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The energy and photoluminescence spectra of a two-dimensional electron gas in the fractional quantum Hall
regime are studied. The single-particle properties of reversed-spin quasielectrogs) (@Ewell as the
pseudopotentials of their interaction with one another and with Laughlin quasiele@@&fs and quasiholes
(QH's) are calculated. Based on the short-range character of the-QE; and QER—QE repulsion, the
partially unpolarized incompressible states at the filling facto#% andli3 are postulated within Haldane’s
hierarchy scheme. To describe photoluminescence, the family of Hui@igs) , states of a valence hokeand
n QEg’s are predicted in analogy to the found earlier fractionally charged exdit@ts . The binding energy
and optical selection rules for both families are compared.W®E; is found radiative in contrast to the dark
hQE, and then(QEg), is found nonradiative in contrast to the brighQE,.
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I. INTRODUCTION from the temperature dependences of the FQHE=at2p
+1)"L
The integet and fractiondi™* quantum Hall effects Therefore, it was quite surprising when ReZayand

(IQHE and FQHE both depend on the finite gap for ~ Chakrabortyet al?* discovered that another low-energy ex-
charge excitations that opens in a two-dimensional electronitation of the Laughlin state exists, a spin-density wave,
gas(2DEG) at the specifigintegral or fractionalfilling fac-  which becomes gapless By=0. It turns out that it is only
tors v, defined as the number of electroNdivided by the due to a finite Zeeman energy that the spontaneous creation
Landau level(LL) degeneracyg. At sufficiently low tem-  of spin waves, each consisting of a positively charged QH
peratures, this gap makes the system incompressible anand a negatively charged reversed-spin quasielectror)X,QE
among other effects, forbids electric conductance and causel®es not destroy incompressibility of Laughlin states in the
quantization of Hall resistivity. experimental 2DEG systems. Although the spin excitations
It is quite remarkable that the most prominent FQH statespf Laughlin states have been extensively studied in the con-
so-called Laughlin ground stafeshat occur atv=(2p text of the real-space spin patterns called skyrnfioffgpar-
+1)"1 (p is an integer, are the only ones that are maxi- ticularly at v=1), our knowledge of their interaction with
mally spin polarized solely due to the electron-electron ex-one another or with other excitations, or their optical prop-
change interaction. At other filling factors, the 2DEG is erties is not yet complet@specially at fractionab). In this
knowrP~'to be at least partially unpolarized unless the Zeepaper we address both of these issues.
man energyE; is sufficiently large. Only partial polarization First, we identify QE, QH, and QEas the three elemen-
of the FQH states at the filling factors other thar (2p  tary quasiparticle$QP’s) of a Laughlin state and determine
+1)"! causes transitiond between incompressible and their mutual interaction pseudopotenti®éR), defined® as
compressible or different incompressible phases as a funthe dependence of the pair interaction enévgyn the rela-
tion of E, realized in tilted-field experimentd~*®The fi-  tive pair angular momenturR. For example, the QEQEx
nite excitation gap\ of the Laughlin state results from the pseudopotential is found to be very different from the
finite energies of its elementary charge excitations, Laugh- QE-QE pseudopotential at short range, which is the reason
lin quasielectrongQE’s) and quasihole$QH’s), as well as  for incompressibility of a partially polarized=7; state at
from the lack of the particle-hole symmetry between themlow E; (in contrast to the compressiBldully polarized state
that causes a magneto-roton type of dispersion of the QE-QHt the samev). A partially polarizedv=7; state has been
interaction with a minimum at a finite wave vectorindeed,  also recently proposed by Park and J&iithin a composite
the calculatetl ~?2energye e+ e oy Needed to create a spa- fermior?~*(CF) model. However, their interpretation of the
tially separated QE-QH pair necessary for electric currenv= 15 as a mixed state of CF’'s with two and four attached
agreed reasonably well with the activation energy obtainedortices(fluxes is not very accurate in a sense that the two
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additional vorticegfluxes attached to each spin-reversed CF |myoy- - 'mNUN>=CL ot .C;rn "
are not vortices of the many-body wave function expressed L NN
in terms of the same coordinatéhixes of the same effective where|vac stands for the vacuum state. While using basis
magnetic fieldl as the original two attached to each electron(2) allows automatic resolution of two good many-body
(to form CF’'s. The correct interpretation necessarily in- quantum numbers, projection of spid,& = o), and angular
volves reapplication of the CF transformation to some of thanomentum [,=>m,), the other two, length of spifJ) and
original CF's(those in a partially filled reversed-spin LLin  angular momentumL(), are resolved numerically in the di-
analogy to the CF hierarchy proposed by Siéta@l>***and  agonalization of each appropriata,(L,) Hilbert subspace.
essentially equivalefit to Haldane’s hierarchy. Let us In order to describe the reversed-spin fractionally charged
stress that it is the short range of the QBEg repulsion  exciton (FCX) states, a single valence-band hblis added
shown here that justifies application of Haldane hierarchy tQg the modelN-electron system. Since, as for FCX's, the
QEg’s (or, equivalently, spin-reversed CF’s formation of FC)X% states requires weakening of the electron-
Second, in analogy to the fractionally chargedhole attraction compared to the electron-electron repufSion,
ex.citon§4'?5 (FCX's) consisting of a number of QE's of a the hole is placed on a parallel plane, separated by a distance
spin-polarized 2DEG bound to a valence-band huleve ¢ (of the order of\) from the 2DEG. Because the physics of
discuss the possible formation and radiative recombinatiop isolated FCX or FCXto a good approximation does not
of similar Complexes denoted as ngand Containing one depend on thdposs|b|y Compncatehstructure of the va-
or more QE’s bound to a hole. We find that different optical |ence band, the single-hole wave functions are taken the
selection rules for FCX's and FG6 could allow optical ~ same as for electror{except for the reversed signs mfand
detection of QF's in the 2DEG without need for direct po- ). This means that both inter-LL hole scattering and the
larization measurement. mixing between heavy- and light-hole subbands are ignored.
The weak electron-hole exchange is also neglected so that
Il. MODEL the hole spin has no effect on the dynamics of an FCX or
FCXgr, and the interaction of a hole with the 2DEG is de-

