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Coherent Excitation of Heterosymmetric Spin Waves with Ultrashort Wavelengths
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In the emerging field of magnonics, spin waves are foreseen as signal carriers for future spintronic
information processing and communication devices, owing to both the very low power losses and a high
device miniaturization potential predicted for short-wavelength spin waves. Yet, the efficient excitation and
controlled propagation of nanoscale spin waves remains a severe challenge. Here, we report the observation
of high-amplitude, ultrashort dipole-exchange spin waves (down to 80 nm wavelength at 10 GHz frequency)
in a ferromagnetic single layer system, coherently excited by the driven dynamics of a spin vortex core. We
used time-resolved x-ray microscopy to directly image such propagating spin waves and their excitation over
a wide range of frequencies. By further analysis, we found that these waves exhibit a heterosymmetric mode
profile, involving regions with anti-Larmor precession sense and purely linear magnetic oscillation. In
particular, this mode profile consists of dynamic vortices with laterally alternating helicity, leading to a partial
magnetic flux closure over the film thickness, which is explained by a strong and unexpected mode
hybridization. This spin-wave phenomenon observed is a general effect inherent to the dynamics of
sufficiently thick ferromagnetic single layer films, independent of the specific excitation method employed.
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Spin waves are the collective excitations of magnetically
ordered spin systems, with the ‘““magnon” being their
fundamental quantum of excitation [1-3]. In a simplified
view, a spin wave can be regarded as a collective precession of
the magnetization (M) with a periodic spatial phase shift
[Fig. 1(a)], imposing the wavelength 1 and, inversely, the
wave vector k = (27/1)e;, with e, corresponding to the
propagation direction of phase fronts. Taking into account
the precession frequency f, the phase velocity of a spin wave is
determined by v = Af. Depending on the underlying mag-
netic system, spin waves cover a wide spectral band, up to the
THz range with wavelengths extending from macroscopic
length scales to the subnanometer domain [4,5]. While spin
waves also occur in three-dimensional bulk systems, the main
focus of magnonics research is set on quasi-two-dimensional
and technologically more relevant thin films.

The two main advantages of using spin waves over
present charge-based technologies are a substantially lower
power dissipation (preventing Ohmic losses) and a high
device miniaturization potential owing to the orders of
magnitude shorter wavelengths of spin waves compared to
that of electromagnetic waves [4—14].

Typical methods to excite spin waves coherently in
magnetic thin films utilize nonlinear parametric pumping
by uniformly alternating magnetic fields [9,14], patterned
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conductive antennas as microwave to spin-wave transduc-
ers [7,8,14], or current induced spin-transfer torques in
nanocontact geometries [9,10,12]. While parametric pump-
ing, however, suffers from a cumbersome tunability of the
excited wavelengths, the two other methods mentioned fail
to efficiently generate spin waves with wavelengths below
the patterning sizes involved [14]. Recently, the latter
limitation was partially overcome in specific magnetic
systems by—when categorized in general terms—making
use of Fano resonances [6,11,15-18], the Schlomann
mechanism [19-23], or a postexcitation variation of the
magnonic index [24-26]. Yet, for the technologically most
relevant plain thin film geometry, the demand for high
amplitude ultrashort spin-wave excitation sources remains
unanswered at present.

Generally, the dispersion relation f(k) of spin waves is
mainly determined by the magnetodipole and the exchange
interaction, where the first one is dominant in the long
wavelength limit and the second governs the regime of
ultrashort waves [14,27-29]. In magnetic thin films, the
dispersion relation strongly depends on the relative ori-
entation of the propagation direction and the static equi-
librium magnetization. For in-plane magnetized films, there
is a distinction between the backward volume (k||M) and
the Damon-Eshbach (k_LM) geometry, the latter typically
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FIG. 1. Schematics of spin waves. (a) Spin wave propagating

along e;. Magnetic moments (gray arrows) precessing with a
spatial phase difference determining the wavelength A. (b) Cross-
sectional precession profile of a quasi-uniform Damon-Eshbach
spin wave in a thin film of thickness d, with finite lateral
wavelength, propagating along e;. (c) Cross-sectional precession
profile of the first perpendicular standing spin-wave mode for free
surface boundary conditions and with laterally uniform magneti-
zation precession (infinite lateral wavelength). Right panels:
Separated profiles of the corresponding dynamic m, (yellow
line) and m, (purple line) components.

exhibiting higher phase velocities and positive group
velocities [14,30], making it preferable for signal trans-
mission applications.

