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Z-shaped waveguides using complete band gaps in magnonic crystals of yttrium
iron garnet and a copper hole array
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Guiding spin wave (SW) signals around turns in integrated magnonic circuits remains a challenge. Here,
we calculated efficient SW transmission through Z-shaped turns of 120° using low-loss magnonic crystal
(MC) waveguides comprising yttrium iron garnet (YIG) and a Cu hole array. The MCs were optimized
using a finite integration technique, showing a complete magnonic band gap with a width of 15.1 MHz at
a center frequency of 1.811 GHz. The MC waveguide showed 5.7 × 103 times stronger SW propagation
than ridge-type waveguides by avoiding SW depression caused by inhomogeneous internal magnetic field
distributions in the YIG film. The effect of the bending radius on the SW propagation was evaluated
through simulations. The proposed MC waveguide plays a vital role in SW waveguide integration by
maintaining homogeneous magnetic field distributions throughout the unprocessed YIG film.
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I. INTRODUCTION

Recent advances in information-processing technolo-
gies have led to growing concerns regarding device heating
issues, driving significant interest in spin wave (SW)-based
integrated circuits (ICs) that generate minimal Joule heat-
ing. SWs [1,2], as propagating wave phenomena, offer
promising opportunities for creating task-specific multi-
input and/or multioutput devices [3–5] and neuromor-
phic computing elements [6–8] through phase interfer-
ence effects. For these emerging SW applications, SW
waveguides with low loss and high flexibility are crucial.

In general, ridge-type waveguides consisting of etched
magnetic media are used in both experiments [9–18] and
calculations [19–21]. In particular, yttrium iron garnet
(YIG) [22–27] is widely used as a waveguide material
because of its long propagation length. To realize complex
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functionality using SWs, for example, multi-input/output
logic [4,5,28,29], the waveguides need to be bent.

However, unlike electronic and photonic circuits, spin
wave circuits using ridge-type waveguides suffer from
the degradation of SW intensity owing to the nonunifor-
mity of the internal magnetic fields in the waveguide.
The increasing shape anisotropy from progressive circuit
integration causes greater inhomogeneity in the inter-
nal magnetic fields, significantly deteriorating the perfor-
mance of SW waveguides. To address these challenges,
two-dimensional (2D) magnonic crystal (MC) [30,31]
waveguides have attracted considerable attention. MCs are
periodic structures artificially created on SW waveguides.
One-dimensional MCs have been the subject of intense
study, both theoretically [32–35] and experimentally
[36–39], leading to the development of SW filters [40],
phase shifters [41], SW confinement [42], and magnon
transistors [22]. Meanwhile, 2D MCs [30,43,44] have
been explored for their ability to generate a complete
magnonic band gap (CMBG), offering enhanced control
over SWs within a 2D plane [45]. CMBGs can con-
fine SWs and prevent unwanted propagation, which is
expected to reduce the losses. MC-based straight waveg-
uides have been demonstrated in experiments [46,47].
Schwarze and Grundler used CoFeB antidot lattices to
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create MC waveguides, showing faster SW propagation
than conventional ridge waveguides, which was attributed
to the wider effective width of the MC waveguides
[46]. Similarly, Madami et al. successfully demonstrated
straight MC waveguides using permalloy antidot lattices
[47]. To realize SW ICs, the next crucial step is to
demonstrate bent MC waveguides beyond straight con-
figurations. However, CMBGs for forward volume spin
waves (FVSWs), an essential component of bent MC
waveguides, have not been demonstrated thus far [48–50],
despite being theoretically predicted using the plane-wave
method (PWM) [30,48,51] and micromagnetic simulations
[52]. FVSWs are the most suitable mode for SW ICs [3,4]
due to their in-plane isotropy. Unlike the other two modes
(backward volume and surface modes), FVSWs maintain
a constant relationship between the SW propagation direc-
tion and the bias magnetic field direction, even when the
waveguide is bent. This ensures that the SW wavelength
remains unchanged, thus enabling reliable phase interfer-
ence and low-loss propagation, which are advantageous for
integration.

