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A theory of far-infrared~FIR! magneto-optical intrabands→p6 transitions of direct and indirect
excitons in semiconductor coupled double quantum wells has been developed. The case of
symmetric strained InxGa12xAs/GaAs quantum wells with nondegenerate valence band in the
regime of both narrow and wide barriers has been analyzed. The energies and dipole
matrix elements of transitions between the grounds and excitedp6 states in a quantizing
magnetic fieldB.2 T and electric fieldE perpendicular to the quantum well plane have been
studied. The regimes of direct~in a weak electric field! and indirect~in a strong electric
field! transitions, and the transition between the direct and indirect regimes, have been investigated.
© 1998 American Institute of Physics.@S1063-7761~98!02304-X#
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1. INTRODUCTION

Two-dimensional~2D! spatially separated electron–ho
(e–h) systems in a strong magnetic field have been stud
theoretically for a number of years.1 Depending on the sepa
rationd betweene- andh-layers and the population numbe
of excitons at the lowest Landau level,nX52p l B

2nX ~where
nX is the exciton density andl B5(\c/eB)1/2!, such systems
demonstrate an abundance of possible low-tempera
phases. In particular, at smalld Bose–Einstein condensatio
of magnetoexcitons in the state with momentumK50 is
possible~see also Ref. 2, where exact many-body results
the limit d50 were obtained!.

In order to check theoretical predictions, real quasi-tw
dimensional systems with sufficiently long exciton lifetim
are necessary. Recently experimenters’ attention has
focused on systems of this kind.3–7 Some evidence in favo
of condensation of indirect excitons in a strong magne
field was provided by interband magneto-optical spectr
copy ~with a temporal and spatial resolution! of type II
GaAs/AlAs quantum wells.3 In addition, anomalies were de
tected in low-temperature transport properties of exciton
a magnetic field.8 Other semiconductor structures that ha
been intensely studied in recent times are InGaAs/GaAs4 and
GaAs/GaAlAs5 coupled double quantum wells~DQW!.
When an electric fieldE is applied normally to the quantum
well plane, the exciton ground state is modified~direct-to-
indirect crossover!. In a strong electric fieldE the ground
state is an indirect exciton~Fig. 1!, whose radiative lifetime
is considerably longer. This makes it possible to investig
many-body effects in neutrale–h systems in a strong mag
netic fieldB at low exciton temperatures.

Identification of many-body effects in optical spectra d
mands detailed knowledge of optical properties of excito
in DQW in a strong magnetic field. The theory of magne
optical transitions of excitons in InGaAs/GaAs DQW in
low-density regime was presented in our previo
publication9 and is in good agreement with experimen
7901063-7761/98/86(4)/8/$15.00
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data.4 The intraband FIR magnetospectroscopy proved to
an efficient tool in studies of the ground and excited state
excitons in bulk indirect semiconductors~see Ref. 10 and
references therein!. Experimental results concerning quas
two-dimensional excitons obtained by this technique be
to emerge relatively recently. FIR magnetospectroscopy
used6 in measurements ofe–h interaction as a function o
the population number in type II InAs/AlGaSb quantu
wells. Evidence in favor of the existence of a stable exci
state in a strong magnetic field~in the presence of excess fre
electrons! was obtained.7 FIR spectra of type II GaAs/AlAs
quantum wells in a strong magnetic field were also measu
in the regime of low exciton density.11 Another highly sen-
sitive technique, namely the optically detected cyclotr
resonance, was used in studies of direct excitons in G
quantum wells.12–15

No detailed theoretical study of intraband magne
optical properties of quasi-two-dimensional excitons h
been published as yet. On the contrary, one can even fin
the literature erroneous claims16 about the energy ofs→p
intraexciton transitions as a function of the magnetic field~a
drop in the transition energy withB), which contradict ex-
perimental data.15 Previously we analyzed changes in th
1s→np6 transitions in DQW due to the magnetic field
the regime of a wide barrier between wells atE50.17

