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Competing spin wave emission mechanisms revealed by time-resolved x-ray microscopy
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Spin wave emission and propagation in magnonic waveguides represent a highly promising alternative for
beyond-CMOS computing. It is therefore all the more important to fully understand the underlying physics of
the emission process. Here, we use time-resolved scanning transmission x-ray microscopy to directly image the
formation process of the globally excited local emission of spin waves in a permalloy waveguide at the nanoscale.
Thereby, we observe spin wave emission from the corner of the waveguide as well as from a local oscillation
of a domain-wall-like structure within the waveguide. Additionally, an isofrequency contour analysis is used to
fully explain the origin of quasicylindrical spin wave excitation from the corner and its concurrent nonreflection
and nonrefraction at the domain interface. This study is complemented by micromagnetic simulations which
perfectly fit the experimental findings. Thus, we clarify the fundamental question of the emission mechanisms
in magnonic waveguides which lay the basis for future magnonic operations.

DOI: 10.1103/PhysRevB.103.014430

I. INTRODUCTION

Spin waves in ferromagnetic wires, which can be described
as a collective precession of the magnetization with a spatial
phase shift, are currently of high fundamental scientific inter-
est regarding prospective technologies at the nanoscale [1–4].
The propagation of magnons, the quanta of spin waves, pro-
vide ideal basic building blocks for future magnonic logic
devices beyond CMOS properties [1,5,6]. To ensure reliability
of prospective logic operations or data communication with
magnons it is crucial to understand the fundamental phenom-
ena of excitation mechanisms and propagation properties in
spatially confined magnetic structures.

In the literature, various concepts have been proposed
which allow for an efficient excitation of spin waves in
nanosized magnonic structures [7–13]. In doing so, the most
conventional approach is a single stripline as an antenna or
a coplanar waveguide (CPW) perpendicular to the long axis
of a magnonic waveguide structure [14–17]. An applied radio
frequency (RF) field caused by an RF current subsequently
induces spin waves. In addition, the placement of a magnonic
crystal between a CPW and a thin film allows for bypassing
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the limitations of the microwave antenna fabrication. Thus,
spin waves that are significantly shorter than from the antenna
geometry itself can be induced. This concept of spin wave ex-
citation is known in magnonics as grating coupling [13,18,19].
Another promising approach has been proposed where the
signal line of a CPW, which is much wider than the magnonic
structure, provides a global sinusoidal RF field [9,10,20].
Thus, the coupling between the applied RF field and magne-
tization gradients near the edge regions within a waveguide
leads to spin wave emission. This method is capable of ex-
citing both symmetric and antisymmetric higher-order spin
wave modes, which could transfer the concept of optical mul-
tiplexing to prospective magnonic devices [20]. Additionally,
a big advantage of global excitation compared to an antenna is
the capability of inducing ultrashort wavelengths. The wave-
lengths of spin wave emission using an antenna are highly
limited by the geometry and the physical dimensions [21]. In
contrast, global excitation allows for utilizing both gradients
in the magnetization and magnetic textures at the nanoscale
which are not reproducible with conventional lithography pro-
cesses. Thus, ultrashort spin wave emission is only limited by
the size of these textures.

Since the global excitation of spin waves in magnonic
waveguides provides a promising alternative to the conven-
tional excitation by an antenna, two main mechanisms have
been claimed describing the exact origin of propagating spin
waves. On the one hand, a magnonic waveguide exhibits
inhomogeneities of the magnetization at its edges that are
caused by the demagnetizing field and the physical confine-
ment [9,10]. This results in a local shift of the resonance
frequency. Thus, an RF field is capable of coupling on these
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FIG. 1. (a) XAS image of a magnonic Py waveguide. (b) XMCD
image of the magnonic Py waveguide shown in (a). It demonstrates a
homogeneous distribution of the XMCD contrast which excludes the
existence of ripple domains. (c) Bright-field TEM cross section im-
age of the waveguide sample. Besides the silicon nitride (Si3Ni4) and
the copper (Cu) of the CPW, the cross section of the Py waveguide is
visible which shows no formation of significant grain structures with
sufficient size which could also lead to an excitation.

variations in the magnetization which subsequently leads to
spin wave emission. On the other hand, domain wall structures
in magnonic systems can act as local oscillators driven by a
global RF field which results in spin wave emission [22–24].
Additionally, the existence of ripple domains in a polycrys-
talline waveguide has been reported which could cause an
additional emission effect [11]. However, we excluded this
effect in this study by magnetic x-ray circular dichroism
(XMCD) and transmission electron microscopy (TEM) mea-
surements where no domains or sufficient grain sizes are
visible (cf. Fig. 1).

