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Electromagnetic Properties of
Ferrimagnetics and Their Applications
from UHF to Millimeter Waves

BENJAM[N LAX and KENNETH J. BUTTON
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Lexington
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FIRST OF THREE PARTS

* Developments during the past three years in both the experimental and theoretical studses of ferrimagnetic.
materidls sn waveguides bave encompassed a broad range of activities. It is no longer appropriate to refer to this
field as "microwave ferrites," as in the pass, because nomreciprocal devices mow exist which wuse ferrimagnetic
garnet materials and antiferromagnetic maseridls. Furthermore, the frequency range of application is mot restricted
to the microwave ramge bus extends ibroughous both the UHF and also the millimeter wave region. The review
of some of these most recenst accomplishmenss which. follows will be concerned mot only with the fundamental
advances in the understanding of ferromagmetic maserials, but dso with the application of this knowledge which
bas reswited in the invewsion and development of mew and improved devices. A large portion of this paper will
also be devoted to the description of the principles of op eration and the performance characteristics of -a number
of shese UHF, microwae and millimeter wave compone nis.

PART I

WAVE PROPAGATION IN FERRITE
LOADED.STRUCTURES

Rectangular Waveguide .

Fundamental Waveguide Mode

Anomalous Gyromagnetic Modes

Ferrite-Guided Modes
Nonreciprocal Coaxial Structure
Tunable Cavity Resonator

. PART I
SPIN' WAVES
Spin Wave Spectrum
Magnetostatic Modes
LINE WIDTH IN FERRIMAGNETS
Role of Spin Waves
Role of Impurities _
NONLINEAR PROPERTIES OF FERRITES

Harmonic Generation
Saturation. of the Spin System
Ferromagnetic Amplifier

Electromagnetic Operation

Modified Semi-static Operation

Longitudinal Pumping

Gain-Bandwidth
Microwave Power Limiter

* Operated with sappars from the U.S. Army, Navy, and Ais
Force.

PART III
FERRITE DEVICES IN UHF BANDS

Low-Field Magnetic Losses
Aluminum-Doped Farrites
High-Power Devices
Three-Port Circulator

RECIPROCAL PHASE SHIFTER
DEVELOPMENTS AT MILLIMETER
WAVELENGTHS
High-Anisotropy Ferrites

Three-Port Circulator
Antiferromagnetic Devices

I. INTRODUCTION

- Some of the advances in research covered by this re-
viéw constitute important breakthroughs into undeveloped
areas formerly “inaccessable because of the need for fun-
damental exploration. Other advances have involved the
more complete development of topics that have been put-
sued successfully- for several years. A major item of the
latter category has been the theoretical problem of wave

_propagation in waveguides containing ferrites. The ano-

malous gyromagnetic modes in rectangular guide and non-
reciprocal propagation in sifnulated coaxial line have
received recent attention. A new problem that has now
been managed successfully is the solution for the tunable
resonant modes of ferrite loaded cavities.



From a fundamental viewpoint,-our knowledge of spin
waves and their- importance in ferromagnetic resonance
phenomena has been clearly established with the use of
a simultaneous theoretical and experimental approach.
Their contribution to the ferrite resonance loss mechanism
has been identified. Some of this has been possible only
through the discovery and subsequent experimentation
with the new garnet materials which have permitted a
more detailed examination of the nature of magnetic losses
at microwdve frequencies. There is now a clearer under-
standing of the nonlinear behavior of ferites and garnets
under conditions of high signal power. This has led to the
development of high-power isolators dnd to the invention
of entirely new devices such as the ferromagnetic amplifier,
the harmonic generators and the microwave power limiter.

A genuine breakthrough has occured in applications
with the invention of millimeter devices such as isolators
and circulators at wavelengths as short as two millimeters.
High frequency isolators which require unusually large dc
magnetic biasing fields have, until recently, utilized the
high-anisotropy uniaxial magnetic oxides having large
internal -fields. Today, however, the use of antiferromag-
petic materials having internal fields from fifty to hun-
dreds of kilogeuss permit nonreciprocal devices to be
operated from the millimeter well into the far infrared
range.

The conventional isolators and circulators have been
extended to operate in the UHF region in both rectangufar
guide ‘and coaxial line through the use of garnets and
aluminum-substituted ferrites. The invention of the fer-
rite Y-circulator has provided a compact device which has
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Figuré 1 — Phase constant vs slab thickness for a transversely

ized ferrite slab against the side wall of a rectangular

.waveguide under conditions of negative effective permeabili-

ty. Solutions (neglecting losses) are shown for the nonre-

ciprocal TE;, mode and the ferrite-dielectric mode which is

the lowest mode of the anomalous gyromagnetic class. A

frequency of 9000 mc was used for standard X-band wave-
guide of width L. (After Lax and Button).

-demonstrated its usefulness in both the UHF and milli-

meter wave tegion. Finally, much higher performance is
now available in fast, electronically-controlled microwave
switches and reciprocil ferrite phase shifters for antenna
scanning applications.

