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Single Atoms Measuring a Many-Body Quantum System

Local occupation measurement

^
Enables access to all position correlation between particles!

Extendable to other observables (e.g. local currents etc…)
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lattice beams
1064 nm

high-resolution
objective
NA = 0.68

mirror 1084 nm
window 780 nm

4 µm

single 2D degenerate gas
~ 1000 87Rb atoms (bosons)

resolution of the 
imaging system: 
~700 nmJ. Sherson, Nature (2010)  

see also: W. Bakr, Science (2010)
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Subwavelength spatial resolution: 50 nm

Addressing Arbitrary Light Patterns

Measured Light Pattern

Digital Mirror Device 
(DMD)

Single Spin Impurity Dynamics, Domain Walls, Quantum Wires, Novel Exotic Lattice Geometries, ...

Almost Arbitrary Light Patterns Possible!

Exotic Lattices Quantum Wires Box Potentials

(but: fight Laser Speckle)
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DMD Pattern Light Field Atoms 
(Single Shot)

Atoms 
(Averaged)

Example: Hubbard ladders in homogeneous potential



Potential Shaping Flexible Geomtries and Larges Sizes

Quantum Ladders with  
flexible edge geometries 

(SPT Phases) 
Large Scale MI 

in Box Potentials

Fully tuneable coupling strengths
50x50 atoms

J
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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
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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.
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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
<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

<latexit sha1_base64="aQ19AEYOxh1JnyFdOfvgL4R8ynU="></latexit><latexit sha1_base64="aQ19AEYOxh1JnyFdOfvgL4R8ynU="></latexit><latexit sha1_base64="aQ19AEYOxh1JnyFdOfvgL4R8ynU="></latexit><latexit sha1_base64="aQ19AEYOxh1JnyFdOfvgL4R8ynU="></latexit>

U
<latexit sha1_base64="7d/DQCbAK93cJpA552JB+GxfGlM="></latexit><latexit sha1_base64="7d/DQCbAK93cJpA552JB+GxfGlM="></latexit><latexit sha1_base64="7d/DQCbAK93cJpA552JB+GxfGlM="></latexit><latexit sha1_base64="7d/DQCbAK93cJpA552JB+GxfGlM="></latexit>

t
<latexit sha1_base64="7ZXmytdm85Yvb+flCqSIlwkWWzU="></latexit><latexit sha1_base64="7ZXmytdm85Yvb+flCqSIlwkWWzU="></latexit><latexit sha1_base64="7ZXmytdm85Yvb+flCqSIlwkWWzU="></latexit><latexit sha1_base64="1Go/5TtZ6GP/72N8ScYX9Qy/VXg="></latexit><latexit sha1_base64="7g0k+7zRb3KL37VHe1D8kP78HTo="></latexit><latexit sha1_base64="7g0k+7zRb3KL37VHe1D8kP78HTo="></latexit><latexit sha1_base64="NNVrlA5lkXZ/Vp8syiAtG92eqlQ="></latexit><latexit sha1_base64="7ZXmytdm85Yvb+flCqSIlwkWWzU="></latexit><latexit sha1_base64="7ZXmytdm85Yvb+flCqSIlwkWWzU="></latexit><latexit sha1_base64="7ZXmytdm85Yvb+flCqSIlwkWWzU="></latexit><latexit sha1_base64="7ZXmytdm85Yvb+flCqSIlwkWWzU="></latexit><latexit sha1_base64="7ZXmytdm85Yvb+flCqSIlwkWWzU="></latexit><latexit sha1_base64="7ZXmytdm85Yvb+flCqSIlwkWWzU="></latexit>

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)

Li-Microscope Fermi-Hubbard - 2016-2017

A. Omran et al. PRL (2015)

M. Boll et al. Science (2016)

L. Cheuk et al. Science (2016)

M. Parsons et al. Science (2016)

D. Greif et al. Science (2016)

AFM Correlations (Short, Medium & Long Ranged) now visible!
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)

Li-Microscope AFM Order in the Fermi Hubbard Model

A. Mazurenko et al., 
Nature 545, 462 (2017)



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
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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

Previous Work Spin-Charge Separation 

Spectroscopic determination: 
C. Kim, et al. Phys. Rev. Lett. 77, 4054 (1996)
O.M.  Auslaender et al. Science 308, 88 (2005)

Experiment

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

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

Theory

FHM Dynamics Dynamical Spin Charge Separation

Hole Dynamics
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Spin Dynamics

(squeezed space)

FHM Dynamics Spin & Charge Velocities



Fractionalization - Hole Shedding Spinon

X
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Spin attached to hole

hŜz
i�1 ĥi Ŝz

i+1i < 0
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Hole got rid of spin

SC Separation Spin-Hole-Spin Correlations

hŜz
i�1 ĥi Ŝz

i+1i
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Spin structure independent of  

hole position!

