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We explore the possibility offered by magnetic materials with cubic anisotropy to realize reconfigurable
magnonic crystals with a very simple geometry working at zero magnetic field. As a proof of concept, we
use micromagnetic simulations to calculate the static and dynamic magnetic configurations of a squared
antidot lattice made with Co2MnSi Heusler alloy having an anisotropy constant of about 17 × 103 J/m3.
We show that the cubic anisotropy allows very different magnetic states to be obtained at remanence as a
function of the direction of a saturation magnetic field, including quasiuniform remanent states that cannot
be obtained in materials with the same magnetic parameters but without crystal anisotropy. This leads
to the possibility to excite or extinct several quantized spin-wave modes whose frequencies can be tuned
with the antidot dimensions. Reconfigurable magnetic states are demonstrated for antidot sizes in the range
300–350 nm for a ratio between the antidot size and spacing equal to 1/3. The transition between two dif-
ferent remanent states can be obtained with low-amplitude magnetic field (down to 3.5 mT) and with a
switching time faster than 1 ns, which is of great interest for applications. Oppositely, for a particular orien-
tation of the antidot lattice with respect to the cubic anisotropy axes, we also obtain a single stable remanent
state independent of the saturation field direction. Finally, propagation properties and frequency band gaps
in an antidot lattice with lateral antidot size of 100 nm are studied for frequency-filtering applications at
remanence. Both magnetostatic surface waves and magnetostatic backward-volume wave configurations
are explored for different positions of the microwave excitation with respect to the magnonic crystal.

DOI: 10.1103/PhysRevApplied.17.044054

I. INTRODUCTION

Magnonics is a very active field in magnetism consist-
ing of manipulating the amplitude or phase of spin waves
to achieve logical operations and communication technolo-
gies [1,2]. In particular, the very small wavelength of spin
waves in the microwave range (from few nm up to few µm)
and their frequency tuning with external magnetic fields
allow exploration of the miniaturization of microwave to
subterahertz devices for on-chip integration. This makes
magnonics a promising alternative for post-CMOS tech-
nology and many applications of spin-wave-based devices
have already been demonstrated [2–6].

In this field, magnonic crystals (MCs) play a major
role. They consist of a magnetic material with a peri-
odic modulation of one or several magnetic parameters
(magnetization, anisotropy). These metamaterials are the
magnetic counterpart of photonic crystals. Due to the peri-
odic lattice, forbidden frequency band gaps for spin-wave
propagation appear. Recent developments in MCs have
focused on reconfigurable devices. Such systems aim at
getting multiple remanent states, thus allowing different
microwave responses, without the need for a bias field that
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limits chip integration. In addition to logical and communi-
cation devices, MCs are very attractive to develop innovat-
ing passive microwave devices such as filters, circulators,
receivers, etc.

Applications also require a simple initialization scheme
with low energy consumption and a fast initialization
time. Very interesting routes have been explored to ful-
fil these requirements such as dipolar-coupled nanowires
and nanopillars [7,8], current-induced Oersted field [9,10],
laser heating [11,12], spin ice [13], or voltage-controlled
hybrid multiferroic-ferromagnetic material [14]. Among
these promising routes, recent studies focussed on the
use of shape anisotropy, in particular, geometries such as
arrays of rhomboid [15], trapezoidal [16], L- and C-shape
nanomagnets [17]. In such systems, the transition between
different remanent magnetic states is stabilized through the
dipolar coupling between the elements. Furthermore, the
transition between the states is predicted to be very fast
(below 1 ns) but obtained with a relatively large applied
field (few tens of mT).

Beside these achievements, it appears that considering
the intrinsic magnetic material properties and, in particu-
lar, the crystal anisotropy of magnetic material has been
poorly considered so far to make reconfigurable devices.
In the case of sufficiently strong cubic anisotropy, it is
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possible to obtain different remanent magnetic configura-
tions, including quasiuniform states, after application of
a saturation field in different directions. Among the dif-
ferent cubic anisotropy materials, Co2MnSi Heusler alloys
can be of particular interest. They have a high Curie tem-
perature (approximately equal to 900 K) allowing high
thermal stability for applications [18]. Reported experi-
mental values of saturation magnetization Ms and cubic
anisotropy constant K are relatively high (µ0Ms up to
1.3 T and K up to 17 × 103 J/m3) [19–22]. This allows
high-frequency applications in the gigahertz (GHz) range.
In addition, a very low Gilbert-type damping constant
down to 7 × 10−4 has been measured with a high spin
polarization P = 93% [23,24]. Low damping materials are
required for devices that need a long spin-wave propaga-
tion distance. For all these reasons, Co2MnSi has been one
of the most studied Heusler alloys in the past 15 years
but other Co2YZ compounds are extremely interesting for
applications [24–29].

Here we discuss the possibility to obtain reconfigurable
magnonic properties in a simple and classical squared anti-
dot geometry with a crystal of Co2MnSi Heusler alloy
as a model system. Simulations show that the switch-
ing between different remanent states can be obtained in
about 1 ns with a magnetic field pulse of few mT. The
calculated confined spin-wave mode frequencies show an
almost complete extinction of several particular modes as
a function of the applied field direction for particular val-
ues of the ratio between the antidot size and their spacing.
We demonstrate that this effect can be reliable for antidot
sizes as small as 50 nm. We compare these results with
the ones that could be obtained for a material without crys-
tal anisotropy. In addition, we show that a 45° rotation of
the antidot lattice with respect to the cubic anisotropy axes
allows retrieving always the same microwave response
independently of the direction of an applied field. Such
behavior can be interesting for applications where the
microwave properties must be stable against magnetic per-
turbations. Finally, we discuss the propagation properties
of magnetostatic surface waves (MSSWs) and magne-
tostatic backward-volume waves (MSBVWs) through an
antidot MC in the particular case of an antidot size of
100 nm separated by 300 nm.

