An-Najah National University
Faculty of Graduate Studies

The Effects of Rashba Spin-orbit Interaction
and Magnetic Field on the Thermo-Magnetic
Properties of an Electron Confined in a
Cylindrical Semiconductor Quantum Dot

By

Hanaa Sameer Rajab

Supervisor

Prof. Mohammad Elsaid

This Thesis is Submitted in Partial Fulfillment of The Requirements for

The Degree of Master of Physics, Faculty of Graduate Studies, An-
Najah National University, Nablus -Palestine

2021



II

The Effects of Rashba Spin-orbit Interaction and
Magnetic Field on the Thermo-Magnetic Properties

of an Electron Confined in a Cylindrical

Semiconductor Quantum Dot

By

Hanaa Sameer Rajab

This Thesis was Defended Successfully on 14/4/2021 and approved by:

Defense Committee Members Signature

— Prof. Mohammad Elsaid / Supervisor AL BN, QUL

— Assoc. Prof. Muayad Abu Saa / External Examiner W
///‘){ P

— Dr. Mahmoud Farout / Internal Examiner ....07’.,,:......



Dedication

I will dedicate this work to my parents, for everything they have done for

me. They always support me to get the best degrees.

To my dearest husband (Ghaith), who shares me all the moments and
support me to overcome difficulties to continue moving forward and don’t
give up. He also provides me with encouragement, to achieve my ambitions

successfully.
To my little daughter (Laila).

To my sisters and brothers.



v

Acknowledgements

Initially, many great praises and thanks to God who give me the health, and
knowledgment to successfully completing this thesis. | would like to exhibit
my faithful thanks to my advisor and instructor Prof. Mohammed Elsaid for
his guidance, assistance, supervision and advising for all stage of my work.
In addition, | would like to thank Mr. Ayham Shaer who helps me to use
mathematica program. | will never forget my faculty members of physics
department for their help and encouragement. Finally, I will express my

especial thanks to my friends for their support and question.



A%
S

s o) sial) Jand 2 ALyl Aadia ool Aad all Uil

The Effects of Rashba Spin-orbit Interaction and
Magnetic Field on the Thermo-Magnetic Properties of
an Electron Confined in a Cylindrical
Semiconductor Quantum Dot
@33Jm§1\¢mugtﬁ1u\4‘uau\gsqﬁcmgzm)nu)s\mgsw\uggﬂ
sl Simy i el il g Aa 50 o il 238 o1 e S (s Sl ¢ JSS AL W 0d G 5 ¢ 05 L

oA sy ol Apalad dsns 5a

Declaration

The work provided in this thesis, unless otherwise referenced, is the
researcher's own work and has not been submitted elsewhere for any other

degree or qualification.

Student's name: Gy zEl s e plia Al sl
Signature: =p, 5 L‘ﬂf: : &Rl

Date: 14 /4/ 2021 :&



VI
Table of Contents

No. | Contents Page
Dedication Il
Acknowledgement \v}
Declaration \V/
Table of Contents VI
List of Tables VIl
List of Figures IX
List of Symbols and Abbreviations X1
Abstract XV
Chapter one : Introduction 1

1.1 Nanotechnology and Nanoscale 1
1.2 Quantum Dot and its Structures 4
1.3 | Application of Quantum Dot 6
1.4 | Rashba Spin Orbit Interaction RSOI 7
1.5 Literature Survey 9
1.6 Research Objectives 11
Chapter Two: Theory and Method of Calculation | 13
2.1 Quantum pseudo dot with Zero Rashba Coupling 13
2.2 Hamiltonian of Cylindrical QD with Rashba Coupling | 15
2.2.1 | Analytical solution 17
2.3 Magnetization and Susceptibility of QD 18
2.4 Heat Capacity and Entropy 20
Chapter Three: Results and Discussions 21
3.1 GaAs Cylindrical QD with Zero Rashba Effect. 21
3.1.1 | Quantum dot Spectra and Statistical Energy 22
3.1.2 | Convergency Test and Statistical Energy 23
3.1.3 | Heat Capacity 28
3.1.4 | Magnetization and Susceptibility 30
3.2 | InAs Cylindrical QD with Rashba Effect 36
3.2.1 | Energy Spectrum and Statistical Energy 36
3.2.2 | Magnetization and Susceptibility of InAs 40
3.2.3 | Heat Capacity 46




Vil

3.2.4 | Entropy 49
Chapter Four: Conclusions 54
References 56
Appendix 62
paalall -




VI
List of Tables

No. Subject Page
1.1 Classification of quantum confined structures. 2
3.1 The values of the Ground state energy, with changing | 22

angular quantum number m from (-1 — 1) and the
radial quantum number n is taken from (0 — 1) at
wo=5meV,w. =1 Tesla, L=5nm, and U, = 3meV.




IX

List of Figures

No

Figure

Page

1.1

Effect of quantum confinement on the density of
electronic states.

1.2

The effect of quantum confinement on the energy levels
in semiconductor guantum dots (QDs).

1.3

Type-1 QD and Type2

1.4

Schematic representation of the GaAs/AlGaAs
cylindrical QD under investigation with the dot height L
and the radius R.

1.5

Confinement potential for QD.

1.6

Absorption and emission spectra of QDs.

N

2.1

Rashba Spin Orbit interaction in Spintronic devices.

3.1

The energy spectra of an electron at ® 0=5meV, U 0=
3meV, L=5nm, [ n] r(0—1),n z (0—1), and m (-
1—1).

23

3.2

Statistical average energy (meV) Vs. #basis calculated
at different values of T, at wy,=4meV,B =
10Tesla, Uy = 15meV,and L = 5nm.

24

3.3

Statistical average energy against B for different values
of T (T= 10 K for solid line, =30 K for dashed
line=100K for dotted line). At L=5nm,and U, =
S5meV.

25

34

Statistical average energy against B for different
values of o ( wo = 2meV for solid line, =8meV for
dashed line, = 12meV for dotted line).At T= 10 K, L=

Snm, and U, = 5meV.

26

3.5

Statistical average energy against B for different values
of UO (U0 = 0 meV for solid line, = 5meV for dashed
line, = 10meV for dotted line). At T= 10 K, L= 5nm,
and wy, = 25meV.

27

3.6

Statistical average energy against B for different values
of L (L = 2nm for solid line, = 5nm for dashed line, =
10nm for dotted line).At T= 10 K, Uy=5meV, and w, =
25meV.

27

3.7

Variation of specific heat with temperature for different
values of B (B = OT for solid line, = 5T for dashed line,
= 10T for dotted line).At wy=25meV, L=20nm,
and Uy=6nm.

29




X

3.8

Variation of specific heat with temperature for different
values of Uy(Uy =
0.5,2,4 meV from bottom to top).At L=20nm,
B=5T , and w, = 25meV.

30

3.9

Magnetization (M) of GaAs quantum dot as a function
of external magnetic field for three different values of
T(T=10K for solid line ,=50 K for dashed line,=150K
for dotted line).At wy = 25 meV, L=5nm,and U, =
10meV.

31

3.10

Magnetic susceptibility (y) of GaAs quantum dot as a
function of external magnetic field for three different
values of T(T=10K for solid line ,=50 K for dashed
line).At wy, =25 meV ,L=5nm and U, = 10meV.

32

3.11

Magnetization (M) of GaAs quantum dot as a function
of temperature for two different values of B (B=5T for
solid line, =10T for dashed line). At T = 10K,L=5nm
and w, = 25meV.

33

3.12

Magnetic Susceptibility (y) of GaAs quantum dot as a
function of Temperature for two different values
of magnetic field(B=5T for solid line ,=10T for dashed
line) At T = 10K,L=5nm and w, = 25meV.

34

3.13

Magnetization (M) of GaAs quantum dot as a function
of external magnetic field for three different values of
wo(we=5meV for solid line ,=10meV for dashed
line,=15 meV for dotted line) .At T = 10K,L=5nm
and Uy, = 10meV.

35

3.14

Magnetic susceptibility (y) of GaAs quantum dot as a
function of external magnetic field for three different
values of wy(wy=5meV for solid line ,=10meV for
dashed line,=15meV for dotted line) At T-=
10K, L=5nm and U, = 10meV.

