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            Abstract
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 state2,3,4,5,6,7; 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.
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                    Fig. 1: Mobile and immobile dopants with ultracold atoms.[image: ]


Fig. 2: Mobile doublons dressed by local spin disturbance.[image: ]


Fig. 3: Spin correlations around trapped doublons.[image: ]


Fig. 4: Spin correlations as a function of bond distance from doublons.[image: ]
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Extended data figures and tables

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.


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.


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.


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).


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.


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.


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).


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.


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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