II. WAVE PROPAGATION IN FERRITE-LOADED
STRUCTURES

The earliest theoretical treatmentes of propagation in
ferrite-loaded transmission lines dealt with the set of
modes propagating in cylindrical waveguide containing
an axially-magnetized ferrite rod' and also the fundamen-
tal TE mode in rectangular waveguide contaiping a fer-
rite magnetized transversely to the direction of propaga-
tion. Although the electromagnetic theory for the cylin-

drical waveguide developed a more complete set of modes,

the solution for rectangular waveguide? proved to be more

amenable to numerical evaluation.® This theory has re-.

cently led to the discovery of a new class of modes in-
digenous to ferrite-loaded waveguide and has also provided
a physical interpretation in terms of their unique field
patterns. It is now possible to classify three varieties
of propagating modes that can exist in a rectangular wave-
guide containing a transversely-magnetized ferrite slab
The first category contains the fundamental mode which
may be distorted by the ferrite slab in such a way as to
introduce nonreciprocal propagation. These may be called
the waveguide modes. The second class are unidisectional
modes. Since. each of these propagates only in one. direc-
tion, they have no analog in empty waveguide or in a
guide . containing an isotropic medium. They arise as a
consequence of the tensor properties of the gyromagnetic
medium. The lowest mode of this class is a TE mode and
has been called the “ferrite-dielectric” mode. The higher
modes of this anomalous gyromagnetic class are not purely
TE nor TM but have additional cartesian components of
the microwave electric and magnetic field. The final class
of modes are also’ neither TE nor TM but they are not
unidirectional. They propagate in both the forward and
reverse directions and the propagation constant is non-
reciprocal. Unlike the distorted waveguide modes, the
electromagnetic energy is contained largely within the
ferrite slab and their existence depends upon the slab

-thickness. Therefore, we shall designate these as ferrsse-

gwided modes.

Nonrecipgocal propagation in coaxial transmission line
has also been described by theoretical- consideration of the
TEM mode distorted by dielectric loading. The bouadary
value solution of the simulated loaded coaxial line has

X{ s’ 8
8 8"
8 7 3~ ‘ 33—+ (

ta) {b} ()

Figure 2 — The propagation comstant vs slab thickaess 6 for the
TE,, mode under conditions shown in Figure 1 for () ordi-
nary waveguide cutoff; (b) and (c) ferrite-loaded guide.

- Although losses are neglected, a complex propagation con-
stant B’ 4 jB” is obtained indicating an evanescent mode
beyond “cut-off”. (After C. T. Tai).
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Figiu-e_ 3 — Experimental determination of the relative of electric
© field ‘intensity in a ferrite loaded waveguide for two slab
thicknesses, showing the evanescent waveguide mode propa-

gating in the reverse direction and the ferrite dielectric mode

in the forward direction. The thicker slab (top) quenches

the waveguide mode more effectively. (After Angghkoi)i_ .

provided the field patterns, and the nonreciprocal phase

shift has been calculated for both the UHF and microwave

“regions.

. Rectangular Waveguide

The technique of solving propagating mode problems
in rectangular waveguide involves the substitution of an
assumed-field pattern into Maxwell's equations and the
subsequent matching of boundary. conditions at the walls
" of the guide and at the ferrite-air-interface. Since the
solution takes the form of a transcendental equation and
the computations are usual'y complicated, the problem

is often solved for one class of modes at a time.

Fundamensal Waveguide Mode — The phase constants for
" forward and reverse, propagation in the nonreciprocal
waveguide mode are shown* at the lower left of Figure 1.
As the slab thickness is increased, the phase constants for

both directions approach zero and the calculated electric

field pattern shown in the inset appears to be crowded
into an effectively smaller guide. At a critical thickness,
the phase constants go to zero and the mode is cut off.
However, the-theoretical solutions for the TE,, mode
have been extended into the “cut-off” region by C. T. Tai®

and he has shown that the propagation constant becomes

complex proving that the waveguide mode is not actually
cut off in the usual sense but becomes evanescent. Where-
as, in the absence of ferrite (Figure 2a), the solution be-
comes purely imaginary at cut-off, the solutions for a fet-
rite slab in a waveguide (Figures 2b and c¢) have -a real
and imaginary part. ‘ .

The experimental. consequences 7 of this bebavior are
shown in Figure 3. The relative rf electric field intensity
" has been mapped through the use of a small transverse
E-probe inserted in the ‘top of the guide at points in the
three planes shown. The waveguide mode (reverse propa-
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Figure 4 — The field patterns for a ferrite-metal mode in wave-
guide completely filled with ferrite. The field intensities are
for' forward propagation and at the other side for reverse
propagation. This would be a uni-directional mode if the
ferrite were in contact with only one wall. (After Barzilai
and Geérosa). o

gation) ‘is evanescent and the penetration is shallower for
the thicker slab. Forward propagation takes. place isf the
“ferrite-dielectric” mode which is the unidirectional solu-
tion at the top of Figure 1.

Anomalous .Gyromagnetic Modes — Thé higher modes of
this class will propagate even in arbitrarily small com-
pletely-filled ‘waveguide when the effective permeability
of the ferrite is negative, The problem of propagation in
a rectangular guide completely filled with ferrice was
formuldted by Mikaelyan® and in the parallel-plate analog
by Van Trier® The general form of these solutions took
into -account the birefringent character of the ferrite and
did not restrict the solutions to simple TE or TM mode
patterns. Seidel’® has recently applied this type of formu-
lation to the guide containing a slab against the wall and

" given the physical and analytical interpretation of ano-

malous unidirectional mode propagation. These modes
have now been classified by Seidel and Fletcher.!' They
simplified the problem considerably by confining their_
attention to arbitrarily small guide,in which only higher
unidirectional modes propagate, alf others being cut off.
Thompson'? had previously demonstrated the existence of

‘this phenomenon experimentally. Seidel, found solutions
-where the electric field reached 2 maximum within the fer-

rite 'near the metal wall of the guide. A linear combina-
tion of such birefringent rays permitted the boundary
condition at the metal wall to be satisfied. Then, using the
small-guide restriction, the following explicit expression '
for the phase constant, 8, was obtained for the “"ferrite-

