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Abstract: Plasmonic nanocomposites have the ability to enhance light-matter interaction due to the
plasmonic effects leading to promising potential applications. In this paper, we theoretically study the
group index of the silver nanoparticle-gold nanoparticle-quantum dot plasmonic hybrid system in
the optical region of the electromagnetic spectrum using the density matrix approach. The quantum
dot is considered to be a three-level atomic system of a lambda configuration, interacting with strong
control and weak probe fields. We find that the plasmonic hybrid system exhibits at near resonance a
strong switching between slow and fast light, which can be controlled by the inclination angle of the
gold nanoparticle and the size of the metals nanoparticles, in addition to the strength and detuning
of the control field. Thus, the silver nanoparticle-gold nanoparticle-quantum dot could potentially be
used in optoelectronic devices.

Keywords: tunable switching between slow and fast light; superluminal propagation; group index;
silver nanoparticle-gold nanoparticle-quantum dot plasmonic hybrid systems

1. Introduction

Nanoplasmonics is a hot topic in research due to its applications in sensors [1-3], optical
communication systems [4,5], and solar cell applications [6]. An interesting property of such systems
is their ability to confine the optical energy in sub-wavelength dimensions [7]. Specifically, metal
nanoparticles made of conducting metals, such as noble metals, that are subjected to an external optical
wave, and will produce a Localized Surface Plasmon Resonance (LSPRs) of metal nanoparticles (MNPs)
leading to focusing optical fields [8,9].

The frequency of the LSPR is controlled not only by the composition of the metal, but also by its
shape and size, as well as the dielectric properties of the surrounding medium [10,11]. Metals such as
silver and gold, which have high conductivity, exhibit excessive losses at optical frequencies [12,13].
Therefore, a gain medium is required to make a plasmonic system effective in various applications.

Interestingly, Quantum dots (QDs) represent a novel gain medium in nanoplasmonic systems.
Quantum dots are semiconductor nanocrystals where excitons are confined in all three spatial directions
in the size range of 1 ~ 10nm [14,15], exhibiting confinement effects in their optical and electronic
properties [16].

Currently, a promising nanoscale scheme based on an MNP-QD coupling system has attracted
significant interest [17-19], which modifies light-matter interactions with possible tunability and
control. The QD in the proximity of plasmonic nanostructure will induce significant alteration
of the electromagnetic field that is felt by the QD due to the interaction between the excitons of
the QD and the surface plasmon of the MNP [20]. Because of the exciton-plasmon interaction,
several interesting phenomena such as Rayleigh scattering spectra [21], the energy absorption and
the gain without inversion [22], Fano-type resonance fluorescence [23], Absorption and Emission [24],
Electromagnetically-Induced Transparency (EIT) [25], have been explored in the MNP-QD hybrid
system. Also, the MNP-QD hybrid system provides a potential application in optical switching and
optical storage [26], and bioelectrochemical sensing applications [27].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Since we are interested in the visible regime of the electromagnetic spectrum, systems composed
of QDs and MNPs are considered to be suitable candidates for constructing nanodevices in the visible
region such as solar energy conversion [28], sensing [29,30], detection [31], photonic, and optoelectronic
devices [30].

In addition, the optical properties of complex nanomaterials that combine metal and
graphene have attracted significant interest in developing nanoscale optoelectronic devices, which
enhance light-matter interaction. The linear optical properties in metal nanoparticle-graphene
nanodisk-quantum dot hybrid systems have been examined [32,33]. It has been found that these
linear properties can be controlled by the geometrical features of the system and the interacting fields.
Moreover, the optical response of the Double MNPs-QD hybrid system has been studied [34]. It has
been found that the Fano resonance could undergo an ultrafast reversal, when the system is excited
by femtosecond laser pulses. The sub-Poissonian photon statistics in the gain-assisted QD-double
gold semi-ellipsoids hybrid system have been examined [35]. It has been found that the numerical
results show coupling between QD and MNPs, and falls in a strong coupling regime and zero delay
second-order autocorrelation function g?(0) = 0.356 can be achieved with a proper choice of gain
coefficient. Interestingly, silver and gold are perhaps the most widely used plasmonic materials due to
their high plasmonic energy in the visible regime. Therefore, we investigate in this paper, the linear
optical properties of a hybrid plasmonic system nanoparticle composed of a silver nanoparticle, and a
gold nanoparticle near a quantum dot with a setup similar to that introduced by M.Tohari et al. [32].

