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Photoluminescence of a two-dimensional electron gas in a modulation-doped
GaAsÕAl xGa1ÀxAs quantum well at filling factors nË1
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The evolution of the 2DEG-hole magneto-photoluminescence~PL! with decreasing 2DEG density is studied
in a high quality 25 nm-wide modulation-doped GaAs/AlGaAs quantum well in magnetic fieldsB<7 T and
lattice temperatureTL51.9 K. The 2DEG density was varied by optical depletion~with He–Ne laser illumi-
nation! in the range ofn2D5(1 –7)31010 cm22. As the filling factor decreases belown51, a high-energy PL
band~H! emerges; its evolution withB and electron densityn2D is studied. Atn;0.4, two additional PL lines
split off the H-band, and these are assigned to the charged tripletXt

2 and neutral excitonX0 PL. The evolution
from free-hole–2DEG to charged exciton PL with decreasingn2D and with increasing magnetic field~at n
,0.4) is attributed to the appearance of regions containing localized electrons in thephotoexcitedquantum
well. Localization results in simultaneous presence of the free-hole–2DEG PL from the electron puddles
~H-band! and the charged exciton PL lines~spin-singlet,Xs

2 and spin-triplet,Xt
2) from areas containing

localized electrons.

DOI: 10.1103/PhysRevB.69.115303 PACS number~s!: 73.21.Fg, 78.66.Fd, 73.43.Lp
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I. INTRODUCTION

The remarkable transport properties of the two dim
sional electron gas~2DEG! in the quantum Hall regime hav
stimulated an extensive investigation of the photolumin
cence~PL! in modulation-doped quantum wells~MDQWs!
and heterojunctions.1,2 The low-temperature PL spectra o
GaAs/AlGaAs MDQWs subjected to a perpendicular ma
netic fieldB, show singularities in the magnetic field depe
dence of the peak energies, oscillations of intensity and l
width at both integer and fractional Landau level~LL ! filling
factors,n.1–5

PL spectra are very sensitive to the quality of the stud
heterostructure, and their reported evolution with 2DEG d
sity and magnetic field as well as its interpretation, dif
significantly in various experiments. Some of the PL fe
tures, in particular the PL intensity and linewidth oscill
tions, are due to the ‘‘extrinsic effect’’ caused by a magne
field modulation of the screening efficiency of the electro
hole interaction in the presence of nonradiative recomb
tion channels and fluctuating potential of impurities.3,5

One of the most remarkable features of the MDQ
magneto-PL is the emergence of high-energy lines at fill
factorsn,1.1,2,6 Previously, these PL lines were attribute
to the radiative recombination of valence hole and the fr
tionally charged 2DEG quasiparticles.1,2 Similar PL lines
were observed in the magneto-PL of strongly depleted 2
30-nm-wide GaAs MDQWs and were attributed to neg
tively chargedX2 and neutralX0 excitons.7 TheX2 complex
consists of two electrons and one hole. In a magnetic fi
0163-1829/2004/69~11!/115303~7!/$22.50 69 1153
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two bound states, electron spin-singletXs
2 and spin-triplet

Xt
2 , are observed.7,8 The dependence of theXs

2 , Xt
2 , X0 PL

line energies onB has been extensively studied, and it tur
out that the charged and neutral exciton luminescence do
nates the PL spectrum of ahigh density2DEG under strong
magnetic field invariousMDQWs.7,9–11

However, the charged exciton PL spectra are not yet fu
understood even in the low-density limit. Due to the exa
optical selection rules,12 the lowest tripletXt

2 state must be
dark in any quasi-2D state, and it may become optica
active in the presence of any mechanism that breaks the
plane translational invariance. These mechanisms can b
ther scattering by disorder, interface roughness,12 by the
2DEG itself10 or X2-localization. In recent experiments, on
more PL line9 was observed atn,1/3 andTL below 1 K~see
also Ref. 13!. This PL line and the commonly observedXt

2

line have been attributed to ‘‘dark’’ and ‘‘bright’’ triplet state
of X2, respectively. The existence of the excited ‘‘brigh
triplet stateXtb

2 was predicted in numerical simulations.14

However, a relatively large predicted binding energy14 of the
‘‘bright’’ triplet is not consistent with the results of high
accuracy calculations.15 The latter show that the binding en
ergies of thedark triplet Xt

2 in 300 Å wide GaAs QWs are
consistent with the experimentally determined values wh
the ‘‘bright’’ triplet Xtb

2 state is at best only ‘‘marginally
bound’’ in 100 Å GaAs QWs~binding energy 0.15–0.1 meV!
and is unbound in 300 Å wide GaAs QWs.

