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We present experimental and theoretical investigations of spin wave modes in Permalloy (Nig)Fe;y) macrospin
arrays in cross and square configurations to understand the dynamics among clusters of them. These
configurations are periodically patterned at the central signal line of a coplanar waveguide to acquire strong
coupling with the microwave field. Their dynamic behavior is analyzed using broadband ferromagnetic
resonance (FMR) measurements. Our results reveal a notable mode-splitting associated with a rotation of the
macrospin configuration, highlighting the influence of the geometry on spin wave excitations. Furthermore, the
spectra depend on the macrospin configuration as evidenced by the discontinuity of the FMR curves associated
with different magnetization reversal fields, and the interaction between modes at low frequency. Theoretical
calculations support the experimental observations of fundamental modes and mode-splitting at the vertex
region. These findings contribute to the development of artificial spin ice (ASI) for functional magnonic

networks and spin-based computing applications.
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1. Introduction

Artificial spin ice (ASI) systems have emerged as a
versatile platform for exploring spin dynamics [1-4],
offering new opportunities for advancements in magnonics
[5], reconfigurable computing [6], and high-density data
storage [7]. These engineered lattices, composed of
interacting nano-magnetic elements, exhibit rich collective
behaviors, including spin wave excitations and the
formation of topological magnetic defects [8]. A key
feature of ASI is geometric frustration, which arises from
competing dipolar interactions, leading to a highly de-
generate energy landscape that supports diverse magnetic
states [9-13]. This intrinsic complexity not only provides
an opportunity to investigate fundamental magnetization
dynamics but also paves the way for energy-efficient
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spintronic  applications, such as wave-based logic,
unconventional computing paradigms, and neuromorphic
computing applications [14].

A main focus of ASI studies is the impact of lattice
geometry and vertex configurations on magnetic ground
states and spin wave excitation spectra. Different ASI
systems, such as kagome, square, and honeycomb lattices,
have been widely investigated [15-17], including the
effects of a regular distortion of the lattice geometry itself
[11, 12], demonstrating that the spatial arrangement of the
nano-elements critically determines dipolar interactions
and spin wave propagation.

Here, we report the effects of configuration variations
on ferromagnetic resonance (FMR) spectra of macrospin
arrays of four dipolarly coupled elements in the different
orientations. In order to experimentally probe the spin
wave dynamics, we nanoengineered devices which consist
of macrospin arrays patterned on coplanar wave-
guides which yield maximal intensity of the FMR spectra
when measured with a vector network analyzer. Our
experimental FMR measurements were compared to
micromagnetic simulations. Experiments and calculations
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show that the complex behavior of macrospins can be
understood from the intrinsic properties of their individual
building blocks consisting of more than just one element,
but a cluster of four [18].

2. Experimental Setup and Theoretical
Calculation

Our devices consist of a 50 € matched coplanar
waveguides (CPW) with Permalloy (Py, NisoFez0) macro-
spin arrays patterned on the central signal line. Fig. 1(a)
shows an array of four macrospins configured as a cross
(Type I in Fig. 1(b)) on a Si substrate with 300 nm of
Si0,. The CPW consists of an electron-beam deposited
100 nm Au layer on top of a 5 nm Ti layer patterned
photolithographically with a laser writer followed by a
lift-off process. The permalloy macrospin arrays are
patterned directly on top of the central signal line of the
CPW using electron-beam lithography from a 15 nm
electron-beam deposited film followed by a lift-off. The
deposition rates, as monitored by a quartz crystal micro-
balance, were ~0.2 A/sec for Ti, 1.4 A/sec for Au, and 0.4
AJsec for permalloy with 3x1077 Torr base pressure during
all evaporations [19].
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We fabricated four different types of macrospin
configurations (Type I: cross, Type II: square, Type III:
45° rotated cross, and Type IV: 45° rotated square) on
separate CPWs to study the effect of an interaction
between macrospins, as shown in Fig. 1(b). Since the
distance between macrospin configurations in the array is
2 um, interactions between the configurations can be
ignored. In Fig. 1(b), the major axis of the "macrospin 1"
is parallel to the applied magnetic field; however, the
major axis of "macrospin 2" is perpendicular to the field.
The major axes of the macrospins 3 and 4 in Fig. 1(b) are
45° and 135° from the applied field, respectively. SEM
images of each macrospin of the four different types of
configurations indicate that they are 500 nm long and 200
nm wide and ellipse-like in shape, as shown in Fig. 2.

