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The fine structure of the instability of nonlinear ferromagnetic resonance (NFMR) under parallel
pumping is investigated. Several singularities have been observed on the plot of the onset of the
low-frequency oscillations accompanying the NFMR against the constant magnetic field. Some of
these singularities are due to known physical causes, while the nature of the others is unclear. Peaks
due to processes of merging between parametrically excited and thermal magnons are revealed. New
properties of low-frequency oscillations are observed: In a certain range of magnetic fields and
tempertatures, they are produced with a certain inertia and have different excitation and cessation
thresholds. The dependence of the frequency of the low-frequency oscillations on the constant
magnetic field is investigated, and a number of singularities is observed also on this dependence.

INTRODUCTION

To understand the processes that occur in a strongly
excited ferromagnetic crystal (nonlinear ferromagnetic
resonance, NFMR) it is necessary to study the multiple-
wavelength character of the spin system of the ferro-
magnet, whereby microwave pumping excites in a ferrite
an ensemble of many spin waves (magnons). Two groups
of processes should take place in such an ensemble, one
due to magnon-magnon and magnon-phonon interactions
(interactions of parametrically excited magnons with
one another, with thermal magnons, and with crystal-
lattice vibrations)“‘ 3], and the other due to the insta-
bility of the NFMR (the instability of the ensemble of
parametrically excited magnons as a result of the large
number of degrees of freedom L4-6ly,

At the present time, the only processes observed
among the appreciable number of theoretically pre-
dicted magnon-magnon and magnon-phonon interactions
have been the coalescence of two parametrically ex-
cited magnons into a single magnon or phonon "%’ and
a two-step process whereby one spin wave parametrically
excites another at the same frequency but with a differ-
ent propagation direction and the latter splits into two tol,
In addition, it was found that the research on NFMR in-
stability had been incomplete, as is evidenced by a num-
ber of accidentally discovered subtle effects '°~121,

All this makes it urgent to organize experiments
aimed at systematic disclosure of the subtle effects
connected with both magnon-magnon interaction and
with NFMR instability, as has indeed been the purpose
of the present paper. An experimental study was made
of NFMR instability in wide ranges of magnetic fields,
microwave pump powers, and temperatures.

EXPERIMENT

The desired results can be obtained only by choosing
a sensitive measurement procedure, if high-grade
materials are available, and if the accuracy of the
measurements of the required quantitites is increased.
There are two known procedures for the investigation
of magnon-magnon and magnon-phonon interactions,
namely determining how the constant magnetic field H
affects either the imaginary part of the magnetic
susceptibility """ or the threshold of the appearance
of low-frequency (compared with the microwaves)
oscillations that accompany the NFMR and are due to its
instability °’**), The latter procedure is sensitive
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enough ts1 and, when supplemented with measurements

of the spectral relationships, can yield much new in-
formation. We investigated the singularities of the de-
pendences of the threshold and spectrum of the low-
frequency oscillations and the threshold of parametric
spin-wave excitation on the constant magnetic field H.

The experiments were performed with parallel pump-
ing in the cw mode at 9380 MHz. The investigated ma-
terial was single-crystal yttrium iron garnet, from
which a spherical sample of 1.9 mm diameter was made
(saturation magnetization 4mMg=1750 G, width of
resonance line 2AH=0.25 Oe at 4.5 GHz). The sphere
was magnetized along the [100] crystallographic axis
and placed in the center of a rectangular H,o;-mode
resonator (natural Q~ 5000, loaded Q~ 2000). The
threshold of the low-frequency oscillations and the fre-
quencies of their spectral lines were measured with
an S4-8 spectrum analyzer. The relative power at which
the oscillations set in was measured accurate to +0.15
dB. The measurements were performed in the magnetic-
field intervals from 800 to 1800 Oe in steps of 3-5 Oe
(the absolute accuracy of the magnetic-field measure-
ment was +1.5 Oe) and in the temperature range from
130 to 300°K (the absolute temperature measurement
accuracy was +2°K).

