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We report on photoluminescence �PL� measurements of a symmetric GaAs/AlGaAs double quantum well
�DQW� in high magnetic fields. For this study, a selectively contacted p-�n–DQW–�n-p structure was chosen,
allowing an independent tuning of the electron density in the DQW and thus a creation of a two-dimensional
electron gas. Our attention was focused on phenomena in in-plane magnetic fields, where the field-induced
depopulation of the antibonding subband observable in the PL spectra as a so-called N-type kink was predicted
by Huang and Lyo �HL� �Phys. Rev. B 59, 7600 �1999��. Whereas the equivalent behavior has been observed
several times in the electric transport measurements and a proper theoretical description has been found, to the
best of our knowledge, no PL experiment in a direct comparison with the theoretical model developed by HL
has ever been published. We carried out a self-consistent calculation based on their model and achieved a good
agreement with our experimental results. Additionally, the influence of the excitonic interaction on the PL
spectra, not taken into account by HL, is also discussed. This enables us to explain small deviations from the
HL theory. The interpretation of the in-plane magnetic field measurements is supported by the experiment with
the magnetic field in the perpendicular orientation that allows a sufficiently accurate estimation of the electron
density in the DQW. Distinctive renormalization effects of DQW subbands at various electron densities are
also observed and discussed.
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I. INTRODUCTION

Double quantum wells �DQW� have been attracting a
great deal of attention owing to their challenging properties,
particularly formation of spatially direct and indirect exci-
tons and their possible condensation to a cold exciton gas at
low temperatures.1,2 While in the configuration with the mag-
netic field perpendicular to the quantum well �QW� plane a
free in-plane motion of charge carriers is quantized into Lan-
dau levels, an in-plane magnetic field �parallel to the layers�
changes the carrier energy dispersion in the QW plane in the
direction perpendicular to the field. Since Lyo’s theoretical
prediction of a saddle point type van Hove singularity in the
density of states of a DQW, induced by an in-plane magnetic
field,3 much effort has been devoted to confirm this predic-
tion experimentally. Another simple bi-layer quantum struc-
ture, similar to DQW, can be created in a rather broad
modulation-doped single quantum well by a sufficiently high
parallel magnetic field.4,5 The predicted singularity in the
magnetic-field-dependent density of states was at first suc-
cessfully confirmed on both types of bi-layer systems in elec-
tric transport measurements—a modulation of the in-plane
electric conductance6–8 and of the cyclotron mass9 in the
in-plane magnetic field was reported. Among latest results
concerning these effects, we mention thermopower measure-
ments on the DQW system performed by Fletscher et al.10

They have measured a clear dependence of the thermopower
on the applied in-plane magnetic field and supported the ex-

perimental results by a convincing theoretical description.
It has become a challenge to find a manifestation of phe-

nomena predicted for the in-plane magnetic field also in op-
tical experiments. The photoluminescence �PL� calculation
of DQW in the in-plane magnetic field, neglecting excitonic
interaction between electron and hole, was published by
Huang and Lyo.11 The PL investigation of a similar bi-layer
system in the in-plane magnetic field was reported by Whit-
taker et al.,12 where the one-side modulation doping of a
wide QW ensured a large separation of electrons and holes
due to the strong built-in electric field. The observed strong
quadratic shift of the luminescence maximum with in-plane
magnetic field was interpreted as a result of the field-induced
indirect gap. Similar measurements on wide QWs and het-
erojunctions have very recently been carried out by Ashki-
nadze et al.13 Other in-plane magneto-optical measurements,
in this case already on symmetric DQW structures, were
published by Kim and co-workers.14,15 In a parallel field,
they observed two resolved peaks and their shift to the
higher energy with increasing magnetic field. The peaks were
related to the recombination of electrons from an upper �an-
tibonding� subband-created by an antisymmetric linear com-
bination of wave functions of a single QW, and from a lower
�bonding� subband formed by a symmetric combination of
electron states of a single well. In accordance with theoreti-
cal predictions,11 they observed a N-type kink, i.e., a gradual
depopulation of the electron and hole antibonding subband
resulting in a redshift of the PL maximum followed by its
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blueshift, reflecting a diamagnetic increase of the bonding
subband energy. However, no comparison with theoretically
calculated spectra was performed.

