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Abstract: In this article, we show theoretically and experimentally the formation of spin-waves band
gaps in a magnonic crystal that was implemented by the deposition of periodic micro-structured
strips of magnetite nanoparticles. A theoretical model describing the spectra of the transmitted spin-
waves bandgaps is proposed. This is achieved using a simple model based on microwave
transmission line theory and considering the presence of micro-structured strips of magnetite
nanoparticles on the surface. Such magnonic crystal of equally spaced micro-structured strips of
magnetite nanoparticles on the surface of an yttrium iron garnet thin film has been implemented
and measured. The periodic micro-structured nanoparticles are deposited on the surface of such
yttrium iron garnet single-crystal film grown on a gallium-gadolinium garnet substrate via dip-
coating technique. Propagation of magnetostatic surface spin-waves is studied and it is shown that
the presence of such periodic structure leads to the formation of spin-wave band gaps in the
transmission characteristics. The spin-wave detection has been carried out using a pair of
microwave antennas and a vector network analyzer. The results show that the periodic structure
formed by the magnetite strips modifies the spectra of the transmitted spin waves producing band

gaps.

Keywords: magnonic crystal; spin waves; magnetite nanoparticles.

1. Introduction

Magnonic crystals (MCs) and the way the spin-waves behave inside them have
attracted significant attention in recent years. [1-5]. The different techniques to produce
such magnonic devices have been based on, chemical etching, metal deposition, and ion
implantation, and many other methods that can introduce a periodic variation of any
magnetic parameter [6-14]. Similar to their phononic and photonic counterparts, the
presence of a periodic structure in MCs leads to the formation of artificially tailored band
gaps, wherein spin-wave propagation is not allowed. The formation of MCs by a periodic
variation in the local temperature at the surface of a ferromagnetic film has also been
demonstrated [15]. Up to now, the most studied MC is built from a thin yttrium iron
garnet (YIG) films with a chemical-etched array of parallel grooves on the surface has been
the most popular media to implement the MCs due to their special characteristics and
performance [9-11]. The theoretical investigation and experimental observation of band
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gaps have been reported including current-controlled magnonic crystals [8,16],
bicomponent one-dimensional magnonic crystals of different magnetic materials [17],
patterning the magnetic properties by localized ion implantation [18], planar magnonic
crystals with different kinds of overlayers [19-21] or as we show here, by deposition of
periodic micro-structured strips of magnetite nanoparticles.

It has been demonstrated that the spin waves are very sensitive to the boundary
conditions of the interfaces of the magnonic waveguides [19,22]. Recently, alternative
devices such as a magnetic gas sensor based on the combination of magnetic nanoparticles
(CuFe204) deposited on YIG films have been also demonstrated [23,24]. These magnonic
gas sensors take advantage of the high sensitivity of magnetostatic spin-waves to changes
induced in the boundary conditions due to the magnetic properties of nanoparticles
interacting with gases. In Ref. [23] and [24], it is shown that the magnetic nanoparticles
can detect low concentrations of different volatile organic compounds at room
temperature, with high sensitivity, short response time, and good reproducibility. On the
other hand, the formation of a band structure of spin waves in MCs, and the possibility of
tuning frequency, width, and depth of these bandgaps, allowing a resonant behavior,
enabling a set of potential applications mixing the nature of periodic structures with
sensitive magnetic nanoparticles. The technological developments of MC devices with
magnetic nanoparticles could be an essential tool for spin-waves research, such as band-
pass or notch filters, single-mode waveguides that can increase the transmission
efficiency, or bending waveguides with suppressed energy leakage, similar to what has
been obtained in photonic waveguides [25].
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Figure 1. (a) Schematic representation of the experimental setup used to measure MSSW transmission. (b) Schematic
profile view of one side period of a magnonic crystal by deposition of magnetite nanoparticles via dip coating on a YIG
films sample. Blue dotted areas correspond to the approximate profile of the deposited nanoparticles strips. The dashed
line shows the profile used for calculations. The thickness and the length (not in scale) of each region are shown.

