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The evolution of the 2DEG-hole magneto-photoluminescéRt¢ with decreasing 2DEG density is studied
in a high quality 25 nm-wide modulation-doped GaAs/AlGaAs quantum well in magnetic Befdg T and
lattice temperaturd@ =1.9 K. The 2DEG density was varied by optical depletiaith He—Ne laser illumi-
nation in the range oh,p=(1-7)x 10'° cm™2. As the filling factor decreases belaw= 1, a high-energy PL
band(H) emerges; its evolution witB and electron densitg, is studied. Atv~0.4, two additional PL lines
split off the H-band, and these are assigned to the charged ipleind neutral excitoxX® PL. The evolution
from free-hole—2DEG to charged exciton PL with decreasipg and with increasing magnetic fielct v
<0.4) is attributed to the appearance of regions containing localized electrons pindbl@excitedquantum
well. Localization results in simultaneous presence of the free-hole—2DEG PL from the electron puddles
(H-band and the charged exciton PL lindspin-singlet,X; and spin-triplet,X;) from areas containing
localized electrons.
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I. INTRODUCTION two bound states, electron spin-singkf and spin-triplet
X, , are observed® The dependence of thé; , X, , X° PL
The remarkable transport properties of the two dimendine energies oB has been extensively studied, and it turns
sional electron ga&DEG) in the quantum Hall regime have out that the charged and neutral exciton luminescence domi-

stimulated an extensive investigation of the photoluminesnates the PL spectrum oftdgh density2DEG under strong
cence(PL) in modulation-doped quantum welliDQWSs)  magnetic field invarious MDQWs."%~%1

and heterojunctions? The low-temperature PL spectra of  However, the charged exciton PL spectra are not yet fully
GaAs/AIGaAs MDQWs subjected to a perpendicular mag-understood even in the low-density limit. Due to the exact
netic fieldB, show singularities in the magnetic field depen-gptical selection rule¥’ the lowest tripletX; state must be
dence of the peak energies, oscillations of intensity and linegark in any quasi-2D state, and it may become optically-
width at both integer and fractional Landau leeel) filling  active in the presence of any mechanism that breaks the in-
factors,v.'~ plane translational invariance. These mechanisms can be ei-
PL spectra are very sensitive to the quality of the studiedher scattering by disorder, interface roughniésby the
heterostructure, and their reported evolution with 2DEG den2DEG itself° or X ~-localization. In recent experiments, one
sity and magnetic field as well as its interpretation, differmore PL lin€ was observed ai<1/3 andT, below 1 K(see
significantly in various experiments. Some of the PL fea-also Ref. 13 This PL line and the commonly observg
tures, in particular the PL intensity and linewidth oscilla- line have been attributed to “dark” and “bright” triplet states
tions, are due to the “extrinsic effect” caused by a magneticof X, respectively. The existence of the excited “bright”
field modulation of the screening efficiency of the electron—triplet state Xy, was predicted in numerical simulatioHs.
hole interaction in the presence of nonradiative recombinaHowever, a relatively large predicted binding enéfgyf the
tion channels and fluctuating potential of impurities. “bright” triplet is not consistent with the results of high-
One of the most remarkable features of the MDQWaccuracy calculation’S. The latter show that the binding en-
magneto-PL is the emergence of high-energy lines at fillingergies of thedark triplet X, in 300 A wide GaAs QWs are
factors v<<1.2® Previously, these PL lines were attributed consistent with the experimentally determined values while
to the radiative recombination of valence hole and the fracthe “bright” triplet X, state is at best only “marginally
tionally charged 2DEG quasiparticl&$. Similar PL lines  bound”in 100 A GaAs QWsbinding energy 0.15-0.1 meV
were observed in the magneto-PL of strongly depleted 20-and is unbound in 300 A wide GaAs QWs.
30-nm-wide GaAs MDQWs and were attributed to nega- Another important and only partially understood issue is
tively chargedX ™ and neutraX® excitons’ TheX ™ complex  the origin of the PL lines observed at finite electron filling
consists of two electrons and one hole. In a magnetic fieldfactors 0.5<v<2. In some experiment§;’’ it appears as if
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the Xg, X; , andX? lines still dominate in spite of strong
many-body effects that are important for the 2DEG being in
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the lowest LL. The reported insensitivity of the magneto-PL | T=1-9K 66T il
spectrum tav may be explained by a “hidden symmetry®® 6T (v~0.1) ——k sl N
when though large, the many-body contributions to the ener- H AN

gies involved in the transition between the initial and final | !
many-electron states, cancel. This cancellatiorexactin

quasi-2D systems with electron—hole symmetry in strong
magnetic fields, when electrons and holes occupy the sam
(partially filled) LL's.*® Because of this “hidden symmetry,” —_—

magneto-PL from such many-body systems carries esser M
tially no information about many-body effects. It should be , 2ty %"6 el

