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a b s t r a c t

In the last decade, quantum simulators, and in particular cold
atoms in optical lattices, have emerged as a valuable tool to study
strongly correlated quantum matter. These experiments are now
reaching regimes that are numerically difficult or impossible to
access. In particular they have started to fulfill a promise which
has contributed significantly to defining and shaping the field
of cold atom quantum simulations, namely the exploration of
doped and frustrated quantum magnets and the search for the
origins of high-temperature superconductivity in the fermionic
Hubbard model. Despite many future challenges lying ahead,
such as the need to further lower the experimentally accessible
temperatures, remarkable studies have already been conducted.
Among them, spin-charge separation in one-dimensional systems
has been demonstrated, extended-range antiferromagnetism in
two-dimensional systems has been observed, connections to
modern day large-scale numerical simulations were made, and
unprecedented comparisons with microscopic trial wavefunc-
tions have been carried out at finite doping. In many regards, the
field has acquired new realms, putting old ideas to a new test and
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producing new insights and inspiration for the next generation
of physicists.

In the first part of this paper, we review the results achieved
in cold atom realizations of the Fermi–Hubbard model in recent
years. We put special emphasis on the new probes available
in quantum gas microscopes, such as higher-order correlation
functions, full counting statistics, the ability to study far-from-
equilibrium dynamics, machine learning and pattern recognition
of instantaneous snapshots of the many-body wavefunction, and
access to non-local correlators. Our review is written from a
theoretical perspective, but aims to provide basic understand-
ing of the experimental procedures. We cover one-dimensional
systems, where the phenomenon of spin-charge separation is
ubiquitous, and two-dimensional systems where we distinguish
between situations with and without doping. Throughout, we
focus on the strong coupling regime where the Hubbard inter-
actions U dominate and connections to t − J models can be
justified.

In the second part of this paper, with the stage set and the
current state of the field in mind, we propose a new direction
for cold atoms to explore: namely mixed-dimensional bilayer
systems, where the charge motion is restricted to individual
layers which remain coupled through spin-exchange. These sys-
tems can be directly realized experimentally and we argue that
they have a rich phase diagram, potentially including a strongly
correlated BEC-to-BCS cross-over and regimes with different
superconducting order parameters, as well as complex parton
phases and possibly even analogs of tetraquark states. In par-
ticular, we propose a novel, strong pairing mechanism in these
systems, which puts the formation of hole pairs at experimen-
tally accessible, elevated temperatures within reach. Ultimately
we propose to explore how the physics of the mixed-dimensional
bilayer system can be connected to the rich phenomenology of
the single-layer Hubbard model.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

As early as 1959, Philip W. Anderson suggested a model which describes electrons hopping on
lattice with a strong on-site interaction [1]. Four years later, John Hubbard formally introduced

he nowadays well-known Fermi–Hubbard model [2] in order to describe electrons in solids. While
he model was originally mainly used to study magnetism and was not considered to be relevant to
uperconductivity, Scalapino et al. [3] showed in 1986 that close to a spin-density-wave instability,
ne can find d-wave pairing in the three dimensional Fermi–Hubbard model. The discovery of
igh-temperature superconductivity in the cuprate materials earlier the same year [4] led to an
ncreasing interest in strongly correlated electronic systems. Arguably the most important model
n this context is the aforementioned Fermi–Hubbard model, which is the conceptually simplest
odel describing strongly correlated electrons, and has been the subject of intensive studies over

he past decades. Today, the two-dimensional Fermi–Hubbard model is widely believed to capture
any of the essential aspects of the cuprate phase diagram.
2
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Among Anderson’s most influential, but also most controversial, ideas was the proposal that
esonating valence bond (RVB) states1 may describe the physics of the doped Hubbard model,
nd by extension high-temperature superconductivity [5]. Although this view has been questioned
y many and cannot be viewed as generally accepted, the RVB paradigm has undoubtedly had a
rofound influence on the way we think about the doped Hubbard model and strongly correlated
uantum matter in general — see e.g. Ref. [6] for reviews. Much like at the time when Anderson ac-
ively worked on the high-Tc problem, understanding the rich phenomenology of high-temperature
uperconductors [7] still remains one of the biggest outstanding puzzles today.
Recently, an entirely new kind of experiments [8–13] has started to explore this decades old

roblem from a fresh perspective: Quantum simulators are now emulating the Fermi–Hubbard
odel, and closely related cousins thereof, in a clean setting with fully tunable model parame-

ers [14–22]. Arguably the most promising approach to quantum simulating the Fermi–Hubbard
odel currently are cold atoms in optical lattices, which provide an accurate experimental re-
lization of this paradigmatic model. In these systems the ratio of interaction to tunneling can
e controlled using Feshbach resonances and the strength of the optical lattice. With the advent
f quantum gas microscopy, single atom- combined with single site resolved imaging of these
ystems has become possible, paving the way for an entirely new perspective on the study of
trongly correlated systems, and the Fermi–Hubbard model in particular, see Fig. 1. For example, the
rojective measurements performed with a quantum gas microscope directly enable the study of
igher order correlations between spin and charge [23–25], including the search for specific patterns
otivated by theoretical descriptions [26]. This is in contrast with traditional condensed matter
hysics, which can be understood from the perspective of two-point correlation functions and
omentum space probes, as they are directly accessible in experiments such as neutron scattering
nd angle resolved photoemission spectroscopy (ARPES).
For some problems, however, a real space description can be more illuminating from a theory

erspective. One such example is the motion of a single hole in an antiferromagnet, which lies
t the heart of understanding the doped Fermi–Hubbard model. Already in some of the earliest
heoretical work on this problem, a real space approach was taken [27,28]. With the advent of
uantum gas microscopes, which naturally probe the system in real space and time, this perspective
as become directly accessible in experiments. Theoretical predictions for the real space correlations
f a single hole with the spin background can now be confirmed experimentally [26,29,30]. With
his perspective in mind, it becomes clear that quantum simulators, and in particular quantum gas
icroscopes, can go beyond reproducing the experimental results available in solid state electronic
ystems, but rather provide a complementary experimental platform with its own powerful toolbox.
he one-hole problem mentioned above is particularly interesting in this regard, because like
olaronic problems in general [31] it allows broad theoretical and experimental insights.
A typical approach to understand the strongly correlated electron systems studied in solid state

xperiments consists of formulating simplified models and solving them as accurately as possible.
f the theoretical solution of such a simplified model does not agree with the experimental results,
here are two possibilities: either the solution is incorrect or incomplete, or the simplified model
oes not capture the relevant physics of the electron system. In contrast using quantum simulators,
nd in particular cold atoms in optical lattices, we exactly know the model that we are analyzing.
e can therefore put theoretical solutions to a detailed test by comparing directly to the Fermi–
ubbard model. Almost certainly, this clean model will not capture all the features observed in
xperiments on the cuprate materials. A detailed analysis and understanding of the Fermi–Hubbard
odel as well as comparison to results from solid state experiments will be crucial to determining
hich features are captured, and which are not, and moreover, what is missing: whether it is
honons, details of the band structure, or something else.
Apart from new probes, cold atom experiments also provide new possibilities in terms of system

arameters and geometries. For example, tunable brick-wall, honeycomb [45,46] and Kagome [47]

1 For non-experts: RVB states represent a class of variational wavefunctions without magnetic order. They describe
total spin–singlets and can be viewed as liquids of locally resonating singlet coverings of the underlying lattice. Anderson’s
RVB theory provides an explicit scheme for constructing such states, by Gutzwiller-projecting free-fermion wavefunctions,
and directly relates them to their associated projective mean-field theories.
3
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Fig. 1. Exploration of the doped Hubbard model with ultracold atoms. The phase diagram shows the distinct regimes
believed to exist in the strictly two-dimensional Fermi Hubbard model upon tuning hole-doping and temperature: Mott
insulator (MI), antiferromagnet (AFM), pseudogap (PG), charge density wave (CDW), d-wave superconductor (d-SC) and
Fermi liquid (FL). Note that some phases may require specific coupling strengths to be stabilized [32], and additional
phases may exist. Ultracold atom experiments have started to explore the clean two-dimensional Hubbard model in
the indicated parameter regions. Among others, the publications marked by arrows/ symbols will be reviewed in this
article, including from the Harvard group (dark blue - Mazurenko et al. 2017 [33], Chiu et al. 2019 [26] and Bohrdt et al.
2019 [34], Ji et al. 2021 [35], Parsons et al. 2016 [36]), the Munich group (light blue - Koepsell et al. 2021 [24], Salomon
et al. 2019 [37], Koepsell et al. 2019 [30]), the Princeton group (green - Brown et al. 2019 [38], Brown et al. 2017 [39]),
the Zürich (ETH) group (red - Greif et al. 2013 [40]), the MIT group (orange - Nichols et al. 2019 [41], Cheuk et al.
2016 [42]) and the Bonn group (yellow - Gall et al. 2020 [43]). Pioneering work in three dimensions by the Houston
(Rice) group is also mentioned (gray – Hart et al. 2015 [15]). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

lattices have been implemented, and recently the triangular lattice has been realized for fermions
in a quantum gas microscope [48]. Frustrated magnetism in a triangular lattice has earlier been
explored using lattices of tubes filled with bosons [49]. Another particularly interesting scenario is
provided by the realization of mixed-dimensional settings, where the dynamics of one sector of the
Hilbert space is restricted to a lower dimension. For example, for an embedding in two dimensions,
the spins interact along both directions, whereas the charge can only move along one dimension.
In the context of a single hole in an antiferromagnet, this model was already discussed in Ref. [27]
as a well-suited test-case for the parton theory2 proposed there. Recently, it has been shown that
parton gases and stripes can be realized in this setting [50]. In a setup with cold atoms in optical
lattices, such a mixed dimensional system can be realized by applying a potential gradient along
one direction, which inhibits tunneling of the particles but still allows for tunable spin exchange
interactions along the gradient [51–54].

Recently, the bilayer Fermi–Hubbard model has been realized in several quantum gas microscopy
experiments [44,55,56] using a superlattice in the vertical direction. With this setup, a mixed-
dimensional bilayer system, where the tunneling between the layers is suppressed by a strong

2 For non-experts: Parton-theories describe the physics of a system in terms of new, emergent, degrees of freedom with
fractionalized quantum numbers. In the present context of the Fermi–Hubbard model, the microscopic constituents are
fermions carrying spin and charge. In contrast, effective parton theories describe purely spin- and charge-carrying emergent
constituents (chargons and spinons); they must satisfy certain constraints, which may become irrelevant however at low
energies.
4
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Fig. 2. New direction: Mixed-dimensional bilayer system. (a) Sketch of the mixed-dimensional bilayer model: two Fermi–
Hubbard layers are coupled vertically. A potential gradient ∆ inhibits tunneling between the layers, but still allows for a
unable superexchange coupling J⊥ . (b) The competition of J⊥ with the intra-layer tunneling t∥ and superexchange J∥ is
xpected to lead to a rich phase diagram: We predict that it includes a BEC regime of tightly bound hole pairs at low
oping (red area) when the spins form a valence-bond solid (VBS) of vertical rung singlets. When t∥ ≫ J⊥ a cross-over to
BCS regime at higher doping takes place. We further speculate that the formation of a long-range AFM within the layers,
pon tuning J⊥/J∥ [44], may be accompanied with the appearance of exotic tetra-quark states involving two chargons
nd two spinons. The physics at intermediate values of J⊥/J∥ and doping δ remains unclear. (c) As a key feature of the
ixed-dimensional bilayer model, it contains a powerful pairing mechanism for holes in the VBS regime: due to singlet

ormation between the layers, two holes are tightly bound in the limit of J⊥ ≫ J∥ , while a competing kinetic energy along
he rungs is absent. (For interpretation of the references to color in this figure legend, the reader is referred to the web
ersion of this article.)

radient, can be directly realized through a potential offset ∆ between the layers, see Fig. 2(a).
he model parameters, such as the inter- (J⊥) and intra-layer (J∥) spin exchange and hopping
mplitude t∥ within the planes can be tuned over a wide range in such an experiment. We speculate
hat this model may potentially yield a rich phase diagram with exotic physics, including a BEC-
o-BCS crossover from low to intermediate doping, or possibly even a tetraquark phase at low
opings, see Fig. 2(b). At high dopings we perform a more rigorous mean-field analysis in terms of
BCS description, which reveals a tunable transition between different pairing symmetries, namely

nter-layer s-wave and intra-layer dx2−y2 that could be explored in the future.
Most significantly, here we propose to study the mixed-dimensional bilayer setup as a new route

o achieve hole pairing at the currently experimentally achievable temperatures, somewhat below
ut on the order of the super-exchange energy J . The mechanism we suggest relies on breaking up
trong singlets between the two layers, which form in the undoped ground state when J⊥ ≫ J∥,
ee Fig. 2(c). Since tunneling between the layers is strongly suppressed by the gradient, removing
oth spins from the singlet costs the same amount of energy as removing just one spin, assuming
∥ ≪ J⊥. This gives rise to a strong binding energy Ebdg = −J⊥, significantly larger than in a bilayer
ithout the gradient where the kinetic energy −t⊥ leads to a much closer energetic competition
f one- and two-hole states. We can give a physical picture for the pairing mechanism in mixed
imensions: When two fermions form an inter-layer singlet along a rung, they can regain some
inetic energy from t⊥ by virtually tunneling to the doubly occupied state; the gain is t2

⊥
/(U ±∆)

here ± refers to which one of the layers is doubly occupied. On the other hand, unpaired fermions
n a rung give an energy shift ±t2

⊥
/∆, and contributions from opposite layers cancel to yield zero

et energy gain.
For fixed J⊥ ≫ J∥ we predict strong hole pairing at low doping even in the limit when t∥ ≫

⊥ [57], although in this case the size of the bound state extends beyond one rung. Hence, for low
oping, a condensate of tightly bound bosonic pairs – in the BEC regime – is expected to form. For
he same parameters but at large doping, we still expect a mean-field BCS description to apply.
his leads to our conjecture that the system should host a BEC-to-BCS crossover as a function of
5
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doping. This scenario is particularly appealing, since the mixed-dimensional bilayer model features
a fully tunable parameter J∥/J⊥ which allows to connect continuously to the limit of weakly coupled
ayers of t∥− J∥ systems, relevant to cuprate compounds and high-Tc superconductivity. In the latter
he low-doping regime features a pseudogap,3 reminiscent of the well-understood pseudogap from
EC-to-BCS crossovers, but its microscopic origin and relation to the underlying pairing mechanism
n cuprates remains debated. Thus our proposal constitutes a new experimental route to explore
trong hole pairing in a system with purely repulsive microscopic interactions, which moreover is
eadily accessible by current experiments.

The remainder of this paper is organized as follows. We start by giving a brief introduction
nto cold atom experiments, and in particular quantum gas microscopy in Section 2. We then
roceed by reviewing the progress made in cold atom simulations of the Fermi–Hubbard model
n the past few years, building upon earlier excellent reviews, such as [14,58,59]. We apologize in
dvance for the many excellent works we could not include in our article. Here, we start with one-
imensional systems in Section 3, reviewing experimental results on the Fermi–Hubbard model in
ne dimension in- and out-of equilibrium. We then proceed in Section 4 to two dimensions at half
illing and continue with the discussion of a single dopant in- and out-of equilibrium. Section 5
overs the experiments performed on the Fermi–Hubbard model at finite doping, ranging from
onventional probes such as two-point correlation functions and transport experiments to higher-
rder correlations and machine learning techniques. Our focus here is on new probes in terms of
bservables, such as higher-order correlations, as well as exploring dynamics beyond the linear
esponse regime. In this context, we provide new results on the application of machine learning
echniques to Fock space snapshots of doped one-dimensional systems as a particularly illustrative
xample. Finally, we introduce the mixed-dimensional bilayer system in Section 6, which can be
irectly realized in current experimental setups, and analyze its phase diagram in more detail. We
ummarize the state of the field and conclude with an outlook in Section 7.

. Cold atoms and quantum gas microscopy

In the past two decades, cold atoms have emerged as one of the most promising platforms for
nalog quantum simulation. With the advent of quantum gas microscopy of bosonic [11,12] as well
s fermionic [16–18,60,61] atoms in optical lattices, a completely new toolbox of manipulation and
nalysis methods has become available. Here, we give a very brief overview of the experimental
apabilities from a theorist’s perspective, in particular in the context of the Fermi–Hubbard model,
efore discussing specific physical results obtained in these systems in the subsequent sections
f this paper. We refer to the many excellent reviews, such as [14,59,62,63], for more details on
echnical implementations.

The experimental procedure typically consists of cooling and trapping a cloud of ultracold atoms
nd subsequently loading them into an optical lattice created by retroreflected lasers. The spatial
rrangement of the lasers can be chosen to realize one-, two-, or three-dimensional square lattices
s well as more complicated lattice geometries [48,64]. Here, we only consider the one- and two-
imensional square lattice. The Gaussian envelope of the optical beams creates a harmonic trapping
otential. In different experimental setups, this is either compensated for by the imaging system of
he microscope to realize a flat potential [33], or used to obtain a range of dopings in different spatial
egions of the system in a single experimental run by means of a local density approximation [42].

The Fermi–Hubbard model is described by the following Hamiltonian,

Ĥ = −t
∑
⟨i,j⟩

∑
σ

(
ĉ†
i,σ ĉj,σ + h.c.

)
+ U

∑
j

n̂j,↑n̂j,↓, with n̂j,σ = ĉ†
j,σ ĉj,σ (1)

here t and U denote nearest neighbor tunneling and the on-site interaction strength, respectively.
he two-component fermions ĉj,σ have a site index j and spin index σ =↑,↓. In order to realize this

3 For non-experts: The pseudogap refers to a suppression of spectral weight around the Fermi-surface, in particular
around momenta k = (π, 0), (0, π ) in the cuprates. In other systems similar pseudogaps appear, e.g. in the BEC-BCS cross-
over where it can be associated with the formation of pairs before these condense. In purely spin-systems, a pseudogap
can manifest in a suppressed spin-susceptibility at low temperatures due to the formation of local spin singlets.
6
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model experimentally, two hyperfine states of an atom – typically light atoms such as Lithium or
Potassium – realize spin up and spin down fermions. While it is possible to realize SU(N) symmetric
ystems by addressing more internal states [65,66], we here focus on the spin-1/2 case. Using
wo hyperfine states of bosonic atoms, it is also possible to realize the spin-1/2 Bose–Hubbard
odel [51,67–70].
Depending on the specifics of the loading sequence, spin-balanced as well as spin-imbalanced

ystems can be studied [39,41]. The model parameters are tunable with a large degree of control,
or example the interaction strength U can be changed by tuning a magnetic field across a Feshbach
esonance [10]. This also allows to control the resulting super-exchange interactions

J = 4t2/U (2)

between the spins, which play an important role in the regime mostly considered in this paper
where U ≫ t . In this regime, the Fermi–Hubbard model can be approximated by the t − J
Hamiltonian [71],

Ĥt−J = −t P̂
∑
⟨i,j⟩

∑
σ

(
ĉ†
i,σ ĉj,σ + h.c.

)
P̂ + J

∑
⟨i,j⟩

Ŝ i · Ŝ j −
J
4

∑
⟨i,j⟩

n̂in̂j . (3)

ere P denotes a projector on the subspace without double occupancies (without vacancies) on the
ole-doping (particle-doping) side; Ŝ j is the spin-operator on site j . The correspondence between
he t − J and Fermi–Hubbard models is accurate up to terms O(t2/U) = O(J) if an additional
hree-site term of the same order can be neglected [71].

Here, we only consider on-site interactions between fermions with different spin, however, long-
ange interactions can also be realized using for example dipolar atoms [72–74], molecules [75,76]
r Rydberg dressing [77]. The chemical potential or doping is effectively controlled through the
umber of atoms loaded into the optical lattice during the initial stage of the experiment. The
ystem is at half-filling when there is exactly one atom per lattice site. A finite (hole) doping
orresponds to the situation with less than one atom per lattice site. The filling of the lattice is thus
irectly related to the doping. In solid state systems, the Fermi–Hubbard Hamiltonian describes
he behavior of electrons, and thus charge carriers. In cold atom realizations of the Fermi–Hubbard
odel, one correspondingly refers to charge carriers, even though the model is realized with neutral
toms, which in fact do not carry any electric charge. In order to determine the chemical potential
orresponding to half-filling, i.e. one atom per site, one can thus tune the chemical potential µ and
or each value of µ, consider the fraction of singly occupied sites, also called the singles density. At
alf-filling, this number is maximized.
In a quantum gas microscope, atoms are imaged with single-site and single-atom resolution

ith the help of fluorescence imaging. So far, in most experiments, one obtains an image of the
ingly occupied sites, since doubly occupied sites undergo light assisted collisions and therefore
ppear empty. In order to gain information on the spin sector, two different procedures have been
ealized: one can either remove one of the two hyperfine states using a short pulse of resonant light,
esulting in images where only atoms in the other hyperfine state are visible [36]. The other option
s to split each site adiabatically in two while applying a magnetic field gradient, thus performing
local Stern–Gerlach experiment [55,78]. The latter technique enables full Fock-space resolution,
eaning that both spin states are imaged simultaneously.
The imaging system of the microscope itself can also be used to manipulate the potential

andscape for the atoms with the help of a digital micromirror device (DMD), which consists of
n array of adjustable mirrors that are illuminated with light. DMDs can be used to cancel the
armonic potential from the trap as well as to alter the potential on individual sites [79] or create
ox potentials. As another important example, it is possible to initialize a state with a pinned
ole [35] or a density modulation [38].
Apart from the preparation of such initial equilibrium states, one may apply sudden per-

urbations including the removal of a single atom using a near-resonant laser beam [80], or
ransferring an atom to a non-interacting final hyperfine state to perform what would be the

nalogue of (angle-resolved) photoemission spectroscopy [81–83]. Similarly, lattice modulations

7
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can be used as another way to perform spectroscopy [84–86], including in quantum gas micro-
scope settings [87]. Local probes [88], the analogues of scanning tunneling microscopy (STM), and
multi-photon spectroscopy [89] have also been proposed.