Another important and only partially understood issue
the origin of the PL lines observed at finite electron fillin
factors 0.5,n,2. In some experiments,16,17 it appears as if
©2004 The American Physical Society03-1



i
PL

e
a

n
am
’’
se
be
b

g

in
.

ri
b

gy

e–

th

o
ee

n
G

g
u-
e
er

K

h

e
in
u

st
d

was

s-
s.
f
G
of

vel

r-

e
ing

at
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the Xs
2 , Xt

2 , andX0 lines still dominate in spite of strong
many-body effects that are important for the 2DEG being
the lowest LL. The reported insensitivity of the magneto-
spectrum ton may be explained18 by a ‘‘hidden symmetry’’19

when though large, the many-body contributions to the en
gies involved in the transition between the initial and fin
many-electron states, cancel. This cancellation isexact in
quasi-2D systems with electron–hole symmetry in stro
magnetic fields, when electrons and holes occupy the s
~partially filled! LL’s.19 Because of this ‘‘hidden symmetry,
magneto-PL from such many-body systems carries es
tially no information about many-body effects. It should
stressed, however, that this is only a partial explanation
cause in realistic quasi-2D systems~with different electron
and hole effective masses and wave functions, and mixin
LL’s at finite fieldsB), the ‘‘hidden symmetry’’ is only ap-
proximate.

In this work, we study the magneto-PL of a MDQW
which the 2DEG densityn2D is reduced by optical depletion
This method has the advantage overn2D variation by electric
bias. The reason is that photovoltages appearing at elect
contacts may increase the interband transition linewidth
inducing in-plane inhomogenities inn2D . Thus, our experi-
ments reveal very narrow PL lines (;0.2 meV) even atTL
;2 K and allow an accurate study of the PL line ener
intensity and shape in large ranges ofn2D andB. A compre-
hensive investigation of the evolution from the free-hol
2DEG to theXs

2 , Xt
2 , andX0 PL with varyingB andn2D is

carried out and a qualitative discussion of the nature of
PL lines at filling factors 0.4,n,2 is given. We propose
that atn;0.4, a metal-insulator transition occurs in the ph
toexcited MDQW, and there is a spatial separation betw
QW regions that contain the 2DEG~2DEG puddles! and re-
gions with localized electrons that give rise to theXs

2 , Xt
2 ,

and X0 PL. A broad PL band~H! that emerges as electro
filling factor n decreases below one, originates in the 2DE
puddles whose total area shrinks asn reduces below 0.4.

II. EXPERIMENTAL PROCEDURE

The PL study was performed on a sample containin
single 25 nm wide GaAs/AlGaAs MDQW grown by molec
lar beam epitaxy on~001!-oriented undoped GaAs substrat
The n-type d-doped layer was separated from the QW int
face by a 100-nm-wide undoped Al0.13Ga0.87As spacer layer.
The 2DEG density and the dc mobility in the dark and at 4
were n2D

0 5731010 cm22 and m.23106 cm2/V s, respec-
tively. The sample was illuminated by a He–Ne laser lig
whose photon energyEL51.96 eV is greater than
Al0.13Ga0.87As band gap. The electron–hole (e–h) pairs pho-
toexcited in the Al0.13Ga0.87As are spatially separated by th
built-in heterojunction electric field. The holes accumulate
the GaAs QW and recombine with the 2D-electrons, th
n2D is reduced. By using this optical depletion method,2,20

we varyn2D from 731010 cm22 down to 131010 cm22 by
increasing the He–Ne light intensity (I L did not exceed
10 mW/cm22). The PL spectra obtained with the lowe
He–Ne excitation coincide with the spectra measured un
11530
n

r-
l

g
e

n-

e-

of

cal
y

,

e

-
n

a

.
-

t

s

er

a Ti–sapphire laser excitation atEL51.56 eV ~when e–h
pairs are photoexcited inside the QW!. The PL spectra were
detected in two circular polarizations (s2 ands1) and were
measured with high spectral resolution (.0.03 meV) by us-
ing a Dilor-spectrometer and a CCD camera. The sample
immersed in liquid He at 1.9 K, and a magnetic field (B
<7 T) was applied perpendicularly to the 2DEG layer.

