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Abstract

The Rashba spin-orbit coupling (SOC) and Dresselhaus SOC, arising from spatial inversion
asymmetry, have drawn significant attention due to their role in spin-momentum locking and
their potential applications in advancing gate-tunable spintronic devices. This dissertation
develops a comprehensive theoretical framework for spin transport phenomena in systems where
two-dimensional electron gases (2DEGs) with these SOCs are interfaced with ferromagnetic

insulators (Fls).

First, we develop a theory for spin pumping (SP) from an FI to a 2DEG. Spin pumping,
induced by ferromagnetic resonance (FMR) in the FI under microwave irradiation, enhances
the linewidths of the FMR absorption spectrum, associated with an increase in the Gilbert
damping. We calculate this enhancement with the vertex corrections and reveal that it exhibits
prominent peaks at both low and high FMR frequencies. Notably, when the Rashba and
Dresselhaus SOCs are of equal strength, the width of the low-frequency peak vanishes, reflecting
the spin conservation law in the 2DEG. Furthermore, the theory elucidates the behavior of FMR
resonance frequency shifts induced by SP.

Next, we investigate the inverse Rashba-Edelstein effect (IREE), wherein spins injected
from the FI into the 2DEG via SP are converted into a charge current. We analyze the spin
density and charge current density induced by the IREE with respect to their dependence on the
FMR resonance frequency, the orientation of localized FI spins, and the ratio of the Rashba to
Dresselhaus SOC strengths. These dependencies are shown to originate from spin splitting and
spin textures of the 2DEG Fermi surface caused by the SOCs. This analysis not only reveals the
physical mechanisms underlying the IREE but also provides insights for the design of spintronic

devices with various tunable functionalities.

Finally, we theoretically explore the Rashba-Edelstein magnetoresistance (REMR), which
describes the change in electrical resistance of the 2DEG depending on the orientation of
localized spins in the FI under the application of a DC charge current. Our results show that the
REMR is highly sensitive to the state of the FI-2DEG interface: Its sign reverses between dirty
and clean interface conditions. This reversal is attributed to differing dominant mechanisms—
static processes, such as transverse magnetic field effects, dominate in dirty interfaces, while

dynamical processes, such as magnon absorption and emission, dominate in clean interfaces.

While traditional theoretical studies in spintronics have predominantly relied on phenomeno-



ii

logical approaches, such as the Landau-Lifshitz-Gilbert (LLG) equation and spin-mixing con-
ductance, this dissertation consistently employs a microscopic Hamiltonian-based framework.
This approach provides a robust theoretical foundation for spintronics and offers guidelines for

the development of semiconductor spintronic devices with versatile functionalities.
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Chapter 1

Introduction

This chapter outlines the background of this dissertation. Section 1.1 introduces the back-
ground of spintronics, followed by Sec.1.2, which addresses the extension of spintronics to
two-dimensional electron gases (2DEGs). Section 1.3 presents the research purposes of this
dissertation, and finally, Sec.1.4 describes the structure of this dissertation.

1.1 Spintronics

Electrons possess two degrees of freedom: charge and spin. While in semiconductors such
as transistors and diodes, the technology to control the flow of electric charges carried by
electrons to extract various functions is called electronics, the field of electronics that also
utilizes the properties of spin is called spintronics. An early example of the spintronic device
that used spin degrees of freedom is the application of anisotropic magnetoresistance (AMR) in
the read heads of hard disk drives (HDDs) [1]. Progress in microfabrication methods, such as
molecular beam epitaxy (MBE) during the mid-1980s, enabled the fabrication of multilayers with
nanometer-scale thickness [2]. This progress led to the discovery of giant magnetoresistance
(GMR) in magnetic multilayers, marking the beginning of spintronics, a new field focusing
on the microscopic utilization of spin degrees of freedom [3-5]. Subsequently, tunneling
magnetoresistance (TMR) was observed at room temperature by replacing the nonmagnetic metal
spacer in GMR structures with an insulating barrier, finally achieving a magnetoresistance of
200% [6-9]. TMR has also been applied to magnetoresistive random-access memory (MRAM),
offering advantages such as non-volatility, low power consumption, and instantaneous startup,
inspiring active research in this field.

In development of MRAM, control of a torque for reversing magnetization in ferromagnets
is one of the key ingredients. One way to generate a torque on magnetization is to utilize spin
transfer torque (STT), due to a spin current (a flow of spin angular momentum) induced by
charge current in a ferromagnetic metal. However, reversal of magnetization by STT requires

high energy consumption. To address this issue, research has focused on another method called
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2 CHAPTER 1. INTRODUCTION

spin-orbit torque (SOT), which utilizes spin-orbit interactions in a heavy metal. For example,
by applying a charge current to a metal with strong spin-orbit interactions, a spin current is
generated in the direction perpendicular to the charge current, resulting in spin accumulation at
surfaces or interfaces. This phenomenon, which is called spin Hall effect (SHE), can be used to
reverse magnetization of an adjacent ferromagnet without passing a charge current directly into
the magnetic layer [1, 10-12].

To further advance spintronic devices, it is not enough to rely solely on the equilibrium spin
polarization of ferromagnetic materials. It is also necessary to generate, control, and detect
non-equilibrium spins [13, 14]. A representative method of spin current generation involves
charge-to-spin conversion driven by spin-orbit interaction such as SHE. As for spin-to-charge
conversion, the inverse spin Hall effect (ISHE) [15, 16] is utilized to electrically detect spin
polarization. Moreover, optical methods such as the magneto-optical Kerr effect and Faraday
rotation are commonly applied to detect spin accumulation [14]. Spin pumping (SP) [17-20], a
method of injecting spins into adjacent materials by microwave irradiation of a ferromagnet, is

also employed widely for spin injection into adjacent materials.

1.2 Two-Dimensional Electron Gas (2DEG)

Spintronics combined with semiconductor technology has been an attracting choice for realizing
integrated devices of various functionalities [14,21]. A notable example is the field-effect spin
transistor (Spin-FET), proposed by Datta and Das in 1990 [22]. The Spin-FET allows for
efficient spin manipulation by utilizing gate voltages instead of external magnetic fields. It
is expected to facilitate integration with existing semiconductor-based electronic devices [21].
Since the interfacial electronic states govern these spin-dependent transport phenomena in these
devices, two-dimensional electron gas (2DEG) plays an essential role.

As illustrated in Fig. 1.1, the Spin-FET consists of a 2DEG with the Rashba SOC, sandwiched
between two ferromagnetic electrodes [13]. When electrons with spins aligned in the direction
indicated by the black arrow are injected into the 2DEG from the source electrode on the
left, these spins experience an effective magnetic field © generated by the Rashba SOC. This
interaction causes the spins to precess around €. The precession angle is determined by the
strength of the effective magnetic field, which can be tuned by a gate electrode perpendicular to
the plane. As a result, the spin precession angle can be precisely controlled via the gate voltage.
At the drain electrode, which is the ferromagnetic electrode on the right, only electrons with
spins aligned to the drain’s spin orientation contribute to the charge current, while electrons
with opposite spin orientations are blocked, resulting in no charge current flow. Therefore,
the Spin-FET operates as a spintronic switching device, in which the charge current flow is
modulated by adjusting the voltage applied to the gate electrode. The Rashba SOC is central

to this switching mechanism. The ability of the Rashba SOC to generate an effective magnetic
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Figure 1.1: Schematic illustration of the field-effect spin transistor (Spin-FET) proposed by
Datta and Das. The 2DEG with the Rashba SOC, shown in yellow, is sandwiched between two
ferromagnetic electrodes depicted in red. The black arrow indicates the spin direction. The
strength of the Rashba SOC can be tuned via the gate electrode. Adapted from Ref. [13].

field, induce spin splitting in the energy bands, and allow tunability via the gate electrode are
indispensable properties for the realization of spintronic devices.

For 2DEGs, various spin-related phenomena can be induced by the Rashba spin-orbit cou-
pling (Rashba SOC), observed in systems with broken structural inversion symmetry [23,24].
Since the Rashba SOC is an interface effect, its impact is more significant in 2DEGs formed
in systems such as semiconductor heterostructures or LAO/STO interfaces, compared to three-
dimensional systems [25]. Furthermore, the Rashba SOC in 2DEGs exhibits high tunability via
gate voltage [26], enabling precise control over the effective magnetic field it generates and facil-
itating localized manipulation of electron spins. The spin-FET features a structure with a 2DEG
possessing Rashba SOC, controlling the precession rate of spins by tuning the Rashba SOC
strength through gate voltage [22]. The Rashba SOC in 2DEG also leads to spin-momentum
locking, enabling the generation of non-equilibrium spin accumulation via the Rashba-Edelstein
effect (REE) [27-32]. This efficient charge-to-spin conversion is expected to be used in next-
generation spintronics devices, such as SOT-MRAM [25]. Its inverse phenomenon, called the
inverse Rashba-Edelstein effect (IREE) [33—38], is utilized for detection of a spin current. The
Rashba SOC-based electron spin resonance (ESR), which does not require an external magnetic
field, also shows potential for quantum information technologies [14, 39, 40]. Additionally,
devices such as Aharonov-Casher (AC) spin interferometers and Stern-Gerlach spin filters have
been designed based on the Rashba SOC [14, 39, 40].

In zinc-blende II1-V and II-IV semiconductors, in addition to the Rashba SOC, Dresselhaus
spin-orbit coupling (Dresselhaus SOC) [41] arises from broken bulk inversion symmetry. While
both SOCs induce spin-momentum locking, they generate distinct spin textures [42]. In systems

where the Rashba and Dresselhaus SOCs coexist, diverse spin textures can be achieved by tuning



4 CHAPTER 1. INTRODUCTION

the SOC ratio through gate voltage [14,26]. Notably, when the strengths of the Rashba and
Dresselhaus SOCs are equal, a persistent spin helix (PSH) state emerges [43—47], leading to
prolonged electron spin lifetimes. Research on the PSH state is actively progressing, with a

focus on its potential for device applications in long-distance spin transport [14,40].

1.3 Purpose of the Dissertation

As described in previous sections, 2DEGs with the Rashba and Dresselhaus SOCs are attracting
significant attention in spintronics due to features such as gate-tunable charge-spin intercon-
version and localized spin manipulation [14,25,39,40]. In this dissertation, spin transport in
junction systems comprising a ferromagnetic insulator (FI) and 2DEG with the Rashba and
Dresselhaus SOCs is discussed theoretically. Specifically, the focus is placed on three research
subjects, which are briefly summarized as follows [48—50] (for a detail, see Sec. 2.6).

First, a theoretical framework is developed for spin pumping (SP) induced by ferromagnetic
resonance (FMR) when the FI is exposed to microwave irradiation [48]. SP transfers spins from
the FI into the 2DEG, resulting in an enhancement of the Gilbert damping in the localized spins
of the FI. This enhancement reflects the properties of the 2DEG as the adjacent material, making
spin pumping a probe for exploring the 2DEG’s characteristics. By analyzing the behavior of
the enhanced Gilbert damping, we elucidate the properties of the 2DEG with coexisting the
Rashba and Dresselhaus SOCs. When these SOCs have equal magnitudes, the spin of 2DEG
electrons is conserved. In this case, it is demonstrated that the enhancement of the Gilbert
damping exhibits qualitatively different behaviors depending on whether the vertex corrections
for impurity scattering are included.

Next, a theoretical framework is established for the spin-charge conversion phenomenon, in
which spins injected from the FI into the 2DEG via SP are converted into a charge current in the
2DEG through the inverse Rashba-Edelstein effect (IREE) [49]. Using the Boltzmann equation,
we derive analytical expressions for the spin density and charge current density induced by the
IREE in the 2DEG. Their dependence on the orientation of the localized spins in the FI, the
resonance frequency of the FMR, and the ratio of the two SOCs is clarified. We elucidate
the physical mechanism underlying the IREE and discuss its relationship with experimental
observations. Additionally, results obtained by computing the collision term for impurity
scattering of 2DEG electrons using Fermi’s golden rule are compared with those obtained
using the relaxation-time approximation [51,52]. It is revealed that these two approaches yield
qualitatively different behaviors when the magnitudes of the Rashba and Dresselhaus SOCs are
equal.

Finally, a theoretical framework is developed for the Rashba-Edelstein magnetoresistance
(REMR), in which the electrical resistance of the 2DEG depends on the orientation of the

localized spins in the FI under the application of a DC charge current [5S0]. Using the Boltzmann
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equation, we analyze the modulation of spin density and charge current density in the 2DEG
induced by the REMR, focusing on their dependence on the orientation of the FI’s localized spins
and the ratio of the two SOCs. Two types of interfaces are considered for the FI-2DEG interface:
the dirty interface, in which the in-plane momentum of 2DEG electrons is not conserved, and
the clean interface, in which it is conserved. The behavior of the REMR in each case is clarified,
revealing that the sign of the REMR reverses between these scenarios. The underlying physical
mechanisms responsible for this sign reversal are identified, and comparisons are made with
prior experimental studies on the REMR.

In spintronics, the generation, control, and detection of spins are fundamental processes [13,
14]. In this dissertation, we develop theoretical frameworks for spin generation in the contexts
of SP and the IREE, as well as spin detection in the REMR. A central focus of this dissertation
is establishing a comprehensive theory for the generation and detection of spins in a 2DEG with
the Rashba and Dresselhaus SOCs.

1.4 Structure of the Dissertation

This dissertation is structured as follows. Chapter 2 reviews prior studies and, building on this
foundation, outlines the motivation and objectives of this dissertation. Chapter 3 introduces a
microscopic Hamiltonian to describe the FI-2DEG junction system, which forms the basis for
the analyses in Chap. 4, 5, and 6. In Chap. 4, the theory of spin pumping (SP) is developed,
clarifying the enhancement of the Gilbert damping of localized spins in the FI induced by
SP [48]. Chapter 5 constructs the theoretical framework of the inverse Rashba-Edelstein effect
(IREE) arising from spin injection from the FI into the 2DEG via SP [49]. Chapter 6 develops
the theory of the Rashba-Edelstein magnetoresistance (REMR) and examines the spin density
and charge current density induced in the 2DEG by the REMR under both dirty and clean
FI-2DEG interface conditions [50]. Finally, Chap. 7 provides a summary of this dissertation
and future challenges.






Chapter 2

Review

The precise control of electron spin is essential for the development of spintronics devices.
While electron spin can be manipulated by external magnetic fields due to its magnetic moment
in principle, its implementation is considered challenging in practice. An alternative approach to
controlling spin involves the use of spin-orbit interaction. The spin-orbit interaction, a relativistic
effect, enables the conversion of electric fields into effective magnetic fields felt by the electron
spin. In solid-state systems, the spin-orbit interaction is significantly stronger than in vacuum,
allowing for precise electrical control of spin by using the spin-orbit interaction without applying
an external magnetic field. From this perspective, the field-effect spin transistor (Spin-FET) has
been proposed as a spintronics device [22]. In Spin-FETs, spin is controlled by a gate electrode
rather than an external magnetic field, using the Rashba spin-orbit coupling (SOC) [23, 24, 42],
a type of spin-orbit interaction. The Rashba SOC arises from the breaking of structure inversion
symmetry in surface systems and junction interfaces, while the Dresselhaus SOC [41,42], found
in III-V or II-IV semiconductors with zinc-blende crystal structures, results from the breaking
of crystal inversion symmetry.

This chapter will review the origins of these SOCs and examine previous studies on phenom-
ena such as charge-spin conversion and magnetoresistance effects resulting from these SOCs.
Additionally, the chapter will provide an overview of spin pumping, a method of injecting
spin into various materials, including those containing 2DEGs. Finally, the purpose of this

dissertation will be stated in a detail.

2.1 Spin-Orbit Coupling (SOC)

2.1.1 Rashba spin-orbit coupling

Rashba SOC appears in systems with inversion asymmetry and leads to spin splitting. This type
of SOC is reviewed following Ref. [53]. The appearance of such spin splitting is intuitively

explained as follows. If a crystal has spatial inversion symmetry, the energy eigenvalues of
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8 CHAPTER 2. REVIEW

Energy (C)

(a) (b)
bulk surface vacuum

TVV =

Figure 2.1: (a) Schematic diagram of a surface system. Electrons in the surface system, moving
with momentum p, experience an effective Zeeman field VV X p due to the atomic spin-orbit
interaction. As a result, the electron energy bands undergo spin splitting. (b) Spin splitting
of the conduction electron energy bands due to the Rashba SOC. Adapted from Ref. [48]. (c)
Electric field perpendicular to the surface. Near the surface atoms, a strong nuclear potential
results in a large out-of-plane electric field E .

electrons satisfy E(k,T) = E(-k,T), where k and T () are the wavevector and up-spin (down-
spin) state of electrons, respectively. Combining this relation with time-reversal symmetry
represented by E(k,T) = E(—k, ), different spin states becomes degenerate (E(k,T) = E(k, |
)), leading to no spin splitting. This indicates that spatial inversion asymmetry is required to
realize spin splitting in electron bands.

The origin of Rashba SOC lies in the atomic spin-orbit interaction. The Hamiltonian of
electrons in a crystal, considering the atomic spin-orbit interaction, can be expressed as follows:

K2 h
H=—A+Vo(r)+ ——& - (VV X p). 2.1)
2m 4m?

c2

Here, m represents the electron mass, V(r) denotes the periodic potential of the crystal, c¢ is
the speed of light, and ¢ stands for the Pauli matrices. Now, consider a situation in which
electrons in a 2DEG on the x-y plane surface move with momentum p, as shown in Fig. 2.1(a).
These electrons experience an electric field in the z-direction perpendicular to the surface,
VV = (0,0, E;), which results in VV X p pointing in the in-plane direction. Focusing on the
spin-orbit interaction term, the second term in Eq. (2.1), we can interpret that the electrons
experience an effective Zeeman field VV x p. Consequently, the Rashba effect arises, leading
to spin splitting of the electron energy bands as

27,2

ER) = o

+ ak, (2.2)

where m™ is the effective mass of the electron, a denotes the magnitude of the Rashba SOC, and
k = |k|. The resultant spin-splitting energy band is shown in Fig. 2.1(b).

From a microscopic viewpoint, the Rashba SOC originates from an out-of-plane electric
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Figure 2.2: Energy bands of materials belonging to point groups T4 or Oy, considering the
atomic spin-orbit interaction.

field at an interface. As shown in Fig. 2.1(c), this interfacial electric field reaches large values

near the nuclei of the surface atoms. The magnitude of @ can be evaluated using this out-of-plane
electric field E, as follows [54,55]:

aoc/dzEZ|w|2. (2.3)

Here, ¢ represents the wave function of the surface band. This wave function oscillates intensely
near the surface due to the influence of the strong nuclear potential from the atoms, resulting in
a larger amplitude. Thus, heavier elements with stronger atomic spin-orbit interactions tend to
have larger Rashba SOC magnitudes, leading to greater spin-splitting in the energy bands. For
instance, bismuth (Bi), which is the heaviest atom among non-radioactive elements, is known
to exhibit significant Rashba SOC [56]. Particularly, on the Bi/Ag(111) adsorption surface, a
remarkably large Rashba SOC with @ = 3.05 eVA—even greater than that of Bi surfaces—has
been observed via angle-resolved photoemission spectroscopy (ARPES) [57].

2.1.2 SOC in semiconductors

The Rashba and Dresselhaus SOCs in semiconductors are next reviewed following Ref. [42].
The Hamiltonian for the Rashba SOC is derived as follows. The energy bands for materials
belonging to the point groups Oy, (diamond structure) or T4 (zinc blende structure) are shown in
Figure 2.2. Due to the atomic spin-orbit interaction, the p-orbital bands in the valence band split
into the heavy hole and light hole bands (I'sy) and the spin-split off band (I'7y). By using the
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Figure 2.3: Central panel: Quantum well (QW) with an applied external electric field and wave
function of conduction electrons, .. Top (bottom) panel: Position dependence of the effective
electric field along the out-of-plane axis for the conduction band (valence band) in the QW.

wavefunctions of I'gy, I'7y, and the s-orbital conduction band (I's;) as the basis states, denoted
by ¥sy, Y7y, ¥, the matrix elements of the Hamiltonian in Eq. (2.1) within the framework of
the extended Kane model are calculated. This leads to the following eigenvalue equation for the

wavefunction of the conduction electrons:

{P2[2 - [ +v. P2[1 1 |20 B
3LEy Eo+Ao " 3lEy Eg+AMoln

€P2 1 1 €P2 2 1

=m0 kxE __[_+—]V~8

3 [ES <E0+Ao)2]0 YT L2 (Bgrag2

P2 2 1 P2 1 1 e ) -
Tl ot Erag) Ve~ Ve +—[———]—V—V A~B} = Ey..
3 [ES (E0+Ao)2]{ ‘ b3 E2  (Eo+Ao)? (Ve = V)0 Byjye = By

(2.4)

Here, i/ represents the conduction electron wavefunction incorporating the effects of the valence

band and is defined as follows:

(2.5)

- P? (2k> - (e/h)0--B k*+(e/h)o - B
Ve = [1+E( Ey * Eo+ Ay )]wc
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Here, k = (ky, ky, k;) is an electron wavenumber, 0 is the Pauli matrix, Eo and A represent
the energy splitting widths shown in Fig. 2.2, and P is defined as P = %(Sl px|X), where |S)
and |X) are the eigenstates of the s-orbital of I'¢. and the p,-orbital of I'g,, I'7y, respectively.
Additionally, B denotes the Zeeman magnetic field, V. (V,) is the effective potential for the
conduction (valence) band, and &, = VV, /e (&, = VV, /e) represents the effective electric field
in the conduction (valence) band. The potentials V. and V, are defined as follows:

Ve(r) =V(r) + Ec(r) = (Ec), Vu(r)=V(r)+Ey(r) —(Ey). (2.6)

Here, V(r) represents the external potential or the built-in potential at junction interfaces.
Additionally, E.(r) (E,(r)) denotes the band-edge energy of the conduction (valence) band,
with (E.) ((E,)) being its spatial average. The first term in the second line of Eq. (2.4),

eP?r 1 1

T E_g B (E()+A0)2

o kx&E,, 2.7)

represents the Rashba SOC term. Using the spatial average of &,, we obtain the Hamiltonian
for the Rashba SOC in the following form:

Hg = a(kyby — ko0ry). (2.8)

This Rashba SOC leads to spin splitting of the Fermi surface of conduction electrons, as already
shown in Fig. 2.1(b).

The difference between the effective electric fields of the conduction and valence bands, &,
and &,, is examined in the quantum well (QW) along the z-direction in the central panel of
Fig. 2.3. An external electric field E*' = 9,V /e is applied to this QW, and the effective electric

field for the conduction band can be expressed as follows:
EE=0.(V+E(2)]e=EX+.E.(z)]e. (2.9)

The spatial dependence of this &7 is shown in the top panel of Fig. 2.3. In a 2DEG on the
x-y plane, the average value of the conduction electron’s momentum in the z-direction is zero.

Therefore, by Ehrenfest’s theorem, the expectation value of &7 also becomes zero:
(E5)c = 0. (2.10)

Here, (---). denotes the quantum mechanical expectation value taken using the conduction
electron wavefunction shown in the central panel of Fig 2.3. Next, the effective electric field for

the valence band is given by

E=0,(V+E,(2)]e=E+0.E,(2)]e. (2.11)
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The spatial dependence of this effective potential is shown in the bottom panel of Fig. 2.3. It
is evident that this effective potential has the opposite sign to &7 in the top panel of Fig. 2.3,
and from Eq. (2.10), it can be concluded that the expectation value of &} with respect to the

conduction electron wavefunction is not zero.
(&) # 0. (2.12)

The specific expression for (& ). can be determined as follows. First, from Egs. (2.9) and (2.10),
the following equation is obtained:

—(0:Ec(2)/e) = (ET). (2.13)

Then, by denoting the band offsets of the conduction and valence bands as . and X, respectively,
and using Eq. (2.13), we obtain the following equation:

OB (2)]e) = =S OE(D)]e) = ZHED). .14

Using this, we can calculate the expectation value of Eq. (2.9) as follows:

Zet 2 gey 2.15)

X ZC
(ES) = (E2) + (0.Ec()]e) = =
From this equation and Eq. (2.7), it can be seen that the magnitude of the Rashba SOC is
proportional to the external electric field.

As described above, the Rashba SOC appears in materials with structure inversion asymme-
try, such as Si and Ge with point group Oy, and GaAs and InAs with point group T4. On the
other hand, since Ty also has bulk inversion asymmetry, the Dresselhaus SOC, originating from
this asymmetry, also emerges. In deriving the Dresselhaus SOC, not only the wavefunctions
sy, Wy, Y for I'gy, I'7y, and ', shown in Fig. 2.2 are used, but also the wavefunctions g, and
Y for I'ge and I'7¢ are included in the basis states. By using these wavefunctions, the matrix
elements of Eq. (2.1) are calculated up to the third order in k, and the matrix elements of the

s-orbital conduction electron band I's. can be expressed as follows:

Hp = bec({ky, k) — k210 + {ky, k2 = K2}y + {kz, kT = k;3}02), (2.16)
4i 1 1
be. = —— PP’ — - —|. (2.17)
= 3PPl T a0 B - E) - Ay Eo(Eo - E))

Here, E| and Aj represent the energy splitting widths shown in Fig. 2.2, and {A, B} = (AB +
BA)/2. Let |X’) (|Z")) denote the eigenstate of the p, (p.) orbital of I's. and I';¢ with P’ =
%(S |px|X’) and Q = %(X |py|Z"). For materials with point group Oy, parity conservation

results in P’ = 0, hence the Dresselhaus SOC does not appear. Equation (2.16) is referred to as
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a/B =3 0B = oo

Figure 2.4: Spin texture on the spin-split Fermi surface: (a) /8 =0, (b) /B =1,(c) a/B =3,
and (d) @/B = co. Here, a and S8 represent the magnitudes of the Rashba and Dresselhaus SOCs,
respectively. Purple arrows represent the spins of 2DEG. Adapted from Ref. [49].

the Dresselhaus term or the k> term. After the spatial average with respect to the wavefunction

in the z direction, the Hamiltonian for the Dresselhaus SOC is obtained as follows:
Hp = (k0 — kya_y), (2.13)

where S represents the magnitude of the Dresselhaus SOC. The effective magnetic field of the
Dresselhaus SOC and the resulting spin texture of the Fermi surface depend on the crystal growth
direction. Figure 2.4(a) illustrates the case when the crystal growth axis is [001], in which the
z-component of the electron spin is zero. In contrast, when the crystal growth axis is [110], the

x and y components of the electron spin are zero, and only the z component has a finite value.

2.1.3 Coexistence of Rashba and Dresselhaus SOCs

In heterostructures such as AlGaAs/GaAs, which exhibit both structure inversion asymmetry and
bulk inversion asymmetry, the Rashba SOC and the Dresselhaus SOC coexist. If the Dresselhaus
SOC dominates the Rashba SOC, there occurs spin splitting of the Fermi surface of conduction
electrons, as shown in Fig. 2.4(a). On the other hand, by adjusting the gate voltage applied
perpendicular to the 2DEG, the magnitude of the Rashba SOC can be varied [26], allowing for
control over the ratio of these SOCs. This results in various spin textures, as Figs. 2.4(b) and
2.4(c) illustrate. Finally, if the Rashba SOC is much larger than the Dresselhaus SOC, there
occurs spin splitting shown in Fig. 2.4(d). Notably, when the ratio of the two SOCs is unity,
a persistent spin helix (PSH) state [43—47] emerges, and the spin quantization axis aligns in a
single direction as shown in Fig. 2.4(b), leading to an infinite spin lifetime. In addition to this
effect, the Aharonov-Casher (AC) effect in systems where the Rashba and Dresselhaus SOCs
coexist has also been investigated [58]. In this manner, research on the coexistence of these two
types of SOC has attracted significant attention in the field of semiconductor spintronics [14].
Research on systems in which the Rashba and Dresselhaus SOCs coexist has been actively

pursued, particularly focusing on the phenomenon of the PSH, which arises when the mag-
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Figure 2.5: (a) Experimental setup for observing the persistent spin helix (PSH). (b) Experimen-
tal results of the PSH. Here, d represents the distance from the origin, and 6k denotes the Kerr
rotation angle. (c) Theoretical results based on the spin drift-diffusion model corresponding
to the situation in (b). The inset illustrates the effective magnetic field when the Rashba and
Dresselhaus SOCs have equal magnitudes. Adapted from Ref. [59].

nitudes of these SOCs are equal. The experimental setup for observing PSH is illustrated in
Fig. 2.5(a) [59]. The sample consists of a two-dimensional electron system in a GaAs/AlGaAs
quantum well, grown along the (001) direction using molecular beam epitaxy, and is fabricated
with four ohmic contacts. Electron transport within the quantum well is controlled by applying
voltages V, and V, to the ohmic contacts, while the strength of the Rashba SOC is tunable via a
gate voltage V, applied perpendicular to the plane. To generate electron spins aligned along the
z-direction at (x, y) = (0, 0), circularly polarized pump light is employed. The spin density is
subsequently measured by detecting the magneto-optic Kerr rotation 8k using linearly polarized
probe light, as the Kerr rotation angle is proportional to the spin density. When the Rashba and
Dresselhaus SOCs have equal magnitudes, the observed Kerr rotation data, shown in Fig. 2.5(b),

reveal alternating +z and —z spin orientations (depicted in red and blue, respectively) along the x-
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direction, while +z-oriented spins dominate along the y-direction. Electrons propagating along
the x-direction undergo precession around the effective magnetic fields generated by the Rashba
and Dresselhaus SOCs. This precession gives rise to the observed stripe pattern of alternating
+z and —z spins, a hallmark of the PSH state. Notably, this spin precession is maintained over
long distances, reflecting the spin’s prolonged lifetime. The theoretical results derived from the
spin drift-diffusion model, under the condition of equal Rashba and Dresselhaus SOC strengths
(a/B = 1), are shown in Fig. 2.5(c), and they reproduce the experimental behavior in Fig. 2.5(b)
with high fidelity.

The enhanced spin lifetimes observed under these conditions have significant implications for
the development of spintronics devices enabling long-distance spin transport. Thus, constructing
a theoretical framework for spin transport phenomena in systems in which the Rashba and

Dresselhaus SOCs coexist is considered a critical step toward advancing spintronics technologies.

2.2 Ferromagnetic Resonance (FMR)

In a ferromagnet under an external magnetic field, the magnetization within the ferromag-
net undergoes precession around the external magnetic field (the Larmor precession). When
microwaves are applied to this ferromagnet, the microwave absorption intensity increases signif-
icantly if the microwave frequency matches the Larmor precession frequency. This phenomenon
is known as ferromagnetic resonance (FMR) [60]. Section 2.2.1 reviews the theory of the FMR
using the Landau-Lifshitz-Gilbert (LLG) equation. In Sec. 2.2.2, the theory of the FMR in

ferromagnetic insulators (FIs) is introduced using the magnon Green’s function.

2.2.1 Landau-Lifshitz-Gilbert (LLG) equation

In this section, the FMR absorption spectrum is derived using the Landau-Lifshitz-Gilbert (LLG)
equation, which describes the magnetization dynamics in ferromagnets. When a static magnetic
field is applied to a ferromagnet, the motion of the localized spin S follows the Heisenberg

equation given below:

ds i
E = _% [S’ HZeeman] . (2.19)
We denote the effective magnetic field as Heg, which is usually the sum of an external magnetic
field and an effective field induced from magnetic anisotropy. Then, the Hamiltonian Hzeeman

for describing dynamics of the magnetic moment M = 7y, S can be expressed as follows:

HZeeman =-M - Heff- (220)
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By substituting Eq. (2.20) into Eq. (2.19), using the gyromagnetic ratio yg, and applying the
commutation relation, S X § = iiS, we obtain the following equation:
dM

— = ~YeM X Her. (2.21)

This equation represents the precessional motion of the magnetic moment M around the effective
magnetic field H.g. In real materials, there are numerous magnetic moments and they tend to
relax into the direction of the magnetic field. This effect is known as the Gilbert damping [61].
When taking this damping into account, we describe the dynamics of the magnetization M by
the following equation:

dM aG dM

—— =~y M X Heg + M x

—_— 222
dt | M| dt (2.22)

This is called the Landau-Lifshitz-Gilbert (LLG) equation. The phenomenologically introduced

parameter ag is called the Gilbert damping constant.

