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Thesis Summary 

 
Spin-charge interconversion via Rashba spin-

orbit coupling at metal/oxide interfaces 
  

(金属/酸化物界面におけるラシュバスピン分裂によるスピン

－電荷相互変換) 

 

     Spintronics, which is a study based on two fundamental properties of carriers: spins and charges, has 

attracted great attention in the last two decades. Spintronics has several advantages over conventional 

electronics; for example, flowing of the spins without moving charges causes less energy loss so spintronics 

devices have less heat dissipation. For making spintronics devices, the generation, manipulation, and 

detection of spins are the fundamental functions required. One of the most common ways to reach these 

requirements is using the interconversion between charge and spin.  So far, two mechanisms for the spin-

charge interconversion originating from the spin-orbit interaction have been demonstrated: spin Hall effect 

(SHE) and Rashba-Edelstein effect (REE). Spin Hall effect appears in any conductive materials with spin-

orbit coupling (SOC). An applied charge current converts to a transverse spin current in SOC materials; this 

charge-to-spin current conversion is called direct spin Hall effect (DSHE). The inverse effect, a process that 

converts a spin current into a transverse charge current, is called inverse spin Hall effect (ISHE). In contrast, 

REE originates from the Rashba SOC induced by the broken potential symmetry. At certain interface state 

in x-y plane without inversion potential symmetry, the Hamiltonian of Rashba SOC can be described as 

𝑯ୖ = 𝛼ୖ(𝒑 × 𝒛ො) ∙ 𝝈, where 𝝈 is the vector of Pauli spin matrices, 𝒑 is the momentum, and 𝛼ୖ is so-called 

Rashba parameter. Because the 𝛼ୖ(𝒑 × 𝒛ො) term acts as a fictitious Rashba magnetic field, the conduction 

electron spins are aligned along 𝒑 × 𝒛ො direction. This phenomenon is known as spin-momentum locking. 

When an electric field is applied, the Fermi contour with spin-momentum locking shifts and generates non-

equilibrium spin accumulation, whose gradient drives a diffusive spin current into an adjacent conductive 

layer. This charge-to-spin (C-S) conversion is called the direct Edelstein effect (DEE). In reverse, injecting 

the spin current into the interface generates charge current and this phenomenon is called the inverse 

Edelstein effect (IEE). Recently, it has been shown that the conversion efficiency through IEE can be even 

larger than SHE in typical SHE materials such as β-W and Pt [E. Lesne, et al. Nat. Mat. 15, 1261-1266 

(2016)]. Therefore, the spin-charge interconversion via Rashba SOC is expected to have greater potential in 

spintronics application. So far, the S-C conversion at three types of Rashba interfaces have been studied: 

metallic interface, metal/oxide interface and oxide/oxide interfaces. The origin of Rashba effect at metallic 
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and oxide/oxide interfaces have been well studied in last few years. However, there are only few experiment 

reports of metal/oxide Rashba interfaces. Metal/oxide interfaces have two advantages: the lower resistance 

of metal layer than SHE materials promises a lower energy consumption than using SHE effect, and it is also 

possible to apply gate voltage at oxide insulator layer to control Rashba effect. For the possible spintronics 

application, a further understanding of metal/oxide type Rashba interfaces is necessary.  

     In this thesis, we focus on the spin-charge interconversion via Rashba spin-orbit coupling at metal/oxide 

interface. The spin-to-charge conversion is measured by spin pumping method and the charge-to-spin 

conversion is detected by spin-torque ferromagnetic resonance method. Firstly, to clarify guiding principles 

for designing metal/oxide interfaces, we investigated the materials dependence of conversion efficiency at 

various metal/oxide interfaces. In addition, because the metal/oxide interface is contacted with metal layer 

directly, it is expected that the conversion efficiency at the interface state may be influenced by the adjacent 

metal bulk state. To understand the relation between metal/oxide interface and metal bulk, we increased the 

electron momentum relaxation time of metal bulk by decreasing temperature and investigated the temperature 

dependence of S-C conversion at metal/oxide interface.  

The major results of the thesis are as follows: 

Strong modulation of Rashba spin-splitting due to material dependent electron distribution at 

metal/Bi2O3 interfaces. (Chapter 4) 

     To understand how to design the metal materials of non-magnetic metal (NM)/oxide interface with large 

Rashba spin-splitting, NM material dependence of spin-to-charge (S-C) conversion efficiency at NM/Bi2O3 

interfaces is investigated by spin pumping method. Cu, Ag, Au, and Al are used as NM materials. We 

observed large modulation and sign change in spin-to-charge (S-C) conversion efficiency 𝜆୍୉୉  which 

corresponds to the variation of Rashba spin-splitting. The experimental results together with first-principles 

calculations indicate that such large variation is caused by material dependent electron distribution near the 

interface. We found that the work function difference between metal and oxide materials is an important 

essence for determining electron distribution and Rashba parameter 𝛼ୖ. A smaller work function difference 

corresponds to a stronger localization of electron distribution near NM nuclei which results in a larger 𝛼ୖ 

and 𝜆୍୉୉. In addition, the sign of work function change the direction of interfacial electric field and therefore 

change the sign of  𝛼ୖ. We also found that the SOC of NM layer has almost no contribution to Rashba effect 

at metal/oxide interface because the SOC of Bi is much larger and becomes dominant. This study suggests a 

way to design the metal/oxide interface for large Rashba spin-splitting and efficient spin-to-charge 

interconversion. [H. Tsai, S. Karube, K. Kondou, N. Yamaguchi, F. Ishii and Y. Otani, "Clear variation of 

spin splitting by changing electron distribution at non-magnetic metal/Bi2O3 interfaces", Scientific Reports, 

vol. 8, no. 1, 2018.] 
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Efficient spin-charge interconversion at Cu(Ag)/oxide interfaces without heavy elements.  (Chapter 5) 

     In chapter 4, Bi2O3 is used as the oxide layer due to the large spin-orbit coupling of Bi. To improve the 

materials selections for oxide materials at metal/oxide interface, the oxide materials dependence of S-C 

conversion is investigated. SnO2, HfO2, Al2O3, SiO2, ITO (Indium Tin oxide) are used as oxide layer. From 

spin pumping measurement, only Cu/ITO interface shows notable S-C conversion signal which is 5 times 

larger than others; this results cannot be explained by only the strength of SOC. We further investigate both 

S-C conversion and charge-to-spin conversion at Cu(Ag)/ITO interfaces. Both the conversion efficiency and 

𝛼ୖ of Cu(Ag)/ITO are comparable to Cu/Bi2O3 despite of the 5-6 times smaller SOC of In and Sn than Bi. In 

addition, estimated spin current conductivity at Cu(Ag)/ITO interface is even larger than typical spin Hall 

materials Pt and Ta due to the high conductivity of Cu(Ag) layer. These results indicate that heavy element 

is not necessary for efficient spin-charge interconversion at metal/oxide interfaces. Such large 𝛼ୖ should 

originate from some special features of the electron distribution at Cu(Ag)/ITO interfaces though the exact 

shape of electrons distribution is out of our understanding. One hypothesis is that the conductive feature of 

ITO may enable more electrons locate near In or Sn nuclei than Bi in insulating Bi2O3. Further studies are 

required to understand whether the conductive oxide layer can really enhance the Rashba effect at metal/oxide 

interfaces. [K. Kondou, H. Tsai, H. Isshiki, and Y. Otani "Efficient spin current generation and suppression 

of magnetic damping due to fast spin ejection from nonmagnetic metal/Indium-tin-oxide interface", APL 

Materials 6, 101105, 2018.] 

 

Enhancement of S-C conversion due to the increasing momentum relaxation time of metal layer at low 

temperature (Chapter6) 

     Spin-to-charge conversion coefficient λ୍୉୉ can be described by λ୍୉୉ = 𝛼ୖτூாா/ℏ, where τூாா is the spin 

relaxation time at interface. Therefore, increasing τூாா  is a way to enhance λ୍୉୉  without changing 𝛼ୖ . 

Because τூாா is strongly influenced by the momentum relaxation time of adjacent metal layer, it is possible 

to modulated λ୍୉୉  by changing 𝜏௣
ேெ .   In this study, we increases conductivity of metal layer, which is 

proportional to 𝜏௣
ேெ , by decreasing temperature from 290 K to 10 K at Cu(Ag)/Bi2O3 interfaces. 40(17) 

percentages enhancement of λ୍୉୉ at 10 K due to the increased 𝜏௣
ேெ at Cu(Ag)/ Bi2O3 interface are observed. 

From the experiment results, we found that the spin relaxation time τூாா  at metal/oxide interface is 

proportional to 𝜏௣
ேெ of metal layer. This relation can be explained by the spin-momentum locking at interface 

and the additional momentum relaxation process induced by the hybridization between 2D interface state and 

3D metallic state. This study indicates that λ୍୉୉  at metal/oxide interface can be enhanced by increasing 

conductivity, i.e. making high conductivity metal layer, and also provides a further understanding of the 

mechanism of the spin-to-charge conversion at metal/oxide interfaces. [H. Tsai, K. Kondou, and Y. Otani, 

"Enhancement of spin-to-charge current conversion at metal/oxide interface by increasing momentum 

relaxation time", in preparation.] 
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Chapter 1 

Introduction 
     In this chapter, we start with a general review of spintronics and the background of this 

thesis, and then describe the motivation and purpose. 

1.1 Spintronics 

    Spintronics, which is a study based on two fundamental properties of carriers: spins and 

charges, has attracted great attention in last two decades. Spintronics emerged from the 

discoveries of giant magnetoresistance (GMR) in multilayers composed of alternating 

ferromagnetic and non-magnetic conductive layer by Albert Fert [1-1] and Peter Grünberg 

[1-2] in 1988. GMR effect shows tens of percentages variation of magnetoresistance, i.e. 

20% at room temperature and 85% at 4.2 K observed by Albert Fert [1-1]. This value is 

much larger than the magneto-resistance of metal materials which is about few percentages. 

GMR technology dramatically increase the sensitivity and decrease the size of magnetic 

field sensors, which is widely used in hard disk in computers. Since then, studies in 

spintronics field have shown rich application in improving the conventional electronics 

devices.  

    Nowadays, the rapid development of electronics, especially in computing and 

information storage, have changed the life of human beings. However, when purchasing a 

higher density of integrate circuit and better performance of electronic devices, the 

increasing energy consumption becomes a serious problem. In conventional electronics 

devices, a continuously flowing current is required to maintain and transport the 

information of charge; therefore, massive power consumption is generated by Joule heating 

and even more energy is required for cooling the devices. In addition, more charge leakage 

is occurred when the sizes of the devices are scaled down. In contrast, for spintronics 

devices, flowing of only spin angular momentum without moving charges, which is so-

called spin current or pure spin current, has less heating effect and causes less energy loss. 
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Thus, spintronics devices are considered as a powerful candidate of next generation devices. 

The generation, manipulation, and detection of the spin current are the most fundamental 

functions for developing spintronics devices. A general way to reach these requirements is 

using the interconversion between charge and spin, which is the main topic of this thesis.  

So far, two of the most common mechanisms for the spin-charge interconversion 

originating from the spin-orbit interaction have been demonstrated: spin Hall effect (SHE) 

and Rashba-Edelstein effect (REE). 

 

Spin Hall Effect 

     Spin Hall effect (SHE) is a spin-charge interconversion phenomenon appearing in any 

conductive materials with spin-orbit coupling (SOC). An applied charge current converts 

to a transverse spin current and generate a spin accumulation at the edge of bulk materials 

as shown in Fig. 1-1(a); this charge-to-spin current (C-S) conversion is called direct spin 

Hall effect (DSHE). The inverse effect, a process that converts a spin current into a 

transverse charge current as shown in Fig. 1-1(b), is called inverse spin Hall effect (ISHE). 

It is first predicted by Mikhail I. Dyakonov and Vladimir I. Perel in 1971 [1-3] and revised 

by Hirsch [1-4]. However, there was no any experiment evidence during a long time until 

2004; Kato et al. succeed to experimentally observe the spin accumulation due to SHE at 

GaAs/InGaAs [1-5]. In this experiment, a charge current is injected into GaAs/InGaAs 

heterostructures and generates a spin accumulation at the edge; this spin accumulation is 

observed by using a spatially resolved magneto-optical Kerr effect setup (MOKE) as 

shown in Fig. 1-1(c). After the first optical observation of SHE, the electrical detections 

and the characteristics of SHE of various materials becomes a hot topic. The key parameter 

of SHE is the conversion efficiency between spin and charge current, which can be defined 

as spin Hall angle (SHA).  So far, several techniques have been developed to determine 

SHA of materials, such as spin pumping [1-6], spin-torque ferromagnetic resonance (ST-

FMR) [1-7], non-lateral spin injection [1-8], and spin Hall magnetoresistance (SMR) [1-9]. 

Many materials have been investigated by these techniques, and it has been found that 

heavy metals, such as Pt and β-W [1-10], have larger SHA about few percentages to over 

10%. Using SHE materials is considered as a promising way to generate and detect spin 

current, and it already shows great potential in the application of spintronics devices, such 
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as magnetization switching [1-11] and domain wall motion [1-12]. Though SHE has been 

intensively studied in last two decades, a search of large SHE materials and the suitable 

SHE materials for commercial application is still one of the most important topics in 

spintronics field.  

 

Figure 1-1.  (a) A schematic of direct spin Hall effect (DSHE). (b) A schematic of inverse 

spin Hall effect (ISHE). (c) Spin accumulation observed by MOKE at GaAs/InGaAs 

sample. The red and blue point show the opposite spin directions [1-5]. 

 

Rashba-Edelstein effect 

     Rashba-Edelstein effect (REE) is a spin-charge interconversion phenomenon originates 

from the momentum-dependent splitting of spin bands at 2-dimension electron gas with 

Rashba effect. Rashba effect is theoretically demonstrated by Rashba in 1959 [1-13]. At 

certain surface or interface of materials, i.e. surface of Au(111), an surface/interfacial 

electric field is naturally generated by the Fermi energy difference and thus the inversion 

potential symmetry is broken by the electric field. This kind of surface/interface is called 

Rashba surface/interface. The Rashba Hamiltonian can be described as 𝑯ୖ = 𝛼ୖ(𝒑 × 𝒛ො) ∙

𝝈, where 𝝈 is the vector of Pauli spin matrices, 𝒑 is the momentum, and 𝛼ୖ is so-called 

Rashba parameter. Because of this spin-dependent Hamiltonian, the energy bands of spin 

up and down splits at Rashba system. Additionally, because the 𝛼ୖ(𝒑 × 𝒛ො) term acts as a 

fictitious Rashba field, the conduction electron spins are aligned along 𝒑 × 𝒛ො direction as 

shown in Fig. 1-2(a). This phenomenon is known as spin-momentum locking. The first 
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observation of Rashba state on metal surface succeeded in 1996 on the Au(111) surface by 

using angle-resolved photoemission spectroscopy (ARPES) [1-14]. A spin-splitting of 

free-electron-like energy band is observed as shown in Fig. 1-2(b). In 1990, Edelstein 

demonstrated that a spin accumulation can be occurred by inducing electric current in 

2DEG with Rashba SOC [1-15]. When an electric field Ex is applied, the Fermi contour 

with spin-momentum locking shifts in x-direction and generates non-equilibrium spin 

accumulation, whose gradient drives a diffusive spin current into an adjacent conductive 

layer. This charge-to-spin (C-S) conversion is called the direct Edelstein effect (DEE). In 

reverse, injecting the spin current into the interface generates charge current; this 

phenomenon is called the inverse Edelstein effect (IEE). Note that the conversion 

efficiency of IEE and DEE is both proportional to Rashba parameter.  

 

(a)                                                                     (b) 

 

  

 

 

 

 

 

 

Figure 1-2.  (a) Typical spin-momentum locking in Rashba system (b) Rashba spin-

splitting at surface of Au(111) observed by angle-resolved photoemission spectroscopy 

(ARPES) [1-14] 

 

      In 2010, a spin-transfer torque generated by DEE is observed at Pt/Co/AlOx tri-layers 

structure in the study of magnetization switching [1-16]. A few years later, the first 

experiment evidence of spin-charge conversion via IEE is observed at Ag/Bi Rashba 

interface by spin pumping method [1-17]. The S-C conversion efficiency via IEE is defined 

as λ୍୉୉≡ 𝑗௖(ଶ஽)/𝐽௦, where  𝑗௖(ଶ஽) is the charge current density at 2D interface and 𝐽௦ is the 

3D spin current density. Estimated λ୍୉୉ at Ag/Bi interface is 0.3 nm. In this paper, by using 
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the model of strong spin-momentum locking Rashba system, λ୍୉୉ is described by λ୍୉୉ =

𝛼ୖτூாா/ℏ, where τூாா  is the spin relaxation time. In contrast, by using a more general 

Rashba model which includes the case of weak spin-orbit coupling, Shen, K. theoretically 

demonstrated a similar relation that λ୍୉୉ = 𝛼ୖτ௣/ℏ, while τ௣ is the electron momentum 

relaxation time at interface. Authors of Ref. [1-17] comment that because τ௣ equals to τூாா 

in the strong-orbit coupling system, this two relations are actually consistent. Since then, 

Rashba-Edelstein effect is intensively studied as an alternative effect of spin Hall effect. 

Recently, it has been shown that the conversion efficiency through IEE can be one order 

larger than typical SHE materials such as β-W and Pt [1-18]. This result shows the great 

potential of Rashba interface in spin-charge interconversion. In addition, while the 

conversion efficiency of SHE is confined by the atomic SOC of bulk materials, the REE at 

Rashba interface does not only depend on SOC but also the broken inversion symmetry 

induced by the combination of materials at interface. This feature of REE enables plentiful 

material selection for spin-charge interconversion. Thus, Rashba interface is expected to 

have great potential in spin generation and detections and the studies of how to design 

materials of Rashba interfaces becomes an important issue in spintronics field. 

 

1.2 Background 

     So far, Rashba effect and Rashba-Edelstein effect have been studied in mainly 3 types 

of interfaces: metallic interface [1-17], metal/oxide(insulator) interface [1-19], and 

oxide(insulator)/oxide(insulator) interface [1-18, 20]. In last few years, metallic interface 

and oxide/oxide interface have been well studied by various methods. In 2007, a largest 

value of Rashba parameter until now, 𝛼ୖ~3 eV·Å, was observed at Ag(111)/Bi metallic 

interface by ARPES [1-21]. By using other materials instead of Ag or Bi layer, such as 

Cu/Bi [1-22,23] and Ag/Pb [1-24] interface, several metallic interfaces have been 

investigated by ARPES and first-principle calculation. From these studies, it has been 

known that such large Rashba spin-splitting at metallic interfaces comes from the surface 

alloying structures at the interface and the atomic SOC of heavy element Bi or Pb [1-

21~24]. In 2013, J. C. Rojas Sánchez et al. succeed to observed the IEE at Ag/Bi by spin 

pumping method [1-17]. In this experiment, NiFe/Ag/Bi tri-layer samples are prepared for 
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spin pumping method as shown in Fig. 1-3(a). By exciting NiFe layer in ferromagnetic 

resonance, a spin current is pumped from NiFe layer to the Ag layer and converts to charge 

current at Ag/Bi interfaces via IEE which can be electrically detected. Fig. 1-3(b) shows 

the FMR resonance spectrum and the detected current spectrum at NiFe/Ag, NiFe/Bi, and 

NiFe/Ag/Bi samples. All of them shows clear FMR resonance while only NiFe/Ag/Bi 

shows much larger charge current signal than others, which indicates that the S-C 

conversion due to IEE at Ag/Bi Rashba interfaces is most dominant. The S-C conversion 

efficiency, λ୍୉୉≡ 𝑗௖(ଶ஽)/𝐽௦, is estimated to be 0.3 nm at Ag/Bi interface. For comparison 

with spin Hall effect, the spin Hall angle of materials can be converted to λIEE through λIEE 

=θSHElsf , where θSHE is the spin Hall angle and lsf is the spin diffusion length [1-18]. As the 

results, λ୍୉୉ is 0.2 nm for Pt, 0.3 nm for Ta and 0.43 nm for β-W [1-10]. Thus, the S-C 

conversion efficiency at Ag/Bi is comparable to typical SHE materials, which should be 

large enough for possible application. 