In our previous study, we demonstrated 2D MCs using
a hexagonal Cu disk array on a YIG film without induc-
ing an internal magnetic field inhomogeneity, potentially
addressing the fundamental issue with ridge waveguides
[50]. However, CMBGs were not achieved because of the
MC design [50]. Therefore, in this study, we computation-
ally improved the MC design by changing the Cu disk
array to a hole array on a YIG film to achieve CMBGs.
The CMBGs allowed us to create and simulate bent MC
waveguides comprising Z-shaped line defects with 120°
turns.

II. CALCULATION OF THE MC SHOWING
A CMBG

A. Calculation model

The 2D MCs and waveguides were designed and
explored using a simulator (CST STUDIO SUITE 2022 SP5)
based on the three-dimensional (3D) finite integration tech-
nique (FIT) [53,54] owing to the good agreement with the
experimental results [3,24,50]. The 3D models used in the
calculations are shown in Figs. 1(a)–1(c). An overview of
the sample is presented in Fig. S1 in Supplemental Mate-
rial [55]. A 15 mm × 15 mm × 10 μm YIG film was posi-
tioned on two 18-μm-thick microstrip lines (MSLs). These
MSLs were formed on a 30 × 30 × 0.4 mm3 dielectric sub-
strate, with the ends of the MSLs electrically connected to
a ground plane on the back side of the dielectric substrate
via a hole with a diameter of 0.85 mm. The width of the
MSLs that excited the SWs was 60 μm. As depicted in
Fig. 1(b), an 8.85 mm × 6.31 mm × 2 μm Cu film with
a hexagonal hole array was placed on the YIG surface.
The lattice constant a was 450 μm, and the hole radius r
was varied. To reduce the signals propagating between the
MSLs through the Cu, slits with a width of g were intro-
duced following the hexagonal structure. In the following,
we vary the slit width g to optimize the CMBG. Note
that the periodic structure between the MSLs represents
an MC with a two-element basis consisting of a hole and
a slit. SW absorbers composed of 30-nm-thick Au films
were placed around the hole array to suppress reflected
and transmitted waves [24–26,50]. The target SW wave-
length was selected to be several hundred micrometers
because of the high intensity required to achieve noticeable
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FIG. 1. The magnonic crystal (MC) calculation models. (a) Enlarged view of the hole array (HA). (b) Bottom view of the yttrium
iron garnet (YIG) with the MC and microstrip lines (MSLs) fabricated on the dielectric substrate. (c) Bird’s eye view of (b). (d) Bottom
view of the Z-shaped MC waveguide incorporating 120° turns. Labels I, II, and III denote the three sections of the waveguide before,
between, and after the two 120◦ bends, respectively. The corners with bending radii rb of (e) 300 μm and (f) 360 μm.
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MBGs [50]. The explored wavelength was consistent with
that of a recent universal inverse-design magnonic device
[7]. The air gap between the hole array (HA) and MSL
gHA−MSL and the air gap between the MSL and the Au
absorber gMSL−Au were set to 20 and 10 μm, respectively.
These air gaps were designed to be sufficiently smaller
than the SW wavelength to prevent resonance [26]. The
8.42 × 16.85 mm2 input/output ports, with a characteris-
tic impedance of 50 �, were situated at the end faces of
the MSLs. The model incorporated a 12-mm air space in
the +z direction and 1-mm air spaces in all other direc-
tions from the edges of all objects, including the ports.
The overall calculation area was 17 × 17 × 21.44 mm2.
Perfectly matched layers were applied to all the bound-
aries of the calculation area. The input radio frequency (rf)
power was 0.5 W. The physical parameters of YIG were
as follows: saturation magnetization 4πMs = 1735 G [50],
relative permittivity εr,YIG = 15.3 [50], gyromagnetic ratio
γ /2π = 2.8 MHz/Oe, damping α = 1 × 10−5. The damp-
ing factor was set smaller than the experimental values to
clearly observe the MBG in this initial calculation; how-
ever, most features of the MBG were not influenced by this
difference. A uniform internal magnetic field H in = 600 Oe
in the +z direction was set in the YIG. This uniform inter-
nal field was used for structural optimization, as described
in Sec. II, to reduce the computational requirements while
maintaining good agreement with the experimental results,
as demonstrated in our previous MC studies [24,50]. For
the waveguide comparisons in Sec. III C, we applied an
external field of H 0 = 2335 Oe to include the demagne-
tization effects. The relative permittivity of the dielectric
substrate (Panasonic, MEGTRON6) εr,NM was 3.7, the
conductivity of Cu σ Cu was 5.96 × 107 S/m [56], and the
conductivity of Au σ Au was 4.56 × 107 S/m [56]. The skin
depth of Cu at the ferromagnetic resonance (FMR) fre-
quency (fFMR = γ H in/2π = 1.680 GHz) was 1.59 μm. To

