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Energy spectra of fractional quantum Hall systems in the presence of a valence hole
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The energy spectrum of a two-dimensional electron @3EG) in the fractional quantum Hall regime
interacting with an optically injected valence band hole is studied as a function of the filling faetw the
separatiord between the electron and hole layers. The response of the 2DEG to the hole changes abruptly at
d of the order of the magnetic lengkh At d<\, the hole binds electrons to form neutrl)(or charged X )
excitons, and the photoluminescer(@.) spectrum probes the lifetimes and binding energies of these states
rather than the original correlations of the 2DEG. The “dressed exciton” pidiarevhich the interaction
between an exciton and the 2DEG was proposed to merely enhance the excitprismasstioned. Instead,
the low energy states are explained in terms of Laughlin correlations between the constituent féstemns
trons andX ™ ’s) and the formation of two-component incompressible fluid states in the electron-hole plasma.
At d>2)\, the hole binds up to two Laughlin quasielectrq@E) of the 2DEG to form fractionally charged
excitonshQE, . The previously found “anyon excitonhQE; is shown to be unstable at any valuethfThe
critical dependence of the stability of differdmQE, complexes on the presence of QE’s in the 2DEG leads to
the observed discontinuity of the PL spectrunvat3 or 5.
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I. INTRODUCTION The PL spectra of symmetric QW's are not very useful for
studying thee-e correlations in the 2DEG. In such systems,
A number of experimentat?®and theoreticdl " studies  the 2DEG responds so strongly to the perturbation created by
of the optical properties of quasi-two-dimensiof2D) elec-  an optically injected hole that the original correlations are
tron systems in high magnetic fields have been carried out ifocally (in the vicinity of the holeé completely replaced by
the recent years. In structures where both conduction elethe e-h correlations describing a4 or X~ bound state. The
trons and valence holes are confined in the same 2D layePL spectra containing more information about the properties
such as symmetrically doped quantum wel@W'’s), the  of the 2DEG itself are obtained in bilayer systems, where the
photoluminescencéPL) spectrum of an electron gé28DEG) spatial separation of electrons and holes reduces the effects
involves neutral and charged exciton complexg®und of e-h correlations’* The bilayer systems are realized ex-
states of one or two electrons and a hotes e-h and X~ perimentally in heterojunctions and asymmetrically doped
=2e-h).10-2029-35The X~ can exist in the form of a number wide QW's, in which a perpendicular electric field causes
of different bound states. In zero or low-magnetic fiel@s ( separation of electron and hole 2D layers by a finite distance
<2 T in GaAsg, only the optically active spin-singleXy d. Unlessd is smaller than the magnetic length the PL
occurs?®34% Although it is predicted to unbind in thB  spectra of bilayer systems show no recombination f&m
—o limit as a consequence of the “hidden symmetry” of an states. Instead, they show anomdiiést the filling factors
e-h system in the lowest Landau levétlL),?2"?the X is  »=1% and2, at which Laughlin incompressible fluid states
observed in the PL spectra even in the highest fields availare formed in the 2DEG, and the fractional quantum Hall
able experimentally £50 T in GaA3.** A different X~ (FQH) effecf® is observed in transport experiments.
bound state is formed in a finite magnetic field: a nonradia- The bilayere-h system can be viewed as an example of a
tive (“dark” ) spin-tripletX4.****In contrast with an earlier more general one in which the 2DEG with well-defined cor-
prediction? the Xy remains bound in th&— limit,**3"  relations(e.g., Laughlin correlations at= 1) is perturbed by
and the transition from th&g to the X4 ground state is a potentialV,p of an additional chargémobile, in case of a
expected aB~30 T (in GaAs.3*3> At even higher fields, valence holg with controlled characteristic strengténergy
Laughlin incompressible fluid states of strongly bound andscalg U and rangélength scalgD. Although the layer sepa-
long-lived X4 fermionic quasiparticles were predict&®  rationd is the only adjustable parameter in afh system,
Very recently, yet another bounck™ state has been larger control over botly andD is possible by replacing the
discovered" in a strong(but finite) magnetic field: a radia- hole with a sharp electrode whose potential and distance
tive (“bright” ) excited spin-tripletX,,. The X;, has the from the 2DEG can be tuned independently, as in a scanning
smallest binding energy but the largest oscillator strength ofunneling microscop€STM).*° In another similar system, a
all X~ states, and dominates the PL spectrum at very higlcharged impurity can be located at a controlled distance from
magnetic field$? the 2DEG!*42 The 2DEG has its own characteristic
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lengths and energies, such as the average distanpe >  and explain the behavior of their binding energy as a func-
=\\27/v) and Coulomb energy of a pair of nearest elec-tion of the layer separatiod. Somewhat surprisingly, the
trons, or the energy gamoe+ & qn to create Laughlin quasi- hQEs complex is found unstable at any valuedf _
particle excitations and the average separation between them. The general analysis sketched above is illustrated with the
Therefore, different types of response of the 2DEG to a pereNergy spectra obtained in large-scale numerlcalod|agonallza—
turbation Vp, are expected, depending on the relation belion of finite systems on a Haldane sphéte” Using

tweenU andD, and the characteristic lengths and energies of- @NcZos-based algorithmis,we were able to calculate the
the 2DEG. exact spectra of up to nine electrons and a hole at the filling

~1 gj i i i
Although the properties of bilayee-h systems in the factorsv~3. Since our numerical r(isults thalne(,j’ f_or fairly
large systems can serve as raw “experimental” input for

FQH regime have been extensively studied in the ifaéﬁ further theories, we discuss them in some detail in the last

the existing theory is by no means satisfactory. For iexample ection. They agree with all our predictions made throughout
we argue that the suggestive concept of a “dresse he paper

H 1125,26 H H 13
exciton at smalld is not valid, and that the “anyon Although in the present work we study a very idesh

H 127 & . . L.
exciton”<" is not the relevant quasiparticle for description of system in the lowest LL, our most important conclusions are

the PL spectra at large In the present work, the elementary qyajitative, and thus apply without change to realistic sys-
(“true” ) quasiparticlegTQP’s) of the e-h system are iden- tems. To obtain a better quantitative agreement with particu-
tified at an arbitrary layer separationA unified description  |gr experiments, the effects due to the LL mixiflgss im-

of the response of the 2DEG to the perturbing potential of afhortant atd=2\) and finite QW widths must be included in
optically injected hole is proposed, and a transitfdrom an 3 standard waysee, e.g., Ref. 34 fol=0). Some of our

e-h correlated(excitonig to an e-e correlated(Laughlin  conclusions should also shed light on the physics of other
phase atd~1.5\ is confirmed. This transition has a pro- related systems, such as the STM. In particular, the screening
nounced effect on the optical spectra: at largiethe discon-  of a potential of a sharp electrode by a 2DEG is expected to
tinuities occur atv=3 and 5, which allow for the optical involve “real” electrons wherlJ is large andD is small, and
probing of the Laughlin correlations in the 2DEG. Laughlin quasiparticles in the opposite case. An asymmetry

At small layer separationsi<\), we show that the low- between the response of a 2DEG to a positively and nega-
est energy band @-h states does not describe a magnetoextively charged electrode is expected in the latter case, be-
citon dispersiorf? and that the “dressed exciton” model cause of very different QE-QE and QH-QH interactions at
proposed by Wangt al?® and by Apalkov and RashBiis  short range. Let us also add that the problemvats is
not valid. Instead, the formation ¢fwo-componentincom-  equivalent to that at= 1 because of the charge-conjugation
pressible fluid®3¥“3e-X~ states in are-h plasma is demon- symmetry in the lowest LL.
strated. The states previously misinterpreted as the disper- The presented identification of bound states, (X~,
sion of a “dressed exciton” with an enhanced mass arex”QH,, andhQE,) in e-h systems at an arbitrayand the
shown to contain aX™ interacting with a quasiholéQH) of  study of their mutual interactions is necessary for the correct
such incompressible fluid. The list of possible bound stateslescription of the PL from the 2DEG in the FQH regime.
(TQP’9 of the system atl<<\ includes theX state, different While the complete discussion of the optical properties of all
X~ states, and th& ™ QH, states in which one or two QH’s bound e-h states will be presented in a following
of the e-X~ fluid are bound to arX~. Which of the TQP’s  publication?® let us mention that the translational invariance
occur at the lowest energy depends criticallycband v. of a 2DEG results in strict optical selection rules for bound