In this Letter, we theoretically modeled and experimentally measured the formation
of a band structure for spin-waves in MCs by deposition of periodic micro-structured
magnetite nanoparticles (NPs) via dip coating. The theoretical model describes how the
periodic structure leads to the formation of spin-wave band gaps. The spin-wave
transmission through the MC is described in terms of the transfer matrix method. The
sample has been treated as a periodic approximation sequence of microwave transmission
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strips surrounded by different environments due to the presence of the periodic micro-
structured NPs that modify the conditions of propagation. Access to the band gaps for
spin-waves in MC is possible with NPs. The formation of the spin-wave bandgaps is
experimentally demonstrated by periodic micro-structured magnetite nanoparticles on a
YIG film. The MC presented here offers several advantages as it is obtained with micro-
structured magnetite nanoparticles via dip coating on a YIG film, allowing the observation
of spin-wave band gaps and providing an alternative tool in the fabrication of MCs.

2. Results

2.1. Theoretical model

Following the schematics in Figure 1, the MC studied here consists of a pattern of
equally spaced magnetite NPs strips perpendicular to the spin-wave propagation
direction. The theoretical model proposed to calculate the spin-wave transmission
spectrum treats the scattering of the magnonic crystal considering the patterned structure
as a periodic sequence of microwave transmission strips with different propagation
constants for the same transmitted frequency [11].

The spin-wave transmission through the MC is described in terms of a transmission
matrix in each section of the MC considering the interference effects simplistically. Each
period of the MC consists of two sections indicated in Figure 1b: (1) a region with
magnetite NPs deposited on the surface of YIG film and (2) a section of plane YIG film
(Plane Film-PF) with only air on the surface. The model considers that the presence of NPs
on the surface of the YIG film modifies the propagation of spin waves in the region (1).

The matrices that describe the spin-wave propagation either in the PF regions or in the

NP regions are given by:
—(ik;=k")L;
Tj=<e(1 7 o )/ )
0 e(lkf_kj)Lj
here, j could be either NP or PF, L; is the length of the corresponding region and, k; and

kj’ are the spin-wave wavenumber and the spatial damping rate, respectively. The spin-
wave wavenumber for MSSW is calculated using [40]:

kj = —iln{l + w,:,jz [0 (w0 + @u;) — wz]}, )
where kyp and kpr will have different values in each section of the MC and depend on
Wy - For PF regions, wy . = 27|y|M,, where Ms is the saturation magnetization of YIG
and y the gyromagnetic ratio. For NP regions, wy,; = 2m|y|M¢;, where the parameter
¢; is introduced to describe the changes coming from the interaction between YIG film
and the deposited magnetite NPs. Sub-index i is used to distinguish the two steps of the
dashed strip in Figure 1b, i =1 to the first step and i =2 to the second step. The
thickness of the plane YIG film is given by d and w, = 2m|y|H,, where H, is the applied
magnetic bias field.

To calculate the spatial damping rate in each region, we consider the spin-wave loss as
, where AH

is the ferromagnetic resonance half-power linewidth. The spin-wave group velocity,

Vg = dw /0k;, for MSSW can be calculated as in [26], and regions are given by:

due to intrinsic magnetic damping only, which give us: k; = 2m|y|AH{; / |vgj
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The parameter {; is introduced to consider the losses due to the presence of magnetite
NPs on the surface. For PF regions {pr = 1, and for NP regions {yp > 1.

Since the presence of NPs modifies the conditions of propagation, we consider that the
spin waves will be partially reflected when they go through the interface between the
different regions. This condition of reflection at the edges of the regions has to be taken
into account and can be represented with two additional matrices with the form:

v

(@-vn vy @

vir(1—vlM™t @A-vN)™?

where I' is the reflectivity and v is the direction index: v =+1 is used for the edge where
the spin-wave is coming from the PF section of the film towards the NP strip, and v =-1
for the edge where the wave is coming from the NP strip towards the PF section.

