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ABSTRACT

Theoretical estirnates of phase shifter performance as a function
of material parameters are presented by examining the results obtained
from the small perturbation model used by Button and Lax and from the
fully ferrite loaded, parallel plane waveguide model used by Suhl and
Walker. The extension of Suhl's theory on nonlinear effects at high
power by Fletcher and Silence is applied to relate the material param-
eters and operating frequency to the magnetic field required to avoid
high power subsidiary resonance effects. Experi:nents designed to
demonstrate the relationship of phase shift and loss characteristics to
material parameters and configuration for lungitudinally magnetized
ferrites in rectangular waveguide are described. Polycrystalline
ferrites with both cubic and hexagonal structures are examined. Of the
hexagonal materials, both uniaxial ané planar types with oriented ani-
so.ropy fields are discussed. The experimental work leading to the
growth of extremely large single crystals of lithium ferrite and their
electrical and magnetic properties are reported. Experiments which
reduced the linewidtk of lithium ferrite samples by heat treatment and
polishing are described, High power tests to 100 kw peak are reported
for waveguide configurations containing (1) single crystal lithium ferrite;
(2) polycrystalline cubic structure, nickel ferrite; and (3) polycrystalline
hexagonal structure nickel-cobalt "W'' ferrite with its magnetic anisotropy
oriented parallel to the applied magnetic field. These high power tests
demonstrate that the nonlinear high power effects can be avoided by
operating at magnetic fields above ferrimagnetic resonance as prescribed

by Fletcher and Silence.
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o INTRODUCTION

The contractor has proposed to develop a high power, 360°
reciprocal ferrite phase shifter for both C- and X-bands having the
capability of handling a peak power of 100 kilowatts, and an average
power of 1 kilowatt with less than a ! db loss. The approach for achieving
a high power capability (the fundamental goal) was to avoid the familiar
low field subsidiary resonance losses by operating at magunetic fields
above ferrimagnetic resonance,

When the ferrite material originally proposed for the phase shifters
proved to be unsatisfactory due to excessive loss in the region above
resonance, the program emphasis was shifted toward selecting a satis-

factory ferrite. In this task all of the available ferrite materials poten-

tially acceptable for the two frequency bands were examined,
In the Semiannual Technical Report which documents the first
half of the program it was concluded frcm both theoretical and experi-
mental investigations that none of the available polycrystalline ferrites
would be satisfactory., The theory specified a material property of
narrow ferromagnetic linewidth as a principal requirement for 'chieving
the desired phase shifter figure of merit. It was determined, at that
time, that linewidths on the order of 10 oersteds would be needed; con-
sequently, the emphasis during the second half of the prograra was
directed toward evaluating the properties of very narrow linewidth
ferrites,
The work during the second pericd has resulted in a refined
definition of the material requirements for high power phase shifters,
A discussion on the selection of a ferrite from thzoretical considerations
is given in Section II. In the following four sections the experimental
work which wos used to demonstrate various aspects of the theory is

discussed and in the final section the conclusions are drawn for the

whole prograrm,
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I1. THEORETICAL CONSIDERATIONS IN SELECTING A FERRITE
FOR A PHASE SHIFTER

Ferrites can be used to introduce a phase shift in a transmission
line because they have a variable permeability. The functional depend-
ence of this permeabilicy can be found by considering the equation of
motion of the total magnetization in the ferrite,

M = y(l\_ﬁxﬁeﬁ)- —%—(ﬁxﬁ), (1)
IM|

where the last term is the Landau-Lifshitz damping term to the first
power in the damping factor 2. This equation has been solved1 for the

x-componer. of magnetization (rr'x) induced by the RF magnetic field in

a longitudinally magnetized ferrite rod:

= e
wm[ _;Iu)hy +lw 77 )hx]

4 =
" fw + J ]2 uz ’ (2)
r T
where
w = vé4rM
m s
e = yYLH H e
; viH 4 H o+ ‘.st]
1 yaH
T ~ 2
w = RF freauency,
and
4rM _= gaturation magnetization of the ferrite,
AH= linewidth of the ferrite,
H = anisotropy field (oriented in the direction of the
a . :
applied field)
1. See Appendix A of the Semiannual Technical Report on this Contract,

In rectangular waveguide x and y are directions along the wide and
narrow dimensions, respectively, and z is the direction of propagation.
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applied dc magneti. fieid in the 2 direction,

o B components of the RF magnetic field,
3

The induced magnetization is relaied to the RF magnetic field through
the susceptibility tensor [x],

m=[x] - h
where

-

Lx] =X, Xy O

0 0

.

X, Xy 0]

(3}

(4)
0

Equation 3 can be expanded to find the x-coinponent of the magnetization,

4n mx = xxxhx + xxyhy ,

in gaussian units,

(5)

Comparing Equations 2 and 5 yields the magnetic

susceptibility in terms of material parameters, cperating frequency,

and applied field:

i
om(wr + ¥ )

Xex ~ j 2 2 (6)
[wr+?—} - W
and
Jw
m
_xxyzlw +_j_ ]Z_w?- (7)
r T

Equations 6 and 7 can be simplified,

oy
wm(wr-!»,r)
Xyx = N w ! (8)
2 2 1 S o
W, -w -—T+2_]—
T

{LIDULIL

and

EHIHT

(e
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jc..‘-mw
- = (9}
Yy I U j “r
- -—s 2=
by T T

Both the diagonal and ofi-diagonal components of the susceptibility
tensor are complex, and the real end imaginary parts can be found by

rationalization of Equations 8 and 9:

- t - i u!t ‘100
Xux = Xox T Xyx I
1 2
w w (w +-———2--w)
T
x;:xz 2 (11)
2 w
[wi-wz- }21 +4—-%
- T T
w
—2 (v +w2+—-1-—
T 2
X" = T (12)
XX 2
2 ) 2 e
[w - W -——2'] +4-—2—
T T
and
- = t + it
Xy =Xy T I Xy (13)
“r
2w we=—
m T
Xey = 2 (14)
y 2 w
I 2 2 1 T
Lwr-w -—T] +4—i
T T
2 2 1
w w[lw -w -=—]
m r TZ
1t —
X'y = 5 (15)
2 w
2 2 1 T
[wr-w -——Z] +4—-§
T T
4
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A solution of Equation 1 tor my would show that the susceptibility tensor

is anti-symmetric with equal diagonal components:

Xaex
Yy

ve
~<~

-x"x o
The equations for the susceptibility have been found to be more useful

when expressed in terms of the dimensionless quantities co../m, mm/w,

and 0 T,
© © 2 2
w () &) 1]
, _. m W W wT (16)
xxx_ w A !
© 2 2
G @) -
T “m (ﬁ)[;_) +\WT 1 (17}
Xxx 0 A ' !
5 i’:)(_l_.)
: _:_r_n_ w wT (18)
xxy— w A ’
2
() (&)
w —_—) =] -1
. m UG T/ ) (19)
X xy w A ’
where
— W 2 z 2 w ~2 2
(= _/_l..) ) _z) (_.‘_) )
e _l_(m) \wT . +4(\m «T (0)

by
Booo-yx 0
(el = (v w 0} » (21)
0 0 1

where the permeability is complex and is related to the susceptibility as,

he L4 X (22)




and
IR =X (23)
Yy
The permeability can be written in terms of the material parameters of

the ferrite by using Equations 16, 17, 18, ard 19 where:

= o-ja, (24)
A (25)
11 = 13}
b E X (26)
and
K = k' =j ', (27)
| k! = x”xy’ {28)
v (29)
K &Y ]

