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Coherent oscillation between phonons and
magnons

May 30 2022, by Thamarasee Jeewandara
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Concept of coherent oscillation between phonons and magnons, and time-
resolved magneto-optical microscopy. (a) A schematic illustration of phonons
and magnons, (b) A schematic illustration of coherent oscillation between
phonons and magnons. (c) The dispersion curves of phonon and magnon in
lutetium iron garnet (LulG). (d) A magnified view around A in Fig. 1c. The
black curves represent the dispersion relation of hybridized magnon-phonon
polaron, while the red and blue dashed curves represents dispersion relation of
pure magnons and transverse acoustic phonons, respectively. (e) Optical setup
for the time-resolved magneto-optical microscopy with the extended delay time.
The excited magnetization dynamics is detected via the polarization rotation
angle of the probe laser pulse induced by the magneto-optical Faraday effect in
the sample. The detection is performed by an charge-coupled device (CCD)
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camera. (f) Magneto-optical image observed 3.5 ns after the pump pulse
irradiation under the external magnetic field B = 11.5 mT parallel to the
wavevector of the excited magnons. g, Wavenumber spectrum of the obtained
magneto-optical images observed 3.5 ns after the excitation (B = 11.5 mT). The
inset shows a magnified view. Credit: Communications Physics (2022). DOI:
10.1038/s42005-022-00888-1

Two different waves with the same frequency and wavelengths can be
coupled, so that the amplitude alternates periodically between the two to
form a phenomenon known as a coherent beating oscillation. The
process can be observed often with a coupled pendulum, and at the
cosmic scale as neutrino oscillations that occur due to fluctuations
between diverse neutrinos. Solids too can equally maintain various wave
excitations to contribute to their thermal and electromagnetic properties.

In a new report now published in Nature Communications Physics,
Tomosato Hioki and a team of scientists in materials research and
applied physics at the Tohoku University and the University of Tokyo in
Japan, described coherent beating observed between different excitation
species in a solid, namely phonons—quantum vibrational mechanical
energy, and magnons—a quasiparticle representing the collective
excitation of the electron's spin structure. The team used time-resolved
magneto-optical microscopy to show how magnons generated in a
compound gradually disappeared by transferring to phonons, to then
return to the form of magnons after a while. The oscillation period was
consistent with magnon-phonon beating. The scientists envision the
experimental outcomes will pave way to coherently control magnon-
phonon systems in solids.