26T —

stressed, however, that this is only a partial explanation be- ‘ =] o 12 (=0:52)
cause in realistic quasi-2D systerfwith different electron N T ]
and hole effective masses and wave functions, and mixing 0, 5;s 1850 1822 ioss | g dem
LL's at finite fieldsB), the “hidden symmetry” is only ap- E (eV)

proximate.

In this work, we study the magneto-PL of a MDQW in FIG. 1. The evolution of the PL spectrum with increasBifor
’ — — 0 —2

which the 2DEG density,p is reduced by optical depletion. e 25-nm MDQWIT, =1.9 K. (a) nyp=6.5x 10 cm%, PL spec-
This method has the advantage omgp variation by electric & Measured imr~-polarization with the interval of 0.4 Tb) nzp
bias. The reason is that photovoltages appearing at electrical'™>* 10" em?, o (solid lineg ando™ (dashed lings
contacts may increase the interband transition linewidth by _ o
inducing in-plane inhomogenities im5. Thus, our experi- & Ti—sapphire laser excitation & =1.56 eV (when e-h
ments reveal very narrow PL lines-0.2 meV) even aff,  Pairs are photoexcited inside the QWhe PL spectra were
~2 K and allow an accurate study of the PL line energy,detected in two circular polarizations-( ando ") and were
hensive investigation of the evolution from the free-hole—INg @ Dilor-spectrometer and a CCD camera. The sample was
2DEG to theX; , X, , andX® PL with varyingB andn,p is immersed in Iqu_nd He at 1.-9 K, and a magnetic fieB (
carried out and a qualitative discussion of the nature of thé=/ 1) Was applied perpendicularly to the 2DEG layer.
PL lines at filling factors 0.4 v<2 is given. We propose

that atv~ 0.4, a metal-insulator transition occurs in the pho- Ill. EXPERIMENTAL RESULTS
toexcited MDQW, and there is a spatial separation between _ . o
QW regions that contain the 2DE@DEG puddlesand re- Figure 1 displays the PL spectral evolution with increas-

gions with localized electrons that give rise to g, X, , ing B for two He—l\le—lasgrl light photoexcitation i'nter'wsities.
and X° PL. A broad PL bandH) that emerges as electron 'I;]he Zpé‘ slpectra £_.?] ?ngma;[]e from .th% rﬁc?mblgﬁtlogsaée
filling factor v decreases below one, originates in the ZDEG}::rmi éﬁ(eer;gogjtev;’rlrt]inerse?hg s(:;[gce:t):gltsvi dtr? isﬁarrgwing of
puddles whose total area shrinksiaseduces below 0.4. the PL spectral band with increasirig [Figs. 1a), 1(b)]
demonstrates the reduction 0§ with 1, . As B increases,
this band splits into lines that are due to inter-Landau level
(LL) transitions[Fig. 1(@]. The n,p values estimated from
The PL study was performed on a sample containing dhe PL band widths aB=0 (Ref. 21) coincide with those
single 25 nm wide GaAs/AlGaAs MDQW grown by molecu- obtained from theB values corresponding to the disappear-
lar beam epitaxy ori001)-oriented undoped GaAs substrate. ance of the second Landau level in the PL spediitng
The n-type 5-doped layer was separated from the QW inter-factor of v=2). Thesen,p values are given in Figs. 1-3.
face by a 100-nm-wide undoped AKGa, 5/AS spacer layer. At v~1, a new, broadlinewidth of 0.5 meV PL band
The 2DEG density and the dc mobility in the dark and at 4 K(H) emerges irr ™~ -polarization at the high-energy side of the
werend,=7x10"° cm 2 and u>2x10° cn?/V's, respec- main(S) PL band, and its intensity increases with increasing
tively. The sample was illuminated by a He—Ne laser lightB [Fig. 1(a)]. Forn,p=6.5x 10'° cm~?, the H-band appears
whose photon energyE, =1.96 eV is greater than atB~3 T (v=1). Asnypis reduced, the H-band emerges at
Al 146G gAs band gap. The electron—hole-h) pairs pho- lower magnetic fields and then, with further increasBgt
toexcited in the Af ;4Ga, gAs are spatially separated by the splits into three bandgsee Figs. (b) and 2a)]. The two
built-in heterojunction electric field. The holes accumulate inadditional, high energy, narrow PL lines axg and X°.
the GaAs QW and recombine with the 2D-electrons, thusThese lines are also observeddii-polarization[Figs. 1b)
n,p is reduced. By using this optical depletion metid8, and 2a)]. For the lowesh,p, the H-band is separated from
we varyn,p from 7x 10 cm2 down to 1x10'°cm 2 by  the S-band by 1 meV, it becomes visible B&=0.6 T (v
increasing the He—Ne light intensityl,( did not exceed ~1), and theX; andX° lines can be resolved &=1.5T
10 mW/cni ?). The PL spectra obtained with the lowest (v~0.4) [Fig. 1(b)].
He—Ne excitation coincide with the spectra measured under Figure 2a) shows the evolution of the~ and ¢* PL