Below, the effective magnetic field is set to Heg = (Hy, Hy, H;) = (Hoe™', Hoie ', H),
where H, and H, are the magnetic fields of circularly polarized microwave and H (> H,, H,) is
the static effective magnetic field. The magnetization M undergoes precessional motion around

the z-axis, and the x and y components of Eq. (2.22) are expressed as follows [62]:

d d
4 yeH +ac4%\ (M H
A | e A7 (] I (2.23)
—’)/gH - Q’GE i My —Hx

Here, assuming that the z-component of the magnetization is significantly larger than the x and y
components, we set it to M, = |M|. The solution after a sufficient amount of time can be written

as (Moe™'“!, Myie™*“"). Substituting this into equation (2.23) yields the following solution:

_7g|M|
w—yeH +iagw’

Mo = xHo, x = (2.24)
The microwave absorption is proportional to the imaginary part of the above response function,
which represents energy dissipation:

VglM logw

Imy = .
X (= yH) 2+ (agw)?

(2.25)

The frequency at which this absorption is maximized, w = wg = Y H, corresponds to the
resonance frequency of the FMR, and the resonance linewidth is given by agwg. Thus, by
observing the FMR absorption spectrum, the magnitude of the Gilbert damping constant ag can

be experimentally determined by the linewidth of the spectrum.
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2.2.2 Green’s function

The LLG equation only treats dynamics of the average of the magnetization in a classical way. To
consider quantum effects such as magnon excitation, it is necessary to employ another theoretical
framework. In this section, the Green’s function is used to derive expressions for the absorption
rate in the FMR. Since electrons are localized in Fls, the FI is described by the Heisenberg

model using only spin operators as follows:

Hrr = JifSi- S = hyghae ) S (2.26)
i) i
X QX 1 + o— - ot Z
:ZJ,-]- SiS} +5(STS; +57S)) —hygthZSi. (2.27)
i) j

Here, S; = (S;‘ , Sl.y , Sf) denotes the localized spin operator, S;-L = S;‘ + iS?' represent the creation
and annihilation operators of the localized spin, and (7, j) indicates the nearest-neighbor pair.
The coeflicient J;; (< 0) is the ferromagnetic exchange interaction, y¢(< 0) is the gyromagnetic
ratio, and hq4. represents the static magnetic field. Assuming that the system is at a sufficiently low
temperature compared to the ferromagnetic transition temperature, we can express the localized
spin operators using the magnon creation and annihilation operators, bl.T and b;, as follows (the

Holstein-Primakoff transformation):
S7 =b!(2Sg - bib)'2, S = (280 - b!b;)"?b;, S3=So— b b (2.28)

Furthermore, when the magnitude of the localized spin S is sufficiently large compared to unity,
the following approximated expression can be obtained:

ST = ~2Sob!, Sf = +2Sob;, S%=So—b)b;. (2.29)

We introduce the Fourier transformation

1 .
b; = e*Tipy, (2.30)
VNFI Zk:

where Npy is the number of unit cells in the FI and r; is the position of the localized spin. Then,

the Hamiltonian can be rewritten as

Hr = ) hwibj by, (2.31)
k

where hiwy = hwg + Tiyghgc is the magnon dispersion. When considering the three-dimensional

simple cubic lattice with the nearest-neighbor exchange coupling J, hwg takes the following
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form:
hwf, = 2JS[3 — cos(kya) — cos(kya) — cos(k.a)] = JSoa’k* = Dk?, (2.32)

where a represents the lattice constant of the FI and O denotes the spin stiffness. In the above
equation, the long-wavelength approximation was employed.

Next, the temperature Green’s function for magnons is introduced. Using the spin operators
83 (1), we define the Green’s function for the FI as follows:

Go(k,7) = —%(TTS;(T)S,:(O», (AP <1 <hP), (2.33)

where S3(7) = eHar/ hS;—;e_HFIT/ ", T, denotes the time-ordering operator with respect to the
imaginary time 7, and {3 denotes the inverse temperature. Using Eq. (2.29), we can rewrite
Eq. (2.33) in terms of the magnon creation and annihilation operators as follows:

280

Go(k,7) = —7<TTbk(T)b,ﬁ>. (2.34)

Using by (1) = e “¥T by, we obtain the Fourier transformation of the Green’s function as

280/

_ (2.35)
lwy, — wg

B .
Go(k,iw,) = / dtGo(k,t)e'“"" =

0
where ng(w) = 1/(eP™ —1) is the Bose distribution function and w,, = 2nx/ (%) is the bosonic

Matsubara frequency. The retarded Green’s function is obtained by analytic continuation:

2S0/7

Gg(k,w) = Go(k,la)n - W +l(5) = m,

(2.36)
where ¢ is a positive infinitesimal. In real bulk ferromagnets, magnon-phonon scattering
and other interactions induce the Gilbert damping. Since deriving this effect microscopically is
challenging, the Gilbert damping constant g is introduced phenomenologically. After replacing

0 with ag in Eq. (2.36), the following expression is obtained:

2S0/7

GR(k,w) = .
O( ) w— Wy +iagw

(2.37)

Finally, let us derive the expression for the absorption spectrum of the FMR in the FI [63].
The Hamiltonian for the circularly polarized microwave applied externally can be written as

follows:

hygsh . A
Hrf = _% Z(Si—e—lwt + S;'e"”t). (238)
i
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Here, h.s represents the strength of the magnetic field of the microwave. By using the following
Fourier transform of the spin operator

= H

1 or
S = SEemikeri, (2.39)

Eq. (2.38) can be rewritten as follows:
hyghi VNFp o ,
Hi= ———— Z(Soe wr 4 gt ety (2.40)

According to linear response theory, the change in the expectation value of S§ in response to the

first term of Eq. (2.40), which generates magnons in the FI, can be written as follows:

Ty ghit VNFL

5{S¢)w = GR(k = 0, w) x >

(2.41)
When circularly polarized microwaves are applied to the FI, the localized spins in the FI absorb
energy, and magnons with wavevector k = 0 are excited. A steady state is reached when the
energy absorbed by the localized spins from the microwave is balanced by the energy lost through
spin relaxation. Therefore, the microwave absorption rate is proportional to the imaginary part
of the retarded Green’s function, which represents energy dissipation:

25() axgw

— R — - -
ImGg(k =0,0) = = e (2.42)

The frequency dependence of Eq. (2.42) matches that of Eq. (2.25), which was derived from the
Landau-Lifshitz-Gilbert (LLG) equation.

2.3 Spin Pumping (SP)

This section discusses spin pumping (SP), a method of injecting spins from ferromagnetic
materials into various substances. Section 2.3.1 provides an overview of SP, followed by a
review of theoretical studies on SP using spin mixing conductance in Sec. 2.3.2. In Sec. 2.3.3,

an analytical approach to SP using Green’s functions is presented.

2.3.1 Opverview of SP

The injection of spin currents into materials is often achieved through the spin Hall effect
(SHE) [66, 67] and spin pumping (SP) [17-20]. The SHE refers to the phenomenon of a
charge current being converted into a spin current in the bulk of systems with strong spin-orbit

interactions, such as heavy metals. By applying a charge current to a heavy metal and inducing
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Figure 2.6: Absorption spectra for YIG(20nm) alone and YIG(20nm)/Pt(5Snm). (a) Magnetic
field dependence of the FMR absorption spectra. Here, Hy. is a resonance magnetic field of the
FMR. (b) Linewidth of (a) as a function of frequency. Adapted from Ref. [64,65].

the SHE, spin currents can be injected into an adjacent material. On the other hand, in SP,
spin currents are generated by the FMR [60] in a ferromagnetic material through microwave

irradiation and are then injected into the adjacent material.

SP generates a spin current via the FMR rather than a charge current, enabling it to occur
in both ferromagnetic metals and insulators. In ferromagnetic insulators (FIs), the spin current
is carried by magnons, referred to as spin-wave spin current. Furthermore, because SP induced
by the FMR injects relaxed spins from the ferromagnet into an adjacent material, the Gilbert
damping in SP is enhanced compared to the FMR in the ferromagnet alone. This enhancement
in the Gilbert damping can be experimentally observed as a broadening of the FMR absorption
spectrum [18-20]. An example of the FMR spectrum in Yttrium-Iron-Garnet (YIG) alone and
YIG/Pt is shown in Fig. 2.6 [64,65]. As illustrated in Fig. 2.6(a), the linewidth of the absorption
spectrum in YIG/Pt increases compared to that of YIG alone, due to the occurrence of SP. From
the slope of the plot in Fig. 2.6(b), the magnitude of the Gilbert damping can be evaluated,
obtaining a value of (9.1 + 0.6) x 10~ for YIG (20 nm) alone, and (4.5 + 0.3) x 1073 for YIG
(20 nm)/Pt (5 nm) [64,65].

2.3.2 Spin mixing conductance

SP is usually analyzed by the concept of spin mixing conductance [18, 68]. Let us consider a
system where a ferromagnet is sandwiched between two normal-metals, as shown in Fig. 2.7.
In this system, the 2 X 2 current operator, which accounts for the spin degrees of freedom, is

defined as follows:

oI (2.43)
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Figure 2.7: A ferromagnetic film (F) sandwiched between two normal-metals (N). The two
normal-metals serve as reservoirs in the same thermal equilibrium state. The magnetization
orientation vector m(t) in the ferromagnetic material undergoes precession around the static
magnetic field, and the spin current flowing into the right lead is described by the reflection
amplitude r and the transmission amplitude #’. Adapted from Ref. [18].

Here, i represents the identity matrix, o = (07, 0y, 0%) are the Pauli matrices, /. is the charge
current, and I is the spin current. The spin current I can be expressed as Iy = 1§°) + I
where I is the spin current flowing from the ferromagnet into the normal-metal due to SP
and I§0) is the backflow spin current entering the ferromagnet due to spin accumulation in the
normal-metal. In the following, the normal-metal is assumed to be an ideal sink with no spin
accumulation, such that I §O) = 0. Labeling the left and right leads connected to the ferromagnet

as/ = L, R, we can express the expectation value of the current operator in each lead [ as follows:
oo’ e , o’ o , o - ,
=3 2 / dede’[{ay, () ay, ,(€)) = (b7, ()b, ())]. (2.44)

Here, ail(e) is the annihilation operator for an electron with spin o~ and energy € flowing into
the ferromagnet through the nth channel from lead [ and b7, (€) is the annihilation operator
for an electron flowing out of the ferromagnet into leads. T}’le two normal-metals in Fig. 2.7
are thermal reservoirs, and the number of electrons flowing out from these reservoirs can be

expressed using the Fermi distribution function f;” '”(6) as follows (the first term in Eq. (2.44)):
(ag (&) al (€)= f77(€)81r6mmd(e - €). (2.45)

The annihilation operator b7 (€) for electrons scattered by the ferromagnet, which acts as a

scatterer, and flowing into the lead can be written using the scattering matrix elements sg‘f/ as

n’ 1l
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follows:

bI ()= > s (e)ag (€. (2.46)

o’.n'l’

The projection matrices onto the magnetization direction m (|m| = 1) are defined as

RIS A N

il :5(1+0'-m), il :E(l—a'-m). (2.47)
Using these, we can write the scattering matrix as follows:

2 _Jg ATl
San’ Il = Snn’,ll'u +Snn',ll’u (248)

Here, when [ =1" (I # '), s
When the scattering matrix depends on a time-dependent parameter X (¢), the current operator

. . . o o
o 11 TEPIESENts the reflection (transmission) coefficient r, , (¢, ).

introduced in Eq. (2.43) can be written as follows:

a dnl dX (1)
I[(r)P"™P = , 2.49
(?) dX dt ( )
diy 1 OSnw 117 4
—_— = — — 3 h.c. 2.
dX 4 Z‘ gx o T (2-50)

Here, h.c. represents the Hermitian conjugate. Assuming the magnetization in the ferromagnet
precesses around the z-axis, m = (cos ¢(t), sin (), 0), and setting X (¢) = ¢(¢), we transform
Eq. (2.50) as

di 1
di; = [AGusing - 6y cos p) - 4,6]. 2.51)

where
r 22 |rmn _rmn|2+ |tmn _tmn ]’ (252)
- ImZ Pl Y ] (. (2.53)

Introducing g7 and ™!, defined by the following equations
877 = [Smn = rpaCron)’] (2.54)
M = Z (), (2.55)
nm
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we can summarize Egs. (2.52) and (2.53) as follows:
A, +iA; =gl — L (2.56)

Here, g™ is called the spin-mixing conductance. By substituting Eq. (2.51) into Eq. (2.49)
and comparing it with Eq. (2.43), the following expressions for the charge and spin currents
generated by SP are obtained:

IfuRmp =0, (257)
/) dm dm

L —(A, amo_ 4 em. 258

SR g\ A X ldt) (2.58)

Furthermore, the bilayer system where a normal-metal is attached to a ferromagnet corresponds
to the case in which the film thickness d of the ferromagnet in Fig. 2.7 is sufficiently large,

resulting in a transmission coefficient of zero (tV = 0). Thus, the spin current in Eq. (2.58)
is determined by the spin-mixing conductance g™t = gIl + igi“. Additionally, in the second
term of Eq. (2.58), which is proportional to dm/dt and represents the effect of the effective

magnetic field, the coefficient A; = gl.Tl

I

i

is typically of the order gl.Tl < 0.1 gll in transition-metal

ferromagnets. Thus, by neglecting g:*, Eq. (2.58) can be written as follows:

h dm
P = oy 28 2.59
sk g8y (2.59)

Next, the expression for the modulation of the Gilbert damping due to SP is derived. In the
setup shown in Fig. 2.7, the total spin current generated by SP can be expressed using Eq. (2.58)

as follows:
h dm dm
=% P - —[ AD 4 4By A AL 4R E] 2.60
Z, | A+ A ym x == - (A + A — (2.60)

The Landau-Lifshitz-Gilbert (LLG) equation for a ferromagnet alone is expressed as
Oim = —yom X He + agm X 0,m. (2.61)

However, when the spin current described by Eq. (2.60) is generated through SP in the junction
system shown in Fig. 2.7, the magnetization in the ferromagnet experiences a spin-transfer
torque, T = —m X Iy X m, which alters its dynamics. As a result, the following term is added to
the right-hand side of the LLG equation:

om Ye

— = — I . 2.62
Ot ltorque MVmX s X m ( )

Here, V and M represent the volume and the total magnetic moment of the ferromagnet,
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respectively. This means that, due to SP, the gyromagnetic ratio and the Gilbert damping are
modulated as follows:

11

— = —[1+g.(A" + A jazm), (2.63)
Ye Vg
,yl

), = y—g [ag +g.(AD + AR jaz. (2.64)
g

Here, g; represents the Landé factor (g-factor). It should be noted that the modulation of the
gyromagnetic ratio and the Gilbert damping corresponds to the shift in the FMR resonance field
and the increase in the resonance linewidth, respectively. Furthermore, as done previously in
Eq. (2.59), by neglecting A; = gl.“, Egs. (2.63) and (2.64) are simplified to the following form:

Yo = Yeo (2.65)
@ = ag +gL[AY + AR Jazm. (2.66)

2.3.3 Green’s function

While the concept of the spin-mixing conductance is useful for analysis of spin transport at an
interface, it has several drawbacks. In particular, the spin-mixing conductance is obtained from
experimental observations while its temperature dependence cannot be predicted theoretically.
This drawback originates from a classical treatment of the magnetization in ferromagnets. One
way to overcome this problem is to express the modulation of the Gilbert damping in terms of
Green’s functions. In this section, the modulation of the Gilbert damping is discussed when
spins are injected from the ferromagnetic insulator (FI) into an adjacent material via SP using
Green’s functions.

In a junction system, the temperature Green’s function for magnons in the FI can be written

with the Dyson equation as follows:

1
GO(k’ iwn)_l - Z(k’ lwn) .

G(k,iw,) = (2.67)
Here, G(k,iw,) represents the Green’s function of magnons in the isolated FI, as introduced
in Eq. (2.35), while X(k,iw,) denotes the magnon self-energy resulting from the interaction
between the FI and the adjacent material. By performing analytic continuation in Eq. (2.67),
replacing the Matsubara frequency as iw,, — w + id, and substituting Eq. (2.37), the retarded

component of Green’s function is obtained as

2807

GR(k,w) = :
W — Wi +iagw — %ZR(k, w)

(2.68)

where XX (k,w) = 2R (k,iw, — w + id) is the retarded component of the self-energy. The
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real and imaginary parts of the self-energy X (k, w) respectively give the shift of the resonant
frequency dwy and the increase in the Gilbert damping dag as follows:

280/h
GR(k,w) = , 2.69
(k. w) w— (W +owg) +i(ag + dag)w ( )
28
Swi = 70 Re XX (k, w), (2.70)
2
Sag = _250 YR (k,w). (2.71)
hw

The self-energy X(k,iw,) can be calculated by second-order perturbation with respect to the

interface interaction Hamiltonian between the FI and the adjacent material.

As a simple example, let us consider the increase in the Gilbert damping, dag, for a FI and
normal-metal (NM) junction [69]. The Hamiltonian of this junction system can be expressed as
follows:

H = HNM + HFI + Hint- (272)

Here, Hnxv represents the Hamiltonian of the NM, expressed as the following free electron

Hamiltonian:
Hww = ) € Chor (2.73)
ko
Here, c; - and ¢k o denote the electron creation and annihilation operators, respectively. The

electronic energy dispersion is given by €, and & = €x — u represents the energy relative to
the chemical potential u. The second term Hgy is the Hamiltonian of the FI, as introduced in
Eq. (2.31). The third term Hj, denotes the interfacial interaction between the FI and the NM,
which can be expressed as follows [48,49,63,70-79]:

Hin= ) > (TegSisq +Ti Siss) + Y TogS0s5, (2.74)
k q q

where Ty 4 and 7y, represent the strengths of the interfacial interaction. Additionally, S
denotes the creation and annihilation operators for the localized spins in the FI, as introduced
in Eq. (2.39), and s3; are the creation and annihilation operators for the electron spin in the NM,
defined as follows:

S

1 A+
D IP I R Caprres (2.75)

o,0’ k'

=H

Here, 6-* = 0 +i6, represents the Pauli matrices associated with the creation and annihilation

of spin in the z-direction. The first term on the right-hand side of Eq. (2.74) describes the
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absorption and emission of magnons at the FI-NM interface. Meanwhile, the final term on the
right-hand side can be interpreted as a Zeeman field 7y 550 acting on the electrons of the NM,
representing the effect of exchange bias at the interface. Since this does not affect the increase
of the Gilbert damping due to spin injection into the NM, the final term on the right-hand side
of Eq. (2.74) will be neglected hereafter. Note that this static Zeeman term becomes important
in considering the Rashba-Edelstein magnetoresistance discussed in Chap. 6. Accordingly, the

following Hamiltonian is used:

Hine = D > (TigSi5q +Ti 4Sks9)- (2.76)
k q

Then, calculating the magnon self-energy appearing in Eq. (2.68) within the framework of

second-order perturbation theory for this interfacial interaction Hamiltonian yields the following

result:
SR (k,w) = = ) ITig PRV YR (g, ), 2.77)
q
R 1 Jo(Ek+g) — Jo(€k)
W) =—— , 278
g @) Vzk:hw+§k+q—§k+i6 (278)

where V represents the volume of the NM, y®(q,w) denotes the Lindhard function, which
represents the spin susceptibility of conduction electrons in the NM, fy(&x) = (eP% + 1)1
represents the Fermi distribution function, and ¢ is a positive infinitesimal quantity. Thus,
within the framework of second-order perturbation theory for Hj,., the magnon self-energy is
proportional to the spin susceptibility of electrons in the NM. In the case of a dirty FI-NM
interface, the electron wavevector in the NM is not conserved, whereas it is conserved in a
clean interface. Accordingly, the coeflicient T 4 at each type of interface in Eq. (2.76) can be

expressed as follows:

dirty interface : Ty 4 = T, (2.79)

clean interface : Ty 4 = Tk 4. (2.80)

where 6 , denotes the Kronecker delta. The increase in the Gilbert damping due to SP induced
by the FMR at a dirty interface can be calculated by substituting Eq. (2.79) into Eq. (2.77) and
applying Eq. (2.71), resulting in the following expression:
28 -
Sag(we) = —h—o Im =R (k = 0, wy) = 27258 |T|*V2D? (ep). (2.81)
wo

Here, wy denotes the resonance frequency of the FMR, and D (ep) represents the density of
states of the NM at the Fermi level. Thus, in an FI-NM junction with a dirty interface, the
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Figure 2.8: (a) A schematic picture for explaining the REE induced by the Rashba SOC. When
an external charge current Aj is applied in the +x direction in a Rashba system, the Fermi
surface of the electrons shifts towards the —x direction, resulting in spin accumulation polarized
in the —y direction. The orange (blue) regions represent an increase (decrease) in the electron
distribution function from the equilibrium state. (b) A schematic picture for explaining the IREE
induced by the Rashba SOC. When spin polarized in the —y direction is injected into a Rashba
system, the distribution function of electrons with this spin orientation increases, generating a
charge current in the +x direction.

modulation of the Gilbert damping is proportional to the square of the density of states. For a
clean interface, it can be shown that the Gilbert damping due to spin pumping becomes zero in
the regime of second-order perturbation by applying Eqs. (2.71), (2.77), and (2.80):

28
Sag(we) = —h—w‘; Im X8 (k = 0, wg) = 0. (2.82)

In Chap. 4, a 2DEG with the Rashba and Dresselhaus SOCs is considered instead of the normal-
metal, and it is demonstrated that modulation of the Gilbert damping is non-zero even for a clean
interface.

2.4 Rashba-Edelstein effect (REE) and Inverse Rashba-Edelstein
effect (IREE)

2.4.1 Overview

As discussed in Sec. 2.1.3, the Rashba and Dresselhaus SOCs in 2DEG cause spin-momentum
locking, and the orientation of the electron spin is determined by its momentum. In the presence
of the spin-momentum locking, there occur two types of spin-charge conversion phenomena in
2DEG:; the conversion from charge to spin known as the Rashba-Edelstein effect (REE) [27—

32,80-83] and the conversion from spin to charge known as the inverse Rashba-Edelstein effect
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(IREE) [33-38,49,79,81,84,85]. The mechanisms of the REE and the IREE are summarized
as follows:

REE: When a charge current is applied in the +x direction to a 2DEG with spin-momentum
locking, such as in a Rashba system, the Fermi surface shifts in the direction opposite
to the charge current. As a result, as illustrated in Fig. 2.8(a), spins aligned along
the —y (+y) direction accumulate on the outer (inner) Fermi surface. Although these
spin accumulations cancel each other partially, the contribution from the outer band is

dominant, leading to a net spin accumulation polarized in the —y direction.

IREE: As shown in Fig. 2.8(b), when spins polarized along the —y direction are injected into
a Rashba system, the outer (inner) Fermi surface shifts in the —x (+x) direction. As a
result, the outer Fermi surface generates a charge current in the +x direction, while the
inner Fermi surface generates a charge current in the —x direction. Due to the dominant

contribution from the outer band, the net charge current flows in the +x direction.

It should be noted that the REE or the IREE plays an important role also for three-dimensional
systems with an interface. Usually, spin-charge conversion in three-dimensional bulk systems
occurs through the spin Hall effect (SHE) and the inverse spin Hall effect (ISHE); a charge
current can be converted into a spin current by the SHE, while a spin current is converted into
a charge current by the ISHE. These conversion phenomena arise in the bulk of heavy metals
due to strong spin-orbit interactions. While the SHE and the ISHE are always caused in bulk
systems, the REE and the IREE induced by interfacial (surface) electronic states may overwhelm
them in some junction systems because of a strong Rashba SOC induced by electric field near

the interface and existence of heavy elements (see also the discussion in Sec. 2.1.1).

In early studies of the IREE, non-equilibrium spin accumulation was achieved via optical
spin orientation [36]. In recent years, experimental studies on the IREE using SP have become
prevalent across various systems, such as Ag/Bi [37, 86—89], topological insulators [90-99],
STO [100-107], atomic layers [108—111], and semiconductors [112,113]. Figure 2.9 provides a
representative example of such an experiment [37]; a spin current is injected from a ferromagnetic
NiFe layer into an Ag(111)/Bi interface with the Rashba SOC via SP, leading to a charge current
generated by the IREE (Fig. 2.9(1)). The results presented in Fig. 2.9(i1)) demonstrate that a
substantial charge current is observed only at the Ag/Bi interface, where the carrier density and
the Rashba SOC are large. This strongly suggests that the charge current observed at the Ag/Bi
interface is generated by the IREE.
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Figure 2.9: Experimental setup for the IREE using SP [37]. (i) Schematic of the experimental
setup. A spin current is injected from the ferromagnetic NiFe layer into the Ag(111)/Bi with
the Rashba SOC via SP. (ii) FMR absorption spectra (upper panels) and charge currents (lower
panels) for junction systems composed of NiFe and (a) Ag, (b) Bi, and (c) Ag/Bi. The horizontal
axis represents the external DC magnetic field. Adapted from Ref. [37].

2.4.2 Theory of REE

This section reviews the theory of the REE in a 2DEG with the Rashba SOC, as presented in
Ref. [80]. The Hamiltonian for this 2DEG is given by

h2k2 .
Hoprg = ——1 + a(ky0y — kobry). (2.83)

2m*
Here, m* is the effective mass of the conduction electrons, 1is the 2 x2 identity matrix,
and « denotes the magnitude of the Rashba SOC. The first term in Eq. (2.83) represents the
kinetic energy of the conduction electrons in the 2DEG, while the second term is the Rashba
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Figure 2.10: The spin-split energy bands of conduction electrons in a Rashba system.

Hamiltonian. The energy eigenvalues of Eq. (2.83) are given by:

21,2
e _ Ik
k Zm*

+ yak. (2.84)

Here, y = + is a label that specifies the spin-split subbands. When the Fermi energy without the
Rashba SOC is denoted as er = hzk% /2m*, the corresponding Fermi wavevector is kg = V27n,
where n is the electron density. The wavevector k-, for each subband at this Fermi energy, as
illustrated in Fig. 2.10, can be expressed as follows:

ky = (1-y0)k. (2.85)

Here, / is a parameter that represents the difference between the two Fermi surfaces and can be
expressed using the magnitude of the Rashba SOC, «, as follows:
_ k
7= (2.86)
261:
In the following, only terms up to the first order of the Rashba SOC are considered. In this case,
the energy splitting at the Fermi surface is 2akp, and the density of states for each subband can

be expressed as follows:

ky  kyn

D.(E) = =X _
v(E) 2nhvg kg 2ep

(2.87)

Note that the Fermi velocities of the two subbands are given by vlyz = hkp/m* = vp with the same

magnitude regardless of the subband.
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In the following, the charge current density and spin density generated by the REE are
calculated for a 2DEG in the x-y plane with the Rashba SOC, under an external electric field
E((> 0) applied in the x-direction, as shown in Fig. 2.8(a). Here, the weak-scattering limit,
where the impurity scattering rate in the 2DEG is low, is considered. In this case, the spin
relaxation time 7, and the momentum relaxation time 7, can be effectively considered the
same !: 7, = 7,. First, the displacement of the Fermi surface under an applied external electric
field E can be expressed as follows:

eE\T,

Oky = — . (2.88)

Here, e (< 0) represents the electron charge. Additionally, 7, denotes the momentum relaxation
time for each spin-split subband and can be expressed as follows, using £ from Eq. (2.86) and

the averaged momentum relaxation time 7 (= (74 +7-)/2 = 7, = TJ):
7, =7(1 —v0). (2.89)

Then, expressing the electron wavevector in polar coordinates as k = (k cos ¢, k sin ), the
contributions to the x-component of the charge current density, j,, and to the y-component of
the spin density, S, from each subband can be calculated as follows [114]:

2r 2
) e e“E Ty vrk,
Jy = ) ; kydy 6k, cos ¢ - vECOS p = P (2.90)
1 [ y eExtyky
Sy = —4—”25‘/0‘ kyd(,D 5](7 COSp -y COSp = —ET (291)
From Eq. (2.90), the x-component of the total charge current density, j, is given by
2
._ . . _eTkr
JE et j-= 5k (2.92)

Note that, since only terms up to the first order of the Rashba SOC are considered, terms
involving £? are omitted. Additionally, from Eq. (2.91), the y-component of the total spin

polarization is given by

2(8++5-) 2eT§_E _akg j

S .
fin hikp €r ne

(2.93)

Here, kp = V2nn and Eq. (2.86) have been used. Equation (2.93) represents the spin polarization

TAs a spin relaxation mechanism, the D’yakonov-Perel (DP) mechanism is considered dominant, and electron
spins relax due to precession around the effective magnetic field generated by the Rashba SOC. In the weak-
scattering limit, where the momentum relaxation time 7,, is long, the electron spin undergoes sufficient relaxation
through the DP mechanism before being scattered by impurities. Thus, 7, can be effectively regarded as equal to

Ty.
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Figure 2.11: Setup for the IREE induced by SP. n(r, t) represents the magnetization direction
of the ferromagnet, which can be either a ferromagnetic metal or a ferromagnetic insulator.
The normal-metal can be a two-dimensional system consisting of a few monolayers or a three-
dimensional system with a thickness of several tens of nanometers. (b) An experimental
realization of SP. A spin current is injected from Fe into the 2DEG at the Fe-GaAs interface via
SP, inducing a charge current in the 2DEG through the IREE. Adapted from Ref. [115].

converted from the charge current via the REE.

In this section, a phenomenological description of the REE was reviewed, following Ref. [80].
The same result can be obtained by using the Boltzmann equation [32]. For detailed calculation
by the Boltzmann equation, refer to Appendix A.

2.4.3 Theory of IREE

This section briefly reviews recent theories on the IREE driven by SP using the Boltzmann
equation [115,116].

Reference [115] developed a theoretical framework for the IREE induced by SP in a junction
system composed of a ferromagnet and a normal-metal, as shown in Fig. 2.11(a). As an
experimentally feasible setup, the study proposed an Fe/GaAs junction system illustrated in
Fig. 2.11(b). The analysis focused on the condition where the spin splitting width of the energy
band for 2DEG electrons due to the Rashba SOC, Ay, is significantly smaller than the impurity
scattering strength, satisfying A,7/h < 1, where 7 denotes the momentum relaxation time. It
was assumed that proximity-induced magnetization arises in the normal-metal, and the itinerant
s-electrons and localized d-electrons are coupled via the following s-d interaction:

Hgyq = Agen(r,t) - —. (2.94)

e

Here, 0 represents the Pauli matrices, Ay denotes the ferromagnetic exchange band splitting, and
n indicates the magnetization direction of the ferromagnet. The study considers the following



2.4. RASHBA-EDELSTEIN EFFECT (REE) AND INVERSE RASHBA-EDELSTEIN

EFFECT (IREE) 33
Ty
> M(t)
FM
NM 1"5
J
Tl o

Figure 2.12: Setup for the IREE in TI surface states induced by SP. In the FM, a magnetization
M (¢) rotating around the y-axis generates a spin current density J in the z-direction, injecting
spins polarized along the y-axis into the NM. These spins are converted into a charge current
density J. flowing in the x-direction on the TI surface via spin-momentum locking, as illustrated
by the Fermi surface on the right. Adapted from Ref. [116].

Rashba SOC and extrinsic SOC due to impurities:

(01

Hg = —%6' XZ-p, (2.95)
2
Heyt = _E& x VV(r) - p, (2.96)

where « represents the magnitude of the Rashba SOC, £ is the unit vector perpendicular to the
plane, p denotes the momentum of conduction electrons, A is the effective Compton wavelength,
and V(r) represents the impurity potential. In Ref. [115], the Boltzmann equation for the
distribution function was derived for this model and was utilized to analyze the charge current

converted from the spin current generated by SP via the IREE under the condition Ay, 7 /% < 1.

