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Abstract

We observed strong tripartite magnon-phonon-magnon coupling in a two-dimensional periodic array of
magnetostrictive nanomagnets deposited on a piezoelectric substrate, forming a 2D magnetoelastic “crystal”’; the
coupling occurred between two Kittel-type spin wave (magnon) modes and a (non-Kittel) magnetoelastic spin wave
mode caused by a surface acoustic wave (SAW) (phonons). The strongest coupling occurred when the frequencies
and wavevectors of the three modes matched, leading to perfect phase matching. We achieved this condition by
carefully engineering the frequency of the SAW, the nanomagnet dimensions and the bias magnetic field that
determined the frequencies of the two Kittel-type modes. The strong coupling (cooperativity factor exceeding unity)
led to the formation of a new quasi-particle, called a binary magnon-polaron, accompanied by nearly complete
(~100%) transfer of energy from the magnetoelastic mode to the two Kittel-type modes. This coupling phenomenon

exhibited significant anisotropy since the array did not have rotational symmetry in space. The experimental
observations were in good agreement with the theoretical simulations.

Introduction

Magnon-phonon coupling in two-dimensional artificial
magnetoelastic  “crystals”  (two-dimensional periodic
arrays of magnetostrictive nanomagnets fabricated on a
piezoelectric substrate) is an active area of research' =%,
Coherent magnons have been excited in magnets by
broadband coherent phonon wave packets, localized
monochromatic phonons, and propagating surface
acoustic waves”>**®, More recently, when the coupling
between magnons and phonons is sufficiently strong, they
were found to spawn a new quasi-particle, called the
magnon-polaron®™***,

When a two-dimensional artificial magnetoelastic
crystal (2D-AMEC) is placed in a magnetic field and an
acoustic wave is launched in the piezoelectric substrate,
three different types of spin wave modes can be excited.
The first is the Kittel mode®”*°, which is associated with
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spin precession about the magnetic field. The frequency
of this type of spin wave increases with the strength of the
magnetic field in accordance with the Kittel formula®.
The second type is observed even when no magnetic field
is present®>**3!, In this case, the spin precession is caused
by the periodic strain due to the acoustic wave. It can only
be observed in magnetostrictive nanomagnets since it
requires magnetoelastic coupling. The frequency of this
mode is independent of the magnetic field since it does
not have a magnetic origin and is usually the same as the
frequency of the acoustic wave. The two types can
hybridize to generate the third type, called the hybrid
magneto-dynamical modes®, whose frequencies increase
with the magnetic field but do not obey the Kittel formula.

A probe of spin wave modes usually begins with a two-
color time-resolved magneto-optical Kerr effect (TR-
MOKE)**** measurement to extract the temporal mag-
netization oscillations in the nanomagnets. These oscil-
lations are measured at different magnetic fields and then
Fourier transformed to obtain the power spectrum at
every magnetic field. At any given magnetic field, there are
typically multiple peaks in the spectrum, with each
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Fig. 1 Schematic of the sample and FESEM image along with the representative TRMOKE spectra. a Schematic of the measurement geometry
showing the sample and the launched SAW along with the pump and probe beams of the TR-MOKE measurement. b Scanning electron microscopy
(SEM) image of the nanomagnet array. Background-subtracted experimental time-resolved c reflectivity (top panel) and Kerr rotation (bottom panel)
oscillations in the absence of any SAW at a bias magnetic field H,,; = 1.3 kOe along the major axes. d Fast Fourier transformed (FFT) power spectra of

the reflectivity and Kerr oscillations.

corresponding to a mode at that magnetic field. When
these peaks are plotted versus the magnetic field, one
obtains different branches, with each representing a mode
that can be of type 1, 2 or 3. When two branches avoid
crossing each other at the point of intersection, coupling
between their corresponding modes occurs. This coupling
can occur between modes of the same type or two dif-
ferent types. It is also possible that a third mode mediates
the coupling between two other modes. In this last case,
avoided crossing occurs at the confluence of the three
branches corresponding to the three modes. Here, we
report this kind of tripartite coupling where a magne-
toelastic mode (type 2 mode) mediates coupling between
two hybrid magnetodynamical modes (type 3 modes).
The strength of the coupling between the two modes is
gauged in the following way. The avoided crossing causes
a frequency gap Af at the point of the avoided intersec-
tion. The coupling rate is define as g = Af/2, and the

cooperativity factor is defined as C = g2/xk,, where k; is
the loss rate of one mode and k, is that of the other
mode'. The latter two quantities are approximately the
linewidths of the spectral peaks corresponding to the two
modes at a magnetic field sufficiently far away from the
point of the avoided crossing where each mode is
uncoupled to the other and therefore preserves its own
character. A value of C >1 and g>ky, k; indicates strong
coupling.

