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Excitation of spin waves in the presence of magnetic charges and monopole polarons in
finite-size square artificial spin ice systems
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Artificial spin ice (ASI) is a special class of engineered lattice of highly shape anisotropic single domain
magnetic nanostructures, which is used as one of the model systems to study the spin ice behavior observed in
pyrochlore oxides. The nanomagnets interact via dipolar interaction, resulting in correlated magnetization dy-
namics exhibiting macroscopic spin configuration states. Here, we exploit the tunability of magnetic microstates
in the presence of an external field to study the excitation of spin waves in a finite-size square artificial spin ice
system due to a locally applied pulse field. Also, we have studied the excitation in other nanomagnets which are
not subjected to the pulse field, which we term as “propagation” of the waves from the perturbed nanomagnets
to unperturbed ones purely due to the dipolar coupling. We report that careful selection of vertices with local
magnetic charges can effectively direct the anisotropic spin wave excitation in neighboring nanomagnets in
the presence of an external field. Further, the investigation has been carried out for spin wave excitation due
to the magnetic monopole-polaronic environment forming in closed-edge ASI vertices. Our studies based
on micromagnetic simulations suggest that magnetically charged vertices and monopole-polaron formation in
square ASI vertices carry spectral signatures such as splitting in higher-frequency bulk mode.
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I. INTRODUCTION

As the conventional electronic charge-transport-based
technological devices are approaching the quantum limit,
there is a growing thrust on energy-efficient and faster devices
based on electron’s spin. Recent developments have shown
that collective precession of localized magnetic moments (ex-
citation of spin waves) can be used to carry information
to a much larger distance in comparison to the conduction
electron’s spin current. The quantum of spin waves (SWs)
is called magnon and the field of studying SWs in magnetic
nanostructures has emerged under the name of magnonics [1].
From a classical perspective, SWs can be treated as perturba-
tions in phase-coherent precession of magnetization vectors,
which propagate in coupled magnetic media. Due to the very
short wavelengths of SWs (∼1 μm to 150 nm depending on
the lattice constant of the magnetic material [2]), these are
emerging as potential information carriers in energy-efficient
miniaturized spin-based devices in the nanoscale regime. Re-
cent studies have reported several SW-based functional device
applications in phase shifters [3], microwave antenna [4],
directional coupler [5], SW-based multiplexer [6], interfer-
ometer [7–9], grating [10], neuromorphic computing [11–14],
and memory register [15], etc. Furthermore, it has been re-
ported that phase-incoherent electromagnetic waves can give
rise to multiple phase-coherent magnons, which shows the ap-
plication in energy harnessing and information transfer from
alternative sources [16]. Thus, it is clear that the successful
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implementation of magnonics in modern devices requires the
SWs to be controllably guided through nanostructures. There-
fore, excitation of SWs of tuned wavelength is one of the
major topics of current research in this area [1,17–19]. A
fundamental and in-depth understanding of the behavior of
SWs in magnetic materials of different nanoscale geometries
is essential in order to acquire this ability. In this direction,
a particular class of engineered nanostructures, namely, arti-
ficial spin ice [20], has stood out as an attractive candidate
to study SW behavior in detail. Magnetic nanostructures with
high shape anisotropy in artificial spin ice (ASI) geome-
try exhibit multiple degenerate microstates, which has led
to a plethora of studies in the perspective of reconfigurable
magnonics [21–37]. The studies suggest that the excitation
of SW modes in different nanostructures can be tuned by
configuring the underlying magnetization states. In ASI, the
SWs have been found to carry information of topological
defects, viz., magnetic monopole-antimonopole pair, Dirac
string, etc. [38]. Since dipolar interactions play an important
role in defining the exact magnetic microstates of ASI sys-
tems, these systems are intriguing candidates for studying the
interplay of dipolar interaction and SW propagation. Recently,
the propagational behavior of SWs has been investigated in
unconnected nanostructures with soft magnetic underlayer
[26,39] which revealed that SW spectra of ASI display dy-
namically coupled modes which result in formation of SW
nanochannels in the underlayer [26]. Furthermore, nanomag-
nets exhibiting perpendicular magnetic anisotropy (PMA),
arranged in frustrated and unfrustrated geometry with soft
magnetic underlayer demonstrate the tunability of nearest-
neighbor and next-nearest-neighbor correlations by in-plane
perturbation field direction [39]. On the practical front, the
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FIG. 1. (a) Schematic diagram of open-edge (OE) sASI system
with local transient pulse excitation applied at the center vertex
along the z axis (out of the plane) and external bias field applied
in the XY plane, making an angle θ with respect to the x axis. The
inset below (a) shows the 3D spatial profile of the local excitation,
(b) schematic diagram of the closed-edge (CE) sASI, and (c) tran-
sient square pulse with rise time (trise), fall time (tfall), and duration
(tdur) of 20 ps each. Nanomagnet dimensions for (a) and (b) here
are 300 nm × 100 nm × 30 nm with edge-to-edge interisland gap of
150 nm.

application of SWs in ASI systems was demonstrated in
reconfigurable training and reservoir computing via SW fin-
gerprinting [40].

So far, it is not clear how a SW excited in a vertex of an ASI
system transmits or propagates to purely dipolar coupled, i.e.,
unconnected neighboring nanomagnets. Moreover, although
specific SW modes have been found to be related to emergent
monopole-antimonopole pairs [38], so far, there is no precise
analysis of the propagational or transmission behavior of SWs
in the presence of magnetic charges in the ASI vertices.

