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Objective: This paper theoretically studies a hybrid optomechanical system em-

bedded with two coupled quantum dots (CQDs) and a third-order Kerr nonlinear

medium inside the cavity. The optical bistability and absorption spectrum are ana-

lyzed for the proposed system.

Methods: From the Hamiltonian which describes the proposed system, a set

of quantum Langevin equations are derived. Using these equations of motion, the

steady-state mean field analysis is done which gives the phenomena of optical bista-

bility. The performance of the optical switch is also analyzed in terms of gain and

switching ratio. Further, the absorption spectrum of the system is derived and ana-

lyzed from the fluctuation dynamics.

Results: The optical bistability has the potential to design tunable all-optical

switches. The absorption spectra display peculiar characteristics of negative absorp-

tion (transparency dip). The transparency dips are found to be strongly dependent

on the frequency of the mechanical resonator. The results of our investigation reveal

that the proposed system can be used as an optical switch and has numerous other

applications in quantum communication systems.
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I. INTRODUCTION

With recent theoretical studies and tremendous technological developments, quantum

optomechanics has emerged as a well-developed and effective tool for many quantum ma-

nipulation. In an optomechanical system, an optical field coupled to the mechanical oscillator

via radiation pressure has emerged as a rapidly developing field of research [1, 2]. This op-

tomechanical interaction has led to various applications such as atomic force microscopes [3],

quantum entanglement [4, 5], gravitational wave interferometers [6], quantum information

processing [7], optomechanically induced transparency [8, 9], and ultra-high precision mea-

surement [10]. In addition placing a χ(3) medium inside a cavity produces massive optical

Kerr nonlinearities [34]. There is a strong nonlinear interaction between photons as a result

of the χ(3) medium. The Kerr medium is found to be a new handle to efficiently control the

micro-mirror dynamics and this suggests a possibilities of designing a new quantum device.

The Quantum dots are optically active semiconductor nanocrystals that constrain the

movement of both holes and electrons in regions of space comparable to or smaller than

the exciton Bohr radius. They are also called ”artificial atoms” because of the confinement

of charge carriers in three-dimension. Semiconductor quantum dots (QDs) are promising

candidates for developing hybrid quantum devices due to their large density of states, nar-

row line-widths, and capability to implement optoelectronic devices with optical tunability

[11–13]. Quantum dots confined in micro-cavities provides an ideal system to study cavity

quantum electrodynamics which is the most straightforward way of obtaining single-photon

nonlinear behavior. Quantum dot molecules (QDMs) are systems formed by two or more

closely packed and interacting QDs. Quantum dot molecules are experimentally fabricated

using either epitaxial growth or chemical synthesis by self-assembly technique [14]. Com-

pared to a single QD, the states in a double QD are significantly changed, leading to ap-

plications such as conditional quantum control [15], entangled photon source [16], and spin

flip-flop [17], providing a new way to implement a two-qubit quantum gate. Various theo-

retical methods have studied coupled double quantum dots (CDQDs). Edgar A et al. [18]

studied a dissipative quantum dot microcavity system interacting with a nonlinear optical

interaction. Dipole-dipole interaction in which one QD absorbs a photon released by the

∗Electronic address: aranyabhuti@hyderabad.bits-pilani.ac.in
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other excited QD is also studied to characterize CDQDs. This interaction has been used

to study remote entanglement states [19]. Quantum interference and coherence can be in-

duced by the tunneling of electrons between the dots, controlled by an external electric field

[20, 21]. As a result, fundamental double quantum dot studies such as optical bistability

[22], entanglement [23], enhanced Kerr nonlinearity [24], fluorescence spectrum narrowing

[25], EIT and slow light [26], coherent population transfer [27] are being investigated.

Optical bistability (OB) is an interesting nonlinear quantum optical phenomenon that

has attracted a great deal of attention because of its potential in wide applications such as in

optical memory, logic circuits, all-optical switches which are critical in telecommunication

applications [28]. Over the past few years, studies have shown various ways [22] to con-

trol OB, such as electromagnetically induced transparency (EIT), spontaneously generated

coherence, and phase fluctuation. Optical switching (OS) in the semiconductor QDs and

quantum wells (QWs) have been followed with a great deal of interest for many properties

such as strong optical nonlinearity and excellent flexibility in devices [29]. In recent years,

there has been much interest in exploring OB in nonlinear nanophotonic systems [30]. Op-

tical bistability has been investigated experimentally and theoretically predicted to exist in

photonic crystal cavities [31], metal gap waveguide nanocavities [32], and waveguide-ring

resonators [33]. The loss of power at frequencies in metal interconnects is one of the most

significant problems associated with high-speed electronic devices. All-optical switches with

low laser power consumption are new for developing novel quantum technologies.

