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Flavour-dependent Mott localization
of interacting lattice fermions

D. Tusi et al., Nature Physics 18, 1201 (2022)

Universal Hall response in
strongly interacting fermions

T.-W. Zhou et al., Science 381, 427 (2023)
T.-W. Zhou et al., Nat. Comm. 16, 10247 (2025)

New platforms with Rydberg atom arrays



Fermi energy



Electron gas in a solid
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Fermi-Hubbard model

Simplest model to describe electron-electron correlations

H = —t Z (szcym + h. C) +UZnZTn@¢

(i7).m

Mott insulator (U >>t): e.g. 1atom/site

Metal (t >> U) :

“doublon”

Experiments by many groups: ETH, MPQ, Harvard, Rice, MIT... and many others



U independent of spin:
global SU(N) interaction symmetry
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Coupling between flavours
favours localization

SU(3) metal
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o] Mott Insulator
= Repulsive interactions <
p suppress double occupancy
8 (Mott localization)

atom repulsion U/D (D = zt) S. Taie et al., Nature Physics, 8, 825 (2012)

C. Hofrichter et al., PRX 6, 021030 (2016)
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T=0Ltheory M. Capone et al.) Evidence for flavour-
N . .
((D) \ selective correlations

@D flavour coupling Q/D
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Chubukov & Hirschfeld, Phys. Today 68, 46 (2015)

Critical temperature T, [K]

Iron-based superconductors

A “new” class of high-Tc superconductors

Layered structure as cuprates

Square lattices of Fe (with As, Se, ...)

Multiple orbitals involved in conduction
Hund’s coupling between orbitals
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L. De* Medici et al,, PRL 102, 126401 (2009) Multi-orbital Hubbard models

g TiE I LI R LS coherent coupling between orbitals
metallic phase by

degeneracy lifting Mott localization only

in some orbitals

Hund'’s orbital coupling J

Hubbard interaction U



SU(N) symmetry and its controlled breaking

Flavour-selective Mott localization

Connections with complex materials (and beyond?)
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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 = = — o .
A B-J,  ng characterization of materials, ...

h 1 guantization, metrology

large B / quantum: RpyB = 2y Y €Z (resistance standards), ...



K. von Klitzing et al., Phys. Rev. Lett. 45, 494 (1980)
K. von Klitzing, Rev. Mod. Phys. 58, 519 (1986) Quantu m Hall effect

Quantization of the Hall resistance
in a 2D electron gas
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FIG. 3. Typical ‘shape and cross section of a GaAs- ) .
Al,Ga;_,As heterostructure used for Hall-effect measure- FIG. 14. Experimental curves for the Hall resistance Ry=p,,
ments. and the resistivity p., ~R, of a heterostructure as a function of

the magnetic field at a fixed carrier density corresponding to a
gate voltage V=0 V. The temperature is about 8 mK.

__h1 guantization, metrology
large B/ quantum: Ry B = 2, VE Z (resistance standards), ...



Hall effect

Organic quasi-1D systems High-Tc superconductors (cuprates)
J. Moser et al., PRL 84, 2674 (2000) S. Badoux et al., Nature 531, 210 (2016)

Serious challenges for low-dimensional and strongly correlated materials

E temperature dependence
. 1. . Zy P P )
small B / classical: Ry = 5 change of sign, ...

h 1 / fractional quantum Hall
large B/ quantum: RyB = —- VE fractional statistics, ...
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J. Dalibard et al., Rev. Mod. Phys. 83, 1523 (2011) . . .
N. Goldman et al., Rep. Prog. Phys. 77, 126401 (2014) SynthEtlc magne'tlc fields

Rotating quantum gases Raman-dressed states

K. W. Madison et al., PRL (2000) Y.-J. Lin et al., Nature (2009)

Laser-assisted tunneling Lattice shaking Synthetic dimensions

|J|E-!Ii |J|EIIH

M. Aidelsburger et al., PRL (2011) J. Struck et al., PRL (2012) M. Mancini et al., Science (2015)

B. K. Stuhl et al., Science (2015)
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E, = Eoeik'r Aharonov-Bohm phase imprinted by lasers:
EZ — Eoeik,.r .
P - e'PY

