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Abstract—In this study, the linear and nonlinear optical absorption 
coefficient and refractive index of inter sublevel transitions have been 
calculated for 2-electron quantum dot with spherical harmonic 
oscillator type potential. The electron Eigen energies and the 
corresponding wave functions have been determined analytically and 
optical properties have been determined using dipole approximation 
within the effective mass approximation. We have investigated the 
effects of the relativistic and non-relativistic corrections to kinetic 
energy, Darwin term and spin-orbit interaction for the zero-
dimensional structure in the presence of weak magnetic field to the 
energy Eigen values and wave functions for GaAs. The effect of 
confinement potential on linear and nonlinear optical absorption 
coefficients and refractive index has been studied. It is found that the 
size of the depth of the confinement have a profound effect on the 
linear and nonlinear absorption coefficients, when relativistic 
corrections are taken in account. 
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1. INTRODUCTION 

In the past two decades, there has been a speedy development 
in the field of nanoscience and nanotechnology. Hence the 
study of low-dimensional semiconductor structures also 
known as artificial atoms or nanostructures becomes essential. 
These nanostructures including quantum wells, quantum 
wires, and quantum dots (QDs), differ in size from the 
macroscopic structures and hence possess some interesting 
and unique properties [1,2]. Because of these some unique 
properties, scientists have shown much interest in the 
nanostructures, as they offer a wide area of research for them 
[3]. Charge carriers in nanostructures are confined in one, two, 
and three dimensions. Out of these three classes, the class of 
zero-dimensional structures also called as quantum dots, in 
which charge carriers are confined in all the three dimensions, 
is the most intensively studied class of semiconductor 
structures. This quantum confinement of charge carriers leads 
to some unique changes such as formation of discrete energy 

levels, increase in the density of states at some specific 
energies and the extreme change of optical absorption spectra 
[4]. 

Linear and nonlinear optical properties such as optical 
absorption and refractive index changes have some wide 
potential applications in optoelectronic and photonic devices 
such as  in far-infrared laser amplifiers, photo detectors, and 
high speed electro-optical modulators, hence these properties 
of quantum dots have been widely studied under some 
external factors including spin–orbit interaction, electron–
phonon interaction, magnetic field, electric field, temperature, 
impurity and pressure [5-12].  

In the present work, we have studied the effect of relativistic 
corrections on the optical properties in the GaAs quantum 
dots, as the study of electronic and optical properties of 
quantum dots has been considered as an important challenge 
in the physics science. The energy levels and the modified 
wave functions for both the ground (1s) and first excited (1p) 
states in the presence of weak magnetic field and relativistic 
effects in terms of perturbations were computed analytically 
and optical properties have been determined using the dipole 
approximation within the effective mass approximation. The 
effect of relativistic corrections on the optical parameters have 
been calculated as a function confinement potential. To the 
best of our knowledge, no investigations have been done so far 
to understand the dependence of linear and nonlinear optical 
properties such as optical absorption and refractive index on 
confinement potential with relativistic corrections to the 
kinetic energy, Darwin term and spin-orbit interactions.  

The paper is organized as follows. In Section 2 we first give a 
theoretical background on the problem considered. The main 
idea of our approach is then summarized in the same section. 
In the same section the Relativistic corrections to the energy 
states are described. Section 3 describes the various optical 
properties mathematically. Section 4 is dedicated to the results 

http://www.krishisanskriti.org/Publication.html
mailto:*rinkusharma@dtu.ac.in


Suman Dahiya, Siddhartha Lahon, Rinku Sharma and Manthan Verma 
 

 

Journal of Basic and Applied Engineering Research 
p-ISSN: 2350-0077; e-ISSN: 2350-0255; Volume 5, Issue 4; April-June, 2018 

312 

of the calculations and their probable physical reasons are 
discussed and finally, the paper ends with a brief summary and 
concluding remarks. 