minimize eddy currents induced by propagating SWs, the
thickness of the hole array was set to 2 μm, which was
greater than the skin depth [57].

B. Influence of slit width

The transmission S21 spectra were calculated while the
slit width g was varied from 0 to 20 μm. The SW inci-
dent angle to the hole array, θ , was 0°, and the hole radius
r was 150 μm. The calculated transmission spectra are
shown in Figs. 2(a) and 2(b). At g = 0 μm, the transmission
S21 remained high across all frequencies. We attribute this
observation to the coupling between the input and output
MSLs through eddy currents in Cu. The observed trans-
mission characteristics arise from fundamentally different
electromagnetic propagation mechanisms in the presence
and absence of slits. At g = 0, the hole array formed a
continuous Cu film between the MSLs, enabling direct
electromagnetic wave transmission that dominated the SW
signals. For g �= 0, the slits decouple the electromagnetic
transmission between MSLs, allowing observation of SW
propagation. Therefore, even small slit widths produce
transmission spectra that are distinctly different from those
in the case of g = 0. The multiple dips observed in the
g = 0 spectrum arose from the electromagnetic standing
waves between the Cu film edges rather than from the
SW interference effects. The SW propagation band starting
between frequencies f = 1.68 and 2.00 GHz was observed
when g ranged from 0.5 to 20 μm because of the decou-
pling between two MSLs. Furthermore, the first and sec-
ond MBGs are identified by sharp drops in transmission at
f = 1.80 and 1.88 GHz.

C. Definition of MBG and CMBG

The MBGs were quantitatively evaluated using the fol-
lowing steps: a line was drawn starting from the maximum
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FIG. 2. (a) Transmission S21 spectra with varying slit width g. (b) Enlarged view of (a) in the vicinity of the first magnonic band gap
(MBG). (c) Slit width g dependence of the MBG width.
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point of S21 in the frequency range higher than that of the
MBG, extending tangentially towards the lower frequency
side of the local minimum [Fig. S2(a) in the Supplemental
Material [55]]. This line was subtracted from the over-
all spectrum [black line in Fig. S2(b) in the Supplemental
Material [55]]. The MBG in the subtracted spectrum was
fitted with a Gaussian function as defined by the follow-
ing equation [red line in Fig. S2(b) in the Supplemental
Material [55]]:

Ssub
21

=
D
w

√
4ln2
π

exp

(
−4(ln2)(f − fMBG)2

w2

)
, (1)

where D is the area of the Gaussian function, w is the width
of the Gaussian peak, and fMBG is the center frequency of
the MBG. The MBG width wMBG is defined as follows:

wMBG = fhigh − flow, (2)

where fhigh and flow are the frequencies when Ssub
21

is equal
to a certain threshold value Sth

21
.

