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In this paper, we analyze theoretically the optical steady behavior in GaAs quantum well
structure which interacts with a single elliptically polarized field (EPF) and a w-polarized
probe field. Due to the existence of the robust nonradiative coherence, we demonstrate
that the controllable optical steady behavior including multi-stability (OM) and optical
bistability (OB) can be obtained. More interestingly, our numerical results also illustrate
that tuning the phase difference between two components of polarized electric field of the
EPF can realize the conversion between OB and OM. Our results illustrate the potential
to utilize the optical phase for developing the new all-optical switching devices, as well
as a guidance in the design for possible experimental implementations.
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Controlling optical steady behavior is the subject of active research over the past
decade in view of its potential applications in optical devices, quantum information
and so on. An interesting problem in this area is the creation of controllable optical
bistability (OB) and multi-stability (OM).1719 As shown in Fig. 1, we take OB
curve as an example to discuss the basic process of the input—output light intensity.
Along the OA line, the output light intensity I increases progressively with gradual
increasing of the input light intensity I;. However, when I; increases and reaches to
Ip, I increases and reaches to I/, nonlinearly. Consequently, I linearly increases
along the CE line, which means that the absorption of the input light has reached
saturation. If the I; decreases from point E, I will linearly reduce along the EC line.
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Fig. 1. (Color online) The diagrammatic sketch of the optical bistability.

When I; decreases and reaches to I, I7 will linearly decrease along the ECD curve.
In addition, if I; decreases to Ia, I will nonlinearly decrease to I’; accordingly,
then I will linearly decrease along the AO line. In other words, for a certain input
light intensity, there are two stable states of the output light intensity (i.e. the
higher transmission state and the lower transmission state).

It is worth noting that stability refers to the output light intensity which is only
the nonlinear function of the input light intensity that does not change over time.
The schemes for obtaining controllable OB or OM have been proposed and observed
theoretically and experimentally in several atomic system.! !9 These studies mainly
focused on controlling the bistable behaviors consisting of the bistable threshold and
the shape of the bistable curve via quantum interference and atomic coherence.'1?
It is worth noting that the creations of controllable OB or OM in semiconductor
quantum wells (SQW) based on quantum coherence with intersubband transitions
(ISBT) have also attracted an increasing number of interest?°23 because of its wide
applications in solid-state quantum information science and optoelectronics.?4—3%

On the other hand, recent studies of spin control in SQW found that nonradia-
tive coherence is very robust and can be sustained for long time at room tempera-
ture.36743 The ISBTs in the SQW system can be described as |S, = £1/2) < |J, =
+1/2,+3/2) with |S, = +1/2) the conduction bands and |J, = +1/2,43/2) the
light-hole (Ih) and heavy-hole (hh) valence bands. Li et al.** realized electromag-
netically induced transparency in the similar SQW system where we could observe
the robust nonradiative coherence. Yang et al.*® investigated the four-wave mixing
in a double-V scheme via nonradiative coherence. Recently, Liu et al.*8 studied
the properties of the soliton pairs with slow group velocity in SQW, which showed
that the nonradiative coherence can effectively modify the propagation of soliton.
However, there is not the related experimental study which has realized OM and
OB via nonradiative coherence in current system, which motivates our study.
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Fig. 2. (Color online) (a) Structure of GaAs quantum well system. The transitions between the
states |1) and |3), and between the states |2) and [4) are driven by an elliptically polarized field
(EPF). The transitions between the states |1) and |2), and between the states |3) and |4) are driven
by a m-polarized probe field. The frequency detunings of system are correspondingly defined by
Aj and Ag. (b) Schematic diagram of the optical cavity containing a SQW sample of length L,
where the control field E. is noncirculating inside the cavity. Eg and E;{ are the transmitted and
incident fields, respectively. The two polarized fields both propagate along the y-axis in the QW
waveguide.

In this paper, a new scheme which is aimed at the realization of controllable
OB and OM via the nonradiative coherence in SQW is put forward. As shown
in Fig. 2(a), the probe field E, (with angular frequency w,) couples the electric
dipole transitions between the levels |1) and |2) (with transition frequency woq),
and between the levels |3) and [4) (with transition frequency wys). A single el-
liptically polarized field (EPF) E. (with angular frequency w.) drives the electric
dipole transitions between the levels |1) and |3) (with transition frequency wsi),
and between the levels |2) and |4) (with transition frequency wss). As shown in
Fig. 2(b), we use the control beam which polarizes along the z-direction and the
probe beam which polarizes along the z-direction. Both the two fields propagate
along the y-axis in the SQW sample and drive the respective lh transitions.