For a given set of ferrite material properties (4w Ms' AH, Ha),
one can use the derived expressions to compute the permeability as a
function of frequency {(w) and applied field (Ho). However, to predict
the operation of a phase shifter requires a knowledge of how the per-
- \eability entere into the propagation constant and hence a knowledge
of the field structure in the ferrite, The principle interest on this
program has been in ferrites with cross sections small compared to
their length and longitudinally magnetized in rectangular waveguide.
An exact solution o1 Maxwell's equations for this boundary value prob-
lem has not been found. Our effort has not been to solve this problem,
but rather to formulate some estimates of phase shifter performance
as a function of raterial parameters by ex-mining two conditions for
which the boundary value problems have been solved. These are the
cases, (1) of a ferrite in rectangular waveguide when the ferrite repre-
sents a small perturbation to the ordinary waveguide mode, and (2) a
parallel plane waveguide fully filled with ferrite,

If the ferrite cross section is very small compared to the height

and width of the waveguide, the fieldg in the loaded waveguide are not

6

5
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essentially different from the unloaded fields. Hence, if the unloaded
waveguide would propagate the dominant ':Elo mode, the loaded guide
can be considered to also propagate the TEIO mode, This will be
referred to as the small perturbation model. It should be pointed out
that the ferrite cross section required in practical devices, i,e., large
enough to achieve a reasonable phase shift per unit length, does not in
general satisfy this requirement. As the cross section increases from
some infinitesmal value to some real value, one finds that Maxweli's
equations do not separate into two independert solutions assoziated with
pure TE and TM type modes. They are complicated hybrid modes,
containing both electric and magnetic components in the direction of
propagation. Wrken the small perturbati n technique is used, considering

only the TElO mode to propagate, onz can proceed in a manner similar

2
to that used by Buiton and Lax™ and assume that the hY component of the
RF magnetic field is zero and that the off-diagonal components of the

suaceptibility tensor contribute no effect. Thus, Equation 5 reduces to
41'r1'x1x = xhx. (30)

The permeability tensor is therefore diagonal, with the components of
the complex permeability given by Equations 25 and 26, In order to
facilitate the examination of many different ferrites, Equations 16 and 17
have been used to construct a set of generalized curves which are given
in Figures 1 through 4.

Phase shifter performance is best studied by examining figure of
merit, This is defined as the ratio of phase shift to insertion loss and
is proportional to %%'- in regions where magnetic losses are much
greater than dielectric loss. As one moves far from magnetic resonance,

u' tends toward zero and the actual observed loss is purely electric in

origin, Since for a given frequency the dielectric loss is a constant over

“—-ﬁu---’_—wu-ﬂn-wﬁ‘_tp--»‘--—-——’Q...---—--n--"wb&.‘l“n'->-¢-‘A----,---

. K. Button and B, Lax, Microwave Ferrites and Ferrimagnetics,

McGraw -Hill Book Company, Inc., New York, p. 349; New York.

7
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the range of operation, the optimum operating conditions will still
corresvpond to the largest value of %ﬁl , where Au' is the change in '
over some range of applied field and ' is assigned the largest vaiue

in this range which corresponds to the largest observed insertion lsss,
In this program the region of interest is after magnetic saturation and
at magnetic fields above resonance; thus, the performarce analysis will
be confined to that region,

The generalized curves have been used to construct curves of '
and p'' versus applied magnetic field (Ho). Some of these curves are
given in Figures 5 through 10 for which the saturation magnetization is
constant (4w Ms = 3500 gauss) but the linewidth (AH) and anisotropy field
(Ha) vary., Fictitious negative values of Ho have been allowed in order
to display the resonant curve shane,

The effect of a variation of the anisotropy field can be seen in a
comparison of Figures 5 anu 6, As the anisotropy field changes from

11,2 koe to 3,5 koe, with the other material parameters held constant,

there is no substartial change in the figure of merit (%-,’#) for an applied

field variation from O to 1000 oersteds., The principle effect is a shift
in the value of magnetic field for resonance in the subject configuration
because the effective fieid in - ferrite is the surn of the appiied field
and the anisotropy field, The state of resonance is defined when u', and

therefore yx', is 2 maximum and it occurs approximately when,

2
wr=w2+—iz-, - (31)
T
or
2 2
2 5 2 2 vy (AH)
Y [H0+Ha+‘.'rrMs] = {(2nf) + i c (32)

For a given application, the optimum value of anisotropy field is that which
allows operation on the desired portion of the p' and p" curves for mini-

mum values of applied field and thus minimum driver power requirements,

12
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Similar considerations can be ..pplied to the saturation moment
(4w Ms). Cnce the ferrite is saturated, 4n Ms is independent of the

applied field. The equation for the figure of merit can be written,

ap'  a(l+x) _ Ay

F.M. T~ Sl (33)
where
" , AH
Ax _8x. __©° (34)
Xu aHo Xu .
w

Both x' and X' are proportional to —{:2 which is independent of H0 and
therefore can be factored out of the equation for figure of merit. The
saturation moment consequently only enters Equation 34 through the
expression

o = y[H +H +2rM_], (35)

in Equations i6 and 17, and as a result, the figure of merit changes
very little with Iv’s. The principle effect is that the magnetic field for
resonance changes and is proportional with changes in Ms.

The most important rnaterial parameter affecting the figure of
merit is linewidth, - its influence can be studied by comparing ﬁ!‘,—' in
Figures 7, 8, 9, and 10, For an applied field variation from Opto 1000
oersteds the corresponding figures of merit for linewidtiis of AH= 2000,
1000, 500, and 100 oersteds are seen to be é!-':—' = 0.81, 1,60, 3,20,
and 16,53, respectively (%"—:L is given in radians per neper and can be
converted to dexrees per db through multiplication by 6.6)., In general,
the figurc of merit is inversely proportional to the linewidth, This
relationship holds for applied fields greater than several linewidths
from resonance, Figure 4 shows that, for mr/w 23,5, x' and there-
fore Ax', is independent of wT and hence independent of linewidth

since,

wT = %H_ . (36)

15
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Figures 2 and 3 show that for the same region x'' is inversely propor-
tional to wT and, by Equation 36, directly prop rtional to AH; therefore,
by Equation 33, the figure >f merit increases in the same ratio that the
linewidth decreases.

The small perturbation model assumes a rectangular -vaveguide
containing a very small ferrite cross section, and propagating the
dominant mode. At the other extreme, one can consider the parallel
piane waveguide fully ferrite loaded. This behaves like a fully filled
rectangular waveguide whose side walls have been moved out to infinity.
In practice, this would be a fully filled guide many wavelengths wide.

