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The photoluminescend®L) spectrum of a two-dimensional electron gaBEG) in the fractional quantum
Hall regime is studied as a function of the separatibbetween the electron and valence hole layers. The
abrupt change in the response of the 2DEG to the optically injected haleofaithe order of the magnetic
length results in a complete reconstruction of the PL spectrund <Ak, the hole binds one or two electrons
to form neutral K) or charged X™) excitons, and the PL spectrum probes the lifetimes and binding energies
of these states rather than the original correlations of the 2DE@>A2\, depending on the filling factor,
the hole either decouples from the 2DEG to form an “uncorrelated” dtate binds one or two Laughlin
quasielectron$QE’s) to form fractionally charged excitorr®QE orhQE,. The strict optical selection rules for
bound states are formulated, and the only optically active ones turn outhtohl§gE* (an excited state of the
darkhQE), andhQE,. The “anyon exciton”hQE; suggested in earlier studies is neither stable nor radiative
at any value ofd. The critical dependence of the stability of different states on the presence of QE’s in the
2DEG explains the observed anomalies in the PL spectrum=gt and 2.
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[. INTRODUCTION recombination from X~ states. Instead, they show
anomalie§™ at the filling factorsy=3% and 2 at which

The optical properties of quasi-two-dimension@D) Laughlin incompressible fluid statfsare formed in the
electron systems in high magnetic fields have been exter2DEG and the fractional quantum H&RQH) effecf? is ob-
sively studied in the recent years both experimentaffand  served in transport experiments.
theoretically? =38 In symmetrically doped quantum wells  The present paper is a continuation of our earlier \fbrk
(QW), where both conduction electrons and valence holesvhere we studied the energy spectra of 2D fractional quan-
are confined in the same 2D layer, the photoluminescenceim Hall systems in the presence of an optically injected
(PL) spectrum of a two-dimensional electron g@&DEG) valence hole. There, we have identified the possible bound
probes the binding energy and optical properties of neutradtates in which a valence hole can occur. They included the
and charged excitondound states of one or two electrons “uncorrelated” stateh in which the free hole moves in the
and a holeX=e-h and X~ =2e-h), rather than the original rigid electron Laughlin fluid at a local filling factor= 3,
correlations of the 2DEG itself. The experiméfit® and  and the fractionally charged excitdfCX) stateshQE and
theory’®—%¢ agree that theX™ can exist in the form of a hQE, in which the hole binds one or two Laughlin quasielec-
number of different bound states, whose binding energierons (QE’s). The charge neutral “anyon exciton” stafe
depend strongly on the well widtly and composition, mag- hQE; was found unstable at any value afHere, we give a
netic field B, etc., but(at least in dilute systemsnuch less detailed analysis of the optical properties of these states and
on the electron filling factop. In particular, the only bound explain the features observed in the PL spectra of bilayer
X" state that occurs at zero or ldBvis the optically active systems. Based on the analysis of the involved dynamical
singlef®®>3°X_ ", while more bound states form at higtgr  symmetrie&"*2(those of charged particles moving in a trans-
Of these states, one is observed in’®’;*?°and it has only  Iationally invariant space and in a perpendicular magnetic
recently been identifiéd as an excited “bright” tripletXy, . field), we formulate the optical selection rules for the FCX
The lowest energy “dark” tripletX;y has been predicted complexes. These rules are verified in exact numerical cal-
earlier®® but it is expected to have very long optical culations for finite systems in Haldane's spherical
lifetime®? and its recombination has not yet been detectegieometry***(using Lanczos-based algorithfisve are able
experimentally-*35-3¢ to calculate the exact spectra of up to nine electrons and a

The PL spectra containing more information about thehole atv~3). It turns out that the only radiative bound
original electron correlations of the 2DEG are obtained instates involving the hole are, hQE* (an excited state of
asymmetrically doped wide QW’s or heterojunctions, wherehQE), andhQE,, and that emission from bothQE and
the spatial separatiot of electron and hole layers weakens hQE; is forbidden. The fact that the previously sugge&ted
the e-h interaction?* Unlessd is smaller than the magnetic recombination from &-QE pair state can only occur through
length A, the PL spectra of such bilayer systems show nahe excited statqdQE* diminishes the importance of this
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process at low temperatures. The result thath@&; com-  quantum numberdA and K, and the 2D algebra of the total
plex (or any of its excitationsis neither stable nor radiative angular momentunh. on a sphere. The detailed description
questions applicability of the theory of “anyon excitons” of the Haldane sphere model can be found elsevif{été’
put forward by Rashba and PortAbito account for the (see also Refs. 33—35 for the applicationeidn systems
anomalies observed in the PL spectraat; and. Instead, The strength $ of the magnetic monopole is defined in the
these anomalies are explained in terms of emission from thenits of flux quantump,=hc/e, so that 4rR’B= 2S¢, and
competing radiative bound stateshQE* and hQE,, and  the magnetic length ia =R/\/S. The single-particle states

from an uncorrelated hole stalte are the eigenstates of angular momentus and its pro-
jection m, and are called monopole harmonics. The single-
Il. MODEL particle energies fall into degenerate angular momentum

shells(LL's). The lowest shell haé=S, and thus & is a
measure of the system size through the LL degeneracy. The
charged many-electron—one-hole states form degenerate total
angular momentuniL) multiplets (LL's) of their own. The

- = . _ total angular momentum projectidn, labels different states

are optically injected into a parallel 2D layer of width, ot \he same multiplet just a or M did for different states
=0, separated from the electron layer by a distatiC®e ¢ the same LL on a plane. Different multiplets are labeled
smgle-parpcle statelsn) in the lowest LL are the eigenstates by L just as different LL’s on a plane were labeled By The

of the orbital angular momentum=0, —1, =2, ... for 5 of gptical selection rules on the sphete, ,=AL=0

the electrons andn,=-m=0, 1, 2, ... for the holes. (o4 ivalent toAM=AK=0 on a plang results from the

Since v,<v and the strqng_ly bound complexes at lae ¢;ct that an optically active exciton has zero angular momen-
involve only one hole, it is enough to study the many-y,m

electron—one-hole Hamiltonian which can be written as

The model considered here is identical to that of Ref. 29
A 2DEG in a strong magnetic fielf fills a fractionv<<1 of
the lowest Landau levélLL) of a narrow QW, whose width
w we set to zero. A small numbew(<v) of valence holes

IIl. BOUND STATES

Hzi% (clclee Vi +clhfhe VER)), (1)