In this work, we clarify the question of which mechanisms
are involved in the globally excited emission of spin waves
in magnonic waveguides by time-resolved scanning trans-
mission x-ray microscopy (STXM). To this end, a magnonic
permalloy waveguide (Py, Fe20Ni80) below the signal line
of a CPW as shown schematically in Fig. 2(a) is excited
by an oscillating sinusoidal RF current IRF. This leads to
a global RF field which induces spin wave emission. To
identify the exact origin, we initially perform continuous
wave (CW) excitation measurements to reveal the underlying
emission mechanisms and to image them selectively. Further-
more, burst measurements are performed revealing the precise
starting process of excited spin waves. For that purpose, time-
resolved STXM with XMCD provides the necessary spatial
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FIG. 2. (a) Schematic illustration of the Py waveguide (blue)
below a CPW (gray) with the shown dimensions. The blue arrows
represents the oscillating global RF field which is induced by the RF
current IRF (red arrow). (b) Micromagnetic simulation of the relaxed
magnetization configuration of the Py waveguide. The color code
shows the in-plane direction of the magnetization. The zoomed inset
shows the area of interest where (1) a domain-wall-like structure and
(2) a strong gradient in the magnetization direction can be observed.
The black arrows indicate the magnetization direction. This area is
used for further experiments and simulations in Figs. 3 and 5.

resolution (<20 nm) which exceeds the capabilities of con-
ventional methods like Brillouin light scattering (BLS) or
time-resolved scanning Kerr microscopy (TRSKM) [8,25,26].
Additionally, phase, amplitude, and k-space information are
directly accessible. This study is complemented by micro-
magnetic simulations which perfectly fit the experimental
findings. Moreover, we use an isofrequency contour (IFC)
analysis to fully determine the origin and the behavior of
quasicylindrical spin waves from the corner of the waveguide.
This analysis also explains nonreflection and nonrefraction
of this mode at the domain-wall-like structure. These results
finally clarify the origin of spin wave excitation in magnonic
waveguides providing a crucial building block of prospective
magnonic devices.

II. METHODS

To realize an experiment where emission mechanisms in
magnonic waveguides can be observed, the sample has to pos-
sess the mentioned magnetization gradients and a magnetic
texture. For that reason, a magnonic Py waveguide (length
l = 11 μm, width w = 7 μm, thickness d = 50 nm) was de-
posited on a silicon nitride membrane by e-beam lithography.
Subsequently, a CPW (copper) was fabricated on top of the
signal line of the CPW as shown in Fig. 2(a).

Time-resolved STXM measurements were performed at
the MAXYMUS end station at the UE46-PGM2 beam line
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at the BESSY II synchrotron radiation source. The sample
was illuminated by circular polarized x rays at the L3 edge
of iron. An internal magnetic in-plane field (±240 mT) was
applied using a set of four rotatable permanent magnets [27].
Furthermore, time-resolved STXM provides a temporal and
spatial resolution of <40 ps and <20 nm, respectively.

Each time-resolved STXM measurement contains a stack
of real-space images with predefined temporal and spatial
resolution. To gain amplitude and phase information, a fast
Fourier transformation (FFT) algorithm is used through each
pixel with respect to time. Thus, each slice of the transformed
image stack provides phase and amplitude information at
a specific frequency. Furthermore, a spatial 2D-FFT of the
phase and amplitude map shows the corresponding k-space
image. More detailed information of the evaluation process
can be found elsewhere [15,20].

The generation of CW and burst excitation signals
were generated by an arbitrary waveform generator
(AWG; Keysight Technologies M8195A) which allows
for the creation of various excitation signals up to
fout � 30 GHz [26,28].

