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Abstract

We have studied the spin orbit-coupling from the Dirac equation, Understanding the
properties of electronic states in quantum wires is a central issue in nanoscience. In
the ballistic region, with low electronic densities, electron-electron interactions are not
very important, and wire conductance is determined by the transmission of electrons
as independent particles and the effects of spin-orbit interaction (SOI) on the energy
bands,a system of two dimensional equations with respect to the spinor components

U, (%), in the case of & = 0, a # 0 and ballistic conductance.
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Chapter 1
Introduction

As its name already implies, spin-orbit interaction (SOI) gives rise to a coupling
between the spin dynamics of an electron and its (orbital) motion in space. If an
electron is travelling through an electric field, it "sees” in its rest frame a moving
electric field, i.e., moving charges,the moving charges give rise to an internal magnetic
field in the rest frame of the electron[1]. This internal magnetic field couples, in return,
to the spin of the electron[2]. The magnitude and the direction of this internal
magnetic field depend on the velocity and travel the direction of the electron in
a material, i.e., SOI gives rise to a wave vector dependent internal magnetic field.
When electrons are confined to a thin layer two dimension electron gas (2DEG)
by an asymmetric confinement potential, their spin- and orbital degrees of freedom
are coupled. This effect is known as Rashba SOI. The spin-orbit interaction has a
relativistic origin [3]. In the presence of an external electric field, the relativistic
correction introduces a coupling of the electron spin with its own momentum. In the
absence of a magnetic field, the spin degeneracy of the two dimensional electron gas

energy bands at k£ # 0 is lifted by the coupling of the electron spin with its orbital



motion. This coupling arises because of the inversion asymmetry of the potential that
confines the two dimensional electron gas system. This is described by Hamiltonian
which is given [4] by:

Uya2 — awg). (1.0.1)

Hso =
ay

(T x 7). = iaf

> 9

Here the 7z axis is chosen perpendicular to the two dimension electron gas system lying
in the x-y plane « is the spin-orbit coupling constant, which is sample dependent and
is proportional to the interface electric field and p is the momentum operator. The
value of a determines the contribution of the Rashba spin -orbit coupling to the total
electron Hamiltonian .This constant may have values from (1-10) meV/ nm. The elec-
tronic transport and photonic properties of a two-dimensional electron gas (2DEG)
such as that found at a semiconductor heterojunction of GaAs/AlGaAs have been the
subject of interest and discussion for many years now [4]. Related physical properties
of narrow quantum wires of 2DEG have also been the subject of experimental and
theoretical investigations because of their potential for device applications in the field
of nanotechnology [5,6]. It is thus necessary to specify the model for the edge of a
narrow quantum wire [7-9]. Here, we analyze the role played by the boundaries on
the ballistic electron transport in a nanowire of 2DEG where the Rashba spin-orbit
interaction (SOI) is included. The role of SOI on collective properties of the 2DEG
has been investigated [10-12]. It is well established that the spin-orbit coupling is an
essentially relativistic effect: an electron moving in an external electric field sees a
magnetic field in its rest frame. In a semiconductor, the interaction causes an elec-
tron’s spin to precess as it moves through the material, which is the basis of various
proposed ”spintronic” devices. In nanostructures, quantum confinement can change

the symmetry of the spin-orbit interaction. The relativistic motion of an electron is



described by a Dirac equation. These effects combine to form both an electric dipole
moment and the Thomas precession which is due to the rotational kinetic energy in
the electric field [13-15]. The two mechanisms accidentally have very close mathemat-
ical form and consequently combine in a very elegant way. The SOI Hamiltonian can
be obtained from the Dirac equation by taking the non-relativistic limit up to terms
quadratic in v/c. This limit can be achieved either by expanding the Dirac equation
in powers of v/c or by making use of the asymptotically exact Foldy-Wouthousen
transformation [16]. We include the effects due to edges through sharp and high po-
tentials at the boundaries. So, to solve the Rashba SOI model Hamiltonian to obtain
analytic solutions is not mandator. Because the solution manifestly contains quan-
tum interference effects from multiple scattering off the edges. we discuss a system of
two dimensional equations with respect to the spinor components ¥q(¢),in the case

of @ = 0,a # 0 and ballistic conductance.

1.1 Organization of the thesis.

The thesis is organized in the following manner. In Chapter two we discuss the
spin-orbit coupling ,inversion symmetry and time reversal symmetry, Rashba effect
in two dimension electron gas, properties of the Rashba Hamiltonian, while spin orbit
coupling in the Dirac equation are discussed in Chapter three. Chapter four presents
Rashba spin orbit coupling for a quantum wire, energy band structure for quantum
wire,square quantum well and in this section, we discuss a system of two dimensional
equations with respect to the spinor components Wy (¢) for both & = 0 and o # 0
and we discuss the SOI in the dependence of the ballistic conductance of a quasi-one

dimensional electron system on the Fermi energy. Finally, in Chapter five we conclude



the results.