III. EXPERIMENTAL RESULTS

Figure 1 displays the PL spectral evolution with increa
ing B for two He–Ne-laser light photoexcitation intensitie
The PL spectra atB50 originate from the recombination o
the 2D-electrons with free photoexcited holes. The 2DE
Fermi energy determines the spectral width. A narrowing
the PL spectral band with increasingI L @Figs. 1~a!, 1~b!#
demonstrates the reduction ofn2D with I L . As B increases,
this band splits into lines that are due to inter-Landau le
~LL ! transitions@Fig. 1~a!#. The n2D values estimated from
the PL band widths atB50 ~Ref. 21! coincide with those
obtained from theB values corresponding to the disappea
ance of the second Landau level in the PL spectra~filling
factor of n52). Thesen2D values are given in Figs. 1–3.

At n;1, a new, broad~linewidth of 0.5 meV! PL band
~H! emerges ins2-polarization at the high-energy side of th
main ~S! PL band, and its intensity increases with increas
B @Fig. 1~a!#. For n2D56.531010 cm22, the H-band appears
at B;3 T (n.1). Asn2D is reduced, the H-band emerges
lower magnetic fields and then, with further increasingB, it
splits into three bands@see Figs. 1~b! and 2~a!#. The two
additional, high energy, narrow PL lines areXt

2 and X0.
These lines are also observed ins1-polarization@Figs. 1~b!
and 2~a!#. For the lowestn2D , the H-band is separated from
the S-band by 1 meV, it becomes visible atB.0.6 T (n
;1), and theXt

2 andX0 lines can be resolved atB>1.5 T
(n;0.4) @Fig. 1~b!#.

Figure 2~a! shows the evolution of thes2 and s1 PL

FIG. 1. The evolution of the PL spectrum with increasingB for
the 25-nm MDQW,TL51.9 K. ~a! n2D56.531010 cm22, PL spec-
tra measured ins2-polarization with the interval of 0.4 T.~b! n2D

51.531010 cm22, s2 ~solid lines! ands1 ~dashed lines!.
3-2
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spectra with decreasingn2D ~for n,0.6) atB55 T ~curves
a–f! and atB57 T ~curves i and j!. For highn2D ~curves a
and i!, thes2 PL spectrum consists of S and H-bands wh
only the S-band is seen in thes1 spectrum. Boths2 ands1

S bands are asymmetrically broadened on the low-ene
side atn.0.4 ~Fig. 2!. The S and H-bands slightly shift t
higher energy with reducingn2D . As the energy shift satu
rates, the S-band becomes narrower and symmetric. T
the Xt

2 and X0 PL lines emerge in boths2 and s1 polar-
izations. With further reduction inn2D , the S and H-PL in-
tensities decrease while theXt

2 and X0 intensities increase
This spectral modification is attributed to a transition fro
the 2DEG–hole recombination to the singletXs

2, triplet Xt
2

negatively charged and neutralX0 exciton recombination.
The 2DEG–hole PL~S-band! transforms into theXs

2 line
with decreasingn2D and/or increasingB @Fig. 1~b!#.

Figure 2~b! displays the PL evolution with increasingB
for an intermediaten2D value. Now, the H-band appears an
the evolution toXt

2 andX0 PL occurs at a higherB than in
Fig. 1~b!; therefore, the higher electron densityn2D is, the
higher fieldB is needed for such a transition. One can clea
see the transformation of the asymmetric S-band into a
row Xs

2 line. TheXs
2 , Xt

2 , andX0 linewidths are less than
0.2 meV.

