
REVIEW
published: 03 June 2015

doi: 10.3389/fphy.2015.00035

Frontiers in Physics | www.frontiersin.org 1 June 2015 | Volume 3 | Article 35

Edited by:

Stefano Bonetti,

Stockholm University, Sweden

Reviewed by:

Chun-Gang Duan,

East China Normal University, China

Marco Madami,

University of Perugia, Italy

*Correspondence:

Thomas Sebastian,

Institute of Ion Beam Physics and

Materials Research,

Helmholtz-Zentrum Dresden -

Rossendorf, Bautzner Landstraße

400, 01328 Dresden, Germany

t.sebastian@hzdr.de

Specialty section:

This article was submitted to

Condensed Matter Physics,

a section of the journal

Frontiers in Physics

Received: 19 February 2015

Accepted: 11 May 2015

Published: 03 June 2015

Citation:

Sebastian T, Schultheiss K, Obry B,

Hillebrands B and Schultheiss H

(2015) Micro-focused Brillouin light

scattering: imaging spin waves at the

nanoscale. Front. Phys. 3:35.

doi: 10.3389/fphy.2015.00035

Micro-focused Brillouin light
scattering: imaging spin waves at the
nanoscale
Thomas Sebastian 1*, Katrin Schultheiss 1, Björn Obry 2, Burkard Hillebrands 2 and

Helmut Schultheiss 1

1 Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden - Rossendorf, Dresden, Germany,
2 Fachbereich Physik und Forschungszentrum OPTIMAS, Technische Universität Kaiserslautern, Kaiserslautern, Germany

Spin waves are the elementary excitations of the spin system in a magnetically ordered

material state and magnons are their quasi particles. In the following article, we will

discuss Brillouin light scattering (BLS) spectroscopy which is now a well-established tool

for the characterization of spin waves. BLS is the inelastic scattering of light from spin

waves and confers several benefits: the ability to map the spin-wave intensity with spatial

resolution and high sensitivity as well as the potential for the simultaneous detection of

frequency and wave vector. For several decades, the field of spin waves gained huge

interest by the scientific community due to its relevance regarding fundamental issues in

spin dynamics. Recently, the ongoing research in the field of magnonics has put particular

emphasis on the high potential of spin waves regarding information technology. Opposed

to charge-based schemes in conventional electronics and spintronics, magnons are

charge-free currents of angular momentum, and, therefore, less subject to dissipative

scattering processes. These ideas have propelled the quest for concepts to guide

and manipulate spin-wave transport as well as for the miniaturization of spin-wave

conduits towards sub-micrometer dimensions. For the further development of potential

spin-wave-based devices, the ability to directly observe spin-wave propagation with

spatial resolution is crucial. As an optical technique, BLS allows for a sub-micron space

resolution by the implementation of a microscope objective in the optical setup. Over

the last decade, this micro-focus BLS technique has become an established method

for the investigation of spin waves in microstructured magnetic elements and proved its

value in particular regarding magnonics. In this article, we will discuss the basic principles

of BLS and illustrate the experimental optical setup. Particular emphasis will be put on

the implementation of the high spatial resolution of BLS microscopes as well as on

their computer based operation and automated sample positioning. Owing to these

improvements in ease of use as well as experimental applicability, the BLS technique

has maintained its relevance for investigations on spin waves in miniaturized magnetic

structures as will be illustrated by a selection of experiments.
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1. Introduction

This article is devoted to the imaging of spin waves at the
nanoscale via Brillouin light scattering (BLS) spectroscopy with
emphasis on the development of a BLS microscope. Thus, a
major part of this article is used to introduce the physical
background of the BLS process and the experimental realization
of a BLS microscope providing the most relevant technical
data. We also discuss several additional developments such as
time- and phase-resolved BLS microscopy. These developments
in BLS spectroscopy are based on earlier achievements in the
field reported by B. Hillebrands in [1]. In order to illustrate the
performance of the experimental setup, several recent studies on
spin dynamics at the nanoscale will be discussed.

A major motivation that drives the further development of
BLS microscopy is the field of magnonics [2–7]. The idea behind
magnonics is the realization of an alternative spin-wave based
information technology. This goal and the potential for future
devices immediately demands a thorough understanding of
spin-wave propagation in magnetic nanostructures and schemes
to manipulate and control the propagation characteristics
in magnonic waveguides. For this purpose, space-resolved
techniques with a resolution better than a micrometer are
a crucial necessity. As will be discussed in this introductory
section—also in comparison to competing techniques—there are
several reasons why nowadays BLS microscopy is a standard
technique for the observation of spin-wave transport on the
nanoscale.

Starting in the 1950s, the field of magnetization dynamics
has been subject to intense research efforts. Following the
observation of the ferromagnetic resonance (FMR) by electrical
detection [8, 9], a variety of detection methods for spin waves
have been developed and optimized, thereby manifesting the
importance of spin-wave research. Starting with microwave
absorption measurements [9–11], spin-wave research soon
extended to optical detection methods based on Brillouin light
scattering [12–15] and the magneto-optical Kerr effect [16–
18] as well as inelastic scattering with neutrons [19, 20], and
electrons [21]. Furthermore, thermography [22] and magneto-
mechanical systems [23–25] are possible detection schemes.
Owing to current achievements in the field of spintronics, an
electrical detection of spin waves utilizing a combination of spin
pumping and the inverse spin Hall effect has also been reported
[26–33].

One general advantage of BLS over all competing techniques
is its remarkable sensitivity which, in particular, allows for
the detection of thermally activated, incoherent spin waves in
systems without external excitation even down to monolayers
of magnetic material [14, 34–36]. This independence of the BLS
technique from antenna structures for the external excitation
enables the flexible realization of different measurement
geometries to probe spin dynamics in a wide wave-vector as well
as spectral range.

Opposite to microwave absorption experiments as well as
a detection based on spin pumping and the inverse spin Hall
effect, that are restricted to a local study of spin waves at the
position of antenna structures, BLS spectroscopy allows for

a space- and wave-vector-resolved mapping of the spin-wave
intensity in magnetic structures. Recent developments regarding
microwave cavities and microresonators pushed the field of
microwave absorption techniques toward the detection of
spin dynamics in individual nanoscale magnetic structures
[37]. However, in all cases the dynamic magnetic response is
averaged over the entire investigated structure or even arrays of
magnetic elements. Thus, electrical detection techniques do not
allow for the direct observation of spin-wave propagation or a
space-resolved mapping of the intensity distributions of standing
spin-wave modes. Therefore, this lack of space-resolution
hinders a direct identification of the character of the detected
spin waves and their propagation characteristics. In addition,
typical measurements based on resonators or broadband FMR
are also limited regarding the simultaneous detection of different
spin-wave frequencies. This is of particular interest in the field
of nonlinear spin dynamics where, e.g., the occurrence of higher
harmonics cannot be directly detected. Most experimental efforts
utilizing the combination of spin pumping and inverse spin Hall
effect for the detection of spin dynamics typically rely on the dc
spin Hall voltage and, thus, even lack any frequency information.
Therefore, an additional advantage of BLS in comparison to the
widely used electrical detection techniques is the simultaneous
detection of various frequencies in a wide frequency
range.

Regarding alternative space-resolved detection schemes based
on magneto-optical techniques, a major advantage of BLS is the
frequency range offered by its detection via interferometry.While
the mentioned alternative techniques work in the time domain—
which restricts the available frequency range for technical
reasons—BLS directly operates in the frequency domain and
is restricted only by the used interferometer which enables
the detection of frequencies even up to hundreds of gigahertz.
In addition, the frequency analysis of the investigated spin-
wave modes requires post-processing in the case of time-
resolved measurement techniques which hinders the reliable
characterization of weak spin-wave signals. Here, it is worth
mentioning again, that BLS not only offers a direct detection
of the spin-wave frequency but also a superior sensitivity for
the detection of weak signals based on the counting of single
photons.

With respect to techniques that require large-scale facilities
like electron or neutron scattering with superior space resolution,
BLS spectroscopy and even microscopy can be set up and used
in a typical laboratory environment. This ensures maximum
versatility regarding the combination with external devices for
the control of experimental parameters or regarding the demands
in sample preparation.

This great versatility of the BLS technique is a result of the
ongoing development regarding the automated control of the
interferometer as well as of the measurement process itself. Due
to this efforts—which started already several years ago—BLS
spectrometers based on the tandem Fabry-Pérot interferometer
(TFPI) developed by J. R. Sandercock1 can be operated by any
researcher after a short training in the operation. To realize the

1www.tablestable.com.
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aim of an easy to use, automated BLS setup, the following tasks
can be identified:

1. Automatic alignment of the interferometer before
measurements.

2. Automatic stabilization of the interferometer during
measurements.

3. Automated control of peripheral devices.
4. Data acquisition for complex measurement sequences.

The systematic realization and implementation of these tasks
started with the development of the software package Tandem
Fabry-Pérot Data Acquisition System (TFPDAS) [1] in 1999.
This software package and the corresponding data acquisition
hardware is constantly updated2. In particular, the recent
versions of TFPDAS not only allows for space-, phase- and
wave-vector-resolved BLS spectroscopy but also enables the time-
resolved mapping of the spin-wave intensity.

The flexibility offered by the software solution TFPDAS—
in particular, regarding the control of peripheral devices and
the data acquisition—is a major achievement for the BLS
technique which enables the automated execution of rather
complex sequences of measurements. The automated control of
experimental parameters— like magnetic field or the frequency
and power of external microwave signals—as well as the
automated control and stabilization of the probing position via
peripheral devices enables a thorough study of various aspects
of spin-wave propagation in a wide parameter space. The four
points of the above list will be picked up in the following sections
to illustrate the corresponding implementations and capabilities
offered by TFPDAS.

The outline of the article is as follows. Section 2 provides
a brief introduction into the physics of spin waves needed for
the discussion of both the BLS process as well as the presented
studies. The physical background of the BLS process as well as
the experimental realization of energy and momentum analysis
in BLS spectroscopy will be discussed in Section 3. Section 4
describes the implementation of a microscopic resolution as well
as its consequences for BLS microscopy. In addition, the concept
of phase-resolved BLS microscopy will be introduced. Finally,
the performance of a BLS microscope will be illustrated on the
basis of several recent studies on spin dynamics at the nanoscale.
The extension of BLS spectroscopy and microscopy by time
resolution will be discussed and illustrated in Section 5.

2. Spin Waves

Before we discuss the experimental technique of BLS, we
give a brief introduction into the physics of spin waves, the
subject of our research. This section will also serve to specify
the experimental requirements for the observation of spin
dynamics in general as well as the requirements for the further
developments of concepts proposed in the field of magnonics.
However, since spin waves have been discussed very thoroughly
over the past decades, we will focus on the basics and refer to the
literature for more details on this subject [6, 38–42].