The dependence of the excitation energy gap of the instates[analogous to those forbidding emission from an iso-
compressiblee-X™ states ord is also studied. The enhance- lated X4 (Refs. 31-33]. As a result,h (the “uncorrelated
ment of the gap at smati>0 is predicted for some states. hole” statg, hQE* (an excited state of ah-QE pai), and
Combining the present result with Ref. 34, we find thathQE, are the only stable radiative states at ladgevhile the
Laughline-X™ correlations, which isolate thé™’s from the  recombination ohQE (the ground state of an-QE paif or
surrounding 2DEG, survivéor are enhancgdat smalld for  of (unstablé hQE; is forbidden. Different optical properties
all of X5, X4, andXy, states. Hence, the understanding of of differenthQE, complexes and the critical dependence of
the PL spectra in terms of weakly perturb¥d states re- their stability on the presence of QE’s in the 2DEG explain
mains valid atd<\. the discontinuities observéd in the PL atv=3 or 2.

At large layer separationsl&2)\), following the work of
Chen and Quinf® we study the formation and properties of
fractionally charged exciton§~CX’s), or “anyonic ions,”
hQE, consisting ofn Laughlin quasielectron@QE’s) of the We consider a system in which a 2DEG in a strong mag-
2DEG bound to a distant hole. We give a detailed analysis ofietic field B fills a fraction v<1 of the lowest LL of a
all FCX complexes in terms of their angular momenta andnarrow QW. A dilute 2D gas of valence-band holes, (
binding energies. The pseudopotenflafS (pair energy as a <v) is confined to a parallel layer, separated from the elec-
function of pair angular momentundescribing interactions tron one by a distancd. The widths of electron and hole
between the hole, electrons, and the Laughlin quasiparticldayers are set to zer@inite widths can be included through
are calculated. Using the knowledge of the involved interacappropriate form-factors reducing the effective 2D interac-
tions, we predict the stability diQE andhQE, complexes tion matrix element¥), and the mixing with excited electron

1. MODEL
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and hole LL’s is neglected. The single-particle stdtas in confined to a spherical surface of radiRsand the radial
the lowest LL are labeled by orbital angular momentum, magnetic field is produced by a Dirac monopole. The reason
=0, -1, -2, ... forthe electrons anth,=—m=0, 1,2, for choosing the spherical geometry for the calculations is
. for the holes. Since,<v and no bound complexes strictly technical and of no physical consequence for the re-
involving more than one holgsuch as biexcitonsX,  sults. Finite are#and thus finite LL degeneragyf a closed
=2e-2h) occur at largeB, the h-h correlations can be ne- surface results in finite size of the many-body Hilbert spaces
glected and it is enough to study the interaction of the 2DEGpbtained without breaking the 2D translational symmetry of
with only one hole. The many-electron—one-hole Hamil-3 plane(which is preserved in the form of the 2D group of
tonian can be written as rotations. The exact mappirg>2between quantum numbers
M andK on a plane, and the 2D algebra of the total angular
momentumL on a sphere allows investigation of effects
caused by those symmetriésuch as LL degeneracies and
optical selection rulgsand conversion of the numerical re-
wherecﬁ1 (h;) andc,, (h,,) create and annihilate an electron sults back to the planar geometry. The price paid for closing
(hole) in state|m). Because of the lowest LL degeneraty, the Hilbert space without breaking the symmetries is the sur-
includes only thee-e ande-h interactions whose two-body face curvature that modifies the interaction matrix elements
matrix elementsv®® and V" are defined by the intra- and Ve andVey, . However, if the correlation length can be
interlayer Coulomb potentialsye(r)=€?/r and Ven(r)=  made smaller thaR (as happens for both Laughlin correla-
—e?/\r?+d? The convenient units for length and energy tions in FQH systems and for bound statee effects of
are the magnetic length and the energg?/\, respectively.  curvature are scaled by a small paramet&R and can be
At d=0, thee-h matrix elements are equal to tileee ex-  eliminated by extrapolation of the resultsRe- (in a simi-

H:i% (cfcfee Vig +clhihie VER), 1)

h _ : . .
change ones/fjy = — Viij , due to the particle-hole symme- |ar way, as the results obtained in the planar geometry can be
try, and atd>0 the e-h attraction is weaker than the-e  extrapolated tam,,,— ).
repulsion(at short range The detailed description of the Haldane sphere model can

The 2D translational invariance &f results in conserva- e found for example in Refs. 49, 50, and (58e also Refs.
tion of two orbital quantum numbers: the projection of total 35_3,4 o, application te-h systems and will not be re-

_ T _nt P ) .
angular momentum\{ =2 y(crCn—hphm)m and an addi-  peateq here. The strengtts 2f the magnetic monopole is
tional angular momentum quantum numbi€r associated defined in the units of flux quanturg,=hcle, so that

with partial decoupling of the center-of-mass motion of an47TRZB=25¢0 and the magnetic length is=R/\S. The

e-h system in a homogeneous magnetic ffEif: For a sys- single-particle states are the eigenstates of angular momen-

; . _ Th ot
tem W'th a finite tqtal chargeQ= 2 m(hmhm cmcm).e;éo, tum =S and its projectiorm, and are called monopole har-
the partial decoupling of the center-of-mass motion means

that the energy spectrum consists of degenerate 11 The monics. The single-particle energies fa!l intol (21)-fold
states within each LL are labeled y~=0, 1,2, ... and degenerate angular momentum shelld’s). The IowesF
all have the same value @f= M+ K. Since bothM and K shell hasl=S and thus & is a measure of the system size
(and hence als&) commute with the PL operatd?, which ~ through the LL degeneracy. The charged many-bedy
annihilates an optically activzero-momentumk=0) e-h ~ States form degeperate total angular momentunrultip-
pair (exciton, M, K, and £ are all simultaneously con- lets (LL's) of their own. The total angular momentum pro-
served in the PL process. jectionL, labels different states of the same multiplet just as
The effects associated with finitshord range correla- K or M did for different states of the same LL on a plane.
tions (such as formation and properties of bound states  Different multiplets are labeled Wy just as different LL’s on
be studied in finite systems by exact numerical diagonalizaa plane were labeled by. The pair of optical selection
tion, provided that the system siRcan be made larger than rules,AL,=AL=0 (equivalent tcA M=AK=0 on a plang
the characteristic correlation length (i.e., the size of the results from the fact that an optically active exciton carries
bound state Numerical diagonalization dfl for finite num-  no angular momentun,=0.
bers of eIectronsN=2mcfncm) and holes I(\Iththmhm) It is clear that certain properties of a “strictly” spherical
in a finite physical spac@rea requires restriction of single- system do not describe the infinite planar system that we
particle electron and hole Hilbert spaces to a finite size. Inntend to model. For example, if understood literally, finite
the planar geometry, inclusion of only a finite number of separationd between the electron and hole spheres would
electron and hole states in the calculatistates witbmonly  lead to different values of the magnetic length in the two
up to certain valuen,,,,) breaks the translational symmetry layers, and thus introduce an asymmetry between electron
and the conservation df. A finite dispersion of calculated and hole orbital§even in the lowest LL While this effect
LL’s, which disappears only in the,,—c0 limit, hides the  disappears in th&®—oo limit, it is eliminated by formally
underlying symmetry of the modeldahfinite) system. Also, calculating the matrix elements of the interaction potential
the calculated PL oscillator strengths do not obey the exact.(r) at any value ofd for electrons and holes confined to
AK=0 optical selection rule that holds in an infinite system.a sphere of the same radi&s This procedure justifies the
More informative finite-size spectra are obtained here ustise of spherical geometry at arbitrarily large layer separation
ing Haldane’s geomet§? where electrons and holes are (not only atd<R).
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[ll. BOUND ELECTRON-HOLE STATES of such “decoupled” excitons is conserved b only the
IN A DILUTE 2DEG states withNy>0 are radiative, and the emissigabsorp-

