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We investigate the nonlinear propagation of ultrashort pulses on resonant intersubband transitions in multiple
semiconductor quantum wells. It is shown that the nonlinearity rooted from electron-electron interactions
destroys the condition giving rise to self-induced transparency. However, by adjusting the area of input pulse,
we find the signatures of self-induced transmission due to a full Rabi flopping of the electron density, and this
phenomenon can be approximately interpreted by the traditional standard area theorem via defining the effec-
tive area of input pulse.
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I. INTRODUCTION

The nonlinear propagation of ultrashort laser pulses
through multiple quantum wells �QWs� has attracted tremen-
dous interests1–8 for a broad range of both science and tech-
nical application, which is particularly crucial for the under-
standing of coherent nonlinear light-matter interaction. It is
well known that �different from atomic systems which can be
modeled by noninteracting two-level systems9� the optical
effects in semiconductors have been substantially modified
due to the Coulomb interaction between optically generated
electron-hole excitations.10 In particular, the many-body ef-
fects arising from the macroscopic carrier density on free-
exciton resonances in condensed matter11 may prevent the
establishment of complete self-induced transparency �SIT�
according to the area theorem.12,13 Nevertheless, Rabi flop-
ping of the carrier density, coherent nonlinear long-distance
propagation, and a high degree of transmission have been
predicted and this so-called self-induced transmission phe-
nomenon has been observed in bulk CdSe �Refs. 14 and 15�
and in a multiple quantum-well Bragg structure.6,7 Moreover,
for a multiple QWs structure—except for the many-body
effects—the strong radiative coupling effects can dominate
the optical properties of the system via the re-emitted field1

such as a pronounced self-induced absorption8 and a large
impact on Rabi oscillations of subband populations.17 The
strength of the radiative coupling can be significantly influ-
enced by varying the carrier density as well as the many-
body effects.

Recently, coherent nonlinear optical phenomena in inter-
subband �IS� transitions in semiconductor QWs such as Rabi
oscillations,16–19 Fano interference,20,21 electronmagnetically
induced transparency,22,23 resonant harmonic generation,24,25

and nonlinear coherent control has attracted wide
attention.26–28 It should be emphasized that, in most of these
studies, the atomiclike multilevel theoretical approaches
have been used for the description of the dynamics of the IS
transitions. In particular, for a structure of modulation-doped
symmetric double QWs with two electronic subbands
coupled by an intense laser field, Olaya-Castro et al.29 de-
rived the effective Bloch equations describing the effect of
electron-electron interactions on IS transitions for a two-

level system familiar from the atomic physics9 and the non-
linearity arising from the macroscopic number of carriers
translated into the nonlinear differential equations. Later, by
using the effective nonlinear Bloch equations, Paspalakis et
al.18,30 studied the electron dynamics in a symmetric double
quantum well with the two-subband approximation and pre-
sented the conditions leading to complete population inver-
sion and complete Rabi oscillations, respectively. To the best
of our knowledge, no work has been devoted yet to the study
of the impact of electron-electron interactions on pulse
propagation on resonant IS transitions in such multiple sym-
metric double QWs.

In the present paper, we investigate the nonlinear propa-
gation of ultrashort pulses on resonant IS transitions in mul-
tiple symmetric double QWs by solving the Maxwell’s wave
equations and the effective nonlinear Bloch equations of
Olaya-Castro et al.29 Due to the effect of electron-electron
interactions, the temporal and spectral properties of transmit-
ted pulses are sensitive to the electron sheet density. The
nonlinearity arising from the macroscopic number of elec-
trons destroys the condition leading to SIT. However, by
varying the input pulse areas, we find the phenomenon of the
self-induced transmission indicating the full Rabi flopping of
the electron density. In addition, we can use the standard area
theorem to explain the occurrence of self-induced transmis-
sion by defining the effective area of input pulse.

II. MODEL AND BASIC EQUATIONS

We consider a n-type modulation-doped multiple QWs
sample consisting of N equally spaced electronically un-
coupled symmetric double semiconductor GaAs/AlGaAs
QWs with separation d as shown in Fig. 1. There are only
two lower energy subbands that contribute to the system dy-
namics; n=0 for the lowest subband with even parity and
n=1 for the excited subband with odd parity. The Fermi level
is below the n=1 subband minimum, so the excited subband
is initially empty. This is succeeded by a proper choice of the
electron sheet density. The system dynamics is described by
the following effective nonlinear Bloch equations29 when the
two subbands are coupled by a time-dependent p-polarized
pulse E�t� along the growth direction �z� axis�:
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�tS1�t� = ��10 − �S3�t��S2�t� −
S1�t�
T2

