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ABSTRACT: We studied the influence of a static in-plane magnetic field on
the alternating-field-driven emission of nanoscale spin waves from magnetic
vortex cores. Time-resolved scanning transmission X-ray microscopy was used
to image spin waves in disk structures of synthetic ferrimagnets and single
ferromagnetic layers. For both systems, it was found that an increasing magnetic
bias field continuously displaces the wave-emitting vortex core from the center
of the disk toward its edge without noticeably altering the spin-wave dispersion
relation. In the case of the single-layer disk, an anisotropic lateral expansion of
the core occurs at higher magnetic fields, which leads to a directional rather
than radial-isotropic emission and propagation of waves. Micromagnetic
simulations confirm these findings and further show that focusing effects occur
in such systems, depending on the shape of the core and controlled by the static
magnetic bias field.
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I. INTRODUCTION (a) A

Spin waves, and their magnon quasiparticles, are the collective
elementary excitations of ordered spin systems. In a classical SN e
view of a spin wave, magnetic moments precess with a periodic

spatial phase shift that determines the wavelength of the

excitation (Figure 1a).1’2 The research on spin waves ranges (b)
from fundamental physics like Bose—Einstein condensates™” to
proposed applications in, for example, logic operations.”® The
utilization of spin waves for devices has two main advantages
over present charge-based microelectronic technologies: the
first is a low power consumption, because when spin waves are
used as signal carriers electric charges are not necessarily

Figure 1. Schematics of spin waves and magnetic vortices. (a)
Magnetic moments (red arrows) precess (blue arrows), forming a

displaced, which means that ohmic losses can be prevented. spin wave with wavelength A that propagates along ¢,. (b) Alternating
Therefore, the heat dissipation and the power consumption of field driven oscillation of a magnetic vortex core (red) emitting spin
information processing can be significantly reduced.” The waves in the absence of a static magnetic bias field. Dark red arrows
second advantage is the possibility to downscale devices, represent the magnetic moments slightly tiling out of the film plane
because the wavelengths of spin-waves are orders of magnitude closer to the center, while the grayscale represents the magnetization

component in the plane. (c,d) Top view of the response of a vortex to
the application of a static magnetic in-plane field (c) without
deformation of the perpendicular core (white) leading to a circular
emission of spin waves (dashed) and (d) with deformation leading to
a directional emission.

smaller than those of electromagnetic waves of the same
frequency, which typically lies in the gigahertz range.” This
property provides a high potential for the development of
miniature signal processing devices.

In the context of device miniaturization, the generation of
spin waves with wavelengths extending down to the nanoscale
therefore becomes important. Typical ways to generate such
spin waves include, but are not limited to, patterned microwave
antennas through which radio frequency (xf) currents are sent,
thus creating Oersted magnetic fields®” and the exploitation of
current-induced spin transfer torques.lo_13 However, the
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patterning necessary to realize such field-inhomogeneities at
the nanoscale poses a substantial challenge not only in terms of
nanofabrication but also for the impedance-matching of such
antennas.” Alternatively, natural internal magnetic field-
inhomogeneities such as magnetic domain walls, can be used
to generate spin waves in specific textures."*~** In particular, to
overcome the minimum wavelength limit given by the
characteristic sizes of patterned antennas, it has been shown
recently that isotropically propagating spin waves with
nanoscale wavelengths (~100 nm) can be coherently
generated by exploiting the dynamics of topological spin
textures such as magnetic vortex cores. Driven by alternating
magnetic fields and in the absence of magnetic anisotropies,
these spin waves propagate away from the vortex core radially
(Figure 1b) and are found both in synthetic ferrimagnetic
systems as well as in single ferromagnetic layers.'***™*
However, in terms of signal transmission, a directional rather
than radial emission and propagation of spin waves would be
highly beneficial to reduce the effects of geometrical damping.
Such a directional emission can, for example, be achieved in a
synthetic ferrimagnet by introducing an intrinsic magnetic
anisotropy to the system. Thus, a one-dimensional (1D)
magnetic domain wall is formed in addition to the zero-
dimensional (0D) vortex core.”® This additional dimension-
ality results in a directional plane-wave emission, which is
characteristic for spin waves excited by driven magnetic
domain walls.””*”?° Despite these examples of such
permanently formed domain wall spin-wave emitters, a source
for short-wavelength spin waves, whose position and
directionality can be continuously manipulated by external
stimuli such as a magnetic bias field, is highly desired.

