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ABSTRACT: Spin waves represent the collective excitations of the magnetization field
within a magnetic material, providing dispersion curves that can be manipulated by
material design and external stimuli. Bulk and surface spin waves can be excited in a
thin film with positive or negative group velocities and, by incorporating a symmetry-
breaking mechanism, magnetochiral features arise. Here we study the band diagram of
a chiral magnonic crystal consisting of a ferromagnetic film incorporating a periodic
Dzyaloshinskii−Moriya coupling via interfacial contact with an array of heavy-metal
nanowires. We provide experimental evidence for a strong asymmetry of the spin wave
amplitude induced by the modulated interfacial Dzyaloshinskii−Moriya interaction, which generates a nonreciprocal propagation.
Moreover, we observe the formation of flat spin-wave bands at low frequencies in the band diagram. Calculations reveal that
depending on the perpendicular anisotropy, the spin-wave localization associated with the flat modes occurs in the zones with or
without Dzyaloshinskii−Moriya interaction.
KEYWORDS: flat bands, chiral magnonic crystals, spin waves, Dzyaloshinskii−Moriya, thin films, Brillouin light scattering

In the past decade, the research field of magnonics has
rapidly grown due to its potential for the development of

innovative low-energy computing devices, where spin waves
(SWs), the collective excitations of electron spins, are used to
carry and process information.1−3 Progress in this field mainly
relies on the capability to control and manipulate the SW
propagation, for the implementation of SW-based devices with
unprecedented functionalities in information and communica-
tion technologies.4−7 In this context, the exploitation of the
interfacial Dzyaloshinskii−Moriya interaction (i-DMI),8−10

namely the antisymmetric exchange interaction arising at the
interface of a ferromagnetic film and a heavy-metal substrate
with high spin−orbit coupling,11−14 can represent an effective
method for achieving a nonreciprocal SW propagation,
opening the way toward unidirectional devices such as
insulators and diodes for nanomagnonic circuits.15−19 The
nonreciprocal magnonic propagation, induced by the presence
of i-DMI, has been primarily used to quantify the i-DMI
strength, D, in continuous metallic films and multilayers.20−26

In this respect, a small i-DMI has also been observed in
magnetic garnet systems in contact with heavy metals,27−30

which are auspicious materials for magnonic applications due
to their low damping. Nevertheless, typical values of the i-DMI
strength are still 2 orders of magnitude smaller than for
conventional ferromagnets.31,32 A frequency nonreciprocity
can also originate from any symmetry-breaking mechanism
along the thickness, such as different anisotropies at the
bottom and top surfaces,33 magnetization grading,34 and

dipolar coupling in bilayers35−37 and curved surfaces.38,39

However, such effects are negligible in ultrathin films.
More recently, i-DMI has been theoretically proposed as an

additional means to tailor the band diagram of chiral magnonic
crystals (MCs), artificial structures where a periodic modu-
lation of the magnetic properties is used to control SW
propagation.40−43 In magnetic nanostructures, the nonreci-
procity caused by the i-DMI together with the confined
geometry leads to a fixed nodal structure with amplitudes
modulated in time and a phase velocity defined by the
differences among opposing waves.44 Micromagnetic simu-
lations40 and calculations41 on a surface-modulated magnonic
crystal incorporating a continuous i-DMI show the features of
both a conventional MC and a nonreciprocal system, namely
bandgaps with indirect gaps. For a slightly different system,
consisting of a one-dimensional MC formed by a continuous
magnetic film in contact with a regular array of heavy-metal
stripes, calculations predicted that the periodic modulation of
the i-DMI induces the appearance of flat magnonic modes
localized underneath the heavy-metal stripes.43 These bands
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are separated by indirect frequency gaps, whose amplitude
depends on both the i-DMI strength and the geometry
associated with the artificial periodicity. Moreover, dispersion-
less flat bands and a robust nonreciprocal character of the band
diagram are observed for relatively large values of the i-DMI,
above a threshold value that depends on the sample and
periodicity of the array (see Figure 2g in ref 43). In this
respect, it is worth noting that the design and realization of
metamaterials with tailored band structures, that permit
quasiparticle control, are of great interest not only in
magnonics but also in the research fields of photonics,
electronics, plasmonics, and phononics.45−48 The formation