35

3.15

The calculated energies of a single electron QD versus
the magnetic field at p=10 nm and az = 0 meV.nm The
solid (dashed) curve for S=1/2(0), respectively.

38

3.16

Confinement energy as a function of magnetic field, for
two different values of RSOl parameter az(ap =
40meV.nm for solid line,arp =0 meV.nm for dashed
line). At p=10nm.

39

3.17

The statistical energy against the magnetic field B for
three different values of T (T = 0.1 K, 10, and 20 K from
bottom to top). At az=10 meV.nm, p=10nm

40




Xl

3.18

Magnetization (M) of InAs quantum dot as a function
of external magnetic field for two different values of T
(T=5K for solid line = 10K for dashed line ) .At
p=10nm,az=10meV.nm

41

3.19

Magnetic susceptibility (y) of InAs as a function of
external magnetic field for two different values of T
(T=5K for solid line = 10K for dashed line). At
p=10nm,and az=10meV.nm

42

3.20

Magnetization (M) of InAs quantum dot as a function of
external magnetic field for two different values of
Rashba parameter (ap = 0 meV-.-nm for solid line
ar=40 meV-nm for dashed line). At p=10nm, and
T=10K.

43

3.21

Magnetic susceptibility (y) of InAs quantum dot as a
function of external magnetic field for two different
values of Rashba parameter (az = 0 meV-nm for solid
line, ag=40 meV-nm for dashed line) .At p=10nm, and
T=10K.

44

3.22

Magnetization (M) of InAs quantum dot as a function of
RSOI parameter for two different values of magnetic
field (B = 0.5 T for solid line, B=5T for dashed line) .At
p=10nm, and T=10K.

45

3.23

Magnetic susceptibility (y) of InAs quantum dot as a
function of RSOI parameter for two different values of
magnetic field (B= 0.5T for solid line, B=5T for
dashed line) .At p=10nm and T=10K.

45

3.24

Variation of specific heat with temperature for different
values of RSOl parameter a z= (OmeV.nm for solid
line, 20meV.nm for dashed line, and 40meV.nm for
dotted line).At B=5Tesla, and p=10nm.

47

3.25

Variation of specific heat with temperature for different
values of B (B = OT for solid line, = 2T for dashed line,
= 4T for dotted line).At az=10meV.nm, and p=5nm.

48

3.26

Specific heat capacity as a function of RSOI parameter
for two different value of B (B=5T for solid line, =10T
for dashed line) .At T=10K, and p=10nm.

49

3.27

Entropy as a function of temperature at three different
values of RSOl parameter (az=0mev.nm for solid line,

50




Xl

=45meV.nm for dashed line, = 90 meV.nm for dotted
line). At B=5T, and p=10nm.

3.28

Variation of entropy of InAs quantum dot with
temperature at three different value of B (B=0T for
dashed line, =2T for solid line, =3T for dotted line). At
ar=10 meV.nm, and p =5nm.

51

3.29

Variation of entropy of InAs quantum dot with
temperature at three different value of p (p= 5nm for
dashed line, =10nm for solid line, =15nm for dotted
line). At ag=10meV.nm, and B=1T.

52

3.30

Variation of entropy of InAs quantum dot with RSOI
parameter at two different value of B (B= 1T for dashed
line, =3T for solid line). At T=30K and p=5nm.

53




X1

List of Symbols and Abbreviation

Ds Number of degrees of freedom
D, Number of directions of quantum confinement
QD Quantum Dot
QW Quantum Well
QWW Quantum Well Wire
3D Three Dimension
2D Two Dimension
1D One Dimension
0D Zero Dimension
InAS Indium Arsenide
GaAs Gallium Arsenide
SOl Spin Orbit Interaction
DOS Density Of States
M Magnetization
X Susceptibility
k Wave vector
H Hamiltonian
ap Rashba parameter
P Momentum operator
o Pauli matrices
E, Energy spectrum
h Reduced blank constant
(E) Average statistical energy
m, Rest mass of electron
m* Effective mass of electron
A Magnetic vector potential
B Magnetic field
U, Strength of pseudo potential
e Electron charge
Wo Frequency of confinement potential
W, Cyclotron frequency
Q Effective cyclotron frequency
a’ Effective Bohr radius
h Reduced blank’s constant
R* Effective Rydberg energy unit
M Angular Quantum number
meV milli electron Volt




XV

Nano meter

Boltzmann constant

Effective Landau factor of the electron

Temperature

Kelvin degree

Wave function

Height of the cylinder

)

Characteristics length of the harmonic oscillator

l
F(a,b,c)

confluent hyper geometric function

effective length scale

Imaginary number

Gradient operator

Speed of light

Radial quantum number

Wavelength of the electron

The azimuth angle

Partition function of the system

Specific Heat Capacity at constant volume

VWININS [ |3 o [~

Entropy




XV
The Effects of Rashba Spin-orbit Interaction and Magnetic Field on
the Thermo-Magnetic Properties of an Electron Confined in a
Cylindrical Semiconductor Quantum Dot
By
Hanaa Sameer Rajab
Supervisor
Prof. Mohammad Elsaid

Abstract

Based on the effective mass approximation, the magnetic properties of
cylindrical GaAs quantum pseudo dot with parabolic confinement and
cylindrical InAs quantum dot have been investigated in the presence of
magnetic field, Pseudo harmonic potential, and Rashba spin-orbit
interaction. The Hamiltonian of an electron confined in a Quantum Dot (QD)
has been solved analytically to obtain the Eigen energies. The binding energy
of the confined electron has been calculated and displayed as a function of
various QD physical parameters, we have shown the dependence of the
magnetic and thermal quantities like: magnetization (M), magnetic
susceptibility (y), heat capacity (C,), and entropy (S) of the confined electron
in the QD on: magnetic field, confining frequency (w,), potential strength
(U,), and temperature (T). Furthermore, the effect of Rashba spin-orbit
interaction term, as a key parameter in the field of spintronic, on the

magnetic properties has also been studied.

The results reveal that the external magnetic field strength, temperature and
confining frequency in addition to Rashba effect affect significantly the
magnetic properties of the QD, changing it from diamagnetic to

paramagnetic material in InAs material, while GaAs keeps diamagnetic at
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ranges of magnetic field strength. The behavior of the heat capacity and
entropy are investigated as a function of external magnetic field and quantum
dot parameters. Our result are in very good quantitive agreement with the

corresponding ones reported in literature.



Chapter One
Introduction

1.1 Nanotechnology and Nanoscale:

Recently, much attentions are paid to the investigation of physics at low
dimensional semiconductor structures. Low dimensional semiconductors or
nanostructure semiconductors are those have at least one dimension in a
nanoscale. Nanoscale means a range from 0 to 100 Nanometers (nm). A
nanometer is one-billionth of a meter or 10® m. The technique of
manipulating, creating and controlling of matter at nanoscale dimension is

called Nanotechnology [1].

Two main factors make the properties of nanomaterials significantly differ
from bulk one. The increase in relative surface area to volume ratio, and
quantum confinement effects. Which can change or enhance properties such

as reactivity, optical characteristics of nanomaterial [2].

When the size of a particle is decreased, large number of atoms are exist at
the surface compared to those inside, and because the growth and catalytic
chemical reactions occur at surfaces, then nanomaterial will be much more
reactive than bulk one. When we go into nanoscale region, quantum effects
can begin to dominate the behavior of matter, affecting the optical, electrical

and magnetic properties of materials.

Classification of nanomaterial depends on the number of dimensions of a

material, which are outside the nanoscale (<100 nm) range.

The basic type of quantum-confined structure are shown in Table 1.1
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Table 1.1: Classification of quantum confined structures

Structure N%Ttk;?(;eo:];r:glsigslgon Quantum confinement
Bulk 3 0
Quantum well 2 1
Quantum well wire 1 2
Quantum Dot 0 3

If the number of degrees of freedom are labeled as Dy and the number of
directions of quantum confinement are labeled as D, then clearly

D.+Df =3 (1.1)
For all solid-state systems.

