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Linear and nonlinear diffraction of dipolar spin waves in yttrium iron garnet films
observed by space- and time-resolved Brillouin light scattering

O. Büttner, M. Bauer, S. O. Demokritov,* and B. Hillebrands
Fachbereich Physik and Zentrum fu¨r Lasermeßtechnik und Diagnostik, Universita¨t Kaiserslautern, D-67663 Kaiserslautern, Germany

Yuri S. Kivshar
Optical Sciences Centre, Research School of Physical Science and Engineering, Australian National University,

Canberra ACT 0200, Australia

V. Grimalsky and Yu. Rapoport
T. Shevchenko Kiev State University, 252601 Kiev, Ukraine

A. N. Slavin
Department of Physics, Oakland University, Rochester, Michigan 48309

~Received 23 August 1999!

An 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 investigation of two-dimensional spin-wave propa-
gation with high spatial and temporal resolution. Linear effects, such as the unidirectional excitation of mag-
netostatic surface waves and the propagation of backward volume magnetostatic waves~BVMSW! in two
preferential directions due to the noncollinearity of their phase and group velocities, are investigated in detail.
In the nonlinear regime, stationary and nonstationary self-focusing effects are studied. It is shown that non-
linear evolution of a stationary BVMSW beam, having a finite transverse aperture, leads to self-focusing of the
beam at one spatial point. Evolution of a finite-duration~nonstationary! BVMSW pulse leads to space-time
self-focusing and formation of a strongly localized two-dimensional wave packet~spin-wave bullet!. Theoret-
ical modeling of the self-focusing and diffraction processes by using a variational approach and direct numeri-
cal integration of the two-dimensional nonlinear Schro¨dinger equation provides a good qualitative description
of the observed phenomena.
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I. INTRODUCTION

Magnetostatic spin waves in yttrium iron garnet~YIG!
films provide a superb testing ground to study linear a
nonlinear wave processes in dispersive, diffractive, and
isotropic media with relatively low dissipation.1,2 Nonlinear
properties of magnetostatic waves in YIG films are ani
tropic in the film plane. The threshold of nonlinearity dete
mined by the dissipation parameter is so low that a w
variety of nonlinear wave effects, like formation of envelo
solitons,3 modulational,4 decay, and kinetic5 instabilities, can
be observed for input microwave powers below 1 W.

In films the wave process is easily accessible from
surface. Inductive probes,6,7 thermo-optical methods,8 and
Faraday rotation measurements9 were used to study magne
tostatic wave processes in YIG films. It is, however, the
cently developed method of space- and time-resolved B
louin light scattering~BLS!,10–12 which provided a major
leap in this field due to its high resolution, sensitivity, d
namic range, and stability. Using this method it is now p
sible not only to reproduce all the results obtained previou
for stationary wave processes, but also to investigatenonsta-
tionary nonlinearwave processes like propagation of inte
sive wave packets of finite duration and finite transverse
erture ~pulse beams! that are simultaneously affected b
dispersion, diffraction, nonlinearity, and dissipation.13
PRB 610163-1829/2000/61~17!/11576~12!/$15.00
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In this paper we present the results our investigations
linear and nonlinear diffraction of dipolar spin waves prop
gating in tangentially magnetized YIG films. First we dem
onstrate an excellent applicability of our method to the o
servation of well-known linear properties of magnetosta
waves like nonreciprocity of magnetostatic surface wa
~MSSW! and reciprocity of backward volume magnetosta
wave ~BVMSW! excitations. We discuss noncollinearity o
the phase and the group velocity for waves propagating a
arbitrary angle to the in-plane bias magnetic field, and
show the existence of two preferential directions of the wa
propagation for the wave beams radiated in a wide angl
the transverse direction. Next we show that our method
lows one to observe and investigate in detail interesting n
linear effects such as thestationary one-dimensional self-
focusing effect of microwave excited BVMSW beam
leading to the formation of spatial spin-wave solitons, a
thenonstationaryspatiotemporal self-focusing effect of two
dimensional propagating wave packets leading to the for
tion of highly localized quasistable wave pulses—spin-wave
bullets. The latter effect was predicted in optics,14 but the
first experimental observation of this effect has been repo
for the system of magnetostatic spin waves propagating
YIG film.13 Very recently, optical light bullets have bee
also observed in quadratic nonlinear materials.15
11 576 ©2000 The American Physical Society
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II. THEORETICAL BACKGROUND

The dispersion equation for purely dipolar~nonexchange!
magnetostatic waves propagating in a tangentially mag
tized ferromagnetic slab of a finite thicknessL was derived
by Damon and Eshbach in 1961.16 The explicit dispersion
equation in the formv5 f (k), where v is the wave fre-
quency andk is the wave vector, was obtained in Ref. 1
only for the case of magnetostatic surface waves~MSSW!
propagating perpendicularly to the direction of the bias m
netic field@see Eq.~23! in Ref. 16. For other directions of th
wave propagation the dispersion equation has an imp
form. Therefore for the spectral calculations in this paper
use the approximate explicit dispersion equation obtaine
Ref. 17 for the lowest~homogeneous! thickness mode (n
50) neglecting the exchange interaction@see Eq.~45! in
Ref. 17#.

In the following we assume a Cartesian coordinate sys
oriented such that the film normal is along thex axis, and the
external field is aligned along thez axis. In the long-
wavelength limit~kL, 1

2 , whereL is the film thickness! the
dispersion equation obtained from Eq.~45! in Ref. 17 gives
reasonably accurate results for all directions of the in-pl
wave vectork, and it has the form

v0k
2 ~k!5vH@vH1vMF~ky ,kz!#, ~1!

where the in-plane wave vectork5kyy01kzz0(k
5Aky

21kz
2) forms the angle of propagation

w5arctanS ky

kz
D ~2!

with the direction of the in-plane bias magnetic fieldH
5Hz0 . The external field and the magnetization are e
pressed in units of frequency:vH5gH, vM5g4pMz
'g4pM0 , with Mz the magnitude of thez component of
the static magnetization, andM0 the saturation magnetiza
tion in the medium when no waves are excited.g is the
magnitude of the gyromagnetic ratio for the electron s
(g/2p52.8 MHz/Oe). The matrix elementF describes the
dipole-dipole interaction in Eq.~1!. It is determined by the
expression17

F~ky ,kz!511P~k!@12P~k!#S vM

vH
D S ky

2

k2D 2P~k!S kz
2

k2D
~3!

with

P~k!512
12exp~2kL!

kL
. ~4!

