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Abstract

Long-lived indirect excitons (IXs) exhibit a rich phase diagram, including a Bose-Einstein
condensate (BEC), a Wigner crystal, and other exotic phases. Recent experiments have hinted
at a �classical� liquid of IXs above the BEC transition. To uncover the nature of this phase, we
use a broad range of theoretical tools and �nd no evidence of a driving force towards classical
condensation. Instead, we attribute the condensed phase to a quantum electron-hole liquid
(EHL), �rst proposed by Keldysh for direct excitons. Taking into account the association of
free carriers into bound excitons, we study the phase equilibrium between a gas of excitons, a
gas of free carriers, and an EHL for a wide range of electron-hole separations, temperatures,
densities, and mass ratios. Our results agree reasonably well with recent measurements of
GaAs/AlGaAs coupled quantum wells.
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Introduction

Excitons are bound states of an electron and
a hole attracted to each other by the screened
electrostatic Coulomb force, resulting in neutral
quasiparticles that can exist in a variety
of semiconducting and insulating materials.
Their lifetime is determined by the rate of
decay to the ground state, either radiatively
by emitting photons or non-radiatively by
coupling to lattice phonons or other carriers via
Auger recombination leading to exciton-exciton
annihilation. Understanding these relaxation
pathways has been key in the development of

light-harvesting devices under low and high
photon �uences.
The interactions among excitons can also

result in a wide variety of thermodynamic
phases. At high densities, excitons undergo
a Mott transition to an electron-hole plasma
stabilized by strong screening e�ects.1

At lower temperatures where quantum
statistics dominate, the Mott transition is
further facilitated by the favorable exchange
interaction between like particles. Additionally,
excitons may be regarded as weakly interacting
neutral bosons2 and can thus form Bose-
Einstein condensates3�5 (BECs) and super�uid
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phases.6 However, the transience of excitons
often complicates experimental realization of
such quantum phases. After reaching thermal
equilibrium, excitons eventually recombine
(radiatively or non-radiatively), preventing
further study of their phase behaviour. To
prevent fast recombination of excitons, recent
work has focused on indirect excitons (IXs),
whose constituent carriers are con�ned to
two parallel wells that are extended in two
directions, due to either an electric �eld1 or
type-II band alignment8 (see Fig. 1a). By
restricting the carriers to di�erent regions, IX
recombination lifetimes are extended by orders
of magnitude, providing a platform to better
understand the phase behavior of excitons.
The interactions and collective behavior of

indirect excitons di�er signi�cantly from their
direct counterparts due to the permanent
dipole moments they acquire through spatial
separation of electrons and holes.9 Theoretical
studies of such dipolar �uids have revealed
quantum and classical phases governed by
intriguing correlation regimes.10�14 Indeed,
several experimental studies have provided
evidence for the formation of BECs of IXs
at very low temperatures, typically below
1K.7,15 More recently, Bar-Joseph and his
co-workers studied the collective behavior of
IXs in GaAs/AlGaAs coupled quantum wells
(CQWs) over a wider range of temperatures.
Above the BEC temperature TBEC ≈ 1.1K but
below a critical temperature TC = 4.8K, the
excitons separated into two phases (see Fig. 1b)
distinguished by a several-fold di�erence in
exciton density, i.e. a gas and a liquid,
and characterized by a low-energy feature
in the photoluminescence spectrum (the Z-
line).16 Based on previous theoretical work,10,11

they argued that the liquid phase results
from the repulsive interaction between the
dipolar excitons, which generate short-range
correlations typical of a �classical� liquid. In
a subsequent study,17 they concluded that the
classical liquid is dark and the appearance of
the Z-line in the photoluminescence spectrum
is not due to recombination of excitons in
the liquid phase, but rather, recombination
of excitons in the gas phase near the interface

with the liquid.17 A dark exciton liquid was
also observed by Rapaport and coworkers,18

consisting of electrons and holes in parallel
spin con�gurations that cannot couple to
light. Despite signi�cant progress in our
understanding of the phase behavior of IXs, the
origin of the stability of the higher temperature
classical liquid still remains unclear.
In this work, we revisit the putative classical

