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Infrared-induced dark states and coherent population trapping of excitons
in quantum well structures
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We study enhancement of the 2s state emission intensity of the e1-hh1 excitons via generation of dark states.
This process is shown for a In0.43Ga0.57As/InP quantum well structure interacting with a single infrared laser
near resonance with the transition between e1 and e2. Via generation of strong nonparabolic hole dispersion,
the tensile strain of this structure enhances the dipole moments of the nonallowed transitions between the 2s
states of the e1-hh1 and the 1s states of e2-hh1 excitons. We show that, due to the simultaneous coupling of
these transitions and those between the 1s states of the e1-hh1 and e2-hh1 excitons~allowed transitions!, the
infrared field can generate dark states, coherently pumping the 2s states of e1-hh1 excitons and dramatically
increasing their emission intensities. We also show that when the allowed and nonallowed transitions are driven
by two resonant infrared field beams, coherent population trapping of excitons of the e1-hh1 excitons occurs.
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I. INTRODUCTION

The e1-hh1 excitons in quantum wells~QW’s! have re-
cently been used for prediction and testing of various no
applications. These applications include demonstration
photonic memory cell by prolonging the lifetimes of the
excitons using an electric field,1 implementation of quantum
information processes in quantum dots where the e1-hh1
citon states serve as qubits,2 and ultrafast optical switching
based on coherent control of spin and population of th
excitons.3 The optical switching of the e1-hh1 excitons h
also been reported using intraband optical quantum-confi
Stark effect. Here an intense infrared~IR! laser beam with
polarization along the QW growth direction and frequen
near resonant with the transition between the first~e1! and
second~e2! conduction subbands was used to induce blue
red shift in the e1-hh1 exciton emission,4 or absorption
spectrum.5 This made the interband excitonic transitions o
QW nearly dark or transparent at the frequencies that it h
in the absence of the IR field, the maximum amount of em
sion intensity or absorption.

The previously studied intraband optical quantum co
fined Stark effects were mostly associated with mixing of
e1-hh1 and e2-hh1 exciton states with the same orbital
gular moments~l! and principal quantum numbers (n). Here
mostly the transitions between thes states of these exciton
with the same principal quantum numbers~allowed transi-
tions! were driven by an IR field, forming the so-calledJ
system@Fig. 1~a!#. Depending on the interface morpholog
and strain, however, interaction of an undoped QW struc
with an IR field can be influenced by the dispersion of t
hole subbands, making the coupling process different fro
simpleJ system. This is because, as discussed in Ref.
details, the QW exciton states depend on the hole subb
mixing or the degree of the nonparabolic dispersion of
valence subbands.7 Therefore for a range of tensile strain
0163-1829/2004/69~4!/045311~7!/$22.50 69 0453
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this can lead to the enhancement of the dipole moment
the intersubband transitions between exciton states with
ferentn’s ~nonallowed transitions!. Such transitions include
those from 2s (1s) states of e1-hh1 excitons to 1s (2s)
states of the e2-hh1 excitons.

Our objectives in this paper are to show how such
strain-induced enhancement of dipole moment can be use
create new optical systems in QW structures, to realize e
ton dark states, and to find different ways to coherently c
trol exciton emission and population. We discuss these iss
by considering a tensile strained QW structure and show h
its nonparabolic dispersion allows two-photon dressing
the 1s and 2s states of the e1-hh1 excitons and coher
population trapping~CPT! of excitons. These phenomena a
studied in aL2 system where the allowed and nonallow
transitions are driven by either one or two IR fields@Fig.
1~b!#. We show that when this system is created by two re
nant IR laser beams, as that in Fig. 1~b!, the CPT process
equally distributes the e1-hh1 population in two dark stat

FIG. 1. Schematic diagrams of infrared coupling of a QW w
a J ~a! and aL2 configuration~b!. ~c! represents theL2 system in
the coherent basis. The vertical two-sided arrows refer to the in
subband excitonic couplings, the short horizontal dashed and s
lines represent, respectively, the bright (u1.) and dark states
(u2.) at the 1s and 2s state energies of e1-hh1 excitons, and
dashed arrows refer to the emission of the excitons.
©2004 The American Physical Society11-1
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one at the 1s and the other at the 2s state energies. As show
schematically in Fig. 1~c! ~short solid lines!, this leads to two
illuminating lines at these energies. We also show that w
the L2 system is generated by a single IR laser beam n
resonant with the transition between the 2s states of e1-hh1
and 1s states of e2-hh1 it can coherently enhance the dim
even nonobservable photoluminescence of the 2s states. We
attribute this effect to the dominant dark states generated
the single IR field leading to optical storage of the e1-h
excitons in the 2s states, making such dim states illumina
ing.

