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Microwave nonlinear dipole-exchange magnetization waves are studied experimentally in single-
crystal films of yttrium iron garnet. Pulsed excitation and propagation of waves reveal formation
of solitons of the envelope. These solitons form only within narrow frequency intervals located in

the zones of strong dispersion near dipole “gaps” in the spectrum of spin waves in films with a
limited surface spin mobility. Single-soliton and multisoliton propagation of magnetization
waves is observed and the soliton parameters are determined. A study is made of a modulation
instability which appears under conditions of monochromatic continuous excitation and of
propagation of magnetization waves of finite amplitude within the same strong-dispersion
intervals. A theoretical interpretation of the observed nonlinear phenomena is provided.

1.INTRODUCTION

Ideas from the modern theory of nonlinear waves have
been recently adopted in the physics of magnetic phenome-
na. In many papers published in the last decade considerable
progress has been made in theoretical studies of nonlinear
magnetization waves in media which can be described by the
Landau-Lifshitz equation (see, for example, Ref. 1-3 and
the literature cited there). The appearance of new concepts
such as those of a soliton or a strange attractor, has stimulat-
ed new experiments designed to study nonlinear wave pro-
cesses in magnetic crystals.

In our view, among the most promising classes of mate-
rials for the investigation of spin wave processes are ferro-
magnetic films. The relative simplicity of the techniques for
the excitation and detection of spin waves, the richness of
their dispersion characteristics, the accessibility of waves
from the surface of the film, and the weak attenuation per
unit wavelength all make ferromagnetic films convenient ob-
jects for investigating spin wave processes themselves and
for modeling wave equations in dispersive media in general.

Single-crystal yttrium iron garnet (YIG) films stand
out from materials with the necessary homogeneity of prop-
erties and low magnetic losses. The room-temperature mag-
netic dissipation parameter of these films has an extremely
low value (AH, = 0.1-0.3 Oe at microwave frequencies) so
that it is easy to achieve directional propagation of micro-
wave magnetization waves over distances of few or even few
tens of millimeters (which amounts to hundreds and thou-
sands of the wavelengths of a traveling wave). Moreover, the
low magnetic losses and the readily attained high specific
microwave powers in films when the absolute value of the
power is still low make it easy to carry out nonlinear wave
experiments. It is worth noting that the dispersion charac-
teristics of the excited waves and, therefore, also the magni-
tude and sign of the nonlinearity of YIG films depend
strongly on the magnitude and direction of the external stat-
ic magnetic field, which makes it possible to vary these quan-
tities within a wide range.

These properties of YIG films are some of the reasons
why several interesting nonlinear phenomena have been dis-
covered in these films, particularly parametric amplification
of traveling waves,* formation of magnetic solitons,>”” mod-
ulation instability of magnetization waves,*~'° transition of a
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modulation instability from a coherent to a stochastic re-
gime, and the appearance of strange attractors.'!

Our task was to investigate experimentally, the nonlin-
ear properties of microwave magnetization waves of finite
amplitude propagating under pulsed and continuous condi-
tions in single-crystal YIG films, with the aim of demon-
strating experimentally the existence of magnetization wave
envelope solitons and of modulation instability of these
waves.

2.DIPOLE-EXCHANGE SPECTRUM OF MAGNETIZATION
WAVES IN AFERROMAGNETIC FILM

The experimental investigations reported below were
based on specific (“film”) properties of the dispersion of
spin waves. We shall review these properties briefly by con-
sidering a transversely magnetized ferromagnetic film.

In allowing for the characteristic features of the spec-
trum of spin waves in a film the theoretical analysis should
allow for the Zeeman, magnetic dipole-dipole, and exchange
interactions and also for the characteristics of the state of
surface spins (exchange boundary conditions). An analysis
carried out subject to these provisos shows that the spin
waves have discrete multiwave spectrum, and that each nor-
mal wave has its own distribution of variable magnetization
across the ferromagnetic film thickness (see, for example,
Refs. 12 and 13). The dispersion curves of all the normal
waves propagating in the plane of the film begin at points
corresponding to the frequencies of spin-wave resonance
(SWR) modes. The exact dispersion law of dipole-exchange
spin waves w, (k) is implicit. However, as shown in Ref. 13,
the dispersion characteristics of waves in transversely mag-
netized films can be described using the following relation-
ship obtained using perturbation theory:

on’= (0rtoouk,?) (0a+awsk,*+©Pan), (1)

where w;,, = yH;; w, = y47M,; y is the modulus of the
gyromagnetic ratio for the electron spin; H; is the static in-
ternal magnetic field; 47mM, is the equilibrium magnetiza-
tion; a is the inhomogeneous exchange interaction constant;
k? = k* + »?%; kisthe wave number describing the wave pro-
cess in the film plane and having a continuous set of values;
x, = nw/L is the transverse wave number which assumes a

n
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discrete series of values; 7 is the integral number of the wave
mode; L is the ferromagnetic film thickness; and P,, = p,,,
(n' = n) is a matrix element of the dipole—dipole interaction
depending on the nature of the exchange boundary condi-
tions. In the long-wavelength approximation corresponding
to kL < 1 in the case of pinned surface spins the matrix ele-
ment in question is

P,..=2kL(2—kL)[n*nn’, n, n'=1,3,5,..., (2)
P, =2(kL)*/n*nn’, n, n'=2,4,6,.... (3)

Both theoretical and experimental results show'* that
only the odd spin wave modes are excited effectively in films
with pinned surface spins. The highest group velocity
Vgn = 0w, /Ok 1s exhibited by the lowest wave mode with
n = 1 at long wavelengths. It is physically clear that the fas-
test of the waves excited at the operating frequency deter-
mines the transfer of a microwave signal by the spin system
of the film.