A quantum confined structure will be labeled into three groups in the
nanoscale range (1-100 nm) as quantum well (QW), quantum well wire

(QWW) and quantum dots (QD) [3].

In the absence of quantum effect, in other words, when the dimensions of the
confining structure are not comparable to de Broglie wavelength (d ~ 1),
then the particle behaves like a free particle. In this case, the energy states
are continuous. However, the reduction of dimensionality in nanostructures
to reach the nanoscale, lead to the quantum effect (d~A1) which results in

creation of discrete energy levels [4].

In summary, in each confinement direction the continuous energy band
component changes to a discrete component characterized by a quantum
number n. When the number of confinement dimension is increased, more
discrete energy levels can be found, in other words, restriction on the carrier

movement will be found. Density of state(DOS), which is defined as the
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number of states per unit energy per unit volume, are affected also with the

quantum confinement as shown in Fig. 1.1.

1D 0D

(Bulk) (Quantum Well) (Quantum Wire) (Quantum Dot)

N

Fig.1.1: Effect of quantum confinement on the density of electronic states [5]

D(E)

Bulk Band Quantum
Structure Dots

Conduction
Band

Band
Gap

Energy

Valence
Band

Decreasing Size

Fig.1.2: The effect of quantum confinement on the energy levels in semiconductor
quantum dots (QDs). [6]
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1.2 Quantum Dot and its Structures:

Quantum dots (QDs) are nanostructures that confine the carriers (electrons
and holes) in three spatial dimensions, thus QD has zero degrees of freedom.

Due to this confinement, the energy spectra are fully quantized.

Type-l QD Type-ll QD
07 Core 07 (e]
hle
: 3
s s
- =
-] 2 | | e
(=} O
o o
I I .
v =V
0 R 0 R
Distance (nm) = Distance (nm)

Fig 1.3 Type-1 QD and Type -2. [7]

The main difference between both types is the location of a charge carrier.
In structure Type-I both electrons and holes are confined to the core. In type-
I1, the structure consists of a core where the conduction and valence bands
are lower or higher than the shell, which results in one charge carrier in the

core and the other confined to the shell.

The properties of a QD’s are not only characterized by its size, but also by
its shape, composition and structure. In early 1980’s, the first QD was
successfully made in laboratories. This initiates the investigation of the

properties of this heterostructure, and how they are affected and changed



5
In our research, the GaAs QD is made from Gallium Arsenide (GaAs)
surrounded by Aluminum Gallium Arsenide (AlGaAs) semiconductor
heterostructure in cylindrical shape, and in the same way the InAs is made |,

as shown in Fig 1.4.
é 3 Ell GaAs

I AlGaAs

= y

R

Fig. 1.4: Schematic representation of the GaAs/AlGaAs cylindrical QD in an external
magnetic field with the dot height L and the radius R. [8]

To demonstrate our GaAs QD heterostructure, imagine an electron in the
XY- plane, at distance r from the origin with confining radial potential \V(r)
and pseudo —harmonic potential \V/(z) in the Z —direction, under the influence

of external magnetic field in the Z- direction.

Heterostructure consists of layers of two or more semiconductors arranged
in a particular way. By applying negative voltage to the metal electrodes on
the surface of a heterostructure that contains two dimensional electron gas
(2DEG), electrons can be confined to one or zero dimensions and this is how

quantum dots are fabricated [9].



(b)

GaAs Al Ga, ,As b c1um

Figl.5 Confinement potential for QD [10].

1.3 Application of the QDs:

The quantum dots, due to their small nanometer size and the ability of tuning
its size and shape during fabrication, will have variety of application in
nanotechnology, the main two application are medical and lighting

application.

1- Medical Applications and Cancer Treatments:

Nanoparticles can be used as tumor-destroying hyperthermia agents that are
injected into the tumor and then be activated to produce heat and destroy
cancer cells locally either by magnetic fields, X-Rays or light. When these
Quantum dots injected into body the QD's will bind directly to the cancer

cell and remove it when they fluoresce.

2- Lighting Applications:

QD's may someday light our homes and streets. When the current is applied
directly to the quantum dots layer, it will cause them fluoresce and will be

an extremely high efficiency light source. The frequency emitted by quantum
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dots can be controlled and manipulate by changing the size of the dots, their
shape and material used for their construction. [11]

Blue light
(450 nm wavelength)

Quantum dot size,

nanometers (nm) 2 2.5 3 5 6
Emmitted light . .

Fig .1.6: The absorption and emission light of a QD's. [12]

1.4 Rashba Spin-Orbit Interaction (RSOI):

The spin-orbit interaction also has an efficient effect in the energy spectrum
of electrons confined in QDs. According to the theory of special relativity,
electric and magnetic fields are Lorentz transformed when the inertial frame

of reference is changed.

Based on relativity concepts, the coupling between spin moment and
magnetic field can be analyzed as follow, if an electron is moving in its rest
frame, its sees the nucleus as moving charge, these moving charge developed
to an internal magnetic field as seen from electron rest frame, and this

internal magnetic field interact with the spin moment of the electron.

Spin—orbit coupling phenomena is obviously affecting the energy levels of
the electron and its effect is present in physical properties of the system

including thermodynamics and magnetic quantities.

The interesting of these phenomena lies in the fact that we can change the

asymmetry of the confinement potential by electrostatic one, for example the



8
ability of tuning the strength of SOI by an external gate voltage. This type of
SOl is known as Rashba SOI [13].

The following Hamiltonian describes Rashba SOI:

He = SEx [(F-qh)x 3] 7 (12)

Where ayis the Rashba parameter which measures the strength of the SOl,
p is the momentum operator, and @ is a vector of Pauli matrices, g = —e is

the electron charge, A is the vector potential .

The Rashba Hamiltonian, even at zero magnetic field, it removes the spin—

degeneracy of the states with the same orbital momentum.

The spin and charge movement, are similar in that they give information
about their device but the difference is that the spin direction can be easily

manipulated by externally applied magnetic fields [gate-voltage] [14].

The manipulation of the direction of the spin [up down] by an external gate

voltage is usually used in technology devise called "Spintronic”.

The strength of SOI term can be manipulated experimentally by an external
gate voltage or equivalently an applied external electric field through the

contact gate with the Heterostructure materials as shown in Figure (1.6).



Ferromagnetic Material (FM)

'—. -
X

. Source 4

Tunnel Barrier SPpin transport
Silicon

Fig.2.1: Rashba Spin Orbit interaction in Spintronic devices, [15].

1.5 Literature Survey:

Different authors had, recently, studied the thermo- magnetic properties of

QD systems in the presence of an external magnetic field.

Ikhdair and Hamzavi(2012) calculated the energy levels and the wave
functions of an electron confined in a 2D pseudoharmonic quantum dot
potential under the influence of temperature and an external magnetic field
inside dot and AB field inside a pseudodot by using the Nikiforov-Uvarov
method. They computed the exact solutions for energy eigenvalues and wave

functions, [16].

Jahromi& Rezaei, (2015), studied the electromagnetically induced
transparency in a two-dimensional quantum pseudo-dot system: Effects of

geometrical size and external magnetic field, [17].
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Khosravi, etal. (2019), had presented the magnetic Susceptibility of
Cylindrical Quantum Dot with Aharonov-Bohm Flux, and Simultaneous

Effects of Pressure, Temperature, and Magnetic Field [18].

Yiming Li, et.al.(2001) studied the effect of the sizes and shapes of small

semiconductor quantum dots on the electron and hole energy states [19].

Bogachek (2001) studied the temperature scales of magnetization

oscillations in an asymmetric quantum dot [20].

Gumber, et.al. (2015) have studied the thermal and magnetic properties of

cylindrical quantum dot with asymmetric confinement [21].

Expansion methods to investigate the thermodynamic, electronic and

magnetic properties of single and coupled QDs [22].

Shaer, et.al. (2016), studied the Magnetization of GaAs parabolic quantum

dot by variation method. [23].

The magnetization (M) and magnetic susceptibility (y) of a two - electrons
parabolic QD in the presence of electron- electron and spin orbit interaction,

had been studied by D. Sanjeev Kumar et al.[24].