Note that the dark states studied in this paper are to s
extent different from those discussed in the three-le
atomic systems.8 In such systems usually the dark stat
were generated at the energies of the ground and a lo
states. Therefore the transitions of a resonant probe
from these states to an upper state were prohibited. The
tems discussed in this paper, however, consist of four le
and the dark states effectively suppress the intersubb
transitions between the e1-hh1 and e2-hh1 states, as sh
schematically in Fig. 1~c!. Here, however, these states c
undergo interband transitions by radiative decay. Additio
ally, one should note that the CPT discussed in this pape
different from that discussed in Ref. 9. In this reference
dark states were composed of excitons states associated
different conduction subbands, while in the present pa
they are only composed of the e1-hh1 exciton states.

II. INFRARED-INDUCED COHERENT EFFECTS IN THE
EXCITON EMISSION

The coherent effects studied in this paper are based on
formation of aL2 system@Fig. 1~b!#. This system is based
on strain-induced enhancement of the dipole moments a
ciated with the excitonic intersubband transitions. Here an
laser with a polarization along the growth direction coup
the 2s states of the e1-hh1 excitons with the 1s states of the
e2-hh1 excitons while the same laser or a second laser m
the 1s states of these excitons. As discussed in this pa
such a system could lead to two-photon dressing of thes
and 2s states of the e1-hh1 excitons through the 1s states of
e2-hh1 excitons, creating bright (u1&) and/or dark (u2&)
states@Fig. 1~c!#. These states are given by

u2&5
@V21uCe1

1s&2V11uCe1
2s&]

N
~1!

and

u1&5
@V21uCe1

1s&1V11uCe1
2s&]

N
. ~2!

Here N5AV11
2 1V21

2 , in which V1152m11E1 /\ and V21

52m21E2 /\ are the Rabi frequencies associated with
transitions between the 1s states of the e1-hh1 and e2-hh
excitons (1s-1s) and those between the 2s states of e1-hh1
and 1s states of e2-hh1 (2s-1s), respectively.E1 and E2
refer to the amplitudes of the IR fields andm11 andm21 are,
respectively, the dipole moments associated with the 1s-1s
04531
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and 2s-1s transitions.Ce1
ns (n51 and 2! refer to the exciton

states associated with electrons in e1 and holes in hh1. U
the steady-state condition, due to destructive quantum in
ferences, the transitions betweenu2& and uCe2

1s& are sup-
pressed, leading to accumulation of the e1-hh1 exciton
u2& and creation of CPT.

Our objectives in this paper are to study these issues
investigate how they can lead to CPT of e1-hh1 excitons
coherent enhancement of their 2s state emission. To procee
we consider the cases where the QW emission is cause
population of bound excitons, rather than by the Coulo
enhanced radiative decay of electron-hole pairs.10 This is
possible when the excitons are generated resonantly or
resonantly at low temperatures and low densities.11,12 In ad-
dition, in this paper we consider QW structures such t
their disorder-induced broadenings are less than the bin
energies of their 2s excitons. This condition allows us to
approximately separate center of motion and relative mo
of the electrons and holes and consider the 1s and 2s exciton
wave functions nearly unaffected by the disorder.13,14 The
effective disorder potential, however, influences the cente
mass of excitons causing localization, and homogeneous
inhomogeneous broadening of the emission linewidths. F
thermore, considering the small amount of disorder-indu
broadening and relatively large energy spacing betweens
and 2s states, here we also ignore mixing of these states
the disorder potential.15,16 Note that a full quantitative treat
ment of these issues requires a detailed statistical analys
the interface morphology, solving exciton motion in the pre
ence of disorder potential including phonon scattering a
radiative decay, and others.17 Such a treatment is beyond th
scope of this paper, and therefore in the following we co
sider these effects in a phenomenological way.