Chapter 2

Spin orbit coupling.

2.1 Origin of spin orbit coupling

The spin-orbit coupling is a well-known phenomenon that manifests itself in lifting
the degeneracy of one-electron energy levels in atoms, molecules, and solids. In solid-
state physics, the non relativistic Schrodinger equation is frequently used as a first
approximation, e.g. in electron band-structure calculations[1]. Without relativistic
corrections, it leads to doubly-degenerated bands, spin-up and spin-down, which can
be split by a spin-dependent term in the Hamiltonian. In this approach, spin-orbit
interaction can be included as a relativistic correction to the Schrodinger equation.
For this purpose we use the Dirac equation, which is the basic equation for electronic
systems, including the electron spin and its relativistic behavior. We can obtain the
Dirac equation by linearizing the relativistic generalization of the Schrodinger equa-
tion. It is Lorentz-invariant and describes the electron spin and spin-orbit coupling
from first principles[17]. One naturally arrives at the Dirac equation when starting

from the relativistic expression for the kinetic energy
E? = *p® + m2c. (2.1.1)

Inclusion of the electric potential, phi and magnetic potentials, A, by substituting P-
(£)A for P (P is the canonical momentum) and £ — e¢ for electric potential, electron

charge (—e) in equation,(2.1.1) leads to:
(B —eg)? = (cP — eA)?* + m?c*. (2.1.2)

5



By interpreting P and E as operators

— 0
P = —ihVandE = ih.. (2.1.3)

one can write the force-free form of the wave equation as

(B> =) P2 —m’c'yy = 0. (2.1.4)
w

Py = Pz, Dy and p, are components of the momentum operator. From equation,(2.1.2)and

Equation,(2.1.4) can be expressed as

(E— CZ&MP# — Bmc*)Y(E + cZa#pM — Bmc*)p =0 (2.1.5)
n

0

with the conditions,

0, + ey, = 20, o3 + Bay, = 0, 32 = 1. (2.1.6)

We can linearize it by taking only the first part of equation ,(2.1.5). Solution of the

first part will give the solution of whole equation. The linearized equation has the

advantage that is of first order in %, similar to the Schrodinger equation; it is referred
to as Dirac equation:
(E— cZaMPM — Bmc*)p = 0. (2.1.7)
“w

Let us now compare the Dirac equation with the Schrodinger equation. For this we

use the non-linear zed form
(E—ep—ca-(P— EA) — BmcA)|E — ep+ca- (P — EA) + Bmc*)yp =0. (2.1.8)
c c

Using the approximation that the kinetic and potential energies are small compared
to mc?,two components of the spin function can be neglected, and equation ,(2.1.8)

takes the form

1 h h h
(——)(P— SA)Q ted— ﬁa B+i—" E-P— 4e—o~(E-P)1/J = B (2.1.9)

2m Am?2c? m2c?

The first two terms in the parentheses are equivalent to those in the Schrodinger equa-
q
tion for external fields. The third term corresponds to the interaction energy — . B



of the magnetic dipole, whose moment is presented by operator ﬁ):ﬁi”?— ==,

The fourth term is a relativistic correction to the energy and does not have a classical
analogy. The fifth term describes the spin-orbit coupling. It can be illustrated in
framework of the classical electrodynamics, where the vectors of the electromagnetic
field depend on the reference system. In a reference system that moves with velocity
V relative to an electric field f, the magnetic field is

— 1

1
B=-VxE-= (ﬁ X ]_5) (2.1.10)
C mc

Where terms of order (v/c)? and higher order terms are neglected. In other words,
the moving electron experiences a magnetic field in its rest frame that arises from the
Lorentz transformation of the static (external) electric field; this field will affect the
electron spin. The energy of the electron in this field, due to its magnetic moment |,

18

7 B=—8 B=-—5.(ExP) (2.1.11)
mc m2c?

This additional energy term in the Hamiltonian is essentially the spin-orbit term in
equation,(2.1.9), except for a factor of 2. This factor (Thomas factor) is missing
because we have not taken into account that changing the frame of reference also
leads to a time transformation and, consequently, the precession frequency of the
electron spin in the magnetic field changes. For example the orbital motion of an

electron in the electric field of an atomic nucleus has

11dV
F=-——--—— 2.1.12
er dr ( )
and the term can be written in the form
h eh - = e lrdv 1 1ldv
S=—-0),—0(ExP)=—85(——xP)=—-——(5-L). (2.1.13
( 20)’ amz’ (ExP) 2m?2c? erdr xP) 2m202rdr( ) ( )

This is called spin-orbit energy, as it results from an interaction of the spin with the

magnetic field that is experienced by the moving electron.

2.2 Inversion symmetry and time reversal symme-

try

In the absence of a magnetic field, the spin degeneracy of the two dimension electron

gas energy bands at k # 0 is lifted by the coupling of the electron spin with its orbital



motion. This coupling arises because of the inversion asymmetry of the potential that
confines the two dimension electron gas system. In a free atom, spin-orbit interaction
can lift the degeneracy of states with the same orbital wave function but with opposite
spins. In solids, however, such a splitting can be forbidden due to crystal symmetry.