If the gyromagnetic properties of the ferrite were neglected, this
structure could propagate the TEM mode. Suhl and Walker have shown
that tne structure can be analyzed such that in the limit of zero magnet:-

zation it does propagate the TEM mode. One can therefore assume that

E
X

dimension in the x-direction goes to infinity (many wavelengths), and

Ez = 0, The geometry of the structure is such that the waveguide

hence there is no spatial variation of the fields in this direction and there-
fore 58; = 0, Assuming that all fields vary as exp [kz + ay -wt] one can

solve Maxwell's equations:

-~ 1 8B
vxE-=. -E' -aT (37)
gives OE , an
3z ¢ ot (el
B =B =0 (39)
y z
- € a"f:
v xH = -C— -é?
gives
BHx ] oH
5. ¢ ot ° (40)

- e G E N G M NN e E N G B W e e I eI GG GG e SE N GE D GGG Sl IS =S ®E MG EEw .-

3. H. Suhl and L.R. Walker, '"Topics in Guided Wave Propagation
Through Gyromagnetic Media, "' Bell Telephone System, Monograph
2322, Part III, p. 166; 1954,
20
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Differentiation of Equation 38 with respect to time and Equation 40 with
allows them to be solved simultaneously for th.: wave

2

respect to

equation in K
x
(41)

’H
w

a z‘2
Expressing B in terms of H through the permeability tensor of Equation 21

one may reduce Equaticn 41 to
2

£ [pH - jxH ] (42)
2 B8R, vl

With the condition that By = 0, Hx and Hy are related through the per-

meability tensor:
(43)

H = -
J K “x ]J.Hy
and Equation 42 can be written in terms of Hx alone,
¢ o’ oL
H, = o7 e S HY L (44)

which can be solved for the propagation constant,
(45)

1
2 KZ <
ko= 2 e [L;_] ]
¢ B
The expression for propagation in the gyromagnetic medium is like

that for an isotropic medium where the effective permeability is
(46)

and therefore
(47)

21
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Phase shift and material loss can be found by considering the fo.m of
the complex proupagation constant,
jk = a+ B. (48)
Both electric and magnetic effects are considered by allowing,
= Voo oyl ‘.
Ho T g~ IR (49]

and

€ = E, "j(“o (50)

When Equations 48 and 47 are solved simultaneously under the condition

2 2

(u'') << (u')

and ¢ &
(€ << (en®

- one can show that

- e 1,1
g - Nelpg (51)
and
_ 9 1!
@ =5 N e k' (tan Be + tan 6m), (52)
where
(”
tan § = —,
e €
ll”e
tan 6m = —_ .
He

The differential phase shift is given by

A¢=1Aﬁ=l§a-p—| Ap', (53)
Wy e

where [ is the length of the ferrite, and the total material loss is given
by ef. The figure of merit is by definition -%é- where
Ap!

Ad e
af ~ ' (tan § +tan b ) (54)
e e m
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In regions where magnetic losses are much greater than dielectric loss,

]

tan & >>tan &
m e

Equation 54 reduces to

£ . (55)

Equation 55 is the same form used for figure of merit in the small
perturbation model in which p has been replaced by He to include the
effect of the off-diagonal tensor components. The dispersive and

dissipative parts of M, are found by subatituting into Equation 46

2 KZ
P'e = " ’
2 2
! 2ot — AE' - j“”) = (K' "jK“) .
- = - 56
My -k TOERTY (56)

which, after rationalization, gives

] (KIZPI - anpl +.ZKIKIIPH)

o= p (57)
pe plz + P_llz
and
2 2
w! "okt "no_ ZK'K”' !
Has 4 LB 7 2 =
P" + H”

Generalized curves of k were not generated; however, several specific
cases were studied. It was found that the figure of merit, Ap'e/p,“e, is
still dependent or linewidth as in the small perturbation model. The
figure of merit for the parallel plane model also increases in direct
proportion to the decrease in linewidth through a proportiona decrease
in the p’é term. The behavior of p.”e is shown for several cases of
narrow linewidth single crystal lithium ferrite in Figure 11.

In order to compare figures of merit for the two models proposed,
some curves have been generated which show both p and Mo (curves of K

have also been included in order to show how k varies with applied field)
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for a single crystal lithium ferrite and a polycrystalline nickel ferrite
(Trans-Tech TT2-111), These are given in Figures 12 and 13, respec-
tively, Compariso. of figure of merit for the small perturbation mcdel
(Ap'/p") to that fcr the parallel plane model (Ap'e/p'é) shows that, for
any range of applied field the parallel plane model has the larger figure
of merit, Examinaticn on a terr by term base:is shows thav althbough the
actual phase shift is much less (based on the Ap'e tern:) in the parallel
plane model, the material loss is substantially smaller (the p'é term).
This is most evident near resonance as can be seen in Figure 12, It is
in this region that the greatest change in the dirpersive terms, Ap' and
Ap'e, takes place. However, the large dissipative term, p', close to
resonance accounts for low figures of merit in the small perturbation
approximation.

The effect of including the off-diagonal terms (k) in the permeability
tensor ic to lower the dissipative term; thus, a ferrite in the paraliel
plane waveguide could be operated considerably closer to resorance to
take advantage of the large phasc shift per unit of dynamic field.

Although neither the small perturbation mode!l nor the parallel
plane waveguide model correspond to the actual structures investigated,
they have served to show that linewidth is th» mcst important material
parameter affecting the figure merit,

Further considerations in the selection of ferrite materials for
high power operation are taken from Fletcher and Silence. 4 In an
extension of Suhls' theory on noniinear effects at high power, they
have shown that coupling between the uniform precision (dominant spin
wave) and higher order snin waves, with the accompanying flow of
power into the higher order modes, may occur at magnetic fields
above ferrimagnetic resonance under certainconditions of frequency. material

characteristics and configurati =,

--—-.-E e e S e .- . E R T @GS %S % ®®® e EEE Es S e eE W™ S W ST . emE WS EEeE e -

4, P.C. Fletcher and N, Silence, "Subsidiary Absorption above
Ferrimagnetic Resonance,' J, Appl. Phys, Vol, 32, p. 706;
April, 1961,
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The conditions for the threshoid of critical fieid (h _t) for a rod
cri

configuration are .xpressed in the family of curves, Figure 14. For
W

each curve, ﬁ , a value of magnetic field expressed as -wi can be
found where hcrit/AH rices sharply and beyond which subsidiary
resonance is avoided,

The relationship of Figure 14 implies certain restrictions on the
choice of saturation moment., One may not Aarbitrarily choose a material
with the largest Ms for .ne sole purpose uf relieving the magnetic field
requirements because as the value w—-u:: decreases it is seen that a larger
value of magnetic field is needed to a:void subsidiary resonance, As the
operating region moves farther abuve resonance, phase shift activity
decreases as shown in Figure 4. Nevertheless the figure of merit
continues to rise because the magnetic losses diminish at an even
greater rate, The rise in figure of merit, however, will eventually
reach a limit and begin to fall when the magnetic losses become small
with respect to the fixed dielectric and conductor wall losses,

in a phase shifter the disadvantage to operating far above resonace
is that due to the reduced activity per unit length, a longer structure is
required for the desired phase shift whkich, in turn, requires a longer
magnetic driver coil and thus more power from the driver.

If one extracts from Figure 14 the pertinent information for the

« *nid=nce of subsidiary resciance the resulting relationship Jf 5~ vs
w m

is that given in Figure 15 (we have arbitrarily chosen to draw the
relationat h . /AH = 2,5).
crat

From the definition of w_ it may be easily showr that

/wr t
H +H :‘-‘i(\» o sl (59)
o a y \w 2w

Choosing corresponding values from Figure 15 one finds that th2 term
within the parenthesis does not vary greatly from 1/2. Thus, in the
avoidance of high power subsidiary resonance a primary restriction

is the mu:nimum field

28
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H +H = 5=, (60)

!

and we note that this relationship is independent of the saturation
moment.

For low loss operation we have esf:ima.t‘ed5 that a magnetic field
at least two linew’dths above the value for resonance is required to
reach the low loss region above iesonance; thus,

H - 2. 2sM -H +2aH
o Y s a

and

H +H = 2.2rM + 2AH.
o a v s

The optimum design will simultaneously satisfy both of the above

expressions; thus, the optimum value for saturation moment is defined.

