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Internal transitions of confined magnetoexcitons in GaAs-„Ga,Al…As quantum wells
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Internal transitions of confined magnetoexcitons in GaAs-~Ga,Al!As quantum wells have been theoretically
studied under magnetic fields applied along the growth direction. Results are obtained within the effective-
mass approximation and by using a variational procedure. Calculations are performed for transitions from
1s-like to 2p-, 3p-, and 4p-like magnetoexciton states as functions of the applied magnetic field, and for
several well widths. Theoretical results for the far-infrared intraexcitonic transition energies are then compared
with recent experimental measurements using optically detected resonance techniques.
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In the last two decades there has been considerable i
est in the study of excitonic states1–8 in low-dimensional
semiconductor heterostructures. In particular, magn
optical properties have been studied in both type-I a
type-II semiconductor superlattices by means of absorpt
photoluminescence, magnetoreflectance, and other t
niques. Experimental results have shown that excitons h
discrete internal energy levels, behaving essentially as
oms in semiconductors,’’ and the transition energies of ex
tons in semiconductor superlattices are found in the
infrared region.

Recently, Černe et al.5 have investigated the teraher
~THz! dynamics of magnetoexcitons in GaAs-~Ga, Al! As
undoped multiple quantum wells~MQW’s! under magnetic
fields applied perpendicular to the well interfaces, and
served resonant far-infrared~FIR! absorption by the confined
magnetoexcitons. The dominant resonance
GaAs-Ga0.7Al0.3As MQW’s ~with well and barrier widths of
100 and 150 Å, respectively! was assigned to the 1s→2p1

intraexcitonic transition of the heavy-hole exciton. The a
sorption feature was found to persist even when the
electric field is comparable to the electric field that binds
exciton. Similar results were obtained by Salibet al.6 and
Nickel et al.7,8 who performed a detailed optically detecte
resonance~ODR! experimental study of internal transition
of confined magnetoexcitons in two GaAs-Ga0.7Al0.3As
MQW structures~125-Å well/150-Å barrier, and 80-Å well/
150-Å barrier!, with several resonances assigned tos
→2p1 , 3p1 , and 4p1 internal excitonic transitions.

In this work we are concerned with a theoretical stud
within the effective-mass approximation and following
variational procedure, of the properties of magnetoexcit
PRB 610163-1829/2000/61~15!/9936~4!/$15.00
er-

o-
d
n,
h-

ve
t-
i-
r-

-

n

-
R
e

,

s

in GaAs-~Ga, Al! As QW’s. In particular, we are intereste
in evaluating the internal magnetoexciton transitions
GaAs-Ga0.7Al0.3As QW’s in order to compare with the ex
perimental data by Cˇ erne et al.,5 Salib et al.,6 and Nickel
et al.7,8

We consider exciton states in a GaAs QW of widthL
surrounded by Ga12xAl xAs barriers in the presence of
magnetic field parallel to the growth direction. We work
the effective-mass approximation, and assume a parab
dispersion for electrons and a four band model for hol
although, for simplicity, we discard the off-diagonal el
ments in the hole Hamiltonian, i.e., effects due to hole s
band mixing are not included in the calculation. In additio
we have assumed the GaAs values for the conduction-
valence-band mass parameters in both GaAs
Ga12xAl xAs, and neglected effects due to the small diffe
ence in the dielectric constant of well and barrier materia
i.e., image-charge effects are not considered and
electron-hole Coulomb interaction is assumed to be scree
by the GaAs static dielectric constant. The values of
potential-well barriersVc andVv are determined from the A
concentration and assumed to be 60 and 40% of the t
energy-band-gap discontinuity, respectively.1 Moreover, for
an exciton confined in a semiconductor QW, we take
exciton envelope wave function as proportional

