PHYSICAL REVIEW B 86, 054414 (2012)

Direct observation of nonlinear four-magnon scattering in spin-wave microconduits
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We demonstrate the intrinsic nonlinear dynamics of spin waves due to four-magnon scattering processes in
a micrometer sized permalloy stripe. Spin waves are excited by a microwave current transmitted through a
coplanar waveguide and the spin-wave spectrum is locally probed by Brillouin light scattering microscopy for
a wide range of excitation powers. We find a transition from a purely monochromatic excitation of spin waves
at low microwave powers to a large broadening of the spectrum above a certain threshold power. The spectral
distributions of the measured spin waves show a unique profile, which is in excellent agreement with theoretical

expectations for four-magnon scattering processes.
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The transport of spin information is one of the great
challenges in condensed matter physics and of fundamental
importance for the further development of spintronic devices.
Due to the high spin relaxation rate in metals, the information
encoded in the spin polarization of electrons is lost within a few
nanometers in the diffusive transport regime, making direct
spin transport not very feasible. The recent discovery that a
spin current can be transmitted over a macroscopic distance
utilizing spin waves' has put great attention to the transport
properties of spin waves. But there are obstacles that need to be
overcome for utilizing spin waves as a carrier of information.
In conventional ferromagnetic materials such as thin films of
Nig; Fey9, for example, the spin-wave lifetime is of the order
of a few nanoseconds and the group velocity, which accounts
for the speed of information transport, does not exceed a
few micrometers per nanosecond. Hence, spin-wave-driven
information transport is limited to a few micrometers in case
of inductive excitation.>® This is still large compared to the
spin diffusion length but there is a growing demand for new
mechanisms for a more efficient excitation of spin waves, for
example, via spin transfer torque,* or novel materials with a
reduced magnetic damping.’ The intrinsic nonlinear character
of spin waves might pose a limitation to these approaches and
might cause instabilities of the excited spin waves, which are
known as Suhl instabilities or magnon-magnon scattering.’
Both the excitation of higher amplitudes and a reduced
damping will enhance these nonlinear effects. As a result,
these processes can cause limitations of spin-wave currents.

Up to now, experimental evidence for these nonlinear
mechanisms in metallic materials was only seen indirectly in
time-resolved magneto-optical Kerr effect and ferromagnetic
resonance measurements’ and in the amplitude reduction
of spin-wave pulses in the time domain.'® Here, we report
on the direct observation of these nonlinear mechanisms in the
spin-wave spectrum and discuss them in terms of multimagnon
processes in the description using second quantization, where a
magnon is the quantum of excitation. In particular, we observe
the process of four-magnon scattering, which is for most of the
experimental geometries the lowest-order scattering process
due to reasons discussed below. A consistent theoretical
description of magnon-magnon scattering is tedious and was
only developed for continuous thin films.*!' However, a
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basic understanding of the restrictions for magnon-magnon
scattering can be derived from the energy and momentum
conservation laws,
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The left (right) part of the equations summarizes over the
initial (final) magnons with indices i () that are involved in the
scattering process. The spin-wave frequencies w; ; and wave
vectors 1}',, ;j are connected via the spin-wave dispersion relation
;. j(kz j), which has a minimum frequency wy = 27vy # 0
if a magnetic field'>'3 is applied. Below this frequency wy,
no spin-wave eigenmodes exist, which immediately prohibits
three-magnon scattering processes with i = 1 and j = 2 for
w; < 2wo " Similar considerations lead to the conclusion
that four-magnon scattering processes with i =2 and j =
2 are the lowest-order processes allowed in the frequency
range wy < w; < 2wq considering Eq. (1). In the presence
of inhomogeneities wave-vector nonconserving two-magnon
processes might appear in addition, which, however, can be
suppressed by high sample quality.

The sample under investigation is a spin-wave microconduit
consisting of a 2.5-um wide and 100-um long Nig;Fe g stripe
as shown in Fig. 1. The stripe has a thickness of 40 nm and
was deposited in a ultrahigh vacuum chamber via molecular
beam epitaxy. The patterning was made by means of electron
beam lithography and chemical lift-off. One end of the spin-
wave conduit is placed beneath the shorted end of a coplanar
waveguide (CPW) with a thickness of 500 nm and a lateral
width of 2 um at the shorted end. A microwave current flowing
in the CPW generates a dynamic Oersted field that excites
spin waves inside the conduit. At the position of the shorted
end of the CPW, the electric field is zero and, therefore, the
microwave current reaches its maximum just above the spin-
wave conduit. This allows for the excitation of spin waves
with very high amplitudes driving the magnetic system into the
strongly nonlinear regime. The spin-wave intensity is locally
probed by a Brillouin light scattering (BLS) microscope,'”
which includes an active stabilization of the lateral sample
position.