Reference [116] developed a theoretical framework for the IREE in a junction system con-
sisting of a ferromagnetic metal (FM), a normal-metal (NM), and a topological insulator (TI), as
illustrated in Fig. 2.12. In this system, the spin current generated in the FM by SP is converted
into a charge current in the surface states of the TI through the IREE induced by spin-momentum
locking, as shown in the right panel of Fig. 2.12. In the surface states of the TI, the spin orien-
tation is entirely locked to the momentum direction. In other words, this situation corresponds
to the regime where the spin splitting is exceedingly large, such that Ay, > %/, €p, where e
denotes the Fermi energy. The study specifically elucidated the impact of the interface between
the NM and TT on the IREE. The Boltzmann equation for the surface states of the TI is given as
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follows:

Orgp+v-VREp = Zrkp(fk -8p) + ZApp’(gp’ - 8p). (2.97)
k p’

Here, fx and $ p denote the nonequilibrium distribution functions for the NM and the surface
states of the TI, respectively. The vector k represents the three-dimensional momentum in
the NM, while p corresponds to the two-dimensional momentum in the TI surface states.
Additionally, v is the velocity of electrons in the TI surface states, dr denotes the time derivative,
and Vg represents the spatial derivative with respect to the position R on the TI surface. The
parameter 'y, is the tunneling probability at the interface between the NM and the TI surface
states and A, - represents the scattering probability caused by defects or impurities in the TI
surface states. The tunneling probability I';, is modeled for both dirty and clean interface

conditions as follows:

min,C, .
dirty interface : T, = ‘;_ZA ‘1 +6 (2% P)1o(ex — €p). (2.98)
2
C .
clean interface : Ty = ”;CA 46 (2% p)](2n)26(ky — p)o(ex — €p). (2.99)

Here, vo and v, represent the magnitudes of the tunneling potential at the interface between
the NM and the TI surface states, n; is the roughness defect density at the interface, A denotes
the surface area, 1 is the identity matrix, o represents the Pauli matrices, £ is the unit vector
normal to the surface, and p is the unit vector indicating the direction of p. The parameter
C; characterizes the overlap of the wave functions of the NM and the TI surface states in the
tunneling region, which is assumed to be independent of the electron momentum involved in the
tunneling process [117]. It should be noted that, for a clean interface, the in-plane momentum
k) is conserved during the tunneling process. Reference [116] calculates the two-dimensional
charge current density generated on the TI surface via the IREE induced by SP for both dirty
and clean interfaces. The study reveals that the spin-to-charge conversion efficiency of the IREE

differs between these two types of interfaces.

2.5 Rashba-Edelstein Magnetoresistance (REMR)

In junction systems composed of ferromagnetic materials and heavy metals, it is well-established
that applying an electric current to the heavy metal induces the spin Hall magnetoresistance
(SMR) [73,119-121]. This effect is driven by the combination of the SHE and the ISHE
within the bulk of the heavy metal, causing its electrical resistance to vary depending on the
spin orientation of the adjacent ferromagnetic material. For a long time, the SMR has been

described by using a phenomenological theory combining spin diffusion theory with spin-
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Figure 2.13: Experimental results of the REMR in CoFeB/Ag/Bi [118]. (a) When a charge
current j, is applied at the Ag/Bi interface, spin accumulation occurs due to the REE, generating
a spin current jREE directed towards CoFeB. (b) A backflow spin current j?*% from CoFeB
is converted into a charge current jIREE at the Ag/Bi interface via the IREE. (c) Experimental
results of longitudinal resistance in the REMR. a, 8, and y represent the angle of the external
magnetic field applied to CoFeB. Adapted from Ref. [118].

mixing conductance at an interface [120]. Recently, a microscopic theory for the SMR has been
proposed [73,122] and has been applied to several junction systems [121,123,124].

Recently, a magnetoresistance effect arising from combination of the REE and the IREE at the
interface has been observed. This phenomenon, called the Rashba-Edelstein magnetoresistance
(REMR), has been reported in various junction systems, such as Bi/Ag/CoFeB [118,125,126],
CoFe/Cu/Bi,O3 [127], Pt/Co [128, 129], Cu[Pt]/YIG [130], LAO/STO [131], YIG/atomic layer
materials [132], and Cr/YIG [25]. Figure 2.13 illustrates an experimental example of the
REMR [118]. In the study, the REMR was observed in a system consisting of a ferromagnetic
CoFeB layer interfaced with Ag/Bi, which exhibits the Rashba SOC. When a charge current is
applied to the Ag/Bi interface, it is converted into a spin current flowing into the CoFeB layer via
the REE, as shown in Fig. 2.13(a). A portion of this spin current is absorbed by CoFeB, while
the rest returns to the Ag/Bi interface as a backflow spin current. As depicted in Fig. 2.13(b), this
backflow spin current is converted into an electric current at the Ag/Bi interface via the IREE,

modulating the charge current and electrical resistance at the interface. Since the magnitudes
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of the backflow spin current and the current converted from it depend on the orientation of
the localized spins in CoFeB, the electrical resistance of Ag/Bi becomes dependent on the spin
orientation of CoFeB. Figure 2.13(c) presents experimental results showing the longitudinal
resistance of the REMR as a function of the DC magnetic field applied to the ferromagnetic
material, demonstrating that the electrical resistance at the Ag/Bi interface varies with the spin
orientation in the ferromagnetic material.

Although theoretical studies on the REMR are actively being conducted [133—-140], many
rely on phenomenological descriptions, which limits their predictive capability regarding the
spin-orientation dependence of electrical resistance. Moreover, the physical mechanism behind
the REMR remains not fully understood.

2.6 Detailed Purpose of this dissertation

Building on the review of prior studies provided earlier, the motivation and the research purposes
of this dissertation are presented in detail as follows. After describing the motivation behind
in Sec. 2.6.1, the three subjects studied in this dissertation are elaborated in the subsequent

subsections.

2.6.1 Motivation

In theoretical studies addressing spin injection at interfaces in magnetic junctions between fer-
romagnets and other substances, the LLG equation and spin mixing conductance, as introduced
in Sec. 2.3.2, have been widely adopted. However, spin mixing conductance, being a phe-
nomenological description based on scattering matrices, is insufficient for capturing dynamic
processes involving magnon exchange at the interface. To address this, this dissertation em-
ploys a microscopic Hamiltonian that describes interfacial interactions in FI-2DEG systems to
incorporate contributions from magnon-driven dynamic processes. By constructing a theory
based on microscopic Hamiltonian rather than phenomenological parameters, this dissertation
provides a foundation that is useful for comparison with experimental findings.

Additionally, as noted in Sec. 2.3.2, the concept of spin current has been predominantly
used in prior studies to describe spin transport. However, in systems with the Rashba SOC or
the Dresselhaus SOC, spin conservation does not hold, and hence the use of spin current has
several problems for describing spin transport phenomena [141, 142]. This dissertation adopts
an alternative framework [81] that characterizes spin transport without relying on the concept
of spin current, instead utilizing the Boltzmann equation.

Furthermore, in systems where the Rashba SOC and the Dresselhaus SOC are of equal
magnitude, several characteristic phenomena such as enhancement of spin relaxation time and
the persistent spin helix (PSH) state emerge (see Sec. 2.1.3). These phenomena are closely
related to the spin conservation law in 2DEG when the Rashba SOC and the Dresselhaus
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SOC have completely the same amplitude. However, theoretical approaches employing the
relaxation-time approximation, such as those discussed in Sec. 2.4.2, fail to incorporate the spin
conservation law properly. This dissertation develops a theoretical framework that accounts for
spin conservation and demonstrates that this consideration leads to qualitatively distinct results
compared to those obtained without it, when the Rashba SOC and the Dresselhaus SOC are of
equal magnitude.

2.6.2 Spin pumping into 2DEG

As outlined in Sec. 2.3.2, previous studies on SP have relied on a phenomenological framework
based on the LLG equation and spin-mixing conductance. In my master thesis [69], a micro-
scopic theory of SP was developed for a junction system comprising an FI and a 2DEG with
the Rashba and Dresselhaus SOCs, which shares the same setup as this doctoral dissertation.
However, the calculations in the master thesis, which focused on the enhancement of the Gilbert
damping, did not account for impurity scattering-induced vertex corrections, thereby failing to
adequately incorporate the effects of spin conservation that arise when the two SOCs are of equal
strength. In Chap. 4, the enhancement of the Gilbert damping is re-evaluated with the vertex
corrections included, highlighting the critical role of these corrections when the two SOCs are of
nearly equal magnitude [48]. Furthermore, the chapter extends the discussion to the resonance
frequency shift in the FMR induced by SP [48].

2.6.3 IREE by SP

As described in Sec. 2.4.3, the IREE induced by SP has been studied previously in some
references. Ref. [115] focuses on the regime where the spin splitting of the conduction electron
energy band due to the Rashba SOC, Ay, is much smaller than the impurity scattering strength,
I, and the Fermi energy. On the other hand, Ref. [116] treated surface states of topological
insulators, which has only one spin-polarized band, indicating the limit of the large spin-
orbit interaction compared to I' and the Fermi energy. In clean 2DEGs typically formed
on semiconductor surfaces, however, the regime where Ay, is much larger than the impurity
scattering and is much smaller than the Fermi energy is often realized [49, 143]. Accordingly,
Chap. 5 develops a theoretical framework for the IREE induced by SP for such a regime
based on the Boltzmann equation derived from a microscopic model [81]. Furthermore, we
solve the Boltzmann equation without relaxation-time approximation for incorporating the spin
conservation law, which becomes important when the Rashba and Dressenhaus SOCs are of
nearly equal magnitude [49]. We note that this treatment corresponds to the consideration of

the vertex correction in spin pumping discussed in Chap. 4.
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2.6.4 Rashba-Edelstein magnetoresistance (REMR)

As introduced in Sec. 2.5, the REMR has been studied both experimentally and theoretically.
However, most theoretical approaches rely on phenomenological models, such as those involving
spin-mixing conductance. The anisotropic magnetoresistance (AMR) effect in diluted magnetic
semiconductors with the Rashba or Dresselhaus SOCs has been analyzed using the Boltzmann
equation [144, 145]. Their calculations can also be applied to the REMR in 2DEG since its
effective model is similar as their model. However, these analyses neglect dynamic contribu-
tions from magnons in a ferromagnet. In Chap. 6, a theoretical framework for the REMR 1is
constructed using the Boltzmann equation derived from a microscopic model, incorporating
dynamic processes mediated by magnons [50]. It is also demonstrated that the results for the
REMR are strongly dependent on the interfacial states [50].



Chapter 3

Model

In this chapter, we introduce a microscopic Hamiltonian for a junction system composed of
2DEG and FI, as shown in Fig. 3.1(a). This model is commonly used in the theoretical studies

given in Chaps. 4, 5, and 6.

3.1 Two-Dimensional Electron Gas (2DEG)

The Hamiltonian of the 2DEG with the Rashba and Dresselhaus SOCs is given by

~ c
Hyin= ) (b hy) B ( "T), 3.1
k

Ck l
he = (e — )1 + a’(kya-x - kxa-y) + B(kx0x — kya-y)a (3.2)
Here, c;;m and ¢y, are the creation and annihilation operators for conduction electrons with

wavevector k = (kx, ky)" and spin o~ =1, |, e = h*(kj + k3)/2m* is the kinetic energy, m* is
the effective mass, u is the chemical potential, 1 is the identity matrix, @ and 3 are the strengths
of the Rashba SOC and Dresselhaus SOC, and & = (6, é'y)T are the Pauli matrices. When the
wavevector is expressed in polar coordinates as k = (k| cos ¢, |k| sin ¢)T, we can rewrite Eq.
(3.2) as follows:

hi = (e = )1 = heg(k) - &, (3.3)
—a sin ¢ — B cos

heff<k>=|k|( wope 9”). (3.4)
@ Ccos @ + Bsin

Here, heg = (hy, hy)T represents the effective Zeeman field felt by the conduction electrons. In
the following, assuming that the spin-splitting width due to SOC, kra and kgp, is sufficiently

39
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Figure 3.1: (a) The junction system studied in this dissertation. The red arrow S represents
the localized spin in the FI. (b) The relationship between the laboratory frame (x, y, z) and the
coordinate system (x’, y’, z’) fixed to the localized spin in the FI.

small compared to the Fermi energy ep = hzk% /2m* !, we can approximate Eq. (3.4) using the
Fermi wavevector kg as follows:

e (k) = hen(g) = ke ( s ) . (35)
The magnitude of this effective Zeeman field is given by
hetr() = |her(¢)] = keva? + B2 +2a sin 2, (3.6)
and using this, the eigenvalues of Eq. (3.3) can be written as follows:
E] = e + vherr(¢). (3.7

This represents the energy dispersion of the 2DEG conduction electrons, which are split into
two spin-polarized branches due to the Rashba and Dresselhaus SOCs. The label y (= +) is used
to denote these two spin-polarized subbands. The eigenstates corresponding to these energy

'In semiconductor heterostructures, the spin splitting widths kra and kg8 induced by SOC are typically
less than 1 meV. For instance, in GaAs/AlGaAs heterostructures [146], using values for the electron density
n = 5.0 x 10 m~2 and the effective mass m* = 0.067m [147], where m is an electron mass, kpa can be estimated
to be 0.07meV. At this electron density, the Fermi wavenumber is kg = V2rn ~ 1.8 x 108 m~!, and the Fermi
energy is eg =~ 20 meV. Therefore, the condition e > kpa is well satisfied.
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eigenvalues are given by:

1
V2
—hy(¢) +ihy(p)

hegt () '

C(y)

\ky) = ; (3.8)

Clp) =

(3.9)

From these eigenstates, we can derive the transformation relation between the annihilation

operators for the 2DEG electrons in the o (=T, |) basis and the y (= +) basis

ckr = ), Coy(@)chy, (3.10)
Y
Cr, = C(p)/V2, C}, =y/V2. (3.11)

For impurity scattering in the 2DEG, we use the following Hamiltonian for non-magnetic

impurity scattering
Himp = ) / drv(r — RS (P (r). (3.12)

Here, Y, (r) = A2 Y, e* "¢y represents the field operator for conduction electrons in the
2DEG with spin o. The term v(r) is the impurity potential, R; denotes the position of the
impurities, and (A is the area of the junction interface between the 2DEG and FI. For simplicity,
the impurity potential is assumed to be point-like and is described as v(r) = ud(r), where u
is a constant representing the strength of the impurity scattering. In this case, the momentum
relaxation time 7 due to non-magnetic impurity scattering can be expressed as 7 = /", where
I'= 27rnimpu2D(eF) is the energy broadening, njm, is the impurity concentration, and D (ep) is
the density of states per unit area and per spin at the Fermi energy. In the following, the focus will
be on the weak-impurity condition, I' < max(kga, kgf), where the effect of spin-momentum

locking in the 2DEG becomes prominent.

3.2 Ferromagnetic Insulator (FI)

We use the Heisenberg model as the Hamiltonian for the FI, given by
Her= ) JifSi-Sj—1yg ) hac-Si, (3.13)
(i.J) i
hg. = (—hge cos 6, —hg.sin6,0), . (3.14)

Here, J;; (< 0) represents the ferromagnetic exchange interaction, (i, j) denotes pairs of nearest-

neighbor localized spins, y,(< 0) is the gyromagnetic ratio, and hgq is the static magnetic
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field applied externally in the x-y plane. The magnitude of this static magnetic field is denoted
by hgc, and 6 represents the angle between the static magnetic field and the x-axis. In the
laboratory coordinate system (x, y, z), the expectation value of the localized spin in the FI is
(Si) = ({(87),(57), (57)) = (Socos 8, Sy sin 6, 0). However, in the coordinate system (x", y’, z’)
where the x’-axis is fixed to the direction of the localized spin, as shown in Fig. 3.1(b),
the expectation value is (S;) = ((Sj"), (Sl.y /), (Sf/)) = (S0,0,0). The spin operators in these

coordinate systems are related through the following transformation:

Sf' cosf sin@ 0\ [S;
S |=|-sin6 cose 0f|s7]. (3.15)
S¥ 0 0 1J\s¢

Assuming that the temperature of the FI is much lower than the ferromagnetic transition temper-
ature and applying the Holstein-Primakoft transformation in the coordinate system (x’,y’, z’),
we can approximate the localized spin operators using the magnon creation and annihilation
operators under the condition that the magnitude of the localized spin Sy is much larger than

unity, as follows:

Si* =8 +is = (280)' b, (3.16)
SV =8 —isY = (280)'2b1, (3.17)
Sy =So—b'b;. (3.18)

Using the Fourier transform of the magnon annihilation operator, b; = N;II/ 2 2q ear by, we
can reduce the Hamiltonian of the FI in Eq. (3.13) to a harmonic oscillator-type Hamiltonian in

the leading order of 1/S as follows (see also Sec. 2.2.2):

Hr = ) Twgbjibg, (3.19)
q
hwg = Dg* + Tilye| hae.- (3.20)

Here, N represents the number of unit cells in the FI, g = (qv, ¢y, g-) is the three-dimensional

wavevector of the magnons, fiw, is the magnon energy, and D denotes the spin stiffness.
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3.3 FI/2DEG Interface

In the laboratory frame, using the Pauli matrices 6, (a = x,y,z), we can express the spin

operator for the conduction electrons in the 2DEG as follows:

S; = Z Z C-]to-(a-a)mr’ckﬂio" (a=x,9,2), (3.21)
o0’ k

Here, § = (gx,q,) represents the wavevector of the conduction electrons in the 2DEG. The
spin operators in the laboratory frame (x, y, z) and the spin operators in the coordinate system

(x’,y’,7'), introduced in Sec. 3.2, are related through the following transformation:

sf' cosf sinf 0\ (s}
s/ |=|-sin6 coso Ofs)|. (3.22)
7 z
1 1

s 0 0 1/ \s

From this relation, the spin operators in the wavevector representation in the (x’, y’, z’) coordinate

system can be expressed as follows:

’ 1 —;- ~ ’
S; = E Z Z CkO_(O'x )U'O"Ck+q_0'" (323)
o0k
’ 1 —%- A ’
53525 20 21 ke (0 oo Chagor. (3.24)
o0’ k

A 4 A ’ . . .
Here, 6 and 6 * are given by the following expressions:

0" =cosf Oy +sinf Gy, (3.25)
6" = —sin6 & +cos O &y + i, (3.26)

We describe the interfacial exchange coupling between the localized spins in the FI and the spins
of the 2DEG electrons at the FI/2DEG interface by the following Hamiltonian, using the spin
operators in the (x’, y’, z’) coordinate system [48,49,63,70-79]:

Hin= ) > (Tyq8y 55~ +T; .85 sy ) + > 745055 (3.27)
9 q q

The first term in this Hamiltonian represents the effect of magnon absorption and emission at
the FI/2DEG interface, while the second term reflects the effect of the interfacial exchange bias,
which can be interpreted as the effective Zeeman field felt by the conduction electrons in the
2DEG. Here, T, ; and 7 ; represent the strength of the interfacial exchange coupling; these

terms take different forms depending on whether the FI/2DEG interface is dirty or clean, as



44 CHAPTER 3. MODEL

follows:

dirty interface : T3 =T, Tog =7, (3.28)
clean interface : Ty g = T64,.4. To.g = T 64.0- (3.29)

Here, ¢ = (gx, q,) represents the in-plane component of the magnon wavevector g = (qx, ¢y, g-),
Sqy.q and 6g,9 are Kronecker deltas, and 7' and 7 are constants independent of the wavevec-
tor [117,148]. The key point is that at a clean interface, the in-plane momentum of the conduction

electrons in the 2DEG is conserved, while at a dirty interface, it is not conserved.



Chapter 4
Spin pumping

This chapter presents our study [48], which investigates a system composed of a ferromagnetic
insulator (FI) and a two-dimensional electron gas (2DEG) with the Rashba and Dresselhaus
spin-orbit couplings (SOCs), as shown in Fig. 4.1. In this setup, microwaves are applied to the
FI, leading to the ferromagnetic resonance (FMR) and consequent spin pumping (SP), which
injects a spin current from the FI into the 2DEG. This process results in enhanced Gilbert
damping in the FI/2DEG junction compared to the standalone FI, thereby broadening the FMR
absorption spectrum linewidth. Additionally, a shift in the FMR frequency occurs.

The broadening of the FMR absorption spectrum due to SP in junction systems, correspond-
ing to an enhancement of the Gilbert damping, is a well-established phenomenon. Its analysis has
conventionally employed a phenomenological approach based on the Landau-Lifshitz-Gilbert
(LLG) equation and spin mixing conductance. In this chapter, we analyze the enhancement of
the Gilbert damping using the microscopic Hamiltonian introduced in Chap. 3. This analysis
clarifies the contribution of magnon absorption and emission, represented by the first term in
Eq. (3.27), to the enhancement of the Gilbert damping. Moreover, the microscopic SP theory,
utilizing the interfacial interaction Hamiltonian in Eq. (3.27), has been applied to a variety of
systems in which ferromagnetic insulators are coupled with materials such as nickel-palladium
alloys [70], superconductors [72,76], graphene [74], and bismuth [63]. In this study, we develop
a theoretical framework for SP in a two-dimensional electron gas (2DEG) system featuring
spin-split energy bands induced by the Rashba and Dresselhaus spin-orbit couplings (SOCs).

This chapter addresses the calculation of both the enhanced Gilbert damping and the FMR
frequency shift, taking into account the vertex corrections due to impurity scattering in the 2DEG.
In the previous work [78], we calculated the enhancement of the Gilbert damping without the
vertex corrections for the same setup [69]. The vertex corrections enable the inclusion of various
conservation laws [149, 150], suggesting that the spin conservation law, which holds when the
Rashba SOC and the Dresselhaus SOC are of equal magnitude, can be effectively taken into
account. This chapter reveals significant differences between the results with and without the

vertex corrections when these two SOC strengths are identical.
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Figure 4.1: The junction system examined in this chapter. Microwave irradiation induces the
ferromagnetic resonance (FMR), resulting in spin injection from the ferromagnetic insulator
(FD) into the two-dimensional electron gas (2DEG) via spin pumping.

The chapter is structured as follows: in Sec. 4.1 we derive the temperature Green’s function
for the 2DEG, incorporating impurity scattering. In Sec. 4.2, we derive the magnon Green’s
function for the FI-2DEG junction and demonstrate that the enhanced Gilbert damping and FMR
frequency shift can be expressed through the spin susceptibility of the 2DEG. In Sec. 4.3 we
then calculate the spin susceptibility of the 2DEG, both with and without the vertex corrections
and obtain the expressions for the enhanced Gilbert damping and FMR frequency shift for each
case. Finally, in Secs. 4.4 and 4.5 we plot these results and discuss the effects of the vertex

corrections.

4.1 Green’s Function for a 2DEG

The temperature Green’s function for conduction electrons in a 2DEG is defined in the absence

of impurities as follows:

1
8o (k1) = = (Trckr (T)ey, ), (hB <7 <) (4.1)

Cro(T) = eHint/he,  o=HiinT/h 4.2)

Here, 7 represents imaginary time, 7, denotes the imaginary-time-ordered product, [3 is the in-
verse temperature, cz o Ch,o are the creation and annihilation operators for conduction electrons
in the 2DEG, and Hy;, is the Hamiltonian of the 2DEG introduced in Eq. (3.1). The equation of

motion for the temperature Green’s function of electrons in the absence of impurities, go(k, 7),
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Figure 4.2: The Dyson equation under the Born approximation for the Green’s function of
conduction electrons in a 2DEG. The bold (thin) line represents the Green’s function with
(without) impurity scattering, and the dashed line represents impurity scattering. Adapted from
Ref. [48].

is given by
~ 0 A\ A
(=~ h)aote.r) =601, (-hB <7 <np). 4.3)
Here, 1 denotes the 2 x 2 identity matrix. Using the fermionic Matsubara frequency w,, =

(2m + 1)/ (Rf3), where m is an integer, we can write the Fourier expansions of the temperature
Green’s function and the delta function as follows:

A _ 1 —lwyT A . — 1 —lwmT
folk,7) = 75 wZ ok iwn),  O(7) = 4 wZ eTionT, (4.4)
By substituting these into Eq. (4.3), we obtain the temperature Green’s function,

- e ey (hom =€)~ e O
f S B A .
8ok, iwn) = (ihwpl = hi) (ihwm = EY) (ihwn = E)

4.5)

Here, A~! represents the inverse of matrix A, and & = € — u, where u is the chemical potential.

Next, we calculate the temperature Green’s function for conduction electrons in a 2DEG

considering the effect of impurities, g(k, iw,), using the Dyson equation corresponding to the
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Feynman diagram in Fig. 4.2:

(8(k,iwm)) ™ = (8o(k,iwm)) ™" = T(iwm). (4.6)

Here, I'(iw,,) represents the self-energy due to the effect of impurity scattering. Within the
second-order perturbation theory of the impurity Hamiltonian Hjpp, as given in Eq. (3.12), we

can calculate the Feynman diagram for this self-energy shown in Fig. 4.3(a) as follows:

2

1/—\(ia)m) = A

. A
> golk.iwn) = ~=sgn(wn)1, (7
k

This calculation corresponds to the Born approximation. Here, sgn(x) denotes the sign function,
and I' = 27rnimpu2D(q:) is the parameter representing the strength of nonmagnetic impurity
scattering. Substituting Eqgs. (4.5) and (4.7) into the Dyson equation, Eq. (4.6), yields the

following expression:

ihw, — & + %sgn(wm) hy —ih,

(8(k,iwy) ™" = (4.8)

hy +ihy ihwy, — & + %sgn(wm) '

By calculating the inverse of this matrix, we obtain the expression for the temperature Green’s

function, considering the effect of impurities,

[ihwpm — &k +iTsgn(wm) /21 = heg - 6
[1y-slifwy, — E] +iTsgn(wm)/2]

gk, iwy) = (4.9)
It should be noted that Eq. (4.7) represents the self-energy within the Born approximation.
However, when go(k,iw,) in Eq. (4.7) is replaced with g(k,iw,,) from Eq. (4.9), which
corresponds to the self-consistent Born approximation in Fig. 4.3(b), the self-energy yields the

same result:

nut ~— . ir .
& Zg(k,zwm):—?sgn(wm)l. (4.10)
k

lL\(iwm) =

Therefore, the temperature Green’s function for conduction electrons in Eq. (4.9) is also a

solution under the self-consistent Born approximation.

4.2 Magnon Green’s Function in the FI/2DEG Junction Sys-

tem

In this section, we derive the magnon Green’s function in the FI/2DEG junction system. Let the
sum of the Hamiltonians for the 2DEG and FI, as given in Eq. (3.1) and Eq. (3.19), respectively,
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(2) X

Figure 4.3: (a) Self-energy in the Born approximation. The thin line represents go(k,iw,,). (b)
Self-energy in the self-consistent Born approximation. The bold line denotes g(k, iw,,).

be the unperturbed Hamiltonian Hy = Hyi, + Hpp, and the interfacial exchange interaction
Hamiltonian in Eq. (3.27), Hiy, be the perturbative Hamiltonian. The perturbative expansion
of the magnon Green’s function with respect to Hj,, can formally be written as

1 / ’ 1 np ” ”
G(k,7) = _%<T,S§’;(7)S§Jg(0) exp(—£./0 A" H i (7 ))> . @.11)

Cc

Here, T; denotes the imaginary-time ordering operator, and (- - - ). indicates the thermal average

with respect to the unperturbed Hamiltonian, taken only for connected diagrams. Additionally,

STE(r) = eflor/hgy = e Hotlh, (4.12)

Hyin(7) = 7y o~ HoT/h (4.13)

are operators in the interaction picture. However, from this point onward, the subscript /
indicating the interaction picture will be omitted. Considering up to second-order perturbation

terms in the expansion of Eq. (4.11), we obtain the following expression:

G(k,7) = Go(k,7) +6G(k,7), (4.14)
1 1\3 (7P np : :

56k 1) =5 (~3) [ dn [ an s @S Ot Hu(e)e @19
: 0 0

Here, G (k, 7) is the magnon Green’s function with respect to the unperturbed Hamiltonian Hy,

given by the following equation:
1 ’ ’
Go(k.7) = — (TS} (1) S~ (0))o. (4.16)

By substituting the interfacial exchange Hamiltonian for a clean interface system given in
Egs. (3.27) and (3.29),

Hin(7) = Y (TS} (0)s (1) + T*S ~(7)s " (0], (4.17)
k
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into Eq. (4.15) and applying the Bloch-De Dominicis theorem, we obtain the following equation,

1\3 -, [P
5G(k,7) = (—£) |T|2/O drydvs

X (TS (D) S; T (2)o(TeS3 (1) S5 (0)o(Tes " (m2)s5 (7)o

hp
2/ dTldeGo(k,T—Tz)Z(k,Tz —Tl)G()(k,Tl). (4.18)
0

Here, X (k, 7) represents the magnon self-energy with respect to the unperturbed Hamiltonian
Hj and is expressed by the following equation:

_ TP

2(k,7) = ——

- (Trsy ¥ (7)s5~(0)o. (4.19)

Using the Fourier transforms with respect to the bosonic Matsubara frequency w,, = 2zn/(%f3),

where 7 is an integer
6G (k,iwy,) = / dr e §G(k,1), 6G(k,T) = —Ze"‘””TéG(k,iwn), (4.20)
0 hp &

Y(k,iw, :/ dre'“""Y(k,7), X(k,7)=— e Ty (k,iw,), 4.21)
(ki) = | (k1) 2(7) =55 ) (k. i)

iwy

we can rewrite Eq. (4.18) as follows:
0G(k,iwy,) = Go(k,iwy)Z(k,iw,)Go(k,iwy,). (4.22)

The Feynman diagram for this equation corresponds to the second term on the right-hand side of
Fig. 4.4. As shown in Fig. 4.4, G(k,iw,) can be expanded perturbatively through the repeated
structure of the same type of diagram. This expansion can be written as follows:

G(k,iw,) = Go(k,iwy) + Go(k,iw,)Z(k,iw,)Go(k,iw,)
+ GO(k’ lwn)z(ka lwl’l)GO(k’ l(L)n)E(k,l(l)n)G()(k, l(l)n) +-
_ Go(k,iw,) _ 1
- 1 - G()(k,l(,()n)Z(k, lwl’l) - GO(k7iwn)_l - 2(k7lwn)

(4.23)

This is the Dyson equation for the magnon Green’s function. Here, Go(k, iw,) represents the
magnon Green’s function in the FI system alone. Using Eq. (4.16) and the Fourier transform for

the Green’s function given by Eq. (4.20), we can express Go(k, iw,) as follows:

2 h
Go(k, iwy) = ——230/

Wy — Wk — aglwy|

(4.24)
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Figure 4.4: The Dyson equation for the magnon Green’s function. The wavy line represents Gy,
while the double wavy line denotes G.

Here, ag is the phenomenologically introduced the Gilbert damping constant. The expression
for Z(k,iw,) in Eq. (4.23) is given by Egs. (4.19) and (4.21) within the framework of second-
order perturbation theory with respect to the interfacial interaction. Using the expression for the
spin susceptibility per unit area of the 2DEG,

1 ’ ’ hﬁ .
x(k,7)= —ﬁ(TTs’,‘(J’(T)s’,‘c_(O))O, x(k,iw,) = / dr y(k,t)e'“"". (4.25)
0
we can rewrite Eqgs. (4.19) and (4.21) as follows:
Y(k,iwy) = [TPAx (k,iwy,). (4.26)

In other words, within the second-order perturbation theory of the interfacial interaction, the
effect of the interfacial interaction appears only in the coefficient of Eq. (4.26). Therefore, to
obtain the magnon self-energy, it is sufficient to calculate the spin susceptibility of the conduction
electrons in the 2DEG alone.

The retarded component of Green’s function can be obtained by performing the analytic
continuation, replacing the Matsubara frequency with iw, — w +i6. Applying this analytic
continuation to Eq. (4.23) and setting k = 0 gives the retarded magnon Green’s function, which

corresponds to the uniform precession of localized spins in the FI during the FMR:

2So/h
GR(0,w) = , 427
0,0) w — (wo + owy) +i(ag + dag)w (4.27)
5 2850|T)?
0 2501 A pe 2% (0. w), (4.28)
wy hwy
280|T|?
Sag ~ _28lTPA xR0, wy). (4.29)
fiwy

Here, wg-¢ = yohqc represents the FMR frequency, and 6wy and dag represent the shift in the
FMR resonance frequency and the modulation of the Gilbert damping, respectively, due to the
junction between the FI and the 2DEG. In Egs. (4.28) and (4.29), we assume that the linewidth of

the FMR absorption spectrum is sufficiently narrow (ag +dag < 1), and replace the microwave
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k' + k,iw,, + iw,

/
o o

XO(k, an) - O_/// O_//

/ .
k', iw,,

Figure 4.5: Spin susceptibility without considering the vertex corrections. The bold line
represents the Green’s function of the 2DEG, g(k, iw,,), which accounts for impurity scattering
and is given by Eq. (4.9).

frequency w by the FMR frequency wg. From Eqgs. (4.28) and (4.29), it is clear that dwg and

dag are determined by the uniform spin susceptibility of the conduction electrons in the 2DEG,
R
X" (0, w).

