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Intrawell and interwell magnetoexcitons in In,Ga;_,As/GaAs coupled double quantum wells
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We theoretically study the ground and many of the excited optically actigéates of spatially direct
(intrawell) and indirect(interwell) quasi-two-dimensional excitons in J6a; _,As/GaAs coupled double quan-
tum wells (DQW'’s) in quantizing magnetic fieldB8>2 T. The evolution of the eigenstates and oscillator
strengths with the perpendicular magneficand electric# fields (when, in particular, the direct-indirect
crossover and a number of anticrossings occur in the speststudied. The results of the theory are in good
agreement with the recently obtained experimental flatd/. Butov, A. Zrenner, G. Abstreiter, A. V. Pet-
inova, and K. Eberl, Phys. Rev. B2, 12 153(1995]. The physical origin of the excitonic symmetric-
antisymmetric splittingsAy in DQW's is discussed. It is shown that, in the wide-barrier regithg,are
determined by the two-particle tunneling through the barrier and suppressed by the excitonic effects.

[. INTRODUCTION either symmetricS, or antisymmetricA, under asimulta-
neousinversion ¢.— —z,,z,— —2). Thus, in order of in-
Excitons in symmetric coupled double quantum wellscreasing energy, e.g., for thes Exciton, the four excitonic
(DQW’s) have been the subject of a number ofstates appear: the symmetric direct SD, the antisymmetric
experimentdi—® and theoretical—*° studies during the past direct AD, the antisymmetric indirect Al, and the symmetric
decade. In particular, the interest in these structures is conadirect Sl; only symmetric excitonic states are optically
nected with a possibility to rearrange the exciton groundactive®>*® Numerical results"'® show that the two-particle
state by applying external electric fields it is the indirect  excitonic symmetric-antisymmetric splittingdy are very
(interwell) exciton that becomes the ground state at suffismall; typically, Ay<A.,A,. Also, Ay decreasewith in-
ciently high #. Since the overlap between the electra) ( creasing the excitonic effects. As far as we know, the physi-
and hole ) from the different wells is diminished, radiative cal origin of this effect has never been discussed so far.
lifetimes of indirect excitons are lardand can be controlled Below we will give an explanation of such a behavior, which
by #, see, e.g., Ref.)7This opens an interesting possibility makes the underlying physics transparent.
to achieve critical conditions for excitonic condensation for  For sufficiently thin barriers, the other limit is realized
spatially separated electrons and h¥iégsee, also, recent A,,A,> SEp, in which the excitons no longer have predomi-
experimental work on type-ll GaAs/AlAs coupled quantum nantly either direct or indirect character, but rather are
wells'”*8in high magnetic fields strongly mixed. Many of the features of this situation can be
The important parameter that determines many of thainderstood in the single-particle approximation neglecting
properties of excitons in DQW’&n patrticular, the details of excitonic effectssee, e.g., Refs. 2,5
the crossover from the direct to indirect regimein is the In this paper, we theoretically study the effect of quantiz-
tunnel barrier widthL,, which regulates the coupling be- ing magnetic field8 on excitons in strained symmetrior
tween the wells. For a symmetric DQ\the two wells are nearly symmetrig In,Ga; _,As/GaAs DQW'’s. Such struc-
identica), without the excitonic effects, each pair @xactly ~ tures have a simple valence bafite light-hole subband is
degenerate, in the absence of couplirgiates splits to split off, due to the strain This allows unambiguous identi-
the symmetric and antisymmetric states(s)(ze) ficatiqn of \./irtually. all spectral lines _in the region below
= & {(a)(— Ze) fOr @ andég(a)(zn) = = £g(a)(—2zy) forh. The  crossings with the I|.ght—hole terms. This s.hould be contrasted
single-particle symmetric-antisymmetric splittings with  the  complicated magneto-optical spectra  of
A,=E@—E® [q4=e h] decrease exponentially with the GaAS/GgAl; ,As DQWSs] where valence band mixing
barrier widthL,. Thus, for sufficiently largeL,, A, are Plays an essential role. A detailed experimental magneto-
much smaller than the difference in the Coulomb bindingoptical study of In Ga; _, As/GaAs/In Ga;_,As DQW's,
energies of the direcEp, and the indirectE,, excitons:  with the nominal values;=x,=0.2, L;=L,=L,=60 A,
Ag, A< SEp=Ep—E, (8Ep—Ep=const, wherL,—x).  has been performed recentfThere are several interesting
In this limit, the excitons are indeed predominantly directfeatures, which InGa,_,As/GaAs DQW'’s exhibit iB. For
(D) or indirect (1) in nature. The exact symmetry of total In,Ga;_,As/GaAs structures, the wells are more shallaw
Hamiltonian [which includes thee-h interaction term comparison with GaAs/G&l ;_,As DQW's), and for bar-
Uer(|re—rp|)Timplies that also the excitonic states should berier widths L,=60 A at B=0, the intermediate regime
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SEp 1~ A, is realized(while Ap<A,). With increasing mag- Me=0.067, m,,=0.35 (see, also, Appendix Exciton ener-
netic field, the Coulomke-h attraction is enhanced. As a gies are given relative to the GaAs bang ¢ag0).

result, the regime which is realized for the Hamiltonian H,p, describing the in-plane two-
In,Ga,_,As/GaAs DQW is gradually changed Bitoward  dimensional(2D) motion of a freee-h pair in the magnetic
that characteristic for a wide-barrier DQW. This leads to thefield B, is of the form
redistribution of the oscillator strengths from the indirect to

