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            Abstract
Periodic driving can be used to control the properties of a many-body state coherently and to realize phases that are not accessible in static systems. For example, exposing materials to intense laser pulses makes it possible to induce metal–insulator transitions, to control magnetic order and to generate transient superconducting behaviour well above the static transition temperature1,2,3,4,5,6. However, pinning down the mechanisms underlying these phenomena is often difficult because the response of a material to irradiation is governed by complex, many-body dynamics. For static systems, extensive calculations have been performed to explain phenomena such as high-temperature superconductivity7. Theoretical analyses of driven many-body Hamiltonians are more challenging, but approaches have now been developed, motivated by recent observations8,9,10. Here we report an experimental quantum simulation in a periodically modulated hexagonal lattice and show that antiferromagnetic correlations in a fermionic many-body system can be reduced, enhanced or even switched to ferromagnetic correlations (sign reversal). We demonstrate that the description of the many-body system using an effective Floquet–Hamiltonian with a renormalized tunnelling energy remains valid in the high-frequency regime by comparing the results to measurements in an equivalent static lattice. For near-resonant driving, the enhancement and sign reversal of correlations is explained by a microscopic model of the system in which the particle tunnelling and magnetic exchange energies can be controlled independently. In combination with the observed sufficiently long lifetimes of the correlations in this system, periodic driving thus provides an alternative way of investigating unconventional pairing in strongly correlated systems experimentally7,9,10.
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                    Figure 1: Experimental set-up.[image: ]


Figure 2: Description of the driven system by an effective Hamiltonian in the high-frequency regime.[image: ]


Figure 3: Enhancement and sign reversal of magnetic correlations by near-resonant driving.[image: ]


Figure 4: Magnetic exchange energy for off- and near-resonant driving.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Time dependence of magnetic correlations for near-resonant driving.
Nearest-neighbour spin–spin correlator C for the same lattice configuration as in Fig. 3, as a function of the modulation time after the ramp up of the drive. The data allow us to compare the formation and decay of magnetic correlations for two specific sets of interactions and modulation frequencies with the level of correlations in the static case (black). For a driving strength of K0 = 1.30(3) and with U/h = 3.8(1) kHz and ω/(2π) = 3 kHz (red), antiferromagnetic correlations increase with time and reach a level higher than the static case (black, U/h = 3.8(1) kHz). If the interaction is smaller than the driving frequency (blue, U/h = 4.4(1) kHz, ω/(2π) = 6 kHz), then the correlations switch sign and become ferromagnetic after a few milliseconds. For long times, the correlations in each configuration decrease as a result of heating in the lattice. Solid lines show exponential fits of the full data in the static case (grey) and to modulation times longer than 4 ms in the driven lattice for U > ħω (red). The difference between the data and the dashed component of the fit (red) indicates an initial increase in the correlations. The extracted lifetimes decrease from 82(34) ms without drive to 12(4) ms at K0 = 1.30(3). All measurements are averaged over one modulation cycle. Data points and error bars denote the mean and standard error of 13 individual measurements at different times within one driving period (see Methods).

                          Source data
                        


Extended Data Figure 2 Micromotion for near-resonant driving.
a, b, Nearest-neighbour spin–spin correlator C for the lattice configuration in Fig. 3 and K0 = 1.30(3), as a function of modulation time after the ramp up of the drive, sampled within one oscillation period. We observe substantial micromotion both for the case of enhanced antiferromagnetic correlations (a; U/h = 3.8(1) kHz and ω/(2π) = 3 kHz) and for ferromagnetic correlations (b; U/h = 4.4(1) kHz and ω/(2π) = 6 kHz). For a different set of parameters in the measurement of the micromotion it should be also possible to switch between antiferromagnetic and ferromagnetic correlations within one driving cycle. The open symbols represent a reference measurement in the static case with all other parameters being equal. Solid lines are sinusoidal fits to the data, which results in a fitted frequency of [image: ] (a) or [image: ] (b). Error bars denote the standard error of 10 independent measurements.

