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ABSTRACT

Magnonics, which employs spin-waves to transmit and process information, is a promising venue for low-power data processing. One of the
major challenges is the local control of the spin-wave propagation path. Here, we introduce the concept of writable magnonics by taking
advantage of the highly flexible reconfigurability and rewritability of artificial spin ice systems. Using micromagnetic simulations, we show
that globally switchable spin-wave propagation and locally writable spin-wave nanochannels can be realized in a ferromagnetic thin film
underlying an artificial pinwheel spin ice. The rewritable magnonics enabled by reconfigurable spin wave nanochannels provides a unique
setting to design programmable magnonic circuits and logic devices for ultra-low power applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085455

The challenge to Moore’s law due to physical limitations of
electronic devices has propelled magnonics and/or spintronics as
promising venues to transmit and process information with high
performance.1–10 The current research in magnonics paves a
promising way for post-Moore information and communications
technology.1–10 In magnonics or magnon spintronics, spin waves
(or magnons) instead of an electrical charge are utilized as carriers
of information, circumventing energy waste from Joule heating
induced by charge transport.1–10 Compared to an electromagnetic
wave at the same frequency range, the wavelengths of a spin wave
(SW) are several orders of magnitude shorter, enabling magnonic
devices at the nanometer scale.1,11 In the past few years, various
magnonic devices have been proposed such as a spin-wave direc-
tional coupler,12,13 a magnon transistor,14 and a majority gate.15 A
major challenge in magnonic applications is to effectively control
the transmission paths of a spin wave. Efficient channeling and

steering of spin waves are crucial in the route toward programma-
ble magnonic devices.

Artificial spin ices (ASIs) are magnetic metamaterials comprised
of dipolar coupled magnetic nanoislands placed in a certain geometri-
cal arrangement.16 They are natural analogs of magnonic crystals for
manipulating spin waves.4,10,17–31 ASIs were initially introduced as a
macroscopic model system mimicking the atomic spin frustration in
the rare earth pyrochlore.16 The field has since matured into an excit-
ing research area21 for exploration of fascinating physical phenomena
such as geometrical frustration,16,32 magnetic monopoles,33,34 and
Coulomb phases.35 Its reconfigurable aspect has allowed unique func-
tionalities for applications such as data storage18,21 and advanced com-
putations.36,37 Recent studies demonstrate that artificial spin ices
possess rich mode spectra and tunable band structures in the GHz
frequency range,17,26–30 which can be tailored by tuning the geometry
and the magnetization state of ASIs for desired functionalities.
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These results indicate that ASIs can have great potential for program-
mable magnonics.

Here, we design a writable magnonic device that consists of a chi-
ral or pinwheel ASI on top of a soft ferromagnetic thin film [Fig. 1(a)].
Through micromagnetic simulations, we demonstrate that nanoscale
channels of spin wave transmission can be produced in the thin film
under zero bias magnetic field. These nanochannels are regulatable by
tuning the magnetization configuration of the top pinwheel ASI. The
reconfigurability and rewritability of the ASI38,39 enable these nano-
channels in the ferromagnetic film to be globally switchable and locally
writable. Our conceptual demonstration of writable magnonics could
pave a flexible way for designing programmable spin-wave-based logic
devices and circuits.

Recently, a ferromagnetic thin film was introduced as an under-
layer for an ASI system to tune the latter’s frustration40 and spin wave
modes.23 Here, we demonstrate the possibility for realizing writable
magnonics in an ASI-mediated magnetic film [Fig. 1(a)], by taking

advantage of the reconfigurability and rewritability of the ASI to create
and control nano-scale spin wave paths in the underlayer. For our sim-
ulations, we chose the recently developed pinwheel ASI pattern, con-
ceived by rotating each nanobar magnet in a square lattice by 45�

around its center41–45 as illustrated in Fig. 1(b). The pinwheel ASI
manifests interesting properties such as emergent charility41 and
domain wall topology.43 One of its unique features is the formation of
reconfigurable parallel chains of magnetic charges,43,45 which has been
used to design programmable superconducting electronic devices.45 In
our simulations, we use elliptical nanobar magnets with dimensions of
length L¼ 300nm, width W¼ 80nm, and thickness T¼ 20nm
[Fig. 1(b)]. At these dimensions, the nanobar magnets can maintain a
single-domain state with bistable remnant magnetization pointing
along its long axis at room temperature and can be locally manipulated
using a magnetic writing technique.38 The underlying ferromagnetic
film [Fig.1(a)] is 10nm thick. Micromagnetic simulations were carried
out with Mumax3.46 Details of micromagnetic simulations are described
in the supplementary material. We use the magnetic parameters of
Permalloy (Ni80Fe20) for both the top nanobar magnets and the under-
lying ferromagnetic film. Permalloy is a metallic soft ferromagnetic
material with large saturation magnetization, low damping constant,
and negligible magnetocrystalline anisotropy. The used parameters are
as follows:46–48 saturation magnetization MS¼ 8.6� 105A/m, damping
a¼ 0.01, and exchange constant Aex¼ 13� 10�12 J/m. The magneto-
crystalline anisotropy is not considered.

The pinwheel ASI has fourfold degenerate ferromagnetic orders,
which are easily tunable by applying an in-plane external magnetic
field.43,45 The black arrows in Figs. 2(a) and 2(b) show two of its
degenerate magnetic configurations. Since an ASI made of 20 nm thick
nanomagnets is athermal, these ordered configurations are stable
under zero bias magnetic field at room temperature. The correspond-
ing magnetization distribution of the underlying ferromagnetic film
for these two ordered ASI configurations displays vertical [Fig. 2(a)]
and horizontal [Fig. 2(b)] meandering stripes of domain and domain
walls in the absence of an external field. The two states are obtained by
polarizing the sample with horizontal (for a vertical domain state) and
vertical (for a horizontal domain state) in-plane magnetic fields,
respectively. Therefore, it is easy to switch between the two states by
tuning the magnetic configuration of the ASI pinwheel pattern.
Furthermore, due to the athermal nature of the ASI, the in-plane mag-
netic field can be removed once the nanomagnets are polarized, so
that the device can work at zero bias magnetic field.

Previous investigations have shown that domain walls can serve
as excellent magnonic waveguide channels for spin wave propaga-
tion.49 This suggests that the reconfigurable domains and/or domain
walls in the underlying magnetic film mediated by the pinwheel ASI
could be considered as a perfect magnonic crystal for in situ control of
spin wave transmissions. To examine the spin wave dynamics in our
continuous magnetic film, we calculate the mode spectra for the verti-
cal and horizontal domain states, as shown in Fig. 2(c). The excitation
of the external magnetic field pulse is along the þx (horizontal) direc-
tion in the sample plane. The spectra are calculated for both the top
pinwheel ASI pattern and the underlayer film with periodic boundary
conditions in the x–y plane. Both spectra show prominent peaks (V1

for the vertical domain state and H1 for the horizontal domain state)
of eigenmodes with amplitudes much larger than the other minor
modes V2, H2, and H3 [Fig. 2(c)]. However, the spectra of the vertical

FIG. 1. Design of a system with writable spin wave nanochannels. (a) Schematic
showing a pinwheel artificial spin ice on top of an underlayer film. (b) Parameters of
the top pinwheel artificial spin ice.
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and horizontal domain states are quite distinct, i.e., in both their mode
frequencies and amplitudes. The prominent eigenmodes of the hori-
zontal/vertical domain states are at 3.71/4.30GHz while the amplitude
of the horizontal domain state is nearly three times higher than that of
the vertical domain state.

