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A theory of far-infrared(FIR) magneto-optical intrabansl—p™ transitions of direct and indirect
excitons in semiconductor coupled double quantum wells has been developed. The case of
symmetric strained IiGa, _,As/GaAs quantum wells with hondegenerate valence band in the
regime of both narrow and wide barriers has been analyzed. The energies and dipole

matrix elements of transitions between the grosrahd excitedp™ states in a quantizing

magnetic fieldB>2 T and electric field?” perpendicular to the quantum well plane have been
studied. The regimes of dire@in a weak electric fieldand indirect(in a strong electric

field) transitions, and the transition between the direct and indirect regimes, have been investigated.
© 1998 American Institute of Physids$1063-776(98)02304-X

1. INTRODUCTION data? The intraband FIR magnetospectroscopy proved to be
an efficient tool in studies of the ground and excited states of
Two-dimensional2D) spatially separated electron—hole excitons in bulk indirect semiconductotsee Ref. 10 and
(e—h) systems in a strong magnetic field have been studiegeferences therejn Experimental results concerning quasi-
theoretically for a number of yeatsDepending on the sepa- two-dimensional excitons obtained by this technique began
rationd betweene- andh-layers and the population number o emerge relatively recently. FIR magnetospectroscopy was
of excitons at the lowest Landau level=2mIgny (Where  ysed in measurements aé—h interaction as a function of
ny is the exciton density ankb= (:c/eB)'?), such systems he population number in type Il InAs/AIGaSh quantum
demonstrate an abundance of possible low-temperaturgeis. Evidence in favor of the existence of a stable exciton
phases. In part|_cular,.at smalIBose—.Elnstem condensa_mon state in a strong magnetic fieloh the presence of excess free
of magnetoexcitons in the state with momentt-0 IS giactrong was obtained.FIR spectra of type 1| GaAs/AlAs

possible(see also Ref. 2, where exact many-body results iy . antym wells in a strong magnetic field were also measured

the limit d=0 were obtame);l' . ) in the regime of low exciton densify}. Another highly sen-
In order to check theoretical predictions, real quasi-two-

di ional i ith sufficienty | con lifeti sitive technique, namely the optically detected cyclotron
Imensional systems with sutficiently on,g exciton fretimes resonance, was used in studies of direct excitons in GaAs
are necessary. Recently experimenters’ attention has been 2-15
e ; . quantum wells:
focused on systems of this kirfd’ Some evidence in favor . . .
) L ; . . No detailed theoretical study of intraband magneto-
of condensation of indirect excitons in a strong magnetic

field was provided by interband magneto-optical spectrosf)ptIcal properties of quasi-two-dimensional excitons has

copy (with a temporal and spatial resolutionf type Ii been published as yet. On the contrary, one can even find in

GaAs/AlAs quantum welld.In addition, anomalies were de- f[he I|ter§1ture erroneous cla|ﬁ?sapout the energy os.f;—>.p
tected in low-temperature transport properties of excitons if"raexciton transitions as a function of the magnetic fleld
a magnetic field. Other semiconductor structures that havedro_p in the trangltlon energy witB), which contradlct.ex-
been intensely studied in recent times are InGaAs/Gaad ~ Perimental daté_' Previously we analyzed changes in the
GaAs/GaAIAS coupled double quantum well§DQW). 1s—>np_- transmo_ns in DQW due to the magne??c field in
When an electric field is applied normally to the quantum the regime of a wide barrier between wells/at 0.~
well plane, the exciton ground state is modifietirect-to- This paper reports on a theoretical investigation of the
indirect crossover In a strong electric field? the ground energies and dipole matrix elements of FIR transitions in
state is an indirect excitoFig. 1), whose radiative lifetime ~Symmetric InGaAs/GaAs DQW as functions of the barrier
is considerably longer. This makes it possible to investigatéVidth in a strong magnetic fiel8=10 T (Sec. 3.1, changes
many_body effects in neutra—h systems ina strong mag- in the transitions caused by an applled electric figldh a
netic fieldB at low exciton temperatures. fixed magnetic fieldSec. 3.2, and changes in these param-
Identification of many-body effects in optical spectra de-eters with a magnetic field under strong and intermediate
mands detailed knowledge of optical properties of excitonglectric fieldsZ (Sec. 2.). Sections 2.1-2.3 describe the
in DQW in a strong magnetic field. The theory of magneto-calculation techniques, and Sec. 2.4 gives a qualitative de-
optical transitions of excitons in InGaAs/GaAs DQW in a scription of magnetoexciton spectra in DQW. Some results
low-density regime was presented in our previousof this work were briefly reported in our previous
publicatio? and is in good agreement with experimental publications:’*8
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FIG. 1. g Direct D and indirectl excitons in

