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ABSTRACT

We report experimental results on spin-wave propagation, transmission gap tuning, and mode conversion in straight, curved, and Y-shaped
yttrium iron garnet waveguides with magnonic crystals made of submicrometer-wide airgrooves. We observe forbidden frequency gaps with
sizes up to 200 MHz in straight waveguides and narrowing of the gaps in curved and Y-shaped waveguides. The spin-wave transmission
signal is strongly suppressed inside the gaps and remains high at allowed frequencies for all waveguide types. Using super-Nyquist sampling
magneto-optical Kerr effect microscopy, we image symmetric and asymmetric spin-wave interference patterns, the self-focusing of propagat-
ing spin waves, and interconversions between width modes with different quantization numbers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0123234

I. INTRODUCTION

Active manipulation of spin-wave transport is essential for
magnonic technologies that utilize spin waves for energy-efficient
data transfer, storage, and information processing.'”” Magnonic
crystals, artificially designed magnetic metamaterials, are com-
monly used to control spin-wave transmission signals. The band
structure of a magnonic crystal consists of allowed minibands and
forbidden frequency gaps where the propagation of spin waves is
strongly suppressed. Yttrium iron garnet (YIG) is a good material
for magnonic crystals because of its ultralow magnetic damping.
Previous studies have focused on micrometer-thick YIG magnonic
crystals made of periodic airgrooves,x’l“ width modulations,''™**
and patterned metallic stripes on top.'*™'® Active manipulation of
spin-wave transport properties by an electric current,'”'® strain,"”
or voltage’~>* has also been demonstrated. In previous, we have
shown that nanometer-thick YIG films with only two to six air-
grooves do also posses properties of a magnonic crystal if the air-
grooves have considerable depth in comparison with the film
thickness.”** Because of efficient spin-wave scattering in this type

of periodic structure, the transmission gaps are tuned effectively by
varying the groove depth, lattice constant, and film thickness.
However, nanometer-thick YIG magnonic crystals have been fabri-
cated by patterning microscopic waveguides with regular width
modulations.'® Different from continuous films, the interference of
multiple width modes in magnonic waveguides leads to the self-
focusing of propagating spin waves.”” Because YIG waveguides are
essential for magnonic devices,”®™? it is of interest to characterize
spin-wave transport in microscopic waveguides with deep air
grooves.

Here, we report on the spin-wave properties of nanometer-
thick YIG magnonic waveguides with submicrometer-wide deep
airgrooves. We study three different waveguide structures: straight,
curved, and Y-shaped. The broadband spin-wave spectra of all
waveguides exhibit deep transmission gaps. The gap width is
~200 MHz for the straight waveguide and ~100 MHz for the
curved and Y-shaped structures. Using super-Nyquist-sampling
magneto-optical Kerr effect (SNS-MOKE) microscopy, we map the
transmission of symmetric and asymmetric width modes and
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interconversions between modes with odd and even quantization
numbers.