Under the above mentioned conditions and the fact t
under low excitation and low temperatures mainly the t
hole subband~hh1! involves in the photoluminescence~PL!
emission the state of an exciton can be presented as follo

C i
ns,n~re ,rh!5(

k
Gi

ns,n~k!ek•(re2rh)Ci~ze!vhh1,k
n ~zh!UUn.

~3!

HereCi is the electron wave function associated with thei th
conduction subband andvhh1,k

n refers to that of hh1 with
spinor indexn. U andUn are the Bloch functions associate
with electrons and holes, respectively.Gi

ns,n(k) refer to the
envelope functions of the excitons associated with h
spinor n and electrons in thei th conduction subband. Th
exciton and hole envelope functions can be written
follows:18

Gi
ns,n~k!5ej nagi

ns,n~k!, ~4!

vhh1,k
n ~zh!5e2 j navhh1,k

n ~zh!. ~5!

Here we have usedk[(k,a). Note that since we only con
sider excitons states with zero orbital angular momentu
( l 50), instead of thez component of the total angular mo
mentum of excitons, in the phase factor of Eq.~4! we only
considern. Having this in mind and considering the inte
band selection rules of excitons that only allow involveme
of n573/2,18 we drop the indexn in the rest of this paper
1-2
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In addition, we ignore the Coulomb mixing between hh1 a
other hole subbands, including the first light-hole subba
~lh1!. This is because inclusion of the Coulomb mixing effe
does not change the physical processes discussed in thi
per and may only cause coupling of exciton states w
higher orbital angular momenta (u l u.1). This means while
the IR field mainly couples thes states, it may also cause,
lesser extent, coupling of the 2p states or the 3d states of
excitons.

In QW structures with parabolic hh1 dispersion the pr
cipal quantum numbers of the initial and final states of
excitonic intersubband transitions (n and n8) should be the
same. In QW structures with nonparabolic hh1 dispers
however, this restriction is relaxed.6 To see this and continu
our development with the IR coupling of excitons, let
consider a system consisting ofCe1

ns (n51 and 2! andCe2
1s .

Interaction of this system with two IR laser beams leads
the formation of aL2 system@Fig. 1~b!#. The Hamiltonian
of such a system can be expressed as follows:

HL252m11E1~ t !uCe1
1s&^Ce2

1su2m21E2~ t !uCe1
2s&^Ce2

1su1H.c.
~6!

As mentioned above,mnn8 refer to the dipole moments as
socited with the intersubband transitions in undoped QW
In some literature they were considered independent of
excitonic effects, similar to those inn-doped QW’s.19 As
mentioned in the introduction, however, a consistent tre
ment shows that these moments depend strongly on excit
features including spinor mixing of holes.6 To see this briefly
note that the dipole moments of the intersubband transit
in undoped QW’s are given by:

mnn85e^Ce1
nsuzuCe2

n8s&. ~7!

Using Eqs.~3!–~5! and after imposing the excitonic inte
band and intersubband transition selection rules,mnn8 for ex-
citons in their radiative states are found as follows:

mnn85LE kdkge1
ns~k!ge2

n8s~k!I~k!. ~8!

HereL is the width of the QW and

I~k!5E zdzCe1~z!Ce2* ~z!vhh1,k~z!vhh1,k* ~z!. ~9!

Inspection of Eqs.~8! and ~9! shows that via excitonic
effects the magnitudes of allowed (n5n8) and nonallowed
(nÞn8) intersubband transition dipole moments are stron
influenced by the hole dispersion. To see this note that
interband selection rules in narrow QW’s only allow excit
tion of s states of e1-hh1 excitons. As a result, only hea
hole components of the hh1 spinors (n563/2) are involved
in the interband transition process.18 Therefore, based on
Eqs. ~8! and ~9!, only when one considers parabolic dispe
sion for hh1m2150 and m11 is relatively large, similar to
that associated with the transition between e1 and e2 with
any excitonic effect. This issue can be understood consi
ing the fact that for parabolic hh1 dispersion with no mixi
effect the contributions ofn563/2 are the most and Eq.~9!
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is independent ofk. Under these conditions the orthogonali
of the exciton wave functions associated with the 1s and 2s
states in Eq.~8! requiresm2150. However, when the nonpa
rabolicity of hh1 is included and/or increased by strain t
contributions of n563/2 are decreased and those ofn
561/2 are increased. HereI (k) can become stronglyk de-
pendent makingm21 significant while suppressingm11.6 This
issue will be seen quantitatively in the following section.