‘metal” (FM) modes:



l m~» 1/2
8= T(E =) """ ot
where 4 and & are the diagonal and off-diagonal compo-
neats of the ferrite permesbility tensor. The distance 4
denotes the waveguide height, and the order m of the
mode is defined as the number of half cycles of sinusoidal
variation along the direction of the transverse dc magnetic
field; m =0 are the TE modes which are not admitted by
the small-guide restriction. Figure 4 shows a plot made by
Barzilai and Gerosa™® of field patterns for a mode of this
sore for the guide completely filled with ferrite. If some
of the ferrite were removed from contact with either the
right or left wall, this mode would propagate only in one
direction. A plot of the phase constant for several FM
modes for half-filled:guide is shown in the upper part of
Figure 5. The FA (ferrite-air) modes shown are those
which have the peaks of their field patterns at the inter-
face between ferrite and air in the half-filled guide. Again,
Seidel and Fletcher discovered these by satisfying .the
boundary conditions with linear combinations of only
those solutions which have a peak intensity near the inter-
face. These restrictions resulted in the following remark-
ably simple expressions for the phase constant for each
type of “ferrite-air” mode:
2
B = —%'?(L) 1/2 FA.1

[ - w

Ferrite-Guided Modes— Figure 6 shows the phase con-
stant vs ferrite slab thickness obtained from the general
solution carried out by Barzilai and Gerosal* As the
slab (against the left wall) is made thicker, the ferrite
guided modes begin to appear and, at the slab thickness
designated by the two black dots, the field patterns in
this mode have the form shown in Figure 7. The micro-
wave energy is concentrated largely within the ferrite.
This is neither a TE nor TM mode because all compo-
nents of both the electric and magnetic fields exist. These
modes do not depend upon the guide width but on the slsb
width and unlike the unidirectional modes which propa-
gate in agbitrarily small guide, these: can be cut off by
making the slab (or the guide) sufficiently small.

Nonreciprocal Coaxial Structure

The TEM mode of coaxial transmission line is unsuit-
able for nonrreciprocal ferrite devices unless the mode can
be distorted sufficiently to create a rotating tf magnetic
field vector. Siace this has been accomplished recently,
coaxial circulators and ferrite resonance isolators are
available in the UHF bands which have the compact,
broadband (and low power) characteristics of coaxial
line. It Was shown by Seidels that it is possible to develop
a nonreciftocal structure in coaxial line by distorting the
‘azimuthal symmetry of the TEM mode with adielectric
and thereby generate a longitudinal component of the tf
magnetic ficld. The two magnetic components form a

—a=[(5)? + #0415 <] =

It should be noted that the FM mode propagates in
one direction while propagation in the other direction
takes place via the FA T mode.

1/,

040 0.50 0.60
MAGNETIC FIELD yH/w

0o 040 0.20 . 0.30

Figure 5 — Typical anomalous gyromagnetic mode s
half-filled small guide as a lzlcum
ter Seidel and Fletcher).

trum in
ion of magnetic (Af-

vector which rotates as the wave pattern moves along the
line. When a transversely-magnetized ferrite is placed in
this region of the rotating rf magnetic field, nonrecipro-
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of width L, EAhei Barzilai and Geross).
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Figure 7 — Microwave field patterns of a ferrite-guided mode
for forward propagation only under the conditions denoted
by the two black dots in the previous figure. (After Barzilai
and Gerosa).

cal be experienced. Nonreciprocal attenuation has been
demonstrated experimentally by Duncan, Swern, Tomi-
yasu and Hannwacker.1 The analytical problem for the
reciprocal coaxial phase shifter containing a small ferrite
only was formuldted by Sucher and Carlin ** by making
use of the parallel plate analog of the coaxial line. They
obtained a small nonreciprocal effect because the ferrite
itself has a relatively large diclectric constant which dis-
torts the TEM mode. When a material of relatively large
dielectric constant K, is enclosed by the feerites as shown
in Figure 8 the field distortion is greatly enhanced. Numeri-
cal solutions of the boundary value problem in the simulated
coaxial line shown in the lower part of Figure 8 were caz-
ried out by Button!® who obtained differential phase shifts
as large as one radian per centimeter of line length at
2000 mc as shown in Figure 9. The differential phase shift
is small if the TEM mode is only slightly distorted by
either a small amount of dielectric or a small dielectric con-

/ Hae

0-4---=-2-L-0
P

Figure 8 — The cross-section of the ferrite nonreciprocal coaxial
phase shifter (upper figure) showing the dielectric loading,
K,, and two transversely magnetized ferrite slabs. The in-
finite parallel plate analog is coastructed by slitting the line
at 0-0 and unrolling it (After Button).

10

8

B, +B_, (radians/cm.)
8
!

DIFFERENTIAL PHASE SHIFT

o
>
T

° fo 20 30

DIELECTRIC LOADING FACTOR (percent)

Figure 9 — Theoretical differential phase shift vs amount of di-
électric at a frequency of 2000 mc for 2 1 5/8 inch diametsr
coaxial line. Smaller amounts of dielectric must be used for
Ege l;, to avoid the dielectric-waveguide effect. (After

tton).

stant. The effect also drops off precipitously if the amount
of dielectric is too large because nearly all of the micro-
wave energy is concentrated within the dielectric with
little remaining in the region where the ferrites are lo-
cated. Of course, larger amounts may be used at longer
wavelengths. The results of the value solution
have been used to plot the field patterns within the loaded
line as shown in Figure 10. The peak of the electric in-
tensity occuring within the dielectric creates a gradient in
the transverse electric field which does not”exist in the

(linear scale)

RELATIVE ELECTRIC FIELD INTENSITY *

LONGITUDINAL MAGNETIC
FIELD (negative scale)

REVERSE A
~ i
=

Figure 10 — The transverse rf electric field intensity (upper
figure) for the nonreciproca® coaxial phase shifter. The long-
itudinal component of the rf magnetic field, which does oot
exist in empty coaxilz line‘,hocom;inu withdelhe‘hemm
magnetic component (not wWn) to Pprovi rotating
g:gnet)ic vector needed- for nonreciprocal effects. (After

teon). -
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Figure 11 — The resonant frequencies (notmalized by the zero-
field resonance) for the completely-filled infinite parallel-
plate cavity shown in the inset. The ies have been
plotied -as a function of dc magnetic field intensity for the
magnetic field perpendicular to the plates from the cubic
equation of Equation. 3. . ' .

undistorted TEM mode. This gives rise to a large longi-
tudinal magnetic component near the interface which is
‘needed for the ferrite to exhibit nonreciprocal properties.

