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Optical Probing of a Fractionally Charged Quasihole in an Incompressible Liquid

C. Schiiller, K.-B. Broocks, P. Schroter, Ch. Heyn, and D. Heitmann
Institut fiir Angewandte Physik und Zentrum fiir Mikrostrukturforschung, Universitdt Hamburg, D-20355 Hamburg, Germany

M. Bichler' and W. Wegscheider2

Walter-Schottky-Institut der TU Miinchen, Am Coulombwall, D-85748 Garching, Germany
2Institut fiir Experimentelle und Angewandte Physik, Universitiit Regensburg, D-93040 Regensburg, Germany

Tapash Chakraborty3 and V. M. Apalkov4

3Institute of Mathematical Sciences, Chennai 600113, India
*Physics Department, University of Utah, Salt Lake City, Utah 84112-0830, USA
(Received 3 February 2003; published 11 September 2003; publisher error corrected 18 September 2003)

In photoluminescence spectroscopy of a low-mobility two-dimensional electron gas subjected to
a quantizing magnetic field, we observe an anomaly around v = 5 at a very low temperature (0.1 K)
and an intermediate electron density (0.9 X 10'! cm™2). The anomaly is explained as due to perturba-
tion of the incompressible liquid at the Laughlin state due to close proximity of a localized charged
exciton which creates a fractionally charged quasihole in the liquid. The anomaly of ~2 meV can
be destroyed by applying a small thermal energy of ~0.2 meV that is enough to close the quasihole

energy gap.
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A fractionally charged quasihole in a bulk incompress-
ible liquid state, though elusive to a direct probe as yet,
has been an important outcome of Laughlin’s celebrated
theory of the fractional quantum Hall effect (FQHE) at%
filling of the lowest Landau level [1-3]. These low-lying
charged excitations are a fundamental consequence of the
incompressible nature of the ground state—the liquid
state proposed by Laughlin. In addition to the ground
state energy, the quasihole creation energy for the state
proposed by Laughlin is also known very accurately [4].
The energy gap for a well-separated quasiparticle-
quasihole pair has been derived from low-temperature
measurements [5] and theoretically investigated by
many authors [3,6]. A few years ago, several groups
reported their successful attempts to detect the existence
of fractionally charged objects in the edge states of a two-
dimensional electron system (2DES) invoking a chiral
Luttinger liquid theory [7]. In this Letter, we report that
the lowest-energy charged excitations, the quasiholes,
have been probed in an incompressible liquid at v =%
(the Laughlin state) via optical spectroscopy to be de-
scribed below.

Photoluminescence (PL) experiments have proven to
be an important tool for exploring the highly correlated
FQHE states [8]. In these experiments, electron-hole pairs
are photoexcited by a laser and they may form excitons.
The presence of photoexcited holes is one of the striking
differences compared to electron transport experiments.
The role of the Coulomb interaction between electrons
and holes in optical experiments has been explored in
recent years, in particular, in experiments on very dilute
2DES, in the density range ~10'° cm™2. Here, it was
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found that the ground state is formed by negatively
charged excitons, a bound state of two electrons and
one hole. In a magnetic field, the two electrons can
form either a singlet or a triplet state; the excitons are
then called singlet (X; ) or triplet (X; ) excitons, respec-
tively (see, e.g., [9-16]). For samples with significant
disorder, the commonly accepted picture is that at low
density the 2DES breaks up into areas with finite density
(electron puddles) and completely depleted regions. In the
completely depleted regions, neutral excitons (X°) can be
excited. As will be shown below, the effect of the disorder
potential is one of the crucial points in our experiments.
In experiments at very low temperatures and in this
density regime of a 2DES, so called dark triplet excitons
were observed [17,18], which at high magnetic fields
exhibit a crossing with the X; [19]. On the other hand,
at densities in the range ~10'' cm™2, in samples with
very high electron mobility where disorder plays only a
minor role the Coulomb interaction between electrons and
holes is mostly screened. In this regime, PL experiments
revealed a variety of interaction effects of electrons in
FQHE states [8]. Naturally, the crossover between these
two regimes should reveal interesting interaction related
effects. Very recently, we reported the observation of
a strong energetic anomaly of the charged excitons
in samples with moderate electron mobility (u ~
10° cm?/Vs) in what we call an intermediate density
range of about 1 X 10! cm™2 [20]. Here we show that
in this special parameter range a uniform 2DES, which at
filling factor » = 5 can form a highly correlated incom-
pressible liquid, and charged excitons coexist. We propose
that perturbation of that liquid by a localized charged
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FIG. 1. Left-circularly polarized photoluminescence spectra
for a carrier density of 9 X 10'° cm™2 and a magnetic field
of B=10.6T, corresponding to v = % at temperatures 0.1

and 1.3 K.

exciton leads to the creation of a fractionally charged
quasihole in the liquid which can account for the observed
anomaly.

