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We investigate the light propagation and dynamical control of a weak pulsed probe field in

asymmetric double quantum wells via Fano interference, which is caused by tunneling from the

excited subbands to the same continuum. Our results show that the system can produce anomalous

and normal dispersion regions with negligible absorption by choosing appropriate coupling

strength of the tunneling and the Fano interference. Interesting enough, the dispersion can be

switched between normal and anomalous by adjusting the relative phase between the pulsed probe

and coherent control fields owing to the existence of the perfectly Fano interference. Thus, the

relative phase can be regarded as a switch to manipulate light propagation with subluminal or

superluminal. The temporal and spatial dynamics of the pulsed probe field with hyperbolic secant

envelope are analyzed. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879435]

I. INTRODUCTION

The study on controlling the group velocity of light

propagation and quantum information storage is shown great

interest in recent years due to the potential applications in

optical communications and quantum information

processing.1–15 The group velocity of a light pulse can be

slowed down,1 or become greater than the speed of light in

vacuum or even negative in a special medium.2,3 Many ex-

perimental observations are based on the fact that quantum

coherence and interference16,17 lead to a dispersion profile

with a sharp derivative (positive or negative) near the line

center.18 On the other hand, optical transitions between elec-

tronic states within the conduction bands of semiconductor

quantum wells (SQW) have proved to be a promising candi-

date for the realization of optical devices and solid quantum

information sciences,19 and large number of efforts has been

devoted to the investigations of both quantum coherence and

interference in quantum wells.

The development of molecular beam epitaxy (MBE) and

band structure engineering has made possible the design and

realization of quantum semiconductor structure with new and

unusual optical properties. Due to strong electron-electron

interactions, the SQWs behave effectively with atomic-like

intersubband transition (ISBT) responses.19 Owing to the

small effective electron mass, they have the advantages of

high nonlinear optical coefficients and large electric dipole

moments of ISBT.19 Over the past few decades, coherent

interaction between electromagnetic fields with ISBT in

SQW intrigues, many interesting quantum phenomena20–29

such as lasing without inversion,30 slow optical soliton,31–33

enhancement of four-wave mixing,34,35 optical switches,36

and controlling steady-state behaviors.37–40

Quantum interference is at the heart of quantum

mechanics. Paths interfere when they connect identical

initial and final states and the sign of the interference is

determined by the phase difference accumulated between the

paths. In SQW heterostructures, quantum interference phe-

nomena associated with ISBT optical absorption have been

widely demonstrated.19 In particular, quantum interference

arises between absorption paths to two states coupled to a

common continuum by tunneling has been observed. This

kind of interference is called Fano interference,19–21 which

will lead to nonreciprocal absorptive and dispersive profiles.

Recently, we have also studied the slow optical soliton for-

mations based on the Fano interference with a three-level

system of electronic subbands in an asymmetric double

quantum well (GaAs/AlGaAs) structure, in which the inter-

ference between the absorption paths through two resonances

to the continuum leads to a linear rapidly varying refractive

index change with a reduction in the group velocity.31

Furthermore, the relative phase of applied laser fields has

been widely used for the coherent control of ISBT in QW

systems, coined as the phase control technology.41 Phase

control has already been applied for the coherent manipula-

tion of population dynamics and absorption-dispersive prop-

erties in QW systems.42–47

Motivated by the phase control and Fano-interference,

in this paper, we examine the phase controlling the group

velocity of light propagating in asymmetric double quantum

wells, where two excited states are coupled by tunneling to

the same electronic continuum. We reveal that the

absorption-dispersive properties and the propagation of

pulsed light can be controlled efficiently by adjusting the

coupling strength of tunneling and the Fano interference.

More interestingly, in presence of the perfect Fano interfer-

ence, the dispersion can be switched between normal and

anomalous by adjusting the relative phase of applied laser

fields. This leads to the group velocity of the pulsed probe

light switching between subluminal and superluminal. Our

results illustrate the potential to utilize relative phase of the

coherent fields for controlling group velocity of the lighta)Electronic address: wenxingyang2@126.com
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pulse in SQW systems, as well as a guidance in the design

for possible experimental implementations.

