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Abstract

The optical polarization from a hybrid system including a closely spaced spherical SQD (modeled as a three-level V-type
system) and a metal nanoparticle which are considered classically and are connected by the dipole—dipole interaction mecha-
nism is investigated. The interaction between the SQD and the MNP shows an interesting optical response. In the weak probe
field regime and MNP nonlocality correction, the absorption spectrum of the hybrid system exhibits an EIT window with
two absorption peaks and the plasmon-assisted quantum interference plays an important role in the position and amplitude
of these peaks, which are intensely altered by including the nonlocal effects. The probe diffraction grating is created based
on the excitons-induced transparency by applying a standing-wave coupling field. The results of this study are useful in

numerous areas of all-optical communications.

Keywords Electromagnetically induced grating (EIG) - Nonlocality - Semiconductor quantum dot (SQD) - Metal

nanoparticles (MNP) - Hybrid system

Introduction

Optical communications and information have attracted sig-
nificant attention newly. One of the most important appara-
tuses in high-speed optical communications is all-optical
switches that an incident switching light redirects other
beams by means of light-by-light scattering process. In order
to have high-speed optical switches, several arrangements
including optical bistability (OB) switch in atomic media
[1], nanostructures [2] and graphene [3-5], fiber-optical
switch [6], optical switch based on wideband white light
cavity (WLC) [7, 8] and electromagnetic-induced grating
(EIG)-based switches [9] have been explored.

It is critical to develop and modify optical switches in
single-photon regime. Since the nonlinear optical interaction
in most materials is insignificant, realizing single-photon
switches is thought-provoking. This bottleneck could be
solved by means of quantum-interference and coherence,
that the nonlinear interaction can be considerably increased
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by several orders of magnitude [10, 11]. Furthermore, in
these optical switches, the output beams are controlled by
a weak switching beam. It is possible to achieve large opti-
cal nonlinearity via quantum interference and coherence in
multi-level systems such as atomic vapor, Rydberg atoms
and semiconductor media.

A beam that is entirely absorbed by an atomic medium
can be transferred through just by applying another strong
beam called as electromagnetically induced transparency
(EIT) phenomenon. Electromagnetically induced grating
(EIG) as a consequence of EIT can be observed by apply-
ing a strong standing-wave control field into the EIT-based
medium. Therefore, the probe field experiences periodic
space modulation and the Fraunhofer diffraction of the probe
field is made. Different patterns have been proposed for
achieving EIG. EIG has been investigated in vapor atomic
media [12, 13], Rydberg atoms [14, 15], quantum wells [16],
and graphene [17].

Newly, optical features of the hybrid systems including
different particles such as semiconductor quantum dots
(SQD) and metal nanoparticles (MNPs) have fascinated
incredible attention [18-20]. Optical response of the SQDs
can be tuned by changing their ingredient, size, and shape.
Moreover, MNPs with a broad tuning frequency range are
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able to confine the optical energy at very small spatial
regions, and near-field enhancement. Diverse optical phe-
nomena can be observed when an SQD is placed close to
an MNP and the plasmon resonances in MNP match the
excitonic transitions of SQD [21].

By coupling SQD as a multi-level structure and MNP,
the energy absorption can be controlled and plasmonic
electromagnetically induced transparency (PEIT) happens
[22].

EIG in the SQD-MNP hybrid system has been studied
[23-25]. In these studies, SQD is assumed to be a three-level
ladder-type system in the vicinity of MNP and EIG by virtue
of the surface plasmon and tunneling effects in a SQD-MNP
hybrid system were investigated.

Inspired by these studies, we suggest a new EIG-based
switch in an SQD-MNP hybrid system. Here, SQD is con-
sidered as three-level V-type system close to the MNP.

It is also worth noting that in metallic components with
small dimensions (subwavelength), nonlocal effect should
be taken into account [26, 27]. Nonlocality arises from elec-
tron—electron interactions in the metal medium and leads to
spatial dispersion.

