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A kinetic instability of first order spin waves in ferrite is described. This instability is caused by the
decay of an intense packet of parametrically excited spin waves. A theory of this instability is
developed. The experimental data are in agreement with the conclusions of the theory.

1.INTRODUCTION

Kinetic instabilities in magnetics result from the van-
ishing of the spin wave damping when the spin-wave spec-
trum contains regions with a spin wave population differing
substantially from a thermodynamically equilibrium popu-
lation. The case investigated most thoroughly to date is that
of second order kinetic instability in ferrite, for which the
nonequilibrium is generated by a strong parallel pump. '
Two parametric spin waves (PSW) with frequencies w,/2
(w, is the pump frequency) and wave vectors k, and k, gen-
erate two secondary spin waves (SW) with wave vectors k
and k'’ and frequencies w, amd w,., satisfying the conserva-
tion laws

kitk,=k+k’, ortov=0,.

(1.1)

When PSW decays are allowed a first order kinetic in-
stability (KI) may occur, thereby generating secondary spin
waves in accordance with the conservation laws

k,=k+k’, (1.2)

0p/2=wrt ok,

where k,, is the wave vector of the PSW. The theory of such
an instability in a “easy plane”-type antiferromagnetic was
developed in Ref. 3 to explain the results of a series of experi-
ments.** It was demonstrated in Ref. 3 that a kinetic insta-
bility develops at pump power levels slightly exceeeding the
parametric excitation threshold, and the susceptibility, spec-
tral width of the PSW packet and other characteristics of the
nonequilibrium state of the antiferromagnetic beyond the
KI threshold were calculated. All these quantities were in
reasonable agreement with experimental data** which pro-
vided indirect arguments in favor of the existence of such an
instability. However there has been no direct observation of
the first order kinetic instability. The difficulty of experi-
mental analysis of this instability can be attributed to the fact
that, first, the process (1.2) is possible only in the decaying
range of the spectrum, where the influence of nonlinear ef-
fects is diminished by strong damping and, second, the sec-
ondary spin waves have a short wavelength, which makes it
unlikely that they will be radiated from a specimen as elec-
tromagnetic oscillations.

The present study is devoted to an investigation of the
first order kinetic instability in ferrite. Section 2 develops a
theory of KI in ferrite. A nontrivial issue here is the fact that
under parallel pumping PSW are near the equator of the
resonant surface 6, =~/2, although for 6, ~#/2 the ampli-
tude of the process (1.2) vanishes. The KI threshold is
therefore sensitive to the angular structure of the PSW pack-
et. Section 3 describes an experimental technique based on
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the application of two packets, one of which generates an
intense PSW packet, which the other probes the sample at
the PSW frequencies. Section 4 provides experimental re-
sults indicating the generation of first order kinetic instabil-

ity at a pump power 6-7 dB over threshold. Section 5 is
devoted to a discussion of these results.

2.FIRST ORDER KINETIC INSTABILITY THEORY

We will consider small perturbations 8n, of the mag-
non distribution function in the presence of thermal magons
and PSW with the distribution function

*(kpv T
m’ = EEZUO(]C; ») n,G( o ——923\)6( 0 ——2—) fl). (2.1)
Here v, is the group velocity of PSW, v, is the elementary
cell volume, n,, is the total number of PSW per elementary
cell. The function f(@), normalized to unity, describes the
distribution of parametric spin waves over the azimuthal an-
gle . As demonstrated in Ref. 2, 6 this function is similar to
a set of rectangles centered in directions where damping is
minimized:

f(e)=

1 {1, lo—g;|<Ag (2.2)

2209 0, |@—q;|>Ag’

@; = 2mj/z,j = 1,..., z. If the magnetic field H is parallel to a
fourth order crystallographic axis, then z = 4. Experiment
has revealed’ that A ~0.05-0.01.