The CMBG was defined as the overlap region of MBGs
at θ = 0° and 30° due to structural symmetry. A hexagonal
structure has sixfold rotational symmetry, and combined
with mirror symmetry, the 0°–30° range represents a neces-
sary and sufficient investigation region. The CMBG width
and the CMBG center frequency are denoted as wCMBG and
fCMBG, respectively. The slit width dependence of wMBG
with a threshold Sth

21
of −20 dB is shown in Fig. 2(c). The

MBG width wMBG increased as the slit width g decreased,
saturating at g ≤ 1 μm. Therefore, considering the ease of
fabrication, the slit width of 1 μm was identified as the
optimal value.

D. Influence of hole radius

Transmission S21 spectra were calculated at θ = 0° and
30° while the hole radius r was varied from 50 to 175 μm.
The slit width g was set to 1 μm. Figures 3(a) and 3(b)
show the intensity of S21 and real parts of S21, respectively.
As shown in Fig. 3(a), within the SW propagation band,
MBGs were observed. The phase shift in the real part of
S21 shown in Fig. 3(b) indicates the presence of MBGs.
The MBGs at θ = 0° and 30° overlapped for hole radii r
from 50 to 125 μm, indicating the presence of CMBGs. As
the hole radius r increased, the MBG overlapping region
decreased. No distinct overlap was observed at r = 150 or
175 μm. In addition, S21 decreased as the hole radius r
decreased. This suggests that a smaller hole radius leads to
a larger Cu area, resulting in greater SW attenuation owing
to eddy currents.

Figures 4(a) and 4(b) show the MBG frequency region
with various hole radii when Sth

21
= −20 dB and the CMBG

width wCMBG versus the hole radius r at Sth
21

= −10, −20,
and −30 dB. An overlapping region exists between the two

MBGs at θ = 0° and 30°, as shown in Fig. 4(a). In Fig. 4(b),
at Sth

21
= −10 dB, CMBGs were present in the r range from

50 to 150 μm. At more rigid thresholds of Sth
21

= −20 and
−30 dB, CMBGs were present in the r ranges from 75 to
125 μm and from 100 to 125 μm, respectively, with wCMBG
peaking at r = 100 μm in both cases. Therefore, in this
work, the threshold Sth

21
of −20 dB was adopted, and the

optimal hole radius was determined to be 100 μm. Note
that the value of −20 dB represents an intensity reduction
to approximately 1/10, which is more stringent than the
full width at half maximum commonly used to define peak
width. We considered this threshold appropriate for dis-
cussing the practical application potential. However, more
rigorous scientific criteria may exist for this definition.

E. Influence of the SW incident angle

The transmission spectra were calculated at r = 100 μm
and g = 1 μm while the SW incident angle θ was varied
from 0° to 30°. Figures 5(a) and 5(b) show the incident
angle dependence of the intensity and real part of S21,
respectively. The light blue region in Fig. 5(a) and the
striped region in Fig. 5(b), starting at fFMR = 1.68 GHz,
indicate the SW propagation band. At f = 1.811 GHz, the
MBGs are observed as black regions for all incident angles,
as shown in Fig. 5(a). These MBGs are designated as the
first MBGs, and an enlarged view is shown in Fig. 5(c).
Figure 6 shows the first MBG frequency region for each
SW incident angle. The first MBGs shifted slightly towards
higher frequencies as the incident angle decreased but
remained nearly constant, resulting in the opening of the
CMBG. Furthermore, as shown in Figs. 6(a) and 6(b), the
second MBGs appeared at higher frequencies than the first
MBGs, from 1.83 to 1.90 GHz, and significantly shifted
towards higher frequency as the incident angle increased.
These MBG tendencies are in good agreement with a pre-
vious report [50]. The edge modes at hole boundaries or
metal/YIG interfaces can potentially influence the band
structure. Although such modes have been reported in
antidot structures, their presence and contribution to our
CMBG system remain to be investigated.