To find the emission spectra of theL2 system we used
Eq. ~6! to calculate the optical Bloch equations of this sy
tem. Under steady-state conditions, the solutions of th
equations represented all components of the density ma
that described the states of the system. Using these com
nents we then applied linear response theory to calculate
emission spectra of the QW for the interband transitions.

III. COHERENT POPULATION TRAPPING OF 1 s AND 2s
STATES OF E1-HH1 EXCITONS

The formalism developed in the preceding section can
applied to various structures, including GaAs/AlGaA
GaAsP/AlGaAs, InGaAs/InP and others. However, as m
tioned above, within the approximations considered in t
paper, the interface roughness and alloy inhomogeneity
these structures should be small enough such that thei
fects on the wave functions of the 1s and 2s states can be
neglected. Having this in mind, here we consider a sin
6-nm In0.43Ga0.57As QW confined by InP barriers. Althoug
growth of such a structure usually deals with alloy fluctu
tions, there are some studies showing that the PL broade
caused by such a disorder can become as low as 1.3 m20

In addition, since using state-of-art growth systems,20 growth
interruption,21 or QW thickness adjustment22 one can expect
smooth interfaces, in the following we assume the emiss
linewidth of this structure is around 1.5 meV. Such a lin
width is less than the binding energies of 1s and 2s excitons
in this structure that are considered to be;8 and;2 meV,
respectively.23

The conduction band of the QW structure considered
this paper supports two subbands~e1 and e2! with
;137 meV energy spacing and its valence band has sev
hh and lh subbands. In addition, because of 0.7% ten
strain the hh1 subband of the QW structure considered in
paper is strongly nonparabolic, as can be seen in Fig. 2. A
since we consider low temperatures, due to the disorder
excitons are mainly localized,24 although with small amoun
of Stokes shift. We assume the homogeneously broade
linewidths of the 1s and 2s states of the e1-hh1 excitons a
0.3 and 0.7 meV, respectively. The latter includes the ene
relaxation of 2s states into the 1s states via emission o
acoustic phonons with a time scale of 10 ps. In addition,
consider the ratio of the oscillator strengths of the 2s to 1s
states to be 1/7. Note, however, that since the 2s states have
larger Bohr radius than those of the 1s states, their wave
functions average over a larger region in the plane of
QW. Therefore, the strength of the disorder potential exp
enced by the 2s states can be less than that experienced
the 1s states. This may make this ratio larger compared
those in the case of free excitons.16 In addition, application
1-3
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of the formalism developed in the preceding section to
QW structure considered in this paper showed thatm11
;8.5e3Å and m21;2e3Å. Note that the enhancement o
m21 comes with the cost of suppression ofm11. This is re-
lated to that the fact under 7% tensile strain the contribut
of n53/2 in hh1 is reduced and replaced by that ofn
521/2.6

Because of its band structure~Fig. 2!, there are three pos
sible emission processes for e1-hh1 excitons in the Q
structure considered in this paper. These processes ar~a!
phonon-assisted transitions,~b! indirect transitions with no
phonon replica, and~c! direct transitions. Amongst thes
three, at low temperatures and low excitation, the indir
transitions~b! are the most dominant ones. As discussed
Refs. 25 and 26, this process is caused by the uncertain
the exciton wave vectorK caused by disorder. In fact at low
temperatures mainly due to alloy fluctuations, localization
InGaAs/InP is strong.24 Because of this, the exciton wav
vector becomes uncertain,27,28 allowing finite probabilities
for the excitonic transitions atK;0. Note that this uncer-
tainty can influence the line shape of PL emission causin
long energy tail.28 In this paper since we consider low tem
perature and small disorder, we adopt Gaussian line sh
for the PL emission.