In particular, we study the linear properties in a silver nanoparticle-gold nanoparticle-quantum
dot hybrid system in the visible region of the electromagnetic spectrum. We consider the self-assembled
quantum dot modelled as three level atomic systems of a A configuration interacting with weak probe
and strong control fields under the rotating wave approximation. These external fields create dipole
moments in the double metal nanoparticle and quantum dot, which interact with one another via the
dipole-dipole interaction (DDI). The plasmons of silver nanoparticles are adjusted to be resonant with
excitons in the QD. We numerically solve the time evolution of the density matrix elements at a steady
state, to investigate the group index of the system under various conditions related to the setup and
interacting fields.

2. Theoretical Formalism

To investigate the group index of the proposed double MNP-QD hybrid system, we consider
the hybrid plasmonic system depicted in Figure 1, where the QD is considered a three-level atomic
system of the A configuration. The excitons of the CdSe QD are created by the transitions 1 <+ 2 with a
transition frequency wjiy, dipole moment i1, and decay rate 1, due to the interaction with the probe
field E, of frequency w;, and Rabi frequency (), = E %E” , whereas the transition 1 <> 3 with transition
frequency wq3, dipole moment 313 and decay rate y13 is caused by interaction with the control field E.

of frequency w, and Rabi frequency Q) = V%LEC
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Figure 1. A schematic of the QD and two MNPs hybrid system. QD has three-levels of the A
configuration coupling with two fields.

Note that the dipole moment 115 (j13) lies along x-axis (z-axis). Therefore, the probe (control)
field is applied along the x-axis (z-axis) [17]. In addition, the probe and control fields interact with
the double MNP creating a localized surface plasmon in both double MNP, which produce dipole
electric fields interacting with the CdSe QD. Similarly, the excitons in the CdSe QD produce electric
dipole fields interacting with the double MNP. Therefore, the DDI between the components of the
hybrid system can be used for studying the coupling between their optical excitions [17,36]. When
the optical excitions’ frequencies of the excitons the CdSe QD is resonant with that of the surface
plasmon (w1;~wsp), the DDI will become very strong, due to the enhancement of the local dipole field
in the double MNP, resulting in excitation and energy transfer between the CdSe QD and the double
MNP [37].

The DDI felt by the CdSe QD induced by the external fields in our system is represented by the
total field and given as:

h

L3 [(1
i P €*

bDI = Z + 1y, + q)x,z> Q] + Ax,zpli:| 1)
where the endex j and i indicate the enteraction fields, j=p(c) for the probe (control) field, whereas the
index i=2,3 refers to the atomic levels in the CdSe QD, which are coupled to excited state 1 through p;.
€* = (2€p, + €;) is the effective dielectric constant, where €}, is the dielectric constant of the background
medium and ¢, is the dielectric constant of the CdSe QD.

The parameters Il ,, ®y, and Ay, are written as:

L — 1 [och(Bcosgbl —1)  app(3cosgy — 1)] )
L=
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where ji1; represents the dipole moment of the QD corresponding to the excitonic transition 1 <+ i. As
shown in Figure 1, Ry10mp is the centre-to-centre distance between the double MNP. The parameters
Rom1 and R are calculated using Ryrip2 and 0o = ¢1 + ¢ as follows:

Sil’l@Mz
R = R 8
oM1 ( sinbo ) M1M2 (8a)
sin9M1
R = R
oM2 < sinbo ) M1M2 (8b)

The shape-dependent polarizability of the double MNP can be written as:

i = 4Ry, [eM"(‘”) _ e”] ©)

emi + 2€y

where i=1,2 indicates the silver MNP and the gold MNP, respectively. The parameter ey (w) =
= J:Z) - is the dielectric function of metals ,With a plasma frequency wy, and damping s [11].
The DDI Hamiltonian that corresponds to Ej,; is written in the following form:

