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Phononic Crystal Cavity Magnomechanics
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Phononic crystal (PnC) enables strong confinement of phonons in a wavelength-scale tiny area due
to a band gap, which can enhance the interaction with different physical systems. Here, we utilize the
PnC to demonstrate local manipulations of magnons by using ultrahigh frequency phonons confined in
a phononic cavity, where the tiny and low-loss vibrations excite magnons in a micromagnet via mag-
netostriction. Moreover, we find that the magnetoelastic interaction is modulated by selectively exciting
the cavity resonant modes. The results open up a realm of PnC cavity magnomechanics and will provide
universal controls of ultrahigh frequency magnons and phonons with PnC circuits.
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I. INTRODUCTION

Magnonics is increasingly relevant from the viewpoints
of both fundamental study and technological applications
because of the unique properties of magnons, such as
nanometer wavelengths, wide frequency range from GHz
to low THz, high tunability, and Joule heat-free prop-
agation [1,2]. Their use as information carriers holds
promise for developing compact, high-speed, and low-
power-consumption devices for wireless telecommunica-
tions and hardware-based neuromorphic computing as well
as studying quantum information technology [3—11]. The
ability to manipulate them has relied on Oersted fields gen-
erated from electromagnetic waves in a metallic stripline
and cavity resonator. The excitation efficiency of magnons
from microwave photons is governed by a quality factor to
volume ratio (Q/ V) of an electromagnetic system, which is
well known in the field of cavity quantum electrodynamics
[12]. However, those systems host insufficient Q/V due to
the millimeter-scale structure (large V), and/or inevitable
radiation loss and crosstalks (low Q). Thus, despite expec-
tations, the magnonics systems have been energetically
inefficient and have had poor scaling behaviors.

Acoustic phonons at microwave frequencies are promis-
ing candidates for an alternative interface with magnons
because of their micro- and nanometer wavelength and
negligible radiation loss [10,11,13—16]. The use of an
appropriate phononic platform for a magnomechanical
system enables local and efficient excitation of micro-
scopic magnons with spatially controlled phonons via
the magnetoelastic effect. A phononic crystal (PnC)
enables acoustic phonons to be guided and trapped in a
wavelength-scale acoustic cavity and waveguide [17-24].
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Individual cavities have ultrasmall /" and high Q and real-
ize 10*-10° times higher Q/V than conventional surface
acoustic wave (SAW) systems [25-33]. Therefore, they
can be used to efficiently control micrometer and even
nanometer-scale magnetic elements and magnons embed-
ded in a PnC circuit. Thus, the PnC is a promising platform
to make full use of phonons in a magnomechanical system.
Here, we demonstrate a PnC-based magnomechanical
system sustained by phononic cavity-waveguide coupled
systems, as shown in Fig. 1(a). The nanomechanical vibra-
tions confined in the PnC cavity, excited through the
waveguide, generate spin waves (magnons) in a nickel
(Ni) film placed on its surface via magnetostriction. The
acoustic spin pumping reversibly induces a frequency shift
and damping modulation of the phononic cavity reso-
nances. Moreover, the spatial phononic confinement by the
PnC cavity generates various strain distributions of cavity
modes and enables the magnon-phonon interaction to be
tailored by selectively driving an appropriate mode. The
integration of the phononics technology into magnome-
chanics opens up a realm of PnC cavity magnomechanics,
which provides an alternative approach for dynamic and
spatial controls of microscopic magnons and phonons.

II. RESULTS

A. Device

The PnC consists of a snowflake triangular lattice with
full band gaps between 0.4 and 0.7 GHz [Figs. 1(b)-1(d)]
[24,34]. Acoustic waves at frequencies within the band
gap propagate in a line-defect waveguide and drive a
PnC cavity with a two-hole defect, where a Ni film is
deposited to form a magnon-phonon coupled system. Mea-
suring the spectral response of the PnC cavity with an
optical interferometer reveals three acoustic resonances