Surface plasmons in metals are able to concentrate light
into very small volumes [28]. Here, by taking into account
the effect of nonlocality or spatial dispersion, dielectric
function of MNP is derived by using the hydrodynamic
model. The impact of some parameters such as nonlocality
and inter-particle distance on optical properties and EIG of
SQD is investigated.

Theoretical model and methods

The hybrid structure including a spherical SQD of radius
r, and a metallic spherical MNP of radius r,, at interparti-
cle (center-to-center) distance X embedded in a background
medium with dielectric constant ey is illustrated in Fig. 1a.

A V-type SQD composed of two excited states|2),|3) and
the ground state | 1) is coupled by two laser beams (Fig. 1b).

The Coulomb interaction between SQD and MNP can
be described via the surface plasmonic excitations of the
MNP, where the MNP plasmon resonance energy ,,, is in
resonance with the transition frequency ,; (w,; & @, ).

A weak probe field with Rabi frequency €2, and frequency
w, derives the transition |1) « |2) with frequency detuning
A, =0, —wy,.

[1) < |3) transition is driven by a standing-wave field
with Rabi frequency Q, = Qsin(zx/A,), where A, is the
spatial frequency of the standing-wave and frequency detun-
ing A, = @, — w;.

The Hamiltonian of SQD-MNP hybrid system in the
interaction picture can be written as
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Fig.1 Schematic illustration of the SQD-MNP hybrid system inter-
acting with a weak probe field and a strong standing-wave coupling
field (a), and the three-level V-configuration SQD in the vicinity of a
MNP (b)
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where h.c. is the Hermitian conjugate of the preceding off-
diagonal terms. The corresponding parameters in the above
equation (Eq. 1) are described as follows:
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where 1, and p 5 are the transition dipole moments of SQD
related to the |1) < |2) and |1) < |3), respectively.
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g is the polarization parameter with a value of g = 2 or —1
when the external applied fields are parallel or perpendicular
to the major axis of the hybrid composite.

e = Qeg +e,)/3ep and y = Qe (@) — ep)/Qep + e (@) -
Here, €5, €, and g are the dielectric constant of the back-
ground material, dielectric constant of the QD and permit-
tivity of free space, respectively.

£,(w) = gg(w) + ep(w) is a combination of d electrons
g1p(w) and s electrons e, (w) in MNP [29]. For a small spher-
ical golden nanoparticle €,,(w) = 1.15 + 105 + ep(w) at
w=25¢eV.

The dielectric function e(w) can be obtained from the
Drude model [30]
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where @, is the plasma frequency, yy, is the bulk damping
constant, vy is the velocity of the electrons at Fermi energy
and A is a model-dependent parameter that includes the elec-
tron scattering process details in the nanoscale MNPs [31].

In the nonlocal MNPs, surface effects are preserved by
a method similar to the scattering or semiclassical infinite
barrier (SCIB) approximation [32]. This method allows us to
express the solution in terms of the bulk dielectric constant
e(k, w) which depends on the wave vector k and frequency
. Consequently, €, (@) is written as

-1
e © J2(kry,)
En(@) = l;rm/o o) dk] )

J (kry,) is the Bessel function of the first kind, and the bulk
dielectric constant e(k, w) is
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where f = /3/5vg, vg is the Fermi velocity.
k-independent MNP dielectric function is calculated as
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I;/,(u) and K, are the modified Bessel functions, and
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The master equation then takes the form
. i
p= _g[HSQD’ pl+Lp @)
in terms of the density-matrix operator p. Lp indicates

the decay part of the system within the frame of Markov
approximation [33]. Subsequently, under the rotating wave

approximation and dipole approximations, the motion equa-
tions of the density matrix for the hybrid system can be writ-
ten in an appropriate rotating frame as
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where I';, is the spontaneous relaxation rate from the states
|i) to |k). The beyond equations follow from the constraints:

piitrnten=1 p;=p; )

Since the probe field is much weaker than the coupling field.
Considering the initial conditions p(lol) = 1 and other elements
pl(;)) = 0, the steady state solution can be calculated using the
iterative method.