Elsaid, (2019) studied Magnetic properties of GaAs parabolic quantum dot in
the presence of donor impurity under the influence of external tilted electric and

magnetic fields. Journal of Taibah University for Science, [25].

Elsaid, (2020) has stuied the Rashba spin-orbit interaction effects on thermal
and magnetic properties of parabolic GaAs quantum dot in the presence of

donor impurity under external electric and magnetic fields, [26].



11
The magnetization and the magnetic susceptibility of a single electron
confined in a two-dimensional (2D) parabolic quantum ring under the effect
of external uniform magnetic field and in the presence of an acceptor

impurity have been studied by Elsaid (2020), [27].

The variational and numerical diagonalization techniques have been
applied to study the QD Hamiltonian, and investigate the electronic structure,

magnetic and thermodynamic properties of a coupled quantum dots, [28-30].

The magnetoabsorption spectra of donors in quantum well wire, has been

studied by Elsaid (1994), [31]

The energy level ordering in two-electron quantum dot spectra. Has been

studied by Elsaid (1998), [32].

In this research, we have studied the effects of the presence of uniform
magnetic field and RSOl on the energy spectra and thermodynamic
properties of a cylindrical QD with azimuthal symmetry. All the energy
matrix elements are obtained in a closed analytical form, then we separate
the variable and diagonalize the matrix Hamiltonian and compute the QD

energy spectra.

Our results are explicitly displayed in chapter 3.

1.6 Research Objectives:
The main goals of this research project can be summarized as follows:

1-To write the Hamiltonian of a single electron confined in a cylindrical QD

subjected to an external magnetic field B= B Z, and radial potential V (p) In
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x-y plane, and pseudo — harmonic potential V (z) in z-direction, and show
how to compute the eigenenergies and eigenfunctions. We have also solved
the QD Hamiltonian problem of an electron confined in a semiconductor
cylindrical quantum dot subjected to an external magnetic field and SOI, and

obtained the eigenenergies and eigenfunction

2- The obtained Eigen energies will be used to study the energy dispersion
relation, statistical energy and to investigate the modulation of the properties
of the QD by calculating the magnetization (M) and susceptibility (y) of QD
made from GaAs and InAs nanomaterials. In addition, we have used energy
spectra to demonstrate the behavior of QD’s heat capacity and entropy under

the presence of the magnetic field, and the effect of RSOI.
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Chapter Two

Theory and Method of Calculation

This chapter contains two parts. In the first part, we present the Hamiltonian
of the GaAs cylindrical QD for a single electron confined by a parabolic
confinement potential in the presence of the magnetic field and pseudo
harmonic potential without Rashba SOI. In the second part, we present the
Hamiltonian of the InAs cylindrical quantum dot of an electron confined at
the surface of the cylinder in the present of an external magnetic field,
Rashba SOI term and Zeeman term. The main essential step is to reproduce
the energy eigenvalues and eigenstates by analytic expression of the QD
Hamiltonian. In addition, the mathematical expression for the statistical

average energy (E), susceptibility (x), and magnetization (M) are shown.

2.1 Quantum Pseudo Dot with Zero Rashba Coupling:

Within the framework of effective mass approximation, the Hamiltonian of

an electron confined by the radial potential V (p) :gm*wg p? and pseudo
— harmonic potential V (z) = U, (%—%) 2 under the influence of an external

magnetic fieldB = B2 is given by, [33]:

H, = ;(13 — %/T)Z + %m*a)ozp2 + UO( L_ E)2, (2.1)

2m Z L

where m*is effective mass of the electron that have when interacting with

other identical particle in thermal distribution P is the electron momentum
operator, 4 is the magnetic vector potential in the Landau gauge 4 = (4, =0,

Ay=B g, A, = 0), o, is the frequency of confinement potential, U, is the
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strength of pseudo harmonic potential and L is the height of the cylindrical
QD.

2
The term UO( L_ %) includes both harmonic quantum dot and anti-dot

zZ

potential.
The Hamiltonian includes three different terms:

1-The first term is the kinetic energy of the electron, where the quantity

(f;’—eﬁ) is known as canonical (total) momentum, p is the momentum
C

operator and ed is the potential momentum (momentum in field) due to

interaction with constant magnetic field acting in the z —direction on the QD.

2-The second term is due to a confinement parabolic potential representing
the restriction of the motion of charge carrier, where , is the frequency of

the confinement potential.
3- The third term is due to pseudo — harmonic potential in z-direction.

In cylindrical coordinate, the Schrodinger equation can be written as:

—h? 16( 6) +62+1 02 +1h ! +m*w§p2
2m=|\padp pap 0z2 p26<p2¢ 7 e ¥ 8 v
L z\° 1 . 5,
+U°<E_Z) 1/J+Em W’ p“Y = EY (2.2)

eB
where w, =

*c

is the Cyclotron frequency.

Separation of variables gives the following eigen functions of the system:

Y = f(p, 9)x(2) (2.3)
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1 [(m]+n)!1 p°
flp,p) = ql+lml Wﬁex}? <4_az>

2
x exp(ime)p™F (—n, lm| + 1, ZP?) (2.4)

m*U,

Z?
2h%L

X@) = CoyZ¥exp| —

1 |m*U,
X F —nz,v+§, SHZLZ

72 (2.5)

. . Ao .
where Q = \/w? + 4w¢ is the effective frequency, a= /ﬁ Is the effective

length scale, F(a, b, x) is the standard confluent hypergeometric function, n

Is the radial quantum number, m is the magnetic quantum number, C,,, is the

.. 1 [8m*UyL? .
normalization constant, V=2 f mhz" + 1+ 1and n, is the quantum

number.

The total quantum dot Hamiltonian, H, can be reduced to a solvable
harmonic oscillator Hamiltonian with analytical energy spectra expression.
The eigenenergy spectra is defined, in terms of the quantum numbers (n,, n,,

m) and other physical parameters, [31]:

h h o

i[\/Sm*Uog—z+1—\/8m*UoL2/h2]} (2.6)

2.2 Hamiltonian of Cylindrical QD with Rashba Coupling:

The Hamiltonian of an electron confined in a cylindrical semiconductor

quantum dot subject to an external magnetic field and SOI is given by [34]:



_ (P+ed)

16

+ ((ag [6 % (P +ed)].a))/h+ %BUZ 2.7)

2m*

where m*is the effective mass of the electron, g is the effective Lande factor

of the electron, & is the Pauli matrices, 7 is a unit vector normal to the

surface, 6=(ay, 0y, az),I:(-By/Z , B,,/2 ,0) is the vector potential induced

by the magnetic field in the symmetric gauge and aj, is the Rashba parameter

which measures the strength of the SOI .

The Hamiltonian consist of three different terms, which are defined as

follow:

1-

The first term is the kinetic energy of the electron, where the quantity
(p + eA) known as canonical (total) momentum, p is the momentum
operator and eA is the potential momentum (momentum in field) due
to the interaction of the electron with constant magnetic field acting in
the z —direction on the QD.

The second term is the Rashba SOI term due to the interaction between
orbital angular and spin momenta, where ay is the Rashba parameter
which measures the strength of the SOI and can be varied with the gate
voltage, and # is the Plank constant.

The last term is Zeeman coupling due to an applied external magnetic
field along the z —direction B = (0, 0, B), where g is the effective
Landau factor of the electron, ug is the Bohr magnetron and o is Pauli

spin matrix vector.
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2.2.1 Analytical Solution:

The QD Hamiltonian, using the matrix notation, can be written as,[34] .