In order to understand PL from a 2DEG at arbitrary filling tion) governed k_)y the Selec“g? ruleNy=—1 (+1) occurs
at the bare exciton enerdyy .

factor v and layer separatiod, one must first identify the g . 0 .
bound complexes in which the holé@sinority chargescan muﬁiorl?fgitit” Zlfrzrrllsslg Qtlley’ it turns GE° that the “totally
occur. After these bound complexes are found and under- P 9

stood in terms of such single-particle quantities as total
chargeQ, binding energyA, angular momentunh, or PL
oscillator  strength (inverse optical lifetimg %, a obtained by adding the Bose-condensed ground stabéyof

perturbation-type analysis can be ‘l‘Jsed”to deter_mlne_ if those Nj, excitons each wittk=0 to the ground staté¥) of
complexes are the relevantor “true”) quasiparticles

TOP'S of ticulare-h ¢ K turbed by i excesdN— N, electrons, isot alwaysthe ground state of the
(TQ .S) ot a particulareé-h system, weaxly perturbed by IN- ., inege-h system. This results because the interaction of
teraction with one another and the surrounding 2DEG. If it is

the low-enerav stat n be understood in terms of theel excited excitonic stat@.e., one withk#0) of the Bose
S0, ,e ow-energy states can be understoo erms ol NeaGndensate with the fluid of excess electrons can lower the
TQP’s and their interactions. The Remission probes the

electron system in the vicinity of the annihilated hole andtOtal energy by more than the cost of creating the excited

. . , : excitonic state. Typically, a MP staf@'|®) created by op-
Egisfe?;?JgaeP?_pggngfg?;?]eess?/fs:[re?np s determine(ibe- tical injection of ak=0 exciton into a statgD) is an excited
This type of analysis has been recently applied toeth state, and the absorption is followed by relaxation to a dif-

- . f -MP, i.e. iati .
systems ati=0 in the lowest LL®?>*3and it showed that the er_e}ute(r(\:c())rr; ditidnl Sn dz?uﬁ?éﬁtl\z]eeg;grar;g IS\;?Dtestate in £8)
low-lying states contained all possible combinations of,

bounde-h complexes(excitonsX=e-h and excitonic ions N thee-_h grounld ;tat(;a flollows from th(_e ma;]pp'r’rfpg)nto the
X, =nX-e) and excess electrons, interacting through effec-T —L (spin-unpolarized e ec.tr()r$ystem,.|n W |cl1. Nh>.cor-
tive pseudopotentials. The short range of these ps;eudopoterrﬁa-spondS to the-| state with the maximum spin. S_lnoq
tials yields Laughlin correlations between electrons and ex— L~ ¥ andv, =, and the 2DEG is spin-polarizeth the
citonic ions, which isolate the latter from the 2DEG and"’,‘b_senc.;f1 of the Zeeman splitin@nly at the Laughlin
make them act like well-defined TQP's without internal dy- [11ings,™ the condition for the totally MFe-h ground state
namics. When applied to realistic symmetrically doped ( |\PNh> IS

=0) QW’s at largeB and low density ¢<3), a similar

analysis showed that the observed PL spectra contain tran- v—r=1-(2p+1)~ %, (4)
sitions only from radiative bound statéim that case, spin-
singlet andexcitedspin-tripletX™ state$ and explained why
the expectetf singlet-tripletX~ crossing was not observed
in some experiment¥.

Wy, =(PHN), 3

with p=1, 2, .... Atallother fillings(e.g.,v— v,=3), the
ground state hadly<N,,, i.e., contains a number of holes
that are bound in othgnonradiative complexes thak=0
excitons.

A. Hidden symmetry at zero layer separation )
] B. Charged exciton states

The exact particle-hole symmetry between electrons and , . .
valence holes in the lowest LL a=0 results from(i) the An example of a non-MR-h grtg)émd state is the “dark
identical electron and hole single-particle orbitals, scaled bypPin-triplet charged excitonXg).™ The X4 is the only
the same characteristic length which yields equal strength Pound 2-h state in the lowest LL ad=0. It is the most
of e-e ande-h interaction matrix elements/fy = — V5, stablee-h tcj;c;rgplexhatv?hsbr,] bl:tt |tst_ blndltng hentergy de-
and (i) no effects of different effective masses on scatteringgreas'eS ad>0, when thee-h attraction (at short range
because of the infinite cyclotron gap. This “hidden symme-P€comes smaller than tieee repulsion. The dependence of
try” results?3 in the following commutation relation between the 26-h energy spectrum od s shown in Fig. 1. The spec-
the Hamiltonian(1) and the PL operatoP! that creates a tra are calculated in the spherical geometry for the LL de-

k=0 exciton, generacy of 3+1=41. The energy is measured from the
exciton energyEy, so that for the bound statéthe states
[H,PT1=ExPT, 2) below the dashed lingst is the negative of theX™ binding
energy,Ax-=Ex—E. Open and full symbols distinguish
whereEy= — \/m/2e?/\ is the exciton energy in the lowest singlet- and triplet-electron spin configurations, and each

LL and PT=3,(—1)"clh! (on the Haldane’s sphereBe-  state withL>0 represents a degenerate multiplet with|
cause of Eq(2), a “multiplicative” (MP) eigenstate oH (a  <L. The Zeeman energy of the singlet states is not included.
state containindNy neutral excitons with momentum zero The angular momenturh calculated on a sphere translates
can be constructed by application &' Ny times to any into the angular momentum quantum numbers on a plane in

eigenstate of the interacting electrons. The excitons createslich a way**?that each LL atC=0, —1, —2, ... (con-
or annihilated with operatorB™ and? (i.e., by absorption or taining states withC=0, 1, 2, ... ,i.e., with M=L£—K
emission of a photgrhave the same enerdy that isinde- =2, £—1, £L—2, ...) is represented by a multiplet &at

pendent of other electrons or holes present. The numer =S+ L. Thus, the low-energy multiplets in Fig. 1 &t
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FIG. 1. The energy spectfianergyE vs angular momenturh)
of the 2e-h system on a Haldane sphere with the Landau level
degeneracy of 83+1=41, for different values of the layer separa-
tion d. The open and full circles distinguish states with singlet and
triplet electron-spin configurationfy is the exciton energy ans
is the magnetic length.

=20, 19, and 18 represent the planar LL's &t<L=0,
M=<L=-1, andM=<L=—2, respectively.

It is important to realize that the recombination of an iso-
lated X4 at d=0 is forbidden because of two independent
symmetries?3* The ANy=—1 selection rule resulting
from the hidden symmetry, which allows recombination
from a pair of MP states at=S andE=Ey only, is lifted at
d>0. However, the translational symmetry yielding conser
vation ofL andL, (on a plane M andX) holds at any value
of d. Because the electron left in the lowest LL after recom-
bination had =S (£=0), only those 2-h multiplets atL
=S (L£=0) are radiative. They are marked with shaded rect-
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FIG. 2. The binding energss of the triplet- and singlet-charged
exciton statesXy andXgy, and of the charged biexcitoX,, , as a
function of layer separatiod. Ey is the exciton energy and is the
magnetic length.

states with increasingC| have been found when the distance
between the impurity and the electron layer were incre&sed.
Bound states of larger excitonic ioXg, =nX+ e are also
possible at smaldl. They all have completely polarized elec-
tron and hole spins, and their binding energglxr:: Eyx