A. Small layer separation
wherec! (h!) andc,, (h,) create and annihilate an electron ~ Depending on the separatiehbetween the eIec’Fron and
(hole) in state|m). The constant energy of the lowest LL is hole Ia%ers, different bound states can occur in eh
removed fromH, which hence includes only thee ande-h ~ Systent? In the “strong-coupling” regime, at less than
interactions whose two-body matrix elemeng® and veh about 1.3, the interaction between the hole and the elec-
are defined by the intra- and interlayer Coulomb potentialsirons is stronger than the characteristic correlation energy of
Vedr)=€%r andVey(r) = —e%\r?+d?. At d=0, thee-h  the 2DEG. The response of the 2DEG to the optically in-
matrix elements are equal to tieee exchange Oneﬁlﬁ{h —  jected valence hole occurs through spontaneous creation of
— Vi » and atd>0 thee-h attraction at short range is re- _charge excitation$QE-QH pa|r§ ‘,’Vh'Ch complgtely screen
duced. The convenient units of length and energy are th s charge. As a result, the originate correlations of the
magnetic length. and the energg?/ DEG are locally(in the vicinity of the hole replaced by
The 2D translational invariance (bi results in the con- (strongey e-h correlations. These new correlations are most
servation of two orbital quantum numbers: the projection ofcOnveniently described in terms of two types of new quasi-
total angular momenturavi=3(c'c,.—h'h.)m and an particles formed in the system, neutrX)(or charged X ™)
additional angular momentum (;“uag‘tu”r‘n nSmTKeassociated exciton states, in which the hole binds one or two electrons,
with partial decoupling of the center-of-mass motion of anreslpectw%y. | " ith LL mixi d=w.—d
e-h system in a homogeneous magnetic ¢ For a sys- N anideal system with no LL miXing anw=w,=
tem with a finite total chargeQzEm(h;rnhm—cIncm)e#O =0', the 7d§rk (nonradiative; see Sec. )\Mriplet charged
the partial decoupling of the center-of-mass motion meangxc!ton Xia IS the only bpund statéother than the neutra!
that the energy spectrum consists of degenerate 11 The exciton X) that is stable in the presence of the_surroundlng
states within each LL are labeled by=0, 1, 2, ... and 2DEG (Refs. 31, 32, and 35(,6'9'*9)25 +e—2X" for the
all have the same value df= M+ K. Since bothM andk  charged biexciton Thextd.“”b'”ﬂj§ ' atd;g, and a dif-
(and hence als@) commute with the PL operatd?, which ~ ferentX state, a dark singleXgq, forms™ at 0.4 <d
pair (exciton, M, K, and £ are all simultaneously con- Mixing, finite widths of electron and hole layers, and their
served in the PL process. finite separation are taken into account, a few other bound
The 2D symmetry of a planar system is preserved in the¢  states OCle Most important of these states are the
finite size, N-electron—one-hole Ne-h) calculation in  bright singletXs and the bright tripletX,,. The four X
Haldane’s geometr§? where all particles are confined to a States are distinguished by the total electron spiand the
spherical surface of radiuR and the radial magnetic field is total angular momenturo: the Xg , Xy, , X, andXy, states
produced by a Dirac monopole. The conversion of the nuhaveJ=0, 1, 1, 0, and.=S, S S—1, S—2, respectively
merical results between the spherical and planar geometrigen a planeL=S, S—1, andS—2 correspond tal=0,
follows from the exact mappirig*® between the planar —1, and —2, respectively. The binding energies oK~
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Rl L AP B SR A | MR LA A “dressed exciton” dispersiorithe angular momenta=1,
1« 2 s vt REE : P 2, ..., 6 of this band can be predicted from a generalized,
R o Triier two-componene-X~ composite fermion picturd).
g .. tev - It is quite remarkable that the wave function of the 2DEG
f :va’ |9e'h in the strong-coupling regime can be well represented in
- terms of wave functions of competing bount and X~
~ (a) 28-20 (b) 28=21 | states, neglecting the distortion of these states due to the
v 4090 un025] oo coupling to the surrounding electrons. For e states, this
6.22 B ’ P :.! ! ilsss isaconsequence of the short rarfgef thee-X " repulsion
I PR I I | that results in Laughlin correlations and the effective
P R isolatior?® of the X~ states from the 2DEG. For théstate at
% : « /,7,—' S I k=0 (whose charge and electric dipole moment vanidtis
w Rl hoEqQH . w/ | is a result of weaKzero atd=0) coupling to the 2DEG.
<~ FEREPIPE e \g; hQE*
(c) 28=22 o r
6129  hQE, ¥ 4/2-2.00 | | (¢) 25-23, =150 *"9E B. Large layer separation

|'I'I'I'|'II'I|I'I'I5'76
0 2 4 6 8 100 2 4 6 8§ 10

L L At d larger than about 135 in the “weak-coupling” re-

gime, thee-h attraction becomes too weak compared to the

FIG. 1. The energy spectfanergyE vs angular momenturb)  characteristice-e correlation energy, its range becomes too
of the %-h system calculated on a Haldane sphere with dif‘ferem]arge compared to the characteristie separation, and thé
monopole strengths@and at four different layer separatiods(@) ~ and X~ states unbind. In this regime, the perturbation asso-
25=20 andd=0, (b) 25=21 andd=0.2%\, (c) 2S=22 andd  cjated with the potential of the optically injected hole does
=2\, (d) 25=23 andd=1.5.. Different symbols and lines mark st cause the reconstruction of teee (Laughlin correla-
states and bands containing different quasiparticles: circles indicatg, s of the 2DEG, whose response involves only the exist-
X, squares indicatk'(’, diamonds_indicateQEz, triangles indicate ing Laughlin QE’s. Since no additional QE-QH pairs are
hQE andhQE". \ is the magnetic length. spontaneously created to screen the hole charge, a disconti-
nuity occurs at the Laughlin fillings such as=3. At v
<1, no QE’s that could bind to the hole occur in the 2DEG,
the existing QH’s are repelled from it, and the electrons in

states depend strongly oB and d. In a narrow (v~wy,

~10 nm and symmetric §=0) GaAs QW, theX, is the
most strongly boun&™ state aB smaller than about 30 T, ¢ vicinity of the hole form a Laughlin state with tilecal)
1

and at largeiB, the X~ ground state changes to the (the  fjjing factor »=1. In this “uncorrelated” state, the hole
Xip has always smaller binding energy than bath and  cayses ndlocal) response of the 2DEG. At> 1, the hole
Xig)- At d>0, the binding energy of th¥ is reduced more pinds one or two QE'’s to form fractionally charged excitonic
than that of the two triplets, and the critical value Bfat  stateshQE or hQE, (it has been showf that the charge
which the singlet-triplet crossing occurs is significantly neutral “anyonic excitons"hQE; are unstable at any value
decreased’ of d). Just as in the case of tikeor X~ at smalld, thehQE,

