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Optical bistability in double quantum dot molecule
with inter-dot tunneling

CHUNCHAO YU*, LiHutr SuN, HUAFENG ZHANG, FANG CHEN

College of Physical Science and Technology, Yangtze University,
Jingzhou, 434023, China

Institute of Quantum Optics and Information Photonics, Yangtze University,
Jingzhou 434023, China

*Corresponding author: chchyu@yangtzeu.edu.cn

We have theoretically studied the optical bistability behaviors under an external electric field and
a coupling laser field in double quantum dot molecule system with n-type four energy levels. It
can be adjusted by the system parameters such as the electronic cooperation parameter, the tun-
neling strength, the coupling laser field, the probe and coupling laser detuning. These results may
be useful in the experiment and provide new types of all-optical switching.
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1. Introduction

Itis well known that, in the all-optical and quantum networks, controlling light by light
is very significant. So, during the last decades, optical bistability (OB) has been studied
extensively for its potential application in all-optical switching, optical logic, and optical
transistors. At the very beginning, OB is investigated in atoms confined in an optical
ring cavity [1-16] which can be controlled by phase fluctuation, electromagnetically
induced transparency, spontaneously generated coherence, and so on.

On the other hand, OB in the quantum wells and dots has attracted attention recently
because of its inherent advantages such as large electric dipole moments, great flexi-
bilities in devices, high nonlinear optical coefficients, and so on. One recent study is
OB and multistability in one-dimensional photonic crystals doped with carbon-nano-
tube quantum dots [17] in which the threshold of optical bistability can be adjusted
due to spin-orbit coupling in QDs. KARABULUT [18] investigated theoretically optical
bistability in a symmetric quantum well by choosing appropriate values of the electron
sheet density and the intensity of the optical radiation. TIAN et al. [19] reported that
OB can be controlled via tunneling induced quantum interference in triangular quan-
tum dot molecules (QDMs). TAHERZADEH et al. [20] proposed a scheme using a dielec-
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tric slab via inter-dot tunneling to achieve low threshold OB by at least one order of
magnitude in respect to free QDMs. Of course, the other OB schemes in quantum wells
and dots are also reported [21-31].

In this work, we investigated the OB in a QDM system with n-type four energy
levels driving by an external electrical field and a coupling laser field inside an optical
ring cavity. The OB behavior can be easily controlled by an extra coupling laser field
and a tunneling electric field via adjusting properly the corresponding system parameter.

2. The model and theory

A QDM system consisting of two QDs with n-type four energy levels as shown in Fig. 1
is considered in this paper. The two QDs are different in size and have different band
structure. Such a QDM can be produced by self-assembled dot growth technology [32].
|1) and |4) are the ground states without excitations for the two QDs. |2) and |3)
are the excited states which are coupled by the inter-dot tunneling with tunneling
strength T;. A probe laser field (with frequency wp and Rabi frequency £2,) couples the
states |1) and |2). A coupling laser field (with frequency w, and Rabi frequency Q)
couples the states |3) and |4).

Under the rotating-wave and the electric-dipole approximation, the system Hamiltonian
with the state {|1), |2), |3), |4)} can be written as (assumption of 7 = 1)
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where Q)= u,, E, (.= 134 E.) is the Rabi frequency of the probe (coupling) laser field,
p; being the electric dipole moment of transition |i) and |j). 4, = @, — @, and

12) A2‘N a
-—g---- " [3)
N
Y

[y

| T
E) ET b

P Qc

[1) v —Y |4 My M,

Fig. 1. QDM diagram interacting with a strong coupling field and a weak probe optical field. Tunneling
effect born from the external electric field occurs between the state |2) and |3) (a). L-length QDM sample
is inserted into a unidirectional ring cavity with four mirrors. £ I (E T) is the incident (transmitted) field.
For mirrors M, and M,, R+ T=1 and R (T) is the reflection (transmission) coefficient. Reflection coef-
ficient R of mirrors M3 and M, is 1 (b).
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43 = w34 — o, are the detuning of the probe and the coupling laser field, respectively,
and w;; is the transition frequency of the state |/) and |).

At any time, the state vector ¥ (1) = a,|l)+ a,|2) + a;|3) + a,|4) obeys the
Schrodinger equation as follows:

d .