At any point of the Brillouin zone, energy becomes
E(k,1) = E(~k, 1). (2:2.1)

The Kramer’s degeneracy remains unaffected when including the spin-orbit interac-
tion term in the Hamiltonian. If the crystal lattice has inversion symmetry (i.e. if

the operation 7 — —7 does not change the crystal lattice), we will obtain
E(k,1) = E(—=k,T)andE(k, |) = E(=F, ). (2.2.2)

From combination of the equations [2.2.1] and [2.2.2] it becomes clear that if both time
reversal symmetry and inversion symmetry are present, the band structure should

satisfy to the condition

E(k,1) = E(k, |). (2.2.3)

In other words, the energy cannot depend on the electron spin. Consequently, for
crystals which have inversion symmetry, spin splitting is not allowed in the bulk, and

these solids keep their spin degeneracy.

2.3 Rashba effect in two dimension electron gas

The spin splitting in the two dimension electron gas presents two distinct contribu-
tions. One contribution is due to the inversion asymmetry of the zinc-blende crystal
structure of the bulk host material. In the lowest order in the momentum k, this
splitting is described in the bulk by a term of the form [18,19].

HY = 2[ouPolk) = )] + [0, B (2 = B2) + 0P~ k) (23)

Where o1 stands for the Pauli matrices,y is a material constant, and the coordinated
axis are now assumed parallel to the crystallographic cubic axis. In a sufficiently
narrow quantum well grown along the [001] direction, it is possible to approximate

the operator p, and p? by their expectation values < P, >,< p? > . This leads



to the following two contributions to SO coupling resulting from the bulk inversion

asymmetry: the Dresselhaus term

Hp = %(axPx —o,P,) (2.3.2)
linear in the moment with 3 = v < p? > and the trilinear term
7Y = X(6,P,P? — 5,P,P?) (2.3.3)
D = p\Galtaly viyls -0

Clearly the typical magnitude of HS) compared to the linear term Hp is given by
the ratio of the Fermi energy e of the in plane motion to the kinetic energy of
the quantized degree of freedom in the growth direction. For typical values of e of
about 10 meV and not too broad quantum wells this ratio is small, therefore is the
Dresselhaus trilinear term is usually neglected. The other kind of spin orbit coupling
present in two dimension electron gas is due to the Rashba effect. Contrary to the
Dresselhaus effect, the Rashba spin orbit interaction is not due to bulk properties. In
fact it has been demonstrated by de Andrada e Silva et al. [21] that it is present only
in semiconductor hereto structures where there is a lack of inversion symmetry in the
growth direction. So far those two models of spin orbit interaction in semiconductor
heterostructures have been introduced; in the following their essential difference is
underlined. The Dresselhaus term is due to bulk properties of the semiconductors
so that its coupling constant [ is fixed and cannot be tuned. Instead the Rashba
term depends of the shape of the confining potential and the coupling constant o can
be tuned by means metallic gate since the confining potential can be modified using
electric field (see Fig.2.1).

The basic idea is that the magneto conductance of a two dimension electron gas at

T = 0 is given by
1 —(Ep — Eps)?
Opg X ngi (n+ §)eatp s . (2.3.4)

where Er is the Fermi energy, ), + is the energy of the nth Landau level with spin up
(+) and spin down (-) and I' is the Landau level broadening that is assumed constant.

In a magnetic field B, the energy spectrum for the nth Landau level is described by

1
EQ - 57%,)6, (235)
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Figure 2.1: Calculated conduction band diagram and electron distribution [20].

where n=0 ,

1 gmx A
Ef=h — /(1= R
n =N+ 5/ 2 Erhw,

Where w, is the cyclotron frequency which is given by w. = eB/mx, and g is the

2 +n

) (2.3.6)

effective g factor. In the last equation the information relative to the spin-splitting
is taken in account through the factor g = 2kra with a Rashba spin orbit coupling
constant.

The way to measure the tunability of the Rashba spin orbit interaction takes in ac-
count that the conductivity of low-dimensional system shows significant of quantum
interference that depend on magnetic field and spin orbit coupling [24]. In particular,
constructive backscattering associated with pairs of time-reversed closed-loop elec-
tron trajectories in the absence of significant spin orbit interaction leads to negative
magneto resistance measurement known as weak localization.

On the contrary, when it is present a significant spin orbit interaction the backscat-
tering becomes destructive and the positive magneto resistance change is known as
anti-weak localization. It has been demonstrated by Miller et al. [25] that controlling
the spin orbit coupling in a moderately high-mobility GaAs/AlGaAs two dimension
electron gas through the applications of top-gate voltage it is possible to induce a

crossover from weak localization to anti-localization (see Fig. 2.3).



