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Imaging magnetic polarons in the doped  
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Polarons—electronic charge carriers ‘dressed’ by a local polarization 
of the background environment—are among the most fundamental 
quasiparticles in interacting many-body systems, and emerge 
even at the level of a single dopant1. In the context of the two-
dimensional Fermi–Hubbard model, polarons are predicted to 
form around charged dopants in an antiferromagnetic background 
in the low-doping regime, close to the Mott insulating state2–7; this 
prediction is supported by macroscopic transport and spectroscopy 
measurements in materials  related to high-temperature 
superconductivity8. Nonetheless, a direct experimental observation 
of the internal structure of magnetic polarons is lacking. Here we 
report the microscopic real-space characterization of magnetic 
polarons in a doped Fermi–Hubbard system, enabled by the single-
site spin and density resolution of our ultracold-atom quantum 
simulator. We reveal the dressing of doublons by a local reduction—
and even sign reversal—of magnetic correlations, which originates 
from the competition between kinetic and magnetic energy in the 
system. The experimentally observed polaron signatures are found 
to be consistent with an effective string model at finite temperature7. 
We demonstrate that delocalization of the doublon is a necessary 
condition for polaron formation, by comparing this setting with 
a scenario in which a doublon is pinned to a lattice site. Our work 
could facilitate the study of interactions between polarons, which 
may lead to collective behaviour, such as stripe formation, as well as 
the microscopic exploration of the fate of polarons in the pseudogap 
and ‘bad metal’ phases.

Polarons usually occur in materials with a strong coupling between 
mobile charge carriers and collective modes of the background, such 
as phonons, magnons or spinons1. Furthermore, these materials often 
possess exotic properties, such as spin currents (in organic semicon-
ductors)9, colossal magnetoresistance (in manganites)10, pseudogaps 
(in transition-metal oxides) or high-transition-temperature (high-Tc) 
superconductivity (in copper oxides)11. Even though there are many 
open questions regarding the microscopic description of these phe-
nomena, some of them can be attributed to polarons, whereas others 
can emerge from multiple interacting polarons1,12,13. The most prom-
inent and conceptually simple electronic model for high-Tc copper 
oxides is the two-dimensional doped Fermi–Hubbard model, in which 
an interplay between the kinetic energy of doped charge carriers and 
a magnetic background supports the formation of magnetic polarons 
at the single-dopant level. The model consists of spin-1/2 fermions 
hopping on a two-dimensional lattice with nearest-neighbour (NN) 
hopping amplitude t and on-site repulsion U between opposite spins. 
At half-filling, the ground state is a Mott insulating state with anti-
ferromagnetic correlations, owing to an effective superexchange spin 
coupling of J = 4t2/U. Upon hole or particle doping, dopants can lower 
their kinetic energy by delocalization. However, each hopping process 
of the dopant alters the spins of the magnetic background (see Fig. 1), 
which leads to a growing magnetic cost with increasing delocalization. 
This problem of a single dopant in an antiferromagnetic environment 

cannot be solved analytically and requires considerable effort to sim-
ulate its properties numerically. However, its understanding marks 
an important starting point for unravelling the physics of the doped 
Fermi–Hubbard model.

As a consequence of the competition between magnetic and 
kinetic energy, theoretical calculations of single dopants in the related  
t–J model predict the formation of a magnetic polaron2–7, in which the 
dopant surrounds itself with a local cloud of reduced antiferromagnetic 
correlations (see Fig. 1a). Spectroscopic measurements of undoped 
copper oxides have experimentally probed this single-dopant regime. 
Even though measurements of dispersion or quasiparticle weights are 
compatible with the formation of polarons8, a direct microscopic real-
space image of such dressed charge carriers at the single-particle level 
is still lacking. Furthermore, the evolution from individual polarons 
into the pseudogap or the ‘strange metal’ phase at higher doping con-
centrations is still subject to controversy, leading to diverse theoretical 
approaches11,14–16.