Il. EXPERIMENTAL PROCEDURE
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FIG. 2. (a PL spectra inc~ and o™ polarizations(solid and o n,,~2.107cm " %ESE
dotted lines, respectivelyor several He—Ne laser light intensities, E 1k EEB’EE" X
I_. Curves a, b, c, d, e, f are obtainedBat 5 T with increased o T=1.9K — AL 00004 .:: ¢
(n,p varies from 7 to 1.510*° cm™2). Curves i and j are measured 8 *,,,/ﬁ—*g,{;: ] PR L X
atB=7 T at the lowest and highebkt, respectively. Dotted curve = . *ﬂ/ v / ._..‘.*af%s:'-ﬁwr-w-*-f}-w.* wwse H
(with arrow) shows a slight shift of the H-PL peak with,5. (b) Ob—= =" ag*
The spectral evolution of the™ PL spectra with increasing mag- 0 1 2 3 4 5 6 7
netic field from 1.8 up to 7 T ah,p=5.510'° cm 2 (estimated Magnetic field (T)

filling factors are given in the brackets
FIG. 3. () The magnetic field dependence of the PL peak ener-

. . gies. S and H-peak dependencies are shown for niy¢pvalues,
spectra with decreasing,p (for »<0.6) atB=5 T (curves  7.100 ¢m~2 and=1.5. 10 cm™2 (dark and crossed symbols, re-

a-f)and atB=7 T (curves i and)j. For highn,p (curves a  spectively. Inset defines the conduction-valence band transitions
and ), theo™ PL spectrum consists of S and H-bands whileprobed byo™ and ¢ circularly polarized PL(b) The integrated
only the S-band is seen in tlae” spectrum. Botly~ ando™* PL intensities of the eactr™ lines and the entire spectral integrated
S bands are asymmetrically broadened on the low-energy -PL (c"%), o™-PL (c*3), and the total PL&™ S+ 0" X).

side aty>0.4 (Fig. 2. The S and H-bands slightly shift to

higher energy with reducing,p. As the energy shift satu- ~ 5 g “diamagnetic’ (approximately square root @) at

rates, the S-band becomes narrower and symmetric. Then ; 17 -
: . . <2 as was previously reporté@?’ The energy position
the X, and X° PL lines emerge in botlr~ and o™ polar- z P y rep 9y P

. : I . E(B) of the H-band is also shown for two,p-values. At
lzations. With further reduction 'nZDd the S and H-PL in- high n,p, the separation between the S and H peaks is 0.7
tensities decrease while thg and X" intensities increase.

. e ) . meV, it does not vary wittB. At low n,p, the separation
This spectral modification is attributed to a transition from <o t0m 1 meV &=1 T to 0.65 meV aB=7 T.
the 2DEG—-hole recombination to the singlet, triplet X; . - - 0

) . N The E(B) dependencies of th¥, (B>4 T), X; and X
negatively charged and neutr¥ exciton recombination.

