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Observation of self-generation of dark envelope solitons
for spin waves in ferromagnetic films
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We have performed experiments in which self-generation of dark en-
velope solitons for spin waves at microwave frequencies were obtained.
Stable self-generation of dark solitons was observed in a ring consisting
of tangentially magnetized yttrium iron garnet film and a microwave
signal amplifier. ©1998 American Institute of Physics.
@S0021-3640~98!01315-2#

PACS numbers: 75.30.Ds, 75.70.Ak

It is well known that two types of envelope solitons can propagate in nonlin
waveguiding dispersive media — bright solitons and dark solitons~see, for example,
Ref. 1!. Most experimental works concern bright solitons. Here bright solitons
optical fibers2 as well as solitons for spin waves in ferromagnetic films~see, for example,
Refs. 3–6 and the literature cited there! are in the leading position. At the same tim
the generation and propagation of dark optical solitons~detailed information about which
can be found in the recent review Ref. 7! and spin-wave solitons~we know of only one
work, Ref. 8! have clearly not been adequately investigated.

In the present letter we report the experimental observation of the generation o
envelope solitons for spin waves at microwave frequencies. Just as in Ref. 6,
generation of bright solitons was obtained, a ring consisting of an yttrium iron garne
~YIG! and a microwave signal amplifier was used for the experiment. We underscor
an external microwave signal was not introduced into the circuit. In other words,
generation of dark microwave solitons was observed.

Previous experiments devoted to the investigation of bright envelope soliton
both weakly and strongly dispersive spin waves have found a good explanation
nonlinear Schro¨dinger equation~NES! model. For this reason, this model was used
formulate the experiment described. According to the NES model,

i ~]u/]t1Vg]u/]x!1~D/2!]2u/]2x2Nuuu2u50, ~1!

dark envelope solitons can be observed in waveguiding media if the dispersion
nonlinear coefficients of the carrying wave have the same signs. A quasisurface
wave propagating in tangentially magnetized ferromagnetic films in a direction pe
2430021-3640/98/68(3)/5/$15.00 © 1998 American Institute of Physics
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dicular to the bias magnetization field satisfies this requirement. In the case of s
crystal YIG films, which have free surface spins, such a wave has monotonic dispe
v(k) in the long-wavelength region of the spectrumkL!1.9 Its dispersion coefficient
D5]2v/]2k and nonlinear coefficientN5]v/]uuu2 are negative.

The experiments were performed on samples in the form of narrow, 1.5 mm w
strips of YIG films ~spin-wave ‘‘waveguides’’!. The waveguides were cut from single
crystal YIG films of thicknessL55.2mm grown on a~111! gadolinium-gallium garnet
substrate. The spin waves were excited and detected with the standard ‘‘delay
arrangement3,4 with short-circuited exciting and detecting microstrip antennas, eac
width 50mm and length equal to the width of the film waveguide. The distance betw
the antennas, formed photolithographically on mobile ceramic substrates, could be
lated. The spin-wave waveguides were placed on top of the antennas.

The spin-wave delay line described above was connected with a wideband m
wave signal amplifier~the working frequency band of the amplifier was greater than
MHz! and a microwave signal modulator into a closed circuit — a ring. We underscore
that for all microwave signal levels employed the amplifier always operated in a cl
linear regime. Therefore the nonlinear properties of the ring were determined b
nonlinearity of the spin system of the ferromagnetic film. The modulator was use
periodic ‘‘interruption’’ of the ring for short time intervals several to ten nanosecond
duration. Having in mind a comparison with theory, it is important to note that
modulator employed could not give complete interruption of the ring. The attenu
introduced by the modulator relative to the constant~maximum! level of the circulating
microwave signal was equal to 41 dB. In other words, in the existing terminology2,7 the
modulator supported a generation regime for gray solitons.

An apparatus similar to that described in Ref. 6 was used for measurements
experiments can be conventionally divided into two stages. At the first stage
waveguiding properties of the ring were investigated. Specifically, the spectrum o
resonance frequencies of the ring was measured with different gains of the circu
microwave signal. These measurements were performed without modulation of the
At the second stage generation processes, where the modulator provided modula
the signal in the ring, were investigated.

Figure 1a shows the amplitude–frequency characteristic of the ring, measured
a gain slightly below the threshold for the appearance of microwave generation i
ring. This characteristic reflects the resonance properties of the ring in a regime
almost complete compensation of losses in it. The wave numberskn of the resonant spin
waves can be found from the conditionknd1f52pn, whered is the distance betwee
the spin-wave antennas,f is the phase shift of the signal due to the part of the circ
outside the ferromagnetic film, andn is an integer. This resonance condition makes
possible to determine the dispersion relationv(k) of the spin waves according to th
experimental peaks in Fig. 1a. Such an equation was found in the course of the w
the dispersion relation of the lowest quasisurface wave mode.9 A calculation using the
obtained dispersion relation gave the following spin-wave parameters: group ve
Vg52.93106 cm/s, dispersion coefficientD523310 cm/rad•s, and nonlinear coeffi-
cientN529.23109 rad/s.~The values of the parametersVg , D, andN are given for the
central carrying frequency, which is determined below.!