The investigated samples are one-sided doped 25 nm-
wide GaAs-Aly;Gay;As single quantum wells with car-
rier densities around 2 X 10'! cm™~2 under illumination.
Via external gates the carrier density can be tuned down
to the range ~10' cm™2. Experiments are performed via
glass fibers in a dilution cryostat at temperatures between
T =0.1 Kand T = 1.8 K resolving circularly polarized
light [18,20].

Let us first discuss the salient points of the experimen-
tal observations. Figure 1 shows two PL spectra obtained
on the same sample at a density of n = 9 X 10'© cm™2
and a magnetic field of B = 10.6 T, which corresponds
roughly to a filling factor of v = % Note that the only
difference between the two spectra is the temperature. For
the gray-shaded spectrum in Fig. 1 the temperature was
T = 1.3 K, while for the other spectrum it was 7 =
0.1 K. At T = 1.3 K, one can identify the well-known
charged excitons X; and X; and the neutral exciton X°.
Obviously, at very low temperatures there is only a single
line which is strongly redshifted [21]. Figure 2 displays
the experimentally determined magnetic-field disper-
sions of the observed PL lines. For v > 2, ie., if the
lowest Landau level is completely occupied, we find a
nearly linear dispersion where Landau level transitions
between electrons and holes can be identified. This shows
that in this range of filling factors the system behaves like
a uniform 2DES where excitonic effects are not well
pronounced. On the other hand, for » < 2 the well-known
charged excitons appear at high temperatures (7' = 1.8 K,
open symbols in Fig. 2). Such a crossover from a 2DES to
an excitonic system at ¥ = 2 is well established in the
literature [22]. However, at T = 0.1 K (solid symbols in
Fig. 2), a strong anomaly of the X occurs in the vicinity
of v = 3 (cf. also Fig. 1). Further, the triplet exciton X,
also seems to show this anomaly for B = 6-9 T (solid
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FIG. 2. Positions of left-circularly polarized PL lines versus
magnetic field for a density of 0.9 X 10! cm~2 and tempera-
tures 0.1 K (solid symbols) and 1.8 K (open symbols).

triangles in Fig. 2). The inset of Fig. 2 shows the experi-
mentally determined anomaly AE versus the magnetic
field. The most striking result here is that a thermal
energy of ~2 K (~ 0.2 meV) is sufficient to completely
destroy the anomaly which has a strength of about 2 meV.
This rules out any trivial localization effect of excitons
as also supported by transmission experiments reported
earlier [20].

It is clear that the anomaly is closely related to the
FQHE states. Variations in PL intensity for the X and
X, states at » =1 and 1 FQHE states were observed
earlier [23] and were attributed to a large reduction of
electron-hole screening at these filling factors. However,
those experiments were reported for very-high-mobility
(>3 X 10% cm?/V's) modulation-doped single hetero-
junctions, and measurements were performed at a higher
temperature (7 = 1.5 K) and no anomaly was observed in
the energy.

In order to explain the anomaly around v = % we first
collect a few relevant facts from the experiment: (i) The
anomaly is not seen at higher electron densities where no
charged excitons but usual electrons exist, and it is also
not seen for lower electron densities where exclusively
charged excitons are present [18]. Also for higher mobil-
ity samples ( ~ 5 X 10° cm?/V s, not shown here) it is not
present. Because of the low mobility and relatively low
density of the sample, excitons are expected to remain
localized. (ii) The anomaly appears near %, ie., excitons
are near an incompressible liquid [24]. (iii)) The most
intriguing observation is that a very small thermal energy
(¥ 2 meV) is required to destroy the anomaly. (iv) The
anomaly does not appear near » = 1, 2 and is therefore an
indication that the lowest-energy charged excitations at
v= % the quasiholes (for reasons to be discussed below),
are perhaps involved in the process. The quasielectrons
are predicted to have higher energies [3].

In our explanation of the observed anomaly, we pro-
pose that as a result of potential fluctuations due to
impurities in the system, excitons remain localized but
they are in close proximity to the incompressible liquid at
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v = 1. Two of us recently investigated a system where a
parabohc quantum dot (QD) [25] is coupled (via the
Coulomb force only) to a 2DES which is in a » 2%
Laughlin state [26]. Electrons in the dot are confined by
a parabolic potential [25], Veonr(x, y) = s m* 03 (x> + y?),
where w, is the confinement potential strength and the
corresponding oscillator length is Iy, = (fi/m*wg)"/>.
Calculating the low-energy excitations of that dot-liquid
system (a QD liquid) we found that in the case of a single
electron in the dot the physics is somewhat similar to that
of a point impurity in a » = § liquid state investigated
earlier [27]. In this case, the QD emits a fractionally
charged quasihole (e/3) that orbits around the QD, as
evidenced from the charge-density calculations [26,27].
Here we propose that the observed anomaly is related to
the QD liquid where the QD contains a charged exciton.

