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Bi-reflection of spin waves
Tomosato Hioki 1✉, Yusuke Hashimoto2 & Eiji Saitoh2,3

When a light wave is refracted at a boundary between two different media, it may split into

two rays due to optical anisotropy, a phenomenon called birefringence. On the other hand, for

a reflected light wave in an ordinary medium, the angle of reflection is always the same as the

incident angle as expected from the law of reflection. Here, we report the observation of a

split of reflected spin-waves, or bi-reflection of spin-waves, where a spin-wave refers to a

wavy motion of electron spins in a magnetic material. We measured the spin-wave propa-

gation in a magnetic garnet Lu2Bi1Fe3.4Ga1.6O12 by using time-resolved magneto-optical

microscopy and found that the spin-wave splits in two as a result of reflection at the sample

edge of an out-of-plane magnetized film. Systematic measurements combined with calcu-

lations unveiled that the bi-reflection is due to the hybridization with elastic waves.
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In an optically anisotropic medium, the velocity of a wave of
light depends on its polarization direction1. Owing to the
difference in the velocity, there are two independent propa-

gation modes of a light wave in the medium: ordinary and
extraordinary rays. When an unpolarized light wave enters into
such an anisotropic medium from an isotropic one, a refracted
light wave splits into two rays depending on the polarization
(Fig. 1a). In the case of reflection, the reflected light wave does not
split into two, unless the boundary normal and an optical axis in
the anisotropic medium satisfy a particular condition imposed by
symmetry consideration (Fig. 1b)2,3.

In a magnetic material, a collective motion of electron spins
forms a wave: a spin wave, which can carry information as a form
of spin angular momentum4–7. Just like a light wave, a spin wave
refracts and reflects in a magnetic material8–10. Although a pure
spin wave does not carry a polarization degree of freedom, it can
hybridize with an elastic wave via the magneto-elastic coupling,
and inherit a mode degree of freedom from an elastic wave, that
is, longitudinal and transverse modes, when the frequency and
wavelength of spin waves are matched with that of elastic
waves11–18. For the hybridized waves, the two propagation modes
can convert to each other when translational symmetry is broken
down, because the two modes are no longer eigenstates19,20. The
conversion may occur at any types of boundaries in isotropic
materials, including, but not limited to, a sample edge. Contrary
to the light-wave split, the materials can be either isotropic or
anisotropic to observe the conversion. As a result of the con-
version, when a single-mode hybridized spin wave meets a sample
edge, a reflected wave can split into two different modes: bi-
reflection of spin waves.

Here we report the observation of bi-reflection of spin waves as
a result of hybridization with elastic waves (Fig. 1c). By using time-
resolved magneto-optical (TRMO) microscopy, we demonstrated
that the magneto-elastic coupling induces a split of a reflected spin
wave. The TRMO microscopy visualizes the spin orientation at
different positions on a sample with high spatial resolution and
picosecond time resolution (Fig. 2a)21,22. In the TRMO micro-
scopy, two beams from a pulse laser source are used to excite and
observe spin dynamics, which are called pump and probe beams,
respectively. By the incidence of the pump beam, spin waves are
excited through the photo-induced demagnetization and/or
expansion23–25. By sweeping time delay between the pump and
probe beams, one can obtain images of spin distribution at dif-
ferent times (see “Methods”). In the present study, the TRMO
microscopy measures magneto-optical Faraday rotation, and thus
it is sensitive to the out-of-plane component of magnetization21.
We measured spin-wave propagation dynamics in a ferrimagnetic
garnet (Lu2Bi1Fe3.4Ga1.6O12) film. This material is suitable for
TRMO microscopy because it has a larger magneto-optical effect

than yittrium iron garnet, one of the traditional materials for
investigating spin-wave dynamics (see “Methods”)26,27. To observe
reflection of spin waves, the propagation direction of a spin wave is
determined by shaping the focus of the pump beam into an
ellipse28,29. During the measurement, an external magnetic field is
applied along the z-direction to control the magnetization orien-
tation between the out-of-plane and in-plane orientation. All the
measurements were performed at room temperature.

