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ABSTRACT
We have calculated the dynamic susceptibility of modulated permalloy nanowires of 1-µm long and 50 nm diameter using micromagnetic
simulations. The resonance modes obtained from these simulations are investigated as functions of both the position of the modulation along
the nanowire as well as the size of it. The results presented in this work are important in view of the possible realization of tunable frequency
magnonic devices, since we showed that it is possible to adjust a set of frequencies by controlling the geometric parameters of the system.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5091813

I. INTRODUCTION

Magnetic nanowires can potentially participate in new applica-
tions such as sensors,1 logic or spintronics devices (e.g., spin valves,
magnetic tunnel junctions), biomedical applications and three-
dimensional recording systems (e.g., racetrack memories), where the
data is stored vertically instead of longitudinally.2 In addition, mag-
netic nanowires can be used as permanent magnets, because they
exhibit a strong shape anisotropy that produces an increase in the
coercivity of the system.3 Additionally, it has been demonstrated
that the domain walls in cylindrical nanowires, local deformations
of the magnetization that separate two uniform and opposite mag-
netic domains, and that can be transverse or vortex,4 can reach very
high propagation speeds, because they do not exhibit the Walker
breakdown.5

If one would like to effectively use these magnetic nanowires
in one of the potential applications mentioned above, it is neces-
sary to control with high precision both the position and velocity of
propagation of the domain walls, which can be achieved using diam-
eter modulated nanowires.6–15 It has been experimentally demon-
strated that the modulations have a strong influence on the magnetic
properties of the system due mainly to an increase of the dipolar
field in the vicinity of the modulation of the nanowire due to the

accumulation of magnetic charges.16,17 In addition, nanowires with
periodic geometrical constrictions have been proposed to control
the transmission bandgap characteristics of spin waves. In this way,
diameter-modulated nanowires emerge as a three-dimensional engi-
neering response to control the pinning/depinning process of the
domain walls.

On the other hand, the ferromagnetic resonance (FMR) fre-
quency of the nanowires generally shows two main peaks.18,19 The
high frequency peak has an absorption frequency that depends on
the aspect ratio of the wire. This feature suggests the use of these
nanowires as adjustable microwave filters. In addition, arrays of
nanowires composed of different materials and exhibiting differ-
ent aspect ratios can be used as comb filters. In this way, if the
nanowires are interesting, it is expected that by investigating the
dynamic behavior of nanowires with modulated diameters, they can
be used for magnetic recording applications or microwaves devices.
To achieve short reversion times, a high cutoff frequency of the real
part of the dynamic susceptibility is required.20 Finally, both the
shape of the imaginary part of the susceptibility and the frequency
position of the resonances are also important.

It is well known that in order to calculate the magnetic
susceptibility of an arbitrary magnetization pattern, micromag-
netic simulations are developed.19–28 In this paper, micromagnetic
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simulations have been performed in order to gain insight into
the dynamic susceptibility for 1 µm long cylindrical nanostruc-
tures with modulated diameters at different positions along the
axis. We have considered permalloy nanowires because it is a soft
alloy that exhibits a negligible magnetocrystalline anisotropy, so that
we can focus our attention on the way the geometrical parameters
determine the dynamic response of these systems.

II. MICROMAGNETIC SIMULATIONS
The magnetization dynamics is governed by the Landau–

Lifshitz–Gilbert equation (LLG)29

dM
dt

= −γM ×Heff +
α
Ms

M × dM
dt

(1)

where γ is the gyromagnetic ratio of the free electron spin and α
is a phenomenological damping constant. The equation describes
both the precession and relaxation motion of the magnetization in
an effective field Heff . The calculations were performed using Ori-
ented MicroMagnetic Framework software (OOMMF),30 which uses
an iterative process to solve the Landau-Lifshitz equation using the
finite differences method.31

