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Abstract

Spin-orbit interaction arising from the breaking of spatial-inversion symmetry
induces electromagnetic cross-correlation effects, resulting in anomalous optical
responses. In present Thesis, we theoretically study anomalous light propagation
induced by cross-correlation effects in spin-orbit systems by effective Hamiltonian
approach based on a microscopic ground.

First, we investigate nonreciprocal directional dichroism in the magnetic Rashba
conductor by deriving an effective Hamiltonian based on an imaginary-time path-
integral formalism. We show that the effective Hamiltonian representing the direc-
tional dichroism in the magnetic Rashba conductor is written in terms of toroidal
and quadrupole moments as in insulator multiferroics. The toroidal-moment term
consists of the vector coupling between toroidal moment and Poynting vector, re-
sulting in the directional dichroism irrespective of the light polarization due to
the Doppler shift. We also see that the quadrupole-moment term also induces
directional dichroism for linearly-polarized waves. Furthermore, we discuss differ-
ence between optical responses of magnetic Rashba conductor and that of 341
dimensional Weyl semimetal in context of the effective Hamiltonian.

Next, we examine optical properties of a Weyl spin-orbit system having quadratic
dispersion by deriving an effective Hamiltonian of electromagnetic fields. We
demonstrate that an optical chirality order parameter introduced by Lipkin ap-
pears in the effective Hamiltonian, and that the optical chirality order parameter
indeed leads to natural optical activity from the viewpoint of the effective Hamil-

tonian.
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Chapter 1

Introduction

First of all, we briefly introduce electromagnetic cross-correlation effects and
optical responses in spin-orbit systems without spatially-inversion symmetry in
Chapter 1. Especially, we focus on effects of Rashba spin-orbit interaction and
that of Weyl spin-orbit interaction in medium. We summarize the organization of
this Thesis in the last section.

1.1 Electromagnetism and spintronics

Lows of electromagnetism that couple electricity to magnetism were discovered
by James Clerk Maxwell and Michael Faraday about 150 years ago [1]. Conversion
between electric signals and magnetic information plays an important role in the
development of currently available information technologies from that time on.
Such conversions were first performed using classical laws of electromagnetism,
such as Faraday’s law and Ampére’s law as shown below.

0B
E=— 1.1
V x 5 (1.1)
. oFE
V x B =lo] + IMUEOE7 (12)

where E and B are electric and magnetic fields, respectively. Here, 7 is the
charge-current density, and ¢, and p are the electric permittivity and magnetic
permeability of the vacuum, respectively. In magnetic devices such as a cassette
tape and a hard disk drive, Faraday’s law, Eq. (1.1), was used to read out in-
formation while Ampére’s law, Eq. (1.2), is applied to write in information by
magnetization flip [2].

However, these classical mechanisms have not been able to sufficiently meet
the recent technological requirements of fast processing of large amounts of in-
formation and high-density storage; hence, they have been gradually replaced by
solid-state mechanisms such as spin-transfer torque [3,4]. The interaction Hamil-
tonian describing the spin-transfer effect in magnets is

Hy = /d?’rg(l —cosf)(3-V)o, (1.3)



where 6 and ¢ are the polar coordinates representing the direction of a magneti-
zation, P is the spin polarization of conduction electrons, / is the Planck constant
divided by 27, and e is the electron charge. Spin-transfer torque induced by an
applied electric current in ferromagnetic metals is a crucially important effect in
the context of current-induced magnetization reversal in spintronics. In fact, we
see that the spin torque by the electric current, 7 = —?—nst = —2—Pe(j - V)n, acts
on a magnetization, where n is a unit vector representing the direction of the mag-
netization; hence the magnetization reversal can be induced by the spin-polarized
electric current (spin current) described as js = Pj. The idea of the spin-transfer
effect was first proposed theoretically by Berger [5] in the case of a domain wall
motion and by Slonczewski [3] and Berger [4] in the case of the uniform mag-
netization of thin films. The spin-transfer effect arises from the transfer of spin
angular momentum from conduction electrons to localized spins which induce the
magnetization. The effect is caused by an sd exchange interaction, and the angular
momentum transfer occurs owing to the angular momentum conservation [3].

In resent years, the effect arising from spin-orbit interaction attracts the in-
terest of researchers in this context. One example is the magnetization reversal
using an effective magnetic field induced by a spin-orbit interaction, called Rashba
interaction (Ref. [6]). In the case of a strong sd interaction, i.e., adiabatic limit,
the interaction describing the magnetization reversal is given by [7—10]

Hyr = —/d?’?”(Beff,R ‘n), (1.4)
with
m .
Big = E(aR X Js), (1.5)

where m is electron mass and ap is the Rashba field along z-axis representing
the strength of the Rashba interaction. It was reported that the effective magnetic
field induced by the Rashba interaction such as Eq. (1.5) plays a key role in pining
for domain wall motion under the electric current [11]. Refs. [12,13] have been
argued optical magnetization reversal induced by inverse Faraday effect, which is
a nonlinear effect with respect to an incident electric field in the presence of the
Rashba interaction.

1.2 Spin-orbit interaction

Spin-orbit interaction, which couples the orbital motion of an electron to its
spin via a relativistic effect, plays an important role in the context of a mixing
of electric and magnetic degrees of freedom. Originally, spin-orbit interaction is
derived directly from the Dirac equation as a relativistic effect [14]. Under the
effect of electromagnetic fields, the Dirac equation is given by

{; v (i% - %Au) - mc} =0, (1.6)



where we set A = 1, v* is gamma matrices, ¢ is light speed, m is rest mass of
Dirac electron, ¢ is the charge of Dirac electron, and 1 is the Dirac field having
4-components. Here, A, = (¢, A) is a gauge field being 4-vector whose time
component is a scalar potential and whose spatial component is a vector potential.
Using the 4x4 matrices, o' = 7%y and 8 =~°, Eq. (1.6) reads

0
| — :H irac % L.7
i 8t¢ Diract) (1.7)
with
Hpirac = [ca . <p — %A) +mc?B + qqﬁ] , (1.8)
where p = —1V is a linear momentum of Dirac electron and Hpj.. is the Dirac

Hamiltonian being 4 x4. In non-relativistic limit, Eq. (1.8) up to the second order
in p reduces to the 2x2 Hamiltonian such as

“P e LB 1 (v
= 2m ¢ 2mc(B o) 16m2c2(v E) + Hsor, (1.9)

with
Hsor = —AoE - (p x 7). (1.10)

where o is the vector of Pauli matrices, Ay = -5z and E = ~V¢and B = VxA
are electric and magnetic fields, respectively. In Eq. (1.9), the first term is kinetic
energy of the charged particle. The second term is the interaction between the
particle charge and the scalar potential. The third term is Zeeman interaction
describing the coupling between the magnetic field and the particle’s spin. The
fourth term is called Darwin term. The term Hgop is spin-orbit interaction that
couples particle motion to it’s spin and Ay, is the coupling constant of the spin-orbit
interaction in vacuum.

1.3 Electromagnetic cross-correlation effect in-
duced by Rashba spin-orbit interaction

Recent studies have shown that spin-orbit interaction becomes prominent for
surfaces and interfaces containing heavy metals as it significantly modifies their
electric and magnetic properties as a consequence of inversion symmetry breaking
[15]. The most typical spin-orbit interaction lacking inversion symmetry is the
Rashba interaction [6], whose Hamiltonian is as shown below.

Hr = —ar - (p X 0), (1.11)

where p is a linear momentum of electron, o is the vector of Pauli matrices,
and ag is the Rashba field representing the strength and direction of the Rashba
spin-orbit interaction. This form of interaction is derived directly from the Dirac



equation as a relativistic effect as was shown in section 1.2, but its magnitude can
be significantly enhanced for solids containing heavy elements as compared to that
for the vacuum case.

Of particular current interest is electromagnetic effects induced by such strong
spin-orbit interaction because the effects are qualitatively different from conven-
tional electromagnetic responses like in Ohm’s law and Curie’s law as shown below.

Jj =osE,
M =B, (1.12)

where 7 is an electric current, M is a magnetization, og is the Boltzmann conduc-
tivity, and x is the magnetic susceptibility. A direct consequence of the Rashba
interaction is electromagnetic cross-correlation effects where a magnetization and
an electric current are induced by external electric and magnetic fields, E and B,
as

Jie = V;(ar x B), (1.14)

where vyp and v;p are coefficients that generally depend on frequency. The
Rashba field induces a tangential electron spin texture on Fermi surface depicted
in Fig. 1.1, resulting in effects described by Eqgs. (1.13) and (1.14). The emer-
gence of spin accumulation from the applied electric field, mentioned in Ref. [6],
was studied in detail by Edelstein [17]; hence, this effect is sometimes referred to
as the Edelstein effect. Experimentally, the magnetization by Edelstein effect is
observed using Kerr effect at interface between Cu, Ag and Bismuth oxide [18].
The generation of electric current by a magnetic field or magnetization, called
the inverse Edelstein effect [19], was recently observed in a multilayer structure
consisting of Ag, Bi, and a ferromagnet [20]. In Appendixes A.1 and A.2, we
confirm that the the Edelstein and inverse Edelstein effects arise from the spin
polarization induced by Rashba interaction through the microscopic calculation in
the long-wave region [21,22].
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Figure 1.1: Schematic illustration of the electron spin configuration on Fermi sur-
face induced by the Rashba interaction. Black arrows denote the direction of the
electron spin. The tangential spin configuration was optically detected in bulk
Rashba conductor such as BeTel [16].

1.4 Optical responses in Rashba conductor

1.4.1 Birefringence and softening of plasma frequency in
non-magnetic Rashba conductor

Recent studies (Refs. [21,22]) showed that the cross-correlation effects of the

Rashba spin-orbit interaction lead to anomalous optical properties in bulk Rashba

conductor. From Egs. (1.13), we obtain a magnetization current induced by the
Edelstein effect as

jE =V x ME

where k is the wave vector of electromagnetic waves. Using Faraday’slaw (VX E =

—%—?) and the Onsager’s reciplocal relation (v;p = iwymp, where w is angular

frequency of electromagnetic waves), Eq. (1.14) is rewritten as
Jie = yuel(or - E)k — (ag - k) E]. (1.16)

We thus get the electric current including the cross-correlation effects as

JeB-t5u = Jeg =) o B, (1.17)

with
JEE_IE(w) = ivme(k.ory — ar k), (1.18)
where oPF~IF is an electric conductivity tensor being liner in k. Above equation

uy
indicates that Edelstein and inverse Edelstein effects give rise to an antisymmetric

5



component of the electric conductivity tensor, resulting in an anomalous optical
response for linearly-polarized waves such as birefringence [21,22]. In fact, from
Maxwell’s equations and Eq. (1.18), we obtain the dispersion relation of light
describing extraordinary waves where the direction of Poynting vector and that of

the wave vector differ,
24—
k:w[cz - (VMEO(R> ] : (1.19)

€0

D=

where c is the light velocity in vacuum.

Furthermore, it was pointed out that a strongly anisotropic light propagation
arises from the electric current induced by a direct coupling between Edelstein
effect and inverse Edelstein effect defined as

Jeie = Yme(or X Mg). (1.20)

The anisotropic contribution arising from the Rashba field is written by diago-
nal components of the electric conductivity tensor as shown below [21,22]. (see
Appendix A.3 for details of the derivation.)

)

ie?  ne J
O’EIEE(W> = Tiom S|l + C(w)] — ar,pubr,C(w)|, (1.21)

where ar = ag/|agr| is a unit vector representing the direction of the Rashba
field, 0 is a positive infinitesimal, and n, and C(w) are defined in Eq. (A.28)
and Eq. (A.13), respectively. Equation (1.21) leads to the softening of plasma
frequency due to C'(w) originated from the current-spin correlation function. As
a consequence of the softening of plasma frequency, the dispersion relation being
hyperbola for linearly-polarized waves,

w? k2 k2

21 T (BIE + 1+ BIE (1.22)

can emerge, resulting in a hyperbolic metamaterial [23] that exhibits a negative

refraction and a focusing effect, wh BIE — —w—’%[l + C(w)], €¥IF = ~ % and
g effect, where €,,” = ——% w)], 27 = —-%, an

o 82n2 . . . -1
Wy =/ o I8 the plasma frequency. Here, we used the relation, €, = 5W+Zeo_w‘7w/'

1.4.2 Directional dichroism in magnetic Rashba conductor

Until now, we introduce electromagnetic cross-correlation effects and optical
responses in the Rshaba system with time-reversal inversion. Refs. [21,22] also re-
ported anomalous optical responses in magnetic Rashba conductors realized in the
Rashba system attached ferromagnet. In such systems, the time-reversal invari-
ance breaking is caused by the sd exchange interaction that couples the electron
spin to the magnetization, whose Hamiltonian is given by

Hyy=— Sd/d?’r(M-a), (1.23)



where, M is the magnetization vector, o is the vector of Pauli matrices, and Jyq
is the strength of the exchange interaction.

If Rashba conductors are magnetic or under the effect of an external mag-
netic field, directional dichroism, a form of anisotropic wave propagation, has been
shown to occur as with insulator multiferroics. An electric conductivity tensor de-
scribing optical responses in magnetic Rashba conductors is given by [21,22]

oM (Q) = Q) 3 €M)
[

+ O-{VI(QXQR X M) : q[(s;w - @R,MdR,V]
+03 (Q)[(ar x M),q, + (ar x M),q;]

+ Uéw(9> Z[MiaR,feuem + GpZmMjaR,e]qm, (124)

Im

where q and €2 are the wave vector and angular frequency of electromagnetic waves,
respectively, ¢t = q — &r(agr-q), M = (ag - M)ag, M+ = M — ag(ag- M),
€1 15 a totally antisymmetric tensor, and oME M G0 and o are coefficients
depending on the angular frequency. The antisymmetric component being q° with
o 1B on the right-hand side of Eq. (1.24) induces anomalous Hall effect [24] when
ag - M is finite, resulting in the magneto-optical effect such as Faraday effect [25]
for circularly-polarized waves traveling along in the direction of magnetization.
The dispersion relation describing the Faraday effect is

0?2 oME(D)ad (—M)

2
=— |1+
q c? €0 ’

(1.25)

where + stands for the sense of circular polarization. On the other hand, the
symmetric terms proportional to g* on the right-hand side of Eq. (1.24) lead to
diagonal components, resulting in directional dichroism depending on the direction
of light propagation in the case where ag X M being finite and q take parallel or
antiparallel configuration. In fact, the dispersion relation describing the directional
dichroism for linearly-polarized waves is shown to be [21,22]

Q X
q:Z\/l—i—Gg,E—i-U%(Q)[(aR x M) - g, (1.26)
M —

where o4 = o}! + o},

The directional dichroism was found to be governed by the relative direction
of the wave vector and another vector Ag = ar X M depicted in Fig. 1.2. The
latter vector is known to be an effective gauge field coupled with the electron’s spin
(Rashba-induced spin gauge field), which generates a spin current [26-28]. From
the symmetry point of view, the Rashba field aig is equivalent to an electric polar-
ization P (Ref. [29]); hence, the vector Ag works as a toroidal moment t = P x M.
The toroidal moment has been reported to act as an effective vector potential for
light in the case of multiferroics [30]; however, microscopic justification for the
same has not been provided. The study in Refs. [21,22] further discussed that
the effective theory describing magnetic Rashba conductors is similar to the one
describing insulator multiferroics.



