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Effects of off-diagonal radiative-decay coupling on electron transitions
in resonant double quantum wells
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Density-matrix equations for electrons in laser-coupled quantum wells are derived in second quantization,
including an off-diagonal radiative-decay coupling between a pair of electron transitions. Calculations of
spontaneous photoluminescence and time-resolved optical absorption for the probe field are formulated. The
zero absorption of the pump-laser field within an overlapping region between two absorption peaks is found in
a resonant asymmetric double-quantum-well system and explained as the quantum interference between two
nearly degenerate electron transitions. Quantum interference is clearly demonstrated through phase cancella-
tion between the two statistically averaged transition dipole moments. The laser frequency for zero absorption
can be tuned within a tunneling gap by applying a small dc bias field. Theki-dependent energy-level separation
is found to be a crucial factor for destroying quantum interference. The optical gain of the probe field is seen
as a hole in the weak absorption peak for the resonant asymmetric double quantum wells selectively coupled
by a laser field and shown to be a result of the partial inversion of the electron occupation probabilities in
momentum space after laser excitation. The probe-field gain increases with the strength of the pump laser. The
effects of transition blocking, induced quantum coherence, and off-diagonal radiative-decay coupling are
quantitatively analyzed for this gain.
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I. INTRODUCTION

When a laser is applied to resonantly excite a multile
atomic system, there existsquantum interferencein the ab-
sorption and emission spectra. A proper theory@1# for the
radiative decay of excited electrons in an atomic system
quires a quantum electrodynamic treatment of photons
electrons in second quantization. In addition to the usual
agonal radiative-decay time, there is anoff-diagonal
radiative-decay coupling~ODRDC! that becomes importan
when two or more electron transition energies are very cl
@2#. The effect of ODRDC describes a nearly resonant
sorption of a spontaneously emitted photon from one do
ward electron transition by another upward electron tran
tion. With the existence of ODRDC, any two near
degenerate electron transitions that are excited by a p
laser and share a common initial state will be coupled
interfere with each other, giving rise to zero absorption@2–4#
in the region between the two overlapping absorption pea

The recent proposals for electromagnetically induc
transparency@5# and lasing without population inversion@6#
in atomic gases, which utilize a concept similar to the abo
quantum interference, have attracted a lot of attention
have been confirmed experimentally@7,8#. For the sake of
device applications, these interests have been directed
atomic gases to electron gases in semiconductor quan
wells ~QW’s!. The schemes that are proposed for observ
electromagnetically induced transparency in QW’s inclu
the Fano-type interference@9,10# and a pair of coherently
prepared dressed states@11#. For observing lasing withou
population inversion in QW’s, a number of proposals ha
been put forward by several research groups@12–14# to em-
ploy electron intersubband transitions within the conduct
band of QW’s.
1050-2947/2001/64~1!/013822~20!/$20.00 64 0138
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However, an electron gas in QW’s and atomic vapor d
fer in many ways. Here, we list some unique features
electron gases compared to those of atomic gases. Firs
electron in an atom is bound by a rotationally invariant Co
lomb potential due to the positively charged nucleus, but
electron in a QW is confined by a controllable on
dimensional quantum-well potential due to the conductio
band offset. Therefore, the selection rule for optical tran
tions of electrons in these two systems is quite differe
Second, an electron in an atom experiences a th
dimensional strong confinement (;0.5 Å), but an electron
with much smaller effective mass in a QW is only subject
to a one-dimensional weak confinement (;100 Å). Conse-
quently, the energies of electron transitions in these two s
tems differ by two orders of magnitude. Third, the ener
levels in an atom are flat in momentum space, but those
QW are dispersive within the quantum-well plane. This lea
to a momentum-dependent energy-level separation and e
tron scattering within the same subband in the QW’s. Fou
the energy levels of an electron in a QW can be enginee
by choosing various materials for the well and barrier laye
or by adjusting the well thickness. Finally, there are only
few electrons in an atom that can interact, but there i
tremendous number of electrons in QW’s. This results
many-body effects, i.e., the enhancement of the Coulo
energy of QW electrons compared to their kinetic ener
Moreover, there exist several additional scattering proces
for electrons in QW’s, including electron-electron, electro
phonon, electron-roughness, and electron-impurity sca
ing. In this paper, we will concentrate on some domina
new effects arising from these unique features of QW’s.

Recently, Imamogˇlu and Ram@13# proposed a double
quantum-well ~DQW! structure for demonstrating th
mechanism of lasing without inversion in semiconducto
based on earlier work in an atomic system@15#, in which the
©2001 The American Physical Society22-1
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DANHONG HUANG AND D. A. CARDIMONA PHYSICAL REVIEW A 64 013822
laser pumping@15# between the two upper levels has be
replaced by a coherent electron tunneling@13# between the
two QW’s. The selective excitation of electrons from t
ground level to the top level 3 in the atomic system@15# can
be easily realized since the two upper laser-coupled leve
and 3 are well separated in energy. However, the selec
excitation of electrons localized only in the right QW@13#
becomes extremely difficult experimentally due to the ene
resonance between the levels 2 and 3 in the left and r
QW’s. In the current paper, the same DQW structure is c
sidered, in which the coherent electron tunneling between
two QW’s gives rise to a split doublet in the dressed-st
picture. Moreover, a pump laser that excites the electr
from the ground level to the upper doublet is applied to
structure. The excitation of electrons in our model is no
selective one localized only in one of the two QW’s but
nonselective one delocalized in both QW’s. If both exci
tions of electrons from the ground level to the two upp
degenerate levels 2 and 3 in the left and right QW’s@13# are
added together in the absence of the ODRDC, the resu
absorption spectrum will simply display an overlap of t
two absorption peaks as indicated by the dashed curve in
2~b!. There is no zero absorption within the gap region,
though there exists coherence between the upper two r
nant levels. For the nonselective excitation of electrons
DQW’s, only when the ODRDC is introduced can the ze
absorption of the pump laser within the tunneling gap a
the amplification of another probe field be seen. As long
an upper nearly degenerate doublet exists in the system
effect of ODRDC is intrinsic, which modifies the optica
response of electrons in DQW’s.

The organization of this paper is as follows. Section II
devoted to the second quantization of the electron Ham
tonian and the electromagnetic field, as well as the inte
tion between them. The equations of motion for electrons
derived by using many-particle ascending/descending op
tors in Sec. III, and the density-matrix equations are obtai
in Sec. IV on the basis of the equations of motion. Us
these density-matrix equations, we study two- and thr
level models for QW’s pumped by a laser in Sec. V, a
present the formula for calculating the time-resolved abso
tion and photoluminescence spectra. Numerical results
discussions are given in Sec. VI for the laser-field absorp
and refractive-index function in three-level resonant asy
metric double quantum wells~RADQWs!, where the zero
absorption within an overlapping region of two absorpti
peaks is found to be due to quantum interference betw
two nearly degenerate electron transitions. The probe-fi
absorption spectrum for this laser-coupled system is also
sented in this section, where the optical gain is seen as a
in the weak absorption peak, and the effects of induced qu
tum coherence and ODRDC on the optical gain are qua
tatively analyzed. The paper is concluded in Sec. VII.

II. QUANTIZATION OF THE ELECTRON HAMILTONIAN
AND AN ELECTROMAGNETIC FIELD

In this section, we first consider second quantization
the electron Hamiltonian using the electron annihilatio
01382
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creation operators in the QW’s, where the many-parti
ascending/descending operators are introduced. After
the quantization of an electromagnetic field is perform
with the help of the photon annihilation/creation operato
Finally, the interaction between the electromagnetic field a
electrons in the QW’s is quantized by expressing it as
combination of electron and photon annihilation/creation o
erators.

A. Second quantization of the electron Hamiltonian
in quantum wells

The first quantization of the electron Hamiltonian leads
the energy quantization determined by the single-elect
Schrödinger equation in Eq.~A19!. The fermion statistics in
a many-electron system is still absent. In second quant
tion, however, the fermion statistics of indistinguishab
electrons is employed to directly quantize the Hamiltonian
electrons in the QW’s. Given any time-dependent elect
field operatorĈ(r ,t), we can expand it in momentum spac
as @16#

Ĉ~r ,t !5(
j ,ki

Ĉj ki
~ t !c j ki

~r !, ~1!

where the eigenfunctionc j ki
(r )[^r u j ki& is defined in Eq.

~A16!, satisfying Hc j ki
(r )5Ej (ki)c j ki

(r ), and ^ j kiu j 8ki8&

5d j , j 8dki
,ki8

. In Eq. ~1!, Ĉj ki
(t) and Ĉj ki

† (t) are the annihi-

lation and creation operators for the electron stateu j ki&.
The second-quantization Hamiltonian operatorĤe(t) of

electrons is defined by@16#

Ĥe~ t !5E d3rĈ†~r ,t !HĈ~r ,t !5(
j ,ki

Ej~ki!Ĉj ki

† ~ t !Ĉj ki
~ t !.

~2!

Using the Fermi-Dirac statistics for the field operato
Ĉ j (r ,t) and Ĉ j

†(r ,t), we get the following commutator re
lations:

$Ĉj ki
~ t !,Ĉj 8ki8

†
~ t !%15d j , j 8dki ,ki8

,

$Ĉj ki
~ t !,Ĉj 8ki8

~ t !%15$Ĉj ki

† ~ t !,Ĉj 8ki8
†

~ t !%150, ~3!

where$F̂,Ĝ%15F̂Ĝ1ĜF̂ for any operatorsF̂ and Ĝ.
Combining electron annihilation and creation operato

we further define the many-particle ascending/descend
operators byŝ j j 8(ki ,t)5Ĉj ki

† (t)Ĉj 8ki
(t) for the same wave

vector ki . As a result, the Hamiltonian operator in Eq.~2!
can be simply written as

Ĥe~ t !5(
j ,ki

Ej~ki!ŝ j j ~ki ,t !. ~4!
2-2
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B. Quantization of an electromagnetic field

For a spatially uniform electromagnetic field, we can e
pand its vector potential operatorÂ(t) using the canonica
transformation

Â~ t !5(
q,l
A2p\c2m0

vqV @ âql~ t !1âql
† ~ t !#wql , ~5!

where wql is the photon unit polarization vector,q is the
photon wave vector,l51,2 is the polarization index with
q•wql50, vq5qc is the photon frequency,V is the volume
of the QW’s, andâql(t) and âql

† (t) are the photon creation
and annihilation operators. The uniform-field model is
good approximation to the optical transitions of electrons
QW’s as long asqLW!1, whereLW is the well width. By
using Eq. ~5!, the photon Hamiltonian operator takes t
form of @1#

Ĥph~ t !5(
q,l

\vqâql
† ~ t !âql~ t !. ~6!

