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ABSTRACT: The possible phases and the nanoscale particle correlations of two-
dimensional interacting dipolar particles is a long-sought problem in many-body physics.
Here we observe a spontaneous condensation of trapped two-dimensional dipolar
excitons with internal spin degrees of freedom from an interacting gas into a high
density, closely packed liquid state made mostly of dark dipoles. Another phase
transition, into a bright, highly repulsive plasma, is observed at even higher excitation
powers. The dark liquid state is formed below a critical temperature Tc ≈ 4.8 K, and it is
manifested by a clear spontaneous spatial condensation to a smaller and denser cloud,
suggesting an attractive part to the interaction which goes beyond the purely repulsive
dipole−dipole forces. Contributions from quantum mechanical fluctuations are
expected to be significant in this strongly correlated, long living dark liquid. This is a new example of a two-dimensional
atomic-like interacting dipolar liquid, but where the coupling of light to its internal spin degrees of freedom plays a crucial role in
the dynamical formation and the nature of resulting condensed dark ground state.
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Cold two-dimensional dipolar gases are an intriguing and
theoretically challenging example of many-body interact-

ing quantum fluids. Theoretical attempts to understand the
phases and the nanoscaled spatial correlations of such dipolar
fluids revealed a very rich behavior, with predictions of several
exotic quantum and classical phases and correlation regimes1−7

that are absent in weakly interacting Bose gases. These
predictions sparked intensive experimental efforts in both
atomic and molecular systems,8−12 as well as in two-
dimensional (2D) dipolar excitons in semiconductor bilayer
systems (also known as indirect excitons, IXs).13−16 These IXs
are composed of coulomb-bounded, yet spatially separated
electron−hole pairs in an electrically biased semiconductor
double quantum well (DQW) structure.17,18 Recent theoretical
analysis of the correlations in such a dipolar IX system predicts
that in a very large range of densities the onset of quantum
degeneracy is accompanied by the set-in of multiparticle
interactions and correlations, so that dipolar IXs should behave
as a strongly interacting liquid rather than as a weakly
interacting Bose−Einstein condensate (BEC).5,6 What makes
this IX system even more unique is the additional internal spin
degrees of freedom of excitons in GaAs-based DQWs, allowing
to explore the effect of spin on quantum correlations. The IX
can be found in four different spin states, namely, S = ±1, ±2.
The IXs with S = ±1 are optically active and are named
“bright”, while the ones with S = ± 2 are optically inactive and
are named “dark”.19 These dark IXs thus have a much longer
lifetime. Due to spin-dependent exchange interaction between
electrons and holes, the dark IXs are slightly lower in energy
than the bright IXs,20 and therefore, it was predicted that the
ground state of dipolar exciton fluid is dark and that a

macroscopic phase transition to a dark BEC should be
observed.21

From the theoretical point of view, the different possible
phases due to the interplay of only dipolar interactions and
quantum degeneracy have been mapped.6 However it seems
that the picture is still incomplete, as no theory takes into
account both dipolar interactions and the internal spin degrees
of freedom to predict the origin and nature of the ground state
of the IX fluid. On the experimental side, there are reports on
the onset of coherent phenomena expected from a quantum
degenerate dilute gas of bright IXs,14,22−24 but other works
show experimental evidence for a formation of a highly
correlated interacting fluid15, a classical exciton liquid25 and of a
notable spontaneous darkening of a correlated dipolar exciton
fluid below a certain temperature.15,2425 It is therefore an open
challenge to fully and unambiguously determine the formation
mechanism and properties of the low temperature highly
correlated collective dipolar state. Can the combination of the
strong dipolar interactions and quantum degeneracy, together
with the very long lifetime of the dark particles lead to a long-
lived, dark quantum dipolar liquid?
In this letter we report on the first observation of a