r 3 a, DQW. Splittings between symmetric and antisym-
D metric states of electrons and holés, and Ay,
A are shown. p Excitons in DQW in an electric
" .
field
— =3
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2. THEORETICAL MODEL The splittings between symmetric and antisymmetric states,

A=EP—E® andA,=E"-E, are determined by pen-

etration of the wave functions under the barrieee Sec.
Consider a heavy-hole exciton in a symmetric strainedg,_l).

Iny, Gay—x As/GaAs/In, Ga —x,As DQW with x;=X,=0.2, The HamiltonianH,p of relative motion of a noninter-

well widths L;=L,, and barrier widthL, (Fig. 1). Light  acting electron—hole pair with magnetic momentum of the

holes, whose branch is separated from that of heavy holes yenter of mas& in a perpendicular magnetic fieRl has the

several tens of meV, can be neglectd@he exciton Hamil- ~ form?*2*

tonian in DQW in perpendicular electrie’=(0,0/) and

magneticB= (0, 0,B) fields can be expressed as h? 1 e’B?

2.1. System Hamiltonian

Hop=-— Z—V,Z,JF > h(@en— wee)l -+ FPZ
H=Hez+Hiz+Hop+ Uern=Ho+ Uen, @ * Ke
I K2
where the Hamiltonian components + iB. XK) 4 ——
oB (PXK)+ o (6)
ﬁz 62 I . . . —1
Her=— 5~ — +Ve(ze) +€27, (20 where p=p.—py, is the relative separationy™*=m;
e 9Z2 +my is the reduced massigeny=e€B/MepC is the elec-
2 g2 tron (hole;) cyclotron frgquency, ant,=—i(pxVp), is. the
Hp=— 53— — +Vn(zy) — €2z, (3)  Z-projection of the orbital angular momentum of relative mo-
2mp, azj, tion. In this formula we have taken advantage of the exis-

) . tence of an exact integral of the motion, namely the magnetic
describe the motion of free electrons and holes along th@gnter-of-mass momentufiwhose operator is

z-axis. The well depths for electrons and holes are assumed

to be Vg=0.8AE4(x;)) and Vy,;=0.2AEy(x;), where . _ e

AEg(x)=E4(0)—Eq4(x;) is the band-gap offsetEy(x) K=—iaVe=Alp),

=1519-1.4%+0.37%*> eV is the gap width in

In,Ga,_xAs, and the effective masses amg=0.067 and  \hereR=(mgp,+mypn)/M is the center-of-mass location,
m,=0.35%1°The exciton energy is measured with respect togng M = me-+my. The vector potential is expressed in the

E4(0). _ . . - symmetric gaugé\ = 3B X p, andr=(p,z). Note that in Egs.
~ The solutions of the one-dimensional Sdfirger equa-  (2) (3), and(6), an isotropic electron spectrum is assumed,
tions while the masses of holes moving in the quantum well plane