This numerical solution has been extended to the UHF
region by Boyet, Weisbaum and Gerst® who have made
calculations of the nonreciprocal phase shift in coaxial
line loaded with ferrite and dielectric and have found that
a circulator can be constructed at 400 mc which would be
only five inches long. They have also shown that the ex-
ternal dc magnetic field can be adjusted to achieve broad-
‘band characteristics. -

The Tunable Cavity Resonator

+The tesonator frequency of a cavity containing a ferrite
can“pe tuned by varying the external dc magnetic field
applied to the ferrite. ]Jf the cavity is to contain more
than about one percent ferrite by volume, the-resonant
frequencies of the cavity modes will vaty over a wide
range as a function of external field and the mode pat-
terns will be distorted substantially. The essential features
of the cavity problem, including the resonant frequencies,
can be obtained from the simplest possible case shown
in the insert of Figure 11 or Figure 12. This is an infinite
slab of ferrite bounded by two infinite metal plates. Since
the component of the electric field parallel to the plates
must vanish at the conducting surfaces, we must have
a field of the form E — Esin k,z where k, =nx/d. The

familiar form of the dispersipn relation from szw;]l's )

equations reduces to

w!
c?

k2 =

Kepterr Whete pleee is the dimensionless

“effective permesbility” of the ferrite composed of the
elements of the permeability tensor. Thus the solution of
the problem is given by :

oy

W,

Figure 12 — The normalized resonant frequencies as a function
of applied field for the dc nﬂeﬁc field paraliel to the
metal walls of the completely-filled infinite ptnllel—rlue
cavity shown in the inset. These are the two roots of the
biquadratic of Equation 4. (After Heller).

k2 = % Keptert = (D"/f‘l)" =w:: K ()

@2 floge — W2

where , is the resonant frequency of the cavity at zero
field where the' medium within the cavity is unmagnetized
and is then characterized only by its dielectric constant,
K.. For- the case shown in Figure 11 where the external
field is perpendicular to the plates, por = pt =1 +
[wx/(ws = @)] and Equation (2) becomes

“’f[l +%ﬁ]= o 3
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Figure 13 — The exact solutions for the TM,;, mode in a cy-
lindrical cavity containing s thin axial ferrite rod with a
ratio of rod to cavity diame er of 0.1 The positive and nega-
tive rotating mode solutic  and the ferrite-dielectric mode
(extreme left) are shown After Heller).



where wy and , are proportional to the ferrite magne-
tization and the applied field, respectively, and w is the
resonant frequency of the cavity in the presence of =
field. The three modes of resonance (as a function of
applied field) which are solutions of this cubic equation
are shown in Figure 11.

If the same parallel-plate cavity has the external field
applied parallel to the plates as shown in Figure 12, it is
only necessary to substitute into, Equation (2) the effec-
tive permeability for a ferrite magnetized transverse to
the direction of propagation which yields a biquadratic
equation in @:

tangular cavity. Heller®® has pointed out that the TMyp,:
modes of the cylindrical resonator containing an axially-
magnetized ferrite rod have a relatively simple solution
because these are the modes with field components inde-
pendent of the height of the cylinder. Thus, with the axial
dc field parallel to the cylindrical walls the resonant fre-
quencies should be similar to Figure 12. Heller's results
for the TMy;o mode of the cylindrical cavity containing
a longitudinally magnetized thin axial rod of ferrite are
shown in Figure 13. Here the solutions split for each
sense of rotation of the mode when / is not equal to zero.
Heller has also plotted field patterns,?® worked out results
for higher TM,,, modes and observed satisfactory agree-

¢ — [ea., + @0)* + @ ]+ @, (@ + Wuw,) =0 (4)

A plox of the two roots of this equation as a function of
dc magnetic field intensity is shown®® in Figure 12.

The latter: parallel-plate analogy applies directdy to the
problem of the TM modes of both the completely-filled
rectangular cavity® and ‘the completely-filled cylindrical
cavity where w,, in each case, represents the appropriate
zero-field solution for the particular geometry. For ex-
ample w2 >,p? « (Ix/a)? 4+ (mw/b) * for the rec-

ment with experiments for the TMg;o mode. The one dis-
tinction between the partially-filled and completely-filled
cavity is the existence of the ferrite-dielectric mode shown
in Pigure 13, which is analogous to that found in wave-
guide.

NEXT MONTH — Spin Waves, Line Width sn Ferrs-
magnetics, Nonlinear Properties of Fervites.
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SECOND OF THREE PARTS

III. SPIN WAVES

The importance of spin waves in ferrites and ferro-
magnetic materials has emerged from a theoretical con-
cept and, during recent years, the subject has become of
great practical interest. The particular significance to
ferrite applications was recognized in connection with the
high-power problem. Direct experimental verification of

. the spin waves was most dramatically demonstrated in
spin-wave resonance experiments” at microwave fre-
quencies in thin films of permalioy. Perhaps it is ap-
prapriate to introduce. this topic by discussing this par-
ticular experiment and the theory of spin-wave resonance.

Spin Wave Spectrum.

- The equation of motion for a classical spin wave2* can
be written in the form.