In this work, the role of dipolar interaction in the behav-
ior of SW modes is investigated by performing a detailed
micromagnetic analysis of the modes excited by a locally
applied pulse field in square ASI (sASI) vertices (Fig. 1). In
addition to analyzing the excitation of modes and the power
in the nanomagnets at the central vertex where pulse field is
applied, we also study in detail how dipolar coupling assists
these modes to be excited in the neighboring nanomagnets at
the outer vertices which are not subjected to the pulse field.
This is discussed in terms of transmission (“propagation”) of
SW modes in the present context. In order to carry out such a
detailed investigation, a finite-size sASI system is used in this
work. We observe excitation of localized modes as well as
modes excited/propagating up to the next-nearest neighbors
where no pulse field is applied. We have also analyzed in de-
tail the behavior of SW modes in the presence of sASI vertices
that are magnetically charged. Further analysis of SW modes
has been carried out for finite-size sASI vertices with mixed
(even- and odd-) coordination numbers. This investigation is
motivated by the observation of screened magnetic charges at
even-coordinated vertices by the surrounding uncompensated
charges at the odd-coordinated vertices, leading to magnetic
monopole-polaronic behavior in ASI systems with mixed co-

ordination geometry [41–45]. So far, the behavior of SWs
in case of magnetic monopole-polaronic bound state remains
unknown. In our simulated structures, the open-edge (OE)
sASI corresponds to even coordination, whereas closed-edge
(CE) sASI (shown in Fig. 1) corresponds to mixed coordi-
nation vertices. We note here that a detailed investigation of
the SW behavior, as discussed above, requires finite-size sys-
tems, particularly since true propagation in such unconnected
nanostructures is not significant.

II. METHOD

For the investigations, we carried out detailed micromag-
netic simulations for the sASI structures (see Fig. 1) using
finite-difference discretization based (open-source) GPU-
accelerated software MUMAX3 [46]. Here, the evolution of
space- and time-dependent magnetization vector, �m(�r, t ), is
calculated at each cell of the discretized geometry by employ-
ing the Landau-Lifshitz-Gilbert equation [Eq. (1)]:

�τLL = ∂ �m
∂t

= γLL
1

1 + α2
[ �m × �Beff + α[ �m × ( �m × �Beff )]]

(1)
with τLL is the Landau-Lifshitz torque, �m(�r, t ) is the reduced
magnetization vector of unit length, γLL is the gyromagnetic
ratio (rad/Ts), α is the dimensionless damping parameter, and
�Beff is the effective magnetic field.

Here, �Beff = �Bext + �Bdemag + �Bexch + �Banis + �Bexc(t ) + · · ·
with �Bext, �Bdemag, �Bexch, �Banis, and �Bexc(t ) are the external

bias field, demagnetization field, exchange field, anisotropy
field, and time-varying excitation (magnetic) field, respec-
tively. For the micromagnetic simulations, the nanomagnetic
structures of Ni80Fe20, as shown in the schematic diagram
[Figs. 1(a) and 1(b)], are discretized in cuboidal cells of 5 nm
length, which is less than the exchange length (5.3 nm) of
Ni80Fe20. Experimentally reported value of saturation mag-
netization Msat = 8.6 × 105 A/m, exchange stiffness constant
Aex = 1.3 × 10−11 J/m, and damping coefficient α = 0.5 for
Ni80Fe20 are used throughout the study [47]. In order to deter-
mine the SW behavior, a reduced damping coefficient of 0.008
is used. This enables a prolonged precession of weak modes,
thereby allowing for a detailed analysis of such modes [48].

SWs are excited by perturbing the equilibrium macrospin
state corresponding to a static in-plane bias field ( �Bext) via an
out-of-plane temporal field pulse (see Fig. 1). The equilibrium
(macro) spins configuration is first evaluated by quasistat-
ically down-sweeping the external in-plane bias field from
250 mT to �Bext and performing energy minimization using
the fourth-order Runge-Kutta method. At this state, a transient
square pulse field of amplitude Bmax = 3 mT with rise time
trise, fall time tfall, and pulse duration tdur of 20 ps each is
applied along the z direction (out of plane). The transient
excitation field pulse is convoluted with Gaussian function
in space to locally excite the central vertex region of the OE
geometry [see Fig. 1(a)]. After the incidence of the pulse, time
evolution of reduced magnetization vector [ �m(t )] is recorded
for 4 ns at time step (�t) of 10 s. To extract the frequencies
of the excited SW modes, a fast Fourier transformation (FFT)
is performed on the recorded �m(t ) data. Thus, power spectra
for SW modes are determined for a given magnetic structure.
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FIG. 2. SW spectra (black solid line) for open-edge vertex at saturation, i.e., �Bext = 200 mT applied along x axis (a) and at remanence (d).
Spectra for individual nanomagnets for bias field of 200 mT applied along the easy axes (E islands, red solid line) and the hard axes [H islands,
red dotted line, shown in (a)] and at remanence shown using red solid line in (d). Inset in (a) shows the schematic diagram for applied field
direction, and that in (d) shows the schematics of macrospin configurations at remanence, (c) micromagnetic simulation results for internal
spin configuration in the perpendicularly placed islands for �Bext = 200 mT as highlighted in the inset of (a). The power profile of the excited
SW modes for open-edge vertex at saturation (b) and remanence (e). The color bar shows the FFT power of real-time fluctuations of the z
component of magnetization in an arbitrary unit.

The nature and the origin of the SW modes are analyzed
by investigating the power and phase profiles of the excited
SW modes at particular frequencies using MATLAB code (see
Supplemental Material [49]). The role of dipolar interaction
in the excitation of SW modes in neighboring nanomagnets
is quantified by comparing the power of SW modes in per-
turbed central vertex and unperturbed outer vertex in two
orthogonal directions. This study was performed at two ex-
ternal field configurations, viz., saturation and remanence for
both even- and mixed-coordinated vertices. Additionally, to
obtain a clear insight into the role of magnetic charges and
monopole-polaronic environment on the SW mode behavior,
a transient square pulse field is uniformly applied along the z
direction on all nanomagnets in CE and OE vertex geometries.
SW analysis is then performed in the range of ±150 mT of
�Bext, where �Bext is applied along one of the easy axes of the
magnetic sublattice.