2 2
direct exciton lines. Ho — ( v+ oAl 4 ( AV — A ) _
In addition to the ground directstD and indirect - 207 2m, Pe ¢ %) 2my ot
exciton states, at higB, a number of excited optically active 6)
s-D and s-I states(associated withne=n,=n=1,2,...  A=1Bxp is the vector potential in the symmetric gauge,

Landau levels have large oscillator strengths and are ré-p=(x,y) andr=(p,z) is a 3D vector. Note that, in Eq),
solved experlmenta}llfﬁ hereafter, we denote these states(3) and (5), we assumed an isotropic dispersion for elec-
Dy, Iy, using the high-field notations. When, in addition 10 trons, while taking into account that the in-plane and the
B, the perpendicular electric field is applied, there is a set perpendicular hole masses are differemg  m,, (see Ap-
the direct-indirect crossovers for each group of B¢and  pendix for the discussion ahy; nonparabolicity. In what

Iy levels with a given Landau-level index Further, a num-  fo|lows, we will neglect the difference of the effective
ber of anticrossings between tlk, 1, Dy-; andl, exci-  masses in the wells and in the barriers.

tons occur, which result in shifts and the redistribution of the  The part describing the Coulongsh attraction, when the

oscillator strengths. Our main goal is to quantitatively de-gjfference in dielectric constants of GaAg,E 12.5) and
scribe these features of the excitonic spectra in the DQW's iy, _Ga, As (e,=13) is neglected, has the usual form
guantizing magnetic fields and compare the results with the ™ '

experimental dat&’ e?

Ueh:Ueh(|re_rh|):_ (6)

€|re_rh| ,

Il THEORETICAL MODEL where, e.g., it can be set= (e, + €,)/2. When the difference

We consider strained WGa;_,As/GaAs DQW's with betweene; and e, is taken into account, due to the image
X1,X,=0.2 and GaAs outer barriers. We will be interestedpotentials in a QW,Uey([re—rnl)—Ue|pe—pnliZe.21).
here in heavy-hole excitons and, thus, the split-off light-holeBelow we will briefly discuss how these effects are incorpo-
band(see, e.g., Refs. 19,205 neglected. The Hamiltonian rated into our model.
describing the system in the perpendicular electric Our approach to finding the eigenstates of Hamiltonian
#=(0,0,%) and magneti®=(0,0,B) fields can be written (1) is to diagonalize the part describing theh interaction,
as follows: Uen, within the basis of noninteracting two-partickeh

states in the DQWand in the magneticB and electric#
H=Hg,+Hp,+Hop+Ug=Hp+U ¢p, (1) fields[i.e., using the eigenstates B, in (1)]. Such an ap-
proach proved useful in the problem of correlated quasi-two-

where dimensional two-electro® ~ centers in magnetic fields.
w2 g2 First, let us discuss the properties and symmetries of
__*r v e Hg, in which the 1Dz motions ofe and h decouple from
Hez 2m, 972 T VelZe) + €07, @ each other and from the in-plane motion. The solutions of the
1D Schralinger equations
h? 9 , (e)
Hy,=— > —— T Vn(zh) —e2z, () Hei(Ze) =B~ {i(Ze), (7)
My, 9Z;,
are the parts describing the freemotion. The confining thgj(zh):EJ(mfj(zh)' ®)
potentialsV,(z) [a=e,h] for the DQW are given by corresponding to the two lowest-lying discrete states, which
p exist for Iny,Gag gAs/GaAs DQW's, we find numerically.
0, z<-L,;—3L, To avoid difficulties in dealing with the continuous spectra
. 1 when £%0, at sufficiently large distances from the DQW
“Var, ~himzlp<z<—:ly (200-500 A), we impose boundary conditions correspond-
V (2)={ 0, —ilLpy<z<iL, (4) ing to infinite barriers. Wher’=0 and the DQW is sym-
metric (i.e., the two wells are identical, =x,, L;=L5,), the
Vo, 3Lp<z<3lLp+L, discrete indices,j =s,a label the ground symmetris, and
1 the excited antisymmetri@, single particlee andh states:
\0, z>—L,t35L,.

= + — = + —
Here Ly, is the left (right) well width, Ly, is the GaAs fsa(Z) __gs““(_ %) 5_5“‘)(2_“) _55@( 7 N
barrier width, and the well depthd/, =V, (x;) are® The symmetric-antisymmetric single-particle splittings,
Vei=0.8AE4(x;), Vpm=0.2AE(x), where AE (x) A,=EY—EL", are physically related with the single-
=E4(0)—E4(x;)) is the band offset, Eq(x)=1.519 particle quantum-mechanical tunneling through the barrier:
—1.47%+0.375 eV is the band gap of fGa; _,Asandwe A,=E_exp(-S,)/m, where S,=+2m,,|E,|L,/% is the
adopt the following values of the effective masses:(imaginary action associated with the tunneling agg is
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the energy level in a single wélf. Thus, A, exponentially Ui_’j’n’n’:<irj n'n’|Uqdijnn)

decrease with the barrier widlh, and strongly depend on Hnn €

the particle massm,,. For the considered case of d?q 2me? i '

In o Gag gAs/GaAs DQW, withL;=L,=L,~=60 A, numeri- = (ZT)Z( - W) Fij’ (@) %0 (@),

cal calculations giveA,=4.9 meV andA,=0.6 meV,

A< A, reflects the fact thatn,,= 0.35>m,=0.067. When (13

##0 and/or the DQW is slightly asymmetric, the states la-

beled by the indices, j can be thought of as those devel- ot min(n,n")! qz/é In=n’l
oped from thes and a states with increasing (and with Zon ()= maxn.n’)l | 2
changing the parameters of the DQW from the symmetric

case. In—n’| 927\ |? 92/
HamiltonianH,p (5), describing the motion of a strictly L min(n.n’) 2 exp —— |

