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Lecture 1

§ Introduction to multicomponent quantum gases

\ Interactions in two-electron fermions and SU(N) physics
‘ Experimental techniques
. EXP: SU(N) physics in low dimensions

=5 EXP:SU(N) Fermi-Hubbard




Fermi-Hubbard model

Simplest model to describe electron-electron correlations
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Experiments by many groups: ETH, MPQ, Harvard, Rice, MIT, Princeton, Bonn...



Fermi-Hubbard model

Simplest model to describe electron-electron correlations

Relevant model for high-Tc superconductivity (e.g. cuprates)
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SU(N) Fermi-Hubbard model

Richer physics for SU(N) Fermi-Hubbard!

Different thermodynamics,
Novel quantum phases, exotic magnetism

4t
H ~ 7 Z SmniSnmj SU(N) Heisenberg model @ low T

(ig),m,n

A wealth of magnetic phases is expected (antiferromagnets, dimerized, spin liquids...)
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M. Hermele et al., PRL 103, 135301 (2009) P. Corboz et al., PRL 107, 215301 (2011)
T. A. Téth et al., PRL 105, 265301 (2010) P. Nataf & F. Mila, PRL 113, 127204 (2014) ...and many many others!!!
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First experimental observation of SU(N)
antiferromagnetism (Kyoto, Takahashi)
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H. Ozawa et al., PRL 121, 225303 (2018)
S. Taie et al., arXiv:2010.07730 (2020)

SU(N) Fermi-Hubbard model

Richer physics for SU(N) Fermi-Hubbard!

Different thermodynamics,
Novel quantum phases, exotic magnetism

SU(N) Heisenberg model @ low T
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D. Tusi et al., arXiv:2104.13338 (2021) SU ( N) Fermi-Hubbard

SU(3) fermions in a 3D optical lattice
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SU(3) symmetric



D. Tusi et al., arXiv:2104.13338 (2021) Breaki ng SU ( N ) symmetry

Add an extra term to the Hamiltonian explicitly breaking SU(N) symmetry

SU(3) broken SU(3)
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D. Tusi et al., arXiv:2104.13338 (2021) Breaki ng SU ( N ) symmetry

Add an extra term to the Hamiltonian explicitly breaking SU(N) symmetry

SU(3) broken SU(3)
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D. Tusi et al., arXiv:2104.13338 (2021) Double occu pancies

Adiabatic preparation of ground state in a 3D lattice
Same number of particles per fermionic flavour (T/T; = 0.25)
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Measurement of doubly-occupied sites with photoassociation spectroscopy
Early ETH experimental work: R. Jordens et al., Nature 455, 204 (2008)
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D. Tusi et al., arXiv:2104.13338 (2021)

Metal to insulator

Measurement of doubly occupied sites:
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D. Tusi et al., arXiv:2104.13338 (2021) Metal to insulator

Measurement of doubly occupied sites:
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D. Tusi et al., arXiv:2104.13338 (2021)

Measurement of doubly occupied sites:
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D. Tusi et al., arXiv:2104.13338 (2021)

Localization by repulsion:

energy (Q2=0)
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D. Tusi et al., arXiv:2104.13338 (2021) Experiment/theory comparison
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Chubukov & Hirschfeld, Phys. Today 68, 46 (2015) Iron-based superconductors

A “new” class of high-Tc superconductors -
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L. De’ Medici et al., PRL 102, 126401 (2009) Multi-orbital Hubbard models

Multi-orbital Hubbard models with coherent coupling between orbitals
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L. Del Re et al., PRA 98, 063628 (2018) Multi-orbital Hubbard models

A minimal system where these effects can be observed

PHYSICAL REVIEW A 98, 063628 (2018)

Selective insulators and anomalous responses in three-component fermionic
gases with broken SU(3) symmetry

Lorenzo Del Re!? and Massimo Capone'**

Unternational School for Advanced Studies, Via Bonomea 265, 34136 Trieste, Italy
2Institute for Solid State Physics, TU Wien, 1040 Vienna, Austria
3CNR-IOM Democritos, Via Bonomea 265, 34136 Trieste, Italy

M (Received 1 August 2017; published 26 December 2018)

We study a three-component fermionic fluid in an optical lattice in a regime of intermediate to strong
interactions allowing for optical processes connecting the different components, similar to those used to create
artificial gauge fields. Using dynamical mean-field theory, we show that the combined effect of interactions
and the external field induces a variety of anomalous phases in which different components of the fermionic
fluid display qualitative differences, i.e., the physics is flavor selective. Remarkably, the different components
can display huge differences in the correlation effects, measured by their effective masses and nonmonotonic
behavior of their occupation number as a function of the chemical potential, signaling a sort of selective
instability of the overall stable quantum fluid.