II. THE SYSTEM AND THE DENSITY MATRIX
EQUATIONS

We consider the asymmetric SQW structure consisting of

two quantum wells that are separated by a narrow barrier as

shown in Fig. 1.31 For a certain bias voltage, the first subband

labeled jai of the shallow well is resonant with the second

subband labeled jbi of the deep well (see Fig. 1(a)), and

because of the strong coherent coupling via the thin barrier,

the levels split into a doublet, i.e., j2i ¼ ðjai � jbiÞ=
ffiffiffi

2
p

;
j3i ¼ ðjai þ jbiÞ=

ffiffiffi

2
p

(see Fig. 1(b)). The splitting energy xs

on resonance is given by the coupling strength and can be con-

trolled by adjusting the height and width of the tunneling bar-

rier with applied bias voltage.31 A low intensity pulsed laser

xp (amplitude Ep) is applied to the transitions j1i ! j2i with

the respective Rabi frequency Xp ¼ l21Ep=2�h. The transition

j1i $ j3i is mediated by coherent control field xc (amplitude

Ec) with Rabi frequency Xc ¼ l31Ec=2�h. Relevant dipole

moments are denoted by l21 and l31, respectively.

Under the rotating-wave and electro-dipole approxima-

tion, in the interaction picture, the semiclassical Hamiltonian

describing the system under study can be written as (taking

�h ¼ 1 and the ground state j1i is the energy origin)

HI
int ¼� Dpj2ih2j � Dcj3ih3j þ Xpei/p j2ih1j

þ Xcei/c j3ih1j þ H:c:; (1)

where Dp¼xp�x21 and Dc¼xc�x31 are the detunings of

probe field and coherent control fields, respectively, and xj1

(j¼ 2, 3) is the corresponding transition frequency. /p;c is

the phase of the corresponding fields. Using the

Weisskopf-Wigner theory, we can obtain the density matrix

equations for this system

i
@q22

@t
¼ Xpq12 � X�pq21 � ic2q22 �

i

2
gðq23 þ q32Þ; (2)

i
@q33

@t
¼Xcei/q13�X�ce�i/q31� ic3q33�

i

2
gðq23þq32Þ; (3)

i
@q12

@t
¼ X�pðq22 � q11Þ þX�cq32 þ Dpq12 �

i

2
c21q12 �

i

2
gq13;

(4)

i
@q13

@t
¼X�ce�i/ðq33 � q11Þ þ X�pq23 þ Dcq13

� i

2
c31q13 �

i

2
gq12; (5)

i
@q23

@t
¼ �X�ce�i/q21 þ Xpq13 þ ðDc � DpÞq23 þ xsq23

� i

2
c32q23 �

i

2
gðq22 þ q33Þ; (6)

together with q11þ q22þ q33¼ 1 and qij ¼ q�ji. xs¼x31

�x21 is the energy splitting between the upper levels j2i
and j3i. The parameter / ¼ /c � /p is the relative phase

between the two fields. The population decay rates and the

dephasing rates are added phenomenologically in the above

equations. The population decay rates for subband jji (j¼ 1,

2, 3), denoted by cj, are due primarily to longitudinal optical

(LO) phonon emission events at low temperature. The total

decay rates cij (i 6¼ j) are given by c21 ¼ c2 þ cdph
21 ; c31 ¼ c3

þ cdeph
31 , and c32 ¼ c2 þ c3 þ cdph

32 , where cdph
ij , determined by

carrier-carrier scattering, interface roughness, and phonon

scattering processes, is the dephasing decay rates of quantum

coherence of the jii $ jji transitions. The population decay

rates can be calculated by solving the effective mass

Schr€odinger equation. And as we know, the initially nonther-

mal carrier distribution is quickly broadened due to inelastic

carrier-carrier scattering, with the broadening rate increasing

as carrier density is increased. For the temperatures up to

10 K, the carrier density smaller than 1012 cm�2, the dephas-

ing decay rates cdph
ij can be estimated according to Refs.