Results and discussion

Figure 1a shows the schematic of the sample used in our
study and the TR-MOKE measurement setup. The sample
consists of 6-nm-thick elliptical Co nanomagnets with major
and minor axes of dimensions of 363 nm and 321 nm fab-
ricated on a LiNbOj substrate. The nanomagnet’s lateral
dimensions and pitch are shown in the scanning electron
micrograph of Fig. 1b. Surrounding the nanomagnet array
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are solid rectangular electrodes that are used to launch a
SAW in the substrate. Antipodal electrode pairs are a few
mm apart. By selecting which antipodal electrode pairs are
activated (by applying a sinusoidal voltage between them),
we can choose the direction in which the SAW propagates.
Here, we have used solid electrodes instead of the usual
interdigitated transducers (IDTs), thereby sacrificing some
SAW coupling efficiency because the IDTs act as narrow-
band filters and are ineffective at frequencies far from their
resonant frequencies. Since the SAW frequencies that will
result in the strongest tripartite coupling are not known a
priori, we have to launch SAWs covering a broad spectrum
of frequencies; hence, there is no specific frequency to
design the IDTs. Therefore, we cannot use IDTs and must
use solid electrodes that are broadband launchers and enable
the launching of a wide spectrum of SAW frequencies, albeit
with lower conversion efficiencies. We emphasize that we do
not launch a broadband SAW with these electrodes. Instead,
we launch monochromatic SAWs, but we are able to vary
the SAW frequency over a wide spectrum, which could not
have been accomplished with IDTs.

The SAWs that are launched in our samples are very
different from the traditional Rayleigh, Sezawa, Lamb or Love
modes because of the nature of the launching electrodes.
When a time-varying voltage is applied between any two
antipodal electrodes (Fig. 1a), a time-varying strain is pro-
duced in the region pinched between these electrodes owing
to ds; and ds3 coupling in the piezoelectric substrate (https://
www.researchgate.net/post/What-is-the-difference-between-
d33-d31-d32-component-of-piezoelectric-coefficient). The
time-varying strain produces an acoustic wave whose wave-
lengths at the frequencies of interest are several orders of
magnitude smaller than the separation between the antipodal
electrodes. Hence, we can disregard confinement (cavity)
effects and view the acoustic wave as a propagating
(unconfined) wave instead of a standing wave. The electrodes
are fabricated with e-beam evaporation and diffuse <1 um
into the piezoelectric substrate. At the frequencies used, the
wavelengths of the acoustic waves are smaller than 1 pm and
much smaller than the substrate thickness. Consequently,
these waves do not deeply penetrate into the substrate but
remain confined near the surface. Thus, we loosely call them
“surface acoustic waves” (SAWs). The nature of these waves
is discussed in the supplementary section of ref. >, Since the
line joining the centers of the opposite electrodes in Fig. 1a is
either parallel to the major axis of the nanomagnets or the
minor axis, the SAW propagates either parallel to the major
axis or the minor axis, depending on which pair is activated.

The ultrafast magnetization dynamics in the nano-
magnets in the presence of a SAW in the substrate and
an external bias magnetic field were measured with a
custom-built TR-MOKE microscope in a collinear two-
color pump-probe setup. The second harmonic
(A=400nm, spot size ~1 pm, pulse width ~100 fs,
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fluence ~12 mJ cm ?) of a Ti sapphire oscillator was
used to excite the dynamics, whereas a time-delayed
fundamental laser (A = 800 nm, spot size ~800 nm, pulse
width ~80 fs, fluence ~1 mJ cm™?) was used to probe the
dynamics. The probe beam spot covers approximately
four nanomagnets since the lateral dimensions of the
nanomagnets are ~350nm and the edge-to-edge
spacing is 65nm vertically and 42nm horizontally.
Hence, four nanomagnets are always simultaneously
probed.

Magnetodynamics in the absence of any SAW

We first interrogate the nanomagnet array with TR-
MOKE in the absence of any SAW to probe the intrinsic
spin wave modes and dynamics in the presence of a bias
magnetic field Hey. The measured time-resolved reflec-
tivity and Kerr rotation signals are obtained with Hey
directed along the major axes of the elliptical nano-
magnets (magnetic easy axis) and are shown in Fig. 1c at
H,,. = 1.3 kOe. The fast Fourier transformed (FFT) power
spectra of the reflectivity and the Kerr rotation oscillations
are shown in Fig. 1d. The experimental spin wave spec-
trum (spectrum of the Kerr oscillation) shows two distinct
modes. Among them, one mode (M1), occurring at the
higher frequency, is either type 1 or type 3 since its fre-
quency was found to increase with an increasing bias
magnetic field. The continuous SW branches present are
fitted using the Kittel formula for SW frequency (f) as
shown below:

