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and MTegleinc would assist in the evaluation, but would

be considerably more complicated for the four-frequency

type of operation.

Consequently, the authors feel that the theoretical

results are most useful in predicting the type of opera-

tion which might be expected from a four-frequency

parametric amplifier (and which might explain some in-

consistencies in supposedly three-frequency operation).

Meanwhile, the experimental results represent typical

values obtained in the laboratory. Other configurations,

particularly those which permit more independent con-

trol of tuning and loading of each of the four frequencies,

and which perhaps allow some measure of independent

control of the diode coefficients Cl and C~, may produce

superior results and may be easier to correlate with

theory.

Further experiments with the crossed-guide and cir-

culator type paramps mentioned above have shown

that for best noise performance the amplifier adjust-

ments seem to produce a regenerative gain at the signal

6 R. C. Knechtli and R. D. IVeglein, “Low-noise parametric am-

plifier, ” PROC. IRE, vol. 48, pp. 1218-1226; July, 1960,

input port of about 8 db, when the up-converter gain

is about 20 db. The difference of 12 db is within 2 db of

the theoretical gain due to up-conversion alone. This

appears to indicate that best noise performance is ob-

tained in the potentially-unstable region of negative in-

put conductance, in Figs. 4 and 6. Correlation with

theory would have to be made in terms of transducer

gain, as in (22). Because of the negative input con-

ductance, it has been found very necessary to operate

these amplifiers with an isolator on the signal input port

to provide stability against input mismatch over the

entire frequency band of the amplifier, particularl~- for

use with a radar having many wavelengths of trans-

mission line between the actual antenna and the par-

ametric amplifier.
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I. INTRODUCTION

F

OR most ceramic magnetic materials used in the

microwave frequency range, the magnetic anistropy

field is sufficiently small so that it can be neglected
in deriving equations for engineering applications. How-

ever, there are two groups of materials that have very

large anisotropy fields that cannot be neglected. Both

of these groups have a hexagonal crystal structure; the

first has an easy direction of magnetization along the

C axis, and the second has an easy plane of magnetiza-

tion perpendicular to the C axis (planar anisotropy).
The first group includes the ceramic permanent mag-

netic material, barium ferrite, marketed under various

trade names such as Ferroxdure, ILlagnadur, Index,

Ceramagnets, etc. The latter group is called Ferrox-
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plana and has been discovered more recently. Both of

these materials are described in the new book by Smit

and ~Vij nl which itself contains numerous references.

Some articles describing microwave applications of

ceramic permanent magnet materials have appeared in

the literature ;2–5 however, though there have been

articles discussing the ferromagnetic resonance of

ferrites with planar anistotropyG7 the author is not

aware of any publication discussing the microwave ap-

plications of these ferrites. It is the purpose of this

paper to develop some general equations for the micro-

wave applications of ferrites with planar anistropy and

to present some experimental data on the material and

{Ievices incorporating this material. It will be assumed

that the materials are polycrystalline and are oriented

so that all easy planes of magnetization are mutually

parallel. The only magnetic anisotropy field that will

be considered will be the one that tends to hold the

magnetization vector in the easy plane. The term

planar ferrites will frequently be used as a short way of

saying ferrites with planar anisotropy.

II. EQUATIONS OF MAGNETIZ.\TION AND SUSCEPTIBILITY:

APPLIED FIELD IN EASY PLANE

A. Infinite Medium, No Losses

In the absence of anistropy fields, the equation of

magnetization is simply

1 d~
— —-=mxn,
‘y dt

where y is the gyromagnetic ratio, ~ the magnetization

vector, and ~ the magnetic field. The quantity ~ X ~

constitutes a torque. The anistropy field of the planar

ferrites produces an additional torque Tu that tends to

keep magnetization vector in the easy plane. The equa-

tion of magnetization now becomes

1 d~
— —-=zxi7-t Ta.
y dl

(1)

‘ J. Smit and H. P. Wijn, “Ferrites,” John Iviley and Sons, New
York, N. Y.; 1959.

‘ M. T. \\Teiss and F. A. Dunn, “A 5-mm resonance isolator, ” IRE
TRMW. rm MICROWAVE THEORY AND T~CH~IQtTLM, vol. 6, p. 331;
July, 1958.

8 M. T. W’eiss, “The behavior of Ferroxdure at microwave fre-
quenches, ” 1955 IRE CONVENTTON RECORD, vol. 3, pt. 8, p. 95.

4 D. J. DeBitetto, F. K. DuPre, and F. G. Brockman, ‘(Highly
Anistropic Materials for Millimeter W’ave Applications, ” presented
at the Symp. on Millimeter Waves, Polytechnic Inst. of Brooklyi~,
Iiew l’ork; hlarch .~l–.lpril 2, 1959.

5 L. C. Kravitz and G. S. Heller, “Resonance isolator at 70 kLIc, ”

PROC.IRE, vol. 47, p. 531; February, 1959.
6H. S. Belson and C. J. Kriessmm, “NI icrowaye resonance in

hexagonal ferromagnetic single crystals, ” ~. .4p@. P,hys.j supplement
to vol. 30, no. 4, p. 175S;April, 1959.

