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In the field of spintronics, interaction between spin and lattice has been of interest because lattice
has been regarded as a relaxation channel which determine the propagation length of a spin
current, a flow of spin angular momentum. Within the framework of spin transport phenomena, the
interaction between spin and lattice is understood by incoherent scattering between elementary
excitations such as magnons and phonons, and there are few such phenomena that roots from the
coherent interaction between the excitations. The magneto-elastic hybridization refers to the
creation of new normal state consisting of magnon and phonon as a result of resonant and coherent
coupling. The created hybridized state holds characteristics of both magnon and phonon, and thus
expected to exhibit unconventional propagation dynamics.

This thesis addresses the propagation dynamics of magnon-phonon hybridized waves by using
time-resolved magneto-optical imaging. The central purpose of this thesis can be divided into ()
establishing a magneto-optical imaging method for perpendicularly magnetized film (Chap. 3) and
(ii) unraveling the refraction and reflection law of magnon-phonon hybridized waves (Chap. 4 and 5),
and (iii) experimentally demonstrating coherent interexchange of magnon and phonon by
magneto-elastic coupling and the trial to accelerate the experiment by machine learning (Chap. 6
and 7).

« Chapter 1 shows a brief history of spintronics and magnonics and explains basic concepts and
studies which are necessary to understand the following Chapters. Besides, pioneering works and
some topics that have attracted much attention in spintronics and magnonics are also introduced.

+ Chapter 2 describes the sample characterization and measurement methods. Crystallographic and
magneto-optical properties of LuzBiiFessGa1.4012 (LulG) and working principles of pulse laser
system used for the time-resolved magneto-optical imaging is also introduced in this Chapter.

« Chapter 3 shows the magneto-optical imaging technique to visualize the magnetization dynamics
in an out-of-plane magnetized film.

Direct observation of spin waves in a magnetic material has been expanding the field of magnonics
where the propagation of spin waves plays a main role for information processing and transfer. In
the physics point of view, spatio-temporal observation of spin wave propagation provides rich
information on the magnon-magnon interaction and magnon-phonon interaction. Previous
magneto-optical imaging technique utilizes Faraday effect, a magneto-optical effect proportional to
the magnetization component along the propagation axis of the light, and thus magnetization
dynamics in an out-of-plane magnetized film was not accessible. We demonstrated the
time-resolved magneto-optical imaging by using Cotton-Mouton effect, a magneto-optical effect
proportional to the magnetization component perpendicular to the propagation axis of the light. The
technique allows us to observe the propagation dynamics of magneto-elastic waves in an
out-of-plane magnetized sample, revealing the contribution of magneto-elastic coupling for the

excitation of the wave.
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+ Chapter 4 shows the refraction law of spin waves in the presence of 90° magnetic domain wall.

Spin waves are categorized into two types depending on the dominant interaction between local
magnetizations. In the long wavelength regime, the interaction dominantly arises from magnetic
dipole interaction, which breaks rotational symmetry. Thus, the dispersion relation of spin waves in
the long wavelength regime is highly anisotropic depending on the orientation of the saturation
magnetization. This leads to the abnormal reflection and refraction law at a magnetic boundary. We
investigated spin-wave dynamics excited by a magneto-elastic coupling in the vicinity of 90-degree
magnetic domain wall. We observed abnormal negative refraction of spin waves, and we modeled
the law to formulate spin-wave version of Snell’s law. The result provides an approach to realize the
cloaking of object from spin waves as tried by the light in the field of photonics.

« Chapter 5 demonstrates that the magneto-elastic hybridization can expand the degree of freedom
of spin waves by using mode degree of freedom of phonon.

When the light wave incidents to the boundary between different materials, the ray of light may
split into two rays with orthogonal polarizations due to the optical anisotropy. In the case of
reflection, there are few such phenomena that the ray of light splits. Magnon-phonon hybridized
waves have a mode degree of freedom inherited from phonon, and the modes are mixed to each
other at the sample edge because of the breaking of translational symmetry. We experimentally
investigated the propagation and reflection dynamics of magnon-phonon hybridized waves in the
vicinity of the sample edge. Interestingly, the hybridized waves split into two during reflection at
the sample edge, exhibiting unconventional propagation dynamics. Spectroscopic analysis on the
phenomena reveals that the split occurs owing to the mode degree of freedom of magnon-phonon
hybridized waves inherited from phonon. The reflectivity of the magnon-phonon hybridized waves
is explained by phenomenological model considering elastic mode conversion and spin wave
reflection. Our finding unveils the unknown role of magnon-phonon coupling in spin dynamics.

- Chapter 6 shows the coherent interconversion between magnon and phonon owing to
magnon-phonon coupling.