47M = = 4 4AH . (61)
s Y

For example, at C-band (6,5 GHz) with ferrites having zero
anisotrnpy field and a relatively narrow linewidth (70 oe) the saturation
moment should be at least 2600 gauss with an applied magnetic field in
the region above 1160 oersted.

At X-band (10 GHz) with ierrites having zero anisotropy field and
the same linewidth, the saturation moment should be at least 3850 ce
with an applied magnetic field greater than 1785 oe.

The above appraisal of material requirements for the high power
phase shifter indicates that the presently available ferrite materials
would be satisfactory if one were willing to operate at high magnetic
fields Equation 60 shows that the addition of a small anisotropy field

(500-1500 oe) to the above material characteristics would relieve the

s e N e e S SR N Mh ke W TR R M @ W T W W OE M M A W M e e T e e W M ER SR BN M e e o e e e e B M W e o e e W o om e

5. Progress Report, First Quarter, Contract No. AF 30{(607)-3495,
June 23 - September 23, 1964.
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problem of high operating fields. Unforturately, the combination of
desired material characteristics has not heen available; consequently,
a number of apparent deviations from the scupe of the program have
been made during the experimental phase to compensate for the 1deal

material characteristics.
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11, FERRITES WITH HEXAGONAL CRYSTAL STRUCTURE

s Polycrystalline Ferrites

It was pointed out in the theorectical consideration of ferrite
material parameters that for operation on some portions of the material's
' and p'' curvee, it is desirable to have a properly oriented anisotropy
field in order to reduce the magnitude of the required external field,
Ferrites having hexagonal crystal structures have large anisotropy
fields, which are oriented either along the hexagonal axis or in the
basal plane of the crystal, These are referred to as uniaxial or planar
ferrites, respectively.

Uniaxial ferrites contain very large linewidths, typically on
the order of 2000 cersteds., A4 sample of nickel-"W' uniaxial material
(Sperry Microwave Electronics Company - A-127) wax tested, and the
results were reported in the Semiannual Technical Report on this
contract.

Unfortunately, it was necessary to fabricate the experimental
rod of A-127 from six small pieces cut from elliptical discs approximately
1''x 0,0" x 0,2' thick because this was the only shape available at the
time. Another undesirable feature of A-127 was that its anisotropy field
was so large (9500 oersteds) that the lowest applied magnetic field placed
the operating region far above ferrimagnetic resonance, where the phase
shift activity is consequently very low.

To remedy these difficulties a new ferrite material was
ordered from Sperry. The anisotropy of A-127 was reduced by the
addition of cobalt to the mix. The new material, which was decignated
A-130, has a composition of BaO - Z(NiO)'62 . Z(COO). 38" 7.5 (Fezos)

and the following characteristics:

4w Ms = 3200-3500 gauss
AH = 1900 oersteds
Ha = 4500 oersteds
€ = 13.25

r
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tan § = .0028

T 450°C
<

g 1.92

crystalographic > 0,8
alignment

A specialtool was made for pressing the powderea ferrite and orienting
the magnetic anisotropy parallel to the long dimension of the bar. The
dimensions of the rough bar were 2.3" x 0.8 x 0.4".

Two test specimens were cut 0. 160" square and 2. 3" long
and centered on the bottom wall of RG 50/U waveguide making a rod
4.6'" long. Insertion loss and phase shift for five frequencies from
" -7 GHz were made, The data is given in Figure 16, The increase in

both phase shift and loss with increasing frequency is indicative of

increasing binding of energy to the ferrite rod. At é¢.5 GH=z phase shift
activity reaches a maximum, and at 7.0 GHz loss has continued to
increase whereas phase shift has decreased, This effect is observed
when the ferrite-waveguide configuration is too large for the operating
frequency, and energy is coupled into higher order modes, The best
figure of merit, at 6.5 GHz, is 25 for a magnetic field swing irom
800 to 1800 oersteds.

Further experiments with position of A-130 ferrite in the

waveguide were conducted. Figure 17 presents the data takern at

6.5 GHz, The curves show that doubling the volume while halving
the length produces approximately half the effect in both phase shift and
loss. It is concluded that the addition of a second rod to the configura-
tion in Figure 16 would not increase tho phase shift at 6,5 GHz, When
a single rod is positioned in the center of the waveguide, the activity
is greatly reduced. It is felt that the loss of activity is due to reduced
coupling to the ferrite and that full activity could be restored with a
larger diameter ferrite rod,

A series of measurements were made on a phase shifter

which consisved of a stripline loaded with A-13C ferrite. This
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configuration was chosen in order to study the effects of a high-
anisotropy material in a TEM mode of propagation. Two ferrite siabs
which measured 3.25" x 0, 160" x 0, 048" were used to lcad a 4'' strip-
line structure., The center conductor dimensions were 0, 001" x ¢, 010",
which gave an output impedance of 25 ohms for the iine.

Figure 18 shows the phase shift and loss characteristics of
the stripline phase shifter at 6.5, 6.0, and 3.0 GHz. The maximum
figure of merit obtained was 1%~ /db at 6, 0 GHz for a magnetic field
variation of 1000 cersteds. The mearsured figures of merit were poor
in all the experiments with uniaxial ferrites. This result is in agree-
ment with the theoretical consideration that narrow linewidths are
necessary for good figures of merit. It was therefore concluded that
the uniaxial class of hexagonal ferrites would not be satisfactory for
operat:on on the high magnetic field side of resonance unless their
linewidth could be reduced at least an order of magnitude,

Planar anisotropic ferrites have linewidths substantially
smaller than uniaxial ferrites; however, their anisotropy field is
considerably larger than desired for "C' or "X' band operation.
Nevertheless, a sample of planar material was obtained from Sperry
Microwave Electronics Company to demonstrate the advantages of
narrow linewidth materials having an anisotropy field tc reduce the
requirement for large external magnetic fields. In order to be able to
operate close to resonance, the experiment was made at 21.75 GHz,
This material, designated HP-42A, has the following characteristics:

4 MS ~ 3500 gauss

AH = 324 oersteds
Ha ~ 7000 oersteds
g - 1.92

The sample had a rectangular cross section which was small compared
to the sample length. In the experiment the length was fixed at 1, 5"

while the cross section was varied. The results of the phase shift and
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loss measurements are given in Figures 19, 20, ard 21, Because of an
observed hysteresis effect, the measurements were made starting above
maynetic saturation at the maximurm available magnetic field {(designated
as the + direction)., Data was taken as the field was decreased through
zero, reversed, and increased to maximum in the negative direction.
The sampie was longitudinally magnetized and positioned on the axis of
RG 53/U waveguide (0,420 x 0. 170"), The ferrite was oriented so that
the easy plane of magnetization was the plane of the electric vecinr and
the direction of propagation; thus, the externally applied field was in the
easy plane and could induce the large anisotropy field in the sample,

From Figures 19, 20, and 21 it can be shown that as the
thickness of the ferrite varied from 0. 0945' to 0, 075" to 0. 055" the
figure of merit maximizes at 0, 075", The figure of merit is the total
observed phase shift divided by the maximum observed value of the
insertion loss in the range from 0 to +1000 oersteds. The peaking in
the figure of merit is duc to several effects which cannot be separated,
but is explained as follows: If one considers that a pure TE type mode
is propagated in the presence of the ferrite, then as the ferrite cross
sectional dimensions are reduced the binding of the electromagnetic
energy. and hence the interaction, is reduced. The results are a de-
nrease in both phase shift and insertion loss. Their rate of decrease,
therefore, affects the figure of merit, However, the simple case ¢ a
rure TE mode does not hold for this experimental configuration, It
was pointed out in the theoretical discussion that as the ferrite dimen-
sions increase, one no longer has pure TE or TM type modes, but
rather some more complicated mode containing both electric and
magnetic components in the direction of propagation. Therefore, as
the dimensions are varied, one has the combined effect of a change in
binding ard a change in the field structure within the ferrite.

