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by
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ABSTRACT

This thesis presents a theoretical and experimental study of the suppression of spin
wave instabilities in a ferrimagnet by the method of field modulation. Application is
made to parallel pumping and "second-order" saturation of the main resonance. An
experiment is described in which the cone angle of the uniform precession is opened
beyond the usual instability threshold without the generation of sidebands.

Magnetic equations of motion are developed in terms of phase and amplitude for
the determination of spin wave thresholds with longitudinal modulation. Suppression
curves accounting for sideband generation within the spin wavet spectrum are derived
and fitted with a useful mathematical approximation. In the parallel pump experiment
the power level for instability has been raised in excess of 10 db whereas in the ex-
citation of the uniform precession only half this suppression is possible for the same
modulation index. A mathematical model has been developed to explain deterioration
of the suppression at low modulating frequencies.

Consideration is given to the application of field modulation in a parametric ampli-
fier and a harmonic generator. A microwave power limiter with an electronically
variable threshold is proposed. A preliminary investigation is made of resonant opera-
tion of the uniform precession in a disc below the spin wave manifold. It is recommended
that magnetodynamic coupling between a disc and a resonator of high dielectric constant
be exploited to achieve large amplitude resonance.

Thesis Supervisor: Frederic R. Morgenthaler
Title: Associate Professor of Electrical Engineering
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LIST OF SYMBOLS
A = A(t) = spin wave amplitude
D= Awy; = exchange constant
E=yK1® +Kz?
f = Frequency

h = threshold amplitude of r.f. magnetic field

cril
hp= amplitude of pumping field

hr ¢ = transverse driving field
hz(t) = longitudinal modulating field

= amplitude of sinusoidal longitudinal modulating field

= Total magnetic field

T T

. = magnitude of bias field at corner of butterfly curve

1

I—Ii = internal bias field
H = [H |
i i
Ho = external field
H = [H |
0 0
AHk = spin wave half linewidth
AHO = uniform precession half linewidth
]p(x) = Bessel function of the first kind
k = Spin wave wavevector
k = |k|

-
2wp k 2ewk
w
Lk
Kg =
zewk

i
M = Total magnetization vector



iD=

61\7}1{ = spin wave

M= |8
0

Mu = uniform precession

5MX ’ 5My, ®M_ = Cartesian components of spin wave
Nt = transverse demagnetizing factor

NZ = longitudinal demagnetizing factor

PiC = power incident on cavity

Q, QO = unloaded Quality factor of cavity
QL’ QLO = loaded Quality factor of cavity
QX = external Q

r.f. = radio frequency

t = time
T = finite averaging time
X, y, z, = Cartesian coordinates
a = phase of transverse drive
@ = tan T —II%?—
B [30 = coupling coefficient measured at cavity resonance
Bp = pump phase
BZ = phase of longitudinal field
Y = -%—.r‘r—le—l- = gyromagnetic ratio
LI = riﬂection coefficient measured at cavity resonance
b= -o
4 = modulation index
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= wZ

€ = ellipticity

n = filling factor

6 = cone angle of uniform precession
ecrit = threshold for spin wave instability

A = exchange constant

i permeability of free space
g o]
= = el P A
g = g(t) =D 2 2

® = @) = slow varying phase of spin wave

total phase of uniform precession

B
]
=]
5
]

total phase of spin wave

5
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x=%"-jx" = complex magnetic susceptibility
Y

w = 2mf = radian frequency

Wy = spin wave deviation frequency
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—
ep T l:wk-wo'i-wM]



pump frequency

Ql (t) = EU.Jk-l-wh (t)
Z

w
QM) = =+ w ©
VA

~]12~



-13-

CIIAPTER I

INTRODUCTION

This thesis is aimed at suppression of spin wave instabilities associated with
ferromagnetic resonance. Motivation for this work has come from the possible ap-
plication of any method of suppression to the improvement and understanding of the
noise performance of ferromagnetic parametric amplifiers. Of several possible tech-
niques, methods employing field modulation have been studied in detail. Although not
necessarily optimum, they provide the possibility of turning on and off the excitation
of spin waves by varying electronically the threshold for instability. Thus, in principle,
one could measure the effect of spin wave excitation on the various performance charac-
teristics of microwave ferrite devices in general - the parametric amplifier in particular.

This chapter describes the instabilities and interactions relevant to parametric am-
plifiers and discusses possible means for suppressing the undesirable instabilities.

I.1 High power instabilities

Many devices make use of uniform precession of the magnetization in ferri‘ces22
Unfortunately, above a critical power level this precession breaks up into a turbulence
in the orientation of the magnetization throughout the sample. In order to explain and
predict this instability threshold a number of theories have been devised'” I
in all of which the turbulence is described as a Fourier series expansion of plane waves
propagating at some angle, V¥, with respect to the internal d.c. magnetic field, H, .
Each spin wave is characterized by a resonant frequency, e and propagation vector,
. an isotropic ferrimagnet the spectrum of spin wave resonant frequencies is as
shown in Figure 1.1a . On an W-k diagram, all resonant modes lie within a manifold

bounded by curvesalong which §= 0 and y= T/2, This entire band can be raised in

frequency by increasing the d.c. field.
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Two separate processes have been described and observedzs’ 26

by which the

uniform precession breaks up. From the mathematics they derive the names-"first-"

and "second-order" instabilities because the pump amplitude appears to the first or

second power, respectively, in the threshold equation. In the first order instability,

spin waves at nalf the driving frequency are excited (LUK&* w/2). This process is found

to have the lowest threshold at low frequencies. However, as is evident from Figure

1. 1la, the frequency w/2 can be made to drop below the spin wave spectrum if the

manifold of resonant modes is raised sufficiently high. In this case the first order in-

stability has a very high threshold and becomes less likely than the second order process.
Spin waves excited by the second order process have the same frequency as the ex-

citation (W, ==w). In an isotropic spheroid the spin wave with the lowest threshold, and

K
which, therefore, exhibits instability first,propagates along the internal d. c. field

(V= 0). For small amplitude excitation it is to be observed that this process can never
be excited below the spin wave manifold by the uniform precession at resonance.

The threshold for instability is measured in terms of the cone angle, 6 , of the
uniform precession. Below threshold the cone angle is a linear function of driving field.
Above a critical value, Estarts to saturate as shown in Figure 1.1c. Thus, the uniform
precession serves to transfer energy from the r.f. magnetic field to the spin waves.

It is actually possible to excite spin waves directly with an electromagnetic fieldS’ 27,
If the r.f. magnetic field is applied along the internal field so as not to excite the uniform
precession, spin waves are excited parametrically with half the frequency of the pump
(wk = wp /2), provided the pump amplitude exceeds a threshold. This form of instability
is referred to as parallel pumping.

Higher order transverse and parallel pump instabilities have been shown theoretically

3,5

possible » but have never been observed. Therefore, they will not be discussed further.
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I.2 Problems with Ferromagnetic Parametric Amplifiers

10, 28, 29, 33 iR

In the various parametric amplifiers that have been proposed
basic interaction is that of a longitudinal field ( along the internal bias field, Hi) with
left and right circularly polarized, transverse magnetic modes of the sample34
This is shown schematically in Figure 1. 2a. Of the three interacting components any
one may be pump, signal or idler. The frequencies obey the usual law: wp = ws +W.
As indicated schematically in Figures 1.2b, ¢, d, e, and f, the amplifiers are given
various names depending on the distribution of signal (s), idler (i), and pump (p) among
the three components as well as whether a magnetostatic or electromagnetic mode is
dominant in the transverse modes.

Of particular importance to this work are the pump, transverse or longitudinal, how
it excites spin waves and how the spin waves affect performance. In those amplifiers
where the pump is a transverse mode, the threshold for amplification is determined by
the cone angle, 9, as is the threshold for spin wave instability. Unfortunately, the
coupling in these amplifiers has proven so weak that saturation of the pump has been
a problemSO. A remedy must consist of raising the spin wave threshold or increasing
the coupling among wanted modes to lower the amplification threshold or both.

In the longitudinally pumped magnetostatic amplifier, there is the problem of
excitation of spin waves by parallel pumping which, it turns out, always have a lower
threshold than that for amplj_ficationlo. A remedy would require the suppression of spin
wave instabilities or their avoidance by altering the amplifying modes. The latter ap-
proach is applied in the magnetodynamic amplifierssr; however, results have so far been
inconclusive.

The excitation of spin waves degrades the performance of an amplifier in a number
of ways. Obviously they lead to inefficient pumping: Eventually the spin waves transfer

energy to the lattice as heat, thus producing thermal noise. As well, there is the
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possibility that spin waves may radiate mise into the external circuitry. One other
by-product is a decrease in the effective magnetization vector, M, which results in
decreased coupling and gain.

In Chapter 5 there is explored the possibility of applying modulation techniques to
suppress spin wave instabilities produced by transverse or longitudinal pumping. The
possibility is intriguing in that it would allow a study of the effects of spin wave in-
stability on the gain, bandwidth and noise figure of an amplifier.

I.3 Review of methods of spin wave suppression

In the design of microwave ferrite devices the simplest and most direct means of
preventing spin wave instability would be a suitable choice of materials. In particular,
by making the spin wave damping much greater than that of the uniform precession, it
should be possible to raise instability thresholds indefinitely. Unfortunately, the
uniform precession damping always exceeds that of k = 0 spin waves4.

A number of alternative approaches have been suggested. These include removing
the degeneracy between the spin wave spectrum and the resonant modes employed by the
device, increasing spin wave damping by external means, or weakening the coupling
between them and their pump.

