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Electromagnetic emission has been detected from a ferrite in ferromagnetic resonance at the
frequency of a pump in the 3-cm range. The test samples were single-crystal spheres of yttrium
iron garnet. The emission was noisy, with frequencies concentrated in two spectral regions
below the pump frequency. The reason for this emission may be a kinetic instability of spin

waves.

INTRODUCTION

The processes which occur in magnetically ordered
crystals pumped by a microwave power P above the thresh-
old P, for the parametric excitation of spin waves are now
understood quite well. The theory which has been derived,
and which incorporates three- and four-wave interactions of
parametrically excited spin waves (PESW) with each oth-
er and with the pump field, gives a completely satisfactory
description of the behavior of ferrites and antiferromagnets
at values of the power scaled by the threshold value up to
§=P/P,, ~10 dB (Refs. 1-3). Research on ferrites at
higher values of the scaled pump power ({~ 15 dB) during
the parametric excitation of spin waves at a frequency w,
equal to half the pump frequency w, (the first-order para-
metric process) resulted in the observation of a new kinetic
instability of spin waves, in which the primary spin waves
parametically excited by the pump themselves serve as
pumps which generate secondary spin waves.** In the pres-
ent paper we report a study of the behavior of ferrites at high
pump power levels under different conditions—in the ab-
sence of parametric excitation of spin waves at the frequency
o, = w,/2, which is forbidden by energy conservation, but
in the presence of second-order parametric processes, which
give rise to the excitation of spin waves with a frequency
equal to the pump frequency, w, = w,. In order to identify
these conditions, the ferrite must be in a static magnetic field
H close to the ferromagnetic-resonance (FMR) field H, at
the pump frequency w, . Furthermore, the frequency w, /2
should lie below the lower boundary of the spin-wave spec-
trum in order to prevent the possible occurrence of second-
order processes. For spherical samples of yttrium iron gar-
net (YIG) at room temperature, the pump frequency would
accordingly have to satisfy the condition (w,/27)>3.3
GHz (§8in Ref. 6). This is the most interesting case in prac-
tice. For example, ferrite filters are always operated under
ferromagnetic resonance conditions, H~H,, at signal fre-
quencies which rule out a first-order parametric process in
order to improve the efficiency and to increase the maximum
working power.”

Experiments carried with spherical YIG samples with a
pump in the 3-cm wavelength range have revealed electro-
magnetic emission from the ferrite at frequencies below the
pump frequency. The emission appears once a threshold has
been reached in the pump power: £ = £, > 6 dB.
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EXPERIMENTAL PROCEDURE

1. Figure 1 is a block diagram of the experimental appa-
ratus. The pump power of frequency w,, from the 3-cm-
range magnetron source M, passes through an isolator, a
precision attenuator PA |, and a bidirectional coupler BC to
the measurement section MS, which is immersed in a static
magnetic field. The measurement section is a short-circuited
length of a standard rectangular 3-cm-range waveguide, in
which the spherical YIG single-crystal test sample is placed
at an antinode of the alternating magnetic field h. The static
magnetic field H is directed perpendicular to the wide wall of
the waveguide and to the vector h at the position of the fer-
rite. For a study of the signal radiated by the ferrite, the
ferrite is surrounded by a wire loop, connected to coaxial
cable. The plane of the loop is parallel to h, so that the effect
on the pump field is eliminated. The bidirectional coupler,
along with the waveguide switch Sw, the precision attenua-
tor PA,, and the oscilloscope Q,, is used to measure the sus-
ceptibility of the ferrite and the power absorbed in it. It is
also used to tune the magnetic field to resonance with the
pump frequency. The precision attenuator PA, is used to
establish the necessary level of the pump power Pincident on
the measurement section. The threshold power for the exci-
tation of spin waves, P, , required for determining the re-
duced pump power{ = P /P, ., is determined by the method
of Green and Schloemann (§20 in Ref. 6), from the experi-
mental dependence of the imaginary part of the resonant
susceptibility of the ferrite, y"(H,) = y/,, on the pump
power.