M > > MX 7*M
% =7 (MXH)+ YHexa’"'—l—L—Yl—— ) -

— - .

where M and H are the total magnetization and mag-
netic’ field including the ff components. The exchange
contribution has been accounted for by introducing a

- .
restoring term proportional to 7 M, where H,, ‘is the
equivalent internal exchange field tending w0 align
neighboring spins and 4 is the lattice constant. If Equa-
tion 5 is solved for the case whete the direction of propa-
gation of the spin wave is along the direction of the
applied static magnetic field, then the frequency of the
spin wave is given by '

Wy =Wy + Wex 2k’ 6)

* Operated with support from 1he US. Army, Navy, and Air
.Force. '

where wo==7YH, and .y =7yHex and the frequency of
each of the spin waves in the series depends on its wave
number, £ In a sample of thickness §, which may be
several thousand angstrom units in a thin metal film, one
can specify’* the wave vector in terms of ‘the sample
dimension as

k=n=/d . (7)

since the spin waves meet a discontinuity at the surface
and can be assumed to be “pinned” at the boundary. This
result is significant in that the usual  ferromagnetic
resonance (the uniform precessional mode for which
n=0) is supplemented by additional resonances of
higher wave number with a separation between neighbor-
ing peaks of ' '

Aw=wu+1— a.’nzwex(%>2 (é)

The exchange field for a metal is of the order of 107
gauss corresponding to an exchange frequency we, =~ 10
cps. Consequently for a film thickness of several thou-
sand angstrom units, Aw == 10° cps. Thus the spacing of
the spin wave peaks should be of the order of 100 oer-
steds. Seavey and Tannenwald® have shown that these
are resolvable, have observed the spin wave spectrum up
to-n==17 and have measured the internal exchange field
for permalioy.**

The expression for the spin-wave frequency for a fer-
rite (ellipsoid of revolution magnetized along the axis
of rotation) having millimeter dimensions or larger
takes on a somewhat more complicated form

** A thorough description of spin wave concepts has been given
by P. E. Tannenwald, “Spin Waves,” the microwave joxrnal,
Vol. 2, pp: 25-28; July, 1959.
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Figure 14 — A plot of the spin wave spectrum from Equation 9
showing the degeneracy of the usual ferromagnetic reso-
pance frequency (dashed line) with spin wave modes of
different k and different directions of propagation. The
shaded portion is the region of magnetostatic modes for
k< 2x/0.1d where d is the diameter of the specimen. The

expressions on the axis were obtained from Equation 9 for
k=0 and ® as specified. The demagnetizing factors,
N, and Nq, parallel and transverse to the direction of the
dc magnetic field adjust the expressions for specimens of -
different shape. (After H. Suhl).
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Figure 15— Magnetostatic modes at 9222 mc in a thin disk of
yttrium-iron garnet magnetized perpendicular to the plane
with the uniform rf driving field applied in the plane of
the disk. (After Dillon).

C ey = [ (@— Nywi1 + Wex k") (Wo— Nyoss + 0oz a'k" + wy sin?0)] /2 v 9

where wy =" (4xM), N; is the demagnetizing factor in
the ditection of the dc. magnetic field (N + Ny + N,
=1) and @ is the angle between the field and the direc-
tion of propagation of the spin wave. This expression is
valid for short wavelength (large k) compared to the
sample dimension. Figure 14 shows a plot*® from Equa-
tion 9 of the spin wave frequency as a function of wave
number, k. The boundaries are curves for §—=0 and
0 ==/2 corresponding to z-directed and transversely
directed spin waves respectively. The curves turn upward
for larger values of k when the term we; a'’k’ becomes
comparable: in magnitude to the other terms of Equation
9. The horizontal line on the figure corresponds to the
usual ferromagnetic resonance frequency (of an ellipsoid
magnetized in the z-direction) which can be seen to be
degenerate with a large number of spin waves of dif-
ferent wave length and different directions of propagation.
Hence, any mechanism which couples energy between the
uniform precessional mode and the spin waves*® intro-
duces losses and broadens the resonance line. These
mechanisms will be discussed presently.

Magnetostatic Modes.

In the spectrum of spin waves which exist in
specimens having finite boundaries, the uniform
precessional mode represents the zero-order spin wave.
The expression for the resonant frequency of this
mode including the consequences of the boundary-value
treatment was, developed by. Kittel?” . Other modes of
small wave number and different symmetries can also be
excited in samples of finite dimension which correspond
to the shaded region of Figure 14. Unlike the short-
wavelength spin waves which can be represented by a
sum of plane waves, the analysis of the longer wavelength
magnetostatic modes must include the surface demag-’
netizing effects. The boundary value problem in - this
case is rather involved. However, it can be approximated
by treating the rf magnetic fields as one does in 2 mag-
netostatic boundary value problem just as in Kirtel's
case. An extensive treatment has been carried out by
Walker*® and these magnetostatic modes have been

called “"Walker modes.” They have been observed ex-
perimentally by White, Solt and Mercereau®® and by
Dillon®. These modes differ physically from the uniform
precessional mode®! in that the specimen may be placed
in the microwave cavity at a nodal point of the rf mag-
netic field so that nonuniform precession can be excited.
The wavelengths of the modes are larger than the sample
dimension. However, a nodal poin: of the modes occurs
inside the ferrite and the tf magnetization in one portion
of the sample is out of phase with that of the adjacent
segment. Clearly, a large number and variety of such
modes can be excited. The higher the order of the mode
the farther away is the frequency from that of the uni-
form mode. The intensity is also smaller as shown in
Figure 15. The essential significance of these modes is
that they demonstrate the existence of spin waves of low
order and, in addition, they play an important role in
the design of ferromagnetic amplifiers as modes of
excitation for idler or signal frequencies.