Broadband ferromagnetic resonance (FMR) measurements
were conducted to analyze the spin wave modes of the
arrays using a vector network analyzer (VNA), which was
connected to the CPW to record the microwave
absorption spectra, with the transmission parameter Sai
measured at a nominal microwave power of 0 dBm. All
spectra were recorded using the following procedures:
first the macrospins were magnetized at +3000 Oe, and
the frequency was swept from 2 to 10 GHz to establish a
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Fig. 1. (Color online) (a) Schematic of measurement setup of the macrospin arrays on the coplanar waveguide for the Type I (cross)
array. The 15 nm of permalloy macrospin arrays directly fabricated on top of the central signal line. The direction of the applied
magnetic field is parallel to the coplanar waveguide axis. Since the center-to-center in the array is 2 pm, interactions between
neighboring configurations are ignored. (b) Four different types of the macrospin arrays studied in the experiments and simulations.
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baseline, which was then subtracted from subsequent
measurements at all other fields. The frequency was then
swept in a range of 2-10 GHz for applied fields from
+900 Oe to —900 Oe in 10 Oe steps.

We performed micromagnetic simulations with the
GPU-accelerated program Mumax3 [20]. We discretized
the four arrays (Type I-IV) through elemental square cells
with dimension 5 x 5 x 15 nm®. Each macrospin had an
elliptical shape of 500 x 200 x 15 nm®. The minimum
distance between adjacent macrospins (whose long axes
are perpendicular to each other) was set to about 28 nm
(considering on a square mesh the oblique edge-to-edge
distance). The magnetic parameters are: saturation
magnetization M=650 Oe, exchange stiffness constant
A=10.0 pJ/m, gyromagnetic ratio y=18.5 rad GHz/kOe
(typical of Permalloy).

We also considered a slight tilt of 2 degrees between the
applied field and the axes of the macrospins to meet
experimental conditions and to break the symmetry to
avoid artifacts in the simulations.

We excite the system with a sinc (i.e., cardinal sine)
microwave field:

sin(2m fo(1—t1,))

b0 = b =)

(M

with time delay 7 =2 ns, cutoff frequency f; =20 GHz
and amplitude b, = 10 Oe. We recorded the magnetization
distribution every 20 ps, which sets the maximum
frequency to 20 GHz (Nyquist frequency), and for a total
time of 50 ns, which sets the frequency resolution to 0.02
GHz. At each field step of 10 Oe, from 900 Oe to -900
Oe, we performed the space-time Fourier transform, and
obtained the frequency spectrum of the system, as well as
the dynamic magnetization profiles (spin wave modes), as
a function of the applied field.

In the following, for the mode phase profiles we plot

3 73 o 28
Fig. 2. SEM images of the four different types of the configurations: (a) cross, (b) square, (c) 45° rotated cross, and (d) 45° rotated

square. Each of the configurations is written on a different coplanar waveguide. Each macrospin dimension is 500 nm x 200 nm,
while the thickness is 15 nm.

the real part of the out-of-plane (z) component of the
dynamic magnetization dm.(x, y, H), while for the frequency/
field curves, to be compared with the FMR spectra, we
plot the square modulus of the integral of m.(x,y, H) over
the primitive cell area S at each applied field H:

1) = [[[ o x. .ty e

3. Results and Discussion

In Fig. 3, we show a comparison between the experi-
mentally measured and theoretically simulated FMR
frequency-field curves for Type I and Il samples. The
white arrows in the panels indicate the correspondence of
a few subtle details between measurement and simulation.
In particular, simulations show three main modes with
significant intensity, likely to be detected in the experi-
ments: an edge mode and the two fundamental modes
localized in macrospins either perpendicular or parallel to
the applied field (see Fig. 4(a-c) for Type I and (d-f) for
Type II).

First, we discuss the fundamental mode F (Fig. 4-c)
localized in the macrospins parallel to the applied field,
which has the highest frequency (lowest demagnetizing
field). We superimposed the analytical (dotted) curve of
the modified Kittel FMR expression in Fig. 3 (panel (c)
only):

