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We study spatially indirect excitons of GaAs quantum wells, confined in a 10 μm electrostatic trap. Below
a critical temperature of about 1 K, we detect macroscopic spatial coherence and quantized vortices in the
weak photoluminescence emitted from the trap. These quantum signatures are restricted to a narrow range of
density, in a dilute regime. They manifest the formation of a four-component superfluid, made by a low
population of optically bright excitons coherently coupled to a dominant fraction of optically dark excitons.
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Massive bosonic particles realize a rich variety of collec-
tive quantum phenomena where their underlying fermionic
structure is nevertheless hardly observed [1,2]. For example,
Bose-Einstein condensation of atomic gases is generally
understood by neglecting the atoms fermionic nature.
Semiconductor excitons, i.e., Coulomb-bound electron-hole
pairs, constitute a class of composite bosons which contrasts
with this behavior. Indeed, Combescot and co-workers have
predicted that the fermionic structure of excitons leads to a
multicomponent condensate, with optically active and inac-
tive parts that are coherently coupled through electron and/or
hole exchanges between excitons [3–5].
Widely studied GaAs quantum wells provide an inter-

esting playground to demonstrate the predictions made by
Combescot and co-workers, and then possibly conclude a
fifty-year long quest for Bose-Einstein condensation of
excitons [6–9]. Indeed, in GaAs quantum wells lowest
energy excitonic states exhibit a total “spin” (�1) or (�2).
These states are then optically active and inactive, respec-
tively, dark states lying at the lowest energy. Neglecting
exciton-exciton interactions, Bose-Einstein condensation
then leads to a macroscopic occupation of dark states so
that the condensate is completely inactive optically [3].
Beyond a critical density, however, exciton-exciton inter-
actions can dress the many-body ground state. Fermion
exchanges then become crucial because they can coherently
convert opposite spin dark excitons into opposite spin
bright ones [10]. Thus, a small bright component is
possibly introduced coherently into the dark condensate
[4,5]. This results in a four-component many-body phase,
which is gray, i.e., poorly active optically but possibly
signaled by its weak photoluminescence coherent with the
hidden dark part.
The dominantly dark nature of excitonic condensation

manifests directly a high-temperature quantum phase tran-
sition. Indeed, in wide GaAs quantum wells the energy

splitting between bright and dark states is of the order of
μeV [11], i.e., small compared to the thermal energy (∼2kB)
at the condensation threshold [12]. As a result, a macro-
scopic population of dark excitons violates classical expect-
ations. This point of view has long been overlooked by
research of a condensate of bright excitons [8,13–15], until
recent works have instead pointed out experimentally the
role played by dark states below a few Kelvin. These
studies were realized with long-lived spatially indirect
excitons [16,17], engineered by enforcing a spatial sepa-
ration between electrons and holes, for instance, by con-
fining them in two adjacent GaAs quantum wells. Thus, a
darkening of the photoluminescence has been reported
below a few Kelvin [18]. Macroscopic spatial coherence
of an anomalously dark gas has also been observed at
sub-Kelvin temperatures [19].
Very recently, we have reported an important step towards

unambiguous signatures for the dark state condensation of
GaAs excitons [20]. Precisely, we have shown that indirect
excitons can be confined in a 10 μm electrostatic trap and
studied at controlled densities and temperatures, in a regime
of vanishingly small inhomogeneous broadening. This
degree of control, never achieved before to the best of
our knowledge, is necessary to evaluate the occupation of
bright and dark states free from experimental uncertainties.
Thus, we have shown unambiguously that the photolumi-
nescence emission quenches below a critical temperature of
about 1K,when∼104 indirect excitons are trapped [20]. The
quenching was interpreted as the manifestation for the dark
state condensation; however, the exact nature of the quantum
phase remained inaccessible to these experiments relying on
photoluminescence spectroscopy.
In this Letter, we report time and spatially resolved

interferometry of the photoluminescence emitted by indi-
rect excitons confined in a 10 μm trap, down to the regime
of photoluminescence quenching. Below a critical
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temperature of about 1 K, we demonstrate macroscopic

spatial coherence and quantized vortices restricted to a
small range of excitonic density, precisely in a dilute regime
when 104 − 2 × 104 excitons are confined in the trap. These
superfluid signatures emerge for a population of bright
excitons about 3 times smaller than the one of dark
excitons. Our findings thus evidence quantitatively the
theoretically predicted gray condensation of indirect exci-
tons [4]. This shows that bilayer GaAs heterostructures,
either studied by photoluminescence [23–28] or transport
techniques [29–32], open a versatile platform to develop
quantum control in semiconductors.
As illustrated in Fig. 1(a), our experiments rely on a