, �1�

�tS2�t� = − ��10 − �S3�t��S1�t� + 2��E�t�
�
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−
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, �2�

�tS3�t� = − 2��E�t�
�

− �S1�t��S2�t� −
S3�t� + 1

T1
. �3�

Here, S1�t� and S2�t� are, respectively, the mean real and
imaginary parts of polarization and S3�t� is the mean popu-
lation inversion per electron �the difference of the occupation
probabilities in the upper and lower subbands�. � is the elec-
tric dipole matrix element between the two subbands and Nv
is the electron volume density. Also, the nonlinear param-
eters �10,� ,� are given by

�10 =
E1 − E0

�
+

�e2

��r
Ns

L1111 − L0000

2
, �4�

� =
�e2

��r
Ns�L1001 −

L1111 + L0000

2
� , �5�

� =
�e2

��r
NsL1100. �6�

Here, �10 is the renormalized but time-independent transition
energy, � is the coeffecient of the nonlinear term that renor-
malizes the applied field due to induced polarization, and � is
a result of the interplay between vertex and self-energy cor-
rections to the transition energy. The depolarization effects
parameters � and � are traced from the nonlinearity arising

from electron-electron interactions on IS transitions in semi-
conductor QWs. Ns is the electron sheet density, �r is the
relative dielectric constants, e is the electron charge,
E0 ,E1 are the eigenvalues of energy for the ground and
excited states in the well, respectively, and Lijkl
=		dz�dz��i�z��� j�z��
z�−z�
�k�z���l�z�� with i , j ,k , l=0,1.
Also, �i�z�� is the wave function for the ith subband along
the growth direction �z� axis�. In Eqs. �1�–�3� the terms con-
taining the population decay T1 and the dephasing T2 times
describe relaxation processes in the quantum well and have
been added phenomenologically in the effective nonlinear
Bloch equations. However, the issue of relaxation is a diffi-
cult one and is closely related to the extension of the pro-
posed wave function to include correlations and the interac-
tion with phonons. If there is no relaxation in the system
T1 ,T2→	 then S1

2�t�+S2
2�t�+S3

2�t�=1.
We investigate the propagation property of an ultrashort

laser pulse Ex�z , t� along the z axis in the multiple double
symmetric QWs. With the constitute relation for the electric
displacement for the polarization along the x axis, the Max-
ewell’s wave equation for the medium takes the form

�tHy = −
1



�zEx, �7�

�tEx = −
1

�
�zHy −

1

�
�tPx, �8�

where Ex ,Hy are the electric and magnetic fields, respec-
tively, while � and 
 are the electric permittivity and the
magnetic permeability in the medium, respectively. In Refs.
17 and 20, we consider transverse magnetic polarized pulses
incident at an angle �=45° with respect to the growth axis
�z� axis� so that the transition dipole moment � includes a
factor 1 /�2 as intersubband transitions are polarized along
the growth axis. The macroscopic nonlinear polarization Px
=−NvS1�t�� /�2 is connected to the off-diagonal density-
matrix element S1�t� ,S2�t� and the population difference
S3�t� between the subbands, which is determined by the ef-
fective nonlinear Bloch equations �Eqs. �1�–�3�� with the di-
pole moment �, changes to � /�2.

III. SELF-INDUCED TRANSMISSION ON INTERSUBBAND
RESONANCE

In this section, we will discuss the nonlinear propagation
of the ultrashort pulses on resonant IS transitions in multiple
GaAs/AlGaAs symmetric double QWs on the basis of the
numerical solutions of the full wave Maxwell-Bloch equa-
tions �Eqs. �1�–�3�, �7�, and �8��. The structure of the mul-
tiple QWs contains N=50 equally spaced double symmetric
QWs with separation d=20 nm Al0.267Ga0.733As barrier as
shown in Fig. 1�a�. Each pair of QWs �Fig. 1�b�� consists of
two GaAs symmetric square wells with 5.5 nm width and
219 meV height coupled by a d�=1.1 nm Al0.267Ga0.733As
barrier as shown in Fig. 1�a�. Then, the system parameters,
which are dependent on the electron sheet density Ns, can be
calculated. For example, the electron sheet density is taken to
be Ns=1.0�1011 cm−2 and the electron volume density is

FIG. 1. �Color online� Schematic picture of the model configu-
ration. �a� Multiple quantum-well system consists of N=50 periods
of double symmetric QWs separated by d=20 nm AlGaAs barrier,
which is excited by a p-polarized external electric field Ein at an
angle of incidence �. E+ and E− denote the right and left propagat-
ing total outgoing fields, respectively. �b� The structure of each pair
of QWs, which comprises double l=5.5 nm symmetric GaAs wells
coupled through a d�=1.1 nm AlGaAs barrier. The solid and dotted
lines represent the lowest and excited subbands, respectively.
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Nv=Ns /L, where L is the width of the period of the multiple
QWs. Then the parameters are calculated to be E1−E0
=44.955 meV, �e2Ns�L1111−L0000� /2�r=0.206 meV, ��
=0.0475 meV, and ��=−0.78 meV. The dipole moment for
the structure is �=−32.9e Å and the relative dielectric con-
stant is �r=12. In addition, as the dephasing is the crucial
relaxation process in semiconductor QWs, we choose T1
=100 ps and T2=10 ps as in Ref. 30.

