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ABSTRACT

Time-resolved x-ray microscopy is used in a low-alpha synchrotron operation mode to image spin dynamics at an unprecedented combina-
tion of temporal and spatial resolution. Thereby, nanoscale spin waves with wavelengths down to 70 nm and frequencies up to 30 GHz are
directly observed in ferromagnetic thin film microelements with spin vortex ground states. In an antiparallel ferromagnetic bilayer system,
we detect the propagation of both optic and acoustic modes, the latter exhibiting even a strong non-reciprocity. In single-layer systems,
quasi-uniform spin waves are observed together with modes of higher order (up to the 4th order), bearing precessional nodes over the thick-
ness of the film. Furthermore, the effects of magnetic material properties, film thickness, and magnetic fields on the spin-wave spectrum are
determined experimentally. Our experimental results are consistent with numerical calculations from a micromagnetic theory even on these

so-far unexplored time- and length scales.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0206576

I. INTRODUCTION

Spin waves are the collective precessional excitations of ordered
spin systems with their excitation quantum being referred to as mag-
non."” In the associated research field of magnonics, spin waves are
envisioned for logic and signal processing applications.”* The potential
advantage of employing spin waves instead of present charge-based
microelectronic technology stems from both the absence of Ohmic
losses in the spin-wave signal transfer (power consumption) and a bet-
ter miniaturization prospect given by their much shorter wavelengths
as compared to electromagnetic waves of the same frequency.”” A fur-
ther promising aspect of spin waves is their intrinsically non-linear

dynamics’ that could be exploited for unconventional information
processing schemes,” such as neuromorphic computing.” "' Moreover,
quantum magnonics'~ yields an interesting perspective for quantum
technologies, considering room-temperature magnon Bose-Einstein
condensates,”” magnon—photon coupling,* and magnon entangle-
ment.'”'® For the majority of implementation scenarios for magnonic
devices, it will be highly beneficial to utilize spin waves of nanoscale
wavelengths, namely, because of areal footprint and signal propagation
speed following from the typically higher group velocities of shorter
waves." At the same time, there is a strong demand for high operation
frequencies as these directly scale with the processing bandwidth.”
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In general, spin waves occur at frequencies (f) up to the THz
regime and with wavelengths (1) down to the atomic scale." The
system-specific correspondence between frequency and wavenumber
k=2mn/J is referred to as the spin-wave dispersion relation f(k). This
relation depends on the micromagnetic energy terms in the system, for
which the most prominent (among other potential contributions) are
the magnetodipolar energy (dominant for long wavelengths), exchange
energy (dominant for short wavelengths), anisotropy energy, Zeeman
energy,’” and Dzyaloshinskii-Moriya energy'®'’ where it applies. A
useful quantity to determine the respective influence of dipolar and
exchange effects in the dispersion relation with respect to 4 is the
exchange length L., = /2A/u,M2, with A being the exchange con-
stant, 1, being the vacuum permeability, and M; being the saturation
magnetization. For waves with wavelengths much larger than the
exchange length, the long-range dipolar interaction dominates.
However, if the wavelength approaches values that are an order of
magnitude larger than, or even comparable to L.y, the exchange inter-
action becomes more relevant and eventually the dominating factor. In
thin film systems, which prospectively are most relevant for applica-
tions, the spin-wave dispersion relation is anisotropic for the magneti-
zation (M) being in plane,]7 concerning the relative orientation of
wavevector (k) and M, with M|k being referred to as backward-
volume waves and M Lk referred to as Damon-Eshbach waves.”” On
the contrary, when M is oriented normal to the film plane, the lateral
dispersion relation remains isotropic (forward volume waves).'”

Soft magnetic materials typically have spin-wave frequencies of
the order of 1-10GHz for the uniform ferromagnetic resonance
(A — 00) down to wavelengths of the order of 100 nm.”' Significantly
higher frequencies can be achieved in materials with high magnetic
anisotropies or in ferrimagnetic/antiferromagnetic systems.” However,
such systems are often not trivial to fabricate reliably by standard
means or are difficult to probe in the case of small or zero net magneti-
zation. Alternatively, a way to go beyond the mostly considered funda-
mental spin-wave spectra of soft ferromagnetic thin films is by
introducing discrete precessional nodes along their thickness pro-
file.”>*” In single-layer films, this typically leads to an increase in fre-
quencies compared to the fundamental mode. For films above a
specific thickness to exchange length ratio, however, the opposite effect
may occur, namely, that the frequencies of nodal modes are lower than
those of the fundamental one below a specific wavelength.”"***
Similar effects were also found in magnetic heterostructures, such as
antiparallel magnetic bilayers separated by a thin non-magnetic inter-
layer.”*”” Here, acoustic modes lead to lower precession frequencies,
while optic modes are shifted to higher frequencies.”** *’

Apart from finding a suitable spin-wave dispersion relation, the
coherent excitation of nanoscale spin waves imposes a critical chal-
lenge. Antennas based on metallic conductors have proven useful for
the excitation of spin waves with wavelengths above the minimum fea-
ture size of the antenna.’’ In this case, an alternating electric current
flowing in the conductor generates a spatially inhomogeneous Oersted
field that causes the excitation of spin waves. However, it becomes
increasingly difficult to fabricate such antennas with feature sizes on
the scale of 100 nm and below, while keeping a sufficient impedance
matching of the electric circuit. Other short-wavelength excitation
methods rely on parametric pumping'>'”** or spin-transfer/orbit tor-
que effects.”* What has proven very useful recently in this context is
the coupling of a uniform magnetic field excitation to the internal field
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landscape of inhomogeneous systems’” ° or, in particular, naturally
stabilized non-collinear spin textures, such as domain walls,”%*7
vortices,”*”****** or skyrmions."”

