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Dark solitons of magnetostatic surface waves in magnetic films have been observed for the first time.
The experiments were conducted at 5.19 GHz on 7.2 um single-crystal yttrium iron garnet films. The
dark solitons were excited by 15 ns wide “off” pulses in a high power cw microwave signal applied to the
film. The characteristic soliton narrowing effect in the output pulses was observed as the input power
was increased above the 0.5-1 W threshold levels. The shape of the “dark™ pulse agrees with the |tanh|
functional dependence predicted from theory. Direct measurements of the carrier signal showed a phase
shift of close to 180° at the center of the dark soliton, also in agreement with theory.

PACS numbers: 75.30.Ds, 76.50.+g, 85.70.Ge

Envelope solitons are nonlinear wave packets which
preserve their shape without dispersive spreading. In re-
cent years, soliton excitations have been realized in many
physical systems [1-3]. One well-known example is the
optical-envelope soliton in optical fibers [4,5]. Envelope
solitons for spin waves at microwave frequencies have
been observed in yttrium iron garnet (YIG) thin films for
various magnetic field and propagation combinations, in-
cluding forward-volume wave [6,7], surface wave [8], and
backward-volume wave [9] configurations.

The envelope of nonlinear spin wave packets propaga-
ting in ferromagnetic thin films has been found to be best
described by the nonlinear Schrddinger (NLS) equation
[10,11]. It is well known that the NLS equation has two
different types of solutions which correspond to bright
and dark solitons, depending on the relative signs of the
dispersion coefficient and the nonlinearity coefficient in
the equation [12,13]. Bright soliton solutions exist when
the product of these two coefficients is negative, while
dark soliton solutions exist when the product is positive.

All of the magnetic experiments to date have been for .

bright solitons, that is, for normal propagating wave
packets.

This Letter reports the first observation of microwave
magnetic-envelope dark solitons and the first experimen-
tal verification of the 180° phase shift in the carrier sig-
nal at the center of the pulse for any category of NLS
dark soliton. The experiments were done at 5.19 GHz on
in-plane magnetized single-crystal YIG films. Both the
output signal envelope and the actual carrier signal out-
put were measured. For input power levels above a cer-
tain threshold in the range of 0.5-1 W, the output signal
pulses showed a narrowing which is characteristic of dark
solitons and the carrier showed at 180° phase shift over
the central minimum region, also characteristic of dark
solitons. These results are in quantitative agreement with
the theoretical dark soliton solutions for the NLS equa-
tion [13].

The propagating spin waves were excited in the mag-
netic thin film by applying cw microwave power to a
magnetostatic wave (MSW) delay line structure using a

© 1993 The American Physical Society

microstrip transducer [14]. The width of the dark pulse
was controlled by chopping the cw signal with a fast mi-
crowave switch. The cw signal was generated by a mi-
crowave synthesizer and a power amplifier, and controlled
with a precision attenuator. The delay line structure uti-
lized a single-crystal YIG film of 7.2 um thickness on ga-
dolinium gallium garnet substrate, 15 mm by 2 mm in
size and with unpinned surface spins. The 10 GHz fer-
romagnetic resonance full linewidth of the film was 0.6
Oe¢. The film was magnetized by a static field of 1066 Oe
applied in the film plane and perpendicular to the long 15
mm edge. This corresponds to the magnetostatic surface
wave (MSSW) configuration. The input microstrip
transducer was 50 yum wide and placed on the center por-
tion of the film perpendicular to the long edge. The out-
put signal was detected by a second identical microstrip
transducer 4 mm down the film and analyzed with a
Hewleti-Packard 71500A microwave transition analyzer.
The operational frequency of 5.19 GHz and the static
magnetic field of 1066 Oe were chosen to minimize
transmission loss and keep the main lobe of the input
pulse frequency spectrum within the MSSW bandwidth.
The experiment was conducted for various input power
and pulse width combinations. The maximum input pulse
power was 3 W and the minimum input dark pulse width
was 5 ns. Best results were obtained for input dark pulses
with width of 15 ns. Figure 1(a) shows output envelope
signals for different dark pulse input power levels. At rel-
atively low input power levels, as in panel (i), one sees
only a broad output signal in a constant background. As
the input power increased above some threshold, a sharp
dark pulse emerges in the output signal and the width of
the pulse is much narrower than the width of the input
dark pulses. Trace (iv) has the expected dark soliton
character, as discussed below. The voltage is near zero at
the cusplike soliton center. It is important to note that
such sharp output pulses occur only for dark pulse inputs.
Output signals obtained under the same conditions as in
Fig. 1(a), except that the input signals were regular
“bright” pulses, are shown in Fig. 1(b). Only broad out-
put signals are observed, even at high input power levels.
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{a) Series of output dark pulses for 15 ns wide input dark pulses with cw input power levels of (i) 7 mW, (i) 30 mW, (iii)

130 mW, and (iv) 580 mW. (b) Output bright pulses for 15 ns wide input bright pulses at the same power levels as in (a).

