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A new advanced space- and time-resolved Brillouin light scattering technique is used to study diffraction of
two-dimensional beams and pulses of dipolar spin waves excited by strip-line antennas in tangentially mag-
netized garnet films. The technique is an effective tool for investigations of two-dimensional spin wave

propagation with high spatial and temporal resolution.
It is shown, that nonlinear diffraction of a stationary

stationary self-focusing are investigated in detail.

Nonlinear effects such as stationary and non-

backward volume magnetostatic wave (BVMSW) beam, having a finite transverse aperture, leads to self-
focusing of the beam at one spatial point. Diffraction of a finite-duration (non-stationary) BVMSW pulse
leads to space-time self-focusing and formation of a strongly localized two-dimensional wave packet (spin

wave bullet).

Magnetostatic spin waves in yttrium-iron garnet (YIG) films
provide a superb testing ground to study linear and nonlinear
wave processes in dispersive, diffractive, and anisotropic
mediawith relatively low dissipation [1, 2]. The threshold of
nonlinearity determined by the dissipation parameter is so
low that a wide variety of nonlinear wave effects, like for-
mation of envelope solitons [3], modulational [4], decay and
kinetic [5] instabilities, can be observed for input microwave
powers below 1 W. In films the wave process is easily ac-
cessible from the surface. Inductive probes [6, 7], thermo-
optical methods [8], and Faraday rotation measurements [9]
were used to study magnetostatic wave processes in YIG
films. It is, however, the recently developed method of
space- and time-resolved Brillouin light scattering (BLS)
[10, 11, 12], which provides a major leap in this field due to
its high temporal and spatial resolution, sensitivity, dynamic
range and stability. Using this method it is now possible not
only to reproduce all the results obtained previously for sta-
tionary wave processes, but also to investigate non-stationary
nonlinear wave processes like propagation of intensive wave
packets of finite duration and finite transverse aperture
(pulse-beams) that are simultaneously affected by dispersion,
diffraction, nonlinearity and dissipation [13].

In this paper we present the results of our investigations of
nonlinear diffraction of dipolar spin waves propagating in
tangentially magnetized YIG films. We show that our
method allows to observe and investigate in detail new non-
linear effects such as the stationary one-dimensiona self-
focusing effect of microwave excited backward volume
magnetostatic wave (BVMSW) beams leading to the forma-
tion of spatial spin wave solitons, and the non-stationary
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spatio-temporal  self-focusing effect of two-dimensional
propagating wave packets leading to the formation of highly
localized quasi-stable wave pulses — spin wave bullets. The
last effect was predicted in optics [14], but the first experi-
mental observation of this effect has been reported for the
system of magnetostatic spin waves propagating in a YIG
film[13].

The most interesting case to study two-dimensional nonlinear
spin wave processes is the case BVMSW modes, propagat-
ing along the direction of the bias magnetic field that is ori-
ented tangentially to the film. Here the nonlinear coefficient
N is negative, while the coefficients D and S describing dis-
persion and diffraction are both positive (see Chapter 9 in
[1]). Thus the Lighthill criterion [15] for modulational in-
stability is fulfilled in both in-plane directions (SN<0, DN<0)
and the BVMSW are susceptible to both self-modulation in
the direction of propagation (z) and to self-focusing in the
transverse direction (y).

To investigate both the spatial and the temporal properties of
spin wave packets, we have developed a new experimental
technique based on a standard Brillouin light scattering
(BLS) setup. Spin waves are generated by a microwave in-
put antenna. If microwaves with a frequency w, are applied
to the input antenna, a spin wave is launched with a
wavevector determined by the dispersion relation wy(k) of
the spin wave. The spatia distribution is now measured by
scanning the laser beam across the sample, which is per-
formed by a motorized sample mount. In our experiment the
spin waves were effectively excited in a wavevector interval
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k| < 1200 cmi™* (with the upper bound imposed by the width
of the antenna). Thus, we investigate the light scattered in
forward direction to achieve a high sensitivity in this low-
wavevector regime.

Temporal resolution is added by using a time correlated sin-
gle photon counting method similar to time-of-flight meas-
urements in, e.g., mass spectroscopy. As the frequency se-
lecting device we use atandem Fabry-Perot interferometer in
multipass configuration (for a detailed description see [10]).
A pulse generator generates pulses of typically 10-30 ns
duration with a repetition rate of 1 MHz. Each pulse is sent
to a microwave switching device to create a pulsed micro-
wave field and to generate a spin wave pulse. If the spin
wave pulse crosses the laser spot, light is inelastically scat-
tered, and an inelastically scattered photon is detected. A
special counter and a memory array are used to measure the
elapsed time between the launch of the spin wave pulse and
the arrival at the position of the laser spot and thus to meas-
ure the tempora variation of the spin wave intensity at the
current position of the laser spot. By repeating the procedure
for different positions of the laser spot on the sample with a
mesh size of typically 0.1 mm, a two-dimensional map of the
spin wave intensity is constructed for each value of delay
time. We arrange the data in a digital video animation with
each frame representing the spatial distribution of the spin
wave intensity for a given delay time [16]. A lower limit of
about 2 ns on the time resolution is imposed by the intrinsic
time resolution of the BL S spectrometer.

The samples were mounted on a standard microstrip-
transducer structure with an input antenna of width 50 um
and length 25 mm. The antenna is connected to a high
speed switcher for the pulsed measurements which alows
microwave pulses of atime duration T3 10 ns. The switcher
in turn is connected to a generator / network analyzer / am-
plifier unit, which provides a microwave input power of up
tol1W.