An analysis of magnetostatic modes and spin waves
showing the connection between the two types was made
by Damon and Eshbach®* in which they considered the
somewhat-simpler boundary value problem of a semi-
infinite thin slab magnetized parallel to the plane. They
found that the magnetostatic mode spectrum extends over
the same frequency range as that obtained by Walker for
a spheroid, nmamely w=7yH, t0 ©==7y(H;+ 2«M).
This range consists of two regions distinguished by a
distincely different mode characteristic in each. The first
region, from @ ==vyH, 10 w=7y(BH;)}, contains modes
which are spatially harmonic plane waves or standing
waves in the direction transverse to the sides of the slab.
The second region, from w=vy(BH;)1/2 w0 w=
v(H; 4+ 27M), contains ‘only surface waves®® with ex-
ponentially decaying amplitude away from the interface
of the ferrite slab into the interior of the ferromagnetic
medium. These two classes of magnetostatic modes merge
smoothly into surface and volume spin wave modes at
higher values of wave number, £. Some of the surface
mode solutions correspond to the anomalous gyromag-
netic modes, i.e., ferrite dielectric and ferrite-ait modes
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Figure 16— Resonance line width of ytirium-iron garnet

sphere as a function of frequency. -Domain losses in un-
saturated YIG broaden the line below 2000 mc. The peak
near 4000 mc indicates coupling of energy from the uni.
form precession to 4 large number of spin wave modes
of the samc frequeucy. (After Buffler).

that occur in partially-filled rectangular waveguide.*»+»?

"The existence of these sutface modes apparently has an’

important bearing, as we shall see, on the resonance line
width problem since the line width is known to be in-
fluenced. by the roughness of the surface.

V. LINE WIDTH IN FERRIMAGNETS

It has been recognized for some time that the perfor-
mance characteristics of noureciprocal devices depends
strongly on the ferromagnetic resonance line width® of the
particular type of fercite used. However, the basic physical
mechanisms- responsible for the breadth of the resonance
line, particularly the role of spin waves in line broadening,
were not understood until the behavior of ferrites was
investigated under conditions of high signal power. More
recently, the fundamental magnetic relaxation interactions
have been described in detail through the study of ferri-
magnetic garnets having resonance line widths about a
hundred times smaller than ferrite lines. The contribution
of impurities to the line width has also been recognized
and demonstrated in garnets.

Role of Spin Waves.

Follewing the " initidl theoretical study of the
nonlinear behavior . of ‘the spin system in high rf
magnetic fields by Anderson and Suhl?® it was
suggested by Clogston, Suhl, Walker.and Anderson3® that
the large line width observed in ferrites (> 50 oersteds)
was caused, in part, by the excitation of spin waves having
frequencies wy the same as the mode of uniform pre-
cession, as shown in Figure 14. They showed that the
frequency of a spin wave with wave number £ is given
by Equation 9 and suggested that energy from the uniform
.precessional mode can be fed into the spin wave modes
which thus causes an increase in the line width. Irregu-
larities in the magnetic lattice provide a coupling me-
chanism. This basic concept of the excitation of spin
waves has subsequently been supported by the .additional
analysis of Suhl®* on the nonlinear behavior at high power
levels. A coavincing experiment verifying the Clogston

model of the spin-wave contribution to the line width:

has been- carried out by Buffler’” whose results are shown
in Figure 16. He measured the line width of the uniform
mode for a polycrystalline garnet sphere as a function of
frequency. Above 2000 mc, w, > wy/3, the applied mag-
netic field is lacge enough to saturate the sphere and the
line’ width reaches a minimum because the resonant fre-
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Figure 17— Line width of yttrium-iron garnet at 9300 mc

vs the mean grit size of the polishing paper used to grind
the spheres. (After LeCraw, Spencer and Porter).

40

quency, @, = w,="7YH, is above the spin wave manifold
and intersects only a small number of higher order spin
waves. As the frequency is increased to w,==2w,/3, the
resonant frequency of the uniform mode is just equal to
the frequency at the top of the spin wave manifold given
by the upper formula of Figure 14. Coupling to a maxi-
mum number of modes is possible and the line width
8oes through a maximum. At higher frequency the uni-
form mode approaches the bottom of the manifold where
there are fewer spin wave modes and the line width again
decreases.

Further insight into the nature of the interactions has
emerged from the results of a number of microwave
resonance experiments.”® The extensive experiments of
LeCraw, Spencer and co-workers'™** are outstanding in
this respect. They showed that the measured line width
of YIG spheres can be reduced to a fraction of one
oersted by successively Siner surface polishing as shown
in Figure 17. This implies that the surface itregularities
caused by large-grit polishes couple the spin wave modes,
thereby broadening the resonance line. They provided fur-
ther confirmation of Clogston’s hypothesis by doing a
similar resonance experiment on a thin disk magnetized
perpendicular to the plane and found no surface polish
effect. Since this lacter configuration corresponds to the

800 . — , T T
YIG {0.1%Th)
g so0t -
- YIG (0.6% Tb)
E 400} .
s
w YIG {0.04% Tb)
£ 200} -
Y16 (1% Eu) b
0 40 80 120 160 200 240 280 320

TEMPERATURE (°K)

Figure 18 — Line width of yutrium-iron garnet at 24 kmc as a
function of temperature. Small concentrations of terb-um
introduce large line-broadening effects. (After Dillon and
Nielsen).



lowest allowed frequency on the axis of Figure 14
(Nr=0 for the disk), there are few spin waves having
the same frequency as the uniform precessional mode.