of flat bands49,50 is a particularly interesting behavior, because
when the group velocity is notably reduced, and the associated
quasiparticle loses its kinetic energy, strongly interacting
phases of matter can develop.51−54 Flat bands have been
recently reported in nonmagnetic systems55−58 and in different
forms of magnetic metamaterials without i-DMI, such as 1D
MCs59−63 and 2D MCs,64 consisting of both dot and antidot
arrays. Flat bands have also been reported in ferromagnetic and
antiferromagnetic crystal lattices.65−69 Nonetheless, the
appearance of flat modes and, more generally, a detailed
analysis of the influence of the periodic i-DMI on the

Figure 1. (a) Schematic picture of the investigated chiral magnonic crystal. The system consists of a periodic array that alternates platinum and
ruthenium nanostripes of width w and period p capped with a 1 nm CoFeB film. (b) Spin waves propagating in the Damon−Eshbach configuration
along the x axis, while the applied field and equilibrium magnetization point along the z axis. Brillouin spectra measured for the samples having Pt
stripe periods (c) p = 400 nm (and stripe width w = 200 nm) and (d) p = 200 nm (and w = 160 nm), at different values of the in-plane transferred
wave vector indicated in every spectrum, for a magnetic field μ0H = 50 mT applied along the stripe axis. Triangles and squares indicate the different
modes. In (d), the full squares identify the peaks with large intensities, and a noticeable difference between the anti-Stokes (right) and Stokes (left)
sides of the spectra is observed.

Figure 2. (a) Magnonic band structure of the chiral magnonic crystals with period p = 400 nm and Pt wire width w = 200 nm. The open symbols
represent the BLS data, the dashed lines indicate the PWM calculations, and the gray color represents the power spectrum of the out-of-plane
component of the dynamic magnetization obtained from MuMax3 simulations, with the strength indicated by the color bar. The full orange circles
depict the dispersion calculated for a continuous film having an effective and homogeneous i-DMI distributed over the entire film. (b) Calculated
density of states (DOS) of the same sample, where the sharp peaks at low frequency are the fingerprints of the flat bands.
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magnonic band structure of MCs have not been experimentally
proved up to now.

In this work we perform a combined theoretical and
experimental investigation of the influence of a periodic i-DMI
on the magnonic band diagram of one-dimensional chiral
magnonic crystals, consisting of a 1 nm thick CoFeB film
deposited on top of a regular array of heavy-metal nanostrips.
Using Brillouin light scattering (BLS), we experimentally
demonstrate that the presence of a periodic i-DMI produces
localized flat modes and asymmetric SW propagation. A strong
nonreciprocal character of the BLS intensity is further
observed, which practically suppresses SW propagation of the
second mode for one wave-vector direction. Calculations and
micromagnetic simulations support the experimental observa-
tions and shed light on the observed nonreciprocity and on the
spatial localization of the detected modes.

The investigated samples consist of extended CoFeB films of
1 nm thickness sitting over an array of Pt nanostripes with a
thickness of 5 nm. The Pt stripes alternate with Ru stripes and
are embedded in a SiO2 substrate, as shown in Figure 1a.
Atomic force microscopy (AFM) reveals that the Pt/Ru
surface presents a modulation of the thickness with small steps
ranging from 0.5 to 4 nm due to the fabrication process, as
depicted in Figures S1 and S2 of the Supporting Information.
As the deposition of the CoFeB is performed by magnetron
sputtering, the magnetic layer morphology is conformal with
the Pt/Ru surface. BLS measurements have been performed
applying an external magnetic field μ0H = 50 mT (Figure 1b)
along the stripes, which is strong enough to saturate the
magnetization, as revealed by magnetic force microscopy
measurements (not shown). BLS spectra measured for the