Coherent processes discussed in this paper are stro
influenced by the characteristics dephasing rates of the e
tonic intersubband transitions. Since we consider the den
of photoexcited carriers is low, these rates are dominated
the scattering of excitons with phonons and with the pot
tial fluctuations caused by the disorder. The phonon-e1-
exciton scattering is mainly dominated by that with acous
phonons while the e2-hh1 excitons are mostly scattered
longitudinal optical~LO! phonons. The latter leads to ioniza
tion of the e2-hh1 excitons, causing electrons with la
wave vectors in e1 and holes in hh1. Since these elect
cannot constitute bound states with the holes before t
undergo momentum and energy relaxation, this process
creases the chance of their nonradiative recombination
holes and decreases the quantum efficiency of the e1
exciton emission. This effect that has been experiment
and theoretically investigated in Refs. 4 and 7 is quant
tively represented by a loss rate in this paper. In practice

FIG. 2. Valence band structure of the QW structure studied
this paper. The solid, dashed, and dotted lines refer to the hh1,
and hh2, respectively. The energies are presented from the ed
the valence band.
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rate depends on the sample quality. Here we assume th
be 0.01 ps21. The rate of the e2-hh1-LO-phonon scatteri
is considered to be 5 ps21. In addition, we also assume tha
in the absence of the IR laser the 2s-state population of the
e1-hh1 excitons is insignificant. This implies that th
electron-hole pairs that are generated either by the interb
pump field or by ionization of the e2-hh1 excitons are mos
transferred into the 1s states of e1-hh1. This is in accordan
with the fact that the 2s states of e1-hh1 excitons are di
and the ratio of their PL emission intensities to those of
1s states has been found to be as low as 1/200.29,30

To study CPT of e1-hh1 excitons we need an efficie
two-photon dressing between their 1s and 2s states. There-
fore here we consider two IR fields, one resonant with
1s-1s and the other with the 2s-1s transitions forming a
resonantL2 system@Fig. 1~b!#. This system allows us to
independently adjust the intensities of the two fields su
that their Rabi frequencies become the same,V215V11, cre-
ating a balanced two-photon coupling process. Conside
the magnitudes ofm11 andm21, one can relate these freque
cies to the intensities of IR fields as I1150.333V11

2 and I21

563V21
2 .

Before addressing CPT in the e1-hh1 exciton emission
is useful to first study the emission of a resonantJ system
@Fig. 1~a!# by turning off the field resonant with the 2s-1s
transition in Fig. 1~b! and assumingm2150. As shown in
Fig. 3~a!, here asV11 increases the emission spectrum as
ciated with the 1s states of the e1-hh1 quenches and bro
ens drastically. This is in accordance with the fact that

n
1,
of

FIG. 3. PL emission of the QW with aJ ~a! and aL2 configu-
ration ~b!. In ~a! the solid, dashed, and dotted lines refer toV11

50, 0.5 and 1 ps21, respectively, and in~b! to V115V2150, 0.5,
and 1 ps21. The thick solid line refers toV115V2155 ps21.
1-4
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intraband excitonic transition enhances the nonradiative
cay rates of the e1-hh1 excitons7 and the linewidth of these
excitons increases due to their IR mixing with the broads
states of e2-hh1 excitons. For higher field intensities
spectrum might show some sign of the Autler-Townes d
blet caused by the IR dressing of the 1s states of e1-hh1 and
e2-hh1 excitons. Observation of this effect depends on
sample loss rate and the linewidths of theCe1

1s andCe2
1s . The

narrower~broader! is the former~the latter!, the less probable
is the observation of this effect. In the QW structure cons
ered in this paper the doubling effect is found to be insign
cant.

When one considers a resonantL2 system, in which the
1s-1s and 2s-1s transitions are strongly driven by two IR
fields, the results are drastically different from those of theJ
system. Here, as Fig. 3~b! shows, the e1-hh1 emission unde
goes a peculiar quenching without any sign of signific
broadening. This process rapidly reaches a saturation l
where the dynamic of the system is frozen and the intens
fields can no longer change the emission spectrum. In a
tion, the resonantL2 system generates another emiss
peak~shown by an arrow! at the energies of the 2s states of
the e1-hh1 excitons. Similar to the main peak, the inten
of this peak also reaches a saturation limit where any
crease of the IR field intensities becomes ineffective.