4.3 Spin Susceptibility of the 2DEG

4.3.1 Calculation without vertex corrections

In this section, we calculate the spin susceptibility yo of the 2DEG without considering the
vertex corrections after Ref. [78]. First, by substituting Eq. (3.24) into Eq. (4.25), the spin
susceptibility for 0 < 7 < 73 can be expressed as follows:

1 , .
x(k,7) = —ﬁ<TTS’,§+(T)S’,§ (0))o
1 / ,_ .
= —M Z Z (O’x +)0'a" (O-x )O'”o"” <TTC,'€10.(T)Ck1+k0" (T)czza.n(o)ckz—ko”” (0)>c

0-,0—1,0—1/70—//1 k1’k2

(4.30)

By incorporating the impurity potential given by Eq. (3.12) perturbatively and considering only
the contributions from the Feynman diagrams in Fig. 4.5, the spin susceptibility in Eq. (4.30)

can be expressed as follows:

/] ’ - ’ ’
xok )= 3 D o (0 grongere (K. ~1)gyon (K + k7). (431)

o0 0”0 k'
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Then, by applying the Fourier transform with respect to imaginary time 7 to the above equation,
where w,, is the Matsubara frequency for electrons, we obtain the following expression

1

A Z Tr [2(K', iwnm) 6+ 8 (K + K, iy +iw,)0 ] . (4.32)

k' iwm

XO(k’ lwl’l) =

Here, g(k,iw,,) is the temperature Green’s function of the 2DEG, which accounts for impurity
scattering and is given by Eq. (4.9). By substituting this Green’s function into Eq. (4.32) and
conducting analytic continuation iw, — w + i6, we obtain the following expression for the
retarded component of the uniform spin susceptibility

X§(0,w) =Re x§(0,w) +iIm X§(0 w), (4.33)
Re yf(0.0) = -1 Z D(er) / [1 = Yher(o) - 11+ he() - ]
§ (E,{ ~E])(hw + E,Z ~E])+T? s
(hw+E] — E} )?+T?
Im yf(0.0) = — ZD(eF) / [1 = Yher(9) - m1[1 +7 he(e) - ]
x lhe . (4.35)

(hw+E] —E] )*+T?

Here, D(ep) is the density of states per unit area and per spin at the Fermi energy of the 2DEG
electrons, fe () = he () / heir () is the unit vector representing the direction of the effective
Zeeman magnetic field generated by the Rashba and Dresselhaus SOCs, and m = (cos 6, sin )
is the vector representing the direction of the localized spins in the FI. Using Eqgs. (4.28), (4.29),
(4.34) and (4.35), we can write the shift in the FMR frequency and the modulation of the Gilbert

damping without considering the vertex corrections as follows:

dwy  28|T|*A

W) B ha)o

280|T|>A
ha)o

Re x&(0, w), (4.36)

Sagy = - Im x (0, wo). (4.37)
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Equation (4.37) can be written as the sum of three contributions as follows [78]:

oag = 5&'(},1 + 50’(},2 + 5&(}73 (4.38)
2r ~\2
d 1= (heg -
5a’(} 1 =ag.o / —QD F(hwo)M, (4.39)
’ ’ 0 271' 2
2n 7 A2
d 1+ he-
6aG 2 = agag.o / —QD F(ha)o - Zheff)w, (4.40)
’ ’ 0 271' 4
2r 7 SN2
d 1—heg-
5463 = aGo / Y ey + 2hyg) STt = 1)” (4.41)
’ ’ 0 271' 4
I'/nA
F(x) /740 (4.42)

" (¢[00 + (T/Ag)?

Here, Ag = kga is a constant with the dimension of energy, ago = 27So|T|>AD (er) /Ay is a
dimensionless constant, and F(x) is a Lorentzian function. The term dag, | peaks when 7wy = 0
and heg L 1, representing an elastic process of the magnon sensing the effective Zeeman field
of the 2DEG conduction electrons as a transverse field. Additionally, a2 (6@ 3) peaks when
hiwe = 2he (hwp = —2heg) and Frog | m (heg || —m), representing an inelastic process of
magnons being absorbed (emitted) by conduction electrons in the 2DEG, causing the electrons

to undergo spin-flip transitions between spin-split subbands.

4.3.2 Vertex corrections

In this section, we calculate the spin susceptibility of conduction electrons in a 2DEG following
Ref. [48], considering the vertex corrections within the framework of the Born approxima-
tion [151] and the ladder approximation [148, 152]. This spin susceptibility is described by the

Feynman diagram shown in Fig. 4.6(a), which corresponds to

1 A ,
x(Oi) = o > Tr[g(k,iwm)F(k,iwm,iwn)g(k,ia)m+iwn)6'x_ : (4.43)

k.iw,,

Here, f(k,iwm,iwn) is the 2 X 2 matrix vertex function, which follows the Bethe-Salpeter

equation corresponding to Fig. 4.6 (b) as given below:

Fo"a'(k, W, iwn)

u?

n; . . . . .
ﬂmp Z Z 8o (@5 i0m) oo (i, i0n) 80 (G, Ty +iwy).  (4.44)

~ ’
= (O-X +)o"0' +

q o102
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g(k,iwm, + iwy,)
(a)

g(k, iwy,)
(b) O g o
o |
— >. —l— >§<
-~ o’ i
O-/ (a-$/+)0/0' O'/ 0-2

Figure 4.6: (a) Uniform spin susceptibility, considering the vertex corrections. (b) The Bethe-
Salpeter equation for the ladder-type vertex function within the framework of the Born approxi-
mation. The dashed line represents impurity scattering. Adapted from Ref. [48].

Since the right-hand side is independent of the wavevector k, the vertex function is henceforth

written as I"(iw, iw,). We expand this vertex function using Pauli matrices as follows:
[ (iwp, iw,) = E1+ X0~ +Y6 +Z67. (4.45)

Equation (4.44) is solved below to determine E, X, Y, and Z self-consistently. The Green’s
function of the 2DEG conduction electrons in Eq. (4.44) is given by Eq. (4.9) as follows:

Al + Bo™ + oY

2(q,iwm) = : 4.46
8(q.iwn) D (4.46)
T
A(iwn) = ihwy — £, + %sgn(wm), (4.47)
B = —hegcos(¢p — 0), (4.43)
C = —heg sin(¢ — 0), (4.49)
T
D(iwy,) = Q[ihwm —El+ %sgn(wm)]. (4.50)
Here, ¢ is the azimuthal angle of the effective Zeeman field, defined as
heff(‘P) = (heﬂ" COos ¢7 heff Sin ¢a O)a (451)

et () = |he(@)| = kpva? + B2 + 2a sin 2¢. (4.52)
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Using Egs. (4.45) and (4.46), we can write the second term of Eq. (4.44) as follows:

2

Zg(q,lwm)r(lwm,la)n)g(q,la)m +iwy) = E'T+ X0 +Y' 0 +267. (4.53)

Here, the coefficients of the identity matrix and Pauli matrices in Eqgs. (4.53) and (4.45) are

related by the following expressions:

E’ Ao+ A\ 0 0 0 E
X’ 0 Ao+ A A 0 X
) otAr As , (4.54)
z 0 0 0 Ao=Mijiz
where A (iwp, iw,) (j =0, 1,2, 3) can be expressed as follows:
u?nim A(iwm) A(iwy + iw,)
" ’ . _ p m m n , 4.55
o(iwm, iwy) A Zq: D (iwy)D (iw,y, +iw,) ( :
) 2
A iy = : : - , 4.56
1 ({wm, iwn) A Z D(lwm)D(lwm +iwp) o
uznlm £ COS 2(¢ - 9)
A o = P 4.57
uznlm 5Sin2(¢ —6)
o ) _ 4.58
3(la)m lwn) Z D(la)m)D(lwm + lwn) ( )

Here, we used the following fact: by replacing the summation over the wavevectors with the

following formula

LSy [ae [T, (4.59)
A 7 oo 0o 27

where integrals are taken over the energy & = &, and the wavevector angle ¢, the first-order
terms of B and C vanish due to the integration over the wavevector angle. Using Eq. (4.59), we
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can rewrite Eqs. (4.55)-(4.58) as follows:
2r dSD
Ao (iwp, iwy,) = ./0 Z Ly, (4.60)
S i dy ,
A (iwp,iw,) = Z A ﬂ Z/ YY Iyy” 4.61)
Yy
T d
A (i, iwy) = — / 9% cos2(p - 0) Z ¥y Ly, (4.62)
4 Jo 2nm =
T d
As (i, iwy) = — / % in2(p - 0) Z ¥y Ly (4.63)
4 Jo 2nm =
Here, I,/ is defined as follows:
L= / dé 1
= oo 2MThWy, — & — Yheg +1(T'/2)sgn(wp,)
1
(4.64)

X .
ih(wm + wp) — & =y hep + i(F/Z)sgn(a)m + wy)

In Eq. (4.64), I,,, = 0 for w, > 0 and w,, + w, > 0, as indicated by the residue theorem,

since both poles of the integral are located in the upper half-plane of the complex &-plane.

Similarly, for w,, < 0 and w, + w, < 0, we find I,,,» = 0 because both poles are located in the

lower half-plane of the complex &£-plane. Assuming w, > 0, we evaluate I, for w, < 0 and

W + w, > 0 using the residue theorem as follows:

1
ihw, + (v =y ) heg + 1T

177, =
Using these results, we obtain the following expression:

Aj (i, iwy) = 0(—wm)0(wy + wn)[\j (iwn),

ir [*d iy ¢)
Astion) =7 / Z e + (y = Y he (@) + 1T

Here, 6(x) is the step function and f;(y,y’,¢) (j =0, 1,2, 3) is written as follows:

fo(v.7' @) =1,

LY @) =vY,

LY @) = vy cos2[g(e) — 6],
LY @) = vy sin2[4(e) - 0].

(4.65)

(4.66)

(4.67)

(4.68)
(4.69)
(4.70)
4.71)
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(a) hm - [z ® - =

X Rez Cy Rez
- ! A
(T - C < >
2
A C

o & o
A\ <

Imz=—w, Cy Imz = —w,

Figure 4.7: Schematic of the complex integration contour: (a) the original contour, and (b) the
modified contour. Adapted from Ref. [48].

Upon substituting Eqgs. (4.45) and (4.53) into Eq. (4.44), the resulting expression is as follows:
El+X6" +Y0Y +26¢ =0+ E1+X'6° +Y' 6 +7'67. (4.72)

Substituting Eq. (4.54) into E’, X', Y’, Z’ in the equation above, we obtain the following solutions
forE,X,Y,Z

E=0, (4.73)
A

X = =, (4.74)

(1-Ag)>— A2 = A2
1= Ay — Ay

_ , (4.75)
(1-Ag)> - A2 = A2

Z ! (4.76)

T1 Ao+ A

In this manner, the vertex function f(iwm, iwy) in Eq. (4.45) is determined self-consistently.

Substituting the vertex function in Eq. (4.45) along with the Green’ s function from Eq. (4.46)
into Eq. (4.43) yields the following expression:

1
4BA

2
> = [ZBCX +(AA — B2+ CO)Y —i(AA' - B2 —CVz|.  @.7)

k.iw,

x(0,iw,) =
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Then, by introducing (X, X», X3) = (X, Y, Z) and

X; 1

1
L, = — : ,
AA) ;ﬂ ihwy — E} +i0/25g0(Wn)  ihw,, + ihw, — E,Z +il/2sgn(w, + w,)

, (4.78)

we can rewrite Eq. (4.77) as follows:

. 1 , , , ’
x(0,iw,) = ﬁ Z Z [77 sin2(¢ - 6) [77’,1 + {1 — vy cos2(¢ - 9)}-[77',2 —i(1-yy )Iyy’,3 .
k vy
4.79)

According to the method of residue integration, Z,,- ; for w, > 0 can be evaluated by performing
acomplex integration along the contour C shown in Fig. 4.7 (a). This contour can be decomposed
into the four contours C; (I = 1,2,3,4) depicted in Fig. 4.7 (b), allowing 7,,- ; to be expressed

as follows:
4
Lyj= ). I, (4.80)
I=1
d Xi(z,iw 1
9= = C??”Z D ; . (48]
[ c, 2miz — E;, +il'/2sgn(Imz) 7+ ihw, — EZ +i['/2sgn(Im z + wy)

Here, f(z) = 1/(eP? + 1) is the Fermi distribution function. First, for contributions from the
contours C; and Cs, in the region 0 < Imz < w,, X;(z,iw,) is independent of z. Defining this

as X j(iwy), we can calculate the contributions as follows:

- dE 1 1
718 + 718 = -X(iw, /— E)|- :
Yyl oYY i iwn) 27rif( ) E - Ez -il'/2 E +ilw, — Ez +il7/2
+ ! 1 . (4.82)
E —ihw, - E} —iT/2E - E] +iT/2
Here, from Eqgs. (4.74)-(4.76), we can express X i (iwy) as follows:
. As(i
Xi(iwy) = ————— 3(iwn) — (4.83)
(1 = Ag(iwy))?* = Az (iw,)*—A3(iw,)
. 1 = Ag(iw,) — Aa(iw,
Ry(icon) = ——LBoliwn) ~ Aoliwn) (4.84)
(1 - AO(iwn))z - AZ(iwn)z_A3(iwn)2
(i) = : (4.85)

1 = Ag(iwy) + A (iw,)

Then, by changing the integration variable in the first term (second term) of Eq. (4.82) to
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E'=E-E] (E' = E,Z — E), we obtain the following expression:

f(~E'+E]) - f(E'+E])
E'+ihw, +E] —E] +iT/2|

5 dE’ 1
12 418 =X (iw,) / (4.86)

1V OV I 2ni E' —il/2

By converting the summation over k in Eq. (4.79) to integrals over £ and ¢ using Eq. (4.59), we

can evaluate the ¢ integral as follows:

- /mdg [f(E'+E])~ f(~E'+E])] =2E'+E] - E] . (4.87)

o]

Then, by performing the E’ integral, we obtain the following expression:

ihwnf(j(iwn)

, : (4.88)
E] - E] +ilhw, +il

® C C _
/_oo d¢ (fwzﬁj +Iw3’,j) -

Next, we calculate the contributions from C; and C4. In these contours, X (z,iwy) isindependent
of z, which is denoted as )?; (iw,) (j = 1,2,3). From Eq. (4.66), since A(z,iw,) (j =0,1,2,3)
is zero for Imz < 0 or w, < Imz, XJ’.(iwn) is given by the following expression:

X (iwy) =0, X5(iw,) =1, Xj(iw,) =1. (4.89)

Then, by performing similar calculations as for C, and C3, we find that the contributions from

C; and C4 are given by the following expression:
® C C _ /! [
[oo dé (le’,j +Iw4',j) ==X (iwy). (4.90)

Substituting Eqgs. (4.88) and (4.90) into Eq. (4.79) yields the following expression:

2r
D(SEF) ;/0 Czi_ji [7,)/ sin2(¢ — 6) %1 (iwy)

/\/(0’ lwn) =

+[1=yy cos2(¢ — )] [-1 + X2(iwy)] = i(1 = yy) [—i + Z3(iwn)] |- (4.91)

Here, X (iw,) is defined as follows:

iha)nf(j(ia)n)

; : (4.92)
E] - E] +ihw, +il

fj (iwp) =

By substituting the expression for X j(iwy) into Eq. (4.91) and performing the analytic continu-

ation iw, — w +1i0, we obtain the retarded component of the uniform spin susceptibility for the
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conduction electrons in the 2DEG!:

D(eryheo [AR(L = RF) ~ AR(1 — RF) + (AR AR~ AR
(en)hw [ A§ (1= AF) = AF(1 - AF) + (A) 0" |_D(er). (4.93)

R
X (0,w) = . = — . + S
2T (1— AR)2 — (AR)2_(AR)? 1 - AR+ AR

where, /~\j.e (j =0,1,2,3) is the analytic continuation of A j(iwy) in Eq. (4.67):

4A¢ — ¥ )het/ Ao +iT /Ao
(4.94)

. 2 ’
AR _AR(, N — K (i ) dy SR AL
A] —AJ(CU) —Aj(lwn —}LL)+15) - A ﬂ;hw/Ao+(7

Here, Ag = kpa is a normalization constant with the dimension of energy. By substituting
Eq. (4.93) into Egs. (4.28) and (4.29), we obtain the following expressions for the shift in the
FMR frequency and the modulation of the Gilbert damping, taking into account the vertex

correction:
0wy
— = QG0 Re F(a)o), (4-95)
Wy
6&(} = —QgG,0 Im F(w()), (496)
Ao [AR(1 = AR) — AR(1 = AR) + (AR)2 AR _ AR A
Fw) = 0 o ( 0) > ( ») + (A7) 0 1 0 4.97)

_ 0) =AM (1= A7) P L
aml | (1-AD?2 - (AF-AB? " 1-AF+AF| who

Here, agpo = 27rS0|T|2ﬂD(eF) /Ao is a dimensionless constant representing the strength of the
interfacial interaction. Equations (4.95), (4.96), and (4.97) are the main results of this chapter.

Retaining only the first-order term of /~\§.e in Eq. (4.93), we obtain the following expression:

hwD o
xR0, w) = “’Té@)[z/\g — AR~ AF] - D(ep)
3 dy 1 1-cos’(¢(p) —0) 1 1 +cos?(¢(p) — 0)
= hwD(er) / 2 [hw T 2 T hw —2he (@) + 1T 4
1 1 +cos?(¢(p) — 6)
" fio + 2her (@) + 1T 4 | - D). (4.98)

This represents the spin susceptibility without considering the vertex correction. By substituting
this into Eqgs. (4.28) and (4.29), we obtain the expressions for the shift in the FMR frequency

!Using the Sommerfeld expansion, it is found that when kT is sufficiently small compared to the Fermi energy
€p, the contribution of the temperature-dependent term to the uniform spin susceptibility becomes negligible.
Consequently, the uniform spin susceptibility can be expressed as temperature-independent, as shown in Eq. (4.93).
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and the modulation of the Gilbert damping without the vertex correction:

6(,«)3"
—— =agpRe Fyy(wy), (4.99)
wo
50’2}\, = —QagG, Im an(a)()), (4.100)
Ao | xr ik _xr|_ Do
F, = ——|2A8 = AT - AS | ———. 4.101
v(@) ZmT[ 0 ! 2| rhw ( )

These reproduce the results of Egs. (4.36) and (4.37).

4.4 Modulation of Gilbert damping

In this section, we present the results of the modulation of the Gilbert damping from Eq. (4.96).
Section 4.4.1 shows the outcomes of dag from Eq. (4.96) for the cases of 8/a = 0, 1,3, and
compares them with the results for the modulation of the Gilbert damping without the vertex
correction, (MEV, from Eq. (4.100). In Sec. 4.4.2, it is demonstrated that dag exhibits a sharp

increase in the low-frequency region near 8/a = 1.

4.4.1 Effect of vertex corrections

First, we present the situation where only the Rashba SOC is considered, i.e., 8/a@ = 0. Note
that the modulation of the Gilbert damping yields the same result in the case in which only the
Dresselhaus SOC is present, i.e., @/8 = 0. The effective Zeeman field h.g generated by the
Rashba SOC at the Fermi surface is shown in Fig. 4.8(a). Figures 4.8(b) and 4.8(c) illustrate the
modulation of the Gilbert damping as a function of the FMR frequency wg = yghqc in the cases
without and with the vertex correction, respectively. The spin-splitting width of the energy bands
near the Fermi surface is constant at 2h.¢ = 2kpa, regardless of the wavevector direction. As a
result, we find that the modulation of the Gilbert damping does not depend on the orientation 6
of the localized spin S in the FI. The four curves in Figs. 4.8(b) and 4.8(c) correspond to impurity
scattering strengths of ['/Ag = 0.1,0.2,0.5, and 1. The electron mobility in GaAs/AlGaAs at
low temperatures ranges from the order of 10° cm?/Vs to 10”7 cm?/Vs [143,153]. By using these
values, the effective mass m* = 0.067m [147], and Ay = kra ~ 0.07 meV, I'/ Ay is estimated to
be on the order of 1072 to 1. Both Figs. 4.8(b) and 4.8(c) show peaks at wg = 0 and wg = 2A
(= 2kpa), with the peak widths decreasing as I' decreases. As described in Sec. 4.3.1, the
low-frequency peak corresponds to an elastic process in which magnons relax by perceiving the
effective Zeeman field of the 2DEG as a transverse field. In contrast, the high-frequency peak
corresponds to an inelastic process in which 2DEG electrons are excited to different subbands
through the absorption or emission of magnons [78]. In the case of S/a = 0, the qualitative
behavior of the modulation of the Gilbert damping remains unchanged whether or not the vertex

correction is considered. However, quantitatively, the peak widths at wg = 0 and wg = 2A¢
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Figure 4.8: (Left panels) Effective Zeeman field h.g at the Fermi surface. (Middle panels)
Modulation of the Gilbert damping d g without the vertex correction. (Right panels) Modula-
tion of the Gilbert damping dag with the vertex correction. In the middle and right panels, the
modulation of the Gilbert damping is plotted as a function of the FMR frequency wg = yghqc
for various orientations 6 of the localized spin S in the FI. Here, I'/Ag = 0.5 is used. The ratio
of the Rashba SOC () to the Dresselhaus SOC () is set as follows: (a), (b), (c): 8/a = 0; (d),
(e), (f): B/a = 1; (g), (h), (i): B/a = 3. Note that (b), (e), and (h) yield essentially the same
results as in Ref. [78]. Adapted from Ref. [48].

become narrower when the vertex correction is taken into account. For an analytical expression
of this peak width, refer to Appendix B.

Next, we examine the case of §/a = 1. In this situation, the effective Zeeman field generated
by the Rashba and Dresselhaus SOCs points in the (=1, 1) or (1, —1) directions, as illustrated in
Fig. 4.8(d). The magnitude of this effective Zeeman field, h.g(¢) = |heg(¢)|, changes with the
wavevector direction ¢, as described by the following equation:

her (@) = 2A0| sin(p + 7t/4)|. (4.102)

Thus, the spin-splitting width of the 2DEG conduction electron energy band, written as 2h.g(¢),
also depends on the wavevector direction, varying within the range 0 < 2h.g < 4Ag. Fig-
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Figure 4.9: The modulation of the Gilbert damping for /@ = 1.1 is shown as a function of
the FMR frequency wy for (a) without the vertex correction and (b) with the vertex correction.
The five curves correspond to different orientations of the localized spin S in the FI: 6 =
-n/4,-n/8,0,7/8, and n/4. In (c), the modulation of the Gilbert damping with the vertex
correction is plotted as a function of wy for B/ = 1.03, 1.05, and 1.1, with 6 fixed at 7/4. In
all plots, I'/Ag = 0.5 is used. Adapted from Ref. [48].

ures 4.8(e) and 4.8(f) plot the modulation of the Gilbert damping for I'/Ag = 0.5, with and
without the vertex correction, respectively. First, in the case of 8/a = 1, since the spin-splitting
width is 0 < 2heg < 4A¢, the modulation of the Gilbert damping in both Figs. 4.8 (e) and
4.8(f) takes large values when the FMR energy 7wg on the horizontal axis lies within the range
0 < hwy < 4Ap, where it matches the spin-splitting width. The five curves in these figures
represent plots for the orientation of the localized spin in the FI for 6 = —n /4, -n/8,0, 7/8, and
n/4. The most remarkable difference between Figs. 4.8(e) and 4.8(f) is that while 6o (wo),
in which we do not take the vertex corrections into account, exhibits a peak around wg = 0,
dag(wg), which includes the vertex corrections, shows no such peak. In the next section, it
will be shown that ag(wg) has a delta function-like singularity at wg = 0, reflecting that for
B/a =1, the effective Zeeman field h.g aligns in a single direction, preserving the total spin of
the conduction electrons in the 2DEG along that direction. For an analytical expression of the

modulation of the Gilbert damping at 8/a = 1, refer to Appendix B.

Finally, we consider the case of B/a = 3. The effective Zeeman field h.g is depicted
in Fig. 4.8(g), where the magnitude of the field, &g, varies depending on the direction of
the wavevector. Figures 4.8(h) and 4.8(i) present the modulation of the Gilbert damping for
I'/Ao = 0.5, without and with the vertex corrections, respectively. In both cases, large values
appear in the low-frequency region around wg = 0, as well as in the high-frequency range
4Ag < hwy < 8Ag, which corresponds to the spin-splitting width of the 2DEG energy band,
2heg. In the low-frequency region, elastic processes dominate, and hence magnons relax by
sensing the effective Zeeman field as a transverse magnetic field. In contrast, in the high-
frequency region, inelastic processes dominate, and hence 2DEG conduction electrons absorb
magnons and transition from the lower to the upper spin-split subband via spin-flip transitions.
A comparison of Figs. 4.8(h) and 4.8(i) reveals that, similar to the case of 8/a = 0, the vertex
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corrections induce only a moderate change in the modulation of the Gilbert damping. While
the inclusion of the vertex corrections sharpens the peak around wg = 0, the peak does not

disappear, unlike the behavior observed for 8/a = 1.

4.4.2 Sharp Increase in Gilbert Damping

This section examines the sharp increase in the Gilbert damping that occurs near 8/« = 1. For
B/a =1, as shown in Fig. 4.8(d), the effective Zeeman field in the 2DEG is aligned in a single

direction. Defining the spin operator along this direction

S = LS (ens e ). 10
k1 e~in/4
( Chs ) :( . ¢ )( il ) (4.104)
k- VoV /K
3n/4

we find that the relation [Hyin + Himp, 5y’ ] = 0 holds. Therefore, when 3/« = 1, the total
spin of the 2DEG conduction electrons in the 37 /4 direction is conserved, indicating that no
spin relaxation occurs. In the case 8/ =~ 1, this spin conservation law is slightly broken,
leading to slow spin relaxation. To confirm this, Figs. 4.9(a) and 4.9(b) plot the modulation of
the Gilbert damping for 8/a = 1.1, both with and without considering the vertex corrections.
The five curves represent the results for various azimuthal angles 6 of the localized spin S in
the FI, with the energy broadening set to I'/Ap = 0.5. The comparison between Figs. 4.9(a)
and 4.9(b) demonstrates that the modulation of the Gilbert damping exhibits a sharp increase
in the low-frequency region only when the vertex corrections are considered. Figure 4.9 (c)
shows the modulation of the Gilbert damping dag with the vertex corrections in three cases:
B/a =1.03, 1.05, and 1.1, with I'/Ag = 0.5 and 6 = n/4. From this figure, it is evident that
as B/a approaches unity, the value of dag at wg = 0 increases significantly. For 8/a ~ 1, dag
in the low-frequency region can be approximated by the following expression (for a detailed

derivation, refer to Appendix B):

0ag ~ @ Ly sinz(
ago 27 (hwy)? + T2

2/2" de  (hy+ hy)?
T'Jo 2n1+ 2hei/T)?

T
0 —), 4.105
+ ) ( )

Iy = (4.106)
Here, I's represents the linewidth of the peak at wg = 0 in Figs. 4.9(b) and 4.9(c), and it is
proportional to 6 for S/a = 1+ (§ < 1). This implies that 'y corresponds to the spin
relaxation rate. Since spin conservation holds for S/a = 1, no spin relaxation occurs, leading
to divergent behavior of ag(wyg) at wg = 0 as a d-function-like singularity with zero linewidth.

For B/a =~ 1, this conservation law is slightly broken, resulting in very slow spin relaxation.
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Consequently, sharp peaks with narrow line widths appear, as observed in Figs. 4.9(b) and
4.9(c). It should be noted that the divergence with zero linewidth at wg = O for 8/ = 1 is not
visible in Fig. 4.8(f). In contrast to Figs. 4.9(b) and 4.9(c), the absence of a sharp peak in the
low-frequency region in Fig. 4.9(a) can be attributed to the lack of the vertex corrections, which

prevents the incorporation of spin conservation.
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Figure 4.10: The modulation of the Gilbert damping dag with the vertex corrections is plotted
as a function of B/« for 8 = /4. The five curves correspond to fiwg/Ag = 0, 0.005, 0.01, 0.02,

and 0.05. The inset shows the maximum value of dag, denoted as @G max, as a function of wy
when varying B/a. All plots assume I'/Ag = 0.5. Adapted from Ref. [48].

In Fig. 4.10, dag is shown as a function of 8/« with I'/Ayg = 0.5 and 6 = n/4. The five
curves in this figure correspond to fiwg/Ag = 0,0.005,0.01,0.02, and 0.05. From this figure,
it is clear that at low frequencies of wy, dag increases sharply around 5/ =~ 1. The inset of
Fig. 4.10 plots the maximum value of dag/ag,o as a function of 7iwg/Ag when varying S/a. In
other words, the vertical axis of the inset represents the peak maximum for each fiwg /Ay in the
main panel. From this inset, it can be observed that the maximum value of da increases as wy

approaches zero.

4.5 Shift of the FMR Frequency

In this section, the results of the FMR frequency shift with the vertex corrections are presented.
Figures 4.11(a), 4.11(b), and 4.11(c) represent the modulation of the Gilbert damping, dag,
with the vertex corrections, corresponding to Figs. 4.8(c), 4.8(f), and 4.8(i), respectively. Fig-
ures 4.11(d), 4.11(e), and 4.11(f) show the shift in the FMR frequency, dwy, also with the

vertex corrections. The common features of dag and dwy are as follows: (i) they depend on
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Figure 4.11: (Upper panels) Modulation of the Gilbert damping with the vertex corrections for
(@) B/a =0, (b) B/a =1, and (c) B/a = 3. (Lower panels) FMR frequency shift with the
vertex corrections for (d) S/a =0, (e) B/a = 1, and (f) B/a = 3. In all panels, the horizontal
axis represents the FMR frequency wg = yghqc, the vertical axis represents the orientation 6 of
the localized spin S in the FI, and the impurity strength is set to I'/Ag = 0.5. Note that in (a),
(c), and (e), values exceeding the upper limit of the color bar are represented in the same color.
Additionally, (b) exhibits a d-function-like singularity at w¢ = 0, which is not visible in the plot
(see Sec. 4.4.2). Adapted from Ref. [48].

the orientation of the localized spins 6 in the FI when 8/a > 0, but do not depend on § when
B/a = 0; (ii) on the low-frequency side around wqy = 0, a peak arises due to an elastic process
in which magnons experience the effective Zeeman field of the 2DEG as a transverse magnetic
field; and (iii) on the high-frequency side, a peak appears due to an inelastic process in which
2DEQG electrons absorb magnons. The differences between dag and dwy are as follows: (iv)
when B/a = 0, dwy exhibits a dip-and-peak structure at 7iwwg/Ag = 2, whereas dag shows only
a single peak; (v) dwq has a tail on the high-frequency side, with slower decay compared to
dag; (vi) for B/a = 1, ag takes small values around wgy = 0, while Swq has large values near
wo = 0. These features are consistent with the fact that 6wg and dag are expressed as the real and
imaginary parts of the retarded spin susceptibility of the 2DEG, respectively, and are therefore
related by the Kramers-Kronig relation. For example, the small value of dwy at fiwg/Ag = 2
is due to the Kramers-Kronig relation, which subtracts the contribution of the peak in dag at
hwgy/Ay = 2. Furthermore, the large value of dwq at wg ~ 0 when B/a = 1, except for § = 37 /4
and 77 /4, can be explained by the influence of the §-function-like divergence of da at wg = 0,
as dictated by the Kramers-Kronig relation.

The main panel of Fig. 4.12 shows dwy as a function of wy for B/a = 1.1. The five curves

in this figure represent different spin orientations 6 within the FI. The inset of Fig. 4.12 presents
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Figure 4.12: A plot of the FMR frequency shift 6wg with the vertex corrections considered for
B/a = 1.1, shown as a function of wg. The inset presents the same data as the main panel
with modified ranges for both the vertical and horizontal axes. The impurity strength is set to
I'/Ag = 0.5. Adapted from Ref. [48].

the same data as the main panel but over a narrower range of the horizontal axis. This inset
demonstrates that as wg approaches zero, dwg tends to zero. As derived in Appendix B, for
Bla=1+6 (6 < 1), dwy can be approximated in the low-frequency region as follows:

) A h
e (] (4.107)
agG,0wo 2m (ha)o)z + Fs 4

Here, I'; is the spin relaxation rate introduced in Eq. (4.106).



Chapter 5

Inverse Rashba-Edelstein Effect by Spin Pump-
ing

This chapter discusses the inverse Rashba-Edelstein effect (IREE) induced by spin pumping (SP)
in a junction system comprising a ferromagnetic insulator (FI) and a two-dimensional electron
gas (2DEG) with the Rashba and Dresselhaus spin-orbit couplings (SOCs) [49]. The setup
of this study is illustrated in Fig. 5.1, where an external microwave is applied to induce the
ferromagnetic resonance (FMR), thereby injecting a spin current into the 2DEG by SP. In the
2DEQG, the non-equilibrium spin accumulation caused by this spin current is converted into a
charge current via the IREE. In this chapter, we calculate the spin density and charge current in
the 2DEG induced by the IREE using the microscopic Hamiltonian introduced in Chap. 3 and
the Boltzmann equation. In particular, we elucidate the dependence of these physical quantities
on the FMR frequency, the orientation of localized spins in the FI, and the ratio of the Rashba

to Dresselhaus SOCs, and present the physical mechanisms explaining this behavior.