The simulated nanowires were permalloy (Ni80Fe20) of 1-µm
in length and 50 nm in diameter. We consider three cases: a single
nanowire (SW), a wide modulated nanowire (WMN) with a modu-
lation of 100 nm in thickness and 100 nm in diameter, and a narrow
modulated nanowire (NMN) also with a modulation of 100 nm in
thickness, but with a diameter of 30 nm (see Fig. 1). For permalloy
material, the exchange stiffness, A, was set at 13 × 10−12 J/m, and the
material saturation magnetization, Ms, was set to 800 × 103 A/m.20

Polycrystalline samples were considered, so the magnetocrystalline
anisotropy was not taken into account. The samples were discretized
into a cell size of 2 × 2 × 5 nm3 (the latter along the cylindrical axis).
The damping coefficient of the Landau-Lifshitz equation was set to
0.015 because it is the value commonly used for to simulate Permal-
loy (see, for example, Refs. 18, 19, 21, 22, 26, and 32). It was assumed

FIG. 1. Geometrical parameters for the simulated nanowires: (a) a single nanowire
(SW), (b) a wide modulated nanowire (WMN) and (c) a narrow modulated nanowire
(NMN).

that the wire–wire distance is large enough to consider every wire as
independent.

The idea is to study the resonance modes as a function of
the position of these modulations along the nanowire via micro-
magnetics. The magnetization distribution of the ground state is
obtained by the minimization of the total energy density functional
E = Eexchange +Edemag +Eanisotropy +EZeeman. The average energy density
E is a function of M(r, t) specified by Brown’s equations includ-
ing exchange, self-magnetostatic (demagnetization), anisotropy, and
applied field (Zeeman). The equilibrium configurations for five dif-
ferent positions of the modulations (550 nm, 650 nm, 750 nm, 850
and 950 nm), for both the WMN and the NMN, are shown in
Fig. 2. The structures exhibit a quasiuniform single-domain state
in which the magnetization is mainly oriented along the symme-
try axis, except within the modulation for the WMN, which stabi-
lizes a vortex. After the equilibrium magnetization was obtained,
the dynamic susceptibility is determined by computing the response
of the magnetization configuration to a weak magnetic excitation,
h(t) = 1000exp(−109t)(t ≥ 0),19,23,27 applied uniformly and per-
pendicular to the long axis of the modulated nanowire (see Fig. 1).
Here, h(t) is in A m-1 and t is in seconds. The amplitude of the pulse
field was small enough to remain in the linear response region.33

The evolution of the magnetization under the exciting field was
collected for 3 ns by saving the magnetization configuration at uni-
form time intervals of 1 ps. The small exciting magnetic field h(t)
and the magnetization distribution M(r, t) were transformed to the
frequency domain [h(ω),M(ω)] by using the fast Fourier trans-
form (FFT) method, respectively. Complex magnetic susceptibility
(χ = χ′ − jχ′′) can be calculated by χ(ω) = M(ω)/h(ω). The imag-
inary part of the susceptibility (χ′′) was computed by dividing the
Fourier transform of the response [M(ω)] by the Fourier transform
of the excitation [h(ω)].34

III. RESULTS AND DISCUSSION
A. Wide modulated nanowire (WMN)

The dynamic susceptibility curves for a WMN with a modula-
tion of 100 nm in thickness and 100 nm in diameter obtained from
micromagnetic simulations are shown in Fig. 3 for different posi-
tions of the modulation along the nanowire. For the SW (see Fig. 3,
right, top) three peaks (peak 1, peak 2 and peak 3) are obtained.
Peak 1 (low frequency) is due to magnetization at the ends (top and
bottom) of the nanowire, peak 2 (weak, intermediate frequency) is
due to the rings that form near the ends (this fine structure appears
due to the length of the nanowire),19 while peak 3 (strong, high fre-
quency) corresponds to the bulk-like mode. The relative magnitudes
of the peaks can be explained by the relative volumes affected in the
different regions.