To discuss the results seen in Fig. 3, note that in the re
nant L2 system a broad state (Ce2

1s) was coupled to two
relatively narrow states (Ce1

1s andCe1
2s). As a result, the nar-

row states were effectively dressed via two-photon coupli
generatingu1& andu2& @Fig. 1~c!#. However, since we con
sidered the IR fields were either continuous wave~cw! or in
pulsed form with temporal widths much longer than the ch
acteristic dephasing times of the excitonic intersubband t
sitions, the system evolved into steady state whereu1& ’s
were annihilated and two stable dark states, one at the en
of 1s states (u2&1s) and another at that of 2s states
(u2&2s) were established. These processes led to CPT o
e1-hh1 excitons. Under this condition the e1-hh1 excito
became immune against the nonradiative decay enhance
caused by the one-photon 1s-1s and 2s-1s transitions and
the system dynamic was frozen.

Note that when CPT occurs the e1-hh1 excitons
equally distributed betweenu2&1s andu2&2s @Fig. 1~c!#. This
is the reason of the peculiar quenching seen in the main p
of Fig. 3~b! and creation of the extra emission peak at hig
energy. Using Eq.~1! and a dressed photon-exciton pictu
one can show that the main emission peak is caused by
decay of the 1s-state components of theu2&1s (Ce1

1s) while
the extra peak is generated by the emission of the 2s state
components ofu2&2s (Ce1

2s).31 The emission intensities o
these states are renormalized by their radiative oscill
strengths while their populations are the same.

IV. COHERENT ENHANCEMENT OF EMISSION
INTENSITY OF DIM EXCITONS

The PL emissions of the 2s states of the e1-hh1 exciton
are usually dim or hardly observable. This is mainly beca
04531
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~i! the energy relaxation rates of the electron-hole pairs i
these states are smaller than those into the 1s states,29 ~ii ! the
2s states decay into 1s states via emission of acoust
phonons, and~iii ! since they have small binding energie
they can be easily ionized thermally. In the preceding sec
we showed that by creating CPT one can increase the e
sion intensity of these states. In that case the e1-hh1 pop
tion was equally distributed between dark states with o
cally active 1s state (u2&1s) and 2s state (u2&2s). In this
section we show how the strain-induced enhancement o
tersubband transition dipole moments and coherent eff
allow one to enhance the emission intensity of the 2s states
using a single IR field. This is done by effectively populatin
u2&2s while u2&1s has much less population.

To study enhancement of the 2s state emission here w
consider interaction of the QW structure described in
preceding section with a single IR laser beam. This lase
polarized along the growth direction and its photon energ
;1 meV less than that of the 2s-1s transition. To proceed
we first assumem2150. Although this assumption is unrea
istic for the present structure it has the advantage of clar
ing our discussion and presents optical quantum-confi
stark effect in structures that have parabolic or nearly pa
bolic hh1 subbands.4 As Fig. 4~a! shows, under these cond
tions the emission peak is broadened and quenched wh
is shifted to lower energies. This phenomenon has been
perimentally tested in GaAs/AlGaAs QW structure and
tributed to the two-level coupling of the e1-hh1 and e2-h
exciton states@J system, Fig. 1~a!#.4 The situation is differ-
ent when we consider the effects ofm21. Here under similar
conditions as those in Fig. 4~a!, in addition to the optical red
shifting of the main emission peak, the 2s states of the e1-
hh1 excitons become illuminating. As shown in Fig. 4~b!, the

FIG. 4. PL emission of the QW with a detunedJ ~a!, and a
detunedL2 ~b! configuration generated by a single infrared fie
The solid, dashed, and thick solid lines refer to 0, 1, and 5 MW/c2

field intensities, respectively.
1-5
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emission peak of these states~shown by an arrow! reaches a
saturation limit at relatively low-field intensities while fur
ther increase of the IR field intensity reduces the amplitu
of the red-shifted peak as it is additionally shifted to low
energies.