This paper reports on a theoretical investigation of
energies and dipole matrix elements of FIR transitions
symmetric InGaAs/GaAs DQW as functions of the barr
width in a strong magnetic fieldB510 T ~Sec. 3.1!, changes
in the transitions caused by an applied electric fieldE in a
fixed magnetic field~Sec. 3.2!, and changes in these param
eters with a magnetic field under strong and intermed
electric fieldsE ~Sec. 2.1!. Sections 2.1–2.3 describe th
calculation techniques, and Sec. 2.4 gives a qualitative
scription of magnetoexciton spectra in DQW. Some resu
of this work were briefly reported in our previou
publications.17,18
© 1998 American Institute of Physics
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FIG. 1. a! Direct D and indirect I excitons in
DQW. Splittings between symmetric and antisym
metric states of electrons and holes,De and Dh ,
are shown. b! Excitons in DQW in an electric
field
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2. THEORETICAL MODEL

2.1. System Hamiltonian

Consider a heavy-hole exciton in a symmetric strain
Inx1

Ga12x1
As/GaAs/Inx2

Ga12x2
As DQW with x15x250.2,

well widths L15L2, and barrier widthLb ~Fig. 1!. Light
holes, whose branch is separated from that of heavy hole
several tens of meV, can be neglected.19 The exciton Hamil-
tonian in DQW in perpendicular electricE¢ 5(0,0,E) and
magneticB5(0, 0,B) fields can be expressed as

H5Hez1Hhz1H2D1Ueh[H01Ueh , ~1!

where the Hamiltonian components

Hez52
\2

2me

]2

]ze
2

1Ve~ze!1eEze , ~2!

Hhz52
\2

2mhz

]2

]zh
2

1Vh~zh!2eEzh ~3!

describe the motion of free electrons and holes along
z-axis. The well depths for electrons and holes are assu
to be Vei50.8DEg(xi) and Vhi50.2DEg(xi), where
DEg(xi)5Eg(0)2Eg(xi) is the band-gap offset,Eg(x)
51.51921.47x10.375x2 eV is the gap width in
InxGa12xAs, and the effective masses areme50.067 and
mh50.35.9,19 The exciton energy is measured with respec
Eg(0).

The solutions of the one-dimensional Schro¨dinger equa-
tions

Hezz i~ze!5Ei
~e!z i~ze!, Hhzj j~zh!5Ej

~h!j j~zh!, ~4!

corresponding to the lowest discrete levels are calculated
merically. In order to avoid difficulties with the continuum i
an electric fieldEÞ0, boundary conditions corresponding
infinite energy barriers at sufficient distances~200–500 Å!
from the DQW are invoked. WhenE50 and the DQW is
symmetric ~i.e., the two wells are identical atx15x2 and
L15L2), the subscriptsi , j 5s, a correspond to the sym
metric ground state (s) and antisymmetric first excited sta
(a) of electrons and holes, respectively:

zs~a!~ze!56zs~a!~2ze!, js~a!~zh!56js~a!~2zh!.
~5!
d
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The splittings between symmetric and antisymmetric sta
De5Ea

(e)2Es
(e) andDh5Ea

(h)2Es
(h) , are determined by pen

etration of the wave functions under the barrier~see Sec.
3.1!.

The HamiltonianH2D of relative motion of a noninter-
acting electron–hole pair with magnetic momentum of t
center of massK in a perpendicular magnetic fieldB has the
form20,21

H2D52
\2

2m
“r

21
1

2
\~vch2vce! l̂ z1

e2B2

8mc2
r2

1
e

Mc
B•~r3K !1

K2

2M
, ~6!

where r5re2rh is the relative separation,m215me
21

1mhi
21 is the reduced mass,vce(h)5eB/me(hi)c is the elec-

tron ~hole! cyclotron frequency, andl̂ z52 i (r3¹r)z is the
z-projection of the orbital angular momentum of relative m
tion. In this formula we have taken advantage of the ex
tence of an exact integral of the motion, namely the magn
center-of-mass momentum,20 whose operator is

K̂52 i\¹R2
e

c
A~r!,

whereR5(mere1mhirh)/M is the center-of-mass location
and M5me1mhi . The vector potential is expressed in th
symmetric gaugeA5 1

2B3r, andr5(r,z). Note that in Eqs.
~2!, ~3!, and ~6!, an isotropic electron spectrum is assume
while the masses of holes moving in the quantum well pla
and in the perpendicular direction are different,mhiÞnhz

~see Appendix to Ref. 9, where the nonparabolicity ofmhi is
discussed!. In what follows, we will neglect the difference
between effective masses in the InGaAs wells and GaAs
riers. The energy of the Coulomb interaction between el
trons and holes can be written in the form