In this paper, we present a study of PL from a symmetric
DQW with various electron density in the magnetic field in
perpendicular �Faraday�, as well as in parallel �Voigt�, orien-
tation. The paper is organized as follows. In Sec. II a brief
description of experiment and the studied sample is pro-
vided. The simple theory of phenomena in the in-plane mag-
netic field is summarized in Sec. III. Section IV concerns us
with experimental results. These are compared with the sug-
gested theory and the applicability of the used theoretical
model is discussed with respect to the excitonic interaction,
whose effects dominate the PL spectra at low carrier densi-
ties. Finally, the conclusions are given in Sec. V.

II. EXPERIMENT

Our magnetoluminescence measurements were carried
out on a p-i-�n–DQW–�n-i-p structure grown by molecular
beam epitaxy �MBE�. A simple scheme of this structure un-
der a typical operational condition is shown in Fig. 1. The
symmetric DQW consists of two 26 ML, i.e., �7.5-nm-thick
GaAs QWs with a 4 ML AlAs barrier in between. This
DQW is separated from �-n-doped layers by 30-nm-thick
Ga0.7Al0.3As spacers. Both GaAs/Ga0.7Al0.3As interfaces in
the DQW are smoothed by a 1 ML AlAs layer. The �-n
doping is realized by a 1-nm-thick n-doped Ga0.7Al0.3As
�Si, 1.5�1018 cm−3� layer, which corresponds to the 2D
donor density nD

�2�=1.5�1011 cm−2. The thickness of the
Ga0.7Al0.3As intrinsic part located between the �-n layer and
p-doped region is 350 nm on both sides. A doping density
�C ,2.0�1018 cm−3� is used in both p-doped regions. The
sample was photolithographically processed, i.e., the struc-
ture was mesa etched, isolated and selectively contacted to
the p-doped regions and to the region involving the DQW
and the �-n layers. The design of the sample was chosen to
allow for a tuning of the electron density by applying a p-n
bias with both p contacts kept at the same potential. When no
bias is applied to the sample in the dark, the relatively
weakly doped �-n layers supply a negligible electron density
in the DQW. As schematically depicted in Fig. 1, a two-
dimensional electron gas �2DEG� with a tunable density is

created at a positive bias Upn. In the flat-band regime, when
no electric field is present in intrinsic regions, the 2DEG
density close to the �-n doping ��3�1011 cm−2� is
achieved. The influence of the optical excitation on the elec-
tron density will be discussed later on. The PL spectra pre-
sented in this paper were gained from several mesa structures
taken from the same wafer. All investigated structures exhib-
ited almost identical behavior showing thus a very good ho-
mogeneity of MBE growth.

The sample was excited by a Ti:sapphire laser with a stan-
dard power density I0�100 mW/cm2 at the photon energy
1.72 eV, i.e., below the band gap of Ga0.7Al0.3As at a helium
temperature. An optical fiber was used for the excitation, as
well as for the signal collection. The PL spectra were ana-
lyzed by a monochromator and detected by a cooled charge
coupled camera. The helium bath cryostat ensured a good
sample temperature stability at 4.2 K. All measurements
were performed in a resistive solenoid up to the magnetic
field of 22 T in the Voigt or Faraday configuration.

III. THEORY

The theoretical description discussed below follows a
simplified model suggested by Huang and Lyo,11 where no
excitonic effects are included. In zero magnetic field, the
electron subband energies Ee

i and corresponding wave func-
tions �i�z� can be obtained straightforwardly using a com-
mon self-consistent procedure. This involves a simultaneous
solution of the one-dimensional �1D� Schrödiner equation
written in the envelope function approximation �EFA�:

�−
�2

2me

d2

dz2 + Ve�z���e
i �z� = Ee

i �e
i �z� , �1�

and the Poisson equation:

d2

dz2VH�z� = −
e2n�2�

�0�r
�

i

	�e
i �z�	2, �2�

where VH�z� is the Hartree potential, which appears also in
the potential energy Ve�z�:

Ve�z� = VH�z� + Ec�z� + Vxc�z� , �3�

together with Ec�z� and Vxc�z� denoting the DQW conduction
band profile and the exchange-correlation potential, respec-
tively. In accordance with HL,11 the approximation for Vxc�z�
was taken from Hedin and Lundqvist.16 Overall in the paper,
the lowest lying bonding i=1 and antibonding i=2 subbands
are taken into account only. �0 and �r denote vacuum and
relative permittivity, respectively. Because the 2D electron
density n�2� serves as an input parameter of our calculation
and the symmetric DQW only is considered, we can use the
boundary condition:

lim
z→−�

dVH

dz
= − lim

z→+�

dVH

dz
=

e2n�2�

2�0�r
. �4�

All z-dependent material parameters such as the relative per-
mittivity �r or the relative mass of electron and hole me ,mh,
are taken as an averaged value in our calculation.