In Chapter 2, we examine the propagation of electromagnetic waves in mag-
netic Rashba conductors based on an effective Hamiltonian analysis on a micro-
scopic ground. We show that the effective Hamiltonian describing the directional
dichroism consists of two terms, one representing the Doppler shift and the other
denoting the cross-correlation effect induced by a quadrupole moment [31]. The
results of our study confirm with those of Refs. [21,22] obtained by calculating an
optical conductivity.

> .441?{

Figure 1.2: Schematic illustration of the directional dichroism in the magnetic
Rashba conductor. When the toroidal moment (Rashba-induced spin gauge field)
AR = agr x M is finite, the directional dichroism is caused by the coupling between
the toroidal moment and the wave vector of light.

1.5 Spin gauge fields

In this section, we introduce two spin gauge fields. First one is the Volovik’s
spin gauge field, and second one is the Rashba-induced spin gauge field which
plays an important part in argument about the directional dichroism in magnetic
Rashba conductors. Rewriting the spin-transfer interactions shown in Sec. 1.1 in
terms of the spin gauge fields, we see that these fields generate the spin current.



1.5.1 Volovik’s spin gauge field

electron magnetization

Figure 1.3: Schematic illustration of ferromagnetic metals with inhomogeneous
magnetization texture. Electrons travel in the metals under the effect of the strong
sd exchange interaction.

In ferromagnetic metals without the Rashba interaction depicted in Fig 1.3, an
effective electromagnetic field arises from the sd exchange interaction described by

Hyy = _Asd/d3r(n ’ Se)a (127>

where Agy = JgqM is the exchange energy, M = | M|, n is a unit vector represent-
ing the direction of the magnetization, and s, is the direction of the conduction
electron spin. When this exchange interaction is strong, the conduction electron
spin is aligned parallel to the magnetization direction, and this effect results in a
quantum mechanical phase attached to the electron spin when the electron moves
(see Ref. [32] for details of derivation). The spin part of the electron wave function
with the expectation value along n = n(r) is [n) = cos | 1) +sin £¢'?| |), where r
means a position, 6 and ¢ are the polar coordinates of n, and | 1) and | |) denote
the spin states [33].

Figure 1.4: Schematic illustration of electron hopping. The strong sd interac-
tion changes the direction of the electron spin when the electron travels in the
inhomogeneous magnetization texture.

When the electron hops over a small distance dr = ' — r to a nearby site
where the magnetization is along n’ = n(r’) as is shown in Fig. 1.4, the overlap

9



of the wave functions is calculated as (n/|n) ~ e#®45" where
h
A= 2—(1 —cos0)V o, (1.28)
e

and the factor of £ is due to the magnitude of the electron spin. The field A7 is
an effective vector potential or an effective gauge field. When the electron’s path
is finite, the phase becomes ¢ = 7 fc dr - AZ. The existence of the phase means
that there is an effective magnetic field By, as seen by rewriting the integral over
a closed path using the Stokes theorem as ¢ = %fs dS - By, where B, =V x Al.
The time derivative of the phase is equivalent to a voltage, and thus, we have an
effective electric field defined by ¢ = —% fc dr - E,, where E, = —Ag. These

two fields satisfy Faraday’s law, V x Eg + B, = 0. We therefore have effective
electromagnetic fields that couple to the conduction electron spin as a result of the
sd exchange interaction. We call the field a spin electromagnetic field [34]. Using
the explicit form of the effective gauge field, Eq. (1.28), we see that the emergent
spin electromagnetic fields are

Es,i = —%n . (n X Vm,),
h
Bs,i = 4_6 Zk:eijkn : (V]’I’L X an) (129)
J

The magnetic component By is the spin Berry’s curvature [35] or scalar chiral-
ity. The electric component Ej, called the spin motive force, is a chirality in the
space-time, which arises when the magnetization structure n is time-dependent.
The expression Eq. (1.29) was derived by Volovik in 1987 [36]. Experimentally,
the spin magnetic field (the spin Berry’s curvature) has been observed using the
anomalous Hall effect ! in frustrated ferromagnets [37,38]. The spin electric field
has been measured in the motion of various ferromagnetic structures such as do-
main walls [41], magnetic vortices [42], and skyrmions [43].

By use of Eq. (1.28), we see that the spin-transfer interaction, Eq. (1.3), is
represented as a gauge coupling to the adiabatic spin gauge field (Volovik’s spin
gauge field) (Refs [2,44]) as shown below.

Hy = /d3r(js-A§), (1.30)

where js is the spin-polarized electric current. Above expression clearly shows that
the adiabatic spin gauge field AZ? induces the spin current. In the case of the sd
interaction having time dependence, it is theoretically shown that non-adiabatic
components of an SU(2) spin gauge field intrinsically contribute to the spin current
generation in the context of the spin pumping effect [45].

!By taking into consideration of vertex corrections due to random impurities, the anomalous
Hall effect induced by the non-local component of the scalar chirality is theoretically investigated
in the case of a weak sd interaction [39,40].

10



1.5.2 Rashba-induced spin gauge field

In Ref. [27], the Rashba-induced spin gauge field is derived in the strong sd
coupling region by calculating a pumped electric current, j,ump, by magnetization
texture and a spin Hall current, jp.y, by effective magnetic field based on the
microscopic transport theory [28 46]. These electric currents are given by (see
Appendixes C.1 and C.2 for details of derivation)

jpump :J(A) + ](B) + J(C)

0
=— ala(aR xn)+ bV x [V x(ag xn), (1.31)
jHall :j(Hall,l) + j(Hall,2)
=—E x [V x (ar x n)], (1.32)

where n is a unit vector representing the direction of the magnetization. Con-
tributions for jpump and juan at the linear order of the Rashba interaction are
diagrammatically shown in Fig. 1.5 and Fig. 1.6, respectively. The coefficients ay,
by, and c3 are defined in Appendixes C.1 and C.2.

From Eq. (1.31), Eq. (1.32), and Maxwell’s equation including effective spin
electromagnetic fields in medium (Refs. [28,46]),

1
j :UsEs,eff + —V x Bs,effa (133)
with the spin-dependent electric conductivity og and the spin-dependent magnetic

permeability s, Rashba-induced spin electric and magnetic fields are obtained as

ERE—AR:—aRxh
BR =V x AR =V X (OCR X n), (134)

respectively. These two fields satisfy Faraday’s law, V x Egr + By, = 0. Here,
Ar =ag X n (1.35)

is the Rashba-induced spin gauge fields [27], which is an effective vector potential
for electron spin. The spin-dependent electric conductivity, magnetic permeability,
and Hall conductivity are given by ay, b; ', and ¢y, respectively. Using the above
expression, the spin-transfer interaction by the Rashba interaction, Eq. (1.4), is
rewritten as a form of gauge coupling as shown below.

Hyp = / d?’r%(js - Ag). (1.36)

Therefore, we see that the Rashba-induced spin gauge fields Ag plays a role of
the spin current generation as with the adiabatic spin gauge field suggested by
Volovik.
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Figure 1.5: The Feynman diagrams for the electric current pumped by non-uniform
magnetization texture and the Rashba field. Solid lines represent the conducting
electrons’ Green’s function including the sd interaction. The dotted lines and
the dotted wavy lines denote the Rashba field ar and the spin gauge field A,
respectively. Diagrams (a) and (b) are contributions of 5*). Diagrams (c), (d),
(e), and (f) are contributions of 5. Diagram (g) is contribution of 5(©). Note
that 7(©) dose not contribute to the expression for the pumped current in this
calculation.
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Figure 1.6: The Feynman diagrams for the spin Hall current driven by the Rashba-
induced spin magnetic field. Solid lines represent the conducting electrons’ Green’s
function including the sd interaction. The dotted lines and the wavy lines denote
the Rashba interaction and the gauge field A, respectively. Diagrams (a), (b), and
(c) are contributions of 7V Diagrams (d) and (e) are contributions of jHa!h2),
As was pointed out in Ref. [27], the contribution arising from the spin gauge field
Ay, is negligibly small in this description. Note that -2 does not contribute to

the expression for the Hall current in this calculation.

As has been reported by Volovik [36], the original spin gauge field (adiabatic
spin gauge field) occurs in the absence of the Rashba interaction in the strong
sd-coupling regime (Ref. [32]), and induces effective electric and magnetic fields
acting on electron spin as was shown in Sec. 1.5.1. Originally, the emergence of
the effective electric field from moving magnetic structures was found in 1986 by
Berger, where a voltage generated by canting a moving domain wall was calculated
[5]. Stern discussed the motive force in the context of the spin Berry’s phase and
the Aharonov-Bohm effect in a ring, and showed similarity to Faraday’s law [47].
The spin motive force was rederived in Ref. [48] in the case of the domain wall
motion, and discussed in the context of topological pumping in Ref. [49]. Recenty,
a generation mechanism of a spin electric field using a nonlinear effect of non-
monochromatic spin-wave excitations was proposed in Ref. [50]. This mechanism
is applicable to the case of a uniform magnetization, and it would have a great
advantage in applications over common setups using non-coplanar structures. This
theoretical considerations call for an experimental verification of the effect. The
coupling of adiabatic spin gauge field to electromagnetic field was studied based on
the effective Hamiltonian study in Refs. [50,51]. It was found that the spin-transfer
effect is described using the linear coupling term of the adiabatic spin gauge field
and the electric field 2. Ref. [54] reported the effect of adiabatic spin gauge field on

2Tt was experimentally confirmed that the spin-transfer effect causes nonreciprocal spin-wave
propagation due to the Doppler shift in ferromagnetic metals when the electric current is applied
[52]. Recent study (Ref. [53]) theoretically showed that the spin-transfer effect can induce the
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nonlinear optical effects and a topological inverse Faraday effect was shown to have
occurred from a spin Berry’s curvature in the absence of a spin-orbit interaction.

Those works consider only the adiabatic limit, i.e., in the case of a strong
sd exchange interaction and in the absence of spin-dependent scattering. The
idea of the spin motive force has recently been extended to include the spin-orbit
interaction [26, 27, 34, 55-58], and it was shown that the spin-orbit interaction
modifies the spin electric field. It was also shown that the spin electromagnetic
field arises even in the limit of the weak sd interaction [28,46], as was shown in Eq.
(1.33). The case of the Rashba spin-orbit interaction has been studied in detail
recently. It was shown that the spin electric field in this case emerges even from
a uniform precession of magnetization [27,34]. This fact suggests that the Rashba
interaction at interfaces would be useful in controlling the spin-charge conversion.
The Rashba-induced spin electric field induces a voltage in the same direction as
in the inverse spin Hall and inverse Edelstein effects [20,59] driven by the spin
pumping effect [60]. It was also pointed out that the spin electromagnetic fields
in the presence of spin relaxation satisfy Maxwell’s equations with spin magnetic
monopoles that are driven dynamically [28].

1.6 Optical responses and cross-correlation ef-
fects in Weyl spin-orbit system

Optical responses and cross-correlation effects are qualitatively discussed based
on symmetry argument. An optical response for circularly-polarized waves, natural
optical activity, is caused by the inversion symmetry breaking which induces an
antisymmetric off-diagonal component linear in the wave vector of light in an
electric conductivity tensor [61]. Natural optical activity of chiral molecules was
phenomenologically discussed in Ref. [62]. It was pointed out that chiral nature
leads to the electric flux density and magnetic field strength, D and H, given by

D =¢ [E - QB] ,
€
1 .
H == [B — ,ugE} : (1.37)
1

where 2 and B are electric and magnetic fields, respectively. € and p are the
electric permittivity and magnetic permeability in the medium, respectively, and
the constant g characterizes the breaking of spatial inversion symmetry. It was
demonstrated through discussion on a correlation function that g is finite when
the inversion symmetry is broken [63].

In the case of electron systems, a typical chiral system is the one with the Weyl
spin-orbit interaction (Refs. [64-66]), whose Hamiltonian is given by

Hw =—Ap- o), (1.38)

spin-wave-Doppler shift even in antiferromagnets.
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where A stands for the coupling constant of the spin-orbit interaction with broken
inversion symmetry. The interaction, Eq. (1.38), breaks mirror symmetry with
respect to all the three axes (Ref. [67]), resulting in a radial electron spin texture on
Fermi surface [68] depicted in Fig. 1.7. The radial electron spin texture generates
magnetization by the electric field in the system having helical structure such as Se
or Te [68]. In Chapter 3, we examine natural optical activity in the Weyl spin-orbit
system by deriving an effective Hamiltonian for electromagnetic fields.

Dy

A

Pz

Figure 1.7: Schematic illustration of the electron spin configuration on Fermi sur-
face induced by the Weyl interaction. Black arrows denote the direction of the
electron spin.