Ueh5Ueh~ ure2rhu!52
e2

eure2rhu
, ~7!

wheree512.5. In a InGaAs/GaAs DQW, the effect of ele
trostatic image forces is very weak, owing to the small d
ference between the dielectric constants of GaAs (e512.5)
and In0.2Ga0.8As (e513),9 so this effect is neglected.
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2.2. Wave functions of magnetoexcitons with K 50

In order to calculate the eigenfunctions of Hamiltoni
~1!, we diagonalize the termUeh of electron–hole interaction
in the basis of the wave functions of noninteracting electro
hole pairs in a DQW in a magneticB and electricE fields.
The wave function of an exciton with center-of-mass m
mentumK50 ~see Sec. 2.3! can be expressed in the form o
the expansion9

CK50,l z
~re ,rh!5expS i @r3R#z

2l B
2 D F l z

~r,ze ,zh!, ~8!

F l z
~r,ze ,zh!5 (

i , j 51,2
(

n2m5 l z
Ai jnmz i~ze!j j~zh!fnm~r!,

~9!

wherel B5(\c/eB)1/2, z i(ze) andj j (zh) are the electron and
hole wave functions determined by Eq.~4!, fnm(r)
5(a†)n(b†)mu00&/An!m! are the factored wave functions i
a magnetic fieldB,22,23andr5re2rh . For magnetoexcitons
the quantum numbersn and m label the Landau levels o
electrons and holes, respectively, and the angular momen
projection l z5n2m. Note that the wave functionsfnm(r)
of thee–h-pairs correspond to bound states in a fieldB ~the
characteristic length scalênmur2unm&52(n1m11)l B

2).
Therefore Eq.~9! can be considered an expansion in excit
wave functions. Note also that Eq.~9! takes into accoun
mixing of different subbandsi and j , which is important for
accuracy of calculations~compare to the discussion in Re
24!.

The energy eigenvaluesE and eigenfunctions of Hamil
tonian ~1! for a magnetoexciton with angular momentu
projection l z5n2m are calculated by numerically solvin
the secular equation

DetS FEi
~e!1Ej

~h!1\vceS n1
1

2D1\vchS m1
1

2D2EG
3d i i 8d j j 8dnn8dmm81Ui jnm

i 8 j 8n8m8D50, ~10!

where the matrix elements of thee–h interaction have the
form

Ui jnm
i 8 j 8n8m85^ i 8 j 8n8m8uUehu i jnm&5dn82m8,n2m

3E d2q

~2p!2S 2
2pe2

«q DFi j
i 8 j 8~q!D nm

n8m8~q!, ~11!

dn82m8,n2mD nm
n8m8~q!5S min~n,n8!!

max~n,n8!!

min~m,m8!!

max~m,m8!!
D 1/2

3S q2l B
2

2 D un2n8u

Lmin~n,n8!

un2n8u S q2l B
2

2 D
3Lmin~m,m8!

um2m8u S q2l B
2

2 D expS 2
q2l B

2

2 D ,

~12!

whereLn
m are the generalized Laguerre polynomials and
–

-

m

Fi j
i 8 j 8~q!5E

2`

`

dzeE
2`

`

dzhexp~2quze2zhu!

3z i~ze!z i 8~ze!j j~zh!j j 8~zh! ~13!

are the form factors related to the wave functions of o
dimensional motion. The integrals in Eq.~13! and then in Eq.
~11! are calculated numerically; the calculation is based
an expansion that includes the two lowest electron and h
levels (i and j ), at least ten Landau levels atB512 T, and
up to 36 Landau levels atB52 T. An approximate technique
of taking into account the nonparabolicity of heavy holes
described in Appendix to Ref. 9.

2.3. Interaction between excitons and FIR radiation

In the Faraday geometry~the wave vector of light is
aligned with the magnetic fieldB), the Hamiltonian describ-
ing light absorption due to interaction between the excito
and FIR electric field with amplitudeF 0 and frequencyv
has the form

dV̂65
eF 0

v S pe
6

me
2

ph
6

mhi
Dexp~2 ivt !. ~14!

Here the plus and minus signs denote left-handed~right-
handed! circular polarization s6; pa

65pax6 ipay (a
5e,h), and

pe52 i\¹e1
e

c
Ae , ph52 i\¹h2

e

c
Ah

are the kinematic momentum operators. One can show t

@dV̂6,K̂ #50 . ~15!