100 ns long laser pulse that loads indirect excitons in a
shallow electrostatic trap. The latter is realized by control-
ling the electric field in the plane of two 8 nm GaAs
quantum wells, where photoinjected electrons and holes are

confined (quantum wells being separated by a 4 nm
AlGaAs barrier—see Supplemental Material [12] for more
details). In the following, we emphasize the photolumi-
nescence reemitted between 150 and 200 ns after extinction
of the loading laser pulse. This delay range corresponds to
about twice the indirect excitons optical lifetime [12].
During this time interval, the trapped gas is dilute and
we estimate that the total number of excitons decreases
from about 2 × 104 to 104 [21,22]. Thus, we detect
spectroscopically a highly nonclassical population of opti-
cally dark indirect excitons at sub-Kelvin bath temperatures
[12,20]. At the same time, the photoluminescence emitted
at the center of the trap is homogeneously broadened (see
Fig. S1 of the Supplemental Material [12]).
In Fig. 1(b) we show the spatial profile of the photo-

luminescence emitted when ∼2 × 104 excitons are trapped
at a bath temperature Tb ¼ 330 mK. We strikingly note a
very inhomogeneous intensity distribution, a dark spot
being identified at the centre of the image, i.e., at the
minimum of the trapping potential where the photolumi-
nescence intensity is nevertheless the largest. At the
center of the dark spot we observe a 50% loss of intensity
[Figs. 1(c)–1(d)] corresponding to a twofold decrease of the
population of bright excitons. This variation marks a
deviation of ∼5σ of the photoluminescence signal which
is not interpretable in terms of intensity fluctuations.
In our experiments, the unambiguous detection of dark

spots, as in Fig. 1(b), requires precise experimental settings.
It is mostly achieved around the center of the trap, at sub-
Kelvin bath temperatures and for less than about 4 × 104

confined excitons, that is later than 120 ns after extinction
of the loading pulse. Experimentally, a statistically unam-
biguous detection of dark spots resumes to a tradeoff
between the signal to noise ratio and the number of
individual realizations that we average, that is the acquis-
ition time. The latter can not exceed about 10 s, because at
Tb ¼ 330 mK dark spots emerge at uncorrelated positions
during unchanged experimental settings. This behavior is
signaled by comparing the emission profiles shown in
Figs. 1(b) and 1(e). Both were recorded successively and in
the same conditions, nevertheless they exhibit intensity
losses localized at distinct positions in the central region of
the trap.
We interpret the dark spots in the photoluminescence as a

direct manifestation for the disorder of our electrostatic
confinement. In Ref. [20] we have already highlighted that
the trapping potential fluctuates during our experiments.
The level of electrostatic disorder is such that it leads to
stochastic variations of the photoluminescence spectral
width, from ∼300 μeV to ∼1 meV and within a time scale
of a few seconds at Tb ¼ 330 mK. However, the electro-
static disorder can be turned into an advantage to signal
quantum fingerprints for the regime of photoluminescence
quenching [20]. Indeed, defects of the confining potential
are energetically favorable positions to localize quantized
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FIG. 1. (a) A 100 ns long loading laser pulse injects indirect
excitons in a 10 μm electrostatic trap. The reemitted photo-
luminescence is analyzed in a 5 ns long detection window, at a
variable delay to the end of the loading pulse, the sequence being
repeated at 1.5 MHz for 10–20 s typical acquisition times. (b)–(e)
Photoluminescence emitted from the trap, at Tb ¼ 330 mK, and
for a delay of 150 ns so that the number of trapped excitons is
∼2 × 104. Horizontal and vertical dashed lines highlight posi-
tions where we observe about 50% intensity loss along both the
horizontal and vertical axis. This is shown by the profiles in
(c)–(d) and (f)–(g) for the images shown in (b) and (e), respectively.
Measurements have all been acquired successively for identical
experimental settings, the acquisition time being 10 s.
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vortices and thus reveal a superfluid behavior. Vortices
could then remain pinned in the trapping potential, the only
situation to actually detect them by our experiments which
rely on averaging ∼107 single-shot images during 10 s.
To assess whether dark spots detected at the center of the

