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ABSTRACT

In this thesis, we investigate the surface states appearing due to the nontrivial topol-
ogy of the magnon wave functions and the transport phenomena related to the Berry
curvature of magnons. In recent years, there has been much interest in the properties
arising from the nontrivial topology of the band structure of particles in materials. Al-
though many important concepts are proposed for electrons, topological properties have
also been investigated for bosonic quasiparticles such as magnons, photons, phonons, and
triplons. In particular, magnons carry spins over long distances in magnetic materials,
and their topological properties are of interest from the viewpoint of realizing new trans-
port phenomena in materials, since their fundamental properties themselves are different
from those of electrons. So far, models of magnetic materials with chiral and helical edge
states of magnons, which correspond to quantum Hall insulators and quantum spin Hall
insulators in two dimensions, respectively, have been investigated. Among the topologi-
cal materials, the realization of magnonic counterparts of three-dimensional topological
insulators with Dirac surface states is expected to give rise to a variety of novel proper-
ties, as is the case of electrons. However, the Dirac surface states in three-dimensional
topological insulators require the Kramers degeneracy due to time-reversal symmetry for
fermions. On the other hand, since magnons are bosons, usual time-reversal symmetry
does not give rise to the Kramers degeneracy. Therefore, a magnonic counterpart of
three-dimensional topological insulators has not yet been constructed. Magnons flowing
in the bulk of magnets also give rise to nontrivial transport phenomena associated with
their Berry curvature. Through the spin Nernst effect of magnons, a pure spin current
flows in the direction perpendicular to the temperature gradient. However, in the range
of linear response to the temperature gradient, such spin currents require specific in-
teractions such as the Dzyaloshinskii-Moriya interaction. The topological properties of
magnons as a nonlinear response have not been explored yet.

The results of this thesis consist of the following three studies. In the first study, we
propose a model of the magnon system corresponding to a three-dimensional topological
insulator under an artificial setup by mimicking the fermionic time-reversal symmetry.
The surface states of magnons realized are unprecedented states in magnetic systems. The
corresponding topological numbers are defined, and the correspondence to the magnon
Dirac surface state is discussed. However, the model is constructed as a spin system in
which one lattice site has two localized spins and is difficult to be realized in materials.
In addition, interactions between spins such as Heisenberg interaction, Dzyaloshinskii-
Moriya interaction, and others have to be fine-tuned for the systems to have the fermionic



i

time-reversal symmetry.

In the second study, we construct models possessing Dirac surface states of magnons
in a much more realistic setup, which are symmetric under the combination of time-
reversal and half translation. This can be classified as a magnonic analog of topological
crystalline insulators. We argue that the van der Waals magnet Crl; is a candidate
material to realize the proposed model. It is also found that the electric field response
peculiar to the magnon system is realized due to the spin polarization of the Dirac surface
states. The applied electric field gives rise to the Aharonov-Casher phase for magnons,
and it causes the number of magnons on one and the other surfaces to increase and
decrease, respectively. The magnon current in this process is evaluated by using linear
response theory.

In the third study, we develop a theory of the nonlinear spin Nernst effect of magnons
in antiferromagnets. In the previous studies, novel transport phenomena associated with
the Berry curvature of magnons, such as the magnon thermal Hall and spin Nernst effect,
have been studied. They result in the energy and spin current flowing in the direc-
tion perpendicular to the temperature gradient, respectively. However, these phenomena
have been investigated only in the linear response regime. In these cases, the transverse
magnon current requires the Dzyaloshinskii-Moriya interaction or noncollinear spin con-
figurations. In this work, we develop a second-order response theory for the temperature
gradient, and show that the magnon flow perpendicular to the temperature gradient can
be described by physical quantities like the dipole moments of the Berry curvature. We
consider honeycomb, square, and diamond lattice antiferromagnets that break the in-
version and rotation symmetries, and show that the nonlinear spin Nernst effect can be
realized without the Dzyaloshinskii-Moriya interaction in these systems.

In the surface states of magnons proposed in the first and second studies, many novel
properties are expected, as is the case for electronic systems. For example, the surface
states are expected to enable us to drive controlled spin currents on the surface since they
exhibit spin-momentum locking, where the component of spins conveyed is locked by the
direction of motion. In addition, the induction of the magnon current by an electric field,
which is discussed in the second study, provides a novel way to manipulate magnons. Since
the nonlinear spin Nernst effect of magnons, which is proposed in the third study, can
occur in many magnetic materials even without the Dzyaloshinskii-Moriya interaction, it
leads to the generation of strain-tunable spin current in magnets without heavy atoms.
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Chapter 1

Introduction

In this thesis, we are particularly interested in phenomena in magnetic materials, which
are brought about by the topological properties of magnons. The primary concepts of
topological properties are proposed first in electronic systems, such as quantum Hall
insulators and topological insulators. Before considering magnons, we discuss studies on
topological properties in electronic systems in Sec. 1.1. After that, in Sec. 1.2, we briefly
introduce the studies of magnons which are particularly related to our work. In Sec. 1.3,
the purpose and the organization of this thesis are given.

1.1 Review of the topological properties of electrons

In this part, we review representative studies on the topological properties, focusing on
electronic systems. We give a brief introduction to topological properties of electrons
in Sec. 1.1.1. We discuss quantum Hall insulators, quantum spin Hall insulators, three-
dimensional (3D) topological insulators, and topological crystalline insulators in turn in
Sec. 1.1.2, Sec. 1.1.3, Sec. 1.1.4, and Sec. 1.1.5, respectively. In Sec. 1.1.6, we show the
studies on the Hall effect as a nonlinear response.

1.1.1 Electronic properties related to nontrivial band topology

Researchers recognized that the nontrivial topology of the electron wave functions in
materials could be the origin of novel physical properties at the time when the quan-
tum Hall effect was formulated [1]. The quantum Hall effect is a phenomenon in which
the transverse conductivity is quantized in a magnetic field. The transverse conductiv-
ity is expressed by using the integral of the Berry curvature describing the topology of
the wave function, which is an integer called Chern number. The Chern number corre-
sponds to the number of edge states. These electron edge states contribute to the electric
current propagating in the direction perpendicular to the electric field [1-8]. The pro-
posal of quantum spin Hall insulators [9-15], which have helical edge states protected by
time-reversal symmetry, first suggested the possibilities of topological properties that can
emerge depending on the symmetries of the system.
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An important study that follows this is the extension of quantum spin Hall insula-
tors to three-dimensions [16]. Such 3D topological insulators exhibit a wide variety of
nontrivial properties [16-26]. On the surface of 3D topological insulators, electrons with
single Dirac cone appear, which is protected by time-reversal symmetry. This surface
state exhibits spin-momentum locking, in which spin orientation and direction of motion
are locked to each other [17,18,27]. In addition, 3D topological insulators are shown to
exhibit nontrivial magnetoelectric effects, which are called topological magnetoelectric
effects [28-31].

In recent years, one of the areas that has been developing is the topological crystalline
insulators, a class of materials with surface states protected by various crystalline sym-
metries [32-38]. Transport properties associated with the Berry curvature are also being
revisited from the perspective of nonlinear response. It has been shown that the Hall
current proportional to the second-order of the electric field is described by the Berry
curvature dipole, which is the dipole moment of the Berry curvature [39-53], and has
been observed in layered WTey [54,55]. The remarkable feature of the nonlinear Hall
effect is that it is realized even in materials with time-reversal symmetry.

1.1.2 Quantum Hall effect and Chern number

In a strong magnetic field, electrons confined in two-dimensional (2D) materials are known
to exhibit a quantized transverse conductivity. This is called the quantum Hall effect [1-8|
and is directly related to the topology of the electron wave function. Thouless-Kohmoto-
Nightingale-den Nijs (TKNN) formula [1], which describes such a Hall conductivity, is
written as follows:

2

e
oy = 5 > )/Bzdk:xdkyﬁn(k;x,ky), (1.1)

where Q,,(k;, k,) is the Berry curvature of electrons. Here, e and h are the elementary
charge and the Planck constant, respectively. By using the eigenstates |1, (k,, k,)) of the
Hamiltonian with the band index n, it is defined as follows:

(K, ky) = —2Im[(Or, Yn (K, by )| Ok, U (Ka, Ky )] (1.2)

Here, E,, and Ef are the eigenenergy of [, (k,, k,)) and the Fermi energy, respectively.
In gapped systems, the following integral of the Berry curvature over the Brillouin zone
(BZ) is quantized:

1
h— — 0 1.
Ch=g )/Bzdkxdky o(kas by, (1.3)

n7(E’nSEF

The integer Ch is called Chern number and corresponds to the number of edge states
which appear in the quantum Hall insulators with open boundary conditions. Figure 1.1
is the band structure of the Haldane model [8], known as an example of In the bulk band
gap, we can see the edge state resulting from the nontrivial topology of electron wave
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functions. The TKNN formula (1.1) implies that one edge states contribute to the Hall
conductance by €?/h.

Conduction Band

Valence Band
1
-Ti/a 0 k -m/a

Fig. 1.1: The band structure of the Haldane model [8], with open boundary conditions.
Between the conduction and valence bands, there is a chiral edge state, which contributes
to the quantum Hall conductivity. This figure is taken from Ref. [17].

The phases of matters related to the band topology of electrons, such as quantum Hall
insulators, is called topological phases [56-73]. The invariants that characterize them,
such as the Chern number, are called the topological invariants [74-83] So far, a huge
variety of topological phases have been investigated, and the topological indices may take
various expressions depending on the symmetries of the systems.

1.1.3 Quantum spin Hall insulators

In the case of quantum Hall insulators, what is important for making the electron band
structure to be topologically-nontrivial is to break the time-reversal symmetry by, e.g.,
applying a magnetic field. For some time after the discovery of the quantum Hall ef-
fect, people have not particularly associated the topological properties of electrons with
time reversal or any other symmetry.. In fact, however, the topological phases exhibited
by electrons in materials can be extremely diverse depending on the symmetries of the
materials.

What made people aware of this possibility was the theoretical proposal of quantum
spin Hall insulators with helical edge states protected by time-reversal symmetry [9,10].
Pairs of electronic states, which possess opposite spins and are associated with each
other by the time-reversal operator, appear at the edge of these materials. Since these
electronic states flow in opposite directions to each other, the transverse current is not an
electric current but a spin current. The first model for the quantum spin Hall insulators
was constructed by combining the two copies of the Haldane model [8], to restore time-
reversal symmetry. It is called the Kane-Mele model, which is described as a tight-binding
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model on the honeycomb lattice. The Hamiltonian is written as follows:

H=) telcot Y itscl[s-(dixd})] ;e (1.4)
(4,3) 00 (.50 ,00,8

where the indices «, 8 (=1,]) correspond to the directions of spins of electrons. Here,
cir(y) and CIT( | are the annihilation and creation operators of electrons with up (down)
spins at site i, respectively. The first and second terms are the nearest-neighbor hopping
and the second nearest-neighbor spin-orbit interaction. The second nearest-neighbor
sites 7 and j have one common nearest-neighbor sites, which we denote as k. The vectors
pointing from k to 7 and j are written as dj; and d;, respectively [see Fig. 1.2(a)]. The
spin operator is given by s. By using Pauli matrices o = (0,,0,,0,), it is defined as

s = (h/2)o.

(a) (b)

-1

0 wa k, 21/a

Fig. 1.2: (a) Honeycomb lattice and the vectors dj; and dj; which appear in Eq. (1.4).
(b) Band structure of the Kane-Mele model [9]. The gapless helical edge states cross at
k. = m/a. Figure (b) is taken from Ref. [9].

The band structure of this model is shown in Fig. 1.2(b). A gapless helical edge
state can be seen around k, = 7/a. This can be interpreted as just a pair of chiral
edge states in a quantum Hall insulator with electronic states having opposite spins.
In particular, in the case that the system conserves spin, electron states with opposite
spins flowing in opposite directions lead to a unique transport phenomenon known as the
pure spin current, which does not accompany an electric current. As shown in Fig. 1.3,
when electrons flow in opposite directions, the electriccurrents carried by these electron
states cancel out. On the other hand, since the spins of the pair of electrons in helical
edge states are opposite, spin current are conveyed in the same direction. Therefore, it
remains uncanceled. Such a pure spin current is expected to have possible applications
in spintronics [84], due to the ability to convey the information without Joule heating.
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The quantum spin Hall insulator was first realized [11,12] in HgTe/CdTe quantum
well structures, in which HgTe is sandwiched between the layers of CdTe. The band
inversion occurs at the thickness of the quantum well d = d. = 6.3. The band structure
of HgTe/CdTe quantum well structures is topologically nontrivial (trivial) when d > d.
(d<d.).

Spin current

>

<€

Electron with down spin

Fig. 1.3: Counter-propagating electron states which are realized in the quantum spin
Hall insulators. Electrons with up spin moving to the right convey the electric and spin
current to the right. On the other hand, electrons with down spin moving to the left
convey the electric and spin current to the left and the right, respectively. As a result,
the electric current cancels out, while the spin current does not.

The existence of the gapless helical edge state at k, = m/a in Fig. 1.2 is closely related
with the Kramers degeneracy in time-reversal-invariant systems. According to Kramers
theorem, when fermionic systems are symmetric under time-reversal, each energy level
is at least doubly degenerate at time-reversal-invariant momenta (TRIM) in BZ. Here,
TRIM A are defined as the momenta such that A and —A correspond to the same point in
the Brillouin zone. Due to this, the gapless point of the band structures of the helical edge
state, which appears as a Kramers pair, is protected in the presence of the time-reversal
symmetry. This indicates the robustness of the helical edge states.

Topological phases of 2D topological insulators are characterized by Z, indices. Among

the various expressions of Zy indices [74-83], we here introduce the one which is given
by integrating the Berry connection and curvature in the effective Brillouin zone which
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is one-half of BZ [13]. It is defined as follows:

27 | JorBz EBZ

where EBZ denotes the effective Brillouin, which is shown in Fig. 1.4. Here we denote the
index for the bands as n. Due to the time-reversal symmetry, the nth band consists of
two eigenstates |1, 1(k)) and |1, 2(k)), which are related by the time-reversal operator
O as follows:

[thn2(K)) = =0 |¢n1(—K)) . (1.6)

When we write the corresponding Berry connection and curvature of |1,,;(k)) (I = 1,2)
as

An(k) =i (Yni(k) | Vi, (k) , (1.7)
Q; (k) = (Vi x Ani(K)), (1.8)

the total Berry connection and curvature in Eq. (1.5) are defined as the summations over
l=1,21e,

1=1,2

Qi (k)= > (k). (1.10)

1=1,2

Here, we note that due to the relation (1.6), the electron wave functions with wave vectors
k and —k are not independent, as depicted in Fig. 1.4. Thus, the total Berry connection
(1.9) and curvature (1.10) describe the topology of the wave functions with both the
wave vector k and —k . Therefore, the topologically-nontrivial structure is accounted for
without overlap by integrating them only in the EBZ part.

The number of gapless helical edge states which cross the Fermi surface corresponds
to the topological index summed over the bands under the Fermi surface, i.e.,

D= Y  D,mod2 (1.11)
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A ky

v

EBZ 9/
0

o
—k

Fig. 1.4: 2D Brillouin zone of the square lattice. EBZ is shown by the blue region.
Time-reversal operator © relates the electron states with the wave vectors k and —k as
in Eq. (1.6).

1.1.4 Three-dimensional topological insulators

After intense studies of quantum spin Hall insulators, it was theoretically suggested that
materials with metallic boundary states protected by time-reversal symmetry could also
exist in three dimensions [16,20,21]. These materials are called 3D topological insulators
and exhibit electron surface states with Dirac dispersions. Unlike the case of quantum spin
Hall insulators, there are two types of topologically nontrivial phases in 3D topological
insulators, which are called strong and weak topological phases. The strong topological
insulators are unique to 3D systems and exhibit more diverse properties than their 2D
counterparts, i.e., quantum spin Hall insulators. On the other hand, the surface states
in weak topological insulators are not robust against disorder. They can be regarded as
a mere stacking of quantum spin Hall insulators, and whether the surface states appear
or not depend on which direction the surface is cut.

The topological phases of 3D topological insulators can be classified according to the
invariants defined as the winding numbers in EBZ of k; = 0 and 7 (i = z,y, z). These
are written as follows:

1 i
Vi = Z o [%@EBL,O Hh - [An (K)o = [EBZZ-,O At [Qn(k)]ki:()] ot

n:(EHSEF)
(1.12)
1 .
Vig = Z 2— [% dk - [An(k:)],%:7r —/ dkjdkk [Q;(k)}kﬂ] mod 2,
n,(En<Ep) T | JOEBZ; « EBZ; , i
(1.13)

where 1 = z, y and z. The indices j and k represent two of =, y and z which are different
from i. Here, n, E,, and Er are the index for the bands, the energy of the nth band,
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and the Fermi energy, respectively. The Berry connection in 3D systems is defined in the
same way as Eq. (1.9). The Berry curvature in this case is given by

Q,(k) = Vi x A, (k). (1.14)

These are the winding numbers in the six EBZ in the 3D BZ. For example, a region
denoted by EBZ,  is specified as k, = 0,k, € [—7, 7], and k. € [0, 7], which is EBZ in
the k, = 0 plane. We define the other five EBZ in similar ways (see Fig. 1.5). A loop in
k-space OEBZ; o) is a boundary of EBZ; o(x).

a b c
@ . ® © .
EBZ., %0 | EBLyn
: . EBZ,
EBZ, 5 § /
- /‘ —T ky - / —T ky EBZ,, - - ky
0 s 0 T 0 I
T / T
by bt b

Fig. 1.5: Six EBZ in the 3D BZ of the cubic lattice. Those in (a) the k, = 0 (7) plane,
(b) the k, = 0 () plane, and (c) the k., = 0 (7) plane are written as EBZ, o(x), EBZ, o(r),
and EBZ, (x), respectively.

These six topological invariants are not independent since they satisfy the following
relation:

Vg0 + Vor = Vyo+ Vyr =Vso+ Vs mod 2. (1.15)

Thus, the topological phases of 3D topological insulators are characterized by a set of
independent topological invariants (vy; v, vy, v,), where

Vo = Vg + Ve mod 2, (1.16)
vi =V (i=uz,y,2). (1.17)

The index vy determines whether the total number of Dirac cones is even or odd. In the
case of 1y = 1, the system has an odd number of Dirac cones crossing Fermi surface in
the band structure in total. These Dirac cones on the surface are protected by the time-
reversal symmetry and robust against nonmagnetic disorder. When the four invariants
(vo; Ve, vy, V) are all zero, the system is topologically trivial. In the other cases, i.e.,
1o = 0 and at least one of v; (i = z,vy, 2) is nonzero, the number of Dirac cone is even.
The Dirac surface states, in this case, are not robust even against time-reversal invariant
disorder.
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As an explicit example of 3D topological insulators, let us introduce the first model
proposed by Fu, Kane, and Mele [16]. The model is described by the tight-binding
Hamiltonian on the diamond lattice as follows:

H=> (t+dt,)cle; +i(8Xs0/a®) Y cls- (d}; x df))c, (1.18)
(i.9) ()

where the first and second terms are the nearest-neighbor hopping and the second nearest-
neighbor spin-orbit interactions. Here, ¢; contains two components of annihilation oper-
ators of electrons with up and down spins. The hopping amplitude is different between
the four nearest-neighbor bonds on the diamond lattice. The difference is described by
oty (p = 1,---,4). The vectors dj; and d; are defined in a similar way as the Kane-
Mele model (1.4). When we write one common nearest-neighbor sites between the second
nearest-neighbor sites ¢ and j as k, d}j and dfj are defined as the vectors pointing from
k to ¢ and j.

Figure 1.6 shows the band structure of the Fu-Kane-Mele model (1.18). We can see the
correspondence between the topological indices and the number of Dirac cones described
above. When the strong index is 1y = 0, as in the upper left and upper right panels,
the number of surface states is even. In this case, whether or not a surface state appears
depends on how the surface is cut. Weak topological insulators can be regarded as stacks
of two-dimensional spin Hall insulators, and the weak index v,,v,, v, corresponds to the
stacking direction. In other words, when the set of weak indices and the direction of the
cut surface coincide, as in the upper left panel, no surface state appears. On the other
hand, when the strong index is 1y = 1, as in the lower left and lower right panels, the
number of surface states is odd, in which case the surface states appear on any surface.