For example, the attenuation exp[i(wt— kx)] of a
wave which has traveled a distance / is (in decibels)

A=201g[exp(K"1)], )

where k" is the imaginary part of the wave number
k =k’ —ik". In the approximation of weak dissipation,
when 0" <o’ holds (@' and @" are the real and imaginary
components of the natural frequency of a spin wave), we can
easily show that k" = 0" (dw'/Jdk ') ~'. Therefore, the rela-
tionship (4) can be rewritten in the form

A=201g [exp (

® ”

l)]zSﬁQm l, (5)
8

v Vg
which shows that a reduction in the group velocity increases
the attenuation of the signal transferred by a spin wave.

An analysis of the spectrum of dipole-exchange spin
waves shows that in the case of moderately thin films
(L>0.2 um in the case of YIG films at frequencies in the
6-cm range of wavelengths) the dispersion curve of the low-
est-order wave intersects the dispersion curves correspond-
ing to other spin waves. At the points of intersection of the
dispersion branches of Eq. (1) with numbers » and n’ corre-
sponding to waves of the same parity, the magnetic-dipole
interaction results in hybridization and formation of dipole
gaps in the spectrum. This effect is described approximately

where Q,, = wy + 0yakl.

The width of a dipole gap S at the point of intersection
(,, k) of the branches with numbers 7 and ' can be found
from'?

8Wnn' = —————mM(Q"hQ"'")‘%

) S (7N
®o

A calculation based on Eq. (7) shows that in the case of films
of micron thicknesses with free surface spins the dipole gaps
are considerably smaller than the relaxation frequency
o, = yAH, . However, in the case of films with pinned sur-
face spins the gaps are considerably greater than the relaxa-
tion frequency and, consequently, they can be observed ex-
perimentally.

Figure la shows a dipole-exchange spectrum of odd
(symmetric) spin waves in a transversely magnetized YIG
film of thickness L = 5.8 um (a =3.1xX 10" "2 cm ™2, @,/
27 = 4.9 GHz, w, /27 = 4.312 GHz) calculated from the
dispersion equations (1) and (6) in the case of pinned sur-
face spins. The dipole gaps in the spectrum form in the vicin-
ity of the points of degeneracy of the fundamental mode
(n’ = 1) with higher modes characterized by odd numbers
n. Near the gaps the group velocity changes rapidly as a
result of a change in the frequency from a relatively large
value corresponding to the fundamental mode (n' = 1) toa
value which is approximately n” times smaller and which
corresponds to a higher mode with a number n, i.e., the
group velocity exhibits strong dispersion.

Figure 1b shows the frequency dependence of the group
velocity v, (o) calculated from Egs. (1) and (6) of the fas-
test waves within the selected frequency intervals. It follows
from Eq. (5) that this curve describes also the frequency
dependence of the wave attenuation as it propagates in a
film. The inset in Fig. 1c shows the w(k) and v, (@) curves
on an enlarged scale in the vicinity of a gap characterized by
n'=1landn=17.

We conclude this discussion of the dispersion proper-
ties of spin waves by stressing once again that in the vicinity
of the dipole gaps the spectrum of spin waves of films with
pinned surface spins has pronounced frequency intervals of
strong dispersion. It is in these intervals that the nonlinear
phenomena described below are observed.

3.EXPERIMENTAL METHOD

by the dispersion equation'**? . L . ) .
. Nonlinear magnetization waves were investigated using
(0*—@,%) (0*—0n*) = Ox"QurQn'xPan’, (6)  aprototype delay line (Fig. 2). This prototype consisted of
w/2x,GHz
w/Zr,GHz /
4.7 445 q
Wy
w, et
4.6 vy T ne
c 1;, Zu’c’m/g Z,IZ”C%”_”‘ L4 FIG. 1. Frequency spectrum (a, ¢) and group velocity
= - - | (b, ¢) of magnetization waves in the investigated YIG
- film and the amplitude-frequency characteristic (d) of
a prototype delay line recorded under linear condi-
q.HE > tions for / = 4 mm.
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two Polikor plates on which transmitting and receiving spin-
wave antennas of width W = 30 um and length up to 4 mm,
together with microstrip supply lines, were formed by pho-
tolithography. These plates were attached to a metal base
consisting of two movable halves which made it possible to
vary continuously the distance between the transmitting and
receiving antennas from 3 to 10 mm. A film sample was
placed on top of the antennas and kept in place by a pressure
device. The delay line was placed inside a gap of a permanent
magnet which generated a magnetic field of the required in-
tensity and direction. Measurements were made at room
temperature under pulsed and continuous conditions.

In the pulsed case a microwave signal, reaching the
transmitting antenna of the delay line from a klystron oscil-
lator via a microwave amplifier, was used to excite magneti-
zation waves. The maximum signal power beyond the ampli-
fier could reach 1 W. The profile of the input microwave
signal was monitored by deflecting part of it, identifying it,
and applying it to one of the inputs of a dual-trace oscillo-
scope of the S1-74 type. The output microwave signal trans-
mitted by the ferromagnetic film and recorded using the re-
ceiving antenna of the delay line was also rectified and
applied to the other input of the oscilloscope.