(eiKW •RW /AS)cE(rW ,ze ,zh), whereS is the transversal area o
the QW,KW is the exciton in-plane wave vector,rW is the xy

relative coordinate, andRW is the in-plane coordinate of th
exciton center of mass. One may write

cE~rW ,ze ,zh!5 f e~ze! f h~zh!fE~rW ,ze ,zh!, ~1!
9936 ©2000 The American Physical Society
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where f e and f h are thez part of the QW electron and hol
wave functions,1 respectively, in the absence of the Coulom
potential, and assume that the relative motion of carriers
of the center of mass are independent. The heavy-holeJz

h

56 3
2 ) and light-hole (Jz

h56 1
2 ) exciton Hamiltonians, with

energies—measured with respect to the band gap of
GaAs bulk material—expressed in units of rydbergs (R0
5m0e4/2\2), lengths in hydrogen Bohr radii (a0
5\2/m0e2), and magnetic fields in terms of the dimensio
less quantityg5e\B/2m0cR0 , may be taken as3,9
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with

Lz5
]

i ]f
~4!

as the operator for the orbital angular momentum in thz
direction, and

¹rW
25
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]r2 1
1
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1

1

r2

]2

]f2 ~5!

is the two-dimensional Laplacian in the QW plane. T
GaAs conduction-band effective mass is taken asme
50.067m0 ~wherem0 is the free-electron mass!,

1/mh
63/25g122g2 , ~6!

1/mh
61/25g112g2 , ~7!

the Luttinger9 valence-band parameters1,3 are taken asg1
57.36, g252.57, k51.2, q50.04, and theg factor of the
conduction-band electron3 asge520.44. For simplicity, we
consider orthogonalized10 variational wave functions, i.e., w
take

fE~rW ,ze ,zh!5r umu exp~ imf!Pn,l~r !exp~2ln,l r ! ~8!

in Eq. ~1!, where thePn,l(r ), with r 5Ar21(ze2zh)2, are
hydrogeniclike polynomial functions for exciton states w
principal quantum numbern and orbital quantum numberl,
and theln,l are variational parameters. In what follow
magnetoexciton energy states are labeled asnlm(Jz

e ,Jz
h)
d

he

-

which correspond to annlm-like exciton state composed of
Jz

e electron ~with Jz
e56 1

2 ! and a Jz
h hole ~with Jz

e56 1
2 ,

6 3
2 !.
We have performed variational calculations for heav

(Jz
h56 3

2 ) and light-hole (Jz
h56 1

2 ) magnetoexciton states i
GaAs-Ga0.7Al0.3As QW’s and compare theoretical resul
with recent intraexcitonic experimental data obtained via
tically detected resonant techniques.5–8 One should note tha
actual measurements are for GaAs-Ga0.7Al0.3As superlattices
and, for simplicity, we have ignored tunneling effects a
performed calculations for singleisolatedGaAs-Ga0.7Al0.3As
QW’s.

The growth-direction magnetic-field dependence of thes
and 2p6 light- and heavy-hole magnetoexciton variation
energies are displayed in Fig. 1, in the case of anL
5125-Å GaAs-Ga0.70Al0.30As QW. There, we also indicate
~see arrows in Fig. 1! possible spin-conserving 1s→2p6

intraexcitonic transition energies. In that respect, if one loo
at the light-hole spin-conserving intraexcitonic transitio
such as 1s (2 1

2 ,2 1
2 )→2p2 (2 1

2 ,2 1
2 ) or 1s (1 1

2 ,1 1
2 )

→2p2 (1 1
2 ,1 1

2 ), for example, both transitions have th
same energy, as one would expect from the spin-depend
of the Hamiltonian @cf. Eqs. ~2! and ~3!#. Although not
shown in Fig. 1, we have also performed calculations for
3p6 light- and heavy-hole magnetoexciton states in anL

FIG. 1. Calculated variational energies of the 1s and 2p6 states
of the light-hole~i! and heavy-hole~ii ! magnetoexcitons as func
tions of the growth-direction applied magnetic field for anL
5125-Å GaAs-Ga0.70Al0.30As QW. Magnetoexciton energy state
are labeled asnl m(Jz