liquid phase of excitons. We seek to understand
the nature of the liquid phase and the leading
correlations that stabilize it at temperatures
above TBEC and below TC. In particular, we
thoroughly assess whether a dense �uid of IXs,
characterized by short-range correlations due
to inter-exciton interactions, can coexist with
a much more dilute gas of IXs at equilibrium.
The abrupt condensation implied by such a
coexistence scenario is unlikely for spatially
direct excitons, whose strong tendency to
pair up generates at appreciable density a
population of weakly interacting biexcitons,
akin to a collection of diatomic hydrogen
molecules that condense only at very low
temperature. The transversely aligned dipoles
of IXs, however, inhibit the formation of
�excitonic molecules� for large electron-hole
separations where the exciton�exciton potential
is purely repulsive. However, at moderate
separations, this potential is attractive, raising
the possibility that IXs condense through van
der Waals-like interactions while remaining
distinct � neither paired as biexcitons nor
strongly in�uenced by quantum degeneracy.
The �rst part of our work examines this
possibility by computing e�ective interaction
potentials for pairs and triads of IXs,
with approaches adapted from standard
methods of quantum chemistry. Based on
these calculations, we conclude that, for
experimentally relevant values of the electron-
hole separation, excitons are repulsive species
which lack an adhesive force that could drive
classical condensation.
The second part of our work explores an

alternative interpretation of the liquid phase
of IXs observed in experiments. It is well-
known that a gas of spatially direct excitons
can condense to form a degenerate electron-hole
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Eexch + Ecap + Ecorr, where

Ekin =
Ryex
r2s

(1)

and the dimensionless interparticle spacing, rs,
is determined by the relation27

r2s =
A

πNa2ex
, (2)

where A is the surface area depicted in Fig. 1.
(See SI for all details.) In all of the calculations
reported below, we take the thermodynamic
limit, where N → ∞ and A → ∞, such that
the number density, ntot = N/A, remains a
constant. The exchange energy is given exactly
by28

Eexch = −2.401

rs
Ryex. (3)

The capacitor contribution (i.e., the classical
electrostatic cost of separating uniformly
charged plates by a perpendicular distance d),
can be written as

Ecap =
4d

aex
Ekin. (4)

Finally, the correlation energy in atomic units
(~ = 1) is estimated within the random phase
approximation (RPA):

Ecorr =

√
−1A

16π3

∫
d2k

∫
dω

×
∫ 1

0

dλ

λ
ΠT (k, ω) W Π(k, ω),

(5)

where λ is the coupling constant, ΠT (k, ω) =[
Πe(k, ω),Πh(k, ω)

]
and Πi(k, ω) is the 2D

Lindhard polarizability for particle i = e, h
evaluated at wavevector k and frequency ω.
Within the RPA, the screened Coulomb matrix
is given by:

W =

 UeeU
0
ee UehU

0
eh

UehU
0
eh UhhU

0
hh

 (6)

where Uij(λ, k, ω) is the e�ective interaction
between particles i and j and U0

ij(λ, k) is the

corresponding bare Coulomb interaction in k-
space. These quantities and the full details of
RPA calculations are further described in the
SI.
In Fig. 3a, we plot the resulting total energy

per electron Etot as a function of rs (Eq. 2)
for three di�erent bilayer separations and for
a mass ratio σ = me/mh = 0.1. We �nd
that the total energy shows a pronounced
minimum, rs,eq, near aex for small bilayer
separations, signifying the existence of a stable
degenerate electron-hole liquid. The major
contribution to the change in the total energy
as the bilayer separation increases is the
capacitor term; without this term, results for
di�erent d are nearly identical, as shown in
Fig. 3b. We note that the total energy of
spatially separated electrons and holes has
been calculated previously in the super�uid29

and superconducting30 regimes using a Green's
function and variational approach, respectively.
In both cases, the d-dependence on the energy
agrees with our results.
The minimum energies of an EHL with σ = 1,

