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a b s t r a c t

A novel planar structure of magnonic-crystal waveguide (MCW) with periodic rectangular-shaped holes
embedded in a magnetic nanostrip film was designed. The effects of the distance between rectangular-
shaped holes in the width direction of MCW on magnonic band structures were studied by micro-
magnetic simulations. The results show that a MCW with a single magnonic band gap can be obtained by
adjusting the distance to meet the condition of Bragg reflection of spin waves in the width direction of
MCW. Moreover, the center frequency and width of magnonic gap can be regulated by changing the
period and length of rectangular-shaped holes.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Spin waves (SWs), which are the collective precessional motions
of individual spins, have attracted scientific interest for a long time
[1,2]. Earlier research focused on SWs in low loss single crystal
yttrium iron garnet films [3,4]. However, in recent years, SWs in
nanomagnetic structures and magnonic crystals have stimulated
interest because these SWs have shorter wavelengths than that of
electromagnetic waves with the same frequency. Magnonic nano-
devices based on magnonic crystals are therefore promising candi-
dates for the miniaturization of microwave devices. MCW with
controllable magnonic band gaps has great potential applications in
magnonic devices, such as microwave filters [5–9], logic devices
[10–12], and transducers [13]. Kim et al. [5,6] studied the physical
origin and generic control of magnonic band gaps of dipole-
exchange SWs in width-modulated nanostrip waveguides and
designed a broadband SWs band-pass filter which consisted of
serial combinations of various width modulations with different
periodicities and motifs in planar-patterned thin-film nanostrips.
Ma et al. [7–9] investigated the propagation of SWs in different
material MCW. In these studies, several magnonic band gaps
coexisted in the MCW. If MCW with a single band gap can be
obtained, it will enable the design of SW-based signal transmission
and processing devices, such as SW band-rejection filter.

In this paper, on the basis of previous studies [5–9], a simple
planar-patterned filmwaveguide which can be used for a gigahertz-
range SW band-rejection filter with single magnonic band gap was
designed. This MCW was composed simply of various periodic
rectangular-shaped holes in a nanostrip and made from a single soft
magnetic material [e.g., permalloy (Py)]. The origin of the resulting
magnonic band gaps and their relation to the size of rectangular-
shaped holes were investigated by micromagnetic numerical calcu-
lations and analytical calculations. In our simulation, a planar-
patterned film waveguide on the nano-scale size was investigated
due to the limit of computational capabilities. However, the results
of simulation coincide with the analytical results, suggesting
that the same phenomena could likewise be engineered on the
sub-micrometer [14] or micrometer [15] scale size's waveguide.

2. Model and simulation method

Fig. 1 shows the schematics of a 1500 nm�30 nm MCW with
10 nm thickness. The entire MCW structure was composed of two
parts. One end of the waveguide was comprised of a strip [the dark
brown and yellow area in Fig. 1], which was used to excite and
propagate SWs. This strip was joined with the MCW, consisting of
periodic rectangular-shaped holes with period P1 and width 3 nm, as
illustrated in Fig. 1. Simulations were performed using the object
oriented micromagnetic framework (OOMMF) [16] to solve the
Landau–Lifshitz–Gilbert equation. In our study, in order to obtain
the uniform initial state, a strong enough field was employed to
technically saturate the sample along the longitudinal direction of
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the waveguide. Following saturation, the field was gradually reduced
to zero, however, the magnetization remained aligned in the long-
itudinal direction due to the shape anisotropy. The material para-
meters correspond to Py and the procedure used for exciting SWs
were same as the references [5,6,17].