The spatial profiles of the magnonic modes are reconstructed to
confirm the source of resonant peaks. The temporal Fourier image is
calculated for each mesh as m̃(rijk,ωn) = DFTt(m(rijk, tn)).34 These
images are essentially the profiles of the magnetization for any par-
ticular frequency. The low frequency of the edge modes is due to
the fact that they are driven by the magnetostatic field at the edges
of the sample. The bulk modes have a higher frequency because they
are rather exchange-driven. This effect has been observed previously
in rectangular and cylindrical nanowires.19,20 It is interesting to note
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FIG. 2. The equilibrium configurations for
WMNs at the given positions for the mod-
ulation: (a) 550 nm, (b) 650 nm, (c) 750
nm, (d) 850 nm and (e) 950 nm, and
NMNs: (f) 550 nm, (g) 650 nm, (h) 750
nm, (i) 850 nm and (j) 950 nm. The color
code on the right represents the mag-
netization along the x axis (defined in
Fig. 1).

that when placing a modulation along the nanowire, the distribution
of magnetic charges at the ends is not significantly affected, so peak
1 remains more or less constant regardless of the position in which
the modulation is located (see Fig. 3, left).

The exchange interaction tends to align the magnetization in
the middle of the wire (near z = 500 nm), giving rise to a high fre-
quency corresponding to peak 3. The intensity of this peak is the
highest of all due to the affected area including most of the volume
of the system. From Fig. 3, left, we can see that peak 3 remains inde-
pendent of the position of the modulation along the wire. However,
it is interesting to observe how the peak broadens to lower frequen-
cies and decreases its intensity with the presence of the modulation;
this is due to the influence of the transverse field of the modulation
which disturbs the alignment of the magnetization in the neigh-
boring region producing contributions with slightly lower resonant
frequencies. This effect is more notorious when the modulation is
centered at 750 nm reflecting the superposition of close resonant
frequencies.

Peak 2 appears due to the magnetization near to the ends
is not as aligned as that in the middle region of the wire

and, therefore, have a slightly lower ferromagnetic resonance fre-
quency. This peak 2 is weak and becomes weaker as the mod-
ulation moves from the center towards one of the ends of the
wire.

It is interesting to note that the modulation introduces a new
peak, which we have defined as peak 4, which is quite intense, greater
than peak 1 for all cases except when the modulation reaches one
end. One could consider that the modulation of 100 nm in length
is the combination of a central cylinder of 50 nm in diameter and a
ring of 100 nm in external diameter and 50 nm in internal diame-
ter. Previously we saw that the bulk modes exhibit a high frequency
because they depend mainly on the exchange interaction. However,
modulation also generates new edges that, as we saw, push the modes
at low frequencies mainly due to the magnetostatic field. It is this
competition that causes this new peak to appear at an intermedi-
ate frequency. When the modulation reaches one of the ends the
field at the modulation is even less influenced from the end side,
the resulting field is even lower than the previous one and peak 4
moves to lower frequencies (from 6 GHz to 4.8 GHz), while a peak
consolidates around 8 GHz.

FIG. 3. (Left) Imaginary susceptibility for a WMN at different positions of the modulation along the nanowire. Imaginary susceptibility for a SW (Right, top) and for a WMN with
the modulation located at 550 nm (right, bottom). The images represent the spatial distribution of the dynamic susceptibility for each highlighted resonance frequency. The
bright part (red) reflects a high spin precession amplitude, the dark (blue) means zero amplitude.
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FIG. 4. Imaginary susceptibility for a NMN at different positions of the modulation along the nanowire. Imaginary susceptibility for a NMN with the modulation located at 550
nm (Right, top) and 750 nm (right, bottom). The images represent the spatial distribution of the dynamic susceptibility for each highlighted resonance frequency. The bright
part (red) reflects a high spin precession amplitude, the dark (blue) means zero amplitude.

