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In the research field of magnonics1–7, it is envisaged that spin
waves will be used as information carriers, promoting operation
based on their wave properties. However, the field still faces
major challenges. To become fully competitive, novel schemes
for energy-efficient control of spin-wave propagation in two
dimensions have to be realized on much smaller length scales
than used before. In this Letter, we address these challenges
with the experimental realization of a novel approach to guide
spin waves in reconfigurable, nano-sized magnonic waveguides.
For this purpose, we make use of two inherent characteristics
of magnetism: the non-volatility of magnetic remanence
states and the nanometre dimensions of domain walls formed
within these magnetic configurations. We present the experi-
mental observation and micromagnetic simulations of spin-
wave propagation inside nano-sized domain walls and realize
a first step towards a reconfigurable domain-wall-based
magnonic nanocircuitry.

In the last few years, the scientific community in the field of mag-
nonics has made huge efforts to realize concepts to use spin waves
for data processing. Quite recently, remarkable progress has been
made, leading to prototype building blocks of a spin-wave-based
logic8–10. Despite this progress, most concepts are based on
sample layouts that are limited regarding their further optimization.
Previous studies on spin-wave propagation on the nanoscale have
relied on confinement in geometrically patterned waveguides11,
but these lack the flexibility for manipulating the propagation
path that is required for reprogrammable devices. On the micro-
scale, this dynamic control of spin waves in two-dimensional struc-
tures has been realized, but it is based on the continuous application
of external fields and thus requires high energy consumption. Here,
we will present a possible way to overcome these challenges.

Spin waves impinging on domain walls are either reflected or
phase-shifted when transmitted, depending on their wavelength
and the nature of the domain wall12–16. Additional studies have
been devoted to the domain wall dynamics, which was found to
be on the order of 10 MHz (ref. 17). However, the possibility to
send spin waves along a domain wall has only been addressed in
one numerical study for out-of-plane magnetization and with a
very specific domain wall that is difficult to realize in experimental
scenarios18. Here, we experimentally explore the intrinsic spin-wave
eigenmodes that are quantized across the width of a domain wall
and possess a well-defined wave vector along the wall that enables
information transport. By targeting this class of largely unknown
spin-wave modes, we focus on the potential of using domain walls
as nanometre-scaled spin-wave channels to open new perspectives
for the energy-efficient control of spin-wave propagation in
two dimensions.

The top part of Fig. 1a shows a schematic of a 180° Néel wall. The
magnetic moments rotate within the sample plane, giving rise to
magnetic volume charges ∇·M, with opposite sign on the two

sides of the domain-wall centre. The red curve in Fig. 1a illustrates
these volume charges calculated by means of micromagnetic simu-
lations. The charges generate a strong magnetostatic field Hdemag

(blue curve in Fig. 1a) oriented antiparallel to the magnetization
in the centre of the domain wall, resulting in a locally decreased
effective magnetic field. Because spin-wave resonances depend on
the effective field, locally decreased fields can form potential wells
for localized modes19,20. Here, a potential well is created across the
domain wall with a width of a few tens of nanometres. This width
strongly depends on various parameters of magnetic materials
and can be tuned towards even smaller sizes. In this Letter, we
demonstrate experimentally and numerically that such a potential
well leads to spin-wave modes that are strongly localized to the
domain-wall width and travel freely along the wall. Moreover, and
in contrast to the vast majority of experimentally realized scenarios,
no energy-consuming external bias fields are needed to promote
spin-wave propagation in the preferred geometry10 along the
domain wall.

Figure 1b presents a scanning electron microscopy (SEM) image
of the structure used in the experiment. A 40-nm-thick Ni81Fe19
(permalloy, Py) film is patterned into a spin-wave waveguide that
is 5 μm wide at one end and gradually broadens until it reaches a
constant width of 10 μm. This variable width stabilizes the desired
remanence state. A microwave antenna is positioned at the begin-
ning of the 10-μm-wide part of the waveguide. Oscillating magnetic
fields hrf generated by microwave currents in this antenna allow for
the local excitation of spin waves with well-defined frequencies.

To reproducibly prepare the aforementioned remanence state
with the domain wall parallel to the long axis of the waveguide,
we applied a sinusoidal, exponentially decaying magnetic field
Hini,x parallel to its short axis, as depicted in the bottom right
inset in Fig. 1b. We used magneto-optical Kerr microscopy to
confirm the magnetic state of the waveguide. The overlay in
Fig. 1c shows a Kerr image, with the black–white colour code repre-
senting the magnetization component along the y direction. A
Landau-like domain pattern is formed with a 180° Néel wall in
the centre separating two domains with opposite magnetization.
Additional micromagnetic simulations (discussed in the following)
confirm the Néel-type character of the domain wall, with the mag-
netic moments rotating in the sample plane as is expected for the
material parameters and thickness of the Py film21.

