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Abstract: Ferromagnetic resonance experiment was performed to study the magnonic modes of an antidot lattice
nanopatterned in a sputtered Co,MnSi Heusler alloy thin film. The magnonic crystal was prepared with Ga*
focused ion beam and micromagnetic simulations were used to explain qualitatively and quantitatively the complex
experimental spin waves spectrum. We demonstrate the necessity to consider the geometrical imperfections and
the modification of the Co,MnSi magnetic parameters induced by the nanofabrication process to describe the
evolution of the frequencies and spatial profiles of the principal experimental spin waves modes in the 0 - 300 mT
magnetic field range. In particular, our model suggests that Ga* milling induces a drastic decrease (between 80
and 90 %) of the bulk Co,MnSi magnetic parameters. In addition, simulations reveal the presence of a diversity of
localised and extended spin wave modes whose spatial profiles are closely related to the evolution of the magnetic
state at equilibrium from a very non-collinear configuration up to a quasi-saturated state.

. Introduction.

Magnonic crystals (MC) are magnetic
metamaterials where the magnetic properties are
artificially and periodically modulated. This new class
of materials offers many attractive opportunities in the
field of microwave to Terahertz devices. Indeed, in
analogy to photonic crystals with electromagnetic
waves, spin waves propagating in such periodic
structures are subject to Bragg scattering resulting in
the formation of frequency band-gaps in the spin waves
dispersion relation. Due to the small wavelengths of
spin waves in magnetic materials (from pm to nm),
they offer interesting features to reduce the dimensions
of microwave devices and on chip integration. Then,
many applications have been proposed such as data
computing * or 2 for example. In addition, MC are also
very interesting to make passive microwave devices
such as filters operating at zero field offering
reconfigurable magnetic states to obtain on demand
various microwave absorption spectra. Such systems,
called reconfigurable magnonic devices, have become
the topic of intense research in the past few years 3.

Materials used for fundamental studies on MC
and more generally in magnonics are generally Yttrium
iron garnet (Y1G) and Permalloy (NiFe). YIG is an
insulator and has the lower dynamic damping
coefficient among magnetic material (2.10%). This
allows propagating spin waves over long distances, up
to the millimetre range in the case of um-thick YIG
films 1. However, it has a low saturation magnetization
that limits high frequency (few GHz) applications. On
the contrary, Permalloy is a metal and is widely used
due to its easiness of fabrication/deposition and

nanostructuring, its relatively high saturation
magnetization and its low damping (6.103).
Nevertheless, the distance over which spin waves
propagates is far shorter, of the order of few pum only.

Heusler alloys with general formula Co,YZ
offer an interesting alternative to these materials. For
example Co,MnSi (CMS) offers high Curie
temperature (around 985 K %), a low spin wave
damping down to 7.10* for long spin waves
propagation distances °'!. It also presents a high
saturation magnetization (1.26 T) '2** which allows
operating with frequencies above the GHz range at
remanence and could result in larger frequency band
gaps in MC !5 |t also presents a high spin
polarization (above 90% experimentally) 62 allowing
interesting magnon spintronic devices 2224, However,
to our knowledge, only few magnonics studies 11425
28 have been performed up to now with such materials
and few Co-based Heusler alloy magnonic crystals
exist in the literature 223,

Besides the choice of material, several
strategies have been proposed to modulate the
magnetic properties in MC by varying different
parameters such as the geometry (dots and antidots 3
3 thickness *¢ or width modulation in thin films %7), the
magnetic constants  (bi-component 3%3° or ion
implanted structures 4°) or the applied magnetic field 2.
In particular, magnetic antidot lattices (MAL) allow the
exploration of various devices applications such as
ultra-high density magnetic data storage media 442,
filters and waveguides 3*3** and sensors *°.

