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1 Introduction

1.1 Preface

In solid-state physics, the study of electronic states in a bulk (the interior of a three-

dimensional crystal) with a translational symmetry is an important theme even at

present, where there is an great success of band theory. On the other hand, low-

dimensional systems, such as solid surfaces and interfaces, are attracted attention

because they have completely different physical properties from those in the bulk

(the interior of a solid, in three dimensions). So many studies have been carried out

on these systems. For example, surface reconstruction, in which surface atoms have

an original atomic structure that differs significantly from that of the bulk [1-1, 1-2],

non-trivial electronic states that appear on the surface of topological materials

[1-3], the breakdown of the Fermi liquid model (Tomonaga-Luttinger liquid) due

to strong correlation between electrons in one-dimensional metals [1-4, 1-5, 1-6],

and charge density wave formation owing to the low-dimensional structure [1-7].

　

In recent years, novel physical properties originating from spin-orbit coupling

in such low-dimensional systems have been extensively investigated [1-8]. A typical

example is a topological insulator, which is an insulator in the bulk but exhibits

a spin-polarized metallic state on its surface. Besides this, on surfaces and in-

terfaces without spatial inversion symmetry, the spin-orbit interaction causes a

spin-induced band splitting, even in nonmagnetic materials. This is called the

Rashba effect [1-9].

Spintronics, which uses both the charge and spin degrees of freedom of electrons

in solids, is one of the most actively researched and developed fields in recent years,

including the discovery of giant magnetoresistance (GMR) [1-10, 1-11] and tunnel

magnetoresistance (TMR) [1-12, 1-13] in magnetic multilayers. In particular, the

control of spins by spin-polarized electronic states originating from the spin-orbit

interaction described above has recently attracted attention, and are expected to

be used for the conversion between spin current and charge current [1-14] and for

the channel of spin field effect transistor [1-15].
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In the past, such spin-polarized electronic states have been studied mainly

in two-dimensional (2D) and three-dimensional (3D) systems such as topological

surface states and Rashba splitting states on isotropic crystal surfaces. On the

other hand, spin-polarized (quasi-) one-dimensional systems ((Q)1D), are theo-

retically predicted to exhibit various novel properties different from those in 2D

or 3D spin-polarized systems, such as complete suppression of electron backscat-

tering, spin-dependent metal-insulator phase transition [1-16], and realization of

Majorana Fermion by bonding with superconductors [1-17].

However, for (Q)1D systems, the size of spin splitting in Rashba materials

reported so far has been very small compared to that in typical spin-splitting 2D

and 3D systems [1-18, 1-19, 1-20, 1-21, 1-22, 1-23, 1-24, 1-25]. For spintronics

applications of (Q)1D systems, the magnitude of the spin splitting is particularly

important. In Rashba materials, an electronic state with a large spin splitting

has been discovered on a 2D surface, which is called the giant Rashba system,

and applications using this system have been developed [1-26]. In order to find

the novel spin-related properties of spin-polarized (Q)1D systems and to guide to

spintronics applications, it is necessary to realize giant spin splitting of the same

or larger magnitude as those of 2D and 3D systems.

Adsorption of atoms to surface is used to create various thin film structures

and compositions, which cannot be realized in bulk crystals, owing to the atomic

arrangement, periodicity, and elemental species of the substrate. In particular,

by designing the surface, it is possible to realize (Q)1D materials with giant spin

splitting on a conventional semiconductor surface as a substrate. This method

been studied for a long time in electronics, but the research using spin-polarized

(Q)1D system. However, I believe that this system can become a candidate for

not only a system for a basic science but also for applications.

In this chapter, I firstly explain the Rashba effect, which is the key point of this

research, and the conversion from spin currents to charge currents by the Edelstein

effect. Next, the spin polarization in a 1D system and several methods to create

the such 1D systems are introduced. Finally, the atomic structure of the Q1D

chain of Bi atoms on the surface of the III-V semiconductor (110), used in this
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study, is described.

1.2 Background

1.2.1 Rashba Effect

The Rashba effect is caused by the spin-orbit interaction in systems with broken

spatial inversion symmetry, such as solid surfaces and interfaces with different

materials [1-9]. For crystals with spatial inversion symmetry, the relationship

among eigenenergy, wavenumber, and spin direction of an electron is as follows

E(k, ↑) = E(−k, ↑) (1.1)

Here, E is the energy level of the electron, which has wavenumber k and spin

direction (↑, ↓). In the case that the time reversal symmetry is conserved in non-

magnetic materials, the following relation appears. .

E(k, ↑) = E(−k, ↓) (1.2)

From eqs. 1.1 and 1.2, the relation

E(k, ↑) = E(k, ↓) (1.3)

is obtained. Thus, in the case of the conservation of both of the space- and time-

reversal symmetry, the eigenenergies of the up-spin and down-spin electrons have

the same energy at the same wavenumber k and are degenerate, which is called

the Kramers degeneracy.

The Hamiltonian for a free electron including spin-orbit interaction is written

as

H = H0 +HSOI = − ℏ2

2m
∇2 +

ℏ
4m2c2

· (∇V × p) (1.4)

where m is the mass of the free electron, σ is the Pauli matrix, V is the periodic

crystal potential, and p is the momentum operator. In the case of maintaining the

spatial inversion symmetry, the integral of the electric field ∇V in the whole space

is zero due to the symmetrical potential. On the other hand, when the spatial
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inversion symmetry is broken, a local electric field ∇V appears. Now consider

the model ∇V = (0, 0, Ez), where the electric field acts in the surface normal

direction due to spatial inversion symmetry breaking at surfaces and interfaces.

Then, the (∇V × p) term acts as an effective magnetic field perpendicular to the

surface parallel direction. The equation 1.4 can be transformed to

H = H0 +HSOI = − ℏ2

2m
∇2 +

ℏ
4m2c2

Ez(σypx − σxpy) (1.5)

The eigenenergies and eigenfunctions are

ε± =
ℏ2k2

2m
± ℏ2

4m2c2
Ez|k| =

ℏ2k2

2m
± αR|k|. Ψ± =

eik·r√
2A

(
1

∓ieiξk

)
(1.6)

where k = k(cos ξ, sin ξ, 0), ξ is the angle between vector k and the x-axis, and

A is the area of the surface layer. The expected value of the spin polarization is

shown as follows:

⟨σ⟩± = ⟨Ψ±|σ|Ψ±⟩ =
1

k


±ky
∓kx
0

 =


± sin ξ

∓ cos ξ

0

 (1.7)

In the Rashba effect, the energy bands degenerate at k = 0 and time-reversal

invariant momenta, and the energies of the upward and downward spin states are

reversed together with the sign of wavenumber k. αR is named as the Rashba

parameter, which represents the magnitude of the spin splitting.

Table 1.1 shows Rashba parameters of various materials. According to the

theoretical study, the potential changes over a distance of the order of the Fermi

wavelength λF [1-27]. Therefore, the potential gradient along surface normal axis

(Ez) can be approximated by Φ/λF [1-27]. Here, Φ is work function. For Au(111),

the work function is Φ = 4.3 eV and λF ∼ 5 Å. This yields a value of Ez ∼ 1 eV/Å.

By substituting Ez into eqs. 1.7., the Rashba parameter is calculated to be on the

order of 10−6. However, actually, the size of spin splitting of Au(111) more than

five orders of magnitude larger than this value as shown in Tab. 1.1. have been

observed as shown in Tab. 1.1. Table 1.1 Therefore, equation 1.7 can be attributed
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Figure 1.1: Energy dispersion relation (a) without and (b) with spin-orbit inter-

action.

Table 1.1: Rashba parameters of various materials.

αR ref.

Au(111) (2D) 0.3 [1-18]

Bi/Ag(111) (2D) 3.1 [1-19]

Bi/Ag(100) (2D) 3.6 [1-20]

BiTeI (3D) 3.8 [1-21]

GeTe (3D) 1.8 [1-22]

Pt/Si(110) (1D) 1.4 [1-23]

Edge of Bi film (1D) 0.8 [1-24]

InGaAs/InAlAs (1D) 0.9 [1-25]

for the qualitative explanation of the spin splitting due to the Rashba effect, but

it cannot be applied to discuss the magnitude of the splitting quantitatively.

According to theoretical predictions, large spin splitting is caused by the spin-

orbit interaction of atoms and the anisotropy of the wavefunction near the nucleus

in the surface normal direction. Nagao et al. introduced the following spin-orbit

interaction term into Eq. 1.5 [1-29]

HSOI =
2

c2
[(∇V × p∥) · s+ (∇V × p⊥) · s] (1.8)

where p∥ and p⊥ denote the momentum operators parallel and perpendicular to

the surface, respectively. Assuming a two-dimensional free electron system, the
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Figure 1.2: The square of the wavefunction the surface state at Γ̄ in (a) Au(111)

and (b) Ag(111) surface as a function of z along the [111] direction (surface nor-

mal). z = 0 is the position of the surface atom site is taken at the origin [1-29].

wave function near the nucleus is shown as

Ψk∥ = ei(kxx+kyy)ψ(z). (1.9)

The Rashba splitting energy is determined as an integral of the multiplying the

potential gradient along the z direction and the z dependence of the square of the

surface wavefunction.

∆εR = ⟨Ψk∥|hR|Ψk∥⟩ = ⟨Ψk∥|αR(ẑ × ℏk) · s|Ψk∥⟩ = |k∥|
∫
dr

2

c2
∂V

∂z
|Ψk∥|2 (1.10)

In order for to have a large value of ∆εR as well as αR in Eq. 1.10, it is necessary

for |Ψk∥|2 to be asymmetric along the z- axis. Figure 1.2 shows the calculated

|Ψk∥|2 values of (a) Au(111) and (b) Ag(111) as a function of z. The |Ψk∥|2 is

localized near the nucleus (z = 0). Asymmetric features around surface atoms are

larger in Au than in Ag. Actually, the magnitude of spin splitting on the surface

state is greater for Au (αR = 0.33) than for Ag (αR = 0.012) [1-32]. The reason for

this asymmetry is that, the p, d , and s orbitals are largely hybridized in Au(111),

whereas only the p component contributes in Ag(111).

Even with the same Bi, the magnitude of the Rashba effect appearing on the

Bi/Ag surface [1-19] and in the edge states of Bi thin films [1-24] is different.

In order to realize the giant Rashba splitting, several factors need to be taken

into account in addition to the elemental species used, such as the geometry of
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Figure 1.3: (a) Rashba spin splitting in the Fermi level in a momentum space, (b)

Fermi surface shift after applying an electric field to −kx direction..

the surface atomic structure and the atomic orbitals that constitute the surface

electronic state [1-29, 1-30, 1-31].

The Rashba parameter αR on macroscopic properties such as conductivity is

important for understanding spin-polarized surfaces, especially in applied research.

As an example, the conversion from the spin current to charge current due to the

Edelstein effect is be reviewed. In Rashba systems and topological surface states,

non-equilibrium spin accumulation, which occurs when a current is applied, prop-

agates as a spin current to the adjacent conduction layer, is called the Edelstein

effect [1-33]. This effect has been widely studied at the Bi/Ag interface in Rashba

materials [1-26] and topological insulators [1-34, 1-35].

Consider the Rashba splitting in the Fermi surface, as shown in Fig. 1.3. When

an electric field E is applied in the x direction, the Fermi surface shifts in the + x

direction, causing non-equilibrium spin accumulation δσ↓ and δσ↑ in the inner and

outer circles, respectively. Since the δσ↓ generated by the shift in the outer circle

is larger than the δσ↑ generated by the shift in the inner circle, a non-equilibrium

spin polarized to the up-spin is accumulated [1-36].

Calculating the Fermi wavenumber kF± for the up- and down-spin polarized
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electronic states as

kF± = ε−,kF− = ε+,kF+
= εF (1.11)

This gives, to first order in αR

kF± ≈ kF ∓ m∗
e

ℏ2
αR = kF (1∓ η) (1.12)

When an electric field E is applied, the shift of the Fermi wave number is given by

the momentum relaxation time τ±e ,

δkF± = −eEτ
±
e

ℏ
. (1.13)

In general, the scattering probability depends on the energy and the wavenumber,

and the relaxation times τ±e are different for the two Fermi surfaces up to first

order in η, the scattering time is

τ±e = τe(1 ∓η) (1.14)

where τe is the relaxation time for free electron gas. From these, the Boltzmann

equation can be used to calculate the current density;

j± = −e
∫

v±,kf
1
±,kdk =

1

4π2

e2τe
ℏ

∫
SF±

v±,k

v±,k

·EdSF± (1.15)

where f 1
±,k = (∂f/∂ε)eτ±e v±,k represents the deviation of Fermi-Dirac distribution

function f(ε) for the ± bands and SF± denotes integration over the respective

Fermi surfaces, which in this case are two circles. By choosing E = Ex̂, the

expression for the current density can be further simplified as

j±,x =
1

4π2

e2τe
ℏ

∫ 2π

0

vF cos2 ξkF ± dξ =
e2E

4πℏ
vFkF±τ±. (1.16)

Thus the total current density is

j = j+ + j− =
e2E

2πℏ
vFkF±τe(1∓ η). (1.17)

The partial non-equilibrium spin density can be also calculated,

⟨δσ⟩± =

∫
⟨σ⟩±f

1
±,kdk = ± eE

4πℏ
kF±τ±ŷ. (1.18)
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The amount of net non-equilibrium spin accumulation is

⟨δσ⟩ = ⟨δσ⟩+ + ⟨δσ⟩− ≈ −eE
πℏ

kF±τ±ηŷ. (1.19)

By mean of equation 1.17, the above expression can be transformed to

⟨δσ⟩ ≈ −m
∗
eαR

eℏεF
jŷ. (1.20)

By introducing the parameters of a real thin film into this equation 1.20, the

Edelstein coefficient, which represents the magnitude of the current-spin current

conversion, can be define . The important point of Eq. 1.20 is that the magnitude

of the non-equilibrium spin accumulation due to this effect is proportional to the

Rashba parameter αR.

1.2.2 Spin-Polarized Electronic Structure in One-Dimensional Systems

One-dimensional electron systems, in which electrons are confined to move in only

one direction, provide many interesting physical properties that are different from

those of 2D and 3D systems. For example, the Fermi liquid theory breaks down due

to the strong electron correlation between electrons, resulting in the Tomonaga-

Luttinger liquid [1-4, 1-5]. And, the Fermi surface in one-dimensional systems is

easily nested, and phase transitions such as charge density wave transitions due to

the instability of the Fermi surface are often observed [1-7].

A spin-polarized one-dimensional system is the coexistence of such a 1D elec-

tron system and a spin-polarized electronic state due to spin-orbit interaction.

This system is expected to exhibit novel properties such as spin-dependent density

wave transition [1-16] and realization of Majorana fermion by bonding with su-

perconductors [1-17]. Consider the spin-splitting one-dimensional electronic state

due to the Rashba effect. In a one-dimensional system, the conduction direction

of the electron is limited to one direction, so that in wavenumber space, only one

direction (here, the kx direction) is a good quantum number. In this case, the

Hamiltonian including the spin-orbit interaction in equation is

H = H0 +HSOI = − ℏ2

2m

∂2

∂x2
+

ℏ
4m2c2

Ez(σypx). (1.21)

9



Figure 1.4: Band dispersion of the spin- polarized one-dimensional electronic struc-

ture due to the Rashba-type spin-orbital interaction

The energy eigenvalue is

ε± =
ℏ2k2x
2m

± αRkx. (1.22)

Then, the energy dispersion is as shown in Fig. 1.4, which is dispersed only in the

kx direction.

The spin directions between the two one-dimensional bands are completely

opposite. This means that scattering by nonmagnetic impurities without spin in-

version is very strongly suppressed. Introducing this concept into the Edelstein

effect, the electron spin relaxation time τe would be longer. According to theoreti-

cal studies, the efficiency of spin-charge conversion in one-dimensional helical edges

is predicted to increase by two orders of magnitude compared to 2D systems []. As

a result, more efficient conversion can be expected compared to two-dimensional

systems.

1.2.3 Fabrication of One-Dimensional Atomic Structure on Semicon-

ductor Substrate

From subsection 1.2.1, the use of heavy elements with a large potential near the

nucleus is promising for the realization of giant spin splitting. Therefore, if the

heavy elements can be arranged in one dimension, it is expected that a spin-

polarized 1D system reflecting their structure can be realized, but it is very difficult

to realize a completely isolated 1D chain in practice. As an alternative, many

attempts have been made to fabricate equally spaced one-dimensional systems,
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i.e., Q1D systems, using the periodicity of crystal surfaces. [1-38, 1-39, 1-40]

Also, by using semiconductors as the template substrate for the Q1D chains, it is

possible to avoid electrical conduction in the bulk and discuss conduction only on

the surface.