Since photons obey the Bose-Einstein statistics, we get
following commutator relations:

$âql~ t !,âq8l8
†

~ t !%25dq,q8dl,l8 ,

$âql~ t !,âq8l8~ t !%25$âql
† ~ t !,âq8l8

†
~ t !%250, ~7!

where$F̂,Ĝ%25F̂Ĝ2ĜF̂ for any operatorsF̂ and Ĝ. In the
Coulomb gauge, we haveÊ(t)52]Â(t)/]t5( i /\)
3@Â(t),Ĥph(t)#2 . By using Eqs.~5! and ~7!, the quantized
electric field becomes

Ê~ t !5 i(
q,l
A2p\vq

e0e rV @ âql~ t !2âql
† ~ t !#wql , ~8!

where e r is the average dielectric constant of the QW
Equations~5!, ~7!, and~8! together lead us to the following
relation:

$Â~ t !,Ê~ t !%2522i S 2p\

e0e rVD(
q,l

wqlwql . ~9!

C. Quantization of the interaction between electrons and
an electromagnetic field

Within the dipole coupling model, the classical form f
the interaction between the electrons and an electromag
field can be written as

He-ph52er ~ t !•E~ t !. ~10!

By employing the gauge transformation

Û~ t !5 expF ie

2\
r ~ t !•Â~ t !G ~11!
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and using Eq.~9!, the quantized interaction between ele
trons and photons is@1#

Ĥe-ph~ t !52er̂ ~ t !•@Û†~ t !Ê~ t !Û~ t !#

52er̂ ~ t !•Ê~ t !1
2pe2

e0e rV (
q,l

@ r̂ ~ t !•wql#2,

~12!

where Ê(t) is given by Eq.~8! and the last term on the
right-hand side of Eq.~12! is the Lamb energy shift.r̂ (t) in
Eq. ~12! is an operator and is defined as

r̂ ~ t !5E d3rĈ†~r ,t !rĈ~r ,t !.

Combining Eqs.~4!, ~6!, and ~12!, we get the total Hamil-
tonian operator for electrons and photons in the QW’s,

Ĥtot~ t !5Ĥe~ t !1Ĥph~ t !1Ĥe-ph~ t !5(
j ,ki

Ej~ki!ŝ j j ~ki ,t !

1(
q,l

\vqâql
† ~ t !âql~ t !

1 i\ (
j j 8,ki

Iql, j j 8~ki!ŝ j j 8~ki ,t !@ âql~ t !2âql
† ~ t !#

1
2e2

3pe0e rc
3E0

1`

dvqvq
2 (

j j 8,ki

r j j 8
2

~ki!ŝ j j 8~ki ,t !,

~13!

where the last term is the Lamb energy shift related to
electron self-energy, which will be neglected as a stand
approximation@1# in the following. The electron-photon cou
pling matrix in Eq.~13! is

Iql, j j 8~ki!52
e

\
A2p\vq

e0e rV wql•r j j 8~ki!, ~14!

with r j j 8(ki)5^ j kiur u j 8ki&.

III. EQUATIONS OF MOTION

By working within the Heisenberg picture, the equatio
of motion for photons take the form of

d

dt F âql~ t !

âql
† ~ t !

G5
1

i\ H F âql~ t !

âql
† ~ t !

G ,Ĥtot~ t !J
2

, ~15!

which have the following solution:

F âql~ t !

âql
† ~ t !

G5F âql~0!e2 ivqt

âql
† ~0!eivqt G2 (

j j 8,ki

Iql, j j 8~ki!

3E
0

t

dt8ŝ j j 8~ki ,t8!Feivq(t82t)

e2 ivq(t82t)G . ~16!
2-3
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The second term in Eq.~16! represents the contribution from
the coupling between the electrons and photons. Under
vacuum-field approximation, we can setâql(0)5âql

† (0)
50.

For electrons, the commutator relations in Eq.~3! lead to

$ŝ i i 8~ki ,t !,ŝ j j 8~ki8 ,t !%25dki ,ki8
@d i 8 j ŝ i j 8~ki ,t !

2d j 8 i ŝ j i 8~ki ,t !#. ~17!

As a result, the equations of motion for electrons in t
Heisenberg picture are

d

dt
ŝ lm~pi ,t !5

1

i\
$ŝ lm~pi ,t !,Ĥtot~ t !%2

52 iVml~pi!ŝ lm~pi ,t !

1(
q,l

(
j j 8

@dm jŝ l j 8~pi ,t !

2d j 8 l ŝ jm~pi ,t !#Iql, j j 8~pi!âql~ t !

2(
q,l

(
j j 8

âql
† ~ t !@dm jŝ l j 8~pi ,t !

2d j 8 l ŝ jm~pi ,t !#Iql, j j 8~pi!, ~18!

where Vml(pi)5@Em(pi)2El(pi)#/\. Because a uniform
electromagnetic field is assumed, the electron transition
Eq. ~18! consist of vertical ones. Substituting Eq.~16! into
Eq. ~18! under the vacuum-field approximation, we get

d

dt
ŝ lm~pi ,t !52 iVml~pi!ŝ lm~pi ,t !2(

q,l
(
j j 8

@dm jŝ l j 8~pi ,t !

2d j 8 l ŝ jm~pi ,t !#Iql, j j 8~pi!

3H (
i i 8,ki

Iql,i i 8~ki!E
0

t

dt8ŝ i i 8~ki ,t8!

3eivq(t82t)J 1(
q,l

(
j j 8

H (
i i 8,ki

Iql,i i 8~ki!

3E
0

t

dt8ŝ i i 8~ki ,t8!e2 ivq(t82t)J
3@dm jŝ l j 8~pi ,t !2d j 8 l ŝ jm~pi ,t !#Iql, j j 8~pi!,

~19!

where the last two terms correspond to the coupling betw
electrons and spontaneous photons emitted by the radi
decay of excited electrons in the QW’s.

A. Adiabatic approximation

If we assume a weak interaction between the electr
and spontaneous photons~not pump-laser photons as intro
duced below!, the perturbed electron states should evo
01382
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very similarly to the free-electron evolution in a first-ord
approximation@1#. This implies that

ŝ i i 8~ki ,t8!'ŝ j j 8~ki ,t !e2 iV i 8i (ki)(t82t). ~20!

The free-electron evolution employed in Eq.~20! is usually
termed theadiabatic approximation.

B. Long-time limit

If we further assumevq5” V j j 8(ki) and t@1/V j j 8(ki)
~such as in a steady state! for any j, j 8, and ki , the time
integral in Eq. ~19! can be evaluated analytically and b
comes independent of timet. In this long-time limit, we find
@1#

E
0

t

dt8exp$ i @vq2V j j 8~ki!#~ t82t !%

'pd@vq2V j j 8~ki!#2 iPF 1

vq2V j j 8~ki!
G ,

~21!

whereP@•••# stands for taking only the principal value o
@•••#.

C. First simplification of the equations of motion

By using theadiabatic approximationin Eq. ~20! and the
long-time limit in Eq. ~21!, the previous equations of motio
in Eq. ~19! are simplified as

d

dt
ŝ lm~pi ,t !52 iVml~pi!ŝ lm~pi ,t !

2(
j 8

$bm j8, j 8m@pi ,Vm j8~pi!#

1b l j 8, j 8 l@pi ,V l j 8~pi!#%ŝ lm~pi ,t !

2(
j 8

(
i 85” m

Gm j8, j 8 i 8@pi ,V i 8 j 8~pi!#ŝ l i 8~pi ,t !

2(
j 8

(
i 85” l

G l j 8, j 8 i 8
* @pi ,V i 8 j 8~pi!#ŝ i 8m~pi ,t !

1(
j 8 i 8

G j 8 l ,mi8@pi ,V i 8m~pi!#ŝ j 8 i 8~pi ,t !

1(
j 8 i 8

G j 8m,l i 8
* @pi ,V i 8 l~pi!#ŝ i 8 j 8~pi ,t !, ~22!

where the radiative-decay coupling matrix

G j j 8,i i 8@ki ,V i 8 i~ki!#5b j j 8,i i 8@ki ,V i 8 i~ki!#

2 ig j j 8,i i 8@ki ,V i 8 i~ki!#

with
2-4
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b j j 8,i i 8@ki ,V i 8 i~ki!#5
2e2V i 8 i

3
~ki!

3\e0e rc
3

u@V i 8 i~ki!#

3@r j j 8~ki!•r i i 8~ki!#, ~23!

g j j 8,i i 8@ki ,V i 8 i~ki!#5
2e2

3p\e0e rc
3

3@r j j 8~ki!•r i i 8~ki!#

3PF E
0

1` vq
3dvq

vq2V i 8 i~ki!
G . ~24!

Here, u(x) in Eq. ~23! is the Heaviside step function
g j j 8,i i 8@ki ,V i 8 i(ki)# is on the same order of magnitude
the electron self-energy and will be neglected thereafter
standard approximation@1#.

D. Second simplification of the equations of motion

By keeping only the real part ofG j j 8,i i 8@ki ,V i 8 i(ki)# in
Eq. ~22!, we are finally led to the simplified equations
motion,

d

dt
ŝ lm~pi ,t !52 iVml~pi!ŝ lm~pi ,t !

2F 1

t l~pi!
1

1

tm~pi!
G ŝ lm~pi ,t !

