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Quantum interference and nonlinear optical processes in the conduction bands
of infrared-coupled quantum wells

S. M. Sadeghi, S. R. Leffler, and J. Meyer
The University of British Columbia, Department of Physics and Astronomy, 6224 Agricultural Road,

Vancouver, British Columbia, Canada V6T 1Z1
~Received 28 September 1998; revised manuscript received 21 January 1999!

We study quantum interference and nonlinear optical processes in the conduction band of ann-doped
quantum well driven by one or two infrared fields. The fields couple a broad upper subband to a lower energy
subband and the ground subband, forming aL configuration. We show, including the effect of electron-
electron scattering and dynamic screening, that this configuration can lead to coherent control of the intersub-
band transitions, such as coherent population trapping. We also study quantum interference processes, such as
laser-induced transparency and dark-line effects in the linear absorption and gain spectra of the system. The
effects on these processes of differing field intensities and of electron-electron scattering are also discussed.
@S0163-1829~99!04823-7#
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I. INTRODUCTION

Quantum interferences in the optical interband and in
subband transitions in quantum wells~QW’s! can produce
exotic effects not otherwise seen in semiconductor phys
and can lead to useful applications. For example, these in
ferences have previously been shown to allow coherent c
trol of electron transitions, producing photocurrents with p
ferred directions in bulk and QW semiconductors,1–2 and
intersubband gain via multiphoton processes.3 They can also
be used to manipulate the excitonic emission and absorp
spectra of QW’s.4 In the latter study, the authors consider
the interaction between an undoped QW and infrared~IR!
fields polarized along its growth direction, nearly reson
with the well’s conduction-subband transitions.

In this paper, we explore quantum interference effects
nonlinear optical processes in the intersubband transition
a QW driven by two IR fields in aL configuration~Fig. 1!.
We show that in such a system a large portion of
conduction-band population can be coherently trapped in
lower two subbands. This effect, which is known in atom
physics as coherent population trapping~CPT!,5 is investi-
gated here by studying the electron distributions in
coupled conduction subbands. This differs from the atom
case in that in QW’s the electron-electron scattering p
cesses significantly affect the intersubband transitions
making their associated dephasing rates dependent on
field intensities and frequencies.6 This in turn alters the in-
teraction of the fields with the QW.

This paper also includes an investigation of the effect
varying coupling field intensity on the linear absorption o
probe field that is tunable between the three transitions of
L system. The absorption spectra show the effects of o
and two-photon or Raman coupling in the system, and so
distinctive quantum interference features such as la
induced transparency~LIT !. In the case where only th
ground and third subbands are coupled, the system ha
optically pumped three-level laser configuration. This diffe
from the configurations considered previously,7 however, in
PRB 590163-1829/99/59~23!/15388~7!/$15.00
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that the lower laser level is a coupled state. This leads
dark line or band in the gain spectrum due to quantum in
ference. We discuss how the latter effect and LIT are g
erned by electron-electron scattering in the system. The
sults obtained in this paper can be applied to coherent con
of intersubband transitions into the continuum of a QW,
ficient achievement of inversion and nonlinear gain in Q
infrared and far-infrared lasers, and the development of
detectors and other optical devices.

In Sec. II, we briefly summarize a modified version of t
formalism we developed recently3 to model strong infrared
coupling of QW’s. Section III contains the results for CPT
ann-doped QW. The linear response of this system to a w
tunable probe field is presented in Sec. IV. The depende
of this response on the relative intensities of the IR fields
discussed in Sec. V. A discussion of the system’s quan
interferences and concluding remarks are presented in S
VI and VII, respectively.

II. REVIEW OF THEORY

We consider the conduction band of an asymme
n-doped QW. As shown in Fig. 1, two laser fields with fr
quenciesv1 andv2 couple, respectively, the first,u1,k&, and
second,u2,k&, subbands of this system with the third su
band,u3,k&. In the rotating wave and dipole approximation
the interaction term of the Hamiltonian for this system is

HL5\(
k

$m13E1~ t !c1,k
† c3,k1m23E2~ t !c2,k

† c3,k1H.c.%

~1!