As an example of a substrate for fabricating Q1D structures, I will discuss the

group IV semiconductor (001) plane of a diamond structure. The ideal surface of

the diamond structure is unstable due to the presence of unbound hands (dangling

bonds). To overcome this instability, the atoms on the first layer bond with neigh-

boring atoms to form dimers, as shown in Fig. 1.5. The dimerized atomic chains

are called ”dimer rows” and form a one-dimensional atomic structure. Here, the

period of the surface superstructure is denoted as (2×1), using the in-plane lattice

constant of the bulk as one.

Figure 1.5: Surface atomic structure of (a) ideal (unreconstructed) and (b) actual

(reconstructed) Si(100) surface.

Such an anisotropic structure seems to be favorable for the fabrication of 1D

structures. However, due to the symmetry of the diamond structure, the (001)

surface, where the crystal is terminated one atomic layer below the top surface,

forms a surface structure rotated by 90 ° , i.e., a (1×2) structure. In the actual

crystal surface, both (2×1) and (1×2) structures coexist to approximately the

same extent (called double domain structure). The existence of double domains is

often a problem in the discussion of one-dimensional properties. For example, in
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photoelectron spectroscopy, which observes the electronic state of a material, the

information obtained is integrated in a spot of light, so it is not easy to distinguish

between these domains.

On the other hand, only single domains appear on the surface of the (001) plane

of III-V compound semiconductors with a zinc blend structure and the (110) plane

of Group IV or III-V semiconductors due to their symmetry. Adsorbed atoms on

these index surfaces are expected to form single-domain, 1D surface structures

that reflect this structure.

Figure 1.6: Structure model of clean substrate and adsorbed surface for (a) group-

IV semiconductor (001) and (b) group IIi-V (001) and group IV/III-V (110) planes.

1.2.4 Quasi-One-Dimensional Atomic Chains on III-V Semiconductor

(110) Planes

In this study, the (110) plane of the III-V semiconductor was selected as the

substrate for fabricate the Q1D heavy element atomic chain. The (110) plane

in the diamond or sphalerite crystal structure is characterized by an anisotropic

surface atomic structure extending in the [11̄0] direction, and atoms adsorbed

on it are expected to form a single-domain, Q1D surface structure reflecting this

structure. III-V semiconductors have a direct gap and the lattice constant and

band gap can be flexibly changed by changing the combination of Group III and

Group V elements. In addition, the (110) surface of the III-V semiconductor has

a simple (1 × 1) period compared to the (110) surface of the IV elements such as

Si and Ge, which forms a complex super-periodic structure on the surface, so it is
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easy to treat as a substrate for fabricating a surface Q1D structure.

[110]

[110]

[001]

Figure 1.7: Atomic structure of III-V semiconductor (110).

Bismuth (Bi), the heaviest of the non-radioactive elements, was chosen as the

adsorbed material. The Bi/III-V semiconductor (110) systems, in which Bi is

adsorbed on the III-V semiconductor (110) surface, were extensively studied in

the 1990s as a typical example of a semiconductor surface-metal junction, and its

atomic structure has been determined [1-41, 1-42, 1-43, 1-44].

Figure 1.8: (a) Top and (b) prospective view of the missing row structure. (a) Top

and (b) prospective view of the ECLS structure.

As models for the surface atomic structure of Bi/III-V(110), the missing row

structure shown in Fig. 1.8 (a) and (b) and the Epitaxial Continued layer Structure

(ECLS) shown in Fig. 1.8 (c) and (d) have been proposed. ECLS is a structure

in which Bi is purely adsorbed on the III-V semiconductor (110), and there is no

surface reconstruction. This (1×1) structure has been reported for example in

GaAs(110) and InP(110). On the other hand, in the missing row structure, the
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Group III and Group V elements in the second layer are half of those in the ECLS,

and the Bi in the first layer is tilted in the [110] direction, resulting in a (2×1)

periodic structure that is Q1D. This structure has been reported on InAs(110),

GaSb(110) and InSb(110) surfaces.

As already mentioned in Section 1.2.1, theoretical studies have shown that

anisotropic charge distribution and orbital hybridization play an important role

to realize the giant Rashba splitting. From this point of view, the missing row

structure is expected to achieve a Q1D electronic state with giant spin splitting.

However, no detailed experimental observations of the momentum resolved band

structure have been performed, and the spin-polarized Q1D state has not been

investigated. Therefore, new experiments are necessary to determine the existence

and the magnitude of the spin-polarized Q1D state due to the Rashba effect.

1.3 Purpose

As mentioned above, the realization of giant spin-split low-dimensional electronic

states is very important from the elucidation of fundamental properties to ap-

plications in spintronics. In particular, spin-polarized electronic states in (Q)1D

systems have a potential for a novel properties and applications.

In this study, I focused on the Bi/III-V(110) surface, which is expected to have

a giant spin-splitting Q1D electronic state, and aimed to investigate its electronic

state and spin polarization by using spin- and angle-resolved photoelectron spec-

troscopy (ARPES), which can directly detect the band dispersion of solids and

surfaces. Furthermore, new spin-conductive layer materials on the spin-polarized

surface were investigated for spintronics applications using this surface.

The structure of this thesis is as follows:

In Chapter 2, the basic principles of photoelectron spectroscopy and low energy

electron diffraction, which are the methods used in this study, are explained.

In Chapter 3, the surface electronic states and spin structures of Bi/InAs(110)-

(2×1) measured by ARPES are explained. Then, the origin of the spin splitting

of the surface electronic states is discussed using theoretical calculations based on

first principles.
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In Chapter 4, I discuss the detailed spin and orbital texture of Bi/InAs(110)-

(2×1), obtained by spin-resolved ARPES using a polarization-tunable laser and

band calculations.

In Chapter 5, the surface electronic structures of Bi/GaSb(110)-(2×1) are de-

scribed, and the Fermi level tuning method of the surface bands depending on

the substrate cleaning method is discussed. The origin of the Fermi level shift is

suggested from the results of core-level photoelectron spectroscopy.

In Chapter 6, as a multilayer preparation for spintronics applications, organic

molecular fullerene (C60) thin films on Bi/GaSb(110)-(2×1) are prepared and their

electronic states are clarified by ARPES and core-level photoemission spectroscopy.

In Chapter 7, I conclude this thesis and discuss future prospects.
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Bertran, N. Reyren, J.-M. George, and A. Fert, ”Spin to Charge Conver-

sion at Room Temperature by Spin Pumping into a New Type of Topological

Insulator: α-Sn Films”, Phys. Rev. Lett. 116, 096602 (2016).

19



[1-36] P. Gambardella and I. M. Miron, ”Current-induced spin–orbit torques”,

Philosophical Transactions of the Royal Society A 369, 3175, (2011).

[1-37] Y. Araki, T. Misawa, and K. Nomura, ”Dynamical spin-to-charge conversion

on the edge of quantum spin Hall insulator”, Phys. Rev. Research 2, 023195

(2020).

[1-38] J. N. Crain, J. L. McChesney, Fan Zheng, M. C. Gallagher, P. C. Snijders,

M. Bissen, C. Gundelach, S. C. Erwin, and F. J. Himpsel, ”Chains of gold

atoms with tailored electronic states”, Phys. Rev. B 69, 125401 (2004).

[1-39] J. N. Crain, M. D. Stiles, J. A. Stroscio, and D. T. Pierce, ”Electronic

Effects in the Length Distribution of Atom Chains”, Phys. Rev. Lett. 96,

156801 (2006).

[1-40] K. Yaji, S. Kim, I. Mochizuki, Y. Takeichi, Y. Ohtsubo, P. Le F‘evre, F.

Bertran, A. Taleb-Ibrahimi, S. Shin and F. Komori, ” One-dimensional metal-

lic surface states of Pt-induced atomic nanowires on Ge(001)”, J. Phys.: Con-

dens. Matt. 28, 284001 (2016).

[1-41] W. K. Ford, T. Guo, S. L. Lantz, K. Wan, S.‐ L. Chang, C. B. Duke, and

D. L. Lessor, ”Bismuth and antimony adsorption on III–V(110) substrates:

Growth, order, and structure”, J. Vac. Sci.Tech B 8, 940 (1990).

[1-42] J. Fritsch, A. Dvorák, M. Arnold and U. Schröder, ”Dynamical properties
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2 Experimental methods

2.1 Photoelectron Spectroscopy

When light is incident on a sample, electrons in the material absorb photons, and if

the energy of the absorbed photons is greater than the work function of the sample,

the electrons, called photoelectrons can escape from the material. Photoelectrons

have information inside a material (binding energy or wavenumber). By measuring

of these emitted photoelectrons, it is possible to observe the electronic state of the

material. This is called photoelectron spectroscopy (PES). Figure 2.1 (b) shows the

energy conservation law by photoelectron spectroscopy. From the conservation of

energy law in the process of photoelectron emission, the following equation holds.

Ekin = hν − Φ − EB (2.1)

Here, Ekin is the kinetic energy of a photoelectrons emitted from a solid; hν is the

incident photon energy; Φ is the work function of the material, which is defined

as the energy required for an electron on the Fermi level (EF) to the vacuum level

(Evac); EB is the binding energy of electrons inside a solid. Since the value of the

work function Φ is typically around 3 to 5 eV, excitation of photoelectrons with a

single photon requires light in the vacuum ultraviolet to X-ray region. From this

equation, if the values of the photon energy hν and work function Φ are known,

the binding energy EB can be determined by measuring the kinetic energy Ekin of

the emitted electrons.

2.1.1 Basic Principle of Photoelectron Spectroscopy

Here I will discuss the spectral intensity of photoelectrons. The transition prob-

ability w between the N - electron initial states (ψi) and final states (ψf ) per

unit time under a small perturbation ∆ is calculated by Fermi’s Golden Rule, as

follows.

w ∝ 2π

ℏ
| ⟨ψf |∆|ψi⟩ |2δ(Ef − Ei − ℏω) (2.2)
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Figure 2.1: Low-energy electron diffraction patterns of (a) a cleaved InAs(110)

surface and (a) the Bi/InAs(110)-(2×1) surface. Both patterns were taken at

room temperature.

In the most general form of ∆ is

∆ =
e

2mc
(A · p+ p ·A)− eϕ+

e2

2mc2
A ·A (2.3)

whereA and ϕ are the vector and scalar potentials and p (= iℏ∇) is the momentum

operator. From the commutation relation,

A · p+ p ·A = 2A · p + iℏ(∇ ·A). (2.4)

If one uses the appropriate gauge ϕ = 0, ignore the term A ·A, which is a two-

photon excitation process. The wavelengths of photons in the ultraviolet region,

commonly used in photoelectron spectroscopy, are sufficiently long in comparison

to the atomic distances, so A can be treated as a constant A0. Therefore, ∇ ·A
= ∇ ·A0 become zero. Then,

∆ =
e

mc
(A · p). (2.5)
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Figure 2.2: The relationship between the experimental configuration and the elec-

tric field vector of light.

Substituting this ∆ into Equation 2.2, I obtain:

w ∝ 2π

ℏ
| ⟨ψf |A · p|ψi⟩ |2δ(Ef − Ei − ℏω). (2.6)

From the transition probability equation 2.6, photoelectron excitation occurs when

the inner product of the wave function of the initial affected by the perturbation

term and the final states is non-zero. Here this process is discussed from the

viewpoints of electron orbital symmetry and optical polarization. When the light

is incident to the sample in the configuration shown in Fig. 2.2, the electric field

of the excitation light is the angle of the electric field vector to the incident plane

as θ:

E = |E| cos θe⊥ + |E| sin θe∥. (2.7)

e⊥ (e∥) is a unit vector in the direction perpendicular (parallel) to the incident

plane. It is defined as p-polarized (s-polarized) light when the polarization plane

is parallel (θ = 0◦) (perpendicular (θ = 90◦)) to the incident plane.

Assuming that the final state ⟨ψf | is a free electron eik·r, the symmetry is

even. Considering the condition of non-zero values for matrix elements based on

the parity with respect to the mirror plane, the integrated function |A · p|ψi⟩ must

have an overall parity of even. The relationship between the initial state and the
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polarization of the light relative to the sample is

⟨ψf |A · p|ψi⟩ =

⟨even|even|even⟩ (p-polarization)

⟨even|odd|odd⟩ (s-polarization).
(2.8)

Therefore, in the case of the experimental configuration shown in Fig. 2.2, if the

orbital symmetry of the initial state is even (odd) with respect to the detection

plane, such as px and pz (py) orbitals, it is possible to selectively excite by using

p- (s-) polarized light.

Next, the momentum transfer in the optical transition is considered. The

momentum p and energy Ep of the photon are expressed by

p = ℏK =
h

λ
Ep = hν =

hc

λ
(2.9)

where K and are the wavenumber and wavelength of a photon, respectively. So,

the wavenumber K can be written:

K = 2π
Ep

hc
= 2π

Ep

12400
(2.10)

Here, substituting the energy in the ultraviolet region yields a value of 0.01 Å
−1

at

20 eV and 0.05 Å
−1

at 100 eV. For example, in the noble metal Ag, the wavenumber

from the center of the bulk Brillouin zone (Γ point) to the boundary of the zone

(L point) is about 1.3 Å
−1
. In comparison, the momentum gained by photon

absorption is small enough. Compared to this wavenumber, the momentum gain

by optical absorption is very small. Thus, the momentum change can be almost

negligible (vertical transition). However, in the hard X-ray region, this value can

not be ignored (e.g., 0.65 Å
−1

for 8000 eV).

The most common model to describe photoelectron excitation is the three-step

model. In this model, the photoelectron excitation process is broken down into

three steps: the excitation of the photoelectron, its passage through the solid to

the surface and its penetration through the surface into the vacuum.

(a) Photoexcitation of electron. Neglecting the momentum of the photon,

the optical excitation is a vertical transition in the Brillouin zone. The energy

24



F

hν

F

hν

Figure 2.3: Illustration of the three-step model in photoelectron spectroscopy.

(a) photoexcitaition of the electrons. (b) their travel to the surface. (c) their

transmission through the surface into the vacuum.

distribution of photoexcited electrons Nint(E, ℏω) is

Nint(E, ℏω) =
f,i∑

|Mf,i(ki,kf )|2δ(Ef (kf )−Ei(ki)−ℏω)×δ(E− [Ef−ϕ]) (2.11)

where Ef (kf and Ei(ki are the final and initial kinetic energy of the final band

|f,kf ⟩ and the initial band |i,ki⟩, respectively. ℏω is the photo energy. |Mf,i(ki,kf )|2

is the square of the transition matrix element of the interaction operator as given

in equation 2.5. ϕ is work function. The first delta function impose energy-

conservation during the excitation. And the second delta function ensure that the

kinetic energy measured outside the sample equals the energy of the final state

inside subtract the work function.

(b) Transport of electron to the crystal surface. The main scattering
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Figure 2.4: Optical transition between two bands in the solid and kinetic energy

of the photoelectron Ekin in the vacuum.

process of photoexcited electron is the electron-electron interaction. Assuming

that the scattering frequency 1/τ is isotropic and depends only energy of electron

E, the electron inelastic mean free path λ is given by,

λ = τvg = (τ/ℏ)dE/dk (2.12)

where vg is the group velocity in the final state. The transport to the surface can

be explained by coefficient

d(E, k) ≃ αλ

1 + αλ
(2.13)

where α is the optical adsorption coefficient of the light. Electrons excited by

inelastic (electron-electron) scattering form a large background on the low energy

side as shown in Fig. 2.4. Figure 2.5 shows the universal curve of the inelastic

mean free path. At typical energies of 10 to 100 eV, the inelastic mean free

path is less than 20 Å. In particular, at around 50 eV, the escape depth is about

5 Å, which is much smaller than the thickness of the bulk. As a result, the

information obtained from photoelectrons is limited to the near surface. Therefore,

photoelectron spectroscopy is a surface-sensitive experimental technique.