Evidence of nonlinear self-focusing of dipolar spin wave
beams was presented in our previous short paper [17], where
spectrally narrow BVMSW beams in a narrow waveguide
(width 2 mm) were studied. One of the results was the ap-
pearance of a snake-like structure in the data which is caused
by the interaction of transverse waveguide modes [18]. This
structure is caused by the influence of the lateral boundaries
of the waveguide. Different width-modes of the waveguide,
excited by the microwave antenna, propagate with different
phase velocities, and interfere with each other creating a
snake-like pattern in the spin wave intensity in the

a) b)

Fig. 1: Stationary self-focusing of BVMSW beams in a large BIG sample:
experimental distributions of the spin wave normalized intensity in the film
plane for the linear (a) and nonlinear (b) regime are shown. A clear self-
focusing maximum is seen at the point (z=2.5 mm, y = 3 mm) in the non-
linear regime.
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waveguide.

To exclude the effect of boundaries in the measurements of
self-focusing presented here, a wide L Ug g6Bi,0sFe5015 (BIG)
sample (width 10 mm) was used. The sample was cut out of
the same BIG disc from which the sample in [17] was made.
In this experiment the static magnetic field was H = 2090 Oe,
the carrier frequency was fy = 8450 MHz, and the resulting
carrier wavevector was ko, = 300 cmi ™. The input power was
Pin =10 mW in the linear and up to P;,= 600 mW in the
nonlinear case. In Fig. 1ab the experimentally measured
spin wave intensity distribution is shown for different values
of the input power. The intensity maps are corrected for
attenuation asis described in [17], and the datais normalized
to the maximum power in each map. The antennais oriented
along the y-direction and located on the left at z=0. In the
linear case, displayed in Fig. 1a, the spin wave amplitude
dlightly changes due to the effect of the diffraction which
causes a beam divergence during propagation, so that the
spin wave intensity is distributed over a wider range with
increasing distance from the antenna. In the nonlinear case
the propagation of the spin waves is very different (Fig. 1b).
The beam no longer diverges. It converges to a small di-
ameter while the spin wave amplitude increases and a clear
focus of spin wave intensity is observed at the point
z=2mm, y=2mm. This is the result of the competition
between diffraction and nonlinearity, and it can be approxi-
mately interpreted as a spatial soliton of a higher order [19].
Since the spin wave beam looses energy due to dissipation
during propagation, the beam finally diverges when its am-
plitude becomes so small, that the diffraction effect domi-
nates, asisthe case for z> 2.6 mmin Fig. 1b.

In the experiments discussed above only stationary effects of
the spin wave propagation were studied. In this case disper-
sion played no role. If, however, the propagation of short
pulses is considered, the dispersion causing the spreading of
a wave packet in the propagation direction in the linear case
might influence the mode propagation significantly. To
measure the real two-dimensional spatio-temporal self fo-
cusing, we used a large YIG sample (thickness 7 pm, width
18mm, length 26 mm) with a FMR linewidth of
2DH = 0.6 Oe. The static magnetic field was H = 2098 Oe,
and the carrier frequency was chosen to be f; = 7970 MHz
which results in a carrier wavevector ko, = 70 cm™. The du-
ration of the microwave input pulse was chosen to be
T=29ns.

Figures 2a,b show the distribution of the spin wave intensi-
ties for the above parameters and for two different input
powers. Pj,=10mW in the linear (Fig. 2a) and
Pin = 700 MW in the nonlinear regime (Fig. 2b). The upper
part of each panel shows the spin wave intensity in a three-
dimensional plot for five different propagation times as indi-
cated in the figure. The data are normalized to the maximum
power in each graph. The lower parts shows the cross-
sections of the wave packets at half-maximum power. In the
linear case, the diffraction and the dispersion cause the
broadening of the initial wave packet perpendicular to and
along the propagation direction, while the amplitude de-
creases due to dissipation. Here diffraction is considerably
larger than dispersion, so that the broadening of the wave
packet in the transverse direction is much more pronounced
than in the direction of propagation.
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Fig. 2: Non-stationary self-focusing of a two-dimensional BVMSW packet
in alarge YIG film. The upper parts of the pictures show the spin wave
intensity distribution in the film created by the propagating pulse of the
duration T =29 ns at five successive moments after the moment of a pulse
launch from the antenna as indicated in the figure. The lower parts of the
panels each show the cross-sections of the propagating pulse at half-
maximum power. Panels (a) and (b) show experimental data for linear and
nonlinear regimes. Spatio-temporal self focusing is clearly seen for
T = 65 nsin the nonlinear regime.

The behavior of the wave packets in the nonlinear case is
quite different (Fig. 2b). Here the initial high-amplitude
wave packet starts to converge, and its amplitude is increas-
ing. Theory (see eg. [20]) predicts that in the two-
dimensional case a stable equilibrium between dispersion,
diffraction, and nonlinearity is not possible, and nonlinear
self-focusing of the wave packet with high enough initial
energy should lead to a wave collapse, i.e., all the energy of
the packet will be concentrated at one spatial point. In areal
medium with dissipation collapseis, of cause, avoided, asthe
wave packet looses energy. Therefore, in a certain interval
of propagation distances, nonlinear collapse is stabilized by
dissipation, and a quasi-stable strongly localized two-
dimensional wave packet, a spin wave bullet, isformed. The
existence of stable two- and three-dimensional wave packets
in a focusing media, where collapse is stabilized by satura-
tion of nonlinearity, has been predicted for optica wave
packetsin [14].

In conclusion, a newly developed space- and time-resolved
BLS technique was applied for the study of stationary and
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non-steationary nonlinear self focusing of BVMSW beams.
For the first time formation of highly localized quasi-stable
two-dimensional packets of spin waves, spin wave bullets,
has been observed and investigated.
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