(a4
[ H=H=HscHs

FIG. 1. Block diagram of the experimental apparatus. M—Magnetron
source; PA—precision attenuator; BC—bidirectional coupler; Sw—
waveguide switch; MS—measurement section with the ferrite; PF—
pump filter; O—oscilloscope; A—microwave amplifier; F—frequency
meter.
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The second-order parametric instability gives rise to
spin waves with a frequency equal to the pump frequency.
These waves propagate along the static magnetic field; i.e.,
they have polar angles 8, =0 and 7 (Ref. 8). The wave
vector of the parametrically excited spin waves does not de-
pend on the pump frequency.® For the YIG ferrite sphere at
room temperature we have k = 3.5-10° cm .

The microwave signal emitted by the ferrite is sent by
the wire loop and coaxial cable through a coaxial pump filter
(PF) to the measurement circuit, where its magnitude and
the pulse shape are measured, and its spectral composition is
studied. The first two parameters of the signal are measured
with oscilloscope O,. Its spectrum is determined by means of
a feed-through resonant frequency meter F with a bandpass
of 10 MHz and oscilloscope O;. To study the spectral com-
position of the signal, we also use an S4-27 spectrum analyz-
er, but because of the pulsed nature of the signal and the low
pulse repetition frequency the use of this analyzer increases
the measurement time. Ultimately, this increase in time de-
grades the accuracy of the measurements because of the fluc-
tuations of the field of the electromagnet and of the magne-
tron power. Interchangeable units make it possible to
achieve a sensitivity ~ 10~ '° W for the measurement circuit
over the frequency range 1.9-12 GHz. The pump filter is
used to prevent the intense pump pulse from affecting the
measurement circuit. This filter consists of a band-rejection
filter with a 50-MHz rejection band and with an attenuation
at the pump frequency w, of at least 60 dB.

Most of the measurements were carried out witha 9370-
MHz magnetron source with a maximum power Py, ~ 1 kW,
a pulse length 7 =2 us, and a pulse repetition frequency
F=10G Hz. To study the susceptibility of the ferrite, the
shape of the pulses, and the shape of the absorption lines, we
use alow-power magnetron at the frequency 9430 MHz with
7 = 104 us, Pp; ~15 W, and F = 10 Hz. The diameter of the
test spheres is in the range 1.5-2.89 mm. The natural width
of the FMR lines, AH,, is ~0.5 Oe for all of these spheres.
The coupling loop and the waveguide of the measurement
section make the total width AH of the FMR line several
times larger. For the largest sphere, 2.89 mm in diameter,
this width is AH ~ 4 Oe. The results found for all of the sam-
ples differ only in the magnitude of the effect. For example,
the radiated power is approximately proportional to the
square of the volume of the sample. These spheres are orient-
ed with their [ 111] easy axis along the direction of the static
magnetic field.

2. The search for nonlinear emission from the ferrite
was carried out over the entire pump power range 0-1 kW
and over the entire frequency range of the measurement cir-
cuit, 1.9-12 GHz. Emission of this type was detected for all
of the single-crystal YIG spheres studied. The emission
arises when a threshold is reached in the reduced pump pow-
er, £ <o, and is of a noisy nature. The value of {, varies over
the range 6-8 dB for the various samples. The emitted power
depends in a resonant fashion on the static magnetic field;
the maximum of the emission is usually shifted a few oerst-
eds above the FMR field H,,. Figure 2 shows the maximum
radiated power P, as a function of the reduced pump power
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FIG. 2. Maximum power of the nonlinear emission, P, , versus the reduced
pump power & at H = H,,. The origin for the decibel scale on the ordinate
axis corresponds to (1.1 4+ 0.5)-10~® W. The sample is a single-crystal
sphere of yttrium iron garnet, 2.89 mm in diameter. The pump frequency
is 9370 MHz.

for one of the samples. Immediately after the emission
threshold £, is exceeded, the power P, reaches values of a
few tens of microwatts and is easily seen on the screen of
oscilloscope O, (Fig. 1), even without additional amplifiers.
As the pump power is raised further, the power of this emis-
sion increases on the average, although for some samples
there is a slight minimum at £~ 15 dB on the P, =f({)
curve (Fig. 2). The maximum power of the emission at a
pump power P~ 10° W and for the largest sphere, 2.89 mm
in diameter, is on the order of 1 mW. For the other spheres,
this power decreases roughly in proportion to the square of
their volume.