The best figure of merit for HP-42A was 125,7 degrees
per 2b of insertion loss which occurred for a cross section of

0.1435" x 0,075'" centered in 0,420" x 0 170" waveguide, A direct
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comparison, based on a decrease in linewidth, between the planar
ferrite and the uniaxial ferrite cannot be made because of the variation
in the other material properties (4n Ms, Ha and hence mr). The largest
observed figure of merit {or the uniaxial ferrite was of the order of

25 degrees per db of i 1sertion loss, With this criteria the planar
material appears substantially better, A further decrease in line-
width would be expected to increase the figure of merit, The inverse
proportionality relationship between linewidth and figure of merit pre-
dicts that a linewidth of 100 oersteds in a ferrite with material charac-
teristics of HP-42A could yield a figure of merit as large as 375 degrees
per db of insertion loss. It is noted that planar anisotropic ferrites

1

have been reported with linewidths of 150 oersteds, When rurther
reduction in linewidth is realized in these materials, consideration
should be given to their application in K-band, high power phase shifters,

2. Single Crystal Ferrites

The largest reduction in linewidth, and hence largest increases
in figure of merit, can be achieved through the use of single crystals.
Several samples of Zn-Y, a planar anisotrop:< ferrite with hexagonal
crystal structure, were obtained from Mr. Arthur Tauber of the
U.S. Army Electronics Research and Development Laboratories,

Fort Monmouth., The magnetic properties of this material are:

47 MS = 2500 gauss
Ha = 10, 000 nersteds
AH = 10 oersteds,

6. I. Bady and G. McCall, "Ferromagnetic Line Width of Nonoriented
Polycrystalline Hexagonal Ferrites With Large Magnetic Anisotropy
Fields, " IEEE Trans., Vol. MTT-1, No. 5, pp. 442-443; September,
1963,

7. R, Harvey, I. Garden and R, Braden, '""Hexagonal Magnetic Com-
pounds, ' RCA l.aboratories, Princeton, N.J., Quarterly Report
No. 6, Contract DA 36-034 sc-87533; December, 1962,
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Sirce the size of the available single crystals were so

L%

small, it was decided o test this material in s configuration which
would atford the maximum interaction between the ferrite and the
electromagnetic field. Such a structure is the fully tilled rectangular
waveguide, Propagation in the structure was initially analyzed on the
assumption that the dimensions of the waveguide could be reduced

such that only the dominant, TE mode could propagate., For this

10°
type of operation the y- component of the K" magnetic field is zero,
and hence elements of the permeability tenser are the diagonal com-
ponents given by Equations 25 and 26, Because of the large valus of
Ha the experiment to measure the figure of merit of single crystal
2Zn-Y ferrite was designed to operate at 31,5 GHz in order to operate
in the low loss region just above resonance, The waveguide consisted
of one 1nch long tapers from RG 96,/U (0,280" x 0, 140") to a cross
section of 0, 046" x 0,023", The total length of the reduced section
was 0.385'", The taper sections were appropriately loaded with sty-

cast to effect the transition to the ferrite. The experiment was

unsuccessful because energy would not propagate through the structure,

. It was concluded that the assumed value of permeability was toc high

and that the reduced size waveguide was beyond cutoff. Further
theoretical analysis with the parallel piane waveguide model outlined
in Section II points out that regardless of the waveguide dimensions

a fully filled waveguide cannot propagate a pure TE type mode and that
propagation is also a function of the off diagcnal texms of the permeability
tensor {x}, An exact form of the propagation constant is not known
since the field configuration in such 2 medium is quite complicated,
However, if the height of the guide is reduced to a point where rotation
is prohibited, it is felt that the form of the propagation constant will be
very similar to that of the fully filled parallel plane waveguide, The
effective permeability will then be given by Equation 46,

2 2
e BT (46)




Examination of the form of 1 and « indicates that, on the high magnetic
field side of rusonance, both p and x are positive quantities and hence
Ho < p. This accounts fos our struc*ure being cutoff, since the scale
factor used in reducing the guide dimensions was based on u rather than
the more correct permeability, Moo

There was not sufficient material left to construct another
device using Zn-Y ferrite and since the operating frequency for this
material was considerably above the range of interest on this contract,
no further work was performed on Zn-Y, The initial 11, ..cest in Zn-Y
stemmed from its availability and the fact that the periormance at
31.5 GHz could be related to the performance at the irequencies of
interest of very narrow linewidth materials with zero anisotropy fields,
In the initial incorrect model figures of merit (based on Ape'/pé' ) is
expected to be even larger because, as seen in Figures 12 aud 13 for
TT2-111 and lithium ferrite, respectively, Ap;/p.'é is larger than
Ap'/pt.

The high value of Ha and narrow linewidth of Zn-Y sugpgests
that it may be profitable to examine its application to K-band high power

phase shifters when large pieces of Zn-Y become available,
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IV. FERRITES WITH CUBIC CRYSTAL STRUCTURE

o Polycrystalline Ferrites

One of the major problems encountered with ferrite in wave-
guide has been the appearance of a second resonant peak at values of
applied magnetic field above ferromagnetic resonance. These secondary
peaks are believed to be caused by the existence of a cavity mode within
the ferrite. The physical size of the ferrite is such that at certain
values of p' there is a loss of transmitted energy as a result of energy
being coupled into the ferrite cavity, This so-called "body resonance'
can be eliminated by simply reducing the size of the ferrite until the
second resonance disappears, A necessary consequence of the ferrite
reduction is the loss of "activity', or phase shift. This was certainly
to be expected because of the dependence of phase shift on ferrite
volume within the waveguide. However, once the maximum size of the
ferrite (which could be used without supporting a '"body resonance'') was
determined, the volume of ferrite within the waveguide could be
increased by using multiple loadiag of identical ferrite pieces,

A long thin rod of TT2-111 ferrite, which has a 4mM_ of
5000 and a linewidth (AH) of 135, was measured for insertion loss as a
function of magnetic field at 7.5 GHz in RG 50/U waveguide. The initial
size of the ferrite rod was chosen to be 4. 75" long by 0. 125" in diameter.
This diameter was chosen to be small encugh to prevent Faraday rotation
of the plane of polarization and large enough to support a cavity mode.
The data on the measurements taken for this ferrite rod is shown in
Figure 22. The effect of the body resonance can be seen as a second
resonance curve which has its peak value at 1540 oersteds; while the
main or ferromagnetic resonance occurs at 610 oersteds. A calculation
of the field required for ferromagnetic resonance at 7.5 GHz for TT2-111
shows that resonance should cccur at 180 oersted.. This discrepancy in
the measured and calculated values of m~gnetic fieid required for

resonance can be accounted for by the demagnetizing factor of the
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ferrite rod. Apparently, the length to diameter ratio is not large
enough to give a demagnetizing factor equal to 0,5, The demagnetizing

factor computed from the measured data for the 0, 125" rod is 0,41,

Reducing the diameter of the icrrite rod had a twofold
effect on the measured characteristics of the phase shifter, The body
resonance disappeared, and ferromagnetic resonance occurred at
decreasing values of applied magnetic field, These effects car be seen
in Figure 22, With a rod of 0, 062" diameter there is no sign of a body

resonance and the field for ferromagnetic resonance is that predicted

with a demagnetizing factor of 0.5, One might question by looking at

the data of Figure 22, whether the second resonance disappeared because
the volume of ferrite within the waveguide was reduced or because of the
anti-resonant dimensions of the ferrite. The explanation is the latter,
and this is demonstrated by increasing the volume of ferrite loading in
the waveguide with three 0. 062' diameter ferrite rods. These results
are shown in Figure 23, Ii is seen that the ferromagnetic absorption
increased from 12 db with a single rod to 35.6 db with the three rods,
and that there is no evidence of a body resonant peak. Phase shift has
increased more than threefold, from 13, 5% to 500.