The properties of spin-reversed quasielectrons)Qife  gcriped by the following spin-conserving term:
studied by exact numerical diagonalization in an ideal 2DEG

with zero width and no disorder. The magnetic fi@dis
assumed to be sufficiently largéhe cyclotron energy: w, Hen= 2 ch ohm Nim.Cm,o{Mmo|Vermemy) — (3)
«B much larger than the interaction energy saflé « \/B,
where) is the magnetic lengjtthat only the lowest LL need in the total HamiltoniarH =Hge+ Hgp. In the above, opera-
be considered. In order to describe an infinite planar systertorsh! andh,, create and annihilate a hole in the orbital)
with 2D translational symmetry in a finite-size calculation of the valence band, and the electron-hole interaction is de-
we use Haldane’s spherical geoméfrin which the (finite) fined by the Coulomb potentid.(r)= —e?/\r?+d? The
LL degeneracyy=2S+1 is controlled by the strength20f  exclusion of the hole-hole interaction effects frathreflects
the magnetic monopole placed in the center of the sphere ahe fact thatv,<wv. Interaction HamiltoniarH is diagonal-
radiusR. The monopole strength&is defined in the units of ized in the basis of single-particle configurations
flux quantum ¢p=hcle, so that 4rR’B=2S¢, and R?
=S\2. The single-particle states on a sphégl,m) are Imyoy- - -myon;myy=ch ---ch  hl |vag, (4)
called monopole harmonid$?13® They are eigenstates of e NN
length | and projectionm of angular momentum and form and the set of good quantum numbers labeling many-
LL's labeled byn=1—S, analogous to those of planar geom- electron—one-hole eigenstates includesindJ of the elec-
etry. The lowest LL included in the present calculation hastrons, hole spirry, (omitted in our equationsand the length
n=0 andl =S, and its orbitals are simply denoted hy) (L), and projection I(,) of angular momentum of the total
with |[m|<S. The electronic spin is included in the model by electron-hole system.
adding a quantum number denoting the projection of spin. The justification for using Haldane’s spherical geometry
As usual, the Zeeman term is takenB&s<Bo to avoid an  to model an infinite planar 2DEGvith or without additional
unphysical spin-orbit coupling resulting f&,«<Bo and for ~ valence holesrelies on the exact mapping between the or-
a heterogeneousadial) magnetic field on a sphere. bital numberd_ andL, and the two good quantum numbers
The many-electron interaction Hamiltonian reads on a plane(resulting from the 2D translational symmetry
angular momentum projectiaM and an additional angular
_ +ot momgntum quantum numbéeg assoc_iated with partial de-
Heem 2 leﬂcmza"Cmg("cm4("<m1m2|V99| msmy), (1) coupling of the center-of-mass motion of an electron-hole
system in a homogeneous magnetic fiétef This mapping
where operators,"m andc,,, create and annihilate an elec- guarantees correct description of such symmetry-dependent
tron in the statémo), the summations go over all orbital and effects as degeneracies in the energy spectrum or the optical
spin indices, and the two-body interaction matrix elementsselection rulegassociated with conservation 8fl andC or
are calculated for the Coulomb potenti®.q(r)=e?/r. L and L, in the absorption or emission of a phojohe
HamiltonianH,. is diagonalized in the basis ®f-electron  energy values obtained on a sphere generally depend on the
Slater determinants surface curvature, that is dR/\ =+/S. However, for those

vag), )
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rO I of Haldane’s spherical geometry see Refs. 17,21,36e
1° § 2 i ro12 energyE does not include the Zeeman tefp, which scales
7-9—: $ gi differently than the plotted Coulomb energy with the mag-
P, ‘ i f m netic fieldB. The excitation energie§s =E—Eq (whereE,
Sy * S is the Laughlin ground state enejdyave been calculated for
w % the states identified in the finite-size spectra as Xhe0
& charge-density wave and tle=1 spin-density wave. These
[ states are marked with dotted lines in Fige)1 The values of
o« Es obtained for differenN=<11 have been plotted together
I 1 %% in Fig. 1(b) as a function of the wave vectdt=L/R