3. Results and discussion

We explore how the distance between the edge of the
waveguide and the rectangular-shaped holes influences the mag-
nonic band structure. The frequency spectra and dispersion curves
for SWs propagating along the x axis are plotted in Fig. 2(a). These
results were obtained by the fast Fourier transforms (FFTs) with
Chebyshev window [17] of the temporal Mz/Ms oscillations in the
waveguides of d¼3 nm, 6 nm, and 9 nm. All of the dispersion
curves show that the intrinsic forbidden bands below 14 GHz due
to the nanostrip-width confinement [5,18]. For d¼3 nm and 9 nm,
two additional forbidden bands are observed, the higher band gap
is Δg

h¼6 GHz and the lower band gap is Δg
l¼10.5 GHz. It is

interesting to note that for d¼6 nm, only one forbidden gap is
observed with the band gap of Δg¼10.5 GHz. The characteristic
with only one band gap is specially needed for designing band-
rejection filters.

The dispersion curves of the SWs modes in the MCW with
d¼3 nm are shown in Fig.2(b). The periodic character of the
dispersion spectra is calculated up to the second Brillouin zone.
As seen from Fig. 2(b), the lower band gap occurs at the first Brillion
zone boundaries (black dashed line), due to the periodic modula-
tion of the rectangular-shaped holes along the SWs propagation

direction [5,19]. In contrast, the higher band gap is observed at
kx¼(2nþ1)/P70.05 nm−1(red dashed lines), caused by the inter-
actions between the initial lowest mode (m¼1) and the higher
width mode (m¼3) [5,19]. For d¼6 nm, the second band gap is
disappeared obviously.

In order to elucidate the physical origin of the single magnonic
band gap, we assumed a sinusoidal mode profile in the y direction,
as schematically displayed in Fig. 3(b). This leads to an overall
spatial distribution of the amplitude of the dynamic magnetization
associated with the nth mode that can be written as

ψnðx,y,tÞ ¼ Ansin
nπ
wef f

y
� �

cosðknxx−ωtþφnÞ ð1Þ

where An is the maximum amplitude of the nth mode, ω¼2πf is the
cyclic excitation frequency, kxn is the longitudinal wave number of
the nth SW mode corresponding to this frequency, and φn is the
excitation phase. The spatial distributions of magnetization calcu-
lated using Eq. (1) for different time are shown in Fig. 3(a) [20]. It
can be observed that the third mode SW traveling along the width
and longitudinal direction. The wave vector in the y direction is
quantized according to km,y¼mπ/weff (m¼1, 2, 3,…), where m is the
mode number. For the third mode (m¼3), the wavelength in the y
direction is fixed. In this geometry, the demagnetizing fields lead to
an increase of the effective quantization width weff, which is larger
than the geometrical width w of the strip [21,22]. Taking into
account only the dipole–dipole interaction, the effective width of
the strip [21,22] is

wef f ¼
wdðpÞ
dðpÞ−2 ð2Þ

dðpÞ ¼ 2π
p½1þ2lnð1=pÞ� ð3Þ

where p¼ l/w, l is the thickness of the strip and w is the geometrical
width of the strip. The wavelength in the y direction (λy) can be
calculated, i.e. λy¼2/3weff≈30 nm. For d¼6 nm, the distance
between the two rectangular-shaped holes is 15 nm, which equals
half-wavelength of SW in the y direction. This situation meets the
condition of a maximum reflectivity for Bragg reflection. The
interference between the initially propagating forward mode and
its backward mode reflected at the BZ boundary in the y direction
leads to the result that the SWof the third mode become weaken or
disappeared. The destructive interference of the third mode in the y
direction, therefore, reduces the interaction between the lowest

Fig. 1. Schematic of MCW with rectangular-shaped holes. The black arrow
represents equilibrium magnetization. (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article.)

Fig. 2. (a) Comparisons of frequency spectra (top) and dispersion curves (bottom) for a 30 nm wide nanostrip and the length of rectangular-shaped holes P1¼9 nm, the
period of P¼18 nm, with different d values. (b) Dispersion curves of SWs in the filmwaveguide of [P1, P2]¼[9 nm, 9 nm] and d¼3 nm. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this article.)
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