The microwave spectrum of the signals at the input and
output of the delay line was recorded using an S4-27 spec-
trum analyzer. The power of the input and output micro-
wave signals was measured with an M3-21A thermistor
power meter to within 20%. The frequency measurements
were made employing a Ch3-34 electronic digital voltmeter.

In the pulsed excitation regime the microwave signal
supplied by the klystron oscillator reached the microwave
amplifier after passing first through a modulator. Modula-
tion was imposed by pulses of 0.1-5 us duration and a repe-
tition frequency 10°-10° Hz, supplied by a generator of rec-
tangular pulses. The delay of a microwave rf pulse and the
reduction of its amplitude during the propagation in the fer-
romagnetic film between the transmitting and receiving an-
tennas of the delay line were displayed on the oscilloscope
screen.

The investigated samples were single-crystal YIG films
of thickness L = 3-8 um characterized by low magnetic
losses (dissipation parameter AH, = 0.2-0.3 Oe). These
films were grown on gadolinium gallium garnet (GGG)
substrates with (111) orientation by the method of liquid
phase epitaxy. The film selected for our experiments exhibit-
ed characteristic signs of pinned surface spins. The criterion
for judging the state of surface spins was the amplitude-fre-
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FIG. 2. Prototype delay line.

quency characteristic of a film, i.e., the frequency depen-
dence of the attenuation of the microwave signal transmitted
by the film. This characteristic was investigated using stan-
dard meters (of the R2-58 type with a Ya2R-67 detector)
when the incident power was less that 10 4 W, which ensured
that the measurements were carried out under linear condi-
tions.

We shall now consider the method used in the selection
of films in greater detail. According to the theoretical ideas,
the amplitude-frequency characteristic of a film with pinned
surface spins should have characteristic dips in the frequen-
cy intervals of the dipole gaps in the spectrum. However, in
the case of free surface spins, with @, €®,, this character-
istic should be smooth. These theoretical predictions were
confirmed experimentally. Figure 3 shows a typical oscillo-
gram of an amplitude-frequency characteristic obtained for
a single-crystal YIG film of thickness L ~5 um with free
surface spins. Figure 1d shows the corresponding character-
istic of a transversely magnetized YIG film (L = 5.8 um,
AH, =0.2 Oe) selected for further experiments. The very
good agreement between the frequency positions of the di-
pole gaps found by calculation (Fig. 1b) and experimentally
(Fig. 1d), and also excitation of just the symmetric waves
allowed us to assume that surface spins were pinned in the
sample quite strongly. In practice we frequently encoun-
tered films exhibiting a “‘mixed” state of surface spins and it
was found that the surface anisotropy varied from one film
surface to another. A numerical analysis of the amplitude-
frequency characteristics based on the theory of excitation of

FIG. 3. Amplitude-frequency characteristic of a YIG film with free sur-
face spins.
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spin waves made it possible to determine the pinning param-
eters of surface spins on both faces of the film. A more de-
tailed discussion of this topic is outside the scope of the pres-
ent paper.

4. EXPERIMENTAL RESULTS
4.1.Pulsed regime

The first series of experiments carried out in the pulsed
regime was made on a transversely magnetized (to satura-
tion) YIG film of thickness L = 5.8 um when the distance
between the antennas was / = 4 mm. The static internal mag-
netization field was H; = 1540 Oe. The amplitude-frequen-
cy characteristic of this film is shown in Fig. 1d.

These measurements were carried out as follows. The
transmitting antenna of the delay line was subjected to rf
pulses of 7 = 180 ns duration at a carrier frequency selected
to be in the vicinity of the n’ = 1, n = 17 dipole gap in the
spectrum of spin waves of this film (Fig. 1c). The power of
theinput rf pulses was varied within the range P;,, = 0.05-50
mW."

The results of the first series of the experiments under
pulsed conditions are presented in Figs. 4a—4i. The upper
traces in the oscillograms in Figs. 4a—4i show the position of
the input signal of the time scale and the lower traces demon-
strate the shape of the envelope and the position of the out-
put spin wave pulses. (It should be pointed out that amplifi-
cation in the channels of a dual-trace oscilloscope, used to
record the oscillograms in Figs. 4a—4i, was selected to be
stronger for the lower trace than for the upper one.) Figure
4j shows, on an enlarged scale, a part of the amplitude-fre-
quency characteristic of this film showing a dip correspond-
ing to the n’' =1, n = 17 gap; the letters a—i identify the
points at which the various oscillograms were recorded. The
first three oscillograms (Figs. 4a—4c) were obtained by suc-
cessively increasing in the carrier frequency o from o, to @,
(Fig. 1c), keeping constant the input power P;, = 0.05 mW,
which was known to ensure linear propagation of spin
waves. Clearly, at the frequency @ = w, located between the
gaps in the region of relatively weak dispersion it was found
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that the usual delayed pulse appeared at the exit from the
ferromagnetic field (Fig. 4a); the profile and duration of this
pulse differed little from the pulse applied to the input of the
system. When the carrier frequency was shifted to a region of
strong dispersion, corresponding to the edge of a gap, the
profile and amplitude of such a pulse changed considerably
because of the dispersion spreading (Fig. 4b), and at the
pointw = w,, located several megahertz below the middle of
the gap, it was found that the amplitude of the signal ob-
tained from the ferromagnetic film was low and practically
completely flattened by dispersion (Fig. 4c).