samples having a Pt stripe period p = 400 nm (with stripe
width w = 200 nm) and p = 200 nm (with stripe width w = 160
nm) are shown in Figure 1c,d, respectively. For the sample
having a stripe period p = 400 nm, two modes are detected in
both the Stokes ( f < 0) and the anti-Stokes ( f > 0) sides of the
BLS spectra. As can be seen, the peak at a higher frequency has
a stronger BLS intensity, and its frequency increases with the
wave vector. In addition, this mode is characterized by a slight
frequency asymmetry between the Stokes and the anti-Stokes
sides, which reverses on reversing the external field direction.
See Figure S3 in the Supporting Information. On the contrary,
a dispersionless behavior characterizes the peak at a lower
frequency. Note that, although in the Damon−Eshbach
geometry different interface anisotropies at the top and bottom
surfaces of a magnetic film might lead to a small nonreciprocity
of the SW frequency, in our sample this effect is negligible due
to the ultrathin thickness of the CoFeB film,33,70 so that the
frequency asymmetry can be totally ascribed to the i-DMI. For
the samples having smaller periodicity (Figure 1d), the BLS
data are characterized by a marked qualitative change, featuring
a strong nonreciprocal BLS intensity. In particular, two peaks,
having similar intensity, are visible on the Stokes side, while
only the lowest frequency peak, having a considerable intensity,
is present on the anti-Stokes side. Furthermore, both peaks
show an almost constant frequency as a function of the wave
vector, indicating the flattening of the low-frequency band.

The measured magnonic band structure for the sample with
stripe period p = 400 nm are displayed in Figure 2a by the blue
symbols (open squares for the lowest band and open triangles
for the upper band). The dashed lines correspond to the plane-
wave method (PWM) calculations,82 where n represents the

Figure 3. Spatiotemporal profiles of the dynamic magnetization component mx in a unit cell for k = π/p and for the first four low-frequency bands:
(a) I, (b) II, (c) III, and (d) IV . The blue (light blue) color illustrates the zones with (without) i-DMI. In the right panels, three times are
considered, which are highlighted with the dashed horizontal lines, where T is the period of the oscillation.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c04215
Nano Lett. 2023, 23, 6776−6783

6778

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04215/suppl_file/nl2c04215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04215/suppl_file/nl2c04215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04215?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04215?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04215?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04215?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nth band, and n = I, II, III, IV is the band index. The gray color
map in the background represents the power spectrum of the
out-of-plane component of the dynamical magnetization
obtained by the micromagnetic simulations, while the full
orange circles depict the dispersion calculated for a continuous
film with an effective i-DMI constant Deff = (w/p)D, which
represents the averaged DM constant distributed over the
entire film. As the AFM measurements reveal, the growth
process induced a tiny stripe-like geometrical modulation of
0.5−4 nm, which could modify the band structure.82

Nevertheless, in our geometry, where the magnetization is
parallel to the stripe axis, no significant influence in the spin-
wave dispersion is expected,71,72 because only dynamic
magnetic charges are induced at the stripe edges, which are
not strong enough to alter the magnonic band structure
significantly.62,73,74 A good agreement with the frequency and
wave vectors of the BLS data has been found by setting slightly
different values of the effective magnetization due to the
different perpendicular magnetic anisotropy at the Pt and the
Ru interface.75 Specifically, for the regions in contact with Pt,

=M 95.80 eff
(Pt) mT, and for the case of Ru, =M 75.80 eff

(Ru)

mT, for an exchange constant Aex = 15.62 pJ/m and an i-DMI
strength D = 1.1 mJ/m2 in the Pt zones. In particular, the lower
value of Meff in the region in contact with Ru can be ascribed
not only to the perpendicular magnetic anisotropy but also to a
reduction of the saturation magnetization due to the
interdiffusion and dead layer formation at the Ru/CoFeB
interface.75−77 The positive value of Meff indicates a remanent
state with in-plane magnetization, as found experimentally.

The data for the low-frequency band in Figure 2a show a
magnonic dispersion nearly independent of the momentum, in
agreement with recent theoretical predictions.43 Note that the
flattening of the low-frequency magnonic bands directly affects
the SW propagation since the transport of energy is related to
the group velocity vg = 2π∇k f. In order to highlight the
flattening of the low-frequency bands, we have calculated the
density of states (DOS)78 in Figure 2b, where large sharp
peaks identify flat bands because the DOS is inversely
proportional to vg. In this case, there are two sharp peaks
around 1.6 and 2 GHz, where the low-frequency flat band l