It is clear from Eqs.~1!–~4! that the spectrum of dipola
spin waves in a tangentially magnetized film isanisotropic,
and the dispersion properties of waves depend significa
on the angle of propagationw. In such an anisotropic spec
trum the direction of the wave phase velocityvph
5v(k)k/k2, which is collinear with the direction of the
wave vectork, does not, in general, coincide with the dire
tion of the group velocityvg5]v(k)/]k of a wave packet.
The angleu between the direction ofvg and the bias fieldH
is determined by the expression
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u5arctanS vgy

vgz
D5arctanS ]v/]ky

]v/]kz
D . ~5!

The excitation of dipolar spin waves in a magnetic film
usually made by a microstrip antenna. The direction of
wave vector is chosen by the orientation of the anten
while the initial in-plane width of the wave beam is dete
mined by the antenna aperturel a and the carrier wave vecto
k0z . The typical geometry of excitation of a BVMSW wav
packet is shown in Fig. 1. The transverse angular width
the excited wave packet, characterized by the maxim
angle of propagationwmax, is determined by the antenna a
erturel a :

wmax5arctanS ky
max

k0z
D'arctanS 2p

k0zl a
D . ~6!

with ky
max the maximum transverse wave vector. The value

the carrier BVMSW wave vectork0z for a given excitation
frequencyv0 is determined from the dispersion Eq.~1!.

When the wave beam is excited by the antenna in a
ficiently narrow angle in the transverse~y! direction, it
propagates perpendicular to the antenna aperture~in this case
along thez direction which is parallel to the bias magnet
field H!. Using Eqs.~1!–~5! for given values of the excita
tion frequencyv5v0 ~determined by the frequency of th
external microwave signal, the bias magnetic fieldH, and the
saturation magnetization of the materialM0!, it is easy to
calculate the dependence of the direction of the group ve
ity on the direction of the phase velocity in the excited wa
beamu5 f (w). This dependence, calculated for the para
eters of our experiment described below, is presented in
2. It is clear that for a sufficiently wide initial wave packe
(ky

max/k0z'1, w.35°!, excited by a short antenna or a poin
like source, there are two preferential directions of the gro
velocity u5p6um , which do not coincide with the direc
tion normal to the antenna. These directions are shown
Fig. 1 by broken lines.

FIG. 1. Geometry of the excitation of a backward volume ma
netostatic wave~BVMSW! by a microwave antenna. The dashe
bar in the middle shows the position of the antenna of the lengthl a ,
extended along they direction. The bias magnetic field is parallel t
the positivez direction. The anglew indicates the direction of the
wave vector~or phase velocity! of the radiated wave relative to th
direction of the bias fieldH. The angleu indicates the direction of
the group velocityvg . Dashed lines show the two preferential d
rections (6um) of the group velocity in a wide wave beam radiate
by the antenna~see also Fig. 2!.
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This linear diffraction effect, typical for anisotropic me
dia, has been studied in early diffraction experiments p
formed in YIG films using inductive probes.7 Upon increas-
ing the carrier wave vectork0z or/and the antenna apertu
l a , the initial angular widthwmax of the excited wave beam
decreases, and the excited beam becomes narrower in
transverse direction. For such a narrow beam the depend
u5 f (w) is almost linear~see the central part in Fig. 2!, and
the wave beam energy is radiated mainly perpendicula
the antenna aperture.

So far only stationary beams of dipolar spin waves
cited by a continuous external microwave power were d
cussed. If the excitation is made by a microwave pulse o
finite durationT, the excited wave packet has also a fin
length along the direction of propagationl z5vgzT. Thus the
excited wave packet is two dimensional, and has a fin
spectral width ink space along both in-plane directions:

Dky'ky
max'

2p

l a
, Dkz'

2p

vgzT
. ~7!

It is well-known that, due to the strong exchange inter
tion between spin magnetic moments in a ferromagnet,
total length of the magnetization vectorM is conserved~see,
e.g., Ref. 18!. Thus, when the variable magnetizationm in
the plane perpendicular to thez axis increases, the magnitud
of the constant magnetization along thez axis is reduced, and
which yields a value for thez component of the magnetiza
tion of Mz5M0A12(m/M0)2. The nonlinearity~i.e., the
dependence of the wave frequency on the wave amplitu!
can be introduced in the dispersion law Eq.~1! through the
parametervM54pgMz , since it depends on the value o
the variable magnetizationm. By expanding the square roo
we obtainMz5M0@12 1

2 (m/M0)2#5M0(12ucu2) with c2

5m2/2M0
2 the dimensionless amplitude of the variable ma

netization in the excited microwave spin-wave packet~see
Ref. 19 and Chap. 9 in Ref. 1!.

When the excited wave packet is spectrally narrow alo
the both in-plane directions (Dky ,Dkz!k0z), and the ampli-
tude of the wave packet is small (ucu2!1), it is possible to
expand the dispersion Eq.~1! in a Taylor series near th
working point ~v5v0 , k5k0zz0 , ucu250!:

FIG. 2. Dependence of the direction of the group velocityu on
the direction of the phase velocityw in a beam of magnetostati
waves excited in a tangentially magnetized BIG~Bi substituted
YIG! film ~film thickness L51.5mm, saturation magnetization
4pMs51750 Oe, bias magnetic fieldH52298 Oe!. The value of
um in this case is 42°.
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v~k,ucu2!5v0~k0z!1
]v

]kz
Dkz1

1

2

]2v

]kz
2 ~Dkz!

2

1
1

2

]2v

]ky
2 ~Dky!21

]v

]ucu2 ucu21... . ~8!

Using the ‘‘method of envelopes’’ developed in Ref. 20, it
possible to obtain from the expansion Eq.~8! an equation,
which describes the space and time evolution of the slo
varying envelope functionU(y,z,t) of the excited wave
packet:U(y,z,t)5c(y,z,t)•exp@i(v0t2k0zz)#. We obtain the
so-called (211)-dimensional nonlinear Schro¨dinger equa-
tion ~NSE! ~see, e.g., Ref. 19!:

i S ]U

]t
1vg

]U

]z D1
1

2
D

]2U

]z2 1S
]2U

]y2 2NuUu2U52 iv rU,

~9!

where vg5]v/]kzuk0z
is the group velocity, D

5]2v/]kz
2uk0z

andS5]v/]ky
2uk0z

are the dispersion and dif

fraction coefficients,N5]v/]uUu2uk0z
is the nonlinear coef-

ficient, andv r5gDH is the dissipation parameter propo
tional to the ferromagnetic resonance~FMR! half linewidth
DH. The weak dissipation contribution, which is neverth
less important in YIG films,21 has been introduced in Eq.~9!
phenomenologically. The coefficientsvg , D, S, andN in Eq.
~9! have been calculated for different directions of spin wa
propagation in Chap. 9 of Ref. 1. A more rigorous calcu
tion of the nonlinear coefficientN is reported in Ref. 22
using a classical Hamiltonian formalism for spin waves
magnetic films. The (211)-dimensional nonlinear Schro¨-
dinger equation~two in-plane coordinates plus time! with
dissipation, Eq.~9!, will be our main model used to describ
the observed nonlinear diffraction effects for dipolar sp
waves in this paper.

