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A B S T R A C T

In this work, we have theoretically explored the spin-waves modes that can be excited in cylindrical
nanostructures with wire-tube morphology. Using micromagnetic simulations, we have found up to 5 resonance
modes whose existence and position depend on the geometric parameters of the nanostructure. The lower and
higher frequency modes remain invariant in their position as a function of the size of the tube segment hole,
although their intensity increases as the length of the wire segment increases. Other modes vary in their
frequency, even producing a crossover between them. Finally, we found that the number and amplitude of
the reported spin-wave modes have a complex dependence on the geometry of the system, converting the
wire-tube nanostructure into a promising piece for potential magnonic devices.
Introduction

Cylindrical magnetic nanostructures configure a valuable block to
build new technologies such as sensors, logic and spintronic devices,
as well as information storage systems, mainly due to the exploitation
of the height, which adds a new degree of freedom to the system if we
compare them with the usual spherical nanoparticles [1–3]. The main
advantage of these cylindrical nanostructures is that magnetization,
in the absence of crystalline anisotropy and external magnetic fields,
will try to point along the axis of the cylinder due to the magneto-
static field, which defines the shape anisotropy of the nanostructure.
In this way, the height of the cylindrical nanostructures makes it
possible to overcome the superparamagnetic limit that affects spherical
nanoparticles.

The magnetic properties of cylindrical nanostructures are closely
related both to their magnetic and geometric parameters [4,5]. For
instance, it has been theoretically and experimentally shown that the
magnetic ground state of magnetic nanotubes can be tuned simply by
changing their geometric parameters [6,7]. Specifically, the reported
states are those so-called ferromagnetic in-plane, where the magnetic
moments point perpendicular to the axial axis; ferromagnetic out-of-
plane, where the magnetic moments point along the axial axis; and
the vortex configuration, where the magnetic moments lie tangent to
the cylinder surface in the plane parallel to its base. Obviously if we
add magnetocrystalline anisotropies or external magnetic fields other
magnetic configurations can be stabilized [8,9].

Furthermore, the magnetization reversal processes also depend on
the geometric parameters of the nanostructures, as has been shown,
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for example, in magnetic nanotubes, where depending on the radii
involved, the system can reverse its magnetization by nucleating the
vortex or transverse domain walls, which then propagate from the ends
of the nanostructure towards its center [10–12]. Similar behaviors have
been observed in magnetic nanowires, where stabilized magnetic con-
figurations and magnetization reversal mechanisms also have a strong
dependence on their geometric parameters [13,14]. In this way, the
static magnetic properties of cylindrical nanostructures can be adjusted
by varying the geometry of the system, which essentially implies a
change in the shape anisotropy of the system [15–17].

On the other hand, the dynamic properties of cylindrical nanos-
tructures have also been intensely studied. In particular, the dynamic
susceptibility of nanowires and nanotubes shows two main peaks at
different frequencies [18–20]. The low energy mode stands for the
excitation of spins located at the ends of the nanostructure, which
is usually called the edge mode. In contrast, the higher energy mode
corresponds to the dynamical response of the spins primarily located
in the central zone of the nanostructure. It is usually called the bulk
mode. This feature allows proposing these nanostructures as spin-wave
filters, where the desired mode is activated according to the excitation
frequency [21].

A particular cylindrical nanostructure that mixes features of nan-
otubes and nanowires is the wire-tube nanostructure that corresponds
to a tube segment joined to a wire segment (see Fig. 1). These nanos-
tructures have recently been studied both from a theoretical and ex-
perimental point of view, finding new magnetic properties [22–24].
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For example, it may happen that the tube segment exhibits a lower
coercivity than the wire segment, producing a hysteresis curve that
accommodates a well-defined step [25]. For magnetic fields within
the range of the step, we obtain a nanostructure with two opposing
magnetic domains, obtaining an antiparallel configuration, separated
by a vortex domain wall, which has been proposed for a pseudo on/off
transistor device [26]. Furthermore, the tube segment can revert its
magnetization through nucleation and propagation of a vortex domain
wall, while the wire segment does so through a transverse domain
wall [27]. These novel properties emerge from the combined effect of
the magnetostatic field generated by both the tube segment and the
wire segment [28,29]. In this way, its static properties strongly depend
on the geometric parameters that characterize both sections.