The oscillograms shown in Figs. 4c—4f were obtained
for a fixed value of the carrier frequency o = w,, but a
gradually increasing input power P, . Clearly, at some value
of the input power (P,, = 20 mW) the “bunching” effect of
the nonlinearity of the spin system compensated for the dis-
persion spreading and instead of the dispersion-smeared out-
put pulse we observed a narrow peak representing a soliton
of the spin wave envelope (Figs. 4e and 4f). The threshold
for the appearance of a soliton in our experiments was
P, = 10-12 mW. The resultant envelope soliton lasted a
time 7, = 100-120 ns, shorter than the duration of the input
pulse 7 = 180 ns (Fig. 4f).

It should be pointed out that we observed the formation
of solitons only in the region corresponding to the left edge of
the gap, where d?w/dk ? < 0. In the region of the right-hand
edge of the gap, where d *w/dk ? > 0, the dispersion spreading
was not balanced by nonlinear bunching for the same input
power P,, = 20 mW, and envelope solitons were not formed
(Figs. 4g-4i).

These experiments allowed us to determine the velocity
of a single envelope soliton v, from its delay relative to the
input pulse (Figs. 4c—4f). An increase in P,, resulted in a
slow increase in the soliton velocity and at P,, = 20 mW the
soliton velocity was v, = 2 X 10° cm/s. Within the limits of
the experimental error, this soliton velocity was equal to the
linear group velocity of spin waves at the frequency v = w..

A second series of experiments under pulsed conditions
was made in the case of tangential magnetization of a ferro-

i.448 GHz

n=19 FIG. 4. a)-i) Oscillograms of the envelope of a

1 pulse signal at the input (upper traces) and at the
output (lower traces) of a prototype delay line
obtained in the vicinity ofan’ = 1, n = 17 dipole
gap for different values of the input power P,, a
different carrier frequencies w. j) part of the am-
plitude-frequency characteristic of the prototype
recorded under linear conditions in the vicinity of
then' =1, n =17 gap.

e iii I

’l 4371 GHz
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magnetic field when a static magnetic field was directed
along the transmitting and receiving antennas, and quasisur-
face spin waves were excited.*'* In this case we again ob-
served envelope solitons. However, it should be stressed
that, in contrast to the case of transverse magnetization of a
film, soliton formation in the tangentially magnetized film
occurred in the regions of strong dispersion located at fre-
quencies above the dipole gaps in the spin wave spectrum,
where 3°w/dk ? > 0 held.

The purpose of the third series of experiments under
pulsed conditions was to study the behavior of envelope soli-
tons when the duration 7 and power P,, of an input signal
were increased.” In these measurements we again used a
transversely magnetized YIG film of thickness L = 5.8 um,
but the internal magnetic field was now H; = 1190 Oe. The
carrier frequency w/27 = 3453 MHz was selected to be 3
MHz less than the midpoint of the n’ = i, n = 17 dipole gap,
which corresponded to the point w = w, in Fig. 1c. The left-
hand edge of this gap corresponded to 3448 MHz and the
right-hand edge to 3464 MHz.

The experimental results obtained are plotted in Fig. 5.
The series of oscillograms denoted by a and b in Fig. 5 were
recorded with the antennas separated by / =4 and 7 mm,
respectively. They demonstrated the profile of the envelope
of a pulse signal leaving the selected ferromagnetic film
when the input of the system was subjected to a rectangular
pulse of fixed power P,, = 20 mW but of variable duration 7
which was increased in steps from 180 to 900 ns. The upper
curve in Fig. 5a(1) represents the position of the input pulse
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FIG. 5. Oscillograms of the envelope of a pulse
signal at the output of the prototype delay line
obtained for the carrier frequency correspond-
ing to the point c in Fig. 4j. The series of oscillo-
grams shown above were recorded for the fol-
lowing parameters: a) P,, =20 mW, /=4 mm,
7=0.18-0.9 us; b) P, =20 mW, /=7 mm,
7=0.18-0.9 us; c) P,“ =04-52 mW, /=4
mm, 7= 0.7 us.

of length 7 = 180 ns. One soliton of 7, = 120 ns duration
formed when the input pulse duration was 7 = 180 ns. An
increase in the duration of the input pulse increased the
number of solitons [Fig. 5a(2)—~(4)] and for 7 = 900 ns we
observed five envelope solitons of different amplitudes Fig.
5a(5)], i.e., multisoliton propagation of spin waves was ob-
served.

A comparison of Figs. 5a and 5b demonstrated that an
increase in the distance / traversed by a spin wave pulse did
not alter significantly its envelope (as judged by the number
and shape of the resultant solitons), but the delay time of
solitons increased in proportion to the distance. The relative
positions of solitons of different amplitudes were also practi-
cally unaffected [compare, for example, Fig. 5a(3) with Fig.
5b(3) ]. This was evidence that the envelope velocity did not
depend on the amplitude. The measured values of the veloc-
ity of single solitons in the case of multisoliton propagation
were equal to within an experimental error, which amounted
to 10%.

The next series of experiments (Fig. S¢) demonstrated
evolution of a rectangular input pulse of 7 = 700 ns duration
with a carrier frequency w/27 = w, /27 = 3453 MHz when
the distance between the antennas was / =4 mm and the
input power P,, was increased from 0.4 to 52 mW. When P,
was increased, the number of envelope solitons formed in the
ferromagnetic film increased from 1 to 4.

We observed similar effects in normally magnetized
YIG films of thickness from 3 to 7 um near the majority of
the dipole gaps in the spin wave spectrum when the distance
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between the transmitting and receiving antennas was / = 4—
10 mm.