The perturbation to the distribution function én, satis-
fies the linearized kinetic equation®

aﬁnk
ot

+ 29,0 = 71]107 S | Vie, x| rp, 0 8 (0 — o — o)

x 6 (k' —k — k") d°k’ d°k”, (2.3)
where 74 is the equilibrium magnon damping, V.- is the
three-magnon interaction amplitude:

mm

T 208" 24)

Vk',kk" [2e eXP(iCPk)‘I”-Tk"eXP(i(Pk") ]7
XYx =cosf, (here we have taken into account that 6, ~7/2),
S§'is the magnetic ion spin, w,, = 4wmgM, M is the intensity of
magnetization, g is the gyromagnetic ratio,

Om : om "'
0)k=[( 0ot (ak)®+ —z—sin" O ) - sin® 9.] , (2.5
where w, is the gap in the spin wave spectrum, ., is the
exchange frequency. In our experimental conditions 6, is
close to 77/2, while the wave vectors of the PSW and SSW are
rather large, which allows setting
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Ox=01 Wex (ak) *— O mzi?/2. (2.6)
For a spherical specimen
D=0t 0n/2=g(H—"*/snM)+on/2. 2.7)

Equation (2.3) relates the perturbation to the distribution
function of magnons with frequency w, to the perturbation
of the distribution at frequency w,. = w,/2 — w, . In the ex-
perimental conditions the magnetic field was designed to be
close to the thresehold of the process (1.2), H;,, and hence

kak mkyl2, zi~ze <1. (2.8)
As a result we have
(*/:0/0t+ ) Sr— T (8nac+ 64+ ) =0, (2.9)
where
2 2
I\ On Tx T . (2.10)

T 201 {00y [ (20m— 0ok, 2 HhagAH] )

H=H,, — H, yy,=} (k,/2). The KI threshold is achieved
when

in 108{ 0ex0kp’ [ (20m—0ext’ky") i+ 4gAH]} "

np°=mi
o 20m’ T
27, 2\ ' 2 2\ "%
_ Yos(mexal‘? ) (1+0)a=akp ) ) (2.11)
Om gAH 20m
The KI threshold is minimized when
4gAH )"’
= """ 2.12

o ( 20n T 00k’ ( )

Equation (2.11) is valid until x,, exceeds the angular width
of the PSW packet which is 0.1-0.15 in the experimental
conditions’. Equation (2.11) can therefore be used when
AH>AH*~10 Oe. When AH *>AH >0 it is necessary to
modify (2.11) by the substitution

AH—~AA=AH+AH". (2.13)

3.EXPERIMENTAL TECHNIQUE

A technique employing two parallel pumps indepen-
dently acting on a ferrite specimen was employed to investi-
gate the first order kinetic instability. The pump at the high-
er frequency w, was the primary pump: This pump drove
the primary PSW at w, /2, thereby creating a nonequilibri-
um magnon spectrum and giving rise to a kinetic instability

of SSW at frequencies near w, /4. The second pump at o,
was the pump, whose purpose was to detect the first pump-
driven deviation of the spin wave population N at

Op,/2=wp,[4+2nAf, 2nAf<@p, @p,

from the thermodynamic equilibrium value N,. When
N = N, the time until the second pump pulse shuts off #3
(Ref. 8) is determined solely by its supercriticality p, = P,/
P, : The ratio of pump P to the pump threshold P, .

If the first pump drives a kinetic instability, we will have
N> N, at frequencies near o, /4, while the time ¢, until the
second pulse shuts off begins to diminish: z,* < £,°. This is
because the number of spin waves N is the initial number for
the second pump-driven parametric instability process that
grows exponentially in time. Clearly the greater the initial
number the more rapidly this process will cause experimen-
tally detectable changes in the pulse. It is therefore possible
to identify the onset of the kinetic instability of spin waves
near , /4 by investigating the time to the trailing edge of
the second pump pulse £,* when varying the supercritical
first pump p, = P,/P,,. The time when t,* = f(p,) corre-
sponds, obviously, to the kinetic instability thresehold p..

A block diagram of the experimental setup is shown in
Fig. 1. The first pump pulse from the magnetron oscillator is
fed through a waveguide isolator, precision attenuator PA,
and a bidirectional coupler to the measurement section con-
taining the ferrite. Attenuator PA, was used to regulate the
first pump power P, reaching the measurement section MS,
while the waveguide bidirectional coupler WBC was used to
measure the standing wave ratio of the MS and to observe the
pulse reflected off the MS. The first pump frequency
w,, = 2m9.4 GHz, the pulse duration was 100 us and the
pulse repetition rate was 10 Hz. The MS took the form of a
hollow cavity constructed from a standard 3-cm waveguide
producing TE,,, modes at the first pump frequency.

