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Surface acoustic waves (SAWs) coupled to magnons have attracted much attention because they allow
for the long-range transport of magnetic information that cannot be achieved by magnon alone. We
employed pulsed laser interferometry to visualize the entire spatiotemporal dynamics of a SAW that trav-
els on a nickel (Ni) thin film and is coupled to magnons. It was possible to trace the coupling-induced
amplitude reduction and phase shift that occurs as the SAW propagates over a distance of 0.4 mm. The
observed changes are consistent with results obtained from conventional radio-frequency transmission
measurements, which probe the total SAW absorption due to magnon-phonon coupling. This result veri-
fies that our method can accurately capture the spatiotemporal dynamics of a SAW coupled to magnons
across the entire length of the sample. Additionally, we validated our time-resolved profiles by comparing
them with theoretical results that take the echo wave due to reflection into account. The impact of the echo
wave is significant even when it has propagated over a distance of the order of millimeters. Our imaging
results highlight the visualization of the long-range propagation of the SAW coupled to magnons and offer
more information about the surface vibration profiles in such devices.
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I. INTRODUCTION

The generation of propagating elastic strain in solids
serves as one possible route to generate magnons through
magnon-phonon coupling [1,2]. In particular, the coupling
in the case of a surface acoustic wave (SAW) that prop-
agates on a magnetic material has attracted significant
interest. SAW-induced magnetoelastic phenomena were
initially applied to isolators [3] and phase shifters [4], and
about a decade ago, Weiler et al. elucidated the physics
behind the ferromagnetic resonance (FMR) driven by
magnon-phonon coupling [5]: to explain this phenomenon,
they used a time- and space-dependent strain-induced
tickle field that exists during SAW propagation, and they
successfully predicted the dependence of the SAW attenua-
tion on the angle of the external magnetic field. Since then,
numerous theoretical [6–12] and experimental [13–27]
studies concerning SAW-induced magnetoelastic phenom-
ena have been reported. One interesting characteristic of
these phenomena is the rather long propagation distance:
if a SAW couples to magnons, it facilitates long-range
transport of magnetic information (over distances of the
order of millimeters) [8,28,29], which is usually difficult
to achieve by using magnons induced solely by magnetic
fields because magnons show rapid decay compared with
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SAWs due to magnetic losses [28,30]. In addition, the gen-
eration and detection of SAWs are possible by using a pair
of interdigital transducers (IDTs), and this enables vari-
ous experiments concerning SAW-induced magnetoelastic
phenomena.

Since SAW-induced magnon-phonon coupling is a phe-
nomenon that depends on both time and space, direct
spatiotemporal imaging is necessary. However, reports
on the observation of the spatiotemporal dynamics of
magnon-phonon coupling are rare; most previous studies
focused on transmission measurements of SAWs between
a pair of IDTs, and in such measurements, the spatial
decay profile could not be confirmed. To obtain a more
complete spatiotemporal profile, several techniques have
been employed: spatially resolved photoemission electron
microscopy to visualize strain waves [29,31–33], char-
acterization of changes in the polarization direction of
reflected light due to SAWs coupled to magnons [34], and
the Brillouin light-scattering technique to directly visual-
ize changes in the surface vibration amplitude induced by
magnon-phonon coupling [30]. To the best of our knowl-
edge, there are no reports on the quantitative evaluation
of the amplitude and phase profiles of a SAW coupled
to magnons across the entire length of a usual device.
This prevents us from providing direct supporting evidence
for the decay behavior of the SAW in such a system
with magnon-phonon coupling. On the other hand, optical
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interferometry has been used to measure the amplitude
and phase of surface and bulk acoustic waves, and axial
resolutions ranging from picometers to femtometers have
shown to be possible [35–39]. Such a resolution may also
enable us to detect changes in surface waves caused by
magnon-phonon coupling.

In this study we adopt pulsed laser interferometry with a
stroboscopic optical sampling approach [39] to record the
spatiotemporal dynamics of a SAW coupled to magnons.
We captured the spatial variations in amplitude and phase
of the SAW across a long distance of 0.4 mm [across the
entire nickel (Ni) thin film]. We also confirmed an interfer-
ence effect due to the reflection of the SAW at the IDT used
for detection, and we reproduced the time-resolved profiles
with a model that accounts for this reflection. The overall
absorption of the SAW due to magnon-phonon coupling
derived from the spatiotemporal profile is quantitatively
consistent with the results from conventional rf transmis-
sion measurements. The spatiotemporal dynamics provide
a better insight into the magnon-phonon coupling of this
system, as we can confirm how the SAW propagates over
distances of the order of millimeters.

