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Charged excitons in a dilute two-dimensional electron gas in a high magnetic field
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A theory of charged excitonX™ in a dilute two-dimensional2D) electron gas in a high-magnetic field is
presented. In contrast to previous calculations, three batindtates(one singlet and two tripletsare found
in a narrow and symmetric GaAs quantum well. The singlet and a “bright” triplet are the two optically active
states observed in experiments. The bright triplet has the binding energy of about 1 meV, smaller than the
singlet and a “dark” triplet. The interaction of bourXi ’s with a dilute 2D electron gas is investigated using
exact diagonalization techniques. It is found that the short-range characteresfXheinteractions effectively
isolates boun™ states from a dilute—h plasma. This results in the insensitivity of the photoluminescence
spectrum to the filling factow, and a rapid decrease of the oscillator strength of the dark tilets a
function of v~ 1.

[. INTRODUCTION eracy. It was later shown by Palaciesal?! that an isolated
X; in the lowest LL has infinite radiative time,. Two

The magneto-optical properties of quasi-two-dimensionalndependent symmetries must be broken to allow fortpe
(2D) electron systems have been intensively investigate@ecombination: the “hidden symmetry**~162! due to an
experimentally** and theoretically*~** For a dilute elec- equal strength oé—e ande—h interactions, and the 2D geo-
tron gas, the photoluminescen@.) spectrum is determined metrical (translational symmetry’?>*?resulting in the con-
by a charged-exciton complex™ and its interaction with  servation of two angular momentum quantum numbers. The
remaining electrons. Th¥™ consists of two electrons and a “hidden symmetry” can be broken by mixing of LL’s,
valence hole and is similar to the hydrogen ion.Hts ex-  valence-band mixing effects, and asymmetry of the QW. The
istence in bulk semiconductors was first predicted bytranslational symmetry can be broken by disorder. Therefore,
Lampert! but due to small binding energy it has not beenthe X; recombination probability is determined by disorder
observed experimentally. Stebe and Aindnshowed that and scattering by additional electrons, and is expected to
the binding of the second electron to the exci¥oshould be  disappear with increasing magnetic field. Also, crossing of
enhanced in 2D systems. Indeed, ¥e has been observed the X; andX; PL peaks must occur at some value of the
in semiconductor quantum well®W) by Khenget al! and magnetic field, wheriX; becomes th&™ ground state. This
in many related experiments™ hypothetical long-livedX; ground state in high-magnetic

The experimental observation stimulated a number of thefields has recently received a lot of attention. Becaus&fhe
oretical workst’~?" It is now well established that the only complexes carry a net charge and form LL’s, they are
bound X~ state at zero magnetic field is the singlet stateexpecte@?®to form (together with remaining electronthe
(Xg) with the total electron spid,=0. Accordingly, the PL  multicomponent incompressible  fluid states  with
spectrum shows only two peaks, due to ¥oandX; recom-  Laughlin-Halperifi>** (LH) correlations. Since an experi-
bination, split by theX; binding energyA . The situation is mental realization of such states requires reaching the “hid-
much more complicated in a magnetic field. In very highden symmetry” regimelong-lived X; ground statg an es-
fields, MacDonald and Rezdfishowed that optically active timate of required magnetic fields is needed.
magneto-excitons do not bind a second electron. They are While variational calculations of hydrogenlik& appear
effectively decoupled from the excess electrons due to theatisfactory:®%2?% an accurate description of; at finite
“hidden symmetry,"®>~1" and the PL spectrum is that of a magnetic fields is extremely difficult. Although Whittaker
single exciton, irrespective of the number of electronsand Shield%' (WS) predicted a transition to th¥, ground
present. state in a GaAs/AlGaAs QW of widtlw=10 nm at the mag-

