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L. V. Keldysh and Y. V. Kopaev Possible instability of semimetallic state toward Coulomb interaction
Sov. Phys. - Solid State 6 2219 (1965) (Fizika Tverdogo Tela, 6, 2791 (1964))
Y. E. Lozovik and V. Yudson Feasibility of superfluidity of paired spatially separated electrons and holes
JETP Lett. 22 274 (1975) (Pis’ma Zh. Eksp. Teor. Fiz. 22, 556 (1975))
S. I. Shevchenko Theory of superconductivity of systems with pairing of spatially separated electrons and holes 
Sov. J. Low Temp. Physics 2 251(1976) (Fiz. Nizk. Temp. 2, 505 (1976))

Strong Coulomb long-range  →  Electron-hole →  Quantum condensation →         High  
electron-hole attraction                       pairs                             and superfluidity             Temperatures ?
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r0

• Exciton quasi-dipoles align perpendicular to the layers

• Small d  strong binding but weak interactions between dipolar excitons 

• Large d  strong interactions between excitons

• Exciton-exciton interaction is always repulsive (unlike for cold atoms)
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Exciton Superfluidity AT EQUILIBRIUM (NOT OPTICALLY PUMPED)

GaAs                          Double bilayer graphene            Double TMD monolayers                     Strained Si/Ge

Theory: Neilson (Antwerp), Perali
(Camerino).
Experiment: Das Gupta, Croxall 
(Cambridge), Lilly (Sandia), 
Hamilton (Sydney)

Theory: Conti, Neilson, Perali 
(Camerino)
Exp: Tutuc (Texas), Dean
(Columbia)

Theory: Fogler (San Diego), Conti, Neilson
(Antwerp), Perali (Camerino).
Experiment: Mak (Cornell), Kim (Harvard), 
Schaibley (Arizona)

Theory: Conti, Neilson
Exp: Scappucci (Delft)
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Superfluid equations

BCS mean-field is a good approximation at T=0 
for strong- and weak-coupling superfluidity 
P. Nozières & F. Pistolesi, From semiconductors to 
superconductors,  Euro. Phys. B 10 649 (1999)
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Screening in the superfluid
Screening of the long-range Coulomb attraction 

for the pairs is a major challenge
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Screening in the superfluid



July 2025 COMMIT – Department of Physics – 12

Superfluid-
screening

Unscreened

Normal-
screening

Electron-hole superfluidity is a 
low-density phenomenon 
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Gap, onset density, and crossover physics

BEC

Across superfluid region, the
Condensate Fraction CF ≳ 0.2
 no BCS regime
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There has been no definite experimental claim of superfluidity

o Steady-state dissipationless counterflow current

cannot be straightforwardly induced because of 

increasing interlayer tunnelling and e-h recombination

o No Meissner effect in a neutral system

Could use:

✓ Josephson ✓ 

✓ Detection of vortices ✓

✓ Additional collective modes ✓

It is timely to find fingerprints to unambiguously identify the superfluidity
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Josephson effect

Dissipationless  macroscopic coherent current of Cooper pairs without a driving potential flowing between two
superconductors separated by a barrier. 

DC JE:  Measurement of a super tunneling current and zero voltage drop 
across the barrier. 

Problems: Difficult to measure very low values of resistance and voltage. 

Possible solution: Shapiro steps.

AC JE: Highly oscillating super current in the barrier region related to the 
time evolution of the phase order parameter. 



Collective modes

From small perturbations around the ground state - of what?. 

Order parameter:

Ψ0 = Ψ0 𝑒
𝑖𝜃0

• Phase fluctuations 𝜃 = 𝜃0 + 𝛿𝜃:                  
Gapless phonon mode.

• Amplitude fluctuations Ψ = Ψ0 + 𝛿Ψ : 
Gapped pair-breaking mode.

Phase and Amplitude collective modes only in the superfluid phase.

Density collective modes from normal to superfluid phase.
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−
ℏ2

2𝑀
𝛻2Ψ(𝐫) + 𝜙𝑋𝑋(𝐫)Ψ(𝐫) − 𝛀 ⋅ 𝐋Ψ(𝐫) = 𝜇Ψ(𝐫)

Vortices

→ Gross-Pitaevskii equation for superfluid in rotating frame

Vortex properties and numbers will depend on interaction strength ~ d2

In the BEC regime, exciton-exciton repulsive interaction is unscreened: 

Ω : angular velocity
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Vortices
With increasing dipole 

strength d or increasing 

density:

• Vortex radius decreases

• A density pileup peak 

appears at vortex edge

d = 5r0 = 30
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• Cold atoms with dipolar 
interactions also display a 
pileup peak when density 
increases. 

• But in cold atoms the peak is 
accompanied by oscillations 
further out – associated with a
low-lying roton collective excitation.

• No oscillations –> suggests:
no roton for pure repulsion

Vortices
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Vortex Lattices
• The vortices for d=20 are smaller than for d = 1
• The threshold Ω when the vortices overlap is larger for d=20 than d = 1
• The vortices for d = 20 have wings
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The accumulation of density at the vortex edge comes from the competition between 
the outward centrifugal force and the inward repulsion from neighbouring dipoles. 

Vortices
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RED LINE: density pileup appears on vortex.

GREEN LINE: Gross Pitaevskii transition from superfluid to supersolid

Both density pileup and transition occur as the effective range of the interaction 
becomes of the same order as r0.

Vortices
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