FIG. 1. The schematic picture of the studied sample under a
typical operational condition Upn�0. EF

p and EF
n denote Fermi level

in p-doped regions and 2DEG, respectively. Lengths are not in
scale.
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Henceforth we take the in-plane magnetic field B
= �0,B
 ,0� with the vector potential gauge A= �B
z ,0 ,0� into
account. The field modifies the Schrödinger equation �1�,
where an additional B
-dependent term parabolic in z
appears:11

�−
�2

2me

d2

dz2 +
�2

2me
�kx −

eB
z

�
�2

+ Ve�z���e,kx

i �z�

= Ee
i �kx��e,kx

i �z� . �5�

In the in-plane magnetic field, the electron in-plane motion
becomes coupled with the motion in the z direction and thus
the electron wave function �e,kx

i and subband energy Ee
i �kx�,

are implicitly dependent on the electron momentum in the x
direction kx. The motion in the y direction, i.e., along the
applied magnetic field B
, remains uncoupled and therefore
the whole electron energy in the ith subband can be written
in the form

Ee
i �kx,ky� = Ee

i �kx� +
�2ky

2

2me
. �6�

In general, Eq. �5� requires again a self-consistent solution to
find Ve�z�. However, we suppose that the magnetic-field-
induced changes in the potential Ve�z� are small in compari-
son with a strong additional z-dependent parabolic term in
Eq. �5�. Therefore, we use the potential Ve�z� achieved at
zero magnetic field and avoid thus a complicated calculation.
This assumption cannot be successfully used for asymmetric
DQWs, where magnetic field B
 induces a significant redis-
tribution of the total charge between wells, which strongly
affects the Hartree term VH�z� contained in the total potential
Ve�z�.

Up to now, we dealt with electron states only. To calculate
hole states in the DQW, we solve again Eq. �1� or optionally
in the nonzero magnetic field Eq. �5�. In this case, we have to
take an appropriate hole mass mh and replace the total elec-
tron potential Ve�z� by the total potential for holes Vh�z�,
which includes the valence band profile Ev�z� and the Har-
tree term −VH�z�. In accord with our experiment, the density
of the photogenerated holes is supposed to be much less than
n�2�. Hence, the Hartree term is given by the spatial distribu-
tion of electrons only and the exchange-correlation effects in
the hole gas are neglected. Note that we consider the heavy
hole states only in agreement with HL.11 No nonparabolic or
valence band mixing effects are included.

The luminescence intensity I��� roughly corresponds to
the local joint density of states modified by the Fermi-Dirac
statistical distribution of electrons and holes fe�E�, fh�E�:

I��� 	 �
kx,ky,i,j

fe�Ee
i �, fh�Eh

j �	�h
j 	�e

i �	2 ��Ee
i − Eh

j − ��� .

�7�

Optical transitions between bonding and antibonding sub-
bands �j� i� must be included, because this recombination
becomes allowed at a finite in-plane magnetic field.

IV. RESULTS AND DISCUSSION

A. PL as a function of applied bias

We start the discussion with the analysis of results in Fig.
2, which shows PL spectra of the studied sample at zero
magnetic field as a function of the applied bias Upn. Both p
contacts were kept at the same potential, as well as in all
other measurements presented in this paper. The observed
spectrum consists of a well pronounced PL structure in the
spectral range 1.575–1.585 eV and of a significant low-
energy tail that will be commented on later. The sample was
designed to obtain a depleted DQW at Upn=0.0 V and a
2DEG density corresponding to the total charge of �-n dop-
ing �2nD

�2�=3�1011 cm−2� in the flat-band regime. The flat-
band regime is achieved for Upn� +1.8 V at liquid helium
temperature. Taking account of this, the relatively narrow PL
line at Upn= +0.0–0.3 V can be assigned to the excitoniclike

FIG. 2. PL spectra at zero magnetic field for various applied
positive bias Upn. The p contacts were kept at the same potential.
The inset contains recombination energy calculated for electrons in
the bottoms of the B and A subbands as a function of the electron
density in DQW. The dotted line shows the unoccupied antibonding
subband at lower electron densities. The dashed line denotes the
total intended doping of �-n layers.
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recombination and the line broadening observed above Upn
= +0.5 V reflects the formation of 2DEG and further in-
crease of its density at higher bias. Simultaneously, the low-
energy edge of the PL line shifts towards lower energies due
to the subband renormalization, confirming the gradual in-
crease of the electron density. At Upn� +1.2 V, a steplike
shape of the PL spectrum is achieved and this shape remains
practically unchanged up to the bias of Upn� +2.0 V, then a
further redshift of the low-energy edge appears, showing
thus a further increase of the electron density. The interpre-
tation of the PL spectra at Upn above the flat-band regime is
not straightforward. In this case, the total applied bias Upn
can drop not only on the p-n junction, being in the forward
regime, but also in the p- and n-contact layers themselves.
However, an approximately exponential course of the current
through the p-n junction with Upn suggests that the voltage
lost in the contacts is not dominant in the chosen interval of
bias voltage �Upn
2.6 V�.