© 2023 American Physical Society
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FIG. 1. PnC cavity magnomechanics. (a) Schematic diagram of PnC magnomechanical system and cavity magnomechanical model
(inset). The device consists of a GaAs/Alj;Gag3As heterostructure and the PnC is formed in a free-standing GaAs membrane.
Rayleigh SAWs are excited by applying an alternating voltage via the piezoelectric effect to interdigit transducers (IDTs) and they
transform into asymmetric Lamb waves in the PnC membrane. The acoustic waves excite a PnC cavity resonance through a line-defect
waveguide, and the resonant vibrations are measured by an optical interferometer at room temperature and in a moderate vacuum. A
ferromagnetic Ni film deposited on the cavity sustains magnon oscillations that are driven by cavity vibrations via magnetostriction.
(b) Electron microscope images of the magnomechanical cavity-waveguide geometry (top) and cross section (bottom). The scale bar
is 4 wm. The PnC cavity is formed by removing two air holes from the phononic lattice. The Ni film on the defect is false colored
in yellow. The inset is an enlargement of the snowflake lattice, and the red solid line denotes the unit structure. (c) Unit cell of PnC
lattice designed with a = 4.0 pum, b = 3.6 pm, w = 1.0 wm, and # = 1.0 wm. (d) Dispersion relation of the snowflake PnC lattice
numerically calculated in FEM (COMSOL MULTIPHYSICS) by applying a periodic boundary condition in the unit cell in (c). A complete
phononic band gap forms between 0.42 and 0.72 GHz, except around 0.62—0.66 GHz (highlighted in yellow). (e) Spectral response of
the PnC cavity obtained by exciting from the waveguide and measuring the vibration amplitude with an optical interferometer. The y
axis is the squared value of the amplitude. From left to right: well-defined acoustic resonance peaks appear at 0.593 GHz (L mode),
0.552 GHz (SL mode), and 0.581 GHz (S mode) with quality factors Q, = 550, 680, and 1540. (f) Experimental (top) and simulated
(bottom) modal shape of displacement amplitude of L, SL, and S modes in the left, middle, and right panels. The spatial mode profiles
are obtained by scanning the optical laser in the device while exciting the PnC cavity resonances. The PnC cavity geometry is denoted
by the dashed yellow lines.

[Fig. 1(e)] whose modal shapes exhibit complete confine-
ment of the vibrations in the defect [Fig. 1(f)]. Numerical
calculations with the finite-element method (FEM) repro-
duced these modal shapes and verified the origin of the
observed peaks. We numerically evaluate their effective
mode volume and for example, the phononic cavity mode

volume at the resonance frequency w,/(2w) = 0.581 GHz
is estimated to be V, = 15 um® = 1.22%#(= 0.351%), with
PnC thickness # = 1.0 wm and acoustic wavelength A =
3.5 pwm, while maintaining a high acoustic quality factor of
0, = 1540 despite the Ni film loaded on it. This indicates
that our system achieves drastic enhancement in Q,/V,,
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which is 10°-103 times higher than that of a conven-
tional SAW-based magnomechanical system (V, = 3.0 x
10*23) [31], and enables wavelength-scale ferromagnetic
magnons to be acoustically driven. Thus, the PnC enables

summarize their theoretically expected role in the coupled
system. The magnetostrictive force that induces the preces-
sion is divided into two components pohi™ and poh3™

the 1 and 2 axis, whose definitions are given in Fig. 2(a).

The equilibrium magnetization axis (m3) can be decom-
posed into in-plane x and y components and is at an angle
(¢p) from the waveguide direction x. The out-of-plane
magnetostrictive force (ohi™) is negligibly small because
out-of-plane shear strains such as €. and €, vanish in the
Ni at that location, whereas in-plane force (po/43™) can be
expressed as [26]

remote driving of high quality and tiny vibrations and will
be a powerful basis for a cavity magnomechanical system.

B. Magnetostriction

The Ni film on the PnC cavity surface has magnetization
whose precession is acoustically excited via magne-
tostriction. The magnetostrictive excitation dynamics are
governed by several parameters, such as magnetization

direction and spatial strain distribution. We here first 264y C08 2m)},
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FIG. 2. Magnon-phonon interaction. (a) Left: xy-coordinate system in which the external magnetic field (uoHey), magnetization
(m3), and in-plane anisotropic field (B,), respectively, have an angle of ¢y, ¢, and ¢, away from the x axis. The inset shows the
alternative 1-, 2-, and 3-axis coordinate system. The 1 and 2 axis define the magnetization precession plane normal to the 3 axis. The
spin oscillation with frequency w,, and damping «,, is sustained by the Ni thin film. Right: acoustic resonant vibrations in the PnC cavity
whose frequency and quality factor change due to magnetostrictive coupling. (b) Equilibrium magnetization component projected to
the field orientation at ¢, = 0° plotted as a function of the bias field (uoHex); the green and pink solid lines are experimental and
calculated results. The magnetization versus poHex curve is obtained by magneto-optical Kerr microscopy. (c) (top) Field dependence
of the magnetization angle (¢,,); (bottom) spin-wave resonance frequency (w,,/(27)). The black solid line in the bottom panel is the
acoustic resonant frequency (w,/(27)). (d)~(f) Spatial distribution of strain components |e,, — €,,| (left) and |2¢,,| (right) in L [0.593
GHz, (d)], SL [0.552 GHz, (e)], and S (0.581 GHz) modes simulated by FEM. The color scales of the SL and S modes are normalized
i i — €, | (g)(i) Left: field response of magnetoelastic mode coupling
(V) at ¢, = 0°. Right: ¢;, dependence of V.. versus poHex response.
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where b,y is the magnetostrictive coefficient and ¢; is
the vibrational strain component. Thus, the phononic exci-
tation efficiency of magnons is governed by two major
factors, vibrational strain (e, €,, and €, ) and the magneti-
zation direction (¢;,), so the competition between the mag-
nitude of these strains determines the magnetic anisotropy
of the phononic structure.