A second increase in ferrite loading, in this case doubling
the volume with six identical 0, 062" diameter ferrite rods, produced
the loss and phase shift characteristics shown in Figure 24. Although
the loss increased only 50%, the phase shift increased 260%; however,
the effect of body resonance began to appear at 1170 oersteds, The
figure of merit is approximately 33° per db of insertion loss.

Measurements of phase shift and loss were also made at
7.0 GHz on the phase shifter loaded with six ferrite rods. At the lower
frequency less energy is coupled into the body resonance as can be

seen in Figure 25 and the figure of merit has increased to 54° per db,

PUWES—————— TN R R BN BN BN |

Reducing the frequency to 6.5 GHz produces the loss and

phase shift characteristics shown in Figure 26. At this frequency

b A
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ferromagnetic resonance occurs at a negative value of applied magnetic

field; therefore, the peak does not appear in the data. There is still .
evidence, even at this Jower frequency of a body resonance, The
figure of merit at this frequency is 45° per db of loss. It should be
noted here that all of the figures of merit above were calculated for
applied magnetic fields variation of 1000 cersteds.

An alternate approach to thin ferrite rod loading is thin
ferrite slab loading. The results of a considerable number of experi-
ments on this genmetry where all of the slabs were positioned on the
broad wall of the waveguide were presented in the Semiannual Report.
When the slab was positioned in the center of the waveguide, body
resonance vanished as shown in Figure 27, It was then decided to
place three ferrite slabs in the center of the waveguide. Figure 28 gives
the characteristics of a phase shifter with three slabs of yttrium iron
garn~:, each measuring 4.0" x 0.400" x 0. 050"; and Figure 29 shows
the results using garnet slabs which are 4, 0" x 0.400" x 0.040". The
reduction in slab thickness from 0. 050" to 0. (640" removed the sub-
sidiary loss peak on the upper skirt of the main resonance curve. The
best figure of merit for the garnet slabs is 21 (see Figures 28 and 29).
The value was computed for the region 1200 to 1800 oersteds,

During the {first half of this program all of the potentially
acceptable polycrystalline ferrites were examined for use in the high
power phase shifter, The results of this work have been reported in
the Semiannual Technical Report, January 15, 1965, It was then con-
cluded that none of the presently available polycrystalline ferrites
would be satisfactory because of their high loss and low phase shift
characteristic., The theory in Section Il has specified that a narrow
linewidth is the principal requirement for a good phase shifter figure
of merit, and calculations indicate that linewidths on the order of
10 oersteds would be needed. It was found that the narrow linewidth

characteristic is availacvle only in single crystal ferrites.
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2. Single Crystal Ferrites

The most readily available single crys:al ferrite (s yttrium
iron garnet, [t has exhibited linewidths as low as 0.5 nersteds in small
spl..:es; however, garnet is not wholly acceptable because its saturation
moment is only 1780 oersteds, making resonance occur at 1420 oersteds
at 6.5 GHz. 7To reach the low loss region the operating magnetic field would
have to be above 1500 oersteds which was judged to be excessive for a
practical phase shifter,

A hitherto unexplored material is lithium ferrite. In sirgle
crystal form it appears to posseze 2ll the desired characteristics for a
C-band high power phase shifter. Linewidths of 3-5 oersteds at C-band
have been reported, the saturation moment is 3600 gauss, and the Curie
temperature is 670°C. A search for a source of large single crystals
of lithium ferrite, fortunately, located several pieces in stock at
Airtron. * These crystais which were grown during some earlier wo k

done at Airtron were purchased for study in this program.

.-------.——----------—----—-—-.—----------.--—-----—,-----—----_-__
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V. LITHIUM FERPITE

The first test specimens of single crystal lithium ferrite designated
Li"F'"-1 were in the form of thin plates 0.050-100 inch thick and 0.5to 1
inch on a side, (See Figure 30.) Preliminary measurement of rhase
shift and insertion loss at C-band was made with the crystal in its
original uncut state positioned in the center of the waveguide. The data
shcwed that the saturation moment was approximately 3500 oersteds,

The measured linewidth was approximately 100 oersteds, which was an
order of magnitude larger than anticipated, A measurement of the dc
resistivity between parallel conducting fac s deposited on the test
specime. gave 447 chm-cm; the loss tangent measured at 5.5 GHz was
0.08, This test was made in a waveguide cavity with a small rod of
lithinm ferrite positioned at a point of minimum RF magnetic field.
The dielectric constant obtained from the same test wa= 17.5,

In the process of grinding the crystals prior to slicing, it was
found that the interiors contained large flux inclusions and voids ~s
shown in the photograph, Figure 31, Further grinding to salvage a
usable specimen was not successiul due to crumbling and parting at
already existing cracks, one of which can be clearly seen in Figure 30,

In the pursuit of higher quality lithium ferrite Airtron again was
contzcted and Mr, D. A. Lepore, who is an authority on the subject of
single crystal growth, was able to undertake the task of growing large
single crystals.

In the past lithium ferrite had been available only in very small
specimens and bscause of its limited use, the technology for the pro-
duction of large pieces with high purity had not been developed. In prep-
aration for growing large crystals four small (250 ml} experimental batches,
with iron to lithium weight ratios ranging from 0.5 to 2, wzre made to
determine the recipe which would produce crystals with the highest resis-
tivity. Thes= batches were designated Li"F''-2 through Li"F''-5,

From each batch selected specimens were chosen to be ground on
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npposing parallel faces, Conducting surfaces of gold were deposited on
these faces and a measure of the d¢ resistance taken. The following

table is a summary of the results:

Batcn No. Iron/Lithium Sample No, Resistivity - Ohm/Cm
Li"F"-1 1.5 1 54, k

2 9.3k

3 12k -8.5k

4 0.8 k
Li"F"-2 1.0 1 23,8k

2 40.2 k

3 0.5k - 0.78 k
Li"F"-3 2,0 No Yield
Li"F'"-4 0.5 1 2.2 k
Li"F"-5 1.75 1 1.3 k

It shouid be noted that the resistiivity measurements do not give
conclusive indication of the best recipe; however, it appears that a
value between 1.5 and 1 would be satisfactory., Using this information
and other considerations such as crystal size and appearance, Mi. Lepore
chose an intermediate ratio of 1,25 for the 7,5-10 kg batch, The final
yield, designated Li"F'-6, weighed 250 mg and is shown in the photo-
graph, Figure 32. Some of the larger octahedrons measured as much
as 2 cm on an edge.

Two large crystals were sliced on planes normal to a pair of
crystal faces ( (111} planes); however, the remaining large crystals
were sliced parallel to the crystal faces because as it was learned_the
centers are usually ~f poor quality having flux inclusions and voids.

The dc resistivity of these slices was measured by two methods.