II. METHODS

We used Mumax3 [30] to perform micromagnetic sim-
ulations of the remanent magnetic states and dynamic
spin-wave modes in squared antidot lattices as shown in
Fig. 1(a). Mumax3 solves the Landau-Lifshitz equation
where the effective field is defined as the sum of the
applied external field, the Heisenberg exchange interaction
field, the magnetostatic field coming from the shape of the
sample and the cubic anisotropy field. The full description
of the different terms is given in Ref. [30].

(a)

(b) rf field

FIG. 1. (a) Schematic of the unit cell for the micromagnetic
simulations of the MC. s is the value of the lateral dimensions
of the squares and d is the spacing between them. (b) Remanent
states as a function of the angle θ between the saturation field H 0
and the X axis for s = 300 nm and d = 900 nm. The gray squares
beside each row show the orientation of the cubic anisotropy axes
denoted as Hk (black arrows) in the Co2MnSi thin film. The first
row corresponds to a parallel alignment of the square lattice with
Hk, the second row corresponds to a 45° rotation of the square
lattice with respect to Hk and the third row corresponds to the
remanent states obtained without crystal anisotropy field.

The square antidot size is s and the spacing between
the squares is d. We use cubic cells with dimen-
sions 5 × 5 × 5 nm3, below the exchange length lex =√

2A/μ0M 2
s ≈ 5.4 nm as defined in Ref. [30]. The

magnetic parameters used are the saturation mag-
netization Ms = 1003 × 103 A/m, the exchange con-
stant A = 18 × 10−12 J/m, the cubic anisotropy constant
K = 17 × 103 J/m3 (µ0Hk ≈ 35 mT) and the gyromagnetic
ratio γ = 28.7 GHz/T. Those values are the ones that
we obtain experimentally in our previous experiments
for chemically ordered L21 Co2MnSi [19]. The Gilbert-
damping coefficient is set to 1 × 10−3, in agreement with
our findings and recent reported values [22,25,31] below
the 10−3 range. The film thickness is 20 nm. We use two-
dimensional (2D) periodic boundary conditions (PBCs) in
order to simulate an infinite MC. All results presented

044054-2



CUBIC ANISOTROPY FOR A . . . PHYS. REV. APPLIED 17, 044054 (2022)

here are obtained for a unit cell of the MC with lateral
dimensions = (2s + 2d). As discussed below, we verify the
validity of these calculations for systems with dimensions
as large as 30 000 × 30 000 × 20 nm3. Nevertheless, such
large simulations require large computer resources and
calculation times that cannot allow numerous tests.

For the simulation of the static remanent states, we start
with a random orientation of the magnetization and then
we apply a 1-T saturation field µ0H 0. The field is then
decreased in many steps down to zero. Also, we apply
the field with a 0.1° misalignment with the symmetry
axes (X or Y, for example) of the system. These precau-
tions avoid calculation of metastable remanent states due
to the cubic symmetry of the cells. Once the equilibrium

state is reached, the system is left to relax for 10 ns. This
defines the initial remanent state for the dynamic simula-
tions. To calculate the frequencies of the spin-wave modes,
we apply a uniform magnetic pulse along the X axis of
the system. This can mimic a ferromagnetic resonance
(FMR) experiment, for example. We apply a magnetic
field pulse with a temporal Sinc function such as hrf (τ ) =
μ0hpSin(2π fc(τ − τwait))/2π fc(τ − τwait), where μ0hp =
2 mT is the amplitude, fc = 30 GHz the cutoff frequency,
τ the simulation time and τwait = 5.12 ns. This method
allows excitation of all spin-wave modes that can couple
to a uniform microwave field up to the cutoff frequency.
We then record 4096 magnetization files every 10 ps. This
leads to a Nyquist frequency of 50 GHz. A fast Fourier

(a) (b)

(c) (d)

FIG. 2. FFT amplitude spectra for the different remanent magnetic configurations presented in Fig. 1(a). In (a), (b), and (c), the
amplitude of the FFT are normalized with respect to the amplitude of mode 2 in the A4 state. In (d) the amplitude is normalized with
respect to the amplitude of mode 1′′′ in the C2 state. Below each FFT, we show temporal snapshots of the dynamic mx component at
the frequencies of the modes indexed in the FFT spectra. The snapshots correspond to the profile at which the amplitude in the central
cell of the MC is maximum.
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(a)

(b)

(d)

(e)

(c)

FIG. 3. Remanent magnetic states, FFT spectra and mx temporal snapshots for different values of s and d. (a) s = 300 nm, d = 600 nm,
(b) s = 300 nm, d = 300 nm, (c) s = 200 nm, d = 600 nm, (d) s = 100 nm, d = 300 nm, (e) s = 50 nm, d = 150 nm. For all simulations,
the antidot lattice is aligned with the cubic anisotropy axis. The mx profiles are given for the modes indexed in the different FFT
spectra. Each FFT spectrum is normalized with respect to the most intense mode. The Rem X and Rem Y remanent states correspond
to a saturation field H 0 applied in the X or Y direction, respectively.

transform (FFT) is performed on the time-varying Z com-
ponent of the magnetization Mz(τ ), averaged over all cells
to obtain the frequencies of the spin-wave modes.

To recover the spin-wave profiles, we first subtract the
initial equilibrium remanent state to each temporal mag-
netic file. Then, FFT and inverse FFT are performed to
filter a particular frequency and recover the corresponding
time evolution of the dynamic mx component for each cell.
The spin-wave profiles shown in Figs. 2 and 3 correspond
to the snapshots at the time for which the amplitude of the
mx(τ ) component in the central cell is maximum.

III. RESULTS

We first study a MC with s = 300 nm and d = 900 nm.
Such dimensions are relatively easy to achieve with clas-
sical e-beam lithography techniques to make a real device.

Figure 1(b) presents the simulated remanent states as a
function of the angle θ between the saturation field H 0 and
the X axis. The first row corresponds to the Co2MnSi MC
with the antidot lattice aligned along the cubic anisotropy
axes denoted as Hk in Fig. 1.