2D neutrale-h pair in a uniform fieldB, is effectively trans- (14)

lationally invariant, despite the presence of the coordinate-

dependent vector-potentiahs(pe), A(pn). In fact, there ex-  \yhereL™ are generalized Laguerre polynomials and

ists (a gauge-dependengexact integral of motiofi?*

X

. e
—|ﬁVpe+ EAe

‘ Fif’"(q)=ﬁ dzeﬁ dz, exp(—qlze— )

+

. e e
_IfLVph— EAh + E(Pe_Ph)XBv

9) X £i(2Ze) §ir(26) &(2n) €50 (2) (19

which plays the role of the momentum of the center-of-massire the form factors corresponding to the wave functions of
motion for a neutrak-h pair in a uniformB?* (see also Ref. the 1D z motion. Quadratures in Eq15) and then in Eq.
25). In what follows, we will consider only optically active (13) are performed numerically; in our calculations we in-
K=0 s excitons(the angular momentum projection of the clude from ten Landau levels &=12 T up to 36 Landau
relative motion/’,=0).2® The wave function for such states levels atB=2 T. It is interesting to note that the approximate
can be written as the following expansion: eigenvalues, which we obtain with a truncated bagisN,
[ pxR] are upper bounds to the exact finsts-exciton levels andll
_ Ip z . (not only the ground onewould deepen with an increasing
Vi=0s(le:Tn) =X 2/2 )q)S(p’Ze'Zh)’ (10 umber of statedl included in a secular equati@a?). This
is similar to the treatment ob~ states and is due to the
generalized variational principle for the firbt levels (see
D(piZe,z0)= 2 2 Aindi(Z)é(zn)dnn(p). (1D Ref. 21 and the references thefein
i,j=1,2 n ..
So far, we neglected nonparabolicity of the heavy holes
Here, /z=(#c/eB)Y? is the magnetic length, and the effects related with the image forces. To take, ap-

R=(Mepe+ Mypy)/M is the center-of-mass ans= pe— p, proximately, into account the former effects, we replace in

is the relative in-plane coordinateld,=me+my, the secular equatioil2) the energies of free heavy-hole
Landau levels in a parabolic bafhdo n+ 3] by those for a
1 pZ/é p2/§ nonparabolic bandg.(n). These are obtained using the
dnn(p)={p|nn)= (27T/2)1/2Ln< 5 ) ;{ i ) heavy-hole density of states mass and the experimentally de-
"B

termined parametersee Appendix

is the factored oscillator wave functidsee, e.g., Ref. 27 To take into account the potentials due to the image
L.(x) is the Laguerre polynomialA similar expansion has forces, the factor { 2we*/=q)F};! (q) in Eq. (13) is re-
been usetf to study strictly 2D hydrogenic levels iB; see, placed by

also, a revie’ on optics of quasi-two-dimensional magne-

toexcitons and the references thereMote that thee-h pair * * )

wave functionsg,,(p) describe the states that are bopund by ,deef,wdth(q’Ze’Zh)gi(Ze)gi’(Ze)fi(zh)gi’(zh)’

the magnetic field [with the characteristic length (16)
(nn|p?|nn)=2(2n+1)/3]. Thus, expansion1l) can be 5 ) )
considered as that using thexcitonwave functions. Note Where U(d;Ze,zy)=/d% exp(=id- p)U(|plize.zy) is the
also that(11) allows for the subband couplingf. the dis- 2D Fourier transform of the full two-particle-h potential of

cussion in Ref. 18 interactionU (| p|; ze,z,), which includes the potentials due
We obtain eigenenergieés and eigenfunctions of Hamil- {0 the image forces. The explicit form &f(q;z,2,) for a
tonian (1) by numerically solving the secular equation, DQW [which can be found analogously to the case of a
single QW(Refs. 30—32or a semiconductor superlattice
Det(E(® +E" +Awedn+ 1) +hwg(n+3) —E] will be presented elsewhere. Note that, for a symmetric
! DQW, U(|pl;—ze,—2zn)=U(|p|;ze,zy) and the inversion
><5“,5”,5nn,+ugj’rl;"1“’n’):o, (12)  symmetry is conserved. For the,@a; ,As/GaAs DQW,

since the difference in dielectric constants is smat adopt
wherew=eB/ms, w=eB/myc, the matrix elements of the valuese=12.5 for GaAs ande=13 for Ing Gag gAS),
the e-h interaction are given by the net resulting effect is also very small. For, e.g., the en-
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ergy splitting between the diredd,, and indirect,|l, exci- 20
tons belonging to zero Landau levels, the inclusion of the L
image potentials gives &=10 T a rather smal(positive L £,
contribution of 0.2 meV. -

The matrix elements for the interband optical transitions -
are proportional to the probability amplitude of finding the
electron and the hole at the same site,

-
[8)]
T

2 (0)
, (17) Ey

|d|2~p§u dsrq,K:O,s(r!r)

wherep?2,=|(c|p|v)-&|? is the interband momentum matrix
element. Fron{17), we have

> s AijnUw d22,(2),(2)
i,j=1,2 n —o

Note that¢?(0)=(27/3) *~B does not depend on the
Landau-level index and determines a strong dependence of L
oscillator strengths oB. Also, for a symmetric DQW, only ‘ 0

Energy (meV)

2
|d|>~ RNGE: )