‘ (e, A _e(h and in the perpendicular direction are different, # ny,
Hei(2e) =Ei"(i(Ze),  Hnj(zn)=Ej"&(z0),  (4) (see Appendix to Ref. 9, where the nonparabolicityrgf is

corresponding to the lowest discrete levels are calculated nliscussefl In what follows, we will neglect the difference
merically. In order to avoid difficulties with the continuum in Petween effective masses in the InGaAs wells and GaAs bar-

an electric field”#0, boundary conditions corresponding to "€rs. The energy of the Coulomb interaction between elec-
infinite energy barriers at sufficient distanc@90-500 A trons and holes can be written in the form

from the DQW are invoked. Whed=0 and the DQW is 2
symmetric (i.e., the two wells are identical at;=x, and Ueh:Ueh(“e_th:_e—’ (7)
L,=L,), the subscripts, j=s, a correspond to the sym- elre—ry|

metric ground states) and antisymmetric first excited state

(a) of electrons and holes respectively: wheree=12.5. In a InGaAs/GaAs DQW, the effect of elec-

trostatic image forces is very weak, owing to the small dif-
{sa)(Ze) = Lga)(—Zo),  Ega)(Zn)=E Ega)(—2Zn). ference between the dielectric constants of Gaés 12.5)
and Iny ,Gay gAs (e=13)? so this effect is neglected.
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2.2. Wave functions of magnetoexcitons with K=0

Fi’ =fmd de expl—q|ze—z
In order to calculate the eigenfunctions of Hamiltonian i (@ ] M—alze=2z)

(1), we diagonalize the tertd .}, of electron—hole interaction

in the basis of the wave functions of noninteracting electron— X £i(Ze) §i1(Ze) §§(21) &+ (2n) (13

hole pairs in a DQW in a magnet® and electricZ fields.  are the form factors related to the wave functions of one-

The wave function of an exciton with center-of-mass mo-dimensional motion. The integrals in Ed.3) and then in Eq.

mentumK =0 (see Sec. 2)an be expressed in the form of (11) are calculated numerically; the calculation is based on

the expansioh an expansion that includes the two lowest electron and hole
i levels ( andj), at least ten Landau levels B=12 T, and

‘I’K:o,lz(re ,rh)=exp( '[pX2R]Z D, (p,Ze,21), (8) up to 36 L.andau levels &=2 T. An apprpximate technique_
2lg z of taking into account the nonparabolicity of heavy holes is
described in Appendix to Ref. 9.

PP zezn)= 2 2 Ajnmdi(20)€(20) $an(P),

i,j=1,2n-m=
9

wherelg= (fic/eB)'? ¢i(ze) and¢;(z,) are the electron and o
hole wave functions determined by Ed4), &nm(p) In the Faraday geometrithe wave vector of light is

— (a")"(b")™00)/ ynim! are the factored wave functions in aligned with the magnetic fielB), the Hamiltonian describ-
a magnetic field 22'2.3ai1dp=p — pr.. For magnetoexcitons ing light absorption due to interaction between the excitons
the quantum nur"nbers and melabgl the Landau levels of and FIR electric field with amplitude”o and frequency

electrons and holes, respectively, and the angular momentupriis the form
projectionl,=n—m. Note that the wave functiong,.(p) -, &7,
of the e—h-pairs correspond to bound states in a fiBldthe oV-=
characteristic length scalénm|p?/nm)=2(n+m+1)I3). _ _ _
Therefore Eq(9) can be considered an expansion in excitonHere the plus and minus signs denote left-handeght-
wave functions. Note also that E¢9) takes into account handed circular polarization 07 M= TaxEiTay (@
mixing of different subbandsandj, which is important for ~=€.h), and
accuracy of calculationecompare to the discussion in Ref. e e
24) ﬂe:—iﬁve+ EAe, 'n'h=—iﬁVh— EAh

The energy eigenvaluds and eigenfunctions of Hamil-
tonian (1) for a magnetoexciton with angular momentum are the kinematic momentum operators. One can show that
projectionl,=n—m are calculated by numerically solving

