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            Abstract
Since the discovery a century ago1,2,3 of electronic thermal noise and shot noise, these forms of fundamental noise have had an enormous impact on science and technology research and applications. They can be used to probe quantum effects and thermodynamic quantities4,5,6,7,8,9,10,11, but they are also regarded as undesirable in electronic devicesÂ because they obscure the target signal. Electronic thermal noise is generated at equilibrium at finite (non-zero) temperature, whereas electronic shot noise is a non-equilibrium current noise that isÂ generated by partial transmission and reflection (partition) of the incoming electrons8. Until now, shot noise has been stimulated byÂ a voltage, either applied directly8 or activated by radiation12,13. Here we report measurements of a fundamental electronic noise that is generated by temperature differences across nanoscale conductors, which we term â€˜delta-T noiseâ€™. We experimentally demonstrate this noise in atomic and molecular junctions, and analyse it theoretically using the Landauer formalism8,14. Our findings show that delta-T noise is distinct from thermal noise and voltage-activated shot noise8. Like thermal noise, it has a purely thermal origin, but delta-T noise is generated only out of equilibrium. Delta-T noise and standard shot noise have the same partition origin, but are activated by different stimuli. We infer that delta-T noise in combination with thermal noise can be used to detect temperature differences across nanoscale conductors without the need to fabricate sophisticated local probes. Thus it can greatly facilitate the study of heat transport at the nanoscale. In the context of modern electronics, temperature differences are often generated unintentionally across electronic components. Taking into account the contribution of delta-T noise in these cases is likely to be essential for the design of efficient nanoscale electronics at the quantum limit.
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                    Fig. 1: Experimental setup, noise contributions and measured total noise at a finite temperature difference.[image: ]


Fig. 2: Excess noise measured at zero and finite temperature difference.[image: ]


Fig. 3: Excess noise dependence on the applied temperature difference.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Characterization of Au/H2 molecular junctions.
Conductance histograms of bare Au atomic junctions (brown) and Au/H2 molecular junctions (blue)Â are shown. The histograms are composed from at least 1,500 conductance versus electrode displacement traces recorded at a bias voltage of 100 mV. a.u., arbitrary units.


Extended Data Fig. 2 Electronic measurement setup.
Schematic presentation of the electronic circuit for conductance and noise measurementsÂ is shown. The electronic circuit consists of two switchable measurement circuits: a conductance circuit (purple) and a noise circuit (blue).


Extended Data Fig. 3 Thermometer calibration based on thermal noise.
The temperature measured by thermal noise is shownÂ versus that measured using the diode thermometer (black circles; the vertical error bars are smaller than the circlesâ€™Â diameter). The error bars correspond to the systematic errors in our measurements. To guide the eye, the dashed grey line corresponds to a ratio of 1:1. The red line is a linear fit of the data. The calibration of the thermometers temperature is done by this fit TTNâ€‰=â€‰(1.28â€‰Â±â€‰0.02)Tthermâˆ’â€‰1.0â€‰Â±â€‰0.5â€‰K, where Ttherm is the temperature measured by the thermometer. The inset shows an example for measured thermal noise versus conductance (black dots) at a thermal noise temperature of 37.10â€‰Â±â€‰0.04 K. The blue line is a linear fit from which the thermal noise temperature is determined. This measurement procedure is repeated at different temperatures to construct the main graph. When the junction is heated above the setup base temperature, the thermometers attached to the electrode tips always indicate lower temperatures than those determined by the thermal noise.


Extended Data Fig. 4 Shot noise analysis for Au/H2 junctions.
TheÂ Fano factor extracted from shot noise and conductance measurements20,29 is shownÂ versus theÂ conductance for different junction realizations at 4.6 K (Î”Tâ€‰=â€‰0). The thick red curve provides the minimal Fano factor. Data that accumulate on this line below 1G0 indicate junctions with a single transmission channel22. The dashed line provides the maximal Fano factor that two channels can generate for the relevant conductance. The insets show transmission probabilities of the main six transmission channels based on numerical analysis of the measured Fano factor and conductance32 for the three marked cases (I, II, III) in the main panel. The error bars provide the range of transmission solutions that satisfies the measured conductance and shot noise. Inset I shows that a junction that is characterized by Fano factor and conductance data near the red curve conducts via a single dominant channel with only minor contribution from a secondary channel. In contrast, inset III exemplifies that a junction with Fano factor and conductance data near the dashed curve can conduct via two dominant channels with possible minor contributions from other channels.