shows the largest peak. When the dispersion slope tends to
zero, there is no energy transport, and the SWs localize in
specific regions of the chiral MC, depending on the band. For
the first band, a group velocity of less than 0.01 km/s is
estimated along the propagation direction x, which shows a
notable reduction with respect to the large group velocity in a
thin film with a continuous i-DMI (about 0.8 km/s). By
analyzing the perfect-film dispersion with Deff = (w/p)D, which
represents the film-averaged DMI constant (full orange dots),
one can observe that the inclusion of periodic i-DMI changes
the dynamic response of the film, by distributing the energy of
the perfect-film’s mode between the SW modes of the
magnonic crystal. In other words, a significant power-spectrum
amplitude is expected for frequencies close to the perfect-film
dispersion, leading to a higher intensity of the first band for
negative k. We also observe a difference in the MuMax3
power-spectrum amplitude of counter-propagating SWs. This
behavior is also evidenced in the amplitude asymmetry
between the measured Stokes and anti-Stokes peaks, although
other complex factors (such as magneto-optical coefficients,
light polarization, spin−spin correlation function, etc.) may
contribute to the BLS intensity asymmetry.79−81 These factors,
which are not considered in the simulations, are included in
the BLS cross-section. A quantitative comparison of the
simulated power spectrum and the BLS intensities is beyond
the scope of this work.

The localization of the magnons can be seen in the
calculated spatial profiles of the dynamic magnetization
(Figure 3). The spatiotemporal evolution of the first four
bands is illustrated for k = π/p, evidencing a fairly different
behavior in the zones with and without i-DMI. It is observed
that the first two bands, I and II, localize in the region that
is in contact with Pt, where the i-DMI is active, with an almost
zero dynamic component in the regions without Pt. This
indicates that the formation of the flat bands can be ascribed to
the notable reduction of the internal field in the zones with i-
DMI, localizing the low-frequency excitations at these regions
and forming standing waves or flat bands with nearly zero
group velocity.

In order to study the influence of the periodicity on the band
structure, three samples with a lower value of the lattice
parameter were analyzed. The measured magnonic dispersions
for three samples with stripe period p = 200 nm and widths (a)

Figure 4. Band structure for the chiral magnonic crystals with p = 200
nm and three widths of the platinum wires: (a) w = 150 nm, (b) w =
160 nm, and (c) w = 170 nm. The symbols correspond to the BLS
data and the dashed lines to the PWM calculations, and the gray color
map represents the power spectrum of the out-of-plane component of
the dynamic magnetization obtained from MuMax3 simulations with
the strength indicated by the color bar. To emphasize the BLS
intensities of the Stokes and anti-Stokes sides of the experimental
spectra, filled square markers have been considered to identify the
peaks with the largest BLS intensities. The full orange circles depict
the dispersion calculated for a continuous film having effective and
homogeneous i-DMI distributed over the entire film. (d−f)
Calculated magnonic density of states, where a large sharp peak is a
fingerprint of a flat band.
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w = 150 nm, (b) w = 160 nm, and (c) w = 170 nm are
displayed in Figure 4 by the blue symbols. As in the previous
figure, the orange dashed lines correspond to the PWM
calculations, the gray code represents the power spectrum of
the out-of-plane component of the dynamical magnetization
simulated by MuMax3, and the full orange circles depict the
dispersion of a continuous film with an effective DMI constant
Deff. Calculations and simulations agree with the BLS
measurements, where the theory used =M 375.80 eff

(Pt) mT

in the Pt region and =M 55.80 eff
(Ru) mT in the Ru region. The

relatively larger value of μ0Meff in the Pt region may reflect
either a decrease of the perpendicular anisotropy field with
respect to the previous sample (p = 400 nm) or a moderate
increase of the saturation magnetization in these samples.
Figure 4d−f shows the calculated density of states (DOS),78

where a strong peak identifies a flat band.
Compared to the previous sample (with p = 400 nm), the