3. Figure 3 shows the spectrum of the emission of the
ferrite. It is seen to consist of two components, with frequen-
cies @, and w, satisfying @, <@, <w,. The width of each
component, A f; or A f,, is 10-20 MHz when the reduced
pump power is just above the threshold. The frequencies &,
and o, depend on the diameter of the sphere, the static field
H, and the reduced pump power &. There is no harmonic
relationship of any sort of these frequencies with each other
or with the pump frequency. For the case shown in Fig. 3 we
have ,/27~8.8 GHz, »,/27 =~9.22 GHz, and a pump fre-
quency w, /2w =9.37 GHz. Figure 4 shows the positions of
the emission frequencies with respect to the characteristic
frequencies of the ferromagnetic sample. The two spectral
components of the emission, at @, and w,, appear simulta-
neously in the case £>£,, but when the pump power is just
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FIG. 3. The spectral density (£, ) of the nonlinear emission versus the
frequency for a single-crystal sphere of yttrium iron garnet 2.89 mm in
diameter (H, = 3380 Oe, H = 3383 Oe, { = 12 dB).
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FIG. 4. Positions of the emission frequencies @, and , in the spectrum of
spin-wave oscillations of the ferrite for the conditions of the experiments
whose results are shown in Fig. 3. w, —upper boundary of the spin-wave
spectrum in the limit k—0; w,—frequency of the pump and of the
(PESW) parametrically excited spin waves; wgyg —FMR frequency;
wo—minimum frequency of the spin-wave spectrum.

above the threshold the spectral density of the low-frequen-
cy component (@,) is significantly lower than that of the
high-frequency component. With a further increase in the
pump power, however, the two spectral densities become
equal. According to Fig. 3, for example, the ratio of the
maxima of the spectral densities of the two components at
{=12dBis ~2,butat{ = 16 dB it is less than 1.5.

Both spectral components are detected from all of the
samples, except the smallest sphere, 1.5 mm in diameter. In
that case we detect only the high-frequency component, and
even that component is at the sensitivity limit of the appara-
tus because of the small volume of the sphere.

The width of the high-frequency emission peak, A £, is
greater than A f] in all cases. At the highest values of the
reduced pump power, the width A f, reaches 100 MHz,
while A f; is less than 30 MHz.

4. Nonlinear emission from the ferrite occurs near the
FMR field H, in a limited interval of the static magnetic field
H. The width 6H of this interval depends on the reduced
pump power. As H increases, the emission appears abruptly
at the field H, and then disappears abruptly at
H,=H,+6H. At § =, we find H =H,~H,+ AH, in
the limit 8/ - 0; i.e., when the pump power is just above the
threshold, the emission arises on the right-hand slope of the
resonance curve (H > H,). With increasing reduced pump
power, the interval in which the emission occurs initially
spans the entire resonance curve; later on (at £ 2 25 dB), the
width 8H of this interval reaches values of a few hundred
oersteds. Figure 5 shows an example of how the region in
which the nonlinear emission from the ferrite occurs de-
pends on the reduced pump power for one of the test sam-
ples.

Inside the region in which the emission occurs, the spec-
tral density of the high-frequency component of the emission
depends only slightly on the strength of the static magnetic
field. For the low-frequency component, the spectral density
is significant only at HS H, + 20 Oe, i.e., near the lower
boundary of the region in which the emission occurs. As a
result (for example), at the field H, it is possible to detect
both spectral components of the emission only up to £<17
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FIG. 5. The hatching shows the region in which the nonlinear emission
from the ferrite occurs. The sample is a single-crystal sphere of yttrium
iron garnet 2.89 mm in diameter. H, = 3380 Oe; H, and H, are the boun-
daries of the region in which the image now occurs.

dB. At higher values of the reduced pump power, only the
high-frequency component of the emission is observed in
this field.