It has not been clearly spelled out until receftfif that  states are well-defined quasiparticles of t system at
only the “decoupled®~?*k=0 state of the charge neutidl  |argerd, and they can be attributed such single-particle prop-
exists in the 2DEG. ThX atk>0 has a finite electric dlpole erties as the b|nd|ng energy, angu|ar momentunk, PL
moment(proportional tok) whose strong interaction with the energyw, and oscillator strength™ !, etc. Because of their
Underlying 2DEG leads to the blndlng of the second eleCtrOﬂbW density, thehQEn quasipartides can be to a good ap-
and the formation of arX™. The numerical calculations proximation regarded as noninteracting, free particles mov-
show?**°that the low-lying band oé-h states at >0, pre-  ing in a “rigid” Laughlin »=1 reference state.
viously interpretet®*>*®as the dispersion of a charge neu- “\while the binding ohQE, states as a function afand v
tral “dressed exciton” (an X with k>0 coupled to the has been discussed in great detail in Ref. 29, in Fig3.ahd
QE-QH pair excitations of the ZDBGln fact describe an 1(d) we present the &h energy Spectra at=22 andd
X", =2\ (c), and at =23 andd= 1.5\ (d), in which the low-

As an example, in Figs.(&) and 1b) we presentthe@®h  est energy states contain th©E, hQE* (the first excited
energy spectra at2=20 and 21 and at small layer separa- state of theh-QE pai, andhQE, complexes. As for th&
tion (d=0 and 0.23, respectively in which the lowest en- and X~ states in the strong-coupling regime, it is quite re-
ergy states have been identified as containing<anstate  markable that the complicated correlations of a many-body
(this is the “dark” triplet stateX;y bound in the lowest LL.  e-h system at larged can be well represented in terms of

Laughlin correlated with the remaining seven electrons andather simple and well-defined fré&QE, quasiparticles.
an X decoupled from the remaining eight electrons. While a

detailed discussion of these states has been given
elsewheré? let us only note that the low-energy band of
states connected with a line in Fig(b]l describes a4 A number of different selection rules govern the optical
interacting with a QH of the two-componestX,, incom-  recombination of bound-h complexes. In general, any sym-
pressible fluid with Laughlin correlatiofi®®! and not the metry resulting in a conservation of a certain quantum num-

IV. OPTICAL SELECTION RULES
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ber WV results in a strict selection rule that the subband mixing can be neglected and that all elec-
tron and hole spins are polarized by a large Zeeman energy,
AW=const (2)  so that the spin selection rules are always obeyed.

if the commutator betweeh and the PL operator
V. PHOTOLUMINESCENCE OF NEUTRAL AND

CHARGED EXCITONS AT SMALL LAYER SEPARATION

P= —1)"cyh 3

% (=1)7Cmhim @ A. Laughlin correlated e-X™ liquid

that annihilates an opticalk&0) exciton (on a Haldane N narrow QW's (w=20 nm), the X's decouple and the
spherg is proportional toP. X~ with the remaining electrons form a two-component in-

The so-called “hidden symmetr#*2 is the exact Ccompressible fluid with Laughline-X~ correlations:*>*

particle-hole symmetry in the lowest LL of narrow QW's in Laughlin correlations mean that a number @™ pair
which electrons and valence holes are confined to the sanfigenstates that correspond to the smallest aveeae
layer (equal widthsw=w;,, and zero separatiod,=0). As  Separatior(on a sphere, these are the states with maximum
a result, the optically activeke 0) excitons annihilated bjp L on a plane, these are the ones with minimum relative
decouple from the excess electrons. K0 exciton is the ~angular momentuinare completely ?Vo'de%f--rh? avoiding
only radiative bound state of anh system, and the emission ©f @ number (nex-) of highly repulsivee-X' pair states is
from the so-called “multiplicative”(MP) many-body states described by a Jastrow prefactfiy; (20— z))™x in the
that contain a numberNy) of k=0 excitons occurs at the wave function(which leads to a generalized, two-component
bare exciton energ§independent of the electron dengignd  composite fermion mod#). This is equivalent to saying that
follows the ANy = — 1 selection rule. Because of the exciton the high energye-X~ collisions do not occur, and that the
decoupling, all bound states other than the excimg., the X 's are effectively isolated from the 2DEG. The isolation
triplet charged excitoiX,;) haveNyx=0 and cannot recom- of the X~ states is even enhanceddat 0 where the perpen-
bine. The hidden symmetry holds only to some extent indicular dipole moment of bound-h states increases their
realistic systems, where the asymmetw#w,) and sepa- repulsion from one another and from electrons.
ration (d>0) of electron and hole layers, as well as the Because of the isolation of th¥™ states, their binding
asymmetric LL mixing(due to different electron and hole energies and oscillator strengths remain almost unaffected by
cyclotron energiesresult, for example, in the binding of the the presence of the surrounding 2DEG. This is a somewhat
radiative singlet X;) and triplet (X;,) charged exciton Surprising result, and one might rather expect that the inter-
states. action of anX™ with Laughlin quasiparticles could affect its
The 2D translational/rotational symmetry results in therecombination. For example, since tke -QE or X™-QH
conservation ofM and K (or L, andL on a sphergin the  Scattering breaks th& M=AK=0 selection rule of an iso-
emission proces§>°**?The AM=AK=0 (or AL,=AL latedX ™, one might expect thestdependentrecombination
=0) selection rules hold strictly when applied to the entireof the X4 state embedded in a 2DEG. The exact numerical
e-h system or to an isolated bound state. These rifete-  calculations for finiteNe-h systems witiN<9 shov#® that
pendently from the\Ny= — 1 rule) forbid emission from the the X4 repels QE’s and attracts QH'’s. Although this might
X.q State that hag= M+ K=—1 (or L=S—1), while the suggest discontinuous behavior of PL at Laughlin fillings, we
electron left in the final state has=0 (or L=S). For bound find that the oscillator strength of th&, remains negligible
states coupled to the surrounding 2DE@ to any QW im-  compared to the excitonic emission at amyin the whole
perfections that break the translational symmpethese se- range ofd in which it is bound.
lection rules are only approximate, and the strength of the For example, av> 3%, all boundX ™ states keep far away
optical transitions from otherwise nonradiative states is drom QE’s, and the correlations in the vicinity of eash
measure of the distortion of these states due to their couplingre given precisely by the two-component Laughlin wave
to the 2DEG. We have showhthat thee-X~ Laughlin cor-  functior’® [medmy-x-Mex-] with Jastrow exponentsn,,

relations limit high-energye-X~ collisions in dilute ¢<3) =3 andmgy-=2 (the value ofmy-- is irrelevant at small
systems, and thus that the approximate selection rules rema¥i”  density.>*3>?° The oscillator strength of anX~
valid for the X~ states formed in the 2DEG. “locked” in such (locally) incompressible statgsee thelL

