
 

 

  
Abstract—Artificial atoms are growing fields of interest due to 

their physical and optoelectronicapplications. The absorption spectra 
of the proposed artificial atom inpresence of Tera-Hertz field is 
investigated theoretically. We use the non-perturbativeFloquet theory 
and finite difference method to study the electronic structure of 
ArtificialAtom. The effect of static electric field on the energy levels 
of artificial atom is studied.The effect of orientation of static electric 
field on energy levels and diploe matrix elementsis also highlighted. 
 

Keywords—Absorption spectra,Artificial atom,Floquet Theory, 
THz fields 

I. INTRODUCTION 

ITH the development of technology advancements 
fabrication of artificial semiconductors is now possible 

[1,2]. Semiconductor nanostructures of different dimensions 
and shapes have been fabricated. Simultaneously many 
theoretical works have been developed to study such quantum 
confined structures [3],[4] Out of those quantum confined 
structures, quantum dot have fascinated the scientific 
community due to their many physical and opto-electronic 
applications for example semiconductor lasers [5], quantum 
computing [6]-[8] and photodetectors [9],[10]. These 
structures have new electronic and optical properties 
depending upon the shape and size of the quantum dot and 
these properties help in improvement of various uses of 
electronic and optoelectronic devices [11]- [13]. As mentioned 
by U. Banin [14], due to their small size, more the transition 
between molecular and solid state regimes the quantum dots 
are described as ‘artificial atoms’[15]-[17]. Quantum dots 
termed as artificial atoms, due to the similarities of their 
energy level structure, transition matrix elements can be used 
in many predominant effects such as quantum hall effect, 
quantum chaos[18]. There is an enhanced interest in the 
optical phenomenon based on the inter band and inter subband 
transitions in quantum dots, because of their potential 
applications [19]-[21] in the field of fundamental physics and 
chemistry. In this paper, we study the effect of static electric 
field on the absorption spectra of cubical quantum dot. We 
developed a model to study the electronic structure, dipole 
matrix elements and absorption spectra in electromagnetic 
field. The laser-‘artificial atom’  interaction is treated using 
non-perturbative Floquet method [4],[22],[23]. It is worth 
mentioning that we have studied the optical absorption spectra 
of a cubical quantumdot with finite confining potential.  
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Section II explains the theory behind the work, section III 

explains the computational method used here, section IV 
explains the results obtained and the last section V gives the 
concluding remarks about the work. To the best of our 
knowledge, it is the first study in the field. 

II. THEORY 

We have used the efficient and well tested non-perturbative 
Floquet theory that was originally developed to describe the 
atomic behavior in the presence of the intense laser fields 
proposed by Shirley[22], has been applied to numerous studies 
on atomic and molecular behavior in intense laser fields [4], 
[23]-[26]. We consider conduction band electron confined in a 
cubical quantumdot (CQD) having finite potential. This 
quantum dot is the ‘Artificial Atom’  having twenty 
sevenbound levels. The quantum dot is subjected to static 
electric field��and a periodic perturbation in the term of a 

spatially homogeneous laser field ����. The laser field is applied 
in the ‘ y’ -direction and is given in the dipole approximation. 

������� 	 
̂��������                         �1� 

Where �� is the amplitude of the electric field,� is the 
frequency of the laser field and 
̂is the polarization vector 
along ‘ y’direction. The time dependent Schrödinger 
equationfor such a system is given by 

�������� 	 0                                �2� 
Where  

���� 	 �� � ���� � ���, �� � ı̂ �
��                    �3� 

The Hamiltonian of the quantum system is periodic in time 
with period T such that ��� �  � 	 ����,where� 	 2! and " 	 1. Here �� is the basis Hamiltonian,�� is the static 
electric field strength and U(r, t) is the interaction potential 
energy of the electron with the laser field. The wave function ����, called the quasi energy state(QES) or the Floquet state, 
can be written as ���� 	 �#$��%&��'���                    �4� 
Where & is the real parameter, unique to multiplier of 2!)  *  , 
called the Floquet characteristic exponent or the quasi energy. 
The Floquet wave function '��� is also periodic in time with 
time period T. Expanding '���and ���� 	 �� � ���� ����, ��,  in terms of Floquet state basis gives 