The site resolved imaging of atoms opens up completely new ways to analyze doped quantum
agnets: using the instantaneous snapshots taken with a quantum gas microscope, density correla-

ion functions up to arbitrary order [24,90] can be studied. These snapshots enable new possibilities
o compare to theories, for example by using experimental snapshots in one regime to make
heoretical predictions in another regime [26], or by applying machine learning techniques [34].

The first experimental results on the Fermi–Hubbard model consisted in the observation of the
eduction of double occupancy and compressibility [85,91,92] and short-range antiferromagnetic
orrelations [15,40]. In 2015, several groups obtained their first site resolved images of fermionic
toms with a quantum gas microscope [16–18,60,61], thus paving the way for the direct observa-
ion of two-dimensional (2D) fermionic Mott insulators [93,94] and long-range antiferromagnetic
orrelations [33] and the exploration of the phase diagram of the doped Fermi–Hubbard model,
hich is the topic of the review part of this paper — see Fig. 1 for an overview. More recently, the
rossover into the Mott regime [95] and short-range anti-ferromagnetic correlations [66] have also
een observed in SU(N) symmetric incarnations of the Fermi–Hubbard model.
In order to determine the doping without full Fock-space resolution, the singles density is

compared to exact numerical simulations. Similarly, the temperature is typically determined by
comparison to numerical results, for example quantum Monte Carlo calculations. Depending on the
temperature range, charge observables, such as the singles density or charge correlations, or spin
correlations are used. In parameter regimes where numerical simulations become challenging, such
as low temperatures and finite doping, the temperature is determined for half-filling and assumed
to be constant as the system is doped. This procedure is justified if the doped region is in thermal
equilibrium with a half-filled region in the system. Recently, a model-free thermometer, based on
the fluctuation–dissipation theorem, has been demonstrated [56].

So far, the lowest temperatures reached in cold atom realizations of the Fermi–Hubbard model
are about half of the superexchange energy scale. The antiferromagnetic correlations at half-filling
in this case extended across the observation region of roughly ten by ten sites [33]. In condensed
matter systems, the focus is typically on the long wavelength, low energy features, since they
are expected to contain information about universal aspects, such as broken symmetries. Cold
atom platforms are better suited for analyzing the short-range correlations, which are crucial for
computing expectation values of the Hamiltonian. Moreover, a comparison to numerical results
is usually only possible in terms of short-range correlations, also due to the finite system sizes.
While this aspect makes it difficult to distinguish states with no long-range order, but slowly
decaying spatial correlations, it should be sufficient to address the most important questions for the
Hubbard model regarding the nature of the dominant instability.4 Furthermore we expect system
izes to increase in the coming years and new generations of experiments, as there are no intrinsic
imitations. In Ref. [96] for example, a system of 30 × 36 sites was studied. Cold atom realizations
f the Fermi–Hubbard model without microscopes already reach system sizes of several thousand
ites [44].

. Quantum magnets in 1D: spin-charge separation

Using optical lattices, one-dimensional systems can be realized in a well-controlled setting
y ramping up the lattice depth in the two perpendicular spatial directions. In this section we
iscuss experiments on one-dimensional Fermi Hubbard chains which demonstrated spin-charge

4 For non-experts: The Hubbard model, and cuprates, are widely believed to host states with competing orders.
I.e. states with rather different types of orderings, such as pairing and charge-density waves, have extremely close
energies. Which state ultimately realizes the lowest-energy ground state is hence difficult to say with certainty and
may depend sensitively on details of the model. An important question concerns which phase becomes dominant at
elevated temperatures, before the system truly orders. The dominant instability describes by which physics this region is
best captured.
8
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(

t

Fig. 3. Spin-charge separation. (a) Spin correlations as a function of distance d for densities ⟨n⟩ = 0.4 (blue), ⟨n⟩ = 0.7
red), and ⟨n⟩ = 1 (green). (b) String correlator (defined in the main text) as a function of distance. (c) Squeezed space spin
correlations as a function of density for distances d̃ = 1 (blue), d̃ = 2 (red), and d̃ = 3 (green). Dotted lines correspond
o the spin correlations C(d = 1) and C(d = 2) in the Heisenberg model with coupling constant Jeff(n), obtained by exact
diagonalization. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Source: Figures extracted from [23].

separation over a wide range of energies in and out-of-equilibrium, by employing observables
directly accessible in quantum gas microscopes.

Spin-charge separation is a remarkable effect of strong interactions in one spatial dimension,
where charge and spin degrees of freedom effectively decouple. Although the underlying con-
stituents are fermions, for which spin and charge quantum numbers come together, the elementary
excitations are solitons, which carry exclusively one of them, either spin (spinons) or charge
(holons). This phenomenon is well understood theoretically in the low-energy limit, where it is
described by Luttinger liquid theory [97]. However, it has been predicted to remain robust and valid
far from equilibrium even at high excitation energies [98,99], and in the spin-incoherent Luttinger
liquid regime [100] where spin degrees of freedom form an incoherent bath.

In condensed matter systems, spin-charge separation has been probed indirectly at low tem-
peratures and energies with spectroscopic [101–103] or transport measurements [104,105]. Using
quantum gas microscopes, more direct real space probes through non-local correlation functions
are possible [106] over a wider range of energies and temperatures, as we discuss below.

3.1. Equilibrium

3.1.1. String-order parameters and squeezed space
In a finite temperature Fermi–Hubbard chain at zero doping, the antiferromagnetic spin corre-

lations decay exponentially with distance. For temperatures below the super-exchange energy as
realized in the experiments, correlations extending over several lattice spacings can be measured.
Upon doping, these correlations quickly loose their antiferromagnetic character and decay to zero
within a few sites at currently achievable temperatures [23], see Fig. 3(a). As summarized next,
ultracold atom experiments have demonstrated that this strong suppression of spin-correlations is
caused primarily by the motion of the doped holes, see Ref. [107] for earlier theoretical analysis.

As a consequence of spin-charge separation, the antiferromagnetic correlations are however not
lost, but rather hidden [108,109]. In [23], this hidden order was revealed by taking the hole positions
into account. First it was shown that across each hole the spin–spin correlations remain negative,
i.e. the spin–hole (SH) correlation CSH(2) = 4⟨Ŝzi n̂

h
i+1Ŝ

z
i+2⟩•◦• < 0 where n̂h

i is the hole density
operator and filled (open) circles in the subscript refer to occupied (empty) sites. This reflects the
fact that each hole can be associated with an antiferromagnetic parity domain wall.

To include the effect of multiple holes, one can construct a string-order correlator to take the

hole positions – and thus the antiferromagnetic parity domain walls associated therewith – into

9
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account as follows [109]:

C str (d) = 4

⟨
Ŝzi

⎛⎝d−1∏
j=1

(−1)1−n̂i+j

⎞⎠ Ŝzi+d

⟩
•i•i+d

, (4)

here the full circles indicate that the correlator is evaluated only on data where sites i and i + d
re occupied by a single atom. This string order correlator adds a minus sign, equivalent to a
omain wall, for each hole between the two sites under consideration. Comparing the conven-
ional two-point spin correlation function and the string order correlator for different densities
f ⟨n⟩ = 0.4, 0.7, 1.0 shows how accounting for the hole positions almost exactly restores the

antiferromagnetic order in the spin sector, see Fig. 3.
Another way to reveal the hidden antiferromagnetic order in a one-dimensional system is to

work in squeezed space: in each snapshot taken with the quantum gas microscope, all holes are
removed from the chain, and the remainder of the system is squeezed together, such that in the
resulting image, each site is occupied by either a spin up or a spin down atom. The spins in squeezed
space can then be described as a Heisenberg spin chain with an effective exchange interaction
Jeff(nh). In [23], the resulting spin correlations as a function of doping show excellent agreement
with theoretical results on the undoped Heisenberg model, see Fig. 3(c).

When the system exhibits spin-charge separation, the spin and charge sectors approximately
factorize and can be considered separately when taking into account their geometric entanglement
in squeezed space. Increasing the number of holes in the system effectively decreases the coupling
Jeff(nh) between the spins in squeezed space since they only exhibit exchange interactions if they
are located on neighboring lattice sites. The density of the holes as well as the correlations between
holes have to be taken into account in order to derive an expression for Jeff(nh) [23].

.1.2. Incommensurate magnetism
Another perspective on the influence of doping on the spin correlations is presented in [110]: at

alf-filling, the spin correlations form at a commensurate wavevector of π , meaning that ⟨Ŝzi Ŝ
z
i+x⟩ ∝

os(πx). Luttinger liquid theory predicts a spin density wave with wavevector kSDW = 2kF = πn,
here n is the total fermion density and kF the Fermi momentum. Therefore, upon doping, the
elocalization of dopants leads to incommensurate spin correlations with a wavevector of πn,
uch that ⟨Ŝzi Ŝ

z
i+x⟩ ∝ cos(πnx). This behavior can be probed by considering the normalized Fourier

transform of the spin correlations, which reveal a linear increase of the spin density wavevector
kSDW with density, Fig. 4(a).

Similarly, a finite spin polarization (magnetization) leads to incommensurate spin correlations
due to the excess spin, with a wavevector of π (1 − 2m). Here m = Sz/Ns is the polarization, Sz
is the total spin along z and Ns is the number of singly occupied sites. In the experiment [110],
this incommensurate magnetism was analyzed in squeezed space, as discussed above, in order to
separate the effect of spin imbalance from the effect of non-zero doping. Considering the Fourier
transform of the squeezed space spin correlations as a function of the polarization, the linear
dependence of the wavevector was revealed, Fig. 4(b). The excess spins – similar as the doped holes
– thus act as delocalized domain walls for the antiferromagnetic order.

3.2. Dynamical spin-charge fractionalization

So far, we discussed probes for spin-charge separation in equilibrium, where the phenomenon
is well-described by Luttinger liquid theory. Cold atom experiments are very well isolated from the
environment and are therefore perfectly suited to study coherent quantum dynamics. In [80], the
dynamics after the high-fidelity removal of an atom from a single site in a one-dimensional Fermi–
Hubbard system was investigated, revealing dynamical spin-charge separation beyond the low-
energy regime. This experiment is summarized below, and followed earlier theoretical proposals
by Kollath et al. [98,99].

Removing an atom from the system corresponds to the simultaneous creation of a spin-1/2
and a charge-1 excitation, see Fig. 5. Both can be directly probed with a quantum gas microscope.
10
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Fig. 4. Incommensurate magnetism in 1D. (a) The normalized Fourier transform of the spin correlations C(k) as a function
f wavevector and density. A linear increase of the position of the peak with density is observed. The white line
orresponds to the Luttinger liquid theory prediction kSDW = πn. (b) Normalized Fourier transform C(k̃) of the squeezed
pace spin correlations C(x̃) as a function of wavevector k̃ and polarization m. Theory results are obtained with exact
iagonalization calculations of the Heisenberg chain at T/J = 0.7. (For interpretation of the references to color in this
igure legend, the reader is referred to the web version of this article.)
ource: Figures extracted from [37].

Fig. 5. Dynamical spin-charge fractionalization. Dynamics after the creation of a hole in a Fermi–Hubbard chain at half-
illing: (a) spinon and chargon dynamics are tracked through nearest neighbor spin correlations in squeezed space and
ole position, respectively. From the width of the distribution, a velocity is extracted, which scales linearly with J and t ,
espectively. (b) Spin–hole-spin correlations CSHS averaged over the entire chain as a function of time after the quench. The
orrelator starts with a positive value consistent with the next-nearest neighbor spin correlations C(2) in the absence of
the quench (top gray shaded region) and turns negative, approaching the nearest neighbor spin correlations C(1) without
the quench (bottom gray shaded region). Inset: Normalized deviation from the mean nearest neighbor correlations δC1(d)
as a function of the distance d from the hole. (c) The local spin fluctuations are probed through an envelope function,
defined in the main text. The comparison to the case without a quench (gray) indicates the excess spin excitation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: Figures taken from [80].

The charge excitation is straightforwardly tracked by measuring the spatially resolved hole density
distribution and was found to exhibit a light-cone-like ballistic propagation of the wave front.
The coherent evolution of the hole leads to an evolving interference pattern and is in excellent
agreement with a prediction by a single-particle quantum walk at zero temperature.

In order to probe the spin excitation, the nearest-neighbor spin correlation was measured in
squeezed space. Considering the nearest-neighbor spin correlation has the advantage that it is
sizeable even at the comparably high temperatures of T/J ≈ 0.75 in this experiment. The removal
of a single atom leads to a local reduction of antiferromagnetic order due to the creation of a
spinon, which corresponds intuitively to a domain wall of two aligned spins. The region with
reduced antiferromagnetic correlations was found in [80] to spread through the system in time
11
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with a light-cone-like propagation of the wavefront. Comparing the dynamics of the squeezed space
spin correlations to exact numerical results for an undoped Heisenberg spin chain yields excellent
agreement, showing that it is a very good approximation to describe the spin and charge sectors
independently from one another.

By monitoring the spatial width of the squeezed space spin correlation and the hole distribution,
elocities of the spin and charge excitations were extracted, Fig. 5(a). The maximum expected group
elocities allowed by the respective dispersions of the charge and spin quasiparticles scales linearly
ith the hopping strength t and the exchange coupling J , respectively. Making use of the tunability
f the cold atom setup, the hopping strength was varied, leading to relative interaction strengths
etween U/t = 8 and U/t = 20. The extracted velocities were found to scale linearly with t and J ,
nd follow the theoretically expected predictions vh = 2t/h̄ and vs =

π
2 J/h̄ respectively.

The dynamical deconfinement between spin and charge excitations was further quantified by
the spin correlation across the propagating hole as a function of time in terms of the spin–hole-spin
correlator

CSHS = 4
⟨
Ŝzi n̂

h
i+1Ŝ

z
i+2

⟩
. (5)

This correlator is a first indicator as to whether the spin excitation is spatially separated from
the charge excitation. Experimentally, a fast decay from the value of the next nearest neighbor
correlation C(2) in an undoped chain, to the value of the nearest neighbor correlation C(1) was
observed as the hole propagates away from the initially created spinon, Fig. 5(b). The spin excitation,
which corresponds to reduced antiferromagnetic correlations, is thus not in close proximity to
the charge excitation. Taking this analysis one step further, the normalized deviation of the mean
nearest neighbor correlation was studied as a function of the distance d to the hole,

δC1(d) =

⟨
Ŝzi Ŝ

z
i+1⟨

Ŝzi Ŝ
z
i+1

⟩ − 1

⟩
•i•i+1◦i+1+d∨i−d

, (6)

where the empty (full) circle indicates that the corresponding site must be empty (occupied) in
the underlying dataset. The absence of binding between spin and charge excitations beyond the
immediate vicinity of the hole is shown as δC1(d) shows no dependence on the distance to the
hole, see Fig. 5(b).

Finally, the position of the excess spin excitation was located by quantifying the local spin
fluctuations in squeezed space. To this end, the operator

Σ̂2
j =

⎛⎝∑
ĩ

Ŝz
ĩ
f σ
j̃
(ĩ)

⎞⎠2

with a smooth window function f σ
j̃
(ĩ) = exp

(
−

(ĩ − j̃)2

2σ 2

)
(7)

f characteristic size σ is defined. At zero temperature, the operator Σ̂2
j captures local fractional

uantum numbers [111]. The thermal fluctuations in the system lead to a significant background
ignal for this operator. Moreover, due to the finite temperature initial state, the local quench in [80]
reates a spinon excitation only with 50% probability. The experimentally measured increase in Σ̂2

j
ue to the quench is in accordance with these considerations, Fig. 5(c).
Taken together, the experimental results in [80] demonstrated the fractionalization of a localized

ermionic excitation into spinons and holons, in a far-from equilibrium setting.

.3. Other dynamical probes

Other dynamical probes in one dimension include the dynamics in Heisenberg spin chains, such
s the observation of free and bound magnon excitations [112,113]. Recently, XXZ spin chains,
escribed by the Hamiltonian

Ĥ =

∑[
Jxy(Ŝxi Ŝ

x
j + Ŝyi Ŝ

y
j ) + Jz Ŝzi Ŝ

z
j

]
, (8)
⟨ij⟩
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have been realized using bosonic Lithium atoms, where the on-site interactions between atoms in
the same hyperfine state can be tuned to a different value than the interactions between atoms
in different hyperfine states [70] in order to realize an anisotropy in the spin couplings. By tuning
the coupling constant Jz/Jxy from 0 to 1, a crossover from ballistic to diffusive behavior has been
observed [70] in the dynamics following a global quench after a spin spiral was prepared. For
anisotropies Jz/Jxy > 1, even subdiffusive transport behavior has been found. In the two-component
Bose–Hubbard model, an effective magnetic field can be realized through the different scattering
lengths for the two hyperfine states. In the relaxation dynamics of an initially prepared spin spiral,
the presence of mobile holes leads to a fluctuating effective magnetic field, providing an additional
dephasing mechanism [114].

Recently, experiments with a strong potential gradient have been also performed in the one-
dimensional Fermi–Hubbard model, where the relaxation of a charge density wave is significantly
slowed down. In certain regimes of gradient and interaction strength, non-ergodic behavior due to
Hilbert space fragmentation was observed [115].

Another line of research is concerned with the transport through a one-dimensional wire
between two large atom reservoirs at different chemical potentials [116,117]. In particular, the
transport properties in the presence of a weak periodic potential within the 1D wire and attractive
interaction between the fermions have been probed. The experimental results strongly indicate the
existence of a Luther–Emery liquid in the one-dimensional wire.

3.4. Open questions in one dimension

Several future directions of doped one-dimensional spin chains remain unexplored. A particularly
important class of experiments are spectroscopic probes, using e.g. momentum resolved probes such
as ARPES or the dynamical spin structure factor, or local probes such as STM. For example, it has
been proposed that ARPES measurements in an undoped spin chain can be utilized to directly reveal
the emergent spinon Fermi surface [87]. An extension of such probes to dimensional cross-overs,
where weak tunneling along a second direction is added [37], would be very interesting to explore
how spin-charge separation breaks down and how the spinon Fermi surface would be affected [118].

Other interesting future directions involve dynamical probes far-from equilibrium, strong frus-
tration or extensions from SU(2) to SU(N) invariant [66,119] doped spin chains. Furthermore,
opological order can be explored; a first step in this direction has recently been taken by the
ealization of the symmetry protected Haldane phase in Fermi–Hubbard ladders [120].

. Quantum magnets in 2D: half-filling and single dopant

.1. Half filling: long-range AFM

The most challenging step to probe the phase diagram of the two-dimensional Fermi–Hubbard
odel with cold atoms consists in reaching sufficiently low temperatures to explore the most

nteresting and highly debated regimes. The first measurements of spin correlation functions in
uantum gas microscopes were performed at temperatures around T/t ≈ 0.5 [36] to T/t ≈ 1 [42].
t an interaction strength of U/t ≈ 8 this is well in the Mott-insulating regime and corresponds

to temperatures T/J ≈ 1 to T/J ≈ 2 in units of the antiferromagnetic superexchange J . At finite
emperatures, the spin correlations in two dimensions decay exponentially over a correlation length

ξ (T ) = Cξ exp(2πρS/T ) (9)

ith ρS the spin stiffness [121]. A temperature on the order of the superexchange is sufficient
o observe antiferromagnetic correlations up to distances of three sites. Tuning the temperature
etween T/t = 0.45 and T/t = 1.53 led experimentally to correlation lengths between 0.5 and
.25 sites.
In cold atom experiments, the interaction strength U/t can be easily varied using a Feshbach

esonance by tuning a magnetic field. The entropy per particle is fixed, such that the temperature
13
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varies slightly for different interaction strengths. The overall chemical potential is fixed, but the
central region on which experiments usually focus is coupled to its surrounding, where the trapping
potential leads to smaller densities. Hence by tuning the interaction strength the number of atoms
in the center of the trap can change to some degree. Upon tuning the interaction strength between
U/t = 4 and U/t = 24, the experiments [36,42] find a maximum absolute value of the nearest
neighbor spin correlation at U/t ≈ 8, in good agreement with theoretical results [36,42]. One can
nderstand this as follows: for large values of U/t , the antiferromagnetic correlations are suppressed

because the superexchange J becomes small compared to the temperature. For U/t < 8 on the other
and, charge fluctuations increasingly play a role and tend to destroy magnetic correlations. Another
uning knob in cold atom experiments is the dimensionality. In [122], the nearest neighbor spin
orrelations were probed for a different number of nearest neighbors Z , going from Z = 1 for dimers,
o 1D systems (Z = 2), ladders (Z = 3), 2D systems (Z = 4) and cubic three-dimensional systems
Z = 6). Upon increasing the coupling between one-dimensional chains, the nearest neighbor spin
orrelations along the chains were found to decrease, while simultaneously the spin correlations
etween the chains increase.
The earliest quantum gas microscope experiments did not have full Fock-space resolution,

eaning that doubly occupied sites appeared as empty in the snapshots taken with those micro-
copes. Experimentally, the charge fluctuations are thus mainly probed in terms of anti-moment
orrelations, defined as

Ch(d) =
1
N

∑
i

(⟨(
1 − n̂s,i

) (
1 − n̂s,i+d

)⟩
−
⟨(
1 − n̂s,i

)⟩ ⟨(
1 − n̂s,i+d

)⟩)
, (10)

here n̂s,i is the single occupation density at site i and N is the total number of sites. The
charge fluctuations observed experimentally are mainly virtual doublon–hole pairs, leading to
comparably strong positive anti-moment correlations for nearest neighbors [26,42]. Doublon–hole
pairs beyond nearest neighbors become increasingly unlikely. In a later experiment, the doublon–
hole correlations were resolved with full Fock-space resolution, revealing a peak at filling one and
distance one [56]. As a function of (t/U)2, the number of doublon–hole pairs exhibits a linear
dependence [56], as expected from second order perturbation theory.