Results
Magneto-optical imaging of bi-reflection of spin waves.
Figure 2b–d shows the TRMO images obtained from an out-of-
plane magnetized sample under the field H= 1.35 kOe at differ-
ent values of time delay after the laser excitation. In these images,
we clearly see propagation of a plane spin wave excited by the
pulse laser. Importantly, we found that the reflected wave splits
into two waves, showing bi-reflection of spin waves. The wave-
vectors of the split waves are referred as k1 and k2, respectively, in
Figs. 2b–d. While k1 mode has the reflection angle same as the
incident angle, k2 mode has much less reflection angle. k2 mode
also has a shorter wavelength compared with the incident wave
and k1 mode, meaning that k2 mode is owing to extraordinary
reflection of spin waves.

The observed split of spin waves is consistent with the expected
property for the bi-reflection. Due to the continuity of spin-wave
phase at a boundary, the wavevector component along the sample
edge should be kept the same during the reflection. The
wavevector of reflected spin waves is analyzed by using the spin
wave tomography (SWaT)21, which gives spin-wave amplitude in
the wavevector-frequency space based on the Fourier analysis at
an arbitrary time range21,24 (see “Methods”). Fig. 3a shows a
cross-sectional view of the SWaT spectra on the isofrequency
plane of f= 1.53 GHz obtained from an out-of-plane magnetized
film. Before the spin wave meets the boundary, we see a single
spectral peak corresponding to the incident wave (Fig. 3a). On the
other hand, two distinctive spectral peaks appear after the
incidence, corresponding to the k1 and k2 modes as shown in
Fig. 3b. Two reflected spin waves possess the same y-component
of wavevector, satisfying the continuity. The appearance of the two
peaks are also confirmed in Fig. 3c, which shows a line plot of the
SWaT spectral intensity along the iso-wavenumber line shown by
the white dashed line in Fig. 3a (ky= 1.18 × 104 rad cm−1).

In order to rule out bi-reflection of pure elastic waves, we
measured magnetic field dependence of the observed bi-
reflection. We applied an external field of H= 0.3 kOe where
the magnetization lies along in-plane orientation. The bi-
reflection of spin waves is not observed in the in-plane
magnetized film, as shown in the SWaT spectra in Figs. 3d and
e. Each SWaT spectrum in Fig. 3d, e show a single peak both
before and after the incidence. The incident and reflection angles
are found to be the same, meaning the absence of the
extraordinary reflection in the in-plane magnetized film. The
disappearance of the bi-reflection can also be seen in the line plot
of the spectral intensity shown in Fig. 3f. The disappearance of
the bi-reflection is attributed to the large frequency difference
between the incident and reflected states. In the case of an in-
plane magnetized film, the kin and k2 modes have the frequency
difference greater than 200MHz because of the anisotropy of the
dispersion relation, the energy-momentum relation, of spin waves
in the in-plane magnetized film. As a result, conversion between
the incident wave and the k2 mode should be suppressed.

Magneto-elastic hybridization of the observed spin waves. We
confirmed that the bi-reflection of spin waves is associated with
the coupling between spin and elastic waves by comparing the

Fig. 1 Concept of bi-reflection. a A schematic of birefringence of a light.
The transmitted light splits into two depending on the light polarization. b A
schematic of reflection of a light. The light is totally reflected back at a
boundary between materials. When boundary normal and an optical axis
satisfies particular relation, reflected light wave may split into two. c A
schematic of bi-reflection of spin waves. Spin waves, a collective wavy
motion of electron spins in a magnetic material, reflect and split into two
rays at the edge of out-of-plane magnetized film.
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SWaT spectra with the calculated dispersion relations. Figure 4a–c
show the SWaT spectra for the incident and reflected wave as a
function of frequency and wavenumber. The white dashed lines
represent dispersion relation of spin waves, longitudinal and
transverse modes of elastic waves. Strong peak appears near the
crossing between elastic and spin waves, where the magneto-
elastic coupling gives birth to the hybridization of the two waves.
For the k1 mode, a strong specrtral peak appears around the
crossing between the longitudinal elastic waves and spin waves

(Fig. 4b). On the other hand, for the reflected k2 mode, the
intensity is strong around the crossings between the transverse
elastic waves and spin waves (Fig. 4c). The result shows that the k2
mode appears with the aid of the conversion from the longitudinal
into the transverse modes of the elastic waves.

