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Quantum interference and nonlinear optical processes in the conduction bands
of infrared-coupled quantum wells
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We study quantum interference and nonlinear optical processes in the conduction bana-dbped
guantum well driven by one or two infrared fields. The fields couple a broad upper subband to a lower energy
subband and the ground subband, forming\ aonfiguration. We show, including the effect of electron-
electron scattering and dynamic screening, that this configuration can lead to coherent control of the intersub-
band transitions, such as coherent population trapping. We also study quantum interference processes, such as
laser-induced transparency and dark-line effects in the linear absorption and gain spectra of the system. The
effects on these processes of differing field intensities and of electron-electron scattering are also discussed.
[S0163-18299)04823-1

I. INTRODUCTION that the lower laser level is a coupled state. This leads to a
dark line or band in the gain spectrum due to quantum inter-
Quantum interferences in the optical interband and interference. We discuss how the latter effect and LIT are gov-
subband transitions in quantum well®W'’s) can produce €erned by electron-electron scattering in the system. The re-
exotic effects not otherwise seen in semiconductor physicsults obtained in this paper can be applied to coherent control
and can lead to useful applications. For example, these inteff intersubband transitions into the continuum of a QW, ef-
ferences have previously been shown to allow coherent corficient achievement of inversion and nonlinear gain in QW
trol of electron transitions, producing photocurrents with pre[nfrared and far-infrared lasers, and the development of IR
ferred directions in bulk and QW semiconductbré,and ~ detectors and other optical devices. . ,
intersubband gain via multiphoton proces$@ey can also In S_ec. Il, we briefly summarize a modified version of the
be used to manipulate the excitonic emission and absorptiofr?rmallsm we developed recentlyo model strong infrared

spectra of QW'$. In the latter study, the authors considered coupling of QW's. Se9t|on lll contains the_results for CPT in
the interaction between an undoped QW and infraied ann-doped QW: Thg linear response of this system to a weak
tunable probe field is presented in Sec. IV. The dependence

th th m ducti bband - of this response on the relative intensities of the IR fields is
with the well's conduction-subband transitions. discussed in Sec. V. A discussion of the system’s quantum

In this paper, we explore quantum interference effects anghieferences and concluding remarks are presented in Secs.
nonlinear optical processes in the intersubband transitions gf| g3ng v respectively.

a QW driven by two IR fields in a\ configuration(Fig. 1).

We show that in such a system a large portion of the
conduction-band population can be coherently trapped in the
lower two subbands. This effect, which is known in atomic We consider the conduction band of an asymmetric
physics as coherent population trappit@PT),° is investi- n-doped QW. As shown in Fig. 1, two laser fields with fre-
gated here by studying the electron distributions in thequenciesw; andw, couple, respectively, the first k), and
coupled conduction subbands. This differs from the atomigecond,|2k), subbands of this system with the third sub-
case in that in QW's the electron-electron scattering proband,|3k). In the rotating wave and dipole approximations
cesses significantly affect the intersubband transitions bjhe interaction term of the Hamiltonian for this system is
making their associated dephasing rates dependent on the
field intensities and frequenci@sThis in turn alters the in-
teraction of the fields with the QW.

Il. REVIEW OF THEORY

Hy= ﬁ; {MIBEl(t)CI,kC&k—}_ Mstz(t)C;,kcs,k +H.c}

This paper also includes an investigation of the effect of D
varying coupling field intensity on the linear absorption of a
probe field that is tunable between the three transitions of the 13,k)
A system. The absorption spectra show the effects of one- 12,k) I“’2
and two-photon or Raman coupling in the system, and some W,
distinctive quantum interference features such as laser- 1K

induced transparencyLIT). In the case where only the
ground and third subbands are coupled, the system has an
optically pumped three-level laser configuration. This differs G, 1. Jilustration of theA coupling configuration in an asym-
from the configurations considered previouSlyowever, in  metric quantum well, with infrared-field frequencies and ..
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Here, the first term is the interaction term of the first field, o At . - )
with amplitudeE;, and the second term is that of the second ~ I'1(K,p10)= 72 P11 (1—ph HIV(9,0")]
field, with amplitudeE,. The u;;’s are electric dipole mo- P4

ments between the corresponding conduction subbands along X S[ES(1k)+ES(1p—q)
the growth direction of the QW. These are assumed t& be . .
independent. ¢, andc; , are creation and annihilation op- —E*(1k—q)—E*(1p)], 4

erators, respectively, for an electron in ftie subband with  gn(
wave vectork.
The equation of motion for the density matgX is 4 B B ,
Pkpa) = 5 2 (1= pR0eh (L-pir V(a2