The shape of the spectrum can be interpreted on the basis
of the self-consistent calculation depicted in the inset of Fig.
2, where the recombination energies for electrons in the bot-
tom of the bonding �B� and antibonding �A� subbands are
shown as a function of the 2D electron density. Hence, these
values represent the energies of steps in the joint density of
states, or in corresponding points of inflection in the PL spec-
tra, when the realistic broadening of the PL spectra is taken
into account. The difference in transition energies is given by
the splitting of electron subbands B and A only, holes are
supposed to be localized, having their energy at the bottom
of the hole subband B, as is elucidated later on. The pre-
sented calculation predicts a relatively steep decline of the
recombination energy at very low densities ne
1011 cm−2.
However, this expectation is unrealistic due to the excitonic
effects completely neglected in the calculation. Instead, we
can roughly say that the PL is dominated by excitonic inter-
actions up to the electron density at which the renormaliza-
tion energy is comparable with the exciton binding energy.
Approximately at this density, excitons become unstable, or
in other words the excitonic interaction is significantly
screened by free electrons, and at higher densities, the re-
combination of practically unbound electrons and holes
mainly appears. The same effect has been observed by
Kappei et al.17 They reported PL measurements on a QW
with a wide range of electron-hole pair densities �from exci-
tonic to the free carrier regime� and the maximum of the PL
line remained almost unchanged. In our case, the excitonic
origin of the PL at Upn=0.0–0.3 V was proven also by the
quadratic shift of the PL energy with B� as will be shown
later. The mutual electron-hole Coulomb interaction plays an
important role in the optical recombination also at higher
electron densities, when particles are not bound to a stable
exciton. This occurs for electrons close to the Fermi level, in
particular. We will deal with this problem later.

Another important feature not closely discussed up to now
is the behavior of holes in our DQW. In general, a relatively
broad PL spectrum is usually observed in a high density
electron-hole plasma18 or at low hole densities, when holes
are localized in a disordered potential. The spread of hole
wave function in the reciprocal space then allows the recom-
bination of electrons from the bottom of the subband, as well

as from the Fermi level. Figures 3�a� and 3�b� summarize the
spectra gained under excitation intensities I0, 0.1I0, and
0.05I0 at the particular bias and magnetic field. These figures
illustrate that the shape of PL spectra gained at the bias close
to the flat-band regime �Upn� +1.8 V� or lower is almost
insensitive to the excitation intensity in the chosen interval.
Hence, we can conclude that the hole localization should be
responsible for a relatively broad PL spectrum �up to
8 meV�. We suppose that holes have a small localization
energy and are strongly scattered by large inhomogeneities
and potential fluctuations. This type of hole localization, en-
abling electron recombination in a wide interval of momen-
tum, was identified by Tarasov et al.19 Therefore, the local-
ization energy was neglected in our calculation and hole
energy was taken at the bottom of the hole subband B. For
the sake of completeness, the spectra insensitive to the exci-
tation intensity could be obtained also when the low density
hole gas is Boltzmann distributed, but this possibility would
lead to peaks in the PL spectra much narrower than observed.

Independently, also another assertion can be done on the
basis of Fig. 3. The optical excitation in the chosen interval
of intensities does not practically affect the electron density.
Hence, the photogenerated electrons with energies above the
quasi-Fermi level in DQW, which is fixed by the applied bias
Upn, are drained from 2DEG into the electric contact. The
photogenerated electrons arise not only in DQW but also in
the undoped ternary regions near the DQW. Note that the
absorption of photons with energy below the band gap of
Ga0.7Al0.3As is allowed by the Franz-Keldysh effect, as indi-
cated by the observed photocurrent that was in the range of
�100 nA at Upn=0.0 V and intensity I0.