J= 55w [(Hy + H)[(H + Ho) + M) (3)

where 1 =4m x 107 H/m, H, is the applied field, and
H, =360 Oe is an effective anisotropy field introduced in
the formula to account for a reversal (of the macrospins
parallel to the field and aligned along their major axis of
Type I) occurring at —360 Oe (while in the uniformly
magnetized film it would be zero). In this way, we show
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Fig. 3. (Color online) The experimental FMR spectra (top (a) and (b)) compared with theoretical simulations (bottom (c) and (d))
for Type I and Type Il macrospin arrays. In the simulations, the vertical bold lines mark the discontinuous transitions, while the
dashed lines mark the continuous transitions. From the right to the left: H; is 650 Oe for Type I, 750 Oe for Type II; H,=500 Oe for
Type I and 400 Oe for Type I, H; is -360 Oe in Type I and -190 Oe in Type II; Hy is -420 Oe in Type I and -300 Oe in Type II; Hs
is -500 Oe in Type I and -620 Oe in Type II. The dotted line in panel (c) is the analytical curve of the Kittel mode, adapted to
include an anisotropy field Hy=360 Oe (found in the simulations), which accounts for the elliptical shape of the macrospins: this
line mostly overlaps with the simulated curve of the mode localized in the macrospins aligned with the applied field. The labels
indicate the fundamental (F) and the edge (EM) modes localized in macrospins parallel (||) or perpendicular (L) to the applied field.
The white arrows indicate subtle effects found in the experiment with a corresponding signature in the simulation. All color bars are

in arbitrary units.

how the magnetic dipole moment density and their
alignment with the applied field govern the dynamics of
the fundamental mode (independently of the edge details).

Moreover, in Fig. 3 we identify the fundamental mode
F, (see Fig. 4-b for the simulated profile) and, with a
considerably smaller intensity, the edge mode EM, (see
Fig. 4-a for the simulated profile, EM, is indicated with a
white arrow in Fig. 3), which occur only in macrospins
perpendicular to the applied field, the former localized in
the main central part of the macrospin, the second at the
edges along the direction of the applied field.

Type 1 and II (as well as III and IV) can be considered
equivalent, having two macrospins parallel (“macrospin
17 in Fig. 1-b) and the others perpendicular (“macrospin
2”) to the applied field, except for the different symmetry
of the macrospin interactions: central in Type I (III),
distributed to the four corners in Type II (IV). This
discrepancy plays almost no role in the experiment

(where bulk fundamental modes primarily contribute to
the signal, not the edge modes), while it is rather
important in the simulations (where edge modes are also
visible). The more pronounced contribution of edges in
the simulations might be due to an underestimation of the
assumed theoretical macrospin-macrospin distance due to
the difficulty modeling the exact experimental conditions
such as shape and shape distribution across the lattice.
We now analyze and interpret the spectra of the Type I
and II samples separately. Looking to the FMR spectrum
of Type I, we identify five transition points, which can be
understood with reference to the simulated ground state
magnetization distributions, as shown in Fig. 5. Starting
from H = +900 Oe, at high field values the magnetization
in either macrospin 1 and 2 is saturated and is not
changing its configuration (i.e., the magnetic moment
space distribution remains the same). Hence, the frequency/
field behavior is almost linear (Larmor-like): @ = yupH.
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Fig. 4. (Color online) Profiles (real part of the out-of-plane component of the dynamic magnetization) of the spin wave modes cal-
culated at H=900 Oe for (a-c) Type I; (d-f) Type II; (g), (h) Type III; (i), (j) Type IV macrospin system. Labels, associated to each
panel, are discussed in the text, and indicate either the fundamental (F) or the edge (EM) mode localized in macrospins parallel (||)
or perpendicular (L) to the applied field when not degenerate in frequency. The occasional undulation of the profiles indicates a
light hybridization of the fundamental modes with higher order modes with a backward character [22].

In reducing the applied field, the shape anisotropy of
"macrospin 2" (perpendicular to H) becomes progressively
dominant, causing a continuous (but not uniform) rotation
of the magnetic moments from the hard to the easy axis
of "macrospin 2". At around Hj, i.e., 650 Oe (Type I) or
750 Oe (Type ), only edge magnetic moments are

involved, but at around Hy, i.e., 500 Oe (Type I) or 400
Oe (Type II) bulk magnetic moments start to be relevant.
While the applied field is decreasing, the gradual rotation
of "macrospin 2" magnetization towards its easy axis
favors a progressively increased system stability, i.e.,
smaller demagnetizing fields and a stiffer magnetization in
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"macrospin 2", and hence a progressively higher frequency
of mode F, and EM, until H=0. The white arrows in Fig.
3 show the correspondence between measurements and
simulations relative to the weak FMR signal, in narrow
field ranges, coming from modes such as F, and EM,. In
contrast, shape anisotropy of "macrospin 1", favors a
magnetization parallel to the applied field and is invariant
even when the field polarity changes at H=0. Hence, the
corresponding mode favors a linear frequency behavior,
gradually turning to a square root behavior below H=0
(see Eq. 1).

