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We study the collective dynamics of two distant magnets coherently coupled by acoustic phonons
that are transmitted through a non-magnetic spacer. By tuning the ferromagnetic resonances of the
two magnets to an acoustic resonance of the intermediate, we control a coherent three level system.
We show that the parity of the phonon mode governs the indirect coupling between the magnets:
the resonances with odd / even phonon modes correspond to out-of-phase / in-phase lattice displace-
ments at the interfaces, leading to bright / dark states in response to uniform microwave magnetic
fields, respectively. The experimental sample is a tri-layer garnet consisting of two thin magnetic
films epitaxially grown on both sides of a half-millimeter thick non-magnetic single crystal. In spite
of the relatively weak magneto-elastic interaction, the long lifetimes of the magnon and phonon
modes are the key to unveil strong coupling over a macroscopic distance, establishing the value of
garnets as a platform to study multi-partite hybridization processes at microwave frequencies.

I. INTRODUCTION

The coherent transfer of information between differ-
ent wave forms is an important ingredient of quantum
information processing as it allows interfacing, storage,
and transport of quantum states [1–4]. The coupling be-
tween two distant quantum states, (1) and (2) can be
coherently mediated by an intermediate third level (i),
which may establish non-local entanglement [5]. Such a
tripartite hybridization, generates two collective modes
under a uniform excitation field that are labeled bright
or dark [6–8]. Here we demonstrate control of the col-
lective dynamics of two magnets by the polarity of the
mutual coupling mediated by phonons through a high
quality single crystal.

Strong coupling is possible only when the coupling rate
between wave forms is larger than the geometric aver-
age of their relaxation rates [9, 10], which corresponds
to cooperativity parameters C > 1. Strong coupling be-
tween a microwave cavity mode and two superconducting
qubits has long been realized [11, 12]. The discovery of
also strong coupling between a microwave circuit and fer-
rimagnetic objects [13–17] has encouraged the study of
coherent multilevel systems of two or more magnetic ob-
jects indirectly coupled by cavity photons, by both the-
ory [18, 19] and experiments [20–22]. Studies focus on
the dispersive regime, in which the two systems of inter-
est are detuned and the coupling is mediated by virtual
excitations of the intermediate level [23–26]. Moreover,
until today, relatively little effort has been put to at-
tempt to control the polarity of the coupling, which can
permute the binding and anti-binding states.

Acoustic phonons in materials with low ultrasonic at-
tenuation are excellent candidates to establish strong
coupling with magnets as well [27, 28]. Acoustic phonon
pumping via the magneto-elastic and -rotational cou-
plings can lead to increased damping of the magneti-
zation dynamics [29–31]. Unidirectional phononic cur-
rents generated by magnetization dynamics have been
predicted [32] and nonreciprocal propagation of acous-
tic phonons due to magneto-elastic coupling has been
observed [33, 34]. Coherent acoustic phonons can be
also exploited to transfer incoherent spins [35]. Magneto-
elastic effects have been reported in various systems, such
as metallic magnetic layers [36–39], nano-sized ferromag-
nets [40], dilute magnetic semiconductors [41], and lay-
ered structures [42] as well as magnetic insulators [43–
45]. In applications, the magneto-elastic coupling has
also been used to design a low phase-noise magneto-
acoustic resonator consisting of a thin yttrium iron garnet
(YIG) film epitaxially grown on gallium-gadolinium gar-
net (GGG) [46] or high-speed oscillating magnetic field
sensors [47]. We reported coherent long-range transfer
of angular momentum in YIG|GGG|YIG structures via
circularly polarized acoustic waves propagating through
a mm thick GGG spacer [43]. However, the magnetic
resonances were detuned by more than the magneto-
elastic coupling strength, thereby falling short of a full
hybridization of the distant magnets.

