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Reflection-less width-modulated magnonic crystal
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Vasyl S. Tiberkevich8, Burkard Hillebrands 1 & Alexander A. Serga 1

The interest in artificial magnetic media such as magnonic crystals increased substantially in

recent years due to their potential applications in information processing at microwave fre-

quencies. The main features of these crystals are the presence of band gaps in the spin-wave

spectra, usually formed due to Bragg reflections of spin-waves on the artificially created

periodic structures. Here, we study spin-wave propagation in longitudinally magnetized

width- and thickness-modulated yttrium iron garnet waveguides by means of Brillouin light

scattering and microwave spectroscopy techniques. It is found that the width modulated

crystal does not manifest noticeable Bragg reflections, but still demonstrates a pronounced

band gap in its transmission characteristic. The phenomenon can be explained by the

destructive interference between different frequency-degenerated spin-wave modes excited

by the crystal. Such a reflection-less crystal is promising for future design of multi-element

magnonic devices.
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In recent years, propagation of spin waves (SWs) in ferro-
magnetic film structures attracts considerable attention in
connection with their applications in novel data transfer and

processing technologies1,2. This strong research interest is
determined by efficient mechanisms of signal transmission based
on the general idea that characteristics of SW quanta—magnons
—such as their phase and occupation numbers can be regarded as
state variables instead of charge in conventional electronics3–9.
Among different physical phenomena, which shape the main-
stream research directions of magnonics2, selective SW propa-
gation is one of the most promising tools for information
processing at microwave frequencies10–14. An SW spectrum can
be engineered using artificial magnetic media—magnonic crystals
(MC)—created by a spatial periodic modulation of a SW-carrying
magnetic material15. These structures have recently received a
great attention as promising building blocks of linear and non-
linear magnonics10,16–20. A distinctive feature of MCs is the
possibility to design a desired functionality for a given application
by variation of the magnon band structure10,11. Magnonic crys-
tals have been successfully utilized for the realization of various
microwave devices such as magnon transistors4, microwave fil-
ters21, phase shifters22, SW logic gates23, magnetic field sensors24,
memory cells25, for wavevector-dependent mode selection in SW
oscillators26, time reversal27, and other cases.

Magnonic crystals are produced using different types of mag-
netic materials: metals such as Ni and Co28,29, alloys such as
Permalloy (Ni80Fe20)

28,30–33 and CoFeB34,35, Heusler compounds
such as Co2ðFe0:4Mn0:6ÞSi36,37, and dielectrics like yttrium iron
garnet (YIG, Y3Fe5O12)

11,16,18,20–27,38,39. The main advantages in
choosing μm-thick single-crystal YIG films over nm-thick
metallic materials such as Permalloy or CoFeB is the small
magnetic damping40 and higher group velocity of dipolar SWs.
These two properties result in a long SW propagation length,
which is crucial for future spintronic and magnonic applications.
From the technological point of view, MCs based on epitaxially
grown YIG films possess essential advantages: (i) small out-of-
band insertion losses; (ii) deep rejection bands; (iii) conventional
methods of MC production, ranging from metal deposition,
chemical etching, ion implantation, or other methods that pro-
duce a periodic variation of a given magnetic parameter3,11,18,23.
Among various types of YIG-based MCs, geometrically structured
MCs produced by modulation of thickness or width of YIG SW
waveguides (see Fig. 1) are most promising candidates to gain
broad applications due to their high robustness, predictability of
characteristics, stability of parameters, and simplicity of
fabrication.

Typically, SWs in periodic magnetic structures undergo Bragg
scattering, resulting in the formation of spectral regions with
prohibited propagation known as SW band gaps by analogy to
photonic41,42 and phononic43,44 crystals. This band formation
mechanism has been investigated in detail and is well understood

for a variety of MCs with different physical properties and geo-
metries, including thickness-modulated YIG-based waveguides.
At the same time, it was predicted that for some cases band gaps
can arise due to peculiarities of the SW excitation mechanisms
inside an MC45.