B. PL in perpendicular magnetic field

The PL experiment in perpendicular field B� was per-
formed in order to obtain a deeper insight into the electron
subband structure due to the expected quantization of a
2DEG into Landau levels �LLs�. The PL spectra at the con-
stant bias Upn= +1.0 V as a function of B� are shown in Fig.
4. The LLs are observable in the PL spectra as soon as the
magnetic field achieves the value of B�=3.0 T and in the

FIG. 3. The PL spectra at excitation intensities I0, 0.1I0 and
0.05I0 for �a� Upn= +1.0 V, B
 =3.0 T and �b� Upn= +2.0 V, B
=0.0 T. The PL intensities are multiplied by the factor 10 and 20 for
excitation intensity 0.1I0 and 0.05I0, respectively.
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interval B=3.0–4.5 T, two local maxima are clearly ob-
served. The maximum with a lower energy corresponds to
the recombination from the zero LL of the bonding subband
�nB=0� and the maximum at the higher energy originates
from the recombination of electrons from LL nA=0. The
peaks related to excited LLs nA,B�1 were not directly re-
solved in our PL spectra. We explain this by the fact that
above B�=3.0 T, when the splitting into LLs becomes dis-
tinguishable, all excited LLs including the lowest lying one
nB=1 are significantly exhausted. Furthermore, the peak cor-
responding to the weakly populated LL nB=1 is likely hid-
den in the high energy side of the LL nA=0 peak. We also
speculate that the effect of LL nB=1 could be identified from
weak irregularities observed in the B� dependence of LLs
nA,B=0. The steep blueshift of the PL peaks at B�=4–5 T
could correspond to the reduced renormalization connected
with the complete depletion of LL nB=1, but the detailed
study of this feature is out of the scope of this paper.

With the increasing field B�, the enhanced degeneracy of
LLs =eB� /�� leads to a gradual depopulation of LL nA
=0 that becomes completely depopulated above B��7.0 T.
Whereas at B�
7.0 T the LL energies apparently follow the

expected linear dependence, above B��7.0 T the only par-
tially occupied LL nB=0 �we neglect the spin splitting here�
allows the formation of excitons, whose binding energy
gradually increases with the magnetic field. The LL blueshift
then becomes slower and comparable to the shift of the mag-
netoexciton line at the low electron density maintained by
Upn=0.0 V, see the inset of Fig. 4.

The PL spectrum at B�=6.0 T as a function of bias Upn
has been plotted in Fig. 5. At this magnetic field, LLs nB
=0 and nA=0 are occupied only and the Upn dependence
enables a rough estimation of the total electron density in the
DQW at the given bias. Results of the spectra decomposi-
tion, i.e., energies of LLs with nB,A=0, as well as their peak
area ratio, are shown in Fig. 6. As can be inferred, the dis-
tance between LL energies declines with the increasing elec-
tron concentration. However, this effect is relatively weak
and thus we can say that the splitting of B and A subbands
amounts to �5 meV. The ratio of peak areas in Fig. 6
roughly corresponds to the relative occupation of LLs. The
LL nA=0 appears in the spectra above Upn= +0.7 V and its
intensity increases rapidly up to Upn= +1.2 V. Above this
value, the peak area ratio and thus also the total electron
density rises slowly and a further strong increase follows at
Upn� +2.0 V. Let us recall that the same behavior has al-
ready been shown at zero magnetic field in Fig. 2.

As Fig. 6 shows, the electron density is well stabilized in
the interval Upn� +1.2–2.2 V, i.e., in the interval around the
flat-band regime, which is estimated to Upn� +1.8 V. At
lower bias, the electron concentration in DQW can be en-
hanced due to photon absorption in the ternary layers near
the DQW. The generated electrons accumulate in the DQW
resulting in a slightly increased density compared to that in

FIG. 4. Evolution of PL spectra with the magnetic field B�

perpendicular to the layer at the bias Upn= +1.0 V. The inset con-
tains the fan diagram, where the full circles ��� correspond to the
LL nB=0 and open circles ��� to LL nA=0. The full lines show
calculated energies of LLs nA,B=0 and nB=1 for electron mass me

=0.072m0. Diamonds ��� show the diamagnetic shift of the mag-
netoexciton line with B� observed at Upn=0.0 V.