 

(a)                                                       (b) 

 

 

 

 

 

 

 

 

Figure 1-3.  (a) Schematic of spin pumping measurement in NiFe/Ag/Bi tri-layer [1-17] 

(b) detected charge current spectrum in [1-17]. No detected signal at NiFe/Ag sample  

 

     In case of oxide/oxide interface, the 2DEG at oxide/oxide interfaces is first observed at 

the LaAlO3(LAO)/SrTiO3(STO) interfaces in 2004 [1-25]. Few years later, A. D. Caviglia 

et. al. reported that Rashba SOC at LAO/STO interfaces can be tuned by applying gate 

voltage, and the maximum value of 𝛼ୖ estimated by weak localization measurements is 

~0.05 eV·Å [1-26]. Following this studies, by applying gate voltage on the STO layer in 
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spin pumping measurement, a tunable and high efficient S-C conversion at LAO/STO is 

observed in 2016 [1-18]. The sample structure is the same as the experiment of Ag/Bi 

before but this time with a gate voltage applied at the bottom of STO layer as shown in Fig. 

1-4(a). Fig. 1-4(b) shows the current spectrum modulated by different gate voltages. A 

maximum value of conversion efficiency λ୍୉୉ becomes to 6.4 nm, which is one order larger 

than Ag/Bi interfaces even though 𝛼ୖ  at LAO/STO is 2 orders smaller than Ag/Bi 

interfaces. Such large λ୍୉୉ can be explained by the relation λ୍୉୉ = 𝛼ୖτ௣/ℏ. Because τ௣ is 

much longer at LAO/STO interfaces (~ps) than Ag/Bi interfaces (~fs), an efficient λ୍୉୉ can 

be obtained even with quite small 𝛼ୖ.  

 

(a)                                    (b) 

 

Figure 1-4.  (a) Schematic of spin pumping measurement at LAO/STO interfaces with gate 

voltage [1-18] (b) Current spectrum detected with various gate voltages at LAO/STO 

interfaces [1-18]. 

 

     Compared to metallic interface and oxide/oxide interfaces, there are only a few 

experiment reports of metal/oxide Rashba interface so far. The first experiment evidence 

of metal/oxide Rashba interfaces is the observation of efficient S-C conversion at Cu/Bi2O3 

interfaces by spin pumping method in 2016 [1-19].  Estimated λ୍୉୉ of Cu/Bi2O3 is 0.2-0.6 

nm, which is comparable to Ag/Bi interfaces while the estimated 𝛼ୖ is one order smaller 

than Ag/Bi. Subsequently, a spin accumulation generated by charge current via DEE at 

Cu/Bi2O3 and Ag/Bi2O3 interfaces is observed by MOKE [1-27]. Later, Rashba-Edelstein 

magnetoresistance (EdMR), which is related to both IEE and DEE, is observed in 

CoFe/Cu/Bi2O3 systems [1-28]. From these studies, there are sufficient evidences of the 

Rashba-Edelstein effect at metal/oxide interfaces, where the S-C conversion efficiency 



8 
 

λ୍୉୉ is comparable to metallic interfaces and typical SHE materials. In addition, because it 

is possible to apply the gate voltage on an insulating oxide layer, which is similar with 

oxide/oxide interface case, a tunable 𝛼ୖ  may be expected at metal/oxide interface. 

Therefore, metal/oxide interface is considered as a good candidate for efficient spin-charge 

interconversion. However, in previous studies, only two kinds of metal/oxide interfaces, 

Ag/Bi2O3 and Cu/Bi2O3, have been investigated so far. Thus, the role of metal or oxide 

layer in the interfacial Rashba effect is still unknown and the guide principle for designing 

suitable metal/oxide Rashba interface is not clear yet. A systematically investigation, i.e. 

materials dependence, is necessary to understand how to enhance the conversion efficiency 

at metal/oxide interfaces for possible application in the spintronics field. For these purpose, 

in this thesis, we focus on the spin-charge interconversion via Rashba spin-orbit coupling 

at metal/oxide interface. 

 

1.3 Motivation and purpose 

     As introduced in section 1.2, metal/oxide interface is considered as a good candidate for 

efficient spin-charge interconversion. Here we summarized the characteristics of metallic 

interfaces, oxide/oxide interface, and metal/oxide interface in Table. 1-1. The purpose of 

this thesis is to clarify the origins of the Rashba effect at metal/oxide interfaces and to 

enhance λ୍୉୉  at metal/oxide interfaces. For this purpose, firstly, to understand the 

contribution of metal layer, we investigate the metal materials dependence of 𝛼ୖ and λ୍୉୉ 

at metal (Cu, Ag, Au, Al)/ Bi2O3 interfaces by spin pumping method. Also a first-principle 

calculation, which is a collaboration work with Prof. Ishii’s group in Kanazawa University, 

is performed to calculated the band structure and 𝛼ୖ  at Cu, Ag, Au/ Bi2O3 interfaces. 

Secondly, we investigated the oxide materials dependence of 𝛼ୖ  and λ୍୉୉  at Cu/oxide 

interfaces by using SnO2, HfO2, Al2O3, SiO2, ITO (Indium Tin Oxide) as the oxide 

materials. In addition, previous studies suggest that λ୍୉୉  is related to an electron 

momentum relaxation time τ௣ at interface and the momentum relaxation time 𝜏௣
ேெ of metal 

layer. Therefore, we try to increaseτ௣  and 𝜏௣
ேெ  by decreasing temperature and observe 

whether λ୍୉୉ can be enhanced. 
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Type of interfaces Origins Example 𝛼ୖ (eV·Å) τூாா λ୍୉୉ (nm) 

Metal/metal Atomic SOC, 

Surface 

alloying 

 

Ag/Bi 3 ~fs 0.2-0.4 

 

Oxide/oxide 

 

 

 

2DEG in 

quantum 

well 

 

LAO/STO 

 

0.01-0.05 

 

~ps 

 

0-6.4 

 

 

Metal/oxide 

 

 

 

? 

(This work) 

 

 

Cu/Bi2O3 

(This work: 

metal/Bi2O3 

, Cu/Oxide) 

 

 

0.3-0.4 

 

 

 

~fs 

 

 

0.2-0.6 

 

Table. 1. Comparison of the origins,  𝛼ୖ, τூாா, and λ୍୉୉ at 3 types of Rashba interfaces. 

 

1.4 Outline 

This thesis consists of 7 chapters. 

     Chapter 1 gives a general review of spintronics and spin conversion phenomenon, and 

introduces the background of this thesis, and then describes the motivation and purpose. 

     Chapter 2 summarizes the theory on Rashba effect, Rashba-Edelstein effect, spin 

pumping, and spin-transfer torque ferromagnetic resonance (ST-FMR). 

     Chapter 3 describes the sample fabrication, experiment method of spin pumping and 

ST-FMR, and the first-principle calculation method. 

     Chapter 4 describes the experiment and the calculation results of metal materials 

dependence of the S-C conversion efficiency and Rashba parameter at metal/Bi2O3 

interfaces. A large modulation and sign change in conversion coefficient which 

corresponds to the variation of spin splitting are observed. The origin of this strong metal 

materials dependence is the electron distribution at interfaces which will be discussed in 

chapter 4. 
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      Chapter 5 describes the oxide materials dependence of the S-C conversion efficiency 

and Rashba parameter at Cu/oxide interfaces. A surprisingly efficient S-C conversion is 

observed at Cu/ITO interfaces whose conversion coefficient is comparable to Cu/Bi2O3 

interface even though the atomic SOC at Cu/ITO is about 5 times smaller than Cu/Bi2O3. 

An efficient C-S conversion at Cu, Ag/ ITO interfaces is also observed by ST-FMR method. 

These results indicate that heavy element is not necessary for efficient spin-charge 

interconversion. The origins of this efficient conversion is not clear yet and we will discuss 

the possible origin in chapter 5. 

      Chapter 6 describes the temperature dependence of S-C conversion efficiency at Cu, 

Ag/ Bi2O3 interfaces. The S-C conversion efficiency at Cu (Ag)/Bi2O3 interfaces enhances 

40 (17)% at 10 K compared with RT by increasing the conductivity in Cu(Ag). By 

calculated the momentum relaxation time of metal, 𝜏௣
ேெ, at each temperature, we found the 

relation λ୍୉୉ ∝ 𝜏௣
ேெ. The origin and meaning of this relation will be discuss in chapter 6.  

     Chapter 7 summarizes the conclusions and the future prospects of this thesis. 
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Chapter 2 

Theory 
     In this chapter, we summarize the theory of Rashba effect, Edelstein effect, spin 

pumping, and spin-transfer torque ferromagnetic resonance (ST-FMR). 

 

2.1 Rashba effect 

In this section, the basic theory of Rashba effect is introduced. 

 

2.1.1 Spin-orbit coupling 

When an electron moving in an electric field E with momentum p, in its rest frame there is 

an effective magnetic field B given by 

 
𝑩 =

𝒑 × 𝑬

𝑚௘
∗𝑐ଶ

 
 

(2-1) 

where p, E, 𝑚௘
∗ , and c are the momentum of electron, electric field, effective mass of 

electron, and speed of light, respectively. This effective field B induces a momentum-

dependent Zeeman energy 𝐻௦௢௖ : 

 
𝐻௦௢௖ =

𝜇஻(𝒑 × 𝑬) ∙ 𝝈

2𝑚௘
∗𝑐ଶ

 
 

(2-2) 

where 𝜇஻ is Bohr magneton and 𝝈 is the electron spin, e.g. the Pauli matrices. There is an 

additional factor 1/2 known as Thomas correction when electron moves in closed orbits in 

atoms. By using the relation 𝑬 = −∇𝑉 and  𝜇஻ = 𝑒ℏ/2𝑚௘
∗ , equation (2-2) becomes to 

 
𝐻௦௢௖ =

ℏ

4𝑚௘
∗ ଶ𝑐ଶ

 𝝈 ∙ (∇𝑉 × 𝒑) 
 

(2-3) 

where V is the potential. This Zeeman energy 𝐻௦௢௖ , depending on the trajectory of the 

electron, is known as the spin-orbit coupling (SOC). 
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2.1.2 Inversion symmetry and spin degeneracy 

     Unrelativistic Schrodinger equation is generally used as the starting point for calculating 

a crystal band structure. Because there is no spin dependent term, the energy band 

calculated should be spin degenerate. This spin degeneracy can be lifted by adding any 

spin dependent Hamiltonian, i.e. Zeeman energy or spin-orbit coupling. Here we discuss 

the physics behind the spin degeneracy from the symmetry features of the system. 

     In quantum mechanics, the time reversal symmetry (operation t → -t) leads to  

 𝐸(𝑘, ↑) = 𝐸(−𝑘, ↓) (2-4) 

where E and k is the energy and the wave number of electrons, respectively. ↑ and ↓ denote 

the state of spin up and down electron. Furthermore, the spatial inversion symmetry 

(operation k → -k) leads to  

 𝐸(𝑘, ↑) = 𝐸(−𝑘, ↑) (2-5) 

From eq. (2-4) and (2-5), if both time reversal and spatial inversion symmetry exist, the 

energy of spin up and down electron are degenerate, 

 𝐸(𝑘, ↑) = 𝐸(𝑘, ↓) (2-6) 

This relation can be broken by time reversal symmetry breaking or by spatial inversion 

symmetry breaking. For example, in a system with time reversal symmetry but without 

spatial inversion symmetry, there is  

 𝐸(𝑘, ↑) ≠ 𝐸(𝑘, ↓) (2-7) 

Since there is no external magnetic field for breaking time reversal symmetry, the only 

origin of the energy splitting is the spin-orbit coupling, which can be described by eq. 

(2-3). This inversion symmetry breaking can come from the crystal structure or, more 

generally, the surface or interface state of any materials. This kind of SOC comes from the 

inversion symmetry breaking at 2-dimensional surface of interface state is called as Rashba 

SOC. 

 

2.1.3 Free electron model 

    The Rashba splitting at metal surface is first observed at Au(111) surface by  

angle-resolved photoemission spectroscopy (ARPES) [2-1]. Fig. 2-1 shows the parabolic 

dispersion with the Rashba spin-splitting at Au(111) surface [2-1]. According to this free-

electron-like dispersion, the surface state of metal can be considered as a 2-dimension (2D) 
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free electron gas with Rashba SOC. Here, we assume that the 2D state is at x-y plane. 

Because the electrons are free in x-y plane, the potential gradient ∇𝑉 has only z-component, 

∇𝑉 = (0,0, 𝐸௭). The resulting SOC Hamiltonian 𝐻௦௢௖ can be described by 

 𝐻௦௢௖ = 𝛼ோ(𝒌 × 𝒛ො)  ∙ 𝝈 (2-8) 

 
𝛼ோ =

ℏ2𝐸௭

4𝑚௘
∗ ଶ𝑐ଶ

 
 

(2-9) 

where 𝛼ோ is so-called Rashba parameter, which determines the magnitude of spin-splitting. 

The total Hamiltonian of 2D electron gas is given by 

 
𝐻 = 𝐻௣ + 𝐻௦௢௖ =

𝒑ଶ

2𝑚௘
∗

+ 𝛼ோ(𝑘 × 𝑧̂)  ∙ 𝝈 
 

(2-9) 

The eigenvalue of this Hamiltonian is 

 
𝐸 =

𝑘ଶ

2𝑚௘
∗

± 𝛼ோ𝑘 =
𝑘ଶ

2𝑚௘
∗

±
ℏ2𝐸௭

4𝑚௘
∗ ଶ𝑐ଶ

𝑘 
 

(2-10) 

 

 

 

 

 

 

 

 

 

 

Figure 2-1.  E vs k parabolic dispersion at Au(111) surface observed by ARPES [2-1]. The 

data is well fitted by eq. (2-10) 

     From eq. (2-9) and (2-10), there are two possible spin state of electrons. One is parallel 

to 𝒌 × 𝒛ො  direction with energy −𝛼ோ𝑘, and another one is antiparallel to 𝒌 × 𝒛ො  direction 

with energy +𝛼ோ𝑘. Fig. 2-2 shows the typical Rashba splitting and spin alignment. When 

there is no Rashba SOC, the spin up and down is degenerate. While Rashba SOC comes 
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in, the spin bands are split and form a clockwise or anti-clockwise spin texture as shown in 

Fig. 2-2(b). This spin texture is known as the spin-momentum locking of Rashba effect. 

(a)                                      (b) 

 

 

 

 

 

 

Figure 2-2. A schematic of typical Rashba spin-splitting and spin momentum locking at 

x-y plane. 

 

     The experiment data of the Rashba spin splitting at Au(111) surface is well fitted by eq. 

(2-10) as shown in Fig. 2-1. However, the magnitude of observed splitting energy          

∆𝐸 = 𝛼ோk is much larger than the estimated value from 𝛼ோ =
ℏ2ா೥

ସ௠೐
మ௖మ

. According to the 

calculation by Lang [2-2], a potential difference V between the surface and vacuum is in 

the order of work function Φ, and the region of the potential gradient 𝑑𝑉/𝑑𝑧 is around the 

Fermi wavelength λF. Thus, approximately there is 𝑑𝑉/𝑑𝑧 = 𝐸௭~  Φ/λF. In case of 

Au(111), using the reported value Φ=4.3 eV and λF~5 Å, ∆𝐸 becomes to 10-6 eV, which is 

5 orders smaller than the experiment value ~110 meV. Authors of [2-1] confirmed that 

such small value is due to the artifact of the free electron model because the potential 

gradient in the Au atom is much larger than that comes from work function. Therefore, the 

𝑑𝑉/𝑑𝑧 term in eq. (2-3) should include the contribution of the Coulomb force from metal 

nuclei and the contribution from work function.  
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2.1.4 Simple tight-binding model 

     Following the conclusion of Ref. [2-1], L. Petersen demonstrated a simple tight-binding 

model of Rashba effect in 1996. In this model, 𝐻௦௢௖ is derived from the Hamiltonian of p-

state electrons near the nuclei and the Rashba splitting estimated is comparable to the 

experiment value. This tight-binding model indicates that a correct value of 𝛼ோ  can be 

obtained by considering the Coulomb force and the SOC of atoms. It is also found that the 

magnitude of Rashba spin-splitting is proportional to the strength of the atomic SOC. 

   The similar conclusion is obtained by the first-principle calculation performed by M. 

Nagano in 2009 [2-3]. In this study, a general form of 𝛼ோ is derived. By using Rydberg 

atomic units, Eq. (2-3) can be rewritten to   

 
𝐻௦௢௖ =

2

 𝑐ଶ
 (∇𝑉 × 𝒑) ∙ 𝝈 

 

(2.10) 

Here we consider a 2D surface/interface at x-y plane; momentum 𝒑 can be divided into 

two terms, surface parallel component p‖ and surface perpendicular component p⊥, as 

 
𝐻௦௢௖ =

2

 𝑐ଶ
 ൣ൫∇𝑉 × 𝒑‖൯ ∙ 𝝈 + (∇𝑉 × 𝒑ୄ) ∙ 𝝈൧ 

 

(2.11) 

The surface parallel part corresponds to Rashba Hamiltonian 𝐻ோ. By assuming a 2D near-

free-electron gas with k = (𝑘௫ , 𝑘௬), the wave function can be given by 

 𝜓௦௦

௞‖(𝒓) = exp ൛𝑖(𝑘௫𝒙ෝ + 𝑘௬𝒚ෝൟΦ(z) (2.12) 

The Rashba splitting energy becomes 

 
𝜀ோ = ർ𝜓௦௦

௞‖ቚ𝐻௦௢௖ቚ𝜓௦௦

௞‖඀ = ห𝑘‖ห න 𝑑𝒓
2

 𝑐ଶ

𝜕𝑉

𝜕𝑧
|𝜓௦௦

௞‖|ଶ
 

 

(2.13) 

The Rashba parameter is  

 
𝛼ோ =

𝐸ோ

ห𝑘‖ห
=

2

 𝑐ଶ
න 𝑑𝒓

𝜕𝑉

𝜕𝑧
|𝜓௦௦

௞‖|ଶ
 

 

(2.14) 

From this equation, 𝛼ோ is determined by the integral of potential gradient along z-direction 

times the z dependent electron distribution. M. Nagano calculated |𝜓௦௦

௞‖|ଶ and  the integrand 

of eq. (2.14) of Au(111) surface state from first-principle calculation as shown in Fig. 2-3. 

x-axis is the distance from surface atom and zero point is the position of surface atom. It is 

found that the non-zero value only appears in one Bohr around the surface atom, where the 
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antisymmetric Coulomb term from the nucleus is dominant in 𝜕𝑉/𝜕𝑧. This is known as the 

localized nature of Rashba effect.  Since in this region the 𝜕𝑉/𝜕𝑧 is antisymmetric, the 

asymmetric feature of |𝜓௦௦

௞‖|ଶ
 determines both the magnitude and the sign of 𝛼ோ.  

 

(a)                                                             (b) 

Figure 2-3 (a) |𝜓௦௦

௞‖|ଶ
 at Au(111) surface along z-direction. (b) The integrand of eq. (2.14) 

along z-direction [2-3] 

 

     In conclusion, 𝛼ோ is determined by, (i) 𝜕𝑉/𝜕𝑧 from the Coulomb potential of nuclei, 

which is related to strength of SOC, (ii) localization of |𝜓௦௦

௞‖|ଶ
, (iii) asymmetric feature of 

|𝜓௦௦

௞‖|ଶ. Note that though the surface potential gradient can be neglected in 𝜕𝑉/𝜕𝑧 term, it 

is necessary for inducing the asymmetry of |𝜓௦௦

௞‖|ଶ
. In addition, by comparing Au(111), 

Ag(111), and Sb(111) interfaces, M. Nagano confirmed that the shape of |𝜓௦௦

௞‖|ଶ
 strongly 

depends on the hybridization state at the surface. Therefore, 𝛼ோ cannot be determined by 

only atomic SOC and surface potential but also depend on the species and crystal structures 

of atoms [2-3]. 
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2.2 Edelstein effect 

     In this section, the main topic of this thesis, the spin-charge interconversion via 

Edelstein effect, is described. 