=(L//S)A . Clearly, using the appropriate units)f * for
wave vector ana?/\ for excitation energy in Fig. (b) re-
sults in the quick convergence of the curves with increasing
N, and allows an accurate prediction of the dispersion curves
in an infinite system, as marked with thick lines. The most
significant features of these curves &rethe finite gapA,
~0.076e?/\ and the magnetoroton minimuk=1.5\"1 in
Eo(k) and (ii) the vanishing of;(k) in the k—0 limit (for
E;=0).

FIG. 1. (a) The energy spectrumiCoulomb energyE versus
angular momenturh) of the system oN=9 electrons on Haldane
sphere at the monopole strengt823(N—1)=24. Black dots and
gray diamonds mark states with the total sgim sN=3 (maxi-
mum polarization andJ=3N—1=2% (one reversed spinrespec-
tively. Ground state is the Laughlim=% state. Lines connect states
containing one QE-QHJ= %) or QEx-QH (J=%) pair. (b) The

dispersion curvegexcitation energ¥s = E— Eq versus wave vector L . .
k) for the 3 =0 charge-density waveQE-QH pai) and theS =1 The similar nature of the charge and spin waves inithe
=1 state to those at=1 lies at the heart of the composite

spin-density wave (QEQH paif in the Laughliny=3 ground > : 5931 - ! i
state, calculated in the systems Wf<11 electrons on Haldane fermion (CF) picture;™ "in which these excitations corre-
sphereX is the magnetic length. spond to promoting one CF from a completely filled lowest

(n=0) spin{ CF LL either to the first excitedn=1) CF
LL of the same spin ) or to the same CF LL{=0) but
with the reversed spin{(). The three constituent QP’s of

FCXg studied hergor their interaction at a finite rangbere, which the charge and spin waves are composed: a hole in the
seudopotential parameters for interaction ofzQ@#&th other . . . o
P b P % n=0 spin{ CF LL and patrticles in thee=1 spin-{ andn

particleg, the values characteristic of an infinite planar sys-_o i1 CF LL I h i the el
tem can be estimated from the calculation done for suffi- 0 SPINT S, are analogous to those in the electron

ciently large I andN (or extrapolation of finite-size data to LL's from which the charge and.spln wavesiat 1 are'bunt.
the 25— limit). Independently of the CF picture, one can define three

types of QP’s(elementary excitationsof the Laughlinv
=1 fluid. They are Laughlin quasiholesQH’s) and
lll. SPIN-REVERSED QUASIELECTRONS: RESULTS AND quasielectrongQE’s) and Rezayi spin-reversed quasielec-
DISCUSSION trons (QK). The excitations in Fig. 1 are more complex in a
sense that they consist of(meutra) pair of QH and either
) ) QE (£=0) or QK (2 =1). Each of the QP’s is character-
It is well known that even in the absence of the Zeemanzed by such single-particle quantities @sactiona) electric
energy garE;=0, the gr_ound state of the 2DEG in the low- charge Qon=+3e and Qoe= Qe =~ 1e), energyeop,
estLLis cor.nplet.e.ly spm—polarlzid s P{emsg values Olz)r degeneracyqp of the single-particle Hilbert space. On
the Laughlin filing factor »=(2p+1)~%, with p Haldane’s sphere, the degeneragy is related to the angu-
=0,1,2.... There are two types of elementary charge-Iar momentuml op by gop=2lopt 1, With |op=Iog. =S*
neutral excitations of Laughlin=(2p+1)~* ground states, QP T SOF TP QB
carrying spin3=0 or 1, respectively. Their dispersion %nodnlgsag* str r-}ng?r? irr;é:h:ezglz_ §1(o|\cli;|1) being the effective

curves(energy as a function of wave vectafs(k), have ) ; .
( gy fors (k) The energies op to create an isolated QP of each type in

been studied for all combinations @f and X.. While the the Laughli d state h b ious| timated i
formulas for thev=1 ground state have been evaluated € Laugniin ground state have been previously estimated in
a number of ways. Here, we present our results of exact

analytically?®**'in Fig. 1 we present the exact numerical ¢ e .
y v g P diagonalization calculation foN<11 (sqe and eqy) and

results forv= 3 obtained from our exact diagonalization of N<10 In Fi h e of th
up toN=11 electrons on Haldane’s sphere. As an example, — (SQER)' n Fig. 8 we show an example of the nu-

in Fig. 1(a), we show the entire low-energy spectrum of anmerical energy spectrum for the systenM\of 9 electrons, in
N=9 system with all spins polarized and with one reversedvhich an isolated QE or QEoccurs at Z=3(N—1)—1

spin (Hilbert subspaces of total spin= IN—S =% and} for ~ =23 in the subspace af=3;N=3 andJ=3;N—1=7, re-