An open dielectric cavity whose lowest magnetic mode
was tuned to resonance to the second pump frequency w,,
was installed near the end wall of the hollow waveguide cav-
ity (see Fig. 1). An aperture of diameter 2 mm was drilled in
the dielectric cavity to provide a mount for a ferroyttrium
garnet monocrystalline sphere of diameter 1.5 mm with a
ferromagnetic resonance linewidth of 0.33 Oe. The sphere
rotated freely within the aperture and the easy axis of mag-
netization [111] of the sphere was oriented along the con-
stant magnetic field H. A wire loop was used to couple the
dielectric cavity to the coaxial second pump line. At the fer-
rite mount point the oscillatory magnetic fields of both
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FIG. 1. Block diagram of experimental setup: M—magne-
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tron oscillator, K—klystron generator, PA—precision atten-
uator, CDC—coaxial directional coupler, WBC—wave-
guide bidirectional coupler, MS—measurement section
containing open dielectric cavity (1), ferrite (2) and cou-
pling element (3) for coupling the dielectric cavity to the
coaxial line (4), LPF—low-pass filter, PG—pulse generator,
O—oscillograph.
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pumps were parallel both to one another and to the direction
of the constant magnetic field H.

The second pump signal was injected to the dielectric
cavity from the klystron generator through the microwave
isolator, precision attenuator PA;, the coaxial directional
coupler CDC, the low-pass filter LPF and the loop coupling
element. Attenuator PA, controlled the second pump power
P,, and the coulper CDC was used to determine the wave-
form of the second pump signal reflected off the measure-
ment section, while the low-pass filter was used to block the
first pump signal from reaching the second pump coaxial
section. The second pump was blocked from the first pump
waveguide section by virtue of the dimensions of the wave-
guides in this section which were subcritical relative to the
second pump frequency. The second punp frequency was
tunable over 4685-4785 MHz, allowing frequency detuning
of Af= (1/2m): (w,,/2 — ®, /4) in the range — 7.5-42.5
MHz. The duration and repetition rate of the klystron gener-
ator pulses matched those of the magnetron pulses. Initia-
tion of the klystron generator pulse was delayed by 7 = 0-1
s with respect to the end of the magnetron pulse.

The threshold powers for the onset of spin wave instabi-
lities P,,,, and P,,, were identified by the appearance of the
trailing edge® on the first and second pump pulses reflected
off the M, respectively. The experiments were carried out at
room temperature.

4. EXPERIMENTAL RESULTS

In the first series of experiments we initially injected a
100-us first primary pump pulse at a higher frequency w,,, .
The second pulse—the probe pump—was then injected and
the first pulse was simultaneously switched off. The depen-
dence of the time to the trailing edge of the second pump
pulse £,* on the subcritical first pump p, is shown in Fig. 2.
It is clear that when p, > p. =7 dB there is a sharp jump in
this relation towards smaller #,*. This indicates an increase
in the number of spin waves N at frequency v, /2 = w, /4

+ 27Af when p> p. (in Fig. 2 Af= — 3 MHz).

The first pump power will also influence the time to the
trailing edge of the second pump pulse #,* in a limited range
of constant magnetic fields H = 590-650 Oe (see Fig. 3).
The upper bound corresponds to the three-magnon splitting
field H 3, of the primary PSW, while the lower bound corre-
sponds to the saturation field H, of the specimen. Within
this range the kinetic instability threshold p, changes insig-
nificantly, from =6 dB in weak fields to~7 dB in strong

1
8 p,,dB

FIG. 2. Time ,* to onset of shear in second pump pulse for p, = 0.4 dB
plotted as a function of the supercritical first pump p, at 7 =0: @—
H = 650 Oe, O—646 Oe, A—644 Oe, A—630 Oe, [—623 Oe.

434 Sov. Phys. JETP 68 (2), February 1989

1 | L

y | 1 1 | 1 1
610 650 H,Oe

FIG. 3. The threshold supercriticality p, of the first order kinetic instabil-
ity p. plotted as a function of the constant magnetic field H.

fields. The influence of the first pump power on #,* (see Fig.
2) largely depends on the constant magnetic field magnitude
H. With diminishing H it will first arise when H = 650 Oe,
and will then rapidly (when H = 646 Oe) reach a maximum
and will then diminish. If #,* goes from 20 to 8 us when
H = 646 Oe ae indicated by Fig. 2, when H = 623 Oe and
with all other conditions remaining the same the time #,* will
only drop from 20 us to 18 us.