Four remanent magnetic configurations can be obtained.
The A1 and A4 configurations correspond to quasiuniform
states with most of the magnetization aligned along the
direction of H 0 while very small domains appear close
to the antidot edges. We refer to these domains as edge
domains. They appear to tilt the magnetization in the direc-
tion of the local shape anisotropy. The configurations A1
and A4 appear for 0° ≤ θ ≤ 40° and 50° ≤ θ ≤ 90°, respec-
tively. For the range 40° ≤ θ ≤ 50°, a domain with the mag-
netization aligned roughly at 45° from the X axis appears
connecting antidots aligned along the diagonal. We refer
to these domains as 45° domains. The configurations A2
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and A3 differ only by the direction of the magnetization
between the 45° domains, depending on the direction of
H 0 above or below 45°. Let us note that the configura-
tions A2 or A3 are metastable states in the sense that the
lowest energy configurations at remanence are the A1 or
A4 states. The A2 or A3 configurations appear when H 0
decreases down to about 8 mT. For this value, the local
demagnetizing field combined with the crystal anisotropy
field induces a rotation of the magnetization in the X (or
Y) direction, between the antidots. However, in the central
part of the unit cell, the Zeeman field is still sufficiently
strong to stabilize the magnetization at 45°. This configu-
ration remains stable as H 0 is further decreased down to
0 mT.

Figure 2(a) presents the microwave spectrum for the
configurations A1 and A4 under a uniform microwave
pumping field hrf in the X direction. The amplitudes of
the FFT spectra are normalized with respect to the ampli-
tude of the main mode (mode 2 here) in the A4 con-
figuration. Several modes appear with frequencies up to
about 10 GHz. Below the graph we show snapshots of
the dynamic mx component for the five modes indexed
in Fig. 2(a) for the A4 configuration. The lowest fre-
quency mode corresponds to the dynamic excitation of the
edge domains. These localized modes show a relatively
large amplitude. Edge-domain modes generally appear at
low frequencies as the local effective field is lowered
by the competition between the local demagnetizing and
exchange fields.

Mode 2 corresponds to a uniform precession of the
magnetization in the form of stripes along the X direc-
tion between the antidots. More particularly, the volume
where the magnetization oscillates is restricted in the ver-
tical direction by the edge domains. The width of these
pseudostripes are then about 450 nm, i.e., about half of
the nominal spacing between the antidots. We refer to this
mode as a quasiuniform stripe mode, in reference to the
uniform precession mode observed in uniformly magne-
tized stripes [32,33]. However, as we can observe, the
analogy is not completely true as in our case we also
observe a strong magnetization precession inside the edge
domain, with the presence of a node in the middle. Mode 3
is mainly related to the magnetic precession in the region
between antidots aligned horizontally. Finally, modes 4
and 5 correspond to quantized spin-wave modes in the
pseudostripes with a quantification of the wave vector
along the Y direction for mode 4 and along both X and
Y for mode 5.

As expected for reconfigurable operations, the spec-
trum in the configuration A1 shows a clear difference
with the one of A4. This is because most of the mag-
netization is aligned with the microwave pumping field,
avoiding a direct coupling (as long as the power do not
exceed a threshold related to Suhl instabilities [34,35]). In
particular, the main mode number 2 is almost extinct. To

give an order of magnitude, we calculate the attenuation of
the different modes in dB as 20 log(M A1

z /M A4
z ). This con-

vention is used because FMR experiments generally refer
to the absorbed microwave power, which is proportional to
the square of the dynamic magnetization component. For
mode 2, the attenuation is about −40 dB. For mode 1, it is
only about −10 dB. This is because the magnetization in
the edge domains in the configurations A4 and A1 always
shows a non-null averaged My component that can couple
with hrf. For modes 3, 4, and 5, the attenuation is between
−20 and −30 dB.

We also compare the amplitude of the FFT spectrum
obtained in configuration A4 with the one obtained in
configurations A2 and A3 [Fig. 2(b)]. Due to the pres-
ence of the 45° domains, we do not have quasiuniform
stripe modes anymore. In contrast, the snapshots of the
spin-wave profiles show that most of the modes imply a
strong dynamic precession inside the 45° domains with
an increasing number of nodes and antinodes as the fre-
quency increases. Regarding the reconfigurable microwave
functionalities, the possibility to create 45° domains on
purpose offers extra functionalities to the device. In par-
ticular, it allows obtaining a low-frequency mode 1′, with
a frequency shift of 1.3 GHz with respect to mode 1
in the A4 configuration. This leads to an attenuation of
–34 dB of mode 1 when switching between mode A4 and
A2 or A3. Therefore, this device offers many possibilities
depending on the direction of H 0 for on and off switch-
ing of several spin-wave modes at well-defined frequen-
cies, with strong amplitude attenuation, in the 1–10 GHz
range.

We also test a configuration that could be useful for
microwave applications where a constant response inde-
pendent of external magnetic perturbations is required.
This configuration is noted B1 and is shown in the sec-
ond row of Fig. 1(b). Here, the square lattice is rotated
by 45° with respect to the cubic anisotropy axes of the
Co2MnSi thin film. As can be seen, the remanent states
are always the same for 0° ≤ θ ≤ 90°. It is quasiuni-
form across the sample and the magnetization is aligned
along the direction of one of the anisotropy axis. The
magnetization can be aligned in the direction 1, 2, 3, or
4 depending on the quadrant [second row of Fig. 1(b)] in
which H 0 is applied. The main interest here is that all four
directions will give a similar microwave spectrum because
the averaged Mx and My components have always the same
absolute magnitude. Figure 2(c) presents the microwave
spectrum in configuration B1 and the spin-wave profiles of
the first five modes. As compared with configuration A4,
the edge-domain mode disappears and the first dynamic
mode is around 5 GHz. This one corresponds somehow
to a quasiuniform stripe mode but with the stripe aligned
along the diagonal of the sample. More generally, it can
be observed that all modes are spreading along the diago-
nal of the sample, with an increasing number of nodes and
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antinodes in the direction of the equilibrium magnetization
as the frequency increases.

