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This paper deals with optical bistability (OB) and optical multistability (OM) behaviors for a triple
semiconductor quantum well (SQW) structure driven coherently with two control ﬁelds, conﬁned in an unidirectional ring cavity. The eﬀect of diﬀerent system parameters on OB and OM is explored. It is found that the
threshold of onset of the OB can be controlled by manipulating the Rabi-frequency of control ﬁelds. In this
case, OB can be converted to OM. Then we investigate the eﬀect of probe and control ﬁeld detunings on OB
behaviors. We found that the frequency detuning of probe ﬁeld aﬀects only the upper-lower branches of the OB
curves but has no speciﬁc impact on OB threshold. By manipulating the ﬁrst control ﬁeld detuning, neither
the OB threshold intensity nor upper-lower branches change. Finally, it is found that increasing the second
control ﬁeld detuning can reduce merely the OB threshold intensity, while no change happens in upper-lower
OB branches. The results may be applicable in real experiments for realizing an all-optical switching or coding
element in a solid-state platform.
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strongly coupled quantum dots weakly connected to the
reservoirs in the presence of Coulomb correlations and
revealed that total electron occupation demonstrates in
some cases significant decreasing with increasing of applied bias. In another work with the same group, external field induced switching of tunneling current in the
coupled quantum dots was investigated [54]. The out-ofequilibrium transport properties of a double quantum
dot system in the Kondo regime is theoretically investigated with Orellana and colleagues [56]. The behavior of
bistability in quantum-dot structures is also studies via
a drift-diffusion model in combination with electron capture and emission processes [57]. Other studies deal with
investigation on bistable tunneling current through a
molecular quantum dot [58], bistable spin currents from
quantum dots embedded in a microcavity [59], and so
on.
Intersubband transition-based devices in the SQWs
have also many intrinsic advantages that the atomic
systems do not have, such as the large electric dipole
moments due to the small effective electron mass, the
great flexibilities in devices design by choosing the materials and structure dimensions, the high nonlinear optical coefficients. Furthermore, the transition energies,
the dipoles as well as the symmetries can also be engineered as desired [60]. On the basis of their impor-

1. Introduction. Quantum coherence and interference can be utilized to explore various possibilities,
ranging from linear and nonlinear optics [1–24]. Optical bistability (OB), which appears in nonlinear optical
systems surrounded by loop of feedback, is a feature in
which two stable output intensities are often accessible
for a single input intensity (one large and one small).
During the past several decades, there has been a lot of
attention paid to the optical bistability due to its implementation in all-optical transistors, switches, logical
gates, and memories [25–35].
There is also a significant interest in quantum coherence based-phenomena in semiconductor quantum
dots (SQD) and semiconductor quantum wells (SQW)
[36–59].
SQDs exhibit properties similar to atomic vapours
but with the advantage of high nonlinear optical coefficients, large electric-dipole moments of intersubband
transitions due to the small effective electron mass as
well as ease of integration. Many ideas have been proposed and analyzed in SQDs. For instance, Mantsevich et al. [53] investigated the peculiarities of nonequilibrium charge configurations in the system of two
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tant properties, several works have been performed on
quantum interference and coherence based phenomena
in SQWs. For example, Peng and co-workers have investigated the optical precursors with tunneling-induced
transparency in asymmetric quantum wells [50]. Recently, the absorption-dispersion properties of a weak
probe laser field for a triple SQW structure driven coherently by two control laser fields have been analyzed
by Yang et al. [52]. They have shown that such SQW
structure can produce anomalous and normal dispersion regions with negligible absorption by adjusting the
intensities of the control fields. Now, in this letter, we
intend to study the optical bistability and optical multistability (OM) behaviors for such triple SQW structure inside a unidirectional ring cavity. We show that by
suitably varying the intensity and frequency detuning of
control laser fields, the controllability of OB and OM is
possible for such SQW model. Note that we will not consider the influence of Fano-interference in present work,
as it could be the subject of another work. The paper is
organized as follows: Secs. 1 and 2 provide the introduction, and the description of proposed model and related
equations, respectively. In Sec. 3, we give the numerical
results, and finally, Sec. 4 represents the conclusion.
2. Model and Equations. The schematic band
diagram of the triple semiconductor quantum well including a deep well and two shallow wells coupled by
tunneling to a common continuum of energies through
a thin barrier, and the corresponding energy levels are
shown in Figs. 1a and b, respectively. Such structure
can be obtained, as discussed in Ref. [37], by coupling
two shallow Al0.2 Ga0.8 As wells with thickness of 6.8-nm
separated by a 2.0-nm-thick Al0.4 Ga0.6 As barrier and a
deep 7.1-nm-thick GaAs well to a common continuum
(Al0.165 Ga0.835 As) through a 0.7-nm-thick Al0.4 Ga0.6 As
Al barrier. The deep well is separated from the second shallow well by an Al0.4 Ga0.6 As barrier with 2.5 nm
thickness. The electronic levels of the ground state and
three excited states are denoted by |1i, |2i, |3i, and |4i,
respectively. A probe field with Rabi frequency Ωp and
angular frequency ωp mediates the transition |1i → |2i.
Two coherent control fields with Rabi frequencies Ωc , Ωl
and angular frequencies ωc , ωl are applied to the transitions |1i ↔ |3i and |1i ↔ |4i, respectively.
The density-matrix equations of the motion for the
SQW structure in dipole and rotating-wave approximations can be written as
iρ̇22 = iγ2 ρ22 − Ωp (ρ21 − ρ12 ),
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Fig. 1. (Color online) (a) – Schematic band diagram of the
SQW structure consisting of a deep well and two shallow
wells coupled by tunneling to a common continuum of energies through a thin barrier. (b) – Schematic of related
energy levels. (c) – Unidirectional ring cavity with atomic
sample of length L. EPI and EPT are the incident and transmitted ﬁelds, respectively. E1 and E2 are the strong coupling ﬁelds. For mirrors 1 and 2 we have R + T = 1. Mirrors 3 and 4 are perfect reﬂectors. Possible arrangement
of experimental apparatus containing an atomic sample
of length L. Ep , Ec , ERF represent a weak pulsed probe
ﬁeld, a strong cw control ﬁeld and a tunable RF -driving
ﬁeld, respectively