FIG. 5. Bias dependence of PL spectrum at B�=6.0 T.
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dark at the same bias. However, the total electron density in
DQW is still mainly driven by the applied bias Upn, as con-
cluded above. In the flat-band position, n�2� should corre-
spond to the total �-n doping 2nD

�2�. Taking account of the
relative occupation of nB=0 and nA=0 LLs �see Fig. 6� and
the LL degeneracy at B�=6.0 T, =2.9�1011 cm−2, we ob-
tain an electron density n�2��3.5�1011 cm−2 in the flat-band
regime, i.e., only slightly above the intended value 2nD

�2�. The
densities attained in this way can serve as a rough estimation
only due to the neglected excitonic effects at the Fermi level.
Electrons close to the Fermi level, i.e., in the partially filled
LL nA=0, are in the recombination process much strongly
influenced by the excitonic interaction than those in the al-
most full LL nB=0. Hence, the PL from antibonding subband
could be intensified by the excitonic interaction causing thus
a possible overestimation of n�2�.

A note should be addressed to the intensity of peaks in
Fig. 5. Even if the peak of LL nA=0 transition at a bias
Upn� +2.5 V is higher than for the LL nB=0 transition, the
peak area ratio in Fig. 6 remains smaller than unity for all
values of applied bias. This clearly indicates a larger peak
broadening of the LL nB=0 transition than that of LL nA=0.
We can bring out two main reasons to explain this: �i� The
lower lying subband B is more affected by the potential fluc-
tuations in the bottom of the well. �ii� Electrons in the sub-
band A, having a node in their wave functions, are less scat-
tered by imperfections of the very thin middle barrier in
comparison with electrons in the subband B. We will include
this different line broadening in our calculations later on.

The spectra in Fig. 4 were plotted in a broader spectral
region to show the whole low-energy tail. With increasing
B�, a clear modulation of this tail appears. The field-induced
maxima in the tail shift together with PL coming directly
from DQW with increasing B� to higher energies. The low-
energy tail, as well as its field-induced shape modulation
were almost identical in the PL of all investigated structures
taken from the grown wafer. Therefore, it should not be re-
lated to the defect of DQW in one particular mesa structure.
However, we have to admit that the origin of the tail is not
clear now. We suggest that it can be correlated with shake-up

processes or with plasmon effects. The latter one is less prob-
able because the shape of the tail is rather insensitive to the
increasing electron concentration by applying higher bias
voltages Upn. Another explanation could be based on a PL
experiment published by Tarasov et al.19 Apart from the
above discussed shallow localized hole states, significantly
deeper lying states were also found there.

C. PL in in-plane magnetic field

In this section, the phenomena in the in-plane magnetic
field B
 are discussed. Figure 7�a� summarizes the magnetic
field dependence of the PL spectrum at a constant bias Upn
= +1.8 V, i.e., at a constant electron sheet density n�2��3.5
�1011 cm−2. As discussed above, the steplike shape of PL
spectra at B
 =0 T is given by the recombination of electrons
from subbands B and A with heavy holes localized in the
potential fluctuations, as concluded on the basis of Fig. 3. In
this case, the wave functions of holes are widely spread in
the reciprocal space, allowing the recombination of all elec-
trons with a roughly equal probability. The experiment re-
vealed a gradual damping of the PL line arising in subband A
with increasing B
, even though the electron density n�2� was
kept at the same level due to the constant applied bias Upn.
Around B
 =7.0 T, the recombination from subband A dimin-
ishes completely and the PL from subband B takes over. A
further rise of B
 leads to a further narrowing of the PL
spectra accompanied by a moderate blueshift in its energy.

At this point, it is useful to look at Fig. 8, where PL
spectra at B
 =6.0 T are depicted as a function of Upn. The
spectrum develops with Upn analogous to that in Figs. 2 and
5. We can observe a significant broadening of PL line above
Upn= +0.5 V, which corresponds to the creation of 2DEG
and in the interval Upn= +1.2–2.0 V, the shape of the PL
spectrum remains nearly unchanged. A further increase of
electron density is then observed above Upn= +2.0 V result-
ing in an enhanced occupation of subband A, again in agree-
ment with results in Figs. 2 and 5. However, the steplike
shape of the PL spectrum attained at B
 =0 T is thus not
achieved even at the highest applied bias. The characteristic
redshift of the PL band induced by the subband renormaliza-
tion with increasing n�2� is also clearly seen. Hence, the de-
pendence on Upn brings analogous behavior both in the in-
plane and in the perpendicular magnetic field. This obser-
vation indirectly indicates that the applied bias ensures in the
in-plane magnetic field the same electron density in DQW as
deduced from measurements at B�.