7E. Schlomann and R. \7. Jones, “Ferromagnetic resonance in
polycrystalline ferrites with hexagonal crystal structure,” -T. Afipl.
Phys., supplement to vol. 30, no. 4, p. 177S; April, 1959.

It is now proposed to develop the equatic)n for T. and to

expand (1) in Cartesian coordinates. (See Fig. 1.) The

easy plane of magnetization will be taken as the X Y

plane.

The anisotropy energy of materials \!ith one axis of

syn~metry is given bys

Eti=hT~singO+K-~sindO,... (2)

Fig. l—Representation of nmgnetiza tion and torque vectors.

The torque caused by this anisotropy is equal to minus

the derivative of the energy. Thus,

~. = – (2K1 sin 0 cos 8 + 4Kz sin’ $ cos $)8,

where the symbol A over a letter denotes a unit vector.

In this paper we will consider only cases where the

magnetization will be in, or very close to, the easy

plane; i.e., O= 7r/,. Therefore,

M.
sin O = 1, CoSo=—-;

M,

~. = – (2111 + 4Kz) $ d.
,

The magnetic anisotropy field is defined asq

2(KI + 2K2)
Ha=–

M. “

We thus have

~. = H=MZ6 (3)

where ~ is in the X Y plane and is perpendicular to ~,.

It points in the direction a right-hancl screw moves in

turning ~ towards the X Y plane. Thus, ~ := –COS

@.t + sin +~ where d is the angle between the X Y com-

ponent of ~ and the torque. For the case where 0 is

almost equal to T/2, l~re can write

M. M.
COS45=F; sin+=—.

, Af,

Eq. (3) thus becomes

~. = =#- (– M,,.t + M.ji)
,

8 Smit and tVijn, op. cit., p. 48.
g Ibid., p. 49.

(-l)

(5)
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We now assume that we apply a static biasing field

H, in the 1? direction and saturate the material in that

direction. Thus, we can take Mu as approximately

equal to .iV,. The applied RF magnetic fields will be

taken as lying in the XZ planes. Thus, the Z and ~ of

(1) can be written as

~ = (M.j + mzd + m.i)

77 = (Hoj + hz,t + L.i) .

Note that dc components here and in the remainder

of this paper will be expressed in capital letters, whereas

RF components will be expressed in small letters.

Eq. (1) can now be written as follows:

M,hs – m,Ho – H~m~ (6a)

m.
mJlz — mA + H~m~ — (6b)

M.

– M,IzZ + mzHO. (6c)

Eq. (6b) can be omitted from further consideration

since the quantities involved are much smaller than the

quantities in the other two equations. Eqs. (6a) and

(6c) can now be solved as follows:

where

DI = Ho(Ho + H.) – Hiz

The flux 6 is given by the equation

47rM,
— (H, + Ha)

‘“ = DI

47rM,
x.. = — H,

DI

4TM,
x.. == —— H<.

DI

(7)

(8)

(9)

We note that the HO required for resonance is much

smaller than in the case of conventional ferrites, and

that ~~~ %x...

The extent to which the anisotropy field decreases the

magnitude of the external field required for resonance

is illustrated in Table I. (~ is taken as 2.8 Mc per

oersted. ) The advantage of this for microwave devices

is obvious.

TABLE I

Frequency Ha

I
(Me) I (oe)

3000 5000
5000 5000

10,000 5000
5000 10,000

10.000 10,000
20;000 ] 10;000

Field for Resonance

Isotropic Planar
(oe) (oe)

1070 230
1780 580
3580 1800
1780 330
3580 1100
7160 I 3700

B. Finite Medium, No Losses

Assuming that the sample is in the shape of an ellip-

soid, demagnetizing factors N%, NV, N. can be intro-

duced. Eq. (6) can then be rewritten as

jum,
— – – Ms(h. –— Nzrnz) + mz(HO — NUMJ. (lo)

Y

The terms in the tensor relating magnetization to ex-

ternally applied fields are

(11)

where

Hz = H, + Ha + M,(NA – Nv) ; Dz = HZHZ – H%2

Hz = Ho + M,(.V. – flTJ ; Hi. flT.

From (11) we note that the anisotropy field operates in

the same way as the fields caused by the inequality of

the demagnetizing factors. However, the anistropy

field may be as high as 30,000 oersteds, whereas the

field caused by the inequality of demagnetizing factors

cannot exceed the saturation magnetization, which can

be as high as 6000 with present materials,

The demagnetizing fields caused by the inequality of

the demagnetizing factors can of course be used to sup-

plement the anisotropy field in reducing the external
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biasing field required for resonance. Two instances

where this is accomplished are shown in Fig. 2, where

it is assumed that the slab is very thin. The greatest re-

duction in external field required will be for the slab in

Figure 2(b). Thus, for a material with an anisotropy

field of 10,000 oersteds and a saturation magnetization

of 2000 oersteds, the fields required for resonance at

15,000 MC would be 600, 2000, and 2200 oersteds for

the geometry shown in Fig. 2(b), for the geometry

shown in Figure 2(a), and for the infinite medium, re-

spectively. In an infinite isotropic medium the field

required would be 5300 oersteds.