(c) Escape of electron into vacuum. The escaping electrons are those

for which the component of the kinetic energy normal to the surface is sufficient
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Figure 2.5: Universal curve of the inelastic mean free path [2-5]

to overcome the surface potential barrier. The electrons that cannot exceed the

surface potential barrier are totally reflected back into the bulk. Inside the crystal,

the electron though in the potential Evac − E0. For penetrate into the vacuum,

the electronic must satisfy the condition;

ℏ2

2m
k⊥

2 ≥ Evac − E0 (2.14)

where E0 is the bottom energy of the valence band and k⊥ is the perpendicular

component of the wavevector of excited electron k. The transmission of the electron

through the surface leaves the parallel component K∥ conserved

p∥ℏ = K∥ = k∥ +G∥. (2.15)

Here p is the momentum of the photoexcited electron in vacuum.

The kinetic energy outside the crystal is determined by

Ekin = Ef (K)− Evac. (2.16)
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Figure 2.6: Free electron final state model.

Photoelectrons emitted outside the material are cut on the low-energy side of the

secondary electrons, resulting in the distribution shown in Fig. 2.3 (c).

On the other hand, the one-step model considers these processes not indepen-

dently, but together as a single process. This model treats the electron transition

from the initial state to the time-reversed low-energy diffraction state (taking

into account the total scattering to the detector) as the final state. Simulations

considering the one-step model can be directly compared with experimentally ob-

served spectra, but require very complex calculations, for the extent the three-step

model holds, it is useful to understand photoelectron excitation using this model.

However, recently many experimental results have been reported that cannot be

interpreted without considering the final state of the one-step model [2-3, 2-4].

2.1.2 Angle-Resolved Photoelectron Spectroscopy (ARPES)

Angle-Resolved PhotoElectron Spectroscopy (ARPES) is a technique to simulta-

neously measure the energy and angle of photoelectrons emitted from a surface.

Electrons with momentum p = ℏkf excited in a vacuum have kinetic energy

Ekin =
ℏ
2m

kf 2. (2.17)
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Figure 2.7: Schematic diagram of angle-resolved photoelectron spectroscopy.

Assuming an atomically smooth surface, during photoelectron emission, the par-

allel component of electron momentum in the solid ℏki∥ and the momentum of

photoelectrons in the parallel to the surface ℏkf∥ are conserved, thus

ℏki∥ = ℏkf∥ =
√

2mEk sin θe =
√
2m(hν − ϕ− EB)) sin θe (2.18)

where, θe photoelectron emission angle measured from surface normal. On the

other hand, perpendicular direction, the translational symmetry is broken between

the photoelectrons and the interior of the solid, so momentum is not conserved,

assuming that the final state is approximated by a free electron-like state, the

perpendicular momentum of a photoelectron is

ℏkf⊥ =
√

2m(Ek cos2 θe + U0) =
√

2m((hν − ϕ− EB) cos2 θe + U0). (2.19)

Here U0 is inner potential which corresponds to the energy of the bottom of the va-

lence band referenced to vacuum level Evac. A intensity plot of photoelectrons as a

function of binding/kinetic energy at a constant wavenumber is nameed an Energy

Distribution Curve (EDC), and that as a function of wavenumber/momentum at

a fixed energy is named a Momentum Distribution Curve (MDC) as shown in Fig.

2.8.

2.1.3 Core-level Photoelectron Spectroscopy

In ARPES, electronic states in the valence band are mainly observed. On the other

hand, in the higher binding energy region, photoelectron spectra emitted from the
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Figure 2.8: Energy Distribution Curve and Energy Distribution Curve in ARPES.

core-level levels can be obtained. The analysis of core-level spectra can be used

to identify the kind of the elements in a material and to obtain the information of

the chemical bonding states. Reflecting the chemical bonding state of an element,

photoelectrons with slightly different peak energies are detected even in the same

core-level level (chemical shift). The photoelectron core-level spectra reflect the

local state of the target element and its surroundings, allowing us to determine

the chemical bonding state.

The core-levels other than s-orbital are excited into two states with total an-

gular momentum j = l ± 1/2 belonging to the same azimuthal quantum number

l by the interaction between the orbital magnetic moment and the spin, and is

observed to split into two peaks. Since the one j corresponding state is degenerate

to 2j+1 weight, the relative intensity of the two peaks is given by the ratio of the

degeneracies.

Assuming a single element (A) as a reference, when it becomes a compound
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Table 2.1: Splitting and relative area ratio due to spin-orbit coupling in the core-

level spectrum.

angular momentum |j| relative area ratio

s− orbital 1/2 -

p− orbital 1/2, 3/2 1:2

d− orbital 3/2, 5/2 2:3

f− orbital 5/2, 7/2 3:4

(B), the amount of shift in the binding energy of the element is qualitatively

∆E = K(qA − qB) + (VA − VB) (2.20)

where q is the charge (electron or hole) of the element. K is the interaction

coefficient between the valence electrons and the core-level electrons, and V is the

Madelung constant, which is the sum of the electrostatic potentials to an atom by

the charge qj of the surrounding atoms j. Then,

V =
∑ qj

Rj

(2.21)

where Rj is the distance between atom j and the center of the focused atom. So,

the first term indicate the variation in the core level due to the change in the

valence band charge, and the second term shows the effect of the difference in the

Madelung potential between the states on the inner core level. Since the change in

valence charge of the surrounding atoms is of opposite sign to the change in valence

charge of the central atom, the first and second terms act in opposite directions in

many cases.

2.1.4 Spin and Angle- Resolved Photoelectron Spectroscopy (SARPES)

Besides wavenumber and energy, spin is an important parameter for the infor-

mation of electrons in solids. The spin information is essential for basic research

on spin-polarized electronic states, such as magnetic material, surface states of
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Figure 2.9: The schematics of (a) the Mott detector and (b) the VLEED detector.

Rashba-systems and topological insulators, as well as for applications in spintron-

ics. If the spin polarization of energy- and wavenumber-resolved photoelectrons can

be observed, it will be possible to obtain information on the spin of electrons inside

materials. Such a technique is named spin-resolved photoelectron spectroscopy.

Mott detectors and Very Low Energy Electron Diffraction (VLEED) detectors

are used to actually obtain information on the spin of photoelectrons. Mott detec-

tors use the Mott scattering due to the spin-orbit interaction that occurs during

electron scattering by colliding heavy elements such as gold (Au) and tungsten (W)

with electrons accelerated to several tens of kV. The scattering direction changes

depending on the spin orientation, and the spin polarization of the photoelectrons

is determined by detecting this difference. The VLEED detector measures the

intensity of electrons reflected from a ferromagnetic thin film such as iron by in-

jecting electrons at very low speed (the kinetic energy of about 10 eV) [2-9]. In

this process, the different intensity of the reflected electrons are detected depend-

ing on the magnetization direction of the target. The VLEED detector observes

diffracted electrons with the low energy results in a larger scattering cross section

of electrons, making the VLEED detector more efficient than the Mott one. How-
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ever, the Fe(100) surface, which was initially used for the VLEED detector, had

a problem that the surface was easily deteriorated even in a ultra high vacuum

[2-10]. Ciccacci et. al. found that the O/Fe(100)-p(1×1) surface, which is formed

by terminating the Fe surface with oxygen, can keep the surface clean for a long

time while maintaining ferromagnetism, and proposed a VLEED-type detector us-

ing this surface [2-11]. In addition, Okuda et al. developed an experimental system

combining an electron energy analyzer and a VLEED detector targeting oxygen-

adsorbed Fe thin film, which enabled high-resolution spin-resolved measurements

[2-12, 2-13]. In this study, the VLEED detector was also used to perform spin-

resolved ARPES measurements [2-14].

In the VLEED-type spin filter, the reflected electron intensity corresponding

to the applied magnetic field direction is observed. Assuming that the magnetic

field direction is +(-) and the electron reflection intensity in the r direction (r =

x, y, z) is Ir+(−), the asymmetry Ar is

Ar =
Ir+ − Ir−
Ir+ + Ir−

. (2.22)

Here, using the number of electrons with spin in the r direction Nr, the spin

polarization Pr of an electronic state is

Pr =
Nr+ −Nr−

Nr+ +Nr−
. (2.23)

Between these two equations are the following relationship

Ar = Seff · Pr (2.24)

where Seff is the Sherman function corresponds to the asymmetry when the spin

polarization is 100 %. In general, the value of the Seff of VLEED detectors is on

the order of 10−1. From these equations, the spin-resolved photoelectron spectrum

for spin-up (spin-down) is

Ir+(−) =
Ir+ + Ir−

2
(1 + (−)Pr). (2.25)
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2.2 Experimental system of Photoelectron Spectroscopy

The photoelectron spectroscopy requires (1) an excitation light source, (2) an

electron energy analyzer, (3) a manipulator that can fix the sample and change its

temperature and position, and (4) an pump system that maintains these equipment

in an ultrahigh vacuum. In this section, (1) and (2) are explained.

2.2.1 Light Sources

In order to excite photoelectrons, a light source with energy beyond the work

function 4 - 5 eV of a material, i.e., vacuum ultraviolet to X-ray, is required.

In the laboratory, a typical vacuum ultraviolet light source is a noble-gas dis-

charge lamp. These lamps use gas resonance lines as monochromatic light sources.

The energy of the light emitted corresponds to the energy difference between the

atomic orbitals, and in the case of Helium (He), the He Iα resonance line is the

emission associated with the 1s from 2p 1/2 relaxation. In a traditional DC dis-

charge lamp, where thermal electrons are emitted by passing a current through

the filament and the electrons are accelerated to collide and ionize He atoms, the

half-width of the excitation light is a few meV. Since the spontaneous width is

originally less than 1 meV, this emission broadening is due to the Doppler broad-

ening caused by the thermal motion of the noble gas atoms and the self-absorption

from the high pressure of He up to 1 Torr. The solution to this broadening is a

microwave-excited plasma discharge lamp, as shown in Fig. 2.10 [2-6]. By in-

troducing microwaves of about 10 GHz into the discharge tube filled with helium

gas, and applying a magnetic field externally at the same time, the electrons in the

tubes are accelerated by the microwaves and undergo cyclotron motion. Therefore,

the collision probability between the electrons and the noble gas in the discharge

tube becomes much higher, and the emission intensity increases and the internal

gas pressure can be lowered, making it possible to suppress self-absorption. As a

result, the emission intensity of the resonance line is about 100 times higher than

that of the DC discharge type, and the half value width is about 1 meV.

Recently, laser-based pumping sources have been developed. Due to the oscil-

lation principle of laser light, it has extremely narrow half-width, small spot size,
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Figure 2.10: Schematic of the discharge lamp [2-6].

and polarization tunability, which are excellent properties for precise electronic

structure measurement. However, it was difficult to realize a laser beam with an

energy that exceeds the work function. Using higher-order light based on non-

linear optics allows laser-based photoelectron spectroscopy. Higher-order light is

mainly generated by the 3rd - 4th harmonic of the Ti:Sapphire laser or the 6th

harmonic of the Nd : YVO4 laser with energies around 6 - 7 eV [2-7]. However,

because the photoelectron excitation intensity is too high, the emitted photoelec-

trons interact with each other, resulting in space charge effects that interfere with

accurate energy measurement. To solve the contribution from space charge ef-

fect, a quasi-continuous wave (quasi-CW) laser beam with high repetition rate is

utilized.

In contrast to discharge tubes and lasers that are basically monochromatic light

sources, synchrotron radiation is also often used as a light source. Synchrotron

radiation is emitted in the tangential direction when electrons accelerated to the

relativistic region change their direction of motion. The advantages of synchrotron

radiation are white light in the wide wavelength region from x-ray to infrared,

highly polarized, and pulsed properties. To emit synchrotron radiation, there are

two methods: one is to use a bending magnet and the other is to use an undulator

as shown in Fig. 2.11. Bending magnets produce light of continuous wavelength,
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Figure 2.11: Schematic figue of an undulator.

on the other hand, undulators can generate very strong quasi-monochromatic light

by periodically undulating electrons and interfering with each other’s synchrotron

radiation generated by the alternating magnetic field. ARPES measurements are

typically performed using undulator radiation. Using synchrotron radiation, tun-

able photons can be used for ARPES to obtain resonant effect and also to determine

three-dimensional ban structures as expected from eq. 2.19.

2.2.2 Photoelectron Analyzer

The electrons excited by light and emitted into the vacuum have a certain ki-

netic energy. The most commonly used photoelectron analyzer is the Concentric

Hemispherical Analyzer (CHA). This type of analyzer consists of an electron lens

unit that captures photoelectrons and an energy analysis unit that combines two

hemispheres. The energy analysis section consists of an inner sphere of radius R1

and an outer sphere of radius R2, respectively. A constant voltage in the opposite

direction is applied between these hemispheres, and electrons are injected through

an incident slit into the gap. The incident electrons are bent in the hemisphere

by the electric field and impact at a point on the multi-channel plate (MCP)

depending on the angle of incidence to the lens and the kinetic energy. The photo-

electrons are amplified by the MCP, and a further acceleration voltage is applied

to hit the phosphor fluorescent screen, which is detected by a CCD camera as a

position-resolved bright spot. Assuming an incident slit width of w, an average

of inner and outer sphere radii of (R1 + R2)/2 = R0, and a pass electron energy

(path energy) of E0, the theoretical resolution (Full-Width-at-Half-Maximum) of
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Figure 2.12: Schematic figure of an concentric hemispherical analyzer.

a CHA-type energy analyzer is

FWHM =
w

2R0

E0. (2.26)

Here, the speed of electrons are reduced to the path energy by the electron lens

at the front of the hemisphere part. From this equation 2.26, to improve the

resolution, we may select whether narrowing the incident slit width, increasing

the radius of the sphere, or lowering the pass energy. However, the size of the

hemisphere radius cannot be increased owing to the work accuracy. On the other

hand, the narrowing of the slit width and the decrease of the path energy reduce

the number of electrons measured. Therefore, the energy resolution is now limited

to about 1 meV.

By tuning the focal length of the electron lens section, the information on the

slit direction of the electrons entering the energy analysis unit can be controlled.

When the focal length of the electron lens is placed on the sample and slit as

shown in Fig. 2.13 (a), the electrons are sorted on the slit for each emission

angle at each point on the sample. On the other hand, when the focal length is

adjusted to a half length as shown in Fig. 2.13 (b), the photoelectrons are imaged

at a point corresponding to the position in real space on the sample, and thus

position-resolved measurement can be performed.
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Figure 2.13: Arrangement of sample and hemisphere entrance slit in angle-resolved

analyzer. (a) Angle-resolved mode. (b) Position-resolved mode. The position of

the entrance slit is imaged on the MCP detector and recorded by the CCD camera

shown in Fig. 2.12.

2.3 Low Energy Electron Diffraction (LEED)

Low-energy electrons incident on a material are easily scattered elastically by

atoms and inelastic scattering processes by phonons and plasmons occur, so the

escape depth from the crystal is also small. In the energy range of tens to hundreds

of eV, the average escape depth of electrons is a few Å. The Bloch wavelength λ

of an electron with energy E is

λ =
h

mv
≃
√
150/EÅ (2.27)

where v is the electron velocity; m the rest mass of electron. For example, for

energies of 50 and 100 eV, λ is calculated as 1.73 and 1.23 Å, respectively, which

is similar to the length of the crystal lattice. Therefore, Low-Energy Electron

Diffraction (LEED) is suitable for measuring surface atomic structures.

The apparatus used to LEED observation, is retarding-field electron analyzer.

It consist of hemispherical concentric grids and (first one is used for the suppression

of the inelastic scattered electrons and others for the acceleration to the screen) a

fluorescent screen, and electron gun is located through the center of the imaging
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Figure 2.14: Schematic of LEED display system

components as shown in Fig. 2.14. A suitable negative voltage allied to the central

grids to allow a narrow range of the elastically scattered electrons to be transmitted

to the fluorescent screen. As a result, diffraction spots appear as bright spots on

the screen, which can be observed by the naked eye or CCD camera.

2.3.1 Basic Principle of LEED

For simplicity, a one-dimensional arrangement of surface atoms with a spacing d

is considered. When electrons with an incident angle of θ and a wavelength of λ

are incident on the atomic plane and scattered in the direction of the angle ϕ, the

differences of the paths of electrons scattered by two neighboring atoms are

d sin θ − d sinϕ (2.28)

When this path difference is an integer multiple of the electron wavelength, he

following equation is satisfied

d(sin θ − sinϕ) = nλ (2.29)

The electron waves intensify each other, and diffracted waves appear in the direc-

tion of ϕ.
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Figure 2.15: Diffraction of electrons by one-dimensional arrangement of atoms.