iρ̇41 = (∆l − iγ41 )ρ41 + Ωl (ρ11 − ρ44 ) − Ωp ρ42 − Ωc ρ43 ,
iρ̇24 = (∆l − ∆p − iγ24 )ρ24 − Ωl ρ21 − Ωp ρ14 ,
iρ̇43 = (∆l − ∆c − iγ43 )ρ43 + Ωl ρ13 − Ωc ρ41 ,

iρ̇33 = iγ3 ρ33 + Ωc (ρ13 − ρ31 ),

iρ̇23 = (∆c − ∆p − iγ23 )ρ23 − Ωc ρ21 + Ωp ρ13 ,

iρ̇44 = iγ4 ρ44 − Ωl (ρ41 − ρ14 ),

iρ̇13 = (∆c − iγ13 )ρ13 − Ωc (ρ11 − ρ33 ) − Ωp ρ23 + Ωl ρ43 ,
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iρ̇21 = (∆p − iγ21 )ρ21 + Ωp (ρ11 − ρ22 ) − Ωc ρ23 − Ωl ρ24 ,
where ρij = ρ∗ji ,

4
P

steady-state limit between the incident field E1I and
transmitted field E1T are [26]:

= ρii = 1. The half-Rabi frequen-

ET
E1 (L) = √1 ,
T
√
E1 (0) = T E1I + RE1 (L),

i=1

cies are Ωk = Pij Ek /2~ (i, j = 1, 2, 3, 4; i 6= j;
k = p, c, l) with Ek and Pij being the corresponding
electric field amplitude and the dipole matrix element
induced on the transition |ii ↔ |ji, respectively. Note
that ∆p = (ε2 − ε1 )/~ − ωp , ∆c = (ε3 − ε1 )/~ − ωc ,
∆l = (ε4 − ε1 )/~ − ωl , are the detuning of the corresponding applied fields (εj being the energy of state |ji).
In addition, the decay rates are included phenomenologically in the above equations. The total decay rates γij
dph
dph
(i 6= j) are: γ21 = (γ2 +γ21
)/2, γ23 = (γ2 +γ3 +γ32
)/2,
dph
dph
γ13 = (γ3 + γ31
)/2, γ41 = (γ4 + γ41
)/2, γ24 =
dph
dph
= (γ2 + γ4 + γ42
)/2, and γ43 = (γ4 + γ3 + γ43
)/2,
where γj (j = 2, 3, 4) are the population scattering
rates which are primarily due to the longitudinal optical phonon emission events at low temperature [61]
dph
and the pure dipole dephasing rates γij
are considered
to be a combination of quasi-elastic interface roughness
scattering or acoustic phonon scattering [49, 62]. One
can calculate the population decay rates by solving the
effective mass Schrödinger equation. For the temperadph
tures up to 10 K, the dephasing decay rates γij
can be
estimated based on Refs. [37, 48]. For our model, they
are γ2 = 1.32 meV, γ3 = 1.72 meV, γ4 = 2.24 meV, and
dph
dph
dph
dph
dph
dph
γ21
= γ31
= γ41
= γ32
= γ42
= γ43
= 1.65 meV.
A general treatment of the decay rates would involve
incorporation of the decay mechanisms into the Hamiltonian of the system. However, we have adopted the
phenomenological approach of treating the decay mechanisms just as done in Ref. [15, 16, 62]. A more fully twodimensional treatment taking into account these processes has been investigated quite thoroughly by some
authors (for example [63, 64]).
According to the standard model of Bonifacio and
Lugiato [65], a medium of length L composed of the
proposed SQW sample immersed in an unidirectional
ring cavity is considered. We assume that both the mirrors 3 and 4 are perfect reflectors, and the reflection and
transmission coefficients of mirrors 1 and 2 are R and T
(with R + T = 1), respectively.
Under slowly varying envelop approximation, the
dynamics response of the probe field is governed by
Maxwell’s equation
∂Ep
∂Ep
iωp
P (ωp ),
+ νF
=
∂t
∂z
2εr

(2)

where P (ωp ) shows the induced polarization. For a perfectly tuned cavity, the boundary conditions in the

(3a)
(3b)

where L describes the length of the sample. The second