Yet another set of selection rules are associated with the=2 ground state in thee8h spectrum in Fig. (a)] increases
electron and hole spin degrees of freedom. If the absence ekry slowly as a function ofl and remains negligible com-
the mixing of valence subbands, the total electron and heavpared to the excitonic emission un§l” unbinds ad~\. At
hole spins,J and J;,, and projections)), and J,,,, are all <3, the X~ can bind one or two QH’s to form a new
conserved byH. The recombination events must obAy,  bound complexX™ QH or X~ QH, [see, e.g., th&™ QH state
=3 andAJ,,==* 3, and the two types of transitions with atL=1 in the %-h spectrum in Fig. (b)]. Both these com-
A(J,+J,)==1 correspond to two different polarizations plexes have negligible oscillator strength compared to an ex-
of emitted light. In the presence of the valence subband mixeiton. The reason why binding of one or two QH’s toXn
ing, the spin of the hole is coupled to the hole orbital angularstate does not strongly affect its recombination appears to be
momentum and, through the Coulomb interaction, to the orthat the binding of QH’s means separation of %e from
bital angular momentum of the electron. We assume heraeighboring electrons by an additiofabmpared to that of a
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: ! might have consequence on PL. &0, the lowest &-h
(b) oscillator strength - . _ . . — —
states describe-X™~ pairs(whereX™ is any of theXg , X,
or X, bound states****and the dependence of energyn
angular momentunh for these states i@up to the appropri-
ate X~ binding energy equal to thee-X™ interaction
pseudopotentiaV/y- (L), defined®®® as the dependence of
the pair the interaction energy on the pair angular momen-
006 PO — tum. Due to the dipole-dipole-X repulsion within anX™ at
SRS e . : . = = d>0, thee-X" energies anticross the energies of theX
00 02 0'4d/x0'6 08 00 02 0-4d/x°-6 08 10 states(at the samd.), in which ak=0 exciton is almost
decoupled from two interacting electrorfthe states that
FIG. 2. (a) The binding energyA of the isolated dark triplet evolve from the MP states dt=0). Because the crossings at
(X;q) and dark singletX;, charged excitons as a function of layer largerL (i.e., larger pair energy and smaller averag¥~ or
separatiord and calculated on a Haldane sphere 8&50. (b) The  e-e separatiopoccur at smalled, the stability of theX™ in
PL oscillator strengthr~* of a charged exciton sta¥;; bindingup ~ a e-X~ collision depends critically on bott andL. As we
to two Laughlin quasiholes QH of theeeX™ incompressible fluid, argued in the preceding section, high-enefig., highL)
as a function ofd and calculated for anéh system on a Haldane e-X~ collisions do not occur in a Laughlin correlated sys-
sphere. Thehe state contains an exciton and originates from thetem. However, if Laughlin correlations were weakened or
multiplicative state ad=0. destroyed by finite QW widthvg>20 nm), large electron
density (#>%), or temperature, such collisions could, for
Laughlin statg¢ charge depletion region, without disturbing example, result in the breakup of otherwise long-livéd
the X~ state itself. This only weakly modifies the electron states €+ X~ —2e+ X) and/or their collision-assisted PL
wave function in the vicinity of the hole that is probed by PL from metastable-X4 pair stategwhich would then occur at
(PL can be regarded as a one-electron Green function der higher energy than the excitonic recombination
scribing the removal of an electron from a state initially oc-
cupied by a valence holeThe dependence of the PL oscil-

X
- Xsd

lator strength of thex~, X QH, andX QH, states ond VI. PHOTOLUMINESCENCE OF FRACTIONALLY
(calculated for the 8-h system has been compared to the CHARGED EXCITONS AT LARGE LAYER SEPARATION
excitonic emission in Fig. ®). In Fig. 2a we have also It was first realized by Chen and Quffirthat at a large
plotted the binding energy of an isolat¥g; and compared it |ayer separation, the PL spectrum of the 2DEG near the
to that of a dark singleX. Laughlin filling factorv~(2p+1)~* (i.e., at low density of

Summarizing, the PL of a 2DEG in the *“strong- Laughlin quasiparticlescan be understood in terms of anni-
coupling” regime(smalld) occurs from a number of com- hilation of a well-defined numben of QE's (0Osn<2p
peting radiative bound states; X, , andX,,, whose optical +1) and/or creation of an appropriate numbep ¢2L—n)
properties are rather insensitive to the preseicedensity of QH’s. Independently of the actual average value ¢av-
of the surrounding 2DEG. Which of these bound states occuerage over the entire 2DB(Gthe recombination probes a
in the 2DEG (and their relative numbersiepends on their finite area of the 2DEGin the vicinity of the annihilated
binding energieswhich in turn depend oB, w, w;,, andd) hole) that has the local filling factor of=(2p+1)~* plus a
and on their characteristic formatior{ X« X~) and re- specific numben of QE’s bound to the hole to form a well-
combination times. Th&,4 state remains dark, and no other defined FCX eigenstateQE, . For thev=1} state, four pos-
bound states than bright XS , andXy,, and darkX,y occur sible recombination events involving QE’s and QH’s are
at anyv or d. It is noteworthy that the PL spectrum at small
d does not probe the interaction ¥for X~ states with the h+nQE—(3—n)QH+ v, (4)
2DEG (at least at filling factors up toe~ ). As a result, no
information about the original correlations of the 2DH2-  wheren=0, 1, 2, or 3, andy denotes the emitted photon.
fore it is perturbed by optically injected valence hglean  We have verified this conjecture numerically for the- 1
be obtained in a PL experiment in the strong-coupling re-state of up to nine electrons. Indeed, if only the “first-order”
gime. Indeed, the experimental spectra of symmetricallyprocesg4) is allowed, it describes almost all of the total PL
doped QW's are rather insensitive tcand show no features oscillator strength of an initial stateQE,. However, we find
at the filling factors such as'=3 or %, at which the that this process is allowed only for some of th@E, com-
Laughlin-Jain incompressible fluid states of the 2DEG occulplexes because of the translational symmetry of the 2DEG
and the FQH effect is observed in transport experiments. (in the vicinity of the position of the recombination event
As a result of this symmetry, two angular momentum quan-
tum numbers M and K, must be simultaneously conserved
in PL**2 To study the selection rules following from the