5. As the magnetic field is varied over the interval in
which the emission occurs, the emission frequencies of both
spectral components change. At emission frequencies which
are more than ~ 100 MHz below the pump frequency, there
is a linear relationship between the radiated power and the
field, with a proportionality factor which is approximately
equal to the gyromagnetic ratio for the electron spin, y. This
dependence subsequently reaches saturation, and the fre-
quency of the nonlinear emission is below the pump frequen-
cy, regardless of the conditions. Figure 6 shows a typical plot
of the frequency of the emission in the high-frequency spec-
tral component versus the static magnetic field. It must be
kept in mind here that the absence of frequencies w,/
27 4+ 50 MHz from the emission spectrum may be an instru-
mental effect, due to the rejection filter at the pump frequen-
cy in the measurement circuit.

6. In the final stage of the experiments, we attempted to
detect the effect of the processes which lead to the nonlinear
emission from a ferrite on the parameters of the ferromagne-
tic resonance. Because of their major practical importance,
the nonlinear properties of ferrites in static magnetic fields
close to the FMR field H;, have been the subject of several
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FIG. 6. Frequency of the high-frequency spectral component versus the
static magnetic field for an yttrium iron garnet sphere 2.89 mm in diame-
ter. The pump frequency is 9370 MHz; £ = 19 dB.
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FIG. 7. FMR curve for a single-crystal sphere of yttrium iron garnet 2.26
mm in diameter at various levels of the reduced pump power: @—
¢= —30dB; O—¢ =8 dB.

studies (§20 in Ref. 6; Ref. 9). A point of particular interest
is that these papers have described several experimental re-
sults which have yet to be explained. It turns out that the
results of the present experiments show that one of these
earlier results—the appearance, at a certain reduced pump
power { = £ *, of a dip on the FMR curve (the plot of the
imaginary part of the susceptibility, y”, of the ferrite versus
H; (Ref. 10)—is directly related to the nonlinear emission
from the ferrite observed in the present experiments.

Figure 7 shows two experimental curves of y” (H),
measured for one of the YIG spheres studied in the present
experiments, for various pump power levels P. The first of
these curves corresponds to the case of a low reduced pump
power, £ €1 (P<P,, ), at which essentially none of the non-
linear processes are operating in the spin-wave interactions.
As the reduced pump power increases, so does the efficiency
of these interactions, and at § ~ 1 (P~ P, ) thereis a signifi-
cant broadening of the resonance curve due to the paramet-
ric excitation of spin waves with the frequency v, = w,. In
other words, the FMR reaches saturation. Finally, at re-
duced pump power levels £>¢ *, in the range 6-8 dB for the
different samples, the FMR curve becomes a double-
humped curve, with a dip at the center of the line. This case
corresponds to the second curve in Fig. 7. With a further
increase in the reduced pump power, this curve becomes
even broader, and the distance 6H * between the humps in-
crease (Fig. 7).

Simultaneous observations of the dip on the FMR curve
and of the nonlinear emission from the ferrite revealed that
these phenomena always accompany each other. The re-
duced pump power levels at which they appear and the re-
gions in which they exist are also precisely the same
(¢ * =&y, 6H + 6H *). The apparent meaning is that these
two effects are different manifestations of the same nonlin-
ear process.

7. In real crystals, spin waves can effectively interact
with an electromagnetic field through magnetostatic magne-
tization-precession modes.'! Accordingly, an experimental
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study was carried of the absorption spectrum of the ferrite
near the frequencies », and w,. For this purpose, an R2-601
panoramic meter, capable of measuring the standing-wave
ratio over the frequency range 8.15-12.05 GHz, was con-
nected to the waveguide input of the measurement section
MS in place of the bidirectional coupler BC (Fig. 1). The
strength of the static magnetic field corresponded to the res-
onant value at the pump frequency w, . For samples 2.26 and
2.89 mm in diameter, three resonant absorption peaks were
observed below the pump frequency. The frequencies of two
of these peaks agreed to within 10 MHz with the frequencies
®, and w,. The (210) and (300) magnetostatic precession
modes correspond to these resonances.'”> The third reso-
nance corresponds to the (310) magnetostatic mode and lies
~800 MHz below w,. Several resonant absorption peaks
were observed at frequencies above the pump frequency—
some 50-400 MHz above it. We did not carry out any special
studies to detect nonlinear emission at frequencies above the
pump frequencies or at the frequency corresponding to the
(310) magnetostatic procession mode.