2. THEORY AND MODEL 

Energy Levels and Wave Functions 

Here we are considering a two-electron spherical Quantum dot 
in the presence of magnetic field under the confinement 
spherical harmonic oscillator potential for GaAs quantum dot 
is modelled as:  

 V(r୧)

=  −V଴e
ష౨౟

మ

మ౎ౌ
మ                                                                              (1) 

Where ܸ(ݎ௜)is the confinement potential of the quantum dot,ݎ௜ 
is the position coordinate of the ݅௧௛ particle, ଴ܸ is the depth 
potential and RP give the measure of Range of confinement 
potential which represents the size of quantum dot and P 
represents the hydrostatic pressure. 

Under the approximation ݎ௜ ≪ ܴ,The unperturbed Hamiltonian 
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଴ܪ

= −
ℏଶ

2݉௉
∗ ෍∇௥೔

ଶ
ே

௜ୀଵ

+ ௜ଶݎଶ෍ߛ
ே

௜

                                                                            (2) 

The non-relativistic Hamiltonian of a system of 2 electrons in 
a spherical quantum dot under the electric and magnetic fields 
(2) can be written as: 

H୘ = H଴ + H୮୭୲
ᇱ + H୑ଵ

ᇱ + H୑ଶ
ᇱ +  H୑ଷ

ᇱ          (3) 

Where,H୮୭୲
ᇱ = ∑ − ୣమ

கౌ୰౟
୒
୧ୀଵ − NV଴                                             (4)  

Here 1st two terms i.e.ܪ଴ +  ௣௢௧ᇱ represent the contribution ofܪ
hydrogenic Impurity  

The third term represents the energy due to the interaction 

between particles orbital magnetic dipole moment ൬ ௤௅
ଶ௖௠೛

൰and 

magnetic field B. 

H୑ଵ
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∗ ୡ

     (5) 

The fourth term gives ratio of the paramagnetic and 
diamagnetic contribution which is very small and thus can be 
ignored. 

And, shift due to Magnetic energy correction is given by the 
Paschen Back effect as 

ெଷᇱܪ      =< Ψ௡௟௠ ฬ
௜௓ܮܤ݁
2݉௉

∗ ܿ
ฬΨ௡௟௠ > = ஻ܧ∆
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The Schrodinger equation with spherical symmetric harmonic 
oscillator potential (4) is exactly solvable with the following 
Energy spectrum: 

      E୬౟୪౟ = ෍(2n୧ + l୧ +
3
2)ℏω

୒

୧ୀଵ

                                      (7) 

wheren୧l୧ = 0, ±1, ±2, … …. 

The Eigen values ET for the Hamiltonian (5) is given by the 
Schrodinger equation: 

Ψ௡௟௠்ܪ = Ψ௡௟௠்ܧ                                                                       (8) 

For any arbitrary state, the complete wave function, ψ(r, θ, ϕ), 
can be written as 

Ψ(r,θ,φ) = ∑ ܰ௡௟ܴ௡௟(ݎ) ௟ܻ
௠ ௡௟(߮,ߠ)                          (9) 

Where the radial wave function Rnl(r) is the solution of the 
equation 
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Reducing radial equation to the simple form using the 
transformation 
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The general solution of this radial equation is 

               R୬୪(r) = N୬୪r୪expቆ−
ηrଶ

2
ቇL౤షౢ

మ

୪ା଴.ହ(ηrଶ)                 (11) 

Where ηଶ = ଶ୫ౌ
∗ ୚బ

ଶୖమℏమ
 and Lୠୟ (ηrଶ) is the generalized Laguerre 

polynomial. 

Here, the normalization constant is defined as 

   N୬୪ = ቎ඨ
2୬ା୪ାଶη୪ାଵ.ହ
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Where l= n, n-2, …..lmin. andlmin= 1 if l is odd and =0 if l is 
even. 

The complicated nature of the recursion relations appeared in 
solving the complex integral for two interacting electrons 
confined in three-dimensional dot geometry is given below 
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Relativistic corrections:  

Energy shift due to Spin-Orbit coupling is given as:  
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Energy shift due to relativistic correction to Kinetic energy 
is given as: 
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Energy correction due to Darwin term is given as:  
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Optical Properties: 

The optical absorption coefficient is given 
by:ߙଵ(ݓ)+ ߙଷ(ݓ,  (ܫ

Where 
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are the linear and the third-order nonlinear optical absorption 
coefficients, respectively. 