While principally being of surface wave nature with an
exponentially decaying thickness profile in bulk samples
[30], Damon-Eshbach waves exhibit an almost uniform
distribution of the wave amplitude over the film thick-
ness in thin films with thicknesses d much smaller than A
[cf. Fig. 1(b)]. Such waves have been investigated by optical
means, namely, magneto-optical Kerr microscopy [31] and
Brillouin light scattering [32], down to wavelengths at the
optically accessible limit of A ~250 nm. Additionaly,
exchange dominated higher-order spin waves with nonuni-
form mode profiles over the film thickness occur at higher
frequencies due to vertical confinement effects. Such modes
are typically observed in ferromagnetic resonance experi-
ments as perpendicular standing waves for the nonpropagat-
ing case of laterally uniform precession (4,, — oo0) [33,34],
and are characterized by their number of precession nodes
along the film thickness [cf. Fig. 1(c)] [27,28]. Nevertheless,
also first experimental evidences have been found for
laterally propagating higher-order waves of finite A [27—
29,35,36], by means of spectroscopically detecting thermally
excitated incoherent magnons [37-39] or even coherent
waves yet only in the long wavelength limit [40-42].

In this Letter, we show that high-amplitude, ultrashort
(4~ 100 nm) propagating spin waves can be excited in a

single layer magnetic thin film with a thickness of the order of
100 nm by a nanoscopic magnetic vortex core. For this
excitation process, pioneered recently in a multilayered
heterosystem [6], the vortex core is driven to gyration by
applying alternating external magnetic fields with frequen-
cies of the order of f ~ 10 GHz, and the resulting spin-wave
wavelength was found to be directly tunable by the driving
frequency. We used time-resolved magnetic x-ray micros-
copy to image the effects of spin-wave emission and
propagation. By further analysis, we show that the observed
spin waves correspond to the first higher-order mode (having
one thickness node) in the Damon-Eshbach geometry.
Interestingly, the thickness profile of the observed mode is
found to be influenced by a significant mode hybridization
and therefore is of heterosymmetric character with respect to
the perpendicular (symmetric) and lateral (antisymmetric)
dynamic magnetization components. Thus, the excited spin-
wave mode exhibits points of purely linear magnetic oscil-
lations and regions with anti-Larmor precession sense.

Our experimental sample is a Permalloy (Nig;Fe;q)
circular thin film disc with a lateral diameter of 3 ym and
a thickness of d = 80 nm [cf. Supplemental Material [43],
(1)]. The expected magnetic ground state for this sample is a
topological spin vortex with flux-closing in-plane magneti-
zation circulation and a perpendicularly oriented nanoscopic
vortex core in the center [54]. We verified the sample to exibit
a vortex state by imaging its local magnetic orientation
m = M /M using scanning transmission X-ray microscopy
(cf. Supplemental Material [43]). Figure 2(a) shows a
microscopy image with lateral m, sensitivity (white: +m,,
black: —m,) revealing the in-plane magnetic orientation in
the disc.

The sample was excited by in-plane magnetic fields
Bexiy (1) = Bexyo Sin(27f1) alternating in time 7. We directly
imaged the dynamic response m(7) in the disc by strobo-
scopic, time-resolved scanning transmission x-ray micros-
copy in the frequency range from 5.6 to 10.1 GHz.
Figure 2(b) displays a snapshot of such a dynamic response
with perpendicular m, magnetic sensitivity to an excitation
with a frequency of f = 7.4 GHz and an amplitude of
B ~ 1 mT. The vortex core is clearly visible as a black
dot in the center. Moreover, a radial spin-wave pattern is
observed, with highest amplitudes in the vicinity of the core
(cf. magnified inset), decaying towards the edge of the disc.
This spin-wave pattern is further highlighted in a normalized
view [cf. Fig. 2(c)], showing the temporal perpendicular
magnetic deviations. The full dynamic microscopy image
sets, provided as movies (M1-M6) in the Supplemental
Material [43], reveal that the observed spin waves are emitted
from the vortex core. Driven by the alternating magnetic field,
the gyrating vortex core dynamically induces dips of same
and opposite magnetic orientation [55-59] locally, thereby
coherently exciting propagating waves [6] [cf. Supplemental
Material [43] (3d)], as further confirmed by micromagnetic
simulations (cf. Supplemental Material [43] M7). Abstractly,
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FIG. 2. Emission of ultrashort spin waves from a magnetic vortex core. (a) X-ray microscopy image showing the static in-plane
magnetic vortex configuration of the disc with the red arrow indicating the magnetic orientation. (b,c) Time-resolved x-ray microscopy
images (snapshots) with out-of-plane sensitivity showing the response of the sample to an in-plane alternating magnetic field excitation
of f = 7.4 GHz. (b) Absolute absorption images (full sample and magnified center region) revealing the vortex core in the center (black
dot) and a radial spin-wave pattern with 4 = 140 nm. (c) Normalized images showing only the temporal magnetic changes with respect
to the average state, clearly highlighting the spin-wave spiral emitted. (d) Line profiles along the green arrow in (c) at a relative time
delay of 77 ps (from blue to red curve) illustrating wave propagation. (e) and (f) Normalized x-ray images showing Am,_ () for excitation