Φ��� 	 , '-./ �0/12
34

/564
 

H��� 	 , �-./ �0/12
34

/564
                               �5� 

Where '-./  and �-./  are the Fourier amplitudes corresponding 
to a particular value of n (photon number). Substituting these 
expansions in the Schrödinger equation, one obtains an infinite 
set of recursion relations for  '-./ . 
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	 &.'-./                 �6� 

The term in the bracket represents time independent Floquet 
Hamiltonian ��. It follows from the equation (6) that the quasi 
energies are the eigenvalues of the Floquet equation. 

?��@�� . &.@ 	 0                             �7� 
By diagonalising the Floquet matrix �� , one can obtain the 
eigenvectors corresponding to eigenvalues &.. The absorption 
spectra probability for the excitation of the final state q from 
the initial state p summed over all the field states can be 
written as 

CDEF2 	 @GH@�I��, ���@$J@K                             �8� 
 
Where U(t, t0) is the evolution operator, however the quantity 
of experimental interest is the absorption spectra probability 
averaged over the initial time (t0) keeping the elapsed time (t, 
t0) fixed, is given by 

C2E2M2 	 ∑ ∑ OPΦD./ O�#$ Q�%&.�� � ���R OΦF.� SOK
TU/ (9) 

Finally the continuous operation of the laser yields a long time 
averaged absorption spectra probability given by 

CDEF 	 limYE4 Z1
 [ \ CDEF2 �]�?]Y

�
	 ,  

/
,@ΦD./ ΦF.� @K
TU

       �10� 

III.  COMPUTATION 

We study the interaction of the laser field with a cubical 
quantum dot (i.e. Artificial Atom) in static electric field 
applied in ‘y’ direction. The potential function V (r)or ^�#, _, `�, required for the numerical solution, is the 
conduction band edge. The Eigen energies and the 
wavefunctions of the conduction band of CQD in static field 
are obtained by solving the time independent Schrödinger 
equation for the system, using finite difference method. This 
method has been implemented in various semiconductor 
heterostructures [27]-[29] to obtain the unperturbed 
eigenvalues and wavefunctions. This is a numerical method 
for solving the partial differential equation (PDE) based on 
discretization of the Hamiltonian on a spatial grid. 

In the effective mass approximation, the Hamiltonian of an 
electron in conduction band in a cubical quantum dot in 
presence of static electric field Es is [30] 

� 	 �� � ����� . �� 
 

� 	 �"K
2ab cK � ����� . ��  � ^�#, _, `�           �11�     

With 

^�#, _, `� 	 �228 a�^                   |#|, |_|, |`| e f
2 

          	 0                        �g��hi���           (12) 

Where H0 is the bare Hamiltonian, ���� is the electric field 
vector, m* and ‘e’ are theelectron effective mass and charge 
respectively. ��is the position vector of the conductionband 
electron and L is the length of the dot. V (x, y, z) or V (r) is the 
finite confiningpotential. 

 
 

The Schrödinger equation in presence of static electric field, 
under finite differencemethod can be written as follows: 

��� � ����� 	 � 1
2ajb k�l�m3no � 2�l�mo � �l�m6no

ΔK q
� ^l�mo�l�mo � ��m���l�mo 

	 ��                                            �13� 
E is the energy eigen value in presence of static field, �l�mo 

is the eigenvector of the Schrödinger equation and Δ 	 �m3n �
�m is the spacing between the two neighboring discrete 
points.In the limit �� E 0the above equation gives the 
eigenvalues and wavefunctions for theunperturbed system.  