Quantum gas microscopy has enabled the direct, model-free real-
space characterization of strongly correlated quantum many-body 
systems. In cold-atom lattice simulators17, this technique has proved 
its potential to shed light on the Fermi–Hubbard model, including 
the detection of long-range spin correlations18, charge and spin trans-
port19,20 in two dimensions, as well as incommensurate magnetism21 in 
one dimension. Employing the full spin and density resolution of our 
setup22, we experimentally confirm the presence and internal structure 
of magnetic polarons in the low-doping regime of a Fermi–Hubbard 
system. We observe how double occupations (doublons) are sur-
rounded by a local distortion of antiferromagnetic correlations. Similar 
qualitative features of the spin correlations around the doublon, as 
measured in the experiment, are predicted by exact diagonalization of 
the t–J model, as well as an effective theory that models the polaron as 
a doublon bound to a spinon by a string of reduced antiferromagnetic 
correlations7. By contrast, by confining a doublon to a single lattice site 
with an optical tweezer, we observe qualitatively different signatures, 
underlining the necessity of delocalization for polaron formation.

In our experiment we prepared a balanced mixture of the two lowest 
hyperfine states of 6Li and adiabatically loaded around 70 atoms into 
an anisotropic two-dimensional square lattice with spacings 
(ax, ay) = (1.15, 2.3) μm and depths . E E(8 6 , 3 )r

x
r
y , where = /E h ma8r

i
i

2 2 
is the recoil energy of the respective lattice, m is the atomic mass and h 
is the Planck constant. The system is well described by the two-dimen-
sional Fermi–Hubbard model with approximately equal tunnelling 
amplitudes ti in both directions, ty/h ≈ tx/h = 170 Hz (see Methods). 
We tuned the interaction U by using the broad Feshbach resonance in 
6Li, such that U/ti = 14(1), leading to a superexchange coupling of 
J/h = 50(5) Hz. All uncertainties reported here denote one standard 
deviation of the mean. We estimate the temperature T of the system to 
be / = . −

+k T t 0 45B 1
3, where kB is the Boltzmann constant (see Methods). 

In our study, we used doublon instead of hole doping, because doublons 
are trapped by our confining potential, avoiding contamination of the 
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signal by holes created during the detection. A shown in Fig. 1, we 
realized separate settings in which doublons were allowed to hop 
between sites (Fig. 1a, left) or were pinned to a single lattice site (Fig. 1a, 
right). Mobile doublons were prepared using an increased chemical 
potential, resulting in delocalized doublons in the centre of our har-
monically confined lattice with a trapping frequency of about  
ω/(2π) = 250 Hz. For the preparation of immobile doublons we used 
a tightly focused laser beam (tweezer) at 702 nm with a waist of about 
0.5 μm to form a deep attractive local potential. By shining the tweezer 
with appropriate intensity onto a single lattice site, the deep potential 
leads to an artificially created trapped doublon at that site (see Fig. 1a). 
Our detection method22 allows us to simultaneously reconstruct the 
local spin and density within a single snapshot (see Fig. 1d). In this way, 
we can separate the spin and density sectors by measuring local spin 
correlations between two sites at positions r1 and r2 that are singly occu-
pied (indicated by the filled circles below).
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We define the value of C(r1, r2) as the bond strength between r1 and 
r2. The spin environment around doublons can be investigated with a 
three-point doublon–spin correlator, which measures the two-point 
spin correlation as a function of a detected doublon (indicated by two 
filled circles) at a third position, r0
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Here, the correlator is expressed in terms of the bond length d = r2 − r1 
of the spin correlation and the bond distance r = [(r1 + r2)/2] − r0 from 
the doublon. This three-point correlator can be understood as defin-
ing the origin in each snapshot as the position of a detected doublon 
and calculating arbitrary two-point spin correlations as a function of 
distance from that point. For a magnetic polaron, this correlator is 
expected to reveal the strongly altered spin correlations in the imme-
diate vicinity of doublons (that is, for small bond distances r). The 
remainder of this article will focus on the analysis of C(r0; r, d) for 
NN (|d| = 1), diagonal (|d| = 1.4) and next-nearest-neighbour (NNN; 
|d| = 2) spin correlations as a function of bond distance r from the 
doublons. Even in the Mott insulating regime without doping, quantum 
fluctuations of doublon–hole pairs lead to a constant background of 
detected doublons. To distinguish between doped particles and such 
naturally occurring fluctuations in our signal, we neglect double occu-
pations with holes as NNs (see Methods).