Theoretical studies on the IREE driven by SP have been conducted for systems such as
the 2DEG in Fe-GaAs junctions [115] and ferromagnetic metal-nonmagnetic metal-topological
insulator junctions [116]. However, these studies do not account for the effects of magnon
absorption and emission on the IREE. In this work, we focus on elucidating the role of magnons
in the IREE induced by SP in FI-2DEG junction systems. By employing the microscopic
interfacial interaction Hamiltonian described in Eq. (3.27), we provide a theoretical framework

to capture these effects.

This chapter is organized as follows: In Sec. 5.1, we formulate the IREE using the Boltz-
mann equation and derive expressions for the spin density and charge current induced in the
2DEG by the IREE. In Sec. 5.2, the results for the spin density and charge current are plotted,
clarifying their dependence on the FMR frequency and the orientation of localized spins in the
FI. Furthermore, we reveal the dependence of their maximum values on the ratio of the Rashba

to Dresselhaus SOCs. In Sec. 5.3, we discuss the relevance of these results to experiments.

69
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Figure 5.1: Setup of the study on the IREE induced by SP. The red arrow S represents the
localized spins in the FI, and the green arrow j denotes the charge current density generated by
the IREE. Adapted from Ref. [49].

5.1 Formulation

In this section, we formulate the conversion from spin to charge via the inverse Rashba-Edelstein
effect (IREE). First, in Sec. 5.1.1, we introduce the Boltzmann equation describing the IREE.
Next, we calculate the collision terms due to impurity scattering and SP in Secs. 5.1.3 and 5.1.2,
respectively. Finally, in Sec. 5.1.4, we solve the Boltzmann equation and calculate the spin
density and current density induced in the 2DEG by the IREE.

5.1.1 Boltzmann equation

Due to the spin splitting of the energy bands of conduction electrons in the 2DEG caused by
the Rashba and Dresselhaus SOCs, the Boltzmann equation for this system generally takes the
form of a matrix equation for a 2 X 2 density matrix that accounts for spin degrees of freedom.
In this study, we consider the weak-impurity limit, in which the impurity scattering rate I"
is much smaller than the spin-splitting energy caused by the SOCs. Under this condition, as
explained in Appendix C, it is sufficient to consider only the distribution function f(k, y), which
corresponds to the diagonal components of the density matrix in the basis of |ky) in Eq. (3.8).

The Boltzmann equation for this distribution function is expressed as follows [32,81]:

O0f(k,y) +eE_6f(k,7) _0f(k,y)
ar ok ot ’

coll

v(k,y)

of(k,y)
Py (5.1)

where, v(k,y) = BEZ /hok represents the electron velocity, e (< 0) is the electron charge, and

E is the external electric field. The right-hand side corresponds to the collision term. In this
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study, we consider the steady-state solution for a spatially uniform system. Furthermore, since
no external electric field is applied in the IREE, the left-hand side of Eq. (5.1) is set to zero. The

resulting Boltzmann equation to be solved in this chapter is given by:

_Of(k,y)| _0f(k,y)
ot ot

LOf (k)

0
ot

(5.2)

coll imp pump

Here, 0 f/0t|imp represents the collision term due to impurity scattering and 0 f'/9t|pump cor-
responds to the one due to SP. It is important to note that in this formulation we do not
use spin current, which is ambiguously defined in 2DEGs with the Rashba or Dresselhaus
SOCs [141,142]. Spin pumping drives the 2DEG out of equilibrium, and the analysis focuses
on the system’s linear response to this driving. In this case, we can write the non-equilibrium

distribution function f(k,y) as

, L OR(E]
flk,y) = fo(E} —ou(k,y)) = fo(E}) — W(M(lm/). (5.3)
k
Here, fy(€) = (exp[B(e — u)] + 1)~! represents the Fermi distribution function, where {3 is the
inverse temperature and yu is the chemical potential in equilibrium. The term du(k,y) denotes

the non-equilibrium shift in the chemical potential induced by SP.

5.1.2 Collision term due to impurity scattering

In this section, we calculate the collision term 0 f (k, y) /0t |imp due to impurity scattering, which
appears as the first term on the right-hand side of Eq. (5.2). This collision term can be expressed

using the non-equilibrium distribution function f(k,y) as follows:

of(k,y)
ot

= D Pry ke R = F(R)) = Prykry £ (R = £ 7))

imp g =k
5.4

Here, Py, represents the transition rate from the initial state |k, y) to the final state [k’, y")
due to the point-like non-magnetic impurity Hamiltonian in Eq. (3.12). Within the framework of

the Born approximation, we can write this transition rate using Fermi’s golden rule as follows:

P =i (R s(E - B 55
k’y—)k"y’_ h < ,')’l 1mp( )l ’y> k’ k|l ()

It should be noted that this formulation using Fermi’s golden rule is valid only in the weak-
impurity limit, in which the impurity scattering rate I is sufficiently smaller than the spin-splitting
energy caused by the Rashba and Dresselhaus SOCs. For further details, refer to Appendix C.
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We calculate the collision term in Eq. (5.4) below. A key aspect of the following calculation
is that the transition rate, Py, _x,/, depends on the overlap between the spinor wavefunctions of
the initial state |k, y) and the final state |k’, y"). This effect is described by the coefficient C,,
introduced in Eq. (3.11). Substituting Eq. (5.5) into Eq. (5.4) and taking the random average
over impurity sites yields the following equation:

af(k,y)
ot

1mp k/,‘)// o,0’

X [f(k',y') — f(k,y)16(E], — E]). (5.6)

By summing over the spin variables o, 0’ =T, |, we obtain the following equation:

af(k,y)
ot

1mp hﬂ k/,)//

[1+ 9 her(¢) - hear(@)] - [F(K',y) = £k, Y)IS(E], - EY).

(5.7)

Next, the expression for f(k,y) from Eq. (5.3) is substituted into Eq. (5.7) and the summation
over the wavevector is replaced with an integral using the following formula:

1 ~ 1 00 2ﬂd(p
ﬁZkl(...)_g‘/o dklkl/o E(M)' (5.8)

Additionally, assuming that the chemical potential u is equal to the Fermi energy eg = hzkl% [2m*
for a 2DEG without spin splitting from SOC and applying the approximation

ofo(E)) 1
TTerl O(Ey — ) = 30 (k| = k(p.7)). (5.9)
k(@,y) = kg — 2y D (ep)Va? + B2 + 2aBsin 2¢, (5.10)

we perform the radial integral over the wavevector and obtain the following form for Eq. (5.6):

af(k,y)
ot

2

imp

r 2r d‘p/ o " A ,
_%yz:i/o K Y+ 7Y e (@) - het (¢)]
x [6u(y’,y") — ok, y)16(E] — p). 5.11)

Here, I = 27rnimpu2D (er) represents the energy broadening due to impurity scattering, D (eg) =
m*[(2nh*) = kg/(2nhvE) is the density of states per unit area, and vg = fikg/m”* is the Fermi
velocity. Furthermore, ileff(go) = hew (@) /her (@) denotes the direction of the effective Zeeman
field induced by the Rashba and Dresselhaus SOCs, where h.g(¢) and heg (@) were introduced
in Egs. (3.5) and (3.6), respectively. Additionally, u(¢, y) represents the non-equilibrium shift
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of the chemical potential at the wavenumber & (¢, y).

o, y) = ou(lkl, Y)ik|=k(p.y)- (5.12)

5.1.3 Collision Term Due to Spin Pumping

In this section, we calculate the collision term 8 f (k, y) / 0t|pump due to SP, which appears as the
second term on the right-hand side of Eq. (5.2). This collision term can be expressed as follows:

df(k.y)

y = 3 2 [Quyb F Y)Y = [ 7)) = Qi £ ) (1= F(K Y.

pump ks yi=x

(5.13)

Here, Q ki, represents the transition rate from the initial state |k, y) to the final state |k’, y’).
In this chapter, we consider the case of a clean FI-2DEG interface and use the following

Hamiltonians introduced in Egs. (3.27) and (3.29) as the interface interaction:

Hino= ) (TS} sy~ +T°s55 *S57) + T Sos;, (5.14)
q

Here, the first term in Eq. (5.14) is a dynamical term representing spin injection (magnon
transfer) at the FI-2DEG interface. On the other hand, the final term in Eq. (5.14) is a static
term representing the exchange bias at the interface, which acts as an effective Zeeman field on
the 2DEG conduction electrons. In other words, this static term does not induce spin injection
or non-equilibrium spin accumulation in the 2DEG, and thus does not contribute to the IREE.
Therefore, in the following, we omit the static term and retain only the dynamical magnon term.
Additionally, since the localized spins in the FI undergo uniform precession due to the FMR
during SP, the long-wavelength approximation can be applied, and only magnons with ¢ = 0

need to be considered. Thus, we rewrite Eq. (5.14) as follows:
Hpump = TSy 58~ + T*s5* S5~ = \28(Thosy ™+ T*s3 *b}). (5.15)

Using Eq. (5.15), we calculate the transition rate Qy,—k’,s appearing in Eq. (5.13) based on
Fermi’s golden rule:

27y, 2 /
Qky—k'y = Z Z ?‘UC Y [{No + ANﬂalumplk’7>|N0>‘ P(N0)5(E,Z, —-E + ANohwo)'
No ANy==1

(5.16)

Here, |Ny) is an eigenstate of the magnon number operator, i.e., bgbolNo) = No|Ng), ANy = 1

represents the change in the magnon number, and p ( Ny) denotes the non-equilibrium distribution
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function of magnons in the FI induced by the FMR. In the following, p(Np) is assumed to have
a sharp peak at (Ng) = X, p(No)No > 1, and the following approximation is applied for an

arbitrary function F(x):

D p(No)F(No) = F({No)). (5.17)
No

Within this approximation, the transition rate in Eq. (5.16) is proportional to {Ny), which can be
regarded as a parameter representing the strength of SP. In the following, du(k,y) introduced
in Eq. (5.3) is evaluated up to the first order in (Ny), and the charge current induced by spin
pumping is calculated as a linear response to (Ng) in Sec. 5.1.4. It should be noted that the
above formulation using Fermi’s golden rule is valid only when both the impurity scattering rate
I" and the strength of the interface interaction |T|? are sufficiently smaller than the spin splitting
of the energy bands due to the Rashba and Dresselhaus SOCs.

In the following, we calculate the collision term in Eq. (5.13). It should be noted that, similar
to the impurity scattering transition rate discussed in the previous section, the transition rate
Qiy—k’y dueto SPinEq. (5.16) also depends on the overlap of the spinor wavefunctions between
the initial and final states. By substituting this transition rate Qy,x,» and the expression for
the non-equilibrium distribution function f(k,y) from Eq. (5.3) into Eq. (5.13), we obtain the
following equation:

af(k,y)

72
k . M D D Gy (9)Con (9)Coy (#)Cry ()

pump Y=+ 01,02,03,04
=Tl

X I:(a-X/+)O'10'2(a-x,+)Z'3o'4 [fo(E] —hwo) — fo(EDIS((Y = ¥)hett (@) + Tiwy)

+ (5 o1 (07 s L (EY +Tron) = (B = D) e () = o).
(5.18)

Here, since the analysis focuses on the linear response with respect to (Ny), the second-order
terms in (Ny), such as the product of (Ny) and Su (¢, v), are omitted. Consequently, Eq. (5.18)
does not include du(¢,y). By performing the summation over the spin variables in Eq. (5.18),

we obtain the following expression:

af(k,y)
ot

__wSolTI*(No)y ,
iy,
pump Y=+

x| (heir () - 1(0) = ¥/ (et (9) - 1(0) + V) o], = heow) = fo(EDIS((Y' = )i () + Feon)

+ (her(¢) - 1(0) +7) (heii (9) - 1 (6) = y) [ fo(Ey +hwo) = fo(E)IS((Y = ¥)her () = hiewp) |-
(5.19)
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Here, ri1(0) = (cos @, sin 8)” represents the direction of the localized spin in the FI.

5.1.4 Spin Density and Current Density Induced by IREE

In this section, we solve the Boltzmann equation in Eq. (5.2) and obtain the expressions for the
spin density and current density induced by the IREE. By substituting the collision terms from
Egs. (5.11) and (5.19) into Eq. (5.2), and integrating Eq. (5.2) over €, we obtain the following
integral equation for du(¢p, y):

kg

k(p,y)

1 27Td "k ,, ! 1. 7 ’ ’
T3 Z / de Ke.y) [1+¥Y het(¢) - hee(¢')]ou(¢", Y, (5.20)
27,_+ 0 2

ou(p,y) = YG (@, v, 0, hwy)

kg

where, G (¢, v, 8, hiwy) represents the effect of SP and is defined as follows:

_ 7So|T1*(No)Tiwy

G(g,y,0,hwy) = T

227 | Gher(@) - 11(6) = ') Gt () - 1 (6) + ) L*
V=%

— (herr(9) - 11(6) +7) (herr () - () —y)L™|. (5.21)

Here, considering the finite energy broadening due to impurity scattering, we rewrite the delta
function 6((y" — y)he(¢) + hwy) appearing in Eq. (5.19) using the following Lorentzian
function [48,78]:

. '/ 2n

* . 5.
b= G 7 — Phen(@)2 + (T12)2 22

By solving the integral equation in Eq. (5.20) using the method of successive substitutions, we

obtain the following solution:

ou(e,y)
93
= YG (.7, 0, hw)
k(e,y)
Y - . 2 d(p’ . - -1 2 dQO” R
+§heﬁ(90) : (1 —/0 o heff(‘;o)'heff(‘P)) /0 > y;+heﬂ(¢ VG (¢, 7", 0, hwy).

(5.23)

Here, 1 is the identity matrix and a - a is the matrix expressed by the following:

a-a’ = ( “x )(ax ay) = ( Ax@x  Gxfy ) (5.24)

a, ayay aydy
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Additionally, A~! represents the inverse of matrix A. Here, by introducing

2 2
n= Bla (a2 p7) (5.25)

o/ (B2 >a?)

Wwe can express

N P dy’ « 1_ 2 I -n
M=(1—/0 hen() - (w)) _1—772(—77 1 ) (5.26)

in Eq. (5.23), indicating that du(p,y) diverges at /B = 1. In reality, this divergence is
suppressed by spin-flip scattering due to phonons and magnetic impurities, which falls outside the
scope of this theory. Nevertheless, the qualitative behavior of du(¢, y) increasing significantly
at /B = 1 is considered reasonable (see Sec. 5.2.6). It should be noted that Su(¢,y) in Eq.

(5.23) satisfies the following electron number conservation law in the 2DEG:

0= ; Z Su(k,y)6(E] - ). (5.27)
y==

Then, within the first-order of du (¢, ), the spin density and charge current density in the 2DEG
induced by the IREE can be expressed as follows:

7 2n
%Zw,ﬂﬂk,wf(k,y): SEN ) S eutenhate). 629

dok
=5 Lk k) = D) 3 [ st kPl 529

kg

Here, e (< 0) is the electron charge, and v (k, y) represents the electron velocity, which is defined
by the following equation:
_ 19 _nk yOher(k)

It should be noted that we calculated the spin density in Eq. (5.28) and the current density in
Eq. (5.29) without using the spin current, which is ambiguously defined in systems with the
Rashba or Dresselhaus SOCs.

5.2 Results

In this section, we present the results for the spin density and charge current density in the 2DEG
induced by the IREE, derived from Egs. (5.28) and (5.29) in the previous section. The results
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Figure 5.2: Color plot of the spin density s = (s, sy) (two upper panels) and charge current
density j = (jx, jy) (two lower panels) as functions of the FMR frequency wy and the azimuthal
angle 6 of the localized spins in the FI for the Rashba SOC (a/f = o). The two insets on the
right depict the Fermi surface of the 2DEG electrons and the direction of the current induced
by the IREE for § = 7/2 and 6 = 0. In these insets, the red (blue) regions represent a positive
(negative) shift in the electron distribution function of the 2DEG, 6 f = f(k,y) — fo(E,Z). Here,
I'/kra = 0.1 is assumed. Adapted from Ref. [49].

for the cases in which the ratio of the Rashba to Dresselhaus SOCs is @/ = 00,0, 1.1, 3 are
shown in Secs. 5.2.1,5.2.2,5.2.3, and 5.2.4, respectively, and are compared with relaxation-time
approximation in Sec. 5.2.5. In Sec. 5.2.6, we clarify the dependence of the maximum values
of the spin density and charge current density on a/8. Below, the spin density is normalized as
sq¢ = hD(er)So|T|*(No)/(2kra) or sg = whD (er)So|T|*(No)/(2kgf), and the charge current
density is normalized as jo = 7|e| D (er)So|T|*(No)/ (Tik).

5.2.1 Rashba SOC (a/f = o)

This section considers the case in which only the Rashba SOC is present (8 = 0). The
effective Zeeman field generated by the Rashba SOC is expressed as heg(¢) = kpa, which is
independent of the wavevector angle ¢. The four color plots in Fig. 5.2 show the spin density
S/Sa = (Sx/Sa, Sy/Se) and charge current density j/jo = (jx/Jjo, Jy/Jjo) in the 2DEG as functions
of the FMR frequency wy and the azimuthal angle 6 of the localized spins in the FI. As indicated
in these plots, both the spin density and the charge current density peak when the energy of the
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microwave driving the FMR matches the spin-splitting energy, ficwg = 2kpa (= 2hef).

Next, we discuss the 6§ dependence. At 6 = /2, marked by the square labeled A in the color
plot, the spin density s is induced in the —y direction, while the charge current j flows in the
+x direction. This behavior can be intuitively understood as follows: through SP, the spin lost
by the localized spins S in the FI due to spin relaxation is injected into the 2DEG, resulting
in spins opposite to S being injected. Consequently, at § = x/2, spins in the —y direction are
injected into the 2DEG, leading to spin accumulation in the —y direction. Accompanying this
spin injection, as shown in the upper-right inset of Fig. 5.2, the distribution function of the —y
(+y) spin band on the Fermi surface of the 2DEG increases (decreases). In this inset, an increase
(decrease) in the distribution function is represented by red (blue). Since the outer Fermi surface
has a higher density of states than the inner one, this shift leads to a net flow of electrons in the
—x direction, resulting in a charge current flowing in the +x direction. At 8 = 0, marked by the
ellipse labeled B in the color plot, a spin density in the —x direction and a charge current in the
—y direction are generated. This result can be explained in a similar manner to 8 = 7/2, using
the lower-right inset of Fig. 5.2.

The picture of the IREE presented here is as follows: spin is injected from the FI into the
2DEG through SP, causing the spins of the electrons at the interface to flip and inducing a spin
density in the 2DEG. The resulting changes in the distribution function in the 2DEG give rise
to a charge current. While the concept of spin current might aid in an intuitive understanding of
this phenomenon, in this study, we calculated the charge current induced by the IREE without
relying on the concept of spin current, which is not well-defined in systems with the Rashba and
Dresselhaus SOCs.

5.2.2 Dresselhaus SOC (a/p =0)

In this section, we consider the case in which only the Dresselhaus SOC is present (@ = 0). The
effective Zeeman field in this case can be written as k.4 (¢) = kg3, and, similar to the case of the
Rashba SOC only, it does not depend on the wavevector angle ¢. The four color plots in Fig. 5.3
illustrate the spin density s/sg = (sx/sg, 5y/5p) and charge current density j/jo = (jx/jo, jy/Jo)
as functions of the FMR frequency wg and the azimuthal angle 6 of the localized spins in the
FI. As with the Rashba-only case, these quantities peak when hiwg = 2kgf (= 2heg). However,
the dependence on # behaves differently from the Rashba case.

For & = n/2, indicated by the square labeled A in the color plot, the spin density s is
induced in the —y direction, while the charge current density is induced in the +y direction in the
Dresselhaus-only case. This result can be intuitively explained in a manner similar to the Rashba
case. At 0 = /2, spins are injected from the FI into the 2DEG in the —y direction, leading to
a spin density in the —y direction in the 2DEG. As a result, as shown in the upper-right inset of
Fig. 5.3, a non-equilibrium distribution function shift occurs in the 2DEG, generating a net flow

of electrons in the —y direction, and consequently, a charge current flows in the +y direction.
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Figure 5.3: Color plot of the spin density s = (s, sy) (two upper panels) and charge current
density j = (jx, jy) (two lower panels) for the Dresselhaus SOC (/B = 0). The two insets on
the right show the Fermi surface shift and the direction of the current for § = 7/2 and 6 = 0.
Here, I'/kgB = 0.1 is assumed. Adapted from Ref. [49].

Next, at 8 = 0, indicated by the ellipse labeled B in the color plot, the spin density s in the —x
direction and the charge current in the —x direction are generated in the 2DEG. This result can
be understood similarly by referring to the lower-right inset of Fig. 5.3. The difference from the
case of the Rashba SOC clearly arises from the distinct spin textures on the Fermi surface, as
shown in the right insets of Figs. 5.2 and 5.3.

523 Caseofa/f=1.1

When the magnitudes of the Rashba and Dresselhaus SOCs are comparable, the spin density
and charge current density exhibit significantly different behavior compared to the case in which
only one type of SOC is present. To observe this, this section considers the case of @/ = 1.1.
In this case, the effective Zeeman field depends on the electron wavevector angle ¢, and its
magnitude ranges from 0 < heg(¢) < 2kgB. The color plots in Fig. 5.4 show the spin density
s/sg = (sx/sg, sy/sp) and charge current density j/jo = (jx/Jjo, jy/Jjo) as functions of wy and 6.
Since the transition probability between subbands increases when the energy of the microwave
inducing the FMR matches the spin-splitting energy near the Fermi surface, fiwg = 2heq (@), the

spin density s and charge current density j take finite values over a wide range of the horizontal
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Figure 5.4: Color plot of the spin density s = (s, sy) (two upper panels) and charge current
density j = (jx, jy) (two lower panels) for @/ = 1.1. The two insets on the right show the Fermi
surface shift and the direction of the current for 6 = 37/4 and 6 = n/4. Here, I'/kgB = 0.1 is
assumed. Adapted from Ref. [49].

axis in the color plots of Fig. 5.4, 0 < fiwg < 4kpfB. In particular, these values become large
when the microwave energy is high, around %wg ~ 4kgf. Moreover, the directions of s and j
do not strongly depend on the magnitude of the microwave energy, with s oriented along the
(1,-1) direction and j along the (1, 1) direction.

Next, we consider the # dependence of s and j. These quantities reach their maximum
values at 0 = 37/4 or 7x/4 and become nearly zero at § = n/4 or 5x/4. This behavior can
be understood using the upper and lower-right insets of Fig. 5.4 as follows. First, at 8 = 37/4,
indicated by square A, spins are injected into the 2DEG in the 77 /4 direction, inducing s in that
direction. Consequently, as shown in the upper-right inset of Fig. 5.4, the distribution function
changes in the ¢ = /4 and 57 /4 directions, and this change induces a net electron flow (charge
current) in the ¢ = 57/4 (¢ = n/4) direction. On the other hand, at § = n/4, indicated by
ellipse B, the localized spin S is perpendicular to the effective Zeeman field of the 2DEG, i.e.,
the direction of the spin polarization of the conduction electrons in the 2DEG, as shown in the
lower-right inset of Fig. 5.4. Therefore, spin injection into the 2DEG is blocked, and no charge
current is induced.

Looking at the scale of the color plot in Fig. 5.4, when the Rashba and Dresselhaus SOCs

are comparable, the magnitude of the spin density becomes very large, while the magnitude of
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Figure 5.5: Color plot of the spin density s = (s, s,) (two upper panels) and charge current
density j = (jx, jy) (two lower panels) for a/ = 3. The four insets on the right show the Fermi
surface shift and the direction of the current in the regions labeled A, B, C, and D in the color
plot. Here, I'/kgB = 0.1 is assumed. Adapted from Ref. [49].

the charge current density is suppressed. The dependence of the spin density and charge current

density on @/ is discussed in Sec. 5.2.6.

524 Caseofa/B=3

Lastly, we consider the case where the Rashba and Dresselhaus SOCs coexist but have different
magnitudes. As an example, this section focuses on the case of @/ = 3. In this scenario,
the effective Zeeman field %4 (¢) depends on ¢, and its magnitude varies in the range 2kgS <
het () < 4kpB. Figure 5.5 depicts the spin density s and charge current density j as functions
of wg and @ in the range 4kpf < fiwg < 8kpB, which corresponds to the spin-splitting energy
2heg () near the Fermi surface. It should be noted that the 8 dependence of s and j differs in the
low-frequency region around 7wy =~ 4kgf and the high-frequency region around 7Zwgy =~ 8kgf.
Below, we discuss the regions A, B, C, and D in the color plot of Fig. 5.5. The four
schematic insets of Fig. 5.5 correspond to these regions. First, the low-frequency regions A
and B are considered. In these regions, spin injection across the interface occurs only in the
yellow regions, where the spin-splitting energy is small. In the region A, since the localized
spins S in the FI are perpendicular to the spins of the 2DEG electrons, no spin is injected from
the FI into the 2DEG, and thus, both s and j become zero. In contrast, in the region B, the
spins of the 2DEG electrons are parallel to S in the yellow region, resulting in the maximum

spin injection, and in the low-frequency region, s and j are maximized in the region B. A



82 CHAPTER 5. INVERSE RASHBA-EDELSTEIN EFFECT BY SPIN PUMPING

a/f =1

n : ..
P w — ‘]x‘/] 200 1+ 27 vj$/jo2oo
= ==Y
B o v EF 0
% 2 4 6 s 10 ™y %y 6 s 10
hwo /kr 3 / : hwo /kr B /
P T q o Jvldo ' oon Jy/J0 1,
= =)
A 0o 1 £ 0
S A : S A
B .
b e s w0 My %W e 6 s 1
hwo [kr 3 ! hwo ke 3

exact solution With relaxation-time approximation

Figure 5.6: Current density j = (jy, jy) at /B =1 as a function of the FMR frequency wy and
the localized spin orientation 6 in the FI. The left two color plots represent the results from the
full solution of the Boltzmann equation, while the right two plots show the results obtained with
the relaxation-time approximation. Here, I' = 0.1kpS. Adapted from Ref. [51,52].

similar discussion applies to the regions C and D. However, these regions correspond to the
high-frequency range, and spin injection across the interface occurs only in the blue regions,
where the spin-splitting energy is the largest, as shown in the insets of Fig. 5.5. In the region
C (D), since S is parallel (perpendicular) to the spins in the 2DEG, the spin injection rate is
maximized (zero), and consequently, s and j are maximized (minimized).

From Fig. 5.5, it can also be seen that the direction of the current rotates as the FMR
frequency changes. For example, at fiwg/kpB = 4, the direction of the current j is along
¢ = Tn /4, while at liwg/ kg = 8, the current direction is along ¢ = 7 /4. This can be explained
by the dependence of the spin-splitting width on the electron wavevector angle ¢ and the spin

texture on the Fermi surface.

5.2.5 Comparison with relaxation-time approximation

This section compares the results of the charge current induced by the IREE, as calculated using

Fermi’s golden rule in the previous sections with those obtained by applying the relaxation-time
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Figure 5.7: Plot of the maximum spin density Spax = max (/s + s%) and the maximum current

density jmax = max(4/jZ + ]-yz) as functions of @/B at I'/ kg = 0.1. Left panel: results obtained

from the full solution of the Boltzmann equation. Right panel: results obtained from the
relaxation-time approximation. Adapted from Ref. [51].

approximation to the impurity scattering term in our work [51,52]. The impurity collision term
under the relaxation-time approximation can be expressed as follows [80]:

ofk.y)| _ Slk,y) - folk,y)

ot imp - T(k, 7) ’ (531)
T(k’Y) :T(l —7{(g0)), (532)
27TD(€1:) .
L(p) = k—\/a2 + B2 + 2aB sin 2¢. (5.33)
F

Here, T denotes the spin-independent relaxation time and ¢ (¢) represents its modulation due to
the Rashba and Dresselhaus SOCs. Figure 5.6 presents the charge current density induced by
the IREE for a/B = 1; the two color plots on the left show the results from the full solution of
the Boltzmann equation and the two color plots on the right display the results obtained using
the relaxation-time approximation. From these color plots, it is observed that the charge current
calculated with the relaxation-time approximation reverses its sign at iwg < 3kgf, exhibiting
qualitatively different behavior from the full solution of the Boltzmann equation. Thus, using
the relaxation-time approximation for @/ = 1 yields inappropriate results. See Appendix D
for the comparison between the full solution of the Boltzmann equation and the relaxation-time

approximation when « /g is changed from 1.
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Figure 5.8: Divergence of smax/sg near a/f ~ 1, as observed in the left panel of Fig. 5.7. With
a/B = 1+ 0], the red (blue) points represent the values of smax/sg as a function of |§] for
60 <0 (6 > 0), shown in a log-log plot. The purple line represents a log-log plot of a function
proportional to 1/|d].

5.2.6 Maximum values of spin density and charge current density

In this section, we discuss the dependence of the maximum values of the spin density s and
charge current density j generated by the IREE on the ratio a/B. Figure 5.7 presents the

maximum spin density, Smax = max(4/s7+s53), and the maximum charge current density,

Jmax = max(;/jZ + ]-yz) as functions of a/B. The plots on the left and right sides of Fig. 5.7 show
the results obtained from the full solution of the Boltzmann equation and the relaxation-time
approximation, respectively. As a//B approaches 1, the plot for the full solution of the Boltzmann
equation (left panel) shows a divergence in spm,x. This reflects the fact that at /S = 1 the spin
quantization axis of electrons on the Fermi surface aligns in a single direction, leading to the
conservation of the spin component along the 37/4 direction and resulting in an exceptionally
long spin relaxation time [43—48]. Notably, the full solution of the Boltzmann equation cor-
responds to the inclusion of the vertex corrections in linear response theory, which properly
accounts for the spin conservation law [154—156]. In contrast, the plot for the relaxation-time
approximation (right panel) fails to reproduce the spin divergence at /8 = 1, as the relaxation-
time approximation does not adequately account for the spin conservation law. Meanwhile,
in both the full solution of the Boltzmann equation and the relaxation-time approximation, the
magnitude of jy.x is suppressed at &/ = 1. This occurs because in the IREE the charge currents
induced from the outer and inner Fermi surfaces are in opposite directions, partially canceling
each other. The increase in charge current density with larger o/ in Fig. 5.7 arises from the
enhancement of spin splitting caused by the Rashba SOC. As the Rashba SOC becomes stronger,
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while keeping the strength of the Dresselhaus SOC fixed, the charge current generated by the
IREE correspondingly increases.

To further analyze the divergence behavior of sy, the following discusses its relationship
with the spin relaxation time. In Ref. [81], the spin relaxation time was determined by solving

the following Boltzmann equation for the Hamiltonian of chiral metals:
H hiral = a”szrz +a, kO, (5.34)

using the collision term for nonmagnetic impurity scattering of Eq. (5.7):

of(t,k,y) _of
_— == 5.35
ot Ot limp ( )
The nonequilibrium distribution function is expressed as
_ dfo(E})
Flt k) = F(ED + e /™ gr (ky) (- 55), (5.36)
OE,
where 7y is the spin relaxation time. One of the obtained relaxation modes is given by
1
Z= (5.37)

Ty 1+tand

as reported in Ref. [81]. Here, 7 is the momentum relaxation time and § is defined by the
relation (a,@y) = (@cos 5,@sind). As stated in the Supplemental Material of Ref. [81], by
applying an appropriate coordinate transformation to Eq. (5.34), it can be rewritten in terms of

the Hamiltonian for a system with coexisting the Rashba and Dresselhaus SOCs:
Hsoc = a(kyby — kyy) + B(kiOy — kyGy). (5.38)
The coeflicients in Eq. (5.34) and Eq. (5.38) are related as
q=a-B, a,=a+p, (5.39)

and Eq. (5.37) can be rewritten as follows:

T 1 1 1
z = (1-—), 5.40
Ty 1+tand 2( a//,b’) (5:40)

in which 7, diverges when a/B = 1. Introducing an infinitesimal deviation ¢ such that a/8 =

1 + 0, Eq. (5.40) can be approximated as

_ 1(1 ! )~ g (5.41)
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In the above expression, the Taylor expansion is performed with respect to the infinitesimal
quantity ¢. This result indicates that the spin relaxation time diverges as 1/4.

Figure 5.8 presents a log-log plot of syax/sg as a function of |§], corresponding to the left
panel of Fig. 5.7. The red (blue) points represent the plot of smax/sg for 6 < 0 (6 > 0), which
exhibit the same slope as the purple line proportional to 1/[6]. This indicates that smax/sg
diverges with the order of 1/|6| around a/B =~ 1, similarly to the spin relaxation time given
in Eq. (5.41). Therefore, the sharp increase of smax/sg near /B = 1 can be interpreted as
a result of strongly suppressed spin relaxation of 2DEG electrons, leading to significant spin
accumulation.