It was therefore surprising when a boudd complex netic field of B~30 T, the experimental data f@<10 T
was discovered via numerical experiments in the lowest Lanthat was available at the tirfie could not verify their result.
dau level(LL).?° The bound complex was a tripleX() with A negative answer came recently from Hayateal,” whose
finite total angular momentum and a macroscopic degenPL measurements in magnetic fields up to 50 T seemingly
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precluded such transition. In their spectkg, remained the and could not resolve the good quantum numiewhich is
ground state up to 50 T, and an extrapolation to higher fieldgssential to correctly identifying the bou™ states and
ruled out the singlet-triplet crossing at any near valuesfurther to accurately calculating their energy and PL. The
Moreover, in clear disagreement with Ref. 21, strofjgPL exact mapping between guantum numbgrsand K on a
was detected, whose intensitycreasedwith increasing the  plane and the 2D algebra of the total angular momenitum
magnetic field, and at 13.5 T exceeded that of Xye. Re-  on a sphergand between the respective Hilbert eigensub-
sults of Hayneet al. not only disagreed with the model of spacepallows conversion of the results from one geometry
WS, but also suggested that a picft@® of long-lived 1o the other(see Ref. 40 for the one-component, electron
X;'s forming the low-energy states of ae-h plasma, system. The energy spectrum of @-h system whose total
worked out for a strictly 2D systenw(=0) in the lowest LL,  charge does not vanish consists of degenerate ¥41.Gn a
m|gh_t _be totally madequ_ate to realistic GaAs systems. Th'%phere, these LL's have the form of degenerate total angular
suspicion was further reinforced by the unexplained lack Ofmomentum(L) multiplets. The multiplets on a sphere are
the sensitivity of PL to the filling factor of the electron gas. |gpeled byL and different states within each multiplet are
The source of disagreement might be either in the descriptiopypeled by different,, while on a plane, the LL’s are la-
of bound X~ states or in the description of its interaction pg|eq byL= M+ K and different states within each LL are
with excess electrons. _ labeled by different=0,1,2 ... (note that a number of
In this paper we address both issues. We report on dpgependent multiplets or LL’s can occur at the samer
tailed numerical qalcula'uons .of Fhe energy and PL spectra OZ). The price paid for closing the Hilbert space without
e-h systems at high-magnetic fields. Using Lanczos-bdsed breaking symmetries is the surface curvature that modifies
methods we were able to include in our model the effects Ofyeractions. However, if the correlations to be modeled have
Coulomb interaction, LL mixing, finite QW width, and real- ghort range that can be described by a small characteristic
|s_t|c Zeemgn and cyclotron sphmngs. Ol_Jr calculations Pre1ength 6, the effects of curvature are scaled by a small pa-
dict the existence of a new, optically active bound s¥fe  yameters/R, and can be eliminated by extrapolating the re-
of the triplet charged exciton. The identification of this new gits toR— . Therefore, despite all differences, the spheri-
state as the tripleX™ state observed in PL explains the puz- ¢ geometry is equally well suited to modeling bound
zling qualitative disagreement between earlier theory and eXcomplexes as to the fractional quantum Hall systefas
periments. The “bright”X, state is distinguished from the originally used by Haldarid).
“dark” state X found in earlier calculation®),?!#4-2 The detailed description of the Haldane sphere model can
which is the lowest-energy triplet™ state at high-magnetic be found e.g., in Refs. 37, 38 and 40—42 gsidce it is not
field but remains undetected in PL experimefitewever, essential for our resultst will not be repeated here. The
see also Ref. 36 Energies and oscillator strengths of all magnetic fieldB perpendicular to the surface of the sphere is
bound complexeX, X, , X;,, andX.4, are calculated as a due to a magnetic monopole placed in the center. The mono-
function of the magnetic field and QW width. The transition pole strength 2 is defined in the units of elementary flux
to the X;4 ground state aB~30 T is confirmed. ¢o=hcle, so that 41R?B= 2S¢, and the magnetic length is
The interaction ofX ’s with additional electrons is also N=R/\/S. The single-particle states are the eigenstates of
studied. Because this interaction has short range, it effe@ngular momentuni and its projectionm and are called
tively isolates the bounX ™ states from remaining electrons monopole harmonics. The energiedall into (2l +1)-fold
and only weakly affects PL from dilute systems, as observediegenerate angular momentum shells separated by the cyclo-
by Priestet al® In particular, collisions oK, with surround- ~ tron energy% .. The nth (n=0) shell (LL) hasI=S+n
ing electron gas at filling factors<1/5 do not significantly ~and thus & is a measure of the system size through the LL
enhance its oscillator strength. This explains why this state igegeneracy. Due to the spin degeneracy, each shell is further
not observed in PL. split by the Zeeman gap.
Our model applies to the narrow and symmetric QW's,
and the calculations have been carried out for the GaAs/
Il. MODEL AlGaAs structures with the Al concentration »f0.33 and

In order to preserve the 2D translational symmetry of anthe widths ofw=10, 11.5, and 13 nm. For such systems,

infinite QW in a finite-size calculation, electrons and holesOnly the lowest QW subband need be included and the cy-

are put on a surface of the Haldane spﬁé?%of radiusR. clotron motion of both electrons and holes can be well de-