The d dependence of the energy spectrum ofeah3sys-  (local) 2D translational invariance, it is more convenient to
tem (the simplest system in which to study interactionXof ~ use spherical geometry, in which they take a simpler form of
states with electronsshows another interesting feature thatthe conservation of andL,.®

B. Uncorrelated e-X~ system
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Let us analyze the four process@s in detail. The emis- h+2QE—QH+ y. Two QE’s in the initial state occur at
sion energyw (we seti=1) is measured from the exciton 2S=3(N—1)—2 that givesl,=2(3N—-5) and loe=loH
energyEy (recombination energy of a frde=0 exciton in  =1(N—1). The QE molecule haSlQE2:2|QE_1:N_2-
the absence of the 2DB@t the sameal. The PL intensity of The h-QE, pair states have.; given by |h—|QEﬁLi$|h

the process—f-+y is defined as +IQE2, and the hQE, ground state has'.,ﬂ-\,,;z:Ih—lQE2

o 1 =1(N-1). SinceIhQE2=IQH, the hQE, state is optically

T =[(f[Pl)]%, ) active. Because of the small size and energy of a single QH,
the hQE, will recombine at even higher intensity and higher

so thatr =1 for the free-exciton recombination. Becauseenergy tharhQE*.
of the boson-fermion mappiry,identical selection rules are ~ h+3QE—y. Three QE'’s in the initial state occur as2
obtained using either statistics to describe Laughlin quasipar=3(N—1)—3 that givesl,=3N—3 andlge=3N—1. The
ticles. In the fermionic picturéS, the angular momenta of a QE; molecule has IQEgleE+(IQE— 1)+(IQE—2)=§N
QE in the initialNe-h statei and of a QH in the final il —6. Theh-QE; pair states havé; given by|h_|QE3s L,
—1)e statef (both at the same monopole strengtB) 2are $|h+|QE3, ie., L,=3. The smallest vaIueI,hQE3=3, de-

equal,l gg=1ogn=S—N+2 (but a QE in staté has different .
B _ scribes thenQE; molecule, and all othen+ 3 QE stategnot
angular momentum db— N+ 3). The hole angular momen only the h-QE, pair states have L,>3. Sincel =0 and

tum in the initial state i$,,=S. . . o
h—3QH+ y. An infinite planar system without any QE's '6J>3t'h”e'thﬁr trl?”Qt'% Sl nor 'tssgxcl'tai'onj o
in the vicinity of the hole iqlocally) represented by a finite In€ through a rst-order: processs). “nS ead, Q,,3
recombination must occur through a “second-order” pro-

spherical system at$=3(N—1). This givesl,=S=3(N ;

—1) andl = 3(N+1). The allowed total angular momentang?ns;ir:): %?E?r’]_;(sti;@ H;:t)i/\,/ ;thEhiﬁotrr:gSS?egii?e rg?(t)rrg
L2 4 ) " 2

of three QH’s in the final state are obtained by the additio hearby third QE. This turns out to be allowed only for

of three angular momentg,, (of three identical fermionic ; 9 -
QH's). The QH, molecule (most tightly packed three-QH :s?)\;v:Irl]d henc@QE; is not only unstablé? but nonradiative

dropled) has IQH3=IQH+(IQH—1)+(IQH—2)=%(N—l).
SincelhleHg, the h—3QH+ vy optical process is allowed

and creates the QHmolecule. It is expected to have rather
small intensity7~ !, because the “optical hole’{(vacancy
created in the 2DEG by annihilation of a valence hole is In order to calculate the binding energits PL energies
given by the single-particle wave functiom) of character-  and oscillator strengths™* of differenthQE, complexes,
istic radius\ and has small overlap with the much largera finite Ne-h system is diagonalized at the monopole
QH; molecule. Also, the emission energy will be low  strength 3=3(N—1)—n, at whichn QE’s occur in thev
because of the high energy of QH-QH repulsion in the final=% state ofN electrons. In this section, the properties of
state (QH is the eigenstate of pair angular momentum with“isolated” hQE, complexes are studied. By an isolated
R=1, i.e., maximum QH-QH repulsidn. hQE, complex we mean one that is uncoupled from addi-
h+QE—2QH+ vy. One QE in the initial state occurs at tional (other thenn QE’s) charge excitations of the 2DEG,
2S=3(N—1)—1 that gives,=3N-2 andl ge=Ilon= $N. which is whose wave function involves only the positions of
The h-QE pair states have angular momentumgiven by  the hole and oh bound QE’s. The coupling of theQE,
lh—lgesLisIy+Iqe. The state athoe=1,—Ige=N—2 de-  particles to the underlying 2DEG, as well as its effect on
scribes thehQE complex with the smallest averajeQE  their binding energy and optical properties, will be discussed
separation. The two QH’s in the final state can have paiin Sec. VI B.
angular momenta ok ;=2loy—R=N—"TR where R is an To assure that the interaction between the hole and
odd integer, and the QHmnolecule hastHZ:N—l. Clearly, the 2DEG is weak compared to the energyoe
lnoe#L; for any final two-QH state so that thaQE  *+&qH (=~0.1e?/\ for an infinite system needed to create
—2QH+ y optical process is forbidden. TH&QE can only additional QE-QH pairs in the 2DEG, the charge of the hole
recombine through a “second-order” proce&QE—3QH IS set toe/e where e>1. This guarantees that the lowest
+QE+y, which will have very small intensity. The only Neé-h states contain exactly QE's interacting with the hole
state of arh-QE pair that has;=L; and thus can recombine (even if the largeh-QE attraction at a finited and e=1
through a “first-order” proces$4) is the one with the next induced additional QE-QH pair excitations to screen the hole
larger value of angular momentumoee =N—1. This state with additional QE’$ and thus that the ground state is the
(denoted byhQE*) is? the first excitech-QE pair state ati  NQE, bound state. lfe is sufficiently largeA, o, and 7
larger than abouk. The hQE* state may occur at a finite Calculated in this way are independenteoand describe the
temperature as a result of excitation of the long-livege ~ “ideal” hQE, wave functions, in which a hole is bound to a
complex. Because QHis smaller and hagthree times ~QEn molecule[the nQE state with the maximum angular
smaller QH-QH repulsion energy than @Hthe hQE* is ~ Momentum ge =nlge—3n(n—1)]. The PLintensitiesr™*
expected to recombine with higher intensity and at higheiare also independent of and the values calculated for the
energy than an uncorrelated hole. Ne-h systems witiN<9 are listed in Table I. To obtain the

A. Binding energy and optical properties ofhQE,, complexes
uncoupled from charge excitations of 2DEG
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TABLE I. The PL oscillator strengthry® (in the units of the  >E, because the dipole moment of tke=0 exciton (per-

oscillator strength of a fre&=0 exciton) of fractionally charged pendicular to the layeysauses its repulsion by the surround-
excitonshQE, calculated in theNe-h systems (6cN<9) on a ing electrons.