J/n Ja
Nx=Ny=o; Nz=4m Nx=4T; Ny=Nz=O

(a) (b)

Fig. 2—Planar ferrite slabs. (a) Easy plane in plane of slab.
(b) Easy plane perpendicular to plane of slab.

C. Injinite Medium, With Losses

Losses (or damping) will be introduced, through the

Landau-Lifshitz formulation. From (1), we note that

there are two torque terms to be considered. The first

is ~ X ~. The loss term corresponding to this torque

will be a vector that is proportional to this torque and is

perpendicular to both the torque and the magnetiza-

tion vector. The loss term for this torque can thus be

represented as

where a is the proportionality constant. This can be

expanded to give

a [(HOma — M,lx)i? + (Hum. — MJ,)2].

The second torque term is –HamZ2. (See (5) ; the

term Mzj can be neglected.) The loss term for this

torque can thus be represented by

The equation of magnetization thus becomes

j-m.
— = MJzZ – mzH, – H.m. + a(HOm. – M.h.)

-Y

jam,
— = mzHo – MJL + a(Homg – MJL + Ham,). (12)

-Y

The terms of the susceptibility tensor for this case

are shown in (13). The single prime denotes the reac-

tive part and the double prime the dissipative part of

the complex term; i.e., X*= # –jx”.

x;.=Y {[1+ CP][HO + Hti][(l + CY’)(HO + HJIZO

— H?] + a?(2H0 + H.) H?}

,/ 4rM,H;
x.. = a! ~, {(1+ a’)(Ho + HJ2 + H.’}

x:, = % {[1+ a2]Ho[(l + a’)(H, + ~~.)HO - H’]

+ ct’(2H0 + HJH,’]

), &rM,Hi
x:, = cl ~, {(1+ CY’)H02 + H,z}

47rMgHi
xrz = —D~ { (1 + a2)(Ho + HJHo - Hi2]

,,
X.* = c1 ~ {Hi’(2Ho + Ha)}

Dz

D, = [(1+ d)(Ho + H.)Ho – H,2]2 + [czH,(2Ho + H.)]z

H%=~.
171

(13)

D. Finite Medium, With Losses

Taking into consideration both a finite ellipsoid and

losses, the terms in the susceptibility tensor are s hewn

in (14). Terms in a2 have been omitted i n this equation.

4TM8
— —— H3(HZHZ – E?i2)

‘“ – D4

/r
xx. = “4”:H’ [17,(H, + H.)

47rM,
— Hz(HzHz – H,2)

‘z’ = D4

/,
x:, = a4=:H’ [H=(HZ + Hz)

x:. = ~“: Hi[H.Hz – H,’]

,, cY47rM8H,’
xx. = D, [Hz+ H,]

D, = [Z7ZH. – H,’]’ + [aH,(Hz + B,)]’. (14)

Hz, H,, and H, have been defined in connection with

(11).

E. Linezvidtlz

Linewidth can be defined as the difference in the two

values of the biasing field at which the loss term of the

susceptibility is one-half its maximum value. (For the

purposes of this discussion any of the terms Xz

X~~, or X:, may be used.) For materials in which

a is very much less than 1, the loss term of the sus-

ce~tibilitv will be one-half of its maximum value when
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the two terms in the denominator Dt of (13) are equal.

Disregarding terms in a? we thus have (see Fig. 3),

ET01,2(H0,,2+ Ha) – Hiz = aH8(2Elo,/, + ~a)

Let 1701/, = Ho, + AFI1/2.

Disregarding second-order terms, we get AH112 = aH,,

or AH= 2e4H, where Hi is the field at which an isotropic

ferrite would be resonant.

“’&Ho

L’AH~

W* ~or HOV2

Fig. 3—Resonance curve.

The conclusion thus is that the linewidth for the

isotropic ferrite and planar ferrites will be the same. In

general, the entire theoretical resonance-loss curve of

planar ferrites is very similar to that of the isotropic

ferrites.

It is also of interest to compare the maximum of the

loss-term of susceptibility in the two cases. In the case

of isotropic ferrites, we have (disregarding terms in az),

,, 4TM,

‘m” = 2aHi “

In the case of planar ferrites we have

,/ 4rM, (Ho + H.) 2 + Hiz
Xz.max = — “

CYH, (2H0 + Ha)’ “

For Ha>>Ho, we have

,, 47W, f,
Xz.m%x= — = 2X. .. .

cxHi

Thus, the maximum value of susceptibility x..” in the

case of planar ferrites may double that in the case of

isotropic ferrites. However, the maximum value of

x.,” will be very much smaller, as shown below:

/,
Xzzm=x (Ho + H.)’+ Ho(Ho + H.)
— .
X?.max Ho’ + Ho(Ho + H.)