For achieving a fundamental understanding of spin-wave dynam-
ics at nanoscale wavelengths and high frequencies, magnetic imaging
techniques combining very high spatial and temporal resolution are of
critical importance. While electron or scanning probe microscopies
typically offer very high spatial magnetic resolution, they are often
quite limited in time resolution, apart from a few promising excep-
tions.”* ”" On the other hand, optical magnetic microscopy typically
offers excellent time resolution but is limited spatially to the diffraction
limit of visible light, except when operating in the near field.”*"’ In
addition to imaging, there are also magnon spectroscopy techniques,
detecting the existence as well as the energy or frequency vs momen-
tum transfer or wavenumber dependence of magnons. Among these
techniques are neutron scattering,”* resonant inelastic x-ray scatter-
ing”> and spin-polarized electron energy loss spectroscopy ™’ for
magnons with wavelengths on the atomic scale. Complementarily, for
magnons above the visible light limit, Brillouin light scattering has
proven a viable tool,”*”” which can even be equipped with high spatial
resolution®”®" though at a reduced wavenumber sensitivity. Note that
while imaging techniques are essentially only sensitive to coherent
magnons on a discrete grid of frequencies, spectroscopy techniques are
sensitive to both coherent and incoherent magnons of continuous fre-
quency. As an intermediate method, all electrical spin-wave spectros-
copy’ 9% is sensitive to coherent magnon transport down to
wavelengths of the order of ~10nm, indirectly, by measuring fre-
quency and correlated phases between emitting and detecting
antennas.

Against this background, soft x-ray magnetic microscopy at syn-
chrotron facilities allows for a unique combination of spatial and stro-
boscopic temporal resolution of the order of 10nm and 100 ps.”* *’
When furthermore exploiting the special low-alpha operation mode of
the synchrotron (a mode with shorter x-ray flashes),”"***” the time
resolution can be improved to an order of 10 ps as demonstrated in
this work.

Here, we demonstrate that scanning transmission x-ray micros-
copy (STXM) can be used to image various short-wavelength spin-
wave modes with wavelengths down to 70 nm at frequencies up to
30 GHz by utilizing the low-alpha operation mode at the Bessy II
synchrotron.

In the first part, non-reciprocal spin waves of both acoustic and
optical modes are observed for a ferromagnetic bilayer system, where
the two ferromagnetic layers are aligned antiparallel to each other. In
the second part, single ferromagnetic layer systems are investigated
upon variation of magnetic material parameters, layer thicknesses, and
through the application of an external magnetic bias field. Here, spin
waves of the fundamental quasi-uniform mode in the Damon-
Eshbach geometry are imaged as well as higher-order modes—which
possess precessional nodes along the thickness of the film—up to the
fourth order. The results are corroborated and complemented by
numeric results from the dynamic matrix method, which is an analytic
micromagnetic model based on coupled Landau-Lifshitz (LL) equa-
tions, suitable for continuous ferromagnetic films.

Il. EXPERIMENT

The samples were directly imaged using time-resolved (TR)-
STXM, 7" which was carried out at the MAXYMUS® end station of
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the BESSY II synchrotron radiation facility of Helmholtz-Zentrum
Berlin. In TR-STXM measurements, monochromatic soft x rays are
focused onto the sample by a Fresnel zone plate (diffractive lens) to a
spot of ~25nm in diameter and the photons transmitted through the
sample are detected by a point detector. To form a two-dimensional
image, the sample is raster scanned through the beam. The energy of
the photons was tuned either to the Fe (~709eV) or Co (~781eV) Ls
resonant x-ray absorption edges for sensitivity to the NiFe, Co, or
CoFeB layers in our samples. We utilized circularly polarized X rays to
gain magnetic contrast via the x-ray magnetic circular dichroism
(XMCD) effect.””

To perform time-resolved measurements, we employed a pump-
probe technique, where the excitation of the sample is synchronized to
the probing x-ray flashes from the synchrotron. Each photon detection
event by the avalanche photodiode (APD) is routed to a specific coun-
ter of a register set by a field-programmable gate array (FPGA) in real
time. By using an APD with a bandwidth higher than the repetition
rate of the synchrotron (~500 MHz), it is possible to resolve two con-
secutive x-ray flashes, where the time resolution is defined by the width
of the electron bunches generating the x-ray flashes. For the experi-
ments presented here, we utilized the low-alpha optics multibunch
mode offered by BESSY 1I to reach a time resolution of the order of 10
ps, which allowed us to image dynamics exceeding 30 GHz.

For the synchronization between the pump and the probe signals,
the applied frequencies have to be commensurate with the time struc-
ture of the synchrotron. For an RF signal, this means that they have to
fulfill the relation

M
f =500MHz x —,
N

where N is the number of channels and M is an integer chosen to
match the desired frequency with N and M coprime. The number of
channels N determines into how many counters the photons are
routed and equals the number of frames of the time-resolved movie.
For a better visibility of the dynamics, the images are typically
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normalized, which means that each frame of the movie is divided by
the average of all frames. Subsequently, a Gaussian filter is applied that
slightly blurs the normalized images, which improves the visibility of
the spin-wave dynamics.

lll. RESULTS
A. Spin waves in magnetic bilayer vortex pairs

The first sample system investigated was a trilayer, consisting of
two ferromagnetic layers [Nig;Fe;q (NiFe) and Co] each of 50 nm
thickness, separated by a 10-nm-thick Cu interlayer [see Fig. 1(a), all
thicknesses are nominal]. Out of this stack, micrometer-sized elements
were patterned as detailed in the Appendix. In the following, we dis-
cuss the example of spin-wave dynamics observed in a disk element of
2 um diameter.

Following subsequent demagnetization cycles applied, this sam-
ple was found to exhibit two different sets of remanent states, namely,
that of stacked vortex pairs with either opposite or equal vortex circu-
lations (one vortex in each layer) [see Figs. 1(b), 1(c), 2(a), and 2(b)
and Ref. 76). Such a bistable behavior can be expected for laterally con-
fined dipolar-coupled layers, for which the Cu thickness is above the
range for which interlayer exchange coupling is mediated.
Nevertheless, there could possibly be a roughness-induced interlayer
coupling present in the system, with typically an energetic preference
for parallel alignment of the layers.””