While the Mermin–Wagner–Hohenberg theorem implies that there is no long-range spin-order
in the thermodynamic limit at finite temperature in two dimensions, in a finite size system,
the correlation length can become comparable or larger than the system size. In this case, the
z-component of the staggered magnetization, defined for a spin-S system as

mz
=

√⟨( 1
N

∑
i

(−1)i
1
S
Ŝzi

)2⟩
(11)

reaches values of order unity. In 2017, sufficiently cold temperatures of T/t = 0.25 at an interaction
trength of U/t = 7.2 were achieved in a system of uniform density, yielding the first observation
f antiferromagnetic correlations in ultracold atoms across the entire system of approximately ten
ites in diameter [33], see Fig. 6. Here, a digital micromirror device (DMD) in the image plane of the
icroscope was used as a spatial light modulator in order to cancel out the underlying harmonic
otential. The filling in the region of interest of the system is thus highly uniform and at the same
ime tunable to realize arbitrary doping values.

The measurements performed with a quantum gas microscope yield not only the average value
f the staggered magnetization (or any other observable under consideration), but also the full
ounting statistics p(mz), i.e. a histogram of how often a specific outcome is obtained in individual
easurements. In these experiments, full distribution functions are very natural quantities to
onsider, as each snapshot corresponds to a single value of the staggered magnetization, and one
as to average over many snapshots to obtain the expectation value of mz in the first place.
t high temperatures, without antiferromagnetic correlations, the full counting statistics of the
taggered magnetization is peaked at zero with a width given by 1/

√
N . As the temperature is

ecreased and antiferromagnetic correlations extend across the entire system, the distribution
ttains a substantially larger width, see Fig. 6(d).
14
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Fig. 6. Long-range antiferromagnetic correlations in a quantum gas microscope. (a) Spin correlations C(d) for different
istances d = (dx, dy). (b) Sign corrected spin correlations as a function of distance. (c) Static structure factor Sz (q)−Sz (0)
or temperatures from T/t = 0.25 to T/t = 0.64. (d) Full counting statistics of the staggered magnetization for
emperatures between T/t = 0.25 and T/t = 1.14. (e) The correlation length and (f) the average value of the staggered
agnetization in z-direction as a function of temperature.
ource: Figure taken from [33].

In solid-state systems, one typically detects antiferromagnetic long-range order with neutron
cattering or magnetic X-ray scattering experiments, which yield the spin structure factor as an
bservable. In order to bridge the gap to these solid state experiments, one can also Fourier
ransform the real space spin correlations considered so far to obtain the static spin structure factor,

Sz(q) =
1
L2
∑
i,j

1
S2

⟨Ŝzi Ŝ
z
j ⟩ exp [iq · (i − j)] , (12)

where L is the linear system size. The spin correlations, or equivalently the spin structure factor,
show clear antiferromagnetic correlations at the lowest temperatures achieved in the cold atom
setup [33]. As the temperature is increased, the correlation length decreases and simultaneously
the peak at momentum q = (π, π ) in the spin structure factor vanishes, Fig. 6(c).

Even without single-site resolution, the static structure factor at arbitrary wave vectors can be
probed. One option is to use spin-sensitive Bragg scattering, which was used to reveal short-range
antiferromagnetic correlations in a three-dimensional Hubbard model [15]. Another option is to use
coherent manipulation of the spins in a Ramsey-type scheme: after ramping up the lattice to inhibit
tunneling, a π/2 radiofrequency (RF) pulse is applied to the spins. Then, the spins evolve under a
magnetic field gradient for a time tsp, which determines the wave vector that is probed. During
this time evolution, the spins precess in the xy-plane. Finally, a second π/2 RF pulse is applied in
order to map the transverse magnetization onto the magnetization in z-direction, which can then be
directly probed. This technique was used in [123] to probe the static structure factor as a function of
wave vector and chemical potential. At half-filling, a clear peak appears at momentum q = (π, π ) at
15
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Fig. 7. Spin-imbalanced system. (a) Phase diagram of the Heisenberg model as a function of temperature T and effective
agnetic field h. The effective magnetic field is experimentally realized through a spin-imbalance. The shaded gray

band indicated the experimentally realized temperature in [39]. (b) Nearest (circles) and diagonal next-nearest neighbor
(squares) spin correlations Cx (blue) and C z (yellow) as a function of the local polarization. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of this article.)
ource: Figure taken from [39].

he experimental temperature of T/t = 0.57(3) and interaction strength U/t = 8. As the chemical
otential is decreased away from U/2, the staggered (q = (π, π )) as well as the uniform (q = 0)
tatic structure factor decay.

.1.1. Spin-imbalanced system: canted AFM
Going beyond the standard spin-balanced equilibrium case, the spin physics in the half-filled

ermi–Hubbard model was further probed by studying its properties in the spin-imbalanced
ase [39]. In a cold atom setup, the numbers of spin up and spin down fermions are separately
onserved. While loading the optical lattice, one can prepare a spin-imbalanced system, for example
y using a microwave pulse to resonantly drive the transition between the two relevant hyperfine
tates or by applying a magnetic gradient during evaporation, leading to preferential loss of one of
he two spin states [39]. By the latter technique, the global spin imbalance

P = (N↑ − N↓)/(N↑ + N↓) (13)

was varied continuously from zero to ≈ 0.9 in Ref. [39].
The finite magnetization in the system is akin to a non-zero magnetic field, breaking down the

global SU(2) to a global U(1) spin symmetry. The Heisenberg model in the presence of a non-
zero field hence exhibits a finite temperature Berezinskii–Kosterlitz–Thouless (BKT) transition to a
canted antiferromagnet [124]. The canted antiferromagnet accommodates the finite magnetization
in the direction of the field, but at the same time maximizes the superexchange interaction
energy through long-range antiferromagnetic correlations of the spin components perpendicular
to the magnetization. An inhomogeneous density of atoms introduces additional complications
into this scenario. Spin polarization can be distributed unequally between the Mott insulating and
compressible regions of the ensemble. The latter are expected to have a larger spin susceptibility
and can therefore accommodate a larger part of the spin imbalance in the system [125].

At the temperatures in the experiment [39], T/t ≈ 0.4, the antiferromagnetic correlations extend
across a few lattice sites. These antiferromagnetic correlations become canted in the presence of a
spin-imbalance: the spin correlations are stronger in the direction orthogonal to the magnetization,

see Fig. 7. The rotational anisotropy of the spin correlations increases with polarization. Note that
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Fig. 8. Spin transport. (a) Experimental setup: a spin-dependent potential gradient is applied during the experiment. (b)
The equilibrium density distribution of single occupied sites as well as spin up and spin down fermions under a magnetic
field gradient is used to extract the spin susceptibility χS . Shown here is the singlets density, as well as the spin-resolved
ingles-density, averaged over four independent realizations at U/t = 38.5. (c) The magnetic field gradient is suddenly
emoved. The resulting spin current exhibits a linear dependence on the gradient of the magnetization. (d) Left, Right:
ingle raw images of

⟨
n̂s

↑

⟩
,
⟨
n̂s

↓

⟩
in equilibrium in the presence of a spin-dependent potential at half-filling for U/t = 14.9.

iddle: Difference between up and down density distributions as shown in left and right averaged over six independent
ealizations.
ource: Figures extracted from [41].

he spin correlations in x-direction, orthogonal to the magnetization, can be measured by applying
global RF pulse to rotate all spins before imaging [39].
At lower temperatures than experimentally realized, the BKT transition takes place at a critical

emperature TBKT(P). It reaches a maximum TBKT(Popt) ≈ 0.15t for some optimal polarization
< Popt < 1, and vanishes at TBKT(P = 0) = TBKT(P = 1) = 0. Below the transition temperature,

he spin correlations perpendicular to the field become quasi-long ranged with a power-law decay,
hile the correlations in the direction of the field remain short-ranged and decay exponentially
ith distance. Correspondingly, the anisotropy in the spin correlations ⟨Ŝxd Ŝ

x
0⟩/⟨Ŝ

z
d Ŝ

xz0⟩ discussed
bove was also found to increase with the distance |d| between the spins [39].
A spin-imbalance in the repulsive Fermi–Hubbard model corresponds to a finite doping in

he attractive model. The SzSz spin correlations in the repulsive model can be mapped to the
oublon–doublon correlations in the attractive version, see discussion in Sections 5.1.3 and 5.1.5
The measurement of the doublon–doublon correlations for an interaction of U/t = −5.7 at a
emperature of T/t = 0.45 in [126] thus shows the same qualitative features as the SzSz spin
orrelations shown in Fig. 7(b).

.1.2. Spin transport
At half filling and for temperatures T ≪ U , charge transport is strongly suppressed, rendering

his an interesting regime to study spin transport. In [41], the spin susceptibility as well as
pin transport coefficients were probed with the help of magnetic field gradients, Fig. 8(a). Here,
otassium atoms are used, which in comparison to Lithium atoms have the advantage that magnetic
17
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field gradients can be applied during the experiment itself.5 In the first experiment [41], the
equilibrium spin distribution under a magnetic field gradient was measured, Fig. 8(b), yielding the
spin susceptibility

χS =

∆

⟨
Ŝz
⟩

∆µ
(14)

s the ratio of the change in the local magnetization, ∆⟨Ŝz⟩, induced by a change in the chemical
otential between the two spin species at the same position, ∆µ = µ↑ − µ↓.
When this magnetic field gradient is suddenly turned off, the system relaxes to a new equilibrium

tate with local spin balance, ⟨Ŝz⟩ ≈ 0. During this relaxation dynamics, one can define a spin
urrent

JS(τ ) = −
a
2

d
dt

I(t)|τ (15)

with the time dependent imbalance I(t) defined as difference in spin between the left and right half
of the system; a denotes the lattice constant. The experiment [41] showed a linear dependence of
the spin current JS(τ ) on the spin density gradient ∇x⟨Ŝzx ⟩, Fig. 8(c), showing that the spin dynamics
is diffusive:

JS = DS

(
∇x⟨Ŝzx ⟩

)
, (16)

with a spin diffusion constant DS . This result holds for a range of values of U/t = 4 to 17. For
strong interactions U/t ≥ 8, the extracted spin diffusion constant depends linearly on t2/U , and
thus on the superexchange J = 4t2/U . For the Heisenberg model, the spin diffusion constant at
temperatures T ≫ J is h̄DS = 4

√
π/20a2t2/U = 1.585...a2t2/U [127–129], which is significantly

ower than the experimentally observed value of h̄DS = 6.2(5)a2t2/U . In [41], this is attributed
to doublon–hole fluctuations in the Fermi–Hubbard model. For weaker interactions, U/t ≤ 8, the
diffusivity increases faster than linearly with t2/U . In the same line of reasoning as above, this is
attributed to the increasing number of doublon–hole fluctuations in this regime. It remains an open
question, however, why the experimental results do not approach the Heisenberg limit for U → ∞,
where doublon–hole fluctuations are strongly suppressed.

Finally, the experiment [41] starts without a tilt and a magnetic field gradient is slowly turned
on in order to study the spin conductivity σS . The magnetic field gradient here consists of a spin-
and position- dependent potential (−1)σ∆σ (x), where ∆σ (x) = ∆σ · x. The initial spin current in
this setup is directly proportional to the applied spin-dependent force, obtained as the derivative
of the spin-dependent potential, with the spin conductivity as constant of proportionality, i.e.

JS(τ = 0) = σS
∆↓⟨n̂↓⟩ −∆↑⟨n̂↑⟩

a
. (17)

The value for σS measured with this experiment agrees well with the value obtained through the
Einstein relation as σS = Dsχ , with DS and χ measured independently.

The experimentally measured spin conductivities for various values of U/t are below the Mott–
offe–Regel limit. This behavior is expected in the regime considered here, where quasiparticles are
ll-defined and therefore Drude–Boltzmann theory does not apply.

A different approach to separate spin and charge transport was taken in [69], where a potential
ffset on one sublattice was applied in the two-dimensional system in order to suppress charge
otion, thus making superexchange the dominant effect. Superexchange can on the other hand be
uppressed through a spin-dependent potential on one sublattice. Therefore, the effects of charge
otion and superexchange on the magnetization dynamics can be probed separately. In [69], a spin-
/2 system was simulated using two hyperfine states of bosonic atoms. In the limit of large on-site

5 For Lithium atoms, the large magnetic fields required to tune close to the repulsive Feshbach resonance bring the
experiment into the Paschen-Back regime where the two pseudo-spin states used in the quantum simulation have virtually
the same magnetic moment. Hence a magnetic field gradient yields the same force for both pseudo-spin states and can
hence no longer be used to separate them.
18



A. Bohrdt, L. Homeier, C. Reinmoser et al. Annals of Physics 435 (2021) 168651
interactions U/t , the model can be mapped to a bosonic t − J model, as discussed in Section 3.3. In
this experiment, a Néel state was prepared as initial state. Its decay under the time evolution with
the two-component Bose–Hubbard Hamiltonian was then observed without single-site resolution
by mapping the states in one sublattice to two separate hyperfine states, and then performing a
Stern–Gerlach scheme on both sublattices separately. The observed relaxation rate is governed by
two separate rates, which scale with the superexchange and tunneling, respectively.

4.2. Magnetic polaron

So far, we discussed one-dimensional Fermi–Hubbard chains at finite doping as well as the
half-filling limit of the two-dimensional Fermi–Hubbard model. Both of these cases are fairly well
understood theoretically. We now venture into far more disputed territory by going away from half-
filling, beginning with a single dopant. While there is a vast amount of theoretical literature on the
topic of a single dopant in a quantum antiferromagnet, the so-called magnetic or spin polaron,
and several of its properties, such as its dispersion relation, are well established, quantum gas
microscopes provide an entirely new perspective, for example by enabling the direct microscopic
imaging of mobile dopants and their dressing cloud [30]. The real space imaging in quantum gas
microscopes renders it very natural to think about the problem of a single dopant in a quantum
antiferromagnet in real space, which moreover provides an intuitive understanding through the
perspective of the geometrical string picture that we present below.

4.2.1. Theoretical background
One of the earliest treatments of a mobile dopant in an antiferromagnet was by Bulaevskii

et al. [27] in 1968, before the discovery of high-temperature superconductivity in cuprates. The
authors considered the case of a perfect Néel state in two dimensions and argued that a mobile hole
should self-localize because its motion leaves behind a string of displaced, or flipped, spins costing
an amount of energy proportional to the length of this string, see Fig. 9(a). The spectral function in
such a model was then calculated by Brinkman and Rice [130]. Later on, Trugman clarified [131]
that the loop configurations now named after him allow to remove the string and lead to a very
slow [132–134] but free motion of the dopant, see Fig. 9(b). These works [27,130,131] established
the basis for the string picture of magnetic polarons.

In the SU(2) invariant t− J or Hubbard model quantum fluctuations of the spin background need
to be included. They provide a much more efficient way to remove the string created by the hole
than Trugman loops, and introduce motion of the entire quasiparticle, see Fig. 9(c). Shortly after
the discovery of high-temperature superconductivity, quantitative descriptions of these quantum
fluctuations were put forward, which have laid the foundation for the magnetic polaron picture.
This work goes back to the seminal papers by Schmitt-Rink, Varma and Ruckenstein [135], by Kane,
Lee and Read [136] and related work by Sachdev [28] which describe how the motion of the dopant
couples to spin-wave excitations (magnons) of the surrounding antiferromagnet.

The philosophy of the polaron picture is that the dopant acts as a mobile impurity which gets
dressed by a cloud of magnetic excitations. In the weak coupling regime when t < J , where the
mapping between the Hubbard and t − J models is no longer valid, the dressing is weak and
the theory can be relatively easily solved. However, at strong couplings when t ≳ 2J , significant
efforts were required to successfully solve the problem [137,138]. In this case, the quasiparticle
properties are strongly renormalized, as has been confirmed by controlled numerical simulations
such as large-scale exact diagonalization (ED) [139–143], quantum Monte Carlo [144,145] and
more recently tensor network studies, e.g. [118,146,147]. Several other variational and numerical
descriptions of magnetic polarons have been put forward that are worth mentioning, including:
the semi-classical description [148], the small polaron theory [149] and the variational Monte Carlo
theory by Bonisegni and Manousakis [150].

Another perspective, complementary to the polaron picture, is the parton theory of magnetic
polarons. It starts from the strong coupling regime, t > J , and assumes that mobile dopants can
be understood as bound states of two emergent partons, a spinon and a chargon. The latter are
confined at low doping, rendering the magnetic polaron the analogue of a meson in particle physics.
19
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Fig. 9. Theory of mobile dopants in an antiferromagnet. (a) The motion of a doped hole creates a string of displaced, or
flipped, spins. For most configurations, the energy of the string grows approximately linearly with its length. (b) Self-
trapping of the dopant can be avoided by performing Trugman loops. While these allow a hole to move freely through
the antiferromagnet in principle, the mechanism is very slow since Trugman loops are costly in terms of the localization
energy they require. (c) Spin-exchange processes ∝ J allow to re-trace the string and provide a much more efficient means
or the dopant to propagate in the antiferromagnet. (d) Two theoretical pictures of magnetic polarons are currently used.
hey emphasize different constituents of the quasiparticle and should not be viewed as mutually exclusive, but rather
omplementary approaches to the problem with their own strengths and weaknesses.

he parton picture was first proposed on phenomenological grounds by Béran et al. [142] where
t was already pointed out that the strong renormalization of doped holes can be understood by
imple arguments from a parton ansatz. Several subsequent works, still on a phenomenological
evel, discussed the connection to observations in the low-doping regime [151,152], including a
aper by P. Anderson [153]. Unlike the polaron theory, the parton picture can be directly connected
o the one-dimensional case where spinons and chargons are deconfined, whereas magnons no
onger constitute well-defined excitations.

Recently new indications for the parton picture have been reported by advanced matrix product
tate (MPS) simulations [29,89,118]. Moreover, the string picture has been extended to include
uantum fluctuations of the spin background [154] by introducing so-called geometric strings [29,
34]. This allowed to describe the binding of spinons and chargons on a microscopic level, starting
rom a Born–Oppenheimer wavefunction and using different levels of approximation [29,118]: First
evel theories only include chargon fluctuations while a frozen spin background is considered [134].
n a second level description spinon dynamics are included [29], and third-level theories include
ackactions on the entire spin background.
It should be emphasized that the parton and polaron pictures, see Fig. 9(d), of magnetic polarons

re not strictly exclusive. Rather, they emphasize different aspects of the problem and approach it
rom different limits. While the polaron theory is simplest at weak coupling, t < J , the parton
icture is a genuine strong coupling theory which works best for t > J . One of the most striking
redictions by the parton picture to date is the existence of long-lived discrete rotational excitations.
hese were first proposed for holes in a classical Néel state [134], but recently direct numerical
vidence has been reported in large-scale MPS simulations of the t − J model on four-leg cylinders
nd experimental probes for cold atoms and solids have been proposed [89]. Such rotational
xcitations are closely related to vibrational excitations of magnetic polarons. The latter have
reviously been discussed in the context of the polaron picture [138,140,141,145,154,155], where
heir properties such as excitation energies can only be obtained from heavy numerics however.

Finally, for very strong coupling t ≫ J the physics of a mobile dopant changes drastically. In this
egime the spins around the impurity polarize and the dopant is self-trapped inside a ferromagnetic
ubble. The precise transition point was determined accurately for the two-dimensional t− J model
y White and Affleck to be located at J/t = 0.02 to 0.03 [146]. This is a precursor of the famous
agaoka effect [156], which states that the addition of one single mobile hole is sufficient to drive
genuine phase transition of the entire system from an antiferromagnet to a ferromagnet in the
symptotic limit U/t → ∞.
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Fig. 10. Imaging a magnetic polaron and its dressing cloud. Diagonal next nearest neighbor spin correlations measured
round(a) a mobile and (b) a pinned doublon. Around the mobile dopant, the spin correlations are strongly sign-reversed
blue), a direct signature of the polaronic dressing cloud. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)
ource: Figures taken from [30].

In the solid state context, the main emphasis has been on the following properties of magnetic
olarons accessible by ARPES, see e.g. [157–159]: Their dispersion relation, location of the band
inimum, and their quasiparticle weight. As we will discuss next, ultracold atoms provide access

o complementary quantities characterizing magnetic polarons, which have also recently been
nalyzed theoretically: these include e.g. the microscopic structure and size of their dressing
loud [29,160] and higher-order spin-charge correlations [25].

.2.2. Experiments in equilibrium
In [110], the behavior of the spin correlations around a mobile doublon6 was studied as the

opping ty/tx was tuned, thus going from decoupled chains to a two-dimensional system. While
n the one-dimensional limit strong AFM correlations across the doublon are found, a significant
uppression of the correlations was observed when the system becomes two-dimensional. This was
he first direct indication for the formation of a magnetic polaron (see Fig. 10).