II 1. APPLIED FIELD PERJ?ENDICCTL.kR

— ‘0 :OH”’. (15)

TO ILKSI- PLANE

If the biasing field is applied perpendicular to the

easy plane of magnetization, and if its magnitude is

less than the anisotropy field Ha, the material will not

be saturated, and the type of analysis applied above is

completely inapplicable. There will very likely be do-

mains in the easy plane, and susceptibility will then be

caused by domain wall motion. Moreover, the aniso-

tropies in the basal plane will now be important and

complicate the picture further. There may possibly be

some useful applications for such a case, but it is not

intended to analyze this case in this paper.

If the biasing field is perpendicular to the easy plane

and its magnitude exceeds the anisotropy field, then the

material will be s~turated and a straightforward anal-

ysis can be made. However, it is not intended to make

this analysis in this report, as the principal attraction

of planar ferrites for linear applications in the micro-

wave region appears to lie in the fact that, by virtue of

its anisotropy, the field required for resonance or other

applications is much smaller than in isotropic ferrites.

In the above case, the field for resonance will be much

greater than that required for isotropic ferrites.

IV. PLANE-WAVE PROPAGATION

A. Longitudinal Magnetization

1) Determinant ion of Phase Constants for Plane Waves:

From Maxwell’s equations, we readily obtain

v x v x Z = U%poi(l + [x]). (16)

The easy plane of magnetization will be taken in the

X Y plane, and the biasing field applied in the Y direc-

tion. Assume a plane wave propagating in the Y direc-

tion with a propagation constant j~. (Assume the

medium to be lossless.) Then

ad
=0

z=;

v x v x 1 = Apl?, + ip’lz.. (17)

Combining (16) and (17) we get

p’kz = l%’[hz(l + x..) + jxzzhl

P2J&= Bdz[Ml + X.J – jxzzkz], (18)

where & = b.kPo.

Solving for ~’ by setting the determinant of (18) to

zero, yields,

{

47rM.
p+z=pdt l+A

2 HO(HO + B.) – H,’

. [2H0 + Ha + (HU2 + 4H,2)’/2] ]

{

4.M*
p.t=pd’ 1+1

2 HO(HO + H.) – H,’

. [2H0 + H. – (Hu’ + 4H,’)1/’]} (19)

where
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For a numerical example, let us take the following

values:

f= 10,000 NTC HO= 300 oersteds

47rill, = 2000 gauss H.== 10,000 oersteds

We then obtain

p+ = – 1,3/3.; ~.. = 1.16P..

If a conventional ferrite with the same 47rlL?, value were

used, the values obtained would be ~+= 0.39~~;

&= 1.5&. A biasing field of about 2700 and 9000

oersteds would be required for ~+ and ~- respectively

to reach the values given for the case of the planar

ferrites.

2) Normal Modes: In conventional ferrites, the norm-

al modes of propagation are the circularly polarized

modes, i.e., h.= i-jh,, as has been shown in the literature.

The normal modes of propagation in the case of planar

ferrites can be obtained by substituting the values of ~

given in (19) into (18), thereby obtaining the corre-

sponding ratios of h. and h.:

ITre note, by multiplying out, that

(3+(3=‘
Thus we see that the normal modes in planar ferrites are

elliptically polarized, and the ratios of h. and hz for the

two modes are reciprocal. It can be shown that if h, and

h, have the ratios indicated in (20), the relation be-

tween 6 and j is scalar; i.e., b =p~~ where p~ are the

values in the parentheses in (19).

It can be readily shown that it is not possible to have

Faraday rotation with planar ferrites. Faraday rota-

tion requires that there be circular symmetry in the

plane perpendicular to the direction of propagation. In

the case of planar ferrites, this is manifestly not true.

The nonexistence of Faraday rotation can be shown

explicitly by considering a plane-polarized wave exist-

ing at one point along the direction of propagation.
Nulnerical Colllputation will show that the wave will

be elliptically polarized at all other points except for

discrete points at regular intervals along the direction of

propagation.

B. Transve~se Magnet katioz

There are two cases to consider, depending on whether

the direction of propagation is perpendicular to the

plane of easy magnetization, or whether it is in the

plane. Consider the former first; i.e., the X Y plane is

the easy plane, HO is in the Y direction, and propaga-

tion is in the Z direction. Then i?/d~ ❑ = 13/dy = O, and

8/dz = –jfl, where jfl is the propagation constant:

v x v x i = ,tp2L..

Combining (16) and (20) we get

O’/z. = Bd’[h.(1 + x..) + .jX.:k.]

O = &z [h. (1 + x,,) – jx.Jzz]

~, = 8,2 g + X.. )(1 + x.,) – ;.. -

[ 1
(21)

1 + x..

