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Spin-wave localization and guiding by magnon band structure engineering in yttrium iron garnet

Rouven Dreyer, Niklas Liebing, Eric R. J. Edwards,* Andreas Müller, and Georg Woltersdorf †

Institute of Physics, Martin Luther University Halle-Wittenberg, 06120 Halle, Germany

(Received 2 March 2021; accepted 1 June 2021; published 21 June 2021)

In spintronics, the propagation of spin-wave excitations in magnetically ordered materials can also be used to
transport and process information. One of the most popular materials in this regard is the ferrimagnetic insulator
yttrium iron garnet due its exceptionally small spin-wave damping parameter. While the small relaxation rate
allows for large propagation length of magnetic excitations, it also leads to nonlocality of the magnetic properties.
By imaging spin waves, their band structure is mapped with high-frequency resolution using a magneto-optic
super-Nyquist sampling technique. In doing so, wave-vector selection is shown to suppress dispersion effects
to a large extent, allowing for local measurements of spin relaxation. Moreover, we demonstrate even higher
control of magnon propagation by employing the wave-vector selectivity near an avoided crossing of different
spin-wave modes where the group velocity approaches zero. Here the local engineering of the dispersion allows
us to construct magnonic waveguides, and at the same time it reveals the local relaxation properties.
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In recent years, spin-wave propagation and its control have
been an intensely studied topic [1,2]. In parallel, it has been
demonstrated that spin waves may be used to transport heat
[3] and angular momentum [4]. In many of these experiments,
yttrium iron garnet (YIG) has proven to be a valuable material.
The insulating properties of YIG were used in YIG/metal hy-
brid structures to demonstrate a flurry of magnetoresistive and
magnetothermal phenomena, which are explained by the exci-
tation or annihilation of spin waves in YIG [5–9]. At the same
time, the exceptionally small Gilbert damping constant of only
α = 5 × 10–5 of YIG enables spin transport on the millimeter
length scale [3,10]. In most cases, the presence of magnon ex-
citations in YIG can be probed on the nanoscale by the inverse
spin Hall effect [6,11,12]. However, this approach is not sen-
sitive to the properties of the spin wave that is converted into a
signal, i.e., its wavelength and propagation direction. Magne-
tization dynamics at the micro- and nanoscale can be studied
inductively [13–17] or by optical methods. Four distinct op-
tical approaches are typically used: (i) microfocus Brillouin
light scattering (μBLS) [18–23], (ii) time-resolved scanning
transmission x-ray microscopy (TR-STXM) [24–26], (iii)
time-resolved magneto-optic Kerr microscopy (TR-MOKE)
[27–33], and (iv) diamond nitrogen-vacancy (NV) center res-
onance imaging [34–37]. The long spin-wave relaxation times
in YIG complicate the analysis since extrinsic effects such
as sample inhomogeneity, magnon-magnon scattering [38],
or instrumental effects related to the excitation of multi-
ple spin-wave modes or limited frequency resolution usually
dominate the measured linewidth [39]. On the other hand,
the large spin-wave propagation length allows to investigate
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coupling phenomena such as avoided crossings in the spin-
wave dispersion in single YIG films [40,41] or YIG-based
heterostructures [42–44]. In such systems, the strong-coupling
regime between different magnon modes is accessible [45],
paving the way for a novel playground for coherent infor-
mation processing based on magnons [46]. Due to the large
propagation lengths in YIG, it is difficult to confine spin
waves. Usually, confinement is only achieved by physically
patterning (e.g., dry-etching) the YIG material. Unfortunately,
this approach introduces defects and modifies the magneto-
static properties. Therefore, for a number of experiments it
would be highly desirable to have a method at hand allowing
us to control the spin-wave properties locally without the need
for patterning of the YIG structures.

In this article, we study the properties of spin waves in
thin YIG layers by phase-resolved magneto-optic imaging
of coherently excited spin waves. To reach the required fre-
quency resolution and sensitivity for experiments with YIG,
a modified version of the TR-MOKE method is introduced.
In addition to the direct measurement of the spin-wave dis-
persion and avoided crossings of different spin-wave modes,
we demonstrate that a truly local measurement of spin-wave
relaxation properties becomes possible. In addition, by ex-
tracting group velocities and relaxation times of the excited
spin waves near an avoided spin-wave mode crossing, we
obtain an independent estimate for the local Gilbert damping
parameter. Finally, we engineer the spin-wave dispersion lo-
cally to construct a soft magnonic waveguide, which allows us
to study spin-wave propagation inside the spin-wave band gap
opened by an avoided crossing of different spin-wave modes.