+ Ex*_l—Ex*, decreases with increasing siz&) ( The de-

pendence oKy, X.4, andX, binding energiegcalculated

at 25=60) on separatiod is shown in Fig. 2a). As it was
discussed in Sec. Il, finite-size calculations give good ap-
proximation to 2-h energies only for the boun(inite-size
states. While the binding energies are correct at the values of
d for which A>0, they should asymptotically approach zero

for d— instead of crossing it as in Fig(&®. The average

e-e distancer .= \(r2) within the X,y and X;, complexes

is plotted in Fig. 2b). Both X~ wave functions depend rather

weakly ond in the range wher&a >0 (i.e.,d<0.7\ for Xy
a
\%

nd 0.A=<d=<1.2\ for X ,), but whend exceeds the critical
alue @=0.8\ for X,y andd=1.3\ for Xgy), Iee quickly
increases and th¥~ unbinds into an exciton and an elec-

tron. Similarly as for binding energies in Figa, we expect
there curves in Fig. 2o) to correctly describe th&; and
X

<q States on an infinite plane only wheg, is smaller than

angles in all frames of Fig. 1. In larger systems ContainingR~5)\.

more than a singlX ™, the translational symmetry is broken

by collisions, and weak,; recombination becomes possible.
The X4 binding energyAXt—d, calculated by extrapolation

of data obtained for 8<60, is about 0.05*/\ at d=0

(very close to the value obtained earlier by Palacibal>*

in the planar geometjy As expectedAX;d decreases with

increasing separation up tb=\, whenX,, unbinds. Some-
what surprisingly, a new bound multiplet, a singkf, at
L=S—-2 (£L=-2), occurs at finited. Its binding Axs—d

reaches maximum of about 0.8\ atd~0.8\. The X4

IV. ELECTRON-HOLE STATES AT SMALL LAYER
SEPARATION: ELECTRON-CHARGED-EXCITON FLUID

A. Zero layer separation

In the following the 2DEG is assumed to be completely

spin-polarized because of large Zeeman splitting. We do not
discuss effects due td,4 and omit the spin subscript in the
triplet charged-exciton stade . It follows from Figs. 1 and

2 thatX™ is the only spin-polarized boundezh state atd

<. SinceAX7>AX2—>AX;> ce

in entire range ofl, the

is a nonradiative“dark™ ) state and should be distinguished excitonic ions larger thaX ™~ are unstable in the presence of

from the radiative singlet stad¢, atL=S (L£=0), which is
the X~ ground state at low magnetic fieldand smalld).
The X4q is a 2e-h analog of the singleD ~ state(two elec-
trons bound to a distant donor impubitywith the samel=
—2. A series of transitions between singlet and trifidet

excess electronge.g., X; +e—2X"), and the low-lying
states atd<<\ and v,<v contain onlyX™’s and electrons

nteracting with one another through effective

pseudopotentiaf®3?® The pseudopotentiaMy-(L) (the
e-X~ pair interaction energy as a function of pair angular
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momentumL) at d=0 was showrf to satisfy the “short et I S0 S T S T S
e onont |} F I f*i%n%fi¥._

range” criteriorf® at those values df that correspond to odd ~ z75| - NEERVIEE & I i ¥ % . ¢ § a8

“relative” pair angular momentaR=I.+Iy-—L (R is + N s x|t % ¥ po é ¥ § : % : e

equal to the usual relative pair angular momentomon a 2 i T ¥ i zg: P Fr i f i T .

plane. As a result, generalized Laughlin correlations de-% |+, & # ¢ ’:E b LT L3 i;i

scribed in the wave function by a Jastrow prefadﬂqr(zg) N * PR I‘-a-;é]---f--»; ------ T

—Z0))Mex" with even exponentsngy- occur in the two- 1 M v et

componeni-X~ fluid. At certain values of the electronand | = = e Pel b 7orth. 25018 24

hole filling factor, these correlations result in incompressibil- P e —— —

ity. For example, the[mggmy-x-mex-]1=[332] ground % S % % § f % f rt ¥ i H E * ¢ % i e

state, first suggested by Halpéhrfor the T — | spin fluid,  %%7* * i i + tel L H tii T4 % i+

has been found numerically in the@h systent> A gener- g i H % § % : 2t H % i 2

alized (multi-component mean-field composite fermion & 1 1 Y % Il l+ B S

(CPH model has been propos°€d0 determine the bands of f IRE SRS

lowest-energy states at amyand vy, . In this model, effective . +

CF magnetic fields of different typeolor) result that cannot o * o . *

be understood literally. Rather, the model relies on twoszs{ (©) 8o-1h, 25-18 . () 96-1h, 25-21 | 5 05

simple facts®>#° (i) in the low-energy states of Laughlin- T T ——T
correlated many-body systems, a number of strongly repul- ~ ° * ¢ & & 1°° e
sive pair states at the smallé8tare avoided for each type of

pair (here,e-e ande-X"); (i) the states satisfying the above ~ FIG. 3. The energy spectfanergyE vs angular momenturh)
constraint can be found more easily by noticing that the?f the coplanard=0) Ne-h systems on a Haldane sphere with the
avoiding of pair states with the smalleBt is equivalent to ~-@ndau level degeneracy ofS21: (8) N=7 and Z=15, (b) N
the binding of zeros of the many-body wave functionrt- ~ —/_and 5=16, (c) N=8 and 5=18, and(d) N=9 and 3
ces, which can be reproducedor the purpose of multiplet =21. .FuII dots: exacNeh spectra; open cnrcles_: multiplicative
counting by attachment of magnetic fluxes. states; pluses: approximate energies Nf—2)e-X~ states. The

Let us apply the CF model to the system containhig nonmultiplicative states below the dashed lines ade-@)e-X~
. . . states with Laughlin-Halperif8*2] correlations\ is the magnetic

electrons and only one hole. While the correct picture of thlﬁ ngth
simple system is essential for understanding the nature o? '
low energy states anfow-temperaturg PL of a 2DEG in
the FQH regime, it has been interpreted incorrectly in a num
ber of previous studie¥.In Fig. 3 we show the energy spec-
tra for N=7, 8, and 9 and 8 corresponding to~3. The
full dots mark the multiplets obtained in the exact diagonal-
ization of theNe-h system and the open circles mark the MP
stategwith anly=0 exciton decoupled from thd— 1 elec-
tron fluid).

In Figs. 3a), 3(c), and 3d) the N—1 electrons in the

N -

dence of energy ok within these bands can be interpreted
as the QH-QEx- pseudopotential, and its increase with
means that it is attractivfor a pair of opposite chargek,
increases with increasing average separatiblence, thel
=1 ground states in Figs.(&, 3(c), and 3d) are the exci-
tonic bound states of a QHQEx- pair in the Laughline-X~
fluid. In this state, a Laughlin QH type excitation of charge
+%e is bound to theX~, and the total charge of th¢ QH

N o ) . . *
lowest energy MP state di—0 form the Laughliny= state isQ=—5. A similar analysis for Fig. @) gives|;

ground state. In Fig.(®), there is one Laughlin quasihole in =3 andl}-=2, yielding two QH's each withl oH, =3 and
the lowest MP state dt=3. The non-MP low-energy states one Q- with Iqg _=2. The allowed values df for such
in all frames contain arX™ with angular momentuniy-  three particles are?] 22, 33, 42, 52, 6, and 7, exactly as
=S—1 andN—2 electrons each with,=S. The CF picture found for the lowest non-MP states in FigbR
in which two magnetic fluxes are attached to each particle to The strongest indication that the lowest-energy bands of
model the avoiding of th&R..<2 andR .x-=<1 pair states non-MP states in Fig. 3 contain a0 interacting with ex-
yields effective angular momenta ¢f =1,—(N—2) and cess electrons comes from direct comparison of ekizeh
1% =1%—1. In Figs. 3a), 3(c), and 3d) theN—2 electrons ~energies(dotg with the approximate energies of thé (
leave one Laughlin quasihole (QHwith angular momen- —2)&-X" charge configuratioripluses. The (N—2)e-X"
tum I =1% in their (2% +1)-fold degenerate CF level, energies are cak_:ulgted using an _effecev)f pseudopoten-