Here, we apply time-resolved scanning transmission X-ray
microscopy (TR-STXM) to demonstrate that magnetic vortex
cores under the influence of a static magnetic bias field can be
used as such manipulable spin-wave emitters. First, we show
that one can continuously displace a vortex core from its
equilibrium position in the center of a patterned structure in a
controlled way while sustaining its driven spin-wave emission
(Figure 1c). The extent of this displacement is controlled by
the external magnetic bias field and is fully reversible. In
contrast to unpatterned thin films, the dispersion relation of
these emitted waves in the experimentally observed frequency
range is not noticeably affected by the applied magnetic bias
field. Furthermore, we show that in a single ferromagnetic
layer, a transformation of the vortex core from a point source
to an extended object occurs at higher applied fields (Figure
1d). This transformation effectively changes the vortex core
from a zero-dimensional (0D) to a one-dimensional (1D) spin-
wave source. The 1D character of the emitter leads to a
directional emission and propagation of spin waves. The shape
of the core depends on the applied magnetic field, making it a
manipulable source for planar, propagating spin waves. Finally,
we show with micromagnetic simulations that by changing the
excitation frequency and the shape of the vortex core, spin-
wave focusing effects can be achieved.

Il. EXPERIMENTAL METHODS

For our experiments, two different samples are fabricated.
Sample #1 is a synthetic ferrimagnet (SFi) consisting of a Co/
Ru/Nig,Fe,, trilayer where the thickness of the nominally 0.8
nm thick Ru is chosen such that it mediates antiferromagnetic
interlayer exchange coupling between the 45 nm thick Nig,Fe o
(Permalloy, Py) and the 48 nm thick Co layer.”" Sample #2
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consists of a single, nominally 100 nm thick ferromagnetic
(FM) Py film. The films were deposited on 200 nm thick X-ray
transparent Si;N, membranes by direct current magnetron
sputtering. In contrast to sample #1, where all lithography
steps were performed on the front side of the Si;N, membrane,
the film for sample #2 was deposited on the back side of the
membrane. As the sputter deposition rate is lower onto the
depth-confined membrane on the back than onto a flat
substrate, the Py film is presumably thinner than the nominal
100 nm. Disk structures of approximately 3 ym in diameter
were defined by electron beam lithography and consecutively
etched out of the continuous films by Ar ion milling. The
ground state of these structures are magnetic vortices with an
in-plane flux-closure of the magnetization and their central
cores oriented perpendicular to the film plane.””** Because of
the antiferromagnetic interlayer coupling, the vortices in the
two layers of sample #1 have opposite in-plane circulations
whereas, due to dipolar coupling, their core polarities are
parallel. On top of the structures, a conductive, 200 nm thick, 5
um wide Cu microstrip (sample #1, directly on top) or
coplanar waveguide (sample #2, Si;N, in between) was
patterned via electron beam lithography and lift-off processing.
Alternating currents on the order of 20 mA are passed through
these conductors to create dynamic magnetic Oersted fields of
the order of yogH = 1 mT. It is the quasi-uniform in-plane
component of these alternating fields that mainly excites the
magnetization dynamics in the disks. Both of the sample
systems investigated are similar to samples for which the
emission of spin waves from vortex cores without the presence
of magnetic bias fields has been reported in the past.””** More
details on the sample fabrication can be found in Supporting
Information (SI) Section I