11

T T
v,\ {T=04 K
i
g Proecaad ‘ poned]
Vg=-0.7V

[Vg=-0.3V

v

(Vg=0.3V MMMMN
2 i |
|

[Ve=0:sy———

Pyy (arb. unit)
-

0.5 1 1.5 2 2.5
B (Tesla)

Figure 2.2: Schubnikov-de Haas oscillations as function of the gate voltages. [20].

2.4 Properties of the Rashba Hamiltonian

The Hamiltonian of the systems of two dimension electron gas in the plane (x,y) in
the presence of the Rashba spin orbit term (H = 2(o, x p).2),

H= f—m +2(7 xp).2 (2.4.1)
The eigenvalues of this Hamiltonian is
h2k? h?
E+(F)="" 4ok =" (ky % ky)? — 650. (2.4.2)
2m 2m
Where k = /k2 + k; is the modulus of the electron momentum, ks, = S5 is a recast
form of the spin orbit coupling constant and d50 = (%)2 which is neglected because

of spin orbit coupling « is small. The eigenvectors of the Hamiltonian (2.4.1) relative
ﬁ

to the spectrum (2.4.2) are plane wave’s function of the momentum £ .

. 0
Vo (z,y) = e“kﬁ’%)% ( ) ie"if (2.4.3)
1

Y (z,y) = ei(k”ky)% ( ! ) e if (2.4.4)
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Figure 2.3: (a) Experimental magneto conductance, Ao = o(B)—oc(0) (circles), offset
for clarity, along with three-parameter fits (solid line) for several gate voltages. Inset:
Experimental magneto conductance data for the most negative gate voltage, showing
pure weak localization. (b) Density and mobility as function of Vg, extracted from
longitudinal and Hall volt-age measurements. (c¢) Experimental conductivity, showing
strong dependence on Vg [25].

kg
Ky

When the electron moves along x direction the spinor part of the eigenvectors become

where 0 = arctan(7#) is the angle between the momentum vector and the &, direction.

1 1
( » ) and ( . > that is the spin up and spin down in the y direction, on the
7 —1

contrary when the electron moves along the y direction the eigenvectors become

1 1
< ) and ( ) that is the spin up and spin down state in the x direction.
1 -1



Chapter 3

SPIN-ORBIT COUPLING IN
THE DIRAC EQUATION

3.1 Introduction

In this chapter we will study the Dirac equation which describes spin-1/2 particles
such as quarks and leptons. We will refer to the particle represented by the Dirac
equation as an ’electron’, but the discussions apply to any point-like spin-1/2 particle
which is not antiparticle of itself. It is now well established that spin-orbit coupling is
an essentially relativistic effect. The relativistic motion of an electron is described by
the Dirac equation that contains both effects (electric dipole and Thomas precession)

in the spin-orbit interaction and does so in a very elegant way [27, 28].

3.2 Spin-orbit coupling in the Dirac equation

The spin orbit interaction Hamiltonian can be obtained from the Dirac equation
by taking the non-relativistic limit of the Dirac equation up to terms quadratic in
v/c inclusive. This limit can be attained in two different ways: either by direct
expansion of the Dirac equation in powers of v/c or by the asymptotically exact

Foldy-Wouthuysen transformation [26].

13
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Here,we will only present the method using the Dirac equation. Since the Dirac
equation is useful for describing electrons, let us insert the potential for the electron
in the hydrogen atom,V = @ (Note that we are still approximating the proton as

infinitely massive.) The Dirac equation is then
(ciup + Bmc? + V)|§) = E|b). (3.2.1)

Where « and 3 represent four- by-four matrices and (r) is a four component Dirac
H
eigenfunction. The momentum operator is defined as p = iAV. The Dirac alpha

matrix is a vector defined to be ozxg + ozyj' + azl%. where the o matrices are defined to

be
oy = L Oy = Yl = (3.2.2)
o, 0 oy, 0 o, 0

The two components Pauli matrices are defined to be

<01> (04) <10>
Oy = Oy = O, = . (3.2.3)
10 i 0 0 —1

We will need some properties of Pauli matrices

2 ~ 2 ]Af g - Zj
o=o0zi+o,)tok=( . . ) ) (3.2.4)
1+1i5 —k
, 0, 0 — 10 0, 0, — 10
(0.p)* = (—ih)? _ ! . !
Oy + 10, —0, Oy + 10, —0,
_ 92+ 0; + 02 0 (3.2.5)
0 D+ 02+ 02
— _h2v2

The a matrix may also be written in the alternate from

0 —1Iy
7:(5 0) (3.2.6)

where
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and the Dirac § matrix is a scalar defined to be

where

1 0
I, = < o > (3.2.7)
(Y. 3.2.8
(1) .

