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Phase evolution of the reemitted field in the semiconductor
quantum wells under the femtosecond pulse train
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Property of the phase of the reemitted field in the semiconductor quantum wells (QWs) excited by fem-
tosecond pulse train is investigated. It is shown that the phase evolution of the reemitted field is controlled
by the relative phase between the successive pulses of the incident train. For all the odd pulses excitation,
the reemitted field is from out-of-phase to in-phase, then again to out-of-phase with the incident pulses,
whereas for all the even pulses excitation, the situation is the opposite, i.e., it is from in-phase to out-of-
phase, then again to in-phase with the incident pulses.
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The research for the ultrashort pulse coherent con-
trol in the semiconductor, particularly in the low di-
mensional system, reveals some interesting properties,
such as phase evolution of solitonlike optical pulses[1],
hole burning within a homogeneous line[2], self-induced
transmission[3], Rabi splitting with a single quantum
dot[4], electromagnetically induced transparency[5], pho-
ton echoes[6], etc.. In the electronic band structure for
the semiconductor, there are regions with continuous
distributions (or bands) of energies and regions where
electronic states are forbidden (bandgaps). The bands
include two types: conduction bands, which consist of
unoccupied states; and valence bands, which consist of
occupied states. The carriers including electron and hole
can transit between the bands. In the semiconductor
quantum wells (QWs) coherent control, it was shown
that the subpicosecond period and the phase of the Rabi
oscillations are controlled by the properties of the mid-
infrared driving pulse and the excited state population
evolution is controlled by the amplitude of the incident
pulse[7]. Since the phase of the material polarization and
the connected electromagnetic field carry information[8],
it could be applied in quantum information processing.

Meanwhile, some novel properties were discovered
under the pulse train coherent control due to the
pulses interference effect. Fortier et al.[9] reported
carrier-envelope phase shifts for carrier-envelope phase-
controlled quantum interference in the semiconductor
using phase stabilized pulse train. In atom or molec-
ular system, phase control of dispersion effects for an
ultrashort pulse train propagating in a resonant medium
was predicted theoretically by Mohamed et al.[10] and
reported experimentally by Jacquey et al.[11]. Heberle et
al.[12] found that the optical response is faster than the
inverse of exciton linewidth superseding Fourier limits for
a single pulse excitation due to ultrafast coherent control
and destruction of exciton in QWs. Felinto et al.[13] dis-
covered that the stimulated emission gives an important
contribution to the coherently controlled process for ac-

cumulative effects in temporal coherent control. Weiner
et al.[14] reported that molecular motion manipulated by
optical field enhances with timed sequences of femtosec-
ond pulses.

Intrigued by these studies, we here investigate the
phase properties of the reemitted field in the semiconduc-
tor QWs under the femtosecond pulse train excitation.
The semiconductor QWs are typical two-dimensional
(2D) systems for studying quantum coherences in elec-
tron plasmas. III-V semiconductor heterostructures with
GaAa/AlGaAs QWs to be a representative one[15] have
benefited particularly. Our result shows that the phase
evolution of the reemitted field is controlled by the rela-
tive phase between the successive pulses of the incident
train; for all the odd pulses excitation, the reemitted
field changes from out-of-phase to in-phase then again to
out-of-phase with the incident pulses, whereas for all the
even pulses excitation, the reemitted field changes from
in-phase to out-of-phase then again to in-phase with the
pulses of the incident train.

Figure 1(a) shows the scheme of the GaAs/AlGaAs
QWs[7,15,16]. The sample consists of 51 GaAs QWs of
10-nm width, separated by 20-nm-thick Al0.35Ga0.65As
barriers, the centers of which are doped with Si, re-
sulting in an electron concentration of ns = 5 × 1010

cm−2 per QW[7]. Figure 1(b) shows the related energy
level[7,15−18]. For the free motion of carriers parallels
to the layer within the effective mass approximation
(EMA) in the semiconductor QWs, a reasonable approx-
imation for the low-lying 2D conduction subbands is
parabola[19,20].