spontaneous gas−liquid-plasma transitions of a trapped IX
cloud at low temperatures and show that the liquid phase is
made up of mostly condensed dark particles and that it has the
characteristic parameter range of a closely packed quantum
liquid, and the underlying physics probably does not result
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from purely dipolar forces, but from more complex interactions
at high densities, which have to do with short-range interactions
due to internal spin degrees of freedom.
Results and Discussion. To have a well-defined and highly

controlled system, we trap a cloud of IXs, optically excited in a
GaAs based DQW structure under an electrostatic trap gate,26

as is depicted schematically in Figure 1. The IXs are excited

nonresonantly at the center of this quasi-parabolic electrostatic
trap (denoted Xtrap), and its photoluminescence (PL) is
measured under steady-state conditions (see Figure 2a,b for the
Xtrap geometry and its energy profile, respectively).
The spatial−spectral emission profile of the IXs is imaged on

a CCD, allowing us to follow the size and shape of the IX
cloud. Furthermore, we use a constant energy line method
(CEL, see ref 27 and SI) in which we can keep the energetic

and electric environment of the exciton fluid fixed. This is
achieved by adjusting the magnitude of the applied electric field
F on the DQW to keep the band tilting and thus the difference
between the direct exciton (DX) and the IX transition energies,
EDX − EIX fixed while varying the optical excitation power and
temperature. With this method we can extract information on
the relations between the energy resulting from the many-body
interactions between the IXs, ΔE15 and their density, while
fixing the single-particle properties of an IX (either bright or
dark). This is because these single IX properties, such as its
radiative and nonradiative lifetimes and its effective dipole size
d are determined by the same band tilting which also uniquely
determines EDX − EIX.
Four exemplary spatially resolved PL (along a central cross-

section of the circular Xtrap) are shown in Figure 2c−f for
nonresonant excitation at the center of the Xtrap. These
measurements show two different temperatures and excitation
powers, while the applied voltage was adjusted in each of the
measurements to maintain a constant energy (EDX − EIX ≈ 13
meV) for all of them. Two excitonic PL lines are observed for
all the spectra, the high energy line (very weak) corresponds to
the DX while the low energy line corresponds to the IX. The
PL is then spectrally integrated to obtain spatial profiles of the
emission (Figure 2 right) and spatially integrated to obtain a
single spectrum for each measurement (Figure 2 bottom). Such
spectra are obtained and analyzed for different experimental
conditions as is described next.
Figure 3a shows the total intensity IIX(T) extracted from the

area under the spectral line of the IXs, obtained at different
temperatures for a fixed excitation power (P ≈ 308 nW) on a
CEL with a fixed EIX ≈ 1.541 eV. Also shown is the applied
electric field F that was required in order to maintain the CEL
at the aforementioned energy. By performing such CEL
experiments for excitation powers P spanning almost 2 orders
of magnitude for each T, we extract the many-body interaction
term ΔE(T, P) in a straightforward way: ΔE(T, P) = eF(T, P)d
− eF(T,0)d where F(T, P) is the applied field required for a
fixed EDX − EIX at a given (T, P), and d is the effective distance
between the centers of the two QWs (see SI for more detailed
information on this method). These ΔE values and the spectral
line width of the IXs PL are plotted as a function of T for
different P values in Figure 3b,c.
In the higher temperature range (T > 4.8 K), ΔE shown in

Figure 3b decreases with decreasing temperature but increases
with increasing excitation power. The increase of ΔE with P is
not surprising: the magnitude of the repulsive dipole−dipole
interactions increase with increasing total density n, i.e.,
ΔE = C(n, T)n (where C is the interaction-induced particle
correlation function5), and n increases with increasing P. The
decrease of ΔE with decreasing T (for a fixed P) at this
temperature range was also predicted theoretically5,6,28 and
observed experimentally,15 and it arises from increased
interaction-induced particle correlations as the IXs become
colder, resulting with a reduction of C and thus of ΔE. Already
at this higher temperature range a reduction of the IX line
width with increasing P for all temperatures above 4.8 K is
observed, as seen in Figure 3c. Such a strong line width
reduction with increasing particle density indicates that the
increase of density reduces the fluctuations of the interaction
energy around its average value. This density-induced line
width narrowing is a strong indication for multiparticle
interactions and for deviation from a gas behavior.25