2www.tfpdas.de.

Spin waves are the collective oscillations of the spin system
in a magnetically ordered material. In a classical picture, spin
waves are considered as the phase propagation of the precessing
magnetic moments. The mutual coupling of the single magnetic
moments is mediated by dipolar and exchange interaction. In
a quantum mechanical picture, a magnon represents the quasi-
particle of an elementary spin-wave excitation in a magnet. This
particle description yields the important result that a magnon
carries spin angular momentum. For this reason, the transport of
magnons, i.e., the propagation of spin waves can be understood
as a spin current without involving any charge currents and, thus,
information can be encoded via the electron spin without the flow
of charge.

Spin-wave frequencies are typically observed in the gigahertz
range but can also reach the terahertz regime. Their wavelengths
range from the millimeter down to the nanometer length
scale. This scalability of spin waves immediately illustrates their
potential regarding future technical applications. Their frequency
range ensures compatibility to contemporary devices—gigahertz
in, e.g., telecommunication—as well as opens the perspective for
higher clock speed. At the same time, their dispersion allows for
a rapid downscaling of the typical device size to the nanometer
scale when approaching the high-frequency region.

Of particular interest regarding basic physics as well as the
realization of potential magnonic devices is the characteristic
dispersion relation of spin waves. Due to the dipolar interaction,
this dispersion is anisotropic in in-plane magnetized structures
with respect to the angle between the static magnetization and the
wave vector of the corresponding spin-wave mode. To study the
peculiarity of the spin-wave dispersion requires frequency and
wave-vector resolution as well as a sensitivity allowing for the
detection of thermally activated spin waves—requirements that
are fulfilled by BLS spectroscopy [43–45]. The anisotropy of the
spin-wave dispersion has far reaching consequences regarding
spin-wave transport in two dimensions. One consequence is
the preferred propagation direction in the spin system that
can be used to actively steer spin-waves in two-dimensional
systems [46, 47]. In addition, the anisotropy can lead to the
formation of non-diffractive spin-wave beamswith a well-defined
propagation direction, so-called spin-wave caustics [48–51].
These phenomena are not only interesting from the fundamental
point of view but also of major relevance regarding future
spin-wave based devices. For the observation and a thorough
understanding of these effects space resolution—offered, e.g., by
BLS spectroscopy and, in particular, BLS microscopy—is crucial.

A derivation of the spin-wave dispersion in multilayered
structures including both, dipolar and exchange interaction,
can be found in [52]. Based on this model, the full dispersion
can be calculated numerically. However, in many cases, it is
sufficient to use an approximative analytical dispersion relation
for spin waves in thin magnetic films derived by Kalinikos
and Slavin [53]. This model with the additional introduction of
boundary conditions due to the finite lateral sample dimensions
proved to be very successful for the qualitative as well as
quantitative description of experimental findings. Figure 1 shows
the calculated spin-wave dispersion in a magnetic thin film. The
dispersion surface depending on the wave-vector components
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parallel k‖ and perpendicular k⊥ to the magnetization M clearly
illustrates the anisotropic character, see Figure 1A. The extreme
cases k‖ and k⊥ are displayed in Figure 1B. The high group
velocity—given by the slope of the corresponding dispersion—
and, thus, the small spatial decay for spin waves with k⊥ defines
the preferred propagation direction. In fact, most studies on spin-
wave propagation in microstructures, therefore, use the k ⊥ M

geometry.
It should be noted that the model by Kalinikos and Slavin is

restricted to small spin-wave amplitudes and, thus, to the linear
response of the dynamic magnetization m. However, the spin
system is an intrinsically nonlinear system and various nonlinear
phenomena can be observed for high spin-wave amplitudes. In
fact, it is no problem to reach this nonlinear regime by the
external excitation of spin waves even for moderate powers that
are easily available by conventional microwave signal generators
[51, 54–60]. Thus, the spin-wave system is a great model
system to probe nonlinear wave physics. Among the numerous
nonlinear effects, prominent examples are the formation of self-
localized bullet modes or solitons and the nonlinear generation
of higher harmonics. As will be discussed in more detail later
in this article, nonlinear effects can have a huge impact on
the propagation characteristics of spin waves. Therefore, only
space-resolved techniques allow for a thorough understanding of
these phenomena. The simultaneous occurrence of directly and
nonlinearly excited spin-wave modes—like higher harmonics—
requires the simultaneous detection of different frequencies.
Electrical detection techniques—like FMR using cavities or
network analyzers—are, therefore, limited in the observation of
nonlinear phenomena. Space-resolved BLS is not only capable of
mapping the propagation characteristics of linear and nonlinear
spin-wave modes but also of the simultaneous detection of
frequencies in a wide spectral range. Thus, BLS is a great
tool, in particular, regarding the study of nonlinear spin-wave
phenomena.

FIGURE 1 | (A) Two-dimensional, anisotropic dispersion surface for an

in-plane magnetized magnetic thin film depending on the wave-vector

components parallel k‖ and perpendicular k⊥ to the static magnetization

based on the analytical model by Kalinikos and Slavin [53]. (B) The

comparison of the dispersion lines for k‖ and k⊥ puts emphasis on the

different character of the corresponding spin-wave modes. In particular, the

group velocities defined by the slope of the dispersion lines and, thus, the

spatial decay of these two spin-wave modes strongly differ leading to a

preferred propagation direction with k ⊥ M.

3. Brillouin Light Scattering Spectroscopy

This Section is devoted to the introduction of the basic physics
behind the BLS process itself (Section 3.1) as well as the
experimental realization of frequency and wave-vector resolution
in a BLS spectroscope (see Sections 3.2, 3.3).

3.1. BLS Process
The BLS process can be understood as the inelastic scattering
of laser light from the space- and time-dependent potential
described by the dielectric tensor of a solid state body. In the case
of a nonmagnetic material acoustic waves are responsible for the
temporal as well as spatial variation of the dielectricity whereas
it can be also caused by spin waves in a magnetic solid state via
magneto-optic interaction. A detailed discussion of this quasi-
classical description of magneto-optics in general and regarding
BLS in particular can be found in Fleury et al. [12], Demokritov
et al. [61], Shen and Bloembergen [62], Wettling and Sandercock
[63], Cochran and Dutcher [64].

In a quantum mechanical picture, where the light quanta
are represented by photons and where a magnon denotes the
quasi-particle of a spin-wave excitation, the BLS process can be
described by the inelastic scattering of photons with magnons.
A scheme of this scattering process is depicted in Figure 2,
where a magnon is created (Stokes process). Correspondingly,
the annihilation of a magnon upon scattering with a photon
is denoted as Anti-Stokes process. Since in both cases energy
and momentum are conserved, the scattered light (out)
carries information about the probed spin wave (sw). This is
described by

hνout = hνin ∓ hνsw (1)

h̄kout = h̄kin ∓ h̄ksw, (2)

where (in) denotes the incident light and where the negative
sign on the right hand side of both equations represents a Stokes
process. Thus, the analysis of the frequency shift |νout − νin| of
the scattered photon yields information about the spin-wave
frequency while the momentum of the detected spin wave can
be determined from the experimental settings, i.e., the incidence
and detection angle of the light, as will be explained in more
detail below.

In addition to the energy and momentum of the spin
wave, the BLS process yields further information about the
investigated spin-wave modes that have direct consequences
for the experimental realization of BLS setups. The intensity
of the scattered light is proportional to the intensity of the
corresponding spin wave. Moreover, emphasis has to be put on
the fact, that BLS is a phase-sensitive process. Thus, the scattered
photon does not only carry information about the spin-wave
energy and momentum but also its phase information. This will
be of particular importance regarding the phase- and wave-vector
resolution in BLSmicroscopy that will be discussed in Section 4.4.

Furthermore, BLS of photons and magnons affects
the polarization of the inelastically scattered photons: the
polarization of photons is rotated by 90◦ in the BLS process with
magnons. As will be described in Section 4.1, this polarization
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FIGURE 2 | Sketch of the BLS process. The incident light with wave vector

kin and frequency νin generates a spin wave (ksw, νsw) in the Stokes process.

Energy and momentum conservation lead to a reduced wave vector kout and

a smaller frequency νout of the scattered light.

dependence can be used to separate undesirable signals like
longitudinal laser modes or photons that scattered inelastically
from phonons from the actual spin-wave signal.

After this brief introduction to the BLS process, the following
two subsections are devoted to the frequency- and wave-vector
analysis of the spin-wave signal based on Equations (1) and (2).
For a more detailed description of BLS, we refer the reader to the
literature cited in the beginning of this section.

3.2. Energy Analysis
The energy analysis of the spin-wave signal is the basis for
all measurements that rely on BLS. Because of the energy
conservation in the BLS process—as described by Equation
(1) in the previous subsection—the frequency shift of the
scattered light directly corresponds to the frequency of the
investigated spin-wave modes. Therefore, the analysis of the
scattered light allows to measure the spin-wave energies.
Thus, two components are indispensable for building a BLS
spectroscope: a monochromatic light source and a high-contrast
frequency analysis tool, both of which will be discussed in more
detail below.

The light that undergoes the inelastic scattering is provided
by a continuous-wave laser. Diode-pumped solid state lasers
with a wavelength of 532 nm are commonly used. In general,
the intensity of the BLS signal is directly proportional to the
applied laser power. However, especially in BLS microscopy the
maximum laser power is limited. Due to the focusing of the
laser light down to a sub-micrometer spot size, the local heating
of the sample surface can affect the investigated magnetization
dynamics, e.g., via a reduction of the saturation magnetization,
or even lead to a destruction of the magnetic structures if the
thermal conductivity of the sample is low. Typically, lasers with
an output power up to 200mW are sufficient for a micro-focus
BLS setup even though the laser power is drastically reduced
on the way toward the sample, in particular, by the beam

splitters in the light path. In fact, the threshold for damaging
the sample by the diffraction limited laser spot is on the order
of 10mW.

A key specification for a potential laser is its ability for single-
frequency operation accompanied by a narrow spectral linewidth
below 10MHz. These two aspects are a consequence of the small
frequency shift of the scattered light and are not easy to meet.
Usually, higher order longitudinal modes of the laser resonator
are not sufficiently suppressed. They appear as additional signals
in the measured spectrum and might not be mistaken for signals
originating from spin waves. There are measures in the optical
setup how the appearance of higher order laser modes in the BLS
spectrum can be subdued, which will be described in Section 4.1.