The Weyl spin-orbit systems, where time-reversal symmetry is kept, are called
truly chiral systems [69]. In contrast, quantity which breaks time-reversal invari-
ance besides spatial one is called “false chirality” . A symmetry analysis showed
that the truly chiral interaction p - o leads to natural optical activity in chiral
molecules [69]. In the case of electromagnetism, quantities with “false chirality”
are - B and E x B. The scaler product E - B appears in an effective Hamil-
tonian of 3+1-dimensional Weyl semimetal in the form Hy = 6(r,t)E - B [70,71],
where 0(r, t) is a topological field depending on space r and time ¢. The effective
Hamiltonian leads to topological electromagnetic cross-correlation effects such as
chiral magnetic effect and anomalous Hall effect [72]. The vector product form
E x B appears in magnetic Rashba conductors [31] or insulator multiferroics [73].
The effective Hamiltonian in this case is H, = u - (E x B) with a constant vector
u representing an intrinsic flow and it could cause directional dichroism [31], as is
shown in Chapter 2.

1.7 Overview of this Thesis

This Thesis is structured as follows. In Chapter 2, we examine an anisotropic
light propagation, directional dichroism, in magnetic Rashba conductors in terms
of an effective Hamiltonian for electromagnetic fields. By deriving the effec-
tive Hamiltonian based on an imaginary-times path-integral formalism, we show
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that the directional dichroism in magnetic Rashba conductors is described by the
toroidal-moment term and the quadrupole moment term like in insulator multifer-
roics. From the result, the directional dichroism is interpreted as Doppler shift of
light. Furthermore, we discuss optical responses in relativistic spin-orbit systems
such as 3+1-dimensional Weyl semimetals. This work was reported in Ref. [31].
In Chapter 3, we investigate optical properties of a Weyl spin-orbit system with
quadratic dispersion by deriving an effective Hamiltonian of electromagnetic fields.
We show that an optical chirality order parameter appears in the effective Hamil-
tonian, and describes natural optical activity in a typically chiral system. This
work was reported in Ref. [74].
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Chapter 2

Theory of nonreciprocal
directional dichroism in magnetic
Rashba conductor

Rashba spin-orbit interaction leads to a number of electromagnetic cross corre-
lation effects by inducing a mixing of electric and magnetic degrees of freedom as
mentioned in Introduction. In this Chapter, we investigate the optical properties
of a magnetic Rashba conductor by deriving an effective Hamiltonian based on an
imaginary-time path-integral formalism. We show that the effective Hamiltonian
can be described in terms of toroidal and quadrupole moments, as has been argued
in the case of insulator multiferroics [31]. The toroidal moment turns out to coin-
cide with the spin gauge field induced by the Rashba field. It causes Doppler shift
by inducing intrinsic electric current, resulting in anisotropic light propagation
(directional dichroism) irrespective of the polarization. In addition, we see that
the quadrupole moment contributes to the linear dichroism for linearly-polarized
waves.

2.1 Phenomenological argument: Doppler-shift
picture

In this section, we discuss an effective Hamiltonian for electromagnetic fields
in magnetic Rashba conductors with breaking of both spatial-inversion symmetry
and time-reversal invariance from the symmetry point of view.

In the case of electromagnetism in vacuum, the effective Hamiltonian density of
electromagnetic fields induced by charged particles (electrons) is restricted to [75]

1
H== (60|E12 + %|B|2> : (2.1)

where € is an electric permittivity of the vacuum, pq is a magnetic permeability
of the vacuum, and E and B are electric and magnetic fields, respectively. In this
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case, we get conventional Maxwell’s equations as

v.E=-L
€0
V - B =0,
0B
VXxE=——
8 ot
. OF
V x B =uy3 + GOMOE7 (2.2)

where p represents charge density and j is the charge-current density.

However, the existence of cross-correlation effects of Rashba conductors indi-
cates that the electric and magnetic fields, E and B, are linearly coupled, as was
mentioned in Secs 1.3 and 1.4. Therefore, we can expect that there are two pos-
sibilities for this form of interaction in the case where spatial-inversion symmetry
and time-reversal invariance are broken: The first one is proportional to E - B,
and the second one is proportional to their vector product E x B, as shown below.

1y = 0(E - B), 2.3)
H,=u-(E x B), (2.4)

where 6 is a constant and w is a constant vector. The first scalar interaction
(2.3) does not modify the equation of motion but has a topological effect, and the
emergence of such an interaction is restricted to surfaces or interfaces with non-
trivial topological properties. For instance, such a scalar coupling leads to a mixing
of E and B when the topological number 6 /27 has a jump at the interfaces [76,77].
(In Sec. 2.4, the cross-correlation effect induced by the f-term in Weyl semimetal
is briefly discussed.) In contrast, the coupling of the vector product shown in Eq.
(2.4) may occur in ordinary materials if a vector u exists because of the breaking
of both spatial-inversion symmetry and time-reversal invariance. This term, Eq.
(2.4), has not been discussed in the context of high-energy physics because it is
not invariant under the Lorentz transformation.

It is known that the vector ﬁE X B (where u is the magnetic permeability of
solids) is the Poynting vector representing the momentum of the electromagnetic
wave [1]. The vector interaction of Eq. (2.4) can thus be considered to be of
the form representing the Doppler shift u - k, where k is the wave vector of the
electromagnetic wave. In fact, in terms of the photon operators ay and aL, the
coupling of Eq. (2.4) modifies the photon Hamiltonian as

Hohoton = Z(ck —u- k)a;fcak, (2.5)
k

where ¢ is the light velocity. The vector coupling of Eq. (2.4) is thus expected to

occur when the medium has an intrinsic flow with a velocity proportional to u.
The Doppler shift picture can also be justified at the level of the equation of

motion. The following description shows how electromagnetism is modified by the

18



vector interaction of Eq. (2.4). Two of Maxwell’s equations become

v.E-L_1v.(uxB),

€0 €o

: OE 0
V x B =ppj + €oHo - + Moa(u X B) — 1oV X (u x E), (2.6)

whereas the other two remain unchanged (V- B =0 and V x E = —2B). The
total electric and magnetic fields can be represented as follows.

1
Etot :E + _<u X .B)7
€o

By =B + po(u x E). (2.7)

These relations representing a cross-correlation effect can be considered as a result
of the Doppler shift as we demonstrate here. Taking a derivative of Ey, with

respect to time, we have, using %—? =-VXE,
0E;, OE 1
a; - = =+ a[(u "V)E - V(u- E)]. (2.8)

For plane waves with the wave vector k L E, the last term in the above equation
is orthogonal to the field E; hence, it is neglected as was done for the linear effects
in w. The time derivative is thus replaced by a “covariant” one,

Dt52+i(u-V), (2.9)
8t €0
which is expected for a flowing medium [78]. Therefore, the electromagnetic cross-
correlation effect shown in Eq. (3.4) represents the Doppler shift because of a
medium flow with velocity .

It needs to be understood which type of intrinsic flow causes the Doppler shift
of the electromagnetic field in solids. One example is an equilibrium flow of spin
(spin current) can occur even at macroscopic scales, as known in magnets with
noncollinear magnetization structures [2,79]. Spin current can be spontaneously
generated by the spin-orbit interaction because the spin current breaks the spatial-
inversion symmetry but not the time-reversal symmetry. In fact, a recent study
showed that such an intrinsic spin current generates the Dzyaloshinskii-Moriya
interaction (Refs. [80,81]) in magnetic materials as a result of the Doppler shift [82].
(see Appendix D for details of derivation of an effective Hamiltonian induced by
the spin current.) Anisotropic spin wave propagation experimentally measured in
chiral magnets such as CuyOSeOj; (Ref. [83]) is interpreted as a consequence of the
Doppler shift induced by the Dzyaloshinskii-Moriya interaction. Another one is an
equilibrium flow of charge which do not induced Joule heat as well spin current. We
see that intrinsic low in medium induced by the vector w is the equilibrium charge
current but not the equilibrium spin current because symmetry of the velocity of
the electron corresponds to that of w describing medium flow.

Our aim is to demonstrate that the magnetic Rashba conductor induces the
vector-coupling term of Eq. (2.4), and the vector u is given by a toroidal moment
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Agr which induces the intrinsic charge current in medium. This result indicates
that wave propagation is affected by the Doppler shift induced by intrinsic electric
current generated by the toroidal moment. This is an interesting result as it
indicates that an effective vector potential for an electron spin acts as an effective
vector potential for an electromagnetic wave (light) as suggested by Refs. [30,78].
The directional dichroism predicted in the magnetic Rashba conductor in Ref. [21]
can thus be explained based on this result. We should keep in mind, however, that
this sceanario is justified up to the linear order of u representing the intrinsic flow
in medium.

2.2 Cross-correlation effects on electric permit-
tivity

The section till now describes the effects originating from the vector coupling
of Eq. (2.4); however, there may be other effects induced by the quadrupole
moment of the system. These effects are described in the section below. The
cross-correlation effect because of the quadrupole moment is expressed as [73]

ij

where Q);;(=Q;:) is the traceless quadrupole moment. The electric and magnetic
fields representing the cross-correlation effects due to the total Hamiltonian H, +
H after considering the vector w and the quadrupole moment @);; are

1
Etot =F + _P7
€o
Bi. =B + oM, (2.11)

with

P,=(u x B), Z Quu B,

M, =(ux E), + ZQW ” (2.12)
where P and M indicate effective electric polarization and effective magnetization,

respectively. The wave equation read from Eq. (2.11) is Y [¢*(k®0, — kuky) —
w?e,]E, = 0, where the electric permittivity tensor is

i =ey) +e) +ed, (2.13)
with
p

[0

€ =— Eo—w Z willy + S by + 635 - k), (2.14)
1

@ _

Cj =7 eo_w Z(Qiueujl + €aQjv) ki, (2.15)

v
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where €, is a totally antisymmetric tensor, k and w are the wave vector and

frequency of the electromagnetic field, respectively, and eg»)) is the contribution
even in k. It can be seen that the cross-correlation effects by w and @;; lead
to generation of linear components in the wave vector k that change signs by
time-reversal [84]. Such terms may induce dichroism phenomena of light such as
directional dichroism. Compering the result of Eq. (1.24) with that of Eq. (2.13),
we can expect that w and );; in magnetic Rashba conductor are described as

u =dy (g x M),
Qij :dQ(MiOAéRJ + dRJ’Mj), (216)

where éu is a unit vector of the Rashba vector, M is a unit vector of the magneti-
zation vector, and d; and d, are coefficients. Note that we neglect the angular fre-
quency dependence of coefficients and the anisotropic terms described by g ,0r .
for simplicity.

First, we take into account only the contribution of Eq (2.14) to directional
dichroism. The terms on the right-hand side of Eq. (2.14) indicates that the vector
u contributes to the symmetric components of the electric permittivity tensor. The
symmetric component on the right-hand side of Eq. (2.14) means that the Doppler
shift, u - k, leads to the generation of the diagonal component. Setting ag =
(0,0,1), M = (0,—1,0), and eg-]) = 0, in order to realize the configuration where u
and k take parallel or antiparallel, we obtain the dispersion relation for unpolarized
waves traveling in z-axis as k? = “;—22[1 + 30%(541% X M) - k]. The expression of
the dispersion relation indicates that the Doppler shift term induces directional
dichroism irrespective of light polarization. In the configuration, contribution of
symmetric off-diagonal component vanishes. This Doppler shift term, u - k is
known as magneto-chiral dichroism, where magnetization M in chiral materials
acts as the vector w [85]. In the case of Rashba spin-orbit system, the Rashba
field ag, which is invariant under time reversal, cannot induce w on its own.
Our result indicates that the combination ar x M plays the role of vector wu,
suggesting possible applications of natural magnetic spin-orbit systems to novel
optical materials.

Next, we discuss the contribution of Eq. (2.15) in addition to that of Eq. (2.14).
The term on the right-hand side of Eq. (2.15) indicates that the quadrupole mo-
ment contributes to the symmetric components of the electric permittivity tensor
as with the toroidal moment. The diagonal component arising from Eqs. (2.14)
and (2.15) results in directional dichroism for linearly-polarized waves. In fact, a
contribution of eé("z_;)) in addition to that of ez(f;) appears in the dispersion relation
for E), having linear polarization in the same configuration as above. On the other
hand, the off-diagonal components of Egs. (2.14) and (2.15) do not contribute to
directional dichroism.

From the above discussion, we thus see that the vector uw and the quadrupole
moment (), play a same role in the context of the dichroism phenomena. Note
that w and (@), can not affect circularly-polarized waves since these quantities do
not induce the antisymmetric components of the electric permittivity tensor.

21



2.3 Derivation of effective Hamiltonian

In this section, we derive an effective Hamiltonian based on an imaginary-time
path-integral formalism [86] and confirm that the E-B coupling in the magnetic
Rashba conductor is described by H, shown in Eq. (2.4) and H¢ shown in Eq.
(2.10). Here, h = 1 is used for simplicity, where & is the Planck constant divided
by 27. The system we consider consists of electrons with Rashba interaction and
also interaction with magnetization and electromagnetic fields. The electrons are
represented using annihilation and creation fields having two spin components,
defined on an imaginary time 7, ¢(r,7) and é(r,7). The Hamiltonian is H =
Hy+ H,y + Hr + Hep, where

1
Hy = /d37“ <%|V0|2 - ,ucc) (2.17)

describes the kinetic energy of conduction electrons measured from the Fermi en-
ergy. m is the electron mass and p is the chemical potential of the system. The
second term,

Hoy = —Ju / &rM - (oc), (2.18)

is the exchange interaction between the magnetization and conduction-electron
spin. Jgq is its strength, M is the magnetization vector, and o is the vector of
Pauli matrices. The magnetization is treated as spatially uniform and static. We
consider a weak sd-exchange interaction up to the linear order. Hy is the Rashba
spin-orbit interaction,

Hg = %/d?’raR : E(? X o)c, (2.19)

where ¢V e = ¢ (Ve) — (Ve)e. The term Hey, describes the interaction between
the conduction electron and the electromagnetic field, described by a gauge field
A. Taking into account the term arising from the Rashba spin-orbit interaction,
the interaction reads as,

- 2
Hopy = — /dgrA- <22—€c?c — ;—Aéc — ec(ag X a')c) : (2.20)

m m

where —e is the electron charge (e > 0). The current density derived from Eq.
(2.20) is

tot — 5Hem
Y 0A
62
= — j; — —Ajec — 2 ROR.i Sk, 2.21
i o cc GZEJkOZR,jSk ( )

ik
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where

Ji(r, 7) ——2—0 r,T) ?cr T)

Sa(T, T) E%c(rm)aac(rﬁ), (2.22)
are the bare electric current density and spin density, respectively.

