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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)

July 2025 COMMIT - Department of Physics xnitversli)teit
ntwerpen
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These works establish the existence of a strongly correlated
excitonic phase
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These works establish the existence of a strongly correlated
excitonic phase but there are NO definitive claims for the

— existence of superfluidity e s N
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Superfluid equations

VS = yee = yhh — 27 D eh _ Y he — _1/Sa~—]ald
q q q 4m€0|q| and Vi~ = Vg Va Vye
A
Ak — — Z Vk—k’
A w 2Ek' BCS mean-field is a good approximation at T=0
for strong- and weak-coupling superfluidity
— 2 Z ,02 P. Nozieres & F. Pistolesi, From semiconductors to
A k- superconductors, Euro. Phys. B 10 649 (1999)

energies Ly = \/5]2( P AL G =g

Bogoliubov factors, v, = \/%(1 -&JE)  w, = \/%(1 + & /E)
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Screening in the superfluid
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Screening in the superfluid

QVAVAVAVVAV VU B VAV R

ch _ Hé)\/ (Q)Aq

VS,RPA _
q 1 —2(II5 (@) V§ + TG (@) VL) + Aq() (q)) 2 (14 (q)) )
Vv DRPA _ Vg + 115 (a)Aq
a 1 — 2(IY (@) VF + O Q) VL) + Ag(11) (@))% (112 (q)) )
with Aq = (Vqs)2 - (VqD)2 and Bg VqD — —Vqse—|q|d
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Gap, onset density, and crossover physics
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There has been no definite experimental claim of superfluidity

Itis timely to find fingerprints to unambiguously identify the superfluidity

o Stea te dissipationless coun
cannot be straig iInduced because of SO 1L [O%
increasing-interlayer tunnelling recombination

o No Meissne ' ral system

Could use:

current Series-counterflow (S-CF)

v Josephson v\ ¥

v" Detection of vortices v

v' Additional collective modes v
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Josephson effect

barrier

- Su perconductor

Superconductor
FALLY |yl PR
Cooper pair

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.

L do L2

TMD: TMD: Possible solution: Shapiro steps.

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

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

Order parameter:
Yy = [Wyle'to

* Phase fluctuations 8 = 6, + §6:
Gapless phonon mode.

* Amplitude fluctuations |¥| = |¥,| + [6W]:

Gapped pair-breaking mode. Gapless phonon mode

\
m 3 Gapped Higgs mode

Phase and Amplitude collective modes only in the superfluid phase.

Density collective modes from normal to superfluid phase.



Vortices

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

Vielr) = 30 (1 - A=)

~ de \ r V72 + d?

Vortex properties and numbers will depend on interaction strength ~ d-?

- Grosg-Pitaevskii equation for superfluid in rotating frame
h
o VAP(r) + dxx (NWP(r) — Q- LY(r) = p¥(r)
Pxx(r) = /Vxx(|r —1']) ]\I!(r’)]2 dr’

Q) : angular velocity
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d=5
——T

Vortices

With increasing dipole

‘ T

(b)

strength d or increasing
density:

* Vortex radius decreases

* A density pileup peak
appears at vortex edge
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Vortices

(@) M) ® Cold atoms with dipolar

interactions also display a

1.03 | pileup peak when density
increases.

1.02 o . . |
But in cold atoms the peak is

101 -| accompanied by oscillations
further out — associated with a

1 A\ low-lying roton collective excitation.
d=15 Io= ® "

0.99 |- 4=20 — - £S5 —— No ostallaftlons —> sugg|e§ts:

no roton for pure repulsion
| 40— S e
0 20 40 10 20 30
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Vortex Lattices

ne vortices for d=20 are smallerthanford =1
ne threshold QQ when the vortices overlap is larger for d=20 than d =1
ne vortices for d = 20 have wings

‘\\ g il G
—200-100 0 100 200 -200-100 0 100 200 -200-100 0 100 200
X X X
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Vortices
=1 (a) d=10 (b) d=30 (c)

1 \ T

0.75

0.5

0.25

-60 =30 0 30 60 -60 -30 0 30 60 -60 -30 O 30 60
r

The accumulation of density at the vortex edge comes from the competition between

the outward centrifugal force and the inward repulsion from neighbouring dipoles.
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Vortices

20 B I -l : |‘ I | I ‘*’¢ I * I ‘ |
e with density pileup
| @ no density pileup . |
15 | /-" o o o
=0 - 0 o ® 4 N
_ | e 7%
-—"‘ -
’ —
5 ® o_——""To ° ° o —
X
0 . ] ? ] ? ] ’ ] , ] ? ] ?
0 5 10 15 20 25 30
o

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 ro.
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