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Chapter 1

Introduction

1.1 Introduction

Various excitations in solids have been among the most important subjects in solid
state physics, because they exhibit various novel properties in a variety of mate-
rials. Representative examples are electrons, photons, phonons, and magnons. In
guantum theory, light and electromagnetic waves have both wave nature and par-
ticle nature, and it is called photon. Similarly, the lattice vibration of each atom in
crystals and the propagating waves have both particle and wave natures, and it is
called phonon. Here, phonons represent collective vibrations, and they are not real
particles. Unlike photons, phonons are classified into longitudinal and transverse
waves. Phonons are classified into acoustic modes, where the neighboring atoms
vibrate in the same phases, and optical modes, where the neighboring atoms vi-
brate in opposite phase, when there are two or more atoms in a unit cell. Phonons
have been studied for a long time. Since phonons carry heat in solids, thermal
conductivity and specific heat are closely related to a phonon dispersion in solids.
It is also known that phonons interact with other elementary excitations. As an
example of the interaction between electrons and phonons, in the jellium model,
consisting of free electrons and uniform distribution of positive ions, a compres-
sion wave of a positive charge is generated by compression of waves in the lon-
gitudinal phonons. Then, the resulting periodic electric field having the same
period with phonons combines with free electrons and attenuates sound waves.
As another example, the electron-phonon interaction in a metal causé®en e

tive attractive force between electrons, and it gives rise to superconductivity. For
the interaction between photons and phonons, when a monochromatiedight
injected into a solid, the photoelectric field produces the dipole moment in the
solidsu = aEq coswot with the polarizability tensaw. The phonons slightly alter

the polarizability tensor at the phonon frequergyThen, the dipole moment is



modulated and has a vibration componenigt- w, and the light emitted there-
from has the same vibration component. This scattering phenomenon is called
Raman scattering. As described above, interaction of phonons with other elemen-
tary excitations have been intensively studied.

In recent years, the control of phonon degree of freedom has been an active
field for experimental and theoretical studies. Phononics is a new active field aim-
ing at controlling phonon dynamics and information transport by phonons. One
of the recent topics in phononics is the phonon Hfi#et [1, 2, 3, 4,5, 6, 7, 8, 9].
Apart from phonons, the Hallfiect of the electrons system has been known for
a long time. When a magnetic field is applied perpendicular to the electric cur-
rent, the electromotive force appears in a direction orthogonal to both the electric
current and the magnetic field due to the Lorentz force. In the phonon fidte
when a heat current is used instead of a electric current, a temperature gradi-
ent occurs in a direction perpendicular to both the heat current and the magnetic
field. This phenomenon was experimentally observed in ionic paramagnetic di-
electrics, such as T&a0,2(TGG) [1, 2], and in a quantum spin liquid candidate
BasCuShOg [3]. What is surprising is that, unlike electrons, phonons are quasi-
particles without both charges and spins, and it cannot be directly coupled via
Lorentz force. In one of the theoretical interpretations [6, 7], it is attributed to the
spin-phonon interaction [10, 11, 12, 13, 14] which is the coupling between local-
ized spin and lattice vibration. However, the experimental result and the theory
is not consistent, and the fundamental mechanism is still not clear. Furthermore,
new properties of phonons are proposed, leading to novel topological phenom-
ena, analogous to qunatum (anomalous) H&#at and a topological insulator in
electronics systems. The quantum (anomalous) Hedceis characterized by a
topological invariant called the Chern number of the first class, which is defined
by an integral of the Berry curvature over the Brillouin zone and can be nonzero
only for systems with broken time-reversal symmetry. The phononic states with
nonzero Chern number give the quantum (anomalous) Hall-like edge states of
phonons, which are topologically protected to be gapless, one-way, and immune
to backscattering. Moreover, one of the merit in phononics systems is topological
modes can be realized in macroscopic systems, such as the mechanical honey-
comb lattice [15, 16, 17, 18, 19, 20], which is formed by the spring and mass, and
the sonic crystal [21, 22], which consists of triangular polymethyl methacrylate
rods positioned in a triangular lattice. For example, it was theoretically proposed
that the Chern number has nonzero values in the phonon system where the time-
reversal symmetry is broken by a mechanical rotation [20].