Our access to three-point correlations allows us to study the local 
distortion of magnetic correlations surrounding doublons and therefore 
the inner structure of a polaron. Spins located close to a mobile doublon 
will be affected the strongest by doublon delocalization. Hence, the 
largest signal is expected for correlations between the four spins that 
are direct neighbours of a detected doublon; those are diagonal and 
NNN correlations. The NN correlations closest to the doublon, by con-
trast, exhibit a larger bond distance and are less sensitive to polaronic 
spin distortion. Therefore, we first consider the effect of doping on 
diagonal spin correlations and analyse the correlator defined in equa-
tion (2) to evaluate spin correlations as a function of bond distance r 
from doublons.

To study the doped system, we set the chemical potential such that 
a doped region of 5 × 3 sites forms with 1.95(1) doublons per exper-
imental realization on average (see Fig. 2a). For each experimental 
snapshot, doublons are detected at different positions r0. We average 
the correlator of equation (2) over all positions in the doped region and 
obtain the average spin correlation around a single doublon C(r, d), as 
displayed in Fig. 2b for diagonal correlations (|d| = 1.4). Remarkably, 
we observe the dressing of doublons with a spin disturbance, which 

confirms the picture of a magnetic polaron. The strong effect on the 
magnetic correlations is even more pronounced in NNN correlations 
(|d| = 2) across doublons, which reverse their sign with an amplitude 
a factor of two larger than that of diagonal correlations (see Fig. 2c). 
Numerical studies at low temperature have found that NNN spin cor-
relations across dopants reverse their sign and become negative23,24, 
which has been interpreted as local spin–charge separation and a build-
ing block of incommensurate magnetism in two dimensions24,25. Our 
results show that this effect persists even at elevated temperatures. In a 
frozen-spin picture, this sign reversal can be understood from a single 
displacement of the doublon (see Fig. 1b), which turns NN spins into 
NNN ones and thus automatically mixes a strong negative NN signal 
into the otherwise positive, but weaker, NNN correlations. A similar 
reasoning also applies to the sign reversal of diagonal spin correlations. 
Because antiferromagnetic NN correlations are stronger than any other 
spin correlation even at zero temperature, the string model intuitively 
predicts this sign flip to be robust also at lower temperatures. For a high 
enough density of dopants, even local two-point diagonal spin corre-
lations (see equation (1)) can reverse their sign, as shown in Methods 
and reported in refs 26–28.

In addition, we analysed the correlations between doublons. At 
our temperature they appear anti-correlated at short distances 
and uncorrelated otherwise within our measurement uncertainty 
(see Methods). This is in agreement with other recent observations28 
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Fig. 1 | Mobile and immobile dopants with ultracold atoms. a, We 
experimentally study two-dimensional Fermi–Hubbard systems 
containing fermionic spin-up and spin-down particles (red and 
blue spheres, respectively), with mobile (left) or immobile (right) 
doublons (green), using a quantum gas microscope. In the mobile case, 
antiferromagnetic correlations close to the doublon are diminished (pink 
shading). This effect is absent in the immobile case, when the doublon 
is pinned with a focused attractive laser beam (orange). b, The hopping 
of a doublon (black arrow) in the antiferromagnetic background of the 
Fermi–Hubbard model around half-filling leads to a distorted spin order. 
With increasing delocalization, antiferromagnetically aligned spin pairs 
are turned into ferromagnetic ones (red and blue shading, highlighting 
ferromagnetic regions of different magnetization). As a consequence of 
this competition, theoretical and experimental evidence points towards 
polaron formation (see text). c, To create immobile localized doublons, we 
focus an attractive laser beam (orange) onto a single lattice site through the 
microscope, which collimates the fluorescence light (blue) for detection. 
d, Each captured image corresponds to a projected many-body quantum 
state. By employing our local Stern–Gerlach technique, we fully resolve 
spin and density (including holes, represented by white circles), enabling 
local investigation of the spin environment around doublons. As indicated 
in the reconstruced image, the Fermi–Hubbard model is implemented 
with equal tunnelling amplitudes, ty = tx, but unequal lattice spacings, 
ay = 2ax, to allow spin-resolved detection.
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and supports our treatment of each doublon as an independent fer-
mionic particle.