Finally, in order to demonstrate the advantage of
materials with crystal cubic anisotropy, we study the
expected static and dynamic configurations in the same
material but with K = 0 (no anisotropy). For every θ value,
complex nonuniform remanent states appear, as shown in
the third row of Fig. 1(b). In particular, domains with the
magnetization aligned at 45° with the X axis always appear
in the central part of the unit cell. Configuration C1 is
obtained for 0° ≤ θ ≤ 45° and C2 for 45° ≤ θ ≤ 90°. All
spin-wave profiles shown in Fig. 2(d) show a strong pre-
cession of the 45° domains. As they are present for the
two configurations C1 and C2, attenuation values of the
different modes are relatively weak. The maximum attenu-
ation is obtained for the main mode 1′′′ and is about −6 dB
only, far from the −40 dB that can be obtained with cubic
anisotropy.

IV. INFLUENCE OF THE ASPECT RATIO s/d

We now study the reconfigurable properties of the MC
as a function of the s and d values. This is mandatory to
understand how to design a device that will operate in the
desired frequency range.

We first study the influence of the aspect ratio while
keeping s = 300 nm. When reducing the spacing between
the antidots, quasiuniform remanent states cannot be
obtained anymore. For s/d = 1/2 we observe in Fig. 3(a)
that 45° domains form between antidots aligned diago-
nally. The magnetization in the other parts of the sample
aligns either in the X or Y direction depending if θ is below
or above 45°, respectively. The two possible remanent
states are then written as Rem X and Rem Y, respectively.
The profiles of the first five modes in the Rem Y configura-
tion show very complex internal structures, mainly related
to the 45° domains’ oscillation. The lowest frequency
mode appears to be the most intense. It corresponds to a
domain-wall resonance at the boundary between the 45°
domains and the area where the magnetization is parallel to
the X or Y direction. Such domain-wall resonance appears
for both Rem X and Rem Y. Therefore, its attenuation is
only of −3 dB, which is not relevant for reconfigurable
operations. If the mode number 4 shows about −30 dB
attenuation, the other modes do not reach −20 dB and such
an aspect ratio does not offer performances as good as for
s/d = 1/3.

For s/d = 1, the Rem X and Rem Y states are exactly
the same and no reconfigurable operations can be achieved
[Fig. 3(b)]. The magnetization rotates toward the X (Y)
axis between two vertical (horizontal) antidots to minimize
the magnetostatic energy that increases when decreasing
d. As a consequence, the area between vertical antidots
show almost no coupling with hrf because the magnetiza-
tion is aligned along X, and the magnetization precession

is localized in the central part of the unit cell and between
horizontal antidots. Therefore, decreasing the antidot
spacing for a constant value of s tends to reduce
the attenuation values of the spin-wave modes because
of the impossibility to reach quasiuniform remanent
states. For the magnetic parameters of Co2MnSi alloy
used in this study, an aspect ratio s/d= 1/3 is suitable
to ensure reconfigurable MC. However, this ratio will
depend on the material parameters and especially on the
cubic anisotropy, exchange, and saturation magnetization
constants.

While keeping the ratio s/d = 1/3, we study the evo-
lution of the microwave spectra and spin-wave modes
as a function of s. A first observation on the remanent
states is that only two configurations (Rem X and Rem Y)
can be obtained for s ≤ 200 nm. Indeed, no 45° domains
appear for H 0 applied at θ ≈ 45°. They are shown in
Figs. 3(c)–3(e) for each value of s. The Rem Y and Rem
X states appear for θ above or below 45°, respectively.

For s = 200 nm, the spin-wave modes in the Rem Y state
are quite similar to the one obtained for the A4 state. How-
ever, the low-frequency confined-edge mode has become
the most intense. Its attenuation in the Rem X configura-
tion is still about −10 dB. The second most intense mode
corresponds to the quasiuniform stripe mode and shows
an attenuation of about −42 dB. As compared to the case
s = 300 nm, we have also more modes with a relatively
high intensity and attenuation better than −20 dB in the
Rem X configuration. Therefore, this configuration gives
more flexibility for reconfigurable operations.

When s = 100 or 50 nm, the magnetization in the cen-
tral part of the unit cell is not fully aligned along the Y
(X ) direction for the Rem Y (Rem X ) state [Figs. 3(d)
and 3(e)]. This effect is even stronger for s = 50 nm. This
is because edge domains aligned along the diagonal get
closer from each other and start to spread in the central
part of the unit cell. The direct consequence of a slight tilt
of the averaged magnetization with respect to the X or Y
axes has been addressed in Ref. [36] for circular antidot
arrays made of Permalloy under a magnetic field applied at
few degrees from the symmetry axes of the array. In their
case, the authors have shown that low-frequency modes
become a combination of asymmetric channel and edge
mode (see Figs. 4 and 5 in Ref. [36]). Also, they observed
that low-frequency modes show a maximum amplitude
in the channel connecting opposite antidots in the diag-
onal direction. Even if in the present study we explore
remanent states and a different material, our results for
s = 100 and 50 are very similar to their conclusions. It
can be seen in Figs. 3(d) and 3(e) that mode 1 does not
correspond to a magnetic precession well localized in the
edge domain. This is similar to the lowest-frequency mode
described in Ref. [36]. Its frequency is still low, i.e., within
the range observed for s = 300 or 200 nm, because it is
driven by the edge domain where the effective field is
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FIG. 4. Simulations of the switching times between different
equilibrium configurations. The black, red, and blue curves cor-
respond to the transition from the Rem Y to Rem X states for
s = 50, 100, and 200 nm, respectively. The violet and green
curves correspond to the transition from the A4 to A1 and from
A4 to A3 states, respectively. The aspect ratio is always s/d = 1/3.
The duration of the magnetic field pulse is 1 ns and it is aligned
along the X direction except for the A4 to A3 transition for which
it is applied at 45° from the X axis.

small. For higher-frequency modes, our results are similar
to the dragonfly modes observed in Ref. [36].