RESULTS AND DISCUSSION

1. Spectrum and Properties of Low-Frequency
Oscillations

It was observed that the low-frequency oscillation
spectrum depends strongly on the constant magnetic
field and on the pump power. In particular, at a given
field intensity, the oscillation spectrum can vary
strongly in a wide range of magnetic fields, depending
on the pump power, when the latter exceeds a certain
value by only 0.1-0.4 dB (depending on the magnetic
field). This allows us to speak of two types of low-
frequency oscillations with different thresholds, namely
one with a discrete (line) spectrum (consisting, as a
rule, of one line) and one with a spectrum that is con-
tinuous in a certain frequency interval. In a certain
interval of magnetic fields, only one type of oscillation
(with the continuous spectrum) exists. The properties
of both types of oscillations depend strongly on the
magnetic field, on the temperature, and on the ratio of
the thresholds at which they occur. Throughout the in-
vestigated interval of magnetic fields, with the exception
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FIG. 1. Spin-wave parametric-excitation thresholds and low-frequency-
oscillation thresholds vs. the constant magnetic field at different tempera-
tures. P—power, Pthr—minimum power necessary for parametric excitation
of the spin waves; & (curve 1)—threshold of parametric excitation of the
spin waves, X (curve 2)—threshold for the excitation of low-frequency
oscillations with discrete spectrum, o (curve 3)—threshold of low-fre-
quency oscillations with continuous spectrum, ® (curve 4)—threshold
for termination of low-frequency oscillations with continuous spectrum.

of the range from 1442 to 1651 Oe, we noted the follow-
ing regularity: if the threshold of the oscillations with
the continuous spectrum is lower than the threshold of
the oscillations with the discrete spectrum, then the
former have two properties, namely hysteresis with
respect to pump power and a time lag in their occur-
rence (inertia).

The pump-power hysteresis is manifest in the fact
that the oscillations have different thresholds for their
onset and for their termination: they are produced at
one value of the pump power, and terminate at another
value lower by q dB.

The inertia of the oscillations is manifest in the fact
that they do not occur immediately, but at a certain
time tjp after the microwave pump is turned on. At
room temperature (T = 300°K) no inertia is observed
(or at least tin is less than 0.01 sec), and then the in-
ertia increases rapidly with decreasing temperature
(tin~0.5 sec), indicating that it is of nonthermal origin.
Information on the dependence of the properties of the
low-frequency oscillations on the magnetic field and
on the pump power can be obtained from an analysis
of the corresponding dependences of the threshold
curves.
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Figure 1 shows plots of the threshold of parametri-
cally excited spin waves (curve 1), the threshold of the
low-frequency oscillations with discrete spectrum
(curve 2), and the threshold of the low-frequency oscil-
lations with continuous spectrum, measured both for
the excitation of the oscillations (curve 3) and for their
termination (curve 4), against the constant magnetic
field at different temperatures.

In the magnetic-field interval from 840 to 1281 Oe
(H7 of Fig. 1), low-frequency oscillations with a discrete
spectrum are produced first, and then, at a power higher
by ! db, oscillations with the continuous spectrum ap-
pear. The dependence of I on the field and on the tem-
perature can be determined from the data of Fig. 1. At
T =130°K, in those magnetic fields where the threshold
of the low-frequency oscillations with continuous spec-
trum is lower than that of the oscillations with the dis-
crete spectrum (I <0) the oscillations are produced with
a time lag (tin on the order of a tenth of a second) and
exhibit a power hysteresis (q on the order of 1-1.5 dB).

In the magnetic-field interval from H;=1281 Qe to
H;; = 1442 Oe there exist only oscillations with a con-
tinuous spectrum (the oscillations with discrete spec-
trum vanish jumpwise in a field H, and appear again
in a field H,,), which at room temperature have a small
power hysteresis (about 0.5 dB), which is difficult to
observe against the background of the possible error
(£0.15 dB). With decreasing temperature, however, the
pump-power hysteresis increases and inertia appears
in the onset of the oscillations. At 165°K, the time is
tin~0.1 sec and q~3-5 dB (see Fig. 1); at T=130°K
we have tin~1 sec and q~10-13 dB.