By combining equation, (3.2.1), (3.2.2),(3.2.3),and equation (3.2.4), (the Dirac equa-

tion can be written in a matrix form ) the Dirac equation becomes

E—V —mc? 5.p 0
e b ) = . (3.2.9)
—cO.p E -V + mc? ¢ 0

which leads to two coupled deferential equations:

If we again write |¢) as

(E—V —me®)x +c6.pp =0 (3.2.10)

(E—=V +mc})p —cé.px =0 (3.2.11)
Combining these equations by eliminating phi , we get
. 1

(E—V —mc*)x = c&.ﬁ[(E 7 ch)]c&.]ﬁX (3.2.12)

On the left hand side,we make the substitution E, = E —mc?, where E, is the energy

from Schrodinger’s equation, and on the right hand side we approximate

1 1
(E -V +me) C2mE+E,—V
1 1 E,—V
= . R S(1+ ) (3.2.13)
2m02(1%)—1 2mce 2mc
1  EBE,-V

2mc? Am2ct
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If we only kept the lowest term in this expansion, %ch, we would get the familiar

non relativistic Schrodinger equation. Keeping the higher order term allows us to see
the fine structure. Now we make our substitutions into Equation, (3.2.12) to get
P 6.0(E, — V)6 p

Eox = (% +V- Am?2ct

)X (3.2.14)

In order to get rid of the Eg on the right hand side, we use the fact that V and &

commute and that we only need E, — V to lower (v/c)? order to write

A2

A ~

~ R A ~ “ " R p " N
(Es —=V)opx =0p(Es —V)x+0.(Es—V,p)x = (U.p)%x +a.[p,V]x. (3.2.15)

Now,equation (3.2.14) becomes

2m 8m3c? Am?2c? Am2c?

Ix (3.2.16)

The first two terms are just the Hamiltonian for the non relativistic Schrodinger
equation. The third term is the relativistic correction to the kinetic energy. We are
concerned with the fourth term, the spin- orbit interaction Hy,. To analyze this term,
we note first that
. VIY) = (V. VD)[¥)
2 2
= (ihVS — Sihv) )
rooor
1 1 1 (3.2.17)
= i (V2)l) + C9)) — (V)9

A

This gives

2/\ A~ A
__heopx? (3.2.18)
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The Dirac equation allows us drop the Thomas factor. The last equation we obtained
describes the spin orbit interaction within the material and includes both contribu-
tions to the spin orbit coupling from the electric dipole and the Thomas precession
(caused by the electric field) mechanisms and it is a relativistic equation for the elec-
tron. For electron gas confined in some plane, say x-y plane, the electrostatic potential
is uniform along the heterostructure interface and varies only along the z-axis. Hence,
the obtained Hamiltonian in (3.2.12) contains just the contribution arising from its

confinement along the z-direction.



Chapter 4

RASHBA SPIN-ORBIT
COUPLING FOR A QUANTUM
Wire and Square quantum Well

When the two-dimensional (2D) electron gas lying at the interface of a semiconductor
hetero structure is further confined along one of the two directions, a quantum wire
is formed. To-day’s nanolithographic techniques can manufacture quantum wires
that have a high structural perfection and are largely free from impurities. These
nanostructures are therefore close to ideal electron waveguides where propagation is
allowed in one direction (along the wire) while, in the other directions, confinement
induces the quantization of the energy states. The transverse quantization manifests
itself in the formation of energy sub bands occupied by electrons up to a maximum

energy for a given wire density [28, 29].

4.1 Rashba spin orbit coupling for a quantum wire

Understanding the properties of electronic states in quantum wires is a central is-
sue in nanoscience. In the ballistic region, with low electronic densities, electron-

electron interactions are not very important, and wire conductance is determined by

18
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the transmission of electrons as independent particles. This leads to the celebrated
conductance quantization in multiples of the conductance quantum %, as predicted
by Landauer [30] and measured in the narrow channels formed by quantum point con-
tacts [31, 32]. Deviations from a perfect staircase quantization of the conductance can
be due to various causes, such as impurities, localized states and spin-orbit interac-
tions. The analysis of these deviations has been drawing much interest in nanoscience
for many years [33-35] and we try to address the this deviation from this curve due

to spin-orbit interaction.

4.2 Energy band structure for quantum wire

The relativistic motion of an electron is described by the Dirac equation that contains
both effects (electric dipole and Thomas precession) in the spin-orbit interaction and
does so in a very elegant way [27,28]. The Hamiltonian for an electron in the quadratic

[O(v?/c?)] approximation is the sum [26]
H=H,+AH, (4.2.1)

where AH is the free-particle Hamiltonian and
H,, = chz[ﬁf/(r) X .o (4.2.2)
describes the SOI within the material and includes both contributions to the spin-
orbit coupling from the electric dipole and the Thomas precession. For a quasi-one-
dimensional model, we have to account for the extra local confinement produced by
both the electric field within the x y-plane. When we take into account that the
quantum well electric field is perpendicular to the heterojunction interface, the spin-
orbit Hamiltonian has a contribution which can be written for the Rashba coupling
as
H® = aR/h(6 X p).. (4.2.3)
The value of a determines the contribution of the Rashba spin-orbit coupling to the
total electron Hamiltonian. This constant may have values running from (1 — 10) x
10719 eV x em. Within the single-band effective mass approximation [36, 37], the total