The Hamiltonian (�� � ����) is reduced to tridiagonal 
matrix andis diagonalised using standard Fortran subroutines 
to obtain the eigen values and the wave functions of a CQD. 
The Floquet theory is then implemented to obtain the Floquet 
Hamiltonian in the form of infinite matrix Hf . The Floquet 
Hamiltonian so obtained is shown below 

 
Where  

 
and 

 
The Floquet Hamiltonian matrix is an infinite dimensional 

matrix () 	 0, r1, r2, s) and possesses a block tridiagonal 
form. It has periodic structure with only number of ω varying 
in the diagonal elements from block to block. In the matrix 
�� , �/�are the energy eigenvalues of the CQD in presence of 

static fields and�t/� 	 � n
K ��. ut/� , where �t/� is off diagonal 

matrix and ut/� denotes the dipole matrix element in presence 
of static electric fields. The optical behavior of the 
heterostructure is described by the oscillator strength of the 
transition between various energy levels of the quantum well 
defined as 

v0Em 	 2a�"K l�m � �0olw0moK
 

	 2a�"K l�m � �0olu0moK             �17� 

m0 is the free electron mass (taken as m0 = 1), ei is the energy 
of ith level and u0m is the dipole matrix element given by 
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u0m 	 \ �mb������0���?�                   �18� 

We obtain the quasi energies &. and corresponding Fourier 
components '-./  by diagonalising the Floquet Hamiltonian 
(14). The results converge after truncating Hf toonly a few 
photon blocks. 

IV.  RESULTS AND DISCUSSION 

In the present paper, we have investigated the variation of 
energy levels and dipole matrix elements of a cubical quantum 
dot acting as an artificial atom and also the transition 
probabilities of different levels is investigated for various 
values of static electric field value and the value of x. Here x 

is the angle between ���� and the ‘y-axis’. Dimension of the 
CQD acting as artificial atom is 10 y  in each direction(i.e. 
fz 	 f{ 	 f| 	 10 y�. Results shown here are in atomic units 
(otherwise mentioned). Considering various levels of the CQD 
as different levels of an artificial atom we can give 
nomenclature to the various levels depending upon the value 
of ‘nlm’is given in Table 1. The value of ‘n’ gives the 
principal quantum number. From next two indices, the greater 
value defines the state (i.e. s, p or d and the difference between 
them define the sublevel index (i.e. 0,±1, ±2; also used in [3] 
and references therein). The notations used in one panel are 
same for all the corresponding panels. 

 
TABLE I 

TABLE INDICATES THE SYMBOLS AND THE NOTATIONS USED FOR THE 

DIFFERENT LEVELS OF THE ARTIFICIAL ATOM USED HERE 

Sy
mb
ol 

nlm State Sy
mb
ol 

nlm State Sy
mb
ol 

nlm State 

n1 111 1s0 n10 211 2s0 n19 311 3s0 

n2 112 1p-1 n11 212 2p-1 n20 312 3p-1 

n4 121 1p+1 n13 221 2p+1 n22 321 3p+1 

n5 122 1p0 n14 222 2p0 n23 322 3p0 

n3 113 1d-2 n12 213 2d-2 n21 313 3d-2 

n6 123 1d-1 n15 223 2d-1 n24 323 3d-1 

n8 132 1d+1 n17 232 2d+1 n26 332 3d+1 

n7 131 1d+2 n16 231 2d+2 n25 331 3d+2 

n9 133 1d0 n18 233 2d0 n27 333 3d0 

 
The figure 1, explains the variation in the energy values of 

different levels as a function of static field strength. Each row 
has same value of θ and each column has same value of n. 
Value of θ in first row is 00 in middle row it is 100 and in last 
row it is 200. The value of n is written on top of each column. 
It is clear from the figure that the different states shows the 
variation in their energy values with the increase in Es but the 
variation decreases with increase in the value of θ. And the 
values are almost constant for θ= 200. Some of the levels show 
the removal of degeneracy of the states. 