2.2.1 Direct Edelstein effect 

     As introduced in section 2.1.3, there is a spin-momentum locking effect at 2D Rashba 

system. When a charge current flows in this spin-momentum locking system, a spin 

accumulation will be generated and drive a diffusive spin current into an adjacent 

conductive layer. This charge-to-spin (C-S) conversion is called the direct Edelstein effect 

(DEE). A schematic of DEE is shown as Fig. 2-4 (a) and (b). Spin texture at Fermi energy 

can be mapped out in k-space as Fig. 2-4(a). When an electric field -Ex is applied, the Fermi 

contour shifts in +x direction and a charge current flows. For the outer (inner) circle, a spin 

accumulation σ↑ (σ↓) is generated as shown in Fig. 2-4(b). Since there are more electron 

states at outer circle, totally a spin accumulation σ↑ spin is generated and a diffusive spin 

current with y-direction spin flows into an adjacent conductive layer.  

(a)                                                                          (b) 

 

 

 

 

 

 

Figure 2-4 (a) Fermi contour with spin-momentum locking (b) Schematic of direct 

Edelstein effect. 

     The spin accumulation generated by DEE is demonstrated by P. Gambardella and I.M. 

Miron [2-5]. Firstly, the relation between the wave number and spin states of electrons at 

Fermi energy is calculated. The Hamiltonian in eq. (2-9) gives the eigenvectors 
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𝜓±,𝒌 =

𝑒௜𝒌 ∙ 𝒓

√2𝐴
ቀ

1
∓𝑖𝑒௜కೖ

ቁ 
 

(2-15) 

where k = k(cos 𝜉, sin 𝜉, 0) and A is the area of the 2D electron gas. 

The spin expectation can be derived as 

 
〈𝝈〉±,𝒌 = ൻ𝜓±,𝒌ห𝝈ห𝜓±,𝒌ൿ =

1

𝑘
൭

±𝑘௬

∓𝑘௫

0

൱ = ൭
±sin 𝜉

∓cos 𝜉
0

൱ 
 

(2-16) 

In Fig. 2-4(a), the radius of the outer circle and inner circle, kF+ and kF-, can be found by 

solving 𝜀ି,௞ూష
= 𝜀ା,௞ూశ

= 𝜀ி. By taking approximation to first order in 𝛼ோ, this gives 

 
𝑘ி± ≈ 𝑘ி ൬1 ∓

𝑚௘
∗𝛼ோ

ℏ2 ൰ = 𝑘ி(1 ∓ 𝛽) 
 

(2-17) 

where 𝛽 =
௠೐

∗ ఈೃ

ℏ2 . This relation clearly demonstrates how the momentum of electrons 

depend on spin up or down state, e.g. 𝑘ிା ≠ 𝑘ிି, which is the important feature of Rashba 

system. 

     Secondly, electric field inducing current density and spin accumulation are calculated. 

When an electric field E is applied, the Fermi contour is shifted by an amount of 𝑘± =

−𝑒𝐸𝜏௘
±/ℏ. were 𝜏௘

± is the momentum relaxation time of spin up and down state. Note the 

𝜏௘
ା  and 𝜏௘

ି  is different because the momentum relaxation time generally depends on 

wavevector.  For simplicity, it can be assumed that 𝜏௘
± = 𝜏௘(1 ∓ 𝛽) from eq. (2-17), where 

𝜏௘ is the relaxation time of the 2D free-electron gas.  

The Fermi-Dirac distribution of ± bands under electric field 𝑬 is given by  

 𝑓±,𝐤
௦௛௜௙௧= (𝜕𝑓/𝜕𝜀)𝑒𝜏௘

±𝑣±,𝐤 ∙ 𝑬 

 

 

(2-18) 

The current density contribution of ± bands can be calculated by Boltzmann equation. 

 
𝒋ୡ± =  −

𝑒

4𝜋ଶ
න 𝐯±,𝐤 𝑓±,𝐤

௦௛௜௙௧
𝑑𝒌 = −

𝑒

4𝜋ଶ
න ൬

𝜕𝑓

𝜕𝜀
൰ 𝑒𝜏௘

±𝑣±,𝐤𝐯±,𝐤  ∙ 𝑬𝑑𝒌 

                                                      = −
1

4𝜋ଶ

𝑒ଶ𝜏௘
±

ℏ
න

𝐯±,𝐤

𝑣±,𝐤ௌಷ±

𝐯±,𝐤  ∙ 𝑬𝑑𝑆ி 

 

 

 

(2-19) 



21 
 

where 𝑆ி± denotes the integral over the two Fermi circles. By choosing 𝑬 = 𝐸𝒙, the charge 

current density is 

 
𝑗ୡ±,௫ =

𝑒ଶ𝜏௘
±𝐸

4𝜋ଶℏ
න 𝑣୊𝑐𝑜𝑠ଶ𝜉

ଶగ

଴

𝑘ி±𝑑𝜉 =
𝑒ଶ𝐸

4𝜋ℏ
𝑣୊𝑘ி±𝜏௘

± 
   

(2-20) 

Thus, the total current density becomes 

 
𝑗ୡ = 𝑗ୡା + 𝑗ୡି =

𝑒ଶ𝐸

2𝜋ℏ
𝑣୊𝑘ி𝜏௘(1 + 𝛽ଶ) 

 

(2-21) 

Similarly, the spin accumulation generated by electric field E can be calculated as 

〈𝝈〉± =
1

4𝜋ଶ
න〈𝝈〉±,𝐤 𝑓±,𝐤

௦௛௜௙௧
𝑑𝒌 =

1

4𝜋ଶ

−𝑒𝜏௘
±

ℏ
න

1

𝑘
൭

±𝑘௬

∓𝑘௫

0

൱
𝐯±,𝐤

𝑣±,𝐤ௌಷ±

𝐯±,𝐤  ∙ 𝑬𝑑𝑆ி 

              =
−𝑒𝜏௘

±𝐸

4𝜋ଶℏ
න ൭

±sin 𝜉

∓cos 𝜉
0

൱ 𝑐𝑜𝑠𝜉
ଶగ

଴

𝑘ி±𝑑𝜉 = ±
𝑒𝐸

4𝜋ℏ
𝜏௘

±𝑘ி±𝒚ෝ 

 

 

 

(2-22) 

The total spin accumulation is  

 
〈𝝈〉 = 〈𝝈〉ା + 〈𝝈〉ି =

−𝑒𝐸

𝜋ℏ
𝑘ி𝜏௘  𝛽𝒚ෝ 

 

 

(2-23) 

Comparing to eq. (2-21), the relation between 𝑗ୡ and 〈𝝈〉 is 

 
〈𝝈〉 = −

𝑚௘
∗𝛼ோ

𝑒ℏ𝜀ி
𝑗ୡ 𝒚ෝ 

(2-24) 

Note that, in a 2-dimensional system, 〈𝝈〉 is in units of m-2, and 𝑗ୡ is in units of A m-1. The 

spin accumulation 〈𝝈〉 can drive a diffusive spin current 𝑗ୱ_ୈ୉୉ into adjacent conductive 

layer. By considering a total spin relaxation time in this process, 𝜏ୈ୉୉, 𝑗ୱ can be described 

by 

 𝑗ୱ
ଷ஽ 𝑒⁄ =  〈𝜎〉 𝜏ୈ୉୉⁄  (2-25) 

According to Ref. [2-6], 𝜏ୈ୉୉ should consist two contribution, tunneling time of spin from 

interface to bulk and spin scattering time in bulk. Because this spin current flows in 3D 

bulk layer while the charge current flows in 2D Rashba state, we denote them as 𝑗ୱ
ଷ஽ and 
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𝑗ୡ
ଶ஽ . From eq. (2-23) and (2-24) with 𝜀ி =  

ଵ

ଶ
𝑚௘

∗𝑣୊
ଶ  , the charge-to-spin conversion 

efficiency 𝑞ୈ୉୉ is given by 

 
𝑞஽ாா  ≡  

𝑗ୱ
ଷ஽

𝑗ୡ
ଶ஽ 

=
𝛼ୖ

𝑣୊
ଶℏ𝜏ୈ୉୉

 
 

(2-26) 

 

2.2.2 Inverse Edelstein effect 

     There is also a reverse effect of DEE that injecting the spin current into the interface 

generates a charge current. This phenomenon is known as inverse Edelstein effect (IEE). 

For example, a schematic of IEE is shown as Fig. 2-5. When a spin current with y-direction 

spin polarization is injected into the 2D Rashba state, a spin accumulation 𝜎௬  will be 

generated at both outer and inner circle. Due to the spin-momentum locking, there should 

be a shift of the fermi contour otherwise the spin accumulation cannot be generated. As the 

results, the outer circle and inner circle is shifted to the +x and –x direction. Totally, the 

electrons gain some momentum at kx direction and a charge current is generated from spin 

current.  

 

Figure 2-5 Schematic of Inverse Edelstein effect. 

To obtain the spin-to-charge conversion, firstly, we introduced a simple model according 

to Ref [2-7]. From eq. (2-20) and (2-22), the relation between 2D spin accumulation 〈𝝈〉± 

and 2D charge current density 𝑗ୡ± is 
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〈𝜎〉± = ±

1

𝑒𝑣୊
𝑗ୡ± = ±

𝑚௘
∗

𝑒ℏ𝑘ி±
𝑗ୡ± 

 

(2-27) 

The splitting between outer circle and inner circle is 

 
∆𝑘 = 𝑘ிା − 𝑘ிି = 2𝛽 =

2𝑚௘
∗𝛼ோ

ℏ2  
 

(2-28) 

 gives the 2D charge current density associated with the total 2D spin 

density〈𝝈〉 = 〈𝝈〉ା + 〈𝝈〉ି 

 𝑗௖ =
𝑒𝛼ୖ

ℏ
〈𝜎〉  

(2-29) 

In IEE case, the spin accumulation 〈𝜎〉 at the Rashba states is generated by the 

injected 3D spin current. By considering a spin relaxation time 𝜏୍୉୉ of Rashba 

state with spin-momentum locking, the relation between injected 𝑗ୱ
ଷ஽ and 〈𝜎〉 is  

 𝑗ୱ
ଷ஽ 𝑒⁄ =  〈𝜎〉 𝜏୍୉୉⁄  (2-30) 

Note that here 𝜏୍୉୉ is spin relaxation process at 2D Rashba state, therefore it is different 

with 𝜏ୈ୉୉. 

From eq. (2-29) and (2-30), the spin-to-charge conversion efficiency 𝜆୍୉୉ is  

 
𝜆୍୉୉  ≡  

𝑗ୡ
ଶ஽

 𝑗ୱ
ଷ஽ =

𝛼ୖ𝜏୍୉୉

ℏ
 

 

(2-31) 

Furthermore, K. Shen demonstrate another derivation of 𝜆୍୉୉ by using a drift-diffusion 

equations model [2-8]. When a spin current with y-direction spin polarization, 𝐽ୱ
௬, injected 

into Rashba state, the coupled equtions of charge and spin currents are in a form introduced 

in Ref [2-9]: 

 𝑑〈𝜎௬〉

d𝑡
= −2𝑚௘

∗𝛼ୖ𝐽௬
௭ −

𝜎௬

𝜏ୱ୤
+ 𝜒௦

𝑑𝐵௬

𝑑𝑡
 

  

(2-32) 

  

𝐽௬
ௌ௭ = 2𝑚௘

∗𝛼ୖ𝐷𝜎௬ + 𝜃ௌு𝐽௫ 

 

 

(2-33) 

 𝐽௫ = −𝜃ௌு𝐽௬
௭ (2-34) 
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where 〈𝜎௬〉 is the spin accumulation in y-direction polarization, 𝜏ୱ୤ is the spin relaxation 

time of the system, D is the drift constant, 𝜃ௌு is the spin Hall angle, and 𝐽௫ is the charge 

current density. 𝐽௬
ௌ௭  denote the spin current with z-direction polarization flowing in y-

direction. In addition, because the 𝜒௦𝐵௬ correspond to an additional spin accumulation 𝜎௬, 

𝜒௦(𝑑𝐵௬/𝑑𝑡) is actually the spin density injected, 𝜒௦(𝑑𝐵௬/𝑑𝑡) = 𝐽ୱ
௬. Solving the eq. (2-

32) ~ (2-34), we have 

 〈𝜎௬〉 =
𝜏ୱ୤

1 − 𝑖𝜔𝜏ୱ୤
∙ 𝐽ୱ

௬   

(2-35) 

 𝐽௬
ௌ௭ = 2𝑚௘

∗𝛼ୖ𝐷
𝜏ୱ୤ 

1 − 𝑖𝜔𝜏ୱ୤
∙ 𝐽ୱ

௬  

(2-36) 

 
𝐽௫ = −

2𝜋

𝑒
𝛼ୖ𝜎ௌு

𝜏ୱ୤

1 − 𝑖𝜔𝜏ୱ୤
∙ 𝐽ୱ

௬ 
 

(2-37) 

where 𝜎ௌு  is the spin Hall conductivity related with 𝜃ௌு . Thus, the spin-to-charge 

conversion efficiency 𝜆୍୉୉ is 

 
𝜆୍୉୉  ≡  

𝐽௫

 𝐽ୱ
௬ = −

2𝜋

𝑒
𝛼ୖ𝜎ௌு

𝜏ୱ୤

1 − 𝑖𝜔𝜏ୱ୤
 

 

(2-38) 

 

According to Ref. [2-8], the spin Hall conductivity is 𝜎ௌு = −(𝑒/8𝜋)/(4τ௣/𝜏ୱ୤), where 

𝜏௣
௜௡௧ is the momentum relaxation time at Rashba state. In the low frequency limit, eq. (2-

38) leads to 𝜆୍୉୉ = 𝛼ୖτ௣ . Because the natural unit is used in this calculation which let ℏ =

1, 𝜆୍୉୉ can be described by 

 𝜆୍୉୉ =
𝛼ୖτ௣

ℏ
  

(2-39) 

 

Note that in eq. (2-31), the 𝜆୍୉୉ is proportional to a spin relaxation time but not τ௣, which 

is different with eq. (2-31). This is because eq. (2-39) is derived from the weak spin-orbit 

limit (diffusive regime), while in the strong spin-orbit system, the momentum relaxation 

process actually dominant the spin relaxation time, therefore 𝜏୍୉୉ = τ௣ [2-7]. 
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2.2.3 Different time scale in DEE and IEE 

     As introduced in section 2.2.1 and 2.2.2, for C-S conversion via DEE, the conversion 

efficiency is 𝑞஽ாா  = 𝛼ୖ/(𝑣୊
ଶℏ𝜏ୈ୉୉) . For S-C conversion via IEE, the efficiency is  

𝜆୍୉୉ = 𝛼ୖ𝜏୍୉୉/ℏ = 𝛼ୖτ௣/ℏ. We would like to emphasize that, though 𝜏ୈ୉୉ and 𝜏୍୉୉ are 

both spin relaxation time, this two time are different due to the different spin relaxation 

process. For a spin accumulation at 2D Rashba system, there are two possible process of 

spin relaxation. The first one is the spin relaxation occurred by the momentum scattering 

in 2D Rashba system. Fig. 2.6(a) shows a schematic of spin relaxation process with the 

spin-momentum locking. When electron scattering happens, both the direction and 

magnitude of the electron momentum is changed. Due to the spin-momentum locking, the 

electron feels a large effective Rashba field during the scattering and the spin relaxation 

takes place. Besides the relaxation in 2D state, the spin accumulation can also escape from 

the Rashba system to the 3D adjacent layer, which becomes the second spin relaxation 

process as shown in Fig. 2.6(b). 

(a)                                                             (b) 

 

 

 

 

 

Figure 2-6. (a) Spin relaxation process at 2D Rashba state. (b) Spin relaxation due to the 

escaping spins from 2D Rashba state to the adjacent layer. 

     In the experiment of DEE, spin accumulation is generated by injecting 2D charge 

current jc
2D into 2D Rashba state. Since the shift of Fermi contour is already determined by 

the magnitude of charge current, the amount of spin accumulation is not related with 

momentum relaxation time, which is shown in eq. (2.24). This spin accumulation drives a 

3D spin current Js
3D through the process in Fig. 2-6(b) and this process is known as DEE. 
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Thus, in DEE the spin relaxation time 𝜏ୈ୉୉ is related to the spin relaxation during the 

transition between interface and bulk and the spin scattering in the bulk.  

     In the experiment of IEE, spin accumulation is generated by injecting spin current Js
3D 

into Rashba state. The amount of spin accumulation generated is related to the spin 

relaxation time as described by eq. (2-30).  In this case both two of relaxation process 

should occur at the same time. However, the spin escaping or diffusion process in Fig. 2-

6(b) actually generates a backflow of spin current, which corresponds to a decreasing of 

injected spin current. Generally, in spin pumping measurement, the definition of injected 

spin current at 2D Rashba state is 𝐽௦
௜௡௝௘௖௧

= 𝐽௦
௧௢௧௔௟ − 𝐽௦

௕௔௖௞௙௟௢௪, where 𝐽௦
௜௡௝௘௖௧ is the injected 

spin current, 𝐽௦
௧௢௧௔௟  is the total generated spin current from ferromagnetic layer, and 

𝐽௦
௕௔௖௞௙௟௢௪  is the backflow of spin current. Therefore, if we calculate 𝜆୍୉୉  from 𝜆୍୉୉ =

𝑗ୡ
ଶ஽/𝐽௦

௜௡௝௘ , the spin diffusion process of Fig. 2-6(b) is automatically considered in the 

calculation. Thus, 𝜏୍୉୉ only depend on momentum relaxation τ௣ at Rashba state. One can 

also use another definition that 𝜆୍୉୉ = 𝑗ୡ
ଶ஽/𝐽௦

௧௢௧௔௟ where the backflow of spin current is 

not included in the calculation. Since 𝐽௦
௧௢௧௔௟ is larger than 𝐽௦

௜௡௝௘௖௧, 𝜆୍୉୉ becomes smaller in 

this definition. In this case, both two relaxation processes should be included in the 𝜏୍୉୉; 

that is, (𝜏୍୉୉)ିଵ = ൫𝜏୮൯
ିଵ

+ (𝜏஽ாா)ିଵ. Thus, 𝜏୍୉୉  is shorter than 𝜏୮  and 𝜏஽ாா . Since in 

spin pumping measurement, only 𝐽௦
௜௡௝௘௖௧ can be estimated directly from experiment, the 

definition  𝜆୍୉୉ = 𝑗ୡ
ଶ஽/𝐽௦

௜௡௝௘௖௧
  with 𝜆୍୉୉ = 𝛼ୖτ௣/ℏ  is much more suitable for 

experiments. In this thesis, we will use this definition for IEE conversion efficiency. 

 

2.3 Spin pumping 

    A precessing magnetic moment of magnetic materials acts as a source of spin angular 

momentum and pumped a spin current into the adjacent non-magnetic material. This effect 

is known as spin pumping. Here, we start with a basic concept of spin pumping and 

introduced the theory description of spin pumping developed by Y. Tserkovnyak and A. 

Brataas [2-10 ,2-11]. 
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      The magnetization dynamics of a bulk ferromagnetic materials can be described by the 

Landau-LifshitzGilbert (LLG) phenomenological equation [2-12] 

 𝑑𝒎

𝑑𝑡
= −𝛾𝒎 × 𝑯௘௙௙ + 𝛿𝒎 ×

𝑑𝒎

𝑑𝑡
 

 

(2-40) 

where 𝒎 is the direction of magnetization, 𝛾 is gyromagnetic ratio, 𝑯௘௙௙ is the effective 

magnetic field, and 𝜶 is so-called Gilbert damping constant. When 𝑯௘௙௙ is constant and 𝛿 

is zero, the magnetization precessess around 𝑯௘௙௙ with frequency ω = 𝛾𝑯௘௙௙. When 𝛿>0, 

the damping process gradually decrease the cone angle of precession motion and forces the 

magnetization 𝒎 aligned to the direction of 𝑯௘௙௙. It has been known that in experiment, 

when a ferromagnetic material contacts with a non-magnetic metal, the damping constant 

will be enhanced. This enhancement can be explained by considering the spin current 

generated from ferromagnetic materials. In eq. (2-40), the precession 𝑑𝒎/𝑑𝑡 induced by 

the torque = −𝛾𝒎 × 𝑯௘௙௙ is physically equivalent to a spin current. Thus, the damping 

term can be understood as a leakage of spin current. When there is an adjacent normal 

metal layer, the spin current is allowed to leak into the metal layer and therefore enhance 

the damping in the ferromagnetic material. The spin current flowing into normal metal 

layer will generate a spin accumulation which results in a back blow of spin current 𝑰௦
௕௔௖௞. 

