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Abstract
We propose a novel two state and all-optical controllable switch using DIT, Kerr effect and interaction
between quantum dots (QD) with quantum electrodynamics cavity (CQED).
The two state and all-optical controllable switch is coupled to photonic waveguide from a rapid
nonlinear environment (photonic crystal) and CQED. We consider the nanocrystal which are doped to
crystal photonic cavity as a 5-level atomic system then design the proposed all-optical switch with
quantumatic methods. We Wright Hamiltonian of the system and realize the dynamic equation then we show
the optical switching operation by calculating the transition probability for two waveguides with simulations
in MATLAB. Simulation results were different with 4-level nanocrystals.
In this paper by choosing the proper values for basic parameters an improved all-optical switch were
obtained for example the switching speed is increased 7 times rather than previous designs with first control
field, 75% with second control field and 60% with third control field for intended 5-level atomic system.
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1. Introduction:
The studies of the interactions between two distinct electromagnetic ﬁelds are
fundamentally important. Especially, the strong interaction at the few-photon level is
signiﬁcant for quantum information processing [1]. Because of the weakness of optical
nonlinearities in conventional media, it is diﬃcult to achieve larger power that is required
for optical switching and coupling. A promising avenue to approach this purpose is to
enhance nonlinear coupling via electromagnetically induced transparency (EIT) in atomic
medium [2, 3]. These studies have predicted the ability to achieve a nonlinear phase shift
of weak optical ﬁelds [4] or a two-photon switch [5]. However, one of the main obstacles
of such schemes is the mismatch between the group velocities of the ﬁelds, which limits
their eﬀective interaction length [6]. An eﬀective way to overcome the above obstacle is
using cavity-QED since the weakness of optical nonlinearities can be compensated by
photon conﬁnement in a cavity [7, 8].
Recently, using cavity-QED Waks and Vuckovic theoretically demonstrated dipoleinduced transparency (DI T) in a photonic crystal cavity–waveguide system and showed
that the path of an optical ﬁeld propagating in a wave guide can be switched by the
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presence of a dipole emitter (quantum dot) [9] . In the present work, we extend the idea of
DIT to an all-optical switching, i.e. the spatial mode of an optical ﬁeld can be switched by
the intensity of another optical ﬁeld.
The strong coupling between the two distinct optical ﬁelds is achieved based on the DIT
eﬀect and an optical Stark shift. In the DIT, the transparency is caused by destructive
interference of the two dressed states of a cavity [10]. I t is diﬀerent from the EIT [11] in
which the interference occurs between the two dressed states of an atomic lambda system
[12]. Because of the eﬀective coupling between the cavity and the dipole emitter, a strong
coupling ﬁeld [5,13] would be not necessary in the present all-optical switching and the
scheme allows the dipole emitter is just three-level. Besides, the optical switching works
in a low-Q cavity (total Q factor) where coupling strength between the dipole emitter and
the cavity is smaller than the cavity decay rate and this condition allows more practical
parameter range for solid-state materials.
2. Theory of operation
In this paper, we propose an all-optical controllable switch which is illustrated in fig.1.

Fig. 1: Proposed PC cavity–waveguide switch system, including schematic of 3-level
cavity.



type nanocrystal doped in PC

Where, two waveguides a and b using a two dimensional photonic crystal cavity doped
with 3 and 5-level nanocrystals (quantum dots) are coupled together. In this configuration
input signal propagate in waveguide a, and the control field are applied in perpendicular
direction to the PC cavity. In the absence of control field, waveguides are transparent and
PC cavity is opaque, so the input signal ﬁeld propagates in waveguide a. While in the
presence of control ﬁeld the cavity becomes transparent to the input signal ﬁeld, that the
input signal ﬁeld is switched to the waveguide b via PC cavity. To illustrate this process,
we consider 3-level atomic system that can be realized using suitable quantum dots
structures. In absence of control ﬁeld, the nanocrystal state can be described using levels
1 , 2 and 3 bare states. After applying the control ﬁeld, nanocrystal sate evolved to
dressed state which can be explained using levels a 0 , a  and a  . Dressed states are
given by the following relations [15-20] in terms of bare states:
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These states are corresponding excited dressed states. The  and  angles are deﬁned by
the following relations:
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The rabi oscillation frequencies of electron population, between two nanocrystal states, are
introduced by the following relations.
Where P , C , d 13 , d 23 and  Rabi frequencies of the signal and control ﬁelds, dipole
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moment of transition 1  3 , dipole moment of transition 2  3 detuning of signal
frequency of the resonance, respectively.
Now, we can see that how the PC cavity changes from an opaque material to a transparent
one, which is a result of changing the nanocrystal states by applying strong control ﬁeld.
Thereby after shifting the probe signal resonant with the energy between excited and
ground atomic states. Then the input ﬁeld transmits from original waveguide into another
through the cavity, and the switching process is completed.
The Hamiltonian of the 3-level system, by using Rotating wave approximation, can be
written as [21]:
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where  13 ,  13 ,  23 and  23 are corresponding transition operators for the dipole emitter.