(?pk k| incoh ﬁpk incoh

o

dp

i @ X S[ES(1K)+E(1p—q)

e—p —E%(1k—q)—ES(1p)]. ®)

|
~ g [HotHA P T+

at

Here,H, is the Hamiltonian of the QW in the absence of any Here,ES(1Kk) is the energy of an electron in the ground
IR fields. The second and third terms are the incoherent corsubband with wave vectde andV(q,Aw') is the screened
tributions of the electron-electron and electron-phonon scatelectron-electron interaction given by

tering processes to the system’s dynamics. These terms are

responsible for damping of the system. The electron density " vqF(a)

; , : : V(gfio')=———~ (6)

is assumed to be high here, therefore, the dynamic screening

Ce(qho’)”
will be strong. As a result, we only consider the dephasinq_|ere vq=27762/(8q6b) e is the electronic charges the

terms caused by these processes, which are diagoriel "MNarea of the qguantum well, ang, is the bulk dielectric con-

D o a9 PCsfan, which is assumed (o be the same in the quantum wel
: d in the barrier. Alsé o’ =E°(1k—q) —E®(1Kk),F(q) is

the energy spacings between the subbands are considered iy o R i
be large’ Also the damping rates caused by the electron—;hﬁcri% rrr]n dLaectgr:[hindSégiﬁxog d;fﬂ;g;;ﬁ;iggtg'ﬁgg'c
electron scattering processes in the upper subbands are ié' q :

nored, becauséi) the upper subbands are separated from -
each other andélt)he grofl)r?d subband by energigs greater thground to upper subband transitions are strongly affected by

that of LO phonons and therefore excited electrons are a__nactron-electron scattering and by the field frequencies and

fected by the very fast electron LO-phonon scattering pro—'menS't'eS' These rates are given by

The polarization dephasing rates associated with the

cess, andii) the electron envelope functions in the upper e=e(l) = v2-8(k) = LT K) + TOU k) 1. 7
subbands are asymmetric and very much less localized in the viz (=g (=2 T+ Tk @
well than those in the ground subband. Adding the contribution of the electron-phonon scattering

Since in this paper we consider a heavily doped asymmeprocessesﬁj) to these rates gives the total dephasing rates
ric guantum well structure, the Hartree contribution domi-associated with the transitions between the ground and the
nates over the exchange-correlation téPniSee also Ref. upper subbands.

11) The transition linewidths considered here are relatively To make the system dynamics tractable and to emphasize
large and become larger as the field intensities increase, howhe effects of electron-electron scattering, we consider QW
ever. Because of this and the fact that we consider resonastructures where the energies corresponding to the 1-3 and
coupling, the Hartree potential does not have a significan-3 transitions E;3 and E,3) are integer multiples of the
effect. Depolarization can also renormalize the transition entO-phonon energy. This means that after an electron decays
ergies. This depends primarily on the electron density, howby intersubband electron LO-phonon scattering, it will un-
ever. Since this remains nearly constant through the couplindergo intrasubband scattering with LO phonons until it ends
processed? one can account for depolarization by introduc-up in a state with the same wave vector as the initial state.
ing a phenomenological shift in the transition energies. Since these intrasubband interactions are very fast we may