III. RESULTS AND DISCUSSION

Figure 2 shows the SW spectra for OE vertex geometry
(vertices with even coordination) for saturated state corre-
sponding to the bias field of �Bext,x = 200 mT as well as
remanent state, i.e., �Bext,x = 0 mT, where �Bext,x denotes the
field applied along the x direction as clarified in Fig. 2(c). At
saturation, the spectrum exhibits five peaks corresponding to
the five different modes of excitations of SWs in the frequency
range of 2–17 GHz [see Fig. 2(a)]. In the studied system
involving 16 nanomagnets, the applied field direction is along
easy axes and hard axes of 8 nanomagnets each [see Fig. 2(a)

inset] henceforth identified as E islands and H islands, re-
spectively [see Fig. 2(c)]. As the orientation of the external
bias field applied in this case corresponds to easy as well as
hard directions of different nanomagnets, we have analyzed
SW behavior of individual islands with external field along
both easy and hard directions. This allows us to carry out an
in-depth analysis of the role of individual nanomagnets in the
overall SW spectra of the dipolar coupled system. The results
are shown in Fig. 2(a). A comparison of the SW modes excited
in the individual nanomagnets with that of the coupled sASI
system [Fig. 2(a)] shows that although the modes associated
with coupled system display a nominal frequency shift of up
to ∼0.3 GHz which accounts for the stray field of ∼3.6 mT,
yet it consists of all the modes excited in individual E as
well as H islands. The shift may be a result of the influence
of an additional dipolar field emanating from the interacting
nanomagnets. Thus, these results suggest that as the spins are
strongly pinned along the direction of the �Bext at the saturated
state, the SW modes in individual nanomagnets remain largely
unaffected in the dipolar coupled sASI system.

In order to determine the origin of these peaks in the
observed power spectra, we analyze the power profiles of
the excited SW modes corresponding to each of the five fre-
quencies where a peak is observed. The power profiles are
shown in Fig. 2(b). We make the following four interesting
observations: (i) significant mode power for the three lower-
frequency modes, viz., 2.3, 6.4, and 10.9 GHz, appears to
be concentrated primarily in the H islands. This indicates
that the peaks observed at those frequencies are primarily
due to modes excited in the H islands. (ii) With increasing
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frequencies, inhomogeneously distributed power is systemat-
ically reduced in the H islands. For the SW mode at 2.3 GHz,
the excited mode exhibits significant power in the four H is-
lands, whereas, for SW mode at 10.9 GHz, the power is found
to be mainly concentrated in the two H islands coupled to the
central vertex. (iii) Two higher-frequency modes appearing
at 11.9 and 17 GHz are primarily excited at the E islands.
Large power corresponding to these modes is primarily lo-
cated at the E islands of the central vertex. (iv) The excited
SW modes in both E and H islands are inhomogeneously
distributed. In general, the demagnetization field in confined
magnetic nanostructures may be inhomogeneous, resulting in
multiple low-energy potential wells where spins are in local
equilibrium corresponding to the internal local field. Curling
of magnetization observed near the edges of H islands is
an example of one such inhomogeneity of demagnetization
field [see Fig. 2(c)]. Such inhomogeneous demagnetizing field
within the individual sASI nanostructures may, in turn, lead
to inhomogeneously distributed local excitation of SWs in
the sASI structures. According to the spatial distribution of
the modes, we identify the modes observed at the edges of
nanomagnets as edge modes and the others excited within
the “bulk” of the nanomagnets as bulk modes (hereafter B
mode). Thus, we identify the 2.3-GHz mode as long-edge
(LEH) mode and 11.9 GHz as short-edge (SEE) mode. The
subscripts denote the H and E islands, respectively.

From the power distribution profile at saturation, we also
observe that the lower-frequency LEH mode appears to extend
to the nearest-neighbor H islands restricted along the direction
perpendicular to that of �Bext. The demagnetization field for H
islands is larger than that for the E islands, thereby reducing
the effective in-plane field ( �Beff ) in H islands compared to
that for E islands. The total field �Btot[= �Beff + �Bexc(t )] during
temporal pulse excitation along the z direction thus makes
a larger angle with respect to the in-plane direction of �Beff

resulting in larger fluctuations in z component of magnetiza-
tion in H islands. Since f ∝ Btot, therefore, the perturbation
in phase-coherent precession, which manifests itself as a SW,
has a higher probability of transmission (“propagation”) to the
nearest neighbor of H islands which in this case, along the
y axis for lower-frequency mode ∼2.3 and 6.4 GHz. Along
the x axis, adjacent H islands are separated by a much larger
distance ∼450 nm. At this separation, the resulting stray field
variation due to fluctuations in z magnetization is negligible.
Thus, we do not observe transmission of SW mode along field
direction or x axis.

