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The transmission and reflection properties of incident light in a defect dielectric structure is studied theoretically.
The defect structure consists of donor and acceptor quantum dot nanostructures embedded in a photonic crystal.
It is shown that the transmission and reflection properties of incident light can be controlled by adjusting the
corresponding parameters of the system. The role of dipole–dipole interaction is considered as a new parameter
in our calculations. It is noted that the features of transmission and reflection curves can be adjusted in the
presence of dipole–dipole interaction. It is found that the absorption of weak probe light can be converted to
the probe amplification in the presence of dipole–dipole interaction. Moreover, the group velocity of transmitted
and reflected probe light is discussed in detail in the absence and presence of dipole–dipole interaction. Our
proposed model can be used as a new all-optical devices based on photonic materials doped with nanoparticles.

DOI: 10.7868/S0044451016120051

1. INTRODUCTION

Quantum coherence and interference phenomena
have been studied due to their potential applications
in quantum information science and the development
of all-optical devices in past decades by many research
groups [1–13]. In this case, controlling the group veloc-
ity of transmitted light from different media in view of
its potential application in quantum information pro-
cessing has been discussed by different groups [14–19].
It has been shown that the group velocity of the probe
light can be switched between superluminal and sublu-
minal light propagation by adjusting some controllable
parameters of the system. However, there is poten-
tial interest in studying the group velocity of trans-
mitted and reflected pulses simultaneously in different
structures. For this reason, transmission and reflec-
tion properties of incident light in a defect slab medium
have been discussed from the standpoint of adjusting
the group velocity of transmitted and reflected pulses
in [20]. In another study [21], the group velocity of the
transmitted and reflected pulses from defect slab via
spontaneously generated coherence (SGC) and an in-
coherent pumping field was discussed. It was noted in
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[21] that the group velocity of transmitted and reflected
pulses from defect slab can be adjusted by controlling
the system parameters. Very recently a new model for
controlling the group velocity of the transmitted and
reflected light from defect slab via the quantum co-
herence effect was proposed [22]. It was noted that the
relative phases of applied fields can be used as potential
parameters for adjusting the time delay of transmitted
and reflected light beams. In fact, achieving simulta-
neous subluminal or superluminal light propagation in
the transmitted and reflected pulses is of interest for
the use in quantum information technology.

In this paper, we present a new model for study-
ing the properties of transmitted and reflected pulses
from defect slab doped with a photonic crystal with
acceptor and donor quantum dots. The dipole–dipole
interaction (DDI) effect has been studied in many re-
search works. In fact, DDI becomes important when
the density of doped quantum dots is high. The be-
havior of DDI coupling parameters in polaritonic band
gap materials doped with dense three-level quantum
dot nanostructures has been investigated by Singh by
studying absorption properties of weak probe light. It
has been found that with increasing the strength of
DDI coupling parameters, the absorption coefficient de-
creases. Therefore, the DDI coupling parameters can
be used for manipulating the electromagnetically in-
duced transparency windows [23]. The spontaneous
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emission cancelation in photonic band gap materials
doped with nanoparticles have also discussed by Singh
in the presence of the DDI coupling parameter [24].
The refractive index properties of a metallic photonic
crystal highly doped with four-level nanoparticles was
also presented in [25]. It has been demonstrated that in
the presence of electron–photon interaction, two trans-
parency windows are predicted in the dipole approx-
imation. Dipole–dipole interaction in a quantum dot
and a metallic nanorod hybrid system has been an-
alyzed by using the density matrix method [26]. It
has been found that two transparency states can be
switched to one transparency window by adjusting the
control field in the presence of the DDI coupling pa-
rameter. In another study, the effect of DDI and en-
ergy transfer in a nonlinear photonic crystal doped
with quantum dots and graphene nanodisks are dis-
cussed [27]. Due to the presence of DDI, the excitons
in a quantum dot and surface plasmon polaritons in a
graphene nanodisk, the nonlinear photonic crystal can
be used as a tunable photonic reservoir for quantum
dots and used to adjust the energy transfer. It has been
found that the power absorption spectrum in the quan-
tum dot has two peaks due to the DDI. Very recently,
the optical bistability and multistability of a nonlinear
photonic crystal doped with acceptor and donor quan-
tum dots have been reported in [28]. It was found that
due to presence of the DDI coupling parameter, the
properties of bistability and multistability optical can
be adjusted and interesting results can be obtained.

