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We have constructed a new Brillouin light scattering apparatus, based on the Sandercock multipass tandem
interferometer design, for space and time resolved investigations of nonlinear wave packets in thin films.
We have applied the method to studies of nonlinear spin wave pulse propagation in yttrium iron garnet
(YIG) films.  Spatial resolution is achieved by scanning the laser spot across the YIG film surface, and tem-
poral resolution is obtained by measuring the elapsed time between the launch of spin wave pulses by an ap-
plied microwave pulse and the arrival of the respective inelastically scattered photons at the detector.  We
report the observation of nonlinear self-focusing of wave beams and pulses in one and two dimensions, the
formation of one-dimensional envelope solitons, and of strongly localized, two-dimensional wave packets,
"spin wave bullets", analogous to "light bullets" predicted in nonlinear optics.  By generating two counter-
propagating wave pulses, pulse collision experiments were performed.  We show that quasi-one-dimensional
envelope solitons formed in narrow film stripes ("waveguides") retain their shapes after collision, while two-
dimensional spin wave packets formed in wide YIG films are destroyed in collision.

1. Introduction

Brillouin light scattering (BLS) has developed to a very
versatile tool to investigate thermally driven excitations, like
phonons and spin waves, on surfaces and in films in the
wavevector regime 0–105 cm-1 [1].   Light is inelastically
scattered from these excitations, and by the determination of
the frequency shift of the Doppler shifted light for a preset
transferred wavevector, determined by the scattering ge-
ometry, the dispersion relation of the excitation is obtained.
Of particular advantage of BLS are its high sensitivity, high
spatial resolution determined by the diameter of the light
focus on the sample surface (≈40 µm), high frequency reso-
lution in the sub-GHz regime, high contrast and moderate
costs of equipment.  For surface and thin-film excitations, in
particular in opaque materials, the tandem Fabry-Perot inter-
ferometer designed by Sandercock is now widely used as a
fairly standard solution [2,3,4,5,6].  Here we report the ex-
tension of a tandem interferometer towards spatial and tem-
poral resolution, enabling the investigation of the details of
the propagation of travelling pulses of excitation.  The
method opens new fields of investigations.  First, nonlinear
excitations, like, e.g., microwave driven spin waves with
large precession amplitudes in a magnetic film, can be
monitored as they propagate through the film [7,8,9,10].
Pulses of surface phonons can be studied as well, although
this is not subject of this manuscript.  We are able to study
the formation of spin waves in the vicinity of the exciting
antenna, to determine the decay properties, reflection of spin
waves at film boundaries, and the formation of waveguide
patterns in laterally confined films.  If the microwave field is
large in amplitude, the excited spin waves are nonlinear, and
nonlinear effects like, e.g., self-focusing and initial stages of
wave collapse can be imaged [9].  Second, time resolution is
added by measuring the elapsed time between the launch of
a spin wave pulse in the film at the antenna position and the

arrival of photons at the detector, which are inelastically
scattered from the spin wave at the position of the laser fo-
cus.
We report the construction of a BLS setup with spatial and
temporal resolution.  We show results obtained for propa-
gating spin waves in yttrium iron garnet (YIG)  films in the
nonlinear regime [7,8,9,10].  Phenomena like self focusing
[7], formation of solitons in a quasi-one-dimensional
waveguide and so-called spin wave bullets in infinite films
[9] are presented.  A crucial test to identify nonlinear objects
are experiments, in which such objects collide in a head-on
collision configuration [10].  Such experiments are reported.

