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วิทยานิพนธ์น้ีเป็นการศึกษาเชิงทฤษฎีเก่ียวกับการส่งผ่านอนุภาคและสปินในระบบรอยต่อ

ระหว่างโลหะกบัระบบแก๊สอิเล็กตรอนสองมิติท่ีมีคู่ควบสปินกบัวงโคจรแบบเดรสเซลฮอสและรัชบา 
โดยจ าลองลกัษณะการเคล่ือนท่ีของอนุภาคและสปินดว้ยแบบจ าลองอิสระเพ่ือศึกษาผลของการหมุนแกน
ผลึกของระบบแก๊สอิเล็กตรอนสองมิติ ความแรงของคู่ควบสปินกบัวงโคจรและความแรงของก าแพงศกัย์
ตรงรอยต่อท่ีมีต่อสภาพการน าไฟฟ้าและสปินโพลาไรเซชนั 

การค านวณสภาพการน าไฟฟ้าและสปินโพลาไรเซชนัในระบบรอยต่อระหว่างโลหะกบัระบบ
แก๊สอิเล็กตรอนสองมิติท่ีมีคู่ควบสปินกบัวงโคจรแบบเดรสเซลฮอสเพียงชนิดเดียว พบวา่การหมุนแกน
ผลึกของระบบแก๊สอิเล็กตรอนสองมิติไม่ส่งผลต่อผลรวมของสภาพการน าไฟฟ้าในระบบ แต่ส่งผลต่อ
การเปล่ียนแปลงของสปินโพลาไรเซชนัคือ ค่าสปินโพลาไรเซซนัจะมีค่าสูงสุดเม่ือหมุนแกนผลึกเป็นมุม 

(2 1) / 4n    และมีค่าต ่าสุดเม่ือหมุนแกนผลึกเป็นมุม / 2n เม่ือ 0,1,2,3,...n   ส าหรับผลของ
ความแรงของคู่ควบสปินกบัวงโคจรแบบเดรสเซลฮอสพบว่าเม่ือเพิ่มค่าความแรงของคู่ควบสปินกบัวง
โคจรจะท าให้สภาพการน าไฟฟ้ามีค่าลดลงแต่กลบัท าให้สปินโพลาไรเซชนัมีค่ามากข้ึน ในทางตรงกนั
ขา้มการเพิ่มค่าความแรงของก าแพงศกัยต์รงรอยต่อจะท าให้ค่าสภาพการน าไฟฟ้าและสปินโพลาไรเซชนั
มีค่าลดลง นอกจากน้ีแถบสเปกตรัมของสภาพการน าไฟฟ้ายงัสามารถใชว้ดัค่าพลงังานของระบบเดรส-

เซลฮอสไดอี้กดว้ย 
ส าหรับระบบรอยต่อระหวา่งโลหะกบัระบบแก๊สอิเล็กตรอนสองมิติท่ีมีคู่ควบสปินและวงโครจร 

แบบรัชบาผสมกบัเดรสเซลฮอสพบวา่ จากแถบเปกตรัมของสภาพการน าไฟฟ้านอกจากจะสามารถวดัค่า
พลังงานของระบบผสมรัชบากับเดรสเซลฮอสได้แล้ว ยงัสามารถวดัค่าผลต่างของพลังงานท่ีมี
ความสัมพนัธ์โดยตรงกบัผลต่างระหวา่งความแรงของคู่ควบสปินกบัวงโคจรทั้งสองชนิดไดอี้กดว้ย และ
จากการศึกษาของการหมุนแกนผลึกของระบบแก๊สอิเล็กตรอนสองมิติพบวา่ ค่าสภาพการน าไฟฟ้าและ
สปินโพลาไรเซชันของระบบมีค่าสูงสุดเม่ือหมุนแกนผลึกเป็นมุม (2 1) / 4n   และให้ค่าต ่าสุดเม่ือ
หมุนแกนผลึกเป็นมุม (2 1) / 4n   ซ่ึงผลท่ีได้ตรงกันขา้มกันกบัผลของสปินโพลาไรเซชัน ผลการ
เปล่ียนแปลงความแรงของคู่ควบสปินกบัวงโคจรแบบรัชบาเม่ือก าหนดให้ค่าความแรงของคู่ควบสปินกบั
วงโคจรบแบบเดรสเซลฮอสคงท่ีพบวา่ ท่ีระดบัแรงดนัไฟฟ้าต่างๆ ค่าผลรวมของสภาพการน าไฟฟ้าจะมี
ค่าแปรผนัตามค่าความแรงของคู่ควบสปินกบัวงโคจรแบบรัชบาจนถึงค่าวิกฤตค่าหน่ึง หลงัจากนั้นค่า
สภาพการน าไฟฟ้าจะมีค่าลดลงเม่ือเพิ่มค่าความแรงของคู่ควบสปินกบัวงโคจร ในส่วนของสปินโพลาไร-

เซชนักลบัพบวา่จะมีค่าเพิ่มข้ึนตามค่าความแรงของคู่ควบสปินกบัวงโคจร และเม่ือพิจารณาผลของความ
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แรงของก าแพงศกัยพ์บว่า การเพิ่มค่าความแรงของก าแพงศกัยจ์ะส่งผลให้ผลรวมของค่าสภาพการน า
ไฟฟ้าลดลงแต่กลบัส่งผลให้ค่าสปินโพลาไรเซชนัมีค่าเพิ่มข้ึน นอกจากน้ียงัพบวา่การส่งผา่นของอนุภาค
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ACHARA KA-OEY : SPIN-DEPENDENT CONDUCTANCE

SPECTRUM IN SYSTEMS WITH RASHBA AND DRESSELHAUS

SPIN-ORBIT COUPLING. THESIS ADVISOR : ASSOC. PROF.

PUANGRATANA PAIROR, Ph.D. 99 PP.

DRESSELHAUS SPIN-ORBIT COUPLING/RASHBA SPIN-ORBIT

COUPLING/CONDUCTANCE SPECTRA/SPIN-POLARIZATION OF

CONDUCTANCE/CRYSTALLOGRAPHIC ORIENTATION

This thesis is a theoretical study of the particle and spin transport across

the interface between a metal and a two-dimensional electron gas with Rashba and

Dresselhaus spin-orbit coupling. The conductance spectra and the normalized spin

polarization of conductance are calculated using a scattering formalism. The effect

of the crystallographic orientation of the 2DEG, the spin-orbit coupling strength,

and the potential barrier strength on conductance spectra and its normalized spin

polarization are considered.

In the absence of Rashba spin-orbit coupling, the conductance spectrum is

found to be invariant with the crystallographic orientation. On the contrary, the

normalized spin polarization is not invariant with the crystallographic orientation.

The magnitude of the normalized spin polarization has a maximum value, when

the (100) crystal axis is rotated at θ = ±(2n + 1)π/4 away from the junction

normal and minimum value at θ = ±nπ/2 where n = 0, 1, 2, 3, .... Both of the

total conductance spectrum and the normalized spin polarization of conductance

can be enhanced by increasing the Dresselhaus spin-orbit coupling strength, but

can be suppressed by increasing the barrier strength. The Dresselhaus coupled

energy can be determined from the conductance spectrum.



 

 

 

 

 

 

 

 

When both Rashba and Dresselhaus spin-orbit coupling exist, the conduc-

tance spectrum shows two distinctive features. From the positions of these fea-

tures, the Rashba and Dresselhaus couples energy can be determined the Rashba-

Dresselhaus energy and E△. Both the conductance spectrum and the normalized

spin polarization of conductance are not invariant with the crystallographic orien-

tation. The conductance spectrum has a maximum value, when rotate the (100)

crystal axis makes θ = (2n+ 1)π/4 with the junction normal and minimum value

at θ = −(2n + 1)π/4. Increase in interfacial potential barrier suppresses the to-

tal conductance but enhances the normalized spin-polarization of conductance.

Moreover, there exists the current along the direction perpendicular to the inter-

face normal the junction plane.
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CHAPTER I

INTRODUCTION

1.1 Motivation

Spintronics is an emerging field that studies how to exploit the intrinsic

spin of the electron in addition to its fundamental electronic charge in solid-state

devices (Wolf et al., 2001; Zutic et al., 2004; Barnas et al., 1990). This abil-

ity has lead to dramatic improvement in electronic systems and devices, such as

memory elements, logic elements, spin transistors and spin valves. Current efforts

in designing and manufacturing spintronic devices have involved two different ap-

proaches. The first has been perfecting the existing giant magnetoresistance-based

technology by either developing new materials with larger normalized spin polar-

ization of electrons, or making improvements on the existing devices for better

spin filtering. The second, more radical, effort has focused on finding novel ways

of both generation and utilization of spin-polarized currents. The latter includes

the investigation of spin transport in semiconductors and looking for the ways, in

which semiconductors can function as spin polarizers and spin valves. The materi-

als that possed the potential to be manipulated in such ways are, for example, the

semiconductors with spin-orbit coupling (Hu and Matsuyama, 2001; Datta and

Das, 1989; Zutic et al., 2004). The spin-orbit coupling in these materials gives rise

to spin splitting of energy band lifting the degeneracy of up-spin and down-spin

states. There are two well-known kinds of such spin-orbit coupling; Dresselhaus

spin-orbit coupling(DSOC), and the Rashba-Bychkov spin-orbit coupling(RSOC).

In the system lacking of the bulk inversion symmetry, like a zinc blende
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structure (in Figure1.1), there exists the Dresselhaus spin-orbit coupling (Dressel-

haus, 1955). The widely known semiconductors that have such spin-orbit coupling

are the III-IV semiconductor compounds, like InAs, GaAs, GaSb, InP and InSb

(Dresselhaus, 1955; Wepfer et al., 1971; Perel et al., 2003; Desrat et al., 2006;

Studer et al., 2010). This interaction takes the form (Dresselhaus, 1955; Silva,

1992)

Figure 1.1 A unit cell of a zinc blende structure, such as GaAs, where the shaded

dots represent Ga atoms and the bold dots represent As atoms

HDSOC = γ [σxkx(k2
y − k2

z) + σyky(k2
z − k2

x) + σzkz(k2
x − k2

y)], (1.1)

where k⃗ = (kx, ky, kz) is the wave vector of electron. Each component of the wave

vector are parallel to the main crystal axes (100), (010) and (001) respectively. γ

is the material constant. σx, σy and σz are the Pauli spin matrices. If the electrons

are confined to move in the xy plane, the interaction can be simplified to

HDSOC = β(σxkx − σyky) + γ(σxkxk
2
y − σykyk

2
x), (1.2)
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where β = −γ < k2
z > is the Dresselhaus spin-orbit coupling constant, and < k2

z >

is the expected value of k2
z . For the III-IV semiconductor compounds, the typical

magnitude of the cubic terms in the wave vector compared to that of the linear

term is given by the ratio of the Fermi energy EF of the in-plane motion to the

kinetic energy of the quantized degree of freedom in the growth direction. The

magnitude for k⃗ = (kx, ky) on the Fermi surface, i.e., for k2
x + k2

y = k2
F : the ratios

k2
x/ < k2

z > and k2
y/ < k2

z > have an upper limit of k2
F/ < k2

z > and are zero for

the certain orientation of k⃗. Therefore, the linear term is dominant in the case of

strong confinement, i.e., for < k2
z >≫ k2

F . The DSOC spin-orbit interaction for a

two-dimensional system (2DEG) can be then written as (Perel et al., 2003)

HDSOC = ~2β0

mD

(σxkx − σyky), (1.3)

where β0 = mDβ
~2 is the strength parameter of DSOC.