term on the right-hand side of Eq. (3b) is the feedback
mechanism due to the reflection from mirrors, essential
for the bistability. When R = 0 in Eq. (3b), bistable behavior is expected. In line with the mean-field limit, and
using the boundary condition, the steady state behavior
of elliptically polarized transmitted field reads
Y = 2x − iCρ21 ,
(4)
√
√
where y = P21 E1I /~ T and x = P21 E1T /~ T are the
normalized input and output field, respectively. The pa2
rameter C = N ωp LP21
/2~ε0 cT is the electronic cooperatively parameter. Transmitted field depends on
the incident probe field and the coherence terms ρ21
via Eq. (4). The coherence term ρ21 given in Eq. (4) is
2
21 |
obtained from probe susceptibility χ21 = 2Nε0|P
~Ωp ρ21 ,
where here, N is the electron density in the conduction
band.
Assuming that system is populated predominantly
in the ground state |1i, and since the driving fields are
assumed to be strong compared to the probe field, the
analytical solution for the coherence term ρ21 can be
expressed as
(1)

ρ21 = iΩp

x1 x2
,
x2 Ω2c + x1 Ω2l + x1 x2 x3

(5)

where
x1 = ∆c −∆p −iγ23 , x2 = ∆l −∆p −iγ24 , x3 = ∆p −iγ21 .
The imaginary part of ρ21 related to the probe susceptibility shows the absorption of probe field for the SQW
medium.
3. Numerical results and discussions. In the following, the behavior of optical bistability for the system
under consideration will be analyzed thoroughly.
Eqs. (4) and (5) show that the OB is dependent on
the controllable parameters of the SQW system, i.e., the
intensity and detuning of the laser fields. As a result, one
can control the OB behaviors through proper adjusting
the system parameters.
We display the numerical simulations in Figs. 2–5.
First, we explore how the intensity of the Rabifrequency Ωc affects the bistable behavior of SQW sample. The input-output field curves for different values
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Fig. 2. (Color online) Plots of the input-output ﬁeld curves
(a) and probe absorption for diﬀerent values of Ωc (b). The
selected parameters are, γ2 = 1.32 meV, γ3 = 1.72 meV,
dph
dph
dph
dph
γ4 = 2.24 meV, and γ21
= γ31
= γ41
= γ32
=
dph
dph
= γ42
= γ43
= 1.65 meV, Ωp = 0.001 meV, Ωi = 1 meV,
∆c = ∆l = 1 meV, ∆p = 10 meV, C = 500

of Ωc are plotted in Fig. 2a. Let us firstly consider the
blue dot-line related to the Ωc = 1 meV. As can be observed, when starting from lower powers, there exists a
sudden jump in the output field intensity from the turning point a in the lower branch to the point b located
in upper branch. Another jump occurs in the contrariwise regime (starting from higher powers and decreasing
it) and from the turning point c to the point d in lower
branch. This hysteresis behavior gives rise to the optical
bistability.
In addition, it can be seen that by increasing the
intensity of Ωc to Ωc = 2 meV (black dash-line), Ωc =
= 3 meV (green dash-dot-line), and then Ωc = 4 meV
(red solid-line), the threshold of optical bistability can
be remarkably increased. The main reason for this beПисьма в ЖЭТФ