Different nanostructuration techniques have
been used to fabricate MAL. The main ones are e-beam
lithography and lift-off processes, combination of e-
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beam lithography and ion milling 2°4¢, deep ultraviolet
lithography and lift-off 3347, Focused lon Beam (FIB)
48-51 or template synthesis in porous membranes 2.
Among them, Ga* FIB milling is widely used because
it is a fast direct writing technique into a magnetic thin
film. However, it is known in microelectronic that
possible drawbacks of Ga* milling are ion
implantation, chemical mixing -%° etc. While different
MAL fabricated by FIB were studied in the literature,
there are generally no considerations about the effects
of Ga* ion implantation or local edge roughness
induced by milling processes on the spin waves
properties in the particular context of magnonic
studies. In particular, micromagnetic simulations are
generally performed in ideal geometries, neglecting
geometrical or magnetic defects. This can explain some
discrepancies observed in the spin wave frequencies
between numerical studies and experiments 324980,
Such discrepancies are even more pronounced at
remanence or at low magnetic fields because the
equilibrium state, defining the spin waves spectrum,
strongly varies with the local geometrical and magnetic
imperfections. Consequently, agreements between
numerical studies and experiments are generally
achieved only qualitatively and in the magnetic
saturated state regime but not on a large field range.

In this article, we address the impact of Ga*
FIB milling on CMS Heusler alloy to make a
micrometer sized 2D lattice of antidots arranged in a
cubic lattice. Such simple geometry allow working on
a model system which have been studied in many other
MAL. While FIB milling can have a small impact on
the magnetic properties of materials such as permalloy,
its influence on Heusler alloys has been poorly
discussed in the literature 8% For this, we measured the
spin waves spectrum of the MC by ferromagnetic
resonance (FMR) experiments in the field range (0 —
300 mT). The results are compared to numerical
simulations of the field evolution of the static and
dynamic magnetic states. A quantitative agreement
with the experiment in the full field range is obtained
with a simplified micromagnetic model considering the
particular shape of the antidots induced by the milling,
in addition to an impacted volume of few tens of
nanometers around the holes with strongly reduced
magnetic parameters.

Il. Experimental and numerical methods.

An epitaxial thin film of CMS was grown on
a MgO (001) single crystal substrate by ultrahigh
vacuum magnetron sputtering with a base pressure of
4.10® mbar. The deposition conditions are the same as
presented in 6 except that the annealing of the CMS
thin film was done at 700°C for 2h. This deposition
procedure favours the L2; phase ordering of CMS
leading to a high magneto crystalline anisotropy field
and a low magnetic damping ?%%. The expected
thickness of the layer is 50 nm.

We have measured the magnetic parameters
on another thin film grown in similar conditions. The
magnetic parameters obtained are poMs = 1.29 +/- 0.01
T, the cubic anisotropy constant K; = 16.9 +/- 0.05 .10°
J/m3, the exchange constant A = 19+/- 0.05 .1012 J/m,
vy = 287 +/- 0.1 GHz/T, and the Gilbert damping
coefficient « = 2 +/- 0.5 .10°. These magnetic
parameters are very close from the ones obtained in our
previous experimental results on Co,MnSi alloys ? or
obtained by others .

The antidot lattice was patterned by Ga*
Focused lon Beam (FIB) milling with a Helios dual
beam FIB-SEM. The borders of the square lattice are
parallel to the two magnetic easy axes of the Co,MnSi
thin film. The high voltage used was 30 keV with a
beam current of 73 pA. An example of such MC is
shown in Fig. 1(a). This image was obtained for an
antidot lattice made in the same conditions as the one
for the FMR experiments and from the same thin film.
The lattice covers an area of 45 x 45 um?2 with square
antidots of nominal size and spacing 100 nm and 300
nm respectively. The thickness of the CMS measured
on a cross section of the antidots is 50 +/- 5 nm (Fig.
1.(c)) and the total depth of the hole is about 200 nm.
This cross section also highlights the complexity of the
etched structures, as the size of the antidots is larger at
the top than at the bottom leading to a bowl geometry.
Similar shapes were observed by others ®. This is
confirmed with SEM images obtained at a tilted angle
of 52° (Fig. 1(b)).

