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ABSTRACT

We present a combined experimental and numerical study of the spin-wave dispersion in a NiFe artificial spin-ice (ASI) system consisting of
an array of stadium-shaped nanoislands deposited on the top of a continuous NiFe film with non-magnetic spacer layers of varying thickness.
The spin-wave dispersion, measured by wavevector resolved Brillouin light scattering spectroscopy in the Damon-Eshbach configuration,
consists of a rich number of modes, with either stationary or propagating character. We find that the lowest frequency mode displays a
bandwidth of ~0.5 GHz, which is independent of the presence of the film underneath. On the contrary, the Brillouin light scattering intensity
of some of the detected modes strongly depends on the presence of the extended thin-film underlayer. Micromagnetic simulations unveil the
details of the dynamic coupling between the ASI lattice and film underlayer. Interestingly, the ASI lattice facilitates dynamics of the film either
specific wavelengths or intensity modulation peculiar to the modes of the ASI elements imprinted in the film. Our results demonstrate that
propagating spin waves can be modulated at the nanometer length scale by harnessing the dynamic mode coupling in the vertical, i.e., the
out-of-plane direction of suitably designed magnonic structures.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0102571

I. INTRODUCTION lattice by microfocused Brillouin light scattering (BLS),”! while

Taghipour Kaffash et al. revealed SW channels in a honeycomb array

The strong coupling between nanoscale magnetic elements in
two-dimensional arrays known as artificial spin ice (ASI) leads to
frustrated magnetic states and results in highly degenerate energy
landscapes.! These degenerate energy landscapes and the associ-
ated magnetic ordering in the lattice’ "’ enable the realization of
reconfigurable magnonic crystals and devices. Various approaches
have been proposed to utilize reconfigurability for an on-demand
manipulation of the spin-wave (SW) propagation characteristics,
dispersion,1 =17 and hybridizations.m’l" To this end, Bhat et al.
demonstrated spatially localized SW modes in a connected Kagome

of nanodisks using microfocused BLS.”” Despite this progress in
understanding the dynamics in ASI on the micro- and nanoscale
using BLS imaging, the SW dispersion in these structures is much
less explored experimentally'"'>*’ and theoretically.”** Li et al.
investigated the field-dependent spin-wave spectra of a square ASI
using wavevector-resolved BLS and revealed the soft-mode behav-
ior in the lattice while no sizable frequency dependence on the
wavevector was found. Mamica et al.'' studied the formation of
magnon band structures and gaps in anti-spin-ice systems and
found, by rotating the applied field direction, a transformation
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of non-propagating modes into propagating SWs with a number
of hybridizations. Iacocca and Heinonen” theoretically explored
the influence of interfacial Dzyaloshinskii-Moriya interaction and
the internal magnetization configuration within an ASI vertex on the
magnon dispersion.

Furthermore, ASI structures are useful for the emerging field
of vertical magnonics that explores alternative mechanisms for
controlling SWs at the nanoscale,” " and the concept of ASI is
already extending into three dimensions.”*”” A recent theoreti-
cal proposal to modify SW channels in an ASI system is based
on an ASI/magnetic thin film underlayer system:** while not
directly demonstrated, the results suggest the existence of a disper-
sive propagating mode in the ASI-based system. However, direct
proof and experimental confirmation for such a dispersive magnon
characteristic in these structures remained elusive until now.

Here, we couple a square ASI structure made of permalloy
(NiFe) stadium-shaped nanoelements (“islands,” in the following)
to a continuous NiFe film underlayer to explore how the presence
of the ASI affects the spin-wave properties in a film underlayer.
We use a relatively strong magnetic field of 200 mT to ensure that
the magnetic moments in a subset of islands are oriented almost
parallel to the film magnetization, while the other subset is ori-
ented in an onion-like state. Dependent on the separation between
the underlayer and the ASI nanostructure, we observe rich SW
spectra exhibiting characteristic mode dispersion crossings indica-
tive of the dynamic coupling between the film Damon-Eshbach
(DE) mode and the ASI modes. Furthermore, we find a dispersive
magnon mode both in the isolated ASI without underlayer and in
the hybrid structures. The experimental wavevector-resolved BLS
spectroscopy measurements are interpreted through micromagnetic
simulations, which reveal the BLS-active mode profiles, and link
them to the behavior of the effective magnetic field. The existence
and the significance of the dynamic coupling between the layers are
also discussed as a function of the frequency and profile symmetry of
the modes.