In the following, we demonstrate hybridization of two
macrospins, which establishes our system as a promising
solid state platform for quantum information process-
ing, allowing coherent communication between distant
magnon states via phonons in a monolithic device.
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We achieve full hybridization by careful tuning of both
Kittel frequencies into a joint resonance with a phonon
mode. At the degeneracy point, the magnon-phonon cou-
pling induces a bonding-antibonding splitting that can be
larger than the combined broadening, leading to bright
and dark states of maximal and minimal coupling to an
external readout antenna. We control the hybridization
by either tilting the sample relative to an applied mag-
netic field, H, or by applying a vertical temperature gra-
dient. Being able to select the index of the intermediate
phonon mode offers an additional knob to control the par-
ity of the coupling. We also detect the emerging bright
and dark states electrically by Pt contacts on the YIG
layers by spin pumping and the inverse spin Hall effect.
The bright magnetic states emerge by the coupling to
odd phonon modes. We observe a more than factor of
2 enhanced spin pumping signal, which is caused by the
constructive interference of the amplitudes of the distant
magnetic layers. On the other hand, by tuning the sys-
tem to a dark state via an even index phonon mode, the
microwave absorption and therefore the spin pumping
signal are strongly suppressed.

II. MODEL

We consider two macrospins with oscillating magnetic
components m1 and m2 with eigenfrequencies ω1 and ω2,
respectively. They are coupled by a standing acoustic
wave with amplitude ui and frequency ωi/(2π) = v/λi,
where the integer i is the mode index and v is the sound
velocity. λi/2 = (2d + s)/i is half of the phonon wave-
length that fits into the total crystal thickness, with d
and s being the film thicknesses of the YIG and GGG
films. The tripartite hybridization of the dimensionless
state vector |Ψ⟩ = (m1, u,m2) is governed by the Hamil-
tonian (omitting the weak dipolar coupling):

H0 =

 ω1 Ω1/2 0
Ω1/2 ωi Ω2/2
0 Ω2/2 ω2

 . (1)

.
The phase shift of 0◦/180◦ at the free boundary con-

ditions at the outer surfaces for phonon modes with
even/odd index i alternates the sign of the mutual cou-
pling between the top and bottom magnetic layers. We
account it in Eq. (1) by Ω1 = −Ω and Ω2 = (−1)iΩ1 [43].

At the degeneracy point (ω1 = ωi = ω2) the eigen-
frequencies relative to ωi and corresponding normalized
eigenvectors read:
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respectively for even and odd indices (upper and lower
sign).
In a bracket notation of the state vectors, the linear

response to an excitation |ε⟩ ejωt oscillating at frequency
ω/(2π)

|Ψ⟩ = χ |ε⟩ , (3)

defines the dynamic susceptibility:

χ = γ(ωI − H0)
−1, (4)

where I is the identity matrix and |ε⟩ = µ0h (1, 0, 1)/
√
2

represents an external microwave magnetic field h cou-
pled inductively to the two macrospins, with µ0 being
the vacuum permeability and γ the gyromagnetic ratio.
Imaginary terms jηs/a (j =

√
−1) added to the di-

agonal elements of the Hamiltonian broaden the energy
levels, representing the magnetic and acoustic relaxation
rates respectively. Fig. 1(d,f) and Fig. 1(c,e) show with a
bi-variate color code the absorbed power under station-
ary conditions in the second layer and acoustic system
under the microwave excitation, P2 = κ Im ⟨m2|χ |ε⟩ and
Pa = κ Im ⟨ui|χ |ε⟩, respectively, with κ = µ0M

2ω. In
these plots, the spectral integral of P at fixed detuning
are a definite-positive conserved quantity. A negative P2

[43] (here in green) implies that the top layer returns
power to the electromagnetic field when driven by an
acoustic mode with phase shifted by 90◦ in advance of the
microwave drive. The “negative-power” acoustic modes
change from even to odd (or vice versa) when crossing
an acoustic resonance, because magnetic oscillations ac-
quire a phase shift of 180◦ that is added to the phase
of the acoustic drive. The total power absorbed by the
magnetic system vanishes for the dark state at the triple
resonance, but does not become negative.
In Fig. 1(c-f), we plot the result as a function of detun-

ing δ ≡ (ω2 − ω1)/2 between the magnetic layers under
the constraint ωi = (ω1 + ω2)/2. When an even phonon
mediates the interaction, we find an anticrossing. We
point out, that the amplitude of the gap created by indi-
rect coupling is