The second major component for performing a BLS
experiment is the frequency analysis tool. Typically, spin-wave
frequencies are in the range of a few Gigahertz. This requires
a spectrometer with a resolution of better than 0.05 cm−1 and
makes the frequency analysis a challenging task compared to
other spectroscopic techniques. In addition, the small scattering
cross-section of the BLS process leads to a weak signal intensity
compared to the fraction of light that is elastically scattered from
the sample surface. For several decades high-contrast tandem
Fabry-Pérot interferometers (TFPI) have been installed and used
to analyze weak light signals generated by the inelastic scattering
of photons with phonons as well as spin waves. The TFPI is
nowadays the standard tool for the detection of BLS spectra
because of its outstanding performance in terms of its high
contrast and dynamic spectral range. A sketch of a TFPI can be
found in Figure 3A.

The TFPI was developed by J. R. Sandercock and consists of
a set of two Fabry-Pérot interferometers (FPI)—i.e., etalons
consisting of two highly reflective, parallel mirrors—as
schematically depicted by FPI 1 and FPI 2 in Figure 3A,
respectively. Light is transmitted through an etalon only if the
mirror spacing is a multiple of half its wavelength λ, whereas
transmission is strongly suppressed for other mirror spacings.
This also means that the transmission of a FPI, which can be
described by the Airy function, is periodic with respect to the
mirror distance. In frequency space, this periodicity is typically
defined in terms of the free spectral range (FSR). Thus, the FSR is
the maximum frequency range accessible by the interferometer
before higher transmission orders appear in the spectrum.

In the measurement process, the wavelength (and, thus, the
frequency) of light is analyzed by detecting the transmitted
light intensity upon scanning the distance of the interferometer
mirrors. In this scanning process, one mirror of each FPI is fixed
while the other mirror is placed on a common scanning stage.
Since the transmission function of a single FPI is periodic, the
two interferometers are arranged under an angle α. Hence, a
mode discrimination, i.e., an unambiguous identification of the
spin-wave signals in the detected BLS spectrum is possible. The
absolute value of the frequency shift is determined by comparing
the mirror spacing corresponding to light that is scattered from
the sample with the position of a reference beam that directly
enters the interferometer (reference beam in Figure 3A). The
position of this reference beams, therefore, marks the zero
position in a BLS spectrum.
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FIGURE 3 | (A) Principle scheme of a tandem Fabry-Pérot interferometer. (B) BLS spectrum showing the central reference laser peak as well as the Stokes and

Anti-Stokes signal.

As can be seen in Figure 3A, the inelastically scattered light
passes each etalon three times before it is finally detected by
a photodetector. This (3+3)-arrangement allows for a high
contrast better than 1010, which is needed for the detection of
the small BLS signal intensities.

The FSR—the frequency range that is accessible by the TFPI—
as well as its frequency resolution are coupled and given by
the offset mirror distance that defines the zero position for the
scanning process in each measurement. In general, the FSR of a
TFPI can be of the order of several hundred gigahertz. However,
the frequency resolution decreases for increasing FSR. In most
experiments, the spin-wave frequencies will be on the order of
10GHz and the FSR should be adjusted to these frequencies in
order to work with a maximum resolution. Typical frequency
resolutions (defined as the full width at half maximum), that can
be achieved in this range, are 1f = 273MHz for an FSR of
30GHz and 1f = 45MHz for an FSR of 5GHz.

The result of a typical BLS measurement is illustrated in
Figure 3B. The spectrum exhibits three different peaks. The zero
position of the spectrum is marked by the signal corresponding
to the reference beam as already discussed above. In addition, the
resulting BLS spectrum yields one Stokes peak with a negative
frequency shift with respect to the reference beam and one
Anti-Stokes peak with positive frequency shift. Since the BLS
cross-section is proportional to the square of the amplitude of
the dynamic magnetization [36, 65], the peak height in a BLS
spectrum indicates the spin-wave intensity.

As already discussed in the introductory Section 1, it has to
be mentioned, that the TFPI is a rather complex device and its
maintenance a time-consuming task. The mirrors of each FPI are
not only placed on a scanning stage but their relative orientation
and stability can also be controlled by piezoelectric actuators.
Thus, before a measurement can be started, the instrument needs
to be aligned. During each measurement process, the system
has to be tuned to ensure stability. The TFPI as sold by J. R.
Sandercock is a turn-key system and allows for the handling of
these tasks as well as the recording of single spectra. However,
these tasks have to be performed by trained personnel and the
setup does not allow for the automated execution of complex
sequences of measurements including the control of peripheral
devices.

As already discussed in the introductory part in Section 1,
the software package TFPDAS has automated routines for the
alignment and the stabilization of the TFPI before and during
measurements. Several parameters enable the adjustment of
the stabilization routines to the actual working conditions—
like different laser powers—to ensure optimized stability of the
system. Regarding the scanning process itself, TFPDAS allows
for the definition of special regions of interest (ROI) in each
spectrum. Via the definition of these spectral ROIs with different
weighting, the operator can put particular emphasis on individual
signals in the spectrum and, thus, achieve both, a reduction of the
required measurement time and an increased signal strength.

As will be illustrated in Section 4.3, typical BLS measurements
require not only the control of the actual scanning process
but also the variation of several external parameters like the
bias magnetic field, frequency as well as power of the external
excitation of spin waves, or the probing position in spatially
resolved measurements. TFPDAS allows for the control of up to
three peripheral devices and the corresponding data acquisition
even for complex sequences of measurements. Thus, while the
high performance of the TFPI itself is the crucial precondition for
the observation of spin waves via BLS in general, the wide-spread
application of this technique is based on the flexibility of
easy to use and automated BLS spectrometers controlled by a
sophisticated software solution.

3.3. Wave-Vector Analysis
As already mentioned before, many experiments based on
electrical techniques only allow for the detection of the FMR,
the uniform precession of all magnetic moments, or they average
over all wave vectors in the spin-wave system. However, a crucial
aspect for the investigation of spin waves is the capability of
measuring their dispersion. As will be explained in the following
section, this task can be addressed using BLS spectroscopy.

According to Equation (2), the conservation of momentum
in the BLS process allows for a wave-vector-selective detection
of spin waves. However, since a single laser with a constant
wavelength is used, themodulus of the wave vector of the incident
light |kin| is fixed. Therefore, in order to control the momentum
that can be transferred between photon and magnon—and, thus,
to obtain wave-vector resolution—the remaining parameter is
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the direction of the beam with respect to the sample surface.
A sketch of the experimental backscattering geometry—i.e., if a
single objective is used for both, focusing the incident light as well
as collecting the scattered light—with all relevant wave-vector
components can be found in Figure 4A.

To analyze the momentum transfer between photon and
magnon, the break of the translation symmetry at the sample
surface has to be taken into account. According to Noether’s
theorem, this implies that wave-vector conservation is given
for the in-plane components only but not for the out-of-plane
components. Therefore, the relevant momentum transfer is
defined by the projection of the photon wave vector to the sample
surface. For objectives with large working distances, a change
of this in-plane component of the incident laser light can easily
be obtained by varying the angle of incidence ϕ as illustrated in
Figure 4A. Experimentally, this is realized by rotating the sample
about the axis perpendicular to the plane of incidence while the
optical axis of the impinging laser remains fixed.

The accessible wave-vector range depends on the scattering
geometry. The maximum wave vector can be observed in the
case of backward scattering geometry discussed here. In this case,
according to Equation (2), spin waves with a wave vector of

ksw,‖ = 2 ·
2π

λL
· sinϕ (3)

will be probed, where λL is the laser wavelength and ϕ denotes the
angle of incidence. For a laser wavelength of λL = 532 nm, the
maximum wave vector that can be detected is kmax

sw,‖ = 23.6 rad
µm

which corresponds to a minimum spin-wave wavelength λmin
sw =

λL/2 = 266 nm.
Figure 4B shows a measurement of the spin-wave intensity

using a wave-vector-resolved BLS spectroscope in backscattering
geometry [66]. Each column represents a BLS spectrum detected
for a fixed wave-vector where the signal intensity is color-
coded. Yellow (blue) indicates maximum (minimum) intensity,
respectively. The measurement was performed on a 5µm thick
yttrium iron garnet film.

As already, discussed in Section 2, the spin-wave dispersion
of an in-plane magnetized film is anisotropic with respect to the

angle between spin-wave wave vector kSW and magnetization
M. To access the full, two-dimensional dispersion surface of
the spin-wave system, it is, therefore, not sufficient to change
the measurement geometry only by rotating the sample about
an axis normal to the plane of incidence as described above.
Instead, a rotation about a second axis has to be realized to
individually change the wave-vector components parallel and
perpendicular to the magnetization direction. The realization of
this approach to probe the entire dispersion surface requires to
rotate the magnet along with the sample and is described in
Sandweg et al. [45].

Finally, it should be mentioned that once a model for the
spin-wave dispersion is established, wave-vector resolved BLS
spectroscopy is a great tool for the determination of all material
parameters, that affect the spin-wave dispersion [52, 67–69].
While the frequency resolution of competing techniques like
FMR might be superior, the wave-vector resolved detection of
thermally activated spin waves allows for a flexible variation
of the measurement geometry. Therefore, material parameters
that are closely connected in FMR measurements—and, thus,
hard to determine individually—can be partially disentangled by
the proper choice of different measurement conditions. Finally,
very recent studies of the interfacial Dzyaloshinskii-Moriya-
exchange in Pt/Ni80Fe20 bilayer systems illustrate the potential
of wave-vector-resolved BLS in rather new, emerging research
fields [70].

4. Brillouin Light Scattering Microscopy

The advances in electron beam lithography and sample
patterning as well as the urge for miniaturization drastically
reduced the feature sizes of magnetic structures reaching toward
the nanometer scale. However, the laser focus of a conventional
BLS spectroscope covers an area of several tens of micrometers.
In order to obtain a sufficient signal from micro- or even
nanometer-sized elements, it is, therefore, necessary to arrange
several tens or even hundreds of them in an array and investigate
all of them at the same time. As a result, the measured signal
gives insight only in the averaged properties of all elements. In

FIGURE 4 | (A) Scheme of the backscattering geometry. By changing

the angle of incidence ϕ, the in-plane component of the spin-wave

wave vector ksw,‖ can be determined. (B) BLS measurement of the

spin-wave intensity as a function of the spin-wave wave vector of

parametrically excited magnons [66]. The detected intensity is

color-coded where yellow (blue) represents maximum (minimum) signal.

The measurement was performed on a 5µm thick yttrium iron garnet

film.
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particular, any detailed information about the nature of different
spin-wave modes within the same individual magnetic element—
such as the spatial profile—ismissing. Investigations of spin-wave
propagation on the nanometer scale are not possible at all.