To confirm the hybridization of spin waves with elastic waves,
we examined the difference between the phase and group
velocities of the excited spin waves. For pure elastic sound waves,
group and phase velocities should be the same because of the

Fig. 2 Experimental setup and time-resolved magneto-optical images of the reflection dynamics. a A schematic of the experimental setup for the time-
resolved magneto-optical microscopy. A pulse laser light is divided into pump and probe beams which enter into the sample at different time delay. The
pump beam excites spin waves, and the probe beam is detected with a charge-coupled device (CCD) camera. The inset shows a magnified view of the
sample configuration. A spin wave is excited by a pump beam focused on the sample. The focus is shaped into an ellipse to determine the propagation
direction of the spin wave. The excited spin wave is reflected at the sample edge. b–d Reflection dynamics of spin waves obtained from the out-of-plane
magnetized film at the time delay of 12 ns (b), 18 ns (c), and 24 ns (d). The excited spin wave reflects at the sample edge and splits into two waves with
different wavevectors k1 and k2.

Fig. 3 k-space spectra intensity of incident and reflected spin waves. a Cross-sectional view of Spin wave tomography spectra at the frequency f= 1.53
GHz obtained by analyzing the series of images taken from the sample with out-of-plane magnetization. a (b) The spectrum before (after) the incidence of
a spin wave. White arrows indicate the wavevector k= (kx, ky) of the incident and reflected waves. Spectrum peak is split into two after the incidence to the
sample edge. c Spectrum intensity as a function of kx at ky= 1.18 × 104 (rad cm−1) in the out-of-plane magnetized sample. The spectral intensity has two
peaks indicated by red inverted triangles. d Cross-sectional view of Spin wave tomography spectra at f= 1.20 GHz obtained from the in-plane magnetized
sample. d (e) The spectrum before (after) the incidence of a spin wave. A single spectrum peak appears before and after the incidence. f Spectrum
intensity as a function of kx at ky= 1.00 × 104 (rad cm−1) in the in-plane magnetized sample. Contrary to (c), only the single peak appears.
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linear dispersion relation, which is 6.50 km s−1 for the long-
itudinal mode21. In the vicinity of the dispersion crossing between
elastic and spin waves, on the other hand, the values of group and
phase velocity differ to each other because of the anticrossing of
the dispersion relation11,30,31. Figure 4d shows the temporal
evolution of a cross-sectional view for the magneto-optical
images along the incident wavevector kin. The signal slope in the
intensity map indicates the phase velocity. On the other
hand, Fig. 4e shows a cross-sectional view of the magneto-
optical signal envelope obtained from real-space Hilbert trans-
form for the magneto-optical images. Here, the signal slope in the
intensity map indicates the group velocity (see “Methods”).
The phase velocity estimated from the dashed red line in
Fig. 4d is 6.51 ± 0.09 km s−1, while the estimated group velocity is
6.05 ± 0.07 km s−1. The result is consistent with the calculated
dispersion relation near the crossing between the spin waves and
elastic waves (Fig. 4f). Due to the bending of the dispersion
relation around the anticrossing, a spin wave has smaller group
velocity than phase velocity30. Since pure elastic waves have the
same phase and group velocities due to its linear dispersion
relation, the observed difference in the phase and group velocities
demonstrates that the excited spin waves are resonantly coupled
with elastic waves. The excited region is indicated in Fig. 4f, g as
purple curves. We could not see clear hybridization gap in the
spectra between spin waves and elastic waves regardless of
the clear coherence of the hybridized spin waves observed in the
magneto-optical images. This may be because our frequency
resolution is limited to 70MHz, which is comparable to
the expected gap frequency (32 MHz for longitudinal mode and
88MHz for transverse mode)31–33.

