
Analog & Digital Quantum Simulation  
using Ultracold Atoms

Quantum Connection - 2026

Topic Lecture Outline

Quantum Simulation & Computing using Ultracold Atoms

Potentials, Interactions, Models, Detection Techniques….1

Strongly Correlated Electron Physics & Quantum Gates  
AFM, Polarons, Pseudogap, Entanglement, Spin-Charge Interplay,  
Stripes, Digital Quantum Gates with Fermions …

3

Preparation of U(1) Quantum Spin Liquids 
Tilted BH model, Lattice Gauge Theory, Dyamics Ramps, Coherences2

Outlook 
Hybrid Digital Analog QC, Towards Bilayers, Frustration…4

Introduction Quantum Computing & Simulation

Two approaches
Analog

Implement ruleset Hmodel  
directly

e.g. electrons, magnets,…

Digital

Approximate Hmodel ruleset 

digitally

= “universal” digital  
but resource hungry

e.g. single / 2 qbit operation 

= powerful! 
but non-universal

Ion Traps 
(Innsbruck,NIST, Quantinuum, 

Duke, ETHZ, Mainz,  
Rice, Oxford,..)

Superconducting  
Devices 

(Tokyo, UCSB, Yale, Google, 
IBM,  USTC, ETHZ, Princeton, 

Chalmers, Delft, Chicago, 
TUM/WMI, FZ Jülich,…)

Optical Lattices 
(MPQ/LMU, ETHZ, Harvard, 

MIT, USTC, Beijing, Cambridge, 
Cambridge (UK), Chicago, 

Princeton, Virgina, Heidelberg, ENS, 
Hamburg, KAIST, 

UCSB, RIKEN, Stanford…)

Rydberg Tweezers  
(IO, Harvard, 

Wisconsin,JILA, Caltech, 
Princeton, Waterloo, 
Tübingen, Berkeley, 

ETHZ…)

Quantum Simulation major research field across platforms!

courtesy: T. W. Hänsch

System size: up to few thousands of particles

Particles: Fermions, Bosons, Mixtures

Spin degree of freedom:

Mobility: itinerant or static

1S0

3P0

Hyperfine  
(Microwave)

Clock  
(Optical)



Introduction Primer on Optical Lattices

laser

optical standing wave

<latexit sha1_base64="CNjIX24Njhz4UxPLTUigvTE0DA0="></latexit>

w ⇠ 2p ⇥ (10 kHz � 1MHz)
<latexit sha1_base64="cuwbSb4Euk61RG3my6blOK7HirU="></latexit>

s ⇠ 10 nm � 100 nm

<latexit sha1_base64="wlmbtgHboXYyKxt0imd07Ecam2Q="></latexit>

t/h ⇠ 100 Hz � 5 kHz

<latexit sha1_base64="cpMryL1be4peCIBUcsLmBrTE7nY="></latexit>

a = 250 nm � 1 µm

Full dynamical control over lattice depth, geometry, dimensionality!

Fourier synthesize aribtrary lattices:

• Square
• Hexagonal/Triangular/Brick Wall
• Kagomé
• Superlattices
• Spin dependent lattices
• Flux Lattices 
...

Flexible Geomtry
Dynamical
Homogeneity
Larger Spacing

Zoe Z. Yan,…,W. Bakr, Phys. Rev. Lett. 129, 123201 (2022)

Hubbard Regime Tweezer Arrays

Interaction Control

Collisional  
(onsite few kHz)

Dipolar 
Magnetic or Electric  

(several sites Hz to 10 kHz)

Rydberg Dipole-Dipole 
(several sites 1-500 MHz)

Cavity Mediated 
(All-to-All few Hz-kHz) 

Collisional Interactions



B

Interacting Bosons & Fermions on a Lattice

Ĥ = −J ∑
〈i,j〉,σ

ĉ†
i,σ ĉj,σ + U ∑

i
n̂i,↓n̂i,↑ + Vt ∑

i,σ
i2n̂i,σ

Bose-Hubbard

Fermi-Hubbard

to the Heisenberg spin-1/2 model (half filling, strong interactions)

J =
4t2

U
<latexit sha1_base64="kYwenLJ5lxtohEV5plh1W5hi/W8="></latexit><latexit sha1_base64="kYwenLJ5lxtohEV5plh1W5hi/W8="></latexit><latexit sha1_base64="kYwenLJ5lxtohEV5plh1W5hi/W8="></latexit><latexit sha1_base64="kYwenLJ5lxtohEV5plh1W5hi/W8="></latexit>

H = J Â
hi,ji

Si · Sj
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(Or more generally XXZ Hamiltonian)

Quantum Gas Microscopy

x
yx

y

z

W. Bakr et al., Science (2010) 
J. Sherson et al., Nature (2010)

Quantum Gas  
Microscopy



The dance of electrons  
inside a material!

K. Kwon et al., Phys. Rev. A (2022)
W. Bakr et al., Science (2010) 

J. Sherson et al., Nature (2010)

Quantum Gas  
Microscopy

Quantum gas microscopes
BOSONS

Harvard, 87Rb Munich,87Rb Tokyo, 174Yb Kyoto, 174Yb Harvard, 6Li

Toronto, 40K

FERMIONS

Munich, 6Li

Glasgow, 40K

Princeton, 6Li

MIT, 40K

Virginia, 6Li

Aarhus, 87Rb KAIST, 7Li

MOLECULES

Princeton, NaRb

Munich, 133CsHarvard, 16xEr

USTC, 87Rb

Chicago,133Cs

RIKEN, 87Rb

Munich,133Cs

Potential Shaping Flexible Geometries and Large Sizes

Quantum Ladders with  
flexible edge geometries 
(SPT Spin-1 Haldane Phase) 

Fully tuneable coupling strengths 
+dimensionality +flux +frustration

J

<latexit sha1_base64="byiiyhBAZhKDEg0VG21x6iiU1i0="></latexit>

J?

<latexit sha1_base64="P28b6rMa9rtPNMzJ10gQSVFdoQA="></latexit>

Large Homogeneous 2D Systems 
(2000-5000 atoms, filling 95-98%)

Tweezer SPT: Léséluc et al. Science 365, 6455 (2019) 
see also: C. Chiu et al. Phys. Rev. Lett. 120, 243201 (2018)


Idea: J.-S. Bernier et al. Phys. Rev. A 79, 061601 (2009) 
T.-L. Ho & Q. Zhou arXiv:0911.5506


P. Sompet et al. Nature 606, 484 (2022)

 Cs experiment in 
collaboration with  
M. Aidelsburger

Rb Quantum Gas  
Microscope

Cs Quantum Gas  
Microscope



FHM Microscope Full Spin & Density Resolved Detection

3 μm

21 μm

Spin
splittting

Charge
pumping

Mono-
layer

0

1

0

1

x

z
y

x

y

x

y

Density and spin readout: M. Boll et al. Science 353, 1257 (2016), J. Koepsell et al. Phys. Rev. Lett. 125, 010403 (2020),  
see also: Harvard (Greiner), Princeton (Bakr) Phys. Rev. Lett. 129, 123201 (2022), MIT (Zwierlein) Science 381, 82 (2023)

+ =
Layer 1

Layer 2

: hole
: doublon

: spin down
: spin up

<latexit sha1_base64="jfDOjEuReuveHUw8ICg6DVrd+qQ="></latexit>

|Yi += + +

Snapshots where each “electron” is visible

PQS Programmable Orbital Rotations using Superlattices

A. Impertro et al.  
Phys. Rev. Lett. 133, 063401 (2024) 

see also SC qubits:

B. Du, R. Suresh, S. López, J. Cadiente, R. Ma,  

Phys. Rev. Lett. 133, 060601 (2024).


Optical superlattices Measurement scheme

Spin currents: C. Schweizer, M. Lohse, R. Citro, I. Bloch Phys. Rev. Lett. 117, 170405 (2016)

Orbital currents (earlier work):  
M. Atala, … &  I. Bloch, Nat. Phys. 10, 588 (2014).