Fig. 1.6: Band structure of the model (1.18) with a (111) surface with the corresponding
topological invariants. In this figure, a set of (vy;v,, 1y, v,) is shown in the form as
vo; (Va, vy, ;). The weak index 1 can be thought of as 0. There are odd (even) Dirac
cones between the bulk band gap in the case of vy = 1(0). The surface BZ is shown in
the inset. This figure is taken from Ref. [16].
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The realization of 3D topological insulators in real materials is first confirmed in
Bi;_,Sb, [24], after the theoretical suggestion by Refs. [83,85]. By using an angle-resolved
photoemission spectroscopy (ARPES), an odd number of Dirac cones in the band struc-
ture of Bi;_,Sb, is observed (see Fig. 1.7). In the band structure of Bi;_,Sb,, an odd
number of Dirac cones appear in the case of 0.07 < x < 0.22, while its band structure is
complicated and the band gap is small. On the other hand, a single Dirac cone with a
large bulk band gap is found in the band structure of BisSes, BisTes, and SbySes, which
are called the second generation topological insulators [25,26].

Topological Hall insulator ll‘” H ‘||
vas |

Fig. 1.7: ARPES measurement of the surface band structure of BiggSbg;. The yellow
circles denote Fermi crossings of the surface states. The number of them is related to the
topological invariant. Since the surface band crosses Fermi surface five times between
two time-reversal-invariant points I' and M, there are an odd number of Dirac cones on
the surface. This figure is taken from Ref. [24].

One of the interesting features of the surface state of 3D topological insulators is
that the electric degree of freedom, or the degree of freedom corresponding to the orbital
motion of electrons, is tied with the magnetic degree of freedom, or spins. Such a property
is called the spin-momentum locking [17,18,27]. It can also be seen in helical edge states
of 2D topological insulators. However, since edge states of 2D topological insulators
can only move in one dimension, the result simply implies that electrons with up and
down spins flow in opposite directions. On the other hand, since the surface state of 3D
topological insulators flows in a 2D plane, the spin-momentum locking described above
also has 2D degrees of freedom. Let us see the spin-momentum locking by considering
the effective Hamiltonian for the surface of 3D topological insulators:

H(k) = kyo, — ky0,. (1.19)

The eigenvalues of the Hamiltonian are written as Ei(k) = £,/k2 + k2. We define the
eigenvectors corresponding to Fi(k) as ¢4 (k), which are written as

L ([ ikt ky
k) = = ( L k;r 5 ) . (1.20)
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The spin direction of the eigenstates, which is given by (%/2)3L (k) (k), is described in
Fig. 1.8. Since the velocity of the surface states has the same direction as k, it can be seen
that the direction of the electron spin is in a fixed direction perpendicular to the direction
of electron motion. Due to this spin polarization, the component of the spin carried by
the electron is determined by the direction of the velocity of the electron, and phenomena
such as the Edelstein effect [86] can be expected. In addition, the association between the
electric and magnetic degrees of freedom in the surface states in 3D topological insulators
gives rise to a unique external field response, known as the topological magnetoelectric
effect [28-31]. It is known that quantized orbital magnetization and electric polarization
appear, which are proportional to the electric and magnetic fields, respectively.

Here, we emphasize that breaking the spin conservation is necessary to realize the
strong topological insulators, as explained in the following. In the case with the conser-
vation of spin i-component (i = x,y, z), the electron eigenstates can be taken to have spins
in the directions either +e; or —e;, where e; is the unit vector in the i-direction. While
the Dirac electron states on the surface cut perpendicular to e; must have spins pointing
in the surface, electron states with spins perpendicular to e; cannot be eigenstates in such
a system. Thus, there cannot exist the Dirac electron states on this surface. As a re-
sult, a topological insulator conserving the spin ¢-component must be a weak topological
insulator, and is regarded as a stacking of quantum spin Hall insulators in the ¢-direction.

Fig. 1.8: Schematic picture of the spin directions of the electron surface states in 3D
topological insulators in real and momentum spaces. They are always perpendicular to
the directions of the velocity. This figure is taken from Ref. [27].

1.1.5 Topological crystalline insulators

As discussed in the previous section, topological insulators possess surface states pro-
tected by symmetry, which have attracted a great deal of attention. Although the first
studies treated materials with time-reversal symmetry, many kinds of symmetries can be
realized in materials, depending on their crystal and magnetic structures. Reflecting the
mathematical structure of the wave function of electrons with such symmetries, a wide
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variety of topological phases can exist. The first suggestion of the existence of materials
with surface states protected by a symmetry other than time-reversal symmetry has been
made by Mong, Essin, and Moore [38]. They studied combined symmetry of time-reversal
and a half translation about the unit cell. The model is constructed by stacking the layers
of anomalous quantum Hall insulators alternately so that their Chern numbers are op-
posite to each other [see Fig. 1.9]. The nearest-neighbor layers are antiferromagnetically
coupled, and the systems are called antiferromagnetic topological insulators.

<-<-
<«

EIectrQ;!/ !/ !, VAN

: a4 A4
BPRAEAER

x At

=
=

=
<

A
=

=

Fig. 1.9: Picture of antiferromagnetic topological insulators. Red and blue arrows are
localized spins aligned upward and downward. Red and blue layers, which are anomalous
quantum Hall insulators with opposite Chern numbers, are stacked alternately. In this
case, the lattice vector Az is parallel to the z-axis.

As in the case of topological insulators with time-reversal symmetry, Kramers theorem
plays an important role in the existence of surface states in antiferromagnetic topological
insulators. When we define the combination of operators of time-reversal and translation
in one-half of the lattice vector in As direction as Sy /2(k), it satisfies Sy /2(—k)S1/2(k) =
—et*s | where k3 = k- Az. Unlike the time-reversal symmetry, this operator does not
square to —1 everywhere in the BZ. However, the square becomes —1 in the k3 = 0 plane
as S? /2(k3 = 0) = —1, which is sufficient for topological surface states to appear. The
band structure of an antiferromagnetic topological insulator is shown in Fig. 1.10. A
single Dirac cone, similar to that of topological insulators, appears at the point (0, 0).



1.1 Review of the topological properties of electrons 13

10

Fig. 1.10: Band structures of antiferromagnetic topological insulators considered in
Ref. [38]. The top and bottom are calculated under the open boundary conditions with
(100) and (111) surfaces, respectively. The Dirac cone appears only in the surface which
is parallel to As, i.e., (100) surface in this case. This figure is taken from Ref. [38].

We note that unlike the case of the topological insulators, whether the surface states
appear or not depends on what direction the surface is cut. The surface states appear
only when the surface is parallel to the lattice vector As. The band structures of an-
tiferromagnetic topological insulators under two types of open boundary conditions are
shown in Fig. 1.10. The top and bottom panels in Fig. 1.10 is calculated when the system
has the (100) surface which is parallel to Ay, A3 and the (111) surface which is parallel
to Ay, Ay, respectively. Here, A; and A, are the lattice primitive vectors which are
different from As. We can see that a Dirac cone exists in the former case, while in the
latter case the band gap is open.

So far, topological crystalline insulators [32, 33|, which have gapless surface states
protected by a wide variety of crystalline symmetries, are studied. The interesting feature
is that, depending on which symmetry the surface states are protected by, the properties
of the surface states are different. For example, the dispersion of the surface states in
the topological crystalline insulators, which is symmetric under the combination of time-
reversal and rotation, is quadratic.

The theoretical study [34] predicted that SnTe is a topological crystalline insulator
with mirror symmetry. The symmetry-protected surface states in Sn'Te are observed in
the ARPES experiment [35] [see Fig. 1.11]. Surface states protected by mirror symmetry
is also observed in other several insulators such as Pb;_,Sn,Se (z = 0.23) [36] and
Pby_,Sn,Te (x = 0.4) [37].
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Fig. 1.11: ARPES intensity mappings for SnTe in the 2D BZ observed at various binding
energies. We can see the shape of Dirac dispersion, which is shown by red. It is evidence
of the topological crystalline insulator. This figure is taken from Ref. [35].

1.1.6 Nonlinear Hall effect

As we discussed in Secs. 1.1.2 and 1.1.3, the Berry curvature of electrons gives rise to
interesting phenomena such as transverse quantized currents and spin currents. In the
linear response regime, the transverse current of the Hall effect is represented by the
integral of the Berry curvature over BZ. However, for this value to be finite, the time-
reversal symmetry must be broken by a magnetic field or magnetization; i.e., the complex
hopping term must be included in the Hamiltonian. On the other hand, it has become
clear that in the nonlinear response regime, the Hall effect can appear even without
breaking time-reversal symmetry or complex hopping term. The remarkable study is the
nonlinear Hall effect [39-55]. In this section, the Dirac constant 7 is taken to be unity.

Let us consider the current induced by applying an electric field of frequency w and
amplitude &.: F.(t) = Re[€.e™!]. The current is given by

‘%:%A;Mﬂwm%m» (121)
k) = 2-e(k) + €anc (R (1.22)

where a,b, and ¢ are indices for z,y, and z. Here, v(k), €(k), €wpe, and Q(k) are the
velocity of electrons, the energy of electrons, the Levi-Civita symbol, and the Berry cur-
vature, respectively. The nonequilibrium distribution function f(e(k)) can be calculated
by using the Boltzmann equation with the relaxation time approximation:

0
Ok,

—eTk,

F(elk)) + 7 F(elk)) = folelk) — F(e(k), (1.23)
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where fo(e(k)) and 7 are the equiliblium distribution function in the case without the
external field and the relaxation time, respectively. As a result, Hall current as a second-
order response to the electric field can be written as follows:

Ja = Re[jg + ja“e™"]. (1.24)
Here, j° and j2* are given by
2 Eapnz fole(K))
0_ € 6T CagpE, JO
= — dkeqp(e(k — ; 1.2
=5 | dkeatufetine: =P (1.2
2 Eagnz fole(K))
9w € ETCapk, JO
w_ = e o (c(k))E, 2 : 1.2
=5 [ dheufelr)e, P (1.26
They can be rewritten as
3
0 e°T . 0
= — wdeSbE, dk k)—Qk), 1.27
1= il [ dkfolelh) 5 0ulh) (1.27)
2w _ €T 55/ ke o (k) -0 (k) (1.28)
Ja = 1+ iwr adcCbCc - 0 ak’b d . .

From these equations, we see that the nonlinear Hall current is described by the Berry
curvature dipole: Dy, = [, dkfo(e(k))(0/0k,)(k). Since 9/0k, and Q,(k) are odd
under time reversal, the Berry curvature dipole is even. Therefore, it can be nonzero
even under time-reversal symmetry.

In addition, the Berry curvature dipole does not require any flux in the hopping terms,
and often appears when the crystal breaks inversion and rotation symmetries. Thus, the
nonlinear Hall effect is expected to occur in materials even without magnetization, spin-
orbit interaction, or an applied magnetic field.

The nonlinear Hall effect has actually been observed in WTey [54,55]. The result
of the observed transverse current corresponding to j2* is shown in Fig. 1.12. Layered
WTe, was chosen as a target of the observation of the nonlinear Hall effect since it breaks
inversion and rotation symmetries but does not break time-reversal symmetry.
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Fig. 1.12: Observed AC voltage versus the current in WTes. Red circles correspond to
the transverse current, which is evidence for the nonlinear Hall effect. We can see that
the transverse current is quadratic in the applied current I..., and is dominant over the
longitudinal current shown by purple and green circles in relatively large Io... This figure
is taken from Ref. [54].

1.2 Brief introduction to studies on magnons related
to our work

Among particles in matters, magnons, which are quasiparticles of spin waves, have at-
tracted much attention as an alternative transport carrier in matters to electrons be-
cause they can carry spin currents over long distances without Joule heating [84, 143].
In magnetically ordered systems, low-energy excitations are manifested in the form of
precessional motion in the semi-classical description due to deviations from the ordered
direction of the spins. They are represented by propagating spin waves. Since the spin
angular momentum is quantized, this spin deviation is also discrete. Thus, spin waves can
be described as quantum mechanical particles and are called magnons. It has been exper-
imentally confirmed that magnons can propagate in magnetic materials such as yttrium
iron garnet (YIG) over long distances of about 10 mm [87-92]. Spin currents carried by
magnons are used instead of electric charges, for example, to design logic circuits [93-96].

In recent years, many nontrivial properties of magnons have been investigated by
introducing the concept of topological properties, which have been rapidly developed in
electronic systems. The magnon thermal Hall effect [97-119] and the spin Nernst effect
[120-124], in which energy and spin currents flow in the direction perpendicular to both
the temperature gradient and the magnetization, are unconventional properties associ-
ated with the topology of the magnon band structure in magnetic insulators. Magnons
with linear dispersion such as Weyl [125-129] and Dirac [130-134] semimetals, which show
many nontrivial properties, have also been studied. Many experimental observations of
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nontrivial topological properties of magnons were conducted immediately after the the-
oretical proposal. The thermal Hall effect and the spin Nernst effect in magnons were
observed in the pyrochlore ferromagnet LusVoO7 [99] and the honeycomb antiferromag-
net MnPS3 [124], respectively, soon after the theoretical study [98,120]. Magnon Dirac
dispersion was also observed in the antiferromagnet Cuz3TeOg by neutron scattering [134]
just after it was suggested to exist by the magnon band calculation [133]. In particular,
the thermal Hall effect and spin Nernst effect of magnons can be described in terms of the
Berry curvature of magnons. In the topological properties of magnons, Dzyaloshinskii-
Moriya (DM) interaction [135-137] plays an important role. It gives a complex hopping
term to the Hamiltonian of magnons, similar to what the spin-orbit interaction does to
electrons, which endows the Bloch wavefunction of magnons with the Berry curvature.

There are also cases that the magnon thermal Hall effect and spin Nernst effect are
contributed by the boundary states, which result from the nontrivial topology of the
magnon band structure. While magnons have no Fermi surface due to Bose statis-
tics, edge states [138-142] crossing gaps between bulk bands appear corresponding to
the Chern number [141] or Z, topological number [142] of the bulk band. While such
magnon boundary states have not yet been observed, it is expected to be discovered in
the future with improved measurement technology. In Chap. 2, we discuss the details of
the description of magnons and the above topological properties.

1.3 Purpose and organization of this thesis

The purpose of this thesis is to extend the stage of topological properties of magnons
to the realm of higher dimensions or the nonlinear response regime and to search for
unconventional phenomena in magnetic materials. Magnons, which are quasiparticles in
magnetic materials, are attracting attention in the field of spintronics as an alternative
transport carrier in materials [84,143]. Topological properties of magnons are expected
to be a treasure trove of novel phenomena in magnets that have not been observed in ei-
ther topological electronic or conventional magnonic systems. However, even a magnonic
counterpart of 3D topological insulators, which is recognized as one of the most significant
studies on electronic topological materials, has not been considered. As is the case in
electronic systems, many nontrivial properties can be expected in 3D magnetic materials
with Dirac surface states of magnons protected by symmetry. We will investigate sym-
metries in magnets and realize theoretically the surface states in the magnon systems.
We also focus on the fact that most of the magnon topological transport phenomena have
been investigated mostly in the range of linear response. It is expected that further new
phenomena will be found by exploring the region including nonlinear ones.

The remaining part of this thesis is organized as follows. In Chap. 2, we discuss
the formulation and basic properties of magnons as well as important studies on the
topological properties of magnons. The results obtained in this thesis are shown in
the following chapters. In Chap. 3, we propose a model for the magnonic analog of
3D topological insulators, i.e., a magnetic material which has symmetry-protected Dirac
surface states of magnons [144]. The model is constructed based on the pseudo-time-
reversal symmetry which is discussed in Sec. 2.6. However, the proposed model seems
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difficult to be realized experimentally since the setup is quite artificial. On the other
hand, magnonic analogs of topological crystalline insulators, which have the surface states
protected by crystal symmetries, can be realized more naturally. In Chap. 4, we propose
a model that realizes the magnon Dirac surface states in a much more realistic setup in a
magnetic material with a combined symmetry of time-reversal and half-translation [145].
We discuss the realization of the model in the van der Waals magnet Crls [146-155]. We
also propose a unique external field response that arises from the spin-momentum locking
of the Dirac surface state. In the next study, we consider the transport phenomena related
to the Berry curvature of magnons in the region beyond the linear response regime. The
study of the nonlinear response of magnons so far include the nonlinear Hall effect [122],
spin Seebeck effect [156], and optical response [157,158]. In Chap. 5, by constructing a
second-order response theory for magnons with respect to temperature gradients, we show
that the nonlinear transverse current is associated with the extended Berry curvature
dipole of magnons [159]. We show that such nonlinear spin Nernst current, originating
from the extended Berry curvature dipole in antiferromagnets, can be widely realized
in magnetic materials without the DM interaction. In particular, the spin current is
generated in a simple honeycomb lattice antiferromagnet and can be redirected by the
lattice distortion. We summarize our studies and discuss the future prospects in Chap. 6.
The studies on the topologically nontrivial properties which are discussed in this thesis
are listed in Tab 1.1. The results of this thesis are shown with asterisks.

Tab. 1.1: The summary of the topological properties which are particularly relevant to
this thesis. The first column lists the name of topological materials and effects. The
references, which proposed or experimentally observed in electronic systems and corre-
sponding magnonic systems, are shown in the second and the third columns, respectively.
Asterisks are added to the studies which are the results of this thesis.

Materials (Effect) Electrons Magnons
Quantum Hall insulators 1], [2] (Sec. 1.1.2) (98], [99] (Sec. 2.3)
Quantum spin Hall insulators [9], [10], [11] (Sec. 1.1.3)  [121], [142] (Sec. 2.6)
3D topological insulators [16], [24] (Sec. 1.1.4) [144] (Chap. 3) *
Topological crystalline insulators [32], [35] (Sec. 1.1.5) [145] (Chap. 4) *
Nonlinear Hall (Nernst) effect [39], [54] (Sec. 1.1.6) [122] (Sec. 2.3)

Nonlinear spin Hall (Nernst) effect N/A [159] (Chap. 5) *




Chapter 2

Topological properties of magnons: for-
malism and applications

As seen in the previous chapter, studies on the transverse transport phenomena and
edge (surface) states due to Berry curvature have led to significant results in electronic
systems. An important question is whether they can be realized in other systems, and the
answer is yes. Topological properties reminiscent of the Hall effect have been studied in
bosonic systems such as those of magnons [97-134], photons [160-166], phonons [167-179],
and triplons [180-184]. In particular, we are interested in the topological properties of
magnons since they are responsible for the novel transport phenomena in magnets. In this
chapter, after explaining the basic properties of magnons, we will discuss in detail some of
the topological properties in magnon systems that are particularly relevant to our studies.
The description and basic properties of magnons are discussed in Sec. 2.1. In Sec. 2.2, we
show how to obtain the energy eigenvalues of magnons described by Bogoliubov-de Gennes
(BdG) Hamiltonians. The DM interaction which plays an important role in topological
properties of magnons, and the thermal Hall effect of magnons are explained in Sec. 2.3. In
Sec. 2.4, we introduce a study of the magnon transverse current in the nonlinear response
regime. In Secs. 2.5 and 2.6, we show the studies on the spin Nernst effect contributed by
the bulk magnons and the magnon helical edge states in antiferromagnets, respectively.

2.1 Basic properties of magnons

Let us introduce the notation and the spin-wave approximation. o begin with, we assume
the spin with magnitude S is located at each lattice site.. Here, we define an operator of
the spin operator at site i as S; = (S¥,S57,57). The spin operator satisfies the commu-
tation relation [S¢, S]b] = 10;;€abc55, Where the Dirac constant is taken to be h = 1. Here,
€abe 1 the Levi-Civita symbol. We take the basis at site ¢ as the eigenstates of S7, i.e.,

|m;) (m;=—=5,—-S+1,---,5 —1,5). These states satisfy the following equations:

S7 |mi) = S(S+1)|my), (2.1)

S7 Imi) = mg[my) .