The magnetic environment of a single dopant in the two-dimensional system was studied in
etail in [30]. Based on snapshots from a quantum gas microscope, one can directly probe the
ressing cloud of the magnetic polaron in terms of the spin correlations relative to the dopant.
n [30] the chemical potential was set such that on average 1.95(1) delocalized doublons are
present in a central region of 5 × 3 sites. At a temperature of T/J ≈ 1.4, there is no long-
range antiferromagnetic order in this experiment. However, the nearest and next nearest neighbor
spin correlation functions are still significant in the undoped system. The three-point doublon-spin
correlator

C(r0; r1, r2) = 4
⟨
Szr1S

z
r2

⟩
◦r0 •r1 •r2

(18)

with r1,2 nearest or next nearest neighbors is therefore optimally suited to investigate the spin en-
vironment around the dopant. Here the open/filled circles indicated that the correlator is evaluated
on datasets where the respective sites were empty/occupied by a fermion.

In the immediate vicinity of the mobile dopant, the diagonal next nearest neighbor correlations
were found to become antiferromagnetic [30]. Similarly, the straight next nearest neighbor corre-
lations across and next to the dopant were sign flipped. These experimental results (see Fig. 10)
confirm the theoretical picture of a dopant dressed by a local spin distortion, and give microscopic

6 Note that, owing to the exact particle–hole symmetry of the Fermi Hubbard model with nearest-neighbor hopping
only, doublon and hole doping are equivalent and can be used interchangeably.
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insights into the details of this distortion. By measuring the strength of the local spin correlations
as a function of distance from the dopant, the radial dependence of the polaronic dressing and
thus the size of the magnetic polaron has been studied [30]. As a result, a relatively small polaron
radius between one and two lattice sites has been established. The experimental results were also
found to be consistent with a geometric string description of the problem when the harmonic
trapping potential was included. In particular, the geometric string picture explains the observed
sign-reversal around the mobile dopant by a simple displacement of the neighboring spins which
turns antiferromagnetic nearest neighbor correlations in the undoped system into negative diagonal
correlations.

Using an optical tweezer, a doublon could also be confined to a single lattice site in Ref. [30],
endering the dopant immobile. The comparison between the spin environment around the pinned
nd unpinned dopants reveals the importance of its mobility: in the case of an immobile dopant,
he antiferromagnetic spin correlations surrounding the doublon are even enhanced.

Motivated by the capabilities of quantum gas microscopes, new theoretical results on higher-
rder correlation functions for the ground state of a single hole in the t − J model have been
btained [25,29,160,161]. These studies include cases beyond the three point correlation functions
tudied here and investigate e.g. a five point correlator capturing the four spins surrounding a hole.
elated higher-order correlation functions have also recently been evaluated experimentally [24].

.2.3. Experiments out-of equilibrium
Similar to the experiment described in Section 3.2, a single hole can also be created or released in

two-dimensional system. This was done in [35], where a second digital micromirror device (DMD)
as used to prevent the occupation of a single site when the atoms are adiabatically loaded into the
ptical lattice, resulting in an initial state with a pinned hole. Note that unlike in a one-dimensional
pin system, where a pinned hole leads to an initial state of two completely disconnected chains,
ll spins are coupled to each other through paths around the pinned hole in this case. In [35], the
inned hole was released by quickly shutting off the light illuminating the second DMD. Snapshots
ith the quantum gas microscope were then taken after variable evolution times τ . In this particular
xperiment, either a single spin state or the parity projected singles population could be observed.
Due to the parity projected imaging, doublon–hole pairs cannot be distinguished from the

eleased hole. The average background density is thus subtracted from the measured density to
eveal the resulting hole motion. In the measured density distribution, coherent features of the
ropagation were observed, for example oscillations in the return probability. In the initial dynamics
f the hole, the details of its motion depend on the presence or absence of quantum interference
ffects due to the (in-)distinguishable background spins. A comparison to numerically simulated
ynamics in an infinite temperature spin background [162,163], as well as in a ferromagnetic
ackground, shows that the hole motion is affected by the antiferromagnetic spin background in
he experiment [35].

At times shorter than the superexchange time scale h̄/J associated with the spins, the hole
as found to spread out ballistically with a velocity v = 2t/h̄ given by the hole hopping t .

Subsequently, the spreading of the hole slows down. In order to analyze this behavior further, a
Feshbach resonance was used to double the on-site interaction U and thus halve the superexchange
J relative to t . Comparison of the hole dynamics for the two different values of t/J showed that the
slower motion at longer times happens with a velocity controlled by J , see Fig. 11(a). The same result
was obtained in tensor network simulations in (quasi-) two dimensional systems [164,165] for the
dynamics of a hole created locally in the undoped ground state, where the velocity was found to be
directly proportional to J at long times for a four-leg cylinder [164]. The experimentally observed
long-time behavior is consistent with a quasiparticle bandwidth proportional to the superexchange,
as predicted theoretically for the t − J model, see e.g. [137].

The entire dynamics thus consists in the fast formation and subsequent slow spreading of a
magnetic polaron. This characteristic two stage dynamics [134,164,166–168] has also been observed
in the local spin correlations [35]. The nearest and next nearest neighbor spin correlations in the
vicinity of the initial hole location similarly exhibit a fast evolution away from, and a subsequent
slow return to equilibrium, see Fig. 11(b).
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The observed spin relaxation dynamics can be quantitatively described with an analytical model,
here the hole motion is mapped to a single particle moving on a Bethe lattice and the origin
f this Bethe lattice corresponds to the position of the spinon created initially. The spinon itself
ropagates ballistically with a velocity given by the superexchange energy [164]. Importantly, the
napshots taken with a quantum gas microscope allow for a direct comparison of this theoretical
odel to the experimental data [35]: experimental snapshots after the quench are compared to
napshots before the quench, in which the hole motion is added by hand according to the theoretic
rediction as follows: In the effective model, the spinon dynamics is accounted for by shifting the
xperimental pictures according to the predicted spinon motion, while the hole motion is included
y displacing the spins according to a distribution of hole trajectories predicted by the analytic
ethe-lattice model.

. Doped quantum magnets in 2D

Arguably one of the biggest promises of quantum simulation has been to enable insights into
odels that are numerically difficult or impossible to simulate. Arguably most prominently, this
ntails the simulation of the Fermi–Hubbard model at finite doping and low temperatures. In this
ection, we will discuss a variety of experiments which have addressed this regime with quantum
as microscopes in the past five years.
Experimentally, finite doping is realized by reducing the density of atoms in the system, for

xample by adding a potential offset in the observation region [33]. In order to determine the doping
ealized in an experiment without simultaneous spin- and charge resolution, one has to compare
he single-particle density to exact numerical results. Note that the number of doublon–hole pairs
and thus the number of sites detected as in this case – depends on the doping.

.1. Conventional probes

In this subsection we start by discussing conventional probes of the Fermi–Hubbard model, such
s two-point correlation functions and measurements motivated by solid state experiments, for
xample angle resolved photoemission spectroscopy (ARPES).

.1.1. Spin–spin correlations
In order to study how the antiferromagnetic order vanishes upon doping, two-point spin–

pin correlations are perhaps the most obvious quantity to look at. In early experiments, the
emperatures were relatively high, such that only short-range spin correlations were sizeable.
ne observation that was already made in those experiments was however that the next-nearest
eighbor correlation changes its sign at roughly 20% hole doping [36,42]. This sign change of
he spin correlations at approximately 20% doping was later observed at lower temperatures of
/J = 0.65(4) [26] and T/t = 0.43(3) [24] in correlations up to distances of d =

√
8 between the

pins, Fig. 12. Only the nearest-neighbor correlator remains antiferromagnetic and does not change
ign.
Qualitatively, this effect is captured by the geometric string theory [26,29], where each dopant

auses a string of displaced spins. This displacement of spins leads to a mixing of the different
orrelation functions, see also Section 4.2, and therefore causes the correlations to change sign once
certain threshold of mixing is reached. The geometric string picture describes a gas of magnetic
olarons and thus constitutes a low-doping theory. On the other hand, coming from the high-
oping side the observed sign-change can be interpreted as a departure from a weakly interacting
ermi-liquid description of the original fermions [24,42].
The behavior of the spin correlations as the doping is increased also appears to be consistent

ith incommensurate magnetism, as observed in cuprate materials [169]. While finite size effects
nd finite temperatures obscure the observation of clearly resolved peaks in the static structure
actor at momenta close but not equal to qAFM = (π, π ) [24,33], a clear shift of the peaks from
(π, π ) to (π, 0) was observed in [24], where the doping is varied from 0 to almost 100%.
23
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Fig. 11. Formation and spreading of a magnetic polaron. (a) Root mean square distance of the hole from the origin,
here it was initially pinned, as a function of time. Measurements were performed for two different interaction strengths,
/t = 8.7 and U/t = 17.2. (b) The diagonal next nearest neighbor spin correlations across the site where the hole was
nitially created show fast initial dynamics, followed by a slow recovery at long times. The observations are in good
greement with theoretical expectations from a polaron model (blue band). (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of this article.)
ource: Figures taken from [35].

Fig. 12. Spin-dependent observables at finite doping. (a) Sign-corrected spin correlations as a function of doping and
(b) the full counting statistics of the staggered magnetization measured at a temperature of T/J = 0.65(4) in units
f the super-exchange J . In (b) the doping levels δ are indicated. These measurements were performed in the Harvard
roup [26]. (c) Similar measurements (without sign-correction) performed in Munich [24] at a slightly higher temperature
f T/t = 0.43(3) in units of the tunneling t . In part (c) of the figure, the spin correlations are normalized by single site
ccupation. Part (a), (b) taken from [26], (c) from [24].

The fluctuation–dissipation relation allows one to extract the uniform spin susceptibility directly
rom the measurements of the static spin structure factor. Starting from high dopings the suscepti-
ility was found in [24] to first increase when the doping is lowered. But then at about 30% doping,
t was found to stop increasing [24], see Section 5.1.3 for an extended discussion. This behavior is
eminiscent of the pseudogap phenomenology. Note that in cold atom experiments, the dynamical
pin structure factor is accessible through Bragg spectroscopy. A corresponding experiment has
24
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been for example performed for a one-dimensional system of Lithium atoms in Ref. [170], yielding
excellent agreement with predictions from Tomonaga–Luttinger theory.

Apart from the two-point spin correlation functions, the loss of antiferromagnetic ordering with
oping can also be probed through the full counting statistics of the staggered magnetization, where
he staggered magnetization operator is defined as

m̂z
=

1
N

∑
i

(−1)|i|Ŝzi (19)

or a system with N lattice sites. As doping increases, the full counting statistics of the staggered
agnetization was found in [26] to narrow, see Fig. 12(b). Note that the increasing number of empty
ites is not sufficient to explain this narrowing, as the comparison to sprinkled, i.e. randomly placed
oles according to the doping level, shows. Similarly, a narrowing of the distribution was observed
t half filling with increasing temperature [33].

.1.2. Charge-charge correlations
Motivated by the idea that interactions between doped holes, or even hole pairing, could

anifest itself in bunching of holes in real space, several experiments have studied charge-charge
orrelations [24,26,42]. In experiments without full Fock-space resolution, where doublons are
maged as empty sites, care must be taken when charge-charge correlations are evaluated. Typically
n this case, the correlation between empty sites, the anti-moment correlation [42], is considered,

Ch(|d|) =
⟨
(1 − n̂s,i)(1 − n̂s,i+d)

⟩
−
⟨
(1 − n̂s,i)

⟩⟨
(1 − n̂s,i+d)

⟩
, (20)

where n̂s,i is the single particle occupation on site i and an average over all sites i is typically
performed. This correlator contains three different contributions: (i) correlations between actual
dopants, (ii) correlations between a doped hole and a hole or doublon belonging to a doublon hole
pair, and (iii) correlations between holes and dopants both belonging to a doublon hole pair. Effects
of doublon–hole pairs are particularly strong at low doping, where there are more or comparably
many empty sites due to doublon hole pairs than due to doping. The dominant contribution of
doublon hole pairs results in strong bunching of empty sites on nearest neighboring sites, see also
Section 4.1. This effect is also explicitly observed by studying correlations between doublons and
holes using full Fock-space resolution in [56]. At distances larger than one, doublon hole pairs
mainly contribute to the average number of empty sites, which is subtracted in (20).

For straight and diagonal next nearest neighbor anti-moment correlations, anti-bunching has
been observed at low temperatures of T/J = 0.65(4) [26], which for U/t = 8.1 as used in
this experiments corresponds to T/t = 0.32. In a different experiment with full Fock-space
resolution, anti-bunching between holes was observed also on nearest neighboring sites [24]. In said
experiment, no anti-correlations were found at larger distances. However, this might be due to the
considerably higher temperature of T/t = 0.52(5). Negative anti-moment correlations on nearest
neighboring sites were also observed without full resolution at comparably high temperatures of
T/t = 1.22 for dopings δ ≥ 40%, where the signal due to doublon–hole pairs is negligible [42]. In
this regime, the formation of a Pauli correlation hole expected from a free-fermion theory explains
the observations.

The experimental observation of anti-bunching between holes at the lowest currently achievable
temperatures [26] may appear paradoxical at first, given that the repulsive Hubbard model is
considered a promising candidate to explain the underlying pairing mechanism of high-Tc super-
conductors. However, if pairing of fermions is possible in this model, it takes place at significantly
lower temperatures. At the relatively high temperatures realized in current experiments, it is thus
not surprising that repulsive interactions dominate. As an example, consider fermion correlations on
the BEC-side and in the vicinity of a Feshbach resonance in the continuum. At the lowest energies,
a shallow bound state exists, however at elevated temperatures the associated repulsive scattering
length leads to dominantly repulsive correlations.

The measurement of density–density correlations and density fluctuations has also been used

as a model-free thermometer through the fluctuation–dissipation theorem, which relates the
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Fig. 13. Compressibility and susceptibility. (a) Compressibility κ/t−1 in units of 1/t as function of hole doping ñ = −δ

n the repulsive Fermi–Hubbard model and spin susceptibility χS/t−1 as a function of magnetization m in the attractive
odel; Figure taken from [43]. (b) Local polarization p as a function of density n = 1 − δ for U/t = 14.7(8) at an
ffective field of h/t = 0.2(1), realized through a global spin imbalance; Figure taken from [39]. The large gray dots
re experimental measurements, colored data points are NLCE and DQMC results at different temperatures and finite
agnetic field. (c) Doping dependence of the uniform magnetic susceptibility, obtained from spin correlations through

he fluctuation–dissipation theorem; Figure taken from [24]. Experimental data (blue symbols) is compared to a two-
article self consistent approach (TPSC), random-phase approximation (RPA), and free fermion calculations (solid, dashed
nd dotted pink curves). (For interpretation of the references to color in this figure legend, the reader is referred to the
eb version of this article.)

ompressibility κ = dn/dµ and density correlations to the temperature [56]. In [171], the
ompressibility as well as the local density fluctuations were measured for interaction strengths
/t between 1.6(2) and 12.0(7) and temperatures between T/t ≈ 0.5 and T/t ≈ 4. Using the
luctuation–dissipation theorem, the contribution of non-local density correlations was determined.
t was found that close to half-filling, interactions lead to a strong reduction of non-local density
orrelations, as expected for a Mott insulator. As doping is increased to 50% and beyond, the different
nteraction strengths yield similar results and are consistent with an ideal Fermi gas on a lattice.

.1.3. Susceptibility and compressibility
In [43], the spin susceptibility χS = ∂m/∂h of the attractive Fermi–Hubbard model was

easured using two hyperfine states of Potassium, where an effective Zeeman h field was applied
uring the experiment. Due to the particle–hole symmetry, the spin susceptibility in the attractive
ermi–Hubbard model directly corresponds to the compressibility κ = ∂n/∂µ in the repulsive
ermi–Hubbard model. Both the susceptibility and the compressibility can be measured experimen-
ally as numerical derivative with respect to the effective magnetic field and the chemical potential,
espectively, and their correspondence has been directly observed, see Fig. 13(a). The measurements
f the compressibility in [43] confirm the expected dip in the Mott insulating regime of the repulsive
ubbard model [85,91]. Similar results have been obtained for a range of interactions U/t and
emperatures T/t ≥ 0.6 in the repulsive Fermi–Hubbard model [19].

With similar techniques as in [43], the compressibility in the attractive Fermi–Hubbard model
as been measured in [172] as a function of density. Note that doping in the attractive model
ranslates to spin imbalance in the repulsive model. Through the fluctuation dissipation relation,
he compressibility can be related to the pair correlation function. From the latter, a pair correlation
ength was extracted, which was found to increase with decreasing filling, temperature, and
bsolute value of the interaction strength |U/t| [172].
An effective magnetic field can also be realized in the repulsive Hubbard model through a spin

mbalance in a system in equilibrium. Due to the harmonic confinement in [39], the density of
toms increases towards the center of the trap, and therefore different doping regimes are realized
imultaneously. For a fixed global spin imbalance, the local polarization p = (n↑ − n↓)/(n↑ + n↓)
an then be obtained as a function of the density n. In [39], the local polarization was obtained as
26
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a proxy for the spin susceptibility, χS ∝ np in a range of densities from n = 0 to n = 1 for an
nteraction strength of U/t = 14.7(8), Fig. 13(b).

The non-monotonic behavior of the local polarization as a function of doping resembles the
ehavior of the magnetic susceptibility observed in the cuprates in the metallic phase with a weak
eak around 20% doping [173–175]. This is considered a hallmark signature of the pseudogap phase
n cuprates.

The uniform (q = 0) spin susceptibility χS(0) was also extracted from equal-time spin correlation
unctions through the fluctuation–dissipation theorem in [24], see Fig. 13(c). It was found to exhibit
imilar behavior at low doping as reported in [39]. In particular, it is consistent with the non-
onotonic behavior described above with a weak maximum at approximately 20% doping. The
omparison to Fermi liquid behavior shown in Fig. 13(c) emphasizes that the decrease of the
pin susceptibility with decreasing doping at small doping is an anomalous behavior. In [176], the
niform spin susceptibility was similarly extracted from measurements of the static structure factor
t q = 0 as a function of doping and for temperatures T/t ≥ 0.63. For a constant temperature, the
tatic structure factor increases with decreasing doping and reaches a plateau at around 20% doping
or the lowest temperatures considered. The onset of this plateau shifts to smaller doping values as
he temperature is increased.

Other thermodynamic quantities can be measured as well. For example, in Ref. [177] the depen-
ence of the density on the chemical potential, related to the compressibility, was used to determine
pressure P . The temperature dependence of the pressure then yields the thermodynamic entropy
er site s through the relation

s = a2
dP
dT

⏐⏐⏐⏐
µ=const.

, (21)

where a is the lattice constant. At strong interactions and temperatures T ≲ t , the entropy per site as
a function of the chemical potential µ exhibits a non-monotonous behavior with a local minimum
at half-filling (µ = U/2) [177].

5.1.4. Transport
The strange metal phase constitutes one of the biggest mysteries of the cuprate phase diagram:

at intermediate to high dopings, above the superconducting dome, the cuprate materials display
curious transport properties, see e.g. [178], which have led to the description as strange or bad
metals. In particular, the resistivity is ∝ T for low temperatures, [179] as opposed to ∝ T 2 as
expected for a Fermi liquid.

In [38], the transport behavior was probed in the Fermi–Hubbard model by studying the
relaxation of an initially prepared charge density wave at an average overall density of ⟨n⟩ = 0.82
and in a temperature range of 0.3 < T/t < 1, Fig. 14(a). The decay of the charge density wave was
modeled hydrodynamically, taking into account particle number conservation as well as a finite
current relaxation rate, in order to extract a charge diffusion constant D. The diffusion constant can
be related to the resistivity ρ through the Nernst–Einstein equation,

σ = χCD, (22)

with the compressibility χC = dn/dµ|T and the conductivity σ = 1/ρ. The compressibility was
measured in a separate experiment, as described below.

The diffusion constant was measured for initially superimposed sinusoidal patterns with differ-
ent wavelengths, Fig. 14(b). The decay of the density wave pattern becomes consistent with diffusive
transport expected from a hydrodynamic description at long wavelengths, where a density pattern
with wave vector k decays exponentially on a time scale given by τ = 1/Dk2, as can be seen in
the limit of F = 0 (no applied force) in Fig. 14(c). The temperature dependence of the diffusion
constant is measured by controlled heating of the atomic cloud. As the temperature is increased, the
diffusion constant decreases rapidly, Fig. 14(a). The Mott–Ioffe–Regel limit provides a lower bound
on the diffusion constant, which is approached but not violated in [38] at high temperatures.

