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Abstract

®

CrossMark

In this paper, we study the tunneling induced optical bistability (OB) in a quantum dot
(QD)-metallic nanoparticle (MNP) hybrid system via surface plasmon effects. We realized that
in the presence of the tunneling effect, OB arises when the probe light is parallel to the major
axis of the hybrid system. We realized the threshold of OB can be controlled by controlling the
distance parameter between the QD and MNP. For appropriate distance between the QD and
MNP, we find that optical multistability (OM) appears in the system. We find that the threshold
of OM can be adjusted when we consider the radius effect of the MNP, respectively.
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1. Introduction

Optical bistability (OB) is a major nonlinear optical phe-
nomenon that has been investigated for a number of years
and may have uses in optoelectronics and photonics. Numer-
ous atomic media have been the subject of substantial experi-
mental and theoretical research on OB [1-7]. In this situation,
the fundamental methods for changing the medium’s optical
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response are quantum coherence and quantum interference
[8, 9]. Two-level atoms in an optical resonator have received
the majority of attention in both experimental and theoretical
OB research [10, 11]. To examine the bistable and multi-stable
behavior of the multi-level atomic system and semiconductor
nanostructures have also been proposed [12-20].

More of these researches localized the multi-level atomic
or quantum dot (QD) systems in free space. As a result, in
this study, we will use the assumption that the quantum sys-
tem is localized close to the metallic nanoparticle (MNP)
[6, 21-25] and talk about the OB and optical multistability
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(OM) by varying the distance between the quantum system
and MNP. Recent research has demonstrated that when the
quantum system localizes close to the MNP, a number of
intriguing optical features can manifest. In fact, a variety of
intriguing optical effects can be observed in a quantum sys-
tem when the resonance of the plasmon in the MNP is matched
with the excitonic transition of the QD [26-33]. In a QD-MNP
hybrid system, Hatef et al studied plasmonic electromagnet-
ically induced transparency (EIT) [34]. It has been discovered
that the surface plasmon effect in the MNP can alter the energy
level of absorption in hybrid systems. In a different study,
Hatef and Singh looked at how the interaction between their
dipole—dipole interactions affected the absorption spectrum of
a metallic photonic crystal doped with a group of three-level
QDs [35]. By changing the plasma’s energy, the position of
the transparent peaks can be changed. As a result, it may be
possible to transition to an absorbent or transparent material.
Surface plasmon effect in the graphene nanodisk was used by
Cox et al [31] to study nonlinear two-photon absorption in
a QD-graphene nanoflake nanocomposite system. It has been
discovered that the strong local field of the graphene plasmons
makes it possible to control nonlinear optical processes in QD.
In a unidirectional ring cavity, Bao et al [36] recently invest-
igated the OB of a coupled exciton-plasmon hybrid system.
It is demonstrated that altering the distance between the QD
and MNP as well as the radius of the MNP can change the
threshold of the OB. The Goos—-Hanchen (GH) shifts of the
transmitted and reflected light beams from a fixed cavity struc-
ture doped by a QD-MNP hybrid structure have been discussed
by Asadpour group [37]. They have found that by changing the
distance between QD an MNP, the GH shifts in reflected and
transmitted light beams can be controlled. In this paper, we
will discuss the OB and OM properties of the transmitted light
beam from a ring cavity with a QD-MNP. The QD molecule
consists of an asymmetry double QD system coupled by tun-
neling. In this design, the two exciton states are coupled to
produce quantum coherence using tunneling phenomena. We
may achieve the controllability of OB and OM by appropri-
ately changing the tunneling effect, distance between QD an
MNP, and radius of the QD.

2. Theoretical model and formulations

A QD molecule with three energy levels (figure 1) and radius
ais located at distance d from the MNP (figure 2). The QD and
MNP interacts together via surface plasmon effect in the MNP
[37]. A weak probe light with frequency w, and amplitude E,
acts on transition |0) <> |1). The coherent tunneling coupling
with coefficient T, acts on transition |1) <> |2) which can be
tuned experimentally by the applied bias voltage. The exciton
transition frequency wjo lies near to the plasmon resonance
energy wp, of MNP. We can write the Hamiltonian of the hybrid
system in interaction picture as follows:
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Figure 1. Three-level quantum dot nanostructure with electron
tunneling effect.
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Figure 2. The hybrid system consists of a quantum dot
nanostructure located at distance d from nanoparticle with radius .