19
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We define the spin raising and lowering operators as S;- = S¥ +4SY, respectively. The
following commutation relations are satisfied:

(57, 877 = £57, (2.3)
[Si7, 8] =257 (2.4)

Thus, when acting on the state |m;), S changes the eigenvalues of S? by +1, which
results in the following equation:

SEmy) = /S(S+1) —m(m; £1) |m; £1). (2.5)

For example, when a magnetic field is applied in the z-direction, the ground state of each
site is represented by |m; = S). The first excited state |m; =S — 1) is a spin precession
with a slight deviation from the z-direction, which is actually close to the picture of a
magnon at site .

In general, the eigenstate |m;) can be interpreted as a state in which the number of
magnons is n; = S —m;. When we define the number operator of magnons as V; = §— 57,
then the annihilation and creation operators b; and bl of magnons such that N = b!b;
acts on the eigenstate |m;) of S7 as follows:

bl m; =S —n;) =vni+1|mi =S5 — (n; + 1)), (2.6)

Here, we note that b; and b satisfy [b;, b]] = 1. By using Eqgs. (2.6) to (2.8), the action
of S;" to the states with the number of magnons n; is reproduced when we redefine S;"
as S;" = /25 — N;Pb;. This can be confirmed by the following calculation:

= /25 + 1 — (N + 1)/ |m; = § — i + 1)

:\/QS—NzOPbZ |mZ:S—nl> (29)

Thus, we can take the following mapping from the spin operator to the magnon annihi-
lation and creation operators:

S7 =S~ NP, (2.10)
St =4/28 — N/Pb;, (2.11)
ST =1bl\/25 — N (2.12)

This is called Holstein-Primakoff transformation [185]. The commutation relations of the
spin operators are directly related to those of magnons. In particular, when the temper-
ature is low enough and the number of excited magnons is sufficiently small compared
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to the magnitude of spins S, the Holstein-Primakoff transformation can be written in a
simplified form:

S: =S5 — N, (2.13)
St ~ /25, (2.14)
S~ /250! (2.15)

In a magnetic material where the spins are correlated with each other, the precessional
motion from the spin configuration in the ground state propagates as a wave. Let us
consider a Heisenberg ferromagnet with the Hamiltonian H = J (i) S; - S;, where the
summation is taken over the nearest-neighbor sites. After applying the Holstein-Primakoff
transformation, it can be diagonalized by the Fourier transformation bJ,L = > eik”bzT
under periodic boundary conditions. In this case, the phase factor e*" corresponds to
the azimuthal angle of the direction of the precessional motion of the spin. A schematic
picture of spin waves propagating through a magnet is shown in Fig. 2.1.

Direction of the propagation

/TN N/
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Fig. 2.1: Precession of the propagation of the spin waves. The low energy collective
excitation in the ordered magnets can be described as the propagation of such a deviation
from the ordered direction of the spins.

Here, a spin z-component of the one-magnon state |[k) = bl [0) one less than that
of the ground state of the ferromagnetic Hamiltonian |0), i.e., (k| (S7 — S)|k) = —1.
Thus, in the case where the spins are aligned in the 4z direction in the ground state,
the magnon carries a magnetic angular momentum of —A. As the transport properties of
magnons, two physical quantities, spin angular momentum and energy, are of interest.

2.2 Diagonalization of bosonic Bogoliubov-de Gennes
Hamiltonians

In magnets with antiferromagnetic or non-collinear spin configurations, magnons are de-
scribed by the bosonic BAG Hamiltonians [186,187]. In such cases, the number of magnons
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no longer preserves. The intrinsic topological classifications of bosonic BdG Hamiltoni-
ans and their realization in magnon systems are reviewed in Ref. [188]. In this part, we
explain the way to obtain the energy eigenvalues and eigenstates of the systems which are
described by the bosonic BAG Hamiltonian. The discussion here is based on Ref. [186].
We also show the expression of the Berry connection and curvature of the system. Let
us consider the bosonic BAG Hamiltonian in k-space as follows:

M= %;w(k)mkwm (216)
¢! (k) = [Bl(k),--- . By (k), Br(—k), -~ B ()], (2.17)

where (k) is the creation operator of bosons with the momentum k. Here, the subscript
A is the number of internal degrees of freedom in a unit cell. The matrix H (k) is given
by
_( Mk)  Alk)

H(k) = ( A*(—K) h*(—k) ) . (2.18)
When we consider the system without dissipation, the Hamiltonian is Hermitian, leading
to h(k) = hf(k) and AT (k) = A(—k). The commutation relation satisfied by the compo-
nents of the operator ¢(k) is written as [¢;(k), gbj(k:’)] = (2,)ij0k k- Here, X, is defined
as a tensor product X, := 0, ®1 4, where o, (a = z,y, z) is the a-component of the Pauli
matrix acting on the particle-hole space and 1 4 is the .4 x .4 identity matrix.

The linear combinations of bosons, which create eigenstates of bosonic BAG Hamilto-
nians, should be bosonic. Thus, the corresponding operator ;(k) satisfies the commuta-
tion relations the same as ¢;(k), i.e., [;(k), @/)]T(k’)] = (X,)ij0kk - The operator 1;(k) is
written as v;(k) = (T~*(k)¢(k));, where T(k) is the matrix which diagonalizes the ma-
trix H (k). We here discuss under what conditions T'(k) leaves the bosonic commutation
relation unchanged. The commutator of 1;(k) is written as follows:

(i), ) (k)] = (T (k))xtn (k). (T (R));30] (K)] = (T~ () (Z)wa (T (R))]

(TR ), 219)
where repeated indices are summed over. Thus, the commutation relation [¢);(k), 1/1}(1:’ )] =
(2,)ij0k 1 correspond to the following para-unitary condition:

T(k)Y.T(k) = .. (2.20)

The matrix T'(k) satisfying the above para-unitarity is called para-unitary matrix. Thus,
we must diagonalize the BAG Hamiltonian by using a matrix satisfying the above para-
unitarity (2.20).

To obtain the energy eigenvalues of bosons and the para-unitary matrix T'(k), it is
useful to note certain properties of ¥, H (k). When the matrix H (k) is positive definite,
the following three statements hold:
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(i) The eigenvalues of the matrix 3, H (k) are real and nonzero.

(ii) If v(k) is an eigenvector of ¥X,H (k) with eigenvalue E(k), then ¥, v*(—k) is an
eigenvector of ¥, H(k) with eigenvalue —FE(k), where ¥, := 0, ® 1 4.

(iii) Eigenvectors can be taken to satisfy para-orthogonality v} (k)X vm,(k) = 00,04,
wheren=1,---, .4 and 0 = £, 24",

The proof of these are shown in Appendix A. By using (i), (ii), and (iii), we can see that
the para-unitarity Eq. (2.20) is satisfied by the following matrix T'(k):

T(k) = (vl-l—(k)’ T 7U</V+<k)v vl—(k)v T 7UJV—(k)) ) (2'21)

where the eigenvectors v, (k) and v,_(k) are related by v, (k) = X,v;_(—k) (n =
1,---,4). The Hamiltonian is diagonalized by T'(k) as follows:
TY(k)H (k)T (k) = diag (Ev(K),- -+, By (k), E1(=k), -, Ey(—k)). (2.22)

Therefore, solving the eigenvalue problem ¥, H (k)v(k) = E(k)v(k), we obtain the eigen-
values and the para-unitary matrix automatically. Since the Y, H (k) is no longer Hermi-
tian, the bosonic BAG systems should be understood in terms of non-Hermitian quantum
systems. As in above (iii), as a result of the non-Hermiticity, the para-orthogonality is
satisfied under the inner product different from that of Hermitian systems. Therefore,
we introduce the inner product as follows:

(¢, ) = 9'E.0, (2.23)

where ¢ and v are the 2.4"-dimensional vectors. Reflecting this, the Berry connection
and curvature of the bosonic systems described by BdG Hamiltonian are written as

Ans (k) = io((Vns(k), V0o (K))) (2.24)
Q. (k) =V x A,,(k). (2.25)

The detailed derivation of these formulas is given in Ref. [103].

2.3 Dzyaloshinskii-Moriya interaction and the ther-
mal Hall effect of magnons

The DM interaction [135-137], which is an effective interaction that appears between spins
via the spin-orbit interaction, contributes to the realization of topologically nontrivial
magnon states. The Hamiltonian of the DM interaction between the sites ¢ and j is,
in many cases, given by HEM = D;; - (S; x 8;), where D;; is a vector determined
by the crystal structure. This interaction gives a complex hopping term to the magnon
Hamiltonian in a similar way that the spin-orbit interaction does to electron Hamiltonians.
As an example, let us consider a two-dimensional ferromagnet with magnetization in
the +z direction. In many 2D magnetic materials, D;; points in the z-direction as
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D;; = De,. By applying the Holstein-Primakoff transformation, HSM can be written as
HPM = iDSblb; + hee..

Magnons in ferromagnets with DM interactions can be described in a similar way
as quantum Hall insulators in electronic systems discussed in Sec. 1.1.2. Since magnons
with no electric charge cannot be driven by an electric field, a temperature gradient is
instead applied as a driving force. Magnons excited from spins aligned in the z-direction
acquire complex phases through the DM interaction, which results in the Berry curvature
of magnons. This contributes to the magnon current in a direction perpendicular to the
temperature gradient, leading to a transverse thermal current. A schematic picture of the
magnon thermal Hall effect is shown in Fig. 2.2. It was observed experimentally [99] soon
after the theoretical proposal [98] and triggered a great deal of interest in the topological
properties of magnons.

Fig. 2.2: Schematic picture of the magnon thermal Hall effect. Spins in a ferromagnet are
aligned in the z-direction due to an applied magnetic field. Berry curvature of magnons
arising from the DM interaction results in the current flowing in the direction perpendic-
ular to both the magnetic field and the temperature gradient. This figure is taken from
Ref. [99].

In the theoretical study [98], the kagome lattice ferromagnet with the fictitious fluxes
shown in Fig. 2.3 (a), which would be induced by the DM interaction, is proposed as
a model exhibiting the magnon thermal Hall effect. These fictitious fluxes open gaps
between the three bulk bands of magnons. The Chern numbers of the lower, middle, and
top bands are defined as Ch,, = [, dk€, (k) (n = 1,2,3), and are calculated as —1, 0, and
1, respectively. Here, 2, (k) = —2Im ((0/0k,)u,(k)|(0/0k,)u,(k)) is the Berry curvature
of magnons with the nth eigenvector |u,(k)). We note that the expression of the Berry
curvature in this case is the same as that of electrons, since magnons in the ferromagnets
are usually described not by the BdG Hamiltonian, but by the Hamiltonian without
paring terms. The bulk-edge correspondence similar to that of electrons can be confirmed
as well for magnons [141]. In Fig. 2.3 (b), which is the result of the band calculation for
a finite strip, we can see the chiral edge states of magnons between the three bulk bands.
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Fig. 2.3: (a) Kagome lattice system with fictitious fluxes. Magnons obtain the complex
phase of ¢, when going around a triangle consisting of three lattice sites along the direction
indicated by the arrows. These complex phases are the same as the ones that the DM
interaction induces to magnons on the kagome layers within the pyrochlore lattice. (b)
Magnon band structure of the kagome lattice ferromagnet with DM interaction. The
Chern numbers of the three bands are 1,0, and —1, respectively. Chiral edge states of
magnons can be seen between the band gaps. Figures (a) and (b) are taken from Refs. [98]
and [110], respectively.

The expression of the magnon thermal Hall coefficient originally derived in Ref. [98]
should be modified by taking into account the orbital angular momentum of magnons.
The correct formula was obtained in Ref. [101] and is eventually written as follows:

W = LS ol ()R, (2.26)

where kg, T, V', po, and €, (k) are the Boltzmann constant, temperature, the volume of
the system, the Bose distribution function, and the energy of the nth band, respectively.
By using the polylogarithm function Lis(—p), the function cy(p) is defined as co(p) =
o

the formula Eq. (2.26) is derived in Appendix B.

When magnons are described by a BAG Hamiltonian, the thermal Hall coefficient can
be given in the same form as Eq. (2.26) with the replacement of the Berry curvature Q,, (k)
by Q,(k) in Eq. (2.25). Although one-half of the eigenvalues of the matrix ¥, H (k) are
positive and the others are negative, the summation is taken only over the eigenstates
with positive eigenvalues. As you can see from Eq (2.26), the thermal Hall current is
not directly related to the Chern numbers or is quantized. The reason for this is that
magnons are bosons and do not have Fermi surfaces. Therefore, in magnon systems, the

p
(1+p) <1og 1+p > — (log p)* — 2Liy(—p). From a semi-classical description of magnons,
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Chern number should be understood simply as a quantity that counts the number of edge
states.

The thermal Hall effect of magnons has been observed for the first time in a pyrochlore
ferromagnet LusVoOr [99], which is understood as a 3D stack of the proposed one [98]. In
the experiment, the thermal Hall conductivity perpendicular to the temperature gradient
was measured for different signs and magnitudes of the magnetic field, which is shown in
Fig. 2.4. The possibility that the contribution is due to electrons or phonons is excluded
by considering the dependence on the magnetic field and temperature. The thermal Hall
effect of magnons in a kagome ferromagnet as is the first proposal was later experimentally
observed in the magnet Cu(1-3, bdc) [113].
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Fig. 2.4: The thermal Hall conductivity of Lu,V,0, measured at various temperatures
and applied magnetic fields, which is considered to be the contribution of magnons. The
magnon thermal Hall effect is unclear at too low temperature and at high temperature
since there are few excited magnons and since thermal fluctuation is large, respectively.
We can see the magnetic field dependence of the thermal Hall coefficient most clearly at
the temperature around 50 K. This figure is taken from Ref. [99].

2.4 Transverse current of magnons as a nonlinear re-
sponse

While most of topological properties of magnons are studied in the linear response regime,
the transverse current of magnons, i.e., magnon current perpendicular to the magnetic-
field gradient, is studied in the nonlinear response regime [122]. Following the discussion
of the nonlinear Hall effect of electrons in Ref. [39], the magnon current perpendicular to
the magnetic-field gradient V B, is associated with the Berry curvature dipole of magnons.
The magnetization current conveyed by magnons as a second-order response to VB, is



2.5 Spin Nernst effect of magnons 27

given by
JNL,a - Xaﬂ’y(aﬁBz)(asz)7 (227)

where Xagy = €agy(9up)*TDgs/h?. Here, g, pup, and 7, are the g-factor of constituent
spins, Bohr magneton, and the relaxation time of magnons, respectively. In the case that
the spins are aligned in the +z-direction, the Berry curvature dipole tensor of magnons
D,z is defined as follows:

B
Das = 3 32 T8 e 1), (2.28)

n,

where V' is the volume of the systems. As shown in Fig. 2.5, the Berry curvature dipole
of magnons is calculated in the honeycomb lattice ferrimagnet, in which the spins on the
two sublattices are ordered in the same direction but have the different magnitudes.
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Fig. 2.5: The Berry curvature dipole D, in the honeycomb lattice ferrimagnet. It is
calculated as a function of the angle ¢ between one of the nearest-neighbor bonds and
the x-axis. This figure is taken from Ref. [122].

2.5 Spin Nernst effect of magnons

Similarly to the spin Hall effect for electrons, the spin Nernst effect of magnons is also
realized by combining the magnon thermal Hall systems with spin dipole moments in
opposite directions to each other. In the honeycomb lattice antiferromagnets with the
DM interaction, it is shown that magnons flow perpendicular to the temperature gradient,
and these directions are opposite between the magnon states with the magnetic moments
upward and downward [120]. These transverse magnon currents result in a pure spin
current without heat flow, which is the spin Nernst effect of magnons. The honeycomb
lattice antiferromagnet exhibiting spin Nernst effect of magnons is shown in Fig. 2.6. The
spins on the sublattices A and B are aligned upward and downward, respectively.
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Fig. 2.6: The left panel shows the schematic picture of the magnon spin Nernst effect.
Antiferromagnetic Heisenberg interaction between the nearest-neighbor spins results in
the Néel order, in which spins on the sublattice A (B) point in the +z (—z)-direction.
Due to the DM interaction, magnon states with the magnetic moments upward, i.e.,
+h (downward, i.e., —h) flow leftward (rightward). As in the case of spin Hall effect of
electrons, they result in the pure spin current. This figure is taken from Ref. [120]. The
right panel shows the lattice vector a; and the vector between the nearest-neighbor sites
d; (1=1,2,3).

The Hamiltonian of the model is written as follows:

H=JY S;-8;+Dy) & (SixS)+K> (8, (2.29)
(ig) ((i5)) i
where J; and Dy are the coupling constant of the antiferromagnetic Heisenberg interaction
(J1 > 0) and the DM interaction, respectively. The summations of the first and the second
terms are taken over the nearest and the next nearest-neighbor couplings, respectively.
The vector §;; is defined as §;; = 2/3d; x d;, where d;;) is a vector pointing from the
lattice site between the sites ¢ and j to the site i(j). The third term is an easy-axis
anisotropy and satisfies IC < 0.
By applying Holstein-Primakoff and Fourier transformations, we can obtain the BAG
Hamiltonian of magnons as follows:

H =Y '(k)H(k)p(k), (2.30)

where 1 (k) = [a};, bL, a_p,b_g|. The operator ag (bg) annihilates magnons with the wave
vector k, which are excited from spins on the sublattice A (B). The matrix H (k) is given
by

d+ Dyg(k) 0 Jif (k)
0 d—Dyg(k)  Jif*(k) 0
H(k) = 5 0 M) d-Duglk) 0 - 23
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where d = 3.J; — 2K, f(k) = >, e*%. The function g(k) is defined as

g(k) = Z 2sin(k - a;), (2.32)

where a; (i = 1,2) are the lattice vectors (see Fig. 2.6). As in the present system, in
collinear antiferromagnets that contain only the interactions such as Heisenberg and DM
interactions, the z-component of the total spins S* is conserved since they preserve the
symmetry of the rotation around the z-axis. In such a case, the magnon eigenstates are
separated into two parts which are magnon states with magnetic moment upward and
downward. When we write the magnon vacuum as |0), magnon states with magnetic
moment upward (downward) are described as linear superpositions of the states written
as ay |0) and b', |0) (b |0) and a! , 0)). This state can be thought of as an electron with
an upward (downward) spin and a momentum k.

The DM interaction gives the Berry curvature with opposite signs to magnons states
having the magnetic moments upward and downward as the spin Hall effect does for
electronic systems. The magnon spin Nernst current, which is carried by the magnon
states with the magnetic moments upward and downward moving in opposite directions,
is evaluated in linear response theory. It is written as follows:

5= / ke (lek) (4 (k) U (K)). (2.33)

Here, Q4()(k) is the Berry curvature of magnons with the magnetic moment upward
(downward), respectively. We assume that the temperature is written as T'(r) = Ty +
xVT, where VT is a constant for the temperature gradient. The function ¢;(po) is defined

as c1(po) = (14 po)In(1 + po) — polnpo.

A spin current perpendicular to the temperature gradient, which is considered to
be generated by a mechanism similar to the theoretical proposal, has been observed
in an antiferromagnet MnPS3 with a stacked honeycomb lattice [124]. Since couplings
between the honeycomb layers of MnPS; is small, the system is regarded as a stacking of
independent 2D magnets, and is close to the one proposed in the theoretical study. The
spin current flowing in the direction perpendicular to the temperature gradient can be
converted into an electric current due to the inverse spin Hall effect by injecting it into
the Pt terminal [see Fig. 2.7].
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Fig. 2.7: (a) Experimental setups for observing the magnon spin Nernst effect in MnPSs.
(b) Difference between the electric voltage of the two Pt terminals Pt1 and Pt2. As a
signal of the spin current generated in the direction perpendicular to the temperature

gradient, the difference is clearly observed at the temperature below Ty = 80 K, which
is the antiferromagnetic ordering temperature. These figures are taken from Ref. [124].

2.6 Magnonic analogs of quantum spin Hall insula-
tors

Since the honeycomb lattice antiferromagnet in the previous section has only one magnon
band, there is no helical edge state of magnons, and the spin Nernst effect of magnons is
contributed by the magnons in the bulk.