This means that the magnetic momentum does not cha
during an FIR transition. All populated exciton states co
tribute to intraband FIR transitions, including those with
nite K . This is the difference between intraband and int
band transitions, since in the latter only excitons w
K50 are optically active. In this paper we consider only F
transitions of excitons with center-of-mass momentu
K50, which can be characterized by a constant angular
mentum projectionl z ~see Eq.~6!!. Therefore, the selection
rules for excitons withK50 in a magnetic fieldB have the
usual form

^CK50,l
z8

8 udV̂6uCK50,l z
&;d l

z8 ,l z61 . ~16!

Effects related to FIR absorption by two-dimensional ma
netoexcitons withKÞ0 were discussed in Ref. 18b. By u
ing expansion~9! and the formula

dV̂15
iA2e\F 0

v l B
S a†

me
2

b

mhi
De2 ivt, ~17!

wherea† (b†) is the ladder operator corresponding to ele
tron ~hole! Landau levels~see Eq.~9!!, we can express the
matrix elements of intraband transitions betweens and ~for
example! p1 exciton states by the formula

u f u2;u^CK50,p1udV̂1uCK50,s&u2
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;U (
i j 51,2

(
n

An11Ai jn 11 n* S Ai jnn

me
2

Ai jn 11 n11

mhi
D U2

l B
22 .

~18!

For symmetric DQW~subscriptsi , j 5s,a), FIR transitions
in the Faraday geometry are allowed only between exc
states with the same spatial parityi ^ j under inversion (ze

→2ze , zh→2zh): S→S andA→A ~see also Sec. 2.4.1!.

2.4. Magnetoexcitons in DQW: qualitative description

2.4.1. Classification of states.The DQW have four exci-
ton terms~instead of one in an isolated quantum well wh
the lowest size-quantized level is taken into account!.4,9,24,25

The classification of the states depends on theR, which is the
ratio between one-particle symmetric–antisymmetrice–h
splitting De , Dh and the difference between the binding e
ergies of direct (D) and indirect (I ) excitons: dEID5ED

2EI , R5max(De ,Dh)/dEDI .
When R!1, the wide-barrier regime of DQW is rea

ized, and the exciton states in DQW are predominantly eit
direct or indirect.1! In addition, there is splitting due to tun
neling through the barrier: for example, in symmetric DQ
at E50 each direct and indirect state is split into states sy
metric (S) and antisymmetric (A) under inversion (ze→
2ze , zh→2zh). In the case of a wide barrier, th
symmetric–antisymmetric splitting is governed by tw
particle e–h tunneling through the barrier,DX.DeDh /
dEDI .9 The splittingDX is suppressed by a rise in exciton
effects (;dEDI

21); in particular, it decreases with increasin
magnetic fieldB. In the wide-barrier regime, we will labe
exciton states by quantum numbers of the high magn
field limit (Dnm , I nm) by indicating the numbers ofe andh
Landau levels that are dominant in expansion~9!, and by the
spatial character of the states. When necessary, we will i
cate the state inversion symmetry (S or A) at E50, and
under strongE the lower (Dnm

2 andI nm
2 ) and upper (Dnm

1 and
I nm

1 ) branches of the exciton spectrum~one example is
shown in Fig. 2!.

For a sufficiently thin barrier, the opposite limit is en
countered,De ,Dh@dEDI andR@1. In this regime, excitons
cannot be classified as direct or indirect, since these st
are mixed. Many of the characteristic features of the narro
barrier regime can be understood in the one-particle appr
mation, neglecting excitonic effects.26,27 Exciton states in
symmetric DQW atE50 can be classified asi j nm , where
i , j 5s, a, in accordance with the quantum numbers of el
tron and hole wave functionsz ij jfnm, which dominate ex-
pansion~9!. The statesssnm andaanm (sanm andasnm) cor-
respond to exciton states that are spatially symmetricS
~antisymmetricA).