By assuming the normal metal layer is an ideal sink of spin current and 𝑰௦
௕௔௖௞ = 0, Y. 

Tserkovnyak demonstrated that spin current pumped from FM layer 𝑰௦
௣௨௠௣  is 

 
𝑰௦

௣௨௠௣
  =

ℏ

4𝜋
𝑔↑↓ ൤𝒎 ×

𝑑𝒎

𝑑𝑡
൨ 

 

(2-41) 

where 𝑔↑↓ is so-called spin mixing conductance.  

From eq. (2-41), it is clear that the spin direction of the pumped spin current is time 

dependent. Fig. 2-7 shows the schematic of spin pumping mechanism described by eq. (2-

41). [𝒎 × 𝑑𝒎/𝑑𝑡] term always has a component in the direction of effective field, by 

choosing the effective field in z-direction, the average dc spin current 𝐽௦  with the spin 

direction z is: 

 

 
𝐽௦   =

ω

2𝜋
න

ℏ

4𝜋

ଶగ/ன

଴

𝑔௘௙௙
↑↓

1

𝑀௦
൤𝒎 ×

𝑑𝒎

𝑑𝑡
൨

௭
 

 

(2-42) 
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here [𝒎 × 𝑑𝒎/𝑑𝑡]௭ denotes the z component of [𝒎 × 𝑑𝒎/𝑑𝑡]. 

 

 

 

 

 

 

 

Figure. 2-7. A schematic of the spin current generated by spin pumping from the interface 

of ferromagnets(FM) and normal metal(NM) 

 

Based on eq. (2-42), K. Ando et al. derive a phenomenological formulation of spin current 

by solving LLG equation [2-13]. 

Firstly, we consider an equilibrium condition of ferromagnetic layer under external field H 

as shown in Fig. 2-8. By taking into account the static demagnetizing field 𝑯ெ induced by 

M, the effective magnetic field 𝑯௘௙௙ is 

 𝑯௘௙௙ = 𝑯 + 𝑯ெ  (2-43) 

𝑯 and 𝑯ெ  is : 

                                   𝑯 = ൭

0
𝑠𝑖𝑛(𝜃ெ − 𝜃ு)

𝑐𝑜𝑠(𝜃ெ − 𝜃ு)
൱      ,    𝑯𝑴 = −4𝜋𝑀௦ ൭

0
𝑠𝑖𝑛𝜃ெ

𝑐𝑜𝑠𝜃ெ

൱ 

where 𝜃ெ  is the angle between 𝑴 and the out-of-plane direction (y’ axis), 𝜃ு  is the angle 

between H  and y’ axis. In the static equilibrium condition, there is 𝑴 × 𝑯௘௙௙ = 0, which 

gives the relation  

 2𝐻𝑠𝑖𝑛(𝜃ெ − 𝜃ு) + 4𝜋𝑀௦𝑠𝑖𝑛2𝜃ெ = 0 (2-45) 
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Figure. 2-8 A schematic of magnetization M and external field H of a ferromagnetic layer. 

 

By applying an rf magnetic field 𝒉௥௙(𝑡) in x axis to excite the ferromagnetic resonance, 

magnetization 𝑴(𝑡)  precessing around z-axis can be describe by 𝑴(𝑡) = 𝑴 + 𝒎(𝑡) , 

where 𝑴  and 𝒎(𝑡)  are the static and the dynamic components of the magnetization 

respectively. Take into accout the demagnetizing field Hm (𝑡)  induced by 𝒎(𝑡) , the 

effective field 𝑯௘௙௙ is 

 𝑯௘௙௙ = 𝑯 + 𝑯ெ + 𝑯𝒎(𝑡) + 𝒉௥௙(𝑡) (2-46) 

𝑯𝒎(𝑡) and 𝒉௥௙(𝑡) are  

                        𝑯𝒎(𝑡) = −4𝜋𝑚௬(𝑡)𝑠𝑖𝑛𝜃ெ ൭
0

𝑠𝑖𝑛𝜃ெ

𝑐𝑜𝑠𝜃ெ

൱    ,     𝒉௥௙(𝑡) = ൭
ℎ𝑒௜ఠ௧

0
0

൱  

Solving LLG equation below can give us the exact 𝑴(𝑡):  

 𝑑𝑴(𝑡)

𝑑𝑡
= −𝛾𝑴(𝑡) × 𝑯௘௙௙ +

𝛿

𝑴𝒔
𝑴(𝑡) ×

𝑑𝑴(𝑡)

𝑑𝑡
 

 

(2-47) 

 

A small precession of 𝒎(𝑡) = ൫𝑚௫𝑒௜ఠ௧, 𝑚௬𝑒௜ఠ௧, 0൯  around the z-axis is assumed as a 

solution of eq. (2-46). Here, 𝜔 = 2𝜋𝑓, where f is the frequency of rf field. The 

ferromagnetic resonance condition is found as  

ቀ
ఠ

ఊ
ቁ

ଶ

= [𝐻ோ𝑐𝑜𝑠(𝜃ெ − 𝜃ு) − 4𝜋𝑀௦𝑐𝑜𝑠2𝜃ெ][𝐻ோ𝑐𝑜𝑠(𝜃ெ − 𝜃ு) − 4𝜋𝑀௦𝑐𝑜𝑠ଶ𝜃ெ]  (2-48) 

where 𝐻ோ is the resonance field. 
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By using eq. (2-45), (2-48) to solve LLG equation, there is  

𝑚𝒙(𝑡)

=
4𝜋𝑀௦

8𝜋𝛿𝜔

ቄ2𝛿𝜔 cos𝜔𝑡 + sin𝜔𝑡ൣ4𝜋𝑀௦sinଶ𝜃ெ + ඥ(4𝜋𝑀௦)ଶ𝛾ଶsinସ𝜃ெ + 4𝜔ଶ൧ቅ

ඥ(4𝜋𝑀௦)ଶ𝛾ଶsinସ𝜃ெ + 4𝜔ଶ
 

 

 

 

 

(2-49) 

 
𝑚𝒚(𝑡) = −

4𝜋𝑀௦ℎ𝛾 cos𝜔𝑡

4𝜋𝛿ඥ(4𝜋𝑀௦)ଶ𝛾ଶsinସ𝜃ெ + 4𝜔ଶ
 

 

(2-50) 

 

Insert eq. (2-49) and (2-50) into eq. (2-42), spin current density is 

 

𝐽௦ =

ℏ𝑔
eff
↑↓ 𝛾ଶℎrf

2 ቈ4𝜋𝑀௦𝛾sinଶ𝜃ெ + ට(4𝜋𝑀௦)
2𝛾ଶsinସ𝜃ெ + 4𝜔2቉

8𝜋𝛿ଶൣ(4𝜋𝑀௦)
2𝛾ଶsinସ𝜃ெ + 4𝜔2൧

 

 

 

 

(2-51) 

If 𝑴 is at in-plane direction, 𝜃ெ = 𝜋/2,  𝑗௦ becomes to 

  

𝐽௦ =

ℏ𝑔
eff
↑↓ 𝛾ଶℎrf

2 ቈ4𝜋𝑀௦𝛾 + ට(4𝜋𝑀௦)
2𝛾ଶ + 4𝜔2቉

8𝜋𝛿ଶൣ(4𝜋𝑀௦)
2𝛾ଶ + 4𝜔2൧

 

 

 

(2-52) 

which is the formula we used in this thesis. 

 

2.4 Spin-torque ferromagnetic resonance 

The magnetization of ferromagnets keeps its precession motion in FMR with a damping 

constant 𝛿. In spin pumping, a spin current leaking from FM layer to NM layer leading to 

an enhanced 𝛿. In contrast, a spin current generated from NM layer by charge-to-spin 

conversion flowing into the FM layer can lead to a spin-transfer torque to the 

magnetization which modulates the resonance properties damping constant of FMR, i.e. 

damping constant. This process is called spin-torque (ST) FMR, which can be understood 

as a reverse effect of spin pumping. ST-FMR method enables us to estimate the injected 

spin current by measuring the DC voltage from the change of anisotropic 
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magnetoresistance (AMR) in FM layer.  Here we introduce the basic theory and analysis 

method demonstrated by L. Liu, et al. [2-14]. 

The LLG equation containing the spin torque term with a rf current is [2-15]: 

𝑑𝒎

𝑑𝑡
= −𝛾𝒎 × 𝑯௘௙௙ + 𝛿𝒎 ×

𝑑𝒎

𝑑𝑡
+ γ

ℏ

2𝑒𝜇଴𝑀௦𝑡
× 𝐽௦.௥௙(𝒎 × 𝝈 × 𝒎) − γ𝒎 × 𝑯௥௙ 

(2-53) 

Here 𝜇଴ is the permeability in vacuum, 𝑀௦ is the saturation magnetization of FM, t is the 

thickness of the FM layer.  𝐽௦.௥௙ is ac spin current density injected into Py, 𝑯௥௙ is the 

Oersted field generated by the rf current, and 𝝈 is the direction of injected spin current. 

We consider a rf current flowing in a bilayer structure ferromagnet and spin Hall 

material, i.e. Py/Pt, as shown in Fig. 2-9. Second term in eq. (2-52), a damping torque, is 

shown as 𝛕ఈ. Rf current flowing in the bilayer at x-direction generates 𝑯௥௙ at y-direction 

and also a spin current with 𝝈  in y-direction. Therefore, the third term of eq. (2-53) 

becomes a spin-transfer torque at in-plane direction, which is shown as 𝛕ୗ୘୘, while the 

fourth term is a Oersted field torque at out-of-plane direction, which is shown as 𝛕ୌ. 

These two torques, 𝛕ୗ୘୘ and 𝛕ୌ change the magnetization direction 𝒎 and result in AMR 

which can be electrically detected by measuring voltage.  

 

 

 

 

Figure. 2-9 Schematic of a Pt/Py bilayer thin film with the illustration of spin-transfer 

𝛕ୗ୘୘ , Oersted field torque 𝛕ୌ, and damping torque 𝛕ఈ [2-14]. 

 

     The contribution of  𝛕ୗ୘୘ and 𝛕ୌ in AMR can be separated by analyzisng the 

symmetric and antisymmetric part of the voltage spectrum. The typical voltage spectrum 

of ST-FMR is shown as Fig. 2-10. 
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Figure. 2-10. Schematic of voltage spectrum of ST-FMR consisting of a symmetric 

contribution and antisymmetric contribution. 

 

The mixing voltage signal spectrum in response to a combination of in-plane and out-of-

plane torques has been calculated as [2-15, 16] 

 
𝑉௠௜௫ = −

1

4

𝑑𝑅

𝑑𝜃

γ𝐼௥௙𝑐𝑜𝑠𝜃

∆2𝜋(𝑑𝑓/𝑑𝐻)|ு೐ೣ೟ୀுబ

[𝑆𝐹௦(𝐻௘௫௧) + 𝐴𝐹஺(𝐻௘௫௧)] 
 

(2-54) 

and 

𝐹௦(𝐻௘௫௧) = ଶ/[ଶ + (𝐻௘௫௧ − 𝐻଴)ଶ] , 𝑆 = ℏ𝐽௦,௥௙/2𝑒𝜇଴𝑀௦𝑡 

𝐹஺(𝐻௘௫௧) = 𝐹௦(𝐻௘௫௧)(𝐻௘௫௧ − 𝐻଴)/ , 𝐴 = 𝐻௥௙ඥ1 + (4𝜋𝑀௘௙௙/𝐻௘௙௙) 

The contribution of 𝛕ୗ୘୘ is 𝑆𝐹௦(𝐻௘௫௧), a symmetric Lorentzian function with resonance 

field 𝐻଴  and linewidth , while the contribution of 𝛕ୌ  is 𝐴𝐹஺(𝐻௘௫௧), an antisymmetric 

Lorentizain function. Here, R, 𝐼௥௙, and f are the resistance of the bilayer, the rf current, and 

the resonance frequency, respectively. By fitting the voltage spectrum with eq. (2-54), the 

parameters, 𝐻଴, , 𝑆, and 𝐴 can determined. Assuming that the microwave skin depth is 

much greater than the Py thickness, in this case the Oersted field from the charge current 

in the Py have no net torque in Py. Thus, the Oersted field can be calculated from the charge 

current density  𝐽௖,௥௙ in the Pt layer, 𝐻௥௙ = 𝐽௖,௥௙𝑑/2, where 𝑑 is the thickness of Pt layer. 

The ratio between  and 𝐽௖,௥௙ , the charge-to-spin conversion efficiency or the spin Hall 

angle, can be described by 
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 𝐽௦,௥௙

𝐽௖,௥௙
=

𝑆

𝐴

𝑒𝜇଴𝑀௦𝑡𝑑

ℏ
ට1 + (4𝜋𝑀௘௙௙/𝐻௘௙௙) 

 

(2-55) 

From this analysis, it seems that the spin Hall angle depends on the thickness of 

ferromagnetic layer d. In experiment, the thickness dependence of FM layer on the SHA 

is reported at the Py/Pt and Py/Pd systems [2-17]. Since the spin Hall angle (SHA) should 

be an intrinsic characteristic of SHE, this thickness dependence suggests that there may 

be some additional signals coming from the rf curret flowing in FM layer. Therefore, it is 

difficult to estimate a correct value of SHA from eq. (2-55). To solve this problem, there 

is an alternative way of determining charge-to-spin conversion efficiency by applying 

additional dc charge current for modulating damping constant in FM layer. According to 

the theory of spin-transfer torque, a dc spin current generated from dc charge current will 

modulated the damping constant of FMR in FM layer. The relation between damping 

constant and spin current injected is [2-18] 

 
∆𝛿 =

𝑠𝑖𝑛𝜃

൫𝐻௘௫௧ + 2𝜋𝑀௘௙௙൯𝜇଴𝑀௦𝑡

ℏ𝐽𝑠

2𝑒
 

 

(2-56) 

By fitting the voltage spectrum with eq. (2-54) the linewidth ∆ can be determined, and 

the damping constant can be derived by the frequency dependence of linewidth from the 

relation ∆= 2𝜋𝑓𝛿/𝛾 + ∆଴. Then, from the relation between 𝛿 and dc charge current 

density 𝐽௖, the ratio 𝐽௦,ௗ௖/𝐽௖,ௗ௖ can be estimated. In this thesis, we use the ST-FMR 

measurement with the modulation of damping constant to determine the charge-to-spin 

conversion coefficient. 
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Chapter 3 

Method 
     In this chapter, we summarize the fabrication processes of samples and devices in this 

study, and then introduce the experiment setup of spin pumping and spin torque 

ferromagnetic resonance (ST-FMR) measurement. At last, we describe the first-principle 

calculation method. 

3.1 Sample fabrication 

3.1.1 Lift off method 

     Fig. 3-1 simply shows the fabrication steps (Lift off method) of our samples. At first, 

the photosensitive resist is spin coated on the top of substrate for making patterns by photo-

lithography (Fig. 3.1 (b) and (c)). Materials used in our devices such as 

ferromagnet/metal/oxide trilayer, Ti/Au electrode, or Al2O3 insulator layer were deposited 

by e-beam evaporation or sputtering (Fig. 3.1 (d)). Finally, lift-off and cleaning process 

were done (Fig. 3.1 (d)) to remove the resist. The detail of each step will be explained 

below. 

 

 

 

 

 

 

 

 

Figure 3-1 Fabrication steps consist of (a) substrate preparation, (b) putting resist, (c) 

photolithography, (d) material deposition, (e) lift-off. 

 



37 
 

3.1.2 Photolithography 

     Photolithography is a powerful technique used in fabrication of micrometer scale. It 

uses a light to exposure the pattern on a photoresist. In this thesis, we used a mask-less UV 

photolithography D-Light-DL100RS system. The laser position is controlled by mirrors in 

this system so a photomask is not necessary for making pattern.  

 

     Fabrication process starting from the substrate preparation to patterning process is 

described as below: 

1. Si substrate with 300nm SiO2 layer on top is cut in a dimension of 10 to 20 mm by 

using a scriber. 

2. Cleaning of substrate: the substrate is plunged into acetone and put in an ultrasonic 

bath for 15 min then dried with a nitrogen N2 gun. Then, the substrate is plunged into 

IPA (isopropyl alcohol) and put in ultrasonic bath again for 1 min to remove the 

acetone on substrate and dried with N2 gun. At the end, an ultraviolet cleaning is done 

for 5 min to remove all the organic on the surface. 

3. HDMS (1,1,1,3,3,3 - Hexamethyldisilazane, C6H10NSi2), which is generally used to 

make the resist stick to sample more easily, is spin-coated on the top of substrate at 

500 rpm for 5 seconds and then 5000rpm for 40 seconds 

4. The sample is baked in an oven at 80˚ C for 5 minutes. 

5. The sample is cooled down at room temperature for 5 min then AZ1500 resist is 

spin-coated at 500rpm for 5 seconds then 5000rpm for 40 seconds. 

6. The sample is baked in an oven at 80˚C for 10 minutes 

7. The sample is exposed using photolithography at 95 mJ/mm2. 

8. Patterns are developed for 45 seconds and rinsed in flowing water for 1 minute. 

9. The pattern is checked by an optical microscope. 
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3.1.3 Electron beam (E-beam) evaporation 

     Electron beam evaporation is a technique that using an electron beam to heat the target 

source materials and thermally evaporate the atoms of materials for deposition on substrate. 

Compare to resistance evaporation technique, E-beam evaporation has several advantages. 

For example, the direct transfer of high energy from electron beam to the target material 

enables us to evaporate materials with high melting points like metals. In addition, because 

the E-beam system can only heat a smaller region of the target material instead of heat the 

entire crucible, the possible contamination effect from the crucible is lower than resistance 

evaporation. A schematic of E-beam evaporation process is shown in Fig. 3-2. Firstly, a 

current with high voltage ~4 kV is applied into a tungsten filament of the electron gun and 

then a thermal emission of electrons is generated. By applying an external magnetic field, 

the trajectory of electrons can be controlled by Lorentz force. The electron beam hits the 

target and heats it to thermal evaporation. Then, these evaporated atoms of target are 

deposited on the substrate. In E-beam evaporation a high vacuum degree is required to 

prevent the scattering between the gas atoms and evaporated target atoms; the base pressure 

in the vacuum chamber for deposition is 3×10-5 Pa in this study. Table 3-1 shows the 

deposition rate and the thickness of each material used in this study. 

 

 

 

 

 

 

 

 

 

 

Figure 3-2. Schematic illustration of E-beam evaporation 
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Materials Deposition rate (Å/s) Thickness (nm) 

Ni80Fe20 (Py) 0.4-0.5 5 

Cu 2.0 20, 30 

Ag 2.0 20, 30 

Al 2.0 20 

Au 2.0 25, 35, 150 

Ti 0.3-0.4 5 

Bi2O3 0.2 30 

SiO2 0.2 30 

HfO2 0.2 30 

Al2O3 0.2 30 

SnO2 0.2 30 

 

Table 3-1. Deposition rate and thickness of E-beam evaporation of each material used in 

this thesis. 

 

3.1.4 Sputtering 

     When high energy particles collide with target source material, atoms are ejected from 

a target material and then deposited on the substrate. This process is known as sputtering. 

The required kinetic energy of incoming particles is larger than 1 eV, which is much higher 

than conventional thermal energy in order of 0.1 eV. Sputtering can be done by using DC 

voltage (DC sputtering) or using AC voltage (RF sputtering). A schematic image of 

sputtering process is shown in Fig. 3-3. At first, substrate and target material are placed in 

a vacuum chamber containing an inert gas, usually argon. A high voltage about 3-5 kV is 

applied across the target source material and substrate, and then the free electrons start to 
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flow in the plasma environment. Ar gas atoms are ionized by the collision with electrons 

and attracted to the negatively charged target; due to the high kinetic energy of Ar ions, 

atoms are ejected from the target and are deposited on the surface of the substrate. In this 

study, an 180 nm Al2O3 layer used for insulating is deposited by rf sputtering, and a 200 

nm ITO (Indium Tin oxide) layer is deposited by dc sputtering. 

 

 

 

 

 

 

 

 

 

Figure 3-3. Schematic illustration of sputtering process. 

 

3.1.5 Fabrication of spin pumping and spin-torque FMR device 

     In this study, we use spin pumping and ST-FMR method to detect spin conversion. The 

device fabrication steps are as follow: 

1. Bottom electrode: At first, a bottom electrode of Ti(5nm)/Au(25 or 35nm) is 

deposited by E-beam evaporation. The schematic of bottom electrode is shown in Fig. 

