












































their separate evaluation. These previous measurements were also limited
to small signals, a restriction which does not apply to the present
technique, and which has enabled us for the first time to carry out
accurate relaxation measurements under large signal conditions.

Among the results has been the first experimental evidence for a
type of mutual coupling among certain spin modes that has been predictec
theoretically9 to be of considerable importance. We have obtained other
results in the large signal range which in some cases confirm, and in
other cases show surprising disagreement withk, existing theories. For a
brief summary of the principal results, the reader may turn immediately
to Section C of Chapter XVI.

The organization of the paper is as follows: In the remainder of
Part I, we review those elements of the normal mode theory of ferrimagnetic
resonance that are essential to the analysis of our relaxation measurements,
and we obtain equations of motion for the actual physical observables.

One of the prime advantages of the normal mode approach, in contrast to
ones based soiely on energy ba;ance considerations, or on quantum-mechan-
ical transition probabilities,4 is the ease with which the possible
ellipticity of the modes may be included, although, as we shall show
later from the general result (for the particular conditions of our
experiment this ellipticity may be ignored), this is by no means as
generally true as other published approaches would lead one to believe.
Another useful feature of the normal mode theory of ferrimagnetic resonance
is that it allows a lumped electrical circuit analog of the magnetic
system to be constructed by inspection.

In Part I1 we take up a detailed study of the 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 configurations of interest by
an appropriate choice of terminating impedances.

In Part IIT we present a new technique for experimentally determining
the relaxation parameters of the ferrite; it involves a somewhat more
sophisticated application of previously described pulse techniques,lo'l2
together with careful control of the interaction between the ferrite and
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By expressing the energy of each mcde in terms of its contribution
to ‘jaz , & courled set of equations describing the free motion of the
differential z-components of megnetization may be obtained:
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In the approach adopted here, we are considering in detail only the energy
transfers among the various S-modes, i.e., among those modes degenerate

in resonant frequency with the uniform mode. All the other processes
which transfer energy within trne spin system we have lumped into the
intrinsic relaxation parameters, My - This procedure, which we justify
in some detail in Part III, then allows us to assume that in effect only
those modes having L =~ w, are appreciably excited, so that Eq. (1.18)
simplifies to
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In the experiments described in subsequent. sections, the actual
observables are the amplitude of the uniform precession, which can be
inferred from the measured susceptibility and rf driving field, and which
is proportional to VQSQZ-, together with the total d4differential z-com-
ponent of magnetization, AMZ . In order to write Egqs. (1.17) and
(1.18) in terms of these quantiiies alone, it is necessary to make some
acditional approximations. One of these is to assume that Ak is in-
dependent of Kk . Thnis will certainly be true ir the plane spin wave
approximation whenever the excited spin waves have low values of k ,(1)
and will be approximately true, in our experiments, as we shall discuss

in Part III, for any value of k . Further progress then requires some

(I)This is evident from the form of Eqs. (1.3) and (1.15) for the
case where k — 0 .
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Equations (1.20) and (1.17) decscribe the free "motion" of the physical
observables in a ferrimagnetic resonance experiment, and as such will form
the basis for the measurement techniques to be discussed in Part 11I1. They
differ from the equations first derived by Fletcher, LeCraw and Spencer8 in
that the ellipticity of the modes is specifically taken into account, al-
though, for the conditions of our experiment, it will turn out that this
ellipticity may be ignored.

E. CIRCUIT ANALOG OF THE FERRIMAGNETIC SYSTEM

The form of Eqs. (1.2) and (1.4) for the amplitude of the magnetic
normal modes suggests a representation of the spin system in terms of an
electrical network of coupled resonant circuits. Such an analog can be
placed on a reasonably rigorous basis for the quasi steady-state, i.e.,
when the system is driven at a fixed frequency, and all changes are assumed
to occur adisbatically. For this case it can be shown that Eqs. (1.2) and
(1.4) describe the behavior of the circuit of Fig. 1.1, provided that we
identify the normal mode amplitudes with the complex current, spin-lattice
loss with resistance, and spin-spin coupliing with mutual inductance. 1In
this equivalent circuit, to be consistent with the assumptions that led
to Eqs. (1.2) and (1.4), we have shown explicitly only one tank circuit,
that which is the analog of the uniform precession, to be coupled to the
signal source. The general case, where a large number of modes can be
excited directly by the external drive, or where there is appreciable
coupling between individual spin modes, can also, of course, be readily
represented.

The main utility of the equivalent circuit representation lies in the
intuitive insight it can provide into the behavior of the spin system. For
example, it is a trivial problem to show that the effect of coupling the
primary (uniform precession) to a large number of secondaries (spin modes)
whose resonant frequencies form a quasi-continuum is to introduce into the

(1) '

resistance, R, (equivalent to

'
no ), that is independent of the secondary resistance, Rk (equivalent

to n, ). The reactive terms effectively sum to zero. This leads to

primary only a frequency independent

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

1
(l)It is frequency independent in the sense that RO does not vary
appreciat.y over the bandwidth of the uniform mode.
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In an effort to develop a simple approximate theory that is
valid for samples which, although small physically, represent large
electrical discontinuities in the w. zuide, we have used a different
approach, which may be broken up inL a number of distinct steps, as
follows:

(1) The uniform rf magnetization produced by a given uniform external

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

tensor susceptibility derived from the transverse part of the equation of
motion for the magnetization.

(2) Maxwell's equations are solved, subject to the usual boundary
ccenditions for a perfectly conducting waveguide, treating the rf magneti-
zation as a known point source. This is done using the method of Marcuvitz

and Schwinger,33

in which the waveguide is repliaced by a set of uncoupled
transmission lines, one for each mode of the waveguide, and the sources
by current and voltage generators.

(3) From such an active network representation the magnitudes of the
forvard and backward scattered waves are obtained.

(4) The external field assumed in step (L) 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 result.

(5) Finally, from the scattering matrix, impedance and admlttance
matrices are derived which are separated into symmetric and antisymmetric
parts. The symmetric parts of the matrices are represented by n and
T networks, the antisymmetric parts by gyrators.Bh

The advantage of this network formulation lies in the ease with which
a great variety of ferrite problems may be solved by a suitable choice of

the terminating impedances for the network.

CHAPTER IV
EXCITATION OF A WAVEGUIDE BY A MAGNETIC DIPOLE
As discissed in Part I, one of the normal modes of a small ferri-
magnetic ell:psoid is a uniform precession. If the sample is in free

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

(l)This can be achieved approximately by illuminating the sample with
a plane wave vhose wavelength is much greater than a transverse sample
dimension.
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