A3FiA0 00nm
. 140nm’.,. > £ ~_a=400nm

e L

(d) Micro
antenna

FIG. 1. (&) SEM image of the antidot lattice. (b) Tilted
SEM image (52°) of the antidot lattice. (c) Cross
section of the antidot lattice. (d) Optical image of the
micro-antenna on top of the magnonic crystal.

A more detailed analysis reveals a complex
geometry where the holes at the bottom of the film have
a square shape with rounded edges while they present
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a circular shape at the top. The dimensions of the holes
are 200 nm +/- 20 nm at the top and 140 nm +/- 10 nm
at the bottom. The separation from center to center
between two holes is 400 nm. Such complex geometry
is induced by the conical shape of the ionic beam
related to the focalization of the spot convoluted with
the Gaussian distribution of the spot intensity. In our
case, the measured apparent beam spot size is
approximately 60 nm, larger than the theoretical 20 nm
diameter calculated for this ionic current.

Once the antidot lattice is obtained, a short-
ended coplanar waveguide (CPW) acting as a micro
antenna for FMR measurements is made by laser
lithography and lift-off of 10 nm of Ti and 150 nm of
Au. The width of the inner and outer conductors are 30
and 15 pm respectively and the gap is 10 um. The large
central conductor ensures a quasi-uniform pumping
field on the surface of the array (Fig 1(d)). The micro
antenna is electrically isolated from the metallic CMS
layer by a 200 nm thick SisN4 passivation layer.

Broadband FMR experiments was performed
to measure the evolution of the resonance frequencies
as a function of the external magnetic field Ho. The
sample is placed in an electromagnet providing a static
magnetic field up to 300 mT. The coplanar waveguide
is connected with a picoprobe to a microwave Agilent
(0.1-30GHz). The reflected microwave signal from the
antenna passes through a circulator and a microwave
diode connected to an Ametek lock-in amplifier. This
allows measuring the microwave power absorbed by
the sample at resonance. For this, Ho is modulated with
an amplitude of 0.2 mT at a frequency of 113 Hz as in
2. Measurements are performed at a fixed microwave
frequency while Hq is swept from a strong value of 300
mT, that can saturate the sample, down to 0 mT.

To explain the experimental measurements,
micromagnetic simulations were performed with
Mumax % to calculate the static and dynamic states of
the antidot array. We simulated a unit cell as shown in
Fig. 2. As discussed in section Ill, we have tested
different geometries of antidots The geometries are
shown in Figs. 2(a) and (b). We always kept the
distance between the centers of the antidots equal to
400 nm, i.e. the nominal expected spacing. The lateral
dimensions of the squares and the diameter of the
circles are 140 nm. Rounded squares are obtained by
considering the intersection between a square with
lateral sizes 140 nm with a 160 nm diameter circle. For
the bowl shape, which is the closest geometry to the
one observed in the SEM images of Fig. 1, we applied
the following method. We consider at the bottom of the
antidot lattice a square with rounded angles as defined
above. Then, the geometry turns into circular holes
with increasing diameters up to 200 nm when going up
to the top of the layer. The geometry obtained is shown
in Figs. 2(b) and (c).

The dimensions of the unit cell is 800 x 800 x
50 nm? while the full volume for the simulation is 800
x 800 x 70 nm®. The system was discretized with
rectangular cells of dimensions 5 x 5 x 5 nm?® below the

exchange length of the CMS (= 5.4 nm). We obtained
the same results for dimensions of the cells of 2.5 x 2.5
x 2.5 nm? but this implies large computer ressources.
2D Periodic boundary conditions (PBC) are used to
reproduce an infinite 2D lattice and perform numerous
tests with reasonable simulation times. However, we
verified that our results presented in section 11l and IV
are the same for a finite system with lateral dimensions
40 x 40 pum? and with a microwave excitation over a
width of 30 pm to mimic the experiment. Such large
simulations require important computer resources and
have been performed with OOMMF on the HPC
resource of Calmip supercomputing center. We
observed no difference on the spin waves frequencies
for a system with 2D PBC on Mumax 3 and for the
finite dimensions system on OOMMF.