2.3. Interaction between excitons and FIR radiation

o lﬁ) expl —iot) (14)
Me My '

w

the secular equation [oV=.K]=0. (19
This means that the magnetic momentum does not change
1 1 ; " .
Det | E(®+ Ej(h)+ﬁwce N+ =|+hwe m+=|—E during an FIR transition. All populated exciton states con-
2 2 tribute to intraband FIR transitions, including those with fi-
L nite K. This is the difference between intraband and inter-
X 8iir 8+ Sn Sy T Uijam )=0, (100  band transitions, since in the latter only excitons with

K =0 are optically active. In this paper we consider only FIR
where the matrix elements of the-h interaction have the transitions of excitons with center-of-mass momentum
form K =0, which can be characterized by a constant angular mo-
mentum projectior, (see Eq.6)). Therefore, the selection
rules for excitons withK =0 in a magnetic fiel® have the
usual form

U™ = (07§00 Ul M) = 60—y o

xf all ( 2Wez)F”/( )7 (@), (1)
(2m?2  eq )Y D am (D). <‘P;’<:o,|£|5vi|‘l’|<=o,|z>~5|;,|Z:1- (16)
o min(n,n’)! min(m,m’)! | ¥ Effects related to FIR absorption by two-dimensional mag-
S —mn-mZ am (A)= - - netoexcitons withK #0 were discussed in Ref. 18b. By us-
maxn,n’)! maxm,m’)!

ing expansion9) and the formula

§ g2\ lL'”_"/' qA2 s V2eh7o(al b oo an
2 min(n,n )| 2 - wlg Me My !
) 22 q212 wherea' (b") is the ladder operator corresponding to elec-
xL/m=m’l , .8 1B , tron (hole) Landau levelgsee Eq.(9)), we can express the
min(m,m") 2 2 . . .
matrix elements of intraband transitions betweeand (for

(120  example p* exciton states by the formula

whereL] are the generalized Laguerre polynomials and  |f|2~ (W _qp+|VF| ¥ _gs)|?
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(18 s 2p
For symmetric DQW(subscriptsi,j=s,a), FIR transitions o 4\
A

in the Faraday geometry are allowed only between exciton
states with the same spatial paritgj under inversion %, Do 3 = A
——Zs, Zn——21): S—SandA—A (see also Sec. 2.4.1 Dy,

2.4. Magnetoexcitons in DQW: qualitative description I

2.4.1. Classification of stateShe DQW have four exci- 9

ton terms(instead of one in an isolated quantum well when ! —d
00

the lowest size-quantized level is taken into accpfiit*2 m\

The classification of the states depends orRhevhich is the N

ratio between one-particle symmetric—antisymmewieh Dy, 4 — \ o

splitting A, A}, and the difference between the binding en- N ~

ergies of direct D) and indirect () excitons: SE,p=Ep

—E;, R=max(A¢,A)/ SEp, .

When R<1, the wide-barrier regime of DQW is real-
ized, and the exciton states in DQW are predominantly either
direct or indirect In addition, there is splitting due to tun- g
neling through the barrier: for example, in symmetric DQW
at #=0 each direct and indirect state is split into states symFIG. 2. Energies of 4 and 20" exciton states in DQW in the wide-barrier
metric (5) and antisymmetrc &) under inversion £, (291 8 Lclons of e secti fed verica arows show e four
—Z¢, Zy——2,). In the case of a wide barrier, the i, getail in Fig. 4a.
symmetric—antisymmetric splitting is governed by two-
particle e—h tunneling through the barrierAy=AAy/