The 2DEG-hole PL(S-band transforms into theX; line lines are very similar to that prel/iousily reporg(-:-‘d.l Itis
with decreasingn,p and/or increasing [Fig. 1(b)]. noted here. that the positions of the , X, , andX" lines do
Figure 2b) displays the PL evolution with increasirig) not vary withnap. ) ) )
for an intermediate,p, value. Now, the H-band appears and _ | he integrated intensity of each PL band as a function of
the evolution toX; andX° PL occurs at a higheB than in B [Fig. 3b)] and_ as a functlo_n of photoegmtatlon intensity
Fig. 1(b); therefore, the higher electron densityp, is, the (”_2D) were studied in both_cwcula_lr polarizations. Together
higher fieldB is needed for such a transition. One can clearlyVith @ high spectral resolution, this allowed us to correctly
see the transformation of the asymmetric S-band into a natdentify the higher energy Zeeman-split components of the
row X; line. TheX; , X; , andX® linewidths are less than Xs . Xi , and X° lines. The E(B) dependencies for the
0.2 meV. o*-components are shown by open symbols in Fig).3
The magnetic field dependence of the PL peak energied,he energy separation between ands " components vary
E(B) was measured for various,p [Fig. 3@]. The E(B) nearly linearly withB, and thus, we measured the Zeeman
for the S-PL peak is shown for two,, values. At lowB, the  Splitting for the chargeX , X, , and neutralX® excitons:
E(B) depends om,p while it is nearly independent af,, ~AE=9gugB, whereug is the Bohr magneton anglis the
for B>4 T. The S-line shifts to higher energy with decreas-corresponding effectivg-factor. As seen from Fig.(d), the
ing n,p due to a reduced 2DEG exchange endilignd gap ~Zeeman splitting of the triplet stat¢, is larger than that of
renormalization® At »=2, a change in the magnetic field the singletXg and of the neutral excito®. We obtained the
dependencé(B) of the S-PL peak occurs—from linear at effective g-factors to be 1.7, 1.1, and 0.8 for thg , X, ,
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andX? states, respectively. The excitgrfactor is very close relaxation of photoexcited carriers before they recombine.
to that measured previousi. Thus, the observed PL spectrum is determined not only by

Figure 3b) shows the spectrally integrated PL intensitiesthe lowest energy states but it is also strongly controlled by
o/73, as a function oB. We observe an intensity redistri- the formation and decay processes for various entities such

bution between the PL bands, but, there is no observablasX? Xg , andX; .

variation of the total PL intensity,- +1,+ with increasing Now we turn our attention to the origin of the S and H PL
B. Thus, the quantum PL efficiency of the QW does notbands. Atv<2, thes~ PL component probes the transitions
change in the entire range Bf between the lower, fully occupied spin-u.& + 1/2) elec-

tron state and the valence barfg}, € — 3/2) [see inset in Fig.
3(a)].3?" When the spin-up electron recombines with the
hole, the empty state that is left in an otherwise filled lowest
A remarkable feature of the studied PL spectral evolutiorelectron Landau level, may be described as a spin-hole. The
is the appearance of the high energy broad H-band<at corresponding PL peak in the™ polarization occurs at en-
with a subsequent transformation of the 2DEG—hole(BL ergy Eq =E,;—E.., WhereEg, is the (S;=+1/2 to S,
and H-bandsinto X, X; , andX° lines. The studied PL = —3/2) band gap energy arf,, is the electron exchange
behavior at filling factors/<<0.4 is similar to that previously energy (the energy needed to create one spin-hole in the
reported for the dilute 2DEG in various 10-30-nm-wide [owest electron LI
GaAs MDQWs of various qualitie5™ In line with these In the studied 25-nm-wide MDQW, the valence band hole
studies, we assign the three lines to chared X; , and s closer to the 2DEG layer than the average separation
neutral X° excitons. We will analyze the PL evolution at (dee=30 nm), and excitonic effects are import&rtin in-
<2, proposing that the PL transformatiomnat 0.4 is due to  terpreting the PL spectra for=1+¢. At v=1+¢, there are
a magne_tlc fleld—mdzljced localization of the 2DEG in thespin-down electrons in the upper spin Landau level, and one
photoexcitedVDQW. needs to take into accouftt) the binding energyEy of the
Itis important to stress that the PL of MDQWS depends 10,0 hang exciton formed by a valence band hole and a spin-