In this study, we employ the linearized Boltzmann equation, and thus the divergence of spin
density at @/B = 1 in the left panel of Fig. 5.7 lies beyond the scope of this model. Under
the nonmagnetic impurity scattering considered here, no electron relaxation occurs at «/8 = 1,
preventing the 2DEG from reaching a steady state and leading to the divergence of spin density.
In experiments, we expect this divergence to be suppressed by the effects of magnetic impurities.
We consider the qualitative behavior of a large spin density at @/ = 1 due to spin conservation

to be reasonable.

5.3 Experimental Relevance

To observe the IREE discussed in this study, it is necessary to satisfy the weak-impurity limit,
I' < 2kpa,2kpf < ep, where 2kpa or 2kpf represents the energy splitting at the Fermi
surface. As an example, consider a 2DEG in an AlGaAs/GaAs system with an electron mobility

2 and

of 10%cm?/Vs [143]. For this system, using an electron density of n = 5 x 10'! cm™
kra = 0.1 meV (= 25 GHz) [143, 146], the impurity scattering rate can be estimated as I =~
107! (2kpa) =~ 1073 €p [48,78], which satisfies the weak-impurity limit. Therefore, it is expected
that the results of this study can be observed in a system where an FI, such as YIG, is interfaced
with this semiconductor heterostructure.

Another example involves a thin GaAs film, in which only a few transport channels contribute
in the thickness direction. Although YIG-GaAs junctions have attracted attention in the field
of spintronics [157-159], no experimental studies on IREE have been conducted in this system.
On the other hand, IREE has already been observed in Fe-GaAs junctions [112], in which the
Rashba SOC was estimated to be 100 meVA. Using this Rashba SOC value and the electron
mobility u = 10* cm?/Vs at liquid nitrogen temperature in bulk GaAs with an electron density
of n = 10'7 em™ [160-163], the impurity scattering rate is estimated as I" ~ 0.5(2kp) =~ 0.1¢.
Therefore, high-quality YIG-GaAs junctions nearly satisfy the weak-impurity limit, suggesting
that the results of this study may be observable.



Chapter 6

Rashba-Edelstein Magnetoresistance

This chapter establishes a theoretical framework for the Rashba-Edelstein Magnetoresistance
(REMR) in a system consisting of a two-dimensional electron gas (2DEG) with the Rashba
and Dresselhaus spin-orbit couplings (SOCs) and a ferromagnetic insulator (FI), as depicted in
Fig. 6.1 [50]. Using the microscopic Hamiltonian introduced in Chap. 3 and the Boltzmann
equation, we calculate spin density and charge current density induced in the 2DEG due to the
REMR for both dirty and clean FI-2DEG interfaces. This analysis reveals that the sign of REMR

varies with the interface type, elucidating the physical mechanism of REMR.

A theoretical study on the REMR in junction systems consisting of FI and two-dimensional
materials has been reported in Ref. [140]. However, this study adopts a phenomenological
approach based on spin mixing conductance, which does not account for the effects of magnons
or the dependence on interfacial states. The anisotropic magnetoresistance (AMR) in dilute
magnetic semiconductors has been theoretically explored in Refs. [144, 145]. While these
frameworks could, in principle, be extended to the REMR, they also lack the ability to describe
magnon contributions and interfacial state dependence. In this study, we address these limitations
by employing the microscopic interfacial interaction Hamiltonian presented in Eq. (3.27). Using
this approach, we elucidate the contributions of magnons to the REMR and reveal its dependence

on interfacial states, providing a more comprehensive and detailed theoretical framework.

The chapter is organized as follows: Section 6.1 provides the formulation of the REMR using
the Boltzmann equation, deriving analytical expressions for the spin density and charge current
density induced in the 2DEG for dirty and clean FI-2DEG interfaces. Section 6.2 presents plots
of the spin density and charge current density for each type of interface as functions of the
orientation of localized spins in the FI, along with an examination of their dependence on the
ratio of the Rashba and Dresselhaus SOCs. Section 6.3 discusses the relevance of the theoretical
findings of this study to experimental REMR results.

87
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Figure 6.1: The setup of the REMR considered in this study. The red arrow represents the
localized spin S in the FI, the orange arrow indicates the current density j generated by an
external DC electric field, and the green arrow represents the modulation of current density A j
induced by the REMR. Adapted from Ref. [50].

6.1 Formulation

This section presents the formulation of the REMR in the FI-2DEG junction system. Sec-
tion 6.1.1 introduces the Boltzmann equation for the REMR, followed by the calculation of the
REE in the 2DEG in Sec. 6.1.2. The REMR in the FI-2DEG junction system is then analytically

evaluated for both dirty and clean interfaces in Secs. 6.1.3 and 6.1.4, respectively.

6.1.1 Boltzmann equation

In this chapter, as in Chap. 5, we consider the weak-impurity limit; the spin splitting in the energy
band of conduction electrons in the 2DEG due to the Rashba or Dresselhaus SOCs is assumed
to be sufficiently large compared to the strength of impurity scattering. Under this condition,
as described in Sec. 5.1.1, the distribution function of 2DEG electrons can be expressed as
f(k,v), where k is the wavevector and vy is the index for spin-polarized bands. Additionally,
as in Chap. 5, we consider the steady-state solution in a system with translational symmetry.
In this case, by using perturbation theory for the nonmagnetic impurity scattering Hamiltonian
Hinp in Eq. (3.12) and the interfacial interaction Hamiltonian Hjy, in Eq. (3.27), the Boltzmann
equation for the REMR under an externally applied electric field E, in the x-direction is given
by:

eEc0f(k,y) _0f(k,y)|  Of(k.y)
h ok, ot imp ot int’

6.1)

Here, e (< 0) denotes the electron charge. The first and second terms on the right-hand side

of the above equation represent the collision terms due to impurity scattering and interfacial
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exchange coupling, respectively.

The expression for the collision term due to impurity scattering, given in Egs. (5.4) and (5.5),
is reiterated as follows:

df (, o .
% =) [Pk'y'akyf(k YN = [k, 7)) = Pryoioy Sk, y) (1= f(K, 7)) |,
mp k' y'=%
(6.2)
2 ,
Pry—iry = %|<k’y’|Himp({Ri})Iky>|26(E’/ - Ep), (6.3)

where Py, represents the transition rate of electrons due to impurity scattering within the
Born approximation and Hjmp({R;}) is the scattering matrix with matrix elements given by
(ko' |Himp({R:}) ko) = (u/ Ao o 2 e iK'=k)Ri (o o’ =1, |). Taking the random average
over impurity positions {R;} for Eq. (6.2) yields Eq. (5.7):

af(k,y)
ot

ﬂuznim ' 7 ’ ro !
- = = = I;’[l +7Y heii (@) - het (O [f(K',Y') = f(k,¥)]6(E], - E]).

(6.4)

Similarly, the collision term due to the interfacial exchange coupling is given by the following

equation:

af(k.y)
ot

= 3 | Qhry ey PR YY1 = £ (K1) = Queystery £ (R (1 = £ 7))
kv

int

(6.5)

where Q. _x, Tepresents the transition rate of electrons due to the interfacial exchange cou-
pling. We calculate the transition rate using the Hamiltonian of the interfacial exchange coupling,
Eq. (3.27), with the conditions given in Eqs. (3.28) and (3.29) for clean and dirty interfaces.

These conditions are reiterated as follows:

Hint = Hint,d + Hint,s, (66)

Hina = ). > (TqqSy sy~ +T; 2857 s37), (6.7)
q9 4

Hins = ) 7045055 » (6.8)
q

dirty interface : T, 4 = Tsin(q.a), Tog3 =T . (6.9)

clean interface : Ty g = Tsin(g:a)64,.4. To.q = T 6.0, (6.10)

where Hin g and Hiy s respectively represents dynamic and static contributions. Here, it should
be noted that Egs. (6.9) and (6.10) contain the factor sin(g.a), where ¢, is the z-component
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of ¢ and a represents the lattice constant of the FI. This factor originates from the fixed-end
boundary condition imposed on the magnon wave function at the FI-2DEG interface, as shown
in Fig. 6.1. In SP discussed in Chap. 4 and the IREE in Chap. 5, we focused on the FMR,
which involves only magnons in the zero-wavenumber mode, allowing this factor to be absorbed
into the constant 7. However, in the REMR examined in this chapter, we consider magnons
with various wavenumber modes and require the explicit inclusion of the sin(g,a) factor. The
derivation from Egs. (6.6)-(6.10) is provided in Appendix E. Within the Born approximation,

the transition rate can be expressed as follows:

27T 14 ’ ! 4
Quy—iy = ) D, 2 K'Y Ny Hinal k) INg)PS(EY, + Nyhwy — EY — Nghwg)p(Ny)
4:9' Ng.N,,

2r ’ ’
+ — (k' |Hinislky)*6(E], — E}). (6.11)

Here, |N,) represents the eigenstate of the magnon number operator, and p(N,) is given by
p(N ) —e Bhquq/Z 0€ [:’:ha)qu

With the solution f (k, v) of the Boltzmann equation in Eq. (6.1), the spin density and charge
current density in the 2DEG induced by the REMR can be expressed similarly to Egs. (5.28)
and (5.29) as follows:

h
$= 5o ;<ky|&|ky>f<k,y>, (6.12)
j =2 2 vk f k). (6.13)
kyy

Here, v represents the electron velocity defined in Eq. (5.30):

10E;  nk _y dheg(k)
k,y)= ——% = — . 6.14
vik.y) =5 ak mh ok (6.14)

In the following calculations, the summation over k will be replaced by an integral over k using
Eq. (5.8):

27r
—§( L dk|k|/ e 6.15)
27r

6.1.2 Rashba-Edelstein effect (REE)

In this section, we present the formulation of the REE in the 2DEG under a DC electric field
E = (E,0). Since the REE arises within the 2DEG alone, the Boltzmann equation for REE

excludes the collision term due to the interfacial exchange coupling, which is the second term
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on the right-hand side of Eq. (6.1). First, the distribution function is expressed as follows:

[k, y) = fo(E}) + fik,y), (6.16)
dfo(EY
Jilk,y) =- fgéy")(sm(k,y), (6.17)
k

Here, fo(e) = (exp[B(e — )] + 1)~ is the Fermi distribution function, f;(k,7y) represents
the modulation of the non-equilibrium distribution function due to the DC electric field, and
ou1(k,y) denotes the shift in chemical potential. Note that du;(k,7y) is proportional to E,
within the linear response to the DC electric field. By substituting Egs. (6.16) and (6.17) into
Eq. (6.1) with the collision term due to the interfacial exchange coupling omitted, and retaining

terms up to linear order in E,, we obtain the following Boltzmann equation for the REE:

ek, afO(E]Z) _ ofi(k,y)
R 0k, 0t limp

(6.18)

By substituting the nonmagnetic impurity collision term from Eq. (6.4) into Eq. (6.18), we
obtain the following integral equation for fi(k,y):

fl(k’)/) = ‘L(k’Y)
hZ 2r d(p’
2m* 0 2

S [ AWy o) e ARy, = ED,
,y/

(6.19)
Here, L(k,y) is defined as follows:
heE, afO(Ey)
Lk,y)=-—— —=*&
r OE,
X l"j cos ¢ + 4 [(a® + B%) cos g +2aBsing]|.  (6.20)
m a2 + B2 + 2aBsin 2¢

Then, by iteratively substituting f;(k,y) into the right-hand side of Eq. (6.19), we obtain the
following expression as the solution to Eq. (6.19):

hz 2 d‘p” ” © ” ” 7” Y
fitkoy) = Lk + 5 [N oy [k oe] - )
2m 0 2 v 0

7 1 ZFdIA ’ 7 ’ _1" 7 "o
thff(so)(l— | % hefmo)-hzﬁ(so)) hen(¢") L"), (621)
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The second term in Eq. (6.21) can be calculated as follows:

h2 Zﬂng” 00 .,
” dk// k// S E)/” _ E)’
| zﬂ;W/O K"\ 6(EY, ~ E})

2 ’ -1

7 2 d‘,O 7 ’ 7 / 7 ” "o
XheTﬂc(so)(l —/0 S —heir(¢) - hig(¢)| hen(¢) LK Y")
_eEx 3 fo(E)) Y

: [(a® + B%) cos ¢ + 2aB sin ¢]. (6.22)
I 5EZ Va2 + B2 +2afsin2¢

Here, we used the following approximation, neglecting second-order terms of the Rashba and
Dresselhaus SOCs:

*

4 m
S(E), —E)) = ———6(k' - k' (k,y,¢.7), (6.23)
n2\[2m*E] |12
, ., - m*y'\Ja2 + B2 + 2a8sin 2¢’
K(k,y,¢'y") = \2m*E] [h? - - . (6.24)

By substituting Eq. (6.22) into Eq. (6.21), we obtain the following solution:

0 fo(E}) h2eE, k| .

fl(k,Y):_ 6EZ Tm*

s . (6.25)

Note that this solution satisfies the charge conservation condition % ., fi(k,y) = 0. By
comparing Eq. (6.25) with Eq. (6.17), it can be seen that the shift in the chemical potential is
given by:

h?eE,|k|
—C

opi(k,y) = T

0s . (6.26)

It should be noted that this result is consistent with Eq. (A.11) in Appendix A, which was derived
in Ref. [32].

6.1.3 Dirty interface

In this section, we consider the REMR at the dirty FI-2DEG interface. In this case, the
interfacial interaction Hamiltonian Hjy is given by Egs. (6.8) and (6.9). First, the non-equilibrium

distribution function of the 2DEG electrons is written in the following form:

fk,y) = fo(E}) + filk,y) + fo(k,7), (6.27)
afo(E})

Jolk,y) = - GET
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Here, fi(k,7) is given by Eq. (6.25), and fp(k, y) represents the modulation of the distribution
function due to the interfacial exchange coupling. Considering second-order perturbation theory
for the interfacial interaction Hamiltonian Hjy, the collision term due to interfacial scattering
is proportional to max(|T|?, |7 |?) through the transition rates. Since the distribution function
contributing to the REMR is proportional to max (|T|Ey, |7 |*E.), the shift in chemical potential
oup(k,7y) is evaluated at this order. Note that |Sup(k,y)| < |6ui(k,7y)|. By substituting
Eqgs. (6.27) and (6.28) into the Boltzmann equation in Eq. (6.1) and comparing terms of order
max(|T|>Ey, |7 |>E;) on both sides, we obtain the following equation:

_ 0fo(k.y)

ofi(k,y)
o1 -

0
ot

(6.29)

imp int

Then, by substituting the expressions for the collision terms in Egs. (6.4) and (6.5) into Eq. (6.29)
and carrying out the calculations, we obtain the full solution of the Boltzmann equation as

follows:
2nD(ep)SoeEx A
Sun () = y =2 F}f “Z1(T)g(6. ). (6.30)
I(T) = =4[T* Y (Ng)sin®(gza) + Sol 717, (6.31)
q

2(0,¢) = {[a + pn]sin(¢ - 0) + [B +an] cos(p +6)}
asinf — Bcosd

X )
(1 = n2)\a? + B2 +2aBsin2¢

(6.32)

where I(T) is a temperature-dependent factor and 7 is a dimensionless factor defined as follows:

Bla (o= p?)

(5.25)
alf (B> =a?)

Here, terms independent of 6 have been omitted as they do not contribute to the REMR. For a
detailed derivation, refer to Appendix F.1.

From Eqgs. (6.12) and (6.13), the modulation of spin density and charge current density in
the 2DEG due to REMR can be expressed using fp(k,y) as follows:

h d
soo(@) = 32 3, [awt [ Siwriotin otk ©33)
oo 27rd
Min0) = 5= [ aktkl [ SEven fotk . (634
Y

By substituting the solution of the Boltzmann equation given in Egs. (6.30)-(6.32) into Egs. (6.33)
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and (6.34), we obtain the following expressions:

kpD (er)Soe ExAI(T) asin 6 — 0 6 sinf|(1+n?
Asp(0) = rD(er)Soe 2x&'7l (T) a sin ﬁzcos C?S sin +7 , 635)
2vpl’ -7 sinf cosf|\ —2n
e’krD (er)SoE+AI(T) (a'sin@ — Bcos 6)?
Ajp(0) = . 6.36
Jo(0) R2ypl2 —(a® + %) cosOsin @ (6.36)

Here, vg = fikg/m™ represents the Fermi velocity in the absence of the Rashba and Dresselhaus
SOCs. For detailed calculations, refer to Appendix F.1.

6.1.4 Clean interface

In this section, we consider the REMR at a clean interface using Hjy as given in Egs. (6.8) and
(6.10). The non-equilibrium distribution function of the 2DEG electrons is expressed in the

following form:

f(kJ’) EfO(k’7)+f1(k,7)+fC(k,7), (637)
dfo(EY
Je(k,y) = —%(Mc(kw). (6.38)
k

These expressions are identical to Egs. (6.27) and (6.28), except that the subscript ‘C’ is used
to denote the clean interface. Note that uc(k,y) is of the order max(E|T|?, E¢|7|*) and that
|[ouc(k,y)| < |ou1(k,y)|. By substituting Egs. (6.37) and (6.38) into the Boltzmann equation
in Eq. (6.1) and comparing terms of the order max (|T|?E,, |7 |*E,) on both sides, we obtain the

following equation:

— 6fC(k’7) +(9f1(k,'}/)

0 .
ot imp ot int

(6.39)

Then, by using the expressions for the collision terms in Egs. (6.4) and (6.5) and carrying out
the calculations, we obtain the following analytical expressions for the spin density and charge

current density:

2kpD (er)So|T|>AcE, ™ dg ,
Asc(0) = 2KFRLE) 0'2 | / Z her(0)T (9), (6.40)
VFF 0 2m
. 4e2m*D(ep) ASo|TIPE, [*" dy 1 (a® + B?) cos ¢ + 2B sin 3¢
Ajc(6) = n7 [ P e T(g).
wr o 2mnk(p)\ (a”+pB%)sing —2aBcos3gp

(6.41)
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Here, (@) = va2 + B2 + 2a8sin 2¢, and J (¢) is given by the following expression:

2r do”
T(0) = Ble.0)+ [ B O ("), (642)
B(p,0) = L (T)k(¢) cos plheg(¢) - m(0)]* = 21(T) sin [ hegr () - 1(0)][g () - ()],
(6.43)
N2 1 -n
M_l_nz(_?7 | ) (6.44)
gly) = (a cos - Bsin SD), (6.45)
asing — fcos e
27r
5= Y, [7 SEN e qsin’ gz cos el - 2cose] (6.46)
q:>0
2 dQD
)= Y, [ SEN s gz sint (6.47)
q:>0
1
N(p,q;) = Fro(ed) — 1’ (6.48)
ho (@, q;) = hilyglhac + 4D kE sin g +Dq?. (6.49)

Note that terms independent of € have been omitted, as they do not contribute to the REMR.
For detailed calculations, see Appendix F.2.

6.2 Results

In this section, we present the results of the spin density and charge current density induced in
the 2DEG by the REMR. First, the effect of interface randomness is discussed in Sec. 6.2.1.
Next, the results for the dirty interface and clean interface are shown in Secs. 6.2.2 and 6.2.3,
respectively. Finally, Sec. 6.2.4 elucidates the a/8 dependence of the maximum values of the

spin density and charge current density.

6.2.1 The effect of interface randomness

In this section, we discuss the effect of interface randomness through comparison of the results for
dirty and clean interfaces. The discussion begins with examination of the coefficient appearing

in the dirty interface results as defined in Eq. (6.31):

I(T) = =4[T* > (Ng) + Sol 717, (6.31)
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The first term of I(T), which is proportional to |T|?, originates from the first term of the
interface interaction Hamiltonian in Eq. (3.27), representing the effect of magnon absorption
and emission. In contrast, the second term, proportional to |‘7’|2, stems from the second term of
the interface interaction Hamiltonian, describing the effect of the exchange bias at the interface.
The magnitude of |7|? is larger than that of |7|> by an order of the number of unit cells in the
FI, Ng;, making the second term in Eq. (6.31) dominant (see Appendix E for a detail). This
indicates that for a dirty interface the REMR is primarily induced by the exchange bias at the

interface. Therefore, in the following, we approximate /(T as:
I(T) = SolT 1>, (6.50)

Under this approximation, note that the REMR in the dirty interface is independent of tempera-
ture.

Next, we examine the results for the clean interface. In the analytical results for the clean
interface, given by Egs. (6.41)-(6.45), the coupling constant 7, which represents the effect of
exchange bias, does not appear. At clean interfaces, the wavevector conservation of 2DEG
electrons holds, meaning that the wavevectors of 2DEG electrons remain unchanged before and
after scattering caused by interface disorder. For a 2DEG electron to transition to another state,
the electron must exchange magnons with the FI, which causes it to scatter into a state shifted by
the magnon wavevector. Therefore, the transitions of 2DEG electrons induced by the exchange
bias effect, represented by the last term of Eq. (3.27) in which magnons are absent, do not occur
at clean interfaces. Instead, only the magnon absorption and emission effects, described by the
first term of Eq. (3.27), contribute to the REMR at clean interfaces. Consequently, the REMR
in the clean interface is temperature-dependent. These differences between the dirty and clean

interfaces constitute one of the main findings of this chapter.

6.2.2 Dirty interface

In this section, we present the results for the REMR in the dirty interface. We adopt the following
normalization constants for the spin density and charge current density:

kFD(eF)S(Z)eExﬂ|7_'|2x

SxD = — il (x=a,p), (6.51)
e’kgD (ep)S2E AT |*x?

. _ 0o—x _

Jx.Ds = SN (x=a,p). (6.52)

Note that these constants are positive when Ey > 0. The normalization constant for the charge
current density, j p, is proportional to the square of the Rashba or Dresselhaus SOCs, a2 or 5,
respectively. This is consistent with the REMR arising from the combination of the REE and
IREE, both of which are induced by SOC. In the following section, we provide plots for the spin
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Figure 6.2: Left two panels: For a dirty interface with only the Rashba SOC present (8/a = 0),
these plots display the modulation of spin density and charge current density induced in the 2DEG
by the REMR as functions of the localized spin orientation 6 in the FI. To simplify interpretation,
the modulation is shown relative to reference points at 6 = /2 and 37/2. Right four panels:
Schematic representations of the modulation of the 2DEG conduction electron distribution
function near the Fermi surface for (A) 8 = 0,7, (B) 8 = n/4,57/4, (C) 0 = n/2,37n/2, and
(D) 8 = 3n/4,7n/4. Orange (blue) regions indicate areas where the distribution function of
2DEG conduction electrons has increased (decreased) relative to the reference points at 6 = /2
and 37/2. The red and green arrows represent the orientation of the localized spins in the FI
and the direction of the charge current density modulation induced in the 2DEG by the REMR,
respectively. Adapted from Ref. [50].

density, Asp/sq,p (or Asp/sgp), and the charge current density, Ajp/jo.p (or Ajp/jgp), each
normalized by the constants defined in Eqgs. (6.51) and (6.52).

Rashba SOC (B/a = 0)

First, we examine the case of the 2DEG with only the Rashba SOC (8/a = 0). In the left two
panels of Fig. 6.2, we plot the modulation of spin density and charge current density induced
in the 2DEG by the REMR as a function of the localized spin orientation 6 in the FI. The
REMR measurements observe the relative change in these quantities as 6 is varied. Thus, the
spin density Asp(m/2) and charge current density Ajp(x/2) at § = /2 are set to zero, and
the deviations from these reference values are plotted. Both the spin density and charge current

density rotate with changing 6, forming periodic functions in 6 with a period of x.
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These results can be intuitively understood as follows. The right four panels of Fig. 6.2
depict the spin-split Fermi surfaces and modulation of the distribution function for (A) 6 = 0, «,
B) 0 = n/4,57/4, (C) 8 = n/2,3n/2, and (D) 8 = 3n/4,7n/4. Since we focus on the
relative modulation from the reference points, regions where the distribution function increases
(decreases) relative to the baseline case of (C) 8 = /2, 37/2 are shown in orange (blue). In these
panels, the dashed lines represent the Fermi surface in equilibrium without an applied DC electric
field; when a DC electric field is applied in the +x direction, the Fermi surface shifts toward the
—x direction, resulting in spin accumulation polarized in the —y direction due to the REE. As
discussed in Sec. 6.2.1, the effect of exchange bias at the interface is the dominant contribution
to the REMR in the dirty interface. This exchange bias acts as an effective static Zeeman field
on conduction electrons near the Fermi surface. Thus, due to the transverse magnetic field effect
of this effective Zeeman field, spins of 2DEG conduction electrons polarized perpendicular to
the localized spin S in the FI undergo significant relaxation.

As an example, we examine the case of 6 = 0, n, depicted in diagram A of Fig. 6.2.
In this case, the spins of 2DEG conduction electrons polarized in the +y direction, which
is perpendicular to S, undergo spin-flip relaxation due to the exchange bias. Consequently,
the distribution function of electrons with spins polarized in the —y (+y) direction decreases
(increases). Note here that this change in the distribution function acts to reduce the spin
accumulation induced by the REE, which is generated by the external DC electric field. In
diagram A, the relative change in the distribution function at (A) 8 = 0,7 compared to (C)
0 = /2,3n1/2 is shown in the orange and blue regions. This change in the distribution function
induces the IREE, resulting in a modulation A jp of the charge current in the —x direction.

A similar explanation applies to cases (B) 0 = n/4,5x/4 and (D) 6 = 3n/4,7x/4. For
example, in case (B) with 6 = /4, 5m /4, the spins of 2DEG conduction electrons polarized in
the 37 /4 and 77 /4 directions, which are perpendicular to S, undergo spin-flip relaxation due to
the exchange bias. Consequently, the distribution function of electrons with spin polarization
in the 77 /4 (37 /4) direction decreases (increases), resulting in a modulation A jp of the charge

current flowing in the 57 /4 direction due to the IREE.

Caseof /B =1.1

Next, we consider the case of the Rashba and Dresselhaus SOCs coexisting with comparable
magnitudes, o/ = 1.1. The left two panels of Fig. 6.3 plot the relative modulation of spin
density and charge current density measured from the reference point § = 37/4 for /8 = 1.1.
Compared to the case of 8 = 37/4, it is observed that for any other 6, there is a modulation Asp
of the spin density in the 37/4 direction and a modulation of the charge current in the 57 /4
direction. Furthermore, at 6 = /4 and 57 /4, these relative modulations reach their maximum
values.

These results can be intuitively understood as follows. The right two panels of Fig. 6.3
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Figure 6.3: Left two panels: For a dirty interface with a/8 = 1.1, these plots show the
modulation of spin density and charge current density induced by the REMR as functions of
the localized spin orientation 6 in the FI, using reference points at 6§ = 37 /4 and 7n/4. Right
two panels: Schematic representations of the modulation of the 2DEG conduction electron
distribution function for (A) 6§ = n/4,5x/4 and (B) 6 = 3n/4,7x/4. Orange (blue) regions
indicate areas where the distribution function has increased (decreased) relative to the reference
points at 8 = 37/4 and 7r /4. Adapted from Ref. [50].

schematically show the modulation of the distribution function for (A) 6 = x/4,57/4 and (B)
0 = 3r /4,7 /4. Note that (B) 0 = 37/4, Tr /4 serves as the reference points, with the modulation
set to zero there. First, in both (A) and (B), the Fermi surface shifts in the —x direction due to an
external DC electric field applied in the +x direction, resulting in spin accumulation polarized
in the 77 /4 direction via the REE. Next, in case (A) with 6§ = n/4,5x/4, the spins of 2DEG
electrons polarized in the 37/4 and 7x/4 directions, which are perpendicular to the localized
spin S in the FI, undergo relaxation due to the effective Zeeman field. The relative change in
the distribution function for (A) 8 = n /4,57 /4 compared to (B) 6§ = 3n/4,7n/4 is shown in
diagram A of Fig. 6.3 by the orange and blue regions. This change in the distribution function
reduces the spin accumulation generated by the REE due to the external DC electric field. As

a result of this change, the IREE is induced, leading to a modulation A jp of the charge current
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density in the 57 /4 direction.

6.2.3 Clean interface

In this section, we present the results of the spin density and charge current density induced
in the 2DEG by the REMR at the clean interface. Here, we nondimensionalize these physical

quantities using the following normalization constants:

Zk%LD(eF)SolflzﬂeExx

SyC=— (x=a,p), (6.53)
’ rvpl 2
. dkpLe*m* D (ep) ASo|T|2Ex?
Jrc=— (DASTTEX  (— ). (6.54)
ah’T

Here, L represents the thickness of the FI. Note that these normalization constants are positive

when E, > 0, and, as in the case of the dirty interface, j, c is proportional to a? or 2.

Rashba SOC (8/a = 0)

First, we examine the case in which the 2DEG has only Rashba SOC (8/a = 0). The left two
panels of Fig. 6.4 display the modulation of spin density and charge current density induced in
the 2DEG by the REMR as a function of the orientation 6 of localized spins in the FI. Here, the
reference point is set at 0 = 0, with Asc (6 = 0) and Ajc(6 = 0) taken as zero. These plots show
that, similar to the dirty interface case, both spin density and charge current density exhibit a
periodic dependence on 8 with a period of &, and their orientations rotate with changes in 6.
However, a significant difference from the dirty interface case is the reversal of the REMR sign.
Specifically, when comparing Fig. 6.4 with Fig. 6.2, it is evident that the clean interface yields
maximum (minimum) values for the spin density and charge current density at the 6 values
where they reach minimum (maximum) values at the dirty interface.

This qualitative difference between the dirty and clean interfaces can be attributed to differ-
ences in the interfacial spin-flipping scattering processes. For the dirty interface, the effective
Zeeman field from exchange bias predominantly contributed to the spin-flipping of conduction
electrons. In contrast, at the clean interface, the spin-flipping of conduction electrons is driven
by the dynamic process of magnon absorption and emission. Since magnons carry spins in
the —S direction, conduction electrons in the 2DEG with spins parallel to the localized spin
S in the FI undergo spin-flip relaxation at the clean interface. Due to this difference in the
spin-flipping process of conduction electrons, the 8 dependence of the modulation in the charge
current density and spin density for the clean interface is shifted by 7/2 relative to the dirty
interface.

The remaining explanation is largely consistent with the dirty interface case, aside from the
difference in the orientation of spin relaxation. The behavior observed in the left two plots of

Fig. 6.4 can be explained using the right four panels of Fig. 6.4. For instance, we examine the



6.2. RESULTS 101

—Ascz(0)/50.c —Ascy(0)/3a.c
0.4 Bla=0 A

0.2

0

—0.2
B C D
0 /2 T 3r/2 2w

_A.]Cz(e)/]a,(? _AjCy(e)/ja C

0.2 Bla=0 C
0
0.2
B 0=m/2

0 x/2 w™ 37/2 2n

Figure 6.4: Left two panels: For a clean interface with only the Rashba SOC present (8/a = 0),
these plots display the modulation of spin density and charge current density induced by the
REMR as functions of the localized spin orientation 6 in the FI. The parameters are set to
kgT [hwy = 3, |yglhac/wo = 0.1, and kpa = 0.1, where hiwy = 4Z)k§ and a is a lattice constant
of the FI. To simplify interpretation, note that the modulation is shown relative to reference
points at § = 0,7. Right four panels: Schematic representations of the modulation of the
2DEG conduction electron distribution function near the Fermi surface for (A) 8 = 0, x, (B)
0 =n/4,57/4, (C) 0 = n/2,3x/2, and (D) 0 = 3x/4,7n/4. Orange (blue) regions indicate
areas where the distribution function of 2DEG conduction electrons has increased (decreased)
relative to the reference points at 6 = 0, 7. The red and green arrows represent the orientation of
the localized spins in the FI and the direction of the charge current density modulation induced
in the 2DEG by the REMR, respectively.

case of 0 = m/2,3m/2. As illustrated in diagram C of Fig. 6.4, 2DEG conduction electrons
with spins polarized in the +y direction, aligned parallel to S, undergo spin-flip relaxation, and
the distribution function for the electrons with spins aligned in the —y (+y) direction decreases
(increases). Note that this change in the distribution function reduces the spin accumulation
induced by the REE from the external DC electric field. Consequently, this change induces
the IREE, resulting in a modulation Ajc of the charge current density in the —x direction.
The behavior of the spin density and charge current density for (B) § = n/4,57/4 and (D)

6 = 3n/4,7r/4 can be explained in a similar manner.
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Figure 6.5: Left two panels: For a clean interface with /B8 = 1.1, these plots show the
modulation of spin density and charge current density induced by the REMR. The parameters
are set to kgT /fiwg = 3, |yg|hdc/wo = 0.1, and kpa = 0.1, where fiwg = 4Z)k§ and a is a lattice
constant of the FI. Reference points are taken at = /4 and 57 /4. Right two panels: Schematic
representations of the modulation of the 2DEG conduction electron distribution function for
(A) 6 = n/4,57/4 and (B) 6 = 3n/4,7n/4. Orange (blue) regions indicate areas where the
distribution function has increased (decreased) relative to the reference points at 8 = n/4 and
Sn/4.