4.2. Continuous regime

In the case of continuous excitation we studied propa-
gation of a dipole-exchange spin wave of finite amplitude
with its frequency lying in the vicinity of one of the dipole
gaps of a transversely magnetized YIG film.? The aim of the
measurements carried out in the continuous regime was to
determine whether an unmodulated traveling spin wave
with frequency lying in the parts of the spectrum where en-
velope solitons were observed in the pulse regime became
unstable under modulation when the amplitude was in-
creased.

The results of the measurements are presented in Fig. 6.
This figure gives the frequency spectra 1-8 and the corre-
sponding oscillograms of the envelope of a microwave signal
emerging from a ferromagnetic film, which were obtained as
the input P, of an unmodulated input signal gradually in-
creased. The lower traces in the oscillograms 1-8 correspond
to the zero level of the video signal. Oscillograms and spec-
trograms in Fig. 6 were obtained for a YIG film of thickness
L =5.8 um when the distance between the antenna was
/=4 mm. The input signal frequency was w,/2m = 3453
MHz; it was selected to be the same as the frequency at
which envelope solitons form in the pulsed regime (Fig. 5).

The first pair of photographs in Fig. 6(1) was obtained
under conditions of linear propagation of spin waves when
the receiving antenna detected a wave of constant amplitude.
When the power of the input unmodulated signal increased
to P,, = 12 mW a spin wave of constant amplitude became
unstable during its propagation in the ferromagnetic film.
The receiving antenna then recorded a modulated spin wave
with an asymmetric frequency spectrum in which the ampli-
tude of the low-frequency side components was considerably
greater than the amplitude of the high-frequency side com-
ponents, and the modulation frequency was f,, = 4-6 MHz
[Fig. 6(2)].

A further increase in P,, increased both the modulation
frequency M and the modulation frequency f,, of the spin
wave at the exit from the ferromagnetic film [Figs. 6(3) and
6(4)],and at P, = 20 mW there was an abrupt change from
a regime characterized by the modulation coefficient M < 1
[Fig. 6(4)] to an “over modulation” regime with M > 1
[Fig. 6(5)]. In the latter regime the minima of the signal
envelope at the exit of the ferromagnetic film reached zero
level and the energy concentrated in the low-frequency side
band of the signal spectrum exceeded the energy at the fun-
damental frequency [Fig. 6(5)]. A further increase in P;,
again resulted in an abrupt change to the regime with M < 1
[Fig. 6(6)]. Then at P,, = 30 mW the modulation coeffi-
cient M decreased, the frequency spectrum of the modula-
tion instability became wider and continuous, and the profile
of the envelope of the output signal exhibited strong noise
distortions [Fig. 6(7)]. Finally, at P,, =40 mW [Fig.
6(8) ] coherent modulation of spin waves at the exit from the
investigated ferromagnetic film practically disappeared and
the output signal was found to be stochastically modulated.
The spectrum of modulation of spin waves then merged into
asingle noise peak and the average frequency of this stochas-
tic modulation decreased. The profile of the envelope of the
output signal also became noise-like [Fig. 6(8)].?

In comparing Figs. 6(1)—(8) we should bear in mind
that the sensitivity of the instruments used in our apparatus
decreased in inverse proportion to P;,, so that in Fig. 6(8)
the amplitude scale was four times greater than in Fig. 6(1).

These experiments established that an increase in the
input signal power P, first induced a modulation instability
in narrow frequency intervals of strong dispersion below the
dipole gaps where d *w/dk ? <0 (Fig. 6). As the input power
was increased, the frequency intervals of existence of this
modulation instability became wider, extending to regions of
strong dispersion above the gaps where d 2w/dk 2> 0, as well
as to regions between the dipole gaps. Therefore, it was
found that finite-amplitude spin waves gradually became
modulation-unstable throughout the full frequency range of

FIG. 6. Spectrograms and oscillograms of a continuous
signal at the output of the prototype delay line obtained
for input signal frequencies corresponding to the point ¢
in Fig. 4j, using different input powers P, (mW): 1) 10;
2) 12;3) 16; 4) 18; 5) 20; 6) 22; 7) 30; 8) 40.

-§ f, +8MHz
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FIG. 7. Spectrograms and oscillograms of a continuous signal at the out-
put of the prototype delay line obtained for an input signal frequency
corresponding to the point g in Fig. 4j using an input power P,, = 25 mW.

in

their excitation. In the frequency intervals above the gaps
and between the gaps it was found that, in contrast to the
frequency below the gaps where 3 w/dk * < 0, the modula-
tion instability spectrum contained as a rule both lower and
upper side components and the depth of modulation re-
mained low, M <0.3 (Fig. 7). As P,, increased the modula-
tion instability spectrum also became stochastic in these fre-
quency intervals.

The modulation instability of finite-amplitude spin
waves (with a modulation frequency f,, on the order of sev-
eral megahertz) was recorded for all our YIG films with the
pinned surface spins and with thicknesses from 3 to 7 um.

It should be stressed once again that the modulation
instability observed in frequency intervals of strong negative
dispersion below the gaps, where in the pulsed regime we
observed formation of envelope solitons, exhibited charac-
teristic features of the minimum excitation threshold, asym-
metric (single-band) frequency spectrum, and large modu-
lation depth.

5.DISCUSSION OF EXPERIMENTAL RESULTS

The frequency of excitation » of magnetization waves
in the above experiments was selected so that three-wave
first-order decay processes were impossible. The dominant
role in the nonlinearity of magnetization waves was then
played by four-wave processes of the type

WxFOK=0KT O,
(8)
k+k,=k,+k,.

