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In strongly correlated materials, interacting electrons are entangled and form collective
quantum states, resulting in rich low-temperature phase diagrams. Notable examples
include cuprate superconductors, in which superconductivity emerges at low doping
out of an unusual “pseudogap” metallic state above the critical temperature. The
Fermi—Hubbard model, describing a wide range of phenomena associated with strong
electron correlations, still offers major computational challenges despite its simple
formulation. In this context, ultracold atoms quantum simulators have provided
invaluable insights into the microscopic nature of correlated quantum states. Here,
we use a quantum gas microscope Fermi—Hubbard simulator to explore a wide range
of dopings and temperatures in a regime where a pseudogap is known to develop. By
measuring multipoint correlation functions up to fifth order, we uncover a universal
scaling behavior in magnetic and higher-order spin—charge correlations characterized
by a doping-dependent temperature scale. Accurate comparisons with determinant
Quantum Monte Carlo and Minimally Entangled Typical Thermal States simulations
confirm that this temperature scale is comparable to the pseudogap temperature 7.
Our quantitative findings reveal a qualitative behavior of magnetic properties and spin—
charge correlations in an emergent pseudogap and pave the way toward the exploration
of charge pairing and collective phenomena expected at lower temperatures.

quantum simulation | Fermi-Hubbard | strongly correlated electrons | pseudogap | ultracold atoms

The Fermi-Hubbard model (FHM) is a minimal but at the same time paradigmatic
model for describing interacting fermions on a lattice (1). The conjectured phase
diagram of the two-dimensional (2D) FHM, as a function of temperature and doping
(or excess charge carrier density), is depicted in Fig. 1C, as inferred in part from
recent computational studies (2). It features an insulating ground state at half-filling
with antiferromagnetic (AFM) long-range order, which becomes stripe (magnetic and
charge) ordered when doped. Superconducting long-range order has also been reported
upon doping, with the delicate interplay between superconductivity and stripe ordering
depending on details of the model (3, 4). The two-dimensional FHM is widely regarded
as capturing essential qualitative features of strongly correlated materials (5, 6) such
as the cuprate compounds (7, 8), which are notably known for exhibiting high-7¢
superconductivity.

At higher temperatures, the metallic phase of the FHM features a “pseudogap” below
a characteristic temperature 7% (2, 9-12), i.e., a partial depletion of the density of
states at the Fermi level (13-15). This pseudogap is analogous to the one found in the
underdoped region of cuprates, especially when magnetic correlations are predominant,
and was first identified in such materials through magnetic susceptibility measurements
(16, 17). The physical origin of the pseudogap in cuprates has long been debated. Some
explanations emphasize its connection to magnetic correlations (15, 18-20) and relation
to the stripe phase (21, 22). Possible magnetic or charge ordering instabilities of the
pseudogap state have also been widely discussed (23-25). It is sometimes also considered
as a precursor of the superconducting state (14), similar to the phenomenology found
in unitary Fermi gases, where a pseudogap develops above the critical temperature for
superfluidity (26-28).

Over the past few years, tremendous progress has been made both from an experimental
and theoretical perspective toward a better understanding of the microscopic nature of
strongly correlated phases emerging in the FHM and its derivatives. Quantum gas
microscopes, in particular, have provided valuable insights into the formation of spin-
ordered phases (29-31), the interplay between spin and charge degrees of freedom
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(32-39), the emergence of charge-ordered states (40, 41), and
transport properties (42—44). A systematic exploration of the 2D
FHM, varying both temperature and doping, is however still
lacking. Numerical methods, on the other hand, are increasingly
arriving at a consensus regarding the physics of the 2D FHM
in certain regimes (2, 45, 46). Stripe order has been confirmed
by numerous methods as the ground state at finite doping and
intermediate coupling strengths (45, 47-50), the pseudogap
regime has been tied to the onset of antiferromagnetic correlations
(12, 18, 19, 46, 51, 52) and charge clustering (53), and
superconductivity has been found to be strongly enhanced upon
adding next-nearest neighbor hopping (4, 54-57).

