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Abstract: We present a micromagnetic investigation of the spin dynamics at remanence (zero applied
field) in a periodic square artificial spin ice (ASI) prepared four different microstates (i.e., with zero,
two or four magnetic charges at the vertex). The ASI elements consist of permalloy elliptical dots
with a fixed long axis, and a variable width and interdot separation. For each vertex configuration,
we compute the equilibrium ground state at zero applied field by relaxing a previously set magnetic
configuration (microstate). After the excitation of such ground state, we perform a Fourier analysis
obtaining frequency spectra and space phase profiles. We discuss the behavior of the spectra in
changing the system’s microstate and geometry, with reference to the spin mode space profiles,
magnetization configuration, and effective internal field. Our results draw a correlation between ASI
macrospin orientation at vertex and a few important dynamic properties like a phase-shift in the mode
profiles or the frequency gap between the edge and fundamental modes. We suggest a few specific
experiments to validate of our predictions, as well as applications in the field of interferometric
magnonic devices. We believe that our results can help, from the fabrication stage, in tailoring the
appropriate ASI geometry for specific application purposes.

Keywords: spin waves; artificial spin ice; magnonic crystals; micromagnetism; ferromagnetic
resonance; Brillouin light scattering

1. Introduction

Artificial spin ice (ASI) systems were initially conceived to simulate, to a larger scale,
the atomic spin ice [1–3] reproducing peculiar effects like frustration and Dirac strings
to provide insight, as a feedback, to the world of atomic spin ice. More recently, they
have become an independent subject of investigation in Nanomagnetism and Magnonics.
In Nanomagnetism, ASI can represent a macrospin network where the action of an external
field can trigger the reversal of adjacent elements following certain given paths [4–8],
even in the perspective of geometrically induced magneto-resistance phenomena [9], or
magnetophoretic technologies [10]. In Magnonics, not only the opening of specific paths in
the network allows a correlated, peculiar spin-wave (SW) propagation, but also the same
periodicity of the structure can represent a diffraction grating for spin waves, providing
new, partly unexplored, SW properties that the unpatterned material does not have [11–15].
In particular, the peculiar combination of geometry and magnetization distribution offers
different microstates (ground states) at remanence (zero external field), each with distinct
SW profiles and spectra. The different microstates at remanence can be seen as a new degree
of freedom for SWs, and the experimental implementation is a current issue, especially
on how to induce deterministically a microstate or another by (e.g.) the application of an
external field and following an hysteresis cycle [16,17]. Recently this issue was solved by
using macrospins with different aspect ratio to allow different switching fields and in such
a way allowing the preparation of any desired microstate [18–20].

ASI systems were also considered as parts of hybrid magnonic systems, i.e., multilayer
structures where one (or more) layer precisely consists of an ASI lattice. The idea behind
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these structures is to exploit the ASI elements to imprint a nonuniform magnetization in the
film to alter and control SW propagation along it. Intensive theoretical and experimental
studies are being done on these special structures, with special relevance to the vertical
coupling [21–28].

Besides ferromagnetic resonance measurements (FMR) [29,30], other ways to measure
the SW spectra in any microstates can be Brillouin light scattering (BLS) [31,32] or time-
resolved scanning Kerr microscopy (TRSKM) [33,34]. A problem in real, fabricated ASI,
is the regularity of the microstate distribution across the sample array, which is way far
to be simply attained. This means the spectra might result as a combination, superposi-
tion of more spectra of different microstates, making the correlation “microstate type vs.
SW spectrum” simply unreliable.

In this paper, we would like to investigate thoroughly in a square ASI the SW spectra
and profiles of four special microstates, out of a large number, to highlight the main
characteristics and provide key features not only interesting for theoretical reasons, but
also possibly recognizable in BLS, TRSKM or FMR experiments. We will see how the main
active modes are only a few, with characteristic behavior strictly linked to the specific
microstate and lattice interaction strength, so that we believe our results, though refereed
to a specific geometry and material, can easily generalized and be a reference for any
experimental investigation. Indeed, the correlation between microstate and dynamic
properties is important not only for experimental prospects, but also for possible SW-based
technology, since the different microstates can be induced by purpose to modify the SW
propagation properties on-demand.