F-or propagation in the X direction we get

[

(1 + x..) (1 + x.,) – x.,’
p, = fid, 1 (22)

1 + Xxz

The quantities in brackets in (21) and (22) define an

effective relative permeability for the medium for the

two cases considered above.

V. lYIIcRow~vE APPLICATIONS

.4. l?esona~lce Isolator: Location of Slab in Rectangular

Wavegvide fo~ Minimum .4 bsor@on at Resonam~ for

One Di~ection of Propagation

In the following discussion it is assumed tha( the

volume of the slab is small, so that perturbation theory

is applicable. Starting with (10), we readily derive the

following:

m ~ (Ho + R)lz. – jlz,lz,
——

M. = (H, + R) (HO + S) – Ht2

rnz jII,7/c + (Ho + S)h,
(23)

MS = (H, + R) (HO+ S) – H?

R = Ha + AI.(JV, – l~u) ; H, == –L
171

s = MS(N. – .!7.) .

The denominator in (23) will equal zero at a value

of HO given in (24) :

R+S
Ho=– — + ; [(R+ S)’ – 4(lLS – H,’)] u’. (24)

2

For the above value of Ho, m= and m, will tend to be

extremely large. FIowever, for a particular rat; 0 Of

h. to k., the numerators of (23) will be zero. Let b be

defined so that k.= –jbh~. settingthe nurnerat(~rof

either of the equations in (23) to zero, and substituting

the value of IZO given in (24), we get
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Assuming a thin slab in the configuration of Fig.

4(a), wehave NZ=NU=O; Nz=4~;

b = & [H. + 4~M. + <(HO + 47rM.)2 + ~Hzz] . (26)
&

As a numerical example, let Ha= 10,000 oersteds,

41rMr, = 3000 gauss, with an operating frequency of

15,000 Mc. The value of b comes out to be 2.78. The

distance d can now be readily determined by finding

the location in the (unperturbed) waveguide at which

h%and ha have the desired ratio.

If Ha=O, then b = 1.31. Thus, in the case of planar

ferrites, the location of the slab is considerably closer to

the center of the waveguide than in the case of isotropic

ferrites.

Consider next the slab shown in Fig. 4(b). The easy

plane is perpendicular to the plane of the slab. Eq. (25)

applies in this case, too. However, whereas in the first

case, b is the ratio of transverse to longitudinal RF

magnetic fields, in the second case, b is the ratio of the

longitudinal to transverse fields. For a thin slab,

Nz=47r, NV= N,=O. Eq. (25) now becomes

b = & [Ha – 47rlf, + <(H. – 47rlf,)2 + W,’ ]. (27)
&

The location of the slab for a resonance isolator will

now be closer to the narrow wall than in the case of

isotropic ferrites.

The third and fourth cases are illustrated in Figs.

4(c) and 4(d). Eq. (25) applies, N.= Ne = O; NU = 47r;

As in the case of isotropic ferrites, the ratio of trans-

verse to longitudinal h fields for minimum absorption is

the same as in the infinite medium.

It is of interest to consider how the location for mini-

mum absorption at resonance for the third and fourth

cases varies as a function of frequency. To do this, it is

necessary to decompose the RF magnetic fields in the

waveguide into the normal modes given in (2o) :

kz+~kz = I’(b+j) + Q(l –jb).

(b +j) corresponds to the plus sign in (20) and will be

designated as positive polarization; (1 –jb) then corre-

sponds to negative polarization:

bha + h,
P=

hz – bh.

I+b”
Q=

l+ b’”

A plot of the distribution of positive and negative

polarization (P and Q) as a function of frequency is

shown in Fig. 5.10 H. was taken as 10,000 oersteds; all

the curves have been normalized so that Q = 1 when

P=o.

10For isotropic ferrites compare Fig. 26 ii:, A. G. FOX, S. E.

Miller and M. T. Weiss, “Behavior and applications of ferrites in the
microwave region, ” Bell Syst. Tech. J., vol. 34, p. 5; January, 1955.

(a) (b)

LJ!YjiZ /’f:@

z Id

(c) (d)

Fig. 4—Pl?nar ferrite slabs in rectangular
wavegulde; X F plane is easy plane.
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Fig. 5—Distribution of positive and negati>-e elliptical polarization,
m rectangular waveguide.

When the easy plane is oriented as in Fig. 4(c) (easy

plane parallel to waveguide axis), then the location of

the point of minimum absorption is given by the inter-

section of the Q curves with the horizontal zero axis.

When the easy plane is oriented as in Fig. 4(d) (easy

plane perpendicular to waveguide axis), the location

of the point of minimum absorption is given by the

intersection of the P curves with horizontal zero axis.

It is apparent that the spread in the P curve intersec-

tions is far less than that of the Q curves, and also less
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than the corresponding spread for isotropic ferrites.