Remarkably, the experiments in Ref. [38] also observed damped oscillations of the decaying
charge density wave patterns. This indicates the existence of a well-defined sound-like mode in
the considered finite-doping regime.
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Fig. 14. Diffusion and subdiffusion. Decay of an initially prepared charge density wave without a tilt [38], panel (a) and
(c), and with an additional tilt [96], panel (d). (b) The system is prepared in a charge density wave (CDW) state along one
direction. The ensuing time dynamics is then probed. (a) In a system without a tilt, the relaxation of the CDW leads to
diffusive behavior, with a diffusion constant D. The dashed gray line (top panel) corresponds to the Mott–Ioffe–Regel limit,
hich provides a lower bound for the diffusion constant. Combined with the measurement of the charge compressibility
C (lower panel), the resistivity can be extracted. (c) Resistivity as a function of temperature, experimental data (red)
ompared to a finite temperature Lanczos method (blue) and DMFT (green). The Mott–Ioffe–Regel limit σMIRh̄ =

√
n/2π

s shown as gray dashed line. (d) In the presence of a strong tilted potential, the relaxation dynamics crosses over from
iffusive to subdiffusive. In order to extract the scaling exponent α, with decay time τ = λα , for a given tilt strength,
he decay for CDWs of different wavelengths λ is studied. The plot shows the scaling exponent α as a function of tilt
trength, showing diffusive behavior with α = 2 for the non-tilt case. (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of this article.)
ource: Figures extracted and adapted from [38] (a), (c), and [96] (b), (d).

In the harmonic trap in this experiment, the position can be converted to a chemical potential in
he local density approximation. The change of the density as a function of the position thus yields
he charge compressibility. The experimentally measured charge compressibility decreases with
ncreasing temperature and approaches a high temperature limit, Fig. 14(a). For low temperatures,
aturation is expected but not seen at the lowest experimentally accessible temperatures of T/t =

.3.
From the Nernst–Einstein equation (22), the resistivity ρ was obtained through the experimen-

ally measured diffusion constant and compressibility. It was found that the resistivity increases
ith increasing temperature and does not saturate within the range of temperatures realized in [38].
he resistivity violates the corresponding Mott–Ioffe–Regel bound for temperatures higher than
/t ≈ 1.3, which is consistent with observations in cuprate materials in the bad metal phase [180].
The same setup, but at a significantly weaker interaction strength of U/t = 3.9, was used

n [96] to study the thermalization behavior in the presence of a potential gradient, leading to
ubdiffusive behavior for sufficiently strong tilts, Fig. 14(c). As the imprinted density profile decays,
ocal number density currents flow and the tilt energy is reduced. Since the total energy is conserved,
on-tilt energy has to flow correspondingly. This flow can be described by a thermal diffusion
onstant Dth, which sets the rate for global relaxation of the system, assuming that the system is
ocally thermalized with inverse temperature β(x, t). This behavior is captured by a hydrodynamic
escription, where the potential gradient couples the conserved density and energy. The local
nverse temperature can be determined through measurements of the single occupancy density,
nd thus predictions from the hydrodynamic description for β(x, t) and n(x, t) are verified.
28



A. Bohrdt, L. Homeier, C. Reinmoser et al. Annals of Physics 435 (2021) 168651

t
t
b
o
c
q

r

Transport measurements in three dimensions.– In [181], a different approach was taken to measure
he resistivity: in an initially spin polarized gas, a pair of Raman beams was used to transfer atoms to
he other spin state (|↓⟩) while simultaneously introducing a momentum shift, which is determined
y the difference in the wavevectors of the Raman beams. The relaxation of the average momentum
f atoms in the spin down state then yields a transport lifetime τ , from which the resistivity
an be extracted. In the three-dimensional lattice studied in [181], the resulting resistivity scales
uadratically with interaction strength U/t and linearly with temperature T/t .
The conductivity σαβ (ω) in a three-dimensional system has also been measured in the linear

esponse regime [182] through Ohm’s law,

⟨Jα(ω)⟩ =

∑
β

σαβ (ω)Fβ (ω), (23)

where the force Fβ (ω) stems from the periodic displacement of the laser beams forming the crossed
dipole trap. The steady-state bulk current ⟨Jα(ω)⟩ was determined as the time-derivative of the site-
granulated center-of-mass position operator. The latter was measured experimentally from images
of the central four planes of the system realized in Ref. [182].

Perhaps the most straightforward way to probe transport properties in a cold atom experiment
is to observe the dynamics of the atoms after a global quench in the potential. In [183], a harmonic
confining potential was turned off. In the subsequent time evolution, it was observed that without
interactions, atoms in a three-dimensional optical lattice spread ballistically. In the presence of
interactions of either sign, the density distribution after some expansion time was found to be
bimodal, with a ballistic and a diffusive contribution [183]. The ballistic contribution is due to the
tails of the distribution, where the density is lower, and the atoms thus only scatter rarely. In [184],
the trap minimum was suddenly displaced and the center of mass dynamic of the atoms, again
in a three-dimensional optical lattice, was monitored. Without interactions, the center of mass
displacement exhibits weakly damped oscillations. Upon increasing the attractive interactions, a
slow relaxational drift was observed instead.

The techniques described above were applied in the three-dimensional Fermi–Hubbard model,
but can in principle be also used to study the transport properties of the two-dimensional Fermi–
Hubbard model with cold atoms.

5.1.5. ARPES
Similar to angle resolved photoemission spectroscopy in solid state experiments, the spectral

function can be measured in a quantum gas microscope, see Fig. 15(a). To this end, a particle is
removed from the system either by photon-assisted tunneling to an empty probe system [87,88],
or by applying a radiofrequency pulse that transfers one of the two interacting spin states to a
third non-interacting (hyperfine) state [83]. In both cases, the quasimomentum of the final state
has to be determined. This can be achieved using bandmapping or time-of-flight techniques that
map momentum states to real space positions, which can then be detected with the quantum gas
microscope.

In [83], the protocol described above, using a third non-interacting hyperfine state, was applied
in the attractive Fermi–Hubbard model. In this experiment, two hyperfine states of lithium realize
the two spin states, as discussed before. A third hyperfine state can be rendered non-interacting
by tuning the magnetic field controlling the interaction strength accordingly. This, however, is only
possible for attractive interactions between the two hyperfine states used to represent the electronic
spin. Therefore, the scheme employing a radiofrequency pulse to transfer one of the two interacting
spins to a non-interacting state can only be applied in the attractive Fermi–Hubbard model. This
model exhibits a BEC-to-BCS crossover as the interaction strength is tuned. In [83], a pseudogap
was observed in the occupied single particle spectral function for temperatures between T/t = 0.5
and T/t = 5. The term pseudogap here refers to a suppression of spectral weight around the
chemical potential. In the experimental data in Fig. 15, this effect can be seen by comparing the
peak position (fit marked by blue circles) to the chemical potential (dashed line). For sufficiently
strong interactions, Fig. 15(c) and (d), the peak positions stay well below the chemical potential for
all momenta.
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Fig. 15. ARPES in a quantum gas microscope. (a) Measurement scheme used in [83] for extracting the spectral function
in a quantum gas microscope: A radiofrequency photon with energy hν leads to a transfer of an |↑⟩ atom to a third,
non-interacting state |f ⟩. The quasimomentum is mapped to momentum through band mapping (second panel from left)
by ramping down the lattice depth slowly. The momentum is then mapped to a real-space position through expansion
for a quarter-period in a harmonic trap (third panel). An optical lattice is ramped up in order to freeze the position of
the atoms, thus enabling imaging with the microscope. (b)–(d) Experimentally measured occupied spectral function as
a function of frequency ω and quasimomentum along the high-symmetry lines of the Brillouin zone, with the chemical
potential (dark blue dashed line) and the non-interacting dispersion relation (light blue solid line). For each momentum,
a Lorentzian is fit to the energy distribution curve and the corresponding center position is marked as blue circle in the
plots. Interaction strengths and temperatures are (b) U/t = −3.7(1) and T/t = 0.48(2), (c) U/t = −6.0(1), T/t = 0.50(2),
d) U/t = −7.5(1), T/t = 0.55(3). For the parameters in (b), no pseudogap is present and the dispersion reaches the
hemical potential. In (c) and (d), a pseudogap can be observed as the dispersion pulls back from the chemical potential.
ource: Figures extracted and adapted from [83].

Note that the attractive Fermi–Hubbard model Ĥ− can be mapped to its repulsive counterpart
ˆ+ by identifying empty and doubly occupied sites with spin up and spin down and vice versa. In
articular, a particle–hole transformation on the spin-down fermions only,

Û†ĉi,↑Û = ĉi,↑, Û†ĉi,↓Û = ĉ†
i,↓, (24)

ransforms the attractive to the repulsive Fermi–Hubbard model, Û†Ĥ+Û = Ĥ− [71]. Since the
apping can also be applied to the eigenstates and eigenenergies,

Ĥ−
|ψ−

n ⟩ = En|ψ−

n ⟩, Ĥ+
|ψ+

n ⟩ = Ĥ+Û |ψ−

n ⟩ = EnÛ |ψ−

n ⟩ = En|ψ+

n ⟩, (25)

the spectral function in the attractive Fermi–Hubbard model directly corresponds to the spectral
function in the repulsive Fermi–Hubbard model: In the time-domain one obtains

A−

ij,↑(t) =
1
Z

∑
n

e−(β−it)En⟨ψ−

n |ĉ†
j,↑e

−iĤ−t ĉi,↑|ψ−

n ⟩

=
1
Z

∑
n

e−(β−it)En⟨ψ−

n |Û†ĉ†
j,↑e

−iĤ+t ĉi,↑Û |ψ−

n ⟩ = A+

ij,↑(t). (26)
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The measurements shown in Fig. 15 are averaged over the harmonic trap, and thus different
densities in the attractive Fermi–Hubbard model, which corresponds to different magnetizations
in the repulsive model. However, if one assumes that a large part of the signal stems from the
half-filled center of the trap, because there the density is highest, the measured occupied spectral
function approximately corresponds to the occupied spectral function of the half-filled, spin-
balanced, repulsive Fermi–Hubbard model. As theoretically expected [118,144,145], the spectral
weight vanishes at low energies at momentum k = (π, π ). Measurements at finite doping in the
epulsive model can be performed using the same scheme by preparing a spin-imbalanced system
ith attractive interactions.
Once experiments reach colder temperatures, ARPES in quantum gas microscopes can be used,

or example, to probe the pseudogap phase in the repulsive Hubbard model in a well-controlled
etting. In particular, this will allow to address the problem of Fermi-surface reconstruction in a
lean Hubbard model.

.2. Higher-order correlations

In Section 5.1, we saw how different microscopic theories, such as a doped RVB state and
eometric string theory, can lead to similarly good agreement with experimental data for two-
oint correlation functions. However, if one considers higher-order correlation functions, significant
ifferences between theories and experiment can arise. Note that since the energy is only sensitive
o two-point correlations, such higher-order correlations reveal differences between theoretical
odels which go beyond a mere comparison of their variational energies. Cold atoms, and quan-

um gas microscopes in particular, offer an unprecedented opportunity to investigate correlation
unctions up to almost arbitrary order.

.2.1. Spin-charge correlations
In [24], third and fourth order correlations between spin and charge were studied across an

xtensive doping range from half-filling to 80% hole doping at two values of U/t , namely U/t =

.4(8) and U/t = 8.9(5), and temperatures of T/t = 0.43(3) and higher. In order to reveal genuine
igher order effects, the connected correlations were considered. By comparing experimental data
o several different theories, the crossover from a polaronic to a Fermi liquid regime was observed
n correlation functions of different order.

The magnetic polaron regime can be identified by considering the three-point correlations
iscussed in Section 4.2, which probe the influence of the hole on the spin correlations in its vicinity.
t low doping, the presence of the hole leads to a strong reduction of antiferromagnetic correlations
n its surrounding, Fig. 16(a). As the doping is increased, this characteristic feature of the magnetic
olaron disappears and changes sign, showing that the spin correlations around a given hole are
o longer reversed relative to the background. This behavior is an indication of the crossover from
magnetic polaron- to a Fermi liquid regime with increasing doping. The doping level where this
ross-over takes places agrees with its location in cuprate materials.
The experiment [24] constitutes a prime example for a case where only higher-order correlations

llow to discriminate between different theoretical scenarios: As shown in Section 5.1.1, the doped
VB and geometric string theories yield good agreement across all dopings and distances for two-
oint correlations. However, significant deviations from the experimental results are observed in the
onnected third-order correlations shown in Fig. 16(a). For example, the RVB states do not capture
he sign-reversal of the nearest-neighbor spin correlations.

In Ref. [185], the ground state of two holes in the t − J model was studied using DMRG, and
egative binding energies are found. The authors suggested that the clearest ‘‘signature’’ of a bound

pair of holes is the emergence of a strong antiferromagnetic spin correlation close to the holes,
in particular across a diagonal pair. While the density correlations measured in different cold
atom experiments, see Section 5.1, do not exhibit any sign of pairing at the currently accessible
temperatures, the four-point spin-charge correlation discussed in [185] was measured in [24], and
indeed strong antiferromagnetic correlations are found on bonds directly neighboring two holes,
see Fig. 16 (b). Based on snapshots, the diagonal spin correlation can be directly evaluated for a
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Fig. 16. Higher-order correlations. (a) Three-point spin-charge correlations: Connected (i.e., the product of all lower order
correlations containing the same operators are subtracted) nearest and next nearest neighbor spin correlations next to a
hole as a function of doping. (b) Four-point spin-charge correlations: Nearest neighbor connected spin correlations next
to two nearest neighboring holes (left) and diagonal spin correlations across two holes (right) as a function of doping.
Blue (red) data points are evaluated on experimental data at temperatures of T = 0.52(5)t (T = 0.77(7)t).
Source: Figures taken from [24].

pair of holes sitting on a diagonal bond, i.e. at distance d = (±1,±1)T , with a pair of spins on the
rossing diagonal. This spin bond has the shortest possible distance to a configuration of two holes.
s doping is increased, the corresponding connected four-point spin-charge correlator evolves from
ncorrelated at half-filling, to antiferromagnetic with a peak at a doping of δ = 30% [24]. Beyond
ts peak, the correlator is quantitatively captured by Fermi-liquid correlations. For this correlation
unction, considering the connected part means that – as all lower order correlations are subtracted
one directly detects correlations which are linked to the presence of the holes as a pair, since

he effect of simply adding two independent single holes is removed. Whether this experimental
bservation may be a precursor to true binding of holes at lower temperatures remains an open
uestion.

.2.2. String patterns
Motivated by the geometric string theory briefly discussed in Section 4.2, string patterns were

irectly probed in snapshots taken with a quantum gas microscope in Ref. [26]. To that end, a
attern recognition algorithm for strings was designed, which identifies deviations from a perfect
heckerboard pattern acting as a reference state. Such a deviation is identified as a string pattern
f it fulfills two conditions: (i) it has to be non-branching, i.e. it must be consistent with having
een created through the non-retracing path of a hole. (ii) In the experimental setup of Ref. [26],
oublons, holes and one of the two spin states are imaged as empty sites, such that a string pattern
s identified as any non-branching deviation from the checkerboard pattern with an empty site –
onsistent with having a hole – on either of its two ends.
Comparing the string patterns extracted from experimental snapshots at finite doping to the

aseline at half-filling, shows a substantial increase of the number of detected string patterns with
oping up to δ ≈ 15%, see Fig. 17(a). This observation is expected from a picture of independent
xtended string objects that do not interact with each other, where for each dopant an additional
tring appears, as shown by the comparison of the experimental data to theoretical predictions
strings) in Fig. 17(a). For larger doping values, the string pattern count saturates. This can be
nderstood from the fact that the AFM background is at this point significantly scrambled, such
hat individual string patterns cannot be resolved anymore in the pattern recognition algorithm.

The average length of string patterns was found to be approximately constant up to the same
oping value of δ ≈ 15%, and then decreases slightly to values below 2.0 with further increasing
oping [26], Fig. 17(b). The theoretical picture of non-interacting strings, predicting a constant string
ength, is not valid anymore once the strings start to overlap substantially, such that a deviation from
onstant string length and linear increasing string pattern count with increasing doping is expected.
otably the doping of 15−20%, at which string patterns start to show a deviation from the idealized
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Fig. 17. String patterns. (a) String pattern count and (b) average string pattern length as a function of doping, extracted
from experimental data (blue symbols) and string theory (green), π-flux theory (dark green, dashed), and sprinkled holes
brown, dashed–dotted). (a) The background signal of the experiment at half-filling is marked by a gray dashed line.
or small dopings, the string pattern count increases approximately linear. At around 15%, the count starts to saturate.
b) In the same doping regime, the average string pattern length is approximately constant. For dopings δ ≥ 20%, the
verage length starts to decrease. The experimental and theoretical results for the average length are also compared to
xperimental data at a finite temperature, where the temperature is chosen at each doping level to best fit the average
alue of the staggered magnetization (orange) or the nearest neighbor spin correlator (red) with the corresponding number
f holes added by hand.
ource: Figures taken from [26,186].

heoretical picture of independent string objects, coincides with the doping regime of δ ≈ 20% at
hich the magnetic polaron regime observed through spin-charge correlations in Ref. [24] ends.
The geometric string theory gives a prescription to relate finite doping to the parent AFM. Based

n experimental data at half-filling, it is therefore possible to generate a new set of ’geometric string
heory snapshots’, where the strings are included by introducing and moving holes and displacing
pins along their path by hand. Besides geometric string theory, the experimental results are
ompared to a doped RVB π-flux theory, and sprinkled holes, where a number of holes corresponding
o the doping under consideration are placed into experimental images at half-filling by hand but
ot moved around as in the case of geometric string theory. This data thus provides an estimate
s to how the string pattern count changes simply due to an increasing number of empty sites in
he system. The comparison to experimental data shows that sprinkled holes do neither account
or the increase in the number of string patterns found, nor for the constant average string length
s a function of doping. The two other theories, however, yield excellent agreement. Notably, the
eometric string theory does not have any free fitting parameter.
In Fig. 17(b) the average string pattern length is also compared to results from experimental data

t higher temperatures which was chosen such that the same nearest-neighbor correlations CS(1)
or mean staggered magnetization |mZ | agree with the experimental results at finite doping. These
curves serve for comparison and demonstrate that observed patterns contain additional information
which is not captured by more traditional observables quantifying antiferromagnetic correlations
in the system.

5.3. Novel analysis: Machine learning

Machine learning techniques have emerged as a valuable tool to analyze large data sets in a
variety of scientific disciplines in recent years. In the context of the Fermi–Hubbard model, machine
learning has first been employed as an unbiased way to compare experimental data to microscopic
theories [34]. As discussed in Section 5.2, a large number of different correlation functions can
be constructed. By using an artificial neural network for this task, one avoids choosing a specific
correlator based on a given physical picture and instead lets the network make the decision which
33
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observable is best suited to distinguish between different theories. In order to analyze snapshots
from quantum gas microscopes, convolutional neural networks (CNNs) are particularly suited, since
they constitute a well established network architecture for the analysis of two-dimensional images.
Other applications of CNNs [187], or extensions thereof [188], to the Fermi–Hubbard model focused
on the question of interpretability of the results. Aside from the Hubbard model, machine learning
techniques have also been applied to time-of-flight data in cold atom experiments [189,190].

The main approach of the following two subsections can be summarized as follows: a neural
etwork is first trained to distinguish three classes of data: two competing theories, and experi-
ental (or exact numerical) data. If the experimental data is well described by either one or both

heories, this training will yield a comparably low accuracy. Next, a neural network is trained to
istinguish the two theories. The performance of the neural network indicates how similar the
napshots generated from the two theories are. Once the training process is finished, experimental
ata is used as an input to the network, which is forced to assign one of the two theory labels
o each experimental snapshot. The resulting classification of experimental data thus shows which
heory resembles the experiment closer. In a final step, the network architecture can be modified
o interpret the results. This allows to determine, in physical terms, how the data sets can best be
istinguished.

.3.1. Case study: Doped 1D spin chains
Here we consider the one-dimensional t − J Hamiltonian,

Ĥ = P̂G

[
−t
∑
i,σ

(
ĉ†
i,σ ĉi+1,σ + h.c.

)
+ J

∑
i

(
Ŝi · Ŝi+1 −

n̂in̂i+1

4

)]
P̂G, (27)

for which we generate groundstate snapshots for different dopings using three different approaches:

(i) DMRG: Exact numerical data, where we generate snapshots using DMRG with different values
for t/J = 1.0, 3.0, and 5.0.

(ii) MF: Metropolis Monte Carlo sampling using a Gutzwiller projected mean-field approach [191]:
|ψ⟩ = P̂G

∏
σ

(∏
k ĉ

†
k,σ |0⟩

)
. We describe the system at a given filling as two independent

Fermi seas of spin up and spin down spinons. During Metropolis Monte Carlo sampling of
the Fock space snapshots, a Gutzwiller projection is directly applied to remove all doubly
occupied sites in real space. This Gutzwiller projected mean-field approach is an accurate
approximation of the ground state wave function of a Heisenberg chain at half-filling [192].

(iii) SQ: A squeezed space approach [108,109]: here we factorize the wave function and describe
the holes and the spins separately. Snapshots for the hole configuration are obtained by sam-
pling the holes as non-interacting and spinless fermions on a chain. The spin configurations
are sampled using the Gutzwiller projected approach for a Heisenberg chain of reduced length
at half filling.

As the snapshots are image-like data, convolutional neural networks are best suited for their
classification. Neural networks with a single convolutional layer and varying kernel sizes yield very
good performances despite the simple architecture. The networks are either trained on the two
classes of Monte Carlo data, i.e. class (ii) and (iii), or on all three classes with t/J = 1.0, 3.0 or 5.0
for the DMRG data.

When training the network on all three sets of data the performance of the network is compa-
rably low as seen in Fig. 18(a). Even when considering more convolutional filters, the classification
does not improve significantly. This indicates that at least two classes have a significant overlap
in the features relevant for the networks. The networks trained on the two classes of Monte Carlo
snapshots perform better which indicates that one of the theories could show similarities to the
DMRG data.