II. EXPERIMENTAL SETUP

A. Sample preparation

Figure 1(a) depicts the sample structure. The piezoelectric
material, a 128◦ Y-cut LiNbO3 substrate with a thickness

of 0.5 mm, is shown in purple. The two IDTs for SAW
generation and detection shown in brown were deposited
onto the substrate by electron-beam (EB) evaporation. We
used the following layer structure: titanium with a thick-
ness of 3 nm and a gold layer with a thickness of 70 nm.
The spacing between the fingers of the IDTs was 3.75 µm,
and each IDT finger had a width of 3.75 µm. As shown
in the figure, both IDTs are electrically connected to sepa-
rate coaxial connectors. The SAW propagation direction is
along the crystallographic X axis of the LiNbO3 crystal
[the x axis in Fig. 1(a)]. The fundamental resonant fre-
quency of the SAW excitation was 251 MHz according
to our rf transmission measurements. The gray rectangular
layer between the two IDTs illustrates the polycrystalline
Ni thin film (during SAW excitation), which was also
deposited using EB evaporation. We used a film thickness
of 50 nm, and the x and y extensions were 400 × 360 µm2,
respectively.

B. rf transmission measurements

Figure 1(b) shows a schematic of the experimental setup
for the rf transmission measurements. The home-made
magnetic coils are located behind the sample. These coils
allow for the application of magnetic fields to the sample
in two orthogonal directions to change the strength of the
magnon-phonon coupling [5]. To measure the frequency
ν dependence of the transmission parameter S21, the two
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FIG. 1. (a) Illustration of the sample structure consisting of two IDTs and a Ni thin film on a LiNbO3 substrate. A SAW propagating
on the Ni thin film along the +x direction is also shown. An rf circuit board is used to connect the IDTs and coaxial connectors
electrically. (b) Schematic of the experimental setup for the rf transmission measurements. Here, a vector network analyzer (VNA) is
used to determine the transmission parameter. (c) Schematic of the experimental setup used to perform pulsed laser interferometry.
Stroboscopic optical sampling is implemented by using a SAW driving frequency that slightly differs from 15 frep. The following
abbreviations are used in the figure: half-wave plate (HWP), polarizer (POL), polarizing beam splitter (PBS), quarter-wave plate
(QWP), objective lens (OL, 50X, numerical aperture = 0.55), variable neutral density filter (ND), balanced photodetector (BP).
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coaxial connectors attached to the sample are connected to
a vector network analyzer (VNA), and S21(ν) is measured
as a function of Hext. This measurement was performed
for various directions of Hext. Furthermore, we applied
time-domain gating to the obtained frequency-domain data
S21(ν) [40] to isolate either the main response (the SAW
that directly reaches the detection IDT) or the triple transit
echo response [the SAW that is first reflected two times
(one reflection per IDT) and then reaches the detection
IDT] [41]. This method effectively eliminates any spuri-
ous electromagnetic crosstalk. The Fourier transforms of
the gated signals of the main response and the triple transit
echo response were used to characterize the transmission
properties of the SAW device.

C. Pulsed laser interferometry with stroboscopic
optical sampling

The experimental setup used to perform pulsed laser
interferometry with stroboscopic optical sampling is
shown in Fig. 1(c). The excitation source is a mode-locked
Ti:sapphire laser with a repetition rate frep of 80 MHz and
a pulse width of about 100 fs. Each pulse of the emit-
ted optical pulse train enters the Michelson-interferometer
unit indicated by the green dashed rectangle. Here, the
pulse is first divided into a pulse propagating along path
1 (shown in blue) and a pulse propagating along path 2
(shown in orange) by a polarizing beam splitter (PBS). The
pulse propagating along path 1 passes through an objec-
tive lens and is focused on the sample (the spot size was
approximately 1 µm), where it is reflected. Simultane-
ously, a SAW is propagating on the sample (we excited
the SAW at fSAW = 15frep + 70 kHz ≈ 1.2 GHz using an
rf signal generator with an input power of +16 dBm;
this excitation frequency corresponds to the fifth harmonic
of the fundamental resonance frequency of the SAW in
our sample). Since the temporal width of the laser pulse
is significantly shorter than the oscillation period of the
SAW, the reflection of the laser pulse can be approximated
by a reflection from a stationary sample surface. More-
over, since the spot size is smaller than the wavelength
of the SAW (approximately 3 µm), the laser-pulse probes
the local SAW-induced displacement of the sample sur-
face. The detection threshold is mainly governed by the
convolution of the SAW wavelength and the laser spot
size [34]. Regarding the relation between the probe tim-
ing and the surface displacement, because fSAW is slightly
faster than 15frep, consecutive laser pulses do not probe the
same surface displacement condition, but the same condi-
tion is probed every 1/|fSAW − 15frep| = 1/(70 kHz). As
a result, the interference signal between pulses coming
from path 1 and path 2 is the same every 1/(70 kHz) and
we obtain the modulated interference signal with a mod-
ulation frequency of 70 kHz at a balanced photodetector

(BP). By analyzing the amplitude and phase of the 70 kHz-
frequency component of the signals by a lock-in amplifier,
we can determine the surface displacement at a given posi-
tion x on the surface. This is the stroboscopic effect used to
investigate the spatiotemporal surface vibration profile.