€co —

1
Hppr=—)_h { <€* +11yz + q)x,z) Q; + Ax,zPli] i+ H.C (10)
ij

The total Hamiltonian of three-level atom of the A configuration interacting with two classical
fields [38] under the rotating wave approximation (RWA) in terms of one and two photon detuning is
given as:

Hrwa = —h(Apoi1 + Aross)

1
— ﬁ[Qp(g +IT, + CI)X) + AxplZ] 012

1

where A, = wp — wyy is the probe field’s detuning from 1 <+ 2, and Ag = A, — A, is the two photon
detuning, with A; = w, — wy3 is the detuning of the control field from 1 < 3. 017 and o33, are the
projection operators onto the upper and lower levels. However, oy; gives the flip operators related to
optical transitions [32,38]. The terms Il ,, ®y, and A, represent the field incident of the QD, due to
the DDI between the QD and the double MNP. The term I, , is due to the interaction of the QD with
dipole electric fields from the double MNP induced by the external fields, whereas the term ®,  is the
dipole electric field produced by the silver MNP which induces dipole electric fields in the gold MNP
which in turn induces electric fields at the QD. The term Ay, is due to the QD’s interaction with dipole
electric fields from the double MNP which arises when the external fields polarize the QD, which
in turn polarize the double MNP. The density matrix method can now be used with the following
Liouvillian which describes the system’s decay channels [32]:

Lpp = % (o011 + 0110 — 2031 0013) +

% (o011 + o110 — 20210012 + % (0033 + 0330 — 2093p0732)  (12)

doi:10.20944/preprints202311.1508.v1
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Here, 3 is the lower state dephasing. By using the linblad master equation (% = +[H,p] + Lap), we
can obtain the time evolution of the density matrix as:

0 . 1
5P = —(712 +713)011 + l[Qp(?* + 1Ty + Dy) + Axp12]p21

1
+il0c( + T + @2) + Azpislos + e, (13)

d . 1
5£P22 = T12011 + V32033 — I[Qp(g + Iy + @x) + Axpzlpr + cc, (14)
d . 1
5;0% = —7Y32033 + Y13011 — I[Qc(ej + I, + ®;) + Azpislomn + cc, (15)
9 A _(m+m+L)
atPlS cP13 2 >

1

+i[Q (7 + 11, + P;) + Azp13] (033 — p11)

+ i[Qp(g + 1L + @y) + Axp12]p2s,  (16)

d Y13, Y12
5012 = —(7 t5 - iAp)p12
. 1
+ilQp( + T + ®2) + Aspra] (p22 — p11)
. 1
+MMg+m+%HAmmw(m
a 1 * * *
EPBZ = ( 7232 + IAR)PSZ + 1[0 ( P +II; + ch) + AzPBl]PlZ

- i[QP(eﬁ + 1L + q)x) + AxPlZ]PSl (18)

where the Re[Ay - (p;i — p11)] gives the non-radiative energy shift due to the DDI term A, ., whereas
the Im[A, - (pi; — p11)] represents the decay rate due to the DDI term. This indicates that the plasmonic
cavity enhances the spontaneous emission of the QD by A, .. As a result, we can control the
spontaneous emission using the system’s geometrical and structural parameters. In addition, the Rabi
frequency that describes the strength of the interaction between the excitons of the QD and surface
plasmons of the double MNP, is enhanced by a factor (el* + I, + qu,Z) due to the DD, resulting in a
strong coupling between the excitons and plasmons for (& + Iy, + ®x;) > 1.

The linear optical response of the double MNP-QD hybrid system to the probe field is given
as [38]:

xlwp) = G?ZP (19)

where the real and imaginary parts of the susceptibility correspond to the dispersion and the absorption
properties of the QD respectively.

In a dispersive medium with frequency-dependent dispersion, the susceptibility can be
represented as a frequency-dependent dispersion. Moreover, it is known that the medium’s refractive
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index can be related to the real part of the susceptibility (n = 1 + Rex/2). Therefore, the peak of the
pulse travel with group velocity can be obtained as:

Cc C
1+ Re[x] + 48 ng

Ug

where 1, represents the group index. Remarkably, the probe field can experience subluminal light
resulting in slow light for the case of ng > 1, while for the case of ng < 1 corresponds to fast light due
to superluminal light propagation.