In the magnetic field interval from H;, =1442 Qe
to H;6=1651 Oe, the picture is particularly complicated
(see Fig. 1). At T =300K in fields 1442-1525 Qe, oscil-
lations with continuous spectrum appear first. Then,
at a power p dB higher, oscillations with discrete
spectrum appear. In fields 1525-1651 Oe, to the con-
trary, the latter oscillations appear before the former.
At T=165%K in fields 1442-1595 Oe, oscillations are
first produced with a discrete spectrum, and then, at
higher power, with a continuous spectrum; in fields
1595-1651 Oe, the inverse picture is observed. At
T =130K in fields 1442—-1465 and 1580-1651 Oe, oscil-
lations with a continuous spectrum first appear, and
then at higher power those with the discrete spectrum;
the picture is reversed in fields 1465-1580 Oe. At
T =300°K, the oscillations have a power hysteresis
(q~0.5 dB) only in fields 1442-1525 Oe, while at 165
and 130°K the oscillations are produced with a time lag
in the entire field interval and have a pump-power
hysteresis of the same order as in the magnetic-field
interval H;—H;;. The aforementioned regularity of the
appearance of the hysteresis and inertia does not hold
in this field interval. It should be noted that when the
temperature is lowered the oscillations with the discrete
spectrum are not observed in some magnetic fields,
namely at T =130°K seven sections of 5-20 Oe each in
which no such oscillations were produced were observed.

In the magnetic-field interval from H;s=1651 Oe to
Hc (field where the spin-wave parametric-excitation
threshold has a minimum), low-frequency oscillations
with continuous spectrum are first produced, followed,
at large pump power, by the oscillations with the dis-
crete spectrum; q~0.2-0.3 dB at T =300°K, and
q~2-10 dB, tjn~0.5 sec at T=130°K.
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In magnetic fields stronger than H¢, the low-fre-
quency oscillations have exactly the same character as
in the magnetic-field interval from 840 to 1281 Oe, but
in fields 1711-1730 Oe (at T = 300°K), the resultant
oscillations with the discrete spectrum have not one
but two lines. These oscillations are unstable: they
alternately go over to oscillations with one spectral
line and resume their form. In fields of 1711 and 1730
Oe, their threshold is very close to the excitation
" threshold of the oscillations described in '*?’, In the
field interval between 1711 and 1730 Oe, the threshold
of oscillations with two spectral lines is much lower
than that of oscillations having one line in the spectrum,
so that a minimum appears on the threshold curve of
the oscillations with discrete spectrum (H =1720 Qe).

Thus, the oscillation spectrum depends strongly on
the magnetic field and is much richer than had been
previously assumed £ Some of the magnetic fields at
which the spectrum changes coincide with the upper
limits of the existence of the corresponding magnon-
magnon and magnon-photon interactions (see below);
this possibly indicates that these processes influence
the oscillation spectrum. With decreasing temperature,
the properties of the low-frequency oscillations observed
by us become more pronounced (inertia and pump-power
hysteresis). At T =130°K, inertialess oscillations having
no hysteresis can be observed only in very small sec-
tions of the investigated magnetic-field interval, although
the situation is reversed at T =300°K. The two men-
tioned properties of the oscillations appear to be mu-
tually related; thus, inertialess oscillations (at T = 300°K)
have likewise a negligible hysteresis, while the hystere-
sis of the inertial oscillations is tremendous (q >10 dB
in certain fields at T =130°K). It appears that each
change of the oscillation spectrum offers evidence of
considerable changes in the properties of the spin
system of the crystal, and, depending on the pump
power, this occurs at much lower powers than reported
in %), The observed pump-power hysteresis was not
accompanied by magnetic-field hysteresis (within the
+1.5 Qe accuracy limit of the latter), so that it is im-
possible to establish a connection between this phe-
nomenon and the hysteresis of the low-frequency
oscillations under transverse pumping to1,

2. Magnon-Magnon and Magnon-Phonon Interactions
in NFMR

The plots of the spin-wave excitation thresholds and
of the low-frequency oscillation thresholds against the
constant magnetic field reveal a number of singularities,
of which 14 have been observed for the first time, in
the following magnetic fields (in Oe) (at T =300°K):

H1 = 900, H2 = 940, H3= 984, H4= 1012, H5 = 1080, Hs
=1159, H, =1281, Hg = 1340, Hy=1380, H;o = 1407, Hy,
= 1442, ng = 1462, H13= 1490, H14= 1557, H15 = 1590,
H,6=1651, HA = 1668, He = 1685.