H.. H
H = [ 11 12] With
H21 HZZ

e 2< 02 +02>+hwci+1mwp aa+e&£
2m x \p20¢@?  0z2 2i 0 ¢ ipdg 2h
;guBBJZ (2.8)
The symbol +is for Hy;and — is for H,,, Hi, = ae‘l‘P— H,; =
aei® 2 (2.9)

0z

Where w,. = ;—fe Is the cyclotron frequency. According to the Egs. (2.8) and

(2.9), we find that due to the cylindrical symmetry, the wave functions can
be analyzed into a plane wave which is the eigenfunction of the momentum

operator and a spinor representing the eigenfunction of the total momentum

operator.
T img
,Z . e
(Pi((P ) _ pikuz| 1f1 (2.10)
¢2(¢,2) el(m+e f,
wherem=0,+1,+ 2, ... ...... is the quantum number related to the projection

of the angular momentum on the z-direction .Substituting Eq 2.10 into

Schrodinger equation yields the following system algebraic equations:
Aqq A12) <f1>
=0 2.11
<A21 Az) \f, ( )

The adopted notations in Eq. (2.11) are as

*

2 52 2m 2
All - _kz - Bl + Al + ?p & (212)
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2.2 2m’ 2
A22 == _kZ - ﬂz + AZ + ?p & (213)
Zm
Alz = hz p k (214)
Ay = ihizpzkza (2.15)

Where ¢ is energy eigenvalues. The parametersg,, B,and4,, 4, are defined

as.
2m*ap eB
pi = m[ +m+— P ] (2.16)
—6m*p? m*gugB eam'p3B 1 /[eBp?\°
2 = p> m'gugBp? eam'p®B 1(eBp (2.17)
h? h? h3 4
B, —(m+1)[ +(m+1)+ 2,02] (2.18)
2
6m*p? m*g,uBBp eam*p3B 1 (eBp?
= — — 2.19
hEt e Yt il (2.19)

The solution of Eq. (2.11) can be determined by setting the determinant of
the matrix equal to zero (See appendix A); therefore, the energy spectrum

can be found as:

(2k§ P=M =N+ B+ B

: j(4 e =g — By + B)? (2:20)

Where + is the branch — splitting quantum index. Spin up and down,

respectively.
2.3. Magnetization and Susceptibility of the QD:

Magnetization is characterized by how magnetic materials are affected and

responds to the magnetic field, and it can be evaluated by taking the first
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derivative of the statistical average energy, Eqg. (2.6), with respect to

magnetic field as follow:

M(n,,m,n,, w.,L,U,)
0 < E((n,,m,n, w,L,Uy)) >

_ = (2.21)

Where < E,_mn, (wq, U, L,m,n,,n,.) > isaverage energy, which can be

calculated by using the standard statistical definition:

< Enr,m,nz( wC ) UO) L; m, nz; nr) >
N E
n=1 Enr,m,nz _K_nT
e "B
_En
N KgT
n=1 e "F

And for Eq. (2.20):

(2.22)

M(m,p,B,ag, k,)
d(E(m,p,B, ag, k,)
= — o5 (2.23)

<E,(m,p,B,ak,) >

Zm m e KﬁT

(2.24)

N o, KgT

Susceptibility x shows whether the material is attracted to the magnetic field,
so it will be positive sign (x> 0) and it's called paramagnetic material or it
will be repulsive to the magnetic field (x< 0), so it's called diamagnetic

material . y can be calculated from M using the following relation, [35].
oM
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2.4 Heat Capacity and Entropy:

Heat Capacity is defined as the amount of heat that is required to raise the
material's temperature by (1°C) one degree, and it’s the derivative of the

average energy with respect to temperature[24],
_0<E>

C, = (2.26)

Entropy of a system depends on the number of possible microstate for the
system and its partition function which is giving information about the
configuration and arrangement of the locations and energies of the atoms or

molecules that involve a system like the following:

S (T; P, Bl ag, kZ) =
O(KgTIn(Z(T, p, B, ag, k,))
oT

Ej

Where Z(T,p,B, ag, k,) = Zj:’:fxe_"? is the partition function of the

(2.27)

system.
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Chapter Three

Results and Discussions

Our computed results are presented into two parts. In the first part, we will
discuss the obtained results for the energy spectra of an electron confined in
a GaAs cylindrical QD under external magnetic field and confining potential
in radial dimension and pseudo harmonic potential in z-direction without

Rashba effect and Zeeman term.

In the second part, we will discuss the obtained result for the energy spectra
of an electron confined in InAs cylindrical quantum dot under external

magnetic field and Rashba Spin -orbit interaction with Zeeman term.

3.1 GaAs Cylindrical QD with Zero Rashba Effect:

We study the physical properties of the GaAs QDs material by computing

the statistical energy, magnetization, susceptibility and heat capacity.
For GaAs QD, we used the following physical parameters:

Effective electron mass: m* = 0.067me

Effective Rydberg energy: R*= 5.694 meV

Effective Bohr radius: a* = 9.8 nm

Magnetic field dependent cyclotron frequency wc (R*) =0.296x (B in Tesla
(1))



22

3.1.1 Quantum Dot Spectra and Statistical Energy:

In this section, we present our computed results for confining energies of an
electron confined in a cylindrical quantum dot under the radial potential,
pseudo harmonic potential and external magnetic field, for different ranges

of physical parameters.

Table 3.1: The values of the ground state energy, with changing angular
guantum number m from -1 — 1 and the radial quantum number n is
taken from 0 = 1, at wy=5meV, B=1 Tesla, L=5nmand Uy, = 3meV.

{n,, n,, m} Energy in (meV)

{0,0,0} 7.44729
{0,1,0} 10.72924
{0,0,-1} 11.68990
{0,0, 1} 13.33990
{0,1,-1} 14.97185
{0,1,1} 16.62185
{1,0,0} 17.58250
{1,1,0} 20.86446
{1,0,-1} 21.82511
{1,0,1} 23.47511
{1,1,-1} 25.10706
{1,1,1} 26.75706

In Figure (3.1), we have plotted binding energy against B. the figure shows
that the binding energy increases as B increases. This is an expected
behavior; due to the presence of an external magnetic field, which adds new
confinement term to the electron as seen from Hamiltonian equation (2.1),

also the figure shows energy level crossing.
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Fig. 3.1: The energy spectra of an electron at wy =5meV, Uy = 3meV, L=5nm
, . (0-1)n,(0-1), andm (-1 - 1).

3.1.2 Convergency Test and Statistical Energy:

The first and important step in our work is to ensure the convergency of the
statistical average energy of the QD. To achieve this goal, we plot in Fig.3.2,
the statistical energy using equation (2.22) as function of number of basis for

various set of temperatures.

Fig. (3.2) shows the statistical energy < E > calculated by taking quite large
number of basis: n, (0—15), n, (0—15) and m (-25— 25). For low
temperature range (T=30 and 50 K), a small number of basis
(~#200) is enough, however, a large number of basis is needed (~#800)
for temperature T=180 K. The number of choices #800 is a good choice, as

indicate by the vertical line shown in the plot.
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Fig3.2: Statistical average energy Vs. #basis calculated at different values of T, at wg =
4meV,B = 10Tesla, Uy = 15meV ,and L = 5nm.

To investigate the effects of external parameters like temperature, wyandU,,
we have plotted in Fig. (3.5) the Statistical average energy against B at w, =

S5mev,L = 5nmand U, = 10meV.

When the magnetic field is increased, the < E > increases too, and this
resulting from the additional confinement of the electron by the external
magnetic field, and for different values of temperature, the figure shows that

the statistical energy is enhanced for higher temperature.
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Fig.3.3: Statistical average energy against B for different values of T (T= 10 K for solid
line, =30 K for dashed line=100K for dotted line). At L=5nm, and U, = 5meV.

Fig. 3.4 shows the effect of the strength of the confinement frequency (wg)
on the behavior of (E). The figure displays a large change on the behavior of
the energy curves as result of raising w, from 4meV to 12meV, because of
large energy confinement. The figure shows also that B has more effect on

statistical average energy at low temperature.
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Fig. 3.4: Statistical average energy as a function of external magnetic field for three
different values of w, (wy = 4meV for solid line, 8meV for dashed line ,and12meV
for dotted line).At T = 10K,L = 5nm,and U, = 5meV.

In Fig (3.5), we have plotted statistical energy vs. B (T) for different pseudo
potential strength U,. The figure shows that as U, increases the statistical
energy increases also due to further confinement of the electron which

enhances the average energy.

