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SUPERCONDUCTIVITY

WHY NOT
AT ROOM TEMPERATURE?

Highest Tc (ambient pressure)
~150 K – just a factor of two!



Superconductivity: BEC of Cooper pairs

Weak interaction U
Large kinetic energy (Fermi level)
Low critical temperature

Remove the kinetic energy to maximize the effect of interactions!



Flat bands: interactions dominate

(periodic part of) the Bloch function

Group velocity:

No interactions: insulator at any filling

for Cooper pairing

constant

Dispersive band U<<W:

Flat band U>>W:

High        for pairing
(Khodel, Shaginyan, Volovik,
Kopnin, Heikkilä)





But is supercurrent stable at a flat band?

Particle density

Bandwidth

Supercurrent density: given by superfluid
weight and Cooper pair momentum

Conventional BCS: Zero at a flat
band!!!



Superfluidity and quantum geometry

Peotta, PT, Nat Comm 2015
Julku, Peotta, Vanhala, Kim, PT, PRL 2016
Tovmasyan, Peotta, PT, Huber, PRB 2016
Liang, Vanhala, Peotta, Siro, Harju, PT, PRB 2017
Liang, Peotta, Harju, PT, PRB 2017
Tovmasyan, Peotta, Liang, PT, Huber, PRB 2018
PT, Liang, Peotta, PRB(R) 2018
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Our multiband approach

MULTIBAND BCS MEAN-FIELD THEORY
multiband two-component attractive
Fermi-Hubbard model   –U < 0

Introduce a modulation of the order parameter phase to generate supercurrent

: Cooper pair momentum



Superfluid weight in a multiband system

Can be nonzero also in a flat band
Present only in a multiband case
Proportional to the quantum metric



Quantum geometric tensor
Metric for the distance between quantum states

Introduce gauge invariant version

Quantum geometric tensor

quantum metric

Berry curvature
Provost, Vallee, Comm. Math. Phys. 76, 289 (1980)
Quantum metric is the same as Fubini-Study metric,
and related to Fisher information



Lower bound for flat band superfluidity

The quantum geometric tensor
is complex positive semidefinite

Berry curvature:

Chern number:

Mean-field results confirmed by:
exact diagonalization, DMFT, DMRG, perturbation theory



Why can there be transport in a flat band?

non-localized
Brouder, Panati, Calandra, Marzari, PRL 2007



Twisted bilayer graphene (TBG) superconductivity
and quantum metric

For APS Physics news, google Geometry resques superconductivity
Julku, Peltonen, Liang, Heikkilä, PT, PRB(R) (2020); Editors’ Suggestion

Aleksi Julku Teemu Peltonen Long Liang Tero Heikkilä



MA-TBG: Magic Angle-Twisted Bilayer Graphene
Twisting graphene layers produces flat bands
(unconventional) superconductivity

Y Cao et al. Nature 556, 43–50 (2018)

Also
Nature 556, 80 (2018)
Science 363, 1059 (2019)
Nature 574, 653-657 (2019)





Fermi-Hubbard lattice model with TBG geometry:

Two distinct pairing schemes:

Local pairing:

Non-local nearest neighbour
(singlet) pairing:

annihilates a fermion in the ith lattice site with spin σ = {↑, ↓}

J< 0 is attractive
interaction strength



Geometric contribution in TBG

Non-local (RVB) interaction Local (s-wave) interaction

Confirmed by (only s-wave): Hu, Hyart, Pikulin, Rossi, PRL (2019)
For APS Physics news, google Geometry resques superconductivity

Julku, Peltonen, Liang, Heikkilä, PT, PRB(R) (2020); Editors’ Suggestion



Review

J. Zhang group



Flat band transport and Josephson effect through
a saw-tooth lattice

Pyykkönen, Peotta, Fabritius, Mohan, Esslinger, PT, PRB (2021)

Ville Pyykkönen Sebastiano Peotta Philipp Fabritius Jeffrey Mohan Tilman Esslinger





Insulator – pseudogap crossover in the Lieb lattice
normal state

KE Huhtinen, PT, PRB(L) (2021)

Kukka-Emilia Huhtinen



Hubbard model on the Lieb lattice

Attractive Hubbard model

Flat band states reside at       and       sites

DMFT cluster: A, B and C

FOCUS ON THE NORMAL STATE ABOVE SUPERCONDUCTIVITY



Large (U>t) interactions: pseudogap
Generalized spin susceptibility:

Local contribution to spin susceptibility
decreases sharply with temperature at
sites.

