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Effects of off-diagonal radiative-decay coupling on electron transitions
in resonant double quantum wells

Danhong Huang and D. A. Cardimona
Air Force Research Laboratory (AFRL/VSSS), 3550 Absentee Avenue SE, Building 426, Kirtland Air Force Base, New Mexico 87117
(Received 18 December 2000; revised manuscript received 21 March 2001; published 18 Jyne 2001

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 fieldkjFdependent 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 However, an electron gas in QW’s and atomic vapor dif-
fer in many ways. Here, we list some unique features of
When a laser is applied to resonantly excite a multilevelelectron gases compared to those of atomic gases. First, an
atomic system, there existgiantum interferencén the ab-  electron in an atom is bound by a rotationally invariant Cou-
sorption and emission spectra. A proper thefiy for the  lomb potential due to the positively charged nucleus, but an
radiative decay of excited electrons in an atomic system re€lectron in a QW is confined by a controllable one-
quires a quantum electrodynamic treatment of photons anfimensional guantum-well potential due to the conduction-
electrons in second quantization. In addition to the usual diPand offset. Therefore, the selection rule for optical transi-
agonal radiative-decay time, there is aoff-diagonal tions of electrons in these two systems is quite different.

radiative-decay couplingODRDC) that becomes important Second, an electron in an atom experiences a three-

when two or more electron transition energies are very clos,(g'm(':'nS'Onal strong confinement-0.5 A), but an electron

[2]. The effect of ODRDC describes a nearly resonant abwith much 'smaII('ar effective mass ina QW is any subjected
sorption of a spontaneously emitted photon from one downEo a one-dlmensm_nal weak conflneme_h{:(O(_) ). Conse-
ward electron transition by another upward electron transi-quently’ the energies of electron transitions in these wo sys-

fion. With the existence of ODRDC, any two nearly tems differ by two orders of magnitude. Third, the energy

q | . h ited b levels in an atom are flat in momentum space, but those in a
egenerate electron transitions that are excited by a pum@w are dispersive within the quantum-well plane. This leads

laser and share a common initial state will be coupled angy 3 momentum-dependent energy-level separation and elec-
interfere with each other, giving rise to zero absorpfdA4] {ron scattering within the same subband in the QW’s. Fourth,
in the region between the two overlapping absorption peaksne energy levels of an electron in a QW can be engineered
The recent proposals for electromagnetically inducedyy choosing various materials for the well and barrier layers,
transparency5] and lasing without population inversi¢6]  or by adjusting the well thickness. Finally, there are only a
in atomic gases, which utilize a concept similar to the abovéew electrons in an atom that can interact, but there is a
qguantum interference, have attracted a lot of attention angtemendous number of electrons in QW’s. This results in
have been confirmed experimentally,8]. For the sake of many-body effects, i.e., the enhancement of the Coulomb
device applications, these interests have been directed froenergy of QW electrons compared to their kinetic energy.
atomic gases to electron gases in semiconductor quantuMoreover, there exist several additional scattering processes
wells (QW'’s). The schemes that are proposed for observindor electrons in QW's, including electron-electron, electron-
electromagnetically induced transparency in QW’s includephonon, electron-roughness, and electron-impurity scatter-
the Fano-type interferend®,10] and a pair of coherently ing. In this paper, we will concentrate on some dominant
prepared dressed statgkl]. For observing lasing without new effects arising from these unique features of QW's.
population inversion in QW's, a number of proposals have Recently, Imamog and Ram[13] proposed a double-
been put forward by several research grolf-14 to em-  quantum-well (DQW) structure for demonstrating the
ploy electron intersubband transitions within the conductiormechanism of lasing without inversion in semiconductors
band of QW’s. based on earlier work in an atomic systghs], in which the
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laser pumping 15] between the two upper levels has beencreation operators in the QW's, where the many-particle
replaced by a coherent electron tunnel[d@] between the ascending/descending operators are introduced. After this,
two QW'’s. The selective excitation of electrons from thethe quantization of an electromagnetic field is performed
ground level to the top level 3 in the atomic systglB] can  with the help of the photon annihilation/creation operators.
be easily realized since the two upper laser-coupled levels Binally, the interaction between the electromagnetic field and
and 3 are well separated in energy. However, the selectivelectrons in the QW'’s is quantized by expressing it as a
excitation of electrons localized only in the right Q3] combination of electron and photon annihilation/creation op-
becomes extremely difficult experimentally due to the energyerators.

resonance between the levels 2 and 3 in the left and right
QW’s. In the current paper, the same DQW structure is con-
sidered, in which the coherent electron tunneling between the
two QW'’s gives rise to a split doublet in the dressed-state
picture. Moreover, a pump laser that excites the electrons The first quantization of the electron Hamiltonian leads to
from the ground level to the upper doublet is applied to thethe energy quantization determined by the single-electron
structure. The excitation of electrons in our model is not aSchralinger equation in EqtA19). The fermion statistics in
selective one localized only in one of the two QW’s but a@ many-electron system is still absent. In second quantiza-
nonselective one delocalized in both QW's. If both excita-tion, however, the fermion statistics of indistinguishable
tions of electrons from the ground level to the two upperéelectrons is employed to directly quantize the Hamiltonian of
degenerate levels 2 and 3 in the left and right QYI'3] are  electrons in the QW'’s. Given any time-dependent electron
added together in the absence of the ODRDC, the resultinfield operator¥(r,t), we can expand it in momentum space
absorption spectrum will simply display an overlap of theas[16]

two absorption peaks as indicated by the dashed curve in Fig.

2(b). There is no zero absorption within the gap region, al- - _ -

though there exists coherence between the upper two reso- q,(r’t)_j,zku STOLIE @

nant levels. For the nonselective excitation of electrons in
DQW'’s, only when the ODRDC is introduced can the zero
absorption of the pump laser within the tunneling gap an L I
the amplification of another probe field be seen. As long a$A16), satisfying My (1)=& (k) ¢, (r), and (jk;|j"kj)
an upper nearly degenerate doublet exists in the system, the5jyj,5ku,k/_ In Eq. (1), C:]-kH(t) and CJ-TkH(t) are the annihi-

effect of ODRDC is intrinsic, which modifies the optical |4ion and Hcreation operators for the electron stke).
response of electrons in DQW's. A

The organization of this paper is as follows. Section Il is The second-quantization Hamiltonian operatey(t) of

devoted to the second quantization of the electron Ham”g—:-lectrons is defined bjL6]
tonian and the electromagnetic field, as well as the interac-

tion between them. The equations of motion for electrons are;, .. - - _ At A
derived by using many-particle ascending/descending operaﬁem_f d3r‘IfT(r,t)ﬂ\If(r,t)—jZkH £k Ciiy (D Cjig (V-

tors in Sec. lll, and the density-matrix equations are obtained 2

in Sec. IV on the basis of the equations of motion. Using

these density-matrix equations, we study two- and thréeyging the Fermi-Dirac statistics for the field operators
level models for QW’s pumped by a laser in Sec. V, andx <t .
present the formula for calculating the time-resolved absorpfpi.(r’t)_ and¥;(r.t), we get the following commutator re-
tion and photoluminescence spectra. Numerical results anl&tlons.

discussions are given in Sec. VI for the laser-field absorption

and refractive-index function in three-level resonant asym- {Cjk (t),(";T,k,(t)}+=5j’j,5k Kl

metric double quantum wellSRADQWSs), where the zero | P I

absorption within an overlapping region of two absorption

peaks is found to be due to quantum_ _mterference betw_een {Cij(t)ij’kH’(t)}-%—:{C}Lk”(t)ac;rrk'(t)}+:01 (3)

two nearly degenerate electron transitions. The probe-field I

absorption spectrum for this laser-coupled system is also pre-

sented in this section, where the optical gain is seen as a holgnhere{F,G} , = G+ GF for any operatorsF and .

in the weak absorption peak, and the effects of induced quan- Combining electron annihilation and creation operators,
tum coherence and ODRDC on the optical gain are quantiwe further define the many-particle ascending/descending

A. Second quantization of the electron Hamiltonian
in quantum wells

here the eigenfunctiorz;tfjk”(r)E<r|jkH) is defined in Eq.

tatively analyzed. The paper is concluded in Sec. VII. operators b}é—jj/(kH vt):é;rku(t)éj’k”(t) for the same wave
vectork;. As a result, the Hamiltonian operator in EQ)
II. QUANTIZATION OF THE ELECTRON HAMILTONIAN can be simply written as

AND AN ELECTROMAGNETIC FIELD

In this section, we first consider second quantization of Ho(t)= >, gj(k”)(}jj(ku ). (4)
the electron Hamiltonian using the electron annihilation/ Ik
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B. Quantization of an electromagnetic field and using Eq(9), the quantized interaction between elec-
For a spatially uniform electromagnetic field, we can ex-trons and photons L]
pand its vector potential operatér(t) using the canonical B (= —ef(t)-[EHOEMDT
transformation e-prlD) (t)-[U(DE() ( )]

. 2mhC? g ~ R =—er(t)-E(t)
An=3 \/w—tﬂ,"[am(twaah(t)]wqw 5

wherew,, is the photon unit polarization vectog, is the A o
N b
photon wave vectorh=1,2 is the polarization index with where E(1) is given by Eq.(8) and the last term on the

q-Wg =0, wg=qc is the photon frequencyy is the volume  right-hand side of Eq(12) is the Lamb energy shifi(t) in
of the QW’s, andag, (t) anda;, (t) are the photon creation Eq. (12) is an operator and is defined as

and annihilation operators. The uniform-field model is a R R R

good approximation to the optical transitions of electrons in r(t)zf d3rT(r,t)rd(r,t).