In this work, we perform a systematic exploration of the 2D
FHM over a dense grid of dopings and temperatures (Fig. 1C)
using a quantum gas microscope Fermi—Hubbard simulator
(Fig. 14) and uncover a universal scaling in spin and spin—charge
correlations. We use these correlation functions to provide a mi-
croscopic description of the underlying strongly correlated states,
especially in a regime where the presence of a pseudogap is well
established (12, 18, 19, 51, 52). We compare our measurements
to different numerical methods (Fig. 1D), including determinant
Quantum Monte Carlo (dQMC) (58, 59), Minimally Entangled
Typical Thermal States (METTS) (51, 60—-62)—a method based
on matrix-product states—and an effective model based on
chargon-spinon geometric strings (63).

1. Experimental Protocol

Our experiment consists in loading a spin-balanced ultracold gas
of °Li atoms in a 2D optical lattice (64, 65), which naturally
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Fig. 1. Quantum simulation of the FHM. (A) Examples of experimental
snapshots using a quantum gas microscope with spin and charge resolution.
(B) Averaged atomic density, depicting the central region (Q) over which the
analysis is carried out, and the surrounding reservoir with chemical potential
ur experimentally adjusted using a DMD (S/ Appendix). (C) Conjectured
phase diagram of the FHM. The hatched region approximately depicts the
regime accessed by our experimental apparatus. AFM: region with sizeable
antiferromagnetic correlations. d-SC: conjectured superconducting phase. (D)
Theoretical methods employed in this work: dQMC, METTS, and geometric
strings (see text).
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implements the FHM with Hamiltonian

H=—tY &, o+hec+UY agphyy. [
(@j).o i

Here, ¢ and U denote the tunneling and (on-site) interaction
energies, 6 =%, is the spin, ¢4 (22: ,) is the fermionic
annihilation (creation) operator for spin ¢ on site 7, 7;, =
22 »Cio» and (4, ) designate nearest-neighbor (NN) lattice sites.
The optical potential is engineered using a Digital Micromirror
Device (DMD) such as to have a homogeneous system of
|2] = 145 lattice sites surrounded by a low-density reservoir
(Fig. 1B), whose chemical potential is adjusted to control the
central particle density (7;) (SI Appendix). The temperature of
the system can be tuned by holding the atoms in the lattice
for a variable time, naturally causing heating (30). Throughout
this work, tunnelling and interaction energies are set to #/h =
300(25)Hz and U/ = 1.95(5) kHz, such that U/t = 6.5(5).
This choice is motivated by recent theoretical work showing the
maximum extent of the pseudogap phase as a function of doping
at temperature ranges relevant to this work (12, 19). Detection
is performed using a quantum gas microscope, allowing for
spin and charge resolution (Fig. 1A), as described in our recent
work (41, 66).

We collected 36,485 snapshots at various dopings and heating
durations and binned them accordingly. In particular, we evaluate
for each bin the system-averaged, normalized, and connected spin
correlation function

4 nn
P ay = S 2]

and bin together datasets with similar density and NN correla-

)

tions Cgs * (|d| = 1), which we use as a proxy for the temperature.
In the above expression, Ny is a normalization constant that
counts the number of pairs of lattice sites separated by d,
82 = (74 — i} )/2 is the z-component of the spin operator on
lattice site Z, and (). designates connected correlations. We refer
the reader to S/ Appendix for additional information regarding the
exact definition of connected correlation functions, our binning
procedure, and the effect of finite detection fidelity on our
observables.