Role of Impurities. ’

The effect of impurities on resonance line width
in YIG was demonstrated by Dillon and - Nielson*®
(Pigure 18) . and by Spencer, LeCraw and Clogs-
ton'® in their investigation of the resonance pro-
perties as a function of temperature. The large
line - width, with a peak at low temperatures, had
been regarded as typical of some ferrimagnets until it
was shown to be caused by certdin impurities®-4* present
in very small quantities. Not only has extensive line
broadening been observed but also anomalous magnetic
anisotropy and modification of the g-factor, in some cases.
The physical phenomena involved have now been ex-
plained theoretically by Kittel.** In particular, at room tem-
perature and above, the rapid relaxation of the rare earth
impurities as compared to the magnetic ions in the normal
sublattices determines the g-factor and is responsible for
the large line width observed in some of these materials.
The very pure yrerium iron garnet that has been developed
as a consequence of this research provides an ideal medium
for extending the basic studies of relaxation phenomena
in ferromagnetic materials. Using such ultra-pure speci-
mens of YIG, Spencer and LeCraw have -measured the
spin-lattice® relaxation time.*>*> They have also made
measurements*’ under conditions of high-power satura-
tion and used the relation heye == AH(AH/47M)1/2
to determine AHj, the spin wave line width, as shown
in Figure 19. Combining these results with their medsure-
ments of the total resonance line width as a function of
surface roughness, Fletcher, LeCraw and Spencer'® have
described the nature of the relaxation process, shown in
Figure 20. They have shown that energy is transferred
from the mode of uniform precession of the spin dipoles
not only directly to the lattice but also via the spin wave
modes which subsequently transfer the energy to the
lattice. - Their latest experimental: results have also been
interpreted by Sparks and Kittel” who have" described
and calculated the detailed physical interaction between
the spin and the Jattice.

V. NONLINEAR PROPERTIES OF FERRITES

The magnetic properties of ferrites are not linearly
dependent on the tf field intensity at high signal power.
This nonlinear behavior was first demonstrated in cavities
in a series of resonance experiments at high microwave
power by Bloembergen and Damon, by Damon*®
and by Bloembergen and Wang*® Some related
effects  in both cylindrical and ° rectangular wave-
guide were reported by Saleiotis, Chait and Kales™
The nonlinear properties were first put to use through
the invention' of the ferrite frequency doubler by Ayres,
Vartanian and Melchor.>* The most significant advance in
the understanding of this phenomenon in ferrites was
provided by the theoretical work of Anderson and Suhl*
which was developed in detail by Suh)?% who not only
furnished an explanation of the high-power resonance
effects that had been observed but also related the pheno-
mena to the spin ‘waves excited in these materials. Suhl

* The spin-lattice relaxation time is the time, on the -average,
during which a precessing spin dipole loses energy to.the lattice
and spirals in toward its equilibrium position in alignment with
the dc magnetic field.
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Figure 19 — The line width of the uniform precession (AH)

and spin waves (/\H,) as a function of temperature for
YIG at 3330 mc. (After LeCraw and Spencer). °

then proposed® the use of the noalinear properties in the
construction of a ferromagnetic amplifier which was sub-
sequently developed by Weiss.>* Pulse amplifier per-
formance has been improved and a CW amplifier has
now been developed by Denton.®® '

Harmonic Generation.

Both from an  historical and pedagogical point
of view, the ferrite frequency doubler provides a
simple demonstration of the nawre of the non-
linear effects in ferrites under conditions of relatively
large tf magnetic field intensity. In the expansion of the
equation of motion of cthe magnetization vector.

Y, > - ’
= vy (MXH) (10)
products of rf quantities may be neglected in the small
signal approximation, but these nonlinear terms must be
retained for moderately large signal intensity. The mag-

—
netic field term, H, in Equation 10 consists of a static
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Figure 20 — Schematic diagram of the transfer of energy from-
the unifors precession of the spins 0 the lattice both
directly and also via the spin wave modes. (After Fletcher,
LeCraw and Spencer).
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field and a driving field, H=—=H, + he where

- -

h is smaller than H, but its magnitude cannot be neg-
o

lected at high signal levels. The magnetization, M, can

beexpa_nded

- - - iwt
M=M, + m;e

- 2jmt
+ ma€

+ ... (11)
- -

Assuming M, and H,, the static components, to be
along the z-direction, and the rf components, particalarly

;,).to be arbitrarily disposed, then it can be shown that
there is an rf z-component of the magnetization

(mi)l=‘y(mxhy—‘myhx ) (12)
composed of the products of the first-order components of

-
;)and h. This shows that the nonlinear product of these
two first-order components gives rise to u harmonic
component of the magnetization provided that the rf field
within the ferrite specimen is not circularly polarized.
In fact, if either h, or h, is zero, the harmonic compo-
nent is a maximum. This is then the nutational com-
poaent of the gyration at twice the frequency of the
driving field. The amplitude of the harmonic component
(ma)s, can be calculated from Equation 10 when the
resonance loss mechanism is included. Stern and Pershan®®
have shown that the amplitude should be inversely pro-
portional to the resonance line width and directly pro-
portional to both the saturation magnetization and the
square of the microwave. signal intensity. The solution
has the form®’

(mz)s =~ wyuh/4w(AH) (13)

where wp==7y47M, @ is the fundamental frequency, h,
is the input magnetic field intensity and AH is the reso-
nance line width. Experiments in the range from 3 kmc
to 140 kmc®® have verified the relation of Equation 15.

Harmonic generators in rectangular waveguide usually
employ a ferrite at the side wall or ac the center where
the rf driving field is nearly linearly polarized. Conver-
sion efficiencies of 3.5 db have been obtained in the
X-band region. In the millimeter wave region, peak
power output of 50 wouts in the second harmenic has
been achieved at 140 kmc. Figure 21 shows the relative
output vs input power for ferramic G and yrtrium-iron
garnet,”” which shows a greater efficiency as the input
power is increased. The higher efficiency of YIG is due
to its narrower line width.

Saturation Effects.