Among the processes described by the system (8), we can
distinguish the interaction of unidirectional waves

2005,= 045 D gy )

which in the x €k, case describe a modulational instability,
whereas for x ~ k, they describe a decay instability, and also
the processes of interaction of pairs of oppositely directed
waves:

who+m—hn=mhot%+m—(hoix) . ( 10)

Under our experimental conditions the processes described
by Eq. (10) could contribute only in the near-field zone of
the transmitting antenna.

Nonlinear properties of traveling magnetization waves
will be described using the approach developed in Ref. 16. In
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this approach the dispersion equation (6), where the depen-
dence on the wave amplitude is introduced in the familiar
wave'”'® and an allowance is made for magnetic dissipation,
is related to a nonlinear evolution equation for the complex
dimensionless amplitude ¢ of the envelope of a magnetiza-
tion wave ¥:

99 , da B(p) 1 0%°e d’¢ da
\—=t—— H - —— 9| ¢=—l0, 11
‘( ot ok ox! 2 ok 9z lol*g=—iv-g. (1)
where

¥ (z, t)=q(x, t)explilwd—kiz)], W =m*2(4nM,)?

m is the alternating magnetization, and o, and k, are the
frequency and wave vector of a magnetization wave.

It is shown in Ref. 19 that an evolution equation analo-
gous to Eq. (11) is obtained for magnetization waves in a
ferromagnetic film using the classical Hamiltonian formal-
ism?°?2 if the four-wave interaction Hamiltonian of Eq. (8)
is reduced only to the processes described by Eq. (9) which
are characterized by x €k, and if it is assumed that all the
interacting waves belong to the same dispersion branch (i.e.,
that they are characterized by the same distribution of the
alternating magnetization across the film thickness).

In the specific case in which there are no losses w, =0,
Eq. (11) reduces to the classical nonlinear Schrodinger
equation, the solutions of which have been investigated quite
thoroughly.'®* The simplest solutions of the nonlinear
Schrodinger equation are steady-state envelope waves (see
p. 135 in Ref. 16). These solutions are bounded in the limit
@ —0 and are of the form

¢z, t)=a(E)exp (<—ia02—a§l$—lgt>, (12)

where a(£) is the real amplitude of the envelope of a magne-
tization wave; £ = x — v, ; 4, is a constant representing the
average amplitude of the envelope. Three types of solution
are possible for a(£): an aperiodic solution corresponding to
an isolated wave of the soliton type see [Eq. (28.12) in Ref.
16] and two periodic solutions corresponding to modulated
waves for which the envelope does not reach zero level [Eq.
(28.13) in Ref. 16] and intersects the zero level [Eq.
(28.15) in Ref. 16]. These solutions for steady-state enve-
lope waves and the more general soliton solutions of the non-
linear Schrodinger equation described in Ref. 23 can exist if
the condition of instability a(£) = a, of a constant-ampli-
tude wave against longitudinal perturbations (modulation
instability condition or the Lighthill criterion) is satisfied:

ow 0*w

—_— 1
Slor! i ()

Self-modulation of a finite-amplitude wave g, in a non-
linear medium with dispersion, described by Eqgs. (28.12)—
(28.18) in Ref. 16, appears because a parametric instability
of Eq. (9) develops as the wave propagates, and the maxi-
mum growth rate S is

L (2 /‘_‘22&)"'
p=a, e for x%,=\2{p| oy , (14)

where x, is the wave number of the resultant modulation.
In real media which are characterized by dissipation
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and for which the parametric process of Eq. (9) has a thresh-
old, the inequality of Eq. (13) is not a sufficient condition
for the appearance of a modulation instability and for the
formation of envelope solitons. In fact, a modulation insta-
bility can appear in a medium with dissipation if the influ-
ence of dispersion (and of the competing nonlinearity) on
the profile of the propagating wave considerably exceeds the
influence of dissipation, i.e., if dissipation is a small pertur-
bation in Eq. (11):

. o
®, € a, _—alcplz , (15a)
2n \?| 0*w
o, < 0, _a}c—z- ] (15b)

where 7 is the characteristic time scale of the envelope wave
(for example, duration of an input wave pulse). It should be
noted that if the inequality of Eq. (15a) is transformed into
the corresponding equality, we obtain the following condi-
tion for the parametric threshold of the process described by
Eq. (9) (Refs. 20 and 24):

/laml

In addition to satisfying the conditions of Eq. (15), it is es-
sential to ensure that the parametric instability of Eq. (9)
develops during the time required for a wave to propagate
from the transmitting to the receiving antenna, i.e., we must
satisfy also the condition

[{552 ai—a)
l>>l)g —(m Ay — O},

where / is the distance between the transmitting and receiv-
ing antennas. We must point out that the condition (16) is
independent of the duration 7 of the input pulse. Therefore,
in the pulsed regime, modulational instability and formation
of envelope solitons may be observed also when the input
pulse *““does not fit”” between the antennas, i.e., when / < TV,

Formation of N envelope solitons from a rectangular
input pulse of finite duration 7 occurs also provided the am-
plitude a, of the input pulse exceeds a certain critical ampli-
tude governed by the condition®*'*:

-~ (2N—1>2( = )

o —_—
el el

where N=1,2,3, ....