FIG. 1. Illustration of theL coupling configuration in an asym
metric quantum well, with infrared-field frequenciesv1 andv2 .
15 388 ©1999 The American Physical Society
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Here, the first term is the interaction term of the first fie
with amplitudeE1 , and the second term is that of the seco
field, with amplitudeE2 . The m i j ’s are electric dipole mo-
ments between the corresponding conduction subbands a
the growth direction of the QW. These are assumed to bk
independent. ci ,k

† andci ,k are creation and annihilation op
erators, respectively, for an electron in thei th subband with
wave vectork.

The equation of motion for the density matrixrk is

]rk

]t
52

i

\
@H01HL ,rk#1

]rk

]t U
e2e

incoh

1
]rk

]t U
e2p

incoh

. ~2!

Here,H0 is the Hamiltonian of the QW in the absence of a
IR fields. The second and third terms are the incoherent c
tributions of the electron-electron and electron-phonon s
tering processes to the system’s dynamics. These terms
responsible for damping of the system. The electron den
is assumed to be high here, therefore, the dynamic scree
will be strong. As a result, we only consider the dephas
terms caused by these processes, which are diagonalk
space.8 We have also ignored electron-electron scattering
tween electrons in different conduction subbands, beca
the energy spacings between the subbands are consider
be large.9 Also the damping rates caused by the electr
electron scattering processes in the upper subbands ar
nored, because~i! the upper subbands are separated fr
each other and the ground subband by energies greater
that of LO phonons and therefore excited electrons are
fected by the very fast electron LO-phonon scattering p
cess, and~ii ! the electron envelope functions in the upp
subbands are asymmetric and very much less localized in
well than those in the ground subband.

Since in this paper we consider a heavily doped asymm
ric quantum well structure, the Hartree contribution dom
nates over the exchange-correlation term.10 ~See also Ref.
11.! The transition linewidths considered here are relativ
large and become larger as the field intensities increase, h
ever. Because of this and the fact that we consider reso
coupling, the Hartree potential does not have a signific
effect. Depolarization can also renormalize the transition
ergies. This depends primarily on the electron density, h
ever. Since this remains nearly constant through the coup
processes,12 one can account for depolarization by introdu
ing a phenomenological shift in the transition energies.

As shown in Ref. 6, in the high-excitation regime th
electron-electron scattering processes in the ground con
tion subband alter the intersubband transition rates. The
coherent contribution of the electron-electron scattering
this subband should therefore be treated using the Boltzm
equation

dr11
k

dt
U

e2e

incoh

5G1
in~k,r11

k !~12r11
k !2G1

out~k,r11
k !r11

k . ~3!

Here,G1
in(k,r11

k ) andG1
out(k,r11

k ) are the scattering in and ou
rates atu1,k& due to the electron-electron scattering proce
They are given by
,
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G1
in~k,r11!5

4p

\ (
p,q

r11
p r11

k2q~12r11
p2q!uV~q,\v8!u2

3d@Ec~1,k!1Ec~1,p2q!

2Ec~1,k2q!2Ec~1,p!#, ~4!

and

G1
out~k,r11!5

4p

\ (
p,q

~12r11
p !r11

p2q~12r11
k2q!uV~q,\v8!u2

3d@Ec~1,k!1Ec~1,p2q!

2Ec~1,k2q!2Ec~1,p!#. ~5!

Here,Ec(1,k) is the energy of an electron in the groun
subband with wave vectork andV(q,\v8) is the screened
electron-electron interaction given by

V~q,\v8!5
vqF~q!

e~q,\v8!
. ~6!

Here, vq52pe2/(Sqeb), e is the electronic charge,S the
area of the quantum well, andeb is the bulk dielectric con-
stant, which is assumed to be the same in the quantum
and in the barrier. Also\v85Ec(1,k2q)2Ec(1,k),F(q) is
the form factor, ande(q,\v8) is the dynamic dielectric
function due to the quasi-two-dimensional electron gas.6

The polarization dephasing rates associated with
ground to upper subband transitions are strongly affected
electron-electron scattering and by the field frequencies
intensities. These rates are given by

g12
e2e~k!5g13

e2e~k!5 1
2 @G1

in~k!1G1
out~k!#. ~7!