31–36. For the present SQW system, they turn out to be

c2¼ 5.6 meV, c3¼ 7 meV, c21¼ 1.5 meV, c31¼ 2.3 meV, and

c32¼ 1.9 meV. g ¼ p
ffiffiffiffiffiffiffiffiffi

c2c3

p
denotes a cross coupling term

between the excited states j2i and j3i, due to the Fano-type

interference in the electronic continuum. It is noted that p
represents the strength of Fano-type interference, where the

values p¼ 0 and p¼ 1 correspond to no interference and per-

fect interference, respectively.19–21

III. NUMERICAL ANALYSIS FOR CONTROLLING THE
GROUP VELOCITY

In this section, we will study manipulating the group

velocity of the weak probe laser xp. The group velocity is

defined by vg¼ c/ng, where ng and c are the group refractive

FIG. 1. Schematic band diagram of the asymmetric double quantum wells. (a) Subband jai of the shallow well is resonant with the second subband jbi of the

deep well. (b) Due to the strong coherent coupling via the thin barrier, the subbands split into a doublet j2i and j3i, which are coupled to a continuum by a thin

tunneling barrier adjacent to the deep well. xs is the energy splitting between the upper levels j2i and j3i (the coupling strength of tunneling), xp and xc are

the frequencies of the corresponding probe and control laser fields, respectively.

203104-2 Yang et al. J. Appl. Phys. 115, 203104 (2014)
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index and vacuum light speed, respectively. The group re-

fractive index ng is related to the susceptibility v21 for the

corresponding transition j1i $ j2i

ng ¼ 1þ 1

2
Re½v21� þ

1

2
xp
@Re½v21�
@xp

; (7)

together with v21 ¼ 2Njl21j2
�he0Xp

q21ðtÞ, where N is the electron

density in the conduction band of quantum well and e0 is the

vacuum dielectric constant. Re[v21] represents the real part

of the susceptibility v21. Here, our main interest is the

absorption-dispersion properties of the probe laser, from

which we can simply demonstrate the possible effects of the

relative phase, the control fields and the Fano-type interfer-

ence on the group velocity. If the dispersion curve is normal

and the absorption is negligible, the group velocity will be

significantly reduced and the subluminal phenomenon exhib-

its. On the other hand, if the dispersion is anomalous and the

absorption can be neglected, the group velocity will be

increased or even becomes negative and the superluminal

phenomenon exhibits. In the limit of a weak probe, the

absorption-dispersion coefficients for the probe laser are

governed by the real and imaginary parts of the susceptibil-

ity, i.e., v21 / q21(t). In the following, we will directly exam-

ine the transient absorption-dispersion property of the weak

probe laser by numerically integrating Eqs. (2)–(6) with a

certain initial condition. With the initial conditions

q11(0)¼ 1, q22,33(0)¼ 0, and qij(0)¼ 0 for i 6¼ j (i, j¼ 1, 2,

3), we solve the time-dependent Eqs. (2)–(6) by a standard

fourth-order Runge-Kutta method. Note that, the Rabi fre-

quencies Xp and Xc are assumed to be real constants in our

numerical simulations.

We first analyze the influences of the tunneling coupling

on the absorption-dispersion curves of the probe laser with

including the perfect Fano interference in this SQW system.

Here, the frequency detuning of the control field, the strength

of Fano interference, the relative phase between the probe

and control field, and the intensities of the probe and control

fields are Dc¼ 0, p¼ 0.9, / ¼ 0, Xp¼ 0.01 meV, and

Xc¼ 8 meV. We plot in Fig. 2, the real and imaginary parts

of q21 as a function of the detuning Dp for different values of

xs, i.e., xs¼ 20 meV (Fig. 2(a)) and xs¼ 35 meV (Fig. 2(b)).