Modulational instabilities

The most interesting case to study two-dimensional n
linear spin-wave processes is a case of a tangentially ma
tized YIG film. Here the properties of waves propagating
different in-plane directions are dramatically different.

For backward-volume magnetostatic waves~BVMSW!,
propagating along the direction of the bias magnetic fie
the nonlinear coefficientN is negative, while the coefficient
D andS describing dispersion and diffraction are both po
tive ~see Chap. 9 in Ref. 1!. Thus the Lighthill criterion23 for
modulational instability is fulfilled in both in-plane direc
tions (SN,0,DN,0) and the BVMSW are susceptible t
both self-modulation in the direction of propagation~z! and
to self-focusing in the transverse direction~y!.

In the case of a sinusoidal input signal supplied to a re
tively short input antenna situated on a wide YIG fil
sample the excited dipolar spin waves are monochroma
and they propagate in a relatively wide angle in the tra
verse~y! direction. These monochromatic waves are not
fected by dispersion, but due to the presence of differ
directions of wave vectors in the excited beam they
strongly affected by diffraction. Due to the competition b
tween diffraction and nonlinearity, transverse modulatio
instability develops, and this leads to stationary self-focus
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FIG. 3. Schematic layout of
the Brillouin light-scattering appa-
ratus with space and time resolu
tion. For a discussion of the com
ponents see the main text.
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of the wave beam and to the formation of spatial spin-wa
envelope solitons.13,24This effect can be described by a on
dimensional reduction of the NSE Eq.~9! with ]U/]t50
andD50.

In the opposite case, when a pulsed input signal pro
gates in a narrow strip of a YIG film~spin-wave waveguide!,
where the strip width is smaller than the wavelength of
transverse modulational instability, the signal is not affec
by diffraction, but, due to the presence of many differe
spectral components in the pulse, the signal is strongly
fected by dispersion. The competition between dispers
and nonlinearity leads to a longitudinal self-modulation
the signal and to the formation of temporal spin-wave en
lope solitons.25 Formation of temporal envelope solitons c
also be described by a one-dimensional reduction of the N
Eq. ~9!; only in this case we should assume thatS50.

Both these effects can be observed simultaneously
pulsed input signal excites a two-dimensional wave packe
BVMSW modes in a wide YIG film sample. In this cas
modulational instability takes place in both in-plane dire
tions and leads to a spatiotemporal self-focusing of the w
packet and to initial stages of the wave collapse, when
whole energy of the packet is concentrated in a small spa
region.12 The full (211)-dimensional NSE is necessary f
the theoretical description of this effect.

The behavior of magnetostatic surface waves~MSSW!,
propagating perpendicular to the direction of the bias m
netic field, is very different. MSSW modes are modulatio
ally stable and can only form dark spin-wave solitons26

These waves, however, demonstrate nonreciprocal pro
ties, and a microstrip antenna effectively radiates th
waves in only one direction.27

It is worth noting that dissipation in YIG films, althoug
weak, plays an important qualitative role in all the nonline
spin-wave processes. It determines the power thresholduUu th

2

of temporal soliton formation and spatial self-focusing:21,28

uUu th
2 5

v r

uNu
, ~10!
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and it limits the catastrophic spatiotemporal self-focus
and collapse of two-dimensional nonstationary wave pack
of BVMSW modes,12 see below.

Most of the experiments on nonlinear spin waves in Y
films reported in the literature were made by means of
crowave spectroscopy. In these experiments spin wave
the GHz frequency range are excited by a microstrip anten
The propagating spin waves are detected by a second mic
trip antenna that is connected to a microwave detector.1,2 By
construction, the receiving antenna integrates the spin-w
intensity along its length, and therefore all the informati
about the transverse distribution of the intensity in the pro
gating spin-wave packet is lost. Thus the processes of for
tion and propagation of temporal spin-wave envelope s
tons in all these studies were treated in the past as essen
being one dimensional.

III. THE SPACE- AND TIME-RESOLVED BRILLOUIN
LIGHT-SCATTERING TECHNIQUE

The first attempts to study the two-dimensional charac
of linear and nonlinear spin-wave processes in YIG film
were made by using the method of inductive probe scann
where a small wire loop was used to scan the sample an
measure the magnetic field of the spin waves.6 In other ex-
periments the Faraday rotation or a thermal method that m
sures the heating of the sample caused by the waves
used to measure the spin-wave intensity.8 All these methods
provide a reasonable spatial resolution in measurement
spin-wave intensity, but they do not provide temporal re
lution, and therefore they are not suitable to study fast n
stationary spin-wave processes.

To investigate both the spatial and the temporal proper
of spin-wave packets, we have developed an experime
technique based on a standard Brillouin light-scatter
~BLS! setup. It is schematically shown in Fig. 3. Spin wav
are generated by a microwave input antenna. If microwa
with a frequencyv0 are applied to the input antenna, a sp
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wave is launched with a wave vector determined by the
persion relationv0(k) of the spin wave. The spatial distr
bution is now measured by scanning the laser beam ac
the sample, which is performed by a motorized sam
mount. In our experiment the spin waves were effectiv
excited in a wave vector intervaluku,200 cm21 ~with the
upper bound imposed by the width of the antenna!. Thus we
investigate the light scattered in forward direction to achie
a high sensitivity in this low wave-vector regime.