By moving the sample on a motorized stage along the
x axis, we can obtain the spatiotemporal dynamics of the
surface vibration. The four coils were used to apply an
external magnetic field Hext along the y direction to change
the strength of the magnon-phonon coupling. The temporal
profile of the displacement in our experiment is determined
as follows. First, we obtain the amplitude R(x, μ0Hext) and
the phase θ ′(x, μ0Hext) of the lock-in signal at the posi-
tion x and the external magnetic field μ0Hext. Then, we
extract θ(x, μ0Hext) by subtracting the phase at the Ni thin
film edge x = 0 at μ0Hext = 17.4 mT from θ ′(x, μ0Hext),
i.e., θ(x, μ0Hext) = θ ′(x, μ0Hext) − θ ′(x = 0, 17.4 mT).
Finally, the displacement at given t, x, and Hext is deter-
mined as R(x, μ0Hext) cos (2π fSAWt + θ(x, μ0Hext)). The
time origin is thus defined as the time instant when the sur-
face displacement at x = 0 µm reaches its peak at 17.4 mT.
More details about the effect of the quarter-wave plate
(QWP) and the feedback control of the optical path length
are provided in Appendix A.

III. RESULTS

A. Magnetic field dependence of the rf transmission

To characterize the magnon-phonon coupling in our
sample using a well-established method, we initially per-
formed rf transmission measurements for different values
of the external magnetic field. First, we applied Hext in the
y direction and obtained the Fourier spectra S21(ν) of the
main response and the triple transit echo. Figure 2(a) shows
the measurement results for μ0Hext = 17.4 mT. Under this
magnetic field, the magnon-phonon coupling in our sam-
ple is weak, because the FMR of the Ni thin film lies at
significantly higher frequencies than the observed peaks.
Seven distinct peaks can be identified in the transmittance
spectrum of the main response, and the peak at the low-
est frequency (251 MHz) corresponds to the fundamental
frequency of the SAW. The other peaks correspond to the
higher harmonics up to the seventh harmonic at 1.605
GHz. In the following experiments, we focus on the fifth
peak at around 1.2 GHz. The so-called amplitude reflec-
tivity at the IDT, rIDT, can be estimated from the ratio of
|S21(ν)| of the main response to that of the triple transit
echo response, which is equal to the main response multi-
plied by r2

IDT. From the data, we estimated rIDT = 0.19 at
ν0 = 1.2 GHz.

Figure 2(b) shows the magnetic flux-density dependence
of the amplitude of S21(ν0) of the main response (the curve
is normalized to the amplitude for μ0Hext = 17.4 mT).
The corresponding phase data (with respect to the phase
for μ0Hext = 17.4 mT) is shown in Fig. 2(c). As the
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FIG. 2. (a) Fourier amplitude spectrum of the SAW trans-
mission, |S21(ν)|, of the main response (red solid curve)
and the triple transit echo (blue dotted curve) for μ0Hext =
17.4 mT (the external magnetic field was applied along
the y axis). The black arrows indicate the peak positions
of the seven distinct peaks observed in these spectra. (b)
Magnetic flux-density dependence of the amplitude of the
main response at ν0 = 1.2 GHz normalized to the ampli-
tude for a magnetic field of 17.4 mT, |S21(ν0, μ0Hext)|norm =
(|S21(ν0, μ0Hext)|/|S21(ν0, 17.4 mT)|), and (c) that of the phase
change of the main response at 1.2 GHz with respect to the
phase for a magnetic field of 17.4 mT, arg(S21(ν0, μ0Hext))norm =
arg(S21(ν0, μ0Hext)) − arg(S21(ν0, 17.4 mT)).

external magnetic flux density decreases, the amplitude
becomes smaller and the phase becomes more negative;
both reach their minimum values around μ0Hext ≈ 3.3 mT.
This behavior is attributed to the fact that at this particular
magnetic flux density, the FMR frequency of the Ni thin
film matches the SAW excitation frequency of 1.2 GHz.
This resonant excitation condition results in an efficient
conversion of elastic energy to magnetic energy through
magnon-phonon coupling [5].

A clearer physical understanding of the interaction
between SAWs and magnons was provided by Gowtham,
Labanowski, and Salahuddin through the mechanical back-
action mechanism [7]. In their model, the SAW induces
a magnon resonance via the magnetoelastic interaction. A
portion of the resulting magnon resonance is out of phase
with the elastic drive field due to magnon damping. This

out-of-phase component of the magnon resonance gener-
ates magnetoelastic shear stress in the thin Ni layer, leading
to the creation of a “back-action traction force” that is out
of phase with the driving SAW field. This out-of-phase
traction force could be a route for the loss of elastic energy
of the SAW. Consequently, magnetic damping plays a cru-
cial role in the energy absorption of the SAW because it
produces the out-of-phase traction force.