The magnetic field dependence of the PL peak energ
E(B) was measured for variousn2D @Fig. 3~a!#. The E(B)
for the S-PL peak is shown for twon2D values. At lowB, the
E(B) depends onn2D while it is nearly independent ofn2D
for B.4 T. The S-line shifts to higher energy with decrea
ing n2D due to a reduced 2DEG exchange energy~band gap
renormalization!.21 At n.2, a change in the magnetic fiel
dependenceE(B) of the S-PL peak occurs—from linear a

FIG. 2. ~a! PL spectra ins2 and s1 polarizations~solid and
dotted lines, respectively! for several He–Ne laser light intensitie
I L . Curves a, b, c, d, e, f are obtained atB55 T with increasedI L

(n2D varies from 7 to 1.5•1010 cm22). Curves i and j are measure
at B57 T at the lowest and highestI L , respectively. Dotted curve
~with arrow! shows a slight shift of the H-PL peak withn2D . ~b!
The spectral evolution of thes2 PL spectra with increasing mag
netic field from 1.8 up to 7 T atn2D.5.5•1010 cm22 ~estimated
filling factors are given in the brackets!.
11530
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n.2 to ‘‘diamagnetic’’~approximately square root ofB) at
n,2 as was previously reported.16,17 The energy position
E(B) of the H-band is also shown for twon2D-values. At
high n2D , the separation between the S and H peaks is
meV; it does not vary withB. At low n2D , the separation
decreases from 1 meV atB51 T to 0.65 meV atB57 T.
The E(B) dependencies of theXs

2 (B.4 T), Xt
2 and X0

lines are very similar to that previously reported.7–11 It is
noted here that the positions of theXs

2 , Xt
2 , andX0 lines do

not vary withn2D .
The integrated intensity of each PL band as a function

B @Fig. 3~b!# and as a function of photoexcitation intensi
(n2D) were studied in both circular polarizations. Togeth
with a high spectral resolution, this allowed us to correc
identify the higher energy Zeeman-split components of
Xs

2 , Xt
2 , and X0 lines. The E(B) dependencies for the

s1-components are shown by open symbols in Fig. 3~a!.
The energy separation betweens2 ands1 components vary
nearly linearly withB, and thus, we measured the Zeem
splitting for the chargedXs

2 , Xt
2 , and neutralX0 excitons:

nE5gmBB, wheremB is the Bohr magneton andg is the
corresponding effectiveg-factor. As seen from Fig. 3~a!, the
Zeeman splitting of the triplet stateXt

2 is larger than that of
the singletXs

2 and of the neutral excitonX0. We obtained the
effective g-factors to be 1.7, 1.1, and 0.8 for theXt

2 , Xs
2 ,

FIG. 3. ~a! The magnetic field dependence of the PL peak en
gies. S and H-peak dependencies are shown for twon2D values,
7•1010 cm22 and.1.5•1010 cm22 ~dark and crossed symbols, re
spectively!. Inset defines the conduction-valence band transiti
probed bys2 and s1 circularly polarized PL.~b! The integrated
PL intensities of the eachs2 lines and the entire spectral integrate
s2-PL (s2S), s1-PL (s1S), and the total PL (s2S1s1S).
3-3
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andX0 states, respectively. The excitong-factor is very close
to that measured previously.23

Figure 3~b! shows the spectrally integrated PL intensiti
s1/2S, as a function ofB. We observe an intensity redistr
bution between the PL bands, but, there is no observ
variation of the total PL intensityI s21I s1 with increasing
B. Thus, the quantum PL efficiency of the QW does n
change in the entire range ofB.

IV. DISCUSSION

A remarkable feature of the studied PL spectral evolut
is the appearance of the high energy broad H-band atn<1
with a subsequent transformation of the 2DEG–hole PL~S
and H-bands! into Xs

2 , Xt
2 , and X0 lines. The studied PL

behavior at filling factorsn,0.4 is similar to that previously
reported for the dilute 2DEG in various 10–30-nm-wi
GaAs MDQWs of various qualities.7,11 In line with these
studies, we assign the three lines to chargedXs

2 , Xt
2 , and

neutralX0 excitons. We will analyze the PL evolution atn
,2, proposing that the PL transformation atn.0.4 is due to
a magnetic field-induced localization of the 2DEG in t
photoexcitedMDQW.24