From the energy conservation law, the following equation is hold;

|ki| = |ks| =
2π

λ
(2.30)

where ki and kf are the wavenumber vector of the incident and scattered electrons.

The parallel components ki∥ and ks∥ of the wavenumber vectors of the incident

and scattered to the surface are

|ki∥| = |ki| sin θ =
2π

λ
sin θ |ks∥| = |ki| sinϕ =

2π

λ
sinϕ. (2.31)

Then,

|ki∥| = |ks∥| =
2π

λ
n. (2.32)

A one-dimensional reciprocal lattice vector d∗ is defined as the scalar product

d∗d = 2π. Equation can be transformed as follows;

|ki∥| − |ks∥| = nd∗. (2.33)

The surface has no thickness in the areal direction, so it is a two-dimensional

lattice. Thus, in reciprocal lattice space, the lattice points are represented by rods

with no dispersion in the out-of-plane direction, as shown in Fig. 2.16. A sphere of

radius 1/λ with the endpoint of the incidence vector k coinciding with the origin
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Figure 2.16: This Ewald sphere and reciprocal lattice rod.

O of the reciprocal lattice and the starting point taken as the center is called an

Ewald sphere. The intersection of this Ewald sphere with the reciprocal lattice

rod satisfies the diffraction condition.

As the energy of the incident electrons is increased, spots appear at the outer

edge of the fluorescent screen and these move toward the center of the screen. The

intensity of these spots depends on the type of atoms in the surface region and their

position in the unit lattice, and changes with the energy of the incident electrons.

From this intensity change, it is possible to determine the surface structure, i.e.,

the atomic arrangement or surface structure in the unit lattice.
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3 Giant Rashba Splitting of Quasi-One-Dimensional

Surface States of Bi/InAs(110)-(2×1)∗

In this chapter, I report on the surface electronic structure of Bi/InAs(110)-

(2×1). The surface state of Bi/InAs(110)-(2×1) shows semiconducting quasi-one-

dimensional (Q1D) band dispersion around Fermi level with Rashba-type spin

splitting. The size of Rashba parameter reached extremely large value (∼ 5.5 eV

Å). This is a largest value in the one-dimensional (1D) or Q1D systems.

3.1 Introduction

The Bi/III-V semiconductor (110) surface has been widely researched in the 1990s

as a good template of metal semiconductor interface systems [3-1, 3-2, 3-3]. Among

them, Bi/InAs(110) has strongly buckled zig-zag Bi atomic-chain with a (2×1)

surface periodicity determined by surface X-ray diffraction method as shown in

Figure 3.1 [3-2]. The angle-integrated valence band photoelectron spectra of

Bi/InAs(110)-(2×1) and clean InAs(110) substrate reported by M. G. Betti et al.

as shown in Figure 3.2 [3-1]. The previous result shows a small density of states

around Fermi energy (EF) in contrast to clean InAs(110) substrate. This surface is

formed heavy Bi atoms and has Q1D atomic structure, expecting anisotropic sur-

face state with spin-splitting due to the Rashba-type spin-orbit interaction (SOI)

in the bulk InAs(110) bandgap.

Therefore, Bi/InAs(110)-(2×1) is one of the promising candidate to realize a

giant Rashba-type spin splitting in a Q1D system. However, no research has been

reported so far about the detailed momentum-resolved surface band dispersion and

spin-texture of the Bi/InAs(110)-(2×1) surface. In this chapter, I measured the

spin-polarized surface electronic structure of Bi/InAs(110)-(2×1) by using angle-

resolved photoelectron spectroscopy (ARPES) and spin-resolved ARPES and the-

oretical calculation.

∗Phys. Rev. B 98, 075431 (2018).
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Figure 3.1: Low-energy electron diffraction patterns of (a) a cleaved InAs(110)

surface and (a) the Bi/InAs(110)-(2×1) surface. Both patterns were taken at

room temperature.

3.2 Experimental Conditions

InAs(110) substrates were cleaned by cleaving the side face of InAs(001) wafers

(nominally un-doped) in ultra-high-vacuum chambers. The quality of clean sur-

face was checked by using LEED. The LEED pattern shows the sharp and low-

background diffraction spots, demonstrating well-defined clean surface, as shown

in Fig. 3.3 (a). Next, Bi atoms were deposited on substrate from Knudsen cell at

room temperature. Subsequent annealing at 563K for 15 minutes fabricated the

(2×1) periodic surface structure, as indicated by the LEED pattern in Fig. 3.3

(b).

ARPES measurements were performed at beamlines BL-2A of Photon Factory,

KEK, and BL5U of UVSOR-III, Institute for Molecular Science. Photon energy

rang was 50 to 85 eV. SAPRES measurements were conducted at the Institute for

Solid State Physics, the University of Tokyo with linearly polarized photons by

using a laser source (hν = 6.994 eV) [3-4]. For the SARPES measurements, the

incident plane of photon was set to (001), and electric-field vector of the photons

was normal to (001). The value of effective Sharman function of VLEED-type spin

detector was 0.27. The position of EF and energy-resolution were evaluated by the

Fermi-edge of a Cu block on sample holder. The energy resolution of ARPES and

SARPES measurements were ∼ 20 meV except for Fig. 3.5.

Theoretical band structure was calculated by using WIEN2k code. The Engel-
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Figure 3.2: Ultraviolet He I photons, 21.218 eV photoemission spectra in the top-

most valence-band region for the Bi/InAs(110) and the clean InAs(110) substrate

[3-1].

Vosko generalized gradient approximation was used to construct the exchange and

correlation potentials [3-5]. The surface structure was modeled by an asymmetric

slab of 10 layers of InAs with the surface covered by (2×1) zig-zag Bi chains. The

surface atomic structure was energetically optimized down to the third In and As

layers; the bottom of the slab was truncated from the bulk InAs structure and

terminated by hydrogen atoms.

3.3 Results and Discussions

3.3.1 Surface Electronic Structure of Bi/InAs(110)-(2×1)

The surface Brillouin zone (SBZ) of Bi/InAs(110)-(2×1) surface is shown in Fig.

3.4 (a). kx//[1̄10] (ky//[001]) is defined parallel (perpendicular) to Bi-atomic chains.

Figure 3.4 (b) and (c) show ARPES intensity plots along Γ̄–X̄ (ky//[001] = 0.00

Å−1) and (c) Ȳ–M̄ (ky//[001] = 0.24 Å−1), respectively. The pair of the parabolic

hole bands were observed near the center of SBZ such as the Γ̄ and Ȳ points. The
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Figure 3.3: Low-energy electron diffraction patterns of (a) a cleaved InAs(110)

surface and (a) the Bi/InAs(110)-(2×1) surface. Both patterns were taken at

room temperature.

top of these parabolic bands located slightly below EF, indicating semiconducting

character.

Figure 3.4 (d) shows the ARPES constant energy contour at a binding energy

of 200 ± 10 meV. The contour has an anisotropic Q1D feature with waving shape

along chain normal ([001]) direction, and it shows (2×1) periodicity in the SBZ.

In the case of the perfect 1D systems without any interaction, the constant energy

contour should show no dispersive shape except in one direction. These waving

dispersive character indicates a small but finite 2D interaction due to inter-atomic

chain coupling.

To confirm the origin of the Q1D bands, the band dispersion along chain normal

(Γ̄–Ȳ) direction of Bi/InAs(110)-(2×1) and clean InAs(110) substrate is shown in

Fig. 3.5. In the clean InAs surface as shown in Fig. 3.5 (b), it shows only a hole

bands without any dispersion below 0.5 eV. In contrast to clean substrate, the

band dispersions of the Bi/InAs(110)-(2×1) surface lies just below EF, suggesting

that all band dispersion near the EF originate from the surface Bi atomic structure.

Figure 3.6 shows the photon energy dependence of momentum distribution

curves (MDCs) at a binding energy of 100 ± 20 meV at ky//[001] = 0.00 Å. The two

peaks at kx//[1̄10] =± 0.11 Å−1, correspond to the parabolic hole dispersions around

Γ̄ point in Fig. 3.4 (b). The peak positions of hole bands do not change depending
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(d)

k
(Å

  
)

-1
y
//
[0
0
1
]

Figure 3.4: Surface electronic structure of Bi/InAs(110)-(2×1) revealed by ARPES

at 20 K (hν = 55 eV). (a) Surface Brillouin zone of the (2×1) surface. ARPES

band mapping along (b) Γ̄–X̄ (ky//[001] = 0 .00 Å) and (c) Ȳ–M̄ (ky//[001] = 0.24 Å).

(d) A constant energy contour at a binding energy of 200 ± 10 meV. The dashed

lines correspond to the boundaries of the (2×1) SBZ.
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Figure 3.5: ARPES intensity plots at 15 K (hν =80 eV) with linearly polarized

photons, taken from (a) Bi/InAs(110)-(2×1) and (b) pristine InAs(110) substrate.

Energy resolutions of these plots were 40 meV.

on the photon energy, indicating that the Q1D band dispersion is surface state

without any surface normal dispersion.

In the MDCs in Fig. 3.6, the small peak intensity is observed at kx//[1̄10] =

± 0.00 Å−1 (Γ̄ point). Figure 3.7 (a) demonstrates ARPES band mapping plot

along Γ̄–X̄ with hν = 74 eV. A small electron pocket on the EF at Γ̄ point was

observed as indicated by the arrow. However, this metallic feature disappear with

hν = 55 eV as shown in Fig. 3.4, implying photon-energy dependence. Figure

3.7 (b) shows the energy-distribution curves (EDCs) at Γ̄ point depending on

photon energy from 50 to 80 eV. The peak near the EF appears at hν = 59 and

shows small dispersion depending on the photon energy as indicated by a shaded

line. The center of this peak shift to higher binding energy side at hν = 70 eV,
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Figure 3.6: Momentum-distribution curves at a binding energy of 200 ± 10 meV

taken with the photon energies ranging 50 to 80 eV along Γ̄–X̄ direction.

indicating the bottom of this band. This photon energy dependence suggests that

this small electron pocket is a 3D band which is probably the bulk conduction band.

Although the InAs substrates used in this work are nominally un-doped wafer, the

surface preparation procedure, Bi evaporation, and subsequent annealing might

form a p-type surface accumulation layer.
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Figure 3.7: ARPES intensity plot along Γ̄–X̄ taken at hν = 74 eV at 15 K. The

allow shows small band dispersion around the Γ̄ point. ARPES energy-distribution

curves around Γ̄ point (kx//[1̄10] = 0 ± 0.0025 Å−1) with photon energies from 50

to 80 eV. A shaded line indicates a guide of the small electron pocket by eye.

3.3.2 Spin Splitting of the Surface States

A pair of parabolic band dispersion separating with respect to kx//[1̄10] = 0 Å−1

suggests the band splitting due to the Rashba-type SOI. In order to visualize the

spin texture of the surface Q1D bands, the SARPES measurement is useful. Figure

3.8 shows the SARPES EDCs taken along (a) Γ̄–X̄ and (b) Ȳ–M̄ with linearly

vertical polarized photons, respectively. The filled (open) triangles correspond to

in-plane spin polarization parallel (anti-parallel) to [001]. With linearly polarized

photons, the photoelectron intensity in the vicinity of Γ̄ decreases in Fig. 3.8 (a).

It would be due to the selection rule of the photoexcitation. The spin-polarized

peaks in Fig. 3.8 has dispersive feature downward from kx//[1̄10] = 0 Å−1. The

orientations of spin-polarization invert together with the sign of the emission angle

θe and the general trend of the orientations of spin-polarization are same along both

Γ̄–X̄ and Ȳ–M̄.

Figure 3.9 shows the peaks of SARPES EDCs overlaid on spin-integrated
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Figure 3.8: Spin-resolved ARPES energy distribution curves taken along [11̄0]

(kx) at (a) Γ̄–X̄ (ky//[001] = 0.00 Å−1 (b) Ȳ–M̄ (ky//[001] = 0.24 Å−1) with linearly

polarized photons (hν = 6.994 eV) at 40K. θe = 10 ◦ corresponds to 0.14 Å−1.

ARPES intensity plot along (a) Γ̄–X̄ and (b) Ȳ–M̄. The red (blue) indicates

the spin orientation direction parallel to [001] ([001̄]). The peak positions of

the SARPES EDCs are in good agreement with high intensity regions in spin-

integrated maps, indicating same surface band dispersion. These results suggest

that the parabolic bands near the EF show clear spin-polarization with time re-

versal symmetry.
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Figure 3.9: the peak plots of SARPSE EDCs overlaid on spin-integrated ARPES

intensity plot along (a) Γ̄–X̄ and (b) Ȳ–M̄ with linearly polarized photons (hν =

6.994 eV).

3.3.3 Surface States Obtained by DFT Calculation

Figure 3.10 shows the calculated band structure of the Bi/InAs(110)-(2×1) sur-

face. The size of the circles are represent to the contribution from the atomic

orbitals of the surface Bi atoms. Color contrast of each circles correspond to the

spin polarization along in-plane ([001]) direction. A spin-polarized parabolic band

dispersion near the EF is reproduced, suggesting good qualitative agreement with

experimental ARPES and SARPES results. Surface states along Γ̄–X̄ and Ȳ–M̄

are mainly constructed by Bi atomic orbital.
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The color contrasts of each circle represent the spin polarizations along in-plane

directions.
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3.3.4 Giant Rashba effect on Bi/InAs(110)

The paired parabolic dispersion as well as the in-plane spin polarization with time-

reversal symmetry suggest Rashba-type splitting. The size of Rashba parameter

αR can be estimated by

αR =
2ER

k0
(3.1)

where ER and k0 are energy and wavenumber differences, respectively, between

the top of the parabolic band and the Kramers degenerate point. From the sur-

face band dispersion as shown in Fig. 3.11, the Kramers points, which are the

intersection with time reversal invariant momenta, along kx//[1̄10] are 0.36 (0.14)

eV at Γ̄ (Ȳ) and the top of the surface bands lies at 0.07 (0.04) eV at kx//[1̄10]

= ± 0.105 (0.055) (Å−1). Here, the values of kx//[1̄10] are consistent with k0 in

the eq. 3.1. From these values, ER along Γ̄–X̄ (Ȳ–M̄) is 0.29 (0.10), the Rashba

parameter αR was evaluated as 5.5 (3.6) eVÅ. Substituting these parameters into

eq. 3.1 provided the calculated parabolic band, which was in good agreement with

the ARPES intensity plot as shown in Fig. 3.11.

The maximum value of αR in this system (5.5 eVÅ) is 4-5 times larger than

those of other 1D or Q1D Rashba systems [3-6, 3-7]. Even when including 2D

and 3D Rashba systems, the maximum value is greater than those of the typical

giant Rashba systems such as Bi/Ag(111) surface alloy [3-8], bulk GeTe(111) [3-9]

and bulk BiTeI [3-10] and is the largest among the Rashba-type split states lying

around EF.

Table 3.1: The evaluation of Rashba parameter along Γ̄–X̄ and Ȳ–M̄.

k0 (Å−1) ER (eV) αR (eVÅ)

Γ̄–X̄ 0.36 0.29 5.5

Ȳ–M̄ 0.055 0.10 3.6

Finally, I discuss the possible origin of the giant Rashba effect in the Bi/InAs(110)-

(2×1). The maximum of Rashba parameter αR is along Γ̄–X̄ (5.5 eVÅ). Although it
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Figure 3.11: ARPES intensity plots along (a) Γ̄–X̄ and (b) Ȳ–M̄. The dashed line

are the guide of the spin-splitting parabolic dispersion. The allows indicate the

definition of ER and k0.

is still giant along Ȳ–M̄, the value of αR is smaller than that along Γ̄–X̄. This could

be due to small differences in the orbital contributions of the surface Bi atoms.