Adding the contribution of the electron-phonon scatteri
processes (g1 j

p ) to these rates gives the total dephasing ra
associated with the transitions between the ground and
upper subbands.

To make the system dynamics tractable and to empha
the effects of electron-electron scattering, we consider Q
structures where the energies corresponding to the 1-3
2-3 transitions (E13 and E23) are integer multiples of the
LO-phonon energy. This means that after an electron dec
by intersubband electron LO-phonon scattering, it will u
dergo intrasubband scattering with LO phonons until it en
up in a state with the same wave vector as the initial st
Since these intrasubband interactions are very fast we
impose the condition( ir i i

k .r11
0k , where r11

0k is the Fermi
distribution. The equations of motion of the system@Eq. ~2!#
then become linear, and have a steady-state solution of
form

r i j
k 52(

lm
~Mk! i j ,lm

21 Nlm
k , ~8!

whereMk and Nk are tensors containing the coefficients
the equations of motion andi, j, l , andm run over all sub-
band indices.3 This allows the steady-state electron distrib
tions and electron-electron scattering rates to be calcul
iteratively.

To obtain the linear response of the system to a w
probe field, we apply the quantum regression theorem.
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contributions to the linear absorption spectrum of the sys
due to the 1–2, 2–3, and 1–3 transitions are given by

A12
L ~vp!5m12

2 Re(
k

r11
k $@R13,33

k ~z!

2R13,11
k ~z!2R13,12

k ~z!#r31
k 1R13,23

k ~z!r21
k

1R13,13
k ~z!@r11

k 2r33
k #%, ~9!

A23
L ~vp!5m23

2 Re(
k

r22
k $@R32,22

k ~z8!2R32,33
k ~z8!#r23

k

1R32,32
k ~z8!r33

k 1R32,12
k ~z8!r13

k

2R32,32
k ~z8!r22

k 2R32,31
k ~z8!r21

k %, ~10!

and

A13
L ~vp!5m13

2 Re(
k

r11
k $@R12,22

k ~z9!2R12,11
k ~z9!#r21

k

1@r11
k 2r22

k #R12,12
k ~z9!1R12,32

k ~z9!r31
k

2R12,13
k ~z9!r23

k %. ~11!

Here, z5 i (vp2v11v2), z85 i (vp2v2), and z95 i (vp
2v1). Also,

Ri j ,lm
k ~z!5~zI2Mk! i j ,lm

21 , ~12!

where I is the identity tensor with the same dimensions
Mk.

In practice, observation of the phenomena predicted
this paper would require the use of pulsed rather th
continuous-wave infrared lasers for the coupling fields. T
steady-state model used here is valid as long as the infr
pulses are much longer than the largest damping time of
system, i.e.,tp@1/g12. Since 5<g12<15 ps21 for the whole
range of field intensities considered, subnanosecond pu
can be used without invalidating the model.

III. COHERENT POPULATION TRAPPING IN QW’s

To study CPT in QW’s, we consider a structure that co
tains a 3.8-nm GaAs layer followed by 8-nm Al0.25Ga0.75As,
confined by Al0.39Ga0.61As barriers. In this structure,E13
5214 andE23573 meV, both of which are nearly intege
multiples of the LO-phonon energy. We assume that t
structure is n-doped to give an electron density of 7
31011cm22, and considerm125e31.02,m135e30.92, and
m235e32.55 nm. The damping rates ofu2,k& and u3,k& are
considered to beG2

p55 andG3
p530 ps21, respectively. The

effective mass for each layer is obtained fromm*
5@0.067(12x)10.15x#me , where x is the fraction of Al
present andme is the free-electron mass.13 The temperature
of the QW is considered to be 4 K.

Figure 2~a! shows the evolution ofr i i
k ( i 51, 2, and 3! at

k5kf for V135V23520 ps21 ~corresponding to IR intensi
ties of 113 and 14.9 MW/cm2, respectively!, D250, and
variousD1 . Here,V j 3[2m j 3Ej /\. is the Rabi frequency
andD j is the detuning of the coupling field with frequenc
v j . For uD1u@0, the system dynamics are dominated
one-photon transitions of electrons into the second and t
m
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subbands and energy relaxation of electrons from the latte
the former. As a result, the electron populations reflect
subbands’ widths and energies. AsuD1u decreases, howeve
the population in the third subband becomes depleted des
the enhancement of the 1–3 coupling strength~dotted line!.
The ground subband population~solid line! increases, and
when D150 most of the electron population is divided b
tween the ground and second subbands.