If an electromagnetic and magnetostatic mode are strongly coupled, the resonant
frequency of one of the resulting "magnetodynamic' modes can be designed to fall below
the spin wave manifold. This interaction has been evident f or samples large compared
to the electromagnetic wavelengthss’ S DL T result, the usual second order in-
stability is forbidden. No information is yet available in the literature on the frequency
shift and amplitude of resonance available. Work in this area is now in progresssg' 40.,
In a thin, isotropic disc magnetized normal to its plane, the uniform precession lies

near the bottom of the spin wave manifold. For large amplitude resonance, the frequency

of the uniform precession can, in theory3 7, drop out of the spin wave manifold, which



=]

when combined with modulation can exclude second-order instability. As yet no ob-
servation of on-resonance excitation below the manifold has been reported in the
literature. However, in experiments in which the uniform precession was excited
below its resonant frequency, it has been observed that the damping parameter changes
drastically at the bottom edge of the manifoldBS, and that below the manifold the uniform
3¢

precession is limited by phonon instability',“n Both experiments indicate; at least, de-
creased coupling to spin waves.

Instability by the "second-order process" has been suppressed with a longitudinal
r.f. magnetic fieidss.. Coupling to these spin waves, which propagate along the internal
field, can be produced only by altering their ellipticity through the use of a highly
anisotropic material Sli“Ch as anY . 'The suppression field must have exactly twice the
frequency of the transverse driving field, which is used to establjsh uniform precession,
and a suitable phase for depumping. Unfortunately, the longitudinal field also depumps
the uniform precession because it, too, has an elliptic precession path. In this instance,
the remaining problem is one of finding a suitable material which exhibits a narrow
linewidth, and magnetization and anisotropy fields which are comparable.

If a longitudinal field, of frequency much less than the spin wave frequency, is

applied to any ferrite, the coupling between spin wave and pump is weakened. F A, 18.

15, 17, Thus, the threshold for

The same is true if the pump frequency is modulated
instability can be raised. However, if either scheme is applied to increasing the cone
angle of the uniform precession, a detrimental by-product is the generation of side-

6

bands® . This thesis describes the first successful attempt to stabilize the main

resonance.

[.4 Organization
This thesis presents a theoretical and experimental study of the suppression of spin

wave instabilities in a ferrimagnet by the method of field modulation. In Chapter II, the
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necessary equations of motion are developed for the ensuing experiments. Thresholds
for the parallel pump experiment are calculated by the method of slowly varying am-
plitude and phase. A description of the second order instability process is derived
through the equations of motion in a rotating coordinate system. In both cases the
mechanics are discussed by which spin waves are captured and driven unstable.

It is particularly desirable to study the mechanism by which spin waves are sup-
pressed, without the interference of sideband generation in the uniform precession.
Therefore, Chapter III has been devoted to a study of the effect of field modulation on
the parallel pumping experiment. The effects of sideband generation in the spin wave
spectrum are derived and verified experimentally. As is to be expected intuitively, the
suppression becomes less effective as the modulation frequency is reduced below the
spin wave relaxation frequency. A mathematical description is derived which suggests
the correct behavior.

Operation of the uniform precession at increased cone angles and without the
generation of sidebands is described in Chapter IV. A detailed study is made of the
experimental apparatus and procedures necessary to achieve the desired performance.

In the concluding chapter comments are made as to the possible applications of
field modulation. Use of the uniform precession still creates problems because of the
necessary transverse modulation. However, an interesting application appears in the
form of an electronically variable parallel pump limiter. Consideration is also given
to the application of field modulation in a parametric amplifier and a harmonic generator.
A preliminary investigation is made of resonant operation of the uniform precession in
a disc below the spin wave manifold. It is recommended that magnetodynamic coupling
between a disc and a dielectric resonator of high dielectric constant be exploited to

achieve large amplitude resonance.
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CHAPTER 1I

SPIN WAVE INTERACTIONS AND THE EQUATIONS OF MOTION

In this chapter two approaches are explored by which the spin wave instability
thresholds may be calculated. For simplicity, each is discussed for a specific type
of experiment rather than in complete generality.

The first method employs a standard mathematical technique often uzed to ana-
lyze modulated waves in communication channels. This is the method of slowly-
varying amplitude and plmseb. By eliminating interactions al the microwave frequency,
it becomes possible to explore, in some detail, the low frequency and transient causes
and effects which lead to spin wave instability. The equations of motion are developed
for the parallel pumping experiment subject to an arbitrary low-frequency longitudi-
nal modulation. Then the approach to threshold is discussed in detail for the simple
case of no modulation,

The second method employs a rotating coordinate system to make evident the
modulation applied in general to the microwave phase and the amplitude of a spin wave.
This method has in the past been explored in deptl‘13. It is similar to the first method
except that it includes all non-linear effects at the various microwave frequencies
possible. Here the equations of motion are employed to demonstrate which spin wave
can be expected to go unstable first when one observes saturation of the uniform pre-
cession and to calculate its threshold.

Common to both of these schemes is a basic assumption that the spin wave ex-
cited is a standing wave. This implies that a pair of degenerate traveling waves
are caused to propagate in opposite directions. Proof that this condition is necessary
in an isotropic spheroid has been given in the literatureg. In general the wave vec-
tors of two traveling waves must add up to equal the wave vector of the pump. If the

pump is an electromagnetic wave the associated momentum is negligible compared



with thatof a spin wave; whereas, if the pump is the uniform precession, the momentum
is zero. Thus, for practical purposes one can write;
K +K=0 (2. 1)

For ki and 1?2 directed at an angle V; and Vz , respectively, to the d.c. field, it is ap-
parent that |1?1 I = ] 1:g| and sin” Y, = sin® Vz. Now it is to be observed on a diagram
of W, versus k for spin waves (see Figure 2. 1) that these two restrictions define a single
point within the manifold. It therefore follows that the pair of traveling spin waves
must be degenerate.

Note that if one were to consider magnetostatic or magnetoelastic waves instead of
spin waves, the electromagnetic momentum would not be négligible in comparison. In

10,11

such cases, it is possible to excite nondegenerate pairs However, these inter-

actions are beyond the scope of the present work.

II.1 Parallel - pumping with modulation

A. Derivation of the first-order equations of motion

The general equation of motion for a uniformly magnetized, isotropic el-
lipsoid is here specialized to study slow time-varying disturbances on a single spin wave
excited parametrically by the "first-order process" (wk '*wp/z).

Consider an experiment in which an isotropic ellipsoid is uniformly magnet-
ized and both a microwave signal and a low frequency signal of arbitrary waveform are
applied along the internal field (see Figure 2.2a). Orient a cartesian coordinate system
such that the z-axis lies along the internal field and the x-axis coincides with the trans-
verse component of the direction of propagation of the spin wave under consideration
(see Figure 2.2b). In the magnetic equation of motion (eq. 2.5), the magnetization is
assumed to consist of a static term, Mo’ and a plane wave representation of a spin
wave as in eq. (2.6).

Mzwo(MxH) (2. 5)
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i M+6M, cosk* r (2. 6)

M=z K

The H-field consists of the internal field - H, . the pumping field - hp sin (wpt T ﬁp), the
modulation field - hz(t) , and a term which varies in space - éﬁk cos kK* T - made up of

the volume dipolar and exchange fields.

H= ?Z [Hi +hz(t) +hp sin (wpt + ﬁp) ] 6 I:I’k cosk-r (2. 7a)
éﬁk = 8H vol. dip + SH exchange (2. 7b)
V. 8H vol. dip = -V-0M, (2. 8a)
5 H exchange = A (Vg) M (2. 8b)

|

- _ -"7—‘; = ; 2 _..* 2 — | |
6H, = le (K +sin ) OM+T (AK®) OM_ +T (1/2 sin 2 oM | (2.9)

Assuming a Lorentzian lineshape for the spin wave response (this is a reason-
able approximation for the Landau-Lifschitz form of damping). The equations of motion are

written separately for the x-and y- components of the spin wave.

6MX W, 5MX = -éMy |’" M (t) + whp sin (wpt + BP) J‘ (2. 10)

61§/Iy + Wy 6My= éMX [Qg (t)+tuhp sin(wpt+BP)J (2. 11)

5M, = 0 (2.12)
The quantities (2, and {iz are slowly-varying (compared to UUp) functions of time.

o, = W +w +Dk2 = ewk-rwh (2.13)

h
Z Z
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2 e k
= - () =2
Q2 w o+ F Dk® + , Sin U} = + W, (2.14)
z Z
W ==
where @, Yuo hi
Y =Yuo by ©
Z
D = convenient form of exchange constant

The first step in solving these equations is to eliminate éMy by substituting
eq. (2.10) in eq. (2.11). For convenience, replace W sin (wpt 3 ﬁp) by o (t). The
P

complete description of motion can now be obtained from eq. (2. 15).

