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ABSTRACT 

The obj t of his paper is to describe the results of an experimental 

i nvesti ation of r elaxation processes in microwave ferrites. The study of 

relaxation inf rrites has al"Ways be~n of paramount importance, both for 

the d v lopment of practical fe rrite device , and f or the basic understand-

ng off rr m netism and has proceeded virtually continuously s ince the 

d iscov ry o 

years o . 

the phenome non of ferromagnetic resonance more than fifteen 

R cen ~ advances toward a detailed theory of ferrimagnetic 

r laxa on , ow ver have provided new impetus for its experimental study, 

a s w l a an w framework whi ch we have utilized in the present investi-

ation . An w experimental procedure has been developed in which the 

contribu ion of the uniform precessi onalmode to the relaxation may be 

separat d from that of the other spin mod.es by controlling the inter­

action be~ween the ferrite sample and its microwave environment. 

To characteri ze this interaction in detail, scattering matrix and 

lumped-element equivalent circuit representations are developed for a 

section of uniform waveguide containing a small ferrite ellipsoid. The 

circuit representation is then used to discuss radiation damping in a 

variety of microwave structures. In contrast to previous theories, the 

results are valid even when the interaction is large, provided that the 

sample is not too ~lose to a waveguide wall. This "wall effect," which 

takes the form of a shift, broadening and distortion o~ the resonance 

line, is discussed in some d tail. 

Transient solutions are obtained for the rate equations which 

describe the deviation of the z-compon nt of magnetization (M) 
z 

from its equilibrium value, in the presence of appreciable radiation 

damping. The results of small-signal measurements of the transient 

response of M to rectangular pulses of rf drive, made on polished 
z 

single crystal spheres of yttrium iron garnet, are then fitted to the 

theory, yielding values of the relaxation para~eters consistent with 

those obtained by Fletcher, et al., using a less direct technique. 

The results of large signal measurements of spin mode amplitude and 

r elaxation rate , made on the same materials using similar procedures, are 

correlated with information obtained from the susceptibility decline at 

high powe r levels. The principal observations are: 
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(1) The susceptibility starts t o decline at the signal level 

predicted by the substitution of the observed spin mode relaxation rate 

into existing theories. 

(11) Complete saturation does not occur, however, at the very 

small. precession angle predicted by theory, (1°) , but instead occurs 
0 quite abruptly when the angle reaches the relatively larg~ value of 2.5. 

(111) Correlation of the susceptibility decline wi h the observed 

spin mode dissipation suggests that the final saturation may be due to 

nonlinear spin-lattice coupling of the uniform mode, rather than the 

spin-spin coupling usually postulLted. 

Small signal relaxation measurements, using transient techniques, 

were also made on a number of polycrystalline samples of yttrium iron 

garnet having different linewidths. The spin mod relaxation rate was 
6 -1 found to be about 30 x 10 sec for all samples, considerably fas t er 

than previous results based on susceptibility decline measurements had 

led us to believe, and just marginally within the capabilities of our 

equipment. 

/ 
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PART I 

INTRODUCTION AND GENERAL THEORY 

CHAPrER I 
INTRODUCTION 

The object of the investigation reported in this paper was to s udy 

experimentally the relaxation processes in various microwave ferrites,(l) 

particularly singl crystal yttrium iron garnet, vi th the aim of ob ain ng 

a more detailed understand ng of their fundamental. ~roperties. By "relax­

ation processes," -we mean, in the present con ext, all those mechanisms 

whereby the energy that is delivered to the ferrite by an external. m cro­

wave signal source is eventually dissipated, in the form of heat, wi hin 

the material. and is surroundings. In characterizing these d1ssipativ 

processes, the experimental approach may be made on an ber of differen 

levels of sophistication, depending on the extent to which -we unders and, 

or think we unders and, the details of the individual relaxation mechan sms. 

The earliest measurements of relaxa ion in ferrites were based on h us 
1 of a ph~. omenological equation of motion, from -which was derived an f-

2 
fective susceptibility tensor relating the steady-state rf magneti za on 

to the ap lied rf magnetic fi ld. By measuring the elements of this 

tensor by standard cavi y per urbation techniques, 3 as a func ion of 

frequency, de field and any other relevant parameters, a complete chara er -. 
ization of the small-signal behavior of the material is possible. Such~ 

procedure however, yields almost no insight into the details of the ac ual 

relaxation mechanisms, and is even of little utility for the pra tical 

design of ferrite devices, since the measured susceptibility is found to 

be strongly dependent on the details of the indivilual sample size, shape 

and preparation. 

At the other extreme considerable theoretical progress has been made 
4-7 recently in the analysis of the microscopic relaxation processes, using 

a completely quantum-mechanical formulation. This approach, although 

valuable, has the disadvantage that many of the quantum-mechanical. results 

are difficult to interpret in terms of experimentally observable processes . 

The most successful characterization of ferrimagneti c relaxation com­

bjnes, as one might expect, some elements of both of these approaches. The 

{l)In this paper we shall use the voni "ferrite" to describe all 
ferrimaenetic insula ors. 
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procedure is based on what "We might call the normal mode theory of ferri­

magnetic resonance. In the foruml.ation the mo io of the magnetization in 

a given ferrite sample is vie"Wed, in the absence of loss, as the super­

position of a large number of relatively simple normal modes, some of "Which 

are obtainable by solving the macroscopic electromagneti~ boundary value 

problem of a magne c sample jn free space, while others require a more 

microscopic, uantum m ch cal approach. Relaxation is then introduced 

into this hitherto lossl ss system by coupling these modes together and 

to the crystal. lattice. This is the core of the no"W accept t eories of 

ferrimagnetic relaxation in "Which the principal. energy transfer is by 

w~ of those modes "Which can be approximated as plane spin waves. In some 

cases this coupling can be calculated, in others it can only be described 

in terms of a phenomenological parameter. The advantage of the normal. 

mode approach in this regard, however, is that these modes can be sepa­

rately characterized by physically observable quant ies, which allows 

the ind.i vidual. determination of the relaxation parameters. 

Although our primary goal throughout this investigation is to study 

those processes which are haracteristic of the ferrite material itself, 

it is impossible to ignore the · nteraction between the material and its 

surroundings, partly because the experimental. environment affects the 

relaxation processes themselves, but more fundamentally because it is 

through the "back-reaction" of the ferrite sample on the microwave circuit 

in which it is placed that "We gain much (but not all) of our information 

about the relaxation processes in the ferrite. For this reason we have 

stu 1.ed extensively the coupling between a small ferrite sample and its 

surrounding microwave circuitry. Because this problem is of considerable 

interest in its own right, "We have, in fact, pursued this phase of the 

study beyond the immediate requirements of the relaxation investigation. 

One result of the careful study of the interaction between the 

ferrite sample and its microwave environment haG been the development of 

a new pulse technique for measuring relaxation parameters, in which for 

the first time we have been able to clearly separate the contribution of 

the uniform precession to the overall relaxation from that of the remain­

ing spin modes, leading to a direct measurement of the spin mode relaxation 
8 rate. In previous CW experiments the various contributions to the relax-

ation appear in such aw~ that detailed curve fitting is required for 



• 

their separate eval. at on . These prev o s measurements were al.sol mi ed 

to small signals, a restriction which does no apply to the presen 

technique, and which has enabled us for the :firs t me to ~arry out 

accurate relaxation meas emen s under lar ~ signal condition . 

Among the resul~s has been the firs exper mental evidence for a 

type of mutual oupli ng among ertain 1,pin mod.es that has been pr d ctec!. 

theoretically9 t o be of cons derable impor ance . We have obta ned o her 

results in the large signal range w ch n some cases onfirm and 

other cases show surpris ng d sagreement wt, exis ng theories. For a 

brief summary of the principal. resul s, the reader may turn immediat ly 

to Section C of Chap er X:/. 

The organiza ion of the paper i s as fo lows: In he remainder of 

Part I, we review those e emen s of he normal mode theory of ferrim ne 

resonance that are essen al to he analysis of our relaxation measur m n s 

and we obtain equa ions of motio for he ac ual physi al observ ble. 

One of the prime ad.van ages of the normal mode approach, in contras o 
8 

ones based so ely on energy balance considerations, or on quantum-mechan-

ical. transition probabili i es, is the ease wt which the possible 

ellipticity of the mods may b included, althol h, as we shall show 

later from the general result (for the part ular conditions of our 

experim nt this ellip icity may b e ignored), this is by no neans as 

enerally true as other publish approaches would lead one to believe. 

Another useful feature of the normal mode theory of ferrimagnetic resonance 

is that it allows a lumped el trical. circuit analog o:f the magnetic 

system to be constructed by inspec ion. 

In Part II we take up a de ailed study of he coupling between the 

uniform precessional. mode in a small ferrite ellipsoid and its microwave 

environment. We do this by first finding the scattering matrix of a 

uniform section of waveguide containing the sample, and from this derive 

lumped element equivalent circuits for the ferrite-loaded waveguide. These 

are then specialized to several microwave con:figurations of interest by 

an appropriate choice of terminating impedances. 

In Part III we present a new technique for experimentally determining 

the relaxation parameters of he ferrite; it involves a somew'hat more 
10-12 sophisticated application of previously described pulse techniques, 

together with careful control of the interaction between the ferrite and 
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the micrO'wave circuit. The underlying prinl.!iples of the tech:iique can 

be understood by means of an approximate, but simple flow diagram, discus­

sed in the Introduction to Part III, whose existence is made possible by 

the fact that for the conditions of our experiment we can ignore the 

ellipttcity of the various modes of the spin system. Finall., we shall 

present and discuss the results of the application of the technique to 

both single crystal and polycrystalline samples of yttrium iron garnet. 

CHAPrER II 

THE NORMAL MODE THEORY OF FERRIMAG~IC RESONANCE 

A. THE NORMAL MODES OF A FERRITE ELLIPSOID 

Just as for any electrical or mechanical system, the normal modes 

of a ferrite sample are determined by the free oscillation~ of the isolated 

Eystem. For a ferrite, however, this implies that the sample dimensions 

must be much less than a free space wavelength, otherwise the sample will 

radiate, and can not be considered an isolated system. Al though normal 

modes will exist for a sufficiently small sample of arbitrary geometry, 
14 explicit solutions have been obtained only for ellipsoidal samples o 

small that retardation effects may be neglected.Cl) Such solutions are 

obtained by solving the quasi-static form of Maxwell's equations, 
n + + n + 
v • (H + M) s O and v x H = 0 , simultaneously with the equation of 

motion for the magnetization, 

dM(;) 

dt 

+ + + + 
= - µ07M(r) X H(r) , (1.1) 

+ + 
subject to the continuity of normal B and tangential H at the surface 
. + + 
of the ellipsoid. Here M is the magnetization, H the magnetic field, 

µ
0 

the permeability of free space,< 2 ) and 7 the gyromagnetic ratio, 

here taken to be positive for electrons. 

If +H(+r) is taken to be the sum of three fields, a uniform de field, 
+ + 
H0 , a di~olar field, Hdip , and an exchange field of quantum mechanical 

origin, H , then solutions to Eq. (1.1) can be obtained in the linear ex 

(l)This, in general, is more restrictive than the requirement that 
the sam~le be small compared to a wavelength in free space. 

(
2 

MKS units are used thro\Jghout. The reader may find it convenient, 
in referring to later sections in which experimental results are discussed, 
that l oersted (Gaussian units) is equivalent to about 8o amp/m (MKS units). 
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approximation ·n terms of an infinite set of magnetostatic odes in which 

the magnetization is space varying. As the spatial variation becomes ve ry 

rapid, these magnetostatic mod.es approach elliptically polarized plane 
15 + waves having a wave vector k which can take on a quasi-continuous ran e 

of values. For sufficie tly larg values of k, the boundary condi ons 

are irrelevant; but when the wavelength, 2~/i, becomes compara l e o h 

size of the sample, plane waves a e no longer a good approximatio o h 

ac ual normal modes, which must then be obtained by proper appl a ion o 
1 the boundary conditions . These modes have been nves igated by Walker 

for the special case where exchange can be ignored, and are often all 

"Walker" modes or just simply "magnetostatic" mod.es. 

B. EFFECT OF MODE COUPLING AND LOSS 

The modes enumerated in the preceding paragraph are true normal mo es 

only in a perfectly ordered ys al and then (because of the es ential 

nonlinearity of the equation of motion) only in the limit of vanishingly 

small excitation . Since any practical. experiment will al.ways involve a 

finite excitation of at least one mode in the system, and will be done n 

crystals having both spatial and temporal disorder, the former arisi 

from lattice defects, surface imperfections, etc ., and the later from 

thermal agitation of the la tice, there will al.ways exist coupli amon 

modes of the magnetic system, and between these modes and the lattice. 

In analogy ~1th the much simpler example of paramagnetic relaxation, 

in the past it has been customary o divide ferrimagnetic relaxation 

processes into two categories, spin-spin, and spin-lattice. In the 

present context, spin-spin relaxation arises from coupling among the modes 

of the spin system, while spin-lattice relaxation results from coupling 

between the spin system and the lattice vibrational modes. More recently, 

however, it has been r ecognized that this division is not the most useful, 

particularly since in ferrites the direct spin-lattice processes are be­

lieved to be relatively of little importance.(l) Rather, it is more 

meaningful to speak of the relaxation processes as being either intrinsic 

or direct. Intrinsic relaxation processes are those which remove energy 

from the spin sub-s stem consisting of all those modes degenerate in 

(l)Ultimately, of course , pin-lattice relaxation mus dissipa e all 
the energy being delivere .:i to the sample . Provided that these pro es s e 
are sufficiently strong to keep the spin system in approxima e thermal 
equilibrium with the lattice, however, their exa t nature need no oncern 
us here. 
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resonant frequency with the uniform mode. (These have been cal.led 

"S-modes. 115 ) Direct processes are those in which energy is interchanged 

among S-modes, or between S-modes and the uniform precession, and thus 

are, by definition, a form of spin-spin relaxation. Under many practical. 

circumstances, some of which we shall consider in Part III, intrinsic 

processes are equivalent (as far as the observable behavior of the spin 

system is concerned) to spin-lattice relaxation, so that the difference 

between the old nomenclature and the new becomes largely one of semantics. 

In the small signal range, the process by which energy is coupled 

from the uniform mode to the S-modes is canmonly called "inhomogeneity 

scattering," since it arises from a spatial disorder of the crystal 

lattice. Although these coupling coefficients can be evaluated speci-
4 9 17 18 fical.ly only for rather unrealistically simplified cases' ' ' a 

very important general result has been obtained, 19 namely that the 

cumulative effect of scattering to many modes is to add a single loss 

term to the uniform mode, corresponding, in effect, to a simple spin­

lattice relaxation. 

In most present theories, the intrinsic relaxation is acco1.mted for 

by the addition to the equation of motion for each mode of a phenaneno­

logical loss term, which is to be experimentally determined. 

In addition to the relaxation processes discussed above, the fact 

that the equation of motion [Eq. (1.1)] is essentially nonlinear results 

in nonlinear coupling bet~een the magnetic modes which in turn gives 

rise to a number of "high power effects" which have been the subject 

of extensive theoretical.13119121 and experimental i nvestigation. Their 

discussion will be deferred until Section B c::,f Chapter XVI, where the 

results of large-signal r laxation measurements are presented. All of 

the intervening sections will be concerned only with the linear, small 

signal behavior of the magnetic system. 

C. MATH!>fATICAL FORMULATION OF NORMAL t«>DE THEORY 

A detailed normal mode theory of ferrimagnetic resonance has been 

developed by Suh113 and Schloemann
21 

for the special case of an ell:tpsoid 

magnetized along one of its principal axes. In their treatment they 

assume that the motion of the magnetization can be adequately described in 

terms of the uniform precession together with a set of plane spin waves. 
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k
• -+ 
·r The;y. ~ow h a pin wave pa1 r wi spa ia] e n ences e and 

-jk.r (1) e can be represen ed by a 'sta e vec or" 1-hose comp ex normal 

components, des gna ed bk and ~k , sa · s fy the i fferent ial equations 

b -· j [ ( 

and (1.2) 

, 

wher ti\, the spin wave r esonan f r eq ency, i s give 
16 

y 

rnk = i/ (°1, + rnexa2k2 )( rnH + rnexa2k2 + ~ si n2 k ) (1. 3) 

n 1-hi ch rn a2
k

2 
an c.u. . are jus µ time t e nternal de 

H ' e M 0 
field , f XChange field , and satura ion magne i za o r espectively, and 

Qk is !e polar angle of he spin 1-ave, r eferred o he direction of 

the c field . The quantity ~k is a phenomenolo ical constant, added, 

as men ioned in Section B, to account for the in r nsic relaxation of 
th 

the k spin wave , while Pok is the inhomogenei y oupling parameter 

connec ing the uniform precession, b
0

, to he kth spin w~ve.< 2 ) In 

this approach , the different· al equat ion descr i ing the free motion 

of the uniform precession is 

(1. 4) 

{ )The quan ies bk and ~ are o ained y carrying out a 
well know J ear ransform ion ( see referen 22 ) on the Fourier 
compone s obtained by expanding the t r sver se 
of plane waves 'l'he utili t y of the ran sf orma 
that, in a f ree oscil ation of system , eac 
time dependerce, wh •reas in erms of the ac ual. 
mo ioD is more complicated 

m ne ization in terms 
on lies in the fact jw t 

k has a simple e k 
Fourier components, the 

' 2 
~ In general, here will e a.ddi tlonal. e r ms coupling k to the 

other spin wave . These h ave been i gnored by Fi ch r , et al., {se~ 
reference 8) and b S land Flether, (refer ence 18) an n the treat­
ment gi en her e ., we shall do 1 i kew se. R cen cal a ions by Sparks, 
Loudon and K.l "t. e , ( reference 9 ) however, have shown ha there can, 
under cer ai cir ums ances, ex s ~ coupling be ween 1 ,hos modes de­
gen rate in frequency with he uniform mode {the s o called $-modes) which 
is stro enough o profoundly affe h r elaxa ion . These resul s, how-
ever do not aff c he i nal ~ of the eq a , ons of mo ·on which we go 
on o d r iv , b only their in erpreta ion, as we s all di scuss later. 
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where ~O is the phenomenological spin-lattice loss term, and w0 is 

given by the Kittel formul.a, 23 

, (1.5) 

24 
N and N being the transverse demagnetizing factors of the 

X y 
ellipsoidal sample. The term 

appearing in Eq. (1. 4) represents the "back-reaction" of the spin modes 

on the uniform precession. Suhl and Fletcher19 have e tablished the form 

of this term when it can be asswned that the summation extends over a 

large nwnber of modes, forming a quasi-continuous spectrum. They then 
obtain(l) 

, (1.6) 

with 

, (1.7) 

the integration extending over the surface of constant frequency in 

k-space for which ~ • w0 , and on which the density of spin modes per 

unit frequency, per unit area is n(w0 ,&u0) . Equation (1.4) then takes 

the simple form 

(1.8) 

. 
D. PHYSICAL O~ERVABLES IN TERMS OF THE NORMAL MODE AMPLITUDES 

In order to apply the normal mode theory of ferrimagnetic resonance 

to practical situations, it is necessary to express the complex normal m~e 

amplitudes in terms of physical observables. In particular, ue may 

(l)In their derivation, Suhl and Fletcher assume ~ to be inde­
pendent of k for those modes excited. The result is p~obably more 
general than this. 
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associate with ach normal mode a certain fraction of the tot.al energy, W , 

together with a certain fraction of the total departure of the tim~ and 

spa e averaged longitudinal or z-component of magnetization(l) fr om i ts 

equilibrium value, M 
s 

This deviation we might call its "differ n ial 

z-component of magnetization." 

1. Total Energy 

If Wk is th ·· energy of the k
th spin mode, the total energy of h 

ti t it 1 i i by
21 magne c sys em per un vo ume, s g ven 

(1. 9 ) 

In terms of energy, the equations of motion for the sp n modes may b 

combined to give 

, (1.10) 

while for the uniform precession one obtains 

(111) 

This simple result allows us to characterize the uniform precession 

by an unloaded Q, which ~e denote by Qf. In terms of the free decay 

of the natural oscillations of the uniform mode, we have, by defi ition, 

, 

--
dt 

so that i~ follows at once that 

(1.12) 

{l)The external field is assumed to be applied along the -direction. 
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By combining the usual definition of Q in terms of frequency bandwidth 

with the Kittel resonance formula, we can al.so ·rite the Q in terms of 

the linewidth,(l) ~, of the uniform mode, 

(1.13) 

2. Z-Canponent of Magnetization 

If 6Mzk is the decrease in the time and space averaged z-component 

of magnetization associated with the k h mode, 1 · can be shown(2 ) that the 

total departure of M from its equilibrium value is given by 
z 

6M 6M rl ~ * ( 1.14) s = 
......J 2 - MSbkbk z L zk 

k k ~ 

Here the ratio m/~ is a measure( 3) of t he ellipticity of the mode, 

being unity for modes that are circularly p larized. It can be shown 

that, for plane spin waves, we have 

' 
(1.15) 

while for the uniform precession we have 

(1.16) 

( 1 )The linewidth is the de f~.eld incr~ment between points where the 
power absorbed by the sample is half of that absorbed at resonance, the 
rf driving field remaining con tant. 

<2 >P. M. R1chards24 hac demonstrated the validity of Eqs. (1.9) and 
(1.14) for~ representation in which the energy is diagonal. 

( 3)In terms of the eccentricity, e, of the orbit, the ratio is 

- -
2 

e 

1 - -----
(2 - e2)2 
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By e xpressing the energy of each mode in e o is contribution 

to .1 , a cou:r,led se of equations describing e fr e motion of the 
z 

differen al z- comp ens of magne iza ion may b o ained : 

and 

In th approac 

t ransf,~rs amon 

zk 

adop e 

he var 

db.Mzo 

t 

- - 2 

k10 
ere, we 

2 
wk 

11k - .6M 

¾ 
z 

are ons 

ous S-modes i.e .' 

' 
(1.17) 

2 
'WO 

(1.18) + 211 0 --;: 6Mz0 
0 

er·ng n de ail only the energy 

among hose modes degenerate 

in r esonant fre uency w th he uniform mode . All the other processes 

whi ch transfer energy within 

intrinsic r elaxa ion parame ers 

esp n sys em we ve lumped into the 

11 k . Thi procedure, which we jus ify 

in some de ai l ·n Part III, t hen a lo-ws us o assume hat in effect only 

those modes having ill ~ w0 are apprecia ly excited so that Eq. (1 .18) 
simplif es to 

=- 2) ~6M + 
_; A_ zk 
fO -K 

t 
2110 
-6M 

A zO 
0 

( 1 . 9) 

In the experiments des cr ied in subseq en sec ions , the actual 

observables are the ampJitude of he uniform precession, which can be 

inferred from he measured sus eptibility and f riving field, and which 

is proportional 0 V6Mz0 ' toge her with he o al differential z - com-

ponent of m neti zat · on, 6M In ord r to ri e Eqs . (1 .17) and z 
(1 .18) in terms of hese quantit ie alone , it, is necessary to make some 

additional approximat ions . One o ese is o as s ume hat ¾ is in-

depend ent of k . This -will certainly be t rue i the plane spin wave 

approximat i on whenever the excited spin waves have low values of k (1) , 
and will be pproximately t rue , in our xperimen s, as we hall discuss 

in Part III for any value of k. Furth r p r ogress he~ requires some 

{l )This is evi 
case where k -+ 0 . 

en .., from the f orm of Eqs . (1 . ) d (1 .15 ) for the 
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as sump o s about the nat ur of he scat er n process s . There are two 

cases i n w i simple results can be o tained: 

(i) e erm rik is independent of k f or t hose modes excited by 

inhomo n 

19, ands 

sea ter i This i s the approach taken in references 8 and 

is known hat T')k depends explicitly on k , 7 it is 

e uival n . to assumi ng that he scat t er ng is such as o preferentially 

ex i e spin waves avi g a narrow ran e of k . 

(ii) r e exis s suffici ent ly s t r on coupling between the individual 

S-mode s t ha 

independ n of 

hei r populat ions t end to r emain equ , 
9 k . Spar s, e al. , have shown t ha 

so that ~zk is 

such a situation 

can xis wh n h~ i nhomogeneit y is due mainly t o surface pits having a 

moderate (a few mi crons) size. 

With e i ~her of t hese assumptions, Eqs. (1.17) ard (1.18) may be 

combined o ive 

dLM 

dt 
- - 2 ' 

(1.20) 

where now tl n erpre ation of rik depends on whi ch of the assumptions 

(i) or (i) a s be n made . In c ase (i), 11
1 

is he average over a 

narrow range of values of appropri at e to t he spi n mods excited. 

aver e over all t he S-modes.(l) the s e cond a se i s a 

A t i rd possibl e s pt i on, one t ha w~ have not invest i gated in 

In 

det ai l , is t at the i nh mo enei t y s catt eri ng is "whi t e," i.e., energy is 

s cattered unifor ·r o. he uniform prec s s ion t o all other S-modes, but 

that t he indiv i dual pi modes are uncoupled. In this case the equations 

of motion are fW1dament ally different , and t is not innnediately evident 

that a single effective i t rins c spin mode r elaxa ion rate can be W1iquely 

defined. Nonetheless, i the balance of this pap r, we shall assume the 

validity of Eq. (1.20), a procedure justified by the experimental results 

to whi ch, as we shall show in Part III, Eq. (1 . 20) provides an excellent 

fit . It must be borne i mind, however, that the physical significance 

of the measured quanti t y rik is not completely unambiguous, although 

the experimental evidence favors the second of the two possibilities 

described above. 