To understand these results, note that the coupling me
nisms of aL system are in general one-photon coupling
all three subbands and two-photon or Raman coupling
u1,k& and u2,k& through u3,k&.14 In a dressed state pictur
when the fields are resonant with their corresponding tra
tions, the states associated with these mechanisms atu1,k& are
the one-photon states,15

u1,t&k5
1

&
@cosbu1,nv1 ,n8v2&k

2u2,~n21!v1 ,~n811!v2&k

1sinbu3,~n21!v1 ,n8v2&k], ~13!

u1,s&k5
1

&
@cosbu1,nv1 ,n8v2&k

1u2,~n21!v1 ,~n811!v2&k

1sinbu3,~n21!v1 ,n8v2&k], ~14!

and the two-photon state

FIG. 2. Electron distributions in aL system withV135V23

520 ps21. ~113 MW/cm2 at frequencyv1 and 14.9 MW/cm2 at
v2). The solid, dashed, and dotted lines represent the populatio
the first, second, and third subbands, respectively.~a! The effect of
detuning one of the coupling fields on the Fermi-level populatio
(k5kf). ~b! The complete electron distributions in the resona
coupling case.
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u1,r &k5@2sinbu1,nv1 ,n8v2&k

1cosbu2,~n21!v1 ,~n811!v2&k]. ~15!

Here,

tanb5
V23

V13
, ~16!

andn andn8 are the photon numbers at frequenciesv1 and
v2 , respectively.

Similarly, the dressed states associated withu2,k& are

u2,t&k5
1

&
@cosbu1,~n11!v1 ,~n821!v2&k

2u2,nv1 ,n8v2&k1sinbu3,nv1 ,~n821!v2&k],

~17!

u2,s&k5
1

&
@cosbu1,~n11!v1 ,~n821!v2&k

1u2,nv1 ,n8v2&k1sinbu3,nv1 ,~n821!v2&k],

~18!

and

u2,r &k5@2sinbu1,~n11!v1 ,~n821!v2&k

1cosbu2,nv1 ,n8v2&k], ~19!

and for u3,k&

u3,t&k5
1

&
@cosbu1,~n11!v1 ,n8v2&k

2u2,nv1 ,~n811!v2&k1sinbu3,nv1 ,n8v2&k],

~20!

u3,s&k5
1

&
@cosbu1,~n11!v1 ,n8v2&k

1u2,nv1 ,~n811!v2&k1sinbu3,nv1 ,n8v2&k],

~21!

and

u3,r &k5@2sinbu1,~n11!v1 ,n8v2&k

1cosbu2,nv1 ,~n811!v2&k]. ~22!

Since for the system of Fig. 2~a! the intermediate state
u3,k& is relatively broad, whenuD1u@0 both forms of cou-
pling are suppressed, and transitions between pairs of s
are dominant. WhenD1 becomes close to zero, howeve
two-photon coupling becomes more significant and the po
lation is transferred intou1,r &k and u2,r &k , i.e., CPT occurs.
The breadth of the intermediate state has a strong effec
the efficiency of CPT, since it causes suppression of o
photon coupling compared to two-photon coupling.

Figure 2~b! shows the complete electron distributions
the three coupled conduction subbands forD15D250 and
V135V23520 ps21. Under these conditions the populatio
tes

u-

on
e-

in the first and second subbands are virtually equal, e
being over 40% of the total. The slight nonflatness in t
distributions is caused by thek-dependent effect of electron
electron scattering on the intersubband dephasing rates~see
Fig. 4!. The scattering is enhanced here since the gro
subband distribution is significantly different from the Ferm
distribution.6

IV. LINEAR ABSORPTION SPECTRA
OF A QUANTUM WELL L SYSTEM

In the preceding section we studied the electron distri
tions of an IR-coupled QW system with aL configuration. In
this section, we investigate the linear absorption spe
@Eqs. ~9!–~11!# of this system whenV135V23[V. The
structure considered is the same as in the preceding sec

As Fig. 3~a! shows, whenV increases from 1 to 5 ps21

the absorption due to the 1-2 transition is strongly su
pressed. ForV520 ps21 @the condition of Fig. 2~a!# and
higher the absorption virtually vanishes. This strong suppr
sion occurs because most of the electron population
equally distributed between the first and second subba
due to CPT@Fig. 2~b!#.