.. . d N T _
f)1\/I}<:-|-M\'/I:’{ [2%/1(_ dt ln\Ql-i_whp(t)/féMx |:w£k

{“’&k_ d?: InfQ +4 (©) 3]’+E91 +ay, O 100 +y ©] ] =0 (2. 15)
p p p

The approach taken here in solving this differential equation is to first note

behavior with the modulation and pump turned off. Thus eq. (2. 15) reduces to:
y Y . By ML =
éi\/lx+2wjz’k Mx+(“”£k+ wk) 1\/1X 0 (2. 16)

This leads to the obvious pair of results for 5MX and 5My:

Yt
M, = €M e cos (W t+) (2517)
Wy t
5My= M e sin (wkt + tp) (2.18)
where
w? = DK° +®_ sin_ ¥) (W + Dk
.k—(wi+ +w  sin )(i )

2
Wi+Dk

2 )
wi+Dk +w  sin (]



This is the usual normal mode description of spin waves as shown in Fig. 2, 3.
Now expecting a solution of the form in eq. (2.17), it is reasonable to assume a

solution of the form6:

8M_= A(t) cos ,Pwt +Cp(t)] (2.19)

L=

where A(t) and ®(t) are slowly varying functions of time, compared to the microwave
signal. Considering only small perturbations on the normal modes for 6MX, one can
set.:

éMX = -Awsin [Wt+0o] (2. 20)

and therefore:
Acos(wt—l-cp) = ACE)SiIl(UJt+(‘.p) (2.-21)

Finally:

M = —Awsm(wtﬂp)-ch‘bcos(wt+cp)—w26MX (2. 22)

Next, multiply equation (2. 15) by sin (Wt + ©) and substitute in the same equations

(2.19), (2.20), (2.21), and (2. 22). The result is a differential equation in A.

Aws= - AL {1 cos2@t+e) f{20,,- 2 In [Ql+whp(t)]}
A : d B
- sin 2 (Wt + ) {w{lk [w‘&k B In [Q, +UJhp(t) ] | (2. 23)

Pty ©100 4y ©F - 0}
P p

Similarly, multiply equation (2. 15) by cos ( Wt + ¢) and again substitute in the same
equations, (2.19), (2.20), (2.21), and (2. 22). The result is a differential equation in

(B



e
Awg = - %Lﬂsinz (wt+ o) {z%k—g—tl I:QI H A (t)_[

(2. 24)

- j; [1 +cos 2 (Wt + ) ] {ka [w Lk F?—-—In{ﬂl +whp(t)}]

- (0 ©) B g ©) - 0 i

It remains to eliminate the microwave frequency variation. Based on the assumption of

slow variation of amplitude and phase, one can get A and ® by averaging one period in

T
w(i.e. —%— i
27
$ w [ : : : 1
AW = e Yo [mght hand side of equation 2.23 _ldt (2.25)
2 TF
(2. 26)

Awp = 2% jo - [ right hand side of equation 2. 24 ] dt

In carrying out this averaging process, two assumptions have been made

In the experiments of interest u...(_l)h <<f{l; |. This leads to two approx-

il
P

imations:

“ho %
P cos (Wt+p )
Q5 P P

—-—-].n [Ql'l'w (t)]

w
@ h o

Ql p 5 Ql

e e t + 227

sin (UJp +ﬁp) ——Ql_ ( )
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(o +u © |[02+9, © |=0 0 + @ +02) 0, sin(t +.) (2. 28)
P P P

2. Assume that | 2W = wp.
Note 1: If 2w deviates slightly from wp, this deviation can be taken

up in .
sin
Note 2: If higher order terms in cos n (wpt + ﬁp) had been included

one could look at 2W = nUJP wheren=1, 2, 3, 4, ..
The equations that result from the above averaging process are given
in equations (2. 29) and (2.30). Their solution is discussed in the following section

and later in more depth in an investigation of suppression of spin wave instabilities

by modulation.

W
. h
®= A - o2 [ iz sin 20 - )+ s cos (20 - gp)] (2. 29)
P
W
h
A : 9 ‘.
— = _2mp£ {Azcos (20 - [Sp) - ha sin (2¢ - Bp)} —{wf,k_ 27211—_[ (2.30)
LUB w Ql
el P 1k
where A]_ = —w—p— [QJ. Qa 'i‘w{,k L 4 = Ql ]
b]_ w 2
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B. The Mechanics of Parallel Pumping

As a simple application of the equations just derived, consideration is given
here to the case where no modulation is applied. The mathematical behavior of spin
waves at threshold is studied in some detail so that the more complicated problem
with modulation can be discussed later.

With UJh = 0, the motion of a spin wave is described by equations (2.31)
Z

and (2.32).
Ep: wd = whp [K; sin(2cp—ﬁp)+Ka cos(Zcp—ﬁp)J (2.31)
A = ‘rK cos (2p-p ) - K sin(2cp-ﬁ)ji-w (22311)
A UuhpL - p ® p’ & ]
1 b 8 2 w]; I
where  u, = ——|w®+w,® - B |
1 At s Y ]
K= ™ E“’k e/ T Tegy .
W
[ "1k
Kz L 2 ]
W

It is convenient at this point to introduce a change in the definition of the phase of

interest in order to simplify the equations of motion.

28() = ZCP(t)-,Bp-o:O (2. 23)
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Ki
Kz

where tan a, =

The equations of interest can now be written:

g = Wy - W E cos 2E (2.34)
P
——A = - E sin2 g - w 2.3
A - Y% Lk (2.35)
p
where E = . K;° + Ko°

\

Before attempting a solution of these equations consider their physical inter-
pretation. If one considers a spin wave whose natural frequency deviates slightly from

w such that:

p/2
w
w
where & << —29—
W 2
then wka = w&ka =~ —ZR + wa)

—

0 W _P_]= s
ge N [‘”k * B 4 B sty

That i.s, wd, 111 fact, the‘ deviation. of wp/2 from the natural frequency of any spin
wave. 'Thus, consideration is given to any; individual spin wave over a narrow range.

Because £ is independent of A in the above equations it can be solved first
and then used to study A. The equation in A can be rewritten as:

S W i
. Aoe Wek t - ._hpE Jsin 2 Edt (2. 36)

Obviously A decays unless j sin 2E€ dt has a term of the form Kt. This is true only if

K = (sin 2€& ). Therefore, the condition of stability is determined by:
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(%) =—UUh B X gin2tr -

p
A
At the threshold, ( = > = 0 and so:
W
“h erit == -w{'k (2.38)
E (sin 28)

Now the question arises as to whether the threshold condition can be met. The following

steps demonstrate the conditions for instability.

Mathematically there are two forms of solution for the equation in @ , depen-

ding on whether wd2 is greater or less than W ° E®. CaseA w?P>w 2E®

d h
p p
Direct integration of equation (2. 34) gives the solution:
tan § = € tan ( Lth +a) (2.39)
w o -uw_ E '
where € = - 5 0=¢ =1
W
3t Y%, E
P
_ 2 S < <
wq \/wd LUh & 4 u)q L”d
P
The quantity £can be written as:
§=wqt+a + f (t)
L W,
wiere « tamiffist ot ) BN H o )

E <f(t)(+—g—
1+ €tan (wqt+a)

To evaluate the growth of A, observe sin 2§ :

s W t (95
Sin 28 = — 2 €, sinl( 9 + %)
(1+8)+(1 - &%) cosZ(wqt +a)




This is an odd function of time and, therefore, has a zero average value. Thus, it is
obvious that, while initially there will be a fluctuation in the amplitude of the spin waves
which satisfy wdz = ® E °, the amplitudes decay and no instability is observed.

The conditions described in Case A imply that the spin waves are not

Phase-locked. Now consider the more interesting case in which instability can occur.

2 2 r=}
Case B W, (whp E

Direct integration now leads to the result:

: s 9 @
sinq .sin .2 & = tanh(2e T) (2. 40)
1-cosqcos 2§ 1

where w Ecosq = W,

h
p
w Esing = -a.
h e
p q
2 po 2
aq—‘/wh E ~wd

Here the angle 2& grows from 0 to -q as time proceeds from initial turn on. Thus, for

large t
=) == (2.41)

and is constant.

Thus, ‘a threshold for instability occurs if

a = W

4 'ﬂlvﬁ
w, +W
D rd 4k (2.42)
crit E

It is conceivable that some information has been lost about a transient buildup. However,
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the mathematical difficulties prevent a thorough analysis.

Now, notice what has happened. A spin wave for which

2 2 = E
Tk 7 t %
has been captured (phase-locked) and ofter a finite time is driven at wp /2 That is,
observe that € changes from Wy to zero as a function of time and stays phase-locked.

It is helpful to go a few steps in evaluating the threshold given above.

2

Bt el e e 208 7
K3 g kae - wk - =+ |
w,e 91 W -

In the case of interest where YIG is the material considered:

g% - y
Ki =~ —-——1 S K= k
€
4 2ewk
2
¥ - €
e By = e
4¢€
so the threshold may be written as:
’w 2 4L ow?
@ = 4 €l tk d (2. 43)
- S
cri 1-¢

or, equivalently

(2.44)

These expressions are in agreement with previous results. Note that because

the only important threshold is the lowest, W can be written, practically, as:
crit
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W (2w, )
-
o = Min a_E____"ik_} (2. 45)
inles s : L iz
crit, min wmsm ]

To summarize it is convenient to use a diagram such as shown in Fig. 2.4a.
As the pump amplitude is increased an ever larger band of spin waves are phase-locked.
Experimentally this is exhibited as a loss term in the susceptibility, X', which increases
gradually from a finite value at whp: 0 to a very muchl;arger value when u‘hp: Wherit:
This has been observed and reported in the literature™~. The threshold is determined
by the first spin wave to go unstable. Above threshold, no information is available from
the present analysis because of the multiple interactions involved.

When measured versus applied magnetic field the threshold in an isotropic
sample exhibits the behavior shown in Fig. 2.4b. It is to be noted in equation (2. 45)
that the minimum threshold occurs for ¥ = T/2 where possible. This does occur for
H = HCQ The behavior exhibited is directly proportional to w&k as a function of k on the
top of the spin wave manifold of Fig. 2.3a. For HO > Hc it is impossible for | to remain
equal to /2 . As Ho increases U decreases and the threshold curve is determined by

I and w&k versus U for k™ 0.