Becasue of the periods of the intersubband (ISB) tran-
sition in the semiconductor GaAs are in between ∼ 300
and 100 fs[17,18,20,21], femtosecond pulse train creates a
coherent ISB excitation which is resonant to the 1 ↔ 2
ISB transition. The model of the ISB direct transition
in the GaAs/AlGaAs QWs has been adopted in this pa-
per. Under these conditions, the noninteracting two-level
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Fig. 1. (a) Sequence of layers and relative position of
the conduction band edges in Si-doped GaAs/AlGaAs QW

structures[7,10], (b) the corresponding dispersion of the sub-
band in the QW.

model which describes the transition in the semiconduc-
tor QWs could be used. Luo et al.[7] has confirmed that
this model is qualitatively valid for describing the coher-
ent control in the semiconductor QWs. The Rabi oscilla-
tions of the polarization amplitude and of the population
inversion can be forecasted by the Maxwell-Bloch equa-
tions for noninteracting two-level systems[22−24]

∂f12

∂t
=

(
iω − 1

T2

)
f12 + iΩ(t)(1 − 2f22), (1)

∂f22

∂t
= − 1

T1
f22 + 2Ω(t)Im(f12), (2)

P (t) = 2NdRe(f12), (3)

(
∂2

∂z2
− 1

c2

∂2

∂t2

)
E(z, t) = μ0

∂2

∂t2
P (z, t), (4)

where fij (i = 1, j = 2) are the diagonal (populations)
and off-diagonal elements (coherences) of the density ma-
trix, ω is the transition angle frequency between the two
levels, d is the electronic dipole moment, ε0 is the vacuum
permittivity, c is the speed of light in vacuum, n is the
refraction index of the material surrounding the QWs[22],
Ω(t) = Ein(t)d/h is the instantaneous Rabi frequency of
the incident field Ein, and T1 and T2 are the longitudi-
nal relaxation time and the transverse relaxation time of
the system, respectively. E(z, t) is the classical radiation
field after propagating through the interaction region.

Within the envelope function approximation, the z de-
pendence of the macroscopic polarization is determined
by the electron and hole confinement wave functions lo-
cated at the positions zn of the nth QW, P (z, t) =∑
n

Pn(t)ϕn
e (z)ϕn

h(z) ≈ ∑
n

Pn(t)δ(z − zn), and consider-

ing the first set of boundary conditions, the Eq. (4) can
be simplified as[23]

Eem = − 1
2ε0cn

∂P

∂t
. (5)

The reemitted field Eem(t) = Etr(t)−Ein(t) is propor-
tional to the time derivative of the macroscopic polariza-

tion P (t)[22], which in turn is proportional to the electric
dipole moment d and to the total sheet density N of co-
herently oscillating carriers. Etr is the transmitted field
from the sample GaAs/AlGaAs QWs. It could be at-
tenuated for the destructive interference or amplified for
the constructive interference between the reemitted field
Eem and the driving field Ein.

Based on the Eqs. (1)—(3) and (5), we study the prop-
erties of the coherent control in the semiconductor QWs
accounting for the incident pulse train excitation,

Ein =
M−1∑
k=0

E0
ksech[1.76π(t − kT )/τp]

× cos[ωL(t − kT ) + φk], (6)

which is hyperbolic-secant carrier-envelope form. Here
E0

k is the kth pulse amplitude of the train, τp is
the kth pulse epochal duration, ωL is the carrier fre-
quency, T is the delay time between the successive
pulses of the incident train, φk is the relative phase
between the successive pulses of the incident train, and
k = 0, 1, 2, · · · , M−1. Such pulse train has been obtained
in the experiment[25−30]. In the following numerical anal-
ysis, we consider the resonance situation between the ISB
transitions, and all the material parameters are based on
Ref. [7], τp = 200 fs, ωL = ω = 2π/100 fs−1. When
we take into account the phonon induce relaxation, the
damping T1 and T2 are longer compared with the fem-
tosecond pulse train scales. For simplicity we neglect
any damping: T1 = T2 = ∞, which means that we only
consider coherent part in the QWs. The reemitted field
variation with the amplitude of the incident pulse has
been investigated in Ref. [7]. Herein the reemitted field
variation under the incident pulse train excitation is re-
searched, which we use the ansatz E0

k = 50 kV/cm in
this paper.

Figure 2(a) shows the reemitted field as a function of
the time in the case of the delay time T = 2 ps and the
relative phase φk = π. It is found that during the first
pulse excitation, the reemitted field Eem(t) is the first
(t < 0.9 ps) out-of-phase with Ein(t), for intermediate