Haldane sphere. For FCX’s, both intensity and energy behave as predicted
in proceeding paragraphs. The occurrence of four possible
MP h hQE hQE* hQE, hQE;  p| peaksalthough not all of them will occur at the sarde
=1 06154 0.0231 0.0968 0.1144 due to different ranges of stgbility of different complexes;
71 06250 0.0187 0.0767 0.0938 see Sec. Vlireflects qua_ntlzatlon_of the total chargey that _
' 06316 0.0160 0.0649 00791 can be bound to a hole |n1the units of the charge of Laughlin

quasiparticlesg/e=1, 3, 3, and 0 forhe, hQE,, hQE*,
and h states, respectivelyq(does not include the uniform
charge density of the underlying Laughlin spate

dependence of binding energiasand PL energies» on d, At d>\, all radiative FCX’'s emit at the energy below

the h-QE attraction is multiplied by. The data obtained for “he’ The c_)rde”ng’wh<thE*<thE2_<whe’ and almost
N=8 are plotted in Fig. 3. equal spacing between the PL energiedai results from

The MP state in Table | is the lowest eneligy: O state at the comparison of the initial- and final-state energies,
d=0 and ZS=3(N—2), in which thek=0 exciton is de-

Tt 0.6364 0.0138 0.0556 0.0680

coupled from theL=0 Laughlin state oN—1 electrons. Its Ei=Neg+neqet MVQE_AhQEnv
PL oscillator strength equals 2
N—1 (3—n)(2—n)
Th=1-serg 1w ©®) Ei=(N-1)so+(3—Mequ+———5—Vou, (1)

for N—o. Thehe state in Fig. &) is the state that evolves Whereeg, is the Laughlin ground-state energy per electron,
from this MP state whed is increasedit is calculated with ~ andVqe=Vqe.od1) andVou=Van.qn(1) are the energies
full hole chargeg=1), and it has been identified in the®  of QE-QE and QH-QH interactions per pair. &&\, when
spectrum atl=0.25\ in Fig. 1(b). Its PL intensity is almost the hQE, binding energy can be neglected, for the separa-
constant at smalll (whend increases from 0 to 1, 1.5, and tions between the three FCX peaks we obtain

2\, then rgel decreases by 1%, 6%, and 14%, respectively
Constantr;, & means almost unchanged wave function, and
thus thehe state contains k=0 exciton that is only weakly B
distorted due to interaction with the 2DEG. At>2\, the ©nQE, ~ @hoer = #Qet ot Vort Ve ®

e-e correlations become dqmig?nt and the state under- At smaller d, the separation between peaks decreases be-
goes complete reconstructiorr, drops quickly andA;. cause Apoe, > Anges>Ap=0. The crossing occurs ai
becomes negatiyeNo excitonic recombination is expected ~\. At d<\, the ordering of the PL energies in FigbBis

in PL spectra ad much larger than 2. At d=0, the PL reversed, but thigshaded part of the graph has no physical

energywp, of the he state equals the ener@y of a single g0 ificance(FCX's do not occur. Two other points could
exciton (because of the hidden symmetnAt d>0, wpe bgimportan(t. é P

First, the PL oscillator strengths of all radiative FCX’s in

thE* —wWh= 8QE+ SQH+ ZVQH y

0.20 3 1 1.0

IN AL 2egrea  [—h Table | (h, hQE*, andhQE,) decrease as a function b
0 [—hoe A Aos Hence, the results of our finite-size calculations alone are not
0157 L\ - 285 Py conclusive as to whether the recombination of these com-
=== EOEz g plexes contributes to the PL spectra of infinite systems.
""""" e

However, the vanishing ofy, *, Tr:QlE*' and TfTQlEz for N

| —oo would have to result from an additional, unexpected
Loz symmetry recovered in this limitin analogy to the 2D
- 5 L eerey translational-rotational symmetry that resulted in vanishing
T 100 0of ridzand ). Therefore, it is most likely thelt, hQE*,
0 1 2 3 4 0 1 2 3 4 5 . . . . C e .
"y "y andhQE, remain(weakly) optically active in an infinite sys-

_ -1 —1
FIG. 3. The binding energy (a) and recombination energy tem, and our data _SUggeSIS_tlhﬂll<ThQE*<ThQEz'

(b) of fractionally charged excitonsQE, as a function of layer ~ Second, Eq(6) implies 7,5—0 for »—1, in complete
separatiord, calculated for the &h system with a fixed number of disagreement with experiments that show strong excitonic
Laughlin quasiparticles in theeBelectron systemes>1; see text recombination av=1 even at the highest available magnetic
E, is the exciton energy and is the magnetic length. THee state  fields. This means that the description of the experimentally
contains an exciton and originates from the multiplicative states abbserved excitonic recombination in terms of the “hidden
d=0. In the shaded parts of both graphs, the has the largest Symmetry” of the lowest LL fails completely. Since the LL
binding energy and theQE, complexes do not form. mixing is more important for the excitonic state than for

\ (a) binding
N energy
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the FCX complexegdue to larger interaction energy com- 095
pared to the cyclotron energyone can expect enhancement
of the he binding at finiteB compared to the FCX binding |
energies. Although this enhancement depends on a particule
system B, QW width, etc), we have checked that for pa- 2 |
rameters of Ref. 3%symmetric 11.5 nm GaAs QWinclu-
sion of excited LL’'s lowers the energy of a free exciton by 17
0.25, 0.12, 0.035, and 0.0E5/\ atB=5, 10,30, and 50 T, 001~
respectively. Hence, at high magnetic fiel@=10 T) it can 1
be assumed that even though dwe energy obtained in the
lowest LL approximation is not very accurate, the error of
this approximation is smaller than the peak splittings in Fig. =
3(b) and the ordering of peaks is predicted correctly. How-
ever, at low fieldsB<5 T) the excitonic statée will prob- e
ably remain bound up to much largéthan predicted in Fig.
3(a), and its recombination could occur below that of FCX
complexes.

(a) excitation gap
!