II. 2 Saturation of the Main Resonance

In the review of high power instabilities of chapter one, it was pointed out that the
"first order process" in which Ui w/2 1is for bidden if W is higher than a critical fre-

quency UJCL‘..- In an isotropic spheroid magnetized along its axis of symmetry, this critical

frequency is given by: o
‘ = 2N, W -

w, 2Nt M (2.50)
where Nt is the transverse demagnetizing factor. If the material is YIG , the highest
criticdl frequency occlirs for a rod and is approximately 5 Ge. In the experiments that
follow, excitation is always above 8 Gc. Therefore, this instability is forbidden and will
not be explored further.

LR that the lowest threshold for the "second order process™

It has been shown
( e ) occurs for spin waves propagating along the d. c. magnetic field ( y = 0). This

is the instability .. pected in the experiments on saturation of the main resonance. The
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surpose of this section is to present the equations of motion in a rotating coordinate system

{or the uniform precession and a spinwave, then to solve these equations for a description

of the saturation process.
D

A. The equations of motion in an axially symmetric body (¥ = 0)

For small amplitude resonance, with which this thesis is concerned, the
uniform precession can be described in terms of a cone angle, U, and a phase, ®, as

in Fig. 2.5a and equation (2.51).
M= M 9(1X cos cp0+1y sin cpo) | (2.51)
When excited by circularly polarized magnetic fields of amplitude, hi’ and frequency

wi , as in Fig. 2.5b, and longitudinal fields, hj » of frequency, UUJ. , the phase and cone

angle are described by a pair of differential equations.

. " ) 1 o \ )
@ = wo - T whicos ( w.t - @ + afi) + W, ~sin (uﬁt + ﬁj) (2.52)
j 5
.5 = ,, i = =
. W sin (Wt cp0+ai) w, e (2.53)

i
The resonant frequency is given by W =wy + Nth » and the relaxation frequency is

i
w&o . In this analysis emphasis is placed on the behavior of the uniform precession only
up to the threshold of spin wave excitation; therefore, no spin wave reaction terms are
included in the above equations.

A standing spin wave is described in terms of its amplitude, & M, and phase,

Py -

6 = é -—d o - v el . r) “
M M (i cos e + i, sin ) cos E-T+1i oM (2. 54)

Z Z

For propagation along the d. c. field (V= 0) motion of the spin wave is also described
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by two differential equation.

2 - 2 2 o Vo .
Py = (uk + UUKDS ) + LUKDG cos 2 (cp’K cpo) + L whz sin (uj;t 4 ﬁj ) (2.55)
i J J
58 = {6° in 2 (9, -9 ) - W, b O
= o) o ) e (2009

wherue): _ 1 ‘:Dkg + ® (1-N )*s T [w e ]
Kb 2 M £ 2 K o M
The spin wave resonant frequency is given by LUK= Wy +Dk®. Note that the Spin wave
is influenced by the phase and amplitude of the unjior;n precession and by the longitudin-
al fields, but not by the transverse fields.

In general, any magnetic field excitation of the sample can be described in
terms of right and left circularly polarized fields and longitudinal fields. The above
equations, then, constitute a complete description for the assumed model under arbit
trary excitation.

In the following section, these equations are solved for the case in which the
uniform precession is driven by a single circularly polarized r.f. magnetic field.

B. Excitation of the second order instability

Consider a spheroid magnetized along its axis and excited by a transverse

circularly polarized field of frequency W.

=l

(= = B
= h |1, cos (l.Ut—l—o_f)+1y sin (Wt + &) | (2.57)
The uniform precession is described by two equations.

° _ il
®, = W - W cos (wt - P, ta ) (2. 58)
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= i - -w, B
8 UJhsm(wt cpo+a) w, (2.59)

In the steady state, the uniform precession moves with phase @ =wt which lags behind

the transverse driving field by the angle o .

w -
cos o = g (2. 60)
(=] 2
\/(wo - W)y + w{,o
w
sina = %o , (2.61)

2

\/(uu0 - w)g + Wy

The cone angle opens to a steady value.

6 = “h (2. 62)
\/(wo -w)® + w{oe

Under the conditions described here, consider the motion of a spin wave. For

convenience replace T wt by A. Equations (2.55) and (2. 56) become:

&= (W + w_KD82 -w) + UUKD92 cos2 A (2.63)

] s . - ‘:
M = Le uJKDsm2A w{,kJ &M (2. 64)

The form of these equations is the same as equations (2. 34) and (2. 35) used to describe
parallel pumping. Once again there is a region of phase lock and a region of instability.

However there is a subtle difference. The time invariant term in equation (2. 63) con-

tains the pump amplitude, © .
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The region outside of phase lock has been explored in some detail in the litera-
mre8 and is not pursued here. It is to be noted that phase lock occurs only if:

w o> W > Ww-2w 0 g (2. 65)

[n the steady state &4 = 0 and so cos 24 and sin 24 are determined.

cos 24 = (2.66)
92
YkD
\/(uw ) (W - w+ 28, 6%
e VK ,LUK . KD (2.67)
wKDe
Instability occurs if & M =
w 2
B o e g . | (2. 68)
crit Wkp L K (w-wK)
This is a minimum forw-wK = wff,k'
6 R R
crit, min
Y KD “M

An important feature of this solution, as shown in Fig. 2.6 , is that the resonant fre-
quency of any spin wave driven unstable must lie below the driven unstable must lie

below the driving frequency.
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CHAPTER III
SUPPRESSION OF THE PARALLEL PUMP INSTABILITY

BY FIELD MODULATION

In this and the following chapter, an analysis is given of theoretical and
experimental problems associated with the suppression of spin wave
instabilities by field modulation. Here, the modulation scheme is applied to
the parallel pump experiment in order to study the behavior of spin waves
free of interaction with the uniform precession. However, the basic mechanism,
by which the spin wave threshold is raised, is the same in both cases.. Before
discussing the details of each experiment it is of value to consider an intuitive
argument which suggests the outcome.

In the parallel pump experiment one observes the onset of spin wave
instability by means of a change in either the reflection coefficient of a one-
port cavity or the transmission coefficient of a two-port cavity. Below
threshold the sample is transparent; above, it is dissipative. Consider, for
example, an undercoupled one-port cavity. With reference to Figure 3-1la,
assume that at t = 0, the incident power is turned on to a constant value and
that ringing of the cavity is negligible. Then one observes that the reflected
power remains unaffected provided the r.f. magnetic field applied to the
sample is below the threshold level for spin wave instability (i. e. h1 <hcrit)‘
However, if the incident power level is increased slightly above threshold
(h, > hcrit) one observes a change in the level of reflected power after a finite
interval of time, ty- This time lag may be on the order of tens of micro-
seconds to units of milliseconds depending onthe relaxation rate of the initial
spin wave excited.

Now suppose the frequencies of the pump and the spin wave manifold are
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somehow changed relative to one another before time, to' The initial spin
wave cannot grow if the pump power no longer exceeds its threshold, which
is determined in part by wyq =1 W - c.up/z). Excitation is transferred to
another spin wave and the process can be carried on ad infinitum. The
resultant observation is an increase in threshold power, resulting from
weakened coupling to the spectrum of spin waves.

The process described can be carried out in practice by varying either the
excitation frequency or the resonant frequencies of the spin waves. The
latter scheme requires that the bias field be modulated. Thus the pumping
energy is distributed over a wide band and, if the rate of change is sufficiently
rapid, no spin wave should be excited long enough to go unstable.

In the initial theoretical work13 on this mechanism, it was believed that
one could eliminate the spin wave instabilities entirely with sufficient

gl 18and

modulation. Preliminary experiments using field modulation
frequency 1’1’10du1ation15 appeared to confirm this belief but only because the
extent of modulation in each case was extremely small. It was later
r‘ecognizedl6 that either form of modulation will produce sideband excitation.

That is, consider for example a frequency modulated r.f. magnetic field used

as pump.

h=hosin [wpt+Bp+ 5cos(wmt+8m)] (3.1)

While, in fact, this is the form of modulation one would expect to use for
suppression, it can be looked upon in an alternate form as the sum of an
infinite number of magnetic fields at the sideband frequencies, wp £ n w
for all integer values of n. Evidently there are not just one but an infinite

number of pumps, each of which can create an instability if it exceeds the
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threshold. This has been confirmed in experiments employing frequency
modulation of the pump. 4 In a like manner, modulation of the spin wave

spectrum causes each spin wave to be resonant not only at its center frequency

W
but also at sideband frequencies, on £ n _2r_n . Thus the extent to which

instabilities can be suppressed must be investigated mathematically and

experimentally.



=45

I1I-1. Parallel Pumping with Sinusoidal Modulation

A. Derivation of the suppression curve

In this section a study is made of the extent to which the threshold for
parallel pump instability can be raised when the sample is subject to a single

frequency longitudinal modulation.
= i +
whz(t) w,, sin ( wzt BZ) (3.3)

where

w =‘—‘yLthZ

hz

It is assumed that both the modulation frequency, w . and the term w, , are
much less than the pump and spin wave frequencies.
Wi
< < < , < a)

W, e w ; wp (3. 4a)

and
< < <
w, wk, wp (3. 4b)

Under the conditions of equation (3. 4a), the parallel pump equations of motion,
equations (2. 29) and (2. 30) can be reduced to a form similar to equations

(2.34) and (2. 35).