Therefore, the linear susceptibility of the probe field

can be defined as

2| py, |2 1)
X2 = gdrh‘Qp Pr1 (10)
Under the slowly varying amplitude approximation and in
the steady state, Maxwell’s equation explains the probe field
propagation

0%,
o X282, (11
where & = z/lyand [, = M:;B%. By solving the above equa-

127p
tion, the transmission function of the probe field is obtained

T(x) = "¢ (12)

Consequently, the phase of the transmission function is
calculated

$(x) = Re[ 1€ 13)

The intensity distribution in the far field for Fraunhofer dif-
fraction is given
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where A is the wavelength of the probe field. M is the num-
bers of spatial period of the atomic grating along x axis.

AA . .
F(Q) — / T(x)e—Zm'x Sln(e//l)dx (15)
0

is the Fraunhofer diffraction of a single space period. 6 is the
diffraction angle along x axis.
The zeroth and first order can be obtained as follows:

AL
/ T(x)dx
0

A, )
/ e—2mx//\x T(x)dx
0

2
1(0°) =

2 (16)
10" =

Results and discussion

In this section, the results of analytical calculations of
polarization and the diffraction feature of the probe laser
field in the SQD-MNP hybrid system are investigated. In
following simulations, all parameters are dimensionless
units by I'. In the strongly confined regime for the SQD,
[/V=5x%x10s"'m™3[34].

The parameters are g =2, I'5, = 1/1.71", I,; = 1/0.8T,
[y =10, o = 0.1 eV, vp = 1.4 x 105ms™!, r,, =3 nm,
re=1nm, e, =6,e5 =1, and w,; = w,, =2.5¢V.

Since the electric susceptibility as the optical polariza-
tion of the probe field has a fundamental impact on electro-
magnetically induced grating (EIG), we first study the probe
absorption and dispersion from the hybrid system.

In Fig. 2, the absorption and dispersion of the probe field
as a function of the probe detuning are plotted to investigate
the impact of MNP on the optical properties of probe field.

Figure 2 shows the transparency window becomes wider
(about 3 orders of magnitude) in the vicinity of MNP. Also,
the slop of dispersion becomes more negative, so highly
efficient fast-light can be obtained in the SQD-MNP hybrid
system.

This is a very remarkable result having a wide transpar-
ency window for probe beam that cannot be obtained in an
individual SQD system.

It is known that by reducing the dimension of the metallic
structure, the electron—electron interactions in the dielectric
response of the structure are not negligible and should be
taken into account correctly.

Here, the MNP demission is small (r,,, = 3 nm), and the
nonlocality should be considered to reduce the effect of
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Fig.2 Imaginary (blue curves) and real (red curves) parts of y) as a
function of A,,. The fixed parameters are Q. = 6I', and Ac = 1.5T

geometric imperfection. As presented in Fig. 3, nonlocal-
ity leads to frequency shift in the absorption peaks in the
spectrum. However, this correction does not change the
slope of dispersion of probe light.

By turning off the coupling field, there is an absorp-
tion peak at Ap =0, while an EIT window with two side
absorption peaks appears in the presence of the strong
standing-wave field Q.. The corresponding absorption and
dispersion diagram are shown in Fig. 4.

This cancellation of probe field absorption tuned in
resonance to an atomic transition by applying strong cou-
pling field, for which strong absorption would normally
be predictable.

The phenomena being caused by the interference
between the coherences excited in the atom by the elec-
tromagnetic fields, leading to an initially highly opaque
medium being reduced almost transparent.

As shown in Fig. 5, the amplitude of the two absorp-
tion peaks becomes smaller by increasing the value of X,
and the absorption suppression window becomes narrower.