2. Brillouin light scattering spectrometer

A tandem Fabry-Perot interferometer consists of two pie-
zoelectrically controlled etalons each comprising two highly
reflective, parallel mirrors as the frequency selecting ele-
ments.  Light is transmitted by an etalon, if the mirror spac-
ing L is a multiple of half the wavelength, λ.  The tandem
arrangement avoids ambiguities caused by the periodic
transmission of light in each etalon.  The basic layout of the
instrument we are using is shown in Fig. 1.  Light from a
single-moded Ar+ laser is focused with a lens on the sample
mounted on a motor driven and computer controlled xy-
translation stage.  The scattered light is collected using an
objective lens.  The analyzer is used to suppress signals from
phonons.  The two spatial filters suppress background noise.
The tandem arrangement of the etalons FP1 and FP2 is dis-
played in the right part.  One of the two mirrors of each
etalon is mounted on a common translation stage which is
translated in the horizontal direction in Fig. 1 driven by a
piezoelectic transducer.  A change in spacing in δL in FP1
will result in a change in spacing δL⋅cos(θ) in FP2 with θ the
angle between the two beam axes.  If we assume that both
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etalons are each in resonance, a change in δL by λ/2 will
bring FP1 in the next transmission order, but FP2 will be off-
resonance.  By redirecting the light transmitted by FP1 into
FP2 using a mirror, the light transmitted by FP1 will now be
suppressed by FP2, and, by scanning the translation stage, an
unambiguous assignment of inelastic peaks in the transmit-
ted light intensity as a function of L to the frequency shift
can be made in a straightforward manner.  Multipassing the
light yields the necessary high contrast of better than 1:1010,
which is needed to discriminate the weak inelastic signals
from the elastically scattered light.  To achieve stable opera-
tion, a high degree of parallelity of the etalon mirrors and the
correlation of the two etalons is maintained by an active
stabilization scheme.  We developed a computer controlled
system taking advantage of a software solution, which per-
forms the data accumulation and processing, the dynamic
stabilization, as well as an automated alignment of the eta-
lons prior to a measurement, and the execution of a pre-
programmed series of measurements using a script language
[6].

2.1 Space resolved Brillouin light scattering

The setup of a space resolved BLS apparatus is schemati-
cally shown in Fig. 2.  Here spin waves are generated by a
microwave input antenna.  If microwaves with a frequency
ω0 are applied to the input antenna, a spin wave is launched
with a wavevector determined by the dispersion relation
ω(q) of the spin wave.  The spatial distribution is now meas-
ured by scanning the laser beam across the sample, which is
done by the motorized sample mount.  Since microwave
excited spin waves exist in a wavevector regime
|q| < 1200 cm-1 with the upper bound imposed by the width
of the antenna, we investigate the light scattered in forward
direction to achieve a high sensitivity in this low-wavevector
regime.  The bottom part of Fig. 2 shows a typical distribu-
tion of  spin wave intensities in a film of width w = 2 mm.
The attenuation of the spin wave intensity, as the wave
propagates away from the antenna, is clearly seen by the
changing gray scale values varying from white (high inten-
sity) to black (low intensity).  By averaging the spin wave
intensity in the transverse direction for each distance from

the antenna, thus simulating the output signal strength of a
receiving antenna, a purely exponential decay is observed
which can be monitored over a dynamic range of >65 dB.
The superimposed structure seen in Fig. 2 is caused by the
waveguide geometry [8].  Here at least the two lowest lateral
width modes are excited, for which the transverse wavevec-
tor is quantized due to the finite width w of the waveguide
[8].  Interference of these modes, which propagate with
slightly different phase velocities, creates the observed pat-
terns.

2.2 Time resolved Brillouin light scattering

Temporal resolution is easily added by using a time corre-
lated single photon counting method similar to time-of-flight
measurements in, e.g., mass spectroscopy.  The complete
setup is shown in Fig. 1.  The tandem interferometer part
was already discussed above.  A pulse generator generates
pulses of typically 10–30 ns duration with a repetition rate of
1 MHz.  The pulse is sent to a microwave switcher device, to
create a pulsed microwave field and to generate a spin wave
pulse of same duration at the antenna.  The output from the
pulse generator is also used to start a 24 bit reference counter
counting the output pulses of a 1.2 GHz time base.  If the
spin wave pulse crosses the laser spot, light is inelastically
scattered, and the output signal of the photon detector is used
to stop the reference counter.  The counter content is now a
measure of the elapsed time between spin wave launch and
arrival at the position of the laser spot on the sample.  A
memory cell of a memory array addressed by the content of
the counter is incremented by one and the procedure is re-
peated.  After accumulating a large number of events the

− ω

Fig. 1: Schematic layout of the Brillouin light scattering apparatus with
space and time resolution.  For a discussion of the components see the main
text.