The above-described procedure results in about 120 datasets of
5%-wide doping bins, with —30% < 6 = (#;) — 1 < 30%. For

each dataset, we compare the radially averaged spin correlations

Cs(sz) (Id|) to dQMC simulations performed at various dopings
and temperatures (Fig. 24 and S/ Appendix). We observe excellent
agreement between the experimental and numerical data with
temperature as the only adjustable parameter. This procedure
thus allows the assignment of a temperature to each dataset,
ranging from 7'/t &~ 0.2 to 7'/t ~ 1 (the Boltzmann constant is
set to kg = 1). The results are furthermore compared to METTS
(Fig. 2B), which also shows an excellent agreement with both
the experimental and dQMC data. The range of doping and
temperature explored in this work is indicated by the hatched
region in Fig. 1C.

2. Spin Correlations

In the thermodynamic limit, the Mermin—Wagner theorem
prevents true long-range order at any finite temperature in the 2D
FHM (67). Nevertheless, close to half-filling, AFM correlations
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Fig. 2. Thermometry. (A) The temperature of the experimental datasets is extracted by finding the best fit between dQMC numerical calculations (solid lines)

and the measured spin correlations CS(SZ) (|d]) (data points), with the temperature being the only fitting parameter. Experimental errorbars in this figure and in
all figures correspond to the 68% Cl of a bootstrap analysis (S/ Appendix). (B) Residuals between dQMC and experiment (solid line) and comparison to METTS
(dashed line), taking the experimental data points as a reference, for half-filling (Top) and at |5| = 7.5% doping (Bottom). Here, METTS is computed on a 32 x 4
cylinder, and dQMC on a square with periodic boundary conditions of size 16 x 16 (half-filling) or 10 x 10 (finite doping). Numerical errorbars (S/ Appendix) in

this figure and in all figures are indicated by shaded regions.

become more and more prominent as the temperature decreases.
Here, we measure spin correlations which are significantly
nonzero up to more than seven sites, a distance comparable to
the radius of our system. In order to characterize the strength and
range of spin correlations, we compute the spin structure factor
S(q), defined as the Fourier transform of the spin correlations

Sig) =Y a), 3]

ded®

where @, represented by the gray square in Fig. 3C, corresponds
to the region max(dy, dy) < 7 sites. We show in Fig. 3B the spin
structure factor computed from the data in Fig. 34, depicting
a strong peak centered at g,y = (7, 7) as a manifestation
of sizeable and extended AFM correlations. We emphasize that,
given the experimental temperature and resolution achieved here
(Fig. 1C), we do not detect a shift of the ordering vector
away from (7, w) expected at low temperatures (49, 68) as a
possible precursor to stripe ordering (50, 51). Note that the
structure factor we consider here is associated with the equal-time
correlation function, and not the usual static (zero-frequency)
one (21).

We extract the peak structure factor Sapm = S(q = gapy)
for each dataset, and give the results in Fig. 3C. There, each point
corresponds to a single dataset, and a Delaunay triangulation is
performed to pave the (8, 7') space: the color of each triangle is
given by the average value of Sapm over all three of its vertices.
As expected from the particle-hole symmetry of the FHM on a
bipartite lattice® (69), the peak structure factor appears symmetric
with respect to half-filling, i.e., hole doping (6 < 0) and doublon
doping (6 > 0) have identical effects on the spin correlations.
We clearly observe an increase of Sapm as dopings get closer to
half-filling and the temperature is reduced.

The temperature dependence of the measured peak structure
factor is found to be well described by an exponential form:

Sapm(8, T) ~ 200/ T [4]

with ©(6) a doping-dependent temperature scale. This form
is motivated by the relation Sapm ~ &2 between the peak
structure factor and the spin correlation length &, as given by
the Ornstein-Zernike form (46). The exponential dependence

