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How to probe a fractionally charged quasihole?
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Abstract

We report an anomalous dispersion of charged excitons in photoluminescence experiments on a two-dimensional electron
gas subjected to a quantizing magnetic field around v = % We have found that the anomaly exists only at a very low
temperature (0.1 K) and an intermediate electron density (0.9 x 10'' em™2). It is explained to occur due to the perturbation
of the incompressible liquid at v = % The perturbation is induced by the close proximity of a localized charged exciton
which creates a fractionally charged quasihole in the liquid. The intriguing experimentally observed puzzle that the anomaly
can be destroyed by applying a small thermal energy of ~ 0.2 meV is thereby resolved, as this energy is enough to close

the quasihole energy gap. This work presents a probe of the quasihole gap in a quantum Hall system.
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Fractionally charged quasiholes are the low-lying
charged excitations of the incompressible liquid state
proposed by Laughlin [1-3]. In addition to the ground
state energy, the quasihole creation energy for the
state proposed by Laughlin is also known very accu-
rately [4]. The corresponding energy gap has been in-
vestigated experimentally (see for e.g. Ref. [5]) and
theoretically [3,6], and, several groups reported the
detection of fractionally charged objects in the edge
states of a two-dimensional electron system invoking
a chiral Luttinger liquid theory [7]. In this manuscript
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we show that the lowest-energy charged excitations,
the quasiholes, can been probed at v = % (the Laugh-
lin state) via photoluminescence (PL) spectroscopy of
charged excitons.

So far, PL experiments have been intensively used
to explore the highly correlated fractional quantum
Hall effect (FQHE) states (see e.g., Ref. [8]). The
presence of photoexcited holes is one of the striking
differences as compared to electron transport experi-
ments. This effect has been systematically studied in
recent years in particular in experiments on very di-
lute two-dimensional electron systems (2DESs) in the
density range ~ 10'° cm~2. Here the ground state is
formed by negatively charged excitons, a bound state
of two electrons and one hole. In a magnetic field, the
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two electrons can form either a singlet or a triplet state,
the excitons are then called singlet (X; ) or triplet
(X() excitons, respectively [9].

For samples with significant disorder and 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. The effect of the dis-
order potential is one of the crucial points in our ex-
periments. In experiments at very low temperatures
and in this density regime of a 2DES, so-called dark
triplet excitons were observed [10,11], which at high
magnetic fields exhibit a crossing with the X~ [12].
At higher densities (~ 10'' cm~2) and for very high
electron mobility, the Coulomb interaction between
electrons and holes is mostly screened. In this regime,
PL experiments have revealed a variety of interac-
tion effects in the FQHE states [8]. At the crossover
between these two regimes, interesting interaction re-
lated effects can be expected. Very recently, we re-
ported the observation of a strong energetic anomaly
of the charged excitons in samples with moderate elec-
tron mobility (1 ~ 10° cm?/Vs) in, what we call an
intermediate density range of about 1 x 10'' cm—2
[13]. Here we show that in this special parameter range
a uniform 2DES, which at filling factor v= % can form
a highly correlated incompressible liquid, and charged
excitons coexist. We propose that perturbation of that
liquid by a localized charged exciton leads to the cre-
ation 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-Aly3Gag7As single quantum wells
with carrier 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. Ex-
periments are performed via glass fibers in a dilution
cryostat at temperatures between 7 = 0.1 and 1.8 K
resolving circularly polarized light [11,13].

Fig. 1 displays series of PL spectra at low tem-
perature (7 = 0.1 K) for left- (¢—, Fig. 1(a)) and
right-circular (6+, Fig. 1(b)) polarizations. For v > 2,
i.e., if the lowest Landau level is completely occupied,
we find a nearly linear dispersion where Landau level
transitions between electrons and holes can be identi-
fied. 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,
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Fig. 1. PL spectra for (a) 0—, and (b) o+ polarizations for different
magnetic fields.
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Fig. 2. Plot of the PL mode positions in ¢— polarization versus
magnetic field for 7=0.1 K (solid symbols) and 7=1.3 K (open
symbols).