Il. EXPERIMENTAL APPROACH AND MICROMAGNETIC
FRAMEWORK

A. Sample fabrication and characterization

We use a multi-step lithography process for sample fabri-
cation, which is discussed in detail in the supplementary mate-
rial. The samples consist of (a) continuous Nig; Fejo film (15 nm)
(sample no. 1), (b) square ASI made of 15 nm thick Nig;Fejo
(sample no. 2), (c) NigFej9 (15 nm) film with a 2 nm nat-
ural oxide spacer layer with a square ASI made of 15 nm
thick NigiFeio (sample no. 3), and (d) Nig;Feio (15 nm)/ALOs
(10 nm) with a square ASI made of 15 nm thick Nig;Fejo (sam-
ple no. 4). The nominal lattice constant is hence a = 350 nm,
determining the Brillouin zone (BZ) boundary at k= m/a =0.9
x 107 rad/m. A representative scanning electron microscopy (SEM)
image is shown in Fig. I (here shown sample no. 2). As shown
in Fig. 1, we achieved excellent dimension control, size, and shape
homogeneity over a large patterned area.

SW frequencies of the investigated samples have been measured
by BLS spectroscopy from thermally excited SWs.”*® An exter-
nal magnetic field y,H = 200 mT is applied along the y-direction
(see Fig. 1) and perpendicular to the incidence plane, i.e., the
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FIG. 1. SEM image of the artificial spin ice structure (sample no. 2). Arrows indicate
the system of coordinate axes together with the direction of the applied magnetic
field (H) and the probed SW wavevector (k).

wavevector is in the DE configuration. Due to the conservation of
the in-plane momentum, we can detect the spin-wave wavevector
by selecting the proper incidence angle of light with respect to the
sample surface.”””® The magnitude of k is varied from k = 0.08 to
2.2 x 107 rad/m.

Figure 2 represents a sequence of the anti-Stokes side of the
measured BLS spectra at the minimum wavevector. For sample no. 1
[Fig. 2(a)], only one peak is observed in the spectrum, corresponding
to the film DE mode. For sample no. 2 [Fig. 2(b)], two major peaks
(1) and (2) and a minor one (3) are observed. While the width of
peak (2) seems to be independent of the sample, peak (1) is broader
in coupled sample nos. 3 and 4, with the presence of an additional
peak, labeled (5), visible as a left shoulder. Moreover, in the coupled
samples, an additional peak (4) appears, slightly above peak (3) and
with comparable intensity.

B. Micromagnetic framework and simulations

Micromagnetic simulations were performed usm§ the graphic
processing unit (GPU) accelerated software mumax’.”” The sys-
tem was designed as a 15 nm-thick layer onto a 15 nm-thick
primitive cell of the ASI lattice and discretized in 4.0625 x 4.0625
x 5 nm’ micromagnetic cells. The primitive cell is a 88 x 88 square
(i.e., 357.5 x 357.5 nm?) in which two islands are included, repre—
sented as ellipses,’® each made by 64 x 24 cells, i.e., 260 x 97.5 nm’
Periodic boundary conditions are used in mumax® in order to
simulate an ideal, infinite system. The used magnetic parameters
are saturation magnetization M, = 800 kA/m, exchange stiffness
A =13 pJ/m, and gyromagnetic ratio y = 185 rad GHz/T. A mag-
netic field yyH = 200 mT is applied perpendicularly to the direction
x of the wavevector with a slight tilt angle of 1° to mimic realistic
conditions. After relaxing the system from uniform saturation in the
y-direction into the equilibrium magnetic configuration, we apply
a uniform sinc pulse perpendicular to the plane to excite the sys-
tem, collect the excited out-of-plane magnetization, and perform the
time-space fast Fourier transform (FFT) to get either mode profiles
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FIG. 2. Measured anti-Stokes BLS spectra at y,H = 200 mT for the (a) reference 10 (‘3)‘ s e R
film (sample no. 1), (b) ASI system (sample no. 2), (c) ASI-film system with spacer e
2 nm (sample no. 3), and (d) ASI-film system with spacer 10 nm (sample no. 4). LT ¥ T S
BLS peaks are labeled according to the discussion in the text. 5 “(2) S s b s et st e
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wavevector (107 rad/m)
or dispersions. Details on the simulation method are given in the
supplementary material. FIG. 3. Measured (symbols) and simulated (color map, indicated in the side bar
on the right) dispersion curves of the (a) uncoupled reference film (sample no. 1),
where the analytical dispersion is also plotted (blue dashed line) for comparison;

I1l. DISCUSSION (b) uncoupled ASI system (sample no. 2); (c) coupled ASI-film system with spacer
. . . . 2 nm (sample no. 3); and (d) coupled ASI-film system with spacer 10 nm (sample
A. Discussion of the dispersions no. 4). The external magnetic field is u,H = 200 mT. The wavevector range is

extended to two BZs, and the vertical bars mark the centers k = 0 and k = 27/a

The comparison between the experimental SW dispersion mea- 7
~ 1.8 x 10 rad/m.

sured at 4 H = 200 mT (symbols) and the corresponding simulations
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for all investigated samples is shown in Fig. 3. Note that a large mag-
netic field was applied to avoid ambiguity and obtain magnetizations
oriented in the direction of the applied field. This enables us to reveal
the vertical coupling as a general mechanism beyond the specific ASI
microstate.