2.4.2. FIR transitions.In a strong magnetic field, the
exciton 1s states are formed predominantly by the wa
function f00 of the loweste andh Landau levels. Owing to
the Coulombe–h interaction, there is a small admixture o
states fnn of higher Landau levels proportional t
; l B /aBe(h)!1, whereaBe(h)5e\2/me(h)e

2. Similarly, the
2p1(2p2) exciton states are formed predominantly by t
wave function f10(f01) with a small admixture of
n

-

er

-

ic

i-

tes
-
i-

-

fn11n(fn n11) states. Therefore the 1s→2p1 (1s→2p2)
excition transition can be considered an electron~hole! cy-
clotron resonance,f00→f10 (f00→f01), which is modified
by excitonic effects. The evolution of the energy and mat
elements of transitions from the symmetric 1s ground states
or D00S to variousp6 states in a magnetic fieldB at E50 in
In0.2Ga0.8As/GaAs DQW were discussed in a previo
publication.17 For example, the strongest 1s→p1 transitions
are D00S→D10S and D00S→I 10S, i.e., the transition to the
first electron Landau level. The transition energy is high
than the free-electron cyclotron energy, since the originals
state is more tightly bound than the final 2p6 state. In DQW,
the dipole matrix elementu f 2u of the D00S→D10S transition
only increases withB. An explanation of such behavior wa
given in Ref. 17.

3. NUMERICAL CALCULATIONS AND DISCUSSION

In this part of the paper, we discuss results for symm
ric In0.2Ga0.8As/GaAs DQW withL15L2560 Å. Section 3.1
is dedicated to the dependence of energies and oscil
strengths of intraexciton FIR transitions on the barrier thic
nessLb in a magnetic fieldB510 T atE50, and Secs. 3.2
and 3.3 to their dependence on the magnetic and ele
fields at fixedLb560 Å.

3.1. Dependence on the barrier thickness

An important parameter that determines many of the f
tures of excitons in DQW~in particular, the character of a
crossover from the direct to indirect regime in an appli
electric field E) is the tunnel barrier thicknessLb , which

FIG. 2. Energies of 1s and 2p1 exciton states in DQW in the wide-barrie
regime as functions of the electric fieldE . Vertical arrows show the four
lowest transitions from the 1s ground state to 2p1 excited states, depicted
in detail in Fig. 4a.
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determines the coupling between the quantum wells. E
gies and matrix elements of transitions from the symme
1s ground state top1 states are plotted versusLb in Fig. 3.
In the narrow-barrier regime, the initial state is form
mostly of thezsjsf00 wave function denoted byss00 ~see
Sec. 2.4.1!, and two possible symmetric 2p1 final states are
ss10 andaa10 with the wave functionzsjsf10 andzajaf10,
respectively. The energies of these two transitions are\vce

1dE1 and\vce1De1Dh1dE2, respectively. HeredEi are
the energy corrections due to the differences in the Coulo
binding energies of the 1s and 2p1 states, anddE2!De

1Dh for small Lb . The matrix element of thess00→ss10

transition is large, and that of thess00→aa10 transition is
very small~and is due to the admixture of theaa00 state to
ss00 and ss10 to aa10). As De1Dh.\vce in the narrow-
barrier regime, an anticrossing between the 3p1 and ss21

states takes place atLb.25 Å, which leads to a redistribu
tion of oscillator strengths between the transitions.

After the crossover to the wide-barrier regime, excito
become predominantly either direct (D) or indirect (I ). For
example, the ground 1s state is theD00S exciton with the
wave function (zsjs1zaja)f00/A2, and the two 2p1 final
states are the directD10S and indirectI 10S excitons with the
wave functions (zsjs6zajs)f10/A2. Figure 3 shows that the
energy of the transition to the first 2p1 excited state in-
creases very slowly withLb because the changes in the bin
ing energies of the initial and final states cancel each ot
The transition energy to the next 2p1 state~with the wave
function zajaf10 at small Lb and (zsjs2zaja)f10/A2 at
large Lb! rapidly drops with Lb, since the symmetric–

FIG. 3. Energies and dipole matrix elements of exciton transitions from
symmetric 1s ground state top2 excited states as functions of the barri
width Lb in an InGaAs/GaAs DQW withL15L2560 Å andx50.2 at E

50. The areas of open circles are proportional tou f 2u in Eq. ~18!. Dashed
lines correspond to forbidden (S→A) transitions to antisymmetric fina
states. Characteristics of final states are labeled in the graph.
r-
c

b

s

r.