*“The particle-hole symmetry here means that hole- and doublon-doped exhibit the exact
same physical properties. In practice, we found experimentally that we can reach lower
temperatures in hole-doped systems. We exploit this symmetry in evaluating higher-order
correlators (Sections 3 and 4) by mixing both hole-doped and doublon-doped sectors, thus
improving statistics (S/ Appendix).
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for £ is indeed expected when the ground-state of a 2D quantum
system displays long-range spin ordering, in which case, the scale
O identifies with the spin stiffness 27 p; (70). Given the range of
temperatures accessible to our experiments (Fig. 1C), we cannot
ascertain that the exponential fit persists down to low-7" and thus
whether the ground-state displays long-range spin order; ®(8)
should be viewed as an empirically defined spin stiffness whose
doping dependence is determined from experiments. In essence,
expression [4] describes how a reduction in AFM order through
doping can be compensated for by further cooling the system.
To determine the doping dependence of ®, we introduce a

second-order expansion Ansatz of the form ©(5) = ©©) 4
e |6] + 02 |6]%, where the 01 coefficients are fit parameters.
The coefficient ®(©) is determined by fitting the half-filled

data, to find ©©) /t = 0.32(4). The other two coefficients
are determined through an optimization procedure that aligns
the Sapm(7, 8) curves to a universal form Sapm[©(8)/ 7], as
described by Eq. 4. The procedure, described in more detail in
SI Appendix, yields 0/t = —1.6(4) and ®P)/r = 2(2).
The result of the optimization is shown as the black line
in Fig. 3 C'and F.

Remarkably, we find an excellent collapse of the magnetic peak
structure factor Sapm[@(6)/ 7] following the above procedure
for all doping and temperatures explored here (see Fig. 3D and its
Lower Inser). The collapse only depends on the absolute value of
doping and holds for both hole- and particle-doped systems (disk
and square symbols, respectively). In contrast, the unscaled raw
data exhibita distinctly doping-dependent behavior (see Fig. 3 D,
Top Inset).

We compare the extracted ©(6) to the expected temperature
T* that marks the crossover to the pseudogap regime in the FHM.
Although the opening of a pseudogap is nowadays commonly
identified through ARPES measurements (71), the pseudogap
in cuprates was originally identified through the temperature
dependence of the magnetic susceptibility j,,(16, 17). In the
Hubbard model, numerical studies have revealed that the
uniform susceptibility displays a maximum at a temperature
T* which can serve as a definition of the pseudogap onset
temperature (51, 72). Here, the value of 7% is obtained from the
maximum of y,, in METTS simulations, as shown in Fig. 3£,
and compared to ©(8) in Fig. 3F. T* (from METTS) and ©
(from the experimental data) are relatively close in amplitude
and are decreasing functions of 6. The extracted value of ®
is comparable but slightly smaller than 7%, suggesting that the
universal scaling associated with © that we observe experimentally
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Fig. 3. Magnetic correlations in the pseudogap. (A) Spin correlation map at T/t = 0.25(1) and 6 ~ —2.5%. (B) Symmetrized spin structure factor S(q) evaluated
from a subregion of the spin correlation map (gray square in A). (C) Peak structure factor Sppy as a function of doping 6 and temperature T/t. Each vertex is a
data point, and each triangle is colored according to the average of its vertices. The black line corresponds to the experimentally extracted doping-dependent
energy scale ©(s) (see panel D). (D) Peak structure factor as a function of the rescaled temperature T7/© (see text), with the orange line showing the exponential
dependence of Eq. 4. Both Insets show the same data, without rescaling (Top) and in semi-log-scale (Bottom). (E) Magnetic susceptibility extracted from METTS
numerical simulations, for § = 0 and § = 0.1. The maximum of susceptibility (stars) occurs at T = T*, is doping dependent, and marks the crossover to the
pseudogap phase. (F) Comparison between ©(5), extracted from the Sypwm collapse (panel D) and T* extracted from METTS.

is linked to the opening of the pseudogap in the system. We
stress here that we are not aware of a previous study that
attempts to relate ®—a doping-dependent spin stiffness—to 77*.
Nevertheless, Monte-Carlo simulations on the Heisenberg model
have shown that the temperature 7% marking the maximum
of spin susceptibility coincides with the spin stiffness 27p;
(73). Although no formal relation can be established, our
results suggest that these quantities reflect the same underlying
phenomenology.