2. Materials and Methods
Micromagnetic Framework and Simulations

We performed micromagnetic simulations using the graphic processing unit (GPU)
accelerated software mumax3 [35] . The ASI element is an ellipse 256× 96×15 nm3, which
we will address as ’macrospin’ in the following, the inter-element spacer is 48 nm, and the
system is discretized into 4× 4× 5 nm3 micromagnetic cells (hence, each ellipse consists of
64× 24× 3 micromagnetic cells).

Depending on the extension of the allowed primitive cell, we have a determined
number of macrospins n, each possessing two states k [macrospin orientations toward
north (N) or south (S)], so that the total number of possible configurations (“microstates”)
is kn. In our study, we focus on a square artificial spin ice with 8 macrospin in the primitive
cell, hence giving 256 configurations, which we however reduce with some additional
symmetries. First, from the dynamic point of view, the spin waves are sensitive to the
magnetization flux density, not its sense of circulation, and this greatly decreases the
number. Then, if we introduce that the spins along a direction must be all parallel and
concordant, we reduce to three only the number of microstates. For simplicity, we label them
as 4N, 3N1S and 2N2S (Figure 1), referring to the type of poles in one of the vertices of the
lattice taken as a reference. These labels easily lead to the effective magnetic charge (qeff) at
the central vertex of the primitive cell, i.e., q4N = 4q, q3N1S = 2q, q2N2S = 0, correspondingly.
For symmetry reasons, while 2N2S extending in a lattice produces only vertices of the same
kind, a 4N vertex inevitably requires a 2N2S vertex, and also the opposite ones 4S and
2S2N, while a 3N1S inevitably requires its opposite 3S1N (see Figure 1a–c). Finally, we
also consider the simplest periodic flux-closure configuration (“Vortex”) to complete the
whole study framework, which possesses 2N2S and 2S2N vertices, i.e., a magnetic charge
qvort = 0 (Figure 1d). In the following, when we address the “effective charge at vertex”,
we will include Configurations (c) and (d) that have the same magnetic charge at vertices,
but different orientation of the macrospins: this will have distinct consequences on the
spectra, as we will discuss in the following.

The actual physical size of our square primitive cell is 704× 704 nm2, which, though
geometrically non-unitary, is magnetically unitary when considering the magnetization
configuration maps 4N, 3N1S and flux-closure (Vortex). The configuration 2N2S has instead
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a unitary primitive cell with just two ellipses only, however we keep the same size for
simplicity and comparison.

Figure 1. The three microstates in the square ASI: (a) 4N, which contains the vertex types 4N, 4S,
2N2S, 2S2N; (b) 3N1S, which contains also 3S1N; (c) 2N1S, which is reproduced at all ASI vertices,
since the geometric primitive cell matches with the magnetic one; (d) which displays a closure
distribution (Vortex). Note that we refer to spin or macrospin, but the actual physical quantity that is
shown through the arrows is the magnetic moment. The red square frame encloses the primitive cell.

We use quasi-periodic boundary conditions [36], namely 32× 32 copies of the primitive
cell along either coordinates to simulate an extended, realistic system. We assumed the
magnetic parameters of permalloy, hence: saturation magnetization Ms = 800 kA/m,
exchange stiffness parameter A = 13 pJ/m, and gyromagnetic ratio γ = 185 rad GHz/T.
With these values, the exchange length, below which the spins are spontaneously aligned,
is λex = 5.69 nm: this observation incidentally justifies our choice of an elemental cell of
about 4 nm.

We first compute the relaxed state using a fictitious large damping factor α = 0.9 to
get a fast convergence. Then we set α to zero (to allow long lasting precession and larger
resolution) and apply to the relaxed state a uniform sinc pulse perpendicular to the plane:

b(t) = b0
sin 2πν0(t− t0)

2πν0(t− t0)

with b0 = 10 mT, cutoff frequency ν0 = 25 GHz (so we work off-resonance, since the frequency
of interest will be below 15 GHz), and a delay time t0 = 2 ns. The 2D (x, y) profile map of the
out-of-plane (z) magnetization mz(x, y|t) is recorded at a sampling timesteps of 20 ps, for a
total duration of 20 ns. Then the space-resolved time Fast Fourier Transform (FFT) is applied
and mode profiles and spectra are obtained. The SW spatial profile shown throughout the
manuscript correspond to the real part of the FFT coefficients ∂mz of each micromagnetic cell in
the simulated primitive cell [37]. The spectra I(ν) are calculated by integrating the amplitude
over all micromagnetic cells in the primitive cell (k = 0) for each frequency ν, and then taking
its square modulus (compare to theory in Ref. [38]):