In a separate experiment that is shown in Appendix D,
we found that the reduction in the SAW amplitude due to
magnon-phonon coupling is most pronounced if the exter-
nal magnetic field is applied in the y direction. It is known
that the strain-induced rf magnetic field reaches its maxi-
mum in Ni if the angle between the magnetization direction
and the x direction is 45◦. Here the gradient of the magnetic
free energy is maximized, and the corresponding effective
magnetic field is largest [5]. Therefore, our separate exper-
iment indicates that the magnetization direction is rotated
by 45◦ with respect to the x axis when the external mag-
netic field of μ0Hext ∼ 4 mT is applied in the y direction.
This alignment condition is a result of the minimization
of the magnetic free energy, considering both the external
magnetic field and the in-plane anisotropy field [26].

B. Spatiotemporal dynamics of a SAW coupled to
magnons

To capture all details of the spatiotemporal dynamics of
the SAW propagating on the Ni thin film, we performed
pulsed laser interferometry. By recording both amplitude
and phase of the SAW at each x position, it is possible to
trace the temporal evolution of the whole oscillation pro-
file. Figure 3(a) shows the surface displacement profiles of
the Ni thin film in the region near the IDT for SAW gener-
ation at different times t. This region of the Ni thin film is
hereafter referred to as the entrance (Fig. 1; x = 0–20 µm).
Each panel within this figure shows the waveform of the
SAW at a different time t in terms of the SAW oscilla-
tion period T. Figure 3(b) shows the corresponding data
at the exit (Fig. 1; x = 380–400 µm). Furthermore, we
compare the oscillation profiles obtained using the reso-
nant excitation condition (μ0Hext = μ0HR = 3.3 mT) and
the nonresonant excitation condition (μ0Hext = μ0HNR =
17.4 mT). These waveforms were reconstructed from the
position-dependent amplitude and phase information of
the interferometric signal, R(x, μ0Hext) and θ(x, μ0Hext),
respectively. All waveforms in Fig. 3 exhibit an oscilla-
tion with a wavelength of λSAW = 3.2 µm, and the SAW
propagates in the +x direction as time progresses. At the
entrance, the surface displacement profiles for resonant
and nonresonant excitation are nearly identical. In contrast,
at the exit, they differ significantly; compared with the
nonresonant excitation condition, the data obtained using
the resonant excitation condition have a smaller ampli-
tude and a delayed phase. This finding implies that a part
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FIG. 3. The SAW-induced surface displacement profiles of the Ni thin film (a) near the entrance (x = 0–20 µm) and (b) near the
exit (x = 380–400 µm) at different times t (t = 0, T/8, 2T/8, 3T/8, where T represents the SAW oscillation period). The time origin
is defined as the time instant when the surface displacement at x = 0 µm reaches its peak. The solid red curves are the profiles for
resonant excitation (μ0Hext = 3.3 mT), while the dotted blue curves are those for nonresonant excitation (μ0Hext = 17.4 mT).

of the energy of the surface vibration—the phonon—is
transformed into magnon energy as the SAW propa-
gates on the Ni thin film, because the effect of magnon-
phonon coupling is stronger under resonant excitation
conditions.

To gain a deeper understanding of the local absorp-
tion of the surface vibrations in this sample, we com-
pare the amplitude and phase profiles of the surface
vibration in the resonant case with the data for non-
resonant excitation. Figures 4(a) and 4(b) display the
amplitude ratio R(x, μ0HR)/R(x, μ0HNR) and the rela-
tive phase θ(x, μ0HR) − θ(x, μ0HNR), respectively, as a
function of the position x. The insets in these figures
show magnified views around the entrance and exit. A
distinct feature of these data is the presence of spatial
oscillations, particularly at the entrance as shown in the
left insets. Furthermore, it is clearly observed that the
amplitude ratio decreases and the relative phase becomes
more negative as the SAW propagates on the Ni thin
film. Finally, at the exit, these values become approx-
imately equal to 0.6 and −0.5 rad, respectively. These
values are close to the values determined by the rf
transmission measurements (0.53 and −0.51 rad). These
results verify that pulsed laser interferometry can quanti-
tatively reproduce the SAW absorption at the exit eval-
uated by the conventional method (by measuring the

S21 parameter). Hence, pulsed laser interferometry is
considered useful for the quantitative assessment of both
the absorption and phase shift of a SAW across the entire
sample.

C. Characterization of the interference effect

A distinct feature in Figs. 4(a) and 4(b) is the spatial
oscillations, particularly prominent at the entrance posi-
tion. Figures 4(c) and 4(d) show the theoretical predictions
of the amplitude ratio and the relative phase. The detailed
behavior is discussed later, but the most important point
is that the oscillations in the insets are in good agree-
ment with the experimentally observed oscillations. To
reveal the origin of the oscillations of the amplitude ratio
in Fig. 4(a), we analyze the behaviors of the amplitude
data near the entrance and the exit in Figs. 5(a) and 5(b),
respectively. (The analysis of the oscillations in Fig. 4(b)
is discussed in Appendix C.) In each figure, we show
both R(x, μ0HR) and R(x, μ0HNR). All data sets have an
oscillating component with a wavelength of approximately
1.6 µm, which is close to λSAW/2 (the fluctuation of the
amplitude that leads to peaks, shoulders, and valleys can
be attributed to a bulk acoustic wave (BAW) contribution
that will be discussed later in Sec. III.D). This suggests an
interference effect due to multiple reflections of the SAW
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FIG. 4. (a) The experimentally determined ratio of the surface displacement amplitude for resonant excitation to that for nonresonant
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at the IDTs, which results in SAWs traveling in opposite
directions.