Micromagnetic simulations were performed using Mu-
Max3 [29] with the saturation magnetization Ms = 760
kA m−1, the exchange constant Aex = 13 pJ m−1, the damp-
ing constant α = 0.008, and the gyromagnetic ratio γ = 176
rad ns−1 T−1 [30]. This system has been discretized with
the unit cells of lateral dimensions equal (15 × 15) nm2 and
one unit cell across the thickness (d = 50 nm). Moreover,
the convergence of the results was verified; i.e., additional
simulations made for a finer mesh gave equivalent results.

For the investigation by bright-field TEM the samples were
prepared by focused ion beam (FIB) lift-out with a dual-beam
FEI SCIOS FIB-SEM on top of a copper grid and subsequent
thinning. The investigations were performed on a Philips CM-
200 FEG TEM operated at 200 kV. The TEM measurements
were complemented by energy-dispersive x-ray spectroscopy
(EDX) measurements to identify the different layers of the
sample.

III. RESULTS AND DISCUSSION

Before the presentation and the discussion of the experi-
mental results of the present waveguide, we want to address
an issue which was published by Kruglyak et al. in 2008 [11].
There, domains of quasiperiodic ripples were detected within
a polycrystalline magnonic waveguide by TRSKM which
were also excited by a global oscillating field. Therefore, we
verified the existence of such ripple domains in the present
sample composition to exclude an influence or even an fal-
sification on the emission process. Figure 1(a) shows an
x-ray absorption spectroscopy (XAS) image of a narrower
waveguide with the same manufacturing parameters as the
waveguide in Fig. 2. The change in the width should enhance
the visibility of potential domains. σ− and σ+ represent the
negative and positive helicity of the circularly polarized x-ray
beam. The darker region presents the Py waveguide. While
Fig. 1(a) shows only the nonmagnetic absorption, the im-
age in Fig. 1(b) reveals the XMCD contrast. Besides some
small defects caused by the lithography process, no ripple
domains can be observed within the magnonic waveguide.

The XMCD image shows a homogeneous contrast distribution
across the whole stripe. Additionally, Fig. 1(c) presents a
cross section image performed by bright-field TEM which
reveals the exact layer structure of the Py stripe. The different
layers were identified by EDX measurements. Between the
silicon nitride (Si3N4) and the copper (Cu) of the CPW, the
cross section of the waveguide shows no grain sizes above
typical domain wall thicknesses which could lead to any
kind of domain formation or which could act as local emit-
ters. Furthermore, no interdiffusion of the materials in each
layer was visible. Consequently, this excludes the possibility
of an additional excitation of ripple domains or sufficiently
sized grain structures. Only a domain-like structure on the
right edge can be seen in Fig. 1(b) which matches the re-
laxed magnetization configuration of the wider waveguide in
Fig. 2.

In order to observe the proposed emission mechanisms
which are based on the coupling of the RF field on variations
of the magnetization and which are based on local oscillations
of domain structures, the sample has to exhibit the underlying
magnetic properties, i.e., magnetization variations at the edges
and a domain-wall-like structure. Figure 2(b) presents the sim-
ulated relaxed magnetization configuration of a Py waveguide
with the dimensions shown in (a). An external field Bext is
applied in the x direction with an offset of Boff = 1 mT in the
y direction. The offset causes a broken mirror symmetry in the
relaxed state with respect to the y axis which thus recreates
the experimental field setup where an offset is unavoidable.
In the relaxed state, the system shows a strong change in
the magnetization direction on the right lower corner which
is highlighted in the zoomed inset. Additionally, a domain-
wall-like structure forms from the top to the bottom of the
waveguide caused by the demagnetizing field and the physical
confinement. Consequently, the enlarged right lower edge of
the sample shows (1) a domain-wall-like structure (dashed
white line) and (2) variations of the magnetization direction
of approximately 45◦ which provide an ideal environment to
investigate the emission process.