Meanwhile, the structure has been treated as a periodic sequence of microwave transmis-
sion strips surrounded by different environments. It is reasonable to define I' in terms of
a difference in the “characteristic impedance” of the YIG film in the different regions. As-
suming the influence of the material deposited on the surface of the YIG film can be con-
sidered a variation of the film’s effective inductance, I' can be written as: I' =
(knp — kpr)/(knp + kpp).

Finally, using the transmission matrix properties, the propagation through a complete pe-
riod could be obtained by multiplying the matrices, T = [Tpr * T - Typ - T-], and, for the
complete MC with N periods, the total matrix is given by the product of N transfer ma-
trices T. The matrix Typ contains the information about the two steps necessary for the
computation analysis of NPs regions (as is shown by the green dashed line in Figure 1b ).
Then Typ=Typ1 Tt Typo * Ty " Typs, where Typ, is the matrix associated with the first
step of length L; = Lyp; and Typ, is the matrix associated with the second step of length
L;j = Lyp,. Finally, the power transmission coefficient of the magnonic crystal can be de-
termined as P, = 1/|TM¢|? = 1/|TM¢|? [11].

2.2. Experiment

Figure 1 shows a schematic view of the delay structure used to measure the ampli-
tude-frequency characteristic of the magnonic crystal. For this configuration magneto-
static surface spin waves (MSSW) are excited. The static external field H was applied par-
allel to the surface of the YIG film (y-axis) and perpendicular to the spin-wave propagation
direction (x-axis). The field was set up at a nominal value of 770 Oe. To excite (input) and
detect (output) the spin waves, a pair of 20 pm-diameter gold wire microwave antennas
were placed directly on the surface of the YIG film with a separation of 6 mm so that the
patterned array of NPs was entirely localized between them. A vector network analyzer
connected to these antennas was used to measure the amplitude-frequency characteristic
of the magnonic crystal.

The amplitude-frequency characteristic was measured using a vector network ana-
lyzer connected to the input and output antennas. Figure 2a presents, on a logarithmic
scale, the transmission spectra of MSSW measured for a completely planar YIG film (blue
thin line), and the periodic structured sample described in the Materials and Methods
section (black thick line). In Figure 2b, both the experimental (black thick line) and the
theoretically simulated (red thin line) amplitude-frequency characteristic for the fabri-
cated MC are shown. The red thin line corresponds to the theoretical prediction of the
transmission spectrum based on the theoretical model described in the next Materials and
Methods section while the black thick line corresponds to the measured spectrum. The
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values used for the simulation are: N =12, d = 6.3 um, Lpp = 340 um, Lyp, = 5um
and Lyp, = 20 um, insuch a way that Lyp = Lyp; + Lyps + Lyp1 = 30 um, as is shown in
Figure 1b. The best fit corresponds to the parameters & = 0.96, ¢, = 0.94 and {yp = 3.0.
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Figure 2. (a) Experimental signature of the spin-wave band gaps in the magnonic crystal with magnetic nanoparticles. The
thin line (blue) corresponds to the spin-wave transmission spectrum of the YIG film (before nanoparticles deposition), and
the thicker line (black) corresponds to the signal of the structured film, i.e. the magnonic crystal. (b) Theoretical results for
the transmission spectrum (red thin line) are plotted to compare with the experimental measurement (black thick line).
Both figures are plotted using a logarithmic scale for the y-axis.

