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Luminescence measurements of a Ga1−xAl xAs/GaAs double quantum well in in-plane magnetic fields up to
22 T are reported. The properties of spatially direct and indirect excitons are studied. We show that the strong
indirect exciton luminescence survives in samples with low nonradiative recombination up to high in-plane
magnetic fields. This contrasts with previously published results, where its strong suppression, observed for
magnetic fields as low as of 10 T, was explained by the exciton center-of-mass momentum conservation. We
attribute the discrepancy to a relatively low nonradiative recombination in the studied sample in comparison
with the radiative recombination of localized indirect excitons.
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I. INTRODUCTION

Double quantum well(DQW) represents a structure that
allows for the study of basic quantum phenomena in the
transition from two-(2D) to three-dimensional(3D) systems.
In particular, a lot of attention has been paid to excitons, i.e.,
to the coupled electron-hole excitations. The DQW enables
the formation of a spatially indirect exciton(IX ) when an
electron and a hole are located in opposite wells. The spatial
separation leads to their very long lifetimes,1,2 usually 3 or-
ders of magnitude longer than for intrawell(direct) excitons
(DX). Another special feature of excitons is their bosonic
character. Thus, the gas of free excitons behaves according to
Bose-Einstein statistics and in the case of long-living IXs a
transition to a Bose-Einstein condensate is predicted at low
temperatures. Recent experiments1,2 in this field are very
promising.

The spatial separation of electrons and holes in different
wells leads in the in-plane magnetic fieldBi to a shift of the
IX ground state to a finite center-of-mass(CM) momentum
in k space. Thus, the IX becomes indirect in the real, as well
as in the reciprocal, space. The exciton dispersion in the
DQW plane remains parabolic, but its minimum is displaced.
For the magnetic fieldB=s0,Bi ,0d with the gaugeA
=sBiz,0 ,0d we get the indirect exciton dispersion,
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where d represents the center-to-center distance of wells
when the intrawell Stark effect is neglected.E0 andM denote
the IX energy at rest and its in-plane mass, respectively, and

e is the electron charge. For many experimental conditions,
the Boltzmann statistics can be used for the description of
the IX gas, instead of the Bose-Einstein distribution. Taking
account of this assumption, the density of IX with CM mo-
mentumK<0 decreases as a Gaussian function of the in-
plane magnetic field: exps−e2d2Bi

2/2MkBTd, where kB is
Boltzmann constant andT represents the IX gas temperature.
Owing to the conservation of the particle’s momentum, only
the excitons withK<0 can be optically active and thus the
IX radiative recombination is strongly suppressed by the in-
plane magnetic field. This effect was discussed theoretically
by Gorbatsevich and Tokatly.3 Simultaneously, the energy of
IX optical transitions increases quadratically with the mag-
netic field by the amount ofe2d2Bi

2/2M. This simple model
was used by Parlangeliet al.4 to explain their photolumines-
cence(PL) measurements.5 The authors observed the qua-
dratic shift of the IX energy and the Gaussian suppression of
the IX PL intensity with the magnetic field, and achieved a
very good quantitative agreement between the simple theory
and their experiment. However, the Gaussian quenching of
the IX PL intensity is based on an assumption that the IX
density remains unaffected byBi, and this is fulfilled only
when the nonradiative recombination is dominant and inde-
pendent of the magnetic field. Otherwise, the IX density has
to increase with magnetic field, i.e., together with a decrease
of the radiative recombination probability of the free IXs.
The simple model is then no more valid and the IX PL in-
tensity is governed by the variation of the radiative, as well
as the nonradiative, decay rates. The IX luminescence in in-
plane magnetic fields was also studied by Butovet al.6 Even
though the paper is primarily devoted to the time-resolved IX
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photoluminescence, the quadratic shift of IX energy was
evaluated from time-integrated PL spectra according to
e2d2Bi

2/2M. Also the strong IX PL quenching was clearly
observed and qualitatively described.