The performance in Fig. 18(a) shows a maximum for a doping of around 0.7. With decreasing
doping, as well as for a doping larger than 0.8, the performance of the network is worse. The simple
networks yield comparably high accuracy and the increase of the kernel size does not result in
a major improvement above three sites. Closer analysis shows that possible correlation functions
34
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Fig. 18. Network performance in the classification of 1D t − J model data. (a) The mean accuracy of networks trained
n the two classes of Monte Carlo data (upper lines) and on all three classes (lower lines) is plotted as a function
f the doping for different kernel sizes k. For the same kernel sizes there is a difference in accuracy of about 10% to
0% between the two cases. Therefore, the networks cannot distinguish the DMRG, SQ and MF classes as accurately as
ust the two Monte Carlo classes. (b) The average percentage of snapshots of each class classified as MF is plotted. With
ncreasing doping the DMRG data for larger values for t/J are more similar to the SQ snapshots according to the networks
lassification. For t/J = 1.0 neither of the two Monte Carlo approaches is favored.

or distinguishing squeezed space and projected mean-field snapshots are the spin–spin and the
ole–hole correlations, see Appendix A.1.
As mentioned above, the performance of the neural network significantly increases when

istinguishing only the two Monte Carlo approaches as compared to the case where it is trained on
ll three classes of snapshots. Therefore, we conclude that the DMRG snapshots are rather similar to
ne of the two Monte Carlo approaches. In order to determine which of the two approaches captures
he exact numerical results best, we classify the DMRG snapshots using the network trained on
he two Monte Carlo classes. While for t/J = 1.0 the two approaches capture the features of
MRG equally well, for the two larger values of t/J and with increasing doping more snapshots
re classified as squeezed space, see Fig. 18(b).

.3.2. Doped 2D hubbard model: Classification
Now we return to the 2D doped Hubbard model and experimental data. In [34], the π-flux and

eometric string theory introduced in Section 5.2 were compared to experimental data of the two-
imensional Fermi–Hubbard model in a doping range of up to 35%. As shown in [26], these theories
oth lead to good agreement in terms of a range of observables, as discussed in Sections 5.1 and
.2 , and thus provide a good starting point for further machine learning analysis.
The experimental images used in [34] contain information about only one spin species. Before

omparing theoretical images to experimental data, the second spin species as well as doubly
ccupied sites were therefore converted to empty sites in the theory datasets as well.
Training a neural network to classify both theory as well as the experiment at 9% doping leads

o a poor accuracy of 47%. This indicates that the classification of experimental snapshots as one
f the two theories is in principle meaningful, since otherwise the CNN would be able to clearly
istinguish experimental data from both theories with a high accuracy. As can be seen in Fig. 19(c),
he main source of confusion for the CNN at 9% doping is the similarity between experiment and
eometric string theory, while a differentiation of the π-flux theory is more successful.
Next, a neural network was trained to distinguish only between the two theories at a fixed

oping value, yielding a significantly higher precision. Subsequently, the experimental data was
sed as an input to the neural network, see Fig. 19(d). The resulting classification reveals which
35
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Fig. 19. Machine learning analysis of snapshots in the doped two-dimensional Fermi–Hubbard model. (a) Snapshots from
experiment and two different theories are classified using a neural network architecture (b). (c) The resulting classification
of a test set at 9% hole doping shows which data can be efficiently distinguished by the network. (d) In a different approach,
the neural network is trained to distinguish only between the two theories. After training, experimental images are then
shown to the neural network. (e) The resulting classification of experimental data as either of the two theories as a
function of doping.
Source: Figure taken from [34].

theory matches the experiment more closely. For small dopings, up to δ = 15%, the network
lassifies more experimental snapshots as geometric string theory, see Fig. 19(e), even though more
onventional spin observables coincide equally well between the two different theories. For larger
opings, the experimental data cannot be unambiguously classified.

.3.3. Doped 2D hubbard model: Interpretability
An important step in gaining insights from a machine learning analysis lies in its interpretability:

nderstanding what patterns or observables the network uses to make its decision. For the
pplications considered here, a first step is to simply look at the filters used by the convolutional
eural network. This was done in Ref. [187], where a CNN with a single filter was trained to
istinguish snapshots from a quantum gas microscope at high and low temperatures, T ≫ t
nd T = 0.35t . At half filling, analyzing the filter showed directly that the network searches for
ignatures of antiferromagnetic correlations. Upon increasing the doping to 18%, the network still
dentified the lower temperature snapshots through antiferromagnetic correlations, but in this case
t only considered short-ranged correlations. However, in most cases the differences between the
ata sets under consideration will be more complex and thus harder to extract directly from the
NN. For example, in our new results presented in Section 5.3.1, the performance of the neural
etwork as a function of the filter size provided additional insights.
In Ref. [188], a new network architecture, the correlator convolutional neural network (CCNN),

as introduced. In this specific type of neural network, the standard non-linearity after the
onvolution with a filter is replaced by a order-by-order expansion of the convolution, which can
e expressed in terms of the corresponding order of correlation functions. The order up to which
he correlations are used by the CCNN is a hyperparameter specific to this network architecture. In
ef. [188], the network was trained to distinguish geometric string theory from an RVB state at 9%
oping. In this analysis the input contains three channels: spin up, spin down, and holes; the CCNN
hen allows for arbitrary correlations between spin and charge up to the order of choice.

By tuning the allowed order of correlations, one can therefore investigate up to which order the
orrelations are important for the classification task at hand. If one, for example, compares two
heories, the CCNN allows to directly determine up to which order of correlations the theories are
ndistinguishable. Without a CCNN, this task would require extensive analysis of countless types of
igher-order correlations, including for example those discussed in Section 5.2. Moreover, when
36
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comparing theory to experiment, one can make use of this network architecture to investigate
up to which order the theory captures all experimental features. Using a regularization path
analysis allows furthermore to extract which correlation functions are most important in making
the decision. In Ref. [188], the dominant correlation function characterizing geometric string theory
was found to be a four-point correlator remarkably close to themagnetic polaron correlator discussed
in Section 4.2.

6. New directions: mixed-dimensional bilayer systems

In this section we focus on discussing a promising new direction for future experiments with
ultracold atoms. The main idea is to propose simpler variants of the two-dimensional Hubbard
model which should satisfy at least the following properties: (i) they have interesting and theoret-
ically accessible limits, where close competition between different phases is avoided; (ii) they are
continuously connected, by tuning just a few parameters, to the standard 2D Hubbard model. The
hope is that together these properties allow to obtain a simple description deep inside some proto-
typical phase of matter which is also realized in the 2D Hubbard model, where stronger quantum
fluctuations and competing ordered phases make its description and identification challenging.

As an example, we mention the long-standing question about the pairing mechanism in high-
temperature superconductors. Solid state experiments have established that pairing in the under-
doped regime (δ ≲ 20%) is not of BCS-type: phase fluctuations of the order parameter are believed
to destroy superconductivity and the emergence of a pseudogap signals the possible existence of
preformed, uncondensed cooper pairs above the critical temperature [7,193]. This phenomenology
is closely related to that of the BEC-to-BCS crossover, but it remains difficult to draw a direct analogy
to this phenomenon in the repulsive Hubbard model: At high doping (δ ≳ 20%) the system can be
escribed by a weakly coupled BCS theory of superconductivity and the observed dx2−y2 pairing
ymmetry is correctly obtained by a BCS analysis of the t − J model [194]. However, at low doping
strong pairing mechanism of holes into molecular pairs, which would be required deep in a BEC
egime, remains elusive. Theoretically it has become clear that pairing is possible at low doping
n the t − J model [185,195–197], but it is not very robust to parameter changes. Recently broad
umerical analysis by the Simons Collaboration has produced mounting evidence that the clean 2D
ubbard model may not support a superconducting ground state in the relevant regime, although
he addition of next-nearest neighbor hopping terms t ′ may support it [32].

Our main motivation here is to identify an experimentally accessible model, connected to the 2D
ubbard model, which supports a strongly paired phase in a BEC regime.7 Specifically, we propose
o study a mixed-dimensional (mixD) bilayer t − J model described by the following Hamiltonian,

Ĥ = −t∥
∑
⟨i,j⟩,
σ ,µ

P̂G

(
ĉ†
i,σ ,µĉj,σ ,µ + H.c.

)
P̂G + J∥

∑
⟨i,j⟩,µ

⎛⎝Ŝi,µ · Ŝj,µ −
1
4

∑
α,β

n̂i,α,µn̂j,β,µ

⎞⎠
+ J⊥

∑
j

⎛⎝Ŝj,1 · Ŝj,2 −
1
4

∑
α,β

n̂j,α,1n̂j,β,2

⎞⎠ .
(28)

he first line corresponds to the usual t − J model, realized independently in two layers; we
ntroduced the layer index µ = 1, 2. The second line introduces antiferromagnetic spin-exchange
ouplings ∝ J⊥ between the layers, see Fig. 2. Most importantly, inter-layer tunneling is completely
uppressed. This last property renders our model mixed-dimensional [198]: While the spin channel
s fully coupled between the two layers, the motion of charge excitations is restricted to their
espective planes. From a statistical physics perspective, our model is two-dimensional, e.g. the
ohenberg–Mermin–Wagner theorem applies, preventing true long-range order at any non-zero
emperature. However, at low temperatures, we can have a correlation length that becomes as large

7 We want to achieve this without introducing microscopically attractive interactions. These would easily yield pairing,
but they would also completely change the remaining phenomenology of the model.
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as the size of the experimental system. We will discuss possible experimental realizations of Eq. (28)
in the next subsection.

As we mentioned in the introduction, see Section 1 and Fig. 2, the mixD t − J model in Eq. (28)
eatures a strong pairing mechanism for holes at low doping when J⊥ dominates over J∥. This implies
hat ground states deep in the BEC phase can be realized in this regime. As we will discuss below,
ther interesting states of spinons and chargons can also be expected in this model. To derive
he ground states of the model we will distinguish between two limits of the couplings, defined
espectively as

J⊥ ≫ t∥ ≥ J∥, 0 ≤ δ ≤ 1 tight-binding, (29)

t∥ ≫ J⊥, J∥, δ ≪ 1 strong coupling, (30)

t∥ ≫ J⊥, J∥, δ ≲ 1 weak coupling. (31)

Before we continue our analysis of the mixD bilayer model, we briefly mention that studies of
onventional bilayer setups with tunneling t⊥ between the layers also constitute another promising
irection. A particular motivation to study such systems would be to directly emulate copper-oxide
ulti-layers, which are found in many high-temperature superconductors [199,200]. In this context

t should be noted that a bilayer system differs significantly from a full three-dimensional (3D)
ystem, since the formation of singlets between the layers is possible, whereas in a 3D system,
nstead the antiferromagnetic correlations in all directions are enhanced and long-range order
an be established. On the other hand, nearest-neighbor correlations decrease as the coordination
umber is increased, as observed experimentally for different geometries in [122] and as a function
f the coupling in the z-direction for a three-dimensional system in [201] at a fixed entropy per
article. Numerically, it has been shown that at a fixed entropy per particle, the temperature
ncreases in the crossover from two to three dimensions as the coupling t⊥/t in the third direction is
ncreased from 0 to 1 [202]. Finally we note that t⊥-terms could also be continuously re-introduced
n the mixD Hamiltonian Eq. (28) to connect to these conventional bilayer systems.

.1. Possible experimental realization

Experimentally, the mixD bilayer t − J model can be realized as an effective description of a
ilayer Hubbard model with a tilt ∆, corresponding to the Hamiltonian

Ĥ = −t∥
∑
⟨i,j⟩,
σ ,µ

(
ĉ†
i,σ ,µĉj,σ ,µ + H.c.

)
− t⊥

∑
j,σ

(
ĉ†
j,σ ,2ĉj,σ ,1 + H.c.

)
+ U

∑
j,µ

n̂j,↑,µn̂j,↓,µ

+
∆

2

∑
j,σ ,µ

(−1)µn̂j,σ ,µ. (32)

A standard Schrieffer–Wolff perturbation theory leads to the effective Hamiltonian in Eq. (28) if
next-nearest neighbor hopping terms of the holes (three-site terms) in the plane ∝ J∥ are neglected,
as in the usual single-layer t − J model [71]. Assuming |U ±∆| ≫ t⊥ and U ≫ t∥, the expressions
or the couplings are

J⊥ =
2t2

⊥

U +∆
+

2t2
⊥

U −∆
, J∥ =

4t2
∥

U
. (33)

We consider a regime where U > ∆, which leads to AFM couplings J⊥ > 0. Note however, that one
could also start from a related spin-1/2 Bose–Hubbard model, where U < ∆would also lead to AFM
couplings J⊥ > 0 between the layers [51]. Strong tilts as proposed above have already successfully
been used to suppress tunneling, including in the context of quantum magnetism, see e.g. [203].

Recently, several experiments have realized bilayer systems, where a pair of two-dimensional
Fermi–Hubbard planes is coupled [44,55,56]. Such setups provide a natural starting point to realize
the Hamiltonian in Eq. (32), where the additional gradient∆ can be added optically or magnetically.

The mixD bilayer t∥−J⊥−J∥ model from Eq. (28) has a global U(1)×U(1) symmetry corresponding

to the conservation of total particle number individually in each layer. This symmetry characterizes
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the meta-stable excited states of the tilted Hubbard model, where any current between the layers
is strongly suppressed by the gradient ∆ ≫ t⊥. For U > ∆ the overall ground state of the Hubbard
model corresponds to a situation where all holes are doped into the energetically higher layer, but
the system still forms a Mott insulator at half filling. Hence, realizing states at finite doping requires
an adequate preparation sequence experimentally, which ensures the correct particle number per
layer. This can be achieved by making use of the individual tunability of ∆⊥ and t⊥. The prepared
xcited states will be meta-stable; a description by the effective Hamiltonian in Eq. (28) breaks
own at times which are exponentially large in the ratio of ∆/t⊥ [204].
Note that all three coupling regimes of the mixD t−J model defined in Eqs. (29), (30), (31) involve
≫ t∥, t⊥ such that the underlying Hubbard model is always strongly coupled. We also emphasize

hat t∥ ≥ J∥ should always be assumed because otherwise the mapping to an effective t − J model
s not valid. On the other hand, J⊥/t∥ is freely tunable through the gradient ∆. Using realistic
xperimental numbers which have already been realized, we expect that a regime 0.3 < t∥/J⊥ < 3
an easily be accessed in existing setups.
Finally we mention that lattice modulation at frequency ω = ∆ could be used to restore

unneling t⊥ between the layers, with a strength tunable by the amplitude of the modulation and
ndependent of J⊥.

.2. Phase transition at zero doping

At zero doping, the mixD bilayer system is equivalent to a conventional bilayer system without
he gradient ∆, except for the renormalization of the superexchange coupling J⊥ by ∆. This bilayer
pin system exhibits a zero-temperature phase transition from a disordered phase for large J⊥/J∥,
orresponding to a fully symmetric valence bond solid (VBS) of rung-singlets, to a long-range
rdered bilayer AFM when J⊥ ≪ J∥ [205]. At non-zero temperatures T > 0, the Hohenberg–
ermin–Wagner theorem precludes an ordered state in two dimensions. However the correlation

ength increases rapidly with inverse temperature, see Eq. (9), which allows to see signatures of the
ransition for T > 0 as well.

Variational analysis.– A simple theoretical understanding of this transition at T = 0 can be gained
rom a variational description. To this end, we start by defining a local basis of singlets and three
riplet states,

|s⟩ =
1

√
2
(|↑1↓2⟩ − |↓1↑2⟩) , |t+⟩ = |↑1↑2⟩, |t0⟩ =

1
√
2
(|↑1↓2⟩ + |↓1↑2⟩) ,

|t−⟩ = |↓1↓2⟩,

(34)

where |σ a
1σ

b
2 ⟩ denotes the state with spin σ a (σ b) on layer µ = 1 (µ = 2). When J⊥ ≫ J∥, the

triplet states can be discarded and the VBS state is fully captured by writing |Ψ ⊥

0 ⟩ =
∏

j |s⟩j . On
the other hand, when J⊥ ≪ J∥ the classical Néel state pointing along Sz can be used, |Ψ

∥

0 ⟩ =∏
j

(
|s⟩j + (−1)jx+jy |t0⟩j

)
/
√
2.

To capture the competition between the symmetric VBS phase and a symmetry-broken AFM
hase, we will make an ansatz which allows for a Néel order parameter Ω̂ =

∑
j
∑

µ(−1)jx+jy (−1)µ

ˆ
µ

j pointing in an arbitrary direction n, with n2
= 1. For its construction it is useful to rotate the

riplet states into another basis, which also forms a vector representation under spin rotations with
he generator Ŝ j =

∑
µ Ŝ

µ

j ,

|tz⟩ = |t0⟩, |tx⟩ =
1

√
2
(|t+⟩ − |t−⟩) , |ty⟩ =

i
√
2
(|t+⟩ + |t−⟩) . (35)

As a trial state with variational parameters n and θ , we choose:

|Ψ ⟩ =

∏
j

|ψj(n, θ )⟩, |ψj(n, θ )⟩ = cos θ |s⟩j + (−1)jx+jy sin θ
∑

a=x,y,z

na |ta⟩j . (36)

Up to an overall constant, the evaluation of the variational energy of this state yields

⟨Ĥ⟩ =
(
J − 4J

)
sin2 θ + 4J sin4 θ, (37)
⊥ ∥ ∥
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Fig. 20. Cross-over from VBS to AFM in a bilayer system upon tuning the interlayer hopping t⊥/t . (a) Intralayer
orrelations: The staggered structure factor (red) decays as the interlayer coupling is turned on. For comparison, the
niform structure factor at q = (0, 0) (green) and the local magnetic moment ⟨(Ŝzi )

2
⟩−⟨Ŝzi ⟩

2 (blue) are shown. (b) Interlayer
correlations: staggered spin correlations between the layers. Shaded bands are DQMC calculations at T/t = 1.0− 1.4 and
illing factor n = 0.4. (For interpretation of the references to color in this figure legend, the reader is referred to the
eb version of this article.)
ource: Figures extracted from [44].

here Ĥ is the bilayer Heisenberg Hamiltonian, i.e. Eq. (28) with t∥ = 0. Notably, the variational
nergy is independent of n, reflecting the SU(2) symmetry of the model. However, the variational
tate only depends on n when sin θ ̸= 0. Minimizing Eq. (37) one recognizes the familiar Mexican
at potential, which only has a non-trivial solution sin θ ̸= 0 if J⊥ − 4J∥ < 0.
Summarizing, we find a ground state with broken SU(2) symmetry for J⊥/J∥ < (J⊥/J∥)c . The

ariational calculation estimates the transition point to be at (J⊥/J∥)c ≈ 4. Quantum Monte Carlo
alculations by Sandvik and Scalapino have pinpointed the transition at (J⊥/J∥)c = 2.51(2) [205].
Experiments with ultracold atoms.– The cross-over at finite temperatures from VBS to AFM has

recently been observed using ultracold fermions in an optical lattice by the Bonn group [44]. In this
experiment, a homogeneous bilayer system, containing approximately 5600 atoms per layer, was
prepared by splitting a band-insulator into two layers using an optical superlattice in the vertical (z-)
direction. The antiferromagnetic ordering within one layer was then measured using a Ramsey-type
sequence as discussed in Section 4.1. The static structure factor at momentum q = (π, π ) within
the layers decays as the interlayer coupling t⊥/t increases, see Fig. 20(a). The spin correlations
along the z-direction were measured by merging the double-well into a single potential well. The
corresponding ramp of the lattices was chosen such that the atoms end up in the vibrational ground
state of the merged lattice only if they were in a spin–singlet configuration before. The occupation
of the vibrational ground state, and thereby the probability for a spin–singlet along the vertical
direction, was then detected using RF spectroscopy. As shown in Fig. 20(b), the intralayer spin
correlations increase with the intralayer hopping t⊥/t .