(l)M. Spar1 s, private communication. 
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Equations (1. 20 ) and (1.17 ) de ri e he fre "mo on" of physi 

observables in a ferrimagne ic resonance experimen, and as such w 1 form 

the basis for the measurement techniques ob iscussed n Par I . Thy 
8 

differ from the equations first derived by Fletcher, LeCraw and Spen er n 

that the ellip icity of the modes is specifically taken in o accou.n, al.­

though, for the conditions of our experimen i will urn ou tha h s 

ellipticity may be ignored. 

E. CIRCUIT ANALOG OF THE FERR MAGNET C SYSI'EM 

The form of Eqs. (1. 2) and (1.4) for he arnpli ude of e magne c 

normal modes sugges s a representation of e spin sys em n erms of an 

electrical. network of coupled r sonan c r cui s. Such an analog can e 

placed on a reasonably rigorous basis for he quasi s eady- s ate, .e . 

when the system is driven at a fixed frequen y, and all changes ar a sume 

to occur adiabatically . For this case · 

(1.4) describe the behavior of he circu 

identify the normal mode amplitudes w 

an es ow 

o Fig. 

the complex 

a Eqs . ( 1. 2 ) an 

provi ed ha w 

r e , spin-la 

loss with resistance, and spin-spin coup 'ing wit mutual inductance. In 

this equivalen circu t, o be cons sten wi h he assump ions tha led 

to Eqs . (1. 2) and (l .4 ), we have shown explic ly only one tank circui, 

that which is the analog of the uniform prec ss1on, ob coupled to he 

signal source. The general. case , where a large number of modes c an 

excited direc ly by the external drive, or where there is apprecia le 

coupling between individual spin modes, can also, 0f course, be readily 

represented. 

e 

The ma1n tili y of the equivalent circuit representation lies in the 

intuitive insi ht i an provide 1nto the behavior of the spin sys em. For 

example it is a trivial problem o show hat the effect of coupling the 

primary (uniform precession) o a large number of secondaries (spin modes ) 

whose esonant frequencies form a quasi-continuum is to introduce into he 

primary only a frequ ncy 1ndependen _(l) resistance, R
0 

( equivalent o 
I 

~O ), that is independent of the secondary resistance, Rk (equivalen 

to ~k ). The reactive terms eff ctively sum to zero. This leads to 

either of th circuit representations of Fig. 1.2, corresponding to a 

(l)It is frequency independent in the sense that 
apprecia over the bandwidth of the uniform mode. 

I 

R0 does not vary 
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FIG. 1.1--Circuit representation of spin system. 
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system with but a single degree of freedan, and hence a Lorentzian-shaped 

res nance line. The equivalent ~ircuit may also be used to predict quali­

tatively what will happen when there is appreciable coupling between the 

uniform mode and those low order magnetostatic modes for which the spin­

mode spectrum is no longer quasi-continuous. Such coupling can occur when­

ever there is what we might call "large-scale disorder" in the sample, such 

as, for example, a nonellipsoidal shape, or a polycrystalline sample with 

extraordinarily large single-crystal grains, or -- and this is often impor­

tant in practice -- when the sample is placed too close to a conducting 

wall. Some experimental manifestations of this latter effect will be 

described in Part II. 

The most important use that we shall make of the equivalent circuit 

representation in the present paper is in the consideration of radiation 

damping in Part II, and in the description of various experimental procedures 

for determining the linewidth, given in Ap dix B. In both of these 

applications considerable simplicity and unity of approach result from 

the use of the network representation. 
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PART II 

COUPLING OF SMALL FERRIMAGNErIC ELLIPSOIDS TO MICROWAVE CIRCUITS 

CHAPrER III 

INTRODUCTION 

In Part I we saw that t he expans ion of the magnetization o a small 

ferrite e .lipsoid into a set of normal modes led naturally to th r pre ­

sentation of the spin system in t erms of lumped equivalent electrical 

circuits. Such an approach, of c ourse, tells us nothing about the nature 

of the coupling between the magnetic modes and the microwave circuit. In 

the present section we shall consider this coupling problem in detail. 

The approach adopted is to obtain an impedance matrix for a uniform sec­

tion of wavegu.ide containing a ferrite ellipsoid, and from this impedance 

matrix construct, by inspection, a lumped equivalent circuit. 

The first step in such a program is to solve the general problem of 

he scattering of electromagnetic waves from a small ferrite ellipsoi d in 

a unifonn waveguide. Sue a problem has been considered by a number of 
26-30 authors using approaches which are superficially quite different, but 

which reduce to the application of first-order perturbation theory. Epzt ein 
26 

and Berk consider the problem of an ax.ially magne .ized thin ferrite post 

located parallel to the narrow wall of a rectangular waveguide propagating 

only the TE
10 

mode. Their method is to reduce the problem to a two-dimen-

sional one by assum.i no field variation along the axis of the post. A 
+ + 

scattered wave, Hs, is obtained by matching tangential components of E 
+ 

and H on the boundary of the post, ignoring the boundary conditions at 

the waveguide walls, but assumin the post to be illuminated by the funda­

m al mode of the waveguide. The actual scattered wave in the guide is 
+ + 

obtained as a superposit ion o H d 'mirrored" wave H which, taken s m 
together, satisfy the boundary conditions of the waveguide (but not of the 

post). 
27 28 Pistolkors and Shen ' have analyzed the scattering from both a 

transversely and a longitudinally magnetized ferrite sphere in rectangu­

lar waveguide. Their approach is basiceily that of Epztein and Berk. 

They solve the boundary problem of a sphere illuminated by a uniform plane 

wave whose propagation vector makes an arbitrary angle with the de magnetic 
14 field. This is done in terms of the magnetostatic modes of Walker. 
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By expanding the incident waveguide mode in plane waves, the scattering of 

each of which is known, and resumming the results, a total S(¼ttered wave, 
+ 
Hs, is obtained. The actual scattered wave in the guide is obtained by 

+ 
expanding H in waveguide normal modes and picking out the propagating 

s 
part. 

Nikol'skii, 29 on the other hand, uses a somewhat different approach. 

He derives exact expressions for the scattering coefficients of a section 

of waveguide containing a ferrite sample in terms of two sets of fields, 

one appropriate to the empty guide, and the other to the same guide con­

taining the sample. In these expressions the important quantity has the 

form 

!volume 
+ ++ + 
H0 . X HdT , .1) 

of Sample 

+ + 
where H0 is the field in the empty waveguide, H is the field with the 

sample present, and ~ is the susceptibility tensor. Nikol'skii hen 

obtains a first-order perturbation solution by substituting for the exact 
+ 

field H, the field obtained as the lowest order magnetostatic solution 

of the boundary value problem appropr•ate to the SIJDple geometry. This 
~· ~... ~ is equivalent to replacing x H by ·X H0 where X is an equivalent 

tensor susceptibility. 

Two limitations are characteristic of all these methods. First, in 

order to obtain numerical results, it is necessary to assume that the 

significant dimensions of the sample are small compared with a wavelength 

in the medium, and second, higher order scatterings are neglected. In 

physical terms this means that the reaction back on the sample of fields 

which scatter first on the sphere and then on the waveguide wall is 

neglected. This restricts the analysis to samples from which the scat­

tering is small, and which are not too close to the waveguide walls. 

Hauser30 al.so starts from the exact expression [Eq. (2.1)], but uses 

it to obtain an amplitude independent variational. expression for the scat­

tering coefficients into which various trial fields with variable para­

meters~ be inserted. In principle, this technique may be carried out 

numerically, for individual cases to any arbitrary degree of accuracy, 

although Hauser has not done so. 
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In an effort o develop a simple approximat th ory that is 

valid for samples which, although ma 1 physically, repres nt lar e 

electrical discontinu ties in th w 

approach, which may be broken up i n 

follows: 

s1,1ide, we have used a differen 

a umber of distinct steps, a 

(1) The uniform rf magnetiz t on produced by a given uniform external 

rf driving field is determined in terms of an external or effective31, 32 

tensor susceptibility derived from the r sverse part of the equation of 

motion for the magnetization. 

( 2 ) Maxwell's equations are solved, subject to the usual boundary 

conditions for a perfectly conducting waveguide, treating the rf m neti­

zation as a known point s ource. This is done using the method of Mar uv z 

and Schwinger 33 in which the wave uide is r laced by a set of uncoupled 

transmission lines, on for each mode of the wave uide, and 

by curr nt and oltage generators . 

e sourc 

(3) From such an ctive network representa ion the magnitudes of the 

forward and backward scattered waves are obtained. 

(4) The external field assumed in step ( ) is then determined by the 

requirement of conservation of energy. This procedure leads to a self­

consistent scattering matrix, which, although approximate, is nonetheless 

a considerable improvement over the first-order perturbation r esul. 

(5) Finally, from the scattering matrix, impedance and adm'i tance 

matrices are derived which are separated into symmetric and antisymmetric 

parts. The symmetric parts of he matrices are represented by n and 

T networks, the antisymmetric parts by gyrators. 34 

The advantage of this network formulation lies in the ease with whi ch 

a reat vari ety of ferri t e problems may be solved by a suitable choice of 

the terminati ng i 1 pedances for the network. 

CHAPrER IV 

EXCITATION OF A WAVEGUIDE BY A MAGNEI'IC DIPOLE 

As disc1ssed in Part I one of the normal modes of a small fe1ri­

magnetic e11~psoid is a uniform precession. If t e sample is in free 

space, illumi ated by a uniform drive field,(l) the uniform precession 

( l)This c·an be achieved approximately by illuminating the sample with 
a plane wave \ 'hose wavelength is much greater than a transverse sample 
dimension. 
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is the only mode that is excited, and as far as small-signal. interaction 

with the applied field is concerned, the sample may be replaced by a 

macr oscop ac dipole, or rat her, by t wo dipoles, one for each transverse 

component of magnetization. The external dipolar fie l ds satisfy al.l the 

boundary conditions of the "microwave circuit," in this case, the trivial 

condition that the fields drop to zero at infinity. 

If the sample is now placed in a waveguide or cavity, surrounded by 

met wal.1s, these external. dipolar fields can no longer satisfy the 

boundary conditions of the circuit, but we may think of the original. 

dipolar fields as being mirrored, in some fashion, in the wa eguide wal.ls, 

resu1ting in an additional. nonuniform driving field at the sample which 

al.ters the motion of the magnetizat ion in such a way as to produce a t otal. 

field that does satisfy the boundary conditions of the waveguide. Thus, 

in t he general. case, the waveguide fields must be expressed as a swnmation 

of al.l the normal. modes of the empty guide, f.nd the magnetization as a 

swmnation of al.l the normal. modes of the isolated sample. If, however, 

the microwave structure is resonant in, or can propagate, only a single 

mode at the operating frequency, and if none of the magnetostatic modes 

excited in the sample is degenerate with the uniform precession, these 

higher modes do not take part in the energy transfer within the ferrite­

microwave system. Their main effect is a shift of the ~esonant frequency 

of the ferrite, the microwave structure, or both. Under most circumstances, 

then, one need consider only dominant mode interactions, al.though an 

exce~tiop occurs when the sample is placed too close to a waveguide 
42-44 

wal.l. Since some of our experiments required that the sample be 

p1aced near a wal.l, a reasonably exact characterization of "too close" 

is required, and this question will be discussed later. 

For the present, then, we assume that in some way, as yet unspeci­
+ 

fied, we excite a uniform rf magnetization m in the sample. This 
+ 

uniform magnetization can then be replaced by a macroscopic dipole mV , 
s 

where V is the volume of the sample. The excitation of the waveguide 
s 

by this dipole is then obtained by solving Maxwell's e uations in the form 

n ~ + + 3• + v x ~ • - J<q10H - Jw,,.0mvse (r - r0 ) 

'V X ii - jwEE , (2.2) 
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subject to the usual boundary conditions at the waveguide wall s . H re 

3c• • > 5 r.- rQ is a three-dimensional delta f.mction, the sample in l o a 

at r = r
0

. In this formulation we ne lee the dielectric proper e o 

the sample, and take e to be the permittivity of he material 4illi 

the waveguide. Because we are using the magnetostatic approximat ion or 

the fields in the ferrite, in which we neglect the electric field a soc -

ated with the precessing magneti zation, t he scattering due to the d le -

tric properties of the sample may be treated independently of tha ari in 

frcm the magneti c propert es, and will not be considered here. 

The solu ion of Eqs. ( 2 . 2 ) appropriate to waveguides with p r fe ly 

conducting walls is most conveniently effected by expanding the ac ual 

waveguide fields in terms of a set of normal modes of the guide. Th' , 

assuming propagation in they-direction, we write 

The y 

E(x,y,z) = \ L 
n 

H(x,y,z) = I 
n 

+ 
V (y)e (x,z) 

n n 

+ 
I (y)h (x,z) 

n n 

th dependence for the n mode is a ssumed to be of the form 

( 2 . 3) 

and is included explicitly in the coefficients V and I , whi ch ~ay 
n n 

be considered as the voltage and current, respectively, on an equival n 

uniform TEM transmission line. The eigenvectors 
+ 
e 

n 
+ 

and h 
n 

then 

depend only on the transverse coordinates x and z. As usual, we 

choose the normal modes in such a way that they may be divided into t wo 

sets, one with o y-compo ent of electric field (TE modes) and t he other 

with no y-component of magnetic field (TM modes). 

Thus, "1e can wri te 

+ + 

} 
e = etn n 

+ + " h = htn + h a 
n y y 

TE modes 

+ + + A 

l 
e = etn + e a 

n yn y 

+ + 
h = htn n 

TM modes 
( 2 . ) 
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+ + + + + 
wh re etn and htn are the transverse components of en and hn, eyn 

• A 
and h the longitudinal components, and a is a unit vector in the yn y 
longitudinal {y) direction. It is usual to choose the transverse 

component of the eigenvector corresponding to the electric fiel to be 

real, and to be normalized so that 

' 

with the integration extending over the waveguide cross section. The 

other components are then 

+ ,.. + h s a x etn tn y (2.5a) 

'v • + 

t etn 
(TM modes) e s 

yn 
jt3n 

and 
+ 

V • h 
h t tn (TE modes) s 

' yn (2.5b) 
jt3n 

where V 
t 

is the transverse gradient operator. With this normalization, 

the ratio ( V /I ) is j•ist Z , the wave 
n n n 

th impedance of then mode, and 

the integral J
5 

1/2 R V I*ds is the power carried em n 
th by then mode. 

The point source of excitation described by the delta-function term 

in Eqs. (2.2) can be represented by voltage and current generators in 

the modal transmission lines, as shown by Marcuvitz and Schwinger. 33 Thus, 

the waveguide containing the sample is replaced by a set of transmission 

lines, one for each mode of the waveguide, in which the effect of the rf 

magnetization of the sample is represented by voltage and current genera­

tors, located in the transverse plane of the sample, as shown in Fig. 2.1 . 

If we asswne that the equilibriwn orientation of the magnetization, 

is along the z-axis, the rf magnetization will have only x and y 

ponents,(l) in terms of which the strengths of the g~nerators are 

Y v • jt3 v m h (x0,y0 ) , n n n s x xn 

• M , 

com-

(l)Throughout this part, we consider only the linear approximation. 
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FIG. 2 . 2--Circuit used to calculate scattering matrix. 
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and 

where Y 
n 

th is the wave admittance of then mode, 

constant, and V 
s 

is the volume of the sample. 

CHAPI'ERV 

THE ~CATTERING MATRIX 

A. DERIVATION OF GENERAL SCATTERING MATRIX 

·' (2.6) 

'3n its propagation 

For any passive, linear two-port network, the relations between the 

incident and reflected waves at the two ports can be written in terms of 

a scattering matrix: 34 

where 

and bl 

and 

and b2 

a2 

bl 511 612

) 
= 

b2 821 822 

are the incident waves 

are the reflected waves. 

~ 
, (2.7) 

a2 

at ports l and 2 , respectively, 

The results of Chapter IV may be used to obtain the reflected waves, 

if we assume that the sample is placed in a guide propagating only one 

mode and reflection1essly terminated at both ends. The equivalent circuit 

for this arrangement is shown in Fig. 2.2. The reference planes T1 and 

T2 are coincident at the plane of the ferrite. Fran Fig. 2.2 we have, 

by superposition, 

-- l (vl _ i) 
2 z l 

l 

, 

(2.8) 

To obtain the scattering coefficients, the voltag and current 

generators v1 and 11 must be related to the drtve. This may be done 
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by defining an equivalent susceptibility tensor, i, so that(l) 

... 
• - ~ m = X H ext 

, ( 2.9) 

vhere it ext 
order theory, 

is the externally applied rf driving field . In a first­

ffext vould be the sum of tvo fields, one due to a vave 

incident from the left, the other t a wave incident from the right . Thus 

ve vould vri te 

H =I h I h ext inc1 1 + inc,... -1 , (2 .10 ) 

'Where h 
l 

right, and 

is the eigenvector of the dominant mode propagating to the 

h of that propagating to the lef. In terms of their 
-1 

components, if we write 

h = 
l 

h 
X 

h y 
h z 

, then h = -1 

h 
X 

-h y 
h z 

A better approximation can be obtained by taking for Hext 

of the total dominant mode ield at the reference planes 

Thus, we assume that 

H = ----- h 1 + ----------- h -l ext 2 2 

(2 .11) 

the averag 
( 2 ) and T2 . 

( 2 .12 ) 
(

1inc1 + Iref2),.... ( 1inc2 + I ref 1) • 

( 3) 
By canbining Eqs. (2.6), (2.8), (2.9), (2.11) and (2.12) "With the definition 

{l)See Appe~dix A. 

( 
2

) This seeDL.ngly arbitrary ass ump ti on can be Justified, pest facto, 
by showing that it leads [in contrast to the assumption of Eq. 2 .10)] 
to the conservation of energy. 

( 3)The minus sign arises 
marily defined with regard to 
incident and reflected "Waves. 
i tional 18o0 phase shift upon 
voltages. 

because scattering coefficients are custo­
the electric field s or voltages of the 

We are using currents, "Which hav an edd­
reflection, relative to the reflected 
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of the scattering coefficients, 

-I ref1 
-I ref2 8

11 • 
. 8

22 • 
. , , 

I I inc1 I C 0 inc2 I - 0 inc2 inc1 

I ref2 
I ref1 5

12 • 
. 8

21 
, = , 

I I inc
1 I - 0 inc

2 I = 0 
inc2 

inc1 

and assuming that the effective susceptibility tensor has the general f rm 

, 

ve obtain a scattering matrix of the form 

l (A+ B C - :) ~-- ( 2 .13a) 
E C + D A -

vhere 

2 2 (2.13b) A= Xllhx + X22hy , 

B - hxhy(Xl2 + x21) , (2.13c) 

2 
C • , (2.13d) 

jl31Vs 

D • hxhy(X12 - X ) 21 , (2.13e) 

and 
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This general result may be considerably simplified if we restrict our selves 

here, as in Part I, to a small ellipsoid whose principal axes coincide with 

the coordinate axes. The de field is then applied in the z-direction and 

the effectiv susceptibility tensor is antisymmetric, i.e ., \ 1 = - 12 . 

Furthermore, it can be shown (l) fr m the form of the effective suscep­

tibility tensor that the last term in Eq. ( 2 .1 3f) is less than either the 

second or third by a factor of order ( sample dimension/free-space wav -

length), 3 so that for the small samples to which this aralysis is restrict ­

ed, this term may be dropped. The scattering matrix then becomes simply 

~=F ( 2 .14a) 

\./here 

1 
F=------------- ( 2 .14 ) 

j~lvs 2 2 
1 + -- (X h - X h - ) 11 X 22 y 

2 

Any matrix can be written as the sum of a symmetric and an anti­

symmetric part. In the case of Eq. ( 2 .14) this di V'isi,.:,n is obvious , and 

by writing 

~= r + ~ sym antisym ' 
we obtain 

J~\V s 2 2 

2 
(Xllhx + X22hy ) 1 

t sym = F 

1 ( 2 .15a) 

and 

( 2 .15b) 
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As we might expect, the symmetric part of the scattering matrix depends only 

on the diagonal components, \i and x22 , of the s sceptibility tensor, 

whereas the antisymmetric part depends only on the off-diagonal component. 

Furthermore, the antisymmetric part vanishes whenever either h or h is 
X y 

zero, i.e., whenever the driving field is linearly polarized. 

B. APPLICATION TO AN AXI~Y SYMMETRIC SAMPLE IN RECTANGULAR WAVF,...- .J.DE 

Of special interest to us is the form taken by Eq. (2.14) for a rec­

tangular waveguide propagating the TE10 mode. For this mode, the components 

of the eigenvector in the coordinate system of Fig. 2.3 are given by36 

h (x,z) 
X 

h (x,z) = y 

=~sink x 
~~ C 

, (2.16) 

where a and b are the width and height of the guide, respectively, and 

k = n/a is the cut-off wave number. If the sample is assumed to be an 
C 

ellipsoid of revolution, with axial symmetry about the direction of the 

applied field so that x
11 

= x22 , and located a distance x0 from the 

side of the waveguide, the scattering matrix becomes 

~-F 

where 

F • 

1 + 

~l 2 k 
j~ - X sin k X - _£ t (~

2 

k 11 c O ~ 
C 

1 

- 28 -
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where T} •kV /ab plays the role of a filling factor. 
C S 

We can obtain some idea of how the scattering coefficients depend on 

the position of the sample in the waveguide by considering the special case 

of a low-loss sample at resonance. For this case we can make the approxi­

mation that \ 2 r== J \i • ~ , where ~ is the usual r"! nance suscepti­

bility for a linearly polarized driving field.Cl) The variation in 

reflection coefficient (s11 ) and insertion loss (1 - 1s121 ) with sample 

position is shown in Fig. 2.4, with the ratio kc/~1 (and hence frequency) 
XII 

as a parameter. Two sets of curves are shown, one for fl O ~ 0 , valid 

when the sample is electrically small,and hence the scattering is also 

small, and the other for 'l'l'b = 1, corresponding to a sample that is 

critically coupled to the waveguide. To give additional insight into 

how the scattering depends on the sample size, we have also plotted in 

Fig. 2.5 the reflection and transmission coefficients versus sample 

position, with T}X'~ as a parameter, for the particular frequency at 

which kc/~1 • 1 . 

The behavior of the reflection coefficient as a function of sample 

position and size is Just what one would expect on the basis of intuition. 

The reflection coefficient goes to zero at those points where the driving 

field is circularly polarized, independently of the sample size, and else­

where increases monotonically with increasing sample size. The insertion 

loss (or equivalently, the transmission coefficient), however, does not 

behave in so simple a fashion. Although the insertion loss is zero when 

the sample is at the point where the driving field is circularly polarized 

in a sense opposite to that of the free precession, it is not a maximum 

at the point where it is circularly polarized in the~ sense as the 

free precession, even when the sample is small, except at the special 

{l)By setting x12 • JX11 , we neglect the interaction between the 
magnetization and the circularly polarized component of drive field that 
rotates in the opposite sense to the free precession. Actually, if we 
assume axial symmetry, we have 

- 1 + 
'lo + 'lo 

Jo.>o 

at resonance. For low-loss samples, however, we find 'lo+ 'lo<< w
0

, 
so that ~ 111:s J \i . 
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FIG. 2.5--The effect of sample size on the reflection and transmission 
coefficients of a rectangular waveguide containing a ferrite 
ellipsoid. 
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frequency for \ilhich kc/f31 • 1. When the sampl is electrically sm 11, 

the position of maximum insertion l oss ranges over some 25 to 30 el c ric 

degrees as the frequency is varied over the \ilaveguide band,.,idth. As th 

sample is made larger , ho\ilever, the range diminishes, and the maximum in­

sertion loss increases, until for a sample critically coupled to the ,.,av -

guide (11x; = 1) , the i nsertion l oss is unity (no pover transmitt d) vh n 

the sample is placed at 135° (3/ 4 of the way across the \ilaveguid) ind -

pendently of frequency. As can be sen from Fig. 2 . 5b, vhen 

position for maximum insertion loss is quite broad. 

11 X" = 1 , 
0 

These results have important implications r the design of such 

devices as filters. For example, they predict that it should be o s i 1 

to build, in rectangular \ilaveguide , a magnetically tunable band-r e ion 

filter at \ilhose center frequency perfect re ection(l) could be ob a nd 

over the entire \ilaveguide band,.,idth. This \ilOuld require a sampl 1 

enough that 11x; = 1, a value readily attained, ho,.,ever, ,.,ith polish d 

single crystal samples of yttrium iron garnet -- for example, in stand rd 

X-band rectangular waveguide, this condition is met ya spherical 

sample 0.0384 inches in diameter, having a line,.,idth of 8o amps/m, 

( 1 oersted) . 

CHAPrER VI 

ADMITrANCE AND IMPEDANCE REPRESENTJ;TIONS 

A. ADMITTANCE MATRIX 

The normal i zed admittance matrix of any linear passive system is 

related to its scattering matrix by the identity37,( 2 ) 

(l)This assumes the intrinsic ferrit e parameters, and henc e ~x0 , 
to be independent of frequency. In practice, X8 is roughly inversely 
proportional to frequency, so that perfect rejection could not be min­
tained over a finite fr quency range. 