As shown in Ref. 6, in the high-excitation regime the impose the conditiorEip!‘i:pg'i, where p(l)'i is the Fermi
electron-electron scattering processes in the ground condudistribution. The equations of motion of the systg#g. (2)]
tion subband alter the intersubband transition rates. The irthen become linear, and have a steady-state solution of the
coherent contribution of the electron-electron scattering irform
this subband should therefore be treated using the Boltzmann

equation B
! Ph:_% (Mk)ij,}mN:(mv (8)
dpil et whereM¥ and NX are tensors containing the coefficients of

e =T7(kpi)(1-pf) —T(KpiDpT. ) the equations of motion anidj, |, andm run over all sub-
e-e band indices. This allows the steady-state electron distribu-
‘ tions and electron-electron scattering rates to be calculated
Here,I'N'(k,pk,) andI'"(k,p¥,) are the scattering in and out iteratively.
rates af1k) due to the electron-electron scattering process. To obtain the linear response of the system to a weak
They are given by probe field, we apply the quantum regression theorem. The
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contributions to the linear absorption spectrum of the system 0.35 T - .
due to the 1-2, 2—3, and 1-3 transitions are given by (a)
0.25 | .
Ardwp) = pizRe pif[Rizad?) < ~
k k k k k OT 0.15 \ T
—Ri13142) —Ri3142) 1p31t Ri3 24 2)p21 ' // e N
+RY3142)[p51— phal}, 9 0.05 o v

Ags( wp) = Mgs Re; sz{[Rgz,zz(Z’ )— Rézsiz')]l);s

0.5
K K | ok K
+R32342")p33t Raz142")p1s 0.4
K K ok K
—R32342")p2,~ R323(2" ) p2a} (10 3 0.3
and a o2
A 2 k k " k " k 0.1
Arg(wp) = uis Re; P11t[R12242") —Ri2142") 1p21 0.0 . . . .
ke '0.00 0.25 0.50 0.75 1.00
+tp11=p2R1214Z") + Ri2342") p3s k/k
t
—R'izylgz”)pés}. (17 FIG. 2. Electron distributions in a system withQ;3=0,,

=20 pst (113 MWi/cn? at frequencyw; and 14.9 MWi/crf at
w,). The solid, dashed, and dotted lines represent the populations in
the first, second, and third subbands, respecti@)yThe effect of
K -1 detuning one of the coupling fields on the Fermi-level populations
Ri im(2)= (21 =M");} I, (12) (k:kf).g(b) The compIeF’)[e Siestron distributions i tho. resonant
wkllerel is the identity tensor with the same dimensions ascoupling case.
M*.

In practice, observation of the phenomena predicted irsubbands and energy relaxation of electrons from the latter to
this paper would require the use of pulsed rather thanhe former. As a result, the electron populations reflect the
continuous-wave infrared lasers for the coupling fields. Thesubbands’ widths and energies. As,| decreases, however,
steady-state model used here is valid as long as the infrardgtle population in the third subband becomes depleted despite
pulses are much longer than the largest damping time of ththe enhancement of the 1-3 coupling strengtbtted ling.
system, i.e.7,> 1/y;,. Since 5< y;,<15 ps ! for the whole  The ground subband populatideolid line) increases, and
range of field intensities considered, subnanosecond puls&ghenA;=0 most of the electron population is divided be-

Here, z=i(wp— 01+ 0,), Z'=i(wp—w,), and 2'=i(w,
—wq). Also,

can be used without invalidating the model. tween the ground and second subbands.
To understand these results, note that the coupling mecha-
1. COHERENT POPULATION TRAPPING IN QW's nisms of aA system are in general one-photon coupling of

) , ) all three subbands and two-photon or Raman coupling of
To study CPT in QW’s, we consider a structure that conq1k) and |2k) through [3k).}* In a dressed state picture

tains a 3.8-nm GaAs layer followed by 8-nmoAlG& 75AS,  when the fields are resonant with their corresponding transi-

confined by AbsdGae:As barriers. In this structureE;s  tions, the states associated with these mechanisfhgpare
=214 andEy=73meV, both of which are nearly integer the one-photon statés,

multiples of the LO-phonon energy. We assume that this
structure isn-doped to give an electron density of 7.3 1
x 10 em ™2, and considep;,=eX 1.02, u;3=eX0.92, and |1t)=—[cosB|1nw;,n’ wy)y
o3=€X2.55nm. The damping rates (k) and |3 k) are \Z
considered to b&5=5 andI'5=30ps?, respectively. The
effective mass for each layer is obtained from*
=[0.067(1—x)+0.15]m,, wherex is the fraction of Al +sinB|3,(n—1)wq,n" wy)l, (13
present andn, is the free-electron mas8.The temperature
of the QW is considered to be 4 K. 1