The natural next step is to study the dynamic response of wire-
tube nanostructures when a weak magnetic pulse is applied. This is
an important problem that we have to face because although the
static properties of cylindrical nanostructures are enriched by the wire-
tube shape, it is not clear whether the dynamic properties inherit this
behavior and exhibit new properties attributable to the combined wire-
tube system. Thus, in this paper, we investigate the dynamic response
of cylindrical wire-tube nanostructures when a weak magnetic pulse
is applied perpendicular to the axis of the cylinder. We tackled this
problem by performing micromagnetic simulations of 1 μm long wire-
tube nanostructures with an external radius of 15 nm. To explore the
incidence of geometric parameters on the dynamic response of the
system, we have considered permalloy (Py) nanostructures because it
is a soft material with negligible magnetocrystalline anisotropy, so the
magnetic properties will depend only on its shape anisotropy [30].

Micromagnetic simulations and method

As mentioned above, to study the dynamic response of wire-tube
nanostructures when a weak magnetic pulse is applied, we perform
micromagnetic simulations using the free-licensed OOMMF code [31].
We consider a permalloy nanostructure characterized by a stiffness
constant 𝐴 = 13 × 10−12 J/m and a saturation magnetization 𝑀𝑠 =
800 × 103 A/m. The wire-tube nanostructure is defined by its external
radius 𝑅 = 15 nm, internal radius 𝑎 (in the tube segment) and its total
length 𝐿 = 1 μm. This length includes the wire segment with length
ℎ and the tube segment with length 𝐿 − ℎ, as depicted in Fig. 1. It
is convenient to define the ratio 𝛽 = 𝑎∕𝑅 to parametrize the tube
segment. In this way, 𝛽 = 0.0 represents a solid nanowire, while 𝛽 → 1.0
corresponds to an ultra-narrow tube. Similarly, we define the ratio
𝜂 = ℎ∕𝐿 to parametrize the portion of the wire-tube nanostructure
that corresponds to a tube or a wire segment. Thus, a magnetic tube is
represented by 𝜂 = 0.0, a magnetic wire by 𝜂 = 1.0, while other values
of 𝜂 represent a wire-tube nanostructure. For all our calculations we
have varied 𝛽 ranging from 0.0 up to 0.9 in steps of 0.1, and 𝜂 ranging
from 0.0 up to 1.0 in steps of 0.05. Finally, the system is discretized in
cubic cells of 1.5 × 1.5 × 5 nm3 (the later along the nanostructure
axis).

To obtain the dynamic response of the wire-tube nanostructure,
we use the Ringdown method to simulate the FMR spectrum [32], a
method that considers the following steps: First, the minimum energy
configuration of the system is obtained by minimizing the total en-
ergy 𝐸𝑚 = 𝐸𝑒𝑥 + 𝐸𝑑𝑒𝑚𝑔 , corresponding to the exchange and dipolar
energy, respectively, thus obtaining the metastable states displayed in
Fig. 2 for selected values of 𝜂 and 𝛽. From this figure, we can see
that the metastable states correspond to a configuration where the
magnetic moments point almost uniformly along the nanostructure
axis. However, small disturbances can be seen both at the ends of the
nanostructure and in the transition zone between the wire and tube
segments, which can be attributed to the demagnetizing field produced
by the magnetic charges in these zones.

Once we have obtained the metastable states, this equilibrium con-
figuration is excited with a small microwave field of the form 𝐡(𝑡) =
2

Fig. 1. Schematic representation of the studied system. From left to right: a solid
nanowire, a nanotube, and a wire-tube nanostructure.

1000 exp(−109𝑡)𝐱̂ A/m [19,33]. The dynamical response is obtained by
numerically solving the Landau–Lifshitz–Gilbert (LLG) equation

𝐦̇ = −𝛾𝐦 ×𝐇eff + 𝛼𝐦 × 𝐦̇, (1)

with 𝛾 the gyromagnetic ratio, 𝛼 the phenomenological Gilbert damp-
ing, which for our calculation was chosen as 𝛼 = 0.015, value that
is lower than 0.2 commonly used for a dynamic study [34], and
the effective field 𝐇eff defined as 𝜇0𝐇eff = −𝛿𝐸𝑚[𝐌]∕𝛿𝐌 that now
considers the additional Zeeman term coming from the application of
the microwave field. The amplitude of this pulse must be small enough
to keep the system in the linear response regime [35]. The temporal
evolution of the magnetization under the action of the exciting field is
collected for 4 ns recording the magnetization configuration at uniform
time intervals of 1 ps allowing a spectral resolution of 0.25 GHz. Then,
the small exciting magnetic field ℎ(𝑡) and the magnetization distribution

