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Direct and indirect excitons in GaAs-Ga1−xAlxAs coupled double quantum wells, under growth-direction
applied electric and magnetic fields, have been theoretically investigated within a variational procedure in the
effective-mass and parabolic-band approximations. The exciton hydrogenic 1s-like envelope wave function is
obtained through a variational procedure and an appropriate expansion in trigonometric functions of the
electron and hole wave functions. The applied electric field produces a polarization of the exciton by pushing
the electron and hole away from each other, whereas the magnetic field contracts the exciton by pushing the
electron and hole closer to each other. Intersubband mixing produced by the Coulomb interaction of electron-
hole pairs is taken into account and a detailed analysis of the properties of direct- and indirect-exciton states in
GaAs-Ga1−xAlxAs coupled double quantum wells is presented, with theoretical results in good agreement with
available experimental measurements.
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Coupled double GaAs-Ga1−xAlxAs quantum well
�CDQW� structures under applied electric, magnetic, and
stress fields have attracted much attention recently. Some
examples of phenomena studied on these systems are the
excitonic Bose–Einstein condensation, two dimensional �2D�
electron gas properties, optical absorption, reflection and
photoluminescence �PL� of direct and indirect excitons, do-
nors and acceptors, properties of charged excitons, transition
between exciton and 2D electron gas or magnetoexciton re-
gimes, exciton trapping, quantum Stark effect, magnetoexci-
ton dispersion relations, electron-phonon interaction, elec-
tron transport, etc. The wide range of applications also
attracts a great interest in spintronics, data storage, electronic
and optoelectronic devices, lasers, and terahertz detectors.1–3

When an electric field is applied along the growth direc-
tion of a symmetrical thin-barrier GaAs-Ga1−xAlxAs doubled
quantum well �DQW�, the exciton energy decreases as the
field increases and the ground-state exciton may be formed
with the electron and hole in different wells, i.e., the exciton
ground state may change from a direct-exciton to an indirect-
exciton state. On the other hand, if a magnetic field is applied
along the growth direction of a GaAs-Ga1−xAlxAs quantum
well �QW�, an increase in exciton binding energy is found as
the magnitude of the magnetic field increases, due to the
shrinking of the exciton wave function. The anticrossing be-
tween the ground and first-excited exciton states in
GaAs-Ga1−xAlxAs CDQWs has been thoroughly studied
experimentally.1–4 The simultaneous application of an elec-
tric field in the growth direction and a magnetic field parallel
to the interfaces of the CDQW produces strong changes in
the PL spectra and kinetics of the indirect �interwell� exci-
tons due to the magnetic field induced displacement of the
indirect exciton dispersion in momentum space3,4 which may
be used to increase the exciton lifetime. In a recent theoret-
ical work, de Dios-Leyva et al.5 have studied the effects of
crossed growth-direction applied electric and in-plane mag-
netic fields on the exciton direct and indirect states in
GaAs-Ga1−xAlxAs CDQWs and found good agreement with
available PL experimental measurements.3,4

In the present work, we are, in particular, concerned with
a proper theoretical understanding of the experimental find-
ings by Butov et al.4 in GaAs-Ga1−xAlxAs CDQWs under
electric and magnetic fields applied simultaneously in the
growth direction �z direction� of the heterostructure. Here,
theoretical calculations are performed by using a cylindrical

gauge A� = 1
2 �B� �r�� and envelope-function and parabolic-

band approximations. The Hamiltonian for the exciton then
may be written as5,6
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where p�̂�=−i� �
��� , the total and reduced exciton masses are M

and 	, respectively, 
= e�B
2	cR �R is the effective Rydberg�,

�e=−1, �h= +1, and the applied electric field E� =−Eẑ.
The exciton variational5 wave functions of the

GaAs-Ga1−xAlxAs CDQW may be written as ���� ,ze ,zh�
= f�ze�F�zh�e−�r, where r=��2+ �ze−zh�2, � is a variational
parameter, and f�ze� and F�zh� are, in general, linear combi-
nations of the z-dependent part of the electron f i�ze� and hole
Fj�zh� eigenfunctions of the Hamiltonian without the Cou-
lomb interaction. We note that the noncorrelated f i�ze� and
Fj�zh�, which are adapted to the situation with an applied
electric field, are readily obtained via the method by Xia and
Fan8 of expansion in terms of sine functions. At low tem-

peratures, one may take k� =0 and P� =0. Here, we follow the
variational procedure outlined by de Dios-Leyva et al.5 and
only take into account the mixing between the DQW electron
f0�ze� ground state and f1�ze� first-excited state.