Temporal resolution is added by using a time correla
single photon counting method similar to time-of-flight me
surements in, e.g., mass spectroscopy. The complete se
shown in Fig. 3. As the frequency selecting device we us
tandem Fabry-Perot interferometer in multipass configu
tion ~for a detailed description see Ref. 10!. A pulse genera-
tor generates pulses of typically 10–30 ns duration with
repetition rate of 1 MHz. The pulse is sent to a microwa
switching device to create a pulsed microwave field and
generate a spin-wave pulse. The output signal from the p
generator is also used to start a 24-bit reference cou
counting the output pulses of a 1.2-GHz time base. If
spin-wave pulse crosses the laser spot, light is inelastic
scattered, and the output signal of the photon detector is u
to stop the reference counter. The counter content is no
measure of the elapsed time between the launch of the s
wave pulse and the arrival at the position of the laser spo
memory cell of a memory array addressed by the conten
the counter is incremented by one and the procedure is
peated. After accumulating a large number of events the c
tent of the memory array represents the temporal variatio
the spin-wave intensity at the current position of the la
spot. By repeating the procedure for different positions of
laser spot on the sample, a two-dimensional map of the s
wave intensity is constructed for each value of delay tim
We arrange the data in a digital video animation with ea
frame representing the spatial distribution of the spin-wa
intensity for a given delay time.29 Thus the entire system is
digital signal processing device which interacts with a p
sonal computer via an RS232 interface. The device
handle up to 2.53106 events per second continuously.
lower limit of about 2 ns on the time resolution is impos
by the intrinsic time resolution of the etalons and the mu
pass arrangement in the BLS spectrometer. Typical accu
lation times are 5 s per position of the laser spot. A comple
measurement of a two-dimensional spin-wave intensity p
tern in a YIG film with a sampling area of 236 mm2 and a
mesh size of 0.1 mm takes a little more than two ho
including dead times caused by sample positioning.

IV. EXPERIMENTAL RESULTS

The samples were mounted on a standard micros
transducer structure with an input antenna of width 50mm
and length 2.5 mm. The antenna is connected to a high-s
switcher for the pulsed measurements which allows mic
wave pulses of a time durationt>10 ns. The switcher in turn
is connected to a generator/network analyzer/amplifier u
which provides a microwave input power of up to 1 W.

The experiments were performed on two different typ
of ferrimagnetic garnet films: yttrium iron garnet~Y3Fe5O12,
YIG! and Bismuth substituted iron garn
-
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~Lu0.96Bi2.04Fe5O12, BIG! films. All samples were epitaxially
grown onto ~111!-oriented gadolinium-gallium garnet sub
strates. All BIG films have a thickness ofL51.5mm
whereas the YIG films have a thickness of 5–7mm. Although
the dissipation parameterv r is larger in BIG, this material
generates a much higher BLS signal due to its hig
magneto-optical activity at the 514-nm laser line. Thin gar
films show a higher spatial attenuation for spin waves due
the lower group velocity of spin waves in these films. T
spatial attenuation parameterk9 is given by k95v r /vg .
Sincevg}L @see Eqs.~1!–~4!#, we find k9}1/L. Although
the attenuation might seem to be significant, the high
namic range of our setup allows us to observe the propa
tion of spin waves over a large enough distance in the ra
of up to 10 mm. For the presentation of the data obtained
thin BIG films with large spatial attenuation we use a co
trast enhancement procedure: We find that, averaged ove
y axis, i.e., perpendicular to the mean direction of propa
tion, the decay in intensity as a function of the distance fr
the antenna is exponential, and it is given by exp(22k9z)
with z the distance from the antenna. By determiningk9 and
multiplying the original data by exp(2k9z) we transform the
data into a representation with compensated attenuation.
procedure is described in detail in Ref. 28. In thicker Y
films this procedure is not necessary.

A. Reciprocity and nonreciprocity of bulk and surface waves

It is well known that magnetostatic surface wav
~MSSW! exhibit a nonreciprocal spectrum and nonrecipro
propagation properties.16 The nonreciprocal origin of surfac
waves manifests itself in an asymmetrical excitation of th
waves by microwave antennas. This leads to a high, up to
dB, asymmetry in the excitation efficiency between two o
posite directions of the wave vectors perpendicular to
antenna aperture.30 The excitation asymmetry is inverted,
the applied magnetic field is reversed.

Contrary to that, the volume waves, i.e., BVMSW mod
propagating along the direction of the bias magnetic field
completely reciprocal. Therefore these modes show a s
metrical pattern of excitation and propagation along the b
in plane directions normal to the antenna.

These very fundamental properties are easily visuali
using space resolving Brillouin light scattering. Measu
ments of intensities of spin waves excited by a microst
antenna for different orientations of the bias magnetic fi
were performed in a YIG film~thickness 7mm, width 2 mm,
length 10 mm!. The results of the experiments are shown
Fig. 4 where the spin-wave intensity distribution is di
played. Figures 4~a! and ~b! demonstrate the excitation an
propagation of MSSW modes. Here the field direction
shown on the left side of the panels is aligned parallel to
antenna. The position of the antenna is marked by the b
bar in each panel. The working frequency isf 0
58446 MHz, the field isH52238 Oe, resulting in a spin
wave vector ofk0576 cm21; the microwave input power is
Pin510 mW, ensuring the linear regime of wave propag
tion. Figures 4~a! and ~b! clearly demonstrate the characte
istic asymmetry in the MSSW modes excitation and pro
gation. As it is also seen from the comparison of Figs. 4~a!
and ~b!, the propagation direction of the MSSW modes
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PRB 61 11 581LINEAR AND NONLINEAR DIFFRACTION OF DIPOLAR . . .
reversed, if the applied field direction is reversed. Figure 4~c!
shows the propagation of the BVMSW modes with the fie
applied perpendicular to the antenna. The working freque
here isf 058622 MHz, the field isH52330 Oe, and the car
rier wave vector is 88 cm21. In this case the spin waves a
obviously radiated symmetrically in both directions from t
antenna as it is expected for reciprocal volume modes.

B. Effect of the antenna aperture

As we discussed above, the properties of BVMSW mo
propagating along the direction of the bias magnetic fi
depend on the wave vector of the excited spin waves and
the aperture of the antenna. Experiments on the effec
different wave vectors on the shape of the wave beam pro
gating from an antenna were performed by Vashkovs
et al.31 using an inductive probe on YIG discs. It was foun
in agreement with theory, that for low wave vectors tw
symmetrical beams are radiated at the angles determine
the aperture of the antenna, whereas for the higher w
vectors the spin-wave beam is radiated perpendicular to
direction of the antenna.