QW's as long agjLyw<<1, wherelL,y is the well width. By

using Eg.(5), the photon Hamiltonian operator takes the combining Egs.(4), (6), and (12), we get the total Hamil-

(12

form of [1] tonian operator for electrons and photons in the QW's,
(1) =2 ho@g(haq (). (6) ﬂm<t>=ﬂe<t>+ﬂph<t>+7%e.ph<t)=J_Ek &(kpajj(ky,b)
' 'H
Since photons obey the Bose-Einstein statistics, we get the +2 ﬁwqé:;x(t)éqx(t)

following commutator relations:

{8n (1), 80,/ (D} = 8q.q By +iti 2 Ton i (KD oy (Kp Dl agy (D —ak, ()]
11"k
{an (.30 (D} - ={aj(1),3q,, (D}-=0, () g2 [ i )
s s . +—3f dwqwg 2 1 (kD (k.),
where{F,G} _=FG—GF for any operatorsF andgG. In the 3mege C7J0 i’k
Coulomb gauge, we haveE(t)=—dA(t)/at=(i/h) (13
X[A(t), Hy(t)]- . By using Eqs(5) and(7), the quantized

e where the last term is the Lamb energy shift related to the
electric field becomes

electron self-energy, which will be neglected as a standard

T approximatiori 1] in the following. The electron-photon cou-
E()=i2, /g[é L(D—al () wg . (8)  pling matrix in Eq.(13) is
R €oE, Y q q

e [2mho,
where €, is the average dielectric constant of the QW’s. Iq)\’”,(k“)=—% 6oerVWq"'r”'(k”)' (14)
Equations(5), (7), and(8) together lead us to the following
relation: with ;. (k) =(iky[r]j"kp).
~ ~ 27h 1. EQUATIONS OF MOTION
{A<t>,E<t)}——2n( =y )2 WoWg.  (9)
r

By working within the Heisenberg picture, the equations
of motion for photons take the form of
C. Quantization of the interaction between electrons and

an electromagnetic field d [ ag(t) 1 ag(t) ) 15
Within the dipole coupling model, the classical form for tlah ] it lal ] P B
the interaction between the electrons and an electromagnetic
field can be written as which have the following solution:
Ee-ph: —er(t)-E(t). (10 éq)\(t) éq)\(o)efiwqt
. . At t - oF 0 jwqt 2 )‘“ (kH
By employing the gauge transformation ag\(1) ag (0)e'a i1k
ie ela)q(t —t)
ut)= exp{ﬁr(t)A(t) (11 Jdt i K o[ (19
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The second term in E16) represents the contribution from very similarly to the free-electron evolution in a first-order
the coupling between the electrons and photons. Under thapproximation1]. This implies that
vacuum-field approximation, we can sat,(0)=a}, (0 . . . ,
“o. pp E)\( ) q)\( ) O_ii’(ku't/)%o_jj’(k“,t)e—IQi/i(kH)(t —t). (20)
For electrons, the commutator relations in E8). lead to ] ) )
The free-electron evolution employed in EQO) is usually
{oii /(K ,t),(}jj (kD)= 5"\\ ,k”’[‘si’j(}ij'(k” 1) termed theadiabatic approximation

—8noji(k D] (A7) B. Long-time limit

If we further assumew,#(j;.(k)) and t>1/Q;;(k))
(such as in a steady stateor anyj, j’, andk;, the time
integral in Eq.(19) can be evaluated analytically and be-
d. 1 . A comes independent of tinteln this long-time limit we find
iyt = E{fﬂm(pn 1), Hiol()} - [1]

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

~ t
=—i1Qm(p)om(p.t) fodt’exp[i[wq—ﬂjj/(k”)](t’—t)}

+2 [5mj(}lj’(pHat) .
ar jj ~mlwg— Qi (k)]—iP

. . wq—ﬂn'(kn)]’
= 8510 im(P) D) 1 Zgn jj (P aga ()

(21)

_% 2 5&(0[%13”'(9\\ 1) whereP[ - - - ] stands for taking only the principal value of
B [--].
- 5j’l(}jm(p\| O 1 Zgn i (PP, (18

where Qq(p) =[Em(p)) —&(p))1/A. Because a uniform
electromagnetic field is assumed, the electron transitions ip

Eq. (18) consist of vertical ones. Substituting Ed.6) into on
Eq. (18) under the vacuum-field approximation, we get

C. First simplification of the equations of motion

By using theadiabatic approximationn Eg. (20) and the
g-time limitin Eq. (21), the previous equations of motion
in Eq. (19) are simplified as

d. ) .
%&lm(p” :t):_iﬂml(pu)(}lm(pu ,t)—% E [5mja_|j,(p” 1) amm(pH ) ==1Qm(pp oim(py .t
T
— 510im(Py D1 Zgp i (P)) =2 (Bl Py Oy (P)]
t ~ ~
X{Zk Iq)\,ii’(kH)Jodt,Uii’(kHvt,) + By jnlpy Qi (PP T oim(py 1)
ik

- Fm‘/ irir ,Qi/'/ 0 i 't
Xei“’q(t/_t)J-f-E E ’ E Iq)\,ii’(kH) ; igm 1] [pH ] (pH)]U| (pH )

a.A ij’ ii’,kH

—_Z Fﬁr,jrir[pn.Qifjr(PH)]c}i'm(pH,t)
J

t N i ,
Xf dt’g-ii,(k”'t’)e_"”q(t -0 il
0

- - + 2 T mie [Py Qirm(PP 1oy (P 1)
X[ Omjorij (P 1) = 8jr1aim(Py ) 1 Zen i (P)) i pmirk R R
19 .
+2 Fr’myn'[p”IQi'|(pH)]0-i'j’(pH1t)a (22)
where the last two terms correspond to the coupling between i’
electrons and spontaneous photons emitted by the radiative

decay of excited electrons in the QW's. where the radiative-decay coupling matrix
A. Adiabatic approximation Fipr i Lk Qivi(kp 1= By i Lk Qiviky) ]
If we assume a weak interaction between the electrons =iy Lk Qin(k)]

and spontaneous photofisot pump-laser photons as intro-
duced beloy, the perturbed electron states should evolvewith
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205 (k)
Bijr i LKy Qiri(ky) = mg[ﬂi'i(kn)]

0€r

X[ (k) - rii (k) s (23)

2e?

[k, Qii(kp) = ———m—=
Yijii [ || S &i i H)] 37Tﬁ606,C3

X[rjir(kp i (kp ]

erw
0

Here, 6(x) in Eq. (23) is the Heaviside step function.
Yii i LK Qiri(k) ] is on the same order of magnitude as
the electron self-energy and will be neglected thereafter as
standard approximatiofi].

3
wqd wq

xpl | ——
oq—Qiri(k))

. (29

D. Second simplification of the equations of motion

By keeping only the real part df ;. ;i [k, Qi/i(kj)] in
Eqg. (22), we are finally led to the simplified equations of
motion,

d. n
giom(Py D ==1Qmi(ppoim(py,t)

1

1 -
n(py) " Tm(p|)}a'm(p h

_Z, {g Bmir /[Py Qv (PP (py 1)
] I m
+-§| ,Blj’,j’i/[p,Qi/jr(p”)]a'i/m(p”,t)]

+2, 1Bjnmirl P Qirm(p) ]
il

+ Birmii [P Qin(PP 1oy (py 1), (25)
where the radiative-decay rate is
1
TJ(—k“):IZfJ Bji il K Qi (k) 1. (26)

The last two terms on the right-hand side of E2p) contain

ODRDC between a pair of electron transitions. This leads to

PHYSICAL REVIEW A64 013822

p(r.,t) [16]. The density-matrixo, (k; ,t) of the system is
given by the quantum-statistical average of the many-particle

ascending/descending operatéf,ﬁ,(ku 1.

In this paper, the spontaneous electromagnetic field from
the radiative decay of electrons is treated within the quantum
electrodynamic limit, but the external laser field will only be
treated classically2]. This introduces an additional dipole-
coupling term—ef(t) - E,(t) to the total Hamiltonian opera-
tor in Eq.(13), whereE, (t) is a spatially uniform laser field.
Including the interaction of electrons wit (t), we arrive at
the following density-matrix equations from E@®5):

d
gt Pmi(Py B ==1Qmi(pp pmi(py 1)

St
(P TPy

ie
7 EL0- 2 [rmi(P) e Py

a

}Pm(p N9

+
=15 (PP Pmj(Py,b)]

_Z, [§ Bmjr jrir [P Qi (P 1pin (py 1)
] 1 m
+_§| By jrir[Py Qi (P Ipmir (P 1)

+ 2 {BjnmilPy 2irm(P))]
jhi

+ Birmj [P Qi (PP T} pirj (P) ). (27)

In the following, we will explicitly write out the equations of
motion in Eq.(27) for the two- or three-level models.

A. Two-level model

For a system that has only two relevant electronic states
whose energy separation closes to the pump-laser photon
energyfw, , we get from Eq(27)

p2A K, t)

d o2
apn( [t)= (k)

e
7 E () -1k Im{pisky,1)], (28

guantum interference when these two electron transitions be-

come nearly degenerate.