The reason to choose the spherical geometry for calculationsscr'beoI in the effective-mass approximatidifor the holes,

is strictly technical and of no physical consequence for ou nly the hgavy-holg states are included, with the intersub-
results. Because of the finite LL degeneracy, the numerical?a.nd coupling partially taken into account through the real-
calculations on a sphere can be done without cutting off théStic depgndgncéwch(B), €., through*the dependence of
Hilbert space and thus without breaking the 2D translationalf® (iffectlve in-planécyclotron massmy on B (after Cole
rotational symmetry. This allows exact resolution of the twoet al 3) L , ) ,
quantum numbers conserved due to this symmetry: total an- YSiNg @ composite index=[nmo] (o is the spin projec-
gular momentum projectioc and an additional angular ton), thee-h Hamiltonian can be written as

momentum quantum numbér associated with a partial de-

coupling of tgagsgenter-of-mass motion in a homogeneous

magnetic field>>>" Let us note that in earlier calculations, _ T t At ap

WSg(Ref. 24 and Chapmaret al?® used planar geometry H—% Ci“C'“S'“+ij|d§,:a5 CiaCipCisCiaVijia, (1)
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WhereciTa andc;, create and annihilate particte(e or h) in 3 {9 8 7 5 . S o o e o ° s
statei, andV{§ are the Coulomb matrix elements. S e %02 ¢ °t . g

At high-magnetic fieldsy significantly exceeda and it . 2908 e 0@ o, © o o m
is essential to properly include the effects due to the finite ] * 3 : ° o g e 0% s 8 o th
QW width. Merely scaling all matrix element¢f; by a ~E;< - — — %
constant factoré(w/\) is not enough. Ideally, the/fj“fI E ] ‘x,;o 39:1_2 o X L2
should be calculated for the actual 3D electron and hole Xg o ® J- -
wave functiong* The “rod” geometry used by Chapman oxg Xge OX
et al?® might be a reasonable approximatitior the lowest 3 () B=13T (b) B=30T 8
QW subbangl although using the same effective rod length , o & A S - ° o & 0.5
for electrons and holes and its arbitrary scaling vidtteads %y, et s 0 * ° -
to an incorrecB dependence of obtained results. In this pa- 1 & °©8 0 © .0 O A
per we insist on using numerically correctvaluee\/ﬁfI and 3 1 s o @ O o, ° %
calculate them in the following way. The actual density pro- £ o o5 e e >
file across the QW can be approximated hy(z) ...|i< ] 0 0O s 4 @ o
x co(mz/w*), i.e., by replacing the actual QW by a wider “ o Og SR 0.0
one, with an infinite potential step at the interface. This de- ] Xa® |
fines the effective widths of electron and hole layar$,and 31 (c)B66T Xa* (d) w=0, Infinite B, no Zeeman energy
wp . For w~10 nm, we obtain w*=(wg +Wwp)/2=w 56 7 8 9101112138 56 7 8 9 101112 13
+2.5 nm. We have checked that the effective 2D interaction L L

in a quasi-2D layer, FIG. 1. The energy spectfanergyE vs angular momenturh)

of the 2e—1h system on a Haldane sphere with the Landau level

, e(z)e(z') degeneracy of 8+1=21. E4 is the exciton energy. The param-
V(r)=| dz| dz m' (2) eters are appropriate for the 11.5 nm GaAs quantum well.

with the lowest Zeeman energy is marked for each triplet.

can be well approximatéiby V4(r)=1/\r?+d? if an ef-  Similarly, each state with >0 represents a degenerate mul-
fective separation across the QW is takerdasw*/5. For a tiplet with |L,|<L. The angular momentura calculated in
given d/\, matrix elements oW/4(r) have been calculated the spherical geometry translates into angular momenta on a
analytically and used a\sﬁﬁ in Eq. (1). A small difference  plane in such wal that theL =S multiplets correspond to
betweenw? and wy is included by additional rescaling, the LL’'s with £=0 (andM=-K=0,-1,-2,...), and the
Vap(r)=E&,5V(r), with fiﬁ:<23h>/<ziﬁ>- For w~10 nm, L=S-1 multiplets correspond to the LL's witlf=—1
we obtainé..=0.94 andé,,=1.08, and for wider QW’s, the (andM=-K-1=-1,-2,...).
difference betweewy andw}; is even smaller. Note that our  Due to the conservation afin the PL process, only states
treatment of interactions in a quasi-2D layer is different fromfrom the L=S channel are radiative. This is becat/se
the “biplanar” geometry(electrons and holes confined in an annihilatece—h pair hasLy=0, and the final-state elec-
two parallel infinitely thin layerstested by Chapmaet al?®>  tron left in the lowest LL ha$,=S. Recombination of other,