In our experiments, we perform TR-MOKE experiments
on a 200-nm-thick YIG layer. The magnetization is excited
coherently using the rf-field generated by a coplanar waveg-
uide (CPW) patterned on top of the YIG layer [as shown
in Fig. 1(a)]. The wave-vector spectrum of the excited spin
waves is determined by the static in-plane magnetic field as
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FIG. 1. (a) Geometry of the experiments. Spatial resolved images
of spin waves in DE and BV configurations with their corresponding
wavelength are shown in the gap. (b) The frequency comb generated
by a femtosecond laser is given by multiples of the laser repetition
rate frep. The excitation frequency frf aliases back to the Nyquist
frequencies (red dotted lines). The lowest aliasing frequency cor-
responds to the difference frequency ε between frf and the nearest
comb line.

well as the frequency and spatial distribution of the excitation
field. We distinguish between the Damon-Eshbach (DE) and
backward volume (BV) configurations as limiting cases of
the in-plane dispersion [40], cf. supplemental Fig. S1 [47].
As a light source, a femtosecond laser operating at 510 nm
with a repetition rate of frep = 80 MHz is used to sample
the magnetization dynamics via the polar magneto-optical
Kerr effect (MOKE), as shown in supplemental Fig. S2 [47].
Due to the small spin relaxation, studying spin waves in
YIG requires a method with a frequency resolution on the
order of 1 MHz. To meet this requirement, we introduce a
measurement scheme that we term super-Nyquist sampling
MOKE (SNS-MOKE). The MOKE effect allows for mix-
ing of the excitation frequency frf and the nth harmonic of
the laser pulse-repetition frequency yielding an intermediate
frequency frf = n frep + ε. Demodulating the Kerr signal at
frequency ε directly yields real and imaginary components
of the magnetic rf-susceptibility, and in doing so it provides
phase-resolved measurements of the spin precession (see the
supplemental material [47] for details). Clearly, the advantage
of the SNS-MOKE technique is that it allows for tuning of
the rf-frequency in arbitrary steps. This is an enormous im-
provement over conventional pump-probe microscopy, where
the frequency resolution is given by the laser repetition rate
(i.e., 80 MHz in our case). Previously, we have used the
SNS-MOKE technique only at fixed frequencies to image
spin-wave modes [31,48,49].

Typical data of the spatially resolved, complex suscepti-
bility are shown in Fig. 1(a) and recorded in DE and BV
configurations, respectively. Here the external magnetic field

FIG. 2. Extracted spin-wave dispersion for a fixed external field
of 79 mT. The dispersion curves were computed with the recipe
by Kalinikos and Slavin [40,58] as discussed in the supplemental
material. The red solid lines indicate the DE and BV dispersion. The
dotted red line shows an angular orientation of nearly flat dispersion.
The black solid line depicts the dispersion branch for the first PSSW.
The top left inset shows the spin-wave profile in the vicinity of the
avoided mode crossing recorded in the gap of the CPW. The top right
inset shows a magnified view of the avoided mode crossing with the
calculated mode repulsion [40,58].

is fixed at 142 mT and the rf-frequency is varied from im-
age to image. The excited wave vector is determined by
the maximum of the product of the k-dependent rf-magnetic
field and rf-magnetic susceptibility h(k) × χ (ω, k) [39], and
it can be determined by counting the number of maxima
n observed over distance L and calculating the wave num-
ber as |k| = 2πn/L. In the following, we use the spin-wave
wavelengths λ = |k|/2π determined from spatially resolved
images [Fig. 1(a)] or line scans to map out the dispersion
of BV and DE modes by extracting the wave vectors as a
function of frequency for a fixed magnetic field, as shown in
Fig. 2. Using the SNS-MOKE method, we are able to map out
the spin-wave dispersion with a pronounced avoided crossing
[24,50–53] using a step size of only 2 MHz, as shown in the
inset of Fig. 2.