To demonstrate that the mobility of the doublon is key for polaron 
formation, we now investigate the effect of an artificially introduced 
localized doublon on the surrounding magnetic correlations. We set 
the chemical potential so as to prepare a system without doping and 
we adiabatically ramp up the power of an optical tweezer focused on 
a single central site while simultaneously ramping up the lattice. The 
final tweezer depth is set such that the density of that site saturates at 
1.77(1) (see Fig. 3a). We do not achieve a perfectly deterministic dou-
blon preparation in our experiments, probably because of detection 
errors and higher-band effects (see Methods). We analyse the same 
doublon-conditioned three-point correlator C(r0; r, d) for diagonal spin 
correlations, as before, with r0 fixed to the pinned site (see Fig. 3b). As 
expected, the strong spin distortion and, most importantly, the sign 
reversal of correlations is absent in this case. Instead, magnetic corre-
lations across the trapped site are only moderately reduced compared 
to the undoped background (see Fig. 3c).

To enable a quantitative study and a comparison to theoretical mod-
els, we group the three-point spin correlations by the magnitude of their 
bond distance r = |r| from doublons. Measured NN, diagonal and NNN 
spin correlations are shown in Fig. 4. The local distortion of spin corre-
lations around mobile doublons is visible in all correlators. Sign reversal 
of diagonal and NNN correlations occurs at a mean bond distance of 

one site, yielding a diameter (and estimated polaron size) of around two 
lattice sites. We compare our findings to theoretical model calculations 
carried out for the estimated temperature of our system (see Fig. 4). 
For the mobile case, an effective string model of magnetic polarons is 
used, assuming frozen spin dynamics7. Remarkably, similar amplitude 
changes of correlations, and hence a similar polaron radius, is predicted 
(also found in the exact diagonalization results of the t–J model on 
a 4 × 4 system; see Supplementary Information). Furthermore, the 
sign changes of correlations in the vicinity of the doublon are repro-
duced in this model, as seen also in Fig. 4e, f. Quantitative differences 
between the effective model and the experiment remain; however, this 
is expected owing to the moderate separation of spin and hole dynamics 
(J/t = 0.3) and the elevated temperatures in the experimental system. 
In the case of pinned doublons, two effects can be observed. First, the 
sign flip of correlations observed in the mobile case vanishes and the 
closest-distance diagonal and NNN spins appear uncorrelated; this 
is captured by an exact diagonalization calculation of the t–J model 
with zero tunnelling of the excess doublon (see Fig. 4). This can be 
explained by the fact that the doublon effectively blocks a path linking 
the spins next to it and prevents them from building up a correlation, 
given the finite temperature. Second, an enhancement of certain spin 
correlations around the pinned site is visible in the closest NN corre-
lations and distance-1 NNN correlations. This effect is expected from 
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Fig. 2 | Mobile doublons dressed by local spin disturbance. a, Density (n) 
distribution for mobile doublons. In the doped region (inner black box), 
two doublons on average delocalize in an area of 5 × 3 sites. b, Diagonal 
spin correlations, represented by bonds connecting two sites (black dots) 
and sorted according to their distance from doublons (double black 
circle at centre). Correlations are negative only in the immediate vicinity 
of a doublon and positive farther away. c, NNN spin correlations across 
and next to detected doublons. As in the case of diagonal correlations 
(b),the correlations across doublons are sign-flipped with respect to the 
antiferromagnetic background value. Our experimental results confirm 
the formation of a magnetic polaron, in which doublons are dressed by a 
local spin distortion (see Fig. 1a, left).
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Fig. 3 | Spin correlations around trapped doublons. a, Density 
distribution for pinned doublons. An attractive laser beam (tweezer; 
702 nm) focused on a single site artificially increases the density in an 
undoped system at a specific site to about 1.77(1). b, Diagonal spin 
correlations around doublons trapped in the tweezer. The sign-flipped 
spin distortion vanishes, in contrast to the mobile case. c, NNN spin 
correlations across and next to pinned doublons. Although spins across the 
trapped doublon are uncorrelated, correlations neighbouring the trapped 
doublon are slightly enhanced compared to the background value (see 
Fig. 4c). Trapping doublons with a tweezer beam prevents the competition 
between kinetic and magnetic energy and suppresses polaron formation 
(see Fig. 1a, right).
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local energy shifts around the pinned site that are caused by the finite 
extent of the optical-tweezer beam (see Methods). Those energy shifts 
lead to a locally enhanced superexchange coupling J and can there-
fore cause stronger correlations. Exact diagonalization calculations at 
finite temperature with up to 10% increased superexchange coupling 
in the vicinity reproduce our experimental correlation enhancement 
(see Methods). Nonetheless, correlations across the doublon and the 
shortest-distance diagonal correlations are almost unaffected by this 
small systematic enhancement.