For the uncoupled film [Fig. 3(a)], the frequency dispersion is
typical for the DE mode with a monotonic frequency dependence
of k7% For the uncoupled AS], i.e., sample no. 2 [Fig. 3(b)], the
measured dispersions are relatively flat (zero group velocity) except
for the mode at the lowest frequency, which displays a bandwidth of
about 0.5 GHz (see Fig. 1 in the supplementary material). Notably,
the BLS intensity of some peaks is strongly dependent on k. This
effect is reproduced in simulations [Fig. 3(b)]. For samples nos. 3
and 4 [Figs. 3(c) and 3(d)], a mode with monotonic dispersion is
visible for frequencies higher than 14 GHz, partially overlapping
with a flat dispersion visible in the low k-vector range at around
15 GHz [peak (5), in Fig. 3]. The measured variation of both the
curves and the frequencies, compared to those of sample nos. 1 and
2, is an experimental indication of the dynamic interaction between
the two layers. On the other hand, the experimental data below
14 GHz are weakly sensitive to the presence and proximity of the
film underneath, which is a clear indication of the robustness of these
modes with respect to the strength of ASI-film coupling. The lowest
frequency mode observed in sample nos. 3 and 4 has a frequency
bandwidth similar to the uncoupled ASI system (sample no. 2), sug-
gesting that the dispersion is not affected by the presence of the film
underneath.

B. Mode dynamics and ASI-film coupling

We performed micromagnetic simulations to interpret the dis-
persions and unveil how ASI and film modes change and hybridize
in coupled systems. Hence, we can not only identify and label the
peaks in the spectra but also understand the observed BLS inten-
sity and the corresponding mode bandwidth. In fact, the dispersion

(a) b) (c)

scitation.org/journal/apm

bandwidth of any mode is proportional to the dynamic stray fields
it produces and, hence, proportional to the mode intensity (i.e.,
power).""

We interpret the SW dynamics of the ASI-film hybrid sys-
tem considering the layer coupling as a “perturbation” acting on
an initial set of modes, including the DE mode of the isolated film,
which at 200 mT and k = 0 is measured at 14.3 GHz (14.5 GHz in
the simulations), and the modes of the isolated (uncoupled) ASI
system (Fig. 4).

The dipolar interaction between the two layers, acting as a per-
turbation of the ideal uncoupled layers, has two consequences. The
first is the creation of a nonuniform magnetization in the film layer
(which would be otherwise uniform), which causes a correspond-
ing non-homogeneous Begt,” =1 which, in turns, is responsible for
the non-uniform SW mode profiles. We can address this effect as a
static coupling. In our system, the major modification of the mag-
netization is found in the film layer, while the magnetization in the
ASI layer is barely affected [compare Figs. 4(c) and 4(d) of Fig. 5].*/
The second effect is related to the dynamic dipolar field created
by the precession of the magnetic moments in either layers, which
we address as dynamic coupling.”"’ In this case, at a given fre-
quency, the phase profile of the mode in both layers is in some
fixed relationship, the dynamic magnetization of each layer shar-
ing some characteristics of the oscillation typical of the other layer
(hybridization).

Using micromagnetic simulations, we find that modes of the
hybrid systems with a frequency below the DE-film frequency have
the same frequency and spatial profiles as the isolated ASI. Further-
more, the ASI layer of the hybrid system exhibits the same space
phase profile, while their film underlayers show negligible dynamic
magnetization. Thus, the two layers are dynamically uncoupled in
this frequency range (compare Fig. 6 with Fig. 4). This observa-
tion is independent of the spacer layer thickness. On the other
hand, the modes detected by BLS above 14 GHz are hybridized,
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FIG. 5. Calculated effective internal field (Beg) profiles (upper panels) and mag-
netization distribution (bottom panels) at 200 mT for sample no. 3 in [(a) and (c)]
the ASI layer and [(b) and (d)] the film layer. Micromagnetic cell indices are shown
along the x and y axes. In correspondence with the vertical island, in both layers,
Beit has similar values. Two areas of different relative minima of B are delim-
ited by black and white dashed rectangles, separated by a high barrier (dark red
areas).