(&}
T

¢nn(0)

f?o-;_ ““““““““ J

M

1 L .
10 15 20

states with the same inversion symmetfy (z)é&s(2), 0 5 . .
{a(2)€4(2)] give contribution to(18). In terms of excitons Magnetic field (T)
this means, as is known, that only symmetric excitons are
optically active[which is also evident froni17)]. FIG. 1. The binding energies of the dired?, indirect,
E(?, excitons belonging to the zero Landau levels and the corre-
IIl. NUMERICAL RESULTS AND DISCUSSION sponding excitonic symmetric-antisymmetric  splittings{%) ,
_ o _ A, The single-particle electron and hole symmetric-
A. Exciton binding energies antisymmetric splittings\., Ay (which do not depend oB) are

We define the magnetoexciton binding energy as the alalso shown. For clarityA(, ALY, and A, are multiplied by a
solute difference in energy between a given excitonic statéctor of 5.
and that of a noninteracting-h pair from which it evolves
lie., with the same Landau-level quantum numbersseen thatl) The binding energieEY’, E{*) are smaller than
(ne=nu=n for s excitong and the same spatial symmeltry these for zero Landau level. It is explained by a larger extent
The binding energies of the dire@Ghdirect excitons belong- of the 2s exciton wave function in thex-y plane; for a
ing to zero Landau IeveIsE,(Do()l), for the symmetric strictly 2D magnetoexciton, in the limit of high magnetic
In,Ga; _,As/GaAs DQW with L;=L,=L,=60 A, fields E&=3E® .2 (2) Similar to the case oh=0 exci-
X;=X,=0.194, are shown in Fig. 1. The energy splittingstons,E{’ is a more steep function & thanE(". (3) Exci-
between the symmetric and antisymmetric direct excitonsionic ~ symmetric-antisymmetric ~ splittings A=A
AQ=EQ-EY, and indirect excitonsA{Q=EY—EQ

are also shown. It is seen that)=AXD<EQ® E© (thus, 15

ES=E3, and in notations we do not discriminate be- s

tween them - i .M
D

The increase oE{) with B is much steeper than that of
E(®. It can be easily understood, since in the limit of high
magnetic fields, when’g<eA?/m_ €2, the asymptotic be-
haviors are E{)~e%e/3~BY2,  while E©
~e2 e\ 2+ [Ly+ L 12—e%e|lLy+Ly| (for simplicity we
put hereL,=L,).

Parameters R™MW=max(A.,A)/SES)  (where SEX)
=EWM—E(M) determine a spatial character of excitons in the

(@]
T

(6]
T

Energy (meV)
x

i (1)
z direction: the smalleR(™, the more strongly excitons are I _ _A_XD
predominantly direct or indirect. From Fig. 1, it is clear that L x5 A(Xil) -
R(O)(B) is a decreasing function d&; however, only at suf- o} L ) !

ficiently high magnetic fieldR(®<1. Thus, at zero and low
B, the intermediate-barrier regime is realized for the DQW'’s
under study; with increasinB, a crossover to a wide-barrier
regime DQW occurs. FIG. 2. The binding energies of the dire&", and indirect,

The binding energies of the excitons belonging to the firse(™, excitons belonging to the first Landau levels. The correspond-
Landau level and the corresponding symmetric-ing excitonic symmetric-antisymmetric splittings{l, AQ are
antisymmetric excitonic splittings are shown in Fig. 2. It is also shown.

15 20
Magnetic field (T)
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o L o Y theory and experiment, for the oscillator strengths of the zero
14404 Yo 00 & o 4. Landau-level excitons in a superlattiéecharacterizedin
%o A v 2,/0’0 @D high electric fields®) by the Wannier-Stark indicep=0
i s OQ 0. . A (direct excitong andp= —1 (indirect exciton]
o £ ¥ 8 O ¥ . .
o ¥ O 8 . For terms belonging to higher Landau levels, such a re-
—_ o, . O s _ _
> Yoo Ooo ‘,/O O ¥ distribution of the oscillator strengthk,—D,, occurs in
g 1420+ %00 0 4 o 9/' higher magnetic fields. This can be explained by the fact that
~ 0,% © 49 & the parameterR(™ are larger for largen (see the discussion
O %,.45 - .
2 o o 8 0%’ I in Sec. Il A).
o o OO e ,8—’8 . . . .

S o0 oo? f'sft At lower fieldsB=<4 T a behavior is complicated by a
5 6% o° .- ,,g—g— 4 number of anticrossings that occur in the spectra. Figure 3
1400 L8 f’g(;g'ooog : Do shows, for example, that &< 3 T, the anticrossing between

RCLE @@@@@Q theD, andl states occurs, which leads to a redistribution of
] (\ﬁﬁ%ﬂgﬂ@o @@ the oscillator strength from @nominally stronger direct
P8 ¢ 4 4 experiment D, state to(a weaker | line. Similar behavior takes place,
1380 000 theory at slightly higher magnetic fields, for tHe,, ; andl, anti-
0o 2 4 6 8 10 12 14 crossings.
Magnetic field (T) Figure 3 shows that our theory gives a very good descrip-
g

tion of theD behavior versu8; a good agreement with the
FIG. 3. The magnetic field dependence of the exciton tl’anSitiOI'E)(perimerF[O is also obtained for the indirect excitonic tran-