Experimentally, spin dynamics were studied by micro-focus
Brillouin light scattering (BLS) spectroscopy22. To analyse the
spectrum in the different areas of the waveguide, we measured the
spin-wave intensity as a function of the excitation frequency at
two different positions: inside the domain wall and in the domains.
These measurements were performed in the 10-μm-wide bottom
part of the waveguide at a distance of 1 μm from the antenna.
Figure 2a summarizes the results and clearly shows two distinct
spectra. Inside the domain wall (square symbols), the maximum
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intensity was observed at the lowest possible detection frequency of
500 MHz, whereas in the domains (triangular symbols) the highest
intensities can be found at frequencies around 2.8 GHz.

To analyse the nature of these different spin-wave modes, we
detected their intensity profile across the width of the waveguide.
Measurements were carried out at the excitation frequencies where
the maximum intensity was observed within the wall and the
domains. Figure 2b summarizes the results. The modes show a
clear spatial separation, with one mode strongly confined at the pos-
ition of the domain wall (squares). In contrast, the higher-frequency
mode (triangles) is spread throughout the domains at both sides of
the wall and almost vanishes at the domain-wall position. Thus,
the potential well formed by the domain wall can be used to
confine spin waves in a certain frequency range on the nanoscale.

The slightly different intensity profiles detected at 2.8 GHz in the
two domains are attributed to a misalignment of the domain wall
relative to the centre position. This asymmetry leads to different
lateral confinement conditions in the domains and, consequently,
to a relative shift of the excitation spectra. However, quantization

due to confinement in micrometre-sized waveguides has already
been studied extensively22–24.

Here, we focus on the spin-wave mode inside the nanochannel
formed by the domain wall. Its localization becomes even more
evident from the two-dimensional BLS measurement presented in
Fig. 2c. Solely at the position of the domain wall, the signal of the
mode propagating away from the antenna is detected, revealing
the channelling character of the domain wall.

To obtain a deeper insight into the propagation characteristics
within the wall, micromagnetic simulations were carried out25. The
studied system was a 5-μm-long, 1-μm-wide and 10-nm-thick Py
rectangle. This reduction in size compared with the experiment
allowed for a sufficiently fine discretization to be achieved, as
required to simulate the nano-sized domain wall without affecting
its character, which is mainly determined by the material parameters
and not by the different dimensions. Therefore, the comparison
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Figure 1 | Channelling principle, sample geometry and magnetization
configuration. a, Schematic illustration of a 180° Néel wall carrying a spin
wave. The divergence of the magnetization ∇·M across the width of the wall
shows opposite sign on the two sides of the domain wall centre and results
in a strong magnetostatic field Hdemag oriented antiparallel to the
magnetization direction. This potential well confines the spin-wave
propagation into the narrow region of the wall. b, SEM image of the
investigated Py structure and the microwave antenna for the external
excitation of spin dynamics. Inset (lower right): magnetic field sweep used
to initialize the domain configuration. c, The black–white contrast of the Kerr
microscopy image confirms the formation of a Landau-like domain pattern.
Arrows indicate the magnetization direction in the domains.
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Figure 2 | Excitation spectra and spin-wave mode profiles. a, Spin-wave
spectra measured by BLS microscopy inside the domain wall (squares) and
the domains (triangles), respectively. The measurement clearly shows
different excitation spectra depending on the probing position. b, Line scans
of the spin-wave intensity across the width of the Py waveguide for the two
excitation frequencies that yielded maximum spin-wave intensity inside the
domain wall (squares) and in the domain (triangles). The data exhibit two
spatially separated spin-wave modes with the low-frequency mode strongly
localized at the domain wall position. c, Two-dimensional intensity
distribution of spin waves propagating along the nanochannel formed by the
domain wall in the centre of the waveguide.
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between experiment and simulation is still valid for spin-wavemodes
within the domain wall. Figure 3a shows the equilibrium magnetiza-
tion configuration. The red–blue colour codes the magnetization
component mx along the short axis of the rectangle, and the
arrows indicate the magnetization direction. The microstructure
exhibits a flux-closure Landau domain pattern with a 180° Néel
wall separating two domains with opposite magnetization.

The magnitude of the effective magnetic field calculated from
this remanence state is presented in Fig. 3b with the red–blue
colour representing the field component Hx along the short axis
of the rectangle. The data show strong effective fields across the
domain wall oriented antiparallel to the magnetization direction.