Figure 4 plots the threshold of the spin wave kinetic
instability as a function of the frequency detuning Afrelative
tow,, /4.1tisclear that spin waves of frequency w, /4 havea
minimum threshold p. ., = 6.7 dB. With increasing subcri-
ticality the frequency range of the kinetic instability broad-
ens noticeably. It reaches 33 MHz as early as
P =Dcmn + 0.8dB.

Increasing the second pump pulse delay reduced the
influence of the first pump on #,*. Figure 5 clearly indicates
that even in the case of maximum influence (H = 646 Oe) it
is virtually absent when 7 = 0.15 us. The influence of the
first pump will vanish even more rapidly with diminished H
For example, at H = 644 Oe it was observed until 7<0.1 us.

The behavior of the nonlinear susceptibility y of the
ferrite with respect to the first pump was carefully analyzed
for p>p.. No features in the behavior of y(H) and y(p)
were observed near p~p,, to an accurancy of Ay/y ~ 1072
No radiation from the ferrite for p> p, at w, /2 and 0, /4
was detected. The radiation was recorded through the sec-
ond pump circuit; sensitivity of the setup was 10~ !' W.

The effects that occur from the simultaneous activation
of two pumps of identical duration (100us) analogous to the
setup used in Ref. 10 to investigate second order KI were
also analyzed. It was found that the first pump power at p,p,
substantially reduces (rather than increases as suggested in
Ref. 10) the second pump-driven parametric excitation
threshold of the spin waves P, : Fig. 6 indicates that when
P1=p. + 1.15 dB this reduction~2 dB. When p, <p, the
first pump does not influence the second pump. And here
again unlike Ref. 10 the second pump does not diminish but
rather increases the K1 threshold after the parametric insta-

pcydB
g \//_/
L | i l ! 1
b 0 20 40
A7, MHz

FIG. 4. The threshold supercriticality p,. of the first order KI plotted as a
function of detuning Af relative to the frequency w, /4; =0, H = 646
Oe.
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FIG. 5. Time t,* to onset of shear in second pump pulse plotted against
delay 7: @—H 646 Oe, O—644 Oe; p,—p.. = 0.4 dB.

bility threshold P, > P,,;, (Fig. 7). This threshold is also de-
termined based on the reduction in the time to the trailing
edge of the second pump pulse from increasing power of the
first pump #,*. The KI threshold is identical for both simul-
taneous and successive action of the two pumps as P, — P, .
However when both pumps operate simultaneously the in-
fluence of the first pump on time ¢,* varies little with dimin-
ishing magnetic field, unlike the cause of successive pumps.
This fact it possible to improve the accuracy of KI threshold
measurements in the case of simultaneous pumps, particu-
larly in weak fields. The experimental data shown in Fig. 3
for H <620 Oe were therefore obtained in an experiment
with simultaneous pumps, while the case H > 620 Oe were
obtained with successive pumps at 7 = 0.

When the leading edge of the second pump pulse is de-
layed with respect to the leading edge of the first pump pulse,
the influence of the second pump power on the K1 threshold
diminishes and vanishes when the trailing edge of the second
pump pulse falls outside the range of the first pulse.

5. DISCUSSION OF RESULTS

The experimentally observed threshold drop in the time
to t,* to the trailing edge of probe pump pulse of frequency
w,, as the supercriticality of the primary pump of frequency
o, canbe attributed to the threshold increase in the number
of spin waves with frequencies near @,, /2 (SSW) resulting
from the kinetic instability of these spin waves. The reduc-
tion in time #,* could also be attributed to other causes, such
as diminishing SSW damping due to their interaction with
PSW below the KI threshold. However according to (2.10)
this drop is proportional to n, and does not manifest a
threshold character. One additional aspect suggesting that
t,* diminishes as a result of K1 is the fact that this reduction

-2

- HGenr

dB

FIG. 6. Second pump threshold P,,;, plotted as a function of the supercri-
ticality p, of the first pump for simultaneous pump action; H = 646 Oe; 0
dB along the vertical axis corresponds to p,,, in the absence of the first
pump (p, =0).
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FIG. 7. The threshold supercriticality p. of the first order KI plotted as a
function of the supercriticality p, of the second pump for simultaneous
pump action; H = 646 Oe.

occurs only in the magnetic field range H,<H<H;,, i.e.,
where processes (1.2) leading to KI are allowed.