On the other hand, magnonic systems having helical edge states, which are analogous
to quantum spin Hall insulators of electrons discussed in Sec. 1.1.3, have also been pro-
posed theoretically [121,123]. The first model is constructed as an antiferromagnetically
coupled two layers of the honeycomb lattice. The spin configuration of this model and
the magnon band structure are shown in Fig. 2.8(a) and (b), respectively. A helical edge
state can be seen in the bulk band gap.
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Fig. 2.8: (a) Bilayer honeycomb lattice antiferromagnet with a staggered magnetization.
Spins on the nearest-neighbor sites and layers are aligned in the opposite directions to
each other. (b) Magnon band structure. Helical edge states which are topologically
nontrivial are shown in blue. The red lines are the edge states which are not related to
the topology of the magnon bands. The figures are taken from Ref. [121].

The Hamiltonian of this model is given by

Hon 808040, 3 & (50 x80) 465 (e 80) 4S80 52,
(6,71 i i

oy
(2.34)

where the index [ = 1,2 denotes the first and second layers. Here, SZ-(Z) is the operator
of the spin at site ¢ on the lth layer. The first term is the intralayer antiferromagnetic
Heisenberg interaction between the nearest-neighbor spins. The second term is the in-
tralayer DM interaction between the next-nearest-neighbor spins. The remaining terms
are the easy-axis anisotropy and the interlayer antiferromagnetic Heisenberg interaction,
respectively. By applying Holstein-Primakoff and Fourier transformations, the Hamilto-
nian can be written as follows:

H = '(k)H (k) (k), (2.35)

where o = [al(k),bl(k), al(k), b} (k), a1(—k), ba(—k), as(—k),bi(—k)]. Here, aje (k)
and by(2)(k) annihilate magnons with the wave vector k which are excited from spins on
the A and B sublattices on the first (second) layer. The matrix H (k) is given by

hl(k) 0 0 Al(k)

0 0
0 Ai(-R) Bi(-K) 0 | =
Ak) 0 0 hi(k)

H(k) =
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where
3J+ J — 2K + Dyg(k) 0
h(k) =5 ( 0 ’ 3J +J — 2K — Dyg(k) ) ’ (2:37)
Av(k) = s( Jf{;k) J1{k) ) (2.38)

Here, the function g(k) is defined in Eq. (2.32).

In electronic spin Hall insulators, the Kramers theorem plays an important role in
the robustness of the helical edge states. Kramers theorem is applicable only when the
time-reversal operator satisfies ©2 = —1 as in the case of electrons. However, since
magnons are bosons, Kramers theorem is not directly applicable since the time-reversal
operator satisfies ©2 = +1. In the above system, the time-reversal operator is defined
as © = 1, ® 0, ® 1,K with ©? = +1, which exchanges magnons from spins upward and
downward. Here, 15 and K are the 2 x 2 unit matrix and the complex conjugate operator,
respectively. With this ©, the Hamiltonian H (k) satisfies © ' H(k)© = H(—k). In the
case where Kramers theorem does not hold, it is expected that the hybridization of the
edge states occurs at the band crossing point, opening the gap and causing the helical
edge state to disappear. Despite this, magnon helical edge states appear in the band
structure in Fig. 2.8. This is due to the conservation of the z-component of spins in
this model. In spin-conserving systems, the magnon states with upward and downward
magnetic moments are separated from each other, so there is no hybridization at the band
crossing point to open the gap. The fact that magnon states with upward and downward
magnetic moments can exist as separated and degenerate states in systems with spin
conservation suggests that it has a different symmetry other than ©. In fact, when
a model satisfying the time-reversal symmetry conserves the z-component of spins, it
simultaneously has a symmetry of the operator ©’ = ¢,®ic,®1,K with 2 = —1 satisfies
©''H(k)® = H(—k). The operator ©’ is called pseudo-time-reversal operator [142]. As
shown in Appendix C, Kramers theorem can also be applied to the bosonic systems as
long as they have pseudo-time-reversal symmetry. Thus, the symmetry of ©' leads to
Kramers pairs of magnons.

The topological phases under the symmetry of ©' are studied in our paper Ref. [142]
and summarized in our review [188]. Here, let us compare the form of a Hamiltonian with
time-reversal symmetry and that of a Hamiltonian with pseudo-time-reversal symmetry.
The generic Hamiltonian satisfying time-reversal symmetry O~ 'H(k)© = H(—k) can be
written as follows: Let us define the generic Hamiltonian H (k) satisfying time-reversal
symmetry O 'H(k)© = H(—k) as a 4N x 4N matrix, where N = 2 for the case of
Eq. (2.38). This is given in the following expression:

oty e Azuc)) %aci

| Ak RiR) AiR) Al

HR =1 Alk) Ai(—k) Bi(—k) (k) | (2:59)
(k) Ao(k) BI(R) (k)
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where h;(k) and A;(k) for i = 1,2 are N x N matrices and satisfy hl(k) = hy(k),
Al(k) = Ay (k), hZ(k) = hy(—k), and AL(k) = Ay(—k). Here, N is the number of the
degrees of freedom. On the other hand, the one satisfying pseudo-time-reversal symmetry
O 'H(k)®' = H(—k) is given by

(2.40)

where h;(k) and A;(k) for i = 1,2 are N x N matrices and satisfy hl(k) = hi(k),
Al(k) = Ai(k), WL (k) = —hy(—k), and AL(k) = Ay(—k). We can see that these forms
are the same when the system conserves spins, i.e., ho(k) = ha(k) = Aqg(k) = Ag(k) =0

When the system breaks the spin conservation, the time-reversal symmetry and the
pseudo-time-reversal symmetry do not coincide, and the helical edge state cannot exist
unless the latter is satisfied. The first model of a magnonic analog of quantum spin Hall
insulators without spin conservation was proposed in Ref. [142]. The model includes the
XYZ anisotropy, which breaks the spin conservation but does not break pseudo-time-
reversal symmetry. The Hamiltonian for this system can be written as follows:

HH:H;aaz+H@Z+H§&+H§&+H<m> (241)
l (l @ @ ) o)
ZJ()SM S+ J0shs 4 g0slst (2.42)

l l l
((i.5))

1nter J/ Z S (244)

: (2.43)

z

where SZ-(Q (a = x,y,2) is the a-component of the spin at site ¢ on the [th layer and
I =g,

To make the pseudo-time-reversal symmetry satisfied, J and J in the top and
bottom layers (I = 1 and 2) should be tuned to be JI = Jf and J = JP. 1
The band structure of magnons is shown in Fig. 2.9. We can see that the helical edge

state of magnons is not gapped out by the XYZ anisotropy as long as it respects the
pseudo-time-reversal symmetry.

LAs seen from this, models for the magnonic analogs of quantum spin Hall insulators which break
spin conservation are artificial in many cases.
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Fig. 2.9: Magnon band structure of the magnonic analog of quantum spin Hall insulators
with the Hamiltonian in Eq. (2.41). The helical edge is shown in red. This figure is taken
from Ref. [142].

In general, Z, topological invariant for magnonic analogs of quantum spin Hall in-
sulators which are symmetric under ©’ is defined in the following. Here we focus on
the non-negative eigenvalues of ¥, H(k), and it is enough since the topological invari-
ants are the same in the non-positive eigenvalues as discussed later. Since the systems
satisfying ©'-symmetry are assumed to have the same number of spins pointing up-
ward and downward, the number of degrees of freedom of magnons .4 is even. As
shown in Appendix C, there are always two different eigenstates W, ; (k) and ¥,, 5 ; (k)
(n=1,---,47/2) with the eigenvalues E,(k) and E,(—k), respectively. They satisfy
W, (k) = —O'¥,; (—k) and form the nth Kramers pair. Next, we consider the
eigenvectors of X, H(k) with the non-positive eigenvalues, i.e., hole bands. As discussed
in Appendix A, the particle-hole conjugates ¥,,; (k) = 3, KW, ;. (—k), (Il = 1,2) are
the eigenvectors of ¥, H (k) with the eigenvalue —E, ((—1)'k). These eigenvectors satisfy
the relations (¥, 0(k), ¥y o (k) = 00nmdirdse (0 = £) due to the para-unitarity
of the matrix diagonalizing ¥, H(k), where the inner product is defined in Eq. (2.23).

The Berry connection and curvature of the eigenstates ¥,,; ,(k) are defined as follows:

Anto(k) =10 (Whi0(k), V¥, .(k)) , (2.45)
Qn7170(k) = Vk X An,l,a(k)- (246)

Let us take the summation over [ = 1,2 and define the Berry connection and curvature
of the nth Kramers pair as

Ao (k)= Ayio(k), (2.47)

Quo(k) =D Qo). (2.48)

1=1,2
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Here, ¥, 5 (k) = —O0'¥,, ; . (—k)and ¥,,; _(k) = X, KV, ;. (—k) result in the relations
of the Berry connections written as A, 1 (k) = A, (k) and A, 5 (k) = A, 1_(k).
They yield A, ,(k) = A, _,(k) and Q, ,(k) = 2, _,(k).

By using the Berry connection and curvature of the nth Kramers pair, Zs topological
invariant for magnonic analogs of quantum spin Hall insulators is defined as follows:

1
Dy o= — {f dk - A, (k) — / d2k:QfL U(k)} mod 2, (2.49)
27 | JorBz EBZ ’

where EBZ and OEBZ stand for the effective Brillouin zone and its boundary which are
the same as those in Eq. (1.5), respectively. Due to A, ,(k) = A, _,(k) and Q,, ,(k) =
Q,, _,(k), the topological invariants of particles and holes are the same, i.e., D, , = D,, _,.






Chapter 3

Three-dimensional topological magnon
systems

To extend magnonic analogs of quantum spin Hall insulators (2D topological insulators)
to 3D, it is necessary to break the spin conservation. In realizing a Zs topological phase
of magnons in such systems, pseudo-time-reversal symmetry discussed in Sec. 2.6 plays
an important role. In this study, we propose for the first time a model for a magnonic
analog of 3D topological insulators, which is discussed in Sec. 1.1.4 for electrons. The
model is designed to satisfy pseudo-time-reversal symmetry. In these systems, the Dirac
surface states of magnons protected by the pseudo-time-reversal symmetry appear. We
explain the model on a diamond lattice in Sec. 3.1. The topological invariants and bulk-
edge correspondence is discussed in Sec. 3.2. In Sec. 3.3, we show that the topological
invariants can be much more simplified when the system has inversion symmetry. By
using the simplified expressions of topological invariants, we construct a phase diagram
of the proposed model in Sec. 3.4.

3.1 Model

Let us consider the first example of magnonic analogs of 3D topological insulators. We
assume artificial spin systems in which two spins are localized at each site of the diamond
lattice and pointing in the opposite directions to each other, as shown in Fig. 3.1. We
consider the Hamiltonian of this system as follows:

H:HDM+HJ/+HJ+ny+HF+HK, (31)

where the first term Hpy is the DM interaction acting between next-nearest-neighbor
spins pointing in the same direction. In order to realize the spin configuration in which
two spins on the same site are aligned in the opposite directions, we consider the second
term Hjy, which is antiferromagnetic interaction between these two spins. The third
term H; is the bond-dependent ferromagnetic interaction between nearest-neighbor spins
pointing in the same direction. The remaining term H, is the single-ion anisotropy. We
note that in the magnon description, the Hamiltonian corresponding to the Fu-Kane-
Mele model [16] is realized. After applying the Holstein-Primakoff transformation, the

37
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interactions H;, Hpy, Hr, and Hyxy correspond to the hopping term tz c icj, the z,

z, and y-components of the spin-orbit interaction i(8\s0/a? )2y s (d” x dZ;)c; in
Eq. (1.18). The correspondence between the Hamiltonians of magnons considered here
and those of electrons in Ref. [16] is summarized as follows:

Hj; + tz cgcj, (3.2)
Hpy ++ i(8Xs0/a”) > cls.(d}; x d)).c;, (3.3)
(9D
Hyp < i(8)\s0/a?) Z ¢Sz d1 X d2) ¢, (3.4)
()
Hyxy < i(8)\s0/a?) Z clsy(di; x dZ))yc;. (3.5)

—

(3,9

=

The remaining interactions H; and H, are considered to realize the spin configuration
shown in Fig. 3.1 and do not have their counterparts in the Fu-Kane-Mele model [16]. It
is confirmed that they do not change the topology of the band structure. The detailed
expression of the Hamiltonian in terms of magnons obtained by applying the Holstein-
Primakoff and Fourier transformations are discussed in Appendix D. In the absence of
Hy, we can obtain the energy spectrum of the system analytically, which is discussed in
Appendix E.

Fig. 3.1: Diamond lattice magnet having two spins at each site, which is proposed as
the first model of magnonic analog of 3D topological insulators. We assume that the
two spins at the same sites are aligned upward and downward. Two sublattices of the
diamond lattice are denoted as A and B. The lattice prime vectors are shown by a;
(1=1,2,3).

3.2 Topological invariants

By using the Berry connection Eq. (2.47) and curvature Eq. (2.48) for bosonic BAG
systems, the topological invariants for 3D topological magnonic systems are defined as
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follows:

1 .
v'g =0 f{ dk - [Ano (K)o — / dk;jdky, [in(k:)}ki()] mod 2,  (3.6)
OEBZZ-,O EBZi,O

1 .
vy = gy j{ dk - [Am,(k:)]ki:Tr — / dk;dky, [wa(k)}kwl mod 2. (3.7)
T | JOEBZ; « EBZ; ‘

Here, i (= x,y,2) and n are the indices for the coordinates and the bands. The indices
J and k represent two of x,y, and z which are different from i. The particle and hole
space is designated by o = + and o = —, respectively. We define EBZ, (, and others in
the same way as the electronic systems in Eqgs. (1.12) and (1.13). In this chapter, we
calculated the topological invariants by using the numerical method of Ref. [19].

Since the values of the topological invariants of a particle and a hole are the same:
vl = vy, vin = v as discussed in Sec. 2.6, we write VZSE(W) = V;'(x) i the following. To
consider the bulk-boundary correspondence of magnons, we introduce the virtual “Fermi
level” €, and take the summation of topological invariants over the bands below e. This
summation is confirmed to correspond to the number of the surface states, in the same way
as that of electrons [16]. As we discussed for electron topological insulators in Sec. 1.1.4
four of the six topological indices v; o(r) are independent. Let us define a set of independent
topological indices (vg; vy, vy, V1) as vy = vy + vy and vt = v (i = z,y,2). We call
the topological phase for vy = > n ()< v (mod 2) =1 as the strong topological
phase in the magnonic analogs of 3D topological insulators. On the other hand, the weak
topological phase refers to that for vo =3 )< v (mod 2) = 0 and at least one of

vi=y.. (En(k)<o Vi’ (mod 2) (i = x,y, z) taking nonzero.

3.3 Simplified expressions for the topological invari-
ants of the diamond lattice system

If a system has inversion symmetry, the expression of the topological invariants for topo-
logical insulators can be greatly simplified [83]. The same discussion can be applied to
magnon systems. In this part, by using inversion symmetry, we analytically calculate the
topological invariants for the diamond lattice system. The Hamiltonian (D.7) satisfies
the following inversion symmetry:

RY,H(k) — S,H(—k)R = 0, (3.8)

where R is an inversion operator defined as R := 15 ® 15 ® 0,. Following the discussion
in Ref. [83], topological invariants for 3D topological magnon systems with inversion
symmetry can be written as

(_1)VO = H 5m=("1n2n3)7

n1=0,1;n2=0,1;n3=0,1

(_1)% = H 5m:(n1n2n3)7 (39)

Tbizl;nj7g7;:0,1
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where i = x,y, and z. Since X, H (k) commutes with the inversion operator R at TRIM:
r, =%, TY, 7)) = 7(n1,n2,ns), an energy eigenvector ¥,, 1 . (I',,) can be chosen to
be an eigenvector of R. Here, we write the eigenvalue of R as &,(I';,). Then, 6,,—(ninong)
is defined as the product of &,(I,,) over the bands below the fictitious Fermi energy:

n,En (k)<e

Now, we assume that the fictitious Fermi energy lies between two bands in the particle
space. In this case, d;,—(n,nqny) is an eigenvalue of R with eigenvector of the lower band
Wy, (L),). In the following, we obtain the expression of Wy, (I',;,). The Hamiltonian
of the diamond lattice system is written in the same form as Eq. (2.40) with N = 2. In
particular, at the TRIM, the Hamiltonian of the diamond lattice system is written as

Mm@ 0 0 J1
0 A(T) J1, 0

where J' is a coupling constant of the Heisenberg interaction between spins on the same
site, as explained in Appendix D. The eigenvectors of the matrix h;(I") are written as:

1 1
=) =75 ( sgnly(T)] ) 7 (3.12)

where the corresponding eigenvalues are e (I') = dy + |d1(T")|. Here, v(k) is defined as
v(k) = —di(k) — id2(k). We note that the imaginary part of v(k), i.e., d2(k), vanishes
at TRIM. If we write the eigenvector of 3, H(T") as

ozc,bi(I‘)
e.m=| o | (3.13)
Bp+(T)
the eigenvalue equation can be written as follows:
hl (F) 0 0 Jllg Ozd):t(]:‘) Of¢)i(1—‘>
0 Ry(T)  J'1g 0 0 _ 0
0 —J1, —hi(T) 0 0 = Ex(T) 0 (3.14)
=J'1; 0 0 —ha(T) Bep+(T) Bp+(T)

This results in the following relation:

( A ) ( 5 ) B ( ; > | (319)
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In order for the equation to have a nontrivial solution, the determinant of the matrix on
the left-hand side must be zero. Then, we obtain the following equation:

Ei(T) - () + J? =0. (3.16)

Therefore, we obtain the energy eigenvalues in the particle space:

EL(T) = \/e2(T) — J2. (3.17)

We can see that F,(I') and E_(T') correspond to the energies of the top and bottom
bands, respectively. Now we focus on the bottom band. By using 0(T") defined as

E_(T')—e_(T)
J! ’
the coefficients o and S of the normalized wave function of the bottom band are written

as a = cosh (A(T")) and 8 = sinh (A(I")), respectively. Then, the eigenvector of the bottom
band ¥y, (T') is given by

tanh (6(T)) := (3.18)

cosh (D))o (T)
0
sinh (6(T'))$-(T)

U1+ (I) = (3.19)

We can see that this is an eigenvector of R with eigenvalue sgn[y(I')]. Then, 6,,=(ninons)
in Eq. (3.10) can be written as

5m:(n1n2n3) - Sgnh/(]-_‘m)]
= sgulJo + Jiem + Syl 4 Jyeltn), (3.20)
where J; (i = 0,---,3) is the coupling constant of the Heisenberg interaction between

the spins on the nearest-neighbor sites. The details are shown in the Appendix D. By
using this, the strong index for the diamond lattice system is given by

(—1)”0 = sgn[(Jo — Jl -+ JQ + Jg)(J{) — Jl — J2 -+ Jg)(Jo — J1 + JQ — Jg)(J{) — Jl — J2 — Jg)]
X sgn[(Jo +Ji+ o+ Jg)(Jo +J1— Jy+ Jg)(Jo + 1+ Jo— Jg)(J() + Jp— Jo — Jg)]
(3.21)

The other three indices are written as follows:

(-1)”1 = sgn[(Jo — Jl + J2 + J3)<J0 — Jl — J2 + Jg)(JO — Jl + J2 — Jg)(JO — Jl — JQ — Jg)],
(3.22)

(—1)Vy = Sgn[(Jo + :]1 — JQ + Jg)(JO — Jl — J2 + Jg)(JO + Jl — JQ — Jg)(JO - Jl — J2 - Jg)],
(3.23)

(—1)VZ = Sgﬂ[(JU + Jl + J2 — Jg)(JO — Jl + J2 — Jg)(JO -+ Jl — J2 — Jg)(JO — Jl — JQ — Jg)]
(3.24)
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3.4 Phase diagram and band structure

We calculate the band structure of magnons of the model (3.1) along with the high
symmetry points, as shown in Fig. 3.2(a). In this section, we classify the topological
phases of the model, by calculating the topological invariants of the lower band in the
particle space. We discuss the correspondence between the topological invariants and the
number of the surface Dirac cones in the bulk band gap. By using the simplified formula
for the topological invariants in Egs. (3.21) to (3.24), we construct a phase diagram of
the diamond lattice system as shown in Fig. 3.2(b). We can see that three phases: strong
topological, weak topological, and trivial phases are all realized in the phase diagram.
Figure 3.3 shows the band structure for a slab with (100) face of the system. We
can discuss the bulk-boundary correspondence which is the same as that in electronic
systems. Even number (2 and 0, respectively) of surface Dirac cones can be seen in
weak topological phases (0;111) and (0;100) (Fig. 3.3(a) and (b), respectively). We can
also find odd number (1 and 3, respectively) of surface Dirac cones in strong topological
phases (1;111) and (1;100) (Fig. 3.3(c) and (d), respectively). Here, we note that the
Dirac surface states of magnons which are first realized in this study exhibit interesting
properties, such as the magnon spin-momentum locking [189-191], as in the case of those
of electrons.