C. Magnetization dynamics

The magnetization angle (¢,,) can be predicted from the
magnetic free-energy density normalized by the saturation
magnetization (M), given by [26]

G = —poHey - m — B, (m - u)? + Bym?, (2)

where 11oHey and m are the external magnetic field and unit
vector of magnetization, respectively. The thin-film struc-
ture of the Ni results in a perpendicular shape anisotropy
(Ba). The angle ¢, is determined by estimating the mini-
mum of G. In this calculation, the in-plane anisotropic field
(B,) and its unit vector (u) are introduced so as to repro-
duce the experimental magnetization curve [Fig. 2(b)]. The
detailed parameters used in the calculation are shown in
Table I in the Appendix. For instance, the response of
¢, as a function of uoHe at ¢, = 0° is shown in the
top panel of Fig. 2(c). The magnetization is parallel to
HoHex, 1.€., ¢, = 0°, when the field strength stays in the
high field region |oHex| > 20 mT. However, it undergoes
a rotation to ¢,, = 90° in the low field region |uoHe| <
20 mT before reversing. In this way, the magnetization
experiences a rotation and reversal while sweeping (toHex.
This change in magnetization determines the magnon res-
onance frequency (w,,/(27)). The field response is shown
in the bottom panel of Fig. 2(c). The frequency mono-
tonically decreases with decreasing poH.x and approaches
the acoustic resonant frequency (w,/(21)) at |oHex| = 7
mT, where the magnon-phonon frequency mismatch is
minimized.

D. Magnon-phonon spatial mode overlap

Another aspect determining the magnetostriction is the
spatial distribution and direction of vibration strains. The
observed acoustic resonances can be decomposed into
three strain components and Fig. 2(d)-2(f) shows the spa-
tial profiles of the longitudinal (|exx — €y |) and shear strain
components (\2exy ) of the resonances. Shear (longitudi-
nal) strain is dominant in the resonances at 0.581 GHz
(0.593 GHz), whereas both strains are comparable at 0.552
GHz. The desired strain distributions can thus be gen-
erated by selectively actuating an appropriate resonance.
Hereafter, the shear- and longitudinal-strain modes are
labeled S and L, while the mode with comparable strains
is labeled SL.

The magnetization dynamics and spatial strain pro-
files allow us to estimate the magnetostrictive coupling
mode volume (V,), which characterizes the interaction effi-
ciency and is determined by magnon-phonon spatial mode
overlap. It is given by

m=ffwmwm A3)
14

where W(r) is spatial profile of normalized acoustic dis-
placement amplitude and v,, is magnetoelastic vector
dependent on ¢,, and the spatial profile of magnons
(detailed expression and derivation in the Appendix). Fig-
ures 2(g)2(i) show the simulated field dependence of V.
of the L, SL, and S modes at ¢, = 0° and for various ¢
between 0° and 90°, where the calculations of W(r) and
v.m use the FEM results of Fig. 2(d)-2(f). For the L mode
at ¢, = 0°, V. mostly vanishes in the high field region
because ¢, = ¢,, = 0° and |2¢,,| is negligibly small. In
contrast, it increases dramatically as uoHe.x decreases
below 20 mT. This enhancement at woHex = 6 mT is
caused by the magnetization rotation from ¢,, = 0° to 45°;
thereby, the term (e, — €,,) sin 2¢,, becomes nonzero. V.
temporarily returns to almost zero as ¢,, reaches 90° just
before the magnetization reverses and then approaches the
original value after the increase at ¢, = 225° and puoHex =
—6 mT. In contrast, the S mode exhibits the opposite field
dependency, in which a finite V. in the high field region is
reduced in the low field region because the dominant mag-
netostrictive term is 2¢€,,, c0s 2¢,,, N0t (€ — €y) SIN 20,
Clearly, these different magnetic anisotropy comes from
the sine and cosine dependence in Eq. (1), where lon-
gitudinal strain and shear strain are dominant in the L
mode and the S mode, respectively. Since the SL mode has
almost equal contributions from both strain components,
the variation with respect to poHex is moderate compared
with the other two modes. Thus, these simulations using
the coupling mode volume (V,) can predict the magnetic
interaction with inhomogeneously distributed strains in the
PnC cavity, where the cavity mode structures as well as
the external field can be used to tune the magnetostrictive
interaction.