(𝐫, 𝑡) are transformed to the frequency domain [ℎ(𝜔,𝑀(𝜔))] using the
ast Fourier transform (FFT) method. The dynamic susceptibility 𝜒(𝜔),
hich corresponds to the imaginary part of the magnetic susceptibility,

s calculated as 𝜒(𝜔) = 𝑀(𝜔)∕ℎ(𝜔) [36].

esults and discussion

In Fig. 3 we show the dynamic susceptibility for 𝜂 = 0.5 and selected
alues of 𝛽, where we identify the presence of 5 main peaks, which
epends directly on the parameters 𝛽 and 𝜂 as we will show below.

Fig. 3(a) corresponds to 𝛽 = 0.2 and 𝜂 = 0.5. In this case, only three
peaks appear, namely, peaks 1, 2, and 5. Recall that 𝛽 controls the
ransition between a solid wire and one with a tube section. Therefore,
= 0.2 corresponds to a nearly solid nanowire. Note that the peaks 1

and 2 stand for low energy and small amplitude modes, but the peak
5 corresponds to a higher energy mode with a bigger amplitude. Thus,
the mode 5 must correspond to a coherent precession of many spins
in the system. Next, Fig. 3(b) shows the case for 𝛽 = 0.4 which also
presents the same two lowest energy peaks 1 and 2, as the highest
energy peak 5, but now peaks 3 and 4 appear that were absent in the
𝛽 = 0.2 case. Similar results can be seen in the cases 𝛽 = 0.5 and 𝛽 = 0.6,
as seen in Figs. 3(c)–(d), where the most remarkable effect is that peaks
3 and 4 move towards lower frequencies while peak 2 moves towards
higher frequencies, producing an overlap and transition of peaks 2 and
3 for 𝛽 = 0.7, as seen in Fig. 3(e). Finally, Fig. 3(f) shows a wire-tube
nanostructure with a very thin tube segment, where the peaks 2 and 3
re completely stabilized in their new characteristic frequencies, while
eaks 1 and 5 remain in their same positions regardless of the 𝛽 value.

The results presented in Fig. 3 can be summarized by computing
he frequency of the resonant modes as a function of 𝛽, as shown

in Fig. 4(b). For completeness, Fig. 4(a) and (c) shows the resonant
frequency modes for the cases 𝜂 = 0.25 and 𝜂 = 0.75, respectively
(further values of 𝜂 can be found in supplementary information). We
identify the presence of five resonant peaks according to the value
of 𝛽. Specifically, for small 𝛽 values (𝛽 < 0.3), there are only three

modes: modes 1, 2, and 5, although modes 1 and 2 are quite weak.
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Fig. 2. Metastable states hosted in a wire-tube nanostructure with 𝛽 = 0.5 and (a) 𝜂 = 0.0, (b) 𝜂 = 0.25, (c) 𝜂 = 0.5, (d) 𝜂 = 0.75 and (e) 𝜂 = 1.0. The vertical colored bar
represents the magnitude of the 𝑧−component of the magnetization. The horizontal colored bar represents the magnitude of the 𝑥−component of magnetization at the ends of the
nanostructure and at the intersection between both segments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
Fig. 3. Dynamic susceptibility of a 1 μm long nanostructure with an external radius of 15 nm for 𝜂 = 0.5 and (a) 𝛽 = 0.2, (b) 𝛽 = 0.4, (c) 𝛽 = 0.5, (d) 𝛽 = 0.6, (e) 𝛽 = 0.7 and (f)