3. Results and Discussion

To investigate the group index of the QD situated at the centre-to-centre distances Roa1, Roamo
from the silver MNP and gold MNP as illustrated in Figure 1, we consider a spherical silver of
radius R4¢=50nm, the high-frequency dielectric constant of €=1.74 [39], plasmon frequency of
wp = 1.36 x 10's~1, damping rate of y);=10'*s71[11] embedded in a substrate of ZnS whose €,=5.6.
For these parameters, the extinction cross-section spectrum of the silver MNP exhibits plasmonic
resonance at fiwsp=2.449¢V. To support the plasmons of the silver MNP, we also use a spherical
gold MNP of €5,=2.2715 [39], w,=1.2955 x 10165~ [11], and 7=10"*s"1. The QD is chosen to be a
self-assembled (CdSe/ZnS) of radius 1.5nm that has energy transition 2.449¢V [40]. This transition
energy is resonant with the energy of silver MNP plasmons. The QD’s atomic density is set as
N =7 x 109m—3[41], the dielectric constant €5 = 6.9, dipole moments of pjp=p13=1enm [19,41], and
the decay rates are set as y12=713=1GHz [41] and 732=0.3712 [42]. The strength of the probe field is
,=0.01Q [33].

In the following, we discuss controlling the switching between slow and fast light in the double
MNP-QD hybrid system via the geometrical features of the system, including the inclination angle of
the gold MNP, and the size of the metals, in addition to the detuning and the strength of the control
field.

First, we examine the group index 14 in the double MNP-QD hybrid system versus the detuning of
the probe field. Figure 2 shows the group index of the probe field propagation around the resonance of
the QD under the impact of the plasmonic effect caused by double MNP placed near the QD at different
inclination angles of the gold MNP (6p12=04,) with respect to the QD at constant (6p11 = 044). We
observe a switching between 11, > 0, in which the probe field experiences subluminal light propagation
resulting in slow light, and n¢ < 0, which corresponds to the fast light due to superluminal propagation.
Moreover, we observe that decreasing 64, leads to a strong switching between slow and fast light.
It is evident that the group index of the double MNP-QD hybrid system exhibits high sensitivity to
64, This is because decreasing 04, leads to decreasing Roa1 as noted in Equation (8a). This result
is reasonable since silver MNP is chosen to be resonant with QD and it is desirable to decrease its
separation distance from QD to enhance DDI.
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Figure 2. Group index versus probe field detuning for different values of the inclination angle of
gold MNP with respect to QD, where R, = 50nm, R4, = 5nm, 64, = 1.2 and edge-to-edge distance
D=33nm. The hybrid system interacts with the resonant control field Q. = 1GHz.

Since a plasmonic particle’s polarizability depends on its size, and in such systems like
semiconductor quantum dots(QD)-graphene nanodisk(GND)-metal nanoparticle(MNP) hybrid
systems, it has been shown that the switching between slow and fast light can be adjusted by changing
the size of the MNP [33], Figure 3 shows how the silver MNP can be used to adjust the switching
between slow and fast light of the probe field. We notice that the group index is significantly influenced
by the radius of the silver MNP (R 4,). Clearly, the switching of the group index between slow and fast
light is enhanced by the large size of the silver MNP. This is a significant result due to the polarizability
which increases as a result of increasing the size of the silver nanoparticle, with the energy of the
excitons being resonant with that of the surface plasmons, Therefore, the strong coupling between
excitons and plasmons can be affected by the size of the silver MNP.

1000

500

-500

-1000

-1500
-40 -30 -20 -10 0 10 20 30 40

A,(THz)
Figure 3. Group index versus probe field detuning for different values of the silver MNP size, where
Rag = 50nm, Ry = 5nm, 04 = 1.2, 04, = 0.4 and edge-to-edge distance D=33nm. The hybrid
system interacts with the resonant control field O, = 1GHz.

Moreover, the effect of the size of the gold NP on the group index is explored in Figure 4. It is
evident that switching of the group index between slow and fast light is also significantly affected by
the size of the gold NP. Obviously, because of the small size of the gold NP, switching between slow
and fast light near the resonance can be enhanced. Since the gold NP is not resonant with the QD and
Ag NP, this result is due to the absorption and scattering properties of the gold NP that can be tuned
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by adjusting the size of the particle. The absorption spectra of the gold NP results in a blue shift due to
decreasing in size [43,44].