II. EXPERIMENT

The PL measurements were carried out on a
Ga1−xAl xAs/GaAs sample schematically depicted in Fig. 1,
and prepared by molecular-beam epitaxy. The growth started
on ann-doped substrate at a temperature of 600 °C with a
500-nm-wide n-doped GaAs region(Si, 1.431018 cm−3)
followed by n-doped and intrinsic Ga0.7Al0.3As layers
with thicknesses of 300 and 500 nm, respectively. The
growth was continued with a 5-nm-thickp-d layer
(C, 331017 cm−3) and 100 nm of an intrinsic region, both
from Ga0.7Al0.3As. Afterwards, three symmetric GaAs
DQWs separated always by 100 nm of Ga0.7Al0.3As layers
were added. Each DQW consists of 4 ML(ML=atomic
monolayer) of AlAs central barrier separating two quantum
wells with the same width of 35, 26, or 18 ML, respectively.
Further Ga0.7Al0.3As layers were grown as follows: 100-nm
intrinsic, 5-nmn-d layer (C, 431017 cm−3), 500-nm intrin-
sic, and 300-nmp doped(C, 1.431018 cm−3). The structure
was closed by a 20-nm-widep-doped (C, 231018 cm−3)
GaAs cap. The sample was photolithographically processed,
i.e., the structure was mesa etched isolated and selectively
contacted to the bottomn and top p regions. Hence, the
DQWs can be tilted by the perpendicular electric field when
a bias is applied to these contacts. Taking account of the
distance of 1.45mm between thep andn contacts, the bias
change ofDUpn=1 V represents the change of the electric
field 6.9 kV/cm on the DQW. The compensatingd layers
allow us to achieve a DQW flatband position for a relatively
small bias voltage.

The sample was excited by a Ti:sapphire laser with the
power density,100 mW/cm2 at the photon energy 1.75 eV,
i.e., below the band gap of Ga0.7Al0.3As at low temperature.
Fiber optics were used for the excitation, as well as for the
signal collection. The PL spectra were analyzed by a single-
grating monochromator and detected by a cooled charge
coupled camera. The helium bath cryostat that we used

ensured a good temperature stability at 4.2 K. All measure-
ments were performed in a resistive solenoid in the Voigt
configuration up to the magnetic field of 22 T.

III. RESULTS AND DISCUSSION

Figure 2 shows the PL spectra for selected values of bias
Upn taken atBi=0. The depicted spectra, as well as others
presented in this paper, are related to the 18-ML-wide
s<5 nmd DQW only. The remaining wells exhibited similar
results. The appliedUpn tilts the DQW and a characteristic
redshift of IX (interwell) transition for the increasing nega-
tive bias is observed, whereas the DX energy remains almost
unaffected. These results are analogous to those published
previously,7 where PL of the same structure was studied at
higher temperatures. The flatband regime was observed for a
small forward biasUpn. +0.5 V, where more complex PL
spectra were obtained, probably related to the formation of
charged excitons-trions(not shown in this paper). These
charged complexes were also identified in the PL spectra of
the 35-ML s<10 nmd DQW in this sample under different
experimental conditions.8 For the bias in the range of
−3.0 V,Upn,−1.0 V, both IX and DX transitions are
present in the PL spectra. The IX redshift is saturated for
Upn,−4.0 V. This effect can be explained by a screening of
the external electric field caused by IXs with sufficiently
high densitynIX. The fact that this saturation point appears in
different DQWs for other biasUpn, and that the energy of the

FIG. 1. The schematic picture of a sample studied under the
typical operational conditionUpn,0. EF

p andEF
n denote Fermi level

in p- andn-doped regions, respectively. Lengths are not in scale.

FIG. 2. PL spectra for selected negative bias at zero magnetic
field. The corresponding voltages are indicated. The inset depicts
integral PL intensity vs applied bias forBi=0 andBi=20 T. The
values in the inset are normalized to zero bias for both magnetic
fields.
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IX transition strongly depends on excitation intensity(not
shown in this paper), supports this interpretation. The simple
formula for the electric field in a plate capacitorenIX /e0er,
wheree0 and er are the vacuum and relative permittivities,
respectively, allows us to estimate the lower limit of IX con-
centrationnIX *531010 cm−2 for Upn&−4.0 V. The inset of
Fig. 2 contains the integral PL intensity forBi=0 and 20 T as
a function ofUpn, normalized toUpn=0. The integral inten-
sity remains close to unity even for higher negative bias,
when the radiative recombination lifetime of the IX is
strongly enhanced. Hence, we can conclude that the nonra-
diative recombination rate is very small in comparison to the
radiative one. The dominant radiative recombination and also
the small full width at half maximum(FWHM) ,2 meV of
the DX peak at 4.2 K(for IX FWHM=2.5–4 meV) are pa-
rameters that are characteristic for good quality samples, and
thus the PL spectra can be compared to those published in
Refs. 4 and 6.