(a) ®d)J
E(k) 3.0

NN

2.0

Jo

(0] 1.0 2.0 3.0

Fig. 3.2: (a) The bulk band structure of magnons in the diamond lattice system (3.1).
For practical calculation, we consider the topologically equivalent deformed lattice, which
is a cubic one, by taking a; = (1,0,0), as = (0,1,0), and a3 = (0,0,1). We choose the
parameters as Jo = 14, J; = o = J3 =J =10, J. =D =1 =03, Kk = 1.5.
We write the high symmetry points as I' = (0,0,0), X = (7,0,0), M = (7,0, 7), and
R = (m,m,m). (b) The phase diagram of magnonic analog of 3D topological insulators
in the diamond lattice system, which are constructed as a function of Jy and J;. The
topological indices for each phase are written as (1§; 12,7, v2). We choose the other

parameters as J, = J3 = J = 1.0, J_. = D =1 = 0.3, kK = 1.5. The phase boundary
between two phases with different weak indices is plotted as the dashed line.
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M2 Ms T

Fig. 3.3: The magnon band structure of the model (3.1) for a slab with (100) face
for the four phases (Vg;yi,yj,uf) = (0;1,1,1), (0;1,0,0), (1;1,1,1), and (1;1,0,0) in
Fig. 3.2(b). We show the topological Dirac surface states by red. The high symmetry
points are written as I' = (0,0), M; = (7,0), My = (m,7), and M35 = (0,7). We choose
the coupling constants (Jo, J1) to be (a) (Jo, /1) = (0.6,1.0), (b) (Jo,J1) = (1.0,0.8),
(c) (Jo,J1) = (1.4,1.0), and (d) (Jo,J1) = (1.0,1.4), respectively. We take the other
parameters to be the same as those in Fig. 3.2(b), ie., Jo = J3=J =10, J_. =D =

I'=0.3, k= 15.






Chapter 4

Dirac surface states in magnonic analogs
of topological crystalline insulators

The topological surface states of magnons considered in the previous chapter are un-
precedented states in the magnetic systems. However, the realization of them is limited
to quite artificial models. In this chapter, we point out that similar surface states of
magnons can be realized in much more natural models. They are categorized in the
magnonic analogs of topological crystalline insulators discussed in Sec. 1.1.5. In partic-
ular, the models which we consider here are the magnonic analogs of antiferromagnetic
topological insulators (MAFTI) [38]. The essential point is that the symmetry of the
combination of time-reversal (©) and a half translation (7},,) allows for the Kramers
pairs of magnons. In the following, we refer to the symmetry of the combination operator
S1/2 = OT} )5 as S-symmetry.

We also discuss the properties unique to the topological surface states of magnons.
The particle with a magnetic moment obtains a vector potential dependent on its mag-
netic moment when moving in an electric field, which is called Aharonov-Casher (AC)
effect [192].In particular, AC effect is dominant for particles which do not have an elec-
tric charge but have a magnetic moment, such as magnons. Together with the spin-
momentum locking in the surface states [189-191], the AC effect results in the realization
of electric-field-driven current of magnons. We also find out the candidate material for
MAFTI. We calculate the magnon band structure of a van der Waals magnet Crl; with
the monoclinic stacking and reveal the existence of the Dirac surface states topologically
protected by S-symmetry.

In Secs. 4.1 and 4.2, we propose the model for MAFTI and discuss the induction
of magnon current by an electric field, respectively. In Sec. 4.3, we study the model
corresponding to a van der Waals magnet Crls and show the existence of magnon Dirac
surface states. The phase diagrams for the models in Sec. 4.1 and Crls are constructed
in Sec. 4.4.

4.1 Model

In this section, we propose the first models for MAFTTI. It is a stack of honeycomb lattice
magnets with intralayer ferromagnetic and interlayer antiferromagnetic interactions. The

45



46 4 Dirac surface states in magnonic analogs of topological crystalline insulators

system is shown in Fig. 4.1. The spins on the odd and even layers are aligned in +z- and
—z-directions, respectively. The Hamiltonian is written as follows:

H=—> SuJiySu+D > &;(SuxSu),+J > S-S (4.1)
(i)l (it (L)

Here, a pair of indices ¢ and [ denote the sites on honeycomb lattice and the layers, respec-
tively. The vector S;; := (Sj{l, S;'/,n jzl) is the operator of spins on the site designated by
the indices i and . The 3 x 3 diagonal matrix J;; is defined as J;; := J,, = diag(JZ, JY, J7),
where n = 0,1,2 correspond to the three different bonds in the honeycomb lattice as
shown in Fig. 4.1. The second term is the DM interaction between the next-nearest-
neighbor spins on the honeycomb layers. The sign convention §;; = +1(= —¢j;) for
1 — 7 is shown by orange arrows in Fig. 4.1. The third term represents antiferromagnetic

interlayer couplings.

—
/]y sz/\ a7/ /
~
Ji/ aN/ g - >,
N L~ — ~
“

Fig. 4.1: The picture for the first model of MAFTI. Red and blue circles indicate spins
aligned upward and downward, respectively. Spins on the same layer are ferromagnetically
ordered. The stacked layers have alternating magnetization. The two sublattices of the
honeycomb lattice is indicated by A and B. The matrices J,, (n = 0, 1, 2) are the couplings
of the Heisenberg interaction with XYZ anisotropy with the three different bonds. The
lattice primitive vectors are denoted as aq, as, and as.

Here, we apply Holstein-Primakoff and Fourier transformations and write down the
Hamiltonian (4.1) as follows:

H= b mncha | ] (12

Here, when we define the annihilation operator of magnons at the sublattice A(B) on
the layer with odd (even) [ as b(k, A(B),1(2)), the operator b(k) is written as b(k) =
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(b(k, A,1),b(k, B,1),b(k, A, 2),b(k, B,2))T. The explicit expression for the matrix H (k)
is given in Appendix F.

As we can expect from Fig. 4.1, the system is symmetric under the combination
of time-reversal, which correspond to reversing the direction of spins, and the transla-
tion in the z-direction by one layer. They are defined as © = K and T} /2(k:z) =1, ®
o.diag(1, e*=)®1,, respectively. The symmetry of the system leads to Sl_/IQ(k;Z)H (k)Siy2(k.) =
H(—k), where the operator Si/s(k.) is defined as Sy/9(k.) = ©T12(k.).

(a) e
6 L
[ ——
3 L
0
T M. M- M; I 0 I M. M: M I

Fig. 4.2: Magnon energy dispersion of a slab with (100) face of the model (4.1) (a)
without and (b) with an applied electric field. In (a), Dirac surface states are shown in
green. In (b), the ones which shift upward and downward are shown in red and blue,
respectively. When calculating the energy dispersions, the parameters are taken to be
JP o= 1.6, J = 04, JF = 1.0, J! = 1.0, JF = 04, JY = 1.6, JF = J; = J: = 1.1,
D =0.2,J =0.5,and S = 1.0. We note that for simplicity, the lattice is deformed into
a topologically equivalent cubic-shaped lattice. The high symmetry points I, M;, Ms,
and M3 are defined as (kq, k3) = (0,0), (7,0), (m,7), and (0, ), respectively.

Since the operator Sy/s(k.) satisfies Sy o(—k)S1/2(k.) = e’z Kramers theorem can
be applied at time-reversal invariant momenta in the k, = m plane due to S s(7)* = —1,
which enables topological surface states to appear. The magnon band structure of a slab
with (100) face is shown in Fig. 4.2(a). The single Dirac surface states similar to that in
strong topological insulators in class AIl, which we discussed in Sec. 1.1.4, can be found
at (ky, k.) = (m,m) (My point). By replacing the pseudo-time-reversal operator ©" with
Si2(m) in the definition of v77 in Ref. [144], we can define the Z, topological invariant
of MAFTI as follows:

1
A ]{ dk - [Apo(K)], _ — / dkodk, [0, ()], _ | mod2.  (4.3)
' 21 | JoeBz. . - EBZ. . -

Correspondence between the existence of the surface states and this topological invariant
can be confirmed. By using this, we construct the phase diagram of the model (4.1) in
Sec. 4.4.
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4.2 Energy current induced by a homogeneous elec-
tric field

In this section, we discuss what occurs when we apply an electric field to MAFTI. As
seen from Fig. 4.2(b), by applying an electric field, the Dirac dispersions of one and the
other surfaces shift upward (red) and downward (blue), respectively. After discussing the
mechanism for this in terms of the spin-momentum locking of the magnons [189-191], we
show that this results in an energy current.

To understand the phenomena, let us consider the AC effect, in which magnons acquire
a geometric phase by moving in an electric field E [192]. Due to the AC effect, the hopping
term of magnons is modified as

bib; + h.c. = €®ublb; + h.c., (4.4)

where b; is an annihilation operator of magnons at site ¢. The AC phase ¢;; is written as
1 [

%_E/‘W(Exm. (4.5)

Here, ¢ and 7;(;) are the speed of light in a vacuum and the position of the lattice site
i(j), respectively. The vector p := —oguge, is the magnetic moment of magnons from
up (0 = +) or down (0 = —) spins, where g is the g-factor of the spins, up is the Bohr
magneton, and e, (y = z, y, #) is the unit vector in the 7-direction. In the reciprocal
space, the AC effect results in the shift of the wave vector as follows:

OgHB
2

kE— k—

E xe,. (4.6)

How the vector potential in Eq. (4.6) results in the shift of surface Dirac dispersions
as in Fig. 4.2(b) is explained as follows. The effective Hamiltonian for (100) and (100)
surfaces are written as follows:

ak,+ Ey Bk ) )

Hi("’):i( Bk, —ak, + By

where Fy and k are the energy of the center of the Dirac cone and k = (ky, k), respec-
tively. The details of the derivation is shown in Appendix G. Here, the coefficients «
and (3 are calculated numerically as in Ref. [144]. The magnon state described by the
wave function ¥ = (1,0)T and 4’ = (0, 1) have the magnetic moment p = —guge, and
pn = +guge,, respectively. The direction of the magnetic moment and the momentum

are locked, whose relationships are opposite between magnons described by H, (k) and

H_(k). Under a homogeneous electric field applied in the z-direction E = E,e,, due to

the Peierls substitution in Eq. (4.6), the Hamiltonian H. (k) is changed as follows:

- alky + 4R E,) + Ey Bk,
Hi(k) =+ ( Bk, —a(k, — gngEx) + B,

— Ho(k)+ a%&b. (4.8)
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From the above equation, we can understand the mechanism of the shift of Dirac surface
states as in Fig. 4.2(b).

Next, we show that the shift of the Dirac surface states results in the energy current.
The energy current operator is introduced as follows [103,193]:

Jo = szhz (4.9)

Here, we write the operator of the position along the z-direction and the time derivative
of the Hamiltonian density at the site ¢ as P; and h;, respectively. By using the set of
magnon annihilation and creation operators ¥ (k), J, can be written as follows:

—%;wwmwwm (1.10)
where the matrix J,(k) is given by
Jo(k) = —é (PH(k)X.H (k) — H(k)X.H(k)P). (4.11)

Here, P and H (k) are the matrix for the operator of the position in the x-direction and
the Hamiltonian for a slab geometry with open boundary conditions in the z-direction,
respectively. By using 4N x 4N identity matrix 14y, we define X, as ¥, = 0, ® 1y,
where N is the number of the unit cells in the z-direction parallel to the vector a;. We
discuss the details of the energy current operator in Appendix H.

By using the linear response theory, we calculate the energy current induced by an
applied electric field. We first consider the AC electric field F,(t) = E,e”™*. When the
perturbation Hamiltonian of the first order in the electric field F, is written as Hg, the
expectation value of J, is written as follows:

i

<Jg;> _ _ﬁ/ dTeintr [efiHoT/h[HE’ po]eiHOT/th] efiwt' (412)
0

Here, the density operator for the unperturbed Hamiltonian H, at thermal equilibrium is
given as pg. The details of the expression of Hg are given in Appendix I. In the following,
Planck units are used; i.e., the Planck constant, the Boltzmann constant, and the speed
of light are taken to be unity. Here, let us study the response to the DC electric field,
and take the limit of w — 0. The energy current Eq. (4.12) is written as follows:

)= B(Eo(k)) — np(Es(k))
Z Z Es(k) +i/7)(Ed.(k) — Es(k))

k aﬁ%én

xmmmummT®T@m%®%%M» (4.13)

Here, we define .J,(k) and Hp(K) as J, (k) = 5.J,(k) and Hp(k) = i(S. H(k)S. Hp(k) —
Y., Hp(k)X,.H(k)), respectively. Here, np is the Bose distribution function. The matrix
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T'(k) is a matrix which diagonalizes the BAG Hamiltonian of magnons. It satisfies the
following para-unitarity T'(k)'X.T(k) = ¥,. To take account of the finite lifetime of
magnons, the phenomenological damping rate 1/7 is introduced.

—Kyy (meV-nm~1.s71)

10t
10°

1071

1072
1071 10° 10! 102
T(K)

Fig. 4.3: The energy conductivity as a function of temperature. The parameters which
are the same as those in Fig. 4.2 are used. The lifetime of magnons and the number of
unit cells are taken to be 1/7, = 1072 and N = 24, respectively. The summation in the
BZ is calculated on the 80 x 80 grid points.

Figure 4.3 shows the conductivity k., = Re[(J,)] /(gusE.) as a function of tem-
perature 7. We can see that the conductivity is a monotonically increasing function of
temperature. In the zero-temperature limit, x,, should become zero as magnons cannot
be excited, whereas it appears to be nonzero. This is due to a finite size effect. We have
confirmed that the energy of the entire system increases when an electric field is applied.
Therefore, the magnon flow can be considered to be driven by the energy injected by the
electric field.

Magnons acquire the AC phase by an electric field, as discussed above. On the other
hand, electric-field-induced DM interaction due to the superexchange mechanism [194,
195], which is proportional to the strength of the electric field, also adds a phase to
magnons via the spin-orbit interaction. The form of the phase is identical to that of the
AC phase as in Eq. (4.4), and thus we cannot tell them apart. The spin-orbit interaction
itself in a vacuum is quite small. However, the interaction can be drastically enhanced in
solids as we observed a variety of phenomena originating from the spin-orbit interaction.
Indeed, the AC phase is observed in a single-crystal yttrium iron garnet [196]. It implies
that the energy current induction discussed above is in the observable range.
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4.3 Realization of Dirac surface states of magnons in
CI‘Ig

In this section, we point out that the van der Waals magnet Crlz [146-155] with the
monoclinic structure is a candidate material for MAFTI. Electronic configuration 3d® of
Crl; forms a honeycomb lattice structure. The magnetic moments are carried by Cr3+
ions with the spin magnitude 3/2. The honeycomb layers of Crl3 forming the monoclinic
structure are illustrated in Fig. 4.4(a). The Hamiltonian of Crlj is given by

H=> > HY +D Y &i(Sux8u),+J > Su-Sju—r> (S
l

Y=2,,2 (ij) (i) ((i.),(4."))€mono i

(4.14)

Here, (ij)s, (ij)y, and (ij), are the nearest-neighbor z-, y-, and z-bonds, which are shown
by red, green, and blue lines in Fig. 4.4(a), respectively.

The interactions between the sites ¢ and j which are connected by the z-, y-, and
z-bonds on the [th layer are written as follows:

HE ) = —J8i- Sy + KS&8% +T(SY,5%,+57,5Y,), (4.15)
HY = —J8i- 81+ KS}, 8] +T(57,57,+S7,55)), (4.16)
Hi = —J8; S5+ KS7S%,+1(SST,+57,57,) (4.17)

Here, the first and second terms in the right-hand sides in Egs. (4.15) to (4.17) are the
ferromagnetic Heisenberg and Kitaev interactions [197], respectively. The third terms
are the symmetric off-diagonal intralayer interaction. The second term in Eq. (4.14)
represents the DM interaction between the next-nearest-neighbor spins in the same layers.
The third term in Eq. (4.14) is the interlayer antiferromagnetic Heisenberg interaction
between the nearest-neighbor bonds across the layers in the monoclinic structure. The
bonds corresponding to the summation Z«i’l),(j’l,))EmOHOare shown in the black dashed
lines in Fig. 4.4(a). The last term is the easy axis anisotropy. In Appendix J, we write the
BdG Hamiltonian of magnons obtained by applying the Holstein-Primakoff and Fourier
transformations.
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Fig. 4.4: (a) The lattice structure of Crlz with the monoclinic stacking. The z-, y-, and z-
bonds are shown by the red, green, and blue bonds on the honeycomb lattice, respectively.
The interlayer coupling, which is the third term in Eq. (4.14), is represented by the black
dashed lines. The spins on the layers with odd (even) [ are aligned in +2- (—z-) direction.
The vectors a1, as, and as are the lattice primitive vectors. The vector pointing from the
sites in the lower layer to the corresponding ones in the upper layer corresponds to as/2,
which are along the horizontal black dashed lines. (b) Energy dispersion of magnons of
a slab with (100) face of the model (4.14). We can see the gapless Dirac surface states,
which is shown in green, in the band structure. The area encircled by the red frame is
shown enlarged. While the gap opening at M; point is small, we can see that the band
gap closes only at My point, which corresponds to the single Dirac cone. (c) Energy
conductivity calculated by using the linear response theory. For (b) and (c), we take the
parameters to be J = 1.0, K = —-0.5,I'=0.3, D =0.07, J'= 0.1,k = 0.4, and S = 3/2.
The lifetime 7, and the number of unit cells N are taken to satisfy 1/7, = 1072 and
N = 24, respectively. The summation in the BZ is calculated over 80 x 80 grid points in

(c).

The energy dispersion of magnons of the model (4.14), which are calculated for a slab
with (100) face, is shown in Fig. 4.4(b). Although the gap opening at M, is small, we can
find the single Dirac cone, which is like the strong topological insulators, with the gap
closing at My point. The parameters of the intralayer interactions in Crlz are estimated
by the density functional theory calculations, which is shown in Fig. 3 in Ref. [155]. The
coupling constant of the interlayer interactions is estimated according to the discussion in
Ref. [151]. As in the case of the model (4.1), we can discuss the induction of the magnon
current by an electric field. By using the linear response theory, the thermal conductivity
Ky 18 calculated as a function of temperature, which is shown in Fig. 4.4(c). Similar to
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the previous case, the energy conductivity monotonically increases with the temperature.
The difference in the temperature in which the conductivities begin to increase comes
from the difference between the heights of the magnon bands, i.e., the energies required
to excite magnons. As seen in the phase diagram in Sec. 4.4, the topological phase which
has a single Dirac cone appears in a broad region in the parameters space.

Finally, we note that the monoclinic structure of Crls is realized at a temperature
higher than 200K, in which the magnetic order is no longer exist. However, it has been
reported that the monoclinic structure remains unchanged in a thin film of Crl; even when
the temperature is lowered below 200K [152]. Therefore, we expect the magnon physics
discussed in this section can be realized in a thin film of Crlz, and similar materials.