N ,, tial and theX™ binding energy. Since the results depend on

an(i: the X'th Ibeconzwle*s aTsr:ngIe” Laudghlm Iquasmlectzzn unknown details ol x- (due to the density-dependent po-
(QEx-) wi QE-~ 'x-- IN€ allowed angular momen larization of theX™ in the electric field of electronswe

of the QH-QEy- pair in the lowest-energy states of these make a(rough approximation, and instead &f,y- use the
(N—2)e-X" systems are obtained by addihge andlge, . pseudopotential of two distinguishable point charges with
of two distinguishable particles. The resultlis=1, 2, ..., angular moment, andly-. The obtained spectra are quite
N—3. Indeed, the multiplets at these valuesLoform the  close to the original ones and all contain the low-lying bands
lowest band of non-MP states in Fig9aB 3(c), and 3d), as predicted by the CF model. A much better fit is obtained
separated from higher states by dashed lines. The depefoer V. x- including (N-dependentpolarization effects.
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It is apparent that only two types of states exhaust thesgz] T
entire low-energy spectra shown in Fig. 3: the MP states
containing a decoupleld=0 exciton and the non-MP states

.
s o0 o
.
Yy
X
e 00 o0 o

¢ o eee o0 we

containing anX™. None of the low-energy states can be 57 .. ) : : 290
understood in terms of an exciteld ¢ 0) exciton interacting = A . ' : . r %
with the excesdN—1 electrons. In particular, the bands of °§3_ * . LS
lowest-energy states at=1, 2, ...,N—3 in Figs. 3a), u . e [ o5
3(c) and 3d) do not describe d|sper3|on of a so-called 572‘_7{3'2@ () 3o 1h (®) Sean L™
“dressed exciton”X* (charge neutral exciton with an en- sz~ © dnmos || © %P B /0.5 [252
hanced mass due to the coupling to QE-QH pair excitations o 1 : 5 6 0 1 2 3 4 5 &

of the Laughlinv= 3 fluid of N—1 excess electronsis first
suggested by Apalkov and Rasfband reviewed in subse-

o od N~
o e |
~ -

co o0

qguent papers. It is much more informative to interpret these238— ) A +

e-h states in terms of a well-defined™ particle (with speci- ] . . ’

fiedQ=—e, 1=S—1, or£L=—1, A as plotted in Fig. 2, and % 1 : .

7~ 1=0) interacting with excess electrons through the w ] .

well-defined?*3 pseudopotentiaV yielding well-defined  -244- .t

Laughlin-Jastrowe-X~ correlations and Laughlin quasipar- 4] <°)2‘§j'2‘

ticle excitations of a two-component incompressible “refer- 1 @ v=1/503X /=03

ence” state, than to say thkt_#O exc_iton _is coupled in an  ** o 1 2 3 4 5 600 02 o4 05 o8 10
undefmed way to the Laughlin quasiparticles of an electron L d/n

=1 state. The “dressed exciton” picture is simply wrong
in descrlblng the nature of the TQP of the system. For ex-
ample, theX* has zero charge and continuous energy spec
mﬂm instead ofQ=—e and La”d"’?“ q_uantlzed orbits of an relations in a @—h system at the layer separatiol+ 0.5\; (b)
X" T.he reason why the suggestive |d§a Of)ﬁh does not 4e-2X~ incompressible ground staf832] in a 8e-2h system at
work is that the coupling of &#0 exciton (which has a d=0.5\; (c) Laughlin v= %

. LI = § ground state of thre~'s in a 6e-3h
nonzero in-plane electric dipole moment<k) to electrons system atd=0.3\ (pluses show approximatexX3 energies (d)

is too strong to be treated perturbatively. The excitation gaps of ground states in frant@s (b), and(c) as a
function ofd. A is the magnetic length.

FIG. 4. (a), (b), and (c) The energy spectrgenergyE as a
functlon of angular momenturh) of electron-hole systems with
Laughline-X~ correlations{a) 7e-X~ ground state witfi3*2] cor-

B. Small layer separation

The knowledge of the nature of the TQP's of any system=0.5\ is the 4e-2X™ incompressible statg332]. In Fig.
is essential for understanding its response to an external peftc), the 6e-3h ground state atl=0.3\ is the Laughliny
turbation. Since aX* is expected to behave differently than =# state of threeX’s (here, pluses mark approximat 3
an X~ when electron and hole layers are separated, the irenergies obtained by diagonalizing a system of three fermi-
correct assumption of the “dressed exciton” picturecat ons each with energy- and interacting throughy-x-).
=0 must result in incorrect interpretation of théh states at As shown in Fig. 4d), the excitation gaps of these three
d>0 as well. different Laughlin-correlated ground states behave differ-
At a small layer separatiod<X\, all bounde-h states ently as a function ofi. In particular, the gap of the=3
acquire a small electric dipole moment which is propor-  state ofX™’s increases significantly up =0.7A.
tional to d and oriented perpendicular the electron and hole
planes. These dipole moments result in a repulsive dipole-
dipole interaction betweee-h complexes, which is propor-
tional to d?/r® at distancer>d. While the electron-dipole
e-X repulsion is the reason for the decrease of the binding

V. ELECTRON-HOLE STATES AT LARGE LAYER
SEPARATION: HOLE WEAKLY COUPLED TO
ELECTRON FLUID

energy of an isolate™ at 0<d<\, it can slightly extend It was shown by Chen and Quiffithat the opposite limit
the stability range of aiX™ embedded in a 2DE@ompared  of d>\ is easier to understand than thatef \, because of
to Fig. 2. the vanishinge-h interaction. In this limit, the low-lying

In the range ofd values for which theX™ is bound, the states of the combined system are products of the Laughlin-
X~ dipole moment increases its total repulsion with electronsorrelated 2DEG and the decoupled hole. The allowed angu-
and otherX™’s. It is possible that this increased repulsionlar momental of the lowest-energy band of the combined
could enhance the excitation gap of an incompressible fluig-h system result from addition of the angular momenta of
e-X~ state. Examples of different behavior of the gap arethe lowest-energy electron statésontaining a number of
shown in Fig. 4. In Fig. @), the 9%-h ground state ad Laughlin quasiparticlesL to the hole angular momentum
=0.5\ is the 7e-X~ state with[3*2] correlations (nx-x- is  |,=S
undefined for only on&X™). In the generalized CF picture, A decrease ofl to a few magnetic lengths does not yet
this state contains one QEwith |og=2 and a filled shell of  result in exciton binding because the length sdalprobed
electron CF’s. In Fig. &), the 8-2h ground state ad by the potential of a distant hole exceeds the averge
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separation in the 2DEG. While tleee interactions alone still "0
completely determine thd&Laughlin correlations of the 0.6
2DEG, the valence-band hole can now correlate with the |
guasiparticle excitations of the 2DEG due to their much £,
lower density(compared to the electron densityrhe hole
repels positively charged QH’s but can bind one or more& -
negatively charged QE'&epending on the relative strength 1
of the h-QE and QE-QE interactiohgo form fractionally 0.2
charged exciton§~CX), or “anyonic ions,” hQE, .2 When ol
dis so large that the number of Laughlin quasiparticlesinthe ~" ', * o o4 o6 o8

{1 @)

INCYEN

2DEG is conserved by the weakh interaction, a disconti- 1/(1+d/A)
nuity in the behavior of the system as a function of the mag- ) o )
netic field (or electron densitywill occur at Laughlin filling FIG. 5. The normalized binding energy of a free exciton,

factors (+ 1)—1, because different types of TQP’s can Ay(d)/Ax(0), as afunction of (1+d/N\) "1 (@), and the normalized
form depending on whether QE'’s are or are not present in thglectron-hole  pseudopotentialéey(k)/(—Ay) as a function of
2DEG. The transition should be visible in PL. as the recom-Vave vectork (b). d is the separation between electron and hole
bination of a free hole at<<(2p+1) ! can be distinguished layers, and\ is the magnetic length.

from that of a hole bound into ahQE, complex atv

>(2p+1) % Us(1+d/N) L,

VI. ELECTRON-HOLE STATES AT INTERMEDIATE Decd/n, ®)

LAYER SEPARATION: FRACTIONALLY CHARGED - . . .
EXCITONS describing the perturbing potentia,p which can be

achieved in bilayee-h systems with differentl.