To investigate the origin and difference of the spectrum eigenmo-
des between the two domain states, we calculate the spatial mode pro-
files of spin waves with various frequencies in the horizontal/vertical
domain states. The spectrum maps of the top ASI and the underlayer
film (see Figs. S1 and S2 in the supplementary material) clearly show
that these eigenmodes are dominated by the responses from the
underlayer film. Therefore, in the following, we will mainly present the
spin wave responses from the underlayer film. The frequency

evolutions of the spatial mode profiles for the two domain states are
shown in videos 1 and 2 of the supplementary material, respectively.
In Figs. 2(d) and 2(e), we show the spatial mode profiles of the spin
wave at H1¼ 3.71GHz in the underlayer film for the two domain

FIG. 2. Tunable magnetic structures and spin wave spectra. (a) and (b) Vertical
and horizontal stripe domains and domain walls in the soft magnetic underlayer film
at zero external magnetic field, respectively. The black arrows show the corre-
sponding magnetic configurations of the top pinwheel ASI structure. The white
dashed lines are domain walls. (c) The spectra for vertical and horizontal domain
states excited by a field pulse along the x (horizontal) direction [defined in
Fig. 1(b)]. The mode frequencies are H1¼ 3.71, H2¼ 6.50, H3¼ 7.62, V1¼ 4.30,
and V2¼ 5.47 GHz. (d) and (e) Spatially resolved modes at H1¼ 3.71 GHz for the
vertical and horizontal domain states, respectively.

FIG. 3. Switchable spin wave propagation. (a) and (b) Micromagnetic configuration
and spin wave amplitude map of the vertical domain state, respectively, with the
spin wave excitation in the white centerline. (c) and (d) Micromagnetic configuration
and spin wave amplitude map of the horizontal domain state, respectively.
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states, respectively. The spatially resolved maps for the other modes
can be found in Figs. S1 and S2 of the supplementary material. The
vertical domain state displays discrete, weak, and diffusive modes [Fig.
2(d)]. In contrast, the horizontal domain state shows continuous,
strong, and clear nanochannels of the mode at the domain walls. This
agrees well with the domain wall based magnonic waveguides.49 The
reason for the absence of strong mode channels at the domain walls
for the vertical domain state is that the magnetic moments in the
domain walls are all along the x (horizontal) direction [Fig. 2(a)],
which is the same with the excitation orientation of the microwave
pulse. On the other hand, the magnetic moments of the domain walls
in the horizontal domain state are all in the vertical direction [Fig.
2(b)], which is perpendicular to the microwave pulse direction.
Therefore, strong resonance of moment precession in the domain
walls is produced. We also simulated the spin wave excitations along y
and z directions (see Figs. S3 and S4 in the supplementary material).

The spectra of the horizontal/vertical states with y-direction excitation
are reversed as compared to those with x-direction excitation. The
spectra of the two states with z direction excitation are exactly the
same. The detailed analysis for the spectra with excitations along y
and z directions can be found in the supplementary material. The
significantly different responses between vertical and horizontal
domain states are indicative of a perfect reconfigurable magnonic
crystal, in which the spin wave transmission can be conveniently
switched on and/or off by tuning the magnetic configurations of
the top ASIs. The spectra excited by the in-plane microwave can be
conveniently realized by patterning samples on top of a coplanar
waveguide (CPW)24–27,30 or mounting samples on a CPW chip
with a flip-chip technique in broadband ferromagnetic resonance
(FMR) experiments.29 Thus, our proposed reconfigurable mag-
nonic crystal with tunable magnonic spectra could be directly real-
ized by FMR measurements.

