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ABSTRACT

Detection of phonons is critical for the research on the interconversion between
resonantly coupled magnons and phonons. Here we report the direct
visualization of the resonant coupling of magnons and phonons by micro-
focused Brillouin light scattering on the Ni/LiNbO3 hybrid heterostructure. The
static patterns of surface acoustic wave phonons, originating from the
interference between the incident wave Y,(4y, k, ¢,) and reflected wave
Y1(A41, —k, ¢,), can be modulated by magnetic field due to the magnon-phonon
coupling. By analyzing the information of phonons obtained from Brillouin
spectroscopy, the properties of the magnon system (Ni film), e.g., ferromagnetic
resonance field and resonance linewidth can be determined. The results provide
spatially resolved information about phonon manipulation and detection in a
coupled magnon-phonon system.
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INTRODUCTION

Spin waves and their quasiparticles, i.e., magnons, are promising for high
frequency information processing and transmission [1-6], as well as logic
devices [1,7,8]. However, the efficient generation of spin waves with long
propagation distances, remains a challenge due to magnetic losses in metallic
ferromagnets [9,10]. At the same time, surface acoustic wave (SAW) phonons
have the advantage of short wavelength and long propagating distances of
several millimeters, e.g., in LiNbOs3 crystals [11]. Coupling magnons to SAW
phonons can avoid the rapid decay of spin waves, and thus provides a new
opportunity for information interconversion of phononic and spin degrees of
freedom [12-22]. More recently, SAW induced off-resonant magneto-acoustic
waves with different wavelengths and long propagation distances have been
imaged directly by using x-ray magnetic circular dichroism [23]. The wave
vector and amplitude of the off-resonant magneto-acoustic wave can be
modulated by SAW and magnetic field, respectively. Nevertheless, the question
remains how the phonon transport can be modulated by magnons.

The resonant magnon-phonon coupling can be probed based on magnetic
field dependent microwave transmission measurements [20-22,24,25] and time-
resolved magneto-optical detection of magnetization dynamics [26]. However,
the existing methods cannot provide direct information and spatial mapping of
the phonon evolution modulated by magnons. Conversely, optical detection of
hypersonic SAW phonons has been realized in bulk transparent materials [11,27-
30] using Brillouin light scattering (BLS). More recently, the spatially resolved
patterns of SAW phonons were observed directly by using BLS [31]. This
provides an opportunity to apply Brillouin light scattering spectroscopy for
obtaining direct information on both the magnon and phonon aspects of resonant
magnon-phonon coupling.

In the present work, we focus on directly visualizing the resonant coupling
of magnons and phonons using an optical approach. The interference patterns of
multiple SAWs carrying spin information were detected using micro focused
Brillouin light scattering (u-BLS) on Ni/LiNbO; hybrid heterostructures. The
BLS intensity has been found to be minimum at the ferromagnetic resonance

(FMR) field of Ni, where SAW phonons are strongly attenuated by magnons,
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while the contrast of the interference patterns remains clearly visible, which
provides a directly visualization of the magnetic field modulation of SAW
phonons by resonant coupling of magnon-phonon. By fitting a detailed
theoretical model [32-34] to the magnetic field dependence of the spatial-
averaged and frequency-averaged BLS signal intensities, the estimated value of
the FMR field and resonance linewidth is consistent with that obtained based on
SAW magnetic field dependent microwave-transmission measurements. The
results provide the opportunities for exploring phonon manipulation and

detection in the presence of magnetization dynamics.

RESULTS AND DISCUSSION

Figure 1(a) shows an optical image of the Ni/LiNbO3 hybrid device with a
50-nm thick rectangular Ni film. In these devices, the finger width and spacing
of the interdigitated transducer (IDT) fabricated with 50-nm thick Al are both
3 pum (resulting in a fundamental SAW wavelength Ao =12 pm) on a 127.86° Y-X
cut LiNbOs substrate with a thickness of 500 um. By connecting a microwave
source to the left IDT we excite SAW (4, k, ¢,) at 3.56 GHz, which
corresponds to the 11" harmonic, where A, is amplitude, k is the wave vector,
and ¢, is the phase of SAW. As was shown previously [28,35,36], a high-
quality reflector for a SAW can be made using an array of shorted or open
interdigital electrodes. In our device, the right unconnected IDT (open
interdigital electrodes) acts as a reflector and generates a counter-propagating
wave P,(41, —k, ;). The waves 1, and 1p; share the same frequency f and
have a fixed phase difference (Ap = @, — @,), but different amplitude. These
two waves are expected to produce acoustic fields with a time-independent
spatial variation via interference. The SAW generates a concomitant internal rf
magnetic field originating from magnetoelastic coupling between the SAW
elastic strain field and the Ni film. This dynamic effective magnetic field drives
subsequently FMR in the Ni film for specific DC magnetic fields H. In order to
achieve resonant magnon-phonon coupling, the DC magnetic field H is applied
in a direction with an angle 8 = 30° with respect to the SAW wavevector ksaw of
Yo.