A. M. Kaufman, … & M. Greiner, Science 353, 794 (2016).

Fermions: T. Chalopin,…, I. Bloch, T. Hilker Phys. Rev. Lett. 134, 053402 (2025).

PQS Programmable Orbital Rotations using Superlattices

Measurement scheme  x-rotation

 z-rotation

“Orbital Bloch sphere”

PQS Programmable Orbital Rotations using Superlattices

“Orbital Bloch sphere”

 pulse

Evolution under  rotation

Density evolution:

Additional  rotation

𝑍𝜋/2 + 𝑋𝜋/2



PQS Local Measurement of Currents

Single-shot read-out  measure correlations!→

Current pattern

using laser-assisted tunneling
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A. Impertro, et al. Phys. Rev. Lett. 133, 063401 (2024)
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Current-current correlator

Useful New Tool for Topological System, Loop Currents…


But also Fermionic QC with Orbital Modes!


(See D. Gonzalez-Cuadro et al. PNAS 2023)

Ground State Interacting Flux Plaquette
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y

Leg current (J)
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U/K ≃ 9.8

Gauge Fields

140 plaquettes!

A. Impertro, S. Huh, S. Karch, J. F. Wienand, I. Bloch, M. Aidelsburger, Nature Physics (2025)

Quantum Dimer Models 
& Spin Liquids

S. Karch et al. (arXiv:2604.24744)

Melissa Will Frank PollmannMichael Knap
Clemens  

Kuhlenkamp

TUM TUM TUMHarvard

QSL Quantum Dimer Models

24

Reviews: 
Moessner & Raman, arXiv:0809.3051 
Savary & Balents, Rep. Prog. Phys. 80 (2016) 
Zhou et al., Rev. Mod. Phys. 89 (2017),...

Quantum dimer models  
historically: study high-Tc superconductors

dimer / singlets

Novel many-body 
phenomena:
• Topological order 
• Emergent gauge fields 
• Fractionalized excitations 
• Exotic critical points

Quantum 
spin models

⟷

 local constraint on nearest-neighbors→



QSL Quantum Dimer Models

25

Quantum dimer models  
historically: study high-Tc superconductors

dimer / singlets

Novel many-body 
phenomena:
• Topological order 
• Emergent gauge fields 
• Fractionalized excitations 
• Exotic critical points

 local constraint on nearest-neighbors→

Gauss's law: 
hard constraint on 
sites of the lattice!

 restricts Hilbert space→

Reviews: 
Moessner & Raman, arXiv:0809.3051 
Savary & Balents, Rep. Prog. Phys. 80 (2016) 
Zhou et al., Rev. Mod. Phys. 89 (2017),...

QSL Quantum Dimer Models

Quantum dimer models  
historically: study high-Tc superconductors

dimer / singlets

Novel many-body 
phenomena:

 local constraint on nearest-neighbors→

winding 
number

Gauss's law: 
hard constraint on 
sites of the lattice!

• Topological order 
• Emergent gauge fields 
• Fractionalized excitations 
• Exotic critical points

 restricts Hilbert space→

• non-trivial local constraints 
• local quantum dynamics

Required  
ingredients:

Challenge for synthetic  

& real materials!
Reviews: 
Moessner & Raman, arXiv:0809.3051 
Savary & Balents, Rep. Prog. Phys. 80 (2016) 
Zhou et al., Rev. Mod. Phys. 89 (2017),...

QSL Rydberg Quantum Simulators

Semeghini,..., Lukin  
Science 374, 1242 (2021)

Bornet,..., Browaeys, 
arXiv:2602.14323

Geim,..., Lukin,  
arXiv:2602.18555

Dirac Spin Liquid 
Candidate

U(1) Spin Liquid LakesQuantum Spin Liquid 
Candidate

String breaking: González-Cuadra, et al. (Quera) Nature 642, 321–326 (2025); Cochran, et al. (Google) Nature 642, 315–320 (2025) 
Disorder-free localization: Google Quantum AI arXiv:2410.06557; Qudit circuit with trapped ions: Meth,...,Ringbauer Nat. Phys. 21, 570–576 (2025)

QSL U(1) Quantum Link Model in 2D Superlattice

see also: J. J. Osborne et al., Commun. Phys. 8, 273 (2025) 
Halimeh et al., PRX Quantum (2021); Lang et al., PRB (2022)

2D superlattice Bose-Hubbard model:

Ĥ = − Ji ∑
⟨i,j⟩

( ̂a†
i ̂aj + h . c . ) + U

2 ∑
i

̂ni( ̂ni − 1) + Δi

2 ∑
i

(−1)i ̂ni

• Single-particle tunneling 
suppressed by Δ ≫ J

• Resonant correlated 
tunneling for Δ = U/2

U

J

Δ
 add linear tilt to 

protect local U(1) 
symmetry

→

δ

δ ≫ J2/(2Δ)

B. Yang et al. Nature 587, 392-396 (2020); Z.-Y. Zhou et al., Science 377, 311 (2022);  
H.-Y. Wang et al., PRL 131, 050401 (2023); W.-Y. Zhang et al., Nat. Phys. 21, 155 (2025)

1D:



QSL Monomer Dimer Model with Ultracold Atoms

• Mass  is detuning from resonancem

Effective Hamiltonian

monomer dimer

Mapping:

• Resonant correlated tunneling for Δ = U/2

Bose- 
Hubbard: Δ

or or

see also: J. J. Osborne et al., Commun. Phys. 8, 273 (2025); Halimeh et al., PRX Quantum (2021); Lang et al., PRB (2022)

QSL Monomer Dimer Model with Ultracold Atoms

Effective Hamiltonian

or or

see also: J. J. Osborne et al., Commun. Phys. 8, 273 (2025); Halimeh et al., PRX Quantum (2021); Lang et al., PRB (2022)

Each vertex is either occupied by monomer 
or connected to one dimer

Gauss's law: 

QSL Gauss Law Conservation

0 2 4
Time t/Teff

0.4

0.6

0.8

G
au

ss
' l

aw

2δ

δ/J = 0
δ/J ~ 2

J

T =    , δ/J = 0  ∞

monomer 87% 
dimer ~1%

Gauss's law after 
quench to 
resonance:

Initial state:

QSL Gauss Law Conservation

Gauss's law after 
quench to 
resonance:

3 5 7
Vertical lattice depth (kHz)

1

0.1

0.01

P
ro

ba
bi

lit
y

II

Doublon
spilling

G
ravity

p1 1 p2 2

≈ 99 %F
F ≈ 98 %

Overcoming the parity-projection challenge

;



QSL Generating U(1) Spin-Liquid Lakes

Idea: Connect the monomer initial state to the subspace of dimer coverings

m
0

monomer 
state

QSL Generating U(1) Spin-Liquid Lakes

m

Idea: Connect the monomer initial state to the subspace of dimer coverings

m
0

monomer 
state

?

superposition of  
dimer coverings?

Rokhsar, Kivelson,  
PRL (1988)

Sahay, Vishwanath, Verresen, arXiv:2211.01381 
Gjonbalaj, Sahay, Yelin, arXiv:2502.03518  non-equilibrium preparation of spin-liquid lakes!→

QSL Semi-adiabatic Preparation on Spin-Liquid Lakes

Equilibrium
phases

E
ne

rg
y 

sp
ec

tru
m

Mass m

Unique

Dimer
manifold

m < 0 m > 0

Expectation: Optimal ramp rate generates 
U(1) spin-liquid lakes:

+ + + + ...

Rokhsar, Kivelson, PRL (1988)

?

QSL Semi-adiabatic Preparation on Spin-Liquid Lakes

Amplitudes of dimer coverings

Dimer-dimer correlations



QSL Connection to Spin Ice

di
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Observation of  
pinch-point correlations! 

 emergent U(1) gauge 
field

→

Equivalence to 
U(1) LGT:

What about the  

relative phases?