I(ν) =
∣∣∣∣∫∫xy

∂mz(ν|x, y) dx dy
∣∣∣∣2

The resulting Dirac comb function I(ν) is convoluted to a gaussian function with full
width at half maximum equal to 0.1 GHz (FWHM = 0.1 GHz), a value which is consistent
with standard BLS and FMR experiments. In this way, we obtain the final spectra.

3. Results

In a network where the elements are elliptical macrospins, the main modes ruling the
power spectra and the dynamics are essentially two: the edge mode (EM, uniform and
localized at the edge of an ellipse, and possibly forming a vertex mode in a lattice [30];
the fundamental bulk mode (FM), which, due to the elongated, non-ellipsoidal shape of
the island, shows a non-uniform profile with a change of phase in the proximity of the



Magnetochemistry 2023, 9, 158 4 of 19

macrospin center. The intensity in the spectra of the FM is always high, since this mode
involves the most part of the magnetization in the ASI elements, while the intensity of
the EM is always rather smaller, or even barley appreciable, because the precession of the
magnetic moments has significant amplitude only in a narrow area close to the macrospin
ends. This effect appears even exaggerated in the calculations (based on a single primitive
cell): in the real experiment, the relative height among the peaks can change, first because
large arrays of many ASI vertices are involved (each inevitably different from the other),
second because the cross section specific to the measurement method can modify the
relative intensity among the peaks [38–40]. Being uniform, despite localized, the EM is
important and in the following we will show the position of the mode in the spectra even
when barely appreciable. Even though we show the plots in linear scale to simulate the
possible real spectra, in order to detect such tiny peaks we suggest a logarithmic plot, as
we show, as an illustrative example, in the inset of Figure 2i.

We can occasionally have other high order modes, appearing in the spectra as side-
peaks. Their space profiles have nodal lines perpendicular to the direction of the magneti-
zation (said backward-like modes) [38]: a few profiles are shown as an example in insets
(c), (d) and (e) of Figure 2, Figures 6–8 and 10–13. The presence of out-of-phase amplitude
regions (due to the nodes) makes their intensity lower than that of the FM. Exceptions
are due to either mode mixing (e.g., mode (c) in Figure 6, which is a superposition of a
fundamental mode for the horizontal macrospins and a higher order mode in the vertical
macrospins) or computation artifacts, which can give non-physical high intensities to higher
order modes, like peak (d) in Figure 2 (panel ii), peak (e) in Figure 6 (panel iii) or peak (d)
in Figure 8 (panel iii). We recall that in a real ASI lattice, the inevitably difference of shape
at the edges, from macrospin to macrospin, makes it unrealistic that any intensity could
sum up to make a corresponding large peak at a same precise frequency. Being hardly
detectable in real experiments, these high order modes are less interesting for the dynamics,
hence we just show aside each figure only a few exemplifying profiles for completeness,
together with little information in the corresponding caption, but will not discuss them
any further.

In Figure 4e–h we show the space profiles of Beff in the four chosen microstates.
We recall that in general, the internal effective field is the sum of the external field B0 with
the exchange Bex and demagnetizing Bdem fields generated by the magnetic moments of
the medium, hence:

Beff = B0 − |Bdem|+ Bex

and since in our case B0 = 0, and in general Bex << |Bdem|, we get:

Beff = −|Bdem|+ Bex < 0

which justifies the negative values in the plots. We recall how the EM and FM can be seen
as the fundamental modes in the region where they happen to be localized.

3.1. Footprints of the Microstate on the Fundamental Mode

Before discussing the dynamics of each microstate, we illustrate the modification of
the space profile of the fundamental mode as a function of the type of ASI microstate and
strength of the lattice interaction.