Various theoretical studies to realize a giant Rashba SOI have been reported so far

and many possible mechanisms have been suggested such as the asymmetric charge

distribution near the surface [3-11, 3-12], orbital angular-momentum polarization

[?] and hybridization between different atomic orbitals [3-14, 3-15, 3-16]. These

previous studies suggest that anisotropic wavefunctions away from the simple free

electron model are important for the realization of giant Rashba splitting. Accord-

ing to recent theoretical study by H. Ishida [3-16], the size of the spin splitting

is proportional to the geometric means between atomic orbitals having the same

orbital characters but different magnetic quantum numbers: px, py and pz in this

case. The fractional contributions of Bi atomic orbitals to the spin-split surface

states and calculated geometric means Mab are listed in Tab. 3.2. The value of

Mab was calculated as

Mab =
√

6pa6pb (a, b = x, y, z). (3.2)

Since the spin split states of Bi/InAs(110)-(2×1) have sizable fractional contribu-

tions from all 6p orbitals of Bi, all the geometric means (Mxy , Myz, and Mzx in

Tab. 3.2) have finite values. Among them, both Myz and Mzx, which represent
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Table 3.2: Calculated fractional contributions of atomic orbitals of surface Bi to

the spin-split surface states (S1 and S2 in Fig. 3.10) and the geometric means

between 6p orbitals Mxy, Myz and Mzx). Atom numbers are indicated in Fig. 3.1

(b). Each value is normalized by 6py of S1 (Bi #1). The px, py, and pz orbitals

correspond to the p orbitals, the lobes of which are along [1̄10], [001], and [110],

respectively.

S1 (Γ̄-X̄) 6s 6px 6py 6pz Mxy Myz Mzx

#1 0.20 0.20 1 0.04 0.45 0.19 0.09

#2 0.02 0.67 0.20 0.54 0.36 0.33 0.60

#3 0.01 0.62 0.11 0.47 0.27 0.23 0.54

#4 0.27 0.23 0.76 0.02 0.42 0.12 0.07

sum 1.50 0.87 1.30

S2 (Ȳ-M̄) 6s 6px 6py 6pz Mxy Myz Mzx

#1 0.18 0.64 0.65 0.00 0.64 0.00 0.00

#2 0.00 0.83 0.41 0.25 0.58 0.32 0.46

#3 0.00 0.32 0.24 0.53 0.28 0.36 0.41

#4 0.27 0.31 0.29 0.01 0.30 0.04 0.04

sum 1.80 0.72 0.91

the in-plane and out-of-plane contribution of Bi 6p orbitals, are represented to be

the scale of the spin-splitting; Myz(S1)/Myz(S2) ∼ 1.2, Mzx(S1)/Myx(S2) ∼ 1.4

, and αR(S1)/ αR(S2) ∼ 1.5. These results suggest that the mixing between in-

plane and out-of-plane orbitals is important to determine of the size of the Rashba

splitting and it is one of the possible origin of the nonequivalence between Γ̄ and

Ȳ originates from the 2D, inter-Bi-chain interaction.

3.4 Summary

In summary, I have investigated the quasi-one dimensional (Q1D) surface states on

the Bi/InAs(110)-(2×1) surface and its spin-texture by angle resolved photoelec-
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tron spectroscopy (ARPES), spin-resolved ARPES, and density-functional-theory

(DFT) calculation. The surface state showed a nearly metallic character, lying just

below the Fermi level (EF) with giant Rashba spin splitting whose the Rashba pa-

rameter αR reached 5.5 eVÅ. This value of the Rashba parameter is 4-5 times

larger than that of other 1D or Q1D Rashba systems and is the largest value

among all the experimentally realized Rashba-split systems around EF.
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4 Fluctuated Spin Texture of Rashba-Split Sur-

face Bands both in Real and Reciprocal Space

In this chapter, the detailed spin-orbit polarization structure of Bi/InAs(110)-

(2×1) was investigated by using polarization variable laser with spin-resolved

ARPES and first-principles calculations. SARPES revealed that the spin po-

larization orientation of the Rashba-type spin-polarized quasi-1D states of the

Bi/InAs(110) surface fluctuates and even inverts its sign depending on the wavevec-

tor k. Moreover, the calculation also provided a canted spin order in real space

for a single surface electronic state pointed by (E, k), in contrast to the uniform,

ferromagnetic-like spin texture accepted as a general picture of spin-polarized sur-

face states.

4.1 Introduction

The spin-polarized structure due to Rashba-type spin-orbit interactions has been

widely accepted as a model of simple spin-momentum locking, in which the direc-

tion of spin polarization is perpendicular to the momentum (wavenumber k). As

already mentioned in Chapter 1, if Rashba-type spin-orbit interaction is applied to

the free electron-like parabolic band, it will split according to the spin polarization

direction, as shown in Fig. 4.1.

However, recent theoretical and experimental studies have revealed that the

actual spin-polarized electronic structures, such as the surface Rashba-systems

and topological surface states of topological insulators, show more complex spin

textures that cannot be understood by such a simple picture. For example, the

warping term of the Fermi surface on topological surface state in the topological

insulator Bi2Te3 and the cubic-Rashba effect were reported [4-1, 4-2]. These elec-

tronic states exhibit a distorted spin structure that is proportional to the cube

of the wavenumber k. The other is the spin-orbit entanglement, interpreted by

the model that the spin component is coupled to the orbital symmetry of the

spin-polarized band [4-3, 4-4, 4-5, 4-6].

Previous detailed studies of such spin-polarized electronic structures have mainly
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Figure 4.1: (a) A general model of the two-dimensional spin-splitting electronic

state due to Rashba-type spin-orbit interactions. The spin polarization direction

is perpendicular to the wavenumber k and exhibits a helical polarization structure

in reciprocal space.
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Figure 4.2: Various spin-polarized electronic states derived from spin-orbit inter-

action. (a) The warped topological surface state of Bi2Te3 [4-1]. (b) Spin tex-

ture with cubic-Rashba effect [4-2]. (c1) Spin-integrated ARPES intensity map

of Bi2Se3 (c2,3) Corresponding spin polarization (Py) maps taken with p- and s-

polarized light, respectively [4-3]. (c4) Schematic of the total spin texture for the

surface state Dirac cone [4-4]. (c5,6) The spin texture of the out-of-plane (Pz) and

in-plane (Px + (Py)) orbitals.
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been performed on two-dimensional systems with a helical spin-polarized texture

on the crystal surface. On the other hand, lower-dimensional systems, such as one-

dimensional systems (1D) and quasi-one-dimensional systems (Q1D), have been

rarely studied. In such systems, breaking of in-plane inversion symmetry leads

to intrinsically perpendicular spin polarization, which coexists with in-plane spin

polarization. In addition, unlike two-dimensional systems that have an isotropic

electronic state in the plane, (Q)1D systems exhibit highly anisotropic electronic

states and are expected to have a spin structure that is far from the helical spin

texture expected in the two-dimensional plane. Since such a picture is not taken

into account in simple models, studying the spin structure of 1D or Q1D systems

is one approach to understand more realistic spin-polarized electronic states due

to the surface Rashba effect. The Bi/InAs(110) surface shows the largest spin

splitting in a quasi-one-dimensional system, making it a desirable material for

studying low-dimensional spin properties. In this study, the spin-polarized surface

of Bi/InAs(110) has been analyzed in detail by means of polarization-dependent

spin-resolved ARPES and density functional theory.

4.2 Experimental Conditions

ARPES and spin-resolved ARPES (SARPES) measurements were performed at

the Institute for Solid State Physics, the University of Tokyo with linearly polarized

laser source (hν = 6.994 eV) [4-7]. The photoelectrons were detected along Γ̄–M̄

high symmetry line in the surface Brillouin zone. The energy resolution and the

position of EF were calibrated by the Fermi edge of Cu block attached to the

samples. The energy resolution for the ARPES (SARPES) measurements was ∼
9 meV (∼ 20 meV). The effective Sherman function of the SARPES spin detector

was set to 0.27. The sample temperature was kept at 45K during ARPES and

SARPES experiments.

Theoretical band structure was calculated by using WIEN2k code. The modi-

fied Becke-Johnson was used to construct the exchange and correlation potentials

[4-8]. Correlated interactions were treated within the framework of Local Density

Approximation (LDA). The surface structure was modeled by an symmetric slab
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Figure 4.3: Explerimental geometry of SARPES measurements with simultane-

ously drawing (2×1) surface Brillouin zone. The excitation light incident and

photoelectron detection planes (light blue) are both on the Γ̄–X̄ line. Photon

incident angle was set to 40◦.

of 20 layers of InAs with the surface covered by (2×1) zig-zag Bi chains.

4.3 Results and Discussions

4.3.1 Surface Electronic Structure of Bi/InAs(110)-(2×1)

Figure 4.4 (a) and (b) are conventional (spin-integrated) ARPES band dispersions

measured along the Bi chain direction using p- and s-polarized light, respectively.

The geometry in the ARPES experiment is shown in 4.3. Consistent with Chap 3,

a spin-split parabolic band, S1, derived from a Rashba-type spin-orbit interaction

paired symmetrically around the surface Brillouin zone center (wavenumber k =

0), was observed a slightly below the Fermi level. The intensity of S1 was found

to be strong over the whole parabola in Fig. 4.4 (a), whereas in Fig. 4.4 (b), the

intensity was diminished around kx//[1̄110] = 0 Å, suggesting a clear polarization

dependence of the S1 band. This dependence implies that the orbital symmetry

of the S1 band varies with wavenumber. Considering the selective rule of dipole

transitions in the photoexcitation process, each p- and s-polarization is expected

to mainly excite even and odd parity symmetries, respectively, with respect to the
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Figure 4.4: ARPES intensity plots measured with (a) p- and (b) s-polarized light

along Γ̄–X̄.

photoelectron detection plane. Since the parabolic band is mainly composed of

6p orbitals of Bi atoms, the p- and s- polarization is expected to selectively excite

the px+pz and py orbitals, respectively, in the geometry of this experiment shown

in Fig. 4.3. This suggests that the inner part of the parabolic band S1 is mainly

composed of orbitals with an even symmetry, while the outer part of the parabola

is composed of orbitals with both even and odd symmetries.

Next, I observed the spin- and orbital-polarized structure of Bi/InAs(110)-

(2×1) by using polarization-dependent SARPES experiment. Figure 4.5 shows

the polarization-dependent spin-texture of the Bi/InAs(110)-(2×1) surface mea-

sured by SARPES as a two-dimensional color plot of photoelectron intensity and

magnitude of spin polarization. Spin polarization in the in-plane (Sy) and out-of-

plane (Sz) directions is shown in Fig. 4.5 (a,b) and (c,d), respectively. The shape

of the dispersion in the spin-integrated ARPES map in Fig. 4.4 (a,b) agrees well

with the spin-integrated one in Fig. 4.5 (a-b). In addition to the spin polarization

in the Sy direction, a spin polarization in the perpendicular to the surface direction

(Sz) was also observed. The out-of-plane spin-polarized structure appears to break

the time-reversal symmetry despite being non-magnetic. The reason for this will

be discussed later.

Figure 4.5 (a,b) for the spin polarization in the Sy direction, the direction of
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Figure 4.5: Spin-polarized surface band structure measured by laser-based

SARPES. (a-d) SARPES intensity plots measured with (a, c) p- and (b, d) s-

polarized light along Γ̄–X̄. Spin-resolved ARPES polarized to (a, b) in-plane (Sy)

and (c, d) out-of-plane (Sz) direction.

spin polarization is reversed according to the positive and negative wavenumber,

showing that the spin polarization protects time-reversal symmetry. For the spin-

polarized band S1 in Fig. 4.5 (b), the spin-polarization direction is single within

the sign of the same wavenumber, indicating that the simple spin texture is con-

sistent with a conventional Rashba-type spin-texture. On the other hand, the spin

polarization in Fig. 4.5 (a) is spin-polarization inverted in a single parabolic band.

Spin reversals within a single band have been reported in strong spin-orbit inter-

action systems, e.g., the Rashba splitting band of a Bi/Ag surface alloy, which has

been interpreted as being due to differences in spin-orbital entanglement and the

mixing of magnetic quantum number mj [4-9, 4-10]. Experimentally, one would
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expect to observe spin polarization in only one direction for a single polarization,

since it excites different orbital symmetries depending on the polarization of the in-

cident light. However, in this experiment, the spin inversion in a single band occurs

despite the fact that the p-polarization excites the px and pz orbital components

with only even symmetry with respect to the photoelectron detection plane. In

order to distinguish whether the unusual spin-polarized structure really exists as

an initial state or is due to final-state effects in the photoexcitation process, it is

useful to compare it with the ground state based on DFT calculation, which will

be discussed in the next section.

4.3.2 Comparison with Band Calculation

The spin-orbit-polarized electronic states of Bi/InAs(110)-(2×1) calculated by

DFT are shown in Fig. 4.6 (a-f). The size of the circles indicates the contribution

of Bi atoms from the p-orbitals, and the color scale indicates the spin polarization

in the (a,c,e) plane and (b,d,f) perpendicular to the plane. All the spin-polarized

structures are reversed in orientation with respect to the positive and negative

wavenumber, and the spin-polarization obeys time-reversal symmetry. The S1

and S2 bands corresponding to the band dispersion observed by ARPES, shown

in Fig. 4.5, are also reproduced in the calculations. From Fig. 4.6 (a,b), the spin-

polarized bands S1 and S2 mainly contribute from the 6p orbitals of Bi. Figure

4.6 (c-f) classify the 6p-orbital components according to their orbital symmetry

with respect to the photoelectron detection plane. Thus, Fig. 4.6 (c) ((d)) and (e)

((f)) are expected to correspond to spin-polarized electronic states in the Sy (Sz)

direction that are excited by p- and s-polarized light, respectively.

The contribution of the orbital component is larger on the higher wavenumber

region of the odd parity (py) in the S1 band compared to the even parity (px +

pz). An orbital polarization structure exists that is in good agreement with the

polarization dependence observed in ARPES as shown in Fig. 4.4. Figure 4.7

shows the symmetry-dependent spin polarization of the S1 band extracted from

the SARPES band dispersion and the DFT-derived one for each orbitals as a

function of the wavenumber. The radii of circle in Fig 4.4 (d,e) are proportional
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Figure 4.6: Calculated Spin-polarized band structure along Γ̄–X̄. The radii of

circle are proportional to the contribution from atomic orbitals of the surface Bi

atoms. Spin-polarized direction are defined along (a, d, e) in-plane (Sy) and (b,

d, f) out-of-plane (Sz) direction. (a,b) total p-orbitals (px + py + pz). (c-f)

Band dispersion of each Bi orbital divided by the symmetry corresponding to the

geometric configuration in the SARPES experiment. Decomposed band dispersion

into (c,d) px + pz and (e,f) py orbital components of surface Bi atoms. (g) The color

scale for represent spin-polarization. blue-red color (green-purple) corresponds to

spin polarization direction along in-plane (out-of-plane).
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Figure 4.7: Comparison of experiments and calculations in spin-polarized surface

bands (a) spin-integrated ARPES mapping by using single channel spin-detector.

(b,c) experimentally and (d,f) theoretically obtained spin polarization of the S1

band. Spin-polarized direction are defined along (b,d) in-plane and (d,e) out-of-

plane direction. The spin polarization at each energy and wavenumber was traced

from the position indicated by the green square on the S1 band in (a).

to the contribution from atomic orbitals of the surface Bi atoms. The position

of the dispersion corresponding to each point in Fig. 4.7 (b,c) is indicated by a

square in the spin-integral ARPES mapping shown in Fig. 4.7 (a). The different

spin-polarized structure depending on the symmetry of the orbitals suggests that

the character of the orbitals is in an entanglement state coupled with the spin-

polarization direction.

In the S1 band, py in Fig. 4.6 (e) is spin-polarized in a single direction over

the entire parabolic band, whereas in Fig. 4.6 (c) the spin direction is inverted in

the middle of the parabolic band, similar to the result observed in ARPES. This

result differs from a simple picture with a one-to-one correspondence between spin

polarization and orbital symmetry, showing that spin inversions in a single band

and within a single symmetry are present from the initial state.
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Figure 4.8: Surface atomic structure of Bi/InAs(110)-(2×1). Bi quasi-one-

dimensional atomic chains on Bi/InAs(110)-(2×1) surface consists of four kinds of

non-equivalent Bi atoms.

The origin of this would be the complex atomic structure of this sample,

Bi/InAs(110)-(2×1). As shown in Fig. 4.8, this surface has a complex atomic

structure with low symmetry and contains the Bi zigzag chains consisting of two

different perpendicular angles of Bi atoms, which are composed of four different

non-equivalent Bi atoms. The mixture of orbitals due to this complex surface

atomic structure may lead to a complicated spin texture, which cannot define a

good quantization axis. This suggests that the spin-orbit component cannot be

decomposed well in a symmetry classification. For further tracking of this spin-

texture, other approachs, such as tilting the spin quantization axis to an axis

normal to the tilt plane of the atomic chain, might be better.