0.04 A /

B. Binding energy and optical properties ofhQE, complexes
coupled to charge excitations of 2DEG

In this section we calculate the optical properties of the G- 4. The excitation gajg* —E (@), binding energya (b),
hQE, complexes coupled to the underlying 2DEG, that is ofr.ecomb'm’ltlon energy (c), and OSC'”ator. strength™ (d) of fr".ic'
actual complexes that occur in arh system at a finitel. To tionally charged excitonbQE, as a:functlon (.)f layer Separat'm

. S B calculated for the 8-h system.Ey is the exciton energy and is
do so, the ,f'mteN_e'h spectra S'm”ar to tho,se m, Fig. 1 are the magnetic length. Theee state contains an exciton and originates
calculated including botk-e ande-_h mtz_eracn_ons(Le., With  4om the multiplicative states at=0.
e=1). ThehQE, complexes are identified in these spectra
as low energy states with appropriate angular momentum.
The binding energW, PL recombination energy, and PL
oscillator strengthr—! are calculated for these states and
compared with the values obtained fex-1 in Sec. VI A.
Small difference between the values obtained éerl and
e=1, as well as the convergence of the two in the
limit, confirms the identification ohQE, states in theNe-h
spectra.

Figure 4 shows the data calculated for aet8 system.

The lines in Fig. 4 show data obtained from the spectra
similar to those in Fig. 1, which is including all effectsexh
interactions. For comparison, with symbols we have replot-
ted the data from Fig. 3 obtained fee>1 to assure that, at
anyd, the obtained low-energy eigenstates are given exactly
by thehQE, wave functions. Ad>\, very good agreement
between binding energies and PL energies calculated for
=1 (lines) ande>1 (symbolg confirms our identification of
hQE, states in low-energiWe-h spectra. The PL intensities
We have checked that the curves plotted hereNer8 are 71 calculated fore=1 (lines) converge to those obtained

very close to those obtained fbt=7 or 9, so that all im- for e>1 and listed in Table (symbols. The good agree-
portant properties of an extended system can be understocr)]qent between the lines and svmbolslat 2\ shows that the
from a rather simple &h computation. In four frames, for Y

eachhQE, we plot (a) the excitation gaE* — E above the hQE, states identified in thaNe-h spectra are indeed de-

o ) scribed by exachQE, wave functions. Atd<<A, the two
hQE” ground stat.e(b) the binding ener_g;A! (c)_the recom- calculations give quite different results, which confirms that
bination energyw; and (d) the recombination intensit¢PL

oscillator strength=—*. The excitation gaps and the recom- the description of actuaNe-h eigenstates in terms of the
bination energi%s ;nd. intensities are ogbtgined from the speﬁr:]oIe interacting with Laughlin quasiparticles of the 2DEG is

. . happropriategthe correct picture is that of a two-component
tra at 25=3(N—1)—n in which thehQE, complexes occur. ppropriate picture | W P

. . . ) e-X~ fluid). The formation ofh complexes at larger
The binding energ\\ is defined in such a way thdhoe,  than about 1.5 can be seen ?T]Egst cIeF;rIy in thél(%)

=Eqg,*Vh-1s— A, whereEqqe is the energy of thde-h  cyrves. For example, while it is impossible to detect the
system in staténQE, calculated at 3=3(N—1)—n, EQEn point of transition between thé™ QH, andhQE, complexes

is the energy of théle system in state QFcalculated at the in the dependence of energy spectrum in Fig. Hobecause
same B5=3(N—1)—n, andV,s is the self-energy of the !x-qn,=!nqg,) it is clearly visible atd~ 1.5\ in Fig. 4(d).

hole in Laughlinv=3% ground state at 8=3(N—1). As The analysis of the characteristics bQE, complexes
described in Sec. VI AV}, s is calculated by setting the hole plotted in Figs. 3 and 4 leads to the conclusion that the bound
charge to a very small fraction of e so that it does not complex most important for understanding PL in the weak-
perturb the Laughlin ground state. The curves in Fig. 4 coupling regime @>1.5\) is hQE,, which has the largest
are identical to those in Fig. 3. The PL intensity of the  binding energyA, and significant excitation enerdy* —E
state(which is the MP state al=0) is too large(see Table and PL oscillator strength . The hQE is also a strongly

) to fit in Fig. 4(d). bound complex with large excitation energy, but it is nonra-
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v-173 v<1/3 v-1/3 v<1/3 Only theX™’s will occur in the absolute ground state of the
(a) d<r Ny (@) 2A<a<3h X system. However, because the exciton has shorter optical
=TT e e ] lifetime than all theX™ states, the PL spectrum at finite
"""""""""""""""""" xﬁ ‘ temperatures contains peaks corresponding to both exciton
— || IS (in our notationhe) andX ™~ recombination. Ai>0, thehe
(b) A<d<1.5A (e) d>3A recombination energy is larger than the bare=Q) exciton
B energyEy at the sameal due to thee-X repulsion.
% o hQEz/i A=<d<1.5\. The X~ ’s unbind but the neutral excitons
. hQE* -~ I still exist. The FCX complexeshQE andhQE;) also occur,
as the QE-QH pairs are spontaneously created in the 2DEG
(c) 1.5A<d<2A magnetic field to screen the charge of each hole. However, the exciton has
---------------------------- X both the largest binding energy and the largest PL oscillator
hQE, —— ] strength, and its recombination dominates the PL spectrum.
-------------------------- hQE” A similar electric-field-induced ionization of ~’s in a QW
has been demonstratedB#=0 by Shieldset al®®

magnetic field 1.5.<d<2\. The excitons still exist but they no longer

FIG. 5. The schematic PL specif@L energy vs magnetic field have maximum blndl_ng energy. To screen the ch_arge of each
near the filling factorv= 3 at different layer separatiorss Solid hole, one QE-QH pair is spontaneously created in th.e 2DEG
and dashed lines mark recombination from ground and excited® form the FCX complexhQE (h—hQE+QH). Since