1. Antiparallel vortex circulations

For the case of opposite vortex circulations at remanence, we
imaged the M,-component and thereby the vortex in-plane states of
NiFe [Fig. 1(b)] and Co [Fig. 1(c)] separately by STXM using a single
x-ray helicity. While opposite vortex circulations can clearly be identi-
fied [Cco=+1 and Cyjpe= —1], it was found that the vortex core
positions were not always identical in both layers, i.., the cores may
exhibit a relative lateral shift to each other, while the core polarizations
were not directly resolved. Such core shifts occurred varying in

10.71 GHz

4.29 GHz 6.43 GHz

g i 41
£
2
"yt s O 40
g TR
4.29 GHz L S 16.07 GHz

FIG. 1. Spin-wave dynamics in a Co/Cu/NiFe disk element being in a vortex pair state with antiparallel circulations. (a) Schematic of the stack with nominal layer thicknesses.
(b) and (c) STXM images of (b) NiFe and (c) Co with in-plane sensitivity, arrows indicating the vortex circulations. All STXM images are to scale (scale bar below (c)). Images
in the upper row correspond to the NiFe layer (red) and images in the bottom correspond to the Co layer (blue). (d), (), (g), (h), (j), and (k) Normalized TR-STXM snapshots of
spin waves in the (d), (f), (h), and (j) NiFe and (g) and (k) Co layer driven by alternating field excitations of the denoted frequencies, highlighting temporal magnetic changes
(~AM,). (e) Interpolated line profiles along the orange arrow in (f) for a relative time delay of 67 ps confirming wave propagation. (i) Normalized areal magnetic contrast
(~AM,) over time of the orange boxed region in (k), separately for the NiFe layer (red dots) and the Co layer (blue dots) with corresponding interpolated lines. In our reference

frame, z is normal to the stack, while x and y lie in the plane of the film.
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FIG. 2. Spin-wave dynamics in the Co/Cu/NiFe disk element being in a vortex pair
state with parallel circulations and displaced cores. (a) and (b) STXM images of Co
and NiFe with in-plane sensitivity using both x-ray helicities, arrows indicating the
vortex circulations. (c) TR-STXM snapshot of spin waves in NiFe at 4.29 GHz prop-
agating between the two cores: normalized image with dynamic perpendicular mag-
netic sensitivity (~AM,). (d) Normalized TR-STXM snapshots (AM,) of the NiFe
layer for different excitation frequencies as indicated.

magnitude for both static and magnetically excited cases. Possible rea-
sons for these shifts could lie in a potential thickness gradient in one or
both of the magnetic layers, a repulsive coupling between antiparallel
vortex core polarizations,”” or the dynamic excitation of the cores.

When the disk element with opposite vortex circulation state is
excited by an alternating quasi-uniform magnetic field of 4.29 GHz fre-
quency and ~1mT in magnitude, spin waves with sub-micrometer
wavelengths are excited at the vortex cores in both layers and subse-
quently propagate to the rim of the disk, as imaged by TR-STXM [see
Figs. 1(f) and 1(g) and movie M1 of the supplementary material
(SM)]. These waves can be seen in the normalized snapshots highlight-
ing the temporal magnetic changes in the sample (~AM,), separately
for NiFe [Fig. 1(f)] and Co [Fig. 1(g)]. By comparing the spin-wave
response of the two different layers, it becomes obvious that they
locally exhibit the same phase in their dynamic M, component. In that
way, the waves observed correspond to the layer-collective acoustic
mode of antiparallel ferromagnetic bilayers in the Damon-Eshbach
geometry (MeqLk),”” with the latter being always geometrically ful-
filled for radial waves in a vortex state. This kind of mode was found
earlier to be strongly non-reciprocal in the sense that waves of the
same frequency propagating into opposite directions exhibit substan-
tially different wavelengths.”**””>* That is also the reason why, for
the outward propagating waves in the present case, reflections at the
sample boundary are not apparently visible.””***”

The excitation mechanism behind the spin waves observed is
based on the driven lateral oscillation of the nanoscopic magnetic vor-
tex cores, similar to the action of a stirrer in a fluid medium.”**”->%4~
The alternating magnetic field couples to the entire magnetic
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structure, causing the vortex cores to be displaced, resulting in very
high local magnetic torques as the source for the spin-wave genera-
tion.”" In contrast to earlier findings, however, the spin-wave emis-
sion in the present experiment is notably asymmetric: Waves are
mainly emitted toward the lateral bottom half of the disk (—y), while
almost no waves are present in its upper half (+y). Assuming that
one of the cores was more dynamically susceptible, this asymmetry
could be a consequence of the relative lateral displacement of the
vortex cores, causing a local region to be in the parallel magnetic
state, which, in turn, leads to a mismatch in the dispersion relation
potentially acting as a magnon block. The outward propagating
nature of the visible spin-wave segment is highlighted by means of
line profiles for a relative delay time of 67 ps [Fig. 1(e)] along the
orange arrow in Fig. 1(f).

So far, vortex-based spin-wave emission in antiparallel magnetic
bilayers was observed mainly for frequencies below 5 GHz using TR-
STXM.”*%*>*% Exploiting the improved time resolution of the low-
alpha operation mode of BESSYII, we were able to extend this range
by more than a factor of three as will be shown in the following.
Figures 1(d), 1(f), and 1(h) show the spin-wave response of the disk
for frequencies between 2.14 and 6.43 GHz as normalized TR-STXM
snapshots (~AM,) of the NiFe layer (see also SM movie M2). As
shown above, the behavior of the Co layer is qualitatively the same for
AM,,. For all these frequencies, spin waves are efficiently generated at
the vortex cores and the resulting wavelength can be continuously
tuned by the driving frequency, in agreement with earlier findings.”’
Here, the wavelengths decrease from (600 = 80) nm at 2.07 GHz, via
(320 = 27) nm at 4.29 GHz, to (200 * 20) nm at 6.43 GHz. At frequen-
cies above that, the excitation efficiency is found to decrease (possibly
due to the finite size and decreasing susceptibility of the vortex core
pair). Nevertheless, waves of short wavelengths could be detected in
the dynamic data for frequencies up to 9.64 GHz [ = (114 = 10) nm].