trap can manifest quantized vortices pinned by electrostatic
disorder, we analyzed the spatial coherence of the photo-
luminescence with a Mach-Zehnder interferometer. The
interferometer is stabilized with a vanishing path length
difference between its two arms, one of which horizontally
displaces its output by 2 μm compared to the other arm
[19], i.e., by 10 times the thermal wavelength of excitons at
our lowest bath temperature. Because of a vertical tilt angle
deliberately introduced between the two arms, a condensate
with complete long-range order leads to horizontally
aligned interference fringes [Fig. 2(a)]. A vortex pinned
around the center of such a condensate then appears
through the inclusion of a “ring” in the central bright
fringe, as shown in Fig. 2(b). This pattern is understood by
noting that on each side of the ring the vortex and its shifted
image interfere with 2 μm distant regions where the phase
is well defined. Forklike dislocations are thus created at
these two locations since the phase of the wave function
winds by 2π around the core of a vortex [1,2]. The
superposition of the two mirrored and shifted forks leads

then to the ring shown in Fig. 2(b), making this interference
pattern topologically recognizable.
Figure 2(c) shows an interference pattern measured in the

same conditions as for the experiments of Fig. 1(b).
Remarkably, this observation agrees quantitatively with
the simulation for a condensate having one quantized
vortex pinned at the center of the trap. This is shown in
Figs. 2(d)–2(f) where the interference profiles taken at the
center of the ring (e) and on its left and right, (d) and (f),
respectively, are reproduced by modulating the photolumi-
nescence intensity profile with 23% interference visibility.
The contrast providing the fraction of bright excitons in the
superfluid phase [33], we deduce that about one third of
bright excitons evolve in a quantum condensed state for
these experiments. Let us then stress that the results shown in
Fig. 2(c) are obtained by postselecting a particular realiza-
tion out of successive acquisitions, measured all under the
same conditions. Such a postselection is necessary because
our studies suffer from electrostatic fluctuations. In fact, it is
only for a particular confinement landscape that an indi-
vidual vortex is possibly revealed, as in Fig. 2(c). The
electrostatic trapping potential has to be sufficiently regular
for a superfluid to possibly form, and exhibit a defect
capable to localize a single vortex around the center of trap,
the position of this defect being stable all along the
measurement time.
Without varying experimental conditions we also studied

the evolution of quantum coherence while the exciton
density varies in the trap. This is directly achieved by
changing at the detection the delay to the end of the loading
laser pulse [Fig. 1(a)]. To reach conclusions that are not
limited by potential fluctuations during our measurements,
we successively recorded a set of 20 interference patterns,
every 10 ns after the loading pulse. Figure 3(a) shows that
for delays shorter than 150 ns, i.e., when the trap confines
more than about 2 × 104 indirect excitons, interference
fringes are not resolved in the photoluminescence. By
contrast, from 150 to 200 ns after optical loading, i.e., when
the population of excitons in the trap decreases from
2 × 104 to 104, Figs. 3(b), 3(c) show that bright excitons
exhibit macroscopic spatial coherence: interference fringes
are clearly resolved in patterns that cover the center of the
trap, i.e., an approximately 5 × 5 μm2 region. At longer
delays (≳200 ns), however, interference fringes are not
detected clearly in our experiments.
The absence of interference pattern when the trap

confines less than about 104 excitons is not very surprising.
Indeed, in this regime repulsive interactions between
excitons yield a low mean-field energy, of the order of
potential fluctuations (∼500 μeV [20]). The trapped gas is
then probably too dilute to establish long-range coherence
by screening electrostatic disorder [34]. On the other hand,
it is more surprising that quantum coherence is not
observed beyond a maximum of about 2 × 104 particles
in the trap. Yet, this limit lies well in the dilute regime

(a) (b) (c)

(d) (e) (f)

FIG. 2. Simulation of the interference pattern for a condensate
with complete long-range order in the trap (a), and for a
condensate constraining one quantized vortex at the center of
the trap (b). Two phase singularities are observed in the latter
case, on each side of a ring-shaped interference fringe. (c) Inter-
ference pattern measured when ∼2 × 104 excitons are confined in
the trap at Tb ¼ 330 mK. These experiments were realized in the
same conditions as for the measurements shown in Fig. 1(b).
(d)–(f) Red points show the interference profiles measured, as
highlighted in (b), at the center of the ring (e), on its left (d) and
right (f). The solid blue lines display the patterns simulated by
modulating the profile of the photoluminescence intensity with an
interference visibility equal to 23%, the interference contrast
possibly varying from ∼12% to 45% in our studies.
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which excludes the role of exciton ionization. However,
excitons may already suffer from a too large deviation to
ideal bosons beyond this range of density [35]. Also, one
cannot exclude that beyond 2 × 104 particles in the trap the
strong dipolar interactions between excitons already lead to
correlations which challenge the emergence of a collective
quantum phase.
Last, we studied the dependence of the interference