Y

f:%\/(Hext +Hani)(Hext +Ham'+4”Meﬁ’)7 (1)

where y, My and H,,; are the gyromagnetic ratio, the
effective magnetization, and the anisotropy field, respec-
tively. From the Kittel fit of M1, the extracted value of
saturation magnetization M is determined to be
1080 emu/cc assuming the Landé g-factor g=2 in the
calculation of the gyromagnetic ratio. This value is slightly
less than the value of 1400emu/cc for bulk cobalt;
however, this is reasonable since these are nanomagnets of
cobalt and unsaturated magnetization can be present in
the periphery of the nanomagnets. Hence, this appears to
be the type 1 or pure (Kittel type) magnetic mode. The
Kittel fit of spin wave frequency is represented in the
Supplementary Material. Details of the fit are described in
Section S1 of the Supplementary Material. The lower
frequency mode (E1), appearing at 4.1 GHz, has magnetic-
field-independent frequency and is, hence, a magnetoe-
lastic mode (type 2). This was also observed in the time-
resolved reflectivity signal, as shown in Fig. 1d. We also
observed this type of mode in previous studies®, and this
mode was clearly not caused by any externally applied
SAW since none was launched. Instead, this mode was
caused by an acoustic wave that was generated by the
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Fig. 2 Bias field dependence of the spin wave mode and its static and dynamic characterization. a Bias field (H.,,) dependence of the
experimental and simulated frequencies of the M1 Kittel-type spin wave mode in the absence of SAWs, where the field is directed along the major

in the Methods section. The experimental data for the E1 magnetoelastic spin wave mode caused by periodic heating and cooling by the laser beam
are also plotted. b Simulated micromagnetic profile within four nearest neighbor nanomagnets at He, = 400 Oe (far left panel) and the simulated
power and phase maps of the M1 mode at Hey; = 400 Oe (low bias field) and 1200 Oe (high bias field). The major axes of the elliptical nanomagnets
are along the vertical direction, and the minor axes are along the horizontal direction. The power and phase profiles are identical in all four

nanomagnets, and the phase profile in the bottom right image and the power profiles in the other three are shown. The M1 Kittel modes in this case
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gray line denotes the simulation results. The simulation is described later

periodic heating and cooling of the substrate by the laser,
which produced a periodic strain in the substrate owing to
periodic thermal expansion and contraction of the nano-
magnets and the substrate. The strain occurred because
the thermal expansion/contraction coefficients of the
nanomagnets and the substrate were unequal. This type of
laser-induced acoustic wave was observed by others™.
The associated periodic strain excited the magnetization
precession in the magnetostrictive nanomagnets owing to
the inverse magnetostriction (Villari) effect and caused
the E1 mode to appear.

The bias magnetic field dependence of the two observed
modes (E1 and M1) is shown in Fig. 2a. Here, experi-
mental data are plotted as points, and the gray line
represents the results of micromagnetic simulations
described later in the Methods section (for mode M1
only). Only at sufficiently high magnetic fields (>250 Oe)
can the two branches be clearly resolved, and they diverge
from each other, as shown in Fig. 2a. At lower magnetic
fields (<250 Oe), the two branches are too close to each
other to be unambiguously resolved. The frequency of E1
remains independent of the magnetic field (type 2 beha-
vior); however, the frequency of M1 increases with an
increasing magnetic field, and it increases in accordance
with the Kittel formula, indicating that it is a type 1 mode.

As stated earlier, the probe beam has a diameter of
800 nm and interrogates four nanomagnets in our sam-
ples. The calculated static spin textures within four
nearest neighbor nanomagnets covered by the probe spot
at a bias field Hey, of 400 Oe are shown in Fig. 2b, where
the field is directed along the major axes of the nano-
magnets. The calculations are carried out with the
micromagnetic simulator Mumax3>*. The spins are pri-
marily aligned along the major (easy) axes because of the

shape anisotropy of the nanomagnet, as well as the
external bias field along that direction. Using the in-house
software Dotmag®”, which calculates the power and phase
profiles of the spin wave modes generated within a
nanomagnet at different bias magnetic fields, we studied
the mode profile of the M1 mode within the four neigh-
boring nanomagnets that are interrogated by the probe
beam. In Fig. 2b, we show the spatial distribution of the
power and the phase profiles of M1 at two different bias
field values H.,, of 400 Oe (low field) and 1200 Oe (high
field). At both fields, the power of SW mode M1 is con-
centrated at the center of the nanomagnet, which signifies
a uniform precessional mode.

Magnetodynamics in the presence of externally launched
SAWs

In the presence of an externally launched SAW (laun-
ched by activating two antipodal electrode pairs), the
magnetodynamics significantly change. Because the
nanomagnet array does not have rotational symmetry as
the major and minor axis dimensions of the nanomagnets
are different, as are the edge-to-edge spacing along the
rows and columns, we expect to observe differences
depending on whether the SAW is propagating along the
major axis or the minor axis’. Thus, both cases are
studied.

