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Abstract

A new kind of many-body excitonic state composed of fractionally charged constituents is introduced. The constituents are a trion
(X7) embedded in an incompressible electron liquid and Laughlin quasiholes (QH’s). Laughlin electron—trion correlations lead to an
effective trion charge of —e/3. This many-body excitation is called “quasiexciton” and denoted by 2~ to distinguish it from a normal
trion. The 2~ can bind one or two (e/3)-charged QH’s, giving a neutral 2 or a positive Z . The energy spectra and photoluminescence
from radiative quasiexciton decay are studied numerically and interpreted using a generalized composite Fermion model of the

e—X" fluid.
© 2006 Elsevier B.V. All rights reserved.

PACS: 71.35.Pq; 71.35.Ji; 73.43.—f

Keywords: Trion; Laughlin liquid; Photoluminescence

When a valence band hole (%) is introduced into a quasi-
2D celectron gas (2DEG), it can, under appropriate
conditions, bind two electrons (e¢) to form a negatively
charged exciton (X, also called trion). The binding energy
A of the trion is sensitive to the width w and asymmetry of
the quasi-2D layer, to the applied magnetic field B, to the
electron filling factor v, and to the spin state (S = 0 or 1) of
the pair of bound electrons [1]. For very low values of v, the
photoluminescence (PL) resulting from the radiative decay
of the trion is quite well understood [1,2]. Although PL
has been studied at higher values of v, where features
coincident with the occurrence of Laughlin incompressible
states [3] have been observed [4,5] there has been no
explanation of the physics giving rise to the observed
spectra. In this paper we report numerical studies for
realistic experimental systems which show features that
change as v passes through the incompressible value of %
The results can be understood by using a generalized [6]
composite Fermion (CF) [7] model describing correlations
in the system containing a single X~ and N electrons. Our
work was motivated by the wealth of unexplained PL data
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[4], particularly the most recent experiments [5], but the
idea of quasiexcitons is both novel and applicable to a wide
range of fractional quantum Hall systems.

We consider w = 10-20 nm wide quantum wells with an
electron concentration n = 2 x 10'' ecm~2 at filling factor v
approximately equal to % The numerical diagonalization
for the Ne + h system (N < 10) is performed in the standard
Haldane spherical geometry [8], with the lowest Landau
level (LL) represented by an angular momentum shell with
/=0, and 2Q being the a variable integral parameter
corresponding to the magnetic monopole strength in the
units of /hc/e. However, the cyclotron energies and
interaction matrix elements used are appropriate to
actual experimental systems. This is accomplished by first
determining self-consistently [9] electron and hole subband
wavefunctions and densities as a function of w and n,
assuming asymmetric doping (i.e., donors on only one side
of the quantum well). The results for three sample systems
are shown in Fig. 1(a). The lowest subband envelope
functions are then used in evaluating the Coulomb matrix
elements. The energy spectra of a 2e + /i system confined by
this quantum well potential are then evaluated for both the
singlet (S = 0) and triplet (S = 1) electron spin configura-
tions. Despite an appreciable separation of the centroids of
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Fig. 1. (a) Density profiles in the normal direction g(z) for the lowest
subband of electron and heavy hole, calculated for electron concentration
n=2x10"cm™2 and different well widths w =10, 20, and 40nm.
(b) Binding energies of (bright) singlet and (dark) triplet trions for doped
w = 10 and 20 nm wells as a function of magnetic field B.

the e and A, the X~ bound states are found for both w = 10
and 20nm. This is illustrated in Fig. 1(b), showing the
dependence of singlet and triplet trion binding energies A
on the magnetic field B.

For the 10nm well the ground state is the “‘bright
singlet” X" with S = 0 and angular momentum L = Q (on
a sphere), the value corresponding to a relative angular
momentum M =0 on a plane. This singlet is the trion
ground state at B = 0, analog of the Hydrogen ion H™. For
the 20 nm well the trion ground state is the “dark triplet”
X, with S=1 and L=0Q -1 [1], corresponding to
M = —1. This triplet is the only bound state in the lowest
LL (in symmetric wells). Other known trion states, “bright
triplet” with S =1 and M =0, and “dark singlet” with
S = 0and M = —2 (neither shown in Fig. 1(b)) are at most
marginally bound in those wells. Somewhat surprisingly,
the trion spectrum for the wider well is more like the ideal
system (with the hidden symmetry) than that of the narrow
well. This behavior results from partial cancellation of the
symmetry-breaking effect of hole LL mixing (which favors
the singlet trion) by the e—/ layer separation in the wider
well.