√
2Ω, which is enhanced by

√
2 from the

value produced by direct coupling. On the other hand,
coupling by the odd phonon mode leads an additional
central mode that does not depend on δ. The maxi-
mum value of m2 is enhanced (compare the line cuts in
Fig. 1(g) and (h)) by a constructive interference of the
direct and indirect excitation amplitudes.
We can then compute P2 as a function of the coopera-

tivity, C = Ω2/(2ηsηa), and ρ ≡ h1/h2, an asymmetry in
the amplitudes of the external microwave magnetic fields
at each layers, where |ε⟩ = µ0h2 (ρ, 0, 1)/

√
2. At δ = 0,

the contrast between bright and dark states follows the
analytical expression:

P2,bright

P2,dark
=

∣∣∣∣ (ρ+ 1)C + 2

(ρ− 1)C − 2

∣∣∣∣2 . (5)
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FIG. 1. (Color online) Bright and dark hybridized magnon-phonon states or “magnon polarons” in a YIG|GGG|YIG. Left: Out-
of-phase negative (top row) / in-phase positive (bottom row) mutual coupling between two macrospins m1 and m2 in the outer
YIG films when hybridized with an (a) odd / (b) even index i standing phonon mode ui. δ = (ω2 − ω1)/2 is half the splitting
of the resonance frequencies of m1 and m2. Center: Amplitudes |Ψ⟩ = (m1, ui,m2) of the tripartite system as a function of the
detuning δ, keeping (ω1 + ω2)/2 = ωi constant. The density plots (c)-(f) show in bi-variate colors (luminance:amplitude and
hue:phase, cf. color wheel in (e)) the absorbed power in response to an excitation |ε̂⟩ = (1, 0, 1)/

√
2 by (c and e) the acoustic

subsystem Pa ∝ Im ⟨û|χ |ε⟩ and (d and f) the magnetic top layer P2 ∝ Im ⟨m̂2|χ |ε⟩, with ⟨û| = (0, 1, 0) and ⟨m̂2| = (0, 0, 1).
Right: (g) and (h) are the corresponding spectra of P2 at δ = 0. The white/black circles indicate the bright/dark states
observed at the triple crossing, see Eq.(5). The hybridized bright and dark magnetic states are illustrated on the right side of
(g) and (h), respectively.

This ratio diverges for ρ = 2/C + 1, indicating that for
any value of C , there is an optimum coupling asymmetry
ρ to obtain the maximum contrast. In the asymptotic
limit of C ≫ 1, we recover that the optimum is simply
the symmetric system (ρ ≈ 1).

III. EXPERIMENTS

We test and confirm the above model by room tem-
perature spin pumping experiments with two nominally
identical d = 200 nm thick YIG films grown by liquid
phase epitaxy on both sides of an s = 0.5 mm thick
GGG substrate as shown schematically in Fig. 2(a). We
denote the bottom and top YIG layers as YIG1 and
YIG2, respectively. We monitor the YIG2 dynamics via
the inverse spin Hall voltage (VISHE) [49] across a 7 nm
thick, 240 µm wide Pt, and 950 µm long Pt stripe as
shown in Fig. 2(a). [50] VISHE peaks at HK2 as shown in
Fig. 2(b). We also measure the absorption power by a
microwave antenna close to YIG1 as shown in Fig. 2(c)
for ω/(2π) = 5.6 GHz and θH = +17◦ [51]. At the res-
onance field HK1 the YIG1 Kittel mode dominates ab-
sorption by its proximity to the antenna, but we also see
YIG2 by the weak line at HK2 that is shifted by 1.5 mT.
The asymmetric coupling ratio ρ can be decreased by a

larger separation between the microwave strip and the
sample. The splitting between HK1 and HK2 betrays
a small unintended asymmetry in the growth process
that may be caused by a small difference in the satura-
tion magnetization or magnetic anisotropies. The YIG2
linewidth is narrower in the VISHE than in the microwave
absorption spectra, which we attribute to a higher de-
gree of homogeneity on the scale of the area covered by
the Pt contact (see Appendix). We use below two differ-
ent schemes to accomplish the triple resonance condition
with HK1 = HK2.