IV. DENSITY-MATRIX EQUATIONS
UNDER AN EXTERNAL LASER FIELD

From quantum statistics, we know that for any physical

operator B(r,t), only its quantum-statistical average is an

d
aplz(kH ) =1Q0o1(ky) pra(K) s 1)

1 ie
- Tkwplz(ku D+ 7B Taak))

X[p2a K| t) = pra(ky,1)]

observable quantity and can be computed by taking the trace

of the product of it with the system density operator

+ B121d K| Qaa(kp 1pTaK) s 1). (29
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Moreover, we haved/dt [p1i(K,t) +poo(K|,t)]=0 for a the rotating-wave approximation described below. In this re-
closed system that has no exchange of electrons with thgard, the two-level system is trivial with no ODRDC because
outside. There is only one ODRDC-related term containingt lacks two nearly degenerate electron transitions in the
Br214 K|, Q21(K) ] in Eg.(29), and it can be neglected under system.

B. Three-level model

For a system that has three relevant electronic states, we find frof2Bqg.

d
apll(kﬂ 1) =2B2114 K|, Qoa(K 1p2a Ky 1) + 2831 14 Ky, Qaa(K)) 1psa(K 1)

d
grPedk =

d
grPk U=

d
mpm(ku 1=

d
&Pza(ku =

2e 2e
— 7 B0 riakpImlpiaky, 01— 7 EL)- ria(kpImLpTs(k, 0]

— 281224 K|, Qo K IR p13(K) ;1) 1+ 2{ Ba1 14 K|, Qoa(K) 1+ Bo1 14 K, Qaa(K) TR pog(k),1) ], (30)

2
otk PRI D 2B 2d kg ek Tpsd Ky 1

2e 2e
- gEL(t) “Tog(kpIm[p2a(ky, 1) ]— ?EL(t) Tk ImLp (k1) ]

+2B12,24 K|, QoK) IRE p15(K) 1) ] = 2821 14 K|, Qaa(K)) IR pos(k) D) ], (3D

1 Qa1(Kp)proky,t) — p1A Ky, ) +{Ba21d K, Qar(K)) 1+ Bar 24 K, Qs k) T} psa(K) 1)

1
7(K))

ie ie ie
+ BTtk o2k 0 — pas(y D1+ - EL(D)- 11k 3Ky 0 — 7 EL(D) T kpas(ky )

+ B12.14 K| Qoa(KP 1pToK) 1) + Bro1d Ky Qaa(Kp) 1pTa(Ky 1) +{B21,2d K, Q32K ]
+ Baoad K Qaa(Kp 1 pos(ky 1) —{ B12 24 K, Qaa( k) 1p3a(K) 1) + Bar 14 K Qaa(k) Tp1a(ky 1)}, (32

ie
i1 Qa(Kp)pra(k,t)— p1a(K) ) + Baz 1d Ky, Qoa(K)) 1p2aK 1) + %EL(t) raa(kpLpsa(ky,t)

73(K))
ie ie
—pu(k, O]+ %EL(t) 1K) pas(K) 1) — XEL(t) 123K paa(Ky 1) + Bra 1L Ky, Qaa(kp) IpTa(ky 1)

+ B131d K| Qaa(kP1pToK) 1) + Bog 14 K Qaa(K) o35k 1) —{B12,2d Ky, Q3a(k)) 1pas(K) . 1)
+ Bar,1d Ky, Qai(kp) Ip1a(K) D)}, (33

1 1 ie
m +Tk”)}923(k O+ 7 EL(t) - rog(K[pas(ky,t) = pao K, 1) ]

1 Qaa(k) p2a(ky,t) —
ie ie
+ gEL(t) K paa(ky .t — zEL(t) T 13(Kp pTA K1) + Baz 2d Ky, Qaa(ky) 1p35(K) 1 1)

+ Bia A K Qs K 1p1a(K) 1) = {82114 Ky Qaa(K Tpaa(K) 1) + Barad Ky, Qaa(kp) 2ok, )} (34)
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Furthermore, we ged/dt[ p5(K; ,t) + paa(Kj ,t) + pas(K; ,t)] INTERBAND COUPLING INTERSUBBAND COUPLING
=0 for a closed system with a fixed number of electrons. ___ - - ~ gR
e [T
EV&| [ B e
V. RESONANT DOUBLE QUANTUM WELLS PUMPED I E|2' 7y A Ef‘
BY A LASER : II Lwe ke
In this section, the density-matrix equations are first sim- —y ABe Ny s

plified under therotating-wave approximatior2], where o — |4 au
only the nearly resonant terms in the density-matrix equa-  I1/Llg (298
tions are kept, for three-level unstrained RADQW's with la- L[F M2p
ser pumping. After this, the formulas for time-resolved ab- | | 7 | |
sorption and photoluminescence are derived for electrons ir .
the RADQW's. (a) — 2z ()

FIG. 1. lllustration of RADQW's with interbandin (a)] and
intersubbandin (b)] pumping. The barrier material of RADQW's is
Al 3:Ga gAs, and the materials for the left and right QW’s are
GaAs and Ad0dsa 79AS, respectively. Two nearly degenerate

When k=0, the heavy- and light-hole states decoupleelectron transitions in the system are indicated by the thick dashed
from each other(the off-diagonal matrix elements in the arrows.Ly, andL,y, are the widths of the left and right QW’s, and
Ll'jttinger four-band k-p Hamiltonian become zejo Ls is the thickness of the middle barriexE.; andAE., are the
The couplings between the conduction and valence band¥nduction-band offsets for the left and right QW's, akd is the
or between the spin-orbit split and hole valence bands argtep height between the bottoms of the two QW's in the conduction
all very small due to the large energy separation betweehand. In(a), E,(t) andEp(t) are chosen to be polarized within the
these bands. As a resul P+ +S° in Eq. (A1) becomes QW plane. In(b), E, (t) andEp(t) are assumed to be polarized in

nearly diagonal. Although The existence of Strainthe z direction. The sample used in our numerical calculation is

k-p S0 - . . shown in(b) with doped electron density,p indicated by three
termsg +2 in Eq. (A1) can s_“” Couple,dlfferent bands, circles filled with “—" signs at their centers. All the parameters for
they are absent for the unstrained QW’s. From now ony,s sample are summarized in Tables | and II.

we consider only the unstrained QW's. In order to discuss
the hole states clearly, we define the light- and heavy-hole
states as follows. The heavy-hole states refer to the filled . . o
valence-band statepu®(r),uS(r)] [see Eq.(A20)] with  lik)) with j=1,2,3 for this interband laser-coupled
a heavier effective mass in the direction but a lighter RADQW, where the hole envelope function is strongly
effective mass within the QW plane. The light-hole kj-dependent.
states refer to the filled valence-band ste{teg(r),ug(r)] For intersubband pumping, on the other hand, we consider
with a lighter effective mass in the direction but a adoped RADQW as shown in Fig(), where the electrons
heavier effective mass within the QW plane. We knowreleased from ionized donors in the left QW are illustrated by
that even though the heavy- and light-hole states becomtliree circles filled with *=" signs at their centers. In this
degenerate ak=0 in zinc-blende bulk materials, they case, the hole states are irrelevant and the electron envelope
are still separated ak=0 in the QW's due to the function is approximately-independent. For the conduc-
different effective masses of heavy and light holes in zhe tion band, the left deep and narrow QW contains two con-
direction. fined electron stateE; andE5. The upper leveE5 in the

For interband pumping, we consider an undopedeft QW is aligned with the ground levé? of electrons in
RADQW as shown in Fig. (). For the conduction band, the right QW, producing a tunneling-split doublet. We will
the only confined electron staf in the deep and narrow denoteE: in the conduction band bik), and the doublet
left QW is aligned with the ground statef of electrons by |2k;) and|3k). For this doped RADQW, we assume that
in the shallow and wide right QW, forming a tunneling- E, (t) is polarized in thez direction andk w, is set close to
split doublet. For the valence band, the topmost hole statthe energy difference between the ground state and the dou-
Hi is a heavy-hole state confined in the left QW. Weblet. Consequently, we will consider only three electronic
will denote it by|1k“) and the electron doublet in both QW'’s stategj kj) with j=1,2,3 for this intersubband laser-coupled
by |2k;) and |3kj). We further assume that an external RADQW.
laser fieldE, (t) polarized in the QW plane is applied to ~ We will now obtain the density-matrix equations relevant
the RADQW's. This laser field will excite electrons from to interband or intersubband pumping in a three-level
the lower hole state to the upper electron doublet, showfRADQW with laser pumping. By using the rotating-wave
by two thick dashed arrows in@. The laser photon approximation under the conditiohw ~,(K)),Q31(K))
energyfw is set close to the energy separation betweerandf w > 35(k), we can simplify the density-matrix equa-
the ground heavy-hole state and the electron doubletions in Eqs.(30)—(34) by keeping only the nearly resonant
As a result, we can consider only three relevant stateterms,

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

013822-7
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d
apll( Kj 1) =2B21,14 Qo1(K) 1p22(K) 1) + 2831 14 Qza(K)) 1psa(k 1)
2 2e
EL(t) ri(kpImlpoo(ky,t) ]+ == EL(t) rig(kpIm[p5(ky,t) ]
+2{B31,1d Q21(K) 1+ B21,14 Qa1(k) I} R pos(k), 1) ], (39

d 2
g2k =- Tk”)p”(k” ) +2B32,24 Q3K ]paa(ky,t)