An out-of-planefield pulsewas used to locally excite spin dynamics
at the domain-wall position at a distance of 1.6 μm from the bottom
edge (green dot in Fig. 3c). The subsequent analysis yields the spin-
wave spectrum and dispersion relation, which is discussed in the
next paragraph. To illustrate themode profiles of the spin-wave reson-
ances, we simulated the response to a continuousmicrowave excitation
at four different frequencies. In Fig. 3c, the normalized z component of
the magnetization, mz, is plotted for a given time once the system
reaches a steady state. The time evolution of the spin-wave amplitudes,
showing their propagating nature, are provided in the Supplementary
Information for two distinct frequencies. For the lower frequencies of
0.52, 1.28 and 2.16 GHz, the spin-wave modes are strongly localized
inside the domain wall. However, a general trend is that the strong
localization within the wall becomes weaker with increasing
frequency. For modes with high frequencies, for example 5.68 GHz,
the radiation from the wall indicates the onset of the spin-wave
band in the domains and loss of the channelling effect. Although
the strong localization of the low-frequency spin waves inside the
domain wall is in good agreement with the experiment, the domain
modes appear at higher frequencies in the simulation. In general,
the spin-wave eigenmodes shift to higher frequencies when reducing
the domain size, which therefore allows the guiding of spin waves
inside the wall, even for higher frequencies and smaller wavelengths.

In addition to the spatial and spectral characteristics, the micro-
magnetic simulations also shed light on the spin-wave dispersion.
The wavelength for a given frequency—illustrated by the green

bars in Fig. 3c—can be determined by a Fourier analysis of the
dynamic magnetization along the domain wall. Figure 3d shows
the resulting positive dispersion that enables the transport of infor-
mation via spin waves propagating within the domain wall. Even
though the spin waves are confined transverse to the wall on a
length scale given by the domain wall width, the dispersion is
mainly dominated by dipolar energy. For the first three modes
shown in Fig. 3c, the dynamic part of the dipolar energy originating
from the spin waves is larger than the dynamic exchange energy by a
factor of three to five. The observation of well-defined wave vectors
along the propagation path is a crucial precondition for numerous
concepts that rely on the interference of spin waves12,26,27 and high-
lights the potential of domain walls in magnonic circuits for
data processing.

To evaluate the localization of the numerically calculated mode
excited at 0.52 GHz, we extracted its intensity profile across the
domain wall. The result is shown by the black dashed line in Fig. 4,
yielding a signal with a full-width at half-maximum (FWHM) of
∼40 nm. Figure 4 also shows the effective magnetic field Heff (blue
solid line) extracted at the same position. A direct comparison of
the two curves shows the strong confinement of the spin precession
to the area of the potential well formed by the domain wall.

We also analysed the localization from the experimental results
shown in Fig. 2. The data plotted as red squares in Fig. 4 is well
reproduced by a Gaussian fit (red dotted line) with a FWHM of
340 nm. To compare this value to the simulation, we have to take
into account that the detected BLS signal does not directly reflect
the spatial distribution of the observed spin-wave mode, but is the
convolution of the spin-wave signal with the shape of the probing
laser spot. The FWHM extracted from the data is already on the
order of the focal spot size expected for the confocal microscope
used in our study, thus confirming the strong lateral confinement
revealed by micromagnetic simulations.

Finally, we demonstrated the intriguing flexibility of spin-wave
nanochannels based on domain walls by actually controlling the
spin-wave propagation path. In contrast to waveguides based on
geometric confinement, a domain wall can be manipulated easily
by several means, including magnetic fields, charge or spin currents.
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Figure 3 | Magnetization, effective magnetic field, spin-wave modes and dispersion. a, Simulated domain configuration of a rectangular Py thin-film
element. The red–blue colour represents the in-plane magnetization component mx parallel to the short axis of the rectangle, and the arrows display the net
magnetization direction in the domains. b, The x component of the resulting effective field. The image clearly shows that strong fields are present along the
domain walls. c, Amplitude profiles of different spin-wave modes excited locally at the position indicated by the green dot. The red–blue colour represents
the out-of-plane component of the magnetization mz. Green bars indicate the spin-wave wavelengths that can be extracted from the data. d, Dispersion
relation of spin waves mostly confined to the domain wall.
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Such manipulations open a new perspective for the control of
spin-wave transport in two-dimensional nanostructures and
towards the realization of reconfigurable magnonic circuits.

We controlled the position of the domain wall via external mag-
netic fields applied along the long axis of the waveguide. Depending
on the polarity of the field, the growth of either the left or the right
domain was favoured, resulting in a shift of the domain wall.
Figure 5 shows BLS scans across the width of the waveguide at
four small magnetic fields of −0.15, −0.05, 0.05 and 0.23 mT. The
measurements show that the detected spin-wave mode is shifted,
together with the domain wall, by the applied field. The overall
left–right asymmetry is attributed to the initial displacement of
the domain wall, even in the absence of external fields.