The HamiltoniarH is diagonalized numerically in the ba- honradiative [ # S) states requires breaking rotational sym-
sis including up to five LL's <4) for both electrons and Metry, e.g., by interaction with electrons, other charged com-
holes (note that sincd =S+n, the inter-LL excitations of plexes, or impurities. This result is independent of chosen
only one particle have nonzero angular momentum and, e.gSPherical geometry and, as shown by Dzyubeifkbolds
do not contribute to th& ground state Energies obtained @lso for the planar QW's, where the 2D translational symme-
for different values of 8<20 are extrapolated to®-x, try leads to the conservation of both and K, and the
i.e., to an infinite QW. The eigenstates are labeled by tota¢orresponding PL selection rule £5=0.
angular momentunt. and its projectionL,, which are re- Three states marked in Figgal-1(c) (B=13, 30, and 68
lated to the good quantum numbers on the planeandk.  T) are of particular importance(s andX,, the lowest sin-
The total electron and hole spind,(andJy,) and projections glet and triplet states dt=S, are the only strongly bound
(J,e andJy,) are also resolved. radiative states, whilX.4 has by far the lowest energy of all
nonradiative [ #S) states. The transition frorXg to X
ground state is found &~30 T, which confirms the calcu-
lation of WS2* A new result is the identification of th¥,,

The 2e—1h energy spectra calculated fo62 20 and five  state, which remains an excited radiative bound state in all
included electron and hole LL'sn4) are shown in Fig. 1. frames in Figs. (a)—1(c).
The parameters used in the calculatiom}(w,«, and the For comparison, the spectrum of an ideal, strictly 2D sys-
dependence df w., on B) correspond to the 11.5 nm GaAs tem in the lowest LL is shown in Fig.(d). The X4 is the
QW. The energy is measured from the exciton end&gyso  only bound staté® As a result of the hidden symmetH;*’
that for the bound state@he states below the lingst is  the only radiative states are the pair of “multiplicative”
opposite to the binding energy (the lowest LL energy is set states alL=S and E=Ey, in which an optically activeX
to zerg. Open and full symbols denote singlet and tripletwith Ly=0 is decoupled from a free electron with=S.
electron-spin configurations, respectively, and only the state We have performed similar calculations for systems

Ill. BOUND X~ STATES
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w=115A, no Zeeman energy (a) w=115A (b) w=115A
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S7'=(WR)? B (T)
FIG. 2. (a) The X~ energiesE calculated on a Haldane with the % 1
LL degeneracy $+1, plotted as a function &1, i.e., the sphere E |
radiusR. Ex is the exciton energy anl is the magnetic length. x
Five electron and hole LL's are includeth) The X~ binding en- e
ergiesE extrapolated to./R=0, plotted as a function of the mag-
netic fieldB. Data obtained including different numbers of electron
and hole LL's are shown; thicker lines are for five LL's. The pa- -3- : : : : . : : : : :

rameters in both frames are appropriate for the 11.5 nm GaAs quan 19 ' 20 ' 30 ' 40 ' 50 ' 60 10 ' 20 ' 30 ' 40 ' 50 ' 60
tum well. B (T) B (T)

FIG. 3. TheX™ binding energie€ (acd and the photolumines-
larger than 2—1h. The results confirm that andX™ are the  cence intensities~* (b) calculated for 10 nnc), 11.5 nm(al), and
only strongly bounde—h complexes aB=10 T. For ex- 13 nm GaAs quantum wells, plotted as a function of the magnetic
ample, the charge-neutral singlet biexcitdp (with J.=J,  field B. Ex is the exciton energy.
=Lx2=0) unbinds atB~20 T even in the absence of the

Zeeman splitting, and its Coulomb binding energy betweer{g: +0.29w?=9.4 nn?, and after Secket al,*® we find
10 and 20 T is less than 0.1 meV. dg’/dB=0.0052 T ? (for very high fields see also Ref. §7
To illustrate the finite size and surface curvature effectdn all frames,E, changes sign &~ 40 T, resulting in cusps
on the results obtained in the spherical geometry, in K@. 2 in the X binding energy.
we plot the Coulomb binding energiésithout the Zeeman To explicitly show the magnitude dE,, with thin lines
energy of all three X~ states m;;\rked in Fig. () (B we also plot theX; energy withoutE,. While the A, in-
=30 T) as afunction 06" "=(A/R)". The very regular de-  ¢jyding E, governs thex; relaxation and dependence of the
pendence of the blqdlng energies on the system size aIIov§S— PL intensity on temperature, thk, without E, is the
accurate extrapolatlon of the values obtained fox 25 difference between thé andX; PL energiegneglecting the
<20 10 25—, i.e., to an extended planar systeh/R=0 differencé@ betweeng® in the two complexes It is clear
and infinite LL degeneragy ! . 9n mp -
from Figs. 3a), 3(c), and 3d) that E; is almost negligible

