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Spin-wave reciprocity in the presence of Néel walls
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Abstract—The reciprocity of spin-wave propagation in 180°
Néel walls and surrounding domains is studied. For this, the
dispersion relation, phase fronts and spin-wave intensities are
analyzed via micromagnetic simulations. Despite the in-plane
curling of the magnetization, the domain wall itself acts as a
reciprocal channel, whereas non-reciprocal spin-wave propaga-
tion is found within the domains. Since the spin-wave localization
depends on the selected frequency, this may allow to control the
degree of propagation asymmetry.

Index Terms—Nanomagnetics, domain wall, reciprocity, spin
waves

Under certain circumstances spin waves in a ferromagnet
show non-reciprocal behavior, which is to say that they change
their characteristics upon reversal of their propagation direc-
tion. This non-reciprocity can have several different origins.
The most known example are the Damon-Eshbach modes in
thin-film ferromagnets [1], where the spin-wave localization
switches from the top to the bottom surface under inversion
of their propagation direction. This effect is emphasized by
different anisotropies at the top and bottom surfaces [2]. More-
over, it has been shown that the interfacial Dzyaloshinskii-
Moriya Interaction, arising from the broken inversion sym-
metry of the surfaces, leads to additional asymmetric spin-
wave dispersions [3]-[6]. Similar non-reciprocal spin-wave
propagation is observed, when the top and bottom layers of a
thin-film bi-layer system are of different magnetic material
and/or antiferromagnetically coupled [7], [8]. Transitioning
from plane to curved surfaces, the magnetostatic and exchange
interactions are modified [9], [10] and result, for instance, in an
asymmetric dispersion relation in magnetic tubes, as recently
shown in [11].

In all of these cases, the non-reciprocal spin-wave propa-
gation arises from the interplay of two (curved) surfaces or
layers.

However, the strong dependence of the spin-wave dispersion
on the angle between the wave vector and the magnetization
[12] raises the question whether non-reciprocity can also arise
solely from a curvature of the equilibrium magnetization such
as the curling in domain walls. In Néel type domain walls
the magnetization continuously rotates on a nanometer-scale
between two domains of different orientation. In these
domain walls the effective magnetic field is lower with
respect to the surrounding domains forming a potential
well in which low frequency spin waves can be guided
while staying confined to the domain wall [5], [13]. In this
letter, the influence of the curling magnetization on the
spin-wave dispersion relation, phase fronts and intensities
of spin waves in the presence of such domain walls is studied.

For this, micromagnetic simulations using MuMax® are
performed [14]. A rectangular permalloy thin-film stripe of
10 wm length, 2 um width and 15 nm thickness is modelled on
a 2048 x 512 x 1 grid with a Gilbert damping of @ = 0.012, a
saturation magnetization of Mg = 830x 103 A/m as well as an
exchange-stiffness constant of A = 13X 10712 J/m. To model
a quasi-infinite stripe the structure is virtually repeated along
its length (x-direction) by using periodic boundary conditions
provided by MuMax>. As an initial configuration two domains
of opposite magnetization are chosen and subsequently relaxed
into the ground state. Thereby, a 180° Néel wall is formed
parallel to the long axis of the stripe (as shown in Fig. 1
a)). Across the domain wall running along the stripe center
the magnetization rotates continously from the +x to the —x
direction. Using the definition given by Lilley [15] the width
of the Néel wall is estimated to be around 80 nm.
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Figure 1. a) Magnetic configuration of the quasi-infinite 2 pm-wide permalloy
stripe with a 180° Néel wall. White arrows indicate the direction of the
oppositely magnetized domains. The color-code indicates the x-component
of the magnetization. b) The continuous curling of the magnetization (gray
lines) is schematically shown for a smaller region at the domain wall. When
exciting dynamics at a point-like region (black dot) spin waves are radially
emitted in directions defined by the propagation-angle 6, with respect to the
x-axis. The angle enclosed by the wave vector and the curling magnetization is
locally defined by ay . ¢) For the Néel wall configuration, different propagation
characteristics, influenced by «ay, are expected under mirror-inversion of 6y,
as shown for the case of wave vectors along 90°, 45° and 135°.