Figure Za) shows the evolution 0% (i=1, 2, and 3 at |18)=—[cosB|Lnwi,n’ w,)
k=K for Q,3=0,5=20 ps? g;orresponding to IR intensi- 2
ties of 113 and 14.9 MW/cm respectively, A,=0, and ,
variousA;. Here, Q3=— u;3E;/#. is the Rabi frequency Fl2(n= Doy, (n"+Dwa)
and4; is the detuning of the coupling field with frequency +sinB]3,(n—1)wq,n" w,)], (14)
wj. For |A{|>0, the system dynamics are dominated by
one-photon transitions of electrons into the second and thirdnd the two-photon state

—12(n=1w;,(n"+1)w,)
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|1 )=[—sinB|lnw,n" wy)y
+cosB|2(n—1)wq,(n"+1)w,)]. (15

Here,

923
tang= Q_]_g , (16)

andn andn’ are the photon numbers at frequencigsand
w,, respectively.
Similarly, the dressed states associated \idtk) are

1
|21>k25[005,3|1,(n+ Dy, (n'=1)wz)x

— 2N, o) +sinB|3nwy, (N —1)wy)],

17

1
|2’S>k:E[COS,B|1:(n+1)‘”11(”, —1)wy)k

+[2,nw1,n" W) +SinB|3Nwy, (N —1)wy)l,
(18)
and
|2 =[—sinB|1(n+1)ws,(n'—1)wy),
+cosB|2nwy,n" wy)], (19
and for|3k)

1
|3’t>k:E[COSB|11(n+ l)wl!n,w2>k

—[2nw,(N"+ D) wy)+sinB|3nwy,n" wy)],
(20

1
|3’S>k:72[COSB|1,(n+1)w1,n’w2>k

+[2,nw1,(N"+ 1) wy)+SiNB|3Nwq,N Wy,
(21)
and
|31r>k:[_3inﬁ|l!(n+ 1)wl!n’w2>k

+c0sB|2,nw,(N"+1)wy)y]. (22
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FIG. 3. Linear absorption of a weak probe field in a resonantly
coupled A system. Partga), (b), and (c) show, respectively, the
contributions due to the 1-2, 1-3, and 2-3 transitions. The Rabi
frequencies corresponding to each line are solii=1 ps%;
dashedQ=5 ps%; dotted:()=10 ps*; dash-dotted(2=20 ps%;
dash-dot-dotted)=40 ps*.

in the first and second subbands are virtually equal, each
being over 40% of the total. The slight nonflatness in the
distributions is caused by tHedependent effect of electron-
electron scattering on the intersubband dephasing fagss
Fig. 4. The scattering is enhanced here since the ground
subband distribution is significantly different from the Fermi
distribution®

IV. LINEAR ABSORPTION SPECTRA
OF A QUANTUM WELL A SYSTEM

In the preceding section we studied the electron distribu-

Since for the system of Fig.(& the intermediate state tions of an IR-coupled QW system withAaconfiguration. In

|3k) is relatively broad, whenA,|>0 both forms of cou-

this section, we investigate the linear absorption spectra

pling are suppressed, and transitions between pairs of statfiSgs. (9)—(11)] of this system when);3=0,=Q. The
are dominant. Wher\; becomes close to zero, however, structure considered is the same as in the preceding section.
two-photon coupling becomes more significant and the popu- As Fig. 3a) shows, when) increases from 1 to 5 ps$

lation is transferred int¢lr), and|2,r),, i.e., CPT occurs.

the absorption due to the 1-2 transition is strongly sup-

The breadth of the intermediate state has a strong effect goressed. Fof)=20 ps! [the condition of Fig. £a)] and
the efficiency of CPT, since it causes suppression of onehigher the absorption virtually vanishes. This strong suppres-

photon coupling compared to two-photon coupling.