The QD in our model of Ref. [26] plays the role of a
localized exciton (charged or neutral) in the present case
and perturbs the incompressible fluid due to its close
proximity by creating fractionally charged defects.
Details on the formal aspects of our theory can be found
in Ref. [26]. We model the incompressible state at v = %
filling using the spherical geometry [6] for six electrons.
Electrons are treated as spinless particles corresponding
to the state described by the Laughlin wave function [1].
We consider the QD size /4, = 15 nm and the liquid-dot
separation a = 1.5/,. The energy gaps for smaller dots are
usually larger than the energy gap of the incompressible
liquid and therefore do not have much influence on the
liquid. The QD contains either a pair of electron and hole
(e, h) (charge-neutral QD), or 2e, h (charged QD). We
have also considered the case of the QD liquid containing
one free quasihole (by adding one flux quantum to the
liquid ground state). In Fig. 3, we show the energy spectra
(in units of Coulomb energy, e?/el,, where € is the back-
ground dielectric constant) for the QD liquid where the
QD contains either (e, /) [in Figs. 3(a) and 3(c)] or (2e, h)
[in Figs. 3(b) and 3(d)]. In the figures, the energy spectra
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FIG. 3.

Energy (in units of Coulomb energy) versus the azi-
muthal rotational quantum number M for an isolated quantum
dot (*), a two-dimensional electron liquid (<), and a QD
liquid (O). The QD of the QD liquid either contains (1e, &) [in
(a) and (¢)], or (2¢, h) [in (b) and (d)]. In (¢) and (d) the QD
liquid also contains a free quasihole.
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of isolated dots (*), an incompressible liquid at v =%
state (<>), and the binding energy of the QD to the
incompressible liquid (O) are plotted for comparison. In
Figs. 3(c) and 3(d), the QD liquid also contains a free
quasihole.

Clearly, for a charge-neutral dot there is no dispersion
of the energy as a function of M, and most importantly,
the incompressible liquid is not influenced by the dot at
all. On the other hand, the energy of the QD liquid is
significantly lowered for a charged QD, as compared to
the isolated QD or the incompressible liquid without the
dot [Fig. 3(b)]. This is in line with the experimental
observation where only the charged excitons show the
anomaly by lowering the energy. Interestingly, the bind-
ing energy of the QD to the liquid increases when the QD
liquid contains a free quasihole [Fig. 3(d)]. This might
explain the spread of the anomaly near v = %

In Fig. 4, we plot the electron density distribution in the
liquid (L) and in the dot (QD) for the lowest states and for
a given angular momentum of the QD-liquid system. The
electron (or hole) system in the dot is close to the ground
state of an isolated dot, i.e., the influence of the incom-
pressible liquid on it is very small. On the other hand, the
low-lying excited states of the QD liquid can be described
by the process of ionization as emission of a fractionally
charged quasihole: The position of the local minimum at
different angular momenta of the charge density corre-
spond to the orbit radius of the quasihole [26,27]. In order
to make the connection of quasiholes with the anomaly
more direct, we have also evaluated the quasihole crea-
tion energy. For the Laughlin state it is 0.0276 ¢? /€l [4].

0.8

Density distribution

0.4

0.0

FIG. 4. Charge-density profile of the ground state and low-
lying excitations of electrons in the dot (QD) and the liquid (L)
of a QD liquid at » = 3 (for M = 0-3, as indicated in the figure)
corresponding to Fig. 3(b). The density distribution in the case
where the QD liquid contains a free quasihole [Fig. 3(d)] is
shown in (b).
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In the spherical geometry the six-electron result of the
incompressible state at » =1 is 0.034 e?/el, [6]
(~ 0.5 meV). For the QD liquid, the corresponding value
is much lower (0.32 meV) and is expected to decrease a
little further with an increasing number of electrons in
the system representing the incompressible liquid. This
result indicates that the small thermal energy of about
0.2 meV required to destroy the anomaly is, in fact, the
quasihole energy gap.

Another interesting possible explanation for our ex-
perimental finding would be the binding of one or more
Laughlin quasiholes to a nonlocalized charged exciton.
This was considered in extensive numerical calculations
of the energy spectra of a 2DES in the FQHE state
interacting with a valence band hole confined to a parallel
2D layer by Wojs et al. [15]. In these calculations, the
binding energy of the charged exciton-quasihole complex
depends on the ratio d/I,, where d is the separation of
electrons and the hole in the charged exciton. For a stable
complex, a ratio d/l, = 0.25 was found in Ref. [15] to
achieve a binding energy comparable to our experimental
value of the anomaly (= 2 meV). By comparing our
experimental binding energy of the X, (see Fig. 2) to
calculations of Szlufarska er al. [28], we find, however, a
ratio d/l, <0.1 for our situation. So, nonlocalized
charged excitons would most likely not explain the ob-
served anomaly. It would be interesting to extend our
work at other fundamental filling factors (such as v =
%,%) which are unfortunately out of our experimental
possibilities so far. However this should be considered
for future work.

To summarize: PL experiments on a 2DES subjected to
a quantizing magnetic field exhibit a significant lowering
of exciton energies at and around v = % This is explained
as due to perturbation of the incompressible liquid at
v =% by a localized charged exciton which results in
the creation of a fractionally charged quasihole in the
liquid. Application of a small thermal energy closes
the quasihole gap and therefore the incompressibility of
the liquid disappears and so does the anomaly.
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