The full Maxwell-Bloch equations �Eqs. �1�–�3�, �7�, and
�8�� are solved by using the iterative predictor-corrector
finite-difference time-domain method.31–33 In what follows,
we assume that the system is initially in the lowest subband
so the initial conditions are S1�0�=S2�0�=0 and the popula-
tion difference is S3�0�=−1. We consider a hyperbolic secant
functional form for the initial incident pulse, which is de-
scribed by

Ex�z = 0,t� = E0 sech�1.76�t − t0�/p�cos��p�t − t0�� , �9�

where E0 is the electric-field amplitude and �p is the central
carrier frequency. The coefficient 1.76 is used to adjust the
definition of the full width at half maximum �FWHM� of the
pulse intensity envelope of the laser pulse to the definition of
pulse duration; in this condition, p is the FWHM and t0 is
the delay. The system we consider is excited at exact reso-
nance �p=�10 and the duration of the applied pulse is p
=0.2 ps. For the following application, we characterize the
strength of the electron-light interactions by the input pulse
area ��z=0�=	−	

	 �/�2
� Ex�z=0, t��dt�=�0p� /1.76, where

�0=−�� /�2�E0 /� is the peak of the Rabi frequency.
The numerical result of 2� ultrashort laser pulses propa-

gating in resonant two-subband multiple QWs with different
electron sheet densities is depicted in Fig. 2. It is shown that
the change in sheet density Ns leads to distinctly different
behaviors of the transmitted pulses. For much smaller sheet
density Ns=0.5�1011 cm−2, the multiple QWs structure
seems to be approximately transparent to the 2� pulses �Fig.
2�b�� and the corresponding spectrum �Fig. 2�f�� has basi-
cally no change compared to the input spectrum �Fig. 2�e��.
Accordingly, there is a full Rabi flopping of the electron
population difference within the IS transitions in each double
QWs as shown in Fig. 3�a�. Therefore, the phenomenon of
SIT is approximately reproduced with minor modifications.
For larger electron sheet densities, Ns=5�1011 cm−2 and
Ns=8�1011 cm−2, there is a visible broadening in temporal
pulses and even pulse breakup for further larger Ns �Fig.
2�d��. The corresponding normalized spectra are obviously
suppressed �Figs. 2�g� and 2�h�� and even a significant
breakup in the spectrum in Fig. 2�h�. Simultaneously, the full
Rabi flopping in each double QWs is not possible especially
in the frontier of QWs structure as shown in Figs. 3�b� and
3�c�. It means that the increase in electron sheet density pre-
vents the establishment of complete SIT in multiple QWs
structure due to strong electron-electron interactions.

The physical mechanism of the above phenomenon can be
understood as follows. The presence of the nonlinear param-
eters � and �, which depend directly on the electron sheet
density Ns �Eqs. �5� and �6��, makes the effective Bloch
equations �Eqs. �1�–�3�� for the symmetric double QWs dif-

ferent from the two-level atom systems.9,12,13 For small Ns,
the contributions of � and � can be neglected compared to
Rabi frequencies. However, for larger Ns, �, and � become
comparable to Rabi frequency �0, which introduces time
dependence of the transition energy and effective Rabi fre-
quency. � induces time-dependent effective transition ener-
gies of the electrons and � yields an internal field due to
induced polarization, which renormalizes the Rabi frequency.
Therefore, the renormalized Rabi frequency depends on the
IS coherence which is driven by the incident field, i.e., not
only on time, but also on laser frequency and pulse duration
of the incident field. The transition energy that varies with
time induces a second time-dependent renormalization of the
effective Rabi frequency. In addition, due to the modification
of radiative coupling effects, which is also dependent on car-
rier density, the local electric field in the structure is not
equal to the incident field and exhibits strong temporal and
spatial dependences. Therefore, the increase in the electron
sheet density makes the parameters � ,� and other nonlinear
responses such as radiative coupling become larger, thus
leading to the disappearance of the phenomenon of SIT.