frequencies of f = 5.6 and f = 8.5 GHz, respectively.

this effect can be considered a local Fano resonance [15] of the
discrete core gyration mode with the continuum of propa-
gating spin waves, mediated via a coherent, linear coupling.
Note that such linear coherent spin-wave generation does not
result from a frequency-doubling mechanism [60] and
fundamentally differs from the incoherent spin-wave excita-
tion by dynamic vortex core reversal [61,62]. Once excited,
the spin waves in our experiment propagate radially towards
the edge of the disc, i.e., perpendicular to the azimuthal vortex
equilibrium magnetization, which formally corresponds to
the Damon-Eshbach geometry (k_LM). Along with the
continuous phase difference of the spin waves emitted during
gyration, this leads to the formation of a spiral pattern (cf. Ref.
[43]). The propagation is visualized by line profiles [along the
green arrow in Fig. 2(c)] for arelative time delay of 77 ps [blue
and red lines in Fig. 2(d)]. From this graph we conclude that
the spin-wave amplitude exhibits very high values in the
vicinity of the core [m, ~ 0.25, cf. Fig. 2(d), Supplemental
Material [43] M1] and that the wavelength is about 140 nm.

Moreover, we found that the wavelengths of such excited
spin waves are continuously tunable by changing the driving
frequency in the range from 5.6 to 10.1 GHz without
the need of any external magnetic bias field, as shown in
Figs. 2(e) and 2(f) exemplarily for (f = 5.6 GHz, 1 =
250 nm) and (f = 8.5 GHz, A = 110 nm). This wide-band
process of vortex core driven spin-wave generation, observed
in a single magnetic layer, underlines the universality of the
effect of spin-wave emission from confined noncollinear spin
textures such as domain walls [60,63—66] and vortex cores,
where the latter had only been reported for a highly specific
multilayered heterosystem so far [6]. Moreover, the spin-
wave frequencies found here (exceeding 10 GHz), are
substantially higher than those observed previously [6],
the corresponding wavelengths clearly attaining the ultra-
short (sub-100 nm) regime. Note that the observed spin
waves are not eigenmodes of the disc [57], but independent
from the lateral dimensions [cf. Supplemental Material
[43] Bo)l.

The spin-wave dispersion relation f(k) of the exper-
imentally observed spin waves (cf. Fig. 3, red dots)
exhibits an almost linear behavior at a constant group
velocity of v, = dw/dk = 550 m/s in the k range given
(25 < k < 80) rad/um, where w = 2zf is the angular
frequency. Remarkably, this dispersion qualitatively dif-
fers from the analytically calculated zeroth order, quasi-
uniform (for k < 25 rad/um) Damon-Eshbach dispersion
[27,28] [cf. Supplemental Material [43] (4)], (see blue line
in Fig. 3) typically investigated.