In Figure 3 we show the profiles of the fundamental modes (FM) in the four studied
microstates, each corresponding to the magnetization distribution shown in Figure 4a–d.
Note that mode profiles of Figure 3c,d are similar in the bulk of the ellipses, but different at
the edges, where a curling of the nodal lines is observed only in (c), following the similar
curling of the magnetic flux lines in microstate 2N2S (Figure 4c), where the like poles are
side-by-side. On the contrary, in the Vortex state (Figure 4d) the like poles are face-forward:
this preserves a straight distribution of the magnetization at the edges. We also observe
that the profile of the FM in the 4N microstate is not symmetric with respect to the ellipse
(Figure 3a), but the nodal lines are definitely shifted toward the ASI vertices where the
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magnetization divergence has the largest magnitude (phase asymmetry). This effect is
less pronounced in the 3N1S microstate, and completely absent in the 2N2S and Vortex
microstates (Figure 3c–d), which apparently links the shift to the type of vertex (or effective
magnetic charge qeff = −divM×V, where V is the volume). At the same time, we observe
how the profile of Beff in Figure 4e is likewise asymmetric, with larger values far from the
4N vertex, and lower values close to the 4N vertex: it is just within these lower values that
the FM profile shows the nodal lines and the out-of-phase oscillation. In fact, Beff rules the
precession motion and the frequency of the modes.

Figure 2. (Upper panels) SW spectra and (lower panels) mode phase profiles for the 4N microstate
at the three different separation values between the macrospins: s = 96 nm (panel i), s = 64 nm
(panel ii), s = 40 nm (panel iii). Each peak has a label corresponding to the calculated mode profiles,
in particular (a) is the EM, (b) is the FM, (c,d) are higher order modes, with 1 and 3 nodal lines,
respectively. In panel (i) the inset features a semi-log plot in correspondence to the EM frequency
and an arrow to highlight the position of the EM peak (a). In this microstate, EM and FM frequencies
have opposite behavior as a function of macrospin separation.
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Figure 3. Fundamental mode profile for the different ASI microstates: (a) 4N, (b) 3N1S, (c) 2N2S,
(d) Vortex. Note how modes (c,d) differ only at the edges of the ASI elements, as the static magnetiza-
tion does, i.e., curled in (c) and straight in (d).

Figure 4. (Upper panels) Magnetization distributions at remanence of microstate (a) 4N, (b) 3N1S,
(c) 2N2S, (d) Vortex. The arrows represent the average direction of the magnetization in 5 mi-
cromagnetic cells, while the green background marks the effective area of the macrospins in the
micromagnetic representation. (Lower panels) Magnitude of internal Beff in unit [T] for microstate
(e) 4N, (f) 3N1S, (g) 2N2S, (h) Vortex. Note that the minima at the edges host the EM oscillation,
while the central region in the bulk hosts the FM oscillation: these confinements play a crucial role in
determining the ultimate dynamics of the modes.

To prove the dependence of this subtle effect on the lattice interaction symmetry and
intensity, we calculated the mode profile at increasing values of the spacer between adjacent
macrospins, with reference to Figure 5, (a) s = 96 nm, (b) s = 128 nm, (c) s = 256 nm,
(d) s = 512 nm, and finally (e) s→ ∞ which means we did simulations on a single, isolated
macrospin. As apparent from the figure, the phase asymmetry gradually decreases with
increasing spacer up to disappearing for s → ∞ (single macrospin). So, the asymmetric
position of the nodes in the SW profile is also an indication of the strength of the lattice
interaction, besides the microstate type.

Figure 5. Evolution of the fundamental mode phase profile (amplitude in arb. units), as appearing in
a single macrospin belonging to a square–ASI in the microstate 4N, as the spacer between adjacent
elements is increased: (a) s = 96 nm, (b) s = 128 nm, (c) s = 256 nm, (d) s = 512 nm, (e) s→ ∞.

We speculate that, at least in principle, it may be possible to gain experimental infor-
mation about the vertex type (i.e., the static orientation of the macrospin magnetization)
by a dynamic local measurement, which can map the exact position of the SW nodes
across the macrospin, as for example by microfocus BLS in the so called BLS microscopy
imaging [31–33,41,42].