C and C  are annihilation and creation operators for the cavity mode, 0 is the cavity
frequency, k  0 / Q is the intrinsic decay rate of the cavity (in the absence of coupling
to the waveguides) and Q is the cavity quality factor. â   and bˆ   denote the ﬁeld
operators for the modes of the two waveguides with a deﬁnite bandwidth, respectively
which satisfy the following commutation relations:

 aˆ ( ), aˆ ( )         ,
bˆ ( ), bˆ ( )        .
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In the Hamiltonian, the ﬁrst term describes the energy of the excited state 3 of the dipole
emitter with spontaneous decay rate  . The second term represents the energy of the long
lived metastable state 2 and the energy of the ground state 1 is taken to be zero. The
third term is cavity mode energy with intrinsic decay rate of j. In the fourth term, the
transition between 1 and 3 of the dipole emitter is coupled resonantly to the cavity
mode with a coupling rate g. In ﬁfth term, the control ﬁeld off-resonantly drives the
transition between 2 and 3 of the dipole emitter through the cavity with frequency 1
and Rabi oscillation frequency  . Sixth and seventh terms represent the energy of the
optical modes of the two wave-guides with the ﬁnite bandwidths   a ,   a  and

  b ,   b 

respectively. Within this bandwidth, in the eighth and ninth terms, the
coupling strength between the cavity and each waveguide is regarded as a constant.
The radiation decay rate of the system, caused by the interaction of the system with
external ﬁelds, is proportional to the coupling strength and the state density of external
ﬁelds. So, the radiation decay rate from the cavity into each waveguides is assumed to be
constant by  . Two waveguides are identical, so we have taken  , as center frequency,
for both of them. Based on the considered Hamiltonian, dynamics of the Cˆ ,  13 and  23
Operators using the Heisenberg equation are given as:
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Where the input ﬁelds aˆin and bˆin are related to the output ﬁelds aˆout and bˆout by:
(13)
(14)
By using Fourier transformation with some approximations and mathematical
manipulations, the following relations are given for output modes of the waveguides.
Where, we have assumed that the optical signal is very weak to transit electrons from the
bottom state to the upper state and the control ﬁeld is sufﬁciently far from resonant, so
population transition by control ﬁeld is neglected too [14] .
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where S  23 , ,   with following equation is the only dependency of the output ﬁelds to
the control ﬁeld known as Stark shift.
2
(17)
S
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where detuning of the cavity mode, the probe and control ﬁeld frequencies from the
corresponding resonant frequencies are deﬁned by:
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Now, we can calculate the transmission coefficients of the wave-guides by following
equations:
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Similar to 3-level atomic system, transmission coefficients of the waveguides are given by
Eqs. (19) and (20). Corresponding to the following equations, all of the process equations
are same for the PC cavity doped by 5-level nanocrystals (see Fig. 2). Where the
Hamiltonian of the system is given by:

Fig. 2: Schematic of 5-level nanocrystal doped in PC cavity.
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The Heisenberg equations are given by:
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Input and output waveguides are related to the cavity mode by Eqs. (13) and (14). So, if
we start simplifying with inserting  24 and  14 after some mathematical manipulation, the
outputs of waveguides are calculated as following equations:
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Detuning of the cavity, mode, frequencies of the probe and control fields from the
corresponding resonant frequencies are defined by:
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3. Simulation results

Fig. 3: Switch transmission coefficient in the presence of 5-level nanocrystals in PC cavity versus the first control field.