Electromagnetically induced transparency (EIT) has played a crucial role in many sub-

fields of quantum optics. EIT is a quantum interference effect caused by different optical field

transition pathways [35]. Both absorption and dispersion properties change dramatically

within the transparency window, leading to many applications, including slow light and

optical storage [36].

This paper investigates the OB and absorption characteristics of a double quantum dot

molecule embedded in an optomechanical cavity interacting with a Kerr nonlinear medium.

II. THEORETICAL MODEL

In our proposal, we consider a hybrid optomechanical system comprising of two coupled

quantum dots embedded in a χ(3) nonlinear photonic crystal optomechanical cavity. InAs
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QDs and GaAs photonic crystal cavity have been easily integrated using well-known tech-

niques [37, 38]. The photonic crystal cavity mode can interact with either one or two nearby

QDs located precisely at the cavity electric field maximum [37]. The density of the embedded

QDs can range between zero to 3 per µm2 [39–41]. Numerous experimental techniques are

available to fabricate a photonic crystal cavity integrated optomechanical system [42, 43]. In

addition, a χ(3) nonlinear 2D layered medium is grown in the photonic crystal cavity using

known techniques [44–46].

Figure 1: Schematic diagram of an optomechanical system comprising two CDQDs embedded in a

photonic crystal cavity. DBR mirrors form the cavity mode. The blue stripe is the AlGaAs layer,

whereas the GaAs layer is the white strip. A Kerr nonlinear medium is attached to the cavity, and

the resulting photons from the nonlinear process are directly injected into the cavity. The cavity

is driven by the strong pump field and weak probe field.

The proposed model in the rotating wave (frame rotating at the pump frequency ωp) and

dipole approximation can be described by the following optomechanical Hamiltonian, taking

ℏ = 1 as,

H = ∆aa
†a+∆d1σ

(1)
z +∆d2σ

(2)
z +

ωm

2
(p2 + q2) + βa†a†aa+ Ω1(a

†σ
(1)
− + aσ

(1)
+ )+

Ω2(a
†σ

(2)
− + aσ

(2)
+ ) + 2Mzσ

(1)
z σ(2)

z + ωDσ
(1)
+ σ

(2)
− + ωDσ

(1)
− σ

(2)
+

−Ga†aq + Ep(a+ a†) + Es(ae
ιδt + a†e−ιδt), (1)

where ∆a = ωa - ωp, ∆d1 = ωd1

2
- ωp, ∆d2 = ωd2

2
- ωp.

Here, a (a†) are the annihilation (creation) operators of the photonic crystal cavity mode.

The first four terms are the free energies of the cavity mode, the two quantum dots and the

mechanical mode respectively. The cavity frequency is ωa, the QD frequencies are ωd1 and

ωd2 while ωm is the natural frequency of the mechanical oscillator. Here σ
(1)
± and σ

(2)
± are the
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electronic transition operators of the two levels in first and second QD respectively. Further

σ
(1)
z and σ

(2)
z denotes the population difference between the two energy levels of the first

and second QD respectively. Here p and q are the normalized momentum and the position

operators of the oscillator respectively. The fifth term is the Kerr nonlinearity with β as

the nonlinear strength of the nonlinearity. β depends on the nonlinear susceptibility χ(3)

and the cavity mode volume as β = 3ω2
a Re[ χ(3)

2ϵ0Vc
] with Vc as the cavity volume [47–49].

The sixth and seventh terms represent the QD-optical cavity mode coupling with interaction

strengths Ω1 and Ω2 for the first and second QD respectively. The eighth term corresponds

to the dipole-dipole interaction between the two QDs with strength Mz. The ninth and

tenth terms refer to the Forster interaction between the two QDs with ωD as the rate at

which energy is transferred between the QDs. The eleventh term is the typical nonlinear

optomechanical interaction term with G as the single photon optomechanical strength. The

optomechanical strength G = ωa

Lcav

√

ℏ

mωm
with Lcav as the length of cavity. The twelfth term

is the strong optical pump with Ep as the rate at which energy is pumped into the cavity

and ωp as the pump frequency. Finally the thirteenth term is the weak probe/signal with

strength as Es and δ = ωs - ωp, where ωs is the signal frequency. It is important to note that

the nonlinear χ(3) material is not directly pumped. Using the Hamlitonian of equation (1),

the dynamics of the proposed system can be described by the quantum Langevin equations

which are derived as,

ȧ = −ι∆aa− κaa− ιΩ1σ
(1)
− − ιΩ2σ

(2)
− − 2ιβ|a|2a+ ιGaq − ιEp − ιEse

−ιδt, (2)