8. All of the experiments described above correspond to
the case in which the magnetization of the single-crystal
YIG spheres was along the [ 111] easy axis. When the orien-
tation of the magnetization with respect to the crystallo-
graphic axes is changed, the nonlinear emission from the
ferrite retains all of its basic characteristics, although certain
features change significantly. For example, in the case
H||[100] the integral emission power remains about an or-
der of magnitude lower than that at the corresponding value
of the reduced pump power in Fig. 2, up to § = 15 dB. For
£ > 15 dB, however, the emission power increases rapidly,
reaching the same values as at H||[111].

DISCUSSION OF RESULTS

1. Most of the experimental behavior described above
can be explained under the assumption that at pump power

- levels £ >£, secondary spin waves arise in the ferrite and are

distributed over a broad frequency interval below the pump
frequency. The width of this interval is ~600 MHz. The
excitation of the secondary spin waves leads to a decrease in
the susceptibility of the ferrite and therefore the appearance
of dips on the resonant curve. As a result of two-magnon
processes, the secondary spin waves work through the mag-
netostatic magnetization-precession modes which are de-
generate with them to excite electromagnetic wave with fre-
quencies corresponding to the eigenfrequencies of these
precessions, w,,. If the distribution of the phases of the sec-
ondary spin waves is random, the electromagnetic waves are
of a noisy nature. The width of the emission spectrum from a
sample should be determined by the width of the line of the
magnetostatic modes. The behavior of the emission frequen-
cy as a function of the magnetic field H is determined by the
H dependence of the frequencies of the magnetostatic
precession modes, w,,, through which the emission occurs.
At HR 47M,, where M, is the saturation magnetization of
the sample, we have @, ~y. As the pump power ¢ is in-
creased, and as w, and w, move close together, the reso-
nance lines of the precession modes broaden; at the same
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time, the spectrum of the nonlinear emission from the ferrite
broadens.

2. What are the reasons for the appearance of the sec-
ondary spin waves? The directs process—the decay of a par-
ametrically excited spin wave (PESW) into two spin
waves—was eliminated under the experimental conditions
(see the Introduction). The decay of a parametrically excit-
ed spin wave into a spin wave and an elastic wave is allowed
by energy and momentum conservation, but because of the
weak magnetoelastic interaction in YIG this decay has a
significant probability at room temperature only at §> 80
dB (Ref. 13)—well above the values reached experimental-
ly. The most plausible explanation of the appearance of the
secondary spin waves is the kinetic instability of spin waves
whichis discovered in Ref. 4 in the case of a parallel pumping
of a spin-wave instability. As a result of this instability, two
primary, parametrically excited spin waves with wave vec-
tors k, and k, merge, forming two secondary waves with
wave vectors k' and k”. Here we of course have the relations
ki +k =k +k" and o, + oy, = w0y + @,-. For the
case described in Ref. 4 the relations k,=~k,, k'>k " =0,
@y >, - = wghold, where o, is the lowest-lying frequency
in the spin-wave spectrum. As a result of the kinetic instabil-
ity, the amplitude of the long secondary spin waves increases
exponentially at the bottom of the spin-wave spectrum, wj}

= w,, which experience the waste damping. Under the con-
ditions of the present experiments, however, processes of
this sort with corresponding relations between k,, k, and k /,
k " were forbidden by energy and momentum conservation.
In view of the distribution of spinwaves which appear as a
result of the second-order parametric process in momentum
space (the polar angle of the parametrically excited spin-
waves is 8, =0, 7; Ref. 8), we can show that the only al-
lowed process which is capable of driving a kinetic instabil-
ity of spin waves in the present experimental situation is a
process in which we have

k1=—kz., klzk”z’Oy (Dh"l'(l)h":zmp‘ (1)

For energy conservation, the frequencies w,., w,-
(@) >, - ) must lie within the spin-wave spectrum in the
limit k- 0:

mh's”{[Hi(Hi+4ﬂMo)] IIZ=OJJ_, ﬁ)y+ﬁ)h"=2mg,

(2)
where H, is the static internal magnetic field; for a sphere, it
wouldbe H, = H — (4/3)7M,.