which means that at a given frequency, the two layers show simi-
lar dynamic magnetization profiles that are correlated. This effect is
robust with respect to variations of the spacer layer thickness (and
the applied magnetic field). We refer to this type of coupling as
dynamic coupling. Previous works reported various types of mode
hybridizations'”'****’ and conversion.”””" However, hybridization
in these cases occurred among modes relative to the same system

(a) (peak2) (b) (peak3) (c) (d)

(peak 4)

ARTICLE
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geometry and, hence, the same underlying magnetization. In our
case, the hybridization is distinctly different from the previous
reported ones: here, the hybridization occurs between modes
belonging to different layers, i.e., physical structures with different
geometries (film and ASI) and different underlying magnetization
configurations [compare Figs. 5(c) and 5(d)].

Micromagnetic simulations reveal a variety of hybrid modes.
Here, we illustrate the modes that likely have a sufficiently strong
intensity to be detectable experimentally. In the following, we label
ASI modes residing in the vertical islands with subscript “v” and
those in the horizontal islands with subscript “h.”

We describe the experimentally obtained dispersions based on
our simulation results. First, the edge mode profile of the horizontal
island EMj, is shown in Fig. 4(a). Although EM), is mainly localized
at the edges along the field direction, the broad area of the oscillation
produces large dynamic dipolar fields responsible for the previously
discussed bandwidth.”> The corresponding edge mode of the verti-
cal island EM, occurs at #12.8 GHz, Fig. 4(c). We suspect that this
mode does not lead to a detectable BLS peak since it is localized in
a narrow region. The fundamental mode of the horizontal island F),
is calculated at 10.4 GHz [Fig. 4(b)] and is hybridized with an edge
mode: this reduces its average intensity, appearing in the BLS spec-
tra as peak (3) at about 10 GHz. Its calculated dispersion is rather
flat, in agreement with the measured one. The fundamental mode of
the vertical island F, appears at 17.0 GHz [Fig. 6(e)], shows no nodal
lines, and, hence, has a large intensity that can be associated with
peak (1) of the BLS spectra measured at 16.5 GHz. Despite the large
intensity, the dispersion appears flat as well. We also show the profile
of an additional mode of the vertical islands at 16.4 GHz exhibiting
two nodal lines perpendicular to the magnetization direction 2BA,
[BA stands for backward-volume character, and 2 refers to the node
number, Fig. 4(d)].

When the film underlayer and ASI layer interact, we observe
two main effects: (1) a change of symmetry (and, hence, amplitude)
of the modes of either layer since their static magnetization changes
and (2) an ASI/film hybridization of the modes, which arises if the

e) (peak1)  (f) (peak5) (g) (peak1)
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FIG. 6. Phase space profiles of the modes in the hybrid system (sample no. 3), which are also, however, illustrative of the corresponding modes in sample no. 4. Upper
(lower) panels show dynamic magnetization in the ASI (film) layers. Micromagnetic cell indices are shown along the x and y axes. Modes (a)—(c) show no hybridization
between the ASI and the film layer and look like those in Figs. 4(a)-4(c). Mode (d) is very intense only in the film layer, where it is reminiscent of the film DE mode. This
mode is trapped in the deep minimum of B [compare to Fig. 5(b)]. In (d), we also show the field and wavevector directions as a reference. Modes (e)—(g) are the result of
the dynamic coupling between the former DE mode of the film and either the ASI mode 2BA, (e) and (f) or F, (g). The peak numbers refer to the measured spectra.
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corresponding resonance frequencies are close. Two out of the four
ASI-film hybridized modes [Figs. 6(d) and 6(f)] do not have any
nodal lines in the film layer and, hence, can be seen as fundamental
modes with a strong localization in the two different relative minima
of Bes [Fig. 5(b)], the deepest one occurring below the horizontal
island, where the magnetization is less uniform. The other two show
a phase oscillation with nodes within the primitive cell [Figs. 6(e)
and 6(g)].

The first of these four modes [Fig. 6(d)] consists of a high order
edge mode in the ASI layer (of negligible intensity) and an intense
oscillation in the film layer, which is reminiscent of the former DE
mode of the film, now strongly localized within the absolute mini-
mum of B, hence, at a much lower frequency. B increases with
increasing spacer, and so does the frequency of this mode: 11.9 GHz
for sample no. 3 and 12.7 GHz for sample no. 4. The intensity of this
mode is rather large and emerges in the spectra as “new” peak (4),
absent in the uncoupled systems. Simulations show a weakly increas-
ing dispersion at low k, which is absent in the experimental results.
We observe that its mode profile in the ASI layer changes if the sep-
aration changes: this means that there is no dynamic coupling and
the effect is purely coincidental.