£= w,+w 6 sin(wt+h) (3.5)

—whpEcoszg

(]

"whpEsng-w&k (3.6)

> [
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where " wk (147 2) whz

P Z

It is to be noted that the only significant effect of the modulation is that of
phase modulating the spin wave.

Once again the obvious approach to a solution for an instability threshold
is a) to solve equation (3. 5) for £, b) compute the time average of sin 2 £ and
and c) observe the amplitude of the pump, whp, at which there is time average
growth in the amplitude of the spin wave, A. Unfortunately, because of
mathematical difficulties, an exact solution of equatfen (3. 5) is not readily
found. However, from equation (2. 38) note the relative amplitudes of whp E

and w K at the threshold,

[...‘fi}f____, 2w

¢sin2¢) k

i S > i i i
Now if wz 62 l whp E l w%k’ one can write a good approximation to

E | (3.7)

.

equation (3. 5).
= i i
£ A ﬁz sin (wzt + BZ) (3. 8)

where

w, = w, -w _ E<cos 2¢(> (3. 9)

hp

It is necessary to include the correction of equation (3. 9) because phase-
locking demands that whpzﬁlz > wdz. However all time-varying components
of whp E cos 2 £ are negligible compared to w, 5Z sin (wzt + BZ).

Equation (3. 8) is readily integrated.

E=Wwt+ g -0 cos(wt+f) (3.10)
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Now, toevaluate < sin 2 £ > it is necessary to expand sin 2 £in terms of

an infinite number of single frequency components.

sin2§=JO(2 (5Z) sin 2 x {3ai1)
+§Q RN xrsin2[x+n]+sin2[x—n]ﬂ>
A 2Zn z) ; J yj
n=1
'C\E‘ n r
“ ] (-1) J2n+l(2 GZ) | cos [2x+(2n & 1)y
n=0 i
:
+ cos [2x - (2n + l)y]j
= +
where -2 wst go
y = wzt+BZ

Jp(Z 52) = Bessel function of the first kind.

The time average value of sin 2 £ is immediately evident provided the averaging

time is sufficiently long. This latter point is taken up in part C of this section.

<sin2¢>-=-J (2 62) (3.132)

wz
for ws =+ m —

2

where m = 0, 1, 2, 3,

The phase go is selected to give <sin 2 £ >its maximum negative value.
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Under the conditions of equation (3. 12), <cos 2 £ > = 0 and so ws = W

Finally, the threshold is computed from equation (2. 38).

w
., = R {3 13]
e e L EJ (2 5 )
m 7
This threshold can be rewritten in terms of the threshold without modulation,

equation (2. 45).

i Min ['-‘“"'l"'“‘“j (3.14)
h J (26 )
e T2

It is understood that the particular sideband excited is determined by that
value of m which gives the lowest threshold in equation (3. 14). The resulting
curve of the increase in threshold vs. 52 is shown in Figure 3-2. Data is
taken from standard tables. -7 For convenience in taking experimental data
this same curve is replotted in Figure 3-3 with the level of suppression given
in decibels. Two interesting features have been observed.

First note that the curve rapidly levels off in Figure 3-3. It has been
found, graphically, that for 2 GZ = 56, only 15 db of suppression can be
attained; that is, a law of diminishing returns appears evident. Secondly, it
has been observed that, at least for 1. 83 £ 2 5Z < 56, a curve, described
by equation (3. 15) can be fitted to the minima of each of the lobes of

Higure 3-2.
o %

C

Equation (3. 15) has been drawn in on Figure 3-3. This equation predicts that
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for 2 GZ = 1000., h'/hc = 15.46 or 23. 8 db.
Finally, a comment is in order on the modulation parameter, 62, given

with equation (3. 5).

2
w (1+e7) w
L hz (3.16)
£ e w. W
p Z

k
the ellipticity, €, is a function of the point of operation of the butterfly curve,

In the parallel pumping experiment Ldp = 2 w, and is fixed. The value of

Figure 2-4b, ¢ is fixed and a minimum in the range H < HC. FromH = HC
to H = Hd’ e increases to 1. It would be interesting to measure the effect of
¢ on the modulation parameter; however, for a pumping frequency of 9. 2 Ge.
the minimum value of ¢ ( = . 5945 in YIG) is not sufficiently small to produce
2
. = e :
a noticeable effect on 52 (——Z-E-— = 1,138), Experiments at much lower

frequencies are necessary to confirm the predicted behavior in equation

(3.16).

B. Experimental results

Observations have been made on a 100, 0 mil diameter sphere of pure
Yttrium Iron Garnet (YIG). The pump frequency was 9043. megacycles and
the sample was biased to the corner of the butterfly curve (HC = 15900¢.)
(see Figure 2-4b). This point is choken simply because the r.f. magnetic
field needed for instability is least. At this point the r.f. magnetic field at
threshold was calculated to be he = 0. 25 o2. This implies a spin wave full
linewidth of 2 A Hko = 0,14 o2., or in terms of frequency, 2 “’Lk = 0, 386
e,

The necessary fields have been achieved in the cavity-coil configuration

of Figure 3-4. By employing a circular coil of the proper diameter in a
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T E mode cavity, it has been possible to provide parallel fields of

¢
021
adequate strength with no interaction between the circuitry of the two
longitudinal fields. Details of the cavity, the coil and the modulation circuit
are given in Appendices III-A and III-B.
Spin wave instabilities have been observed through the reflection

coefficient of the T E cavity. A block diagram of the necessary

021
microwave circuit is shown in Figure 3-5. The basic features include
frequency stability to better than one part in 108, power capability to 5 watts,
incident, and a pulse rise time of less than one-half microsecond. Relative
power levels are determined by the setting of a precision variable attenuator
(P.V.A.). The applied magnetic field is monitored with a Hall Effect
Gaussmeter. A discussion of the microwave circuit and its associated
problems is given in Appendix III-C.

Measurements were made for several different modulating frequencies as
shown in Figures 3-6 and 3-7. In each case the data is compared with the
curve of Figure 3-3. Because of a small uncertainty in the absolute value of
hz, a correction factor of 1. 37 has been applied to the approximate calibra-
tion of Appendix III-B in calculating hz. This correction factor was deter-
mined by fitting data to the theoretical curve at f T 3.55 me. The same
factor has been applied at all lower frequencies.

Minor disagreement at discrete points may be noted in Figure 3-6, This
error is att ributed to the problem of recognizing the threshold. More
important, it is to be noted that the degree of suppression becomes
increasingly less than suggested by the theory as the suppression frequency
decreases. This is noticeable for fm < 1.52 mc. The same effect has
been observed” for the analogous experiment in which the pump frequency is

modulated to suppress the instability threshold. It is apparent that this
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breakdown occurs when the modulating frequency becomes of the same order
of magnitude or less than the relaxation frequency of the spin waves (2 Wy =
0.386 mc.). This is to be expected, physically, because the spin waves
are able, to a certain extent, to follow the modulating field. A possible

theoretical derivation is discussed in the next section.

C. Low frequency modulation

In part A of this section it was tacitly assumed that the modulation
frequency, W, is relatively high compared to the relaxation frequency of
the spin waves, W, . Thus, over the period of time required for buildup
of instability, the average value of sin 2 £ is that of very many periods,

i, e. the steady-state average. However, as w, becomes comparable to or
less than Wi it is apparent that the averaging process must be altered.

Equation (2. 38) becomes:

w
. = (3. 20)

E<sin2g>T

wh

crit

where the time average is taken over a finite period of time, T, as yet
indeterminate. This same argument applies whether the excitation is
pulsed or continuous. As the '"'bias' (d.c. field plus modulation) sweeps
back and forth, each spin wave excited has associated with it a finite buildup
time. For a narrow band of spin waves, it is assumed that this time is the
same for all,

As an example of the finite time averaging process consider the excitation

of the center frequency spin waves ( W, * 0, Wy = 0, cos 2 go = 0).

-<sin2§¢>p=<cos[ 298 cos(wzt+BZ)}T (3.21)
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It can be expected that the lowest threshold is to be observed as the bias
passes through the limits of its swing [ sin (wzt +8, Y5 1]. Therefore, an

average is considered over either of two intervals.

w T - w T
S T s = = 8 (R TR (3:.22)
2 2 - g 2
I K e s B B # (3.23)
2 2 = < 2

In both cases the desired time average is the same.

< cos [zﬁz COS(th+BZ)j>T, e (3, 24)

T (26)+2 ) (26 @itk T
) z Z_, S3n ) \F/
n=1 Z

This expression has the desired features. For wZT very large it equals
JO(Z OZ) as expected for a long time average. As wZT decreases, the center
frequency term, JO(Z GZ), is enhanced by the sideband terms, JZn(Z GZ), as
shown in Figure 3-8. This is in keeping with a suggestion in the literature
that, for low modulation frequencies, the sidebands overlap. As wZT
approaches zero the right hand side of equation (3. 24) becomes unity for all
6Z, Qualitatively, this behavior is in good agreement with experimental
observations. AR

The present apparatus does not allow for a study at very low modulation
frequencies; therefore, it is as yet not possible to compare the curves of

Figure 3-8 with experimental data and, thus, to compute the time, T, if

indeed it has a valid definition,
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Although the exact behavior of equation (3. 5) has been ignored, the
quantity w 52 does remain large wherever a measureable degree of
suppression is evident. A Physically, this mathematical description is
appealing in that it describes the overall effect of excitation as the
modulation swings back and forth at low frequencies. In this way, interactions
between spin waves can be ignored and the observation of instability is tied
directly to the time average growth of a single amplitude, A. Thus, it is
expected that equation (3. 24) is a good description of the first lobe of the

suppression curve as a function of modulation frequency.
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APPENDIX IIT - A

0
THE TE 021

CAVITY

This cavity has been designed to provide efficient coupling to the sample at both
the microwave and the modulating frequencies. A single turn coil has been placed at
midlength inside the cavity at a position where its coupling to the microwave field is
negligible. This avoids the necessity of penetrating the cavity wall with a low frequency
signal. The sample is located at the geometric center of the cavity., Dimensions are
given in Figure 3.9.