B. Narrow modulated nanowire (NMN)

The dynamic susceptibility for a NMN with a modulation of
100 nm in thickness and 30 nm in diameter obtained from micro-
magnetic simulations is shown in Fig. 4 for different positions of
the modulation along the nanowire. It is interesting to note that,
for all these configurations, the system still maintains the peaks 1,
2 and 3 that appear in a SW, and were previously defined (see Fig. 4,
left). There are similarities and differences with respect to the previ-
ous WMN case. Thus, peak 3 also widens as the modulation moves
to one end, but now this phenomenon even produces splitting of
the resonance as it can be appreciated for the position at 650 nm.
From there the low intensity component moves to lower frequen-
cies as the modulation moves to the end. Finally, this extra peak
disappears when the modulation reaches extremities of the wire.
The modulation causes the system to behave like two shorter wires
interconnected by a thinner wire. When the modulation is in the
center, the shorter wires have the same length, so they exhibit a
single peak. However, when the modulation moves slightly to one
end (i.e. at 550 nm) there is a shorter wire, with slightly lower field
producing a broadening of the resonance to lower frequencies. This
phenomenon persists as the modulation moves to the end splitting
now the resonance due to a shorter wire at lower frequencies (also
less intense due to the lower volume involved). When the modula-
tion reaches last possible position, the shorter wire is lost and also its
resonance. The contribution of the long wire to peak 3 is now undis-
tinguishable from the SW and the only influence of the modulation
is to be found in the lower intensity of peak 1 due to the decrease of
the end areas.

Additionally, the presence of a modulation in the NMN gen-
erates two new peaks, which we have called peaks 5 and 6. Peak
5 is similar to peak 4 that appears in the WMN, but slightly dis-
placed towards higher frequencies. In fact, the spatial distribution
shows that the magnetization reverses from the central ends that
appear thanks to the modulation. This peak practically disappears
when the modulation reaches one end. On the other hand, peak

6 corresponds to the magnetization reversal process of the mod-
ulation, which due to its smaller diameter, the magnetization is
more aligned than for the 100 nm wire, reaching a higher localized
field that leads to a resonance at higher frequencies not observed
in WMN.

IV. CONCLUSIONS
Both WMN and NMN present interesting responses to an exci-

tation by a transverse magnetic pulse. Some of the resonances are
similar and other are a property of just one of these systems. The
particular values refer to nanowires of 1000 nm in length and 50 nm
in diameters. In the case of WMN the modulation is 100 nm thick
and 100 nm in diameter; for NWM the modulation is again 100 nm
in thickness, but the diameter is only 30 nm. The exciting field was
defined in section II.

The starting point is the SW with a weak resonance at 2 GHz
due to the ends, a very weak resonance near 10 GHz due to the rings
towards the ends and a strong resonance at 14 GHz due to the center
of the wire with the higher field and most of the magnetic material.
These are referred to as peaks 1, 2 and 3, respectively.

One effect of a wide modulation is to widen peak 3 to lower
frequencies. Then two new resonances appear at intermediate fre-
quencies (6 GHz and 8 GHz) which are associated to the flat surfaces
of the modulation. The lower frequency resonance shifts to even
lower frequencies (4.6 GHz) when the modulation reaches the end
position. Consequently peak 1 weakens as it receives contribution
from the other end only.

A new peak (peak 6) appears for NMN at frequencies higher
than peak 3 (15.6 GHz) and is due to the more efficient alignment
of the magnetization within the narrow modulation producing a
more intense local field. NMN also present the intermediate res-
onant frequencies due to the flat surfaces of the modulation but
shifted to higher frequencies since the surfaces are now influenced
by a stronger field coming from the nearby narrow modulation; they
are also weaker than in the case of WMN since the flat area involved

AIP Advances 9, 065007 (2019); doi: 10.1063/1.5091813 9, 065007-4

© Author(s) 2019

 03 D
ecem

ber 2025 03:00:57

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

is now lower. Peak 3 broadens to lower frequencies and then splits
as the modulation moves to an end.

This opens possibilities of tailoring a desired set of frequencies
by controlling the geometrical parameters of the system.
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