We also observe that the frequencies of higher-order
modes increase as s decreases below 200 nm. This is
expected. Indeed, the spatial confinement of the spin waves
increases when reducing the distance between the antidots.
This enhances the angle between neighboring precess-
ing spins, leading to an additional contribution of the
exchange interaction to the effective field and to the reso-
nance frequency. Such an effect is somehow similar to the
contribution of the exchange energy to the frequencies of
quantized modes in stripes [37,38].

One of the main difference for s = 100 or 50 nm as
compared to s = 300 or 200 nm is that the high-frequency
modes show a relatively small amplitude with respect to
the main one. However, reconfigurable operations can be
achieved, as the microwave response between the Rem Y
and Rem X states is different. For example, the attenuation
for mode 2 for s = 100 or 50 nm is still around −30 dB
while it reaches around −20 dB for the other modes. Then
playing with the values of s, and possibly on the shape of
the antidots other than squares, allows setting the working
frequency of the device in the desired frequency range of
application.

In order to go further in the potential of this device for
microwave applications, we numerically test the required
minimum amplitude for H 0 and the time to switch
between the different configurations when s/d = 1/3. For
s = 300 nm, we start from the A4 configuration and look
at the switching time into the A1 or A3 states. For

s �= 300 nm, we look at the switching from the Rem Y to
the Rem X state. In order to compare with other stud-
ies, we apply the same methodology as described in Ref.
[39]. To our knowledge, these authors were pioneering to
explore such parameters in the case of devices devoted to
magnonic applications. A magnetic field pulse is applied in
the X direction, except for the transition between A4 and
A3 for which the pulse is applied at 45° from the X axis.
The pulse duration is 1 ns with an absolute amplitude P.

Results are shown in Fig. 4. For every value of s, switch-
ing is achieved within roughly 1 ns. Only the transition
between A4 to A3 is achieved above 1 ns (approximately
equal to1.2 ns). Also, the field amplitude is of few mT
and decreases with s. This is about one order of magnitude
lower than in the case of the nano-objects made in Permal-
loy proposed in Refs. [16,17,39]. But it is worthwhile to
mention that their system has been designed to achieve
nanoscale integration, while our system is more relevant
for micrometer-scale devices (see discussion below). As
mentioned in Ref. [39], a simple scheme with two perpen-
dicular current lines placed above the MC can achieve the
switching mechanism. However, reaching such magnetic
field amplitude with current lines is still energy consum-
ing and further optimization of the device design must
be driven to reduce it, such as with different shapes of
antidots.

Now that we show the possibility of obtaining reconfig-
urable operations with a simple pseudoinfinite geometry,
the question of the validity of our approach on a device
with finite dimensions is raised. Indeed, for finite dimen-
sions, flux closure magnetic domains at the edge of the
sample will inevitably arise. We address this question
by performing micromagnetic simulations with OOMMF
on large samples. These simulations are performed with
the high-performance computing (HPC) resources of the
CALMIP supercomputing center. The evolver and driver
used in the simulations of the remanent states are, respec-
tively, “Oxs_CGEvolve” and “Oxs_mindriver.” The con-
vergence criteria is set to m × H × m = 10 and we verify
that the results are the same for values down to 1.

Calculations are performed for an antidot lattice with
s = 300 nm, s/d = 1/3. We test two geometries. In the
first case, the spacing between the edge of the last
antidot row (or column) and the edge of the sample
is equal to 1/2 of the interdot distance, i.e., 450 nm.
In the second case, the spacing is null. For the sake
of clarity, Fig. 5 shows only the remanent states for
H 0 applied along the X and Y directions and sample
dimensions 14 400 × 14 400 × 20 nm3 in the first case
and 13 500 × 13 500 × 20 nm3 in the second case. But
the same magnetic states are obtained for samples from
9900 × 9900 × 20 nm3 up to 29 400 × 29 400 × 20 nm3.

For the first geometry [Fig. 5(a) and 5(b)], the magneti-
zation at the right and at the left of the sample is aligned
along the Y direction in the area between the edge of the
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(a) (b) (c)

(d) (e) (f)

FIG. 5. Remanent states of a finite-size sample with lateral dimensions 14.4 × 14.4 µm2 (a), (b) and 13.5 × 13.5 µm2 (d), (e). The
antidot lateral size is 300 nm and s/d = 1/3. The saturation field is applied parallel to the Y axis in (a), (d) and to the X axis in (b), (e).
(c) FFT spectra for the remanent states presented in (a), (b). (f) FFT spectra for the remanent states presented in (d), (e). For comparison
the FFT spectrum for the A4 configuration of Fig. 2(a) is shown in light blue in (c), (f).

sample and the first antidot column. At the top and bottom
of the sample, the magnetization is aligned along X in the
area between the edge of the sample and the first antidot
row. We refer to these areas as uniform domains. Each of
them has a width of 450 nm. It is worthwhile to mention
that the magnetization in these areas is always aligned in
the same direction either if H 0 is applied in the X or Y
direction.

The areas at the left and right could potentially couple
to hrf. However, they represent a small portion of about
5% of the total magnetic volume (for this particular sam-
ple dimensions of about 14 µm). To verify their impact
on the microwave response of the device, we calculate the
FFT spectra as shown in Fig. 5(c). The results are very
similar to those obtained for the A1 and A4 configurations
in Fig. 2(a). For comparison, the FFT spectra of the A4
configuration is shown in light blue in Fig. 5(c). The main
difference is a small enlargement of the resonance peaks
with the apparition of a little satellite peak at 5.2 GHz
close from the main mode, and a slight decrease of the
relative amplitude of mode 3 while the one of mode 4
increases. The attenuation values are similar to the ones
discussed above for the A1 and A4 states. As the size of
the sample will increase, the FFT spectrum will be closer
and closer from the ones of the pseudoinfinite case as the

influence of the magnetic nonuniformity will be reduced.
We also verify that a sample with the same dimension with
s = 100 nm, s/d = 1/3 shows a similar FFT spectrum as
in the Rem X and Rem Y states presented in Fig. 3(d).
Therefore, all results presented above for a pseudoinfinite
geometry are valid and such a geometry is very well suited
for applications.