This behavior can be explained by the total probe field
applied on the SQD which consists of two main terms due
to the applied probe field (Qg) and the field due to the
polarization of the MNP (A)).

In this case, the interference between the applied field
and the induced field produced by the MNP at the SQD
place changes from constructive to destructive. More spe-
cifically, as the center-to-center distance X between the
SQD and MNP increases, the height of the absorption
peaks and transparency window between them is being
reduced until it reaches a saturation point.
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Fig.4 Probe absorption (blue curves) and dispersion (red curves) as
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The fixed parameters are @, = 6I', and Ac = 1.5T

As demonstrated in Fig. 5, the position of the reduced
absorption peak can be changed by tuning the distance
between SQD and MNP.

It is remarkable that the transparency area is compara-
tively broad at the small values of X where the surface plas-
mon effect arising from the interaction between the SQD and
the MNP is relatively strong.

When the inter-particle distance is large, the surface plas-
mon effect becomes very weak and the SQD plays as inde-
pendent particle subjected to the two laser fields.

Since the probe beam is gathered at the center maximal,
the available light for the first-order and high-order grating is
negligible under absorption modulation. Here, phase diffrac-
tion intensity of the probe field through the hybrid system
is investigated. It should be noticed that all the diffraction
figures are plotted for the nonlocal MNP.

The phase of the transmission function determines the
diffraction pattern. As shown in Fig. 6, the phase of trans-
mission function of the probe field changes periodically
in the x direction (Fig. 6a), which deflects the probe beam
intensity out of the zeroth diffraction into additional side dif-
fraction patterns (Fig. 6b). In order to obtain a phase grating
with high diffraction efficiency, the effect of MNP is inves-
tigated in Fig. 7. Due to MNP presence, the zeroth-order
light intensity becomes weak, and the first-order diffraction
is increased considerably.

In the presence of the MNP, the exciton—plasmon cou-
pling makes MNP-induced field to be involved, and transpar-
ency window is formed in a relatively broad range around
the plasmon frequency. Consequently, high transmission is
maintained and the phase modulation being improved.

Figure 8 shows that in the small inter-particle distance
X, the efficiency of not only the first-order but also higher
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Fig.6 a The phase ®(x)/x of the transmission function as a func-
tion of x (in units of A,), b the normalized phase diffraction inten-
sity 1,(0) a function of sin(@). The fixed parameters are Q. = 6I", and
Ac =1.5T

orders of probe grating is increased considerably. The
interaction strength between the SQD and the MNP modi-
fies as X varies and affects the diffraction efficiency of
phase grating. For instance, the diffraction efficiency is
approximate 31% at X = 14 nm.

The experimental realization of the present system in
which a few electron quantum dot that its level spacings
for the upper levels is tuned to be significantly larger than
the respective level width is appropriate for V-type SQDs
[35]. Moreover, the SQD-MNP hybrid system could be
packaged via scanning tunneling microscopes (STMs) and
atomic force microscopes (AFMs) [34].
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Fig.8 The norm intensity IP(G) as a function of sin(@) for different
values of X. The fixed parameters are Q. = 6I', and Ac = 1.5T

Conclusion

In conclusion, we studied the optical properties of a hybrid
system comprised of a closely spaced an SQD and an
MNP. The medium becomes transparent for the probe light
for a certain range of the SQD-MNP coupling strength and
distance. The absorption and dispersion characteristics are
intensely altered by including the nonlocal effects. The
SQD nanostructure interacts with a strong standing-wave
light and a weak probe in the vicinity of MNP. It is indi-
cated that existence of the MNP efficiently increases the
diffraction efficiency of the grating in comparison to that
without the MNP. We find out that for the different values
of distance between the SQD and MNP, probe light shows
tunable absorption and dispersion. Consequently, achiev-
ing diffraction grating would be achievable. The proposed
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phase diffraction grating model has potential application
in light switching and routing [34, 35].
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