The experimental data make it possible to estimate the
threshold number of PSW n; at which KI ensues. Indeed
nonlinear damping® is the fundamental PSW energy dissipa-
tion mechanism in the magnetic field range H, <H<H ;;.
The imaginary part of the susceptibility in this case takes the
form?

A ) ,P"—1

_ — , 5.1)
T T (

where V is the PSW-to-pump coupling coefficient, 4 is the
pump field amplitude, and y,, " is the maximum value of the
imaginary part of the nonlinear susceptibility for longitudi-
nal pumping in the case of nonlinear damping.? The thresh-
old number of PSW is then easily estimated

Y10ps S

(np°) exp = ot —2431)(,,.

”
” Xe

” ”?

Xm —Xe

(5.2)

where y.” is the imaginary part of the susceptibility at the
KI threshold. This should be compared to the theoretical
prediction  (2.11).  Unfortunately 7%, A@ and
AH = AH + AH * are not known with sufficient accuracy.
However we know that y,<y,, ¥,/®,, =~1.7-10™%, while the
angular dimensions of the PSW packet X~ (gAH*/
w,)'"?~0.1, Ap~0.1. Setting y,/®,, = 1.5-10~* from
(5.2) and (2.11) we obtained the threshold PSW numbers
for several characteristic magnetic fields:

H, Oe 650 640 610 590
(np) exp 104 5.3 5.1 4.0 34
npe-104 2.2 18 1.2 1.4

The PSW threshold numbers #;, determined from ex-
perimental results and from (2.11) therefore agree to within
an order of magnitude and have an identical magnetic field
dependence across the entire magnetic field range
H_ <H<H ;. The discrepancy by a factor of three in these
quantities is most likely related to the rough estimate of the
unknown parameters entering into the expression (2.11) for
the threshold.

The increase in the frequency range over which KI de-
velops as a function of the power of the first pump, described
in Sec. 4, has a simple qualitative explanation. The angular
width of the PSW packet at w, /2 does in fact grow with
increasing pump power which, consistent with the conserva-

Lutovinov et al. 435



tion laws (1.2) for magnons with spectrum (2.5), may ex-
cite secondary magnons with the wave vectors deviating sub-
stantially from the equator (and with a corresponding large
value of |8, — 7/2|) over abroader frequency range as well.
It is necessary to know the angular distribution of the PSW
in order to carry out a quantitative analysis of the depen-
dence of the KI threshold on the frequency detuning Af.

The increase in the time #,* to the trailing edge as a
function of the delay between pulses (see Fig. 5) can, obvi-
ously, be attributed to the relaxation of the start number of
the waves N(0) «exp( — 2y,7).

In order to interpret the behavior of susceptibility be-
yond the K1 threshold it is necessary to investigate the insta-
bility-limiting mechanisms accounting for the inverse influ-
ence of SSW on PSW analogous to the process employed for
an antiferromagnetic.? Evidently the most effective SSW en-
ergy dissipation mechanism in ferrite is merging with PSW
which, as demonstrated in Ref. 3, causes a minor change in
the susceptibility near the KI threshold and causes renor-
malization of the nonlinear damping coefficient far beyond
threshold. The behavior of the susceptibility observed ex-
perimentally is therefore in argeement with qualitative con-
cepts regarding the superthreshold behavior of nonequilibri-
um magnons.

Results from experiments carried out when two pumps
are activated simultaneously can also be explained qualita-
tively within the framework of first-order KI theory. Indeed
the PSW at w, /2 (PSW,) will, consistent with (2.8) par-
tially cancel damping of magnons at @,,/2, and the greater
the number of PSW,, the lower the parametric instability
threshold for the second pump. If the second pump power
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exceeds the parametric excitation threshold, the resulting
PSWsatw,, /2 (PSW,) magnify the damping of magnons at
o, /2, causing the number of PSW, to drop. It is important
to mention that the quasielastic scattering processes of
PSW, and PSW, are linked by relatively weak four-magnon
interactions and cannot play any substantial role in the de-
velopment of first order KI.

The experimental data set therefore allow us to con-
clude that first order KI ensues in the field range
H,<H<H ;; when the parametric excitation threshold is ex-
ceeded by 6-7 dB.
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