In the second case presented in Figs. 5(d) and 5(e) the
magnetic states are more nonuniform both on the lateral or
vertical edges. Also, and oppositely to the first geometry
tested, the magnetization on the edges varies as a func-
tion of the direction of H 0, as shown in the inset below
the figures. For this sample size, the nonuniform magnetic
areas represent about 17% of the total magnetic volume.
The main difference with the microwave response in the
A4 or A1 states of Fig. 2(a) is the apparition of a low-
frequency mode around 1.8 GHz, and a decrease of the
relative amplitude of the modes with frequencies above
the main mode. Depending on the modes considered, the
amplitude is decreased between 10 to 40%. Consequently,
high-frequency modes show marred attenuations between
−10 and −20 dB only in this geometry.

As a conclusion, the impact of flux closure magnetic
domains that always form at remanence in finite-size
devices can be reduced with a proper design of the MC
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[such as the geometry of Fig. 5(a)] in addition to an
increase of the lateral dimensions of the sample if needed.

V. PROPAGATION PROPERTIES OF MC WITH
s = 100 nm AND s/d = 1/3

We now discuss the properties of our MC to propa-
gate spin waves for filtering applications. In particular, we
are interested in the possibility to obtain on-demand spin
waves propagating in the MSSW or MSBVW configura-
tions at remanence. In the case of MSSW in stripes, it is
generally necessary to apply a bias field to stabilize the
magnetization along the width of the stripe. Therefore, the
possibility to use the strong cubic anisotropy to stabilize
the magnetization without the need for bias field is par-
ticularly interesting. Also, spin-wave propagation in MC
at remanence is rarely discussed in the literature. Most of
the studies performed on the filtering properties of MC
have been performed under bias field either for MSSW
or MSBVW in order to avoid complex nonuniform mag-
netic states [40–43]. However, for filtering applications, it
is of particular interest to propose MC working at rema-
nence. In addition, materials such as Heusler alloys with
low-damping coefficients offer the possibility to propagate
spin waves over several microns.

We simulate the propagation of spin waves through 40
columns of antidots as shown in Fig. 6. This number of
antidots is similar to other studies [44]. Due to limited
computer resources, we test only a MC with s = 100 nm
and d = 300 nm and we use periodic boundary conditions
in the Y direction. The width of the filter is then 800 nm
(160 cells). Periodic boundary conditions also allow avoid-
ing the complications related to reflections on the top and
bottom edges of the waveguide [45,46]. The full length of
the waveguide is 61.44 µm long (12 288 cells). On each
side of the MC, we have two areas of unpatterned Co2MnSi
with a length of 22 microns each. At both ends of the
waveguide, the damping is linearly increased up to 0.1 over
a distance of 5 microns. This ensures reflexions of spin
waves on the edge of the sample are avoided, which might
perturb the analysis of the filtering properties.

We test two geometries for the microwave excitation. In
case 1, the rf pulse is located at a distance L =−7 µm from
the first unit cell of the MC as shown in Fig. 6(a). In case
2, it is located at the center of the MC (L = 16 µm). In case
2, we simulate a MC with 80 columns to study the propa-
gation within 40 columns such as in case 1. We excite the
magnetization with a Sinc function as describes above. The
field is applied on one column of cells, therefore on a width
of 5 nm, giving a cutoff spatial frequency of 1.256 rad/nm.
The field pulse is applied either in the X or Z direction for
MSSW or MSBVW excitation, respectively. To observe
the frequency-filtering properties and propagation of spin
waves, we calculate the FFT spectrum for each cell along
the X direction over a length of more than 20 µm. For case

1, this ensures the MC is surrounded and both the antenna
region and the output region after the MC are observed.
Also, the spectra are averaged on the 160 cells in the Y
direction. The results are shown as f (x) diagrams.

The f (x) diagrams are compared to spin-wave disper-
sion curves f (kx) obtained from a 2D FFT treatment per-
formed on an infinite MC. To obtain the dispersion curves,
we record for a duration of 40.96 ns every 10 ps (Nyquist
frequency 50 GHz, resolution approximately equal to
25 MHz) the temporal evolution of the dynamic Mz(τ )

component in a MC made of 4160 cells along X and 160
cells along Y and using 2D PBC. The microwave pulse is
located on one column of cells at the center of the MC. The
pulse is a Sinc function with a cutoff frequency of 30 GHz.
The f (kx) curves are obtained after subtraction of the rema-
nent state to each temporal Mz(τ ) file, followed by a 2D
FFT performed on the 4096 temporal files and 4096 cells
along X. This gives a resolution of 3 × 10−4 rad/nm for kx.
Also, the 2D FFT are averaged over the 160 cells along the
Y direction.

Let us note that the full understanding of the spin-wave
modes allowing propagation through the magnonic crystal
implies a careful analysis as performed in the very com-
plete work of Semenova and Berkov [42] in the case of
MSFVW. They demonstrated that the understanding of the
spin-wave propagation through the MC implies a detailed
analysis of the spatial symmetry of the different modes of
the MC. Such analysis falls beyond the scope of the present
paper whose aim is mainly to demonstrate the potential
of our device for magnonic filtering properties at rema-
nence. However, general considerations can be done to
understand the main feature of filtering properties.

We begin by studying the propagation of MSSW modes.
The results are presented in Fig. 7. In this case, the mag-
netization is uniformly magnetized along the Y direction in
the unpatterned part beside the MC, and the configuration
is similar to the Rem Y state in Fig. 3(c), except for the
last columns of antidot at the boundaries with the unpat-
terned part as shown in Fig. 6(b). We focus our attention on
the band 2.5–14 GHz for which filtering properties can be
observed. Indeed, for frequencies above, the modes excited
in the MC by the incoming waves vanish before they can
exit the MC.