QSL Round-Trip Protocol

Equilibrium
phases

E
ne

rg
y 

sp
ec

tru
m

Mass m

Unique

Dimer
manifold

m < 0 m > 0

+ + + + ...

Rokhsar, Kivelson, PRL (1988)

Idea: Use ramp back to learn 
something about the phase 

Observation of 
almost perfect 
monomer 
patches

Correlations extend over 100 lattice sites! 

(25 vertices)

QSL Round-Trip Protocol

Many-body coherence !

Equilibrium
phases

E
ne

rg
y 

sp
ec

tru
m

Mass m

Unique

Dimer
manifold

m < 0 m > 0

+ + + + ...

Rokhsar, Kivelson, PRL (1988)

Idea: Use ramp back to learn 
something about the phase Imprint phase 

on vertical dimers  
after forward ramp

Fermi-Hubbard Physics



Fermi Hubbard Fermi Hubbard Model (FHM)

be the most important open problem in the understanding of quantum
materials, and it is here that radically new ideas, including those derived
from recently developed non-perturbative studies in string theory, may
be useful.

More unique to the copper oxides is the behaviour observed in a range
of temperatures immediately above Tc in what is referred to as the
‘pseudogap’ regime. It is characterized by a substantial suppression of the
electronic density of states at low energies that cannot be simply related to
the occurrence of any form of broken symmetry. Although much about
this regime is still unclear, convincing experimental evidence has recently
emerged that there are strong and ubiquitous tendencies towards several
sorts of order or incipient order, including various forms of charge-
density-wave, spin-density-wave, and electron-nematic order. There is
also suggestive, but far from definitive, evidence of several sorts of novel
order—that is, never before documented patterns of broken symmetry—
including orbital loop current order and a spatially modulated super-
conducting phase referred to as a ‘pair-density wave’. There are many
fascinating aspects of these ‘intertwined orders’ that remain to be under-
stood, but their existence and many aspects of their general structure were
anticipated by theory7. Superconducting fluctuations also have an important
role in part of this regime, although to an extent that is still much debated.

The high-temperature superconducting phase itself has a pattern of
broken symmetry that is distinct from that of conventional superconduc-
tors. Unlike in conventional s-wave superconductors, the superconduct-
ing wavefunction in the copper oxides has d-wave symmetry8,9, that is, it
changes sign upon rotation by 90u. Associated with this ‘unconventional
pairing’ is the existence of zero energy (gapless) quasiparticle excitations
at the lowest temperatures, which make even the thermodynamic prop-
erties entirely distinct from those of conventional superconductors (which
are fully gapped). The reasons for this, and its relation to a proximate anti-
ferromagnetic phase, are now well understood, and indeed were also anti-
cipated early on by some theories10–12. However, while various attempts

to obtain a semiquantitative estimate of Tc have had some success13, there
are important reasons to consider this problem still substantially unsolved.

Highly correlated electrons in the copper oxides
The chemistry of the copper oxides amplifies the Coulomb repulsions
between electrons. The two-dimensional copper oxide layers (Fig. 3) are
separated by ionic, electronically inert, buffer layers. The stoichiometric
‘parent’ compound (Fig. 2, zero doping) has an odd-integer number of
electrons per CuO2 unit cell (Fig. 3). The states formed in the CuO2 unit
cells are sufficiently well localized that, as would be the case in a collec-
tion of well-separated atoms, it takes a large energy (the Hubbard U) to
remove an electron from one site and add it to another. This effect pro-
duces a ‘traffic jam’ of electrons14. An insulator produced by this classical
jamming effect is referred to as a ‘‘Mott insulator’’15. However, even a
localized electron has a spin whose orientation remains a dynamical degree
of freedom. Virtual hopping of these electrons produces, via the Pauli
exclusion principle, an antiferromagnetic interaction between neighbour-
ing spins. This, in turn, leads to a simple (Néel) ordered phase below room
temperature, in which there are static magnetic moments on the Cu sites
with a direction that reverses from one Cu to the next16,17.

The Cu-O planes are ‘doped’ by changing the chemical makeup of
interleaved ‘charge-reservoir’ layers so that electrons are removed (hole-
doped) or added (electron-doped) to the copper oxide planes (see the
horizontal axis of Fig. 2). In the interest of brevity, we will confine our
discussion to hole-doped systems. Hole doping rapidly suppresses the
antiferromagnetic order. At a critical doping of pmin, superconductivity
sets in, with a transition temperature that grows to a maximum at popt,
then declines for higher dopings and vanishes for pmax (Fig. 2). Materials
with p , popt are referred to as underdoped and those with popt , p are
referred to as overdoped.

It is important to recognize that the strong electron repulsions that
cause the undoped system to be an insulator (with an energy gap of 2 eV)
are still the dominant microscopic interactions, even in optimally doped
copper oxide superconductors. This has several general consequences. The
resulting electron fluid is ‘highly correlated’, in the sense that for an elec-
tron to move through the crystal, other electrons must shift to get out of
its way. In contrast, in the Fermi liquid description of simple metals, the
quasiparticles (which can be thought of as ‘dressed’ electrons) propagate
freely through an effective medium defined by the rest of the electrons.
The failure of the quasiparticle paradigm is most acute in the ‘strange metal’
regime, that is, the ‘normal’ state out of which the pseudogap and the
superconducting phases emerge when the temperature is lowered. None-
theless, in some cases, despite the strong correlations, an emergent Fermi
liquid arises at low temperatures. This is especially clear in the overdoped
regime (Fig. 2). But recently it has been shown that even in underdoped
materials, at temperatures low enough to quench superconductivity by
the application of a high magnetic field, emergent Fermi liquid behaviour

pmin pmaxpc1 pc2

Hole doping, p   

Te
m

pe
ra

tu
re

, T
 (K

)  
 

Fermi
liquid

0 

300 

0.1 0.2

TN

TC, onset

Pseudogap

T * 

Strange metal 

TCDW

TSDW

Spin
order

Tc

d-SC 

Charge
order

AF 

200 

100 

TS, onset

TSC, onset

Figure 2 | Phase diagram. Temperature versus hole doping level for the
copper oxides, indicating where various phases occur. The subscript ‘onset’
marks the temperature at which the precursor order or fluctuations become
apparent. TS, onset (dotted green line), TC, onset and TSC, onset (dotted red line for
both) refer to the onset temperatures of spin-, charge and superconducting
fluctuations, while T* indicates the temperature where the crossover to the
pseudogap regime occurs. The blue and green regions indicate fully developed
antiferromagnetic order (AF) and d-wave superconducting order (d-SC)
setting in at the Néel and superconducting transition temperatures TN and Tc,
respectively. The red striped area indicates the presence of fully developed
charge order setting in at TCDW. TSDW represents the same for incommensurate
spin density wave order. Quantum critical points for superconductivity and
charge order are indicated by the arrows.