In both orbital symmetries, the spin polarization disappears around the apex

of the parabolic band and the direction of spin polarization reverses around the

intersection of the S1 and S2 bands. Such a spin structure was not observed in
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SARPES, suggesting that it does not necessarily reflect the initial state, which

may be due to the final state effect.

4.3.3 Intersection of two surface spin-polarized bands

In spin-polarized surface states, such as Bi/Ag surface alloys, spin-polarized band

intersections are often observed at the intersection of spin-polarized bands due to

the hybridization effect between the bands, i.e., reversal of the spin direction and

opening of the band gap [4-9, 4-11].

Figure shows spin-integrated and spin-resolved band mapping and energy-

distribution-curves (EDCs) near band intersections. In the high resolution spin-

integrated EDCs, no significant gap structure is observed at the intersection of

the bands. For spin-integrated EDCs, no significant spin inversions were found in

either the in-plane or out-of-plane directions.

However, in the band calculation by DFT (Fig. 4.6), the out-of-plane compo-

nent has a spin inversion at the intersection point. In Fig. 4.9 (f), the out-of-plane

component corresponding to this inversion region has almost no intensity, so it is

difficult to discuss the details in this region, but it suggests that in fact it may not

have been observed for reasons such as the final state effect.

4.3.4 Spin and Orbital Texture

In the previous sections, I have discussed the spin- and orbital- resolved electronic

states on Bi/InAs(110)-(2×1) surfaces. Comparing experimental and theoretical

calculations, not only the shape of the qualitative band dispersion and orbital

symmetry in the surface electronic states, but also the experimental in-plane spin-

polarization is in good agreement with the calculation, however, the experimental

out-of-plane spin polarization cannot be explained by the calculation. The de-

viation of the out-of-plane spin-polarization between the theory and the actual

observed spin structure is expected to be revealed by analyzing the more micro-

scopic spin-orbit polarization structures. One way to understand complex spin

structures is to focus on the fine atomic structures within the unit cell and fol-

low the spin-orbit textures in the fragmented atomic structures in detail. Such
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Figure 4.9: Surface electronic structure of Bi/InAs(110)-(2×1) surface. (a) Spin-

integrated and (b,c) spin-resolved ARPES band mapping along Bi chain direction.

Spin-direction was set to (b) in-plane chain normal (kx//[1̄10]) and (c) out-of-plane

((kz//[110])) direction. blue-red color and green-magenta (contrast of color) corre-

spond to in-plane and out-of-plane spin polarization direction (intensity of pho-

toelectrons), respectively. (d) Spin- integrated and (e,f) spin-resolved EDCs. All

data were measured at 45K.
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an approach has been performed on the topological insulator Bi3Se3, where the

spin-orbit-polarized structure is isolated in each atomic layer in the unit cell and

revealed to have different in-plane spin polarization and orbital components, re-

spectively [4-12]. Focusing on the surface atomic structure of Bi/InAs(110)-(2×1)

from such a microscopic point of view, the Bi-(2×1) surface can be decomposed

into two atomic chains of Bi1-2 and Bi3-4, where the Bi atoms are bound to the

substrate As and In, respectively, as shown in Fig. 4.8.
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Figure 4.10: Spin-polarized texture decomposed by surface Bi atomic chain. The

radii of circle are proportional to the contribution from the surface Bi atoms. (a,c)

In-plane and (b, d) out-of-plane spin polarization. (a,b) Bi1-2 ((c,d) Bi3-4) chain

is coupled with As (In) on the InAs(110).

Therefore, I calculated the spin-polarized band structure decomposed into two

Bi atomic chains as shown in Fig. 4.10. In the surface bands such as S1 and

S2, Bi1-2 and Bi3-4 show different contributions from the surface Bi, respectively.

Focusing on the in-plane spin polarization (Sy), both Bi1-2 and Bi3-4 show spin-

polarized in the same trend near the top of the parabola. On the other hand,

the spin polarization in the perpendicular direction (Sz) is opposite between Bi1-

2 and Bi3-4. The summation of the contributions of all the Bi chains in Fig.

4.6 shows that the magnitude of the out-of-plane spin polarization is almost zero
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in this wavenumber region. This is because the spin polarization in the opposite

directions was merged. From the above analysis, I found that the Bi atomic chains

have finite spin polarization in both in-plane and perpendicular directions, and the

direction of the spin polarization is different for each atomic chain.

In order to visualize the spin texture in real space, the orientation of the spin

vectors and their polarization for each wavenumber are calculated for the surface

band S1 and shown in Fig. 4.11. The spin vector, where 0 ° corresponds to spin

polarization in the perpendicular ([110]) direction, and 90 ° is completely in-plane,

i.e., conventional helical spin polarization. In the area near the Γ̄ point (i), the Bi

chains are spin-polarized in the opposite direction, showing antiferromagnetic spin

order. In the wavenumber region (ii) a little closer to the apex of the parabola

from Γ̄, the spin polarization in the y direction of Bi3-4 is reversed and the system

shows a canted ferromagnetic order. Near the apex of the parabola (iii), the Sz

component is almost zero, similar to the spin structure expected for a normal

helical-spin texture, but it contains a finite Sz component contribution and is not

completely in-plane polarization. At wavenumbers (iv) away from the Γ̄ point and

the top of the parabola, the Sz component is mixed again and the spin structure is

canted ferromagnetic. Such a spin-texture is not expected in the general Rashba-

type spin-orbit-polarized electronic state.

The reason for those unexpected spin texture may be due to the ionic nature

of the surface atoms bound to the Bi atomic chains. Rashba-type spin-orbit in-

teractions are very sensitive to the anisotropy of the spatial charge distribution

[?, ?, ?, ?]. The Bi atomic chains are bound to two different elements with dif-

ferent valence states on InAs(110), and the electrostatic charge distribution would

be significantly different between the atomic chains, implying that this difference

of valence is reflected in the spin texture.

Such differences in orbital components and spin structure between Bi atomic

chains may affect the observed final-state through the selection rule for photo-

electron excitation. The excitation probability of photoelectrons varies depending

on various experimental parameters such as the polarization and energy of the

incident photons and the geometric configuration of the sample, in addition to the
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Figure 4.11: (a) Wavenumber dependence of spin texture in atomic chain resolved

Bi/InAs(110)-(2×1). The size of a circle (square) indicates the spin polarization
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of 0 ° corresponds to the out-of-plane direction. (b) Spin polarization direction in

real space for each wavenumber in (a).
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nature of the wavefunction of the initial state of material, such as orbital symmetry.

Since each Bi atomic chains have a different orbital component and spin polarized

structure, the excitation probability would not be the same for each chain depend-

ing on the experimental conditions. Since the in-plane spin polarization is nearly

the same between the two atomic chains, preferential excitation of either Bi chain

will not have a significant effect on the observed spin polarization direction. How-

ever, since the out-of-plane spin polarization is completely reversed, differences in

the excitation probability of each atomic chain can lead to significant changes in

the spin polarization magnitude and direction as the experimentally observed final

state. This suggests that a spin polarization that deviates from the initial state is

observed, reflecting the characteristics of Bi atomic chains.

4.4 Summary

In this chapter, the spin-orbit-polarized surface states of the Bi/InAs(110)-(2×1)

are analyzed by variable-polarization spin angle-resolved photoemission spectroscopy

(SARPES) and density functional theory (DFT). In SARPES, different spin-

polarized structures were observed depending on the polarization direction of

the light. The DFT calculations also represented that the two Bi quasi-one-

dimensional chains in Bi/InAs(110)-(2×1) have different spin textures, containing

opposite out-of-plane spin polarization each other .
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5 Giant Rashba System on a Semiconductor Sub-

strate with Tunable Fermi Level: Bi/GaSb(110)-

(2×1)†

In this chapter, I report that I could successfully fabricate spin-polarized surface

electronic states with tunable Fermi level from semiconductor to low-dimensional

metal in the Bi/GaSb(110)-(2×1) surface, and the electronic structure was de-

tected by using angle-resolved photoelectron spectroscopy (ARPES) and spin-

resolved ARPES. The spin-polarized surface state of Bi/GaSb(110) exhibits quasi-

one-dimensional character with the giant Rashba-type spin-splitting. The Fermi

level of the spin-polarized surface electronic state can be controlled in situ by

element-selective Ar-ion sputtering to the GaSb(110) substrate.

5.1 Introduction

In Chapter 3, I reported a quasi-one-dimensional (Q1D) surface electronic state

with giant Rashba-types spin splitting in the Bi/InAs(110)-(2×1) surface. The Bi

Q1D chain did not become metal but semiconductor with a small energy gap of 0.04

eV between the Fermi level (EF) and the valence band maximum, which is located

at the Ȳ point as shown in Fig. 3.4. So, spin-polarized electronic states cannot

contribute to electrical conduction path, which cannot be used to the application

of Bi/InAs(110) to spintronics devices. This problem can be solved by tuning of EF

to realize a metallic spin-polarized surface state. To achieve the EF tuning, some

methods have been reported, i.e., co-evaporation with the neighboring element in

the periodic table [5-1], alkali metal evaporation [5-2] and excess evaporation of

the element to form a surface structure [5-3, 5-4, 5-5]. Figure 5.1 shows ARPES

results of EF tuning of electronic bands. These methods can realize realized the

EF tunning, but are not suitable for the Rashba-type spin splitting because of

decreasing of the size of spin splitting. Figure 5.1 (b) shows the size of Rashba

parameters as a function of Bi concentrations in Bi1−xPbx/Ag(111). In parallel,

†Phys. Rev. Materials 3, 126001 (2019).
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(a) (b)

(c)

Figure 5.1: Various experimental results of EF tuning. (a) ARPES band mapping

and (b) the size of Rashba parameter of Bi1−xPbx/Ag(111) surface alloy for various

Bi concentrations [5-1]. (c) ARPES dispersion map with successive Na deposition

on Cd3Te2 [5-2].

it is also desirable to increase the energy gap of the substrate compared with

that of InAs (0.36 eV at 300 K), which is too small to ignore the thermal spin-

unpolarized carriers from substrates, even though it maintains a similar surface

electronic structure.

In this chapter, I investigate the surface electronic states of the zigzag chains

of Bi on GaSb(110), which exhibit giant Rashba-type spin splitting. The surface

atomic structure is similar to that of Bi/InAs(110) reported previously [5-6, 5-7];

the bulk band gap of GaSb (0.68 eV at 300 K) is about two times larger than that of

InAs. The Q1D feature of the surface bands of Bi/GaSb(110) was demonstrated by

angle-resolved photoelectron spectroscopy (ARPES). I obtained αR as 4.1 and 2.6

eVÅ at the Γ̄ and Ȳ points of the surface Brillouin zone (SBZ), respectively. These

values are slightly smaller than those of Bi/InAs(110), but are still quite a large

value. Further, I tuned EF of Bi/GaSb(110) by element-selective Ar-ion sputtering

on the GaSb substrates. The surface bands rigidly shifted by ∼ 100 meV toward
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the lower binding energy; consequently, these bands crossed EF, indicating the in

situ transition of surface electronic states from semiconductor to low-dimensional

and spin-polarized metal.

5.2 Experimental Conditions

The clean GaSb(110)-(1×1) substrates were fabricated by two different methods.

In the first method, a side face of single-crystal GaSb(001) wafers was cleaved. The

second method involved repeated cycles of Ar-ion sputtering (with acceleration

energy of 0.5 - 1.0 keV) and annealing at temperatures up to 700 K. The prepared

samples are denoted as“ cleaved” and“ S&A” surfaces, respectively. A few

monolayers of Bi were evaporated from a Knudsen cell at room temperature and

then annealed at 550 K for more than 10 minutes.

ARPES and core-level photoelectron spectroscopy measurements were per-

formed with a He discharge lamp and synchrotron radiation at the CASSIOPÉE

beamline of synchrotron SOLEIL. Asymmetric pseudo-Voigt function [5-8] and

Shirley-type background were used for the core-level fitting. The magnitude of

spin-orbit splitting in Sb 4d, Ga 3d, and Bi 5d core-level was set to 1.25, 0.43 and

3.06 eV, respectively, according to earlier studies [5-9, 5-10]. The peak areas of

each element are obtained by integrating the spectra around the target peak after

background subtraction. The peak-area ratios between each species, such as Ga-S

and Ga-B, are obtained from the fitting results. The fittings were performed with

the minimum number of parameters to reproduce the measured spectra, except for

the Bi 5d levels on the S&A substrate; the details are provided later. Spin-resolved

ARPES (SARPES) measurements were conducted at the Institute for Solid State

Physics, the University of Tokyo with linearly polarized laser source (hν = 6.994

eV) The energy resolution and the position of EF were calibrated by the Fermi edge

of Ta foils attached to the samples. For the ARPES (SARPES) measurements,

the incident plane of photons was [001] ([10]), and the energy resolution was 12

meV (30 meV). The effective Sherman function of the SARPES spin detector was

set to 0.27.
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5.3 Results and Discussion

5.3.1 Preparation Methods Dependence of Surface Electronic Struc-

ture of Bi/GaSb(110)-(2×1)

(a)

[110]

[001]

E  = 92 eVp

(a) (b)

(1 0)

(1 1/2)
(0 1)

Figure 5.2: LEED patterns of the Bi/GaSb(110)-(2×1) surface, where the sub-

strates were cleaned by (a) cleaving and (b) repeated cycles of Ar-ion sputtering

and annealing. Both LEED patterns were obtained at 60 K.

Firstly, I have checked the periodic structures of Bi/GaSb(110) prepared by

two different methods. The LEED patterns for both the samples are shown in

Figs. 5.2 (a) and 5.2 (b), which show sharp patterns with low-background (2×1)

periodicity, indicating well-defined surface atomic structure of Bi/GaSb(110).

Figures 5.3 (a) and 5.3 (c) show the ARPES intensity plots of Bi-(2×1) surface

on the cleaved GaSb(110) substrates (called cleaved Bi/GaSb) along Γ̄–X̄ and Ȳ–

M̄, respectively. Paired parabolic hole bands lie slightly below the EF at around Γ̄

and Ȳ point, indicating semiconducting band structures. The shape of these band

dispersion are qualitatively similar to those of surface Q1D electronic structures of

Bi/InAs(110)-(2×1) as shown in Fig 3.4. These similar band structures originate

from the common surface atomic structure with the (2×1) periodicity.

Figures 5.3 (b) and 5.3 (d) show the ARPES band mappings of Bi-(2×1) fab-

ricated on S&A GaSb(110) substrates (called S&A Bi/GaSb hereafter). The ob-

tained band dispersions are similar to those observed for the cleaved Bi/GaSb,

but they are shifted toward to the lower binding energy. In particular, the top of

hole bands along Ȳ–M̄ disappear, which suggests that the band crosses EF and
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Figure 5.3: ARPES intensity plots obtained from cleaved (a, c) and S&A (b, d)

Bi/GaSb at 20 K (hν = 30 eV) along Γ̄–X̄ (k//[001]∗b = 0) (a, c) and Ȳ–M̄ (k//[001]∗b
= π) (c, d). Dashed lines indicate the Fermi level.
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Figure 5.4: Energy-distribution curves at kx//[1̄10] = - 0.4 ± 0.05 Å−1 of Bi/GaSb

surfaces. The dotted line shows the EDC of cleaved Bi/GaSb(110) shifted to lower

binding energy side by the 0.095 eV .
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Figure 5.5: Constant-energy contour of the cleaved and S&A Bi/GaSb taken with

energy window of ± 20 meV at the binding energy of 95 meV and 0 meV (EF),

respectively. The dashed line represents a boundary of the SBZ.

the density of states above EF is suppressed by Fermi-Dirac distribution function.

Comparing between the ARPES intensity plots from cleaved and S&A Bi/GaSb,

the line width and background of S&A Bi/GaSb are slightly broader and higher

than those of cleaved ones. Figure 5.4 shows the energy-distribution curves (EDCs)

at − 0.4 ± 0.05 Å−1 of Bi/GaSb surfaces. The EDCs are normalized to the peak

intensity near 0.75 eV. The dotted line shows the EDC of cleaved Bi/GaSb(110)

shifted to the lower binding energy side by 95 meV. In the spectra of S&A Bi/GaSb,

there is a finite intensity near the Fermi level (above 0.4 eV), even though there is

no corresponding band dispersion. It would be due to the damage by the Ar-ion

sputtering. The same trend also appears in the LEED patterns shown in Fig. 5.2.