The observation of the f (kx) diagram on infinite MC
shows a very rich structure. We present here only the
two first Brillouin zones (first BZ =π /400 nm). In order
to compare with a simple geometry, we superpose in the
diagram the dispersion curves of the first MSSW (n = 1)
mode in a waveguide of 280 nm (dark) and 130 nm (dotted
red) based on the formula of Kalinikos et al. [47–49]. The
first width value corresponds to the area between the dots
excluding the very small zone close from the edge of the
antidot where the magnetization is almost parallel to the X
direction [see Fig. 6(b)]. The second value corresponds to
the area between the boundaries of the edge domains. Also,
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(a) (b)

FIG. 6. (a) Schematic of the two configurations tested for spin-wave propagation through the MC. In case 1, the rf excitation line is
before the MC, in the unpatterned Co2MnSi part. In case 2, the excitation is in the middle of the MC. The green part on each side of
the filter shows the area where the damping is linearly increased from 0.001 to 0.1. The length of these areas is 5 microns. (b) (Top)
Remanent configuration for the last unit cell at the boundary with the unpatterned part for a saturation field applied along Y (left) or X
(right), as shown by the violet box in (a). (Bottom) Enlargement of one unit cell in the Rem Y (left) and Rem X (right) configurations.
The internal dotted lines delimit an area of width 130 nm between the edge domains where the magnetization is almost uniformly
aligned. The external dotted lines delimit an area of width 280 nm for which the magnetization is always oriented with an angle above
(left) or below (right) 45° from the X axis.

on the right of the f (kx) diagram, we show for compari-
son the frequency position and spatial profile of the modes
obtained in Fig. 3(d) for a uniform microwave excitation
(i.e., k = 0 rad/nm).

We first observe two low-frequency propagating bands
between 3.3 and 5.1 GHz. These bands appear at a fre-
quency close to the one of mode 1 in Fig. 3(d), meaning
that the propagation of spin waves is most probably driven
by the dipolar coupling between the edge domains. Two
other propagative bands appear between 5.8 and 7.7 GHz.
We can see that the two dispersion curves calculated for
waveguides of 280 and 130 nm fit these bands reasonably
well. This shows that the f (kx) diagram is most proba-
bly composed of multiple modes related to different spa-
tial confinement because of the nonuniform magnetization
configuration inside of the MC. For frequencies between
8 and 12 GHz, the band diagram is even more complex.
This is expected as a high number of stationary modes
is already observed for a uniform excitation in Fig. 3(d).
Also, magnetic inhomogeneities, especially in the edge
domain where the magnetization is not aligned with the Y
axis, might be the source of hybridization between MSSW
and spin waves propagating with a canted angle. All of
these phenomena lead to a very rich and complex band
diagram.

We now look at the f (x) curves in case 1 of Fig. 6(a).
The first observation is the interference pattern, which
appears at the left of the MC in Fig. 7(a) because of the
reflexion of the spin waves at the boundary with the MC
[42]. After the MC, we observe basically three principal
band gaps in the transmission frequency pattern, which are

highlighted by the violet boxes. These gaps are numbered
2, 3, and 4. For gaps 2 and 4, they appear in a frequency
range where spin-wave modes in the MC show very small
group velocities, i.e., the dispersion curve is almost flat (as
can be seen, for example, with the modes around 8 GHz
and kx = 5 × 10−3 rad/nm). Then we assume that incom-
ing waves weakly couple to these modes. Also, we can see
on Fig. 7(a) that they vanish in the MC after few microns.
The width of the frequency gaps are about 1 and 0.7 GHz,
respectively. Gap 3 seems to correspond to the destructive
interference of the waves in the 280-nm pseudowaveguide
at the first BZ. The gap is quite small around 0.3 GHz.

Finally, we observe that gap 1 does not exist. This is
because the FMR mode in the unpatterned part appears
around 6 GHz, and then no incoming modes can couple
to the 3.3–5.1 GHz propagating band of the MC. How-
ever, it is interesting to see that the mode at 3.3 GHz is
excited inside the MC. We are not able to explain such an
observation at this stage and further numerical studies are
required to understand fully its origin. Our assumption is
that it might be related to the relaxation of high-frequency
modes toward the lowest-frequency mode, similarly to
the processes described in the formation of Bose-Einstein
magnons’ condensate [50,51]. Nevertheless, such an effect
requires microwave power higher than in the present work.
Therefore, numerical studies at different frequencies and
microwave powers would be interesting to probe the physi-
cal mechanisms behind the excitation of the low-frequency
mode. But this is beyond the scope of the present paper.

In case 2 of Fig. 6(a), the excitation antenna is located
at the center of the MC and propagating spin waves in the
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(a) (c)

(b) (d)

FIG. 7. (a), (b) Amplitude of spin waves at remanence as a function of frequency and position along the MC. The position of
the excitation antenna corresponds to case 1 (a) and 2 (b) described in Fig. 6(a). The saturation field is applied in the Y direction.
(c), (d) Amplitude of spin waves as a function of frequency and wave vector kx in the case of an infinite MC in the Rem Y state.
The amplitude in the f (x) and f (kx) spectra is calculated on the dynamic mz component and are color coded following the color bar
on the right of (d). A −40-dB scale is applied for all spectra. The black and dotted red lines correspond to the dispersion curves
calculated for MSSW in a waveguide of 280 and 130 nm, respectively. White dotted vertical lines mark the two first BZs. Beside (c)
we show the snapshots of the mx dynamic component in a unit cell obtained for a uniform microwave excitation (k = 0) applied in the
X direction. The frequencies of these modes are shown by the dark lines and correspond to the bottom of the different propagating
bands.