hol d i d that the PL dally invol Yown electron in the initial state, an@) the energy that is
oles, and excitons, and that the 1 essentially INVOVES NOMi. o 4o 16 create the spin-wave excitation, W “spin-
thermalized carriers. This is because of the short recombina-_ .~~~ . . .
. . . . 905 : exciton”-spin-hole in the lowest electron LL bound to a spin-
tion times of the photoexcited particlé$> Nonthermalized lectron in th  LL leveln the final state. Th
valence band holes were detected in the PL spectra obtain?&’wn electron € uppe € € final state. 1he
at B=0. Indeed, fom,p>5x 10 cm 2 the electron—hole 'ater energy is Ece— Esw), WhereEgy is the spin-wave

interaction is screened by the 2DEG, and the observed PENErgy(or the binding energy of the “spin-exciton’which
spectra aB=0 can be well fitted by a product of the 2D depends on the SW momentum and forms a band of finite

electron and hole distribution functions characterized by efWidth. Thus, in this case, the recombination energyis
fective electroriT, and holeT,, temperature$ Such a fitting = Egap~ Ex— (Ece— Esw) =Egap~ Eeet (Esw—Ex)- For the
procedure allowed us to estimate electron densjfyand to  studied case of the closely situated valence band hole and the
obtain the values off, and Ty,. T, is found to be always 2DEG, Ex=Egy,>”” and therefore £ =Eg,;~Eee. The
close to the lattice temperatuflg =1.9 K and T, exceeds same PL energf, is expected av=1—¢ for the recom-
T,.?? Even at the lowest photoexcitation intensity, the holebination in a “free-hole state®” when the valence band hole
temperaturel}, was higher tharT , and thus, the valence recombines with an electron from the lowest spin-up LL. As
band holes are nonthermalized and occupy excited states b&result, a singularity in the PL peak energy or intensity is not
fore they recombine with the 2DEG. It should be noted thatexpected theoretically at=1, and this is corroborated in the
the PL intensity on the high-energy side of the spectrum apresent experimesee the behavior of the S PL peak in Fig.
B=0, near the Fermi-energy, is higher than that found fromg(a)]. The ¢* S PL corresponds to the recombination of a
the fitting® This is known as the Fermi-edge singularity spin-downS,= — 1/2 electron with a valence band hole hav-
when the 2D-electrons of the Fermi wave-vector recombinéng S, = +3/2. Therefore in ther™ polarization, the energy
with nonthermalized valence band holes having the samgf the S peakE. is lowered with respect tdEg*ap by the
value of the wave vectadlsee, e.g., Ref. 26 interband exciton binding enerdy .2’

Under an applied magnetic field, the energy and spin re- Because of the presence of non-thermalized spin-down
laxation rates decread&leading to a nonthermal redistribu- electrons, bothy™ and o~ S PL components persist at

tion of photogenerated particles between spin-spiit, (<1 (Figs. 2 and B and the nature of the S-PLat1+¢ is

=0) Landau Levels as well as between the excitoniche same.

(Xs X, , X°) states. This is detected by a low degree of the At =2, the magnetic field dependergés) of the S-PL
polarization of theX ,X; , and X lines. AtB=7 T, for  peak changes from linear to “diamagneti®ig. 3a)] as was
example, the polarization of the lowest, ( =0) inter-LL  previously observed and associdfetd with a transition to
(S-band transition (defined as the ratio P=(l,- isolated charged excitoX™. This assumed that™ is bound
—lg+)/(1,~+1,+)) is =0.3, and it decreases down4e0.2  despite screening and other many-body effects. It should be
asn,p is reduced. The presence of the high-energy peaks istressed that at finite filling factors, when the mean separa-
the low-temperature magneto-PL is also due to incompletéion between electrons becomes comparable vgtheven

IV. DISCUSSION
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less thap the size of theX™ complex, describingX™ as
isolated few-body complexe$™ is physically unsatisfactory

PHYSICAL REVIEW B 69, 115303 (2004

tron densityn,p (Figs. 1 and 2 Several findings seem to
rule out the H-band attribution to the “dark” tripleXy.