3-4(a). The thickness of bottom electrode is better to be larger than the thickness of 

conductive layer of measured sample wire to prevent the natural oxidation happen at 

the contact part.  

2. Sample wire: Py(5nm)/metal (20 or 30 nm)/oxide(30nm) tri-layer is deposited 

between the bottom electrode. The dimension of the sample wire is 14 μm x 200 μm. 

Because Py and metal layer is easily oxidized in atmosphere, it is better to put the 

photoresist on the sample just after the lift-off process to protect the sample. In addition, 
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because the conduction between sample and bottom electrode is formed during the 

deposition in high vacuum so there is no natural oxidation of Py and metal layer at the 

contact part and therefore a better contact can be obtained by putting the bottom 

electrode before depositing sample wire.  

3. Top electrode: After the sample wire, a top electrode of Ti(5 nm)/Au(150 nm) is 

deposited as shown in Fig. 3-4(b). Top electrode will contact with a probe for electrical 

detection so a thicker Au layer (150-200 nm) is preferred. 

4. Insulating layer: An 180nm insulating Al2O3 layer is deposited to protect the sample. 

Also in spin pumping measurement case, an insulating layer can prevent the rf current 

in the waveguide leaking into the sample wire or electrode. 

5. Coplanar waveguide (CPW): At last, a CPW of Ti(5nm)/Au(150nm) is deposited. 

Because in the experiment the rf field is generated by injecting current into CPW, the 

position of CPW with respected to the sample wire should be the same when doing 

photolithography to make sure there is no difference of the magnitude of rf field in 

every samples and devices. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4. Schematic illustration of (a) bottom electrode and (b) top electrode. 
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3.2 Experiment setup 

3.2.1 Spin pumping measurement 

     Fig. 3-5 shows the schematic illustration of experiment setup in spin pumping 

measurement. A sample wire of Py/metal/oxdie tri-layer, is placed beside a signal line of 

coplanar waveguide (CPW) made by Ti/Au. The wires are fabricated by optical lithography 

and lift-off method. A rf current is injected into the signal line to generate a rf magnetic 

field hrf . By sweeping the external magnetic field H, FMR can be excited at the resonance 

field in Py layer. As introduced in chapter 2, the precession motion of the magnetization in 

Py layer pumped a spin current into the metal layer and reach the metal/oxide interface. A 

charge current generated by spin-to-charge conversion through IEE or ISHE is then 

detected as a voltage signal. In this study, the power of rf current of spin pumping 

measurement is 16 to 24 dBm, and the frequency is from 5 GHz to 10 GHz. The 

measurement is performed from 10 K to 300 K. For low temperature measurement, we use 

a probe system of NAGASE company. The sample is put in a vacuum chamber with 

pressure about 10-4 Pa and be cooled down by helium compressors. The measurement at 

room temperature is done at either atmosphere or pressure in 10-4 Pa. We found that the 

vacuum degree has no notable effect to the spin pumping measurement. 

 

 

 

 

 

 

 

 

Figure 3-5. The experiment setup of spin pumping measurement. 
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3.2.2 Spin torque ferromagnetic resonance (ST-FMR) measurement 

     Fig. 3-6 shows the schematic image of a device structure consisting of a multi-layer 

wire and Ti/Au CPW. The CPW is deposited on both ends of the wire so that the wire 

element act as a part of the waveguide. A voltage meter and signal generation are connected 

to the CPW through a bias tee as shown in Fig. 3-6. When rf current Irf and direct current 

Idc is applied to the sample, FMR in Py layer is excited by rf magnetic field due to Irf. The 

Idc generates a spin accumulation at the metal/oxide interface though DEE; a diffusive spin 

current is driven by spin accumulation towards the Py layer and modulate the damping 

torque by spin torque as introduced in chapter 2. The power of rf current is 20 dBm and 

the frequency is 8 GHz is ST-FMR measurement. The external magnetic field is applied at 

45 and 225 degrees with respect to the easy axis of the same wire. The ST-FMR 

measurement is performed at room temperature. 

 

 

 

 

 

 

 

Figure 3-6. The experiment setup of ST-FMR measurement. 

 

3.3 First-principle calculation method 

     In this thesis, a first-principle calculation with collaboration of the group of Prof. Ishii 

in Kanazawa University is performed to calculate the Rashba parameter at various 

metal/Bi2O3 interface. A density functional calculation within the general gradient 

approximation [3-1] is performed by using OpenMX code [3-2], with the fully relativistic 

total angular momentum dependent pseudopotentials taking spin-orbit interaction (SOI) 

into account [3-3]. We adopted norm-conserving pseudopotentials with an energy cutoff 
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of 300 Ry for charge density including the 5d, 6s and 6p-states as valence states for Bi; 2s 

and 2p for O; 3s, 3p, 3d and 4s for Cu; 4p, 4d and 5s for Ag; 5p, 5d and 6s for Au. We used 

16×12×1 regular k-point mesh. The numerical pseudo atomic orbitals are used as follows: 

the numbers of the s-, p- and d-character orbitals are three, three and two, respectively; The 

cutoff radii of Bi, O, Cu, Ag and Au are 8.0, 5.0, 6.0, 7.0 and 7.0, respectively, in units of 

Bohr. The dipole-dipole interaction between slab models can be eliminated by the effective 

screening medium (ESM) method [3-4]. 
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Chapter 4 

Modulation of Rashba spin-splitting by 

changing electron distribution at various 

non-magnetic metal/Bi2O3 interfaces 
     The conversion efficiency of both direct Edelstein effect (DEE) and inverse Edelstein 

effect (IEE) is proportional to Rashba parameter 𝛼ୖ . Therefore, how to design the 

interfaces with large Rashba spin-splitting is important for spin-charge interconversion in 

spintronic devices. As introduced in Chapter 2, 𝛼ୖ  can be described by                                  

𝛼ୖ = (
ଶ

௖మ
) ∫(∂𝑉/ ∂𝑧) |𝜓|ଶ 𝑑𝑧, where c, ∂𝑉/ ∂𝑧 and |𝜓|ଶ are respectively the speed of light, 

potential gradient and electron density distribution. Zero point of z locates at the center of 

atoms at interface. Because this integral is strongly affected by asymmetric and localized 

feature of |𝜓|ଶ [4-1, 4-2], even a small modulation of |𝜓|ଶ can have notable effect on 𝛼ୖ. 

This suggests that Rashba spin-splitting can be controlled effectively by tuning the 

interfacial condition, i.e. changing metal materials at metal/Bi2O3 interfaces. To understand 

how to design the materials for large Rashba spin-splitting at metal/oxide interface, in this 

chapter, the S-C conversion and Rashba parameter in various metal (Cu, Ag, Al, Ag)/Bi2O3 

interfaces is investigated. We observed large modulation and sign change in conversion 

coefficient which corresponds to the variation of spin-splitting. The experimental results 

together with first-principles calculations indicate that such large variation is caused by 

materials dependent electron distribution near the interface. The results suggest that control 

of interfacial electron distribution by tuning the difference in work function across the 

interface may be an effective way to tune the magnitude and sign of spin-to-charge 

conversion and Rashba parameter at interface. 
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4.1 Detection of spin-to-charge current conversion at 

metal (Ag, Cu, Au, Al) /Bi2O3 interfaces  

     Fig. 4-1(a) is a schematic illustration of the measurement setup. We prepared four 

different NM material samples. Each Ni80Fe20 (Py: 5 nm)/NM (Ag, Cu, Au, or Al 20 nm)/ 

Bi2O3 (30 nm) tri-layer wire is placed beside a signal line of coplanar waveguide (CPW). 

The measured samples are fabricated by using photo-lithography and e-beam evaporation 

(see chapter 3). The length and width of the wire are 200 μm and 14 μm, respectively. Fig. 

4-1(b) is the schematic of spin-to-charge conversion at the NM/Bi2O3 interface. 

Ferromagnetic resonance (FMR) in Py layer is excited by rf current generated magnetic 

field hrf in the CPW. Spin current caused by FMR is injected into NM/Bi2O3 layer. This 

spin current gives rise to an electric dc voltage V through the inverse spin Hall effect (ISHE) 

and/or inverse Edelstein effect (IEE). The power of rf current is 20 dBm and the frequency 

is from 6 to 9.5 GHz. All measurements were performed at room temperature. Clear signals 

due to spin-to-charge (S-C) conversion are detected for all sample as shown in Fig. 4-2.  

 

 

Figure 4-1 (a) Experimental setup for the spin pumping measurement. (b) Schematic of 

spin-to-charge conversion at the NM/Bi2O3 interface.  
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(a)                                                               (b) 

 

 

 

 

 

      (c)                                                                (d)  

 

 

 

 

 

 

Figure 4-2 Detected V/R spectrum of (a) Py/Ag/Bi2O3; (b) Py/Cu/Bi2O3; (c) Py/Au/Bi2O3 

and Py/Au/Al2O3; (d) Py/Al/Bi2O3. The rf power-dependence of 5 samples is shown in 

the upper insets, and the angle-dependence of the normalized signal V/R is shown in the 

lower insets. 

     At the vertical axis, we show the output current values estimated from V because the 

sample resistance R is different in each sample. The angle θ is the angle between sample 

wire and external magnetic field H. From this measurement, a strong NM materials 

dependence in amplitude and sign of detected signals is observed. The signal amplitude is 

almost the same between Py/Cu/Bi2O3 and Py/Ag/Bi2O3, but surprisingly their signs are 

opposite each other. While the amplitude of Py/Au(Al)/Bi2O3 is one order or two orders of 

magnitude smaller than Cu/Bi2O3. It has been reported that there is almost no S-C 

conversion signal of Py/Cu and Py/Ag bilayers detected by spin pumping method so the 
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SHE contribution of Cu and Ag is neglected small [4-3, 4-4]. The possibility of Bi impurity 

induced extrinsic spin Hall effect in NM can be excluded because the SH angles induced 

by Bi in Cu and Ag are both negative [4-5]. Therefore, the influence of Bi impurities cannot 

explain the sign change of S-C conversion between Ag/Bi2O3 and Cu/Bi2O3. In addition, 

there is no notable difference between resistivities of Cu/Al2O3 and Cu/Bi2O3 bilayers, 

indicating that the contribution of Bi impurities should be small, and the S-C conversions 

in Py/(Cu, Ag)/Bi2O3 are dominated by IEE at their (Cu, Ag)/Bi2O3 interfaces.  

   While the contribution of ISHE in Au may be notable since SHA of Au is one order of 

magnitude lager than Cu and Ag [4-6, 4-7]. To estimate the contribution of ISHE in Au, 

we prepared the reference sample of Py/Au/Al2O3 trilayer. Figure 4-2(c) shows the output 

spectrum of Py/Au/Al2O3 and Py/Au/Bi2O3. From the signal amplitude in Py/Au/Al2O3, 

we estimated spin Hall angle 𝜃ୗୌ in Au layer is +0.40±0.07%; the details calculation will 

be shown in section 4-3. This value is in good agreement with reported values [4-7, 4-8]. 

By comparing the signal amplitudes of Py/Au/Al2O3 and Py/Au/Bi2O3, we found that the 

sign of S-C conversion at Au/Bi2O3 interface should be opposite to SHA in Au. 

   The rf power-dependence of 5 samples is shown in the upper insets to Fig. 4-2(a)-(d). 

The detected signals increase linearly with the rf power, being consistent with the 

prediction of spin pumping model [4-9]; It also indicates that the spin pumping experiment 

are in the linear regime of FMR. Furthermore, the angular dependence of magnetic field of 

the normalized signal is shown in the lower insets to Fig. 4-2(a)-(d).  All of them show the 

sinusoidal shape which can be explained by typical Rashba model as introduced in chapter 

2. This confirms that the observed S-C conversion signals arise from FMR spin pumping. 

 

4.2 Estimation of spin current 

     The injected spin current can be derived by analyzing the V/R spectrum of spin pumping 

measurement. The enhancement of the magnetic damping constant gives the spin injection 

efficiency known as spin mixing conductance [4-8], 

 𝑔ୣ୤୤
↑↓= 

ఓబெ౩tూ
௚ఓా

൫𝛿୊/୒/୓ − 𝛿୊/୒൯ (4.1) 
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where t୊ ,  𝛿୊/୒/୓ , and  𝛿୊/୒  are the saturation magnetization, the thickness of Py, the 

damping constant for Py/NM/Bi2O3, and the damping constant for Py/Cu, respectively. The 

injected spin current density at Py/NM interface 𝐽ୱ
଴ is given by [4-13] 

 
𝐽ୱ

଴ =
2𝑒

ℏ
×

ℏ𝑔ୣ୤୤
↑↓ γଶ(𝜇଴ℎ୰୤)

ଶൣ𝜇଴𝑀ୱ𝛾 + ඥ(𝜇଴𝑀ୱ)ଶ𝛾ଶ + 4𝜔ଶ൧

8𝜋𝛿୊/୒/୓
ଶ [(𝜇଴𝑀ୱ)ଶ𝛾ଶ + 4𝜔ଶ]

 
(4.2) 

 

where γ,  ℎ୰୤ and 𝜔 are the gyromagnetic ratio, applied rf field and the angular frequency, 

respectively. 

     Fig. 4-3(a) shows rf current frequency as a function of the magnetic resonant filed. By 

fitting with Kittel formula, (𝜔/γ)ଶ = 𝜇଴𝐻ୢୡ(𝜇଴𝐻ୢୡ + 𝜇଴𝑀ୱ), the saturation magnetization 

𝜇଴𝑀ୱ of the Py can be derived. Fig. 4-3(b) shows the half width at half maximum (HWHM) 

as a function of rf current frequency. From the slope, we can derived the effective magnetic 

damping constant 𝛿ୣ୤୤ for Py by using the relation, ∆𝐻 = 𝛿ୣ୤୤𝜔/γ + ∆𝐻଴, where ∆𝐻଴ is the 

offset of the HWHM, respectively [4-14]. For Py/Cu bilayer, almost all of the injected spin 

current is reflected back to the Py layer without spin relaxation in Cu layer [4-15] because 

the spin diffusion length in Cu of 400 nm at 290K [4-16] is much larger than NM layer 

thickness of 20 nm. Therefore, Py/Cu bilayer sample shows the smallest slope 

corresponding to the smallest damping of FMR. In contrast, all of the other samples show 

the enhancement of damping in FMR. It implies that for Py/Ag/Bi2O3 and Py/Cu/Bi2O3,  

(a)                                                                           (b) 

 

 

 

 

 

 

Figure 4-3. (a) Rf current frequency as a function of the magnetic resonant filed. (b) Half 

width at half maximum (HWHM) as a function of rf current frequency. 
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spin current is injected into the interface. On the other hand, for Py/Au/Bi2O3, both SOC 

in Au bulk and at Au/Bi2O3 interface contribute to the enhanced the damping of FMR.ℎ୰୤ 

is determined by precession cone angle measurement developed by M. V. Costache et al. 

[4-17]. We measured the cone angle 𝜃ୡ of the of Py(5 nm)/Al2O3(30 nm) bilayer sample in 

FMR with 20 dBm rf current at 9 GHz. Fig. 4-4(a) shows the experiment setup which has 

complete the same design as our spin pumping measurement but with a bias current 

injecting into Py layer for detecting the resistance from V/I curve. The anisotropic 

magneto-resistance (AMR) of Py layer with parallel  magnetic field H∥and perpendicular 

magnetic field H⊥ with respect to current direction is shown in Fig. 4-5(a). The resistance 

difference R between H∥and H⊥due to AMR is about 10 Ω. When Py layer is excited to 

FMR resonance, the resistance change due to AMR of the precession motion as shown in 

Fig. 4-4(b). The detected voltage spectrum with controlled bias current is shown as Fig. 4-

5(b). Fig. 4-5(c) shows the detected voltage as a function of bias current. From linear fitting, 

the slope of Fig. 4-5(c) gives resistance change in FMR, RFMR = 0.042 Ω. From the 

relation,  RFMR/R = sin2𝜃ୡ and 𝜃ୡ = ℎ୰୤/2∆𝐻 the estimated cone angle of Py/Al2O3 is 

3.7 °  and the ℎ୰୤  is 9.4 Oe. As the results, the estimated spin current density 𝐽ୱ
଴  of 

Py/Ag/Bi2O3, Py/Au/Al2O3, Py/Au/Bi2O3, Py/Al/Bi2O3, and Py/Cu/Bi2O3 is 13.6×107A/m2, 

7.7×107 A/m2, 8.9×107 A/m2, 9.0×107 A/m2, and 11.4×107 A/m2,  respectively. The injected 

spin current 𝐽ୱ
଴ at Py/NM interface propagates and exponentially decays in the NM layer. 

The spin current at NM/Bi2O3 interface is 𝐽ୱ(୒୑/୆୧మ୓య) =  𝐽ୱ
଴ ×  exp (−𝑡୒/𝜆୒), where 𝑡୒ 

and 𝜆୒ are the thickness and spin diffusion length of NM, respectively. For NM=Ag, Cu, 

Al, their 𝜆୒ is larger than 300 nm on room temperature [4-16, 4-18, 4-19], which is much 

larger than 𝜆୒=20 nm; therefore there is almost no effect of the decay term. For NM=Au, 

we use 𝜆୒=35 nm from a reported value [4-8]. 
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(a)                                                                     (b) 

 

 

 

 

 

 

Figure 4-4. (a) Experimental setup for the cone angle measurement. A bias current is 

injected into Py/Al2O3 bilayer sample to measure the V/I curve. (b) Schematic of 

magnetization precession of Py with cone angle 𝜃ୡ in ferromagnetic resonance (FMR).  

(a)                                                                           (b) 

 

 

 

 

   (c) 

 

 

 

 

Figure 4-5 (a) Magnetoresistance due to AMR effect of Py(5nm) in parallel magnetic field 

H// and perpendicular magnetic field H⊥ with respect to current direction. (b) Detected 

voltage difference VFMR due to precession of FMR with bias current from -0.3mA to 

+0.3mA (c)Detected FMR voltage as a function of bias current 
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4.3 Separation of inverse spin Hall effect and inverse 

Edelstein effect 

When measuring the spin-to-charge (S-C) conversion at the Bi2O3 interface of Ag, Cu, 

and Al, the spin Hall effect of these NM materials is negligible small. However, in 

Au/Bi2O3 case spin Hall angle of Au is one order larger than others and makes notable 

contribution. For analyzing Py/Au/Bi2O3 sample, the contribution of SHE of Au and IEE 

in Au/Bi2O3 interface need to be separated. Firstly, we measure the spin Hall angle of Au 

by measuring S-C conversion in Py/Au/Al2O3 sample.  By solving the spin diffusion 

equation with the boundary condition that spin current is zero at Au/Al2O3 interface, the 

spin current flowing in the Au layer is 

 
𝐽ୱ(𝑦) =

sinh[(𝑡୒ − 𝑦)/𝜆୒]

sinh(𝑡୒/𝜆୒)
𝐽ୱ

଴ 
(4.3) 

where 𝑡୒, and 𝜆୒ are the thickness of NM layer, and the spin-diffusion length of NM layer, 

respectively. 𝐽ୱ
଴ is the spin current injected at Py/Au interface which is shown in eq. (3). 

Here, we use 𝜆୒ = 35 nm from a reported value [4-8]. The average spin current density is 

〈𝐽ୱ〉 =
ଵ

௧ొ
∫ 𝐽ୱ(𝑦)

௧ొ

଴
 and the average charge current density in three dimension is 〈𝐽ୡ〉 =

𝜃ୗୌ〈𝐽ୱ〉. Therefore, the spin Hall angle 𝜃ୗୌ can be calculated by 

 
〈𝐽ୡ〉 = 𝜃ୗୌ ൬

2𝑒

ℏ
൰

𝜆୒

𝑡୒
tanh ൬

𝑡୒

2𝜆୒
൰ 𝐽ୱ

଴ 
(4.4) 

As the result, 𝜃ୗୌ of Au is +0.40±0.07%, which is in a good agreement with reported value 

measured by spin-pumping method . The next step is considering the interface effect of 

Au/Bi2O3. Because some spin current is injected into the Au/Bi2O3 interface, the backflow 

of spin current is reduced and the injected spin current increased at Py/Au interface, i.e. 