The TQP'’s of thee-h system at a particular layer separa- | aughlin quasiparticles have more complicated charge
tion d are by definition the most stable bound completes  density profiles than electrons or holes in the lowest LL. This
ones with the largest binding enejggomposed of smaller internal structure is reflected in the oscillations of the QE and
elementary particles or quasiparticles: a valence hole and edH pseudopotentials at the values bfcorresponding to
ther electrons or Laughlin excitations of the 2DEG. To de-sma” average Separation between the QE or QH and the
termine the most stable complexes at a particular valug of second particle. For example, despite Laughlin quasiparticles
the interactions between their Subcomponents must be Stugeing charge excitations, neither QE-QE nor QH-QH inter-
ied. TWO'bOdy interactions enter the many'bOdy Hamiltonianaction is genera"y repu|3i\;§:57 On the Contrary, the qz
through their pseudopotentia¥§L), defined as the pair in- molecule(the state with maximunk, i.e., minimum QE-QE
teraction energy as a function of pair angular momentum  separatiopis either the ground state or a very weakly excited
(or another pair quantum numbéf*® The e-e, e-h, QE-  state of two QE’Snumerical results for finite systems are not
QE, QH-QH, and QE-QH pseudopotentials are wellconclusive.>®
knowrf**>*and (except fore-h) do not depend oni for In order to calculate the pseudopotentidlgoe(L) and
spatially separated electron and hole layers. The simple forny, (L) associated with the interaction between Laughlin
of Single-partide wave functions in the lowest LL results in quasipartic|e$QE or Ql—b of a V:% fluid and a hole moving
a very regular form ofV(L) and Vey(L). On a sphere, in a parallel plane separated by an arbitrary distatcee
largerL corresponds to small¢largen average separation of yse the following procedure. A finitde-h system is diago-
two charges of the sam@pposit¢ sign, and thusVee in-  nalized at the monopole strengttS Xorresponding to a
creases an{V.| decreases with increasirig single QE or QH in the 2DEGin the absence of the inter-

The dependence &f.,(L) ond can be expressed in terms action with the hole To assure that the interaction between
of the effective strengthl{) and range D) of the Coulomb  the hole and the 2DEG is weak compared to the energy
potential of the holgin its lowest-LL single-particle state eQet E0H (~0.1e?/\ for an infinite systemneeded to create
seen by an electron. A measureWfis the exciton binding  additional QE-QH pairs in the 2DEG, the charge of the hole
energyAy=Vey(0). Asshown in Fig. $a), Ay varies withd  is set toe/e where e>1. This guarantees that the lowest
roughly asAx(d)=(1+d/\)"'A4(0), which means that pand ofNe-h states contain exactly one QE or QH interact-
the averagee-h separation in the exciton ground state ising with the hole. The pseudopotentialé,oe(L) and
roughly ren(d)=re(0)+d rather than \/rezh(0)+d2. A Vpgu(L) are calculated by subtracting from the lowest
measure of the rande is an average-h distancer., in the  eigenenergies the constant energy of the 2DEG and the en-
exciton state whose energy is half of the binding energy. Irergy of interaction between the hole and the uniform-density
Fig. 5(b) we plot the normalized exciton pseudopotentials asy= % fluid, and multiplying the difference by. If € is suf-

a function of wave vectork=L/R. Since rg, is ficiently large, the pseudopotentials calculated in this way

proportionai® to k, and the value,,, for which Vep(Ky/0) = [and shown in Figs. @) and Gb)] do not depend or and
—3Ay in Fig. 5b) increases roughly linearly with, we  describe the interaction between the hole of full chatge
obtain the pair of relations, and the Laughlin quasiparticle.

045303-8



ENERGY SPECTRA OF FRACTIONAL QUANTUM HAL ... PHYSICAL REVIEW B 63 045303

(a) h-QE (7e-1h, 25=17) (b} h-QH (7e-1h, 25=19) L
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& da=2.0 o | ‘E
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FIG. 6. The pseudopotentialgair energyV as a function of pair FIG. 7. The pseudopotentialpair energyV versus pair angular

angular momenturL) of the interaction between quasiparticles momentumL) of the interaction between molecules consisting of
[quasielectron(QE) and quasihole(QH)] of the seven-electron two or three quasielectrons (@&nd QE) of the Laughliny= 1
Laughlin vzé state and an additional charelectron or holgon state and an additional chargeectron or holgon a parallel layer

a parallel layer separated loly The QE-QE and QH-QH pseudopo- separated byl. £qe andegy are the QE and QH energies ands
tentials forN=7 are shown in inset framés),(f). eqe andeqy are  the magnetic length.

the QE and QH energies andis the magnetic length.

A similar procedure has been used to calculate thlexes with the smaliest and the next smallest averagi
pseudopotential¥ (L) andVeoe(L) of the interaction be-  Separationthe hQE* complex is important in discussith
tween quasiparticles and an electron moving in a parallepf PL) gives the curves plotted in Fig. 8. The interaction of
|ayer [F|gs qc) and Qd)], and the pseudopotentia|s the 2DEG atV"'% with an additional Chal’géhole or elec-
VhQEn(I-) and VeQEn(I-) involving the QB and QE mol- tron) can be considered weak only at abdl]*.]..S).\. In this
ecules(Fig. 7). From such calculation, the binding energiesreg'me’ the 2DEG responds to the perturbation introduced by

and PL oscillator strengths of #liQE, FCX's are obtained a distant charge by screening it with already existing Laugh-

to determine under what circumstancéayer separation, lin quasiparticles to formlbound FCX'HIQE, ,oreQH. A
density, temperature, efazarious FCX’s can occur and con- discontinuity oceurs av=3, belcause the QE’s that can be
tribute to the PL spectrum bound to a hole exist only at> 3, and the QH'’s that can be

The pseudopotentials of a single QE and QH of a sevenPound to an electron occur only aK 3. Fig. 8 shows that at
electron fluid (N="7) interacting with a hole or an electron d<1.9\ the energy oh-QE (ande-QH) attraction exceeds

on a parallel layer are shown in Figs@and Gb) for a  €Qet qn, and the QE-QH pairs are spontaneously created
number of different layer separations The allowed pair " the ZDE% to screen the holer electron charge at any
angular momenta result from addition of individual angu- Value of v=3. o
lar momenta of the quasiparticlé%lQEleHz N/2, and the Whether only one QE-QH pair v,v|II b_e spontaneously cre-
particles in the second layer,=1,=S. Since the length ated to formhQE, or if larger FCX’s will occu-r(e.g.,hQE
scaleD probed by the potential of the holelectron de- —hQE2+QH) depends 0Viqe, andViqe,. SinceVae.qe
creases when it is brought closer to the 2DEG, structure agas a minimum at. =2loe—1 (R=1) and a maximum at
pears ford<\ in all pseudopotentialgt L correspondingto L=2lge—3 (R=3), two or three QE’s can form QEor
small average separatipnFor example, theh-QE ground QE; molecules. Even if the QEand QB molecules are not
state ford<<\ occurs aL.>1,,— |, i.e., not at the minimum the absolute two- or three-QE ground states in the absence of
allowed averageh-QE separation. Similarly as in QE-QE an additional attractive potential, they both will be meta-
and QH-QH pseudopotentidf{see also Figs.(®) and &f) stable due to the energy barrierat 3, i.e., a finite energy
for N=7], the oscillations of particle-quasiparticle pseudo-gap to separate two QE'’s. Both @&nd Q& can bind to a
potentials reflects structure in QE and QH charge density. hole, and(because of the barrier iNge.qf the resulting

All pseudopotentials in Figs. 6 and 7 have been arbitrarilyFCX’s, hQE,, and hQE;, are expected to be quite stable
shifted in energy so that they vanish for the pair state of theeven atd>N\.
largest average separation. The more accurate estimate of theThe pseudopotentials describing interaction of the, QE
h-QE pseudopotential parameters at the two smallest valuesnd QE molecules with a hole and an electron are shown in
of L, i.e., the binding energg of the hQE andhQE* com-  Fig. 7. Somewhat unexpectedly, they show that @Emore
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FIG. 8. The binding energy of fractionally charged excitons
hQE, as a function of layer separatiah calculated for the &h
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~1.5\, that is at the crossing thQEZ andA. in Fig. 8(the
shaded rectangle marks the “normal” exciton phase