Figure 3 summarizes the PL spectra measured in in-plane
magnetic fields of up toBi=22 T for Upn=−2.0 and −4.0 V.
The integral intensities of these spectra have been plotted in
the inset of this figure. The magnetic fieldBi causes a blue-
shift of the IX peak, but no intensity degradation is present,
contrary to previously published results.4–6 Moreover, the PL

of direct excitons declines relatively to the IX peak. For
comparison, we can estimate the Gaussian suppression of IX
peak intensity according to the simple model4 sketched in the
Introduction. However, we stress that its validity conditions
are not fulfilled for our sample with a low nonradiative
decay rate. The estimated intensity decrease atBi=20 T then
varies within an interval of 102–108, due to the uncertainty
in the exciton mass and the IX temperature. The values
M =0.42m0 and 0.21m0 (m0 is the bare electron mass) were
used for the exciton mass in Refs. 4 and 6, respectively, and
in both cases in agreement with their experiments. The IX
temperature is possibly higher than the lattice temperature
Tlatt=4.2 K, but we suppose that the temperature does not
exceed 10 K, owing to high cooling rates of indirect
excitons.2

We will now show that apart from the nonradiative and
free IX recombination, another radiative recombination
channel must be present to explain our measurements. As is
shown in the insets of Figs. 2 and 3, the integral PL intensi-
ties are almost magnetic-field independent and are influenced
only weakly by the applied electric field. Hence, the nonra-
diative recombination must be small. The probability of free
IX radiative recombination withK<0 is nearly magnetic-
field independent4 and thus the intensity of the IX peak is
governed predominantly by the number of IXs at the corre-
sponding energy level. If no other radiative channel were
present, an increase of the IX densitynIX by the factor
expse2d2Bi

2/2MkBTd would be necessary to maintain the in-
tegral PL intensity constant. However, such a high IX density
(more than 1012 cm−2 at Upn&−4.0 V in higher magnetic
fields) would cause a strong effective screening of the exter-
nal electric field, resulting in a decrease of DQW tilting, and
thus also in a strong blueshift of the IX peak. This is in
contradiction with the experimentally determined IX maxima
depicted in Fig. 4 for several valuesUpn. Hence, the IX

FIG. 3. The PL spectra in the dependence on the in-plane mag-
netic fieldsBi for two selected biases, −2.0 and −4.0 V. The corre-
sponding fieldsBi are depicted near the curves. The inset shows the
total PL intensity; values are normalized to zero magnetic field. The
temperature wasTbath=4.2 K.

FIG. 4. The exciton peak energy for selected biasUpn. The
dotted line shows the parabolic DX shift 0.0065 meV/T23Bi

2. The
dashed and dash-dotted lines represent the theoretical IX energy
shift according toe2d2Bi

2/2M for the exciton mass 0.21m0 and
0.42m0, respectively. Other lines serve as a guide for the eye only.
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luminescence observed in high in-plane magnetic fields can-
not be related to the recombination of optically active free
IXs (i.e., with the CM momentumK<0) only. Therefore,
another radiative recombination channel must be found. Al-
though the repulsive interaction between IXs partially
screens the potential fluctuations,2 we suppose that the local-
ization of the IXs plays a crucial role in the recombination
process. In high magnetic fields, when the optical recombi-
nation of IX with a nonzero CM momentum is forbidden, the
radiative recombination of localized IXs becomes dominant,
whereas the nonradiative channel still seems to be negligible.
The localized IX wave function is widely spread in thek
space. Hence, the CM momentum conservation can be re-
laxed. The IX CM localization within the radius of 5 nm
corresponds to the spread of wave functionDK<0.2 nm−1

that is comparable with the shiftK0=edBi /" of the IX dis-
persion parabola(1) induced by the in-plane magnetic field
Bi <20 T. So we assume that a certain number of IXs be-
comes localized and therefore optically active also in high
magnetic fields. This localization seems to be present, al-
though our sample shows properties characteristic for a high
quality structure. We interpret this fact as a result of a very
low nonradiative recombination rate that leads to an en-
hancement of IX lifetime and thus supports the IX localiza-
tion. So, the very low nonradiative recombination rate in our
structure seems to be responsible for results different from
those published previously.4–6