𝐽ୱ(୅୳/୆୧మ୓య)
= 𝐽ୱ(୅୳/୅୪మ୓య)

+ ∆𝐽ୱ and ∆𝐽ୱ > 0. Since the backflow of spin current decays 

from y = 𝑡୒ to y = 0, that is ∆𝐽௦(y) = ∆𝐽௦
଴𝑒௬/ఒొ  and ∆𝐽௦

଴ = 𝐽ୱ
଴

(୅୳/୆୧మ୓య)
− 𝐽ୱ

଴
(୅୳/୅୪మ୓య)

. The 

spin current in Au/Bi2O3 can be expressed as 

 
𝐽ୱ(𝑦) =

sinh[(𝑡୒ − 𝑦)/𝜆୒]

sinh(𝑡୒/𝜆୒)
𝐽௦

଴
(୅୳/୅୪మ୓య)

+ ∆𝐽௦
଴𝑒௬/ఒొ  

(4.5) 
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Again, the average spin current density is 〈𝐽ୱ〉 =
ଵ

௧ొ
∫ 𝐽௦(𝑦)

௧ొ

଴
. We assumed that the θௌு of 

the Au bulk in Au/Bi2O3 and Au/Al2O3 are approximately equal since the typical thickness 

of interface layer is only 0.4 nm. By separating the contribution of ISHE and IEE, the 3D 

charge current density 〈𝐽௖〉 can be expressed as 

 〈𝐽ୡ〉 = 〈𝐽ୱ〉θୗୌ + 𝐽ୱ(୧୬୲ୣ୰୤ୟୡୣ) × λ୍୉୉𝑡୒ (4.6) 

and then the λIEE of Au/Bi2O3 interface is derived. 

 

4.4 Conversion coefficient and Rashba parameter at 

various metal/Bi2O3 interfaces 

     The S-C conversion coefficient of IEE is defined as λ୍୉୉≡ 𝑗௖(ଶ஽)/𝐽௦, where  𝑗௖(ଶ஽) is the 

charge current density at 2D interface and 𝐽௦ is the spin current density. Here, the units of 

𝑗ୡ and 𝐽ୱ are A/m and A/m2, respectively. Therefore, 𝜆୍୉୉ has a unit of length. For NM=Ag, 

Cu, Al, because the S-C conversion from ISHE can be neglected,   𝑗௖(ଶ஽)  is simply 

calculated by 𝑗ୡ = 𝑉/𝑤𝑅 where 𝑉, 𝑤, and 𝑅 are detected voltage, the width of the sample 

wire, and total resistance of the wire, respectively. For NM=Au case, contribution of SHE 

and IEE need to be separated for estimating 𝜆୍୉୉. The calculated 𝜆୍୉୉ of various metal/ 

Bi2O3 interfaces is shown in Table 4-1; 𝜆୍୉୉ at Cu, Ag /Bi2O3 interfaces is comparable with 

the reported value 𝜆୍୉୉ = 0.3 nm for Ag/Bi interface measured by spin pumping method 

[4-10], and is one-order larger than 𝜆୍୉୉ = 0.009 nm for Cu/Bi measured by lateral spin 

valves method [4-11]. The λ୍୉୉ can be expressed by using the Rashba parameter 𝛼ோ and 

momentum relaxation time 𝜏௣
୧୬୲  at the interface [4-12],  λ୍୉୉ = 𝛼ୖ𝜏௣

୧୬୲/ℏ . It has been 

reported that 𝜏௣
୧୬୲ is governed by the momentum relaxation time 𝜏௣

୒୑ in the NM layer in 

contact with Rashba interface [4-4]. By using an approximation 𝜏௣
୒୑~ 𝜏௣

୧୬୲  with a 𝜏௣
୒୑ 

derived from the resistivity of NM layer, effective Rashba parameter 𝛼ୖ
ୣ୤୤ was calculated. 

Table 1 shows the strong NM dependence of λ୍୉୉  and 𝛼ୖ
ୣ୤୤  at NM/Bi2O3 interfaces 

measured at 5 devices of the same sample. We found that Cu/Bi2O3 and Ag/Bi2O3 have 

larger |𝛼ୖ
ୣ୤୤| and sign of 𝛼ୖ

ୣ୤୤ at Ag/Bi2O3 is positive while others are negative. The |𝛼ୖ| 

calculated by first-principle calculation (see section 4.7)is also shown in Table 1. 
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Table 1 | Conversion coefficient λ𝐈𝐄𝐄, Rashba parameter 𝜶𝐑
𝐞𝐟𝐟,  

Damping constant 𝜹𝐞𝐟𝐟,  and spin mixing conductance 𝒈𝐞𝐟𝐟
↑↓. 

 
Interface λ𝐈𝐄𝐄(nm) 𝜶𝐑

𝐞𝐟𝐟(eV·Å) 
 |𝜶𝐑|(eV·Å) 

 (calculation) 
𝜹𝐞𝐟𝐟 

𝒈𝐞𝐟𝐟
↑↓ 

(1018 m-2) 

 

Ag/Bi2O3 +0.15 ±0.03 +0.16 ±0.03 0.50 0.0168 10.78 

Cu/Bi2O3 -0.17 ±0.03 -0.25  ±0.04 0.91 0.0154 8.27 

Au/Bi2O3 -0.09 ±0.03 -0.10 ±0.04 0.29 0.0142 3.77 

Al/Bi2O3 -0.01 ±0.002 -0.055 ±0.011 ------- 0.0133 4.49 

 

Table 4-1. Conversion coefficient  λ𝐈𝐄𝐄 , Rashba parameter 𝜶𝐑
𝐞𝐟𝐟 , damping constant  

𝜹𝐞𝐟𝐟, and spin mixing conductance 𝒈𝐞𝐟𝐟
↑↓ in various NM/Bi2O3 interfaces. 

 

     To check the system error of our spin pumping measurement and analysis method, we 

investigated  λ୍୉୉ and 𝛼ୖ
௘௙௙ at different rf current frequency in spin pumping method as 

shown in Fig. 4-6. Because the spin current generated by spin pumping in average is a dc 

spin current, the S-C conversion and Rashba parameter at NM/Bi2O3 should not depend on 

the frequency of rf current. As expected, by measuring one Py/Cu/Bi2O3 sample at 6,7,8, 

and 9 GHz, λ୍୉୉ is 0.19±0.005nm and  𝛼ୖ
௘௙௙ is 0.27±0.007 (eV·Å) as shown in Fig. 4-6. 

This 2.6% system error is much smaller than the standard deviation of different devices, 

indicates that our measurement technique is convincible. Note that the value here is 

measured by only one device of the sample at different frequency while the values in Table 

4-1 are measured by 5 devices of the same sample at 9 GHz. 
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Figure 4-6. Frequency dependence of Rashba parameter 

 

4.5 Discussion of metal materials dependence 

     Here we discuss the materials dependence of two important origins of Rashba effect, 

atomic SOC and broken inversion symmetry.  Firstly, we compare the influence of SOC 

of different NM materials. Even though Au has one order larger SOC than Ag and Cu, its 

Bi2O3 interface has smaller |𝛼ୖ
ୣ୤୤|. This result suggests that the SOC of NM layer is not 

essential to Rashba effect at NM/Bi2O3 interfaces. This trend is the same with the first-

principles calculations and experimental results in ARPES measurement in Ag(111)/Bi and 

Cu(111)/Bi Rashba interfaces [4-20]. The reason is that the SOC of Bi dominantes the large 

Rashba spin splitting at NM/Bi2O3 interface so the contribution of SOC of NM is too 

smaller to be detected.  As the results, the strong NM dependency is not due to different 

SOC strength of NM materials. Secondly, we discuss the materials dependence of broken 

inversion symmetry. Several possible origins of broken inversion symmetry is discussed 

below, which are film crystallinity, atomic structure, and work function difference at 

interface.    

4.5.1 Film crystallinity 

     We use X-ray diffraction (XRD) to get the crystallinity information at NM/Bi2O3 

interface of each Py/NM/Bi2O3 samples. The general results of Py/Ag/Bi2O3 and 

Py/Cu/Bi2O3 are on the top of figure 4-7(a) and (b). Three main peaks which correspond 
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to Bi2O3, Ag(111) or Cu(111), and Ni(111), are observe. The results indicate that in Cu, Ag, 

and Au layer, mainly there is (111) alignment. In contrast, the peak of Bi2O3 is quite broaden 

so the Bi2O3 should be amorphous. In addition, to get the information at metal/Bi2O3 

interface, we performed the grazing incident X-ray diffraction measurement (GI XRD). By 

using a small incident angle ~0.4 degree, the X-ray mostly reflected at metal/ Bi2O3 

interface and therefore give us the information at the interface. The GI XRD results are 

shown in the Fig. 4-7(a)-(c); there is no peak of Ni(111) observed in GI XRD, indicating 

that the X-ray doesn’t reach the Py layer and it is reflected by NM. We found that the 

crystallinity at interface is NM(111)/amorphous Bi2O3. These results suggest that the 

NM/Bi2O3 (NM = Ag, Cu, and Au) interfaces may have similar crystallinity and therefore 

the strong NM dependence does not come from the crystal structure. 

 

 

 

 

 

 

Figure 4-7. XRD and GI XRD spectrum of (a) Py/Ag/Bi2O3 (b) Py/Cu/Bi2O3 (c) 

Py/Au/Bi2O3 
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4.5.2 Interface alloying structure 

     In the metallic Rashba interface such as Ag/Bi, the potential inversion symmetry is 

occurred by the work function difference and also the interface alloying structure. It has 

been shown that the contribution of interface alloying structure on 𝛼ୖ is much larger than 

work function difference [4-21]. For example, different alloying structure is considered to 

be the reason why Ag(111)/Bi has 3 times larger 𝛼ୖ  than Cu(111)/Bi. In contrast, for 

NM/Bi2O3 interfaces, the value of Rashba parameter at Ag/Bi2O3 interface is one order 

smaller than Ag(111)/Bi , and Cu/Bi2O3 is about half of Cu(111)/Bi [4-8]. This reduction 

might be caused by the lack of interface alloying and in-plane potential gradient, because 

Bi atoms are much more strongly bonded to oxygen atoms than to the NM. Following this 

hypothesis, we calculate the Rashba parameter at NM (111)/α-Bi2O3 interface without any 

alloying structure. A strong materials dependence is still observed as shown in first-

principle calculation results. Therefore, the interface structure is not the reason of NM 

dependence. In addition, because the lack of alloying structure at NM/Bi2O3 interfaces, the 

work function difference may become an important essence to induce broken inversion 

symmetry and the interfacial spin splitting. 

  

4.6 Rashba parameter versus work function difference  

     From previous discussion of NM dependence, the out-of-plane electric field originating 

from work function difference may be an important essence for inducing inversion broken 

symmetry at NM/Bi2O3 interfaces. That is to say, 𝛼ୖ  is related with work function 

difference between NM and Bi2O3, ΔΦNM-Bi2O3. Fig. 4-8 (a) shows absolute value estimated 

by experiment and calculation in different NM/Bi2O3 interfaces as a function of |ΔΦNM-

Bi2O3 |. Here, the ΔΦNM-Bi2O3 is defined as ΦNM-ΦBi2O3. We use reported value of work 

function Φ of Cu (111) [4-22], Ag(111), Au(111), Al(111) [4-23], and 𝛼- Bi2O3 [4-24] as 

4.96, 4.74, 5.31, 4.26, and 4.92 in units of eV, respectively. It seems that |𝛼ୖ
ୣ୤୤| decreases 

as |ΔΦNM-Bi2O3| increases and the trend of calculated |𝛼ୖ| is in good agreement with the 

experimental results. Additionally, the sign change of 𝛼ୖ
ୣ୤୤  between Ag/Bi2O3 and 

Cu/Bi2O3 occurs near ΔΦNM-Bi2O3=0 as shown in Fig. 4-8(b). 
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(a)                                                                   (b) 

 

 

 

 

 

 

Figure 4-8   (a) Absolute value |𝛼ୖ
ୣ୤୤| in various NM/Bi2O3 interfaces as a function of 

|ΔΦNM-Bi2O3| between NM and Bi2O3.  (b) 𝛼ୖ
ୣ୤୤ as a function of ΔΦNM-Bi2O3 between NM 

and Bi2O3. 

       To understand the relation between work function difference and 𝛼ୖ, again we start 

from the relation 𝛼ୖ = (
ଶ

௖మ
) ∫(∂𝑉/ ∂𝑧) |𝜓|ଶ 𝑑𝑧 . We investigated the charge density 

distribution |𝜓|𝟐  and potential V at NM=Cu, Ag, Au(111)/α-Bi2O3 by first-principle 

calculation as shown in Fig. 4-9. The details of calculation will be explained in section 4.7. 

The potential V of  Cu, Ag, and Au are very similar while their  |𝝍|𝟐 has very different 

shape which indicates that |𝝍|𝟐 is the main reason of strong NM dependence. Here we 

discuss how work function difference modulates |𝝍|𝟐  and 𝛼ୖ . Firstly, we compare 

Cu/Bi2O3 and Au/Bi2O3. In case of Cu, the |ΔΦNM-Bi2O3 | is smaller than Au and the 

asymmetric |𝜓|ଶ is more strongly localized near Cu nuclei where the ∂𝑉/ ∂𝑧 of Columb 

potential becomes largest as shown in Fig. 4-9(a). In case of Au, the peak of |𝜓|ଶ is shifted 

by a larger |ΔΦNM-Bi2O3 |  from Au nuclei and delocalized by charge transfer due to 

interfacial electric field as shown in Fig. 4-9(c). Thus, the integral of ∫(∂𝑉/ ∂𝑧) |𝜓|ଶ 𝑑𝑧 

becomes smaller in case of Au because |𝜓|ଶ is not localized in the largest ∂𝑉/ ∂𝑧 region. 

Therefore, |𝛼ୖ|  decreases as |ΔΦNM-Bi2O3| increases. This charge-transfer-induced 

delocalization of  |𝜓|ଶ  is often discussed in ferroelectric oxides by Wannier functions [4-

25]. 

Secondly, we discuss the different sign of 𝛼ୖ  between Ag/Bi2O3 and Cu/Bi2O3. 

Because the ∂𝑉/ ∂𝑧 is an antisymmetric Coulomb potential near NM nucleus, sign of 𝛼ୖ 
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is determined by whether the excess electron density is localized on NM side or Bi2O3 side. 

The opposite sign between Ag/Bi2O3 and Cu/Bi2O3 should come from the different 

asymmetry of |𝜓|ଶ. When there is a sign change of ΔΦ, the interfacial electric field change 

its direction. Assuming that Ag/Bi2O3 and Cu/Bi2O3 interfaces have similar hybridization 

state, the opposite direction of electric field may shift the |𝜓|ଶ to different side of NM or 

Bi2O3 and then cause the sign change of 𝛼ୖ. This opposite direction shift is demonstrated 

by calculation results in Fig. 4-9(a) and (b). Also in case of Gd(0001) and O/Gd(0001) 

surface, it has been reported that the sign change behavior is caused by asymmetry of |𝜓|ଶ 

due to top oxide layer [4-26]. While in case of Al/Bi2O3 interface, the sign is not as 

expected by the same scenario as NM = Ag, Cu, and Au. Since Al itself has quite different 

electronic state with Ag, Cu, and Au (group 11 elements), the hybridization state at 

Al/Bi2O3 interface may have different asymmetric feature with others and that’s why 

Al/Bi2O3 interface does not have the same sign as Ag/Bi2O3 though their ΔNM-Bi2O3 are 

both negative. 

 

(a)                                            (b)                                              (c) 

 

 

 

 

Figure 4-9.  Charge density distribution |𝝍|𝟐 and the planar averaged electrostatic 

potential V of (a) Cu/Bi2O3 (b) Ag/Bi2O3 (c) Au/Bi2O3. The origin is fixed to the position 

of the nearest neighbor Bi atom from top NM atom. The vertical line represents the 

position of the peak of |𝝍|𝟐. 
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4.7 First-principles calculations results 

     The details of electronic state such as charge density and electrostatic potential at 

NM/Bi2O3 interface were investigated by first-principles calculations. Fig. 4-10 (a)-(b) 

shows the electronic states of the NM(111)/ 𝛼 -Bi2O3 interfaces of which local 

crystallographic configuration is similar to that of our sample (see section 4.5.1). Fig. 4-

4(c) shows the schematic of the first Brillouin zone of α-Bi2O3. The in-plane length of unit 

cell is based on the experimental lattice constant of each NM. We also assumed other local 

crystallographic configuration for the NM/Bi2O3 interfaces in terms of the out of plane 

arrangement of NM and the crystal phases of Bi2O3 (e.g. NM(110)/ 𝛽 -Bi2O3). The 

calculated 𝛼ୖ is in the same order of magnitude for both interfaces. From our thickness 

dependence calculation, we found that the electronic structures were insensitive to the 

number of NM layers once the number of layers exceeds 16. Fig. 4-11 shows the band 

structure for the NM(111)/𝜶-Bi2O3 systems, where the symmetry points (Γ, C, X) are those 

in the first Brillouin zone shown. There is a free-electron-like band around C-point near 

the Fermi energy for each system, and its Rashba spin splitting is anisotropic. Fig. 4-6 

shows the spin textures for the NM(111)/α-Bi2O3 system. The anisotropic Rashba spin 

structures are shown for NM = Cu (Fig. 4-12 (a)) and for NM = Ag (Fig. 4-12 (b)), while 

the non-Rashba type spin structures are shown for NM = Au (Fig. 4-12 (c)). Since 𝜶-Bi2O3 

is monoclinic (P21/c, No. 14) and C-point is Brillouin zone-boundary, each system has no 

4-fold rotational symmetry around C-point that makes Fermi surface and spin textures 

isotropic. The anisotropic Rashba spin vortices for NM = Cu and Ag are opposite to each 

other (e.g. The inner (outer) vortex for NM = Cu is the clockwise (anti-clockwise), while 

that for NM = Ag is the anti-clockwise (clockwise), which may support our experimental 

result that the sign of 𝜶𝐑
𝐞𝐟𝐟 in Ag/Bi2O3 is positive while that in Cu/Bi2O3 is negative. For 

NM = Au, there are non-Rashba type spin splitting. This may be due to strong SOC of Au. 

On the other hand, in the experiment, a symmetric circular spin structure was observed by 

angle dependence results but not an anisotropic one, because the amorphous Bi2O3 results 

in a symmetric potential in x-y plane. We obtained the Rashba coefficients 𝜶𝐑  as the 

average of the ones along CΓ and CX line around C-point. A trend in the Rashba spin 

splitting is corresponding to experimental one as shown in Table 1. The experimental 
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values of |𝛼ୖ| are about 3 times smaller than the calculated values; this difference may 

come from the different structure between real samples and the calculations. In the 

experiment the deposited Bi2O3 layer is amorphous, so it is reasonable that the smaller 𝛼ୖ 

is obtained by experiments.  

 

(a)                                            (b)                                          (c) 

 

 

 

 

 

 

Figure 4-10 Atomic structure of NM(111)/α-Bi2O3; (a) top view; (b) side view. Blue, 

purple and red circles correspond to NM material, Bismuth and Oxygen. (c) The schematic 

of the first Brillouin zone of α-Bi2O3 

 

 

Figure 4-11 Band structures for NM(111)/α-Bi2O3. (a) NM = Cu; (b) NM=Ag; (c) NM=Au. 

The enlarged views of the band structures around C-point are shown through each path 

from C-point to the point dividing CΓ or CX line internally in the ratio 1:4.        
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  (a) 

 

 

 

 

                   

 

 

 (b)                                                                                    (c)                                        

                                        

              

 

 

 

 

 

Figure 4-12 Spin textures of (a) Cu(111)/α-Bi2O3; (b) Ag(111)/α-Bi2O3; (c) Au(111)/α-

Bi2O3. The black arrow shows CΓ line in the first Brillouin zone. 

 

    To understand the role of atomic SOC, the strength dependence of SOC in Bi on the 𝜶𝐑 

is investigated as shown in Fig. 4-13. 𝜶𝐑 without SOC of Bi is in the order of each NM 

(111) surface state. For NM = Cu and Ag, the 𝜶𝐑 drastically increases as the strength of 

SOC of Bi increases, while the 𝜶𝐑 slightly decreases for NM = Au. This result suggest that 

the large SOC dominates the Rashba splitting in Cu and Ag case. 
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Figure 4-13. Strength dependence of SOC of Bi on Rashba coefficient 𝜶𝐑 for NM(111)/α-

Bi2O3. 