Discussion
We are now focusing our discussion on the difference between
elastic mode conversion and the magneto-elastic mode con-
version. Elastic mode conversion should exhibit dependence on
the incident angle θin because θin changes the ratio of volume
and shear strain induced by elastic waves at a sample edge. In
the case of oblique incidence of the longitudinal waves, volume
strain parallel to the wavevector induces both volume and shear
strain at a sample edge20. It gives birth to mixing of long-
itudinal and transverse modes of elastic waves, resulting in
elastic mode conversion. In the case of the normal incidence, on
the other hand, only volume strain appears at the edge, sup-
pressing elastic mode conversion. Since elastic waves simply
pass through in the case of the 90-degree incidence, the con-
version efficiency should exhibit a maximum at 0° < θin < 90°.
We carried out incident-angle dependence measurement of the
bi-reflection of spin waves. Figure 4h shows the relation
between the incident angle and reflection angle for the k1 and
k2 modes in the out-of-plane magnetized sample. According to
the continuity of the phase at a boundary, ky should be kept the
same between an incident wave and reflected waves. This
boundary condition gives a relation between the incident angle
and reflection angle, which is analogous to the case in the light
waves and other reflection processes such as Andreev reflec-
tion34. We measured incident-angle dependence of the reflec-
tion angles. The incident angle of the spin wave is controlled by
changing the orientation of the elliptic pump-beam focus. The
reflection angle is obtained from SWaT spectra in k-space by
fitting the spectral intensity by using a two-dimensional
Gaussian function. Figure 4h shows that the experimentally

Fig. 4 Spin wave tomography analysis for bi-reflection of spin waves. a Spin wave tomography spectrum for the incident mode as a function of the
wavenumber and frequency. White dashed lines indicate the calculated dispersion relation of spin waves (SW), longitudinal (LA), and transverse (TA)
elastic waves. The velocity of the longitudinal and transverse elastic waves are 6.5 km s−1 and 3.5 km s−1, respectively. b Same as (a) but along k1 vector.
c Same as (a) but along k2. d Temporal evolution of a cross-sectional view of the magneto-optical images cut along kin. e Same in (d) but the envelope data
obtained by Hilbert transform are plotted. The slope of the red dashed line in the figure indicates the phase (group) velocity in d (e). In (e), the red dashed
line in (d) is drawn with a white dashed line for a comparison. f Shows the calculated dispersion relation, and (g) shows the calculated amplitude of the
spin-wave component and the elastic-wave component near the crossing between the longitudinal elastic waves and spin waves. Purple solid curves in
(f, g) between black dashed vertical lines highlight the region having the group velocity obtained from (e). h Reflection angles plotted as a function of the
incident angle. The blue (red) filled circles indicate the reflection angles of the k1 (k2) mode. Solid curves show the result of the calculation. The error bars
are evaluated from standard deviation of two-dimensional gaussian fitting parameters. i Reflectivity of each modes as a function of the incident angle. The
blue (red) filled circles indicate the reflectivity of k1 (k2) modes. Black dashed curves are the reflectivity of the pure elastic waves. The solid blue (red)
curves shows the result of the model calculation. The error bars are evaluated from standard deviation of two-dimensional gaussian fitting parameters.
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obtained relation between the incident and reflection angles is
well explained by the calculated relation.

The incident-angle dependence of the reflectivity was found to
be different from that of elastic waves. The red (blue) filled circles
in Fig. 4i indicate the reflectivity of the k1 and k2 modes as a
function of the incident angle. The experimentally obtained data
do not fit to the calculated rate of the elastic mode conversion,
which is plotted as black dashed curves in Fig. 4i.