The effect of confining length on the energy of the system is shown in Fig
(3.6). The figure shows that increasing the confining length (L) of the QD
leads to a reduction in the energy due to inverse proportional of E with L,

and the electron becomes less confined as L increases.
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Fig.3.5: Statistical average energy as function of external magnetic field for three
different values of pseudo potential strength U, (U, = OmeV for solid line, 5meV for
dashed line, and10meV for dotted line) .AtT = 10K,L = 5nm, and wy = 25meV.
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Fig.3.6: Statistical average energy against B for different values of L (L = 2nm for solid
line, = 5nm for dashed line, = 10nm for dotted line).At T=10 K, Uy=5meV, and w, =
25meV.
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3.1.3 Heat Capacity:

In this section, we will show the effects of T, B and U,, on the heat capacity by

substituting eq. (2.6) in eq. (2.26) to get a relation between them.

We have presented in Fig 3.7 the heat capacity C, of a QD as a function of

temperature for three different values of magnetic field B=0 T, 5T,and 10 T.

At the beginning, when the temperature is increased from absolute
zero, Cy suddenly increases and then decreases giving a peak-like structure,
[34]. This observed peak structure is the well-known Schottky - anomaly of
the heat capacity, and this phenomenon which is subjected to a system with
only two states is important, because at low temperature the thermal energy
gained by the electron as kinetic energy is enough for only exciting the

electron from the ground state to the first excited state.

As the temperature increased more and more, the heat capacity starts
increasing almost linearly and converges to the saturation value of 2ks. The
increasing of heat capacity is steady and this is due to the increase in thermal
energy kg T of electrons as the temperature is increased which makes large

number of states available for thermal excitations.

The figure shows also that as B is increased, the peak shifts to the right and
become broad in width. The saturation value of the C,, at a high temperature

approaches about 2k, in agreement with result reported in Ref.[21]

The specific heat capacity depends on the distribution of energy levels,

temperature and the occupation probability of the states.
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Fig.3.7: Variation of specific heat with temperature for different values of B (B = 0T for
solid line, = 5T for dashed line, = 10T for dotted line).At wy=25meV, L=20nm,

and Uy=6nm.

Fig.3.8 shows the effect of the confinement Pseudo strength U, on C, -T

curve by taking different values of U, at particular values of the quantum dot

size R, and the magnetic field strength B.

From the figure, we can observe that at low temperatures the C,, —T curve

behaves qualitatively the same way for the three different U,values to reach

the same peak- height which shifts to the right at large U,. The change in the

heat capacity behavior starts in decreasing of the C,, after the peak, where we
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notice that the larger the value of U, the lower the C, value , after the peak,
before it re-raises again, C, starts increasing almost linearly and converges
to the saturation value of 2ks. The obtained heat capacity limit-cases are

consistent with the discussion given in Ref [21].
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Fig.3.8: Variation of specific heat with temperature for different values of Uy(Uy =
0.5,2,4meV from bottom to top).At L=20nm, B=5T, and wy, = 25meV

3.1.4 Magnetization and Susceptibility:

In this section, we will present and discuss our computed results for the
magnetization (M) and susceptibility (y) of the GaAs QD as a function of

different physical parameters.

After computing the statistical energy(E), we have calculated the

magnetization M of GaAs/AlGaAs QD system by using equation (2.21).
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Magnetization gives us the information about how the system interact with

an external magnetic field.

In Fig 3.9, we have plotted the magnetization against B at different
temperature values. The magnetization changes suddenly with a little
increases in magnetic field. As we increase the magnetic field, the
occupancy of a higher angular momentum state becomes energetically

suitable, yield to the decreasing of magnetization.
g0~ 5 5
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Fig.3.9: Magnetization (M) of GaAs quantum dot as a function of external magnetic
field for two different values of T (T=0.1K for solid line, =10 K for dashed line).At
wo =25 meV, L=5nm,and U, = 10meV
Susceptibility (x) which is defined as how M changes with respect to B, is

shown in Fig3.10. The Figure shows the behavior of the susceptibility as a

function of the external magnetic field. It is obviously shown that the
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susceptibility of ground state is diamagnetic for the present range of B (0-

10) T.
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Fig. 3.10: Magnetic susceptibility (y) of GaAs quantum dot as a function of external
magnetic field for two different values of T (T=10K for solid line, =50 K for dashed
line). At wg = 25 meV, L=5nm and Uy, = 10meV.

The wvariation of magnetization (M) with temperature (T) at
L=5nm, U,=5meV and wy=25meV is shown in figure 3.11, from the figure
we can observe that the magnetization is not affected by increasing the
temperature until it reaches T=30K, after that there is a decreasing in M, and

M is large for low B, this indicates that the material is diamagnetic.

In addition, Figure 3.12 shows the variation of susceptibility with

temperature at L=5nm,U, =5meV and confining frequency = 25meV .The
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susceptibility does not vary by increasing the temperature until T=25k, after

that it decreasing linearly, for both values of magnetic field B=5 and 10T.

0.00 . . B=5T .
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—0.30f == ]
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Fig.3.11: Magnetization (M) of GaAs quantum dot as a function of temperature for two
different values of magnetic field(B=5T for solid line, =10T for dashed line) At T =
10K, L=5nm and wy = 25meV.
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Fig.3.12: Magnetic Susceptibility (y) of GaAs quantum dot as a function of temperature
for two different values of magnetic field(B=5T for solid line, =10T for dashed line)
At T =10K, L=5nm and wy = 25meV.

The effect of the confining frequency (w,) on M and y have plotted in fig
3.13 and 3.14, respectively, at L=5nm, U, =15meV and T=10K.

From figure (3.13), the magnetization is large for high confining frequency,
and for all values of confining frequency, the magnetization decreases as the

magnetic field increases.



35

00F, ~ " T T T T
I t"-‘.:r‘. ]
“‘:n"'-.
- \t“
-0.2+ * -
0 I *.
= *
= ‘
E I .
'E -0.4+ oo i
: r “‘- .....
o .
c ~a
2 | -
= 0.6} e
wy=5 meV
----- wy=10 meV
-0.8+
s (Wp=15 mey
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10

B(T)

Fig.3.13: Magnetization (M) of GaAs quantum dot as a function of external magnetic
field for three different values of wqy(wo=5meV for solid line, =10meV for dashed line,
=15meV for dotted line) At T =10 K, L=5nmand U, = 10 meV.
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Fig3.14: Magnetic susceptibility (y) of GaAs quantum dot as a function of external
magnetic field B for three different values of wq(wo=5meV for solid line, =10meV for
dashed line, =15meV for dotted line) .At T = 10K, L=5nm and U, = 10meV.
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Figure .3.14 shows that as the confinement frequency increases (w, =
15meV), the susceptibility become independent of the magnetic field

because of the domination of the confining potential strength.

3.2 InAs - Cylindrical QD with Rashba Effect:

In this section, we will analyze the computed results for the energy spectra
of an electron confined in a cylindrical QD under external magnetic field and

SOl with Zeeman term.

We study the physical properties of the InAs QDs material by computing the
magnetic and thermal quantities like statistical energy(E’), magnetization (M),

susceptibility (x), heat capacity (C,) and entropy (S).
For InAs QD, we used the following material parameters:

We used the effective electron mass: m* = 0.042 m,, effective Rydberg
energy: R*=2.68 meV, effective Bohr radius: a* = 18.39 nm, magnetic
field frequency relation w .:(w (R*) =0.296x% (B in Tesla (T)), and effective

Lande g-factor (g*) = —14.

3.2.1 Energy Spectrum and Statistical Energy:

Computation of the energy spectra is an essential step in studying the thermo-
magnetic properties of the nanomaterial's QD. In this section, we explain the
thermodynamic and magnetic properties presented by a QD in the presence of

B and RSOI.
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The plan is; first, to calculate the energy spectrum of the quantum dot system.
Second, use the statistical average energy to find its magneto- thermodynamic
behavior. Finally, we discuss the properties of a cylindrical QD formed out of
a three-dimensional heterostructure in which it is assumed that electrons are

strictly confined at the surface of the cylinder, [36].