The effective Hamiltonian for the electromagnetic field, Hqg, is calculated by
integrating the electrons in the partition function *

Z[A] = /Dche‘foﬁ dri{e. Al (2.23)

as
B
/ drHglAl = —Trln Z, (2.24)
0

where D denotes the path integral, L = [d®réd;c + H is the imaginary-time
Lagrangian, and ( is the inverse temperature. The partition function is perturba-
tively calculated to the second order in the gauge field. The result, diagramatically
shown in Fig. 2.1, is

B ) 2
InZ = —/ dT/dSTZAMAV%ne(T,T)éw,

/dT/ dT/d5 /d3’ZAA
X C(r, 7! 7'T)+ngl-/(’l“,’l"/,7',7'/)+X§-L;/(’I",’l"/,7',7'/>—|—Xf:;/<’l“,’r'/,7',7‘/) )
(2.25)

M N

Here, ne(r,7) = (¢(r,7)c(r, 7)) is the electron density, the thermal average ( ) is
calculated in the equilibrium state determined by foﬁ drL, = foﬁ drl[ d*rédyc +
HO + Hsd + HR] and

/

xfj”(r, T,T) = (Ju(r, 7)iu(r', 7)),
ij ( : 2€Z€umaaRm (Ir77—)ju('r/77—/>>>

X?sy(r7 r,T,T ) =2e Z GVmaOéR,m<jﬂ(r7 T)Sa(’f'/, TI>>’

mao

XY (e, 7, 1) = 4e? Z €100 omBAR.0OR.m(Sa (T, T)ss(r', 7)) (2.26)

moaf

represent the correlation functions of the current and the spin density. The electron

!See Appendix E for details of derivation of the partition function in the imaginary-time
path-integral formalism.
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k+7n+£ k+,n+€

Figure 2.1: The Feynman diagrams for the effective Hamiltonian. Solid lines
represent the conducting electrons’ Green’s function and the wavy lines denote
the gauge field, respectively. Diagrams, (a), (b), (c), (d), and (e), correspond to
the contributions of ne, X4, X&; s Xjs» and x4 in Eq. (2.25), respectively.

density n, is expressed as

1
ne= =g gtr[gk,n,M], (2.27)

where tr is the trace over spin space, V' is the volume of the system, and
1
Wy — € — Y, + O + 115g0(wy)

is the thermal Green’s function for electrons that includes the Rashba and sd-

G = (2.28)

exchange interactions. Here, k and w, = (2”%)” ( n is an integer) indicate the
wave vector and fermionic thermal frequency, respectively, €, = % — p is the

electron energy measured from the Fermi energy, and vip = Y — JoaM with
Y = k X ar. We have included a finite electron-elastic-scattering lifetime 7, as
an imaginary part, n = i, and sgn(w,) = 1 and —1 for w, > 0 and w, < 0,
respectively. In terms of the Green’s function, correlation functions read as

X4 (q, i€, M) = QBV Z Kkt [Gre, mona%e nonal,

ngy(qa ng, M) TTLBV Z Z €uma R, mk tr[aagk+,n+f Mgk n M]
n,k mao

X?;(qa ng, M) - TTLBV Z Z €vmaOR mk tr[gk+,n+é Mo'agk n M]
n,k mao

Xg;j(qa i§2y, M) = ﬁ Z Z €poatumpBAR,0OR mtr[aagkur n+e, Maﬁgk: n M]

n,k moaf

(2.29)
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where k+ = k &+ 2. The wave vector and thermal frequency carried by the gauge
field are denoted by q and 2, respectively. (€, = ZTZZ is a bosonic thermal fre-
quency).

We are interested in a low-energy long-wavelength effective Hamiltonian; hence,
we expand the correlation functions given in Eq. (3.17) with respect to q. The

result up to the linear order of ¢ and M is (see Appendix F)

X (g, i, M) = x5 4+ x5 4+ Y+
= 91(12%) (Ar - q)0;, + 92(i%) (AR 1 + GuAr,y)
+ g3(iQ20) [M;, (ar % @), + (ar x @), M,], (2.30)

where (%, = 0, — Orulr,, Or = oag/|ag| is a unit vector representing the
direction of the Rashba field, and M+ = M — (&g - M )éag. We have considered
the case where ag - ¢ = 0 depicted in Fig. 1.2 to simplify the angular integration
calculation with respect to k. This expression otherwise consists of more number
of terms. The vector Ar = agr x M represents an effective spin gauge field and
a toroidal moment. The coefficients g;, g2, and g3 are defined in Appendix. G.

Eq. (2.30) contributes to directional dichroism as it is linear in q. The first and
second terms of this equation proportional to g; and gy indicate that the existence
of the toroidal moment governs the anomalous light propagation, whereas the
terms proportional to M, (ag X q), and (ag x q), M, represent the contributions
arising from the effective quadrupole moment, as shown in the effective theory [21].
The result can be simplified using the gauge invariance of the effective Hamiltonian
(see Appendix H). It was observed that g; = —2g is restricted by the gauge
invariance, whereas g3 is not restricted by this invariance.

Carrying out the analytic continuation, the coefficient, ¢, is calculated. ¢, is
written by rewriting the summation over the thermal frequency using the contour
integral (z = iw,) as

J,

. sd
g1(i€) = =2 5

'S S ()

mao dz
(oo +200)| [ 55 F O (i)
k c 4T

X ko5 (2 4+ 1) 8k 0y (2 + 182) — ooy (2 — 1820)8R0y (2 — 1€2)],  (2.31)

X |:0'10'2 +

where C' is a counterclockwise contour surrounding the imaginary axis [87, 88],
Yo = |Vkl, gro(2) = [z — € + insgn(Im[z])] " with €] = e, + o is the Green’s
function diagonalized in spin space, 0; = + (i = 1 ~ 4) are the diagonalized spin
indices, Im denotes the imaginary part, and f(z) = (¢®* + 1)7! is the Fermi-
Dirac distribution function. We expand the coefficient g; with respect to external
frequency Q after the analytic continuation to Q + i0 = i€, [87,88], where i0
denotes a small imaginary part. The result up to the linear order in € is

91(€2) = 2Qyg, (2.32)
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X f(w)[(gz,w,a1g;c,w,02)gj(g;c,w,a’ggfc,w,m;) - C’C‘] , (233)
+f,(w)[gi,w,algz,w,aggfc,w,aggz,wﬁ4 - C'C']

where g}, ., = (w — €] +in)~" and g}, = (g..)" are the retarded and ad-

vanced Green’s functions of the conduction electron with wave vector k and an-

gular frequency w, respectively. Y = [T 0 9, = 0 f(w)=(e™ 4+ 1)7!, and

f(w)=0,f(w). g3 is also given by

93(Q) = QA (2.34)
with

_ i feN? )
=1 () X e ()
kw 01020304
<
X {f(w)ng,w,algk,w,UQ)aw (gk,w,aggk,w,cm) - C‘C']} . (235)

(W) (28 .01 B 0.0 Bh0.0 Bk o0 — C-C-]

The effective Hamiltonian describing the directional dichroism is finally obtained
as

Heg = Hyy + Ho, (2.36)
with
Hy, = g/dSrAR -(E x B), (2.37)
Ho = A / &rY " QuE.B,, (2.38)
%
where @, = leaRyV is the effective quadrupole moment and E = —A and

B =V x A are the electric and magnetic fields, respectively.

The effective Hamiltonian of Secs. 2.1 and 2.2, H, + H¢g with u = Ag is thus
justified by microscopic derivation based on the imaginary-time path-integral for-
malism. The toroidal moment thus leads to the Doppler shift and this is the origin
of the magnetic Rashba conductor that exhibits directional dichroism discussed in
Sec. 2.1.

The coupling constant g consists of terms proportional to f(w) and f’(w) but it
cannot be expressed only in terms of f’(w) (Fermi surface term) using integration
by parts. The f'(w) term represents the contribution arising from the state of
electrons in the vicinity of a Fermi surface. The contribution of this term is finite
in a metallic system, whereas it does not exist for insulators such as multiferroics.
In contrast, the f(w) term (Fermi sea term) arises from the equilibrium property
of the electrons forming the Fermi sea. The contribution of this term is finite in
insulator systems; therefore, directional dichroism can be induced even in broad
materials.
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2.4 Topological cross-correlation effects and op-
tical responses in Wely semimetal

So far, we have considered the electromagnetic cross-correlation effects in a
non-relativistic Rashba spin-orbit system. The cross-correlation effects also occurs
in a relativistic spin-orbit system such as 3+1-dimensional Weyl semimetal. It is
known that the Weyl semimetal realized in multilayer of topological insulator and
magnetic insulator (Ref. [89]) induces topological electromagnetic cross-correlation
effects such as anomalous Hall effect and chiral magnetic effect [72]. Recently,
Ref. [90] proposed generation mechanism of an electric current by use of an effective
magnetic field occurred from a nonlinear effect with respect to an incident electric
field.

A Hamiltonian representing Weyl spin-orbit system is made up of two terms,
one describing the diagonal components and the other denoting the off-diagonal
components (mass term) as [70, 71]

Hwey1 = 7°(0 - k) +7°bg + o - b, (2.39)

where the first term is the Dirac Hamiltonian being linear in the wave vector k of
the Dirac electrons, 7 is the Weyl node degree of freedom, o is the conduction-
valence band degree of freedom, by is a constant reflecting the breaking of spatial-
inversion symmetry, and b is a constant vector reflecting the breaking of time-
reversal invariance. Hwyey is 4 X 4 Hamiltonian because of having the Weyl nodes
of opposite chirality and conduction-valence band degrees of freedom. By the
Fujikawa’s method [91], the effective Hamiltonian describing the electromagnetic
response of the Weyl system is shown to be [70, 71]

o rvo
Hy = > / Bro(r,t)e P F,, Flps, (2.40)
uraf
where we set h = c=¢ =1, a = % is the fine structure constant, e**” is a

totally antisymmetric tensor, and F,, = 0,4, — 0,A,, is the field strength of the
electromagnetic field. 0(r,t) = 2(b-r —byt) is the field depending linearly on space
r and time t.

Using the fact that E - B = izumﬁ e””aﬁFWFaﬁ, the effective Hamiltonian,
Eq. (2.40), reduces to

H, i/d?’re(r,t)E-B. (2.41)

:27T

Maxwell’s equations including the above Hamiltonian are given by [76,77]

V-E:p+%V-(0B),

V - B =0,
0B
VXE—_¥7
. OE a0 a
VxB:j+E—;§(éB)—;Vx (OE), (2.42)
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where p represents charge density and j is the charge-current density. Therefore,
we see that the total electric and magnetic fields representing the cross-correlation
effects become

E.. =F + P,
B, =B + M, (2.43)
with
P=-2B,
T
Q
M = —0E, (2.44)
T

where P and M are effective electric polarization and effective magnetization,
respectively. The electric polarization P leads to a polarization current jp = 0, P
while the magnetization M gives rise to a magnetization current as 3,y = —V x M.
We thus see that a total electric current defined as jiot = jp + Jar is induced as
shown below [72].

Jtot = %(—boB +bx E). (2.45)

In the case of the system with broken spatial-inversion symmetry by by, the cur-
rent parallel to an applied magnetic field arises (chiral magnetic effect). On the
other hand, in the case of the system with broken time-reversal symmetry by b,
the current perpendicular to an applied electric field is induced (anomalous Hall
effect). In terms of an electric permittivity tensor, these effects are represented by
antisymmetric off-diagonal components which only affect circular waves as [31,92]

2
= O + 11— > e (boki + bw). (2.46)
l

Here, we used the relationship between the electric permittivity tensor and an
electric conductivity tensor, €,, = d,, + éaﬂy, where w is angular frequency of
electromagnetic fields and o, is the electric conductivity tensor. In fact, from
Egs. (2.42) and (2.46), the characteristic equation for plane waves traveling along
in z-axis is given by

k> —w? —w?e,, O
wyy kKP—w? 0 | =0. (2.47)
0 0 —w?

The dispersion relation for F, and E, thus read as
K2 =2 |1+ 2% (bolk| + bw) (2.48)
w2 ’

where + stands for a circular polarization of light and we choose b = (0,0,b).
Therefore, the term with by results in the natural optical activity where the electric
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field E rotates around the direction of k (Ref. [67]) while the term with b results
in the Faraday effect where E rotates around the direction of b [92, 93] when
circularly-polarized waves are applied.

Comparing Eq. (2.13) with Eq. (2.46), the field § which dose not induce the
symmetric component turns out to play a different role from the toroidal moment
and the quadrupole moment in the context of the anomalous optical responses.
Especially, the Doppler shift term does not appear in the Weyl system, as the
system is Lorentz invariant.
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Chapter 3

Theory of optical activity in Weyl
spin-orbit system

Chirality or handedness in condensed matter induces anomalous optical re-
sponses such as natural optical activity, rotation of the plane of light polarization,
as a result of breaking of spatial-inversion symmetry. In this Chapter, optical
properties of a Weyl spin-orbit system with quadratic dispersion, a typical chiral
system invariant under time-reversal, are investigated theoretically by deriving an
effective Hamiltonian based on an imaginary-time path-integral formalism. We
show that the effective Hamiltonian can be indeed written in terms of an optical
chirality order parameter suggested by Lipkin [74]. The natural optical activity is
discussed based on the Hamiltonian.

3.1 Phenomenological study: Effective Hamilto-
nian approach

Let us discuss the effective Hamiltonian for electromagnetic fields in the Weyl
spin-orbit system from the symmetry point of view.
In vacuum, the effective Hamiltonian of electromagnetic field is [75]

, 1 1
H:/d3r§ (60|E’2—|—£‘B|2) : (3.1)

where €y and po are the electric permittivity and magnetic permeability of the
vacuum. When coupled to electron system lacking spatial-inversion symmetry, an
interaction linear both in E and B is expected to arise in the form

. . 92
Hep :g/d3r(B E-E-B) =", (3.2)

€0

where g is a constant reflecting the breaking of spatial-inversion symmetry and C,
is an optical chirality order parameter defined in Refs. [94,95].
Here, we show that the interaction of Eq. (3.2) leads to optical activity.
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Figure 3.1: Schematic illustration of charged particle’s helical motion under the
effect of gV x E. Filled circle and solid arrow stand for the particle and its orbital
motion, respectively.