Thus, in order to reach beyond the micrometer length scale,
the experimental realization of conventional BLS spectroscopy
has to be optimized with respect to the beam path to implement
a microscopic spatial resolution. As we will see, these changes
have a significant impact on the design of the experimental
setup. In the following sections, we will introduce the properties
and advantages of a BLS microscope. Section 4.1 describes the
beam path of the probing laser as well as the illumination
of the sample. As already discussed in previous Sections of
this article, the complexity of BLS spectrometers in general
and BLS microscopy in particular require flexible and easy
to use software solutions. This topic will be picked up again
in Section 4.2 which is devoted to the implementation of
the sample positioning system and the long-term stability of
the experimental setup. After the discussion of these technical
aspects of BLS microscopy, Section 4.3 illustrates the working
principle based on several recent studies on spin waves in
nanostructures.

4.1. Optical Setup
The main components in a BLS microscope do not differ much
from the ones in a conventional BLS spectroscope: the magnetic
properties are probed via the light of a single mode laser
that is focused and subsequently scattered on the sample and
then analyzed in a TFPI that was already discussed in Section
3.2. However, the aim of investigating magnetization dynamics
in single magnetic elements on the micro- and nanometer
scale implies a far more complex experimental setup than
the one of a BLS spectroscope. Besides the integration of the
microscope objective for focusing the laser light onto the sample
surface, additional care has to be taken of the illumination and
observation of the sample structure in order to precisely control

the probing position of the laser focus. In this section, we will
describe the beam path of the probing laser and the illumination
of the sample.

Figure 5A illustrates the beam path of the probing laser
toward the sample. In order to reach the maximum spatial
resolution with a given microscope objective, it is necessary to
fully illuminate the entrance aperture of the objective. Therefore,
a telescope (lenses L1 and L2 in the sketch) is used to expand
the parallel laser beam to, in our case, a diameter of about 3mm.
The laser light passes a set of mirrors and conventional beam
splitters, before the polarizing beam splitter cube BS3 deflects it
into the microscope objective that is mounted above the sample.
The purpose of the beam splitters BS1 and BS2 will be explained
in the following sections and is not relevant at this stage of the
discussion.

Because of the polarizing beam splitter BS3, the light intensity
that is coupled into the objective is given by the polarization
direction of the incident laser and can, therefore, be controlled by
means of a λ/2 wave plate that is positioned at the beginning of
the light path. As was alreadymentioned before, the control of the
laser power in a BLS microscope is crucial: high intensities of the
focused laser beam result in local heating at the probing position
and might, therefore, affect the investigated spin dynamics, via,
e.g., a reduction of the saturation magnetization, or even destroy
the magnetic structure under investigation.

The chosen objective (100x HD-DIC) has a numerical
aperture of NA = 0.75 and a working distance of 4mm to obtain
a high spatial resolution and yet leave enough space between
sample and objective. The latter point is crucial to allow for
the study of samples that are contacted with bonding wires or
for the use of high frequency probes for contacting coplanar
waveguides. Typically, these connections to external microwave
circuitry are used for the excitation of spin waves in magnetic
microstructures. For the combination of the chosen objective and
the laser wavelength of λL = 532 nm, the spatial resolution of the
scanning BLS microscope is around 250 nm.

FIGURE 5 | Optical path of (A) the incident beam, (B) laser focus on the sample, and (C) optical path of the reflected beam.
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Magnetic microstructures are commonly fabricated from
metallic materials due to their better applicability in lithographic
processes. Hence, BLS microscopy is mostly applied to opaque
samples that make it necessary to detect the scattered light in
the backward scattering geometry that was already discussed in
the previous Section 3.3. Therefore, as illustrated in Figure 5B,
the scattered light is collected by the same objective that also
focuses the light onto the sample. Due to the high numerical
aperture, the objective can collect and collimate all the light
reflected and scattered at the sample within a cone angle of
ϕmax = 49◦ with respect to normal incidence (see Figure 5B).
Using this angle ϕmax in Equation (3) from the previous section
yields a maximum wave vector kmax

sw, ‖ = 17.8 rad
µm that can be

detected in the BLS microscope for the given microscope lens
and which corresponds to a spin-wave wavelength of λsw =

350 nm. This limitation regarding the maximum wave vector
can be pushed toward smaller wavelength, however, this requires
lenses with a higher numerical aperture, i.e., a shorter working
distance. In addition, one should keep in mind that the above
considerations are purely based on geometrical optics which
does not fully apply to the actual case of the diffraction limited
laser spot in the BLS microscope. In this case of high spatial
resolution 1x, the corresponding wave vectors are subject to
the Heisenberg uncertainty 1k. As a result, maximum wave
vector and minimum wavelength as calculated above are not
rigid constraints and even spin waves beyond these limits can
be detected. However, the detection efficiency for spin waves
with wave vectors (wavelengths) approaching these limits rapidly
decreases.

The inelastically scattered light is collimated by the same
microscope lens used for focusing the incident laser and reaches
the beam splitter cube BS3 for the second time (see Figure 5C

to follow the beam path of the scattered and reflected light). At
this stage, the beam splitter BS3 serves to separate the reflected
(elastically scattered) light from the inelastically scattered
photons that carry the information about the investigated spin-
wave modes. This is especially important if one considers the
small scattering cross-section of light and spin waves. Most of
the light is reflected at the sample and does not undergo any
scattering with spin waves. The demands of most experiments
concerning the required contrast are very high. Therefore,
a crucial point in BLS microscopy is the separation of the
inelastically scattered light from the light that is merely reflected
from the sample (Rayleigh peak). This separation is based on the
polarization dependence of the inelastically scattered photons,
that was already mentioned in Section 3.1: during the BLS
process, the polarization direction of the light scattered on spin
waves is rotated by 90◦. In the actual setup, the polarizing beam
splitter cube BS3 works as a polarization analyzer. The elastically
scattered light is deflected, while the inelastically scattered light
is transmitted toward the TFPI. This optical arrangement, thus,
increases the contrast of the experiment because only the light
containing the spin-wave information will be focused onto the
pinhole of the TFPI for frequency analysis.

The separation of the elastically scattered part of the laser light
from the spin-wave signal has an additional advantage. Other

sources of photons that are subject to a frequency shift in the
GHz range are also excluded from the measurement process.
Possible sources for such a frequency shift are BLS events of
photons with phonons (which do not result in rotation of the
polarization) or higher order modes of the probing laser itself.
Even the emission of single frequency lasers still contains small
fractions of higher longitudinal modes of the laser resonator,
i.e., additional laser lines appearing at frequency distances of
typically 0.1–5.0GHz with respect to the central laser line. The
contrast of the interferometer is high enough to detect these
weak longitudinal modes so that they would appear as additional
peaks in the BLS spectrum if no filtering took place. But since
the light originating from the longitudinal modes has the same
polarization as the elastically scattered light, it is also filtered
by the beam splitter cube BS3 and does not appear in the BLS
spectrum or it is at least strongly attenuated.

As already mentioned above, and due to its high numerical
aperture, the microscope objective that focuses the probing beam
onto the sample collects and collimates light from a cone with an
opening angle of ϕmax = 49◦. Thus, in the limit of geometrical
optics, the BLS signal detected in the TFPI can originate from
any spin-wave mode in the wave-vector range between ksw, ‖ =

0 and kmax
sw, ‖ = 17.8 rad

µm (see Section 3.3 for details about the
wave-vector resolution).

Of course, this is a major difference between BLS spectroscopy
using objectives with a large working distance and BLS
microscopy with an objective with high numerical aperture. The
large working distance in conventional BLS spectroscopy results
in a well-defined direction of the incident probing laser beam as
well as of the backscattered light and, thus, ensures wave-vector
selectivity in the measurement process. In contrast, a high spatial
resolution requires a fully illuminated microscope objective with
high numerical aperture. Therefore, measurements with high
spatial resolution do not allow for the simultaneous detection
of discrete wave vectors. Instead, they immediately lead to the
loss of well-defined wave vectors and toward detection in a
certain wave-vector range. As discussed above, even the limits of
these wave-vector range itself must also not be regarded as strict
constraints of the measurement process but are also subject to an
uncertainty. This loss of wave-vector selectivity for the benefit of a
microscopic spatial resolution is a general physical phenomenon
that can be understood by the Heisenberg uncertainty principle
and, therefore, is a general limitation of microscopic techniques.

However, even though the wave-vector information is not
directly accessible any more in BLS microscopy, it is still
possible to extract it from a series of measurements based on
the phase-sensitivity of the BLS process that was mentioned
above in Section 3.1. The implementation of phase-sensitive BLS
microscopy will be described in Section 4.4.

Finally, it should be mentioned that the maximal spatial
resolution of BLS microscopy is defined by the fundamental
diffraction limit of light. Thus, new approaches have to be
realized to achieve a further, substantial increase of the spatial
resolution in BLS spectroscopy. A possible way was presented
by Jersch and co-workers who combined near-field optics with
BLS spectroscopy and, thus, obtained a spatial resolution of
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about 55 nm enabling the characterization of nanoscale spin-
wave edge modes [71]. Unfortunately, this benefit comes at the
cost of a strongly decreased signal strength and, as a result, very
time-consuming measurements. Therefore, only few BLS studies
are based on near-field optics. In perspective, another possible
approach could be—in analog to Raman scattering—plasmon
enhanced BLS.

The investigation of microscopic structures also requires a
microscopic imaging of the sample in order to control its relative
position to the laser focus. For this purpose, a light source, e.g.,
a LED, is integrated via the beam splitter cube BS2. The image
of the sample is monitored via a CCD camera through the beam
splitter cube BS2 at the same time while BLS measurements are
taken. As will be discussed in the following Section, the software
package TFPDAS-Micro extends the alreadymentioned TFPDAS
by several aspects of BLS microscopy—like sample monitoring
and active stabilization to compensate for drifts in the sample
position.

4.2. Sample Positioning and Long-Term Stability
BLS microscopy is based on scanning a focused laser spot over
the sample. A high resolution positioning system is essential
to position the sample with respect to the laser focus. The
most convenient solution is to mount the sample on a three
dimensional translation stage that should provide a resolution of
at least 10 nm over a range of 100µm. The intensity distribution
of the spin-wave signal is then measured by moving the sample
and keeping the optics fixed.