energies and oscillator strengths  for the symmetricsitions|,, I,, ;. The theory, however, systematically un-
In,Ga,_(As/GaAs  DQW, with L;=L,=L,=60 A gerestimates the,-D, energy splittings in comparison with
X1=X;=0.194 at zero electric field =0. The area of open circles e experiment; the origin of this discrepancy is not fully
is proportional to the oscillator strength. Small dots show pos't'onﬁmderstood(We believe that it can only partly be explained
of antisymmetric excitons with vanishing oscillator strengths. Theby a systematic underestimation of the Coulombic effects in
experimental data take_n from Ref. 10 are shown by full symbolsOur approaclisee the discussion after EG.5) abovd.) It is
connected by dashed lines. also seen that the theoretical energies of the lines belonging

to higher Landau levels increase wBhmore steeply than in
>AQ,AL3. Bothn=1 andn=0 excitonic splittings de- the experiment. This suggests that either the electron mass
crease with increasing. An explanation of such a behavior ysed (n,=0.067) is too light or the parameters describing
will be given below. (4) The parameteR™M>R(©; this  the heavy-hole in-plane dispersion and nonparaboliciee
means that magnetoexcitons associated with higher Landappendiy are not completely adequate. It should be noted
levels become predominantly direct or indirect at comparathat all these values are not known experimentally with high

tively higher fields tham=0 magnetoexcitons. precision.
Only symmetric excitonic states are optically active and
B. Transition energies and oscillator strengths versus; can be directly probed by interband optical measurements. In
zero electric field £=0 reality, DQW's can only be nominally symmetric: the well

. . ) . widths can be effectively different, due to fluctuations and

Theoretical results for the transition energies and oscillaz,e \ells depths can differ from each other, due to a slight
tor strengths ofs excitons for a symmetric DQW, with * gittarence in the composition of the semiconductor materials
Ll:L?ZL_b:G% A, are shown in Fig. 3 and compared with \pich occurs during the growth. Thus, it is important to
the experiment” Since the In conter=0.2 in the experi-  gp,qy to what extent small deviations from the exactly sym-
mentally used Ga_,In,As/GaAs DQW's is only nominally  metric case lead to observable consequerses, also, Ref.
known, we choos& to ensure the coincidence of the theo- 13).
retical and experimentfvalues for theD, line atB= 10T. Figure 4 shows the absorption spectra for a slightly asym-
Thus, choserx turns out to bex=0.194. No other flttlng metric DQW with different In contentsx;=0.194 and
parameters were used in the theory. Small dots in Fig. &220.196(still we use the same widths,=L,=L,=60 A).
represent antisymmetric excitons, which haye vanishing osrqr such a difference betweaq andx,, the well depths for
cillator strength(these are shown for claritylt is seen from electrons(holeg differ by 2.4 meV(less than 1 me) This
Fig. 3 that several terms developinforming a Landau fan;  giference is enough, however, for the excitons developed
we denote these by the quantum numbebs, In  from the antisymmetric states to gain comparatively large
(ne=np=n) showing their predominant character in high oscillation strengthgFig. 4). Broadening of line does not

B. ) o _ o allow experimentalists, however, to discriminate such lines.
In each paiD,,, |,, with increasingB, a redistribution of

the oscillator strengthi (f~|d|?) to the direct line occurs. C. Transition energies and oscillator strengths

For example, aB=2 T theory givestO/f|0=3.2, while at in electric fields &

B=12 T fp /f;,=13.1. This is explained by the crossover  gnpergies and oscillator strengths of excitonic peaks in
to a wide-barrier regime in higl (see also Ref. J5In  GaAs/GgAl ;_,As DQW'’s, as a function of applied external
experiment’ a qualitatively similar behavior was observed voltage have been studied Bt=0 both experimentalR/®>’
which, however, is not so steep witB as in theory.[A and theoretically(see Ref. 13 and the references cited
situation is qualitatively similar, in regard to comparison of therein. The main qualitative feature in electric fields is that
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i I oDs I D,,” I, 4 1440 5
1440 * 365, ‘226,; 9/"/8 .ol
gyo " ’ /. ] © Il
70 97 0 2/ & p] % ) _
E 90 o ’// /8’/ @ ” @Qo T I2
- /‘76 } Ao ¥ 86 v 1430 IO
> Yoy 600 ¥ 84 o om
frao] it L8 18,8590 »
-~ 6:9000 g 1420 - e, U
o 6.4 @, % o o
% 08 558" 69 . = Dt Do
T 8 /A _&- o. o 0
o 3,08 669/ t—g”@ t v y
g 8¢ 80 ,—g-g“ﬁ' 81410_
M 1400 0*,3—35 @Do ~
[-3°]
>y
56688 2
4 4 4 experiment © 1400
o o 0 theory EE':I
1380 — T T T T T T T T T
0 2 4 6 8 10 12 14
Magnetic field (T) 1390
FIG. 4. Same as in Fig. 3 for a slightly asymmetric DQW with
x;=0.194,%x,=0.196 (L;=L,=L,=60 A). In contrast to a sym- 1380 ) .,
metric case, additional optically active statevolved from anti- ¢ e experiment .
symmetric excitonsappear in the spectrum. > © O theory

from the symmetric and antisymmetric indirect excitons hav- 1370 6 é 1'0 1'5 2'0 25
ing zero dipole moments, two indirect excitons develop: the

excited statel ™ and the lower-lying staté~. These have . E (kV/cm)

large dipole momentsd; ~Fe(L,+L;). At sufficiently _ o

high #, after the anticrossings with the two direct excitons  FIG- 5. The comparison of theory for the electric field depen-

D~ (which also experience a splitting i), it is the indirect dence of the exciton transition energiesBat 10 T, for the sym-
|~ exciton which becomes the ground state metric DQW (the parameters are the same as in Fig.v8th the