The effects of CPT are seen in other parts of the abso

FIG. 3. Linear absorption of a weak probe field in a resonan
coupledL system. Parts~a!, ~b!, and ~c! show, respectively, the
contributions due to the 1-2, 1-3, and 2-3 transitions. The R
frequencies corresponding to each line are solid:V51 ps21;
dashed:V55 ps21; dotted:V510 ps21; dash-dotted:V520 ps21;
dash-dot-dotted:V540 ps21.
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tion spectrum as well. AtV55 ps21, the contribution due to
the 1-3 transition becomes doubled, as Fig. 3~b! shows. For
higher field intensities the two peaks become smaller
move away from the central frequency. These changes o
because when CPT happens, the ground population
creases from a Fermi distribution to a non-Fermi one w
approximately 40% of the total population@Fig. 2~b!#. This
tends to suppress the 1-3 absorption, but since the third
band is simultaneously losing its population to the other s
bands, the absorption due to this transition remains not
able. The doubling seen here is the result of transiti
between the two-photon state in the ground subband (u1,r &k)
and the two one-photon states in the third subband (u3,s&k
and u3,t&k). Under resonant coupling,u1,r &k has the same
energy as the uncoupled ground subband, andu3,s&k and
u3,t&k have energies\AV13

2 1V23
2 above and below that o

the uncoupled third subband, respectively.3 The one-photon
states have less population than the two-photon state du
the dominance of two-photon coupling.

The 2-3 transition’s contribution@Fig. 3~c!# shows fea-
tures that reflect the evolution of the 1-3 transition’s deph
ing rate @g13

e2e(k)# with varying field intensity. ForV
51 ps21 ~inset!, the spectrum shows a well-resolved LI
effect. As the field intensities increase the transparency h
diminishes and then is replaced by another hole with a sm
peak at its center. To explain these phenomena we sho
Fig. 4 the evolution ofg13

e2e(k) for various field intensities.
For V51 ps21, g13

e2e is small, especially for states withk
close tokf . The coupling between the first and third su
bands is therefore much stronger than that between the
and second. As a result, when one probes the 2-3 trans
one sees a LIT effect similar to those studied in atomic
QW systems.16–17 In such systems a narrow or metastab
state is coupled into the upper level of a transition. When
transition is detected by a probe field, a transparency ho
generated in its absorption spectrum. We discuss this e
in terms of quantum interferences in Sec. VI.

Figure 4 shows that whenV increasesg13
e2e becomes

larger, and therefore, the ground subband is no longer
row. The fields then tend to couple the first and second s
bands to the third one with comparable strengths. This es
lishes the two-photon coupling and CPT. NearV55 ps21

the mechanism of doublet generation in the 2-3 transit
spectrum @Fig. 3~c!# changes from weak detection of
strongly driven two-subband system, as discussed abov

FIG. 4. Electron-electron scattering contribution to the polari
tion dephasing rate of the 1-3 transition. The curves are for
same conditions as those in Fig. 3.
d
ur
e-

h

b-
-

e-
s

to

s-

le
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in

ird
on
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ct

r-
b-
b-

n

to

transitions between multiphoton dressed states. As in
3~b!, the doublet here is the result of weak detection of
two one-photon states from the two-photon state in the s
ond subband (u2,r &k). The small central peak in the latte
case might be the result of electron distribution evolution a
vanishes in the high-field limit.