SEp, .° The splittingAy is suppressed by a rise in excitonic bni1n(dn ne1) States. Therefore thest-2p* (1s—2p7)
effects (~ 8Ep/'); in particular, it decreases with increasing excition transition can be considered an electfoole) cy-
magnetic fieldB. In the wide-barrier regime, we will label clotron resonancepoy— ¢1o (bog— bo1), Which is modified
exciton states by quantum numbers of the high magnetipy excitonic effects. The evolution of the energy and matrix
field limit (D, 15y by indicating the numbers &f andh  elements of transitions from the symmetris ground states
Landau levels that are dominant in expangi®n and by the  or DS to variousp™ states in a magnetic fieB at #=0 in
spatial character of the states. When necessary, we will indin, ,Ga, /As/GaAs DQW were discussed in a previous
cate the state inversion symmetr§ or A) at £=0, and  publication!’ For example, the strongess-p* transitions
under strong? the lower O,,,,andl ) and upperP,,and  are D,S— DS and DyS—11¢S, i.€., the transition to the
I.m branches of the exciton spectrufone example is first electron Landau level. The transition energy is higher
shown in Fig. 2. than the free-electron cyclotron energy, since the origisal 1

For a sufficiently thin barrier, the opposite limit is en- state is more tightly bound than the fing)2 state. In DQW,
counteredA,Ap> 6Ep, andR>1. In this regime, excitons  the dipole matrix elemenjf?| of the Dy,S— DS transition
cannot be classified as direct or indirect, since these statemly increases wittB. An explanation of such behavior was
are mixed. Many of the characteristic features of the narrowgiven in Ref. 17.
barrier regime can be understood in the one-particle approxi-
mation, neglecting excitonic effect$?’ Exciton states in
symmetric DQW atZ#=0 can be classified a$,,,, where
i, j=s, a, in accordance with the quantum numbers of elec-  In this part of the paper, we discuss results for symmet-
tron and hole wave functiongé; ¢, which dominate ex-  ric Ing ,Ga, gAs/GaAs DQW withL,=L,=60 A. Section 3.1
pansion(9). The statess,,, andaa,, (sa,, andas,,,) cor- s dedicated to the dependence of energies and oscillator
respond to exciton states that are spatially symme®ric strengths of intraexciton FIR transitions on the barrier thick-
(antisymmetricA). nessL, in a magnetic field=10 T at#=0, and Secs. 3.2

2.4.2. FIR transitionsIn a strong magnetic field, the and 3.3 to their dependence on the magnetic and electric
exciton Is states are formed predominantly by the wavefields at fixedL,=60 A.
function ¢ of the loweste andh Landau levels. Owing to
the Coulombe-h interaction, there is a small admixture of
states ¢,,, of higher Landau levels proportional to An important parameter that determines many of the fea-
~lg/agegn <1, where aBe(h)zehZ/me(h)ez. Similarly, the tures of excitons in DQWin particular, the character of a
2p*(2p~) exciton states are formed predominantly by thecrossover from the direct to indirect regime in an applied
wave function ¢o( o) with a small admixture of electric field #) is the tunnel barrier thickneds,, which

1s

3. NUMERICAL CALCULATIONS AND DISCUSSION

3.1. Dependence on the barrier thickness
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antisymmetric splitting , exponentially drops with the bar-
rier widthL,. In the wide-barrier regime the paramefey is
determined by one-particle tunneling across the barfer:
=|E_ |lexp(—.",)/ 7, where”,= y2m,,|E, |Ly/%h andE, is
the energy of the level in a smgle quantum wéll.

In the considered case of J§Ga, jAs/GaAs DQW with
L,=L,=60 A and, for exampleL,=60 A, the numerical
calculation yield A,=4.9 meV andA,=0.6 meV. For
largeL, the two Iowest transitions to thepZ states are the
transitions to the direct@o;S—DoS) and indirect DgeS
—1405) excitons with the energy difference between them
=6Ep,=Ep—E,. The separation from the optically forbid-
den transitions toA-states~Ay=A A, /ey, . The transi-
tions to the next Landau level),,S—D,;S and Dy,S
—1,,S, correspond to the final8" states, and their oscilla-
tor strengths are considerably smaller.