Figure 5.5 shows the constant-energy contour of S&A Bi/GaSb with the binding

energy range of 0 ± 20 meV, which corresponds to a Fermi surface. A butterfly-

like, highly anisotropic Fermi surface appears near Ȳ, which is consistent with the

constant-energy contour of the cleaved Bi/GaSb surface at the binding energy of

95 ± 20 meV. The detailed discussion on this point is shown in the following part.

The pair of parabolic bands symmetric with respect to the time-reversal-invariant

momenta (Γ̄ and Ȳ), which is consistent with that expected by Rashba-type band

splitting. Figures 5.6 (a) and 5.6 (b) show the spin-resolved (upper panel) and spin-

integrated (lower panel) ARPES momentum distribution curves (MDCs) along

Ȳ–M̄ at the binding energy of 20 and 100 meV, respectively. The peak positions
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Figure 5.6: Spin-resolved (top) and spin-integrated (bottom) momentum distri-

bution curves along Ȳ–M̄ of S&A Bi/GaSb obtained with 6.994 eV and 30 eV

photons at the temperature of 14 K, respectively. The binding energies for (a) and

(b) are 20 meV and 100 meV, respectively.

in upper and lower panels are the same despite the different photon energies, sug-

gesting that these peaks originate from the surface state that has no dispersion

along the surface normal direction. In the MDCs, peaks appear at ± 0.02 and

± 0.10 Å−1 corresponding to the binding energy of 20 meV (at ±0.14 Å−1 and

100 meV), which agree with the band dispersions shown in Fig. 5.3. These MDC

peaks are clearly spin polarized. The spin-polarization orientation of these peaks

is reversed together with the sign of kx//[1̄10], as expected in the Rashba-type spin-

orbit splitting of surface bands. These spin polarizations are consistent with the

spin-polarized surface electronic structure of Bi/InAs(110)-(2×1) as shown in Fig.

3.9.

As already mentioned in Chapter 3, the magnitude of the spin splitting due to

the Rashba effect is characterized by the Rashba parameter αR. From the band

dispersion in Fig. 5.3, ER and k0 along Γ̄–X̄ (Ȳ–M̄) can be obtained as 0.29 (0.065)

eV and 0.14 (0.05) Å, respectively. By substituting these values into the eq. 3.1,
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Table 5.1: The evaluation of Rashba parameter along Γ̄–X̄ and Ȳ–M̄ of

Bi/GaSb(110).

k0 (Å−1) ER (eV) αR (eVÅ)

Γ̄–X̄ 0.29 0.14 4.1

Ȳ–M̄ 0.065 0.05 2.6

Bi SbGa [110]

[001]

Bi SbBi GaGa [110]

[001]

Bi1

Bi2

Bi3

Bi4

Δ1-2 Δ3-4

Bi1

Bi2

Bi3

Bi4

(top view)(side view)

Ga1

Ga2
Sb2

Sb1

Ga1

Sb1

[110]

[001]

Figure 5.7: Surface atomic structure of Bi/GaSb(110)-(2×1). The dashed rectan-

gle (in the figure on the right) indicates the (2×1) unit cell.

αR along Γ̄–X̄ (Ȳ–M̄) is 4.1 (2.6) eVÅ. Although the values of αR are slightly

smaller than that obtained for Bi/InAs(110)-(2×1) with a similar surface atomic

structure (5.5 eVÅ along Γ̄–X̄ and 3.6 eVÅ along Ȳ–M̄), they are still three-four

times larger than that reported for other Q1D and 1D systems, and are comparable

to the values obtained for giant Rashba systems.

To explain the difference of Rashba parameter αR between Bi/GaSb(110)-(2×1)

and Bi/InAs(110)-(2×1), I focused on the slight variation in the surface atomic

structure. Table 5.1 is the list of the bond lengths and relative atomic displace-

ments along [110] plane of the Bi atomic chains on InAs(110) and GaSb(110)

[5-6, 5-7, 5-11, 5-12]. The lattice constants of bulk InAs and GaSb are 6.06 Å and

6.10 Å, respectively, with a difference of less than 1 %. Compared to this small

difference, the inter-atomic distances in the Bi-adsorbed surfaces are large. Bond

lengths between Bi atoms of Bi/GaSb are 3 − 4 % larger. In contrast, the bond

lengths of Bi-Ga and Bi-Sb in Bi/GaSb are shorter than those of Bi-In and Bi-As
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in Bi/InAs (difference of 4−6 %), except for the bond Bi1-Ga1 (In1). In addition,

the vertical displacements of the Bi atomic chains in Bi/GaSb(110) are larger than

that in Bi/InAs(110) by 0.05 Å for ∆1−2 and 0.15 Å for ∆3−4. This difference may

be attributed to the ionicity of III−V semiconductor, as reported in an earlier

work by M. G. Betti et al [5-7]. The Phillips ionicity of GaSb (0.26) is smaller

than that of InAs (0.36). Thus, the ionicity property of the surface cation (In, Ga)

and anion (As, Sb) can affect the valence bond of surface Bi atoms and modify

the surface bond lengths. This difference in the surface structure may be reflected

in the difference in the Rashba parameter αR, since the spin splitting states due

to the Rashba effect is strongly influenced by the orbital components of surface

electronic states and charge distribution near the surface atoms, as described in

Chapter 3.

Table 5.2: Bond length and relative atomic displacements of the Bi-atomic chains

along the surface normal (the notations are provided in Fig. 1(a)) [5-6, 5-7, 5-11,

5-12].

Distance (Å)

Bi/GaSb Bi/InAs

Bi1-Bi2 3.06 2.98

Bi3-Bi4 3.04 2.93

Bi1-Ga1 (In1) 2.79 2.62

Bi2-Ga2 (In2) 2.87 2.98

Bi3-Sb1 (As1) 2.87 3.05

Bi4-Sb2 (As2) 2.96 3.10

∆1−2 1.34 1.29

∆3−4 1.21 1.06
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Figure 5.8: Peak positions of the energy distribution curves along Γ̄–X̄ (a) and

Ȳ–M̄ (b) in the left-side figures. The data corresponding to S&A Bi/GaSb are

shifted by 95 meV in the right-side figures. Circles (squares) represent cleaved

(S&A) Bi/GaSb.

5.3.2 Evaluation of surface band Shift

To obtain the further insights into the dependence of the surface cleaning methods

on the surface-band shift, the peak position of the EDCs from the ARPES intensity

plots in Fig. 5.3 are traced to Fig. 5.8. The circles (squares) indicate the EDC

peaks of cleaved (S&A) Bi/GaSb. In the right-side figures, the peak positions

of S&A Bi/GaSb are shifted by 95 meV and become consistent with those of

cleaved Bi/GaSb. This suggests that the S&A operation affects the rigid band

shift without causing any deformation to the band dispersion.

5.3.3 Core-level analysis of GaSb(110) Substrate and Bi/GaSb(110)-

(2×1) surface

To discuss the origin of the surface band shift, core-level measurements were inves-

tigated. Figures 5.9 (a-c) and 5.9 (d-g) show the core-level spectra of GaSb(110)

and Bi/GaSb(110)-(2×1), respectively. Figures 5.9 (a) and 5.9 (d) illustrate the

wide-range spectra measured by He-II resonance line (hν = 40.8 eV). The spectra

in Figs. 5.9 (b,c) and 5.9 (d-f) are obtained after subtracting the Shirley-type
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Figure 5.9: Core-level spectra of (a-c) GaSb(110) substrate and (d-g)

Bi/GaSb(110)-(2×1) surface at 80 K (hν = 40.8 eV). (a,d) Wide-range spec-

tra with background. The pink (green) spectra correspond to S&A (cleaved)

GaSb(110) substrate. Dashed lines indicate Shirley-type background. (b-c,e-g)

Core-level spectra obtained after background subtraction from (a,d).
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Figure 5.10: Detailed core-level spectra of (a), (b), (f), (g) GaSb(110) substrates
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at 14 K. The top (a)–(e) and bottom (f)–(j) rows correspond to the cleaved and

S&A samples, respectively. The green (top row) and pink (bottom row) dotted

lines represent the raw spectra fitted using Shirley-type background and pseudo-

Voigt function.
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Table 5.3: The ratios of the peak areas between different elements in (a) the

GaSb(110) clean substrate and (b) the Bi/GaSb(110)-(2×1) surface obtained from

Figs. 5.9 and 5.10. The evaluation method is described in the text. Fractions such

as “Ga/Sb” and “Bib/Bia” represent the ratio between the integrated peak areas

(Sb 4d, Ga 3d, and so on).

(a) GaSb(110)-(1×1)

Sb/Ga Ga S/B Ga S’/B Sb S/B

Cleaved 1.96 0.48 - 0.92

S&A 1.92 0.53 0.15 0.60

(b) Bi/GaSb(110)-(2×1)

Sb/Ga Bi/Sb Ga S/B Ga S’/B Sb S/B Bib/Bia Bic/Bia Bid/Bia

Cleaved 2.27 0.54 0.76 - 0.23 1.16 1.47 -

S&A 2.17 0.89 0.80 0.20 0.25 1.16 1.47 0.76

background from Figs. 5.9 (a) and (d), respectively. Figures 5.10 (a,b) and 5.10

(c,d) show the experimental and fitted high-resolution core level spectra of cleaved

and S&A GaSb(110), respectively, which are obtained using 80 eV photons.

Table 5.3 summarizes the ratios of peak areas between different elements ob-

tained from the spectra in Figs. 5.9 and 5.10. The obtaind ratio between Sb and

Ga is ∼1.96 (1.92) for cleaved (S&A) clean surface of GaSb(110) from Fig. 5.9.

Figure 5.10 (a) and 5.10 (b) show the high-resolution core-level spectra of Sb 4d

Ga 3d for the cleaved GaSb(110) substrate and their fittings. The peaks in the

filled area B (shaded area S) correspond to the contribution from the bulk (sur-

face) Sb and Ga components, which are similar to those shown in Fig. 5.9. These

peak assignments were based on previous studies. The surface component S in Ga

3d (Sb 4d) shifts to higher (lower) binding energy side due to the surface charge

transfer between Ga and Sb atoms, which corresponds to their displacements from
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bulk atomic position in the topmost atomic layer. The Sb 4d spectrum in Fig. 5.10

(f) is divided to two components, similar to the cleaved substrates in Fig. 5.10

(a), but the intensity of the peak S decreases. Moreover, a new component S’ on

Ga 3 d appears at a lower binding energy than the bulk (B) and surfase (S) peaks.

This peak can be attributed to the nonbonding states of Ga atoms on GaSb(110),

similar to that observed in the In 4d core-level for S&A InAs(110) substrate [5-14].

These results suggest that Sb atoms are preferentially removed from GaSb(110)

surface by Ar-ion sputtering, and remnant Ga atoms forms a cluster on the sur-

face. Such element-selective effect in ion-sputtering is natural because of different

sputtering efficiency for each element, Ga and Sb in this case [5-15].

Figures 5.10 (c-j) show the core-level spectra of Sb 4d, Ga 3d and Bi 5d for

cleaved and S&A Bi/GaSb. In the Ga 3d and Sb 4d spectra, the intensity ratio

between S and B are similar in both the substrates, except for the nonbonding

feature S ’ in S&A Ga 3d. The Bi 5d core-level for cleaved Bi/GaSb could be

decomposed into only three components. The highest (lowest) binding energy

component Bia (Bic) is mainly induced by Bi-Sb (Bi-Ga) bonding state according

to earlier reports [5-10, 5-6]. The exact origin of the central peak Bib is unknown,

but this peak may be the result of the overlap of two peaks induced by Bi-Ga

and Bi-Sb bonding. From the atomic structure of Bi-(2×1) (see Fig. 5.7), Bi

atoms should occupy four different sites. However, I could not decompose four

different peaks from the current data, possibly due to the limited energy resolution.

On the other hand, it is difficult to fit the Bi 5d levels of S&A Bi/GaSb with

the same number of components as those used in the fitting of cleaved Bi/GaSb.

As the band dispersions of surface states are same for both the substrates, it

can be assumed that the Bi-(2×1) surface atomic structure is similar for both

of them. Based on this assumption, I added one more peak (Bid) for fitting the

curve corresponding to S&A Bi/GaSb. For the other three peaks (Bia – Bic), the

relative intensity and energy differences were kept at the same values as those for

the cleaved substrate. Using this method, I could reproduce the Bi 5d levels of S&A

Bi/GaSb, which is shown in Fig. 5.10 (i). The Bid peak lies between Bib and Bic.

On the Bi-(2×1) surface, the peak-area ratios corresponding to Sb/Ga and Bi/Sb
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are obtained as ∼2.27 and 0.54 for cleaved Bi/GaSb (∼2.17 and 0.89 for S&A

Bi/GaSb), respectively. This implies that S&A Bi/GaSb sample contains larger

amount of Bi than cleaved Bi/GaSb surface. The additional component(Bid) may

be attributed to the insertion of Bi atoms in the Sb vacancies formed by Ar-ion

sputtering.

5.3.4 Fermi Level Tuning of Bi/GaSb(110)

Based on the above analysis, there are two possible scenario for the hole doping in

the surface bands. The first one is the formation of surface Ga clusters observed as

the S’ features in Ga 3d levels on the S&A substrate (Fig. 5.10(g) and (j)). This Ga

cluster behaves as a dopant for hole doping on surface Bi Q1D chains by attracting

surface electrons. The second probable origin is the insertion of Bi adatoms in the

Sb vacancy sites on the GaSb substrate. The electronegativity of Bi is 2.0, which is

equal to that of Sb. Therefore, from the viewpoint of electronegativity, substituted

Bi cannot contribute to the hole doping. However, as the ionic radius of Bi is larger

than that of Sb, slight distortion and/or chemical pressure in the surface atomic

structure can be induced. Such structural deformation can contribute to hole

doping, e.g., through Jahn-Teller effect. It should be noted that the surface band

dispersions are not sensitive to such mechanisms and their variations are negligible,

similar to that observed for rigid energy shifts. This suggests that the Bi zig-zag

chains formed in the topmost surface layer are an essential part of the Rashba-split

surface bands, and the hole-doping mechanism is not related to them, occurring

in the sub-surface region.

In order to further investigate the effect of Sb desorption by sputtering on the

Fermi level shift, a Bi-(2×1) structure was prepared using a substrate on which

Sb was deposited after S&A. Figure 5.11 shows the ARPES intensify plots of the

clean GaSb(110) substrate (a) without Sb deposition and (b) with Sb deposition

and annealing at 600 K, respectively. The ARPES map in Fig. 5.11 (b) has a

lower background than that in Fig. 5.11 (a), and the dispersion becomes sharper,

suggesting that the missing of Sb by the sputtering was recovered by the Sb de-

position.
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Figure 5.12 shows ARPES intensity plots obtained from Bi on Sb-covered

GaSb(110) along (a) Γ̄–X̄ and (b) Ȳ–M̄. In both dispersions, a semiconducting

valence band dispersions are observed in contrast to ones of the S&A sample as

shown in Fig. 5.3. These results suggest that Sb desorption by sputtering affects

the Fermi level shift, it is canceled by Sb deposition on the substrate.
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Figure 5.11: valence band structure of the clean GaSb(110) substrate at 300 K (hν

= 21.2 eV). (a) Just after S&A. (b) Sb deposition on S&A substrate and annealing

at 600 K.

0.8

0.4

0.6

0.2

B
in

d
in

g
 e

n
e

rg
y 

(e
V

)

0.0

(b)

0.40.0-0.4
k (Å  )-1x//[110]

-(a)

0.40.0-0.4
k (Å  )-1x//[110]

-
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5.4 Summary

I fabricated the surface electronic states with giant Rashba-type spin splitting

on Bi/GaSb(110)-(2×1) and succeeded to tune its Fermi level to cause the in-

situ transition from semiconductor to metal. The surface band of Bi/GaSb(110)

exhibits quasi 1D feature with Rashba parameter αR = 2.6 – 4.1 eVÅ. The Fermi

level of the surface states of Bi/GaSb(110) was tuned by element-selective Ar-ion

sputtering on the GaSb substrate. The surface bands shifted to the lower binding

energies rigidly by ∼95 meV, which indicates the presence of metallic conduction

paths on the surface. Analysis of the core-level spectra of Bi/GaSb(110)-(2×1)

provided two possible origins of the surface band shift, one is the formation of

Ga cluster on the surface, and the other is the insertion of Bi atoms into the

Sb-vacancy site.
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6 Organic material adsorption on Bi/GaSb(110)-

(2×1)

In this chapter, the electronic structure of an ultrathin film of an organic molecule

fullerene (C60) fabricated on a Bi/GaSb(110)-(2×1) surface, which exhibits a quasi-

one-dimensional electronic structure with giant spin splitting has been observed by

ARPES and core-level photoelectron spectroscopy. The spin-split electronic state

of Bi/GaSb(110) is robust against C60 adsorption. The result suggests that the C60

molecule layer becomes a candidate for cover materials protecting the Rashba-type

spin-polarized surface.