The connection between the pseudogap and AFM spin-
correlations is well established theoretically in the weak-coupling
regime when the correlation length reaches large values. In this
regime, the Vilk-Tremblay spin fluctuation theory states that
a pseudogap opens when & exceeds the de Broglie thermal
wavelength ~ vp/n T, where v is a typical Fermi velocity
[(74), see also refs. 46, 75, and 76]. We note that this criterion
is not satisfied here, with 1 < & ~ /Sapm S 3, while
2 5 vp/nT S 4. Nonetheless, we find that the universal
scaling 7% ~ © ~ T log¢ relating the pseudogap temperature
to the correlation length at weak coupling appears to have a
wider range of applicability, extending to the stronger coupling
regime investigated here. Thus, our results provide evidence that
the pseudogap regime in the FHM at intermediate to strong
coupling is concomitant to the emergence of a strongly correlated
regime marked by spin correlations of moderate spatial extension.
This picture is indeed consistent with computational studies
(18, 19, 51, 77), which also confirm that a pseudogap emerges
in the range of parameters reached in our experiment (12).

3. Dopant-Spin-Spin Correlations

We now turn to higher-order correlations in order to explore how
the interplay between dopants and spins behaves when entering
the strongly correlated regime associated with 7 < ® >~ 7%, In
particular, we evaluate third-order, connected, and normalized
dopant—spin-spin correlations as
(3) 4 <diSf+r+d/ZSf+r—d/2>C
Cand (md) = 17 > - ,
rd icQ <d1>

(5]
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O

where ;. 4 is a normalization constant. C;_” evaluates how spin

correlations between two spins separated by d are affected by
the presence of a dopant at distance # from the spin bond,
and characterizes the spatial structure of magnetic polarons
(33, 35, 38). We limit our analysis to NN (|d| = 1), NNN
(/d| = +/2), and second NN (|d| = 2) spin bonds. For
the remainder of the manuscript, we rely on the particle-hole
symmetry of the Hubbard model and combine both hole-
and doublon-doped sectors to improve statistics™ (SI Appendix).

Thus, in Eq. 5, the operator dy is the dopant operator at lattice site
i (ST Appendix). The experimental measurements of higher-order
correlators are compared to calculations from METTS, dQMC
and from the geometric string model. In the case of METTS and
the string model, classical snapshots akin to that of the quantum
gas microscope are sampled (S/ Appendix).

In Fig. 4A, we present examples of symmetrized polaron
correlation maps at different dopings and temperatures for NN

(ld] = 1) and NNN (|d| = +/2) spin bonds. Close to half-filling
(6] =~ 5%) and at low temperatures, we observe significant
nonzero correlations over a disk of radius |#| ~ 4 around the
dopant (gray circles in Fig. 44), indicating that a single dopant
affects the background AFM order over a surrounding region
that spans more than 50 lattice sites. As either the doping or the
temperature increases, the size of the polaron decreases.