for v < 2 the well known charged excitons, the singlet
exciton Xg (in both polarizations) and the triplet exci-
ton X, (in o— polarization), appear. Such a crossover
from a 2DES to an excitonic system at v =2 is well
established in the literature [14]. However, around fill-
ing factor v = %, a relatively strong downshift in en-
ergy of the X~ is observed. This can be more clearly
seen in Fig. 2 where the magnetic field dispersions
of the observed modes is shown (solid symbols). The
open symbols in Fig. 2 mark the positions observed
on the same sample at 7= 1.3 K. Obviously, there the
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anomaly is not present, rather the usual charged exci-
tons, and, at very high fields, the neutral excitons (X°)
were observed. The most intriguing puzzle in this ex-
periment is that a thermal energy of about 0.2 meV is
sufficient to destroy an effect which is about 2 meV
(labeled as AE in Fig. 2). This rules out any trivial
localization effect of excitons [13]. It is clear that the
anomaly is closely related to the FQHE states. We
note that also transmission experiments [13] show the
same anomaly. From these results one can infer that
the anomaly is an intrinsic effect and is not caused by
localization of excitons.

Some important facts related to the anomaly are:
(a) Because of the low mobility and relatively low
density of the sample, excitons are expected to remain
localized. (b) The anomaly appears near % i.e., exci-
tons are near an incompressible liquid. (c¢) The most
intriguing observation is that a very small thermal en-
ergy (<2 meV) is required to destroy the anomaly.
(d) The anomaly does not appear near v = 1,2 and is
therefore an indication that the lowest-energy charged
excitations at v = %, the quasiholes are perhaps in-
volved in the process. The quasielectrons are predicted
to have higher energies [3].

In our explanation of the observed anomaly we as-
sume 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
atv= % Two of us recently investigated a system [16]
where a parabolic quantum dot (QD) [15] is coupled
(via the Coulomb force) to a 2DES whichisinav= %
Laughlin state. Electrons in the dot are confined by a
parabolic potential [15], Veont(x, y)=3 m* (x> + %),
where wy is the confinement potential strength and the
corresponding oscillator length is /g0, = (A/m*wg)"/.
Calculating the low-energy excitations of that quan-
tum dot-liquid system (a gd-liguid) we found that for
a single electron in the dot the physics is somewhat
similar to that of a point impurity in a v = % liquid
state investigated earlier [17]. In this case, the QD
emits a fractionally charged quasihole (e/3) that orbits
around the QD, as evidenced from the charge-density
calculations [16,17]. Here we propose that the ob-
served anomaly is related to the qd-liquid where the
QD contains a charged exciton. The QD in our model
of Ref. [16] represents a localized exciton (charged or
neutral) in the present case, and perturbs the incom-
pressible fluid due to its close proximity by creating
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Fig. 3. Energy (in units of Coulomb energy) versus the azimuthal
rotational quantum number M for an isolated quantum dot (x), a
two-dimensional electron liquid (<{>), and a qd-liquid (o). The QD
of the qd-liquid either contains (le, /) [in (a)], or (2e, /) [in (b)].

fractionally charged defects. Details on the formal as-
pects of our theory can be found in Ref. [16]. 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 /4o = 15 nm and the liquid-dot
separation d = 1.5/y. The QD contains either a pair of
electron and hole (e,h) (charge-neutral QD), or (2¢,h)
(charged QD). Fig. 3 shows the energy spectra for the
qd-liquid where the QD contains either (e,h) [in (a)]
or (2e,h) [in (b)]. In the figures, the energy spectra
of isolated dots (), an incompressible liquid at v= %
state ({>) and the binding energy of the QD to the in-
compressible liquid (o) are plotted for comparison.

From Fig. 3(a) we can see that 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.

Fig. 4 exhibits 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 incompressible 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 quasihole: The position
of the local minimum at different angular momenta
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Density distribution

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 v = % (for M = 0-3, as indicated in the figure)
corresponding to Fig. 3(b).

of the charge density correspond to the orbit radius
of the quasihole [17,16]. We have evaluated the quasi-
hole creation energy in a qd-liquid. For the Laughlin
state in a pure 2DES it is 0.0276 ¢?/¢ly [4]. For the
qd-liquid, the corresponding value is 0.32 meV and
is expected to decrease a little further with increasing
number of electrons in the system representing the in-
compressible liquid [6]. This result indicates that the
small thermal energy of about 0.2 meV required to de-
stroy the anomaly is in fact, the quasihole energy gap.

In conclusion, PL experiments on a 2DES subjected
to a quantizing magnetic field exhibit a significant low-
ering 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 quasi-
hole in the liquid.
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