At remanence ( �Bext = 0), the magnetization in each nano-
magnet orients along their easy directions. Due to the
magnetostatic interactions, low-energy 2-in/2-out spin ice
states are observed for three vertices, whereas the remain-
ing two vertices exhibit magnetically charged excited states
[see inset of Fig. 2(d) for a schematic diagram]. The mag-
netic charges are reconciled considering the nanomagnets
as a dumbbell of two equal and opposite magnetic charges
(dumbbell model) [50]. For this magnetic configuration of the
sASI system at remanence, the number of SW modes is now
reduced to three from five compared to the saturated state. In
this case, both E and H islands are now identical with respect
to an external transient field perturbation which accounts for
the observed fewer numbers of peaks in remanence. The peaks

FIG. 3. (a) SW spectra of L-shaped geometry at remanence in
two magnetic state configurations, viz., tail to tail (magnetically
charged vertex) and head to tail (magnetically uncharged vertex).
Inset shows the magnetic states (tail-to-tail as well as head-to-tail
configuration) of the nanomagnets in L-shaped geometry. (b) SW
spectra of single vertex geometry with predefined magnetization
configurations, viz., types I, II, III, and IV. Inset shows the arrow
diagram of investigated macrospin’s configuration.

in the SW spectra are observed at the frequencies of 6.4, 9.9,
and 10.4 GHz, respectively, as shown in Fig. 2(d). To clearly
analyze the role of dipolar interactions in the SW spectra in
this case, we have calculated the SW modes for individual
(i.e., noninteracting) nanomagnets with magnetization along
the easy directions. The simulation results show that only
two SW modes, viz., 6.4 and 10.4 GHz, are excited in an
individual nanomagnet of the same dimensions, thereby indi-
cating a possible role of dipolar interactions on the excitation
of 9.9-GHz mode in such dipolar coupled nanostructures.
Therefore, to elucidate the origin of this 9.9-GHz mode, we
analyze a fundamental cell consisting of two dipolar-coupled
nearest-neighbor nanomagnets: one E and one H island in
L-shaped geometry [see Fig. 3(a)]. The SW spectra of the
L-shaped geometry at remanence, where the magnetization
in the islands orients as a head-to-tail configuration resulting
in zero magnetic charge at the meeting point (junction) of
the nanomagnets, exhibit two peaks at the frequencies of 6.3
and 10.3 GHz, respectively. Since the individual nanomagnets
show similar SW behavior, these observations suggest that
such head-to-tail (i.e., zero magnetic charge) configuration
in L-shape geometry retains the SW behavior of individual
nanomagnets. However, as the magnetization of the L-
shaped geometry is predefined as head-to-head or tail-to-tail
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configurations leading to a magnetic charge at the junction,
the SW spectra show a redshift of ∼0.3 GHz with respect
to that observed for individual nanomagnets, thereby exhibit-
ing a strong mode at 10 GHz as shown in Fig. 3(a). This
demonstrates a clear role of magnetic charges due to dipo-
larly interacting nanomagnets on the excitation of SWs. This
10-GHz mode appears to be excited at 9.9 GHz in the sASI
system with mixed types of charged and chargeless vertices.
This suggests that SW spectra for vertices with mixed charge
state may exhibit SW modes as observed in Fig. 2(d). In order
to confirm the specific SW modes due to dipolarly coupled
charged vertices, we investigated the spectra due to individual
vertices of four different types, viz., type I to type IV [see
Fig. 3(b)], where types III and IV have magnetic charges Qm

and 2Qm, respectively (see discussions on dumbbell model).
Type I and II vertices are the uncharged vertices where only
a single SW mode at 10.4 GHz is excited. Interestingly, this
mode at the charged type III vertex appears to be split into two
modes of frequencies 9.9 and 10.7 GHz, whereas the other
charged type IV vertex exhibits only one mode at 9.9 GHz
[see Fig. 3(b)]. Such splitting of modes due to charged vertices
was earlier reported by Gliga et al. [38]. However, there the
observed mode splitting in the array of vertices comprising
112 nanomagnets was suggested to be due to the slightly dif-
ferent frequencies of oscillations of charged vertices located
at the boundary and interior of the array (for edge modes) or
due to the presence of Dirac string (for bulk ferromagnetic
resonance mode). Our studies of individual vertices clearly
show that the mode at 9.9 GHz appears due to the formation
of magnetic charge at individual vertices. Thus, these results
for individual vertices underline the fact that the magneto-
static interaction between nanomagnets leading to 3-in/1-out
or 3-out/1-in type locally charged vertices modifies the local
magnetic structure of the involved nanomagnets in such a way
that an additional SW mode is excited in these nanostructures.
We identify this 9.9-GHz mode as charged vertex (CV) mode
in the following.

It is clear that the dipolar interaction plays a significant role
in exciting the CV mode in the vertex. In order to identify the
critical separation (lattice constant) between the nanomagnets
above which the mode vanishes, we investigate the SW modes
of the OE vertex system with varying interisland separations.
The spectral behavior was investigated by varying the edge-
edge separation of the colinear nanomagnets from 100 nm to
1 μm. We observe that although the static magnetic behavior
(i.e., macrospin configuration) of the sASI system remains un-
altered in the entire range of separation (i.e., 100 nm–1 μm),
the excitation of the CV mode at 9.9 GHz is observed until
the separation of ∼225 nm (see Supplemental Material for
details [49]). Beyond 225 nm, only the two modes, as ob-
served for individual nanomagnets, are observed. Based on
these observations, we identify the separation up to 225 nm as
the strongly interacting regime for collective SW excitation.

Next, to investigate the nature of the excited SW modes
at remanence in detail, the power profiles of the modes are
calculated. As shown in Fig. 2(e), excitations for the three
frequencies are observed in both types of nanomagnets. How-
ever, the modes can be distinctly identified according to the
distribution of the power profiles within the individual nano-
magnets. The excitation of 6.4 GHz mode appears to be

FIG. 4. Line power profile for the excited SW mode at
(a) 6.4 GHz and (b) 10.4 GHz in the remanent state, along the two
orthogonal directions as shown in the inset of (a) (blue: along x,
red: along y). Highlighted regions correspond to nanomagnets at the
central vertex, which are under pulse-field excitation.

localized near the short edges (SE mode), whereas the 9.9- and
10.4-GHz modes are excited in the bulk of the nanomagnets.