In quantizing magnetic field, a number of higher-lying SXPerimental datéhe full symbolg taken from Ref. 10. The area
Lo + . . of open circles is proportional to the transition oscillator strength.
excitonic stated,; belonging to higher Landau levels are

resolved experimentally in §Ga; ,As/GaAs DQW'S® At small asymmetry between the two wells can account for such
a fixedB, with increasing”, many anticrossings occur inthe 3 discrepancy, we calculated spectra for a slightly asymmet-
spectra betweely, (1) indirect excitons and direct excitons ric DQW with the same parameters considered earlier in Sec.
Dy, with ks=n (k>n). Figure 5 shows the results of our IIIB (x,=0.194, x,=0.196). The resultgFig. 6) show a
theory for the evolution of excitonic lines, withi at a fixed  better agreement with the experiment, which probably indi-
magnetic fieldB=10 T. In theoretical calculations, a sym- cates small asymmetry in the DQW structures experimen-
metric DQW structure was considered. Theoretical resultsally studied in Ref. 10.
are in reasonable agreement with the experimi®fiy the It is interesting to follow how excitonic spectra evolve
behavior and positions of th@, lines. Those for the ener- with the magnetic fieldB at different fixed electric fields
gies of the higher-lyingr=1 excitons do not coincide too . Figure 7 shows such an evolution fgi=17.2 kV/cm. At
well with the experiment: the theory gives too larger split- this sufficiently high electric field and at low magnetic fields,
tings between free Landau levelsee the discussion in Sec. the low-lying excitons aré~ excitons, then a group of the
Il B). Thus, the particular values of the electric fieldsat  direct excitonsD lies and, next, the group of the indirect
which (anticrossings occur are affectédee, for example, excitonsl * appears. With increasirg, Landau fan structure
the I5-17 anticrossing in Fig. b For this particular anti- develops, which leads to a number of anticrossings in the
crossing,l 5 -1, theory predicts extremely small interaction spectra. AgainD-l, andD-l; anticrossings lead to visible
—the energy splitting and redistribution of oscillator redistribution of the oscillator strengtlithe enhancement of
strengths — between these terms. This is because the tvindirect lines, while virtually there is no interactioh™ -1 *
excitons are essentially indirect in nature and have rathebetween indirect excitons. The theory is in excellent agree-
different spatial propertieare strongly orthogonalTheory ~ ment with the experiment for th®, and I, transitions.
predicts, at a highef, a larger interaction between ttg There is also satisfactory agreement for {bgperimentally
and D, excitons, which are less orthogonal. The enhanceresolved direct linesD,,, with n=1,2,3,4.
ment of thel; oscillator strength is visible in Fig. 5. This is Figure 8 shows the results of theory for the evolution of
in complete agreement with the experimésee Fig. 3 of the spectra withB at a lower fixed electric fieldZ=7
Ref. 10. kV/cm. Here, at low magnetic fields, tHg exciton is the

It is also seen from Fig. 5 that, at intermediate electricground state, as in Fig. 7. However, with increasigin
fields #=3—10 kV/cm, the theory gives smaller splittings complete agreement with the experim&hg rearrangement
between the twd® lines than in the experiment. To check if of the nature of the ground state takes place: it is the direct
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exciton Dy, which becomes the ground stateBt=10 T.
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FIG. 8. The evolution of excitonic transition energies and oscil-
lator strengths with the magnetic fieRl at #=7 kV/cm, for the
symmetric DQW, with the parameters the same as in Fig. 3.

smooth than that obtain&tfor a DQW, with changing pa-
rameters of an additional lateral quantization produced by a
quantum do).

A number of other anticrossings are also evident in Fig. 8.
It is of interest that here, not only the oscillator strengths are
redistributed as in Fig. 7, but also a complicated behavior
(splittings of lineg is present. This is explained by the fact
that at lower electric fields direct and indirect states are less

Thig is due.to the fact that thg negative gontribution of theorthogonal(e.g., direct stateB  contain sufficient admixture
e-h interaction to the total exciton energy is much more en-of jndirect states ). This makes the interaction between

hanced for theD excitons inB than for thel (cf. Fig. 1).

states stronger. As an example, the theory predicts even a

(Note that this indirect-direct crossover is much moregmal||;-I{ interaction.

¢ ¢ ¢ experiment

1360
0

E=17.2 kV/cm . 00O theory
"2 4 6 8 10 12 14
Magnetic field (T)

D. Symmetric-antisymmetric excitonic splitting

The splittings between the symmetric and antisymmetric
(both direct and indiregtexcitonic states\{1}, A{) belong-
ing to Landau levels1=0,1 are shown in Figs. 1, 2. Typi-
cally, AR =A{)=0.4 meV, i.e., are very small and much
smaller than the electron single-particle symmetric-
antisymmetric splittingd .=4.9 meV(while, Axp=Ap). It
is also seen that{}, A{) (with fixedn) decrease wheB is
increased, and, at fixeBl, AD<AY [also,AP<AP (not
shown]. Thus, there is a tendency that thexcitonic
symmetric-antisymmetric splittings becorsmallerwith in-
creasing the strength of theeh interaction. Such a behavior
has been also revealed by numeric studies of excitons in
DQW's atB=0 of other authorgsee, in particular, the be-
havior of the splittings versus lateral confinementat0 in
Fig. 3 of Ref. 15. Thus, generally, it can be said that the
excitonic effects suppress the symmetric-antisymmetric exci-
tonic splittings for wide-barrier DQW’sand coupled sym-