In the Type 1 spectra, the strong discontinuity in the
FMR curves at H;=-360 Oe (around —180 Oe in the
measured spectra) is due to the magnetization reversal of
the macrospins parallel to the applied field: in fact, the
frequency difference in the spectrum is around 3 GHz. At
Hy=-420 Oe, another discontinuity appears in the FMR
spectrum, which is due to the formation of a characteristic
C-state magnetization [21] in the macrospins perpendicular
to the applied field (see Fig. 5, H=-420 Oe, for the
corresponding magnetization map): despite this transition
being subtle (and gradual), and the field interval within
which it occurs is limited, we can recognize its signature
in the measured spectra between —200 Oe and —500 Oe
(signaled by two white arrows in Fig. 3-(a), (c)), where

1000 H=900 Oe

E—

1000, H=0 Oe

©
<3
=

600 _==m=comoiias
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two parallel curve branches can be seen, the upper one
fading as the field is increased in the negative direction.
The last transition occurs at Hs =—500 Oe (-510 Oe in
the experiments) where the magnetization configuration
switches from a C-state to the mirror of the equivalent
one at positive field values: in the simulations, this
transition field (—500 Oe) corresponds to a minimum in
the frequency of F, mode, while in the experiment, it
corresponds to an increased intensity of the lowest curve
branch.

In the Type II spectra, as shown in Fig. 3(b) and (d), we
can identify the same five transition points as for the Type
I spectra, with a few distinctive features, which in the
simulations appear more important than in the experi-
ments, and occur as a result of mutual macrospin
interaction. In fact, the simulations of both F, and EM
show slight differences, mostly due to the different
configuration at the edges of the macrospins: in Type I
each macrospin has non-equivalent edges (imbalance), in
Type 11 each macrospin has equivalent edges (balance)
with respect to the external field. However, the overall
FMR behavior is quite similar to Type 1. First, as outlined
above, starting from +900 Oe, a liner (Larmor) frequency
decrease, followed, below H,;, by a gradual frequency
increase. Then, as shown in Fig. 6, the magnetization
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Fig. 5. (Color online) Micromagnetic simulation of the magnetization map of Type I at critical field values where FMR spectra
show discontinuity. From H=900 Oe (a) through H=0 Oe (b) until H = -350 Oe (c), the magnetization in the macrospins perpen-
dicular to the field gradually rotates counterclockwise; at H; = —=360 Oe (d) macrospins parallel to the field undergo magnetization
reversal; at Hy = —420 Oe (e) the magnetization in the macrospins perpendicular to the field get a C-shape magnetization distri-
bution, which gives a distinctive signature in the spectra; at Hs = =500 Oe (f) the magnetization finally switches to a mirror con-

figuration of the corresponding positive field values.
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Fig. 6. (Color online) Micromagnetic simulation of the magnetization map of Type II at critical field values where FMR spectra
show discontinuity. From H=900 Oe (a) through H=0 Oe (b) the magnetization of the macrospins perpendicular the applied field
undergo a gradual rotation; at H; =—190 Oe (c) (—140 Oe in the experiment) the macrospins parallel to the applied field undergo a
magnetization reversal, causing a strong frequency discontinuity in the FMR spectrum. Then, at Hy = —300 Oe (d) the magneti-
zation of the macrospins perpendicular to the applied field switch from an S-state to an (asymmetric) C-state: in this case, only
modes localized in these macrospins show a likewise frequency discontinuity. Finally, at Hs = —620 Oe (e), the system switches to
a mirror configuration of the magnetization at corresponding positive applied field values.

reversal of the macrospins parallel to the applied field
occurs at H;=-190 Oe (Type II has a less stable
magnetization than Type I). At Hy;=-300 Oe the
magnetization changes to a C-state (see also Fig. 6 for the
corresponding magnetization maps), until Hs =—-620 Oe
where the symmetry is recovered bringing the system to
mirror state of the magnetization at positive field values.

In Fig. 7, we show the spectra of Type III and IV. In
both types the orientation of the macrospins with respect
to the applied field is the same (at 45°). Hence, the bulk
modes of all four macrospins are almost degenerate in
frequency (no more distinction between F and F, or EM;
and EM,, see Fig. 4(g), (h) for Type III and (i), (j) for
Type 1V)), and so are the corresponding curves, as
confirmed by both the experiments and the simulated
spectra. In the simulation, we can see several curves
almost parallel to that for the fundamental mode (F),
which are higher order modes, with nodal lines perpen-
dicular to the magnetization direction, referred to as
“backward” (BA) modes. Only in the measured spectrum
of Type IV is it possible to appreciate this feature,
probably corresponding to the BA mode with 2 nodal

lines (2-BA), which shows the largest intensity in the
simulations. As a feature of the simulations shown in Fig.
4, the profiles of the F modes in Type Il and IV are
hybridized with the profile of higher order BA modes
(see, for example, Ref. [22]). Micromagnetic simulation
of the magnetization maps of Type IIl and IV at
magnetized and reversal fields are shown in Fig. 8.