It is important to stress that the PL of MDQWs depends
a large degree on the kinetics of photocreated electr
holes, and excitons, and that the PL essentially involves n
thermalized carriers. This is because of the short recomb
tion times of the photoexcited particles.2,25 Nonthermalized
valence band holes were detected in the PL spectra obta
at B50. Indeed, forn2D.531010 cm22 the electron–hole
interaction is screened by the 2DEG, and the observed
spectra atB50 can be well fitted by a product of the 2
electron and hole distribution functions characterized by
fective electronTe and holeTh temperatures.21 Such a fitting
procedure allowed us to estimate electron densityn2D and to
obtain the values ofTe and Th . Te is found to be always
close to the lattice temperatureTL51.9 K andTh exceeds
TL.22 Even at the lowest photoexcitation intensity, the ho
temperatureTh was higher thanTL , and thus, the valenc
band holes are nonthermalized and occupy excited state
fore they recombine with the 2DEG. It should be noted t
the PL intensity on the high-energy side of the spectrum
B50, near the Fermi-energy, is higher than that found fr
the fitting.22 This is known as the Fermi-edge singulari
when the 2D-electrons of the Fermi wave-vector recomb
with nonthermalized valence band holes having the sa
value of the wave vector~see, e.g., Ref. 26!.

Under an applied magnetic field, the energy and spin
laxation rates decrease,25 leading to a nonthermal redistribu
tion of photogenerated particles between spin-split (nLL
50) Landau Levels as well as between the excito
(Xs

2 ,Xt
2 , X0) states. This is detected by a low degree of

polarization of theXs
2 ,Xt

2 , and X0 lines. At B57 T, for
example, the polarization of the lowest (nLL50) inter-LL
~S-band! transition ~defined as the ratio P5(I s2

2I s1)/(I s21I s1)) is .0.3, and it decreases down to.0.2
asn2D is reduced. The presence of the high-energy peak
the low-temperature magneto-PL is also due to incomp
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relaxation of photoexcited carriers before they recombi
Thus, the observed PL spectrum is determined not only
the lowest energy states but it is also strongly controlled
the formation and decay processes for various entities s
asX0, Xs

2 , andXt
2 .

Now we turn our attention to the origin of the S and H P
bands. Atn,2, thes2 PL component probes the transition
between the lower, fully occupied spin-up (Se511/2) elec-
tron state and the valence band (Sh523/2) @see inset in Fig.
3~a!#.3,27 When the spin-up electron recombines with t
hole, the empty state that is left in an otherwise filled low
electron Landau level, may be described as a spin-hole.
corresponding PL peak in thes2 polarization occurs at en
ergy Es

25Egap
2 2Eee, where Egap

2 is the (Se511/2 to Sh

523/2) band gap energy andEee is the electron exchang
energy ~the energy needed to create one spin-hole in
lowest electron LL!.

In the studied 25-nm-wide MDQW, the valence band ho
is closer to the 2DEG layer than the averagee–e separation
(dee>30 nm), and excitonic effects are important27,28 in in-
terpreting the PL spectra forn516«. At n511«, there are
spin-down electrons in the upper spin Landau level, and
needs to take into account~1! the binding energyEX of the
interband exciton formed by a valence band hole and a s
down electron in the initial state, and~2! the energy that is
needed to create the spin-wave excitation, SW~or ‘‘spin-
exciton’’-spin-hole in the lowest electron LL bound to a spi
down electron in the upper LL level! in the final state. The
latter energy is (Eee2ESW), where ESW is the spin-wave
energy~or the binding energy of the ‘‘spin-exciton’’!, which
depends on the SW momentum and forms a band of fi
width. Thus, in this case, the recombination energy isEs

2

5Egap
2 2EX2(Eee2ESW)5Egap

2 2Eee1(ESW2EX). For the
studied case of the closely situated valence band hole and
2DEG, EX.ESW,5,27 and therefore,Es

25Egap
2 2Eee. The

same PL energyEs
2 is expected atn512« for the recom-

bination in a ‘‘free-hole state’’27 when the valence band hol
recombines with an electron from the lowest spin-up LL.
a result, a singularity in the PL peak energy or intensity is
expected theoretically atn51, and this is corroborated in th
present experiment@see the behavior of the S PL peak in Fi
3~a!#. The s1 S PL corresponds to the recombination of
spin-downSe521/2 electron with a valence band hole ha
ing Sh513/2. Therefore in thes1 polarization, the energy
of the S peakEs

1 is lowered with respect toEgap
1 by the

interband exciton binding energyEX .27

Because of the presence of non-thermalized spin-do
electrons, boths1 and s2 S PL components persist atn
,1 ~Figs. 2 and 3!, and the nature of the S-PL atn516« is
the same.