At a frequency of 10.71 GHz, longer waves [A = (454 = 114) nm]
with opposite phase propagation direction (inward) appear in the
dynamic response [Fig. 1(j), Suppl. Fig. S1, and SM movie M2). Given
the strong non-reciprocity of the system, this situation suggests that
the outward propagating waves belong to the short-wavelength branch
of the collective acoustic mode of the antiparallel bilayer, while the
inward propagating waves are part of the long-wavelength branch
which would also fit to the relative equilibrium circulation configura-
tion (Cgo = +1, Cripe = —1).” Finally, for a frequency of 16.07 GHz,
we observed inward propagating waves with even longer wavelength
estimates (932 % 233) nm, as shown in Fig. 1(k) and Suppl. Fig. SI.
These waves are presumably an instance of the collective optical mode
of the antiparallel bilayer™® as it will be discussed in more detail at a
later point.

It should be noted that while we provide some possible explana-
tions for the relative lateral core shifts and the spin-wave emission
asymmetry, it is not a specific focus of this work, and the origins of
these effects were not unambiguously resolved.

2. Parallel vortex circulations with shifted cores

For the case of parallel vortex circulations in the ferromagnetic
layers of the disk, the two vortex cores always exhibited a more pro-
nounced relative lateral shift of the order of 500 nm to each other. This
can be seen, for example, by means of static magnetic STXM images
with in-plane magnetic sensitivity, exploiting both x-ray helicities [see
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Figs. 2(a) and 2(b)] separately for Co and NiFe. Here, both vortices are
clearly in the C=+1 state with off-centered and oppositely shifted
cores, leaving the area between them to be aligned antiparallel in con-
trast to the other parts of the sample. The possible reasons for this rela-
tive core shift are the same as for the case of antiparallel circulations,
where the shift magnitude can be easily higher for parallel circulations
as the energetic effect of oppositely shifted cores is almost self-
compensating from a magneto-dipolar point of view.

When the sample in this parallel vortex circulation state is excited
by alternating magnetic fields, we observe the same kind of acoustic
collective spin-wave mode as before to propagate within the region
between the laterally shifted vortex cores, where the magnetic orienta-
tion of the two ferromagnetic layers is antiparallel. Figure 2(c) shows a
TR-STXM snapshot with perpendicular normalized absorption con-
trast (right, ~AM,) for the NiFe layer to an excitation of 4.29 GHz (see
also SM movie M3). Within the region between the cores, waves are
traveling from the position of the Co core to that of the NiFe core at a
wavelength of (290  80) nm. In the same way, waves can be excited
continuously toward higher frequencies, as shown in the normalized
TR-STXM snapshots for the NiFe layer in Fig. 2(d) for 6.43 GHz
[(190 =+ 40) nm], 8.14 GHz [(148 = 16) nm], 10.14 GHz [(107 = 13)
nm], and 12.14 GHz [(89 = 9) nm]. Note that, again, the waves in the
Co layer are in phase with the NiFe layer with respect to M,. From the
given experimental data points and as expected, we can already con-
clude that as long as the magnetic bilayers locally couple antiferromag-
netically, the spin-wave dispersion of the short-wavelength branch of
the acoustic mode is the same, independent from the surrounding
magnetic configuration, in particular, the overall vortex circulation
states of the disk element. Furthermore, at excitation frequencies of
1429 and 15.14GHz, we observed simultaneously non-reciprocal
waves with opposing phase propagation directions, presumably
belonging to the short-wavelength branch [(80 = 7) nm and (71 * 8)
nm, Co to NiFe core propagation] and the long-wavelength branch
[(280 = 20) nm and (175 % 17) nm, NiFe to Co core propagation] of
the acoustic mode.

3. Spin-wave dispersion in the antiparallel magnetic
bilayer

To gain further insight into the relevant spin-wave dispersion
relations f(k) of the present antiparallel magnetic bilayer system in the
Damon-Eshbach geometry, the experimental data points were plotted
as solid dots (antiparallel vortex circulations) and solid squares (paral-
lel vortex circulations) in Fig. 3. As schematically shown, positive
k-values correspond to the right-handed chirality of Mc,nire and k,
while the left-handed chirality corresponds to negative k.

On the +k side, all data points (~2-15 GHz, ~10-90 rad/um) lie
mainly on a line with a positive slope, originating approximately at
zero. This situation corresponds to a linear spin-wave dispersion,
where the phase velocity ve=2mnf/k is equal to the group velocity
vy = 2n(df/dk), meaning that waves of all different wavelengths travel
with the same speed. This part of the plot furthermore substantiates
that the overall relative vortex circulation configuration (antiparallel or
parallel) does not significantly influence the spin-wave dispersion rela-
tion as long as the relative layer orientation is locally antiparallel (dots
and squares follow the same line).

At the negative k-branch, the data points span a smaller fre-
quency range between ~10 and ~16 GHz at k-values between ~5 and
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FIG. 3. Spin-wave dispersions f(k) of the Damon-Eshbach geometry in the Co/Cu/
NiFe sample with antiparallel ferromagnetic layers. Experimental data points from
TR-STXM of the disk element are shown as dots (antiparallel vortex circulations)
and squares (parallel circulations, spin waves measured in the antiparallel region
between the cores). Red data points correspond to the M,-acoustic collective mode,
while the yellow point is part of the M,-optical mode. Calculated spin-wave disper-
sion relations are shown as lines where colors refer to the characteristic spin-wave
modes: M,-acoustic (#1, red), M,-optical (#2, yellow), NiFe (#3, blue), Co (#4,
green) and types denote the continuous spin-wave bands: (#, solid) (#ii, dashed)
(#ii, dotted), and (#iv, dashed-dotted). Hands indicate the chirality of k with respect
to the magnetic equilibrium orientation of the two layers. Schematics on the right
show the general dynamic mode profiles and symmetries.