The samples are directly imaged using TR-STXM, which
was carried out at the MAXYMUS end station of the BESSY II
synchrotron radiation facility of Helmholtz-Zentrum Berlin.
For this method, monochromatic X-rays are focused by a
Fresnel zone plate to a spot of approximately 25 nm diameter
on the sample and the photons transmitted through the sample
are detected by an avalanche photodiode. The sample is raster
scanned through the beam to form a two-dimensional image.
For time-resolved measurements, a pump—probe technique
sensitive to periodic events is used, where the excitation of the
sample is synchronized with the probing X-ray flashes from the
synchrotron. The time resolution is given by the width of the
X-ray bunches and can reach 10 ps with low-alpha optics.”
The energy of the photons was tuned either to the Fe (~709
eV) or Co (~781 eV) L, resonant X-ray absorption edges for
selective sensitivity either to the Py or Co layer, respectively.
We employ circularly polarized X-rays for gaining magnetic
contrast via the X-ray magnetic circular dichroism (XMCD)
effect.”* The samples were mounted in normal incidence with
respect to the incoming X-rays, which results in a sensitivity to
the out-of-plane component of the magnetization. Static
magnetic fields of up to 40 mT are applied in the sample
plane, perpendicular to the dynamic fields that excite the
emission of the spin waves.”

lll. RESULTS AND DISCUSSION

When a static in-plane magnetic bias field is applied to the
vortex structures in SFi sample #1, the cores of these vortices
are displaced from the disk center congruently in both layers as
can be seen for an applied magnetic field of S mT in the
absolute absorption image in Figure 2a. This means that the
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from the small oscillating motion that the vortex core performs
upon excitation.”* We observe a radial emission from the
displaced cores in a very similar way as if no static field was
applied. An example of such an isotropic emission and radial
propagation for an excitation frequency of 1.1 GHz is shown in
the normalized snapshot of a time-resolved measurement in
Figure 2b (see also SI Movie M1). To form such a set of
normalized images, each time frame of the corresponding time-
resolved image set is divided by the time average of all frames,
therefore highlighting the temporal changes of the magnet-
ization. A congruent emission pattern in both ferromagnetic
layers (see SI Section II) confirms that the observed spin waves
are layer collective Damon-Eshbach waves, which are also
observed when no magnetic bias fields are applied.”*

Higher magnetic fields (10 mT) lead to a stronger core
displacement, further away from the center as depicted in

1.1 GHz

Figure 2. TR-STXM of sample #1 (SFi), taken with out-of-plane Figure 2.c, where the vortex core flpprf)aches the disk e.dge. As
magnetic sensitivity at the Fe L; edge at two different static magnetic shown in the normalized view in Figure 2d, the spin-wave
fields (5 and 10 mT). (ac) Absolute absorption images (time emission remains mainly radial from the source. The visible
average) showing the position of the vortex core visible as a black dot deviations from the radial emission stem presumably from
(corresponding to the magnetization pointing into the disk plane), imperfections in the sample (see also ST Movie M2).38 From
which is encircled by a yellow dashed line. The dark contrast in the the normalized images, the wavelengths of the spin waves can
center is topographic. Black arrows represent the in-plane magnet- be determined to be 348 + 12 nm and 348 + 8 nm for bias

ization orientation of the top layer (NiFe) in the disk, where the . .
nonfavorable domain expands. (b,d) Normalized contrast snapshots fields of 5 mT and 10 mT, respectively. This clearly shows that

displaying the radial spin-wave emission from the core for an the we.lvelength and, hence, the. dispersio.n relation of the
excitation frequency of 1.1 GHz. The inset shows schematics of the collective Damon-Eshbach waves is not noticeably affected by

SFi trilayer stack. the static magnetic bias field in the range that we observe in the
experiments. This is because the internal magnetostatic field, as
a result of the core displacement, compensates the external

region of the vortex pair, where the dominant magnetization

(in the Co layer) is aligned parallel to the applied field, magnetic field, and therefore in most of the vortex structure
expands to minimize the Zeeman energy. This behavior is in the effective magnetic field remains almost the same as in the
agreement with previous findings for vortices in single layers™ nondisplaced case without bias field. For the applied fields of §
as well as for coupled vortices.”” For the strictly antiferro- mT and 10 mT, the cores in both layers, Py and Co, shift
magnetically coupled vortices studied here, in one of the together without decoupling due to the strong interlayer
ferromagnetic layers, the unfavorable domain has to expand. exchange coupling with a bilinear coupling constant of the
For our system, this is the NiFe layer due to its lower magnetic order of ~—0.3 mJ/m%”>’ When higher magnetic fields are
moment per unit area.”” When we now apply an rf excitation, applied, the cores in the two layers can decouple’” before the
spin waves are emitted from the displaced vortex cores. The vortices are expelled, and single domain states form.

mechanism behind this emission of short-wavelength spin Sample #2, consisting only of a single ferromagnetic layer,
waves lies in the strongly enhanced local effective magnetic behaves similarly to the SFi sample for small magnetic fields of
fields and, hence, torques that are present near the vortex core, below approximately 10 mT. These small fields lead to a
which couple to the spin-wave continuum. These torques stem moderate displacement of the vortex core from the center and

Amgz (a.u.)