Il. EXPERIMENTAL DETAILS

In the experiments, 50-nm-thick YIG films were grown on
(111)-oriented, single-crystal Gd;GasO;, (GGG) substrates by
pulsed laser deposition. Before growth, the GGG substrates were
cleaned in acetone and isopropanol using an ultrasonic bath and
degassed at 500°C for 10 min in the vacuum deposition chamber.
After this, the substrate was heated to 850°C with a ramp rate of
5°C/min in O, atmosphere with pressure po, = 0.13 mbar. The
YIG film was deposited using an excimer laser with a pulse repeti-
tion rate of 2 Hz and a fluence of 1.8 J/cm?. After film growth, the
samples were annealed in situ at 750°C for 10min at
Po, = 13 mbar followed by cooling to room temperature with a
rate of —3°C per minute. We measured the ferromagnetic reso-
nance (FMR) of as-grown YIG films. By fitting the FMR linewidth
as a function of frequency, we extracted a Gilbert damping constant
of (6.2 4+ 1.2)x107*. We used laser-writing and argon-ion
milling techniques to pattern the YIG film into 10-um-wide wave-
guides. Periodic airgrooves forming the magnonic crystals were pat-
terned into the waveguide by electron beam lithography (EBL) and
argon-ion milling. The airgroove depth was 15 nm. To excite spin
waves, 1 um-wide antennas made of 3 nm Ta/140 nm Au were pat-
terned using EBL and lift-off. The distance between the two parallel
antennas was 100 um. We characterized spin-wave transport using
broadband spin-wave spectroscopy and SNS-MOKE microscopy.
The spectroscopy setup consisted of a two-port vector network ana-
lyzer and a home-built electromagnet probing station. Spin-wave
transmission spectra were measured by recording the S, scattering
parameter. We used a frequency sweep method to record spectra
for different magnetic bias fields. To improve contrast, a reference
spectrum taken at 150 mT was subtracted from the measurement
data. In the SNS-MOKE technique, the laser frequency comb
downconverts the excited spin waves to an intermediate frequency
g, allowing tuning of the excitation signal to any frequency
fexe = n X frp + £ With the excitation synchronized to a laser rep-
etition rate of f.,, = 80 MHz and non-zero &, the spin-wave phase
relative to the excitation signal is preserved by lock-in demodula-
tion at £.”* The demodulated signal carries information about the
amplitude and phase of the propagating spin waves. The excitation
power of the microwave signal was set at —10 dBm in both the
broadband spin-wave spectroscopy and SNS-MOKE microscopy
experiments to ensure that all measurements are conducted in the
linear regime.

I1l. RESULTS AND DISCUSSIONS

Figures 1(a)-1(c) show schematics of the measurement geom-
etry including the microwave antennas and the straight, curved,
and Y-shaped waveguides with magnonic crystals made of three
airgrooves. The lattice constant of the crystals is a = 2um, the
groove depth is d = 15nm, and the groove width is w = 500 nm.
The angle of the curves in the curved and Y-shaped structures with
respect to the x axis is 15°, which is well below the calculated 68°
cut-off angle for surface spin waves.”” The magnonic crystals are
positioned in the center of the curved arms. During the

ARTICLE scitation.org/journalljap

measurements, an external magnetic bias field saturates the magne-
tization of the YIG waveguides along the y axis. Consequently, the
spin waves propagate in the Damon-Eshbach (DE) configuration
in the straight parts of the structures, while the magnetization
is tilted 15° away from this geometry in the waveguide curves.
Figures 1(d)-1(f) depict contour plots of the S;, scattering parame-
ter amplitude as a function of magnetic bias field. The measured
broadband spin-wave transmission spectra exhibit two deep fre-
quency gaps for all waveguides. Within the gaps, strong spin-wave
rejection lowers the transmission signal to the measurement back-
ground level. In contrast, spin waves at allowed frequencies effi-
ciently transmit between the two antennas [the S;, amplitude is
comparable to the reference signal measured on a bare YIG wave-
guide without magnonic crystal, see blue line in Fig. 1(g)].
Weakening of the spin-wave excitation efficiency gradually reduces
the transmission signal with increasing frequency.

Figures 1(g)-1(i) display S, line profiles for an external bias
field of 15mT (orange lines). The transmission gaps are measured
at frequencies corresponding to k = mmx/a, where m is the order
number of the rejection band. To illustrate this, we calculated the
dispersions of the fundamental spin-wave mode for the straight,
curved, and Y-shaped parts of the waveguides using the Kalinikos-
Slavin model,*®*”

o Vit (Heff + Meff(l —-p +l§xk2))

5 ) 1
27 X (Heff + Meﬁc(p’,j—; + Aﬁxkz)) )