BLS data for p = 200 nm show a stronger asymmetry in the
amplitude of the SW modes (see Figure 1d). This behavior
cannot be explained with the PWM theory nor the MuMax3
simulations since the BLS intensity depends on additional
factors, as explained before. However, the analysis of the
dispersion of the continuous film may help to understand the
asymmetry in the BLS intensities qualitatively. In Figures 2 and
4, it is observed that the measured modes close to the film
dispersion exhibit a higher BLS intensity. Hence, despite the
complexity of the samples, this kind of magnonic crystal can be
seen as an effective continuous film perturbed with the
periodic potential produced by the Pt stripes. On the other
hand, one can also observe that the number of flat bands
depends on the period p. In Figure 2, we see two flat bands,
while only a single flat band appears for the smaller period
(Figure 4). This behavior is due to the modification of the
Brillouin zone (BZ), which is inversely proportional to p.
Then, for a larger period (p = 400 nm), the BZ is reduced, and
the bands are less dispersive within this zone, enhancing the

flattening of the bands. In contrast, the BZ increases for a small
periodicity (p = 200 nm), and the SWs are excited at large
wave vectors, where the dispersive character of the waves
increases due to the exchange interaction, inhibiting the
formation of the flat bands.

As an illustration, for samples with p = 200 nm and w = 160
nm, Figure 5 shows the temporal evolution of the in-plane
dynamic magnetization component, mx, for the three first
modes evaluated at k = π/p. As can be seen in Figure 5a, the
magnetization oscillations of the low-frequency mode, I, are
given mainly in the Ru zone without i-DMI, even when the
zone with Pt is relatively large compared to it. This unexpected
dynamic behavior is associated with the noticeable difference
in the effective magnetization mentioned above, so that the
magnetic moments are more likely to be localized in the low-
frequency state in the Ru zone where a weaker effective
magnetization is present. Conversely, the second mode is
localized in the zones with i-DMI, while the third mode has a
propagative nature, with an almost delocalized character. This
last feature is reflected in the appreciable slope of the related
dispersion curves, which are largely superimposed with that of
the extended film with continuous i-DMI (full orange dots in
Figure 4b). It is worth mentioning that the almost flat bands
reported here have been achieved for a relatively modest value
of the i-DMI strength (about 1.1 mJ/m2), compared to
experimentally reported values.31,32 As the Dzyaloshinskii−
Moriya constant increases, the frequency of the SWs is reduced
for one SW direction. Therefore, it is expected that the
magnetization amplitude should be more pronounced in the
zones with Pt, because for larger i-DMI values the frequency
minimum is lower in the Pt zones (not shown). For such
slightly larger values of D, around 2 or 3 mJ/m2, the band
flattening increases noticeably,43 improving the magnon
localization in the zones with periodic i-DMI.

Comparing the samples with p = 200 nm and p = 400 nm,
one can observe that micromagnetic simulations show a
different tendency in the power-spectrum amplitude in the two

Figure 5. Spatiotemporal profiles of the dynamic magnetization component mx evaluated for k = π/p, and for the first three bands of the sample
with w = 160 nm: (a) I, (b) II, and (c) III. The blue (light blue) color illustrates the zones with (without) interfacial DMI. In the right panels,
three times are considered, which are highlighted with the dashed horizontal lines, where T is the period of the oscillation.
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nanostructures. On the one hand, the case p = 400 nm depicts
two flat bands with a notorious nonreciprocity in the simulated
amplitude, being more prominent in the negative wave-vector
range. On the other hand, the sample with a lattice parameter p
= 200 nm shows an almost reciprocal power-spectrum
amplitude. This behavior of the simulated power spectrum is
attributed to the different nature of the SW localization in the
samples. As observed in Figure 3, for the case p = 400 nm, the
first two low-frequency bands are mostly excited in the Pt
zones, where the i-DMI is present. Thus, such flat bands are
nonreciprocal in amplitude due to the chiral nature of the
Dzyaloshinskii−Moriya interaction. In contrast, in the sample
with p = 200 nm, the low-frequency flat mode is located
underneath the Ru regions (see Figure 5), where the amplitude
of these modes tends to be reciprocal. Overall, by tuning
system parameters such as the effective magnetization and
DMI constant, it is possible to manipulate the character of the
SW localization and, therefore, the asymmetric amplitude
effect.