The SE 6.4-GHz mode exhibits more substantial power
along the direction perpendicular to the bias field than along
the field direction. This is exemplified by plotting the line
profile of the power map [Fig. 2(e)] along the x and y di-
rections through the central vertex, as shown in Fig. 4. The
line profile clearly indicates that the power of the 6.4-GHz
mode excited at the central vertex nanomagnets along the x
direction is reduced by almost 50% compared to that along
the y direction. The nominal power of ∼2% at the other end of
these nanomagnets is observed only along the y direction. No
power for excitation is observed in the nanomagnets of outer
vertices. Thus, we find that the excited SE mode is strongly
localized at the central vertex where the pulse field is applied.
For the bulk SW mode of ∼10.4 GHz, the observed power
of excitation at the two nanomagnets involved at the central
vertex is nearly the same for both E and H islands. However,
for nanomagnets involved at the outer vertices, the observed
power along the y axis is nearly 60% of the maximum power
observed at the central vertex [see Fig. 4(b)]. In contrast,
a nominal power of only ∼2% of the maximum power is
observed at the nanomagnets of the outer vertices along the
field direction. This may indicate a SW “propagation” of the
bulk 10.4-GHz mode to the dipolarly coupled next-nearest-
neighbor nanomagnets along the direction perpendicular to
the initial applied bias field direction. The weak “propagation”
in this case can be explained by the SW dispersion calculated
for these unconnected nanostructures (not shown). The power
profile for the CV mode observed at 9.9 GHz is significantly
different from the other two modes. Here, the power is found

184411-5



NIMISHA ARORA AND PINTU DAS PHYSICAL REVIEW B 106, 184411 (2022)

to be concentrated mainly at the nanomagnets involved at the
central vertex and the nanomagnets with magnetization along
the y direction at the outer vertices with nonzero local charges
[see Fig. 2(e) and inset of Fig. 2(d)]. The power profile of this
mode in the H islands of the central vertex exhibits nodal lines
perpendicular to the magnetization orientation. This profile is
characteristic of backward volumelike mode (BV). However,
the power of the mode is distributed in the bulk of the rest of
the nanomagnets. Thus, the 9.9-GHz mode can be identified
as hybridized BV and B mode. Furthermore, the power profile
of the mode is also found to be asymmetrically distributed in
nanomagnets [see Fig. 2(e)]. Since the E islands at the central
vertex are directly coupled with the charged vertex and are
under the direct transient pulse excitation, therefore, signifi-
cant power of the CV mode is observed in these nanomagnets.
On the other hand, the H islands at the central vertex are
under direct pulse excitation but not directly coupled with the
noncentral charged vertex. These H islands, however, exhibit
a resonant mode at 10.4 GHz, which is close to the CV mode
and thus exhibits hybridization. This may give rise to the
observed asymmetric power distribution in the power profile
of the CV mode.

The above analyses suggest that the SW modes (SE and B
modes) in such unconnected highly shape anisotropic nano-
magnets in sASI geometry show preferential excitation in
the neighboring nanomagnets positioned along the direction
perpendicular to the external bias field direction. We note here
that this is also the direction along which the two charged
vertices are present in the system at the ground state. Thus, so
far, it is not clear if the “propagation” direction is affected by
the external field or the presence of magnetic charges. In order
to elucidate this further, we investigated the SW behavior of
the sASI system as a function of applied field direction. By
applying an external bias field along different directions, the
remanent magnetic states of the individual nanomagnets are
tuned. The SW modes for these investigations are calculated
for θ = 45◦, 90◦, and 135◦, respectively, where θ is the angle
between the applied field direction and x axis [see Fig. 1(a)].
For θ = 45◦, the magnetic configuration of the sASI system at
remanence exhibits chargeless 2-in/2-out vertices in the sASI
system as shown in Fig. 5(a). The SW spectra for this charge-
less sASI state exhibit only two excited modes at 6.4 GHz (SE
mode) and 10.4 GHz (B mode), respectively. Interestingly,
excitation of only these two modes was earlier observed for
individual nanomagnets and chargeless L-shaped geometry,
as discussed above. Here we observe a remarkable difference
in the power profile of a 6.4-GHz mode calculated for the
magnetic configuration corresponding to θ = 45◦ in compar-
ison to that observed for θ = 0◦. As shown in Figs. 5(b) and
5(d), the SE mode for this magnetic configuration is found
to be excited in all the nanomagnets, whereas for θ = 0◦ the
mode power at the two farthest nanomagnets along the x axis
is nearly zero suggesting no excitation of the SW mode in
those islands. For this chargeless state at θ = 45◦, the sASI
system is magnetically symmetric with respect to the applied
bias field. Therefore, the SE mode is excited symmetrically in
all the nanomagnets. However, for θ = 0◦, the sASI system is
magnetically asymmetric with respect to the bias field. Under
this condition, magnetically charged sASI vertices are gen-
erated, as discussed above. Our analysis suggests that these

FIG. 5. (a) Equilibrium magnetization state for OE vertex at re-
manence with θ = 45◦. The power profile of the SE mode excited at
6.4 GHz (b) and B mode excited at 10.4 GHz (c) in remanence with
θ = 45◦. Here �Bext denotes the direction of an external field that is
applied before reaching the remanent state and a red arrow shows
its corresponding orthogonal direction. A black dashed-dotted rect-
angular box encloses the nanomagnets positioned along the external
bias field orientation. (d) The zoomed power profile of the vertex
region as highlighted with a red dotted circle in (b). The color bar
shows the FFT power of real-time fluctuations of the z component of
magnetization in an arbitrary unit.