In the effective mass model, the Hamiltonian of the two-dimensional system

with DSOC takes the form

HDS = p2

2mD

+ ~2β0

mD

(σxkx − σyky), (1.4)

where p⃗ is the momentum of an electron, and mD is the effective mass of an

electron. The energy spectrum is found to be

E±(k⃗) = ~2

2mD

k2 ± ~2β0

mD

|k|, (1.5)

where k =
√
k2

x + k2
y. The spin part of the eigenfunction with E+ and E− states

is

|+⟩ = 1√
2


kx+iky√

k2
x+k2

y

1

, (1.6)
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and

|−⟩ = 1√
2

 − kx+iky√
k2

x+k2
y

1

, (1.7)

respectively.

Figure 1.2 (a) The energy spectrum of an electrons in a two-dimensional Dres-

selhaus system. (b) The sketches of the energy spectrum of the electron in Dres-

selhaus system as a function of kx, for zero (top) and nonzero (bottom) ky. The

dashed lines represent the energy spectrum of the electron with energy E+ and

the solid lines represent energy spectrum of the electron with energy E−.

The energy spectrum of an electron in the two-dimensional Dresselhaus

system are shown in Figure 1.2. Notice that for only ky = 0 the E+ and E− bands

meet at kx = 0. It should also be pointed out that E± = E±(| k |), independent

of the k⃗ direction. The energy contours of |+⟩ and |−⟩ states are shown in Figure

1.3. The contours are invariant through the rotation around the z axis. The spin

states of the electrons at some k⃗ states are graphically shown by the arrows on

the contours. Unlike the energy contours, the spin states are not invariant with
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Figure 1.3 The energy contours of an electron in the two-dimensional Dresselhaus

system for (a) E > 0 and (b) E < 0. Dashed lines represent the energy contour

of the electron with energy E+ and solid lines represent energy contour of the

electron with energy E−. The arrows depict the spin direction of the electrons at

the k⃗ state on the contours.

respect to the rotation around the z axis.

Many researchers measured the strength of DSOC by various techniques like

Raman scattering (Jusserand et al., 1992), magnetotransport (Dresselhaus et al.,

1992; Miller et al., 2003; Krich and Halperin, 2007), Hall and Shubnikov-de Hass

oscillations (Studer et al., 2010). The typical value of the Dresselhaus spin-orbit

coupling constant is between 0.5 × 10−13 − 2.5 × 10−13 eV.m.

The Rashba spin-orbit coupling (RSOC) exist in the system lacking of the

structural inversion symmetry, like surface alloys Bi/Ag(111) and Pb/Ag(111)

(Bychkov and Rashba, 1984; Pacile et al., 2006; Ast et al., 2007a; Premper et al.,

2007; Ast et al., 2007b; Vajna et al., 2012) and semiconductor heterostructures,

such as AlGaAs/GaAs and InSb/InAlSb (Toloza Sandoval et al., 2010; Usaj and

Balseiro, 2004). For the heterostructure, like GaAs/AlGaAs in the (001) direction,

the electrons are trapped at the interface and can move only in the interface plane
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(see Figure 1.4). The Rashba spin-orbit interaction takes the form (Rashba, 1960;

Bychkov and Rashba, 1984; Wepfer et al., 1971; Desrat et al., 2006)

HRSOC = λ ẑ · (k⃗ × σ⃗), (1.8)

where λ is the Rashba spin-orbit coupling constant, σ⃗ are Pauli spin matrices, ẑ is

a unit vector perpendicular to the plane of motion, and k⃗ is the wave vector. For

a system defined in Figure 1.5, the Hamiltonian is simplified to

Figure 1.4 Schematic diagram of the semiconductors heterostucture grown in

z (001) direction, like GaAs and AlGaAs. A 2DEG with RSOC occurs at the

interface.

HRSOC = ~2k0

mR

(σxky − σykx), (1.9)

where k0 = mRλ
~2 is the strength parameter of RSOC, and mR is the effective mass

of the electron in the Rashba system. In the effective mass model, the Hamiltonian
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of the system with RSOC takes the form

HRS = p2

2mR

+ ~2k0

mR

(σxky − σykx) (1.10)

The energy dispersion relation of the electrons in these system are

E±(k⃗) = ~2

2mR

k2 ± ~2k0

mRS

|k|, (1.11)

where k =
√
k2

x + k2
y. The spin part of the eigenfunction for the E+ and E− state

is

|+⟩ = 1√
2


ikx+ky√

k2
x+k2

y

1

, (1.12)

|−⟩ = 1√
2

 − ikx+iky√
k2

x+k2
y

1

, (1.13)

respectively.

The energy spectrum of the electron in the two-dimensional Rashba system

are shown in Figure 1.5. Similar to the Dresselhaus case, for ky = 0 both E+

and E− bands meet at kx = 0, and the energy contours are invariant under the

rotation around the z axis. The spin states of the electrons at some values of k⃗

state are depict by the arrows on the contours.

Many researchers measured the strength of the RSOC by using many tech-

niques such as the weak antilocalization analysis (Koga et al., 2002), photocurrent

measurement (Ganichev et al., 2004), the scanning-tunneling spectroscopy (Ast

et al., 2007b), the Shubnikovde Haas oscillations (Engels et al., 1997; Hu et al.,

1999) and angle-resolved photoelectron spectroscopy (Ast et al., 2007a; LaShell

et al., 1996; Henk et al., 2004; Popovic et al., 2005; Cercellier et al., 2004). The typ-

ical value of the Rashba spin-orbit coupling strength is about 1×10−11 −4×10−11

eV.m. It was also found that the strength of RSOC can be tunned by applying
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Figure 1.5 (a) The band structure of an electron in the two-dimensional Rashba

system. (b) The sketches of the energy spectrum as a function of kx for zero

(top) and nonzero (bottom) ky. Dashed lines represent the energy spectrum of the

electron with energy E+ and solid lines represent energy spectrum of the electron

with energy E−.

gate voltage perpendicular to the 2DEG plane and adsorption of adatoms (By-

chkov and Rashba, 1984; Rashba, 1960; Grundler, 2000; Nitta et al., 1997).

Both types of the spin-orbit couplings can also co-exist in the systems like

InAs/GaSb, InAs/AlSb, GaAs/AlGaAs and InGaAs/InAlAs. Figure 1.7 depicts

the 2DEG in which both types of spin-orbit coupling can coexist (Nitta et al.,

1997; Das et al., 1989; Toloza Sandoval et al., 2012; Studer et al., 2009a). The

Hamiltonian of the electron in these systems can be written as

HRDSOC = ~2k0

mRD

(σxky − σykx) + ~2β0

mRD

(σxkx − σyky), (1.14)
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Figure 1.6 The energy contours of an electron in the two-dimensional Rashba

system for (a) E > 0 and (b) E < 0. The dashed lines represent the energy contour

of an electron with energy E+ and the solid lines represent energy contour of the

electron with energy E−. The arrows depict the spin direction of the electrons at

the k⃗ state on the contours.

In the effective mass model, the Hamiltonian takes the form

HRDS = p2

2mRD

+ ~2k0

mRD

(σxky − σykx) + ~2β0

mRD

(σxkx − σyky), (1.15)

where mRD is the electron effective mass of electron in the Rashba-Dresselhaus

system. The energy dispersion relation is

E±(kx, ky) = ~2k2

2mRD

± ~2

mRD

√
(β2

0 + k2
0)|k|2 + 4β0k0kxky, (1.16)

where k =
√
k2

x + k2
y. The spin part of the eigen function for the E+ and E− state

is

|+⟩ = 1√
2


(β0kx+k0ky)+i(β0ky+k0kx)√
(β2

0+k2
0)(k2

x+k2
y)+4β0k0kxky

1

, (1.17)
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Figure 1.7 Schematic diagram of the semiconductors heterostucture grown in

z (001) direction, like GaAs and AlGaAs. 2DEG with RDSOC occurs at the

interface between GaAs and AlGaAs.

|−⟩ = 1√
2

 − (β0kx+k0ky)+i(β0ky+k0kx)√
(β2

0+k2
0)(k2

x+k2
y)+4βk0kxky

1

, (1.18)

respectively.

The energy spectrum of the electron in the two-dimensional Rashba and

Dresselhaus system is shown in Figure 1.8(a). Unlike the system with only either

Rashba or Dresselhaus spin-orbit coupling, the energy contours of Rashba and

Dresselhaus system are not invariant under the rotation around the z axis. Also

E±(−kx, ky) ̸= E±(kx, ky) (see Figure 1.8(b)). In Figure 1.9, the energy contours

and the spin directions at a few corresponding k⃗ states are shown.

The strength of RSOC is usually stronger than that of DSOC, and

when they both exist, they can be determined by many techniques such as the

Shubnikov-de Hass oscillations (Park et al., 2013), persistent charge and spin cur-
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Figure 1.8 (a) The band structure of an electron in a two-dimensional Rashba-

Dresselhaus system. (b) The sketches of the energy spectrum as a function of kx

for zero (top) and nonzero (bottom) ky. The dashed lines represent the energy

spectrum of the electron with energy E+ and the solid lines represent energy

spectrum of the electron with energy E−.

rents in a mesoscopic ring (Maiti, 2011), k · p calculation (Pfeffer and Zawadzki,

1999), and the spin-dependent photo current, electron spin resonance, weak an-

tilocalization and time-resolved Kerr rotation (Nitta et al., 1997; Ganichev et al.,

2004; Studer et al., 2009a; Studer et al., 2009b; Meier et al., 2007; Giglberger

et al., 2007; Frolov et al., 2009; Knap et al., 1996). The typical ratio between

Rashba and Dresselhaus spin-orbit constant (α/β) is about 1.5 − 7.6.

Many types of junctions involving the systems with either type of interac-

tion also have been studied in order to find ways to control spin transport. For

instance, in study of Rashba system/ferromagnetic metal junction, it was found

that the spin injection across junction can be reduced or enhanced by RSOC (Jiang
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Figure 1.9 The energy contours of an electron in a two-dimensional Rashba-

Dresselhaus system (a) for E > 0 and (b) E < 0. The dashed lines represent the

energy contour of the electron with energy E+ and the solid lines represent energy

contour of the electron with energy E−. The arrows depict the spin direction of

the electrons at the k⃗ state on the contours.

and Jalil, 2003; Yokoyama et al., 2006). Also, in Rashba system/Superconductor

junction, it was found that in the limit of low insulating barrier, the tunneling con-

ductance was suppressed by the RSOC, where in the tunneling limit the RSOC

can enhance the conductance (Sawa et al., 2007). Similar results can also be found

in Dresselhaus system/Superconductor junction (Lee and Choi, 2005). Perel and

co-worker (Perel et al., 2003) studied the electron tunneling through a symmet-

ric semiconductor barrier, and found the polarization efficiency is increased with

the strength of DSOC and the barrier width. Similarly, the overall conductance

and the normalized spin polarization of conductance of Metal/Dresselhaus system

junction can be enhanced by the spin-flip scattering from applying voltages below

spin splitting energy (Srisongmuang and Kaoey, 2012). Jantayod (Jantayod, 2013)

also found that the normalized spin polarization of current can be enhanced by

increasing the carrier density and it weakly depends on the interfacial scattering.
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There are also many other works that studied the tunneling properties in

a junction, in which one or more materials containing both types of spin orbit

coupling. For instance, it was found that the transmission probability, the trans-

port normalized spin polarization and the conductance can be modulated by the

Rashba and Dresselhaus strength as well as the strength of the interface barrier

(Xiao and Deng, 2010; Xu and Guo, 2005; Lu and Li, 2010). More specifically,

when the barrier strength is increased, there appear two resonant peaks in the elec-

tron transmission probability. However, the transmission probability is decreased

to zero as the barrier is stronger. Linder and co-worker (Linder et al., 1997) pro-

posed a method for generating pure spin current in Metal/2DEG with both types

of the spin-orbit couplings, by rotating the spin polarizing of the incident current.