Our BLS spectrometer is based on continuous wave solid state laser with
A =532 nm, which is focused down to 250 nm. The inelastic backscattering by

quasiparticles, i.e., phonons or magnons, results in frequency-shifted photons
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that are collected by photodetector after passing through a frequency selective
Tandem Fabry-Pérot interferometer (TFPI). This allows to directly detect the
frequency of the magnons or phonons with high spatial resolution by scanning
the sample with respect to the focused incident laser beam. First, the laser spot
was located on one of the IDT fingers, and the corresponding BLS signal is
shown in Fig. 1(b). The BLS signal is independent of H near 3.56 GHz, which
indicates that SAW phonons are excited and detected, where the Al film acts as
a mirror [11,29,30] for SAW phonons detection using pu-BLS. Fig. 1(c) shows an
optical image of the IDT fingers and the green rectangular region represents the
area for the spatially resolved measurements. During the spatial measurement
process, a high-resolution positioning system together with an active widefield
imaging feedback [using optical images as shown in Fig. 1(c)] is used to position
the sample with high stability relative to the laser focus. Thus, the intensity
distribution of the phonons is measured by moving the sample and keeping the
optics fixed. Fig. 1(d) shows the spatially resolved BLS intensity patterns over
the measured region on one of the IDT fingers. The period of the spatial
resolution patterns is estimated to be about 1 um, which is consistent with the
wavelength of 11™ harmonic Ax = Ao/n = 1.09 um, where Ay = 12 um is the
wavelength of the fundamental wave, and n = 11 is the harmonic order. The
results indicate that these two waves, i.e., Yo and y1, produce acoustic fields with
a static spatial variation via interference, and the lateral distribution of SAW

phonons can be visualized directly using pu-BLS based imaging [11,27,29-31].
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Figure 1: (a) Optical image of the Ni/LiNbO3 hybrid device with a 50-nm thick Ni rectangular
film. The green cone represents the BLS laser beam, and the red dot represents the position of
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laser spot. SAW vy is excited using the left IDT, and the counter-propagating y; is generated
via reflection from the right unconnected IDT. A DC magnetic field H is applied at an angle
6 = 30° with respect to the wavevector ksaw of yo. (b) Magnetic field H dependence of the BLS
signal when the laser spot is located on one of the IDT fingers. (c) Optical image of the IDT
fingers. The green rectangular region represents the area for the spatially resolved BLS
measurements. The reference image is used for active stabilization of the position of the sample
with respect to the laser focus. The magnetic field H and the wave vector ksaw are along the y’
and x direction in the depicted coordinate systems, respectively. € is fixed at 6 = 30°. (d) Spatial
resolved image of SAW phonons under a DC magnetic field H = 600 Oe.

Although the LiNbOs crystal is a perfect waveguide for SAW phonons
propagation, it is difficult to directly detect the backscattering photons on the
transparent substrate [27]. Figure 2(a) and (b) show the BLS intensity when the
laser spot was located on the LiNbOs substrate and the Ni film, respectively. In
order to exclude local variations, Figs. 2(a) and (b) are averaged results for
several measurement points on the LiNbOsz substrate and the Ni film,
respectively. The BLS intensity on the LiNbOj3 is ten times weaker than it is on
the Ni film at H = 600 Oe. According to a Gaussian fit to the frequency
distribution of the SAW phonons as shown in Figs. 1(c) and (d), the line width
of the SAW phonons (FWHM = 0.28 GHz) at 3.56 GHz is consistent with that
obtained on the Ni film (FWHM = 0.23 GHz). However, the line width is larger
than that (FWHM = 20 MHz) obtained by using from magneto-transmission
measurements by using a vector network analyzer [34], and the main reason is
the limited resolution of the interferometer of 100 MHz. The results of Figs. 1
and 2 indicate that the Ni film also can be used as a mirror to detected SAW
phonons on the transparent substrate [11,29,30]. Notably, the H dependence of
the BLS signal exhibits a gap near the FMR field of Ni [Fig. 2(b)]. The result is
similar to our previous work based on magnetic field dependent microwave-
transmission measurements by using vector network analyzer [34], where the
transmission power exhibits a gap near the FMR field for the 5, 7" and 11®
harmonics of SAWs. The gap suggests that phonon-driven FMR occurs, and that
the SAW phonons are strongly attenuated by magnons around the FMR field of
the Ni film. To quantify the phonon absorption efficiency due to FMR, the H
dependence of the frequency-averaged (3.15 GHz - 3.96 GHz) BLS intensity is
plotted in Fig. 2(f). The obvious attenuation can be seen near H = 200 Oe. The
SAW phonons absorption efficiency due to resonant coupling can be estimated