These effects are easily demonstrated by space-reso
Brillouin light scattering. For our experiments we used a th
BIG film ~thickness 1.5mm, width 8 mm, length 10 mm!
which has a high enough spatial attenuation so that the
no significant mode energy reflected from the film edg

FIG. 4. Three-dimensional plots of the spin-wave intensity d
tribution in a narrow (w52 mm) YIG film sample, when differen
types of waves are excited by the antenna~shown as a black bar in
each frame!: ~a! and~b! show the excitation of MSSW modes wit
two opposite orientations of the bias fieldH; ~c! shows the excita-
tion of BVMSW mode.
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parallel to the antenna that could cause interference patte
The static magnetic field is 2090 Oe and the input powe
10 mW which guarantees the linear regime of spin-wa
propagation. The measured two-dimensional distributions
the spin-wave intensities for two different cases are d
played in Fig. 5. The intensities are displayed in a gray sc
with white/black indicating high/low intensities. The atten
ation is corrected as described above to show clearly
details of the spin-wave distribution. The position of the i
put antenna is marked by the dashed bar on the left. Fig
5~a! corresponds to a small (k0z544 cm21) and Fig. 5~b! to
a large (k0z5300 cm21) value of the carrier wave vector. Fo
low values of k0z the spin waves are radiated in a larg
angular range, and two preferential directions of the wa
beam propagation are clearly visible. They agree very w
with the theoretically calculated values of the angleum
'43° ~see Fig. 2! for the conditions of our experiment
These theoretically calculated directions are shown by w
lines. For a large wave-vector value the beam is mostly
diated in the direction perpendicular to the antenna@Fig.
5~b!#. These results are in good agreement with theoret
results that were discussed in the introduction and with
experimental results described in Ref. 31.

The performed experiments also demonstrate the in
ence of the size of the antenna aperture on the directio
the propagation profile of excited spin waves. The ante
used for the measurements has a length of 2.5 nm, and
sufficiently large carrier wave vectorsk0z.ky max it creates a
spin-wave beam in a small-angle perpendicular to the
tenna, as it was shown above. This is illustrated in m
detail in Fig. 6 where the intensity distribution of linear
excited BVMSW modes in a large YIG film~thickness 7
mm, width 18 mm, length 26 nm! is shown. The static mag
netic field is 2109 Oe, the working frequency is 7.98 GH
and the calculated value ofk0z is 80 cm21. The position of
the antenna is shown by the dashed bar on the left. An

-

FIG. 5. Two-dimensional plots of spin-wave intensity distrib
tion in a large BIG sample for two different values of the carr
wave vectork0z of the excited BVMSW:~a! shows the case o
relatively small carrier wave vector (k0z544 cm21;2p/ l a). Here
the waves are exited in a large-angle range and two prefere
directions of wave group velocity corresponding to6um are clearly
seen. Theoretical values ofum5642° are shown by white lines;~b!
shows the case of relatively large carrier wave vector (k0z

5300 cm21@2p/ l a). In this case waves are mostly radiated pe
pendicular to the antenna aperture.
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portant effect can be seen in the magnified region of Fig
Here the film has a defect, and the wave is scattered from
defect, which acts as a pointlike antenna. The directions
the radiated two sharp shadow beams with the angle betw
them of 2um585° are in good agreement with the theoretic
value of the angleum'42° calculated for the conditions o
this experiment as described in the introduction~see also Fig.
2!.

The above experiments performed on linear waves re
duced in detail well-known properties of dipolar spin wav
in tangentially magnetized films and therefore confirmed
reliability, sensitivity, and resolution of the developed BL
setup. Next stationary and nonstationary nonlinear diffr
tion processes of spin waves in tangentially magnetized Y
film, and the effect of self-focusing of these waves will
discussed.

C. Nonlinear stationary wave beams

Stationary self-channeling and initial stages of se
focusing of dipolar spin waves in garnet films were stud
earlier by Boyleet al.,24 who examined the case of spectra
wide beams of both MSSW and BVMSW modes. In th
experiments they observed nonlinear beam shaping and s
evidence of self-channeling for BVMSW beams, while t
MSSW beam~as it is expected from theory! did not demon-
strate any significant nonlinear diffraction effects. The e
dence of nonlinear self-focusing of dipolar spin-wave bea
was presented in our previous short paper,28 where spectrally
narrow BVMSW beams in a narrow waveguide~width 2
mm! were studied. One of the results was the appearanc
a snakelike structure in the data which is caused by the
teraction of transverse waveguide modes.32 This structure is
caused by the influence of the lateral boundaries of the wa
guide. Different width modes of the waveguide, excited
the microwave antenna, propagate with different phase
locities, and interfere with each other creating a snake
pattern in the spin-wave intensity in the waveguide.

To exclude the effect of boundaries in current measu
ments of self-focusing, a wide BIG sample~width 18 mm!
was used. The sample was cut out of the same BIG disc f

FIG. 6. Two-dimensional spin-wave intensity distribution in
large YIG sample. Here dark areas correspond to low and l
areas to high spin-wave amplitudes. The antenna is shown
dashed bar on the left side. A part of the propagating wave bea
scattered by a pointlike defect which can be seen in the lower r
part of the figure. This region in a magnified scale is shown in
inset. White lines show the calculated direction ofum for our ex-
perimental condition.
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which the sample in Ref. 28 was made. In this experim
the static magnetic field was 2090 Oe, the carrier freque
was f 058450 MHz, and the resulting carrier wave vect
was k0z5300 cm21. The input power wasPin510 mW in
the linear and up toPin5600 mW in the nonlinear case. I
Figs. 7~a! and ~b! the experimentally measured spin-wa
intensity distribution is shown for different values of the i
put power. The intensity maps are corrected for attenuat
and the data are normalized to the maximum power in e
map. The antenna is oriented along they direction and lo-
cated on the left atz50. In the linear case, displayed in Fig
7~a! the spin-wave amplitude slightly changes due to
effect of the diffraction which causes a beam divergence d
ing propagation, so that the spin-wave intensity is distribu
over a wider range with increasing distance from the
tenna. In the nonlinear case the propagation of the s
waves is very different@Fig. 7~b!#. The beam no longer di-
verges. It converges to a small diameter while the spin-w
amplitude increases and a clear focus of spin-wave inten
is observed at the pointz52 mm, y52 mm. This is the re-
sult of the unbalanced competition between diffraction a
nonlinearity, and it can be qualitatively interpreted as t
formation of a spatial soliton of a higher order.33 In the non-
linear regime, the formation of a narrow wave channel
constant amplitude parallel to the propagation directionz
was not observed in these experiments, probably due to
fact that the spatial attenuation in the film is large and c
play a significant role in the beam shaping process. Since
spin-wave beam looses energy due to dissipation du
propagation, the beam finally diverges when its amplitu
becomes so small, that the diffraction effect dominates, a
the case forz.2.6 mm in Fig. 7~b!