In this study, we discuss the transmission and re-
flection coefficients of incident light in a medium doped
with a nonlinear photonic crystal and two acceptor and
donor quantum dots. We consider the effect of DDI
on the transmitted and reflected pulses and discuss the
group velocity of reflected and transmitted light beams.

2. MODEL AND EQUATIONS

For studying the behavior of transmission and re-
flection properties of incident light, we consider a defect
dielectric medium consisting of a photonic crystal with
doped acceptor and donor quantum dot (QD) nanos-
tructures. Some properties of photonic crystals such
as the dispersion relation of the Bloch photons can be
found in [29]. Each of the QDs has two excited states
|3〉 and |2〉, and the ground state |1〉 (Fig. 1a). Further
details about this type of structure can be found in [28].
States |1〉 and |2〉 are coupled by probe light with a Rabi
frequency Ωp. A coupling field with the amplitude Ec

and Rabi frequency Ωc drives the transition |2〉 → |3〉.
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Fig. 1. A configuration of donor and acceptor quantum dots
embedded in a photonic crystal. The states of quantum dots

are presented by |1〉, |2〉 and |3〉

Moreover, it is assumed that the donor and acceptor
QDs can interact with each other via DDI. In the accep-
tor QD, due to the induced dipole, the polarization can
be expressed as Pa = μ12ρ21 +μ23ρ23. The dipole elec-
tric field Ea in the donor QD due to the polarization in
the acceptor QD is given by Ea = SaPa/(4πε0)εeffR

3,
where R is the distance between the acceptor and donor
and Sa is called the polarization parameter, which has
the value Sa = 2 or Sa = −1. We have the parameter
εeff = 3εp/(2εp + εQ), where εQ denotes the dielectric
constant of the QDs and εp is the dielectric constant of
the photonic crystal. The expression for the acceptor
electric field can be given by

Ea =
�

μ12D21ρ21
+

�

μ23D32ρ32
, (1)

D21 =
3εp(ω21)μ

2
12Sa

4πε0�R3 (2εp(ω21) + εQ)
, (2)

D32 =
3εp(ω32)μ

2
32Sa

4πε0�R3 (2εp(ω32) + εQ)
. (3)

The dipole electric field is related to the density matrix
elements ρ21 and ρ12 and the distance between the ac-
ceptor and the donor, which is of the order of a nanome-
ter [29]. The DDI Hamiltonian in the rotating wave
approximation can be expressed as

HDDI = −(�D21ρ21σ
+
21 + �D32ρ32σ

+
32) + H.c., (4)

where σ+
21 = |2〉〈1|, σ+

32 = |3〉〈2| and H.c. denotes Her-
mitian conjugate terms. The parameters D21 and D32

are called the DDI coupling parameters. The photonic
crystal acts as a reservoir for the donor and acceptor,
leading excitons to interact with Bloch photons and de-
cay spontaneously from |2〉 to |1〉 and from |3〉 to |2〉.
By using the density matrix method, the equation of
motion can be obtained in the form
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Fig. 2. (a) Transmission, (b) reflection, and (c) absorption properties of incident light versus the probe field detuning for different
quantities of the Rabi frequency. The solid lines correspond to Ωc = 2.5, the dashed lines to Ωc = 5, and the dotted lines to

Ωc = 7.5. The selected parameters are m = 100, D21 = D32 = 0, λ0 = 1.55 μm, and Δc = 0

∂ρ11
∂t

= Γ2ρ22 − i(Ωp +D21ρ21)ρ12 +

+ i(Ωp +D∗
21ρ12)ρ21,

∂ρ33
∂t

= −Γ3ρ33 − i(Ωc +D∗
32ρ23)ρ32 +

+ i(Ωc +D32ρ32)ρ23,

∂ρ21
∂t

= (iΔp−Γ21)ρ21−i(Ωp+D21)(ρ22−ρ11)+

+ i(Ωc +D∗
32ρ23)ρ31,

∂ρ31
∂t

= (iΔp+iΔc−Γ31)ρ31+i(Ωc+D32ρ32)ρ21 −
− i(Ωp +D21ρ21)ρ32,

∂ρ32
∂t

= (iΔc−Γ32)−i(Ωc+D32)(ρ33 − ρ22)−
− i(Ωp +D∗

21ρ12)ρ31,

(5)