V. FIELD-INTENSITY EFFECTS
ON THE COHERENT PROCESSES

The effects studied in the previous sections were ass
ated with equal Rabi frequencies. One feature of theL sys-
tem, however, is that one can vary the frequencies and in
sities of the fields without violating the assumptions of t
theory. This allows one to explore the rich variety of nonli
ear effects caused by quantum interference. In this sec
we study the case whereV13ÞV23 but the fields remain
resonant with the corresponding transitions. One signific
effect of this is field-coherence destruction. As Eqs.~13!–
~22! indicate, large or small values ofV23/V13 cause one
state to be decoupled from the rest of the system. The st
ger field thus destroys the coherences generated by
weaker field, regardless of the absolute values of the fi
intensities.

The impact of field-coherence destruction on the 1-2 tr
sition of theL system is shown in Fig. 5. The solid line i
Fig. 5~a! shows the linear response due to the 1-2 transit
whenV135V2355 ps21 (tanb51). WhenV23 is increased
by four times (tanb54), the spectrum becomes a doub
~dashed line!. Comparing this spectrum with that forV23
520 ps21 andV1350 ~dotted line! illustrates that increasing
V23 decreases the effect of the weaker field resonant with
1-3 transition. This reduces the excitation of electrons ou

-
e

FIG. 5. The contribution of the 1-2 transition to the linear a
sorption of a weak probe field. In both parts, the solid line cor
sponds toV135V2355 ps21. In ~a! the dashed line is forV1355
and V23520 ps21, and the dotted line is forV1350 and V23

520 ps21. In ~b! the dashed line is forV13520 andV2355 ps21,
and the dotted line is forV13520 ps21 andV2350. The insets show
the interfering paths that lead to LIT or dark-line generation.
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the ground subband, increasing the absorption amplitude
sociated with the 1-2 transition. The doubling of the pe
seen in Fig. 5~a! indicates the start of LIT, as will be dis
cussed in Sec. VI, below.

Figure 5~b! shows the inverse case for the same transiti
i.e., V13>V23. Here again the solid line corresponds
V135V2355 ps21. WhenV13 increases to 20 ps21 (tanb
51/4), the spectrum changes drastically, showing exten
gain with a dip at the line center. This spectrum is alm
indistinguishable from that for the case whereV13
520 ps21 andV2350 ~dotted line!. In both cases, the gain i
due to optical pumping of the third subband by the field w
frequencyv1 , and the subsequent fast decay of the pho
excited electrons into the second subband through
phonon emission. SinceV13 is comparable to the widths o
the first and third subbands here, the stimulated emis
transition is from the bare second subband into a dres
subband, which produces the hole in the gain spectrum.
will be discussed further in the following section.

Now consider the evolution of the 1-3 transition’s spe
trum under the same conditions as Fig. 5. As shown in F
6~a! @and Fig. 3~b!#, in this case whenV235V1355 ps21 the
1-3 transition spectrum exhibits a transparency hole. W
V23 is increased, the absorption amplitude increases and
hole becomes deeper. As was the case in Fig. 5~a!, this is
caused by quantum interferences that occur when the co
ences involving the ground subband are destroyed. Fig
5~a! and 6~a! thus provide complementary information abo
the evolution of LIT in the two driven subbands of a sing
system. The LIT effect is weaker in the absorption associa
with transitions to the narrower subband@Fig. 5~a!#, because
differences in the damping rates of the coupled subba
suppress~enhance! the quantum interferences that cause L
when the narrower~broader! subband is probed. The inte
ference processes are discussed further in the following
tion.

FIG. 6. The contribution of the 1-3 transition to the linear a
sorption of a weak probe field. The curves represent the same
ditions as those in Fig. 5. The inset in~a! shows the interfering
paths which lead to LIT in the spectrum shown.
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Figure 6~b! shows the evolution of the absorption due
the 1-3 transition, under the same conditions as Fig. 5~b!.
While the latter shows a large amount of gain, here we o
see a doublet, which is suppressed with increasing fi
strength. This suppression is caused by deposition of mos
the electrons in the second subband. The system consi
of the two driven subbands here is similar to that discus
in detail in Ref. 6.

VI. QUANTUM INTERFERENCES IN A L SYSTEM

Quantum interferences in the intersubband transitions
primarily determined by the coupling mechanisms and c
figuration of the system.18 The relative strengths of the cou
pling mechanisms depend on the coupled subband wi
and the field frequencies and intensities. We showed in
previous section that when one field was either weaker t
the other or was absent altogether, quantum interferen
could lead to LIT and dark-line effects. In this section w
discuss these effects in more detail.