60 T T
——R,, =5nm
u

Al
/\ ——R,=10nm
‘ A

Al

-80 1 1 1 1 1 1 1 1 1

50 -40 -30 20 -10 0 10 20 30 40 50
A(THz)

Figure 4. Group index versus probe field detuning of the double MNP-QD hybrid system of geometry
Rag = 20nm, 0 ag = 1.2rad, 64, = 0.8rad, D = 15nm, for different values of the size of the gold MNP.
The system interacting with the resonant control field of Q. = 1GHz.

On the other hand, Figure 5 shows to what extent the group index can be controlled by the size
of the gold nanoparticle at two values of Ag nanoparticle. It is observed that the size of the gold
nanoparticle increasing leads a decrease in the group index. Moreover, when the size of the gold is
larger than 100nm, the peak of the group index starts to shift to the negative values in the detuning of
the probe field. However, the effect of the size of the gold nanoparticle on the group index is examined
when the size of the silver nanoparticle is R4, = 5nm, as seen in Figure 5a. Moreover, the effect of
the size of the gold nanoparticle on the group index with a large silver nanoparticle R 4o = 10nm is
examined in Figure 5b. It is clear in Figure 5a, that the sensitivity of the group index behaviour of the
hybrid system for the small size of silver MNP to negatively detune the probe field is larger than that
in Figure 5b.

R N
2 L ——R,,=50nm |
----R,,=80nm
4= —-—-Ry,=110nm ]
———R,,=200nm

.

A (THZ)

Figure 5. Group index versus probe field detuning for different values of the radius of the R 4,
nanoparticle. (a) the radius of the silver nanoparticle R4, = 5nm. (b) the radius of the silver
nanoparticle R4, = 10nm where 04, = 1.2rad, 04, = 0.4rad, A. = 0 and edge-to-edge distance
D = 31nm. The hybrid system interacts with the resonant control field Q). = 1GHz.
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Finally, the effect of the Rabi frequency the strength of the control field on the group index of our
proposed system is examined in Figure 6. It can be seen that the switching between slow and fast light
is sensitive to the Rabi frequency of the control field. Specifically, large Rabi frequencies of the control
field Q)., strong switching of the group index between positive and negative values.

20 T
0,/1,,=30

0 /7,,=28

30k —— 0 y,,=26 _|
0, /7,,=24
0 /7,p=22

40 -

70 -

80 | | | | |
E - 2

A,(THz)

Figure 6. Group index versus probe field detuning at different values of ()., where the geometry of the

system Rag = 50nm, Ry, = 5Snm and D = 50nm, 6 4 = 1.3rad, 04, = 0.7rad.

Comparison with the similar work done by M.Tohari et al. [45], it was found that the surface
plasmons of GND and MNP can influence the group index in the optical region of the electromagnetic
spectrum of the propagating weak probe field through a graphene nanodisk (GND)-metal nanoparticle
(MNP)-quantum dot (QD) hybrid system. It is obvious that combining a silver nanoparticle-gold
nanoparticle-quantum dot hybrid system, such as the proposed system, with the same setup as the
GND-MNP-QD in [45] leads to a controllable stronger switching of the group index between slow and
fast light via the system’s geometrical features. This can be seen in the inclination angle of the gold
nanoparticle, and the size of the silver and gold nanoparticles, in addition to the strength of the control
field leading to promising applications, such as tunable group velocity devices.

4. Conclusions

We have studied the group index behavior in the double MNP-QD plasmonic hybrid system in
the optical region of the electromagnetic spectrum, where the self-assembled CdSe is modelled as a
three-level atomic system of lambda configuration interacting with weak and strong external fields.
We have found that the group index of our proposed system exhibits a switch between slow and fast
light which can be controlled by the system’s geometrical features in addition to the strength of the
control field. This switching shift in the negative values of the detuning of the probe field for a size
of the gold nanoparticle larger than 100nm. Therefore, we think that our results can be employed in
optoelectronics and photonic devices.
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