To reproduce the oscillating behavior observed in Figs. 4
and 5, we developed an analytical model that describes
the surface displacement of the Ni thin film caused by
the SAW. We first assume that the surface displacement
is primarily influenced by two factors: the primary SAW
that directly reaches the detection IDT, and the reflected
SAW. In this case, the ideal surface displacement under the
nonresonant excitation condition, uNR, can be written as

uNR(x, t) = ANR sin (kNRx − 2π fSAWt + φ1)

+ BNR sin(−kNRx − 2π fSAWt + φ1

+ 2kNRx0 + �θ), (1)

which under the resonant excitation condition in the small
magnon-phonon coupling regime becomes

uR(x, t) = AR(x) sin (kRx − 2π fSAWt + φ1)

+ BR(x) sin(−kRx − 2π fSAWt + φ1

+ 2kRx0 + �θ). (2)

Here, ANR and BNR are the SAW amplitudes of the primary
and the reflected SAWs in the nonresonant case, and kNR
is the wave number of the SAW in the nonresonant case.
These amplitudes are considered to be constant due to the
negligible SAW absorption in the ideal nonresonant case,
i.e., we do not take into account the purely acoustic atten-
uation. Furthermore, BNR = rIDTANR, where rIDT = 0.19
according to the rf transmission measurements. The phases
φ1, 2kNRx0 (x0 = 400 µm: length of the sample), and �θ
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amplitudes for resonant excitation, and the dotted blue curves are those for nonresonant excitation.

are the phases of the primary SAW at x = 0 and t = 0,
2kNRx0 is the phase offset of the reflected SAW at x = 0
and t = 0 in the case of propagation under the nonresonant
excitation condition, and �θ is the phase shift due to the
round trip between the edge of the Ni thin film and the IDT
including the phase shift due to the reflection of the SAW
at the detection IDT. The amplitudes of the primary and
reflected SAWs in the resonant case depend on x due to
absorption (magnon-phonon coupling) [6]. We consider an

exponential decay on the Ni thin film under the resonant
excitation condition with the absorption coefficient κR;
AR(x) = ANRe−κRx and BR(x) = rIDTANReκR(x−2x0). Here,
we assumed that the amplitude and phase of the primary
SAW at x = 0 in Eq. (2) are equal to those in Eq. (1). The
values for kNR, kR, κR, φ1, and �θ were determined from
the pulsed laser interferometry and rf transmission mea-
surements (further details are provided in Appendix B).
From Eq. (1), we obtain

R(x, μ0HNR) =
√

A2
NR + B2

NR + 2ANRBNR cos {2kNR(x0 − x) + �θ}. (3)

The third term in the square root is the interference term, which produces nodes and antinodes in the spatial profile of
the partial standing wave. Similarly, from Eq. (2),we obtain

R(x, μ0HR) =
√

AR(x)2 + BR(x)2 + 2AR(x)BR(x) cos {2kR(x0 − x) + �θ}. (4)

044047-7



KAZUKI MAEZAWA et al. PHYS. REV. APPLIED 21, 044047 (2024)

Here R(x, μ0HR) also has nodes and antinodes, while its
oscillation center, i.e., AR(x), as well as the oscillation
amplitude, i.e., BR(x), exponentially decrease. Figures 5(c)
and 5(d) show the spatial variations in the amplitude of
the ideal surface displacement at the entrance and the
exit, respectively, calculated using Eqs. (3) and (4). At the
entrance, the center of the amplitude oscillation is indepen-
dent of the excitation condition, because AR(x) ≈ ANR(x)
near x = 0, while the oscillation amplitude depends on
the excitation condition, because BR(x) < BNR(x) near x
= 0. Furthermore, the difference between the positions of
the antinodes of the SAWs for resonant and nonresonant
excitation is largest at the entrance, because here the wave
numbers kNR and kR are different and (x0 − x) is largest.
These differences in the amplitude and the antinode posi-
tion cause the spatial oscillation of the amplitude ratio
shown in Fig. 4(a). On the other hand, at the exit, the
positions of the nodes and antinodes are similar, because
here Eqs. (3) and (4) have similar phase values in their
interference terms.

Now we return to Fig. 4(c), where we showed the
theoretically predicted amplitude ratio calculated using
Eqs. (3) and (4). At the entrance of the Ni thin film, the
amplitude ratio oscillates with a wavelength of λSAW/2,
while at the exit, the amplitude ratio is almost constant.
The reason for the nearly constant amplitude ratio at the
exit is the combination of the above-mentioned similar
phase and the similar reduction of the amplitudes of the
primary SAW (AR(x) ≈ ANRe−κRx0) and the reflected SAW

(BR(x) ≈ BNRe−κRx0) near the exit:

R(x ∼ x0, μ0HR)

R(x ∼ x0, μ0HNR)
≈ e−κRx0 . (5)

In Fig. 4(c) we also plot the theoretically predicted ampli-
tude ratio without considering the reflected SAW (BNR =
BR = 0). It is evident that the oscillation structure is absent
when the contribution of the reflected SAW is not taken
into account.