Maxwell’s equations (equation of motion) including Hgp are given by

V~E:£+£V-B,
€ €
. OF 0’B :
V X B =pj + eoptog, — Mg + HogV X E, (3:3)

where p represents the charge density and j is the charge-current density. The
condition of the absence of monopole and the Faraday’s induction law are not
changed because of U(1) gauge symmetry. From Eq. (3.3), we obtain the electric
and magnetic fields including the cross-correlation effect due to Eq. (3.2) as

Ew=E - B,
€o
B, =B — jogE. (3.4)

The above expressions are indeed identical to Eq. (1.37) suggested by Ref '[62]
in the context of the optical activity for circularly-polarized waves. Using B =
—V x E, E in Eq. (3.4) is rewritten as

Em:E+§VxE. (3.5)
0
The equation (3.5) clearly describes a chiral nature of the system. In fact, it
indicates that the electric field acquires an additional component proportional
to its rotation, V x E. When a charge undergoes a circular motion by E(r),
therefore, the motion is drifted in the perpendicular direction due to the term
gV x E | resulting in a helical motion shown in Fig. 3.1. This helical motion gives
rise to optical activities.

In fact, we see directly that Eq. (3.4) results in the optical activity for
circularly-polarized waves by deriving the dispersion relation of light. From Eq.
(3.3), the wave equation in the medium reads

> [P (K6 — kuky) — we] B, =0, (3.6)

v
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where c is the light velocity in vacuum, k and w are the wave vector and angular
frequency of electromagnetic waves, respectively, and

€uy = 5#” + Z% Z Eulukh (37)
l

is an electric permittivity tensor having the antisymmetric off-diagonal component
linear in k due to the violation of spatial-inversion symmetry [84,85]. Here €, is
a totally antisymmetric tensor. Since Egs. (3.6) and (3.7) give the characteristic
equation for plane waves traveling along in z-axis of the form

Ak? — w? —wzexy 0
wie, kP —w? 0 | =0, (3.8)
0 0 —w?

we obtain a dispersion relation,

2

B =211+ %k 3.9
1= Zinl] (39)

where + stands for the sense of circular polarization. Therefore, the existence
of the optical chirality order parameter leads to a rotation of the electric field
in a plane perpendicular to the incident direction, namely, circular dichroism, as
pointed out in Ref. [96].

Originally, the optical chirality order parameter was mathematically introduced
to describe the solution of Maxwell’s equations in order to explore conserved phys-
ical quantities reflecting the symmetry of electromagnetic fields [94]. Lipkin called
it zilch, meaning that it has no physical effects. The quantity is revisited recently
as it determines the polarization of circularly-polarized light [97,98]. The cross-
correlation effects was phenomenologically discussed in terms of the optical chiral-
ity in Ref. [95]. Until now, however, the optical chirality has not been discussed
based on a microscopic ground. The aim of the present study is to show that the
optical chirality indeed appears in the effective Hamiltonian by an imaginary-time
path-integral formalism, and present a microscopic scenario on how the optical
chirality leads to circular dichroism.

3.2 Derivation of effective Hamiltonian

In this section, we derive the effective Hamiltonian based on the imaginary-time
path-integral formalism [86]. We set h = 1 for simplicity, where A is the Planck
constant divided by 27. We consider an electron system having the Weyl spin-
orbit interaction under the effect of electromagnetic fields described by the gauge
field A. In the field-representation, the conduction electrons are characterized by
two-component annihilation and creation fields, ¢(r, 7) and ¢é(r, 7), with spin up
and down along the z-axis, where ¢ and ¢ are defined on an imaginary time 7. The
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imaginary-time Lagrangian of the system thus reads L[¢, ¢, A] = Ly + L4, where

Lo(1) = /d?’rc{% — (22 + ,u) + Q(V : U)]c, (3.10)

2m 2
~ 2
La(r) = —/d?’rA- (%cvc — ;—mAEc + eAca’c) : (3.11)

Here m is the electron mass, i is the chemical potential of the system, A stands for
the couplin%constant of the Weyl spin-orbit interaction, o is the vector of Pauli

matrices, ¢V ¢ = ¢(Ve) — (Vé) ¢, and —e is the electron charge (e > 0). The
effective Hamiltonian for the electromagnetic field Hog[A] is defined as

/ Y drHglA] = Tr InZ]A]. (3.12)

where Z is the partition function in path-integral representation and [ denotes
the inverse temperature. Equation (3.12) is calculated by integrating out the
conduction electrons in the partition function as

Z[A] = / DeDee o 4rEeAl (3.13)

where D stands for the path-integral. By carrying out the path integral over the
electrons, the contribution to the second order in the gauge field reads (diagram-
matically shown in Fig. 3.2)

B 2
InZ = —/0 dT/d%%AHA,,%ne(r,T)(SW

1 [P B
+ 5/0 dT/O dT//dST/dSTIZAMA,,X?;(T,TI,T, 7). (3.14)
uv
Here ne(r,7) = (¢(r,7)c(r, 7)) is the electron density and

X (v m7') = (G, 1) (r', 7)) (3.15)

represents the current-current correlation function. The total electric current is
denoted by

Ju == Ju+ 2eXs,, (3.16)

where 7 = —;—;E?c and s = %Ea‘c are the bare electric current density and
electron spin density, respectively. The thermal average ( ) in Eq. (F.9) is
calculated in the equilibrium state determined by the Lagrangian Lg(7). Using
Wick’s theorem, the electron density and the correlation function are expressed as

Ne = —BLV > nk 1[%kn] and

2
v . (& ~ ~
X (@, 182) = Y% E :tf[Uk,ugk+,n+eUk,ugk,,n]7 (3.17)
n,k
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Figure 3.2: Diagrammatic representation of the contribution to the effective Hamil-
tonian. Solid lines represent the thermal Green’s function for electron and the wavy
lines denote the gauge field, respectively. Diagrams, (a) and (b), correspond to
the contributions of n, and X% in Eq. (3.14), respectively.

respectively, where v = v — Ao with v = %, tr is the trace over spin space, V is
the volume of the system, and

1

Wy, — € — Vi + O + insgn(wy,)

gk:,n =

(3.18)

is the 2 x 2 thermal Green’s function for electrons. It includes the Weyl spin-
orbit interaction and a finite electron-elastic-scattering lifetime 7, as n = %, and
sgn(w,) = 1 and —1 for w, > 0 and w, < 0, respectively. Here ky = k £ 4,

€ = % — u is the electron energy measured from the Fermi energy, v = —Ak,
and k and w, = 2T with n being an integer are the wave vector and fermionic

thermal frequency of the conduction electron, respectively. The wave vector and
thermal frequency carried by the gauge field are denoted by q and €2, = 2%@ with
¢ being an integer, respectively.

Since we are interested in the effective Hamiltonian in the long-wavelength and
low-energy region, we expand the correlation functions Eq. (3.17) with respect to
q. Up to the first order of g, Eq. (3.17) reduces to (see Appendix I)

o
with
. e2)\3
g(i€) = 51 Z Z Elor0a0n
k o10203
1
X <—B) Z 8k,n,018k,n,00 (gk,n—i-é,ag + gk,n—f,og,), (320)
where
k
Skaizars = E(JB — 3010203) + 3 — (0102 + 20203). (3.21)

Here gp o = [iwn — €§ + insgn(w,)]”" with €] = e, + o A|k| is the Green’s function
diagonalized in the spin space and o; = £1 (i=1~3) is the diagonalized spin index.
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Xi; (@ = 0) and the coefficient g on the right-hand side of Eq. (3.19) are
calculated by the analytic continuation. We first show that the first term with
q = 0 is irrelevant. Expanding X?J'»’(q = 0) with respect to the external frequency
(2 defined by the analytic continuation to Q2+ i = i€, [87,88], where J is a small
positive imaginary part, the result up to the second order in €2 reduces to

X (g = 0,9 +i0) s M iy (3.22)

The first term in the above equation is X/ 3'7’90 = —%neéuu; hence, the contribution

of X j”’QO and that of n, shown in Eq. (2.25) cancel each other, as is required by the

gauge invariance. The second term on the right-hand side of Eq. (3.22), x};" o :

is a term with €29,,, but we drop the term proportional to iQA,(—)A,(Q2) by
noting the fact that [dtA, A = 0. In Eq. (3.22), there appear the odd orders
with respect to €2, but these terms also become total differential with respect to
time. The third term on the right-hand side of Eq. (3.22), XZVQ , gives rise to a
term with Q24,,,, which represents renormalization of the electric permittivity €
and we do not consider it further. The correlation function, Eq. (3.19), is therefore

dominated by the g-linear contribution with a coefficient g(i€2,),

X?JV((L 195) = _Zg(ZQE) Z €prdp- (323)
p
By rewriting the summation over the thermal frequency using the contour

integral (z = iw,), Eq. (3.20) becomes

ZQg

24

k 010203

/ 2 () (2)Zhon () B (2 %) + gy (2 — )], (3.24)

271

where C' is a counterclockwise contour surrounding the imaginary axis [87, 88],
and g ,(2) = [z — €f + insgn(Im[2])] ", f(2) = (e°* + 1)7! is the Fermi Dirac
distribution function, and Im is the imaginary part. The retarded and advanced
Green’s function are defined as g}, , , = gro(w + i0) and gi , , = gro(w — i0),
respectively, where w is an angular frequency of conduction electrons. Expanding
g with respect to €2 after the analytic continuation, the result up to the order of
02 reduces to

g(Q+ i) ~ ¢ +iQgM + Q%2 (3.25)
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with

2)\3
g(O) = Z Z Sk 17102175 )Im[gfc,w,alg;c,w,aggfc,w,ag]7

k,.w 010203

2)\3
g(l) — Z Z 5k010205 )Re[gkwalgkwag(gkwa3 gi,w,ag)]’

k,.w 010203

e _ZEZ N
k,010203

k.w o10203

( r r T )
gk,w,crl gk,w,ag gk,w,ap,

2 f(W)Im | X[(Zh o) T (Bhiwon)’
H(Zhow.os)” + oo,y Sheor.00)
S .01 S o2 (Bhoos)
— (@) | (801 ) Eher.0 B 0.0
\ +g;c,w,0'1 (g;c,w,ag >2gz,w,a3 /

, (3.26)

where g}, ,, = (W—€] +in)"", gt o = (8kwo)"> Re is the real part, f(w)=(e’ +

1)~ and f'(w ) 68 (w). The result can be simplified using the gauge invariance
which impose ¢(® = 0. The second term on the right-hand side of Eq. (3.25), the
Q-linear term, generally arises from integrating out fermions coupled to bosons [99],
and gives rise to a term with E - B, where E = —A and B = V x A are the
electric and magnetic fields, respectively. However, we drop the term because
E-B = i > v e PF,, F,p reduces to a surface term by the divergence theorem,
where €% is a totally antisymmetric tensor, F, = 0,A, — 0,A, is the field
strength of the electromagnetic field. We thus have g ~ 92¢(® and the effective
Hamiltonian finally turns out to be Eq. (3.2) with g = 9(2)
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Chapter 4

Conclusions

In Chapter 2, we have derived an effective Hamiltonian describing directional
dichroism in a magnetic Rashba conductor, and showed that it is made up of
a toroidal-moment term and a quadrupole-moment term, as in insulator multi-
ferroics. The toroidal-moment term is given by the vector coupling between the
toroidal moment and the Poynting vector, such that this term leads to direc-
tional dichroism irrespective of light polarization as a result of the Doppler shift.
Furthermore, the quadrupole-moment term induces directional dichroism when
linearly-polarized waves are applied. The microscopic analysis done in this study
indicates that the toroidal moment plays the role of an effective vector potential
for light, causing dichroism as a result of the Doppler shift. The effective Hamil-
tonian approach clearly shows that electromagnetic cross-correlation effects in the
magnetic Rashba system is qualitatively distinct from those in relativistic Weyl
systems (341dimensional Weyl semimetals) described by topological #-term.