20: 5510
=10T
10 ! ) ; . 2 " 3.2. Evolution of FIR transitions in an electric field at B+#0
0 20 30 40 50 60 , 70 ) o
L,A A perpendicular electric field?” breaks the symmetry

under inversiorz— —z and allows alls— p™ transitions in
FIG. 3. Energies and dipole matrix elements of exciton transitions from theDQw_ Exciton 1s and a:)i levels in an electric field in the
symmetri; ¥ ground state tgp~ exciteq states as functions of the barrier wide-barrier regime are shown in Fig. 2. In a weak electric
width L, in an InGaAs/GaAs DQW with ;=L,=60 A andx=0.2 at# . . .
—0. The areas of open circles are proportionalff in Eq. (18). Dashed field, all Ievelg shift quadrat'lcally due to the Stark effect. In
lines correspond to forbiddenS(>A) transitions to antisymmetric final intermediate fields, depending on Landau level numhens
states. Characteristics of final states are labeled in the graph. the crossover between direct and indirect exciton states oc-

curs. Owing to the lower Coulomb energy, this crossover

happens in weaker electric fields for the™2 state than for
determines the coupling between the quantum wells. Enetthe 1s state. This effect can be seen in the FIR absorption
gies and matrix elements of transitions from the symmetricspectra.
1s ground state t@™ states are plotted versus, in Fig. 3. Let us consider evolution of transitions from the ground
In the narrow-barrier regime, the initial state is formed 1s state to the excitegp™ states in the electric field and
mostly of the {50 Wave function denoted bgsy, (see fixed magnetic fieldFig. 4). The transition to the first ex-
Sec. 2.4.}, and two possible symmetricpZ final states are cited 2p* state experiences a red shift, which saturates in
ss;g andaa, g with the wave functiorysésé1o and €, d10, strong electric fields. This shift is also a function dB: the
respectively. The energies of these two transitionsfasg,  higher the magnetic field, the larger the red shift. This shift is
+ 6B, andfiweet+ A+ AL+ SE,, respectively. Her®dE; are  controlled by excitonic effects. Indeed, in a weak figfd
the energy corrections due to the differences in the Coulomboth the initialD 3 and finalD ;o States are direct excitons. In
binding energies of thesland 2" states, anddE,<A.  a strong electric field, they become the indirect magnetoex-
+ Ay, for small L,. The matrix element of thes,p—Ss)y  citons |y, and |1, with lower binding energies. As a result,
transition is large, and that of thes,;—aa;q transition is  the exciton transition energy drops and approaches that of
very small(and is due to the admixture of tleay, state to  the cyclotron resonance of free carri¢these energies are
SSyo and ssyp to aayg). As Ag+Ap>fwee in the narrow-  marked by arrows in Fig.)4

barrier regime, an anticrossing between the'3and ss,; Note also the nonmonotonic dependence of the energy of
states takes place &,=25 A, which leads to a redistribu- transition to the third p* excited statgat #=0 this is the
tion of oscillator strengths between the transitions. DgoS—110A transition, which is strictly forbidden by sym-

After the crossover to the wide-barrier regime, excitonsmetry selection rulés This nonmonotonic behavior is due to
become predominantly either diredd) or indirect (). For  successive crossovers from the direct state to the indirect
example, the groundslstate is theDy,S exciton with the state, first for the initial state and then for the final state in
wave function &+ {a€4) oo/ V2, and the two P final  the FIR transition. The first crossov@rhen the third excited
states are the dire@;,S and indirectl ;S excitons with the 2p™ state transforms from the indirettoA to direct D
wave functions (& £,&s) d10/ /2. Figure 3 shows that the magnetoexcitonoccurs in a lower field?, when the initial
energy of the transition to the firstpZ excited state in- state is predominantly a spatially direct excitBr,. This
creases very slowly with,, because the changes in the bind- explains both the growth in the oscillator strength and red
ing energies of the initial and final states cancel each otheshift due to the larger Stark effect for the@ 2 state. Then the
The transition energy to the nexp?2 state(with the wave initial 1s state undergoes a crossover fragSto | 5. As a
function {,&.¢10 at small L, and ((s&s— {aéa) P10/V2 at  result, we have théy,— D7, transition, which has an oscil-
large L,) rapidly drops withL,, since the symmetric— lator strength decreasing with the field strength and a shift
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FIG. 4. Evolution in an electric field of energies and dipole matrix ele-
ments of transitions from theslground state t¢a) excitedp* states andb)