Fig. 2: Scheme of space resolved Brillouin light scattering.  The laser beam
is scanned across the sample, using a motorized xy-stage for the sample
positioning, and the intensity of the light inelastically scattered from the
spin waves is recorded.  The intensity distribution of a Lu2.04Bi0.96Fe5O12

(BIG) film with a film thickness of 1.5 µm is shown in the lower part.  The
gray scale represents the logarithmic intensity with white (black) indicating
high (low) spin wave intensity.
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content of the memory array represents the temporal varia-
tion of the spin wave intensity at the current position of the
laser spot.  By repeating the procedure for each position of
the sample, a two-dimensional map of the spin wave inten-
sity is constructed for each value of delay time.  We arrange
the data in a digital video animation with each frame repre-
senting the spatial distribution of the spin wave intensity for
a given delay time [11].  The entire system is realized in a
digital signal processing device which interacts with a PC
via an RS232 connection.  The device can handle up to
2.5⋅106 events per second continuously.  A lower bond of
about 2 ns on the time resolution is imposed by the intrinsic
time resolution of the etalons and the multipass arrangement
in the BLS spectrometer [12].  Typical accumulation times
are 5 seconds per position of the laser spot.  A complete
investigation of a YIG film with a sampling area of 2×6 mm2

and a mesh size of 0.1 mm takes little more than two hours
including dead times caused by sample positioning.

3. Nonlinear spin waves in a magnetic film

Nonlinear spin waves are an excellent testing ground to
study the propagation of nonlinear waves in dispersive, ani-
sotropic and dissipative media.  As contrary to light waves in
a medium, the spin wave dispersion and nonlinearity are
fundamental properties of the Landau-Lifshitz equation of
motion.  Anisotropy is induced by the direction of magneti-
zation and the dependence of the spin wave frequencies on

the angle between the magnetization M
r

 and the wavevector

q
r

. For a review of spin wave properties see, e.g. [13]
The dynamic properties of these systems are generally de-
scribed by a nonlinear Schrödinger equation of the form:
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where Vg is the group velocity, D is the dispersion and S is
the diffraction coefficient, N is the nonlinear and ωr is the
damping parameter. ϕ is the dimensionless spin wave am-
plitude and z is the propagation direction. Solving this equa-
tions for different boundary conditions leads to solitons, self
focusing and similar nonlinear phenomena.

4. Propagation of magnetic envelope solitons

Of particular interest are magnetostatic backward volume
waves (MSBVW), which are dipolar spin waves travelling
parallel to the in the film plane applied external field. For
these waves dispersion is negative, and the so-called
Lighthill-criterion [14] as a mandatory condition for the
existence of nonlinear effects is fulfilled: both diffraction
and dispersion are compensated by the nonlinear term in Eq.
(1) for large enough amplitudes ϕ.  In a one-dimensional
waveguide so-called magnetic envelope solitons are formed
[15] which were first observed by microwave experiments
[16].  It is commonly believed, that the one-dimensionality
of a waveguide structure is achieved if the width of the film
is small compared to the wavelength of the spin wave exci-
tation.  Solitons in such a structure are expected to show a
secans-hyperbolicus-like shape along the propagation direc-
tion, and a sine-like variation in the transverse direction, to
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Fig. 3: Two-dimensional distributions of the normalized intensities of
propagating solitons, corresponding to five different values of the propaga-
tion time as indicated in the figure. The input antenna is at the left side.  The
distributions were experimentally measured by the space- and time-resolved
BLS technique for τ = 20 ns and Pin = 700 mW.  The film width is 2.3 mm,
and the carrier wavenumber is 70 cm-1.  The cross-sections of the propagat-
ing wave-packets taken at half-maximum power are shown on the plane
below.