SAW propagating along the minor axes of the elliptical
nanomagnets

To launch a longitudinal SAW propagating along the
minor axis of the nanomagnets, we activated an antipodal
electrode pair (Fig. la) by applying a high-frequency
voltage between them with a microwave source. The line
joining the centers of this pair was aligned along the
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minor axis of the nanomagnets. This caused a time-
varying strain between this pair owing to d33 coupling in
the piezoelectric substrate. The time period of the high-
frequency voltage was (in all cases) longer than the pie-
zoelectric response time of the substrate (which was
~60 ps); hence, the strain could follow the signal quasi-
statically, meaning that the SAW frequency was
approximately the same as the signal frequency with
negligible phase lag. The frequency was varied while
keeping the input power P fixed at +12 dBm (16 mW).

Because of the impedance mismatch between the
microwave source and the sample, most of the input
power was actually reflected back into the source, and
only a small fraction was coupled into the piezoelectric
substrate to launch the SAW. Earlier, we measured the S;;
scattering parameter with a vector network analyzer up to
2.5 GHz. Since we did not measure it across the entire
frequency range of interest in this study, we did not know
the power coupled into the SAW at every frequency.
However, since we made only qualitative comparisons
between theory and experiment, we assumed that the
average S;; parameter in the frequency range of interest
was —0.2dB (based on the data in ref. ®), which meant
that only ~4.5% of the incident power was being launched
into the sample. In other words, the power coupled into
the SAW (assuming all of the launched power was con-
verted to SAW power) was ~0.72 mW. The actual power
could potentially be somewhat different from this since
the S;; values at the actual measurement frequencies were
unknown.

As usual, we measured the time-dependent Kerr oscil-
lations with TR-MOKE and Fourier transformed them to
search for peaks that corresponded to the distinct modes.
When the SAW frequency (or signal frequency) was
9 GHz, (for other SAW frequencies, see Section S3 of the
Supplementary Material) four different modes E1, Al,
M1’ and M1” were observed, with the first two being
magnetic field independent (hence type 2 magnetoelastic
modes) and the last two being magnetic field dependent
(type 1, as indicated from the magnetic parameters
extracted from the Kittel fit). We could actually fit the
magnetic field dependences of the frequencies of the last
two modes quite well with the Kittel formula assuming a
g-factor of 2 and saturation magnetization M, values of
1143 and 1155 emu/cc, respectively; the Kittel fit of spin
wave frequency and details of the fit are presented in
Section S1 of the Supplementary Material. Therefore,
these modes had the character of Kittel modes. The M1”
mode appeared only at a low magnetic fields (<800 Oe),
whereas the M1’ mode appeared only at high magnetic
fields (>600 Oe). Both modes coexist between 600 Oe and
800 Oe. Mode E1 was the same as that observed in the
absence of the SAW and was caused by the periodic
heating and cooling by the laser. Mode Al, on the other
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hand, had the same frequency as that of the SAW (9 GHz);
thus, it was an extrinsic magnetoelastic mode that was
directly caused by the SAW and was not present without
the SAW (which was not observed in the absence of
the SAW).

Figure 3a shows the experimentally observed magnetic
field dependences of the frequencies of the four modes E1,
A1, M1’ and M1” when the SAW frequency fsaw is
9 GHz. The points represent the experimental data, and
the gray lines represent the results of micromagnetic
simulations. The yellow box bounds the region where
modes A1, M1’ and M1” converge; the FFT power spectra
of the experimental spin wave frequencies are presented
in Section S2 of the Supplementary Material. The modes
converge at the frequency of the Al mode, which is
magnetic field independent, and is the SAW frequency of
9 GHz. At that frequency, there is clear avoided crossing
between the branches representing modes M1’ and M1”,
showing that they have coupled. The phonons in the
SAW, producing mode Al, act as intermediaries to couple
the magnons in M1’ and M1”. This result can be viewed
as tripartite magnon-phonon-magnon coupling. In the
next paragraph, we explain why this tripartite coupling
cannot be observed at any arbitrary SAW frequency and
magnetic field but can be observed only at specific fre-
quencies and magnetic fields that depend on the nano-
magnet dimensions.