~40rad/um, meaning that for the same frequency, the wavelengths
along +k are shorter than along —k (short-wavelength vs long-
wavelength branch). This kind of dispersion non-reciprocity is in line
with earlier ﬁndings” for the M,-acoustic layer-collective Damon—
Eshbach modes of antiparallel bilayers, yet here less pronounced than
for cases of thinner non-ferromagnetic interlayers.”” While the red-
colored —k data points below 16 GHz exhibit a monotonous increase
in f over k, the one at ~16 GHz (yellow) falls out of this sequence. It
will be shown that this point corresponds to the higher-energy M,-
optical mode of the system.

To substantiate the above interpretations, we applied an analytic
micromagnetic model based on the dynamic matrix approach to calcu-
late the spin-wave dispersion relations of the system, considering plane
spin waves in infinite layers and a sublayer discretization while omit-
ting electromagnetic effects and retardation (see the Appendix).”*"'
The problem is then solved numerically, allowing for a reasonable vari-
ation of nominal magnetic/material property parameters (see the
Appendix) for an improved matching with the experimental data
points (manual fit). Note that such calculations can only be considered
to model the experimental spin-wave dispersion relations accurately
down to wavelengths that correspond to the finite structure sizes
investigated.

The four lowest-energy dispersion relations resulting from these
calculations are shown as lines in Fig. 3 together with the experimental
data points. The color/type line coding is as follows: Colors (red, yel-
low, blue, green) correspond to specific spin-wave modes, which refers
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to the distinct character or precession profile of magnetization dynam-
ics, e.g., m,-acoustic (red) or m,-optical (yellow). These modes, how-
ever, are not necessarily continuous in the dispersion plane, but they
may hop between continuous spin-wave bands (indicated by line type:
solid, dashed, dotted, dashed-dotted) at their avoided crossing points.

From these results, it can be seen that the experimental data
points match the short-wavelength branch of the collective M,-acous-
tic mode (red lines) in the +k range and also for the long-wavelength
branch in the —k range there is a reasonably good agreement.
Moreover, and as mentioned above, the experimental data point at
around 16 GHz matches the calculated dispersion of the M,-optical
mode, from which it can be concluded that this mode—in some way
an analog of antiferromagnetic resonances—was, in fact, directly
observed [Fig. 1(i)].

In addition to the experimental results, one can deduce the fol-
lowing from the calculated results: The M,-acoustic mode is rather lin-
ear on the +k side, but exhibits a slight bend at medium k-values. It
further forms a finite spin-wave gap of ~500 MHz, below which prop-
agating spin waves do not exist. This minimum is not located at k=0
but shifted to positive k ~ 2 rad/um, meaning that there is a small k
range with opposing phase and group velocities. For negative k-values,
the dispersion is also linear for frequencies up to ~10GHz with a
higher slope than in the +k range (non-reciprocity). At higher fre-
quencies, however, the —k dispersion curve continuously flattens to
smaller slopes. In contrast to the short-wavelength branch of the M,-
acoustic mode, its long-wavelength branch intersects with two addi-
tional modes at ~9 GHz (mode #3, blue) and at ~12 GHz (mode #4,
green).

The M,-optical mode has a spin-wave gap of ~1.5 GHz, which
appears to be close to k = 0. It exhibits rather linear yet slightly concave
dispersion branches on either k side. These branches of very high slope
are also non-reciprocal, however, with an inverted sense and less pro-
nounced than in the M,-acoustic case. Intersections with modes #3
and #4 occur in both k directions of the M,-optical mode.

While there are no experimental data points for modes #3 and
#4, our calculations indicate that they can be characterized rather as
first higher-order precessions (see also Sec. IIIB) of the individual
magnetic layers NiFe [mode #3 (blue)] and Co [mode #4 (green)],
respectively. They appear at higher frequencies (NiFe: ~9 GHz) (Co:
~12GHz) and exhibit parabolic-like precession branches that are
almost symmetric in k.

B. Spin waves in magnetic single-layer disks

The second sample system consists of patterned disks of single
ferromagnetic layers [NiFe and Co,Fe40B,o (CoFeB)] of various thick-
nesses. The fabrication for these samples is described in detail in the
Appendix. The ground state of each sample is a magnetic vortex.
Unlike the previously described trilayers, single layers typically do not
exhibit any spin-wave non-reciprocity in k, and therefore, it is suffi-
cient to focus on positive wavevectors.

1. Multimode spin-wave dynamics

Different spin-wave modes were measured by TR-STXM for a
particular material and thickness combination, as exemplarily shown
for a 100-nm-thick CoFeB sample (CoFeB100) (disk of 2 um diame-
ter), together with their theoretical dispersion curves in Fig. 4. The
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FIG. 4. Measured and calculated spin-wave dispersion relations in the Damon-
Eshbach geometry in a 100-nm-thick CoFeB sample. Symbols correspond to exper-
imentally measured data and lines to calculated dispersion curves. The colors
denote the spin-wave mode, and the line styles denote the spin-wave band. The
error bars represent the uncertainty in determining the wavelength. At the top, nor-
malized STXM images are shown of the selected data points indicated by the col-
ored arrows for different modes.