They also found that the pure transverse spin current could be generated in the

normal metal, when the incident current was completely unpolarized. Further-

more, the transverse charge current can be tuned by rotating the magnetization of

the polarizing ferromagnet. Liang and co-worker (Liang et al., 2009) showed that

one could control the normalized spin polarization direction of the spin current by

tunning the ratio of the RSOC and DSOC strength.

The fact that both the energy contours and the spin states of the system

with both types of spin-orbit couplings are not invariant with respect to the rota-

tion about the z axis can also lead to many other interesting effects. For instance,

Park and co-worker, found that the strength of spin orbit coupling parameters

from the beat pattern in the Shubnikov-de Hass oscillations depends on the crys-

tal direction (Park et al., 2013). In this thesis we will explore more on how this

dependence on the crystallographic orientation will affect the particle and spin

transport across the interface between a metal and the system with both types

of the spin-orbit couplings. In particular, we will study the conductance, and
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the normalized spin polarization of conductance, and the current flow along the

interface plane.

Figure 1.10 Schematic diagram of the junction of the system considered in this

thesis. A metal is in the x < 0 region and the x > 0 region is occupied by a 2DEG

with spin-orbit coupling.

1.2 Research Procedure

We modeled our junction as a two-dimensional infinite system, in which a

metal is in the x < 0 region where in the x > 0 region the media is occupied by

a 2DEG with spin-orbit couplings, as shown in Figure 1.10. The effective mass

model is used to describe the electronic properties of the system. A scattering

method is used to study the particle and spin transport. Two types of junction

are considered. The first one is the junction where the right side of which is the

Dresselhaus system and the second one is the junction where the right side of

which has both Rashba and Dresselhaus spin-orbit coupling. It is assumed that
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the interface is smooth. The barrier at the interface is represented by a Dirac delta-

function potential. From the Hamiltonian, the eigenstates and energy dispersion

relation can be obtained. With appropriate eigenstates, the wave function for

electrons in each region can be formed. It is a summation of incoming and outgoing

states of the same energy and the momentum with the same component along the

interface. The reflection and transmission amplitudes can be obtained by applying

the matching conditions for the wave function at the interface. The matching

conditions are the continuity of the wave function and the discontinuity of the

slopes of the wave functions due to the Dirac delta-function potential and the

spin-orbit interactions. The transmission and reflection probabilities can then be

calculated and used to obtain conductance and the normalized spin polarization

of conductance.

1.3 Outline of Thesis

The organization of this thesis is as follows.

The next chapter includes the study of a metal/Dresselhaus system junc-

tion. The electronic and spin properties of an electron in the Dresselhaus system

will be described, and the calculation of the conductance spectrum and the nor-

malized spin polarization of conductance will be shown. The effect of the crystal

orientation of the Dresselhaus side, the DSOC strength, and the barrier strength

will be considered.

In Chapter III, the conductance spectrum and the normalized spin polariza-

tion of conductance of the junction between metal and Rashba-Dresselhaus system

will be presented. The effect of the crystal orientation of the Rashba-Dresselhaus

system, the RDSOC strength, and the barrier strength will be considered. Finally,

the conclusion of this work is given in Chapter IV.



 

 

 

 

 

 

 

 

CHAPTER II

TUNNELING BETWEEN A NORMAL

METAL AND A 2DEG WITH ONLY

DRESSELHAUS SPIN-ORBIT COUPLING

In this chapter, the particle and spin transport across the interface between

a normal metal and a 2DEG with only DSOC (M/DS junction) are considered.

The scattering method is used to obtain the conductance and the normalized spin

polarization of conductance as a function of applied voltage. The effect of the

crystallographic orientation of the 2DEG, the barrier strength, and the spin-orbit

strength are considered. In the next section, the density of states (DOS) of a

2DEG with Dresselhaus spin-orbit coupling will be examined. In Section 2.2, the

method to obtain the conductance and the spin-polarization of conductance will

be presented. The numerical results and discussions will be in Section 2.3.

2.1 Density of States

The DOS of the electrons in a two-dimensional Dresselhaus system is

D(E) = 2
A

∑
k⃗

δ(E − Ek⃗), (2.1)

where A is the area of the system, k⃗ is the wave vector of the electron, and the

sum is overall possible values of k⃗. In our case Ek⃗ = ~2

2mD
(k2 ± 2β0|k|) (see Figure

2.1) when β0 is the strength of Dresselhaus spin-orbit coupling . By changing the
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Figure 2.1 (a) The energy spectrum of the electrons in a two-dimensional Dres-

selhaus system. (b) The sketches of the energy spectrum of the electron in Dres-

selhaus system as a function of kx. Dashed lines represent the energy spectrum

of the electron with energy E+ and solid lines represent energy spectrum of the

electron with energy E−.

summation to the integral, we obtain

D(E) = 1
π

∫ ∞

−∞
δ(E − Ek⃗)kdk, (2.2)

Changing the integration variable to Ek⃗, we have

D±(E) = mD

π~2

∫ ∞

−
~2β2

0
2mD

δ(E − Ek⃗)

1 ∓ β0√
2mDE

k⃗

~2 + β2
0

 dEk⃗, (2.3)

where upper and lower signs represent the DOS of electrons in the E+ and E−
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branches. The DOS in E > 0 region of each branches is then

D±(E > 0) = mD

π~2

1 ∓ β0√
2mDE

k⃗

~2 + β2
0

 , (2.4)

and when the E < 0 region, the DOS is

D±(E < 0) = mD

π~2

∓ 1 + β0√
2mDE

k⃗

~2 + β2
0

 (2.5)

The total DOS can be obtained from

Dtotal(E) = D+(E) + D−(E) (2.6)

Dtotal(E) =


mD

π~2
β0√

2mDE

~2 + β2
0

, E < 0;

2mD

π~2 , E > 0.
(2.7)

The DOS are plotted in Figure 2.2, where ED = ~2β2
0

2mD
. The dotted line

represents the DOS of electron in the E− branch, the dashed line for electron

in the E+ branch and the solid line for the total DOS. In E < 0 region, there

is only E− branch, the DOS has a singularity at E = −ED. In E > 0 region,

both branches exist. The total DOS in E > 0 region is constant due to the

two-dimensionality of the system.

2.2 Model and Formalism

2.2.1 Basic Model

We modeled our junction (M/DS junction) as a two-dimensional infinite

system, in which a normal metal is in x < 0 and a 2DEG with DSOC is in x > 0

as shown in Figure 2.3. It is assumed that the interface is smooth and the barrier

at the interface is represented by a Dirac delta-function potential, Hδ(x) where
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Figure 2.2 The DOS of a 2DEG with Dresselhaus spin-orbit coupling. The dotted

line represents the DOS of the electron in the E− branch, the dashed line represents

the electron in the E+ branch and solid line represents the total DOS.

H is the scattering potential strength at the interface. The Hamiltonian of the

electron in M/DS junction is written as

H(x) = p̂2

2m(x)
− EF DΘ(x) − EF Θ(−x) + Hδ(x)

+ ~2β0Θ(x)
mD

(σx(kx cos2θ + ky sin2θ) − σy (ky cos2θ − kx sin2θ)), (2.8)

where p̂ = −i~(x̂ ∂
∂x

+ ŷ ∂
∂y

) is the momentum operator, the effective mass m(x) =

meΘ(−x) + mDΘ(x) which is position dependent, me and mD are the effective
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electron mass in the metal and in Dresselhaus system, respectively, Θ(x) is the

Heaviside step function, θ is the angle between the (100) crystal axis and the

surface normal, EF is the Fermi energy of the metal, and EF D is the Fermi energy

of the Dresselhaus system.

Figure 2.3 A Metal/Dresselhaus system junction.

In the metal, x < 0, the energy dispersion relation for both spin-up and

spin-down are equal to (see Figure 2.4)

E(q) = ~2q2

2me

, (2.9)

where q⃗ is the wave vector of electron in the metal, q =
√
q2

x + q2
y. The eigenstats

of electron with spin-up and spin-down are

| ↑⟩ = 1√
2

 −i

1

, (2.10)

and

| ↓⟩ = 1√
2

 i

1

, (2.11)
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Figure 2.4 The energy spectrum of the electrons in a metal (left) and the Dres-

selhaus system (right). The arrows pointing left or right, represent electron states

that are considered in the scattering process. We assumed the incoming state is

equal to 1, r↑ and r↓ are reflected states with spin-up and spin-down, t+ and t−

are outgoing states of the electron with E+ and E−, respectively.

respectively, where the magnitude of the wave vector qx as a function of energy is

written as

qx(E, qy) =
√

2meE

~2 − q2
y, (2.12)

In the Dresselhaus system, x > 0, the energy dispersion relation of Dres-

selhaus system is equal to (see Figure 2.4)

E±(kx, ky) = ~2

2mD

(
(k2

x + k2
y) ± 2β0

√
k2

x + k2
y

)
, (2.13)

where k⃗ = (kx, ky) is the wave vector of electron in the Dresselhaus system. The
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eigenstats of electron with E+ and E− states are

|+⟩ = 1√
2


k+

x cos2θ + kysin2θ + i (kycos2θ − k+
x sin2θ)√

k+
x

2+ky
2

1

, (2.14)

and

|−⟩ = 1√
2

 −k−
x cos2θ + kysin2θ + i (kycos2θ − k−

x sin2θ)√
k−

x
2+ky

2

1

, (2.15)

respectively, where the magnitude of the wave vector kx as a function of energy

(E), and ky is written as

k±
x (E, ky) = ±

√√√√√√
2mDE

~2 + β2
0 ∓ β0

2

− k2
y. (2.16)

2.2.2 The Wave Functions and Matching Conditions

We consider ballistic transport across the interface. Thus the wave function

of the electron in metal side takes form

ΨM(qx, qy, x) = 1√
2


 ±i

1

eiqxx + r↑

 −i

1

e−iqxx

+ r↓

 i

1

e−iqxx

 eiqyy (2.17)

where the ± in the first term refer to the electron with spin-up (the spin state point

to +y direction) and spin-down (the spin state point to −y direction) respectively.

The first term represents the incoming state, the second and third terms are the

reflecting state, where R↑ and R↓ are the reflection probability amplitude of elec-

tron with spin-up and spin-down respectively, and q⃗ = (qx, qy) is the wave vectors

of electron in the normal metal.



 

 

 

 

 

 

 

 

23

The wave function of electron with energy E in the two-dimensional Dres-

selhaus system can be written as

ΨD(kx, ky, θ, x) = 1√
2

t+
 φ(k+

x , ky, θ)

1

eik+
x x

+ t−

 −φ(k−
x , ky, θ)

1

eik−
x x

 eikyy (2.18)

This wave function is the linear combination of two outgoing states of electron in

the Dresselhaus system, where t+ and t− are the transmission probability ampli-

tudes of the electron with energy E+ and E− respectively.

