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Abstract. The equilibrium magnetization configurations and the associated microwave susceptibility spectra of
dipolar coupled nanoplatelets are explored using three-dimensional (3D) micromagnetic simulations. First, the
case of periodic arrangements of nanoplatelets on square arrays is considered. As a result, a macro-vortex state
defined as a flux closure pattern spreading over the whole array with or without a vortex core can be stabilized
starting from an initial orthoradial magnetization configuration. For macro-vortex states with a vortex core, the
linear excitation spectrum exhibits a sub-GHz resonance line ascribed to the vortex core dynamics at the array
center. The features of this line (spectral position and amplitude) depend on the array size and the strength
of the dipolar coupling through the interplatelet spacing. This resonance is also observed for macro-vortex
states without a vortex core but only in the regime of a strong dipolar coupling. The effect of disorder is then
investigated by numerically generating assemblies of nanoplatelets with a position disorder and, shape and
size distributions. The micromagnetic simulations reveal flux closure magnetization configurations as well but
without a vortex core. A low-frequency resonance appears in the susceptibility spectra for quite high surface
contents of nanoplatelets but its amplitude is weaker compared to the case of periodic arrays. This line arises
from a collective mode extended over a few nanoplatelets.
A large variety of static and dynamical behaviors is thus evidenced resulting in a great complexity even in such
model systems.

1 Introduction

Magnetic nanoobjects are the building blocks shared by a
wide range of promizing technologies like the future ultra-
high density storage media [1], the nanomagnet-based
logic functions for new data processing systems [2], the
energy-harvesting devices [3], the biomedical applications
[4] and the miniaturized microwave components [5]. De-
sign of new devices integrating such nanoobjects requires
a deep understanding of their static and dynamical mag-
netic properties both as isolated and interacting objects.
Schematically, the assemblies of nanoobjects can be clas-
sified in two categories, namely, the geometrically ordered
ones and the disordered ones. The ordered systems corre-
spond to periodic arrangements of nanoobjects [6]. The
artificial spin ices defined as a two-dimensional arrays
of closed spaced single-domain nanoobjects coupled by
dipolar interaction belong to this family [7]. One remark-
able feature of such systems is the appearence of a mag-
netic frustration due to the impossibility of satisfying si-
multaneously all competing dipolar interactions between
the nanoobjects. The static and dynamical properties of
artificial spin ices are controlled by the shape, the size and
the composition of the nanoobjects, and the geometrical
properties of arrays (symmetry and lattice constants). A
large variety of equilibrium magnetization configurations
has been experimentally and numerically reported [7, 8].
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In addition, the excitation spectrum at microwave frequen-
cies experimentally and numerically investigated reveals
the presence of collective spin-wave modes [9] and re-
flects the existence of topological defects within the ar-
ray [10]. On the other hand, disordered assemblies of
magnetic nanoobjects are exemplified by nanocomposites
where ferromagnetic nanoparticles are embedded in a non-
magnetic matrix [11]. In contrast to ordered systems, the
numerical simulations based on the micromagnetism the-
ory for describing the dynamic response of such systems
are rather rare. The effective susceptibility spectra of the
nanocomposites are usually computed using phenomeno-
logical approaches based on mixing rules [12]. Even if
such models can incorporante some information regarding
the composite morphology like the existence of nanopar-
ticles clusters [11], this approach suffers from severe ap-
proximations. In particular, the particles are assumed to
be in the single-domain state and the dipolar interaction
between the particules is treated by means of an effective
demagnetizing factor [11].
The aim of this paper is to investigate the equilibrium mag-
netization configurations and the associated microwave
excitation spectra in the linear regime of dipolar coupled
nanoplatelets by means of three-dimensional (3D) micro-
magnetic simulations. The characteristics of nanoplatelets
have been chosen to allow the occurence of nonuniform
magnetization states within the individual elements. First,
the effect of the dipolar coupling strength on the equi-
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librium micromagnetic configurations and the susceptib-
lity spectra is studied in the case of periodic arrays of
nanoplatelets. Then, aggregates of randomly distributed
nanoplatelets are considered and the impact of geometri-
cal disorder on the microwave response is analyzed. Em-
phasis is placed on the existence of a sub-GHz resonance
resulting from the dynamics of flux closure magnetization
configurations.