2e
T EL(t) - ro(k)IM p1o(K) ) 1= 282114 Qaa(K)) IRE pos(K),1) ], (36)

d ie ie
apﬂ(k” ) =1Q01(k)) pralk 1) = paA Ky, t)+ gEL(t) Tk Lp2aA Ky ) = pralky ) ]+ %EL(t) -T13(k))

L
72(K))
X paa(Ky 1) = Bar1.1d Qaa(k 1p1s(k) 1), (37)

d ie
ap13(k|| 1) =1Q31(k)) pra(k) ) — paa(ky,t)+ 7 EL(t) - rag(kpLpas(ky,t) —paa(k), )]

b
Ts(kn)

ie
+ BTk pasky 0~ Bar ] Qs sk 1), 39

d :
apza(ku ) =1 Q303K 1) —

1
To(K)) r(k)}st(k t)+ EL(t) rik)

X pasky = T EL(D k)

X p A K1) + Bos 2d Qaa(K) 125K 1) —{B21,1d Qaa(K)) Ipas(ky 1) + Bar1d Qaa(kp 2ok, 0}, (39)

and for the closed system we have an additional restraint,

dpsgky,t) _ [dpu(ky,t) N dpaa(ky,t)
dt dt dt ‘

If we only seek the steady-state solutions of H§§)—(39), we get the following set of algebraic equations:

2B21.14 Q21(K Tp22K)) + 283114 Qa1(ky) Ipaa ky) + Q Tk Im[ paa(Ky) T+ Q Tk IML pag( k) T+ 2{ Ba1 14 Q2a(k)) ]
+ B21,1d Qaa(K)) 1 RE po3(ky) =0, (40)

2
- szz( k) 283224 Q3a(K)) 1p3a(k)) — Q?z(kn) IM[p1a(K))]=2B21,14 Q3a(K)) IR p2r(k)]=0, (41)

Rk )
pdw)-—E—LMMM)pﬂMH+—%}Lmiw—ﬁadQﬁMHmiw,

(42

1
i[wL—Qzl(k“)]PlZ(kH) - TZ(kH)

_ 1 1QFy(k) Q%K)
ifor=Qa(k))]p1ak) =— (k) p1ak)) + T[Pss(k||)_l)11(ku)]+ szs(kn)—,331,11921(ku)]P12(k||),

(43

Q5K Q8K

i Qap25(K)) — paa k) + ———paalky) — Tp’fz( k) + Baz,2d Lz k) 1p23(k))

S
oK) T3(k))
—1B21,1d Qaa(K)) 1pas(Ky) + Ba1,1d Q21K Ip2a( k) } = 0. (44
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Here, for non-steady-state solutions in interband-couplegesonant electron transitions frorhk) to [2k)) and|3kj).

QW’s, we have the initial condition
pPk)=1, pRk)=pKk)=0,

and p{)(k)=0 for j#j’, where I-p;y(kj) is the
hole distribution function. In Eqs.(40)—(44), Qﬁ(ku)
=2eE{ r;;(k))/%i is the laser-field Rabi frequency;| is
the amplitude of E_(t), L/7o(ky))=pB2114Q21(k))], and

Urg(Ky) = Bar,1d Qaa(K)) 1+ B2 Qak)) ] For
intersubband-coupled QW'’s, we have the following different
initial condition:

pO(kp=6[&(kp—&1 for j=1,2,3,

and pj(jo,)(k”)=0 for j#]', where& is the Fermi energy of

Finally, the terms [iQT?,(kH)/Z]p;g(kH) and
[iﬂ?z(ku)/Z]pza(kH) in Egs. (42) and (43) come from the
induced quantum coherence, i.exg(k|) # 0.

B. Optical absorption and photoluminescence spectra

In order to explore the dynamical property of the coupled
electron-photon states in the laser-coupled QW'’s, we need to
apply a weak probe fiel&Ep(t) to the system, delayed in
time from the strong pump lasé&s (t). The frequency of the
probe field iswp and the polarization dEp(t) is set perpen-
dicular to thez direction for interband pumping and parallel
to the z direction for intersubband pumping. Whép(t) is
delayed in time properly with respect & (t) and propa-
gates in the direction slightly away frofj (t), the transient

electrons at zero temperature. In this case, the resulting di%‘robe signal can be utilized to analyze the time evolution of

tributions p{’’(k;) on different energy levels are uniform
with respect tok| since the electron energy-level separation
and the envelope function are independenkjof However,
the distributions on different energy levels for interband-
coupled QW’s exhibit a peak with respecthkp.

In Egs. (40) and (41), the termsQ (k) Im[ p15(k;)] and
Qﬁ(k”)lm[pm(ku)] represent the stimulated electron transi-

the electron and hole distributions on different energy levels
in the QW’s[17]. The standard probing techniques include
time-resolved optical absorption and photoluminescence.

For the probe-field absorption process in the QW’s, the
linear absorption coefficiemp(wp ;t) at zero temperature is
found to be[18]

tions between the lower state and the upper doublet. In Egs. wp

(42) and (43, the terms By114Q31(K))]p1a(k) and
Bz1,14 Q21(K)) 1p12(k)) stand for the ODRDC, which is re-

Bp(wp;t)= mlm[ap(wp;t)]. (45

sponsible for the quantum interference between the nearlyhe refractive-index function in Eq45) is

1

Np(wp;t)= \/E{Eﬁ‘ Re ap(wp;t) ]+ V{e+ R ap(wp i) P+ {Imap(wp;t) ]}7}, (46)

where ap(wp;t) in Egs. (45) and (46) is the Lorentz ratio
function given by{18]

h

ap(wpit)=—| —————
2€oL,S|ED|?

x% [pia(ky,wp ;) Q5y(K))

+p1aky, 0p ) Q5y(K)]. 47

Here, we denote the density-matrix elements associated wi
the strongg, (t) field by pj;.(k;,t) and those associated with
the weakEp(t) field by pj'j,(kH ywp;t). L, in Eq. (47) is the
total well width of the RADQW's including the thin middle
barrier thickness. In Eq47), |ED| is the amplitude oEp(t),
Qfi(k)=2eER-r;;(k)/h, and  piyKj,wp;t)  and
p13(Kj,wp;t) in Eq.(47) are determined from the following
pair of coupled equations:

1
|[(1)p_921(kH)]+ Tz(k”) pj,I_Z(kH yWp 1t)
+ B21,14 Qai(k)) Ip1a(K), wp 5t)

i
= Eﬂfz(ku)[l)zz(ku B —pu(k, 0]

i
+ 5 Q1K 3k ), (48)

Ba1,14 Q21K 1p1a(Ky, wpt)
th 1
+ I[wP_QSl(kH)]_F T3(kH) pig(k”,(l)p,t)

- IEQIP3(kII)[P33(kH ,t)—Pll(k” D]

2 O5)padky ). (49)
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Here, the difference of occupation probabilities (k;,t)
—paa(Ky,t) for j=2,3 in Egs.(48) and (49) contging the <95(t)>=_2’ ; pjj (K| ,t)Qerj(ku), (51
effect of transition blocking namely pyy(k;,t), paa(k),t) =i
#0 due to laser excitation. The terms containjmg(k ,t)
or paKkj,t) come from induced quantum coherencewhich includes the coherent contributigna(k;,t) Q5(k)).
due to laser pumping, which directly modifies the o (4, ;t)in Eq.(50) is found depending o . It indicates
difference of  occupation probabilities. The 3 nonlinear absorption process for the pump-laser field.
coupling  terms  Bo1 14 Qay(ky) 1p1a(kj,wp;t)  and For photoluminescence in the QW’s pumped by a laser,
B31,14 Qa1(K)) 1p1AK), @p;t) correspond to the ODRDC be- the spectroscopy is determined by the following spontaneous
tween the two nearly resonant optical transitions figitk ) rate[19]:
to Sz(kH) andf,’3(kH).

For the optical absorption of the strong pump-laser field,

the absorption coefficienB, (v, ;t) can be obtained from 2\e 2w, 3
Eq. (45) by replacingwp, Np(wp;t), and ap(wp;t) with Ryfwe;t)= 242 3L.S 22 - pii(Kp, D)
w_, N (w;t), anda (o, ;t). Here,n (o, ;t) can be cal- R €CTholIm2 K
culated from Eq. (46) by replacing ap(wp;t) with X[1=pga(ky,1)]Qq;(ky)
a (o ;t), anda (o ;t) is given by
X[ 1/Tj(|(||) } (52)
t=—|—|(QR [1mj(k) T2+ [we—Qja(kpT?)
a (o ;t) [260LZS|EE|2 (QL()), (50) iKY A

where the quantum-statistical average of the laser-field Rabihere w, is the frequency of the emitted photons, and the
frequency is form factor is given by

+ oo 2
5 (1/h2)J sz’l‘kH(z)PO(z)ijH(z) for interband pumping

- oo 2 (53
f szIkH(z)szkH(z) for intersubband pumping.