Hamiltonian of a quasi-one-dimensional electron system (Q1DES) can be written as

N2
~ o p A~ ~
H= e T Ve(r) + Hso, (4.2.4)
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where the electron effective mass (ms#) incorporates both the crystal lattice and in-
teraction effects. Moroz and Barnes [37] chose the lateral confining potential VC(T) =
(Mw?z?)/2, a parabolic potential which would be appropriate for very narrow wires
since the electrons would be concentrated at the bottom of the potential. But, here
we consider the in-plane electric field E,(r) associated with V,(r) that is given by
E.(r) = —VV,(r). We assume that the SOI Hamiltonian in Equation, (4.2.4) is
formed by two contributions:H,, = H® + HS. H? arises from the asymmetry of
the quantum well, i.e., from the Rashba mechanism [36] for the spin-orbit coupling.
For strong lateral confinement, narrow and deep potentials or sharp and high poten-
tials at the edges, the electric field associated with it may not be negligible compared
with the interface-induced (Rashba) field. We use [41]

W —=x
0\/_) e

for a conducting channel of width W with well depth V. Here, erfe(z) is the com-

Vi(x) = Vofer fe( )} (4.2.5)

plimentary error function. For this potential, the Hamiltonian (4.2.2) gives a term

s o= (- 052 e - )

1= T g (- W) o (2 120500

A2l /T 203 212 )70,
BT N U O
am?ew 7| P 202 P s,
H? = zﬂ(y)f(x)azﬁ, (4.2.6)
lo d,
where (= 4m’122‘ggw\/i%.

From this figure we deduced that,when the width of the wire conductor decreases
as,the length of the wire conductor increases, then the potential becomes narrow
and deep. In Equation, (4.2.6), f(z) is related to the electric field due to lateral
confinement in the x direction. The ratio [y << W characterizes the steepness of the
potentials at the two edge and we are free to use a range of values of the ratio of
these two lengths, keeping in mind that the in-plane confinement must be appreciable

if the § -term is to play a role. Therefore, we use only one small value of I,/WW to
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Figure 4.1: (Color online)Plots of V,(z)/Vy, defined in Equation,(4.2.5), as a function
of x/W for W/ly = 5 (blue curve), W/ly = 10 (violet curve), W/ly = 50 (brown
curve), and W/ly = 100 (green curve)

illustrate the effects arising from our model on the conductance and thermoelectric
power. The (3 is another Rashba parameter due to the electric confinement along the
x direction. Comparison of typical electric fields originating from the quantum well
and lateral confining potentials allows one to conclude that a reasonable estimate [38]
for 3 should be roughly 10% of a. The [Bso; term in equation, (4.2.6) is asymmetric
about the mid-plane x = % and varies quadratically with the displacement from
either edge (see Fig. 4.1). In this quasi-square well potential, the electron wave
functions slightly penetrate into the barrier regions. However, we only need energy
levels for the calculations of ballistic transport electrons, not the wave functions, if

we assume electronic system is a spatially-uniform quasi-one-dimensional one.
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4.3 Square Quantum well

In this section, we discuss a system of two dimensional equations with respect to
the spinor components Wy (¢) for both @ = 0 and a # 0. The ballistic conductance
is also our interest of discussion. The potential in the Schrodinger equation (4.2.4)
for the case of lateral confining potential is modified as Voo (r) = MTszQ and the
corresponding wave equation is Wy (7 )=elik,y)¢r(t), where t = =, ¢1(t) is spinor,
and £, is the longitudinal wave number. Substitute this in the Schrodinger equation

we obtain a system of two differential equations i.e

Hipy (7)) = Ey (7))

= Ez\h;[ — K2y + (M) +ialoyE — ouiky)dy — B oukydry = Béy

w2 0 —1
e} 1) £ (2)-
T

(“)W(%)-ﬂ%(l J )0
10 o1y “ 0 -1 o1 P11

= ﬁ[——k2]¢T+(MW 2?)pr+ o +akyd| — B ky¢r = E¢;. From this equation
we get
Gor+ (HE — k)61 + (26%Ek, Lu)or — (M)dr = aB (2 + k)9
" lw /

B + (e~ 1+ tot)r0 = () (ylu)d, + 01 (43.1)
Here
ly = oo, 60 = 255 — kltg = %(/{:ylw) and the prime denotes the derivative with
respect to t.
= Sirlay = kloy+ (M32a®)o) + ag-or — akydr + B kydy = Ed,

Slmllarly,from this equation we get

)[(kylu)6; — 1] (13.2)

o~ =~

D) + (e, — 2 — tat)pyry = (-

The « terms enter only on the right hand side while all the 3 terms are contained on
the left side. This suggests that the [ -coupling is responsible for forming independent
wave functions @ (¢), while the a-coupling mixes them together to form the solution
of the whole system equation (4.3.1) and (4.3.2).
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4.4 In case of a =0

When the spin orbit coupling constant is equal to zero in equation (4.3.1) and (4.3.2)
the interface induced electric field vanishe and they transform into two independent
Hermite equation[43] whose solutions are

el tF )]

——2%!%1/2}1”(?5 F tg),

n=0,1,2,and H,(t) is the Hermite polynomial of n'* order.