FIG. 4. Writable spin wave nanochannels.
(a) and (b) Composite magnetization state
with both vertical and horizontal domain
states, which can be realized by tuning
the magnetization configurations of the
ASI via currently available magnetic writ-
ing techniques (see the main text). (c) and
(d) Spatially resolved modes at
H1¼ 3.71 GHz corresponding to (a) and
(b). (e) and (f) Amplitude maps of propa-
gating spin waves, corresponding to the
states in (a) and (b), respectively. The
spin waves are excited from the white
centerline shown in (a) and (b).
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To further demonstrate the reconfigurable propagation of spin
waves, we simulate a larger area of the sample. We apply a continuous
excitation field (a sinusoidal field at H1¼ 3.71GHz along the x direc-
tion) in a 100nm wide centerline, as shown in Figs. 3(a) and 3(c). The
detailed simulation protocol is described in the supplementary mate-
rial. Spin wave propagations in the two magnetic states can be directly
revealed from the temporal magnetic moment mappings as in videos 3
and 4 of the supplementary material, respectively. We extract the spa-
tial maps of the spin wave amplitude in the underlayer film, as dis-
played in Figs. 3(b) and 3(d). It shows that the transmission of the
spin wave is limited to a narrow range near the center excitation line
and cannot propagate over a long distance in the horizontal direction
[Video 3 and Fig. 3(b)]. This is consistent with the weak spin wave
mode in the vertical domain state under an excitation in the x direc-
tion [Fig. 2(d)]. In contrast, in the horizontal domain state with strong
mode channels [Fig. 2(e)], the spin wave transmits over a much longer
distance along the horizontal nanochannels [Video 4 and Fig. 3(d)].
We also find that the spin wave propagates asymmetrically on the two
sides of the center excitation line along a single nanochannel. This
asymmetric spin wave propagation is most probably due to the sym-
metry broken of the magnetic moments distribution, e.g., the
moments’ distribution is not mirror symmetrical on the two sides of
the center excitation line. Future studies are still needed to understand
the microscopic origin of this effect. Our results directly demonstrate
in situ switchable spin wave propagation by reconfiguring the magne-
tization states of the top layer pinwheel ASI structure.

Recent state-of-the-art nanomagnetic writing techniques allow
local control of magnetic configurations of the ASI using the tip of a
magnetic force microscope.38,39 This approach can be used to realize
writable spin wave nanochannels in our ASI mediated magnetic film.
To demonstrate this concept, we simulate the spin wave propagation
in a composite magnetization state, in which the left/right sides of the
excitation line are in the vertical/horizontal domain states, respectively
[Fig. 4(a)]. The magnetic configurations of the composite state are
shown in Fig. S5(a) of the supplementary material. Such a state is
nearly impossible to achieve with a global magnetization process but
can be conveniently realized by the above-mentioned magnetic writing
techniques.38,39 The spatially resolved mode ofH1¼ 3.71GHz displays
the expected feature, i.e., the mode nanochannels appear only on the
right side [Fig. 4(c)], resulting in a one-way spin wave propagation, as
clearly displayed by Video 5 and Fig. 4(e). The polarity of such a one-
way spin wave propagation can be reversed by writing a vertical
domain state in the right side and a horizontal domain state in the left
side [video 6 and Fig. S6]. Furthermore, we can also design a magneti-
zation state in which a narrow strip of the horizontal domain state
with three domain lines at the right is embedded within a vertical
domain background [Fig. 4(b)]. In this case, the nanochannels of the
spectrum mode are limited to the narrow strip region [Fig. 4(d)], lead-
ing to spin waves propagating primarily to the þx direction along the
horizontal strip [video 7 and Fig. 4(f)]. These examples evidently dem-
onstrate writable magnonics in our ASI mediated ferromagnetic film,
by fully taking advantage of the global reconfiguration and local
rewrite characteristic of the ASI system.38,39

In summary, we proposed a reconfigurable magnonic crystal
comprised of a pinwheel ASI pattern imprinted onto a soft ferromag-
netic underlayer film. Using micromagnetic simulations, we numeri-
cally demonstrated that the vertical and/or horizontal meandering

stripes of magnetic domains and domain walls in the underlayer film at
zero bias magnetic field can be robustly introduced by writing the mag-
netic configuration of the top pinwheel ASI structure. Furthermore, the
domain walls can sustain spin waves with well-defined frequency, pro-
viding nanochanneled waveguides that are switchable and writable.
The working frequencies can be easily tailored by regulating the dimen-
sions of ASI (see Figs. S7 and S8 in the supplementary material). Our
results demonstrate a convenient and flexible approach to effectively
guide and manipulate spin waves, highlighting a potential application
of artificial spin ices for writable magnonics. This highly reconfigurable
magnonic crystal would stimulate future magnonic applications such
as programmable spin wave circuits and logic devices for energy-
efficient information and data processing.