  

Fig. 4: Two-dimensional distributions of the normalized intensities of
propagating dipolar spin wave packets, corresponding to five different
values of the propagation time as indicated in the figure. The input antenna
is indicated at the left side.  The distributions were experimentally measured
by the space- and time-resolved BLS technique for τ = 29 ns and Pin =
460 mW.  The cross-sections of the propagating wave-packets taken at half-
maximum power are shown on the plane below. The area near the antenna
is inaccessible by BLS, as indicated by the dotted line.
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match the boundary conditions at the film side walls.
Using space and time resolved BLS the formation and
propagation of a soliton can be easily studied.  Figure 3
shows the intensity distribution measured at five different
delay times.  The lower part of the figure shows the cross
section at half maximum of each peak.  The carrier
wavenumber is 70 cm-1, the pulse width is 20 ns, and the
input power at the antenna is 700 mW. The spin wave inten-
sity was measured across the sample in an area of
1.5×6 mm2 with a mesh size of 0.1 mm.  At each point the
complete time response of the local variable magnetization
caused by the propagating spin wave was measured.  It is
immediately evident that the expected sine-like variation of
the spin wave intensity along the y-axis is only achieved
after initial formation of the soliton.  In the formation regime
(T = 80 ns in Fig. 3) self-focusing is observed.  A detailed
analysis of the data, as partially displayed in Fig. 3, yields a
stable soliton propagation for 100 ns < T < 260 ns.

5. Propagation of spin wave bullets

We now discuss the propagation of nonlinear BVMSW
modes in an infinitely extended film [9].  A soliton cannot

exist anymore since for the type of nonlinearity used in Eq.
(4) no stable eigen-solution exists in two spatial dimensions
[17].  We show, however, that a new type of quasi-stable
excitation appears, which is called a magnetic bullet in anal-
ogy to light bullets first prediced by Silberberg in the case of
nonlinear light pulses.  Simple models based on the nonlin-
ear Schrödinger equation show, that self-focusing may lead
to a collapse of the initial wave packet, when the packet
amplitude becomes infinite in a finite time [18].  In the real
physical world this is, of course, avoided, and the process of
collapse is stopped at some point by saturation of nonlinear-
ity and/or by dissipation.  As a result, stable, so-called bullet
excitations are predicted [19].   Here we report on the first
experimental observation of such a bullet excitation, which
is a spin wave bullet in a two-dimensional magnetic YIG
film [9].
For our experiments we used a large YIG sample
(18x26 mm2) with a film thickness of 7 µm, which was
mounted on a microstrip antenna with a length of 2.5 mm
and a width of 50 µm.  The applied magnetic field, which
was aligned along the propagation direction of the pulses,
was 2098 Oe.  The carrier wave number of the excited
backward volume magnetostatic spin wave (BVMSW)
modes was 50 cm-1.  The pulse length for the experiment,
which is discussed below, was τ = 29 ns, the microwave
input power was between 10 and 700 mW.  The other condi-
tions are as in the case of envelope solitons discussed above.
Fig. 4 shows the results for a microwave input power of
460 mW.  The peaks in the figure show the pulse shapes
measured at five different delay times T as indicated at the
peaks.  The cross sections of the pulses are shown in the
lower part of Fig. 4.  The pulse is forming for T < 40 ns.
Subsequently it is focused in both spatial directions and then
it forms a spin wave bullet.  The bullet now propagates for
≈60 ns without a significant change of its shape, thereby
loosing energy evidenced by the decay of its amplitude.
This can be more clearly seen in Fig. 5, which shows the
width of the pulse perpendicular to the direction of propaga-
tion (Ly), and in the direction of propagation (Lz) as well as
the maximum amplitude of the pulse (Ppeak) as a function of
time.  After the pulse has lost too much energy the amplitude
is below the threshold for stabilization, and, like a linear
pulse, it decays due to diffraction, dispersion and dissipation.
This can be seen in the increase in the pulse width in Fig. 5.
These findings can be modeled using the two-dimensional
nonlinear Schrödinger equation, Eq. (1).   The results are
shown for comparison in Fig. 5.  As can be seen the main
features of the pulse propagation are in good qualitative
agreement with the experiment.