The appropriate matching conditions at the interface (x = 0) of M/DS

junction are the continuity of wave function and the discontinuity of slope of wave

function at the interface:

ΨD |x=0+= ΨM |x=0− , (2.19)

and

me

mD

∂ΨD

∂x
|x=0+ − ∂ΨM

∂x
|x=0− = (2qF Z − i

me

mD

β0(σxcos2θ + σysin2θ))ΨD|x=0+ ,

(2.20)

where Z = meH
~2qF

is a dimensionless parameter of the strength of the barrier at the

interface.

2.2.3 Conductance and Normalized Spin Polarization of

Conductance

From the matching conditions to the suitable wave functions, we can cal-

culate the reflection and transmission amplitudes and thus their associated prob-
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abilities as

Rσ = |rσ|2, (2.21)

T+(E) = |t+|2 v+
x , (2.22)

T−(E) = |t−|2 v−
x , (2.23)

where Rσ are the reflection probabilities of spin state σ, and T+, T− are the corre-

sponding transmission probability for the plus and minus branches, respectively.

The transmission probabilities for spin-up and spin-down are defined as

T↑(E) = |⟨↑ |t+⟩|2 v+
x + |⟨↑ |t−⟩|2 v−

x , (2.24)

T↓(E) = |⟨↓ |t+⟩|2 v+
x + |⟨↓ |t−⟩|2 v−

x , (2.25)

the group velocities of the electron are

v±
x = me

mD

k±
x

qx

1 ± β0√
k±

x
2 + ky

2

 . (2.26)

The current density flows to the right is given by

Je
x =

∑
k

nkvqxe, (2.27)

where nk = ∑2
i=1(1 − Ri↑(Ek) + Ri↓(Ek))f(Ek), i = 1, 2 correspond to the spin

orientation of the incident electron, f(Ek) is the Fermi Dirac distribution function,

vqx is the group velocity, and e is the electron charge. The electric current density

flows across the junction when applied voltage V is written as

Je
x(eV ) =

∑
kx>0,ky

evx

2∑
i=1

(1 − (Ri↑(Ek) +Ri↓(Ek))(f(Ek − eV ) − f(Ek)), (2.28)
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The tunneling conductance is

G(V ) = dJe
x(eV )
dV

, (2.29)

and at zero temperature

G(V ) = e2

h

AqF

2π

∫ ky,max

ky,min

(1 −Ri↑(eV ) +Ri↓(eV ))dky. (2.30)

The conductance spectrum of the electron with spin-up state can be obtained from

G↑(V ) = e2

h

AqF

2π

∫ ky,max

ky,min

(1 −Ri↑(eV ) +Ri↓(eV ) − Ti↓(eV ))dky, (2.31)

and the conductance spectrum of the electron with spin-up state takes form

G↓(V ) = e2

h

AqF

2π

∫ ky,max

ky,min

(1 −Ri↑(eV ) +Ri↓(eV ) − Ti↑(eV ))dky. (2.32)

We also define the total conductance GT otal as the summation of the conductance

of electron with spin-up and spin-down, i.e.

GT otal = G↑ +G↓. (2.33)

The difference conductance △G is the differentiation between the conductance of

electron with spin-up and electron with spin-down, i.e.

△G = G↑ −G↓, (2.34)

and the normalized spin polarization of conductance GP is defined

GP = △G

GT otal

. (2.35)
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2.3 Results and Discussions

We set the effective mass of the electron in Dresselhaus system; mD =

0.05me through this section, and the dresselhaus spin-orbit coupling strength;

β0 = 0.025qF . We calculate all of the conductance in the unit of e2

h
AqF

2π
.

Figure 2.5 The total conductance of the M/DS junction as a function of applied

voltage (eV ) at various values of Z, where β0 = 0.05 qF , mD = 0.05 me, Z = 0,

and θ = 0.

In Figure 2.5, the conductance spectra for θ = 0 for various values of Z are

shown. There are two prominent features. The first one is at the bottom of the

Dresselhaus band where the conductance spectrum value starts to be non-zero.

The second one is at the voltage value is higher than the bottom of the Dres-
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selhaus band by ED = ~2β2
0

2mD
. This two features are robust against the change in

Z. This discontinuity in the slope of the conductance can be used to determine

the Dresselhaus energy(ED), which measures from the energy scale between the

beginning of the spectrum to the discontinuity point. However, as Z increases, the

conductance decreases as expected (Srisongmuang and Kaoey, 2012). We also see

that the total conductance gives the highest value when Z = 0 and it decreases

when Z increase. The total conductance shows step value at eV = 0 with different

patterns for nonzero of Z. For small Z = 0.5, the total conductance in eV < 0

region is smaller than eV > 0 region. The total conductance increases when ap-

plied more voltage. However, for a bigger Z (Z = 1, 2) the total conductance in

eV < 0 region is higher than eV > 0 region. We also found that at Z = 0.65 is

the first point that gives the total conductance in eV < 0 region is higher than

eV > 0 region.

The magnitude of normalized spin polarization of conductance, decreases

when the applied voltage increases. The normalized spin polarization of conduc-

tance is increased with the barrier strength as shown in Figure 2.6. There is a

step at eV = 0 similar to the total conductance spectra. For small Z (Z = 0, 0.5),

the normalized spin polarization of conductance in eV < 0 region is smaller than

eV > 0 region, but for a bigger Z (Z = 1, 2), the normalized spin polarization of

conductance in eV < 0 region is higher than eV > 0 region.

Figure 2.7 shows the total conductance and the normalized spin polariza-

tion of conductance as a function of Z. The total conductance decrease when

Z increases, but the normalized spin polarization conductance increase when Z

increases. The optimum point which give maximum values of both total conduc-

tance and normalized spin polarization of conductance is between Z = 0.6 and

Z = 0.7.
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Figure 2.6 The normalized spin polarization of conductance of the M/DS junc-

tion as a function of applied voltage(eV ) at various values of Z, where β0 =

0.05qF , mD = 0.05me, and θ = 0.

The plots of total conductance and normalized spin polarization of conduc-

tance of junction between a normal metal and a two-dimensional electron with only

Dresselhaus spin-orbit coupling as a function of applied voltage (eV ) at various

values of θ shown in Figure 2.8 and Figure 2.9. The total conductance spectrum is

invariant with the crystallographic orientation. However, the normalized spin po-

larization of conductance are strongly depend on the θ. Especially, in the eV > 0,

the magnitudes of normalized spin polarization of conductance are risen when θ

are considered, and decreased when eV is increases. The maximum values of the
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Figure 2.7 Plots of the total conductance and the normalized spin polarization

of conductance as a function of Z, where mD = 0.05 me, β0 = 0.05qF , and θ = 0.

magnitudes of normalized spin polarization of conductance are occur at eV = 0.

For eV < 0, the magnitudes of normalized spin polarization of conductance are

risen when θ are considered, and also increased when eV is increases. While θ = 0,

the magnitudes of normalized spin polarization of conductance is slightly increase

with the applied voltage.

The plots of total conductance and normalized spin polarization of conduc-

tance of junction between a normal metal and a two-dimensional electron with

only Dresselhaus spin-orbit coupling as a function of β0 at various values of θ are

shown in Figure 2.10 and Figure 2.11. The total conductance is increased with
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Figure 2.8 The total conductance of the M/DS junction as a function of applied

voltage(eV ) at various θ, where β0 = 0.05 qF ,mD = 0.05me, and θ = 0.

the Dresselhaus spin-orbit coupling strength.

The plot of the spin-polarization of conductance as a function of β for

changes with θ. When θ = 0, it is zero. For nonzero θ, the magnitudes of the

normalized spin polarization of conductance are increased. The normalized spin-

polarization of conductance is negative indicate that the numbers of electron with

spin-up is fewer than that of electron with spin-down.

The normalized spin polarization of conductance changes with θ and shows

an oscillation with period of π rad. For eV > 0, the magnitude of the normalized

spin polarization of conductance is a maximum, when the (100) crystal axis makes
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Figure 2.9 The normalized spin polarization of conductance of the M/DS junction

as a function of applied voltage(eV ) at various θ, where β0 = 0.05 qF ,mD =

0.05me, and Z = 0.

θ = ±(2n+ 1)π/4 and is zero at ±nπ/2 where n = 0, 1, 2, 3, .... For eV < 0, both

of the maximum and zero values were not exactly at θ = ±(2n+1)π/4 and ±nπ/2

(see Figure 2.12).

2.4 Conclusions

We calculated the total conductance and the normalized spin polarization

of conductance across the junction between a normal metal and a 2DEG with only

DSOC. We found that the total conductance and the normalized spin polarization
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Figure 2.10 The total conductance of the M/DS junction as a function of β0 at

various applied voltages, where eV = ED,mD = 0.05 me, and Z = 0.

of conductance can be enhanced by increasing the Dresselhaus strength, and can

be suppressed by increasing the potential barrier strength. The Dresselhaus cou-

pling energy can be determined from the beginning of the conductance spectra to

the discontinuity point in the conductance spectra similar to (Srisongmuang and

Kaoey, 2012).

The crystallographic orientation of the 2DEG, only offset the normalized

spin polarization. Its magnitude oscillates with θ in a period of π. The maximum

magnitude occurs when the (100) crystal axis makes θ = ±(2n + 1)π/4 with the

interface normal, while the zero magnitude occurs when θ = ±nπ/2, where n is a
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Figure 2.11 The normalized spin polarization of conductance of the M/DS junc-

tion as a function of β0 at various applied voltages, where eV = ED,mD = 0.05 me,

and Z = 0.

non-negative integer.
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Figure 2.12 The normalized spin polarization of conductance in the

Metal/Dresselhaus system junction as a function of θ at various applied voltages.

where β0 = 0.05 qF , mD = 0.05 me, and Z = 0. The solid line shows GP is in

eV < 0 region, and dashed line is in eV > 0 region.



 

 

 

 

 

 

 

 

CHAPTER III

TUNNELING BETWEEN A NORMAL

METAL AND A 2DEG WITH BOTH RASHBA

AND DRESSELHAUS SPIN-ORBIT

COUPLING

In this chapter, the particle and spin transport across the interface between

a normal metal and a 2DEG with both types of spin-orbit couplings (M/RDS

junction) are considered. Similar to the approach used in previous chapter, the

scattering method is used to obtain the conductance and the normalized spin

polarization of conductance as a function of applied voltage. In this chapter we will

see the effect of the crystallographic orientation of the 2DEG on both conductance

and normalized spin polarization of conductance. The effect of barrier strength

and the spin-orbit strength are also considered. In the next section, the DOS of

the electron in the 2DEG with both Rashba and Dresselhaus spin-orbit coupling

(RDSOC) will be examined in Section 3.1. In Section 3.2, the approach used to

obtain the conductance and the spin-polarization of conductance will be described

in details. The numerical results and discussions will be in Section 3.3.
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Figure 3.1 (a) The energy spectrum of the electron in a two-dimensional Rashba-

Dresselhaus system. (b) The sketches of the energy spectrum of the electron in

Rashba-Dresselhaus system as a function of kx. Dashed lines represent the energy

spectrum of the electron with energy E+ and solid lines represent energy spectrum

of the electron with energy E−.