(a) Unit cell Unit cell Unit cell
rounded square

square circle

800 nm

¥y
L

800 nm

(b) Unit cell bowl + impacted layer

Cross section of a hole

Top surface Bottom surface

(©

203 Implantation .
e + o)
oy . . -..

s damage So

Ga'e e CMS atoms

FIG. 2. Scheme of the unit cell used for micromagnetic
simulations. The antidots (here in white) can have
square, circle or rounded square shapes as explained
in the text. (b) Bowl geometry with the volume around
the holes impacted by the milling highlighted in light
grey. (c) Schematic of the Ga* implantation and lateral
damage induced by the milling around the holes. Only
one process is shown on each side of the hole for
clarity.

The material parameters used in the
simulations are y = 28.7 GHz/T, poMs = 1.29 T, A =
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19.10%2 J/m, K¢ = 17.10% J/m® and a =1.103. The low
damping coefficient used in the simulations allow
getting well-resolved spin waves modes in the
calculated FFT spectrum. The magnetization easy axes
due to the cubic anisotropy are parallel to the x and y
directions.

To calculate the magnetic equilibrium states
for different values of Hy, we start with a random
distribution of the magnetization in the different cells.
Then, we apply a 1 T saturation field along the y axis,
with a slight deviation of 5°. This angle has been
estimated experimentally and is due to a misalignment
of the applied field with the edge of the magnonic
crystal when we set our sample holder in the
electromagnet. The system is relaxed to its equilibrium
magnetization in 100 mT steps from 1 T to 500 mT and
in 10 mT steps from 500 mT to 0 mT. Once the
equilibrium is reached, a magnetic pulse hy in the form
of a temporal Sinc function is applied in the x direction
to excite SW modes over a broad frequency range °°.
The cutting frequency of the Sinc pulse is 30 GHz. The
amplitude of hy is 2 mT, ensuring to be in the linear
regime of spin waves excitation, and is uniform over
the entire unit cell.

To reproduce qualitatively the amplitude of
the signals measured by the micro-antenna associated
to the different spin waves modes, we record the
temporal evolution of the z component of the stray field
ha(t) in the plane located at 10 nm above the top
surface of the magnonic crystal. Indeed, in micro-
antenna measurements, the variation of impedance at
the origin of the reflected microwave power is related
to the inductive voltage generated by the out of plane
component of the magnetic induction through the
Lenz-Faraday law. The value of hg(t) is averaged over
all the cells of the plane. We record 4096 values of
ha(t) every 10 ps. To obtain the spin waves frequency
spectrum, we apply a temporal FFT. Let’s note that all
frequency values were confirmed by doing the same
numerical treatment on the M,(t) value averaged over
all cells in the MC.

In order to obtain the spatial profile of the
different spin waves modes, we also record 4096 files
every 10 ps of the My component for every cell in the
top surface plane of the MC. We subtract the
equilibrium magnetic state to each file in order to keep
only the dynamic my(t) component. Then, the spin
wave spatial profile at a particular frequency is
recovered via a FFT transformation performed on the
temporal evolution of my in every cell, followed by an
IFFT at the frequency of interest. The final images
discussed in section 1V correspond to the temporal
snapshots at which my(t) in the central cell of the plane
is maximum.