antisymmetric splittingDa exponentially drops with the bar
rier width Lb . In the wide-barrier regime the parameterDa is
determined by one-particle tunneling across the barrier:Da

.uEauexp(2S a)/p, whereS a5A2mazuEauLb /\ andEa is
the energy of the level in a single quantum well.28

In the considered case of In0.2Ga0.8As/GaAs DQW with
L15L2560 Å and, for example,Lb.60 Å, the numerical
calculation yields9 De.4.9 meV andDh.0.6 meV. For
largeLb the two lowest transitions to the 2p1 states are the
transitions to the direct (D00S→D10S) and indirect (D00S
→I 10S) excitons with the energy difference between the
.dEDI5ED2EI . The separation from the optically forbid
den transitions toA-states'DX.DeDh /deDI . The transi-
tions to the next Landau levels,D00S→D21S and D00S
→I 21S, correspond to the final 3p1 states, and their oscilla
tor strengths are considerably smaller.

3.2. Evolution of FIR transitions in an electric field at BÞ0

A perpendicular electric fieldE breaks the symmetry
under inversionz→2z and allows alls→p6 transitions in
DQW. Exciton 1s and 2p6 levels in an electric fieldE in the
wide-barrier regime are shown in Fig. 2. In a weak elect
field, all levels shift quadratically due to the Stark effect.
intermediate fields, depending on Landau level numbersnm,
the crossover between direct and indirect exciton states
curs. Owing to the lower Coulomb energy, this crosso
happens in weaker electric fields for the 2p1 state than for
the 1s state. This effect can be seen in the FIR absorpt
spectra.

Let us consider evolution of transitions from the grou
1s state to the excitedp6 states in the electric fieldE and
fixed magnetic field~Fig. 4!. The transition to the first ex-
cited 2p1 state experiences a red shift, which saturates
strong electric fieldsE . This shift is also a function ofB: the
higher the magnetic field, the larger the red shift. This shif
controlled by excitonic effects. Indeed, in a weak fieldE

both the initialD00 and finalD10 states are direct excitons. I
a strong electric field, they become the indirect magneto
citons I 00

2 and I 10
2 with lower binding energies. As a resul

the exciton transition energy drops and approaches tha
the cyclotron resonance of free carriers~these energies ar
marked by arrows in Fig. 4!.

Note also the nonmonotonic dependence of the energ
transition to the third 2p1 excited state~at E50 this is the
D00S→I 10A transition, which is strictly forbidden by sym
metry selection rules!. This nonmonotonic behavior is due t
successive crossovers from the direct state to the indi
state, first for the initial state and then for the final state
the FIR transition. The first crossover~when the third excited
2p1 state transforms from the indirectI 10A to direct D10

1

magnetoexciton! occurs in a lower fieldE , when the initial
state is predominantly a spatially direct excitonD00. This
explains both the growth in the oscillator strength and
shift due to the larger Stark effect for the 2p1 state. Then the
initial 1s state undergoes a crossover fromD00S to I 00

2 . As a
result, we have theI 00

2→D10
1 transition, which has an oscil

lator strength decreasing with the field strength and a s

e



e

g
c

tio
1

i-

r

the
le.
-

us

f
ar
s. 4

r in

r,
s.

the

i-

-

to

ris

-

-
ional

795JETP 86 (4), April 1998 A. B. Dzyubenko
almost linear inE due to the Stark effect in the initial stat
I 00

2 of the indirect exciton.

3.3. Evolution of FIR transitions in a magnetic field at fixed
EÞ0

The binding energy of indirect excitons increases withB
more slowly than that of direct excitons. Therefore a ma
netic field B induces a crossover from an indirect to dire
state in a strong fixed electric fieldE , which depends on the
Landau level numbers of the exciton states.4,9,25 This effect
can be seen in exciton FIR absorption spectra. The evolu
of both the energies and dipole matrix elements of thes
→p1 transition with the magnetic fieldB in the electric field
E57 kV/cm is illustrated by Fig. 5a, and in the fieldE
517.2 kV/cm by Fig. 5b.

In the stronger electric fieldE ~Fig. 5a!, the initial 1s
state is the indirect excitonI 00

2 . In the magnetic field range
under consideration,B,16 T, no crossover between the d
rect and indirect states occurs, so only theI 00

2→I 10
2 transition

has a large matrix element, which rapidly~essentially lin-
early! increases withB. Transitions to all remaining highe
levels have much lower intensities.