It was shown in Ref. 25 that when the conditions (15)
and (16) are satisfied, the presence of weak attenuation w,
#0 in Eq. (11) does not result in qualitative changes in
steady-state solutions of the nonlinear Schrédinger equa-
tion, and nonlinear excitations described by these solutions
are quite stable and long-lived also in the case of a lossy
medium.

We shall now use Egs. (13)—(17) to obtain numerical
estimates for the experimental situation described above.
The coefficient dw/J |¢ | representing the nonlinearity can
be found from the dispersion equation (6) and it amounts to

(16)

(17)
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FIG. 8. Frequency dependence of the group velocity (a) and of the disper-
sion parameter (b) obtained in the vicinity of an n’ = 1, n = 17 dipole gap.
¢) Spectrogram of a continuous signal at the output of the prototype delay
line obtained for an input power P,, = 12 mW.

in

dw/d ¢ |* ~w,, = 3.10' rad/s. The relaxation frequency of
the investigated film is @, = 6X 10° rad/s. The spectral de-
rivatives do/dk = v, and d’w/dk * can be found from the
experimental curve in Fig. 4j using Eq. (5). The depen-
dences v, (w) and d°w/dk * obtained in this way near the
n' = 1,n = 17 gap are plotted in Figs. 8a and 8b. The bulk of
our experiments on a transversely magnetized film were car-
ried out using a carrier frequency o close to the point of
maximum dispersion (point c in Fig. 4j and in Figs. 8a and
8b). At this point the necessary condition for a modulational
instabilty [Eq. (13)] is satisfied and the values of the spec-
tral derivatives are v, = 1.8 X 10° cm/s and J’w/dk’> =

— 3 10° cm? rad*s ~'.* Using the theory of the excitation
of spin waves in a ferromagnetic field,'>'* we can calculate
the amplitude P, of a magnetization wave excited in the
investigated film by a signal of power P, applied to the input
antenna. At the point c in Figs. 8a and 8b we find that in the
case of our prototype delay line (W =30 um, L = 5.8 um,
47M, = 1750 Oe) when the input power is P,, = 20 mW,
the wave amplitude is @, = 4 X 10~ (the amplitude m of the
alternating magnetization is approximately 100 Oe). It then
follows from Eqgs. (14) and (15a) that the maximum para-
metric growth rate of the instability of Eq. (9) at the pointc
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is four times greater than the relaxation frequency w,. It
follows from the criterion (16) that the distance between the
antennas / necessary for the development of the instability is
/= 0.4 mm, which is an order of magnitude less than the
minimum distance between the antennas in the delay line
(! = 4 mm). Therefore, all the conditions for the observa-
tion of a modulation instability and the formation solitons of
the envelope or magnetization waves are satisfied at the
point c.

The frequency of the modulational instability with the
maximum growth rate is [for x, defined by Eq. (14)]

fon=Ugno/211=5.1 MHz.

It is clear from Fig. 6 that this value is very close to the
modulation frequency found experimentally: 4-6 MHz.

The duration of a single envelope soliton, measured at
half maximum for the values of v, , d 2w/3k?, dw/d | |* and
a, found in our study can be estimated theoretically with the
aid of Eq. (28.12) from Ref. 16 tobe 7, = 116 ns. The soliton
duration found experimentally is 75 = 120 + 20 ns (Fig.
4). It also follows from Figs. 4—6 that all three types of
steady-state nonlinear envelope waves described by Egs.
(28.13)—-(28.15) of Ref. 16 are observed: isolated waves of
the soliton type (Fig. 4f), a modulated wave with an enve-
lope that does not reach zero level [Figs. 6(4) and 6(6) ],
and a modulation wave with an envelope intersecting the
zero level [Fig. 6(5)].

The conditions of Egs. (15b) and (17) make it possible
to find the limits of the duration 7 of an input pulse within
which we can observe formation of envelope solitons, bear-
ing in mind that the minimum value of the duration is limit-
ed by the condition for the existence of the minimum ampli-
tude of a single soliton, Eq. (17), and the maximum duration
is limited by the attenuation condition:

70 ns<t<<780 ns.

This estimate is confirmed by the experimental results. In
particular, beginning from 7~ 150 ns a reduction in the du-
ration of the input pulse begins to reduce the soliton ampli-
tude, whereas at 7= 80 ns the soliton disappears completely.
In the case of longer input pulses (7 = 900 ns) the attenu-
ation smears out the soliton formation pattern and single
solitons become difficult to distinguish near the trailing edge
of a pulse [see Fig. 5a(5)]. Equation (17) can be used to
calculate the number N of solitons formed from an input
pulse of a given duration 7. The results of such a calculation
are presented in Fig. 9. We can see that in the case of short
input pulses the theory agrees well with the experimental
results, but in the range 7> 600 ns there are discrepancies. In
our opinion these are due to the influence of attenuation.
Naturally, these discussions and estimates can be re-
garded only as a qualitative confirmation of the soliton na-
ture of the observed effects than as a theory providing a
quantitative description. The considerable difference
between the experimental situation discussed by us and the
classical model of Refs. 16, 20, and 23 is that in the vicinity of
the dipole gaps the dispersion coefficients v, and d’w/dk*
vary rapidly in magnitude and sign when the carrier frequen-
cy is varied, even within the limits of the spectrum of the
envelope of the input signal (see Figs. 8a and 8b).
Moreover, an increase in the output power not only pro-
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FIG. 9. Dependence of the number of solitons N on the duration 7 of an
input rectangular pulse: the segments are theoretical and the points are
the experimental data.

duces a parallel shift of the spectrum, associated with the
nonlinear term in Eq. (11), but also induces deformation of
the spectrum beginning from P;, > 40 mW and then causes a
gradual “collapse” of the dipole gaps in the spin wave spec-
trum. This means that at a fixed frequency of the input car-
rier signal the parameters v, and d w/dk * can vary rapidly if
P, is altered, particularly in the range P;, > 40 mW.