0 200 400 600 800 1000
x (nm)

22.5mT 20 mT

Figure 3. Spin-wave emission from an expanded vortex core. (a,b) TR-STXM with out-of-plane sensitivity displaying the response of the vortex in
sample #2 to an in-plane static magnetic field of 22.5 mT and an alternating field excitation of 8.6 GHz frequency. (a) Absolute absorption image
depicting the expanded vortex core displaced from the center (white, encircled by yellow dashes). (b) Normalized snapshot image showing only the
temporal changes with respect to the average magnetization, displaying the emitted spin waves. (c) Line profiles along the yellow arrows in (b) at a
relative time delay of 33 ps illustrating wave propagation away from the vortex core (gray area) in both directions as supported by the dashed lines.
(d) Micromagnetic simulation showing the directional spin-wave emission and subsequent focusing. The green box indicates the region of interest
used in the STXM shown in (a,b).
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we observe a radial spin-wave emission from the core. As for
the case without a magnetic bias field applied, the emission
occurs at higher frequencies than in the SFi, and the observed
spin waves correspond to the first higher-order mode of the
single-layer Damon-Eshbach geometry with a nonhomoge-
neous precession profile over the film thickness.”> When we
apply higher magnetic bias fields, and move the core closer to
the edge of the disk, we observe an expansion of the vortex
core,’”~* as shown in the absolute image in Figure 3a. This
core expansion is a consequence of the energetically driven
tendency of the magnetization to align parallel to the edge of
the disk. Thereby, the expanded core resembles a 180° Bloch
domain wall, following the curvature of the rim of the disk.

It should be noted that the expanded core exhibits a
nontrivial three-dimensional (3D) structure, where the
magnetization at each lateral point is not necessarily fully
perpendicular to the plane along the complete thickness cross-
section.” In fact, the fully perpendicular fraction of the cross-
section connects in a tubular way the separated lateral surface
points of fully perpendicular magnetization at the top- and
bottom surface of the film (see SI Section III). For the ground
state, the combination of core polarity (up or down) and
external field direction defines which surface point (top or
bottom) is shifted to which end of the expanded core (left or
right). In our STXM measurements, where the signal is
averaged over the thickness of the film, these slight 3D
variations are not visible and we simply consider that the
vortex core changes from an effective 0D point source to an
extended 1D object.*”**™** As a consequence of the expansion
of the spin-wave emitter, the emission pattern of the spin
waves changes. This emission can be seen in the normalized
snapshot of a time-resolved measurement in Figure 3b for an
excitation frequency of 8.6 GHz (see also SI Movie M2). In
contrast to the radial emission that was observed for lower
static fields with no pronounced expansion of the core, mostly
planar waves propagate away from the expanded core in both
directions perpendicular to the long axis of the core. This
propagation is highlighted in Figure 3¢, showing the line
profiles along the yellow arrows in Figure 3b for two snapshots
with a relative time delay of 33 ps. From such line profiles, the
extracted wavelength is 146 nm =+ 9 nm for the given
frequency of 8.6 GHz. A comparison to the case without a
static magnetic field, where the wavelength is 143 nm + 8 nm
(not shown), confirms that, even for the situation of a field-
expanded vortex core, the wavelength of the spin waves
remains almost unaffected by the external field. This is for the
same reason of effective field compensation, as already
discussed above for the SFi system.

We further observe that, especially for stronger excitations,
expanded vortex cores may laterally disintegrate into multiple
sections of opposing polarities by presumably forming Bloch
points in between the sections (see SI Section IV).*” In such a
case, the emission of spin waves will become more complex in
terms of the emission pattern and phase.