I11. FMR measurements and simulations results.
Fig. 3 presents the FMR measurements

showing the evolution of the microwave absorption
spectrum as a function of the applied field f(Ho). The

amplitude of the recorded FMR signal is color coded
with the color code shown on the left of the figure. As
a general observation, the spectrum appears to be quite
large in frequency, meaning a large broadening of the
different principal spin waves modes. These modes are
shown by arrows in the inset at the top of Fig. 3
corresponding to the measured lock-in signal at 9.5
GHz. The principal modes are also highlighted in the
figure with colored symbols at particular fields
obtained from micromagnetic simulations as discussed
below. In the inset, the most intense mode at low field
shows the smallest peak-to-peak linewidth (= 2 mT)
while other modes show linewidths of few mT (up to
13 mT) explaining their relatively small intensity.

“ ‘ 9.5 GHz

/21 (GHz)

0 100 200 300
MoH, (MT)

FIG. 3. Evolution of the microwave power absorbed by
the antidot lattice as a function of the applied field Ho
and microwave frequency. The amplitude of the signal
is color coded following the color bar on the left. At the
top, example of FMR spectrum recorded at 9.5 GHz
(white line in the main figure) showing the main
resonance peaks. The colored symbols correspond to
the simulated spin waves modes at different applied
fields described in section IV. The colored symbols are
the same as in Fig. 5.b.

To reproduce the spin waves spectrum
properties of Fig. 3, we first discuss the importance of
the geometry of the holes without considering possible
variations of the magnetic parameters induced by Ga*
milling. Geometrical variations are often assumed in
literature to explain the discrepancies between
numerical and experimental data. However, to our
knowledge, it is rarely demonstrated and quantified
67,68

As an example, we show in Fig. 4(a) the FFT
spectra obtained at Ho = 200 mT for different
geometries such as perfect squares, circles, squares
with rounded angles, or bowl shapes. We observe that
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each shape leads to several principal spin waves
modes. The frequency range at which the simulated
modes appear is in good agreement with the
frequencies of the measured resonance peaks. The
number in the image corresponds to the spin waves
modes with similar spatial profile. One can see that the
frequency and amplitude of the different modes depend
strongly on the antidot shape. This is particularly
pronounced for the mode 1 where the discrepancy
between the square and circle shape can be as high as
1.5 GHz. The frequency of the mode 2 for the square,
circle and rounded square shapes are close to each
other but it is 1 GHz lower in the bowl shape.

Therefore, we assume that small local
variations of shape and dimension occurring from one
antidot to the other across the sample are probably one
of the main cause of the large linewidth of the
experimental resonance peaks. Indeed, experiments are
performed at a fixed frequency while sweeping the
magnetic field. Then, the local variation of shapes
induce small variations of the resonance fields across
the sample, broadening the peaks linewidths. We also
observe in the calculated FFT spectrum the presence of
small satellite peaks around the main modes (modes 2
and 3 for example). If the damping coefficient is
increased up to 5.10°%, the satellite peaks collapse with
the main modes leading to a broadening of those ones
(not shown here). As will be shown below, the
introduction of a volume around the holes with
modified magnetic parameters tends to smooth the
satellite peaks (Fig. 4(b)).

One of the main conclusions of our FFT
calculations is that the most intense experimental mode
observed in Fig. 3 (around 17 GHz at Ho = 200 mT)
could not be reproduced satisfactorily in the numerical
simulations, neither in frequency nor in amplitude even
considering the different geometries. This includes the
bowl shape with dimensions and geometry as close as
possible as the one deduced from SEM observations.
To explain such discrepancies, we have to consider the
local modifications of the CMS magnetic properties
induced by the Ga* milling.

FIB milling induces a volume around the
holes where the magnetic properties of the CMS alloy
are impacted. First, it is responsible for lateral
damages. Indeed, each incoming ion induces multiple
collisions events in the CMS atoms that can lead to
Frenkel pairs and vacancies creation. Such kind of
effects have been observed for high energy He*
irradiation in CMS thin film 212, The second effect is
related to the Ga* ion implantation around the holes
that induces further collisions with the CMS atoms and
a modification of the local electronic structure of the
CMS. Let’s note that damage and implantation are
cumulative processes, meaning that they increase with
the ion fluence (i.e. the number of ions/cm?).