E. External field response of PnC cavity resonances

To experimentally show the magnetostrictive interac-
tion, the field response of the PnC cavity resonance was
measured at ¢, = 0°. The noHx dependence of the acous-
tic resonance at 0.581 GHz is shown in Fig. 3(a), where
the vibrations are clearly suppressed in the low field
region |uoHex| < 20 mT. This can be caused by the energy
absorption to drive the magnon. Comparison between
the acoustic spectra at puoHex = 60, 30, and 11 mT also
reveals the resonant frequency changes with sweeping
noHex as shown in Fig. 3(b). To obtain a deep insight into
the phenomenon, the observed resonant frequency shift
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FIG. 3. Magnetoelastic modulation of acoustic cavity reso-
nances. (a) puoHex dependence of an acoustic cavity resonant
spectrum on S mode. (b) Frequency response of normalized
acoustic vibrations in § mode at puoHex = 60 (black), 30 (red),
and 11 mT (blue), denoted by dashed white lines in (a). (c),(d)
oHex response of Aw)/(2m) (left) and Q) (right) in L and S
modes at ¢, = 0°. Here, Aw/, = 0/, — w,0 Where w], is resonant
frequency modulated by the magnetoelastic effect and w, is the
frequency at |;oHex| = 60 mT. The solid circles are experimen-
tal data taken from a Lorentzian fitting to the measured phononic
cavity spectra. The solid lines are theoretical results based on

Eq. (4).

(Aw,,/(2m)) and quality factor (Q,) are plotted as a func-
tion of poHex in Figs. 3(c) and 3(d), where L and S modes
are chosen for their opposite and distinct field susceptibili-
ties, respectively. The response on the L mode exhibits dual
dips at |oHex| = 5 mT with a reduction in Aw/,/(27) and
Q. [Fig. 3(c)]. This behavior can be understood from the
theoretical formula for acoustic displacement amplitude

ua ((,()) >

fa
—0? + 0 — ik + VB (@) (V)

(4)

Ug(w) =

where p, f;, and w are mass density, driving force density,
and angular frequency, and x, is magnetic susceptibil-
ity (see Appendix). The calculation results reproduce the
experimental ones, indicating that the acoustic modulation
is due to the magnon-phonon interaction, as described by
our model. A slight discrepancy between them might be
caused by contributions from dipole interaction and mul-
tidomain formation in the fabricated Ni film to the magnon

dynamics, but we ignore them in the calculations for sim-
plicity. This interaction forms hybridized modes between
magnons and phonons and enables acoustic excitation of
spin-wave oscillations in Ni and modulation in the acoustic
cavity resonance )/, and O, whose phenomena are anal-
ogous to those observed in microwave cavity magnonics
[7].

Remarkably, ferromagnetic magnons are able to be
driven by phonons in the wavelength-scale PnC cavity.
The tiny-energy vibrations are confined by the high-QO
resonance, so they hardly affect surrounding systems,
unlike conventional electromagnetic-wave-based magnetic
devices. We believe that the PnC cavity-waveguide system
would be a building block for a magnomechanical system
and could be used as a local magnon driver and phonon
modulator.

The magnon-phonon hybridization is also observed in
the S mode, where shear strain dominates magnetostric-
tion. A comparison with the effect in the L mode reveals
the impact of the mode strain profiles on the interac-
tion. Figure 3(d) shows that the dual dips in this mode
at |oHex| = 10 mT are wider than those in the L mode
because of the finite V. in the high field region. In addition,
a distinct center dip occurs around poHex = —1 mT, an
effect of the magnetization rotation. The field response is
distinctly different from that in the L mode and can be sim-
ulated with our model. Thus, our PnC cavity geometry is
also used to selectively drive the magnetization dynamics
utilizing the difference in strain distributions.