3.1 Density of States

The DOS of the electron in the Rashba-Dresselhaus system can be calculate

from

D(E) = 2
A

∑
k⃗

δ(E − Ek⃗), (3.1)

where A is the area of the system, k⃗ is the wave vector of the electron, the sum

is over all possible values of k⃗, and Ek⃗ = ~2k2

2mRD
± ~2

mRD

√
(β2

0 + k2
0)|k|2 + 4β0k0kxky

when β0 is the strength of Dresselhaus spin-orbit coupling, and k0 is the strength of

Rashba spin-orbit coupling (see 3.1). By changing the summation to the integral

D(E) = 1
π

∫ ∞

−∞

∫ ∞

0
δ(E − Ek⃗)dkxdky, (3.2)
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By changing the integration variable to Ek⃗, we obtain

D±(E) = mRD

2π2~2

∫ ky

−ky

∫ ∞

ϵ

C±(E)
C(E±)k±

x ± ((β2
0 + k2

0)k±
x + 2k0ky)

δ(E − Ek⃗) dEk⃗dky,

(3.3)

where ϵ = −~2(β0+k0)2

2mRD
,

C±(E) =
√

(β2
0 + k2

0)(k±
x

2 + k2
y) + 4β0k0k±

x ky, (3.4)

, ± correspond to the E+ and E− branches, respectively. From the calculation,

the DOS of each branches are The total DOS can be obtained from

Dtotal(E) = D+(E) + D−(E) (3.5)

Dtotal(E), D+(E), D−(E) are plotted in Figure 3.2, where ED = ~2β2
0

2mRD
.

With mRD = 0.05me, β0 = 0.025qF , and k0 = 0.05qF ,and ERD = 9ED. dotted line

represents the DOS of electrons in the E− branch, dashed line is E+ branch and

the solid line is the total DOS. The DOS of the electrons in E− branch becomes a

singularities at −9ED and −ED, which are satisfied to the bottom and the saddle

point of the band spectrum, respectively. Similarly, the DOS of the electrons in

E+ branch starts at −ED. For E > 0, the DOS is the usual 2DEG DOS.

3.2 Model and Formalism

3.2.1 Basic model

Similar to the previous junction in Chapter II, we modeled the M/RDS

junction, as a two-dimensional infinite system, in which a normal metal is in x < 0

and a 2DEG with RDSOC is in x > 0 as shown in Figure 3.3. It is alsso assumed
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that the interface is smooth and the barrier at the interface is represented by a

Dirac delta-function potential, Hδ(x) where H is the scattering potential strength

at the interface. Thus, the Hamiltonian of M/RDS junction is

H = p̂2

2m(x)
+ ~2β0

mRD

(σx(kx cos2θ + ky sin2θ) − σy (ky cos2θ − kx sin2θ))

+ ~2k0

mRD

(σxky − σykx) − EF RD (Θ(x)) − EF (Θ(−x)) + Hδ(x), (3.6)

where p̂ = −i~(x̂ ∂
∂x

+ ŷ ∂
∂y

) is the momentum operator, the effective mass m(x) =

meΘ(−x) + mRDΘ(x), me and mRD are the effective mass of an electron in the

metal and in Rashba-Dresselhaus system, respectively, Θ(x) is the Heaviside step

function, θ is the angle between the (100) crystal axis and the surface normal, EF is

the metal Fermi energy, and EF RD is the Fermi energy of the Rashba-Dresselhaus

system.

The energy dispersion relation of the electron in the metal is

E(q) = ~2q2

2me

, (3.7)

where q⃗ is the wave vector of the electron in the metal, q =
√
q2

x + q2
y. The

eigenstates of electron with spin-up and spin-down are

| ↑⟩ = 1√
2

 −i

1

, (3.8)

and

| ↓⟩ = 1√
2

 i

1

, (3.9)
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here the magnitude of the wave vector qx as a function of energy is written as

qx(E, qy) =
√

2meE

~2 − q2
y, (3.10)

For the electron in the Rashba-Dresselhaus system, the energy dispersion

relation is equal to (see Figure 3.4)

E±(kx, ky, θ) = ~2k2

2mRD

± ~2

mRD

√
(β0(kxcos2θ + kysin2θ) + k0ky)2 + (β0(kycos2θ − kxsin2θ) + k0kx)2,

(3.11)

where k⃗ = (kx, ky) is the wave vector of the electron in the Rashba-Dresselhaus

system. The eigenstats of the electrons with E+ and E− states are

|+⟩ = 1√
2

 φ(k+
x , ky, θ)

1

, (3.12)

and

|−⟩ = 1√
2

 −φ(k−
x , ky, θ)

1

, (3.13)

where

φ(k±
x , ky, θ) = (β0(k±

x cos2θ + kysin2θ) + k0ky) + i(β0κ+ k0k
±
x )√

(β0(k±
x cos2θ + kysin2θ) + k0ky)2 + (β0κ+ k0k±

x )2
,

and κ = (kycos2θ − k±
x sin2θ).

The magnitude of the wave vector kx as a function of E, θ, and ky can be obtain

from equation 3.11.
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3.2.2 The Wave Functions and Matching Conditions

We consider ballistic transport across the interface; Thus, the wave function

of the electron in the metal side takes the form

ΨM(qx, qy, x) = 1√
2


 ±i

1

eiqxx + r↑

 −i

1

e−iqxx

+ r↓

 i

1

e−iqxx

 eiqyy (3.14)

where + and − are for the cases of the electron with spin-up (the spin state point

to +y direction) and spin-down (the spin state point to −y direction), respectively.

The wave function of the electron in the metal side is this a linear combination

of an incoming and two reflecting eigenstates of the electron. r↑ and r↓ are the

reflection probability amplitude of the spin-up and spin-down states, respectively.

The wave function of the electron in the Rashba-Dresselhaus system is a

linear combination of two transmitted eigenstates:

ΨRD(k+
x , ky, θ) = 1√

2

 t+

 φ(k+
x , ky, θ)

1

 eik+
x

+ t−

 −φ(k−
x , ky, θ)

1

 eik−
x

 eiky (3.15)

t+ and t− are the transmission probability amplitudes of the electron in the E+

and E− energy states, respectively.

The appropriated matching conditions at the interface for the two wave

functions are the continuity and the discontinuity of slope of wave function. This
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can be written as

ΨRD|x=0+ = ΨM |x=0− , (3.16)

and
me

mRD

∂ΨRD

∂x
|x=0+ − ∂ΨM

∂x
|x=0− =(

2qF − i
me

mRD

(σxβ0cos2θ − σy(k0 − β0sin2θ))
)

ΨRD|x=0+ , (3.17)

where Z = meH
~2qF

is a dimensionless parameter of the strength of the barrier at the

interface.

3.2.3 Conductance and Normalized Spin Polarization of

Conductance

By applying the appropriated matching, we will obtain the reflection and

transmission amplitude and the corresponding probability can be obtained from

Rσ = |rσ|2, (3.18)

T+ = |t+|2 v+
qx, (3.19)

T− = |t−|2 v−
qx, (3.20)

where

v±
qx = me

mRDqx

(
k±

x

+ β0cos2θ(β0(k±
x cos2θ + kysin2θ) + k0ky)√

(β0(k±
x cos2θ + kysin2θ) + k0ky)2 + (β0(kycos2θ − k±

x sin2θ) + k0k±
x )2

+ (k0 − β0sin2θ)(β0(kycos2θ − k±
x sin2θ) + k0k

±
x )√

(β0(k±
x cos2θ + kysin2θ) + k0ky)2 + (β0(kycos2θ − k±

x sin2θ) + k0k±
x )2

),

(3.21)
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Rσ are the reflection probabilities of spin σ state, and T+, T− are the corresponding

transmission amplitudes for the plus and minus branches. We can also obtain the

transmission probabilities for spin-up and spin-down states from

T↑ = |⟨↑ |t+⟩|2 v+
qx + |⟨↑ |t−⟩|2 v−

qx, (3.22)

T↓ = |⟨↓ |t+⟩|2 v+
qx + |⟨↓ |t−⟩|2 v−

qx, (3.23)

In the two-dimensional system, the electric current density flows across the

junction when applied voltage is given as

Je
x(eV ) =

∑
kx>0,ky

evqx

2∑
i=1

((1 −Ri↑(Ek) +Ri↓(Ek))(f(E − eV ) − f(EEk)), (3.24)

which the electric current density flowing parallel to the junction under applied

voltage can be written as

Je
y(eV ) =

∑
kx>0,ky

evqy

2∑
i=1

(1 −Ri↑(Ek) +Ri↓(Ek))(f(E − eV ) − f(Ek)), (3.25)

where vqy = vqx
∂kx

ky
is the group velocities in y direction. The tunneling conduc-

tance for the current density flowing parallel to and perpendicular to the junction

normal are defined as

Gxx(V ) = dJe
x(eV )
dV

, (3.26)

and

Gxy(V ) =
dJe

y(eV )
dV

, (3.27)

respectively. The total conductance spectrum of the electron can be obtained from

G(V ) = e2

h

AqF

2π

∫ ky,max

ky,min

dky(1 −Ri↑(eV ) +Ri↓(eV )) (3.28)
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The conductance spectrum of the electron with spin-up state can be obtained from

G↑(V ) = e2

h

AqF

2π

∫ ky,max

ky,min

(1 −Ri↑(eV ) +Ri↓(eV ) − Ti↓(eV ))dky, (3.29)

and the conductance spectrum of the electron with spin-up state takes the form

G↓(V ) = e2

h

AqF

2π

∫ ky,max

ky,min

(1 −Ri↑(eV ) +Ri↓(eV ) − Ti↑(eV ))dky (3.30)

We also defined the total conductance; GT otal is the summation of the conductance

of electron with spin-up and electron with spin-down

GT otal = G↑ +G↓. (3.31)

For the different conductance, △G is the differentiation between the conductance

of electron with spin-up and electron with spin-down is defined from

△G = G↑ −G↓, (3.32)

and the normalized spin polarization of conductance ; GP is given by

GP = △G

GT otal

(3.33)

3.3 Results and Discussions

We studied the transport properties of the electron in metal/Rashba-

Dresselhaus system junction. We set the effective mass of electron in Rashba-

Dresselhaus system; mRD = 0.05me through this section, and setting parameters

as β0 = 0.025qF , and k0 = 0.05qF which makes ERD = 9ED. The conduc-

tance is in units of e2

h
AqF

2π
. Firstly, we show the results θ = ±π/4 rad, because

these two cases posses the energy contours such that E(−kx, ky) = E(kx, ky) and

E(kx,−ky) = E(kx, ky).
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Figure 3.5 shows the conductance spectrum for the junction when θ = −π/4

at various values of Z. As can be seen in the spectrum, there are three promi-

nent features. The first one is at the bottom of the Rashba-Dresselhaus system

band where the conductance value starts to be non zero. The second one is at the

voltage value higher than the bottom of the Rashba-Dresselhaus system band by

ERD −E△, and the third one is at the voltage value being equal to zero. These can

be used to determine the Rashba-Dresselhaus energy (ERD). It can also determine

the E△ = ~2(k0−β0)2

2mRD
which is measured from the energy scale between the second

and the third points of the prominent features. E△ satisfied the different between

the two spin-orbit strengths. These three features are robust against the change

in Z.

The normalized spin polarization of conductance on the other hand, gen-

erally increases when Z increases. More specially, for eV < 0, the normalized

spin polarization conductance is hardly change with Z as shown in Figure 3.6.

Figure 3.7 shows both the total conductance and the normalized spin polarization

of conductance as a function of Z. The optimum point which give hight values

of both total conductance and normalized spin polarization of conductance is be-

tween Z = 0.6 and Z = 0.7.