SC Separation  Seeing the Spinon

Q̂i = Â
j

Ŝz
j fL(|xi � xj|)
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Magnitude of Magnetization in length L

related

Magnetization Fluctuations in Region L

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!



AFM AFM around Holes
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Charge Impurities in 2D

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

Single Hole in AFM

Polaron Competing Energy Costs: Kinetic vs Magnetic

t � J
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Polaron Competing Energy Costs: Kinetic vs 
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Polaron Ground State?
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+...

unaffected AFM 
background

unaffected AFM 
background

polaron

| i = | i | i+

+...

reduced AFM 
background

reduced AFM 
background

no polaron

spin disturbance dresses 
hole/doublon locally

Doping reduces AFM spin order:
[Mazurenko et al., Nature 545 2017]

Polaron Polarons in the FHM
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Lee et al., Rev. Mod. Phys. 78 2006
Schrieffer et al., PRB 39 1988

Semiclassical considerations

Nagaoka ferromagnetism 
Large t/J (large U): dressing becomes 
ferromagnetic  

Quasiparticle with bandwidth W=2J :

Attraction between polarons  
                 superconductivity, stripes? 

String picture: spinon-holon binding 
string length 

relevant for high-temperature cuprate superconductors for
which typically t/J ≈ 3 [3]. While several theoretical
approaches have been developed, which are reliable in
the weak-to-intermediate coupling regime t≲ J, Jz, to date
there exist only a few theories describing the strong-
coupling limit [17,19] and simple variational wave func-
tions in this regime are rare. Even calculations of qualitative
ground state properties of a hole in an antiferromagnet,
such as the renormalized dispersion relation, require

advanced theoretical techniques. These include effective
model Hamiltonians [17,19], fully self-consistent Green’s
function methods [25], nontrivial variational wave func-
tions [20,23,26], or sophisticated numerical methods such
as Monte Carlo [26,28] and density matrix renormalization
group [27,29] calculations. The difficulties in understand-
ing the single-hole problem add to the challenges faced by
theorists trying to unravel the mechanisms of high-Tc
superconductivity.
Here we study the problem of a single hole moving in an

antiferromagnet from a different perspective, focusing on
the t-Jz model for simplicity. In contrast to most earlier
works, we consider the strong-coupling regime, t ≫ Jz.
Starting from first principles, we derive an effective parton
theory of magnetic polarons (mp). This approach not only
provides new conceptual insights to the physics of mag-
netic polarons, but it also enables semianalytical deriva-
tions of their properties. We benchmark our calculations by
comparison to the most advanced numerical simulations
known in literature. Notably, our approach is not limited to
low energies but provides an approximate description of the
entire energy spectrum. This allows us, for example, to
calculate magnetic polaron dynamics far from equilibrium.
Note that in the extreme limit when Jz ¼ 0, Nagaoka has
shown that the ground state of this model has long-range
ferromagnetic order [14]. We work in a regime where
this effect does not yet play a role; see Ref. [27] for a
discussion.

A. Partons and the t-Jz model

Partons have been introduced in high-energy physics to
describe hadrons [30]. Arguably, the most well-known
example of partons is provided by quarks. In quantum
chromodynamics (QCD), the quark model elegantly
explains mesons (baryons) as composite objects consisting
of two (three) valence quarks. On the other hand, individual
quarks have never been observed in nature, and this has
been attributed to the strong confining force between a pair
of quarks mediated by gauge fields [31]. Even though there
is little doubt that quarks are truly confined and can never
be separated at large distances, a strict mathematical proof
is still lacking, and the quark confinement problem is still
attracting considerable attention in high-energy physics;
see, for example, Ref. [32].
To understand how the physics of holes moving in a spin