3 =0 and 1, respectivelyfrom which the dispersion curves spectively. Both of these states have been identified in Fig.
&s (k) are obtained. The enerdyis plotted as a function of 2(&). To estimatesqe and eqg,, We use the standard
angular momenturh, and 5=3(N—1)=24 is the strength proceduré’~?22"to take into account the finite-size effects
of the magnetic monopole inside Haldane’'s sphere correthe dependence of on 2S, S\?=R?), and express the
sponding to the LL degeneracg=2S+1=25 and the energiesE of Fig. 2a) in the units ofe?/\ with N appropri-
Laughlin filling factorv=(N—1)/(g—1)=3 (for the details ate for v=3, before subtracting from them the Laughlin

energies that describe finite-size obje¢ssich as QE or

A. Stability and single-particle properties
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FIG. 2. (a) The energy spectrumiCoulomb energyE versus
angular momenturh) of the system oN=9 electrons on Haldane
sphere at the monopole strengt823(N—1)—1=23. Black dots
and gray diamonds mark states with the total SpimsN=3 (maxi-
mum polarization andJ=3N—1=2% (one reversed spinrespec-
tively. Ground state alzg is the reversed-spin quasielectron QE
of the Laughlinv=% fluid, and the lowest-energy stateht% is
the Laughlin quasielectron Qo) The energieg of all three types
of quasiparticles of the Laughlin:% ground statgQH, QE, and
QER) calculated in the systems dd<11 electrons on Haldane
sphere and plotted as a function Nf *. The numbers give the
results of linear extrapolation to an infinigglana) systemax is the
magnetic length.

ground state energy of Fig(d. Plotting the results for dif-
ferent values oN in Fig. 2(b) as a function oN "1 allows
the extrapolation to an infinite system, with the limiting val-
ues of eqe=0.0664e*/\ and eqe,=0.0383e?/\ (with the
differencesQE—sQER=0.0281e2/)\ in remarkable agreement

with Rezayi’s original estimaté based on his numerics for

N=<6). For completeness, we have also plotted the QH en

ergies, which extrapolate t@QH=0.018@2/)\. Note that to
obtain the so-called “proper” QP energies in a finite
system,>?"#¢ oi(N), the term Q%2R must be added to
each value in Fig. @). The linear extrapolation &Qp( N) to
N™'—0 giveseqe=0.0737€’/\, £qe,=0.0457e%/\, and
EQHZO.025892/)\. The energies of spatially separated
QE-QH and QE-QH pairs(activation energies in transport
experiments are hence equal t0&y(®)="eqe+eon
=0.0995¢%/\ and&; (=) =& qg, +&qu=0.0715%/\.

While the QH’s are the only type of QP’s that occur in
low-energy states at<(2p+1) !, the QE’s and QFs are
two competing excitations at>(2p+1) 1. As pointed out
by Rezayt® and Chakrabortgt al,?* whether QE’s or QR's
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FIG. 3. (a) The energy spectruniCoulomb energyE versus
angular momenturh) of the system oN=28 electrons on Haldane
sphere at the monopole strengt§23(N—1)—2=19. Black dots,
gray diamonds, and open circles mark states with the total bpin
=3N=4 (maximum polarization J=3N—1=3 (one reversed
spin), andJ=3N—2=2 (two reversed spins respectively. Lines
connect states containing one QE-QE=(4), QE-QK (J=3), or
QER-QEg (J=2) pair.(b) The pseudopotentialpair energyV ver-
sus relative angular momentuf) of the QE-QEg interaction
calculated in the systems bif<9 electrons on Haldane sphekeis
the magnetic length.

dence ofg* onw andB as described in Ref. 42 makes QE
more stable than QE up ®~100 T.