Furthermore, higher-order perpendicular standing spin-
wave modes observed for the case of laterally uniform
precession (4, — co) [33,34] are predicted to extend to
the regime of laterally propagating dipole-exchange waves
of finite 4,,. We therefore analytically calculated [27]
(cf. methods) the dispersion relations of both the first
(p =1) and the second (p =2) of these higher-order
modes (red and green lines in Fig. 3), respectively, with
p being the ordinal index of nodes in the mode thickness
profile at zero lateral wave number k,, =0 [27]. The
analytical dispersion relation f;(k) clearly matching the
experimental one, we identify the experimentally observed
spin-wave mode as the first higher-order propagating
mode. The excellent agreement of both experimental and
analytical results with micromagnetic simulations [blue
triangles: quasi-uniform mode, red crosses: first higher-
order mode in Fig. 3, Supplemental Material [43] (5)]
further supports this experimental observation of coherent,
higher-order propagating spin waves. Moreover, the sim-
ulations show that, in the given (f, k) range, the dispersion
relations for plane spin waves in a continuous thin film
and for radial waves in a magnetic vortex state are practi-
cally identical [cf. Supplemental Material [43] (5)], under-
lining the general validity of our findings. Additionally,
also quasi-uniform waves with longer wavelengths
(4 > 200 nm) are principally exciteable in the disc struc-
tures used [cf. Supplemental Material [43] (5)]. However,
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these waves are not excited by vortex core gyration but
stem from the magnetic discontinuity at the rim.
Generally, hybridization (or mixing) between modes
having different ordinal indices p negligibly influences
their dispersion relations up to moderate k values.
However, hybridization might become relevant for higher
k values and is crucial in the vicinity of mode crossing
|

points, eventually leading to avoided crossings when
hybridization is included analytically (cf. inset Fig. 3)
[27]. Yet neglecting hybridization, the dispersion relations
fp(k) of the dipole-exchange modes of higher-order
(p > 1) can be analytically calculated, yielding for the
case of free surface boundary conditions [Ref. [27],
Supplemental Material [43] (4a)]

_7Ho [ 2A pr
Tothk) = 2z \/{ﬂoMs {kz i <d

with p being the vacuum permeability, y = 176.8 GHz/T
the gyromagnetic ratio, and A = 0.75 x 10~'! J/m the
exchange constant [cf. Supplemental Material [43] (4)].
Note that the dispersion relations f,(k) strongly depend
on both A and d; i.e., these relations can be efficiently tuned
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FIG. 3. Spin-wave dispersion relations f(k). Solid red dots
correspond to the experimental data points measured in a single
layer vortex structure, solid lines to the analytically calculated
dispersion curves of the quasi-uniform branch (blue) and the first
(red) and second (green) higher-order branches, considering
mode hybridization. Results from micromagnetic simulations
are marked as blue triangles (quasi-uniform mode) and red
crosses (first higher-order mode). The inset shows the calculated
avoided mode crossing of the dispersion curves. Schematic mode
profiles for certain dispersion points are shown as yellow
(dynamic m, component) and purple (dynamic m, component)
lines. The dashed horizontal line indicates a frequency of 8 GHz.
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by varying these parameters [cf. Supplemental Material

[43] (4)].

Remarkably for sufficiently thick layers, as in this
case, the first higher-order spin-wave dispersion above
a certain frequency (here ~5 GHz) exhibits significantly
larger k values than the quasi-uniform Damon-Eshbach
dispersion (cf. Fig. 3). For k values above ~1 rad/um,
equivalently, the frequency (and thus magnon energy)
of the first higher-order spin-wave mode is lower than
that of the quasi-uniform one. This contrasts with
ferromagnetic resonance experiments (4, — co0) and
traveling waves in ultrathin films, where higher-order
perpendicular standing waves solely occur at frequen-
cies above that of the uniform precession or quasi-
uniform propagation [33,34].

In order to qualitatively understand the characteristics
of the observed dispersion law, we evaluated the
simulated thickness profiles for both the quasi-uniform
[cf. Figs. 4(a)-4(c)] and the first higher-order spin-wave
mode [cf. Figs. 4(d)-4(f)] at a frequency of 8 GHz (dotted
horizontal line in Fig. 3). With the static equilibrium
magnetization me, = +m, (into the paper plane), the top
(middle) panels of Fig. 4 show the thickness distribution
of the dynamic magnetization components m_ (m,) at a
fixed time, while the bottom panels display the corre-
sponding precession orbits and phases. Analyzing the
quasi-uniform spin-wave profile with a lateral wavelength
of ~2 um, confirms that both dynamic magnetization
components m, [Fig. 4(a)] and m, [Fig. 4(b)] are distrib-
uted almost uniformly over the film thickness, slightly
decaying from the top to the bottom surface only. Thus,
the precession phase [Fig. 4(c)] is constant over the film
thickness, and the precession always obeys to the Larmor
sense, i.e., a right-handed precession with respect to mq.

