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We considers—p™* interexciton far-infrared(FIR) magnetooptical
transitions in coupled double quantum welBQWSs). Spatially direct
(intrawell) and indirect (interwell excitons in strained
In,Ga _,As/GaAs symmetric DQWSs with a simple valence band are
considered. The evolution of the transition energies and oscillator
strengths as functions of the transverse magnetic feld different
regimes is studied: we consider the direct regimero and low trans-
verse electric field?), the indirect regimehigh #), and the indirect—
direct crossove(induced by increasing at intermediate?). © 1996
American Institute of Physic§S0021-364(16)01515-0

PACS numbers: 71.35.Cc, 78.66.Fd

Currently, there is considerable experimental intérest magnetoexciton$MXs)
in coupled double quantum wel{l®QWSs). In these systems, under the application of an
external transverse electric field, the indirect(interwell) exciton, which has large ra-
diative lifetimes, becomes the ground state. This opens up a possibility for observing
collective effects in neutrad—h systems in higiB at low excitonic temperatures. Spec-
troscopic identification of collective effects requires a detailed knowledge of the magne-
tooptics of excitons. Our theotyf the interband magnetooptics of MXs in DQWSs is in
good agreement with experiméentntraband FIR magnetospectroscopy can be very ef-
fective in resolving the fine structure of the ground and excited states of quasi-2D exci-
tons in DQWs. In this paper, we study theoretically the FIR magnetooptical transitions of
such excitons in field8>1 T.

We consider symmetric strained,®a, _,As/GaAs DQWSs. Due to the strain, the
light-hole band is split off in such structures. As a result, the features present in the
excitonic spectra in a DQW are entirely due to coupling through the barrier and are not
complicated by heavy- and light-hole anticrossings. Here we present the results for the
particular values of the well and barrier widthg=L,=L,=60 A andx=0.2. For such
DQWs the intermediate-barrier regime is realized at zero andBlo¥WVith increasingd,
it gradually changes to a wide-barrier regime. This is because the difference in the
Coulomb binding energies of the diredD) and indirect () excitons,sEp=Ep—E,,
increases withB and becomes larger than the single-partieleand h symmetric—
antisymmetric splittinga., Ay,. For eachs, p~,.. .state, there are four excitonic terms in

213 0021-3640/96/030213-06$10.00 © 1996 American Institute of Physics 213



a DQW (instead of one for a single QW in the lowest electric subbarid® For a
symmetric DQW atZ=0, each of theD and| states splits into states which are sym-
metric (S) and antisymmetric &) under the simultaneous inversida,— — z,,z,—
-z} (Refs. 3 and A In the wide-barrier regime, the excitonic symmetric—
antisymmetric splittingd y=A A,/ SEp, are determined by the two-partiate-h cotun-
neling through the barrier. Thus, Ay are suppressed by the excitonic effects
(~8E5|1), in particular, they decrease with increasiag

In the Faraday geometiyhe light propagates alorg), the interaction of an exciton
with the ac electric fieldwith amplitude 7 and frequencyw) of circularly polarized FIR
radiation is of the form

s &0 Te T i wt 1
= Em_heXp( iot), 1)
where “+" is for the left (Al,=1) and “—" is for the right (Al,=—1) circularly
polarized |ight;7Tl-i=7Tthi7ij (mj=—ihaV,;—(ej/c)A;, j=e,h) are thee andh inter-

Landau raising (Tg , 7, ) and lowering ,wﬁ)ogeratorsﬁvtcommutes with the op-
erator of the magneficcenter-of-mass momentuk of the exciton inB: [ 6V™=,K]=0;
thusK is conserved. Clearly, FIR intraband spectroscopy probes all populated excitonic
states having finit<; this is in contrast with interband transitions, for which oy

=0 excitons are optically active. Here, assuming low temperatures, we consider FIR-
active transitions between excitons wkh=0.