𝛽 = 0.8.
Fig. 4. Frequency of the resonant modes as a function of 𝛽 for (a) 𝜂 = 0.25, (b) 𝜂 = 0.50 and (c) 𝜂 = 0.75. The intensity of these peaks is represented by the dynamic susceptibility
and its corresponding color bar. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
However, new modes appear (peaks 3 and 4) when we increase the 𝛽
value, implying that the tube segment thins its walls. An important fact
occurs for 𝛽 = 0.6, where modes 2 and 3 intersect at the same frequency
3

value. This crossover is satisfied for all the 𝜂 values investigated. In fact,
the number of resonant modes does not depend on this 𝜂 parameter
(see the related discussion in supplementary material) but, in fact, this
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Fig. 5. Spatial distribution of the excited spin-waves modes when applying the small microwave magnetic pulse. The columns correspond to the five reported modes, while the
rows have distinct values of 𝛽. The color code establishes the amplitude of the FFT employed on the 𝑥−component of the magnetization field. The red color implies higher spin
amplitude, while the blue color means zero spin amplitude. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
parameter only has an effect on the amplitude of the resonant modes,
that is, on the number of magnetic moments that are excited at a certain
frequency, but not in the value of this frequency, as seen by the color
intensity in Fig. 4.

To know the origin of the resonant modes and better understand
the behavior that this system has when changing the geometrical
parameters, in Fig. 5 we have represented the spatial distribution of
the resonant modes for 𝜂 = 0.5 and selected values of 𝛽. The rows
correspond to the values of 𝛽, while the columns are the five distinct
modes found above. Note that modes 1 and 2 are always present, and
they are essentially the reported edge modes that emerge from the
excitation of spins located mainly at the free ends of the wire-tube
nanostructure. For 𝛽 = 0.2, the next higher energy mode only appears
at the highest frequency reported, namely, mode 5 at 13.75 GHz, whose
origin lies in the excitation of most spins located within the whole bulk
structure. This mode is the well reported bulk mode. Next, the case
𝛽 = 0.5 shows all reported peaks. As stated above, modes 1 and 2 are
present too, but now modes 3, 4 and 5 appears. Mode 3 corresponds to
the excitation of spins located at the transition zone between the tube
and wire section. Since 𝛽 controls the hole size in the tube section, this
mode is absent for 𝛽 = 0.2 because there is more magnetic material
so that its excitation demands higher energies. In the case 𝛽 = 0.5,
the hole is bigger than the previous case, so more spins are located
4

at the inner surface that can be excited easier. Following the same
idea, the next higher energy mode, mode 4, corresponds to a bulk
mode originated from the spin excitation of the tube section. Finally,
the entire structure, although more pronounced the wire section, is
coherently excited, activating the mode 5. Note that 𝛽 = 0.8 corresponds
to a wire-tube nanostructure with a thin tube section. This has several
consequences on the excitation modes because, as we argued above, the
high population of surface spins favors the activation of the spin-wave
modes. In fact, mode 2 that in the previous cases is purely originated
at the free ends of the nanostructure now also comprises a weak spin
excitation at the interface between the tube and wire section. More
importantly, mode 3 that corresponds to the excitation of spins located
at the transition zone is now of lower energy than mode 2. This is a
consequence of considering a thinner tube section, and the effect is
less noticeable as long as the portion of the wire section is smaller,
i.e., when increasing 𝜂 (see Fig. 4 and the supplementary material).
The last two modes behave in the same way as the case 𝛽 = 0.5, demon-
strating that the importance of modifying the 𝛽 parameter is reflected
mainly in edge-like modes while the bulk modes remain intact.

Conclusions

We have studied the resonant modes in a wire-tube nanostructure
as a function of the geometric parameters of the system. We found
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that, in general, for nanostructures with a thin tube section, several
spin waves modes can be excited, which progressively turn off if the
tube section becomes thicker. We explain this in terms of the amount
of magnetic material available to be excited. In this sense, thinner tube
sections promote an easier spin excitation, so it could be useful when
designing nanodevices as magnonic filters. Interestingly, we have found
that the height of the wire subsection has no critical consequences on
the number of resonant peaks, but it does on the amplitude of the spin
waves modes, which opens the possibility of exploiting such features
as modulated signals. Additionally, we predict a crossing mode when
changing the wall width of the tube section, which allows controlling
the energy at which the spin-waves modes are excited. Finally, we
demonstrated that it is possible to add new degrees of freedom by
geometrically changing the morphology of the wire-tube nanostructure,
as evidenced by the new spin-waves modes that appear for specific
geometrical parameters, which are easily feasible with the current
experimental techniques.
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