6.3. Tight-binding limit

Now we consider the mixD bilayer model at non-zero doping, δ ̸= 0. We start in the conceptually
simpler tight-binding limit where J⊥ dominates, see Eq. (29). In this case it is energetically favorable
for the fermions to bind into inter-layer singlets along the rungs. Hence the low-energy physics can
be described in a restricted local basis consisting of the following states,

|0⟩j = |0⟩j,1 ⊗ |0⟩j,2 |1⟩j ≡ b̂†
j |0⟩j =

1
√

(
ĉ†
j,↑,1ĉ

†
j,↓,2 − ĉ†

j,↓,1ĉ
†
j,↑,2

)
|0⟩j . (38)
2
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Here we introduced hard-core bosonic operators b̂†
j creating the rung-singlet state. The remaining

tates in the local Hilbertspace of the mixD t − J model, with only one fermion in either of the
wo layers, cost an excitation energy J⊥ required to break up a singlet. They can be viewed as
spinon–chargon bound states, and we write them as

f̂ †
j,σ ,µ|0⟩ ≡ ĉ†

j,σ ,µ|0⟩,
∑
σ ,µ

f̂ †
j,σ ,µ f̂j,σ ,µ + b̂†

j b̂j ≤ 1, (39)

as summarized in Fig. 21(a).
We start by discussing pairing in the low-doping regime, δ ≪ 1. To calculate the binding energy

Ebdg of two holes into a pair occupying one rung, we calculate perturbatively in t∥ the energy E0
of the Mott insulating VBS state |1⟩ =

∏
j b̂

†
j |0⟩, the energy Eµ1h(k) of the one-hole doped spinon–

chargon states with a mobile fermion of momentum k1 in layer µ, f̂ †
k1,σ ,µ

|0⟩, and the energy E2h(k2)
f a mobile pair b̂k2 |1⟩. Choosing the momenta k1,2 to minimize the kinetic energies resulting from
ffective nearest-neighbor tunnelings yields a binding energy

Ebdg = (E2h − E0)−
(
E1
1h + E2

1h − 2E0
)

= −J⊥ + z|t∥| −
5
2
z
t2
∥

J⊥
(40)

here z is the coordination number of the lattice in which sites j are defined. For example z = 4
hen two copies (labeled µ = 1, 2) of a two-dimensional square lattice are stacked on top of each
ther, as illustrated in Fig. 2. For sufficiently small z, or sufficiently large J⊥, we thus find strong
inding, Ebdg < 0, on an energy scale given by J⊥.
We emphasize the importance of working in mixed dimensions, where the inter-layer tunneling

⊥ = 0. Had we used the same states but included t⊥ ̸= 0, as would be required in a standard
ilayer system, the one-hole spinon–chargon states would have each gained kinetic energy −|t⊥|.
o leading order the resulting binding energy Ebdg = 2|t⊥|− J⊥ +z|t∥| > 0 would always be positive
ince only J⊥ ≪ |t⊥| can be realized starting from a strong-U Hubbard model. Including quantum
luctuations stemming from higher-order corrections can still lead to Ebdg < 0 and a shallow bound
tate, for example in the two-leg ladder [206–210], however with a binding energy significantly
maller in magnitude than J⊥. This highlights the advantage of the mixD system, as well as the
ifferences of the underlying pairing mechanisms.
The same perturbative analysis can be performed in the high-doping regime, δ ≃ 1. Now the

acuum state is |0⟩ and the mobile pair is described by b̂†
k |0⟩. Again, the energetic cost J⊥ to break

p a singlet leads to a large binding energy in the mixD bilayer setting when J⊥ dominates over t∥,
amely Ebdg = −J⊥ +2z|t∥|(1−|t∥|/J⊥) < 0 where the second term reflects the difference in kinetic
nergy of the bound and unbound states. This regime realizes a BEC ground state of tightly-bound
nter-layer pairs. Since the pairs carry zero angular momentum, we refer to the state as the s⊥-BEC.
s we show in Section 6.4, a corresponding BCS state with s⊥-pairing symmetry exists when t∥
ominates.
Finally we discuss the case of arbitrary doping, 0 ≤ δ ≤ 1. Neglecting the spinon–chargon states

n the low-energy basis of pairs b̂†
j allows us to derive an effective Hamiltonian which becomes

Ĥeff = −teff
∑
⟨i,j⟩

(
b̂†
i b̂j + h.c.

)
+ V

∑
⟨i,j⟩

b̂†
j b̂j b̂

†
i b̂i + µb

∑
j

b̂†
j b̂j . (41)

t describes nearest-neighbor tunneling of the hard-core bosons b̂j , with amplitude teff = 2t2
∥
/J⊥.

dditionally, they experience a nearest-neighbor interaction V = 4t2
∥
/J⊥ − J∥/2, and the chemical

otential is µb = −J⊥ − 2zt2
∥
/J⊥. By mapping the hard-core bosons to spins, with Ĵzj = b̂†

j b̂j − 1/2
not to be confused with the physical spins Ŝ j in the bilayer Eq. (41) maps onto an XXZ model,

Ĥeff = −K
∑(

Ĵxi Ĵ
x
j + Ĵyi Ĵ

y
j −∆Ĵzi Ĵ

z
j

)
, K = 4

t2
∥

J⊥
, ∆ = 1 −

J∥
2K
. (42)
⟨i,j⟩
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Fig. 21. Pairing in the mixed-dimensional bilayer system. (a) In the tight-binding limit, the mixD bilayer system can be
described by a reduced local basis: Its vacuum |0⟩ has rung singlets everywhere, and doped holes form local bosonic
pairs b̂†j |0⟩. A charge imbalance between the two layers requires unpaired holes, which form spinon–chargon pairs f̂ †j,σ ,µ
on a rung. (b) The schematic phase diagram in the tight-binding limit, J⊥ ≫ t∥, J∥ , contains a quasi-condensate (qBEC)
f pairs, separated by a BKT transition from the region with pre-formed pairs. Non-zero J∥ ̸= 0 breaks the emergent
U(2) symmetry at doping δ = 0.5 down to U(1). The plots in (c) and(d) show the mean-field BCS phase diagrams of the
ixD t − J bilayer model at weak coupling, t∥ ≫ J⊥, J∥ and for high dopings, with intra-layer (inter-layer) interactions J∥

J⊥) and intra-layer (inter-layer) hoppings t∥ (t⊥ = 0) at T = 0. In (c) we completely neglect any effect of Gutzwiller
projections on the hopping term. In(d) we approximate the effect of the Gutzwiller projector by working with an effective
hopping teff

∥
= δ · t∥ .

Here we neglected an overall energy offset −J⊥Nb −
1
2 (K + J∥/2)Ld, where Ld is the volume and

Nb = Ldδ the number of bosons. Assuming a bi-partite lattice, we can further introduce a unitary
basis transformation on one sublattice which replaces Ĵxi → (−1)i Ĵxi , Ĵ

y
i → (−1)i Ĵyi and keeps Ĵzi → Ĵzi

unchanged everywhere. For small J∥ this leads to an antiferromagnetic model.
The resulting phase diagram of the two-dimensional mixD square lattice bilayer system in the

tight-binding limit is shown schematically in Fig. 21(b). For J∥ = 0, the effective spin system has an
emergent SU(2) symmetry, which is broken down to a U(1) symmetry by a non-zero magnetization
m = δ − 1/2 ̸= 0. In direct analogy with the canted antiferromagnetism discussed in Section 4.1.1
we find a BKT transition to a quasi-condensate of pairs b̂†

|0⟩ (qBEC) below a critical temperature Tc
on the order of K . This transition is absent at δ = 0.5, unless the SU(2) symmetry is broken down to
U(1) by the anisotropy∆ ̸= 0, which requires J∥ ̸= 0. The T = 0 ground state at δ = 0.5 corresponds
to long-range charge-density wave (CDW) order within the planes. At low (high) doping the qBEC
is best viewed as a quasi condensate with power-law correlations, of molecular hole- (fermion-)
pairs.

6.4. Weak coupling limit: BCS mean field analysis

In the previous section we have shown that a BEC phase with tightly bound fermion- or hole pairs
forms at all dopings in the tight-binding limit, where J⊥ dominates. Now we consider the situation
where t∥ dominates, and both J⊥ and J∥ can be treated as weak perturbations in the two-dimensional
mixD bilayer. In this section we perform a BCS mean-field analysis of this situation, which, in the
limit of J⊥ → 0, includes the BCS analysis of the decoupled single-plane t − J model where dx2−y2

pairing is found [194]. Before starting, we discuss under which conditions the weak-coupling BCS
ansatz is valid.

Firstly, for t∥ to dominate we require sizeable doping values δ > 0, since t∥ is suppressed when
the system forms a Mott insulator around δ = 0. Secondly, in two dimensions an arbitrarily weak
attractive interaction leads to the formation of a two-body bound state. Since J⊥ still favors the
formation of inter-layer singlets, it mediates an effective attraction between fermions from the top
and bottom layers. Hence, for 1 − δ ≪ 1 the system is always in a BEC regime, namely when the
typical inter-particle distance (1 − δ)−1/2 is larger than the extend of the two-body bound state.
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Table 1
Pairing channels in the BCS analysis. Magnetic interactions within and between the layers have competing pairing
symmetries (order parameters defined in the Appendix, see Eqs. (47), (56)), which can be derived by taking all possible
pairwise contractions of the fermionic operators. The combination of angular momentum, spin and layer exchange
symmetry have to obey the Pauli principle, which is confirmed for all four interaction channels listed in the Table.

Ĥint Pairing symmetry Spin Layer

J∥
∑

⟨i,j⟩,µ

(
Ŝi,µ · Ŝj,µ −

1
4

∑
α,β

n̂i,α,µn̂j,β,µ

)
s∥ − wave/d∥-wave Singlet Symmetric

−
J∥
4

∑
⟨i,j⟩,⟨i,j′ ⟩
j̸=j′ ,α,µ

(
ĉ†j′,α,µn̂i,ᾱ,µ ĉj,α,µ + ĉ†j′,α,µ ĉ

†
i,ᾱ,µ ĉi,α,µ ĉj,ᾱ,µ

)
p∥-wave Triplet Symmetric

J⊥
∑
j

(
Ŝj,1 · Ŝj,2 −

1
4

∑
α,β

n̂j,α,1n̂j,β,2

)
s⊥-wave Singlet Symmetric

The following fully self-consistent BCS mean-field analysis is thus constrained to the regime
≲ 1, as defined in Eq. (31). In practise we only consider the high-doping regime beyond δ > 20%.
e take into account all interaction terms from Hamiltonian (28) and also include the 3-site term

rising to lowest order in t2
∥
/U ∝ J∥ in the effective Hamiltonian obtained from the Hubbard

model [71]. The latter is shown in the middle line of Table 1, and is often neglected in the t − J
odel.
By applying an unrestricted Hartree–Fock approximation, we determine the different magnetic

nteraction channels with competing pairing symmetries, which are summarized in Table 1 (see
lso Appendix A.2). The antiferromagnetic J⊥ interaction prefers singlet bonds between the layers

manifested in isotropic point-like attractive interactions with s⊥-wave order parameter. On the
ther hand, the intra-layer J∥ interaction can lead to pairing in the anisotropic s∥

x2+y2
, p∥

x±iy and d∥

x2−y2
channels. The corresponding order parameters are defined in the Appendix in Eqs. (47), (56). By
allowing the order parameters to be non-zero simultaneously, the mean-field approach can capture
nematic or time-reversal symmetry broken phases within the layer, or co-existing phases between
s⊥ and (s∥, p∥, d∥)-wave.

At low dopings, our mean-field theory formulated in terms of the bare fermions can be replaced
by a slave-boson mean-field theory with bosonic chargons and fermionic spinons [211,212]. In
this case, a well-defined trial wavefunction can be obtained by applying a Gutzwiller projection
to ensure that only one fermion can occupy each site. At high dopings, the Gutzwiller projection
should not play a dominant role and we completely neglect it in the first version of our mean-
field theory. In addition, we perform a second calculation with an effective, free fermion hopping
term teff

∥
for comparison. We take into account the suppressed hopping of the fermionic spinons due

to occupied sites and approximate teff
∥

= δ · t∥ [191], which interpolates between the exact limits
for δ = 0 and δ = 1. The goal of this calculation is to understand on a qualitative, not a quantitative,
level how the Gutzwiller projection may affect the results.

In our mean-field analysis, we consider T = 0 and find a phase transition from s⊥ to d∥

x2−y2
ordering for increasing interactions J∥/J⊥, see Fig. 21(c) and (d). This reflects the different dominant
magnetic ordering – into local singlets and a long-range ordered state, respectively – at half-filling
(see Section 6.2). Interestingly, for the renormalized fermion hopping, teff

∥
= δ · t∥, the system

favors s∥-wave superconductivity in an intermediate regime at moderate dopings and comparable
interactions J∥ ≈ J⊥, see Fig. 21(d). Additionally, for large enough intra-plane interactions J∥, the
systems show nematic (s∥+d∥)-wave order for low dopings, whereas pure d∥-wave order is obtained
again for high dopings, again if the reduced hopping teff

∥
is used, see Fig. 21(d). Moreover, by solving

the self-consistency equations while minimizing the ground-state energy, we find throughout that
p∥-wave order is not favored.

As in the case of half-filling, where tuning the ratio of couplings J∥/J⊥ can drive a phase transition,
we expect interesting physics to arise in the high-doping limit. Since the system becomes d∥-

wave superconducting at values J∥/J⊥ ≳ 1, the mixed-dimensional bilayer system is appealing
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to study cuprate physics from a new perspective and it could give insights and impulses into the
pairing mechanisms of high-Tc superconductivity when approaching the superconducting dome by
decreasing J⊥.

.5. Strong coupling limit

Arguably the most interesting, but also the most challenging to describe, regime corresponds
o strong coupling, see Eq. (30), where t∥ dominates over J⊥ and J∥ while being at small doping,
≪ 1. As we show in a separate publication [57], pairing of holes does not break down in this limit.
emarkably, even larger binding energies exceeding |Ebdg| > J⊥ can be realized for sufficiently large

t∥/J⊥. More specifically, we show in Ref. [57] that the binding energy in this limit scales as

Ebdg ≃ −t1/3
∥

J2/3
⊥
. (43)

The underlying pairing mechanism relies on the strong frustration obtained by the hole motion
in the regime where J∥ = 0. To move through the rung-singlet VBS background, an individual hole
must tilt all singlets along its path, which costs an energy J⊥ per singlet and leads to a strongly
confining force, see Fig. 22(a). To estimate the binding energy, one has to compare two scenarios:
(i) when each hole binds to a spinon, i.e. an unpaired spin which is not part of a singlet; or (ii) when
two holes are connected by a string, defined in the two-dimensional plane, of tilted singlets. These
states are best characterized in terms of their parton content, (i) corresponds to a spinon–chargon
meson with a spin-1/2 quantum number, while (ii) describes a spin-less chargon–chargon bound
state; see Fig. 22(b). The detailed analysis of these bound states can be found in Ref. [57].

At a non-zero but small density δ > 0 of holes, doped with equal concentrations into both
layers, we expect the formation of a quasi-condensate of molecular chargon-chargon (cc) mesons.
In contrast to the tightly bound chargon pairs obtained in the tight-binding case, see Section 6.3,
the extended cc mesons in the strong coupling regime are highly mobile [57]. Hence we expect the
formation of a quasicondensate below a BKT transition temperature Tc which is significantly larger
than in the tight-binding case. This is of significant importance for achieving a (quasi-) condensate
of hole pairs experimentally with cold atoms.

When the doping increases, the system crosses over from a BEC to a BCS regime. The location
of the crossover is expected where the typical spacing between two cc mesons, (δ/2)−1/2, becomes
comparable to the average size of the chargon-chargon bound state. The latter increases with t∥,
which means the BEC-to-BCS cross-over shifts to smaller doping values as t∥/J⊥ increases. The
expected phase diagram at finite doping and for J∥ = 0 is shown schematically in Fig. 22(c).

6.6. Speculations

We close this section by speculating which additional features may show up in the finite-doping
phase diagram when J⊥/J∥ is tuned. For J⊥ = 0, two independent t − J models are obtained, and
their ground state phase diagram remains not fully understood. So naturally, the situation is even
more dire in the central region, where δ ≃ 20% and J⊥ ≃ J∥ are comparable. In the following we
will consider only the case when t∥/(J∥ + J⊥) ≃ 3 is sizeable and around the value for t∥/J∥ expected
in cuprate compounds.

The results of our analysis so far, as expected in this parameter regime, are summarized
schematically in Fig. 2(b). At high doping, our BCS analysis predicts a transition where the pairing
symmetry changes from inter-layer s⊥ to intra-layer d-wave pairing. At intermediate doping, but
still for J⊥/J∥ ≈ 1, we speculate that strong Hubbard interactions may lead to intra-layer s-wave
pairing and possibly a nematic superconducting phase at lower J⊥/J∥. In this regime where J∥ begins
to dominate, we also expect a competition with the stripe, or charge-density wave, phases of the
single-layer t − J model. Their robustness to weak inter-layer coupling J⊥ needs to be clarified in
future studies.

When J⊥ ≫ J∥, we predict a BEC-to-BCS cross-over around a doping δc which depends sensitively
on t∥/J⊥, since the latter controls the size of the chargon-chargon bound states in the low-doping
BEC regime. The physics of this cross-over is potentially very rich: not only do the chargon bound
44
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Fig. 22. Strong coupling regime and BEC-to-BCS cross-over. (a) In the strong coupling limit, holes are strongly bound,
but their bound state extends over several lattice sites. Here a cut through the bilayer system is shown. (b) The allowed
states at strong coupling are best represented by their parton content. They can either form a spin-less meson consisting
of two chargons, or a spin-1/2 spinon–chargon meson carrying the same quantum numbers as the underlying fermions.
(c) We show schematically the phase diagram of the mixD bilayer t − J model for J∥ = 0, which includes a BEC-to-BCS
cross-over for sufficiently large values of t∥/J⊥ (dotted line). At δ = 0.5 in the tight-binding regime, i.e. t∥/J⊥ ≪ 1, the
ystem as an emergent SU(2) symmetry and a charge-density wave (CDW) can form.

tates start to overlap, but the strong and non-local spin-charge correlations underlying the binding
echanism at low doping are also expected to significantly modify the properties of the spin
ackground. This, in turn, may drive the transition from the paired to the unpaired regime.
One of the most interesting questions in this context is to which extend the BEC-to-BCS cross-

ver can be described by the parton picture. When J⊥ ≫ J∥ the system favors inter-layer singlet
ormation on both sides of the cross-over, which indeed suggests that the most relevant constituents
ay be chargon-chargon and spinon–chargon pairs in a background of rung-singlets. Hence an
ppealing scenario would be that the BEC-to-BCS cross-over may be related to a Feshbach resonance
f spinon–chargon pairs. The large associated energy scales make an experimental exploration using
ltracold atoms rather realistic in the immediate future.
The parton theory may also prove to be useful to study the properties of a few holes when

⊥/J∥ is tuned around δ ≈ 0. Both in the VBS and AFM spin-backgrounds, the few-body states can
e described by the parton picture, either as spinon–chargon or chargon–chargon bound states.
herefore it is an interesting question to ask how they behave in the vicinity of the AFM-to-
BS transition. To gain some intuition, we note that for J∥ = 0, spinon–chargon pairs connected
y strings within one layer form, see Section 4.2. Adding J⊥ terms will favor parallel strings in
he top- and bottom layers, which should effectively introduce an attraction between spinon–
hargon pairs from the two different layers. As long as J∥ dominates, the spinons and chargons are
xpected to carry well-defined layer indices. In this case, we speculate that a tetraquark bound state
onstituted by one spinon–chargon pair per layer may form, as indicated in Fig. 2(b). In contrast,
hen J⊥ ≫ J∥ dominates, only a spinon and a chargon from opposite layers can form a bound state.
ore importantly, a chargon from the top layer can re-trace a string of tilted singlets created by a
hargon in the bottom layer. This would transform a potential tetraquark state into the chargon–
hargon meson when J⊥ is increased, by continuously merging a pair of opposite spinons from the
ifferent layers into an inter-layer singlet.

. Summary and outlook

Quantum gas microscopy has started a new chapter in the experimental investigation of strongly
orrelated quantum matter, and the doped Hubbard model in particular. Already now, its key
dvantages are manifest: the ability to realize a broad range of microscopic models, with known and
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tunable parameters and without coupling to additional degrees of freedom such as phonons; and
the availability of new probes which allow to characterize strongly correlated many-body states
in ways that are not available in solid state systems. In combination we believe that these two
main factors will become driving forces to advance our theoretical understanding of the doped
Hubbard model, and its cousin, the t − J model. Other experimental approaches, e.g. emulations
f the fermionic Hubbard model on qubit-based bosonic quantum simulators [22,213], can also be
nvisioned to play a role in the future, although quantum gas microscopes currently appear to have
n advantage.
Where is the field headed? We see countless promising directions as well as a few challenges

head. Let us start by discussing the challenges, and possible ways to overcome them. So far the
elatively high temperature of the systems compared to the relevant energy scales has been a major
bstacle. To explore the ordered phases of the Hubbard model, temperatures well below the spin-
xchange energy will be required, T ≲ J/10. Reaching this low-temperature regime will be an

important issue that experiments must address. In the long term, we are optimistic this goal will
be achieved. Already now, several encouraging results have been obtained which point towards the
ability to implement powerful adiabatic preparation schemes that will allow to realize low entropy
states. These include in particular schemes starting from an ultra-low entropy band insulator and
transforming it into a local singlet covering of the system [214], or coupling to a second layer
which may provide a gapless entropy sink and can be used for efficient cooling [215]. In the low-
doping regime in particular, we view the classical Néel product state as a valuable starting point for
adiabatic protocols to reach symmetry-broken ground states of the SU(2)-invariant Hubbard model.
On the experimental side, issues related to atom loss [216] lead to some limitations. However,
sympathetic cooling with a second ultracold atomic species also appears to be a promising approach
to move forward. Aside from temperature, another challenge will be to obtain larger system sizes
and at the same time be able to eliminate and engineer the optical trapping potential without
introducing disorder. However, these appear to be mostly technical challenges, and already today
several hundreds of sites can be studied in quantum gas microscopes, see e.g. [35]. Another very
recent development has been the use of optical tweezer arrays to improve and speed up the loading
of optical lattices. This promises lower achievable entropies per particle and significantly increased
experimental cycle times, and hence higher-quality data.