contrast as a function of the bath temperature. Let us restrict
ourselves to the relevant range of delays to the loading laser
pulse (150 to 200 ns). For the shortest delay, i.e., for
∼2 × 104 indirect excitons in the trap, Fig. 4(a) shows that
the photoluminescence exhibits long range order at the
center of the trap, up to a critical temperature Tc ≈ 1.3 K.
The interference visibility, i.e., the fraction of bright
excitons contributing to the superfluid, follows well the
theoretical scaling proportional to 1 − ðTb=TcÞ2 for two-
dimensional particles in a trap [36]. Furthermore, Fig. 4(b)
shows that Tc ∼ 1 K when the density is decreased by
around twofold, i.e., at a delay of 200 ns after the loading
pulse. This decrease of Tc is expected [36]; however,
quantitative conclusions are difficult to raise since our
experiments are limited by the weak photoluminescence
intensity. As underlined in Fig. 4, our measurements suffer
from a signal-to-noise ratio of less than 10, which leads to a
minimum threshold for our interferometric detection of

about 12%. Experiments displaying no evidence of spatial
interference are then assigned 12% visibility.
Although quantum signatures are detected in the photo-

luminescence emitted by bright exciton states, crude
estimations show that their occupation is too small to
allow for a bright condensate independent from the under-
lying dominant population of optically dark excitons.
Indeed, out of ∼104 excitons confined at Tb ¼ 330 mK,
about 3=4 populate dark states [12]. By only considering
the remaining fraction of bright excitons, the critical
temperature for quantum degeneracy would be less than
∼300 mK [12]. A fragmented condensate of bright exci-
tons would then contradict our experiments which, as
shown in Fig. 4, reveal quantum coherence up to 1.3 K,
as expected for a few 104 excitons in the trap. Considering
limiting factors, such as the strength of electrostatic
disorder, it is actually excluded that such a low density
of bright indirect excitons possibly condenses alone [34].
This leads us to conclude that dark and bright states are
coherently coupled in our experiments, leading to the
theoretically predicted four-component superfluid of indi-
rect excitons [4].
Finally, let us note that experiments with cold atomic

gases have recently explored the superfluid quantum phase
transition, by cooling a Bose gas at a variable rate. It was
hence verified that the size of superfluid domains formed at
the critical point decreases with the quenching rate [37,38],
as prescribed by the Kibble-Zurek mechanism [39].
Here, we had to follow the opposite approach, because
the bath temperature can be kept constant while the exciton
density necessarily decreases slowly, due to radiative
recombination. Thus, we observe that an initially dense
gas, showing no evidence of long-range coherence,
abruptly becomes superfluid below a critical density of a
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FIG. 4. Interference contrast measured at the center trap as a
function of the bath temperature Tb. In (a) we show the visibilities
measured in the regime where 2 × 104 excitons occupy the trap,
while the number of excitons is reduced to 104 for the measure-
ments shown in (b). Solid blue lines show the theoretically
expected 1 − ðT=TcÞ2 scaling of the condensate fraction, with
Tc ∼ 1.3 and 1 K for (a) and (b), respectively. In (a)–(b) the gray
region marks the sensibility of our interferometric detection, i.e.,
the level fixed by the signal-to-noise ratio at the detection.

(a) (b) (c)

(d) (e) (f)

FIG. 3. (a)–(c) Interference patterns measured for a decreasing
exciton density in the trap at Tb ¼ 330 mK, 120 (a), 150 (b), and
200 ns (c) after extinction of the loading laser pulse. We estimate
that the total number of excitons is about 4 × 104, 2 × 104, and
104, respectively, the drawings on top illustrating the filling of the
trap. The panels (d) to (f) show the corresponding interference
profiles evaluated at the center of the trap (between the dashed
lines). While in (d) our experiments do not reveal any interfer-
ence, in (e) and (f) the interference visibility is 25% and 18%,
respectively. Red points show experimental results and the blue
lines the simulation obtained by modulating the intensity profile
with the aforementioned visibilities.
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few 1010 cm−2 at sub-Kelvin temperatures. In this regime,
quantum signatures are resolved in the coherent photo-
luminescence radiated by the four-component and mostly
dark condensate of excitons. Interestingly, this behavior is
restricted for a narrow range of densities only.
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