When two quasi-particles are coupled to each other, the interaction leads to the interexchange of
the particles in time: Coherent oscillation. Owing to the lowest order of magnon-phonon coupling,
magneto-elastic coupling, the magnon in a magnetic material may oscillates between magnon state
and phonon state in time. This oscillation has yet to be observed since the magneto-elastic gap is in
the range of several tens of MHz, which is much smaller than the frequency resolution of
conventional spin-wave spectroscopy. In our approach, frequency resolution is defined by the length
of measurement and thus could reach below 20 MHz, which allows the access to the magneto-elastic
gap. We experimentally demonstrated that the magnetic garnet LuzBii1Fesz6Ga1.4012 has a gap at
the crossing between dispersion relation of phonon and magnon, and moreover, we observed
temporal oscillation of the magnon amplitude. The oscillation is explained by a model based on the

coherent state of hybridized state, leading to the estimation of magneto-elastic coupling constant.
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finding paves a way to spectroscopic study of magneto-elastic coupling with high frequency
resolution.

- Chapter 7introduces the machine learning technique that could accelerate the experiment using
time-resolved magneto-optical microscopy.

Time-resolved magneto-optical imaging is a versatile and powerful technique for observation of
spin waves. On the other hand, the disadvantage of the method is the measurement time. The
acquisition of a single video takes typically more than a week, making the experiment inefficient.
We developed the machine learning technique that can interpolate the video frame based on the
estimation of the vector field that describes pixel-to-pixel correspondence between different frames
by using Convolutional Neural Network. The developed technique demonstrates a better
interpolation quality compared with the previous state of art.

« Chapter 81is devoted to summarize our results and comment on their importance.

The results obtained in this study are important steps towards a complete physical picture of the
role of phonon to spin dynamics in magnetic insulators. The measurement technique established as
a time-resolved magneto-optical imaging enables direct observation of the spatio-temporal spin
dynamics, which revealed reflection and refraction law of magnon-phonon hybridized waves.
Besides, the method is powerful for spin-wave spectroscopy with extremely high frequency
resolution which has not reached by other spectroscopic technique, so that the method revealed the

existence of magneto-elastic gap and coherent oscillation between magnon and phonon.



Bl &

MXEEDOHREDOEE

B RO MBEEREFAA = TR~ ) =T ) VIRREA AT I AD
T 7e

AP ER T OBALREEBSOFRE TH Y . BEROBRIGE E XL T\ 5,
A CAEFHEZAH LDV he =2 ATHD ALY Y hr=7 2ATiE, BEST 20
TENTINA T — )V OREHEIRF O 2 B O AR & OFIENEEEAI R OREZIZES, X
INBEVER IR 2 A B ik, EER COMEEDOE S Ay — L L RIBEOKREEZA L
TW5, Z O EEE CIEBIEROIRICHR KT LI FRHEEERN A U o N e
BHEZ L, B 74V ERRTDIETEERAATIVANEND Z ERWIFEEINT
WA, IO A EROICESEEHN TS 1T Lo, KRS TR, BRI T o
AW ORI EEMAA T IV AZBEEL —F =3B X THR, 74/ ViR
RO RE S EAALNCT A EAEE L TWSD,

AL TIEH —F v b REIEERREREICENY 7 = 5 PR SOLV A L —F— % BET 5
TLETAEUEERELTWD, ZOBRESEIRICE Y 2 E U OERET &5 I H
THZENARTHY | MEINTEAE U EORBREL KRR DMER 7 7 77 —BMIEIC X
DEZEMBE L TCIRETL2Z kI L, BEZEGBgE2 77—V offifrdb 2 ickb,
AW E T H ) DGO RFFREICHK Lz, TOME, A DO T+ ) VIRIC
LA EFHEML, SHICAE U - 71 7 VIRRREBIZBT2AE U - 74/ VEloae
— Ly MRS AR L, Zhix, AUl E T/ vnat—Lrr MRHAEER
ZLTWAHIREMRIEIMTH D, £72. EHREICE W Tl ORE & 1T 822 5y
MZESSTKFAE CERBNDGZ EERA L, ThBEBHEAEROH - A ¥
ETF ) VDORBNFICEDEKN IR THDH 2 EX DT, FID, FFRFHEEER &
TA ) UNRERD AN A O R ATV, EBRERE RENICHRAT S Z &
ICH LTS, ZHICED, BAEIERS 7+ / 2R L TAE A2 REEICH
4 5 FRERBEE I,

HiEKE KR OFHRTIE, EEREET DR ROH LW FRIF 5 k2 B L.
AV ha =7 ACRARIEBREAE EMEDE S H 280 HEL b THY . &< G
TE5, ZOREIT, EEOHBEBLXBERAEED SRR EEN L CHET DRSS D Z
EERTEHEIND, Lo T, L (HY) OFMimXE L THAEKELERD D,



	物理学専攻_日置友智_論文内容要旨
	物理学専攻_日置友智_審査結果要旨