Using an imaginary-time path-integral formalism, we derived an effective Hamil-
tonian of the electromagnetic fields in terms of an optical chirality order parameter
in a Weyl spin-orbit system having quadratic dispersion in Chapter 3. The effective
Hamiltonian approach clearly revealed that natural optical activity in the system
is due to the emergence of the optical chirality order parameter.
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Appendix A

Edelstein Effect and inverse
Edelstein Effect

A.1 Microscopic calculation of Edelstein effect

By calculating a magnetization induced by Edelstein effect by use of Keldysh
Green’s function method [100], we derive Eq. (1.13). For simplicity, we set h = 1.
In the second quantized representation, the Lagrangian we consider is given by

L=1Lo+LY
: 9] \'% i
Lo= | #rct il 4 (22 _Llag-
0 /drc {Z6t+(2m+EF) S OR (?xa)}c,
e e?
LS) = /d3rA- {%CT?C - %ACTC —ec'(ag x a)c], (A.1)

where ¢! and ¢ are the conduction electron’s creation and annihilation operators
having two spin components, respectively, m is the electron mass, er is the Fermi
energy of the system, o is the vector of Pauli matrices, ag is the Rashba field
representing the strength and direction of the Rashba spin-orbit interaction, —e
is the electron charge (e > 0), and dVe = o (Ve) = (Vet) c. The term L(Al)
is the interaction between the conduction electron and the applied electric field
described by E = — A, where A is a gauge field. Note that L(Al) includes the term
arising from the Rashba spin-orbit interaction.
The magnetization is defined as

M = —~s,, (A.2)
where v = 55 is gyromagnetic ratio, s, = %<cTac) is the expectation value of a
electron spin density, ( ) is the expectation value for L. In the Green’s function
representation, the spin density reads

s.(r,t) = = lim StrloG=(r,r' '), (A.3)
t'—t

38



k_,w_

q,(

ki wy

Figure A.1: The Feynman diagrams for the spin density induced by Edelstein
effect. Solid lines represent the conducting electrons’ Green’s function including
the Rashba interaction and the wavy lines denote the gauge field, respectively.

where  and ¢ are space and time, respectively, tr is the trace over the spin space,
and G<(r,7' t,t') = i{c'(r',t')c(r,t)) is a lesser component of contour ordered
Green’s function. We calculate Eq. (A.3) up to the first order of the gauge field
based on linear response theory [101]. Using the Dyson equation,

etk (r—r")—iw(t’ ft)gk

G('T', ’I",, t, 75/) = Z +€Z Ze (k+r—k_r)—i(wst—w_ t)AV(q’ Q)gk+,w+6k,ugk:_,w_
(A4)

the spin density, Eq. (A.3), is given by (diagrammatically shown in Fig. A.1)
_ igr—iQt € _sj
- Zzeq ﬁxujy(qvg)EV(an)v (A5)
q,Q v
where

X;w q,)=—-+ Z/ [0 Gns oy Uk Gre w—]< (A.6)

is spin-current correlation function, g, is 2x2 free Green’s function including
the Rashba interaction with wave vector k and angular frequency w, whose lesser
component is given by

Irow = J(@)(Ghw = Ghw)- (A7)

Here, g}, = (w —€ex — & - 0 +40)"" and g, = (g;,,)" are the retarded and
advanced Green’s functions, respectively, ¢ = % — € is the electron energy
measured from the Fermi energy ep, v = k X ag, 0 is a positive infinitesimal,
f(w) = (e +1)7t is the Fermi-Dirac distribution function, and 3 is the inverse
temperature. kx = k+ 2, wy =w+ %, and vy = v + ag X o with v = % The
wave vector and angular frequency carried by the gauge field are denoted by g and
(), respectively. The lesser component of the correlation function, Eq. (A.6), is

calculated by use of the Langreth’s methods [100,102],

Gk s Gk 0 1™ = Gk n Ik o T Thr o T o (A.8)
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Since we are interested in the long wavelength region, we estimate Xffy at q = 0.
The spin trace is performed by use of

tl"[ngk,erng,] = ’?Z Z OGk,w, 09k w_,0;

[

tr[gugk,W+avgk,w_] = Z[duygk,w_»,_,agk,w_,fa + :YZAZ(gk,w+,ng,w_,o - gk,w_;_,agk,w_,fo)]a
(A.9)

where o = =+ is the diagonalized spin index, gk ., is the Green’s function diago-
nalized in spin space, and 4x = i /|vk|. Using Egs. (A.7), (A.8), and (A.9), the
result becomes

. si o o)
X;Ljy(q =0, Q) = _V Z Z Z EVijOéR7i(5Vj - 7;:7%) (Q —I—k’LO)Q f 4/}/’37 (AlO)
k

o ij

where 7, = |vk| and €], = €g + 07, For the k-integral, we choose the z axis along
the Rashba field, i.e., ar = arz (2 = (0,0,1)) and k is represented using the
polar and azimuthal angles 6 and ¢, respectively. Using the following relation,

2
Ao e 1 .
/[)‘ _7;: k= 5(6,&1/ - aR,uaR,u)a (All)

where ar = agr/|ar|, we thus get the correlation function as

Mg

X === einoriC(9), (A.12)
Bep i
with
4B%ep VieS
=— A.

where s = o f(€7), Hp(Q2) = (2 +10)? — 4y, ne = ngo)(l +245), n = F s

= G2

Fermi wave number, A; = % (1 + % tan—! B>7 8= n;;;R
The results of Egs. (A.2), (A.5) and Eq. (A.12) are summarized in Eq. (1.13)
with vye = %M The electron density n, is defined as (A.28) by use of

Green’s function. n, and C(2) are calculated in Appendix B.

A.2 Microscopic calculation of inverse Edelstein
effect

Here, we derive Eq. (1.14) as the same manner in Sec. A.1. We calculate
the electric current density induced by Zeeman term describing the interaction
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Figure A.2: The Feynman diagrams for the electric current density induced by
inverse Edelstein effect. Solid lines represent the conducting electrons’ Green’s
function including the Rashba interaction. The dotted and wavy lines denote the
Rashba field and magnetic field, respectively. Note that the contribution arising
from the third term on the right-hand side of Eq. (A.16) vanishes at g = 0.

between electron spin and the applied magnetic field. The Lagrangian we consider
is given by

L=1Ly+ LY,
0 v?
Ly = /d?’rc[at <—+ F>—§QR ?XO’
Lf) = fy/dgrA -V x (clac). (A.14)

The term Lf) represents the interaction between electron spin and the applied
magnetic field defined by B = V x A, called Zeeman interaction, where v = 5=
is gyromagnetic ratio.

The expectation value of electric current density in this Rashba system is

Ze

Julr,t) = — eZem]aRl c'ojc) ’yZeWV cf o;c) (A.15)

where ( ) means the expectation value for L. In the Green’s function representa-
tion, the electric current density reads
(Vi = Ve )G (0 £ )] + i€y _eujani(oxG=(r, v t,1)]
Ju = lim tr ‘ i
2’:; —HVZEMJ[(VT’J + Vr,j)akG< (’I‘, ', t,)]

(A.16)

where G<(r, 7/, t,t') = i(c'(v',#)c(r,t)) is a lesser component of contour ordered
Green’s function. We calculate Eq. (A.16) up to the first order of the magnetic
field. Using the Dyson equation,

zk(r r’)—iw(t— t)gk

G(’l“ r .t t VZ +ZZ i(ky r—k_r")—i(wpt—w_ t)’)/B (q,Q)gk+ wr Ovk_w_

v q2

(A.17)
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the electric current density, Eq. (A.16), is given by (diagrammatically shown in
Fig. A.2)

du =iy Y Y TN (q,Q) By (q, ), (A.18)
q,2 v
where
o 1 * dw
Xiy(q,Q) = _V g/;oo Q—Mtr[vk#gk%wa,,gk_’w_ﬁ (Alg)
_ K

is current-spin correlation function and and vy = v + ar x o with v = 7. As
is the case in the Edelstein effect, we calculate ijj in the long wavelength region
(g=0). Using Egs. (A.7), (A.8), (A.9) and (A.11), the correlation function reduces

to

"N aariC(9), (A.20)

BPer P

The results of Eqgs. (A.18) and Eq. (A.20) are summarized in Eq. (1.14) with
Vi = K MmE.

Js — _
qu_

A.3 Microscopic calculation of Rashba-induced
direct coupling effect

In this section, we derive Eq. (1.21). We calculate the electric current density
induced by a direct coupling between Edelstein and inverse Edelstein effects by
use of linear response theory. The Lagrangian we consider is given by

L=1Lo+LY
0 v? i
Ly = /d37’cT [za + (% + EF) ~5OR (V X 0')} ¢,
ie e?
L(Al) = /d3rA : {%07?0 — %ACTC — ecl(ag x a)c} : (A.21)

The expectation value of the electric current density in this system is given by
: 2
ulrt) = 5V 1) = S AT = e Y (el (A.22)
ij

where ( ) stands for the expectation value for L. In the Green’s function represen-
tation, the electric current density reads

(V= Vi ) GS (v, 8, 1)) + %AHG<(T’, vt 1)

2m

Ju = Jm tr +ieY eujonatrlorGS(r, 7, 1, 1)) . (A.23)
t'—t i
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k-l-?w-l- k’w

Figure A.3: The Feynman diagrams for the electric current density arising from
Edelstein and inverse Edelstein effects. Solid lines represent the conducting elec-
trons’ Green’s function including the Rashba interaction and the wavy lines denote
the gauge field, respectively. Diagrams, (a) and (b) correspond to the contributions
of xJ}, and n, on the right-hand side of Eq. (A.26), respectively.

where G<(r, 7', t,t') = i(c'(v',t')c(r,t)) is a lesser component of contour ordered
Green’s function. We calculate Eq. (A.23) up to the first order of the gauge field.
Using the Dyson equation,

zk( r')—iw(t— t)g

G(r, r’ th VZ +€ZZ (ky-r—k_-1")—i(wyt—w_ t)A (q,Q)gk+w+Ukzugk w_

v q

(A.24)

the electric current density, Eq. (A.23) reduces to (diagrammatically shown in
Fig. A.3)

Jn = Z Z eiq'r_mto-,ul/(qa Q)E,,(q, Q)? (A.25)
q,) v
where
i62 Iy Ne
O-‘“’(q7 Q) = ﬁ |:Xf¢ju(q7 Q) - Eélﬂj <A26)

is an electric conductivity tensor. Here current-current correlation function Xffy
and electron density n, are defined as

dw
X]] q, E——Z/ Ukugk+w+vkugk w— ] ) (A27)

— ) A2
e V Z/ 27rztr gkw (A.28)

We estimate the contributions of ijy at ¢ = 0. Using Eqgs. (A.9), (A.8), and
(A.11), the correlation function reduces to

v Te N A
X?j (q =0, Q) = EC(QM(S/W - O4R,;¢04R,u)' (A29)

The results of Egs. (A.26) and Eq. (A.29) are summarized in Eq. (1.21).
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Appendix B

Calculation of Eq. (A.28) and Eq.
(A.13)

First, let us calculate Eq. (A.28). By use of Eq. (A.7). the electron density,
ne, read as

1 1 T ) 3
e = 7 ; 6772/0 df sin Okz , (0), (B.1)

where kp ,(0) = ke[y/1 + (Bsin )2 — oBsinf], kp is Fermi wave number, o = + is

the diagonalized spin index, and § = maR Carrying out the integration of 6 as

/WdGSiHH\/l%— (Bsin@) =1+ —;ﬁ2 tan™' 3,
0

/Oﬂ df sin® 0 = ﬁ <1 +36%2+ (382 -1) ;52 tan™! B) , (B.2)

we can get the electron density as
ne = n{” (14 24), (B.3)

where nl” = X 5 and A = @ <1 + H'B tan—! 5)

Next, we calculate Eq. (A.13). Usmg the following relation,

1 1
2kag sinf £ (Q +i0)  2kagsind £ Q

Fimd(2kagrsind £ Q), (B.4)

we see that Eq. (A.13) is decomposed into Real part and Imaginary part as shown
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below.

1

32 1 m kr 1 (0) 1
Re[C()] S EF—/ desine/ dka[
0 k

Te 277'2 F Q)

22 1 7r kg 4 (0)
mfc@)] =~ L / dfsinf / dkk?
k

TNe 4 0 . (0)

X [(5(2kaR sinf — Q) — 6(2kag sin 6 + Q)] :

B.1 Calculation of Re[C(2)]

Carrying out the k-integral, Eq. (B.5) is expressed as

B2€Fk}2?

2m20RNe

Re[C] = — 1B + V*1),

Where UV = m

L = / dfsinfy/1 + (Bsind),
0
1 T 1 )
I, = 1 XU:U/O dgsinQQID[(kF’aw) sin 0)? — v?].

Using Eq. (B.2), Eq. (B.8) reads

2kapsind —Q  2kagsingd + Q|

(B.5)

(B.6)

(B.7)

(B.10)

Carrying out the integration of 6 by use of the partial integration after change of

variable as z = (sinf, Eq. (B.9) reads
_iy, /B . M)
2227 Jy N T G ayap 22

where w = fr. Performing the summation of o, we can get Iy as

: oo
IL=_—=
1422 22 —
with A, = where n = 1. Here we used the following relation,

n = 1—2n@ 217~7
3
kFO’

ZU (kp.o —w2:

(e
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Changing a variable to y = 4/ ’Bfg; after change of variable as x* = z, Eq.(B.12)
reads

IZZ_E:Z(U_@)/ﬁdy{ @ __1 , (B.14)
20 < o L@y 149
with @, = fi’j;fn © Carrying out the integration of y as
@ 1 ; B
dy[ i — }:—tan_lﬁ—l—\/Q tan ™! , B.15
/0 y+Qy 14y ! V@ (B4
Eq. (B.14) becomes
I, = —é {i Z(n—@)\/Qntan_l g —I—Ztan_lé}. (B.16)
2 |w p V@
From the results, Eqs (B.10) and (B.16), we thus obtain Re[C] as
Re[C] = 51 {d} Z(n —@)y/Q, tan™" i + 2% tan™! B} -2 "
= ) :
41+28; "4 /Q, 1+2A;
(B.17)

B.2 Calculation of Im|C()]

Carrying out the k-integral, Eq. (B.6) is expressed as

B4€Fk}2? B 1 T
Im[C’]: d$~—@ Vit —r< —<V1i+a2+zx s
B2_x2

@]
(B.18)

where O(z) is a step function. Integrating out a variable x in response to case
analysis of ©, we see that Im[C] reads

37'(' B S+—S_ (I) <(:}_
Im[C] =—31T9A O —=S. O <D <@y oy, (B.19)
g 0 GOy <@

where Gz = B(y/1+ 52 £ §), Sy = /32 — 2A32(| — P, and A = 1.
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Appendix C

Derivation of Rashba-induced
spin gauge field

C.1 Pumped current induced by magnetization
texture

Here, we calculate the pumped electric current induced by nonuniform magneti-
zation texture. For simplicity, we set A = 1. The system we consider is a ferromag-
netic metal with broken spatial-inversion symmetry, where conduction electrons,
represented by two-component annihilation and creation operators, c(r,t) and
c'(r,t), interact with magnetization texture, described by the vector field n(r, 1),
via the sd exchange interaction. The Hamiltonian thus reads

H = Hy+ H,; + Hg, (C.1)
1

Hy = /d?’r (%]VC\Q — ucTc) , (C.2)

H,y= —Asd/d?’rn- (cTa'c) , (C.3)

Hy = %/d%aR : cT(? X o)c, (C.4)

where The term H,; is the exchange interaction between the magnetization and
conduction-electron spin and A,y is its strength. The term Hpy is Rashba spin-
orbit interaction. ag is the Rashba field representing the strength and direction
of the Rashba spin-orbit interaction. The Lagrangian of the system is

L= i/d3rcT8tc — H, (C.5)

where 0, = %. The expectation value of the electric current density in this system
is given by