The bias magnetic field strength where the frequencies
of both M1’ and M1” come close to each other, resulting
in strong coupling, is 650 Oe. This magnetic field strength
is where the frequencies of both M1’ and M1” are close to
9 GHz, which is the launched SAW frequency. Figure 3c
shows the power spectrum measured at this field. The
frequency of M1’ is slightly above 9 GHz and that of M1”
is slightly below 9 GHz in this field. The most striking
feature from this figure is that the peak due to the Al
mode vanished, showing that its power was fully trans-
ferred to M1’ and M1”. This was complete or near-
complete mode conversion from the type 2 (magnetoelas-
tic) mode Al to type 1 (Kittel) modes M1’ and M1”. The
strong tripartite coupling resulted in very efficient (nearly
100%) conversion from a magnetoelastic mode to Kittel
modes at this specific frequency of 9 GHz. This was
possible because the near perfect phase matching between
the magnetic field-independent A1 mode and the mag-
netic field-dependent Kittel-type spin wave modes M1’
and M1” occurred when their frequencies and wavevec-
tors matched. This delicate matching could be ensured by
three possibilities: (1) the launched SAW frequency, (2)
the magnetic field, and (3) the nanomagnet dimensions
(see Section S4 of the Supplementary Material). These
three quantities must be carefully engineered to ensure
simultaneous frequency and wavevector matching of all
three modes. For fixed nanomagnet dimensions, there
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Fig. 3 Bias field dependence of spin wave modes in the presence of SAWs along the minor axis and its characterization. a Bias field (Hay)
dependence of experimental and simulated frequencies of the E1, A1, M1/ and M1” modes at the SAW frequency fsaw = 9 GHz, where the field is
directed along the major axes of the nanomagnets. The SAW propagates along the minor axis of the nanomagnets. The filled circular symbols
denote the experimental results, and the speckled gray band denotes the simulation results. The yellow box encloses the region where the A1, M1/
and M1” modes converge. b Zoomed view of the region within the yellow box. The filled circular symbols represent the experimental data, and the
gray bands represent the results of the simulation. ¢ Measured power spectrum of the modes at the magnetic field of 650 Oe where the strongest
coupling occurs. Note that the A1 mode has disappeared since its power has been transferred to the M1’ and M1”” modes. d Simulated power and
phase profiles of the M1’ and M1” modes in four neighboring nanomagnets probed by the probe beam at He,; = 550 Oe, 650 Oe and 800 Oe. The
major axes of the elliptical nanomagnets are along the vertical direction, and the minor axes are along the horizontal direction. The profiles are
identical in all four nanomagnets; hence, the phase map in the lower right corner and the power map in the other three plots are shown.

could be more than one magnetic field and more than one
SAW frequency where this perfect phase matching could
occur.

According to coupled mode theory, 100% energy
transfer is possible under perfect phase matching®**’. We
have carefully engineered the nanomagnet dimensions,
the SAW frequency and the magnetic field (which
determines the frequencies of modes M1’ and M") to
achieve the condition where both the frequencies and the
wavevectors of all three modes, A1, M1’ and M1”, match,
leading to nearly perfect phase matching and the strong
coupling. This is discussed in Section S4 of the Supple-
mentary Material.

The mode splitting strength 2¢ where the two branches
M1’ and M1” come closest in Fig. 3b is 1.11 + 0.033 GHz.
We have extracted the spectral linewidths of the M1’ and
M1” modes at magnetic fields of 800 Oe and 550 Oe,
respectively; these magnetic fields are farther away"”?® from
the critical field of 650 Oe. Therefore, in these fields, each of
the two modes has its own character. The spectral widths

have values of x; = 043+0016GHz and x, =
0.44 + 0.021 GHz, which yield a value of the cooperative
factor C (defined as C :g2 /K1K>) of ~1.60. In the avoided
crossing regime, the modes lose their individual character-
istics and become coupled modes with identical linewidths,
and the expression for cooperativity becomes C=g*/i?,
which is found to be ~1.41 (g=0.565 +0.033 GHz, x ~
0.475 GHz) in this case. Both these cooperativity values, as
well as the coupling strength and linewidth, indicate that
the coupling between M1’ and M1” mediated by Al occurs
in the strong coupling regime, where Al transfers all of its
power to M1’ and M1”. The strong tripartite coupling
between two magnons (M1’ and M1”) and a phonon via
magnetoelastic mode Al can be viewed as the formation of
a new quasi-particle, called a binary magnon-polaron
comprising a magnon, a phonon and another magnon.
We note that the experimentally measured value of the
splitting frequency 2g is larger than the numerically simu-
lated value, as shown in Fig. 3b. This difference could be
because in our calculation, it was assumed that the



Majumder et al. NPG Asia Materials (2023) 15:51

impedance mismatch between the voltage source and the
sample caused the S;; parameter to be —0.2 dB, which was
potentially an overestimation, and the actual reflection
coefficient could be smaller; thus, much more power was
launched into the SAW, causing the power to be transferred
to the A1 mode from the source, and then, the power was
transferred from the Al mode to the M1’ and M1” modes,
producing a larger splitting frequency than in our simula-
tion. In addition, the experiments were performed at room
temperature, while the MuMax3 simulations were per-
formed at T =0K. These reasons explain why the experi-
mentally measured gap is larger than the numerically
simulated gap.