O 

Cu 

Ba/Ca

Cu 3dx2 – y2

O 2py

O 2px

Figure 3 | Crystal structure. Layered copper oxides are composed of CuO2

planes, typically separated by insulating spacer layers. The electronic structure
of these planes primarily involves hybridization of a 3dx2 { y2 hole on the
copper sites with planar-coordinated 2px and 2py oxygen orbitals.
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Fermi-Hubbard Model 
 
 
 

AFM Heisenberg Model 
Half filling & strong interaction  
 
 
 
 
 
 
 
 

B. Keimer et al., Nature 518 2015

J =
4t2

U
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H = J Â
hi,ji

Si · Sj
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hole delocalization magnetic order

Away from half filling: t-J model 
competition between

A. Maruzenko et al. Nature (2017), M. Boll et al. Science (2016), T. Hilker et al. Science (2017),  
L. Cheuk et al. Science (2016), P. Brown et al. Science (2017)
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i,s ĉj,s + U Â

i

n̂i,"n̂i,#

Topic 2D Spin Correlations

See also: Harvard: Parsons et al., Science (2016), Mazurenko et al. Nature (2017), 
MIT: Cheuk et al., Science (2016), Princeton: Brown et al., Science (2017),  

Bonn: Drewes et al., PRL (2017), Rice: A. Hart et al. Nature (2015).
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Theory QMC 
Z. Wang, L. Pollet (LMU)
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i ihŜ
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Idea: 
T.-L. Ho, Q. Zhou, arXiv:0911.5506  

J.S. Bernier et al. Phys. Rev. A (2009)

related: B. Yang et al. Science (2020) 

T/t ∼ 0.1 − 0.25
U/t = 6.5 − 8 t/J ≃ 1.6

0

max DMD potential

r

low Temp: T/t=0.1: M. Xu, …M. Greiner,  Nature 642, 909 (2025) 

1D Hidden Order in the  
Ground State



AFM Charge & Spin Order around Hole

Minimize Energy Two Conditions

 Holes want to delocalise
 Spins want to align antiferromagnetically

Ground State Excited State

Hole = Non local topological excitations!

AFM Microscopic Origin of SC —Separation

Hole introduce domain wall  
“parity” kinks in AFM background!
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AFM AFM around Holes
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-5 0 5
Distance spin-spin d

-5

0

5

Di
st

an
ce

 sp
in-

ho
le 

s

-0.2

-0.1

0

0.1

0.2

Sp
in

-s
pi

n 
co

rre
lat

io
ns

AFM AFM around Holes

-5 0 5
Distance spin-spin d

-5

0

5

Po
sit

io
n 

ho
le 

s+
d/

2

-0.2

-0.1

0

0.1

0.2

Sp
in

-s
pi

n 
co

rre
lat

io
ns



AFM Hidden (Topological) Order in the 1D Hubbard Chain

+1 -1 +1 -1

Heisenberg AFM in “Squeezed Space”

Y(x1, . . . , xN) = YSF(x1, . . . , xN)YHeis(y1, . . . , yM)

F. Woynarovich J. Phys. C (1982)
M. Ogata & H. Shiba Phys. Rev. B (1990)

String Correlator

H.V. Kruis, I.P. McCulloch, Z. Nussinov & J. Zaanen EPL (2004)
H.V. Kruis, I.P. McCulloch, Z. Nussinov & J. Zaanen Phys. Rev. B (1990)

AFM AFM order around a Single Hole

AFM AFM order around more holes

Spins around holes behave much  
as if they were direct neighbors!

String Order Order Parameters

Typical Order Parameter in Landau Paradigm of Phase Transition

Order Parameter: 

Examples: m(r)

ψ(r)

∆(r)

Magnetization (Ferromagnetism, AFM,...)

BEC (Condensate Wave Function)

BCS Superconductor 

�Â� =
√
c

Order Parameter Characterizes Ground State Correlations  
Local ordering!

lim
|x−y|→∞

�Â(x)Â(y)� = c

General classification 
scheme for  

all phases of matter ???



String Order String Order in 1D Systems

E.g. in 1D gapped systems where decays exponentially with distance

However, they can show hidden non-local order:

�Â(x)Â(y)�

lim
|x−y|→∞

�Â(x)




�

z∈S(x,y)

B̂(z)



 Â(y)� = c

We say the order is hidden, because a “global view” of the underlying state
is required. (Topological Order: X.-G. Wen)

Allows us to characterize state only via its ground state correlations!

M. den Nijs, K. Rommelse, Phys. Rev. B 40, 4709 (1989). 
E. Kim, G. Fa´th, J. So´lyom, D. Scalapino, Phys. Rev. B 62, 14965 (2000)
E. G. Dalla Torre, E. Berg, E. Altman, Phys. Rev. Lett. 97, 260401 (2006) 
F. Anfuso, A. Rosch, Phys. Rev. B 75, 144420 (2007)
E. Berg, 1 E. Dalla Torre, T. Giamarchi, E. Altman, Phys. Rev. B 77, 245119 (2008) J. Vijayan et al. Science 367, 186 (2020)

The Electron

Charge -e Spin 1/2

Spin 1/2Charge -e

Quasi-Particle Quasi-Particle

Fractionalization

Deconfinement of Quasi-particles 

that make up the elementary particle

AFM Incommensurate Magnetism

� � � � �� ��
'LVWDQFH�Q

����

����

����

����

���

���

���

6
S
LQ
�F
R
UU
H
OD
WL
R
Q
�&
�G
�

� � � � � � � � �
G��VLWHV�

����

����

w
�
dD

Q
g
wQ
D

Postselection to Mz = 0 !

x(0, T) Largest possible decays length !
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The Electron

Charge -e Spin 1/2

Spin 1/2Charge -e

Quasi-Particle Quasi-Particle

Fractionalization

Deconfinement of Quasi-particles 

that make up the elementary particle

Fractionalization
X

Spinon Spin 1/2 Chargon +e
(Holon)Vs

Vc DMRG Simulation:
C. Kollath, U. Schollwöck, W. Zwerger 

Phys. Rev. Lett. 95, 176401 (2005)
1.


J. Vijayan et al. Science 367, 186 (2020)


FHM Dynamics Dynamical Spin Charge Separation

Hole Dynamics

<latexit sha1_base64="JGBeR/X+eA5n8KWHNNXwgHkheq4="></latexit>
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Spin Dynamics

(squeezed space)

FHM Dynamics Spin & Charge Velocities



Fractionalization - Hole Shedding Spinon

X
<latexit sha1_base64="vzY36PTzFgPnc/M9lmcR5z/SY5g="></latexit>

Spin attached to hole

hŜz
i�1 ĥi Ŝz

i+1i < 0
<latexit sha1_base64="RHhBYvDFfdczY3z8+jMc4pYqhI0="></latexit>

Hole got rid of spin

SC Separation Spin-Hole-Spin Correlations

hŜz
i�1 ĥi Ŝz

i+1i
<latexit sha1_base64="9z1XS7OX5tdYI8WXCOhcbd2cX6A="></latexit>

Spin structure independent of  

hole position!

Connected to hidden AFM correlations in bulk!

SC Separation Detection of the Spin-1/2 Spinon

Σ̂2
j = (Σi ̂Sz

i fσ
j (i))

2

⟨Σ̂2
j ⟩ − ⟨Σ̂2

j ⟩BG = 1/4

Probe Magnetization Fluctuations  
in Region σ

See also: Kivelson, S. & Schrieffer, J. R.  
Fractional charge, a sharp quantum observable. 
Physical Review B 25, 6447–6451 (1982).

J. Vijayan et al. Science 367, 186 (2020)


SC Separation Fractionalization at Finite Temperatrues

Holon created with unit efficiency
Spinon created with 50-60% efficiency



SSH Measuring Fractional Charge

Probability Density of Eigenstates Lattice Topoplogy

Lattice site
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Topic Polaron Formation in 2D

Holes cannot move freely in 2D - holon and spinon are bound

Moving hole leaves frustrated bonds 
behind - CONFINEMENT!  

Spinon and Holon form “Parton”

Bulaevskii, L. N., Nagaev, E. L. & Khomskii, D. I. Sov. Phys. JETP 27, 836 (1968)

S. A. Trugman, Phys. Rev. B 37, 1579 (1988)

J. R. Schrieffer, X. G. Wen & S. C. Zhang, Phys. Rev. B 39 (1989)

C. Kane, P. Lee & N. Read Phys. Rev. B 39, (1989)

B. D. Simons and J. M. F. Gunn, Phys. Rev. B 41, 7019 (1990)

P. Lee et al., Rev. Mod. Phys. 78 (2006)

K. K. Nielsen, M. A. Bastarrachea-Magnani, T. Pohl, & G. M. Bruun

Phys. Rev. B 104, 155136 (2021)


J.M.F. Gunn & B.D. Simons Phys. Rev. B 42, 4370 (1990)

F. Grusdt et al., PRX 8, 011046 (2018)

J. Koepsell et al. Nature 572, 358 (2019) & J. Koepsell et al. Science 374, 82 (2021)

See also recent results on frustrated systems: Princeton & Harvard 

related: imprints of string patterns Ch. Chiu et al. Nature (2019) 
attractive U: T. Hartke et al. Science 381, 82 (2023)

Magnetic polaron is formed!