states, respectively. is the magnetic length. hQE; has larger binding energy thamQE, it can also be
formed in the presence of excess QEHEE+ QE—hQE,)
diative (at least, in the absence of scattering or disorder but it will be destroyed in the presence of excess QH's
Although hQE is dark, its first excited stateQE*, is both  (hQE,+QH—hQE). Therefore, a discontinuity is expected
bound and radiative and can contribute to the PL spectrumwhen v crossess: At v>3, the darkhQE and the bright
The charge neutral “anyon excitonhQE; suggested by hQE, coexist and théhQE recombination can occur either
Rashbaet al?’ is neither bound nor radiative. Finally, the through binding of the second QE to form a brigi@E,
radiative excitonic state k=0 charge neutrale-h pair  (note thatvoe=1 occurs atv=2% and thus, except fow
weakly coupled to the 2DE(Goreaks apart ati>2\. almost equal tos, the QE density is larger than the hole
density or through excitation to a brigttQE*. At v<3%,
the hQE is the only stable complex and its dominant recom-
bination channel is through excitation to the brigiQE*
state that emits at similar rate but lower energy th&Jt,
) _ o i (by aboute et eqn). The strongly radiativikk=0 excitons
The information presented in Figs. 3 and 4 and in Table | yg) are also visible at finite temperatures. Clearly, different
allows understanding of anomalies observed in the PL SPe€Gemperature dependence of the emission from the ground

tra of the 2DEG near= 3. The crucial observations af® statehQE, and from the excited stat¢gQE* andhe is ex-
the most strongly bound complexes at small layer separatioBected_

d are thek=0 state of a charge-neutral excit¥rand differ- 21 <d<3\. The excitons still exist but they have very

ent states of charged excito_b(s‘; (ii) at largerd, the most g binding energy. No QE-QH pairs are spontaneously
stable complexes are the brighQE, and darkhQE (whose  created and the holes can only bind existing QE’s, which
weakly excited stat@QE* is bright; (iii) no charge-neutral |o54s to discontinuity whem crossest: At v>1, the rela-
“dressed exciton” states &+ 0_occu_r; andiv) the chargg- tive numbers ohQE, hQE*, andhQE, depend on the hole
neutral “anyon exciton”hQE; is neither stable nor radia- and QE densities and temperature. However, because the QE
tive. Depending on the layer separatiorand on whethew  gensity can be assumed larger than the hole density and the
is larger or smaller thar_%, the following behavior is ex- hQE is long-lived, bothhQE* and hQE, are expected to
pected(see the schematic PL spectra in Fig. 5; it should beshow in the PL spectrum, emitting at energies different by
understood that the PL spectrum changes continuously aSghouts et eon. At v<3, there are no QE’s to bind, and
function ofd but discontinuously as a function @j. the holes repel the existing QH'’s. In the ground state, there is
d<\. The holes bind one or two “whole” electrons to o response of the 2DEG to the hole, whose recombination
form k=0 neutral excitons or various charged exciton stategccurs at the local filling factor= % (and probes the spectral
(the relative numbers oKg , X4, and Xy, depend onB,  function of an electron annihilated in an undisturbed Laugh-
temperature, etg. No “dressed exciton” states with#0  |in »=3 statg. Although the optical lifetime of an unbound
(in-plane dipole momentoccur. Thek=0 excitons weakly hole is fairly long, no bound radiative FCX’s are expected at
couple to the 2DEG, and th¥™'s are effectively isolated |ow temperatures since the recombinatiorh@fE, or hQE*
from the 2DEG because of LaughiaX™ correlations. Asa must occur through the formation of an unstai®E
result, neither the recombination ofka=0 exciton and ra- (hQE+QH—h) followed by either binding of a second QE
diative X~ states Ky andX;,) nor the lack of recombination to form thehQE, or an excitation to form thénQE*. Al-
of the darkX4 state are significantly affected by the 2DEG. though weakly bound, the neutral excitoheg) has much

VII. STABILITY AND EMISSION OF DIFFERENT BOUND
STATES: PL SPECTRA AT DIFFERENT LAYER
SEPARATIONS
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larger oscillator strength than an uncorrelated hole, and it At d larger than about ®, the Coulomb potential of the

might also be observed in PL at a finite temperature. Thalistant hole becomes too weak and its range becomes too

exciton binding strongly depends on the LL mixing, so it islarge to bind individual electrons and form thé or X~

more likely to exist at lowerB (in the lower density states. Instead, the hole interacts with charge excitations of

samples the 2DEG, namely, repels QH’s and attracts QE’s of the
d=3\. No excitons be) occur, and the recombination Laughlin incompressible=3 fluid. The resulting states in

can only occur from thdQE,, hQE*, or h states, with a which the hole can occur are the uncorrelated skai@n

discontinuity atv=1%. which the free hole moves in the rigid electron Laughlin
fluid at a local filling factor v=3) and the fractionally
VIIl. CONCLUSION charged excitoniQE andhQE, (in which the hole binds

. . . one or two QE’$. Different states have very different optical

We have studied PL from a 2DEG in the fractional quan-properties(recombination lifetimes and energjieand which
tum Hall regime as a function of the separatidibetween  f them occur depends critically on whether QE’s are present
the electron and valence hole layers. Possible bound statesiiiine 2DEG. Therefore, discontinuities occur in the PL spec-
which the hole can occur have been identified and charactefr,m at »= L
ized in terms qf s_uch single-particle quantities as the angular oy results invalidate two suggestive concepts proposed
momentum, binding energy, recombination energy, and oSy, ynderstand the numerichle-h spectra and the observed
cillator strength. The strict optical selection rules for thesep| of 3 2DEG. First. the “dressed exciton” sta#e& with
bound states have been formulated, following from @lee  finite momentum k+0) do not occur in the low-energy

cal) 2D translational symmetry of each state. Only some 0fgnecira of-h systems at smad. Second, the charge neutral
the bound states turn out radiative, and their relative OSC'”a"anyon exciton” state&’ are neither stable nor radiative at

tor strer]gth_s are predicted' from a rather simple analysis..Thgny value ofd.
discussion is illustrated with the results of exact numerical
calculations in Haldane’s spherical geometry for a hole in-
teracting with up to nine electrons at filling factors- .

Different response of the 2DEG to the optically injected
hole in the strong- and weak-coupling regime results in a The authors acknowledge partial support by the Materials
complete reconstruction of the PL spectrundaif the order Research Program of Basic Energy Sciences, U.S. Depart-
of the magnetic length. At d<<\, the hole binds one or two ment of Energy. A.W. acknowledges partial support from the
electrons to form a neutral exciton sta¢@r various charged Polish State Committee for Scientific ReseafiiBN) Grant
exciton stateX”. The PL spectrum in this regime depends No. 2P03B05518. The authors thank K. S. (Ausan Na-
on the lifetimes and binding energies of tkeandX™ states, tional University, Koreawho participated in the early stages
rather than on the original correlations of the 2DEG. Noof this study, and P. HawrylakNational Research Council,
anomaly occurs in PL at the Laughlin filling factor=3, at  Canadaand M. Potemski{High Magnetic Field Laboratory,
which the FQH effect is observed in transport experiments.Grenoble, Frangefor helpful discussions.
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