We: plj
Mg

Qqj(kp=

2
we

Here, w, in Eq. (53) is the unit polarization vector, and broadening, and quantum interference are observed in the
Flk”(z) and ijH(Z) are the single-bangtcomponent parts of calculated absorption spectrum. The influences of the tunnel-

the envelope functions in E¢A16) after neglecting the band NG gap, off-resonance, and momentum-dependent energy-
mixing. The spontaneous emission is polarized within theeVvel separation to the laser-field absorption are also studied.
QW plane for interband pumping and polarized in thei- ~ After this, the spectra of the probe-field absorption are dis-
rection for intersubband pumping. played for the RADQW's selectively coupled by a laser
field. The optical gain of the probe field is found as a result
of the partial momentum-space inversion of the subband oc-
cupation probability. Finally, the effects of the transition
In this section, we limit ourselves to the steady-state casdjlocking, induced quantum coherence, and ODRDC on the
and only a RADQW sample with intersubband laser pump+{robe-field absorption are investigated.
ing will be considered as an example. We first present the The sample used in our numerical study is a doped
numerical results for the laser-field absorption in thisSRADQW, as shown in Fig. (b). The barrier material is
RADQW. The effects of the transition blocking, power Al 3G esAs and the materials for the left and right QW's
are GaAs and Aly,0Ga 79AS, respectively. The donors in
TABLE I. Conduction-band offsetd Eq; /AEc,, step height the left QW are assumed completely ionized, giving rise to
AU, well widths Ly, /L, middle barrier thickneskg, electron

VI. NUMERICAL RESULTS AND DISCUSSIONS

density n,p, and average dielectric constaat for the sample TABLE II. Calculated electron energy levels: andE5 in the
shown in Fig. 1b). left QW andER andEY in the right QW for the sample shown in
Fig. 1(b).
(meV) (meV) R) A) (10" cm?) e E; (meV) E5 (meV) ET (meV) ES (meV)
249/101 148 75185 50 1.6 11.73 45 173 173 237

013822-10
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FIG. 2. B, (w,) for the sample shown in Fig.
1(b) as a function ofiw . In (8), B (w.) is pre-
sented for differentE?|=20, 40, and 60 kV/cm.
In (b), a comparison of3, (w,) is made afE)|
=40 kV/cm with (coupled and without (un-
coupled the ODRDC.

0.8 i

(10°%em ™)

B (o)

)
132

L
124

128
(meV)

136

e,

(meV)

oy

an electron densityr,5. There are two confined electron which gives (Qf)==,_(Qf) in Eq. (51), where i<j

states in each QW, representedBlyandE5 in the leftand =1,2,3 and(Qﬁ) is independent ok for the intersubband-
ER andER in the right. The sample parameters and the calcoupled RADQW's. In Fig. 3, scaledQR) and (Q%,) at
culated energy levels in the left and right QW'’s are summa+EE| =40 kV/cm display minima at the two absorption peak
rized in Tables | and Il. The upper energy level in the leftpositions in Fig. 2, even though the imaginary parté(bfz}
QW is aligned with the lower energy level in the right QW, and(Q%,) reach the maximum itQR) and(QF,) at the two

producing a tunneling-split doublet. The external laser angeak positions. Furthermore, we find that
probe fields applied to the system are all polarized inzhe

direction. The frequency of the laser field is set close to the
energy separation between the lower level in the left QW and
the doublet. As a result, the above three-level model for the
intersubband-coupled QW's can be directly applied.

Q5+ Q%)= %‘4 [Plz(kH)Q?z‘FPB(kH)Q?s]
#(Q5) +(QF)

reaches a minimum around the middle of the tunneling gap
due to the phase cancellation betwe@?,) and (QF),

Figure 2 shows the steady-state laser-field absorption cqyhich is termed quantum interference between the two opti-
efficient B (w,) as a function of the laser photon energy ca| transitions. The finite value 6f25,) is due to the induced
ho. In (%)’ we find B (w ) with different laser-field quantum coherence by the laser field, ig(k))#0 as
strengths|E,| =20, 40, and 60 kv/cm, and itb) we show |90, and the phase cancellation is not seen in the in-
the comparison of (w,) with (coupled and without(un-  guced quantum coherence. The induced quantum coherence
coupled ODRDC at|EP|=40 kV/cm. The increase dE|  will modify the difference of the occupation probabilities, as
pumps more electrons into the upper doublet, reducing thean be seen from Eq§42) and (43).

occupation probability of initial states and the availability of  |n Fig. 4, we display the calculated laser-field refractive-
fipal states at the same time for thoe gbsorption process. Thifdex functionn, (w,) in (a) for different|E?| =20, 40, and
gives rise to a smalleB (w.) as|E(| increases. Moreover, g0 kv/cm, and the comparison ofi (w,) in (b) with
the power broadening of the two absorption peaks also in(coupled and without (uncoupled ODRDC at |EE|

strengths. The most interesting feature seeiris the zero

absorption in the overlapping region of the two peaks. This is

A. Absorption of pump-laser field

0.10

a direct result of the quantum interference between the two

optical transitions associated with two peaks separated by a = 0.08
small tunneling gap. It is described by the two last terms in s
Egs.(42) and(43). The influence of the quantum interference 8

can be clearly seen itb) through a comparison g8, (w) T 008
with and without these two terms, where the zero absorption o
disappears and the two enhanced absorption peaks become = = 0.04
strongly overlapped to form a very weak minimum in the =
middle whenever the ODRDC is excluded. Only when A_0.02
ODRDOC is included can the zero absorption appear at the ke,
middle of the tunneling gap. Y 000

128
(meV)

In order to elucidate the physics of quantum interference, 124
we calculate the statistically averaged transition dipole mo- o,

ment as a function ok w , o _
“L FIG. 3. (OF)/|ED|? with i<j=1,2,3 for the sample shown in

Fig. 1(b) as a function ofiw, at |[E2|=40 kV/icm. (QT+QR)
, exhibits a quantum interference by showing a minimum at the

(Qf =’2 pij (k)
K middle of the tunneling gap.

013822-11



DANHONG HUANG AND D. A. CARDIMONA PHYSICAL REVIEW A 64 013822

3.45 T T T T T T T
Coupled (b) -
ga4l T Uncoupled 1
] FIG. 4. n (w,) for the sample shown in Fig.
1(b) as a function ofiw, . In (a), n_(w) is dis-
played for|E?|=20, 40, and 60 kV/cm. Iffb), a
comparison of n (o) is shown at |EY|
=60 kV/cm with (coupled and without (un-
coupled the ODRDC.

n (o)
n (o)

120 124 128 132 136 120 124 128 132 136

fio, (meV) fio, (meV)

n (o)~ e (\e,=3.425) is reduced due to the lack of hanced by turning on ODRDC, which suppresses the overlap
empty final states and occupied initial states in the absorptiohetween the two minima in the absence of ODRDC and re-
process. The dynamical range becomes very small at the twduces the power-broadening effect at the same time. This
absorption peaks. The influence of ODRDC between the tw@rovides us with a tool for freezing the electrons to the
nearly degenerate optical transitions in the RADQW'’s isground state by settingjw, within the tunneling gap.
found appreciable irtb), where the negativépositive) dy- In Fig. 6, we check the influences of the electron tunnel-
namical range ofn (w ) is enhanced(suppressedby  ing and off-resonance of, (w,) at |E?| =40 kv/cm. With
ODRDC, respectively. No unique feature of the quantumy,e requction of the middle-barrier thickness from 60 A
interference is seen in, (w, ). down to 40 A in(a), the separation of the two absorption
Flgure 5 IS devoted to the scaled ground-subband eIecm)[geaks becomes larger due to the enhanced electron tunneling.
density, defined by However, the strength of the absorption peaks and the peak
n 2 broadening remains constant since both the transition-
I E p11(K), blocking and power-broadening effects are not changed for
Nao Ne % fixed |EY|. When the alloy-composition index, of the right
QW is varied from 20.8% to 19.8%®21.8% in (b), the en-
whereN, is the total number of electrons in the RADQW's. ergy IeveIE? in the right QW shifts dowr{up) with respect
The C§|C“|ateg‘1/”2D is shown in(a) as a function ofiw. {5 the energy leveE! in the left QW. Whenx,=19.8% is
for various|E(| =20, 40, and 60 kV/cm and ith) for the  chosen, the energy separation frpik) to |2k;) is reduced,
comparison ofn;/nyp OW'th (coupled and W'tho_uf[ (un? and the lower intrawell transition peak at,=20.8%
coupled ODRDC at|E(|=40 kv/cm. The two minima in  switches to the interwell one and greatly decreases its
(a) originate from the resonant excitation of electrons fromstrength. But the upper peak strength is increased because of
the ground level to the upper doublet. A=| increases, the the enhancement of the overlap of electron wave functions in
two minima become deeper due to the fact that more eleahe left QW. Both the lower and upper absorption peaks are
trons are pumped to the upper doublet. Meanwhile, these twehifted down due to, respectively, the reduction(bf;(k)
minima become broader because of the power-broadeningnd the decreased electron tunneling, which pulls the upper
effect, making the maximum between these two minimaevel of the doublet down. Similarly, wher,=21.8% is
shallower as a result of the overlap between these tw@sed, the energy separation fr¢]1rkH> to |3kH> is increased,
minima. Each minimum approximately reaches a valug,of and the switching of the upper intrawell peakxat= 20.8%
a strong-field limit for a single minimum, afE|  to the interwell one happens again. Consequently, this gives
=20 kV/cm since these two minima are relatively nonover-rise to the upward shifts of both absorption peaks and the
lapping. However, when they begin overlapping with in- reducedincreaselistrengths of the uppélower) absorption
creased EEl, the minimum ofn, /n,p can go below;. The  peaks. In each of these cases, the laser frequency for zero
effect of quantum interference can be clearly seertbjp ~ absorption moves away from the middle of the tunneling gap
where the maximum between the two minima is greatly en{2]. The off-resonant effect above can also be produced by

1.0

eer FIG. 5. ny/n,p for the sample shown in Fig.