( 2 )It is r lated \ilhen the input and output waveguides have th 
-wave admittance, Y1 . 
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Applying this result to Eq. (2.14) yields the admittance matrix(l) 

1 -1 '\2 h 

J~ V \ h 
2 2 

+-..:L ... 
J~1Vs'\1hx '\1 hx y 1 S 1 X 

- - . (2.18) 
yl -1 '\2 h 1 

- _J. 
Jf\ V s'\1hx 

2 
xll hx J~1Vs\1hx 

2 

Just as in the case of the scattering matrix, the admittance matrix may 

be separated into a symmetric and an antisymmetric part: 

((\ym 1 1 -1 

= (2.19a) 2 ' j~lVs\_lhx -1 1 

and 

~~) 
0 -1 

y -'\2 t. 
- =-..:L (2.19b) 

yl antisym '\1 hx 1 0 

Equation (2.19a) will be recognized as the admittance matrix of a 

single series impedance, z/z1 = j~lVs")_lhx2 . Equation ~2.19b) describes 

a gyrator34 witli transfer ad ittance Y/Y1 • -C\2/\1 Hh/hx). The 

complete matrix then describes the two in parallel leading to the circuit 

of Fig. 2.6. For low loss ferrites near resonance, the gyrator admittance 

Y/Y1 • - (\_,j\1 Hh/hx) will be real, and essentially independent of 

the ferrimagnetic properties of the sample -- to see this, we need only re­

call that h and h are in time quadrature [Eq. (2.5b)], and that for y X 

circumstances Wldcr which the negatively rotating component of magneti-

zation m~ be ignored, we can set 'S.2 == J\1 . 

1e reader may be puzzled as to why the component 

ceptibility does not appear in the admittance matrix. 

fact, as soon as we make the approximation that V << 
s 

x22 of the SUS­

It disappears, in 
3 >.. , ( i . e. , that 

(l)In going from E~. (2.14) to Eq. (2.18) we have dropped terms of 
order (sample dimension/free-space wavelengthi3 as was done in deriving 
Eq. (2.14). 
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FIG. 2.7--Network representation of the impedance matrix 
of a ferrite ellipsoid in a waveguide. 
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the sample is much smaller than a wavelength), provided that~ tensor 

susceptioility components~ the explicit~ given in Appendix A. 

Thus Eq. (2.18) has incorporated in it implicitly the tact that the 

susceptibility canponents are not all independent. 

B. IMPEDANCE MATRIX 

The representation or Fig. 2.6 is inappropriate at points where the 

transverse ield, h , 
X 

is small, but the longitudinal. field, h , remains y 
finite. In this range, by using the identity37 .. 

z 
• (1 - !)-1(1 + !) , 

we obtain an impedance matrix 

-1 .. 
z -- , (2.20) 

-1 -1 
---

which, upon being broken up into symmetric and antisynmietric parts, 

(z) _ -1 (
1 

~l J~1vsx22hy
2 

1 sym :) , (2.21a) 

and 

~) Mtisym -

-X h (O 12 X 

~2 hy 1 

, (2.21b) 

leads to the network or Fig 2.7, consisting of an admittance 

Y/Y1 • - J~1vsx22hy
2 

in series with a gyrator having a transfer impe­

dance z/z1 • -( vx22Hh/hy) • 
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C. EQUIVALENT CIRCUITS FOR SPECIFIC TRAN MISSION SYSTEMS 

1. Structures Propagating Only a TEM Mode 

h y 

For any system which supports only a TEM mode, the longitudinal fi eld, 

, is z ~ro by definition, and the representation of Fig. 2.6 reduces t o 

a reciprocal network consisting of a single series impedance. Since 

for TEM waves, z1 = ff 2, and t31 = w VµO£ , the series impedance has 

the value Z c .1<4,,.Ovsx11hx Specific values for several geometries ar e 

given in Table I. 

2. Rectangular Waveguide 

Another important structure is a rectangular waveguide operated i n 

the TE1O mode. From the ccmponent s of the eigenvector for this mode , 

given in Eq. ( 2 .16), we obtain th element values 

z 
- = 

and ( 2 . 22 ) 

for the circuit of Fig. 2.6, and the element values 

y k 2 C 
-c 2JriX22 - co kcxO 
yl t31 

and (2. 23) 

z Xl2 t31 ..15. s J --tan kcxO 
zl x22 kc 

for the circuit of Fig. 2.7. 

D. EQUIVALENT CIRCUITS FOR SPECIFIC SAMPLE POSITIONS 

The preceding representations may be simplified when the sample is 

placed in either a linearly or circularly polarized field. In the case of 
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TABLE I 

Series Impedance Reflected 
into a TEM Transmission Line 
Coupled to a Ferrite Ellipsoid 

CONFIGURATION 

~-i~ 

• '- sample 

single 
wire 

coaxial 
cable 

.... , .-- a ____ .,., 

T 
j_ 

I• 

• slab 
line 

(d << a) 

parallel-wire line 

a 

- 38 -
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linearly polarized drive, the gyrator disappears ( s ince the network must 

then be reciprocal), and we are l e f t with a single series e lement (trans ­

verse driving field) or a single shunt element (longitudinal driving fi eld). 

A circularly polarized driving fi eld will exist where h = ± j h , 
X y 

leading t o a gyrator transfer admit t ance Y/Y1 = ± j ~/\1 in Fig. 2.6. 
Thus, for l ow loss f errites near r esonance , where , as we have pointed out 

before, \ 2 ~ jX11 , we have 

The gyrator can t hen be r eplaced by a unidirectional phase shifter, havi n 

n phase shift in one direction, and none in the other. An interestin 

feature of such a circuit is that a wave i n one direction is attenuated 

without reflec t i on in pass ing t hrough t he section containing the f errite , 

while a wave in the opposite directi on is neither attenuated nor r eflected, 

behavior that is also predicted by the scattering matrix for this case . 

These results are summarized in Table II. 

CHAPrER VII 

DETERMINATION OF LUMPED CIRCUIT PARAMETERS 

To complete our network r epresent ation of a waveguide containing a 

small ferrit e sample, it is nece s s ary t o synthesize the impedance and ad­

mittance functions appearing i n Figs . 2.6 and 2 . 7 in terms of lumped 

elements. This may be done by expressing the effective susceptibility as 

a function of frequency, and then carrying out a formal synthesis proce­

dure on the resulting impedance and admittance functi ons. A simpler 

approach, however, is to make the circuits of Figs . 2.6 and 2.7 consistent 

with that of Fig. 1. 2 , which was derived in Part I on the basis of very 

gP.neral considerations concerning energy storage and dissipati on 11 the 

spin system, and in which the ferrite is represented by a single tuned 

circuit coupled, in some unspecified wa;y, to the signal generator. 

To illustrate the procedure , cons ider t he circuit of Fig. 2.6. Her e 

the gyrator serves as a coupling network for the impe ance , 
2 z/z1 = j~lVs\lhx , which characterize energy storage and dissipation 

in the ferrite, and which must theref or e correspond t o the r e sonant 
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TABLE II 

EQUIVALENT CIRCUITS FOR SPECIAL FIELD CONFIGURATIONS 

FIELD CONFIGURATION 

Linear Polarization, 
Transverse Field Only 

(h • 0) y 

Linear Polarization, 
Longitudinal Field Only 

(h • 0) 
X 

Circular Polarization, 
Positive Sense 

(h • + jh) 
X y 

Circular Polarization, 
Negative Sense 

(h • - jh ) 
X y 

- 4o -

CIRCUIT 

z --

0-------0 

z --

z --

ff -

ff 

y --

h 2 
1 X 



circuit of Fig . 1.2. At ferrimagnetic resonance, this impedance is r al 

2 
= t31 hx V s~(°li + Ny~) , 

2£.oO ( 110 + r10) 

so that the R/ ratio35 for he r esona or is iven by 

R 2 V c.u..(c..u.. + N c.u..) 
t3 h s M H y M 

1 X 2 , (2 . 2 ) 
wo 

where Qf is the unloaded of the ferrite r s onator, [Eq. (1.12)] . 

To completely characterize the coupling, an expression for the gyra or 

transfer admittance, Y/Y1 = - (~2/~1 )(h/hx) is also required. Using 

the effective susceptibility tensor discussed in Appendix A, t e ther 

with Eq. ( 2 .5b) we find that 

:S = __ - _w_ fJ 
h 

X 
' 

provided that the damping is small enough that 11
2 

+ 110 << w. 

gyrator transfer admittance is then r eal (since ht is r eal), 

of any resonant behavior. 

( 2 . 25 ) 

The 

and fr 

The lumped-elem nt networks obtained by the procedure outlined 

above are summarized in Table III. 

CHAPrER VIII 

EQUIVALENT CIRCUITS FOR FERRITE SAMPLES IN RESONANT CAVITIES 

The results of the preceding section could be applied to ferrites in 

resonant cavities by an appropriate choice of the terminating impedances 

at the reference planes T1 and T2 . Although in certain simple cas~s , 

e.g., cavities formed from short-circuited sections of uniform waveguide, 

such a procedure is useful, we may arrive at a much mor general result 

by using a simple intuitive argument 

Since the fields in a microwave cavity resonan at a given frequency 

in a single, nondegener te mode are linearly po. arized, it must be possible 

to represent the coupled ferrite -cavity system, in a suitably restri ct ed 
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TABLE III 

LUMPED ELEMENT NETWORKS FOR FERRI ES IM WAVEGUIDES 

CIRCUIT 

L 

R 

C 

y 
g 

z g 

L' 

C' 

G 

MODE TYPES FOR 
WHICH CIRCUIT 

IS VALID 

TDt 

TM 

TE 
(provided h I 0) 

X 

TE 
(provided h I 0) y 

- 42 -

CIRCUIT CONSTANTS 

2 1 
w = - • (w... + N w...)(w... + N cu..) 

0 LC H X M H y M 

Y __ w __ lh.l 
~-- l...Il 
yl 

2 1 
w0 s - = (wH + N w...)(w... + N cu..) 

L'C' X M H y M 

G V cu.. p jh 2 __ s_, M __ 

;;- • ·1 YI w... + N cu.. 
1 f H y M 

Z w h 
~----- X 

zl 



frequency range, by mean of the simple circuit of Fig. 2.8. In his 

circuit 

while R 

R 
C 

accounts for the internal l osses of the mic owave cavity, 

accounts for the internal losses of the ferrite. The rati o 

to R , which we shal _ denote by ~ , then determines the coupling 
C C 

R 

between the ferrite and the cavity. Once this ratio t.as been found, the 

representation, as fe:,.' as the ferrite is concerned, is essentially complete . 

From elementary cirr.:ui t theory, we know that 

C 

R 

R 
C 

=--

where QJQf is the ratio of the unloaded 

, (2.26) 

of the cavity t o h 

the ferrit e , and wf/wc is the r ati o of the steady-s at energy s or 

of 

in thP ferrit e t o that in the cavity, assuming that both are at r eson nc ~. 

The rati o w/wc may be detennined by the usual cavity "perturba i on" 

theory approach, where it is assumed that the sample is sufficiently small , 

electrically speaking, and that the microwav~ fields can be assumed to 

have the same dis ribution as in the empty cavity. 3, 38 To make the 

problem definite, we suppose that the rf magnetic field in the cavity at 

the sample position is in the x-direction, which is also assumed t o be a 

principal axis of the ellirsoidal sample, and has a peak amplitude 

In terms of a filling factor, F, defined as 

h 
2v F = _____ s __ s ___ _ 

2 
lh(x,y,z)I dV 

C 

, (2.27) 

h 
s 

where lh(x,y,z) I is the peak amplitude of the rf magn°tic field at t~ 

point x,y,z within a cavity of volume 
2 

cavity at resonance is 1/2 µ 0(h V /F) . s 
2

s 
at resonance is wrJiovs l\1 lreshs /4(~0 + 

coeffic .. ent is given simply by 

- 43 -

V , the energy stored in th 
C 

The eaergy stored in the f erri e 

~0) , so that the cou~li 

(2.28) 
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If we insert the explicit form(l) for l').llres, this becomes 

FQowJC 
'3 - -------

c 2( 'lo + 'lo) 
, (2.29) 

where ~ ~ (U\i + N)~)/(°1{ + Ny~) is a form-factor, depending on frequency 

and the shape of the sample. For ellipsoids of revolution about the 

direction of the de field (z-direction), K is unity, since then N = N 
X y 

A special case of the preceding result, important for the relax-

ation measurements to be discussed in Part III, is that of a low-loss 

sample placed in a lossless reflection cavity of low external Q, and 

resonant at the operating frequency . In a suitably restricted frequency 

range near ferrimagnetic resonance, the cavity then acts simply as an 

impedance ~ransformer whose turns ratio depends on the geometry of the 

cavity and the coupling between cavity and waveguide. The simple 

circuit of Fig. 2.9 then applies. 

One of the questions that naturally arises is how the results 

obtained in this section are related to those obtained, by much more 

formal arguments, in the preceding sections . Since the two approaches 

are based on the same assumptions of dominant-mode interaction and 

conservation of energy, they must be equivalent. To show this, we may 

consider a special case to which both techniques are applicable, to wit, 

a sample placed an integral number of lengths from the end of a short­

circuited waveguide. The representation of Table III then reduces to 

a simple shunt resonant circuit having a resonant imp dance of 

R f31Vs~ 
-s (2. 30) 

To apply the results of the present section to this problem, we may re­

write Eq. ( 2. 29) in terms of the loaded Q of the cavi 'ty, obtaining 

, (2. 31) 

{l)See Appendix A. 
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Generator 
~ 

cavity 
coupling 
~ 

l : n 

FIG. 2.9--Equivalent circuit tor a ferrite sample in 
a resonant cavity having a low external Q • 

where we have assumed a reflection cavity with an input transtormer turns 

ratio ot n1 • A shorted section ot lossless waveguide~ be looked on 

as torming such a cavity, with a loaded Q per unit length ot 
2 

•lt/>..0 , and a transformer rati.o or unity. The tilling tact or, per unit 

length, tor this "cavity" is 2(>.. />..t)2v h 2 , where h is the x-component O' 8 X X 

or the field eigenvector defined in Chapter IV, so that Eq. (2.31) does in 

tact reduce to Eq. (2. 30). 
We have thus shown that tor the case ot a linearly polarized driving 

field, the results ot Chapter VII are identical to those obtained by an 

intuitive application ot the usual perturbation theory arguments. The 

advantage ot the more tonne.J. procedure lies in its applicability to 

cases where the driving tield is arbitrarily polarized, so that the non­

reciprocal properties ot the medium are important. 

CHAPl'ER IX 

RADIATION DAMPING 

It a ferrite sample in which the uniform precession has been excited 

to sane finite amplitude is placed in an initially unexcited microwave 

circuit, the amplitude ot the mode will dee~, even in the absence or 
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internal losses, as energy is dissipated in the circuit, a process which 

we mq describe as "radiation damping." 39- 41 In analogy with the ferrite 

t-el11X&tion parameters defined in Part I, under aui table circumstances we 

may define a radiation damping rate, T\R , or a radiation damping time 

constant TR • l/flR such that the amplitude Ibo I or the uniform mode 

dec~s at the rate T\R Ibo I . An alternative w~ of characterizing the 

radiation damping is by means of a coupling coefficient ~,defined ~~ 

the ratio of the power dissipated in the microwave circuitry to that 

dissipated in the sample, in a free dee~ of the uniform mode . Since 
2 

the power dissipated in the sample is proportional to 2('lo + 'lo> lbol 

[Eq. (1.11)], the coupling coefficient and the radiation damping rate 

are related by(l) 

'lR 
~ ---- (2. 32) 

'lo + 110 
A. RADIATION DAMPING IN WAVEGUIDES 

The coupling coefficient for a ferrite samrle placed in an 

tlrbitrarily terlllinated section of uniform waveguide mey be deterndned 

with the help of the equivalent circuits given in Table III., If arbi­

trary impedances ~ and ~ are placed at reference planes T 1 and 

T2 , respectively, these circuits reduce to those shown in Fig. 2.10. 

The radiation damping is then determined by the canplex free-oscill ation 

frequencies of these circuits. The damping admittance of Fig. 2.1Oa , or 

damping impedance of Fig. 2.1Ob may be separated into a real and 

imaginary part. If the imaginary part is free of resonance behavior, 

remaining essentially constant over a frequency range comparable to the 

bandwidth of the ferrite, the free oscillation of the system will be a 

si~le damped sinusoid. Otherwise, the free oscillation will be 

complicated, involving a periodic interchange of energy between the 

ferrite and the microwave circuit which cannot be characterized by a 

single radiation damping rate. In practice, then, the concept of 

radiation damping, as applied to a freely dec~ing system, is a useful 

one only when the energy stored in the ferrite is at every instant 

(l)A third w~ 
of an external Q , 
Q of the ferrite. 

of characterizing the radiation damping is by means 
defined as Q t c QJ~ , where Qf is the unloaded 
In terms of tfi~ damping rate 'lR, we f ind Qext c wJ2'lR • 
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L R C 

(b I 0) 
X 

L' 

C' 

R' 

c ly I o> 

( a) 

(b) 

l + z._ z._ y 2 
y • ~ ~ g r~ G + jB..... 

D ~•~ D 7J 

z 2 + z._ z_ 

~. g ~~ - Ri, + JXf, 
~ + ~ 

FIG. 2.10--Circuita tor the calculation of radiation damping. 

- 48 -



during the dee~ much greater than that stored in the remainder of the 

microwave circuit. When this condition is met, the coupling coefficient 

for the circuit of Fig. 2.10a is given simply by 

while for that of Fig. 2.10b it is 

8n 
t3 - -

R' 

{2.33) 

{2 . 34) 

In terms of the ferrite and microwave circuit parameters we obtain, from 

Eq. {2. 33) or Eq. (2. 34), 

, {2.35) 

1 + ::!! 

Kh 2v cu.. 
t3 X S M 

1 2 

zl z1 

where ¥? • {°11 + NY~)/{°lf + Nx~) is the form-factor introduced in 

Chapter VIII. 

Two sp~cial cases of Eq. {2.35) are of particular importance: 

{a) ~ -= 0 , ~ • z. 1 , or equivalently, ~ • ~ , ~ • 0 • These 

terminating impedances occur when the sample is placed in a short-circuited 

waveguide, in the electrical plane of the short circuit, wi h the other 

end of the guide matched. For this case we obtain 

{2.36) 

(b) ~ • Zx., • z1 . In this case the waveguide is r~flectionlessly 

terminated at both ends, and we obtain 

{2.37) 
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• 

For a transmission line propagat1.ng only a TEM mode, the radiation 

damping produced in case (b) is Just halt that produced in case (a). In 

more canplicated structures this need no longer be true. 

B. RADIATION DAMPING I1f RESOBANT CAVITIES 

Fran the discussion given at the beginning of this chapter, it is 

evident that the concept ot radiation damping can be applied to territea 

in resonant cavities only when the loaded Q ot the empty cavity is 

much less than the unloaded Q ot the terri te. In such a case the 

radiation damping rate may be determined fran Eq. (2.35) upon introduction 

of suitable values for the terminating impedances. Such a procedure is 

unnecessarily canplicated, however, and it is simpler to use the results 

ot Chapter VIII. 

For a free dee~ ot the system, the equivalent circuit of Fig. 2.8 
reduces that shown in Fig. 2.11. The total coupling coefficient, ~, as 

defined earlier, is then 

R ~c~ 
~ . ----------- . -

R ( 2 2)" C + ~l + ~2 ~1 ' 

so that from Eq. ( 2. 29) we obtain 

' 
(2.38) 

or 

(2.39) 

Once again we should stress the tact that Eq. (2.39), first derived in 

a different context by Bloembergen and Pound, 39 is valid~ when ~<<Qt. 

When this inequality does not hold, the canplete circuit of Fig. 2.8 must 

be analyzed as a coupled resonant system with two degrees ot freed.an. 
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ferrite 
~ 

R 

cavity coupled 
losses 
,---,,..- ' 

FIG. 2.11--Circuit for determining radiation damping of a 
ferrite ellipsoid by a low-Q microwave cavity. 

CHAPI'ER X 

EXPERIMENTAL VERIFICATION OF THE THEORY 

Although no systematic attempt has been made to verify experimentally 

all aspects of the theory presented in the preceding sections, most of 

the important predictions have been experimentally est ablished. The 

measurements were all made at X-band on polished single crystal spheres 

of yttrium iron garnet (M • l.4o x 105 amps/m) placed in rectangular 
s 

waveguide. 

The spin mode theory of ferrimagnetic resonance predicts that the .. 
cumulative back-reaction of the spin modes on the uniform precession takes 

the form of an addition to the loss parameter of the uniform mode, lea.ding 

directly to a Lorentzian-shaped resonance line and a lumped-element electrical 

circuit representation whose basic element is a single tuned circuit. Such 

a representation seems so natural that one tends to forget that it is a 

consequence of sane rather restrictive assumptions concerning the nature 

of 'the spin system, and so subject to experimental verification. 
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In the course ot our experiments, the shapes or several lines were 

examined in detail, and round, in tact, to be Lorentzian. Such a pro­

cedure is subject to many experimental uncertainties, however, and a 

rather more convincing demonstration was attorded by measuring the input 

impedance of a shorted section or waveguide containing the sample, as a 

function or the de field. The data, plotted in Fig. 2.12, are seen to 

define an al.most perfect "Q-circle," appreciable deviations occurring only 

tor very large VSWR's, where the finite loss ot the microw ve circuitry 

becanes apparent. Shown in Fig. 2.13 is a frequency scale tor Fig. 2.12, 

constructed according to the procedure described in Gi n.zton. 35 The 

excellent linearity is evident. Figures 2.12 and 2 . 1.J , taken together, 

demonstrate unequivocally the validity or the repr esentation or the inter­

action between the uniform mode and the microwave f ields in terms ot a 

simple tuned circuit. With this fundamental as sumption established, the 

remaining experiments were undertaken to ver i fy certain predictions 

about the coupling between the ferrite r~sonator and various microwave 

circuits. 

A. VARIATION OF REFLECTIOB COEFFICIENT WITH POSITION 

In Figs. 2.14 and 2.15 are shown t he results of measurement or the 

reflection coefficient or a YIG ~phere in rectangular waveguide as a 

function or the position ot the oemple. The data or Fig. 2.14 were 

obtained by placing the sample in a retlectionlessly terminated waveguide, 

and ie~~u-ing the reflection coefficient at r~sonance as a function or the 

transveree position of the sample, The data •-:>t Fig. 2.15 were obtained in 

a short-circuited section or waveguide by measuring the power absorbed at 

resonance by a sample placed in the center or the waveguide cross-section, 

as a function or the distance or the sample from the shorting plane. 

Appreciable deviation from the theory is seen to occur only when the 

sample is within two or th ce diameters or the waveguide wall. This 
,,42-44 "wall effect will be discussed in Chapter XI. 

B. VARIATION OF COUPLING WITH WAVEGUIDE CROSS-SECTIONAL AREA 

To investigate the dependence or the coupling on the cross-sectional 

area ot the waveguide, a shorted waveguide section containing a step 2lt 

long and ot variable height, shown 1n longitudinal cross-aection in 
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6 

1 

-5 

-6 

-7 

-8 

Q-circle 

Tuning Parameter 

------,,,- - -

(arbitrary units, see Fig. 2.13) 

f • 10.00 Ge 

Q a 4,570 
f 

I 
I 

Equivalent Circuit 

FIG. 2.12--Impedance of ferrite sphere in a shorted 
waveguide as a function of the de field. 
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{a} Experimental Configuration (b) Equivalent Circuit 

/ 
/ 
/ 

~ , 1 
/' ) 
~ . 

' /I 
/j 
/ , 

I.- / , 

/ 

I 

~ )-
; / 

I ~ 
I , ' 

- ·· I 1 I "1 

I • 
I 
I ~-: 

• (c) Experimental Results 

/theory 

/ 
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FIG. 2.15--Meocurement of power absorbed by a ferrite sphere in a 
sho~t ed waveguide as a function of the longitudinal position. 
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Fig. 2.16a, was constructed. By varying the height of the step, the coupling 

to the sample, which was located in the center ot the varia·o1e S·!Ction, 

could be changed. If the discontinuity capacitance at the step is not too 

large, the equivalent circ,.1it of Fig. 2.16b is valid. This circuit predicts 

that the reflection coefficient at ferrimagnetic resonance of the overall 

configuration will be ind.ependent of the heie:,ht of the step. The measured . 
reflection coefficient, together with a value calculated fran the material 

parameters, is shown in Fig. 2.16c. The square of the reflection coeffic­

ient is seen to vary by less than 6~ over a 5:1 range in waveguide height. 

The fact that the me .-,sured values are almost 101, higher than calculated 

may be partly due to uncertainty in the sample parameters, particularly 

t he volume of the sample, ai1d partly due to a real increase in coupling 

produc d by the polystyrene tube, abut 0.075" in diameter, in which the 

sampJ ~ was mounted. 

C. VARIATION 01'"' COUPLING WITH FREQUENCY 

Variation of coupling ~1th fr quency was investigated for a sph rical 

sample in a short-circuit~d rectangular waveguide. The srunple, 0.90 mm 

in diameter, was oupported inn polyfoam plug with its center about 2 mm 

from the end wall of the waveguide. For this configuration, the quantity 

~At should be a constant, independent of frequency. These quantiti s 

were determined separately by impedance measurements, as discussed in 

Appendix B, for the frequency range 8 to 11 Ge. The computed product, to­

gether with the theoretical value , is shown in Fig. 2.1,c. Although there 

is a slig~t tendency r r the observed coupling to increase rather more 

sl wly with increasing frequency than the theory predicts, as evidenced 

by a slight decrease in the quantity ~At, the deviation of this product 

from the predicted constant value is actually never more than the uncer­

tainties in the experimental values and the sample parameters would allow. 