The field pattern of the TE 0210 mode in a circular cylindrical cavity is described

below and shown schematically in Figure 3. 10.

- T 7 r il
h_ = +h0(—2—>-{-(~J—2—) PJ, (X /a ) cos ( —) (3.30)
he = +h J (X T/a)sin(—=2)
-z o ‘o 02 d

- 4jn (AHY) T/a) sin (DE
AR RS - B /a) sin (—)
l'_l.cp i SI‘ = EZ = O

where h0 = r.f. magnetic field amplitude at the geometric center

— f —
X02 = second zero of ]o X) = 7.016
P= 2a/d
d = length of cavity
a = radius of cavity
]O (X) = zero order Bessel function.

"XOI
Note that at r = Q—X— a = (0,5462)a, e cp= 0. A circular loop of this radius
02 i

does not couple to the microwave fields. However, the dielectric support for the coil
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causes a frequency shift and drop in Q because it lies in the plane of the e - field. In
the present cavity, the unloaded Q of the empty cavity is measured to be 6 x 10*ata
resonant frequency of 9186 mc. With the coil and coil form in place the cavity charac-
teristics are as given below.

f = 9043. mec.
0

Qo = 6700.
= 0.6457

o

Q10 = 4348,

1 SAR L s A ) oeg/watt
0 ic
The last term indicates the r.f. magnetic field expected for a given amount of incident
power.

nl

TMlZlo mode is suppressed by a slot cut in the cavity end wall. The surface currents

of the TM

All TEonlO modes are degenerate with TMl modes. In the present case the

© are interrupted but not those of the TE

121 021 °
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APPENDIX III - B
THE COIL AND MODULATION CIRCUIT

The single turn coil employed exhibits a very low impedence with fairly high Q. The

equivalent series inductance and resistance have been measured on a Q-Meter as:

L 0.128 4 H

R 0. 01€2

In order to match this coil to a transmission line it is necessary to bring it to resonance
with an external capacitor. The field is then measured indirectly through the voltage

developed across the coil terminals. The field is computed to be:

v
hz - 0.508 V rms (3.31)

fz(mc, )

where hZ = field strength at the center and in the plane of the loop.

i

v r.m.s. voltage measured across the coil terminals.

rms
fz = frequency of excitation in megacycles.
By means of a search coil, this expression was found to be correct within a factor of 1.5 .
Actual field strength measurements were corrected as mentioned in Section III. 2 B.
The coupling and monitoring circuit used in the parallel pump experiment is shown
in Figure 3. 11. It was designed and built to cover the modulating frequency range of 0.3

to 3.5 mc. Because of severe loading on the signal source at the low frequencies, it is

necessary to monitor and adjust the frequency as the generator output is altered.



-60-

APPENDIX III - C

THE MICROWAVE CIRCUIT

The circuit usedto observe parallel pump instability is shown in Fig. 3. 12. The mea-
surement depends upon observation of the reflection coefficient, [ of the cavity as a function

of time, With the cavity driven at its resonant frequency T is given by equation (3-38)

from Appendix III-D.

T 1‘\O—F ﬂQ_LO X”

< L (3-38)
b Rignls

where T - reflection coefficient without magnetic loss
n = filling factor

Qpo = loaded Q of cavity without magnetic loss

i1

X' = imaginary component of susceptibility used to
describe magnetic loss

In the parallel pump experiment, the reactive component of susceptibility is negligible.

The important features of the circuit are stability of frequency and power level,
measurement of absolute incident power level, and sensitivity of the detection system.
The frequency of the source must be stable, both long and short term, to a fraction of
the bandwidth of the sample cavity. Variation of the frequency of the source leads to
large amplitude variation in the reflected power because of the high Q and the near unity
coupling coefficient of the cavity. The instability threshold is then difficult to detect.
Drift in the source can cause considerable error primarily because the field strength
at the sample is determined by the cavity reflection coefficient at the excitation

frequency (see equation 3-42), The use of a crystal controlled stabilizer reduced these
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problems to a small magnitude.

To observe instabilities as a function of power level, it is necessary that the
r.f. power level be constant in time to better than 0.1 db. In this regard, it was
sufficient to employ a klystron to drive a TWT amplifier, both with well regulated
power supplies. To obtain pulses of r.f., a diode switch is employed between klystron
and TWT. Thus, it is possible to turn on and off the r.f. without introducing frequency
modulation. A waveguide switch is provided to bypass the TWT when desirable. The
precision variable attenuator (P.V,A.) allows one to set the relative power level to an
accuracy of 0.1 db.

To measure the power incident on the cavity an arrangement has been employed
which permits said power to be switched to a thermistor head.

The reflected power from the cavity is detected by a sequence law crystal,
amplified by a low noise preamplifier (Adage Ultra-Null ND-2), and displayed on an

oscilloscope as a means of detecting changes in the cavity reflection coefficient,
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APPENDIX IIT - D

Useful Relations from Perturbation Theory

In this appendix, it is assumed that the real component of susceptibility,
w=7%x" -j %', is zero, ¥’ =0, for a ferrimagnetic sample under
observation in a one-port cavity. This is always true for all practical
purposes in the parallel pumping experiment, It is also true when observation
is made of the saturation of the main resonance excited at its resonant

frequency.

A well known result from perturbation theory for a sample in a uniform

field is given in equation (3. 32). £
St Wi (3.32)
Q  Qp

where Qlo = unperturbed loaded Q@

Ql = perturbed loaded Q
\'%
n = Filling factor = £
2gVin
&
VS = Sample volume
v = cavity volume
& e \i
- %
Fo'o Vc
W = total stored energy in unperturbed cavity
hO = magnetic field amplitude at sample

In the following formulae the subscript o denotes the unperturbed state.
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In general the loaded, unloaded and external Q of a cavity are interrlated with

a coupling coefficient, B.

Q
Q= 2 Q= (3.33)
9 8.4 B+ 1
Q
QX = o = .._.@_._ (3,34)
B, B

where @, Qo are the unloaded Q's

QX = external Q.

In general one can write for the coppling coefficient, S:

B
) , (3.35)
1+1Q, X'

The reflection coefficient, I', of the cavity excited at its resonant frequency

is:
- ]
I'= Q@ - (3, 36)
(-5
o L (3, 37)
1+ 8
1-\+ Q _XII
- o "™ (3. 38)
1+nQy, '’
where
1-8
1 1 ' 0
' =Q —_—— ) =
o lo <Qo Qx> l+30
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All of the above formulae apply whether the cavity is over or undercoupled.
The unloaded Q of the unperturbed cavity can be written in terms of the

total stored energy and the power dissipated in the eavity:

wOW
Q = (3, 39)
Pd
where
_ 2
2kl ¢ e T |9 B (3. 40)
where Pic = incident power
and
W= . hig ¥ (3. 41)
(o} c ’

Thus, the r.f. magnetic field in an unperturbed cavity at resonance is given

by
h® qQ (1-r%
AT T 2 (3. 42)
Pic “oPo 8 Vc
and in aperturbed cavity at resonance by
h
h = 2 (3.43)
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FIGURE 3.4 Cutaway View of Open Multi-frequency Cavity
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CHAPTER 1V

STABILIZATION OF THE MAIN RESONANCE

IV.1 A physical picture

Since it has been demonstrated that an instability threshold can be raised significantly
by field modulation, it appears attractive to apply the same method to avoid saturation of
the magnetostatec modes of resonance. However, the longitudinal modulation generateg
sidebands on all modes of resonance. Thus, the saturation level of a desirable mode
may be increased but the driving energy is no longer delivered to just this one mode
of response.

A useful principle of coupled mode theoryz1 is that two vector fields interact only
if they have comparable space symmetry. Thus, as can be seen from equations (2. 55)
and (2.56), transverse fields of excitation cannot interact with a spin wave of high order
spatial variation ( |}?| >> W 80 }J.O). It follows that one can discriminate between low
order modes (magnetostatic) and high order modes (spin waves) in applying longitu -
dinal modulation.

For any mode of resonance it is to be noted that a driving field-applied parallel at
all times and in all space to the magnetization vector, M, as it precesses - applies no
torque (see Figure 4.1). If a driving field of the correct space symmetry and amplitude
modulation is applied in conjunction with a longitudinal modulating field so as to produce
this alignment throughout a sample, one can maintain an effective suppression field
without the undesirable generation of sidebands.

In this chapter, attention is devoted to stabilization of the uniform precession in an
isotropic spheroid biased along its axis of symmetry. First, the fields necessary to
eliminate sidebands are discussed. Then, the extent to which the cone angle can be
opened is derived. There follows a discussion of experimental conditions necessary to

achieve the desired fields. Next, criteria for the recognition of proper operation are
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developed from a discussion of experimental observations when the modulating fields are
improperly aligned. Finally, a description of the system operating, as desired, and a curve
of the spin wave suppression obtained, are presented.