At low temperatures,                                               ,
where         is the orbital-resolved spectral function.

As interaction is increased, the spectral
function becomes depleted around half-filling.



Low interaction (U<t): insulator

In DMFT,                      , where
is the bare mass and          is the
effective mass.

The self-energy diverges at low
frequencies when the interaction
strength is decreased.

The temperature dependence is
rather than           found for

Mott insulator.
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BEC in continuum

= condensate density

= density of non-condensed bosons (quantum depletion)

= repulsive contact interaction strength



BEC in continuum

Flat band limit:

For any finite interaction:

Obviously, flat band BEC in a single band model not possible.



● Clearly, BEC in a flat band should not be possible
???

● True for a single band system, not for multiband
model (as shown in earlier works)

● What determines the stability?

BEC in a flat band?

Huber & Altman, PRB 82, 184502 (2010)
You et al., PRL 109, 265302 (2012) (H. Zhai group)



Flat band BEC & quantum geometry

Kagome lattice:

Julku, Bruun, PT, PRL 2021
Aleksi Julku Georg Bruun



Flat band BEC & quantum geometry

Kagome lattice:

Quantum metric dictates the speed
of sound

Julku, Bruun, PT, PRL 2021
Aleksi Julku Georg Bruun



Flat band BEC & quantum geometry

Excitations do not cost energy? Can BEC stable?

Excitation density can be finite in the
non-interacting limit...

Answer: Yes it can, finite quantum distance between Bloch
states sets the limit for excitation density -> stable BEC

...in contrast to dispersive band BEC

Interaction effects prominent even in the limit of
vanishing interactions
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Light-matter coupling (LMC) in multi-band
systems

‘classical’ = determined by band dispersion

‘geometric’ = determined by Bloch states

Reminder: Single-band LMC

G. E. Topp, C. J. Eckhardt, D. M. Kennes, M. A.
Sentef, and PT, PRB 2021

classical geometric

paramagnetic diamagnetic



Application: Light-induced Dirac gap in TBG
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G. E. Topp, C. J. Eckhardt, D. M. Kennes, M. A. Sentef, and PT, PRB 2021
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Bose-Einstein condensation
in a plasmonic lattice

Hakala, Moilanen, Väkeväinen, Guo, Martikainen, Daskalakis, Rekola,
Julku, PT, Nature Physics 14, 739 (2018)

Väkeväinen, Moilanen, Necada, Hakala, Daskalakis, PT, Nature
Communications 11, 3139 (2020)

Taskinen, Kliuiev, Moilanen, PT, Nano Letters 14, 1721 (2021)

Moilanen, Daskalakis, Taskinen, PT, arXiv:2103.10397

https://youtu.be/okZmnB3Hhb4
https://youtu.be/okZmnB3Hhb4


Nanoparticle array + molecules

band edge

Nature Physics 2018, Nature Communications 2020, arXiv2021



Condensate phase determined for the first time by phase retrieval
(Nano Letters 2021)



Magnetic switching of plasmonic lasing

Freire-Fernandez, Cuerda, Daskalakis, Perumbilavil, Martikainen, Arjas,
PT, van Dijken, Nature Photonics in press (2021), arXiv:2104.14321

https://youtu.be/okZmnB3Hhb4


Summary

Quantum geometry governs
- flat band superfluidity
- BEC excitations
- light-matter interactions

Outlook
Towards room temperature superconductivity

Role of quantum geometry and interactions
in photonic systems