2(
j 8

H (
i 85” m

bm j8, j 8 i 8@pi ,V i 8 j 8~pi!#ŝ l i 8~pi ,t !

1 (
i 85” l

b l j 8, j 8 i 8@pi ,V i 8 j 8~pi!#ŝ i 8m~pi ,t !J
1(

j 8 i 8
$b j 8 l ,mi8@pi ,V i 8m~pi!#

1b i 8m,l j 8@pi ,V i 8 l~pi!#%ŝ j 8 i 8~pi ,t !, ~25!

where the radiative-decay rate is

1

t j~ki!
5(

i , j
b j i ,i j @ki ,V j i ~ki!#. ~26!

The last two terms on the right-hand side of Eq.~25! contain
ODRDC between a pair of electron transitions. This leads
quantum interference when these two electron transitions
come nearly degenerate.

IV. DENSITY-MATRIX EQUATIONS
UNDER AN EXTERNAL LASER FIELD

From quantum statistics, we know that for any physi
operatorB̂(r ,t), only its quantum-statistical average is a
observable quantity and can be computed by taking the t
of the product of it with the system density operat
01382
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r̂(r ,t) @16#. The density-matrixrml(ki ,t) of the system is
given by the quantum-statistical average of the many-part
ascending/descending operatorsŝ lm(ki ,t).

In this paper, the spontaneous electromagnetic field fr
the radiative decay of electrons is treated within the quan
electrodynamic limit, but the external laser field will only b
treated classically@2#. This introduces an additional dipole
coupling term2er̂ (t)•EL(t) to the total Hamiltonian opera
tor in Eq.~13!, whereEL(t) is a spatially uniform laser field
Including the interaction of electrons withEL(t), we arrive at
the following density-matrix equations from Eq.~25!:

d

dt
rml~pi ,t !52 iVml~pi!rml~pi ,t !

2F 1

t l~pi!
1

1

tm~pi!
Grml~pi ,t !

1
ie

\
EL~ t !•(

j
@rm j~pi!r j l ~pi ,t !

2r j l ~pi!rm j~pi ,t !#

2(
j 8

H (
i 85” m

bm j8, j 8 i 8@pi ,V i 8 j 8~pi!#r i 8 l~pi ,t !

1 (
i 85” l

b l j 8, j 8 i 8@pi ,V i 8 j 8~pi!#rmi8~pi ,t !J
1(

j 8 i 8
$b j 8 l ,mi8@pi ,V i 8m~pi!#

1b i 8m,l j 8@pi ,V i 8 l~pi!#%r i 8 j 8~pi ,t !. ~27!

In the following, we will explicitly write out the equations o
motion in Eq.~27! for the two- or three-level models.

A. Two-level model

For a system that has only two relevant electronic sta
whose energy separation closes to the pump-laser ph
energy\vL , we get from Eq.~27!

d

dt
r11~ki ,t !5

2

t2~ki!
r22~ki ,t !

2
2e

\
EL~ t !•r12~ki!Im@r12* ~ki ,t !#, ~28!

d

dt
r12~ki ,t !5 iV21~ki!r12~ki ,t !

2
1

t2~ki!
r12~ki ,t !1

ie

\
EL~ t !•r12~ki!

3@r22~ki ,t !2r11~ki ,t !#

1b12,12@ki ,V21~ki!#r12* ~ki ,t !. ~29!
2-5
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Moreover, we haved/dt @r11(ki ,t)1r22(ki ,t)#50 for a
closed system that has no exchange of electrons with
outside. There is only one ODRDC-related term contain
b12,12@ki ,V21(ki)# in Eq. ~29!, and it can be neglected unde
01382
he
g

the rotating-wave approximation described below. In this
gard, the two-level system is trivial with no ODRDC becau
it lacks two nearly degenerate electron transitions in
system.
B. Three-level model

For a system that has three relevant electronic states, we find from Eq.~27!

d

dt
r11~ki ,t !52b21,12@ki ,V21~ki!#r22~ki ,t !12b31,13@ki ,V31~ki!#r33~ki ,t !

2
2e

\
EL~ t !•r12~ki!Im@r12* ~ki ,t !#2

2e

\
EL~ t !•r13~ki!Im@r13* ~ki ,t !#

22b12,23@ki ,V32~ki!#Re@r13~ki ,t !#12$b31,12@ki ,V21~ki!#1b21,13@ki ,V31~ki!#%Re@r23~ki ,t !#, ~30!

d

dt
r22~ki ,t !52

2

t2~ki!
r22~ki ,t !12b32,23@ki ,V32~ki!#r33~ki ,t !

2
2e

\
EL~ t !•r23~ki!Im@r23* ~ki ,t !#2

2e

\
EL~ t !•r12~ki!Im@r12~ki ,t !#

12b12,23@ki ,V32~ki!#Re@r13~ki ,t !#22b21,13@ki ,V31~ki!#Re@r23~ki ,t !#, ~31!

d

dt
r12~ki ,t !5 iV21~ki!r12~ki ,t !2

1

t2~ki!
r12~ki ,t !1$b32,13@ki ,V31~ki!#1b31,23@ki ,V32~ki!#%r33~ki ,t !

1
ie

\
EL~ t !•r12~ki!@r22~ki ,t !2r11~ki ,t !#1

ie

\
EL~ t !•r13~ki!r23* ~ki ,t !2

ie

\
EL~ t !•r23* ~ki!r13~ki ,t !

1b12,12@ki ,V21~ki!#r12* ~ki ,t !1b12,13@ki ,V31~ki!#r13* ~ki ,t !1$b21,23@ki ,V32~ki!#

1b32,12@ki ,V21~ki!#%r23~ki ,t !2$b12,23@ki ,V32~ki!#r23* ~ki ,t !1b21,13@ki ,V31~ki!#r13~ki ,t !%, ~32!

d

dt
r13~ki ,t !5 iV31~ki!r13~ki ,t !2

1

t3~ki!
r13~ki ,t !1b23,12@ki ,V21~ki!#r22~ki ,t !1

ie

\
EL~ t !•r13~ki!@r33~ki ,t !

2r11~ki ,t !#1
ie

\
EL~ t !•r12~ki!r23~ki ,t !2

ie

\
EL~ t !•r23~ki!r12~ki ,t !1b13,13@ki ,V31~ki!#r13* ~ki ,t !

1b13,12@ki ,V21~ki!#r12* ~ki ,t !1b23,13@ki ,V31~ki!#r23* ~ki ,t !2$b12,23@ki ,V32~ki!#r33~ki ,t !

1b31,12@ki ,V31~ki!#r12~ki ,t !%, ~33!

d

dt
r23~ki ,t !5 iV32~ki!r23~ki ,t !2F 1

t2~ki!
1

1

t3~ki!
Gr23~ki ,t !1

ie

\
EL~ t !•r23~ki!@r33~ki ,t !2r22~ki ,t !#

1
ie

\
EL~ t !•r12* ~ki!r13~ki ,t !2

ie

\
EL~ t !•r13~ki!r12* ~ki ,t !1b23,23@ki ,V32~ki!#r23* ~ki ,t !

1b13,23@ki ,V32~ki!#r13* ~ki ,t !2$b21,13@ki ,V31~ki!#r33~ki ,t !1b31,12@ki ,V21~ki!#r22~ki ,t !%. ~34!
2-6
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Furthermore, we getd/dt@r11(ki ,t)1r22(ki ,t)1r33(ki ,t)#
50 for a closed system with a fixed number of electrons

V. RESONANT DOUBLE QUANTUM WELLS PUMPED
BY A LASER

In this section, the density-matrix equations are first s
plified under therotating-wave approximation@2#, where
only the nearly resonant terms in the density-matrix eq
tions are kept, for three-level unstrained RADQW’s with l
ser pumping. After this, the formulas for time-resolved a
sorption and photoluminescence are derived for electron
the RADQW’s.

A. Laser-coupled three-level asymmetric
double quantum wells

When ki50, the heavy- and light-hole states decoup
from each other~the off-diagonal matrix elements in th
Lüttinger four-band k•p Hamiltonian become zero!.
The couplings between the conduction and valence ba
or between the spin-orbit split and hole valence bands
all very small due to the large energy separation betw
these bands. As a result,Hk•p1HSO in Eq. ~A1! becomes
nearly diagonal. Although the existence of stra
termsDk•p1DSO in Eq. ~A1! can still couple different bands
they are absent for the unstrained QW’s. From now
we consider only the unstrained QW’s. In order to discu
the hole states clearly, we define the light- and heavy-h
states as follows. The heavy-hole states refer to the fi
valence-band states@u4

B(r ),u5
B(r )# @see Eq. ~A20!# with

a heavier effective mass in thez direction but a lighter
effective mass within the QW plane. The light-ho
states refer to the filled valence-band states@u3

B(r ),u6
B(r )#

with a lighter effective mass in thez direction but a
heavier effective mass within the QW plane. We kno
that even though the heavy- and light-hole states bec
degenerate atk50 in zinc-blende bulk materials, the
are still separated atki50 in the QW’s due to the
different effective masses of heavy and light holes in thz
direction.

For interband pumping, we consider an undop
RADQW as shown in Fig. 1~a!. For the conduction band
the only confined electron stateE1

L in the deep and narrow
left QW is aligned with the ground stateE1

R of electrons
in the shallow and wide right QW, forming a tunneling
split doublet. For the valence band, the topmost hole s
H1

L is a heavy-hole state confined in the left QW. W
will denote it byu1ki& and the electron doublet in both QW
by u2ki& and u3ki&. We further assume that an extern
laser fieldEL(t) polarized in the QW plane is applied t
the RADQW’s. This laser field will excite electrons from
the lower hole state to the upper electron doublet, sho
by two thick dashed arrows in~a!. The laser photon
energy\vL is set close to the energy separation betwe
the ground heavy-hole state and the electron doub
As a result, we can consider only three relevant sta
01382
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u j ki& with j 51,2,3 for this interband laser-couple
RADQW, where the hole envelope function is strong
ki-dependent.