It should be pointed out that the sample used in this measurement was 

electrically large enough to be anything but e. small perturbation in the 

waveguide. In fact, at a frequency of about 8.4 Ge, the sample was 

"critically coupled" to the waveguide, i.e., it absorbed all of the power 

incident upon it. That a simple theory should be able to account 

correctly for so large a discontinuity produced by so small an object 

seems rather remarkable. 
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(c) Experimental Results 
FIG. 2.16--Measurement of the reflection coefficient of a 

stepped waveguide containing a ferrite sphere. 
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FIG. 2.17--Measurement of coupling between a ferrite sphere 
and rectangular waveguide as a function of frequency. 
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D. RADIATION DAMPING IN A RESONA?f.r CAVITY 

Measurements were made of the coupling between a YIG sphere 0.58 nm 

in diameter with a linewidth of 85 amps/m and a rectangular cavity, 

resonant in the TE1 0 2 mode and iris coupled to rectangular X-band wave-, , 
guide. The sample was placed in the center of the cavity. For this 

configuration the circuit of Fig. 2.9 , plies, with a turns ratio given by 

n
2 

• (Qext/ff)(loflt)
2 

, · with Qext being the external Q of the empty 

cavity. With a measured value for Q xt of 163, the impedance transforma-
2 e 

tion ratio, n , is then 26.0 at a frequency of 9.3 Ge. The coupling 

coefficient, obtained from impedance measurements at the reference plane 

T1 of Fig. 2.9 was 5.35. The coupling coefficient for this same sample 

placed in a shorted waveguide was also measured, and found to be 0.206, 

or a factor of 26 less than that obtained in the cavity. For a shorted 
2 waveguide, the transformation ratio, n , is unity, so that this result 

is just what the theory predicts. 

CHAPl'ER XI 

WALL EFFECTS 

From the experimental results discussed in the preceding section, it 

is evident that the simple representations we have discussed are no 

longer valid if the sample is placed too close to a conducting wall of 

the waveguide. Experimentally, it is found that as the distance between 

sample ~d wall is decreased, the resonance shifts in frequency, the line 

broadens, and the line shape becomes distorted. Because in our relaxation 

experiments it was necessary to put the sample rather close to the wave­

guide wall, in order to provide access to a loop placed about the sample, 

these effects were investigated in some detail. 

A. EXPERIMENTAL INVE81'IGATION 

Experiments were ~arried out on a spherical sample placed in a shorted 

rectangular waveguide, one wavelength from the short~d end, as shown, to­

gether with an equivalent circuit tor the configuration, in Fig. 2.18. 

Provision was made or moving the sample across the narrow dimension of 

the waveguide, without allowing it to turn, so that its orientation 

remained fixed. The de field required for resonance, the linewidth, and 

the coupling coefficient were then measured as a function of d, the 
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distance from the center of the sphere t o the broad wall of the waveguide. 

In the absence of any wall effects, all of these quantities should be 

constants for the experimental configuration used, independent of the 

distance d. The observed variations are shown in Figs. 2.18c r!lld 2.19a 

and b. The quantity ~ plotted in Fig. 2.19 is proportional to the 

reciprocal of the external Q of the sample, and hence is a measure of 

the geometrical coupling between the sample and the waveguide. 

In addition to the preceding effects, it was also observed that for 

certain ranges of d, the resonance line became asymmetric, indicating 

within each such range a strong coupling between the uniform precession 

and sane other magnetostatic mode degenerate in resonant frequency with 

the uniform mode. As the spacing d was varied, it was found that several 

modes could be "tuned through" the uniform precession, producing a dis­

~orted line whose shape changed as the sample was moved. Figure 2.20 is 

a series of photographs showing how the line shape varied as one such 

mode was tuned through the uniform precession. The coupling in this 

case is quite large, the two modes, as is evident from !e'ig. 2.20c, being 

in fact overcoupled. 

Before proceeding to a theoretical 'discussion of these effects, it 

is well to consider their practical implications. In particular, it 

should be noted that, except in the inmediate vicinity of the wall, the 

daninant effect is a shift in the resonant frequency of the sample. For 

example, with d/a • 3, corresponding to the surface of the sample 

being one diameter from the wall, the coupling has been reduced by less 

than 2~, the linewidth increased by less than 1~, but the resonant field 

shifted by over twice the linewidth. Since for many purposes a shift in 

the position of the resonance is unimportant, wall effects can usually 

be neglected for spherical samples spaced more than 1 diameter from the 

wall. This practice was adhered to in all of our relaxation experiments. 

B. THEORrl'ICAL INVE81'IGATION 

1. Frequency Shift. 

A quantitative explanation or the observed frequency shift can be 

obtained on the basis of a simple argument using the method of images. 

We begin by supposing that a uniformly precessing dipole is placed in the 
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vicinity of a perfectly conducting plane of infinite extent. If the dipol 

is sufficiently close t o the conductor, we may ignore retardation effects, 

and r eplace the plane by an image dipole in which the precession is 

oppositely directed, as shown i n Fi g . 2 . 21. Th "react i on f ield," 

produced by the i mage dipol e , i s 5 

... 
R 

+ 
h ' r 

(1 .. • ( 2 . 0 ) h M 

= m • v 1-
' r s -+ 

41r r' 

component of the dipole moment of the sample, ff • 
where V m is the rf 

s 
is a reflection operator, and -+, r is the coordinate of the field point 

referred to the image dipole as the origin. The total fi eld at the 

sample will be the sum of the reaction field and an applied field, 

so that 

h app ' 

"rt-= 'teh + h) app r (2.41) 

Equation (2.41), with Eq. (2.40), represents a case where the concept of 

an effective susceptibility, discussed in Appendix A, may be used. The r e 

it is shown t hat whenever the total r f field may be written as the sum 

of t wo partial fi elds, h
1 

and h
2 

, such that ~ = 1t rri , an 1:: ffecti ve 
~ • w ~ 

susceptib ility t ensor, ~eff, may be s o defined that m: ~effhl. In 

the present problem ther e are t wo cases of inter e s t , one in which the 

conductin plane is pe rpendi cular to the de field, for which 

r s -V (1 
• 32ffd3 0 :) , (2. 42) 

with d being the distance between the plane and the dipole, and the 

other in which the conducting plane is parallel to the de field, in which 

case 

:) ' 
(2.43) 

when the conductor is parallel to the y-z plane . As h own in Appendix A, 

inclusion in the susceptibility tensor of a t e rm of the f orm gi ven by 

Eqs. ( 2 .42) or ( 2 .43) produces a shift in the de fi eld required f or 
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FIG. 2.21--A precessing dipole and its image in a conducting plane. 

rev nance at a given frequency by an amount 

6H • M 
s 

provided that BH/M << 1 _(l) 
s 

, (2.44) 

To apply these results to the experiment discussed earlier, we~ 

take K • l, since our sample was a sphere. Then, since the waveguide 

wall w s perpendicular to the de field, Eq. (2.42) applies, and the 

(l)The expression is exact whenever the uniform precession is 
circularly polarized, in the presence of the wall. 
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field shift is given by 

eH = _ .:_ (~) 3 
M 24 d 

s 
' 

(2.45) 

"a" being the radius of the sample. Theory and experiment are compared 

in Fig. 2.22, where the experimental da a of Fi . 2.18c are replotted on 

a logarithmic scale. Agreement is s een t o be od except at the extrem s 

of th~ range of d/a. The discrepancy at large distances {which ac t ually 

mey not be as great as indicated, since the very small field shifts in­

volved are hard to measure accurately) is probably due to the neglect of 

retardation effects, and of the effects of the other wal s of the wave ­

guide.Cl) The disagreement for values of d/a very near unity (d/a = 1 

corresponds to the sample touching the waveguid wall) probably arises 

from the approximation of replacing the distributed magnetization of the 

sample by a single point source. 

2. Line Broadening 

The dipolar fi elds of the sample will induce currents in the adj ac nt 

wall of the waveguide. If the wall ha s a finite conductivity , there wil 

be resistive losses associated with these currents which, inasmuch as they 

extract energy from the spin system., mus~ act to broaden the resonance line. 

As in most calculations of this type, one may proceed approximately by 

assuming a current distribution appropriate to a perfectly conducting 

wall, and then calculate the dissipation produced by this current when 

the conductivity is fin te . Considering only the case where the conduct i ng 

plane is perpendi~ular to the de field, and assuming the quasi-static 

approximation used in 2 . above, one finds after a straightforward, 

sanewhat tedious calculation, that the power lost in the waveguide wall 

as a result of currents induced by an adjacent precessing rf magnetizati on 
• m, together with its image, is just 

3 RV 2 
ml

2 
s s I 

p = - --... --
32 n d

4 ' 
(2.46) 

(1) 
It is evident from symmetry that the field shift must approach 

z ro as the sample approaches the center of the waveguide . 
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where R is the surface resistivity of the wall, and as before, d is 
8 

the distance from thew 1 to the center of the sample. To relate thi s 

dissipation to a contribution to the l t newidth, we may equate the power 

lost to the product of the energy stored and a relaxation rate. According 

to the results of Part I, the energy stored is proportio o.l to the square 

of the amplitude of the transverse magnetization, if the precession path 

is circular, while the relaxation rate~ be written in terms of an 

equivalent linewidth, 6H , with the result that 
w 

2 
µ 6H w0 1ml v 

Pc Ow s 

2M 
s 

(2.47) 

By combining Eqs. ( 2 .46) and ( 2 .47), and specializing t o the case of a 

sphere of radius "a" we obtain , 

6H 1 R 
w s ----

M 4a µ 0w0 s 

Because of the l/d
4 

dependence, 

(:) 4 (2.48) 

losse s due to this mechanism 

evidently increase very rapidly as the sample is brought closer to the 

wall. An interesting feature of the result is that the line broadening, 

in contrast to the shift of the resonance, is~ independent of the 

scale of the problem, but increases, for a fixed value of a/d, as the 

sample is made smaller. '11his result is not unexpected, of course, and 

comes about for the same reason that the Q of a microwave cavity 

ordinarily decreases as the cavity is made smaller. 

To compare theory and experiment, we have plotted the increase in 

6H , as a function of d/a , in Fig. 2 .23. Also shown is the theo>-'?tical 

result for a sphere of radius 0. 29 mm , ad.Jae t to a copper wall, for 
-2 

which Rs • 2. 5 x 10 ohms at 9. 3 Ge . Theory and experiment are seen 

to be in qualitative agreement. Indeed, the agreement would be quite 

good, for all but the closest spacings, if w were to assume an effective 

value for R some 5~ higher than that given by simple skin-effect theory,(l) 
s 

(l)The wall losses in microwave resonant cavities are also found, 
invariably, to be h:l.gher than simple skin-effect theory predicts. 
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thus giving the dotted line of Fig . 2.23. When d/a becomes very close 

to unity, it is impossible to separate the line broadening due t o couplin 

to other magnetostatic modes from that due to the finitely conductin wall, 

so that in- this region we would not expect agr eement w~~h our simple theory. 

It thus seems certain that in the absence of coupling to other modes 
I• 

the line broadening of the uniform prece~s.ion by an adjacent conductor can 

be largely, if not completely, accounted for by the finite conductivity of 

the conductor . 

3. Coupling of the Uniform Precession to Other Modes 

As can be seen from Fig. 2 .20, coupling to othf!r modes can profoundly 

alter the nature of the resonance line. In the experiment discus sed 

previously, four separate modes, each coupled in turn to the uni f orm pre ­

cession, could be observed as the sample was moved closer to the wall, the 

first appearing for d/a ~ 2.35. A siwple argument can account qualita • 

tively for this observed behavior. As we have seen, in the magnetostatic 

approximation, the waveguide wall may be replaced by an image dipole. 

Because the "reaction" f'ield produced at the ·sample by the image is highly 

nonuniform, it is capable of exciting those megnetostatic modes having 

appropriate symmetry. In effect, then, there exist mutua1 coupling te rms 

between the uniform precession and certain low order mag etostatic modes -­

in the equivalent circuit of Fig . 1.1 of Part I, there will be additional 

mutual inductances MOk" • The modes for which this coupling i s appreciable 

will be in the discrete portion of the magnetostatic mode spectrum; since 

a strong interaction will occur only when the megnetostatic mode is degen­

erate, or almost degenerate, with the uniform mode, there will in gen ral 

be only one mode coupled to the uniform precession at once, in contrast 

to the case of inhomogeneity scattering considered in Part I. The response 

of the system will thus be characteristic of any resonant system with two 

degrees of freedom -- for example, Fig. 2.17c will be recognized as quite 

typical of the response of a double-tuneu electrical. circuit in which the 

two resonant circuits have the same resonant frequency, and are s_ightly 

overcoupled. 

Different modes appear for different values of the spacing d because 

the resonant frequency of the uniform mode depends strongly on the ratio 

d/a (cf. Fig. 2.18), whereas the resonant frequencies of the megnetostatic 
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modes presumably do not. Hence, as d is varied, the uniform mode is 

tuned through a successibn of mognetostatic modes. The actual magnitude 

ot the coupling will depend not only on the distance from the sampJ.e to 

the wall, but also on the symmetry of the magnetostatic mode relative to 

that of them ,inhanogeneous reaction field. For the four modes that could 

be positively identified in our experiment, the first to be discernible as 

the sample was brought closer to the wall was very much undercoupled, the 

second (shown in Fig. 2.20) was slightly overcoupled, the third approxi­

mately critically coupled, while the last, occurring tor d/a - 1 was 

grossly overcoupled. 

CHAP1'ER XII 

St»1ARY 

In this part we were concerned with the electrical representation of 

a section of waveguide containing a small, magnetically saturated terri­

magnetic ellipsoid. By assuming that the waveguide can propagate only 

one mode, and that only the uniform precessional mode of the ferrite is 

near resonance, we developed scattering matrix and lumped-element electri­

cal equivalent circuit representations, both of which are valid for 

samples tran which the scattering is large, and for which heretofore no 

adequate theory has existed. The scattering coefficients and equivalent 

circuit parameters are given absolutely in terms of the intrinsic properties 

ot the ferrimagnetic material, and the geanetry of the sample and waveguide. 

The theory is particularly applicable to small ellipsoids of low-loss 

f'errimagnetic material, such as single crystal garnet. These materials are 

characterized by sutficiently low intrinsic losses that large electrical 

discontinuities can be produced by samples wr.ich are physically much 

smaller than a free-space wavelength. The theory is limited to such small 

samples because of the fundamental assumption that the motion of the magnet­

ization in the sample can be characterized by a set of normal modes 

substantially independent of the external environment. The theory is 

further restricted to uniformly magnetized ellipsoids by the assumption 

that the daninant mode is a uniform precession. 
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The approach ad.011t d here is equivalent t o what is usually called, 

incorrectly, the "cavity per urbation t chnique , " used to discus s the 

behavior of resonant cavitie s conta.ining small ferrite sampl e. . The e s sen 

of the procedure, in both cases, is t o assume the the fi ld c nfigurati ons 

of the cavity or waveeuide remain unchanged upon introduction of the f erri 

but that the amplitudeo adj ust themselves to satisfy conserv tion of ener 

The salient features of the theory have been verified experiment ly 

through impedance measurements on sections of waveguide containing poli shed 

single crystal spheres of yttrium iron garnet . The equivalent circuit 

were shown t o account quantttatively for the observed behavior even f or 

samples large enough electrically to absorb all the power incident alon 

the waveguide. Appreciable deviati ons from theory occurred only when 

the sample was placed within one or two diameters of the waveguide wall . 

Placing the sample cl ose to the w 1 was found, experimentally, t o shift 

the resonant fr quency, as well as to broaden, and distort the resonanc 

line. The shift in resonant frequency was explained quantitat i ely in 

tenns of the "reaction' field of an image dipole produced b refleC"tion 

of the sample in the waveguide mode. It was shmm that; ~he line bro eni 

could be largely acc ounted f or by the l osses a ssociat ed with the finit e 

conductivity of +.he waveguide walls , whil t he distorted resonance l ine 

was explained qualitatively on the basis of a mutual c upling between t he 

unifonn precession and certain low-order m ne t ost at ic modes. This 

coupling arises from the nonuniform r action field produced, in the 

vicinity of the sample, by its image in the waveguide wall . 
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PART III 

MEASUREMENT OF FERRIMAGNETIC RELAXATION PARAM:m'ERS 

CHAPrER XIII 

INTRODUCTION 

A. CHARACTERIZATION OF THE RELAXATION PROCESSES 

According to the spin mod theory outlined in Part I, small.-signal 

ferrimagn etic relaxati on processes are describable in terms of three 

relaxation parameters: 

(i) ~O, the intrinsic relaxation rate or the uniform mode, 

(ii) ~k, an av r e r el xa on r ace characterizing t he intrinsic 

relaxation of th S-modes (i. e., those spin modes d generate in resonant 

frequency with the uniform mod), and 

(iii) ~O, a composite spin-spin relaxation rate whi h characterizes 

the net transfer of energy, by inhomogeneity s attering processes , from 

the uniform mode to other S-modes. 

In Part I we outlined a derivati on of the equations of motion which 

described the rate of change of the differential z-cocponent of magnetiz -

tion in terms of the s e relaxation parameters . Although the general 

equations could be immediately specialized t o the conditions of our 

experiment, it is more instructive to re-derive them here using an 

approximate model which proves useful in visualizing the physical im­

plications of the experimental technique. To do this, we first not 

that according to Eqs. (1.10) and (1.11) of Part I, the relaxation para­

meters describe very simply the rate at which energy is transferred amon 

the modes of the spin system, and between t ese modes and the crystal 

lattice. In the experiments tha we describe Jater , however, we do not 

measure the energy directly; ut rather the deviation, 6M , of the z 
z-component of magnetization from its equilibrium value. Nevertheless , 

under cer~~in circumstances the ner gy o each excited mode is uniquely 

determined by its differential z - component of magnetization, and when 

this is so, a simpl characteri za i on of the motion of the system is 

possible . 
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By combining Eqs. (1.9) and (1.14) of Part I, we find that 

, ( 3.1) 

so that 6Mzk will in fact be proportional to Wk, with a proportionality 

constant independen , :2!_ k only for the special case where all the modes 

have (1) the same resonant frequency(~ independent of k), and (ii) the 

same ellipticity(~ independent of k). Since the experiments to be 

discussed were al1 performed on spherical samples, in which the uniform 

mode is circularly polarized, so that A
0 

• w
0

, it would thus be conven­

ient to assume that ~ - °1t for the remaining modes as well. In our 

experiments, ~ and °1t differ by less than 2~,(l) so that this assump­

tion is in fact quite well Justified, and 1s made in all that ollows. 

There remains, however, the question of whether we may assume that 

all the excited modes have the same resonant freque cy. In a steady 

state small signal experiment, where only linear scattering processes 

occur, this assumption is Justified, for then the only modes excited to 

an appreciable amplitude will have resonant frequencies lying in a small 

(l)Fran Eqs. (1.3) and (1.15) of Part I we obtain, for the ratio 
of ~ to ~, 

~ --
The maximum value of Q , for a given w.., will occur for the lowest 
allow~ value of2 k, ~ffich, for our experiments is k - O, for which 
CJ\( sin Qk • (~ - ~ )/~ Hence in our xperiments, where 

w.J2ff - wJ2ff - 10 x 109 sec-
1, and~• w0 - w,/3, with ay/2x • 4.9 x 109 

-1 sec for YIG, we obtain 

~-11 + ~ 
~ 30 

It should be noted, however, that if these experiments were carried out 
at lower frequencies ( smaller ~) on materials having a larger saturat:S, on 
magnetization (larger"\() the aj;proximation ~ - ~ could be seriously 
in error. 
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range, of order ~k, centered about the driving frequency. In addition, 

for the particular conditions four experii ent, this will also be tr-~e 

of thos spin · odes t h tare excited at moderate power levels through 

nonlinear c upling to th uniform recession. In such a case Suh113 has 

shown, for a spheroid, ho.t when ver the ular driving frequency, w , 

is rcater than ~/t, wh re Nt is t he t r ansv rse demagnetizing factor, 

and the uniform mode is driven at resonance, the nonlinear coupling is 

such as to excite spin modes havi very nearly the ame resonant frequency 

as the uniform mode. This frequency condition is fulfilled in our 

experiments. Thus, as long as the excitation of the spin modes derives 

solely from the uniform precession, we are justified in asouming that all 

the magneti c energy i s distributed among modes which have essentially the 

same resonant frequency. 

Under these conditions, the distribution of energy will be the same 

as the distribution of ~ , so that we can represent the steady state 
z 

"motion" of the system by means of a stationary distribution of uM , 

and any adiabatic(l) changes in this motion by means of a redistrib~tion 

or "flow'll of 6M A simple representation of this sort is given in 
z 8 

Fig. 3.1, which is a flow-chart similar to that first used by Fletcher, 

et al., to describe the energy fl0 in a spin system. In this diagram, 

the ordinate is proport i onal to the differential z-component of magneti­

zation, or equivalently, to the energy. The system is assumed to be 

driven by an external signal source which couple s only to the uniform 

precession, thus excitin~ it t o an appreciable amplitude, characterized 

by ~zO. Some of the energy delivered to the uniform mode by the 

signal generator is then reradiated back into the microwave circuitry 

(at a time rate proportional to ~if-Mz
0
), some is 1st through various 

intrinsic processes (~cfMzo) , while the remainder is scattered to the 
th other spin modes, the rate of energy lost to the k mode being propor-

tional to ~Ok6MzO. This energy in turn is dissipated by the intrinsic 

relaxation processes of the individual spin modes, at a rate proportional 

to ~k~zk for the k 
th 

mode. The total scattered energy will normally 

( 1 )By "adiabatic'' in this context we mean '' slow" changes which occur 
over many cycl s of the precession frequency. 
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be spread over a very large number of modes, so that each k IO spin 

mode will be excited to a level very much less than that of the uniform 

precession, 1. e., Ylok << T}k . 

Figure 3. is rather oversimplified in that we have ignored any 

coupling between individual spin modes. Also, it is not strictly correct 

to represent the inhomogeneity scattering in terms of a separate one-wey 

energy transfer to each spin mode -- it is only the aggregate interaction 

of all the spin modes with the uniform precession that can be described 

in such a simp:Le wey, as was indicated in Part I. Nevertheless, the 

representation of Fig. 3.1 leads to a correct description of the 

observable behavior of the system. In particular, we can obtain a set 

of rate equations 

and 

MMzO 

dt 
, ( 3. 2a) 

, ( 3.2b) 

which reduce to the equations of motion described in Part I, for the 

special case of A0 • ~, if we make the identification 

, 

and assume, as discussed in Part I, that Tlk is an effective intrinsic 

spin mode relaxation rate, obtained by averaging, in general with sane 

weighting factor, over all the S-modes. 

In the previous work, both h re and in Part I, we have assumed that 

the processes which remove energy from the S-modes, and which we have 

characterized by a relaxation rate T}k, do so in such a manner that the 

total z-component of magnetization is destroyed as the energy is 

dissipated. This would of course be true for actual spin-lattice 

relaxation processes, in which, speaking quantum mechanically, 
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magnona(l) are destroyed and ph.:,nona are created. Recent calculat1ons5· 7 

have suggested, however, that the dominant relaxation mechanism tor S-modes 

does not involve a direct transfer ot energy to the lattice, but rather 

a gradual ditt'usion of energy to all the other spin modes by means ot 

multiple quantum transitions and thence ultimately to the lattice. Although 

such processes will not in general result in the destruction ot 6M in 
------ z 

an amount proportional to the energy removed tran the S-modes, tor the 

conditions ot our experiment, it seems certain that they do, tor the fol­

lowing reason. 0t the possible multiple magnon transitions, the moat 

important, as tar as the first step in the removal or energy trom the 

S-modes is concerned, are 3-magnon processes, of which we must distinguish 

two distinct kinda. 6 

In the first so-called "splitting" process, one magnon ot frequency 

~ splits into two magnona with frequencies ~ and m; such that 

~ • ~ + m; . In the other "confluence" process two magnona ot frequency 

~ and ~ coalesce to produce a single magnon ot frequency m; such 

that ~ + ~ • w; . Although the confluence process can alw~s take 

place, the nature ot the spin wave spectrum forbids the splitting process 

unless the frequency condition 

~ < 2/3°11. ( 3. 3) 

is satiatied. 6 The spin waves whose relaxation concerns us have the 

same resonant frequency as the uniform mode, so that in our (X-band) 

6 10 -1 experiments, wk is ot order x 10 sec , whereas tor yttrium iron 
10 -1 ( ) garnet, ~ is 3. 7 x 10 sec ; hence the inequality 3. 3 cannot be 

satisfied, and~ splitting process~~ occur. In the confluence 

process, two magnons are destroyed -- one the magnon whose relaxation 

we are following, the other a thermal magnon -- and one is created. 

Since each magnon contributes an approximately equal share( 2 ) to 

~z, the net result is 

(l)A magnon is a quantum ot magnetic energy, in analogy with the 
photon (electromagnetic energy) and the phonon (vibrational energy). 

<2 >Th1s result is, ot course, implicit in the quantum mechanical 
formulation. To demonstrate it within the present semi-classical trame­
work, we note that it we ignore the ellipticity ot the spin waves, and 
consider a single magnon with energy~ , Eq. ( 3.1) reduces to 6Mzk • ~ • 
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a decrease in AM equal to that which would have occurred if the 
z 

relaxation had bee directly to the lattice. It is believed that the 

further relaxation processes (by means of which the output magnons of the 

3-magnon process which relax the $-modes are themselves destroyed) take 

place without any substanti al change in .6.M ,(l) and in th interpretation 
z 

of our experiments we shall assume that this is so. 

B. METHODS OF MEASURING RELAXATION PARAMm'ERS 

Most of the experimen al techniques which have been described for 

the determination of relaxation parameters fall into two broad categories : 

{a) small-signal measurements of both transverse and longitudinal 

(z) components 

(1) 

(11) 

of magnetization, using either 
8 46 steady-state {frequency domain), ' or 

( ) 10-12 transient time danain approaches, and 

(b) large-signal measurements of susceptibility, using either 

(1) a transverse rf driving field, 13 or 

(11) a longitudinal rf driving field, 47 {the so-called "parallel­

pump" experiment) . 