In fact, the spin-wave propagation path can be moved over a dis-
tance of 2 μm within a field range of only ΔH = 0.38 mT. The inset
in Fig. 5 illustrates this displacement as a function of field with a
proportionality constant of 5.57 μm mT–1. These data establish a
novel mechanism to control spin-wave transport in two dimensions.
Moreover, they pave the way for reconfigurable but non-volatile
magnonic nanocircuitry. In future scenarios, artificial pinning
centres—for instance induced by ion implantation28,29—might be
used to enable switching between stable remanence states, with
different domain-wall configurations acting as nanochannels to
guide spin-wave propagation in logic devices. Furthermore, multiple
domain walls with a separation of a few tens of nanometres can
form in materials with perpendicular magnetic anisotropy18,
which allows for an even higher integration density of these
spin-wave nanochannels.

In summary, we have experimentally demonstrated the channel-
ling of spin waves in nanometre-wide magnetic domain walls with a
width of ∼40 nm. Micromagnetic simulations allowed for further
analysis of the propagation characteristics. The spin-wave modes
propagating inside domain walls exhibit a well-defined wave
vector along their propagation path, enabling data transport and
processing using wave properties. Finally, we have demonstrated a
major advantage of domain-wall-based magnonic waveguides:
manipulating the domain configurations with tiny fields below
1 mT allows us to shift the propagation path over a distance of
several micrometres. These observations pave the way for the realiz-
ation of reconfigurable, non-volatile magnonic circuitry by switch-
ing between different remanence states and, thus, for the
realization of energy-efficient and programmable spin-wave logic
devices on the nanoscale.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Sample preparation.A bilayer of 3 nmTi (for adhesion) and 40 nmPy was deposited
on a SiO2 substrate by electron-beam evaporation. Using electron-beam lithography
and liftoff techniques, micrometre-sized spin-wave waveguides were patterned, with
the major part having a width of 10 μm, gradually reducing to 5 μm towards one side
in order to stabilize the magnetic domain configuration. In a second step, a
100-nm-thick and 1.6-μm-wide gold antenna was positioned at the beginning of the
10-μm-wide part of the waveguide by means of electron-beam lithography, electron-
beam evaporation and subsequent liftoff. A microwave current flowing through the
antenna generated an oscillating magnetic field that coupled to the magnetization
and allowed the excitation of spin waves with well-defined frequencies.

BLS microscopy. The spin-wave intensity was recorded locally by means of BLS
microscopy at room temperature. BLS is the inelastic scattering of photons and
magnons. Light from a continuous-wave, single-frequency 532 nm solid-state laser
was focused on the sample surface using a high-numerical-aperture microscope lens,
yielding a spot that could be approximated by a Gaussian profile with a FWHM of
∼320 ± 50 nm.

The frequency shift of the inelastically scattered light was analysed using a six-
pass Fabry–Perot interferometer TFP-2 (JRS Scientific Instruments), providing an
accessible frequency range from 500 MHz to a few hundred gigahertz.

Micromagnetic simulations. The magnetization dynamics is described by the
Landau–Lifshitz–Gilbert equation of motion:

1
γ

dm
dt

= −
1

1 + α2
(m ×Heff ) −

α

1 + α2
m × (m ×Heff ), (1)

where γ is the gyromagnetic ratio, m =M/MS the normalized magnetization vector,
α is the Gilbert damping parameter, andHeff is the total effective field comprising the
exchange, anisotropy, magnetostatic and external magnetic fields. The simulations
were performed by numerically solving equation (1) using the GPU accelerated
MuMax3 finite-difference code25.

Simulations were performed for a rectangular element (5 μm long, 1 μm wide
and 10 nm thick). This structure was discretized into cells with edge lengths
Δx = 2.44 nm, Δy = 1.90 nm and Δz = 10 nm, respectively. The following material
parameters for Py were used: saturation magnetization MS = 830 kA m–1, exchange
constant A = 1.3 × 10–11 J m–1 and zero crystalline anisotropy K = 0 J m–3. The
Gilbert damping parameter was set to α = 0.007.

The magnetization dynamics was excited by an out-of-plane field pulse
with a Gaussian shape and 20 nm FWHM, which was applied inside the
domain wall at a distance of 1.6 μm from the bottom edge of the rectangular
element. The time evolution of the field pulse was a sinc function, chosen
such that the cutoff frequency in the Fourier transform was 40 GHz.
The Fourier transform of the magnetization dynamics was calculated over a period
of 25 ns for each cell. The sum over all nodes provided the integral spectrum of the
given configuration. The mode profiles of the individual resonances were
determined by a backward windowed Fourier transform to calculate the
dispersion relation.
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