sion occurs because most of the electron population is

Figure 2Zb) shows the complete electron distributions in equally distributed between the first and second subbands

the three coupled conduction subbands &gr=A,=0 and
Q13=0,,=20ps L. Under these conditions the populations

due to CPT[Fig. 2(b)].
The effects of CPT are seen in other parts of the absorp-
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FIG. 4. Electron-electron scattering contribution to the polariza- 2 200
tion dephasing rate of the 1-3 transition. The curves are for the <
same conditions as those in Fig. 3. 100
tion spectrum as well. AQ =5 ps%, the contribution due to 0 -
the 1-3 transition becomes doubled, as Figp) 3hows. For ' . .
higher field intensities the two peaks become smaller and -100 50 0 _?0 100
move away from the central frequency. These changes occur 0,0, (ps™)

because when CPT_he.\pp.enS., the ground pop_ulation .de- FIG. 5. The contribution of the 1-2 transition to the linear ab-
creases from a Fermi distribution to a non-Fermi one withggniion of a weak probe field. In both parts, the solid line corre-

approximately 40% of the total populatigfig. 2b)]. This  gponds to),;5=0,5=5 ps_. In (a) the dashed line is fof);3=5
tends to suppress the 1-3 absorption, but since the third sugng ,,—20ps?, and the dotted line is fof2;5=0 and O,
band is simultaneously losing its population to the other sub=20ps . In (b) the dashed line is fof2;5=20 andQ,;=5 ps %,
bands, the absorption due to this transition remains noticeand the dotted line is fa,3= 20 ps ! andQ,5=0. The insets show
able. The doubling seen here is the result of transitionshe interfering paths that lead to LIT or dark-line generation.
between the two-photon state in the ground subbahgd)()

and the two one-photon states in the third subbad8s)X  transitions between multiphoton dressed states. As in Fig.
and [3,t)). Under resonant couplinglr), has the same 3(p), the doublet here is the result of weak detection of the
energy as the uncoupled ground subband, @), and  two one-photon states from the two-photon state in the sec-
|31), have energied Q7+ Q3; above and below that of ond subband [@r),). The small central peak in the latter
the uncoupled third subband, respectiveljhe one-photon case might be the result of electron distribution evolution and
states have less population than the two-photon state due t@nishes in the high-field limit.
the dominance of two-photon coupling.

The 2-3 transition’s contributiofiFig. 3(c)] shows fea-
tures that reflect the evolution of the 1-3 transition’s dephas- V. FIELD-INTENSITY EFFECTS
ing rate [ y$53°(k)] with varying field intensity. ForQ ON THE COHERENT PROCESSES

=1ps* (insey, the spectrum shows a well-resolved LIT  The effects studied in the previous sections were associ-
effect. As the field intensities increase the transparency holgted with equal Rabi frequencies. One feature ofAhsys-
diminishes and then is replaced by another hole with a smatem, however, is that one can vary the frequencies and inten-
peak at its center. To explain these phenomena we show ijties of the fields without violating the assumptions of the
Fig. 4 the evolution ofyi; °(k) for various field intensities. theory. This allows one to explore the rich variety of nonlin-
For Q=1ps?, yi;°is small, especially for states with  ear effects caused by quantum interference. In this section,
close tok;. The coupling between the first and third sub-we study the case wher@3# ,; but the fields remain
bands is therefore much stronger than that between the thirgesonant with the corresponding transitions. One significant
and second. As a result, when one probes the 2-3 transitioeffect of this is field-coherence destruction. As E(k3)—
one sees a LIT effect similar to those studied in atomic orn22) indicate, large or small values &1,5/(),5 cause one
QW systems®~1"In such systems a narrow or metastablestate to be decoupled from the rest of the system. The stron-
state is coupled into the upper level of a transition. When thigjer field thus destroys the coherences generated by the
transition is detected by a probe field, a transparency hole iweaker field, regardless of the absolute values of the field
generated in its absorption spectrum. We discuss this effe@ntensities.
in terms of quantum interferences in Sec. VI. The impact of field-coherence destruction on the 1-2 tran-
Figure 4 shows that whef) increasesyj;® becomes sition of the A system is shown in Fig. 5. The solid line in
larger, and therefore, the ground subband is no longer nafig. 5@ shows the linear response due to the 1-2 transition
row. The fields then tend to couple the first and second subwhen(,3=Q,;=5 ps ! (tanB=1). When(Q,; is increased
bands to the third one with comparable strengths. This estallpy four times (tarB=4), the spectrum becomes a doublet
lishes the two-photon coupling and CPT. N&d=5ps®  (dashed ling Comparing this spectrum with that fd@
the mechanism of doublet generation in the 2-3 transition=20 ps * and(,5=0 (dotted ling illustrates that increasing
spectrum[Fig. 3(c)] changes from weak detection of a (),;decreases the effect of the weaker field resonant with the
strongly driven two-subband system, as discussed above, 63 transition. This reduces the excitation of electrons out of
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2 8o | FIG. 7. The contribution of the 2-1 transition to the optical gain
2 when only the first and third subbands are coupled. The Rabi fre-
quencies corresponding to each line are sdligh="5 ps !; dashed:
40| 0,5=7 ps} dotted:Q,3=10 pst dash-dotted ;=20 ps?;
dash-dot-dottedf) ;,=40 ps *.
0=—r——— e Figure Gb) shows the evolution of the absorption due to
-100 50 O 50 100 the 1-3 transition, under the same conditions as Fi{g).5
ORRIO (ps™) While the latter shows a large amount of gain, here we only