In this article, we combine electrical and optical detection of
SWs in order to investigate SW propagation in a width-
modulated MC (Fig. 1a). We show that transmission character-
istics of such a crystal exhibit a single well-pronounced rejection
band, which, however, cannot be described in terms of a simple
Bragg scattering model. Contrary to a thickness-modulated
structure (Fig. 1b), the width-modulated crystal demonstrates
no resonant back-scattering of SWs at the central frequency of the
band gap. The formation of such unusual rejection band can be
associated with destructive interference of different spatial SW
components at the MC’s output antenna due to phase shifts
accumulated in the course of their propagation through the
crystal structure.

Results
Experimental set-up. Figure 1a, b shows spatially modulated
MCs comprising the longitudinally magnetized periodically
structured YIG-film waveguides and attached microstrip anten-
nas serving for inductive excitation and detection of SWs in the
GHz frequency range. The magnetization geometry is chosen in a
way allowing for the excitation of backward volume magneto-
static spin waves (BVMSWs)38 having reciprocal propagation
characteristics46 and demonstrating high scattering efficiency in
thickness-modulated MCs47,48.

The optical access to the YIG film was especially ensured for a
two-dimensional mapping of the magnon density distribution by
means of space- and time-resolved Brillouin Light Scattering
(BLS) spectroscopy49,50. The BLS measurements were performed
in backward scattering geometry by placing a dielectric mirror
below the samples51.

The YIG samples were fabricated in the form of 1.9 mm broad
stripes cut out from low-damping (ferromagnetic resonance
linewidth is about 0.5 Oe at 5 GHz) single-crystal YIG films,
epitaxially grown in the (111) crystallographic plane on a gallium
gadolinium garnet substrate. The thickness- and width-
modulated samples (see Fig. 1) were produced in Kaiserslautern
and St. Petersburg, respectively. Conventional photolithographic
and chemical etching techniques were used for the patterning in
both cases.

For the fabrication of the grooved (thickness-modulated)
crystal (see Fig. 1b) a 5.5-μm-thick YIG film was used. The
pattern consists of 10 parallel grooves with a width of 50 μm
spaced by 250 μm, so that the lattice constant is 300 μm. The
grooves were etched to a depth of 1 μm, controlled by a surface
profilometer.

The width-modulated sample is 26 mm long and 8.5 μm thick.
The length of the rectangular-modulated area in the middle of the
stripe is 6 mm (see Fig. 1a). The spatial modulation period and
depth are 600 and 400 μm, respectively.

The microwave stripline antennas with a width of 50 μm were
placed at distances of about 3 and 4 mm from the left and right
ends of the modulated film area, respectively. The antennas were
connected to a vector network analyzer (VNA) for continuous
wave (CW) measurements. A circuit consisting of a pulsed
microwave single frequency generator, a semiconductor detector,
and an oscilloscope was utilized for pulse-regime measurements.

Microwave measurements. Figure 2 illustrates the transmission
characteristics of the investigated samples measured by VNA.
Here, a bias magnetic field of 120 mT for the width-modulated

Fig. 1 Sample structures. Sketches of the experimental setups for the
width-modulated (a) and thickness-modulated (b) yttrium iron garnet
(YIG) structures grown on gadolinium gallium garnet (GGG). The sketches
also show orientation of the external magnetic field as well as the excitation
and receiving antennas.
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and 182mT for the grooved MCs was applied. The input
microwave power was �30 dBm that guaranteed a linear regime
of SW propagation.

The blue solid curves in Fig. 2 represent the transmission
characteristics of the structured waveguides, while the red dashed
lines show, for comparison, the characteristics of similar YIG
waveguides without periodic structures. One can clearly identify
several frequency regions with different SW dynamics in the
transmission characteristic of the periodic waveguides.

For the thickness-modulated crystal (see Fig. 2a), we observe
the formation of three magnonic band gaps, where the level of
attenuation sharply increases by roughly 20 dB. The width of the
central band gap is 10MHz measured at a level of 6 dB above the
maximum loss of −50 dB.