2 Numerical model

2.1 Generation of the nanoparticles arrangements

Figure 1. Examples of 25 nanoplatelets assemblies numerically
generated. (a) Ordered assembly on a periodic square array. Dis-
ordered assemblies with a surface content ϕs = 56% (b) and
ϕs = 81% (c). The color code is only for esthetic purpose.

The nominal nanoelements of interest are thin square-
shaped platelets defined by the platelet side L and and the
platelet thickness Lz, the z-axis being along the platelet
thickness. In the conducted numerical simulations, L = 90
nm and two values of Lz were considered: Lz = 4 nm and
Lz = 12 nm.
For the ordered assemblies, the nanoplatelets were ar-
ranged in two-dimensional square arrays. The interplatelet
spacing δ (edge-to-edge distance) was varied between 3
nm and 30 nm. δ is related to the lattice constant a by:
a = L+δ. Various array sizes were investigated: N = 2×2,
3×3, 4×4, 5×5, and 6×6, where N is the number of peri-
odic cells equal to the number of platelets. Figure 1(a)
shows an example of a 5×5 array of nanoplatelets with
δ = 15 nm.
For the disordered assemblies, the degree of disorder was
introduced using the following two-step generation rules.
First, the nominal square-shaped nanoplatelets can be
transformed into rectangular ones with the in-plane sizes
Lx and Ly inside the size range 80 nm < Lx, Ly < 100 nm.
Second, the position of the nanoplatelets can be changed
from the initial one in the square array by applying spatial
deviations δx and δy along the x and y axes, respectively.
These deviations satisfy 4 nm < δx, δy < 12 nm and the
excluded volume rule (no overlap between the platelets).
In both cases, Lx, Ly, δx and δy result from a random draw
with a uniform distribution. Each configuration is char-
acterized by the surface content of nanoplatelets defined
as ϕs = NLxLy/S , where S is the surface of the resized
arrays. Figures 1(b) and 1(c) display two examples of dis-
ordered configurations with ϕs = 56% and ϕs = 81%,
respectively.

2.2 Micromagnetic simulations

The high-frequency response of ordered and disordered
nanoplatelets assemblies was computed by means of mi-
cromagnetic simulations using two 3D home made codes
described elsewhere [13]. The first code computes an
equilibrium magnetization configuration by integrating
the Landau-Lifshitz (LL) equation in the time domain
using a second-order Taylor scheme and an optimized
time step. The second one solves the LL equation lin-
earized around the equilibrium magnetization configura-
tion (small-amplitude motion regime) in the frequency
domain. It computes the local dynamic susceptibility
tensor χi j(r, ω) i, j = x, y, z which depends both on
space and angular frequency, and then the dynamic sus-
ceptibility tensor averaged over the element’s volume V,
χi j(ω) = 〈χi j(r, ω)〉V i, j = x, y, z, which connects the
high-frequency response of a magnetic configuration δm
to a weak exciting RF magnetic field δh such as δm =

χ δh. These codes were previously used to investigate
the microwave response of vortex-state [14] and bubble-
state [15] single elements. The micromagnetic simulations
were performed using magnetic parameters representative
of isotropic Permalloy (Ni80Fe20) for each nanoplatelet,
namely : the saturation magnetization MS = 8. 105 A/m,
the exchange constant A = 1.3 10−11 J/m, the gyromag-
netic ratio γ = 1.76 1011 s−1T−1 and the damping param-
eter α = 0.02. The nanoplatelets are spatially discretized
using a regular cubic mesh. The mesh sizes were chosen
to be equal to ∆x = ∆y = ∆z = 3 nm lower than the
exchange length, Λ =

√
2A/(µ0M2

s )' 5.7nm.