When trions are embedded into a 2DEG, they interact
with electrons through an effective Haldane electron—trion
pseudopotential [§8], in a similar way as electrons interact
with each other. In the lowest LL this causes Laughlin
e—X~ and e—e correlations, which can be described in the
generalized CF picture [6,7] by attaching to each electron
or trion a 2p magnetic field flux quanta. The electrons
converted to CF,’s fill the lowest LL in effective magnetic
field B*=B/(2p+1) at the Laughlin filling factor
vp = (2p + 1)~!. While the following discussion can readily
be generalized to any Laughlin or Jain incompressible
liquids (corresponding to one or more completely filled CF
LL’s), let us concentrate on the Laughlin v :% state with
2p =2. At v larger or smaller than vy = %, Laughlin
quasiparticles will occur in the form of quasiclectrons
(QE’s) or quasiholes (QH’s), each carrying an effective
charge ¢ = +¢/(2p + 1) = ¢/3. In the same way an X~ in a

Laughlin liquid is converted into a CFx- with charge
qg=—¢c=—e/3.

An X~ coupled to electron liquid in Laughlin state and
carrying fractional charge —e/3 is a many-body excitation,
a quasiexciton Z . Because the 4~ is negatively charged, it
interacts with quasiparticles. At v<% the 2~ binds one
quasihole to become neutral 2 with the binding energy 4°.
This & may then attract another QH and become positively
charged 2%, with binding energy denoted as A™. At v>1
only QE’s are present at very low temperature, and the 2~
is stable unless 4° is larger than the Laughlin energy gap
AL = €QE t &QH-

In general, different quasiexcitons have different en-
ergies, and PL peaks due to their radiative decay should
appear at different energies. However, within the quantum
Hall plateau, some QP’s and some quasiexcitons can be in
localized traps and unable to form the most stable excitonic
bound states before undergoing radiative decay. Thus, we
expect that some peaks due to each of the quasiexcitons
should appear near the center of the Hall plateau. As v
moves across the plateau to smaller (larger) values, the
A~ (Z7") peaks should weaken and disappear. This kind
of behavior was seen [4] over a decade ago but never
explained.

As an example, we study the 2~ in a Laughlin v =%
liquid formed in 10 and 20 nm wells, doped on one side to
concentration n =2 x 10" ecm=2. For the wide well the
only bound trion is the X, . As it has high (>90%) squared
projection onto the lowest LL, we may restrict our
consideration to the lowest spin-polarized LL. The results
for N =9 are shown in Fig. 2.

These spectra can be understood using the generalized
CF picture [6] and angular momenta addition rules. On a
sphere, the CF transformation introduces an effective
monopole strength 20" =20 — 2(K — 1) where K = N — 1
is the total number of free electrons and trions. The angular
momenta of constituent QP’s are fon = O, for = Q" + 1
and £z- = 0" — 1 (for Z7). Hence 20" =6, 7, and 8 for
frames (a)—(c) in Fig. 2.

The %~ is the dark ground state in frame (a) at
L=ty =0 —1=2. The 2" is found in frame (c) at
L = {4+ = 4. The allowed values of the angular momen-
tum of the pair of QH’s are given by 20" — j, where j is an
odd integer. Since 2Q* =22—-2(8 —1)=28 and {4 =
0" — 1 =3, the most strongly bound 2% has fxon =7
and L = {,qou — {2~ = 4. In frame (b) there is one Z~ with
ty-=5/2 and one QH with fou =7/2. The band
of ' =2~ + QH states extends from L =1 to 6. The
radiative ground state at L =0 is (approximately) a
multiplicative state, containing a k = 0 exciton only very
weakly coupled to the remaining K = 8 electrons. It opens
the band of ' =%~ + QH pair states [10], interpreted
earlier [11] as “dressed neutral exciton” resulting from the
interaction of the neutral exciton X with the magnetoron.