The simulated spatial power and phase profiles of the M1’
and M1” modes are shown in Fig. 3d at bias fields H,,. of
550 Oe (below the critical field where the strongest coupling
occurs), 650 Oe (critical field) and 800 Oe (above the critical
field). These are obtained by the method described in ref. *°.
The power profiles have the nature of center modes with
the axis of symmetry canted from the major axis of the
nanomagnets. This result is noticeably different from the
profile in Fig. 2b, where no SAW (and hence no A1l mode
due to the SAW) was present. Since it is Al that couples
M1’ and M1”, its presence is expected to change the power
and phase profiles of both M1’ and M1”.

At the critical field of 650 Oe, the calculated phase
profiles show azimuthally quantized behavior with a
quantization number equal to 2. The phase profiles also
show a 180° phase difference between M1’ and M1”,
which is reminiscent of dark magnon modes®. Because of
this phase difference, the spins in the two spin wave
modes M1’ and M1” rotate in opposite directions, but it is
not known which mode rotates clockwise and which
mode rotates anti-clockwise. If we denote that clockwise
rotating mode as |C) and the anti-clockwise rotating
mode as |A), then the coupled mode can be written as (1/
\/2)(|C, A) t|A, C)), which cannot be written as any
tensor product of the modes |C) and |A). This is remi-
niscent of some (but not all) of the features of
Einstein-Podolsky-Rosen (entangled) states, with the
exception of a classical system where there is no quantum
non-locality since the coupled mode survives only in the
presence of the coupling agent (the SAW) and vanishes
immediately if the SAW is extinguished.

SAW propagating along the major axis of the nanomagnets

Because the nanomagnet array lacks rotational sym-
metry, we further studied the spin wave dynamics of the
array with SAWs applied along the major axis of the
elliptical nanomagnets instead of the minor axis. We also
changed the SAW frequency from 9 to 12 GHz. At this
frequency, good phase matching could occur again since
the wave vectors of the acoustic wave and the resident
spin wave within the nanomagnet match (see Section S4
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of the Supplementary Material). Figure 4 shows the same
data as Fig. 3, but for the case of the SAW propagating
along the major axis of the nanomagnets instead of the
minor axis; other details of the spectra are discussed in
Sections S1 and S2 of the Supplementary Material.

The major difference from the case in Section 2.2.1 is
that in addition to the magnetoelastic mode E1 (at
4.1 GHz) associated with laser heating and cooling and
magnetoelastic mode Al (12 GHz) associated with the
SAW, there are two other magnetic-field-independent
(hence magnetoelastic) modes E2 (7.5GHz) and E3
(10 GHz). They have lower amplitudes than the other
modes. Interestingly, the array pitch in the direction of
SAW propagation, which is the center-to-center separa-
tion (a) between nearest neighbor nanomagnets, is
428 nm (Fig. 1b). The nanomagnets act as mechanical
loads and can be viewed as distributed reflectors of the
SAW. When the SAW wavelength matches the pitch, the
reflected waves constructively interfere and build up,
causing large acoustic power at that wavelength; this
results in a strong magnetoelastic mode at the SAW fre-
quency corresponding to that wavelength. If this is indeed
the origin of mode E3, then the SAW frequency becomes
9.60 GHz: f=v/A =4110/(428 x 10°) = 9.60 GHz, where
v = velocity of SAW in LiNbOj substrate = 4110 m/s*.
The other magnetoelastic mode E2 corresponds to the
SAW with the wave vector along the diagonal of the lat-
tice*: A = \/a2 + b* = 561nm, where b is center to
center separation along the minor axis and equal to
363 nm and fis defined as v/A (4110/(561 x 107%) and is
equal to 7.32 GHz. These two frequencies of 9.6 and
7.32 GHz match reasonably well with those of E3 and E2,
which are 10 and 7.5 GHz, respectively. If this is the origin
of E2 and E3, these would be expected to appear when the
SAW propagates parallel to the minor axes of the nano-
magnets, but they do not. Thus, this explanation is only a
speculation and not definitive.

In the case of the SAW propagating along the major axis,
the maximum coupling occurs at a magnetic field of
1200 Oe, and as Fig. 4c shows, mode Al has expectedly
disappeared at that field since its power has been fully
transferred to M1’ and M1”, characteristic of strong tri-
partite magnon-phonon-magnon coupling. The frequency
gap at this magnetic field is 2¢=0.79 + 0.032 GHz. The
value of k1, the spectral width of the M1’ mode, estimated at
a magnetic field of 1350 Oe is 0.35+ 0.028 GHz and the
value of x,, the spectral width of the M1” mode, estimated
at a magnetic field of 1050 Oe, is 0.37 + 0.016 GHz; using
these values, a cooperativity factor C (C = g*/kk) of 1.20 is
obtained. Again, these values of the cooperativity factor, g,
and « indicate that the coupling between M1’ and M1”
mediated by A1 barely falls in the strong coupling regime.
Notably, this coupling is slightly weaker than the coupling
that occurs when the SAW propagates along the minor axis
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Fig. 4 Bias field dependence of spin wave modes in the presence of SAWs along the major axis and its characterization. a Bias field (Hey)
dependence of the experimental and simulated frequencies of the E1, E2, E3, A1, M1" and M1 modes at the SAW frequency fsaw = 12 GHz, where
the field is directed along the major axes of the nanomagnets. The SAW propagates along the major axis of the nanomagnets. The filled circular
symbols denote the experimental results, and the gray line denotes the simulation results. The yellow box encloses the region where the A1, M1’ and
M1”" modes converge. b Zoomed view of the region within the yellow box. The filled circular symbols represent the experimental data, and the gray
bands represent the results of the numerical simulation. ¢ Power spectrum of the modes at the magnetic field of 1200 Oe where the strongest
coupling occurs. Note that the A1 mode has disappeared since its power has been transferred to the M1’ and M1”” modes and thus, it has an E2
mode. d Simulated power and phase profiles of the M1’ and M1”" modes in four neighboring nanomagnets probed by the probe beam at