p~ states in a magnetic fielB=10 T for symmetric InGaAs/GaAs DQW
with L;=L,=60 A andx=0.2. The areas of open circles are proportional to
the transition matrix element squardé?|. The horizontal arrows indicate
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FIG. 5. Evolution in a magnetic fiel8 of energies and dipole matrix ele-
ments of 5—p™* transitions as functions of the magnetic fi@dn electric
fields (@) #=7 kV/cm and(b) #=17.2 kV/cm. The dotted lines show po-

energies of cyclotron resonances for free electrons and holes. Characteristigﬁ;ionS of several weak transitions. The areas of open circles are proportional

of final states in the transitions are labeled in the graph.

almost linear in due to the Stark effect in the initial state
I 4o of the indirect exciton.

3.3. Evolution of FIR transitions in a magnetic field at fixed
£#0

The binding energy of indirect excitons increases Vth
more slowly than that of direct excitons. Therefore a ma

state in a strong fixed electric field, which depends on the
Landau level numbers of the exciton statég® This effect

can be seen in exciton FIR absorption spectra. The evolutio

of both the energies and dipole matrix elements of tee 1
—p™ transition with the magnetic field in the electric field
#&=7 kV/cm is illustrated by Fig. 5a, and in the field
=17.2 kV/cm by Fig. 5b.

In the stronger electric fiel& (Fig. 5a, the initial 1s
state is the indirect excitoh,y. In the magnetic field range
under consideratiorB<<16 T, no crossover between the di-
rect and indirect states occurs, so only kg1 1, transition
has a large matrix element, which rapidlgssentially lin-
early) increases wittB. Transitions to all remaining higher
levels have much lower intensities.

to dipole matrix elements squardd|? [Eq. 18].

In the weaker electric fieldFig. 5b), the gap between the
I 1o and D, states is considerably smaller. Furthermore, the
mixing between direct and indirect exciton states is notable.
Therefore the o,— D, transition has a notable matrix ele-
ment even at intermediate magnetic fieRlsAt B<4 T, the
behavior of spectral lines is complicated owing to numerous
anticrossings between levels of direqi™ and indirecin’p*
excitons, wheren’>n. This results in small splittings of

L . . . Yines and redistribution of their intensities, which is similar
netic field B induces a crossover from an indirect to direct

to the behavior of interband transitions discussed in Refs. 4
and 9. AtB>10 T, thel,,—DJ, transition amplitude in-
creases rapidly because of the indirect-to-direct crossover in
e initial state: the ground state gradually evofveand
transforms from the indiredty, to directD,, exciton. Since
the excitonic effects in @~ states are considerably weaker,
such a crossover occurs in much stronger magnetic fields.
Note that the transition to the fin@,, state remains
very weak because of the large difference between the
shapes of wave functions @imost degenerat®;,andD ;,
direct excitons. Indeed, it follows from the probability distri-
bution for the excitongFig. 6), i.e.,

PK:O,IZ(ZeyZh):f d?p| Wy —oy (e rn)l% (19
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FIG. 6. Probability distribution®(z., z,) (Eq.
(19)) for exciton states involved in transitions
shown in Fig. 5a B=10 T): a) initial 1s state
Dgo; three of the various low-lying 2* final
states: b1y, ©) Dy, and d D3.

that in fields#=7 kV/cm andB=10 T, the ground state at and increases witB. These theoretical results may be useful

the lowest Landau levelg.e., the initial state in the transi- in planning experiments and interpreting their results.
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