as 26.5 %. As a reference, the frequency-averaged BLS signal on LiNbOs is
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shown in Fig. 2(e), which shows no dependence on H.
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Figure 2: Magnetic field H dependence of the BLS intensity when the laser spot is located (a)
on the LiNbOs3 substrate and (b) on the Ni film, respectively; (c) and (d) Frequency distribution
for (a) and (b), respectively; (e) and (f) Magnetic field H dependence of the averaged BLS
intensity for (a) and (b), respectively. The magnetic field H and wave vector ksaw are along y’
and x direction in the coordinate system, respectively, and @ is fixed at 8 = 30°, as shown in
Fig. 1(a).

The BLS microscope has the advantage of being able to directly spatially
image the SAW phonons and their modulation via FMR. The magnetic field H
evolution of the SAW phonon interference patterns are shown in Figs. 3(a-1). As
shown in Fig. 3(a) the magnetic field H and wave vector ksaw are along the y”’
and x directions of the depicted coordinate systems, respectively. @ is fixed at
6 =30°. The period of the stripe pattern is ~ 1 um, which is consistent with the
wavelength of the 11" harmonic SAW. The intensity of SAW phonon become
weaker near FMR field [Fig. 3(e) and (f)] of the Ni film, which is direct evidence
of the phonon absorption by resonant magnons. Conversely, the contrast remains
clearly visible near the FMR field, which indicates the modulation of
propagation phonons via resonant magnon-phonon coupling. In addition, the
interference patterns become distorted below the saturation magnetic field [Fig.
3(h) and (i)], which can be attributed to the absorption of SAW phonons by



hysteretic magnetization switching [20,37]. The results demonstrate how
spatially resolved BLS imaging can directly image the resonant coupling of the

SAW phonons and magnons.
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Figure 3: Magnetic field H evolution of the BLS spatially resolved images when the laser spot

is located on the Ni film: (a) 600 Oe; (b) 510 Oe; (c) 370 Oe; (d) 310 Oe; (e) 200 Oe; (f) 160
Oe; (g) 90 Oe; (h) 45 Oe; (i) 0 Oe. The magnetic field H and wave vector ksaw are along the y”’
and x directions in the depicted coordinate systems, respectively. 4 is fixed at 8 = 30°.

As mentioned above, the waves, incident SAW ,(4,, k, ¢,) and
reflected counter-propagating SAW y;(4;,—k,¢,), have a fixed phase
difference A and the same frequency f, but different amplitude. We can
assume that the time-independent periodic patterns come from the interference
of P, and ;. The maximum strength /max and minimum strength /min of the
interference patterns can be written as: Iy = Ag> + A1 + 24,4, cos(A@)
and I, = Ao + A% — 24,A,cos(Ap), respectively. In order to analyze the
interference patterns of the SAWs, the spatially resolved BLS intensity along the
x “direction (y’= 1.5 pum) at different H are plotted and fitted using a sinusoidal

function:
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where A’ is the period, and [, and x, are constants, respectively. In Fig. 4(a)
the spatially resolved BLS intensity [Fig 3(e)] along the x “direction (y '= 1.5 um)
at H =200 Oe is plotted together with a fit to Eq. (1). According to the angle
between the stripe pattern and the wave vector direction [x direction in Fig. 3(a)],
the SAW wavelength Agaw and fitted A' can be evaluated as: Agayw= A'sind.
Using this relationship, Agaw = 4¢/n = 1.09 um = (1'sin30° + 0.03) um is
obtained from the fitting results, where A5 = 12 pm is the wavelength of
fundamental wave, and n = 11 is the harmonic order. In the case of other fields
H in Fig. 3, the result of Agaw= (1+0.03) um can also been determined.
Therefore, the patterns come from the interference between the incident wave
Yo(Ao, k, py) and the reflected wave ;(4;,—k, ;). The minimum and
maximum of BLS intensity of the interference patterns in Fig. 3 are proportional
to Imax and Imin, respectively. According to the fitting results, the values of I,
and I;, at different H can be obtained and the ratio of I ,./Iyi, 1S constant
for different H, as is shown in Fig. 4(b)
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Figure 4: (a) BLS intensity evolution of [Fig 3(e)] at H =200 Oe along the x’ direction and the
solid line is a fit to Eq. (1). (b) H dependence of Imax/Imin in Fig. 3, and the solid line is linear fit.
(c) Averaged spatial resolution image at different H in Fig. 3. (d) Field H dependence of the
normalized BLS intensity for the two measurements. The symbols are experimental data, and
the solid line is a fit to theory using Eq. (2).