See the supplementary material for details of micromagnetic sim-
ulations, Figs. S1–S8, and the corresponding description. Videos 1–7
are also available.
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Stamps, Phys. Rev. B 101, 144403 (2020).

45Y.-Y. Lyu, X. Ma, J. Xu, Y.-L. Wang, Z.-L. Xiao, S. Dong, B. Janko, H. Wang, R.
Divan, J. E. Pearson, P. Wu, and W.-K. Kwok, Nano Lett. 20, 8933 (2020).

46A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. Garcia-Sanchez, and B.
Van Waeyenberge, AIP Adv. 4, 107133 (2014).

47K. S. Lee, D. S. Han, and S. K. Kim, Phys. Rev. Lett. 102, 127202 (2009).
48K. D. Stenning, J. C. Gartside, T. Dion, A. Vanstone, D. M. Arroo, and W. R.
Branford, ACS Nano 15, 674 (2021).

49F. Garcia-Sanchez, P. Borys, R. Soucaille, J. P. Adam, R. L. Stamps, and J. V.
Kim, Phys. Rev. Lett. 114, 247206 (2015).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 120, 132404 (2022); doi: 10.1063/5.0085455 120, 132404-6

Published under an exclusive license by AIP Publishing

 24 August 2026 05:32:42

https://doi.org/10.1126/sciadv.1701517
https://doi.org/10.1126/sciadv.1701517
https://doi.org/10.1038/s41928-020-00485-6
https://doi.org/10.1038/ncomms5700
https://doi.org/10.1126/sciadv.abb4042
https://doi.org/10.1126/sciadv.abb4042
https://doi.org/10.1038/nature04447
https://doi.org/10.1063/1.5142705
https://doi.org/10.1103/RevModPhys.85.1473
https://doi.org/10.1063/PT.3.3237
https://doi.org/10.1088/0953-8984/25/36/363201
https://doi.org/10.1038/s42254-019-0118-3
https://doi.org/10.1038/s42254-019-0118-3
https://doi.org/10.1103/PhysRevLett.110.117205
https://doi.org/10.1103/PhysRevApplied.13.044047
https://doi.org/10.1103/PhysRevB.93.100401
https://doi.org/10.1103/PhysRevB.100.054433
https://doi.org/10.1103/PhysRevApplied.14.014079
https://doi.org/10.1088/1361-648X/ab3e78
https://doi.org/10.1103/PhysRevB.100.214425
https://doi.org/10.1038/s41467-021-22723-x
https://doi.org/10.1021/acs.nanolett.0c03729
https://doi.org/10.1103/PhysRevB.93.134420
https://doi.org/10.1038/nphys3520
https://doi.org/10.1038/nphys1794
https://doi.org/10.1126/sciadv.aav6380
https://doi.org/10.1038/nature20155
https://doi.org/10.1103/PhysRevApplied.11.054086
https://doi.org/10.1088/1367-2630/abbf21
https://doi.org/10.1126/science.aad8037
https://doi.org/10.1038/s41565-017-0002-1
https://doi.org/10.1103/PhysRevLett.127.117203
https://doi.org/10.1038/nmat5007
https://doi.org/10.1103/PhysRevB.98.014437
https://doi.org/10.1021/acsnano.8b08884
https://doi.org/10.1103/PhysRevB.101.144403
https://doi.org/10.1021/acs.nanolett.0c04093
https://doi.org/10.1063/1.4899186
https://doi.org/10.1103/PhysRevLett.102.127202
https://doi.org/10.1021/acsnano.0c06894
https://doi.org/10.1103/PhysRevLett.114.247206
https://scitation.org/journal/apl

	f1
	f2
	f3
	f4
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49