IV.2 Dual modulation of the uniform precession in an axially symmetric spheroid

A. Theory of the stabilized resonance

In the discussion of Section 1 and in Figure 4.1, it has been shown that the mod-
ulating field will not generate sidebands if it precessis with and along the magnetization
vector during ferromagnetic resonance. In general this configuration of fields and mag-
netization is not readily achieved; however, it can be in an isotropic sample with rota-
tional symmetry about the applied d.c. field if driven at resonance by an amplitude

modulated, circularly polarized, magnetic field of the form given in equations (4.1 a, b, c).

: hot
hZ = - h sin wot-i-h (ﬁ)sm(wzt-l—ﬁz) cos LUOt (4. 1a)
h = hcoswt+h<f-lr'i>sin(wt+ﬁ)sinWt (4. 1b)
v 0 w&o 7 Z 0
hZ = hz sin (wzt+ﬁz) (4. 1c)

When subject to this driving field, equations (2. 52) and (2. 53) become:

w
gty 1 ) ™ . e . h
@, = W -g W cos ( Uuot ot 5 )i whz sin (wzt + BZ) [l T_—%O cos (4. 2)
i
T
- -I—I' w
g = w, sin (wot - %, e ) - Wy 0+ UJhZ 6, sin (wzt + BZ) sin (wot-cpo) (4.3)

As expected, the steady state solutions of (4.2) and (4.3) are the same as those with-



-79-

out modulation.

o (4.4a)
w
h

6 = T, (4. 4b)

Now consider the spin wave response with hZ given by (4.1) and @ by (4.4a). Once

again define 4 = B = Py Equations (2.55) and (2. 56) become:

. 5 ie 2 ! e
A = (wK-!-wKD 0% - w) +wKD9 cos 24+ ulhz sin (Wt +p,) (4. 5)
and
§M = B Wep S0 24 - Wy (4.6)
M
4 ; . = . o h
As in solving equation (3. 5), assume U.th>> WKD 0= = wﬂ( » in which case:
= ws + wh sin (wzt s pz) 4.7)
Z
where
_ 2 2
W= (wK+wKD9 w) + Wb 8 <cos 24> (4.8)

Once again, the alternating components of cos 24 are assumed negligible compared

to the modulation term.

Equation (4. 7) is now integrated to give:

7
A= wit+d - 52 cos (Wt +p ) (4.9)
where w]'h
B hm e
VA w
Z

The expansion of sin 24 is exactly the same as that of sin 2 £in equation (3. 11). Here as
in equation (3. 12) it is assumed that W is large compared with the spin wave relaxation

3 g m ; :
frequency, Woree thus, an average is carried out over: a long (T >> mz-—u) period of time.
Z
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<sin 28> = +] (28, ) (4. 10)

f = A
or W_ +m

wherem = 0, 1, 2, 3, ..
The phase Ao has been selected so as to give < sin 24 > its maximum positive value.
Here < cos 24> = 0and so gl (wK -+ UUKDBB - W), Finally the change in threshold

is given by:

6’ . 1
= |M (4.11)
B;rit ¢ i { ]m(z zj }

Note in Figure 4. 2 that in the present experiment a lesser degree of instability
suppression is possible than in the parallel pump experiment. As in equation (3. 15)
a smooth curve can be fitted to Figure 4. 2.
¢ g 5t ,
20 log 10 N —-e—crit> =\7leg, o (55Z ) (4.12)

In alternate form:

_g_’ - (562;)7/40

CTrl

(4. 13)

Using equations (4. 12) and (4. 13) one can predict the behavior of equation (4. 11) for

/
large 52 ke
' 7 /
. 62 : /6 crit 20 Iogl()(e /ecrit)
10 1. 756 4.90 db
100 2.63 8.40 db

1000 3.93 11.90 db
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B. Modulation of the transverse dri.ve.'

In the present experiment, it is convenient to apply a field along just one

rectangular coordinate axis as in equation (4. 14).

pa— L " a Lo
h = 2hcosy.t + 2h{(—) sin (w t + Bzh sin w t (4, 14)

This field consists of three sets of counterrotating circularly polarized fields at
frequencies Wy Wy * W, - The right-hand circularly polarized fields add up to
give the fields of equations (4.la,b,c). The left-hand circularly polarized fields,
in effect, do not see a resonant mode and therefore may be neglected. This is
generally true for a narrow linewidth material driven at resonance.

Because the coupling to a cavity is a function of frequency, the relative

amplitudes of the carrier and modulated wave of equation (4. 14) will be different in

the wave incident on the cavity. However, the incident wave takes a similar form:
= h e t+ k_ sin faih sin W t 4,15
h(t) haf [cos W, g Sinlw t+ 5 ) w ] ( )

Because w, << UN it is possible to describe this field in the complex domain as

having a slow time-varying complex amplitude.

h(t) = Refh, &%} (4. 16)

where

b o = [1-jk sin(wzt—l-[az)] ha (4.17)
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This wave is composed of two parts: a carrier term with no modulation, and
a term 90° out of phase with the carrier which consists of suppressed modulation.
Such a wave can be produced by a combination of amplitude and phase modulation.
A circuit capable of producing the desired modulation is shown in Figure 4-3. The
E- and H-plane arms of a magic tee are terminated by a moveable short circuit on
one and, on the other, an absorption modulator and short circuit capable of producing
a time-varying reflection coefficient, T = a(t}tb. The short circuit produces a
variable phase shift, CP relative to the phase of the variable reflection coefficient.

For an incident wave, , the output wave, h_, is given by:
o g y

i ' h
Ea:{‘_l'j‘&‘qum]} : sin o (4.18)
sm+ sm(i)

By settingb = -cos + such that the sin i) has a positive sign, the output is of the

desired form.

Power in the output wave is of the form:

2
%
lha|2 : _.:.:_ {[a(t)+b+cos<*_j + @in= :# } (4.49)

b, |

With a(t) = a sin(mzt-l-sz). there are components of power transfer with frequencies
ZwZ and w,,- If and only if b = -cos 4), the w, term disappears. Thus, a square
law detector can be utilized to align the modulator. Ambiguity in the sign of sin i)

can be resolved only by the proper operation of the system.
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C. Experimental dual moduylation

In order to make clear the alignment procedure for stabilization of the uniform pre-

cession, all possible interactions are discussed here in terms of the actual experiment.
Four possible modes of operation are discussed in which either (1) longitudinal or (2)
transverse modulation is applied separately, (3) the two are applied together but are not
aligned, and finally (4) the modulation is completely aligned.

A system diagram is shown in Figure 4.4 . . Basically, it is the same as in the
parallel pump experiment with four modifications. The transverse modulator has been
introduced between klystron and TWT. Second, the modulation system has provision for
varying the amplitude and phase of the signal applied to the coil relative to that applied in
the transverse modulator. Third the cavity has been modified for undercoupled excitation
of the TMIZOO mode (see Appendix IV-A). Fourth, detection is made with either a spectrum
analyzer or the d.c. detection system of Appendix III-c as noted in the text.

In general, interactions within the sample are observed by reference to power re-
flected from the cavity at the center and sideband frequencies. However, detection of
small changes in reflected power must be nade using the d. c. detection system because

of insufficient sensitivity of the spectrum analyzer to change in spectrum amplitude.

1. :Longitudinal modulation only

Whereas modulation of the uniform precession has been studied for various
applied waveforms, %8 no description is available in the literature for sinusoidal longitudianl
modulation of the uniform precession. It is evident from the equation of motion, equation
(2.5) That the uniform precession breaks up into an infinite set of sideband components as

represented in equations (4. 20) and (4. 21).

m= 2 A cos [(m +nw )t + @ ] (4. 20)
X n O Z n
n
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my = ; Bn sin [(LUO-{-nUUz)t +@n:| (4. 21)
Solution for An’ Bn’ o and B, leads to an infinite determinant, the solution of which is
beyond the scope of the present theisi. Even solution of a truncated problem in which just
two sidebands are considered is algebraically tedious.

Assuming the above form of solution, it is evident that when driven by a linear field
of the form:

hy = 2h cos wt _ (4.22)

there is to be expected power dissipation at the center frequency and power generation
at the sidebands. The amplitude, h, in equation (4. 22) is the actual field strength with
the sample in place. That is, power dissipation at the center frequency i8 taken into
account as in equation(3.43). The time average power dissipated ( and scattered) is

given by equation (4. 23).

(PD) = M <ny r'ny) = hB W cosp (4. 23)

Measurement of B0 versus hZ is discussed in Appendix IV-C.

The power generated comes about through a reaction field 2 set up by the sideband
components of m. This field is linearly related to the magnetization at each frequency
but its phase and amplitude are determined by cavity loading. The spectrum of power
reflected from the cavity appears as shown in Figure 4. 5a. The amplitude of sidebands
is observed to diminish at frequencies far from the cavity resonant frequency because of
frequency dependent coupling. Note that the reflected power at the center frequency is
always decreased with the generation of sidebands.

2, Transverse modulation only

A transverse driving field of the form of equation (4. 14) can be described in
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terms of its frequency components as in equation (4. 24).
= e = <
hY = 2h cos wot +h ( T, ) cos [(wo UUZ)t B, ] (4. 24)

-h(

"h 7
w{o ) cos [(LUO +wz)t + pz_i

With reference to the small signal equation of motion:

m = +LUO ixm) - wM(iz‘x,h) (4. 25)

it should be noted that this equation is linear and, therefore, each of the sideband com-
ponents in equation (4. 2.6) can be treated independently. The resultant observation is
that each component produces a reflected signal as if the others were not there (see Fig-
ure 4.5b). No other sidebands are observed.