Both the angle θH and a temperature gradient in
the sample can tune the two Kittel modes. Fig. 2(d)
shows how the thin film demagnetization field shifts the
resonance fields by more than 200 mT in the interval
θH = 0 → ±90◦ at 5.6 GHz. The result agree with
Kittel formula, Htheory

K [52] (see Appendix) for rota-
tions in the (112) plane, normal to the [111] growth
direction when parameterized by the uniaxial HU and
cubic HC anisotropy fields. With µ0HC2 = 7.6 mT,
µ0HU2 = 3.5 mT, the gyromagnetic ratio of γ2/(2π) =
28.5 MHz/mT and magnetization µ0M2 = 0.172 T, we
fit the top layer HK2(θH) measurements (solid line in
Fig. 2(d)) . The small deviations of less than ±0.3%
plotted in Fig.2(e) show a crossover angle θc ≈ 24◦ as
indicated by an arrow.
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FIG. 2. (Color online) Spin pumping experiment on a YIG1|GGG|YIG2 stack. (a) Schematic setup: A 300 µm-wide stripline
antenna at the bottom couples inductively to the magnetic layers. A Pt strip deposited on top of the stack monitors the
dynamics of the top (YIG2) layer. A DC current I in the same Pt wire generates a temperature gradient by Ohmic heating.
(b) Spin pumping voltage across the Pt (VISHE) and (c) microwave diode absorption signal. The peaks of (b) and (c) represent
the Kittel resonances of YIG2 (HK2) and YIG1 (HK1), respectively. Both spectra are taken at a polar angle θH = +17◦. (d)

θH dependence of the resonance fields of both layers. The solid line is a fit of HK2(θH) by the Kittel formula, Htheory
K (see

Appendix). The VISHE signal changes sign when rotating the magnetic field by 180◦, as shown in the inset [48]. (e) Difference
between observed and calculated resonance fields as a function of θH . At the angle θc ≈ 24◦ the resonances cross. (f) Variation
of HK1 and HK2 as a function of Joule heating power in the Pt strip. The arrow indicates the Joule heating at which the
detuning vanishes. The axes on top show the temperature rise of YIG1 and YIG2 deduced from the magnetizations as derived
from the reduced resonance fields. Microwave power settings are as follows: 6 dBm for (b-e), and 0 dBm for (f), which is at
the antenna resonance [43].

The magnetic resonance conditions depend on temper-
ature, so a temperature gradient over the stack can tune
HK1 −HK2, with the advantage that each of HK’s varies
much less than for the angular scan. We can heat the
system simply by the Ohmic dissipation of a dc current
I in the Pt contact. Since the dc source increases the
noise level, we tune to the cavity resonance frequency,
which has a quality factor of about 30. The higher power
enhances the signal to noise ratio of the spin pumping
signal. We detect the spin pumping voltage by lock-in
at a frequency of about 3.1 kHz, thereby removing par-
asitic dc signals. The spin Seebeck voltage induced by
microwave heating is negligibly small (see Appendix). At
the magnetic field tilt angle θH = 15◦ the two resonances
are so close that they cross already at small tempera-
ture gradients. In Fig. 2(f), the resonance fields from
both the top and bottom layers are plotted as a function
of the Joule heating power I2R. Since the magnetization
decreases linearly with temperature, the accompanied re-
duction of the resonance field can be used as a thermome-

ter [53]. From the shift of the YIG2 and YIG1 resonance
fields, we estimate a temperature increase of 61 K and
31 K for I = 26mA (I2R ∼ 70 mW), respectively [54].
The crossover current Ic is at ∼13.6 mA, corresponding
to Joule heating of I2cR ≈ 19 mW. Higher temperature
expands the crystal and reduces the sound velocity, so
the phonon frequencies shift as a function of T .