theoretical curves were calculated with the same model as previously
described for the trilayers (see the Appendix). The parameters found
from the manual fit are shown in the Appendix. The experimental
results show that, with TR-STXM, the first higher-order spin-wave
mode of the Damon-Eshbach geometry, which exhibits an inhomoge-
neous precession profile comprising a node over the film thick-
ness,”'”*** was measured in a frequency range from 9.1 to 17.1 GHz
with wavevectors of 19.7-77.2rad/um. This corresponds to wave-
lengths down to 81 # 40 nm. Furthermore, information on the details
higher-order precession profiles can be found in Ref. 24. For frequen-
cies from 16.3 to 20.3 GHz with wavevectors of 5.0 to 21.4 rad/um,
spin waves of the standard quasi-uniform mode were imaged. Above
k-values of ~3 rad/um, the first- and second-order modes occur at fre-
quencies below the quasi-uniform mode leading to points of avoided
crossings at ~8GHz and k=1rad/um as well as 14GHz and
k=3 rad/um, respectively. However, note that these avoided crossing
points are calculated for the infinite thin film limit at wavelengths
above the size of the disk investigated. At 22.3 GHz, spin waves with
wavevectors of 19.1 and 20.8 rad/um were observed, which correspond
either to the quasi-uniform or the third higher-order mode. Spin waves
at 30.3 GHz were observed with a wavevector of 29.6 rad/um, corre-
sponding to a wavelength of 212 & 53 nm, which fits with the calcu-
lated dispersion of the fourth higher-order mode. Exemplary
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FIG. 5. Influence of the film thickness on measured and calculated dispersion relations for spin waves in the Damon-Eshbach geometry in NiFe samples. The nominal thick-
nesses are (a) 25 nm, (b) 50 nm, and (c) 100 nm. Symbols correspond to experimentally measured data, lines to calculated dispersion curves. The colors denote the spin-wave
mode, and the line styles denote the spin-wave band. The error bars represent the uncertainty of the wavelength. The insets show normalized TR-STXM snapshots of selected

data points for different modes, as indicated by the arrows.

normalized STXM snapshots of three different modes are shown in
the top part of the figure, with the arrows indicating the corresponding
data point (see also SM movie M4).

2. Influence of the film thickness

The influence of the film thickness on the spin-wave modes is
shown in Fig. 5 for NiFe films with a nominal thickness of 25nm
(NiFe25), 50 nm (NiFe50), and 100 nm (NiFel00) where all disk diam-
eters are 5 um (see also SM movie M5). In Fig. 5(a), the spin-wave dis-
persions in the Damon-Eshbach geometry are shown for the 25-nm-
thick film. In the considered frequency range from 0 to 20 GHz, only
the quasi-uniform and first higher-order mode exist. In the STXM
experiments, only spin waves belonging to the standard quasi-uniform
mode were observed for frequencies from ~6 to 13 GHz with wavevec-
tors from 6 to 17.5 rad/um.

For a doubled film thickness of 50nm [Fig. 5(b)], the higher-
order modes shift toward lower frequencies, partially below the
quasi-uniform mode, which leads to an avoided crossing between the
quasi-uniform and first higher-order mode at ~9.5GHz and
k=3.5rad/um [Fig. 6(b)]. Experimentally, spin waves corresponding
to both modes were observed. For the quasi-uniform Damon-Eshbach
mode, they are located at wavevectors of 1.7 and 36.2 rad/um for fre-
quencies ranging from 7.1 to 17.1 GHz. The spin waves belonging to
the first higher-order mode occurred at frequencies of 10.1-12.1 GHz
with wavevectors of 53.2-61.9 rad/um. This latter wave vector corre-
sponds to a wavelength down of 102 = 30 nm.

When the film thickness is doubled again to 100 nm, modes of
even higher order appear in the considered frequency range in the cal-
culations, as all modes shift toward lower frequencies [Fig. 5(c)]. This
leads to more points of avoided crossing between the quasi-uniform
mode and the modes of higher order. These are located at ~3.4 GHz
and k= 0.5rad/um for the first, at 6.8 GHz and k = 1.0 rad/um for the
second, at 10.4 GHz and k = 3.5 rad/um for the third, and at 14.6 GHz
and k= 13.0 rad/um for the fourth higher-order mode. In the vicinity
of these avoided crossing points, for wavevectors below 15 rad/um and
frequencies between 10 and 15 GHz, some experimental data points

cannot unambiguously be attributed to the quasi-uniform or the third/
fourth higher-order mode. However, in the short-wavelength regime,
the waves belonging to the first higher-order mode can be clearly iden-
tified in a frequency range of 5.1-9.1 GHz with wavevectors of 33.5—
93.4rad/pm. This means that spin waves with wavelengths down to
67 =20 nm were measured. A comparison between Figs. 4 and 5(c)
additionally illustrates the influence of different materials on the dis-
persion relations. For CoFeB, which has a higher saturation magnetiza-
tion and, more importantly, a higher exchange interaction than NiFe,
higher-order spin-wave modes appear at higher frequencies in the TR-
STXM measurements, as supported by the calculations.

A [nm]
1257 628 419 314 b
30 T s
28 | -7 3
26 [ - ]
___________ o
24 ]
22 - 1
HH
20 F = R
_ 18t -
6| e ]
Q1al _ ,w\ ]
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12 b - -~ o —
10 B
8 -
6 — 250 mT 1%t higher order]
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2 250 mT quasi uniform  — 0 mT 1%t higher order ]
ol_® 0 mT quasi uniform | — 0 mT quasi uniform
0 5 10 15 20

k [rad/um]

FIG. 6. Influence of a static magnetic bias field on the measured and calculated dis-
persion relations in the Damon—Eshbach geometry in a 50-nm-thick CoFeB sample.
Symbols correspond to TR-STXM data, lines to calculated dispersion curves of the
quasi-uniform and first higher-order mode. The colors denote the spin-wave mode,
and the line styles denote the spin-wave band. The error bars indicate the uncer-
tainty in determining the wavelength. On the right-hand side, normalized snapshots
of TR-STXM measurements are depicted with and without the magnetic bias field
applied as indicated by the arrows.
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3. Influence of magnetic fields