The effect of LL mixing is demonstrated in Fig(l®, . . LS
where we plot the extrapolated binding energiz$R=0). fﬁr B<53t;' and that the binding energies are similar for all
dhree widths.

calculated including between two and five electron and hol : _ _
d Since only threee—h complexesX, X, , and X,,, have

LL's, as a function ofB. The following observations can be . = J X
made. Although inclusion of one excited £ 1) LL already significant binding energy and at the same time belong to the
radiativeL =S channel, only three peaks are observed in the

leads to a significarX binding, at least the=2 level must . X .
be added for the quantitatively meaningful results. Becausg L specira of d'IUte_ systentaot co_ulntlng the Zeeman split-
Ings). The total oscillator strength, ~ of a given state/ can

the singlet state has more weight in the excited LL’s than th
triplet states, the ground-state transition shifts to higher P& expressed as
when more LL’s are included. Th¥; binding energyAg -1_ t
weakly depends oB and saturates @&~20 T, while Ay Tw (PP, @
xe?/\o\/B. Finally, the X, energy goes at a roughly con- where
stant separation of 1.5 meV abo¥%g , and never crosses
eitherXg or Xy . P=> (-1)"clch
To illustrate the dependence on the QW width, in Figs. [
3(a), 3(c), and 3d) we compare theX™ binding energies
obtained forw=10, 11.5, and 13 nm. The thick dotted lines
for Xg include the Zeeman energy needed to flip one elec-
tron’s spin and form a bound spin-unpolarized state in an P:Z (=1)"cieCin
initially spin-polarized electron gas. The Zeeman endtgy
=g* ugB is roughly a linear function of energy through both are the optical operators coherently creating and annihilating
cyclotron energyhw.xB and confinement energy1/w?.  ane-h pair with L=0 (optically activeX). In Fig. 3b), we
After Snelling et al,*® for w~10 nm atB=0, we have plot7 !of X, Xs , andX, as a function oB for the 11.5 nm
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QW. The units ofr~ ! follow from Eq. (3). We assume here as(i) largew leading to the QW subband mixingi) well/
that both electrons and holes are completely spin polarizetarrier material combinations yielding}, <wjy, , (iii) large
(J,=J). Typically, all electron spins and only a fraction of in-plane effective masses, and small dielectric constants
hole spinsyy, (depending on temperature and the Zeemar(large[e?/ eX]/[fiw.]) leading to the strong LL mixing. On
energy are aligned with the field. As a result, thg, PL has  the other hand, reducing strengthens Coulomb interaction
definite circular polarization «,) and its intensity is re- @nd thus LL mixing, while too weak interactiofscaled e.g.,
duced byy,, while theX PL peak splits into ar. doublet DY €) might decreas&™ binding energies below the experi-
(separated by the appropriate Zeeman energi the inten- mentgl resolution. The giant elecltro_n Zeemal_w splittigg (
sity of the two transitions weighted by, and 1— x;,. ~1). in CdTe or ZnSe structur¥st! might certainly help to

In a system obeying the hidden symmetwy*(=w? , no stabilize t.heXtd.ground st_ate at |OV\B..A|-SO, appropriate
LL mixing, and no QW subband mixingthe total oscillator asymmetric doping producing an electric field across the QW

strength of one&X is equally shared by a pair of multiplicative and slightly separating electron and ho_Ie Iayer_s can help to
X states. In Fig. @), it is distributed over a number of restore balance between thee ande-h interactions.

e-2 stales. 9. W), 1L1S distriouted over a humber o To complete the discussion & states, let us note that

radiative L=9S) states, and, although most is inherited byth

RS . e binding energies reported here ¥o+=10 nm are consid-
the two nearly multiplicative states Bt~Ey, a fraction also erably larger than those obtained recently by #/Sve be-

goes to the strongly bourids andXy, states, with the ratio  jieve that our calculation describes better the in-plane corre-