Tuning by temperature gradients

In Fig. 3(a-f), we plot VISHE as a function of I2R and
magnetic field at six different frequencies f in the grey
scale indicated in the bottom panel. We average the data
for positive and negative currents to remove effects of the
current direction such as spin-orbit torques or bolometric
voltages [55]. We overlay VISHE by blue solid lines that
are the maxima of the microwave absorption spectra as
a function of magnetic field, i.e. the resonances of the
bottom layer. Small kinks emphasized by the green and
orange arrows are evidence for crossings of the magnon
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FIG. 3. (Color online) (a-f) Density plots of the spin pumping
induced voltage, VISHE, in the Pt contact on the top YIG2
layer as a function of Joule heating and magnetic field ob-
served at different frequency tuning relative to acoustic reso-
nances (microwave power is set at 0 dBm and sample orienta-
tion is set at θH = 15◦). The blue solid lines are the maxima
of the microwave absorption spectra that are dominated by
YIG1. The right panel compares the modulation of the spin
pumping signal measured either at zero detuning between the
two Kittel resonances (purple vertical dotted line) or at large
detuning (cyan vertical dotted line). The green and yellow
arrows indicate the positions of odd and even phonon reso-
nances, observable as small cusps in the microwave spectra
(blue lines). The circles in (c) and (f) emphasize the triple
resonance at which all frequencies agree. (c) At the intersec-
tion with an even lattice mode the peak splits and becomes
“dark”. (f) At the intersection with an odd mode, the inten-
sity gains a factor of 4, which confirms that the magnetization
amplitudes of both YIG1 and YIG2 interfere constructively
into a “bright” mode.

mode with odd and even phonon modes, respectively [56].
The decrease of the ultrasound velocities v [57] causes a
downward shift of the phonon frequencies with increasing
temperature [58]. The distortions are expected for f =
i v(1− ζI2R)/[2(2d+ s)], where i is the number of nodes
in the standing wave acoustic phonon amplitude (i is of
the order of 1400 here). We indeed observe abnormalities
for different indices i and heating powers I2R, so several
phonon modes contribute to the window opened by the
(moderate) temperature gradient generated by the ≤ 70
mW heating power. The decrease in v is proportional to
the heating power with coefficient ζ = 0.048 mW−1 as
estimate from the five phonon lines that shift by 3.5×5 =
17.5 MHz.
While the peak position of VISHE decreases linearly

with temperature, similar to the microwave signal of the
bottom layer, its amplitude changes dramatically when
HK1 ≈HK2. The signals vary strongly in the power range
of 0-40 mW, but saturate in the 40 - 70 mW interval. In
Fig. 3(f) we observe an enhanced peak by more than a
factor of 2 when an odd phonon mode comes close to the
crossing at I = Ic indicated by the vertical purple-dotted
line. On the other hand, according to Fig. 3(c) an even
phonon mode at I = Ic splits the peak. In our exper-
iments, m1 is excited stronger than m2 by its proxim-
ity to the antenna, while a complete dark state emerges
only when the amplitudes of m1 and m2 are the same, as
shown in Fig. 1. At a current far from the crossover Ic,
indicated by the vertical dotted cyan line and the cor-
responding line cut in the right panels of Fig. 3, such
features are absent. The VISHE signal at the peak center
of the purple curves is enhanced by a factor of 4 (attenu-
ated by a factor of 2) when an odd (even) acoustic mode
mediates the coupling.
These factors can be compared to the predictions by

Eq.(5). While the value of C ≈ 6 (see below), which de-
pends on the material parameters, is fixed, the value of
ρ is adjusted depending on the sample mounting (spacer
between the garnet sample and the microwave antenna)
and the power used. According to Eq.(5), such ratio be-
tween bright and dark state corresponds to an asymmet-
ric inductive coupling ρ between YIG1 and YIG2 close
to 3, which is smaller than previous estimation [43]. We
attribute this partially to the use of large power, which
saturates the excitation of the bottom layer while the top
layer is still in the linear regime at the chosen microwave
input power.