r spin
odu-
the

of gen-
adjust-
sted
als

-
3. The
poral
orre-

ds to
equal

inear
ent.

ted in
ce of
r.

en the
es
film
mW.
ve en-
e

859E
d self-

f-

245JETP Lett., Vol. 68, No. 3, 10 August 1998 Kalinikos et al.
At the second stage, experiments on self-generation of envelope solitons fo
waves were performed. The experiments were performed in a regime of periodic m
lation of the ring by square ‘‘dark’’ pulses. In the experiments the envelope of
generated signal and its phase characteristic as well as the frequency spectrum
eration were measured simultaneously. To obtain stable self-generation several
ments were made: 1. The distanced between the input and output antennas was adju
to ensure that the circulation timet0 of the microwave spin-wave pulses in the ring equ
the external modulation period~heret05d/Vg1te , wherete is the propagation time of a
microwave pulse outside the ferromagnetic film!. 2. The ring gain was adjusted to com
pensate losses and achieve stable self-generation of dark microwave solitons.
durationt in of the external pulses fed into the modulator was adjusted to obtain tem
profiles of the amplitude and phase of the envelope of the microwave signal that c
spond to dark solitons.

It is important to note that in terms of frequencies the first condition correspon
the condition that the spectral frequencies of the generated train of nonlinear pulses
the characteristic frequencies of the ring. Satisfaction of this condition for a nonl
propagation regime of spin-wave pulses was one of the main ideas of this experim

The results illustrating the regime of self-generation of dark solitons are presen
Fig. 2. The oscillograms shown in this figure were recorded with a periodic sequen
dark square pulses with durationt in522 ns and clock rate 10 MHz fed to the modulato
The measurements were performed for the following parameters: distance betwe
input and output antennasd52.3 mm, total circulation time of the microwave puls
along the ringt05100 ns, and pulse propagation time outside the ferromagnetic
te520 ns. The power of the spin waves at the exit of the delay line was equal to 0.9
Figure 2a shows a self-generated sequence of microwave pulses — dark spin-wa
velope solitons, while Fig. 2b shows its phase characteristic.~The measurements wer
performed with an HP70820A microwave transition analyzer.! The frequency spectrum
of this sequence is displayed in Fig. 1b; the spectrum was obtained with a HP
spectrum analyzer. As follows from the measurement results, in the case describe

FIG. 1. Amplitude–frequency characteristic of the experimental ring~a! and frequency spectrum of the sel
generated train of dark solitons~b!.



more

rence
l car-

rrying
t
YIG
s the

that
in its
nd

dark
e

ects:
ld be
dark
signal
n of a

f dark
of the

ration
bove-

iments

246 JETP Lett., Vol. 68, No. 3, 10 August 1998 Kalinikos et al.
generation of dark solitons was observed with nonlinear self-synchronization of
than 10 ring modes.

We note that the phase characteristic was recorded with a 5146.6 MHz refe
signal fed into the HP70820A. This frequency was set exactly equal to the centra
rying frequency of the self-generating train of dark solitons~see Fig. 1b!. The phase
characteristic in Fig. 2b demonstrates two sharp changes in the phase of the ca
microwave signal~by 180° each!, which occur ‘‘inside’’ the dark pulses; this is direc
evidence of their soliton character. The propagation velocity of the dark solitons in a
film, within the limits of the measurement error which we estimate to be 10%, equal
group velocity of spin waves at the central frequency.

We shall now give a more detailed description of the data in Fig. 2. We note
each pulse of the self-generated sequence is always obtained with two minima
profile ~at the ‘‘bottom’’ of the pulse! ~see Fig. 2a!. Rapid changes in phase correspo
to a change in the signal amplitude near these minima: one by1180° and the other by
2180°. This behavior of the signal phase indicates that the observed nonlinear
pulses can be interpreted as pairs of dark solitons.~We note that the abrupt 360° phas
kicks, which correspond to the vertical lines in Fig. 2b, are purely instrumentation eff
They are due to a characteristic operational feature of the HP70820A and shou
ignored.! On the whole, the two fast 180-degree phase changes occurring during a
pulse compensate one another and the resulting phase of the carrying microwave
does not change. This experimental fact corresponds to the theory of the generatio
pair of dark solitons from a square pulse.7,10,11

We note in passing that the above-described behavior of the phase of a pair o
solitons is fundamentally different from the case of bright solitons, where the phase
carrying signal remains constant over the duration of the spin-wave soliton.6

In conclusion, we note that the obtained nonlinear pulsed spin-wave self-gene
confirms theoretical ideas about dark envelope solitons. We believe that both the a
described experiments on self-generation of dark spin-wave solitons and the exper

FIG. 2. Temporal profile of the envelope of a train of dark solitons~a! and its phase characteristic~b!.
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presented in Ref. 6 on self-generation of bright spin-wave solitons can be extend
diverse continuous and discrete waveguiding media.
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