It is useful to distinguish between the sample movement in
lateral and focal direction, where the latter will be referred to as
the z-axis. The accuracy of the sample positioning in the xy-plane
critically determines the quality of the spin-wave measurement.
Hence, in addition to a high accuracy, good reproducibility as
well as temporal stability of the positioning system are required.
These can be realized by using, e.g., piezo-driven linear stages,
stepper motors, or high resolution electromotors controlled by
software which makes use of the CCD camera image. The
movement of the sample in z-direction is less demanding since
the variation in the topography of the sample is typically much
smaller than the focal length. Thus, the application of a manual
sample stage in z-direction is feasible. Nevertheless, an active
stabilization of the focal position is practical in the case of
long-term measurements over several hours.

Since drifts of the sample are unavoidable if the measurement
times exceed the range of minutes, an active stabilization of
the sample position is needed. Drifts are detected via pattern
recognition of a reference image. This reference image is marked
by the experimentalist directly on the real-time CCD image. The
software continuously identifies the position of the reference
image via pattern recognition. In a feed-back loop the detected
drifts are translated into a movement of the positioning system
in order to bring the reference image and, thus, the entire
sample back to its original position with nanometer precision
over arbitrary periods of time.

The active stabilization algorithm does not only maintain a
fixed position of the laser focus with respect to the sample. It can
also be used to define scan arrays of various shapes directly on

the real-time CCD image and, thus, allows for fully automated
measurements of large areas on the sample.

The software provides the possibility to define scan arrays
with different geometries. This functionality is essential for
BLS microscopy as a scanning technique. The stabilization of
the sample position during the measurement of a spectrum
enables the precise detection of any frequency information at one
single probing position. However, the space-resolved mapping
of different spin-wave modes also requires the precise relative
orientation of the sample for the different probing positions.
For this purpose, an automated software solution like TFPDAS-
Micro is inevitable.

4.3. Examples
In the following section, the performance of the BLS microscope
described above will be illustrated on the basis of several different
experimental scenarios. As will be discussed, the use of the
described experimental setup in combination with the easy-to-
use software package allows for very comfortable and, yet, highly
complex and versatile measurements of spin-wave properties on
the micro- or even nanometer scale. In addition, this section not
only provides a rough overview on which kind of experiments
can be performed but also illustrates the experimental demands
of the field of magnonics with respect to BLS microscopy.

As described in detail in Section 4.2, a crucial point
regarding BLS microscopy is the precise positioning of the
probing laser focus with respect to the investigated structures
and the long-term stability of this position. Obviously, the
requirement of long-term stability is particularly challenging for
small structures combined with low spin-wave intensities where
even small lateral drifts on the timescale of hours can distort
the experimental results. The possibilities regarding sample
positioning and stability of the fully-automized and actively-
stabilized BLS microscope described above are illustrated in
Schultheiss et al. [72].

In this study, the authors for the first time detected the spatial
profile of thermally activated, quantized spin waves in micron-
sized rings with widths of only 400 nm. The results of these
measurements on rings with different diameter are shown in
Figures 6A–F together with micromagnetic simulations of the
same structures. As can be seen, the high sensitivity of the BLS
microscope allowed not only for the detection of different modes
of the discrete spin-wave spectrum, but the positioning system
also allowed for the mapping of the spatial positions of these
modes along the ring’s perimeter. The existence of different spin-
wave modes in the ring structures is a result of the varying
effective field along the azimuthal position on the rings. Each
column of the illustrated intensity distributions (Figures 6A–C)
resembles a BLS spectrum as shown in Figures 6D–F. Figure 6G
shows the simulated mode profiles for several spin-wave modes
in a ring with a diameter of 1µm. As a result of the small
scattering cross-section of thermally activated spin waves in
a BLS experiment each spectrum is accumulated for 15min
at a particular position on the ring structure. These long
accumulation times clearly demand for an active stabilization of
the BLS microscope in order to minimize lateral drifts of the
magnetic elements with respect to the incident laser.
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FIGURE 6 | Spin waves in Ni81Fe19 rings with diameters ranging from

1–3µm and a width of 400nm. Taken from Schultheiss et al. [72]. (A–C)

Experimentally observed (left side) as well as simulated (right side) intensity

profiles of the spin-wave modes. The azimuthal angle indicates the position

along the ring’s perimeter. (D–F) Individual BLS spectra for fixed position. (G)

Simulated mode profiles for different spin-wave modes at a ring with diameter

D = 1µm.

A major result of this study are the different properties of
the observed spin-wave modes with respect to their coherence.
In particular, the measurement showed the transition from a
fully coherent to a partially decoherent eigenmode system for
increasing ring diameters. The partial decoherence for the larger
rings (D = 3µm) resulted in a continuous change of the spin-
wave frequency when moving along the ring perimeter and,
thus, as a function of the varying effective field (see Figure 6C).
In contrast, the spin-wave frequency stays constant for a large
angular range in the case of the smallest ring diameter D = 1µm
indicating the spatial coherence of the corresponding spin-wave
modes (see Figure 6A).

The coherence of spin waves illustrated by the results above
is a crucial precondition for many concepts that have been
suggested with respect to a potential spin-wave-based logic in
the field of magnonics. These concepts rely on the interaction
of spin waves and, thus, make use of their wave nature [73–
81]. The authors Pirro et al. [82], therefore, picked up this idea
and realized a sample structure to investigate the interference
of externally driven, counter-propagating spin-wave modes. The
external excitation of spin waves requires antenna structures that
can be connected to external microwave circuitry. Significant
progress in the sample preparation for spin-wave transport on
the micrometer length scale was made by using miniaturized
coplanar waveguides (CPW) for exciting spin waves. Using these
CPWs, it is possible to guide microwave currents in the GHz
range into small antenna structures for the local excitation of
propagating spin-wave beams in magnetic stripes with widths of
only a few micrometers—as illustrated by the actual study.

Figure 7A shows an example where spin waves were
launched from two antennas separated by a distance of 15µm.
Technically, the measurements performed in this study required
additional functionalities of the BLS microscope. While the only
measurement parameter that was changed in the above example
with the ring structures was the sample position, the actual
experimental scenario also required the automated control of
a microwave signal generator. In total, the software package
TFPDAS allows for the simultaneous and automated control of
three different external devices in one measurement. Typical
parameters that require an automated control are the external
magnetic field, the sample position, and excitation power as well
as excitation frequency.

Figure 7A shows the spin-wave intensity mapped over the
entire region of the spin-wave waveguide between the antennas.
The detected intensity is governed by the interference of the
two different spin-wave modes. Remarkably, this interference
pattern of the spin waves shows a very high contrast even
though the amplitudes of the spin waves show significant decay.
This demonstrates that the coherence of spin waves driven by
a microwave current is conserved over distances even larger
than their decay length. Thus, this space-resolved study directly
confirms, that concepts based on the interference of spin waves
can really be used in potential information processing devices.

To allow for the realization ofmore complex sample structures
with respect to spin-wave based information transport, it is
essential to find ways how to manipulate spin-wave propagation.
For the observation of spin-wave propagation in microstructures
spatial resolution as offered by BLS microscopy is essential.
In fact, most studies in the field of magnonics that deal with
the guided propagation of spin waves in waveguide structures
and, in particular, with possible ways to manipulate and control
spin-wave transport are performed using BLS microscopy.

In [83], Demidov and co-workers used a BLS microscope to
illustrate the control of spin-wave propagation by utilizing the
inhomogeneity of the effective field in magnetic microstructures.
The BLS microscope images in Figure 7B show the propagation
of spin waves with different frequencies. At the frequency of
f = 10GHz, spin waves propagate as a wide beam centered with
respect to the stripe’s axis. With decreasing excitation frequency,
this beam splits into two much narrower beams shifted from the
center of the stripe toward its edges. This transition is related
to the magnetization pointing along the width of the waveguide
that results in a unique trend of the effective magnetic field
across the width of the waveguide. Due to dipolar magnetic fields
caused by the magnetization pointing perpendicular to the spin-
wave waveguide, the effective field is strongly reduced at the
waveguide edges. This inhomogeneous field distribution leads to
a strong confinement of spin waves similar to the localization of
electrons in quantum wells. As a result, two narrow waveguide
channels are formed allowing for the control of spin-wave
propagation.

Another promising approach for the manipulation of spin-
wave transport is the periodic variation of one or more
parameters along the direction of spin-wave propagation. These
variations can be induced via either the material parameters—
like the saturation magnetization—or via the geometry of the
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FIGURE 7 | (A) BLS microscopy image of the interference of two

colliding spin waves in a Ni81Fe19 stripe, taken from Pirro et al.

[82]. (B) Spin-wave intensity distributions of propagating spin waves

measured for different excitation frequencies in a perpendicularly

magnetized Ni81Fe19 waveguide. From Demidov et al. [83]. (C) Band

gaps in the spin-wave spectrum of a nano-structured magnonic

crystal as a function of the magnetic field, taken from Obry et al.

[84].

spin-wave waveguide. Analog to photonic crystals, the resulting
structures are referred to as magnonic crystals [84–88]. The
periodic variations in a magnonic crystal leads to the formation
of band gaps in the spin-wave transmission spectrum caused by
Bragg reflection. The concept of a magnonic crystal, therefore,
also relies on the coherence of spin waves that has already been
discussed above.

One example of a magnonic crystal based on the variation
of the saturation magnetization in a spin-wave waveguide is
illustrated in Figure 7C taken from Obry et al. [84]. In this study
the implantation of Cr+ ions was used to achieve a periodic
modulation of the saturation magnetization in a Ni81Fe19 stripe
without actually changing the topography, i.e., without altering
the thickness of the magnetic material [89, 90]. In a magnonic
crystal the chosen periodicity—1µm in the actual case—defines
the Bragg condition and, thus, the position of the resulting
band gaps in terms of the wave vector. The frequency of
these band gaps depends on the actual dispersion relation,
which can be tuned by the external field. Figure 7C (left panel)
shows the transmission spectra of a reference waveguide and
the magnonic crystal (MC) measured locally with BLS while
driving the spin waves with a microwave generator. The band
gaps are clearly visible in the transmission spectrum of the
magnonic crystal. Quantitative agreement was observed between
the experimentally observed frequency positions of these band
gaps and the theoretical expectations based on the calculation of
the spin-wave dispersion (see right part of Figure 7C).

A next step toward the realization of potential logic
devices based on spin-wave propagation, is to control spin-
wave transport not only in straight waveguides but also in
two-dimensional structures. Thus, several experiments have
been performed to transfer the knowledge about spin-wave

transport in straight conduits to more complicated structures
with broken translational symmetry. Such conduits that allow for
a directional change of the propagation direction are crucial for
fostering spin waves as information carriers in fundamental logic
applications.