3. Discussion

From Figure 2a, the effect of the equally spaced NP strips deposited on the surface of
the YIG film is shown (black thick line). We observe two regions with important losses at
certain frequencies: about 20 dB at 4.15 GHz and 10 dB around 4.20 GHz. These drops in
the transmission spectrum correspond to spin waves band gaps. We observed at 4.35 GHz
another region that could be seen as a bandgap, however, this behavior is more likely
attributed to the shrinking of the amplitude-frequency characteristic because of the pres-
ence of an additional noninterference damping mechanism. The presence of the charac-
teristic oscillations in the amplitude denotes the interference of the spin waves with the
electromagnetic waves propagated through the air between the antennas besides the
smooth and systematic decrease of transmission intensity for all frequencies. The periodic
structure modifies the spin-wave transmission. Previously, it has also been demonstrated
that periodic systems, such as photonic and phononic crystals can be used as sensors due
to their well-defined physical properties such as reflectance/transmittance, resulting in
higher levels of sensitivity [27-31]. The presence of photonic or phononic band gaps (re-
gions of frequency where light or sound are forbidden to propagate) enables the control
of light (or sound) with remarkable facility and produces effects that are not possible with
non-structured systems [27]. It has been demonstrated that these band gaps are strongly
dependent on the properties of molecules that interact with the crystal, thus the penetra-
tion of molecules within the structure modifies spectral position, intensity, and width of
the band gaps [29]. In this work, the periodic structure of the magnetite nanoparticles
modifies the spin-wave transmission and generates the MC. The positions of the band
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gaps of the system are expected to be very sensitive to the environment surrounding the
MC. In this way, it is evident that the design of an MC with a periodic structure of mag-
netic nanoparticles could act as a highly sensitive device that takes advantage of the char-
acteristic resonant capabilities of the structured media. Our model (red thin line in Figure
2b) predicts five-band gaps in the observed frequency range (4.12-4.32 GHz). This is due,
among other things, to the fact that our model considers a perfect periodic system, with
parallel and well-defined nanoparticles strips, while the experiment only occurs at the
center of the YIG film. With the simple dip-coating technique presented here, we experi-
mentally observed the first two band gaps with high resolution and the last bandgaps
require more perfect strips. In Figure 3b, it can be observed that the nanoparticle strips in
the sample are equally spaced, but they are not straight micro-structures nor perfectly
defined close to the borders. Despite these differences, the position of the first bandgaps
is well predicted.

We experimentally show that the dip-coating technique can be considered as an al-
ternative tool in the fabrication of MCs, mainly because it has the micrometric resolution
needed for this kind of structure [32]. Dip-coated deposition depends on interface and
parameters used in the fabrication process, such as substrate temperature, solvent or com-
position of the nanofluid, and finally the shape of the nanostructures [33]. This fabrication
method of magnonic structures has multiple advantages, which are led by the possibility
of inducing significant changes in the amplitude-frequency characteristic of the magnonic
waveguides. The design of magnonic periodic structures with a wide range of different
sizes, shapes, and properties of magnetite nanoparticles could be used to develop high-
quality resonant sensors with the extraordinary capability to reuse the YIG strip by re-
moving the nanoparticles from its surface without producing any permanent changes.
The possible application of MCs as components for the processing of analog and digital
information [34]. Furthermore, since MCs are sensitive to the external magnetic field, they
have been demonstrated as extremely sensitive magnetic field sensors at room tempera-
ture [35]. The MCs presented here are of great interest for research from a wide range of
fields, including magnetic fluids, catalysis, biotechnology, biomedicine, biosensing appli-
cations, magnetic resonance imaging, data storage, and environmental remediation [36].
The applications in biomedicine stand out and include tumor tissue targeting, local hy-
perthermia effect, drug delivery, and magnetic resonance imaging diagnostics [37]. The
great potential for use in medicine is due to their biocompatibility, biodegradability, easy
synthesis, and ease with which they may be tuned and functionalized for specific appli-
cations [38].