To calculate the eigenstates, we use the expahsibthe wave functions of MXs
with angular momentum projectidp (e.g.,=0) in a DQW:

i[pXR]
Wi=o) (Fe,n)= €x —2Z
z 2lg

D 2 A (1)6(Z)E(Z) bneialp).
ij=12 "n In z
Herelg=(fic/eB)*? {i(z.) are the electron ang(z,) the hole wave functions describ-

ing the free transverse motion in a DQW in field The ¢,n(p) are factored wave
functions inB; p=p.—p;, is the in-planee—h separation. For MXs the quantum num-
bersn and m correspond to the and h Landau levels, respectively, and the angular
momentum projection,=n—m. We include, depending oB, from ten to 36 Landau
level orbitals¢,,; for the values of the effective masses used and other details see Ref.
3. In high magnetic fields, theslexcitonic states are predominantly formed by the orbital
$qo corresponding to the zerote and h Landau levels. Due to the Coulomi-h
interaction, there is also a smallg/ageny<1 [Apen)= €%/ Menye?] admixture of
higher Landau levels,,. Similarly, the 2™ (2p~) excitonic states are formed pre-
dominantly by the orbitalp, (dg)with small admixtures oth,, 1,(dnne1) States. We
label excitonic states by the high-field quantum numb&s.{,1,); at =0 we also
indicate the symmetry under inversi¢s or A), and at high#, the lower O ,,1,m) Of

the upper D/ .11 ) branches in the specttd.

For K=0 excitons inB the selection rules are

<\P|,<:(),|£|5Vi|\PK=O,IZ>N6I;,Iztl- ()
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(Note that excitons withiK #0 cannot be characterized Biby the projection, of the
angular momentum of the relative—h motion. As a result, the selection rules are
considerably relaxed. The effects associated at finite temperatures with FIR absorption by
2D MXs with K=0 will be discussed elsewhefét high B the interexciton transition
1s—2p*(1s—2p~) can be thought of as the electr¢imole) cyclotron resonancéCR)
boo— P10 (Poo— Po1), modified by excitonic effects. The main excitonic effect is the
renormalization of the transition energies. Indeed, the initilsfiate is more strongly
bound than the final @ states. Hence, the interexciton transition energieslagger
than the bare CR energigsw qny=eB/mp). In the strictly-2D case and the high-
magnetic-field limit, the binding energies of the And 2~ MXs aré Ey=E, and
E10=Eo1= 1 E, respectively; her&,= \/m/2e?/ el g~ B. Hence, the transition energies
1s—2p™ in this limit are

1 1
Elsﬂ2p+:hwce+§EOa ElsHZp*:hwch"' EEO- (4)
Excitonic FIR transitions are affected by the Coulomb interpartiléh interaction.
Kohn's theorem is applicable because the charge-to-mass ratios are different for the
electron and hole. It can be shown however that, atBffgr simple parabolic bands and
excitons withK =0), the difference E_.,+ —Es_.,-=fiwc.—fiwe, does not depend on

the e—h interaction(cf. with the theorent for one-compound electron systems in a field
B).

The evolution withB (at #=0) of the energies and dipole matrix elements

(w; w;)
me my
of the transitions from the ground symmetris $tate DS to different p~ states of
quasi-2D excitons in K,Ga gAs/GaAs DQWs with the well and barrier widths,;
=L,=L,=60 A is shown in Fig. 1. Let us discuss the-:p™* transitions. As expected,

the strongesD y;S— D15S, DggS— 110S transitions to the first electron Landau level lie
above the electron CRhe long-dashed line Only for the D y,S— D 1S transition does

|f|? increase withB. This is because in high field the initial state:i) becomes essen-
tially direct; thus the transitioD ,,S—11,S does not gain in intensity, ard) it belongs
predominantly to the zeroth Landau levels; thus transitionspd,3. states are weak
~(lg/ag)?. At B<4 T the behavior is complicated by a number of anticrossings be-
tween the direchp™ and indirectn’p* excitons withn’>n. This leads to small split-
tings between lines and to a visible redistribution of the oscillator strerigthwith the
interband transitions3). The behavior of the 4—p~ transitions(Fig. 1b are qualita-
tively similar, except that heavy-hole nonparabolicity results in a strongly sublinear be-
havior of the transition energies versBs