We should note that the nonradiative coherence origins from the two lh valence
bands can be neglected since the decoherence time is very short.36~43 The utilization
of a quarter-wave plate (QWP) can obtain the o-polarization of the EPF.47 An
initial o-polarized field F, with a rotating angle ¢ can be elliptically polarized after
entering into the QWP. Thus, the EPF can be decomposed as E. = Efot +FE_ o~
with the unit basis vectors ¢~ and oF, where Ef = \E/%(COSQS + sing)e’® and

E- = % (cos ¢ — sin ¢)e ™. The amplitudes and the phase difference between two
components of polarized electric field which is denoted by the rotating angle ¢ for
convenience can be modulated by the QWP.

By choosing the Hy = wp|2)(2| + w|3) (3| + (wp + we)|4) (4| and taking the level

|1) as the energy origin, under the dipole and rotating-wave approximation, the
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interaction Hamiltonian of the present SQW structure is given by (h = 1):
Hine = A1|2)(2] + Aq[3)(3[ + (A1 + A2)[4) (4] — [Qp[2)(1] + Q[4) (3]
+ Q1 (cos ¢ — sin @)e"?[3) (1] + Qea(cos ¢ + sin ¢)e'?[4) (2| + He], (1)

where Ay = w1 — wp = w31 — we and Ag = wyz — wp = w2 — W, are the relevant
frequency detunings. The symbol H.c. means the Hermitian conjugation. Q. =
—p31E7 /b = Qc(cosd — sing)e™ ™ and Qo = —pso B /h = Q.(cos ¢ + sin ¢)e'®
are the half Rabi frequencies of the two components of the EPF, where ., =
—uE./\/2h. Q, = uE,/2h is the half Rabi frequency of the probe field with p;; = u
denoting the dipole matrix moment for the relevant optical transition from the level
|i) to the level |j). Then, the density-matrix equations of system can be obtained

under the standard approaches:18-50

paz2 = Yazpas + iQpp12 — 80 pa1 + 275 (cos ¢ + sin ¢)e " pag

— iQe2(cos ¢ + sin @)e poy , (2)
P33 = Ya3pasa + 80 paz — i p34 + i1 (cos ¢ — sin e pis

— i, (cos ¢ — sin p)e™ p3y (3)
pas = — (V43 + Ya2)paa + iQpp3s — 12 paz + iQe2(cos ¢ + sin })e' pay

— Q5 (cos ¢+ sing)e” @ pyo (4)
P21 = (—iA1 — ¥21/2)pa1 — iQe1(cos ¢ — sin d)e ™ pog + i€ (p11 — p22)

+ i (cos ¢ + sinple @ pyq (5)
p31 = —(iA1 +731/2)p31 — iQpp32 + i, pa1

+ Q1 (cos ¢ — sin (b)e_“b(pu — p33) s (6)
par = [—i(A1 4+ Ag) — (a3 + Va2)/2]pa1r — 1 Qppaz + i Qe2(cos ¢ + sin B)e'? pay

+iQpp31 — i1 (cos ¢ — sin p)e " pas., (7)

paz = [—1A2 — (Va3 + 7a2 + 721) /2] paz — i1Q,p01
+iQ0(cos ¢ + sin @)e’? (paz — pas) + 1Qpp3a, (8)
paz = [—i8s — (a3 + a2 + 721)/2lpas — 1% (cos ¢ — sin ¢)e’’ pay
+ i (p33 — paa) + iQc2(cos ¢ + sin @)’ pos, 9)
P32 = —[(21 + 731)/2]p32 + i1 (cos ¢ — sinp)e " p1o
— iQo(cos ¢ + sin @)e'? gy — i€, p31 + €2, pan (10)
together with p;; = p;; and ijl pj; = 1, where the total decay rates of the

above density matrix equations which are added phenomenologically are denoted
by iy (i, = 1 —4).27%0
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To create controllable OB or OM, as shown in Fig. 2(b), the above-described
SQW sample is put in a optical cavity of length L. For simplicity, a standard model
is adopted, it is assumed that both the mirrors M3 and My have 100% reflectivity,
and T and R (with T+ R = 1) are corresponding the intensity transmission and re-
flection coefficients of the mirrors M, and M, respectively. Only the probe field £,
which is determined by Maxwell’s equation circulates inside an optical cavity, and
then under the slowly varying envelope approximation, we can obtain the relevant
propagating equation characterizing the probe field