Ty, ~275 * almost independent d8. The resulting three PL  |ations for two major reasongf) WS used the value ahy

peaks K, X , andXy,) are precisely the ones observed in =0.18 for the effective cyclotron mass of the hole, which is

experiments.’ appropriate only foB=0. The actual value at higher fields
The actual relative intensity of the PL peaks will dependis about twice as large; fow~10 nm, the cyclotron split-

not only on the oscillator strengths but also on the relativetings of Coleet al*® yield mj =0.28, 0.37, and 0.40 &

population of the respective initial statése., efficiency of =10, 30, and 50 T, respectivelyii) In their numerical di-

the relaxation processes, which in turn depends on the excagonalization on a plane, WS resolved only one of the two

tation energies and temperatusnd their spin polarization. good orbital quantum numbersM but not ). A small

An increase ofyy, from 3 to 1 with increasingd can explain  number of basis states used in their calculation liftedXhe

an increase of th&;, PL intensity by up to a factor of 2, LL degeneracies and hid the underlying symmétry”. In

while the XS PL intensity remains roughly constaht. contrast, in our calculation we resolved both good orbital
Let us stress that the results presented in Figs. 1-3 aiguantum numbers, diagonalized exactly much larger Hamil-

appropriate for narrow and symmetrically doped QW's. Intonians, and, due to the their regular dependence on the sys-

much wider QW’s (w~30 nm), the subband mixing be- tem size, we were able to extrapolate our binding energies to

comes significaif (and favors theX; ground statg while the limit of an infinite systenfalthough we cannot estimate

in strongly asymmetric QW’s or heterojunctions the Cou-the accuracy of this procedure, the extrapolated energies are

lomb matrix elementsvi‘}f, are quite different. In the latter qerta|nly much more accurate than the f|n|te-s.|ze approxima-

case, the significant difference between electron and hollons). Also, because they could calculate fairly accurately

QW confinements alters the-h attraction compared to the ©Only the lowest energy at eachl, WS did not recognize the

e—e repulsion within anX~. Roughly, the binding energies bright triplet stateX, (which is the lowest triplet state at

of all threeX ™ states changéompared to the values calcu- M=0 and the first excited one a{<—1).

lated hergby an uncompensatez-h or e—e interaction that On the other hand, WS accounted for the correlations

scales ase?/\x\B. This might explain the origin of an across fche QW by mcludmg_hlgher QW subbands in their

(equa) increase ofAg and Ay, as a function of8 found in calculatlor_1. In narrow QW’.s discussed heve{ 10 nm), the o

Ref. 7. effect of higher subbands is small and one can expect a simi-
While a quantitative model adequate to asymmetric Qw'dar (smal) reduction of ourX™ binding energies in Fig. 3 as

or heterojunctions must use corrésample-dependenelec-  Obtained in Fig. 1 of Ref. 24.

tron and hole charge density profile$z), our most impor-

tant result remains valid for all structures: The tripkt IV. EFFECTS OF X~ INTERACTIONS

state seen in PL is the “bright” excited triplet state lat

=S (£=0), while the lowest triplet state dt=S-1 (£ Even in dilute systems, recombination of boureh
=—1) so far remains undetected. complexes can in principle be affected by their interaction

It might be useful to realize which of the experimentally \ijth one another or with excess electrons. The short-range
controlled factors generally shift the singlet-triplet tran-  part of thee—X~ andX =X~ interaction potentials is weak-
sition to lower magnetic fields. The hidden symmetry, whichgned due to thx~ charge polarizatioA>?®and it is not at all
in Fig. 1(d) prevents binding of any other states th&fy is  obvious if even in the narrow QW’s the resultieg X~ and
the exact overlap of electron and hole orbitdfs.’ The ex-  x~_x~ correlations will be similar to the Laughfiicorre-
perimentally observed binding of; is due to the confine- |ations in an electron gas. Instead, the long-range part of the
ment of the hole charge in a smaller voluriterough asym-  effective potentials could lead to some kind @£X~ or
metric LL mixing, fiw.e>fwen, and asymmetric QW X~ X~ pairing(in analogy to the electron or composite Fer-
confinementw} >w},), which enhances the-h attraction  mion pairind® in the fractionally filled excited LL’s It has
compared to thee—e repulsion. Therefore, any factors been showft that the repulsion has short range and results in
should be avoided that break taeh orbital symmetry, such Laughlin correlations, if its pseudopotenti(L), defined®
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other and with excess electrons through the Coulomb-like