In Fig. 4(d) we showed the theoretically predicted rela-
tive phase calculated from Eqs. (1) and (2), as well as the
relative phase without considering the contribution of the
reflected SAW. If we consider the reflected SAW, the rel-
ative phase also exhibits a pronounced oscillation at the
entrance and is nearly constant at the exit. This behavior is
discussed in Appendix C.

Figure 4 confirms that the overall behavior of the exper-
imentally determined spatial profiles, including the local
oscillation behavior, can be well explained by a simple
analytical model. This agreement strongly suggests that the
interference between the primary SAW and the reflected
SAW governs the oscillating surface profile across the
entire sample. It is noteworthy that the superposition prin-
ciple for quasiparticles in the magnon-phonon coupling
system is maintained, despite the complicated interaction
between SAWs and magnons. Moreover, our results clearly
visualize the long-range propagation of the SAW coupled
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to magnons, which travels over a distance of the order of
millimeters (at least twice the length of the Ni thin film).

D. Additional features

The experimental amplitude ratio and relative phase pre-
sented in Figs. 4(a) and 4(b) also contain features that can-
not be explained by our simple model, particularly around
x = 360 µm [see the dashed boxes in Figs. 4(a) and 4(b)].
Additionally, it is evident in Figs. 3(a) and 3(b) that the
surface displacement contains a low-frequency modula-
tion signal in addition to the oscillation related to SAW
propagation. We consider that these features do not origi-
nate from the Rayleigh-type SAW propagation. A possible
origin may be a bulk acoustic wave produced by the IDT
[42–44]. Such a wave can be reflected at the bottom of the
substrate, and thus, can also influence the sample surface.
If this additional feature is independent of the external
magnetic field, it can be removed by subtracting the dis-
placement profile for resonant excitation from the displace-
ment profile for nonresonant excitation. Figure 6(a) shows
the subtracted waveforms derived from Fig. 3 for four
specific times t. For comparison, Fig. 6(b) shows the cor-
responding theoretical result, uR(x) − uNR(x), for the same
times t. The experimental and theoretical results show a
slightly better agreement than in Fig. 4, and the effect of the
low-frequency modulation component is less pronounced
in Fig. 6(a). These results indicate that this subtraction
method effectively cancels the influence of the additional
features. This agreement supports our conclusion that the
additional features are not related to magnon-phonon cou-
pling. The complex profile of the spatial pattern of these
additional features may be attributed to spatial reflectivity
fluctuations at the back side of the LiNbO3 substrate.

The period of the subtracted waveforms in Figs. 6(a)
and 6(b) is approximately λSAW, and these waveforms
reflect the differences in the amplitude and phase of the
surface displacements obtained using the resonant and
nonresonant excitation conditions. The oscillation ampli-
tude of the subtracted signal at the exit is larger than that
at the entrance due to the accumulated phase difference of
the SAW, (kNR − kR)x0. We also note that the oscillation
amplitude at the entrance is significant. Because the vibra-
tion profile of the primary SAW at the entrance is almost
independent of the excitation condition, the subtraction
should not result in a significant amplitude oscillation if
the primary SAW is dominant at the entrance. This implies
that the interference effect is also important at the entrance.

IV. CONCLUSION

We demonstrated that the spatiotemporal dynamics of
a SAW coupled to magnons can be visualized across a
0.4-mm-long Ni thin film by pulsed laser interferometry.
Both a decrease in the amplitude and an increasing abso-
lute value of the relative phase were observed as the SAW

propagates. These experimental results are in agreement
with the results of our rf transmission measurements. We
showed that the amplitude ratio and relative phase due
to the magnon-phonon coupling can be reproduced by a
simple analytical model that accounts for the absorption,
phase delay, and reflection of the SAW in the sample. Our
data clarifies that the SAW coupled to magnons travels
over a distance of the order of millimeters, and this sig-
nificantly affects the surface vibration profile. Our findings
provide a clear interpretation of the surface profile of a sys-
tem with magnon-phonon coupling induced by long-range
SAW propagation.