B. Interaction with other quasiparticles

Once it is established which of the QP’s occur at low
energy in a particular systefdefined byg, w, B, v, etc),
their correlations can be understood by studying the appro-
priate pair interaction pseudopotentii€2334*The pseudo-
potential V(R) is defined® as the dependence of pair inter-
action energy on relative orbital angular momentuR. On
a plane,R for a pair of particleaab is the angular momen-
tum associated with thecomplex relative coordinate=z,
—2,. On Haldane’s sphere, the compatible definition/of
depends on the sign @,9,,: for a pair of opposite charges,
R is the length of total pair angular momenturm=|l,
+1p|, while for two charges of the same sigR=1,+1,
—L. In all casesR=0 and largerR corresponds to a larger
averageab separatiorf>* Furthermore, only odd values of
R are allowed for indistinguishablea& b) fermions.

Since the QE-QH and QEQH pseudopotentials have
been plotted in Fig. 1\oe.qn=~E and VQER-QH:gl)v and
the QE-QE and QH-QH pseudopotentials can be found for
example in Ref. 27, we only need to diSCL)SéER_QER and

will occur at low energy depends on the relation betweerVqe.qg,. TWO QEg's occur in anN-electron system with at

their energies including the Zeeman tereye and eqe,
+E. Although it is difficult to accurately estimate the value

least two reversed spingd€3sN—2) and at 53=3(N—1)
—2 (i.e., atg=gy— 2 whereg, corresponds to the Laughlin

of E; in an experimental sample because of its dependencg@ate. An example of the energy spectrum is shown in Fig.

on a number of factorématerial parameters, well widt,
density ¢, magnetic fieldB, etc), it seems that both sce-
narios with QE's and QRs being lowest-energy QP’s are

3(a) for N=8 at 25=19. The lowest-energy states in the
subspaces af=3N=4, N—1=3, and;N—2=2 are con-
nected with dashed lines and contain a QE-QE, Q&QE

possible. For example, using the bulk value for the effectiveand QE-QEg pair, respectively. The angular momehtéhat

g* factor in GaAs (IE;/dB=0.03 meV/T) results in the
QER-QE crossing aB=18 T, while including the depen-

occur in these bands result from addition|gf and/orIQER
(with Iqg=S*+1=7 andlqg,=S*=3). For identical fer-
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mions, the addition must be followed by antisymmetrization i R
that picks out only odd values R for the QE-QE and § : § : ’ i i ’ i ; f L 000
QEx-QEx, pairs. 833+ ¢ ¢ i $ § : ; ¢ I
An immediate conclusion from Fig.(8 is that the maxi- __ | , # § M 3B $ : ;
mally spin-polarized J=3N) system is unstable at the fill- :f; . : : ;%i; . FS
= o -

ing factor close but not equal to the Laughlin value iof
=1 (the actual spin polarization decreases with decreasin¢ | ttet”
E,, andJ=0 for E;=0). This was first pointed out by 821 Neo. 25 m
Rezay'?3 and interpreted in terms of an effective attraction ,(a). _]9’ ?8722. ——
betweenX =1 spin waves; in this paper we prefer to use 0 e % L 6 8 00 q e 3R4 5 B
charged QP’s as the most elementary excitations and explain

the observed ordering of differedtbands by the fact that FIG. 4. (a) The energy spectruniCoulomb energyE versus

£QEF £QE, (atE;=0, SQE'SQERNO-OZSJ-GZ/)\) and the par- angular momenturh) of the system oN=9 electrons on Haldane

. . . . . sphere at the monopole strengt823(N—1)—2=22. Black dots
;frltjrlwe(larr Tgrtr;leotfe)gvolved interaction pseudopotentigisee and gray diamonds mark states with the total spisN= 3 (maxi-
mum polarization andJ=3N—1=1 (one reversed spinrespec-
We have calculated the QE-QEnd QFRTQER pseudopo- tively. Lines connect states containing one QE-QE=§) or
tent!als fr_om the energy speqtra as that in I_:lgi) dy con- QE-QE (J=1) pair. (b) The pseudopotential®air energyV ver-
verting L into R and subtracting the L_aughlm ground state g5 relative angular momentuR) of the QE-QE interaction cal-
energy and the energy of two appropriate QP’s from the tota¢ylated in the systems &i<10 electrons on Haldane sphekeis
N-electron energWag(R)=E(L) —Eq—ea—¢ep. To mini-  the magnetic length.
mize the finite-size effects, all subtracted energies are given
in the same units ot/ o, vvlhere)\0= R/\/$, corresponds to in Fig. 4@ we show the spectrum fad=9, in which only
250_3_('\]_ 1), €., t(_) v=73. The result for_VQER'QER and o values ofi= iN=2 andiN—1=Z have been included.
N=<9 is shown in Fig. &). Clearly, obtained values of The |owest energy states in these tisubspace&onnected
Ve, qe,(R) still depend orN and, for example, the positive ity gashed linescontain a QE-QE and QE-QEpair, re-
sign characteristic of repulsion between equally charged pakpectively. Using the same procedure as WER-QER* we
ticles is only restored2|n the~*—0 I|m'|t W't_h VQEF'Q‘QER(]') have calculate¥/qe o (R). The results foN<10 are pre-
of the order of 0.01e“/\ (compare with discussion of the sented in Fig. &). As forVQER—QER in Fig. 3(b), the values of

signs ofVge.oe andVon.on in Ref. 44. However, it seems . <
that the monotonic character We_ e, (R) is independent Vae-g(R) calculated in a finite sy;te.m depend Nl-n'l'.he
values extrapolated to the~1—0 limit are also similar,

of N. More |mportantly,VQER_Q is also a superlinear func- with VQE-QER(O)_>0'01582/)\ andVQE_QER(l)HO.OleZI)\.