In our experiments, the frequency w, was ~670 MHz
above the frequency of the FMR, yH, < @y . Consequent-
ly, the frequencies of the secondary spinwaves, w, - , cannot
be more than 670 MHz below the pump frequency w,, ac-
cording to (2). This conclusion agrees well with the experi-
mental results: there is a nonlinear emission from the ferrite
through magnetostatic precession modes whose eigenfre-
quencies lie 150 and 570 MHz below the pump frequency,
but this emission does not occur for precession at the fre-
quency o, = w, — 800 MHz.

The presence of the wide spectrum of secondary spin
waves, with a width an order of magnitude greater than in

Wpr P B,
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the case of parallel pumping, may be a consequence of the
fact that the secondary spin waves include no waves with a
clearly defined minimum of the damping, such as secondary
spin waves which lie at the bottom of the spin-wave spec-
trum. In this case the instability threshold will of course be
reached simultaneously for a set of secondary spin waves
which is larger than in the case of parallel pumping.

Another point which is not clear is the absence, within
10~ '° W, of nonlinear emission from the ferrite at frequen-
cies above the pump frequency. This result seems to mean
that the amplitudes of the secondary spin waves at frequen-
cies w,- >w, are significantly lower than the amplitudes of
the secondary spin waves at frequencies @, - below the pump
frequency. This would represent a substantial contrast with
the case of the kinetic instability of spin waves during paral-
lel pumping,* where the differences among the amplitudes of
the secondary spin waves are insignificant, on the order of
the ratio of their damping levels. A difference of this sort
may be due to a difference in the processes which drive the
kinetic instabilities of the spin waves in these two cases. Ac-
cording to (1), both the parametrically excited spinwaves
and the pump itself directly affect the excitation of second-
ary spinwaves at an FMR. The pump wave factor approxi-
mately vanishes, so that there can be processes involving a
splitting of the pump oscillations into spin waves which sat-
isfy conditions (1). In the case of parallel pumping, only the
parametrically excited spin waves have a direct effect on the
excitation of secondary spin waves: The pump in this case
cannot interact directly with the secondary spin waves, be-
cause such an interaction is forbidden by energy and mo-
mentum conservation. Accordingly, the case of the kinetic
instability of spin waves at an FMR is closer to the case of the
kinetic instability of spin waves under the influence of two
pumps.'* The same circumstance can explain why the kinet-
ic instability during the FMR set in at a reduced pump level,
8-10dB lower than in the case of parallel pumping. It is thus
clear that a more detailed explanation of the experimental
results must await the development of a theory for the kinet-
ic excitation of spinwaves at FMR.

CONCLUSION

The nonlinear phenomena which occur in single-crystal
ferromagnetic spheres of yttrium iron garnet in ferromagne-
tic resonance at the pump frequency have been studied ex-
perimentally. Under conditions such that there is no first-
order parametric process, electromagnetic emission has
been observed from the ferrite at discrete frequencies below
the pump frequency. This emission arises after a threshold is
reached, when the pump power is raised to a value 6-8 dB
above the threshold for the excitation of spin waves with a
frequency equal to the pump frequency. This emission is of a
noisy nature. Its spectral characteristics depend on the
strength of the static magnetic field, the diameter of the sam-
ple, and the pump power. The emission is accompanied by
the appearance of a dip on the ferromagnetic-resonance
curve.

It has been suggested that the reason for these phenom-
ena is a kinetic instability of secondary spin waves which is
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driven by the primary, parametrically excited waves with
oppositely directed wave vectors. The secondary spin waves
exist over a broad frequency range below the pump frequen-
cy. The width of this range is determined by energy and mo-
mentum conservation for the interacting waves. The electro-
magnetic emission from the ferrite occurs as a result of the
excitation of magnetostatic precession modes of the sample
by the secondary spin waves through two-magnon scattering
processes.

We wish to thank V. S. L’vov and V. B. Cherepanov for
a useful discussion.
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