FIG. 7. The evolution of excitonic transition energies and oscil-Metric quantum dojs Below, we present a simple physical

lator strengths with the magnetic fieRlat ©=17.2 kV/cm, for the

explanation of this behavior. It can be extended, with modi-

symmetric DQW, with the parameters the same as in Fig. 3. Fulfications due to the Pauli exclusion principle, for spatially
symbols are experimental data taken from Ref. 10. The area of opgsymmetric and antisymmetr&lectronstates, e.g., in coupled
circles is proportional to the transition oscillator strength.

quantum dots.
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To make underlying physics more transparent, let us con
sider the situation in a sufficiently strong magnetic field, so
that the symmetriSD, and antisymmetrié\l,, exciton states
in the DQW can be constructed out of only thth Landau
levels neglecting admixture of other Landau lev&lghe
wave functions of these states with the appropriate symmetr
under inversion f,— — z,zy— —z,,) and withK=0, up to
inessential phase factor, can be written in the f¢ah Eq.

(11)]

DL (p;2e,2n) = Pn(p)[81Ls(Ze) E6(Zn) + Ala(Ze) Ea(Z0) ],
(19

R (p;Ze,20) = BnP)[D14o(Ze) €a(Zn) +D28a(Ze) £o(20) ]

(20)
Then, for a DQW, we deal with the two independent two-
level problems, i.e., the coefficienfa; ,a,} and{b,,b,} are
to be determined from R 2 secular equations, each giving
the two sets of solutions: the symmetric diréicidirect ex-
citonsES, oW [EL), 8] and the antisymmetric direct
(indirect excitonsESY, ®Y [EL), ®{V]. We are interested
in the excitonic symmetric-antisymmetric  splittings
AR=ER-ER and AP =EL-EL) in the two-level ap-
proximationA{D=A{=A{" . To reveal what physical fac-
tors are responsible fak{"”, let us go over to the combina-
tions

S Ze i a Ze)

$12(2e) = EulZe) > alZ) ( )\/; ( , (21
s(zn) = &a(zpn)

§12)(zn)= g(h% (22

Under the appropriate choice of the phase factors o
{(Ze), Ca(ze) andéy(z), €a(zn), the (real) wave functions
£1(ze) [€1(z4)] describe the electrothole), which is pre-
dominantly in the left(1) well, while {,(z) [£5(z,)] — in

the right (2) well. Solving the corresponding secular equa-
tion, in the representatiof21), (22), we obtain a number of
the Coulomb matrix elements,

ka:Jw dZer thJ' dzpe—
“ - - ep®+(ze—2n)°

X Pan(p) L Ze) L (Ze) E(2n) &11(21),

where the indices,k’ (I,1")=1,2 describe the electron
(hole) either in the left(1) or the right(2) well; here and
below, we omit for brevity the Landau-level index

Let us clarify the physical meaning of different matrix
elements:(i) Wij=W35=W,, is the binding energy of the
direct (intrawell) exciton, (i) Wi3=W5=W, is the binding
energy of the indirectinterwell) exciton; this is correct up to
exponentially small terms which can be neglectes it will
be clear below (jii ) W= W3}1=W33=W33=W, correspond
to a process in which, due to the Couloredh interaction,
the initial direct statg(in either the left or the right well
transforms into the indirect exciton, due to #lectrontrans-
fer to the adjacent welliiv) Wis=Wii=W23=Wil=W, is
similar to (iii), but correspond to theénole transfer. (v)

2

(23

A. L. YABLONSKII

- 12

° (0)
= We Q
N’
w1.0 |- \
s '
\
y o \ W§,°’
& 0.8 | N
= (0 \
(M) Wh Y 1)
‘\ \
Xo6 L \
i > \ (0)
g . \\ Wi
. «
o4 WRla N N
N
~ .. ~»
3 0.2 h - . . N -
8 Se . A (Y100
(] = O ;‘u
OO T T T U
10 20 30 40 50 60 70
Barrier width (R)

FIG. 9. The dependences of the Coulomb matrix elements Eq.
(23) (given in units ofEy= \/m/2e%/ e/ 5~BY2 the binding energy
of the strictly 2D magnetoexciton in the zero Landau level, Ref. 25
for a symmetric Ip,GayAs/GaAs DQW, with L;=L,=60
A versus the barrier width,. The deviation oY) from Ej is
connected with a quasi-two-dimensional character of the wave
functions involved into Eq(23).

W22=W31l=W,, describe the process in which the initial di-

rect exciton in the rightleft) well transforms to the direct
exciton in the left(right) well, due to asimultaneousransfer

of e andh; (vi) W23=WS37 describes the transformation be-
tween the two indirect excitons, also with a simultaneous
fransfer ofe andh; clearly, Wa3=W32=W,,,.

When the wells widthd.;=L, are kept constant, these
matrix elements behave rather differently with increasing the
barrier widthL,, (see Fig. 9 fon=0 case. Wy, is practically
independent ori, (in fact, there is a very slight initial in-
crease ofWp with L, due to a decreasing leakage of the
wave function through the barrierW, decreases, for the
case considered, superlinearly withy (following the in-
creasing separation betweerandh in the indirect excitoh
The matrix element®V,, W,, andW,, fall off exponentially
with Ly, . Figure 9 shows thatV,>W,,, which is due to the
fact that the barrier is more transparent for a lighter electron;
the matrix elemenig, is the smallest describing the two-
particlee-h transfer.