tion of L(L+1). This implies***® Laughlin correlations Despite finite-size errors, the comparison of the curves for
i ibili =(2p+1) L, | h . o ! . X .
and incompressibility akoe, (2p+1) 7, in analogy to the N=<10 is sufficient to notice quite different behavior of

spin-polarized Laughlin states of QE’s or QH'’s in Haldane’s,, R) from both V R) and V R). Two
hierarchy picturé’?’ The most prominent of QELaughlin | ce-ag( ) Qe Qe R) QE'QE( ):
important features of tthE_QER pseudopotential can be es-

states;/QER=%,corresponds to the electronic filling factor of blished: (i) the QE-OE. on | ativel
= £ and the 75% spin polarizatiod € 1N). This state has 2°/ished:(i) the QE- repulsion s relatively strong at
v 6 spin polarizatiod € ;). Thi R=<1 (short rangg and saturates at largeR, and (ii)

been first suggested by Beran and MBriSince they%Ean Vor.or, is superlinear in_ (L +1) only at I<R<3, but sub-

~-0.02

=1 state is compressibfé,the experimental observati

of the FQHE ab= 7; seems to prove the formation of @&  linear at 0<R=2 and at largeiR. As a consequence, the
in the »=1 state without need for direct measurement ofShort-range criterioft*>**applied toVoe.qe, yields Laugh-
spin polarization. The expected critical dependence of théin correlations for QE-QE pairs only atm=2. The term
excitation gap atv=+; on the Zeeman gaf, might be  “Laughlin correlations” used here is generally defiR&¢+3
revealed in tilted-field experiments. This dependence will beas a tendency to avoid pair states wRrsmaller than certain
very different than at some other fractions. For example, then. At y<m™ !, these correlations are described by a Jastrow
fact that incompressibility ab=£ can be a result of either prefactorIl;;(x;—y;)™ in the many-body wave functionx(
maximally spin-polarized voe=1 or completely spin- andy are complex QE and QEcoordinates, respectively
unpolarized §=0) vqe =1 state gives rise to FQHE at this  Although it is not clear if QE’s and Qs could coexist in

filling in both small and larg&;, regime. On the other hand, the v=73 “parent” state in an experimental systefsuch

spin-unpolarized FQHE is not expected in the<v<3 mixed state would be sensitive to the valueksf), one can

range(because spin-reversed QH's in the= % state do not ask if such two-component QE-QEplasma could also be

exist, and ther=2 and 15 states(corresponding/ to VoH incompressible. This question can be answered within the

=1 and?) should remain incompressible and compressiblegeneralized CF mod&t*’ for all allowed combinations of

respectively, over a wide range Bf, . Jastrow exponents Mok, Mok, Qe Moe-Qr, - IN this
The QE-QR pseudopotentials were calculated from simi- model, the reducegeffective LL degeneracies of QP’s are

lar spectra as that af=3 in Fig. 3a). As another example, given by g’éEz gQE—(mQE_QE—1)(NQE—1)—mQE_QERNQER
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N=7,2S8=17

*

and g’éERz JQE,~ (mQER_QER— 1) (NQER_ 1)- mQE_QERNQE,
and the incompressibility condition islop= g’ép for both
QE’s and QR’s. In the abovegqp is the LL degeneracy of
electrons andNyp denotes the number of QP’s of each type. =
It turns out that because the three involved QP pseudopoters; -
tials are not generally superlinearlifL +1), only few com- <
binations of exponentEmQE_QE,mQER_QER,mQE,QER] are al- !
lowed, and of those only[1,1,2] satisfies the s,
6

~2.37
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the QE-QR fluid corresponds to= = and 80% polariza-

tion (J=15N). Finite realizations of this state on Haldane’s 3as
sphere occur foN=5q+4 (q=1) at 25=13q+7, and
haveNqe=q andNge.=q+2, which yieldsJ=3q.
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C. Optical properties