The parameters in above equations are given as follows:
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where parameter ), is the normalized Rabi frequency cor-
responds to the external probe light and field produced by
MNP. The D, denotes the self-interaction factor between QD
and MNP. The factor g shows the polarization parameter and
has values of g = 2(—1) when the external fields are parallel
(perpendicular) to the major axis of the hybrid system. Para-
meters (1o is the dipole moments for associated transitions.
Parameter £4. = (265 + ;) /3ep and e, &5 € are the dielec-
tric constant of the QD and permittivity of free space. Factor
k has the form k = (¢,,(w) — e)/(2ep + en(w)) and &, (w) =
ep(w) + ep(w) is a combination of d electrons ;5(w) and s
electrons ep(w) in the MNP. For a small, spherical, gold MNP,
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ep(w) =1.15+i105 at w =2.5eV. The dielectric function
ep(w) is given by the Drude model as [34]:

wz

P . 3)

ep(w)=1-—
o) w2 + i (Yourk + 25E)

In the above equations parameter Ypux = 0.1 eV and vg =
1.40 x 10°ms~! are the bulk damping and velocity of elec-
trons at Fermi energy and A = 1 is a model dependent para-
meter. We can obtain the density matrix equation of hybrid
system under the rotating wave approximation as follow:

pi1 = =011 +iTe(pi2 — pa1) +i(Qp + Dpp1o) pio
- i(Qp "’DpPOl)POl
P22 = —0p2 + iTe(p21 — p12)
P10 = (iAp —T'10)p1o — iTep20 — i(poo — p11)(Dppio + €2p)
P20 = [i(Ap 4+ wi2) — T'alp20 — iTepro + ip21 (Dppio + €2p)

pr2 = —(iwiz2 +T'12) p12 — iTe(p22 — p11) — i(Q2p + Dppor ) po2-
“4)

We now doped the mention hybrid system in a unidirec-
tional ring cavity. The properties of unidirectional ring cavity
are well described in the previous published works [1, 10, 38].
The propagation of probe light in unidirectional cavity can be
obtained by using the Maxwell’s equation under slowly vary-
ing envelope approximation [10]:

OE, OE,
o Tz

=i “p
ZEdr

P(wp). 5)

Parameter ¢ corresponds to the velocity of light and
P(wp) = Npopio is the polarization in transition [0) — [1). In
the steady-state limit, we have:

8Ep _ inpﬂlo

Bz (6)
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The boundary conditions for the perfectly tuned cavity for
the incident E5 and transmitted E fields are as:

ET
Ey(L) = —%, E»(0) = VTE, + RE,(L).

VT

Parameters R and T are the reflection and transmis-
sion coefficients of mirrors 1 and 2, respectively. By using
the above boundary condition, we can obtain the following

equation as follows:
woEp _ pioEy

(N

57 Im(pio) — 1957 Re(pio), where o =

hzﬁ T ORVT
A;;"F“l 1 and pio is the coherence term which can be obtained via
1
equation (4) in steady-state limit. By replacing A = ’;‘%" ,B=

T
*;Lf%’ and C = 3‘—% We can obtain the input-output relationship
in the mean field limit as:

A:B+Cflolm(p10) —iCPmRe(plo). (8)
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Figure 3. Input-output (a) and absorption (b) spectrums of the
propagated probe light through ring cavity consists of hybrid
system. Solid line corresponds to 7. = 0, dashed line corresponds to
T. = 0.5+ and dotted line corresponds to 7. = 1+. The selected
parameters are Ap =0, wip = 0.4y, g =2, C =100, ryy = 4nm,
d=9nm.