From Fig. 2, one can find that the absorption-dispersion

curves depend significantly on the coupling strength of tun-

neling xs. Fig. 2(a) shows that a negative steep dispersion

curve can be observed and it is accompanied by a wide trans-

parency window around probing resonance (i.e., Dp¼ 0)

between two absorption lines. According to Eq. (7), the nega-

tive dispersion curve corresponds to a anomalous dispersion

and leads to increasing of the group velocity of the probe

laser. Contrarily, Fig. 2(b) illustrates that the normal disper-

sion accompanied by transparency at Dp¼ 0 between two

gain lines can be observed in the absorption-dispersion curve,

which implies that slowing down of the corresponding group

velocity occurs. In other words, the group velocity of the

probe laser propagating through the SQW structure can be

manipulated from superluminal to subluminal by adjusting

the coupling strength of tunneling xs. It should be noted that

the coupling strength of tunneling can be controlled by

adjusting the height and width of the tunneling barrier.

Therefore, the group velocity of the probe laser can be

switched between superluminal and subluminal by tuned the

tunneling barrier. And this optical switching provides an effi-

cient and convenient way to achieve slow- and fast-light.

Second, we analyze the influences of the strength or

quality of the Fano interference on the dispersion-absorption

curves of the probe laser with a certain coupling strength of

tunneling (i.e., xs¼ 20 meV) in the present SQW system. As

shown in Fig. 3, we plot the real and imaginary parts of q21

as a function of the detuning Dp for different values of p, i.e.,

p¼ 0.4 (Fig. 3(a)) and p¼ 0.8 (Fig. 3(b)). As can be seen

from Fig. 3, the absorption-dispersion curves depend sensi-

tively on the value of parameter p. In the case of p¼ 0.4, a

small absorption peak around the probing resonance position

(Dp¼ 0) can be observed in the absorption curve. At the

same time, the dispersion curve exhibits steep and positive

slope, which means subluminal propagation of the probe

field occurs. On the other hand, in the case of p¼ 0.8, the

curves of Fig. 3(b) exhibit a negative slope accompanied by

negligible absorption around Dp¼ 0, which corresponds

to superluminal propagation of the probe field. Different

from the scheme for controlling group velocity in atom

system,1–15 the parameters of the electron subbands in SQW

structures can be engineered to give a desired strength of

interference by utilizing so-called structure coherent control

in design.19 Thus, we may provide a novel method to

FIG. 2. The real (solid line) and imaginary (dotted line) parts of q21 as a function of the detuning of the probe field Dp with different coupling strengths of the

tunneling (a) xs¼ 20 meV and (b) xs¼ 35 meV. The other values of the parameters are chosen as / ¼ 0, Dc¼ 0, c2¼ 5.6 meV, c3¼ 7 meV, c21¼ 1.5 meV,

c31¼ 2.3 meV, c32¼ 1.9 meV, p¼ 0.9, Xc¼ 8 meV, and Xp¼ 0.01 meV.

203104-3 Yang et al. J. Appl. Phys. 115, 203104 (2014)
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manipulate the group velocity and the absorption of the

probe filed in solid-state system.

Up to now, we have investigated controlling the

absorption-dispersion curves and manipulating the group ve-

locity of the probe laser via varying the coupling strength of

tunneling and Fano interference. We now examine the effect

of the relative phase / between the control and probe fields

on the absorption-dispersion curves. We should note that the

relative phase of applied laser fields has been widely used

for the coherent control of ISBT in SQW systems, coined as

the phase control technology.19,42–47 In the absence of the

Fano interference (i.e., p¼ 0), we plot in Figs. 4(a) and 4(b),

the real and imaginary parts of q21 versus Dp with different

values of /, i.e., / ¼ 0 (see Fig. 4(a)) and / ¼ p (see Fig.

4(b)). It is shown that the same positive and steep dispersion

with a small absorption peak at probing resonance can be

observed both in Figs. 4(a) and 4(b), which means that the

subluminal propagation of the probe field occurs in this

SQW system. That is, the influences of the relative phase /
on the dispersion curves can be ignored when the Fano inter-

ference is not included. As a result, in this case, we cannot

change the group velocity of the probe laser from subluminal

to superluminal or vice versa by varying the relative phase

/. In presence of the perfect Fano interference (i.e., p¼ 0.9),

we show in Figs. 4(c) and 4(d), the real and imaginary parts

of q21 versus Dp. From Fig. 4(c), one can easily observe a

negative and steep dispersion curve accompanied with trans-

parency at probing resonant position Dp¼ 0, which presents

the anomalous dispersion. Thus, the superluminal propaga-

tion of the probe laser can be achieved, in this case.