Another discussion concerns the edge modes (EM). We
now consider the magnetization in the macrospins. While
the magnetic charges at the macrospin edges in Type II
(Type IV) occur only in couples, we found, at the same
vertex, four alternate magnetic charges (2 in-2 out) in
Type 1 (Type III): this condition strongly minimizes the
dipolar interaction, which in turn favors a higher frequency
[23, 24]. However, this aspect can be appreciated only in
the simulations, since EM are notoriously vanishing in
typical experimental FMR spectra, because their oscillation
involves a small magnetization area.

In Type III and IV spectra, only a single transition is
found, which is the magnetization reversal of all the four
macrospins. The reversal is simultaneous for all the
macrospins, since they are equivalently oriented with
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Fig. 8. (Color online) Micromagnetic simulation of the magnetization maps of Type III (a) and Type IV (c) systems at H=900 Oe,
showing Type III (b) and Type IV (d) at the reversal fields, respectively.
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respect to the applied field direction, as shown in Fig. 7.
Again, due to the specific configuration of the macrospin
edges, Type III is more stable than type IV, hence in
simulations, the switching occurs at a slightly larger
(negative) field magnitude of —250 Oe (-220 Oe for Type
IV). In fact, in the experiment, the discontinuity is seen at
about —150 Oe for Type III and around —180 Oe for Type
IV, which seems to contradict Type III being more stable
than Type IV. We suspect that this minor discrepancy is
an indication of a smaller interaction between macrospins.
A slightly larger macrospin separation in the fabricated
Type IV clusters in Fig. 2(c)-(d) might be responsible for
a reduction of the dipolar coupling and hence favor
stability and a slightly larger (negative) reversal field.
Furthermore, after the reversal, the measured FMR curve
starts immediately for Type III, while at H=-210 Oe for
Type IV.

Finally, we would like to remark once more how, with
reference to the simulations, the different configuration of
the macrospin edges causes significantly different simulated
reversal fields of the macrospins parallel to the applied
field: 360 Oe for Type I (more stable configuration),
—190 for Type 1I (less stable configuration). In Type III
and IV, all macrospins switch almost simultaneously at
—250 Oe for Type III, and —220 Oe for Type IV. When
comparing the reversal fields of the four Types in relation
to the stability of the cluster, we should refer only to the
field at which the magnetization has a negative component
in all macrospins. Based on the simulation results, we
find H; =-360 Oe (Type I), H; =—190 Oe (Type II), H=
—250 Oe (Type III), and H=-220 Oe (Type IV). This
means that Type II appears to be the softer configuration,
with a magnetization which can be easily curled and
reversed. Second, but not less important, the different
macrospin configuration has an impact on the dynamics:
simulations show that modes F, and EM, of Type I and
Type 1I behave quite differently. For example, in Type I,
the FMR curve of F, intersects the curve of EM, only
when H<300 Oe; in contrast, in Type II, the F, and EM
curves intersect already at H=500 Oe, with a distinctive
anticrossing mark (a gap is formed). This is a form of
magnon-magnon interaction [10], which strictly dependents
on the distance between macrospins, and is, hence,
adjustable by modifying the geometry. While interesting,
this complex effect is outside the scope of the present

paper.
4. Conclusions

In conclusion, we have conducted both experimental
and theoretical studies of spin wave modes in four distinct
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types of macrospin arrays. In moving from Type I-1I to
Type II-IV, we observed two key effects: a reduction
from two to a single dominant spin wave resonance and a
decrease in its corresponding frequency. Additionally, a
subtle yet measurable effect appears in the spectra:
whereas the edge mode curves are faintly visible in Type
I-11, they are completely absent in Type III-IV. Finally, the
spectra show a dependence both of the discontinuity of
the FMR curves (associated with different magnetization
reversal fields) and a form of magnon-magnon interaction
due to the underlying macrospin configuration. These
findings enhance our understanding of spin wave
dynamics in macrospin systems and provide insights for
future studies on engineered magnetic systems including
magnon-magnon hybrid systems.
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