1(b) as a function offiw . In (&), ny/nyp is
shown for|E?| =20, 40, and 60 kv/cm. Irth), a
comparison of n,/n,y is exhibited at |EY|
=40 kV/cm with (coupled and without (un-

Coupled
® Onebunied coupled the ODRDC.

06|

n,/n,,

04}

0.2

X L L L 2 ! \
120 124 128 132 136 0 120 124 128 132 136

fim,  (meV) e, (meV)
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FIG. 6. B, (w,) for the sample shown in Fig.
1(b) as a function ofiw . In (a), B (w.) is pre-
sented for Ly=40, 50, and 60 A at|E’|
=40 kV/cm. In(b), B, (w,) is given for different
right-well  alloy-composition  indexes X,
=19.8%, 20.8%, and 21.8% HEY|=40 kV/cm.

<
¥

B (o) (10%em™)
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0.0 L - - L 0.0 .
120 124 128 132 136 115 120 125 130 135 140
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applying a small dc bias field in thedirection, which en-  The maximum in(a) and the minimum in(b) for n,p=1.6
ables us to tune the zero-absorption laser frequency withirx 10'2 cm~2 originate from the strong overlap of the two

the tunneling gap. broadened peaks.
For the AlGa_,As/GaAs QW structure, the electron ef-

fective mass in the AGa_,As barrier layer is larger than
that in the GaAs well layer. Therefore, the electrons with
higher energies have a larger effective mass than those with Figure 8 shows the linear probe-field absorption coeffi-
lower energies because the wave function can penetrate infent Bp(wp) and refractive-index functiomp(wp), which

the outer barriers more efficiently. This introduces aare independent of probe-field strength, as a function of the
k|-dependent energy-level separation. As a result, the energyrobe photon energfwp at|EY| =40 kv/cm. We find a lot
separation between the lower and upper subbands becomeischanges fronBp(wp) andnp(wp) in (8) and(b) for dif-
smaller ask; moves away from zero. Moreover, we know ferent values ofiw, =125.0, 128.1, and 130.8 meV. From
that the optical absorption is the sum over all possible verti{a), we see a hole in the very weak lower absorption peak
cal transitions from different occupied initi} states in the “split” peak) associated with the transition frofik;) to
current case. Consequently, a large broadening of the absor2k;) for #w =125.0 meV and a strong higher absorption
tion peak is expected for the QW's with high,; (more  peak associated with the transition froirk) to |3k ). How-
occupied initialk stateg. From Fig. @), we see the in- ever, whenfiw_ =130.8 meV, we observe a strong lower
crease of the broadening of the absorption peaks wjth  absorption peak and a weak higher absorption peak that ex-
and the development of the low-energy tail&f(w,) due to  hibits a hole. Ati o =128.1 meV, only two strong absorp-
highk transitions af E°| =40 kV/cm. The zero absorption tion peaks exist and no hole in either of them is seen. The
at the middle of the tunneling gap disappearsnag in-  occurrence of the hole in each weak absorption peak is due
creases. We know that the wave function of the lower leveto the optical gain for the probe field in the QW’s selectively
in the doublet has a maximum distribution around the middlgobumped by a laser. Frortb), we find a large dynamical
barrier region of the RADQW'’s. This results in a large range innp(wp) — Ve, with \/e,=3.425 wherever there is a
effective-mass change in the lower level compared to that irstrong absorption peak.

the upper level of the doublet. This effect is seen as the small To uncover the physics behind the probe-field optical gain
downward shift of the upper absorption peak compared tdn Fig. 8@), we present in Fig. 9 the difference of the occu-
that of the lower absorption peak. The effect of thepation probabilitiespiq(k))—pji(k) for j=2,3 at |EE|
k-dependent energy-level separation can also be seen from40 kV/cm as a function of the electron wave veckgr
ni/Nnyp in (b), where the depth of the two minima is greatly When %o =125.0 meV, we see from@ that pi,(k))
reduced with increasedh,p, and the low-energy tail of —p,y(kj) becomes negative for certain valueskpfas a re-
n,/n,p is gradually developed. In the presence of a largesult of the partial inversion of the occupation probability by
ki-dependent energy-level separation, quantum interferendbe pump-laser excitation. Because of tkgdependent
between the two electron transitions is completely destroyedenergy-level separatiom;1(kj) —p,2(k;) depends ork; in

B. Absorption of probe field

5 T T T 7 T 1.0
——1.6x10"

4l @ 8.0x10"
~ ~ e 1.6x10"% L
o I 08 FIG. 7. B.(w.) andn,/n,y for the sample
28T i . shown in Fig. 1b) as a function ofiw_ . In (a),

;oo 8 L2

2 \ T N < el B.(w) is displayed forn,,=1.6, 8, and 16
~ bl < X 10 cm™2 at |EP|=40 kV/em. In(b), ny/nyp
g ] oo are compared for these three electron densities at
o /! i \/ 04t 40 kV/cm.

$10 715 120 125 130 13 140 10 M5 120 125 180 1a5 140

fiw, (meV) Tio, (mev)
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FIG. 8. Bp(wp) and np(wp) for the sample
shown in Fig. 1b) as a function ofiwp at |EY|
=40 kV/cm. Bp(wp) andnp(wp) in (a) and(b)
are presented forhw, =125.0, 128.1, and
130.8 meV.

24 126 128 T30 132
Tio, (meV) fiw, (meV)
the range ok <kg, wherekg is the Fermi wave vector. The ODRDC is seen ina) at #w, =125.0 meV from both the
k-dependent energy-level separatifn;(k;), which satis-  higher strong absorption peak and the optical gain in the
fies Q51(kg) <Qai(k)) <€Q21(0), causes a broadened absorp-|ower weak absorption peak. For the induced quantum co-
tion peak athiwp=(k)) in Fig. 8a). The optical gain  nerence(dash-dotted and dotted curyei slightly compen-
occurs within this broadened peak for thdgevalues satis-  sates for the partial inversion produced by the pump laser
fying fiw =Q5,(k)) and producing partial inversion of the 4nqd reduces the difference of the occupation probabilities at
occupation probabilities. Similarly, we flnd fror(b) that kj=0 as seen from the drop of the upper edges of the two
p11(K)) —paa(k)) also becomes negative in a finkgregion  ,pooration peaks. For the ODRD@lashed and dotted
for. ﬁf"L:130'8 mevV, Wh'(.:h IS assquatgd W'th the optical curves, it greatly enhances the partial inversion of the occu-
Er?z)r:/vlrf]rct)rr‘: (;)pgﬁ[j ?tgsggt“?hnepee%kr:g qu;':_lﬁ‘l I_:lnally_, Wef pation probability ati wp=125.0 meV but slightly decreases
partial INVETSION 101 o~ difference of the occupation probabilities &twp

both  pys(kj) —pao(k)) and pyy(k)) —psa(k)) as fiewL _ ;
=128.1 meV, which agrees with the two strong absorption; 130'?:;:8\/ showndas a ?iﬁp T}qlim the Ilc(JW%r] pefzalll< ?hnd the
peaks observed in Fig(®. rop of the upper edge of the higher peak. The full theory

From Eqs.(48) and(49), we know that the induced quan- (solid curve predicts a much sha_IIOV\_/er hole in the_lovv_er
tum coherence can have an affect Sp(wp) by directly weak absqrptlon peak as a combination of the contributions
modifying the difference of the occupation probabilities, "M both induced quantum coherence and ODRDC. When
namely pay(Kj) — pao(kj) for the lower peak andps(kj) ﬁwL=128.1 meV, the mduceq quantum cohergnce reaches
—pas(k)) for the upper peak, which appears as the termd!S maximum as seen frqm Fig. 3, and then increases the
containingpas(K; ,t) and p34(k;,t). Moreover, the effect of dlfferencg of the occupation _probabllltles at this time _for
ODRDC also affectsBp(wp) by changing this difference Poth optlcgl transitions. Similarly, the ODRDC also in-
through the coupling between the two nearly resonant optictreases this difference v, =128.1 meV. Consequently, a
transitions, which is represented by the terms containin%’ﬂ"ge increase of the absorption peak strength is observed for
B21,14 Q31(k)) ] and Bz 14 Q21(k)) ] in Egs. (48) and (49). oth optical transitions irib) due to the constructive contri-
We compareBp(wp) in Fig. 10 at|EX|=40 kV/cm for four butions from induced quantum coherence and ODRDC.
different cases. They are distinguished by includiogher- Figure 11 presents comparisons/&(«wp) as a function
ent or excluding(incoherent the induced quantum coher- Of fiwp for ﬁ‘*’(l.):l30-8 meV. We displayBp(wp) in (a)
ence and by consideringoupled or neglectinguncoupleg  With different|E(| =20, 40, and 60 kV/cm, and the affects of
ODRDC. In Figs. 108) and 1@b), we show Bp(wp) for  the induced quantum coherence and ODRDG;bmat|EE|
fiw,=125.0 and 128.1 meV, respectively, where one can vi= 60 kV/cm. From(a), we find the increase of optical gain
sualize the affect of induced quantum coherence by compawith |E{| for the transition between statésk;) and|3k;)
ing the dash-dotted and dotted curves, or the affect oflue to the enhanced partial inversion of the electron occupa-
ODRDC by comparing the dashed and dotted curves. Th#ion probability. Meanwhile, the strength of the lower ab-
full-theory result is represented by the solid curve. Appre-sorption peak for the transition between stafgk)) and
ciable change due to the induced quantum coherence angk) decreases with E’| as a result of the transition-

0.8 T T T T 0.8

FIG. 9. pyy(k)) — pjj (k) with j=2,3 for the
sample shown in Fig.(b) as a function ok at
|EP|=40 kvicm. paa(kyp) —pao(ky) and paa(k))
—paa(k)) are, respectively, displayed i@ and
(b) for Aw_ =125.0, 128.1, and 130.8 meV.