This situation fundamentally changes for the first higher-
order mode, exhibiting a more than 20 times shorter wave-
length of only ~100 nm at the same frequency. Here, the
maximum amplitude of the dynamic magnetic m, compo-
nent is located slightly below the center of the film, the
amplitude decaying towards both surfaces [cf. Fig. 4(d)].
The dynamic m,-component profile [cf. Fig. 4(e)] of the
higher-order mode, however, exhibits a nodal line of zero m,,
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FIG. 4. Spin-wave thickness profiles from micromagnetic
simulations at f = 8 GHz. The left column (a)-(c) shows the
quasi-uniform branch, while the right column (d)—(f) shows the
first higher-order branch. (a),(d) display snapshots of the dynamic
m, components as red and blue contrast (spatially smoothed). (b),
(e) show the corresponding dynamic m, components collinear to
ey, as red and green contrast (spatially smoothed), with additional
indication of both dynamic magnetic components as white
arrows. (c),(f) show the position dependent (green points)
precession orbit and the precession sense and phase.

amplitude slightly above the film center. Above and below
this line, the corresponding m, components exhibit an
antiphase relation, their amplitudes increasing towards both
surfaces. In the same panel, arrows indicate the local m, ,
components, revealing the dynamic magnetization to follow
a flux closing, thus stray-field reducing, vortex over the film
thickness. Laterally these vortices alternate in their circu-
lation sense (one pair per wavelength) with their propagating
cores showing zero dynamic components (m = m,). This
heterosymmetric mode profile (0 m, nodes, 1 m, node) has
crucial implications for the local magnetization precession
[cf. Fig. 4(f)]. While below the m-nodal line a mildly elliptic
precession with Larmor sense is observed, the magnetization
on the nodal line itself purely linearly oscillates along the

z axis. Most strikingly, however, the precession exhibits a
reversed Larmor sense above the nodal line. Although such
local anti-Larmor precession was theoretically predicted
already in the 1970s [36] and thereafter discussed related
to incoherent thermal magnon measurements [35], it had not
been experimentally verified for short-wavelength coherent
spin waves so far. Note that such behavior also qualitatively
differs from the higher-order modes both observed in ferro-
magnetic resonance experiments and analytically calculated
neglecting mode hybridization, for which the precession
always has Larmor sense. However, when analytically
considered [Ref. [27], Supplemental Material [43] 4(a)],
the hybridization of modes of different order p can be
cleardly identified as origin for the peculiar mode profiles
discussed, revealing the crucial role of mode hybridization at
higher k values even far away from their avoided crossings.

In summary, we observed the coherent excitation of
high-amplitude spin waves with sub-100 nm wavelengths
by the driven nonresonant gyration of topologically stabi-
lized magnetic vortex cores in single layer magnetic thin
film structures. This excitation mechanism does not require
any magnetic bias field and persists over a wide frequency
range exceeding 10 GHz. Directly imaging the correspond-
ing spin-wave propagation by time-resolved scanning
transmission x-ray microscopy, revealed an almost linear
dispersion above k = 25 rad/um with group velocities of
approximately 500 m/s. The experimental results were
fully reproduced by micromagnetic simulations, and the
observed wave mode was identified as first higher-order
propagating dipole-exchange spin-wave mode of the
Damon-Eshbach geometry, predicted earlier by analytic
theory. Remarkably, for sufficiently thick films, this first
higher-order mode exhibits substantially lower frequencies
than the quasi-uniform Damon-Eshbach mode below a
certain wavelength [cf. Supplemental Material [43] (4c)
[43]]. Furthermore, we found that because of significant
mode hybridization, the thickness profile of the observed
mode is heterosymmetric, leading to the formation of flux
closing, thus strayfield reducing, dynamic magnetic vortices
over the film profile as well as to regions with anti-Larmor
precession sense. Apart from their fundamental importance
and perspectives (such as to study k-dependent dissipation
mechanisms for ultrashort spin waves), our findings may
open a new chapter for magnon spintronics, by meeting the
demand for confined, efficient, and tunable sources of
coherent ultrashort spin waves in the GHz range.
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