*
*
*

*

E (€27
(¢/z9) 3

Once the single-particle energiesand the two-particle ¢ . e
interaction pseudopotentialg R) of all three types of QP’s ] » “HEE P2
have been calculated, let us now turn to their optical proper-;s; | ¢ hQE,
ties. The effect of QE’s on the photoluminescefiek) spec- e e e 395
trum of the Laughlin fluid has been studied in great 0 2 4 6 8 10 120 2 4 6
detail>*° The crucial facts aréi) the PL spectrum can be L L
understood in terms of QE’s and their interaction with one FIG. 5. (a) The pseudopotentialpair energyV versus pair an-
another and with a valence-band hédte only in the “weak-  gular momentuni.) of the h-QE;y interaction calculated in the sys-
coupling regime” in which the electron-electron repulsion istem of N=7 electrons and one valence h¢ke on Haldane sphere
sufficiently weak compared to the electron-hole attractionat the monopole strengthS2=3(N—1)—1=17. Different symbols
this is realized in “asymmetric” structures in which the elec- correspond to different separatioddetween the electron and hole
tron and hole layers are separated by a finite distane  planes.(bcd The energy spectr@oulomb energye versus angular
the order of\). (ii) In this regime, a positively chargédcan momentumL) of the same, seven-electron—one-hole systemSat 2
bind one or two QE’s to form “fractionally charged exci- =17 at three different values af. Black d?ts a?d gray diamonds
tons” (FCX), hQE orhQE,. (iii) The 2D translational invari- Mmark states with tqe total eslectron sple=2N=3 (maximum po-
ance results in orbital selection rules for the radiative recomlarization and J=3N-1=; (one reversed spjn respectively.
bination of FCX's; it turns out that the only bright states arelines in (d) connect states containing oheQE (J=3) or h-QE
hQE* (an excited state of the daHQE) andhQE,. (J:_g) pair. The Iowest-_energyzz and 3 states |n(q) are the

In analogy, we expect that a valence holeould also fractionally 'charged exciton$)QE andhQEg, respectively.\ is
form bound states with one or more @& denoted by "€ magnetic length.

FCXg. However, unlike for FCX’s, the stability of FGX
complexes should depend on the Zeemap energy, the bindi ed in which the electric charge of the hole is reduced to
of more than one QEshould be more difficult due to the .

. . el e<e. Clearly, the decrease ®f,_og. with a decrease df
stronger QR-QEg repulsion, different angular momenta of TEOPE Th-QBg i
QE and QF should result in different optical selection rules (@verageh-QEg separatiopindicatesh-QEg attraction. The
of FCXg, and the possible annihilation of a hole with a Strength of this attraction, that is the binding enefye,
reversed-spin electron should cause different polarization oﬁIVh_QER(Ih—IQER)L depends oml and is similar toApqe;
FCXg emission. To study the possible binding of FgXwe  compare with Ref. 35. Therefore, in analogy to the QE case,
begin with theh-QEg pseudopotential, shown in Figi@ for ~ we expect that bountdQEx states will occur in a system
a 7e-h system in which a hole interacts with=7 electrons  containing free QFs at the values ofl at which Apoe and
and for a few different vaiues Ofﬂ/?- The values of 3 Anqe, is smaller than the Laughlin gap to create additional
=3(N-1)-1=17 andJ=;N-1=3 are chosen so that e QH pairs(note that since the projectiah, of the total
one QR is present in the Laughlim= 3 state and interacts gjecron spin is conserved at adyneither FCX nor FCX
with the hole. In the CF p|_cture 1of _thls configuratiors*2 couples to virtual QE-QH excitations.
:ZS_Z(N_l)*:S so*that six CF's fill completely the low- | grder to verify the above hypothesis, we have calcu-
est CF LL ofg*=2S"+1, leaving the seventh CF in the |51eq the 2-h energy spectra with up to one reversed spin
reversed-spln LL. The fllled LL is incompressible, gnd only (J=iN=2 andJ=LIN-1=%). The results fod/A=0, 1.5,
the single rever;ed—spln Ce., QER) correlates ywth the  2nd 4 are presented in Fig(ted). As expected, thé/QEg
hole. Thth_QER is plotted as a function of the pair angular ground state develops together with the spin-polarize&
momentum whose values €68 <11) result from addition of  state ad larger than about. The energy difference between
Ih=S and lge,=S". To ensure that exactly one QHS  hQE; andhQE states ati/\ = 1.5 is only about 0.007e?/\,
present in the Laughlin fluid and interacts with the hole at arwhich is small compared tOQE— 2 Q- This is becausBQE

rbitrary (small value ofd, a special procedufghas been
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couples stronger thahQE to virtual QE-QH pair excita- *"°T % v ¢ . ., + SR TR ERERE
tions of the underlying Laughlin state (QE-REepulsion at 13 8eds3 0,0 i : M R
short range is stronger than QE-QE repulsiokt d much R E LR o ' ; 8
larger than\, the lowest energy states in Fig(dp contain Ttrgets SRR m
well definedh-QE orh-QEg pairs with all possible values of % | Ceie? )= . 3! 3 ¢ %
L. The coupling to the virtual QE-QH excitations is reduced, w |hag,—, - ¢ *J-25 ) &
and theh-QEx and h-QE bands are separated by about the 2 O J=i.5
single-particle gamQE-{::QER' . N 3_63_hQERQE/‘ 7 N N L