Small-signal, steady-state meaourements using a sinusoidally modulated 
8 drive have been reported recently by Fletcher, LeCraw and Spencer, who 

present a complete analysis of their results in terms of the spin-mode 

theory of ferrimagnetic relaxation. Earlier, transient measurements 
10 11 using a pulsed rf drive were made by Bloembergen and Wang, Damon, 

and Farrar. 12 Unfortunately, these transient measurements were made 

before the relaxation process, and the interaction between the sample 

and its microwave environment were as well understood as they are now. 

This places serious restrictions on the validity and interpretation of 

the experimental data. 

In the present investigation, we have used conventional steady 

state linewidth measurements(
2

) to characterize the relaxation of the 

transverse component of magnetization, and transient methods to study 

(l)See Ref. 9 and M. Sparks, private comnunication . 

( 2 )Techniques for the measurement of linewidth, with special 
emphasis on methods suitable for low-loss materials, are considered in 
Appendix B. 
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the z-caaponent. In essence, our technique is to apply step-functions 

or drive to the sample while maiitoring the rate or change ot the total 

z-canponent or magnetization by means or a loop or coil around the sample, 

specifically designed to minimize any interaction with the transverse 

canponent. Such a pulse technique, although perhaps not as accurate at 

small signal levels as the modulation methcd or Fletcher et al., has 

advantages in simplicity and directness, and perhaps more importantly, 

~ be extended to the high power region where cw technique£ cannot be 

used because or the difficulty or interpreting the results in the light 

ot the resulting nonlinear equations or motion.Cl) 

CHAP1'ER XIV 

USE OF THE TRAIISIENT BEHAVIOR OF M TO PROVIDE RELAXATIOB IlfFORMATIOK z 

A. TRARSIEllT BEHAVIOR OF THE Z-COMPONDT OF MAGNm'IZATIOB 
The rate equations (3.2) represent a particularly simple example 

ot a coupled set or differential equations, and solutions~ be easily 

obtained tor the cues where the uniform mode is subjected to a suddenly 

applied sinusoidal drive at its resonant frequency, or when, atter the 

steady-state has been reached, the drive is suddenly removed. 

In the first case, AM 
O 

will grow exponential.ly towards its z ~ 

equilibrium value, which we shall denote by AMzO, according to the 

equation 

, ( 3. 4) 

where 

Thia is moat eo.sily seen by examining the equation or motion tor the 

wiitorm mode, Eq. ( 1. 8) or Part I. It we add a driving term or the 

tom( 2 ) hejwtu(t), where h is sane constant, and u(t) is the 

(l)A more plebian difficulty would be excessive h ting ot the sample 
because ot the high average power dissipation. 

<2 >To be per~tly general we would have to include another driving term 
ot the torm h'e· u(t) • The response ot the system to this driving term 
is so small tor low-loss samples near resonance, however, that it~ be 
ignored. 
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unit step-function,Eq. (1.8) becomes 

for which a solution is 

~ - j ( W-(1)0) t-T}2L tj 
b a: ------- 1 - e 

0 
T)2L 

Since ~zO «fo\, at resonance (w = w0 ) , this result leads at once 

to Eq. (3.4). To obtain a solution for the set of equati ons (3.2b), it 

is convenient to sum over all the spin modes, except for k • 0, and use 

the identity 

)6M =6M -6M kJo zk z zO 

If we do this, and remember that T)k was assumed to be independent of 

k, Eq. (3.2b) can be written in the form 

( 3. ) 

Substituting from Eq. (3.4) for the motion of the uniform mode then 

reduces Eq. (3.5) to a simple inhomogeneous linear differential equation 

in the single independent variable 6M . By solving this in the standard 
z 

way, subject to the initial condition that 6M = 0 at ts O, we find 
z 

that the rate of change of M when a step function of rf drive is z 
applied is given by 

d6M 

• ~zo2~2L{ 'lo+ T}R - 11' - 2T} t z 0 k 2 

dt 112L - 11k .. 

T}k - flo - ,, -2T}2Lt T}~ T\21 e -2~kt} + R 
e + 

T}2L - Tlk (Tl2L 2Tlk )( T}2L - T}k) 

- 83 -

( 3. 6) 



In the case where the drive is suddenly removed after equilibrium 

has been established; it is evident from Eq. {1.8) that the uniform mode 

will decay exponentially, so that 

if we suppose the drive to be cut off at t = t' . From t he solution 

.. 

of Eq. {3.5) we then find that the rate of change of the total z-component 

of magnetization decays according to 
,... 

d6M L1.l\o2'l2L { -2T) {t-t') -2'lk( t-t')} z 2L { 3. 7) s - <rio + Tl - Tlk)e + Tl' e 
dt R 0 

ll2L - Tlk 

The form of these solutions is sketched in Fig. 3.2. A significant 

feature of the waveform is that the leading edge takes a finite time, 

T, to rise to its maximum value, d, in contrast to the behavior of 

the trailing edge. Furthermore, it is a mathematical consequence of 

the equations of motion that the amplitude of the trailing edge waveform 

at a time, t • t' + T is also equal to d, regardless of the relative 

amplitudes of the relaxation parameters, a property readily subject to 

experimental verification. 

At this point it is well to pause and list the assumptions that are 

necessary in order to obtain Eqs. {3.4) and {3.5). These are: 

(1) All modes excited, including the uniform precession, have the 

same ellipticity and resonant frequency {i.e., ~ and wk are inde­

pendent of k . ) 

(11) The inhomogeneity scattering processes are such that either 

{a) only spin modes having a narrow range of k, and hence 

of ~k are excited, or 

{b) there is very tight coupling between $-modes, so that 

they remain equally populated, even though they may be selectively 

excited, and may relax intrinsically at different rates. 

(111) Scattering from the Wliform precession occurs into a quasi­

continuum of spin modes. 
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FIG. 3.2--Calcu.lated response of the z-component of magnetizat ion to 
a rectangular rf pulse. 
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These assumptions, in effect, are equivalent to lumping all the spin 

modes into a single mode which, however, has the rather peculiar property 

that it is unidirectionally coupled to the uniform mode, i.e., energy flows 

only from the uniform mode to the composite spin mode, and not vice versa. 

Under these circumstances, Fig. 3.1 actually reduces to the much simpler 

form shown in Fig. 3.3. This procedure of lumping all the spin modes 

together into a single mode is supported by experiment , as we shall 

discuss in detail later. Although we have justified such a step theoreti­

cally only for two particular assumptions concerning the inhomogeneity 

scattering, tis almost certainly more general than this, and is probably 

valid whenever the S-modes, among which the scattering occurs, form a 

quasi-continuum. In more general cases, however, the measured \•alue of 

~k will probably be a complicated average of the intrinsic relaxation 

rates for all the S-modes. 

B. DEI'ERMINATION OF THE RELAXATION PARAMm'ERS FROM THE dM /dt z WAVEFORM 

The voltage induced in a coil placed near the sample so as to couple 

to the z-component of magnetization will be proportional to MM /dt. z 
From tt.e waveform of this voltage the relaxation parameters may be deduced 

by fitting the experimental data to Eqs. (3.6) and (3.7). This curve 

fitting is rather tedious in general, because of t i:,e fact that dAM /dt z 
contains contributions both from the uniform precession and from the spin 

modes. It becomes much simpler, however, for the special case that 

~2L >> ~k, for then we are left, after a sufficient time, with a trailing 

edge waveform that contains only the single exponential exp(-2~kt), from 

which ~k may be deduced at once. By definition we have 

~2L • ~O + ~R + ~O, so that for highly polished single crystals of 

garnet at room temperature the relative relaxation rates are such that 

~O ~ ~k > ~O; it is evident that in the absence of radiation damping 

(~~ • 0) the inequality cannot generally be satisfied for such samples. 

However , by careful application of the circuit coupling theory developed 

in Part II, we have found that it is possible to make ~R sufficiently 

large so that the inequality is satisfied. In terms of Figs. 3.1 or 3.3, 
by this novel procedure we can ensure that the uniform mode has dropped 

down essentially to the lattice level before the spin modes have had a 

- 86 -



6M -zO 

Uniform 
Precession 

21'\ifMzo 

2T}~ v -zo 

Summation of 
Spin Modes 

L------~----'------'------------------lattic 

FIG. 3 , 3--Flo -1 ch art f r . Cl;lu wh re all th s in mode s may 
b l u p d into a s in l e mode. 

- 87 -

level 



chance to decay appreciably. In such a process, we make explicit use 

of the fact that it is only the uniform precession which interacts with the 

microwave fields. Since in mo~t pol.rcrystaline materials the relaxation 
16 parameters are such that 'lo>> 'lk, radiation damping is not required 

to achieve the inequality 'l2L >> 'lk for these materials. 

An important advantage of this technique is that it is applicable 

at power levels where there is appreciable nonlinear coupling between 

the uniform precession and the spin modes, because these nonlinear 

coupling terms, being proportional to various powers of the uniform 

precession cnplitude, disappear rapidly, along with the uniform precession, 

in the presence of strong ~adiation damping, allowing the spin modes to 

decay freely. ot course, at sufficiently high levels ot drive, the spin 

modes themselves may be excited to levels where n nlinear interacttons 

make important contributions to their rela.,cation. In such a case, although 

one would not expect to get a simpl~ exponential defining a unique relax­

ation rate, interesting information can nonetheless be obtained with the 

present techniques. 

CHAP1'ER rv 
PRACTICAL COHSIDERATIORS Df THE MEASURDIENT OF THE TRAHSIENT 

BEHAVIOR OF THE MAGRETIZATIClf 

Four main considerations are involved in the development of a 

practical system tor studying the transient behavior of the z-canponent 

of magnetization: 

(1) coupling to A.'I in such a wq as to minimize the unwanted z 
interaction with the microwave components or field and magnetization; 

(2) amplification and presentation of the small signale produced 

the coupling to ~ ; z 
(3) production of truly rectangular rt puls~a, and 

( 4) design of suitable microwave c.~ir.:ui try .. 

We shall consider each of these questions in t'.lrn. 

A. COUPLING TO M 
z 

The most difficult problem has been to couple to the z-component of 

magnetization tightly enough to obtain ameuurable signal without at 

the same time altering the relaxation processes in any essential way 
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through interaction ~1th the transverse component. In our early experiments, 

the sample was placed in the center of a loosely-wound solenoidal coil whos 

axis was parallel to the de field, a configuration similar to that used by 

Farrar. Such an arran em nt was unsatisfactory for three reasons: 

{i) The coil severely di torted the rf drive field, resulting in 

the direct excitation of magnetostatic modes. In the equivalent circuit 

of Fig. 1.1, this i s describable in tenns of an additional coupling, Mgk" ! 

between the generat or and the sample . 

{ii) The presence of the coil also distorted the precessional path 

of the magnetization, r esulting in un~anted coupling between the uniform 

mode and the magnetostatic modes, {t he appearance of a coupling term 

M '\," in Fig. 1.1). 
g.~ 

(iii) Finally -- although t~is effect was largely masked by the 

preceding two -- radiation d ptng pr..xluced by the coil resulted in an 

increase in the effective sp1.n-lattice relaxation rate of the uniform 

precession. 

From the results of these preliminary experiments and the later 
8 

published work of Fletcher, et al., it became evident that to avoid 

these deleterious effects the pickup coil had to be very thin in a 

direction perpendicular to the applied rf drive field {to avoid field 

distortion), axially symmetric with respect to the de field {to avoid 

distorting the precessional path), and accurately adjusted so as to be 

coplanar -with the transverse magnet ization. One design satisfying thes 

requirement is t3hown in Fig. 3.4. It consists of a one-tum "loop" 

punched from copper foil 0.00018" thick, and sandwiched between two blocks 

of polystyrene. This assembly was then mounted on a brass plate, the 

leads projecting through a thin slot. To avoid the wall effects discuss d 

in Part II, the center of the loop was spaced 1.5 nnn {about two sample 

diameters) from the plate, which then formed part of the waveguide wall. 

In many of our experiments the output from a ingle turn loop was 

inadequate, so another loop was constructed in which the foil was replaced 

by a 7-turn spiral coil formed .from 0.001" diameter insulated copper wire, 

as shown in Fig. 3.5. In both of these cases the samples were mounted 

individually in polystyrene tubes, which could then be inserted into the 

block supporting the coil. In this wa::1, it was possible not onl to 

change samples readily, but also to center each one carefully within the coil. 
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As one would expect, the single turn f'oil loor was superior to the 

multi-tum spiral as far as the suppression of unwanted interactions was 

concerned. In the case of the single turn loop there was no evidence 

that magnetostatic modes were being excited, either directly, or via 

the uniform precession -- these conclusions being based on the fact that 

only a single, symmetrical, Lorentzian-shaped line was observed at all 

f'requencies. With the multi-turn loop, some coupling between the uniform 

mode and another magnetostatic mode was observed, producing an asymmetrical 

resonance line, such as is shown in Fig. 3.6, at certain frequencies. 

However, since the magnetostatic mode tuned with de field at a different 

rate than the uniform precession, it was alw~s possible to choose the 

operating frequency so as to eliminate the unwanted coupling. 

Despite careful construction and orientation, however, it was found 

that both loops broadened the uniform precession resonance line to sane 

extent, an effect equivalent to an increase in the spin-lattice loss 

rate of the uniform mode. (l) This broadening was found to be 0.10 to 

0.15 oersteds, and was about the same for both loops. The ad.di tional 

loss did~ result simply fran a direct coupling of the loop to the 

transverse component of JD86netization, such as would be produced, for 

example, it the loop were canted slightly out of the transverse plane. 

Such loading would be strongly dependent on the impedance terminating the 

loop. By careful orientation of the loop it was possible to make the 

observed resonance line completely independent of the loop termination 

over the full range fran open to short circuit. Any remaining broadening 

must then be due to purely local interactions between the sample and 

adjacent conductors. Such interactions could be decreased, of course, 

by increasing the diameter of the loop relative to that of the sample, 

at the expense of a decreased video signal. Since in our experiments we 

have been interested primarily in measuring 'lk and Tlo , rather than 

110 , the ad.di tional damping, ~nee understood, could be tolerated. 

(l) An increase in the scattering parameter 'l' would also broaden 
the line, but it ~ be assumed that the .f'ield inh&nogenei ties produced 
by the loop are on too large a scale to excite spin waves. The modes so 
excited, as pointed out in the previous paragraph, fall in the discrete, 
magnetostatic-mode part of the spectrum. 
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B. AMPLIFICATION AND PRESENTATION OF VIDEO SIGNALS 

If a spherical. sample of radius "a" is placed in the center of a 

circular loop of radius R, with its axis in the z-direction, the voltage 

induced in the loop by a changing magnetization is given, in the magneto~ 

static approximation, by 

E • 
2x a3 dM 

z 
µ ---

0 3 R dt 
( 3.8) 

We are interested primari ly in that part of ~ that decays at a rate 
z 

2T}k, for which, according to Eq. (3.7), 

MM " _".><r\ t z · ~·,k 
-s::i:s - 2T}~ e 
dt o---zo , ( 3.9) 

provided that T}2L >> 'lk. Since ~zO, being proportional to the square 

of the amplitude of the uniform mod , is limited by the unstable growth 

of spin waves to relatively small values,(l) the voltages induced in a 

practical loop will be small. As a numerical example, for a spherical 

6 6 -1 sample 35 mils in diameter having 'lk • x 10 sec , and 
6 -1 'lo • 3 X 10 sec , the peak voltage induced in a circular loop of ,.. 

diameter 55 mils is about 45 µ. volts. Since in practice ~zO must be 

restricted to values substantially less than the saturation value, in order 

to remain in the small signal region, the actusl. video voltage available 

from a single turn will be only a few microvolts for any measurements 

made in the small signal range. The signal voltage may be increased by 

using a multi-tum loop or an appropriate step-up transformer, although, 

because of bandwidth considerations, the process cannot be continued 

indefinitely. Some of the factors involved in obtaining the optimum 

signal to noise ratio for a given video bandwidth are discussed in 

Appendix C. 

(l)The maximum amplitude of the uniform mode is (Ref. 21) 
(~)max • {2'lJ°1,. , so that from Eq. (1.14) (Part I) it follows that 

(AMzO)max • 'l/µ.o7 • 
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Experimentally, the best results were achieved using a 7-turn pick-up 

coil (Fig. 3.5) and a specially constructed battery-operated transistor 

video amplifier with a noise figure of 8 db, an input impedance of 100 

ohms and a maximum bandvidth of 30 Mc. The use of transistors in this 

application vas of fundamental importance, for it allowed the amplifier 

to be placed, in a full y shielded enclosure, in the de field irmnediately 

adjacent to the pick-up loop. I t was only by such dra tic measures that 

strey pick-up could be eliminated, and the low-noi se capabilit ies of the 

syb cem realized. 

Even under optimum conditions, the signal to noise ratio in small­

signal experiments on highly-polished single crystals (where ~~ is 

small) is inherently lov. Fortunately, hovever, it is possible to 

extract a considerable amount of information from relatively noisy signals 

by using the integrating properties of cathode rey tube screens and 

photogra1,hic film. The procedure generally adopted was to photograph 

the oscilloscope display and, by examining the photograph carefu1ly under 

a traveling microscope, construct a semi-logarithmic plct of the decay. 

In this wa;y time constants, reproducible within 5~, could be obtained 

under circumstances where the signal to noise ratio was ten or even less. 

In effect, the noise bandvidth of the system vas redu~~ by taking 

advantage of the repetitive nature o~ the signal. 

C. PRODUCTION OF F ASr RF PULSES 

In order to obtain useful information from a transient study of tbe 

spin system, it is necessary to use rf drive signals with rise and fall 

times substantially shorter than the shortest relaxation time encountered 

in our case about 10 nsec. Furthermore, since such fast pulses imply 

broad-band microwave circuitry, the rf source must be capable of moderate 

power output in order to obtain adequate drive fields at the :unple. 

Because conventional klystrons and magnetrons are not capable of producing 

sufficiently fast pulses, a medium pover br oad-band traveling-wave tube, 

with a saturation power o~tput of 3 vatts c-w, was used. The traveling­

wave tube was driven, through a semiconductor rf switch, by a low-power 

reflex kl.ystron. A block diagram of the setup is shown in Fig. 3. 1a. The 
49-51 heart of the apparatus is a two-section semiconductor svitch uaed 
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FIG. 3.Tb--Apparatus for generation of fast microwave pulses.
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to provide the fast rf pulses which are then amplified by the traveling­

wave tube. Each switch section consists of a 1N3093 germa.aium diode 

mounted in a conventional wavegui 1.e transmission crystal mount. Switching 

act ion results fran the strong dependence of the rt impedance of the 

crystal on its de bias. Such a switch is inherently very fast (rise time 

< 2 naec) , and requires little switching power (a conventional laboratory 

pulse generator~ be used). A schematic diagram of the switch and its 

associated circuitry is shown in Fig. 3.8. When phased tor optimum opera­

tion, the switch had an insertion loss of about 3 db and a switching 

ratio of 38 db. The switching speed was about 5 nsec, determined 

solely by the 20 naec rise time of the pulse generator used to drive 

the switch. (l) 

The driver klystron could have been operated continuously, but it 

was found more convenient to pulse modulate it with a pulse much longer 

than that applied to the switch, and then select a relatively sh~rt section 

from the center of this pulse to be amplified by the traveling-wave tube. 

In this w,q the stability associated with c-w operation could be effectively 

realized, and at the same time, the presence of modulation allowed the 

driver to be monitored, and the phasing of the semiconductor switch 

adjusted tor optimum performance. Pulsing the driver also reduced the 

average power dissipated in the semiconductor switch, thus prolonging 

the life of the diodes. To avoid the effect of 6o cycle ripple on any 

of the supply voltages, the system was triggered directly from the ac 

line. 

When adJuoted for correct operation, the system was capable of 

producing rt pulses of variable length having a peak power of 3 watts, 

rise and fall times of 5 and 9 nanoseconds, respectively, and a minimum 

of frequency and amplitude modulation. Such pulses are very close tote 

ideal rectangular pulses which were assumed in the solution of the equa­

tions of motion for the magnetization, although we have not exploited 

these properties t the full in our experiments, which made use primarily 

(l)A useful feature of the 
results in the production of rf 
de switching pulse. 

switch is that the diode nonlinearity 
pulses considerably faster than the 
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- 99 -



of the rapid fall. A more demanding application would be to the study of 

the transient behavior of the transverse component of magnetization in 

the nonlinear regicn, where the freedom of the pulse from frequency and 

amplitude modulation, particularly near the leading edge, would facilitate 

the study of such phenomena as spin wave build-up times. In such studies 

it is essential that the driving pulse be truly rectangular it any 

analytical progress is to be made. 

D. MICROWAVE CIRCUITRY 

The experiments ·ere carried out in a shorted section of X-band 

rectangular waveguide, with the sample being mounted on the shorting plate, 

in the middle of the waveguide cross-section, as shown in Fig. 3.9. 
Extra radiation damping, when needed, was obtained by placing an iris in 

front of the sample so as to form a TE
11012 

reflection cavity of low 

external Q, resonant at the operating frequency. A small-signal 

equivalent circuit for this configuration is simply: 

R 

1 : n 

where, according to the results of Part II, the normalized shunt impednace 

of the ferrite is given by 

R 21CV °\t ti -- • (3.10) 
zl ablt 1lo + 1lo 

For a TEl O 2 cavity the turns ratio is given by , , 

2 -~)2 1 
n - , 

Qext 
(3.ll) 
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so that tor the coupling coefficient, which also characterizes the radia­

tion damping, we obtain 

(3.12) 

The samples used were sufficiently large that the desired coupling 

( ~ - 5-10) could be obtained with cavities whose Q's were low enough 

not to intert!::--e with the rapid rise and tall ot the rt driving pulse. 

In practice, it was found that the coupling obtained was somewhat 

greater than that predicted by Eq. (3.12), an effect due to the relatively 

massive polystyrene block in which the sample was mounted,(l) which 

tended to concentrate the rt fields in the vicinity ot the ferrite. For 

samples mounted in polytoam, the agreement between the theoretical and 

measured coupling coefficients is quite good, the discrepancy never being 

more than 1~. 

A block diagram ot the experimental setup is shown in Fig. 3.10a. In 

selecting the components, an effort was made to obtain a broadband match 

looking back tr,:,m the sample cavity towards the generator. Aside tran this, 

the arrangement is quite conventional. That portion ot the circuit 

enclosed by the dotted lines was used only tor power calibration purposes, 

the procedure being to compare a known fraction of the peak pulse power 

with a carefully measured c-w signal. For small-signal. measurements of 

the transverse component ot magnetization, the precision directional 

coupler was replaced by a slotted line, so that detailed impedance 

measurements could be made. 

CHAP1'ER DI 

EXPERIMENTAL RESULTS FOR SilfGLE CRYBrAL YTTRIUM IRON GARNET 
That portion ot our experimental program dealing with relaxation 

measurements had two main objectives: 

(1) to establish the val.idity ot the transient procedures discussed 

in the previous chapter, and gain familiarity with the experimental 

technique, and then 

(l)It was originally intended to machine ott the excess polystyrene 
once ~•. l.oop was IIIO\IDted. One such attempt, however, ended in disaster, 
anA!" since good loops were ditticult to make, it was decided not to tempt 
rate further. 
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. ' 

(11) to extend the direct relaxation measurements into the large 

signal region which hitherto has been inaccessible. 

Our transient procedure is based on an equation of motion first derived, 
8 in the form we have used it, by Fletcher et al., who also carrtP.d out a 

comprehensive set of small signal experiments, the results of which seem 

to support the theory. Nonetheless, some objections have recently been 

raised52 concerning the validity of these equations of mot!on, so that 

it was felt that an independent and more direct experimental verification 

was of value. Our experiments, as were those of Fletcher t al., we~e 

carried out on single crystals of yttrium iron g~net, thus enabling us 

not only to compare the observed transient response of the magnetization 

with the theory developed in Chapter XY, but·also . o compare our values 

for the relaxation parameters with those obtained by Fletcher et al. 

Because the techniques that we have developed are of quite general 

applicability, we have tried in what f ollows to present the essential 

•' features in su.fficient detail to enable similar measurements to be 

carried out with different materials or under different conditions. 

A. SMALL-SIGNAL MEASUREMENTS 

Small-signal mee.surements were made on polished single-crystal 

spheres of yttrium iron garnet, ranging in diameter from 0.5 to 1.25 mm. 

The samples were prepared by the air-tumbling technique, 53 final polishing 

peing done using Linde A abrasive powder. The most complete set of 

measurements was made at 9.0 Ge o~a sample 0.898 mm in diameter, and 

having a linewidth of 82 rmips/m, (~1 oe.) and which ,e designate here­

after as sample MC-20. At the time these measurements were carried out, 

the x-r~ facilities necessary to establish the dire~tions of the 

crystal axes were not available to us, so that the measurements were 

made with an arbitrary orientation of the sample with respect to the de 

field, although care was exercised to maintain the same alignment for all 

measurements. The dependence of the relaxation parameters on crystal 

orientation for YIG is not particularly pronounced, so that this omission, 

while complicating some·. •hat the nwnerical comparison of our results with 

those of other experimenters, does not affect the validity of the 

conclusions we draw. 
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1. Measurement ot 'lk 

The relaxation rate ot the spin modes was measured using the con­

figuration ot Fig. 3.9, with the iris selected to provide a coupling 

coefficient or 5.45. In Fig. 3.11 is shown the voltage induced in the 

pick-up loop by the t'ree dee~ or the magnetization. The incide;nt power 
\1) 

was about 4o milliwatts, low enough to avoid nonlinear effects. Just 

visible at the left or the ~notograph is a portion ot the large spike 

produced by the dec.iy or the uniform precession, with a time constant, 

determined almost ompletely by the radiation damping, or about 8 

nanoseconds. The much longer tail results from the dee~ ot the spin 

modes. Figure J.12 is a semilogarithnic plot made from the photograph. 