In Fig. 4 B, we show the sign-corrected and distance-averaged
correlations to clearly evaluate the range over which connected
correlations remain nonzero for the coldest datasets (77/¢ < 0.3).
We systematically observe nonzero correlations at short ranges—
i.e., in the core of the magnetic polarons corresponding to the spin
bonds in the direct vicinity of the dopant—for all temperature
and doping values studied here (hatched region in Fig. 1C),
with a larger amplitude for colder datasets (see S/ Appendix for a
temperature comparison). However, close to half-filling, we find
the emergence of longer-range correlations marked by a nonzero
tail in the sign-corrected correlations. Such a low-temperature
feature was not observed in previous studies pertaining to the
FHM on a square lattice (33, 39, 78). The core structure of
the polarons are qualitatively well reproduced by dQMC and
METTS simulations (solid and dashed lines in Fig. 4). While
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the low-doping tail structure is not exhibited by METTS on
the 32 x 4 cylinder, the geometric string model (dotted lines)—
calculated using the coldest undoped dataset (77/r ~ 0.29, see
SI Appendix)—shows a larger spatial extension despite a reduced
core amplitude, and the dQMC is compatible with the onset of
a tail. At larger doping, the geometric string calculations fail to
reproduce the experimental data; we attribute this discrepancy to
the relatively large contribution of doublon—hole fluctuations in
our parameter regime (U/z & 6.5, see also SI Appendix). Note
that the dQMC calculations around 12.5% are strongly affected
by the sign problem (79), resulting in very large uncertainties.
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Fig. 4. Emergence of extended polarons in the pseudogap. (A) Example of
polaron correlations Cyss (r, d) at low temperature (T/t ~ 0.25, first row) and
slightly larger temperature (T/t ~ 0.4, second row) and for different dopings.
The maps are symmetrized, and the circle is a guide to the eye, indicating the
distance over which correlations are sizeable. (B) Distance-averaged, sign-
corrected polaron correlations associated to the coldest datasets (first row
in A), for the same dopings. Different spin bonds (jd| = 1,+/2, 2 for NN, NNN
(diagonal), and second NN bonds, respectively) are represented by different
symbols. Solid, dashed, and dotted lines correspond to numerical simulations
(dQMC, METTS, and geometric strings, respectively). (C) Polaronic correlations
on selected bonds at short distances as a function of doping. Data points in
dark (light) blue correspond to a temperature T/t ~ 0.25 (T/t ~ 0.4). (D)
Strength of the polaron C (see text) as a function of the rescaled temperature
T/©. The Inset depicts the same data in semi-log scale.
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At larger dopings (|6 2 20%), the NN spin bond closest
to the dopant changes sign. This feature, as well as a much-
reduced temperature dependence, can be attributed to Fermi-
Liquid behavior, in which the hole and spin correlations are
dominated by the Pauli principle (78, 80). Such behavior sharply
contrasts with the low doping behavior, where one sees the
emergence of extended polarons at a temperature consistent with
T < O. These observations are illustrated in more detail in

Fig. 4C, where CSS) (7, d) is given as a function of doping for a
few bonds closest to the dopant.

In analogy to the magnetic structure factor, which quan-
tifies AFM strength, we propose to introduce a “polaron
strength” C by integrating the sign-corrected correlations, C =

Z:r,d(—l)‘”l‘z"'1 Cyss(r, d). In particular, we expect that the
emergence of a long-range polaronic tail contributes significantly
to C. We show in Fig. 4D the polaron strength as a function of
the rescaled temperature 7/0. In the range of temperatures and
dopings explored here (hatched region in Fig. 1C), we notice
that the polaron strength follows a similar universal trend as
found for the spin ordering. Specifically, it increases significantly
when 7" < O, signaling the importance of polaronic spin—charge
correlations in the pseudogap regime. In the intermediate regime
1 5 7/0 5 2,C is dominated by the polaronic core, whose
amplitude decreases as 7'/® increases. At large dopings (7 >> ©
in our datasets) the presence of sign-changed spin bonds cancels
out the contribution from the polaronic core, such that C goes
to zero.

4. Higher-Order Correlations

Quite generally, nonzero correlations beyond second-order con-
stitute key signatures of strongly correlated regimes, as weakly cor-
related systems are well characterized by effective quasi-particle
theories with Gaussian—and thus low-order—correlations. The
third-order polaronic correlations explored above confirm the
existence of a strongly correlated regime for 7 < @ ~ T%,
associated with the pseudogap phase of the FHM. A natural
extension consists in exploring higher-order correlations, which
are accessible with our experimental apparatus.