®(B)

two-photon Rabi frequency:

05 (r)Q, (r) ¢ =2m

ar) =——4 D, D. Jaksch & P. Zoller, NJP 5, 56 (2003)

= |Q|et Kk)T — |

Reviews on gauge fields for ultracold atoms:

L J. Dalibard et al., Rev. Mod. Phys. 83, 1523 (2011)
O = |Q|e'?) : an et al R : 6401 (20

A synthetic magnetic field for effectively
charged particles (up to 10* T!)

real space




+3/2 _1/2

Observation of 5/2

chiral edge currents

Edge states: /’1

—_ a hallmark feature gt ,
topological insulators




Quenched dynamics
following the activation
of a longitudinal field

Metallic regime:
<1 atom/rung

Flux p ~ /3

Hall imbalance

P
Ay = Y
H=7

related works on Hall deflection:
M. Aidelsburger et al., Nat. Phys. (2015)
T. Chalopin et al., Nat. Phys. (2020)
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Clear effect of atom-

atom interactions on
Hall dynamics




a2 5)

Nonresonant Raman coupling =
Energy bias in synthetic dimension

related theoretical proposal:
M. Buser et al., PRL 126, 030501 (2021)






polarization <P,>

Hall voltage AV,, =

energy difference (detuning) along
synthetic dimension that compensates
for the Hall drift

Av, (-B)

I

AV, (B)

transverse hias Vy



Hall voltage AV, vs atom number Current J, vs atom number
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Dependence of the Hall resistance on atom number

inverse Hall resistance

U/t =6.6

Experimental verification

of 1/N scaling




Quantum Hall

Perspective: quantized transport
of interacting fermions in
larger-sized synthetic ladders

Recent observations of FQH physics in few-body limit (2-particle Laughlin states)

P. Lunt et al., PRL 133, 253401 (2024) J. Léonard et al., Nature 619, 495 (2024)



SU(N) symmetry and its controlled breaking

Flavour-selective Mott localization

Connections with complex materials (and beyond?)

Synthetic dimension and synthetic B fields

Observation of build-up of Hall response and
universal regime at strong interactions

Direct measurement of electric-like quantities
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Single-atom trapping in optical tweezers



no atoms

1 atom









Analog quantum simulators Digital quantum computers

Engineering many-body quantum Programmable
spin models (Ising, Heisenberg) guantum gates and circuits

x
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Wil



Two-electron Rydberg atom arrays:

~

Sr Rydberg Lab (UNIFI and CNR PASQUA)

o

o

Yb Rydberg Lab (UNIFI and CNR PNRR ICSC)

o

o



Sr Rydberg Lab (UNIFI and CNR PASQUA)

o

o

Yb Rydberg Lab (UNIFI and CNR PNRR ICSC)

o

o
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2) Engineer tunnelling gates for digital fermionic quantum simulators
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Determination of the Hall voltage AV, vs atom number

theory:



Robustness of the Hall resistance vs number of legs



Perspectives

Quantized Hall response of strongly interacting fermions

Extended synthetic dimensions

Control of density/homogeneity with tailored optical potentials



Fermi-Hubbard model

Simplest model to describe electron-electron correlations in materials

Relevant model for high-Tc superconductivity (e.g. cuprates)

Experiments by ETH, MPQ, Harvard, Rice, MIT, Princeton, Bonn...
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Fermi-Hubbard model

Simplest model to describe electron-electron correlations

Relevant model for high-Tc superconductivity (e.g. cuprates)

Experiments by many groups: ETH, MPQ, Harvard, Rice, MIT... and many others!



SU(N) Fermi-Hubbard model

Richer physics for SU(N) Fermi-Hubbard!