RIS K g o[
et e.ei’;%;eogg / -8 pseudopotentials. Depending BneitherX, ’s or X.4's form
Eéoéo:m;;zagggg | 5 the ground state, while other bound complexes occur at
0,090388522,%,8° m higher energies, with the excitation gap given by the appro-
oggé%géizggi‘;‘, " priate difference im\ andE; . P
0009 0038y | 3 Less obviously, because of the short-rargearacter of
23825 2 V(L), the low-lying states have Laughlin-Halpefii*
2 e—X" correlations described by a Jastrow prefadifx;
e (¢) B=30T |1 —Y;)*, wherex andy are complex coordinates of electrons
— —ow 5T andX™’s, respectively, ang. is an integer. At fractional LL
——-0 46 +X|59%Q00,8 ¢ L P y . 9 .
80@8-°§°9800’P'0-5 fillings v=v,— vy, X ’s avoid”? as much as possible the
;gﬁgigeg%ﬁieog@ 0 e—X" pair states with the largest valueslofAt v=1/u, the
o o] . . . . . .
oogggggeggggogogg - ground state is the Laughlin-like incompressible fluid state
0®870 °g°3ggs§od % with L<Ly-+S— u, with quasiparticlelike excitations de-
. ;?gggggéggggo - scribed by a generalized composite Fermion méd&iEven
086 o -~ . - _ .
though formation of an equilibriunX™ Laughlin state re-
e -0.2 uires longX ™ lifetime and hence is only likely foX;,, all
q g y Y T0Rp
(@ B=68T | | (@) w=0, infiite B, no Zeeman eneray | X~'s will stay as far as possible from other charges, and the
A S I S I I I L distance to the nearest one corresponds tolLthd - +S
0 5 10 15 0 5 10 15 . . .
L L — p pair state. This result depends on our assumption of the

small QW widthw. He et al** showed that the Laughlie—e
FIG. 4. The energy spectt@nergyE vs angular momenturh)  correlations are destroyed in a thick GaAs QW wheh
of the 3e—1h system on a Hgldane sphere with the Landau level., g At B=40 T, this corresponds tev>24 nm, but the
degeneracy of 8+1=21. Ex is the exciton energy. The param- o jica| width for thee—X ~ correlations will be even smaller
eters in framegabg are appropriate for the 11.5 nm GaAs quantum . .o e of the above-mentior¥éd charge polarizatiof®2®
well. In frame(d), A is the magnetic length. - e
The connection betweem and the minimum allowed
as the pair interaction energy as a function of the pair €-X Separation(or L) allows calculation of the effect of
angular momentunt. (on a sphere, larger means smaller thee—X |_nteract|on on theX recombmanon as aﬁfimctlon
separatiohincreases more quickly thar(L+1). Therefore, ©Of ». In Fig. 5 we plot the PL oscillator strength = and

the correlations in an infinite systef@W) are determined by ~€nergyE (measured from the exciton energy) for some of
the form of the relevant pseudopotentials that can be obhe 3e—1h states marked in Figs(#—4(c). We assume that

tained from studies of relatively small systems. the Zeeman energy will polarize all electron spins prior to

In Fig. 4 we plot the energy spectra of ar-3Lh system recombination, except for those two in the , and concen-
(the simplest system in which af~ interacts with another trate on the following three initial configurations=Xg with
charge, calculated for $=20 and three electron and hole J;¢=Je=3 ande—Xy, ande—X with J,.=J.= 3. For each
LL’s included (n<2). The open and filled circles mark the of the three configurations; * andE are plotted as a func-
states with total electron spids= 3 and3, respectively, and tion of L (i.e., of v).
only the lowest-energy states are shown for each spin mul- The quantities conserved in an emission process are the
tiplet. In the low-energy states, bouXd complexes interact total angular momenturh and its projectiorL, (on a plane,
with an electron through the effective pseudopotentialsM and K), and the total electron and hole spins and their
V(L), and the total energy of an interacting pair is the sum ofprojections change by 3. For X, andX,q, only anef—h|
V(L) andEx-. For each pair, the alloweld are obtained by pair can be annihilated, and an emitted photon has a definite
addingl.=S of an electron and.x- of an appropriateX™. circular polarizationo,. . Two indistinguishable electrons
This yieldsL=0 for X and X, andL=1 for X;;. How- left in the final state have the total spig=1, so their pair
ever, maximumlL are smaller tharLy-+ S due to the finite angular momentunh must be odd (B minus an odd inte-
size of theX™ (hard corg.?>2® The allowed total electron gen. For X , both o, and o_ PL are possible, with the
spinsJ, are obtained by adding of an electron to 0 or 1 of energy of the latter transition shifted by the total electron and
an X, so that thee-X_ pair states havd,= 3, while the  hole Zeeman energy. Fer. , the two electrons in the final
e—X;, ande—X, pair states can have eithdg=3 or 3. state can have eithdg=0 andL even, orJ,=1 andL odd;