Polarons Spatial Image of Magnetic Polaron

⟨ ̂nh
r ̂Sz

r+iS
z
r+j⟩c

Three point hole-spin-spin correlator  
(connected & symmetrized)

Kinetic Induced Polarons on Triangular Lattice: 

M. Greiner Nature 629, 317 (2024) (Harvard) 

W. Bakr Nature 629, 323 (2024) (Princeton)

J. Koepsell et al. Nature 572, 358 (2019) 

J. Koepsell et al. Science 374, 82 (2021)
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New Data!

QMC Numerics

Z. Wang & Lode Pollet

Quantitative Match!

Y. Zhang, A. Sinha, M. M. Rams & J. Dziarmaga 


arXiv.2510.04756 (2025).


Spinon-Holon Birth and Death of Polaron in 2D

⟨ ̂nh
r ̂Sz

r+iS
z
r+j⟩c

Three point hole-spin-spin correlator  
(connected & symmetrized)
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Earlier results, see: J. Koepsell et al. Science 374, 82 (2021)  
Equivalent on attractive side: T. Hartke et al. Science 381, 82 (2023) 


Exp. Data



The Pseudogap 

(x10000 papers)

be the most important open problem in the understanding of quantum
materials, and it is here that radically new ideas, including those derived
from recently developed non-perturbative studies in string theory, may
be useful.

More unique to the copper oxides is the behaviour observed in a range
of temperatures immediately above Tc in what is referred to as the
‘pseudogap’ regime. It is characterized by a substantial suppression of the
electronic density of states at low energies that cannot be simply related to
the occurrence of any form of broken symmetry. Although much about
this regime is still unclear, convincing experimental evidence has recently
emerged that there are strong and ubiquitous tendencies towards several
sorts of order or incipient order, including various forms of charge-
density-wave, spin-density-wave, and electron-nematic order. There is
also suggestive, but far from definitive, evidence of several sorts of novel
order—that is, never before documented patterns of broken symmetry—
including orbital loop current order and a spatially modulated super-
conducting phase referred to as a ‘pair-density wave’. There are many
fascinating aspects of these ‘intertwined orders’ that remain to be under-
stood, but their existence and many aspects of their general structure were
anticipated by theory7. Superconducting fluctuations also have an important
role in part of this regime, although to an extent that is still much debated.

The high-temperature superconducting phase itself has a pattern of
broken symmetry that is distinct from that of conventional superconduc-
tors. Unlike in conventional s-wave superconductors, the superconduct-
ing wavefunction in the copper oxides has d-wave symmetry8,9, that is, it
changes sign upon rotation by 90u. Associated with this ‘unconventional
pairing’ is the existence of zero energy (gapless) quasiparticle excitations
at the lowest temperatures, which make even the thermodynamic prop-
erties entirely distinct from those of conventional superconductors (which
are fully gapped). The reasons for this, and its relation to a proximate anti-
ferromagnetic phase, are now well understood, and indeed were also anti-
cipated early on by some theories10–12. However, while various attempts

to obtain a semiquantitative estimate of Tc have had some success13, there
are important reasons to consider this problem still substantially unsolved.

Highly correlated electrons in the copper oxides
The chemistry of the copper oxides amplifies the Coulomb repulsions
between electrons. The two-dimensional copper oxide layers (Fig. 3) are
separated by ionic, electronically inert, buffer layers. The stoichiometric
‘parent’ compound (Fig. 2, zero doping) has an odd-integer number of
electrons per CuO2 unit cell (Fig. 3). The states formed in the CuO2 unit
cells are sufficiently well localized that, as would be the case in a collec-
tion of well-separated atoms, it takes a large energy (the Hubbard U) to
remove an electron from one site and add it to another. This effect pro-
duces a ‘traffic jam’ of electrons14. An insulator produced by this classical
jamming effect is referred to as a ‘‘Mott insulator’’15. However, even a
localized electron has a spin whose orientation remains a dynamical degree
of freedom. Virtual hopping of these electrons produces, via the Pauli
exclusion principle, an antiferromagnetic interaction between neighbour-
ing spins. This, in turn, leads to a simple (Néel) ordered phase below room
temperature, in which there are static magnetic moments on the Cu sites
with a direction that reverses from one Cu to the next16,17.

The Cu-O planes are ‘doped’ by changing the chemical makeup of
interleaved ‘charge-reservoir’ layers so that electrons are removed (hole-
doped) or added (electron-doped) to the copper oxide planes (see the
horizontal axis of Fig. 2). In the interest of brevity, we will confine our
discussion to hole-doped systems. Hole doping rapidly suppresses the
antiferromagnetic order. At a critical doping of pmin, superconductivity
sets in, with a transition temperature that grows to a maximum at popt,
then declines for higher dopings and vanishes for pmax (Fig. 2). Materials
with p , popt are referred to as underdoped and those with popt , p are
referred to as overdoped.

It is important to recognize that the strong electron repulsions that
cause the undoped system to be an insulator (with an energy gap of 2 eV)
are still the dominant microscopic interactions, even in optimally doped
copper oxide superconductors. This has several general consequences. The
resulting electron fluid is ‘highly correlated’, in the sense that for an elec-
tron to move through the crystal, other electrons must shift to get out of
its way. In contrast, in the Fermi liquid description of simple metals, the
quasiparticles (which can be thought of as ‘dressed’ electrons) propagate
freely through an effective medium defined by the rest of the electrons.
The failure of the quasiparticle paradigm is most acute in the ‘strange metal’
regime, that is, the ‘normal’ state out of which the pseudogap and the
superconducting phases emerge when the temperature is lowered. None-
theless, in some cases, despite the strong correlations, an emergent Fermi
liquid arises at low temperatures. This is especially clear in the overdoped
regime (Fig. 2). But recently it has been shown that even in underdoped
materials, at temperatures low enough to quench superconductivity by
the application of a high magnetic field, emergent Fermi liquid behaviour

pmin pmaxpc1 pc2

Hole doping, p   
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)  
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Strange metal 
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Spin
order
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d-SC 

Charge
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AF 
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100 

TS, onset

TSC, onset

Figure 2 | Phase diagram. Temperature versus hole doping level for the
copper oxides, indicating where various phases occur. The subscript ‘onset’
marks the temperature at which the precursor order or fluctuations become
apparent. TS, onset (dotted green line), TC, onset and TSC, onset (dotted red line for
both) refer to the onset temperatures of spin-, charge and superconducting
fluctuations, while T* indicates the temperature where the crossover to the
pseudogap regime occurs. The blue and green regions indicate fully developed
antiferromagnetic order (AF) and d-wave superconducting order (d-SC)
setting in at the Néel and superconducting transition temperatures TN and Tc,
respectively. The red striped area indicates the presence of fully developed
charge order setting in at TCDW. TSDW represents the same for incommensurate
spin density wave order. Quantum critical points for superconductivity and
charge order are indicated by the arrows.

O 

Cu 

Ba/Ca

Cu 3dx2 – y2

O 2py

O 2px

Figure 3 | Crystal structure. Layered copper oxides are composed of CuO2

planes, typically separated by insulating spacer layers. The electronic structure
of these planes primarily involves hybridization of a 3dx2 { y2 hole on the
copper sites with planar-coordinated 2px and 2py oxygen orbitals.

RESEARCH REVIEW

1 8 0 | N A T U R E | V O L 5 1 8 | 1 2 F E B R U A R Y 2 0 1 5

Macmillan Publishers Limited. All rights reserved©2015

Collaboration with: A. Georges & A. Wietek (METTS), L. Pollet & Z. Wang (QMC), A. Bohrdt & F. Grusdt (Geometric Strings)

dQMC

METTS

Strings

Theoretical methods

What is the Pseudogap?