σ̇
(1)
− = −ι∆d1σ

(1)
− − κd1σ

(1)
− + 2ιΩ1aσ

(1)
z − 2ιMzσ

(1)
− σ(2)

z + 2ιωDσ
(1)
z σ

(2)
− , (3)

σ̇
(2)
− = −ι∆d2σ

(2)
− − κd2σ

(2)
− + 2ιΩ2aσ

(2)
z − 2ιMzσ

(2)
− σ(1)

z + 2ιωDσ
(2)
z σ

(1)
− , (4)

σ̇1
z = −Γ1(σ

(1)
z + 1) + ιΩ1(a

†σ
(1)
− − σ

(1)
+ a)− ιωDσ

(1)
+ σ

(2)
− + ιωDσ

(1)
− σ

(2)
+ , (5)

σ̇2
z = −Γ2(σ

(2)
z + 1) + ιΩ2(a

†σ
(2)
− − σ

(2)
+ a)− ιωDσ

(2)
+ σ

(1)
− + ιωDσ

(2)
− σ

(1)
+ , (6)

q̇ = ωmp, (7)

ṗ = −ωmq +Ga†a− γmp. (8)

Here κa is the decay rate of the cavity mode. The dephasing rate of the first and second

QD is κd1 and κd2 respectively. The decay rate of the mechanical mode is γm and Γ1 and Γ2
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are the relaxation rate of the first and second QD respectively. In order to solve equations

(2)-(8), we make the following ansatz [50, 51],

a(t) = a0 + a(+)e
−ιδt + a(−)e

ιδt,

σ
(1)
− (t) = σ

(1)
0 + σ

(1)
(+)e

−ιδt + σ
(1)
(−)e

ιδt,

σ
(2)
− (t) = σ

(2)
0 + σ

(2)
(+)e

−ιδt + σ
(2)
(−)e

ιδt,

σ(1)
z (t) = σ

(1)
0z + σ

(1)
(+)ze

−ιδt + σ
(1)
(−)ze

ιδt,

σ(+)
z (t) = σ

(2)
0z + σ

(2)
(+)ze

−ιδt + σ
(2)
(−)ze

ιδt,

q(t) = q0 + q(+)e
−ιδt + q(−)e

ιδt,

p(t) = p0 + p(+)e
−ιδt + p(−)e

ιδt.

(9)

We will be working to the lowest order in Es, but to all orders in Ep. The linear suscep-

tibility for first exciton is given as,

χ
(1)
eff =

σ
(1)
+

Es

(10)

where, χ
(1)
eff is the linear optical susceptibility. Here all system parameters are dimensionless

w.r.t Γ1 and written as,

δ0=
δ
Γ1
, Ω10=

Ω1

Γ1
, Ω20=

Ω2

Γ1
, σ

(1)
0z =

ω
(1)
0

Γ1
, σ

(2)
0z =

ω
(2)
0

Γ1
, β0=

β

Γ1
, ∆a0=

∆a

Γ1
, ωD0=

ωD

Γ1
, ∆d10=

∆d1

Γ1
, ∆d20=

∆d2

Γ2
, κd10=

κd1

Γ1
, κd20=

κd2

Γ1
, Mz0=

Mz

Γ1
, Ep0=

Ep

Γ1
, G0 = G

Γ1
, ωm0 = ωm

Γ1
.

III. OPTICAL BISTABILITY

Optical bistability is a quantum phenomenon that displays two output states for the same

input state. It has been observed in different optical and optomechanical systems [52–54]

and investigated experimentally in semiconductor microcavities [55]. It has received consid-

erable attention due to its promising application in all-optical switching devices [56]. The

optomechanical coupling and the third-order Kerr nonlinear medium introduce nonlineari-

ties in our proposed model. Here, we studied the optical response of N0 = |a0|
2 as a function

of dimensionless external pump power Ep0. We will discuss how the different system pa-

rameters affect optical bistability. All optical switching strongly relies on the demonstration

of optical bistability by the system. On gradually increasing the amplitude of the input

control (pump) laser, the intracavity steady state photon number N0 makes a sudden tran-
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sition from lower stable state (OFF-STATE) to the upper stable state (ON-STATE). On

decreasing the control laser power, the system jumps from the ON-STATE to OFF-STATE.