VIl. NUMERICAL ENERGY SPECTRA AT
INTERMEDIATE LAYER SEPARATION

The hypothesis of the existence of bound FCX states
hQE, put forward in the preceding section was based solely
on the analysis of the-QE and QE-QE interactions between
the involved constituent particles. The binding energles
were calculated for the modBRQE, wave functions, neglect-
ing possible coupling to additional charge excitations in-
duced in the 2DEG. However, tHeQE attraction respon-
sible for thehQE, binding results from thee-h attraction
that, depending od, can be too weakcompared to QE-QE
interaction for the FCX’s to bind, or too strongcompared
to the Laughlin gag et eqp) for the assumed FCX-2DEG
decoupling to hold. In the latter case, th@E, states could
interact sufficiently strongly with the 2DEG to induce and
bind additional QE’qas shown in Sec. VI, at<\ the bind-
ing of FCX’s becomes weaker than tixebinding and the
transition to the “normal’” excitonic phase occlrs

To demonstrate that the FCX states indeed occur in an

system with a fixed number of Laughlin quasiparticles in thee-h system at appropriate valuesdyfwe have calculated the

8e-electron systemd>1; see text \ is the magnetic length. The

Ne-h spectra as a function of bottS2zandd. For the identi-

he state contains an exciton and originates from the multiplicativegjgg hQE, states, these calculations also show the effects of

state ad=0. In the shaded part of the graph, the has the largest
binding energy and theQE, complexes do not form.

strongly attracted to the hole than @BEvhich suggests that
the hQE; is not stable KQE;—hQE,+ QE). Since the
h-QE, attraction is also stronger thdanrQE in Fig. 6, both
hQE andhQE, are stable FCX's.

The binding energiea of all hQE, complexes calculated
in the 8e-h system are plotted as a function @fin Fig. 8.
The binding energyd of an hQE, state is defined as the
energy of attraction between the hole am®@E’s. For the
excitonic statehe [in which a hole binds a whole ‘“real”
electron to form are—h pair weakly coupled to the remain-
ing N—1 electrons at 3=3(N—2), i.e., atv=13] with en-
ergyEne, A is defined as a difference betwelp, and the
state in which the hole is completely decoupled fromNll
electrons(which at 25=3(N—2) form a state with three
Laughlin QE’9. Note thatA,. is not equivalent to the bind-
ing energy of a free excitofit is not equal to thes-h attrac-

the coupling to the 2DEG on their binding ener@gr the
optical lifetimes see Ref. 4Gand establish th@QE, com-
plexes as valid TQP’s of the-h system over a wide range of
d. Let us stress that although similar spedfa smallerN)
have been studied befot&,?*323%he present understanding
of the low-lying states in terms of thé~ andhQE, TQP’s
interacting with excess electrons is different and follows
from the discussion in the preceding sections.

Using a modified Lanczos algorithm, we were able to
diagonalize Hamiltonians of dimensions beyord(®. This
allowed calculation of energy and PL spectraNoé-h sys-
tems withN<9 and at the values of Qup to 3(N—-1),
corresponding to the hole interacting with the Laughdin
= 1 state ofN electrons. The examples ok spectralen-
ergy E as a function of angular momentulr) are shown in
Fig. 9. The frames on the left and right show data f& 2
=22 and 23, respectively, and the layer separafionvaries
between 0.5 and 2. The low-lying states containing different
X~ QH, or hQE, quasiparticles are marked with lines and

tion but also includes the energy needed to remove an elegpen symbols.
tron from the Laughlin state so that it can be bound to the | et us begin with the system a5z 22. At smalld, the

hole).

X~ occurs and the &X~ fluid has Laughlin3*2] correla-

ThehQE,; is the most strongly bound FCX in entire range tijons. One can use the CF picture and calculate the effective
of d (at least up tal=10\), and hence it is expected to form ejectron andX~ CF angular momentd? =S—(N—2)=4

in the presence of excess QE’siat 5. It can be seen in Fig.
8 thatAhQEz>sQE+ gon atd<\, and two QE-QH pairs are
spontaneously created in the 2DEG to fohQE, even at
v<%. However, at such smatl, neutral X) and charged
excitons K~) composed of a hole and one or two “real”
electrons of charge- e (rather than Laughlin QE’s of charge
—1e) are more stable complexes tha@E,. The transition
from fractional to “normal” exciton phase occurs at

andl}_ =1} —1=3. The seven electrons leave two Laughlin
quasiholes QK (which we will denote here simply by QH
each with angular momenturQHez I% in their CF shell, and

the X~ becomes a single Laughlin “quasielectron” QE
(denoted simply byX™) with angular momentquEx_

=1} . The two QH states can hatgq,=2I5 —R=1, 3,5,
or 7. Adding allowedL,q to If(, gives allowed total
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I i of the Laughlin[3*2] state of the 8-X" fluid. The general-
R D I ! H ce i tia i ors% jzed CF picture usest=S—(N-2)=% and I} =1%*-1
= ] e . Y 405 - - . P ot =1, and predictd. =1, 2%, 3% ..., 13 forthis band. This
N R . - ’ r band of X" -3QH states is not well separated from higher
W T L o states in Fig. @) for d=0.5\, but (at least at smallek) it
9e-h || e~ @ | s 20 can be easily identified in the spectrumdat O (not shown.
536 = X"OH, @|[hoEF oK X ) The angular momentum of a bourki”QH; results from
soef it Pr i rio L EPITEE T, addinglgu=315 3 tol}- to obtainlx-qu,=|lgu, 1 |
. MRS REEE I | =7. Although most likelyX™ QHjs is the lowest state dt
g co R =7 in Fig. 9e), it has higher energy than other states and
o W0 thus it is unstable(due to the short range of QH-QH
repulsion®® see also Fig. @) for the QH-QH pseudopoten-
568 le {b) ———— (fy [~5-54 tial in a seven-electron system
T E e B | D B 5.86 At d>N\, the X~ unbinds and the<”-3QH band under-
e e sttt / : - b ‘ st goes reconstruction. A=\, two competing low-energy
= A dn=ts T o] bands occur in the spectra in Figgf)3-9(h). One describes
%D S & ) L the hole withl,=S=% and the QE withl ge=S—(N—1)
w /32 . ”5“ I +1=2 interacting through a pseudopotential similar to that
/T SE L in Fig. 6@). This band has =|l,—1od =7, and the lowest
502 hQE, ) MET  @|,, two statesatL=7 and 8 arehQE andhQE*. The second
6204 L .8 f 1oLt R band involves an additional QE-QH pair and describes the
S Cros s M hQE, with Thge,=[1h—lge,| = 1h— (2l ge—1)|=17 interact-
g /‘. e { I ing with the QH With|QH=S—(N—1)=%. The angular mo-
f /’ —— A mentalL obtained by addind hQE, and | oy satisfy |IhQE2
// d/A=2.0 I —IQH|<LsIhQE2+IQH, ie., 0<L<7. Because of the
6.12 “ {d) Y 500 “hard core” of Vqe o (the QE-QH state at =1 does not
o 2 4 6 8 100 2 4 & & 10 occuf®), the hQE,-QH state at the highest value &f is
L L forbidden, and thénQE,-QH band had. =0, 1, 2, ..., 6.