A general rule can be derived from our simulation results: if for
any given mode the dynamic coupling is present, the dynamic mag-
netization profile in either of the two layers is mutually hybridized,
i.e, linked by a common precise dynamic quantity (wavelength,
phase coherence, symmetry, etc.). This effect is robust and indepen-
dent of the spacer layer and the applied magnetic field. Conversely,
if the dynamic coupling is absent, the associated ASI layer and the
underlayer may show different profile when an external parameter
is changed.

The second fundamental mode derived from the film DE
[Fig. 6(f)] consists of a 2BA, mode in the ASI layer and a quasi-
uniform oscillation in the film layer, which is again reminiscent of
the DE of the uncoupled film, although weaker and localized in a
narrow area inside the black rectangle of Fig. 5(b). Its frequency is
higher than for mode (d) [14.4 GHz for both sample nos. 3 and 4,
peak (5)] because the B value it experiences is higher. This time,
this mode is, indeed, the result of the dynamic coupling between ASI
and film layers because of the coherence and vertical correspondence
of the oscillation profiles in the layers. We verified that, different
from mode (d), in this mode, the relationship between the layers is
persistent independent of any parameter change.

The dynamic coupling is particularly evident for the mode of
Fig. 6(e), with a perfect vertical correspondence of the in-phase pre-
cession of the two layers. The mode consists of a 2BA, mode in the
ASI layer, while the oscillation in the film layer resembles a backward
SW with A = a/2. This wavelength is imprinted by the ASI oscilla-
tion onto the film SW. In simulations, this mode produces an intense
peak at 14.8 GHz. Hence, we associate this mode Fig. 6(e) with peak
(1) in the coupled systems.

Finally, based on the simulations, we find that the mode shown
in Fig. 6(g) at 15.8 GHz for sample no. 3 (15.5 GHz for sample
no. 4) exhibits a F, profile in the ASI layer and a quasi-uniform
oscillation in the film layer. However, a remarkable out-of-phase
precession of dynamic magnetization is found for the two layers in
the vertical direction. These features are independent of the spacer
and the applied field. This implies that this mode arises from the
dynamic coupling. The intensity of this mode is found to be very
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large. Hence, we associate this mode with peak (1) [Fig. 6(¢)], leading
to a broadening of the peak itself.

The three modes Figs. 6(¢)-6(g) in the hybrid system are
responsible for the monotonic dispersive curve starting from 14 GHz
resembling the DE dispersion of the uncoupled film. With the
present resolution (both experimental and computational), we can-
not conclusively determine whether the structure of the dispersion
at low k between 14 and 16 GHz corresponds to a crossing or an
anticrossing of modes (compare to Ref. 26).

Other modes (often with incompatible profile symmetry or dif-
ferent node numbers) might still “occasionally” appear at the same
frequency in the associated ASI and film layers. However, the reason
is, in this case, pure coincidence, not interaction; hence, they are not
dynamically coupled.

The dynamic coupling between layers of different geometry
that was unveiled here is particularly interesting since it demon-
strates the possibility of imprinting a specific wavelength, deter-
mined by the design of the ASI element and the lattice constant of
the ASI to the film [A = a/2 for mode Fig. 6(e)]. This effect is three-
dimensional since the vertical coupling determines the wavelength
of the in-plane propagation.

IV. CONCLUSIONS

In conclusion, we experimentally and numerically studied the
spin-wave dispersion in a dipolarly coupled hybrid ASI/film system
separated by a non-magnetic spacer. The experiments, supported by
the micromagnetic simulations, reveal that the coupling between the
layers arises in correspondence to the film mode frequency. Below
that frequency, only the ASI layer is excited and exhibits mode pro-
files and frequencies almost identical to the uncoupled ASI lattice.
Analysis of both the dispersions and the BLS spectra highlighted
an appreciable bandwidth of about 0.5 GHz for the lowest fre-
quency mode, almost insensitive to the ASI/film coupling and spacer
thickness. The dispersion of the DE mode in the uncoupled film
is, instead, found to be due to hybridized ASI/film modes, which
showed interesting properties derived from the geometric design of
the layers. Finally, we demonstrated the possibility of creating spin
waves with particular wavelengths or dynamic intensity modulations
in the continuous film by suitably designing the ASI geometry of
the overlayer, thus, adding a new degree of freedom to control the
spin-wave propagation in vertical magnonic systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the experi-
mental approach, micromagnetic framework, and the experimental
bandwidth estimation of the ASI mode EM;,.
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