To compare the optical propertiesioQE andhQEg, itis hGE), Wdh2|Wdhs |5

T Y T 1 T T T ¥ T
essential to notice that, becaukg: #lqe, alsolnge,=In o 2 4 6 8 100 2 4 6 8 10
—IQER=N—1 is different froml,ge=1—lge=N—2. The

orbital selection rule for radiative recombination of bound FIG. 6. The energy specti@oulomb energyE versus angular

FCX or FCX states results from the fact that an annihilated,momentumL) of the system ofN=7 electrons and one valence
optically active electron-hole pair carries no angular€ (W on Haldane sphere at the monopole streng8=3(N

momentun?>4237 38 Therefore, the angular momenta of the —1)—2=186, at the separatiorts=2\ (a) and A\ _(b) between the
initial (bound state and a final state in the emission proces?_IGCtron and hole planes. Black dots, gray diamonds, and open

. o 1 :Z i
must be equal. On the other hand, it is kndth3 that only circles mark states with the total electron sgis 5N=5 (maxi

i7ati —1N_1=5 i 1
those emission processes with minimum number of QP’s in[f;rf EOlg\rl'zat'om J_dZN 1=2 (Onet.re\l/er?rid Slp)nanth 2N
volved can have significant spatial overlap with an initial 7~ 2 ( 0 feversec Spins respec Ively. The lowest-energy

3, and 5 states in(a) are the fractionally charged excitons,

. T . L =1, 3,
(bound state of small size, and thus significant intengiy hOE, hOE.QE, andh(QE.),, respectively. The lowest-energy
band ofJ=3 states marked with lines ifb) contains all possible

cillator strengthr~ ). Thus,hQE orhQEg must both recom-
states of two QR's and oneh. \ is the magnetic length.

bine to leave two QH'’s in the final statand no additional
QE-QH or QE&-QH pairg. The allowed angular momenta of
two identical QH's[in the final, N—1)e systenj each with
lon= 2N areL,ou=N—TRqy, WhereRqy is an odd integer. =3 daughter state of Q& formed in the parenty= 3

The comparison of ;o With I1,ge andlpqe, Makes it clear | aughlin state of electrons is incompressible. This state cor-
that, in contrast to the dafkQE, thehQEg ground state is responds to the total electron filling factor of 7; and par-
radiative. SincehQEg is the simplest of all FCXs and tial, 75% spin polarization. Because the analogess; hi-
bright at the same time, its emission is expected to dominaterarchy state of QE’s is known to be compressible, it is
the PL spectrum of a Laughlin fluid at>3, in which free  claimed that the experimentally obser{®&QHE aty=
QER’s are present. The larger FgXcomplexes,h(QEg),  confirms the formation of Qs and their Laughlin correla-
and hQERQE are also found in the numerical calculation attions in a 2DEG with low Zeeman splitting. Although the
d>\ (see Fig. 6 but being less strongly boung@ue to  stability of mixed QE-QR hierarchy states is expected to be
larger QE-QEg and QE&—QE repulsion at short rangthey  highly sensitive to the Zeeman enefigy, it is predicted that
are not expected to form as easily l®E, does in a spin- an incompressiblgl, 1,7 state that corresponds to= = and
polarized system. Moreoven(QEg), turns out dark, and the 80% spin polarization might form at appropriafe . The
formation of hQERQE requires the presence of both QE’s interaction of QE’s with a spatially separated valence-band
and QE's in the unperturbed electron system, which furtherhole has also been studied. In analogy to the so-called frac-
limits the contribution of these bound states to the PL spectionally charged exciton(FCX) states hQE,, the spin-
trum. Let also add that sindeQEg emits by recombination reversed complexes FGXhat involve one or more Q&

of a valence hole wittg of an electron with reversed spin are predicted. Because QE and (Qave different angular
(QEg in the initial stat¢ and § of an electron with majority momenta, the optical selection rules for FCX and RG¥e
spin (two QH's in the final statg the emitted photon should different, and, for examplé)QEx turns out radiative in con-

be only partially polarized. This is in contrast to a completelytrast to the darkiQE, while h(QEg), is dark in contrast to
polarized emission of the bright FCX complexeQE* and  the brighthQE,, Therefore, in addition to obvious difference
hQE,. Therefore, the partially unpolarized emission in thein polarization, the emission from FCX and FgXtates is
“weak-coupling” regime @>\) could be an indication of expected to occur at a different energy and differently de-
the presence of QEs in the electron fluid. pend on temperature.

IV. CONCLUSION
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