To further examine how the strain distribution affects
the magnetoelastic modulation, the field responses of the
acoustic resonant frequency (Aw//(27)) and damping
rate (k) on the L and S modes are investigated at ¢y,
ranging from 0° to 90° [Figs. 4(a)4(d)]. The magne-
toelastic modulation regions in Aw], and « broaden as
¢, increases from 0° to 50° in the L mode and shrink
toward ¢, = 90°. In contrast, the S mode shows the
opposite dependency, in which the modulation regions
become narrow around ¢, = 45°. The theoretical cal-
culations reproduce the experimental variations in both
modes. Here, the cyclic modulations in Aw/,/(27) and «|,
at woHex = 12 mT while changing ¢, are governed by
V., so the L and S modes show the opposite behaviors
[Figs. 4(e) and 4(f)]. The results reveal that the magne-
toelastic anisotropy with respect to woHex and ¢y can be
tailored by exciting an appropriate PnC cavity mode. It
should be also noted that the experiment and theoretical
model show a moderate response to the magnetoelastic
effect in the SL mode (see Appendix), supporting the valid-
ity of our model. We also find similar mode-sensitive mag-
netoelastic modulation in a PnC cavity with a three-hole
defect that is different geometry from the current device
(see Appendix). These results verify that the mode-tunable
magnetostriction allows us to control magnomechanical
states acoustically.
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FIG. 4. Magnetoelastic modulation of acoustic cavity to the field orientation. (a)~«(d) Field angle (¢;) response of the resonant
frequency shift (Aw),) and normalized acoustic damping () of L and S modes, where the normalized acoustic damping is defined
as K, = Kkq/kq0 Where kg is the value at |poHex| = 60 mT. The left and right panels of each figure are experimental and calculated
results. Here, we use «, but not O/, in order to compare only the magnetoelastic hybridization effects between different ¢j. (e),(f) The
frequency shift and acoustic damping around |uoHex| = 12 mT as a function of ¢, on the L (top) and S (bottom) modes, respectively.
The solid red and blue lines are (sin 2¢,)? and (cos 2¢;,)* guided by eyes. A slight deviation in the experiment results might be a result
of inhomogeneous formation of multidomains and self-dipole interaction in the fabricated Ni film.

III. CONCLUSION

In conclusion, the ease of designing the PnC cav-
ity and the small spatial leakage of its vibrations are
useful for constructing integrated magnomechanical cir-
cuitry, in which high-tunability, nonlinearity, and non-
volatility of magnons can be used to dynamically control
microwave phonons and enables a variety of phononic
signal processing, such as amplification, nonreciprocal
transport, and nonvolatile switch. Moreover, it is possi-
ble to build a tiny magnomechanical system of magnon
wavelength size to efficiently control and readout the mag-
netic state of a micro- and nanoferromagnetic system, such
as a magnetic tunnel junction [35]. We believe that cav-
ity magnomechanics empowered by PnC technology will
expand the use of magnons, phonons and their interac-
tion for material characterization and signal processing
technologies.
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APPENDIX A: FABRICATION AND
MEASUREMENT

The magnomechanical PnC is fabricated from
GaAs(1.0 pwm)/Alg7Gag3As(3.0 um) heterostructure on a
GaAs single-crystal substrate. A periodic arrangement of
snowflake-shaped air holes is formed by electron-beam
lithography and dry etching. The GaAs layer, including the
PnC lattice, is suspended by immersion in diluted hydrofiu-
oric acid (5 %). The PnC geometry gives rise to a complete
band gap between 0.42—0.62 and 0.66—0.72 GHz. The
acoustic waveguide is constructed by removing one line
from the lattice, thereby enabling single-mode propagation
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at frequencies within the band gap [24]. The acoustic res-
onator (cavity) formed by removing two holes is located
at one side of the waveguide and sustains multiple reso-
nant vibrations. A ferromagnetic thin film of nickel (Ni)
with a thickness of 50 nm is deposited on the surface
of the PnC cavity and holds spin-wave (magnon) reso-
nances. 5-nm-thick gold (Au) film is deposited on the Ni
layer for preventing oxidization. The free-standing PnC
slab is sandwiched by interdigit transducers made from
Cr(5 nm)/Au(35 nm). The IDT consists of 100 transducers
arrayed with a period of 4.9-5.2 pm.

Acoustic waves are piezoelectrically excited by apply-
ing alternating voltages to one IDT and optically mea-
sured with an optical interferometer (Neoark, MLD-101).
The data on the spectral response of the PnC cavity are
obtained with a time-gating technique with a network
analyzer (Keysight ESO080A) to remove undesired electri-
cal crosstalk signals. The acoustic resonance frequencies
(w)/(2m)) and quality factor (Q/) in Figs. 3(c) and 3(d)
are obtained by making Lorentzian or exponential fittings
to the spectral and temporal response results. The acoustic
damping rates (k,, ka0) in Figs. 4(b) and 4(d) are estimated
from both w/, and Q. The displacement amplitudes of the
resonant mode profiles depicted in Fig. 1(f) are collected
through frequency down-conversion followed by filter-
ing with a lock-in amplifier (Stanford Research Systems,
SR844). All experiments in this work are performed in a
moderate vacuum (10100 Pa) and at room temperature.