As discussed in detail in the main part of our paper, we see many promising future directions
that Fermi–Hubbard quantum gas microscopes can take. One general approach is to simplify the
considered Hamiltonian in order to connect to theoretically more tractable regimes. Concrete
examples include the use of Rydberg dressing in order to obtain anisotropic, and if desired long-
ranged, spin–spin interactions [77]. This offers a route to implement the t − Jz model where
SU(2) invariant Heisenberg couplings are completely replaced by Ising couplings between the spins.
Despite being significantly simpler than the full-blown t − J model, the physics of the t − Jz
Hamiltonian at finite doping remain poorly explored. Another example is provided by the use of
gradients to suppress charge motion along one direction without affecting the super-exchange
mechanism: this leads to mixed-dimensional systems. As we discussed extensively in this paper,
this approach allows to reach binding energies between holes above the currently achievable
temperatures in experiments. Therefore it opens the door to systematic explorations of possible
pairing mechanism in doped antiferromagnets. In the context of a mixed-dimensional t − Jz model,
it was further shown that the critical temperature for stripe formation is of the order of Jz , bringing
the ordered phases of the doped Hubbard model within reach of current experiments [50]. Instead
of simplifying terms in the Hamiltonian, one can also add additional couplings or modify the lattice
geometry. For example, using dipolar atoms allows for nearest neighbor interactions, which may
stabilize some ordered states. By working on a triangular [48,217] or even Kagomé lattice [47],
strongly frustrated spin systems can be realized. Doping these models is expected to lead to rich
physics, and could potentially help theorists find a unified description of a larger class of doped
antiferromagnets. Finally, bosonic systems can be utilized in order to realize anti-ferromagnetic
couplings, e.g. by the use of spin-dependent interactions [67]. Their physics should be closely related
to the case of the Fermi–Hubbard model discussed here.

How do quantum gas microscopes add to our theoretical understanding of the doped Hubbard
model? In our view, the main strength of current experiments is to reveal, for the first time, in
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microscopic details the properties of the individual constituents. In this regard, the observation
of a magnetic polaron and its dressing cloud in real space [30] provides a milestone: From these
measurements it has become clear that the charge carriers in the under-doped Hubbard model have
a significant spatial extent, and potentially a rich internal structure. On the one hand, by performing
spectroscopic experiments, such as ARPES [83,87], we expect that quantum gas microscopes, and
cold atoms in general, will soon be able to reveal this structure in more detail, with full energy
resolution. The ability to perform lattice modulations and apply gradients will allow to go beyond
the spectroscopic capabilities in solids, e.g. by studying rotational [89] or new time-dependent [218]
variants of ARPES. Moreover, cold atoms allow to perform interferometric measurements in the
bulk unthinkable in solids [219]; these could for example enable direct probes of exotic p- or d-
wave pairing [220]. On the other hand, the recent experiments pose new theoretical challenges.
For example, the properties of magnetic polarons at finite temperatures comparable to the super-
exchange coupling J remain poorly understood. A description of how the microscopic structure of a
single charge carrier and its dressing cloud influences pairing and localization of holes at low doping
also remains largely lacking. Here, too, we expect future quantum gas microscopy experiments to
be able to shed more light on the microscopic mechanisms leading to the self-organization of holes
into charge-density waves as well paired and condensed phases of matter. In a larger framework,
theorists are still struggling to describe the regime around optimal doping,8 and the cross-over from
a magnetic polaron regime to the Fermi liquid at high doping. This also includes the strange metal
regime. First signatures of this cross-over and its peculiar transport properties have recently been
observed with cold atoms [24,38]. In the near future, we expect that quantum gas microscopy can
study in even more detail how and where the structure of charge carriers changes as a function of
doping. This will help us understand which key aspects to include in a microscopic description of
the cross-over region.
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Fig. 23. Classification of DMRG data and comparison to theory. (a) The accuracy of the networks shown in Fig. 18(a) of
the main text is plotted as a function of kernel size for different values of the doping δ. Using kernels with two to three
ites is sufficient to distinguish the squeezed space and Gutzwiller projected mean-field snapshots. (b) For each snapshot,
he average values of the nearest neighbor spin–spin (4⟨Ŝzj Ŝ

z
j+1⟩) and hole–hole (⟨n̂h

j n̂
h
j+1⟩) correlations are calculated, at

doping δ = 0.5. The plot shows a histogram over all snapshots in each sample for the three different classes. A clear
separation in the distributions between MF and the other two classes is visible, while SQ and DMRG overlap strongly. All
three figures indicate that the squeezed space approach is a better approximation for the DMRG data than the Gutzwiller
projected mean-field approach.

Appendix

A.1. Machine-learning analysis of quantum projective measurements: Case-study in one dimension

Here we provide further details about our case study analysis of 1D doped spin-chains using
convolutional neural networks. Our starting point is a network which can successfully distinguish
two sets of theory snapshots, as shown in Fig. 18 of the main text. Due to the network architecture
with a dense layer as output layer, we cannot simply read off a correlation function. However,
we are able to get an idea of what correlation functions can be of interest. When analyzing the
networks one finds similar patterns regardless of the kernel size and doping and, although the
concrete weights and features may differ from one network to the other especially with varying
kernel size, their interpretation remains similar: For kernel size equal to 2 the convolutional layer
has a finite output for a spin and a hole on neighboring sites and two spins on neighboring sites.
For larger kernels more features may arise, as there are more possible combinations of spins and
holes beneficial for classification. However, larger kernels do not yield a significant increase in
performance, see Fig. 23(a), and we arrive at the conclusion that possible correlation functions
for distinguishing squeezed space and projected mean-field snapshots are the spin–spin and the
hole–hole correlation.

When looking at the distribution of the mean value of the correlation functions per snapshot for
each class of data, we see that the overlap for squeezed space and mean-field snapshots is small
compared to the overlap for squeezed space and DMRG snapshots, see Fig. 23(b). Thus, using the
spin–spin and hole–hole correlation functions we can reproduce a similar classification as achieved
in Fig. 18(a) with the neural network.

A.2. BCS mean-field analysis: mixed-dimensional bilayer model at high doping

Here we derive a BCS mean-field Hamiltonian from the mixed-dimensional bilayer t − J
odel in Eq. (28) and solve it self-consistently by using a Bogoliubov transformation. There are
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three magnetic interaction terms to consider: inter-layer J⊥ AFM interactions, intra-layer J∥ AFM
interactions, and the intra-layer J∥ 3-site term, see Table 1. In the following, we will use a Schwinger
fermion representation of the spins, Ŝj,µ =

1
2 ĉ

†
j,α,µσαβ ĉj,β,µ, where σ = (σ x, σ y, σ z) are the Pauli

atrices, α, β =↑,↓ is the spin and µ = 1, 2 is the layer index.
The inter-layer coupling can be exactly written in terms of singlet pair operators on lattice site j:

ĤJ⊥ = J⊥
∑
j

(
Ŝj,1 · Ŝj,2 −

1
4

∑
α,β

n̂j,α,1n̂j,β,2

)
= −J⊥

∑
j

ŝ†j ŝj = −J⊥N
∑
k

ŝ†k ŝk (44)

ith

ŝ†j =
1

√
2

(
ĉ†
j,↑,1ĉ

†
j,↓,2 − ĉ†

j,↓,1ĉ
†
j,↑,2

)
(45)

ŝ†k =
1

N
√
2

∑
q

(
ĉ†
q+k,↑,1ĉ

†
−q,↓,2 − ĉ†

q+k,↓,1ĉ
†
−q,↑,2

)
, (46)

here N = Lx × Ly denotes the system size in 2D with lattice size Lx (Ly) in the x- (y-)direction,
espectively. Further, the fermion creation operators written in momentum space are ĉk,α,µ =
−1/2∑

j e
−ij·k ĉj,α,µ with k = (kx, ky) and kj = −π/Lj, . . . , π/Lj. By defining the s⊥-wave mean-field

rder parameter

∆⊥
=

J⊥
√
2
⟨ŝk=0⟩ =

J⊥
2N

∑
q

⟨ĉq,↓,2ĉ−q,↑,1 − ĉq,↑,2ĉ−q,↓,1⟩, (47)

e can derive the mean-field Hamiltonian

ĤMF
J⊥ = −

∑
k

[
∆⊥

(
ĉ†
k,↑,1ĉ

†
−k,↓,2 − ĉ†

k,↓,1ĉ
†
−k,↑,2

)
+ H.c.

]
+

2
J⊥

|∆⊥
|
2
. (48)

he order parameter has s⊥-wave symmetry, is anti-symmetric under the exchange of spins (spin
inglets) and must be – due to Pauli’s principle – symmetric under layer exchange.
Next, we consider the intra-layer J∥ AFM couplings, which can be written in momentum space

s

ĤJ∥ =
J∥
2

∑
q,µ

V (q)
(
Ŝ−q,µ · Ŝq,µ −

1
4

∑
α,β

n̂−q,α,µn̂q,β,µ

)
(49)

ith V (q) = 2
[
cos (qx) + cos (qy)

]
. Normal ordering and collecting all terms, taking into account

he fermionic exchange statistics, yields

ĤJ∥ = −
J∥
4N

∑
q,k1,k2

∑
α,β,µ

V (q)
(
ĉ†
k1+q,α,µĉ

†
k2−q,β,µĉk1,β,µĉk2,α,µ

+ĉ†
k1+q,α,µĉ

†
k2−q,β,µĉk2,β,µĉk1,α,µ

)
. (50)

This exact Hamiltonian can now be used to apply mean-field theory and further we only consider
Cooper pairs with net momentum zero. With these approximations, the Hamiltonian becomes

ĤMF
J∥ = −

J∥
4N

∑
k,k′

∑
µ

{
2
[
V (k′

− k) + V (k′
+ k)

]
⟨ĉ†

k′,↑,µ
ĉ†
−k′,↓,µ

⟩ĉ−k,↓,µĉk,↑,µ

+
[
V (k′

− k) + V (k′
+ k)

]
⟨ĉ†

k′,↑,µ
ĉ†
−k′,↑,µ

⟩ĉ−k,↑,µĉk,↑,µ

+
[
V (k′

− k) + V (k′
+ k)

]
⟨ĉ†

k′,↓,µ
ĉ†
−k′,↓,µ

⟩ĉ−k,↓,µĉk,↓,µ + H.c.
} (51)
+ const.,
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where the constant term will be specified later. We can see that the coupling amplitude is
symmetric under k′

↔ −k′ and thus the triplet terms must vanish under summation since they
have odd angular momentum. In particular, the interaction can be decomposed into an s∥-wave and
d∥-wave contribution

Vk,k′ = V s
k,k′ + V d

k,k′ = V (k′
− k) + V (k′

+ k) (52)

V s
k,k′ = 2

[
cos (kx) + cos (ky)

] [
cos (k′

x) + cos (k′

y)
]

(53)

V d
k,k′ = 2

[
cos (kx) − cos (ky)

] [
cos (k′

x) − cos (k′

y)
]
. (54)

aking the symmetry in Eq. (51) into account, the mean-field Hamiltonian can be written as

ĤMF
J∥ = −

∑
k,µ

[
∆

∥

k,µĉ
†
k,↑,µĉ

†
−k,↓,µ + H.c.

]
+

2
J∥

(
|∆s,∥

|
2
+ |∆d,∥

|
2
)
, (55)

where we have defined the momentum dependent order parameter ∆∥

k = ∆
s,∥
k + eiβd∆d,∥

k with
phase βd as

∆
∥

k = ∆
∥

k,(µ=1,2) =
J∥
2N

∑
k′

Vk,k′⟨ĉk′,↓,µĉ−k′,↑,µ⟩, (56)

where we drop the layer index µ because ∆∥

k,µ does not depend on µ due to the symmetry
between µ = 1 ↔ µ = 2 in the system, which we will justify more rigorously below. Moreover, the
order parameter written without momentum subscript k [Eq. (55)] describes only the amplitude,
e.g. ∆d,∥

k = ∆d,∥(cos kx − cos ky). Note that we have introduced the superscripts, ⊥ and ∥, in the
order parameters as well as in the spatial symmetry (s⊥-, s∥-, d∥-wave) to point out whether the
Cooper pair is a bound state between the layers (⊥) or within the layer (∥).

The last term to consider is the often neglected 3-site term, which arises in the derivation of
the t − J model in second-order perturbation theory from the Hubbard model. A posteriori, we find
that the 3-site term indeed does not lead to p∥-wave order in the mean-field calculation. The term
is given by

Ĥ3s = −
J∥
4

∑
⟨i,j⟩,⟨i,j′⟩
j ̸=j′,α

∑
µ

(
ĉ†
j′,α,µn̂i,ᾱ,µĉj,α,µ + ĉ†

j′,α,µĉ
†
i,ᾱ,µĉi,α,µĉj,ᾱ,µ

)
. (57)

n momentum space, it can be written

Ĥ3s = −
J∥
4N

∑
α,µ

∑
k1,k2,k3

W (k1, k3)

×

[
ĉ†
k1,α,µ

ĉ†
k2,ᾱ,µ

ĉk1+k2−k3,ᾱ,µĉk3,α,µ

+ĉ†
k1,α,µ

ĉ†
k2,ᾱ,µ

ĉk1+k2−k3,α,µĉk3,ᾱ,µ
] (58)

with

W (k1, k3) = 4
[
cos (kx3) cos (k

y
1) + cos (ky3) cos (k

x
1)
]

+ 2
[
cos (kx1 + kx3) + cos (ky1 + ky3)

]
.

(59)

Again, when we only consider Cooper pairs with net momentum zero, we find

Ĥ3s = −
J∥
4N

∑
α,µ

∑
k,k′

[
W (k, k′) − W (k,−k′)

]
⟨ĉ†

k,α,µĉ
†
−k,ᾱ,µ⟩ĉ−k′,ᾱ,µĉk′,α,µ + const. (60)

ince the interaction strength W (k, k′)−W (k,−k′) is anti-symmetric under momentum exchange
nd the equation is symmetric under layer exchange, we can conclude that the order parameter
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describes symmetric coupling in the triplet channel to fulfill Pauli’s principle. Furthermore, the
interaction potential can be re-written in terms of a p∥-wave interaction

V p
k,k′ = W (k, k′) − W (k,−k′) = 2

[
sin (kx) sin (k′

x) + sin (ky) sin (k′

y)
]

(61)

= 2(1 − i)
[
Y 1
1 (k)Y

1
1 (k

′) + Y−1
1 (k)Y 1

1 (k
′)
]
+ 2(1 + i)

[
Y 1
1 (k)Y

−1
1 (k′) + Y−1

1 (k)Y−1
1 (k′)

]
(62)

with Y±1
1 (k) =

1
2

[
sin (kx) ± i sin (ky)

]
. The mean-field Hamiltonian then reads

ĤMF
3s = −

∑
k,µ

[
∆

p,∥
k,µĉ

†
k,↑,µĉ

†
−k,↓,µ + H.c.

]
+

2
J∥

|∆p,∥
|
2
. (63)

All together, the mean-field Hamiltonian becomes

ĤBCS
=

∑
k,α,µ

ϵk ĉ
†
k,α,µĉk,α,µ −

∑
k

[
∆⊥

(
ĉ†
k,↑,1ĉ

†
−k,↓,2 − ĉ†

k,↓,1ĉ
†
−k,↑,2 + H.c.

)]
+

2
J⊥

|∆⊥
|
2

−

∑
k,µ

[
∆

∥

k,µĉ
†
k,↑,µĉ

†
−k,↓,µ + H.c.

]
+

2
J∥

∑
ℓ=s,p,d

|∆ℓ,∥|
2
,

(64)

ith the dispersion ϵk = −2teff
[
cos (kx) + cos (ky)

]
− µ including the chemical potential µ. The

ffective hopping teff = t in the first case (see Fig. 21c), or teff = δ · t depends on the hole doping
to approximate the effect of the Gutzwiller projectors (see Fig. 21d). Note also that we have

ummarized the intra-layer couplings into a single term with ∆∥

k = ∆
s,∥
k + eiβd∆d,∥

k + eiβp∆p,∥
k with

omplex phases between the different angular momentum channels.
In the following, we argue that we can express any self-consistent solution of the intra-layer and

nter-layer order parameters in terms of (∆⊥, eiχ∆∥

k) with ∆⊥,∆
∥

k ∈ R. Let us consider the most
eneral case and assume that the set of order parameters is (eiα3∆⊥, eiα1∆∥

k,1, e
iα2∆

∥

k,2), where we
istinguish the order parameters ∆∥

k,µ=1,2 of the two layers. Now, we want to exploit the model’s
symmetries and consider the transformation of Hamiltonian (64) under unitary transformations.
The system inherits a U(1) symmetry for each layer individually, which we can decompose into a
global U(1) and relative layer U(1) symmetry.

1. Global U(1) symmetry:

Û†
glĉ

†
k,α,µÛgl = eiβgl ĉ†

k,α,µ (65)

2. Relative U(1) symmetry:

Û†
relĉ

†
k,α,µÛrel = eiβrel(−1)µ ĉ†

k,α,µ (66)

Applying the two unitary transformations on Hamiltonian (64) yields

Û†
relÛ

†
glĤ

BCS[eiα3∆⊥, eiα1∆∥

k,1, e
iα2∆

∥

k,2

]
ÛglÛrel

= ĤBCS[ei(α3−βgl)∆⊥, ei(α1−βgl−βrel)∆
∥

k,1, e
i(α2−βgl+βrel)∆

∥

k,2

]
= ĤBCS[∆⊥, eiχ∆∥

k,1, e
iχ∆

∥

k,2

]
,

(67)

where we have chosen βgl = α3 and βrel = (α1 − α2)/2 in the second equality. Hence, we conclude
that it is justified to take eiχ∆∥

k,1 = eiχ∆∥

k,2 = eiχ∆∥

k .
The BCS mean-field Hamiltonian (64), which we want to solve self-consistently, is fully quadratic

and can thus be solved exactly by first performing a rotation to decouple the two layers and then
applying a Bogoliubov transformation. The Hamiltonian in terms of the free fermionic Bogoliubov
modes γ̂k,α,µ and dispersions Eδ,∆k is given by

ĤBCS
=

∑(
E∆k γ

†
k,α,1γk,α,1 + Eδk γ

†
k,α,2γk,α,2

)

k,α
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i

s
v
(

+
2N
J⊥

|∆⊥
|
2
+

2N
J∥

∑
ℓ=s,p,d

|∆ℓ,∥|
2
−

∑
k

[
E∆k + Eδk − ϵ(k)

]
(68)

E∆k =

√
ϵ2(k) + |∆k |

2 (69)

Eδk =

√
ϵ2(k) + |δk |

2, (70)

with ∆k = |∆⊥
+∆

∥

k | and δk = |∆⊥
−∆

∥

k |. The mean-field energy at T = 0 in the considered
parameter regime is given by

EBCS
=

2N
J⊥

|∆⊥
|
2
+

2N
J∥

∑
ℓ=s,p,d

|∆ℓ,∥|
2

−
N

4π2

∫
BZ

d2k
(√

ϵ2(k) + |∆⊥ +∆
∥

k |
2
+

√
ϵ2(k) + |∆⊥ −∆

∥

k |
2
− ϵ(k)

) (71)

n the thermodynamic limit and integrating over the Brillouin zone (BZ).
Hamiltonian (68) is solved by the Fermi–Dirac distribution and for T = 0, we can write down a

et of self-consistency equations given a fixed particle number (hole density δ), which can be tuned
ia the chemical potential µ. W.l.o.g. we fix the gauge such that ∆⊥,∆

∥

k ∈ R with relative phase
∆⊥, eiχ∆∥

k) as discussed above:

δ =
1

8π2

∫
BZ

d2k
[
ϵk

2Eδk
+

ϵk

2E∆k

]
(72)

∆⊥
=

J⊥
16π2

∫
BZ

d2k

[
∆⊥

+∆
∥

k

E∆k
+
∆⊥

−∆
∥

k

Eδk

]
(73)

∆
ℓ,∥

k =
J∥

32π2

∫
BZ

d2k′ V ℓk,k′

[
∆⊥

+∆
∥

k′

E∆k′

−
∆⊥

−∆
∥

k′

Eδk′

]
with ℓ = s, p, d , (74)

Let us now consider the possibility of solutions with simultaneously broken symmetries.

• s⊥ + eiχℓ∥ (ℓ = s, p, d) co-existence: The l.h.s. of Eq. (73) is always purely real. Thus from
requiring the imaginary part of the r.h.s. to vanish, it follows that χ = 0,±π/2, π . However,
we do not find evidence for a co-existing intra- and inter-layer superconducting phase in the
numerical calculations.

• ℓ∥
± iℓ

′
∥ (ℓ, ℓ′

= s, p, d) time-reversal symmetry broken phase: The symmetries in the model
allow us to choose ℓ∥

∈ R. Inserting ℓ∥
± iℓ

′
∥ into Eq. (74) gives separate equations for each

coupling sector ℓ, ℓ′. However, the l.h.s. of the equation for ∆∥,ℓ

k is purely real whereas the
r.h.s. is complex by construction. Thus, the order parameters must be strictly zero prohibiting
a time-reversal symmetry broken phase.

• ℓ∥
± ℓ

′
∥ (ℓ, ℓ′

= s, p, d) nematic phase: The self-consistency equations allow for the co-
existence of two intra-plane order parameters. To have a time-reversal broken/nematic phase,
we additionally require the ground states ℓ∥

±ℓ
′
∥ to be degenerate. We can see the degeneracy

from Eq. (71) by considering the transformation under C4 rotational symmetry, Eδ,∆k (ℓ∥
+

ℓ
′
∥) → Eδ,∆k (ℓ∥

− ℓ
′
∥). Since the integration measure is invariant under C4 rotation, the two

configurations ℓ∥
±ℓ

′
∥ yield equal mean-field energies and are thus degenerate. By numerically

solving the self-consistency equations, we indeed find a nematic regime in the case teff = δ · t
as shown in Fig. 21(d) for low dopings.

The self-consistency Eqs. (72)–(74) define recursive equations, which can be solved numerically,
to find the mean-field solution of the ground state. Thus, the superconducting order for a fixed set
of parameters (t, J∥, J⊥, δ) can be determined. The solutions are plotted in Fig. 21(c), (d) in the main
text.
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