charged vertices for θ = 0◦ are responsible for the observed
asymmetric excitation of the SE mode in the neighboring
nanomagnets. For 10.4-GHz B mode, we observe that unlike
for the case of θ = 0◦, here all the four nanomagnets at the
central vertex are symmetrically excited [see Fig. 5(c)]. More-
over, the power of the mode in outer nanomagnets appears to
depend on the direction of the external field applied initially
before reaching the remanent state. Nanomagnets towards the
field direction [shown by a black arrow in Fig. 5(c)] appar-
ently exhibit less power compared to the ones perpendicular
to the field direction [shown by a red arrow in Fig. 5(c)].
For θ = 0◦, earlier we observed that the 10.4-GHz mode has
higher power in the nanomagnets which are oriented along the
direction perpendicular to the bias field orientation. This sug-
gests that the orientation of the external bias field predefines
the magnetic state in such a way that an asymmetric excitation
(propagation) of the mode occurs in the outer nanomagnets.
We note here that the CV mode is absent in the SW spectra
for θ = 45◦ where all the vertices are magnetically uncharged.
Our additional calculations performed for θ = 135◦ show a
similar behavior of the SW modes as for θ = 45◦. For θ =
90◦, i.e., when the bias field is applied along the y direction
(see Supplemental Material, Fig. S3a [49]), the remanent state
exhibits two charged (outer) vertices positioned along the field
direction. Thus, these charged vertices for θ = 90◦ appear in
a direction orthogonal to the charged vertices observed for
θ = 0◦ case. Interestingly, the SW spectra for this case again
show the CV mode in addition to the SE and B modes (see

184411-6



EXCITATION OF SPIN WAVES IN THE PRESENCE OF … PHYSICAL REVIEW B 106, 184411 (2022)

FIG. 6. Equilibrium macrospin configuration in sASI array at remanence when initial bias field applied along one of the easy axes, i.e.,
0◦ (a) and at 45◦ (b) with respect to the easy axis of one of the sublattices. Red and blue dots at the outer vertices present along the central
horizontal axis (highlighted in the blue box) denote the presence of charged vertices with type III macrospin configuration. Red and blue color
notations in these field circles are adopted for the net local diverging flux Qm and converging flux −Qm, respectively. (c) SW spectra for 5 × 5
vertex array for equilibrium state shown in (a) and ( b). The line power profile of the bulk SW mode excited in the sASI array at remanence
across the two orthogonal directions [highlighted region shown in (a) and (b)] when the initial bias field is oriented along one of the easy axes,
i.e., 0◦ (d) and at 45◦ (e) from the easy axis of one of the sublattices. Red and blue lines denote the line power profile across the horizontal and
vertical direction [a blue and red highlighted region in (a) and (b)], respectively. Highlighted regions in (d) and (e) correspond to central vertex
nanomagnets under field pulse excitation.

Fig. S3b in the Supplemental Material [49]). These results
clearly demonstrate the following three facts: one, although
the pulse field is applied at the four nanomagnets of the cen-
tral vertex [Fig. 1(a)], specific SW excitations are observed
in other nanomagnets involved at the outer noncentral ver-
tices. This suggests a transmission or propagation of excited
SWs to the next-nearest neighbors. Thus, it appears that the
dipolar coupling of the nanomagnets facilitates carrying the
specific information of SWs from one nanomagnet to another,
however, with reduced intensity. The “propagation” or “trans-
mission” is limited to the next-nearest neighbor. Second, the
presence of “sources” and “sinks” of magnetic flux favors
excitation of a specific CV mode, 9.9 GHz for the given struc-
ture. Third, the excitation of B mode at 10.4 GHz in specific
noncentral nanomagnets, which is termed as SW transmission
or propagation in the present context, appears to depend on
the orientation of the bias field. Also, we observe that the
transmission of SE mode to the neighboring (next-nearest-
neighbor) nanomagnets is impeded by the “source” or “sink”
of magnetic flux [see Fig. 2(e)]. Thus, our results show that
by tuning charged magnetic state in such structures, guided
or directional SW “propagation” to neighboring nanomagnets
can be realized due to magnetostatic interaction between such
unconnected nanostructures.

Although it is clear that the SW “propagation” in such
unconnected nanostructures is limited to the neighboring

nanomagnets only, however, the exact distance up to which
SW propagates is not clear. In order to investigate this, we
have calculated the behavior of SWs for a larger array of
vertices. An array of 5 × 5 vertices at a remanent state with
two different initial bias field configurations, viz., with field
along the horizontal direction and along 45◦ with respect to
the horizontal direction, is considered for the analysis. For
�Bext applied along the horizontal direction (one of the easy
axes of the nanomagnets), the magnetic configuration at the
remanent state exhibits two pairs of charged vertices (i.e., two
“sources” and two “sinks” of flux) separated by an uncharged
2-in/2-out type vertex along the external field direction as
schematically depicted in Fig. 6(a). Thus, we observe similar
magnetic behavior as for the 5-vertex case discussed above,
except that in this case of an array of 25 vertices, two pairs
of charged vertices instead of one pair are observed. We note
that here one pair is excited at the interior of the array and the
other pair at the two edges of the array. We next investigate
the SW excitation in all the nanomagnets again by applying a
square pulse field, with Gaussian spatial distribution of similar
specification as before, at the central uncharged vertex [see
Fig. 6(a)] and calculate the SW spectra for the entire system.
Here again, for θ = 0◦ the calculated SW spectra exhibit
three excited modes, however, at frequencies of 6.4 GHz (SE
mode), 10.4 GHz (B mode), and 10.8 GHz (B mode) as shown
in Fig. 6(c). The power profiles are shown in the Supplemental
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Material in Fig. S4. The presence of charged vertices at the
interior and the edges, in this case, may lead to the excita-
tion of the two B modes at slightly different frequencies in
comparison to the 5-vertex case described above. For θ = 45◦
where vertices are chargeless, only two modes, viz., at 6.4 and
10.4 GHz, are excited. These modes correspond to the SE
and B modes (see Supplemental Material Fig. S4 for power
profiles [49]).