see a doublet, which is suppressed with increasing field
trength. This suppression is caused by deposition of most of
the electrons in the second subband. The system consisting
of the two driven subbands here is similar to that discussed
in detail in Ref. 6.
the ground subband, increasing the absorption amplitude as-
sociated with the 1-2 transition. The doubling of the peak V1. QUANTUM INTERFERENCES IN A A SYSTEM
seen in Fig. Ba) indicates the start of LIT, as will be dis-
cussed in Sec. VI, below.

Figure 8b) shows the inverse case for the same transition

FIG. 6. The contribution of the 1-3 transition to the linear ab-
sorption of a weak probe field. The curves represent the same co
ditions as those in Fig. 5. The inset {a) shows the interfering
paths which lead to LIT in the spectrum shown.

Quantum interferences in the intersubband transitions are
primarily determined by the coupling mechanisms and con-
ie. 0,:=0,. Here again the solid line corresponds to f|gurat|on of the systenf The relative strengths of the cou-

i 1 . _ pling mechanisms depend on the coupled subband widths
Q15=0,=5 ps L WhenQ,; increases to 20 pg (tanB d the field f ) di . h din th
=1/4), the spectrum changes drastically, showing extensiva. t € 1Ield Trequencies an |nt'ensmes. We showed in the

ain v:/ith a dib at the line center. This s ectrum is aImos?rewous section that when one field was either weaker than
g P ' P he other or was absent altogether, quantum interferences

indistinguishable from that for the case whe@; " : :
=20ps !t and,3=0 (dotted ling. In both cases, the gain is g%ﬂﬂsf?ﬁ eéoe Iélf'fl'e;r;di nd:;]rlg rgngeg{;a cts. In this section we

due to optical pumping of the third subband by the field with The quantum interferences in Figs. 5 and 6 are mainly
frequencyw,, and the subsequent fast decay of the phOtO'determined by one-photon coupling of two conduction sub-

excited electrons into the second subband through Lobands, and the probe transitions. There are two types of in-

phon_on emiSSiO.n' Sinc8,3 is comparable t_o the widths_ Of_ terfering paths: direct ones created by the probe field, and
the first and third subbands here, the stimulated emissio direct ones generated by both the probe and coupling

transition is from the bare second subband into a dress : : ;
. . . fields. In the case of Fig.(8 the direct path is the 1-2
subband, which produces the hole in the gain spectrum. Thlt?ansition, and the indirect one is the 1-3 transition through 2

will be discussed further in the following section. [ : : . ;
X . o see Fig. %) insefl. The interference paths for the inverse
Now consider the evolution of the 1-3 transition’s SPEC-case[Fig. 5(b)] are similar in origin, but the intermediate
trum unde( the same cpndltlons as Fig. 5. As ShOYVl” N Fi9state of the indirect path is the ground subbaseke inset
6(@ [and .F'|g. )], in this case whefilys={215=5ps™ the These interferences generate fixed-frequency LIT or dark-
1-3 transition spectrum exhibits a transparency hole. Wheﬂne effects, depending on the population of the driven sub-
Q3 is increased, the absorption amplitude increases and t'}?ands. '