We constructed a phenomenological model for the efficiency
of the conversion. The model is obtained by assuming that
hybridized spin waves are reflected by two processes. The first
one is the scattering of spin waves at a sample edge. In an out-
of-plane magnetized film, the scattering probability is assumed
to be constant for any incident angles since the dispersion
relation of spin waves is isotropic in the configuration. The
second one is the mode conversion of elastic waves. Since the
conversion ratio depends on the incident angle, we assumed
that the scattering probability depends on the incident angle in
the same manner as the elastic mode conversion. Therefore, our
scattering Hamiltonian is written as the following equation:

Ĥscat ¼
X

kin;kL

AðθinÞb̂
y
kL
b̂kin þ

X

kT;kin

BðθinÞb̂
y
kT
b̂kin þ

X

kL;kin

CâykL âkin ;

ð1Þ
where kin, kL, kT, θin, A(θin), B(θin), C, âkðâykÞ, and b̂kðb̂

y
kÞ are the

wavevector of an incident wave, the wavevector of reflected long-
itudinal hybridized spin waves, the wavevector of reflected trans-
verse hybridized spin waves, the incident angle, the reflectivity of
pure longitudinal elastic waves, the ratio of conversion from long-
itudinal elastic waves to transverse elastic waves, the mixing angle of
the scattering potential at the edge, the annihilation (creation)
operator of spin waves, and the annihilation (creation) operator of
elastic waves, respectively. The scattering probability is calculated by
using time-dependent perturbation theory.

We calculated the reflectivity by describing the hybridized spin
waves as an eigenstate of the total Hamiltonian Ĥtot composed of
the spin-wave Hamiltonian Ĥs, the elastic-wave Hamiltonian Ĥel,
and the coupling between spin waves and elastic waves Ĥmec
(Ĥtot ¼ Ĥs þ Ĥel þ Ĥmec). The solid red (blue) curve in Fig. 4i
represents the calculated reflectivity based on the model. The
calculated curves well reproduce the experimentally obtained
reflectivity of the k1 and k2 modes. The effect of the hybridization
between spin waves and elastic waves manifests itself as the
decrease in the reflectivity of the k2 mode. In the vicinity of the
crossing points, the amplitude of spin-wave and elastic-wave
component exhibits a crossover feature as shown in Fig. 4g19,30

which decreases the amplitude of the elastic-wave component,
leading to suppression of the scattering probability compared to
that of the pure elastic-waves’ case, consistent with the experi-
mental result. The solid curves in Fig. 4i are calculated by setting
the mixing angle C= 0.8, which indicates that the scattering
probability of spin waves is 20% less than that of elastic waves.
The difference in the scattering probability may originate from
the reflection loss of spin waves at the sample edge via two
magnon scattering, which is allowed when translational sym-
metry is broken down6,35.

The material selection for observation of the bi-reflection of
spin waves is not limited to Lu2Bi1Fe3.4Ga1.6O12 because the bi-
reflection owes to hybridization between magnon and phonon,
which is present in any traditional materials for investigation on
spin-wave dynamics, such as yittrium iron garnet and CoFeB.

The bi-reflection accompanies the wavelength conversion for
k2 mode, which extends the controllability of spin waves. In the
field of magnonics, where spin-wave propagation and inter-
ference play a main role for information transfer and processing,

control of wavelength of spin waves is of great importance36.
Therefore, our result paves a way to control spin waves using
mode degree of freedom of elastic waves. Compared with
the typical time scale of magnonic devices, several tens of
nanoseconds36–38, the time scale of the wavenumber conversion
is comparable, namely 14 ns, which is evaluated from the
strength of magneto-elastic coupling of Lu2Bi1Fe3.4Ga1.6O12

(4.1 × 105 J m−3)33.

Conclusion. In summary, we observed a split of reflected spin
waves around an edge of Lu2Bi1Fe3.4Ga1.6O12: bi-reflection of spin
waves, by measuring the reflection dynamics of spin waves by
using TRMO microscopy. During reflection around a sample
edge, spin waves exhibit clear split into two modes with different
wavelengths. We found that the magneto-elastic coupling and a
mode degree of freedom inherited from an elastic wave is
responsible for the split. The result demonstrates the potential of
the mode degree of freedom of elastic waves to control spin-wave
propagation in magnetic materials.