The results seen in Fig. 4~b! happened despite the fact th
we did not assume any energy relaxation of electron-h
pairs into the 2s states of the el-hh1 excitons. This sugge
that the emission enhancement of the 2s states is solely
caused by the detunedL2 system created by the single I
field. To clarify this issue and find out the role played by t
dark states and other coherent processes, note that the
sion spectra seen in Fig. 4~b! are the results of superpositio
of emission spectra of two sets of dressed states. These
are caused by one- and two-photon couplings of the 1s and
2s states of e1-hh1 with the 2s states of e2-hh1. The two
photon coupling leads to the generation ofu2&1s and
u2&2s , and the one-photon coupling process mixes thes
and 2s states of e1-hh1 with the 2s states of e2-hh1. Simila
to the two-photon states, in one-photon states also eithes
or 2s states can decay radiatively via interband transition32

Having this in mind we investigate the evolutions seen
Fig. 4~b! by separating the contributions of each of these s
of dressed states. This is done by putting the oscilla
strengths associated with the decay of the 1s or 2s states
equal to zero by hand. As Fig. 5~b! shows, the contributions
of the 2s state emission when the IR field intensity is
~dashed line! or 5 MW/cm2 ~solid line! are mainly single

FIG. 5. Contributions of the 2s ~b! and 1s ~c! emission spectra
to the total PL emission~a! of the QW with a detunedL2 configu-
ration caused by a single infrared field. Dashed and thick solid li
refer to 1 and 5 MW/cm2 intensities, respectively.
04531
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r

emission peaks at the 2s state energies. This phenomeno
suggests that the evolution of these states are mainly d
mined byu2&2s . On the other hand, as shown in Fig. 5~c!,
the contributions of the 1s states are mainly composed o
relatively weak central peaks at the 2s state energies and
creation of two sidebands. The energies of the central pe
do not change as the field intensity increases, but the s
bands are pushed away from each other. This suggests
the central peaks are associated withu2&1s . The sideband
peaks, however, are originated by the dressed states ca
by the one-photon coupling of 1s and 2s states of e1-hh1
and e2-hh1 states.32 In these dressed states only the 1s states
can decay radiatively. Figure 5~a! shows the summations o
the corresponding contributions in Figs. 5~b! and 5~c!, which
are identical to the corresponding ones shown in Fig. 4~b!.

The results seen in Fig. 5 show that the enhancement o
state emission caused by a single IR field is different fr
that seen in the case of CPT. The latter was caused by tw
fields with the same Rabi frequencies (V115V21). This led
to an effective resonant two-photon coupling and creation
dark states with equal populations. This process was acc
panied by strong suppression of the one-photon coup
process. In the case of Figs. 4~b!, however, since a single IR
field was used andm21/m11;0.2, the Rabi frequency asso
ciated with the 1s-1s was much larger than that of the 2s-1s
transition. Therefore, although the IR field was nearly re
nant with the 2s-1s transition and well detuned from th
1s-1s transition, the one-photon coupling with sideba
manifestation played the main role in the emission of thes
states. As a result, here the emission of the 1s states nearly
followed the evolution of a detunedJ system, similar to that
Fig. 4~a!. On the other hand, because of the detuned tw
photon process the population ofu2&1s became much
smaller than that ofu2&2s .

V. CONCLUSIONS

In conclusion, we studied coherent enhancement of
emission intensity of 2s states of the e1-hh1 excitons v
asymmetric dressing of these states with the 1s states of the
same excitons. Such a dressing process was generated
single IR laser near resonance with the transition between
first and second conduction subbands of a tensile stra
QW structure. The tensile strain enhanced the dipole mom
associated with the transitions between the 2s states of e1-
hh1 and the 1s states of e2-hh1. As a result, these transitio
and those between 1s states of e1-hh1 and e2-hh1 wer
multaneously driven by a single IR field. We also show
that when the QW interact with two IR fields, this syste
could lead to coherent population trapping of the e1-hh1
citons as two dark states were generated at the 1s and 2s
energies of e1-hh1. Although the intersubband transiti
from these states into an upper subband were inhibited,
could radiatively decay into the QW ground state formi
two emission lines.
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