The tail of the curve is seen to be characterized quite accurately by 

a single time constant T • 116 15 nanoseconds. By averaging many such 

determinations,( 2 ) a value or 4.31 ±0.15 x 106 sec•l was obtained tor 

,k • l/2T. Similar values were obtained tor other samples made from 

the same batch. 

2. Measurement ot !lo 
According to Eq. (3.7), the relative amplitude of the two dec~ing 

exponentials appearing in Fig. 3.11 is a measure of the scattering 

parameter ~O. In the presence ot strong radiation damping, however, 

the rapid dee~ ot the uniform mode is masked by the finite response 

time ot the video system. Much wore accurate information can be gleaned 

by studying the transient behavior of the magnetization at the leading 

edge of the rt pulse, using a minimum of radiation damping. Under these 

circumstances dM/dt grows rela~ively slowly from its initial value of 

zero, as shown in Fig. 3.2, producing a video signal whose frequency 

components lie well within the capabilities of the detection equipment. 

(l)At this drive level the susceptibility had actually declined 
about 0.~ from its small signal value. Subsequent measurements showed, 
however, that the values obtained tor ~k were independent ot input 
drive until the saturation of the resonance became quite pronounced 
( see Fig • 3. 18) • 

(2 )Figur~ 3.11 was taken with an unnecessarily large bandwidth which 
does exhi~ J ~onclusively, however, the separate contributions ot the 
uniform p ecession and the spin modes to the total z-component ot mag­
netization. Subsequent determinations were made using a reduced bandwidth 
and hence better signal to noise ratio (ct Fig. 3.17). 
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In our geometry , ~he minimum radiation damping was obtained by 

removing the iris, thus reducing the coupling roughly to unity. Still 

less coupling would have been desirable, but with this sample this could 

have been achieved only by going to a c mpletely different circuit con­

figuration, a procedure not considered worthwhile. The small-signal. 

response of the z-component of magnetization is shown in Fig. 3.13. The 

power level was about 3 db less than that required to produce an observable 

(0.1~) decline in X" . A value for 110 was obtained by curve-fitting 

Eq. (3.6) to the dAMz/dt lla "eform produced at the leading edge of the 

rf pulse, assuming for T}k ~he val.ue obtained previously from Fig. 3.12. 
The result was 11' • 1.65 ±0.1~ x 106 sec-l. From the observed line-

0 
82 / 

6 -1 width of amps m we find that 1lo +'lo• 9.0 x 10 sec , so that 
6 -1 110 • 7.35 x 10 sec . The computed curves, together llith the experi-

mental points, for the leading and trailing edge waveforms are sholln in 

Figs. 3.14 and 3.1~ respectively. The fit is seen to be excellent, except 

in the immediate vicinity of t • 0, where the finite rise and fal.l 

times of the rf pulse and the video system produce an appreciable 

deviation. 

In order to fit Eq. (3.6) to the experimental. data, it was pecessary 

to assume a value of 112L about 101, lower than that ~btained from a 

steady-state measurement of the loaded linewidth. Such a discrepancy 

can result from ·a mismatched generator, or from nonnegligible loss in 

the microwave circuit in which the ferrite is placed, and is important 

only in that not knowing the exact val.ue of 112L to begin with greatl y 

increases the labor of curve-fi t1;ing. If both 112L and T}k are known 

at the outset all the exponential. factors in Eqs. (3.6) and (3.7) are 

known so that only the coefficients need be fitted, a r latively simple 

matter. When one exponent has also to be determined, the cot,putation 

becanes much more tedious, and if both exponents are unknown initial.ly, 

the labor involved is generally prohibitive. It is for this reason that 

the radiation damping t ~chnique for obtaining _'lk independently of the 

other relaxation parameters is so valuable • 

... 
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FIG. 3.13--Response of magnetization to a rectangxilar rf pulse.
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3. Canparison with Existing Data 

The only other canplete set ot measurements ot the small signal 

relaxation parameters tor single-crystal YIG available are those ot 

Fletcher et al.,8 made at 6.2 Ge on spherical samples oriented with 

their [111] axes along the direction ot the applied tield. Their results 

for their most highly polished sample are compared with ours in Table IV. 

A meaningtul ccnparison is made ditticult by the tact that the two 

determinations were made at ditterent trequencies, with ditterent orien­

tations ot the crystal axes. In addition, the extent to which spin modes 

are excited by inhanogeneity scattering, as well as the wave vector ot 

the spin modes so excited, is expected to depend st rongly on surtace 

polish and disorder in the crystal lattice,23 and hence on the details 

ot the individual sample preparation. 

To compare these two sets ot data, we must take up the question ot 

trequency scaling. Sane theoretical5 and experimental7 results suggest 

that 'lo should be scaled in direct proportion to trequency. This has 

been done in Table IV, by scaling the FLS value to our frequency range. 

In addition, our value has been reduced 10 per cent to account for an 

observed contribution ot the coupling loop to 'lo. The parameter 'lo 
is expected to be independent ot frequency, and no scaling ot this 

quantity has been done in the tablr For 'lk the situation on frequency 

scaling is unclear at the present .. me. Existing theories51617 suggest 

that there should be two contribut ons, one proportional to c.u, and the 

other proportional to k and inversely proportional to c.u. As a result, 

'lk has also been lett unscaled in the table. 

With these adjustments, the only s1.gniticant ditterence between the 

two sets ot data is in 'lo. Our sample is seen to have the larger value, 

and thus evidently, larger inhanogeneity scattering. This is entirely 

possible, since surtace scattering is a sensitive tunction ot sample 

po1ish. This could easily be ditterent tor the two samples, in spite 

ot the tact that both had a tinal polish with the same grit size (Linde A, 

approximately • 3 a,,.). In our sample, surtace inspection was limited to 

optical microscope checks, and as a result the tinal polish could easily 

have been less than ultimate tor the grit size used. 
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TABLE IV 

COMPARISON OF SMALL-SIGNAL RELAXATION PARAMETERS 
FOR SINGLE-CRYSl'AL YIG 

(f • 9.0 Ge.) 

Fletcher et al. Anderson 

'lo 
6 -1 5.25 x 10 sec 6.2 

'l' 0 o.48 1.65 

'lk 3.6 4.31 
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A notable teature ot the results in Table IV, on which both sets ot 

data agree, is that 'lo is greater than 'lk. Thia is in contradiction 

to certain theories which predict a relaxation rate arising trom three­

magnon processes that is a linearly increasing tunction ot k, which 

is also borne out in parallel pumping experiments,7 which would call tor 

'lk greater than 'lo. This suggests the existence ot turther processes 

which can strongly relax the unitorm mode. The presence ot rare earth 

impurities~ possibly provide such a mechaniam. 54 

B. LAROE SIGNAL MEASURDmll'S 

The small-signal measurements discussed in the· previous section are 

important in that they represent independent and direct veritication ot 

the spin-mode theory ot terrimagnetic relaxation, ar.d establish techniques 

which are ot universal applicability. Although in the small-signal appli­

cation the techniques do not provide intormation that cannot be obtained 

by other means, this is not true in the large signal region. Here, as 

indicated previously, the modulation technique is inapplicable, both 

because ot tundamental ditticultiea in interpreting the results in the 

light ot the nonlinear equations ot motion, and the more prosaic problem 

ot excessive average power dissipation in the sample. Thus, in the past, 

intonaation about the behavior ot the spin system at high power levels 

has been largely restricted to what~ be gleaned8121156,58,6l trom 

measurements on the decline ot the susceptibility with increasing drive. 

By using the techniques described in previous sections, we have been 

able, in addition, to measure directly the spin mode relaxation rates and 

spin mode amplitudes as a tunction ot rt drive. Thia intormation, when 

combined with that obtained tram the susceptibility decline, baa provided 

a ~ch more complete description ot the spin system. We shall now con­

sider these measurements in tw-n. 

1. Measurement Procedure 

a. Susceptibility Decline This most basic ot all high-power 
- - . 84 r::.~ 

measurements was made in the s"tandard w~' 5
,-.JU by monitoring the power 

retlection trom the sample, at resonance, as a function ot the incident 

power. All measurements were made with the sample in a shorted waveguide 

or low-Q resonant cavity, using the basic set-up ot Fig. 3.10. By 

increasing the attenuation in the retlected power arm as the incident 
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power was increased, so as to maintain a constant level at the detector, 

the absolute value of the r ~flection coeffi cient was obtained as a function 

of the incident power. From this, the coupling coefficient f3 was 

deduced, and since f3 is proportional to X", the susceptibility decline 

curve was obtained at once. By ad.Justing the coupling so that the sample 

is close t o being critically coupled to the input waveguide, the method 

becomes quite sensitive, since then the initial, ~-signal reflection 

from the sample is small, allowing small changes in the reflection 

coefficient, and hence susceptibility, to be measured with p ecision. 

The susceptibility decline curve obtained in this way for sample MC-20 

at 8.95 Ge is shown in Fig. 3.16, in which the normalized susceptibility 

is plotted as a function of the reciprocal. of the rf driving field.Cl) 

At this Juncture, it may be appropriate to digress briefly and 

mention a practical. difficulty which arises when suscepti~ility decline 

measurements are made under certain circumstances. This is the presence 

of instabilities, often ! n the form of relaxation osc!llations, in the 

power reflected from the sample in some regions of the susceptibility 

decline curve . Such instab"ilities have been· conmented on by several 

investigators. 5✓, 56 Although they may arise from a number of detailed . . . 
mechanisms within the sample, a particularly simple process is possible 

whenever th sample is tightly couple to the microw ve circuit •. Under 

these circumstances the rf drive field is a function of the sample 

susceptibility which in turn, in the'nonlinear region, depends on the 

rf drive. The conditions under which this coupling can lead to instability 

are examined briefly in Appendix E,the principal result being that this 

form of instability can never occur in practice when the sample is less 

than critically coupled to the circuit. This condition was fulfilled 

in all of the cases reported here. It is perhaps worth emphasizing 

that the presence of an instability of this kind is~ predicated on the 

existence of any energy storage element other than the ferrite itself. 

Although in practice it may not be possible to obtain the necessary 

tight coupling without placing the sample in a resonant structure of 

some sort, the presence of a cavity is not a fundamental requ rement. 

(l)The d f d t rm1 i h i t f th i idn p~oce ure or e e n ng n erms o e nc et power 
is given in Appendix D. 
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b. Variation of T}k with rf Power Level This measurement was made 

as described in a pr evious section by obsel'ving the free dee~ of the 
magnetization in the presence of sufficient radiation damping to clearly · 

sepa~ate the contributions of the spin modes from that ' or he uniform 

precession. The type of video information obtained is shown in Fig . 3.17. 
In these photographs, as in Fig. 3.11, the initial spike is produced by 

the rapid decay of the radiation damped uniform precession, while the 

longer tail characterizes the free decay of the spin modes. Photograph (a) 

shows the small signal r esponse of the magnetization, and (b) the large 

signal .response. The value of ~k obtained from the time constant of 

this decay is shown as a function of the rf driving field in Fig. 3.18. 
To demonstrate the levels involved, the susceptibility decline data of 

Fig. 3.16 has also been plotted here. 

c. Measurement of the Amplitude of the Modes(l) The steady state 

amplitude of the unif onn precession may be obtained at once fran the 

susceptibility decline, since we know from the definition of the 

resonance susceptibility that 

6M (X" hJ 
2 

zO 1 -=- --
M 2 X" 6H s 0 

' ( 3.13) 

where 6H is the small signal linewidth. The equilibrium spin mode 

population, on the other rand, can be obtained directly· by observing 

the decay of .6M , and determining the. initial amplitude of that com-z . 
ponent having an exp(-2~kt) time dependence . Experimentall.y, this involves 

extrapolatillG the tails of the decay curves in Fig. 3.17 back to t -~.0. 

This intercept is proportiona1<
2

) to kJo ~k~zk, and since ~k is 

(l)The actual amplitudes of the normal moies defined in Part I are 
Given in t erms of their differential z-component of magnetization as 
lbkl sf-fMzk/Ms, when ellipt ici ty is ignored. In what follows we shall 
of~en, for orevi t y , speak of t he frac t ion .6M ./M or even the quantity 
6M , itself as "amplitude" f the mode , whenzno ~onfusion can arise. 

z~c ( 2 ) 
Here, and in what f ollows, .6M k is the steady-state differential 

z-component of magnetization, i.e., th~ equilibrium value obtaining 
before the drive was shut off . 
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(a) -

tiae (UO nsec per major division)

Small Signal

> 0.995) 
h » 0.66 amps/m

(b) -

Large Signal 

(x"/x;; . 0.17) 

h ■ 20.6 amps/m

time (UO nsec per major division)
FIG. 3.17--Decay of z-component of magnetization, shoving effect 

of Increasing drive on relative amplitudes‘of the 
uniform precession and spin modes.
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known, relative values ot kJo AMzk as a tunction ot rt drive~ be 
deduced at once.Cl) 

An absolute value ot '° AMzk would be quite hard to obtain with 

this procedure, however, both because ot the uncertainty in determining 

the ettective origin ot time in the tace ot the finite tall time ot the 

rt pulse and rise time ot the video system~ 2 )and the ditticulty ot obtain­

ing an absolute calibration ot the multiturn loop. Instead, we ~ use 

the tact that in the small signal region 

(3.14) 

as ~ be seen at once trom Fig. 3 .1. Since 'lo and 'lk are known, 

this pins down one end ot the curve, and in ettect provides an absolute 

calibration. We show in Fig. 3.19 a plot ot mode amplitude vs rt drive 

obtained in this w~, in which we have expressed the amplitude ot each 

mode in terms ot its cont.ribut1"on to the tractional deviation ot M z 
f rom M • 

s 

(1) 
This statement holds regardless ot which ot the two assumptions, 

mentioned in the tirst section ot Chapter XIV, that we choose to make 
about the inhomogeneity scattering. In the presence ot sutticiently 
strong coupling between the 8-modes, AMzk is independent ot k , and 
the quantity ~ rakAMzk can be written b 

' 

in which the last tactor is Just the average value ot '11r. that we 
deduce trom our ~ dee~ curve, and the ti rat is the a:esired total 
spin mode populatioA. In the other case, where 'lk is taken to be 
independent ot k, the statement is obvious. 

(
2

)This uncertainty does not appreciably attect the validity ot 
the relative values, since 'lk is almost the same at all power levels 
( see Fig. 3.18). 
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2. Discussion or Results 

a. Susceptibility Decline The susceptibility decline curve shown 

in Fig. 3.16 is substantially ditterent tram those previously published 

tor polycrystalline56, 21 ,58 and relatively poorly polished single crysta1.21,58 
samples ot YIG, in that the decline is more gradual, with saturation 

occurring only at very high drive levels, al.though the behavior is very 

similar to that observed at 1980 Mc, by Sm1 ta and Watanabe in a polished 

single crystal~- 55 Because ot the unexpected nature or this result, 

susceptibility decline measurements were made on two other samples tram 

the same batch. In order to compare the results tor the three samples, 

which had ditterent linewidths, the normalized susceptibility was plotted 

against 6H/h , 6H being the small-signal linewidth. With this normal­

ization, in the small-signal region, a given abscissa then corresponds to 

the same precess! n angle in all samples. The curves are shown in Fig. 3. 20. 

Despite some ditterences in detail, all are seen to have substantially 

the same torm. In particular, the curves consist, asymptotically, ot two 

distinct portions linear in 1/h, and an initial region ot gradual decline, 

labelled Regions I, II, III, respectively, in Fig. 3.16. We shall consider 

each ot these regions in turn. 

(1). Region I. In Region I the susceptibility is directly propor­

tional to the reciprocal or the driving tield, a result which implies, 

tram Eq. ( 3.13), that the unitorm mode "st1ck8" at the amplitude tor 

which 

, ( 3.15) 

where 1/h is the intercept defined in Fig. 3.16. This saturation, which 
m 4 

is clearly evident in 1~1g. 3.19, occurs tor 6MzJM
8 

• 9.9 x 10- , 

corresponding to a maxilllUJll precession angle or about 2. 5°. Buhl 13 and 

Schloemann21 have shown that such limiting or the unitorm prec~ssion can 

be produced by nonlinear coupling between it and z-directed spin waves 

having the same resonant frequency. In one wq ot viewing this process 

the ettect of the nonlinear coupling 1 s to decrease the ettecti ve 
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relaxation rate for these spin waves, so that they bee~ unstable a.1 

soon as the uniform mode r eaches the critical amplitude f'or which(l) 

' ( 3.16a) 

where ~kz is the small-signal relaxation rate of the z-directed spin 

wave. The existence of this instability thereafter "clamps" the uniform 

mode at this level. If we suppose that this theory is applicable in 

6 6 -1 Region I of Fig. 3.1, we obtain a value of' 30.5 x 10 sec for ~k • 
' z 

Such spin waves should contribute to the decay of 6M a canponent with z 
a time const'ant of 16 nanoseconds, which, although short, is still with-

in the capabilities of our video system. Figure 3.21 is a semi-logarithmic 

plot of the observed decay of' AM , taken from Fig. 3. l 'Tb. Virtually z 
the entire curve is characteristic of a decay with a time-constant of' 

90 nanoseconds, and although there is a small contribution from a faster 

dec~ing C'·omponent in the region t < 35 nanosec., this is attributable 

entirely to the fast, radiation damped dee~ of' the uniform mode. On 

the strength of this evidence then, we can conclude that if' there are 

6 6 -1 present spin waves with ~k • 30. x 10 sec , they represent a small 

fraction of' the total spin-mode population. 

In an effort to establish beyond doubt the existence or not of' 

modes other than the uniform precession and spin-modes f'or which 
6 -1 

~k ~ 5 x 10 sec , we used the fact that AMz is proportional to the 

area under the dee~ curve to obtain relative values of' 6M at the two z 
highest drive levels that were used, the ratio of the two values of' 

AM being 0.652. At these same two drive levels, the ratio of the 
z 

{l)This is a special case of' a more general result which states that 
the threshold for the unstable growth of arbitrarily directed spin modes, 
in a spherical sau.~.le, is 

, ( 3.16b) 

where ~k is the relaxation rate of' spin waves with polar angle Qk. 
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.. . 

quantities ~zO + k,0 ~zk , obtained trom Fig. 3.19, was O.~, i.e., 

almost exactly the observed ratio ot the total ~ tor the two cases. 

From this result(l) we are forced to conclude thatzeitber 

(1) there are no modes other than those plotted in Fig. 3.19 (i.e., 
- 6 -1) the uniform mode and spin modes with T\k - 5 x 10 sec , or 

(11) there.!!:! other modes, but that their amplitude increases, with 

increasing drive, in exactly the same ratio as ~ • z 
The latter alternative is quite improbable -- we would expect a much more 

rapid increase, at least as fast as that first observed in k10 6Mzk at 

the initial onset ot saturation. It is on this basis that we discount the 

existence ot any spin modes other than those observed directly. In partic­

ular, the epin waves predicted by a simple application ot Suhl .' s theory 

to Region I of the susceptibility decline curve do not exist, so that the 

theory is, in fact, inapplicable in this region. This is not surprising, 

perhaps, tor Suhl's theory is essentially a small-signal theory, as tar 

as the spin modes are concerned, and throughout Region I the spin mode 

amplitude, as Fig. 3.19 makes clear, is in tact quite large. It thus 

seems certain that in our case, the ultimate saturation of the unitorm 

mode, in Region I, is brought about by mechan1811l8 more caaplicated than 

those postulated by Buhl in his original theory. (2 ) 

(2). Region II. In Region II of Fig. 3.16, the susceptibility 

follows the curve 

X" h 
--c +..£ 
X" l h , 

0 

( 3.17) 

where c1 and he are positive constants. This existence ot a positive 

value tor c1 is rather ditticult to explain. Seiden57 bas obtained 

(l)We are barred tram the obvious approach ot canparing 6M +Li .... 6M k 
directly with 611 by the tact, mentioned earlier, that uncertaf8tyyv z 
in the origin ot !ime prevents us tram assigning an accurate, absolute vRlue 
to tJo 6Mzk in terms ot the actual oscilloscope deflection. 

<2>0ne possible explanation is advanced in a later section. 
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saturation curves for polycrystalline garnets which contain a region 

describable by Eq. ( 3.17) but with a negative value of c1 , which he 

explains in terms of a linear decrease in the magnetization with increasing 

h • As Fig. 3 .19 shows, 6M does, for our sample, approach a linear z 
dependence on the rf drive at sufficiently high powers. This mechanism, 

however, leads to an extremely small value of c1 , about -10-5 for sample 

MC-20, so that this effect clearly is of no importance in our work. In 

fact, it is extremely doubtful whether for any material the decrease in 

the magnetization would significantly affect the susceptibility.Cl) 

The observed form of the susceptibility decline curve in Region II 

might lead one, in the absence of any other knowledge about the spin 

system, to suppose that there existed two essentially independent degenerate 

modes within the sample, both coupled to the microwave fields, but with 

the amplitude of one of the modes "clamped" by the Suhl instability while 

the other remained wiaf'fected. If two such degenerate modes existed, how­

ever, it would be essential that they be completely decoupled; otherwise, 

the resonance line would not have had the simple Lorentzian shape at small 

signal levels that was alw~s observed. Since the existence of two such 

degenerate modes is highly unlikely, especially in a number of samples, 

at different frequencies, we are forced to conclude that Region II of the 

susceptibility decline curve, like Region I, cannot be explainedby a 

simple application of Suhl's theory. 

(3). Region III. In this region, the susceptibility shows a gradual 
20 21 decline with increasing drive. Suhl and Schloemann have recently 

extended their theory to cover this effect by including in it thP. inhano­

geneity scattering fran the wiiform precession into the spin modes. Because 

of the linear scattering there will exist, as we have demonstrate•l experi­

mentally, a finite spin-mode amplitude, even in the small signal ·region, 

the effect of which is to cause the amplitude of the uniform mode to 

attain its maximum value only asymptotically at high powers, rather than 

abruptly at sane critical threshold. Under these circumstances the 

(l)Richards has pointed out that the definition of X'' 
this possibility. 
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susceptibility is given by 

'l 
X'' 1 + 0 

~ • (3.18) -- , 
X" 'lo ~~) 0 

l --+ 
'lo hm ~ 

where h is a constant, related to the maximum amplitude ot the unitorm 
m 

mode by 

I ( 3.19) 

with 611 being the small-signal linevidth. We have titted this curve to 

ou.r auaceptibility decline data, using the previoualy determined valuea(l) 

tor 'lo and 'lo • The value ot hm was selected so u to provide the 

beat tit tor values ot X"/~ greater than o.8, since the theor,y is 

expected to apply beat to the initial part ot the susceptibility decline. 

The result 1• shown in Fig. 3.22. For autticif!ntly small values ot 

X"/~, the tit is adequate, but becomes increasingly poor tor values ot 

X" /~ leas than o. 1,. The value ot h selected corresponds to a 
4 m 

value ot 2 x 10- tor (6M IM ) ; the tact that the amplitude ot the zO' · a max 
unitorm mode continue• to increue beyond this value underscores the 

inadequacy ot the theor,y. 

Ve~, however, adopt the attitude that the unitorm precession 

woul4 have saturated at this level it other, u yet not understood, ette·cta 

had not intervened. The relaxation rate ot the spin modes responsible 

tor this "saturation" can then be determined trcn Eq. (3.16a)( 2) u 

6 6 -1 4 S 6 -1 • 3 x 10 aec , compared to an observed value ot about • x 10 sec 

in this region (Fig. 3.18). The discrepancy arises trcn two sources: 

(l)The fit could not be improved by assuming a ditterent value tor 
the ratio 11/'lo. 

<2 >or more generally, it can be determined by Eq. (3.16b). Thia 
expression, however, hu a minimum value ( corresponding to therovest 
threshold) tor Qlr. • 0, even when the experimentally observed increase 
ot 'lk with incr•aaing k ( and hence decreuing Qk) ia al.loved tor. 
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(a) not all the spin waves whose dee~ we observe directly are 

and hence they do not all have the same relaxation rate and (b) 

Eq. (3.18), Suhl was forced to neglect the variation with k of 

z-clirected, 

in deriving 

'lk and 
the various coupling constants linking the uniform mode and the spin modes, 

8 an omission which apparently results in too large a value for h , and 
m 

hence, through Eqs. (3.19) and (3.16), too large a value for 'lk. The 

error involved is perhaps 25~, so that when this correction is made, theory 

and experiment come into good agreement. Thus, it appears that the initial 

part of the susceptibility decline is adequately described by the current 

theories. 

b. Variation of !lk with Drive Our experimental measurements of 

'lk as a function of the rf drive exhibit two signi~icant features: 

(1) 'lk depends little on h, the variation, as~ be seen from 

Fig. 3.18 being less than 2~ over a more than 20: 1 range of h, and 

(11) the 6M dee~ curves (e.g., Figs. 3.11, 3.12, 3.17 and 3.20) z 
consist, at all power levels, of only two exponentials, one produced by 

the heavily radiation damped dee~ of the uniform precession, the other 

by the dec~ing spin modes. Thus we find, experimentally, that at all 

power levels the' dee~ of the spin modes can be uniquely characterized 

by a single relaxation rate. 