L. Del Re et al., PRA 98, 063628 (2018) Multi-orbital Hubbard models

Raman coupling in ultracold SU(N) fermions emulates coupling between orbitals
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D. Tusi et al,, arXiv:2104.13338 (2021) State-selective correlations

Measurement of doublon character State-selective photoassociation at finite B




D. Tusi et al,, arXiv:2104.13338 (2021) State-selective correlations

N(CT ~)

Fraction of doublons in Raman-coupled flavours:
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D. Tusi et al,, arXiv:2104.13338 (2021) State-selective correlations

Fraction of doublons in Raman-coupled flavours:

SU(3) symmetric

State-selective correlations
triggered by polarization
in rotated basis

e 4

degenerate . T |

____________________________




D. Tusi et al,, arXiv:2104.13338 (2021) State-selective correlations

Fraction of doublons in Raman-coupled flavours: :

SU(3) symmetric

State-selective correlations
triggered by polarization
in rotated basis
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Multicomponent systems with coherent coupling




Synthetic dimensions?
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Synthetic dimensions?
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Synthetic dimensions

Raman transitions coupling coherently different nuclear spin states:
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Synthetic dimensions

Analogous to coherent tunnelling coupling in a lattice:
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Simulating an "extra dimension"

Realization of a synthetic lattice dimension

Quantum simulation of 4D models: 0. Boada et al., PRL 108, 133001 (2012)
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Opening new synthetic dimensions

The idea of synthetic dimensions is quite general:

stable quantum states + coherent coupling T. Ozawa & H. M. Price
Nature Reviews Physics 1, 349 (2019)
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Opening new synthetic dimensions

The idea of synthetic dimensions is quite general:

stable quantum states + coherent coupling T. Ozawa & H. M. Price
Nature Reviews Physics 1, 349 (2019)

Examples of recent implementations:

Momentum states F. A. An et al., Science Advances 3, e1602685 (2017)
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Trap levels C. Oliver et al., arXiv:2112.10648
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Opening new synthetic dimensions

The idea of synthetic dimensions is quite general:

stable quantum states + coherent coupling T. Ozawa & H. M. Price
Nature Reviews Physics 1, 349 (2019)

Examples of recent implementations:

Rydberg states S. K. Kanungo al., Nat. Comm. 13, 972 (2022)

Molecular rotational B. Sundar et al., Sci. Rep. 8, 3422 (2018)
states (theory)
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Multicomponent systems with coherent coupling

Synthetic dimensions and artificial magnetic fields




A guantum charged particle in a magnetic field




M. Mancini et al., Science 349, 1510 (2015) A synthetic flux ladder

1D real + 1D synthetic ladder

proposal:
A. Celi et al., PRL 112, 043001 (2014)

experiment:
M. Mancini et al., Science 349, 1510 (2015)
B. K. Stuhl et al., Science 349, 1514 (2015)




M. Mancini et al., Science 349, 1510 (2015) A synthetic flux ladder

1D real + 1D synthetic ladder

real space




M. Mancini et al., Science 349, 1510 (2015) A synthetic flux ladder

1D real + 1D synthetic ladder




M. Mancini et al., Science 349, 1510 (2015) A synthetic flux ladder

Ey = Ege'™™
E2 - Eoeik’.r

two-photon Rabi frequency:
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1D real + 1D synthetic ladder




M. Mancini et al., Science 349, 1510 (2015) A synthetic flux ladder

Aharonov-Bohm phase imprinted by lasers:

P > el
®(B) ¢

CDO D. Jaksch & P. Zoller, NJP 5, 56 (2003)

¢ =21

Reviews on gauge fields for ultracold atoms:

J. Dalibard et al., Rev. Mod. Phys. 83, 1523 (2011)
N. Goldman et al., Rep. Prog. Phys. 77, 126401 (2014)




M. Mancini et al., Science 349, 1510 (2015) A synthetic flux ladder

A synthetic magnetic field
for effectively charged particles




Lecture 1

Introduction to multicomponent quantum gases
Interactions in two-electron fermions and SU(N) physics
Experimental techniques

EXP: SU(N) physics in low dimensions

EXP: SU(N) Fermi-Hubbard and breaking SU(N) physics

ecture 2 [ RSN

Multicomponent systems with coherent coupling

Synthetic dimensions and artificial magnetic fields

EXP: Chiral edge currents in synthetic ladders
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Quantum Hall

Edge states are a hallmark of topological states of matter (Nobel Physics 2016)

| chiral edge currents

Magnetic Field (T)

Quantum Hall

Figure from S. Oh, Science 340, 153 (2013)



M. Mancini et al., Science 349, 1510 (2015) Observing chiral edge states

Adiabatic preparation of a Fermi gas in a 3-leg synthetic flux ladder

Flux: ¢ = 0.37m
Lattice filling: ~ 0.75 atoms / real site

Spin-selective detection = single-site imaging in synthetic dimension




M. Mancini et al., Science 349, 1510 (2015) Observing chiral edge states

Adiabatic preparation of a Fermi gas in a 3-leg synthetic flux ladder

Observation of -5/2

chiral edge currents
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L. Livi et al., PRL 117, 220401 (2016) Chiral currents with tunable flux