3.3–5.1 GHz frequency band can be excited. However, as
there are no corresponding frequencies in the unpatterned
part, these modes vanish very quickly at the exit of the
MC and stay mainly confined in the MC. The width of
gap 1 in the MC is about 0.7 GHz. For frequencies above
5.1 GHz, we recover similar features as in case 1. How-
ever, two main differences are observed. First, the width of
gaps 2 and 4 are smaller (0.4 and 0.3 GHz, respectively).
One possible explanation is that more energy is given to
the modes with low group velocities when the antenna is
within the MC. In case 1, most of the incoming energy is
reflected at the entry of the MC. In case 2, the modes do
not fully vanish before they can exit the system and then
the gap is reduced. This is particularly visible for gap 2
for frequencies between 8 and 8.4 GHz. The other differ-
ence is that gap 3 disappears in case 2. The reason for such
an effect is not clear and further numerical analysis will

be necessary to understand this point. It may be related
to the local modification of the magnetic configuration in
the edge domains at the border of the crystal, as shown
in Fig. 6(b). This can change locally the dispersion curve
of spin waves with respect to the case of infinite crystal,
allowing the coupling of modes between the exit of the MC
and the unpatterned area. A deeper insight into the local
spin-wave excitation on the edge of the MC is required to
validate this assumption.

We now turn to the study of the propagation of MSBVW.
In order to compare with the case of MSSW, we simu-
late the propagation through the same number of columns.
Simulations are performed with the magnetization first sat-
urated along the X direction. Therefore, the magnetization
is parallel to the X axis in the unpatterned part and shows
the Rem X configuration of Fig. 3(d) inside the MC. The
f (kx) diagram is shown up to 9 BZ in order to observe
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(a) (c)

(b) (d)

FIG. 8. (a), (b) Amplitude of spin waves at remanence as a function of frequency and position along the MC. The position of
the excitation antenna corresponds to case 1 (a) and 2 (b) described in Fig. 6(a). The saturation field is applied in the X direc-
tion. (c), (d) Amplitude of spin waves as a function of frequency and wave vector kx in the case of an infinite MC in the Rem
X state. The amplitude in the f (x) and f (kx) spectra are calculated on the dynamic mz component and are color coded following
the color bar on the right of (d). A −40-dB scale is applied for all spectra. The white, full red, and dotted red lines correspond
to the dispersion curves calculated for MSBVW in an infinite thin film, a waveguide of 280 and 130 nm, respectively. White dot-
ted vertical lines mark the first two BZs. Beside (c) we show the snapshots of the spatial profile of the my dynamic component
in a unit cell obtained for a uniform microwave excitation (k = 0) applied in the Z direction. The frequencies of these modes are
shown by the dark lines and correspond to the bottom of the different propagating bands or to the frequencies of the quasistationary
modes.

the characteristic well shape of the dispersion curve in
the MSBVW configuration. We superpose in white the
dispersion curve of the infinite film, in full red and dotted
red lines the first (n = 1) MSBVW modes in a waveguide
with a width of 280 and 130 nm, respectively. These val-
ues are similar to the ones in the MSSW configuration as
the Rem X and Rem Y configurations are similar via a 90°
rotation. On the right, we show the spatial profile of the
dynamic my component obtained for a uniform microwave
excitation in the Rem X state, with the direction of the field
pulse in the Z direction.

We begin with case 1 for which the antenna is located
before the MC. As shown by the green box in Fig. 8(a),
spin waves are recovered after the MC only in a single fre-
quency band of about 0.8 GHz centered around 11.5 GHz.
We assume that it corresponds to spin waves with high kx
values and then positive group velocities, propagating in
the horizontal channel between antidots. This assumption

is supported by the good agreement between the calculated
dispersion curve in a waveguide with a width of 280 nm
and the one of the MC at high kx values (see, for example,
the modes around 12 GHz and kx ≈ 60 × 10−3 rad/nm).
Also, no real band gap is observed after the MC and other
modes excited in the MC by the incoming waves vanish
after few microns only. In the MC, we can see some very
small gaps (shown by the violet boxes), each of them being
about 0.2 GHz. The first, fourth, and fifth gaps correspond
to the excitation of quasistationary modes (i.e., with group
velocities almost null on the full kx range) in the MC while
the second and third gaps appear between the top and bot-
tom of the propagative bands. From an application point of
view, it is necessary to reduce the number of rows to bene-
fit from these band gaps. Other features can be observed in
the f (x) diagram. While the modes around 3.6 GHz cannot
be excited by MSBVW coming from the unpatterned part,
the modes around 5.8 and 7.9 GHz are barely excited, or
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only over very small distance of 1 or 2 microns because of
their very small group velocities that tend to confine these
modes locally.

Similar features are observed in the case where the
microwave excitation is located inside the MC. Such as for
the MSSW configuration, the lowest frequency modes are
excited but cannot exit the MC. We recover again the small
propagation distance of the modes around 5.8 and 7.9 GHz
and the frequency band (green box) at the output of the
MC. This band is slightly larger than in the previous case
(approximately equal to1.1 GHz). For higher frequencies,
we observe few modes around 16.5 GHz with high group
velocities, which are able to exit the MC and propagate in
the unpattern film over few microns.

VI. CONCLUSION

In conclusion, we study the possibilities offered by
strong cubic anisotropy materials with low-damping coef-
ficient such as Co2MnSi alloy to obtain multiple remanent
magnetic states and reconfigurable microwave responses
to a dynamic excitation. While the results presented here
are obtained for quasi-infinite magnonic crystals, we show
that they are consistent for systems with dimensions of few
microns. The diversity of magnetic states and microwave
responses obtained as a function of the dimensions of
the artificial pattern and its orientation with respect to
the crystal anisotropy axes opens up interesting perspec-
tives for microwave devices such as filters. Our devices
can achieve amplitude attenuation at particular frequen-
cies with reconfigurable magnetic states obtained on a
time scale below 1 ns with relatively low initialization
magnetic fields. Such devices also offer the possibility to
filter particular spin-wave frequency bands at remanence,
which is of particular interest for the future generation of
spin-wave-based applications such as data processing or
neuromorphic computing [52].
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