The width-modulated MC shows formation of only one
pronounced band gap at the center frequency f 1 ¼ 5:344 GHz,
which is marked by the orange line in Fig. 2b. The region of
enhanced microwave attenuation has a width of 5 MHz measured
at a level of 6 dB from the maximum loss of �46:5 dB (in our
analysis we neglected the fast oscillations of the transmission
characteristics caused by the interference of the SW signal and an
electromagnetic wave directly passed from the input to the output
antenna). In addition, there are regions around the band gap,
where BVMSW modes are transmitted with relatively low
attenuation. For example, the frequency f 2 ¼ 5:373 GHz with
loss level of �25 dB is marked by the green line in Fig 2b. The
frequencies marked in Fig. 2 by vertical lines are chosen for
further analysis of the SW dynamics for the different crystals and
different propagation regimes.

Brillouin light scattering measurements. In order to reveal the
SW dynamics within the crystal structures and to be able to

distinguish between individual responses of different parts of
these structures, we performed BLS measurements in a pulsed
microwave regime. To this end, we applied 30-ns-long microwave
pulses with a power of �10 dBm to the input antennas. Due to
the short pulse durations we were able to raise the power of the
SW excitation, and thus to increase the signal-to-noise ratio of
our optical measurements, without any visible influence from
nonlinear SW processes. The repetition rate was 1.5 μs to avoid
any spurious influence trough heating effects in the magnetic
material.

The used BLS technique allowed us to carry out the study of
the magnon density distribution with 25 μm spatial and 400 ps
time resolution. In these measurements, the intensity of the
inelastically scattered light is proportional to the magnon
occupation number, or, in other words, to the intensity of the
SW in the sample.

In Fig. 3, snapshots of the spatial distribution of the SW
intensity measured in the central rejection band (f 3 = 7.02 GHz)
of the grooved structure are shown. The pictures are plotted in a
linear color scale, and the SW intensity is normalized in each
frame. High SW intensities are indicated as red and low ones as
blue. The selected time frames illustrate how the SW packet
enters the grooved area, stops due to the Bragg reflection around
the fourth groove (grooves are indicated by the vertical gray lines)
and gets entirely reflected out of the crystal. The observed
behavior perfectly corresponds with the conventional SW
dynamics expected in the frame of the Bragg reflection model.

The same measurements were also performed for the width-
modulated crystal at the carrier frequencies that correspond to
the rejection band (f 1 ¼ 5:34 GHz) and pass band (f 2 ¼ 5:373
GHz). The resulting snapshots are shown in Fig. 4a for the
rejection band frames and in Fig. 4b for the pass band frames.
The color scale is the same as in Fig. 3.

The main feature of the measured SW intensity distributions in
the width-modulated waveguide is obvious: In contrast to

Fig. 2 Transmission spectra in continuous wave regime. Transmission
characteristics of the modulated (blue solid line) and regular (red dashed
line) waveguides for the grooved crystal (a) and the width-modulated
crystal (b). Orange and green lines indicate the frequencies, where the
Brillouin light scattering (BLS) measurements are performed:
f1 ¼ 5:344GHz, f2 ¼ 5:373 GHz, and f3 ¼ 7:02 GHz.

Fig. 3 Timeshots of the spin-wave propagation for the thickness-
modulated crystal at the rejection band. Two-dimensional plots of time-
resolved spin-wave intensity distributions for carrier frequency f3 ¼ 7:02
GHz in the thickness-modulated magnonic crystal. The positions of the
grooves are indicated by gray solid lines.
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conventional MCs, this crystal exhibits nearly zero reflected SW
intensity within both the rejection and pass bands (see Fig. 4a, b).

In the absence of any visible Bragg reflection, the physical
mechanisms responsible for the formation of the rejection band
in Fig. 2b might be related to, e.g., some non-resonant or resonant
SW decay caused by enhanced magnon–magnon scattering
processes in the rejection band frequency range. In order to
clarify this issue, the magnon decay was analyzed for both cases
presented in Fig. 4. The instantaneous spatial distributions of the
measured magnon densities were integrated over a moving
window containing the propagating SW packet and over the
whole YIG-film region accessible for the BLS probing. The
obtained integral data were fitted with an exponential decay
function.