The first part of the experiment presents the CW excita-
tion at an excitation frequency of fCW = 4.1 GHz while an
external field of Bext = 10 mT is applied. The direction of the
external field is defined along the x axis which leads to the ex-
citation of spin waves in backward-volume geometry; i.e., the
wave vector is parallel to the direction of Bext. The used exci-
tation frequency and the external field were determined by mi-
cromagnetic simulations and within the experiment as the best
combination for the visibility of spin waves from the domain-
like structure and the corner region. All measurements were
done within the marked area in Fig. 2(b) and thus, the size of
each scan is (2 × 2) μm2. Figure 3(a) shows the correspond-
ing phase and amplitude map where the relative phase and
amplitude are encoded into color and brightness, respectively.
The dotted white line and the dash-dotted line represent the
edge of the waveguide and the domain-wall-like interface,
respectively. Clear propagating spin waves can be observed.
However, the lower corner shows quasicylindrical emission
while the left side of the image is governed by straight spin
wave emission in the x direction. Furthermore, the amplitude
of the straight emission possesses 10% of the quasicylindrical
spin wave amplitude which implies a more efficient excitation
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FIG. 3. (a) Phase and amplitude map of the right lower corner
of the magnonic waveguide during CW excitation. Amplitude and
relative phase are encoded into brightness and color, respectively.
The image shows clear quasicylindrical spin waves from the corner
and straight spin wave emission from the domain-wall-like interface
(dash-dotted line). (b) k-space image of (a) which provides informa-
tion about two distinguishable wave vectors ka (green) and kb (red).
(c) Three-dimensional representation of the k-selective imaging of
ka and kb revealing the real-space images of the corresponding wave
vector.

at the corner. The origin of the quasicylindrical emission will
be discussed in the latter part of this section.

To gain more information about wavelengths and propaga-
tion directions, a 2D-FFT transforms the image into k space
as depicted in Fig. 3(b). The k-space image clearly shows
two significant k-vector areas |ka| ≈ 5.7 μm−1 and |kb| ≈
6.4 μm−1 which correspond to the wavelengths λa ≈ 175 nm
and λb ≈ 160 nm, respectively. The quasicylindrical emission
in real space is reflected in the k space as a cylindrical k-vector
distribution. The straight emission of ka occurs as single
spot.

By emphasizing ka and kb separately, one is able to selec-
tively image the excited spin waves as visible in Fig. 3(c) [20].
A three-dimensional representation of ka on the left side and
kb on the right side substantiate the experimental results which
indicate that two different origins of spin waves have to be
taken into account in globally excited waveguide systems.
However, CW excitation only shows the magnonic waveguide
in a steady state while an excitation frequency fCW is applied.
Thus, the exact starting point of each mechanism cannot be
determined. Furthermore, it is not observable if one spin wave
origin affects the other. Figure 3(a) shows an abrupt change
from the quasicylindrical wave to the straight emission. It
might be the case that the quasicylindrical waves propagate
toward the domain-wall-like structure and subsequently stim-
ulate straight spin wave emission; i.e., they are gradually bent
and refracted at the magnetization nonuniformity [31,32].
The exact emission process can be more accurately de-

FIG. 4. (a) Illustration of a burst signal with the total length of
l = 7 ns, a burst length of lburst = 1 ns, and the carrier frequency
fburst = 4.2 GHz. (b) FFT spectrum of the time signal in (a).

termined by the imaging during the beginning of the
excitation.

Therefore, a burst signal was generated by the AWG to
investigate the starting process of the emission. Figure 4(a)
shows the time signal with a total length of l = 7 ns, a carrier
frequency fburst = 4.2 GHz, and a burst length lburst = 1 ns.
Figure 4(b) illustrates the corresponding frequency spectrum.
With this burst signal, spin waves in the range of 4 GHz and
5 GHz are excitable. The ripples next to the main peak in
the frequency spectrum are caused by lburst which leads to a
periodicity of 1 GHz. Simulations and experiments were per-
formed while an external field Bext = 10 mT in the x direction
was applied.

The results of the burst excitation are presented in Fig. 5.
In (a), real-space simulations (top) and time-resolved STXM
measurements (bottom) of the mz magnetization are com-
pared. Three different time steps t1 = 0 ns, t2 = 0.29 ns, and
t3 = 0.57 ns are depicted. t1 defines the point where the first
magnonic response can be seen in the experiment and sim-
ulation. After the initiation of the first magnonic response at
t1, t2 (0.29 ns) shows the moment when one period of spin
waves has developed which launch from the domain-wall-
like structure and the lower right corner simultaneously. Both
the simulation and the experiment clearly demonstrate two
independent and simultaneous emission processes. However,
due to the signal-to-noise ratio and the low-energy input of
the burst signal, the straight spin wave emission is harder to
see, while the emission of the corner is clearly visible. The
images at t3 present further propagation of the spin waves of
both mechanisms. The magnons from the corner and from the
domain structure show two clear periods of spin waves.