 

4.8 Summary of chapter 4 

     We have observed the large magnitude variation and sign change of S-C conversion 

originated from modulation of Rashba spin-splitting at various NM/Bi2O3 interfaces. This 

strong variation comes from the material dependent electron distribution near the interface. 

The experimental results, supported by calculation, suggest that |𝜓|ଶ could be controlled 

by tuning interfacial electric field between NM and Bi2O3. The estimated Rashba parameter 

of NM/Bi2O3 is one order smaller the Ag/Bi interfaces. This reduction can be explained by 

the lack of interface alloying structure at oxide/metal interfaces. However, despite of the 

one order smaller 𝛼ୖ ,  λ୍୉୉ at NM(Cu, Ag)/Bi2O3 is comparable to reported value of Ag/Bi, 

0.3 nm. The reason may be that in case of Ag/Bi metallic interfaces, part of spin current is 

absorbed by Bi layer since Bi has large SOC and notable spin Hall effect; therefore, the 

spin current converted to charge current at Ag/Bi interface is less than totally injected spin 

current. On the other hand, in case of NM/Bi2O3 interfaces, the injected spin current is 

converted only at NM/Bi2O3 interfaces since Bi2O3 is insulator. Thus, NM/oxide interfaces 

have a great potential of more efficient S-C conversion than metallic interfaces. This study 

have shown an effective way to tune the magnitude and sign of S-C conversion by changing 

the electron distribution and provided a guiding principle for finding novel NM/oxide 

interfaces in the future. 
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Chapter 5 

Efficient spin conversion at 

Cu(Ag)/oxide interfaces without 

heavy elements 
    In chapter 4, we investigated Rashba parameter 𝛼ୖ at various metal / Bi2O3 interfaces. 

Our results suggest a way to design metal materials from work function difference. 

Moreover, it is important to understand how to choose the oxide materials at metal/oxide 

Rashba interfaces as well. We have shown that the SOC of metal layer have almost no 

contribution on Rashba parameter at metal/Bi2O3 interface because the SOC of Bi is much 

larger than metal layer. Following this conclusion, using other oxide materials instead of 

Bi2O3 should change SOC and have notable effect on 𝛼ୖ . There are at least two 

contribution of oxide materials on 𝛼ୖ : SOC of oxide materials and oxide materials 

dependence electron distribution. Because Bi have the largest SOC in non-radioactive 

materials, using other metal-oxide materials should results in smaller SOC and 𝛼ୖ. Besides, 

different electron distribution with strong localization or asymmetry can possibly increases 

or decreases 𝛼ୖ  as introduced in chapter 4. In this chapter, we investigate the S-C 

conversion at various Cu/oxide interfaces to understand how the oxide materials dependent 

SOC and electron distribution influent 𝛼ୖ. Surprisingly, we found that the S-C conversion 

efficiency λ୍୉୉  at Cu/ITO (Indium Tin oxide) interface has the same magnitude as 

Cu/Bi2O3 but with opposite sign though the SOC of Indium and Tin are about 5-6 times 

smaller than Bi [5-1, 5-2]. To make sure the detected conversion signal doesn’t come from 

ITO layer, we investigate both S-C and C-S conversion at Py/Cu(Ag)/ITO trilayers and 

Py/ITO bilayers samples and succeed to observe both inverse and direct Edelstein effect at 
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Cu(Ag)/ITO interfaces. Our results indicate that heavy element is not necessary for 

efficient spin-charge interconversion [5-3]. 

5.1 Spin-to-charge current conversion at various 

Cu/oxide interfaces  

     We prepared Py(5 nm)/Cu(20 nm)/oxide(30 nm) tri-layer samples for investigating 

oxide materials dependence. The experiment setup and sample structure are the same as 

chapter 4. We use SnO2, HfO2, Al2O3, SiO2, ITO (Indium Tin Oxide) as the oxide materials. 

The measured spin pumping spectrum of at 9 GHz with 20 dBm rf current is shown in Fig. 

5-1. Except Cu/ITO interface, magnitudes of all the signals are at least 1 order smaller than 

Cu/Bi2O3 interface.  

 

 

 

 

 

 

 

Figure 5-1   Detected V/R spectrum of Py/Cu/ITO, Py/Cu/SiO2, Py/Cu/SnO2, Py/Cu/HfO2, 

Py/Cu/Al2O3, and Py/Cu/Bi2O3 from spin pumping measurement 

     Firstly, we compare the spin-orbit coupling constant ζ of the Sn, Hf, Al, Si, In, and Sn. 

Fig. 5-2 shows the value of ζ as a function of atomic number reported by Y. Yanase and 

H. Harima.  Fig. 5-3(a) shows the detected V/R signal as a function of ζ. Al and Si are 

light elements with neglected small ζ. As expected, much smaller S-C conversion signals 

of Cu/Al2O3, SiO2 than Cu/Bi2O3 is observed as shown in. In, Sn, and Hf has similar 

ζ~0.02; however, detected V/R signals of Cu/SnO2, HfO2 have the similar magnitude with 

Cu/Al2O3 while only Cu/ITO shows notable signal which is 5 times larger than Cu/SnO2, 
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HfO2. Such large signal of Cu/ITO cannot be explained by the strength of SOC. To check 

if the large signal of ITO is related to the work function difference, we compare the work 

function difference between Cu and oxide layer with the detected V/R signal as shown in 

Fig. 5-3(b). We use reported value of work function Φ of Cu (111) [5-4],  𝛼- Bi2O3 [5-5] , 

SiO2, Al2O3, SnO2 [5-6], ITO[5-7], as 4.96, 4.92, 5.00, 4.70, 4.84, and 4.70 in units of eV, 

respectively. We cannot find a reported value for HfO2 so it is excluded. The work 

function difference of ITO is 2 times larger than SnO2 while the signal is 5 times larger. 

This trend is complete different with what we found from the metal materials 

dependence. The possible origins will be discussed in section 5.4. 

 

 

 

 

 

 

 

Figure 5-2   Spin-orbit coupling constant ζ as a function of atomic number Z. [6-2] 

(a)                                                             (b) 
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Figure 5-3 (a) Detected V/R signal as a function of spin-orbit coupling constant ζ of the 

metal element in each metal-oxide material. (b) Detected V/R signal as a function of 

work function difference ∆ΦCu-oxide. 

5.2 Spin-to-charge conversion at Cu(Ag)/ ITO interfaces  

     Because ITO is the only conductive materials in the oxide materials we used, ISHE of 

ITO may also contribute to the S-C conversion measured by spin pumping method. To 

clarify the contribution of ITO layer, we prepared Py/Cu/ITO, Py/Ag/ITO, and Py/ITO 

samples for spin pumping measurement. The weight ratio of the ITO (In2O3/SnO2) target 

was 90% vs. 10%. The resistivity of Cu, Ag, and ITO films were 10 μΩ cm,9 μΩ cm, and 

0.75 mΩ cm at room temperature. We compared the S-C conversion signal at the 

Py/Cu(Ag)/ITO trilayer samples and Py/ITO reference samples as shown in Fig. 5-4. Clear 

V/R signal is detected at Py/Cu(Ag)/ITO samples while there is much smaller signal 

detected at Py/ITO interface, which indicates that the the contribution of Cu(Ag)/ITO 

dominant the S-C conversion. Using the same analysis method as chapter 4, we calculate 

the damping constant 𝛿ୣ୤୤ and S-C conversion efficiency λ୍୉୉ of Cu(Ag)/ITO and compare 

them with Cu(Ag)/Bi2O3 interfaces as shown in table 5-1. Surprisingly, the magnitude of 

conversion efficiency of Cu/ITO is the same as Cu/Bi2O3 interfaces while that of Ag/ITO 

is twice larger than Ag/Bi2O3. This result suggest that the heavy element may be not 

necessary for efficient S-C conversion. In addition, the we found that the damping constant 

𝛿ୣ୤୤  of Py/Cu(Ag)/ITO are much smaller than Py/Cu(Ag)/Bi2O3 interface. This result 

indicates that the total spin current generated from spin pumping of Cu(Ag)/ITO interfaces 

is less than Cu(Ag)/Bi2O3 interfaces. Since the spin current injected from Py layer to Cu(Ag) 

layer should be the same, the less spin current generated indicates that the back flow of 

spin current from Cu(Ag)/ITO interface is larger than Cu(Ag)/Bi2O3 interfaces. That is, 

when the same amount of spin current is injected into the interface, less spin current is 

converted to charge current and more spin current is reflected as the backflow at 

Cu(Ag)/ITO than Cu(Ag)/Bi2O3. 
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Figure 5-4   Detected V/R spectrum of Py/Ag/ITO, Py/Cu/ITO, and Py/ITO (w/o) 

 

Interface λ𝐈𝐄𝐄(nm) 𝜹𝐞𝐟𝐟 

Py/Cu/ITO +0.17 0.0116 

Py/Ag/ITO +0.35 0.0114 

Py/Cu/Bi2O3 - 0.17 0.0154 

Py/Ag/Bi2O3 +0.15 0.0168 

 

Table 5-1   S-C conversion efficiency λ୍୉୉ and damping constant 𝛿ୣ୤୤ of Py/Cu/ITO, 

Py/Ag/ITO, Py/Cu/Bi2O3, and Py/Ag/Bi2O3 

 

5.3 Charge-to-spin conversion at Cu(Ag)/ ITO  

In section 5.2, we found that λ୍୉୉ at Cu(Ag)/ITO can be comparable or larger than 

Cu(Ag)/Bi2O3. This finding provides a new direction for designing Rashba interfaces for 

efficient S-C conversion without heavy elements. It is worth to understand whether an 

efficient charge-to-spin conversion can also be achieved at the Cu(Ag)/ITO interface. In 

case of Cu/Bi2O3, it has been shown that the C-S conversion efficiency 𝑞ୈ୉୉ is comparable 

to Pt [5-8, 5-9].  Note that though the efficiency of 𝑞ୈ୉୉ and λ୍୉୉ are both proportional to 
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𝛼ୖ, they have different time scale 𝜏ୈ୉୉  and 𝜏୍୉୉ with different relation, 𝑞ୈ୉୉ ∝ 𝜏ୈ୉୉
ିଵ 

and λ୍୉୉ ∝ 𝜏୍୉୉, as introduced in chapter 2. A large λ୍୉୉ doesn’t necessarily correspond to 

an efficient 𝑞ୈ୉୉. In this section, we observe the direct Edelstein effect (DEE), a charge-

to-spin (C-S) conversion at Cu(Ag)/ITO by the spin-torque FMR measurement introduced 

in chapter 3. Fig. 5-4 shows the schematic image of sample structure consist of multi-layer wire 

and Ti/Au coplanar wave guide (CPW). The CPW is deposited on both ends of the wire so that the 

wire element act as a part of the waveguide. When rf current Irf and direct current Idc is applied 

to the sample, ferromagnetic resonance (FMR) in NiFe layer is excited by local magnetic 

field due to Irf. The Idc plays the role of modulation of damping torque by spin torque as 

shown in Fig. 5-4. During measurement, an external static magnetic field Hex is applied 

with an angle  = 45° and 225°. All of measurements were performed at room temperature. 

Fig. 5-5(a)-(c) show the detected V spectrum at Py/ITO, Py/Cu/ITO, and Py/Ag/ITO interfaces 

with Idc -25 mA, 0 mA, and 25 mA. In case of Py/ITO there is no modulation of spectrum observed 

while applying Idc as shown in Fig. 5-5(a), while at Py/Cu/ITO and Py/Ag/ITO, a clear difference 

of spectrum due to Idc is observed. The amount of damping modulation ∆𝛿ୣ୤୤ due to spin current 

can be expressed as following equation [5-10] 

 
∆𝛿ୣ୤୤ =  

2)2/(

sin

0 e

J

tMMH
S

FMSSex







,       (5.1) 

where e is the electron charge, 0 is the permeability in vacuum, MS is the saturation 

magnetization, tFM is the FM layer thickness, θ is the static magnetic field angle from the 

longitudinal direction of the wire, and ħJs/2e is the spin current density. Fig. 5-5(b)-(d) 

show the modulation results of the magnetic damping constant (∆𝛿eff). In the Py/ITO 

bilayer, we could not observe the finite variation of ∆𝛿eff as shown in Fig. 5-5(d). On the 

other hand, in the Py/Cu(Ag)/ITO tri-layer, we observed a clear variation of ∆𝛿eff, as shown 

in Fig. 5-5(e)-(f). The direction of ∆𝛿ୣ୤୤ is reversed by changing the Hex direction from 45° 

to 225°, which is caused by switching of the direction of the spin torque.  
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Figure 5-4   Spin torque-ferromagnetic resonance (ST-FMR) measurement circuit and 

sample structure. Yellow (white) arrows in NiFe layer is corresponds to spin torque 

(damping torque) 

 

Figure 5-5 (b)-(d) ST-FMR spectrum without dc current. Input frequency and power is 8 

GHz and 20 dBm (e)-(g) Modulation of magnetic damping constant (∆𝛿ୣ୤୤) due to spin 

current in Py/ITO, Py/Cu/ITO and Py/Ag/ITO  
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     Charge-to-spin conversion coefficient 𝑞ୈ୉୉ is defined as 𝑞ୈ୉୉ = JS
3D/JC

2D, where JS
3D 

and JC
2D is spin current density generated from the interface and input charge current 

density at NM/ITO interface, respectively. The values of JS
3D can be estimated from 

damping modulation measurement by using eq. (6.1). JC
2D was calculated from 

conductivity ratio in each layer, assuming the conductivity at interface is the same as the 

NM layer. Estimated 𝑞ୈ୉୉ in NiFe/Cu(Ag)/ITO becomes to 0.061 (0.021) nm-1. This value 

is comparable to the Cu/Bi2O3 interfaces, 𝑞ୈ୉୉ = 0.025 nm-1 measured by ST-FMR method 

[5-8]. To compare with typical spin Hall materials, we estimated the spin current 

conductivity S, which is defined as S = SHNM in SHE andS = qint in DEE, where 

SH, NM, int are spin Hall angle, conductivity of spin Hall material and conductivity at 

interface, respectively [5-11~13]. Estimated spin current conductivity S in 

Py/Cu(Ag)/ITO becomes to 0.22 (0.67)  (106 -1m-1), which values are larger than 

transition metals of Pt and Ta as shown in Fig. 5-6 [5-11, 5-12]. Thus, the efficient C-S 

and S-C conversion are both observed at Ag(Cu)/ITO interfaces. These results indicate that 

the heavy element is not necessary to induce the efficient charge-spin interconversion at 

NM/oxide interface. 

  

 

 

 

 

 

 

 

Figure 5-6 Yellow bars show the spin current conductivity S. S in NM/ITO is higher 

than that of transition metals (Pt, -Ta).  
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5.4 Discussion of oxide materials dependence 

     The S-C conversion efficiency can be expressed by 𝜆ூாா ≡
௃಴

మವ

௃ೄ
యವ =

ఈೃఛ಺ಶಶ

ℏ 
 . By using the 

approximation 𝜏ூாா~𝜏௣
ேெ, where 𝜏௣

ேெ is the momentum relaxation time of metal layer, the 

estimated |𝛼ୖ
ୣ୤୤| of Cu(Ag)/ITO interface is 0.25 (0.37) eVÅ. Following the scenario of 

the relation between 𝛼ோ and work function difference in chapter 4, Fig. 5-7 shows |𝛼ୖ
ୣ୤୤| 

as a function of |ΔΦNM-oxide|. It seems that the trend of Cu(Ag)/ITO is consistent with 

NM/Bi2O3 interfaces. That is, a smaller work function difference corresponds to a larger 

|𝛼ୖ
ୣ୤୤|. Therefore, we can confirm the large 𝛼ୖ at Cu(Ag)/ITO is related to the charge 

distribution at interface which can be modulated by work function difference. It should be 

note that the story of work function difference cannot be used to explain the oxide materials 

dependence since the strength of SOC also depends on oxide materials. From the reported 

value of SOC [5-1], we found that Bi has 5-6 times larger SOC than In and Sn but 

Cu(Ag)/ITO and Cu(Ag)/Bi2O3 have comparable 𝛼ୖ. From the relation 𝛼ୖ = (
ଶ

௖మ
) ∫(∂𝑉/

∂𝑧) |𝜓|ଶ 𝑑𝑧  , because ∂𝑉/ ∂𝑧  of Bi is larger than In and Sn, the only reason of the 

comparable 𝛼ୖ  at Cu(Ag)/ITO should be the electron distribution |𝜓|ଶ . Though it is 

impossible to tell the exact shape of |𝜓|ଶ at NM/ITO interface from our experiment results, 

there is a hypothesis that the conductive feature of ITO may lead to a different |𝜓|ଶ with 

insulating Bi2O3. In case of metal/Bi2O3 interface, because Bi2O3 layer is insulator, 

conduction electrons all come from metal layer. Part of the them are shifted into Bi2O3 

layer by charge-transfer as shown in chapter 4. In contrast, in case of metal/ITO interface, 

because ITO layer is conductive, originally there are conduction electrons of ITO layer 

locating near In or Sn nuclei. The localized electrons near In or Sn should be more than Bi 

case even after the charge-transfer with metal layer. As the results, though ITO has much 

smaller SOC and ∂𝑉/ ∂𝑧, because there are more electrons locating near In and Sn. The 

total contribution of SOC on 𝛼ୖ  at NM/ITO may become comparable to NM/Bi2O3. 

However, since the asymmetry of  |𝜓|ଶ which depend on the hybridization state [5-14], is 

another important essence to determine 𝛼ୖ , whether the conductive feature can really 

enhance 𝛼ୖ  is still unknown. A further experiment and calculation, i.e. a comparison 
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between Cu/ITO and Cu/In2O3, is required to clarify the origins of large Rashba spin-

splitting at metal/ITO interfaces. 

 

 

 

 

 

 

 

Figure 5-7. Absolute value |𝛼ୖ
ୣ୤୤| of Ag(Cu)/ITO and NM/Bi2O3 interfaces as a function 

of work function difference |ΔΦNM-oxide|. 

 

5.5 Summary of chapter 5 

     In this chapter, we investigate the S-C conversion efficiency at various Cu/oxide 

interfaces. Though the SOC of oxide materials is similar in SnO2, HfO2, and ITO, only 

Cu/ITO interface shows a notable S-C conversion signal. We investigate both S-C 

conversion via IEE and C-S conversion via DEE at Cu(Ag)/ITO interfaces. Surprisingly, 

estimated  at Cu(Ag)/ITO interface becomes to 0.17 (0.35) nm which is comparable to 

Cu/Bi2O3 interfaces. Furthermore, we found that spin current conductivity for charge-to-

spin conversion in Cu(Ag)/ITO interfaces can be larger than Pt and -Ta. These 

experimental results imply that the heavy element is not necessary to realize an efficient 

spin-charge interconversion at NM/Oxide interface. In addition, the estimated 𝛼ோ of 

Cu(Ag)/ITO is comparable to Cu(Ag)/Bi2O3 even though the SOC of In and Sn is much 

smaller than Bi. This large Rashba spin-splitting comes from the electron distribution 

which may be related with the conductive feature of ITO layer. These finding should 

provide a new perspective to material search of efficient spin current generator and detector.  
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Chapter 6 

Enhancement of spin-to-charge 

conversion at metal/oxide interface by 

increasing momentum relaxation time 
     Spin-to-charge conversion efficiency λ୍୉୉ can be described by  

 λ୍୉୉ = 𝛼ୖτூாா/ℏ =  𝛼ୖ𝜏௣
௜௡௧/ℏ (6.1) 

where τூாா  and 𝜏௣
௜௡௧  is the spin relaxation time and momentum relaxation time at the 

interface, respectively. In chapter 4 and 5, we have shown that how the species of materials 

change 𝛼ୖ at metal/oxide interfaces by modulation of electron distribution.  Besides 𝛼ୖ, 

increasing τூாா should be another way of enhancing λ୍୉୉.  In experiment, it is difficult to 

determine τூாா  directly by electrical measurement. To estimate τூாா , we take an 

approximation τூாா ~ 𝜏௣
ேெ  from previous study [6-1], where 𝜏௣

ேெ  is the momentum 

relaxation time of metal layer. However, the accuracy and the origin of this the relation are 

not clear yet. The purpose of this study is to clarify the relation between τூாா and 𝜏௣
ேெ, and 

to enhance λ୍୉୉ by increasing 𝜏௣
ேெ without changing 𝛼ୖ.  