FIG. 9. The energy spectfanergyE vs angular momentur) ~ "/& showed in Sec. VI that creation of an additional QE-QH
of the 9-h system calculated on a Haldane sphere with monopolé)a'r to bind the second QE tQE and forthEZ IS ener-
strengths =22 (left) and 23(right) for different layer separations 9€tically favorable ati<\ [see the crossing ofinqe, and
d/\ between 0.5top) and 2(bottom). \ is the magnetic length. 2(eqeteqn) in Fig. 8]. Indeed, in Fig. 9, thehQE state

crosses thénQE,-QH band and becomes thee-® ground
X~-2QH angular momenta=0, 1, 2, 3%, ..., 9,and 10. state atd~\.
Indeed, these multiplets form the lowest-energy band of Let us stress that in addition to those shown in Fig. 9, we
states ad=<0.5\ in Fig. Ya). The lowest state in this band have calculated and analyzed a large number of energy spec-
(the %e-h ground statgis the bound™ QH, state, at angular tra at other values df, 2S, andd. In every case, we were
momentuml XfQH2=|IQH2—I;,| =4. At d=0 (not shown, able to understand the low-lying states in terms of appropri-

the X~ QH, state has lower energy than the lowest-MP statéite X~ QH, andhQE, quasiparticles, and observed a similar
(containing &k =0 exciton decoupled from one Laughlin QH reconstruction of the spectrum dtof the order ofx. The
of the eight-electron systenat the samé. =4, data regarding the st.ab.lllty of dlffe.rent. FCX’s, extracted
As seen in Figs. @) and 9d), atd>\, the low-energy from the &-h spectra similar to those in Fig. 9, are presented
band of states develops at=4. These states contain an N Fig. 10. We have checked that .the curves plotted here for
hQE interacting with the second QE. Clearly, this interactionN =8 are very close to those obtained fér7 or 9, so that
is attractive, becaus®) V,oe.qgincreases as a function bf all important properties of an extended system can be under-
and (i) hQE and QE have opposite charge, and thus larger Stood from a rather simples8h computation. In two frames,
means larger average separation. The lowest state of tf@r €achhQE, we plot(a) the excitation gafE* —E above
hQE-QE band is the boundQE, state, whose angular mo- the hQE, ground state, ancb) the binding energyA. The
mentumloe, =4 results from addition of twége=S—(N excitation gaps are obtained from the spectra &&3(N
~1)+1=4 to obtainlge,=7, and then adding to it,=S —1)—n in which isolatechQE, complexes occur. The bind-

B ing energyA is defined in such a way theEhQEn:EQEn
=11. Note that becaud&QE, has the same angular momen- ny _ A whereE is th f th&leh svst
tumL=21(N—1) asX~ QH,, the transition from one state to ' *h-Ls~ 2 WHEr€Enqe, 1S Ihe energy o eh system
the other is continuous. It is most apparent from the depenin statehQE, calculated at 3=3(N—1)—n, Eqg is the
dence of PL intensif{f on d that it occurs about~1.66\. energy of theNe system in state QFcalculated at the same
Let us now turn to the system a2 23. At smalld, the = 2S=3(N—1)—n, andV,_.s is the self-energy of the hole in
low-energy states contain & interacting with three QH’s  Laughlin v=3 ground state at @=3(N—1). As described
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0.05

fairly strongly bound complex with large excitation energy,
but the charge neutral “anyon exciton” suggested by Rashba
et al?’ is not bound. It will be shown in a subsequent
publicatiorf® that thehQE, complex has a significant PL
oscillator strength, while neithdrQE nor hQE; are radia-
tive. Finally, the radiative excitonic stateharge neutrag¢-h

pair weakly coupled to the 2DE)Gbreaks apart ad>2\.

(a) excitation gap
1

VIIl. CONCLUSION

Using exact numerical diagonalization, we have studied
energy spectra of a 2DEG in the FQH regime interacting

FIG. 10. The excitation gag* —E (a), and binding energ  ith an optically injected valence-band hole confined to a
(b) of fractionally charged excitonhQE, as a function of layer parallel 2D layer. Depending on the separatidoetween the
separationd, calculated for the &h system.Ey is the exciton o 5ctron and hole layers, different response of the 2DEG to
energy and is the magnetic length. Thae state contains an g pole has been found. Atsmaller than a magnetic length
exciton and originates from the multiplicative statedatO. \, the hole binds one or two electrons to form neutbd or

charged K) excitons. TheX’s are weakly coupled to the

in Sec. VI,V s is calculated by setting the hole charge to a2DEG, and theX™’s with the remaining electrons form a
very small fraction of+e so that it does not perturb the two-component fluid with Laughlin correlations. One or two
Laughlin ground state. of the QH excitations of this fluid can bind to a6 to form

The lines in Fig. 10 show data obtained from the spectraa X~ QH, complex. The PL spectrum at smalldepends on
similar to those in Fig. 9, i.e., including all effects efh  the lifetimes and binding energies of tixeand X~ states,
interactions. For comparison, with symbols we have showmather than on the original correlations of the 2DEG. No
the data plotted previously in Fig. 8, where very small holeanomaly occurs in PL at the Laughlin filling facter=%, at
chargee/ e was used in the calculation to assure that, at anyhich the FQH effect is observed in transport experiments.
d, the obtained low-energy eigenstates are given exactly by At d larger than about 2, the Coulomb potential of the
the hQE, wave function. Atd>\, very good agreement distant hole becomes too weak and its range becomes too
between binding energies calculated tor 1 (lines) and e large to bind individual electrons and form thé or X~
>1 (symbolg confirms our identification ohQE, states in  states. Instead, fractionally charged excitonQE, are
low energyNe-h spectra. Atd<<A the two calculations give formed, consisting of one or two Laughlin QE’s bound to the
quite different results that confirms that the description ofhole. Different hQE, complexes have different optical
actualNe-h eigenstates in terms of the hole interacting with propertie&® (recombination lifetimes and energiesand
Laughlin quasiparticles of the 2DEG is inappropridtee  which of them occur depends critically on whether QE’s are

correct picture is that of a two-componest X~ fluid). present in the 2DEG. Hence, discontinuities occur in the PL
The formation ofhQE, complexes atl larger than about spectrum at=13.
1.5\ can be seen most clearly in the depend&hoé their The crossover between the “integrally” and “fraction-

PL intensity ond. Althoughd is the only tunable parameter ally” charged exciton phases in @h system can be viewed
in ane-h system, the transition from “integrally” to “frac- as a change in the response of a 2DEG to a more general
tionally” charged exciton phase occurs in the phase space gierturbation potentiaV/,, defined in terms of its character-
two parametersD andU, which define the perturbation po- istic energy ) and length D) scales. An analogous tran-
tential Vp . Different combinations o) andD are possible  sition will occur in other similar systems, in which the 2DEG
in systems where the hole is replaced by an elect(6d@1) s perturbed by a charged impurity*?or an electrode. How-
or a charged impurit§*#? The relation betweet andD in  ever, a difference between the response to negatively and
realistic e-h systems depends somewhat on the magnetipositively charged probes is expected because of very differ-
field and electron densitybecause of the asymmetric ent QE-QE and QH-QH interactions at short range.
inter-LL scattering for electrons and holesnd/or on the Our results invalidate two suggestive concepts proposed
widths of electron and hole layers. We have calculated simito understand the numerichle-h spectra and the observed
lar dependences to those in Fig. 10 for #w interaction  PL of a 2DEG. First, in contrast with the works of Wang
multiplied by a constante *V,,,, and found that the phase et al.?® and Apalkov and Rashi¥,we have shown that the
transition occurs in every case. The critical layer separatioridressed exciton” states with finite momenturk#0) do
depends ore and equalsd/x=0.84, 1.66, 2.25, 2.61, and not occur in the low-energy spectra @h systems at small
2.95, fore 1=0.5, 1, 1.5, 2, and 2.5, respectively. d. The coupling ofk# 0 excitons to the 2DEG is too strong
The analysis of the characteristics bQE, complexes to be treated perturbatively, and does more than renormaliza-
plotted in Fig. 10(and the good agreement of the actualtion of the exciton mass. Rather, it causes instabilityk of
binding energies with those obtained for 1) confirms that  #0 excitons and formation of charged excitofs. Second,
the most important bound complex to understand Pld at we have shown in contrast with the work of Rashba and
=2\ is hQE,, which has the largest binding energy and  Portnoi?’ that the charge-neutral “anyon exciton$iQE;
significant excitation energf* —E. The hQE is also a are not stable at any value dfthey are also nonradiati{®.
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