For intersubband pumping, on the other hand, we cons
a doped RADQW as shown in Fig. 1~b!, where the electrons
released from ionized donors in the left QW are illustrated
three circles filled with ‘‘2 ’’ signs at their centers. In this
case, the hole states are irrelevant and the electron enve
function is approximatelyki-independent. For the conduc
tion band, the left deep and narrow QW contains two co
fined electron statesE1

L and E2
L . The upper levelE2

L in the
left QW is aligned with the ground levelE1

R of electrons in
the right QW, producing a tunneling-split doublet. We w
denoteE1

L in the conduction band byu1ki&, and the doublet
by u2ki& andu3ki&. For this doped RADQW, we assume th
EL(t) is polarized in thez direction and\vL is set close to
the energy difference between the ground state and the
blet. Consequently, we will consider only three electron
statesu j ki& with j 51,2,3 for this intersubband laser-couple
RADQW.

We will now obtain the density-matrix equations releva
to interband or intersubband pumping in a three-le
RADQW with laser pumping. By using the rotating-wav
approximation under the condition\vL'V21(ki),V31(ki)
and\vL@V32(ki), we can simplify the density-matrix equa
tions in Eqs.~30!–~34! by keeping only the nearly resonan
terms,

FIG. 1. Illustration of RADQW’s with interband@in ~a!# and
intersubband@in ~b!# pumping. The barrier material of RADQW’s is
Al0.35Ga0.65As, and the materials for the left and right QW’s a
GaAs and Al0.208Ga0.792As, respectively. Two nearly degenera
electron transitions in the system are indicated by the thick das
arrows.LW1 andLW2 are the widths of the left and right QW’s, an
LB is the thickness of the middle barrier.DEC1 andDEC2 are the
conduction-band offsets for the left and right QW’s, andDU is the
step height between the bottoms of the two QW’s in the conduc
band. In~a!, EL(t) andEP(t) are chosen to be polarized within th
QW plane. In~b!, EL(t) andEP(t) are assumed to be polarized
the z direction. The sample used in our numerical calculation
shown in ~b! with doped electron densityn2D indicated by three
circles filled with ‘‘2 ’’ signs at their centers. All the parameters fo
this sample are summarized in Tables I and II.
2-7
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d

dt
r11~ki ,t !52b21,12@V21~ki!#r22~ki ,t !12b31,13@V31~ki!#r33~ki ,t !

1
2e

\
EL~ t !•r12~ki!Im@r12~ki ,t !#1

2e

\
EL~ t !•r13~ki!Im@r13~ki ,t !#

12$b31,12@V21~ki!#1b21,13@V31~ki!#%Re@r23~ki ,t !#, ~35!

d

dt
r22~ki ,t !52

2

t2~ki!
r22~ki ,t !12b32,23@V32~ki!#r33~ki ,t !

2
2e

\
EL~ t !•r12~ki!Im@r12~ki ,t !#22b21,13@V31~ki!#Re@r23~ki ,t !#, ~36!

d

dt
r12~ki ,t !5 iV21~ki!r12~ki ,t !2

1

t2~ki!
r12~ki ,t !1

ie

\
EL~ t !•r12~ki!@r22~ki ,t !2r11~ki ,t !#1

ie

\
EL~ t !•r13~ki!

3r23* ~ki ,t !2b21,13@V31~ki!#r13~ki ,t !, ~37!

d

dt
r13~ki ,t !5 iV31~ki!r13~ki ,t !2

1

t3~ki!
r13~ki ,t !1

ie

\
EL~ t !•r13~ki!@r33~ki ,t !2r11~ki ,t !#

1
ie

\
EL~ t !•r12~ki!r23~ki ,t !2b31,12@V31~ki!#r12~ki ,t !, ~38!

d

dt
r23~ki ,t !5 iV32r23~ki ,t !2F 1

t2~ki!
1

1

t3~ki!
Gr23~ki ,t !1

ie

\
EL~ t !•r12* ~ki!

3r13~ki ,t !2
ie

\
EL~ t !•r13~ki!

3r12* ~ki ,t !1b23,23@V32~ki!#r23* ~ki ,t !2$b21,13@V31~ki!#r33~ki ,t !1b31,12@V21~ki!#r22~ki ,t !%, ~39!

and for the closed system we have an additional restraint,

dr33~ki ,t !

dt
52Fdr11~ki ,t !

dt
1

dr22~ki ,t !

dt G .
If we only seek the steady-state solutions of Eqs.~35!–~39!, we get the following set of algebraic equations:

2b21,12@V21~ki!#r22~ki!12b31,13@V31~ki!#r33~ki!1V12
R ~ki!Im@r12~ki!#1V13

R ~ki!Im@r13~ki!#12$b31,12@V21~ki!#

1b21,13@V31~ki!#%Re@r23~ki!#50, ~40!

2
2

t2~ki!
r22~ki!12b32,23@V32~ki!#r33~ki!2V12

R ~ki!Im@r12~ki!#22b21,13@V31~ki!#Re@r23~ki!#50, ~41!

i @vL2V21~ki!#r12~ki!52
1

t2~ki!
r12~ki!1

iV12
R ~ki!

2
@r22~ki!2r11~ki!#1

iV13
R ~ki!

2
r23* ~ki!2b21,13@V31~ki!#r13~ki!,

~42!

i @vL2V31~ki!#r13~ki!52
1

t3~ki!
r13~ki!1

iV13
R ~ki!

2
@r33~ki!2r11~ki!#1

iV12
R ~ki!

2
r23~ki!2b31,12@V21~ki!#r12~ki!,

~43!

iV32r23~ki!2F 1

t2~ki!
1

1

t3~ki!
Gr23~ki!1

iV12
R ~ki!

2
r13~ki!2

iV13
R ~ki!

2
r12* ~ki!1b23,23@V32~ki!#r23* ~ki!

2$b21,13@V31~ki!#r33~ki!1b31,12@V21~ki!#r22~ki!%50. ~44!
013822-8
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Here, for non-steady-state solutions in interband-coup
QW’s, we have the initial condition

r11
(0)~ki!51, r22

(0)~ki!5r33
(0)~ki!50,

and r j j 8
(0)(ki)50 for j 5” j 8, where 12r11(ki) is the

hole distribution function. In Eqs.~40!–~44!, V i j
R(ki)

52eEL
0
•r i j (ki)/\ is the laser-field Rabi frequency,uEL

0u is
the amplitude of EL(t), 1/t2(ki)5b21,12@V21(ki)#, and
1/t3(ki)5b31,13@V31(ki)#1b32,23@V32(ki)#. For
intersubband-coupled QW’s, we have the following differe
initial condition:

r j j
(0)~ki!5u@Ej~ki!2EF# for j 51,2,3,

andr j j 8
(0)(ki)50 for j 5” j 8, whereEF is the Fermi energy of

electrons at zero temperature. In this case, the resulting
tributions r j j

(0)(ki) on different energy levels are uniform
with respect toki since the electron energy-level separati
and the envelope function are independent ofki . However,
the distributions on different energy levels for interban
coupled QW’s exhibit a peak with respect toki .

In Eqs. ~40! and ~41!, the termsV12
R (ki)Im@r12(ki)# and

V13
R (ki)Im@r13(ki)# represent the stimulated electron tran

tions between the lower state and the upper doublet. In E
~42! and ~43!, the terms b21,13@V31(ki)#r13(ki) and
b31,12@V21(ki)#r12(ki) stand for the ODRDC, which is re
sponsible for the quantum interference between the ne
w
h

01382
d

t

is-

-

-
s.

rly

resonant electron transitions fromu1ki& to u2ki& and u3ki&.
Finally, the terms @ iV13

R (ki)/2#r23* (ki) and
@ iV12

R (ki)/2#r23(ki) in Eqs. ~42! and ~43! come from the
induced quantum coherence, i.e.,r23(ki)5” 0.

B. Optical absorption and photoluminescence spectra

In order to explore the dynamical property of the coupl
electron-photon states in the laser-coupled QW’s, we nee
apply a weak probe fieldEP(t) to the system, delayed in
time from the strong pump laserEL(t). The frequency of the
probe field isvP and the polarization ofEP(t) is set perpen-
dicular to thez direction for interband pumping and parall
to thez direction for intersubband pumping. WhenEP(t) is
delayed in time properly with respect toEL(t) and propa-
gates in the direction slightly away fromEL(t), the transient
probe signal can be utilized to analyze the time evolution
the electron and hole distributions on different energy lev
in the QW’s @17#. The standard probing techniques inclu
time-resolved optical absorption and photoluminescence

For the probe-field absorption process in the QW’s,
linear absorption coefficientbP(vP ;t) at zero temperature is
found to be@18#

bP~vP ;t !5
vP

cnP~vP ;t !
Im@aP~vP ;t !#. ~45!

The refractive-index function in Eq.~45! is
nP~vP ;t !5
1

A2
$e r1Re@aP~vP ;t !#1A$e r1Re@aP~vP ;t !#%21$Im@aP~vP ;t !#%2%1/2, ~46!
whereaP(vP ;t) in Eqs. ~45! and ~46! is the Lorentz ratio
function given by@18#

aP~vP ;t !52F \

2e0LzSuEP
0 u2G

3(
ki

@r128 ~ki ,vP ;t !V21
P ~ki!

1r138 ~ki ,vP ;t !V31
P ~ki!#. ~47!

Here, we denote the density-matrix elements associated
the strongEL(t) field by r j j 8(ki ,t) and those associated wit
the weakEP(t) field by r j j 8

8 (ki ,vP ;t). Lz in Eq. ~47! is the
total well width of the RADQW’s including the thin middle
barrier thickness. In Eq.~47!, uEP

0 u is the amplitude ofEP(t),
V i j

P(ki)52eEP
0
•r i j (ki)/\, and r128 (ki ,vP ;t) and

r138 (ki ,vP ;t) in Eq. ~47! are determined from the following
pair of coupled equations:
ith

H i @vP2V21~ki!#1
1

t2~ki!
J r128 ~ki ,vP ;t !

1b21,13@V31~ki!#r138 ~ki ,vP ;t !

