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Abstract—Aurtificial atoms are growing fields of interest due to
their physical and optoel ectronicapplications. The absorption spectra
of the proposed artificial atom inpresence of TeraHertz field is
investigated theoretically. We use the non-perturbativeFlogquet theory
and finite difference method to study the electronic structure of
Artificid Atom. The effect of static electric field on the energy levels
of artificial atom is studied.The effect of orientation of static eectric
field on energy levels and diploe matrix elementsis also highlighted.

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

|. INTRODUCTION

\ A JITH 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 optoel ectronic 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 ‘artificia atoms'[15]-[17]. Quantum dots
termed as artificiad 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,
guantum chaog[18]. There is an enhanced interest in the
optica 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 cubica 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 optica absorption spectra
of acubical quantumdot with finite confining potential.
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Section Il explains the theory behind the work, section IlI
explains the computational method used here, section 1V
explains the results obtained and the last section V gives the
concluding remarks about the work. To the best of our
knowledge, it isthefirst study in thefield.

Il. 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
guantum dot is the ‘Artificid Atom' having twenty
sevenbound levels. The quantum dot is subjected to static
electric fieldE;and a periodic perturbation in the term of a
spatially homogeneous laser field E}. The laser fidld is applied
inthe ‘y’'-direction and is given in the dipol e approximation.

E}(t) = jE,cos(wt) D

Where E, is the amplitude of the electric field,w is the
frequency of the laser field and jis the polarization vector

aong ‘ydirection. The time dependent Schrodinger
equationfor such asystem is given by
H@®p() =0 (2)
Where
0
H(t) =Hy+erE; + U(r,t) — fa 3

The Hamiltonian of the quantum system is periodic in time
with period T such that H(t + T) = H(t),wherewT = 27 and
h =1. Here H, is the basis Hamiltonian,E; is the static
electric fidd strength and U(r, t) is the interaction potentia
energy of the electron with the laser field. The wave function
Y (t), cdled the quas energy state(QES) or the Floquet state,
can be written as

Y(0) = exp(—iet)p(t) 4)
Where ¢ is the rea parameter, unique to multiplier of 2”"/T ,
called the Floquet characteristic exponent or the quasi energy.
The Floquet wave function ¢ (t) is aso periodic in time with
time period T. Expanding ¢(t)and H(t) = H, + erE; +
U(r,t), interms of Floguet state basis gives

+00

o) = ) prgent

n=-oo

400
H(t) = Z H;lﬁeinwt (5)
n=-—oo
Where ¢, and H,, are the Fourier amplitudes corresponding
to a particular value of n (photon number). Substituting these
expansions in the Schrédinger equation, one obtains an infinite
set of recursion relations for ¢y
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The term in the bracket represents time indepenBlguet

HamiltonianH;. It follows from the equation (6) that the quasi

energies are the eigenvalues of the Floquet equatio

det|H.eg| =0 @)

By diagonalising the Floguet matriX; , one can obtain the

The Schrédinger equation in presence of statidradefeld,
under finite differencemethod can be written akofes:

1 [p(0) — 29(1) + 9 (5-1)
2m; A?
+V(r)y(r) + enEab(r;)
=Ey (13)

E is the energy eigen value in presence of st'mid,ftp(rj)

Hop + erEqyp =

eigenvectors corresponding to eigenvalggsThe absorption g the eigenvector of the Schrodinger equation &rdr;, ;

spectra probability for the excitation of the firsateq from

the initial statep summed over all the field states can be

written as
Pg = [{al0C t)lp)” (8

r; is the spacing between the two neighboring discret
points.In the limit E; — Othe above equation gives the
eigenvalues and wavefunctions for theunperturbstesy.

The Hamiltonian K, + erEg) is reduced to tridiagonal
matrix andis diagonalised using standard Fortrdsrauines

WhereU(t, to) is tlhe evolqtion operator, .however the q.u.antit)(0 obtain the eigen values and the wave functidrs 6QD.
of experimental interest is the absorption speptabability The Floguet theory is then implemented to obtai toquet

averaged over the initial timé) keeping the elapsed time (

t) fixed, is given by Ham@lton?an in the form .of infinite matri¥; . The Floquet

' 2 Hamiltonian so obtained is shown below

Pty = Zn Zey |(@5s]exp (—ieg (e — t0)) [035)] (@)
Finally the continuous operation of the laser yéeddiong time 0 n o o0 o 0
averaged absorption spectra probability given by B A+2lu B 0 0 0
P = li 1 Tpt dr = on,p0 2 10 Hy = :: 1[3; AJrBh ? ,g g (14)
p_’q_rl—glo(?)fo pa(?) T_Z Z' o Pas| (10) 00 0 B A-l. B