The most badly chopped-up curve was that for the
threshold of low-frequency oscillations with continuous
spectrum.

It was natural to attempt to relate the observed
singularities with the upper limits of the processes of
coalescence of n magnons into m magnons, the split-
ting of n magnons into m magnons (the corresponding
values of the magnetic field are designated Hnpimyy),

and also with the coalescence of n magnons into m
longitudinal or transverse phonons (the corresponding
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fields are marked Hanth ’J_). We calculated the up-
per limits of all the possible magnon-magnon and
magnon-phonon coalescence and splitting processes,
the upper limits for the coalescence and splitting of
parametrically-excited magnons being (generalized
formulas from [3]):

m?

Hn m :‘Iicf'—><
PN 2(nz_mz)‘,{‘

1,
/2

n* 1 2 ek L. 21
—wo’ | —[oy'sin 0, o]},
m*

X {[m_\f sin‘ 0, +

where

[yIH, = T(_ oy sin® 0, + oy’ sin' 0+ w0*]", ox=4nlyIM,,

v is the gyromagnetic ratio for the electron, wy is the
microwave-pump frequency, Mg is the saturation mag-
netization, and 6k is the angle between the directions
of the constant magnetic field and the propagation of the
spin wave.

As a result, comparison of the calculated and experi-
mental data has shown that the magnetic fields at which
singularities are observed do not, as a rule, coincide
with the calculated values of the upper limits of the
magnon-magnon coalescence and splitting processes at
6k =7/2, with the exception of He=H,M;M and H;
=HsMiM. In addition, the points Hs=HsMsM—7 Oe, Hs
=HsMsM— 12 Oe, and H;s=H;Miph,L—5 Oe are quite
close. The fact that the calculated values of the mag-
netic field Hnpymyps do not agree with the experimental
values for spin waves with 6k = 77/2 seems to favor the
hypothesis advanced in [9], that spin waves with 6= /2
can excite spin waves with another propa%ation direction
(in particular, with 6k =0). According to 2] an interac-
tion (3-magnon coalescence process) can occur be-
tween parametrically-excited and thermal magnons,
and can lead to the existence of a nonlinear negative
damping. One can expect in this case singularities in
fields close to H,, Hs, H;, and H;s.

The treatment of the results is complicated. In our
opinion, the peaks in the fields H,, H,, H4, Hs, and Hs
are due to magnon-magnon coalescence processes, in
spite of the fact that the fields H, and H, cannot be
identified with the upper limit of any coalescence proc-
ess, the probability of the coalescence of 4 and 5 mag-
nons into 3 is low. Favoring this opinion is the fact
that the peaks in the fields H,, H,, Hy, and Hs behave,
when the pump power and temperature are varied, in
the same manner as the peak in the field H¢= HoMiM,
which is attributed to 3-magnon coalescence t7y01,

An interesting peak occurs at H; =1281 Oe (~HsM:M
or H, from '), and has been reported earlier ",
The field H, is the upper limit of the existence of at
least two processes, the coalescence of three para-
metrically-excited magnons into one (HsM:M), and
three-magnon splitting of the spin wave with 6x=0
excited by a spin wave with 6k = n/2 91 1t seemed
natural to attribute the peak at this field to one of these
processes. (The attempt to attribute it to three-
magnon coalescence tu , based on the erroneous identi-
fication of the field H; with the field H.M:M, is in-
correct [9].) In our opinion, however, this peak cannot
be explained by either of these processes. The point
is that, as observed by us, in the field H; there takes
place an abrupt change in the spectrum of the low-
frequency oscillations (oscillations with the discrete
spectrum cease to exist, and pump-power hysteresis
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and inertia appear in the oscillations with the continu-
ous spectrum), and the spin-wave parametric-excitation
threshold increases by 0.8 dB (see Fig. 1). These are
not features of magnon-magnon coalescence or splitting
processes, and are not observed, for example, in the
field H¢ in the case of three-magnon coalescence. It is
possible, however, that some third process, as yet un-
known (or else a process connected, say, with the
processes described in 2y gccurs at this value of the
field and masks the nature of the coalescence and
splitting of the parametrically excited magnons. This
assumption is favored by the possible absence of a
connection between the abrupt changes of the spectrum
of the low-frequency oscillations and the singularities
on the threshold curves (see Fig. 1, field H;,). The
field position of the described peak changes little with
temperature.