We have presented single-particle-resolution imaging of a magnetic 
polaron in a doped Fermi–Hubbard system by revealing the dressing 
of mobile doublons with a spin distortion. We identified a compact 
polaron size of about two sites and characterized its inner structure, 
in which spin correlations can exhibit even sign reversal compared to 

the undoped system. Our findings qualitatively agree with numerical 
predictions. Artificially localizing the doublon considerably reduces 
the spin distortion and the sign flip disappears, as the competition 
between kinetic and magnetic energy is suppressed. The ability to spa-
tially resolve the dressing cloud of polarons enables a fundamentally 
new approach to experimentally characterizing such quasiparticles at 
the microscopic level and could be applied to study the polaron physics 
of impurities immersed in bosonic29 or fermionic gases30 and provide 
observables for the exploration of strongly correlated phenomena and 
their microscopic origin. In the future, the effective mass or the quasi-
particle weight of the polaron could be probed by transport19,20 or spec-
troscopic methods31. By implementing larger and more homogeneous 
systems, as well as new cooling schemes18,32,33, a microscopic study of 
polaron–polaron interactions and the crossover from polarons to the 
emergence of pseudogap, strange-metal and stripe phases or pairing 
is within reach.
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at larger distances to a value approaching the undoped antiferromagnetic 
value, represented by the grey band at distance ∞ with a width of 2 s.e.m. 
The string model (green in d–f) predicts similar correlation changes 
with bond distance, as well as the sign reversal of diagonal and NNN 
correlations. For pinned doublons, the diagonal and NNN correlations 
at the smallest bond distance are not sign-flipped and the polaronic 
distortion is strongly reduced. The amplitude of the remaining weakening 
of the magnetic correlations is consistent with exact diagonalization 
calculations of a trapped doublon (black in d–f). Owing to the finite 
tweezer size (see text), a slight enhancement of NN and NNN correlations 
around a distance of one site is visible in the experiment, which can be 
captured by exact diagonalization with 10% enhanced spin exchange on 
neighbouring sites (grey band).
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Methods
Experimental sequence. The preparation of cold Fermi–Hubbard systems closely 
followed the procedure described in Salomon et al.21. We started by preparing a 
balanced mixture of the two lowest hyperfine states of fermionic 6Li (hyperfine 
and magnetic quantum numbers of F = 1/2 and mF = ±1/2), which was harmon-
ically confined in a single two-dimensional plane of a E40 r

z-deep optical lattice 
with 3.1 μm spacing in the z direction. The final atom number was set by the 
evaporation parameters. Subsequently, we ramped the depth of the x and y lattices 
with spacings of ax = 1.15 μm and ay = 2.3 μm linearly from E0 r

i to their final 
values of . E8 6 r

x and E3 r
y within 210 ms. The final lattice depths were optimized 

with undoped Mott insulators to give strong and isotropic spin correlations. From 
band-width calculations we extracted the tight-binding NN tunnelling amplitudes 
tx/h = 170 Hz and ty/h = 180 Hz. The NNN tunnelling amplitude along the  
y direction was below 0.1ty. Using the broad Feshbach resonance of 6Li, the  
scattering length was tuned during the lattice ramp from 350aB to 2150aB in two 
linear ramps, where aB denotes the Bohr radius. The first one ramped to 980aB 
within 150 ms and the second ramp increased the scattering length to 2150aB in 
60 ms. By applying a local Stern–Gerlach detection technique22 and subsequent 
Raman sideband cooling in a pinning lattice34, the local spin and density of each 
lattice site was obtained with an average fidelity of 97%.
Data analysis. The work presented here used a dataset for pinned doublons and 
one for mobile doublons consisting of 33,669 and 9,002 images, respectively. In the 
analysis, we considered only shots with total spin ∣ ∣ ≤ .S 3 5z