(@) 22
1 0_zclcl mT square
5 circle
& 0.8 bowl
o square +
'g 0.71 33 rounded angles
3 3
‘e 0.5
o
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0.0+— - : - : ‘ ; ‘
11 12 13 14 15 16 17 18
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® ., ,
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FIG. 4. (a) FFT spectrum for different antidots shapes
at Ho =200 mT. (b) FFT spectrum of a bowl shape with
and without an impacted volume on the edge of the
antidot at Ho = 200 mT and 8 = 10. For the bowl shape
with impacted volume, the mode numbers correspond
to the mode numbers in Fig. 5.

The distances over which implantation and
lateral damage spread are material dependent . To
evaluate them, we performed SRIM (Stopping and
Range of lons in Matter) simulations °. The density of
the CMS alloy is 8.85 10?2 at/cm? (7.396 g/cm?®) and the
atoms are randomly distributed. At 30 keV, the
stopping range of Ga* ions inside the CMS is 30 nm
and the lateral damage is 20 nm all around the
trajectory of the incoming ions. The latter is roughly
equivalent to the difference of radius between the top
and the bottom of the hole. It is most probable that the
lateral damage and ion implantation gradually change
when going from the edge of the hole toward the bulk
CMS and from the bottom to the top surface, as
schematically depicted in Fig. 2(c). However,
considering that the impacted volume is a complex
mixture of damaged CMS atoms and implanted Ga*
ions, we adopted a simplified approach assuming a
uniform volume around the holes where the magnetic
parameters of the CMS are modified. This volume is
obtained as the intersection of a simple 210 nm
diameter cylinder with the bowl shape of the antidot.
This impacted layer is shown in light grey in the Figs.
2(b) and (c).



AlP

Publishing

Now, the next step is to define the variations
of magnetic parameters in the impacted volume. The
main problem is the lack of information in literature for
the interaction between Ga* ions and Heusler alloys. In
general, for ferromagnetic metals, it is known that Ga*
irradiation may affect the magnetic properties of thin
films through a reduced saturation magnetization,
exchange interactions and magneto crystalline
anisotropy ®471-74, Many different mechanisms such as
amorphization, modifications of local -electronic
properties due to ion implantation, chemical mixing or
vacancy generation 7> can be at the origin of these
magnetic variations. Recently, Ga* ion milling was
assumed to be the reason for the apparition of
unexpected localized spin waves modes in magnetic
antidots patterned in Co/Pd multilayers™. Such modes
are shown to originate from a local decrease of the
perpendicular magneto crystalline anisotropy around
the antidots leading to a rotation of the magnetization
in the plane of the sample. However, no modification
of the other parameters (such as Ms for example) is
discussed in this work.

To our knowledge, only the work of Hamrle
et al. 8! addresses the question of the impact of Ga* ions
at 30 keV on the magnetic properties of a ultra-thin (11
nm) CoyFeSi Heusler film. This material is quite
similar to Co,MnSi. They demonstrate a gradual
transition from a ferromagnetic to paramagnetic state
in the alloy, with a fully paramagnetic state obtained
for a fluence around 9.10% ions/cm2. Also, they
observe a reduction of the exchange constant for
fluences in the range of 10'° ions/cm?2 while first order
spin-orbit coupling (at the origin of cubic anisotropy)
is found to decrease for a fluence as low as 10
ions/cm2. Therefore, they observe already some effects
at moderate fluences.

To compare their experiment with our, we
have estimated the fluence of Ga* ions in the tail of our
beam spot, so roughly in the impacted volume.
Considering only 10% of ions in the tail of the beam
and with our experimental conditions, it is estimated
between 10% to 10° ions/cm2. This value is higher than
the one studied by Hamrle et al. Consequently, we
assume a very strong reduction of the magnetic
parameters of CMS in our experiment. In the
micromagnetic simulations we made the simple
assumption that the milling process equally modified
them in the impacted volume. More precisely, Ms, A,
Hy, are divided by a factor  with respect to their bulk
values while the damping coefficient is multiplied by
B. Then, we varied B until we obtained a qualitative and
guantitative agreement between the numerical
calculated spin waves frequencies and FMR
measurements.