Measurement of
chiral current J vs ¢




L. Livi et al., PRL 117, 220401 (2016) Chiral currents with tunable flux

Measurement of
chiral current J vs ¢




L. Livi et al., PRL 117, 220401 (2016) Chiral currents with tunable flux

Measurement of
chiral current J vs ¢




L. Livi et al., PRL 117, 220401 (2016) Chiral currents with tunable flux

Measurement of
chiral current J vs ¢
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L. Livi et al., PRL 117, 220401 (2016) Chiral currents with tunable flux

Measurement of
chiral current J vs ¢

Inversion of J
above 1 flux
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L. Livi et al., PRL 117, 220401 (2016) Chiral currents with tunable flux

Harper-Hofstadter model:
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above 1 flux

/

lux /21 J(¢) = —J(—9) time-reversal
Hofstadter's butterfly J(@) =] + ¢p) lattice




L. Livi et al., PRL 117, 220401 (2016) Chiral currents with tunable flux

Harper-Hofstadter model:
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Synthetic magnetic flux or spin-orbit coupling?

two-photon

+3k +3k +Sk +Sk +5k Raman transitions
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Synthetic magnetic flux or spin-orbit coupling?

spin-orbit coupling in real space

0

-3 -2 -1 0 1 2 3
momentum [K]

two-photon

+3k +3k +5k +Sk +5k Raman transitions
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Synthetic magnetic flux or spin-orbit coupling?

spin-orbit coupling in real space

{0
-1 0 1

momentum [K]

two-photon
Raman transitions




T. Chalopin et al., Nature Phys. 16, 1017 (2020) Larger synthetic dimensions

Probing chiral edge dynamics and bulk topology of
a synthetic Hall system

Thomas Chalopin©'3, Tanish Satoor'3, Alexandre Evrard', Vasiliy Makhalov'?, Jean Dalibard’,
Raphael Lopes®'and Sylvain Nascimbene ®152
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E. H. Hall, American Journal of Mathematics 2, 287 (1879) Ha " EffECt

Classical picture of the Hall effect

Longitudinal current + magnetic field
Lorentz force + buildup of transverse voltage

Well understood for noninteracting electrons in the continuum

. Ey, -1 magnetometers,
small B / classical: Ry = — ~ — - :
B-J, nq characterization of materials, ...
__ h1 guantization, metrology
large B / quantum: RyB = o2y Y €Z (resistance standards), ...
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Organic quasi-1D systems High-Tc superconductors (cuprates)
J. Moser et al., PRL 84, 2674 (2000) S. Badoux et al., Nature 531, 210 (2016)
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Serious challenges for low-dimensional and strongly correlated materials

__~

B-J, change of sign, ...

h 1 / fractional quantum Hall
large B / quantum: RyB = e2p v E >, fractional statistics, ...

: E temperature dependence,
small B / classical: Ry 4 P P
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How to measure the Hall response for strongly interacting atomic systems?

PHYSICAL REVIEW LETTERS 122, 083402 (2019)
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Universal Hall Response in Interacting Quantum Systems

Sebastian Greschner, Michele Filippone, and Thierry Giamarchi
Department of Quantum Matter Physics, University of Geneva, 1211 Geneva, Switzerland
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We theoretically study the Hall effect on interacting M-leg ladder systems, comparing different measures
and properties of the zero temperature Hall response in the limit of weak magnetic fields. Focusing on SU(M)
symmetric interacting bosons and fermions, as relevant for, e.g., typical synthetic dimensional quantum gas
experiments, we identify an extensive regime in which the Hall imbalance A is universal and corresponds to a
classical Hall resistivity Ry = —1/n for a large class of quantum phases. Away from this high symmetry point
we observe interaction driven phenomena such as sign reversal and divergence of the Hall response.
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B Quenched dynamics
Hall polarization  current following the activation
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(time-of-flight)

Measurement of a

atom number stationary Hall imbalance
(Stern-Gerlach)
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Optical gradient along x induces
a longitudinal current

Jo = | sinlf i

and a time-dependent polarization
(Hall response)

By =) .(m— my)Np,
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Optical gradient along x induces
a longitudinal current

Jo = | sinlf i

and a time-dependent polarization
(Hall response)

By =) .(m— my)Np,

The Hall imbalance rapidly
approaches a stationary regime
Py

ANop—
s e
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Dependence of the
Hall imbalance on the
transverse hopping t,,

Theory: C. Repellin, S. Greschner, M. Filippone, T. Giamarchi
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t,/t, = 2.21

Theory: C. Repellin, S. Greschner, M. Filippone, T. Giamarchi

Dependence of the
Hall imbalance on the
transverse hopping t,,

A large t,, opens a gap
between the two bands,
stabilizing a single-band
metal where Ay takes the
universal value
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Dependence of the
m=-12 &——0—0—0—@ Hall imbalance on the
‘ B ‘ ‘ ‘ [ [‘ interaction strength U
m=-5/2 0—0—0—0—0

Clear effect of atom-
atom interactions on
Hall dynamics

Universal Value

Increasing U leads to a
robust single-band metallic
state characterized by the
universal Hall imbalance

Theory: C. Repellin, S. Greschner, M. Filippone, T. Giamarchi
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Nuclear spin and electronic state

Two internal degrees of freedom with long coherence times:
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578nm optical clock transition
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Thank you!
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