tot , in order to filter out 
fluctuations in our spin detection scheme21 and strongly magnetized clouds. This 
corresponds to a maximum allowed magnetization of ∣ ∣/ ≈ .S N 0 05z

tot  and approx-
imately 68% of the images recorded. All further analysis was performed on lattice 
sites with a mean density of n ≥ 0.7. This region corresponds to the sites shown in 
Figs. 2a, 3a for the mobile and pinned cases, respectively. To exclude clouds heated 
from inelastic three-body collisions, images with a total number of holes of 
∑ ≥n 8ROI h  contained in this region of interest were discarded (which amounts 
to neglecting around 16% of the data). Computing the doublon–hole correlation 
function ⟨ ⟩ ⟨ ⟩ ⟨ ⟩= / −g n n n n[ ˆ ˆ ( ˆ ˆ )] 12 d h d h  reveals doublon–hole bunching at NN 
distances (see Extended Data Fig. 1), which indicates the presence of doublon–hole 
fluctuations. To distinguish between doped excess doublons and doublon–hole 
fluctuations, we excluded doublons with holes as NNs from the analysis. The result-
ing dataset statistics after processing is shown in Extended Data Fig. 2 for the 
mobile case.
Doping calibration. To control the doping, we measured the number of double 
occupations per number of atoms (Ndoub/N) in our system as a function of the 
mean atom number N (see Extended Data Fig. 3a), which is set by our final evap-
oration parameters. For low atom numbers, the doublon fraction saturates below 
4%, which we attribute to quantum fluctuations in the form of doublon–hole pairs. 
The background of doublon–hole fluctuations is confirmed by discarding doublons 
with holes as NNs, obtaining the curve of doped doublons versus total atom num-
ber shown in Extended Data Fig. 3b. For low atom numbers, no doped doublons are 
present, whereas at higher atom numbers finite doping sets in. To probe individual 
mobile doublons in the Fermi–Hubbard model, we used systems with about 72 
atoms and around two doped doublons. To study the effect of localized doublons 
created using an optical tweezer (see below), we used smaller systems with around 
55 atoms to avoid the effect of doping.
Tweezer depth calibration. For the pinned doublon case, we ramped the power of 
an optical tweezer beam focused on a single lattice site to its final value simultane-
ously with the x and y lattice depth. The tweezer depth was calibrated in a separate 
measurement by determining the density of the target site as a function of the final 
tweezer power. As shown in Extended Data Fig. 4, the density first increases with 
power and then saturates below 1.8, independent of higher final powers. The total 
detected local density n of 1.77 is n = 3 × nt + 2 × nd + 1 × ns + 0 × nh, where nt, 
nd, ns and nh are the triplon, doublon, singlon and hole density, respectively. For our 
measurement of localized doublons, we set the tweezer depth to the value at which 
the density starts saturating. At this tweezer power, the hole density at that site is 
nh = 0.07, the singlon density is ns = 0.13, the doublon density is nd = 0.74 and a 
small triplon density of nt = 0.05 exists, which we attribute to imperfections in the 
detection of doublons, imperfections in the loading procedure and coupling of the 
y direction to higher bands. In combination with our finite imaging fidelity of 97%, 
this explains why a deterministic preparation of the doublon is not fully achieved.
Tweezer effect on neighbouring sites. Considering our experimental point-spread 
function and our numerical aperture of 0.5, the intensity of the 702-nm light radi-
ally falls off to 30% at a distance of 600 nm from the maximum. Our point-spread 
function furthermore shows two asymmetric distorted side-maxima with around 
10% intensity, and imperfections in our compensation of the chromatic focal 
shift between our imaging light at 671 nm and the tweezer beam at 702 nm will 
lead to a finite-energy shift on neighbouring sites. The total tweezer depth can be 
approximated by the interaction energy U, and we expect that neighbouring sites 
(especially in the x direction) are shifted in energy by up to 0.3U. Such a detuning 