4.4 Phase diagrams

The phase diagrams of models (4.1) and (4.14) are constructed and shown in Fig. 4.5(a)
and (b), respectively. The phase diagram of the model (4.1) is shown as a function of D
and « which is a parameter introduced as Jj = 1.0 + o and J§ = 1.0 — a. That of the
model (4.14) is constructed as a function of K and D. The “Strong” topological phase in
the phase diagram means a topological phase which has a single Dirac cone as in the case
of strong topological insulators in class AIl, which we discussed in Sec. 1.1.4. In such a
case, between the two bulk bands, surface states of magnons cross at only My point and
is topologically protected by S-symmetry. On the other hand, the “Weak” topological
phase is similar to the weak topological insulators, which possess an even number of gap
closing points in the bulk band gap. The surface states in this case are not robust against
disorder. What we call MAFTTI is nothing but the magnets with the “Strong” topological
phase. When the system has no surface states, it is categorized in the “Trivial” phase.
The system is in the “Gapless” phase when the gap between the two bulk bands closes.
We note that the “Gapless” phase at the zero DM interaction is a magnonic analog of
nodal line semimetals.

Figure 4.5(a) implies that the “Strong” topological phase requires nonzero D and «.
Thus, for the realization of the single Dirac cone, the first, second, and third terms of
the Hamiltonian in Eq. (4.1) are all necessary. The roles of the three interactions for
realizing a single Dirac cone are summarized as follows. The DM interaction plays a
role in making the magnon bands topologically nontrivial. The XYZ anisotropy, which
breaks spin conservation, and bond dependence of the Heisenberg interaction is required
for the realization of a single Dirac cone, i.e., the surface states closing the gap only
at My point. When the system does not have these interactions, gap closing of surface
states the line between M; and M, points, not a single Dirac cone. It is also noted that
without the interlayer interaction, the system would be merely stacked Chern insulators
of magnons with alternating Chern numbers. Figure 4.5(b) shows that the “Strong”
topological phase in Crlj is realized in a broad region around the parameters estimated
by density functional theory calculations [155], which is shown by the black dot.
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Fig. 4.5: The phase diagrams for (a) the model (4.1) and for (b) the model (4.14). In (a),
we set other parameters to be J§ = 1.0+ «, JFf =1.0, J5 =1.0—a, J§ = J/ = JJ = 1.0,
JE=Ji=J; =14, J =05, and S = 1.0. In (b), the parameters are taken to be
J=10,I"=03,J =01,k =04, and S = 3/2. The black dot shows the parameters
estimated by density functional theory calculations in Refs. [151,155], i.e., K = —0.5 and
D = 0.07.



Chapter 5
Nonlinear spin Nernst effect of magnons

In this chapter, we study the nonlinear spin Nernst effect of magnons. The magnon
spin Nernst effect is interested as a means to generate pure spin current in the magnetic
insulators. So far, as discussed in Sec. 2.5, the spin Nernst effect of magnons is studied
in the linear response regime. Since the linear magnon spin Nernst effect requires DM
interaction, it is expected to appear in magnets containing heavy atoms. On the other
hand, the generation of pure spin current in materials which do not contain heavy atoms
such as organic materials is known to be difficult both in metals and insulators, since the
spin-orbit and the DM interaction are negligible in these materials.

In this chapter, by considering the nonlinear topological response of magnons, namely
the nonlinear spin Nernst effect of magnons, we discuss the generation of pure spin current
in the magnets with negligible DM interaction. We derive the formula for the transverse
current of magnons as a second-order response to the temperature gradient. In particular,
the spin Nernst current in the nonlinear response regime is revealed to be described by
the dipole moment of the product of the energy and the Berry curvature, which we call
extended Berry curvature dipole. We note that the case is similar to the nonlinear Hall
effect of electrons discussed in Sec. 1.1.6. It implies the possibility to realize spin Nernst
effect in the magnets where DM interaction is negligible. We applied the formula to the
various Néel antiferromagnets and found that the nonlinear magnon spin Nernst effect
is expected to occur in a wide variety of magnets. In addition, we show that in some
systems, the direction of nonlinear magnon spin Nernst current can be tuned by the
strain.

The derivation of the expression of the nonlinear spin Nernst current of magnons is
given in Sec. 5.1. In Sec. 5.2, we study the nonlinear magnon spin Nernst effect in the
strained honeycomb lattice antiferromagnet. In Sec. 5.3, by comparing with the spin
current as a result of the linear magnon spin Nernst effect observed in MnPS; [124], we
estimate the order of the nonlinear magnon spin Nernst current. The nonlinear magnon
spin Nernst effect in the square and diamond lattice antiferromagnets are studied in
Sec. 5.4.
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5.1 Expression of the nonlinear spin Nernst current
of magnons

In this section, we first derive the formula for the magnon spin Nernst current up to the
second-order response to the temperature gradient. Here, we assume a steady state where
both ends of the system are in contact with heat baths at different temperatures. In such
a case, it is known that the distribution of temperature can be written as a linear function
of a position [198]. Bearing this in mind, we henceforth assume that the temperature
gradient is applied in the z-direction as T'(z) = Ty — VT [199]. We assume that the
temperature gradient is applied in the z-direction as T'(z) = Ty — VT, where VT is a
constant. According to Ref. [101], the magnon current perpendicular to the temperature
gradient, i.e., in the y-direction, is written as follows:

I, = —%;Qn(k) /OOO dea% (B, (k) + e, T(2)). (5.1)

The derivation is the same as that of Eq. (B.6) in Appendix B. The distribution function
for magnons with the energy E under the temperature T'(x) is given by p(E, T(x)). Here,
the energy eigenvalue and Berry curvature of the nth band are denoted as E,(k) and
Q,,(k), respectively.

The second-order response to the temperature gradient, i.e., the coefficient of (V7T')?
in Eq. (5.1), is obtained by solving the Boltzmann equation. Here, we assume that the
density of magnons is sufficiently small so that the nonequilibrium distribution function
is not far from the one in the equilibrium. With the relaxation time approximation [200—
202], the Boltzmann equation can be written as

%p(En(k:) +e,T(z)) +a - a%p(En(k:) +e,T(z))+k- (,;ikp(En(k:) +¢,T(x))
_ p(En(k) +€T(x)) — po(En(k) + e,T(:c>>7 (5.2)

where we define the relaxation time and the equilibrium distribution function as 7 and
po(E,T(z)) = [eB/T® —1]71, respectively. Here, & and k are the time-derivatives of the
position and the wave vector, respectively. The first and third terms on the left-hand
side of Eq. (5.2), i.e., (0/0t)p(E,(k) 4+ €,T(z)) and k - (0/0k)p(E, (k) + €,T(x)), vanish
since we assume the steady-state and the system without external field. In this case, the
Boltzmann equation Eq. (5.2) is written as
0 E,(k ,T — po(En(k ,T
Here, we solve this up to the first order of VT as follows:

p(En(k) + €, T(x)) = po(En(k) + € T(x)) - Tﬂb%po(En(k) +¢,T(2) + O((VT)?)

0
=l Ealk) + e, T0) = T2 D k) + e, 7)) + O(TT)

(5.4)
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Here, the velocity & is written as (1/h)(0/0k,)E,(k). We note that the order of the
x-derivative corresponds to that of VT since the system depends on VT via T'(z) = Tp —
xVT. Since the x-derivative in Eq. (5.2) provides another VT, the first and second term
on the final equation are proportional to the first- and second-order of the temperature
gradient, i.e.,

O Bulk) + € T(w)) = o po(Bulk) + ¢ T(a)) - %ag;i’“) Ol Bu(k) + ¢, T(2) + O(VTY)
== _VTaiT'O (En(k) + €, T()) + JT(VT)Qaa—TOQP()(En(k) + €, To)
- 2P LB+ e T +OTTR. 69

Here, the second term in the final expression: z(VT)?(9%/0T¢)po(E, (k) + €,Ty), which
is an odd function of x, vanishes in the whole space. The transverse magnon current up
to a second-order of VT is obtained by substituting Eq. (5.5) to Eq. (5.1) and is written
as follows:

vT 0

Jy=~—3 " Qu(k)—
VTRV *) o,

/OOO depo(E, (k) + €, Tp)

T(}Zg) ;Qn“‘:)&gﬁ)aa_m/ow depo(En (k) + €, Ty) + O((VT)?). (5.6)

Here, by using the function ¢1(pg) := (1 + po)In(1 + pg) — polnpy, we can write down the
following equation:

0

T, /OOO depo(E, (k) + €, Ty) = c1(po(En(k), To)), (5.7)

By using the above function ¢;(pg) and replacing the sum over k with the integral over
BZ, we can rewrite the second term of the right-hand side of Eq. (5.6) as follows:

(k) 0> [~
ZQ ak aTQ/ depo(E, (k) + ¢, T))

= 3 G ot T0)
-3 / de ) 2l >( B g (B0, T)
7o 3 ., EHE ) el B, 2)

5% / hea(po(Ba(k). o) 5 (B ()2 () 55)
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Here, the Ty-derivative acting on the function ¢ (po(Fy,(k),Tp)) can be replaced with

(—En(k)/T0)0/0E,(k), i.e

oty | T, OE.K) (5.9)

This is because the Ty-dependence is given in the form of po(E,(k),Ty) = [ePr®)/To —
1]7%. The above equation is used in the second equality in Eqgs. (5.8). By substituting
Egs. (5.7) and (5.8) to Eq. (5.6), the expression of the magnon current perpendicular
to the temperature gradient up to the second-order of V7T is obtained and written as
follows:

VI Z /BZ d*key (po(En(k), To)) (k)

h2VT0 Z /B Zd2k61 po(En(k), To)) ai (E.(E)Q,(K) +O((VT)?).  (5.10)

In the following, we consider the magnons in Néel antiferromagnets, in which the
nearest-neighbor spins point in opposite directions, i.e., in the 4z and —z -directions.
Due to the perfect staggered magnetization, the systems have P7T-symmetry which is
given by the following equation:

(PT) 'S.H(E)PT = . H(k). (5.11)

Here, P and 7T are parity and time-reversal operators, respectively. As discussed in
Sec. 2.5, the magnon eigenstates in the antiferromagnets which conserve S* are divided
into the ones with magnetic moments upward and downward. Due to P7T -symmetry, these
magnon states with magnetic moment upward and downward have the same energy.

The eigenvectors and Berry curvature of magnons with the up (down) spin dipole
moment are given as ¥, 1)) (k) and €, +()(k), respectively. The transverse spin current
is written as J; = h(.J,;—J,,) since the magnons with the up (down) spin dipole moment
carry the spin angular momentum +% (—h). By substituting Eq. (5.10), magnon spin
Nernst current Jys can be written as follows:

5= Z [ her (ol B ). To) (@05 (8) = 0]

T 0, O E R, T i B (8) (9006) s8]

+O((VT)? ), (5.12)

As seen in the above equation, the second-order spin Nernst current is written in terms
of not Berry curvature dipole itself, i.e., Dy .|\ (k) := (0/0k:)(€2,1(,)(K)), but the Berry-

curvature-dipole-like quantity: D;"fm(“( ) = (0/0ky) [ En(k)(Qn4(k) — Qpy(k))]. In the
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following, we call the latter extended Berry curvature dipole. Since the PT-symmetry
ensures that the signs of Berry curvature of magnons with up and down spin dipole
moments are opposite, i.e., Q,+(k) = —2, (k), thermal Hall current of magnons defined
in Ref. [101] is zero in both linear and nonlinear response regime. Since the nonzero
values of the integral of the Berry curvature require the complex hopping terms due to
DM interaction or noncollinear spin configuration, the linear spin Nernst effect is absent
as well. Thus, the first term in the right-hand side of Eq. (5.12) is zero in such a case.
On the other hand, the nonlinear spin Nernst effect of magnons is expected even without
with negligible DM interaction, since extended Berry curvature dipole can appear when
the lattice breaks the inversion and rotational symmetries, as discussed in the following.

5.2 Honeycomb lattice antiferromagnet with strain

The nonlinear spin Nernst effect of magnons described in the second term in the right-
hand side of Eq. (5.12), is expected to occur in a wide variety of magnets, since the
extended Berry curvature dipole appears even without DM interaction. The first example
we consider is a honeycomb lattice antiferromagnet with strain. The honeycomb lattice
antiferromagnets extended along the x- and y-directions are shown in Fig. 5.1(a) and (b),
respectively. The Hamiltonian is given by

H=T1) Si-Sj+hY S-S —r) (5) (5.13)
(i (id)2 i

The summations about (ij)s and (ij); are taken over the nearest-neighbor vertical bonds
and the other ones shown in Fig. 5.1, respectively. Here, S; = (S7, S/, S?) is the operator
of the spin at site i. The remaining term is an easy-axis anisotropy in the z-direction.

(a) (b)
vy [ T 1]

1

Sy TR
jeeeiggy

i i ¢

Fig. 5.1: Honeycomb lattice antiferromagnets with the strain. Red and blue circles denote
spins pointing in the +z and —z-directions, respectively. In (a) and (b), the lattice is
extended along the x- and y-directions, respectively. The coupling constants satisfy (a)
Jp < Jy and (b) J > Js.

By applying Holstein-Primakoff and Fourier transformations, we can write down the
Hamiltonian as follows:

H=> ¢'(k)H(k)p(K), (5.14)



60 b Nonlinear spin Nernst effect of magnons

with

d 0 0 ~(k)

H(k) = 8 W(dk) 7;"’) 8 : (5.15)
v(k) 0 0 d

! (k) = [b(k). b] (), by (k). bu(—E)| (5.16)

where d = 215 + J55 + 2xS and ~(k) = 2.J;Se*v/2V3 cos(k, /2) + JoSe~*v/V3 The op-
erator by(})(k) annihilates a magnon with the dipole moment upward (downward), which
is the one from spins pointing downward (upward). For this model, the parity and time-
reversal operators are written as P = 1,®0, and T = K, respectively. The PT-symmetry
in Eq. (5.11) is satisfied in the above Hamiltonian. Owing to the simple and typical
model (4.1), we can find the candidate materials of the honeycomb AFMs. For exam-
ple, the honeycomb AFMs 2-Cl-3,6-F»-V [207] and Mn[C;oHg(OH)(COO)]3x2H20 [209]
would be candidates modeled by Eq. (5.13) with 0.7 < Jy/J; < 1.0 and Jy = 2J5, re-
spectively. We note that the materials possess bond-dependences inherently. Thus, the
nonlinear magnon SNE is expected to exhibit even without the strain.

The band structure, Berry curvature, and extended Berry curvature dipole of magnons
with up spin dipole moment in the strained honeycomb antiferromagnet are shown in
Fig. 5.2. Due to the P7T-symmetry, those with up and down spin dipole moments are
related by the following equations:

Ey(k) = Ex(k), (5.17)
6, (k) =~ (k), (5.18)
DY (k) = —Di(k). (5.19)

As seen in Figs. 5.2(a)-(d), Berry curvature and band structure are antisymmetric and
symmetric about k — —k. Thus, the linear spin Nernst effect is expected to be absent,
which is reasonable since the DM interaction is not included in the model.
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Fig. 5.2: (a), (b) Band structure Ei(k), (c), (d) Berry curvature 4(k), and (e), (f)
extended Berry curvature dipole D% (k) of magnons with the up spin dipole moment in
the strained honeycomb lattice antifferomagnet, whose Hamiltonian is given by Eq. (5.13).
The parameters in (a), (c¢), and (e) are chosen to be J1.S = 0.5, JoS = 1.0, and kS = 0.01,
which is the case described in Fig. 5.1(a). In (b), (d), and (f), we take the parameters to
be J;1S = 1.5, /S = 1.0, and kS = 0.01, corresponding to Fig. 5.1(b).

The coefficient of the nonlinear spin Nernst effect of magnons in Eq. (5.12) is shown in
Fig. 5.3. It is zero in the case of J; = 0 and J; = Jy (corresponding tothe system with the
three-fold rotational symmetry restored). The signs of the coefficients are opposite be-
tween the cases of J; < Jy and J; > Jo, which means that the direction of the spin Nernst
current can be controlled by tuning the strain. Here, in which directions the transverse
current is driven can be understood intuitively in terms of the balance of the coupling
constants of the nearest-neighbor bonds; i.e., the transverse magnon current tends to flow
in the direction of the stronger nearest-neighbor bonds corresponding eventually to the
+y/—y-direction in total.
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Fig. 5.3: Coefficient of the nonlinear spin Nernst effect of magnons as a function of the
coupling constant J;. We choose the other parameters to be J,S = 1.0, and xS = 0.01,
and Ty = 0.1. The factor 7/(hV 1) is taken to be unity.

5.3 Order estimation of the nonlinear spin Nernst
effect

Here, let us discuss the order of the nonlinear magnon spin Nernst effect, by comparing it
to the linear one observed in the honeycomb antiferromagnet MnPS3 [124] with the DM
interaction. We here consider the following Hamiltonian for the antiferromagnet MnPSs:

H=T) Si-Si+hY Si-8+D> &(Six58),—rd (5 (5.20)
(i3 (ij)2 ((i5)) i

where the third term is the DM interaction between the second nearest-neighbor spins.
The sign convention of the DM interaction &;; is shown in Fig. 5.4. Other terms are
the same as those in the model (5.13). By applying Holstein-Primakoff and Fourier
transformations, we obtain the magnon Hamiltonian for model (5.20), which is written
as in the same form as in Eq. (5.16) with the additional term A(k) derived from the DM
interaction, i.e.,
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Fig. 5.4: Honeycomb lattice corresponding to the antiferromagnet MnPS;. The sign
convention &;; = +1 (= —¢j;) for i — j is indicated by the orange arrows.

The experiment [124] shows a good agreement with the theoretical study [120], in
which the parameters of MnPS;3 are considered as J; = J; = 1.54 meV, D = 0.36 meV,
kS = 0.0086 meV, and S = 5/2 [203]. To estimate the order of linear spin Nernst
current, we ignore the second and the third nearest-neighbor Heisenberg interactions
taken into account in Ref. [120], whose coupling constants are less than one-fourth of the
nearest-neighbor ones. Since the antiferromagnet MnPS3 possesses the nonnegligible DM
interaction, the spin current observed in MnPSj3 [124] is mainly attributed to the linear
spin Nernst effect, which is described by the first term in Eq. (5.12). Here, we write the
part of the integral in this term as follows:

n=y [ e (ol B0, To)) (@) = Do (). (5.23)

Figure 5.5(a) shows the numerical result of I; as a function of temperature 7j in model
(5.20). From the figure, the order of the spin current at 7, = 20 K can be written as
follows:

A VT
S = X [~~~ x 107 24

Next, we estimate the order of nonlinear spin Nernst effect in model (5.20) where the
DM interaction is set to zero, which is equivalent to model (5.13). We here assume that
the coupling constant J; in Eq. (5.13) is changed as J; = 1.54 — 2.0 meV. In such a
case, i.e., for D = 0 and J; # Jo, the model does not exhibit the linear magnon spin
Nernst effect, but the nonlinear one, which is described by the second term in Eq. (5.12).
Here, we write the part of the integral of this term with the prefactor 1/7} as I, i.e.,

L=y / dkes(po( (k) To>>a% (Bu(k) (Qua(k) = Quy (k). (5.25)

The numerical result of I as a function of Tj is shown in Fig. 5.5(b). From this figure,
we can evaluate the nonlinear spin current at Ty = 20 K as

7(VT)? I 7(VT)?
% 2 A%

JNL = x (107" meV -nm-K™). (5.26)
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Since the linear spin Nernst current in Eq. (5.24) was observed with the electric voltage
VL, ~ 1 uV through the inverse spin Hall effect at 7, = 20 K (see Fig. 2.6 and Fig. 3(c)
in Ref. [124]), we can estimate the voltage Vy1, by the nonlinear spin Nernst current in
Eq. (5.26) in the following by taking their ratio:
L
VNL ~ VL X F

L
(r(VT)?/RV) x (107 meV - nm - K™)

(VT/V) x 100
~ 10"*6 V. (5.27)

Here, we assume that the lifetime of magnons and the applied temperature gradient are
7 ~ 10" s and VT ~ 107% K-nm™!, respectively. From Ref. [204], we expect that
VaL ~ 1073 1V is detectable, where the magnon lifetime is 7 ~ 1 ns. In model (5.13),
the velocity of magnons is estimated as v = (9/hok;)E+(k) ~ 10" nm - s~*. Then, the
corresponding mean free path for 7 ~ 1 ns is [ ~ 1 um, which is achievable in magnets.

