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            Abstract
Resistive switching, a phenomenon in which the resistance of a device can be modified by applying an electric field1,2,3,4,5, is at the core of emerging technologies such as neuromorphic computing and resistive memories6,7,8,9. Among the different types of resistive switching, threshold firing10,11,12,13,14 is one of the most promising, as it may enable the implementation of artificial spiking neurons7,13,14. Threshold firing is observed in Mott insulators featuring an insulator-to-metal transition15,16, which can be triggered by applying an external voltage: the material becomes conducting (‘fires’) if a threshold voltage is exceeded7,10,11,12. The dynamics of this induced transition have been thoroughly studied, and its underlying mechanism and characteristic time are well documented10,12,17,18. By contrast, there is little knowledge regarding the opposite transition: the process by which the system returns to the insulating state after the voltage is removed. Here we show that Mott nanodevices retain a memory of previous resistive switching events long after the insulating resistance has recovered. We demonstrate that, although the device returns to its insulating state within 50 to 150 nanoseconds, it is possible to re-trigger the insulator-to-metal transition by using subthreshold voltages for a much longer time (up to several milliseconds). We find that the intrinsic metastability of first-order phase transitions is the origin of this phenomenon, and so it is potentially present in all Mott systems. This effect constitutes a new type of volatile memory in Mott-based devices, with potential applications in resistive memories, solid-state frequency discriminators and neuromorphic circuits.
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                    Fig. 1: Voltage-triggered IMT and cooling time.[image: ]


Fig. 2: Subthreshold firing and memory effect in VO2.[image: ]


Fig. 3: Metal-to-insulator relaxation dynamics from reflectivity.[image: ]


Fig. 4: Simulations of subthreshold triggering and persistent domains in VO2.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Temperature- and voltage-induced IMT in V2O3.
a, Resistance versus temperature in a V2O3 nanodevice. Both the heating and cooling branches are shown. b, Main panel, current versus time when a 200-ns voltage pulse is applied to the device at 132 K. Results for two voltage amplitudes are shown: subthreshold (0.6 V; in blue) and super-threshold (0.7 V; in red). Inset, the probability of firing the IMT (PTrigger) as a function of the voltage amplitude (VApplied). This probability was obtained by observing how many times the IMT was triggered in 100 pulses. The error bars were calculated using the standard deviation of the binomial distribution.


Extended Data Fig. 2 Subthreshold firing and memory effect in V2O3.
a, Applied voltage as a function of time. The pump–probe procedure consists of a super-threshold pulse first applied to trigger the IMT, followed, after a delay time τ, by a subthreshold probe pulse. The dashed line shows VThreshold. b, Current versus time at T = 130 K when the voltage shown in a is applied with a delay τ = 100 μs between the pulses. The transition is triggered in both cases. c, Probability that the probe pulse will trigger the IMT (PTrigger) as a function of τ, at T = 130 K. This probability was obtained by observing how many times the IMT was triggered in 100 pulses. The error bars were calculated using the standard deviation of the binomial distribution. PTrigger is plotted for different VProbe amplitudes: 0.5VTh, 0.6VTh, 0.7VTh and 0.8VTh (see key; VTh = VThreshold). Solid lines are fits to curves of the type αt−β + γ, where α, β and γ are fitting parameters obtained by the least-squares method. d, Delay time τ50%, at which the firing probability is 50%, plotted against T for a pulse with amplitude 0.6 VThreshold. τ50% was calculated using the fitting curves shown in c. Error bars were derived by uncertainty propagation, using the standard error of the fit.


Extended Data Fig. 3 Frequency discrimination using subthreshold firing in VO2.
a, Top panels, voltage pulses applied to the gap versus time. The first super-threshold pulse is followed by a series of subthreshold voltages separated by 10 μs (left) or 5 μs (right). Bottom panels, current versus time when the pulses are applied. Note that when the pulse separation is 5 μs, each voltage pulse refreshes the memory of the device, allowing for repeated subthreshold firing. The temperature was 330 K. b, Attenuation of a sinusoidal signal through a nanodevice as a function of the signal frequency. The output voltage was measured on a 50-Ω load resistor. Several signal amplitudes are shown (see key; Vth = VThreshold). The device was initiated with a super-threshold voltage pulse before the sine signal was sent. The temperature was 325 K.


Extended Data Fig. 4 COMSOL Multiphysics simulations.
a, Voltage versus current in a 100-nm VO2 nanogap. A 260-Ω load resistance was used to mimic contact resistance in the probe station. Base temperature in the simulation was 325 K. b, Current versus time when 200-ns voltage pulses of different amplitude are applied at t = 0 ns. The simulation temperature was 325 K. Different voltage amplitudes are used: 1.89 V (<VThreshold), 1.90 V, 2.00 V and 2.11 V. Note that the delay times are of the order of nanoseconds or tens of nanoseconds, similar to the experimental results.


Extended Data Fig. 5 Landau-type model of resistive switching.
a, Schematic representation of the resistor network used to model VO2. Each node of the network is connected to its nearest neighbours by a resistor. The value of the resistor depends on the local state: metallic (dark grey) or insulating (white). A load resistor (Rload) is placed in series with the network. b, Free energy (F) as a function of the order parameter η for three different temperatures (331 K, 340 K and 349 K). The node is metallic if η < 0 and insulating for η > 0.


Extended Data Fig. 6 Simulation results.
a, Resistance (R) versus temperature (T) of the simulated network. b, Simulated current (I) versus voltage (V) at T = 330 K. c, Simulated current (I) versus VSample at T = 330 K. d, τ50% versus temperature. τ50% is defined as the time at which there is a 50% probability of triggering the transition with a voltage pulse amplitude of 0.6 VThreshold, using a pump–probe protocol similar to the experiments. e, Probability (PTrigger) that a probe pulse with amplitude 0.6 VThreshold will trigger the transition as a function of the separation time between pulses (τ). The simulation temperature was 335 K.





Supplementary information
Video 1
: Simulated subthreshold firing using a resistive network model. Simulated triggering of the IMT by two voltage pulses. The first pulse is above VThreshold, while the second one is below VThreshold. The system was simulated using the resistive network model described in the methods section. Top panel: V/VThreshold vs time. Middle panel: 2D temperature distribution as a function of time. Bottom panel: 2D distribution of metallic (black) /insulating (yellow) domains as a function of time. The time axes is shown in arbitrary units for all cases
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