©2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.86.054414

H. SCHULTHEISS, K. VOGT, AND B. HILLEBRANDS

I, z
\ ¢ ".’;;)

FIG. 1. (Color online) Schematic view of the sample. A 2.5-um
wide Nig; Fe;9 microstripe acts as a spin-wave conduit and is placed
under the shorted end of a coplanar waveguide. A microwave current
creates a dynamic Oersted field h for exciting spin waves. The spin-
wave intensity is locally probed by Brillouin light scattering (BLS)
microscopy.

The spin-wave conduit was saturated by a magnetic field
of 51 mT perpendicular to the conduit’s long axis. In this
geometry, the spin-wave dispersion relation for the first mode
over the stripe width is monotonously increasing as shown by
the solid red line in Fig. 2. The dispersion was calculated
following the procedure given in Ref. 16 using standard
material parameters for Nig;Fe|9 as summarized in Ref. 17.
The minimum frequency vy for this specific geometry and
magnetic field is 6.3 GHz. In the same figure we plot the
normalized excitation efficiency of the 2-um wide antenna
(dashed blue line), given by the Fourier transformation of the
excitation field distribution. The excitation efficiency has a
local minimum at a wave vector of 7 um™", which corresponds
to a spin-wave frequency of 9.2 GHz. Within the frequency
range 6.3GHz < vgr < 9.2GHz, spin waves can be excited by
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FIG. 2. (Color online) Spin-wave dispersion (solid red line) in the
Nig; Fe 9 microstripe with a magnetic field applied perpendicularly
to the stripe’s long axis. The dashed blue line shows the excitation
efficiency of the antenna. The red and green circles illustrate a four-
magnon scattering process when two spin waves, pumped at vgp,
annihilate and create two new spin waves.
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a RF current in the shorted CPW. As indicated by the red and
green circles in Fig. 2, two of the directly excited magnons with
frequency vgrp can scatter and create two new magnons with
frequencies vgr £ Av if the restriction Av < vgg — vg holds.
Otherwise, one of the scattered magnons will have a frequency
below vy. Except for the region close to k = 0, the dispersion
relation is approximately linear. Consequently, the momentum
conservation holds for four-magnon scattering processes with
i =2and j =2 and w; = 2w vRE.

To observe the spin waves originating from these nonlinear
processes experimentally, we locally measured the spin-wave
spectra in 1-pum distance to the shorted end of the CPW as
a function of the applied microwave frequency vrp for mi-
crowave powers ranging from 0 to 33 dBm. The experimental
results are shown in Fig. 3 as intensity graphs. For each
excitation frequency vgp (x axis), we acquired a spin-wave
spectrum. The measured spin-wave frequencies are plotted
on the y axis and the intensity is given by the color coded
Z axis.

For powers from 0 to 9 dBm, the response of the spin-wave
conduit is the identity function. For higher powers, a significant
broadening of the magnon spectra sets in. Apparently, the
broadening of the spectrum does not cover the entire excitation
frequency range for the intermediate power levels but is only
visible up to a certain threshold excitation frequency marked
with black arrows in the middle and lower row of Fig. 3. The
reason for this cutoff frequency and the fact that for some
graphs a vertical spike pattern is observed is a combination
of the inherent nonlinear character of four-magnon scattering
processes and the wave-vector-dependent excitation efficiency
of the shorted CPW (see Fig. 2). The nonlinear scattering
only takes place above a critical amplitude. But since we
keep the output power of the microwave generator fixed
when changing the excitation frequency, the intensity of the
excited spin waves decreases with increasing vgp due to the
reduced excitation efficiency of the CPW. The sharpness of this
threshold frequency for which four-magnon scattering appears
is directly related to the slope of the excitation efficiency. For
smaller wave vectors (i.e., for smaller spin-wave frequencies)
the excitation efficiency changes drastically as a function of
the wave vector, whereas for higher frequencies the relative
change in the excitation efficiency is much smaller (note
the logarithmic scale of the right y axis in Fig. 2). As a
consequence, the transition from line broadening to sharp
resonance spectra is abrupt for a power of 18 dBm and gets
smoother for increasing power values.