Here, b= 1—(1—e*)/kt, K=K+ k)z,, and
Adex = (RA /Mgﬁ) 2 s the exchange length. In the calculations, we
used the long-wave approximation (kt < 1) and assumed
unpinned surface spins. The effective magnetic field in the straight
and curved parts of the waveguides was simulated in MuMax3.”®
Moreover, we used parameters X = 28 GHz/T, t = 50nm, and
Mgy = 170 kA/m (extracted from FMR measurements). Dispersion
curves for the straight, curved, and Y-shaped parts of the YIG
waveguides are shown as orange lines in the right panels of
Figs. 1(g)-1(i). The effective magnetic field in the two curves of the
Y-shaped waveguide is similar, leading to nearly identical spin-
wave dispersions in the two legs of this structure as well as in the
waveguide with a single curve. Besides calculations, we also
extracted spin-wave dispersion data from SNS-MOKE microscopy
experiments on the straight waveguide [Fig. 1(g)]. The measured
gap frequencies in the spin-wave transmission spectra agree with
the predicted ones based on the calculated and measured disper-
sions and k = mn/a with a = 2 um.

Next, we compare the center frequency and gap size of the
first transmission gap for the straight, curved, and Y-shaped wave-
guides, as shown in Fig. 2. The gap size is extracted at the
maximum intensity of the second allowed miniband [see arrows in
Figs. 1(g)-1(i)]. The bandgap center frequency is nearly the same
for all waveguides and follows the YIG dispersion curves with
increasing bias field. However, the gap size of the straight wave-
guide is about two times larger than the gap sizes of the curved
and Y-shaped waveguides. This large difference is attributed to a
lowering of the scattering efficiency caused by wavefront tilting
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FIG. 1. (a)(c) Schematic of the measurement geometry. The devices consist of microwave antennas and straight, curved, and Y-shaped YIG waveguides with magnonic
crystals. The waveguide width is 10 um. The crystals consist of three 15-nm-deep and 500-nm-wide airgrooves with a lattice constant of 2 um. The angle of the curve is
15°. Spin waves are excited by a 1-um-wide microwave antenna and detected by a second antenna or imaged by SNS-MOKE microscopy. The external magnetic field is
applied along the y axis. (d)—(f) Contour plots of the Sy, scattering parameter amplitude as a function of magnetic field for the three waveguides. (g)—(i) Corresponding
line profiles taken at 15 mT. The arrows indicate the size of the first transmission gap. The orange lines in the right panels show the calculated spin-wave dispersions. In
(g), experimental data points extracted from SNS-MOKE microscopy are also shown (black solid symbols). The vertical and horizontal dashed lines indicate the center fre-
quencies of the transmission gaps and the corresponding wave vectors. For comparison, a reference spectrum (blue line) measured on a bare YIG waveguide without
magnonic crystal is shown in (g).
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FIG. 2. (a) and (b) Center frequency and size of the first transmission gap as a function of external magnetic field for straight, curved, and Y-shaped YIG waveguides with
magnonic crystals. The data are extracted from the spin-wave transmission spectra shown in Figs. 1(d)-1(f).
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FIG. 3. SNS-MOKE microscopy images of propagating spin waves in (a)—(c) straight, (d)—(f) curved, and (g)—(i) Y-shaped YIG waveguides with magnonic crystals for
f = 1.82 and 2.08 GHz (outside the gap) and 1.96 GHz (inside the gap). The external magnetic field is 16 mT. The dashed lines indicate the edges of the waveguides.

with respect to the magnonic crystal in the waveguide curves
(see Fig. 3) and the interference of different width modes in the
straight and curved parts of the waveguides, which will be discussed
later. With increasing bias field, the gap size of all crystals
decreases. For instance, the gap size for the straight waveguide
reduces from about 200 MHz at 6 mT to 150 MHz at 15mT and
120 MHz at 50 mT (not shown). The evolution of the gap size with
external magnetic field is caused by a flattening of the spin-wave
dispersion relation.”