OB, | OBy _ @

ot 0z 20

where the parameters ¢ and €¢ are the light speed in vacuum and the permittivity of

free space, respectively. P(wp) = N(p12p12 + f134p34) denotes the slowly oscillating

term of induce polarization in the relevant transitions |1) <> |2) and |3) > |4) with

N the electron number density in the conduction band of the SQW sample. In the

steady-state condition, the time derivative 0E,/0t in Eq. (11) can be neglected,

thus the amplitude of the probe field E, can be described by

% - i%}?(%). (12)

Note that if a set of reasonable parameters of the ring cavity can be found, the
input field E! and the transmitted field £ will meet the conditions:5!2

Ey =VTE,(L), (13)
E,(0) = VTE!(L) + RE,(L), (14)

Plwp) (11)

where the term RE,(L) in Eq. (14) presents a feedback mechanism results from
the reflection of the mirror Ms and is the main reason leads to OB or OM. By
normalizing the fields (z = MlgEg/h\/T and y = MlgEé/h\/T) and using the mean-
field approximation,®52 the input—output relationship equation can be described
by

y =z —iClp12 + (p34/p12)p34l » (15)

where C' = %jﬁiz is the electronic cooperation parameter. We should note that
the term iC[p12 + (34/p12)p34] in Eq. (15) is very important for the OB or OM to
occur.

In the following, we will directly examine the steady behavior of the output
field by numerically integrating equations (2)—(10) in the steady-state condition
(i.e. dpi; = 0). For a qualitative analysis of the optical steady behavior, we take
a2 = Ya3 = 7 = 1012 571 51 = 31 = 1.57.** Without loss of generality, taking
A = Ao, Qo1 = Qo = O, pog = 13 and p12 = psg, all the parameters used in the
following numerical calculations are in the unit of . Besides, it is assumed that the
Rabi frequencies €, is real. Subsequently, as shown in Figs. 3-5, we obtain a few
numerical results for the steady behavior of the input—output field intensity with
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Fig. 3. (Color online) (a) The curve diagrams of the input—output field intensity with different
frequency detuning Aj. (b) The probe absorption Im(pi2 + p34) versus the detuning A; with
2p = Qp = 0.57. Other values of the parameters are chosen as Q¢ = 3y, C'= 100y and ¢ = 0.

different values of the relevant parameters to illustrate that controllable OB and
OM can be achieved in the present SQW system.

First of all, we show in Fig. 3(a) the curve diagrams of the input—output field
intensity with different frequency detuning A;, in which the OB behavior can be ob-
viously observed and can be manipulated by the frequency detuning. From Fig. 3(a),
it is shown that the bistable threshold and the area of the bistable curve are con-
trollable via changing the frequency detuning A;. We can see, with increasing A;
from 0 to 57v, the bistable threshold increases progressively and the area of the
bistable curve becomes wider when all other parameters keep fixed. The physics
mechanism is rather clear and can be qualitatively explained as follows. The non-
radiative coherence p14 results from the two transition pathways, i.e., |2) < |1) and
|2) <> |4), which can be modulated by the o polarized component of the EPF via
the transition pathway |2) <+ |4). The absorption—dispersion property of the probe
field coupled to the transition |[1) «» |2) is similar as the case of the usual elec-
tromagnetically induced transparency in a single V-type system.*?> However, here
the nonradiative coherence p;4 can also be induced by the o~ polarized compo-
nent of the control field via the transition pathway |3) <> |1), which leads to the
change of the absorption—dispersion property of the probe field corresponding to
the transition |3) <> [4). Thus, it is illustrated that the absorption-dispersion of
the probe field can be modified in the present SQW system. The probe absorption
Im(p12 + p34) versus the detuning A is shown in Fig. 3(b), which displays the ab-
sorption of the probe field on the transitions |1) <> |2) and |3) <> |4). As illustrated
in Fig. 3(b), the absorption of the probe field decreases accordingly with gradual
increasing Ay from 0 to 5y. Thus, it is difficult for the absorption saturation of
the ring cavity. Therefore, the OB behavior in Fig. 3(a) shows to be controllable
when changing A;. Furthermore, we can change the resonance conditions of the
field via giving a time-modulated detuning.?” As a result, we provide a scheme for
controlling OB behavior via adjusting properly detuning in the SQW system.
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Fig. 4. (Color online) The curve diagrams of the input—output field intensity (a) with different
intensity of the elliptically polarized field Q. with C' = 100+, (b) with different cooperation
parameter C' with Q. = 3. Other values of parameters are the same as Fig. 3(a) except A =
Ao = 3.