We now plot the total conductance spectrum (GT otal) as a function of ap-

plied voltage at various θ when Z = 0. We show the conductance spectrum when

θ = 0,±π/4, the total conductance spectrum is dependence with θ, which is differ-

ent from the previous junction. When we rotate the crystallographic of the 2DEG,

the energy contour of the system is changed so the total conductance spectrum is

dependence with θ. Moreover, these prominent features in the spectrum are robust

against the change in θ as shown in Figure 3.8. In addition, when we rotate the

crystallographic of the 2DEG, the spin state of the electron of the system is also
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changed, the normalized spin polarization of conductance depends on θ as well as

shown in Figure 3.9.

When consider the effect of the strength of Rashba spin-orbit coupling, we

fix the strength of Dresselhaus spin orbit coupling equal to 0.025qF , and Z = 0.

As we can see in the Figure 3.10, when k0 = 0 that is mean in this junction has

only Dresselhaus spin-orbit coupling. They show similarly results being satisfied

to the junction of metal and Dresselhaus system. The total conductance spectrum

gives the same values for various θ (at k0 = 0). Furthermore, the total conduc-

tance increases with increasing of the strength of the Rashba spin-orbit coupling,

until the strength reaches to a critical value, after which the conductance spectrum

decreases. In addition, the normalized spin polarization of conductance increases

when the strength of the Rashba spin-orbit coupling increases as shown in Figure

3.11. Both of the total conductance and the normalized spin polarization of con-

ductance also show the strange feature when β0 = k0.

The calculation of the conductance spectrum as a function of θ at various

values of applied voltage are shown in Figure 3.12. We set some parameters as

Z = 0.5, β0 = 0.025qF , and k0 = 0.05qF . In calculation processing, we vary in

some angle which are θ = 0, ±π
6 , ±π

4 , ±π
3 , and ±π

2 . As we can see, in eV > 0 re-

gion the conductance spectrum show an oscillation feature with period π rad which

satisfies to the expression that is a function of 2θ. The conductance spectrum has

a maximum value, when rotate the (100) crystal axis makes θ = (2n+ 1)π/4 and

minimum value at θ = −(2n+ 1)π/4, where n = 0, 1, 2, 3, ... In eV > 0 region, the

total conductance spectrum is slightly changed with the crystallographic orienta-

tion.

Figure 3.13 is the plot of the normalized spin polarization of conductance

as a function of θ at various values of applied voltage. Both of eV < 0 and
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eV > 0 regions, show an oscillation feature with period π rad. In contrast, the

total conductance spectrum, in eV > 0 region, the normalized spin polarization of

conductance spectrum has a maximum value, when rotate the (100) crystal axis

makes θ = −(2n + 1)π/4 and minimum value at θ = (2n + 1)π/4. However in

eV < 0 region, it has a maximum value, when rotate the (100) crystal axis makes

θ = (2n+ 1)π/4and minimum value at θ = −(2n+ 1)π/4.

Finally, we also calculate the conductance of the electrons which move par-

allel to the junction(GT otal,XY ). We found that there are not only the tunneling

conductance in x axis but in some angle of the crystal rotation also generate the

tunneling conductance in y direction. As shown in Figure 3.14 when θ = 0 and

the applied voltage less than zero, the conductance spectra shows the negative

values that is mean the conductance of the electrons which move along −y direc-

tion is more than the electrons move along +y direction. The conductance spectra

gives the maximum value when eV = 0, and decreases when the applied voltage

increases. But when θ = π/4, there is no total conductance because of the energy

contour of this case is symmetry around kx. This means that there are the same

value of group velocity of the electron but it is different in +y and −y direction,

so the total conductance is becomes to zero.

3.4 Conclusions

In this chapter is the studied of a normal metal/Rashba-Dresselhaus sys-

tem junction. We use a so-called scattering method to calculate the conductance

spectra and the normalized spin polarization of conductance in the junction.

We found the total conductance spectra shows two distinctive features.

From the positions of these existing features, the Rashba and Dresselhaus couples

energy can be determined the Rashba-Dresselhaus energy and E△. The Rashba-
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Dresselhaus energy can be determined from the beginning of the spectra to the

second discontinuity point, which relate to the sum of two spin-orbit coupling

strength. E△ can be determined by the different scale between two discontinuity

points, which relate to the different value between two spin-orbit coupling strength.

And the total conductance spectrum is increased with the strength of the Rashba

spin-orbit coupling, until the strength reaches to a critical value, after which the

conductance spectrum is decreased with the strength.

Both of the conductance spectrum and the normalized spin polarization

of conductance, show an oscillation features with period π rad. The conduc-

tance spectrum has a maximum value, when rotate the (100) crystal axis makes

θ = (2n+ 1)π/4 and minimum value at θ = −(2n+ 1)π/4, where n = 0, 1, 2, 3, ...

In the other hand, the normalized spin polarization of conductance has a maxi-

mum value, when rotate the (100) crystal axis makes θ = −(2n+ 1)π/4 with the

junction normal and minimum value at θ = (2n+ 1)π/4.

Moreover, when we inject the electron across the junction along the x axis,

normally it generates the tunneling conductance along x axis. However in junction

which consists of both Rashba and Dresselhaus spin-orbit coupling, there is not

only the tunneling conductance in x axis but in some θ also generate the tunneling

conductance in the direction parallel to the junction plane.
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Figure 3.2 The DOS of a 2DEG with Rashba and Dresselhaus spin-orbit coupling.

The dotted line represents the DOS of the electron in the E− branch, the dashed

line represents the electron in the E+ branch and the solid line represents the total

DOS, where ED = ~2β2
0

2mRD
, mRD = 0.05me, β0 = 0.025qF , and k0 = 0.05qF .
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Figure 3.3 A Metal/Rashba-Dresselhaus system junction.

Figure 3.4 The energy spectra of the electrons in a metal (left) and the Rashba-

Dresselhaus system (right). The arrows pointing left or right, represent the elec-

tron states that are considered in the scattering process. We assumed the incoming

state equal 1, r↑ and r↓ are reflected states with spin-up and spin-down, and t+

and t− are outgoing states of the electron with E+ and E−, respectively.
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Figure 3.5 The total conductance spectrum as a function of applied voltage at

various values of Z, where k0 = 0.05qF , β0 = 0.025qF , mRD = 0.05 me, and

θ = −π/4 rad.
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Figure 3.6 Plots of the normalized spin polarization of conductance as a function

of applied voltage at various values of Z, where mRD = 0.05 me, k0 = 0.05qF ,

β0 = 0.025qF , and θ = −π/4 rad.
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Figure 3.7 Plots of the total conductance and the normalized spin polarization of

conductance as a function of Z, where mRD = 0.05 me, k0 = 0.05qF , β0 = 0.025qF ,

and θ = 0.
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Figure 3.8 The total conductance spectrum as a function of applied voltage at

various θ, where mRD = 0.05 me, k0 = 0.05qF , β0 = 0.025qF , Z = 0.0.
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Figure 3.9 Plots of the normalized spin polarization of conductance as a function

of applied voltage at various θ, where mRD = 0.05 me, k0 = 0.05qF , β0 = 0.025qF ,

and Z = 0.0.
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Figure 3.10 The total conductance spectrum as a function of Rashba spin-orbit

coupling strength at various values of θ, where mRD = 0.05 me, β0 = 0.025qF ,

Z = 0.0, and θ = −π
4 rad.
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Figure 3.11 Plot of the normalized spin polarization of conductance as a function

of Rashba spin-orbit coupling strength at various values of θ, where mRD =

0.05 me, β0 = 0.025qF , and θ = −π
4 rad.
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Figure 3.12 Plot of the total conductance as a function of θ at various values of

applied voltage, where mRD = 0.05 me, k0 = 0.05qF , β0 = 0.025qF , and Z = 0.0.
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Figure 3.13 Plot of the normalized spin polarization of conductance as a function

of θ at various values of applied voltage, where mRD = 0.05 me, k0 = 0.05qF ,

β0 = 0.025qF , and Z = 0.0.
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Figure 3.14 The plot of the conductance perpendicular to the junction(GT otal,XY )

as a function of applied voltage at various values of θ, where k0 = 0.05qF , β0 =

0.025qF , Z = 0.0, and θ = 0 rad.



 

 

 

 

 

 

 

 

CHAPTER IV

CONCLUSIONS

This thesis is a theoretical study of the particle and spin transport in

systems with Rashba and Dresselhaus spin-orbit coupling by using a scattering

method. According to both the energy contours and the spin states of the sys-

tem with both types of spin-orbit coupling are not invariant with respect to the

rotation about the z axis which lead to many interesting effects. This depen-

dence is more explored on the crystallographic orientation of the particle and spin

transport across the interface between a metal and 2DEG with both types of the

spin-orbit coupling. Two types of junction are considered: the first one is the

junction between a normal metal and a two-dimensional electron gas system with

only Dresselhaus spin-orbit coupling and the second one is the junction between

a normal metal and a two-dimensional electron gas system with both Rashba and

Dresselhaus spin-orbit coupling.

In this formalism, the junction is represented by an infinite system. Each

region in the system is modeled with a continuous Hamiltonian appropriate for

each material. The reflection and transmission amplitudes can be obtained by

applying the matching conditions for these wave functions at the interface. The

conductance spectrum and the normalized spin polarization of conductance can

be obtained as well. The effect of the crystallographic orientation of the 2DEG,

the spin-orbit coupling strength, and the potential barrier strength are studied.

In chapter II is the study of the particle and spin transport in the junc-

tion between a normal metal and a two-dimensional electron with only Dresselhaus
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spin-orbit coupling. The effect of the crystallographic orientation of 2DEG is stud-

ied, and found the total conductance spectra invariant with the crystallographic

orientation. On the contrary, the normalized spin polarization of conductance is

not invariant with the crystallographic orientation, they show an oscillation with

period π rad. The magnitudes of the normalized spin polarization of conductance

has a maximum value, when rotate the (100) crystal axis makes θ = ±(2n+1)π/4

and minimum value at ±nπ/2 where n = 0, 1, 2, 3, .... In addition, both of the total

conductance spectra and the normalized spin polarization of conductance can be

enhanced by increasing the Dresselhaus strength, and be suppressed by increasing

the potential barrier strength. The Dresselhaus couples energy can be determined

from the beginning of the conductance spectra to the discontinuity point in the

conductance spectra.

In Chapter III is the study of the particle and spin transport in the junc-

tion between a normal metal and a two-dimensional electron gas system with both

Rashba and Dresselhaus spin-orbit coupling. The conductance spectrum shows

two distinctive features. From the positions of these exist features, the Rashba

and Dresselhaus couples energy can be determined the Rashba-Dresselhaus energy,

ERD = ~2(k0+β0)2

2mRD
, and E△ = ~2(k0−β0)2

2mRD
. The Rashba-Dresselhaus energy can be

determined from the beginning of the spectra to the second discontinuity point,

which relate to the sum of two spin-orbit coupling strength. E△ can be deter-

mined from the different scale between two discontinuity points, which relate to

the different value between two spin-orbit coupling strength. Both the conductance

spectrum and the normalized spin polarization of conductance are not invariant

with the crystallographic orientation. The conductance spectrum has a maximum

value, when the (100) crystal axis makes θ = (2n + 1)π/4 and minimum value

at θ = −(2n + 1)π/4, where n is non-negative integer. This is different from the
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normalized spin polarization of conductance, it has a maximum value, when the

(100) crystal axis makes θ = −(2n+1)π/4and minimum value at θ = (2n+1)π/4.