It was found that the lifetimes of both SW packets are about 1.6
times shorter than the lifetimes of the secondary magnons (note
the spatially structured noise behind the SW packets in Fig. 4a, b)
generated due to scattering of these packets from the notched
waveguide edges. However, the lifetimes of the SW packets
propagating within the rejection and pass bands differ only by
11%, being equal to 73 and 82 ns, respectively. Such a small
difference in decay rates cannot explain the observed reduction of
the transmitted SW power within the rejection band. The
difference in group velocities and, respectively, in the SW
propagation times is also rather small (compare the measured
positions of the SW packets in Fig. 4): the experimentally
determined group velocities are 3:88´ 104 m s�1 in the pass band
and 3:65 ´ 104 m s�1 in the rejection band. Being the same both
in the MC and in unstructured parts of the YIG waveguide, these
values correspond well with theoretically calculated velocities

of the first width BVMSW mode in a regular 1.9-mm-wide
YIG waveguide (3:83 ´ 104 and 3:65 ´ 104 m s�1, respectively).
Together, the differences in the decay rates and group velocities
may account for only two-fold reduction of SW power within the
rejection band compared to the pass band, while the experimen-
tally observed reduction exceeds 20 dB (see Fig. 2b).

Comparison of BLS results and pulsed microwave measure-
ments. For further analysis of the pulsed SW dynamics in the
width-modulated MC and for comparison with the microwave
signals detected at the output antenna, we used the BLS data
shown in Fig. 4 to calculate the dependence of the SW pulse
energy (defined as an integral of the magnon density over the
waveguide width and magnon arrival time) on the propagation
distance. The results of this analysis are presented in Fig. 5. As
one can see, the spatial decay of SW pulses within both the pass
and rejection bands can be accurately described by a simple
exponential function (see solid lines in Fig. 5) with slightly dif-
ferent decay rates. Being extended to the position of the output
microwave antenna, these exponential fits provide the estimated
two-fold relative decay in the SW pulse within the rejection band
compared to the SW pulse within the pass band. At the same
time, the experimental microwave measurements of the output
pulses demonstrate much stronger (6 times; see data points at
13 mm in Fig. 5) decay. Note that the observed decay of the
microwave output from a pulsed 30-ns-long SW signal differs
from the decay of CW signals shown in Fig. 2 because of the finite
spectral width of the SW pulses used in the experiments. Thus,
our experiments clearly demonstrate the substantial difference in

Fig. 4 Timeshoots of the spin-wave propagation for the width-modulated crystal in pass and rejection band regime. Two-dimensional plots of the time-
resolved spin-wave intensity distributions in periodic width-modulated waveguides for the frequencies f1 ¼ 5:34 GHz (rejection band (a)) and f2 ¼ 5:373
GHz (pass band (b)). The dotted white lines show the motion of the center of the spin-wave (SW) packet excited within the rejection band. The positions
of the input and output microstrip microwave antennas are outside of the measurement area of the sample at 0 and 13 mm. The dashed red lines in the top
frames represent the virtual antennas used for later analysis of the SW pulse intensity by comparing a vector network analyzer and Brillouin light scattering
measurements.
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the output signal power within the MC’s rejection band measured
by the BLS and microwave techniques.

As a possible nature of this discrepancy we could assume a
destructive interference between different components of the SW
packet, namely, different frequency-degenerated width and
thickness SW modes co-propagating in the waveguide. The role
of the width-modulated crystal in this mechanism is to partially
transfer the SW energy from the lowest SW modes (which are
primarily excited by the input microwave antenna) to highest
ones and, also, to introduce additional phase shift between
different SW modes. The output microwave antenna integrates
the SW amplitude over the waveguide width (e.g., sums different
SW components with account of mutual phase relations) and, if
the phase relation between different SW modes is destructive, the
output microwave signal will be substantially attenuated. At the
same time, the spectroscopic BLS measurements are insensitive to
the phases of individual SW modes and measure the total SW
energy. Thus, this mechanism naturally explains appearance of a
rejection band in microwave measurements accompanied by the
absence of pronounced reflection or additional damping in the
BLS measurements.