This can be understood in terms of the in-plane
dipole moment and its proportionality to the wave
vector k= L/R. The continuous dispersion of the %
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Fig. 2. Energy E as a function of angular momentum L for a e+
system in a LL shell with 20<20Q <22, and corresponding to a w = 20 nm
quantum well doped to electron concentration n =2 x 10''em=2, at
magnetic field B = 25T. Circle diameters give oscillator strengths 7=,
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Fig. 3. (a) Dispersion of the neutral quasiexciton (2~ — QH interaction
energy V' as a function of wave vector k; A = (hc/eB)"/ 2 is the magnetic
length) in a w =20nm quantum well doped to electron concentration
n=2x 10" cm™2, at magnetic field B = 25T. (b) Schematic behavior of
the PL spectrum, discontinuous around v = % due to emission from
different quasiexcitons.

(the 2~ — QH pseudopotential) at v = %, obtained by
extrapolation of data for N <10, is shown in Fig. 3(a).
Its energy and length scales are comparable to the
dispersion of X rescaled to account for the e — ¢ reduction
in effective charge.

The 2~ binding energies A* may be estimated by first
identifying in spectra the so-called multiplicative states (by
comparison with spectra of the ideal systems) and then
knowing that 2 =X at kK =0. These values were then
extrapolated to N — oo. The 2 and 2" binding energies
A% and A" were obtained in the same way and the V(0) =
A° equivalence was used to vertically shift dispersion curves
in Fig. 3(a).

Our estimates of the energies involved (GaAs,
w=20nm, n=2x 10" ecm™2, B=25T) are: eqn = 0.73,
egr = 1.05, A° =1.20, 4~ =0.52 and 4" =0.27 (meV).
They may be verified in a high-resolution PL experiment
and the A~ # 4" asymmetry is expected to make emission
energy discontinuous at v:%. PL spectra qualitatively
similar to our prediction in Fig. 3(b) have already been
observed [4,5].

The quasiexciton formation may be described by a
sequence of three processes: (i) trion binding: 2e +h — X,
(i) Laughlin correlation with surrounding electrons
X~ — &7, (i) QH capture ¥~ — & or Z*. Hence the
2™, % and 2 are in fact the same X~, the only difference
being their separation from the surrounding 2DEG. This was
confirmed by evaluating the e-/ pair-distribution function
d.,(r) for each of the three quasiexcitons and comparing them
with the pair-correlation function accurate for the triplet state
X~. Moreover, integration of [g,,(r) — 3] for each of the
quasiexcitons confirms the assigned total charge of —e/3, 0,
and +e/3 for the ~, &, and 2 respectively.

The second system we studied had the same density n but
a smaller w = 10 nm. The quasiexcitons now contain an X
whose binding energy depends on LL mixing. To simplify
our numerical diagonalization we reduced the highest
Haldane pseudopotential ¥y by 10%. This affects interac-
tions only within the trion and induces an accurate X
ground state in the lowest LL. It also yields the correct
pair-distribution functions g, and g,,, which determine the
coupling to the electrons.

The numerical results for the 8¢ + /& system calculated
with one reversed spin electron and the reduced V are
presented in Fig. 4. In contrast to the wider well, the low
lying states involve the bright X and are radiative.
Surprisingly, the (approximately) multiplicative states with
an Z (nearly) uncoupled from the additional QP form the
lowest bands at 20 = 17 and 19. The charged QX’s are
found to be excited states in these spectra (in the
calculation of L note that now {5 = Q).

The reason for such different behavior in the narrow well
seems to be the smaller size of the 2 compared to the 27 .
This increases the 27 — QH attraction compared to the
Z; —QH one. The energies obtained for the singlet
case (4° ~ Ay ~ 2meV) suggest that the Z, binds QH so
strongly that even in the absence of QH’s it spontaneously
creates a QE-QH pair and binds the QH. As a result, the
neutral Z is the most stable quasiexciton independent of
the presence of QE’s or QH’s. This precludes discontinuity
in PL atv= % in the 10 nm quantum well.

In summary, we have introduced novel many-
body excitonic states composed of fractionally charged
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Fig. 4. Same as Fig. 2, but for the 8¢ + & system with one spin-flip (7¢ 1
+1le ) in a LL shell with 17<20<19, and for w = 10nm (and same
n=2x10"cm 2 and B=25T).
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constituents, and have used them to study the behavior of
PL near a Laughlin incompressible filling factor. Our
model is supported by numerical diagonalization studies of
Ne + h systems (N < 10), and it gives reasonable qualitative
agreement with published experimental results.
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