Magnetochemistry 2023, 9, 158 7 of 19

We observe how the experimental validation of our predictions can substantiate an
interesting application in the context of information processing: namely, the possibility
of changing the dynamic properties of travelling spin waves by switching one or more
macrospins at vertex, determining the vanishing of the signal in specific macrospins e.g.,
moving from a 4N to a 3N1S microstate, as in Figure 3a,b, or, for the fundamental mode,
determining a phase shift from the center to the ends of specific macrospins, e.g., in moving
from a Vortex to a 4N microstate, as in Figure 3a,d. The last effect might be particularly
useful in spin wave interferometry [43–45], where the relative phase displacement between
two travelling spin waves plays a crucial role. We outline a simple possible experiment
realizing this effect. We consider an interferometer where two Bloch waves are travelling
along two distinct ASI waveguides, one with microstate 4N, the other with microstate
2N2S: hence, one wave has cell function (a) of Figure 3, the other wave has cell function (c)
of the same figure. When driven to interfere in a same region, these waves give an overall
vanishing signal (logic level 0) in the center of each macrospin, where the spin waves are
out-of-phase. However, if a field is applied so that in the first waveguide the 4N microstate
switches to a 2N2S, and then the field is removed, the two interfering Bloch waves would
be in-phase and their amplitudes would sum up to give a large signal (logic level 1). This is
at the basis of every SW-based device, either for logic or sensing purposes.

3.2. Main Effects in the Spectra Due to the Different Vertex Configurations

We can order the microstates as 4N, 3N1S, 2N2S, Vortex, namely from the one con-
taining the maximum charge (4N) to those containing only zero charge vertices (2N2S and
Vortex). In general, comparing the corresponding panels (say, panel i) in Figures 2,6–8 we
see that the EM increases its frequency moving from the 4N configuration to 3N1S, to 2N2S
and Vortex (zero magnetic charge at vertex), simply as a consequence of the curling of the
magnetization at the edges caused by the increasing presence of poles of opposite sign at
the vertices (i.e., the decrease of the effective charge at vertex). This curling increases the
stability and hence the stiffness of the magnetization against the precession motion: for this
reason, the frequency increases.

We examined the results as a function either of the distance (spacer) between adjacent
macrospins (which is a measure of lattice interaction) or the aspect ratio (which is illustrative
of any, not only shape, anisotropy).

3.2.1. Lattice Interaction and SW Profile

The lattice interaction strength modifies the SW frequency and also, as remarked
above, the space profile of the SW modes: as a consequence, in the spectra the position
and height of the peaks change, and we investigate the possibility of drawing a bi-univocal
correspondence between spectrum appearance and underlying ASI microstate.

We studied three situations, which can provide the functional trend, reducing the
spacer s between adjacent and parallel macrospins, from s = 96 nm (i.e., 24 micromagnetic
cells, mc) to 64 nm (16 mc) and to 40 nm (10 mc). Clearly, in reducing the spacer at a fixed
macrospin size, the primitive cell becomes progressively smaller. As apparent from the
spectra in Figures 2 and 6 in the two microstates 4N and 3N1S, we see a frequency decrease
for the EM [peak and profile marked with (a)] and a (light) increase for the FM [peak
and profile marked with (b)] as the spacer is decreased. The progressive decrease of the
EM frequency is interpreted as an increasing vertex instability due to the demagnetizing
field, which in these two cases increases as the macrospin separation is decreased. In
the 4N microstate however, when the spacer is reduced to 40 nm, the behavior is the
opposite. In fact, we observe how this change of trend is accompanied by a change
in the disposition of the nodal lines with respect to the magnetization flux lines: for
s = 48 nm and 64 nm the disposition is perpendicular, for s = 40 nm it is oblique. At the
same time, the magnetization flux lines are almost fully straight aligned independently of
which macrospin: under our knowledge, this effect was not found nor discussed previously
in literature (where nodal lines are either parallel or perpendicular to the local flux lines
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of the magnetization, and the corresponding modes are said backward-like or Damon-
Eshbach-like) [46–48], and must have a dynamic origin and explanation, which is however
outside the scope of the present paper. A decrease of the EM frequency is associated to
an increasing instability of the underlying magnetization at the edges, which in turn is
due to the increasing internal demagnetizing (dipolar) field caused by the presence of
imbalanced poles at the vertex (4 like poles, or 3 against 1). Incidentally, note that also peak
(c) of Figures 2 and 6 decreases its frequency, and the reason stands in its hybridization
with the EM (see the phase amplitude profile at the macrospin edges in the figure plots).
Even this effect is hence due to the increasing instability while getting same-poles closer to
each other.