FIG. 4. Evolution in an electric fieldE of energies and dipole matrix ele
ments of transitions from the 1s ground state to~a! excitedp1 states and~b!
p2 states in a magnetic fieldB510 T for symmetric InGaAs/GaAs DQW
with L15L2560 Å andx50.2. The areas of open circles are proportional
the transition matrix element squared,u f 2u. The horizontal arrows indicate
energies of cyclotron resonances for free electrons and holes. Characte
of final states in the transitions are labeled in the graph.
-
t

n

In the weaker electric field~Fig. 5b!, the gap between the
I 10

2 andD10
6 states is considerably smaller. Furthermore,

mixing between direct and indirect exciton states is notab9

Therefore theI 00
2→D10

1 transition has a notable matrix ele
ment even at intermediate magnetic fieldsB. At B,4 T, the
behavior of spectral lines is complicated owing to numero
anticrossings between levels of directnp1 and indirectn8p1

excitons, wheren8.n. This results in small splittings o
lines and redistribution of their intensities, which is simil
to the behavior of interband transitions discussed in Ref
and 9. At B.10 T, the I 00

2→D10
1 transition amplitude in-

creases rapidly because of the indirect-to-direct crossove
the initial state: the ground state gradually evolves4,9 and
transforms from the indirectI 00

2 to directD00
2 exciton. Since

the excitonic effects in 2p6 states are considerably weake
such a crossover occurs in much stronger magnetic field

Note that the transition to the finalD10
2 state remains

very weak because of the large difference between
shapes of wave functions of~almost degenerate! D10

2 andD10
1

direct excitons. Indeed, it follows from the probability distr
bution for the excitons~Fig. 6!, i.e.,

PK50,l z
~ze ,zh!5E d2ruCK50,l z

~re ,rh!u2, ~19!

tics

FIG. 5. Evolution in a magnetic fieldB of energies and dipole matrix ele
ments of 1s→p1 transitions as functions of the magnetic fieldB in electric
fields ~a! E57 kV/cm and~b! E517.2 kV/cm. The dotted lines show po
sitions of several weak transitions. The areas of open circles are proport
to dipole matrix elements squared,u f u2 @Eq. 18!#.
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FIG. 6. Probability distributionsP(ze, zh) ~Eq.
~19!! for exciton states involved in transition
shown in Fig. 5a (B510 T!: a! initial 1s state
D00

2 ; three of the various low-lying 2p1 final
states: b! I 10

2 , c! D10
2 , and d! D10
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that in fieldsE57 kV/cm andB510 T, the ground state a
the lowest Landau levels~i.e., the initial state in the transi
tions in question! is predominantly direct~we denote it by
D00

2 ). This state is predominantly a direct exciton in the l
quantum well (ze, zh,0) with a large admixture of an indi
rect component (ze,0, zh.0) and an extremely small com
ponent corresponding to a direct exciton in the right quant
well (ze, zh.0). In the same fields, the 2p1 ground state is
polarized because the Coulomb excitonic effects are no
strong, i.e., this is predominantly an indirect excitonI 10

2 (ze

.0, zh,0) with a small admixture of the direct excito
(ze, zh,0). The dipole matrix element of theD00

2→I 10
2 tran-

sition is large due to the large spatial overlap between
wave functions of these states. The next two excited 2p6

states (D10
2 andD10

1 ) are predominantly direct excitons in th
right and left quantum wells, respectively. As a result, on
the D00

2→D10
1 transition is strong, whereas theD00

2→D10
2

transition is very weak because of the small spatial ove
between the wave functions of these two states.

4. CONCLUSIONS

We have analyzed theoretically intraband magne
optical transitions of direct and indirect excitons in InGaA
GaAs coupled double quantum wells. Features in the beh
ior of transition energies and matrix elements due to
crossover from the narrow-barrier regime to the wide-bar
regime in an electric fieldE and magnetic fieldB have been
described. In particular, a red shift of the transition from t
1s ground state to the first 2p6 excited state in DQW due to
the direct–indirect crossover in an electric fieldE has been
predicted. This effect is due to Coulomb excitonic effe
t

m

as

e

p

-
/
v-
e
r

s

and increases withB. These theoretical results may be use
in planning experiments and interpreting their results.
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