One possibility to alter and control the dispersion relation for a
given material and thickness is by applying a static magnetic bias field
to the sample. Applying a field of 250 mT in the film plane expels the
vortex from the disk and leads to a single-domain state with a quasi-
uniform magnetic orientation. In that case, the excited spin waves at
similar wavelengths appear at higher frequencies compared to the vor-
tex state without any magnetic bias field applied as shown in Fig. 6 for
a 50 nm CoFeB film [samples CoFeB50a (elliptical disk 7.5 um vs 5 um
axes) and CoFeB50b (circular disk of 3 um diameter) for measure-
ments without and with a field, respectively] (see also SM movie M6).
For the highest wavevector of the experimentally observed spin waves
of ~9.5 rad/um, there is a change in frequency from 16.1 to 25.1 GHz.
The calculations indicate that this is the case for both the fundamental
and first higher-order mode. From the calculated dispersion curves, it
can additionally be seen that their slopes become less steep in the case
of an applied magnetic bias field. This coincides with a shift in the fer-
romagnetic resonance (k= 0) from ~1 to 19 GHz. To the right-hand
side of the dispersion, exemplary TR-STXM snapshots of the quasi-
uniform mode for the cases with and without the magnetic field
applied are shown.

IV. SUMMARY AND OUTLOOK

We demonstrated that TR-STXM is able to image spin-wave
dynamics at frequencies up to 30 GHz and with wavelengths down to
70 nm by exploiting a low-alpha optics synchrotron operation mode,
providing an increased time resolution compared to standard opera-
tion. TR-STXM in low-alpha mode thus enables measurements of spin
waves at a combined temporal and spatial resolution (order or magni-
tude: 10 ps and 10 nm) that is at present inaccessible by any other mea-
surement technique. Using low-alpha TR-STXM, several spin-wave
modes were imaged in patterned disks with spin vortex ground state
for both coupled ferromagnetic bilayers with antiparallel alignment
and single-layer ferromagnetic elements. For the coupled ferromag-
netic bilayers, it was shown that the collective acoustic modes for local
antiparallel magnetization orientation are identical, regardless of the
vortex circulation states of the disk element. The frequency range, as
compared to previous measurements, was extended, and non-
reciprocal acoustic modes of both the short- and long-wavelength
branch, as well as an instance of an optical mode, were imaged. For the
case of single ferromagnetic layers in the Damon-Eshbach geometry,
several propagating spin-wave modes were measured. These dynamics
were attributed to both the commonly known quasi-uniform Damon-
Eshbach mode but also to modes of higher thickness order (perpendic-
ular standing spin waves) through a comparison with the results from
micromagnetic calculations. Due to the extended observable frequency
range, spin waves at frequencies up to 30 GHz were observed, presum-
ably belonging to the fourth-order thickness mode. Furthermore, it
was shown how the dispersion relations in single-layer systems can be
tuned by changing material properties, film thicknesses, and magnetic
fields. For both sample systems, it was confirmed that the predictions
from micromagnetic theory are valid even at this so far unexplored
combination of time- and length scales.

Our results demonstrate that TR-STXM could be used for the
imaging of high-frequency spin dynamics in highly anisotropic ferro-
magnets, ferrimagnetic, and even some antiferromagnetic systems. A
further improvement of the time resolution in x-ray imaging could be

pubs.aip.org/aip/are

realized via future synchrotron technology (upgrades such as BESSY
variable pulse length storage ring (VSR) or newly build storage rings),
time-of-arrival detection schemes,” free electron lasers, or laboratory-
based higher-harmonics sources. At the same time, complementary
advances in spin-dynamic imaging can be expected from TR scanning
probe microscopies, near-field magneto-optic Kerr effect (MOKE)
microscopy, and TR TEM.

SUPPLEMENTARY MATERIAL

See the supplementary material that consists of a text file
(“Supplementary Materials”) and 6 animated display items (movies)
(“M1-M6”). The text file contains a description of the details of all
movies and Supplementary Fig. S1, the latter displaying additional
spin-wave line profiles with respect to Fig. 1.
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APPENDIX: ADDITIONAL INFORMATION

1. Sample fabrication

All studied samples were fabricated on 200-nm-thick x-ray
transparent Si;N, membranes. The ferromagnetic thin films for the
trilayer sample were deposited by electron beam evaporation,
whereas the films for the single-layer samples were deposited by
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thermal evaporation (NiFe) and dc magnetron sputtering (CoFeB),
respectively. For most samples, all lithography steps were performed
on the front side of the Si;N, membrane, whereas the film for sam-
ple CoFeB50b was deposited on the back side of the membrane. As
the sputter deposition rate is lower onto the depth-confined mem-
brane on the back of the chips than onto a flat substrate, this CoFeB
film is presumably thinner than the nominal 50 nm.

Except for sample CoFeB50a, the patterning of the disk struc-
tures with diameters from 2 to 5um was performed by electron
beam lithography and lift-off processing. First, a bilayer of the posi-
tive resists methyl methacrylate(MMA)/poly(methyl methacrylate)
(PMMA) was spincoated onto the membranes. The structures were
defined by electron beam lithography, subsequently developed in a
methyl isobutyl ketone:isopropyl alcohol (MIBK:IPA) mixture, and
then rinsed in IPA. After deposition of the materials, the samples
were lifted-off in acetone.

Instead, the elliptical disk of sample CoFeB50a was patterned
using negative resist and broad ion beam etching.””

On top of the structures, a conductor in the form of a coplanar
waveguide (sample CoFeB50b, Si;N, in between) or microstrip (all
other samples, directly on top) was patterned via electron beam
lithography and lift-off processing. The width of these conductors
was 1 um (CoFeB100, CoFeB50b) and 5um (all other samples),
respectively. The material for the 200 nm thick Cu conductors was
deposited by electron beam evaporation for the trilayer sample and
by thermal evaporation for the other samples.