To gain further insight into the spin-wave emission from a
1D expanded vortex core, we performed micromagnetic
simulations using MuMax3."” The result of such a simulation
is shown as a STXM-comparable snapshot in Figure 3d for an
excitation frequency of 8.5 GHz and a magnetic bias field of 20
mT, similar to the experiments. For these simulations, the disk
diameter was 3.1 pm, the thickness was 72 nm, and an initial
magnetization of a vortex with anticlockwise circulation and
polarity pointing upward was set. This simulated thickness of
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72 nm is significantly smaller than the nominal experimental
thickness of 100 nm, which may result from a reduced sputter
deposition rate onto the depth-confined back of the membrane
compared to that onto a flat substrate. A cell size of (3 X 3 X
3) nm® was chosen. The static bias field is applied in the film
plane with the dynamic excitation field By, = 1 mT
perpendicular but also in the film plane, same as in the
experiments. We used a saturation magnetization of M = 800
kA/m, an exchange constant of A = 8 X 107 J/m, a
gyromagnetic ratio y = 1.854 X 10" rad/(s T) and a Gilbert
damping a = 0.01, which leads to a wavelength of 136 nm + 5
nm. Note that the value for the exchange constant A is smaller
than what is typically utilized to simulate Py thin films, yet this
value is in good agreement with previously investigated Py
films of similar thickness.”*

Besides the central spin-wave emission pattern, the
simulations show an equally strong spin-wave emission from
the outer parts of the expanded core which occurs only at a
much weaker level in the experiments. This difference cannot
be conclusively explained at present, but we speculate that the
outer parts are more difficult to excite in the experiment due to
the influence of material and fabrication imperfections (see SI
Section V). We performed micromagnetic simulations at
different static magnetic fields and excitation frequencies (see
SI Section VI) to confirm the experimental finding that the
wavelengths of the spin waves are independent of external bias
fields and instead can be tuned by the excitation frequency.

The shape and extent of the deformation of the vortex core
can be controlled by the magnetic bias field to influence the
emission pattern of the spin waves. The spin waves are not
emitted as fully planar waves from the curved core, which leads
to a geometrical focusing effect™® ™ of which indications can
be seen in the experiment shown in Figure 3b. This is more
pronounced in the micromagnetic simulation shown in Figure
3d. These focusing effects are weaker in the experiments
presumably due to an insufficient spin-wave propagation length
(see SI Section VII). Therefore, the influence of the magnetic
field and excitation frequency are further studied via
simulations (see SI Section VI). Here, we see that an increased
expansion of the core coincides with a broader spin-wave
emission pattern from the central core region, which then leads
to a less pronounced focusing of the emitted waves. The extent
to which focusing occurs depends on both the applied field
bias and the excitation frequency, thereby making the vortex
core emitter a controllable lens for short-wavelength spin

54—-57
‘waves.

IV. CONCLUSIONS

We have demonstrated with direct TR-STXM imaging that a
static in-plane magnetic bias field can be used to continuously
displace the position of vortex core spin-wave emitters. These
emitters are driven by alternating magnetic fields and they act
as coherent sources for spin waves with nanoscale wavelengths.
In a synthetic ferrimagnetic trilayer structure, it is possible to
congruently displace the coupled vortex cores while maintain-
ing their radial spin-wave emission pattern. For a relatively
thick single-layer film, higher magnetic fields lead to an
expansion of the vortex core from an effective point source to
an extended object. This expansion changes the emission
pattern of the spin waves from circular to rather planar waves
that propagate away from the core in both directions
perpendicular to the axis of expansion. We observe that the
external magnetic field does not noticeably change the spin-
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wave dispersion relation within the vortex structure as a result
of internal field compensation. Furthermore, micromagnetic
simulations confirm our experimental findings and predict that
for certain static magnetic fields, and thus core shapes, spin-
wave focusing effects occur. Our results show that magnetic
vortex cores can be used as continuously displaceable,
reshapeable, and controllable spin-wave sources where a
directional emission and the focusing of spin waves is achieved
by applying a static magnetic field without the need for
additional waveguide patterning.
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