At n52, the magnetic field dependenceE(B) of the S-PL
peak changes from linear to ‘‘diamagnetic’’@Fig. 3~a!# as was
previously observed and associated16,17 with a transition to
isolated charged excitonX2. This assumed thatX2 is bound
despite screening and other many-body effects. It should
stressed that at finite filling factors, when the mean sep
tion between electrons becomes comparable with~or even
3-4
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less than! the size of theX2 complex, describingX2 as
isolated few-body complexesX2 is physically unsatisfactory
and one should turn to an appropriate many-body picture
discussed above. An explanation of thisE(B) dependence
may partially be attributed18 to breaking~at n.2) of the
‘‘hidden’’ symmetry in 2D systems. Atn,2, the many-body
contributions to the energies of the initial and final electr
states involved in the PL are large, but they cancel out,
the magneto-PL from such many-body systems carries es
tially no information about many-body effects. Atn.2,
electrons start to occupy the first and higher LL’s while t
hole resides in its zero LL. In this situation, no exact canc
lation occurs, and many-body effects manifest themse
fully in the PL spectra. It is worth noting that the rece
calculations of the band gap renormalization due toe–e
interaction,29 indicate the change of the energy depende
from linear to the square root ofB at n.2.

As one can see from Figs. 1 and 2, boths2, s1 S-PL
bands are asymmetric in the large range of filling factorn
,2 until the Xt

2 and X0 PL lines emerge. The asymmetr
S-PL with a tail at low energy is due to the presence of S
excitations in the final state.27 Such a line shape and a S-P
shift to higher energy with decreasingn2D caused by the
reduced e–e exchange energyEee, clearly indicate the
many-body nature of the S-PL band atn.0.4. Recently, a
large renormalization~blue shift! in energies of the intraban
transitions that originate~at n!1) from the singlet and trip-
let X2 internal transitions, was observed atn;1.30 The
many-body collective excitation responsible for the tran
tions that appear as ‘‘X2’’ internal transitions, was attributed
to a magnetoplasmon bound to a mobile valence b
hole.30,31 Together with the behavior of the highly resolve
PL spectra obtained at 0.4,n,2 in this work ~see Figs.
1–3!, this demonstrates the important role of the many-bo
effects atn.0.4 and indicates that the ‘‘hidden symmetry’’
only approximately applicable to realistic quasi-2D syste
~with different electron and hole effective masses and w
functions, and mixing of LL’s at finite fieldsB).

The high-energy H-PL band emerges atn,1. A similar
PL band was previously observed at temperatures below
and conflicting interpretations of its origin were given.1,6,9,10

This PL line was initially attributed to a recombination of th
valence band hole with fractional quantum Hall complex1

and later, to the ‘‘free hole state.’’6,27 Recently, Yusaet al.9

reported that the high-energy PL band emerges atn,2/3 and
splits into two lines atn,1/3 ~see also Ref. 13!. These two
PL lines were associated with the ‘‘dark’’Xtd

2 and ‘‘bright’’
triplet Xtb

2 charged exciton states~to avoid confusion we
stress that we denote these lines as H-band andXt

2 , respec-
tively!. The assignment of the H-line atn,2/3 to the ‘‘dark’’
Xtd

2 state was based upon the similarity of the observed
calculated14 binding energy of the ‘‘dark’’ triplet. On the
other hand, theXt

2 line and its magnetic field dependence
TL52 K was attributed to the ‘‘dark’’Xt

2 exciton interacting
with the excess electrons.10

In contrast to previous reports,9,10,13 we clearly resolved
four PL bands in thes2 polarization~S or Xs

2 , H, Xt
2 and

X0) even atTL51.9 K and studied their evolution with elec
11530
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tron densityn2D ~Figs. 1 and 2!. Several findings seem to
rule out the H-band attribution to the ‘‘dark’’ tripletXtd

2 .
First, the H-band is clearly observed at 0.4,n,1, when
many-body effects play an essential role, and no isola
few-particle complexesXt

2 and X0 can exist in a strongly-
interacting system. Indeed, the H-band emerges at loweB
than bothXt

2 andX0 @Fig. 3~b!#. Secondly, the H andXt
2 PL

intensities vary in opposite directions with varyingn: The
H-PL intensity decreases while that ofXt

2 increases with
increasingB @see Fig. 3~b! at B.2.5 T] or with decreasing
n2D @see Figs. 1~b! and 2~a!#. If the H andXt