3 Numerical results

3.1 Isolated nanoplatelets

Various stable magnetization configurations exist in soft
planar magnetic nanostructures depending on the element
size and thickness [16]. Let us consider the case of iso-
lated square-shaped platelets with L = 90 nm and Lz = 12
nm. Three equilibrium magnetization configurations can
be stabilized in such platelets. The first configuration is the
vortex state described as an in-plane curling magnetization
with a central region, the vortex core, where the magneti-
zation points out of plane (Fig. 2(a)). The magnetic energy
of this vortex state is equal to 26.6 ev. In what follows, the
magnetic energy of various magnetic configurations will
be normalized by the vortex one. The second configura-
tion is the onion state (also termed leaf state) where the
magnetization has a privileged in-plane orientation along
one diagonal of the square platelet (Fig. 2(b)). The re-
duced magnetic energy is εo = 0.945. The third magnetic
configuration is the so-called buckle or C state where the
in-plane magnetization adopts a C-like shape (Fig. 2(c)).
For this case, εc = 0.942. These three stable states have
magnetic energies close to each other with the C state be-
ing the lowest-energy state. Figure 2(h) displays the zero-
field dynamic susceptibility spectra (imaginary part of the
χxx element termed Im(χxx)) for the three stable config-
urations within the [0.5 GHz-20 GHz] frequency range.
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Figure 2. Equilibrium magnetization configurations within the
square-shaped element under study; (a) vortex state, (b) onion
state and (c) C state. The color code images the z-component
of the static magnetization (positive values in red and negative
ones in blue) whereas the arrows represent the in-plane magneti-
zation vector. (h) Dynamic susceptibility spectra (imaginary part
of the χxx element, Im(χxx( f ))). Maps of the local susceptibility
for the vortex state (Im(χxx(x, y)) (d) and Im(χ+(x, y)), (e)), the
onion state (Im(χxx(x, y)), (f)) and the C state (Im(χxx(x, y)), (g))
computed at the resonance frequency of the low-frequency res-
onances in the Im(χxx) spectra. The high levels of susceptibility
are in red.

A common feature between the three spectra is the ap-
pearance of a single low-frequency resonance and mul-
tiple resonance lines above 7 GHz. For the vortex state
in disk-shaped nanostructures, it is well-established that
the excitation spectrum consists of a low-frequency vor-
tex translation mode corresponding to a gyrotropic motion
of the vortex core as a whole around the element cen-
ter and high-frequency resonances ascribed to quantized
spin-wave modes due to the finite lateral size of the el-
ement and essentially spreading outside the vortex core
[17]. In what follows, the attention will be focused on
the lowest-frequency resonances emerging in the three mi-
cromagnetic situations. For our case of a vortex state in
a square platelet, the low-frequency resonance located at
f=0.91 GHz is due to the vortex translation mode as con-
firmed by the color maps of the imaginary part of the local
susceptibility (Im(χxx(x, y)), Fig. 2(d) and, more explic-
itly, Im(χ+(x, y)) with χ+ = 1/2[(χxx + χyy) + i(χyx − χxy)],
Fig. 2(e)) computed at the resonance frequency and show-
ing a high-level of dynamic susceptibility within the vor-

tex core. For the onion state, the broad low-frequency
resonance at f=1.65 GHz is associated with a high level
of magnetic response along the opposite diagonal with re-
spect to the privileged one in the static configuration (Fig.
2(f)). For the C state, the low-frequency resonance ap-
pears at f=4.9 GHz. This resonance is due to a high level
of magnetic response inside a Y-shape area with the x-axis
as the symmetry axis (Fig. 2(g)).

3.2 Ordered assemblies of nanoplatelets

3.2.1 Initialization of the magnetization configuration

Figure 3. Equilibrium magnetization configurations result-
ing from various initial magnetization configurations. (a) ran-
dom configuration, (b) uniform magnetization oriented along a
platelet side (y-axis) and centered (c) and off-centered (d) ortho-
radial magnetization configurations. The geometrical parameters
are: L = 90 nm, Lz=12 nm and δ=15 nm. The color code and the
arrows meaning are the same as in Fig. 2.