Interestingly enough, if the relative phase / is switched into

p, Fig. 4(d) illustrates that the slope of dispersion curve

FIG. 3. The real (solid line) and imaginary (dotted line) parts of q21 as a function of the detuning of the probe field Dp with different strengths of the Fano inter-

ference (a) p¼ 0.4 and (b) p¼ 0.8. The other values of the parameters are chosen as / ¼ 0, Dc¼ 0, c2¼ 5.6 meV, c3¼ 7 meV, c21¼ 1.5 meV, c31¼ 2.3 meV,

c32¼ 1.9 meV, Xc¼ 8 meV, xs¼ 20 meV, and Xp¼ 0.01 meV.

FIG. 4. The real (solid line) and imaginary (dotted line) parts of q21 as a function of the detuning of the probe field Dp with different cases (a) / ¼ 0, p¼ 0; (b)

/ ¼ p, p¼ 0; (c) / ¼ 0, p¼ 0.9; and (d) / ¼ p, p¼ 0.9. The other values of the parameters are chosen as Dc¼ 0, c2¼ 5.6 meV, c3¼ 7 meV, c21¼ 1.5 meV,

c31¼ 2.3 meV, c32¼ 1.9 meV, Xc¼ 8 meV, xs¼ 20 meV, and Xp¼ 0.01 meV.

203104-4 Yang et al. J. Appl. Phys. 115, 203104 (2014)
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becomes into positive but the absorption shows to be

enlarged slightly at Dp¼ 0. That is, subluminal propagation

of the probe laser can be observed, in this case. Thus, one

can easily conclude the Fano interference plays an important

role in controlling the absorption-dispersion properties of the

probe laser in the present SQW system. Furthermore, due to

the existence of the perfect Fano interference, one can effi-

ciently control the dispersion curve of the probe laser and

corresponding group velocity can be switched between

superluminal and subluminal by simply adjusting the relative

phase / between the applied laser fields.

For a directly insight into the modulation of the relative

phase between the probe and control fields on the group

velocity of probe laser in the present SQW system, we now

numerically simulated the group index ng versus the relative

phase /. The present asymmetric double SQW structure

(GaAs/AlGaAs) has been studied in several previous

works.19–21,31 For temperature up to 10 K, the value of elec-

tron sheet density is about N¼ 1012 cm�2. The small value

of N ensures that the system is initially in the lowest

state j1i, so that the initial conditions can be satisfied in our

numerical simulations (i.e., q11(0) ¼ 1, q22,33(0)¼ 0).

The dipole matrix element can be given l21¼ e� 4.2 nm.

Under the condition of probing resonance, we choose

xp¼x12¼ 120 meV In Fig. 5, we present the dependence of

group index ng on the relative phase / for different coupling

strengths of the tunneling xs and Fano interference p. The

curves of Fig. 5 illustrate that the group index has a signifi-

cant dependence on the relative phase between the probe and

control fields in presence of the perfect Fano interference

(i.e., p 6¼ 0). As shown in Fig. 5(a), the curves of group index

oscillate between positive values and negative values peri-

odically as the relative phase changes, which mean that the

group velocity of probe laser can be switched between sublu-

minal and superluminal periodically. In addition, Fig. 5(a)

also clearly illustrates that oscillating amplitude of the

phase-dependent group index can be decreased as the cou-

pling strength of tunneling increases. These results might be

useful to control the group velocity of the probe laser simply

by adjusting the splitting between the two excited states.

Besides, it can be seen from Fig. 5(b), the perfect Fano inter-

ference induces large phase modulation of the group index,

which can be well explained using the perturbation theory.