(a) (b)
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Fig. 5.5: Numerical results of (a) I; and (b) 5 defined as Egs. (5.23) and (5.25), respec-
tively. The parameters .J; and D are chosen to be (a) J; = 1.54 meV and D = 0.36 meV,
and (b) J; = 2.0 meV and D = 0, respectively. In both (a) and (b), the other parameters
Jo, k, and S are taken as Jo = 1.54 meV, S = 0.0086 meV, and S = 5/2, respectively.
We note that [; is dimensionless. In particular, at the temperature T, = 20 K, the orders
of them are I; ~ 107! and I, ~ 107! meV - nm - K71, respectively.

5.4 Nonlinear spin Nernst effect of magnons in var-
ious antiferromagnets

Next, we discuss the nonlinear magnon spin Nernst effect in several other Néel antiferro-
magnets. We consider square lattice antiferromagnets with bond dependences and dia-
mond lattice antiferromagnet under pressure, which are shown in Fig. 5.6. The Hamiltoni-
ans of the corresponding models have the same form as Eq. (5.13). The nearest-neighbor
bonds (ij); and (ij)s, whose coupling constants are .J; and .J,, are shown Fig. 5.6.
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Fig. 5.6: The spin configuration and the lattice structure of the square lattice antiferro-
magnets with (a) staggered- and (b) zigzag-bond dependences. The bonds corresponding
to the coupling constant J; and Ja, i.e., (ij); and (ij) in Eq. (5.13), are shown by the
thin and thick lines, respectively. (c¢) The spin configuration and the lattice structure of
the diamond lattice antiferromagnet, which is compressed in the z-direction due to the
pressure. The vertical and the other three nearest-neighbor bonds correspond to (ij)s
and (ij); in Eq. (5.13), whose coupling constants are .J, and .J;, respectively.

By applying Holstein-Primakoff and Fourier transformations to Eq. (5.13), we can
obtain the Hamiltonian for magnons, which are in the same form as Eq. (5.16) in these
three cases. The Hamiltonian for these models are obtained by replacing d and (k)
in Eq. (5.16) as in the following. Those of the square lattice antiferromagnets with
staggered-bond dependence [see Fig. 5.6(a)] are given by

(k) = JySe=/V2 4 ] Set/VE o J,Sehe/VZ o T Sehu/ V2, (5.29)

In the case of the square lattice antiferromagnets with zigzag-bond dependence [see
Fig. 5.6(b)], they can be written as follows:

d=2J15+2J55 + 2K, (5.30)
(k) = JySe=/V2 4 g Set/VE o, Sehe/VZ o ], SR/ V2, (5.31)
For the diamond lattice antiferromagnet [see Fig. 5.6(c)], they are given by

v(k) = J1Se™ % 4 JSe* 9 4 ]y Se* e 4 ], Setk s, (5.33)
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1 1 1 1 1 1 1 1
where ag = (07_37_Wg>7 a, = <_§7_m7_ﬁ)7 as = <§;—Wga—m>a and a3z =
<0, 0, 3\/§> The PT-symmetry in Eq. (5.11) is present in these models.
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Fig. 5.7 (a),(c) Berry curvature Q4(k) and (b),(d) extended Berry curvature dipole
D?(k) = Ok, [E (k)4 (k)] of magnons with the up spin dipole moment in the square lattice
antiferromagnets. (a) and (b) ((c) and (d)) are results for the staggered-bond (zigzag-
bond) dependence in Fig. 5.6(a) (Fig. 5.6(b)), which is described by the Hamiltonian
in Egs. (5.16), (5.28), and (5.29) (Egs. (5.16), (5.30), and (5.31)). Figures (e) and (f)
show the z-component of Berry curvature Q”T”(O, k,, k.) and txtrextended Berry curvature
dipole ny(O, k,, k) of magnons in the diamond lattice antiferromagnet under pressure
with the Hamiltonian in Egs. (5.16), (5.32), and (5.33), respectively. The parameters in
these systems are chosen to be J; 5 = 1.0, JoS = 1.2, and xS = 0.01.

Berry curvature and extended Berry curvature dipole of magnons are calculated in
these systems and shown in Fig. 5.7. In Figs. 5.7(e) and (f), the z-component of Berry
curvature and extended Berry curvature dipole for the diamond lattice system defined as
Qf (k) = 2Im|[(Ok, Y1 (k))TE. (Or. b1 (k))] and Di¥ (k) = O, [E(k) (k)] are plotted in the
k. = 0 plane, respectively. The PT-symmetry leads to the following equations, which
relate the energy eigenvalue, Berry curvature, and extended Berry curvature dipole of up
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and down spin dipole moment:

E\(k) = Ey(k), (5.34)
(k) =~ (k), (5.35)
Qf (k) = —Qx( ), (5.36)
D (k) = —Di(k), (5.37)
D} (k) = —D%?y(k). (5.38)

As in the case of the honeycomb lattice antiferromagnet in Sec. 5.2, the Berry curvatures
in Figs. 5.7(a), (c), and (e) are antisymmetric, and the linear spin Nernst current is
confirmed to be zero in these cases. In addition, nonzero extended Berry curvature dipoles
in Figs. 5.7(b), (d), and (f) imply the existence of nonlinear spin Nernst current. In all
cases, breaking the inversion and rotational symmetries by introducing bond dependence,
i.e., J; # Jy, is important for the nonzero extended Berry curvature dipoles.

The quasi-two-dimensional antiferromagnet Cu(en)(H20),S0, is a candidate mate-
rial of the square lattice antiferromagnet with zigzag bond dependence, in which the
coupling constants are estimated as J; = 10.J; ~ 0.30 meV [212]. We can also find can-
didate materials of the diamond lattice antiferromagnets exhibiting Néel order, such as
CoRhy0y4 [213], MnAL Oy [214], and (ET)Ags(CN)5 [215]. In particular, (ET)Ag,(CN)s
is a molecular compound, and can be distorted by applying pressure without difficulty.
Thus, the pressure-tunable spin current is expected in the AFM.

(a) (®) (©
JEI(vT)? JEI(VT)? J3/(VT)?
0.005
0.01
0.01 ol | !25
ok ‘ ‘ J2S 0 J2S 0.8 1.0 1.2
{o,g 10 12 08 10 12 g0
~0.01 ~0.01

Fig. 5.8: Nonlinear spin Nernst coefficient contributed by magnons which are calculated
in the square lattice antiferromagnet with the (a) staggered-, (b) zigzag-bond depen-
dences, and (c) the diamond lattice antiferromagnet under pressure. The temperature
is dependent on the position y and written as T'(y) = Ty — yVT. As in the case of the
honeycomb lattice antiferromagnets, the direction of the spin current in the diamond
lattice antiferromagnet can be tuned externally by the applied pressure. For (a), (b), and
(c), the parameters are set to be J15 = 1.0, kS = 0.01, Ty = 0.1 and the factor 7/(AVTy)
is taken to be unity.

We calculate the coefficients of the nonlinear spin Nernst effect of magnons in these
models as a function of Jy, which are shown in Fig. 5.8. As seen from the calculation
of extended Berry curvature dipole in Fig. 5.7, we can expect the nonlinear spin Nernst
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current of magnons in these cases. Since the diamond lattice is 3D, the following formula,
which is obtained by generalizing Eq. (5.12), is used:

5= > / dher (ol B (). To) () = 21,(8)

hVTo Z/BZ dskcl (po(En(k), Tt ))82 ( En(k) (Qfm(k’) - wa(k)))
+O((VT)%). (5.39)

Assuming that the pressure applied to the diamond lattice antiferromagnets change the
length of bonds (i7); and (ij)9, Since the large-and-small relationship between J; and J;
in the diamond lattice can be changed by the direction of the pressure. Thus, the spin
current in the diamond lattice antiferromagnet is pressure-tunable, which is similar to
the case of the honeycomb lattice antiferromagnet.



Chapter 6

Summary and future prospects

In this thesis, we have investigated the surface states of magnons, which appear due to
the nontrivial band topology, and the transport phenomena associated with Berry cur-
vature. In Chap. 3, by considering the fermion-like pseudo-time-reversal symmetry, we
have proposed a topological magnon system with magnon surface states, which can be re-
garded as a magnonic analog of a three-dimensional topological insulator. These surface
states are protected by pseudo-time-reversal symmetry and have a linear Dirac disper-
sion. The relation between the number of surface states and the topological invariant
characterizing the system has been discussed. However, the model proposed there has
been realized in a very artificial setup. In Chap. 4, we have focused on the fact that the
Kramers degeneracy in magnon bands occurs under the symmetry of the combination of
time-reversal and half-translation. We have proposed models with magnon Dirac surface
states protected by this symmetry. These surface states are similar to those proposed
in Chap. 3, and shows many novel properties such as spin-momentum locking. Unlike
that of Chap. 3, the models proposed here are realized in a natural setup, and we have
found that the van der Waals magnet Crl3 is a candidate material. We have calculated
the band structure of magnons in Crl; at the parameters estimated by density functional
theory calculations and shown that these surface states are realized. By using the linear
response theory, we have discussed the induction of the magnon current caused by the
spin-momentum locking of the magnon surface states and the Aharonov-Casher effect
in an electric field. In Chap. 5, we have proposed the nonlinear spin Nernst effect for
magnons. By considering the second-order response to a temperature gradient, we have
found that the magnon current perpendicular to the temperature gradient can be de-
scribed by a dipole moment of the product of the energy and the Berry curvature. This
nonlinear spin Nernst effect is is expected to occur in many antiferromagnets without the
Dzyaloshinskii-Moriya interaction.
To summarize, the main results of our studies are as follows.

e The first model of a magnon system with surface states like those of three-
dimensional topological insulators of electrons has been constructed.

e By considering the counterparts of topological crystalline insulators of
electrons, we have realized similar surface states in natural setups.

69
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e We have calculated the magnon band structure of Crlz and confirmed
the existence of surface states.

e The characteristic electric field response due to the surface states has
been proposed.

e We have developed a theory of the nonlinear spin Nernst effect of magnons.

The future prospects are as follows. The magnon surface states proposed in this study
are the counterparts of those observed in three-dimensional topological insulators, which
are known to exhibit many interesting properties in electronic systems. It is possible to
study various phenomena similar to those investigated in electronic systems as well as
those unique to magnon systems. For example, since the surface state is spin-polarized,
the Edelstein effect is expected. By the current resolution of inelastic neutron scattering,
the surface states of magnons are difficult to be measured. Therefore, the existence of
the proposed surface states should be proved by measuring related transport phenomena.
Thus we hope that future experiments will enable us to observe phenomena such as the
induction of the magnon current by an electric field proposed in this thesis and the Edel-
stein effect. Another future direction is to explore the magnon surface states, which are
protected by symmetries other than the pseudo-time-reversal symmetry and the symme-
try of the combination of time-reversal and half translation. For example, in electronic
systems, surface states protected by a combination of time-reversal and Cy rotation have
been investigated [32], and similar ones can be considered for magnon systems. Depend-
ing on which symmetry the surface state is protected by, properties such as dispersion
relations will change, resulting in many novel phenomena in magnon systems. The non-
linear spin Nernst effect of magnons is expected to be measured by converting it into
an electric current using the inverse spin Hall effect in Pt. Fortunately, we can consider
many candidate materials which exhibit the nonlinear spin Nernst effect of magnons,
e.g., antiferromagnets on a honeycomb lattice [205-211], square lattice with zigzag bond
dependence [212], and diamond lattice [213-215]. Those with large bond dependence and
long magnon lifetime should be targets for the measurement. In particular, we expect to
find purely nonlinear contributions in magnets which only contain light atoms, since the
Dzaloshinskii-Moriya interaction is typically very small even if the inversion symmetry is
broken. We here emphasize that our proposal for the nonlinear magnon spin Nernst ef-
fect provides one of a few possible ways to generate the spin current in materials without
heavy atoms, such as organic materials [216,217] where the Dzyaloshinskii-Moriya inter-
action is negligible. We expect that our results will lead to new ways of the manipulation
of magnons and spin currents, which can be first enabled by their topological properties,
and will stimulate the field of spintronics.
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Appendix

Appendix A : Proof of the statements in Sec. 2.2

In this part, we prove the three statements (i)-(iii) in Sec. 2.2.

Proof of (i).
By using the eigenvalues A\,(k) (n = 1,---,2.47) and the unitary matrix U(k), the
Hamiltonian matrix H (k) can be written as

H(k) = U'(k)diag(A(k), -+, oy (k) U (K). (A1)

In the following, we assume that the eigenvalues are positive definite. The above equation
can be ertten as H(k) = QT(k)Q(k), where, Q(k) is a regular matrix given by Q(k) =

diag( \/ /A2y (k))U (k). The eigenvalues of ¥, H (k) is the same as a matrix
Qk) = E QT( ) since they are similar to each other. We note that the matrix Q(k)

is Hermltlan and its determinant is nonzero, i.e.,
Det (Q(k)) = Det () Det (H (k)) = (—1)"" Det (Q(k)Q'(k)) # 0. (A.2)

Thus, we can show that as those of Q(k), the eigenvalues of ¥, H (k) is real and nonzero.
O

Proof of (ii). Let us take the complex conjugate of the eigen equation ¥, H (k)Y (k) =
E(k)y(k) and reverse the direction of the wave vector, i.e.,

S HY(—k)P(—k) = E(=k)y"(-k). (A.3)

By multiplying the above equation from the left by ¥, and by using the anti-commutation
relation {3,,3,} = 0 and X2 = 1, 4, we obtain the following equation:

— 5B (k)X X0 (—k) = E(—k)Xop™(—k). (A.4)

Since the BAG Hamiltonian satisfies ¥, H(k)X, = H*(—k), we can write the above
equation as follows:

H(k)S,9" (k) = — E(—k)S,9" (—k). (A.5)

O
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In the following, the eigenvalues and the eigenvectors of ¥,H (k) are arranged as
follows:

We denote the eigenvectors as
(k) = S0 (k). (A.9)

It should be noted that the matrix in Eq. (A.7) is nothing but the para-unitary matrix
T(k) in Eq. (2.21).
Proof of (iii).

Since the eigenvalues of Q(k) = Q(k)X.Q1(k) is £ E,(k) (E,(k) > 0;n=1,--- , A4,

the eigen equation of {2(k) can be written as follows:

Q(k)pno (k) = o B, (K)o, (K), (A.10)

where ¢, (k) is the eigenvectors. We can choose the orthogonal set of the eigenvectors,
ie.,

(rp(K), Pno(k)) = d)fnp(k)cbm(k) = OnmOop- (A.11)
We can see that the vector defined as (k) := /FE Q k)d,, (k) satisfies the
following equation:

which implies that 1, (k) is an eigenvector of 3, H (k) with eigenvalue o E,, (k). By using
the equation:

Q7 (R)]T'2.Q7 (k) Puo (k) = Q7 (K)o (K)
= (0Eq (k)™ o (k), (A.13)

we can see that the following para-unitarity relation is satisfied by ¥, (k), i.e.,

((thmp(K), thno (K))) = 2, ( ) Z¢na( )
=VE k)¢l (k)] 2.Q7" (k) pno (k)

En( )

=0 Em(ki> (:binp(k)(bna(k)

= 0O pmOop. (A.14)
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Appendix B : Derivation of magnon thermal Hall cur-
rent

Here, we derive the expression of the magnon thermal Hall current (2.26). As in the case
of electrons, the semiclassical equation of motion of magnons are written as follows:

_ 10e(k)
=5k k x Q,(k), (B.1)

hk = —VU(r). (B.2)

Thus, the velocity can be written as #» = (1/h)VU(r) x Q,(k). Let us consider the
current in the z-direction in a temperature gradient applied in the y-direction. The
magnon current at the position y is given by

_ % S plens + U(r), T(y))i

- 5 lews V). 700 fy U ()92 (k). (B.3)

Here, we write the width of the system in the y-direction as w, where the center is taken
to be y = 0. When b; and by are set to be by < —w/2 and w/2 < by, respectively,
the potential energy of magnons satisfies U(y = b;) = U(y = by) = oo. Therefore, the
magnon current in the xz-direction in the whole space is written as follows:

ba
=t / dy (). (B.4)

W

Here, we divide the systems into the two regions as b; <y < a and a < y < by, where
the position y = a is set to be in the systems, i.e., U(y = a) = 0. In the first region
by <y < a, we can roughly take the temperature as T(y) # T(—w/2). The integral in
this region is calculated as follows:

1 [ 11 @0
~ | d :——E: d

MVZ/ AU p(en s + U, T(—w/2)) (k)

)p<en,k L Ur) T() % (k)

= _;WZ/ dep(e, T(—w/2)) (k). (B.5)
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By calculating the integral in the second region a < y < by, the magnon current (B.4)
can be written as

I, WZ | et ) = ple (/20 2518

_ W nz; / de (%p(e,T(:[))) Q: (k). (B.6)

The magnon current is often interested in terms of the transport properties of the spin
magnetic moment and the energy. For example, magnons from spins upward are consid-
ered to have a magnetic moment —A. Thus, the spin and energy currents conveyed by
the magnons, in this case, are written as follows:

JS Z / ”ﬂ%k) (B.7)

JE = 0 Z/ dee’a—y))ﬁfl(k;). (B.8)
nk Y nk

In particular, the energy current (B.8) is rewritten as
107 1 )
JP = ——— — dee 20 —=Q (k). B.9
1> | 10 (B.9)

By using the function ¢,(p) defined as

calo) = /OO ey (<25 ) = [Cwosa v 10, @10

0
we finally obtain the formula for the thermal Hall current of magnons Eq. (2.26), i.e

_ _k;VTZCQ(pn)Qn(k). (B.11)
n,k

kY

Appendix C : Kramers pairs of bosons described by
Bogoliubov-de Gennes Hamiltonians

In the main text, we mentioned that the Kramers theorem can be applied when the
systems are symmetric under an anti-unitary operator which squares to —1. However,
the proof of the Kramers theorem is a bit different from the case of electrons due to the
peculiar mathematical properties of magnons described by the BAG Hamiltonian. In this
part, we give the details of the proof of the Kramers theorem in such a case. We here
show that under certain symmetry, the eigenvalues of the matrix ¥, H(A) degenerate at
TRIM: k£ = A.
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By using a para-unitary matrix P and the complex conjugation K, we define an
anti-unitary operator O = PK which satisfies

0% = —1. (C.1)
We assume that the system is symmetric under this operator and satisfies
H(A)O —OX,H(A) =0, (C.2)
Here, we write the eigenvector of ¥, H(A) with the eigenvalue E(A) as ¥(A), i.e
NH(A)$(A) = E(A)p(A). (C.3)
Multiplying both sides of Eq. (C.3) from the left by O, we obtain

H(A)O(A) = E(A)O(A). (C.4)

Here, we used the commutation relations Eq. (C.2). Thus, the two vectors ¥(A) and
O (A) are both the eigenvectors of 3, H(A) with the same eigenvalue F(A).

Next, we show that these vectors are orthogonal to each other. The inner product of
these vectors can be deformed as the following:

(W (A), 0%(A)) = — (O*P(A), O%(A)))
- (02¢(A)) (Z P);¥i(A)
= —¥5(A) (P15.) , (KO™p(A)),
= — ((¢(A), S, PTS. KO* A)>>
= —((¢(A), (Z.PT"S.KPK) Op(A)))
—{(¥(A),09(A))) . (C.5)
Thus, we confirmed that vectors 1(A) and Ow(A) are orthogonal to each other, i.e.,
(¢ (A),Op(A)) = 0. Here, in the final equality in Eq. (C.5), we used the following

equation:
S.PTS.KPK = (£.P'S.P) =32 =15, (C.6)
which is derived from the para-unitarity of P.