2 PL originate in
the same complex,Xt

2 in either its dark or bright states, suc
a behavior would be impossible. Thirdly, the H-PL band
about twice broader than theXt

2 line. In addition, our pre-
liminary study24 showed a pronounced, different response
the ~S and H! and (Xt

2 and X0) PL bands to microwave
irradiation, which modifies the line shape of S and H-ban
while only affecting theXt

2 andX0 PL intensities.
Thus, we conclude that the H-line is due to the recom

nation of a strongly-interacting many-body state involvi
one valence band hole and many electrons. The corresp
ing recombination may be thought of as that of the valen
band hole with a spin-up electron which, roughly speaki
has an adjacent equilibrium spin-hole~missing spin-up elec-
tron!. As the filling factorn decreases below one, more equ
librium spin-holes appear on the lowest electron LL lead
to the energy shift of this line. The H-PL peak energy
expected to be centered at thehigh-energyside of the S-PL
peak. This is because the H-PL energy can be estimated
EH5Egap

2 2Ee , where Ee is the energy needed to remov
one electron from the lowest LL in the presence of an ad
cent spin-hole.Ee is likely to be less than electron exchang
energyEee characterizing a completely filled electron LL. I
this picture, the H energy and the line shape vary with
creasingn @see Figs. 2~a! and 3~a!#. As n,1, the S-PL in-
tensity decreases~it should go to zero in equilibrium case!
while the H-PL intensity increases, and this may be ass
ated with increasing number of the ‘‘spin-up electron–sp
hole pairs’’ in the lowest LL. It is important to mention tha
a qualitatively similar picture was proposed also by Rash
and Sturge,18 who suggested that the PL spectrum atn,1
may consist of doublets similar to ‘‘the exciton spectra
mixed crystals where lattice sites are randomly occupied
two species.’’ A more detailed and quantitative theory
needed for a complete understanding of the origin, ene
and line shape of the H line atn,1. We also stress that bot
H and S PL lines are due to different recombination chann
from a collective many-body state ‘‘valence hole plus ma
2D electrons’’~cf. with collective modes involved in intra
band transitions atn.1).30

At n;0.4, the S-PL line narrows, and two additional na
row lines emerge from the H-band. The higher is the 2DE
density, the higher is the magnetic fieldB at which such a
transition occurs. It is important to underline that the bro
H-band and the narrowXs

2 , Xt
2 , andX0 lines coexistin a

wide range of filling factorsn @see, in particular, Fig. 3~b! at
B.2 T)]. With reducingn below 0.4, the integrated H-PL
3-5
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intensity decreases while the total integrated intensity of
Xt

2 , X0 lines increases.
This behavior may originate from the metal-insulat

transition~MIT !, which is accompanied by the appearance
spatially separated regions containing high and low den
electrons. In the case of a strong long-range fluctuating
tential, a magnetic-field induced localization is expected
occur atn;0.5.32,33 In high mobility GaAs MQDWs, the
fluctuating potential due to the remote ionized donors~in the
AlGaAs-doped layer! is not strong. However, there is an a
ditional photoinduced fluctuating potential caused byphoto-
induced localized chargesin the adjacent AlGaAs spacer lay
ers and on the inverted QW interface. In the presence of
random potential, the MIT is likely to give rise to a forma
tion of puddles containing the 2DEG and the regions w
localized electrons. We propose that the evolution of
2DEG–hole PL to the exciton PL is associated with a m
netic field-induced localization of the 2D electrons inphoto-
excited MDQW. Appearance of the 2DEG puddles in phot
excited QW with increasingB was previously discussed.34,35

An approximate physical criterion for such a ‘‘percolatio
type’’ MIT may be written, in analogy with the criterion fo
Mott transition, asaB;n2D

20.5, whereaB is the effective Bohr
radius. With increasing magnetic field, the effective Bo
radius decreases~and eventually reduces to the magne
length l B) and, thus, the transition occurs at higher 2DE
densities.

As n2D decreases at a givenB, the localization starts a
n.0.4, and the area containing localized 2D-electrons
creases while the 2DEG puddles area is reduced. Thus
total intensity of theXs

2 , Xt
2 , andX0 PL originating in the

localized 2D-electron area, increases, and that of the H
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