Hex: = 1050 Oe, 1200 Oe and 1350 Oe. The major axes of the elliptical nanomagnets are along the vertical direction, and the minor axes are along the
horizontal direction. The profiles are identical in all four nanomagnets; hence, the phase map in the lower right corner and the power map in the

other three plots are shown.
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with a frequency of 12 GHz (C = 1.39; see Section S3 of the
Supplementary Material). In the avoided crossing regime,
where the two modes do not have their individual
characteristics because of coupling, this value is ~0.77
(C=g*x®), where g = 0.395 + 0.032 GHz and k ~ 0.45 GHz.
Therefore, the strength of the coupling depends on the
direction of propagation of the SAW with respect to the
easy or hard axis of the nanomagnets, although the differ-
ence is not remarkably large. The difference occurs because
the degree of phase matching that could be achieved is
slightly different in the two cases.

Conclusion

In conclusion, we have demonstrated strong tripartite
coupling involving two magnons and a phonon in a two-
dimensional array of magnetostrictive nanomagnets on a
piezoelectric substrate (a two-dimensional artificial mag-
netoelastic crystal) excited by a surface acoustic wave
(SAW). The coupling occurs at magnetic fields where the

frequencies and wavevectors of the confined magnon
modes in the nanomagnets match those of the SAW to
ensure near-perfect phase matching between all modes.
Phase matching can be ensured by engineering the SAW
frequency, magnetic field and nanomagnet dimensions.
This coupling transfers all or nearly all of the power from
a magnetoelastic mode caused by the SAW to two Kittel-
type spin wave modes. The associated cooperativity factor
exceeded unity, indicating the formation of a binary
magnon-polaron  (magnon-phonon-magnon). Micro-
magnetic simulations qualitatively reproduce the experi-
mental observations. The coupling features show
pronounced anisotropy since the nanomagnet array does
not have rotational symmetry.

Methods
Sample fabrication

The LiNbOj; substrate on which the magnetostrictive
nanomagnets were fabricated was initially cleaned in
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ethanol, and the Au electrodes for launching the SAW
were delineated using optical lithography. After delinea-
tion of the electrodes, the substrate was spin-coated
(spinning rate ~2500rpm) with bilayer poly-methyl
methacrylate (PMMA) resists of two different molecular
weights and subsequently baked at 110 °C for 5 min. Next,
electron beam lithography was performed using a Hitachi
SU-70 scanning electron microscope (SEM) with an
accelerating voltage of 30 kV and beam current of 60 pA
with a Nabity NPGS lithography attachment to open
windows for deposition of the nanomagnets. The resists
were finally developed in methyl isobutyl ketone and
isopropyl alcohol (MIBK-IPA, 1:3) for 270 s, followed by a
cold IPA rinse. A 5-nm-thick Ti adhesion layer was
deposited on the patterned substrate using an electron
beam evaporation base pressure of ~2x 10~7 Torr, fol-
lowed by electron beam deposition of 6-nm-thick Co.
Lift-off was carried out by removing the PG solution.

TR MOKE study

The polar Kerr rotation was measured by an optical
bridge detector as a function of the time delay between
the pump and probe beams using the TR-MOKE micro-
scope. The sample was scanned by a piezoelectric x—y—z
stage to position the pump and probe beams at the
desired location of the sample. The probe spot was
carefully placed at the center of the pump spot to measure
the time-resolved dynamics from the uniformly excited
region of the sample. A radio frequency (RF) signal from a
signal generator (Rohde & Schwarz SMB100A, frequency
range: 100 kHz to 20 GHz) was launched on the sample
through a high-frequency and low noise coaxial cable
(model no. N1501A-203).