Since the H evolution for the interference patterns of the SAW were
measured at the same region, the stripe patterns have the same phase. When all

the stripe patterns at different magnetic field H are averaged, clear periodic
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patterns are obtained as shown in Fig. 4(c). This suggests that the patterns signal
mainly come from SAW phonons. As discussion above, the H dependence of the
BLS signal exhibits a gap near the FMR field of Ni [Fig 1 (b)], where the gap
corresponds directly to the FMR field H; and the resonance linewidth AH of Ni
film. It is possible to fit the SAW phonon attenuation to H in order to estimate
values of Hrand AH of Ni. Towards this end, the spatially-averaged BLS signal
intensity of each pixel in the spatial patterns at different H [Fig. 3(a-1)] is
calculated as data D1 [Stars in Fig 4(d)]. The magnetic field dependence of the
frequency-averaged BLS intensity in Fig. 2(f) is normalized as data D2 [Circles
in Fig. 4(d)]. The change of the SAW transmitted intensity (/) related to the

phonon attenuation and generation during FMR can be rewritten as [32-34]:

I=I(1+p?) 3L + (p + B)?] 2 exp[ @)

1+(p+/8)2 ’

where, p = (H — H.)/AH, n = C,f/AH, and B = C,f?/AH, H; is the FMR
field, resonance linewidth AH, f =3.56 GHz is the frequency of the SAW, and

H is the external magnetic field, and
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Where v, = 3912 m/s is the Rayleigh acoustic wave velocity, ¢ = 3x10% m/s
is the speed of light, B> = 8.7x10° N/m? is the magnetoelastic parameter of Ni,
Cas = 1.22x10" N/m? is the elastic modulus of Ni, L = 12 um is a characteristic
length related to the SAW wavelength, My = 4.7x10° A/m is the saturation
magnetization, A is the exchange stiffness parameter, p = 8900 kg/m’ is the
density of Ni, and p, is the magnetic permeability of vacuum. The data D1 and
D2 can be fitted well using Eq. (2), as shown in Fig. 4(d). The fitted parameters
of n =3.3, f =0.04 are consistent with the results of our previous results
based on magnetic field dependent microwave-transmission measurements by
using a vector network analyzer [34]. The obtained H; and AH are
(236 + 30) Oe and (290 + 36) Oe, respectively, which is consistent with the
values (H;=2700e and AH = 290 Oe) obtained from waveguide FMR



experiments.

As shown here, the interference patterns of multiple SAW phonons coupled
to magnon modes are well characterized using p-BLS in the Ni/LiNbO3 hybrid
heterostructures. The Ni/LiNbOs3 hybrid heterostructures with resonant magnon-
phonon coupling, can realize spatially complex transfers of energy between
propagating spin and acoustic modes, thus creating a propagating magnetoelastic
wave [15,23]. How to distinguish the spin signal and SAW signal from the BLS
signal is an important issue for the future, e.g., the polarization analysis of the
signal could be a powerful approach. Overall, our results open the directions for
the application of SAW phonons in the fields of straintronics [16,18,20-22,24,25],

sensing [38] and quantum information [39].

CONCLUSION

In conclusion, the interference patterns of multiple surface acoustic waves
coupled to magnon modes were detected using micro-focused Brillouin light
scattering in Ni/LiNbO3 hybrid heterostructures. The intensity of SAW phonons
become weaker near the FMR field of Ni, while the contrast of interference
patterns remains clearly visible, which provides a direct image of the magnetic
field modulation of surface acoustic wave phonons by resonant magnon-phonon
coupling. By fitting the theory to the magnetic field dependence of the averaged
Brillouin light scattering intensity, the ferromagnetic resonance field and
resonance linewidth were estimated to be consistent with those obtained based
on surface acoustic wave magnetic field dependent microwave-transmission
measurements. The time-independent patterns can be attributed to the
interference between the incident wave y(4,, k, @) and reflection wave
Y1(A4, k, @1). These results provide a direct spatially resolved characterization

of phonon manipulation and detection in the presence of magnetization dynamics.
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