L 0 0 0 0 B A-2lu
I1l.  COMPUTATION
We study the interaction of the laser field wittcabical Where

quantum dot (i.e. Artificial Atom) in static eleitr field 00 0 0 0
applied in 'y’ direction. The potential functio®v (r)or 0E 0 0 0
V(x,y,2z), required for the numerical solution, is the 41— |0 0 £ 0 o0 (15)
conduction band edge. The Eigen energies and 00 0 E 0
wavefunctions of the conduction band of CQD inistéield oo 0 0 Ei
are obtained by solving the time independent Scdhgid
equation for the system, using finite differencethod. This and
method has been implemented in various semiconduc 0 5, 0 0
heterostructures [27]-[29] to obtain the unpertdrbe 5, 0 13y 0 (16)

eigenvalues and wavefunctions. This is a numemcethod
for solving the partial differential equation (PDBased on
discretization of the Hamiltonian on a spatial grid

In the effective mass approximation, the Hamiltongd an
electron in conduction band in a cubical quantun io
presence of static electric field is [30]

H = Hy + eE,.#

—h? o
—_ g2 2
H = Zm*v +eE.7 +V(x,y,2) 11
With
V(x,y,z) = —228 meV
=0 12)
Where H is the bare Hamiltonianﬁs is the electric field

L
< -
[x], Iyl |z] < 2

elsewhere

vector,m* and ‘€ are theelectron effective mass and charge
respectively.#is the position vector of the conductionband

electron and. is the length of the doY/ (x, y, 2) orV (r) is the
finite confiningpotential.
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0 5, 0 1y
0 0 r5 0O
The Floquet Hamiltonian matrix is an infinite dinséomal
matrix (@ = 0,%1,%2,:-) and possesses a block tridiagonal
form. It has periodic structure with only numberearying
in the diagonal elements from block to block. I tmatrix
Hy, Ejare the energy eigenvalues of the CQD in presefce o

static fields ang;,, = _%EO-ann' where r;5,is off diagonal

matrix andy;,,denotes the dipole matrix element in presence
of static electric fields. The optical behavior dhe
heterostructure is described by the oscillatorngfife of the
transition between various energy levels of thentua well
defined as

2m,
Jios =52

2
(e — e)(Zy))
2m 2
= _hzo (e — ec) (i) a7
m, is the free electron mass (takennas= 1), € is the energy
of i" level andy;; is the dipole matrix element given by
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wy = f 5 (e, (r)dr (18)

We obtain the quasi energieg and corresponding Fourier
components¢33 by diagonalising the Floquet Hamiltonian

(14). The results converge after truncatidgtoonly a few
photon blocks.

IV. RESULTS ANDDISCUSSION

In the present paper, we have investigated theatiami of
energy levels and dipole matrix elements of a allijoantum
dot acting as an artificial atom and also the fteoms
probabilities of different levels is investigatedr fvarious
values of static electric field value and the vahi®. Here6

is the angle betweeB, and the ‘y-axis’. Dimension of the
CQD acting as artificial atom i$0 A in each direction(i.e.
Ly=L,=L,=10 K). Results shown here are in atomic units

(otherwise mentioned). Considering various levélhe CQD
as different levels of an artificial atom we canvayi
nomenclature to the various levels depending upenvalue
of ‘ninis given in Table 1. The value ofn™ gives the
principal guantum number. From next two indiceg, gineater

value defines the state (i€ ord and the difference between

them define the sublevel index (i.e. 0,11, +2; alsed in [3]
and references therein). The notations used inpamel are
same for all the corresponding panels.

TABLE |
TABLE INDICATES THE SYMBOLS AND THE NOTATIONS USED 6R THE
DIFFERENT LEVELS OF THE ARTIFICIAL ATOM USED HERE

Sy | nim | State] Sy | nim | State] Sy | nim | State
mb mb mb

ol ol ol

nl | 111| 1s | n10| 211| 2s | n19| 311| 3s
n2 | 112| 1p | n11| 212 2p | n20| 312| 3p
n4d | 121| 1p, | n13| 221| 2p | n22 | 321| 3p
n5 | 122| 1p | n14| 222| 2p | n23| 322| 3p
n3 | 113| 1d¢ | n12| 213| 24 | n21| 313| 3g
né | 123| 1d | n15| 223| 2d | n24| 323| 3d
n8 | 132| 1d, | n17 | 232 2¢y | N26 | 332| 3¢
n7 | 131| 1d, | n16| 231| 2¢, | n25| 331| 3¢
n9 | 133| 1d | n18| 233| 2¢ | n27 | 333| 3d