Taken together, these two features provide strong evidence that there 

exists strong coupling between individual S-modes (so-called "S-S scat­

tering"). Although not indisputable, ours is the first substantial evidence 

that such coupling is, in fact, important. The reasons for this may be 

sunn•rized as follows: We would normally expect the spin modes excited 

directly tram the uniform precession by inhomogeneity scattering to have 

substantially different values of k from those excited by nonlinear -coupling to the uniform mode. We would further expect this difference 

to be reflected in a different value for 'lk in the two cases. In the 

absence of S-S coupling, we would then expect there to be a fundamental 

difference between the values of 'lk measured under small-signal conditions, 

when all the spin modes would be produced by inhomogeneity scattering and 

very large signal conditions, when the bulk of the spin mode excitation 

would result from nonlinear coupling to the uniform mode. At intermediate 
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signal levels 'We would expect the decay of the spin modes to be character ­

ized by tw exponentials corresponding to the existe~ e of spin mod s 

excited by both processes. Our experimental results are in direct 

contradiction to such a hypothesis . On the other hand, the fact that 

~k is almost independent of the drive is conGistent with the asswnp ion 

of strong S-S coupling, since such coupling would tend to equalize the 

spin mode population regardless of which mode , or group of modes was 

being directly excited. The fact that th1? measured value of ~k t nds 

to increase somewhat at the highest rive levels may be evidence of a 

partial saturation of the coupling between the directly excited z-dir cted 

spin modes and the remaining spin modes. Such a saturation would produce 

an overpopulation of the z-directed modes and a corresponding weight ing 

of the averaging of ~k over all S-modes in favor of the higher values 

of ~k. 
The results are not absolutely conclusive, however , for it is no 

impossible , even in the absence of S-S coupling for the spin modes exc i t ed 

by linear scattering to have the same value of ~k, more or less by 

chance, as those ex~ited by nonlinear coupling to the uniform mode . I 

is, nonetheless, unlikely . 

c , yariation of Spin-Mode Amplitude with Drive The amplitudes of 

the uniform precession and the spin modes are shown, as a function 0f the 

rf drive, in Fig. 3.19. In the absence of any nonlinea coupling, both 

~zO (proportional to the square of the amplitude of the uniform preces ­

sion), and l4o ~zk (proportional to the sum of the squares of the spin 

mode amplitudes) would be proportional to h2 , following the dotted lines 

in the figure. In actual fact the uniform mode increases less rapidly, 

finally saturat ng "When 6M IM s::::: 10-3 , corresponding to an angle of 
zCf S 

0 about 2.5. This information, of course, is also contained in the 

susceptibility decline curve from which ~ was deduced, although per-
z 

haps less graphically. The spin mode amplitude, on the other hand, at 

first increases rapidly as the nonlinear coupling to the uniform mode 

becomes important, and then approaches a linear d pendence on h as the 

uniform mode saturates. To demonstrate this latter behavior, we may 
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according to the results ot Part I, write the power absorbed in the 

sample, per unit volume, as 

, ( 3.20) 

provided that we ignore the ellipticity ot the spin modes. On the other 

hand, tran the definition ot the susceptibility, the power absorbed is 

alwqs given by 

p 
abs 1 ""h2 
---~ A. • V 2 0 

( 3.21) 

s 

In the saturation region, where ~zO is a constant, X'' is simply 

hJh""o , so that it w • w0 • 'I\ , Eq. ( 3.20) cm be rewritten as 

µ 7h X" \' ·o 00 o L 'lk ~zk • 
4 

h - 11o(6Mzo>max 
k~O 

• 
( 3.22) • 

Thus, it 'lk 1a independent ot k and h , I:AMzk will increase linearly 

with h, becoming proportional to h in the limit when I:'lkAMzk >> 110(6MzO)max 

'l'bia uymptotic behavior is evident in Fig. 3.19, at autticiently high 

drive levels. 

'l'be results shown in Fig. 3.19 ~ be displqed 1n an alternative 

wq which permits a ready comparison with the results ot our small-signal 

measurements. By combining Eqs. (3.13), (3.20), and (3.21), and assuming 

that w • w0 • ~ , we mq eliminate AMzO and h , obtaining a linear 

relationship between the quantity ir,o ('lklliMz/Paba) and the normalized 
susceptibility, X"/X0. This lationahip can be written in the torm 

[ 
'I X"] 0 

l - ------
( 'lo + 'lo>o XO 

, (3.23) 

where ve have written the small-signal resonance susceptibility as 

µ07M,j2(110 + 110)0 , adding the subscript to underscore the tact that this 

is a small-signal quantity. Since ..Jo 'lk~zk , P abs and X"/"'c, are 
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all quantities which we have measured directly, the predicted linear relation­

ship mey be checked at once. The experimental data are shown in Fig. 3.23. 
Although there is some scatter as result of the accumulated errors in the 

individual measurements of E ~k~zk, X' and Pabs, particularly he 

first of these, the expe riment po1nt3 do in fact define a straight line 

in the region X"/X0 0. 5 , although the curve tends to flatten out for 

smaller values. Eq ation ( 323 ) predicts that the ( X"/x;)-intercept should 

be just 1 + ~of~o. Extrapolating the linear portion of the curve in 

Fig. 3.23 down to the (X"/X0) axis yields an intercept of 1.20 ± 0.03, 
giving a value of 0. 20 ± 0.03 f or ~of~o, in excellent agreement with the 

value of 0. 2 ± 0.03 obtained f ro t he small si gnal easurements described 

in Section A. This agreement j usti fies our experimental procedures, 

especially the technique used to obtain the spin mode amplitude which, as 

we shall see, is not beyond criticism on t heoretical grounds. 

The departure of t he experiment al data from the expected linear 

behavior, which sets in at r o hly t he same drive level as that for which 

the uniform precessi on satura~es , must arise from the basic nonlinearity of 

the system. To see in detail how this is so, we shall have to examine more 

closely the as mptions that are inherent in Eq. ( 3.23), and in our measur.e ­

ment procedure. 

Equation ( 3 o ) , describing the power absorbed in the sample in the 

steady state, is very general, and aside from e relatively trivial as­

sumption that all the modes are circularly polarized, requires only that 

there exist a set of modes in each of which the actual dissipation is 

proportional to the amplit ude of the mode. The presence of coupling, 

either linear or nonlinear, among these modes then serves only to establish 

in a canplicated way, the steady state energy distribution. In going from 

Eq. (3.20) to Eq. (3. 23 ), however, we have added the important restriction 

that all the modes have essentially the same resonant frequency, so that 

the energy of each mode can be taken to be proportional to its differential 

z-component of magnetization. Also, in our experimental procedure, we have 

assumed that the steady state value of the quantity '14o ~kAMzk can be 

inferred from a transient measure~ent of the free decay of AM This z 
will not be true, in general, if there exists arbitrary coupling between 

the individual spin modes, unless all the spin modes~ the~ 
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relaxation rate. If they do not, there will be a continuous redistribution 

of energy within the spin system as the dee~ proceeds, with those spin 

modes having the highest relaxation rate contributing proportionately more 

to the total dissipation. Such a mechanism, however, would le~d to the 

measured value of kJo ~kAMzk being too large, contrary to observation. 

In addition, as we have pointed out before, once the uniform mode has died 

out, the remaining dee~ of AM is characterized by a single exponential , 
z 

showing that we are j ustified, at all power levels, in lumping all the 

spin mod.es together in one large "super mode" having&. well defined relax­

ation rate. 

For a number of reasons, then the crucial question appears to be 

whether or not a substantial. fraction of the nonthermal energy in the spin 

system resides in modes who e resonant frequencies differ appreciably from 

that of the uniform mod~. The experimental evidence suggests that the 

answer 'l s "no," since we expect spin modes with different frequencies t o 

have different relaxation rates, and, excited as they are by nonlinear 

processes, to have amplitudes which are a strong function of the drive 

level, features which seem incompatible with the experi mental observation 

that the spin mode dee~ is characterized by a single relaxation rate 

which is only a slowly changing function of the rf drive. 

If we accept the validity of our procedure for determining the spin 

mode amplitude, and the related assumption that all modes have approximately 

the same resonant frequency, the observed departure of the experimental 

data shown in Fig. 3.23 from the linear behavior predicted by Eq. (3.23) 
can then only ·tte due to an increase in ~O at high power levels. Since 

the magnetostrictive spin-lattice coupling will in general consist of both 

linear and nonlinear part, just as the spin-spin coupling does, it is 

possible that for a sufficiently large amplitude of the uniform mode 

there could exist a line broadening similar to that produced by nonlinear 

spin-spin coupling, but leading, in this case, to an increase in ~O 

instead of ~O. Such nonlinear coupling is known to exist between the 
60 uniform mode and certain low frequency acoustic modes, and it seems 

reasonable that it should be present for higher frequency vibrational 

modes as well. 
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We are thus led to hypothesize that the ultimate saturation of the 

uniform mode occurs as a result of the nonlinear coupling not to spin modes, 

but to vibrational modes, the evidence for such an hypothesis being 

swmnarized as follows: 

(1) The power absorbed by the sample is greater than can be accounted 

for by linear dissipation processes within the spin system, yet the spin 

modes themselves exhibit a perfectly linear decay. 

(11) The ultimate saturation of the uniform mode occurs quite abruptly, 

in a manner strongly suggestive of the limiting action produced by the 

parametric excitation of an initially unexcited mode (or pair of modes), 

as in the original. Suhl theory. 13 After the onset of the final saturation, 

however, there appears to be no rapid change in the spin mode distribution 

or amplitude, and in particular, no evidence of the existence of spin modes 

having a relaxation rate, as calculated from Suhl's theory, which is 

appropriate to the observed threshold. 

It should be pointed out, however, that such evidence is suggestive rather 

than conclusive, in the face of the lack of a detailed understanding of 

the behavior of the spin system at the rather large signal levels at which 

the effect occurs, and further investigation is called for. 

C. SlMIARY 

We have measured the small signal relaxation parameters of polished 

single crystal spheres of yttrium iron garnet by observing directly the 

trar1sient response of the z-component of magnetization to step-functions 

ot rt drive, obtaining values which are consistent with those obtained 

by other experimenters. By Judicious control of the radiation damping 

of the uniform precession, we have been able to separate its contribution 

to the decay of the z-canponent of magnetization from that of the spin 

modes, thus permitting a direct measurement of their decay, independently 

of the other relaxation parameters. We find that the decay of t 1.,e spin 

modes can be accurately described by a single exponential., thus Justifying 

the assumption, made in the theory, that we may define a single intrinsic 

spin mode relaxation rate, ~k. This provides the first substantial 

evidence to support a recent theory9 that predicts strong mutual coupling 

between those important spin modes which have the same resonant frequency 

as, and are initially excited by, the uniform precession. 
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The fact that we are able t o measure i n the presence of arbitrary 

coupling between the uniform precession and the spin modes, coupled with 

the fact that we are able to use short rf pulses, has allowed U/3, for the 

first time, to measure the amplitude and relaxation rate of the spin modes 

as a function of the rf drive level . 'Ih i s information, when combined wi th 

that obtained from conventional susceptib11 ty decline measurements l ~a.ds 

to a pictu.re of the high-power behavior of the spin system which i s at 

variance, in some essential details, with that provided by curren ly 

available theories. 

We find that as the rf drive level 1s increased the rf susceptibility 

shows a gradual decline, the initial part of which is correctly ac counted 

for by existing theories in terms of no Jinear coupling to spin mod d 

having the experimentally observed relaxa't ion rate . The uniform mode, 

however, does not saturate at the amplitude predicted by the theory, 
0 corresponding to a precession angle of about 1, but instead increases 

beyond this level as the drive increases, finally saturattng rather abrupt ly 
0 at an amplitude corresponding to a precession angle of about 2 . 5 . Careful 

observation of the spin modes excited in this region indicates that thi s 

ultimate saturation of the uniform mode does not result from nonl near 

coupling to the spin modes . A tentative explanation is offered in terms 

of a nonlinear magnetostrictive coupling to the lattice . At the present 

time, the reason why the nonljnear co pling to the spin modes does not 

produce a saturation of the uniform precession at a much lower level ts 

not understood. 

CHAPI'ER XVII 

EXPERIMENTAL RESULTS FOR POLYCRYBrALLlNE YTTRIUM IRON GARNETI' 

A. INTRODUCTION 

As a result of our suscessful application of trans i ent me hods to 

the study of relaxat ion processes in narrow line'wi.dth s j ngle crystal 

materials, we were led to investigate e possibility of applying these 

techniques to polycrystalline samples as well . On firs t thought, the 

large linewidths of these materials, ranging typically from 3000 to over 

4o,OOO amps/m, corresponding as they do to relax~tion rates of from 
8 9 -1 3 x 10 to 4.5 x 10 sec , would seem to preclude any such transien 
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investigation because ot the very short times involved. However, available 

values for the spin-mode relaxation rates in polycrystals, 57, 59 all inferred 

from an application of Suhl's theory to the susceptibility decline at high 

power, indicated that they were of th~ same order of magnitude as those 
6 6 -1 observed in single crystals, ranging from 0.5 x 10 to 30 x 10 sec , and 

hence well within the range of our experimental technique. Furthermore, 

there are theoretical17 grounds for believing that in these materials 

virtually the entire loss in the uniform precession arises from inhomogeneity 

scattering into spin modes (i.e., ~O >> ~0) , so that there should exist, 

even at low power, a very substantial spin-mode population. The success 

of the experiment thus seemed ensured. 

Accordingly, measurements were made on several spherical samples of 

polycrystalline yttrium iron garnet, made from material prepared by the 

Lockheed Missile and Space Division, and differing somewhat in the ratio 

of iron to yttrium, and in the details of the firing. The steady-state 

behavior of these same samples, both at low and high po~er, had been 

previously investigated in this laboratory by Seiden. 57 

B. DESCRIPl'ION OF MEASURDCENTS 

The experimental setup was identical to that used for the single 

crystal measurements, the sample being placed in a rectangular cavity 

having an external Q of about 20, and resonant at 8.95 Ge. One example 

of the exp,irimentally observed relaxation is shown in Fig. 3,.24, which 

is a photograph of the video signal produced by a free dee~ of the mag­

netization for a sample having a linewidth ot 3,650 amps/m. The trailing 

edge of this response can be resolved approximately into two exponentials., 

having time constants of 15.5 and 4.5 nanoseconds,respectively, the latter 

being characteristic of the impu:.se response of the video system. Measure­

ments on other samples of different composition, and hence of different 

linewidth, showed the same unexpected behavior -- a large initial pulse, 

indicating that a substantial fraction of AM was relaxing more rapidly z 
than our video system could respond, followed by an approximately 

exponential tail having a time constant of about 15 nanoseconds. 

Although quantitative information has been hard to obtain in the face 

of these rapid relaxation rates, we have been able to establish the fact 

that the uniform precession alone cannot account for the size of the 
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0.79 ™ diameter sphere 
AH « 3650 amps/m 
f = 8.95 Gc

time (10 nsec per major division)

FIG. 3.24--Free decay of A.M In polycrystalline 
yttrium Iron garnet.
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initial spike, but that it must also contain contributions from spin modes 

having relaxation rates faster than those to which our detection system 

could respond. To do this we est imated 6M by measuring the total area 
z 

under the response curve of Fig. 3.24, using the previous single crystal 

measurements to provide an absolute calibration, as discussed in Section 

B of Chapter XVI. The amplitude of the uniform precession was obtained 

from the known rf driving field and linewidth, using Eq. (3.13). The 

amplitude of those spin modes responsible for the tail of Fig. 3.24, 
which we denote by E1AMzk, was obtained, approximately, by extrapolating 

this exponential dee~ back to t • 0, and correcting for the finite fall 

time of the rf pulse and rise time of the detection system. The results 

are summarized in Table V for three different samples. The quantity in 

t he last column of this table, which we have denoted by E,;fMzk/Ms, 

is defined by 

, ( 3.24) 

and represents that portion of AM which is not accounted for by the z 
sum of the uniform precession and the spin modes that produce the tail of 

the decay curve. Al.thoug.~ the absolute accuracy of the data presented 

in Table Vis poor, it is believed to be good enough to Justify the 

conclusion that there do exist spin modes with very fast relaxation rates, 

whose contribution to the decay of ~ cannot be separately resolved by 
z 

our detection system. 

Additional evidence for the existence of such spin modes can be 

obtained by considering the stead.,·-state energy distribution in the sample, 

which as we have seen before, is such U-.at 

'lcfMzo • ) 'li,~AMzk 
.;/o 

( 3.25) 

Under the conditions that 'lo>> 'lo, so that scattering to spin modes 

accounts for most of the loss in the uniform precession, we find that 

Eq. ( 3. · -~) cannot btc satisfied unless some of the spin modes relax 

substantially faster than t hose in the tail of the decay. 
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Spin mode relaxation rates for these samples were obtained by Seiden57 

from susceptibility decline measuremer1ts. From his measurements he 

obtained two values, one for those spin modes that give rise to the 

initial decline, and one for those responsible for the final saturation. 

These values are compared with those we obtained directly from the tail 

of the AM decay curve in Table VI, for the same three samples as in 
z 

Table V. There is seen to be no agreement, Seiden's values in all cases 

being smaller than ours. Since it is impossible to conceive that our 

direct measurement technique would give a value of ~k that is too 

large, we must conclude that Seiden's procedure for deducing ~k from 

the initial susceptibility decline data is in fact incorrect. 

An interesting feature of the transient measurements is that the 

values of ~k obtained in this way are essentially independent of AH. 

The three samples that we have been discussing differ only in that they 

contain different, nonstochiometric, ratios of iron to yttrium. Since 

Seiden57 has shown that the garnet lattice can exist only in stochio­

metric proportions, with the excess iron or yttrium going into a second 

phase, we expect, as he has pointed out, that ~k should oe independent 

of composition, Just as we observe. 

C. 81.DIIARY AND CONCWSIONS 

In our attempt to apply the previously developed transient techniques 

to the measurement of the small-signal relaxation parameters of poly­

crystalline yttrium iron garnet, we have found that the spin-lattice 

relaxation rate is much faster than previous measurements, based on the 

decline of the susceptibility at high powers, would indicate, indeed 

being too rapid tor t;ccurate measurement with the existi;1g apparatus. 

We have been able to ~etermine that for most of the excited spin modes 
6 -1 ~k is about 30 x 10 sec , but there is al.so indirect evidence that 

8 -1 some spin modes having ~k greater than 10 se" are al.so excited. 

In order to obtain more accurate information by the transient 

technique, and thus, pertiaps, resolve some of these anomalies, it will 

be necessary to considerably shorten the overall response time of the 

system, a process which does appear to be feasible. Thus, with the 

samples that have been used in the present experiment, it should be 
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possible to increase the drive field by a factor of 5, corresponding to 

an increase of 25 in the incident power, up to about 25 watts, and still 

remain in the linear region. This would produce a 25-fold increase in 

6Mz, and permit the use of a single turn loop instead of the 7-turn 

loop with which the measurements described here were made. By construct­

ing the loop of a relatively wide strip of thin foil, as described in 

Section E.l, and following it with a low-noise ampli ier having a 200 Mc 

bandwidth, it should be possible to reduce the rise time of the video 

system to 2 nanoseconds or less, while retaining, by virtue of the 

t.igher power, the same signal to noise ratic as in the present experiment. 

The main limitation on the transient behavior of the system would then 

be the finite fall time of the rf pulse, at present about 6 nanoseconds, 

determined completely by the fall time of the switching pulse applied to 

the microwave diodes. These diodes have an inherent switching time of 

less than two nanoseconds,(l) which could be realized by using a faster 

switching pulse.( 2 ) At present the fal.1 time of the rf cavity represents 

no limitation, a Q of 20 corresponding, at 10 Ge., to a time constant 

of less than a nanosecond. It should thus be possible to develop a 

system whose overall pulse response, as measured by the rise time of the 

voltage induced in the pickup loop at the trailing edge of the drive 

pulse, would be only 2 nanose ands, in contrast with the present rise 

time of 9 nanoseconds. 

(l)This figure is according to the manufacturer's specification. 

(2 )Because of the nonlinearities in the diodes, the switching 
pulse can, however, still be considerably slower than the desired 
rf pulse. 
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APPENDIX A 

THE EFFECTIVE SUSCEPr I BI LITY TENSOR 

1. General Form of t he Ef f ective Susceptibil ity Tensor 

In a saturated f errimagnetic mater i al , the t ransver se r f magnetization 

is r elated to t he t r ansver se rf magneti c f ield i ns ide t he s ample thr o 

the intrinsic susceptibi lit y t ens or, so t h at 

( A. 1) 

If we now suppose that the internal rf f i eld is made up of t wo parts 

so that 

ii = ii + 
1 

h 
2 

, (A. 2 ) 

and t hat ii is line arly rel ated to -+ t hat m , s o 

• r • h = m 
2 

, (A. 3) 

then Eq . (A.1) can be written i n t he form 

"iri - ( 1 - ~ r) -1 -t ii , {A. 4) 

whenever the inv rse mat r i x e xists . Equation (A.4) then defines an 

e f fect ive susceptibilit y , 

~ = ( 1 - ~ k)-1 ~ 
eff ( A. 5) 

relating t he magn t i zation to t h e partial fi eld hl. If r has t he 

form 

(~l kl2) rt = , (A.6) 
k21 k22 

and the i ntrinsic susceptibility is written in t he usual notation as 

X - j It 0 

~ c j K X 0 , 

0 0 0 
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then 

~ • (A.8) 
i (x -cx2 - .?->~2 -jK • cx2 i>~2) 

eff A jK + (x2 - K2)~1 X - (x2 - K2)~1 

where A • 1 - X( 1½_1 + k22 ) - j tt( ~ 2 - k21 ) + ( y(- - ,? )( k11 k22 - ~~l) • 
-+ The case where h2 arises from the surface demagnetizing fields of 

an ellipsoid has been considered by Steinert. 32 For this case ~ is 

the transverse part of the demagnetizing tensor, ft , having the diagonal 

form 

r-= _ ft • (-Nx O ) 
0 -N y 

, (A.9) 

provided that the coordinate axes coinclde -with the principal axes of the 

ellipsoid. 

In another application of interest to us, Fi2 is the reaction field 

that arises when a s ample is placed close to a waveguide wall, as discussed 

in Chapter XI. In this case Tt is real, and a.lso has the same diagonal 

form, 

r-(kll O) 
0 ~2 

, (A.10) 

as the demagnetizing tensor. As is well-known, one of the major effects 

of the inclusion of a term of this form in the effective susceptibility 

tensor is a shift in the resonant frequency of t~e sample. Thus, in 

analogy to the usual Kittel resonance relation (Eq. (1.5), Chapter II), 

we obtain 

(A.11) 

If the signal frequency is held fixed, this corresponds approximately to 

a shift 

M (k___~ + k_ ) 
~H • (H) - H • a -ii. c2 

Ow O ic2+l 
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in the de field required for resonance. Here (H
0

)w is the de field 

required for resonance in the presence of the wall, H
0 

the resonant 

field in the absence of wall effects, and K is the form factor defin d 

in Chapter VIII. 

2. Form of the Effective Susceptibility Matrix Elements 

The steady-state, small-signal solution of the transverse part of 

the equation of motion for the rf magne tization in terms of the inte rn 1 

rf fields leads to an intrinsic susceptibility tensor whose matrix 

elements are 

O\F}{ X = ____ ........, __ _ 
2 2 

( 11n + jc.o) + ~ 

and ( A.1 3) 

~(110 + jw) 
Ks--------2 2 

( 11n + jc.o) + ~ 
, 

T}D = 11o + 110 being the damping r ate discussed in Part I, where all th 

remaining symbols are defined . 

The atrix elements of the external susceptibility for a finit e 

ellipsoid are then obtained by combining Eqs. (A.8), (A.9), and (A.13), 

with the result that 

, (A. 14) 

, (A.15 ) 

and 

0.1/ 11n + Jc.o ) 
X = - X = -----·---
12 21 ( ~1\)2 2 

11n + ,JU" + c.oo 
, ( A.16) 
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whe r e 

(A.16) 

A quantity of interest fcL evaluation of the scattering matrix in 

Chapter Vi s the co~bination \ 1x22 - \ 2x21 , which is seen to be just 

~ 2/(~D + jw)
2 + w0

2], of the same order of magnitude, and with the same 

r e s onant denominator as the individual matrix elements thenselves, so that 

t e rms containing this combination are~ second order in the susceptibility, 

a fact which allows considerable simplification of the scattering admittance 

and impedance matrices discussed in Part II. For example, consider Eq. {2.13f), 

defining one o the parameters that appears in the scattering matrix. By 

substituting explicit values for the susceptibility matrix elements from 

Eqs. {2.14-2.16), we can write Eq. {2.13f) in the form 

{A.17) 

It is then evident that the last term can be neglected, since the ratio of 

it t o the second term is [,I\ lj(cn,_ + N c.u..)][{~
1
v h 2 )/2] , in which the 

~ H y M Sy {l) 3 first factor is of order unity, but the second is of order Vs/A , and 

hence, because of the basic assumption that the sample is very much smal er 

than a wavelength, very small. 

{l)Since ~l ~ 1/A, and hy2 ~ 1/waveguide cross-section~ l/A2 
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APPENDIX B 

MEASURL"1ENT OF LINEWIDrH 

Experimentally, the most r eadily accessible damping parameter is the 

total relaxation rate of the uniform mode, ~O + ~O, which, as we have 

seen in Chapter II, is uniquely determined f or a sam_l of a given shape , 

by a steady-state measurement of the linewidth, ~. In this app ndix, 

we shall review a number of techniques that have been found useful for 

such a measurement . Although some of these procedures have been di s cuss d 

in th lite atur , 3, 38, 45 in som~ c a s es exhaustively, the equivalent circuit 

approach that we have developed al.l ows all of the techniques to be tr ated 

simply and concisel~ within a single framework, with their limitation and 

ranges of applicability clearly delineated. 

We begin by ssuming that a small ferrite ellipsoid is placed in a 

two-port resonant cavity, at a point where the rf magnetic field is linearly 

polarized, and that both ferrite and cavity are resonant in but a single 

mode at the operating frequency, so that the equivalent circuit of Fig. 2.8 
applies. This circuit may be specialized to the cases of a reflection 

cavity or uniform waveguide by an appropriate choice of the network para­

meters. 