                          Source data
                        


Extended Data Figure 3 Adiabaticity of the modulation ramp in the many-body system.
a, Starting from the static lattice, the modulation amplitude is ramped up and subsequently kept at a fixed value to allow for a 5 ms equilibration time. The ramp up time depends on the chosen configuration and is 3.333 ms (2 ms) for a modulation frequency of ω/(2π) = 3 kHz (6 kHz). We start the detection of nearest-neighbour spin–spin correlations C in the effective Hamiltonian Heff by quenching the tunnelling to zero as we ramp up the lattice depth in all directions during the modulation within 100 μs. To estimate the adiabaticity of the final state, we perform a second type of measurement in which we revert the driving ramp and subsequently wait an additional 5 ms before the detection in the reverted static Hamiltonian [image: ]. If the ramp scheme of the modulation is fully adiabiatic, we expect a reversal of the correlations to their static value. b, The nearest-neighbour spin–spin correlator C is plotted against the modulation amplitude in the off-resonant driving regime (U/h = 0.93(2) kHz, ω/(2π) = 6 kHz). The filled green circles are measured in the modulated system (same data as in Fig. 2b) and the open green circles after ramping off the modulation. The correlations no longer reach the level of the static case at K0 = 0 after reverting the ramp. We attribute this to some extent to a reduced lifetime of correlations, which is found to be 14(5) ms at K0 = 1.26(4), compared to 92(16) ms in the static case. c, Spin–spin correlator for different driving strengths K0 in the near-resonant regime for U < ħω (blue; U = 4.4(1) kHz, ω/(2π) = 6 kHz) and in the regime of enhanced antiferromagnetic correlations (red; U/h = 3.8(1) kHz, ω/(2π) = 3 kHz). Filled data points represent the effective states in the modulated system and open data points are measured after ramping off the modulation. Again, correlations do not reach the static value after reverting the driving ramp, owing to the finite lifetime (see also Extended Data Fig. 1). Data points and error bars denote the mean and standard error of 10 individual measurements at different times within one driving period (see Methods).

                          Source data
                        


Extended Data Figure 4 Analytical and numerical treatment of a driven double well.
a, Quasi-energy spectrum for two particles in a double well as a function of the onsite interaction U for off-resonant driving (t/h = 350 Hz, K0 = 1.5, ω/(2π) = 8 kHz). Each of the four Floquet states representing the quasi-energy spectrum is shown in a distinct colour. The grey lines show the energy spectrum without modulation. For [image: ], the ground state is the spin singlet |s〉 and the first excited state is the triplet |t〉. To lowest order, the driving renormalizes the tunnelling by a zeroth-order Bessel function [image: ]. b, Calculated exchange energy Jex,off-res (see Methods), defined as the energy difference between the spin singlet and triplet states (see a), as a function of the driving amplitude K0 for an off-resonant modulation (t/h = 350 Hz, U/h = 2.1 kHz, ω/(2π) = 8 kHz; compare with Fig. 4b). The dashed line is the analytical result derived from a high-frequency expansion of the effective Hamiltonian; the solid line is the result of a numerical calculation. The exchange energy is reduced to small values as the tunnelling is renormalized by the zeroth-order Bessel function J0(K0). For large modulation amplitudes, deviations from the result obtained from an expansion up to order 1/ω can be observed. Here, the exchange already becomes weakly ferromagnetic owing to the finite value of the interaction. c, Floquet spectrum of the double-well system as a function of the interactions U for near-resonant driving (t/h = 640 Hz, K0 = 0.8, ω/(2π) = 8 kHz). The grey lines show the energy spectrum without periodic modulation. The drive couples the singlet state to a state that contains double occupancy, which leads to an avoided crossing at U ≈ ħω. As a result, a gap opens that is to lowest order given by 4J1(K0). d, Dependence of the exchange energy Jex,res on the modulation amplitude in the near-resonant regime for two different detunings with t/h = 640 Hz and ω/(2π) = 8 kHz (blue, U/h = 6.5 kHz; red, U/h = 9.1 kHz; compare with Fig. 4c). The dashed line is the analytical result (see Methods) derived from a high-frequency expansion of the effective Hamiltonian; the solid line is the result of a numerical calculation. For U > ħω the exchange energy is greatly increased, whereas for U < ħω it changes sign to ferromagnetic behaviour. In both driving regimes, the analytical result is in very good agreement with the numerics. Our measurements of the exchange energy in Fig. 4 agree well on a qualitative level with the theoretical expectation.


Extended Data Table 1 Summary of experimental parametersFull size table
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        Editorial Summary
Magnetic correlations cracked
Periodically driven many-body systems are versatile platforms for investigating new phases of matter, but the study of their dynamics is much more demanding than that of their static counterpart. Here, Tilman Esslinger and colleagues use a degenerate Fermi gas of ultracold potassium atoms loaded into an optical superlattice to probe the magnetic correlations in a driven fermionic many-body system. They find that antiferromagnetic correlations can be reduced, enhanced or even switched to ferromagnetic correlations. For near-resonant driving, the observed enhancement and sign reversal of the magnetic correlations can be explained with a microscopic model that features particle tunnelling and magnetic exchange energies as independently tunable parameters.
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