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            Abstract
Engineered, highly controllable quantum systems are promising simulators of emergent physics beyond the simulation capabilities of classical computers1. An important problem in many-body physics is itinerant magnetism, which originates purely from long-range interactions of free electrons and whose existence in real systems has been debated for decades2,3. Here we use a quantum simulator consisting of a four-electron-site square plaquette of quantum dots4 to demonstrate Nagaoka ferromagnetism5. This form of itinerant magnetism has been rigorously studied theoretically6,7,8,9 but has remained unattainable in experiments. We load the plaquette with three electrons and demonstrate the predicted emergence of spontaneous ferromagnetic correlations through pairwise measurements of spin. We find that the ferromagnetic ground state is remarkably robust to engineered disorder in the on-site potentials and we can induce a transition to the low-spin state by changing the plaquette topology to an open chain. This demonstration of Nagaoka ferromagnetism highlights that quantum simulators can be used to study physical phenomena that have not yet been observed in any experimental system. The work also constitutes an important step towards large-scale quantum dot simulators of correlated electron systems.
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                    Fig. 1: Device schematic and Nagaoka model.[image: ]


Fig. 2: Experimental protocol.[image: ]


Fig. 3: Main signature of Nagaoka ferromagnetism.[image: ]


Fig. 4: From ring to chain.[image: ]


Fig. 5: Applying an external magnetic field.[image: ]


Fig. 6: Local energy offsets.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Charge stability diagram of the relevant voltage regions.
a, Measured charge stability diagram showing both point N and point M, as highlighted in Fig. 2a. b, Measured charge stability diagram focusing on the 2001:1101 charge transition, where spin measurements are performed (point M).


Extended Data Fig. 2 Tuning the gate voltages to the Nagaoka condition using charge stability diagrams.
a, Sample charge stability diagram where we have highlighted the visible interdot transitions, where the electrochemical potentials of two dots become resonant (that is, an electron is allowed to tunnel between the two dots). b, Charge stability diagram similar to a, where we have modified gates P1 and P3 such that the interdot transitions appear at different locations in the diagram. Dashed black lines delimit the regions with a fixed total electron occupation in the system. c, In this diagram, gates P1 and P3 have been tuned to observe the Nagaoka condition, where the three visible interdot transitions are aligned in the three-electron configuration. The intersite interaction in the system provides an effective isolation from the reservoirs for a narrow range of gate voltages, such that the system can remain stable with three electrons in the resonant configuration.


Extended Data Fig. 3 Effects of spin-coupling mechanisms.
Calculated spectra of the system in the region of pÎµ close to the level crossing of the sÂ =Â 1/2 and sÂ =Â 3/2 energies, comparing the effects of different mechanisms for spin coupling. a, Spectrum without any spin coupling effects. b, Spectrum including only spinâ€“orbit coupling (SOC) effects. c, Sample spectrum with both spinâ€“orbit and hyperfine induced Overhauser field gradients, using a single combination of hNa fields (as defined in theÂ Supplementary Methods) selected from a normal distribution with standard deviation Î´NÂ =Â 73Â neV. TheÂ Supplementary Methods describe the implementations of these spin-coupling terms in the theoretical model.


Extended Data Fig. 4 Characterization of the Nagaoka condition.
a, Average PT in the detuning region 1.00Â < pÎµ <Â 1.01 for 40 values of Ï„ramp within the same range shown in Fig. 3. Solid lines are fits using the time evolution simulations described in theÂ Supplementary Methods, for different values of distance \(\ell \) between neighbouring dots. Inset shows the unscaled results of the time-evolution simulations, where the probability of sÂ =Â 3/2 is the sum of the lowest four eigenstate probabilities from the final evolved state. b, Thermal relaxation measurements. PT is measured for increasing wait times at point N, for diabatic (blue) and adiabatic (red) passages. Solid lines are exponential fits as guide to the eye.


Extended Data Fig. 5 Ab initio simulations from 2D to 1D.
a, Schematic of the methodology used in the ab initio simulations to reproduce the effect of the four-dot system transition from a 2D plaquette to a 1D chain. We gradually vary the angle Î¸, which effectively varies the distance between two of the dots. b, c, The ground-state energy and spin configuration (b) and the ferromagnetic to low-spin energy gap Î”E as a function of Î¸ (c). The ground state soon becomes a low-spin state for the rotating angle at 0.3Â°.


Extended Data Fig. 6 Ab initio simulations for local energy offsets.
a, Schematic of the methodology used in the ab initio simulations to reproduce the effect of a local energy offset. The amplitude of the potential V of one of the quantum wells is changed by an amount dV. The variation of the single-well potential by positive or negative dV gives unbalanced site energies. Besides, with the change of eigenstate basis, the hybridization and interaction parameters are also affected in the ab initio calculation. b, c, The ground-state energy and spin configuration (b) and the ferromagnetic to low-spin energy gap Î”E as a function of dV (c). When the potential detuning is dVÂ =Â 0.11Â meV or dVÂ =Â âˆ’0.07Â meV, the system undergoes a transition to a low-spin ground state. The transitions at these two directions have a different nature, as drawn in the insets. For dVÂ >Â 0, the particular quantum dot is deeper and tends to trap more electrons. However, a negative dV raises the energy cost on the particular quantum well and leads to a lower probability of occupation in a three-electron system. Without the â€˜mobileâ€™ hole in the â€˜half-filledâ€™ system, the ground state becomes a low-spin state instead of a Nagaoka ferromagnetic state.


Extended Data Fig. 7 Local energy offsets on all dots.
Same measurement as in Fig. 6, applying the Â±50Â Î¼eV offset on each of the four dots. Panels correspond to offsets in dots 1 to 4, clockwise from the top left. Note that the asymmetry in the plots is related to the fact that the local energies at point M are in an asymmetric detuning configuration and we pulse linearly from this configuration to point N. As expected, the simulated energies of the different spin states at point N (pÎµÂ =Â 1), are the same in all four plots.


Extended Data Fig. 8 Large local offsets.
Each pair of panels show experimental measurements (left) and simulated spectra (right), where point N has been redefined such that the chemical potential of dot 1 is offset by the amount shown on the top right of each panel. Green crosses highlight the detuning points used to obtain the values in Fig. 6b. For experimental plots, these points where obtained using a peak-finding algorithm (local maxima by simple comparison with neighbouring values); for simulated plots, the points correspond to the energy-level crossings.
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