alters the spin exchange between those sites according to J = 2t2[1/(U + Δ) + 1/
(U − Δ)] (ref. 35). As mentioned in the main text, this explains the enhancement of 
certain spin correlations around the pinned site and is consistent with the slightly 
increased average densities on the left (right) of the pinned site in the x direction 
to 1.024(5) (1.059(5)). When modelling this effect in exact diagonalization calcu-
lations, an enhanced spin exchange of 10% between all eight sites surrounding the 
pinned doublon was assumed.
Temperature estimation. To estimate the temperature of the clouds, we compared 
the loss-corrected NN spin correlations ⟨ ⟩+S Sr r e

z z
i

, where ei = {ex, ey}, close to 
half-filling with numerical linked-cluster expansions up to ninth order for homo-
geneous systems36. We used Wynn’s algorithm37 to sum the terms of the series and 
obtain NN spin correlations as a function of the density for U/t = 13. This value is 
the lowest estimate of the interaction strength U and takes into account the renor-
malization for low lattice depths38. The experimental spin correlations as a function 
of density were obtained by averaging over sites with local densities between 0.9 
and 1.1 in bins ranging from 0.02 to 0.04 to collect enough statistics. We find that 
our experimental correlations compare well with numerical linked-cluster expan-
sion results at a temperature of T ∈ [0.43t, 0.46t] (see Extended Data Fig. 5). To 
account for the uncertainty in the exact interaction U, we conservatively estimate 
our temperature to be / = . −

+k T t 0 45B 1
3  (see Extended Data Fig. 5). Neither the 

experimental nor the numerical results have a substantial dependence on temper-
ature with respect to such temperature changes.
Doublon–doublon correlations. Possible interactions between doped excess 
doublons can be detected by the normalized density–density g2 correlation func-
tion ⟨ ⟩ ⟨ ⟩ ⟨ ⟩= / −r r r r r rg n n n n( , ) [ ˆ ( ) ˆ ( ) ( ˆ ( ) ˆ ( ) )] 12 1 2 d 1 d 2 d 1 d 2 . Here, the operator n̂d 
measures the density of real excess doublons without doublon–hole fluctuations. 
As seen in Extended Data Fig. 6, doublons are anti-correlated at short distances 
and quickly become uncorrelated within our measurement precision. The 
anti-correlation is expected for free fermions and our current statistical uncer-
tainty does not allow us to resolve possible small interaction effects at the realized 
temperature.
Extended polaron analysis. The spin correlator C(r, d) discussed in the main 
text was used to determine the polaronic spin environment of mobile doublons. 
This correlator is the result of averaging C(r0; r, d) over the positions r0 of mobile 
doublons. Here we show that the spin distortion is consistently dressing the dou-
blon, independently of the position in the trap. We study the NN, diagonal and 
NNN correlations with the shortest bond distance r to the doublon as a function of 
position r0. To maintain a sufficiently high signal-to-noise ratio, we average bonds 
isotropically. Furthermore, we contrast this to the case in which the position r0 is 
singly occupied instead

⟨ ⟩
∙ ∙ ∙

≡ =r r r r rC C S Sd( ; , ) ( ; , ) 4 (3)r r rsinglon 0 singlon 0 1 2 r r
z z

0 1 21 2

The total correlation strength for those two different cases is shown in Extended 
Data Fig. 7 as a function of position r0 in the system for NN, diagonal and NNN 
correlations. A strong difference in the local spin environment is observed, depend-
ing on whether a doublon or singlon is present at a specific site. The spin distortion 
that dresses the doublon is strongest for NNN correlations and weakest for NN 
correlations, which can be understood by considering that NNN correlations are 
much closer (bond distance 0) to the doublon than NN correlations (bond dis-
tance of 1.1). When a singlon occupies a certain position, the strong spin distortion 
is absent. In this case, the spin correlation surrounding the singlon does not fully 
return to the background value of an undoped system, because polarons are still 
present in the system and their average distance from the singlon is of the order of 
one to two lattice sites. This is also responsible for the varying correlation strength 
of singlons at different positions. When the singlon is considered in regions of 
higher density, the average distance to polarons decreases, leading to a parasitic 
reduction in correlation strength.
Diagonal two-point spin correlations. Two-point spin correlations along the lat-
tice diagonal are shown in Extended Data Fig. 8. In regions with high doublon den-
sity (see lattice site positions in Fig. 2a), these two-point correlations flip their sign.
NN spin correlations. Two- and three-point NN spin correlations (equations (1), 
(2) with |d| = 1) are shown in Extended Data Fig. 9. The spin distortion dressing 
mobile doublons is also visible here. Nonetheless, as explained above, the signal-to-
noise ratio is weaker than for the other correlators. In Extended Data Fig. 9c, NN 
correlations are shown for the case of pinned doublons. The local enhancement 
of correlations is visible at the closest bond distance.