Figure 6. (Upper panels) SW spectra and (lower panels) mode phase profiles for the 3N1S microstate
at the three different separation values between the macrospins: s = 96 nm (panel i), s = 64 nm (panel
ii), s = 40 nm (panel iii). Each peak has a label corresponding to the calculated mode profiles, in
particular (a) is the EM, (b) is the FM. We show also mixed modes: (c) is a FM-like mode in the
horizontal macrospins and a mode with 1 node in the vertical ones; (d) a mode with 2 nodes in the
horizontal macrospins and 1 node in the vertical ones; (e) a mode localized in the vertical macrospins
only, with 3 nodes. In this microstate, EM and FM frequencies have opposite behavior as a function
of macrospin separation.
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Figure 7. (Upper panels) SW spectra and (lower panels) mode phase profiles for the 2N2S microstate
at the three different separation values between the macrospins: s = 96 nm (panel i), s = 64 nm
(panel ii), s = 40 nm (panel iii). Each peak has a label corresponding to the calculated mode profiles,
in particular (a) is the EM, (b) is the FM, (c) is a hybrid of FM and a mode with two nodal lines
perpendicular to the magnetization. In this microstate, EM and FM frequencies have the same
behavior as a function of macrospin separation.
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Figure 8. (Upper panels) SW spectra and (lower panels) mode phase profiles for the Vortex mi-
crostate at the three different separation values between the macrospins: s = 96 nm (panel i), s = 64 nm
(panel ii), s = 40 nm (panel iii). Each peak has a label corresponding to the calculated mode profiles,
in particular (a) is the EM, (b) is the FM. Then we show a mode with (c) two and (d) four nodal lines
perpendicular to the magnetization, displaying non-physical large intensities, which we attribute
to a computational artifact. In this microstate, EM and FM frequencies have the same behavior as a
function of macrospin separation.

As shown in Table 1, in the case of 4N microstate, we found that the EM frequency grad-
ually decreases until a critical separation value sc, below which, however, the magnetization
does not undergo any rearrangement (i.e., no first/second order phase transition [49]).
Instead, the magnetization keeps its symmetry unchanged despite the increasingly stronger
demagnetizing fields, while the modes change their phase amplitude profile at the edges,
with nodal lines tilted with respect to the magnetization. This dynamic change in the mode
profile decreases the total demagnetizing fields (static plus dynamic) and raises the system’s
stability. As a consequence, below sc the frequency of the edge modes with tilted nodal
lines increases. This subtle effect will be thoroughly presented in a dedicated publication.

Table 1. Behavior of the EM frequency with decreasing the macrospin separation s in the 4N
microstate. A change of behavior occurs in crossing some sc intermediate of 56 and 48 nm.

s (nm) 96 64 56 48 40

Frequency (GHz) 4.5 2.6 1.0 3.2 4.6
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Conversely, ASI microstate 2N2S and Vortex both have vertices with zero magnetic
charge, which clearly makes the magnetization more stable as the distances are decreased:
as well known [49–55] the increased stability makes the magnetization stiffer to oscillations
and the frequencies higher. As a consequence, both modes EM and FM, in these two mi-
crostates, are clearly increasing their frequencies as the macrospin separation is decreasing
(Figures 7 and 8).

In summary, the behavior of the frequency of the peaks in varying the macrospin
separation is an indication of the microstate type: in 4N and 3N1S the EM and FM peaks
have opposite trends, in 2N2S and Vortex have the same trend.