In the ensuing discussion, it will become evident that the choice of 

technique rests largely on whether the energy stored in the ferrite is very 

much less, of the same order, or very much greater than the energy stored 

in the remainder of the microwave circuitry. For the general circuit of 

Fig. 2.8, this ratio is given by 

= (B.1) 

We shall now go on to consider several specific circuit configurations. 

1. Sample in a Reflection Cavity 

This technique has been the one most commonly used in the past. 3 In 

a typical experiment one notes the variation of the Q and resonant frequency 

of a cavity containing a ferrite sample, as a function of the de field. 

Froo these observations one can deduce the linewidth and, with some 
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assumptions about the nature of' the coupling between sample and cavity, 

b oth the real and imaginary parts of the diagonal canponent of' the tensor 

susceptibility. 

To apply the present approach to this problem, we can specialize 

Fig. 2.8 to a reflection cavity by setting n2 • 0. The linewidth is 

then to be deduced fran impedance measurements made at the reference plane 

T1 , as the de field is varied . In general, the input impedance of' the 

cavity is given, in the high-Q approximation, by 

, (B.2) 

where 8H B (w - w
0

)/w
0 

is the fractional. deviation of' the ferrite from 

resonance, and 8 is the corresponding deviation for the cavity. With 
C 

the ferrite far from resonance <joH I -+ oo) , and the cavity at resonance, 

the input impedance is given by 

R 
C --2 

nl 
, 

whereas with both ferrite and cavity at resonance (8H • 6c • 0) , 

(B. 3) 

With the de field adjusted, according to the definition of' AH, so that 

lf>HI • l/2Qf', but with cavity tuning and signal frequency unchan,.,.ed so 

that ~c • 0, the input i mpedance is 

Z • _:_(R + 
inl/2 nl2 c 

(B.5) 

From Eqs. (B.3) to (B.5) it is evident that 

z 12 I inl/2 • 

2 2 
Zin + Zin 

ao res , (B.6) 
2 
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so that the linewidth could be determined as the de field increment between 

points at which the absolute square of the input impedance is the mean of 

its value with thEi ferrite first far off and then on resonance. However, 

since impedances, as such, are relatively difficult to measure at micro 

wave frequencies, the procedure outlined above, al.though very general, is 

of little more than academic interest . Rather, the use of a reflection 

cavity is usually restricted t o t he case where wf/wc << 1, for which a 

simple approximate technique exists, in which only the VSWR in the input 

line ne d be measured. 

Thus, suppose both the ferrite and c vity t be initiall y on I , ono.nc . 

Then let the de field be changed, s o as to detune the ferrite by a frac ­

tional amount 6H. Because of the ferrite-cavity coupling, this is 

equivalent to detuning the cavity by an amount 

6 
C 

w 
_! 6H 
w 

C 

If the cavity is now brought back to resonance by a slight change in the 

signal frequency, t . e ferrite tuning parameter, oH, because it depends 

on frequency, will al.so change . If, howe r, Wf <<We, so that c c << H, 

this change in oH will be negligible, and we m~ assume that the entire 

change in H arises from the variation of the de fi e ld, even t houc;' ~ 

is changed as Hdc varies, in ord.er to keep the cavity at resonance. 

Thus, if we measure the input imp dance at the ferrite half-power oint , 

but with the frequency ad j ust£ t o bring~ cavity back t o resonance, 

we have 

Z' R + f 1 ( R) 
in1/ 2 ~ ~ c -;- ' 

(B. 7) 

the approximation being valid for wf/wc = Q?/Q
2

Rc < 1. If the 

cavity i s initially undercoupled, (i.e., Rc > n1 z0 ) , the input impe­

dance of th cavity at resonanc , nonnali ed to the wave impedance of th 

input uide , will al.w~s be numerically equal to the voltage standing-

wave ratio, r , in the input line . Then from Eqs . (B. 3), (B.4), and (B. 1), 
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we f'ind 

(B.8) 

Thus, the linewidth of the material m~ be found by noting the de field 

increment between the two points at which the VSWR is the average of its 

values with the de field set first at resonance ., and then f'ar from res­

onance, the signal frequency being adjusted, in each case, so that the 

cavity is at resonance. 

The foregoing procedure is the usual one discussed in the literature 

under the general heading of "cavity :perturbation techniques." 3, 38 Because 

the measurements are not made at constant frequency, however, the ''line­

width" determined in this fashion will alw~s be less than the actual 

linewidth,(l) unless the frequency change is a negligibly small fraction 

of' the ferrite bandwidth, which, as we have seen, requires that Wf' << Wc. 

In terms of' the properties of the sample and cavity, we have 

w 
C 

°li(°ll + Ny"\.1) F--------
4('lo + ')2 'lo 

, (B.9) 

as discussed in Chapter VIII, so that for low-loss samples, (110 + ~O small) , 

the tilling factor F must be kept very small if the linewidth is to be 

determined simply from VSWR measureaents alone. For polished single crystals 

of garnet, having linewidths of 100 amps/meter or less, it is u.sually 

impossible to keep F adequately small, so that in a reflection cavity 

one must us the fixed frequency technique discussed earlier. An alter­

native procedure, often pref'erable,is to use a transmission cavity, as 

described in the next section. 

2. Sample in a Transmission Cavity45 

We define the transmission coetf'icient of' a two-port microwave circuit 

as the ratio of the power delivered by the network to a matched lo¢ to 

the maximum power available from the generator. If', in the circuit ot 

Fig. 2.8, the signal frequency is kept constant at the resonant frequency 

of' the empty cavity, a stra!ghtforward circuit analysis, based on this 

(l)This question has also been considered by Green (ref. 44) 
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definition, shows that 

1 l (1 l ) -s- -+-
T 2 T T 1/2 oo res 

, (B.10) 

where T1/ 2 , T and T 
oo res are the transmission coefficients of the 

cavity with the de field set, respectively, to the half power points of 

the ferrite esponse, far from resonance, and n resonance. Equation (B.10) 

is the analog of (B.6) for the reflection case, and holds exactly, with 

no restrictions on the relative magnitudes of Wf and Wc It should 

be noted that if Eq. (B.10) is multiplied through by T , it can be res 
recast in a convenient form, 

T res 
-= , (B.11) 

which shows that it is not necessary to measure the absolute transmission 

coefficient. The linewidth of the sample~ be determined by first noting 

the decrease in the transmission coefficient of the cavity caused by the 

losses in the ferrite at resonance (i.e., T /T ) , and then using res 
Eq. (B.11) to compute the difference between the transmission coefficients 

on resonance, and at the ferrite half-power points. The de field is then 

adjusted to obtain the calculated transmission coefficient, thus defining 

C:JI • 

There is a practical limit on the "magnetic" size of sample to which 

the transmission cavity technique may be applied. With the sample at 

resonance, the transmission coefficient must not be so low that transmis­

sion via nonresonant modes accoWltS for an appreciable fraction of the 

total power transmitted by the cavity. Thus, the coupling coefficien 

between ferrite and cavity must not be too large, which implies, for low­

loss materials, that the filling r , r must be kept small. Although for 

a given sample size the filling factor can be made as small as desired 

by using a sufficiently large cavity, a large cavity implies that the 

frequency spacing btt ween resonant modes is small, with the result that 

the smallest transmission coefficient o,-. ferrimagnetic resonance that 

one can accept, before transmission in nonresonant modes becomes 
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important , i s correspondingly increased. Nor is it usually feasible to 
place the sample in the cavity at a point where the h-field, and hence the 

coupling, is weak, for at such points the electric field is strong, result­

ing in large dielectric losses. Also, and more importantly for very narrow 

linewidth sample ·· , the gradient of the magnetic field is large, giving rise 

to the possi ility of exciting higher-order magnetostatic modes. Thus, for 

very narrow linewidth (high Q) materials, it is necessary to adopt a 

completely different approach, and, instead of considering the sample as 

a perturbat i on in a microwave circuit, consider it as a circuit element in 

i t s own right, as is don in the next section. 

3. Measurements in Nonresonant Systems 

If the losses in the f errttc are sufficiently low, it becomes quite 

feasible to measure itF parameters using a circuit configuration in which 

both the energy stored md the losses in the microwave circuit are negli­

gible compared to those of the ferrite. Such a microwave circuit might 

consist of a shorted section of unifonn waveguide, or a reflection cavity 

very tightly coupled to its input waveguide, so as to have a very low 

external Q. In any case, the equivalent circuit of Fig. 2.9 applies. 

We may then treat the ferrite and its microwave coupling network as a 

one-port resonator, the parameters of which may be measured in a variety 

of standard ways. One method that has proved convenient in practice is to 

put a probe in the input line at the detuned short position, 35 i.e. , at 

the reference plane T1 of Fig. 2.9, and sweep the de field. The 3-db 

points of the detected signal then define the loaded linewidth, ~, 

i.e., t~e linewidth as broadened by the radiation damping. In terms of 

the coupling coefficient(l) ~, the unloaded linewidth is determined in 

the usual way as 

t:JIL --- (B.12) 
l + ~ 

(l)When a microwave resonator is driven by an external generator, the 
coupling coefficient~ be defined as the ratio of the power dissipated in 
the resonator to that dissipated in the rest of the circuit. As we defined 
the coupling coefficient for a ferrite resonator in Chapter IX, it was the 
reciprocal of this, or the ratio of the power dissipated in the external 
circuitry to that lost int~rnally in the ferrite,~ !h! rf magnetization 
~ allowed _!2 decay freely. When reciprocity holds, these two definitions are 
equivalent--and reciprocity does hold in the present discussion because we 
assume a linearly polarized driving field. 
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The coupling coefficient may be readily det ermined by measuring the voltage 

standing wave ratio, r, in the input arm. When the detuned short position 

is a voltage minimum, corresponding to the ferrite being undercoupled t o 

the circuit, the coupling coeffic:l ent is j ust 1/r • On the other hand, if 

the detuned short position is a voltage maximum, the ferrite is overcoupled, 

and the coupling coefficient i s equal to r. 

Anothe:r technique which can be used with the same configuration, i n 

lieu of standing wave measurements, is to measure directly the r e l ative 

power absorbed by t he sample as a func t ion of t he de f i eld. It can then 

be shown that the unloaded linewidt h is the de fi eld increment between 

points at which the power absorbed is gi en by{l) 

' 
{B.13) 

where ~ is the coupling coefficient previously defined. 

4. Measurement of AH by Moni taring 6Mz 

There is another method of measuring AH , relying on the fact that 

in the small signal region 6M is proportional t the power absorbed{ 2 ) 
z 

by the sample, that does not fit into IJilY of the categories previously 

discussed. 

According to t he fun~amente.l definition, AH is the de field increment 

between points where the power absorbed in the sample is one-half of that 

absorbed at resonance, the rf drive remaining constant. The f act that 

6M z is proportional to p 
abs then allows the linewidth to be measured 

(l)Note that Pabs I l/2{Pabs res) • The standard definition of 
AH in terms of Pb implies tha! the driving field remains constant a s as the de field is varied through resonance. If the sample absorbs an 
appreciable fraction of the incident power, such is not the case. 
Equation {B.13) then takes this into account. -

{ 2 )For the special case in which the uniform precession and all the 
spin modes have the same resonant frequency, and are circularly polarized, 
we have simply that 

21\kIDO {T}O + Tlo) 
p = --------6M 

abs { , ) z 
-, T}k + 'lo 

. , 

otherwise, the proporti onality constant is quite complicated. 
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by monitoring AM , as we have done in our experiments, and by noting the 

value of de fieldzfor which it has half of its maximum resonance value.Cl) 

The linewidth obtained in this way is the loaded linewidth which, as we 

have seen in Part II, is the same as the unloaded linewidth, as ordinarily 

defined, only when the coupling coefficient is much less than unity. 

The main feature of this technique is that it does not involve a 

microwave measurement one is not relying on the interaction between the 

sample and its microwave environment to provide any information. To realize 

this fundamental advantage, however, it is important that the coupling 

coefficient of the sanple to the structure be kept small, so that radiation 

damping can be neglected. As we have seen in Part II, this implies, for 

a given size of sample, that the resonance susceptibility be not too high, 

and the rf structure be broadband. Thus, the method is particularly suited 

to the measurement of the linewidth as a function of frequency for poly­

crystalline samples, where the use of conventional cavity perturbation 

techniques becomes tedious because of the necessity of providing a reso­

nant cavity for each frequency at which the linewidth is to be measured. 

With the AM technique, however, the sample can be placed in some broad-z 
band structure such as a coaxial line, or strip line, and measurements made 

over an almost unlimited range of frequencies. The only significant dis­

advantage of the technique which is immediately apparent is that in a 

broadband s t r-'1cture in which the radiation damping is negligible, a 

substantial amount of rf power, typically one watt peak, is required to 

produce an accurately measurable decline in M • 
z 

As an experimental demonstration of the technique, the linewidths 

obtained in this way were compared with those previously obtained by 

Seiden57 using the cavity perturba ion techn'que, for two samples each 

having a linewidth of about 4ooo amps/m. We obtained a value about 1~ 

hl gher in one case, and 1~ lower in the other. 

(l)Because of the presence, in the proportionality constant between 
Pabs and AM , of factors which depend on the de field, this definition 
or AH will ~e equivalent to the usual one only when the line is not too 
broad. However, when the linewidth is large, it l s not a useful, quanti­
tative characterization of the loss anyway. 
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Summ~ 

We have sunmarized the microwave measurement procedures for finding 

6H in Table B.I. The quantity x0 which appears in the table is the 

resonance value of the parti cular diagonal component of the effective 

susceptibility tens or appropriate to the microwave field configuration; 

all of the remaining symbols have been defined elsewhere in the text. 

Included with each technique is a simplified sketch of the microwave 

equipm nt needed t o make the measurements, which are to be regarded a s 

suggestive rathe r than definitive. 
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APPENDIX C 

DESIGN OF THE ~ Dm1ECTION SYSTEM FOR OPI'IMUM PERFORMANCE z 
As pointed out in the text, the most difficult problem connected 

with the relaxation measuremen s has been that of coupling to and di s ­

playing the z-component of magnetizat on . Since the configuration of 

the pick-up loop is largely determi~ed by the requirement that its inter­

action with the transverse components of magnetization, and with the 

microwave driving field, be minimized, the problem reduces to that of 

optimally coupling the loop to the detection system. An equivalent 

circuit that we can use for the discussion is shown in Fig. C.l. We 

suppose for the moment that the loop consists of a single turn of induc­

tance L and resistance R transformer coupled to an amplifier having 
s s 

a resistive input impedance Ri and a shunt capacity C The problem n s 
is then to select the turns ratio n and the input resistance to achie e 

the optimum signal to noise rati o while maintaining a specified frequency 

response. 

The rise time that can be tolerated in the detection system depends 

on the time constants of the relaxation processes to be investigated. 

For the singe crystal garnets of prime interest to us, the most important 

time constant, that characterizing the intrinsic relaxation of the spin 

modes, was about 100 nanoseconds. In order to clearly separate this 

time constant from he much shorter one of the uniform mode, so as t o 

allow an curate determination of the spin mode relaxation rate and 

amplitude, it was decided that an overall system rise time of 10 nano­

seconds was required, which in turn implied a time constant, L/R; for 

the input network {forgetting about C for the moment) of about 4 nano-
s 

seconds. 

The inductance of the loop is determined both by the size of wire 

used and the diameter of the loop, primarily by the latter, and is fixed 

by various practical considerations. In order to minimize the interaction 

bet een the loop and the transverse magnetization, the wire should be as 

small as possible. The smallest wire available to us, that could still 

be easily handled, was insulatt ~ ~opper wire one mil in diameter. The 

diameter of the loop is determined by the size of the sample used, and 
8 should be about one and one-half times the diameter of the sample. 
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FIG. C.1--Circuit for discu~sion of the coupling between 
the pick-up loop and the amplifier. 
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If we assume, as will turn out to be the case, that the total inductance 

places a limit on th~ ·urns ratio n, it ie evident that the sample 

should be as lar~e as possible, since, if "a" is the radius of the 

sample, the voltage increases as 
2 only slightly faster than n a. 

2 na , while the inductance increases 

Accordingly, a sample about 35 mils in 

diameter, as large as could be tolerated without propagation effects 

becoming important, was used, thus fixing the loop diameter at 55 mils. 

A single turn fl mil wire, 55 mils in diameter, has a total low fre­

quen y inductan~e of about 4 nanohenries, with a re ' istance of about 0.1 

ohms, so that it has an "intrinsic" time constant of some 40 nanoseconds. 

It is thus evident that we cannot simply match the source resistance of 

the loop into the input oft amplifier, but that in fact the actual 

source resistance is an almost negligible fraction of the total resis­

tMce required to obtain the desired time constant of 4 nanoseconds. 

Thus, we may assume that the transformer turns ratio and amplifier input 

resistance can be selected so that 

n
2

L 
~ • 4 x 10-9 seconds (C.1) 
Rin 

If it were not for the shunt capacity C , the optimum solution 
s 

would be to use an amplifier having the highest possible input impedance, 

thus allow ng the largest value of n, and hence providing the best 
2 signal. However, the inductance n Ls and the str~ capacitance Cs 

from a shunt resonant circuit which will ring unless Rin is made 

sufficiently small. If we wish the circuit to be critically damped, 

we then have the additional. requirement that 

(C.2) 
C 

s 

If we assume that the shunt capacitanc~ is about 20 pf, (this includes 

the input capacitance of the amplifie, shunt capacity of the input 

cable, etc.), Eqs. (C.l) and (C.2) ~ be solved for Rin and n, 

since Ls has been previously fixed at 4 nanohenries, with the result 

that n • 14 , and Rin • 200 ohms. 
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In this analysis, we have said nothing of t .he noise properties of the 

amplifier or of the input circu.1 t, but have ~hosfm our parameters so as 

to obtain the largest signal voltage (i.e., largest n) consistent with 

adequate transient response. This is justified because our source resis­

tance is so low, and because amplifiers whose input impedance is less tan 

a few hundred ohms usually have an equivalent input noise voltage that is 

essentially independent of the source impedance in any cas~. 

In the preceding discussion we assumed that the loop voltage was 

stepped up using a l:n transformer. The same result could be achieved by 

using an n-turn loop, in place of the single turn, with the added advantage 
2 that the source resistance would then be only nR instead of n R , and s s 

hence truly negligible. The multi-turn loop and the step-up transformer 

both present practical difficulties. In the case of a multi-tum loop, 

the more turns that are added, the greater the difficulty in avoiding 

interaction with the transverse component of magnetization, and with the 

driving field. Also, if the coil is wound in the form of a spiral, as it 
must be to minimize these interactions, the peripheral turns becane leas and 

less effective as the total number of turns is increased. However, the 

design of a suitably wide-band step-up transformer is also difficult. 

Furthermore, the transformer must of necessity have a magnetic core, and 

hence must be placed outside tt.e de saturating field required for the 

resonance experiment, thus necessitating a length of low-impedance trans­

mission line between the loop and the transformer input, with its attendant 

problems of str~ pick-up. 

Arter due consideration of these practical difficulties, together with 

the constructional facilities and know-how available to us, a final design 

was arrived at in which a 7-turn spiral loop was used with a transistorized 

amplifier having an input impedance of 100 ohms and a bandwidth of 30 Mc, 

resulting in an overall rise time of about 9 nanoseconds. This arrangement 

has provided adequate sensitivity for most of our work. Our experience 

indicated that the most promising approach to achieving greater sensitivity, 

while maintaining the same frequency response, would be to use a loop having 

more turns of finer wire, together with an amplifier having a higher input 

impedance. The substant·1a1 reduction in shunt capacity that would then be 

required could probably be effected by incorporati ng the preamplifier 

directly in the loop assembly. 
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APPEIIDIX D 

Dm'ERMINATION OF THE DRIVING FIELD FOR A FERRITE SAMPLE 

IN A LOSSLESS MICRCMAVE CIRCUIT 

When biased to resonance, a ferrite sample placed in any sort of 

one-port l ossless(!) microwave structure can be represented by the equi­

valent circuit of Fig. D.l, in which the current i is prop rtional to 

the driving field at the ferrite, and the resi~tancc R is proportiona.l 

to the susceptibility X" . In the general ca , X" is a function of 

h, so that R is a function of i • From elementary considerations it 

is evident that if, in the absence of the ferrite (R • 0) , a given 

signal source will produce at the ferrite a field h' , in the pr _sence of 

the ferrite the same generator will produce a field 

h' 
h • --- J (D.1) 

1 + p 

2 where ~ • R/n z1 is the coupling coefficient of the ferrite, which can 

be determined experimentally by straightforward aucrowave impedance measure­

ments at the reference plane 1-1. If the sample is placed in a structure 

having a suitably simple geometry, h' can be calculated in terms ot 

the incident power, and the problem is solved. 

In many of our experiments, however, although the basic geometry 

was simple enough (e.g., a short-circuited rectangular waveguide), the 

sample itself was surrounded by a conducting loop, and imbedded in a 

block ot polyotyrcne, the effect of which was to introduce a tranatormer, 

of unknown turns ratio, between the sample and the microwave structure 

proper, so that it became necessary to use a different approuh. It we 

suppose that h •Ki, where K is som~ yet-to-be-determined constant, 

then for the circuit of Fig. D.l, 

' (D.2) 

(l)In practice, ot course, the losses in the structure need only be 
small camparoo with thoce in the ferrite. 
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FIG. D.1--Circuit for the evaluation of the driving 
field for the ferrite. 
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where Pinc · • v2/8z1 is the incident powe. To evaluate K, we use the 

fact that by definition, 

, (D.3) 

where Pb a s is the power absorbed in the sample, given, in terms of the 

incident power by 

~ 
Pabs • (1 - 1r1 )2P • --- P 

inc (l + ~)2 inc 
(D.4) 

In the small signal region, 

gives 

X" • X" • M /AH , for which case Eq. (D. 3) 
0 s 

inc , (D.5) 

where ~O is the small-signal coupling constant. 

Making Eq. (D. 5), which is valid under small signal conditions, 

consiRtent with Eq. (D.2), which is alwqs true, allows us to eliminate 

K and obtain the general result 

h~ 
8 

&\~o Pinc ---
~10V s (1 + ~)2 

, (D.6) 

relating the driving field to the incident power. Here AH is the smal.1-

signal linewidth, ~O the smal.1-aignal coupling coefficient, and ~ the 

observed coupling coefficient at the actual power level tor which h is 

desired. 
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APPENDIX E 

INSTABILITIES AT HIGH POWER IN RADIATION DAMPED SYSTEMS 
The possibility of instability must always be considered when non­

linear elements are incorporated into circuits. Microwave circuits 

containing ferrites fall into this category whenever they are operated in 

uch a way that the susceptibility, for one reason or another, is a function 

of the rf drive. To show how instabilities can arise in a simple case of 

interest to ue, consider the basic circuit of Fig. E.l, in which i is 

the analog of the magnetic field, h, anci Z represents the nonlinear 

impedance of the ferrite, as seen at the terminals of a microwave structure, 

which we assume to be lossless and to store negligible energy. If, for 

simplicity, we take Z to be real, then 

1 - , (E.1) 

where ~ • z/z1 is the coupling coefficient of the ferrite. From Eq. (E.l) 

it is evident that a small change, 6~, in ~ will produce a change 

~1 -(v/zJ[1/(1 + ~)2]~~, in the current. In the nonlinear region, ~, 

being proportional to X" , is a function of h and hence of 1 • A 

potential instability then exists whenever a small change in the drive 

produces a change in the susceptibility which in turn, through Eq. (E.l), 

produces a still larger change in the drive. Analytically, the instability 

condition required that 

1 

> lID (E.2) 

For the circuit of Fig. E.l, V is related to the incident power, 

V •,/~Pinc, and 1 to the driving
1
field at the sample, i • h/h1 , h1 

being some proportionality constant.( ) The instability criterion 

(l)For a microwave circuit made from a section of uniform waveguide 
propagating a single mode, h is some appropriate component, or combina­
tion of components, of the eiAenvectors defined in Part II, provided that 
we interpret z

1 
as the wave impedance of the mode. 
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FIG. E.1--Circuit for discussion of large 
signal instabilities. 
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then b_comec 

pi > nc 

(1 + P)
4 

8 

1 
, (E. 3) 

where t3
0 

is th small-signal coupling coefficient. Thus, instabilities 

can occur at a given power level, if the small-signal coupling is suffici­

ently great, the susceptibility changing sufficiently rapidly with drive, 

and the actual susceptibility at the operating point sufficiently small, 

so that P is small. 

The dependence of X" on h can arise in a number of ways; thermal 

effects, spin wave excitation, anisotropy -- both geometrical. and crystal­

line -- or ~imple saturation of the resonance, and will in general be 

quite complicated. A simple case that we can easily pursue further is 

the susceptibility decline produced by the nonlinear excitation of spin 

modes. In such a case, for sufficiently high powers, the susceptibility 

declines linearly with 1/h. If we assume that the dependence of the 

susceptibility on the dri v.c is given by X" /x0 • c1 + h c/h , where c1 
and h are constants, Eq. (E.2) predicts that instability con occur 

C 

at o given power level provided that 

X" 1 
-< l -
X" 

0 t3o 
, (E.4) 

so that as a minimum requirement, the ferrite must be initially over­

coupled (~0 > 1) to the microwave circuit. 

In the experimental configur~tion used to obtain sane of the high­

power data on sample MC-20, a cavity having an external Q of 20, pro­

vidinc a coupling coefficient of 3.6, was used, for which Eq. (E.4) 

predicts instabilities in the region of a 1/h dependence of the suscep­

tib:f.lity whenever X"/X0 is less than 0. 7 at the operating point. Experi­

mentally, instabilities in the form of oscillations at n 5 to 10 Mc rate 

were observed on the reflected pO\ler for X" /x0 < 0. 5. To avoid these 

effect~ the susceptibility decline curves of Fig. 3.17 were obtained in 

a circuit for which ~O < l, so that the oscillations were not observed. 
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