In order to obtain quantitative information about the dis-
tance up to which the SW modes are observed in the
unperturbed nanomagnets surrounding the perturbed central
vertex, we investigate the power profiles (see Supplemental
Material, Fig. S4 [49]) of the modes across the two orthogonal
directions highlighted in Figs. 6(a) and 6(b). From the line
profile of power of 10.4-GHz B mode for θ = 0◦ (array with
charged vertices), we observe a significant SW power appear-
ing in the next-nearest neighbor that lies along the y direction
[see Fig. 6(d)]. The “propagation” in this case is asymmetric
as there is strongly reduced excitation along the direction in
which charged vertices are located.

However, for θ = 45◦, SWs appear to “propagate” sym-
metrically in both the x and y directions [see Fig. 6(e)] owing
to the geometrical symmetry of the system with respect to
the applied bias field. The results are consistent with the
observations made for the 5-vertex case discussed above. To
quantify the transmission to the unperturbed nanomagnets, we

calculate the transmission coefficient (
Pneighbor-island

Pcenter-island
) in both

the aforementioned cases where Pcenter-island and Pneighbhor-island

are corresponding powers at central and a neighboring island,
respectively. For θ = 0◦, we observe that the B mode shows
efficient transmission to the next-nearest-neighbor (2NN)
vertices with transmission coefficient ∼0.75 towards the di-
rection perpendicular to the initial bias field, which reduces
to 0.07 at the 4NN nearest neighbor [see Fig. 6(a)]. How-
ever, along the direction of charged vertices, a transmission
coefficient of only ∼0.02 is observed at the next-nearest
neighbor (2NN). For θ = 45◦ with no charged vertices, sym-
metric transmission along both the orthogonal directions with
a transmission coefficient of ∼0.4 at the next-nearest neighbor
(2NN) [see Fig. 6(e)] is observed.

In large arrays of such sASI systems, structures are of-
ten fabricated so that additional islands are patterned at the
edges, thus forming CE systems; see Fig. 1(b) for a schematic
diagram. To complete our understanding of SWs in these
sASI systems, we next investigate the SW excitation in CE
vertex and compare the results with that for the OE vertex.
For this study, field pulse is uniformly applied to the entire
vertex system for both OE and CE vertices. We note here that
unlike for OE vertices as discussed above, the CE vertices
are of mixed coordination. The vertices at the edges are of
coordination No. 3 and that at the center is of No. 4 [see
Fig. 1(b)] results in an uncompensated magnetic charge at
the odd-coordinated 1-in/2-out or 2-in/1-out type vertices.
Our earlier work [51] shows that for such mixed-coordinated
vertices, the net distribution of charges at outer vertices screen
and compensate any charge that is formed at inner or central
even-coordinated vertex. The cloud of charges at the border
then forms magnetic monopole polarons [44,45,51] which is
otherwise absent in the case of OE vertices. The behavior of

FIG. 7. SW spectra for CE vertex with predefined macrospin
configuration resulting in the polaronic and nonpolaronic environ-
ment. Insets show the arrow diagrams of the studied polaronic case
with two different configurations of uncompensated charges with a
central charged vertex state and a nonpolaronic case with only a
charge cloud present due to uncompensated charges at the edges.

SWs in a monopole-polaronic environment is an open ques-
tion that we address here.

Accordingly, we investigate the feasibility of forming a
magnetic monopole-polaron in the presence of an external
field and study its influence on SW dynamics. Our simulation
results for the CE vertex show that in the investigated field
range of ±150 mT, CE vertex exhibits zero magnetic charge
at the center vertex. The magnetic charge cloud comprising
of uncompensated ±Qm charges at the border (see inset of
Fig. 7) is distributed such that the net magnetic charge of the
CE-vertex system remains zero. The SW spectrum for this
magnetic state at remanence shows two SW modes at 10.1 and
10.6 GHz, respectively. However, the spectrum for OE ver-
tices under uniform excitation at remanence shows three SW
modes at 6.4, 10.3, and 10.6 GHz. This suggests that the weak
mode of 6.4 GHz excited in OE vertex diminishes to negli-
gible power in CE vertex with charge cloud and 10.3-GHz
mode is redshifted to 10.1 GHz. This observation is consistent
with our earlier analysis showing the redshift of SW modes by
∼0.3 GHz in a charged vertex state. Thus, this redshift, in this
case, may also be accounted for the charge cloud in CE vertex.
Details of the mode profiles are given in the Supplemental
Material (see Fig. S5) [49]. In the CE vertex discussed above,
energy minimized ground state does not result in a monopole
polaron since the central vertex is found to be of zero magnetic
charge. We, therefore, used a predefined monopole polaron
system to analyze the SWs in the monopole-polaronic envi-
ronment. Two different configurations of macrospins forming
monopole polarons, viz., polaron I and polaron II, as typically
observed in experiments, are considered [41] (see insets of
Fig. 7). For both the monopole-polaronic states, three modes
are excited. For polaron I, SW modes appear at 10, 10.2, and
10.7 GHz whereas for polaron II, SW modes appear at 9.9,
10.3, and 10.6 GHz, respectively. For comparison, we also
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FIG. 8. SW spectra for CE and OE vertices at remanence, i.e., �Bext = 0 mT (a) and at �Bext = 150 mT (b) applied along one of the easy axes.
The schematic of macrospins arrangement and uncompensated charges at odd coordination vertices for CE vertex at remanence is shown as
an inset in (a). Zoomed image of the peak appearing at 15.4 GHz (highlighted in black dash box) at �Bext = 150 mT is shown as an inset in (b).
(c) Dependence of SW modes’ frequency on bias field applied along one of the easy axes (left ordinate) as a 2D surface plot and normalized
magnetization vs. bias field strength (right ordinate) plot during down-sweep for OE-vertices and (d) CE-vertex. The power of the SW mode is
shown in dB to visualize the weaker modes in contrast to strong modes clearly. The intensity of the power is displayed in the colorbar on the
right. The white arrow indicates the direction of the bias field sweep (down-sweep). For clarity, schematics of OE and CE vertices are provided
as insets in their respective 2D-surface plots (c, d).