However, modifications in the shape of a magnetic waveguide
often result in inhomogeneous magnetic fields and non-uniform
magnetization distributions. Based on this, it is, in particular,
the anisotropy of the spin-wave dispersion with respect to
the magnetization direction that makes the control of two-
dimensional spin-wave transport challenging. One way to
compensate this problem is given by the use of local magnetic
fields to control the propagation characteristics. However, before
this approach of local magnetic fields will be presented, we will
discuss and illustrate the consequences of a broken translational
symmetry on spin-wave transport on the basis of Clausen
et al. [91].

To understand the challenges of two-dimensional spin-wave
transport we have to remember that—due to the anisotropic
dispersion—there is a preferred propagation direction in in-plane
magnetized magnetic elements. This preferred direction is given
for spin-wave modes with the wave vector perpendicular to the
magnetization. The reason for this preference is the higher group
velocity—and, thus, the small spatial decay—that can be realized
in this geometry. Therefore, almost all experiments on spin-wave
propagation in microstructures are performed using spin-wave
waveguides that aremagnetized perpendicular to the propagation
direction (to be seen also in Figure 8A). In addition to the small
decay length, even the excitation of spin waves in a longitudinally
magnetized stripe itself is a challenging task [92].

In Clausen et al. [91], spin-wave transport was investigated
in a waveguide that is shifted transverse to the spin-wave
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propagation direction resulting in a parallel offset of the
waveguide axis behind the skew section as is depicted in
Figure 8A. Despite being only a rather small deviation from
a straight stripe, it was shown that this skew has a profound
impact on the spin-wave modes propagating in the waveguide.
This is illustrated by the measured spin-wave intensity in the
straight reference waveguide on the left side of the graph and
for the case of the waveguide with the kink on the right side.
Clearly, the intensity pattern strongly changes after the kink.
This changing intensity pattern is mainly caused by the partial
conversion from symmetric to asymmetric waveguide modes—
characterized by an odd or even number of anti-nodes across
the width of the waveguide, respectively. This conversion is a
result of the strong concentration of the spin-wave amplitude at
the boundary of the waveguide inside the skew, which is clearly
asymmetric. This concentration of the spin-wave amplitude is
caused by the preferred propagation direction perpendicular
to the magnetization. Therefore, spin waves cannot be fully
controlled in curved structures by the geometric confinement as
given by the waveguide structure in the actual experiment.

The observed change of the intensity pattern is not only an
eminent chance to excite spin-wave modes in microstructures
which cannot be excited by antennas alone due to their
vanishing net magnetic moment (modes with an even number
of antinodes). The study of spin-wave propagation and
mode conversion in such structures may also shed light
on the propagation characteristics of spin waves in overall
inhomogeneously magnetized conduits.

However, even though this conversion of spin-wave modes
is interesting from a fundamental point of view, it impedes
experiments in which the mode profile of the spin waves needs
to be conserved. In particular, a distortion of the mode profile
in two-dimensional structures might prohibit the realization of
logic devices based on the interference of two or more spin-
wave modes. Therefore, many concepts in the field of magnonics
require sophisticated approaches to steer spin-wave transport
in 2D.

This challenge was addressed by the utilization of local
magnetic fields for guiding spin waves in curved conduits [46].
The underlying mechanism of this approach and the results are
shown in Figure 8B. The left side shows spin-wave propagation
in a conduit that is magnetized by an externally applied and,
thus, global magnetic field. In this case, the magnetization in
the waveguide has the same direction in the entire structure:
along the external field. Thus, the preferred propagation direction
with the wave vector perpendicular to the magnetization can
only be realized at the top of the structure in front of the bend
where the spin waves are launched. Due to the anisotropy of
the spin-wave dispersion, the change of the angle between the
spin-wave wave vector and the magnetization direction leads to
a rapid decay of the spin-wave amplitude for waves propagating
in the bend. Consequently, spin-wave transport is prohibited in
the curved section of the conduit where the external field forces
the magnetization to change from a perpendicular to a parallel
alignment with respect to the conduits’ boundary.

The situation changes drastically in the right part of
Figure 8B. In this case, it can be clearly seen that spin waves can
enter and follow the curve. The major difference between these
two scenarios is the way to create themagnetic fields tomagnetize
the waveguide in the desired direction. While a global external
field is used in the first case, local magnetic fields are used in
the second case. These local magnetic fields are generated by an
electric current flowing in a gold conductor below the spin-wave
waveguide and substitute the global magnetic field. This Oersted
field is always oriented perpendicular to the current direction
and, thus, keeps the magnetization aligned perpendicular to the
spin-wave wave vector if the spin-wave propagation follows the
geometric confinement. As a result, the spin wave propagates
along the preferred direction of kSW ⊥ M even in the
curved area. Thus, local magnetic fields are a possible way to
control spin-wave transport in 2D enabling even more complex
experimental scenarios.

In fact, making spin waves turning around a corner by
using locally generated magnetic fields is just the beginning. In

FIGURE 8 | (A) Distortion of a propagating spin-wave beam in a 2.5-µm

wide permalloy stripe due to a skew section [91]. (B) Spin-wave propagation

in global (left) and local magnetic fields (right) [46]. (C) Controlled switching of

spin-wave propagation by means of local magnetic fields. Spin waves follow

the path where the magnetization is perpendicular to the propagation path

[47].
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Figure 8C, we demonstrate the realization of a microstructured
spin-wave multiplexer as the first step toward an all-spin-
wave-based technology [47]. In this case, the electric current
that generates the local magnetic field does not flow along
a predefined direction any more. Instead it can be switched
to either the left or to the right arm of a Y-structure. In this
approach, the local magnetic fields alter the magnetization
direction solely in designated regions of the spin-wave
multiplexer and, thus, allow us to tailor the dispersion relation
in different areas of the structure to our needs. In particular, the
magnetization can be aligned perpendicular to the spin-wave
waveguide by the Oersted field, whereas demagnetizing fields
cause a parallel alignment in the arm without current flow. As
can be seen in Figure 8C, this enables not only to steer spin-wave
transport along the current path but also hinders spin-wave
propagation in the other arm. Thus, in the spin-wave multiplexer
the concept of local Oersted fields exploits the unique feature of
the anisotropic dispersion relation of spin waves to even switch
their propagation direction.

The examples discussed above are based on spin-wave
propagation in the linear regime. However, as already discussed
in Section 2, the spin-wave system is an intrinsically nonlinear
system. Thus, in sample structures that allow for the external
excitation of spin dynamics via a microwave signal, nonlinear
phenomena can be observed even for moderate powers typically
available in laboratories. The clear advantage of BLS microscopy
for the investigation of nonlinear systems is that the entire
spin-wave spectrum is measured for each excitation frequency.
This is giving direct access to higher harmonics or secondary spin
waves generated in multi-magnon scattering events. An example
for the nonlinear generation of the second harmonic from
a propagating spin-wave mode in a microstructured Ni81Fe19
waveguide is presented in Demidov et al. [93]. The upper panel of
Figure 9A shows the spatial intensity profile of a spin-wave mode
excited directly by the coherent microwave signal applied to an
antenna structure. For the observation of the directly excited
mode the excitation frequency fe was equal to the detection
frequency of fd = 5.5GHz. The observed intensity profile

corresponds to the propagation of the fundamental waveguide
mode with one antinode across the width of the waveguide.

For a sufficiently high microwave power, the BLS spectrum
exhibits a second peak at fd = 2fe = 11GHz. The intensity
profile of this second harmonic is illustrated in the lower panel
of Figure 9A. In addition to the mere observation of the higher
harmonic itself, the detected intensity profile of this spin-wave
mode draws attention. It exhibits two antinodes across the width
of the waveguide corresponding to the second waveguide mode
with an asymmetric amplitude profile. As already mentioned
above, asymmetric modes cannot be excited by microwave
antennas due to their vanishing net dynamic magnetization
components across the waveguide. Thus, the actual example not
only illustrates the generation of higher harmonics but also the
potential to control the propagation characteristics of spin waves
by nonlinear phenomena.

This potential becomes even more evident in the following
study of the nonlinear emission of propagating spin-wave beams
from a localized mode [51]. As was already illustrated in
Figure 7B, the excitation frequency in a spin-wave waveguide
has a strong influence on the characteristics of the excited spin-
wave mode. For a magnetic stripe magnetized perpendicular to
its long axis, decreasing frequencies will lead to the excitation
of modes closer to the edges of the waveguide. If the excitation
frequency is low enough, this can also lead to the formation
of localized spin-wave modes trapped in a well formed by the
effective field [94, 95]. The localization of these low-frequency
modes is a result of the lower cut-off frequency in the dispersion
relation for propagating waveguide mode. Such a localized edge
mode sitting close to the antenna is illustrated in Figure 9B

with the detection frequency equal to the excitation frequency
fd = fe. By increasing the applied microwave power in this
scenario, it was possible to observe higher harmonics at twice
and three times the excitation frequency. This pronounced
occurrence of nonlinear phenomena can be attributed to the low-
damping Heusler compound Co2Mn0.6Fe0.4Si that is used as the
carrier material in this study [60, 96–99]. However, even more
interesting than the occurrence of higher harmonics are their

FIGURE 9 | (A) Top: Intensity profile of the spin-wave mode directly excited

by an external microwave signal. Bottom: Spin-wave mode at twice the

excitation frequency excited by the nonlinear generation of higher harmonics.

Taken from Demidov et al. [93]. (B) Intensity profiles of a localized edge mode

as well as of the higher harmonics at twice and three times the excitation

frequency [51]. The latter form spin-wave beams with a well-defined

propagation direction enabling the control of spin-wave transport in

two-dimensional structures.
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propagation characteristics illustrated in Figure 9B. The higher
harmonics are radiated from the position of the edge mode in
the form of strongly directed spin-wave beams. The formation of
so-called spin-wave caustics relies on the simultaneous excitation
of various spin-wave modes with different wave vectors at
the same frequency via a point-like source like the localized
edge mode. Once this precondition is fulfilled, the anisotropic
dispersion of spin waves leads to a concentration of the
energy flow (defined by the group velocity vG) along certain
directions due to collinear group velocities for the majority of
spin-wave modes. The resulting propagation directions can be
predicted by theoretical calculations with remarkable accuracy
and they can even be controlled via external parameters [48–
50]. This scenario of strongly directed and frequency-dependent
transport, thus, opens the perspective for novel approaches
to realize magnonic devices based on two-dimensional spin-
wave transport. It, therefore, illustrates very well the additional
functionalities offered by nonlinear spin-wave phenomena.