 
Fig. 1 The variation of energies of different levels is plotted as a 

function of Es.The value of n is indicated at the top of each column. 
And the value of θ= 00 for 1strow, 100 for 2nd and 200 for the 3rdrow. 
The notations shown in one of the panels issame for corresponding 

levels in other panels 
 

In figure2, we have shown the variation in absolute value of 
dipole matrix elements (|DME|) as a function of Es for 
different values ofθ. Here the DMEs shown are the dipole 
matrix elements between ground state and the corresponding 
states mentioned on each level. The DME shows the variation 
due to the change in energy and wavefunction of the 
corresponding states as weincrease the value of the Es. But 
apart from the strength of static electric field the orientation 
(θ) of the static electric field also plays an important role in 
the variation of DME, as shown in different panels of the 
figure. Thus for the variation in DME, the static field strength 
(Es) and θ, both are effective. 

 
Fig. 2 The absolute values of dipole matrix elements (|DME|) 

between ground state (n1) and different states (nj), with nj indicated 
on each level, as a function of Es for different values of θ is plotted. 

The value of θ is indicated in each panel 
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Fig. 3 The absolute values of dipole matrix elements (|DME|) 

between ground state (n1) and some of the selected different states 
(nj), with nj indicated on each level, as a function of Es for different 

values of θ is plotted. The value of θ is indicated in each panel 
 

In figure 3, we have shown some selected levels from figure 
2. In figure 3, it is quite clear how these levels show the 
variation in the values of |DME| as a function of Es. It is very 
clear from the figure that the variation in DME is due to the 
change in the energy and wave function of different levels 
with change in Es and θ. It is also clear from the figure that the 
DMEs of these levels have same value at zero electric field 
and with the application of Es and θ there is variation in DME. 
The figure 2 and 4(a) also explains that at Es=0 there are only 
four possible values of DME between n1 and nj, where j varies 
from 1 to 27. 
 

Fig. 4 The absolute values of dipole matrix elements(|DME|) between 
ground state (n1) and different states (nj), with nj indicated on each 

level, as a function of θ for different values of Es is plotted. The value 
of Es is indicated in each panel. The notations shown in one of the 

panels is same for corresponding levels in other panels 
 

In figure 4, the |DME| between ground state (n1) and 
different states (nj), with nj indicated on each level, are plotted 
as a function of θ for different values of Es as indicated in each 
panel. The first panel shows that there are only four possible 
values of DME attained by all the levels. This can be 
compared with fig.2 at Es=0 value. As the value of Es≠ 0 the 
variation in DME of n1 and corresponding nj levels are 
obtained. The notations for different nj are explained in panel 
(a) and panel (d). The notations in panel (d) are same for the 
corresponding DME values in rest of the panels. The variation 
in DME increases with increase in value of Es. 

 
Fig. 5 The transition probabilities of some of the selected levels are 

shown as a function of laser frequency for different values of Es, here 
θ = 100is kept constant 

 
In figure 5, the transition probabilities of some of the 

selected levels are shown as a function of laser frequency. The 
different plots are for various values of Esat θ = 100.It is clear 
from the figure that there is red-shifting of some levels with 
increase in the value of Es. Also the value of transition 
probability alters for different values of Es. 

 
Fig. 6 The transition probabilities of some of the selected levels are 
shown as a functionof laser frequency for different values of θ, here 

Es = 20 kV/cm is kept constant 
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In figure 6, the transition probabilities of some of the 
selected levels are shown as a function of laser frequency. The 
different plots are for various values of θ at Es =20 kV/cm. In 
this figure, it is clear that for various values of θ, we do not get 
any red-shifting but the values of transition probabilities 
shows some variations for different values of θ. 

V. CONCLUSION 

The various properties of the artificial atom are studied. The 
degeneracy of the levels of artificial atom is removed when 
the external static electric field is applied along one of the 
directions (here y-direction). Due to the removal of the 
degeneracy new absorption peaks are observed in the 
absorption spectra of the artificial atom. This may give rise to 
various other features such as linear and non-linear absorption 
coefficients and refractive index changes of the material of 
which the atom is made of. (Work in this regard is in progress 
and will be published soon). 
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