. 1€
Julr,) = (V) = €3 ugpan (clone), (C.6)

ik
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where ( ) stands for the expectation value for L. We are interested in the case
where the sd exchange interaction is large and thus the conduction electron spin
is aligned parallel to the magnetization direction m, i.e., the adiabatic limit.
To describe this limit, the use of the spin gauge field, which characterizes the
deviation from the adiabatic limit, is convenient [2]. The spin gauge field is
introduced by diagonalizing the sd interaction using a unitary transformation,
c(r,t) = U(r,t)a(r,t), where U(r,t) is a 2 X 2 unitary matrix and a is a new
electron field operator A convenient choice of U(r,t) is U(r,t) = m(r,t) - o
with m(r,t) = (sm cos ¢, sin 3 smng coS 3 ), where 9 and ¢ are the polar angles
of n. It is easy to confirm that Uln - o‘)U = 0, is satisfied. Because of this
local unitary transformation, derivatives of the electron field become covariant
derivatives 0,c = U(0, + ieAs,)a, where Ag, = —é ~19,U is the gauge field.
Since U is a 2 X 2 matrix, the gauge field A, is written using Pauli matrices as
As, =, A 00 (b = z,y,2,7 is a suffix for space and time and o = x,y, z is
for spin). It is thus an SU(2) gauge field, which we call the spin gauge field. The
Lagrangian in the rotated space is thus given by

L=1Ly+ LY, (C.7)
1
Ly = /dsrozT (i@t + %VQ +u+ Asdaz> a, (C.8)
2
1) — 3| _ oot _ _ & a2t
LAs /d |: €a A @ ZAS z]sz 2m Z(As,z) aa
+ 5 Z GijkOéR’iR/m (_7]5,]' — 26As7jajfa> } , (09)
ijkn

where j&; = —ie%(ﬂﬁ?ao‘a is the spin current, €;;, is a totally antisymmetric

tensor, and Ry, = 2mm,, — 0, is a 3x 3 rotation matrix elements. The electron
field a is strongly spin-polarized owing to the sd exchange interaction (the last
term of Ly). In the rotated frame, Eq. (C.6) reads

Ju(r, T?ua - — Z A a'oea) Z G#jkgOéR’ijg<aTO'ga>. (C.10)
jke

In the Green’s function representation, the electric current density in the rotated
frame becomes

5 (Vi = Vi )G (7,7, 8, )] ZA [0,G= (7,7, t,1)]
i, = lim tr ’
" e HezeujkaR,ijz [00G= (7“, vt t)]

ke

(C.11)

where G<(r,7',t,t') = i(a’(v',t)a(r,t)) is a lesser component of contour ordered
Green’s function. We calculate the above expression up to the first order in the
Rashba field ag based on linear response theory [101]. In the calculation, we use
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the following Dyson equation,

1

G(r,r' 1) = v Z gk (rr)—iw(t=t) g
k,w

kw g jp

; q
X Ai,u((b Q) (k + 5) 9k,w0 j9k+q,w+Q
I

+ % Z Z Z pikr—iwt—i(k+p) ' +i(w+Q)t’

kw pQ fmno

~ p
X EfmnaR,éRno(p7 Q) (k + 5) gk,wo-ogk:+p,w+fl

+ % Z Z Z Z gikr—iwt—i(k+p+q)r'+i(w+Q+Q)t’

kw pg Q0 fmno

X CZmnOéR,éRno(p, Q)Ag’m(q, Q)gk7wgk+p+q,w+Q+Q

+ mLV Z Z Z Z piker—iwt—i(k+p+q)r'+i(w+Q+Q)t’

kw pg Q0 pjlmno

X EfmnaR,ZAgM(qv Q)Rno(p7 Q)

(ki —+ g) (k +q+ g)m kw0 j 9k+q,w+20 09k +q+p w+Q+Q

X
+ <k + 12_) m (k + p + %)U gk7wO-ng+p7w+Qo-jgk+q+p,w+Q+Q

Y

(C.12)

where p and q are the wave vector carried by the magnetization texture, €2 and
Q) are the angular frequency carried by the magnetization texture, g, is 2x2
free Green’s function including the sd-exchange interaction with a finite electron-
elastic-scattering lifetime, whose lesser component is given by g;w = f(w)(gk,., —
g,‘;’w) with f(w) = (e® +1)~!. Here, Ih = (w— €+ i)*l and gp, , = (g,rwJ)Jf are
the retarded and advanced Green’s functions, respectively, €, = % —ep — Agqo, is
the electron energy in the matrix representation, 7, is the electron elastic scattering
lifetime.

Using the Dyson equation, the result up to the first order in the Rashba field
is given by (diagrammatically shown in Fig. 1.5 )

Joump =3 + 5 + 519, (C.13)
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with

Z_i/ Z Z Z eiip.r+iﬂt€£mnaR,fRn0<p7 Q)

kw pQ fmno
<

X tr |:kukmgk_l2’7w_f;20—ogk+gyw+g + m(sumo_ogk,w ) (014)

Z Z Z Z e i(pta)r+i( @+t €tmnOR ZRno(pu Q)Ag,u(q7 Q)

kw pag Q0 vilmno

< t[% (k+3), (k=3),

“Ip-9-2,-2 290k 9 2012 2000k 9P 0y 0.0

fps
#o (=), (4 5),

X Q_ 00 Q,00; Q.0
Ik-g-p - §-370k-4+8 - $+ 471004+ 10+ §+
<
+ 6ﬂmkuaogkfg,wf%(jjgk%%,uﬂr% + 6#Vkmajgk7§,w7%009k+§,w+% , (C.15)

. - T:L_?/ Z Z Z Z e_i(p+q)‘r+i(Q+Q)t66mnaR,6Rno (p7 Q)Ag,m(qv Q)

kw pg Q0 fmno
<
X k’utrlgkggwﬂ99k+g+g,w+g+ﬂ] : (C.16)

First, we calculate Eq. (C. 14) Performing trace over the spin after use of the
Langreth’s methods [100,102], 5 becomes

(A) — Zze ip- "“Qtaum( ,Q)[aR x n(p, Q)]m, (C.17)
P M

with

e Q Q a
Aum = _m_V ; ; U{ [f(w + 5) f(cu - _)} k kmgk Bw Q,ggk+§,w+%,a

Q . . Q
+f(w_ §)kﬂkmgk—g,w—%ogk+%w+%U+f(w+ )k kmgk pw—f agk+p w—&-fU
+ mdumf(w)(gz,wp - glrc,w,o) }’ (018)

where we use the fact that R;, = ng, 0 = £ is the diagonalized spin index,
Ghwo = (@ = €ho T 55)7 Ghuo = (Ghuo)s and o = 5o — e — 0l We
expand ay,, with respect to the external wave vector p and frequency (2. Carrying
out the integration by parts with respect to k and w, the result up to the first
order in 2 and the second order in p is

o, =1QW0uma1 + (P° — Pupm)az, (C.19)
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where we use the fact that f'(w) = ag((f) = —0(w) and a rotational symmetry in

k-space, i.e., k,k, = 5W, and a; and ay are defined as
=g Z > oK ok~ )’ (C.20)
. C.21
12m gk 0' ( )
We thus obtain j) as
0
§W = — a18t<aR xn)+aV x [V x (ag X n)]. (C.22)

Next, we calculate 5 in the same manner as 7). Expanding Eq. (C.15)
with respect to p and g, the result up to the first order in p and q is given by

i = 3vaZZ D e Tt g Roo(p, Q) AL (g, )

k.w D,q Q,Q vjlmno

k> <
X %[(q + p)mg/w - (q + p)uéum]tr [Ujgk,wgo(gk,w)z - Uogk,waj (gk,w)2
(C.23)
Using the spin trace formula
tr[o-jgk,wo-o(gk,w)Q — 000k,w0; (gk,w)Q] = 22.Ejoz Z gk,w,—a(gk,w,a)27 (024)

g

where gk, » is Green’s function diagonalized in spin space, Eq. (C.23) reduces to

B) =das Z Z Z Z e irta) T_H(Q—H))tQZEZmnGJOZQR ZRno(pa Q)Ag,u<q> Q)
kw p,q Q0 vilmno
X [(q + P)mOu — (@ + P)vOyum), (C.25)
where

3:—22 ( ) 620 (080)® — Goo (G (C.26)

By use of the followmg equation,

[V x [V x (ar x n)] —QZZZ Z e~ ipra) T Q) Etmn€iozOR 0 Rno (D, Q)

p,g Q Q vilmno

X [(q + P)mOuwAL(q,2) — (g + P)uumAL,(q,Q)],
(C.27)

Eq. (C.23) reads
§® =43V x [V x (ag x n)]. (C.28)

From the results of Egs. (C.22) and Eq. (C.28), the pumped electric current is
thus given by

0
jpump = ala<aR X n) + 0V X [V X (aR X ’I'L)], (C29)

where b; = ay + as.

o1



C.2 Spin Hall current induced by Rashba-induced
spin magnetic field

As was pointed out in Refs. [28,46], the result of the pumped current is not
useful in order to estimate magnetic components in solids, the effective magnetic
filed and the spin-dependent magnetic permeability, simultaneously. Therefore,
we should calculate the spin Hall current induced by the effective magnetic fields
under the effect of an applied electric field to achieve the decision of the magnetic
components. In this calculation, we introduce the static magnetization texture
and the spatially uniformed electric field.

The Lagrangian we consider in the rotated space is given by

L=1Lo+ LY, (C.30)
1
LO = /dST’aT (Zat + 2_V2 + % + Asdo-z> a, (031)
m
=& Adi— S5 (At A2 — S (At
As — T'_; Z]l_% i(i)aa_g s,i]s,i_%ia< s,i)aa
+e Z ejkgaR,jAkRgnaTana _ L Z AiAgfiaTaaa
jktn m [ 2e%
1 2m ., n ot
+ 5 Z €ijkORi Rin i 2eAg;a'a ) |, (C.32)
ijkn
where j& = —ieﬁcﬁﬁa is the charge current. In the rotated frame, the electric

current reads

~ 2
: ie e
Julr,t) = %<GT?MCL> - g Aylala) —e g €ujrear j Rrela’opa),  (C.33)
¢ ke

where () denotes the expectation value for L. In terms of Green’s function, Eq.
(C.33) becomes

(Vo — Vi) GS(r, 7' 8, 1)) + %AMGK(T, r' t,t)

2m
jﬂ = ,},1317‘ tr +Z€Z E‘ujkOéR,ijg[O'gG< (’I", ’I"/, t, t,)] ) (C34)
t'—t jke

where G<(r, 7', t,t') = i(a’(v',t')a(r,t)) is a lesser component of contour ordered
Green’s function. We calculate the electric current up to the linear order in both
the Rashba field and the gauge filed. In the calculation, we use the following Dyson
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equation,
1

Py ike-(r—1)—iwo(t—t)
G(T7T’t’t)_V;e e
e ()it b )
_V Z Z Z €Zk ( Jrtrira AJ(Q)kjgk,ijgk,w+Q

kw Q jJ

_ % Z Z Z eikr—i(k+p)r'—iw(t—t)

kw D jlin

b
X €100R,; Ren (D) (kﬁ + 5) Jk,wOnJk+pw
= Z Z Z e'Lk: r—iwt—i(k+p)-r +i(w+Q)t
k:,w D, jkin
X €100R,; R (P) A () ko o Gl p o+
e ik-r—iwt—i - i(w !
— ZZ Z ik t—i(k+p)-r'+i(w+Q)t €ire0R; Am (Q) Ren (D)
k,.w p,Q jkfmn

x (k + (c k +p> 9k wan9k+p,wgk+p,w+ﬂ 7 (035)
+km k + gk wIk,w+Q0nJk+pw+Q

where where p is the wave vector carried by the magnetization texture and 2 is
the angular frequency carried by the gauge field.

Using the Dyson equation, the result being bilinear in the Rashba field and the
gauge field is given by (diagrammatically shown in Fig. 1.6)

Frran J(Hall 1) +J(Hall 2) (C.36)
with

]LHalll _ ZZ Z TPt am j Ren (D) Am (S2)

kw p,Q jkémn

X tr |:_6kmk,ugk—’2’,w—gangk+g,w+g
kK,
m (k + 2) k206200942 oy QYp4 P i Q
kK, P -
- HT (k - 5) gkp,wggkg,wg%gwgmg} , (C.37)

]/(LHaH 2) Z Z Z zp'TJriQtEjkgOéR’ijn(p)Am(Q)

kw p,Q jkémn

<
X tr |:6ukkm0ngk7w—ggk,w+g - 5umkkgk—’2’,w0ngk+g,w:| ) (038)

Let us calculate Eq. (C.37). Expanding 51 with respect to € and p, the result

up to the linear order in both €2 and p is given by
j (Hall 1) —C Ze iprif Z €jk€aR,jR€n(p)Am(Q)(san(pudkm - pméyk)a

jkfmn

(C.39)
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where
_ i€2 o , ) \
= 3m?2 ZZGk [(gkwﬂ) - (gk,w,a) ] (040)
k o

Using the following equation,

[E x [V x (ag x )], =Y e PN cpan R (p) An ()

, jklmn
X 5an(pu5km - pm(suk): (041)
we thus obtain the Hall current as
Juan = — a1 E X [V x (ag x n)]. (C.42)
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Appendix D

Microscopic derivation of
Dzyaloshinskii-Moriya interaction

In this section, we show that the equilibrium spin current induces the Dzyaloshinskii-
Moriya interaction by deriving an effective Hamiltonian for the magnetization
based on the imaginary-time path-integral formalism. In this calculation, we in-
troduce the static magnetization texture.

The imaginary-time Lagrangian we consider in the laboratory frame is

1 .
L:/d?’rc{&—%VQ—u—Asdn-a%—%Z)\i-crﬁ]c, (D.1)

where A is the spin-orbit field representing the breaking of spatial-inversion sym-
metry and conduction electrons are represented by two component annihilation
and creation fields, ¢ and ¢ defined on imaginary-time, 7. By introducing the spin
gauge field by use of the local unitary transformation in order to diagonalize the
sd interaction, the Lagrangian in the rotated space is thus decomposed Ly into
L4, as shown below.