2

(5

|f|2'\"<\PKO,p+ \PKO,S>

The binding energies of the indirect excitons do not grow so fast Bi#ls for the
direct excitons. As a result, at a fixed highincreasingB induces reentrant Landau-level
dependent indirect—direct crossovetssee also Ref. )5 These reentrant transitions show
up in the excitonic FIR spectra. The evolution of the energies and dipole matrix elements
of the 1s—p™ transitions with increasing at electricZ=7 kV/cm is shown in Fig. 2a
and that fore=17.2 kV/cm is shown in Fig. 2b. Note that the transverse fi€loreaks
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FIG. 1. The evolution of the transitions from the ground symmetsisthteD ;S to excitedp™ states(a) and

to p~ states(b) with the magnetic fieldB at #=0. The area of open circles is proportional to the dipole
transition matrix elements|?, Eq. (5). The lines with short dashes are guides to the eye showing positions of
several weak transitions. The plots are labeled with the predominant character of the final states. Small dots
correspond to forbiddenS— A) transitions to antisymmetric states.

the inversion symmetry, thus making al>p* transitions in a symmetric DQW al-
lowed. At higher# (Fig. 2b the initial 1s state is the indirect excitoh,,. No indirect—
direct crossover is induced in the range of magnetic fields considBred6 T. Thus
only the transitionl ,,— 1,4 has a large dipole transition matrix element, which increases
rapidly (approximately linearly with B. Transitions to all other higher-lying states are
strongly suppressed.

At lower electric fields(Fig. 29, the energy separations between thgand D,
states are smaller. Also, the direct and indirect states are more fiXads the
| oo— D1y transition has a noticeable dipole matrix element even at intermeBiate
B>10 T this transition rapidly starts to gain in oscillator strength. This is due to the
indirect—direct crossover for the initial stame ground state gradually chang@grom
l o0 to D). For the ™ states, since the excitonic effects are diminished, such a cross-
over occurs at much high&: Note that the transition to tHe,, final state remains rather
weak. This is due to rather different spatial characteristics of(dtmost degenerate
D1, and D, excitons. By considering the conventional probability distributions
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FIG. 2. The evolution of the —p™* transition energies and dipole matrix elements with the magneticBield
at two different electric fields#=7 kV/cm (a), and #=17.2 kV/cm (b). The plots are labeled with the
predominant character of the final states.

PK:O,IZ(Zeyzh):f d?p|Wi—oy (Te.Tn) %, (6)

it can be shown that at=7 kV/cm andB=10 T the ground state in the zeroth Landau
levels(i.e., the initial state in the transitions consideredpredominantly spatially direct,
and we label iD g, Itis the intrawell exciton that resides in the left Q\&, (z,<0), with

a large admixture of the indirect componemt.¥0, z,<0) and an extremely small
admixture of the direct component in the right wetl, (z,>0). At the same time, the
ground 2" state, due to diminished excitonic effects, is polarizedirit is predomi-
nantly the spatially indirect excitohy, (ze>0, z,<<0), with a small admixture of the
direct (z¢,z,<<0) component. The dipole matrix element of Bg,— I, transition is
large due to a large spatial overlap between the two states. The next two exgited 2
states D1, andD;), are predominantly direct excitons that reside in the right and in the
left QWSs, respectively. Thus only th®,,—Dj, transition is strong, while the
Dyo— D1, transition is rather weaksmall spatial overlap

It should be noted that the total FIR absorption not only reflects the dipole transition
matrix elements$f|2 but also depends on the population of the excitonic state. The latter
is determined by the excitonic radiative lifetimes, which should be strongly influenced by
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the direct—indirect crossovers. Our theoretical predictions can be helpful, in particular,
for separating these two effects.
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