(1) between points on the same surface8 and (2) between rlane conductors
deposited on oppnsite parallel surfaces. The resistivity from the first
method varied, depending upon the position of the probes on the surface

-.-------—--------------—---._——-..-..-..--..---u—u-----u...-..-..-_..u..-.

8. L.B. Valdes, "Resistivity Measurements on Germanium tor Tran-
sistors,' Proc, IRE , Vol. 42, pp. 420-427; February, 1954,
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resistivity from he second method which measures through the total
volume of the sample depends upon the specimen being sound and
hon.cgeneous for reliability., On several samples it was found that a
thin strata of flux produced z very low value of resistivity., These
data were not used, The following table summarizes the dc resistivity

measurements on Li'F'-6:

Resistivity Measurement
Sample No. Ctm-cm - Method i
1 1330-2000 Between Points
2 220- 330 Between Points
3 386 Between Planes
4 1524 Between Planes
5 310 Between Planes

The dc resistivity of Li"F''-6 has proved to be an order of magnitude
smaller than expected after the measurements on the crystals from

the small experimental batches #2 through #5. These values of
resistivity predict a high RF loss tangent which was verified by cavity
measurements of several samples at C-band. The measurements were
made at 5.5 GHz and gave loss tangents of 0. 13 to 0. 14 and dielectric
constants of 15,4 to 16. 7,

The need for additional study in the growth of single crystal
lithium ferrite was obviously indicated; however, since we were not in
a position to support such a program it war decided to go ahead with
the planned experiments to demonstrate, if possible, the applicability
of lithium ferrite to the high power phase shifter,

Experiments to reduce the linewidth and loss characteristics
of lithium ferrite, using the various methods outlined by Nielsen9 et al,
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9. J.W. Nielsen, D.A. Lepore, J. Zneimer and G.B. Townsend,
"Effect of Mechanical, Thermal and Chemical Treatment of the
Ferrimagnetic Resonance Line Width on Lithium Ferrite Crystals, "
J. Appl. Phys., Vol. 33, p. 1379; March (Supplernenrt) 1962,
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have met with some measure of success as w11l be described, Although
the improvements are relatively minor with regard to phase shifter
operation an important benefit of this work is to indicate the reason
Li"F'' -6 failed to exhibit the expected narrow linewidth and the approach
which might be taken in growing higher quality lithium ferrite, 1t also
shows the importance of highly polished surfaces in reducing the line-
width cf ferrite compounents.

A sample of Li"F"-6, 0. 090" square and 0.418'" long was subiected
to four operations to redu..e its linewidth and loss tangent, After each
test the sample was centered in a test section of C-band waveguide on
which insertion loss measurements were made. The resuits of these
data are given in Figure 33(a) through (e). The curves (a) and (b) show
that polishing all surfaces of the rough cut sample improves linewidth
from 130 oersteds to 10 oersteds, To test the possibility that lattice
disorder was contributing to the linewidth, the sample was heated to
710°C in air for two hours followed by controiied cooling for 4 hours
to 580°b, at which time the oven was cut off and allowed to cool over
night. Curves (b) and (« ! show that an increase in linewidth resulted
which may be explained by (1) the roughened surface observed after
the heat treatment or {2) too rapid cooling from 580°C after the oven
was turned o{f. TYe third test was a heat treatment in an oxygen atmos-
phere at 1000°C to oxidize the residual free iron in the ferrite, The
oven was held at a temperature slightly above 1000°C for 2-1/2 nours
and then was permitted to cool rapidly {30 minutes) to 750°C followed
by controlled cooling for 5 hours to 4700(}, at which time the oven was
turned off to cool over night. ZCurves (c) and (d) show a subsiquent
improvement in lirewidth from 125 to 90 oersteds.

The final operation was a heat treatment of the lithium ferrite in
a boat filled with lithium carbonate to test the possibility of lithium
deficiency in the crystal, The oven was held at temperatures above

750°C for two hours followed by controlled cooling for 5-1/2 hou:s to
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515°C at which time it was turned off to cool over night., Since the
surface was quite rough after this treatment, the specimen was
polished with lLinde A 0.3 micron* alumina abrasive., Curves (d) and (e)
show a reduction in linewidth from 90 to 75 cersteds, It is felt that the
improvement in this last rest is principally attributable to polishing.

In reviewing the sequence of the above experiments it is felt that
polishing of the crystal surfaces should have been performed last in
which case the several operations could have been appraised indepen-
dently. The conclusions which are suggested by these tests are that
oxidation of divalent iron coupled with strain relief and ordering of the
crystal lattice by anaealing plus surface polishing of the crystal has
resulted in reducing the linewidth from 130 oersteds to 75 oersteds,

In the region of interest above ferrimagnetic resonance it was observed
that no reduction of insertion loss was realized indicating that the
dielectric loss tangent was unchanged by the var.ous operations; there-
fore, continued pursuit along this course was considered unproductive
and was discontinued,

Insertion loss measurements were made on 12 samples with 0, 090"
square cross section and from 0,328' to 0.500" long. The linewidths of
the rough cut samples ranged from 40 to 130 oersteds. Measurements
at Airtron on 17 small spheres from the same batch gave linewidths
from 3 to 50 oersteds; the iinewidth of 12 of these was less than 15 ocersteds,
It is not the intent here to show a disagreement in the linewidth measure-
ments but to report the values observed since it is known that linewidth
measured on a rod sample is several times larger than that measured
on a small sphere as pointed out by Dillon.

The loss and phase shift characteristics at RF peak powers

ranging from 1 mw to ! kw are given in Figure 34 for a rod of
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Trademark, Union Carbide Corporation

10, J.F. Dillon, Jr., '"Magnetostatic Modes in Discs and Rods, "
J. Appl. Phys , Vol. 31, p. 1605; September 1960 (see pp. 1612-
1613)
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0, 060" x 0,060" cross section and 3.937" long. 7Tn«¢ rod was fabricated
from 11 pieces of single crystal lithium ferrite. The effect of increas-
ing power is teen to decrease the ferrimagnetic resonance peak and to
diminish the phase shift activity to zero at I kw peak pcwer. These
results are explained in the work by Fletcher and Silence cited in

Section II. Applying the appropriate parameters to the curves, Figure 15,
one finds that operation with lithium ferrite should be restricted to mag-
netic fields abore 1050 oersteds to avoid the unwanted high-power effects.
These calculations are based upon a zero magnetic anisotropy for lithium
ferrite; however, experimental data to be discussed next indicates that
the anisotropy field is at least 235 oersteds, If the rods cf lithium ferrite
used in the experiment could be sliced through the center of the crystal
r.ormal to the {111} plane, then the existence of the anisotropy field
would be an advantage because it would be oriented in the phase shifter
parallel to the applied dc magnetic field. Since the rods had to be cut
parallel to the (111} plane, the anisotropy was a disadvantage; therefore,
it is estimated that the operating region of magnetic field should be
greater than 1200 oersteds to avoid the unwanted high~power efiects,

An examination of the low power phase shift in Figure 34 shows
that the activity has ceased for magnetic fields above 1200 oersteds,
According to the generalized curves, phase shift activity at low RF
power should not vanish as indicated by the experiment. The observed
loss in activity is at least partially explainable by the reduction in bind-
ing of energy to the ferrite due to the ncrmal decrease in permeability
with increased magnetic fields in tl.e region above resonance, It is,
however, the relatively small cross sectional dimensions which make
the decrease in permeability so critical to binding. Intuitively,this prob-
lem could be dealt with by using a larger ferrite cross section. Experi-
mental proof of such a solution was attempted using a rod 0. 180" square
which was assembled with fourteen pieces of the 0, ¥90'" square rods
described earlier in this section. Phase shift could ;10t be measured

because the insertion loss on the high side of resonance was too
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high (8 db) as seen in Figure 35. It was not possible to slice 0, 180"
square rods because the remainingl:thiumferrite was too small.