A possible way to promote the occurrence of nonlinear
phenomena is to reduce the effective damping in the spin-
wave system. This can be realized via spin-polarized electric
currents that exert the so-called spin-transfer torque (STT) on
a magnetic layer during transmission [100, 101]. Depending on
the polarity of the current, this STT can increase or decrease
the damping in the system. As we will see below, STT can
even be used to overcompensate the damping and, thus, as an
alternative excitation mechanism for spin waves. Tremendous
research efforts have been spent regarding the realization of spin-
torque nano-oscillators (STNO) for the dc-driven excitation of
spin dynamics [102–105].

In [106], Schultheiss et al. reported on the dc-control of
the nonlinear mode conversion originating from three-magnon
scattering processes in the vicinity of a STNO. The advances

in sample fabrication allowed for the design of STNOs based
on an extended spin-valve trilayer on top of which a nano-
contact allowed for local current injection. The triangular top-
electrode gave optical access to themagnetic layers and, therefore,
enabled measurements of spin waves radiated from the STNO
using BLS microscopy, as is shown on the top of Figure 10A.
Above a certain excitation power, nonlinear phenomena could
be observed in the BLS spectra in a wide frequency range, which
can be seen on the bottom of Figure 10A. While the direct,
linear excitation of spin waves was controlled by the applied
microwave signal, the occurrence of the nonlinearly excited spin-
wavesmodes depends on the effective damping of the system and,
thus, on the STT exerted by the direct current.

One major goal of today’s spintronics is the development
of STT-driven oscillators with sufficiently high power for
technological applications in, e.g., telecommunications. Toward
this end, it is envisioned that the phase-locked coupling of arrays
of such STNOs via spin waves could be crucial to generate high
power output [109, 110]. Furthermore, there are concepts using
spin-wave interference patterns created by spin-torque nano-
oscillators for memory and computation [111]. Thus, a purely
electrical characterization of isolated STNOs is not sufficient
to understand their potential coupling via spin waves. Instead
a space-resolved detection technique like BLS microscopy is
required to allow for a deeper understanding of the underlying
physics.

The direct detection of a propagating spin-wave mode from
a STNO driven by a pure direct current was first reported
by Madami et al. [107]. In this case, the direct current
not only decreased the effective damping in the system but
overcompensated the losses enabling the excitation of spin
dynamics. In this context, particular emphasis needs to be put
on the propagating character of the excited spin-wave mode. In

FIGURE 10 | (A) Top: BLS microscope image of the spatial spin-wave profile

radiated from a point contact when driven with a microwave current. Bottom:

Non-linear spin-wave processes at large excitation powers showing

frequency doubling and splitting, taken from Schultheiss et al. [106]. (B)

Detection scheme to prove the propagating character of the spin-wave

mode generated by the STNO (a) and resulting spin-wave spectra detected

with a partially closed and fully opened shutter in the beam path toward the

interferometer (b). Taken from Madami et al. [107]. (C) Microscopy image as

well as sketch of the sample structure (top) and radiation from the STNO

along an embedded CoFe/NiFe waveguide (bottom) [108].
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previous theoretical as well as experimental studies on STNOs
it had been shown that for an in-plane magnetized film the
excitation via STT leads to a bullet mode that is self-localized due
to its intrinsic nonlinearity [105, 112, 113]. Thus, the utilization
of this non-propagating bullet mode for the coupling of different
STNOs or in potential magnonic devices is strongly limited.
However, according to theory, the situation changes for out-
of-plane magnetization as used in the experiment by Madami
and co-workers. The key result of the study was to prove the
propagating character of the dc-driven excitation. Since in BLS
microscopy a direct detection of the wave vector and, thus,
the propagation characteristics is not possible, the following
detection scheme was used to show that the excited spin-wave
modes propagate away from the STNO. Figure 10B (left side,
bottom) illustrates the wave vectors of the probing laser beam kL
and the investigated spin wave kSW. Based on the momentum
conservation discussed in Section 3.3, Equation (2), the wave
vector of the backscattered light has a different direction for the
Stokes- and anti-Stokes process. Thus, by partially blocking one
side of the backscattered light on its way to the interferometer
either the Stokes line or the anti-Stokes line can be blocked,
whereas both lines are visible if the full beam enters the TFPI
(Figure 10B, left side, upper part). The BLS spectra detected for
the different measurement geometries are shown in Figure 10B

on the right side. The data clearly confirms the assumption of
spin-wave propagation away from the STNO.

Further insights regarding the utilization of STNOs were
provided by Urazhdin et al. [108]. They realized a possible
scheme to overcome the challenges related to the non-
propagating character of the dc-driven excitation even in the
case of in-plane magnetized films. The reason for the localization
of the resulting bullet mode is its spectral position below the
cut-off frequency of the surrounding magnetic film. Therefore,
a local lowering of the dispersion in the vicinity of the STNO
has to be realized to enable the coupling of the localized bullet
mode to a propagating spin-wave mode. As illustrated in the
sketch of the sample layout in the upper part of Figure 10C,
this lowering was achieved by embedding a CoFe layer in the
otherwise homogeneous Py film surrounding the STNO. The
demagnetizing fields lower the effective field at the position of
the embedded CoFe layer and, thus, also the local dispersion
relation. As a result, the frequency of the bullet mode matches
the frequency of a particular propagating spin-wave mode in
the embedded waveguide. Indeed, the detected BLS intensity
map shown in the lower part of Figure 10C clearly illustrates
spin-wave propagation along the direction of the CoFe stripe.

In addition to the studies discussed here in detail, recent
progress in the research related to spin-Hall effects enabled
even new types of STT-driven spin-wave excitation by pure spin
currents [114–117] with increased efficiency.

4.4. Phase Analysis
In order to achieve the high spatial resolution of a BLS
microscope one needs to sacrifice wave-vector resolution. The
reason for this loss of wave-vector sensitivity is the Heisenberg
uncertainty principle. Due to its high numerical aperture—that
enables the microscopic resolution—the microscope objective

collects all the light that is reflected and scattered at the sample
in a broad cone angle. Thus, it is not possible to retrieve the
wave vector of the investigated spin waves from the measurement
geometry as is done in BLS spectroscopy and has been explained
in Section 3.3. However, it is still possible to retrieve the phase
information of externally excited spin waves even with a BLS
microscope. The principle of this phase-resolved BLS, that can
be applied to both conventional spectroscopy and microscopy,
will be explained in this section. To understand this approach, it
is important to remember that BLS is a phase-sensitive process,
i.e., the scattered photon carries the phase information of the
corresponding spin-wave mode.

To extract this phase information, an approach based on two-
beam interference—analog to Mach-Zehnder interferometry—
is used. For this purpose, the interference of the inelastically
scattered light with a reference beam of constant phase is
observed. Thus, this interference signal only depends on the
phase of the spin waves that was transferred to the scattered
photons in the BLS process [118, 119]. In order to allow for
the observation of the interference signal, the reference light
needs to have the same frequency as the inelastically scattered
photons to ensure temporal coherence. As depicted in Figure 11,
this is achieved by sending the probing laser beam through an
electro-optical modulator (EOM) driven by the same microwave
source as the coplanar waveguide that generates the spin waves.
As a result, the light beam that passed the EOM contains a
certain number of photons that were subject to a frequency shift
according to the chosen microwave frequency. Thus, the effect
of the EOM on these photons is the same as induced to the
scattered photons by the BLS process. To match the intensity
of reference beam and the light inelastically scattered from spin
waves a phase-stable, tunable attenuator placed in the microwave
branch feeding the EOM is used. The phase of the reference light
can be adjusted by a tunable phase shifter.

To allow for a propagation of the reference beam (generated
by the EOM) toward the interferometer, it is essential to
replace the polarizing beam splitter BS3 in Figure 5 just above
the microscope objective by a non-polarizing beam splitter as
indicated in Figure 11. In contrast to the inelastically scattered
photons, the reference beam does not change its polarization
since it is merely reflected on the sample surface and, therefore,
would be blocked by a polarizing beam splitter BS3. Furthermore,
in order to allow interference of the two signals, they must
have the same polarization direction. Since the polarization of
the light scattered on spin waves and the polarization of the
reference beam are rotated by 90◦ with respect to each other, it
is essential to place an additional polarizer under 45◦ in front of
the interferometer.

To illustrate the working principle of phase-resolved BLS
microscopy, we discuss measurements of propagating as well as
standing spin waves. First, we consider a spin-wave waveguide
made from a 40-nm thick Ni81Fe19 film that is magnetized
perpendicularly to its long axis, as depicted by the sketch
in Figure 12A. In this geometry, magnetostatic surface spin
waves are locally excited by an rf current running through a
gold antenna. The phase of propagating spin waves changes
continuously with increasing distance to the exciting antenna.
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Thus, the phase of the inelastically scattered photons also changes
for different probing positions relative to the antenna. In contrast,
the phase of the reference beam, that is generated by the EOM at
the same frequency as the inelastically scattered photons, remains
fixed for all measurement positions along the waveguide. As a
result, the interference of both signals depends only on the phase
of the detected spin-wave mode and we can observe a modulated
BLS signal like it is shown in Figure 12A [120]. At positions
where the light scattered from spin waves and the reference signal

FIGURE 11 | Scheme of the experimental setup for realizing

phase-resolved BLS microscopy. The signal generated by a microwave

source is split. One branch is guided to the sample where the associated

dynamic magnetic field excites spin waves, the second branch drives an

electro-optical modulator generating a reference light of constant phase. The

interference of the light inelastically scattered on spin waves and the light

generated by the electro-optical modulator is used to retrieve the phase

information of the excited spin waves.

are in phase, they interfere constructively and a high BLS signal
is observed. When moving half a spin-wave wavelength farther
along the waveguide away from the antenna, the phase of the
spin wave changes by π whereas the phase of the reference signal
remains the same. As a result, the interference is now destructive
leading to a small BLS signal. Thus, the distance between two
maxima or two minima in this modulated signal determines the
wavelength of the spin waves. Thus, using this approach of phase-
sensitive BLS, we can regain wave-vector resolution even for a
microscopic spatial resolution.

Figure 12B summarizes several phase-resolved BLS
measurements and the extracted spin-wave wavelengths
depending on external magnetic fields between 18 and 57mT
[120]. If the externally applied magnetic field is increased, the
spin-wave dispersion shifts to higher frequencies. For a fixed
excitation frequency, this means that the wave vector of the spin
wave decreases whereas its wavelength increases. While these
qualitative arguments are valid, also a quantitative agreement
can be found by a comparison of the experimental data to
theoretical calculations. This is illustrated in Figure 12B where
not only the experimental data can be found but also the results
of calculations based on the model by Kalinikos and Slavin [53]
that has already been discussed in Section 2.