The early - ferromagnetic resonance  experiments
under conditions of high signal  power clearly
showed saturation . effects in which the susceptibility at
sresonance declined with increasing power. Classical reso-
nance theory was used initially*®*° to explain the de-

pendence of susceptibility on applied power according to-

the expression®®
x(h) 1

oy = (14)
x7(0) 1+ % 7°h*T\Te

where x”’ (0) is the small signal susceptibility and T, is
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Figure 21 — Input-output -curve for frequency-doubling experi-
ment plotted on db scale with arbitrary reference levels.
(After Roberts, Ayres and Vartanian).

the spin-lattice relaxation time, defined previously. The
phenomenological relaxation time T=2/yAH is normal-
ly used for T,. Although this accounted for some of the
features of the saturation effects there remained two
features which were not fully understood: (1) an abrupt
decline in magnertic susceptibility on resonance above a
characteristic threshold power level; (2) the growth of a
subsidiary “resonance peak” at a field lower than that re-
quired for ferromagnetic resonance.

Inssabilisy Threshold. The basic concepts of the non-
linear behavior were most clearly developed by Suhl®*® in
his explanation of this seemingly anomalous resonance
and abrupt decline in susceptibility at the resonance fre-
quency in ferrites at high microwave power levels. The
problem was not just that of solving Equation 10 for
large signals by retaining second-order terms as in the
case of harmonic generation. Actually, it was necessary
to explain why the anomalous effects set in ac signal
levels as much as a hundred times smaller chan large
signal theory would predict. This led to the derivation, by
Anderson and Suhl®®, of an instability or “run-away”
condition of m,, the rf component of the magnetization
in the z-direction. In the-case of a thin slab magnetized
normally and excited by a transverse, circularly polarized
of field, the Kictel resonance frequency is w,=—=y(H,—
47M,) = w,—wy, and the rf susceptihility is x, =
Wyy/ (r— @ + j/T) where w,==yH,, is a pheno-
menological relaxation time, wy,= (W}* — wy2)"/2
wy=y4rM and @y.= x; (yh). This leads to the
solution for wy,



Critical Field, hemt
AH~ AHy Theory |  Experiment
51 ' 8 9
46 7 5.5
36 5 4
23 ) 25 1
7 045 0.55

‘Table I — Suhl’s Comparison of F.quauon 12 with the Ex-

perimental Results of Bloembergen and Wang.
“m:w; 1— 1/2 (yh)* . % (15)
(0— (0, — wm)]’+'F

from which we can see, by inspection, the nature of the
instability. It is the appearance of wys in the resonance
denominator that is of importance. A small disturbance in
the uniform precession which may cause the precession
angle to increase slightly reduces the component m,. If,
for example, the dc magnetic field has been adjusted 0 a
value somewhat below resonance, this reduction in Wy
in the resonance denominator brings the denominator
closer ‘to its minimum value reducing the value of Wy,
of Equation 15. If this resulting reduction in m, is larger
thah the inivial slight reduction in m,, a run-away con-
dition or instability sets in until a new steady-state con-
dition is achieved. The condition for insctability can be
derived by differentiating the right hand side of Equation
15 with respect to M,, from which Suhl obtains*®

h.,m-—AH\/ 3.08 AH

The sole of spin waves must also be taken into account in
computmg the critical field intensity, here, for the onset
of saturation of the spin system. We are concerned with
the mechanism by which energy can be transferred from
the uniform precessional mode into spin wave modes of

(16)

the same frequency and subsequent transfer of energy to’

.the lattice. ‘This modifies the expression of Equation 16
and leads to a somewhat smaller critical field™™

2AH
hewe=AH|/ 200k 7)
W o e e e aY
reti ) — L Without inhomogeneity broodening
\-/
- \
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Figure 22 — Theoretical dependence of the dissipative part of

the susceptibility at ferromagnetic resonance. on the rf
signal intensity. The dashed line illustrates the insta-
bility threshold at h, described by Suhl. The initial de-
cline in the solid line is attributed to the excimtion of
spin waves at an iphomogenicty in the specimen. (After
Schlémann, Saunders and Sirvetz).
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where AHj is the line width of the spin wave resonance.
Even for a good single crystal, AHy<AH in magnitude
as. shown in Figure 19, but for a polycrystalline specimen,
AH is liable to be much larger than the intrinsic line
width because of broadening of the main resonance line
by anisotropy, stresses and porosity. Thus, saturation of
the main resonance is reached at heye where the uniform
precessional angle can no longer be incréased by im-.
creased driving field intensity because of the. loss of
energy by the spin system to the lattice, both directdy
and through -the spin waves. Suhl has compared his
theoretical results with the early experiments and satis-
factory agreement is shown in Table I.

Instial Decline of Swsceptibility. Suhl’s theory accounted
for the abrupt decline in susceptibility at resonance ob-
served in ferrites as shown by the dashed line in Figure
22. More recent theoretical work by Schiémann®®, Suhi®
and Seiden®® have led to refinements based on the sug-
gestion by Schlémann that imperfections or inhomogenei-
ries in the crytalline lattice of the specimen can “scatter”
the uniform precession into spin waves even at very low rf
field intensities, well below the instability threshold, h.
In that case, an initial decline in susceptibility .on reso-
nance should occur as the field intensity is increased as
shown by the solid line in Figure 22. SchiSmann®,
Seiden®? and Weiss** have shown experimentally that this
is true of imperfect crystals as shown in Figure 23. Thus
the transfer of energy to the spin waves increases slowly
(except in a perfect crystal) until the catastrophic insta-
bility sets in. . The expansion of Equation 14 for small
values. of b yields the form of thé dedline.

x fh 2

xo” —1 C ( AH)
shown by the initial portion of the solid line in Figure 22.
Schlémann has proved, however, that the constant C can-
not be interpreted with the phenomenological theory and
both Schiémann and Seiden have given an analysis in
terms of spin wave interaction terms.

(13)

Ferromagnetic Amplifier.

In the discussion of the frequency doubler, the
nonlinear terms in the equation of motion of a
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Figure 23 — Experimental dependence of susceptibility at reso-

nance on the rf power level in a ferrite (Mn, Fe, ‘0,)

%hvowx;g an initial decline due to inhomogenieties. (After
eiss