Micromagnetic simulation

We performed micromagnetic simulations using
MuMax3 software***%, For visualization of the simulated
results, we used MuView software. In the simulation, we
considered a 7 x 7 array of elliptical nanomagnets, dis-
cretizing the samples into rectangular prisms with
dimensions of 2 x 2 x 6 nm”>,

In Figs. 3 and 4, we show a 2 x2 nanomagnet array
cropped from the center of the 7 x 7 array to eliminate edge
effects. The cell size in the lateral plane was kept below the
exchange length of cobalt to reproduce the observed mag-
netization dynamics. The magnetic parameters used for the
simulation are as follows: saturation magnetization
M, = 1300 emu/cm®, gyromagnetic ratio y = 17.6 MHz/Oe,
magneto-crystalline anisotropy field Hi=0 (since the
nanomagnets are amorphous or polycrystalline), and
exchange stiffness constant A,, = 3.0 x 10> erg/cm.

In the simulation, the external bias field H,; was
applied along the major axis of the nanomagnet to pre-
pare the static micromagnetic distribution by allowing the
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simulation to run for 1 ns (long enough to obtain a steady
state). After 1ns, the magnetization aligns along Hey
almost everywhere within the nanomagnet. The magne-
tization dynamics were triggered in the simulation using
different excitation fields. The optical excitation was
mimicked by a pulsed magnetic field excitation (peak
amplitude = 20 Oe and pulse duration = 10 ps) perpen-
dicular to the sample plane, whereas the effect of the
SAW was mimicked by an additional sinusoidal aniso-
tropy field by causing the strain anisotropy energy density
to be equal to the following:

K(t) = Ko[sin(2mft)]; Ko = (3/2)\0 (2)

where fis the SAW frequency. Here, A is the saturation
magnetostriction, and o is the amplitude of the sinusoidal
time-varying stress due to the SAW. The stress was
assumed to be uniaxial and applied along either the major
or minor axis of the nanomagnet depending on whether
the SAW was propagating along the major or minor axis.
Since Co has negative magnetostriction, the compressive
cycle of the stress tended to align the magnetization in the
direction of the stress axis, and the tensile cycle tended to
align the magnetization in the direction perpendicular to
the stress axis.

To calculate the amplitude of the stress o generated by
the SAW, we follow the recipe®® for a plane surface wave:

g = \/ZPZO; Zo = \/CHP (3)

where P is the power in the wave per unit area, Z; is the
characteristic acoustic impedance, ¢;; is the first diagonal
element of the elasticity tensor and p is the mass density.
The cross-sectional area through which the wave passes is
the penetration depth times the width of the electrodes. The
penetration depth is approximately the wavelength (which
varies with the SAW frequency), but we take its average
value to be ~1 pm (which is the wavelength at ~4 GHz
frequency). Therefore, the cross-sectional area of the wave
is ~1pmx2mm=2x10"° m ™2 Since the power coupled
into the substrate is 0.72 mW, the power per unit cross-
sectional area P is 2.25 kW m ™2 For LiNbOs3, ¢;; = 202 GPa
and p=4650kgm > This yields Zo=9.7 x 10°Nsm >,
Therefore, the stress generated is 19.6 MPa. There is a wide
range in the reported values of the saturation magnetostric-
tion of Co, A, ranging from 30 ppm™ to 150 ppm™®. By
using the higher value in view of the fact that magnetos-
triction may increase in nanomagnets%, from Eq. (1), the
amplitude of strain energy density (Ko) is calculated to be
44107)/m>. In the simulation, we assumed it was 5000 J/m?>
since the estimate was probably accurate only to the order
of magnitude.

The stress anisotropy acts as an effective magnetic field
in the direction of the stress axis and is related to the
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generated stress as follows:

Hanal®) = K(O 1o, = (3 AsinGan) s, (4)

where g is the magnetic permeability of free space and
M is the saturation magnetization of the nanomagnets
(~1.3 MA m ). The amplitude of the field value related
to the peak strain anisotropy energy density is 39 Oe.
Within each nanomagnet, the SAW amplitude is assumed
to be spatially invariant, as is the amplitude of the effective
magnetic field Hy,eq associated with it. The wavelength of
the SAW in the frequency range of 1-10 GHz is a few
hundred nanometers to a few micrometers in LiNbOg
since the SAW velocity is 5-6 km/sec*”. The major axes of
the nanomagnets are ~360 nm, while the minor axes are
~330 nm. Hence, at lower frequencies, the assumption of
a spatially invariant Hy,..ss amplitude is justified since the
nanomagnet’s lateral dimension is an order of magnitude
smaller than the wavelength, but it is definitely question-
able at higher frequencies. Since taking the spatial
variation of the amplitude of H,.ss into account would
have been computationally prohibitive, we ignored this
effect but understand that it could make some difference.

The micromagnetic simulations yield time-dependent
magnetization components M, (x,%,zt), M, (x)zt), M,
(%3%t). From these components, we can calculate the
spatial profiles shown in Figs. 2d, 3d and 4d using an in-
house MATLAB code named “Dotmag”, described in
ref, .
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