5
i

2
V12

P ~ki!@r22~ki ,t !2r11~ki ,t !#

1
i

2
V13

P ~ki!r23* ~ki ,t !, ~48!

b31,12@V21~ki!#r128 ~ki ,vP ;t !

1H i @vP2V31~ki!#1
1

t3~ki!
J r138 ~ki ,vP ;t !

5
i

2
V13

P ~ki!@r33~ki ,t !2r11~ki ,t !#

1
i

2
V12

P ~ki!r23~ki ,t !. ~49!
2-9
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Here, the difference of occupation probabilitiesr j j (ki ,t)
2r11(ki ,t) for j 52,3 in Eqs.~48! and ~49! contains the
effect of transition blocking, namely r22(ki ,t),r33(ki ,t)
Þ0 due to laser excitation. The terms containingr23(ki ,t)
or r23* (ki ,t) come from induced quantum coheren
due to laser pumping, which directly modifies th
difference of occupation probabilities. Th
coupling terms b21,13@V31(ki)#r138 (ki ,vP ;t) and
b31,12@V21(ki)#r128 (ki ,vP ;t) correspond to the ODRDC be
tween the two nearly resonant optical transitions fromE1(ki)
to E2(ki) andE3(ki).

For the optical absorption of the strong pump-laser fie
the absorption coefficientbL(vL ;t) can be obtained from
Eq. ~45! by replacingvP , nP(vP ;t), and aP(vP ;t) with
vL , nL(vL ;t), andaL(vL ;t). Here,nL(vL ;t) can be cal-
culated from Eq. ~46! by replacing aP(vP ;t) with
aL(vL ;t), andaL(vL ;t) is given by

aL~vL ;t !52F \

2e0LzSuEL
0u2G ^VL

R~ t !&, ~50!

where the quantum-statistical average of the laser-field R
frequency is
d
f

th

s
p
th
is

er

01382
,

bi

^VL
R~ t !&5 (

j , j 8
(
ki

r j j 8~ki ,t !V j 8 j
R

~ki!, ~51!

which includes the coherent contributionr23(ki ,t)V32
R (ki).

aL(vL ;t) in Eq. ~50! is found depending onEL
0 . It indicates

a nonlinear absorption process for the pump-laser field.
For photoluminescence in the QW’s pumped by a las

the spectroscopy is determined by the following spontane
rate @19#:

Rsp~ve ;t !5F 2Ae re
2ve

p2\2e0c3LzSG(
j 52

3

(
ki

r j j ~ki ,t !

3@12r11~ki ,t !#Q1,j~ki!

3H 1/t j~ki!

@1/t j~ki!#
21@ve2V j 1~ki!#

2J , ~52!

whereve is the frequency of the emitted photons, and t
form factor is given by
Q1,j~ki!5Uwe•p̂1 j

m0
U2

55 ~1/\2!U E
2`

1`

dzF1ki
* ~z!P0~z!F jk i

~z!U2

for interband pumping

ve
2U E

2`

1`

dzF1ki
* ~z!zFjk i

~z!U2

for intersubband pumping.

~53!
the
nel-
rgy-
ied.
is-
er
ult
oc-
n
the

ed

’s

to
Here, we in Eq. ~53! is the unit polarization vector, an
F1ki

(z) andF jk i
(z) are the single-bandz-component parts o

the envelope functions in Eq.~A16! after neglecting the band
mixing. The spontaneous emission is polarized within
QW plane for interband pumping and polarized in thez di-
rection for intersubband pumping.

VI. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we limit ourselves to the steady-state ca
and only a RADQW sample with intersubband laser pum
ing will be considered as an example. We first present
numerical results for the laser-field absorption in th
RADQW. The effects of the transition blocking, pow

TABLE I. Conduction-band offsetsDEC1 /DEC2, step height
DU, well widths LW1 /LW2, middle barrier thicknessLB , electron
density n2D , and average dielectric constante r for the sample
shown in Fig. 1~b!.

DEC1 /DEC2

~meV!
DU

~meV!
LW1 /LW2

~Å!
LB

~Å!
n2D

(1011 cm22) e r

249/101 148 75/85 50 1.6 11.73
e

e,
-
e

broadening, and quantum interference are observed in
calculated absorption spectrum. The influences of the tun
ing gap, off-resonance, and momentum-dependent ene
level separation to the laser-field absorption are also stud
After this, the spectra of the probe-field absorption are d
played for the RADQW’s selectively coupled by a las
field. The optical gain of the probe field is found as a res
of the partial momentum-space inversion of the subband
cupation probability. Finally, the effects of the transitio
blocking, induced quantum coherence, and ODRDC on
probe-field absorption are investigated.

The sample used in our numerical study is a dop
RADQW, as shown in Fig. 1~b!. The barrier material is
Al0.35Ga0.65As and the materials for the left and right QW
are GaAs and Al0.208Ga0.792As, respectively. The donors in
the left QW are assumed completely ionized, giving rise

TABLE II. Calculated electron energy levelsE1
L andE2

L in the
left QW andE1

R andE2
R in the right QW for the sample shown in

Fig. 1~b!.

E1
L (meV) E2

L (meV) E1
R (meV) E2

R (meV)

45 173 173 237
2-10
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FIG. 2. bL(vL) for the sample shown in Fig
1~b! as a function of\vL . In ~a!, bL(vL) is pre-
sented for differentuEL

0u520, 40, and 60 kV/cm.
In ~b!, a comparison ofbL(vL) is made atuEL

0u
540 kV/cm with ~coupled! and without ~un-
coupled! the ODRDC.
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an electron densityn2D . There are two confined electro
states in each QW, represented byE1

L andE2
L in the left and

E1
R andE2

R in the right. The sample parameters and the c
culated energy levels in the left and right QW’s are summ
rized in Tables I and II. The upper energy level in the l
QW is aligned with the lower energy level in the right QW
producing a tunneling-split doublet. The external laser a
probe fields applied to the system are all polarized in thz
direction. The frequency of the laser field is set close to
energy separation between the lower level in the left QW
the doublet. As a result, the above three-level model for
intersubband-coupled QW’s can be directly applied.

A. Absorption of pump-laser field

Figure 2 shows the steady-state laser-field absorption
efficient bL(vL) as a function of the laser photon ener
\vL . In ~a!, we find bL(vL) with different laser-field
strengthsuEL

0u520, 40, and 60 kV/cm, and in~b! we show
the comparison ofbL(vL) with ~coupled! and without~un-
coupled! ODRDC at uEL

0u540 kV/cm. The increase ofuEL
0u

pumps more electrons into the upper doublet, reducing
occupation probability of initial states and the availability
final states at the same time for the absorption process.
gives rise to a smallerbL(vL) as uEL

0u increases. Moreover
the power broadening of the two absorption peaks also
creases withuEL

0u, which further brings down the pea
strengths. The most interesting feature seen in~a! is the zero
absorption in the overlapping region of the two peaks. Thi
a direct result of the quantum interference between the
optical transitions associated with two peaks separated
small tunneling gap. It is described by the two last terms
Eqs.~42! and~43!. The influence of the quantum interferen
can be clearly seen in~b! through a comparison ofbL(vL)
with and without these two terms, where the zero absorp
disappears and the two enhanced absorption peaks be
strongly overlapped to form a very weak minimum in t
middle whenever the ODRDC is excluded. Only wh
ODRDC is included can the zero absorption appear at
middle of the tunneling gap.

In order to elucidate the physics of quantum interferen
we calculate the statistically averaged transition dipole m
ment as a function of\vL ,

^V i j
R&5U(

ki

r i j ~ki!V i j
RU ,
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which gives ^VL
R&5( i , j^V i j

R& in Eq. ~51!, where i , j
51,2,3 and̂ V i j

R& is independent ofki for the intersubband-
coupled RADQW’s. In Fig. 3, scaled̂V12

R & and ^V13
R & at

uEL
0u540 kV/cm display minima at the two absorption pe

positions in Fig. 2, even though the imaginary parts of^V12
R &

and^V13
R & reach the maximum in̂V12

R & and^V13
R & at the two

peak positions. Furthermore, we find that

^V12
R 1V13

R &5U(
ki

@r12~ki!V12
R 1r13~ki!V13

R #U
Þ^V12

R &1^V13
R &

reaches a minimum around the middle of the tunneling g
due to the phase cancellation between^V12

R & and ^V13
R &,

which is termed quantum interference between the two o
cal transitions. The finite value of^V23

R & is due to the induced
quantum coherence by the laser field, i.e.,r23(ki)5” 0 as
uEL

0u5” 0, and the phase cancellation is not seen in the
duced quantum coherence. The induced quantum coher
will modify the difference of the occupation probabilities, a
can be seen from Eqs.~42! and ~43!.

In Fig. 4, we display the calculated laser-field refractiv
index functionnL(vL) in ~a! for different uEL

0u520, 40, and
60 kV/cm, and the comparison ofnL(vL) in ~b! with
~coupled! and without ~uncoupled! ODRDC at uEL

0u
560 kV/cm. With the increase ofuEL

0u, the dynamical range

FIG. 3. ^V i j
R&/uEL

0u2 with i , j 51,2,3 for the sample shown in
Fig. 1~b! as a function of\vL at uEL

0u540 kV/cm. ^V12
R 1V13

R &
exhibits a quantum interference by showing a minimum at
middle of the tunneling gap.
2-11
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FIG. 4. nL(vL) for the sample shown in Fig
1~b! as a function of\vL . In ~a!, nL(vL) is dis-
played foruEL

0u520, 40, and 60 kV/cm. In~b!, a
comparison of nL(vL) is shown at uEL

0u
560 kV/cm with ~coupled! and without ~un-
coupled! the ODRDC.
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nL(vL)2Ae r (Ae r53.425) is reduced due to the lack o
empty final states and occupied initial states in the absorp
process. The dynamical range becomes very small at the
absorption peaks. The influence of ODRDC between the
nearly degenerate optical transitions in the RADQW’s
found appreciable in~b!, where the negative~positive! dy-
namical range ofnL(vL) is enhanced~suppressed! by
ODRDC, respectively. No unique feature of the quant
interference is seen innL(vL).