environment with strong AFM correlations is connected to
the quark confinement problem, consider removing a
particle from a two-dimensional Néel state. When the hole
moves around, it distorts the order of the surrounding spins.
In the strong-coupling regime, t ≫ J, Jz, these spins have
little time to react and the hole can distort a large number of
AFM bonds. Assuming for the moment that the hole
motion is restricted to a straight line, as illustrated in
Fig. 1(a), we notice that a string of displaced spins is
formed. At one end, we find a domain wall of two aligned
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FIG. 1. We consider the dynamics of a hole propagating in a
Néel-ordered spin environment. (a) The hole creates a distortion
of the spin state (green). We introduce two types of partons,
spinons and holons, describing the spin and charge quantum
numbers, respectively. They are confined by a string of displaced
spins connecting them (blue), similar to mesons which can be
understood as bound states of confined quark-antiquark pairs.
(b) In the strong-coupling limit the dynamics of the holon is much
faster than the dynamics of the spinon. The holon motion takes
place on a fractal Bethe lattice which is comoving with the
spinon. Moreover, the holon wave function affects the spinon and
introduces coherent motion of the spinon on the original square
lattice. The holon states on the Bethe lattice obey a discrete Ĉ4

symmetry that corresponds to rotations of the string configuration
around the spinon position. (c) As a result, discrete rotational and
vibrational excited states of the magnetic polaron can be formed.
They are characterized by quantum numbers nm4 …, where
eiπm4/2 denotes the eigenvalue of Ĉ4 and n labels vibrational
excitations. We use labels S, P, D, F for m4 ¼ 0, 1, 2, 3 and
indicate the multiplicity of the degenerate states by numbers in
circles. Different colors correspond to the different types of
rovibrational excitations. For the calculation, we used S ¼ 1/2
and linear string theory (LST, described later in the text) with
strings of length up to lmax ¼ 100.

F. GRUSDT et al. PHYS. REV. X 8, 011046 (2018)

011046-2

Grusdt et al., PRX 8 2018

Auerbach, Springer 1994

Nagaoka, Phys. Rev. 147 1966

Chernyshev and Wood, arXiv:cond-mat/0208541, 2002
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Polaron C(1) Local Spin Correlations Around 

Conditioned C(1) Correlator
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Polaron
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Doublons induce sign flip !
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Magnetic Polaron Size

Complete model independent characterisation 
of magnetic environment around charge impurity

related: detection of string patterns Ch. S. Chiu et al. Nature (2019)

Impurity mediated 

interactions!

Polaron Breakdown into 
Fermi-Liquid

check arXiv soon…..

Polaron to Fermi Liquid Doping 2d Antiferromagnets

- Cuprates: nature of charge carriers changes 
from (polaron) hole-like to electron-like at 
around 19% doping 
[Badoux et al. Nature 531, 2016]


- Pseudogap + Strange Metal behaviour in the 
< 19% doping regime. What is the link to 
polarons and antiferromagnetic correlations?


- QMC of Fermi-Hubbard model: single-
particle bandwidth is polaronic (order J) up 
to around 30% doping, then free-particle like 
(8t)  
[Preuss et al. PRL 79, 1997]


- Numerical Simulations suggest a Spin-
Density-Wave in Fermi-Liquid regime, with 
spin-structure peak moving (pi,pi) over (0,pi) 
to (0,0) (expected from random-phase 
approximation and noninteracting Fermions)  
[Moreo et al. PRB 41, 1990] 
[Furukawa&Imada, Jour. Phy. Soc. J. 61, 1992] 

- Magnetic Susceptibility (q=0,w=0) predicted 
to rise for PG+SM phase dopings, then drop 
like weakly interacting Fermi-Liquid 
[Moreo, PRB 48, 1993]

New observables from QGM’s  
(with full resolution)

2-point 3-point 4-point
Correlationscheck arXiv soon…..