In the intensity graph for 18 dBm, we indicated the
frequency boundaries for the scattered magnons. No magnon
can be created below vy and, hence, the upper frequency limit
for four-magnon scattering is given by 2vgg — vy due to energy
conservation. At frequencies close to vy, the dispersion is
not linear so that momentum conversation suppresses four-
magnon scattering.

The vertical spike pattern in the data close to the frequency
threshold is a result of the frequency transmission charac-
teristics of the CPW. Due to small impedance mismatches
at the electrical contacts of the waveguide, the transmitted
power varies as a function of vgg. If the system is close to
the threshold power for four-magnon scattering, these small
fluctuations become visible for varying vgp.
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FIG. 3. (Color online) Top row: Spin-wave excitation spectra as a function of the applied microwave frequency vgr for three different
power values: 3 dBm, 18 dBm, and 33 dBm. For each excitation frequency (abscissa) a spin-wave spectrum is locally measured close to the
CPW by means of BLS microscopy. The spin-wave intensity (z axis) is color coded corresponding to the color scale shown at the bottom of the
figure. In the middle graph the cutting plane depicts the minimum frequency of the spin-wave band. The planes (I) and (II) in the right graph
display the frequencies for the power analysis of the spin-wave spectra in Fig. 4. Middle/bottom row: Two-dimensional (2D) projections of the
spin-wave spectra as a function of the excitation frequency for various input powers. Arrows on the abscissa mark the frequencies up to which

four-magnon scattering can be observed.

For a direct comparison of the spin-wave spectra as a
function of the applied microwave power, we plotted the
spectra normalized to the peak intensity for an excitation
frequency of 7.1 GHz and 8.3 GHz in Fig. 4. These frequencies
correspond to the planes (I) and (II) indicated in the upper
right graph of Fig. 3. For both applied frequencies vgp, the
broadening is clearly visible and one can see, that the main part
of the scattered magnons is concentrated within the frequency
interval [vg,2vrr — vo]. We want to point out that this line
broadening cannot be described by a Lorentzian or Gaussian fit
to the main resonance peak, which gives even more evidence
that these are separate spin-wave eigenstates populated via
four-magnon scattering.

For vgg = 7.1GHz, an increase of the spin-wave intensities
for frequencies even above 2vgrp — vy is observed, which can
be understood as repetitive scattering processes. Note, that
the change in the linewidth (FWHM) of the directly excited
spin waves caused by the additional damping due to four-
magnon scattering cannot be resolved in our experiment, but
the amplitude of the initial spin waves (red squares in Fig. 5
display the peak area of a Lorentzian fit) cannot be much
further increased once the nonlinear scattering takes place.

BLS intensity (a. u. log4,)

BLS frequency (GHz)

FIG. 4. (Color online) Spin-wave spectra for excitation at
7.1 GHz and 8.3 GHz corresponding to the planes (I) and (II) shown
in Fig. 3. Different lines correspond to spectra at different applied
microwave powers, normalized to the peak maximum.
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FIG. 5. (Color online) Intensity for the directly excited spin-wave

at 9.0 GHz (red squares) and the integrated intensity of all spin waves
generated by four-magnon scattering (blue circles).

At very high excitation powers, the intensity of the directly
excited spin waves saturates because more and more energy is
transferred to the scattered spin waves (blue circles in Fig. 5
display the total counts minus the peak area of the directly
excited spin waves), which show a clear threshold as a function
of the applied power.
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In conclusion, we have demonstrated that the intrinsic
nonlinear damping of spin waves via four-magnon scattering
plays an important role for spin dynamics in small magnetic
elements. The confinement of spin waves reduces the dimen-
sionality of the dispersion relation compared to continuous thin
films. Therefore, the scattered magnons have less eigenstates
to populate, which leads to a faster growth of their amplitudes
and, consequently, a faster onset of the nonlinear scattering.
The direct observation of the scattered magnons in the BLS
spectra allows for a deeper understanding of four-magnon
scattering processes in microscopic magnetic elements and we
believe that these results stimulate theoretical calculations of
spin-wave instabilities in systems with reduced dimensionality.
This is of crucial importance for future applications of spin
waves in spintronic devices since these effects will be even
more pronounced in novel magnetic materials with a reduced
magnetic damping.
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