Fig. 2. (a) Reemitted field and the incident pulse train, (b)
excited state population, and (c) coherent of the density ma-
trix versus time in the case of the incident train amplitude of
50 kV/cm, delay time T = 2 ps, and relative phase φk = π.
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time (0.9 ps< t < 1.1 ps) in-phase with Ein(t), and
last (t > 1.1 ps) again out-of-phase with Ein(t). This
is consistent with Fig. 2(c) in Ref. [7]. Compared with
the situation during the first pulse excitation, the phase
evolution of the reemitted field during the second pulse
excitation is intrinsically different. The reemitted field
is from in-phase to out-of-phase, then again to in-phase
with the second pulse of the incident train. During the
third pulse excitation, the phase relationship between
the reemitted field and the third incident pulse comes
back to the situation of the first pulse excitation, and
during the fourth pulse excitation, it reproduces the sit-
uation of the second pulse excitation, etc., i.e., for all the
odd pulses excitation the phase evolution of the reemit-
ted field is a regularity, whereas for all the even pulses
excitation the phase evolution of the reemitted field is
another regularity. This phenomenon can be explained
as follows. In Eq. (5), it predicts that the reemitted field
is proportional to the time derivative of P (t), i.e., π/2
out-of-phase with the polarization P (t). In the semicon-
ductor QWs system, the polarization P (t) induced by
the driving field is π/2 phase difference with the driving
field under the absolutely resonant condition[31]. The po-
larization P (t) being π/2 out-of-phase or in-phase with
the driving field depends on whether the time derivative
of the excited population f22 is negative or not[7]. The
result of the excited state population f22 versus time is
shown in Fig. 2(b). During the first pulse excitation in
Fig. 2(b), the excited state population increases from 0
to 0.9 ps, then decreases from 0.9 to 1.1 ps, and lastly
again increases after 1.1 ps. However, during the second
pulse excitation, the excited state population decreases
until 2.9 ps, then increases from 2.9 to 3.1 ps, and lastly
again decreases after 3.1 ps. The regularity of the ex-
cited state population evolution during the first pulse
excitation is the same as the situation during the third
pulse excitation, etc. This is consistent with the phase
relationship between the reemitted field and the pulses
of the incident train.

In the following we will investigate the reemitted field
affected by the relative phase φk. The result for the
relative phase φk = 0 is shown in Fig. 3. During the
first pulse of the incident train, the phase evolution of
the reemitted field is the same as the case of the Fig. 2(a).

Fig. 3. The same as Fig. 2, but for the relative phase φk = 0.

For the second pulse excitation, although the phase rela-
tionship between the reemitted field and the pulse of the
incident train does not change, the reemitted field shape
is inverted compared with Fig. 2(a), i.e., the phase of the
reemitted field changes π with the relative phase of the
pulses of the incident train.

In Figs. 2 and 3, it is shown that the amplitude of
the reemitted field between the successive pulses of the
incident train for different relative phases is obviously
different. For the relative phase φk = π in Fig. 2(a),
the amplitude of the reemitted field between the succes-
sive pulses almost becomes to zero, whereas it increases
with the serial number of the pulses for the relative phase
φk = 0 in Fig. 3(a). These can be explained by the
Maxwell-Bloch Eqs. (1)—(5). From the Eq. (3) and (5),
it is shown that the amplitude of the reemitted field is
proportional to the time derivative of the real part of
the off-diagonal element f12. The relative phase between
the successive pulses of the incident train can induce f12

change. The real part of the element f12 versus time is
plotted in Fig. 2(c) for the relative phase φk = π and
in Fig. 3(c) for the relative phase φk = 0. Obviously,
the destructive interference leads the real part ampli-
tude of the f12 to decrease between the successive pulses
in Fig. 2(c), however, the constructive interference leads
real part amplitude of the f12 to increase between the
successive pulses in the Fig. 3(c). So, it could be con-
cluded that the amplitude of the reemitted field between
the successive pulses is controlled by the relative phase
between the successive pulses of the incident train.

In addition, the reemitted field affected by the different
delay time between the successive pulses of the incident
train was also investigated. However, we find that the
phase of the reemitted field is little influenced by the de-
lay time.

In conclusion, we have investigated the coherent con-
trol of the phase of reemitted field in the GaAs/AlGaAs
QWs under the femtosecond pulse train excitation. The
result shows that the phase evolution of the reemitted
field is determined by the relative phase between the
successive pulses of the incident train. During interac-
tion between all the odd pulses of the incident train and
the semiconductor QWs, the reemitted field is from out-
of-phase to in-phase, then again to out-of-phase with the
incident pulses. However, during interaction between all
even pulses of the incident train and the semiconduc-
tor QWs, the reemitted field is from in-phase to out-of-
phase, then again to in-phase with the incident pulses.
The amplitude of the reemitted field between the suc-
cessive pulses is controlled by the relative phase of the
pulses of the incident train.
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