Different thermodynamics,
Novel quantum phases, exotic magnetism

H~ — Z SmmSnmj SU(N) Heisenberg model @ low T

(ij),m,n

A wealth of magnetic phases is expected (antiferromagnets, dimerized, spin liquids...)

SU(2) SU(3) SuU(4) SU(5) SU(>=5)

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



SU(N) Fermi-Hubbard model

\ Richer physics for SU(N) Fermi-Hubbard!
Different thermodynamics,
WV, Novel quantum phases, exotic magnetism

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

(ij),m,n

Experimental observation of SU(N)
antiferromagnetism (Kyoto, Takahashi)

H. Ozawa et al., PRL 121, 225303 (2018)
S. Taie et al., Nat. Phys. 18, 1356 (2022)



Coupling between flavours
favours localization

SU(3) metal
<
Uu=>0
._ ] Motisafréarator
Repulsive interactions <
suppress double occupancy
(Mott localization)
t=0

(D = 6t)



Chubukov & Hirschfeld, Phys. Today 68, 46 (2015) Iron-based superconductors

A “new” class of high-Tc superconductors

Layered structure as cuprates
Square lattices of Fe (with As, Se, ...)

Multiple orbitals involved in conduction
Hund’s coupling between orbitals

T ’I-’J T T T T T T
- HgBaCaCuO @ 30 GPa HpS @155 GPa
150 b L S TIBaCaCu0 , sy HgTIBaCaCuO.......ioo s a
' : BiSrCaCu0 ' ~ o : : : ;
_ : / - HgBaCaCuO : : FeSe Im -
2 100 - B PR - W F
- : : YBaCuO -
S : :SrFFeAs -
v g
E 505 : : : : Cs3C40 : : | 7
© : : ‘ : @14GPa  MgB ; | :
Ej N N v O N {
40 e b et N e IEEEEEREEN ficcgeicciiananane .
) LaSrCu0 p  RbCsCog ™ : : [ —
\ : : : : |
£ : LaBaCu0 p o ; : : ‘ Fe !
= 30 e CRRRRREREEREE S SRR (R RERERRRRCERT 3 [EESRRERREES (ERN ~ W
© : : BKBO YbPd>B,C : LaOFFeAs : [y —
= O . . . . 1Y
= ‘PuCoGas : : 4
- : 5 . §
J 20 + v ......... T ETETEE, TR . CARRLTECRTERY ; ...... SERITITTITITY e 3d6 .. . . . . Q\‘
K3Co0 Li@336PaQ  ONT ; N
. PURhGas A/ : : “\\_
Nb : : P Al : ~eColhe diamgnd : : 2 \
CeCupSip - UBers UPt3 UrAly o CeColns AL Laorer: 5 4s ®® —
0 Hg | b— ———t I L ACNT | i i
1900 1940 1980 1985 1990 1995 2000 2005 2010

Year



L. De* Medici et al,, PRL 102, 126401 (2009) Multi-orbital Hubbard models

ith coherent coupling between orbitals

Orbital coupling shrinks
metallic phase by

" Mott localization onl
degeneracy lifting y

in some orbitals



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

How to realize a minimal system where to observe these effects?



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

Raman coupling in ultracold SU(N) fermions emulates coupling between orbitals

T T i i
o_ <£> 0_2 <ﬁ> State-selective properties:

Coherent coupling favours localization:



QD fraction
—

N(&) Evidence for flavour-
' selective correlations

flavour coupling Q/D

EEEDECDEEE



effective field: 10% T!



Harper-Hofstadter model:

H__tzjm(]m ]+1m+hc)

~Q Y jm (e 1m1m+1+hc) Inversion of J
above 1t flux

/




Open boundaries — edge physics

Extending t

Periodic bo
E. Boada et al,,

Closed boundaries — edge physics

Multidim. structures and 4D quantum Hall effect

E. Boada et al., PRL 108, 133001 (2012)
H. Price et al., PRL 115, 195303 (2015)
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