In addition to measurements of the soliton envelope, it
was also possible to measure the modulated microwave
carrier signal directly. Figure 2 shows this 5.19 GHz car-
rier signal over a 2 ns time window at the soliton center,
corresponding to the cusp in trace (iv) of Fig. 1(a). The
dotted curve shows a pure sine wave at 5.19 GHz as a
point of reference for phase. Figure 3 shows the actual
phase change versus time data, represented by the solid
circles, for the zero crossing points in the carrier signal at
the center region of the soliton. The solid curve shows
the phase change from theory, as discussed below.

The above results can be quantitatively explained on
the basis of soliton theory. It can be shown [10,11] that
the normalized envelope function for the classical com-
plex spin wave precession amplitude u(x,t) satisfies the
nonlinear Schrddinger equation in the form

ou , ou 3
+w +_ "___ 2, =
(61 8 } 5 (74 Nlul u=0, (1)

where w} and wy are the first- and the second-order par-
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FIG. 2. Modulated microwave carrier signal at 5.19 GHz for
a 2 ns window at soliton center, corresponding to the dark out-
put pulse in Fig. 1(a), trace (iv).
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tial derivatives of the spin wave frequency w; with
respect to wave number k, respectively, and N is a non-
linearity coefficient defined by N =8wx/8|u|% For sim-
plicity, damping effects due to spin wave relaxation loss
are not included in Eq. (1). Dark soliton solutions are
possible when wf and NV have the same sign; bright soli-
ton solutions are possible when @y and N have opposite
signs. For unpinned films in the MSSW configuration,
the dispersion coefficient w; and the nonlinearity coeffi-
cient NV are both negative (see, for example, [11]). The
present experiment, therefore, corresponds to the dark
soliton case. The expression for the dark soliton solution
to Eq. (1) can be written as [13]
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FIG. 3. Phase change vs time for the modulated microwave

carrier signal in Fig. 2. The solid line shows a best fit of the
theory described in text to the data.
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The soliton group velocity v, is given by
ve =0k +KoF . (3)
The & and Q parameters in Eq. (2) are given by
(1—A4?'2
fmp— e AT

4)
vgToA
and
ey 42 — A2
- 1 5 0, oi3—4% (1—4?
Q =row)+—x’wf+ — ) (5)
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The x and to parameters represent a soliton wave-
number shift and the temporal half-width for the soliton
pulse, respectively. The A4 parameter denotes the contrast
of the dark soliton, with —1 <A =<1. WNote that the
complex phase term in-Eq. (2) is not the spin wave car-
rier signal. It is part of the complex envelope function,
with £« k and Q < wg. From Eq. (2), the overall phase
change in the soliton carrier in the soliton central region

4 t t{) X Vg
( [ / ]] ‘

i —1 e —1
o=sin~ 'A-+tan [(I—Az)‘/z o

(6)

The dark soliton solution u(x,t) in Eq. (2) for high
contrast, that is, for |A4|=1, has two important and
unique properties: (1) a |tanh} functional dependence for
the envelope and a corresponding near-zero amplitude at
soliton center; (2) a near-180° phase change from one
side to the other across the soliton center. The |tanh|
function in the envelope dark soliton solution causes the
discontinuity in the slope of the dark soliton wave form at
the soliton center and explains the sharp cusp in trace
(iv) of Fig. 1(a). This cusp is a unique characteristic of
dark solitons. When allowed, that is, for @y and N of op-
posite signs, the bright soliton solutions to Eq. (1) involve
a sech function with a smooth profile at the center.

The sign change for the tanh function at dark soliton
center is the origin of the observed close-to-180° phase
change in the modulated carrier signal at the center of
the MSSW dark soliton shown in Fig. 2. Equation (6)
was used to obtain the theoretical phase shift versus time
curve to compare with the data. The calculation was
based on an estimate for the soliton half-width parameter
from trace (iv) of Fig. 1(a) as t9=3.5 ns, with 10=0.85
ns and x =0 to match the soliton center in Fig. 2. The
key fitting parameter is the contrast parameter 4, which
affects strongly both the rate and the range of the phase
change. The best fit to the data, shown by the solid line
in Fig. 3, was obtained for 4 =0.9986. Note that A =1
would give a sharp step at the center of the soliton, not
the gradual change shown in Fig. 3. The difference in the
A=0.9986 best fit value from unity is, therefore, signifi-
cant. The excellent fit in Fig. 3 is further evidence for the
dark soliton nature of the signais in Fig. 1(a). Experi-

ments to date on optical dark solitons [5] had not been
able to directly measure the phase shift due to the high
carrier frequency of the optical pulses. In the case of mi-
crowave magnetic-envelope dark solitons, this phase shift
has now been directly observed, measured, and fitted by
theory.

In conclusion, this Letter reports on the first observa-
tion of microwave magnetic-envelope dark solitons in thin
YIG films and the first direct measurement of the charac-
teristic dark soliton 180° phase shift. Soliton theory,
based on the nonlinear Schrédinger equation, is in quanti-
tative agreement with the data.
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