Figure 5 is devoted to the scaled ground-subband elec
density, defined by

n1

n2D
5

2

Ne
(
ki

r11~ki!,

whereNe is the total number of electrons in the RADQW’
The calculatedn1 /n2D is shown in~a! as a function of\vL

for various uEL
0u520, 40, and 60 kV/cm and in~b! for the

comparison ofn1 /n2D with ~coupled! and without ~un-
coupled! ODRDC at uEL

0u540 kV/cm. The two minima in
~a! originate from the resonant excitation of electrons fro
the ground level to the upper doublet. AsuEL

0u increases, the
two minima become deeper due to the fact that more e
trons are pumped to the upper doublet. Meanwhile, these
minima become broader because of the power-broade
effect, making the maximum between these two mini
shallower as a result of the overlap between these
minima. Each minimum approximately reaches a value o1

2 ,
a strong-field limit for a single minimum, atuEL

0u
520 kV/cm since these two minima are relatively nonov
lapping. However, when they begin overlapping with i
creaseduEL

0u, the minimum ofn1 /n2D can go below1
2 . The

effect of quantum interference can be clearly seen in~b!,
where the maximum between the two minima is greatly
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hanced by turning on ODRDC, which suppresses the ove
between the two minima in the absence of ODRDC and
duces the power-broadening effect at the same time. T
provides us with a tool for freezing the electrons to t
ground state by setting\vL within the tunneling gap.

In Fig. 6, we check the influences of the electron tunn
ing and off-resonance onbL(vL) at uEL

0u540 kV/cm. With
the reduction of the middle-barrier thickness from 60
down to 40 Å in ~a!, the separation of the two absorptio
peaks becomes larger due to the enhanced electron tunne
However, the strength of the absorption peaks and the p
broadening remains constant since both the transit
blocking and power-broadening effects are not changed
fixed uEL

0u. When the alloy-composition indexxc of the right
QW is varied from 20.8% to 19.8%~21.8%! in ~b!, the en-
ergy levelE1

R in the right QW shifts down~up! with respect
to the energy levelE1

L in the left QW. Whenxc519.8% is
chosen, the energy separation fromu1ki& to u2ki& is reduced,
and the lower intrawell transition peak atxc520.8%
switches to the interwell one and greatly decreases
strength. But the upper peak strength is increased becau
the enhancement of the overlap of electron wave function
the left QW. Both the lower and upper absorption peaks
shifted down due to, respectively, the reduction ofV21(ki)
and the decreased electron tunneling, which pulls the up
level of the doublet down. Similarly, whenxc521.8% is
used, the energy separation fromu1ki& to u3ki& is increased,
and the switching of the upper intrawell peak atxc520.8%
to the interwell one happens again. Consequently, this g
rise to the upward shifts of both absorption peaks and
reduced~increased! strengths of the upper~lower! absorption
peaks. In each of these cases, the laser frequency for
absorption moves away from the middle of the tunneling g
@2#. The off-resonant effect above can also be produced
.
FIG. 5. n1 /n2D for the sample shown in Fig
1~b! as a function of\vL . In ~a!, n1 /n2D is
shown foruEL

0u520, 40, and 60 kV/cm. In~b!, a
comparison of n1 /n2D is exhibited at uEL

0u
540 kV/cm with ~coupled! and without ~un-
coupled! the ODRDC.
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FIG. 6. bL(vL) for the sample shown in Fig
1~b! as a function of\vL . In ~a!, bL(vL) is pre-
sented for LB540, 50, and 60 Å at uEL

0u
540 kV/cm. In~b!, bL(vL) is given for different
right-well alloy-composition indexes xc

519.8%, 20.8%, and 21.8% atuEL
0u540 kV/cm.
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applying a small dc bias field in thez direction, which en-
ables us to tune the zero-absorption laser frequency wi
the tunneling gap.

For the AlxGa12xAs/GaAs QW structure, the electron e
fective mass in the AlxGa12xAs barrier layer is larger than
that in the GaAs well layer. Therefore, the electrons w
higher energies have a larger effective mass than those
lower energies because the wave function can penetrate
the outer barriers more efficiently. This introduces
ki-dependent energy-level separation. As a result, the en
separation between the lower and upper subbands bec
smaller aski moves away from zero. Moreover, we kno
that the optical absorption is the sum over all possible ve
cal transitions from different occupied initialki states in the
current case. Consequently, a large broadening of the abs
tion peak is expected for the QW’s with highn2D ~more
occupied initialki states!. From Fig. 7~a!, we see the in-
crease of the broadening of the absorption peaks withn2D
and the development of the low-energy tail ofbL(vL) due to
high-ki transitions atuEL

0u540 kV/cm. The zero absorption
at the middle of the tunneling gap disappears asn2D in-
creases. We know that the wave function of the lower le
in the doublet has a maximum distribution around the mid
barrier region of the RADQW’s. This results in a larg
effective-mass change in the lower level compared to tha
the upper level of the doublet. This effect is seen as the sm
downward shift of the upper absorption peak compared
that of the lower absorption peak. The effect of t
ki-dependent energy-level separation can also be seen
n1 /n2D in ~b!, where the depth of the two minima is great
reduced with increasedn2D and the low-energy tail of
n1 /n2D is gradually developed. In the presence of a la
ki-dependent energy-level separation, quantum interfere
between the two electron transitions is completely destroy
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The maximum in~a! and the minimum in~b! for n2D51.6
31012 cm22 originate from the strong overlap of the tw
broadened peaks.

B. Absorption of probe field

Figure 8 shows the linear probe-field absorption coe
cient bP(vP) and refractive-index functionnP(vP), which
are independent of probe-field strength, as a function of
probe photon energy\vP at uEL

0u540 kV/cm. We find a lot
of changes frombP(vP) andnP(vP) in ~a! and ~b! for dif-
ferent values of\vL5125.0, 128.1, and 130.8 meV. From
~a!, we see a hole in the very weak lower absorption peak~a
‘‘split’’ peak ! associated with the transition fromu1ki& to
u2ki& for \vL5125.0 meV and a strong higher absorptio
peak associated with the transition fromu1ki& to u3ki&. How-
ever, when\vL5130.8 meV, we observe a strong low
absorption peak and a weak higher absorption peak that
hibits a hole. At\vL5128.1 meV, only two strong absorp
tion peaks exist and no hole in either of them is seen. T
occurrence of the hole in each weak absorption peak is
to the optical gain for the probe field in the QW’s selective
pumped by a laser. From~b!, we find a large dynamica
range innP(vP)2Ae r with Ae r53.425 wherever there is a
strong absorption peak.

To uncover the physics behind the probe-field optical g
in Fig. 8~a!, we present in Fig. 9 the difference of the occ
pation probabilitiesr11(ki)2r j j (ki) for j 52,3 at uEL

0u
540 kV/cm as a function of the electron wave vectorki .
When \vL5125.0 meV, we see from~a! that r11(ki)
2r22(ki) becomes negative for certain values ofki as a re-
sult of the partial inversion of the occupation probability b
the pump-laser excitation. Because of theki-dependent
energy-level separation,r11(ki)2r22(ki) depends onki in
s at
FIG. 7. bL(vL) and n1 /n2D for the sample
shown in Fig. 1~b! as a function of\vL . In ~a!,
bL(vL) is displayed forn2D51.6, 8, and 16
31011 cm22 at uEL

0u540 kV/cm. In ~b!, n1 /n2D

are compared for these three electron densitie
40 kV/cm.
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FIG. 8. bP(vP) and nP(vP) for the sample
shown in Fig. 1~b! as a function of\vP at uEL

0u
540 kV/cm. bP(vP) andnP(vP) in ~a! and ~b!
are presented for\vL5125.0, 128.1, and
130.8 meV.
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the range ofki,kF , wherekF is the Fermi wave vector. The
ki-dependent energy-level separationV21(ki), which satis-
fiesV21(kF),V21(ki),V21(0), causes a broadened absor
tion peak at\vP5V21(ki) in Fig. 8~a!. The optical gain
occurs within this broadened peak for thoseki values satis-
fying \vL5V21(ki) and producing partial inversion of th
occupation probabilities. Similarly, we find from~b! that
r11(ki)2r33(ki) also becomes negative in a finiteki region
for \vL5130.8 meV, which is associated with the optic
gain in the upper absorption peak in Fig. 8~a!. Finally, we
know from ~a! and ~b! that there is no partial inversion fo
both r11(ki)2r22(ki) and r11(ki)2r33(ki) as \vL
5128.1 meV, which agrees with the two strong absorpt
peaks observed in Fig. 8~a!.

From Eqs.~48! and~49!, we know that the induced quan
tum coherence can have an affect onbP(vP) by directly
modifying the difference of the occupation probabilitie
namely r11(ki)2r22(ki) for the lower peak andr11(ki)
2r33(ki) for the upper peak, which appears as the ter
containingr23(ki ,t) and r23* (ki ,t). Moreover, the effect of
ODRDC also affectsbP(vP) by changing this difference
through the coupling between the two nearly resonant opt
transitions, which is represented by the terms contain
b21,13@V31(ki)# and b31,12@V21(ki)# in Eqs. ~48! and ~49!.
We comparebP(vP) in Fig. 10 atuEL

0u540 kV/cm for four
different cases. They are distinguished by including~coher-
ent! or excluding~incoherent! the induced quantum cohe
ence and by considering~coupled! or neglecting~uncoupled!
ODRDC. In Figs. 10~a! and 10~b!, we showbP(vP) for
\vL5125.0 and 128.1 meV, respectively, where one can
sualize the affect of induced quantum coherence by com
ing the dash-dotted and dotted curves, or the affect
ODRDC by comparing the dashed and dotted curves.
full-theory result is represented by the solid curve. App
ciable change due to the induced quantum coherence
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ODRDC is seen in~a! at \vL5125.0 meV from both the
higher strong absorption peak and the optical gain in
lower weak absorption peak. For the induced quantum
herence~dash-dotted and dotted curves!, it slightly compen-
sates for the partial inversion produced by the pump la
and reduces the difference of the occupation probabilitie
ki50 as seen from the drop of the upper edges of the
absorption peaks. For the ODRDC~dashed and dotted
curves!, it greatly enhances the partial inversion of the occ
pation probability at\vP5125.0 meV but slightly decrease
the difference of the occupation probabilities at\vP

5130.8 meV shown as a deep hole in the lower peak and
drop of the upper edge of the higher peak. The full theo
~solid curve! predicts a much shallower hole in the low
weak absorption peak as a combination of the contributi
from both induced quantum coherence and ODRDC. Wh
\vL5128.1 meV, the induced quantum coherence reac
its maximum as seen from Fig. 3, and then increases
difference of the occupation probabilities at this time f
both optical transitions. Similarly, the ODRDC also in
creases this difference at\vL5128.1 meV. Consequently,
large increase of the absorption peak strength is observe
both optical transitions in~b! due to the constructive contri
butions from induced quantum coherence and ODRDC.