6. Head-on collision of spin wave solitons and bullets

A crucial test for the presence of a soliton-like excitation is
the behavior of these excitations upon head-on collision.
Collision experiments are easily performed using space and
time resolved BLS and two input antennas to create the two
counter-propagating excitations.  We have performed studies
of the collision properties of both solitons and spin wave
bullets [10].
For our experiments we used either wide (18x26 mm2, bul-
lets) or narrow (1.5x15 mm2, solitons) YIG samples with a
film thickness of 7 µm and 5.9 µm, which we re mounted on

 
 

 

Fig. 5: Transverse and longitudinal pulse widths Ly and Lz at half maximum
power, and normalized peak power of the propagating spin wave packet
shown as functions of the propagation time T for τ = 29 ns and
Pin = 460 mW: symbols: experiment, lines: numerical simulation.
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two microstrip antennas with a length of 2.5 mm and a width
of 50 µm separated by 8 mm.  The applied magnetic field,
which was aligned along the propagation direction of the
pulses, was chosen between 2.0 and 2.1 kOe.  The carrier
wave number of the excited BVMSW modes was varied in
the interval 50–100 cm-1.  In the chosen scattering geometry
BLS was sensitive to modes with wave vectors up to
≈104 cm-1.  The pulse length was τ = 29 ns for bullets and
τ = 20 ns for solitons.  The microwave input power was
varied between 10 mW and 10 W per antenna.  The spin
wave intensity was measured across the sample in steps of
0.1 mm.  At each point the complete time response of the
local variable magnetization caused by the propagating spin
wave was measured.
Figures 6 and 7 show the profiles of the BLS intensity,
which is proportional to the square of the spin wave preces-
sion angle, in the colliding packets (upper parts) and their
cross-section taken at a half-maximum (lower parts) at  dif-
ferent delay times T as indicated.
Figure 6 corresponds to a narrow sample and demonstrates
the collision of two envelope solitons.  The figure clearly
shows that after 100 ns, long before the collision, quasi-one-
dimensional solitons are formed, i.e., the packets fill the full
width of the sample.  In the collision region a spin wave
packet is formed, its longitudinal width being close to that of
each of the solitons before collision.  After the collision one
observes two packets with almost the same shape as before
the collision, which move away from each other.  The ob-
served scenario is in agreement with numerical simulations,
directly based on the Landau-Lifshitz equation [20].  The
situation in the quasi-two-dimensional case is illustrated by

Fig. 7.  Here the colliding objects are spin wave bullets.  It
demonstrates that two bullets, strongly localized in both
directions, are formed before the collision.  During the colli-
sion an even much narrower packet is created.  However,
after the collision the bullets are completely destroyed and
one observes shapeless, rapidly decaying packets.

7. Conclusions

By adding space and time resolving capabilities to tandem
Fabry-Perot interferometry a very versatile instrumental tool
is obtained suitable to image propagating excitations in a
magnetic field.  We have discussed the detection of novel
spin wave bullet excitations in an infinitely extended film,
which is a nonlinear wave packet stabilized by dissipation.
We have compared the properties of spin wave bullets to
those of spin wave solitons in the quasi-one-dimensional
case.  We have shown that a crucial test for the properties of
these nonlinear excitations is provided by the study of the
collision scenario.
The power of space and time resolved BLS is not limited to
spin waves.  For example, surface phonons can be studied as
well replacing the microwave antenna by a piezoelectric
transducer or a laser pulse.  The exploration of the potential
of our technique is currently still at its beginning.
Acknowledgements
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Fig. 6: The graphs show the normalized spin-wave intensity distribution of
colliding spin-wave-packets in the quasi one-dimensional case (solitons) for
different propagation times T as indicated in each graph.  The lower part of
each picture show the cross section of the pulses at half maximum.  The
microwave input power is 350 mW per antenna.

 

 

 

 

 
 

Fig. 7: The graphs show the normalized spin-wave intensity distribution of
colliding spin-wave packets for the two-dimensional case (bullets) at differ-
ent propagation times T as indicated in each graph.  The microwave power
is 2 W per antenna.
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