It should be noted that Eqs. (2)–(6) characterize the

density-matrix element q21 having the period 2p for the rela-

tive phase /, Eq. (7) implies that the group index ng should

approximately have the period 2p for the phase /, just as

clearly shown in Fig. 5.

IV. THE TEMPORAL AND SPATIAL DYNAMICS OF THE
PROBE PULSE

As discussed above, we have investigated how to manip-

ulate the dispersion property and group velocity of the probe

laser by adjusting appropriately parameters of the present

SQW system. As illustrated in Figs. 2–5, except for rare

cases (i.e., the large coupling strength of tunneling

xs¼ 35 meV and without including the Fano interference

p¼ 0), all cases of superluminal or subluminal behavior con-

sidered here are accompanied by a negligible absorption or

gain under the condition of probing resonance. If the absorp-

tion or gain cannot be neglected, we should consider explic-

itly the propagation dynamic of a well defined wave-packet

to show whether or not it can propagate without distortions

according to the calculated group velocity. Therefore, in this

section, we will examine the temporal and spatial dynamics

of probe laser propagating in this SQW system under the

condition that a significant loss or gain effect is accompa-

nied. This is a rather relevant issue, which has remained

open both theoretically and experimentally. Under the slowly

varying-envelope approximation, the propagating dynamics

of the probe laser pulse is described by the Maxwell equation

along the propagating direction z direction31–34

@Xpðz; tÞ
@z

þ 1

c

@Xpðz; tÞ
@t

¼ ijq21ðtÞ; (8)

where j21 ¼ NXpjl12j2=ð2e0�hcÞ. For simplicity of the analy-

sis, we take Xp(z,t)¼Xpf(z,t) with Xp the real constant

describing the maximal value of Rabi frequency and f(z, t) a

dimensionless spatiotemporal pulse envelope function,

respectively. In the local (retarded) frame, where n¼ z and

g¼ t� z/c, the propagation of the probe laser pulse across

the present SQW system can be described by the motion

equations for density matrix elements qij(n, g) and the nor-

malized pulse envelope f(n, g) as

FIG. 5. The group index ng as a function of the relative phase / (a) with p¼ 0.9 and different coupling strengths of the tunneling xs¼ 20 meV (solid line) and

xs¼ 35 meV (dotted line); (b) with xs¼ 20 meV and different strengths of the Fano interference p¼ 0 (solid line), p¼ 0.4 (dotted line), p¼ 0.8 (dashed line),

and p¼ 0.9 (dashed-dotted line). The other values of the parameters are chosen as Dc¼ 0, c2¼ 5.6 meV, c3¼ 7 meV, c21¼ 1.5 meV, c31¼ 2.3 meV,

c32¼ 1.9 meV, Xc¼ 8 meV, and Xp¼ 0.01 meV.
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i
@q22ðn;gÞ

@g
¼Xpf ðn;gÞq12ðn;gÞ�Xpf �ðn;gÞq21ðn;gÞ

� ic2q22ðn;gÞ�
i

2
gðq23ðn;gÞþq32ðn;gÞÞ; (9)

i
@q33ðn;gÞ

@g
¼Xcei/q13ðn;gÞ�X�ce�i/q31ðn;gÞ

� ic3q33ðn;gÞ�
i

2
gðq23ðn;gÞþq32ðn;gÞÞ; (10)

i
@q12ðn; gÞ

@g
¼Xpf �ðn; gÞðq22ðn; gÞ � q11ðn; gÞÞ

þ X�cq32ðn; gÞ þ Dpq12ðn; gÞ

� i

2
c21q12ðn; gÞ �

i

2
gq13ðn; gÞ; (11)

i
@q13ðn; gÞ

@g
¼X�ce�i/ðq33ðn; gÞ � q11ðn; gÞÞ

þ Xpf �ðn; gÞq23ðn; gÞ þ Dcq13ðn; gÞ

� i

2
c31q13ðn; gÞ �

i

2
gq12ðn; gÞ; (12)