Figure 1. (a) Sketch of the sample structure, showing two quantum
wells (light blue) separated by a thin barrier (red). An electric field is
applied perpendicular to the growth axis between a transparent 10 nm
Ti top circular gate and n+ doped GaAs layer at the bottom. A
nonresonant optical excitation using a CW diode laser creates a
trapped IX fluid under the gate, as illustrated. The tunneling current
through the sample is also monitored. (b) Schematics of a calculated
energy bands diagram for the structure, showing the conduction and
valence bands and the electron and hole wave functions, respectively.
IX marks the indirect exciton transition, whereas DX marks the direct
exciton. (c) The first energy levels of direct exciton transitions (dashed
lines) of either electrons (e) and heavy holes (hh) or light holes (lh)
are marked, as well as the laser excitation at a wavelength of 780 nm
(solid arrow), illustrating the nonresonant excitation of the quantum
wells.
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Surprisingly, moving to the low-T range (T < 4.8 K), ΔE
changes its trend and sharply rises with decreasing T, as can be
seen in Figure 3b. ΔE slightly “overshoots” to a maximum at T
≈ 2 K and then slightly decreases and reaches a constant value,
ΔEl ≃ 10.5 meV, at the lowest measured temperature, for all
excitation powers P. The PL line width also converges below T =
4.8 K to a constant low value at the lowest measured
temperature, as can be seen in Figure 3c. At this temperature,
the line width also becomes independent of the excitation
power, as is seen in the inset. The sharp increase of ΔE below
4.8 K indicates an increase of the total dipolar fluid density n.29

Furthermore, the fact that ΔE→ ΔEl at the lowest measured T,
together with a reduction of the PL line width to a small, fixed
value suggests that the trapped fluid reaches a fixed density nl
regardless of the excitation power. This observation is
consistent with a transition into a condensed liquid state,
which has a high density, fixed by the constraints of the physical
system.
Perhaps the most striking evidence for the condensed phase

formation and its properties can be seen in Figure 4. Since in
Figure 3 the condensation at low temperatures was observed
for all the measured excitation powers, we expanded the
excitation power range even further to cover 5 orders of
magnitude and capture how the phase transitions are driven by
the increased rate of optical excitation. The top-right panels of
Figure 4 show the spatial−spectral emission profile of the IXs at
T = 1.5 K < Tc. Initially, increasing the power results in an

expansion of the IX cloud in the trap, as is expected from the
mutual repulsive interactions between IXs. However, above a
certain threshold power, the cloud shrinks with increasing
excitation power and reaches a fixed size, which almost does
not vary over about 2 orders of magnitude of excitation powers.
This marks the condensation to the fixed density liquid phase.
When the power is further increased above another threshold
value, the cloud starts to expand again in a fast rate. This fast
expansion is a signature of a transition to an e−h plasma, driven
outward by the intralayer e−e and h−h Coulomb repulsion.
The spatial profile fwhm and the corresponding ΔE depend-
ence on the excitation power at T = 1.5 K are shown by the
blue symbols in Figure 4a,b, respectively. It can be seen that the
initial low power expansion turns into a very strong contraction
that is accompanied by a large increase of ΔE, indicating a
spontaneous large increase of density (which we will discuss
later on). This is followed by an intermediate power regime
(corresponding exactly to the 2 orders of magnitude power
range of Figure 3), in which both the spatial fwhm and ΔE are
nearly constant, corresponding to an almost fixed density,
regardless of excitation power. The high power regime shows a
sudden and sharp increase of both the spatial fwhm and of ΔE,
consistent with the picture of a strongly driven indirect e−h
plasma. The orange symbols show the behavior at T = 5.4 K >
Tc, above the condensation temperature. Indeed, none of the
features of the condensation are observed, and the IXs expand