     So far, 𝜏௣
௜௡௧  of 2DEG at topological insulator or quantum well state have been 

investigated by several method, i.e. pump probe spectroscopy (PPS) [6-2] ,angle-resolved 

photoemission (ARPES) [6-3], and weak localization measurement [6-4]. The reported 

value of 𝜏௣
௜௡௧ are in range of several picoseconds. In case of 2DEG at metallic interface, 

𝜏௣
௜௡௧ becomes much shorter in range of few femtosecond, i.e. Ag/Sn [6-5], Ag/Bi [6-6], and 

Ag/Fe [6-7] interface.  Rojas-Sanchez et al. confirmed that such relatively short relaxation 

times at metallic interfaces is due to the additional relaxation mechanism coming from the 

hybridization of the 2D states with metallic 3D states [6-5, 6-8]. Following this scenario, 

previous studies of our group gave the approximation 𝜏௣
௜௡௧~𝜏௣

ேெ for metal/oxide interface 
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[6-1]. In this experiment, the relation between 𝜏௣
ேெ and λ୍୉୉ is investigated by measuring 

Cu thickness dependence at Cu/Bi2O3 interfaces. By assuming that 𝛼ୖ is independent to 

Cu thickness (5-30 nm), the relation τூாா~𝜏௣
ேெ is obtained. However, more recently another 

report from our group using another analysis method found that 𝛼ୖ  depends on Cu 

thickness in 5-20 nm range which may be due to the possible improvement of 

crystallization of the Cu as thickness increases [6-9]. This finding is against to the 

assumption in [6-1]. Therefore, measuring thickness dependence is not a suitable way to 

determine the relation of τூாா and 𝜏௣
ேெ. To solve this problem, in this study we change 𝜏௣

ேெ 

by decreasing temperature because 𝜏௣
ேெ is proportional to the conductivity of metal which 

can increase tens of percentage at low temperature [6-10]. The relation between 𝜏௣
ேெ and 

λ୍୉୉  can be obtained by measuring temperature dependence at metal/oxide interface. 

Because the thermal expansion of Cu layer is neglected small (~%0.1) from room 

temperature to 10K [6-11], there is no temperature dependence of crystallization at 

interface. Therefore, the variation of 𝛼ୖ should be much smaller than the case of thickness 

dependence which may change the crystallization of Cu layer [6-9]. In this study, we 

investigated temperature dependence of Cu(Ag)/ Bi2O3 from 290 K to 10 K by means of 

spin pumping. We choose Cu/Bi2O3 and Ag/Bi2O3 interfaces because they have similar 

magnitude of |λ୍୉୉| but with opposite sign. If the temperature variation comes from 𝜏௣
ேெ, 

a similar variation of |λ୍୉୉| should be observed while λ୍୉୉ keeps its sign. We succeed to 

observed 40(17) percentages enhancement of λ୍୉୉  at 10 K due to the increased 𝜏௣
ேெ  at 

Cu(Ag)/ Bi2O3 interfaces. In  addition, we found the relation that λ୍୉୉ ∝ τூாா ∝ 𝜏௣
ேெ, which 

suggests that a larger conversion efficiency λ୍୉୉ at metal/oxide interface can be obtained 

by making higher conductivity metal layer.  

 

6.1 Temperature dependence of spin pumping spectrum  

     Fig. 6-1(a) shows the measured V/R spectrum at 8 GHz of Py/Cu/Bi2O3 and 

Py/Ag/Bi2O3 from 290 K to 10 K. Clear resonance peak due to S-C conversion are detected 

in all temperatures. The opposite sign of the peak is due to the opposite sign of 𝛼ୖ between 

Cu/Bi2O3 and Ag/Bi2O3 interfaces (see chapter 4). The magnitude of the peak becomes 
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larger at low temperature as shown in Fig. 6-1(b). The same measurement is performed at 

7, 7.5, 8, 8.5, and 9 GHz and all of the frequency shows the similar temperature variation.  

(a)                                                                        (b) 

Figure 6-1. (a) Detected V/R spectrum of Py/Cu(Ag)/Bi2O3 from 290 K to 10 K at 8 GHz 

with 20 dBm rf current. (b) Temperature dependence of V/R signal at 8 GHz 

 

6.2 Temperature dependence of spin current generation 

and spin-to-charge conversion 

     Spin current density injected into NM/Bi2O3 interface is given by [6-12] 

 
𝐽ୱ(୒୑/୆୧మ୓య) =

2𝑒

ℏ
×

ℏ𝑔ୣ୤୤
↑↓ 𝛾ଶ(𝜇଴ℎ୰୤)

ଶൣ𝜇଴𝑀ୱ𝛾௘ + ඥ(𝜇଴𝑀ୱ)ଶ𝛾௘
ଶ + 4𝜔ଶ൧

8𝜋𝛿୊/୒/୓
ଶ [(𝜇଴𝑀ୱ)ଶ𝛾௘

ଶ + 4𝜔ଶ]
  

(6.2) 

 

where 𝛾 , 𝑔ୣ୤୤
↑↓ , 𝛿୊/୒/୓ , 𝑀ୱ , 𝜔 , and ℎ୰୤  are the gyromagnetic ratio, spin mixing 

conductance, damping constant, saturation magnetization, angular frequency, and applied 

rf field, respectively. 𝑔ୣ୤୤
↑↓ can be estimated by using the relation 𝑔ୣ୤୤

↑↓= 
4గMstూ

௚ఓా
൫𝛿୊/୒/୓ −

𝛿୊/୒൯ , where t୊ ,  𝛿୊/୒/୓ , and  𝛿୊/୒  are the thickness of Py, the damping constant for 

Py/NM/Bi2O3, and the damping constant for Py/NM, respectively.  Here we discuss the 

temperature dependence of each parameter in eq. (6.2). 𝛾  and 𝜔  are temperature 

independent. ℎ୰୤  is determined by the impedance of CPW, which is determined by the 

structure of the waveguide and the permittivity of the substrate [6-13]. Because permittivity 
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of Si substrate has only 2% difference at 10 K and the resulting impedance difference is 

less than 1%, ℎ୰୤ is also insensitive to temperature [6-14]. In case of 𝜇଴𝑀ୱ, we found that 

the resonance field of FMR is slightly decreased at low temperature because the saturation 

magnetization 𝜇଴𝑀ୱ of Py bulk increases when temperature decreases as shown in Fig. 6-

3(a), which is consist with previous reports [6-15].  

      The damping constant 𝛿୊/୒/୓  can be determined by the relation, ∆𝐻 = 𝛿ୣ୤୤𝜔/𝛾௘ +

∆𝐻଴, where ∆𝐻 is the half width at half maximum (HWHM). From experiment, both ∆𝐻 

and 𝛿୊/୒/୓ of Py/NM(Cu,Ag) Bi2O3 samples are insensitive to temperature from 10 K to 

290 K as shown in fig. 6-2. Similarly, there is a report that  ∆𝐻 and 𝛿ୣ୤୤ in Py thin film is 

constant between 10 K to 300 K [6-16, 17]. In contrast, it is reported that the temperature 

dependence of 𝛿ୣ୤୤ in Py(5nm) with capping layer TaN of Al2O3 has a peak around 50 K 

due to the thermally induced spin reorientation for the surface magnetization of the Py thin 

films [6-15]. However, authors demonstrated that this reorientation phenomenon 

correspond to a peak in temperature dependence of 𝜇଴𝑀ୱ at 50K, which is not observed in 

our experiment results. Therefore, it can be assumed that in our samples 𝛿୊/୒ have no 

temperature dependence from 10 K to 290 K. Since 𝑔ୣ୤୤
↑↓  is proportional to 𝜇଴𝑀ୱ, 𝜇଴𝑀ୱ 

and 𝑔ୣ୤୤
↑↓ becomes the only two parameters being temperature dependent in eq. (6.2),. By 

fitting with Kittel formula, (𝜔௙/𝛾௘)ଶ = 𝜇଴𝐻ୢୡ(𝜇଴𝐻ୢୡ + 𝜇଴𝑀ୱ) , we derived 𝜇଴𝑀ୱ of the 

Py layer from the frequency dependence of resonance field. About 7% enhancement of 

𝜇଴𝑀ୱ  and 𝑔ୣ୤୤
↑↓  is observed at 10 K. As the results, spin current density 𝐽ୱ(୒୑/୆୧మ୓య) 

increases 3% at 10 K as shown in Fig. 6-3(a). The conversion coefficient 𝜆୍୉୉ is calculated 

by 𝜆୍୉୉ = 𝑗ୡ/𝐽ୱ(୒୑/୆୧మ୓య). Fig. 6-3(b) shows the temperature dependnece of normalized 

conversion efficiency λIEE(T)/λIEE(290K), and normalized conductivity σ(T)/σ(290K) of 

Cu(Ag)/Bi2O3 interface. At 10 K, 40 (17)% enhancement of in λ୍୉୉ at Cu(Ag)/Bi2O3 is 

observed. The trend of temperature dependence of σNM is very similar with λ୍୉୉, which 

suggests that the enhancement of  λ୍୉୉ is related to conductivity.  
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 (a)                                                                    (b) 

Figure 6-2. Temperature dependence of (a) linewidth of FMR at 8GHz (b) damping 

constant. 

 

  (a)                                                                       (b) 

Figure 6-3. (a) Temperature dependence of saturation magnetization 𝜇଴𝑀ୱ  of Py and 

normalized spin current density Js(T)/Js(290K). (b) Temperature dependence of normalized 

conversion efficiency λ୍୉୉(T)/ λ୍୉୉(290K) at Cu(Ag)/Bi2O3 and normalized conductivity σ of 

Cu and Ag layer. 
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6.3 Conversion coefficient versus momentum relaxation 

time of metal layer 

     To understand the relation between λ୍୉୉  and 𝜏௣
ேெ , we calculate 𝜏௣

ேெ  from 𝜎୒୑  by 

Drude formula, 𝜎୒୑ = τேெ(𝑛𝑒ଶ/𝑚௘), where 𝑛, 𝑒, and 𝑚௘ are the carrier density, electron 

charge and electron mass, respectively.  λ୍୉୉ as a function of τேெ is shown as Fig. 6-4. The 

data is well fitted by linear function, λ୍୉୉ = 𝛼ோ
௘௙௙

𝜏௣
ேெ/ℏ , indicating that λ୍୉୉  is 

proportional to 𝜏௣
ேெ and  𝜎୒୑. The proportional relation between λ୍୉୉ and 𝜎୒୑ indicates 

that the higher conversion efficiency can be reached by making high conductivity metal 

layer. Note that when 𝜏௣
ேெ and 𝜎୒୑ is near zero which means the metal layer becomes 

semiconductor of insulator, the relation of λ୍୉୉  should return to λ୍୉୉ =  𝛼ୖ𝜏௣
௜௡௧/ℏ 

Therefore, the fitting in Fig. 6-4 is not meaningful at zero point. Interestingly, this relation 

between conversion efficiency and conductivity is quite different with SHE. It has been 

reported that the spin Hall angle of materials with a dominant intrinsic contribution to the 

SHE can be enhanced by decreasing conductivity [6-18]. Therefore, checking the relation 

between conversion efficiency and conductivity may help us understand the origin of S-C 

conversion when designing new materials for S-C conversion.  

 

 

 

 

 

 

 

Figure 6-4.  λ୍୉୉ as a function of momentum relaxation time in NM layer 𝜏௣
ேெ

. Near the 

zero point λ୍୉୉ is not related to 𝜏௣
ேெ so the fitting is not meaningful. 
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     Here we discuss the origin of λ୍୉୉ ∝ 𝜏௣
ேெ . Since  λ୍୉୉  can be expressed by λ୍୉୉ =

𝛼ୖτூாா/ℏ, our results indicate that τூாா is proportional to 𝜏௣
ேெ which is in the order of fs. 

In contrast,  2DEG Rashba interface in quantum well state like LaAlO3(LAO)/SrTiO3(STO) 

interface, τூாா = 𝜏௣
௜௡௧ which is in the order of ps. This difference could be explained by 

considering the additional momentum relaxation process due to metal layer. For 2DEG at 

LAO/STO interface, conductive electrons can only move in the 2D Rashba interface. In 

case of metal/oxide interface, because the interface state is contact with metal layer, a 

hybridization of Rashba interface state with 3D metallic state can be occurred which 

enables  electrons to move across interface state and 3D bulk state.  This possible 

hybridization has been discussed by J. C. Rojas-Sánchez [6-5] and S. Zhang [6-8]. Fig. 6-

5 shows the schematic of momentum relaxation process due to metal layer. Charge current 

Ic generated by S-C conversion flows through interface and bulk state as shown in black 

dash line. Blue line shows electrons moving at interface whose momentum relaxation time 

is τ௣
௜௡௧. Black solid line shows electrons moving in bulk whose momentum relaxation is 

τ௣
ேெ.  Fig 4(b) shows the schematic of spin relaxation process. At first, electrons at interface 

have certain momentum and corresponding spin direction, i.e. momentum k  = +kx and spin 

S = -Sy.  When electrons move at interface state, spin relaxation takes place due to spin-

momentum locking in time scale τ௣
௜௡௧ as shown in blue dash line. For electrons moving 

from interface state to bulk state, the momentum direction is changed, k ≠ +kx , by electron 

scattering in the bulk as shown in the black solid line. Because the spin relaxation time in 

Cu or Ag is 3 order larger than 𝜏௣
ேெ [6-19], most of the electron spin keeps its direction S 

= -Sy  in few scattering events. Now the electron momentum k and spin S of are different 

with the relation of spin-momentum locking at interface, +kx and -Sy. When these electrons 

move into the interface state, the spin relaxation is occurred by spin-momentum locking, 

which becomes an additional spin relaxation process with the spin relaxation time 

proportional to 𝜏௣
ேெ

. Therefore, mainly there is two spin relaxation process at metal/oxide 

interfaces.  Spin relaxation time of electrons moving at the interface is 𝜏௣
௜௡௧  while for 

electrons moving through interface and bulk, it is proportional to 𝜏௣
ேெ.  
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Following this scenario, τூாா can be expressed by 

 τூாா
ିଵ = (𝜏௣

௜௡௧)ିଵ + 𝐶 ∙ (𝜏௣
ேெ)ିଵ (6.3) 

where C is a constant determined by the contribution of bulk layer. The experiment result 

τூாா ∝ 𝜏௣
ேெ suggests 𝐶 ∙ (𝜏௣

ேெ)ିଵ term dominant τூாா, which means most of the electrons 

take momentum relaxation in metal layer rather than at interface. This is reasonable 

because the resistance of 30 nm thickness metal layer is at least one order smaller than 

interface. Thus, most of the current is flow in the bulk layer rather than in interface. In the 

extremely case, when 𝜏௣
ேெ  or 𝜎୒୑  is close to 0, which means the metal layer becomes 

semiconductor or insulator, because the current cannot flow in the bulk part, the constant 

C in eq. (6.3) becomes to 0 and the eq. (6.3) turns to be τூாா = 𝜏௣
௜௡௧, which is complete the 

same as 2DEG case.   

(a)                                                                   (b) 

 

Figure 6-5.  

(a) Schematic of momentum relaxation process. Charge current Ic generated by S-C 

conversion can flow through interface and bulk state as shown in black dash line. Blue line 

shows electrons moving at interface whose momentum relaxation time is τ௣
௜௡௧. Black solid 

line shows electrons moving in bulk whose momentum relaxation is τ௣
ேெ.  

(b) Schematic of spin relaxation process. When electrons move at interface state, spin 

relaxation is in time scale τ௣
௜௡௧ as shown in blue dash line. For electrons moving through 

bulk state and interface state spin relaxation occurred by spin-momentum locking is in time 

scale 𝜏௣
ேெ as shown in black dash line  



86 
 

6.4 Summary of chapter 6 

   In this chapter, we measured temperature dependence of  λ୍୉୉ at NM(Cu,Ag) /Bi2O3 

interfaces to observed the relation between λ୍୉୉ , τூாா , and 𝜏௣
ேெ . We found 40 (17)% 

enhancement of λ୍୉୉ at 10K due to the increased 𝜏௣
ேெ at low temperature and we found a 

relation λ୍୉୉ ∝ 𝜎୒୑ ∝ 𝜏௣
ேெ. From these results, we found that the spin relaxation time τூாா 

at interface is proportional to 𝜏௣
ேெ of NM layer. This result can be explained by considering 

the additional momentum relaxation process in metal layer. This study provides a way to 

enhance λ୍୉୉  at NM(Cu,Ag) /Bi2O3 interfaces by increasing 𝜏௣
ேெ  and also provides a 

further understanding of the relation between momentum relaxation time at metal layer and 

the spin relaxation time at metal/oxide Rashba interface. 
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Chapter 7 

Conclusion 
7.1 Conclusion of this thesis 

     This thesis presents a systematic study on the spin-charge interconversion phenomenon 

at metal/oxide interfaces. The thesis consists of three studies, the metal materials 

dependence, the oxide materials dependence and the temperature dependence of the spin 

conversion at metal/oxide interfaces. The first two studies focus on the relation between 

Rashba spin-splitting and different species of metal or oxide materials. The third study 

focus on the contribution of the metal layer of the spin and momentum relaxation time in 

spin-to-charge conversion process. These results demonstrate how the materials dependent 

electron distribution modulates Rashba spin-splitting and also explain the additional spin 

relaxation process due to the metal layer in S-C conversion process. Several guidelines for 

designing metal/oxide interfaces with efficient spin conversion are provided: (i) Larger 

Rashba spin-splitting can be obtained by choosing metal materials with close work function 

with oxide materials. (ii) The heavy elements are not necessary for the oxide layer. (iii) 

The larger spin-to-charge conversion efficiency can be enhanced by increasing 

conductivity of metal layer. These understandings of spin conversion phenomenon at 

metal/oxide interfaces could be useful to design and propose the new spintronics devices 

utilizing effectively the interface. 

 

7.2 Future prospect 

    The findings of this thesis should excite further studying on the metal/oxide type 

Rashba interfaces. Here are some possible directions in the future. 
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7.2.1 Magnetization switching 

Since the conversion efficiency of metal/oxide interface is comparable to heavy metals like 

Pt and Ta, it should be possible to perform the magnetization switching by spin torque 

generated from DEE at metal/oxide interfaces. Especially, the large spin conductivity at 

Cu(Ag)/ITO interface indicates that the energy consumption for spin current generation is 

smaller than using Pt or Ta. 

 

7.2.2 Applying gate voltage on oxide layer 

Similar with the gate voltage controlled Rashba parameter at oxide interface, at metal/oxide 

(insulator) interface, it is possible to apply gate voltage on the insulated oxide layer to tune 

the fermi energy of oxide material and also the interfacial electric field. Because interface 

electron distribution is strongly influenced by interfacial electric field as shown in chapter 

4, it is expected that the Rashba parameter can be modulated by applying gate voltage. 

 

7.2.3 Modulation of DEE relaxation time 

In chapter 6, we show a way to modulate IEE relaxation time by changing temperature. 

In addition, since the DEE efficiency is described by 𝑞஽ாா  = 𝛼ୖ/(𝑣୊
ଶℏ𝜏ୈ୉୉) , the 

modulation of DEE relaxation time 𝜏ୈ୉୉ can also increase  𝑞஽ாா. As introduced in chapter 

2, 𝜏ୈ୉୉ is the spin relaxation time of the spin current flowing from the Rashba interface to 

the adjacent NM layer and FM layer. Therefore, the FM layer may play an important role 

in  𝜏ୈ୉୉. Investigating the FM materials dependence of C-S conversion should be a way to 

check the relation between 𝜏ୈ୉୉ and FM materials. 

 

7.2.3 Using materials with long momentum relaxation time 

Because the S-C conversion efficiency is proportional to the momentum relaxation time of 

conductive layer, it is possible to increase the efficiency by using conductive materials with 

long momentum relaxation time. However, for metal materials, the momentum relaxation 

time is always in the range of few ps. One possible candidate is using graphene as the 

conductive layer because it has been reported that the momentum relaxation time of 

graphene is in the order of fs. Graphene/Bi2O3 may be a possible candidate for efficient S-

C conversion. 
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