Tuning by magnetic field angle

Next we interpret the VISHE spectra as a function of the
polar angle θH without applying any current to the Pt.
Figure 4(a) is a gray-scale density plot of VISHE versus
frequency and magnetic field close to the normal con-
figuration (θH = 5◦), with large differences between the
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FIG. 4. (Color online) (a,c) Gray-scale plot of the voltage signal VISHE generated by the Pt contact on YIG2 as a function of
microwave frequency and magnetic field with tilt angles (a) θH = 5◦ and (c) θH = 24◦ (microwave power is set at 6 dBm). The
blue arrow indicates the location of the Kittel mode of YIG1. (b,d) show the voltage modulation along the YIG2 resonance.
The contrasts ∆2 (blue) and ∆1 (red) in panel (d) are the voltage drops measured at the crossings between two consecutive
phonon lines (blue dots) and at the middle of the crossings of two phonon lines (red dots), respectively, for θH = 24◦. (e)
Color-scale plot of VISHE as a function of frequency and polar angle. Here we subtract a constant background and correct for
the angular dependence of the spin Hall effect (see text), where red/blue indicates positive/negative value. (f) The two different
signals ∆1 and ∆2 defined in panel (d) are plotted as a function of θH . The solid lines are the expectations from the model.

FIG. 5. (Color online) (a-e) Numerically calculated intensity P2(ω) plotted for different detunings δ between top and bottom
Kittel resonance frequencies (parameters given in the text). The abscissa ωH = γH corresponds to a field sweep inducing a
shift of the two Kittel modes along the resonance condition, while the even (orange dash) or odd (green dash) phonons do
not depend on the field (horizontal lines). The gray scale indicates the calculated power dissipated by m2. (f) Calculated
dependence of the maximum signal as a function of the frequency and the frequency difference, 2δ/(2π).

resonance frequency of the two layers, indicated by the of
blue and red arrows. Green and orange horizontal lines
mark the odd and even phonon resonances, respectively,
that are spaced by 3.5 MHz. At large detuning, as shown
in Fig. 4(a), magnon-phonon hybridization just reduces
the spin-pumping voltage. This can be interpreted as an
increased broadening that indicates an enhanced magne-
tization damping by leakage into the lattice [43].

Around θH = 24◦ the magnetic resonance of both lay-
ers are very close, as indicated by the blue and red ar-
rows in Fig. 4(c), which looks very different from panel
(a). The minima at the green lines for θH = 5◦ evolve
into maxima, while the minima at the orange lines be-

come deeper. We highlight these features in the adjacent
panels (b) and (d) in terms of the signals plotted along
the resonance condition. ∆2 in panel (d) is the difference
between the signals at two adjacent odd and even phonon
crossings (blue points), while the difference between the
voltages shifted by a quarter of a phonon wavelength from
the crossing (red points) is ∆1.

Figure 4(e) is a color density plot of ∆VISHE ≡ (VISHE−
V ISHE)/ sin θM as a function of θH , where θM is the calcu-
lated angle between the magnetization and film normal.
The factor sin θM eliminates the well-known angle depen-
dence of the inverse spin Hall effect [59]. Furthermore,
by subtracting V ISHE, i.e. the average over the frequency
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range at a fixed angle, we remove possible deviations from
the sin θM dependence caused by an elliptical precession
[60]. Figure 4(f) emphasizes that the modulation either
changes sign near the crossover angle θc or develops a
maximum, which agrees with the expectations from the
3-oscillator model. These shapes may be interpreted in
terms of the real and imaginary parts of a dynamic sus-
ceptibility of the coupled magnetic layers.