57 17(0) = —iHy (0] (1) 2)
From Egs. (1) and (2), we can get the following dynamical equations:
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where the total decay rates y; (i = 2, 3, 4), embodying the radiative decay rate and the
pure dephasing rate, are added phenomenologically in the above equations. Solving
Eq. (3) by the method given in [28], we can get
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We study the OB behavior of the above-described four-level QDM system in a uni-
directional cavity (see Fig. 1b). Under the slow envelope approximation, the dynamics
of the probe field in the optical cavity is governed by the Maxwell’s equation,

oE, dE, o,
+c =1
ot 0z 2¢,

P(w,) (6)
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where c is the light speed in the vacuum, P(w,) = Nuy; p; 1s the slowly oscillating
term of the induced polarization in the transition |2) — |1), N =1"/V is the electronic
number density, where /" and V are the optical confinement factor and the volume of
the QDM, respectively.

Considering the steady state, the time derivative in Eq. (6) is equal to zero. Then,
Eq. (6) and the boundary conditions can be written as,
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where RE (L) indicates the feedback mechanism of the mirrors.
In the mean-field limit, we can get the input-output relationship from Egs. (7),

y=x—1iCpy (®)

where the electronic cooperation parameter
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3. Numerical results and discussions

In this article, QDM is assumed to be produced in advance and the system works in low
temperature. For simplicity, all the parameters are scaled by the decay rate y, = 1 meV,
y3=0.1, and y, = 0.001, which is same as those in [33].

Firstly, in Fig. 2, it is shown how the OB is affected by the electronic cooperation
parameter C. From Fig. 2, we can find that the threshold and the hysteresis cycle change
dramatically due to the increasing of the electronic cooperation parameter C. It can be
explained from Eq. (9a) where C is directly proportional to the electronic number den-
sity N. So, increasing the density of electrons will lead to the enhancement of the sam-
ple absorption and to the rise in the OB threshold.

Secondly, in Figs. 3 and 4, we study the dependence of the OB behavior on the
laser detuning 4, and 45 (shown in Fig. 1). As can be seen, in Figs. 3a—3d, with the
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Fig. 2. Output field |x| vs. input field |y| for different values of the electronic cooperation parameter C;
A2=A3=5 and.ch Tcz 1.
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Fig. 3. Output field |x| vs. input field |y| for different values of 4, and 45 = 1 (a), for different values
of 4, and 45 = 3 (b), for different values of 45 and 4, = 0.1 (¢), for different values of 45 and 4, = 1 (d).
The other parameters are: Q,=T,=1, C=150.

increasing of the detuning 4, and 45, the hysteresis cycles change dramatically. And
it is interesting that, when 45 = 1, the OB threshold decreases firstly, and then increases
in Fig. 3a. To explain this phenomenon, we plot the imaginary parts of p,, as a function



298 CHUNCHAO YU et al.

0.05

Impy,

0.00

A
) 2

Fig. 4. Imp,, as a function of 4, and 4;. The other parameters are: Q, =10, Q. =7, =1, C=150.

of 4, and 45 in Fig. 4. It can easily be seen that when 45 = 1, the Im p,, also decreases
firstly, and then increases, which leads to the absorption and the OB threshold changes
similarly. But, in Fig. 3b, when 45 = 3, the OB threshold increases monotonously with
the increasing of 4,, which also can be explained from Fig. 4 by the same change trend
between Im p,; and 4,. In Figs. 3¢ and 3d, we can find that the OB threshold changes
conversely with the increasing of 45 which also can be explained from Fig. 4. When
4,=1(4,=0.1), Im p,, increases (decreases) with the enlargement of 45. However,
when 4, >3, we find that Im p,; changes very slowly for the alteration of 45 in Fig. 4.
So, we also can conclude that 45 will be insensitive to the change in the OB threshold
for 4, > 3.

Finally, in Figs. 5a and 5b, we show the dependence of the OB threshold on the
coupling laser field £, and the tunneling strength 7,. We can find that, with the in-
creasing of © (7,), the threshold increases (decreases). The different change trend of
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Fig. 5. Output field | x| vs. input field | y| for different values of Q, and T, =5 (a), and for different values

of T, and 2, =5 (b). The other parameters are: 4, =45 =1, and C = 150.
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Fig. 6. Imp,, as a function of O and 7. The other parameters are: Q, =10, 4, =45 =1, and C = 150.

the OB threshold can be interpreted by the opposite change trend of Im p,, as the func-
tion of ©_ and T, in Fig. 6.

4. Conclusions

In general, we have theoretically examined OB behaviors under an external electrical
field and a coupling laser field in a double QDM system. We find that the electronic
cooperation parameter C, the tunneling strength 7, the coupling laser field Q. the
probe laser detuning 4, and the coupling laser detuning 45 all show a considerable ef-
fect on the OB. These results may provide new types of all-optical switches.
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