6.1 Introduction

In Chapter 5, I succeeded to metallize of the spin-polarized surface electronic state

of Bi/GaSb(110)-(2×1) by sputter and annealing technique. The giant spin-split

bands in this material can contribute to the electric conduction, and therefore

it is expected to be used as a spintronics device. One of the advanced studies

using spin-polarized electronic states is the charge to spin conversion. The spin-

current conversion has been extensively studied, for example, the spin Hall effect

in heavy elements such as Pt [6-1]. The Rashba-type spin-orbit-polarized elec-

tronic state can be converted into the electrical current and the spin current by

a mechanism called the Rashba-Edelstein effect (Details have been described in

Subsection 1.2.1). The spin current-to-current conversion efficiency jIREE due to

the inverse Rashba-Edelstein effect, which is a spin current-to-current conversion

phenomenon, is given by

jIREE =
αRτ

ℏ
(6.1)

where αR is the Rashba parameter and τ is the relaxation time of the spin-polarized

electrons. This formula suggests that the magnitude of the spin splitting and the

length of the relaxation time are important to achieve a highly efficient conversion.

The relaxation time τ is reported to be dramatically increased at the interface

between the spin-polarized sheet and normal semiconductors [6-3]. Therefore, the

100



Substrate

Spin-polarized interface

Spin conduction layer

Ferromagnetic layer

E

k

E

k

(b)(a) (c)

Figure 6.1: (a) Model diagram of a multilayered structure on a spin-polarized

drilling surface. (b) Loss of the spin-polarized electronic state with the formation

of an interface. (c) Doping to spin-polarized electronic states.

realization of a giant spin-split electronic state on a semiconductor substrate is

one of the most promising approaches to increase the efficiency. On the other

hand, actual device applications require the multilayer structure such as the spin-

conducting layer, ferromagnetic layer, and electrodes on the spin-polarized surface

for the injection and detection of charge currents and spin currents, as shown in

Fig. 6.1. Among these thin films, the spin-conductive layer is in direct contact

with the spin-polarized electronic state, and there is a concern that the spin-

polarized electronic state may be broken or severely modulated by the formation

of an interface, such as doping.

Previously, nonmagnetic metals such as Cu and Ag have been mainly used for

the spin-conducting layers. These materials are some of the most commonly used

materials in spintronics devices and will be reasonably easy to use. However, the

metal adsorbed surface gave a negative effect, such as metal atom insertion into

the interface or substrate and surface alloying. Also, the spin-polarized electrons

would diffuse into the spin-conducting layer and the magnitude of the relaxation

time τ would decrease.

Here, I used semiconducting organic molecules as a new spin-conductive layer

material. The organic molecules are driven by weak intermolecular interactions,
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Table 6.1: Mobility of thin-film organic semiconductor crystals and the corre-

sponding spin transport distance (spin diffusion length) in spintronic devices [6-4].

represented by Van der Waals forces, which are expected to reduce the influence

on the substrate by thin film formation. In addition, due to its semiconducting

electronic structure, it has the potential to be a good spin-conducting layer with

a large relaxation time τ .

Table 6.1 shows the mobility and spin transport distance (spin diffusion length)

for various organic molecules from previous studies [6-4]. Among these organic

thin films, fullerene (C60), which is one of the molecules with a long spin diffusion

length at room temperature, was chosen as the organic molecule to be used in this

study. A combination of C60 molecular thin films and Bi/GaSb(110) is expected

to be an excellent spintronics material with both giant spin splitting and long

relaxation times. As a first step of the study of spin-conducting layer formation

by organic molecules, the effect of organic adsorption on the spin-polarized state

and bonding state were investigated by angle-resolved photoelectron spectroscopy

(ARPES) and core-level photoelectron spectroscopy.

6.2 Experimental Conditions

The clean GaSb(110)-(1×1) substrates were fabricated by simultaneous Ar-ion

sputtering (with acceleration energy of 1.0 keV) and annealing at temperatures up

to 700 K. A few monolayers of Bi were evaporated from a Knudsen cell at room
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Figure 6.2: Molecular structure of C60.

temperature and then annealed at 550 K for 20 minutes. C60 moleculars were also

evaporated from the Knudsen cell. The temperature of the Knudsen cell was kept

at 300 ◦C during evaporation.

ARPES and core-level photoelectron spectroscopy measurements were per-

formed with a synchrotron radiation at the CASSIOPÉE beamline of synchrotron

SOLEIL. Asymmetric pseudo-Voigt function [6-5] and Shirley-type background

were used for the core-level fitting. All fitting parameters for core-level were the

same as those used in Chap 5. The energy resolution and the position of EF were

calibrated by the Fermi edge of Ta foils attached to the samples. For the ARPES

measurements, the incident plane of photons was [001], and the energy resolution

was set as 12 meV .

6.3 Results and Discussion

6.3.1 Valence Band Dispersion

First of all, the surface electronic structure of the Bi/GaSb(110)-(2×1) surface

before C60 adsorption is confirmed by ARPES. Figure 6.3 shows the valence band

dispersion and Fermi contour plot of Bi/GaSb(110)-(2×1). A clear Rashba-type

spin-split metallic dispersion has been observed as in the previous chapters. Fo-

cusing on the position of the top of the dispersion, it shifts to the lower binding

energy side further than that of S&A Bi/GaSb sample in Chapter 5. This may

be due to the effect of sputtering and simultaneous annealing during cleaning of

the GaSb(110) substrate. The consequence of the analysis of core-level spectra in
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Figure 6.3: (a,b)ARPES intensity plots obtained from Bi/GaSb(110)-(2×1) at 20

K (hν = 30 eV) along (a) Γ̄–X̄ and (b) Ȳ–M̄. Dashed lines indicate the Fermi

level. (c) Constant-energy contour taken with energy window of ± 20 meV, which

corresponds to the Fermi surface.

Chap. 5 suggests that the sputtering-induced desorption of Sb from the substrate

surface is important for the shift of the Fermi level. In the Chapter 5, GsSb(110)

substrate was sputtered at room temperature, but this sample in this chapter was

cleaned by sputtering and simultaneous annealing. This suggests that the thermal

effect made Sb more desorbed and hence increased the amount of energy shift.

Figure 6.4 shows ARPES intensity plot along Γ̄–X̄ (a) and Ȳ–M̄ (b) as a func-

tion of C60 thickness. With the increase of C60 thickness, the intensity of the band

dispersion decreased and the spin-polarized bands were hidden. In particular, after

3 nm adsorption, the dispersion became almost indistinguishable. According to

Fig. 2.5, the inelastic free path in electrons with a kinetic energy of 30 eV is about

8 Å. The thickness of the molecular film on the surface is 3 nm (30 Å), suggesting

that the photoelectrons from the C60/Bi interface were scattered by the C60 layer

and the dispersion becomes unclear. To obtain clear peak position in ARPES

intensity plots, a second derivative analysis of the intensity was performed. The

right panel shows the second derivative ARPES intensity plots of 3 nm-adsorbed

Bi/GaSb(110)-(2×1) together with a guideline of the dispersion shape before the

adsorption. A finite intensity corresponding to the dispersion of pristine sample

is visible, suggesting that the spin-polarized band certainly remains after 3-nm

104



0.4

0.6

0.2

B
in

d
in

g
 e

n
e

rg
y 

(e
V

) 0.0

k (Å  )-1x//[110]
-

C
60 

deposition
pristine 0.6 nm 1.2 nm 1.5 nm 3.0 nm (1ML)

2nd deriv.

0.4

0.6

0.2

B
in

d
in

g
 e

n
e

rg
y 

(e
V

) 0.0

(a)

(b)

0.2-0.2 0 0.2-0.2 00.2-0.2 0 0.2-0.2 0 0.2-0.2 0 0.2-0.2 0

Figure 6.4: ARPES band mappings of C60 adsorbed on Bi/GaSb(110)-(2×1) sur-

face along (a) Γ̄–X̄ and (b) Ȳ–M̄. Right panels in 3.0 nm are the second energy

derivative plots. The dashed lines are guidelines of band dispersions of the pristine.

adsorption of C60 molecules.

In order to clarify the influence of C60 adsorption to the band dispersion shape

in more detail, the peak positions of MDCs were traced. Figure 6.5 shows a

plots of the peak positions of the MDCs near the Fermi level of C60 adsorbed

on Bi/GaSb(110)-(2×1). Comparing the spectra before (black circles) and after

(red triangle and green square) C60 adsorption, the shape of the dispersion is

perfectly consistent. This result suggests that the Rashba-type spin-polarized band

in Bi/GaSb(110)-(2×1) is robust against the C60 adsorption.
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Figure 6.5: Peak positions of the momentum distribution curves along Γ̄–X̄ and

(b) Ȳ–M̄ of C60 adsorbed on Bi/GaSb(110)-(2×1).

6.3.2 Energy level diagram of C60 moleculars on Bi/GaSb(110)

From previous studies, the energy position of the highest occupied molecular or-

bital (HOMO) in C60 is about 3 eV [6-6, 6-7]. In order to investigate the energy

level diagram of the molecular orbitals in this sample, ARPES was measured in a

wide energy range as shown in Fig. 6.6. In addition to the spin-split surface elec-

tronic states in the low-binding energy region below 2 eV, non-dispersive feature

was observed in the high-binding energy region. From a comparison with previous

studies, these flat bands are attributed to the HOMO levels of C60. Figure 6.7

shows angle-integrated valence band spectra for various C60 film thicknesses. In

the before-adsorption (pristine) spectrum, the peak structure is present around 2

eV, whereas the intensity at the higher binding energies than 4 eV is almost zero.

The spectrum in the 0.6-nm C60 adsorbed sample shows a decrease of the peak

intensity near the Fermi level, and HOMO-derived peaks appears around 2.5, 3.7

and 5.8 eV. These peak intensities increased.

Figure 6.8 (a) shows an expanded valence band spectra of the HOMO level

near 2.5 eV, together with fitting curves by using a single Gaussian. The baseline

is indicated by the dotted line. The cutoff energies of the HOMO level estimated

from the intersection of the Gaussian peak tail and the baseline are shown in
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Fig. 6.7 (b). The peak position of HOMO levels are Slightly shifted to the low-

binding energy side with increasing C60 adsorption rate. Since the surface bands

of Bi/GaSb(110) d0 not shift significantly with regard to C60 adsorption, this may

be due to the rearrangement of charge distribution in the molecule film depending

on the thickness of the C60, rather than a charge transfer between the surface band

of Bi and the molecular orbitals of C60.

The energy gap between the HOMO and the lowest unoccupied molecular or-

bital (LUMO) in the bulk C60 is about 2.4 eV [6-6, 6-7]. By using this value, the

energy position of the LUMO is calculated to be about 0.2 eV above the Fermi

level as shown in 6.8 (b), suggesting that the C60 maintains semiconducting prop-

erties even after adsorption. These results suggest that the substrate and the

spin-conducting layer are semiconducting, but only the spin-polarized electronic

state of Bi thin layer between these semiconductors shows metallic conduction in

a multilayer structure. More detailed electronic states of unoccupied states would

be able to reveal by means of inverse PES and two-photon ARPES [6-8, 6-9].
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Figure 6.8: (a) Expanded valence band photoelectron spectrum for the HOMO

level. Dotted and filled black lines indicate linear background and Gaussian fitting,

respectively. (b) Energy level diagram of adsorbed C60 molecular as a function of

thickness. Open and filled circles mean peak position and cut-off energy of HOMO

level estimated by intersection of Gaussian-tail and background, respectively.
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6.3.3 Core-level Analysis of C60/Bi/GaSb(110)

From ARPES measurement, the spin-polarized bands with decreased intensity

and energy levels derived from molecular orbitals were observed due to the C60

adsorption. On the other hand, this behavior is also predicted to be observed when

C60 molecules are adsorbed with breaking the surface of the substrate. Therefore,

the core-level photoelectron spectroscopy, which provides an insight on the bonding

state, was used to extract the interface states between C60 and Bi chains. Figure

6.9 shows the core-level spectra of C60/Bi/GaSb(110) together with the fitting

results. In the spectral fitting, all parameters such as energy position and relative

energy difference of each components are the same as those of S&A Bi/GaSb in

Chapter 5. The core-level spectra after all C60 adsorption could be fitted by the

pristine S&A Bi/GaSb peaks without consideration of new components, indicating

that no new bonding states were derived from adsorption.

Figure 6.10 shows the C60 thickness dependence of each core-level peak inten-

sity. All peaks are normalized by the Sb B component. All of the peak intensity

ratios are nearly constant to the thickness of the C60 film, suggesting that the

effect of the C60 molecules to the spin-polarized layer is negligible. Such behavior

is natural for organic molecules with weak intermolecular interactions.
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6.4 Summary

The electronic structures of organic molecules C60 adsorbed on Bi/GaSb(110)-

(2×1) were observed by ARPES and core-level photoelectron spectroscopy. The

spin-split electronic and bonding states of Bi/GaSb(110) were robust against C60

adsorption. The C60 molecular films have semiconducting properties even after

adsorption, and I have successfully fabricated multilayered samples with only the

spin-polarized metallic state contributing to conduction.
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G. Sicoli, J. -P. Attané, M. Jamet, E. Jacquet, J.-M. George, A. Barthélémy,
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7 Conclusion

7.1 Summary

In this study, the electronic structure of the Bi/III-V semiconductor(110)-(2×1)

surfaces were investigated by mainly angle-resolved photoemission spectroscopy

(ARPES) and core-level photoelectron spectroscopy experiments.

In the Bi/InAs(110)-(2×1) surface, two parabolic bands symmetric to the Γ̄

and Ȳ points in the surface Brillouin zone were observed. These bands were

identified as quasi-one-dimensional electronic states. These parabolic bands are

spin-polarized in opposite directions, indicating that they are spin-split quasi-one-

dimensional electronic states due to the Rashba effect. The magnitude αR of

the Rashba splitting band is the largest in the (quasi-) one-dimensional system

with a maximum of 5.5 eVÅ. Furthermore, detailed analysis of the spin structure

showed that the spin texture of this surface electronic state is not a simple helical

spin structure, but a unique one which changes significantly depending on the

wavenumber and energy.

In Bi/GaSb(110)-(2×1), a giant spin-split quasi-one-dimensional electronic state

was observed, although it was slightly smaller than that in Bi/InAs(110)-(2×1).

The Fermi level of this surface state could be controlled by the cleaning method

(cleavage and sputtering annealing) of the GaSb substrate. The reason for this

change was concluded that the hole doping from the substrate occurred due to the

preferential desorption of Sb atoms on the surface by sputtering.

A thin film of organic molecule C60 was fabricated on Bi/GaSb(110)-(2×1)

surface and its electronic structure was observed. The surface electronic state

of Bi/GaSb(110) was robust against C60 adsorption. The energy position of the

HOMO suggests that the C60 still maintains the semiconducting character after

adsorption. It also suggested that semiconductor/metal interface/semiconductor

substrate, in which only spin-polarized electronic states contribute to electrical

conduction, has been successfully fabricated.

As a result, the detailed electronic structure of the Bi/III-V semiconductor(110)-

(2×1) surfaces were revealed, and the multilayer film fabrication for spintronics
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applications was also realized.

7.2 Future prospective

I will try to clarify the fundamental properties of spin-polarized pseudo-one-dimensional

using the surface electronic state on Bi/III-V semiconductor(110). In particular,

since the spin texture deviating from the simple model described in Chapter 7 is

expected to lead to the understanding of the spin physics itself due to the Rashba

effect, I want to investigate this by conducting experiments with various condi-

tions.

C60/Bi/GaSb(110)-(2×1) multilayers are expected to be highly efficient spin-

charge conversion devices. It is also interesting to explore how the anisotropic

spin-polarized electronic states affect the electrical conduction. In the future, I

would like to clarify these properties by conduction measurements using the same

sample.
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