However, for the larger sheet density, by varying the input
pulse areas ��z=0� for Ns=5�1011 cm−2 at ��z=0�
=2.24� �Fig. 4�b�� and for Ns=8�1011 cm−2 at ��z=0�
=2.57� �Fig. 4�c��, the pulses transmit the structure essen-
tially unaltered with respect to the input pulses, presuming
that we neglect a decrease in pulse envelope and a slight
broadening induced by the dispersion. The corresponding
spectra do not differ significantly from the input spectrum
�Figs. 4�e� and 4�f��. This phenomenon of self-induced trans-
mission in semiconductors does occur, which indicates that a
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FIG. 2. �Color online� �a�–�d� The propagation of 2� pulses
through the multiple QWs structure for different electron sheet den-
sities. �a� The input pulse for �b� Ns=0.5�1011 cm−2, �c�
Ns=5�1011 cm−2, and �d� Ns=8�1011 cm−2. The black thick
curves represent the pulse envelopes. �e�–�h� are the normalized
spectra corresponding to �a�–�d�, respectively.
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full Rabi flopping of the electron density has occurred within
the IS transitions of each double QWs.

Furthermore, we present the dependence of the input
pulse area ��z=0� for the occurrence of self-induced trans-
mission on the electron sheet density in Fig. 5 with the tri-
angles. The values of Ns, which is taken up in numerical
simulations, satisfy the system initial conditions that the
Fermi energy is smaller than the excited subband energy, i.e.,
the system is in the ground subband initially. It is shown that
the area of input pulse depends directly on the electron sheet
density. For small sheet densities �Ns�1.0�1011 cm−2�, the
effects of electron-electron interaction are so small that the

quantum-well structure equivalents to a noninteracting two-
level atom system in which 2� pulses can propagate without
suffering significant losses according to the area theorem.
While, the increase in the electron sheet density destroys the
condition leading to SIT. The area of input pulse for the
occurrence of self-induced transmission increases with
the increasing electron density synchronously and is
always larger than 2�. Nevertheless, combining with the
nonlinear parameters � and �, we define an effective area
of input pulse according to Ref. 30; �eff

2 �z=0�
=�2�z=0�−2���−��p� /1.76�2, i.e., an effective coupling
of light matter. In spite the electron sheet density of QWs
and the input pulse area vary in a relative large range, the
effective pulse area �eff�z=0� for the occurrence of self-
induced transmission keeps an invariant area of 2� as shown

(a)

(b)

(c)

FIG. 3. �Color online� The time evolution of the population
difference S3�t� in each double QWs for different electron sheet
densities �a� Ns=0.5�1011 cm−2, �b� Ns=5�1011 cm−2, and �c�
Ns=8�1011 cm−2.
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FIG. 4. �Color online� Normalized amplitude �thin blue curve�
of the input pulse versus time �a� and the transmitted pulses for
different electron sheet densities with different input pulse area ver-
sus time; �b� Ns=5�1011 cm−2, ��z=0�=2.24� and �c�
Ns=8�1011 cm−2, ��z=0�=2.57�. The black thick curves repre-
sent the pulse envelopes. �d�–�f� are the normalized spectra corre-
sponding to �a�–�c�, respectively.
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in Fig. 5 with squares. Considering both Figs. 4 and 5 and
assuming that we neglect the decrease in the area of trans-
mitted pulses, the phenomenon of self-induced transmission
can be approximately explained by traditional standard area
theorem with the effective area of input pulses.

In addition, we have also investigated the propagation
properties of Gaussian pulses in the multiple QWs systems.
With the same pulse duration and the central carrier fre-
quency above, we have also found the phenomenon of self-
induced transmission with Gaussian pulses. The input pulse
areas ��z=0� for the occurrence of self-induced transmis-
sion with different electron sheet densities are shown in Fig.
5 with circles. Therefore, the feasibility for the occurrence of
self-induced transmission on resonant IS transitions in mul-
tiple symmetric double semiconductor QWs can be clearly
determined, which is useful to achieve a high degree of
transmission for this structure.

IV. CONCLUSIONS

In conclusion, we have investigated the nonlinear propa-
gation of ultrashort pulses on resonant IS transitions in mul-
tiple GaAs/AlGaAs symmetric double QWs by solving the
Maxwell-Bloch equations. Numerical simulations have re-

vealed that the increase in the carrier densities leads to the
strong nonlinearities rooted from the macroscopic number of
electrons in QWs, which reduces the feasibility for the estab-
lishment of SIT. However, by adjusting the area of input
pulses, we found the phenomenon of self-induced transmis-
sion, which can be approximately explained by the tradi-
tional area theorem via defining the effective area of input
pulses in spite the electron density varies in a relative large
range. This approach would be beneficial to achieve a high
degree of transmission for a structure of multiple double
semiconductor QWs.
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