The proposed mechanism of reflection-less formation of rejection
band lead to one additional unexpected consequence. Thus, higher-
order SW modes, created by the MC, propagate in the unstructured
portion of the waveguide with slightly different phase velocities. As
a result, mutual phase relations between different SW components
will change during propagation of the SW pulse and the rejection
frequency, measured by the microwave technique, should depend
on the position of the output antenna. We have verified this
prediction in an additional experiment with movable output
antenna, while keeping all other parameters of the microwave
measurement system the same. We observed the gradual shift of the
central band gap frequency (see orange line in Fig. 2b) up to 17
MHz as a function of the distance between antennas (see Fig. 6).
This result strongly supports the proposed mechanism and, also,

provides an additional way to control transmission properties of
this type of MCs.

Discussion
Based on the results of the BLS and microwave electric mea-
surements, we have found that the longitudinally magnetized
width-modulated MC does not manifest Bragg reflections, but
still demonstrates well-pronounced frequency band gaps in the
microwave measurements. The formation of such a reflection-less
rejection band can be explained by the destructive interference of
different frequency-degenerated SW modes excited by the MC. At
the same time, our results significantly differ from the results of
the experiments and the simulations presented in refs. 30,52,53 for
micro-sized width-modulated MCs, where the classical Bragg-
gaps were clearly observed. And there is a fundamental reason
behind it. The MC under consideration in this work is macro-
scopic. Relatively large width results in a very dense spectrum of
width modes, which are separated only by a few MHz. This fact
allows direct two-magnon scattering between these modes. This
process allows for both backward and forward scattering in
relation to the direction of original wave propagation. Since the
wavevector difference is also very small, the preferred scattering
direction is forward. A number of forward-scattered waves with
different phases and group velocities interfere with each other at
the output antenna, producing the observed rejection bands
without appearance of Bragg reflections. In the case of micro-
scopic MCs the frequency gap between neighboring width modes
is very large. Such a spectrum allows only back-scattering, which
results in the Bragg-type band gaps.

We believe, that the reflection-less SW propagation is a general
property of the macroscopic width-modulated MCs. As we
showed above, the appearance of the rejection bands is the result
of interference of different width modes. The spectral content of
the output SW packet strongly depends on mutual positions of
the scattering centers (period of width modulation) as well as on
scattering efficiencies. Thus, in general, the number and the depth
of the rejection bands should be described by some non-
monotonic function of the crystal geometry. Also, rejection band
positions of such width-modulated MCs depend strongly on the
position of the receiving antenna (see Fig. 6). The detailed study
of properties of width-modulated MCs falls outside of the scope
of this manuscript. However, we believe that it deserves to be a
subject for another research paper and we sincerely hope that our
paper will become a trigger for such studies.

Fig. 6 Band gap frequency shift. Relative shift of the band gap frequency as
a function of the distance between the antennas. The error in the band gap
shift is estimated as the full-width half-maximum value of the central
frequency in the rejection band, while the error of the antenna distance is
given through the measurement scale to 0.1 mm.

Fig. 5 Spin-wave intensity decay in width-modulated magnonic crystal.
The main panel shows the energy of the spin-wave (SW) pulses at different
positions along the magnonic crystal (MC). Solid circles and triangles—
experimental data as measured by the Brillouin light scattering (BLS)
technique; solid lines—exponential fits; the shaded area between the
dashed lines indicate the 3-sigma confidence interval of the decay fit
parameter. Solid squares at 13 mm correspond to the results of microwave
measurements. The errorbars in the x-dimension are given through the
measurement scale to 0.1 mm, while the error in y-dimension is given
through the noise in the signal, which is too small to be visible in the graph.
Inset: Temporal profiles of the SW pulses at the input and output of the
MC, as measured by BLS, in comparison with signals measured by the
output microwave antenna.
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From the practical point of view, such a reflection-less artificial
crystal looks very promising for cascading of magnonic-crystal-
based devices in magnonics circuits due to the significant
reduction of back-coupling between the contiguous cascades. The
position dependence of the effective rejection frequency can be
used for development of simple MC-based frequency multiplexers
and demultiplexers.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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