Phonon-magnon interactions in lutetium iron garnet
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https://sites.slac.stanford.edu/neutrino/research/neutrino-oscillations
https://www.sciencedirect.com/topics/engineering/neutrinos
https://www.sciencedirect.com/topics/chemistry/phonon#:~:text=Interfacial%20Chemistry%2C%202018-,Phonons,of%20mass%20does%20not%20move.
https://www.sciencedirect.com/topics/physics-and-astronomy/magnons
https://www.sciencedirect.com/topics/physics-and-astronomy/magneto-optics
https://phys.org/tags/magnon/
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Phonons are vibrational waves of a solid crystal lattice responsible for
the elasticity and thermal properties of solids. Magnons or spin waves
are conversely representative of a wavy motion of magnetization, present
in magnets responsible for their magnetic and thermal properties. These
two particles can interact within solids via magneto-elastic and magneto-
static couplings. The dynamics of the particles are provided in the
dispersion curves of each system to show the relationship between the
wave number and frequency. Scientists have recorded the dispersion
curves of transverse acoustic phonons and magnons in a film of a typical
insulator such as lutetium iron garnet. Such dispersion curves of the
phonon and magnon particles maintain an intersection around which a
magnon-phonon hybridized state can be formed. Researchers have found
this state, to exhibit an extremely long lifetime, far greater than pure
magnons due to hybridization with phonons that maintain a long lifetime
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https://www.nature.com/articles/nature08876
https://www.nature.com/articles/nature08876
https://journals.aps.org/pr/abstract/10.1103/PhysRev.110.836
https://journals.aps.org/pr/abstract/10.1103/PhysRev.110.836
https://www.sciencedirect.com/science/article/abs/pii/S0022369773800319
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.207203
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Observation of magnon-phonon coherent oscillation. (a) Temporal evolution of
the real part of F~k(t) at kx = kTA under the magnetic field B = 11.5 mT parallel
to k, where kTA refers to the wavenumber of the intersection point between
dispersion relations of transverse acoustic (TA) phonons and magnons. Red
inverted triangles indicates t = 15 ns, 20 ns, and 25 ns after the pump pulse
irradiation. (b) A frequency power spectrum of F~k(t) at kx = kTA. The blue
filled circles represents experimentally obtained spectrum intensity, while the
gray curve represents fitting curve. Inverted red triangle highlights peaks. Errors
of the data are evaluated as a standard deviation, which is smaller than the data
plot. (¢) Theoretically calculated dispersion curves of magnon polarons around
kx = kTA and ky = 0, where we use the crystalline anisotropy energy Kc = 73.0
[J - m—3], uniaxial anisotropy energy Ku = -767.5 [J - m—3], saturation
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magnetization Ms = 14.8 [kA - m—1], velocity of LA phonons vLA = 6.51 [km -
s—1], velocity of TA phonons VTA = 3.06 [km - s—1] and magnon-phonon
coupling constant b2 = 1.8 x 105 [J - m—3]. The black solid curves represent the
dispersion curves of magnon polarons, while the blue and red dashed curves
represent pure TA phonons and magnons, respectively. (d) Temporal evolution
of the real part of F~k(t) at kx = KL A under the magnetic field B=11.5 mT
parallel to k, where kLA refers to the wavenumber of the intersection point
between dispersion relations of longitudinal acoustic (LA) phonons and
magnons. (e) A frequency power spectrum of F~k(t) at kx = kLLA. The black
filled circles represents experimentally obtained spectrum intensity, while the
gray curve represents fitting curve. Errors of the data are evaluated as a standard
deviation, which is smaller than the data plot. (f) Theoretically calculated
dispersion curves of magnon polarons around kx = kLLA. The gray line and red
curve represent the dispersion curves of LA phonons and magnons, respectively.
(g) Temporal evolution of the real part of F~k(t) at kx = kKTA under the magnetic
field B = 11.5 mT perpendicular to k. (h) Temporal evolution of real part of
F~k(t) at kx = kLA under the magnetic field B = 11.5 mT perpendicular to k. (1),
Magneto-optical images taken at different delay times. Credit: Communications
Physics (2022). DOI: 10.1038/s42005-022-00888-1

Physicists have confirmed the extended lifetime in lutetium iron garnet,
while measuring the spin-heat conversion, even at room temperature.
The researchers expect to simultaneously observe a coherent
superposition that forms a corresponding beating oscillation between
phonons and magnons. In this work, Hioki et al described the
observation of coherent beating between two phonons and magnons
within lutetium iron garnet. The team used time-resolved magneto-
optical microscopy and measured the magnetization dynamics. They
found the coherent beating of up to tens of nanoseconds, and
experimentally confirmed strong coupling between magnons and
phonons in the bare film of lutetium iron garnet, abbreviated as LUIG.

The experimental setup
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https://www.nature.com/articles/s41467-019-13121-5
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Hioki et al explored the beating oscillations in solids by developing the
time-resolved magneto-optical microscope. During the experiments, they
used a thin film of LUIG with a thickness of 1.8 um, with large magneto-
optical effects and small magnetization damping. The team excited the
magnetization dynamics by focusing a pulsed laser light with an 800 nm
wavelength into the sample, which corresponded to almost half the
energy of the bandgap of LUIG. The pump excited the spin wave or
magnons via photo-induced de-magnetization and photo-induced
expansion. The scientists selectively excited the magnon perpendicular to
the vertical line by using Huygens-Fresnel interferences. Thereafter, they
used another weak light pulse, known as the probe pulse on the sample
with a wavelength of 630 nm, and measured the spatial distribution of
the magneto-optical Faraday rotation of the probe pulse transmitted
through the sample via a camera. The team resolved the magnon-phonon
gap frequency in the sample during the experiments.
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https://journals.aps.org/prb/abstract/10.1103/PhysRevB.64.174406
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.64.174406
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.66.064405
https://www.sciencedirect.com/science/article/abs/pii/S0370157311001694
https://www.sciencedirect.com/science/article/abs/pii/S0370157311001694
https://www.nature.com/articles/nphoton.2012.218
https://www.nature.com/articles/ncomms15859?origin=ppub
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Wavenumber and field dependence of magnon-phonon coherent oscillation. (a)
Frequency spectrum Fk(w) observed at B = 11.5 mT around the intersection of
the magnon and transverse acoustic (TA) phonon dispersion curves. (b)
Comparison between experimentally obtained gap between the upper branch and
lower branch of the spectrum at B = 11.5 mT and the theoretical calculation of
the gap frequency. Error bars represent standard deviation. (c) Frequency
spectrum Fk(w) observed at B = 13.0 mT around the intersection of the magnon
and TA-phonon dispersion curves. (d) Comparison between experimentally
obtained gap between the upper branch and lower branch of the frequency
spectrum at B = 13.0 mT and the theoretical calculation of the gap frequency.
Credit: Communications Physics (2022). DOI: 10.1038/s42005-022-00888-1