This means that an isolator using planar ferrites with

the easy plane perpendicular to the waveguide axis will

be more broad-band than an isolator using isotropic

ferrites, with respect to the shift in the location of the

absorption minimum. Schlomann arrived at the same

conclusion by a somewhat different approach.11

B. Phase Shifter

We will consider only the case of a thin slab in the

geometry shown in Fig. 4(a), where the easy plane of

magnetization is in the plane of the slab. We will also

assume that the slab is thin enough so that perturbation

theory can be applied. In this case, the phase shift will

be proportional to the change in susceptibility, and we

need therefore consider only the change in susceptibility

as a function of applied field.

LTsing (11) we can write,

HO + Ha + 47rM.
X.z = .brlkf.

HO(HO + Ha + 47rMJ – H,z

Consider first that we are operating well below

resonance. Then

AxZx 4TM,
— —— (29)

AH,, H,’ “

This is the same as for an isotropic ferrite with the same

magnetization. I-Iowever, Ho will be limited to smaller

values in the case of planar ferrites, and so the total

possible phase shift is smaller. Thus, planar ferrites

are not as desirable as isotropic ferrites in this manner

of operation.

Eq. (29) assumes the material is saturated. If HO is

zero, the material will be unsaturated, and the sus-

ceptibility will be zero, or close to zero. The application

of a small field that is just enough to saturate the ma-

terial will change the susceptibility to

47rM,(Ha + 4TM.)
—

H,2 “

The ratio of this change of susceptibility to applied

field will be much greater than that indicated in (29).

This mode of operation may lead to more efficient

phase shifters. The slab should be up against the narrow

wall for this mode of operation.

Suppose now

resonance. Then

AXZJAHO will be

that we are operating well above

47rit!f.
—.

‘“ = HO “
(!30)

much larger for planar ferrites than

for isotropic ferrites, since H“ is smaller in the case of

H E, Scldo,llann, ‘(On the theorv of the ferrite resonaoce isolator, ”
IRE TRANS. ON MICROWAVE THEORY AND TECHNKWES, vol. 8, p.
199; March, 1960.

planar ferrites. However, the more interesting com-

parison is between planar ferrites above resonance and

isotropic ferrites below resonance. Let us call the ratio

of change of susceptibility to change of applied field,

the sensitivity of the phase shifter. The ratio of the

sensitivity of the planar ferrite phase shifter to that of

an isotropic ferrite phase shifter is equal to (H,/JYO)2,

where H, is equal to u/\ ~ I and HO is the applied field

for planar ferrites. Since H, will be generally greater

than Ho, the planar ferrite phase shifter will be more

sensitive.

C. Switches

Planar ferrites may be advantageous for use in

switches that operate on the principle of biasing the

ferrite to resonance for the OFF position and removing

the bias for the ON position, since the switching field is

considerably smaller than for isotropic ferrites.

D. Harmonic Gene~ation

Jepsen]’ shows that the efficiency of a ferrite in gen-

erating harmonics can be greatly enchanced if the

ferrite is asymmetrical in the plane perpendicular to

the direction of magnetization. He gives a formula

quantitatively expressing this enhancement13 and shows

that it is proportional to the saturation magnetization

multiplied by the difference in the demagnetizing fac-

tors in the plane perpendicular to the direction of

magnetization. It has been noted above (Sec. II-B) that

the anisotropy field behaves in the same way as does the

inequality of demagnetizing factors. I-1owever, since

the anisotropy field can greatly exceed the maximum

field due to the inequality of demagnetizing factors, it

is apparent that planar ferrites with high anisotrc)pies

are much more efficient harmonic generators than are

isotropic ferrites.

Jepsen’s equation’3 can be rewritten to take aniso-

tropy into account. The result is

HO + Ha + MZ(N, – .!’u)
— . (31)

“~Ho + Hz+ M,(.YO + JVz – 2NV))’

F is the ratio of second-harmonic amplitude when there

is asymmetry in the plane perpendicular to the direc-

tion of magnetization, to the amplitude when there is

symmetry. The demagnetizing factors can be used to

augment the anisotropy field to obtain efficient har-

monic generation. Best results are obtained when

Nz = 47r, Nz = NV = 0. For this case,

2 G(Ho + G)

‘=~x(2H,, +G)~’
(32)

12R. L. Jepseu, “Harmonic Generation and Frequency Mixing in
Ferromagnetic Insulators, ” Gordon McKay Lab., Harvard Univer-
sity, Cambridge, Mass., Scient. Rept. No. 15; 1958.

13Ibid., eq. 5-31, p. 54.
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where G = (11. +47riVJ. At a frequency of 70 kMc, and

taking G = 30,000 gauss (approximate values for

COIY), a= O.02, F comes out to be 39. If G were 15,000

gauss, F would be approximately one half the above

value.

VI. EXPERIMENTAL DATA

The experimental data given in this section are in-

tended primarily to illustrate the equations derived

above. It is not intended to give comprehensive data on

the properties of available planar ferrites or to detail

design data on devices. As noted previously, all poly-

crystalline samples were oriented.