Figure 11 presents comparisons ofbP(vP) as a function
of \vP for \vL5130.8 meV. We displaybP(vP) in ~a!
with differentuEL

0u520, 40, and 60 kV/cm, and the affects o
the induced quantum coherence and ODRDC in~b! at uEL

0u
560 kV/cm. From~a!, we find the increase of optical gai
with uEL

0u for the transition between statesu1ki& and u3ki&
due to the enhanced partial inversion of the electron occu
tion probability. Meanwhile, the strength of the lower a
sorption peak for the transition between statesu1ki& and
u2ki& decreases withuEL

0u as a result of the transition
FIG. 9. r11(ki)2r j j (ki) with j 52,3 for the
sample shown in Fig. 1~b! as a function ofki at
uEL

0u540 kV/cm. r11(ki)2r22(ki) and r11(ki)
2r33(ki) are, respectively, displayed in~a! and
~b! for \vL5125.0, 128.1, and 130.8 meV.
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FIG. 10. bP(vP) for the sample shown in Fig. 1~b! as a function of\vP at uEL
0u540 kV/cm in ~a! and ~b! for \vL5125.0 and

128.1 meV, respectively. In~a! and~b!, bP(vP) is computed for four different cases. They are~i! with both induced quantum coherence a
ODRDC ~coherent and coupled!; ~ii ! without induced quantum coherence but with ODRDC~incoherent and coupled!; ~iii ! with induced
quantum coherence but without ODRDC~coherent and uncoupled!; ~iv! with neither induced quantum coherence nor ODRDC~incoherent
and uncoupled!.
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blocking effect. From~b!, we find an appreciable influenc
from the combined affects of induced quantum cohere
and ODRDC on both the lower strong and higher weak
sorption peaks. The induced quantum coherence~dash-dotted
curve! is found to lower the strength of the lower absorpti
peak. When\vP5130.8 meV, the partial inversion of th
occupation probability is greatly enhanced by the ODRD
~dashed curve!. However, the difference of the occupatio
probabilities r11(ki)2r22(ki) at \vP5125.0 meV de-
creases slightly. The optical gain of the probe field at\vP

5130.8 meV is somewhat compensated by the indu
quantum coherence~dash-dotted curve!, which tends to re-
duce the partial inversion existing in the difference of t
occupation probabilities between statesu1ki& andu3ki&. This
leads to a very weak hole~solid curve! in the higher absorp-
tion peak.

In order to further explore the increase of the optical g
with uEL

0u in Fig. 11~a!, we present in Fig. 12 the differenc
of the occupation probabilitiesr11(ki)2r j j (ki) for j 52,3 at
\vL5130.8 meV with uEL

0u520, 40, and 60 kV/cm as a
function ofki . In ~a!, for the whole range ofuEL

0u considered,
we do not see any negative difference of the occupa
probabilities r11(ki)2r22(ki). This agrees with the lowe
strong absorption peak observed for the transition betw
u1ki& and u2ki& in Fig. 11~a!. However, we do find in Fig.
11~b! a negative region forr11(ki)2r33(ki) at certainki
values. The negativeki region expands withuEL

0u, which
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explains the increase of the optical gain withuEL
0u for the

transition betweenu1ki& and u3ki&.

VII. CONCLUSIONS AND REMARKS

In conclusion, we have derived the density-matrix equ
tions in the presence of a pump-laser field for electrons
QW’s by working in second quantization and including t
off-diagonal radiative-decay coupling between a pair of el
tron transitions. These fully quantized density-matrix equ
tions allow us to calculate simultaneously the tim
dependent optical response of electrons and radiative d
of excited-state electrons quantum electrodynamically.
the basis of the derived density-matrix equations, the tim
resolved photoluminescence spectrum of the system has
formulated. When another delayed weak probe field is
plied, the time-resolved absorption spectrum has been ca
lated by including the interactions between the probe fi
and electrons in the QW’s and between the probe and pu
laser fields.

In our numerical calculation, the laser-field absorption c
efficient and refractive-index function of electrons in th
resonant asymmetric double quantum wells with inters
band pumping have been studied for different laser-fi
strengths, momentum-dependent energy-level separat
electron tunneling, and degrees of off-resonance. The z
absorption in the overlapping region within a small tunneli
gap due to quantum interference between a pair of ne
.
FIG. 11.bP(vP) for the sample shown in Fig
1~b! as a function of \vP with \vL

5130.8 meV. bP(vP) are presented in~a! for
uEL

0u520, 40, and 60 kV/cm and in~b! for four
different cases as defined in Fig. 10.
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FIG. 12. r11(ki)2r j j (ki) with j 52,3 for the
sample shown in Fig. 1~b! as a function ofki at
uEL

0u540 kV/cm and\vL5130.8 meV. r11(ki)
2r22(ki) andr11(ki)2r33(ki) are, respectively,
displayed in~a! and ~b! for uEL

0u520, 40, and
60 kV/cm.
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degenerate electron transitions has been found for the p
laser and explained. The quantum interference has b
clearly demonstrated through the phase cancellation betw
the two statistically averaged transition dipole momen
The laser frequency for the zero absorption is tuna
within the tunneling gap if a small dc bias field is applie
in the z direction. The momentum-dependent energy-le
separation has been found to be the most predomi
in destroying quantum interference in the system. F
the weak probe field, we have investigated its line
absorption spectrum and refractive-index function
the same system selectively coupled by a laser fi
with different intensities. The optical gain of the probe fie
has been observed as a hole in the weak absorption p
which has been demonstrated as a result of the partial in
sion of the electron occupation probabilities in moment
space after the system is selectively pumped by a laser.
optical gain of the probe field has been found to
increasing with the pump-laser strength. The influences
the induced quantum coherence and off-diagonal radiat
decay coupling on the probe-field absorption have b
quantitatively analyzed.

We make some remarks here on the simplificat
made in our model for RADQW’s with laser pumping. Th
adiabatic approximation in Eq. ~20! is subject to the
weak interactionbetween the electrons and spontaneou
radiated photons, which can be justified in the abse
of a laser cavity. The approximation of thelong-time limit
in Eq. ~21! simplifies the calculation of the matrix elemen
of radiative decays, which can be eliminated in princip
by explicitly calculating the integral with time. Th
approximation for neglecting the Lamb energy shift a
the imaginary part of the off-diagonal radiative-dec
coupling matrix elements can be justified as long as
energy separation of different electronic states
large enough. Therotating-wave approximationsurvives
only after a characteristic time, which should be elimina
when the full dynamics of electrons is studied by usi
the density-matrix equations@20#. Finally, if the electron
density is kept low enough, as with the one used
this paper, the many-body effect has very little influen
on the spectra calculated here. We have not inclu
the electron-electron interaction in our model, whi
can renormalize the energy of electrons and introduc
screening to the electron-electron, electron-impur
and electron-phonon interactions. It can be incorpora
into our model by using the standardized many-bo
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technique @20#. For modulation-doped structures wit
ideal interfaces at zero temperature, the scattering
electrons by impurities, roughness, and phonons
expected to be negligibly small. Moreover, the extrem
fast scattering between electrons for low-dens
samples considered here has very little effect on the opt
spectra of electrons in the steady state. The scatte
between electrons and the scattering of electrons w
impurities, roughness at interfaces, and phonons, wh
can be included in the Born approximation@21,22#, are all
neglected for simplicity.

APPENDIX A: EIGHT-BAND k "p DESCRIPTION OF
QUANTUM WELLS

For zinc-blende-structure III-V semiconductor materia
with direct band gap, the conduction-~valence-! band
minima ~maxima! near theG point (k50) can be well de-
scribed by considering only eight bands@23#, i.e., G6

61/2,
G8

63/2, G8
61/2, andG7

61/2. Here,G6
61/2 is the lowest conduc-

tion band for the up and down spins,G8
63/2 andG8

61/2 repre-
sent the two highest degenerate valence bands for both
directions, andG7

61/2 is the spin-orbit split valence band wit
different spins. If the wells and barriers of a QW are co
posed of narrow- and wide-band-gap semiconductor ma
als, the eight-bandk•p Hamiltonian matrix can be written a
@23#

H5Hk•p1HSO1Dk•p1DSO, ~A1!

where Hk•p includes the kinetic and potential energies
electrons and thek-independent part of the spin-orbit inte
action,HSO is thek-dependent part of the spin-orbit intera
tion, Dk•p represents the orbital part of the strain interactio
andDSO corresponds to thek-independent spin-orbit part o
the strain interaction. Thek-dependent spin-orbit part of th
strain interaction is very small@23# and neglected here.