3. Results and discussion

In this section, we investigate the behavior of OB and OM
for different interaction parameters of the studied system.
Here we will show that the threshold intensity of bistable
and multistable can be adjusted using control parameters. An
important phenomenon that was not considered in previous
studies will be discussed in this article. In fact, tunneling effect
with the help of dipole-dipole interaction phenomenon plays
an important role to control the bistable characteristics in this
hybrid system. In figure 3, we show the behavior of OB (a) and
absorption (b) of the probe field for the case where the nano-
structure of the QD is located at the distance d = 9 nm from
the nanoparticle. We observe that by increasing the tunneling
effect, the intensity of the bistable threshold increases and
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Figure 4. Input-output (a) and absorption (b) spectrums of the
propagated probe light through ring cavity consists of hybrid system.
Solid line corresponds to d = 12.5nm, dashed line corresponds to

d = 20nm and dotted line corresponds to d = 30nm. The tunneling
parameter is 7e = 0.5 and others are same as figure 3.

reaches to the maximum value for 7. = 1.0y. Examining the
absorption behavior also shows that the amount of absorp-
tion increases by increasing the tunneling effect. In fact, these
two results are completely different from the state where the
quantum system is placed in free space. In systems that are
in vacuum, by increasing of the tunneling effect or the Rabi
frequency for a three-level A-type system, the intensity of the
bistable threshold and absorption of the probe field decreases.
But in this hybrid system, due to the presence of nanoparticle
that is placed at the distance d = 9 nm, the opposite result
is obtained. That is, the intensity of the bistable threshold and
absorption of the probe field increase, respectively. In figure 4,
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Figure 5. Input-output properties of the propagated probe light
through ring cavity consists of hybrid system. Solid line corresponds
to 7y = 4nm, dashed line corresponds to s = 6nm and dotted line
corresponds to ry = 8nm. The tunneling parameters and distance
are Te = 0.5 and d = 30nm. The others are same as figure 3.

we show the bistable (a) and absorption (b) diagram of the
probe field for the case where the tunneling effect has the
value of T, = 1.0~ for different distance between QD and nan-
oparticle. Here, we can see that by increasing of the distance
between the QD and the nanoparticle, the threshold intens-
ity decreases and reaches the minimum value for the distance
d = 30 nm (dotted line). The absorption graph also shows that
its value decreases by increasing the distance between QD and
nanoparticle. Hence, it can be concluded that, as the distance
increases, the amount of interaction between the QD and the
nanoparticle decreases, and the probe field easily reaches the
saturation state, and as a result, the intensity of OB decreases.
Next and in figure 5, we examine the effect of the radius of the
nanoparticle for the case where the distance between the QD
and the nanoparticle is d = 30 nm. It can be seen that by enhan-
cing of the nanoparticle radius, the intensity of the bistable
threshold increases. This result shows that for a larger radius
of the nanoparticle, the probe field is harder to reach the satur-
ation state, and therefore, the intensity of the bistable threshold
increases. At the end and in figure 6, we show the OB diagram
for the case where the value of the radius of the nanoparticle
and the distance between it and the QD is the smallest. In this
figure, we examine the effect of tunneling on the bistable dia-
gram. We observe that compared to the previous figure, by
slightly increasing the amount of tunneling 7, = 0.75+ (solid
line), the intensity threshold of OB increases at the beginning.
Then, by further increasing the tunneling value to 7, = 2.5
(dashed line), the OB converts to OM. As we know, OM has
wide applications in the field of quantum gates, which is one
of the basic required for quantum information technologies.
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Figure 6. Input-output properties of the propagated probe light
through ring cavity consists of hybrid system. Solid line corresponds
to Te = 0.757, dashed line corresponds to 7. = 2.5+. The selected
parameters are ry = 4nm, d = 9nm and others are same as figure 3.

4. Conclusion

In this article, we investigated the OB in a hybrid system
including a QD and a nanoparticle. We have shown that by
controlling the distance between the QD and the nanoparticle,
the radius of the nanoparticle as well as the tunneling effect
in the QD can be controlled. Here, we have found that due
to the presence of nanoparticles, the intensity of the bistable
threshold is different from the case when the QD is placed in
free space. In addition, we showed that it is possible to convert
OB to OM by controlling the nanoparticle radius, the distance
between them, and the tunneling effect.
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