In case of fixed the Dresselhaus strength and varied the Rashba strength,

the total conductance spectra is increased with the strength of the Rashba spin-

orbit coupling, until the strength reaches to a critical value, after which the total

conductance spectrum is decreased with the strength. On the other hand, the

spin-polarization of conductance is increased with the Rashba spin-orbit coupling

strength. Moreover, the total conductance spectra can be suppressed by increasing

the potential barrier strength and the normalized spin polarization of conductance

can be enhanced by increasing the potential barrier strength. One more interesting

result is that there exists the current along the direction parallel to the junction

place.

The results found in this thesis indicated that the normalized spin polariza-

tion of conductance can be controlled by varying the potential barrier strength, the

applied voltage, and the spin-orbit coupling strength. Furthermore, by rotating the

crystallographic of the 2DEG, we can control the normalized spin polarization of

conductance. In the future, we expect to study more complex heterostructures that

contain Rashba-Dresselhaus system, for example M/RDS/M, Ferromagnetic/RDS,

Superconductor/RDS, DS/RDS, and RS/RDS junction.
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APPENDIX A

TUNNELING BETWEEN A NORMAL

METAL AND A 2DEG WITH ONLY RASHBA

SPIN-ORBIT COUPLING DOUBLE

JUNCTIONS

We modeled our junction (M/RS/M junction) as a two-dimensional infinite

system, in which a normal metal is in x < 0 and x < L, and a 2DEG with RSOC

is in 0 < x > L as shown in Figure A.1. It is assumed that the interface is smooth

and the barrier at the interface is represented by a Dirac delta-function potential,

H1δ(x = 0) and H2δ(x = L) where H1(2) is the scattering potential strength at

the interface. The Hamiltonian of the electron in M/RS/M junction is written as

H(x) = p̂2

2m(x)
+ H1δ(x) + H2δ(x− L) + ~2k0Θ(x)

mR

(σxkz − σzkx)

− EF Θ(−x) + Θ(x− L) − EF RΘ(x) − Θ(x− L), (A.1)

where p̂ = −i~(x̂ ∂
∂x

+ ẑ ∂
∂z

) is the momentum operator, the effective mass m(x) =

me(Θ(−x)+Θ(x−L))+mR(Θ(x) − Θ(x− L)) which is position dependent, me and

mR are the effective electron mass in the metal and in Rashba system, respectively,

Θ(x) is the Heaviside step function, EF is the Fermi energy of the metal, and EF R

is the Fermi energy of the Rashba system.

In the metal, the energy dispersion relation for both spin-up and spin-down
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Figure A.1 A Metal/Rashba system/Metal double junction.

are equal. The energy dispersion relation of the electron in the metal is

E(q) = ~2q2

2me

, (A.2)

where q⃗ is the wave vector of the electron in the metal, q =
√
q2

x + q2
z . The wave

function of the electron in metal side takes form

ΨM1(qx, qz, x) = 1√
2


 ±i

1

eiqxx + r↑

 −i

1

e−iqxx

+ r↓

 i

1

e−iqxx

 eiqzz (A.3)

where the ± in the first term refer to the electron with spin-up (the spin state point

to +z direction) and spin-down (the spin state point to −z direction) respectively.

The first term represents the incoming state, the second and third terms are the

reflecting state, where R↑ and R↓ are the reflection probability amplitude of elec-

tron with spin-up and spin-down respectively, and q⃗ = (qx, qz) is the wave vectors

of electron in the normal metal.
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here the magnitude of the wave vector qx as a function of energy is written as

qx(E, qz) =
√

2meE

~2 − q2
z , (A.4)

In the 0 < x < L region, the wave function is obtained as a linear combination of

two transmitted and two reflected eigenstates of the same energy and kz,

ψ
(j)
RS(x, z) =


 cos α

2

∓sin α
2

 tj+e
±ik+

x x +

 sin α
2

∓cos α
2

 rj+e
∓ik+

x x

 eik+
z z

+


 sin β

2

cos β
2

 tj−e
ik−

x x +

 cos β
2

sin β
2

 rj−e
−ik−

x x

 eik−
z z, (A.5)

where the upper and lower signs refer to the energy above and below U0 re-

spectively, α and β are the angles between of k+,k− and the xaxis, respec-

tively. t+/−, r+/− are the transmission and reflection amplitudes for electrons

in the plus/minus branch of the RSOC system. Because the wave vector along

the z axis is conserved, we have the following relations qz = k+
z = k−

z , or

k+sinα = k−sinβ = qsinγ, where

k− = k0 +
√
k2

0 + 2m∗
~2 (E − U0), (A.6)

and

k+ = ±

k0 −
√
k2

0 + 2m∗
~2 (E − U0)

 . (A.7)

The + and - signs in equation (A.7) are for E > 0 and E < 0, respectively.

In the x > L region, the electron wave function can be expressed as a
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transmitted eigenstate;

ψ
(j)
MR

(x, z) =


 tj↑

tj↓

 eiqxx

 eiqzz, (A.8)

where tjσ is the transmission coefficient of the particle with spin σ.

All the coefficients in Eqs.(A.3)-(A.5), and (A.8) can be obtained from the

four boundary conditions at x = 0 and x = L.

ψ
(j)
ML

(x = 0+, z) = ψ
(j)
RS(x = 0−, z) = ψ(j)(0), (A.9)

ψ
(j)
R (x = L+, z) = ψ

(j)
MR

(x = L−, z) = ψ(j)(L), (A.10) m

m∗
∂ψ(j)

R

∂x
−
∂ψ

(j)
ML

∂x

∣∣∣∣∣∣
0

=
(

2kFZ1 − ik0
m

m∗σz

)
ψ(j)(0), (A.11)

∂ψ(j)
MR

∂x
− m

m∗
∂ψ

(j)
R

∂x

∣∣∣∣∣∣
L

=
(

2kFZ2 + ik0
m

m∗σz

)
ψ(j)(L), (A.12)

where Zi = mHi

~2qF
is the dimensionless parameter, referring to the interfacial scat-

tering at x = 0 for i = 1 and at x = L for i = 2. Z → 0 is in the high transparency

limit, whereas Z → ∞ is in the low transparency, or tunneling, limit. The con-

ductance spectrum of the electron can be obtained from

G(eV ) = e2

h

AqF

2π

∫ γm

−γm

dγcosγ
√

1 + eV

EF

2∑
j=1

(Tj↑(eV, γ) + Tj↓(eV, γ)). (A.13)

where A is the total area of the metallic electrode and γm = sin−1[k−(E)/q(E)]

is the maximum incident angle for the electron with energy E. Tjσ(eV, γ) are the

transmission probabilities in case j with spin σ.

We define the spin polarization of conductance GP , which is the difference

between the up-spin and down-spin conductance normalized by the total conduc-

tance.

GP (eV ) = G↓(eV ) −G↑(eV )
G↓(eV ) +G↑(eV )

. (A.14)



 

 

 

 

 

 

 

 

77

We set the effective mass of the electron in Rashba system; mR = 0.05me

through this section, and the Rashba spin-orbit coupling strength; k0 = 0.05qF .

We calculate all of the conductance in the unit of e2

h
AqF

2π
.

Figure A.2 The total conductance of the M/RS/M double junctions as a function

of applied voltage (eV ) when we set Z1 = Z2 = Z , where k0 = 0.05 qF , mR =

0.05 me, and L = 280//qF .

The plots of total conductance and normalized spin polarization of con-

ductance of the double junctions between a normal metal and a two-dimensional

electron with only Rashba spin-orbit coupling as a function of applied voltage

(eV ) at various values of Z shown in Figure A.2 and Figure A.3. Both of the

conductance spectra and the normalized spin polarization of conductance show
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Figure A.3 The normalized of spin polarization of conductance of the M/RS/M

double junctions as a function of applied voltage (eV ) when we set Z1 = Z2 = Z

, where k0 = 0.05 qF , mR = 0.05 me, and L = 280//qF .

the oscillatory behaviors, reflecting the resonance due to the finite thickness of

the Rashba layer. The period of this oscillation is not affected by the interfacial

scattering potential. However, their magnitudes were suppressed by the interfacial

scattering potential which is similarly to the result of M/DS junction.

Figure A.4 shows the total conductance and the normalized spin polariza-

tion of conductance as a function of Z1. In both regions of the energy scales, the

total conductance decrease when Z1 increases, but the normalized spin polariza-

tion conductance is slightly increase when Z1 is increased. Moreover, when Z2 is
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varied, the normalized spin polarization conductance is decreased as Z2 is larger.

The plot of the total conductance and the normalized spin polarization of conduc-

tance as a function of Z2 are shown in Figure A.5. The total conductance decrease

when Z2 increases for both energy scales. The normalized spin polarization of

conductance in eV = −0.5 ER region is slightly increase when Z2 is increased,

but in eV = ER region is decrease when Z2 is increased. In addition, when Z1 is

varied, the normalized spin polarization conductance is hardly changes with Z1.

We found that the normalized spin polarization conductance is much more sensi-

tive to Z2 than Z1. This result indicates that spin filtering in a double junction is

determined mainly by the second barrier potential.
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Figure A.4 The total conductance and the normalized spin polarization of con-

ductance of the M/RS/M double junctions as a function of the interfacial scatter-

ing potential between a normal metal and a 2DEG with RSOC (Z1) when fixed

Z2 = 0, where k0 = 0.05 qF , mR = 0.05 me, and L = 280//qF . The left column

shows the total conductance and the right column shows the normalized spin po-

larization of conductance, when the top figure for eV = −0.5 ER and the bottom

figure for eV = ER.



 

 

 

 

 

 

 

 

81

Figure A.5 The total conductance and the normalized spin polarization of con-

ductance of the M/RS/M double junctions as a function of the interfacial scatter-

ing potential between a 2DEG with RSOC and a normal metal (Z2) when fixed

Z1 = 0, where k0 = 0.05 qF , mR = 0.05 me, and L = 280//qF . The left column

shows the total conductance and the right column shows the normalized spin po-

larization of conductance, when the top figure for eV = −0.5 ER and the bottom

figure for eV = ER.
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Abstract

The conductance spectrum and the normalized spin polarization due to the
spin-dependent conductance of a metal/semiconductor/metal with Rashba
spin-orbit coupling junction are theoretically studied within a free electron
approximation and a scattering method. The effect of the first and the
second interfacial scattering potentials on the two quantities are considered,
especially when both of the potential strengths are not equal. While the
conductance is determined by the higher interfacial scattering potential, the
spin polarization is determined by the second interfacial barrier potential of
the junction.

Keywords: A metal/semiconductor/metal with Rashba spin-orbit
coupling, Tunneling conductance, interfacial scattering, spin polarization

1. Introduction

Understanding the mechanism of spin injection offers a huge potential for
many fundamental and practical applications in spintronics [1, 2, 3, 4, 5, 6,
7, 8, 9]. Conventionally, the spin injection can be achieved by sourcing the
currents from ferromagnetic metal electrodes. Thus, much effort has been put

Email address: aekj@nu.ac.th (A. Jantayod b,c,∗)

Preprint submitted to Elsevier November 14, 2014



 

 

 

 

 

 

 

 

towards the study of the spin transport across a ferromagenet/semiconductor
interface [10, 11, 12, 13]. It was found that there is a fundamental obstacle
for effective spin injection in this case, due to the conductivity mismatch
between the two materials [14, 11, 13]; however, a simple solution to this
problem is to insert an insulating barrier at the interface [15, 16].