With the discovery of the phonon Halffect, the angular momentum of phonon
was proposed [23, 24, 25]. Unlike the general macroscopic rigid-body rotation,
the phonon angular momentum is understood as microscopic local rotations of the
atoms around their equilibrium positions in crystals. By extending this idea, the
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concept of chiral phonon [26], namely, the phonon with phonon angular momen-
tum was theoretically proposed. Subsequently, the chiral phonon is observed in
tungsten diselenide [27].

1.2 Purpose of this thesis

In this thesis, we focus on how to generate this phonon angular momentum and
to convert it to other degree of freedom. We focus on the conversion between
the electron spin and the mechanical rotation. In magnetics, the Einstein-de Haas
effect [28] and the Barnettfiect [29] are known to convert between a magneti-
zation and mechanical rotation. In the Einstein-de Hafecewhen a magnetic
material is magnetized by the external magnetic field, the magnetic material ro-
tates around the external magnetic field to conserve the total angular momentum.
The Barnett &ect is a reciprocalféect to the Einstein-de Haa$fect. The ori-

gin of spin conversion in thesdfect is considered to be the spin-rotation cou-
pling [30, 31, 32, 33] which couples spin and mechanical rotation. Moreover,
in spintronics, a method to generate a spin current via spin-rotation coupling
has been reported theoretically and experimentally, such as a surface acoustic
wave [34, 35], the twisting vibrational mode in a carbon nanotube [36], and the
flow of a liquid metal [37]. In this way, the conversion between a spin and a
mechanical rotation has been studied intensively. We focus on the phonon angu-
lar momentum. Our first purpose is to investigate the microscopic mechanism of
the conversion between the electron spin and the microscopic local rotation. We
also form on generation of phonon angular momentum, because the generation of
phonon angular momentum is not well-known. Our second purpose is to clarify
how to generate the phonon angular momentum and observation method. In the
system without the inversion (time-reversal) symmetry, the phonon angular mo-
mentum of each phonon mode is an odd (even) function of wave vectors. In order
to make the phonon angular momentum nonzero, the time-reversal or the inver-
sion symmetries should be broken. In previous study [23], in the system without
the time-reversal symmetry, such as the system under a magnetic field, the total
phonon angular momentum have a finite value in equilibrium. On the other hand,
in the system without the inversion symmetry, the total phonon angular momen-
tum vanish because the phonon angular momentum of each phonon mode cancels
between wave vectolsand—k. In this thesis, we propose a new method to gen-
erate the phonon angular momentum in systems without the inversion symmetry.
Moreover, since the phonon angular momentum cannot be directly observed, we
propose conversion of the phonon angular momentum to other degree of freedom.



1.3 Organization of this thesis

In this thesis, we discuss generation of the phonon angular momentum in non-
magnetic crystals and magnetic crystals, and we propose experimental observa-
tion methods of the phonon angular momentum. Moreover, we discuss the spin
magnetization due to the microscopic local rotation using a simple toy model. In
chapter 2, we introduce the background of the present work: the overview of the
lattice dynamics and the phonon, the review of the phonon angular momentum,
and the overview of cross-correlated response and symmetry. In chapter 3, 4, and
5, we develop our study. In chapter 3, we discuss the generation of the phonon
angular momentum by temperature gradient in the non-magnetic crystals without
inversion symmetry. We also show numerical results of the phonon angular angu-
lar momentum generated by temperature gradient in the wurtzite GaN, Te, and Se.
Moreover, we propose experimental observation methods of the phonon angular
momentum, such as the conversions to a rigid-body rotation in solids and to a mag-
netization. In chapter 4, we discuss phonon angular momentum in the magnetic
crystals without both the time-reversal and the inversion symmetries. We show
the phonon angular momentum generated by the electric field in our toy model.
In chapter 5, we discuss the microscopic mechanism of the conversion between
the electron spin and the microscopic local rotation. We show that the electron
spin expectation value along the microscopic rotational axis is proportional to the
angular velocity of the microscopic local rotation in the adiabatic approximation.
In chapter 6, we summarize this thesis.
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