100 years Fermi, Accademia dei Lincei, February 2026A. Chubukov

Fermi Hubbard Pseudogap Phenomenology

1) Decrease of magnetic susceptibility with T
H. Alloul, T. Ohno, & P.Y. Mendels Phys. Rev. Lett. 63, 1700 (1989)

D.C. Johnston Phys. Rev. Lett. 62, 957 (1989)


A. Wietek et al., Phys. Rev. X 11, 031007 (2021)


Recent review: M. Qin et al. Annu. Rev. Condens. Matter Phys. 13, 275 (2022)


2) Partial suppression of density of states /  
low-energy excitations in selective regions of the Brillouin zone

R. Rossi et al. EPL 132, 11001 (2020)

see also: F. Šimkovic,…, A. Georges, M. Ferrero  

Science 385 (2024).


Violation of Luttinger Theorem!

Original detection

FHM Magnetic Correlations under Doping

T/t ≈ 0.27 T/t ≈ 0.41 T/t ≈ 0.55
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1 Comparison to Theory 
(dQMC, METTS)

Magnetic Correlations vs T and doping δ

T. Chalopin et al. PNAS 123, e2525539123 (2026)
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Staggered Magnetization

U/t ∼ 6.5

Doped FHM Magnetic Correlation Length
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S. Chakravarty, B. Halperin & D.R. Nelson 

Physical Review B 39, 2344 (1989)  
T. Schäfer et al. Phys. Rev. X 11, 011058 (2021)

Collapse under 
Rescaling!

Replot with  
doping dependent  

energy scale

Θ(δ)

Θ(δ) ≈ Θ(0) + Θ(1) |δ | + …

Topic Pseudogap Temperature Dependence

Θ(δ) ≈ Θ(0) + Θ(1) |δ | + Θ(2) |δ |2 + …

T* ∼ Θ(δ) ∼ T log ξ

Topic Charge-Spin-Spin Correlations
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Topic Higher-Order Correlators
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Universal behaviour of lower and higher order 

spin charge-correlations! 

Genuine 5th order correlations…

Pseudogap Towards an Understanding of Emergent Universal Energy Scale

Dashed line (exp):  
T. Chalopin et al. PNAS 123, e2525539123 (2026)  

(Munich team)

Raman spectra (exp): 
L. H. Kendrick, et al. arXiv.2509.18075 (2025) 

(Harvard team)

Theory: self-consistent magnon-hole coupling (Radu Andrei et al. E. Demler group, ETHZ) arXiv:2604.15234

Pseudogap

Use snapshots to measure entanglement witness: SSR-restricted negativity!

Entanglement at the Pseudogap

Nnn = 0.87(14) × 10−2

6σ > 0

Nearest neighbour  
spin entanglement (negativity)

Bippus, Chalopin, Bellomia, Roosz, Franz,  
Georges, Kauch, Bloch, Held (arXiv:2605.31240)

Pseudogap Short Range Spin Singlet Dominance

Sufficient condition (SU(2) symmetric, following Ding et al 2022): psinglet /ptriplet > 1 ↔ Nnn > 0

Nearest neighbour > 1  
at the pseudogap line

Next-nearest neighbour < 0.5  
everywhere (but non-zero spin correlations)

Entanglement No Entanglement 

Nearest Neighbour Next Nearest Neighbour

Short range quantum entanglement  

key feature of emergent pseudogap 

(implications for valid theories of pseudogap:  

favors RVB, FL*,…)

Bippus, Chalopin, Bellomia, Roosz, Franz,  
Georges, Kauch, Bloch, Held (arXiv:2605.31240)

Use snapshots to measure entanglement witness: SSR-restricted negativity!



NEW: Entanglement 
see previous slides

M. Xu, …M. Greiner,  
Nature 642, 909 (2025)  

low Temp: T/t=0.1 

FHM Square Lattice Hubbard Model - Phases (Low Doping)

What is the physical mechanism for the Pseudogap?

Is the Hubbard model sufficient for Phenomenology  
of Pseudogap?

What is real space manifestation of Pseudogap?

(Pair correlations, spin background,…)

Quantum Gas Microscopes
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Decreasing Spin Susceptibility & 
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J. Zaanen & O. Gunnarsson Phys. Rev. B 40, 7391 (1989).

H.J. Schulz Phys. Rev. Lett. 64, 1445 (1990) …  
Review: T. P. Devereaux & S. A. Kivelson.  
Physica C 632, 1354683 (2025)


T. Chalopin et al. PNAS 123,  
e2525539123 (2026)

L. H. Kendrick et al.  
arXiv.2509.18075 (2025).


Macroscopic 
Thermodynamics 

Quantities  

Conductivity, Compressibility, 

Magnetization, ….

Microscopic  
Real-Space  
Quantities 

Hidden Order, 

Higher Order Correlations, 

Fluctuations
Higher order correlators  

crucial to understand  
the pseudo gap?

Low Entropy BI Splitting
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bond spatial map (U/t >20)(Néel) Product states 

FermiQP Towards Fast Cycle Time Lithium QG Microscopes

T/TF<0.5 in 1s cycle time

0.1 s imaging with 99% Fidelities

Single site addressing

Spin & charge resolved imaging

Superlattice & bilayer

Towards Sub Second - High Repetition Rate  
QG Microscopy 

30 s cycle time

20k shots per week

2-3 s cycle time

200k shots per week

Large and low entropy Mott insulator & 
 Band insulator



FermiQP Long Ranged Spin Correlations

Log Scale Lin Scale

Half filling (undoped)
Doping

Speeding up - gives new possibiilities 

Stripes Hallmark Features of Stripes

B.-X. Zheng, ..., S. R. White, S. Zhang & G. K.-L. Chan. Science 358, 1155–1160 (2017)

B. Xiao, Y.-Y. He, A. Georges & S. Zhang. Phys. Rev. X 13, 011007 (2023)

AFQMC (Shiwei Zhang)

Key insights (Ground State Hubbard model t’=0)

Ground State: Filled Stripes 

Doping  optimal  

Stripes act like antiphase domain walls 

Spin domain wavelength   

Charge wavelength  

Appear below T/t =0.1

δ = 1/8

λs = 2/δ, ks = (π ± πδ, π)
λc = 1/δ, kc = 2πδ

H. Xu, ...,  S. Zhang. Phys. Rev. Research 4, 013239 (2022)

Hole = Non-local topological  
excitations!

Stripes Domain Walls in 1D - The Hidden AFM

Hole introduce antiphase domain wall  
in AFM background!

+1 -1

-5 0 5
Distance spin-spin d

-5

0

5

Po
sit

io
n 

ho
le 

s+
d/

2

-0.2

-0.1

0

0.1

0.2

Sp
in

-s
pi

n 
co

rre
lat

io
ns

T. A. Hilker,..., I. B. & C. Gross. Science 357, 484 (2017)


-5 0 5
Distance spin-spin d

-5

0

5

Di
st

an
ce

 sp
in-

ho
le 

s

-0.2

-0.1

0

0.1

0.2

Sp
in

-s
pi

n 
co

rre
lat

io
ns



Stripes Experiment Stripes Checklist

Ground State: Filled Stripes 

Doping  optimal  

Stripes act like antiphase domain walls 

Spin domain wavelength   

Charge wavelength  

Appear below T/t =0.1

Still figuring out what best pins orientation of stripes ?

Quantum / thermal fluctuations of strips ?

Clustering of charges along magnetic domain walls

δ = 1/8

λs = 2/δ, ks = (π ± πδ, π)
λc = 1/δ, kc = 2πδ (tbc)

close  (acquiring more statistics!)

be the most important open problem in the understanding of quantum
materials, and it is here that radically new ideas, including those derived
from recently developed non-perturbative studies in string theory, may
be useful.