Figure 2. (a) Microscope image of a 20 μm diameter electrostatic trap (Xtrap) surrounded by a guard gate. The bright spot at the center is the
exciting laser image. (b) Spatial−spectral profile of the Xtrap, obtained by scanning a weak and focused excitation point along the line marked in (a).
(c−f) Spatial−spectral PL intensity for temperatures T = 1.9, 6.2 K and excitation powers P = 29, 1891 nW, all taken on a CEL by adjusting the
voltage. The horizontal axis shows the PL energy, and the vertical axis is a cross-section of the position along the Xtrap. The peak with the lower
energy (EIX ≈ 1.541 eV) is PL from the indirect exciton (IX), and the weak emission with the higher energy (EDX ≈ 1.554 eV) is PL from the direct
exciton (DX). Right: spatial intensity profiles of (c−f), obtained by integration along the spectral axis, showing (c,d) very minor spatial expansion of
the PL for increasing P at low T, in contrast to (e,f) a substantial increase of the PL area with excitation power at high T. Bottom: the extracted
spectra from (c−f), obtained by integration along the spatial axis, illustrating (c,e) a narrower line-shape at low T, and (d,f) a reduction of the line
width to a symmetric and narrow emission line-shape as the excitation power increases.
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and increase their density monotonically, consistent with a
repulsive dipolar gas phase.
We can now estimate the saturated density of the condensed

phase, nl, from the saturated value ΔEl. Such an estimate
requires a knowledge of the spatial particle correlations and C.
In ref 6 a theoretical estimate for C was given for a dipolar
exciton liquid. The density estimated from this liquid model

yields ≈ ≈κΔ −( )n 10 cmE
e dl 10

2/3 11 2
2 2 , by setting the experimen-

tal value ΔEl = 10.5 meV and the dielectric constant κ = 13. A
more self-consistent estimate, taking into account the kinetic
energy from quantum motion (see SI), gives nl ≈ 9 × 1010

cm−2. This density corresponds to an average interparticle
distance ⟨r⟩ = nl

−1/2 ≈ 30 nm. This average interparticle
distance is smaller than the effective interaction radius of the

dipolar exciton6 = ≈
κ( )r 55 nme d

k T0

1/32 2

B
at T = 2 K, which

means that at this density the fluid is deeply inside the
multiparticle interaction regime, thus the picture of a dipolar
liquid state is self-consistent.
Remarkably, ⟨r⟩ is between twice to three times the exciton

Bohr radius (aX ≈ 10−15 nm), namely, ⟨r⟩/aX ≈ 2−3.

Therefore, at this density the IXs are almost closely packed, and
any further increase in the density significantly increases the
overlap of the excitons wave functions. Such an increased
overlap should result in a large deviations from the pure dipolar
repulsion due to short-range direct and exchange coulomb
terms. This specific interparticle distance might point to the
physical mechanism, which both drives the spontaneous spatial
shrinkage and determines the almost f ixed density and and thus
the modified compressibility of the condensed liquid. Recent
numerical simulations of the two-body interactions of dipolar
excitons have suggested that the interaction of two dipolar
excitons can become slightly attractive as the interparticle
distances approach ⟨r⟩ ≈ 2−3aX, and then strongly repulsive
scaling as 1/r6 at even shorter distances.30 This interparticle
distance is similar to the estimate of the current experiment.
A natural question now is what can be the mechanism