At low L (i.e., at lowe—X" interaction energy compared While for o, they can only havéd,=1 andL must be odd.
to theX ™ binding energy, thee—X~ scattering is decoupled Note thatgy changes sign é8~42 T, and the polarizations
from internal X~ dynamics, and ale—X~ pseudopotentials in Fig. 5e) are reversed. As expected, for-0 the oscilla-
marked with lines in Fig. 4 are rather well approximated bytor strengths converge to those of appropriate sixglés in
those of two distinguishable point charg@dectron$ with Fig. 3(b) (multiplied by two if only one parity ofL is al-
appropriatel’s. Their relative position in differene—X" lowed. On the right-hand side of Fig. 5, the, PL energies
bands depends on involved andE;, and thee—X4 states are shown. For only partial polarization of hole spins, an
form the lowest-energy band at sufficiently la@esee Fig. unmarkedo_ peak of anX will appear at the energy higher
4(c). Such regular behavior of théwo-charge 3e—1h sys- by the X~ (not electron Zeeman splitting.
tem implie€>?° that the lowest states of an infinie-h There is no significant effect of the-X~ interactions on
plasma are formed by bound™’s interacting with one an- the X~ oscillator strength and energy at smiallMoreover,
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064 ._, @s-war|[ (b) B=13T the X~ recombination to thee—X" interactions at smallL
] TR T [ justifies a simple picture of PL in dilute—h plasmas. In this
R | 4 \\\ e | picture, recombination occurs from a single isolated bound

complex and hence is virtually insensitv® ». Somewhat
surprisingly, the LH correlations prevent increase of Xpg
oscillator strength through interaction with other charges.

PL-
1
Ig PL
@
+\
2
/,.//
T
(nsw) X3-3

. \ Tt’dl decreases very quickly with decreasingsee plots on
~o2_||[ 3e+1h o3 the logarithmic scale in the ins¢tsand remains ten times
o 9
0.0 — ! gjﬂg longer thanr even atv= 3. This explains the absence of an
.. () B=3oT | [ (@) B=30T| X4 peak even in the PL specird showing strong recombi-
06 T T nation of a higher-energy triplet staXg, (however, see also
1 \\\ \\ I Hr: Ref. 36
v - ~, So| %
= | N L
42 /_/’/—/ h 3
T |5 o+ Xg \ Lotz 3 V. CONCLUSION
] 7 \\ G- == G-ee-ee.e% >
PN e N L3 We have studied PL from a dilute 2D electron gas in
e;\ —c ‘\ narrow and symmetric quantum well@W’s) as a function
oo i || e 4 of the magnetic fieldB and the QW width. The puzzling
0.8 ) Bset | [ e X © BeaT| qualitative discrepancy between experiments and earlier
] I ————, i theories is resolved by identifying the radiativi,{) and
TN ~. nonradiative K,q) bound states of a triplet charged exciton.

Even in high-magnetic fields, when it has lower energy than
the radiative states, th¥,; remains invisible in PL experi-

=1/T o
1 "
& lgPL .
a
&
///
$
]
§
[
!
pd
(hew) *3—3

z T T N ments due to its negligible oscillator strength. e shor
oy ! - ts due to it gligibl llator strength. The short
aad T O Y i range of thee—X™ interaction pseudopotentials results in the
2. G & @ @bt Laughlin-Halperin correlations in a dilute-h plasma, and
o T 232y effectively isolates the bound™ states from the remaining
JARRAFARRRFARRAS AR ARFARARSARLA electrons. This explains the observed insensitivity of the PL

spectra to the filling factor and persistence of the srXg|l
FIG. 5. The photoluminescence intensities® (left) and ener- oscHIatpr .strength n an |nt§ract|ng system. A.n |de,a pf the
giesE (right) of an X~ interacting with an electron on a Haldane Laughlin IncompreSSIblﬁ-fIUId states of .Iong-.ll.véq”dls 1S .
sphere with the Landau level degeneracy 821 =21, plotted as ~ SUpPorted. The “dark™ state could be identified either in
a function of thee—X~ pair angular momenturh. Ey is the exciton ~ time-resolved PL or transport experiments.
energy. The parameters are appropriate for the 11.5 nm GaAs quan-
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