The avoided crossing of the first-order perpendicular
standing spin-wave mode (PSSW) and the DE mode has
a much larger frequency splitting than the linewidth of
individual spin-wave modes involved, indicating strong cou-
pling. Following the formalism introduced by Kalinikos and
Slavin [40,54], we determine the mode repulsion of DE and
first-order PSSW mode and the corresponding size of the fre-
quency splitting (see supplemental Fig. S3 [47]). In particular,
we obtain a coupling constant g = fsplitting/(� f1 + � f2) of
220 at 4 GHz from the experiment. Note that values larger
than g = 1 are referred to as strong coupling [55], and they
allow for coherent exchange of information between the two
modes. The solid lines in Fig. 2 show the calculated dispersion
for DE, BV (red), and PSSW (black) modes. In Fig. 2, the
left inset shows the observed spatial profile of one of the
hybridized modes in the vicinity of the avoided crossing. Here
the propagation of the spin wave is strongly suppressed in

064411-2



SPIN-WAVE LOCALIZATION AND GUIDING BY MAGNON … PHYSICAL REVIEW MATERIALS 5, 064411 (2021)

FIG. 3. (a) Angular dependence of the local field swept measure-
ments of the rf-susceptibility measured with an excitation frequency
of 4.0 GHz. A clear minimum of the dispersion around a magnetic
field direction of 55 degrees is visible. The inset shows the nearly
uniform spatial distribution of the magnetic excitation across the gap
recorded at the dispersion minimum. (b)–(e) Detailed measurement
of the spin-wave dispersion minimum for frequencies between 3 and
6 GHz. The inset in panel (e) depicts the extracted linewidth of
the 5.6 GHz measurement as a function of in-plane field orientation
clearly showing a minimum at nearly flat dispersion.

comparison to the maps shown in Fig. 1(a). We attribute this
effect to the nearly flat dispersion and therefore small group
velocity close to the anticrossing. Specifically, the spin-wave
group velocity is reduced from 200 m/s to values of about
10 m/s near the mode repulsion (indicated by the purple arrow
in the right inset of Fig. 2).

The Gilbert damping parameter is usually determined from
the linewidth by sweeping the magnetic field at a fixed fre-
quency across the ferromagnetic resonance (FMR). In Fig. 3
we record the SNS-MOKE signal in two-dimensional plots as
a function of in-plane magnetic field magnitude and in-plane
orientation. As one can see, e.g., by following the signal
along the dotted line, locally measured field sweeps are not

FIG. 4. (a) Frequency dependence of the linewidth for FMR
measurements (black cross) and at the dispersion minimum (red
dots). The blue data points show the calculated linewidth in the
vicinity of the avoided crossing. Solid lines are fits to extract the
Gilbert damping. (b) Gilbert damping for localized spin-wave modes
for different frequency. The dotted black line indicates the average
damping parameter, while the gray area is the standard deviation.
The orange star marks the data point taken within the magnonic
waveguide presented in Fig. 5(d).

suitable to determine the Gilbert damping (cf. supplemental
Fig. S1 [47]). To evaluate these spectra, it would be necessary
to take the wave-vector distribution of the excitation field,
the dispersion, and the spin-wave propagation effects prop-
erly into account [56]. One might overcome this problem by
identifying the magnetization direction where the dispersion
is nearly flat and the spin waves cannot propagate. A nearly
flat dispersion is expected for an intermediate angle of the
field orientation between BV and DE configurations where
the different dipolar contributions compensate each other (red
dotted line in Fig. 2). The actual angle where the dispersion
becomes nearly flat is indicated by black circles in Fig. 3 and
depends on the rf-frequency (Fig. S4 [47]). A flat dispersion
results in the simultaneous excitation of spin waves of all
excited wave vectors, causing destructive interference of all
spin-wave modes except for the uniform mode (k = 0). This
behavior is indeed observed in the inset of Fig. 3(a), where
mostly a uniform precession of the magnetization occurs. At 4
GHz, a flat dispersion is expected for an angle between k and
M of 55 degrees as indicated in Fig. 2. In addition, because
the dispersion is flat, the excited spin waves have a nearly
vanishing group velocity vg = ∂ω/∂k and cannot propa-
gate. As demonstrated in the inset of Fig. 3(e), a pronounced
minimum of the resonance linewidth is indeed observed for
these conditions. By measuring the susceptibility at the angles
of minimal dispersion, we extract Lorentzian resonance line
shapes from the local SNS-MOKE spectra that can be easily
interpreted in terms of their linewidth. Figure 4(a) shows
the frequency-dependent linewidth determined from a series
of such spectra obtained in the point of minimal dispersion.
The Gilbert damping determined from the red data points in
Fig. 4(a) corresponds to a value of α = (5.41 ± 1.07) × 10–5

with a very small zero-frequency linewidth offset �H0 of only
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16 μT and hence three times smaller compared to conven-
tional FMR measurements we performed on the same sample.
The remaining zero-frequency linewidth offset is most likely
caused by two-magnon scattering processes, which are facili-
tated by a flat dispersion extending to large k-vectors.