APPENDIX B: THEORY OF MAGNETOELASTIC
DYNAMICS IN A PHONONIC CRYSTAL CAVITY

The equation of motion of the acoustic mode is given by

p (i + Katt; + wtz,uz) = 0y, 0i

= > Md,Gs (Bl
k={xy.z}
where
Gd: Z bamélnmlmn (Bz)

Ln={xy z}

is the magnetoelastic energy density. The magnetoelastic
force density in the second term on the right-hand side is
given by

fumi = Mydkdey, Ga = Mibam Y 88 cdimimy
k k,n

= Mbyn(V - mym). (B3)
In our setup, the magnetization is aligned in plane of the
Ni film and the field angle away from the x axis is defined
as ¢,,. Therefore, the conversion between xyz-coordinate

system and 123-coordinate system is

my 0 —sing,, cos¢, m
m,| =10 cos ¢, sing, my |, (B4
m, -1 0 0 m3
my = — sin ¢mm2 + cos ¢m (BS)
m, = cos ¢, my + sin @, (B6)
m; = —mj (B7)
with approximations mj,m; < m3 ~ 1. Accordingly,

under shear strains €, ~ €,; ~ 0, the magnetostrictive
force density in Eq. (B3) becomes

f;im,x/(Msbam) = Z Opmymy
k

= — §in 260, ;2 + €08 2¢,9,my + O(m7)
(B3)

and

fam,y/(Msbam) - Z 8kmymk
k

= €08 2¢,,0xmy + sin 2¢,,0,my + O(mf),
(B9)

where fum and fum, are the x and y components of the
magnetostrictive force. As a result, we can define an
alternative magnetoelastic vector,

fam . — sin 2¢)m
Mbyy — \ €OS2¢y

coS 20y,
sin 2¢m> VO, ()
(B10)

Vam

where @, (r) is the normalized amplitude of magnons at
position r. This magnetoelastic vector contributes to the
coupling constant with the spatial integration of magnons.
By redefining the acoustic mode as u(r,?) = U,(H)¥(r),
we find that

Ua() + ik, Ua () + 02 U, (0)
[dr¥(r) - Vo

= Mibym———————5m ®
[drpmemp
Ve
= Mybam—=my (1), (B11)
Mefp
where
ma=plo=p [ drveP @12
14
is the effective mass with max, [|\Il(r) |2] = 1land
Vo = f Ar¥(r) - vam (B13)
v
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is the magnetostrictive coupling mode volume. Note that
®,,, (r) and m;(¢) are nondimensional variables.

1. Equation of motion for magnon modes

The previous work by Dreher et al. [26] derived the
following equations of magnonic motion:
o, I,

;ml + (G — G3)my — ;mz =0, (B14)

o . 1.
—my + (G — G3)my + —my
Y 14

where G; =y (G3 — Gi) /(1 +?) and Fam = bam [sin 2¢m
(By1tx — Oytty) — €08 2 (Oytax + ) |. Here Gyy = 2By,
Gy = —2B,sin*(¢pm — ¢,), and Gs = —puoHex cOS(m —
én) — 2B, cos?(¢m — ¢,,). Finally, we obtain

T’h+ _ }\.+ 0 my Y —1 1
()=(5 D))z o)

(B18)

where

€(G + G2) F /261622 + 0?) + (G} + G)a?

= b [Sin2¢m (Ostty — dy11y) — OS2 (ytax + 0xy)] . ap=
(BI5) 2
(B19)
To determine W,,, we have to diagonalize Egs. (B14) and
and (B19),
y L FunP (L) = (51,50 L Fan. (B20)
my = Giamy + Gamy + ——— Fan, (B16) I+ I+
1 + o?
) yao sy and s_ are defined as
my = —Gymy + Gramy + ———Fan, (B17)
1 + o?
GI(2 + ) — Gaa® +,[ Gl + Goa? —2G1Ga2 + o)
Sp = —i , (B21)
2,/Gla? + Gla? — 2G1Gy(2 + a?)
GI(2 + ) — Gro® — 0,/ Gla? + Goa? —2G1Gr2 + o)
S_ =1 . (B22)
2,/ Gl + G — 261622 + o)
As a result, the equations of magnon motion becomes
. VSt
mi:)uimi—i-mFam. (B23)
By decomposing the temporal and spatial parts as m — my (£)PL(r), it can be expressed as
b v, JY, ov, aJv
e () Py (r) = Aomy(HDL(r) + S U(?) | sin 2¢,, — —2 ) — cos2¢,, + 2 (B24)
1+ o? 0x dy ay 0x
and
1
O, (r)=d_(r) = e [sin 20, (0 Wy — 0, W) — cos 26 (0, W + 3.0, ], (B25)

where K is a wave vector defined as K = max, [sin 2¢y (0, ¥ — 0,\V,) — cos 2¢p, (3, Wy + 0, ¥, ) ]. Accordingly, the

diagonalized equations can be simplified to

my(t) = Axm(f) +

bysiK
1 +a?