D. Nonlinear spin-wave pulses—spin-wave bullets

In the experiments discussed above only stationary eff
of the spin-wave propagation were studied. In this case

t
a

is
ht
e

FIG. 7. Stationary self-focusing of BVMSW beams in a lar
BIG sample:~a! and ~b! show experimental distributions of th
spin-wave normalized intensity in the film plane for the line
(Pin510 mW) and nonlinear (Pin5600 mW) regime. A clear self-
focusing maximum is seen at the point~z52.5 mm,y53 mm! in
the nonlinear regime~b!; ~c! and ~d! show results of numerica
calculations.
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persion played no role. If, however, the propagation of sh
pulses is considered, the dispersion causing the spreadin
a wave packet in the propagation direction in the linear c
might influence the mode propagation significantly. To m
sure the real two-dimensional spatiotemporal self-focus
we used a large YIG sample~thickness 7mm, width 18 mm,
length 26 mm! with a FMR linewidth of 2DH50.6 Oe. The
static magnetic field wasH52098 Oe, and the carrier fre
quency was chosen to bef 057970 MHz which results in a
carrier wave vectork0z550 cm21. The coefficients of the
NLS for these parameters arevg524.03106 cm/s, D51.6
3103 cm2/s, S51.13105 cm2/s, N521.131010s21, and
v r5gDH55.23106 s21.

Figures 8~a! and ~b! show the distribution of the spin
wave intensities for the above parameters and for two dif
ent input powers:Pin510 mW in the linear@Fig. 8~a!# and
Pin5460 mW in the nonlinear regime@Fig. 8~b!#. The upper
part of each panel shows the spin-wave intensity in a th
dimensional plot for five different propagation times as in
cated in the figure. The data are normalized to the maxim
power in each graph. The lower parts show the cross sect
of the wave packets at half maximum power. In the line
case, diffraction and dispersion cause the broadening of
initial wave packet perpendicular to and along the propa

FIG. 8. Nonstationary self-focusing of a two-dimension
BVMSW packet. The upper parts of the pictures show the sp
wave intensity distribution in the film created by the propagat
pulse of the duration 29 ns at five successive moments after
moment of a pulse launch from the antenna as indicated in
figure. The lower parts of the panels each show the cross sectio
the propagating pulse at half maximum power. Panels~a! and ~b!
show experimental data for linear (Pin510 mW) and nonlinear
(Pin5460 mW) regimes. Spatiotemporal self-focusing is clea
seen forT565 ns in the nonlinear regime. Panels~c! and~d! show
the results of numerical calculations for corresponding parame
rt
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tion direction, while its amplitude decreases due to dissi
tion. Here diffraction is considerably larger than dispersio
so that the broadening of the wave packet in the transv
direction is much more pronounced than that in the direct
of propagation.

The behavior of the wave packets in the nonlinear cas
quite different @Figs. 8~c! and ~d!#. Here the initial high-
amplitude wave packet starts to converge, and its amplit
is increasing. Theory~see, e.g., Ref. 34! predicts that in the
two-dimensional case a stable equilibrium between disp
sion, diffraction, and nonlinearity is not possible, and no
linear self-focusing of the wave packets with high enou
initial energy should lead to a wave collapse, i.e., all t
energy of the packet will be concentrated at one spatial po
In a real medium with dissipation, the complete wave c
lapse is, of course, avoided, as the wave packet loose
energy. Therefore in a certain interval of propagation d
tances nonlinear collapse is stabilized by dissipation, an
quasistable strongly localized two-dimensional wave pac
a spin-wave bullet, is formed. The existence of stable two
and three-dimensional wave packets in a focusing me
where collapse is stabilized by saturation of nonlinearity, h
been earlier predicted for optical wave packets in Ref.
This effect has not been observed experimentally in opt
Kerr-like materials so far, probably due to the fact that
optical waveguides, where most of the optical experime
are performed, dispersion is several orders of magnit
smaller than diffraction, and it is not possible to observe
influence of both effects on a propagating wave packet
multaneously. However, spatiotemporal self-focusing h
been recently reported due to the cascading of quadratic
linear processes.15 In a YIG film diffraction is still substan-
tially larger than dispersion, but the difference is mu
smaller than in optical waveguides. Therefore here it is p
sible to observe real spatiotemporal two-dimensional s
focusing of the propagating BVMSW packet.

It is clear from Fig. 8~b! that the point of the spatiotem
poral focus~i.e., the point where the amplitude of the pack
has a maximum! is located nearz52 – 2.5 mm~50–60 ns!.
The transverse width of the packet~along the axisy! at this
point has a minimum. Behind this point the packet moves
some time without a significant change in its shapet
550– 100 ns), only its amplitude decays due to dissipati
This is the region of existence of the quasistablespin-wave
bullet. Finally the energy in the wave packet is so small th
the influence of the nonlinearity vanishes and the packet
verges as in the linear case (t.110 ns).

This effect is further illustrated in Figs. 9~a! and ~b!,
where the width of the packet perpendicular to (Ly) and
along the (Lz) propagation direction, and its peak amplitud
of the wave packets are shown as functions of the propa
tion time in both linear@Fig. 9~a!# and nonlinear@Fig. 9~b!#
cases. For 25,t,40 ns the packet enters the range of me
surement. In the linear case@Fig. 9~a!# the packet behave
monotonously, and the width of the packet is continuou
increasing while the amplitude is decreasing. Figure 9~b!
shows the nonlinear regime where the packets evolutio
different. After the packet entered the measurement reg
Ly and Lz rapidly decrease (40,t,50 ns), while simulta-
neously the peak intensityPpeakincreases with a minimum in
width and a maximum in intensity att570 ns, where aspin-
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wave bullet is formed. Fort.70 ns the amplitude of the
bullet decays due to the dissipation whileLy and Lz stay
constant. Att.100 ns the amplitude is so small that the sp
tiotemporal focusing effect vanishes and the bullet starts
broaden.

Figure 10 shows the evolution of the spin-wave bul
sizes with increasing input power. It is clear that both
plane sizes of the bullet decrease with increasing power
become closer to each other. This is a typical behavior o
two-dimensional wave packet approaching the collapse p
~see, e.g., Ref. 34!.