An examination of the insertion loss measurements ¢ the 12
individual samples revealed that ferrimagn~tic resonance for the two
samples cut on planes normal to the crystal faces occurred at mag-
netic fields approximately 350 oersteds smaller than that of th remain-
ing 10 samples, which were sliced parallel to the crystal faces. The
effect of the magnetic anisotropy of lithium ferrite is thus demonstrated
where in the first two samples the external magnetic field was applied
in the easy direction, parczllel to the anisotropy field and in the hard
direction for the remaining 10 samples. In lithium ferrite the direction
of the anisotropy field iz more complex than in uniaxial anisotropy
materials because the easy direction of magnetization is normal to
every face and consequently, the hard direction cannot ke orthogonal
to the easy direction. Nevertheless, in order to estimate the magnitude
of the anisotropy field we bave chosen to use the following uniaxial

relationship to solve for Ha:

2 B}
. 2Hp, + Hy , 2H + H, L2
a 2 2 H "E °

Thus, Ha. = 235 persteds at 6.5 GHz when HE = 540 oersteds is th=

magnetic field required for resonance when applied in the easy direction,
and H._ = 902 oersteds is the magnetic field require- for resonance when

H
applied in the hard direction.
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VI. HIGH POWER TESTS

The ability to maintain phase shift and loss characteristics at
high power levels by operating at magnetic fields specified by Fletcher
and Silence4 was tested with three ferrite materials: single crystal
lithium ferrite, nickel ferrite (TTz 111), and nickel-cobalt "W' (A-130),
A block diagram of the test apparatus is shown in Figure 36, The peak
power obtainable with this setup was 25 kw to 100 kw, To prevent heat-
ing of the fer :ite during the test, the average power was limited to a
maximum of 2 watts by using a 20 Hz repetition rate and a 1us pulse
width, In the setup phase shift was measured by noting the shift of the
null on the slotted line, The difference in signal amplitude between the
inptrt and outpr: of the phase shifter provided a measure of the loss
characteristics,

The variaticn of loss and phase shift with increasing power in
lithium ferrite has been given in Figure 34, where it was observed
that phase shift vanished for power above 1 kw. A discussion of these
results has been given in Section V,

The configuration of six parallel rods discussed in Secticn IV
was tested at peak power levels, 1 mw to 100 kw at 6.5 GHz. The
results of loss and phase shift are given in Figure 37, It may be
observed that phase shift appears to level off between 800 and 1000
oersteds; however, at 1000-1100 oersteds phase shift resumes at a
relatively uniform rate, Referring to Figure 15 one may calculate
that the magnetic field above which high power effects are avoided is
approximately 1120 oersteds which coincides with the field where
phase shift is ~esumed in Figure 37,

The third ferrite tested at high power was A-130, Again using
Figure 15 cne may calculate that the field required to avoid high power
effects is 1090 oersteds; however, this value includes the anisotropy
field which is 4500 oersteds for A-130, The implication is that high

power effects should not be observed in A-130 at 6.5 GHz, These
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oredictions are verified by the measured data presented in Figure 38,
With the exception of the very low power (I mw) measurements both
loss and phase shift show only minor changes with increased power.
Unfortunately the loss for A-130 is so large that it would not be accept-
able for a practical phase shifter. In the test on A-130 it was found
necessary to place a 0.005 inch thick mylar tape between the ferrite
-od and the bottom wall of the waveguide to prevent voltage breakdown
at high power,

An alternative to us g the mylar tape is to deposit gold on the
bottom side of th~ ferrite and then solder the ferrite to the waveguide.
The particular advantages to this technique are that solderir. provides

a means of permanently mounting the ferrite and a good berinal path

for cooling.
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VI, CONCLUSIONS AND RECOMMENDATIONS

The experimental phases of this program which are reported here
and in the Semiannual Technical Report have shown that reciprocal
rhase shift is achievable at C- and X-band in a waveguide configuration
using longitudinal magnetic fields in the region above ferrimagnetic
resonance, The tests at RF peak powers from 25 kw to 100 kw have
demonstrated that the nonlinear losses which may occur at high power
can b. avoided by operating at magnetic fields above a prescribed value
which is determined by the saturation moment and linewidth of the
ferrite and the frequency of operation. As a general rule, the applied
magnetic field cannot be less than 2*“; , where w is the operating fre-
quency and v is the gyromagnetic ratio; ths, at 6.5 GHz and 10 GHz
the applied fields must be greater than 1160 oersteds and 1785 oersteds,
respectively, There then exists a practical upper limit on the fre-
quency of operation determined by the maximum bias field achievable
with permanent magnets.

The maximum applied field as defined above may, however, be
reduced by the amount of anisotropy field in the ferrite provided that
the two fields are parallel. Care inust be taken to choose a ferrite
that does not have an excessively large anisotropy field; otherwise,
there will be the handicap of reduced activity per unit length, and hence
a longer structure would be needed for the desired phase shift,

During this program the most practical ferrites were polycrystalline
hexagonal materials, With present technology these materials can be pro-
duced :n pieces sufficiently large for phase shifter application. Urnfortunately
not all o}{f the desired material characteristics are found ina single ferrite
type. The planarferrite, HP-42A, provedtohavethe highest figure of
merit as predicted by its narrow linewidth; however, it had to be operated
at 21.75 GHz becauese its anisotropy field was so large, The uniaxial fer-

rite, A-130, was operated at 6. 5GHz as proposed and demonstrated satisfactory
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phase shift characteristics at 25 to 100 kw peak power, but its figure of
merit was too low because of excessive insertion loss, The high loss
is attributable to both high dielectric loss and high magnetic loss.
Because of the large linewidth of A-130 (2000 oersteds) the operating
region had to be far above resonance; thus, the usable phase shift
activity was considerably reduced from its maximum value,

The foregoing (iscussion indicates two approaches which might
be taken to develop the desired ferrite, The first is to reduce the
dielectric loss, the magnetic loss and the linewidth of A-130, The
second approach is to modify HP-42A to achieve similar planar ferrites
having an anisotropy field of 2000 oersteds for C-band operation and
2700 oersteds for X-band operation, A reduction in the linewidth of
HP-42A without reducing the anisotropy field would make that material
suitable for application to 2 high power K-band phase shifter.

The work with single crystal ferrites has pointed out several

near future, In particular, their small size introduces a difficult
assembly job which is made more complex by the fact that the anisotropy
fields of the numerous pieces must be in close alignment; otherwise, the
linewidth of the ensenble is greatly increased. Although the .ct of grow-
ing large single crystals of lithium ferrite was extended by this program,
most of the crystals were of poor quality and all of the samples tested
showed a high loss tangent due to a low bulk iesistivity.
The work with single crystal Zn-Y was restricted by the small

quantity available and by the same pcor quality exhibited by lithium

" ferrite, It should be noted, however, that a significant amount of
development is presently being done with Zn-Y by A, Tauber* and the
progress of this worl merits attention. In the event that large pieces of
high quality Zn-Y are »nroduced, its application to K-band high power
phase shifters should be exa'nined.
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U.S. Army Electronics Laboratories, Fort Monmouth, New Jersey.
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