_ 1 :
Ly = /dSTa (67 - %VQ — = Ag0, + ) Z Raﬁ)‘iﬂﬁ?ga> a, (D.2)

i,a3
L, = /d3 {ZA“]“—F —Z(AO‘ aa — eZR ﬁ)\’BA ] (D.3)
7,0 1,8

where a and @ are annihilation and creation fields describing the spin-polarized
conduction electrons in the rotated frame. The effective Hamiltonian for the mag-
netization, H.g = —In Z, is calculated by integrating out of the variables of the
electrons in the partition function, Z(As) = [ DéDcee™ Jg drL@e,As)  where D de-
notes the path integral. The contrlbutlon of the first order in the spin gauge field,
diagramatically shown in Fig. D.1, reads,

InZ=— / dr / d%ZASHjW (D.4)
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k,wny

Figure D.1: Diagrammatic representation of the contribution to the effective
Hamiltonian. Solid lines represent the thermal Green’s function including the
spin-orbit and sd exchange interactions and the wavy lines denote the spin gauge
field, respectively.

where

is the spin current density in rotated frame and
1
W — €k + Yhsd - O + insgn(w,)

%k:,n,sd = (D6)

is the thermal Green’s function for electrons that includes the spin-orbit and sd-

exchange interactions. Here, k and w,, = W ( n is an integer) indicate the wave
vector and fermionic thermal frequency, respectively, ¢, = % — p is the electron

energy measured from the Fermi energy, and v 4, = >4 RapA\ ki + Agq2® with
z = (0,0,1). We have included a finite electron-elastic-scattering lifetime 7, as
an imaginary part, n = i, and sgn(w,) = 1 and —1 for w, > 0 and w, < 0,
respectively.

Expanding Eq. (D.5) with respect to A by use of the resolvent expansion, the
result up to the linear order in A and the zero-order in A,y is reduced to

jsju :ZRaﬁjSﬁ,uﬂ (D7>
B

where
Js = 2neA (D.8)

is the spin current density in the laboratory frame and ne = & >, > f(e) is the
electron density. Using the following relation,

1
Z RagAS, :§(vun xn)? A, (D.9)
we thus get the effective Hamiltonian as [82]

Ha = [ €| Dt Vi 451 42, (D.10)

7,00

26



with

D = j, (D.11)
where js%f = Jou — n“js”,u and js”,u = n - Js,u The first term on the right-hand
side of Eq. (D.10) describes the Dzyaloshinskii-Moriya interaction induced by the
spin current density with the spin component perpendicular to the magnetization
vector. The second term on the right-hand side of Eq. (D.10) means the spin-

transfer term originated from the spin current density with the spin component
parallel to the magnetization vector.
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Appendix E

Partition function in path integral
formalism

Under the effect of a finite temperature, the equilibrium properties is deter-
mined by the partition function as shown below.

Z(B) = Tr e P, (E.1)

where Hy = H— uN , H is the Hamiltonian of the system, N is the particle number
operator, p is the chemical potential of the system, [ is the inverse temperature,
Tr is over the entire Hilbert space. In fermion system, Eq. (E.1) reduces to

2= (nle”|n), (E.2)

n=0

where |n) is the Fock space state.
In order to construct the path integral representation of the partition function
in fermion system, we introduce the fermionic coherent states, |¢)) and (¢|, as

[9) = [0) + L)%,
(0] = (0] + ¥ (vl (E.3)
Here, ¢ and ¢ are the Grassmann numbers satisfying {4, ¢} = 0, {¢,¢} = 0,
{0} =0, YY) = ¢|y), and (Y[¢" = (Y[, where {A, B} = AB+BA and ¢ and
YT represent annihilation and creation operators, respectively. Since integration

over Grassmann variable 1 is defined by [dy =0 and [ di¢¢ = 1, the resolution
of identity for the coherent states is given by

/ dpdipe P ) (] = 1. (E.4)

Using the above equation, the partition function, Eq, (E.2), reads
2= [ adavei-gle ). (55
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Dividing  into IV segments of infinitesimal length AT =
states resolution of identity, Eq. (E.5) becomes

Z= //’N— Yo H dwldwlexp |: AT Z N (wﬂ ¢] d}] : - HT(wja % 1>> :|
N=—1 =1
o (E.6)

¥ 5 and inserting coherent

where Hr(vj,151) = (| Hr(P", )l 1) and ¢y = —tbo (b = —iby) means
the anti-periodic boundary condition for ¢ (). Here we used the fact that Hr
is described by the annihilation and creation operators in second quantized repre-
sentation. In the limit N — oo and A7 — 0, the path integral representation of
partition function is thus obtained as [86]

Z = / DY DipeJo drLn), (E.7)
with
—_ N —
DYDY = lim [T deides, (E.8)
AT—0 =1

where L(7) = ﬁ%w + Hr is corresponding to an imaginary-time Lagrangian and
Y(7) and 9 (7) are creation and annihilation fields defined on an imaginary-time 7.
We should keep in mind that ¢(7) (¢(7)) satisfies the the anti-periodic boundary

condition for fermion field ¥(8) = —(0) (¥(B) = —1(0)).
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Appendix F

Derivation of Eq. (2.30)

This section shows the detailed derivation of Eq. (2.30) from Eq. (2.29). Let
us first calculate X;‘Jy shown in Eq. (2.29). Expanding %, apr with respect to M
by use of the resolvent expansion, the term proportional to the linear order of M
is given by

v ) Js
R 2,2

q q q
g {("’ +3), (k5 3) Geanset (k=3) (k- 5)%’%”4
X {gk,na Ua}
272, 3 Commewa iR
mn’op
q q q q
X |:<k + §>M (k + §>ng+q,n+é -+ <k§ — §>M (k? — E)ngq,ngl O'p] s

(F1)

with

l\DI»—

Z Okemo (F.2)

where Y, = Yi/|Vkl, G = liwn — ek — e - 0 + insgu(n)] !, v = k X o,

Sono = |iw, — €] +insgn(n)] " with €] = e + ok (& = |&|) is the Green’s
function diagonalized in the spin space, 0 = =+ is the diagonalized spin index, and
{A,B} = AB + BA. Expanding Eq. (F.1) with respect to g, the term being

60



bilinear in M and q is given by

,u,u,(Ml,ql) € Jsd
Xji =T om2BvV Z Z

( [ Wq(gk n+£2 ng,n—Z){gk%g,? Oa}
({gk,n—i-b Up} - {gk,n—f’ Up})
k, k %Q{gk%rw UCY2}
! ‘1‘2’75 20k nte — Jin—t)
X Z Epmn’ en’op’%::n’?l?:o-p{gk?n? 004}

pmn/op

—i—%(k“q,, + ]qu#)(gk n+l — gk: = f){gk n 7 }
X tr +4]k,n Z €amn/ €n/ Opfyk P)/k:

mn’op
kﬁ(gg,n+€ - gk?,n—é)ap
%({gk?,n—s—fv Up} - {%2,”_@ Up})ap
% kuku +273 +2(jl2c,n+€ - jlzcln"—fgm”
X Z 6pm’o/60/171”0”/)% 7k 0o"0p
pm/o'm!’ o

+%(k:uqu + kuQu)(gk,n+€ - gk,n—ﬁ)o-p

Performing the trace over the spin using
tI‘[UOCO'QO'WO'(;] = 2(504/3575 + 5/375045 — 5047555),

the result up to the linear order in ¢ and M is obtained as

v . € Jsd
Xéj‘] (qa ZQZ? — mQBV Z Z Mql/ + QMk )7

X |:2hk,njk,n(hk,n+€ — hie—e) + (R + Jiom) Ukt — Jren—e) |

with

1
Y g Mo
22
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Other correlation functions are calculated similarly as

Z Z E,umozaRm Mﬁ)

n,k maBp
casB

_%qr)(kvkp‘saﬁ —k kp’Vka)]k n(hi,n—l—f
+4P)/Z(5pakl/7k 5aﬁk1/7k:)hk,njk:7n

e Jsd
mBV

ngy(qv Z.Qfa

hk:n Z)

X [(hi,n—l—f -

hi,n—f) -

(.jz:,n—s—é

- jl%:,n—f)]

das(hi,

n_ jl%,n)<hk,n+f -

+q/)50j +2'3/I?'AV£ [hk,njk,n (jk,n+f

- jk,n—f)

hk,n—f) ’

+]I?:,n (hkﬂ’b-i-ﬂ - hk,n—Z)]

Z Z ZeuoaeumﬁaRoaRm( M)

n,k moafy u'v'p

\
6 Jsd

ngy(qv ng, —
. kv"QVZ (€aw pemﬁ + Ea'ypgpu/ﬁ) y
th,njk,n[(hk,n+e hkn 0) + (]k,n+€ - jk,n—é)]
+2Z€7ijejkpku”7k7k% (€app€oup + O p0ap)
ijkp

4
—

. .2 .2
Xk ke (Jheme = Jhn—t) '

NN € /“(6 6,/54—5”/56@ )
+4 H AL kE'k , nig\Cayptp vy
Z‘]Zkfyq f)/kfyk JRV _Efyij (EaV/pepMIB —|— 5/11/560"//)

2 -2
\ X hk,n (Jk,nJrE

- jl%,nff) /
(F.7)

where we should keep in mind that x(q,i%, M) = X (—q, =i, M) holds.

To carry out the k-integral, we choose the z axis along the Rashba field, i.e.,
ag = arz (2 = (0,0,1)) and k is represented using the polar and azimuthal
angles f and ¢, respectively. We consider an electromagnetic wave with ¢, = 0,
i.e., propagation perpendicular to the Rashba field. Let us calculate Eq. (F.5).
Calculating the integral over ¢ by use of

2m
de, . Ve ~
Lk AY=——""¢, , F.8
/0 o ik = T gg - CunOn (F.8)
where ar = agr/|ag|, we obtain
v . Jsa (€2 e 0) /.
Wi (@, 16 M) = =220 ()73 (=) 60 (100 (Ar gy + gun), (F9)
B \m — 20
with
Sn (1) = 20 e (Minre — hen—e) + (B3 + ) Gt — Jene).  (F.10)
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Here, Ar = ar x M. Other correlation functions are calculated similarly as

v . Jsd e\?
Xs; (@, i, M) = — 3 <E> ;
» { 00 90 2 An - )35, — 3 + M- (et x )] }
+2man o, (190) (An iy — Gudiy) = MO, (1) Ar

X?ﬁ((],i@g, M) — _Jsd (3)2 Z(—2m7k)
n,k

g \m 7
. { Ghen (19) (A - )55, } (F.11)
+pn (i) 2(Ar - )65, — (Ar s + guArs)] [
with

(i) = G2 0 (W i — D),
n (1) = Dol (B 0 — B o) = G e — G200,
;e%?z(ige) = hg, (et = Pao—t) + Pao o (et — Jrn—t),
24,1)1(@'93) = hiedonUmse = Jim—t)s
(i) = hi (B s — Do), (F.12)

where 6; = 0 — Orur, and M+ =M — (&g - M)ag.
The results of Eq. (F.9) and Eq. (F.11) are summarized in Eq. (2.30). The
coefficients g1, g2, and g3 are defined in Appendix G.
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Appendix G

Definition of coefficients g1, g9,
and g3

From (F.9) and (F.11), coefficients gy, g2, and g3 of Eq. (2.30) are obtained as

B \m R

2 2
ni52) = =2 (£)°% (-2 ) [olthti) + 2o a0 + 20050 |
n,k

oy Jsa [ e\? Y L o, 1) ¢ 2mag () .
92(1€2) = — 3 <E> nzk:@ _%¢k,n(ZQZ)+3¢k,n(ZQ£) 2 k,n(mf)
dma .
+ —Ras;?L(mz)} :
Tk
oy Jsa [ e\? Vi 1,

Using Egs. (F.2), (F.6) and Eq. (F.12), the coefficients g; and g3 can be written
as

. Jea (€2 e\ mag
g1(i€) = —2 o1 <E> Z Z <Oé_R 0109 + 7(020304 + 205)
k 01020304
1
X _B gk,n,algk,n,og (gk,n+€,a3gk,n+é,a4 - gk,n—ﬁ,a3gk,n—é,a4)a

n

: 1 Jsa (€2 7\
93(292):—5 Y <E> Z Z 0102 (Oé_R>

k 01020304

1
- <_E) 8k,n,018k,n,02 (gk,n-l—f,vggk,n-i-é,tm - gk,n—f,aggk,n—é,m)- (GQ)

n
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Appendix H

Gauge transformation

Under the gauge transformation A,(q) — A,(q) + iq,A(q), where A(q) is the
gauge degree of freedom, the change in the effective Hamiltonian linear in A is

given by
OHar = ~iy_M(q)
91(Ar - q)lg- A(—q) —q- A(—q)]
(Ar - A(=q))q° + (g A(=q))(Ax - @) 1 ()

8 o2 [—(AR -q)(q- A(—q)) — (A - A(~q))q’
+93[A(—q) - (ar X q)(M~* - q) — (M* - q)A(—q) - (ar % q)]
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Appendix 1

Derivation of Eqgs. (3.19), (3.20),
and (3.21)

This section shows the detailed derivation of Egs. (3.19), (3.20), and (3.21)
from Eq. (3.17) as a same manner in Appendix F. By use of Eq. (F.4) and

tr[aaaiagajav] = 2i<(5ai65]‘7 + 5j’y€az‘6 + 55jeam — 5576(1@'), (Il)
the result up to the linear order in q thus reads

5 ' 2/\2
X457 (g, i8%) = x5} (g = 0,i€) — Z Z

)

—Zﬁ’yf]’% €uiphy — kﬂeViP)(hk,n - jl%:,n)(jk:,n-‘rf + Jln—t)

b Z'Vkeum hk,n + jl%,n)(jk,n-‘rf + Jren—t)

X Guup(hi,n + Jiem) (Ptense + e o) :
+2jl%:,n Z Epmn’En’oz)%up&?’%(hk,mré + R ns)
+7§ mn’op

+QZ’AYZ”AY1':€muhk,njk,n(jk,nw + Jkn—t)

(1.2)
where 4, = Vi /| V|, ¢ = —Aq, and hy,, and ji,, are defined as
M =53
kn = 9 gk.n,os
o=%
n=73 o n,o» .
JE, 5 G:i 8k,n,

where o = + is the diagonalized spin index. Using a rotational symmetry in k-
space, i.e., k,k, = %25#,, and Eq. (L1.3), the result of Eq. (I.2) is summarized in
Egs. (3.19), (3.20), and (3.21).
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