том 102

вып. 7 – 8

2015
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Fig. 3. (Color online) Plots of the input-output ﬁeld curves
(a) and probe absorption for diﬀerent values of Ωl (b).
Here, Ωc = 1 meV, and the selected parameters are the
same as Fig. 2

havior could be attributed to the enhancement of absorption for the system at the probe detuning ∆p =
10 meV. Fig. 2b shows that increasing the intensity of
Ωc increases the probe absorption value at ∆p = 10 meV
which support our comment.
The effect of the Rabi-frequency Ωl on optical bistability behavior of the sample is shown in Fig. 3a. As can
be seen, increasing Ωl results in different behavior of OB
threshold with respect to Fig. 2; the OB threshold is reduced by increasing Ωl . In addition, when we change
Ωl from 3 to 4 meV, the OB switches to OM. Note that
switching between OB and OM is an interesting result
due to its potential application in all-optical switching
or coding elements. We found that by more increasing
of Ωl (e.g., Ωl = 6 meV), the OM threshold intensity is
reduced more. The main reason for switching between
OB and OM is related to Eq. (4). By increasing the in-
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Fig. 4. (Color online) Plots of the input-output ﬁeld curves
for diﬀerent values of ∆p (a) and ∆l (b). The selected parameters are the same as Fig. 2

Fig.5. (Color online) Plots of the input-output ﬁeld curves
for diﬀerent values of ∆c . The selected parameters are the
same as Fig. 2

tensity of Rabi frequency Ωl the order of the variable
x in Eq. (4) goes higher for the proposed four-level QW
system, which depends on the relative strengths of different parameters associated with the QW system, that
is to say, the observed OM may depend on the complicated form of the variable x. Physically, for the small
values of Ωl , the coherence of the medium is not high
enough. Increasing Ωl can increase the coherence of the
system which may lead to enhancement of Kerr nonlinearity for the probe field, therefore, we can realize the
transition from the OB to the OM through increasing
Ωl .
In order to get the physical origin of such behavior,
we plot the absorption profile versus probe detuning for
different values of Ωl . It is obvious that by increasing Ωl ,
the value of probe absorption reduces at ∆p = 10 meV.
Thus, the cavity field more easily reaches saturation
which enables reduction of the bistable threshold intensity.
Next, we investigate the influence of probe field detuning ∆p as well as the control field detuning ∆l on
behavior of optical bistability for the proposed SQW
model. Fig. 4 illustrates the input-output curves for different values of ∆p (a) and ∆l (b). One can observe in
Fig. 4a that different values of probe field detuning only
affects the lower and upper branches of OB, and do not
change the OB threshold intensity. Also, Fig. 4b displays
that by modulating ∆l , neither the OB threshold intensity nor upper-lower branches change. Moreover, OM is
never established in these cases.
It is known that in order to be of practical interest, the threshold value of the input intensity for OB
curves must be sufficiently reduced [66]. To this end, we
show in Fig. 5 the effect of the first control field detuning i.e., ∆c , on OB features. Obviously, manipulating
∆c has no specific effect on lower and upper branches
of OB, but reduces the threshold of onset of OB curves.
This indicates that when the control fields Ωc are not
resonance with the transition |1i ↔ |3i, the absorptiondispersion and the Kerr nonlinearity of the medium can
be modified leading to changes in OB threshold reduction threshold intensity. Thus, we found an advantage of
utilizing control field detuning ∆c in this SQW structure
in reducing OB threshold intensity rather than using ∆p
and ∆l .
4. Conclusions. We have investigated the optical
bistability and optical multistability for a triple semiconductor quantum well confined in a ring cavity. We
analyzed how OB and OM features can be controlled via
different system parameters. It is found that the Rabifrequency of control fields can result in reduction or enhancement of threshold of onset of OB. Moreover, it was
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shown numerically that one can control the upper-lower
branches of OB curves as well as OB threshold intensity through proper adjusting the frequency detuning of
probe and control fields.
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