show the spectra for nonpolaronic charge cloud state which
exhibits only two modes at 9.9 and 10.5 GHz, respectively.
The observed slight shift in SW modes in polaron I and po-
laron II is most likely due to the different charge distribution
at the even- and odd-coordinated vertices resulting in a differ-
ent distribution of the dipolar field. Interestingly, we observe
that for a sASI system comprising of completely uncharged
vertices, only a single bulk mode at 10.4 GHz is excited [see
Figs. 2(d), 3(b), and 6(c)]. The presence of magnetic charges
at the center of vertices or a charge cloud (Fig. 7)leads to
an additional bulk mode. However, for a monopole polaronic
state in the sASI system, we observe a further additional bulk
mode, i.e., three bulk modes altogether. The profiles of the
peaks in the SW spectra for the two monopole polaronic cases
suggest that the SW spectra may be used to determine the
monopole polaronic state in such systems. Thus, our results
may suggest that the presence of monopole-polaron in such
structures lifts the degeneracy of the fundamental bulk modes.

As it is now clear that the SW excitation and their limited
propagational behavior in these systems depend on the exact
magnetic microstate where dipolar interaction plays a signif-
icant role, we next investigate the evolution of SW spectra in
the varying field for both CE and OE vertices. The investi-
gation is carried out in the field range of ±150 mT since in
this range underlying magnetization is in a nonsaturated state.
Therefore, the role of dipolar interactions is significant in

stabilizing the magnetic state of the vertex systems. For com-
parison, the resulting SW spectra for the two types of vertices
at varying fields are shown in Fig. 8. Figures 8(c) and 8(d) rep-
resent the evolution of SW modes (excitation frequencies) as a
function of static bias field applied along one of the easy axes
of sASI. The simulations were carried out at every 2-mT field
in the entire field range of ±150 mT. Initially at 150 mT, both
CE and OE vertices display two strong modes at ∼7.0 GHz
and 15.4 GHz and three weak modes are also tabulated in
Table I. To clearly visualize the weak modes having rela-
tively low intensity, the power of the modes in the entire field
range is displayed in dB as a 2D surface plot. Interestingly,
we observe that for CE vertex, all the modes (at all fields)
are split into two modes, whereas for OE vertex, only the B
mode is split in the presence of charged vertex at remanence
[Fig. 8(a)]. A representative spectrum showing splitting of all
modes of CE vertex and unsplit modes of OE vertex at 150 mT

TABLE I. The Eigen frequencies of SW modes excited in OE
and CE vertex at an external magnetic field of 150 mT.

sASI vertex type Frequency of SW modes (GHz)

OE ∼3.7, 4.2, 7.0, 10.6, 15.4
CE ∼2.7, 4.2, 6.9, 10.6, 15.3
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is shown in Fig. 8(b). At this field, the CE vertex does not
exhibit any magnetic charge. The split modes suggest that the
oscillations occur at slightly different frequencies in different
nanomagnets. Our careful investigation of power profiles (see
Fig. S5 in the Supplemental Material [49]) indeed shows that
the magnetization of nanomagnets at the edges and the inner
positions oscillate separately at slightly different frequencies
resulting in the split modes. Further, we focus on the behavior
of two prominent SW modes appearing at 15.5 and 7 GHz
at �Bext = 150 mT. As shown in Fig. 8, the 15.5-GHz mode,
which is the fundamental bulk mode associated with E islands,
shows a linear response from 150 mT to a negative bias field
of −128 and −122 mT for OE and CE vertices, respectively.
The 7-GHz mode is the fundamental bulk mode associated
with H islands which shows a nonlinear behavior for both OE
and CE vertices. We find that except for mode splitting, all
the modes for OE and CE vertices show similar behavior in
the presence of a field. A mode jump is observed at −128 mT
(OE vertex) and −122 mT (CE vertex), which is due to the
increase in the effective field as a result of the sharp switching
of magnetization in nanomagnets. The magnetization behav-
ior is shown by dashed-dotted green lines in Figs. 8(c) and
8(d). Before the switching occurs, E islands are subjected to
decreasing effective field during down-sweep of external bias
field with underlying magnetization configuration remaining
effectively the same. Therefore, the frequency of fundamental
SW mode due to uniform spin alignment follows a linear trend
in accordance with Larmour precession f ∝ Heff down to the
switching field. On the other hand, the bulk mode associated
with H islands behaves differently as internal spins rotate to
align themselves along the easy axis as the field is swept

from 150 to 0 mT. This results in symmetric nonlinear SW
dispersion with respect to zero bias field. In summary, from
our detailed studies of finite-size sASI system, we find exci-
tation of edge and bulk modes due to the local application of
pulse field at the central vertex. While the edge mode appears
localized, the bulk mode excited at the central vertex exhibits
limited propagation to only 4NN with reduced intensity. The
bulk mode also exhibits splitting in the presence of individual
charged vertices (emergent monopole or antimonopole) due
to oscillations in two different nanomagnets at the two nearby
frequencies. Our observations suggest that the direction of
“propagation” in the unconnected nanomagnets is affected by
the presence of magnetic charges at the vertices. The distinct
signature of three split SW modes is observed as the charge
at the central vertex is screened by the charge cloud at the
border, forming a magnetic monopole polaron. A comparison
of SW modes for CE and OE vertices shows that except
splitting of SW modes for the CE vertex case, there is no
significant difference in the behavior of modes. The modes are
found to be highly tunable in the presence of an external bias
field and are considered as potential candidates for magnonic
crystals. Our studies show that spectral signatures can be used
to identify charged vertices as well as a monopole polaronic
state.
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