Figures 1�a� and 1�b� show the exciton PL-peak energy as
a function of the applied gate voltage �or electric field;
23.8 kV /cm corresponds to 1 V� for a GaAs-Ga0.67Al0.33As
symmetric CDQW of dimensions well LW=80 Å, barrier
LB=40 Å. The solid curves in Figs. 1�a� and 1�b� show the
theoretical exciton PL-peak energies, corresponding to the
ground state and first-excited exciton state, for B=0 �Fig.
1�a�� and growth-direction applied B=16 T �Fig. 1�b��, re-
spectively, whereas the open dots correspond to the experi-
mental findings of Butov et al.4 The open dot size corre-
sponds essentially to the experimental error bars. The
experimental data show a constant exciton PL-peak energy
behavior at low values of the electric fields corresponding to
an exciton ground state associated with the spatially direct-

exciton regime, in which both the electron and hole remain
in the same well. When the electric field is switched on, in
the −z direction, its effect pushes the electron toward the
neighbor well and pulls the hole away from the electron,
with the result that at a certain strength of the applied electric
field, the transition to the exciton ground state corresponding
to a spatially indirect-exciton regime occurs. Here, the elec-
tron tunnels to the other well and the hole is pushed the
farthest from the electron. In this regime, the ground-state
indirect-exciton results in a PL-peak energy with a decreas-
ing linear behavior as a function of the increasing applied
electric field, with the gate-voltage value at which the direct
to indirect exciton transition occurs increasing from 0.3 V at
B=0 to 0.6 V at B=16 T. Also, one notes that, for a
GaAs-Ga0.67Al0.33As symmetric CDQW of dimensions
LW=80 Å, LB=40 Å, the excited exciton state, correspond-
ing to a spatially direct exciton, appears as a PL-peak energy
which remains essentially constant with increasing values of
the applied electric field. The ground-state theoretical results
are in quite good agreement with the exciton PL peaks in the
experimental findings by Butov et al.4 One notices that the
ground-state exciton PL peak diminishes in energy as the
growth-direction applied electric field increases, for fixed
values of the applied magnetic field. Moreover, the ground-
state exciton PL peak increases in energy as the growth-
direction applied magnetic field increases, for fixed values of
the applied gate voltage. This is due to the interplay between
the polarization caused by the electric field, effect of the
Coulomb interaction, and effects of the central and edge bar-
riers. The electric field produces a spatial displacement of the
electron and hole in opposite directions, whereas the
electron-hole Coulomb force develops a component along
the z direction which opposes the external electric field and
diminishes its effect, whereas the barriers constrain the elec-
tron and hole movement.

Figure 2 shows a comparison of the present theoretical
calculations with the PL-peak experimental �open dots� re-
sults by Butov et al.4 for the indirect- �lower curve� and
direct-exciton �upper curve� energies as functions of the
growth-direction applied magnetic field at a fixed applied
gate voltage Vg=1.4 V for a GaAs-Ga0.67Al0.33As symmetric
CDQW of dimensions LW=80 Å, LB=40 Å. At this gate-
voltage value, the ground and first-excited states are away
from the resonance region. The lower theoretical curve was
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FIG. 1. PL-peak transition energy as a function of the applied
gate voltage for a GaAs-Ga0.67Al0.33As symmetric CDQW of di-
mensions LW=80 Å, LB=40 Å, under growth-direction applied
electric and magnetic fields. Open dots are the corresponding ex-
perimental data of Butov et al. �Ref. 4�.

0 5 10 15 20
1.50

1.52

1.54

1.56

1.58

1.60

P
L-

pe
ak

en
er

gy
(e

V
)

V
g

= 1.4 V

magnetic field (T)

FIG. 2. Applied magnetic-field dependence, at a fixed applied
Vg=1.4 V gate voltage, of the PL-peak energy corresponding to
direct �higher curve� and indirect �lower curve� excitons for a
GaAs-Ga0.67Al0.33As CDQW of dimensions LW=80 Å, LB=40 Å.
Open symbols are the corresponding experimental data from Butov
et al. �Ref. 4�.
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obtained by using a bonding exciton variational wave func-
tion, and the upper curve corresponds to states described by
an antibonding variational wave function �cf. Eqs. �11� and
�12� by de Dios-Leyva et al.5�. It is apparent that results
obtained by the present theoretical model follow closely the
experimental findings for the direct-exciton case. In the case
of the indirect exciton �lower curve in Fig. 2�, the slope of
the calculated magnetic-field dependence of the indirect ex-
citon dispersion, for a Vg=1.4 V gate voltage, is clearly
larger than for the experimental results. It can be seen that
the exciton PL-peak energies increase as the applied mag-
netic field increases, with the increment being larger for the
case of the indirect-exciton PL peak. The differences with
respect to the experimental values may come from minor
changes in the measured well widths, electron, and hole
effective-mass dependence with the magnetic field, nonpara-
bolicity effects, the fact that the present model ignores
valence-band mixing, etc. Also, as the magnetic field has the
effect of shrinking the exciton wave function in the xy plane
while the electric field tends to separate the electron and hole
along the z direction, a two-variational parameter wave func-
tion, in which the z and � coordinates would be free to adapt
to each specific situation, may provide a more realistic de-
scription of the experimental data. Moreover, from Fig. 5, in
the study by Butov et al.,4 it is clear that there is an energy
shift in the indirect-exciton regime, with applied magnetic
field, and it strongly depends on the excitation density. As
pointed out by Butov et al.,4 the indirect-exciton PL energy
is found to enhance with density, which reflects the net re-
pulsive interaction between indirect excitons. Of course,
such an effect is not considered in the present correlated e-h
theoretical model. In addition, with respect to the double
experimental dots corresponding to the upper curve of Fig. 2,
we believe that further theoretical and experimental works
are needed in order to quantitatively understand the PL
higher-energy double-peaked structure found in the experi-
mental measurements by Butov et al.,4 who pointed out that
it is likely a result of difference in widths of the two nomi-
nally identical GaAs QWs.