where Δp = ωp − ω21, Δc = ωc − ω32, and Γij =

= (Γi + Γj)/2. Here, Γ2 = Γ0Z
2(ω21) and Γ3 =

= Γ0Z
2(ω21) are the spontaneous decay rates for the

excited states |2〉 and |3〉, and Γ0 is the decay rate for
excitons in the absence of a photonic crystal. The func-
tion Z(ωk) is called the form factor of the photonic
crystal and is given in [29]. Next, by using the trans-
form matrix method [30], we find the reflection and
transmission coefficients

r(ωp) =
−(i/2)(1/

√
ε−√

ε ) sin(kd)

cos(kd)− (i/2)(1/
√
ε+

√
ε ) sin(kd)

, (6a)

t(ωp) =
1

cos(kd)− (i/2)(1/
√
ε+

√
ε ) sin(kd)

, (6b)

where n(ω) =
√
ε(ω) is the refractive index of the slab

with the dielectric function ε(ω). The slab to be con-

sidered here is composed of a constant dielectric mate-
rial doped with acceptor and donor QDs embedded in
a photonic crystal. Therefore, the dielectric function
ε(ω) can be separated into two parts and written as

ε(ωp) = εb + χ(ωp), (7)

where εb = 4 is the background dielectric constant and
χ(ωp) is the susceptibility produced by the doped ma-
terials. The susceptibility of the medium can be cal-
culated by solving set of equations (5) in steady-state
regime, and is given by

χ(ωp) =
N0|μ12|2
ε0�Ωp

ρ21. (8)

3. RESULTS AND DISCUSSION

In this section, we present some numerical results
for the transmission, reflection, and absorption coeffi-
cients of incident light versus the probe field detuning
under various conditions of the parametric region in
Figs. 2–5. The physical parameters of the photonic
crystal and their corresponding values can be found in
[29]. The induced dipole moment of the QD is taken
as μ12 = μ23 = 0.4e nm and its dielectric constant is
εQ = 6. The vacuum decay rates for the QDs are taken
as Γ0

2 = Γ0
3 = 1 μeV. The decay rates Γ2 and Γ3 are

both calculated to be 3.5155 μeV in the absence of the
Kerr effect [29]. The features of (a) transmission, (b)
reflection, and (c) absorption of incident light versus
the probe field detuning in the absence of DDI cou-
pling parameters and for different values of the Rabi

1104



ЖЭТФ, том 150, вып. 6 (12), 2016 Manipulating transmission. . .

−10 −5 0 5 10
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

−10 −5 0 5 10
0

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

−10 −5 0 5 10
−2.0

−1.5

−1.0

−0.5

0

0.5

1.0
AbsorptionReflectionTransmission

а b c

�p �p �p

Fig. 3. (a) Transmission, (b) reflection, and (c) absorption properties of incident light versus the probe field detuning for different
values of the DDI coupling parameter D21. The solid lines correspond to D21 = 1.2 μeV and the dashed lines to D21 = 2.2 μeV.

The selected parameters are m = 100, Ωc = 2.5, D32 = 0, and Δc = 0
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Fig. 4. (a) Transmission, (b) reflection, and (c) absorption properties of incident light versus the probe field detuning for different
values of the DDI coupling parameter D32. The solid lines correspond to D32 = 5 μeV and the dashed lines to D32 = 15 μeV.

The selected parameters are m = 100, Ωc = 2.5, D21 = 1.2 μeV, and Δc = 0

frequency are presented in Fig. 2. The solid, dashed,
and dotted lines respectively correspond to Ωc = 2.5, 5,
and 7.5. We can see that by increasing the Rabi fre-
quency of the applied field, the transmission of probe
light can be enhanced and reaches its maximum value
for Ωc = 7.5. However, the reflection and absorption
coefficients of probe light reduce and reach their min-
imum value for Ωc = 7.5. We note that a peak in the
curve of the reflectivity or transmittivity corresponds
to subluminal pulse reflection or transmission. How-
ever, a dip corresponds to superluminal pulse reflec-
tion or transmission. Therefore, the group velocity of
transmitted (reflected) light can be switched from su-

perluminal (subluminal) to subluminal (superluminal)
by increasing the Rabi frequency of the coupling field.
In other words, when we set Ωc = 2.5, the superluminal
light is transmitted from the slab and subluminal light
is reflected, while when we set Ωc = 7.5, the sublumi-
nal light is transmitted from the slab and superluminal
light is reflected from it. Therefore, the switching from
subluminal to superluminal or vice versa in transmit-
ted and reflected pulses can be effected by adjusting
the Rabi frequency of the applied field.