An even better localization of the probed properties may
be achieved by controlling the magnon band structure such
that degenerate magnon modes can be avoided completely. In
the following, we will look in detail at the presented avoided
crossing, and in doing so study spin waves with tunable prop-
agation length with the aim to localize them. The associated
change in curvature of the dispersion offers a handle to control
the magnon propagation length since it is given by the product
of spin-wave lifetime and group velocity [39]: λprop = τvg,
where the lifetime [57] is related to the Gilbert damping pa-
rameter by

τ = 2

α

1

γμ0 (M0 + H )
. (1)

Obviously, in the case of a flat dispersion, the probed signal
has a truly local character and provides access to intrinsic
local properties such as internal fields and the Gilbert damping
parameter. In the region of mode repulsion, the excited spin-
wave modes are localized close to the edges of the conductors
of the CPW (left inset in Fig. 2). Using different frequen-
cies and a nearly flat dispersion found in the vicinity of the
avoided mode crossing (shown in supplemental Fig. S3 [47])
we extract the propagation length λprop and the group velocity
vg for these modes and calculate an average Gilbert damp-
ing parameter of α = (4.08 ± 0.97) × 10–5 for frequencies
between 1 and 8 GHz using the equation above. The narrow
linewidths for different frequencies [Fig. 4(a)] and the corre-
sponding Gilbert damping parameters [Fig. 4(b)] calculated
from the obtained data are a consequence of the local charac-
ter of the damping measurement under nearly flat dispersion
conditions.

In the following, we will demonstrate that the magnon band
gap at small wave vectors created by the avoided crossing
allows us to realize magnon guiding along a track defined
by tiny local fields. One can set the external field and the
excitation frequency such that no spin waves can be excited
and propagate [gray shaded area in, e.g., Fig. 5(a)]. To lo-
cally guide spin waves along a predefined track, it is required
to locally shift this band gap. For this we define magnetic
structures on top of the YIG layer in order to provide a local
bias field in their gap, as shown in Figs. 5(c) and 5(d). The
local in-plane stray field amounts to ∼0.5 mT for 10-nm-thick
Permalloy structures with a 5 μm gap, and it induces a shift
of the magnon dispersion of about 100 MHz [Fig. 5(b)]. Now
one can select a frequency where the spin-wave propagation
within the magnonic waveguide is still allowed while it is
forbidden due to the magnon band gap in the surrounding
magnetic material. This situation is demonstrated in Fig. 5(d)
for a frequency of 4.45 GHz and an applied external field of
79 mT. The spin-wave mode within the magnonic waveguide
can propagate over several 10 μm while the propagation on
the left and right side of the waveguide is evanescent. By
determining the decay length of this specific spin-wave mode
and the corresponding group velocity from the dispersion, we
find a Gilbert damping parameter of α = (6.4 ± 1.3) × 10–5

FIG. 5. Parts (a) and (b) show the magnonic band gap for an
external field of 79 mT at positions next to and within the magnonic
waveguide, respectively. In (b) the dispersion is slightly shifted to-
ward larger frequencies. Here we find a regime where in contrast to
the band state in (c), the propagation of DE spin-wave modes is only
possible within the waveguide (gap state) as observed in (d).

(and we calculate a linewidth of 10.3 ± 2.1 μT) (both indi-
cated by orange stars in Fig. 4).

In summary, we demonstrate that by selecting the orien-
tation of the wave vector, it is possible to avoid spin-wave
dispersion to a large extent. Even more interestingly, strong
modification of the dispersion in the vicinity of the avoided
crossing allows us to select arbitrarily low values of the
spin-wave velocity and hence to address the Gilbert damping
locally. Using the exceptional frequency resolution of the
SNS-MOKE technique introduced here, we show that the
spin-wave interaction in the vicinity of the mode crossing
represents a case of strong coupling, allowing us to study co-
operative phenomena such as Rabi oscillations for spin-wave
excitations as well in the future. Finally, we demonstrated that
a forbidden magnon band can be created by the avoided cross-
ing. By local modification of the dispersion using the stray
field of magnetic microstructures, we have designed a “soft”
magnonic waveguide. This waveguide supports spin waves in
the vicinity of the avoided crossing, while the propagation in
the surrounding material is forbidden. Due to the low Gilbert
damping, tiny local bias fields are sufficient to control the
propagation properties. In the future, such magnetic fields
may be generated by currents flowing in microfabricated wire
structures placed on top of the YIG layer, allowing for a
dynamic control of magnon propagation.
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