3. Unaligned dual modulation

The interaction within the sample is the same as in subsection 1. above except that
now there are three driving fields instead of noe. The result is scattering of energy
among the center frequency and two sideband fields as well as into the other sidebands.

4. Aligned dual modulation

Provided the relative amplitude and phase of the two modulation fields are correctly
aligned, the magnetization exhibits no sidebands. Thus power is dissipated only at the
center frequency, not at the sidebands. As shown in Figure 4. 5c, one observes that the
reflected power at the center frequency is the same as if no modulation were applied.
The ireflected power at the sidebands, on the other hand, is the same as if the sample
were biased far off resonance. Finally, there are no other sideband components.

A step by step procedure for alignment of the dual modulation system is given in

Appendix IV-C. Once aligned it is possible to turn up the microwave power level to
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measure the spin wave instability threshold. A suppression curve is presented in
Figure 4.6 . The data is plotted in decibels for experimental convenience. Data and
theory are in reasonable agreement; the data falls slightly below the drawn curve as can
be expected at the modulating frequency. Here again, a complete description would re-

quire finite time averaging as in Section IIL. 2 - C.
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APPENDIX IV - A

0
120

The same physical structure as used in the parallel pumping experiment has been

THE T M CAVITY

employed for transverse excitation of the uniform precession. All dimensions are as
shown in Figure 3.9. The only major modification is removal of the mode suppressor.
Other changes are in the coupling. The iris has been increased in size and the waveguide
has been attached to the cavity rotated 90° from the orientation in the parallel pump

experiment.

The field pattern of the TM 1 200 mode in a circular cylindrical cavity is described

below and shown schematically in Figure 4. 7.

13
J.(tiz )
h =+2h0 cos _L_Hf—_ (4.30)
L (tiai=)
a
; / r
ho=-2h singh’ (hag)
ey : ¥
& = =% 2h singly (taz 3)
U, @28y S im0
where h0 = r.f. magnetic field amplitude at the geometric center

tij2 = second zero of J; (t) = 7.016

a = radius of cavity

J1 (t) = First order Bessel function
This particular mode consists of a degenerate pair of modes 90° apart in space phase,
each of which can be excited independently by irises in the side wall of the cavity. Be-
cause the electric field has no transverse components there is no coupling to the coil and

only negligible coupling to its support structure. The frequency and Q are perturbed
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0
less (Af = 7Omc) than in the TE 021 mode. With the coil mounted in place the cavity

characteristics are as given below.

f = &382. mc.

0]

Q, = 4050.
B, = 0.939
Q= 2085

2 _ 2
ho /Pic— 0.532 oe.” / watt

where Pic = incident power

The sample is located at the geometric center of the cavity where the r.f. magnetic

field is uniform and linearly polarized.



APPENDIX IV - B
THE MODULATION CIRCUIT
Details of the coil and modulation circuit are the same as in Appendix III - B except
as noted below. The complete modulation circuit is shown in Figure 4. 8.
In the present experiment the initial frequency and phase are derived from a bridge
‘oscillatoxr. The signal is attenuated and fed to a P I N modulator in the microwave
circuit, The same signal is amplified in a modified amateur radio transmitter and fed

to the coil. Phase shift is provided by the output tuning capacitor of the transmitter.
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APPENDIX IV - C

ALIGNMENT PROCEDURE

The steps for alignment of the dual modulation scheme and observation of the
increased instability threshold are enumerated below.
Step 1: With the sample biased far off resonance, adjust the microwave frequency to the
resonant frequency of the cavity.
Step 2:  Align the transverse modulator by adjusting the variable short to eliminate
completely the fundamental component (at “‘z) of oscillation intthe power
observed on a square law detector, One should observe a d.c. level plus a

second harmonic in 1, o

Step 3: On a spectrum analyzer, measure the sideband power reflected from the
cavity.

Step 4: Bias the sample so that its resonant frequency coincides with that of the cavity.

Step 5: Measure the reflected power at the center frequency.

Step 6: Apply the longitudinal modulating field. Adjust the amplitude and phase so that
(a) power reflected at the sidebands, My = My is the same as in Step 3, (b)
power reflected at the center frequency is the same as in Step 5, and (c) no
other sidebands are observed.

Step 7: Increase the incident power until instability is observed using d.c. detection.

Step 8: Measure the incident power, Pic’ and the amplitude, hz’ and frequency, s

of the longitudinal modulating field.
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CHAPTER V

REVIEW AND APPLICATIONS

V.1 Ewvaluation of modulation techniques

In the parallel pump experiment it has been found possible to raise the threshold for
instability by more than 10 db. However, above this level the theory predicts an increase
of only 7 db for every decade increase in the modulation parameter, 52 (see equation 3. 15).
Thus, this method of suppression becomes increasingly inefficient as the level is raised.
Field modulation is less effective in opening the uniform precession (by a factor of 2 when
measured in db. ) because the threshold is determined by the square of 6. The cone angle
has been increased by a little more than 3 db ( g ot = 1.4). Ab additional increase can
be expected of no more than 3.5 per decade increase in the modulation parameter, 52'
(equation 4. 12).

Use of the field modulation scheme with the uniform precession always involves at
least one pair of sidebands. Without the transverse modulation the uniform precession
ceflects appreciable power back into external circuitry at a large number of sidebands.
When the main resonance is properly stabilized there are still, necessarily, sideband
components on the incident, and hence as well on the reflected, signals. Only if used in
some form of bandpass filter where the uniform precession couples a pair of otherwise
uncoupled, degenerate cavity modes, does it appear that an unmodulated output can be
transmitted.

If the modulation frequency is comparable to or less than the relaxation frequency,

w,, , of the spin waves, this suppression technique become s less effective in any con-

£k
figuration. For small 62 where one excites a center frequency band of spin waves, the
quantity J (2 52) in the threshold equation [ equation (3.14) ] must be replaced by the

expression in equation (3. 24) to account for overlap of the sidebands. This produces
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a situation where one must balance various practical considerations. The modulating
frequency must be chosen so as to minimize the power delivered to the modulation
circuit.

V-2 Applications of modulation suppression

A simple and straightforward application of field modulation can be made in a
parallel pump limiter. Spin wave instabilities have been used to limit the power trans-
mitted through a cavityzz. Because field modulation introduces no sidebands on the
parallel pump driving field, it appears feasible to apply this method in order to achieve
electronically variable power limiting. From Figure 3. 7 it is apparent that a 10 db
variation in transmitted power is possible.

It is expected that extension of the dual modulation scheme to the case where the
main resonance has an elliptical precession path will lead to improved harmonic
generation. By this method it is possible to drive a resonance of increased amplitude
without the generation of sidebands on the precessing magnetization vector. Thus, the
harmonic output would be unmodulated.

In any of the parametric amplifiers of Figure 1. 2, it must be recognized that there
are two transverse modes, both of which would have to be stabilized to prevent sidebands.
Dual modulation must then be applied to both of these modes or some other arrangement
must be conceived in which the sidebands are self-concelling. Application of field
modulation to just the pump in any of the configurations of Figure 1. 2 is insufficient
because all transverse modes are affected by a longitudinal field. The idler mode of
any of these amplifiers is never coupled to external circuitry and so application of dual
modulation to it is impracticable. Furthermore, modulation of the signal mode can only
increase the amplifier noise figure. Application of the method of field modulation does
not appear to lend itself to application in parametric amplifiers, even for diagnostic

purposes.
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V.3 Operation below the spin wave manifold

For large amplitude resonance a more interesting possibility appears to be a com-
bination of the thin disc and magnetodynamic coupling experiments described in Section
I.3 . In practice it is difficult to grow, cut, grind, and polish a single crystal ferri-
magnetic disc so as to have an aspect ratio, m (diameter/thickness) greater than about
twenty. For’” a 3 mil thick by 50 mil diameter disc, m = 16.7and N_ = 0. 044,
Calculation for a disc this size of pure single crystal YIG (UU.M = 5 Gc, ) indicates that
the uniform precession lies 220 megacycles (= Nth)' above the bottom edge of the spin
wave manifold. Now if the uniform precession is driven below resonance at the bottom

edge, itfollows from equation 2. 62 that the cone angle, § , is less than that at resonance,
-~ W, _ W X

8___, by the factor | e Y, for the same friving field. For a sample with
res N w&o ‘
24 I—I0 = 0.3 oe , this factor is 523. thus it would be difficult even to determine if spin

wave instabilities are forbidden below this point.

It appears, form a preliminary investigation , that one can selectively couple to and
lower the resonant frequency of a single magnetic mode by means of magnetodynamic
coupling. An experiment has been carried out in which a 20 mil YIG sphere was excited

by the TE © mode of a closed cylindrical rutile resonator. When the d.c. bias field

011
was adjusted so that the sample resonant frequency when uncoupled was equal to the cavity
resonant frequency, one resonance was observed shifted down by 375 mc. Theoryngor
this shiftindicates that it is proportional to the square root of the volume for any low loss
ferrite ellipsoid in a uniform field. Extrapolation for the above mentioned disc implies

a possible frequency shift of 445. mc, sufficient to drop the uniform precession well
below the spin wave manifold. It should, therefore, be possible to investigate spin wave

instabilities around the band edge. Analysis is still necessary to determine the cone

angle possible for a given driving field as a function of d.c. bias in the coupled system.
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