More unique to the copper oxides is the behaviour observed in a range
of temperatures immediately above Tc in what is referred to as the
‘pseudogap’ regime. It is characterized by a substantial suppression of the
electronic density of states at low energies that cannot be simply related to
the occurrence of any form of broken symmetry. Although much about
this regime is still unclear, convincing experimental evidence has recently
emerged that there are strong and ubiquitous tendencies towards several
sorts of order or incipient order, including various forms of charge-
density-wave, spin-density-wave, and electron-nematic order. There is
also suggestive, but far from definitive, evidence of several sorts of novel
order—that is, never before documented patterns of broken symmetry—
including orbital loop current order and a spatially modulated super-
conducting phase referred to as a ‘pair-density wave’. There are many
fascinating aspects of these ‘intertwined orders’ that remain to be under-
stood, but their existence and many aspects of their general structure were
anticipated by theory7. Superconducting fluctuations also have an important
role in part of this regime, although to an extent that is still much debated.

The high-temperature superconducting phase itself has a pattern of
broken symmetry that is distinct from that of conventional superconduc-
tors. Unlike in conventional s-wave superconductors, the superconduct-
ing wavefunction in the copper oxides has d-wave symmetry8,9, that is, it
changes sign upon rotation by 90u. Associated with this ‘unconventional
pairing’ is the existence of zero energy (gapless) quasiparticle excitations
at the lowest temperatures, which make even the thermodynamic prop-
erties entirely distinct from those of conventional superconductors (which
are fully gapped). The reasons for this, and its relation to a proximate anti-
ferromagnetic phase, are now well understood, and indeed were also anti-
cipated early on by some theories10–12. However, while various attempts

to obtain a semiquantitative estimate of Tc have had some success13, there
are important reasons to consider this problem still substantially unsolved.

Highly correlated electrons in the copper oxides
The chemistry of the copper oxides amplifies the Coulomb repulsions
between electrons. The two-dimensional copper oxide layers (Fig. 3) are
separated by ionic, electronically inert, buffer layers. The stoichiometric
‘parent’ compound (Fig. 2, zero doping) has an odd-integer number of
electrons per CuO2 unit cell (Fig. 3). The states formed in the CuO2 unit
cells are sufficiently well localized that, as would be the case in a collec-
tion of well-separated atoms, it takes a large energy (the Hubbard U) to
remove an electron from one site and add it to another. This effect pro-
duces a ‘traffic jam’ of electrons14. An insulator produced by this classical
jamming effect is referred to as a ‘‘Mott insulator’’15. However, even a
localized electron has a spin whose orientation remains a dynamical degree
of freedom. Virtual hopping of these electrons produces, via the Pauli
exclusion principle, an antiferromagnetic interaction between neighbour-
ing spins. This, in turn, leads to a simple (Néel) ordered phase below room
temperature, in which there are static magnetic moments on the Cu sites
with a direction that reverses from one Cu to the next16,17.

The Cu-O planes are ‘doped’ by changing the chemical makeup of
interleaved ‘charge-reservoir’ layers so that electrons are removed (hole-
doped) or added (electron-doped) to the copper oxide planes (see the
horizontal axis of Fig. 2). In the interest of brevity, we will confine our
discussion to hole-doped systems. Hole doping rapidly suppresses the
antiferromagnetic order. At a critical doping of pmin, superconductivity
sets in, with a transition temperature that grows to a maximum at popt,
then declines for higher dopings and vanishes for pmax (Fig. 2). Materials
with p , popt are referred to as underdoped and those with popt , p are
referred to as overdoped.

It is important to recognize that the strong electron repulsions that
cause the undoped system to be an insulator (with an energy gap of 2 eV)
are still the dominant microscopic interactions, even in optimally doped
copper oxide superconductors. This has several general consequences. The
resulting electron fluid is ‘highly correlated’, in the sense that for an elec-
tron to move through the crystal, other electrons must shift to get out of
its way. In contrast, in the Fermi liquid description of simple metals, the
quasiparticles (which can be thought of as ‘dressed’ electrons) propagate
freely through an effective medium defined by the rest of the electrons.
The failure of the quasiparticle paradigm is most acute in the ‘strange metal’
regime, that is, the ‘normal’ state out of which the pseudogap and the
superconducting phases emerge when the temperature is lowered. None-
theless, in some cases, despite the strong correlations, an emergent Fermi
liquid arises at low temperatures. This is especially clear in the overdoped
regime (Fig. 2). But recently it has been shown that even in underdoped
materials, at temperatures low enough to quench superconductivity by
the application of a high magnetic field, emergent Fermi liquid behaviour

pmin pmaxpc1 pc2

Hole doping, p   
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Figure 2 | Phase diagram. Temperature versus hole doping level for the
copper oxides, indicating where various phases occur. The subscript ‘onset’
marks the temperature at which the precursor order or fluctuations become
apparent. TS, onset (dotted green line), TC, onset and TSC, onset (dotted red line for
both) refer to the onset temperatures of spin-, charge and superconducting
fluctuations, while T* indicates the temperature where the crossover to the
pseudogap regime occurs. The blue and green regions indicate fully developed
antiferromagnetic order (AF) and d-wave superconducting order (d-SC)
setting in at the Néel and superconducting transition temperatures TN and Tc,
respectively. The red striped area indicates the presence of fully developed
charge order setting in at TCDW. TSDW represents the same for incommensurate
spin density wave order. Quantum critical points for superconductivity and
charge order are indicated by the arrows.

O 

Cu 

Ba/Ca

Cu 3dx2 – y2

O 2py

O 2px

Figure 3 | Crystal structure. Layered copper oxides are composed of CuO2

planes, typically separated by insulating spacer layers. The electronic structure
of these planes primarily involves hybridization of a 3dx2 { y2 hole on the
copper sites with planar-coordinated 2px and 2py oxygen orbitals.
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Probing ground state physics of Fermi-Hubbard model 

Ground state physics regime 
(now accessible !)

Many, many questions…

How to bind with purely repulsive 
interactions? 

(non standard binding mechanism)

via magnetic correlations!

Magnetically induced 

hole-hole attraction

Hole - Attraction

Hole motion frustrates spin order

Magnetic energy advantages of hole pair: ~ 
S. Hirthe et al. Nature 613, 463 (2023)

Do two holes in an antiferromagnet form a bound pair?

Does this lead to pairing on rungs? 

But kinetic energy  
disfavours rung pairs!



Hole Pairing Mixed-dimensional Ladder
Magnetically induced hole-hole attraction

Hole pairing!
Hole – hole correlation function

Hole binding energy (mixD)

DMRG Calculation

15 x higher than in ladder system!!

Eb = 0.82(6) J⊥

Theory: Bohrdt, A., Homeier, L., Bloch, I., Demler, E. & Grusdt, F. Nat. Phys. 18, 651–656 (2022).


Experiment: S. Hirthe et al. Nature 613, 463 (2023)

Boost pairing energy x15 !!

Stripe formation in 2d systems  
D. Bourgund et al. Nature 637, 57–62 (2025).


Pairing confirmed in 2D 
Structure formation beyond pairing!

Mixed dimensional model explains high Tc!See also: Hanbit Oh and Ya-Hui Zhang

Phys. Rev. B 108, 174511

Bilayer From Low Entropy BI to Doped Bilayers

Low Entropy BI BI of Entangled Singlets

Split

Bilayer AFM

Theory: A. W. Sandvik & D. J. Scalapino. Phys. Rev. Lett. 72, 2777–2780 (1994)

A. W. Sandvik, A. V. Chubukov & S. Sachdev. Phys. Rev. B 51, 16483 (1995)


S. S. Kancharla & S. Okamoto Phys. Rev. B 75, 193103 (2007)

T. A. Maier & D. J. Scalapino. Phys. Rev. B 84, 180513 (2011)


...