In figure 2(a), such an optical bistability is demonstrated for three different values of the

Kerr nonlinearity strength β0. A higher value of Kerr nonlinearity demonstrates, optical

bistability at a higher pump power with a corresponding higher value of N0. For efficient

optical switching, low power consumption and a higher value of N0 is desirable. Given the

results of figure 2(a), we need to choose an optimal value of β0 such that the system displays

optical bistability at a low value of pump power with a moderate value of N0 which the

external detector can detect. Figure 2(b) illustrates optical bistability for different values

of dipole-dipole interaction between the two quantum dots (Mz0). A higher value of Mz0

seems desirable since the switching occurs at a relatively low value of the input power with

no substantial change in N0 for different values of Mz0. Optical bistability for different

values of cavity detuning ∆a0 is shown in figure 2(c). It is noted that as ∆a0 increases,

optical bistability occurs at a higher value of Ep0 accompanied by a higher intracavity

photon number. Thus a moderate value of ∆a0 is required for an efficient optical switching

as discussed for figure 2(a). The influence of quantum dot detuning ∆d10 with a fixed ∆d20

is shown in figure 2(d). Optical bistability for a lower value of input pump power is seen

to occur for a higher value of ∆d10. No substantial change in N0 is noticed by changing

the ∆d10. Finally figure 2(e) illustrates the influence of optomechanical coupling G0 on the

optical switching response. As noted, a higher value of G0 leads to optical switching at low

values of Ep0 with a corresponding low value of N0. Depending upon the sensitivity of the

external detector, a moderate value G0 is required such that detectable value of N0 and

low power consumption is satisfied. In figure 2(f), a plot of |a0|
2 as a function of cavity

detuning ∆a0 is shown for two different values of optomechanical coupling strength G0. We

see that for a low value of G0 = 0.005, there is a complete absence of bistability (dashed

line). For a higher value of G0 = 0.01, the solid line plot displays optical bistability. As

G0 increases further, the bistable behavior becomes more prominent. Thus, we observe the

influence of various system parameters on the optical switching characteristics of the system

and conclude that a careful choice of these parameters are required to operate the system

as an efficient ”all-optical switch”.
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Figure 2: Mean number of photons |a0|
2 as a function of pump field Ep0 for different values of (a)

nonlinear strength (β0). (b) exciton-exciton dipole interaction (Mz0). (c) cavity detuning (∆a0).

(d) first exciton detuning (∆d10). (e) optomechanical coupling (G0). (f) Photon intensity |a0|
2

versus cavity detuning ∆a0 for different values of optomechanical coupling G0. Other parameters

used are Ω10 = 0.2, Ω20 = 0.2, ∆d10 = 1, ∆d20 = 1, ωD0 = 0.01, κa0 = 0.1, κd10 = 0.2, κd20 = 0.2,

ωm0 = 0.01.
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IV. PERFORMANCE OF THE OPTICAL SWITCH

With the growing trend of building optical interconnects for short-distance data transfer,

optical systems could become a new means of computation rather than just a channel for

signal transportation [57]. The nonlinear Kerr effect, caused by a control light changing

the refractive index of nonlinear materials and the nonlinear optomechanical effect, is the

basis for all-optical switching. As a result, all-optical switching can be considered a key

component in developing on-chip ultrafast all-optical switch networks. We now analyze the

performance of an optical switch based on the proposed bistable device. The switching ratio

is defined as the ratio of maximum to minimum cavity output and is given by,

Figure 3: (a)- The graph of Switching ratio as a function of optomechanical interaction strength

(G0). (b)- The graph of gain as a function of optomechanical coupling strength (G0). All other

system parameters are same as used in figure 2.

SR =
(Pout)max

(Pout)min

.

Here, Pout = < a†a >. The Gain, G, is defined as,

Gain =
(Pout)max − (Pout)min

Pin

,

and Pin = Ep0.

In figure 3(a) and 3(b), we plot the switching ratio (SR) and the gain (G) versus the

optomechanical strength G0 respectively. It is noted that, as the value of G0 increases, both

the switching ratio and the gain decreases. For an efficient optical switching device, both
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the gain and switching ratio should be large but at the same time power consumption should

be less. Keeping in view the result of figure 2(e), we need to choose G0 in such a way that

switching ratio, Gain and power consumption is optimized.