Data availability
The datasets generated and analysed during this study are available from the cor-
responding author upon reasonable request.
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Extended Data Fig. 1 | Doublon–hole correlation. Two-point correlation 
function g2 between double occupations and holes, showing a strong 
bunching effect at NN distances. This motivates us to neglect double 
occupations with holes as NNs in the analysis of mobile doublons.



LetterRESEARCH

Extended Data Fig. 2 | Dataset statistics for the measurement of mobile 
doublons. a–c, Distribution of the number of atoms (a), spins (b) and 
holes (c) in the region with density greater than 0.7. Red bars in c indicate 

shots discarded by the applied hole filter (see text). d, Number of mobile 
doublons (doublon–hole fluctuations subtracted) in the doped 5 × 3-site 
region.
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Extended Data Fig. 3 | Doping calibration. a, b, When scanning our final 
evaporation parameters, we measured the fraction of double occupations 
(a)and the number of doped doublons (b; excluding doublon–hole 
fluctuations) in the system as a function of the mean total atom number, 
N. Statistical error bars are smaller than the marker size. Pinned doublon 
measurements were taken in an undoped system (pink bar). For the 
mobile doublon dataset, settings for weak doping were used (purple bar). 
The bar width represents the standard deviation, obtained from atom 
number fluctuations.
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Extended Data Fig. 4 | Calibration of tweezer power. Density of the 
lattice site on which the tweezer is focused as a function of final tweezer 
power. Error bars denote one s.e.m. For the realization of pinned doublons 
the power was set to 0.11 (arbitrary units).
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Extended Data Fig. 5 | Temperature estimation. Two-point NN spin 
correlations as a function of binned density. Error bars denote one s.e.m. 
Upper (lower) values of the purple band correspond to temperatures of 
T/t = 0.43 (0.46) in numerical linked-cluster expansions at U/t = 13.
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Extended Data Fig. 6 | Radially averaged doublon–doublon correlation 
function, g2. In our system, excess doublons appear anti-correlated at 
short distances and quickly become uncorrelated at longer distances. Error 
bars denote one s.e.m.
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Extended Data Fig. 7 | Extended polaron analysis. a, Comparison of 
the local spin environment around a lattice site r0 occupied by a doublon 
(double black circle) or a singlon (single black circle). To simplify the 
notation, site positions in the doped region of our system are labelled from 
0 to 15 (see inset at right). At any position in the 5 × 3-site system, spin 
distortion is present in NN (b), diagonal (c) and NNN (d) correlations 

whenever a doublon is detected (blue), and absent whenever a singlon 
is detected (red). Error bars denote one s.e.m. NNN correlations are 
measured across doublons and have a high signal-to-noise ratio, which we 
attribute to their short bond distance of 0, compared to, for example, NN 
correlations (bond distance of 1.1).
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Extended Data Fig. 8 | Diagonal two-point spin correlations. Spin 
correlations in the central region (see lattice site positions in Fig. 2), 
represented by bonds connecting the two sites (black dots). At the centre, 
a clear reduction of correlations from the positive antiferromagnetic 
background value is visible. In the area of highest doublon density, 
correlations even flip sign and become negative.
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Extended Data Fig. 9 | NN correlations around mobile or pinned 
doublons. a, Two-point NN correlations in the central region for the 
mobile doublon setting, represented by colored bonds between lattice sites 
(black dots). b, NN spin correlations as a function of distance from mobile 

doublons. c, NN correlations around pinned doublons. The enhancement 
effect of correlations is visible in the strong bonds surrounding the 
trapping site.
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