To visualize how spin waves propagate along the straight,
curved, and Y-shaped waveguides, we conducted phase-resolved
SNS-MOKE microscopy measurements at a frequency of 1.82 and
2.08 GHz (outside the gap) and 1.96 GHz (inside the gap) and a
bias field of 16 mT. Figure 3 summarizes the results. Spin waves at
f = 1.82 GHz efficiently propagate along all waveguides with little
signal decay. By fitting the spin-wave amplitude recorded on the
straight waveguide to Cexp(—|x|/l4)sin2zx/A + ¢), with A the
wavelength and ¢ a phase offset, we extract a decay length
I3 = 170 um. This result indicates that the magnonic crystal hardly
affects the transmission of spin waves outside the gap. The spin-
wave signal at f = 2.08 GHz remains strong also, but it decays
faster compared to f = 1.82 GHz because of a shortening of the
spin-wave decay length with increasing frequency. At
f =196 GHz, ie., inside the transmission gap, the spin-wave
signal is suppressed after the magnonic crystal, in agreement with
the broadband spin-wave spectroscopy measurements in Fig. 1.

Now we discuss the interference and interconversion between
different width modes. In the straight waveguide, a symmetric spin-
wave profile with a diamond-like pattern is imaged. This profile is
produced by the interference of n =1 and n =3 width modes,
where 7 is the mode quantization number. Interference of the two
width modes leads to a self-focusing effect, which is better visible

in Fig. 3 for f = 1.96 and f = 2.08 GHz. We calculated the disper-
sion of the k,, = nz/w width modes using Eq. (1) (Fig. 4). From
these calculations, we estimated the length (L) of the beating
pattern arising from k; and k; wave interference using
L =2r/|ks — ky|. This gives L =22.4um and L =27.3um for
f =1.96 and f = 2.08 GHz, respectively, in good agreement with

2.2

=N =1, uoHex = 15.7 mT, We = 15 ym
=2, tgHe = 15.7 MT, Weg = 15 pm
=N =3, tHe=15.7mT, W =15 pum
= = n=1, ugHg =15.0mT, et = 9 pm
= = N=2 ugHgr =15.0mT, Weg = 9 pm
= = n=3, ugHe=15.0mT, weg =9 um

Frequency (GHz)

0 1 2 3
k, (rad/pm)

FIG. 4. Frequency of width modes with n =1-3 as a function of wavevector ky
(along the waveguide). The lines represent the dispersions for regions A and B
in the Y-shaped waveguide. The effective fields in A and B are taken from
micromagnetic simulations.
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the experiments. When spin waves propagate along a curve in the
waveguide, the interference pattern changes from diamond-like to
zigzag-like. The asymmetric zigzag-like intensity distribution is
caused by the superposition of # =1 and #n = 2 width modes.*’
Generally, even width modes cannot be excited directly by a micro-
wave antenna in straight waveguides because of the homogenous
excitation field along the stripe. However, breaking of the transla-
tional symmetry in waveguide curves enables conversions between
odd and even width modes.”’ In the Y-shaped structure, n = 1 and
n = 3 width modes propagate along the straight arms and convert
to n =1 and n = 2 modes in the curves. When entering the joint
region [marked by A in Fig. 3(g)], an increase of the effective mag-
netic field caused by the larger waveguide width in A shifts the dis-
persion curve up (see Fig. 4). At f = 1.82 GHz, the n = 1 width
mode nearly vanishes in region A while the n = 2 mode converts
back to the n = 3 mode after the two waveguides merge into one
(region marked by B). For higher frequency, e.g., f = 2.08 GHz,
both the n =1 and n = 2 width modes exist in region A and they
convert back to the n = 1 and #n = 3 modes in region B.

IV. CONCLUSION

In summary, we investigated spin-wave transport in
nanometer-thick YIG waveguides with integrated magnonic crystals
using broadband spin-wave spectroscopy and SNS-MOKE micros-
copy. We observe deep and wide transmission gaps with sizes up to
200 MHz and low spin-wave transmission losses at allowed fre-
quencies. The gaps are tunable by varying the external magnetic
field or changing the waveguide shape. In straight, curved, and
Y-shaped waveguides, we find symmetric and asymmetric mode
profiles originating from the interference and interconversion
between odd and even width modes. Low-loss and active control of
spin-wave transmission in microscopic waveguides with integrated
magnonjoc 4(;rystals offers perspectives for the design of spin-wave
circuits.” "~
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