responsible for the observed sharp increase in the IX cloud
density as the excitation power increases above the critical
power? In principle, a sharp increase in the total density under a
fixed excitation power can result from a sharp increase in the
radiative lifetime of the bright particles. Noting however that
the whole experiment was done under single CEL, where the
radiative lifetime of a single bright IX is kept constant, such an
increase is not plausible. The other option is thus that the
thermal equality between the populations of dark and bright
IXs breaks and that there is a spontaneous macroscopic
accumulation of dark IXs above the critical excitation power. As
dark IXs are optically inactive and have much longer lifetimes,15

this should result in a sharp increase of the total density for a
fixed excitation power, as is indeed observed in the experiment.
To check this latter picture, we extracted the total particle

density, n = nb + nd, from the interaction energy ΔE, as plotted
in Figure 4c. To avoid any model assumption about the relation
between n and ΔE through the unknown correlation parameter
C, the shaded blue region covers all possible values of C, where
the lower boundary is given by the uncorrelated gas limit
(mean-field) and the upper boundary by the highest correlated
limit of a dipolar crystal.5,18 The sharp increase of n at the
critical power of the gas−liquid phase transition and its
saturation up to the second critical power are clear. This
behavior of n extracted from ΔE is then compared with the
total density estimated from the bright IX density nb alone,
which we very carefully extracted from the intensity of IX
emission (see SI for details). If we assume a thermal equality
between bright and dark IX populations, i.e., nd = nb then n =
2nb. This total density is plotted by the blue circles in Figure 4c.
As can be seen, the density of bright IX smoothly increases with
excitation power and does not exhibit any sharp increase at the
phase transition, and thus, it gives a much lower density than
the density inferred from ΔE. Since ΔE inherently depends on
the total density n, while an assumption of thermal equality of
bright and dark IXs population was used to extract n from the
PL intensity, it is clear that this assumption strongly
underestimates the total density all the way to the second
critical power where the transition to a plasma is observed. As
such a strong underestimate is not observed for the data above
Tc (see SI), this strongly supports the picture of condensation
of the IXs population into a dark state.21 The large
accumulation of dark IXs can be clearly seen by the black
arrow in Figure 4c which marks the difference ntotal − 2nb = nd
− nb. It is interesting to note that the thermal de Broglie
wavelength of excitons at this temperature is estimated to be
λ = ≃h M k T/ 2 200 nmT X B . Therefore, ⟨r⟩≪ λT so that the

Figure 3. Results obtained for a CEL with EIX = 1.541 eV. (a) Total
intensity of the IX line IIX (left axis, blue circles) and the electric field F
(right axis, orange triangles) needed in order to maintain this CEL, as
a function of temperature for a fixed excitation power of P ≈ 308 nW.
(b) The blue-shift energy ΔE and (c) the IX PL line width as a
function of temperature T for several different excitation powers. In
the high temperature regime (T > Tc), ΔE decreases with temperature,
indicating increased particle correlations. For T < Tc, ΔE increases as
the temperature is lowered and saturates to an almost fixed value,
regardless of the excitation power. This marks the condensation of IXs
into a fixed, high density liquid state. The reduction of the PL line
width with decreasing T to a small fixed value points at reduced
density fluctuations, as expected from a liquid phase. The inset in (c)
shows the dependence of the PL line width on excitation power for
three different temperatures.
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IX cloud is quantum degenerate, and this should support the
condensation of dark IXs.31

Finally, another important length scale that characterizes the
liquid phase is the quantum radius of the IX. This quantum
radius, rQ, is the ground-state wave function radius of an exciton
confined in the parabolic-like potential resulting from the
interaction with its surrounding excitons in the liquid. With a
density nl given above, we can estimate rQ ≈ 10 nm (see SI and
ref 6 for the calculation of rQ). Such a comparison yields ⟨r⟩/
2rQ ≈ 1.5. This result suggests that the quantum mechanical
motion of the dipoles due to the uncertainty principle (their
zero-point motion) is of the order of the interparticle distance.
Two important properties of the liquid can be inferred from
this ratio: the first is that quantum mechanical fluctuations
prevent formation of long-range order and crystallization. The
second is that it might suggest that the IX liquid has strong
quantum mechanical properties, similarly to liquid 4He, for
example. Indeed, the same calculation (see SI) shows that the