A. Measzwernent of Mateyial P~operties

1) Preparation and Mounting of Samples: Measure-

ments were made using small spheres and wafers. The

spheres were ground from rough-cut cubical samples by

placing them in a glass tube perpendicular to a rapidly

rotating abrasive wheel, as described by Carter, et al.14

The diameter was approximately 40 roils. As might be

expected from the magnetic anisotropy, there was also

an anisotropy in the hardness, and the samples had

ellipticities of approximately 10 per cent. This degree

of ellipticity has only a very small effect and so it was

disregarded.

The spheres were mounted on small polystyrene rods

with the easy plane parallel to the axis of the rod. This

was accomplished as follows: The sphere was placed on

a glass platform and a permanent magnet placed under-

neath; the sphere thus automatically oriented itself so

that the easy plane was perpendicular to the platform.

A very small amount of vinyl adhesive was placed on

the tip of the rod and the rod placed on top of the sphere.

The magnet was removed and the rod could now pick

up the sphere. The magnet was then placed on top of

the platform and the rod, with the sphere on it, was

placed underneath and remained there until the ad-

hesive hardened.

The dimensions of the wafers were approximately

50 X50X 10 roils. They were mounted on rods in the

same way as were the spheres.

2) Determination of Ferromagnetic Resonance Cuvves:

Ferromagnetic resonance curves were obtained for both

the spheres and wafers. Measurements were generally

made in a rectangular cavity, using the setup shown in

Fig 6. The signal generators used were the Hewlett-

Packard Models 626A and 628A, which contained ac-

curate variable attenuators.

In the case of the sphere, the rod containing the fer-

rite was inserted in the opening on the broad face of the

cavity. Since the sphere was oriented on the rod so that

14J. L. Carter, E. \’. Edwards and I. Reingold, “Ferrite sphere
grinding technique, ” Rev. M. Instr., vol. 30, p. 946; October, 1959.

the easy plane was parallel to the rod, rotating the rod

could bring the easy plane parallel or perpendicular to

the RF magnetic field, as desired. The proper rotation

of the rod for these conditions was determined by set-

ting the biasing field to the value required for resonance

and rotating the rod so as to bring the transmitted

power to a minimum (easy plane parallel to RF field)

or to a maximum (easy plane perpendicular to RF

field).

OPENINGS FOR INSERTING SAMPLE

*R
INDICATOR

m -MAGNET

Fig. 6—Test setup for ferromagnetic resonance.

Two wafers were tested. One had the easy plane in the

plane of the wafer. This was mounted on a rod with

the plane of the wafer parallel to the rod. The rod was

inserted through the opening on the broad face of the

cavity and rotated so that the easy plane was parallel

to the RF magnetic field. This was designated Case 1.

The second wafer had the easy plane perpendicular to

the plane of the wafer. This wafer was mounted on a rod

with the plane of the wafer and the easy plane both

parallel to the rod. This wafer was inserted in the open-

ing on the broad face of the cavity and rotated so that

the easy plane was parallel to the RF magnetic field.

(See discussion above.) This was designated Case 2. The

same wafer was then inserted in the opening on the

narrow face of the cavity and rotated so that the easy

plane was parallel to the biasing field. This was desig-

nated Case 3.

In some cases, where the losses at resonance were too

high, the sample was measured by placing it at a posi-

tion of maximum k field in a shorted transmission line,

and by measuring the VSWR as a function of applied

field. The shorted transmission line had openings for

inserting the ferrite on the broad and narrow walls, as did

the cavity.

Some of the curves obtained are shown in Figs. 7–9.

The other curves are similar.

3) .4 nisotrojy Field: The anisotropy was determined

from the resonance curves of spheres or wafers. For

spheres, the resonance condition given in (7) is used;

i.e., MO(F?O +17a) = (~/-y) 2. The wafer tested had the

easy plane in the plane of the wafer and was oriented

so that the RF field was parallel to the easy plane. Tak-

ing into account the geometry of the wafer, the reso-

nance condition is given by lYO[lZO+lZ. +0.62 (47TM,)]

= (co/y)’. The value of -y was taken as 2.8 Mc/oersted.
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Fig. 9—Ferromagnetic resonance curves of NTizY
sphere at 14.9 !iMc.

In Table II is a tabulation of the results obtained on

polycrystalline samples. The COZY was in the shape of a

wafer; the others were spheres.

Single crystals of ZnZY were also nleasured.]E Ap-

parently the crystals were not perfect, since the meas-

ured values ranged from 8900 to 10,000 oei-steds. Values

of anisotropy field of Zn~Y, Nial’, and Cozlr given by

Smit and Wijnl are 9000, 14,000, and 28,000 oersteds,

respectively. A torsion pendulum was used to okltain

these values. Chemical compositions of the above ma-

terials are also given by Smit and Wijn.1

4) Susceptibility Ratio: Eq. 15 gives a theoretical

formula for the ratio x~#x[~ at resonance. ‘This

formula was checked experimentally. The formula used

to calculate the experimental ratio is given below:

where 20 log10 ( lzO/ ITT) is equal to the decrease in trans-

mitted output at resonance, expressed in decibels. The

results are in Table III.