Let us move on the assemblies of ordered
nanoplatelets. The research of an equilibrium mi-
cromagnetic configuration requires to start from an initial
configuration. The legitim questions from there are how to
choose this initial state and what is the impact of this state
on the final result. This issue is of prime importance when
the micromagnetic simulations are conducted on multiple
interacting magnetic objects as in-depth discussed for the
search of magnetic ground state in artificial spin ices [8].
To illustrate the effect of this starting state, various initial
magnetization configurations have been considered for
a square array of nanoplatelets; a random configuration,
a uniform configuration with the magnetization vector
oriented along a nanoplatelet side (y-axis), centered and
off-centered orthoradial magnetization configurations.
The orthoradial direction for a given nanoplatelet is
defined as the cross product between the position vector
at the center of the nanoplatelet and the normal of the
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Figure 4. Macro-vortex states for ordered assemblies of nanoplatelets with various square array sizes; 3×3 ((a) and (b)), 4×4 ((c) and
(d)) and 5×5 ((e) and (f)). The geometrical parameters are: L = 90 nm, Lz=12 nm and δ=15 nm. The macro-vortex state has either a
vortex core inside a platelet ((a), (c) and (e) configurations) or no vortex core ((b), (d) and (f) configurations). For each configuration,
the reduced magnetic energy εp is provided. The color code and the arrows meaning are the same as in Fig. 2.

array. The nanoplatelets have the following geometrical
parameters : L = 90 nm and Lz = 12 nm with an inter-
platelet spacing δ =15 nm. The array size is fixed at 5×5.
The associated equilibrium magnetization configurations
resulting from the micromagnetic simulations are reported
in Fig. 3. For the initial random configuration (Fig. 3(a)),
a mixing of vortex, onion and C states is observed within
the platelets. In addition, some platelets support an S state
(in-plane magnetization along the S-like shape) which
is not a stable state for isolated platelets of the same
size. The presence of S state reflects the dipolar coupling
between the platelets and locally favors the flux closure.

Such magnetic flux arrangements have been exper-
imentally observed using electron holography in FeNi
nanoparticle chains [18] and Fe nanocubes [19]. For the
uniform intial state (Fig. 3(b)), onion, C and S states are
stabilized within the platelets. No vortex state is revealed.
For the orthoradial initial configurations, the equilibrium
magnetization configurations correspond to flux closure
patterns with a spiraling in-plane magnetization spread-
ing over the whole platelet array. These configurations are
termed macro-vortex states. For a centered orthoradial ini-
tial configuration (Fig. 3(c)), a vortex core appears at the
central nanoplatelet of the array whereas no vortex core
exists for an off-centered initial configuration (Fig. 3(d)).
In the last case, the macro-vortex configuration bears some
similarities with the local vortex states evidenced in arti-
ficial spin ice systems with elongated single-domain ele-
ments [20]. To compare the energy between the different
configurations, the reduced magnetic energy per platelet is
defined as εp = εN/(Nεv), where εN is the magnetic energy
of the array with N platelets. The above-described equilib-
rium states have the following energies: εp =0.759, 0.697,
0.635 and 0.618 obtained from the random, uniform, cen-
tered orthoradial and off-centered orthoradial initial con-
figurations, respectively. It should be remarked that εp is
always lower than unity meaning that the dipolar coupling
allows to reduce the magnetic energy with respect of a
collection of noninteracting platelets. In addition, the off-
centered macro-vortex state has the lowest energy. From
the experimental point of view, the orthoradial magneti-
zation configurations can be carried out by applying an
in-plane rotating magnetic field and then reducing its am-
plitude down to zero.
In the present work, the purpose is to investigate the mi-

crowave susceptibility spectra associated with flux closure
patterns and to evidence the conditions for appearing a
low-frequency resonance (below 1 GHz).

3.2.2 Flux closure magnetic configurations

Figure 4 shows the computed lowest-energy equilibrium
states with a flux closure pattern for various array sizes
(N = 3×3, 4×4, and 5×5). The platelet size and the
platelet thickness are fixed at L=90 nm and Lz=12 nm,
respectively. The interplatelet spacing δ is equal to 15 nm.
The equilibrium magnetization configurations correspond
to macro-vortex states. Several comments can be drawn.
(i) The macro-vortex configurations can be either centered
(Figs. 4(a), 4(d) and 4(e)) or off-centered (Figs. 4(b), 4(c)
and 4(f). The centered macro-vortex state with a vortex
core (resp. without a vortex core) appears in arrays with
an odd (resp. even) number of cells. (ii) For a given array
size, the lowest-energy state is always the magnetization
configuration without a vortex core but the energy differ-
ences between the configurations with and without a vor-
tex core are weak (see Fig. 4).