L
on () = on (M)l — 0= (4.4.1)

The real wave functions ¢f(¢) and ¢} (t) form complete sets with respect to the dis-

crete quantum number n and normalized by the following conditions:

[e.o]

Wwwz/cmmeWﬂm, (4.4.2)

where both ¢!} and ¢, are taken at the same value of k,. From equation (4.4.1) one
can see that the both up (¢}) and down (47) spinor components have exactly the
same shape as a functions of t but are spatially displaced with respect to each other
by amount of ¢5. This displacement is direct consequence of the 3-coupling because it
does not vanish as long as 3 different from zero except k,l,, = 0. At the finite values of
t3, the complete sets of functions ¢f (¢)¢'(¢) turn out not to be mutually orthogonal.
Instead of this the scalar product (¢7|#F,) in the case of sufficiently weak 3 coupling
is governed by the following asymptots:

(07 17)) =1 —o(t3) (4.4.3)
1 11,
(or ottty ~ ”; ty— + ”g - (kl) (4.4.4)
L
(¢ 107 h) =~ ﬂ/%zfg =F g—ﬁ(kylw) (4.4.5)
(@71 |07,7) = o(th), (4.4.6)

for p > 2.
The displacement effect of the (-coupling on spinor wave functions is similar to the
effect of perpendicular magnetic field on the quasi-one dimensional system. The (-

coupling shifts the spinor components and is not lifting their energy degeneracy. The
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Figure 4.2: The transverse energy 65;0) vs. kylw for ly/lg = 0.1

(0)

dimensionless transverse energy e,  corresponding to both gzﬁ?l(t) is given by (see
Fig.4.2)

t L 1,
e =cO(n k) =2n+1— (5‘3)2 =2+ 1= (1) (kyl)? (4.4.7)
B

The total electron energy E then forms parabolic sub-bands for each n'* transverse

mode:

h2 k>
E = En(ky) = @5530)(7% ky) + z

2 2M
For B = 0, the equations (4.4.7) and (4.4.8) describe the well known electric sub-

bands.

(4.4.8)

4.5 1In case of a # 0

We now discuss the situation where the interface-induced electric field is non-zero.
This interface-induced field gives rise to a non zero a-coupling. To analyse the energy
spectrum in the presence of a-coupling, we first expand the unknown functions @4 (t)
in terms the unperturbed solutions ¢y (t) (4.4.1) of equations (4.3.1) and (4.3.2):

Py (t) Z filol(t (4.5.1)
m=0
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O (t) =D gleT () (4.5.2)

We substitute this expansions (4.5.1)and (4.5.2) into equations (4.3.1)and (4.3.2)
respctively and use the property[43]

d ., n,,_ n+1 ,
Lon =300 - o) (153)
to remove the derivative with respect to t in the equation (4.3.1) and (4.3.2). We
next multiply the equations obtained by ¢t and ¢/t respectively and integrate them
over t from —oo to co. Owing to the orthogonality condition (4.4.2), the summation

over m is removed by the delta function 9,,, and we find the simple vector relations:

fr =0 fi (4.5.4)

g1 = Uygy (4.5.5)

where fi; = (f1% fi's il oo fi™) and g1 = (91.% g1 9112 o g1,") are vec-
torised coefficients of the expansions (4.5.1)and(4.5.2) respectively,and Uy, are tridi-

agonal matrices defined by their elements:

. I k,l
gm=>2__Yv 4.5.6
L A T (4.5.6)
N l, n+1 1
grntt = 4w 1/2 4.5.7
i la( 5 ) 0 ( )
A l, n-+1 1
Upi = 52 )12 (4.5.8)
t lo 2 er — e (n) + 1

To find the relation ship between the vectors f;; and g;),we equate the right hand
sides of equation (4.5.1) to that of equation (4.5.2) and take the scalar product of the

resulting equation with qb?(t). By using orthogonalisation condition,we find that

fri = Wign, (4.5.9)

where the matrix WT is defined by

Wi = (¢ | o). (4.5.10)
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Similarly, by taking a scalar product of the right hand side of equation(4.5.1) and
equation (4.5.2) by ¢7(t), it can be shown that

g1 = Wifi. (4.5.11)

Finally,we combine relations (4.5.4),(4.5.5),(4.5.9) and (4.5.11) into a closed homoge-
nous equation with respect to f; : f; = ﬁTWTU lWL f1- In order for this equation to

have a non-trival solution,the Jacobian matrix must satisfy the following condition:
det(l — UTWT[A]in) =0 (4512)

The roots of this equation determine the dispersion law of electrons.