Strong frequency dependences of the dispersion param-
etersv, and d °w/dk * explain, in our view, why just one (low-
est) satellite is present in the spectrum of the signal transmit-
ted by a ferromagnetic field (Figs. 6 and 8). It is clear from
Fig. 8 that if the frequency of an input monochromatic signal
is at the left-hand edge of a dipole gap in a strong dispersion
region, then the spectral satellites formed as a result of the
process described by Eq. (9) appear at different positions:
the lower satellite is found in a zone characterized by 9’0/
Ak * <0, whereas the upper satellite is in a zone d *w/dk > >0
and in the latter case the necessary condition for a paramet-
ric instability given by Eq. (14) is no longer obeyed. More-
over, the upper satellite is in a region with a lower group
velocity and, consequently, stronger spatial attenuation.

However, it should be pointed out that experiments car-
ried out under conditions of continuous excitation of magne-
tization waves in transversely magnetized YIG films have
revealed effects which cannot be explained by the above
model.

One of these effects is a modulational instability of mag-
netization waves observed when the amplitude of a mono-
chromatic wave increased in those parts of the spectrum
where 3 >w/dk > > 0 and the Lighthill criterion of Eq. (13) is
no longer obeyed (see Fig. 7 and also Refs. 9 and 26). This
instability is characterized by a relatively small modulation
depth and by a symmetric spectrum which contains both
lower and upper satellites of comparable amplitudes.

It was shown in Ref. 9 and 10 that in the case of thin
ferromagnetic films a very likely cause of such an instability
is the parametric process of Eq. (9) when x ~ k. In this case
the growth rate of four-magnon decay of Eq. (9) does not
depend directly on the sign of the dispersion coefficient 8w/
Jk * and the process can consequently be observed also where
8°w/8k *> 0. Another probable reason for self-modulation
of a magnetization wave may be, in our opinion, the process
of interaction of pairs of oppositely directed waves of Eq.
(10), which in our experimental situation may be realized
only near a transmitting antenna. In the case of bulk ferro-
magnets the process of Eq. (10) had been investigated be-
fore,?""*>?7 using the so-called S model and it was found that
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the growth rate of this process did not depend directly on the
sign of °w/dk >.

The symmetric (independent of the sign and value of
d%w/dk ?) positions of satellites in the spectrum of the inves-
tigated instability [see Fig. 7 in the present paper, Fig. 1(2)
in Ref. 9, and Fig. 1 in Ref. 26] and the reduction in the
amplitude of the satellites away from the transmitting an-
tenna”® support the proposed explanation.

A second effect which cannot be explained on the basis
of Eq. (11) is the transition from a coherent modulation
regime to a stochastic one [see Figs. 6(7) and 6(8) in the
present paper and Figs. 1(5) and 1(6) in Ref. 9], which
occurs in the power of the input unmodulated signal. The
effect is manifested particularly clearly in thin (L <1 gm)
YIG films where high signal power densities can be achieved
in the interior of a film.>'°

Several scenarios of the transition from a dynamic to a
stochastic regime of parametric effects in ferromagnets have
been suggested. A mechanism of secondary turbulence in a
system of parametrically excited modulation waves is de-
scribed in Refs. 22 and 28. Another possible mechanism of
this transition to a stochastic regime is a kinetic instability *°
which is supported by the experimental results reported in
Ref. 9. A recent experimental investigation of an obliquely
magnetized YIG film'' demonstrated a transition of a para-
metric instability of magnetization waves to a stochastic re-
gime as a result of appearance of a strange attractor after a
chain of different consecutive bifurcations.

Clearly, the relationships governing the transition to
chaos in a system of magnetization waves cannot be estab-
lished without more extensive experimental investigations.

6. CONCLUSIONS

The main result of the present study is the detection and
determination of parameters of solitons representing enve-
lopes of microwave magnetization waves generated under
pulsed excitation conditions and a modulational instability
of waves with the same frequency under conditions of con-
tinuous monochromatic excitation. It should be stressed
particularly that the formation of envelope spin-wave soli-
tons described above agrees with a physical definition of a
soliton as an entity which exists because of an equilibrium
between two competing factors, dispersion and nonlinearity.

Just above critical conditions the investigated nonlinear
wave phenomena can be explained theoretically using the
nonlinear Schrodinger equation. When the margin is rela-
tively large, the propagation of nonlinear waves becomes
very complicated and requires further study.

The great variety, relative simplicity of observation,
and the existence of specific size characteristics of nonlinear
wave phenomena discovered in recent years in epitaxial YIG
films will ensure continuing attention of experimentalists
and theoreticians.

""Here and below all the values of the input microwave power are given
after the signal reflected by the transmitting antenna is subtracted.
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?Similar noise modulation in YIG films was first pointed out in Ref. 9.

1t should be pointed out that in the case of a tangentially magnetized
film, where in contrast to a transversely magnetized film we have dw/
J|@ |> <0, the formation of envelope solitons is observed not at the left-
hand edge of a dipole gap, but at the right-hand edge where 9 *w/dk * >0
(Ref. 15). This is an important argument in favor of the soliton mecha-
nism of the observed effects.
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