F. Comparison

The designed 2D MC possesses a CMBG with a band-
width of 15.1 MHz and a center frequency of 1.811 GHz.
In our previous work, the 2D MCs comprising a hexag-
onal Cu disk array on a 13-μm-thick YIG film exhibited
MBGs only within SW incident angles of 10° to 30° [50].
Chi et al. reported an MBG at only one incident angle in a
square lattice 2D MC, where periodic grooves were formed
on a 100-μm-thick YIG film [48]. In contrast, this study
found that the 2D MC opened the MBGs at all incident
angles, creating a CMBG.

Krawczyk and Grundler predicted a CMBG for FVSWs
with a bandwidth of 0.5 GHz in a square-lattice 2D MC
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FIG. 3. (a) The transmission
S21 spectra and (b) the real part
of S21 spectra with varying hole
radius r of the hole array. The slit
width was 1 μm. Black and red
lines show the spectra at incident
angles of θ = 0° and 30°.

made of 41-nm-thick CoFeB and 240-nm-diameter anti-
dots using the PWM [30]. Using micromagnetic simula-
tions, Schwarze et al. predicted a CMBG with a bandwidth
of 1.4 GHz for a square-lattice 2D MC made of 22-nm-
thick permalloy and 240-nm-diameter antidots [52]. These
bandwidths were significantly larger than those in this
study because of the difference in the dispersion relations
between the exchange and dipolar SWs. Therefore, a large
bandwidth in the exchange SW region can be achieved by
using a 2D MC composed of a nanopatterned metal film on
YIG.

III. CALCULATION OF Z-SHAPED MC
WAVEGUIDE

A. Calculation model of Z-shaped MC waveguide

A Z-shaped line defect with two 120° corners was intro-
duced into the optimized MC (g = 1 μm, r = 100 μm), as
shown in Figs. 1(d)–1(f), and SW propagation was calcu-
lated. The defect width was set to 200 μm (= 2r), and the
bending radius was designated as rb. To suppress the SW
signals that propagated between the MSLs without passing
through the defect, the length of the MSLs was shortened

054067-5
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(a) (b)

FIG. 4. (a) Magnonic band gap (MBG) frequency region with
various hole radii r at Sth

21
= −20 dB. Circles mark the high-

frequency edge, triangles mark the low-frequency edge, and stars
indicate the center frequency of the MBG. Black and red plots
correspond to spin wave (SW) incident angles θ = 0° and 30°,
respectively. (b) Complete MBG (CMBG) width wCMBG vs hole
radius r with various threshold values Sth

21
.

to half of that in the previous model, as shown in Fig. 1. In
addition to these modifications, the calculation conditions
were the same as those described in the previous section.

B. SW propagation along Z-shaped MC waveguide

Figure 7(a) shows the transmission S21 spectra of the
Z-shaped MC waveguide at rb = 300 and 360 μm, as
shown in Figs. 1(e) and 1(f), as well as in the absence of
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a line defect. Figure S3 in the Supplemental Material [55]
shows the overall transmission spectra. At f = 1.811 GHz,
corresponding to fCMBG, transmission S21 significantly
increased with the introduction of line defects. The mul-
tiple peaks observed within the CMBG frequency range
arose from the transverse width modes in the defect
because the defect width exceeded the SW wavelength
at these frequencies. Figure 7(b) shows the distribu-
tion of the in-plane component of the rf magnetic field
[hip = (hx

2 + hy
2)1/2] at the midplane of the YIG film at

rb = 360 μm and f = 1.811 GHz, corresponding to FVSW
intensity. As shown in Fig. 7(b), transmission S21 increased
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because of the propagation of the SW confined within
the defect by the CMBG. Moreover, at f = 1.811 GHz,
the transmission S21 values were −61.5 and −50.3 dB
at the bending radii rb = 300 and 360 μm, respectively.
This suggests that the bending losses decreased as the SW
waveguide bent more gradually. Figure 8 shows the SW
energy ESW profile along the defect, calculated by inte-
grating the Poynting vector across a 200 × 400 μm2 area,
including the line defect. The Z-shaped defect was divided
into three sections before and after bending, and the SW
energy profile in each section was approximated using the
following equation:

ESW = Ae−Bx, (3)

where A and B are constants. A is the initial energy at
the starting point of the profile. B corresponds to the SW
propagation loss, and is the inverse of the decay length.
The same value of B was used for all sections because
the SW propagation loss can be considered equal for all
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FIG. 8. The distribution of the spin wave (SW) energy along
the Z-shaped magnonic crystal waveguide at f = 1.811 GHz.
Black, blue, and red plots show the SW energy propagating in the
straight waveguide, the bending waveguide with rb = 360 μm,
and that with rb = 300 μm. The lines correspond to Eq. (5) with
the parameters shown in Table I.

straight sections. The value of B was obtained from the
approximation function, shown as black plots in Fig. 8,
representing the SW energy propagating in the straight-line
defect waveguide as shown in Fig. S4 in the Supplemen-
tal Material [55]. For the Z-shaped waveguide, step-like
losses of the SW energy were observed before and after
each bend, corresponding to the bending loss Lb. The
obtained values of A and B are listed in Table I. The loss
per bend is calculated using the following equation:

Lb (%) =
(1 − AII/AI) + (1 − AIII/AII)

2
× 100. (4)

The subscripts of A represent the waveguide section
numbers. The bending losses were 74.8% and 49.8% at
rb = 300 and 360 μm, respectively. As the bending radius
rb increased and the bend became more gradual, the bend-
ing loss decreased significantly, similar to the improve-
ment in S21 shown in Fig. 7. The calculated bending
loss of the 2D-MC-based Z-shaped waveguide was high;
however, the loss was reduced by optimizing the cor-
ner structure. These detailed optimization results will be
discussed in a subsequent publication.

C. Comparison of Z-shape waveguides

In actual situations, an internal magnetic field distribu-
tion occurs in the waveguide owing to the demagnetizing

TABLE I. The parameters of the approximation curves.

Section rb A (W) B (1/mm)

– Straight 8.21 × 10−3 2.438 × 10–1

I 300 μm 6.76 × 10−3 2.438 × 10–1

II 300 μm 1.99 × 10−3 2.438 × 10–1

III 300 μm 4.18 × 10−4 2.438 × 10–1

I 360 μm 7.55 × 10−3 2.438 × 10–1

II 360 μm 3.93 × 10−3 2.438 × 10–1

III 360 μm 1.90 × 10−3 2.438 × 10–1
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field distribution. This phenomenon significantly influ-
ences the characteristics of the SW waveguides. Hence,
the propagation properties of the Z-shaped MC waveguide
[Fig. 9(a)] were compared with those of a ridge waveguide
[Fig. 9(b)], considering the inhomogeneous internal mag-
netic field distribution. The width of the ridge waveguide
was 200 μm, the same as the width of the line defect in
the MC waveguide. Unlike the models shown in Fig. 1,
these models account for the inhomogeneous demagne-
tizing field inside the YIG film by applying an external
magnetic field of H 0 = 2335 Oe along the +z direction,
rather than using a homogeneous internal magnetic field
H in = 600 Oe. The value of H 0 was determined by sum-
ming the internal magnetic field (600 Oe) and the YIG
magnetization (1735 G).