Fig 3.15 shows the effect of the presence of Zeeman term on energy spectra
as function of the magnetic field strength B in the ground state m=0, p =
8nm, and k, =0, solid (dashed) line is for the spin = % (zero values). The
figure shows the crossing between the energy levels and the change in the
angular momentum of the ground state. As the magnetic field increases, the
spin and Zeeman terms show considerable energy contribution effects. The
plot shows also the splitting in energy level as a result of interaction of the

magnetic field with the spin of the electron, [Zeeman effect].



38

T T T T T T T T T T T T T T T T T T T T
H — -
- pin= -
-
1uu- =
_ -
-
.___ -
= -
9 -
-
-
" -
- -
Eu- -
-
3 -
- T -
- - -
_"- -
= - -
- -
[ a— = - -
Eu - -
- " - -
= - J--
o - -
| = B = - -
- -
- - o
Q B - -
- -
c L - -
I -
L - - - --
_-F -
3 = R e
- - r
= - -
= - - -
Eu - i e - -
3 e ma T e
— il -
- - -
ddddd
== e, L e e e =
e T —r e
u_—-l___.--.--___--—-- _____________ o
| W 1L L L L 1L

Fig. 3.15: The calculated energies of a single electron QD versus the magnetic field at
p=10 nm and ag =0 meV.nm The solid (dashed) curves for S = % (0), respectively.

To show the effect of the RSOl on the QD spectra, we have plotted in Fig
3.16 the energy against. B (T) with and without Rashba parameter. The
figure shows shifting and decreasing in the energy levels in the presence of
Rashba parameter. The Rashba term acts like electric field effect on electron,
name as [stark effect] tends to separate the electron, i.e. It moves the electron
away, increasing the distance between the electron and the nucleus, which
results in decreasing the confinement and the Coulomb interaction, and
hence decreasing the binding energy. The interesting result of the energy
levels crossing clearly appears as oscillating peaks in the magnetic

quantities, which will be presented later.
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Fig.3.16: Confinement energy as a function of magnetic field, for two different values
of RSOI parameter ag(ag = 40meV.nm for solid line, = 0 meV.nm for dashed line). At
p=10nm.

Figure 3.17 describes the statistical energy (E) as a function of the magnetic
field B of the QD, in the presence of the effect of the electron spin term. The
figure shows that at low temperature, T= 0.1K, the energy goes down as B
increases, since the contribution of the thermal energy is small at low B, this
behavior continues up to B=1 T, then the energy begins to increase as the

magnetic field raises.

When the temperature is increased, from 0.1K to 10 and 20 K, respectively,
the curve of the ground state shows a significant enhancement due to the
considerable increase in the contribution of the thermal energy, [34]. The
curves show oscillating behavior which is  attributed to the energy levels

crossings in the QD spectra.
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Figure. 3.17: The statistical energy against the magnetic field B for three different
values of T (T =0.1 K, 10, and 20 K from bottom to top). At @ag=10 meV.nm, p=10nm.

3.2.2 Magnetization and Susceptibility of InAs — QD:

We also investigated here the effect of B on the magnetization (M) and
susceptibility (x). M gives us the information about how the system interact
with B. When RSOI turned off (agx = 0), magnetization changes suddenly

with the increase in B, and it starts decreasing.

At a certain value of magnetic field, M becomes equal to zero and the
addition increase in magnetic field causing change in the sign of M. Thereby,
a magnetic phase transition occurs and the material changes from
Diamagnetism (x < 0) to Paramagnetism (x > 0). The M-curves shows a peak
structure, which results from the transition of the angular momentum of the

ground state energy as shown before in Fig 3.15.
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From Fig 3.18, we noticed that as the temperature is increased, the heights
of the peaks due to transition jumps are reduced, broadened and shifted to

higher magnetic field value.
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Fig.3.18: Magnetization (M) of InAs quantum dot as a function of external magnetic
field for two different values of T (T=5K for solid line = 10K for dashed line) .At p=10

nm,ag=10 meV.nm.

The first peak related to the transition in the angular momentum from m= 0

to m=1, in the magnetic field strength range B= (3—4)T.

Susceptibility, which is related to the first derivative of M with respect to B,

is shown in Fig.3.109.
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Fig.3.19: Magnetic susceptibility (y) of InAs as a function of external magnetic field for
two different values of T (T=5K for solid line = 10K for dashed line). At p= 10nm, and

ag=10meV.nm.

Hence, in fig .3.18 the material at these peaks changed its magnetic state
from diamagnetic to paramagnetic at low magnetic fields and to diamagnetic

again.

To investigate the effect of RSOI on the magnetization, we have displayed
in Fig.3.20 the (M) against B for zero and non-zero Rashba parameter
strength. The figure shows that for ap = (40meV.nm) it shifts the peaks

towards higher magnetic field.
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Fig.3.20: Magnetization (M) of InAs quantum dot as a function of external magnetic field
for two different values of Rashba parameter (ar = 0meV:-nm for solid line
ap=40 meV-nm for dashed line). At p=10nm, and T=10K.

Susceptibility x which is known as the rate of change of M with respect to B
Is shown in Fig.3.21. The effect of RSOI is shown on x-curve at low

magnetic field strength range B = (0-10) T.

Fig. 3.21 shows the susceptibility behavior as a function of external magnetic
field. From the figure we can notice that the material changes its behavior
from negative (y) (Diamagnetic material) to positive y (Paramagnetic
material) at (B = 5T)and it returns again to Diamagnetic at (B = 7T), And
the peak shifts toward high magnetic field in the presence of Rashba

parameter {o. =40meV.nm}.
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Fig.3.21: Magnetic susceptibility (y) of InAs quantum dot as a function of external
magnetic field for two different values of Rashba parameter ( @z = 0 meV-nm for solid
line, ag=40 meV-nm for dashed line) .At p=10nm, and T=10K.

The variation of M with Rashba spin orbit interaction parameter has plotted
in Fig3.22 .The plot shows that the magnetization M increase as ay

increases, and that the magnetization is large for high magnetic field.

Also the variation of x with Rashba spin orbit interaction parameter is plotted
in Fig3.23.The figure shows that the susceptibility x increase as a p

increases, and that the y is large for high magnetic field.
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Fig.3.22: Magnetization (M) of InAs quantum dot as a function of RSOl parameter for
two different values of magnetic field strength B (B = 0.5 T for solid line, B=5T for
dashed line) .At p=10nm and T=10K.
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Fig.3.23: Magnetic susceptibility (y) of InAs quantum dot as a function of RSOI
parameter for two different values of magnetic field strength B (B = 0.5 T for solid line,
B=5T for dashed line) .At p=10nm and T=10K.
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3.2.3 Heat Capacity:

In Fig. 3.24, we have presented the computed heat capacity C,,,ofaQD as a
function of temperature for three different values of Rashba parameter ay=
0, 20 and 40 meV.nm at p=10nm, and B=5T. For all values of RSOI
parameter, the heat capacity almost approaches to zero as T goes to zero.
When the temperature is increased from absolute zero, Cy suddenly increases
and then decreases giving a peak-like structure. Sharpness and shifting of the
peak to lower temperature occur due to the spin-orbit interaction. Since spin
-orbit interaction removes the degeneracy of the spin, large number of energy
level exists in the unit range of energy, and this yield to a reduction in the
level spacing, and shifting the peak to lower thermal energy and therefore
lowerC,,. As the temperature increases more and more, specific heat starts to

be temperature independent and converges to the saturation value of %kB :

Since the electron move freely at ¢ direction only, so it act like 1D motion,

which give %kB for its degree of freedom, [37].
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Fig .3.24: Variation of specific heat with temperature for different values of RSOI
parameter a = (0meV.nm for solid line, 20meV.nm for dashed line, and 40meV.nm
for dotted line).At B=5Tesla, and p=10nm.

In fig. 3.25, we have presented the computed specific heat values of a QD as
a function of temperature for three different values of magnetic field
strengthB, B= 05T, 20T, and 5.0 T at p=5nm, a=20meV.nm. At low
magnetic field strength, the figure shows that when the temperature is
increased from absolute zero, Cy suddenly increases and then decreases
giving a peak-like structure. As the magnetic field increases, the spacing
between the different Landau levels increases also, so the electron needs a

larger amount of thermal heat to be excited to the next excited state.