We consider that this interferometric method enables
us to understand magnon-phonon coupling in spatially
inhomogeneous samples, where the absorption profiles are
nonuniform. For example, this method can facilitate the
visualization of surface vibrations coupled to magnons
in various phononic structures [45]. Furthermore, various
SAW-induced phenomena [46] can be traced by observing
changes in the surface profile. Thus, this research may help
to unveil novel SAW-induced phenomena.
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APPENDIX A: DETAILS OF THE PULSED LASER
INTERFEROMETRY MEASUREMENTS

In this appendix we provide further details of the mea-
surement procedure. First, the output of the mode-locked
Ti:sapphire laser with a center wavelength of 806 nm was
optimized with respect to power and polarization by a
half-wave plate and a polarizer so that the two beams enter-
ing the BP in Fig. 1(c) from path 1 and path 2 have the
same intensity. Then, the pulses were introduced into the
Michelson-interferometer unit. Within this unit, the laser
beam was split into path 1 (S polarized) and path 2 (P
polarized) using the PBS. Here, S polarization means that
the direction of the electric field is perpendicular to the
plane of incidence and P polarization means that the direc-
tion of the electric field is parallel to the plane of incidence.
The S-polarized light in path 1 traveled through a QWP,
passed through the objective lens, and after the reflection
at the sample it passed through the objective lens and the
QWP again, which results in P-polarized light that can
pass through the PBS. Similarly, the originally P-polarized
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pulses in path 2 became S polarized after reflection at
the mirror on the translation stage in path 2 and passing
through the QWP again. These pulses were reflected by
the PBS. The two beams were thus combined at the PBS,
and then the interferometric signal was measured by the
upper photodiode of the BP in Fig. 1(c).

Note that a fraction of the beam in path 2 was reflected
toward the other photodiode by a variable neutral density
filter in order to cancel the dc component of the inter-
ference signal. Furthermore, the mirror on the translation
stage was mounted on a piezoelectric actuator for fine
adjustments of the optical path length (the translation stage
was used for coarser adjustments). The feedback control
circuit for the piezoelectric actuator had a bandwidth of
approximately equal to 1 kHz and ensured an almost con-
stant difference between the optical path lengths. The mod-
ulation frequency of the interferometric signal (70 kHz)
was much higher than the bandwidth of the feedback con-
trol circuit to ensure that the signal was not influenced by
the feedback. The implemented feedback control was able
to effectively reduce the impact of small vibrations of the
optical components. This experimental approach is based
on the work by Shao et al. [39]. The key difference between
our experiment and this previous work is that all rf fre-
quencies (fSAW and reference frequency used for lock-in
detection) are referenced to the laser-pulse repetition rate
in our work. Therefore, the modulation frequency used for
lock-in detection remained stable.

APPENDIX B: DETERMINATION OF THE INPUT
PARAMETERS FOR THE ANALYTICAL MODEL

The wave number kNR was determined by calculating
the Fourier transform of the observed surface vibration
profile for nonresonant excitation, and we obtained kNR =
2π × 0.3172 µm−1. Then, to reproduce the experimental
results shown in Fig. 6(a), we set the initial phase of the pri-
mary SAW to φ1 = 0.44 π . The value of �θ was chosen in
such a way to reproduce the position of the local maximum
at x = 0.4 µm for nonresonant excitation in Fig. 5(a).

The wave number kR can be inferred from kNR and
the phase delay φR ≡ −arg(S21(ν0, μ0HR))norm = 0.51
observed in the rf transmission measurements in Fig. 2(c):

kR = kNR
1

1 − (1/nNR)(φR/2π)
. (B1)

Here, nNR = kNRx0/2π = 126.88 is the number of cycles
of the SAW on the Ni thin film under the non-
resonant excitation condition. From Eq. (B1), we
obtained kR = 2π × 0.3174 µm−1. The damping coeffi-
cient was calculated by considering the decay over the
distance x0: κR = − log(|S21(ν0, μ0HR)|norm)/x0 = 1.59 ×
10−3 µm−1, using |S21(ν0, μ0HR)|norm = 0.53 shown in
Fig. 2(b).

APPENDIX C: SPATIAL VARIATION OF THE
RELATIVE PHASE

In this appendix we analytically discuss the spatial vari-
ation of the relative phase shown in Fig. 4(d). From Eq. (1),
we can derive a spatially oscillating phase for t = 0 due to
interference:

θ(x, μ0HNR) = −kNRx0 − φ1 − δNR(x) + π . (C1)

Here δNR(x) represents the polar angle of the point,

δNR(x) : (ANR cos {kNR(x0 − x)}
+ BNR cos {kNR(x0 − x) + �θ},
− ANR sin {kNR(x0 − x)}
+ BNR sin {kNR(x0 − x) + �θ}) . (C2)

Similarly, we can also derive a spatially oscillating phase
from Eq. (2):

θ(x, μ0HR) = −kRx0 − φ1 − δR(x) + π . (C3)

Here δR(x) represents the polar angle of the point,

δR(x) : (AR(x) cos {kR(x0 − x)}
+ BR(x) cos {kR(x0 − x) + �θ},
− AR(x) sin {kR(x0 − x)}
+ BR(x) sin {kR(x0 − x) + �θ}) . (C4)

From Eqs. (C1) and (C3), we obtain the analytical expres-
sion for the relative phase:

θ(x, μ0HR) − θ(x, μ0HNR)

= (kNR − kR)x0 + δNR(x) − δR(x). (C5)