Similarly, the linear and the third-order nonlinear refractive 
index changes are obtained by: 
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Therefore total refractive index is equivalent to:- 

Δ݊௥ ,ݓ) (ܫ
݊௥

=
Δ݊௥ଵ(ݓ)

݊௥
+
Δ݊௥ଷ(ݓ, (ܫ

݊௥
                       (21) 

3. RESULTS AND DISCUSSION 

Here, optical properties such as linear and nonlinear optical 
absorption coefficients and refractive index of a spherical 
quantum dot has been studied as a function of confinement 
potential using effective atomic units (a.u.) for calculations. 
All the figures have been plotted using both with and without 
Relativistic effect. Our results are summarized in Figures1 and 
Figure2. For GaAs, material parameters that have been used 
are m (0) =1 and Ɛ (0) = 12.9 and all the graphs have been 
plotted for different potentials such are: V01=136.234 meV, 
V02=244.110 meV and V03=379.863 meV. 

Figure 1(a) and (b) illustrates the linear and nonlinear 
absorption spectrum in a spherical quantum dot as a function 
of the incident photon energy in the range of 50meV for two 
different barrier heights. The effect of confinement is observed 
clearly on the barrier height. It can be also be seen that the 
position of the absorption peak shift towards the region of 
higher energies i.e. corresponds towards the region of blue 
shift, with the increase in barrier heights. The reason behind 
this shift is that the energy difference between the 1S and 1P 
states which is kept increasing with increase in barrier height. 
It can also be also seen from the figure that higher the barrier 
height, the sharper is the absorption peak and the absorption 
peak intensity also will be bigger. This is due to the 
overlapping of the wave functions which kept increasing with 
increase in confinement. i.e. V0. Also it can be observed that 
the relativistic corrections especially the spin-orbit interaction 
term makes the peaks steeper as well as little higher in energy. 
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Figure 1(a)

 

Figure 1(b) 
Figure 1(a) and (b): The linearࢻ૚(࢝) , the third-order nonlinear 

,࢝)૜ࢻ  optical absorption coefficients as a function of the(ࡵ
incident photon energy for different values of the barrier height 

 
Figure 2(a) 

Figure 2(a).The linear, the third-order nonlinear and the total 
changes in the refractive index as a function of the incident 

photon energy for three different values of the barrier heights 
 

 
Figure 2(b) 

Figure 2(b).Relativistic effect inlinear, the third-order 
nonlinear and the total changes in the refractive index as a 

function of the incident photon energy for three different values 
of the barrier heights. 

 
Figure 2(a) shows the results of the study involving the linear, 
nonlinear as well as total refractive index in a spherical 
quantum dot as a function of the incident photon for three 
different barrier heights. When there is an appropriate relative 
change in the refractive index, the blue shift is found in energy 
range, with an increase in the barrier height. With further 
increase in the barrier height, the change in linear, nonlinear 
and total refractive index found to be diminished. This 
happens because of the increase in the energy spacing between 
the subsequent discrete energy levels as a result of increase in 
barrier height. Figure 2(b) shows the effect of relativistic 
correction. As it can be clearly seen from the figure that the 
peaks are now sharper as well as higher in energy due to the 
spin-orbit interaction term in the relativistic correction. 

4. CONCLUSION 

In conclusion, we have calculated the discrete energy spectra 
for two electrons in a two-dimensional harmonic oscillator 
that serves as a simple but suitable model for quantum dots on 
semiconductor interfaces. We have investigated analytically 
the properties of a quantum dot as a function of confinement 
potential using dipole approximation within the effective mass 
approximation under the effect of weak magnetic field, by 
imposing the relativistic corrections of Pauli’s spin– orbit 
(SO) coupling, Darwin’s correction, and mass-velocity (MV) 
interaction. Our results show that we can obtain a blue shift by 
simply changing the barrier height, for the inter sub-band 
transitions in QDs. Applying a relativistic effect to QDs, we 
can get a significant change in the position and height value of 
the optical absorption coefficients and refractive index. Our 
results have a great influence on the experimental studies, and 
have a great impact on improvement of optical devices such as 
infrared laser amplifiers, photodetectors, and high-speed 
electro-optical modulators. 
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