e ,Jz
h) which correspond to annl m-like ex-

citon state composed of aJz
e electron~with Jz

e56
1
2 ! and aJz

h hole
~with Jz

h56
1
2 ,6 3

2 !. Vertical arrows indicate spin-conserving ma
netoexciton 1s→2p6 transition energies.
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5125-Å GaAs-Ga0.70Al0.30As QW. The magnetic-field de
pendence of the spin-conserving intramagnetoexciton lig
and heavy-hole 1s→2p6 and 1s→3p6 transition energies
are shown in Fig. 2 for anL5125-Å GaAs-Ga0.70Al0.30As
QW and compared with the experimental results by Nic
et al.7,8 As can be seen from Fig. 2~i!, the variational theo-
retical results for the 1s→2p1 intraexcitonic light- (Jz

h5

6 1
2 ) and heavy-hole (Jz

h56 3
2 ) transitions~curvesb andd,

respectively! are in quite good agreement with the expe
mental data~set of full squares! by Nickel et al.,7,8 and sug-
gest that these observed intraexcitonic transitions occu
both heavy- and light-hole magnetoexcitons. This contra
with the assignment by Salibet al.6 and Nickelet al.7,8 of the
observed~see set of full squares! intraexcitonic transitions to
nearly degenerate 1s→2p1 heavy-hole transitions. Also
theoretical 1s→2p2 intraexcitonic light- (Jz

h56 1
2 ) and

heavy-hole (Jz
h56 3

2 ) transitions~curves a and c, respec-
tively! reproduce the qualitative features of the magne
field dependence of the experimental data by Nickelet al.7,8

@see full up and down triangles in Fig. 2~i!#, although quan-
titative agreement is clearly not good. Theoretical curves
open experimental7,8 symbols in Fig. 2~ii ! correspond to
1s→3p6 light- and heavy-hole intraexcitonic transition e
ergies, and again only qualitative features are loosely re
duced.

Theoretical results for the 1s→2p, 1s→3p, and 1s

FIG. 2. Light-hole ~dashed curves! and heavy-hole~full
curves! spin-conserving 1s→2p6 ~i! and 1s→3p6 ~ii ! theoretical
magnetoexciton transition energies in anL5125-Å
GaAs-Ga0.70Al0.30As QW as functions of the growth-direction ap
plied magnetic field. Also shown are the experimental results
Nickel et al. ~Refs. 7 and 8!.
t-

l
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→4p light- and heavy-hole intraexcitonic transition energi
for L580- and 100-Å GaAs-Ga0.70Al0.30As QW’s are dis-
played in Fig. 3 in comparison with experimental measu
ments by Salibet al.6 and Černeet al.,5 respectively. Varia-
tional theoretical results for the 1s→2p1 intraexcitonic
light- (Jz

h56 1
2 ) and heavy-hole (Jz

h56 3
2 ) transitions are in

excellent agreement with the experimental data for bothL
580- and 100-Å GaAs-Ga0.70Al0.30As QW’s. The two up-
triangle experimental transitions by Salibet al.6 are in good
agreement with the theoretical 1s→3p2 light-hole (Jz

h5
6 1

2 ) intraexcitonic transitions. On the other hand, the assi
ment of the two full diamond experimental features to sp
cific intraexcitonic transitions is uncertain, in our opinio
and would certainly require further experimental and theo
ical work.

To conclude, we have made a systematic study ofs
→2p6 , 1s→3p6 , and 1s→4p6 light- and heavy-hole
magnetoexcitonic transition energies in GaAs-Ga12xAl xAs
QW’s within a variational procedure in the effective-ma
approximation. Although some of the theoretical magneto
citon transition energies agree very well with experimen
measurements, other calculated results only reproduce q
tative features and quantitative agreement is not good.
believe that effects due to hole subband mixing, which
not included in the present work, should be taken into
count for a proper quantitative understanding of the exp
mental data. Also, several theoretically possible magneto

f

FIG. 3. Light-hole and heavy-hole spin-conserving 1s→np6

(n52,3,4) theoretical magnetoexciton transition energies inL
580 Å andL5100 Å ~ii ! GaAs-Ga0.70Al0.30As QW’s as functions
of the growth-direction applied magnetic field. Also shown are
experimental results of Salib et al.~Ref. 6! and Černeet al. ~Ref. 5!.
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citon transitions do not show up in the experimental spe
and, in this respect, a theoretical calculation of the intrae
tonic absorption line shape, as well as further experime
and theoretical work, would certainly be of considerable i
portance for a better understanding to be achieved.
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