We begin by considering the 4th-order normalized and
connected spin correlations, defined as

(4) 24 AA_A_A
'Z CZ Q% Q%

%' = e D (855:5:8)
icQ

ij,kLelC

[6]

>
C

where C designates a spatial arrangement of the four spins,
and N denotes the corresponding normalization factor. Here,
we consider NN bonds or diagonal bonds only, i.e., spins

arranged in a square (CS )), or in a diamond-shape (C§4))
configuration (see ST Appendix for additional data corresponding
to a T-shape configuration). The results are shown in Fig. 54
and B, where both the bare and the connected correlations
are plotted against the rescaled temperature 7°/@. As expected
from AFM order, the bare correlations are positive and increase
in amplitude when the temperature is reduced. In the square
configuration, the connected correlations become significantly
nonzero and negative as 7 < ©, and corroborate the emergence
ofastrongly correlated regime with sizeable quantum fluctuations
stemming from the underlying quantum antiferromagnet. In the
case of the diamond-shaped configuration, which corresponds to
more distant spins, connected correlations remain close to zero.
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Fig. 5. Higher-order correlations. (A and B) 4th-order spin correlations with
four spins arranged in a square (A), or in a diamond shape (B). The connected
(bare) correlations, represented by green circles (gray squares), are plotted
against the rescaled temperature T/0©. The color scale indicates the doping.
(C) 5th-order spin-charge correlations in the diamond configuration, showing
that the presence of a dopant strongly affects the correlations. In all panels,
the dashed lines and the dots correspond to METTS and geometric string
calculations, respectively.

Opverall, our results suggest that the role of quantum fluctuations,
central in the emergence of strongly correlated states and nonzero
high-order correlations, weakens as the distances between spins
increase. In all cases, METTS (dashed lines) and geometric
string (diamonds) calculations agree well with the experimental
data.

Interestingly, we find significant qualitative and quantitative
changes in the diamond-shape configuration when evaluated
conditioned on the presence of a dopant at its center. More
precisely, we evaluated the 5th-order normalized conditional
dopant-spin correlations (81) (see S/ Appendix for details),

o 2 B, i
K~ = X
Nic icQ (di) .
i,j. kL mek cond. 4;

To compensate for more limited statistics, the subsequent analysis
employs broader doping intervals (10% rather than the 5% used

previously). In Fig. 5C, Cf) is plotted against doping for 7'/¢ =

0.25 (see SI Appendix for the T-shape configuration and for a
comparison with higher temperatures). Close to half-filling, both
the bare and conditioned correlations vanish due to dominant
effects of doublon—hole fluctuations—each hole (doublon) is in
the direct vicinity of a doublon (hole) and thereby voids the
correlations. However, we measure significant nonzero values

for Céi) around |6] = 10 to 20% and, more importantly, the
values are equal in amplitude to the bare correlations. This is in

(4)

stark contrast to Cy ’ (which is governed by the bare correlator)
and suggests that the diamond-shape correlator is dominated by
higher-order terms in the presence of a dopant.

Such a feature—dominant higher-order correlation—is char-
acteristic of strongly correlated systems and can here be attributed
to the presence of fluctuating chargon-spinon structures. It
indicates that, upon entering the pseudogap, magnetic structures
emerge that can only be revealed through higher-order corre-
lations (and hence lie beyond our conventional understanding
of Gaussian fluctuations). Our results furthermore suggest that
these string-like correlations in the vicinity of dopants persist
up to about 20% doping, providing an intuitive microscopic
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understanding of the nature of moving dopants and the formation
of geometric strings (81). The METTS calculations (dashed
lines), converged up to 12.5% doping, exhibit a trend consis-
tent with the experimental data. The string-based calculation
approach also captures the overall features of the experimen-
tal data, notably reproducing the dominance of higher-order
correlations at finite doping. However, the string calculations
show significant correlations only up to about 10% doping. This
disagrees notably with METTS and with the experimental data,
similarly to the dopant—spin—spin correlations (Fig. 4B). This
discrepancy indicates that the geometric string framework—
intrinsically linked to the physics of the weakly doped
antiferromagnetic parent compound—does not quantitatively
reproduce dopant-spin correlations within our parameter regime,
although it remains accurate in capturing magnetic correlations

(Fig. 5 A and B).