The first matrixHk•p on the right-hand side of Eq.~A1! is
given by
2-16



3
A 0 T†1V† 0 2A3~T2V! A2~W2U ! W2U A2~T†1V†!

0 A A2~W2U ! 2A3~T†1V†! 0 T2V 2A2~T2V! W†1U†

T1V A2~W†2U†! 2P1Q 2S† R 0 ~A3/2!S 2A2Q

0 2A3~T1V! 2S 2P2Q 0 R 2A2R ~1/A2!S

2A3~T†2V†! 0 R† 0 2P2Q S† ~1/A2!S† A2R†

A2~W†2U†! T†2V† 0 R† S 2P1Q A2Q ~A3/2!S†

† † † † † †
4 , ~A2!

r to

nerate
the
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W 2U 2A2~T 2V ! ~A3/2!S 2A2R ~1/A2!S A2Q Z 0

A2~T1V! W1U 2A2Q ~1/A2!S† A2R ~A3/2!S 0 Z

where we have introduced the following notations for the matrix elements in Eq.~A2!:

A52~\2/2m0!]/]z@C~z!]/]z#1EG1Uc~z!1~\2ki
2/2m0!C~z!,

T1V5~ki /A6!$2~ i /2!eiu@B~z!]/]z1~]/]z!B~z!#1P0~z!e2 iu%,

T2V5~ki /A6!$2~ i /2!eiu@B~z!]/]z1~]/]z!B~z!#2P0~z!e2 iu%,

W1U5~ i /2A3!$ki
2sin 2uB~z!2@P0~z!]/]z1~]/]z!P0~z!#%,

W2U5~ i /2A3!$ki
2sin 2uB~z!1@P0~z!]/]z1~]/]z!P0~z!#%,

2P1Q5~\2/2m0!]/]z$@g1~z!12g2~z!#]/]z%2~\2ki
2/2m0!@g1~z!2g2~z!#2Up~z!,

2P2Q5~\2/2m0!]/]z$@g1~z!22g2~z!#]/]z%2~\2ki
2/2m0!@g1~z!1g2~z!#2Up~z!,

S52 iA3e2 iu~\2ki
2/2m0!5@g3~z!]/]z1~]/]z!g3~z!#,

R52A3~\2ki
2/2m0!g2~z!$cos 2u2 i @g3~z!/g2~z!#sin 2u%,

Q5~\2/m0!]/]z@g2~z!]/]z#1~\2ki
2/2m0!g2~z!,

Z5~\2/2m0!]/]z@g18~z!]/]z#2~\2ki
2/2m0!g18~z!2Up~z!2D0~z!. ~A3!

In Eqs.~A3!, m0 is the free-electron mass,ki5(kx ,ky) is the wave vector of electrons within the QW plane perpendicula
the z direction,u is defined throughki5(kicosu, kisinu), andEG is the band gap of the well material.Uc(z) andUp(z) are
the conduction- and valence-band potential profiles of the QW’s, andD0(z) is the spin-orbit splitting gap. The factorsC(z)
andg18(z) represent the electron effective masses in the conduction and spin-orbit split bands.g1(z), g2(z), andg3(z) are the
modified Lüttinger parameters@23#, which relate to the effective masses of heavy and light holes in the two topmost dege
valence bands.B(z) is the inversion symmetry parameter andP0(z) is the mixing parameter between the electron states in
conduction and valence bands.

The second term on the right-hand side of Eq.~A1! is found to be

HSO5F 0I T1 T2

T 1
† 0I 0I

T 2
† 0I 0I

G , ~A4!

where the two submatrices in Eq.~A4! are

T15F2@N0~z!/A2#kie
iu 0 2~A3/2!N0~z!kie

2 iu A2G~z!

A2G~z! ~A3/2!N0~z!kie
iu 0 @N0~z!/A2#kie

2 iuG , ~A5!

T25F 22G~z! 2N0~z!kie
iu

2N0~z!kie
2 iu 2G~z!

G , ~A6!

with the following notation introduced in Eqs.~A5! and ~A6!:
013822-17
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G~z!52
i

2 FN0~z!
]

]z
1

]

]z
N0~z!G . ~A7!

In Eqs.~A5!–~A7!, N0(z) describes the effect of thek-dependent part of the spin-orbit interaction.
The third matrixDk•p on the right-hand side of Eq.~A1! takes the anisotropic form of

3
a8e 0 t†2v† 0 2A3~ t1v ! A2~w1u! w1u A2~ t†2v†!

0 a8e A2~w1u! 2A3~ t†2v†! 0 t1v 2A2~ t1v ! w†2u†

t2v A2~w†1u†! 2p1q 2s† r 0 ~A3/2!s 2A2q

0 2A3~ t2v ! 2s 2p2q 0 r 2A2r ~1/A2!s

2A3~ t†1v†! 0 r † 0 2p2q s† ~1/A2!s† A2r †

A2~w†1u†! t†1v† 0 r † s 2p1q A2q ~A3/2!s†

w†1u† 2A2~ t†1v†! ~A3/2!s† 2A2r † ~1/A2!s A2q 2ae 0

A2~ t2v ! w2u 2A2q ~1/A2!s† A2r ~A3/2!s 0 2ae

4 ,

~A8!
in.
wheree(z)5exx(z)1eyy(z)1ezz(z) is the trace of a strain
tensore(z)[@ei j (z)# for i , j 5x,y,z, and

t5~1/A6!b8~z!@exz~z!1 ieyz~z!#,

v5~1/A6!P0~z!$@exx~z!2 ieyx~z!#kx

1@exy~z!2 ieyy~z!#ky%1g1~z!,

w5~ i /A3!b8~z!exy~z!,

u5~1/A3!P0~z!@ezx~z!kx1ezy~z!ky#1g2~z!,

p5a~z!@exx~z!1eyy~z!1ezz~z!#,

q5b~z!$ezz~z!2@exx~z!1eyy~z!#/2%,

s52d~z!@exz~z!2 ieyz~z!#,

r 5~A3/2!b~z!@exx~z!2eyy~z!#2 id~z!exy~z!. ~A9!

In Eqs.~A9!, we have defined the notations
01382
g1~z!52
i

2A6
H P0~z!@exz~z!2 ieyz~z!#

]

]z

1
]

]z
P0~z!@exz~z!2 ieyz~z!#J , ~A10!

g2~z!52
i

2A3
FP0~z!ezz~z!

]

]z
1

]

]z
P0~z!ezz~z!G .

~A11!

a(z), b(z), d(z), a8(z), andb8(z) in Eqs.~A9! include the
coupling effect of electron energy bands to the stra
Among them,a(z),b(z),d(z) are the Pikus-Bir deformation
potential constants. Thez-dependent strain tensor@ei j (z)# is
defined by the relationci(z)5c0(z)@11eix(z)1eiy(z)
1eiz(z)# for i 5x,y,z, whereci(z) is the anisotropic lattice
constant of a layer under a strain andc0(z) is the isotropic
lattice constant with no strain.

The fourth term on the right-hand side of Eq.~A1! is
given by

DSO5F 0I 0I 0I

0I D1 D2

0I D2
† D3

G , ~A12!

where the three submatrices in Eq.~A12! are
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D15F @D0~z!/3#e 2@2D0~z!/3A3#@exz1 ieyz# i @2D0~z!/3A3#exy 0

2@2D0~z!/3A3#@exz2 ieyz# @D0~z!/3#e 0 i @2D0~z!/3A3#exy

2 i @2D0~z!/3A3#exy 0 @D0~z!/3#e @2D0~z!/3A3#@exz1 ieyz#

0 2 i @2D0~z!/3A3#exy @2D0~z!/3A3#@exz2 ieyz# @D0~z!/3#e

G ,

~A13!

D25F 2@D0~z!/3#@exz2 ieyz# 2@D0~z!/9A2#@3ezz2e#

@D0~z!/3A6#@exx2eyy1 i2A2exy# 2@D0~z!/3A3#@exz2 ieyz#

2@D0~z!/3A3#@exz1 ieyz# 2@D0~z!/3A6#@exx2eyy2 i2A2exy#

@D0~z!/9A2#@3ezz2e# 2@D0~z!/3#@exz1 ieyz#

G , ~A14!

D35F2~2/3!D0~z!e~z! 0

0 2~2/3!D0~z!e~z!
G . ~A15!
n
oc

ne

e-
In Eqs. ~A13! and ~A14!, we have not shown for clarity
the z dependence of the strain tensor@ei j (z)# and its trace
e(z)5exx(z)1eyy(z)1ezz(z).

The wave function of electrons in both the conduction a
valence bands of the QW’s can be expanded by eight Bl
functions un

B(r ) with n51,2, . . . ,8 corresponding to the
eight different bands,

c j ki
~r !5

1

ASeiki•r i (
n51

8

F j ki

n ~z!un
B@r2e~z!•r #, ~A16!

whereS is the cross-section area of the QW’s,r is the three-
dimensional position vector,r i and ki are the two-
dimensional position and wave vectors within the QW pla
and the envelope functionF j ki

n (z) in Eq. ~A16! for j

51,2, . . . ,8satisfies the Schro¨dinger equation

(
n51

8

@Hjn2En~ki!d jn#F j ki

n ~z!50, ~A17!

which is subject to the normalization condition for any int
ger j,

(
n51

8 E
2`

1`

dzuF j ki

n ~z!u251. ~A18!

The j th energy level of electrons withc j ki
(r ) in the QW’s is

determined from
J

. B

01382
d
h

,

det@Hi j 2Ej~ki!d i j #50. ~A19!

In the expansion ofc j ki
(r ) in Eq. ~A16!, uj

B(r ) for j

51,2, . . . ,8 areselected as

uB~r !53
uS&x↓
uS&x↑

2~ i /A6!~ uX&1 i uY&!x↓1 i ~A2/3!uZ&x↑
~ i /A2!~ uX&1 i uY&!x↑

2~ i /A2!~ uX&2 i uY&!x↓
~ i /A6!~ uX&2 i uY&!x↑1 i ~A2/3!uZ&x↓

2~ i /A3!~ uX&2 i uY&!x↑1~ i /A3!uZ&x↓
2~ i /A3!~ uX&1 i uY&!x↓2~ i /A3!uZ&x↑

4 ,

~A20!

whereuS& is theJ50 orbital function anduX&, uY&, anduZ&
are the threeJ51 orbital functions withmJ50,61 in the
angular-momentum representationuJ,mJ&. The spinors for
electrons with up and down spins in Eq.~A20! are

x↓5F0

1G , x↑5F1

0G . ~A21!
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