Caseof /B =1.1

Next, we consider the case in which the magnitudes of the Rashba and Dresselhaus SOCs are
comparable with /B = 1.1. The left two plots of Fig. 6.5 show the spin density and charge
current density as functions of the localized spin orientation 6 in the FI, referenced from 6 = /4
and 57/4. The right two panels of Fig. 6.5 schematically illustrate the changes in the distribution
function relative to these reference points. At (B) 8 = 37/4 and 7x/4, a modulation Asc in the
spin density appears in the 37/4 direction. Consequently, due to the IREE, a modulation A jc
in the charge current density arises in the 57 /4 direction for (B) 8 = 37 /4 and 7 /4.

A comparison of Fig. 6.5 with Fig. 6.3 reveals that the 8 dependence of the modulation in

spin density and charge current density for the clean interface is shifted by 7/2 relative to the
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Figure 6.6: Plots of the x-component amplitudes of the modulation in spin density, AP,
and charge current density, Aj"™* ™" as functions of /S for both dirty and clean interfaces.

These amplitudes are defined as the difference between the maximum and minimum values
obtained when varying the orientation 6 of the localized spin in the FI. For the clean interface,
parameters are set to kgT'/fiwg = 3, |yg|hde/wo = 0.1, and kga = 0.1, where fiwg = 41)1(%. The
left panel is adapted from Ref. [50].

dirty interface case.

6.2.4 Dependence on o/f3

Finally, we examine the « /8 dependence of the modulation amplitudes for the x components

smax—min

max-min - and charge current density, A" . These values represent

X

of spin density, As
the difference between the maximum and minimum values of the modulations as 6 is varied.
Figure 6.6 shows AsM*~Min apnd Ajmax-min o functions of a/B. For both dirty and clean
interfaces, As™ ™" diverges at /S = 1, whereas A j™* ™" exhibits no such singular behavior

and instead increases monotonically as a/f increases.

As illustrated in the right panels of Figs. 6.3 and 6.5, when /8 = 1, the effective Zeeman
field generated by the Rashba and Dresselhaus SOCs aligns in a single direction. In this case, spin
relaxation due to nonmagnetic impurities is entirely suppressed, causing As™*™" to diverge.
However, the charge current density induced by the IREE does not diverge at o/ = 1 because
the charge currents generated on the inner and outer Fermi surfaces flow in opposite directions,

partially canceling each other.

The divergence behavior of As™ ™" at o'/ = 1 is illustrated in Fig. 6.7, showing that
it diverges with the order of 1/|6|. This behavior is consistent with that shown in Fig. 5.8,

indicating that this spin density divergence reflects the divergence of the spin relaxation time.
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Figure 6.7: Divergence of As™-min/ sp for dirty and clean interfaces near v/ ~ 1, as observed
in Fig. 6.6. With /8 = 1 + 6|, the red (blue) points represent the values of AsMax-min/ Spasa
function of |§] for & < 0 (6 > 0), shown in a log-log plot. The purple lines represent log-log
plots of a function proportional to 1/|§].

6.3 Experimental Relevance

This section provides a brief comparison between the experimental REMR results obtained in the
Bi/Ag/CoFeB junction system reported in Ref. [118] and the theoretical findings of this chapter.
In the Bi/Ag/CoFeB system, applying an external DC electric field induces the REMR due to
the strong Rashba SOC at the Bi/Ag interface. Reference [118] reports that the longitudinal
resistance of the REMR varies with the localized spin orientation 6 with a period of n, reaching
a maximum at § = 0 and a minimum at 6 = /2. In contrast, the transverse resistance exhibits
a similar periodic dependence on 6 but with a phase shift of /4 relative to the longitudinal
resistance. These behaviors are qualitatively consistent with the results obtained for the dirty
interface in Sec. 6.2.2 . Because the Fermi wavelength of Ag carriers is very short, interfacial
randomness is effectively present in the Bi/Ag/CoFeB junction system, making it reasonable for
the experimental results to align with the predictions for the dirty interface model presented in
this chapter.

In the future, if a junction system with a clean interface—where electron scattering from
interfacial randomness is negligible—can be realized, it is expected that the reversed-sign REMR

predicted in this chapter will be observed.

I'Since the localized spin in the FI is aligned opposite to the externally applied DC magnetic field, 6 + 7 in this
chapter corresponds to 6 in Ref. [118].



Chapter 7

Summary and Future Problems

7.1 Summary

This dissertation intended to establish a theoretical framework for spin transport phenomena in
junction systems comprising a ferromagnetic insulator (FI) and a two-dimensional electron gas
(2DEG) with the Rashba and Dresselhaus spin-orbit couplings (SOCs). After the introduction
given in Chaps. 1 and 2, we described the main results of this dissertation from Chap. 3 to
Chap. 6.

In Chap. 3, we introduced a microscopic Hamiltonian describing the FI-2DEG junction
system. We modeled the 2DEG using a kinetic Hamiltonian incorporating the Rashba and
Dresselhaus SOCs along with a non-magnetic impurity represented by a delta-function-type
potential. We described the FI using the Heisenberg model, which is reformulated in terms of
magnon creation and annihilation operators under the spin-wave approximation. We described
the FI-2DEG interface by a tunneling Hamiltonian that captures the exchange interaction between
localized spins in the FI and conduction electron spins in the 2DEG. The interface is categorized
into two states: the dirty interface, in which electron momentum is not conserved, and the
clean interface, in which momentum conservation is preserved. Based on these microscopic
Hamiltonians, the subsequent chapters, Chaps. 4, 5, and 6, established theoretical frameworks
for spin pumping (SP), the inverse Rashba-Edelstein effect (IREE) induced by SP, and the
Rashba-Edelstein magnetoresistance (REMR), respectively.

Chapter 4 investigated the modulation of the Gilbert damping and the ferromagnetic reso-
nance (FMR) frequency shift induced by SP in FI-2DEG junction systems with the Rashba and
Dresselhaus SOCs. Considering the second-order perturbation of interfacial interactions at the
FI/2DEG junction, we performed calculations both with and without taking into account the
ladder-type vertex correction. Both the modulation of the Gilbert damping and the shift in the
FMR frequency exhibit peaks in both the low-frequency and high-frequency ranges. The peak
in the low-frequency range is due to an elastic process in which magnons relax by sensing the ef-
fective Zeeman field generated by the SOC of the 2DEG as a transverse magnetic field, while the
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peak in the high-frequency range is due to an inelastic process in which magnons are absorbed by
the conduction electrons of the 2DEG, leading to transitions of the electrons between spin-split
subbands. These features are common to both cases with and without the vertex correction.
Moreover, for most parameters, the behavior of the modulation of the Gilbert damping with
the vertex correction remains largely unchanged from the results without the vertex correction
presented in Ref. [78]. However, when the magnitudes of the Rashba and Dresselhaus SOCs
are identical, a qualitatively different result emerges: the peak in the modulation of the Gilbert
damping in the low-frequency range vanishes only when the vertex corrections are included.
This was attributed to the spin conservation law, which holds when the magnitudes of the two
SOCs are equal, being incorporated only when the vertex corrections were considered, and sup-
presses spin relaxation. Additionally, when the magnitudes of the two SOCs are nearly the same
but slightly different, we revealed that the modulation of the Gilbert damping sharply increases
in the low-frequency range only when the vertex correction was considered. This behavior
was interpreted as a consequence of the slight breaking of the spin conservation law, leading
to very slow spin relaxation. Furthermore, a sharp increase in the FMR frequency shift in the
low-frequency region was also observed, which is consistent with the Kramers-Kronig relation.
This study established a theoretical foundation for SP into a 2DEG with spin-split energy bands.
The formalism and results presented are not restricted to the specific system examined, but are
also anticipated to be valuable for analyzing SP into surface/interface states [37, 100, 102] and
atomic-layer materials [109, 111].

Chapter 5 explored the IREE in a 2DEG with the Rashba and Dresselhaus SOCs interfaced
with an FI. Using the Boltzmann equation, we calculated the spin density and charge current
density induced in the 2DEG by the IREE in the weak-impurity limit, in which energy broadening
due to nonmagnetic impurity scattering is significantly smaller than the spin-splitting energy in
the conduction band induced by the Rashba and Dresselhaus SOCs. It was shown that these
physical quantities depend on the FMR frequency and the orientation of the localized spins in the
FI. This dependence was explained by the spin splitting of the energy bands and the spin texture
near the Fermi surface of the 2DEG. Additionally, when the Rashba SOC and Dresselhaus SOCs
compete with each other, resulting in spin conservation, it was shown that the results derived
using the relaxation-time approximation for the impurity scattering collision term qualitatively
differed from those obtained through the full solution of the Boltzmann equation. Furthermore,
in the case of the full solution, it was found that while the maximum value of the spin density
diverged when the Rashba and Dresselhaus SOCs were of equal magnitude, the maximum value
of the charge current density did not exhibit such singularity and was instead suppressed. These
findings offer a method of determining the spin texture at the Fermi surface of the 2DEG and
are expected to aid in the design of spintronic devices utilizing the IREE. In this study, as in
Chap. 4, for simplicity, we assumed the energy bands of the 2DEG to have a simple parabolic
dispersion and neglected the effects of exchange bias [164] and band modification due to the

interface [12,165]. However, the formulation can be straightforwardly extended to other physical



7.2. FUTURE PROBLEMS 107

systems with more complex band structures.

Chapter 6 examined the REMR in FI-2DEG junction systems with the Rashba and Dressel-
haus SOCs. By starting from a microscopic Hamiltonian and applying the Boltzmann equation,
we calculated the modulation of spin density and charge current density induced in the 2DEG
by REMR under an applied DC electric field, focusing on the weak-impurity limit. This analysis
elucidated the dependencies of these modulations on both the localized spin orientation in the
FI and the ratio of the two SOCs for both dirty and clean FI-2DEG interfaces. In the case of a
dirty interface, the effective Zeeman field from interfacial exchange bias primarily contributes
to the REMR, whereas in the clean interface, the dynamic process of magnon absorption and
emission dominates, resulting in opposite REMR signs between the two interface types. The
microscopic approach employed here successfully predicted such sign reversals, which could
not be captured by phenomenological models using parameters like spin-mixing conductance.
Furthermore, it was shown that for both interfaces, as the Rashba-to-Dresselhaus SOC ratio
approaches unity, the modulation of spin density in the 2DEG diverged, while the modulation of
charge current did not display such singular behavior. This study advances understanding of the
physical mechanisms underlying the REMR and offers insights for experimental comparisons
and interpretations. The theoretical framework developed here could, in principle, be extended
to analyze the REMR in other systems with more complex band structures.

These findings contribute to the development of energy-efficient spintronic devices and
tunable semiconductor spintronics. The microscopic theory developed here addresses dynamic
magnon-related processes beyond the scope of phenomenological approaches like the Landau-
Lifshitz-Gilbert (LLG) equation or spin mixing conductance, establishing a robust theoretical

foundation for spintronics.

7.2 Future Problems

This dissertation investigated the weak-impurity limit, in which the impurity scattering strength
is significantly smaller than the spin-splitting width of energy bands induced by the Rashba or
Dresselhaus SOCs. However, in systems with low electron mobility, this weak-impurity limit
breaks down [49]. In such cases, the off-diagonal components of the 2 X 2 density matrix,
discussed in Chap. C, become non-negligible, giving rise to spin relaxation mechanisms such as
the D’yakonov-Perel (DP) and Elliot-Yafet (EY) mechanisms [81,166]. Extending the framework
of this study to this crossover presents a significant challenge.

In this dissertation, we focused on the spin orientation dependence of localized spins in the
FI. As shown in Eq. (3.27), the interfacial interaction Hamiltonian, which includes magnons,
can also capture temperature dependence. In the SP theory, in which the 2DEG density of
states is treated as constant, no temperature dependence is observed. Although we can compute

temperature-dependent corrections using the Sommerfeld expansion, these corrections remain



108 CHAPTER 7. SUMMARY AND FUTURE PROBLEMS

small as long as kg7 is much smaller than the Fermi energy. In the case of the REMR,
temperature dependence is minimal for dirty interfaces due to the negligible effect of magnons,
while for clean interfaces, magnons play a significant role, leading to noticeable temperature
dependence. We leave a detailed study of these effects for future work.

The off-diagonal components of the density matrix capture the effects of wavefunction su-
perposition between split subbands, a concept that is gaining attention in the emerging field of
orbitronics. Orbitronics focuses on the orbital degrees of freedom of electrons and has been
the subject of intense research in recent years [167, 168]. For instance, Ref. [169] demon-
strates that these off-diagonal terms are crucial in the orbital Hall effect (OHE), which converts
an orbital current into a charge current. While this dissertation primarily addresses spin tex-
tures induced by the Rashba effect, orbitronics explores orbital textures arising from the orbital
Rashba effect [82, 170]. Phenomena corresponding to spin pumping (SP), the inverse Rashba-
Edelstein effect (IREE), and the Rashba-Edelstein magnetoresistance (REMR), such as orbital
pumping [171, 172], the orbital inverse Rashba-Edelstein effect [173], and the orbital Rashba-
Edelstein magnetoresistance [174], have also been investigated. Developing microscopic the-
ories for these phenomena by extending the methodologies presented in this dissertation is an
important direction for future research.

In SP-driven IREE, spins injected from a ferromagnetic material into a Rashba system are
converted into a charge current. Conversely, when a charge current is applied to a Rashba system,
spin accumulation induced by the Rashba-Edelstein effect (REE) generates spin-orbit torque
(SOT) on the magnetization, influencing its dynamics [175]. Experimental studies utilizing
this SOT include investigations of spin-orbit ferromagnetic resonance (SO-FMR) [112, 176].
Extending the model Hamiltonian and methods developed in this dissertation to construct a
microscopic theory for SO-FMR is an important area of future research.

In the interfacial interaction Hamiltonian introduced in Chap. 3, tunneling scattering strengths
were simplified to constants 7 and 7~ [117, 148]. Future developments could involve assessing
the effects of interfacial disorder on tunneling scattering strength using model calculations based
on the Lippmann-Schwinger equation [177]. Furthermore, to enable precise evaluation of real
material junction systems, first-principle calculations could be employed to analyze interfacial
states [55]. This approach would enable quantitative comparisons between the findings of this

dissertation and experimental results, highlighting a pivotal avenue for future research.



Appendix A

Theoretical Analysis of the REE Using the
Boltzmann Equation

Trushin et al. [32] presented the theoretical framework for the REE in a 2DEG with coexisting
the Rashba and Dresselhaus SOCs using the Boltzmann equation. In this appendix, an overview
of Ref. [32] is provided. The Hamiltonian for the 2DEG can be expressed as follows:

R2(k2 + k2)

B =
k 2m*

+a(kyby — kiGy) + B(kyOx — kyGy). (A.1)
Here, k = (ky, ky)T = (k| cos ¢, | k| sin )T represents the wavevector of the conduction elec-
trons, and m™ denotes the effective mass. The parameters « and S indicate the strengths of the
Rashba and Dresselhaus SOCs, respectively, while 6 = (57, é'y)T represents the Pauli matrices.
The eigenvalues and eigenstates of Eq. (A.1) are given as follows:

y hz(k)% + k%) 2 2
L= oy ki Bk + (Bl + k2, (A2)
1 . 1 akx +,3k
lP - ik-r . , t — —y A3
y(r) \56 (ye—z{k) an (i Bk + ak, (A

Here, y = + is a label that specifies the spin-split bands and r = (x, y)T represents the position
coordinates of an electron. Using Egs. (A.2) and (A.3), the transition probability between k, y
and k’,y’ due to a delta-function-like impurity potential in the 2DEG is given by the following

expression:

, . mh?
w(ky;k'y') =

m*t

[1+vy cos(&)I6(E] — EL). (A.4)
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Here, 7 represents the relaxation time. When an external electric field E is applied to the 2DEG,
the distribution function of the conduction electrons can be expressed as follows:

fy(k) = fOE)) + f£) (k) + f7(k), (A.5)

where fY is the Fermi distribution function and fyl’2 < f9. Considering terms up to the first

order in the electric field, we can write the Boltzmann equation by the following expression:

AfoUEY
¢E - v[—%z")]: Stlf, (k)] (A6)
dzk/ . 1 2 1 ’ 2 ’
S0 = Y, [ Sty k) + £0 - £ = 0L (A
.

Here, e (< 0) denotes the charge of an electron and v represents the velocity of the conduction
electrons. By introducing ay, by, ay, b, as unknown constants, the solution to Eq. (A.6) can be
expressed in the following form:

af°(E})
OE]
af°(E})
vreE [_ k ]
a2 + B2 + 2afBsin 2¢ OE]
- [(axcos @ + by sinp)e, + (aycos ¢ + by sinp)e,]. (A.9)

fy (k) =7eE -v [— : (A.8)

£ (k) =

Substituting fyl’z(k) into Eq. (A.6), we can determine the unknown constants as follows:
ay = by =—(a*+ %), a,=b, =-2ap. (A.10)
By substituting these into Eq. (A.9), the following solution to Eq. (A.6) is obtained:

ht [_6fO(EZ) ]

fy(k) = f(E]) +¢E - k oE (A.11)

m*

The spin accumulation § = (S, S,) induced by the REE can be written as follows:

dzk 0% de Y .
(Sx) = 5 cos L fy(k), (Sy)=— = sin g fy (k), (A.12)
27:/ (27)2 2 7 Y Zy:/ (2m)2 2 4

and substituting Eq. (A.11) into the above equation yields the following expression:

(8) =

lelm” (ﬁ “NE. (A.13)

27k \-a -B
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af°(Ey)
OE]
chemical potential and kF is the Fermi wavevector.

Here, the approximation — ~ (E,Z — p) was employed, where yu = hzk%/Zm* is the






Appendix B

Analytic Expressions for Spin Pumping

B.1 Caseof 8/a =0

First, we derive the analytic expression for the modulation of the Gilbert damping for 8/a = 0,
1.e., when only the Rashba SOC is present. In this case, the spin splitting width of the energy band
for the conduction electrons in the 2DEG is a constant 2.5 = 2Ag and /Kf(w) (j=0,1,2,3)
from Eq. (4.94) is given as follows:

kil 1
Aolw) = 11 ; /o + (v —y) +i0/Ay’ (B.1
xr, il Yy’

Ar(w) = 75 ; /o + (v —y) +iT/Ay (B-2)
A (w) = Af(w) =0. (B.3)

Using these expressions, we can write the modulation of the Gilbert damping with and without

the vertex corrections, as given in Egs. (4.96) and (4.100), as follows:

dag _ Ao A (wo) .\ A8 (wo) — AR (wy) (B.4)
aco 27T | 1-AR(wy)  1-AR(wo) + Af(wy) | '
oW A - -

G 0 R R
—G . 20R [2/\ yy ] B.5
@G0 D € 0 (wo) 1 (wo) (B.5)

For I' <« Ag, the dominant contribution to the peak at wg = 0 comes from the following term

with y = y":
oag N Ao /2 (B.6)
agG,0 4 (ha)o)z + (F/Z)z, '
dag A r
-6 .20 _ - (B.7)

QaG,0 Ar (hu)())z +1?2 '
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These equations indicate that the linewidth of the peak at wg = 0 in dag is half of that in e,
which is consistent with Figs. 4.8(b) and 4.8(c). Similarly, the peak of the modulation of the
Gilbert damping at wg = 2A¢ /% for 8/a = 0 can be approximated by the following expression:

5(1(‘, - AO 1 3F/4 + F/2 (B 8)
ago 4m |2 (hwy - 200)% + (3T/4)?  (hwo — 2A0)2 + (T'/2)%] '
oaYy A 31°/2

G _ Mo / (B.9)

QG0 ar . (ha)() - 2A0)2 +I2°

These equations show that similar to the peak at wg = 0, the linewidth of the peak at wg = 2A¢ /%
is reduced when the vertex corrections are considered. This result is consistent with Figs. 4.8(b)
and 4.8(c). From Egs. (B.6)-(B.9), it can be seen that the linewidth of the peaks in the modulation
of the Gilbert damping is determined by I" = 27rnimpu2D(eF), which represents the strength of

impurity scattering.

To highlight the effect of the vertex corrections for 8/a = 0, density plots of da — day; and
0wy — 6w3", calculated using the original Egs. (4.95), (4.96), (4.97) and Egs. (4.99), (4.100),
(4.101), are shown in Figs. B.1(a) and B.1(d). These figures show that the effect of the vertex
corrections mainly appears near the peaks at wg = 0 and wg = 2Ag/%. The behavior around
these peaks is consistent with the analytic expressions derived in this appendix.

Note that in the case of @/ = 0, i.e., with only the Dresselhaus SOC, the analytic expressions
for 6a and day are the same as those derived in this appendix for the case of only the Rashba

SOC. For general values of 3/a, the I' dependence of da and da;y becomes more complex.

B.2 Caseof 8/a =1

Next, we derive the analytic expression for the modulation of the Gilbert damping for §/a = 1.
When B/a = 1, as shown in Fig. 4.8(d), the effective Zeeman field generated by the Rashba and
Dresselhaus SOCs is aligned in the (-1, 1) direction, with a magnitude given by the following

expression, as written in Eq. (4.102):

hegt (@) = 2A¢| sin(¢ + 7 /4)]|. (B.10)
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Figure B.1: (Upper panels) Modulation of the Gilbert damping due to the vertex corrections,
dag — éagy, for (a) B/a = 0, (b) B/a =1, and (¢) B/a = 3. (Lower panels) Change in the
FMR frequency due to the vertex corrections, 6wy — dwy', for (d) B/a = 0, (¢) B/a = 1, and (f)
B/a = 3. In all panels, the horizontal axis represents the FMR frequency wy, the vertical axis
indicates the azimuthal angle 6 of the localized spin S in the FI, and I'/Ag = 0.5. Adapted from
Ref. [48].

By using this, Af (w) (j =0,1,2,3) from Eq. (4.94) can be expressed as follows:

- ir

AR(w) = KZJW (B.11)
0%y

AR ir ’

M) = 70 D2 7V Ty (B.12)
0 Yy

A¥(w) = —sin26 Af(w), (B.13)

A¥(w) = —cos 20 Af(w). (B.14)

Here, 9, (w) is given by the following expression:

B 2r d(p AO
Fry (@) = /0 2 hw + (y = ¥ hegr () + 1T (B.15)

Using these expressions, we can write the modulation of the Gilbert damping with the vertex

corrections for 8/a =1 at 8 = /4 as follows:

1 1

oag Ao N
1 - AR(wo) + AR(wp) 1 - AR(wo) — AR(wp) |

—— =——Re
agoy 2nl

o (B.16)
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The expansion of this expression up to the first-order term in f\f corresponds to the modulation
of the Gilbert damping without the vertex corrections:

oy A .
G 0 R

— =——R [2A w ] B.17
o 2al € o( 0) ( )

Note that the third term in Eq. (B.16) is calculated as

1 I hwg+il

1- [\{;(wo) - Z\f(wo) 1 - hwﬁ)ﬂir hiwo

, (B.18)

and thus for wg < T', Eq. (B.16) cannot be expanded in terms of /\f as in Eq. (B.17). Con-
sequently, the modulation of the Gilbert damping with the vertex corrections, dag, and the
modulation without the vertex corrections, 6&?;, the latter being the expansion of dag in
terms of /~\f, exhibit markedly different behaviors when wg < I'. To confirm this, we rewrite
Egs. (B.16) and (B.17) using Eqgs. (B.11)-(B.14) as follows:

S (Joe + Tt
oag _ Ao . 15A, (I, J-+) , (B.19)
aco 20| 1 —igg (T + T4
(50/&" 1 . ]
— = —Re l(j_}_ + I+ Jir + $_) . (B.20)
ag,o 4

The terms J;+ and J__ produce peaks at wg = 0. While (5a/gv contains 7., and J__, these
terms do not appear in dag. Consequently, as shown in Figs. 4.8(e) and 4.8(f), 6agv exhibits
a peak around wg = 0 when wg < I', whereas dag does not, indicating qualitatively different
behaviors. Next, the modulation of the Gilbert damping with and without the vertex corrections

at @ = —m/4 can be expressed as follows:

a6 _ Ao iﬁrwi' I , (B.21)
ago I 1- iz_Ao(j;_ +9-+)

oay 1 _ ]

agG,0 2

Here, Eq. (B.22) is obtained by retaining terms up to the first order in /N\j.e in Eq. (B.21). Since
neither of these equations includes f;+ and J__, neither g nor ¢ a‘C‘}V exhibits a peak at wg =0
for 6 = —m /4. Furthermore, when I < Ag, Egs. (B.22) and (B.21) yield nearly identical results.
These characteristics are consistent with Figs. 4.8(e) and 4.8(f). It should be noted that dag at
0 = —m/4 in Eq. (B.21) is precisely twice that of dag at 0 = /4 in Eq. (B.19).

To make the effects of the vertex corrections more visible, density plots of dag — daF and
dwg — dwy' at B/a = 1 were generated based on Egs. (4.95), (4.96), (4.97) and Egs. (4.99),
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(4.100), (4.101) in Figs. B.1(b) and B.1(e), respectively. These figures demonstrate that the
effects of the vertex corrections mainly appear as changes in peak width around wg = O.
Additionally, the broad peaks within 0 < fiwg < 2A are amplified or suppressed depending
on the orientation 6 of the FI localized spin. These features are consistent with the expressions
derived above. Similar characteristics can also be observed in Figs. B.1(c) and B.I(f) for

Bla =3.

B.3 Approximate Expression for 5/a ~ 1

Finally, we derive approximate expressions for S/ = 1+ (6 < 1) and w = 0, given
by Eq. (4.105) and Eq. (4.107). For B/a = 1+ 6 (6 < 1), we can apply the following
approximations:

) (hy+ hy)2
cos 2(¢h — 6) ~ sin 29(—1 ), (B.23)
heff
: (hy + hy)?
$in2(6 — 6) ~ cos 29(—1 + f) (B.24)
heff
It follows that A® and A% in Eq. (4.94) can be approximated as follows:
A% ~ X sin20, (B.25)
AR ~ X cos 26, (B.26)
(hy+hy)?
2 1 +
dy ( g )
B.27
0 Zhw+(y V) heg + i ( )

As shown in Fig. 4.9(b) and Fig. 4.9(c), dag exhibits a notable increase around wg ~ 0 when
B/a =~ 1. However, the second term inside the parentheses of F(w), given in Eq. (4.97), does
not depend on the effective Zeeman field k.4 and thus contributes minimally to this increase.

Therefore, in the region near wg ~ 0 with 8/a =~ 1, F(w) can be approximated as follows:

Ao /~\§(1 - /~\OR) - /~\§(1 - /~\§) + (/~\§)2

F ~ = = =
(w) 2riT (1- AR)2— (AR)2—(AF)2
_ A(? 14 (1—sm20)/2 (1 +sin26)/2 . (B.28)
2l 1-AR-X 1-AR+X

Since the denominator of the last term in Eq. (B.28) can be computed as

i r, &
1-Af+Xx=2- i?“’ +0(w?), (B.29)
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and noting that Iy is proportional to 62 for 8/a = 1 + 6 (§ < 1), the last term in Eq. (B.28)
diverges at w = 0 in the limit of & — 0. Substituting Eq. (B.29) into Eq. (B.28), the component
that most significantly contributes to the distinctive increase in dag is given by the following

expression:

_ Ag sin®(0+7/4)

~ B.
2ni Ts +ihw (®.30)

F(w)

By substituting Eq. (B.30) into Eqgs. (4.95) and (4.96), we obtain Eqgs. (4.105) and (4.107).



Appendix C

Matrix-Form Boltzmann Equation

In this appendix, we derive the Boltzmann equation for the distribution function matrix (density
matrix) in a 2DEG with the Rashba and Dresselhaus SOCs, following the approach in Ref. [178]
in Sec. C.1. Subsequently, as shown in Ref. [81], it is confirmed that in the weak-impurity
limit, in which the impurity scattering strength is sufficiently small compared to the energy
band splitting induced by these SOCs, the off-diagonal components of the distribution function
matrix can be neglected due to their small magnitude in Sec. C.2. In this regime, the collision
term in the Boltzmann equation for the diagonal components of the distribution function matrix

is shown to match the expression for the collision term calculated using Fermi’s golden rule.

C.1 Derivation of Matrix-Form Boltzmann Equation

In this section, following Ref. [178], we derive the Boltzmann equation for the Hamiltonian
Hyin + Hipmp — the sum of the Hamiltonian for a 2DEG with the Rashba and Dresselhaus SOCs
given in Eq. (3.1) and the impurity scattering Hamiltonian given in Eq. (3.12) — using the
Keldysh Green’s function method. In the calculations that follow, we set 72 = 1. First, the Dyson

equation for the Green’s function of free electrons, g¢, given in Eq. (4.5), is expressed as follows:

8r

Aml B\ A ~
~He =1, =
(' -2)2 2 (0

‘?K). (C.1)
8A

Here, the underscore denotes matrices in the Keldysh space. Then, by substituting

AR eff
k,E)=— E 7 (1 - —), C.2
go( ) 2 E—E‘ 4 ”eff ( )
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and 8 = (—=i'/2)1 from Eq. (4.10) into the Dyson equation in Eq. (C.1), we obtain the following

expression:

1 1 1 s heg- O
~R eff
k. E) = — :—§ —(1— —) (C.3)
& (k.E) E—¢ép+heg-00—2R Zy:iE—E,an/z ’ hett

where & = €, — u. Equation (C.3) represents the Green’s function for electrons with impurity
scattering, as given in Eq. (4.9). Furthermore, from the Dyson equation in Eq. (C.1), it can be

shown that the following expression holds for gx:
(&%) 718N - gM (et = XM - gREK. (C4)

Here, note that (%)~! and (§4)~! act on the left and right arguments of gx, respectively. In
the following, we calculate the Wigner representation of Eq. (C.4) [179, 180]. The forward
and backward paths on the Keldysh contour are labeled as i = 1 and i = 2, respectively,
and 1’ = xlt’i (i = 1,2) is defined. The Green’s function along these paths is expressed as

g'/(1,2) = g(1/,2/). Then the following matrix is introduced:

(C.5)

oo (8 (1L2) g'3(1,2)
s.2)= (g”(l,z) g”(l,z))’

where the check mark “denotes a 2 X 2 matrix originating from the forward and backward path
degrees of freedom. The Wigner representation of this Green’s function g(1,2), denoted as
dre(t,x), is defined by the following expression:
§ d’kdE ikoE 1y iET
2(1,2) = | —— Gk (i, x10)e ™ F127E2, (C.6)
(27)
Here, x5 = (x1 +x2)/2, t12 = (t; + 12)/2, X12 = X1 — X2, and £, = t; — t,. The Wigner

representation of the first term on the left-hand side of Eq. (C.4) can be expressed as follows:

d*kdE _,_
Ty ke

1 N -
(t12,Xx12) = ng(tlz,xlz)elk X12—iEf

/ $81(1,3)8% (3,2)d3 =

_ / d’kdE | 5 ;.