4. Materials and Methods

The magnonic structure was fabricated using a uniform long and narrow YIG film
strip epitaxially grown in the (111) crystallographic plane on a gallium gadolinium garnet
(GGQG) substrate of thickness 500 um. The YIG strip was 35mm long, 1.7mm wide, and
6.3um thick. The high quality of the YIG film is highlighted by the ferromagnetic reso-
nance half-power line width (AH) which is about 0.5 Oe at 5 GHz. The patterned structure
was carried out by controlled deposition on magnetite nanoparticles on the sample sur-
face quality via dip coating. Commercial magnetite nanoparticles with a diameter of 30 +
2nm were used (777408, Sigma Aldrich). Figure 3a shows the experimental and schematic
view of the setup mounted to deposit NPs strips on YIG film. A magnetite solution of
8x10~* % weight per volume diluted in 1-propanol was sonicated for one hour to minimize
particle aggregation [39]. For homogeneity and reproducibility, a motorized stage was
used for controlling a regular immersion and retrieval, while the choice of solvent en-
hanced wetting and evaporation in the meniscus region [40]. To obtain the gratings, the
translation stage in the immersion was scanned to deposit a series of parallel stripes, that
comes from the meniscus of the magnetite solution of approximately 30 microns wide and
less than 1.7 millimeters (the wide of the YIG film), leaving in between a non-excess stripe
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of the 340 widths. The period was 370 pum ( 30/340) 30 um a region with magnetite nano-
particles (NP) deposited on the surface of YIG film and 340 pum, a section of plane YIG
film. The motorized stage was moved with different displacements steps corresponding
to the 30/340 period. The 30 pm region with NPs was created with six displacement steps
of 5 um, run at a stage speed of 0.01 mm s! and each step with a dwell time of one minute.
To the 340 um section, the motorized stage was moved using one step, run at a stage speed
of 1 mm s™'. Figure 3b presents an image of the top view of a sample fabricated in this
way. One side of the substrate was carefully cleaned, leaving the strips of the nanoparti-
cles only on one side. From Figure 3b the NPs strips are approximately straight in the
middle of the YIG film and there is a discontinuous of such strip close to the lateral bor-
ders. Such discontinuous phenomena are due to the surface tension of the dip-coating
solvent in a combination of the inhomogeneities of the border at the YIG waveguide sur-
face. The patterned array characterized here corresponds to twelve NPs strips, meaning
the MC with a lattice constant of 370um.

Final position of
the holder (H) ’
Displacement
by steps
Initial position of
the holder (H)

SN | [ | |

(a) (b)

Figure 3. (a) Experimental and schematic view of the process for depositing a periodic nanoparticle pattern on the YIG
waveguide surface via the deep coating technique. The first strip of NPs is deposited when the holder is at its initial
position and as it goes up the subsequent strips are deposited. (b) Image of a sample fabricated by using the experimental
process in (a).

5. Conclusions

We modeled and experimentally measured band gaps of spin-wave transmission
through the MC using magnetic nanoparticles. The theoretical prediction of the transmis-
sion spectrum agrees with the experimental measurement. The proposed model not only
predicts the formation of band gaps in this kind of magnonic crystal, but also the for-
mation of the MC was demonstrated by deposition of periodic micro-structured magnet-
ite nanoparticles (NPs) via dip coating on the YIG waveguide surface. The theoretical re-
sults are in good agreement with the experimental data since our model correctly predicts
the formation of band gaps for MSSW. It has been demonstrated that the experimental
dip-coating deposition used here is an effective technique to fabricate MCs. Although the
process can be improved, this technique is enough to observe the gaps and offers several
advantages. It produces MCs easier than other common techniques, using only the peri-
odic deposition of magnetic nanoparticles. Possible application in two-dimensional pat-
terning enables the implementation of detection changes in transmission band gaps trans-
mission because of the interaction with the nanoparticles. These MCs are expected to excel
as sensors showing higher sensitivity than unstructured systems based on the advantage
of the characteristic resonant behavior of structured media.
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6. Patents

This section is not mandatory but may be added if there are patents resulting from
the work reported in this manuscript.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
title, Table S1: title, Video S1.: title.
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