From the solutions of the secular equations, in the wide-
barrier regime, whenSEp,=Wp—W,>A.,A,, we obtain
the excitonic symmetric-antisymmetric splitting in the form

1
AX: 2Weh+ _5E [AeAh+ Z(AeWh+ AhWe) + 4WeWh]
DI

ro[ 5]

[the leading remaining term is given for a situation of inter-

AdA,

5ED3 | 249
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est, whenSEp > A > A,,, and Eq.(24) is still applicablg. A IV. CONCLUSIONS

physical interpretation of Eq(24) is that the exciton

symmetric-antisymmetric splittind\y is determined, in a We have theoretically considered the binding energies

wide-barrier regime, by théwo-particle eh transfer be- and optical properties of direct and indirect excitons in

tween the wells. In,Ga; _,As/GaAs coupled DQW's with simple valence
Indeed, the first term if24), 2W,;,, describes alirect ~ band in the perpendicular quantizing magnetic fiBlcand

process of a simultaneowsh transfer, due to the Coulomb electric field . The theory uses the expansion of

e-h interaction. The remaining set of terms in brackets of EqS-€Xcitonic states in terms of orthonormal wave functions of

(24) describes all possible different processes of the secongoninteracting quasi-two-dimensionesh pairs in a DQW

order through an intermediate state: The first term and in the magnetic and electric fields. Such approach can be
A.A,/SEp, corresponds to a successive transfeeaind ‘also considered as a variational treatment of the first several
e 1

h, due to the single-particle tunnelings through the barriere'genSt"’ltes and gives the upper bounds for the ground and

with a formation of the intermediate stafhich is the excited states. Theoretical results for the energies and oscil-
indirect (direct iton for the directindirect j it lit lator strengths are in overall good agreement with the experi-
indirectdirech exciton for the direc ln_llrec exclton St mental data of Ref. 10. Also, the theory describes well both
ting. Thus, the energy denominatéEy,” appearg. Analo-

X the direct-indirect crossovdinduced by increasing at a
gously, the terms- (AW +ApWe)/ SEp, describe the pro- fiyeq B) and the indirect-direct crossovéinduced by in-

cess in which one pa_rticle is transferred, due to the Singlec':reasing3 at a sufficiently strong fixed). Theoretical over-

particle tunneling, while the other one — by the Coulombegiimations of the slopes of lines in the Landau fans at high

effects. Finally, the term~W,W,/JEp, is the successive fiq|4s B suggest that possibly the used electron and hole

transfer ofe andh entirely due to the Coulomb effects. Con- gffective masses are too light and/or the parameters describ-

sidering the typical values fak,, Ay, and the different Cou- ing heavy-hole nonparabolicitisee Appendixare underes-

lomb matrix elements[Fig. (9)], we conclude that {imated.

Ax=A¢Ay/SEp, while other terms are negligibly smaf. We theoretically considered the nature of ticitonic

(This formula, at highB, is in good quantitative agreement symmetric-antisymmetric  splittingsAy i symmetric

with the results of full numerical calculations A‘lg(n) ) Itis DQW’S_ It was shown that, in a wide-barrier regimetvm_

now clear that it is due to the denominatdEp," that the  particle e-h transfer between the two wells forming a DQW

excitonic effectssuppressiy . structure determinedy . An explanation was given to a fact
One may argue that for semiconductor structures, thehat the excitonic effects suppredsx. This picture is also

long-range(dipole) parf® of the e-h exchangeinteraction  relevant, with modifications due to the Pauli exclusion prin-

[though containing, at high B, a small factor ciple, for spatially symmetric and antisymmetric electron

~(ag//g)?<1 in comparison with the direat-h interac-  states, e.g., in coupled quantum dots.

tion; a, is the lattice constahtwould give the matrix ele-

ments coupling the wells which fall off algebraically rather

than exponentially. It can be shown, however, that the cor- ACKNOWLEDGMENTS
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oy K2 ,
W' (K) =5~ K/gexp(— 3K*/g)
€/g

APPENDIX: NONPARABOLICITY

X Jimdzlfiwdzzexp(— K|z1-2]) In the presence of nonparabolicity, which is mainly due to
the effect of the split-off light-hole subband, the in-plane
X {(21) €11(21) §1(22) L (22), (25  energy-dependent density of state heavy-hole mass can be

described asm,(g) =myo(1+2Ce/A), wheremy, is the
mass at zero energy is the energy splittindin meV) be-

N ) . tween the heavy- and light-hole subbands, énid constant
whereK =K/|K| andu=e[d’rug (r)ru,(r) is the interband  of order unity (see Ref. 20 and the references thexein
dipole matrix elementcf. Ref. 37. It is seen from Eq(25  strictly speaking, this formula is applicable whereA. We
that forK =0 eXCitonS, the matrix elements Vani@i. with adopt the fo"owing values for these parameters:
the case of spherically symmetric quantum dtsConse- Mho=0.08mny, A=33 meV, C=1.72° To obtain the posi-
quently, there is no contribution of the long-range part of thetions of Landau levels, we first determine the energigs
exchange interaction tay . When a finite value of the mo- n=0,12 ... separating ire space the regions, which con-

mentum of excitons involved in the absorption or emissionin ;= (27/3) ! states(i.e., the number of states in one
of light is taken into account, the long-range exchange inter; gndau level per unit ar¢a
actions lead to a broadening rather than to a splitting of

lines®’ £0=0, (A1)
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[1+2A(3Az+en+hiwg) |V~ 1
€n+1™ A !

ent1ten

> , h=0,12....

(A2) gcn(n) = (A3)
whereA=2C/A andzwg=%eB/mygc is the bare cyclotron Clearly, such a consideration may be applicable only below
energy. The positions of free heavy-hole Landau levels in théhe region of energies where crossings with the light-hole

presence of nonparabolicity are then determined as terms occur.
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