Figure 5. Ordered arrays of nanoplatelets with a centered macro-
vortex state and a vortex core. Array size dependence of the
Im(χxx) spectrum. The interplatelet spacing is δ=3 nm. The inset
maps the local susceptibility (Im(χ+(x, y)) of the 3×3 array.

Figure 5 and 6 displays the Im(χxx) spectra of magne-
tization configurations with a centered macro-vortex state
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Figure 6. Ordered arrays of nanoplatelets with a centered macro-
vortex state and a vortex core. Effect of the interplatelet spacing
on the Im(χxx) spectrum. The array size is fixed at 5×5.

Figure 7. Ordered arrays of nanoplatelets with a macro-vortex
state but no vortex core. (d) Array size dependence of the Im(χxx)
spectrum. The interplatelet spacing is δ=3 nm. Maps of the local
susceptibility (imaginary part) associated with the low-frequency
resonance for arrays of size 2×2 (a), 4×4 (b) and 6×6 (c). The
color code is the same as in Fig.2.

with a vortex core for various array sizes (Figure 5) and
for various interplatelet spacings (Figure 6). These spectra
are mainly characterized by an high-amplitude and low-
frequency resonance (below 1 GHz). The local suscepti-
bility map reveals that this resonance is localized within
the vortex core at the array center and is associated with
the macro-vortex translation mode by analogy to the sin-
gle platelet case (inset in Fig.5). Increasing the size array
for a given interplatelet spacing, δ =3 nm, (Fig. 5) leads to
a lowering of the resonance frequency of the macro-vortex
translation mode. This behavior is consistent with the one
of a unique platelet with the increasing platelet size. Ris-

ing the interplatelet spacing for an array size fixed at 5×5
(Fig. 6), results in a frequency shift of the resonance fre-
quency of the macro-vortex translation mode towards the
high frequencies as a consequence of reducing the dipolar
interaction between the platelets. As a result, the reso-
nance frequency of this low-frequency mode can be typi-
cally tuned between 200 MHz and 1 GHz.

The Im(χxx) spectra of magnetization configurations
with a centered macro-vortex state without a vortex core
for various array sizes are reported in Figure 7 (δ =3 nm).
In each case, a unique high-amplitude resonance exists as
well but the resonance frequency is located above 2 GHz.
The local susceptibility maps point out that this resonance
is due to a mode extended over the whole array with a
fourfold symmetry. Increasing the array size leads to a de-
crease of the resonance frequency.

Figure 8. Ordered arrays of nanoplatelets with an off-centered
macro-vortex state without a vortex core. Imχxx spectra for two
array sizes 3×3 and 5×5. Regime of strong dipolar coupling (δ =

3 nm). The insets correspond to the local susceptibility maps
(imaginary part) of the low-frequency resonance for the two array
sizes. The color code is the same as in Fig. 2.

Figure 9. Ordered arrays of nanoplatelets with an off-centered
macro-vortex state without a vortex core. Imχxx spectra for two
array sizes 3×3 and 5×5. Regime of weak dipolar coupling (δ =

15 nm).

Figure 8 shows the Im(χxx) spectra for magnetiza-
tion configurations with an off-centered macro-vortex state
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without a vortex core. Interestingly, the presence of a low-
frequency resonance (below 1 GHz) depends on the dipo-
lar coupling strength. For a strong dipolar coupling (δ =3
nm), a low-frequency response exists with a marked res-
onant shape for a large enough array size (Fig. 8). It
should be noted that the amplitude of this resonance is
high for this array size. The local susceptibility map re-
veals that this resonance arises from a cooperative mode
extending over several platelets. For the regime of a weak
dipolar coupling (δ =15 nm), no low-frequency response
is observed whatever the array size (Fig. 9). It should
be remarked that resonance lines assigned to nonuniform
collective excitations within arrays have been reported for
stadium shaped nanoelements in a square array [9]. How-
ever, such nanoelements are uniformly magnetized by an
in-plane bias magnetic field in contrast to the nanoplatelets
considered in this work.