ua. (B26)
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Of note, we have the relationship

-1
m, 1{_ (Gl—Gz)a—\/—ZGl Gy (2+a?)+(G2+GB)a? B (Gl—Gz)a+\/—2clGz(z+a2)+(0§+c;§)a2 m
== 2G, 2G, (B27)
m_ 1 1 1 ny
and thus, we use
my X i(my+m_). (B28)

2. Coupled mode equation

The above equations of motions of acoustic phonons and magnons lead to the following equation of motion of coupled
modes:

Ua(t) 4 aUa(8) + 03 U (1) = l'MsbamL (my (1) + m_(1)) (B29)
Kmeﬁ'

amySiK

b
iy (t) = Apm(f) + — e Ua(D), (B30)

where the coupling mode volume is redefined as V, = f v d*r¥(r) - vy, and

| [~V + cosddy, (axzqzx — 92, — 2axayq1y) + sin ¢y (afxpy — 02w, + 2axay\1/x>
Vam = <
2

(B31)
VAW, + cosdd (aﬁxyy — 2w, — 2axay\11x) + sind¢,, (aj\px — 92, — 2axay\11y)

By solving Egs. (B29) and (B30) with an additional driving force, f;, we obtain the acoustic displacement amplitude
(Ua() = u,e™") modulated by the magnetoelastic hybridization, where

Jfa

alw) = , B32
1) T~ g + VB @)/ (V) (B32)
and the magnetic susceptibility is
M S_ s
Yon(@) = —i Vz( R . ) (B33)
1+ o \—iw —io, + 3 —iw+ io, + 2

For the numerical calculation, we had to derive the value of /V./meg at which the spatial function appears as the same
order |W|?. This means that constant factors cancel out in their ratio. Magnetoelastic coupling coefficients (bym) of 5, 6,
and 10 T are used for the simulations of the S, S, and L modes, respectively. The angle of the in-plane anisotropic field
was set at A¢, = ¢, — ¢ = 85°, to reproduce the field response of the equilibrium magnetization as shown in Fig. 2(b).
The table lists the other parameters of the calculations.

By transforming into the rotating frame of the acoustic modes, i.e., U,(f) = Ae~*<, the equation of motion of acoustic
phonons becomes

ay oo MbwmVe iy m ) (B34)
2 T DweKmeg H T

The coupled mode equation in the frequency domain is given by

Ka Mbyn Ve Mban V.

—iw+ —
2 20Kme 20Kmer | Ufw)\  [—io+ = Gy Gi Udw)\  (fa
bamys+K . 2
_W —lw — )\.+ 0 m+(a)) = _G+A —iw — )\.+ 0 m+(a)) = 0
bamys_K . m-—(w) —G_y4 0 —iw—2_) \m-(@) 0
- 0 —iw — A_
1 +o?
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TABLE I. Acoustic and magnetic parameters used in the cal-
culations.

0 Mass density 8900 kg/m?>
By Out-of-plane shape anisotropy 02T

B, In-plane magnetic anisotropy 4 mT

o Gilbert damping factor 0.1

M Saturation magnetization 370 kA/m

y Gyromagnetic ratio 2.185 ug/h

Hence, the acoustic mode spectra is

GGy GGy
Artiow) (A_+iw)

. ke ]!
+ (—zw + ?):| .
(B3)5)

Us(w) =fd |:

Apparently, the symmetrized coupling strength is

Msysi Vc
Gi=vGy1Gry=byy | —————— . B36
* Axd \ 204 (14 o?) | memr (B36)

APPENDIX C: MAGNETOELASTIC
MODULATION OF SL MODE IN A PNC CAVITY

Figure 5(a) plots the resonant frequency shift (Aw)/
(2m)) and quality factor (Q/) as functions of the bias
field (uoHe) for the SL mode in the ¢, = 0°. Their
field responses reveal a dual dip structure due to the
increased magnon-phonon interaction; the theoretical cal-
culations (solid line) show the same dip. Compared with
the other modes, the modulation magnitudes, i.e., dip
depths, are small, because of the comparable contributions
of the longitudinal (|exx — eyyi) and shear strain compo-
nents (|2€xy ), and thus, the field angle dependency of the
coupling (V) is relatively moderate as shown in Figs. 5(d)
and 5(e). Figures 5(b) and 5(c) show the experimental (left)
and simulated (right) field responses of Aw/, and O/, while
sweeping ¢, from 0° to 90°. The field regions of the mag-
netoelastic modulation exhibit moderate variation with ¢y,
compared with the S and L modes. Clearly, the magne-
toelastic dynamics are a consequence of the spatial strain
distribution of this mode.