In the next step, we study the effect of the DDI
coupling parameter D21 on the transmission, reflection,
and absorption properties of the probe light. We can

4 ЖЭТФ, вып. 6 (12)
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Fig. 5. (a) Transmission, (b) reflection, and (c) absorption properties of incident light versus the probe field detuning for different
optical thickness values. The solid lines correspond to m = 200 and the dashed lines to m = 300. The selected parameters are

Ωc = 2.5, D32 = 5 μeV, D21 = 1.2 μeV, and Δc = 0

see that in the presence of the DDI coupling parameter
D21, the transmission coefficient in Δp ≈ 5 is greater
than 1. In this region, the transmitted pulse has a
peak, which corresponds to subluminal light propaga-
tion. By increasing the DDI coupling parameter, the
transmission coefficient increases and reaches its maxi-
mum value equal to 2.4. From the reflection coefficient
of the incident pulse, we can see that in the presence
of the DDI coupling parameter D21, the reflected pulse
also has a peak, which corresponds to subluminal light
propagation. Therefore, by considerating the DDI cou-
pling parameter D21 we conclude that subluminal phe-
nomena occur simultaneously in both transmition and
reflection pulses. In a conventional gas system, we can
provide only subluminal or superluminal light propaga-
tion. But in a slab system, we achieve subluminal pulse
reflection and subluminal light transmission simultane-
ously. The absorption properties of weak probe light
versus the probe field detuning is displayed in Fig. 3c.
It can be easily seen that the negative value of probe ab-
sorption can be obtained at Δp ≈ 5. As is known, neg-
ative absorption corresponds to probe amplification.
Therefore, we can say that the probe field is amplified
during its propagation through the medium. Accord-
ingly, the probe field transmission increases (Fig. 3a).
In Fig. 4, we display the (a) transmission, (b) reflec-
tion, and (c) absorption features of incident light ver-
sus the probe field detuning for different values of the
DDI coupling parameter D32. It can be seen that when
we consider the effect of the DDI coupling parameter
D32, the peak in the transmission curve converts to the
dip at Δp ≈ 5, and the dip at Δp ≈ −5 converts to the
transmission peak. In this case, the value of the trans-

mission peak increases and is greater than unity. We
conclude that switching from superluminal to sublumi-
nal light propagation or vice versa can be obtained by
considerating the DDI coupling parameter D32. Obser-
vations on reflection properties of incident light show
that the peak appears in the corresponding curve at
Δp ≈ −5. Therefore, simultaneous peaks appear in the
transmission and reflection curves of incident light. In
this case, subluminal light propagation is obtained for
both transmitted and reflected pulses. The absorption
properties of incident light show that the probe ampli-
fication is obtained at Δp ≈ −5 when we consider the
DDI coupling parameter. We finally discuss the optical
thickness effect of a slab on the (a) transmission, (b) re-
flection, and (c) absorption properties of incident light.
From Eqs. (6a) and (6b), it is found that the reflection
and transmission coefficients depend on the thickness
and the refractive index of the slab. For the resonance
condition, the thickness of the slab is used in the form
d = 4

√
εb λ0/2m, whereas for the off-resonance condi-

tion, it is taken as d = 4
√
εb λ0/(2m + 1), where m is

an integer number. It can be realized that the trans-
mission, reflection, and absorption coefficients change
when we modify the parameter m.

4. CONCLUSION

We discussed the transmission, reflection, and ab-
sorption properties of incident light on a defect slab
doped with acceptor and donor QDs embedded in a
nonlinear photonic crystal. It is found that the dipole–
dipole interaction between acceptor and donor QDs
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can be used as an important parameter for adjust-
ing the transmission, reflection, and absorption coef-
ficients. We found that the probe amplification can
be obtained in the presence of the dipole–dipole in-
teraction coupling parameter. Moreover, we realized
that the subluminal light propagation can occur simul-
taneously in transmitted and reflected pulses when we
consider the effect of dipole–dipole interaction in the
system. Our proposed model may be useful for de-
veloping all-optical devices based on photonic crystals
doped with nanoparticles in future quantum communi-
cation systems.
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