A clearly noticeable feature of our luminescence spectra is
the low-energy tail of the IX peak developing with increas-
ing magnetic field. We suppose that it is related to lower-
lying localized IX states. We think that this interpretation is
also supported by the PL measurements in Ref. 6, where a
strong damping of the(unbound) IX peak in higher magnetic
fields was observed while the low-energy tail survived. How-
ever, this effect was not discussed in detail there.

Some attention should be paid to Fig. 4. The peak
maximum shift forUpn=0.0 V, i.e., for DX transition, is ap-
proximately quadratic in magnetic field,DE=0.0065
meV/T23Bi

2, and corresponds to the commonly observed
diamagnetic shift4,5 of a DX. The shift forUpn=−1.0 V is
significantly higher, but this is caused by the mixing between
the IX and DX states induced byBi. The PL maxima for
Upn%−2.0 V correspond to the pure IX transition. The mea-
sured IX peak shifts can be compared to theoretical curves
for free IXs, simultaneously plotted in Fig. 4. These curves
were obtained using the formulae2d2Bi

2/2M for the electron-
hole distanced=22 ML s<6.2 nmd and for two different val-
ues of the exciton mass4,6 M =0.42m0 and 0.21m0. For com-
parison, the DX transition was chosen as the reference
energy. Evidently, the IX maxima do not follow this simple
quadratic dependence. Instead, the observed IX shift atBi

depends on the applied bias and is smaller forUpn=−2.0 and
−3.0 V than expected from theoretical curves. We relate this
behavior to the IX localization and assume that the IX shift
mainly represents the change in IX localization energy with
the in-plane magnetic field. Also, slight but complex changes
in the radiative recombination time of localized IX induced
by the electric and magnetic fields can be expected. Because
of the almost constant integrated PL intensity and the very

low nonradiative recombination, the lifetime change affects
predominantly the IX density. This effect becomes important
close to the saturation pointUpn&−4.0 V, where the small
changes in the IX density probably lead to different screen-
ings of the external electric field and thus to different IX
peak shifts. This can be clearly seen atBi .12 T, when the
PL maxima for Upn=−4.0 and −5.0 V appear at a higher
energy than forUpn=−3.0 V. This blue shift of IX energy
could be also supported by a possible charging of the DQW
due to an exciton dissociation and electron tunneling out of
the structure. Thus, although the shift forUpn=−4.0 and
−5.0 V is roughly comparable to the theoretical shift for the
exciton with the massM =0.42m0, we assume that it is of
another origin than the plotted theoretical curve.

The shift of IX maxima withBi should be compared to the
results published by Butovet al.9 They determined the IX
mass as a function of the perpendicular magnetic field from
the quadratic shift of the IX peak in the additionally applied
magnetic field in the in-plane direction. They based the ex-
citon mass evaluation on the simple relatione2d2Bi

2/2M. In
our case, owing to the localization of indirect excitons, the
IX peak shift is influenced by the magnetic- and electric-
field-induced changes of their localization energy and is
smaller than the shift of free IX energy observed by Butovet
al.9 Using of the simple formula would thus lead to an over-
estimation of the IX mass.

IV. CONCLUSION

We have shown that the IX peak can survive in PL spectra
of good quality sample even in high in-plane magnetic fields.
The low rate of nonradiative recombination supports the lo-
calization of long-living IXs that enables their radiative re-
combination also in high magnetic fields. On the contrary,
the higher nonradiative recombination rate reduces the time
available for the IX localization and thus effectively de-
creases the probability of radiative recombination in high
in-plane magnetic fields.4

We conclude that the dominating radiative recombination
of localized indirect excitons does not allow us to observe
the quenching of IX luminescence and the quadratic shift of
their energy in the in-plane magnetic field that were reported
in Refs. 4–6 and 9. The possibility of an exciton dispersion
engineering4,6,10 would then be limited in these kinds of
samples.
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