The first to appear on all the threshold curves were
the peaks in the fields Hg, Ho, Hjo, and H;3. According
to 21 the field H,; is the upper limit of the existence
of nonlinear negative damping due to rapid depletion of
the reservoir of thermal magnons that participate in
three-magnon processes of coalescence with para-
metrically-excited magnons. The characteristics of
the peaks in the fields Hg, Hg, Hj0, and H;3 with changing
pump power and temperature are similar to one
another, and this may indicate that thermal magnons
play an important role in processes that take place in
these fields "*~*°**), With decreasing temperature, the
field position of these peaks shifts towards stronger
fields.

Peaks whose nature is not clear were observed in
the fields Hj;, Hy2, Hy4, and H;5. These peaks are more
readily revealed by the spin-wave excitation threshold
than by the low-frequency oscillation thresholds.

In the field Hie~HoMiph,L, peaks are observed at the
excitation thresholds of the spin waves and of the low-
frequency oscillations with continuous spectrum, while
an abrupt jump in the value of the threshold is observed
at the threshold of the low-frequency oscillations with
the discrete spectrum. These singularities are undoubt-
edly connected with coalescence of two magnons into
one transverse phonon "**7,

The minimal thresholds for the low-frequency oscil-
lations and spin waves were observed in the fields HA
and H¢, respectively.

Figure 2 shows a plot of the spectral-line frequency
of the low-frequency oscillations with discrete spectrum
against the constant magnetic field. In some magnetic-
field ranges this frequency does not depend on the con-
stant magnetic field. Singularities on this plot are ob-
served in the fields H,, H¢, H,, H;;, Hy5, Hjs, HA, He.

Thus, it has been established experimentally that the
character of the low-frequency oscillations produced in
nonlinear ferromagnetic resonance depends strongly on
the constant magnetic field, on the temperature, and on
the microwave pump power. New properties of the low-
frequency oscillations, which become strongly pro-
nounced at low temperatures, were observed, namely
a lag in the appearance of the oscillations and a differ-
ence between the excitation and termination thresholds
(power hysteresis). The following regularity was ob-
served in the manifestation of these properties:*the
inertia and the power hysteresis are typical, as a rule,
of low-frequency oscillations with continuous spectrum
when their threshold is lower than the threshold for the

133 Sov. Phys.-JETP, Vol. 39, No. 1, July 1974 !

7.4

721

” | | L i I 1 .

g00 nog 1200 1509 1700 H, Oe
FIG. 2. Spectral-line frequency of low-frequency oscillations with

discrete spectrum vs. constant magnetic field. f = 0.1 MHz—lowest fre-

quency that can be measured with the S4-8 instrument.

low-frequency oscillations with discrete spectrum or
when there are no low-frequency oscillations with dis-
crete spectrum. The threshold of the high-frequency
oscillations is sensitive to the interaction of para-
metrically-excited spin waves with one another and with
thermal spin waves, a fact reflected in the dependence
of the threshold of the low-frequency oscillations on the
magnetic field, where 18 singularities have been ob-
served. The results offer evidence of an appreciable
change in the properties of the spin system of a ferro-
magnet when the magnetic field, pump power, and tem-
perature are varied. The investigations illustrate the
need for careful quantitative analysis of the low-
frequency oscillation spectra and for quantitative study
of the inertia effect, which will apparently make it
possible to observe new subtle effects accompanying
the NFMR and to understand better the nature of the
processes occurring in a strongly excited ferromagnet.
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