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1. INTRODUCTION

Resonant fluorescent (RF) is the scattering of an electromagnetic wave (EMW)
from a free atom irradiated with a near-resonant field [1-3]. Three peaks appear
in the emission spectrum known as Mollow triplets, first predicted by Mollow in
1969 [4-6]. This phenomena is one of the basic topics of quantum optics which
is investigated theoretically and experimentally [7-12].

When a quantum emitter reaches plasmonic resonance conditions, the
decay rate and near-field fields increase. This variation can change the
populations of states and control the fluorescent spectrum of molecules
and QDs [13, 15].

Quantum dots (QDs) attract much interest recently because they can be used to
implement optical emitters and devices. Understanding the electronic states of
QDs is r applications in electronics and optoelectronics [16-18]. ct of quantum
confinement on the electronic states in QDs. K.p theory, pseudopotential (EP),
single electron and other models have been studied widely to calculate physical
properties of such systems [19-25].

In a quantum dot, a ladder of electronic energy levels emerges, leading to
multiple anti-crossings as a result of the electrical Stark shift. Therefore, it is
imperative to consider more than two electronic levels when identifying the
accurate energy states in both experimental and theoretical measurements.

Here we have studied RF of a spherical Gaussian quantum dot (SGQD) and
investigate the effects of dot properties and external electric field on the
resonance fluorescence spectrum (RFS) and corresponding wave function.
Using intersubband transition rather than bands transitions gives resonant peaks
in the terahertz region of EMW radiation. Results show that dot parameters and
external fields have considerable effects on RF and photon distributions.

2. RESONANCE FLUORESCENCE THEORY

When a quantum mechanical system interacts with a quantized
electromagnetic (EM) field, its Hamiltonian can be expressed as follows
under the rotating wave approximation:

H :hwa‘a><a‘+ha)b‘b><b‘+zha)kal:/:ak,/1 +hzgk,4 (Gabak,zeim +Gbaa;,zeinzfo) 1)
ko

Here two energy levels |a) and |b) with frequencies @, and w,, being
the lower and upper energy states of the system, respectively (see Fig.1).
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Additionally, a, , (t)(a, , (t)) is the annihilation (creation) operator for the

k-th EM mode with frequency @, and polarization A, g, , is the

coupling constant between the k-th EM mode and the quantum transition
[a) < |b).

).,

A(Detuning)

).

a

Fig.1 Schematic of a two-level atom

By using the slowly varying operators along with Heisenberg equation of
motion, we can simultaneously determine the values of

a,,([t)(a,(t)and o_(t)(o, (t)), Hamiltonian from Eq. (1). By inserting
these operators into the quantized electric field operator, we can obtain

E(F,t)= Zékgkake”‘””’i'; +H.c. )
k

and the following equation for emitted field, E (F,t), in the Weisskopf-
Wigner approximation

£y @ oS g (-5l @3)
4reoC2[F — T

In the equations above &, =(hv, /2sV)'?, how=E, —E,and ¢ is the
electric dipole with angle 7 with the z-axis. In addition &, is the vacuum

Journal of Optoelectronical Nanostructures. 2024; 9 (3): 19-32 21


https://doi.org/10.30495/jopn.2024.33226.1313

Terahertz Resonance Fluorescence of a Spherical Gaussian Qquantum Dot

permittivity, and c is the speed of light. The power spectrum of the
emission light in steady-state regime can be obtained by performing a
Fourier transformation on the correlation function,

<E(’)(r,t)E(*)(r,t+r)>, when t — . Therefore, the power spectrum of
the emission light in the far-field zone becomes

S(F,,) =%Rerr<l§‘ (F,OEF(F,t+7))e ™ (@)

Based on the above equation RFS is [26]

S(7 @, )= 10(;)[ a0 ]

4z \T?+2Q7
4nl?
————— 0(w—a,) ()
y r+20Q
N r N a, a_

(@-a,)" +([T/2)" (o+u-o,) +@/4)  (0-u-a,)" +@I/4)

and second order correlation function

y7
Where in the above equations
a"’ZSTFPi(a)iﬂ_G)O)Q (7)
_20,-T"
2005 +T?
e ®)
o= T 1095 -T*
Au 205 +T7
12
1—\2
=02 - :
" ( : 16} ©)

Furthermore, Fermi's golden rule describes the absorption or emission of
light by the charge carriers. This process involves a transition from the
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initial energy state |y,) to the final energy state |y,), which is
quantified by a transition rate, I".

rol_27
. h

1

2

° S(E, - E, ¥ho) (10)

(¥,

-APY,)

m

The vector potential of the drive radiation is represented by A, and the
momentum is represented by P . The energies of the initial and final states
are denoted as E, and E,. In a QD, the lifetime for inter-subband

radiative emission is determined by summing Eg. (10) over all photon
modes

1 1 4ne’® 27

— 2
=—= = r. 11
g t, 4re3nc’s h |<lPa |er E|\Pb>| D
And the Rabi frequency is
1 I
Q, = %K‘Pa e E| ¥, ) (12)

here € and n represent the permittivity and refractive index of the
medium, while & denotes the amplitude of the EM field.