To reinforce the good agreement of the real-space simu-
lation and the time-resolved STXM measurements, Fig. 5(b)
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FIG. 5. (a) Demonstration of real-space simulations (top) and time-resolved STXM measurements (bottom) of the mz component at three
different time steps t1 = 0 ns, t2 = 0.29 ns, and t3 = 0.57 ns during the burst excitation. t1 defines the starting point of the first detected
magnonic response. t2 shows one spin wave period for each emission process. After less than 0.6 ns two spin wave periods are visible.
(b) Comparison between the simulated and the measured k-space images. These images were calculated by a 2D-FFT of the real-space images
in (a). The k space reveals the simultaneous excitation of two distinguishable k vectors at t2 which reinforce the observations in (a). At t3

the wave vectors appear more clearly because of the development of the spin wave propagation. The experimental results perfectly match the
micromagnetic simulations in real space and in k space.

provides the corresponding k-space images which were cal-
culated by a 2D-FFT of the real-space images in Fig. 5(a).
Again, one can see a perfect match of the simulation and
the experimental results at all shown time steps. The initial
time step t1 shows no spin wave propagation as expected.
However, two distinguishable k vectors can be detected at
t2 which corresponds to the visible periods in Fig. 5(a). As
already shown during CW excitation [cf. Fig. 3(b)], the di-
agonal k vector indicates the quasicylindrical emission and
the k vector in x direction represents the emission from the
domain structure. At the last time step t3 the k vectors appear
more clearly because of the multiple spin wave periods. The
k-space evaluation also demonstrates that the two emission
mechanisms start at exactly the same time and therefore in-
dependently. The time-resolved STXM measurements show
excellent agreement with the micromagnetic simulation.

Subsequently, we want to address the origin of the quasi-
cylindrical wave fronts of the spin waves propagating from
the corner. The measurements and the simulations reveal a
surprising result since the spin wave dynamics are supposed to
be strongly anisotropic for an in-plane magnetized waveguide
at low frequencies. Therefore, cylindrical-like wave fronts are
not governed by the classical spin wave dispersion theory
derived for uniformly in-plane magnetized thin films at low
frequencies [33]. To better understand that, we have inserted
two IFCs in Fig. 6(b) which represents the k-space image of
the mz component in Fig. 6(a) at t3 [31]. The first (white)
IFC was calculated for the uniform film magnetized along the
x axis. It is visible, that the mode ka is located at the IFC.
The second (red) IFC was calculated for a system magnetized
along the axis rotated by 45◦ with respect to the x axis. This
angle corresponds to the overall direction of the magnetization
inside the domain near the edge [purple color in Fig. 2(b)].
The position of mode kb also perfectly matches the region
of the rotated IFC. Moreover, the spot in Fig. 6(b) related to

the mode ka is much narrower than the more blurred spot of
kb. It means that ka and kb correspond to a plane-wave and a
beamlike excitation, respectively. A closer look at Fig. 6(a)
combined with the magnetization configuration shows that
the wave fronts bend together with the slight rotation of the
magnetic moments [cf. Fig. 2(b)]. It is in agreement with
the analytical IFC which, in an adiabatic approximation, is
aligned along the magnetization direction and should rotate
together with rotating magnetic moments [31].

Furthermore, the impression of cylindrical waves is ampli-
fied due to the nonalignment of the phase and group velocity
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FIG. 6. (a) Snapshot of the real-space simulation at t3. (b) k-
space image of the snapshot in (a). The IFCs for the magnetization
applied along the x axis and rotated by 45◦ with respect to the x
axis are marked by the white and red “peanut”-like closed curves.
In (a) and (b) the dash-dotted line marks the location of the domain-
wall-like texture, the solid black arrows mark the directions of the
wave vectors ka and kb, and the dashed white arrow indicates the di-
rection of the group velocity of the mode kb. k‖ denotes the tangential
component of kb to the interface.
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directions resulting from the anisotropy of the dispersion re-
lation. The direction of the group velocity, vg(k) = [ ∂ω