D. Comparison with theory

Prior to the comparison of the experimental results with
the suggested theory, a brief description of the performed
calculations should be given. Our calculations are based on
parameters summarized in Table I, which were taken from
Davies.20 The electron mass me was slightly enhanced above
the bulk GaAs value due to the expected tunneling into bar-
riers. The height of the AlAs barrier separating two QWs was
adjusted to achieve a splitting of 5 meV between subbands A
and B, determined experimentally at B�. Namely, the offset20

FIG. 6. The decomposition of PL spectra shown in Fig. 5. The
figure summarizes the energies for nB=0 �full circles, �� and nA

=0 �open circles, �� LLs at given bias Upn. The ratio of the anti-
bonding to bonding peak areas �triangles� roughly shows the rela-
tive occupation of levels. Lines serve as a guide for the eye only.
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�Ec=1120 meV for the AlAs barrier �taken at the � point�
was increased by an amount of 15%. We attribute that to a
limited validity of the EFA method in case of a very thin, 4
ML wide, middle barrier.

The PL spectra calculated for n�2�=3.5�1011 cm−2 at a
temperature of 5 K as a function of B
 are depicted in Fig.
7�b�. These spectra were obtained using Eq. �7�, where the �
function was replaced by a simple sum of the Gaussian and
Lorentzian functions with the same weight in order to in-
clude both homogeneous and inhomogeneous mechanisms of
PL line broadening. Another choice of the broadening func-
tion, which would prefer one of the mechanisms, would not
lead to the significant changes in the results of the calcula-
tion. The lower line broadening of the PL from subband A
than from subband B was used, �B=1 meV and �A
=0.7 meV, as discussed above and as seen in Fig. 5. The sum
in Eq. �7� runs over both occupied electron subbands �i
=1,2� and a single energetic level Eh of localized holes. This
energy of shallow localized holes was taken at the bottom of
the hole subband B. Owing to the hole localization, the over-
lap integral in Eq. �7� is supposed to be independent of kx
and is thus not involved in the calculation.

Our calculations have also shown that 1 ML AlAs layers
placed in the heterojunctions are improper to be included in
our calculations using the common EFA method, because it

FIG. 7. �a� Normalized PL spectra in the in-plane magnetic field at the constant bias Upn= +1.8 V. �b� Calculated PL spectra at n�2�

=3.5�1011 cm−2 and temperature T=5 K. �c� Electron dispersion in subbands B and A at B
 =0.0, 8.0, and 18.0 T. The dashed line shows
the Fermi-level energy in each case. Energies are plotted with respect to the bottom of subband B at B
 =0.0 T.

FIG. 8. PL spectra taken at B
 =6.0 T for selected positive bias
Upn, i.e., at various electron densities in the DQW.

TABLE I. Parameters used in the calculations. The valence and
conduction band offsets �Ev, �Ec, and GaAs band gap energy
Eg

GaAs are given in meV. The value �Ec is valid for the molar frac-
tion x
0.45 only. m0 represents the free electron mass.

me mh �r �Ev �Ec Eg
GaAs

0.072m0 0.5m0 12.5 474x 773x 1519
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gives unacceptable high recombination energies in compari-
son with the experiment. Hence, we suppose that these layers
only smooth the roughness of the heterojunctions and do not
form a homogeneous AlAs monolayer. However, also in this
case, these smoothing layers likely enhance the observed re-
combination energy. This fact together with the neglect of
the hole localization energy limits the accuracy of our calcu-
lations. The calculated position of PL structure is thus given
with the accuracy of several meV. We should take this into
account, when the theory and experiment are compared
�Figs. 2 and 7�.

The calculation at B
 =0.0 T provides an expected steplike
spectrum reflecting recombination from both occupied sub-
bands. The strength of the subband A in the PL spectra
gradually declines with B
 in comparison with strength of
subband B and slightly above B
 =7.0 T the recombination
from subband B takes over. This so-called N-type kink effect
was predicted by HL �Ref. 11� and can be more deeply un-
derstood on the basis of Fig. 7�c�, where the calculated elec-
tron dispersions in the kx direction, i.e., perpendicular to the
applied in-plane magnetic field, are shown at B
 =0.0, 8.0,
and 18.0 T. The depicted position of the Fermi level EF
shows a gradual depopulation of subband A that is induced
by a strong modulation of subband B dispersion. As Fig. 7�c�
illustrates, two approximately parabolic-shaped minima are
developed in the dispersion of the subband B at the high
in-plane magnetic field. Roughly speaking, this effect
doubles the total number of states close to the bottom of the
subband B and induces thus the depopulation of the subband
A, which is the main reason for the observation of the N-type
kink.