The Fig. 4(b) shows an example of an FFT
spectrum calculated at Ho = 200 mT for p = 10 where
the consequence of the impacted volume is clearly
observed. For such value of B, we can consider that the
layer around the hole is almost paramagnetic but not
completely. A general observation when comparing the

spin waves frequencies for the bowl shape with or
without the impacted layer, is the shift to lower
frequencies when we have the impacted layer, except
for the first mode. As a rough approximation, this is
because the impacted layer acts almost as vacuum and
reduces artificially the distance between the holes. This
leads to the increase of the demagnetizing field
amplitude between the antidots (in the —y direction) and
a decrease of the effective field (in the +y direction) 8.
Finally, one of the most important consequence is the
appearance of a quite intense mode at 17 GHz (mode
6), in good agreement with the experimental data. Let’s
note that the position of the modes 1 and 2 are more
sensitive to local variations of geometries than the
mode 6 for example. This is in agreement with the
larger experimental broadening of these peaks and
explain why the highest frequency mode appears to be
the most intense experimentally.

The simulated modes for B = 10 at different
values of Hy are shown by the colored symbols in the
Fig. 3. Their spatial profile is discussed in the next
section. One can see the very good agreement over the
entire field range. We also performed simulations (not
shown here) considering that the impacted volume is
completely non-magnetic.  Surprisingly, in this
particular case, simulations do not fit adequately the
experimental spectrum, especially at 0 and 50 mT, for
which the disagreement between the experimental
spectrum and the lowest frequency modes can be as
high as 1.5 GHz. Considering as a starting point that all
magnetic parameters reduce similarly, an agreement
with the experimental data have been found
satisfactory for f between 5 and 10, with the best
agreement for = 10. However, it might be possible to
find other combinations of reduced magnetic
parameters that could fit the experimental data °. This
requires further studies of the influence of Ga*
implantation to find the dependency of Ms, A and Hy
with the ion fluence. Nevertheless, even if our model is
simplified and further refinements might be necessary,
it tends to demonstrate a strong reduction of the
magnetic parameters but without reaching a full
paramagnetic state. More importantly, it also clearly
demonstrates the importance of considering both the
geometry and the modifications of the magnetic
parameters in the impacted volume nearby the antidots
to fully describe the spin waves spectrum in the entire
field range.

IVV. Evolution of spin waves profiles with the applied
field.

To go further in our analysis, we now discuss
the evolution of the equilibrium magnetic states and
spatial profile of the different spin waves modes
simulated with the impacted layer (B = 10). We start
with the study of the equilibrium magnetization
configuration at different values of Ho (0, 50, 100, 150,
200 and 250 mT) applied at 5° from the y axis. Fig. 5(a)
shows the magnetic configurations in the top surface
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plane of the MC. The color code corresponds to the
amplitude of the My component.

The equilibrium configuration strongly varies
with the amplitude of Ho. At 0 mT (remanence), the
magnetization is parallel to the x direction in the area
between vertical antidots while it is aligned along y
between horizontal antidots. In the central part of the
unit cell, a domain with the magnetization rotated at
about 45° from the x axis appears. When increasing Ho,
the magnetization between vertical and horizontal
antidots begins to rotate toward the direction of the
applied field but we can observe that the domain in the
center of the unit cell remains for field values up to 50
mT. It is only for field values above 100 mT that the
magnetization in the area delimited by the dotted lines
in Fig. 5(a) becomes quasi uniformly aligned in the
direction of Ho, except on the edges of the antidots
where the demagnetizing field is strong.