TABLE II

Material
1

Frequency
(kMc) I (:3

Z1l?Y
zn2Y
ZngY
Zn2Y
NijY
Ni,Y
NizY
CO,Y

—.—
10.8 9200
13.0 8400
14.9 8500
17.0 8400
13.0 17,100
1’4.9 17,200
17.0 16,700
20.0 40,000

, ,

.

Material

Zn,Y (polyxtal)
Zn,Y (polyxtal )
Zn2Y (polyxtal)
ZU2Y (polyxtal)
Ni,Y (polyxtal)
NijY (polyxtal)
2UZY (singlextal)
ZnjY (siuglextal)

T.IBLE III

Experi-
Frequency Theoretical mental

(ldVIc) Ratio Ratio
I l——

10.8 4.3
13,0 $: 4.2
1+.9 4.3 3.5
17.0 3.7 3.0
14.9 12.3 6.9
17.0 9.5 .5.4
14.9 4.95 4.9.5
14.9 I 5.35 I 4.95

Theoretical/
Experimental

1.76
1.24
1.23
j,~3
1.78
1.75
1,0’0
1, C8

It is noted that the theoretical ratio is always equal

to or larger than the experimental ratio, This to be ex-

pected, since any misalignment will tend to decrease

x; and increase x1:. The single crystals show much

better agreement between theoretical and experimental

ratios since they are much better aligned.

16The ~illglecrystalswere grown at USADRDL, and are the re-
sults of the tirst attempt at preparing them. The work is continuing.
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In the case of NizY there was a considerable amount

of absorption not associated with the main resonance.

This spurious absorption was excluded in calculating

the experimental ratio (Fig. 9).

5) Linewidth: Linewidth was measured on the spheres

and wafers. The results for the polycrystalline samples

are tabulated in Table IV. In all cases the samples

were aligned so that the easy plane was parallel to the

RF magnetic field. The sphere and wafers of the ZnzY

came from the same parent body.

It may be noted that the linewidth changes appre-

ciably with frequency, particularly in the case of NizY.

Also, there is a more than 2:1 change in the linewidth

of a given wafer when measured per Case 2 or Case 3.

The linewidth of spheres of single crystals of ZnzY

varied from 210 to over 300. The Iinewidth of a wafer of

a single crystal ZnZY was 170 and 330 oersteds when

measured per Case 2 and Case 3, respectively.

B. Measurement on Devices

1) Phase Shifter: A phase shifter was made using

Zn,Y. The sample was 1.5 inches long, 0.290 inch high,

and 0.20 inch wide. The easy plane was parallel to the

length of the sample. The sample was placed against

the narrow wall of the waveguide. The test frequency

was 15 kMc. The results are shown in Table V. Phase

shift is with respect to phase at zero magnetic field.

2) Isolato~: An isolator was made using Znz>’. The

sample was 5/8 inch long and 0.05 xO.05 inch in

cross section. The easy plane was perpendicular to the

waveguide axis. The optimum location of the sample

for best front-to-back ratio over the full waveguide

band was found to be such that the center of the cross

section was 0.078 inch from the waveguide wall. The

test results are shown in Table VI. The field was

tuned for resonance in the reverse direction in each

case.

A similar sample of ZnZY, but with the easy plane

parallel to the waveguide axis, was also tested. It was

not possible to find any location for the sample where

the forward loss was low for the entire band. If the center

of the sample was 0.177 inch from the narrow wave-

guide wall, the forward losses were low from 15 to 18

kMc, but high at the low frequencies. If the center of

the sample was 0.204 inch from the narrow waveguide

wall, the forward losses were low from 12.4 to 15 kMc,

but high at the higher frequencies.

The above test data corroborate the discussion in

Sec. V of this paper concerning the effect of the orienta-

tion of the easy plane on the broad-banding of the

isolator.

L’Iaterial

Zn.2Y
Zn2Y
Zn,Y
Zn2Y
ZntY
Zn2Y
ZngY
Ni2Y
Ni,Y
NijY
Ni 2CU?Zrh by

TABLE IV

~requency
(kMc)

10.8
13.0
14.9
17,0
14.9
14.9
14.9
13.0
14.9
17.0
13.7

Shape

Sphere
Sphere
Sphere
Sphere
Wafer
~Jafer

Wafer
Sphere
Sphere
Sphere
Wafer

Case

—
—
—
—

;
3

—
—

1

January

.ine Width
(oe)

530
570
600
600
520
430

1000
500
580
640
325

TABLE V

Field Phase Shift
(oe) (degrees)

22.5 6
340
430 1:
530 12

Frequency
(kMc)

1~.4
13
14
15
16
17
18

TABLE VI

Forward Loss IReverse Lo!
(db) (db)

0.10 I 1.55
0.09 1.57
0.08 1.60
0.08 1.70
0.10 1.82
0.10 1.82
0.10 1.95

Field
(oe)

1850
2050
2350
2650
3000
3350
3750
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