V. NUMERICAL MODELING OF NONLINEAR SPIN-
WAVE DIFFRACTION AND PROPAGATION

A. Direct numerical simulation using the „2¿1…-dimensional
nonlinear Schrödinger equation

We model the dynamics of nonlinear spin waves in Y
films numerically using the model of a (211)-dimensional
nonlinear Schro¨dinger equation~NSE! written in the labora-
tory frame Eq.~9!. We use the ‘‘magnetic wall’’ boundary
conditions at the lateral edges of the film:U(z,t;y50,Y0)
50. The boundary value of the dimensionless spin-wave

FIG. 9. Time evolution of the transversal (Ly) and the longitu-
dinal (Lz) width of the spin-wave packet and the packets amplitu
~a! shows the linear and~b! shows the nonlinear regime. The sym
bols show the result of the experiment, the straight line shows
result of a simulation based on a variational approach, and the
with symbols shows the result of a simulation based on the num
cal solution of the nonlinear Schro¨dinger equation.
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to
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plitude U at the input antenna is assumed to have the fo
U(z50,t,y)5F(t)F(y), whereF(y) is the distribution of
the boundary amplitude in the transverse direction, andF(t)
is the temporal dependence of the input spin-wave am
tude. In the case of two-dimensional modelingF(t) is cho-
sen to be a rectangular pulse of durationT, while in the case
of a stationary nonlinear propagation,F(t) is assumed to be
constant. The initial transverse distribution of the signal
assumed to be cosinusoidalF(y)5U0cos @p(2y
2W)/2W#, with the width at base equal toW. The initial
condition for the two-dimensional modeling is the absence
wave perturbations in the propagation region.

When solving the stationary nonlinear diffraction pro
lem, we calculate the dependenceuU(z,y)u2 for z.0 when
the valueU(z50,y) is given at the boundary. When solvin
the nonstationary problem of a two-dimensional pulse d
fraction, it is necessary to obtainuU(z,t,y)u2 for all propa-
gation times.

The most popular method for solving the NSE Eq.~9!
with homogeneous boundary conditions is the method
splitting by physical factors within the framework of a fa
Fourier transform~FFT!.35 In our case, however, the bound
ary conditions atz50 are not homogeneous. Therefore, u
like the case of nonlinear optics, the direct use of FFT is
convenient, and the finite difference methods are used.

In the one-dimensional case of stationary wave diffra
tion, the two-layer Crank-Nicolson implicit numerica
scheme is used. To investigate nonstationary tw
dimensional wave propagation and diffraction, the alter
tive directions ~ADI ! ~or Peaceman-Rachford! method is
used.36 In this method, the first half step in the calculatio
uses an approximation at the upper temporal layer along
z direction, while the second half step uses the analog
approximation along they direction. The numerical realiza
tion of such a numerical scheme is made by a sweep me
along thez andy direction for each fractional step. Since th
nonlinear term must be evaluated at an unknown temp

:

e
e

ri-

FIG. 10. WidthsLy and Lz of the dipolar spin-wave packet o
half maximum power measured at the focal point~point of the
maximum peak power! shown as functions of the input powerPin .
Symbols: experiment; lines: numerical simulation based on the
lution of the nonlinear Schro¨dinger equation.
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step, and in order to achieve a better approximation, we
several iterations, which converge very quickly. Three ite
tions are sufficient for a full convergence in most cases. T
control of accuracy of the calculations is made by means
checking the quadratic conservation integral of Eq.~9!, and
by subdividing the temporary and the spatial steps of
difference scheme. Also, other methods of numerical sim
lations like splitting by physical factors are used to check
results of simulations, and a good agreement with the A
method is obtained.

The modeling of stationary wave propagation and diffra
tion was made for the following parameters of the film: t
length of the film isY0510 mm, the width of the filmZ0

58 mm, and the initial width of the input wave packet
base isW55 mm. The parameters of the NSE model for t
stationary nonlinear diffraction in a BIG film~see Fig. 7! are:
diffraction coefficientS53.73103 cm2/s, and wave dissipa
tion v r57.93106 s21. The wave group velocity isvg5
28.63105 cm/s, while the nonlinear coefficient isN5
21.231010s21. The results of the calculation are present
in Fig. 7~c! for the linear regime@U0

256.231024 or 0.9 of
the nonlinearity threshold defined by Eq.~10!#, and in Fig.
7~d! for the nonlinear regime~U0

252.431022 or 35 times
higher than the nonlinearity threshold!. The numerical data
are corrected for attenuation.

It is clear from Fig. 8 that in the linear regime, both
theory and in experiment, the only observed effect is a w
diffraction of the BVMSW beam. In the nonlinear regime th
nonlinear self-focusing of the beam is clearly seen both
the experimental and in numerical data, and the position
the focal point is very well described by the numeric
model.

The nonstationary ~two-dimensional! modeling of
BVMSW pulse propagation and diffraction in a YIG film
sample was done for the following parameters: film len
Z0526 mm, film width Y0518 mm, and the initial trans
verse width of the input wave packetW55 mm. The NSE
coefficients are:vg523.93106 cm/s, dispersion coefficien
D51.63103 cm2/s, diffraction coefficient S51.1
3105 cm2/s, wave dissipationv r55.23106 s21, and nonlin-
earity coefficientN521.131010s21. In this case, the tota
width of the film is large enough for the input pulse not
reach the boundaries of the film. The duration of the in
pulse is chosen to beT529 ns, as in the experiment.

The results of this numerical modeling are presented
Fig. 8~c! for the linear case@U0

251.231024 or 0.25 of the
nonlinearity threshold defined by the Eq.~10!# and in Fig.
8~d! for the nonlinear case~U0

252.831023 or six times
higher than the nonlinearity threshold!. It is clear that the
calculated results are qualitatively similar to the experim
tal results presented in Figs. 8~a! and ~b! and in Fig. 9. We
also calculated the dependence of the focused beam siz
the initial amplitude of the input wave packet. This depe
dence is presented in Fig. 10. In close agreement with
experiment both sizes of the focused wave packet are
creasing with the increase of the input amplitude. Also it c
be clearly seen that with the increase of the input power b
sizes of the wave packet become closer to each othe
other words, an initially elliptic wave packet becomes mo
and more circular when it is approaching collapse. This f
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ture of the collapsing wave beams was previously noted
nonlinear optics~see, e.g., Refs. 34 and 37!.