0  0, 15  0 ,45  6GHz,34 15GHz ,24  3 GHz, k 100 GHz,
g 100 GHz,  6 THz,  1 GHz , 3  2  40 GHz
In Fig. 3 if T1 = Ta and T 2= Tb, the transmission coefﬁcient of the proposed switch is
represented for 5-level nanocrystal doped PC cavity–waveguide system versus the first
control field amplitude. We can see that for 1  0 GHz the input optical ﬁeld transmits
directly without coupling with the PC cavity, i.e. T2 ≈ 1. With increase of first control field
amplitude , input optical ﬁeld couples to the PC cavity and therefore T2 decreases and T1
increases continuously. When control field amplitude is tuned to the 8360, the input
optical ﬁeld transmits to both outputs equally, T1 = T2 = 0.5 and again When control field
amplitude is tuned to the 10350 the input optical ﬁeld transmits to both outputs equally T1
= T2 = 0.5. When the control field amplitude reaches to 15000, T2 increases to 0.98 and T1
decreases to 0.02, i.e. Switching occurs.
The speed of switching for considered 5-level atomic system with the first control field is
increase about 7 times rather than other optical switches with same design parameters
[22]. Also, the threshold of first control field amplitude is decrease about 23% for
switching. It should be mentioned that the difference between two amplitudes of control
field is decreased about 90% for change in switch state; i.e. the change in switch state is
obtained by less change in Rabi frequency. For considered 5-level atomic system with first

control field transmission coefficients begin from 1 and reaches to 1, where in previous
designs transmission coefficients begin from 0.9 and reach to 0.7.

Fig. 4: Switch transmission coefficient in the presence of 5-level nanocrystals in PC cavity versus the second control
field.

0  0, 15  0 ,45  6GHz,34 15GHz ,24  3 GHz, k 100 GHz,
g 100 GHz,  6 THz,  1 GHz , 3  1  40 GHz
In Fig. 4, the transmission coefﬁcient of the proposed switch is represented for 5-level
nanocrystal doped PC cavity–waveguide system versus the second control field amplitude.
We can see that for  2  0 GHz the input optical ﬁeld transmits directly without coupling
with the PC cavity, i.e. T1 ≈ 1. With increase of second control field amplitude, input
optical ﬁeld couples to the PC cavity and therefore T1 decreases and T2 increases
continuously. When control field amplitude is tuned to the 5530, the input optical ﬁeld
transmits to both outputs equally, T1 = T2 = 0.5. When the control field amplitude reaches
to 20000, T2 increases to 0.98 and T1 decreases to 0.02, i.e. Switching occurs.
The speed of switching for considered 5-level atomic system with the second control field
is increase about 75% rather than other optical switches with same design parameters
[22]. Also, the threshold of second control field amplitude is decrease about 22% for
switching.

Fig. 5: Switch transmission coefficient in the presence of 5-level nanocrystals in PC cavity versus the third control field.

0  0, 15  0 ,45  6GHz,34 15GHz ,24  3 GHz, k 100 GHz,
g 100 GHz,  6 THz,  1 GHz , 1  2  40 GHz
In Fig. 5, the transmission coefﬁcient of the proposed switch is represented for 5-level
nanocrystal doped PC cavity–waveguide system versus the third control field amplitude.
We can see that for 3  0 GHz the input optical ﬁeld transmits directly without coupling
with the PC cavity, i.e. T2 ≈ 1. With increase of third control field amplitude, input optical

ﬁeld couples to the PC cavity and therefore T2 decreases and T1 increases continuously.
When control field amplitude is tuned to the 4759, the input optical ﬁeld transmits to both
outputs equally, T1 = T2 = 0.5. When the control field amplitude reaches to 20000, T1
increases to 0.98 and T2 decreases to 0.02, i.e. Switching occurs.
The speed of switching for considered 5-level atomic system with the second control field
is increase about 60% rather than other optical switches with same design parameters
[22]. Also, the threshold of third control field amplitude is decrease about 32% for
switching.
4. Results
In this article, a -type all-quantomatic optical switch, 3 and 5-level atomic systems are
investigated. The proposed switch’s transition coefficients are presented for 5-level
nanocrystals doped in waveguide-PC cavity system versus first and second control fields.
The result shows with choosing proper values for basic parameters an improved all-optical
switch is obtained. Nevertheless, with less Rabi frequency and as a result less control field
amplitude and less power use, the speed of switching by 5-level atomic system is
increased about 7 times with first control field rather than other proposed switches.
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