Xys Xpy Xg anywhere along the strip line,
as pictured in Figure 19.

The above solenoid has been designed and checked. It is fou.pd out
that in order for the magnetic field intensity to decrease linearly as a
function of po"sition, the number ;>f ampere-turns per meter on the solenoid

is inversely proportional to x.

6. A unifcrm OR circuit at microwave freguency

t is very difficult to make a large film matrix uniform by either
evaporation or electroplating. Since the dots comprising the matrix are
not uniform, some are _single domain and others are not; as a result, the
signal inducéd at low field intensities will be non uniform.

High field intensities will force all films to be single-domsin; as a ..
result, the induced voltages will be identical. If the bias coil of the

strip line is made up of = mumber of uniform coils, then a finite bias
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Bias field intensity (5,)

om

Position
Figure 19. INlustration of the electrically moveble dis-
continmuity
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current applied to any coil will yield a fixed output at the end of the
strip line. As a result one has a uniform OR circuit.

The devices suggested in this section, as the title of the section
Jimplies, are only device possibilities. Some special design will be ne-
'cessa.ry in each case in order that the application conditions imposed may

be met.

Naturelly there are other device possibilities that could result
from the above strip line or any modification of it. No attempt has been
mede to cover 211l of them in this work.  Only a few typical possibilities

have been mentioned.
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IV. SUMMARY

Magnetic films with their flexible geometry and attractive magnetic
properties aré of increasing interest in the area of electrical devices.
The purpose of this work was to investigate at microweve frequencies, the
discontinuity caused by a variably biased magnetic film in a strip line
and as a result to point out some typical applications. .

The strip line under mathematical investigation consisted of two par-
allel conducting planes in contact with two permalloy films of variable
thickness from S00 angstroms to 4000 angstroms, separated by air. The
"easy direction” of the magnetic film.ﬁas alcng the length of the strip
line. An electromagnetic wave was propagated along the strip line. The
expression for the propagation constant was developed, with boundary -con-
ditions imposed by the three layers with their respective permesbilities,
dielectric constants and conductivities. The only significant variable
with the bias vas the permesbility of the permalloy £ilm,

The permeability of the magnetic film was obtained by simultaneous
solution of the Landau-Lifshitz equation and Mexwell's wave equations, with
the assumption of a small rotation angle ot high bias field intensities.
The half-width of the relative permesbility curve and the relative peak
values of the real and imaginary components of the complex permesbility
were determined.

The Cyclone Computer was programmed to solve for the complex relative
permeability of the magnetic f£ilm, fhelattenuation constant and the phase
cons?ant of the strip line, end the magnitude of the transmitted electric

field intensity. Suitable curves of the above quantities were plotted.
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" The following observations are of importance:

(1) a cut-off condition exists, at which the transmitted field in-
tensity is suppressed to a minimum due to the reactive attenuation caused
by the variable permesbility of the film;

(2) per unit length of strip line, the phase constant changes by
approximately 30 radians and the transmitted field intensity varies by ap-
proximately 80 percent as the bias field intensity varies from 1600 to
4500 ampere-turns per meter;

(3) the phase constant curves are similar in form to those of the
regl pa.rt of_the relative permesbility;

(4) high bias field intensity "forces’; the magnetic film to be single
domain; | ‘

(5) +the phenomenological damping constant, the Lande splitting factor
and the enisotropic field intensity may be determined by applying the half

width equation to the phase constant curve.

Some typical devices at microwave frequency were suggested, including
a p;na.se modulator, an amplitude modulator, a microwave switch, a tunable
low-pass iilter, an electrically movable discontinuity and certain logic
circuits.

An experimental model of the strip line was built. Measurements of
the output power and the voltage standing wave ratio agreed quite well

with predicted results at high bias field intensities.
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