Figures 9(c) and 9(d) show the calculated distribution of
the FVSW hip in the MC waveguide at f = 1.814 GHz and
in the ridge waveguide at f = 2.105 GHz. These frequen-
cies are different from the fCMBG of 1.811 GHz because of
the consideration of the demagnetizing field (see details
in Figs. S5 and S6 in the Supplemental Material [55]).
The ridge waveguide cannot propagate SWs because of
the effective width narrowing caused by the inhomoge-
neous internal magnetic field, whereas the MC waveguide
enables SW propagation because of its homogeneous inter-
nal magnetic field. The transmission S21 was −49.87 dB
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FIG. 9. The calculation models of (a) the Z-shaped magnonic
crystal (MC) waveguide and (b) the Z-shaped ridge waveguide.
The distribution of forward volume spin wave in-plane compo-
nent of the rf magnetic field hip at the midplane of the yttrium iron
garnet (YIG) film (c) in the MC waveguide at f = 1.814 GHz and
(d) in the ridge waveguide at f = 2.105 GHz.
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FIG. 10. Spin wave (SW) energy profiles along the Z-shaped
waveguides, accounting for the inhomogeneous internal mag-
netic field. Black and red plots indicate the SW energy profiles in
the magnonic crystal (MC) waveguide at f = 1.814 GHz and the
ridge waveguide at f = 2.105 GHz, respectively.

for the MC waveguide at f = 1.814 GHz and −61.33 dB
for the ridge waveguide at f = 2.105 GHz, resulting in
the transmission S21 of the MC waveguide being 3.74
times higher than that of the ridge waveguide. For the MC
waveguide, the transmission calculation considers the SWs
excited outside the defect region. Thus, improving the
antenna design to eliminate this contribution would fur-
ther increase the SW transmission. Figure 10 shows the
SW energy profiles inside the defect of the MC waveg-
uide at f = 1.814 GHz and inside the ridge waveguide at
f = 2.105 GHz, accounting for the inhomogeneous inter-
nal magnetic fields. The SW energy in the MC waveguide
was significantly higher than that in the ridge waveguide,
being 5.7 × 103 times greater around the output corre-
sponding to x = 14 mm. In addition, the Cu disk array
could not function as a waveguide owing to the lack of
a CMBG (see details in Fig. S7 in the Supplemental Mate-
rial [55]). Therefore, the hole-array MC waveguide with
the CMBG propagated SWs more efficiently than the ridge
and disk-array MC waveguides.

D. Fabrication considerations

The proposed Z-shaped MC waveguide is more com-
plex than the conventional ridge waveguides. However,
the fabrication process remains practical. The hexagonal
hole array and the slits between holes can be patterned
simultaneously in a single lithography step using stan-
dard equipment with 1-μm resolution. This fabrication
approach required the same number of processing steps as
our previously reported MC structure comprising a hexag-
onal Cu disk array [50]. The same fabrication equipment,
such as mask aligners or laser lithography systems, can
be employed without modification. The critical dimen-
sions (hole diameter of around 200 μm, lattice constant
450 μm, slit width 1 μm) are within the resolution lim-
its of these standard techniques and comparable to those
successfully fabricated in our previous studies [24,50],
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ensuring high reproducibility. We have already fabricated
test devices and successfully observed the CMBG, con-
firming the feasibility of the proposed design. Detailed
experimental results will be reported in future studies.

IV. CONCLUSION

A 2D MC consisting of a 10-μm-thick YIG film and
a 2-μm-thick hexagonal Cu hole array was designed and
studied using a 3D FIT simulation to exhibit a CMBG.
The obtained CMBG had a width of 15.1 MHz and cen-
ter frequency of 1.811 GHz. A Z-shaped line defect with
two 120° turns was introduced into the MC, and the
FVSW propagation was calculated. At the CMBG fre-
quency, propagation of the FVSW through the line defect
was observed. The proposed waveguide demonstrated a
SW transmission efficiency 5.7 × 103 times higher than
that of a conventional ridge waveguide. To better under-
stand the fundamental physical mechanisms underlying
the CMBG formation, rigorous band structure calculations
using the PWM would provide deeper insights. Further
structural improvements of the bent waveguide would
enhance SW propagation intensity and enable various
applications. Therefore, this study demonstrated the direc-
tional control of FVSW propagation using the CMBG of
the MC, showcasing its utility. Our approach avoids SW
depression caused by inhomogeneous internal field distri-
butions and uses an unetched YIG film. We consider this
waveguide technique essential for advanced 2D FVSW
control and an important milestone in the development of
SW ICs.
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