The figure 1, explains the variation in the enevgiues of
different levels as a function of static field stg¢h. Each row
has same value af and each column has same value of n.
Value of@ in first row is @ in middle row it is 18 and in last
row it is 20. The value of n is written on top of each column. 0
It is clear from the figure that the different sttshows the
variation in their energy values with the increasé&; but the
variation decreases with increase in the valu®.oAnd the
values are almost constant for 20°. Some of the levels show

the removal of degeneracy of the states.
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Fig. 1 The variation of energies of different levil plotted as a
function of Es.The value of n is indicated at tbye 6f each column.
And the value of)= & for 1row, 1 for 2" and 26 for the 3row.
The notations shown in one of the panels issamedigesponding

levels in other panels

In figure2, we have shown the variation in absolakie of

dipole matrix elements (|JDME|) as a function of for

different values df. Here the DMEs shown are the dipole

matrix elements between ground state and the qgmmneléng
states mentioned on each level. The DME shows dhiation

due to the change in energy and wavefunction of the

corresponding states as weincrease the value oEgHaut
apart from the strength of static electric fiele thrientation
(0) of the static electric field also plays an impait role in
the variation of DME, as shown in different panelsthe
figure. Thus for the variation in DME, the statielél strength

(Ey) andé, both

are effective.
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Fig. 2 The absolute values of dipole matrix elerag¢f@ME])

between ground state (n1) and different statgswith ry indicated
on each level, as a function of fiér different values of is plotted.
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. . In figure 4, the |DME| between ground statel)(and
rents different statesr{), with n; indicated on each level, are plotted
as a function o for different values oE; as indicated in each
panel. The first panel shows that there are only fwssible
values of DME attained by all the levels. This chae
compared with fig.2 aE:=0 value. As the value &g O the
a2 variation in DME of n1 and correspondingy levels are
obtained. The notations for differentare explained in panel
553 ‘5 \Ia 1‘5 zln 2‘5 ala 3‘5 4 65n ‘; 1|n "5 2la . 3|n 3‘5 4 (a) and panel (d) The notations in panel (d) araesfor the

o EWen corresponding DME values in rest of the panels. Vidrétion
10 Thtg=2° s in DME increases with increase in valuegf

T AARA)
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Fig. 3 The absolute values of dipole matrix eleraé@ME]|)
between ground statal) and some of the selected different states
(my), with ny indicated on each level, as a functiorEgfor different

values off is plotted. The value dfis indicated in each panel

|DME|
=

In figure 3, we have shown some selected levels figure — L
2. In figure 3, it is quite clear how these levelsow the ] B e
variation in the values of [DME]| as a functionggf It is very Fig. 5 The tran5|_t|on probabilities of some o_f tatected levels are
clear from the figure that the variation in DMEdse to the shown as a function of Iaser_ frequency for difféeneadues of E, here
change in the energy and wave function of differienels 6 = 10is kept constant
with change irEg andé. It is also clear from the figure that the
DMEs of these levels have same value at zero eleftd
and with the application dsandé there is variation in DME. > . .
The figure 2 and 4(a) also explains thaEat0 there are only different plots are for various values Bt 6 = 1.1t is clear

four possible values of DME between nl apduhere j varies from the figure that there is red-shifting of sotegels with
from 1 to 27 increase in the value oOE; Also the value of transition

probability alters for different values &f.

In figure 5, the transition probabilities of somé the
selected levels are shown as a function of lagguincy. The

ni-d
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Fig. 6 The transition probabilities of some of #etected levels are
shown as a functionof laser frequency for diffenealties o9, here
E; = 20 kV/cm is kept constant

Fig. 4 The absolute values of dipole matrix elers@bBME|) between
ground stater(l) and different statesf, with n; indicated on each
level, as a function df for different values oE; is plotted. The value
of Esis indicated in each panel. The notations showenia of the
panels is same for corresponding levels in otheelsa
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In figure 6, the transition probabilities of somé the
selected levels are shown as a function of lagguincy. The
different plots are for various values @ft E; =20 kV/cm. In
this figure, it is clear that for various valueséofve do not get
any red-shifting but the values of transition probtes
shows some variations for different valueg of

V.CONCLUSION

The various properties of the artificial atom angdged. The
degeneracy of the levels of artificial atom is remem when
the external static electric field is applied alooge of the
directions (here y-direction). Due to the removdl the
degeneracy new absorption peaks are observed in
absorption spectra of the artificial atom. This ngiye rise to
various other features such as linear and non#iabsorption
coefficients and refractive index changes of theema of
which the atom is made of. (Work in this regarihiprogress
and will be published soon).
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