This equation can be used to discuss the oscillation profile
shown in Fig. 4(d). First, we consider the spatial variation
of the relative phase near the exit (x ≈ x0). Here, the rela-
tionships AR ≈ ANRe−κRx0 and BR ≈ BNRe−κRx0 hold. Fur-
thermore, also the phases in the cosine and sine functions
in Eqs. (C2) and (C4) are similar since (x0 − x) ≈ 0, and
thus, we have δNR(x) ≈ δR(x). Consequently, the relative
phase near the exit can be approximately described by

θ(x ∼ x0, μ0HR) − θ(x ∼ x0, μ0HNR) ≈ (kNR − kR)x0,
(C6)

which is independent of the position. As a result, the
relative phase near the exit in Fig. 4(d) is almost constant.

Second, we consider the relative phase close to the
entrance (x ≈ 0). In this region the position-dependent
term of the relative phase, δNR(x) − δR(x), plays an impor-
tant role in shaping the profile of the relative phase,
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FIG. 7. (a) Normalized amplitude of the SAW transmission at 1.2 GHz as a function of magnetic flux density and magnetic field
angle. The amplitude at a specific magnetic field angle is normalized to that at a magnetic field of 17.4 mT for the same angle. The
magnetic field angle is defined as the angle between the SAW propagation direction (X axis) and the direction of the applied magnetic
field. (b) Simulation of the change in transmitted SAW power due to absorption by precession of magnetization.

because the amplitude of the reflected SAW under the
resonant excitation condition is relatively small (BR(x) <

BNR), whereas the amplitude of the primary SAW is not
strongly affected by the excitation condition (ANR(x) ≈
AR). Furthermore, the difference between the phases
defined in Eqs. (C2) and (C4) is largest at the entrance.
These properties determine the spatial profile of the rela-
tive phase of the interfering SAWs.

APPENDIX D: DEPENDENCE OF
MAGNON-PHONON COUPLING ON EXTERNAL

MAGNETIC FIELD ORIENTATION

In this appendix we explore the dependence of magnon-
phonon coupling on the external magnetic field orientation
in our sample.

Figure 7(a) represents a two-dimensional plot of
a normalized amplitude of the SAW transmission
|S21(ν0, μ0Hext)|norm as a function of magnetic flux density
and magnetic field angle. It is evident that the absorption
is the largest at a 90◦ angle, indicating that the reduc-
tion in SAW amplitude due to magnon-phonon coupling
is most significant when the external magnetic field is
applied perpendicular to the X axis in our sample. To
verify this observation, we conducted a numerical sim-
ulation based on the Landau-Lifshitz-Gilbert equation,
incorporating magnetoelastic effect and in-plane magnetic
anisotropy, as described in Ref. [6]. The parameters used in
the simulation are summarized in Table I, with definitions
consistent with those in Ref. [6] except for the parameter
φu. The parameter φu defines the angle of in-plane uniaxial
anisotropy. The simulation result, displayed in Fig. 7(b),
agrees with the experimental finding, showing maximum
absorption at a 90◦ magnetic field angle. The agreement
between theoretical and experimental data validates the
magnetoelastic effect as a primary contributor to the SAW
absorption in our experiment.

A crucial factor in this agreement is the angle of the
in-plane magnetic anisotropy. In the theoretical simulation
we set φu = 0, aligning the easy axis along the X axis
on a 128◦ Y-cut LiNbO3 substrate. Several studies have
reported in-plane anisotropy in polycrystalline Ni films on
LiNbO3 substrates [6,47,48], which could arise from the
anisotropic thermal expansion coefficient of the LiNbO3
substrate during the evaporation process [6]. During evap-
oration, the LiNbO3 substrate is heated. Upon cooling
to room temperature, the Ni film becomes strained. The
thermal expansion coefficient perpendicular to the X axis
of the LiNbO3 crystal differs significantly from that of
Ni, leading to the development of positive tensile stress

TABLE I. Parameters used in the simulation in Fig. 7, with
definitions consistent with those in Ref. [6] except for the param-
eter φu. Here μB is Bohr’s magneton and � the reduced Planck
constant.

Magnetoelastic coupling
constant

b1 23 T

b2 23 T

Strain tensor components εxx 1.15 × 10−6

εxz 0.0575i × 10−6

εzz 0.115 × 10−6

εyz , εyy , εxy 0
Saturation magnetization M 370 kA/m
Shape anisotropy Bd 450 mT
Anisotropy parameter Bu 2.5 mT
Phenomenological damping

parameter
α 0.07

Gyromagnetic ratio γ 2.185μB/�

Angular frequency ω 2π × 1.2 GHz
Volume of the ferromagnetic

film
V0 7.2 × 10−15 m3

Angle of in-plane uniaxial
anisotropy

φu 0◦
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perpendicular to the X axis [47]. Considering that Ni
exhibits negative magnetostriction, the X axis becomes
the easy axis [48]. This explanation is consistent with
our experimental observations regarding the magnetic field
angle dependence of the SAW transmission.
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