- (271_)3 ng ng
i (63%’5;1 08k _ 08k ke _ 9%k 08ke  O8kr 08k
2\ Ox1 ok ot;p OE ok 0x12 O0E 0t

)] ek F=iE (C7)

Here, the operator * denotes the Moyal product and =~ indicates that a first-order gradient

expansion of the Moyal product is used. By substituting Eq. (C.3) into g,’jE, Eq. (C.7) becomes
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the following:

/ $%1(1,3)8(3,2)d3
d*kdE .
= E — &+ heg - 0 — 2F)§
/ 207 [( Ek + her - 00— 27) 8k
.\ 3(_0(—§k ther - 0 —32%) 0dkp | O(E - 2F) a@kE)
2 ak 6X12 6E (9l12

eikuflz—iElle. (C8)

Similarly, the Wigner representation of the second term on the left-hand side of Eq. (C.4) can
also be computed, resulting in the following expression for the Wigner representation of the
left-hand side of Eq. (C.4):

/ #51(1,3)85(3,2)d3 - / 5(1,3)84 (3,2)d3

d*kdE [ 08ke i (0(¢k = hesr - &) 5QkE} &R SA | ike®ia—iET
= ] — , +[heg - 0, § B VAT PRI . itk-X12-iEl>
(C.9)
Next, we compute the Wigner representation of the right-hand side of Eq. (C.4),
(878" - g (") = 5K - g"Ek. (C4)

For simplicity, using the zeroth-order gradient approximation, the Wigner representation be-

comes the following:

g A d’kdE il e

/ £K(1,3)(3,2)d3 - / 8%(1,3)£%(3,2)d3 = e [ngQE—g,szK]elk'xlz—lEm
d’kdE [ d°k’ [, A . S

= Wiy / oy (2n)2[gk/EgA(k,E>—gR(k,Emk/E]e””lz Ee(C.10)

Here, u is the coefficient of a delta-function-type impurity potential, v(r) = ud(r), and njny,
represents the impurity concentration. From Egs. (C.9) and (C.10), the Wigner representation
of Eq. (C.4) can be expressed as follows:

04 (0 — hes 04 - N
i Z3KE i{ (i — hor - 0) OBk }"‘[heff -0, 8ke] — SRkE + et

Ot1> 2 ok ’ 0x12
= u’n; &K [ g8 (k,E) — 88k, E)§p (C.11)
= imp (27T)2 Ok'ES s 8 s Ok'E |- .

Here, by defining a function dependent only on momentum as &y, §x £ can be written as

ke = 8% (k, E)iy — 3 8% (k, E). (C.12)
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Integrating this expression over E gives

dE »
2—ng = —lUg, (C.13)
T
which is independent of E, allowing transport physical quantities to be calculated using this
i (x,t). Substituting Eq. (C.12) into Eq. (C.11) and performing the energy integration yields
the following expression:

ik 1{3(& — heit (k) - 0) aﬁk}—i[heff(k) & ]

o 2 ok " Ox
U Mg d’k’ : heg(k) -0 heg(k') -0
= 6(E] - EL) |26 — i) = {y=== 2eft g = g}
(C.14)
Here, assuming that I" is small, we can apply Sokhotsky’s formula
1 : Y Y
— e P v v ind(E;, — Ek), (C.15)
E,, —E,+il E,, —E,

and neglect both the second-order terms in kg and the principal value terms. By expressing
the distribution function as fy = 1 — 2iiy, the equation for this fy is given as follows:

%4_1{5(&: —heii (k) - 6) O fk }—i[heﬁ(k)‘a',fk]

oty 2 ok ’ 0x12
2y [ LG ) 006~ )~ H{Uhen ) ~ hea ()] - & for = o' (6x - )|
imp (27_[)2 2 e e > .
(C.16)
Here, 6 (EZ - EZ/) is approximated up to the first order in h.g as
S(E] - E,Z) = 0(&k — &wr) + [vherr (@) = V' her(¢7)]6" (6 — Exr)- (C.17)

Equation (C.16) represents the Boltzmann equation for a2DEG with the Rashba and Dresselhaus
SOCs.

In Eq. (C.16), the 2 x 2 distribution function f is given by

(g
fk:(fET le (C.18)

and is expressed in the basis of the eigenstates |T), ||) of o,. However, below, Eq. (C.16) will
be rewritten in terms of the eigenstates |ky) of Eq. (3.8) as the basis. Here, it is assumed that
the 2DEG has translational symmetry and f; does not depend on position. Using the unitary
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matrix
_ _ 1 [Cle) C(e)
Ute) = (k) 1ho) = o (.19)
Eq. (C.16) is unitarily transformed as follows:
0 A
0| L itheat) - 1|
&’k (5 5
= UT(SO) 27Tu2”limp/ W((fk’ = Jx) -6k — éw)
1 A A
- 5 {then (k) = he (K] - &, fio = ' (66 = &) [U (). (€20)
The left-hand side of Eq. (C.20) can be computed as follows:
af++ af - _
t ﬁ _ o A N i T 0 —2hesr (@) f;f
U ( ) l[ eff(k) O-afk]]U(()D) = (ag_kt‘* 82{;_) Z(Zheff((P)f];+ 0 :
(C.21)
Here, the distribution function in the basis of |k7y) is written as follows:
U U(p) =U" f Iy _ (|5 A, (C.22)
(©) fxU() (¢) £ g ) U(p) = (fk_+ £

Then, by further calculating the right-hand side of Eq. (C.20), we obtain the Boltzmann equations
for the four components of the distribution function matrix in Eq. (C.22) as follows:

D im0+ hen(9) - e (¢16(ES — EL)
ot P | (2n)? k ko Tk

+(fom = OO = her(9) - e (@6 (Ef, — Eg)
+iher(¢) - Bl ()|~ 1766k = &) + [0 (6 - &)
+ et (@) (=7 + S8 (6 = &) + her (@) ™ = [ (6 - m}], (€23)

ofy~ 5 d*k’
= Tu-n; —_—
ot e (2n)?

7 = O = he(9) - hea(9)]6(Ef — Ef)

(e = F + (@) - hear(¢18(Ef - Ep)
+ihen(¢) - B (O] 786k = &) = [ 56k - &)
+ her () (= fo + fi )0 (éx = éx) + het (@) (f = fr DO (i = fk’)}]’ (C.24)
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ofy .. _ ) d*k’
ot +2lheff(‘10)f]:— = TTU Nimp W

+ (= FON = he (@) - hen(@)1}6(& - &00)
+iher(¢) - B (~fiF + f)8 (6 - &)

[{(f*r — SO +her(9) - her(¢)]

+her (@) + fm = = 1 )8 (- fk’)}}, (C.25)

of, " . _ d*k’
o 2lheﬁ(§0)fk T = ﬂuznimp W

= S+ e (9) - hen(9)] 86k - &)
+iher(9) - I () | = f)8(6 - &)

{7 = FO = hen(9) - her(¢)]

)+ - - 08 E—anl| c29

Here, the unit vector perpendicular to ﬁeﬁ = (hy, hy)/heg is denoted as fzjﬂc = (=hy, hy)/heg.

C.2 Boltzmann Equation in the Weak-Impurity Limit

In this section, following Ref. [81], we derive the Boltzmann equation in the weak-impurity limit.
Here, the steady-state solution of the Boltzmann equation is considered and 7 is reinstated. First,
by applying the relaxation-time approximation to the right-hand side of Eq. (C.25), Eq. (C.25)

can be order estimated as follows:

2k (PSS =l TS
7 T SR

(C.27)

Here, 7 is the relaxation time, which can be expressed as 7 = 7/T" using I'. In the weak-impurity
limit /7 < max(2kpa, 2kpfB) < €p, the following equation holds:

fk_ _ h . 2heff(90)fk_ h ' zheff(()o)f]:_ < 2heff(¢)fk_
T 2heg(Q)T h 2krat h h '

(C.28)

Here, the approximation heg(¢) ~ kpa is used. From Eq. (C.28), the leading term on the
right-hand side of Eq. (C.27) is | flz ” — fo(ex)]/7, and Eq. (C.27) becomes the following:

Ziheﬂ(go)f]:—_ h 2kpa [ ]zly — Jo(ex)] - fk_ h
h 2kpat hi ’ = folex) 2kpat

< 1. (C29)

Similarly, from Eq. (C.26), it can be shown that in the weak-impurity limit, £, /[ f” = fo(ex)] <
1 holds. Thus, in the weak-impurity limit, the off-diagonal components of the distribution

function in Eq. (C.22) are significantly smaller than the diagonal components. By neglecting
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these off-diagonal components, Eqgs. (C.23) and (C.24) become the following:

++
afk ﬂ'uznimp de/

| = KO0 + (@) - hen ()16 (B~ Ef)

ot B h (271')2
+ (™ = FE = hen(9) - hen(@)13(Ef ~ Ep) . (€30)
Ofc” N nuznimp d*k’

or ~  h (27)? [(er'+ — [ = her(9) - he(9)]6(E; - Ej.)

(g = O +her(9) - her(¢18(E; - E)|- (C31)

The collision terms on the right-hand side of Egs. (C.30) and (C.31) are consistent with the
expression for the impurity collision term calculated using Fermi’s golden rule in Eq. (5.7).
Note that in the main text, fl;y 7 is denoted by f(k,y). This justifies the use of Fermi’s golden
rule for calculating the collision term in the weak-impurity limit, as conducted in Sec. 5.1.2.
Furthermore, as discussed in Ref. [81], the off-diagonal components of the distribution function
are negligible compared to the diagonal components when the transition rate of the tunneling
Hamiltonian is sufficiently smaller than 2kpa. Thus, under this condition, we can calculate
the collision term due to interfacial interactions using Fermi’s golden rule, as conducted in
Sec. 5.1.3.






Appendix D

Comparison with Relaxation-Time Approx-
imation

In Sec. 5.2.5, comparison is made between the results for the charge current density induced
by the IREE obtained from the full solution of the Boltzmann equation and those from the
relaxation-time approximation in the case of /8 = 1. This appendix further examines the spin
and charge current densities induced by the IREE in the cases of the Rashba SOC (a/f = ),
a/B = 1.1, and a/B = 3, comparing the results derived from the full solution of the Boltzmann
equation with those from the relaxation-time approximation.

Figure D.1 presents the results for the spin and charge current densities in the case of the
Rashba SOC (a/f = o0). Both the spin and charge current densities exhibit similar qualitative
behavior in the results from the full solution of the Boltzmann equation and the relaxation-time
approximation. While the magnitude of the spin density differs between these two approaches,
as indicated by the color plot range, the difference is not large enough to affect the order of
magnitude.

Figure D.2 shows the results for /8 = 1.1. The spin density displays the same 8 dependence
in both the full solution and relaxation-time approximation results. However, the charge current
density demonstrates qualitatively different behavior, with a sign reversal occurring for wg <
3kgp (see Sec. 5.2.5). Additionally, as observed from the color plot range, the spin density in the
full solution is significantly larger than that in the relaxation-time approximation (see Fig. 5.7).

Finally, Fig. D.3 illustrates the results for /8 = 3. In this case, the spin and charge
current densities show nearly identical 8 dependence in both the full solution and relaxation-
time approximation results. Similarly to the case of @/ = oo, the magnitude of the spin density
differs between the two approaches, but not to the extent of changing the order of magnitude. On
the other hand, the 6 dependence of the current density clearly differs between the full solution
and the relaxation-time approximation, as seen from the angles where the current vanishes (the
white regions).

In summary, for values of a/8 that deviate from 1, the relaxation-time approximation yields
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Figure D.1: Spin density s = (s, sy) and charge current density j = (jy, j,) induced by the
IREE for the Rashba SOC (a/B = ), plotted as functions of the FMR frequency wy and the
local spin orientation 6 in the FI. Results from both the full solution of the Boltzmann equation
and the relaxation-time approximation are shown. Here, I = 0.1kra.

qualitatively correct results. However, near @/ = 1, the results from the relaxation-time
approximation exhibit qualitatively different behavior compared to those from the full solution.
As discussed in Sec. 5.2.6, the spin conservation law holds for electrons on the Fermi surface
at /B = 1, and the full solution corresponding to considering the vertex corrections in linear
response theory captures this spin conservation. In contrast, the relaxation-time approximation
does not account for spin conservation, leading to qualitative differences in behavior near
a/B = 1, where spin conservation is preserved. While the vertex corrections do not change the
amplitude of the current density by the IREE so much, they change the 6 dependence of the

current density when a and S are in the same order.
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Figure D.2: Spin density s = (s, sy) and charge current density j = (j, j,) for /B = 1.1,
plotted as functions of wg and 8. Results from both the full solution and the relaxation-time
approximation are shown. Here, I' = 0.1kgg.
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Figure D.3: Spin density s = (sy, sy) and charge current density j = (jy, jy) for a/B = 3,
plotted as functions of wg and 8. Results from both the full solution and the relaxation-time
approximation are shown. Here, I' = 0.1kgS.






Appendix E

Derivation of H;

In this appendix, we derive the interfacial exchange coupling Hamiltonian introduced in Egs. (6.6)-
(6.10) and obtain the expressions for T and 7, which appear in Egs. (6.9) and (6.10).

First, by utilizing Egs. (3.16), (3.17), and (3.18), we rewrite Hgy in Eq. (3.13) in terms of
magnon creation and annihilation operators as follows:

HFIZZJijSi'Sj—h’)/gZhdc'Si (El)
(W) ,-
= const. +J > So(=b}bi = blb; +bib; +bib) + hygha Y bibi,  (B2)

(@.j) i

where the exchange coeflicient J;; is approximated as a constant J. Accordingly, the Hamiltonian
can be rewritten as

Hpy = Z b;r(]:l3D)ijbj’ (E.3)
ij
—6JSo + fryghge, (if i = j),
(fng),-_/ =4 JSo, (if i and j are nearest neighbors), (E4)
0, (otherwise).

In the following, we solve the eigenvalue equation

Z(ilsD)ijlﬁn(X,y, 7) = Epn(x,y,2), (E.5)
J

under periodic boundary conditions in the x and y directions and a fixed boundary condition in
the z direction, where (x, y, z) (x,y, z: integers) is a coordinate of the three-dimensional cubic
lattice. Assuming that the FI-2DEG interface is positioned at z = 0, with the number of unit
cells along the x, y, and z directions denoted by Ny, Ny, and N, respectively, and the lattice
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constant of the FI given by a, we can express the boundary conditions as

Y(x+Nya,y,z) =¢(x,y+Nya,z) =¢(x,y,2), ¥(x,y,0)=¢(x,y, (N, +1)a) =0. (E.6)

By solving Eq. (E.5) subject to the boundary conditions given in Eq. (E.6), we obtain the

eigenvalues and eigenfunctions of magnons as
E, = 2|J|S0(3 = cos kya — cos kya — cos k a) + yghqc, (E.7)

Un(ri) = —meiboti L giho

2
e
VN, ,/Ny N,+1

sin(k,z;). (E.8)

Here, by introducing n = (n,, ny, n;), the magnon wavenumbers can be expressed as

2rn

k. = =—= (n, is an integer), (E.9)
N,a
b = 2rn, (ny i integer) E.10
y_Nya ny 1is an integer), (E.10)
k el (n, is a natural number) (E.11)
=—— (n . )
T (N;+Da ¢

Next, we consider the form of the interfacial exchange coupling Hamiltonian at the FI-2DEG

interface, which can be expressed as

Hine = ) 2T;;Si -8} = Hinga + Hings, (E.12)
(@.j)
Hina = V280 ) (Ti jb]st + T, 5% "by), (E.13)
(@)
Hins = ) 2T; ;Sos7 . (E.14)

(i.j)

Here, i and j label the bonds at the FI-2DEG interface, and T; ; is a real number representing
the coupling strength for each bond. Let R; = (x;,y;) denote the in-plane coordinates of
the interfacial site and Ny, the total number of bonds at the FI-2DEG interface. Under these

definitions, we obtain the following equations:

bj =) Un(Rj,a)by, (E.15)
n
/I 1 —id-R ; /_ 4 ’_ 1 a-R - ’ ’ 1 R ’
s’;. :Vb _ elqR’Si% , s)]{+:(s’]€ )T:N_bZquRJS2+’ s;g:_bZqustg’
q q
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where we assumed that the number of 2DEG unit cells matches the number of interfacial bonds.
By applying these transformations, we can rewrite Eqs. (E.13) and (E.14) as

2vSo kR+R)Tx+ —z(kR+R)x

int,d = E E E sin(k, a)[T o ki Ritq: b, +T; je I Ri*q-R)j) X'=p, |
VNg Ny

@ k4

(E.17)

28
Hines = N:ZZTelqR’S— (E.18)

Here, we used the approximation 1/ \/m ~ 1/4/N; under the condition N, > 1. The constant
Nr1 = NyNyN; represents the total number of unit cells in the FI, k| = (k,, k,) denotes the
in-plane components of the magnon wavevector k = (ky, ky, k;), and § = (g, g,) corresponds
to the wavevector of the 2DEG electrons. Using Egs. (E.17) and (E.18), we can express the
transition rate induced by interfacial interactions as Eq. (6.11):

Qkykry = ) Z —|(k’y’|<N |Hinal k) INgY 6 (E], + Ny hwy = EJ = Nghwg)p(Ng)
4.9’ Ng,N,
+ 7|<k’y’|Him,s|ky>|26(E7i ~E}). (E.19)

We evaluate the squared matrix elements appearing in this expression. In the following analysis,
we assume that the lattice constants of the FI and 2DEG are identical and that only the bonds
directly facing each other at the FI-2DEG interface contribute to the coupling. Defining 7; =
2.: T;,j, we adopt the following interfacial model for the FI-2DEG interface:

(Tpave =T1,  (5T;6Tave = T30}, (E.20)
6T = T; — (T} )ave- (E.21)

Here, (- - - )ave represents the configurational average over interfacial bonds, and 7} and 7, are
constants. Based on this interfacial model, we compute the configurationally averaged squared

matrix elements as follows:

(IKk"Y' (N7 | Hingal kY INg) P ave
48

= ~ 0 ZZZZSln(klza) sin(ky,a) [T N? bOkoy.g20k .41 +ZT2 i(—ky+q1+ko —42)- Rn]
FI b

ki @1 ky @

YN, 8], 55 P N e (Vg VNG + €.22)
<|<k/7/|Hints|k7>| >ave

28 .,
— () 0 X Mo TE Nzt + T | 55 e ey 5 ). E23)

q1 q2
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Here, h.c. denotes the Hermitian conjugate.

Next, we evaluate the squared matrix elements using the momentum representation of Hiy
provided in Eqgs. (6.6)-(6.10):

Hine = Hingd + Hins» (E.24)
mtd_ZZ(T PSYTSY T AT GSE TS, (E.25)
Hings = Z 76,qSosi§', (E.26)

q
dirty interface : T, g = T sin(q.a), Tog =7, (E.27)
clean interface : Ty g = T sin(q.a)d4, 4. To.g = T 640 (E.28)

First, using Eq. (E.27), the squared matrix elements for a dirty interface can be calculated as:

kY [Ny | Hincalley ) INg) I
—ZZZZ[T sin(k1.a) sin(ka.a) (K'y' (N 1S53 kv INg Y ey (N Sy 5, K'Y ) ING,)

ki 41 ky §2
+h.c., (E.29)
kY | Hinslley) > = > T2S5¢ky |55, ey ) ey | (s5,) 1K'y, (E.30)

91 92

Next, using Eq. (E.28), we obtain the squared matrix elements for a clean interface as

(k"Y' (N g/ | Hingalky) INg) I

- Z Z Z Z 7% sin(ki.a) sin(k2;@)0k,).4,0ky.42

ki 41 ky §2

x|y KN 1555, Ry ING) ey (N S s K'Y NG )| + e, (E31)
K'Y | Hins kY)Y = > " 726,000,055k |55 lkey) ey |(s5,) T lky).  (E32)
91 42

For a dirty interface with 71 <« T,, by comparing Egs. (E.22) and (E.23) with Egs. (E.29)
and (E.30), the coefficients 7 and 7 can be expressed as
2 2
2T; 4T;

T? = , JTi=—2, (E.33)
NFr1Np Np

For a clean interface with 77 > T, comparing Egs. (E.22) and (E.23) with Egs. (E.31) and
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(E.32), we obtain the following relationships:
T2=—L, T2=41% (E.34)

From the above equations, we find that 72 is larger than 72 by an order of Ngy.






Appendix F

Detailed Calculations of REMR

This appendix presents the detailed calculations related to Chap. 6. Sections F.1 and F.2 provide
detailed calculations for the dirty and clean interfaces, respectively, along with plots illustrating

the shift in chemical potential.

F.1 Detailed Calculations for the Dirty Interface

This section presents the detailed calculations in the case of a dirty interface as discussed in
Sec. 6.1.3. The interfacial interaction Hamiltonian Hjy for the dirty interface given by Egs. (3.27)
and (3.28) is expressed as Hint = Hintd + Hints. Here, Hie g represents the dynamic contribution
associated with magnon absorption and emission, while Hj, s describes the static contribution
that characterizes the exchange bias at the FI-2DEG interface. We can write the matrix elements
for these contributions as follows:

., V2SoT
(k' |Higgglk o)y = ~—=2

(6 oo Y sin(g:a)by

2
q
V2SoT* ,
+ 20 (6o Y sin(qza)by, (F.1)
q
, SoT . v
(k' |Hint,s|k0'> = OT(O-X oo (F.2)

Here, 0,0’ =T,|, and b; and b, denote the magnon creation and annihilation operators,

respectively. Through a basis transformation, it is found that the matrix elements for the energy
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eigenstate |k7y) in Eq. (3.8) are given by the following:

. \/25 T
(k"y'|Hinealky) =

Z Ca-y (k )(Ax )0'0' O'y(k) Zsln(qza)b

\/2S [* "o
D Co () e ay<k>2sm<qza>bq, (F.3)
o,0’
7 S 7: * N Aax
K'Y | Hinslky) = 22— ) Cory ()0 ) Cory (K). (F.4)

Substituting these matrix elements into the collision term due to interfacial scattering given by
Egs. (6.5) and (6.11) yields the following expression:

7TSO|T|2 2
(Ng)sin“(q.a)
int I; ;

X ([1 = vher(g) - (1 +Y her () - AR, v, K ¥)S(E], - EY = Tioy)

~ [+ Yhe (9) - 1[1 =¥ hesr(¢') - IA(K', Y. K, Y)S(E], =~ E) + Teo,) )

af(k,y)
ot

nS2 T R . . N
- =0 3 (14297 Lhear(9) - ] Then(¢) - 1] = 7y he(9) - he()
ah
x A(k,y.k',y)S(E], - E]). (F5)

Here, i = (cos 6, sin )7 is a unit vector representing the direction of the localized spins in the
FI and Ny denotes the number of unit cells in the FI. Additionally,

A(k’ Y kl, y,) = Bf()(k’ 7)[1 - f()(k/’ 7/)] [5ﬂ(k’ 7) - 6:“(k/a 7/)], (F6)

where ou(k,y) represents the shift in chemical potential. In the following, assuming that 7w,
is small, we approximate ¢ (E 7: - E,Z * fiwg) by 6 (Ey: - EZ). Assuming that the interfacial
scattering is sufficiently weak and applying the perturbative relation in Eq. (6.29), we obtain the
following integral equation for fp(k,y)

fD(ka}l) :gD(k 7’6)
2”61(,0

Caw K|[1+ 7Y he(¢) - hewr()]6(E], — EY) fo(K'.Y).

F.7
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where Gp(k, vy, 0) is defined as

Gp(k,y,0)
7D (ep)Sol2eExA 0 fo(EY) /2” dy’
B 202m* OE; Jo 27

2m* k(@)

X BT Y (Ng)sin(q:a){Ik| cos ¢ =y lieir(¢) - i (0)] Lhen(¢) - 1t (6)) =5 cos '}
q

+SO|7_'|2{|k|cosg0
2m* k(@)

+y(2Lher(p) - 11 (0)] e (') - 1(60)] = herr(9) - hear(¢)) =

cos go’}] , (F.8)

where (@) = Va2 + 82 + 2a8 sin 2¢. By successively substituting fp(k, ) into the right-hand
side of Eq. (F.7), we obtain the following solution to Eq. (F.7):

h2 2n dQD” 00 .,
folk,y) = Gp(k,y,0) + 5— / D 77”/ dk” |k"|6(E), — E))
2m 0 2r V7 0

2 ’ -1
7 7 d 7 ’ 7 ’ 7 1”7 "on
XheTﬂc(sO)(l —/0 290 heff(<,0)~heTﬂc(so)) hew(¢")Gp(K",y",6).  (F.9)

T

By performing the radial integration over the wavenumber in Eq. (F.9) and retaining only the

terms dependent on 6, we obtain the following expression:

dfo(E}) .
folk,y) =y——"het(¢) - V(0), (F.10)

OE)

nD(ep)Soe ExA - . _

V(0) = (F)on [—8|T|22(Nq)sm2(qza)+2So|‘7"|2]
q
2ﬂd”" ” ~ ” mnl7 Zﬂd”‘ ’ 7 ’ _lA
< [ ettty eos (= [ bt gt
0 T 0 2

(F.11)

Then, using 1 defined in Eq. (5.25), we can write the matrix appearing in the above expression
as

2 ’ -1

N ~ dy’ . N AT 2 I —¢

M=|i- heir(¢) - h - F.12
( A I eff(‘;o) eﬂ:(go )) 1_772 ( )’ ( )

and obtain the analytical solution expressed in Egs. (6.30)-(6.32).

To elucidate the modulation of the distribution function, Fig. F.1 presents the chemical
potential shift up (¢, y = +) plotted as a function of the wavevector orientation ¢. In these plots,

terms proportional to |T|? have been omitted as in Eq. (6.50) and the following normalization
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constant has been applied:

2ﬂD(€F)SgeExﬂ|T|2x
2

, (x=a,p). (F.13)

HxD = —

These plots are consistent with the schematic diagrams of the distribution function modulation

shown in Figs. 6.2 and 6.3.
From Eq. (6.12), the spin density induced in the 2DEG by the REMR at the dirty interface

can be expressed LlSil’lg fD(k, )/) as follows:
AS -— ky|o|k )4 k Y). F.14
D 2A Y DA

Substituting the analytical solution of fp(k,y) into this expression and using Eq. (5.8) to replace

the sum over wavevectors with an integral yields the following expression for the spin density:

ASD =

2m ng . A
27VE A Eheff(‘:o) [hei (@) - V(6)]

_ kFD (EF)S()eEXﬂ
- 2vFF2

y asinf — Bcosd (cos@ sin@) (1+n2)

[~4ITP Y N ysin? (g-a) + S0/
q

(F.15)

1 —n? sind cos@|\ —2n
In this calculation, we used the following approximation:

3 fo(E}) N y
—0E,Z ~ —6(E] — ). (F.16)

Thus, we obtain Eq. (6.35).

Next, by performing a similar calculation using Eq. (6.13), we obtain the following expression
for the charge current density induced in the 2DEG by the REMR:

Bjp = 2 3 D (k) folk.)
y=t k

_ the [ dehate) VO
nh2vg Jo 2m k(@)

(F.17)

(a® + B?) cos ¢ + 2B sin 3¢
(a? + B?)sing — 2aBcos3¢ |

Substituting Eq. (F.11) into Eq. (F.17) yields the following expression:

_ eszD(GF)SoExﬂ

Aj
JD h2VFF2

—(a? + %) cosOsiné + af

(F.18)

ing — 2
[_4|T|ZZ<Nq>Sin2(qza) +So|‘7_'|2]( (asinf - fcos ) )
q
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—0=0 —0=r/4

a} 1 f=m/2 —0=3r/4

£ Bla=0

+ 0.5

£ 0

|
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T 1

= 0 /2 ™ 3r/2 27
—0=0 —0=mx/4

a2 90 =mn/2 —0=3r/4
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Figure F.1: Left Panels: The chemical potential shift 6 up (¢, +)—dup (o, +) for adirty interface,
plotted as a function of the electron wavevector orientation ¢, is shown for 8/a = 0 (top plot)
and /B = 1.1 (bottom plot). For 8/a = 0 («/B = 1.1), the reference point for the chemical
potential shift is taken at ¢g = 7/2,37/2 (pg = 37/4, 71 /4). Note that y = + indicates the inner
Fermi surface. Right Panels: Schematic diagrams of the distribution function deviation for 8 = 0
(upper diagrams) and a/B = 1.1 (lower diagrams). The orange (blue) regions indicate areas
where the distribution function increases (decreases) relative to the reference point. Adapted
from Ref. [50].

By excluding the term that does not depend on 6, we obtain Eq. (6.36).

F.2 Detailed Calculations for the Clean Interface

This section provides the detailed calculations for the clean interface discussed in Sec. 6.1.4.
The interfacial interaction Hamiltonian Hj, for the clean interface, described by Egs. (3.27) and

(3.29), is divided into dynamic and static contributions expressed as Hint = Hintd + Hines. We
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can write the matrix elements for these contributions as follows:

, \2SoT oo -

(k'0 | Hinalker) = 226" Vv ) bysin(q:a)y, -k
q
VISOT* ,
+ = (0 e Y bysin(q:a)5y, ki (F.19)
q

, SoT

(k'0” | Hinys k) = =20 )i (F.20)

Through a basis transformation, we can write the matrix elements in the basis of the energy

eigenstates |kvy) as follows:

\/2S T
(k"Y' |Hinalky) = Zcﬂ ()6 oo w“‘)Zb sin(g.a)d g, k-
\/ZS T*
Z CO. ! (k' )(Ax+)0'0' o-y(k) Z by Sln(Qza)aq” k—k» (F21)
SoT
(k"Y' | Hingsly) = =— Z oy (k)5 ) Cory () S e (F.22)

Here, compared to the case of the dirty interface, it can be seen that in the case of the clean

interface, the in-plane momentum conservation introduces a Kronecker delta.

The subsequent calculation is nearly identical to that of the dirty interface, except for the fact
that the in-plane momentum conservation law holds. From the Boltzmann equation, we obtain

the following integral equation for the distribution function fc(k,y):

fC(k’ 7) = QC(k”y’ 9)

hz 2ﬂd ’ ® ’ ’ 1 7 ’ ! r o
[T [ I ey o) o IO(EL ~ ED ek,
2m 0 21 v 0

(F.23)
412D (ep)So|T|>AeE, 0 fo(E])
Ge(k.y.0) = () SolT Pl ZH i
2m 9E]
271 /
X Z/ N(p - ¢, q2)sin*(q.a)F (k. v, ¢',6), (F.24)
q:>0
F(k,y,¢',0) = |k|cos ¢ — [2m*E] [h* cos ¢
m*h A N |k| cos ,
3 TR ) ) - i (0)] Lhen () - 12 (6)] Y _2cosy

2
h=ke \ /2m*EZ/h2

(F.25)
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Here, N(¢, q;) denotes the magnon Bose distribution given by Eq. (6.48). Assuming that the
magnon energy fiwg = hiwg, 4. 1s sufficiently small compared to the spin-splitting width of the
energy band for 2DEG conduction electrons, we employed the approximation & (E7: - Ez +
hws(k-kr),q,) = 0 (EY: - E;{') Solving Eq. (F.23) through successive substitution yields the
following solution for Eq. (F.23):

hz 27Td " 144 « 144 144
elkoy) = Getky )+ 5 [ 7SSy [ aw i
,y//

2m* 2

27 g 7 -1
7 1 d 7 ’ 7 ’ 7 ” " " o_n
<ilyo)(i- [ Gt i) e OEL - EDGeK". "0
(F.26)

For the clean interface, the modulation of the spin density and charge current density induced in
the 2DEG by the REMR can be expressed using the distribution function fc(k,y) as follows:

f 00 Zﬂd(p )
sc0) =2 3 [ ak k) [ SLkotkn et ®27)
o 27rd
8jel0) = 5= 3, [ dkikd [ Stk etk (£28)
Y

Substituting the solution given by Eq. (F.26) into Eqgs. (F.27) and (F.28) and applying Eq. (F.16)
yields the results Eqgs. (6.40)-(6.45) in the main text.

Using Egs. (F.26) and (6.38), we obtain an analytical solution for the chemical potential shift
at the Fermi surface, Suc(¢,y) = duc(k,y) |EZ=#:

_47TD(6F)S0|T|2.?(eExy
2

ouc(e,y) = I (¢). (F.29)

Here, J (¢) is as introduced in Eq. (6.42). Note that in Eq. (F.29), terms independent of y and
6 have been omitted. In Fig. F.2, we plot Suc(¢,y = +) from Eq. (F.29) as a function of ¢. The
normalization constant used for these plots is as follows:

4kpLD(ep)Soe ExA|T|*x
1’*2

frc = . (x=a.p). (F.30)

These plots are consistent with the schematic diagrams illustrating the modulation of the distri-

bution function shown in Figs. 6.4 and 6.5.
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0 =m/4

[opc(

—15
1% /2 T 37/2 27

or m

or Hr/4

> WAjc
0 = 3m/4 or Tr/4

Figure F.2: Left Panels: The chemical potential shift duc (¢, +)—duc (o, +) for a clean interface,
plotted as a function of the electron wavevector orientation ¢, is shown for 8/a = 0 (top plot)
and /B = 1.1 (bottom plot). For 8/a = 0 (a/B = 1.1), the reference point for the chemical
potential shift is taken at ¢y = 0, 7 (@9 = 7/4, 57 /4). Note that y = + indicates the inner Fermi
surface. The parameters are set to kg7 /fiwg = 3, |yg|hac/wo = 0.1, and kra = 0.1. Right
Panels: Schematic diagrams of the distribution function deviation for 8 = 0 (upper diagrams)
and /B = 1.1 (lower diagrams). The orange (blue) regions indicate areas where the distribution
function increases (decreases) relative to the reference point.
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