As mentioned above, the OB can be created via nonradiation coherence induced
by the EPF in the present SQW system. Now we analyze how the EPF affects on the
OB behavior. We show in Fig. 4(a) that the bistable threshold and the area of the
bistable curve obviously decrease as the amplitude of the EPF €. increases, which
can also be chalked to the changes of absorption—dispersion property results from
the increasing of €).. By applying an increasingly intensity, the nonradiative coher-
ence is enhanced. Thus, it is more easier for the absorption saturation of the ring
cavity. In Fig. 4(b), we demonstrate that the bistable threshold reduces dramati-
cally as C decreases. From the term C = %;D“T%, it can be seen that C changes
with N proportionally. Therefore, the decrease of the bistable threshold intensity
origins from that the probe absorption of the sample enhances with the increasing
of N. Besides, in the experimental application, the present SQW system can be
engineered to obtain desirable dipole moments g1 for changing the parameter C'
by appropriately designing the SQW sample.

As shown in Figs. 3 and 4, we have demonstrated the creation of the OB and
studied the influences of parameters on the bistable behavior in the SQW system
under consideration by fixing the phase difference between two components of po-
larized electric field (i.e. ¢ = 0). However, we should examine the influence of the
phase difference ¢ between two components of polarized electric field on the opti-
cal steady behavior, which is one of the most interesting characters of the present
SQW system driven by the EPF. The phase of applied laser fields has been widely
taken advantage of the coherent control of several vital processes in various SQW
system.?3" 35 Therefore, we present numerical results in Fig. 5 for examining the
effect of the phase difference ¢ on the steady behavior. We show in Fig. 5 that the
OB can be observed for ¢ = 0 (solid line). More interestingly, one can find from
Fig. 5 that the behavior of OM occurs as the phase difference ¢ increases from 0
to /3 (dotted line). Furthermore, Fig. 5 also shows that the behavior of OM will
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Fig. 5. (Color online) The curve diagrams of the input—output field intensity with different phase
difference ¢ between two components of polarized electric field of the EPF with Ay = Ay = 3~.
Other values of parameters are the same as Fig. 3(a).

turn back to OB if ¢ is changed from 7/3 to 27/3 (dashed line). The reason for the
appearance of OM is that the nonradiation coherence is dependent on the phase
difference ¢, which implies that the absorption—dispersion property can be modu-
lated by ¢. The OM will appear so long as the input intensity |y| in Eq. (15) is not a
cubic polynomial of the output intensity |x|. Thus, we provide a alternative method
for switching OB to OM or vice versa via tuning the phase difference between two
components of polarized electric field of the EPF.

Before conclusion, the possible experimental realization of the present scheme
is provided for creation of the controllable steady behavior in the SQW system.
Experimentally, the SQW system presented here can be obtained at low tempera-
ture from a GaAs semiconductor sample in the current technology.® To obtain the
two components of polarized electric field o+ and o~ of the control field, one can
let the control beam pass through a 1/2 and a 1/4 wave plates in turn properly.
After passing the 1/2 wave plates, the vertical polarized beam can be obtained. The
rotating angle ¢ can be modulated by the 1/4 wave plate. Thus, one can obtain
that the elliptically polarized field contains two components (i.e. ¢ and o).

In conclusion, we have analyzed in detail the optical steady behavior in GaAs
quantum well structure driven by an elliptically polarized field (EPF) in a unidirec-
tional ring cavity. It is clearly shown that the controllable optical steady behavior
including multi-stability (OM) and optical bistability (OB) can be obtained via
nonradiation coherence, and the frequency detuning, cooperation parameter and
the amplitude of the EPF can affect the bistable behavior effectively. Interestingly,
our numerical results show that the conversion between OB and OM can be realized
by adjusting the phase difference between two components of polarized electric field
of the EPF. As a result, an alternative scheme for obtaining optimally the desired
OM or OB provide a guidance in the design of an all-optical switch. In addition,
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the present investigations of the optical steady-state behavior of the probe field
in SQW system may open up a new gate for the applications of the nonradiative
coherence.
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