/11



PHYS 19X

Coherent oscillations between phonons and magnons

The team obtained a polarization rotation angle after pump-pulse
irradiation, where vertical wave patterns appeared in the vicinity of the
focus of the pump pulse to demonstrate the magnon excitation of the
device. They confirmed the polarization rotation to be due to the
magneto-optical Faraday effect. The outcomes showed the development
of magnon polarons at the intersection of the dispersion curves of
magnons and phonons after pump-pulse irradiation. Hioki et al directly
measured the pure magnons via microscopy to show the periodically
oscillating signal as a function of time with the frequency of magnons.

They then measured the magneto-optical Faraday rotation and showed
the disappearance of the signal when magnons transformed to phonons.
The observed oscillations implied periodic beating between magnons and
phonons in the time domain. The team further demonstrated the
coherent beating oscillations in real-space via the timely change in the
wave pattern excited by the pump pulse. They discussed the excitation
spectra of magnons and coherent oscillation frequency, as well as the
angular frequency at the intersection between magnon and phonon
distribution curves. The outcomes showed good agreement with the
theoretical calculations.
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https://www.sciencedirect.com/topics/chemistry/faraday-effect
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Parameter fitting of coherent oscillation. (a) Experimentally obtained temporal
evolution of [F~k(t)I12 at B=11.5 mT. (b) Calculated temporal evolution of
magnon amplitude la~k(t)I2. (¢) Temporal evolution of [F~k(t)|2 at different
wavenumbers. Gray curves represents fitting curves according to Eq. (3)
described in the study. Errors of the data are evaluated as a standard deviation,

which is smaller than the data plot. Credit: Communications Physics (2022). DOLI:
10.1038/s42005-022-00888-1
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Numerical calculation of magnon excitation intensity. (a) Heat map of G(r). ox
and oy are set to realize plane-wave excitation of magnon polaron (ox = 40 nm,
oy =40 nm). (b) Time evolution of excitation intensity f(t). (c) Heat map of
spectrum intensity calculated according to Eq. (ts = 1.5 ns, te = 1.6 ns, ot = 0.3
ns). The spectrum intensity takes peak at the dispersion crossing between
transverse acoustic (TA) phonon and magnon, reproducing the experimental
results. Credit: Communications Physics (2022). DOI:
10.1038/542005-022-00888-1

Outlook

In this way, Tomosato Hioki, and colleagues numerically measured the
timely evolution of the magnon amplitude by computing the Fourier
transform of the spectral magnon amplitude. The team considered the
coupled dynamics between transverse acoustic phonons and magnons to
be relevant to the observed oscillation. To understand the experimental
outcomes, Hioki et al credited the large cooperativity to the small
intrinsic magnetic damping, and high quality factor of phonons in garnet
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.107701
https://phys.org/tags/oscillation/
https://www.sciencedirect.com/science/article/abs/pii/037015739390107O
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crystals. The scientists further enhanced the magnon-phonon coupling in
the film by fabricating phononic or magnonic crystals out of the plane
film, to aid the control of magnons in magnonic circuits and devices.
The presented magnon-phonon coherent oscillations provide a platform
to study the dynamics of coupled systems, to regulate the magnetic and
elastic properties in a variety of magnetic materials.

More information: Tomosato Hioki et al, Coherent oscillation

between phonons and magnons, Communications Physics (2022). DOI:
10.1038/s42005-022-00888-1

L. J. Cornelissen et al, Long-distance transport of magnon spin

information in a magnetic insulator at room temperature, Nature Physics
(2015). DOI: 10.1038/nphys3465
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