3. MODEL OF THE QUANTUM DOT

The Hamiltonian governs the system of an off-center hydrogenic impurity
in a SGQD, in the frame of the effective-mass approximation and with
effective Rydberg units, under an applied external electric field, is as
follows:

oMy
2m glr—D|
The dielectric constant, ¢, effective mass, m”, position vector of the
electron (impurity) from the center of the dot r(D), electric field strength,
F, and tilt angle to the z-axis, 4, all play a role in the representation of the
Hamiltonian with a Gaussian confining potential as [27]

r2

V(r)=-V,e ¥ (14)
In this equation, the depth of the potential well is represented by "V, >0"

and the dot radius is denoted by "R". To determine the energy
eigenvalues and eigenfunctions of the SGQD, we have diagonalized the

+eFrcos@+V(r) (13)
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total Hamiltonian of the system within the spanned model space. This is
done by writing the total wave function as

O, = Zci‘//i (r) (15)
Where

i (r) = Rnili (r)Yhmi @, 9) (16)
with the eigenvalues

E® =(2n, +1, +g)ha)0 (17)

and (n;,l.,m) refers to the magnetic and orbital quantum numbers.
Considering that the impurity ion is located on the z-axis, without any
loss of generality, one can expand the Coulomb interaction term in the
Hamiltonian as:

1 !
o %: T R (cosd) (18)

Where r, =max(r,D)and r. =min(r,D). The elements of the total
Hamiltonian matrix, H, are given by

(@, |H|®,) =D {Zni +1, %}hw@j +vu} (19)

i

with

vV, = T R, (r)[v (r) —%m*a)zrz}Rni,i r2dr
’ (20)

2z 0 2 o |
- Idel//:(r){e—Z% P, (cos ) — eFr cos e}wi (r)rdr
0 0 N

4. RESULTS AND DISCUSSIONS

Resonance fluorescence and correlation function of a SGQD under the influence
of external electric field and with off-center impurity is investigated in this
paper. The main goal here is to investigate the possibility of its occurrence in the
studied system and the effect of physical parameters on them. To calculate RFS
and G2, using relations 11 and 12, the transition rate has been calculated and
used. Since other scattering processes are not considered, their effect is entered
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as an adjustable parameter. The parameters used in the calculations are:
€ = 13.2,n = 3.2, m == 0.067m(m is the free electron mass).

In Figs. 2-7 RFS and related correlation function for different parameters of the
system are calculated and plotted. In all cases it is seen that the RF occurs in the
terahertz region of electromagnetic wave with different correlation function. In
all figures, the rivalry between the normalized decay rate, I', and Rabi
frequency, Q., leads to different behaviors of RFS and G2 as the

electronic structure of the system changes.

In Figs.2, 3 RFS and G2 are presented as a function photon energies and
time for different values of impurity positions. It is clear that the position
of hydrogenic impurities has a noticeable impact on S and G2. As the
impurity position increases, the transition dipole moments decrease and
the energy difference between subbands increases. As the D fluorescence
increases, the linewidth decreases and two extra peaks are observed in the
RFS. In addition, G2 becomes greater than 1, indicating photon
antibunching, and a Poissonian distribution is observed for all D values.
Figs. 4,5 display RF and correlation function for different electric field
strengths. Since electric field breaks symmetries thus energy difference between
states increases and thus wave function overlap reduces as F enhances. This
causes transition dipole moment decreases as F increases. Decrement of wave
function overlap reduces transition dipole moments and thus different RF appear
in the spectrum. With increasing F resonance sidebands become weaker and
fluctuation in the photon distribution reduces. The effects of an electric field
on the electronic structure are weak. Therefore, different values of F do
not have a significant impact on the positions of the peaks and the
linewidth of the RFS.**

To study the effects of confinement potential on the resonance fluorescent
of the system in Figs. 6, 7 S and G2 are presented for different values of

V,. Because of the great reduction of dipole moments and energy

different augments as V, increases thus, confining potential has

considerable influence on the RFS and photon statistics of the system. It
is evident that as V,decreases, the peaks of RFS decrease, the sidebands

disappear, and photon antibunching occurs with a short lifetime.
The results presented here suggest that it is possible to control the

fluorescence properties of nanostructures, particularly Gaussian quantum
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dots, by adjusting external parameters. This could make the dots suitable
for use in THz emitters.
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Fig.2 Resonance fluorescent spectrum as a function of photon frequency at different
impurity positions.
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Fig.3 Second order correlation function as a function of delay time at different impurity
positions.
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Fig.4 Resonance fluorescent spectrum as a function of photon frequency at different
electric field strengths.
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Fig. 5 Second order correlation function as a function of delay time at different electric
field strengths.
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Fig.6 Resonance fluorescent spectrum as a function of photon frequency at different
confining potentials.
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