In conclusion, we have investigated the influence of a
periodic i-DMI on the magnonic band diagram of one-
dimensional chiral MCs, consisting of an ultrathin ferromag-
netic film deposited on top of a regular array of heavy-metal
stripes. We experimentally demonstrate that the modulation of
the i-DMI causes a strong asymmetry of the SW amplitude,
suppressing SW propagation for one wave-vector direction.
Moreover, the formation of flat SW bands at low frequency is
observed in the band diagram. Theoretical calculations show
that the spatial profiles of the flat modes exhibit a notable
localization in the zones with or without i-DMI, depending on
the perpendicular anisotropy, which varies with the material
(Pt or Ru) in contact with the magnetic film. Our findings pave
the way for the design and realization of metamaterials with
tailored band structures that permit quasiparticle control and
are, hence, of great interest for prospective magnonic
applications.
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Barman, A.; Fassbender, J.; Lindner, J.; Hellwig, O.; Landeros, P.
Reconfigurable Spin-Wave Nonreciprocity Induced by Dipolar
Interaction in a Coupled Ferromagnetic Bilayer. Phys. Rev. Applied
2019, 12, 034012.
(36) Albisetti, E.; Tacchi, S.; Silvani, R.; Scaramuzzi, G.; Finizio, S.;

Wintz, S.; Rinaldi, C.; Cantoni, M.; Raabe, J.; Carlotti, G.; Bertacco,
R.; Riedo, E.; Petti, D. Optically Inspired Nanomagnonics with
Nonreciprocal Spin Waves in Synthetic Antiferromagnets. Adv. Mater.
2020, 32, 1906439.
(37) Gallardo, R.; Alvarado-Seguel, P.; Landeros, P. Unidirectional

Chiral Magnonics in Cylindrical Synthetic Antiferromagnets. Phys.
Rev. Appl. 2022, 18, 054044.
(38) Otálora, J. A.; Yan, M.; Schultheiss, H.; Hertel, R.; Kákay, A.

Curvature-Induced Asymmetric Spin-Wave Dispersion. Phys. Rev. Lett.
2016, 117, 227203.
(39) Landeros, P.; Otálora, J. A.; Streubel, R.; Kákay, A. In
Curvilinear Micromagnetism: From Fundamentals to Applications;
Makarov, D., Sheka, D. D., Eds.; Springer International: 2022; pp
163−213.
(40) Ma, F.; Zhou, Y. Interfacial Dzialoshinskii−Moriya interaction

induced nonreciprocity of spin waves in magnonic waveguides. RSC
Adv. 2014, 4, 46454−46459.
(41) Mruczkiewicz, M.; Krawczyk, M. Influence of the Dzyalosh-

inskii-Moriya interaction on the FMR spectrum of magnonic crystals
and confined structures. Phys. Rev. B 2016, 94, 024434.
(42) Lee, S.-J.; Moon, J.-H.; Lee, H.-W.; Lee, K.-J. Spin-wave

propagation in the presence of inhomogeneous Dzyaloshinskii-Moriya
interactions. Phys. Rev. B 2017, 96, 184433.
(43) Gallardo, R. A.; Cortés-Ortuño, D.; Schneider, T.; Roldán-

Molina, A.; Ma, F.; Troncoso, R. E.; Lenz, K.; Fangohr, H.; Lindner,
J.; Landeros, P. Flat Bands, Indirect Gaps, and Unconventional Spin-
Wave Behavior Induced by a Periodic Dzyaloshinskii-Moriya
Interaction. Phys. Rev. Lett. 2019, 122, 067204.
(44) Zingsem, B. W.; Farle, M.; Stamps, R. L.; Camley, R. E.

Unusual nature of confined modes in a chiral system: Directional
transport in standing waves. Phys. Rev. B 2019, 99, 214429.
(45) Pan, H.; Zhang, V. L.; Di, K.; Kuok, M. H.; Lim, H. S.; Ng, S.