Figure 5 summarizes in more detail the numerical so-
lutions of the 3 coupled equations for Ω/(2π) = 1.5 MHz,
ηs/(2π) = 0.5 MHz, ηa/(2π) = 0.35 MHz, which lead to
C ≈ 6. We use ρ ≈ 7, a value close to our low power
estimation [43]. Even though our model is strictly lin-
ear, it captures the qualitative features well even at the
high applied microwave powers [61]. Both Figs. 4(e,f)
and Fig. 5(f)) find a double sign change of the signal
when crossing the triple resonance. When the detun-
ing between the two Kittel modes vanishes in Fig. 5(c),
the bright and dark states appear at the triple crossing
indicated by green and dark orange circles. In theory,
the bright and dark states appear exactly at the phonon
frequencies. The measured extrema in Fig. 4(e) slightly
deviate from the predictions because at the degeneracy
points the signals are sensitive to higher order correc-
tions. In the fully hybridized regime, the pure bright
and dark states emerge as shown in Fig. 1(g) and (h) only
when ρ = 1, i.e. when the two layers are evenly excited
by the microwaves. If ρ ̸= 1, then the contrast in the
dynamics of m2 is reduced, leading to a deviation from
the model presented in Fig.1. We do not observe any ev-
idence for damping-mediated coupling that induces level
attraction rather than repulsion [62–64]. This is an in-
teresting subject for future studies.

IV. CONCLUSIONS

We demonstrate coherent coupling of two macrospins
by phonon exchange over a millimeter distance in
YIG|GGG |YIG phononic spin valves. The phenomenol-
ogy is generic for coupled tri-partite systems that sup-
port bonding and anti-bonding states at the degeneracy
points. The additional knob to switch the polarity of the
mutual coupling through relatively small changes of the
mechanical resonator (e.g. ∼ 0.1% thickness variations)
drastically tunes the inductive coupling of a magnetic
system by ultrasound, and allows an integrated solution
for long-range communication between distant quantum
states. Modulation at short time scales (shorter than the
relaxation times but longer than the reciprocal coupling
rates) should allow coherent permutation between bright
and dark states by adiabatic fast passage [65–67]. This
effect could protect quantum information by switching
on and off the radiation damping to an external read-
out antenna. While our paper focuses essentially on the
dark or bright states, where the coupled dynamics of the

two macrospins are respectively quenched or enhanced by
the coherent sum of the two contributions, a continuous
control of the mutual phase between the two oscillators
measured by a phase-resolved technique could be benefi-
cial to better quantify the coherent coupling phenomena.

APPENDICES

Appendix A: Spin Seebeck voltage driven by
microwave heating

The microwave heating can give rise to a spin See-
beck effect which induces spin currents and therefore an
additional voltage in Pt may arise in the lock-in signal.
We estimate a temperature rise of about 100 mK for a
continuous microwave heating based on the increase of
resistance as shown in Fig. 6, with ∆R = R0ζ∆T , where
ζ = 0.0021 K−1 for Pt. Using the standard SSE coef-
ficient of S = 0.08 µV/K for YIG|Pt system [68], the
Pt length of LPt = 0.95 mm, and the SSE voltage ex-
pression of VSSE = SLPt∆T/(s+2d), we obtain the SSE
voltage of about 15 nV, which is close to the uncertainty
of the measured spin pumping voltage and may be safely
disregarded.

FIG. 6. Measured RPt under continuous microwave excita-
tion ON (red) and OFF (black) at 6 dBm and 5.11 GHz. The
background level increases by 25 mΩ due to the microwave
heating. In addition to that, the magnetic resonance, rep-
resented by the foldover shape on the red curve due to the
strong excitation power, also increases RPt.

Appendix B: Angular dependence of the Kittel
formula

We fit the angular dependence of the resonance field
by the following formula that includes the uniaxial HU

and cubic HC anisotropy fields [52].
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(
ωK

γµ0

)2

sin2 θM =
[
HK cos (θH − θM )+(HU−M) cos 2θM

+HC

(
− 7

12
cos 4θM − 1

12
cos 2θM

+

√
2

6
sin 2θM (3− 8 sin2 θM )

)]
×
[
HK sin θH sin θM − 3√

2
HC sin3 θM cos θM

]
, (6)

where θH and θM represent the directions of the mag-
netic field and magnetization, respectively. θH and θM
are related according to:

0 = HK sin (θM − θH) +

(
HU −M

2

)
sin 2θM

− 1

24
HC

[
sin 2θM (1+7 cos 2θM )−2

√
2(cos 2θM−cos 4θM )

]
.