Polaron to Fermi Liquid Connected vs. Disconnected Correlations

Observations

Spin-Spin Correlations 
(2-point)

Polaron to Fermi Liquid Spin Structure Factor + Susceptibility

Doping
0.07 0.21 0.35 0.49

uRVB pi-flux String

- Spin-Density Wave behaviour for 
extreme dopings 

- Incommensurate peak moving from 
(pi,pi) to (pi,0) 

- Magnetic Susceptibility expected 
from weakly interacting Fermi-Liquid: 
monotonic decrease with doping 

- Pink curve: Noninteracting Fermions 

- Two regimes in experiment: 
0-30% doping: constant/increase 
>30% doping: monotonic decrease 
(susc. can be computed via 
fluctuation dissipation for q=0)

Polaron to Fermi liquid Spin-Spin Correlator

- Most correlations change sign 
around 20-30% doping


- Weakly oscillating magnetism with 
doping


- Extreme dopings: Spin-Density Wave 
expected from Fermi-Liquid/
Noninteracting Fermions


- Comparison to 4 numerical 
simulations 
(ED: has large finite size offsets 
RVB states: 

- ED: large finite size (only C(2,2) 

shown with scaling factor)

- pi-flux good for low doping

- uniform: very good agreement all 

dopings

- string: ok for low dopings 

Doping
0.07 0.21 0.35 0.49



Hole-Spin-Spin Correlations 
(3-point)

Polaron to Fermi Liquid Hole-Spin-Spin Correlator

- polaronic correlations <20% 
doping 

- polaron breakdown 20-40% 
doping 

- transformation into Pauli-hole 
driven correlations for 
dopings >40% 

- very good agreement with ED 
(T=0.4t)

Doping
0.08 0.18 0.28 0.50

ED uRVB pi-flux String Nonint

Polaronic Pauli-hole

Polaron to Fermi Liquid

Doping
0.08 0.18 0.28 0.50

ED uRVB pi-flux String Nonint

Hole-Spin-Spin Correlator

- polaronic correlations <20% 
doping 

- polaron breakdown 20-40% 
doping 

- transformation into Pauli-hole 
driven correlations for 
dopings >40% 

- very good agreement with ED 
(T=0.4t)

Hole-Hole-Spin-Spin Correlations 
(4-point) 



Polaron to Fermi Liquid Probing Interactions

- Singlet-character of spins around 
hole-pairs seen with DMRG 

- Experiment sees antiferromagnetic 
features 

- Explanation: Pauli-hole driven + dh 
fluctuations 

- Key observation: Qualitative features 
of paired holes already built in 

- Pairing affects correlations (mostly) 
quantitatively, not qualitatively

Doping
0.1 0.3 0.5

tJ
-D

M
RG

 (A
. B

oh
rd

t)

Polaron to Fermi Liquid Probing Interactions

- Singlet-character of spins around 
hole-pairs seen with DMRG 

- Experiment sees antiferromagnetic 
features 

- Explanation: Pauli-hole driven + dh 
fluctuations 

- Key observation: Qualitative features 
of paired holes already built in 

- Pairing affects correlations (mostly) 
quantitatively, not qualitatively

Doping
0.1 0.3 0.5

Doping
0.08 0.18 0.28 0.50

ED uRVB pi-flux String Nonint

Doping
0.08 0.18 0.28 0.50

ED uRVB pi-flux String Nonint

Outlook and Development 
Challenges

Challenges Scaling Up

Next 1-2 years

Ultracold Atoms

Tweezer Arrays

Ion Traps

813 nm

tuneout 1S0 (3P0)
689 nm (633 nm)

tuneout 1S0 (3P0)
689 nm (633 nm)

1 cm

20 µm

1 µm

High power and robust cavity lattices

~1000 atoms

~100 atoms

~50 atoms

Co
nt
ro
lla
bi
lit
y

Big advantage: all atoms 

(molecules) are the same!  

(built by nature)

larger



Challenges Programmability

Almost Arbitrary Light Patterns Possible!

Programmable 
Lattices

Quantum Wires Box Potentials

(but: fight Laser Speckle)

Unique Geometries (reconfigurable on the fly)

Search for New Phases of Matter

Extremely Strong Magnetic Field Physics

Novel Quantum Magnets

Controlled Quasiparticle Manipulations

Non-Equilibrium Dynamics (Universality?)

Thermalization in Isolated Quantum Systems

Entanglement Measures in Dynamics

Supersolids

Cosmology - Black Hole Models?

High Energy Physics/String Theory

New clocks/Navigation

Outlook

Quantitative testbeds  
for theory!
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