4.6 BALLISTIC CONDUCTANCE

Here we discuss the effect of the SOI on the ballistic conductance of along aquasi-one
dimensional electron system at low temperatue,we must relate its conductance to its
energy spectrum. So,to do this we use two landauer formula[43] that is

2

G =Gler) = %M(sp) (4.6.1)

where G is the ballistic conductance, e is the fermi energy,and M (er) is the number

of occupied electron subbands which propagate in the same direction:

M(ep) = D) Oler — ehun(n,i)] (4.6.2)

n i s=T]

S
mwn

where €%, (n,i) is the energy of the i’h minimum in the n'h electron subband with

the spin orientation S and (z) is the heaviside unit step function. Since € ;. (n,7) can
be found directly from the dispersion law of electrons the conductance G(4.6.1)turns
out to be completely defined by the energy spectrum alone. The general scattering
approach to quantum transport, is essentially based on the condition that the current
must travel in any one dimension electron subband with out scattering into any other.
To define the matrix elements of the current density j,,,(r) for the case where the
wave functions W,,,(r) are spinors,

Wy = (U7, 07M);

Jn (1) = == (V! 5(6.p)¥,, + [(6.9) V] 60,,). (4.6.3)
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Here the dagger denotes the hermitian conjugate and the divergence of the vector
Jmn(7) is given by
ih

= (VU)W - UL (VPD,)) (4.6.4)

YV Jmn(7)
By usin the Hamiltonian equation,f[ = % + Vio + Hy, and the schrodinger equa-
tion, HU = BV, we express V2U! andV?W¥,, interms of U! and W, respectively and

substitute the expression obtained into equation(4.6.4). As aresult, we have

Vi (r) = %(Em — B (), () (4.6.5)

where E,, and F, are energies corresponding to the states ¥,, and V¥, respectively.
In the absence of any inelastic collisions,any scattering occurs between states of the
same energy. So, without loss of generality,we restrict ourselves to considering only

equal energies E,, = F, in equation(4.6.5),in which case we find that
V Gmn(r) =0 (4.6.6)

for E,, = E,. The eigenstates of the Hamiltonian H are prefect current carrying states
that are free from scattering even in the presence of arbitrary spin orbit coupling.
This result implies that the spectrum of the Hamiltonian is directly relevant to and
completely defines the ballistc conductance in the presence of the spin orbit coupling.
So we can discuss the features of the ballistic conductance in a quasi one dimensional
electron system subject to the spin orbit interaction and for illustrative purposes
we use the case of zero spin orbit coupling. The corresponding subband energies
en = 2n + 1+ (kyl,)? are plotted in (Fig.4.3) as functions of k,l,,. The dependence
ballistic conductance can simple be deduced from this figure by moving a horizontal
line e=ep from zero upwards and counting the number of points at which this line
crosses the spectral parabolas. Since all the subbands in an ideal system are two fold
spin degenerate for any £, this number coincides the number M of propagating modes
in the quasi one dimensional electron system and we deduced that the [-coupling

alone does not affect the ballistic conductance.
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Figure 4.3: The subband energy € in units of w/2 vs. k,ly for « =0
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Chapter 5

conclusion

We studied the spin orbit coupling, spin orbit coupling from the Dirac equation,and
the spinor equation.Spin-orbit interaction gives rise to a coupling between the spin
dynamics of an electron and its orbital motion in space. The moving charges gives
rise to an internal magnetic in the rest frame of the electron. The magnitude and the
direction of this internal magnetic field depends on the velocity and the direction of
the electron in the material,i.e spin orbit interaction gives to a wave vector dependent
internal magnetic field.

In the absence of a magnetic field,the spin degeneracy of the two dimension electron
gas energy bands at k # 0 is lifted by the coupling of the electron spin with its
orbital motion. This coupling arises because of the the inversion asymmetry of the
potential that confines the two dimension electron gas system.In a free atom,spin
orbit interaction can lift the degeneracy of states with the same orbital wave function
but with opposite spins.

Their is a difference between Dresselhaus and Rashba term i.e the dresselhaus term
is due to bulk properties of the semiconductors that its coupling constant [ is fixed
and can not be tuned.But the Rashba term depends on the shape of the confining
potential and the coupling constant a can be tuned by means metallic gate since the
confining potential can be modified using electric field.

We used a model in which edge effects for the nanowires are taken into account
by solving numerically Dirac’s equation in a quasi-square potential and we found

that the energy bands are different. The influence of the spin orbit coupling on the
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spectrum and the ballistic conductance of the quasi one dimensional electron system
formed by lateral electric confinement of a two dimensional electron gas.The electron
eigenstates that were found as the solution to the spectral problem are perfect current
-carrying states. A current can travel in any of these states without scattering into
any other.This property allows the ballistic conductance to be calculated directly

from the energy spectrum with the help of simple Landauer formula [43].



hh
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