B. Variational approach

Another approach to the numerical modeling of the o
served nonstationary self-focusing of two-dimension
BVMSW packets is the so-called variational method.38 In the
framework of this method it is possible, to achieve a bet
qualitative understanding of the process under investiga
since semianalytical results can be obtained easily by
method. Because our problem involves higher dimensi
and dissipation, one common technique to obtain these
lytical results is based on the collective-coordinate meth
which assumes that the main effect of the perturbation is
~generally speaking! adiabatic modulation of the paramete
of the solution. The collective-coordinate method is based
the variational approach previously applied to on
dimensional solitary waves by Anderson,38 and then ex-
tended to higher dimensions~e.g., Ref. 39!. Similar but less
rigorous and detailed methods are the ray-optics metho40

and the moment theory.41 Here, we develop a rather gener
approach based on the variational technique that is the
suitable for our problem. The main advantage of our form
ism compared to other variants of the variational techniqu
that it does not require to employ any specific ansatz for
wave packet shape, and allows us to treat the dynamics i
universal form. Thus all the coefficients of the model can
easily calculated for any initial profiles of the wave pack
using the general expressions Eqs.~15! and ~18! below.

We consider Eq.~9! in the reference frame moving with
the group velocityvg and present it in the variational form
dL5d*Ldt50, where

L5eiv,tE
2`

` F i

2
~UUt* 2U* Ut!1

1

2
DuUzu21SuUyu2

2
1

2
uNuuUu4Gdzdy, ~11!

where we have assumed that the dispersion and diffrac
coefficients are positive (D,S.0) and the nonlinear coeffi
cient is negative (N,0), which corresponds to the situatio
of self-focusing along both in-plane directions. Followin
the basic strategy of the variational technique, we seek
general solution of the form42

U~ t,z,y!5A~ t ! f 1S z

w1
D f 2S y

w2
Deia1z21 ia2y2

eib, ~12!

where the parametersA, wj , a j , andb are slowly varying
functions of time. The important feature of our analysis is t
fact that the functionsf i are not specifieda priori, allowing
generally different shapes of the pulse and much be
agreement with direct simulations and experimental data.
obtain the system of equations for the slowly varying para
eters, we substitute the solution in the form Eq.~12! into the
effective Lagrangian Eq.~11! and integrate over the trans
verse variablesy andz. Then, the equation of motion can b
found as the Lagrangian equation of motion with the av
aged LagrangianL̄ as follows:
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d

dt

]L̄

]j̇ j

5
]L̄

]j j

, ~13!

wherej j5$A,w1 ,w2 ,a1 ,a2 ,b% stands for the whole set of
variables. First of all, the equation for the parameterb can be
written in a simple form:

dP

dt
522v r P, ~14!

that gives P5P(0)e22vr t, where the value P
5A2w1w2c01d01 is the total power of the spatio-tempora
structure, and the numerical parameters are defined by
expression

~cnm ,dnm!5E
2`

`

z2nf 1,2
2m~z!dz. ~15!

By varying the parametersa1 anda2 we obtain

d2w1
2

dt2
54Da1w1

2,

d2w2
2

dt2
58Sa2w2

2, ~16!

which describe the evolution of the beam diameters. The
equations should be combined with the equations fora1 and
a2 ,

da1

dt
5

DC*
2c11w1

422Da1
22

1

4

uNuA2

w1
2

c02d02

c11d01
,

da2

dt
5

Sd*
d11w2

424Sa1
22

1

4

uNuA2

w2
2

c02d02

c01d11
, ~17!

where

~c* ,d* !5E
2`

` S d f1,2

dz D 2

dz. ~18!

Combining Eqs.~16! and ~17!, we finally obtain a closed
system of coupled equations for the pulse widths in the fo

5
d2w1

dt2
5

a

w1
32

E

w1
2w2

P~ t !

d2w2

dt2
5

b

w2
32

F

w1w2
2 P~ t !

, ~19!

whereP(t) is defined by Eq.~14!, and the numerical coeffi-
cients are

a5D2S c*
c11

D , E5
1

2
uNuDS c02d02

d01
2 c01c11

D ,

b54S2S d*
d11

D , F5SuNuS c02d02

c01
2 d01d11

D . ~20!
he

se

System~19! is similar to that derived by means of the ray
optics approach,43 which generally gives wrong results for
the coefficients. In the symmetric case, we should impose
conditionsS5D/2, a15a2 , w15w2 , and f 15 f 2 , so that
the system~19! reduces to a single equation for the commo
width parameterw, that can be easily investigated with an
without dissipation~see, e.g., the analysis of the simila
equation derived by the moment method!.44 In our case, the
width parameters are not equal, and the initial wave packe
elliptic, so we need to solve the system~19! numerically.

The results of this solution are compared with the expe
mental results and the results of direct numerical modelin
They are displayed in Figs. 9~a! and ~b! for the linear and
nonlinear regimes. We use Gaussian pulse profiles alo
both in-plane directions and the parametersvg524.0
3106 cm/s, D51.63103 cm2/s, S51.13105 cm2/s, N5
21.131010s21, v r5gDH55.23106 s21, L0y51.5 mm,
L0z50.85 mm, andA0

25531022. It is clear that the varia-
tional approach provides a picture of the initial wave pack
evolution that is qualitatively correct, but less accurate th
the direct numerical experiment using the NSE model, E
~9!. It is worth noting, that in order to achieve a qualitativ
agreement with experiment we had to use in the variation
approach a value of the initial packet amplitude that is 2
times larger than in the direct numerical simulation usin
NSE Eq.~9!. This shows that, apart from the deeper physic
insight the method provides, the variational method has on
limited quantitative applicability in this case.

VI. CONCLUSIONS

In conclusion, a space- and time-resolved BLS techniq
was applied for the investigations of linear and nonline
propagation, self-focusing, and diffraction of different spi
wave modes in garnet films. The nonreciprocal excitatio
and propagation of magnetostatic surface spin wave as w
as the formation of two narrow beams of backward volum
magnetostatic waves~BVMSW! from an initially excited
broad beam were demonstrated and investigated in de
with high spatial resolution. Both effects, which were sep
rately observed before, are connected with the peculiarit
of the linear spectrum of the corresponding mode. The s
tionary and nonstationarynonlinear self-focusing of
BVMSW was studied. The formation of highly localized
quasistable two-dimensional packets of spin waves,spin-
wave bullets, has been observed and investigated. The e
perimental observations are in a good agreement with res
of numerical simulations based on the nonlinear Schro¨dinger
equation and with those obtained by a variational approac
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