Piy 7 Py
P11 ™ Pss

0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0
k (10%A™) k (10ZA™)
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. . i . . . 1000 T T T
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FIG. 10. Bp(wp) for the sample shown in Fig.() as a function offiwp at |EY|=40 kV/cm in (a) and (b) for Zw_ =125.0 and
128.1 meV, respectively. I(a) and(b), Bp(wp) is computed for four different cases. They &pewith both induced quantum coherence and
ODRDOC (coherent and coupled(ii) without induced quantum coherence but with ODR@&xoherent and coupléd(iii) with induced
guantum coherence but without ODRIEbherent and uncouplgdiv) with neither induced quantum coherence nor ODR@{€oherent
and uncoupled

blocking effect. From(b), we find an appreciable influence explains the increase of the optical gain wj| for the
from the combined affects of induced quantum coherenc@ansition betweenlk)) and|3k).

and ODRDC on both the lower strong and higher weak ab-
sorptiqn peaks. The induced quantum coherédaeh—dotted_ VIl. CONCLUSIONS AND REMARKS
curve is found to lower the strength of the lower absorption
peak. Whent wp=130.8 meV, the partial inversion of the In conclusion, we have derived the density-matrix equa-
occupation probability is greatly enhanced by the ODRDCions in the presence of a pump-laser field for electrons in
(dashed curve However, the difference of the occupation QW'S by WOFkInQ n second quantization and |nclu.d|ng the
probabilities pii(K) —pax(k)) at hwp=125.0 meV de- off—d|agonla_l radiative-decay couplmg betweep a pair of elec-
creases slightly. The optical gain of the probe fieldiat, ~ tron transitions. These fully quantized density-matrix equa-
=130.8 meV is somewhat compensated by the inducetions allow us to calculate simultaneously the time-
quantum coherencélash-dotted curye which tends to re- dependent optical response of electrons and radiative decay
duce the partial inversion existing in the difference of theof excited-state electrons quantum electrodynamically. On
occupation probabilities between Sta~|t33kH> and|3kH). This the basis of the d_enved density-matrix equations, the time-
leads to a very weak hol@olid curve in the higher absorp- resolved photoluminescence spectrum of the system has been
tion peak. formulated. When another delayed weak probe field is ap-
In order to further explore the increase of the optical gainPli€d, the time-resolved absorption spectrum has been calcu-
with |EE| in Fig. 11(a), we present in Fig. 12 the difference lated by including the interactions between the probe field
of the occupation probabilities; (k) — p;; (ki) for j=2,3 at and electrons in the QW’s and between the probe and pump-

laser fields.
_ ; (I
fiw, =130.8 meV with |E(|=20, 40, and 60 kV/em as a In our numerical calculation, the laser-field absorption co-

function ofk; . In (a), for the whole range dfE;| considered, efficient and refractive-index function of electrons in the
we do not see any negative difference of the occupatiomesonant asymmetric double quantum wells with intersub-
probabilities p13(kj) — p2o(k)). This agrees with the lower band pumping have been studied for different laser-field
strong absorption peak observed for the transition betweestrengths, momentum-dependent energy-level separations,
|1k) and|2k) in Fig. 11(a). However, we do find in Fig. electron tunneling, and degrees of off-resonance. The zero
11(b) a negative region fop,i(k)) —pss(k)) at certaink absorption in the overlapping region within a small tunneling
values. The negativé; region expands witHE?|, which  gap due to quantum interference between a pair of nearly

600 T T T T T T T
eoof @ - 20 | (b) Coherent & Coupled ]
—40 4y | T - Incoherent & Coupled
Ty T Coherent & Uncoupled ]
S| e Incoherent & Uncoupled

'S
o
=1

FIG. 11. Bp(wp) for the sample shown in Fig.

;
400} |

§ § 1(b) as a function of Awp with 7w,
-~ ~ 200 =130.8 meV. Bp(wp) are presented iria) for
g =or g |E®|=20, 40, and 60 kV/cm and itb) for four
= 130.8 meV o . 130.8 mev different cases as defined in Fig. 10.
Y i
124 1é6 1é8 1(‘30 132 124 12‘6 12‘8 12":0 132
fio, (meV) fiw, (meV)

P P
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0.8

06p... 60
) FIG. 12. pyy(ky) —pj; (k) with j=2,3 for the
sample shown in Fig.(b) as a function ok; at
|EL|=40 kV/cm andfi o, =130.8 meV. py5(k))
—p2AKy) and pay(k)) — pss(k)) are, respectively,
displayed in(a) and (b) for |E|=20, 40, and
60 kV/cm.

o 04F
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o 02t
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degenerate electron transitions has been found for the puntpchnique [20]. For modulation-doped structures with

laser and explained. The quantum interference has beddeal interfaces at zero temperature, the scattering of
clearly demonstrated through the phase cancellation betweetectrons by impurities, roughness, and phonons is
the two statistically averaged transition dipole momentsexpected to be negligibly small. Moreover, the extremely
The laser frequency for the zero absorption is tunablgast scattering between electrons for low-density
within the tunneling gap if a small dc bias field is applied samples considered here has very little effect on the optical
in the z direction. The momentum-dependent energy-levelpectra of electrons in the steady state. The scattering
separation has been found to be the most predominaenveen electrons and the scattering of electrons with

indestroying quantum interference in the system. Fofy ities, roughness at interfaces, and phonons, which

the weak probe field, we have investigated its linearc,, pe incjuded in the Born approximatigl, 22, are all
absorption spectrum and refractive-index function in

the same system selectively coupled by a laser ﬁeldneglected for simplicity.

with different intensities. The optical gain of the probe field

has been observed as a hole in the weak absorption peak,

which has been demonstrated as a result of the partial inver-

sion of the electron occupation probabilities in momentum APPENDIX A: EIGHT-BAND k -p DESCRIPTION OF

space after the system is selectively pumped by a laser. The QUANTUM WELLS

optical gain of the probe field has been found to be

increasing with the pump-laser strength. The influences of For zinc-blende-structure 11I-V semiconductor materials

the induced quantum coherence and off-diagonal radiativewith direct band gap, the conductionvalence} band

decay coupling on the probe-field absorption have beeminima (maxima near thel' point (k=0) can be well de-

quantitatively analyzed. scribed by considering only eight banfa3], i.e., I'; Y2,
We make some remarks here on the simplificationp =32 12 andr12 Here,I's'?is the lowest conduc-

me}de in our mod_eI fo'r RADQW’S Wlth' laser pumping. The tion band for the up and down spiris; ¥2 and =2 repre-

adiabatic approximationin Eq. (20) is subject to the gony the two highest degenerate valence bands for both spin

weak interactionbetween the electrons and spontaneouslyd +1/2

diated ohot hich be iustified in the ab irections, and’; ~<is the spin-orbit split valence band with
radiated photons, which can be Justiied In the abSenClya ony spins. If the wells and barriers of a QW are com-
of a laser cavity. The approximation of theng-time limit

) A i . f narrow- and wide-band- miconductor materi-
in Eq. (21) simplifies the calculation of the matrix elements posed of narrow- and wide-band-gap semiconductor mate

of radiative decays, which can be eliminated in principle[azlsé’]the eight-bani- p Hamiltonian matrix can be written as

by explicitly calculating the integral with time. The
approximation for neglecting the Lamb energy shift and
the imaginary part of the off-diagonal radiative-decay
coupling matrix elements can be justified as long as the
energy separation of different electronic states is
large enough. Theotating-wave approximatiorsurvives
only after a characteristic time, which should be eliminated
when the full dynamics of electrons is studied by using
the density-matrix equationg20]. Finally, if the electron

H="H*P+HSO+ DK P DSO (A1)

where H*P includes the kinetic and potential energies of

density is kept low enough, as with the one used ingﬁic;;lc’;‘jsg?sdt;hei"ggepegdem part of the spin-orbit inter-
this paper, the many-body effect has very little influence?“!O": -dependent part of the spin-orbit interac-
on the spectra calculated here. We have not includeHO”’Dm represents the orbital part of the strain interaction,
the electron-electron interaction in our model, whichandD®C corresponds to thk-independent spin-orbit part of
can renormalize the energy of electrons and introduce &he strain interaction. Thie-dependent spin-orbit part of the
screening to the electron-electron, electron-impurity,strain interaction is very smalR3] and neglected here.

and electron-phonon interactions. It can be incorporated The first matrix*'P on the right-hand side of EGA1) is
into our model by using the standardized many-bodygiven by -

013822-16



EFFECTS OF OFF-DIAGONAL RADIATIVE-DECAY ...