V. ABSORPTION SPECTRUM

In any optical device, tuning and controlling the optical absorption or transmission is

important for practical applications. Consequently, we now calculate and plot the linear

optical absorption (Im[χ
(1)
eff ]) as a function of signal-pump detuning δ0 in realistic experi-

mental parameter domain. Figure 4(a) illustrates the spectral features of Im[χ
(1)
eff ] for two

different values of β0 (Kerr nonlinearity). One absorption peak and two transparency dips

(negative absorption) are seen in both the plots. We now try to understand the origin of

these spectral features using the dressed states of exciton. The sharp transparency dip at

δ0 = ωm0 = 2 is due to mechanically induced three photon resonance. Let us denote |g, n⟩

and |e, n+ 1⟩ as the lowest dressed level and the highest dressed level of the QD which er

are probing. Here n denotes the number states of the mechanical resonator. The electron

can make a transition from |g, n⟩ to |e, n+ 1⟩ by the absorption of two pump photons and

emission of a photon at ωp + ωm. This leads to amplification at δ0 = ωm0 = 2. As seen from

figure 4(a), a higher Kerr nonlinearity (β0 = 0.2) leads to a transparency dip at δ0 = ωm0

with larger amplitude. This is expected since a large β0 implies more number of two photon

process and hence large amplitude signal field. The second broad transparency dip is due

to the presence of the second QD. This dip is absent in the case of a single QD [58]. The

broad absorption peak centered near δ0 = 0 is due to optomechanically induced stimulated

Rayleigh resonance which corresponds to a transition from |g, n⟩ level to |e, n+ 1⟩ level.

The small negative absorption at δ0 = 0 is a result of simultaneous absorption of one pump

photon (leading toa transition from |g, n⟩ to |e, n+ 1⟩ ) and emission of a photon at ωp into

the signal wave.

Figure 4(b) illustrates spectral features for two different values of dipole-dipole interaction

Mz0. For a higher value of Mz0, the transparency dips at δ0 = ωm0 and the broad dip has

less amplitude compared to that for smaller value of Mz0. The absorption peak also has

a less amplitude for higher value of Mz0. These features are due to the fact that for a

relatively stronger dipole-dipole coupling, a significant amount of energy is transferred to
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Figure 4: Optical absorption (Im[χ(1)]) as a function of signal-pump detuning δ0 for different

values of (a) Kerr nonlinear coupling strength (β0). (b) exciton-exciton dipole interaction (Mz0).

(c) optomechanical coupling (G0). (d) mechanical frequency (ωm0). Other parameters used are

Ω10 = 0.5, Ω20 = 0.5, ∆d20 = 1, ωD0 = 0.01, κa0 = 0.1, κd10 = 0.2, κd20 = 0.2, Ep0 = 0.1.

the second QD which is not probed. Figure 4(c) shows Im[χ
(1)
eff ] versus δ0 for two values of

optomechanical coupling G0. The transparency dip for δ0 = ωm0 is extremely small for G0

= 0.3 compared to that for G0 = 0.6. A stronger optomechanical coupling leads to multiple

photons being emitted at ωp + ωm and thus leading to a relatively stronger signal wave.

Figure 4(d) illustrates the influence of changing he mechanical frequency ωm0 on the optical

absorption spectrum. As evident, the sharp transparency dip at δ0 = ωm0 shifts from δ0 =

2 to δ0 = 1.5 as ωm0 changes from ωm0 = 2 to ωm0 = 1.5 respectively.
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VI. CONCLUSION

In summary, we have investigated the nonlinear optical response properties in a double

quantum dot optomechanical microcavity, interacting with the photons generated through a

third-order nonlinear medium. The steady-state mean-field analysis shows the existence of

tunable optical bistability. This property can be used in all-optical switching by tuning the

different system parameters. We have also calculated the performance of the optical switch.

Based on our mean-field analysis, we have concluded that to develop an efficient optical

switching device, the gain switch ratio should be significant, and power consumption should

be less. We have also shown that the fluctuation dynamics give rise to negative absorption.

We have demonstrated that the fluctuation dynamics give rise to the absorption spectrum,

which shows distinct characteristics of negative absorption that can be controlled and tuned

by varying various system parameters, thus making our proposed model suitable for the

next-generation optoelectronic device.
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