3.2.2. Macrospin Size

We performed the calculations on a reduced system, with the primitive cell being
256× 256× 15 nm3, and each macrospin being 112× 32× 15 nm3: the resulting spectra and
profiles are shown in Figure 9. The reduction of the ASI element size causes a confinement
of the SW excitations, with consequent general increase of the SW frequencies and the gap
between different mode frequencies. In particular, since we plot spectra below 15 GHz,
no higher order mode is present. In Figure 9 mode (a) is at the lowest frequency in
microstate 4N, where its amplitude is large at the vertices with maximum effective charge
qeff = q4N = |4q|, while is smaller, and with opposite phase, at the vertices with qeff = 0.
Hence the oscillation involves a region with large demagnetizing fields, responsible for the
resulting very low frequency. On the contrary, the amplitude of mode (b) is localized only at
the vertices with qeff = 0, where demagnetizing fields are small and magnetization is more
stable: this justifies the resulting large frequency. As a final comment, we observe how,
in the perspective of identifying the microstate type by a sole spectrum analysis, it may
be way more effective to use small elements, such that the frequency gap between mode
(a) and (b) could strongly vary as the ASI microstate varies from Vortex (balanced, most
stable) to 4N (unbalanced, least stable): as apparent from Figure 9, the gap moves from
about 1 GHz (Vortex), to about 10 GHz (4N). The gap extent can be an indirect indication of
the magnetization orientations at the vertices: the larger the gap, the more unbalanced are
the magnetic moments at vertices.

Figure 9. SW spectra (panels on the left) and mode phase profiles (panels on the right) for microstate
(i) 4N, (ii) 3N1S, (iii) 2N2S, (iv) Vortex, for the small macrospin ASI. Below 15 GHz only two modes
are found with non-negligible intensity: (a) the EM and (b) the FM. Note how, at these small sizes,
the gap between the frequencies of these modes greatly decreases with decreasing effective charge
at vertex.

The other panels clearly show how, moving to microstates with increasingly more
stable vertices, both modes increase their frequency. Furthermore, they show an asymmetric
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phase profile in microstates where the adjacent vertices have different magnetic charge
(Figure 9, panel i–ii), and a symmetric one where the vertices have the same magnetic
charge (Figure 9, panel iii–iv).

3.2.3. Aspect Ratio

The variation of the aspect ratio modifies the magnetic (shape) anisotropy in the
macrospin. In order to investigate the behavior of the spectra with increasing shape
anisotropy, keeping the macrospin length fixed at 256 nm, we considered three different
width values: 96 nm, 88 nm, 80 nm. The results are shown in Figures 10–13. Apparently, as
the shape anisotropy increases, all the modes undergo a frequency increase, particularly
mode (a), i.e., the edge mode, and mode (b), i.e., the fundamental mode. The largest
variation is experienced by mode (a), since it is localized at the edges of the islands, where
the magnetization variations are larger.

Figure 10. (Upper panels) SW spectra and (lower panels) mode phase profiles for the 4N microstate
at the three different aspect ratios, with fixed length (256 nm) and variable width: w = 96 nm (panel i),
w = 88 nm (panel ii), w = 80 nm (panel iii). Each peak has a label corresponding to the calculated
mode profiles, in particular (a) is the EM, (b) is the FM. Then, we show a mode with (c) one and (d)
two nodal lines perpendicular to the magnetization.
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Figure 11. (Upper panels) SW spectra and (lower panels) mode phase profiles for the 3N1S mi-
crostate at the three different aspect ratios, with fixed length (256 nm) and variable width: w = 96 nm
(panel i), w = 88 nm (panel ii), w = 80 nm (panel iii). Each peak has a label corresponding to the
calculated mode profiles, in particular (a) is the EM, (b) is the FM. Mode (c) is a mixed mode, having
one nodal line in the vertial macrospins and two in the horizontal ones; mode (d) shows two nodes in
the vertical macrospins and a profile similar to the FM in the horizontal macrospin.
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Figure 12. (Upper panels) SW spectra and (lower panels) mode phase profiles for the 2N2S mi-
crostate at the three different aspect ratios, with fixed length (256 nm) and variable width: w = 96 nm
(panel i), w = 88 nm (panel ii), w = 80 nm (panel iii). Each peak has a label corresponding to the
calculated mode profiles, in particular (a) is the EM, (b) is the FM. Remarkably, in this case we do not
obtain higher order modes with appreciable intensity.
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Figure 13. (Upper panels) SW spectra and (lower panels) mode phase profiles for the Vortex mi-
crostate at the three different aspect ratios, with fixed length (256 nm) and variable width: w = 96 nm
(panel i), w = 88 nm (panel ii), w = 80 nm (panel iii). Each peak has a label corresponding to the
calculated mode profiles, in particular (a) is the EM, (b) is the FM. Mode (c) has two nodal lines
perpendicular to the magnetization, and gets appreciable intensity only in panel (iii).