Figure 10. Disordered assemblies of nanoplatelets numerically
generated with a surface content ϕs = 58% (a) and ϕs = 56% (b).
(e) Im(χxx) spectra for the two above described configurations.
Maps of the local susceptibility (imaginary part) associated with
the low-frequency resonance for the ϕs = 58% (c) and ϕs = 56%
(d) configurations. The color code is the same as in Fig.2.

3.3 Disordered assemblies of nanoplatelets

As an example, the case of disordered aggregates formed
by 25 rectangular platelets are considered. The platelet
thickness is fixed at Lz =4 nm. The lateral size distribu-
tion of nanopatelets and their relative positions were gen-
erated according to the process described in Sec.2.1. The
surface content of nanoplatelets, ϕs is changed by com-
pacting them along the x and y-axes.

The results coming from two independent draws corre-

Figure 11. Disordered assemblies of nanoplatelets. Im(χxx)
spectra for two high surface contents ϕs = 67% and ϕs = 81%.

sponding to ϕs = 58% and ϕs = 56% are presented in
Fig. 10. In each case, the starting state is an orthoradial
magnetization configuration. The two equilibrium mag-
netization configurations (case ϕs = 58%, Fig. 10(a) and
case ϕs = 56%, Fig. 10(b)) are flux closure states essen-
tially mixing S states, C states and onion states at the level
of individual nanoplatelets. Figure 10(e) shows the asso-
ciated Im(χxx) spectra. These ones reveal the existence
of a low-frequency resonance at 0.65 GHz for ϕs = 58%
and at 1.16 GHz for ϕs = 56% but with a weaker ampli-
tude with respect to the case of the periodic arrays. The
resonance lines arise from a mode essentially localized
inside one nanoplatelet (case ϕs = 58%, Fig. 10(c)) or
extended over three nanoplatelets (case ϕs = 56%, Fig.
10(d)). Despite a quite similar surface content, these two
assemblies of nanoplatelets lead to distinct feartures of
the low-frequency resonance in terms of resonance posi-
tion, resonance linewidth and line amplitude. Let us now
consider the case of higher surface contents. The Im(χxx)
spectra for two disordered aggegates with ϕs = 67% and
for ϕs = 81% are displayed in Fig. 11. A striking fea-
ture is the absence of a low-frequency resonance for these
very dense composite media. These results highlight the
impact of disorder on the dynamical behavior of dipolar
coupled nanoplatelets and the difficulty to control the low-
frequency part of the susceptibility spectra.

4 Summary and perspectives

These numerical results illustrate the large variety of ex-
isting microwave susceptibility spectra even for the ideal-
istic case of assemblies of thin soft platelets with a regu-
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lar shape coupled by dipolar interactions. Restricting to
magnetization configurations with a flux closure pattern at
the array scale, a high-amplitude and low-frequency reso-
nance (below 1 GHz) exists in ordered arrays supporting
a macro-vortex state with a vortex core but also without
a vortex core for the regime of strong dipolar coupling.
For the disordered aggregates, a low-frequency absorption
line (between 0.5 GHz and 2 GHz) emerges as well but
with a weaker amplitude. This resonance appears in flux
closure states and are associated with a cooperative mode
spreading over a few platelets. Such resonances disappear
for higher surface contents. These preliminary results ev-
idence the strong impact of disorder on the susceptibility
spectra.
These micromagnetic simulations of interacting magnetic
nanostructures can be viewed as a first step to get a bet-
ter understanding of the microwave magnetic response of
real systems. To go further, several points will have to be
taken into account. First, the magnetic history of the sam-
ple plays a critical role and must be closely reproduced
in the demagnetization protocols used in the micromag-
netic simulations. Second, the presence of defects, as well
as the shape and size distributions of nanoparticles can af-
fect the equilibrium magnetizations configurations rending
difficult to control and predict the microwave magnetic be-
havior. Introduction of information on the nanocomposite
morphology in the micromagnetic simulations is needed.
Third, clustering effect occurs in magnetic nanocompos-
ites with a significative volume content of particles. The
micromagnetic simulations will have to address this issue.
This overall challenge is ambitious but in phase with the
perspective of using arrangements of 2D or 3D nanoparti-
cles in future devices.
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