∂kx
, ∂ω

∂ky
]

with the radial frequency ω, is perpendicular to the IFC for
a given wave vector k. Therefore, for an ideally isotropic
dispersion, the IFC is circular and thus the group velocity is
always parallel to k. However, for an anisotropic dispersion,
like in the case under study, it is not true for most of the wave
vectors. For kb the difference is equal to approximately 40◦.
In consequence, the wave fronts are tilted with respect to the x
axis by 45◦, whereas the group velocity is approximately par-
allel to the y axis as shown in Figs. 6(a) and 6(b) (dashed white
arrow). As a result, we have the impression of a cylindrical-
like wave, although it is instead a beam propagating in the
strongly anisotropic medium.

Overall, it can be said that at the very corner the backward-
volume mode is excited with the wave vector parallel to the
static magnetization which follows the direction of magnetic
moments. This small change of the direction of the wave
fronts combined with the point-source-like excitation from the
corner, the strong anisotropy of the dispersion relation, and
the nonalignment of the phase and group velocity results in
the appearance of quasicylindrical waves and a blurred spot
for kb in the k space.

Using the IFC analysis, we can answer the question of
whether spin waves excited in the corner can propagate
through the domain-wall-like structure to the central part of
the waveguide or not. In order to answer this question, one
has to consider Snell’s law for spin waves stating that the
tangential component of the wave vector to the interface must
be conserved [32]. Accordingly, the tangential component of
kb to the interface (dash-dotted line in Fig. 6) is equal to k‖.
Interestingly, there is no available solution for spin waves
in the IFC of the central part of the waveguide where the
magnetization is aligned along the x axis. Furthermore, there
are also no available solutions for reflected spin waves, i.e.,
kx > 0 and ky > 0. Therefore, the reflection cannot occur [34].
Overall, this observation is consistent with the burst excitation
measurements (cf. Fig. 5) and the steady-state measurement
shown in Fig. 3 where interference of spin waves on both
sides of the interface are not visible. Notably, it is an effect
similar to the total nonreflection observed experimentally for
sub-millimeter-long surface magnetostatic spin waves at the
line of holes [34,35]. However, here we have found concurrent
nonreflection and nonrefraction at the magnetization nonuni-
formity (not holes) for ultrashort backward volume spin wave
modes.

It becomes obvious that both emission mechanisms which
were mentioned in the introduction have to be taken into ac-
count during the global excitation of spin waves in magnonic
waveguides. Emission caused by the coupling of the RF field
on magnetization gradients occurs as well as emission by

the oscillation of a magnetic texture. Moreover, the results
of this study demonstrate the advantage over conventional
spin wave excitation by an antenna. Ultrashort spin waves
below λ = 180 nm are easily excited at a comparatively low
frequency of f = 4.2 GHz which exceeds the capabilities of
lithographically produced strip lines.

IV. CONCLUSION

In conclusion, we have determined the emission mecha-
nisms in magnonic Py waveguides which were excited by
an oscillating global RF field using time-resolved STXM.
In doing so, we have shown different k vectors during CW
excitation which indicated the contribution of two emission
processes. To investigate the emergence of the emission, a
burst signal was generated and two independent spin wave
emission processes were observed. Spin waves were excited in
the corner region by the coupling of the global RF field on lo-
cal magnetization variations. Furthermore, a domain-wall-like
structure was also excited by the RF field. The comparison
between real-space and k-space results has shown that both
emission mechanisms occur simultaneously. These STXM
measurements are in perfect agreement with micromagnetic
simulations. Within these simulations, we have performed IFC
analyses to determine the development of the quasicylindrical
spin waves which are based on a combination of a point-
source-like excitation from the corner, the nonalignment of
the group and phase velocity, and the strong anisotropy of
the dispersion relation. Furthermore, the IFC analysis explains
the origin of the concurrent nonreflection and nonrefraction
of the quasicylindrical spin wave at the domain-wall-like in-
terface. Consequently, we have finally clarified the question
of the emission process within magnonic waveguides. Thus,
this study provides a fundamental basis in terms of emission
schemes for prospective magnonic logic devices or data trans-
mission in waveguides.
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