Methods
Time-resolved magneto-optical imaging. We used Lu2Bi1Fe3.4Ga1.6O12 (LuIG)
grown on a [001] plane of a gadolinium gallium garnet substrate by liquid phase
epitaxy. LuIG is known to exhibit a large magneto-optical effect due to the Bi
substitution26,27. The sample edge was cleaved mechanically so that it is smooth
enough not to diffuse spin waves. Crystallographic orientation does not affect the
reflection of the present elastic waves because the sample can be regarded as an
isotropic elastic body in the wavelength scale. At the magnetic field of 1350 Oe, the
magnetization is nearly saturated. The polar angle of the static magnetization is 0.5
degrees, which was determined by static Faraday rotation measurement. This small
tilt of the magnetization allows us to observe spin-wave propagation by magneto-
optical Faraday effects in an out-of-plane magnetized film. In the in-plane mag-
netized sample, due to magnetocrystalline anisotropy, the magnetization form an
angle, ϕ, between the sample edge (//y) by 17 degrees. We take the z axis as a
sample surface normal and x axis as a normal to the sample edge.

The Faraday rotation is measured by the TRMO microscopy which combines
pump-and-probe technique and conventional magneto-optical imaging21,22. In this
method, one can obtain Faraday rotation images with the spatial resolution of 225
nm and temporal resolution of 0.1 ns. We used a 100 fs-duration pulsed light
source with the central wavelength of 800 nm and 1 kHz repetition frequency,
which was split into pump and probe beams. The central wavelength of the probe
beam was tuned to 630 nm with an optical parametric amplifier. The power of
probe beam was 50 nJ per pulse. The pump beam was linearly polarized along the
y-axis and focused on the sample surface with the length of 25 μm and the width of
3 μm through a metallic slit. The power of pump beam was 1.2 μJ per pulse. The
probe beam was linearly-polarized along the y-axis with a Glan-Taylor prism and
then was weakly focused on the sample surface. The transmitted probe beam was
expanded with an objective lens with the magnification of 20 and then introduced
to a magneto-optical imaging system, composed of a half-waveplate mounted on a
rotation stage, an imaging lens, an analyzer, and a charge-coupled device (CCD)
camera with an another objective lens with the magnification of 2. In this setup,
obtained images reflect the rotation angle of the transmitted probe beam. The
magnetization dynamics induced by the pump beam was observed by calculating
the difference between two images observed with and without the irradiation of the
pump beam. The pump beam irradiates the sample and excites spin waves via
photo-induced expansion and demagnetization. The excitation of spin waves may
be performed via parametric pumping of spin waves with microwave magnetic
field, which can excite spin waves hybridized with elastic waves15.

Time-dependent spectrum analysis, and estimation of group and phase
velocities. Time-dependent spectrum analysis was performed via the Fourier

transform under the application of the weight function w ¼ Ae�ðt�tcÞ2=ð2Δ2Þ to the
data to extract time-dependent spectra. The full-width-half-maximum of the
weight function 2Δ was chosen to 10 ns for all the data analysis. All the analysis
were performed by a programs developed with Matlab software by authors.

The estimation of the phase velocity was carried out by fitting the data points as
a function of time. Each data point was chosen as the maximum of the cross-
sectional data of the Faraday rotation along kin in each time frame. The ray
intensity of the hybridized spin waves is obtained by using the Hilbert
transformation. By calculating the absolute value of the amplitude, one can extract
the envelope data. The group velocity was estimated by fitting the data points
chosen in the same manner as for obtaining the phase velocity. The calculated
dispersion relation and reflectivity plotted in Fig. 4f, the spin-wave and elastic-wave
amplitude plotted in Fig. 4g, and reflectivity plotted in Fig. 4i are obtained by using
the following parameters, 4πMs= 169.6 G, Ku=−7.056 × 103 erg cm−3, K1=
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6.637 × 102 erg cm−3, where 4πMs is a saturation magnetization, Ku is a uniaxial
anisotropy constant, K1 is a cubic anisotropy constant.

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

Code availability
The code that supports the findings of this study are available from the corresponding
author upon request. All the analysis, including spin wave tomography, was performed
by codes developed by Matlab 2017b software and Matlab signal processing toolbox.
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