Exp: M. Gall, N. Wurz, J. Samland, C. F. Chan & M. Köhl Nature 589, 40 (2021)


Variable lattice geometries, doping, 

dimensionality, mixed-D, t’, …



Theory: Bohrdt, A., Homeier, L., Bloch, I., Demler, E. & Grusdt, F. Nat. Phys. 18, 651–656 (2022).


Experiment: S. Hirthe et al. Nature 613, 463 (2023)

Boost pairing energy x15 !!

Stripe formation in 2d systems  
D. Bourgund et al. Nature 637, 57 (2025).


Pairing confirmed in 2D 
Structure formation beyond pairing!

Cuprates From Fermi Hubbard to Cuprates

High-Tc superconductivity in Cuprates

Described by three-band Emery model 
Realized with polarization-tuned folded lattice 

Hannah Lange,  
LMU

H. Lange, L. Qiu …. A. Bohrdt, arXiv 2603.11037 (2026)  
see also: L. Homeier,…, A. Kaufman,  A.M. Rey (to be submitted)

Quantum Simulation of Three-Band Model

Fermi Hubbard QGM Recent Highlights

Attractive Interactions Tunable Frustration
Xu, M. et al. Nature 1–6 (2023)  

doi:10.1038/s41586-023-06280-5.

Greiner group (Harvard) 

see also W. Bakr (Princeton)

Hartke et al. Science 381, 82–86 (2023) 
M. Zwierlein group (MIT)

Large Scale 3D Systems
H.-J. Shao, Y.-A. Chen & J.-W. Pan,  

Nature 632, 267 (2024)  

From Analog to Digital



FermiQP Chemistry Analog or Digital using Fermions

S.B. Bravyi & A. Kitaev

Annals of Physics 298, 210–226 (2002)  

D. González-Cuadra et al. PNAS 120, e2304294120 (2023)  
F. Gkritsis et al. PRX Quantum 6, 010318 (2025),  

R. Ott et al. arXiv:2412.16081

J. Argüello-Luengo, A. González-Tudela, T. Shi, P. Zoller, J. I. Cirac,  
 Analogue quantum chemistry simulation. Nature 574, 215 (2019)


Qubit OperationsFermiQP

Single Atom Addressing
Weitenberg, … Bloch, Nature 471 319 (2011)

Xia, …, Saffman, PRL 114 100503 (2015)
Atom Computing, Nature Communications (2022)

Collisional Gates
Anderlini, …, Porto, Nature 448 452 (2007)
Trotzky, …., Bloch, Science 319 295 (2008)

Kaufmann, …, Regal, Nature 527 208 (2015)
Yang, …, Pan, Science 369 550 (2020)

Zhang, …., Pan, arXiv 2210.02936 

Transport of atoms
Mandel, …, Bloch, PRL 91 010407 (2003)

Vala, … Whaley, PRA 71 032324 (2005)
Baredo, …, Browaeys, Science 354 1021 (2016)

Robens, …, Alberti, PRL 118 065302 (2017), 
       PRA 9 034016 (2018)

Bluvstein, …, Lukin, Nature 604, 451 (2022)
Young, …, Kaufmann, Science 377 885 (2022)

Trisnadi, …, Chin, Rev. Sc. Instr. 93 083203 (2022)

Quatum reigister
T. Hartke, … M. Zwierlein.  

Nature 601, 537 (2022)

Raman 
transitions

Tweezer 
transport

Collisional 
gates

y

x

z
Single-qubit  

gate

y, ,

,

,

, ,

x

z Two-qubit  
gate

QC Collisional Gates

Demonstration Entanglement : 	 Zhang, …, Pan, arXiv 2210.02936 (2022)

Collisional gate with tweezers:       Kaufmann, …, Regal, Nature 527 208 (2015)

Proposal Fast gate in harm. osc.:   Nemirovsky, Sagi, PRR 3, 013113 (2021)

B. Yang, …, J.-W. Pan, Science 369 550 (2020)

99.3(1)% Gate Fidelity on 1250 atom paris  
96% microscopically resolved

Zhang, …, Pan, PRL arXiv 2210.02936

10 fully entangled qubits

Early experiments in tweezers: 
S. Murmann,…, Jochim, PRL 114, 080402 (2015). 

A. Bergschneider,…, Jochim, Nat. Phys. 15, 640 
(2019).1×

2×
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Fundamental Building block: 
Double well with spin-1/2 particles 
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QC Spin Exchange
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Gaussian decay of contrast: 


J/ℏ = 2π × 3.32(3) kHz
τex = 33(2) ms

Limiting factors: 
• Tunneling out of double well

• Lattice inhomogeneities → local variations in Rabi frequencies

Fidelity of -Pulse >99.9%π



QC SWAP Gate
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Avoid Doublon population 

1. Limit 

• Slow dynamics

• Remaining error 


2. Magic ratio 

• Fast dynamics

• In theory: No gate error

• Sensitive to timing and interaction strength


3. Slow ramps

• Intermediate time scales

• In theory: No gate error

• Robust to experimental imperfections
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Gate fidelity F=99,8%

P. Bojovic et al. (MPQ) Nature 652, 602 (2026) 
Y. Kiefer, et al. (ETHZ) Nature 652, 609 (2026)

Bell State Entangled State Coherence

ΔBx > 0

Singlet-triplet oscillations 

• 99% nuclear spin → Low sensitivity to field gradients

• Strong magnetic field gradient of 

• Singlet-triplet oscillations at 
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Digital QC with FermionsFermiQP

Philipp Preiss

Fermionic Gates New Tools to Reveal Order Parameters

D. K. Mark, H.-Y. Hu, J. Kwan, C. Kokail, S. Choi, S. F. Yelin, PRL (2025)H. Schlömer, H. Lange, T. Franz, T. Chalopin, P. Bojović,  
S. Wang, I. Bloch, T. A. Hilker, F. Grusdt, A. Bohrdt, PRX Quantum (2024)



Quantum Phase EstimationFermionic QC

Phase Sensitive Measurements 
(LDOS, finite T,…)

Programmability

Where Next?
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A Joint Look Ahead…

H. Stormer, Rev. Mod. Phys. 
71, 875 (1999)

A new era of Quantum Many-Body Physics

High fidelity collisional  
quantum gateswith fermions

P. Bojovic et al. (MPQ) Nature 652, 602 (2026) 
Y. Kiefer, et al. (ETHZ) Nature 652, 609 (2026)

Gate fidelity F=99,8%

Enhanced Programmability

Hubbard Tweezer Array 
(Princeton) Tweezer sorted Optical Lattice 

(Boulder/JILA)
Optical cavity 
lattices 
(Stanford,  
Berkeley)



Continuously operated array for up 
to 1.5h with > 1200 atoms 
Readily scalable to >10,000 atoms

F. Gyger et al. PRR 6, 033104 (2024)

Continuous Loading in Action

see also: M. Norcia et al. PRX Quantum 5, 030316 (2024)
Y. Li et al. (Princeton) arXiv.2506.15633 &  
Neng-Chun Chiu et al. (Harvard) arXiv:2506.20660


Platforms Putting Atoms into Place Superfast!

Chao-Yang Lu Jian-Wei Pan

(Video slowed down)

Particle Physics

Quantum  
Materials

Neutron Stars

Our Universe

Quantum Universe in a Lab

Fundamental Precision Tests 

of Quantum Matter  

using Quantum Simulations

Optical Lattices Outlook

Opportunities 
(Precision) Many-body physics, New detection methods, Novel quantum 
phases, Non-equilibrium dynamics 
Materials science, High-energy physics, Quantum chemistry, Coherent 
Quantum annealing, Optimization, Metrology ….

Challenges 
Programmability, scalability, reducing calibration errors

Certification and verification; demonstration of practical quantum advantage.

Developing applications relevant to industry and other fields of science, and 
connections to an end-user base (e.g. spin models / optimization)

Entropy management (cooling)

Cycle times
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