Another direct comparison between theory and experi-
ment is shown in Fig. 9, where the measured and calculated
N-type kinks, i.e., position of the PL maximum as a function
of B
, is plotted. Our simple calculation predicts a steep shift
of the PL maximum from subband A to subband B at B


=7.2 T. This is in good agreement with the experiment,

where the point of inflexion, which should correspond to the
PL maxima change over from the upper to the lower sub-
band, appears at B
 �6.5 T.

The most significant feature, in which the calculation and
our experiment differ, is the PL spectrum width above B


�14 T. This point must be addressed in detail. The calcu-
lated PL width above 5 meV is in contrast to the experimen-
tally observed width �3–4 meV �cf. Figs. 7�a� and 7�b��. To
elucidate this problem, Fig. 7�c� can be consulted, where the
dispersion of electrons in subband B at B
 =18.0 T is de-
picted. Two minima in this dispersion curve show an effec-
tive separation of both wells in the DQW structure. Each
electron in the subband B belongs to one QW only due to the
Lorentzian force pushing electrons moving in the DQW
plane either into the left or the right well. Hence, two parallel
2DEGs are developed and the observed PL is equivalent to
the signal from two independent QWs, each with the electron
density of n�2� /2. One possible mechanism leading to the
narrowing of the PL line is the electron localization in the
middle of a QW, which limits the influence of imperfections
in the DQW middle barrier. However, this effect itself cannot
explain the whole peak narrowing because of the peak width,
which is less than the calculated distance from the Fermi
level to the bottom of the subband B. Therefore, we interpret
the low line width as a result of the excitonic interaction,
whose influence strongly increases at lower densities. Prob-
ably no stable excitons are formed, but also partially
screened excitonic interaction leads to the peak narrowing.17

In addition, the linewidth tends to increase rapidly at a higher
bias �above Upn= +2.0 V�, when the electron density rises
and causes probably again a transition from an excitonlike to
free particlelike PL. We can also note that at high magnetic
fields in the perpendicular orientation the magnetoexcitons
close to the Fermi level are reported to be stable up to
electron-hole plasma densities significantly higher than the
electron density in our sample.21 However, this finding can-
not be easily applied to our case, when the magnetic field is
oriented in the in-plane direction.

To make a short summary, our measurements were carried
out on a DQW system with an electron density close to the
value supposed by HL.11 They have chosen a relatively low
electron density n�2�=2.4�1011 cm−2 to allow the observa-
tion of the N-type kink effect in common DQW structures at
in-plane magnetic fields of reasonable strength. PL spectra
obtained from quantum well structures at densities close to
�1011 cm−2 are significantly influenced by the excitonic
interaction18 that precludes a straightforward single-particle
description of the recombination process. However, our mea-
surements have clearly demonstrated that the behavior pre-
dicted by HL can be observed. Furthermore, we are able to
describe the observed effects in the quantitative way by a
simple model based on the HL theory. Important deviations
from their theory were registered at higher B
 only. Hence,
the single particle model can be successfully used and even a
rough quantitative description of the N-type kink effects can
be attained. At this point, we should also emphasize that with
the exception of the slight adjustment of the DQW middle
barrier height and of the obvious broadening factors �A,B our
calculation does not include any other free parameters.

A final note should be added for the sake of completeness.
HL supposed a free hole gas instead of localized holes that

FIG. 9. The energy of the PL maximum as a function of B


�closed circles� in comparison with the theoretical line �dashed line�
attained for n�2�=3.5�1011 cm−2. The experiment corresponds to
the measurements at Upn= +1.8 V. The line connecting the experi-
mental points serves as a guide for the eye only.
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were found in our DQW structure. Therefore, our model is
different in this particular way. The disordered potential as a
necessary condition for a N-type kink observation was also
suggested by Kim et al.15 They have identified this effect in
the PL from only one particular sample that had the lowest
mobility in the studied set of structures. Samples that al-
lowed the observation of the N-type kink are thus similar to
those, where the Fermi edge singularity was studied.19 The
hole localization allows the recombination of electrons close
to the Fermi level.

V. CONCLUSION

We have studied the influence of the in-plane magnetic
field on the luminescence of the symmetric double quantum
wells with the two-dimensional electron gas occupying two
lowest subbands. A simple theoretical model similar to that
suggested by Huang and Lyo11 was applied and we have

achieved a good agreement with our experimental data.
Therefore, we conclude that the one-particle model can de-
scribe even in a quantitative way the luminescence of double
quantum wells with the electron gas at a relatively low den-
sity under in-plane magnetic fields. Simultaneously, the ef-
fects connected with the excitonic interaction were discussed
and are necessary for a more accurate description of the ob-
served behavior.
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