Spin waves are excited at a point-like region by applying a
time dependent external field at the center of the 180° Néel
wall in the ferromagnetic stripe. In order to reduce reflections,
a gradually increasing damping profile is introduced within a
300 nm wide shell at the stripe edges as an absorbing boundary
layer. The emitted spin-waves can be described by their wave
vector contribution defining their propagation direction in
space 6, and angle with respect to the underlying magnetic
configuration ai = 4(k, My). Spin waves travelling towards the



x-direction consist of equal wave vector magnitude pointing
towards +6,, due to their opposite transversal k, but equal
wave vector along the wall k|, exhibiting a small spin-wave
amplitude within the domains. In Fig. 1 b) these wave vectors
associated with the opposite propagation directions k* and k™
(including the transversal component k,) are schematically
shown together with the curling magnetization at the domain
wall. The local rotation of the magnetization introduces an
asymmetry: Spin waves associated with k™ will experience a
different range of angles a; between their wave vectors and
the magnetization than those associated with k™. Due to the
anisotropic thin-film dispersion of spin waves an influence on
the spin-wave propagation characteristics is expected. Fig. 1 ¢)
shows the locally varying angle a; = £(k,My) along opposite
propagation directions (6 = 45° and 67 = 135°) as well as
0x = 90°. As an example for the (+)-direction, an angle to the
domain wall of 8, = 45° will result in a wave vector which
is rather parallel to the magnetization (a; < 45°). In contrast
to this, under inversion of propagation to the (—)-direction
(6 = 135°) the wave vector will rather be perpendicular to
the magnetization (o > 45°). Therefore, it can be assumed that
the spin waves associated with k™ are more in the Damon-
Eshbach regime as opposed to the backward-volume regime
associated with k*.
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Figure 2. Spatial dependent power spectrum of the magnetization dynamics
for the domains and domain wall in opposite propagation directions. The areas
of separate spectral analysis are schematically shown in the inset. Confined
spin waves with frequencies below 2 GHz contribute predominantly to the
domain wall spectra, while the higher frequency spin waves are mainly
situated in the domains. In this regime above 2GHz, the power spectra
calculated for the D* and D~ domain areas show an intensity-asymmetry.

To model the point-source and obtain the spin-wave spec-
trum within the domain wall an out-of-plane field with a
gaussian spatial profile (oo = 50nm) and a time depence of
sinc(2m f (¢t — tp)) is applied at the center of the stripe to excite
modes up to 40 GHz. The resulting time dependent magneti-
zation is fast Fourier transformed at each cell in two different
regions with an area of 5um X 50nm to separately examine
the spin wave spectra inside the domain wall. The regions
are marked as DW~ and DW™*. Additionally, to calculate the

spectra in the domains, the excitation is extended to cover
the entire width of the stripe so that a homogeneous field
pulse across the stripe is achieved. Accordingly, the regions
of interest are shifted to the domains and are marked as D~
and D*. Both excitation geometries and the four FFT regions
are schematically shown in the inset of Fig. 2.
The resulting spectra shown in Fig. 2 clearly indicate that
a confinement of spin waves within the domain wall can
be observed at frequencies below 2GHz, where the spin-
wave intensities inside the wall are much higher than in the
surrounding domains. Above this frequency, the amplitudes of
the spin waves in the domains are more dominant. The spectra
calculated for the regions DW~ and DW* within the domain
wall are nearly identical. In contrast to this, the spectra within
the regions D™ and D* in the domains show significant differ-
ences. Hence, non-reciprocal propagation might be assumed,
which will be discussed later.
Simulations with continuous wave excitation using a har-
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Figure 3. Simulated spin-wave mode-profiles for a continuous wave excitation
with a point-source at the center of the domain wall. Snapshots of the out-of-
plane component (color-coded) are shown exemplarily for three frequencies.
With increasing frequency (top to bottom), the wave-vector magnitude along
the domain wall increases, while simultaneously the spin-wave intensities
become more pronounced in the domains. Additionally, for each frequency
two consecutive phase-fronts for the (+) and (—) propagation directions are
highlighted (white lines). The wavelength given by their distance is identical
for the oppositely travelling waves within the domain wall, while noticeable
differences in the shape of the phase fronts are observed in the domains.