0.1, and 0.01 are shown in Fig. 3c. We also
present the energies of a gas of excitons and
gas of biexcitons. To compare these states
on equal footing, we add to their energies the
capacitor term evaluated at rs,eq. Ignoring
the possibility of a BEC phase, we �nd that
for most values of d, the EHL is the stable
phase at zero-temperature and high densities.
Speci�cally, for σ = 0.1 and d = 1.5aex, we
�nd that the total energy for carriers in the
EHL is larger (i.e., more negative) than the
energy of the IX gas by approximately 1 Ryex.
This value agrees with the observations of Bar-
Joseph and co-workers,16 who measured a ∼ 1
Ryex energy shift in their photoluminescence
spectra between the IX gas and the condensed
phase.
Next we turn to the e�ect of thermal

�uctuations on the relative stability of IX gas
and EHL phases. In doing so, it is important
to acknowledge that the gas phase is not devoid
of free charge carriers, nor is the liquid devoid
of bound excitons. Instead, their proportions
in each phase are determined by a chemical
equilibrium e− + h+ 
 X that requires the
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such as the gate voltage. A material with
di�erent dielectric properties would set a
di�erent energy scale for electron-hole binding
and screening, and the temperatures in Fig. 5
would be scaled accordingly. A change in
the mass ratio σ has more subtle e�ects, but
basic trends in nC and TC can be anticipated
with the same reasoning used to explain EHL
stability at zero-temperature. Because a very
massive hole serves to localize electrons, we
expect stabilization of the dense liquid phase
with decreasing σ < 1 at �xed reduced
mass (and similarly for increasing σ > 1).
Correspondingly, nC and TC should both
increase as σ deviates from unity, as we observe
and show in Fig. 5b and c.

Conclusions

In summary, our approximate treatment of
a simpli�ed model for interacting electrons
and holes in coupled quantum wells yields a
low-temperature phase diagram that agrees
reasonably well with experimental results.
Given the assumptions we have made (a single
band, e�ective masses, and a structureless
isotropic background) and the experimental
challenges of measuring a precise critical
density and temperature, we consider the level
of agreement to be a strong suggestion that the
liquid phase observed in the laboratory has the
same basic character as that in our model.
Even for d > 1aex, the model's condensed
phase is unambiguously a variant of Keldysh's
electron-hole liquid � a degenerate plasma of
strongly screened charge carriers and very few
bound excitons. By contrast, our calculation of
e�ective interaction potentials among bound
electron-hole pairs strongly discourages the
notion of a classical liquid comprised of
intact excitons as the equilibrium state at
the temperatures and densities of interest.
Cohesive forces that stabilize biexcitons weaken
considerably as the bilayers separate, but
they nonetheless dwarf any attraction to a
third exciton. At d = 1aex the interactions
we compute are purely repulsive and cannot
support phase coexistence between a sparse

gas and dense liquid of excitons. The strong
evidence for a stable Keldysh liquid of IXs
and the predictions made for how the critical
behavior changes with d await experimental
validation.

Methods

We analyze an idealized Hamiltonian Ĥ for a
collection of N electron-hole pairs in coupled
quantum wells based on a single-band e�ective
mass approximation. The total Hamiltonian in
atomic units (~ = m0 = e = 4πε0 = 1, where
~ is the reduced Planck constant, m0 is the
electron's rest mass, e is the elementary charge,
and ε0 is the vacuum permittivity) reads:

Ĥ = T̂ + V̂ (10)

where the kinetic energy is given by:

T̂ = − 1

2me

N∑
i=1

∇̂2
e,i −

1

2mh

N∑
i=1

∇̂2
h,i (11)

and me (mh) is the electron (hole) e�ective
mass. Interactions among charge carriers are
described by a screened Coulomb potential:

V̂ =
1

ε

N∑
i=1

N∑
j>i

1

|r̂e,i − r̂e,j|
+

1

ε

N∑
i=1

N∑
j>i

1

|r̂h,i − r̂h,j|

− 1

ε

N∑
i=1

N∑
j=1

1√
|r̂e,i − r̂h,j|2 + d2

.

(12)

where ε is the static dielectric constant
of the material. Excitonic units are used
throughout this paper, with energies expressed
relative to the exciton Rydberg Ryex =
mrede

4/
(
2(4πε0ε)

2~2
)
and lengths relative to

the exciton Bohr radius aex = 4πε0ε~2/(mrede
2),

where m−1
red = m−1

e + m−1
h is the electron-hole

reduced mass.
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exchange-correlation free energies; procedure
for solving the law of mass action; procedure
for Maxwell equal-area constructions.
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