We recall that an effective variation of anisotropy can be operated in a system with a
fixed shape by an interaction with a voltage-driven ferroelectric layer. By inverse magne-
toelastic effect, it is possible to make, in the ferromagnetic layer, a magnetization direction
easier than the others, and variable, producing the same effect we described by modifying
the macrospin shape.

4. Conclusions

We investigated the spectra and mode profiles of spin waves in four basic microstates
of a square ASI at remanence (H = 0), as a function of distance and macrospin aspect ratio.
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We found footprints of the specific ASI microstate on a few important dynamic properties
of the spin wave resonances. The main results can be outlined as follows.

The gap between the frequency of the EM (edge mode) and the FM (fundamental
mode) increases for increasing effective charge at a vertex, as a consequence of the increas-
ing demagnetizing fields. In particular, it happens to be the smallest in the closure-flux
(Vortex) microstate, and the largest when the microstate includes 4N vertices. Notewor-
thy, microstate 2N2S and Vortex differ only in macrospin disposition at vertex, not in
the effective charge, and though the gap is different, considerably when the macrospins
are smaller.

Small ASI elements behave closer to actual macrospins and hence show just two
main, detectable modes (EM and FM), while bigger ASI elements depart from a macrospin
behavior, display a richer spectrum and show higher order modes with non-zero intensity.

In decreasing the distance between adjacent macrospins (i.e., increasing the ASI den-
sity) would impact first and foremost the dynamics at the macrospin edges, causing the
EM frequency to decrease if the effective charge at vertex qeff is non-zero (due to increasing
instability) or to increase it if qeff is zero (due to increasing stability). The FM just slightly
increases its frequency simply due to an increased effective magnetic moment density.
Hence, in varying the macrospin separation the FM and EM frequencies show opposite
behavior in 4N and 3N1S microstates, and similar behavior in 2N2S and Vortex microstates.
On the other side, the decrease of the macrospin width is proven to simply increase the
frequency of all the modes, as a consequence of the increased confinement in a progressively
smaller region. The variation of the width corresponds to a variation of the in-plane aspect
ratio of the macrospin (shape anisotropy), and we mention here that the same effect could
be attained by the introduction of any magnetic anisotropy of different origin, for example
by the coupling with a different layer with a different material with magneto-crystalline
anisotropy, or by inverse magnetostriction, depending on the material type.

We detected also a subtle effect, worth to be thoroughly investigated in further studies.
In ASI with qeff 6= 0 (i.e., 4N and 3N1S microstates), the EM frequency decreases down
to a minimum value in correspondence of a critical minimum separation, below which a
transition is observed, which apparently forces modes to get nodal lines tilted with respect
to the direction of the magnetization at the edges: this dynamic transition is seen to increase
the system’s stability, and consequently the corresponding frequency is seen to increase.
This effect is found independent of the macrospin size.

Another interesting effect represents an additional footprint of the specific ASI mi-
crostate on the dynamic properties of its SWs. The profile of the FM is sensitive to the
vertex type, with nodes shifting to the macrospin side close to the vertex that has the largest
modulus of the magnetization divergence (i.e., effective charge in absolute value). This
effect corresponds to a phase-shift in a restricted area of the macrospin, was proven to be
dependent also of the macrospin distance (interdot interaction), and is believed to play an
important role in spin wave interferometry, where phase-shifts between interfering signals
can dramatically change the interference pattern intensity, as well as the truth table of any
associated magnonic logic gate.

We believe all these results, a few ones particularly unexpected, show the presence of
univocal characteristics in the dynamics that are very peculiar to the specific ASI microstate
and consequent qeff, and can be very useful for further studies of the topic, aiming to
characterize the specific microstate. We also hope we raised the curiosity of experimentalists
to verify in measurements the interesting predictions we made, concerning details either
in spectra or mode amplitude profiles. We suggest for example ferromagnetic resonance
and particularly by microfocus Brillouin light scattering (Brillouin microscopy) or time-
resolved Kerr microscopy. Finally, we remark how the technological control of the dynamic
properties we investigated can have interesting applications in the field of signal processing,
where magnonic devices based on spin-wave interferometry are concerned.
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