hole becomes deep(_ar. As was the case in Fig, $his is The dynamics of the gain in Fig(5 are made clearer by
caused by quantum interferences that occur when the COhe&)nsidering various values d®;; with Q,,=0. To allow

ences involving the ground subband are destroyed. Figur sier comparison with other systefiS,Fig. 7 shows the

5(a) and @a) thus provide complementary information about contribution of the 1-2 transition to the optical gain of a
the evolution of LIT in the two driven subbands of a single aingle quantum well

system. The LIT effect is weaker in the absorption associate

with transitions to the narrower subbaffélg. 5a)], because ne 1 Kinn
differences in the damping rates of the coupled subbands Y w)=—w E—WImj kdk
0 b Leff 0

suppressenhancgthe quantum interferences that cause LIT
when the narrowetbroadey subband is probed. The inter-

2 k _ kK
ference processes are discussed further in the following sec- X [ l_2| (:)71; P2 gl
tion. A{A 1 —i[y1 “(K) + ¥ial}

(23
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(dashed ling contains a large fraction of the total
population—more than twice that in the ground subband
(solid line).

The interferences affecting the spectra in Figa) Gare
between the direct 1-3 and indirect 1-3-2 paths, as shown in
the inset. In the case of Fig(l§, however, increasingl 3
suppresses the indirect path. Therefore, the system becomes
similar to a driven two-subband system as discussed in Ref.
0.0 6. Here, various gain and absorption transitions give rise to

0.00 0.25 0.50 0.75 1.00 spectra similar to those discussed by Mollow for atomic
Kk, systems?

The formalism used in this paper remains validBik) is
taken to be a quasibound subband or even unstructured
conduction-band continuum, allowing coherent control of the
energy spectrum of photoexcited electrons in the continuum.
This is similar to the saturated laser-induced continuum

» structure process, which has been studied in atomic
Here,ug and ey are the permeability and permittivity of free system&?!

space, respectively, andy; is the effective length over
which the interaction occurs, taken to be the width of the VIl. CONCLUSION

QW. Electron-electron scattering affects the gain through the In conclusion, we studied various quantum interference

dependence of;, on pif and 5, e_(k)- _ effects in the intersubband transitions of an IR-coupled

For small values of),3, there is a large absorption peak n.doped QW. The results showed that when two laser fields
corresponding to the 1-2 transitiofFig. 7). As Q43 in-  with similar Rabi frequencies couple three conduction sub-
creases, the peak is suppressed and eventually developsands, coherent population trapping of electrons can occur.
transparency hole. Further increase(ip; produces a single We also studied the linear responses of the system to weak
gain peak, which develops a dark line. This illustrates theprobe fields under various coupling conditions. The results
fact that quantum interferences can cause both LIT and darlshowed coherent effects such as laser induced transparency
line effects in the same system, depending on the populatiorand dark-line effects, and revealed how coherence destruc-
of the upper subbands and on the field intensities. The fretion could occur when the Rabi frequencies due to the fields
quencies of the gain maxima can be tuned by changing theecame different. The natures of these coherent effects were
intensity of the field associated witf;;. For the present discussed in terms of quantum interferences, and consider-
structure the gain mostly falls in the midinfrared. The peakation was given to the role played by the dynamic evolution
gain shown in Fig. 7 is larger than the maximum achievablf the electron damping rates.
gain for the four-level laser system of Ref. 19, with one
quantum well.

Figure 8 shows the electron distributions in the three sub- This research was supported by the Natural Sciences and
bands for the case whef®, ;=20 ps . The second subband Engineering Research Council of Canada.

FIG. 8. Electron distributions for the system of Fig. 7, with
Q,5=20 ps?! (1=113 MWwi/cn?). The solid, dashed, and dotted
lines represent the populations in the first, second, and third su
bands, respectively.
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