and one should turn to an appropriate many-body picture agjrst, the H-band is clearly observed at €.4<1, when

discussed above. An explanation of tlti¢B) dependence
may partially be attributed to breaking(at »>2) of the
“hidden” symmetry in 2D systems. At<<2, the many-body

many-body effects play an essential role, and no isolated
few-particle complexeX; and X0 can exist in a strongly-
interacting system. Indeed, the H-band emerges at |@ver

contributions to the energies of the initial and final electrony,5p bothX;” andX° [Fig. 3(b)]. Secondly, the H ani; PL
states involved in the PL are large, but they cancel out, angh;ansities vary in opposite directions with varying The

the magneto-PL from such many-body systems carries esse

tially no information about many-body effects. At>2,

electrons start to occupy the first and higher LL's while the
py d |N2p [see Figs. () and 2a)]. If the H andX;” PL originate in

hole resides in its zero LL. In this situation, no exact cance

A-pL intensity decreases while that &f increases with
increasingB [see Fig. &) at B>2.5 T] or with decreasing

lation occurs, and many-body effects manifest themselvefle same complex;  in either its dark or bright states, such

fully in the PL spectra. It is worth noting that the recent
calculations of the band gap renormalization dueetee

a behavior would be impossible. Thirdly, the H-PL band is
about twice broader than th¢ line. In addition, our pre-

interaction?® indicate the change of the energy dependencdiminary study* showed a pronounced, different response of

from linear to the square root & at v=2.

As one can see from Figs. 1 and 2, beth, * S-PL
bands are asymmetric in the large range of filling facters
<2 until theX; and X% PL lines emerge. The asymmetric

the (S and H and (X; and X% PL bands to microwave
irradiation, which modifies the line shape of S and H-bands
while only affecting theX; andX° PL intensities.

Thus, we conclude that the H-line is due to the recombi-

S-PL with a tail at low energy is due to the presence of SWhation of a strongly-interacting many-body state involving

excitations in the final stafé.Such a line shape and a S-PL
shift to higher energy with decreasing caused by the
reducede—e exchange energyE.., clearly indicate the
many-body nature of the S-PL band @at-0.4. Recently, a
large renormalizatioblue shify in energies of the intraband
transitions that originatéat v<<1) from the singlet and trip-
let X~ internal transitions, was observed at1.%° The

many-body collective excitation responsible for the transi-

tions that appear asX™ ” internal transitions, was attributed

to a magnetoplasmon bound to a mobile valence ban

hole33 Together with the behavior of the highly resolved
PL spectra obtained at 0<4v<2 in this work (see Figs.

1-3), this demonstrates the important role of the many-body

effects atv>0.4 and indicates that the “hidden symmetry” is

only approximately applicable to realistic quasi-2D systems
(with different electron and hole effective masses and wav

functions, and mixing of LLs at finite fieldB).

The high-energy H-PL band emergesiat1. A similar
PL band was previously observed at temperatures below 1
and conflicting interpretations of its origin were giveh?1°
This PL line was initially attributed to a recombination of the
valence band hole with fractional quantum Hall compléxes
and later, to the “free hole staté:?’ Recently, Yusaet al’
reported that the high-energy PL band emerges<a2/3 and
splits into two lines av<<1/3 (see also Ref. )3 These two
PL lines were associated with the “dark., and “bright”
triplet X;, charged exciton state§o avoid confusion we
stress that we denote these lines as H-bandXgndrespec-
tively). The assignment of the H-line at<2/3 to the “dark”

one valence band hole and many electrons. The correspond-
ing recombination may be thought of as that of the valence
band hole with a spin-up electron which, roughly speaking,
has an adjacent equilibrium spin-hdhrissing spin-up elec-
tron). As the filling factory decreases below one, more equi-
librium spin-holes appear on the lowest electron LL leading
to the energy shift of this line. The H-PL peak energy is
expected to be centered at thigh-energyside of the S-PL
eak. This is because the H-PL energy can be estimated to be
H=Egap— Ee, WhereE, is the energy needed to remove
one electron from the lowest LL in the presence of an adja-
cent spin-holeE, is likely to be less than electron exchange
energyE.. characterizing a completely filled electron LL. In
this picture, the H energy and the line shape vary with de-
creasingv [see Figs. @) and 3a)]. As v<1, the S-PL in-

Gfensity decreasefit should go to zero in equilibrium case

while the H-PL intensity increases, and this may be associ-
ted with increasing number of the “spin-up electron—spin-
ole pairs” in the lowest LL. It is important to mention that
a qualitatively similar picture was proposed also by Rashba
and Sturgé® who suggested that the PL spectrumvat 1
may consist of doublets similar to “the exciton spectra of
mixed crystals where lattice sites are randomly occupied by
two species.” A more detailed and quantitative theory is
needed for a complete understanding of the origin, energy
and line shape of the H line at<1. We also stress that both
H and S PL lines are due to different recombination channels
from a collective many-body state “valence hole plus many
2D electrons”(cf. with collective modes involved in intra-