PHYSICAL REVIEW A64 013822

I A 0 THev? 0 —J3(T-V) 2(w-U) w-U V2(TT+VH T
0 A 2(w-U) —3(TT+Vh 0 T-V —V2(T-v)  wi+uf
T+V 2wi-uhy  -P+Q -sf R 0 (\/312)S -\20
0 —J3(T+V) -S -P-Q 0 R —2R (1N2)s ,
—V3(TT-V1) 0 R 0 -P-Q s (1n2)st V2rT I (A2
V2(wf-ut Tr—Vvt 0 R' S -P+Q J20Q (\/3r2)st
wi-ut o —\2(TT-vh (VBlast - V2R! (1N2)s V2Q z 0
V2(T+V) W+U -\20 (1N2)s' V2R (V312)s 0 z |
where we have introduced the following notations for the matrix elements i/A2y:
A= —(h212mg) 9l 92[ C(2) 9l 9z] + Eg+ U(2) + (h%k{12mg) C(2),
T+V=(k/\6){—(i/2)€'[B(2)d/ 9z+ (3 92)B(2)]+ Po(2)e~ "%},
T—V=(k/\/6){—(i/2)€'[B(2)d/9z+ (3 92)B(2)]— Po(2)e "%},

W+ U = (i/2y/3){ksin 26B(z) — [ Po(2) 9l 3z+ (9] 92) Po(2) 1},

W-U= (i/2\/§){kfsin 20B(z) +[Po(2)dl dz+ (9l 9z) Po(2) 1},
—P+Q=(1212mg) 3l 9Z{[ y1(2) + 2,(2) 19 9z} — (h*k{I2mo)[ ¥1(2) — ¥2(2) ]~ Up(2),
—P—Q=(#212mg) 31 0Z{[ y1(2) — 2y2(2) 19/ 92} — (i *kF12mo) [ 71(2) + ¥2(2) ] = Up(2),

S=—i\3e (12kfI2mg) =[ y3(z)dl dz+ (3l 92) y3(2)],
R=— V3(#%kf/2mo) y5(2){cos 20—i[ y3(2)/ v5(2)Isin 26},
Q= (h2Img) a1 9z[ v»(2)dl 9z]+ (h?KF12mg) y5(2),
Z=(h?12mg) a1 9z[ v1(2) 01 9z] — (5 ?kF12mg) ¥1(2) — U p(2) — Ag(2). (A3)

In Egs.(A3), m, is the free-electron masky = (ky,ky) is the wave vector of electrons within the QW plane perpendicular to
the z direction, ¢ is defined throughk = (kjcosé, kisin6), andEg is the band gap of the well materia)..(z) andU(z) are
the conduction- and valence-band potential profiles of the QW’s,Aytd) is the spin-orbit splitting gap. The facto€z)
andy;(z) represent the electron effective masses in the conduction and spin-orbit split paf®is.y,(z), andyz(z) are the
modified Luttinger parameteri23], which relate to the effective masses of heavy and light holes in the two topmost degenerate
valence band®3(z) is the inversion symmetry parameter aPglz) is the mixing parameter between the electron states in the
conduction and valence bands.

The second term on the right-hand side of Ejl) is found to be

0 T
HO=|T, 0 0], (Ad)
7, 0 0
where the two submatrices in EGA4) are
e ~[No(2)/\2]kje!? 0 ~(ER2Ny2ke " V2G(2) 1 5)
= V2G(2) (V3/2No(2)kje'’ 0 [No(2)/\2]kje™""
_ i0
%= 2No(zz§;k(||z)i” 2N20(GZ()|Z<;|9 (A6)

with the following notation introduced in Eq§A5) and (A6):
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G | N i + J N A7
(7)== 5| No(2) -+ ——No(2) |- (A7)

In Egs.(A5)—(A7), No(z) describes the effect of tHe-dependent part of the spin-orbit interaction.
The third matrixD*P on the right-hand side of E4A1) takes the anisotropic form of

B a'e 0 tT—ot 0 —3(t+v)  J2(w+u) w+u V2(tT=vT)"
0 a'e V2(w+u)  —3tt-uh 0 t+u —V2(t+v)  wi-ul
t—v V2(w'+uh)  —p+g —s' r 0 (\312)s —2q
0 —\3(t-v) -s -p—q 0 r —ar (12)s
— Bt +oh) 0 rt 0 ~p—q s' an2st V|
V2(w'+uh) th+o! 0 rt s —p+q V2q (V3/2)s
whtu' =2ttt (VBlRsT —arT (1N2)s V2q —ae 0
L V2(t-v) w-u —\2q (1N2)s' J2r (V3/2)s 0 —ae ]
(A8)

wheree(z) =e,,(2) +e,,(2) +€,/2) is the trace of a strain i 9
tensorﬁ(z)z[eij(z)] fori,j=x,y,z, and g.1(2)=— %[ Po(z)[exz(z)—ieyz(z)]ﬁ
J
t=(1\6)b" (2)[e(2) +iey,(2)], + EPO(Z)[eXZ(Z)—ieyZ(Z)]], (A10)

0 =(1NB8)Po(2){[exx(2) ~ieyx(2) Ky _ .
i
+ey(2)—ieyy(2)1k,} +01(2), 92(2)=— ﬁ{ Po(2)€:42) 7 + -~ Po(2)€:42)

(A11)

w=(i/\3)b'(2)e,(2), a(2), b(z), d(z), a'(z), andb’(2) in Egs.(A9) include the
coupling effect of electron energy bands to the strain.
Among them,a(z),b(z),d(z) are the Pikus-Bir deformation
u=(1/\/§)Po(z)[eZX(z)kx+ e,(2)ky]1+92(2), potential constants. Thedependent strain tenspe;;(2) ] is

defined by the relationci(z) =cy(z)[1+ex(2)+ey(2)
+e,(2)] for i=x,y,z, wherec;(z) is the anisotropic lattice

p=a(z)[ex(2) +ey,(2)+e,(2)], constant of a Iaygr under a.strain acg(z) is the isotropic
lattice constant with no strain.

The fourth term on the right-hand side of EGA\L) is

a=b(2){e;2)—[ex(2)+ey,(2)]/2}, given by
s=—d(2)[eu(2)—iey(2)], 00 0
D=| 0 Dy Dy, (A12)
- ~ |o D D
r=(\/§/Z)b(z)[exx(z)—eyy(z)]—|d(z)exy(z). (Ag) R —3
In Egs.(A9), we have defined the notations where the three submatrices in E412) are
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[Ao(2)/3]e ~[280(2)13\3][ey eyl i[280(2)/3V3]e,y 0
| —[280(2)/3V3][ey ey [Ao(2)/3]e 0 i[244(2)/3V3]ey
-t —i[2A0(2)/3\3]e,, 0 [Ao(2)/3]e [240(2)/3\3][ ey, +iey,]
0 —i[200(2)/3\3]ey  [280(2)/3V3][e~iey] [Ao(2)/3]e
(A13)
—[Ao(2)/3][ex,~iey,] —[Ao(2)/9V2][3e,,—€]
[Ao(2)/3VB][ €0k €yy+i2126,] —[Ao(2)/3y3][ ey~ iey,]
Dy= . . , (A14)
— —[Ao(2)/3V3][ ey, Tiey,] —[Ao(2)/3V6][ e eyy—i2+/2€,,]
[Ao(2)/9y2][3e,,~ €] ~[Ao(2)/3][e, Hiey,]
—(2/13)Ay(2)e(2) 0
Ds= 0 —(213Ay(2)e(2)|" (A15)
[
In Egs.(A13) and (Al4), we have not shown for clarity defH;; — & (k) 8;1=0. (A19)

the z dependence of the strain tenga;(z)] and its trace

e(2) =ex(2) +e,,(2) +e,/2). _ _ 5 _
The wave function of electrons in both the conduction andn the expansion ofyy (r) in Eq. (A16), uj(r) for ]

valence bands of the QW’s can be expanded by eight Block=12, . . . ,8 areselected as
functions u,?(r) with n=1,2,...,8 corresponding to the
eight different bands, i} -
|S>X1
L s 1S)x
i, (N=—=eX"11> FlY (2)ul[r—e(z)-r], (A16) !
I p J n _ . . .
N — (B (1X)+i[Y)) x, +1(V2I3)Z)x,
whereS is the cross-section area of the QW ds the three- °(r) (i/\/E)(|x>+ i) x;
dimensional position vectorr; and k; are the two- u-(r)= IV —ilY
dimensional position and wave vectors within the QW plane, . ( \/_—)(| ) |. DX,
and the envelope functior’FJ”kH(z) in Eq. (A16) for j (iINB)(IX)—=i[Y)) x; +i(N2/3)|Z)x,
=1,2, ..., 8satisfies the Schringer equation —(IN3)(X) =i YY) x;+ (i143)|Z)x,
8 L —GIBY(X)+ilY)x = (i1V3)[Z)x;

2 [Hin=Ex(k)) ]} (2)=0, (A17) (A20)
which is subject to the normalization condition for any inte-where|S) is theJ=0 orbital function andX), |Y), and|Z)
gerj, are the threel=1 orbital functions withm;=0,=1 in the

s angular-momentum representatifhm;). The spinors for
o . S
2 dz|F?k"(z)|2= 1 (A18) electrons with up and down spins in E@20) are
n=1 o0
Thejth energy level of electrons witi; (r) in the QW's is 0 1
) [ xX1=., xi=| Al (A21)
determined from 1 0
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