C.; Singh, N.; Adeyeye, A. O. Phononic and magnonic dispersions of
surface waves on a permalloy/BARC nanostructured array. Nanoscale
Res. Lett. 2013, 8, 115.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c04215
Nano Lett. 2023, 23, 6776−6783

6782

https://doi.org/10.1021/acs.nanolett.1c02010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/TMAG.2022.3149664
https://doi.org/10.1109/TMAG.2022.3149664
https://doi.org/10.1088/1361-6463/ac6465
https://doi.org/10.1088/1361-6463/ac6465
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRevLett.4.228
https://doi.org/10.1103/PhysRevLett.4.228
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.4028/www.scientific.net/MSF.59-60.439
https://doi.org/10.4028/www.scientific.net/MSF.59-60.439
https://doi.org/10.1016/S0304-8853(97)01044-5
https://doi.org/10.1016/S0304-8853(97)01044-5
https://doi.org/10.1103/PhysRevLett.115.267210
https://doi.org/10.1103/PhysRevLett.117.247202
https://doi.org/10.1103/PhysRevLett.117.247202
https://doi.org/10.1103/PhysRevX.5.041049
https://doi.org/10.1103/PhysRevLett.117.197204
https://doi.org/10.1103/PhysRevLett.117.197204
https://doi.org/10.1103/PhysRevLett.117.197204
https://doi.org/10.1103/PhysRevB.95.064429
https://doi.org/10.1103/PhysRevB.95.064429
https://doi.org/10.1103/PhysRevB.95.064429
https://doi.org/10.1103/PhysRevApplied.14.034063
https://doi.org/10.1103/PhysRevApplied.14.034063
https://doi.org/10.1088/1361-6463/ac31f4
https://doi.org/10.1088/1361-6463/ac31f4
https://doi.org/10.1103/PhysRevLett.102.207204
https://doi.org/10.1103/PhysRevLett.102.207204
https://doi.org/10.1088/0953-8984/25/15/156001
https://doi.org/10.1088/0953-8984/25/15/156001
https://doi.org/10.1103/PhysRevB.88.184404
https://doi.org/10.1103/PhysRevB.88.184404
https://doi.org/10.1103/PhysRevLett.114.047201
https://doi.org/10.1103/PhysRevLett.114.047201
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1103/PhysRevLett.118.147201
https://doi.org/10.1103/PhysRevLett.118.147201
https://doi.org/10.1103/PhysRevLett.118.147201
https://doi.org/10.1103/PhysRevLett.124.217202
https://doi.org/10.1103/PhysRevLett.124.217202
https://doi.org/10.1103/PhysRevLett.124.217202
https://doi.org/10.1021/acs.nanolett.9b02265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b02265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.124.027203
https://doi.org/10.1103/PhysRevLett.124.027203
https://doi.org/10.1103/PhysRevLett.124.027203
https://doi.org/10.1103/PhysRevLett.126.257201
https://doi.org/10.1103/PhysRevLett.126.257201
https://doi.org/10.1103/PhysRevB.107.054421
https://doi.org/10.1103/PhysRevB.107.054421
https://doi.org/10.1103/RevModPhys.95.015003
https://doi.org/10.1103/RevModPhys.95.015003
https://doi.org/10.1103/PhysRevB.93.054430
https://doi.org/10.1088/1367-2630/ab0449
https://doi.org/10.1088/1367-2630/ab0449
https://doi.org/10.1103/PhysRevApplied.12.034012
https://doi.org/10.1103/PhysRevApplied.12.034012
https://doi.org/10.1002/adma.201906439
https://doi.org/10.1002/adma.201906439
https://doi.org/10.1103/PhysRevApplied.18.054044
https://doi.org/10.1103/PhysRevApplied.18.054044
https://doi.org/10.1103/PhysRevLett.117.227203
https://doi.org/10.1039/C4RA07326F
https://doi.org/10.1039/C4RA07326F
https://doi.org/10.1103/PhysRevB.94.024434
https://doi.org/10.1103/PhysRevB.94.024434
https://doi.org/10.1103/PhysRevB.94.024434
https://doi.org/10.1103/PhysRevB.96.184433
https://doi.org/10.1103/PhysRevB.96.184433
https://doi.org/10.1103/PhysRevB.96.184433
https://doi.org/10.1103/PhysRevLett.122.067204
https://doi.org/10.1103/PhysRevLett.122.067204
https://doi.org/10.1103/PhysRevLett.122.067204
https://doi.org/10.1103/PhysRevB.99.214429
https://doi.org/10.1103/PhysRevB.99.214429
https://doi.org/10.1186/1556-276X-8-115
https://doi.org/10.1186/1556-276X-8-115
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(46) Mukherjee, S.; Spracklen, A.; Choudhury, D.; Goldman, N.;
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