(7)

Our results agree well with the above formula. The
fit for the top layer HK2(θH) leads to the parameters
µ0HC2 = 7.6 mT, µ0HU2 = 3.5 mT, the gyromagnetic
ratio of γ2/(2π) = 28.5 MHz/mT, and magnetization
µ0M2 = 0.172 T (solid line in Fig. 2(d)).

Appendix C: Identification of phonon resonances

The frequencies of the standing phonon states decrease
with increasing temperature due to Joule heating caused
by increasing current. We trace their positions system-
atically by the integrated intensity of the microwave ab-
sorption signal. Fig. 7(a) shows the shift of the raw ab-
sorption spectra. Periodic dips in the integrated signals
as a function of Joule heating reveal the phonon reso-
nances in Fig. 7(b-g).

Appendix D: Detailed comparison of magnetic
resonance spectra obtained from spin pumping and

diode absorption methods

For the sake of completeness, we provide in Fig. 8 a
zoom around of the Kittel mode of the YIG2 layer of both
the spin pumping and diode absorption spectra as shown
in Fig.2 (b) and (c). It shows that indeed the YIG2 reso-
nances positions are slightly shifted (by 0.3 mT) between
the two methods. Also the linewidth measured from the
spin pumping method is narrower than that from the
diode absorption. We attribute this to the inhomoge-
neous broadening, where in one case the spin pumping is
sensitive to the spins below the Pt surface, while in the
other case the inductive signal is sensitive to the bulk
magnetization dynamics.

FIG. 7. (a) The diode absorption voltage Vdiode measured si-
multaneously with VISHE during the temperature-tuning ex-
periment. Data are shown for f = 5.11 GHz with different
current values. (b-g) Integrated Vdiode as a function of Joule
heating for different frequencies. The green and dark orange
lines represent the odd and even phonons.

FIG. 8. Comparison of HK2 measured from VISHE (top) and
diode (bottom).

ACKNOWLEDGEMENTS

This work was partially supported by the French
Grants ANR-18-CE24-0021 Maestro and ANR-21-
CE24-0031 Harmony; the EU-project HORIZON-EIC-
2021-PATHFINDEROPEN-01 PALANTIRI-101046630.
K.A. acknowledges support from the National Re-
search Foundation of Korea (NRF) grant (No.
2021R1C1C201226911) funded by the Korean gov-
ernment (MSIT). The JSPS supported G.B. by Kakenhi
Grant No. 19H00645. Additionnaly, this work was



9

partially supported by the U.S. NSF under the grant
No. EFMA-1641989, by the U.S. Air Force Office of
Scientific Research under the MURI Grant No. FA9550-
19-1-0307, by the DARPA TWEED Program under the
grant DARPA-PA-19-04-05-FP-001 and by the Oakland
University Foundation.

∗ Current address: Quantum Spin Team, Korea Research
Institute of Standards and Science, Daejeon, Republic of
Korea; kyongmo.an@kriss.re.kr

† Corresponding author: oklein@cea.fr
[1] Margareta Wallquist, Klemens Hammerer, Peter Rabl,

Mikhail Lukin, and Peter Zoller, “Hybrid quantum de-
vices and quantum engineering,” Phys. Scr. 2009, 014001
(2009).

[2] Gershon Kurizki, Patrice Bertet, Yuimaru Kubo, Klaus
Mølmer, David Petrosyan, Peter Rabl, and Jörg
Schmiedmayer, “Quantum technologies with hybrid sys-
tems,” Proc. Natl. Acad. Sci. 112, 3866–3873 (2015).

[3] Xiu Gu, Anton Frisk Kockum, Adam Miranowicz, Yu-xi
Liu, and Franco Nori, “Microwave photonics with su-
perconducting quantum circuits,” Phys. Rep. 718, 1–102
(2017).

[4] Yi Li, Wei Zhang, Vasyl Tyberkevych, Wai-Kwong
Kwok, Axel Hoffmann, and Valentine Novosad, “Hybrid
magnonics: Physics, circuits, and applications for coher-
ent information processing,” J. Appl. Phys. 128, 130902
(2020).

[5] Audrey Bienfait, Kevin J Satzinger, YP Zhong, H-

S Chang, M-H Chou, Chris R Conner, É Dumur,
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