i
@q23ðn; gÞ

@g
¼ � X�ce�i/q21ðn; gÞ þ Xpq13ðn; gÞ

þ ðDc � DpÞq23ðn; gÞ þ xsq23ðn; gÞ

� i

2
c32q23ðn; gÞ �

i

2
gðq22ðn; gÞ

þ q33ðn; gÞÞ; (13)

i
@f ðn; gÞ
@an

¼ c21

Xpf ðn; gÞq21ðn; gÞ; (14)

where the propagation constant on the left-hand side of the

above equation is given by a ¼ Nxpjl21j2=4�he0cc21. Now,

we numerically solve Eqs. (9)–(14) with the initial condition

that all the electrons start in the ground state j1i and the

boundary condition that the pulsed probe laser is assumed as

a hyperbolic secant pulse at the beginning of the SQW sys-

tem n¼ 0 (f(0, g)¼ sech(pg/sp)). In Fig. 6, we show the

result of numerical simulation on the hyperbolic secant wave

shape jf ðn; gÞj2 with pulse duration sp¼ 10 meV (�1) versus

the time g and distance an. It can be found from Fig. 6(a)

that the probe absorption increases significant as the propa-

gation distance increases, and the probe laser is completely

absorbed over the lengths shorter than 16/a when the Fano

interference does not exist. From Fig. 6(b), in presence of

the perfect Fano interference, we can see that the probe pulse

can propagate with appreciable transparent even through a

sufficiently long distances. The corresponding group velocity

of the probe field can be calculated as vg¼ c/ng¼�9.4

� 103 m/s. When keeping all other parameters fixed but

changing the relative phase / from 0 to p, Fig. 6(c) illus-

trates that the absorption of the probe laser increases slightly

with propagation. Accordingly, the group velocity of the

probe laser vg¼ c/ng¼ 6.1� 103 m/s. Fig. 6(d) clearly shows

that, when the coupling strength of tunneling xs increases,

the corresponding absorption can also increase and the dis-

tortion of the pulse propagation becomes obviously. Thus,

owing to the high-quality Fano interference, the group veloc-

ity of the pulse propagation can be switched from superlumi-

nal to subluminal or vice versa via adjusting the relative

phase between the probe and control fields. It is worth noting

that the pulse distortion will appear as the propagation dis-

tance increases. However, the distortion-free propagation of

the probe pulse can be also realized when the nonlinear

effects of the system are included.31–34

V. CONCLUSION

In conclusion, we have investigated the absorption-

dispersion property and the propagating dynamics of a weak

probe laser based on the ISBT in asymmetric double

FIG. 6. The temporal and spatial evolution of the magnitude squared of the pulse envelopes: (a) with p¼ 0 and (b) p¼ 0.9 for / ¼ 0 and xs¼ 20 meV; (c)

with / ¼ p, p¼ 0.9, and xs¼ 20 meV; and (d) with / ¼ 0, p¼ 0.9, and xs¼ 35 meV. The other values of the parameters are chosen as Dc¼ 0, c2¼ 5.6 meV,

c3¼ 7 meV, c21¼ 1.5 meV, c31¼ 2.3 meV, c32¼ 1.9 meV, Xc¼ 8 meV, and Xp¼ 0.01 meV.
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quantum wells via Fano interference, which is caused by tun-

neling from the excited subbands to the same continuum. By

solving the density matrix equations of the motion numeri-

cally, our results show that coupling strength of the tunneling

and the Fano interference can significantly modify the opti-

cal properties of the double SQW structure. As a result, by

choosing appropriately these parameters, the group index of

the probe laser can be manipulated efficiently and both the

subluminal and superluminal light propagations can be

observed. More interestingly, if high-quality Fano interfer-

ence is presence, can be switched between normal and anom-

alous by adjusting the relative phase between the pulsed

probe and coherent control fields. In other words, the group

velocity of light propagation can be switched between sublu-

minal and superluminal simply by changing this relative

phase. Our calculations provide a guideline for optimizing

and controlling the optical switching of the group velocity in

the SQW solid-state system, which is much more practical

than that in atomic system because of its flexible design and

the controllable interference strength.
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