kinetic energy due to the quantum motion EQ is much larger
than the classical kinetic energy kBT and that it contributes
about 25% of the total liquid energy.
In conclusion, we observed phase transitions of a dipolar

exciton fluid from a gas to a highly correlated dark liquid and
then to an e−h plasma, as the excitation power is increased at
low enough temperatures. The liquid state, which results from a
condensation of dark IX particles, has a well-def ined density,
indicating a significant modification of its compressibility. The
analysis of the liquid’s energy and other properties suggests that
the interparticle distance of ∼30 nm approximately corresponds
to a close-packing of the dipolar excitons and that the liquid
should have a significant quantum uncertainty energy
contribution, quite similar to liquid 4He. This is a new and
exciting example of a collective state of a two-dimensional
interacting system with internal spin degrees of freedom.
Furthermore, this artificial atomic-like fluid resides inside a low-
dimensional semiconductor structure, and it is a unique

Figure 4. Results obtained for a CEL with EIX = 1.538 eV with excitation power ranging almost 5 orders of magnitude. Right panels: spatial−spectral
photoluminescence images of the trapped IX fluid taken at T = 1.5 K with increasing excitation power. Left panels: (a) ΔE and (b) spatial fwhm of
the exciton fluid as a function of excitation power at T = 1.5 K (blue curves), compared with those measured at T = 5.4 K (red curves). A transition
between three different regimes as the excitation power increases is observed only for the low-temperature experiment. (c) Estimated density of the
exciton cloud ntotal as a function of excitation power at T = 1.5 K. The data obtained from photon-counting (circles) is presented as twice the bright
exciton density, 2nb (assuming nb = nd), together with an expected density range (triangles, shaded region) that is calculated from the measured blue-
shift energy ΔE (see text for details). The black vertical arrow indicates the difference ntotal − 2nb = nd − nb, and the gray rectangle qualitatively marks
the transition range from exciton gas to a dark liquid. (d) Estimated values of length scales for an exciton liquid: ax ≈ 15 nm is the exciton Bohr
radius, rQ ≈ 10 nm is the quantum mechanical wave function radius of an exciton, r0 ≈ 55 nm is the classical minimal distance between excitons and
λT ≈ 200 nm is the thermal de Broglie wavelength (both calculated at T = 2 K). See text and SI for details on the derivation of those values.
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example where coupling of light to internal spin transitions
plays a crucial role in the formation dynamics and in
determining the collective condensed ground state properties.
We hope that these findings will open up opportunities to
engineer and utilize a new class of strongly interacting long-
lived liquids dynamically formed via their coupling to light in
artificial structures.
Experimental Section. Our sample consists of two 12nm

GaAs quantum wells, separated by a 4 nm Al0.45Ga0.55As barrier
(see Figure 1a). The wells reside between a n+ doped layer,
which serves as a uniform bottom electrode, and semi-
transparent electrodes (10 nm titanium) are deposited on top
of the structure. The total active sample thickness between the
top and bottom electrodes is L = 1.56 μm. A DC voltage is
applied along the z axis to create a tilted band structure for
electrons and holes, as depicted in Figure 1b. The excitation is
done nonresonantly using a 780 nm CW diode laser (Figure
1c). The top gate, shown in a microscope image of a real device
in Figure 2a, has a circular geometry with a diameter of 20 μm,
which defines an Xtrap for dipolar excitons underneath26 and is
surrounded by another guard gate to define the outer
electrostatic environment.32 Figure 2b presents the PL of
dipolar excitons optically excited using a weak focused CW
laser (780 nm) at different positions along the cross-section of
the trap gate. The emission energy profile fits well to a
parabolic-like Xtrap geometry.
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