The quantum interferences in Figs. 5 and 6 are mai
determined by one-photon coupling of two conduction su
bands, and the probe transitions. There are two types o
terfering paths: direct ones created by the probe field,
indirect ones generated by both the probe and coup
fields. In the case of Fig. 5~a! the direct path is the 1-2
transition, and the indirect one is the 1-3 transition throug
@see Fig. 5~a! inset#. The interference paths for the invers
case@Fig. 5~b!# are similar in origin, but the intermediat
state of the indirect path is the ground subband~see inset!.
These interferences generate fixed-frequency LIT or da
line effects, depending on the population of the driven s
bands.

The dynamics of the gain in Fig. 5~b! are made clearer by
considering various values ofV13 with V2350. To allow
easier comparison with other systems,7,19 Fig. 7 shows the
contribution of the 1-2 transition to the optical gain of
single quantum well,

g12~v!52vAm0

e0

1

peb
3/2Leff

Im E
0

kmax
kdk

3
um12u2~r11

k 2r22
k !

\$D12 i @g12
e2e~k!1g12

p #%
. ~23!

n-

FIG. 7. The contribution of the 2-1 transition to the optical ga
when only the first and third subbands are coupled. The Rabi
quencies corresponding to each line are solid:V1355 ps21; dashed:
V1357 ps21; dotted:V13510 ps21; dash-dotted:V13520 ps21;
dash-dot-dotted:V13540 ps21.
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Here,m0 ande0 are the permeability and permittivity of fre
space, respectively, andLeff is the effective length ove
which the interaction occurs, taken to be the width of t
QW. Electron-electron scattering affects the gain through
dependence ofg12 on r i i

k andg12
e2e(k).

For small values ofV13, there is a large absorption pea
corresponding to the 1-2 transition~Fig. 7!. As V13 in-
creases, the peak is suppressed and eventually develo
transparency hole. Further increase inV13 produces a single
gain peak, which develops a dark line. This illustrates
fact that quantum interferences can cause both LIT and d
line effects in the same system, depending on the populat
of the upper subbands and on the field intensities. The
quencies of the gain maxima can be tuned by changing
intensity of the field associated withV13. For the present
structure the gain mostly falls in the midinfrared. The pe
gain shown in Fig. 7 is larger than the maximum achieva
gain for the four-level laser system of Ref. 19, with o
quantum well.

Figure 8 shows the electron distributions in the three s
bands for the case whereV13520 ps21. The second subban

FIG. 8. Electron distributions for the system of Fig. 7, wi
V13520 ps21 (I 5113 MW/cm2). The solid, dashed, and dotte
lines represent the populations in the first, second, and third
bands, respectively.
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~dashed line! contains a large fraction of the tota
population—more than twice that in the ground subba
~solid line!.

The interferences affecting the spectra in Fig. 6~a! are
between the direct 1-3 and indirect 1-3-2 paths, as show
the inset. In the case of Fig. 6~b!, however, increasingV13
suppresses the indirect path. Therefore, the system beco
similar to a driven two-subband system as discussed in R
6. Here, various gain and absorption transitions give rise
spectra similar to those discussed by Mollow for atom
systems.20

The formalism used in this paper remains valid ifu3,k& is
taken to be a quasibound subband or even unstruct
conduction-band continuum, allowing coherent control of t
energy spectrum of photoexcited electrons in the continu
This is similar to the saturated laser-induced continu
structure process, which has been studied in ato
systems.21

VII. CONCLUSION

In conclusion, we studied various quantum interferen
effects in the intersubband transitions of an IR-coup
n-doped QW. The results showed that when two laser fie
with similar Rabi frequencies couple three conduction s
bands, coherent population trapping of electrons can oc
We also studied the linear responses of the system to w
probe fields under various coupling conditions. The resu
showed coherent effects such as laser induced transpar
and dark-line effects, and revealed how coherence dest
tion could occur when the Rabi frequencies due to the fie
became different. The natures of these coherent effects w
discussed in terms of quantum interferences, and consi
ation was given to the role played by the dynamic evolut
of the electron damping rates.
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