(a) SL mode

- ®

i::‘/ . /Ca|ﬁ :0470 /
S ""\.’r}v,.:h-’ﬂﬂ}ﬁ fv"' o \f (d)
Expt. C; ’%&"

S w0 0.60 /:'ET 80
X
60 —40 —20 0 20 40 60 —60 —40 —20 0 20 40 60 = 60} |
toHex (MT) tioHex (MT) N [ PY + + 1
(b) ) S 0 egq eestrelteed
g 20f |
8ol Expt a8 ; . . .
. - 0 30 60 90
g g 4, (deg)
2 z
<40 <
< <
20 (e)
ol 0
60 —40 —20 0 20 40 60 60 —40 —20 0 20 40 60
toHex (MT) HoHex (MT) 12— * . i i
° é
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> ‘ ‘ ‘ ‘
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0
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FIG. 5.

20 40 60

Magnetoelastic modulation on an acoustic resonance of SL mode. (a) The field (1oH.x) dependence of resonant frequency

shift (Aw),/(27)) and quality factor (Q,,) at ¢, = 0° in the left and right panels, respectively. (b),(c) The ¢, dependence of the frequency
Aw!,/(27) and damping «, versus poHey, respectively. The experimental and calculated results are shown in the left and right panels.
(d),(e) The ¢, dependence of |Aw,/(27)| and «,, at |puoHex| = 12 mT.
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FIG. 6. Acoustic dynamics of PnC cavity with three hole defect. (a) SEM image of the PnC cavity coupled to a waveguide. A Ni
film (yellow) is placed on the surface of the PnC cavity. (b),(c) Acoustic resonant spectrum of L and S modes. (d),(e) Experimental
(left) and calculated (right) spatial profiles of the resonant vibration amplitude in L and S modes. The defect region is highlighted by

yellow dotted lines in the left panel.

APPENDIX D: MAGNETOELASTIC
MODULATION ON A PNC CAVITY WITH A
THREE-HOLES DEFECT

A PnC cavity formed by removing three holes, shown in
Fig. 6(a), has two acoustic resonances at 0.579 and 0.587
GHz with distinct modal shapes [Figs. 6(b) and 6(c)].
These modes, labeled L and .S, indicate that acoustic vibra-
tions are confined in the defect [Figs. 6(d) and 6(e)].
Figures 7(a) and 7(b) plot the numerically calculated spa-
tial distributions of strains |exx — éyy| and |2exy|, while
Figs. 7(c) and 7(d) plot the magnetoelastic coupling mode

FIG. 7.

volume V. as a function of the bias field strength 1oHex
at ¢, = 0°. These field responses indicate that the two
modes show opposite coupling dynamics. Similarly, the
field angle evolution of the V. response indicates the mag-
netoelastic modulation effect is sensitive to the field and
magnetization orientation and the acoustic mode structure
[right panels of Figs. 7(c) and 7(d)]. Figures 8(a) and 8(c)
indicate the frequency shifts of the L and S modes (left)
and simulated responses (right), while Figs. 8(b) and 8(d)
plot the normalized acoustic damping rates (left) and the
simulated responses (right). Figures 8(e) and 8(f) show
the field angle dependence of |Aa); / (271)| and normalized
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S mode
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-
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0
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Spatial strain profiles of PnC cavity resonances and their magnetoelastic coupling mode volume. (a),(b) Spatial distribution

of longitudinal |exx - eyy| (left) and shear |2€xy| (right) strains on L and S modes, respectively. (c),(d) Left: simulated magnetoelastic
coupling mode volume (V) as a function of field strength (uoHex) at ¢, = 0°. Right: corresponding field angle (¢5,) dependence of

Vc - /'LOHex-
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FIG. 8. Mode-sensitive magnetoelastic cavity dynamics. (a)+(d) Experimental (left) and simulated (right) ¢, dependence of
Aw,/(27) (a),(c) and «, (b),(d) as a function of uoHe in L and S modes. (e),(f) The field angle dependence of ‘Aa); / (271)} and

normalized k!, at |oHex| = 15 mT on the L (top) and S (bottom) modes are shown, respectively. The solid lines of (sin 2¢),)? (top) and

(cos 2¢y)? (bottom) are plotted for the comparison.

k) at |uwoHex| = 15 mT on the L (top) and S (bottom)
modes. The magnetoelastic coupling coefficient used in the
calculations is b, = 7 T for both modes.
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