X4 State was based upon the similarity of the observed angand transitions at=1).°

calculated* binding energy of the “dark” triplet. On the

At v~0.4, the S-PL line narrows, and two additional nar-

other hand, the; line and its magnetic field dependence atrow lines emerge from the H-band. The higher is the 2DEG

T.=2 K was attributed to the “dark’X;” exciton interacting
with the excess electron$.

In contrast to previous reports®3we clearly resolved
four PL bands in ther™ polarization(S or X , H, X; and
X% even afT| =1.9 K and studied their evolution with elec-

density, the higher is the magnetic fidklat which such a
transition occurs. It is important to underline that the broad
H-band and the narrow_ , X; , andX? lines coexistin a
wide range of filling factors [see, in particular, Fig.() at
B>2 T)]. With reducingv below 0.4, the integrated H-PL
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intensity decreases while the total integrated intensity of théfrom the 2DEG puddlesreduces with decreasing[Figs. 2
X; , X% lines increases. and 3b)]. It should be noted that the electron localization is
This behavior may originate from the metal-insulator an essential condition for the existence of a strohgrged

transition(MIT), which is accompanied by the appearance ofexciton PL lines near the MIT transition. The neutxdl and
spatially separated regions containing high and low densitgharged tripleiX; exciton PL lines emerge approximately at
electrons. In the case of a strong long-range fluctuating pothe sameB [see Fig. 8)]. It is clear that the 2D electron
tential, a magnetic-field induced localization is expected tdocalization allows formation of negatively charged excitons
occur atv~0.532%% In high mobility GaAs MQDWs, the when neutral excitons appear.

fluctuating potential due to the remote ionized don@rghe

AlGaAs-doped layeris not strong. However, there is an ad- V. CONCLUSIONS

ditional photoinduced fluctuating potential causedptto-
induced localized charges the adjacent AlGaAs spacer lay- ) i e
ers and on the inverted QW interface. In the presence of thif@ V‘_"th varyingnap a_ndB for the 2DEG-hole system in high
random potential, the MIT is likely to give rise to a forma- quality MP.QW' A higher energy PL banH) emerges as
tion of puddles containing the 2DEG and the regions withelectron filling factor:_/ decreases below one. The evolu_tlon
localized electrons. We propose that the evolution of the?f the PL spectra with electron densify, and magnetic
2DEG-hole PL to the exciton PL is associated with a mag_ﬂeld'B was §tud|ed. At filling factow~0.4, two additional
netic field-induced localization of the 2D electronspioto-  F L lines split off the H-PL band, and these are the charged
excited MDQWAppearance of the 2DEG puddles in photo- (triplet) and neutral exciton PL. We z_issomate_the trans_ltlon
excited QW with increasing was previously discussé@®  from the 2DEG-hole to charged exciton PL with a localiza-
An approximate physical criterion for such a “percolation- 10N of 2D-electrons in photoexcited MDQWs with decreas-
type” MIT may be written, in analogy with the criterion for N9 N2p OF increasing mf_;\gnetlc flgld. A qualitative discussion
Mott transition, asig~ n§§'5, whereag, is the effective Bohr of the nature of the PL lines at filing factors &4,,<2 has
radius. With increasing magnetic field, the effective Bohrbeen given.
radius decrease&@nd eventually reduces to the magnetic

length Ig) and, thus, the transition occurs at higher 2DEG

densities. The research at the Technion was done in the Barbara and

As n,p decreases at a give, the localization starts at Norman Seiden Center for Advanced Optoelectronics.
v=0.4, and the area containing localized 2D-electrons inB.M.A. acknowledges support by a grant under framework
creases while the 2DEG puddles area is reduced. Thus, th# the KAMEA Program. A.B.D. was supported in part by
total intensity of theX; , X, , andX® PL originating in the ~ NSF Grants Nos. DMR-0203560 and DMR-0224225 and by
localized 2D-electron area, increases, and that of the H-Pthe research grant of CSUB.

We studied the evolution of the photoluminescence spec-
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