Appendix D : Details of the interactions in the Hamil-
tonian (3.1)

In Sec. 3.1, we proposed the first model of magnonic analog of 3D topological insulators.
In this part, we give an explicit expression of the interactions in the Hamiltonian (3.1).
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They are given by the following equations:

Hpy = Z D?(S*(R, A)SY(R+ a1, A) — SY(R, A)S*(R + ay, A))
R s=u,d

+ D;3(S; (R, A)SY(R+ a3, A) — SY(R, A)S; (R + a, A))

+ D3(Sy (R, A)SY(R+ a3, A) — SY(R, A)S; (R + a3, A))

2
D31 (S{(R, A)SY(R + @z, A) = S{(R, A)S{ (R + ax, A))
D31 (5 (R, A)SY(R + ag, A) — S{(R, A)S (R + ag, A))
D35 (S5(R, A)SY(R + ag, A) = SY(R, A)S{ (R + ag, A))
— (A ¢+ B), (D.1)
Hy=JY Siu-Sia: (D.2)

> JoS.(R,A)-S,(R,B)+ JiS.(R,A)- S,(R+ a, B)
R, s=u,d
-+ JQSS(R, A) . SS(R + ao, B) -+ JgSS(R, A) . SS<R -+ as, B), <D3)

Hyxy = J_ > DY(S(R, A)S5(R + a1, A) — SU(R, A)SY(R + a1, A))
R

+ DY(SE(R, A)SS (R + as, A) — SY(R, A)SY(R + ay, A))

+ DY(S* (R, A)S%(R + a3, A) — SY(R, A)SY(
DY, (SZ(R, A)S(R+ as1, A) — SY(R, A)
D5 (Sy(R, A)SG(R+ az, A) — SY(R, A)
D3 (Sy(R, A)S{(R + az, A) — S§(R, A)

— (ud)

— (A + B), (D.4)

Hr=T Z Di(S*(R, A)SY(R+ ay, A) + SY(R, A)S% (R + ay, A))
R

~—
R

+ D3(SZ(R, A)SY(R + as, A) + SY(R, A)S3(R + as, A))

+ D3(SZ(R, A)SY(R + a3, A) + SY(R, A)S5(R + as, A))
D3 (SY(R, A)S{(R + a2, A) + S{(R, A)S{(R + ax, A))
D3 (SY(R, A)SG(R + azi, A) + S{(R, A)S{(R + az, A))
D, (ST(R, A)SI(R + asz, A) + S{(R, A)S{(R + az, A))

— (ud)
— (A & B), (D.5)
H,=—r Y (S,)% (D.6)

i,s=u,d

Here, we write the operators of up and down spins localized at the site ¢ as S, , and S, 4,
respectively. In the case that the site i is on X (X = A, B) sublattice in the unit cell
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labeled by the lattice vector R, we write another expression of S; ; (s = u,d) as S;(R, X)
(s =u,d). Here, a;; is given by a;; = a;—a;. We consider the two nearest-neighbor bond
vectors traversed between sites (R, A) and (R+ a;, A) (R, A) and (R + a,j, A)) [218],
which is detailed in Fig. D1. By using them, the DM vector D; (D;;) is given by D, =
D(d!(R) x dX(R))/|d}(R) x &(R)| (Ds; — D(d}(R) x d2(R))/|dL,(R) x d(R)]). We
define the vectors D; and D;; as D; = D;/D and D,; = D,;/D, respectively.

(R, B)

[
(R, A)

Fig. D1: Two nearest-neighbor bond vectors d}(R) and d?(R). The site (R, B) is the
common nearest-neighbor site between two next nearest sites (R, A) and (R + a;, A).
The vectors d}(R) and d?(R) point to the site (R, B) from (R, A) and (R + a;, A),

respectively.

By applying the Holstein-Primakoff and Fourier transformation, we can obtain the
Hamiltonian which is written in the form as Eq. (2.40) with N = 2. The matrix H (k) is
given by

109 = ( 569 10 ) o

Here, 4 x 4 matrices h(k) and A(k) are written as follows:

5
h(k) =doly + ) di(k)I*, (D.8)
a=1
A(k) = J/O'$ ® 127 (Dg)
where ['(12345) a5 given by
[(1:2:3:45) — (1o ®0,,10®0,,0,0,,0,R0,,0, R 0). (D.10)

We note that these I' matrices satisfy the standard anticommutation relations: {I'¥ T()}
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20;14. Here, d; (i =0,1,---,5) in Eq. (F.2) are written as
do=Jo+ I+ o+ I3+ J + 2k, (
dy(k) = —Jy — Jycos (k1) — Jycos (ky) — Js cos (k3), (
do(k) = —Jysin (k1) — Josin (ko) — Jysin (k3), (D.13
ds(k) = —V/2T[sin (k) — sin (ks) — sin (kgy) + sin (ks1)], (
(k) = —V/2J_[sin (ks) — sin (k) — sin (ksz) + sin (k)] (
ds(k) = —v/2D][sin (k) — sin (k) — sin (ky3) + sin (ka3)]- (D.16

Here, k; and k;; are defined as k; = k - a; and k;; = k; — kj, respectively. We write the
three lattice prime vectors of the diamond lattice as a; (i = 1,2,3). We can see that the
pseudo-time-reversal symmetry (C.2) is satisfied by the Hamiltonian (D.7).

Appendix E : The analytical expressions of energy
eigenvalues

In this part, we show that in the case of I' = 0, the energy spectrum of the Hamiltonian
of the diamond lattice system (3.1) can be obtained analytically. By using the unitary
matrix U(k) (details of U(k) are shown later), ¥, H (k) can be written as follows:

U (k)5 H (k) U (k) = ( Q;ék) Qlé"’) ) (E.1)
where Qu(k) (n = 1,2) are defined by
“dy 0 Aa(k) 0
Qn(k) = )\,’;f(k) W —210 b (E2)
0 X (k) 0 —d
Here A, (k) is written as
At (B) = —ida(k) + (~1)"" £ \Jd2(k) + [y(k)2 (E.3)

We note that the matrix UT(k) (3. H (k))*U(k), whose eigenvalues are equal to the square
of the ones of ¥, H(k), is the block diagonal:

U'(k)(S.H(k))’U(k) = (U (k)S.H(k)U(k))?
Q) 0
- ( 0 QuR)Qu(k) ) ' (E4)

The matrices Q1(k)Q2(k) and QQ(k:)Ql( ) have the same eigenvalues, which correspond
to the double eigenvalue E?(k) of (X,H(k))?. Here, we write the pair of eigenvalues of
Y.H(k) as +E(k). Therefore, E?(k) can be obtained as the eigenvalues of Q;(k)Q2(k):

s = (B =), (©.5
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where the matrices ¢, (k) and ¢2(k) are given by

g+ A4 (k)As | (K) 0
q(k) = ( +0 B+ (k)N (k) > . (E.6)
do(M 4+ (k) + A2 1 (K)) 0
(k) = ( 0 oM () + o, (K)) ) S

Since this matrix can be divided into two parts, the eigenvalues are calculated from the
following equation:

‘ di+ M= (k)N; (k) — E*(k)  —do(M (k) + A2 (K))

(N (k) + 250 (R) B4 Ao (B) s (k) — E2(K) ‘:0' (E8)

Then, one has

E*(k) = dy + Re[Ap(k)As (k)] + p’\/ (dg + Re[Ar,(R)A; ,(K)])? + di[ Ao (k) + Az, (k)2
(E.9)

where p, p’ = £. Finally, the eigenvalues of ¥, H(k) are written as follows:
EPLPZ:PS (k:>

= [+ Rl (), 0] [ Rl (NS ()2 + 1 8) A R
(E.10)

where p1, p2, p3 = . We note that due to the pseudo-time-reversal and inversion sym-
metry, these eigenvalues are doubly degenerate and satisfy E,, ; ,.(k) = E,, _ ., (k).

In the following, we show how to construct the matrix U(k). This is written as the
product of three unitary matrices Uy, Us, and Us(k), i.e., U(k) = U UyUs(k). The first
matrix U, is the one which diagonalizes C' := 0, ® 0, ® 15. Since C' anticommutes with
Y.H(k), Uy makes ¥,H (k) off-diagonal:

0 Ri(k)
UIS.H(k)U, = ( Ryk) 0 ) : (E.11)
where
—do + ds(k) + J' v(k) idy(k) 0
Ri(k) = _’7*<k> —dy — d5<k) +J 0 —id4(k2)
(k) = —idy(k) 0 —do— ds(K) — ' A (k) ’
(E.12)
ok — -7 (k) —do — ds(k) = J' 0 —idy(k)
2(k) = —idy (k) 0 —dy — ds (k) + J' v (k)
0 idy(k) —v*(k) —dy + ds(k) + J'

(E.13)
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The second matrix is given by Us = 1, ® u. Here w is a 4 x 4 matrix and diagonalizes
¢ 1= 0, ® 0, which anticommutes with dyls + R12(k). By the unitary transformation
using u, doly + Ry 2(k) becomes off-diagonal:

UT(d014 + Rl(k))u = ( 7‘12(2’9) Tllék) ) ’ (E14)
W ol + Ro(le) ) — ( iy ). (B.15)
where
ds(k) —ida(k) — “(k)
5(k) —idy(k) +J *(k)
ro1(k) = rhy(k) = ( (k) —dy(k) Z ida(k) + J' ) . (E.17)

Since r;;(k) (i,7 = 1,2) commute with each other, they are diagonalized by the same
unitary matrix v(k) as follows:

ot () (K)o(k) = ( A”*O("’) N f)(k) ) | (E.18)
ot () (k)0(k) = ( A;B("’) " 0(k> > (n=1,2). (E.19)

By using v(k), the third matrix Us(k) is defined as Us(k) = 14 ® v(k). Now we can
construct the matrix U(k) and obtain the unitary-transformed Hamiltonian Eq. (E.1).

Appendix F : Explicit expression of Hamiltonian ma-
trix in Eq. (4.2)

In this part, we give the detailed expression of the matrix H (k) in the Hamiltonian (4.2),
which is proposed as a model for MAFTI. The general form of the Hamiltonian for
noninteracting bosons are written as follows:

h(k) Af(k)
H(k) = ( Alk) h*(—k) ) : (F.1)
In the case of model (4.2), h(k) and A(k) are 4 x 4 matrices and given by
d+ p((k)) T+ ((k’)) 0 0
—vi(k) d—p(k 0 0
ak) = | 0 doplk) k) | (-2
0 0 —7i(k)  d+pk)
O(k:) - (k) (k) (Ok |
| 0 0 7z (ks
AR=1 ) 0 0 v (k) |’ (F:3)
0 '72(]{73> _’Yi(k> 0
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where
d=J:S+ J:S + JiS +2J'8, (F.4)
p(k) = 2DS [sin(k1) — sin(ks) — sin(ky — k»)], (F.5)
Vi (k) = JES + JESe™  JFSeit2, (F.6)
Va(ks) = J'S (1 +€™). (F.7)

Here S, k;, and J;* are the spin magnitude, k; = k-a;, and JF = (J*+.JY)/2, respectively.

Appendix G : The derivation of the effective Hamil-
tonian for the surface

In this part, we derive the effective Hamiltonian of the surface of the system. Let us
consider the projection onto the subspace of two (particle) bands above and below the
Dirac point we focus on. We define the set of the wave functions of these bands as

where |5 (k)) is the eigenvectors of the lower (higher) band. Since we consider up to
first order of k. —, the operator Sy/(k.) can be replaced with Sy /(7). The Hamiltonian
projected onto this subspace is a 4 X 4 matrix and written as

H(k) = (¥ (k)| H (k) |¥(k)). (G.2)

Expanding the Hamiltonian H; (k) to the second order in k, and the first order in (k, —)
and (k, — ), we denote the terms depending on (k, — ) or (k, — ) as H,.(k). The other
terms are denoted by H, (k). We write the energy of the center of the Dirac cone as Ej.
The state ¥ (x) which is localized on the (100) surface is obtained as the eigenvector of

the Hamiltonian H,(—i0,) with the eigenvalue Fjy:

Hy(—10:)9(x) = Eotp(z). (G.3)

Here we take ¥ (z) as
P(x) = Poe’”. (G.4)
The parameter A is obtained by solving
Det (H,(—i)\) — Eply) = 0. (G.5)

This is an eighth order equation in A and has eight solutions. Four of them are positive and
the other are negative. The negative solutions correspond to states localized on the (100)
surface. Here we focus on the positive solutions corresponding to states localized on the
(100) surface. Due to the S-symmetry, each two of the eight solutions are the same. Thus,
we write two positive solutions as A\; and Ay and define the corresponding two constant
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vectors as ¥; and 1y. The combined operator in the subspace of first and second bands
is defined as Si2(k.) = OTi/2(k.), where © = K and Ty(k.) = o diag(1, e*=) ® 1o,
respectively. The vectors Si2(m)t)1 and Sy /o(m)1ps are also the solutions with A; and Ao,
respectively. Then the wave function which satisfies Eq. (G.3) is generally written as

P(2) = (1thr + BiS1ja(m)ah1) €M + (cths + B2S1 /o (m)aha) 7. (G.6)

Since Ao > 0, this satisfies the condition ¥(—o0) = 0. Using the other boundary
condition that the wave function vanishes on the surface x = 0, i.e. ¥(0) = 0, we obtain
four simultaneous equations for the coefficient aq, 81, as and Bs:

aq

A

(%)

B

(1, S1/2(m) W1, P2, S1/2(m)12) =0. (G.7)

Since the determinant of the matrix (’le,Sl/z(ﬂ)¢1,¢2751/2(ﬂ)¢2) is zero, the above
equation has a nontrivial solution. The overall factor of the four coefficients aq, 81, as
and [ is determined by the normalization condition:

/ dfb(2)[2 = 1. (G.8)

From the coefficients obtained, we have the effective surface Hamiltonian

(| Hy(R) ) + By (| Hys () S yo(m)ep)
Heff“‘“)‘(<sl/2<w>¢|ﬂyz<k>|¢> (Suyo(m)p| H,, k>|sl/2<w>w>+Eo)’ (G.9)

where the matrix element (1| H,, (k) |1) is defined as
0
@WHB) ) = [ ol @), B (G.10)

—0o0

The other three matrix elements are defined similarly.

Appendix H : Expression of energy current

In this part, the explicit expression of the energy current operator J, in Eq. (4.9) is
discussed. Here, the open (periodic) boundary conditions in the direction(s) along a;
(as and as), are considered. When we apply the Holstein-Primakoff transformation and
Fourier transformation along with the ay and aj directions, the Hamiltonian (4.1) is
written as follows:

H = %;¢*<k>H<k>¢<k>. (H.1)
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The operator v (k) is defined by Eqgs. (1.4) and (1.8). We define the position operator in
the z-direction as follows:

Z W' (k) Py (k). (H.2)

Here, P is an 8N x 8N diagonal matrix whose components are given by

P4n+1,4n+1 = P4n+3,4n+3 = P4(n+N)+1,4(n+N)+1 = P4(n+N)+3,4(n+N)+3

V3 INRVE] 1
=“n-1)—=|=(N-1)+— H.3
p4n+2,4n+2 = p4n+4,4n+4 = p4(n+N)+2,4(n+N)+2 = p4(n+N)+4,4(n+N)+4

3 1 3 1
ERCINESTR Y RV (H.4)
2 2\ 2 2V/3

We also define the Hamiltonian density at site ¢ and its time derivative as follows:

ZZW (k) (k). (H.5)
hi = Z[H, hi], (H.6)

The energy current operator J, in Eq. (4.9) is defined by using these P and h;. We can
rewrite the energy current operator J, as follows:

_ ! Z%"T (k)S.H(K) — H(k)S. H(k)P) (k), (H.7)

where ¥, = 0, ® ly. Thus, a matrix J, (k) is defined as

Jo(k) = —% (PH(k)X.H (k) — H(k)S.H(k)P). (H.8)

Appendix I : Expression of perturbation term due to
an electric field

In this part, we explain the details of the perturbation Hamiltonian Hpg, which is in-
troduced to evaluate the energy current using the linear response theory in the Sec. 4.2
and 4.3. Here, same boundary conditions as in Appendix G, i.e., the open (periodic)
boundary conditions in the direction(s) along a; (as and a3), are considered. We write
the magnon BAG Hamiltonian in an applied electric field as follows:

H= Z( S (E)bIb; + Ay (E )bz-bj) + hee.. (L1)
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When an AC electric field has a frequency w as E = E,e~“!e,, the first-order perturba-
tion Hamiltonian can be expressed as Hg(t) = Hpe ™', where Hp is given by

Hg = Z (Eac {aiExhij(Ex)}

ij

bib; + E, {iA»»(Ex)]

E.=0 E=0

We take the open (periodic) boundary conditions in the direction(s) along a; (as and
a3). The Hamiltonian after applying the Holstein-Primakoff transformation and Fourier
transformation along the as and as directions is written as follows:

Hy = 3 S 4 R e (R)(F), (13)
k

where (k) is given by

P(k) = (b(k),b' (k)" (1.4)

When the number of unit cells in the z-direction is N, the operator b(k), the number
of components of the operator b(k) is 4N. By using b;(k, A(B),1(2)), which is the
annihilation operator of magnons at the sublattice A(B) in the jth unit cell on the layer
with odd (even) [, they are written as follows:

bant1(k) = bn(lz% A1), (L5)
b4n+2(k) = bn(k7 B, 1)’ (1-6)
bin+s(k) = bn(k, A, 2), (L7)
binia(k) = b,(k, B, 2). (1.8)

Hy(R) — ( hi(k)  Al(k) ) 1.9)

hpi(k) hg(k) 0 0
he(k) = hea(k) . (1.10)
0 0 hiy(k) hpi(k)
Api(k)  Amp(k) 0 0
Ap(k) = | AR 0 (L11)
0 Aps(k)

0 (‘)' Apa(—k) Api(k)
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Here, the matrices hg(k), hpa(k), Agi(k), and Ags(k) for the model (4.1) are given by

2D cos(ks) iJy et 0 0
= —iJe*2  —2D cos(ks) 0 0
hipr(k) = S 0 0 —2Dcos(ky)  —iJyetkr |7 (L12)
0 0 iJye %2 2D cos(ky)
—D(1 + e7ik2) LIt 0 0
= 0 D(1 + eik2) 0 0
hea(k) = 5 0 0 —D(1+e*)  —LJf - (L13)
0 0 0 D(1+ e~ *2),
Ap(k) =0, 1.14)
Apa(R) = 0. 1.15)
In the case of the model (4.14) for Crls, these matrices are given by
2D cos(ks) iJeik2 0 0
o —iJe *2  —2D cos(ky) 0 0
hpa(k) = S 0 0 —2D cos(ky)  —iJe ’ (L.16)
0 0 iJe=*2 2D cos(ky)
—D(14e ™) LJ4+1IK 0 0
Ty 0 D(1 + eik2) 0 0
0 0 0 D(1 + e=2)
0 0 %Jl(_l + e—ikg) _%J/e—ikz
- 0 0 tJeithehs) L (=1 4 e hs)
AEl(k) =5 éJ’(—l + eiks) é‘ 1 oi(—katks) ° 0 ‘ 0 ’
—%J’e”“2 éJ’(—1+e““3) 0 0
(1.18)
0 0 0 0
- 0 0 tJ 0
Aps(k) =S 0 0 30 0 (I.19)
—&Je* 0 0 0

Appendix J : Magnon Hamiltonian of Crl;

In Sec. 4.3, we discuss the realization of MAFTT in a van der Waals magnet Crls with the
spin Hamiltonian Eq. (4.14). The Hamiltonian of magnons is the same form as Eq. (F.1).
In this part, we give an explicit expression for the Hamiltonian. In the case of Crlz [155],
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the matrices h(k) and A(k) in Eq. (F.1) are given by

d+pk) ~v*(k) 0 0

| o a—pk) 0 0
hik) = ( "o 0 d—pk) (k)
0 0 v(k) d+ p(k)

Yxr (k) 0 T2(—k)  v3(—k)
v3(k) Y2(k) 0 Vi (k)

0 vrr(—k)  vs(—k)  ya(—k)
A(k) =
Vo1 (k) v3(k) Vir(—k) 0

where

d=3JS+4J'S — KS,
p(k) = 2DS [sin(ky) — sin(ky) — sin(ky — k)],
(k) = —JS (1 +e ™ eih) KTS(l —e ™M),

K ) )
e (k) = 75<1 t ety —irSe e,

( ) (1+€zk3)
721(1{:) ( ik2 4 o (k1+k3)) ,
712(’{:) _ ( —iky + 61( k2+k3)) )

Appendiz

(J.2)
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