To excite dynamics in the samples, alternating currents are
passed through the conductors, which generate alternating magnetic
Oersted fields that in our case were on the order of oH=1mT. It
is primarily the quasi-uniform in-plane component of these
dynamic fields that excites the magnetization dynamics in the disk
structures. For samples CoFeB100 and CoFeB50b, however, the disk
diameter is larger than the antenna width. Therefore, additional
perpendicular dynamic fields are acting on the regions of these sam-
ples that are adjacent to the edges of the antenna, whereas sample
regions outside of the antenna area are not directly excited in a sig-
nificant way.

2. Material properties

The following magnetic material parameters were used for the
modeling of the spin-wave dispersion relations in the different sam-
ples, considering a global g-factor of 2.11. The abbreviations are as
follows: thickness (d), saturation magnetization (M), exchange con-
stant (A), and uniaxial in-plane anisotropy (K,). It should be noted
that the sets of magnetic parameters provided here represent a par-
ticular fit of the problem, while other sets with slightly different
parameters may also lead to reasonably good fits of the experimen-
tal data.

III.1 Magnetic bilayer (Fig. 4)
d® = 50nm, 4V = 50nm, d°“ = 10nm
M = 1270kA/m, MYNFe = 740kA/m
A® = 15p]/m, ANFe = 0.85p]/m
K = 1000]/m?, ~K)Fe = 200]/m?

I11.2 Single layers
Multimode spin-wave dynamics (Fig. 5):

ARTICLE pubs.aip.org/aip/are

deFeE — 100nm, M = 1050kA/m,
A®FE = 18p]/m, K = 200]/m’

Influence of the film thickness (Fig. 6):

avife = 30nm, MNP = 800kA/m,
ANFe — 6pJ/m, K} = 200]/m’
aVfe = 50nm, MM = 800kA/m,
ANFe = 6p]/m, K} = 350]/m’
aVfe = 100nm, MM = 800kA/m,
ANiFe =5 p]/m7 KﬁﬁFﬁ =5 ]/mS

These NiFe samples were fabricated at different times, which provides
a possible explanation for the discrepancies in anisotropy and
exchange between different samples. Note that the actual thickness of
the nominally 25-nm-thick sample was determined to be 30 nm via
the fit.

Influence of magnetic fields (Fig. 6):

CoFeB50a (0mT), d®F = 50nm,
MEFE = 1100kA/m,  A“FP = 15p]/m,
K& = 5]/m’
CoFeB50b (250 mT),  d“°*F = 42.5nm,
MEFE = 1200kA/m, A®FE = 15p]/m, K& = 25]/m?

The reduced thickness of sample CoFeB50b as compared to
CoFeB50a presumably originates in the reduced sputter rate onto
the depth-confined back of the membrane as explained earlier.

3. Micromagnetic model

We employed the dynamic matrix method to characterize the
temporal evolution of the magnetization within a thick ferromagnetic
film.”***** This micromagnetic approach entails partitioning the mag-
netic medium into small elements,”"” followed by generating and diag-
onalizing a matrix containing information on the energetic terms of the
system through the effective fields. For the description of the systems
studied in this paper, we have partitioned the films into thin sublayers,
where the dynamics of such subsystems are determined through the uti-
lization of the Landau-Lifshitz (LL) equation of motion, represented as
follows: M) = — toyM®) x He™) Here, y is the gyromagnetic ratio’s
magnitude, M(") represents the magnetization of sublayer v, and H¢")
denotes the effective field acting on the v-th sublayer.

The magnetization excitations are described assuming small
oscillations of magnetization around the equilibrium state, so that
we can express the magnetization vector and the effective field as
follows: M) = M % +m and H®) = HY +h°, respectively.
Here, m = m,, y + m; z represents the dynamic magnetization, M;,
is the saturation magnetization of the v-th sublayer, and h® is the
dynamic field that is directly proportional to m in the linearization
approach. We have adopted a reference coordinate system (x, y, z),
where the z axis aligns with the equilibrium magnetization, the y
axis is perpendicular to the magnetic film, and the x axis lies within
the film’s plane. Thus, assuming that m = m(y)e'* with » denoting
the angular frequency, and neglecting second-order terms in m(y),
the Landau-Lifshitz equation of motion can be expressed as

i(w/1yy)my, (y) = —mg, (V)HS + Mg hS, () (A1)
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and

i(/pyy)ms, (y) = my, (V)HY — Mk (). (A2)

The variation of dynamic magnetization with respect to the y-coordi-
nate results from assuming spin-wave propagation along the y axis,
which is perpendicular to the equilibrium magnetization (Damon-
Eshbach modes). More precisely, this dependency is described by
m(y) = mye™, where k represents the wave vector. Furthermore, equi-
librium considerations implicate that Hy? = Hf’ = 0. Equations (A1)
and (A2) can be cast as an eigenvalue problem, expressed as

Amy = i(w/uyy)my. (A3)

Matrix A contains all the effective field terms associated with the
energetic interactions within the system, such as Zeeman, demag-
netizing, perpendicular anisotropy, in-plane uniaxial anisotropy,
and interlayer terms interconnecting the magnetic sublayers. The
interlayer energies arise from the bilinear interlayer exchange, char-
acterized by a strength denoted as J, and the dipolar interaction
induced by dynamic magnetic charges on both the surface and
within the volume of opposing sublayers. It means that both ferro-
magnetic exchange coupling between nearest neighbor sublayers
and dipolar coupling between all pair combinations of sublayers are
considered in the calculations. For the single-layer films, a sublayer
thickness between 1 and 4 nm was selected, which is of the order of
the exchange length of the considered materials and led to conver-
gent results. Additional information about the calculated interac-
tions and their corresponding matrix elements can be found in Refs.
28 and 84.

To describe the antiparallel magnetic bilayer, a non-magnetic
spacing of 10nm thickness without interlayer exchange is intro-
duced to the calculations and the orientation between the two ferro-
magnetic layers is set to be antiparallel. Each ferromagnetic layer
was discretized into eight sublayers, which led to convergent results.
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