3.0 GHz

monic time dependence Bex o sin(27ft) applied using the
point-source in the out-of-plane direction are performed to
obtain a closer look at the spin-wave propagation between
0.1GHz and 6 GHz. In order to rule out numerical errors
resulting from using only one cell in z-direction, equivalent
simulations are done with a stripe of 25 nm thickness and an
increased number of 5 cells in z-direction yielding identical
results. Snapshots of the spin-wave profiles are shown for
three exemplary frequencies in Fig. 3. In agreement with the
previously derived spectra, in Fig. 2, spin waves of frequencies
below 2 GHz are mostly confined to the domain wall. With
increasing frequencies, the magnitude of the wave vector
increases, while simultaneously the main spin-wave intensities
become more pronounced and finally dominant in the domains.
As an example, in Fig. 3 the snapshot at 1.64 GHz already
shows a spin-wave radiation into the domains. For better
visibility two consecutive phase-fronts both for the (+) and (-)
propagation directions are highlighted. The wavelength given



by their distance, shows no difference within the domain wall
for the oppositely travelling waves. However, in the domains
noticeable changes in the shape of the phase-fronts are ob-
served. Using the phase profiles ¢*(x) in the domain wall
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Figure 4. Spin-wave phase profiles ¢(x) along the domain wall for DW~
(solid lines) and DW* (dashed lines) for three distinct frequencies. Albeit
an absolute and constant phase difference (shown in the inset)!, the spatial
change in phase (slope of each profile) giving the wave-vector magnitude k
along the domain wall is identical for the (—) and (+) propagation directions.
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Figure 5. Spin-wave dispersion relation in the domain wall for DW~ and
DW regions, determined from the mode-profile (inset) using continuous wave
excitation. The two dispersions are identical within the uncertainty of the
spatial Fourier analysis. Additionally, the mode amplitudes along the domain
wall are shown for five distinct frequencies. The dispersion was calculated up
to spin-wave frequencies of 2.5 GHz, where the spin-wave intensity inside of
the domain wall becomes negligible compared to the one in the domains.

and the wave vectors, extracted from Fourier analysis of line
profiles, the dispersion relation for both (+) and (—) directions
along the domain wall is calculated. This corresponds to the
regions marked as DW~ and DW™ in Fig. 2. The phase profiles
¢*(x) along the opposite propagation directions are acquired
by calculating the precession ellipse in the coordinate system
of the local effective field which corresponds to the local

IThe oscillations in the phase difference (inset of Fig. 4) are introduced
by small numerical inaccuracies related to the ellipticity of the magnetization
trajectory.

equilibrium direction of the magnetization My [16]. The wave-
vector magnitude k along the domain wall is then equivalent
to the derivative d,¢ of the respective phase profile [17].

As seen in Fig. 4 the phase profiles for DW~ and DW™, al-
beit having an absolute phase difference which increases with
the excitation frequency, have an identical slope and therefore
equal magnitude of the wave vector. The wave vectors are
additionally determined from the out-of-plane component m,
along the domain wall by spatial Fourier Transformation for
a given point in time. The resulting dispersion relation for the
domain wall on both sides DW~ and DW* is summarized in
Fig. 5 together with the spatial Fourier amplitudes along the
domain wall for five distinct frequencies. The wave vectors are
determined by extracting the maximum position of the mode
amplitudes for all excitation frequencies. The dispersion is
calculated up to spin-wave frequencies of 2.5 GHz, where the
spin-wave intensity inside the domain wall becomes negligible
compared to the one in the domains. This is in agreement with
the previous analysis on the spin-wave spectra (Fig. 2) and
mode profiles (Fig. 3). Below 0.5 GHz the wave-vector mag-
nitudes are below 1.2rad/um corresponding to wave lengths
above 5um and exceed the length of the linescan. While the
wave vectors determined from the maximum of the spatial
Fourier analysis are identical within the uncertainty of this
method, the magnitude of the amplitudes differ on both sides.
Despite the pure out-of-plane field excitation geometry, this
observation is similar to the asymmetric excitation efficiencies,
known from microstrip antennae [18], [19]. Other than that,
the dispersion relations for DW~ and DW™ including the
frequency spectra (Fig. 2) are identical for both sides.

In summary, the reciprocity of spin-wave propagation in
180° Néel walls and surrounding domains is studied. The
in-plane curling of the magnetization results in asymmetric
spin-wave intensities and phase fronts. This effect is most
pronounced for spin waves with their predominant intensities
in the domains for frequencies above 2 GHz. However, spin
waves below 2 GHz are localized to the domain wall and have
only minor intensity in the surrounding domains. Intriguingly
for these type of spin waves a symmetric dispersion relation
and almost equal intensities for both propagation directions
are observed within the domain wall. Hence, we conclude that
the curling of the magnetization induces a non-reciprocity of
spin-wave propagation in the domains, whereas the domain
wall itself acts as a reciprocal channel. This may allow to
control the degree of propagation-asymmetry by adjusting the
spin-wave frequencies.
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