The probability of the occupation of the higher energy state decreases at low
temperatures. And this probability is enhanced by the existence of the
magnetic field due to quantum confinement effects, [37]. At high
temperature, and for all values of magnetic field, the behavior of a specific

heat is nearly the same and it acts like 1D behavior of Cy. Also, electrons
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have sufficient thermal energy and therefore excitations have a small

dependence on DOS.
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Fig 3.25 Variation of specific heat with temperature for different values of B (B = 0T for

solid line, = 2T for dashed line, = 4T for dotted line). At ag=10meV.nm, and p=5nm.

The variation of specific heat of a quantum dot with RSOl parameter are
shown in Fig. 3.26, for two different values of magnetic field B =5T, and
10T at p=10nm, and T=10K. From the figure, one can notice that the heat
capacity decreases as RSOl parameter increases. Because spin- orbit
interaction removes the degeneracy of the spin and more energy levels are
exist in the unit range of energy. This cause reduction in the level spacing,
so electron needs small amount of energy to be excited to the higher level.
This behavior was shown in the previous figure 3.24 in which SOI lower the

peak of heat capacity.
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Fig .3.26: Heat capacity as a function of RSOI parameter for two different value of B
(B=5T for solid line, =10T for dashed line). At T=10K, and p=10nm.

3.2.4 Entropy:

Entropy measures the randomness and disorder of the system. More

randomness means more entropy.

The variation of entropy (S) with temperature are presented in Fig.3. 27
using eq. (2.27) for different values of a. as expected, as the temperature
increases the entropy of a quantum dot increases also. This increase in
entropy with temperature is due to enhancement of the thermal energy gained
by the electron as a kinetic energy that makes more and more randomness in

the system.

Whatever the value of B and T, the entropy is always higher in the presence
of RSOI. This is because the RSOI lifts the degeneracy of the spin, yielding

more energy states and thus more randomness, as shown in Fig.3.27.
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Fig.3.27: Entropy as a function of temperature at three different values of RSOI
parameter (a¢zx=0mev.nm for dashed line, =45meV.nm for solid line, = 90 meV.nm for
dotted line). At B=5T, and p=10nm.

Variation of entropy with respect to the temperatures at different values of B
Is shown in Fig. 3.28. The entropy is enhanced as the temperature is
increased for fixed value of B. However, comparing the behavior of entropy
at lower temperatures with relatively higher temperatures yield to a big
difference. For example, at relatively high temperature, entropy increases
with temperature for all the values of B, and it becomes independent of the
magnetic field at higher values of T. However, at low temperature, the
behavior is very different and is clearly depends on the magnetic field, and
the entropy is also found to be inversely proportional to the magnetic field.
Because the increase in magnetic field restricts the particle motion to

Landau-type levels, so disorder decreases and thus entropy, [38].
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Fig. 3.28: Variation of entropy of InAs quantum dot with temperature at three different
value of B (B=0T for dashed line, =1T for solid line, =3T for dotted line). At az=10
meV.nm, and p =5nm.

At high temperature, the entropy is found to be magnetic field independent

due to the domination of thermal energy over magnetic energy [39].

To show the effect of changing radius of the cylindrical quantum dot on
entropy, we have plotted in Fig3.29, the entropy as a function of T at different
p - values. The figure shows that the entropy of a QD increases as the radius
of the QD cylinder increases. And this behavior is due to increase in the
range of motion, so the electron will be less confined, which leads to an

increase in the disorder and thus entropy enhancement.
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Fig.3.29: Variation of entropy of InAs quantum dot with temperature at three different
value of p (p= 5nm for dashed line, =10nm for solid line, =15nm for dotted line). At
az=10meV.nm, and B=1T.

The variation of entropy with RSOl parameter is shown in Fig 3.30.We
notice that as ay increases the entropy increases also, this is due to the effect
of RSOI in lifting the degeneracy, so more energy levels exist and this lead
to increase the electron's movement, so there will be more disorder resulting

in an increase in the entropy .



0.B0 - .
. "
.

0.75 "

S ks

0.70

0.65

az(meV.nm)

Fig.3.30: Variation of entropy of InAs quantum dot with RSOI parameter at two
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Chapter Four

Conclusions

In this study, the eigenenergy spectra of the cylindrical QD's for GaAs and
InAs materials in the presence of a magnetic field had been reproduced

analytically, for zero and non-zero Rashba spin-orbit interaction term.

We have studied in the first part, the energy spectra for GaAs QD as a
function of: pseudo potential strength (U,), frequency of confinement
potential (w,), cylindrical height (L), and magnetic field strength (B) for zero

Rashba case.The energy spectra shows energy level crossings.

We have studied in the second part the energy spectra, for InAs QD, as a
function of: Radius (p), Strength of magnetic field (B), and Rashba
parameter (ag). The energy spectra show a transition in the angular

momentum of the electron energy states.

We have computed the average statistical energy with different physical
parameters. The convergency of statistical energy is tested against the
variation of the number of basis to ensure accurate numerical results. Our
results show that the magnetic field strength (B), Rashba spin orbit
parameter (ag), frequency of confinement potential (w,) and the
temperature (T) have a great significant effects on the average statistical

energy.

In addition, we investigate theoretically the effects of magnetic field, Rashba

parameter-strength and temperature on the variation of the magnetic
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properties like magnetization and susceptibility of the GaAs —and InAs
QD’s. The variation of the magnetization and susceptibility with Rashba
parameter is explicitly shown. All the curves of physical quantities for
various temperature: (E), M, and y , show an oscillating behavior against B
for various temperatures. This behavior is attributed to the energy level
crossings in the QD spectra. The susceptibility shows a magnetic phase
changes from diamagnetic to paramagnetic type in a QD made from In-

nanomaterial.

Finally, we present the behavior of the thermal properties of the studied QD's
and investigate the effect of magnetic field strength and Rashba spin orbit
interaction on thermal quantities like: heat capacity and entropy. The heat

capacity shows a peak structure known as Schottky effect.

The present computed results are in agreement with the corresponding

reported ones in literature.
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Appendix A

The used notations in Eq .2.11 are as:

2 2 am’
Ay = —kzp _.31+/11+?P€

2m
Apy == —kip* =B + 2 + 72 p’e

2Zm*
A, = —l?p k,a

2m”

A21 == l?pzkz a

Where ¢ is energy eigenvalues. The parameter 5,, 8, and A4, A, are defined

as
2m*ap eB |,
=[Sm0
I —6m*p? m'gugBp? eam'p3B 1/[eBp?\’
T p2 h2 h3 4\ h
2m*ap eB
Po=(m+1)|-—5 +(m+1)+ﬁp]
1= 6m*p? N m*gugBp? N eam*p3B 1 /[eBp?\°
2T h? h? h3 4\ h

Set the determinant of Eq. (2.11) equal to zero yield to:

Ajr Ag

=0 A1l
Ay Ag (4.1)
Aj14z; —Ay1 A1 =0 (4.2)

Where:
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Aj14,, = k§P4 + kgpz[,[ﬁ + B2 — A1 — 4,]

2m % ng 4k2m*p4£
+T (A4 + A2 — By — B] —ZT
4mx* pte?
—m* 4k§ 2
Az1 Agp = % (A.4)
So Eq.(A.2) become as squared equation :
4m=* pte?  2m= p?
7 — 72 [2kZp® — Ay — A5 + By + Bol e + kzp*
47,2 2
-m* p*k;a
+kZp*[By + B2 — A1 — 23] + 7 4
=0 (A.5)
which have a general solution :
_ —b +Vb?% — 4ac
with, €= (A.6)
2a
Where:
4mx p*
=
2m* p?
b=— P

T[2k§ e P P N T A

41,2 2
—m * p*kia
c=kip*+kZp?[Bi+ By — A — 23] + 7a .

Substitute that parameter into Eq. (A.5) and make few simplification yield
to:

2m = p?
=T [Zkg 2_/11_/124'.31"',32]

4

1
+ Z\/Mkzd)z + m 2 p? (M —A+B+B) (A7)
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