Therefore, in the following, we consider two
very general states to describe the different magnetic
configurations depending on the Ho, range. The
magnetic configurations are referred as unsaturated

states or quasi-saturated states for values below or
above 100 mT respectively. We do not refer to
saturated states as the magnetization around the holes
never aligns completely with the applied field even at
300 mT. The transition from unsaturated to quasi-
saturated states appears at 110 mT for the parameters
used in our simulations. Nevertheless, this value of
transition field can be lower for perfect geometries
such as squares or circles or if the magnetic parameters
in the impacted volume are closer from the nominal
values. It can also be higher if the impacted volume
spreads on a lateral length larger than 210 nm. Then,
the local geometrical and chemical variations most
probably induce variations of the transition field across
the sample. We assume that this is the origin of the
strong red contrast observed experimentally in the
FMR spectrum between 50 mT and 150 mT on a large
frequency range. Such contrast means a strong
averaged microwave absorption by the antidot lattice
that we attribute to multiple absorption modes
associated to the large transition regime.
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Now we turn to the study of the spatial profile
of the spin waves modes. To define a mode we applied
the following convention. Each main peak in the FFT
spectra calculated at different values of Hy corresponds
to a mode. Each mode is attributed a color. The same
color is given for the peaks that seem to follow the
same experimental f(Ho) dependence in Fig. 3. Now,
each peak of a given mode is attributed a shape that
depends on its spatial profile, thus the same shape at
different values of Ho means the same spatial profile.

The spatial profiles of the simulated modes
are shown in Fig. 5(b). The main result is that each
mode shows a strong variation as a function of Ho. It is
especially pronounced as long as the quasi-saturated
state is not reached. Such result can be easily
understood regarding the evolution of the equilibrium
magnetization. As a general statement, magnetization
precession appears mainly in the areas where the
magnetization can couple to hy (i.e, the area where my
# 0). Then, at zero field, spin waves will be strongly
spatially localized in the 45° domain at the center of the
unit cell and between horizontal antidots, as observed
for the modes 0 and 6 (white and violet diamonds). On
the contrary, in the quasi-saturated states, extended
modes can spread over the x direction because the
magnetization tends to be uniformly aligned between
vertical antidots. Such extended modes, as the ones
shown at 150 mT in Fig. 5(b) and for field values
above, have been reported by others &, At 50 mT,
confined (mode 2) and extended (modes 3, 4 and 6)
modes are both observed. It is interesting to observe
extended modes in such unsaturated state but this can
be explained by the fact that every part of the sample
shows a non-null My component allowing a coupling
with the RF field. However, their spatial profiles are
quite complex and still influenced by the presence of
the domain at the center of the unit cell as shown for
the mode 4 for example.

V. Conclusion

In summary, we have investigated the FMR
spectrum in a Heusler-based antidot lattice
nanostructured by FIB technique. Only few magnonics
studies have been performed with such materials
whereas Co.MnSi alloy is very promising for
applications. Our results emphasize the necessity to
take into account both the geometrical and chemical
variations induced by Ga* milling to qualitatively and
quantitatively describe the spin waves spectrum of a
Co,MnSi magnonic crystal in a large field range
including unsaturated and quasi-saturated magnetic
configurations. Many studies generally neglect this
point, which is a prerequisite for proper design of
devices.

The simple model proposed in our work is in
favour of a very strong decrease of the magnetic
parameters of the Co,MnSi due to Ga* milling but
without reaching a full paramagnetic state of the alloy.
However, further studies are required to get a full in

depth understanding of the magnetic modifications
induced by such process. We found that the strong
decrease of magnetic parameters nearby the antidots is
at the origin of a high frequency spin wave mode in the
MC. We also demonstrated that the frequencies of
other spin waves modes depend on the shape of the
antidots and on the magnetic parameters in the
impacted volume. Therefore, we assumed that small
local geometrical and chemical variations must have an
important contribution to the large the resonance peaks
linewidths measured experimentally. For practical
microwave applications requiring  well-defined
microwave absorption frequencies, further strategies
must be developed to avoid such inhomogeneities
when using Ga* FIB milling.
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