Instead of varying the external magnetic field, it is also possible
to utilize the previously discussed locally generated Oersted fields
in order to change the spin-wave wavelength. In [121], Demidov
et al. patterned a 800 nm wide waveguide from a Cu/Ni81Fe19
bilayer to which they applied a direct current. Measurements
of the interference signal of the light scattered from spin waves
and the reference beam for different applied currents are shown
on the bottom of Figure 12C. The Oersted field associated with
the direct current either points in the same or in the opposite
direction as the externally applied magnetic field, thus, increasing
or decreasing the effective field, respectively. This change in the
effective field leads to a shift of the dispersion relation resulting in

FIGURE 12 | Examples of phase-resolved BLS measurements. (A)

Interference signal of light scattered on spin waves in a spin-wave waveguide

and the reference beam. The distance between two maxima (minima) yields

the wavelength of the propagating spin wave. From Vogt et al. [120]. (B)

Spin-wave wavelengths measured for different applied magnetic fields

(circles) in comparison with theoretical calculation from the dispersion

relation. Taken from Vogt et al. [120]. (C) Top: BLS microscope images of the

spin-wave intensity distribution and the phase map in a

Cu/Ni81Fe19-waveguide. Bottom: Interference signal measured for different

applied currents in the bilayered waveguide. Taken from Demidov et al. [121].
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a varying spin-wave wavelength, as can be seen from the different
modulation lengths in Figure 12C.

Using the approach of phase-resolved BLS microscopy, it
is not only possible to extract spin-wave wavelengths from
measuring the interference signal. In addition, it is also possible
to determine the actual phase profile of the corresponding spin-
wave mode. As explained in full detail in Serga et al. [118], the
phase profile of the spin wave can be determined by conducting
a set of four separate measurements for each position on the
waveguide: (i) interference signal, (ii) interference signal with
additionalπ/2 phase shift of the reference light, (iii) only the light
generated by the electro-optical modulator and (iv) only the light
scattered inelastically from spin waves. In order to perform these
measurements, switches S1 and S2 as well as the phase shifter
in Figure 11 need to be adjusted accordingly. Following the
algorithm described in Serga et al. [118], the phase accumulation
can be calculated as a function of the position. For a propagating
spin wave, this yields a linear line where the slope resembles the
wave vector.

However, in the case of a standing spin-wave mode, the phase
profile is a bit more interesting. Since all moments oscillate in
phase between two nodes of a standing wave, the phase profile is
constant for one antinode but changes by π for the neighboring
antinode. Figure 13A shows the two-dimensional intensity
profile of a standing spin wave in a 5-µm long and 2.5-µm
wide Ni81Fe19 waveguide. Extracting the intensity in the center of
the waveguide along the dashed line, yields the BLS signal given
by the circles in Figure 13B. Four distinct antinodes are clearly
visible. The squares in Figure 13B represent the phase profile of
this standing spin wave that shows the expected characteristics.
Every time the BLS intensity (circles) reaches a minimum, which
corresponds to a node of the standing spin wave itself, a phase
shift of π is detected (red squares). In the regions between two
nodes, the phase has a constant value leading to an overall step-
like behavior of the spin-wave phase profile. This demonstrates
that phase-resolved BLS microscopy is a reliable tool to analyze
even complex spin-wave systems regarding their phase.

FIGURE 13 | (A) BLS microscope image of a standing spin wave. (B) Intensity

(circles) and phase profile (squares) of a standing spin wave.

5. Temporal Analysis

In order to analyze the propagation characteristics of spin-wave
pulses or the relaxation of spin-wave eigenmodes, one needs to
perform time-resolved BLS experiments. The following approach
to realize time-resolved BLS can be applied to both, conventional
BLS spectroscopy as well as BLS microscopy [122, 123]. BLS
already works in the frequency domain and, thus, there is no
need for a direct observation of the spin precession in the time
domain. In contrast, the major goal of time-resolved BLS is to
observe the temporal evolution of the spin-wave intensity. The
idea of this technique relies on the external excitation of spin
waves at a well defined point in time t0 and the measurement of
the relative arrival time ti of the inelastically scattered photons
with high accuracy. Of course, measuring the temporal evolution
of a propagating spin-wave pulse requires also spatial resolution,
i.e., the possibility to move the laser focus with respect to the
point of excitation as has already been discussed in the previous
section. Here, we will, therefore, only focus on the principles of
time-resolved BLS measurements and show two examples.

The typical setup of a time-resolved BLS experiment is
shown in Figure 14A. An inevitable prerequisite for investigating
temporal evolution of any kind is a method for locally exciting
spin waves on the sample that is under investigation. Commonly,
this is realized by conventional strip-line antennas or coplanar
waveguides that are directly patterned onto the sample and
connected to a microwave generator. Due to the small scattering
cross-section in the BLS process, it is not possible to evaluate
the temporal evolution from just one single spin-wave pulse.
Instead, it is necessary to accumulate the signal over several
thousand events and, thus, perform a repetitive measurement. In
the experiment, this is realized by exciting themagnetization with
microwave pulses with a well defined duration 1t and repetition
rate 1/T. It is essential that the time interval T between two
subsequent pulses is chosen long enough in order to allow for
a full relaxation of the magnetization into its equilibrium state
before the next pulse arrives. In this way, the starting conditions
for the individual repetitive measurements are always the same.

The duration as well as the repetition rate of the microwave
pulses is set via a pulse generator that also triggers a time-of-
flight data acquisition card in the computer which controls the
measurement. Thus, the pulse generator also defines the starting
time t0 of the experiment. During the measurement process, the
data acquisition card detects the times ti at which inelastically
scattered photons reach the detector inside the interferometer.
Thus, each detected photon and the associated time ti are
stored in a matrix as can be seen in Figure 14B. The counts of
subsequent pulses are added up so that long accumulation times
allow for the observation of the temporal evolution.

By synchronizing the time-of-flight data acquisition card to
the scanning stage inside the interferometer, it is possible to not
only detect the time of arrival ti of the individual photons but
also their frequencies. This means that the time-resolved signal is
not integrated over the entire measured frequency range, but that
each frequency channel in the spin-wave spectrum is measured
with time resolution as is illustrated in Figure 14C. For a spatially
resolved measurement, this leads to an intensity depending on
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a four dimensional data set (time, frequency, and space) and,
accordingly, to a very large number of detected BLS spectra.
This implies, that one has to consider carefully what information
should be acquired with a certain measurement and how to
define its parameters. The control of all components needed for
this time-resolved BLS setup as well as the data acquisition are
fully embedded in the software package TFPDAS to allow for
automated, complex measurements with additional peripheral
devices as described in the previous sections.

To illustrate the working principle of time-resolved BLS, we
discuss the temporal evolution of a two-dimensional spin-wave
packet in a 7-µm thick yttrium iron garnet film propagating
along the direction of the externally applied magnetic field [56].
This example not only illustrates time-resolved BLS but also
the nonlinear self-focusing of a spin-wave packet. The results
of the space- and time-resolved investigation are summarized in
Figure 15A. Upon scanning two-dimensional intensity maps of a
spin-wave pulse excited at a fixed frequency for different delays,
it is possible to map the spatial and temporal evolution of a self-
generated wave packet propagating in z-direction. As can be seen,
the intrinsic nonlinearity of the system leads to the self-focusing

of the excited spin-wave packet in both in-plane directions with
the smallest spread observed at t = 63 ns. After t = 63 ns,
the weak linear dissipation in the medium stops the ongoing
self-focusing and the potential collapse of the so-called bullet.
From now on, the reduction in the spin-wave amplitude and,
thus, the decreased nonlinear self-focusing is overcompensated
by diffraction which results in the spread of the spatial
profile.

An example for time-resolved BLS microscopy can be found
in Brächer et al. [124]. In this experiment, Brächer et al.
demonstrated the active amplification of propagating spin waves
in a Ni81Fe19 waveguide using parametric pumping. In most
metallic ferromagnets, the rather large Gilbert damping limits the
propagation distance of spin-wave modes. Even though recent
developments aiming at the utilization of novel or optimized
materials in the field of magnonics show great potential [51, 125–
128], spin-wave damping remains a major challenge.

Thus, the active amplification of spin waves is an interesting
research field. Possible ways to amplify spin waves are the STT
effect in layered structures consisting of magnetic materials
and metals with a large spin-Hall-angle or the parametric

FIGURE 14 | (A) Typical setup for a time-resolved BLS experiment and (B)

measurement scheme. Microwave pulses generate a dynamic magnetic field

that excites spin waves. A fast rf switch forms a continuous microwave

signal into pulses with a repetition rate 1/T and a pulse length 1t. The fast

switch is operated by a pulse generator whose trigger output defines the

starting time t0 for the measurement. The times ti at which inelastically

scattered photons reach the detector are stored in a matrix. (C)

Synchronization of the time-of-flight data acquisition card to the scanning

stage inside the interferometer not only allows for the detection of the arrival

time ti of each individual photon but also their frequency. Overall, this leads to

a spin-wave intensity as a function of the four dimensional data set of time,

frequency, and space.

FIGURE 15 | (A) Temporal evolution of the self-focusing of a two-dimensional spin-wave bullet in an yttrium iron garnet film [56]. (B) Time-resolved BLS measurement

of spin-wave pulses amplified via parametric pumping in a microstructured Ni81Fe19 waveguide [124].
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amplification of spin waves via dynamic magnetic pumping
fields. A thorough discussion of the parametric amplification is
beyond the scope of this article. Therefore, we refer to additional
literature that discusses this phenomenon in detail [29, 129–131].

In the actual experimental scenario, spin-wave pulses are
generated by a strip-line antenna and propagate along the
waveguide that is magnetized perpendicularly to its long axis.
At a distance of 10µm from the antenna, this spin-wave pulse
enters an area where spin waves are parametrically amplified by
the application of a local pumping field. Brächer and co-workers
studied how the intensity of the spin-wave pulse evolves in time
at a position behind the pumping area for different delays 1t
between the excitation of the spin-wave pulse and the application
of the pumping field. The results are presented in Figure 15B.
As long as the pumping field is applied before the initial spin-
wave pulse enters the pumping region (1t < 0), only a parasitic
spin-wave pulse can be observed. This signal originates from
the amplification of thermally activated spin waves within the

pumping area. No active amplification of the propagating spin-
wave pulse takes place. However, if the initial spin-wave pulse
enters the pumping area just when the pumping starts (1t = 0),
its intensity is increased by one order of magnitude. Thus,
amplification can only be achieved for delays 1t > 0, i.e., if the
pumping field is switched on just when or after the spin-wave
pulse enters the pumping region.

These two examples nicely show the potential of time-resolved
BLS experiments for mapping the temporal evolution of spin-
wave pulses in complex systems.
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