5. Discussion and Outlook

In this work, we have explored the FHM with a quantum gas
microscope in a regime of temperature and doping in which
numerical studies predict the existence of a pseudogap (Fig. 1C)
(12, 19, 51). Our results, based on the evaluation of spin and
dopant-spin correlations, reveal the emergence of a strongly
correlated regime concomitant to the pseudogap. The peak
spin structure factor, in particular, allows to extract a doping-
dependent temperature scale ®, which marks the transition
to the strongly correlated regime. The temperature scale not
only organizes the spin correlations into a universal scaling
form but also matches the pseudogap temperature 7* extracted
independently from the saturation of the magnetic susceptibility
using METTS (Fig. 3). Recent unpublished numerical studies
furthermore suggest that the energy scale ® reproduces well
the doping dependence of low-energy magnon excitations, thus
providing an additional link to the underlying magnetic origin
of the pseudogap (82). Taken together, these two findings imply
that the pseudogap emerges concurrently with enhanced, albeit
not infinitely extended, AFM correlations. Thus, ® serves as
a proxy for the underlying spin stiffness-like scale that sets the
stage for pseudogap formation. Our work furthermore shows that
this temperature scale governs the scaling behavior of higher-
order spin and spin—charge correlations. In the temperature
regime close to 7 ~ ©, we observe extended third-order
polaronic dopant-spin correlations beyond the direct vicinity
of the dopant (Fig. 4). Moreover, we have measured ffth-
order dopant-spin correlations for which the contribution of
lower-order terms is limited, suggesting that genuine quantum
many-body correlations—Dbeyond two or even three particles—
dominate the system’s physical properties upon entering the
pseudogap. These higher-order correlators can additionally serve
as benchmarks for testing the validity of different theoretical
approaches.

Our work opens numerous perspectives for a better exper-
imental understanding of the pseudogap phase in the FHM,
with our main conclusions going in favor of a strong relation
between spin correlations and the pseudogap. It was also
suggested (83, 84) that the pseudogap phase, in analogy to
the pseudogap in the context of the BEC-BCS crossover of
strongly correlated Fermi gases, corresponds to the emergence of
preformed pairs as a precursor to a superconducting state. Future
studies beyond the scope of this work include the exploration
of pairing among dopants, especially in the regime of extended
polaronic tails (Fig. 4), where significant dopant-spin correlations
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are measured at distances comparable to the mean distance

between dopants |6 |~V2, The emergence of hidden order has
also been proposed as a characteristic of the pseudogap (22—
24, 85), and could be explored using high-order correlation
functions, which by nature reveal correlations beyond the two-
point (Gaussian) level. At lower temperatures, one furthermore
expects the emergence of a charge density wave (stripes), also
associated with a shift of the peak in the spin structure
factor away from (7, 7). Such signatures were not observed
in our experimental data and likely require reaching colder
temperatures. This would also allow one to probe the possible
connection of the pseudogap with the softening of the charge
response associated with a maximum of the compressibility
[Widom line (86)].

The momentum-space structure of the pseudogap is also
an outstanding question for future studies. In the solid-state
context, momentum-resolved measurements such as angular-
resolved photoemission spectroscopy (ARPES) (71, 87) have
revealed that the suppression of the density of states associated
with the pseudogap occurs near the antinodal points of the
Brillouin zone. Momentum-resolved measurements of the
single-particle spectral function have so far remained out of
reach of quantum gas microscope experiments, except in very
specific configurations (see, e.g., ref. 88, in the case of the
attractive Hubbard model). Nevertheless, ARPES techniques
adapted to optical lattices (89) and quantum gas microscopy (90)
have been proposed, offering a promising future direction.
These approaches could enable the simultaneous acquisition of
spectroscopic information and microscopic real-space correlation
data, as presented here. Moreover, they would provide a platform
to test theoretical predictions concerning the interplay between
Fermi surface topology and the pseudogap (11).
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