Another way to overcome this problem is to avoid ferromagnets alto-
gether and instead use the spin filtering device based on the intrinsic proper-
ties of mesoscopic systems, such as strong spin-orbit interaction[17, 18, 19].
One of the heterojuctions that can be used as spin filtering devices is a
metal/Rashba spin-orbit coupling system/metal (M/RSOC/M) double junc-
tion. It was shown that the Rashba spin-orbit coupling in a semiconductor
heterostructure can help produce and control a spin-polarized current. As-
suming identical interfacial scattering potential strengths, on finds that the
transmission and spin polarization in such structures depend strongly on the
electron incident angle [20].

It is known that the interfacial scattering potentials have an important
impact on the particle and spin transmission across a heterostructure. It is
not easy to fabricate the double junction with the same interface scattering
strength. We, therefore, are interested in the impact of the inequality of
these two interfacial scattering strengths in the double junction on the spin
filtering. In this article, we theoretically examine the conductance and the
spin polarization of conductance of M/RSOC/M double junction, in which
the two interfacial scattering potential strengths may not be equal. In the
next section we present the assumptions and formalism used in this study.
Section 3 contains the results and discussion, and finally, the conclusion is
presented in Section 4.

2. Method and Assumptions

We model our junction as a two-dimensional system, which lies in the
xz plane. A semiconductor layer of thickness L with the Rashba spin-orbit
coupling is sandwiched between two identical metallic electrodes. We set
the first interface at x = 0 and the second one at x = L. We represent
each interfacial scattering barrier by a Dirac-delta function potential [21]. In
order to consider in the ballistic regime, the thickness of the Rashba system
is also set to be much shorter than the typical mean free path of an electron
in the system. The energy dispersion relation of the electron in each region
of the double junction is shown in Fig. 1.
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We describe our system by the following Hamiltonian:

�H = {p̂
1

2m(x)
p̂+ V (x)}Î + �HRS(x), (1)

where p̂ = −i�(x̂ ∂
∂x

+ ẑ
∂
∂z
) is the momentum operator. The effective mass

m(x) is position-dependent; i.e., [m(x)]−1 = m
−1Θ(−x)+(m∗)−1Θ(x), where

m and m
∗ are the effective electron masses in the metallic and the Rashba

region, respectively. Θ(x) is the Heaviside step function. V (x) is also the
position-dependent and is defined by the following expression.

V (x) = H1δ(x)+H2δ(x−L)−EF [Θ(−x) + Θ(x− L)]+U0 [Θ(x)−Θ(x− L)] ,
(2)

where H1, H2 represent the scattering potential strengths at x = 0 and x = L

respectively. U0 is the offset gate voltage, which is much smaller than the

Fermi energy, EF =
�2q2

F

2m
of electrons in the metallic electrodes.

⇀

HRS is the
Rashba spin-orbit coupling term, which is expressed as [17, 18, 19]

⇀

HRS(x) = −λ(x)[
⇀

σ ×
⇀

k] · ĵ, (3)

where λ(x) = λΘ(x) and λ is the Rashba spin-orbit coupling strength param-
eter, which can be tuned by applying the external electric field perpendicular
to the 2D plane [22, 23, 24, 25, 26, 27], ĵ is a unit vector pointing in the di-
rection perpendicular to the plane of the junction,

⇀

σ = (σx, σy, σz) are the

Pauli spin matrices, and
⇀

k is the wave vector of the electron.
The electron energy dispersion relation in the Rashba system can be ob-

tained as

E±(k) =
�2

2m∗

[

k
2 ± 2k0k

]

+ U0, (4)

where k =
√

k2
x + k2

z is the magnitude of the wave vector and k0 = m
∗
λ/� is

the wave vector associated with the Rashba spin-orbit coupling.
We first consider the electrons in the x < 0 region. The wave function is

written as a linear combination of an incident state and a reflected state of
the same energy and kz. Because there are equal number of electrons with
opposite spin directions in a metal, there are two possibilities of the wave
function. That is,

ψ
(1)
M (x, z) =

([

1
0

]

e
iqxx +

[

r1↑

r1↓

]

e
−iqxx

)

e
iqzz, (5)

ψ
(2)
M (x, z) =

([

0
1

]

e
iqxx +

[

r2↑

r2↓

]

e
−iqxx

)

e
iqzz, (6)
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where qx = q cos γ, qz = q sin γ, with γ being the angle between the wave
vector and the x axis, and q =

√

2m(EF − E)/�2. rjσ is the reflection
coefficient for spin σ, where j = 1, 2 referring to the wave function of an
incident electron with up spin and down spin respectively.

In the 0 < x < L region, the wave function is obtained as a linear
combination of two transmitted and two reflected eigenstates of the same
energy and kz,

ψ
(j)
RS(x, z) =

([

cos α
2

∓ sin α

2

]

tj+e
±ik

+
x x +

[

sin α
2

∓ cos α

2

]

rj+e
∓ik

+
x x

)

e
ik

+
z z

+

([

sin β

2

cos β

2

]

tj−e
ik−x x +

[

cos β

2

sin β

2

]

rj−e
−ik−x x

)

e
ik−z z

, (7)

where the upper and lower signs refer to the energy above and below U0

respectively, α and β are the angles between of k+,k− and the xaxis, respec-
tively. t+/−, r+/− are the transmission and reflection amplitudes for electrons
in the plus/minus branch of the RSOC system. Because the wave vector
along the z axis is conserved, we have the following relations qz = k

+
z = k

−

z ,
or k+ sinα = k

− sin β = q sin γ, where

k
− = k0 +

√

k2
0 +

2m∗

�2
(E − U0), (8)

and

k
+ = ±

(

k0 −

√

k
2
0 +

2m∗

�2
(E − U0)

)

. (9)

The + and - signs in equation (9) are for E > U0 and E < U0, respectively.
In the x > L region, the electron wave function can be expressed as a

transmitted eigenstate;

ψ
(j)
MR

(x, z) =

([

tj↑

tj↓

]

e
iqxx

)

e
iqzz, (10)

where tjσ is the transmission coefficient of the particle with spin σ.
All the coefficients in Eqs.(5)-(7), and (10) can be obtained from the four

boundary conditions at x = 0 and x = L.

ψ
(j)
ML

(x = 0+, z) = ψ
(j)
RS(x = 0−, z) = ψ

(j)(0), (11)
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ψ
(j)
R (x = L

+
, z) = ψ

(j)
MR

(x = L
−

, z) = ψ
(j)(L), (12)

(

m

m∗

∂ψ
(j)
R

∂x
−

∂ψ
(j)
ML

∂x

)
∣

∣

∣

∣

∣

0

=
(

2kFZ1 − ik0
m

m∗

σz

)

ψ
(j)(0), (13)

(

∂ψ
(j)
MR

∂x
−

m

m∗

∂ψ
(j)
R

∂x

)
∣

∣

∣

∣

∣

L

=
(

2kFZ2 + ik0
m

m∗

σz

)

ψ
(j)(L), (14)

where Zi =
mHi

�2qF
is the dimensionless parameter, referring to the interfacial

scattering at x = 0 for i = 1 and at x = L for i = 2. Z → 0 is in the high
transparency limit, whereas Z → ∞ is in the low transparency, or tunneling,
limit.

The differential conductance at a zero temperature is therefore

G(eV ) =
e
2

h

AqF

2π

∫ γm

−γm

dγ cos γ

√

1 +
eV

EF

2
∑

j=1

(Tj↑(eV, γ) + Tj↓(eV, γ)). (15)

where A is the total area of the metallic electrode and γm = sin−1[k−(E)/q(E)]
is the maximum incident angle for the electron with energy E. Tjσ(eV, γ) are
the transmission probabilities in case j with spin σ.

We define the spin polarization of conductance P , which is the difference
between the up-spin and down-spin conductance normalized by the total
conductance

P (eV ) =
G↓(eV )−G↑(eV )

G↓(eV ) +G↑(eV )
. (16)

3. Results and Discussion

The numerical calculation results of the conductance spectrum in a unit of
e
2
AkF/πh and the spin polarization of conductance across the M/RSOC/M

junction are presented in this section. We focus on the effect of the interfa-
cial scattering potential on these two quantities. That is, the dimensionless
parameter Z1 = mH1/qF�

2 and Z2 = mH2/qF�
2 will be varied, whereas the

electron effective mass in the Rashba layer is set to m∗ = 0.05me, where
me is the free electron mass. Also the thickness of the RSOC layer is set to
L = 280/qF , k0 = 0.05qF , and the offset gate voltage is set to U0 = 2Eλ.

The scattering potential at the interfaces generally limit the particle abil-
ity to transmit across the structures as can be seen in the following plots.
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The conductance spectrum (G) as a function of bias voltage (eV ) for various
values of Z1, Z2 are shown in Fig. 2. In all plots, the oscillatory behaviors
are present, reflecting the resonance due to the finite thickness of the Rashba
layer. The period of this oscillation is not affected by the interfacial scat-
tering potential strengths. As seen in Fig. 2(a), when we consider the case
where both barriers have the same potential strength: Z1 = Z2 = Z, the
oscillation peaks are more prominent in the tunneling limit. When Z1, Z2

are not equal, the conductance spectrum shows similar structures and the
value of the conductance depends on the interfacial scattering potential that
is higher.

The spin polarization of conductance P as a function of applied voltage
for various values of Z1, Z2 is plotted in Fig. 3. The plots contain similar
oscillations as seen in the conductance spectrum. When Z1 = Z2 = Z, P is
decreased as Z is larger. When Z1 is fixed and Z2 is varied, P is decreased
with the increase in Z2. However, when Z2 is fixed and Z1 is varied, P is
hardly changes. These results can be seen more clearly in the plots of P vs
Z1 and Z2 in Fig. 4. The values of P at the voltages either higher or lower
than U0 is much more sensitive to Z2 than Z1. This result indicates that
spin filtering in a double junction is determined mainly by the second barrier
potential.

4. Conclusions

The free electron model and the scattering method are used to calculate
the conductance and the normalized spin polarization of conductance across
a double junction, M/RSOC/M. The conductance is decreased as the inter-
facial scattering potential is increased and it is determined by the stronger
interfacial scattering potential. As for the case of the spin polarization, its
valued is surprisingly determined by the second barrier strength of the double
junction.
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Figure 1: The sketch of the energy dispersion relation of the electron in each region of
the double junction. EF , U0, and Eλ = �2k2

0
/2m∗ are the Fermi energy of electron

in the metallic leads, the offset gate voltage and the Rashba spin-orbit coupling energy,
respectively.
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Figure 2: The plots of conductance spectra as a function of applied voltage, (a) for identical
barrier strength (Z1 = Z2 = Z), (b) for Z1 = 0.3 and Z2 is varied, and (c) for Z2 = 0.3
and Z1 is varied.
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Figure 3: The plots of spin polarization of conductance as a function of applied voltage,
(a) for identical barrier strength (Z1 = Z2 = Z), (b) for Z1 = 0.3 and Z2 is varied, and
(c) for Z2 = 0.3 and Z1 is varied.
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Figure 4: The plots of spin polarization of conductance as a function Z2 and Z1. (a)
and (c) contain the plots of P at the applied voltage is slightly below U0 and (b) and (d)
contain the plots of P at the applied voltage is above U0.
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