Figure 3 presents a comparison of the calculated direct-
and indirect-exciton PL-peak energies for a
GaAs-Ga0.67Al0.33As CDQW of dimensions LW=80 Å, LB
=40 Å under the simultaneous effects of growth-direction
applied electric and magnetic fields �Figs. 3�a�, 3�c�, and
3�e��, with results obtained for the CDQW under in-plane
applied magnetic field5 and growth-direction applied electric
field �Figs. 3�b�, 3�d�, and 3�f��. It is apparent from Fig. 3
that the gate voltage, corresponding to the direct-indirect an-
ticrossing, moves to higher values as the growth-direction
applied magnetic field increases, whereas for in-plane ap-
plied magnetic fields, the anticrossings remain at essentially
the same gate-voltage value. Here, we should mention that,
in a previous study,5 it was shown that for an asymmetric
GaAs-Ga1−xAlxAs CDQW such crossings present a slight de-
pendence on the in-plane applied magnetic field and, there-
fore, this dependence seems to be related to the particular
geometry of the CDQW. The shift to higher applied electric
fields of the crossover when the growth-direction magnetic
field increases may be understood as follows:4 In the direct-
exciton case, the e-h distance is essentially associated with

the � distance between the carriers, whereas in the indirect
case, the e-h distance, mainly depends on the z separation,
which in the indirect-exciton regime is essentially constant
and equal to the separation between the centers of the two
QWs. Changes in the exciton binding energy with the ap-
plied magnetic field are associated with changes in the e-h
distance, which affect the Coulomb interaction. Therefore, as
the magnetic field is applied in the growth direction, its ef-
fects are mainly seen on the � coordinate, and when the
magnetic field increases, the e-h distance diminishes for the
direct-exciton case and remains essentially constant for the
indirect-exciton one, leading as a result that the difference
between the binding energies for excitons in the direct and
indirect regimes increases with the applied growth-direction
magnetic field. Due to the fact that the electric-field value in
which the crossover appears depends on this difference of
binding energies, the crossover must shift to higher gate volt-
ages when the magnetic field increases.

In conclusion, a theoretical study of the direct and indirect
magnetoexciton states in GaAs-Ga1−xAlxAs CDQWs under
growth-direction applied magnetic and electric fields is pre-
sented. The effective-mass and parabolic-band approxima-
tions are used and inter-subband mixing, brought about by
the Coulomb interaction of electron-hole pairs in CDQWs, is
considered. The exciton envelope wave function is obtained
by using a variational procedure with a hydrogenic 1s-like
wave function and an expansion in trigonometric functions
for the electron and hole wave functions. The experimental
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FIG. 3. Comparison of PL-peak transition energies for a
GaAs-Ga0.67Al0.33As CDQW of dimensions LW=80 Å, LB=40 Å
under the effects of applied electric and magnetic fields. �a�, �c�, and
�e� are for growth-direction applied electric and magnetic fields,
whereas �b�, �d�, and �f� are for an in-plane applied magnetic field
�perpendicular to the growth direction� and growth-direction ap-
plied electric field �Ref. 5�.
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anticrossings, i.e., the transition from the intrawell and/or
direct- to the interwell and/or indirect-exciton regime, are
well reproduced within the present model calculation. The
general behavior of the exciton PL-peak energy as a function
of the electric field is well reproduced, both for B=0 and an
applied growth-direction magnetic field of B=16 T. Away
from the anticrossing regions, at a somewhat high electric-
field value, the theory still reproduces the experimental rela-
tion between the exciton PL-peak energy and applied
magnetic field. It may be seen that the exciton PL-peak en-
ergies increase for both directions of the applied magnetic
field. The difference in exciton behavior when subjected ei-
ther to growth-direction or in-plane magnetic fields comes
from the fact that the growth-direction magnetic field com-
presses the exciton probability density in the � direction,

whereas the in-plane magnetic field shrinks it along the z
direction.
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