Extended Data Fig. 5 Noise measurements at finite temperature differences.
a, Currentâ€“voltage curves for a set of different junction realizations at \(\bar{T}\)â€‰=â€‰13.3â€‰Â±â€‰0.3 K and âˆ†Tâ€‰=â€‰Â 12.6â€‰Â±â€‰0.2 K. The conductance of each junction is obtained by the slope of the curve. Here, Gâ€‰=â€‰0.82G0, 1.52G0, 2.57G0, 4.05G0, 5.30G0 and 6.34G0, with all values Â±0.01G0, starting from the smallest slope. b, Total noise as a function of frequency for the same junctions examined in a. The top spectrum corresponds to the junction with the highest conductance. The noise is suppressed by low-pass RC filtering owing to the capacitance of the setup and the finite sample and wire resistance. c, Examples for RC transfer function and \({S}_{I}^{{\rm{i}}{\rm{n}}}\) fitting to spectra of total noise versus frequency measured at a fixed temperature of 5.4â€‰Â±â€‰0.5â€‰K, and different conductance values (0.51G0â€“6.03G0â€‰Â±â€‰0.01G0). The arrow points in the direction of increasing conductance G. d, Same as c at a fixed conductance of Gâ€‰=â€‰0.77G0â€‰Â±â€‰0.01G0, and different temperatures (5.4â€‰Â±â€‰0.5Â K to 37.5â€‰Â±â€‰0.9Â K). The arrow points in the direction of increasing temperature T. The setup capacitance and \({S}_{I}^{{\rm{i}}{\rm{n}}}\) are extracted from the fitting. e, The data presented in b corrected by an RC transfer function followed by subtraction of \({S}_{I}^{{\rm{i}}{\rm{n}}}\). f, Total noise as a function of conductance obtained by averaging the noise presented in e in a frequency range of 180â€“230Â kHz, coloured blue in e.


Extended Data Fig. 6 Total thermoelectric voltage and its estimated contribution to the excess noise.
a, Measured total thermoelectric voltage for the examined junctions as a function of conductance at \(\bar{T}\)â€‰=â€‰26.3â€‰Â±â€‰0.7â€‰K and âˆ†Tâ€‰=â€‰25.3â€‰Â±â€‰0.6â€‰K. Measurements were performed according to the method described in ref. 30. Here, we are interested in the total thermoelectric voltage that is built across the junction, since it can be a source for shot noise. b, Calculated shot noise (red curve) that is expected for the maximal measured thermovoltage in a (155â€‰ÂµV, marked as a red star in a), and the measured excess noise (dark circles) at the same \(\bar{T}\) and âˆ†T for which the thermoelectric voltage was measured. Calculated delta-T noise is given by the black curve for a single transmission channel, and by the dashed curve for two channels with equal transmission probabilities (non-approximated numerical calculations based on equation (S2) in Supplementary Information).


Extended Data Fig. 7 Excess noise measured at zero and finite temperature difference with error bars.
a, b, Excess noise as a function of conductance measured in the examined molecular junctions as presented in Fig.Â 2a, b, including error bars, corresponding to the systematic errors in our measurements. The size of the error bars is comparable or slightly larger than the diameter of the semitransparent red symbols.


Extended Data Fig. 8 Excess noise measured at zero and finite temperature difference for bare gold atomic junctions.
a, b, Excess noise (obtained by subtracting the average thermal noise from the total measured noise) as a function of conductance measured in bare gold atomic junctions at different temperatures at thermal equilibrium (Î”Tâ€‰=â€‰0). c, d, Excess noise as a function of conductance measured at different average temperatures and finite temperature differences across the junctions (Î”Tâ€‰â‰ Â 0). Calculated delta-T noise is given by the black curve for single transmission channel probabilities (non-approximated numerical calculations based on equation (S2) in Supplementary Information). When a temperature difference is applied across the junctions, some enhancement of the excess noise is observed. The measured excess noise can be described by the theoretical expression for the delta-T noise, although the agreement is less clear than for hydrogen-based molecular junctions (Fig.Â 2), owing to the lack of data below 0.75G0. The spread in the results is a natural outcome of additional transmission channels that open as the conductance increases. The error bars correspond to the systematic errors in our measurements.


Extended Data Fig. 9 Fano factor obtained from noise measurements at a finite temperature difference.
The Fano factor (semitransparent black symbols) is extracted from the excess noise data presented in Fig.Â 2d, and the associated measured conductance using equation (2). The short-dashed horizontal line marks the zero Fano factor as a baseline. The thick blue curve provides the theoretically predicted minimal Fano factor. Data that accumulate on this line below 1G0 indicate junctions with a single transmission channel22. The long-dashed slopedÂ line marks the maximal Fano factor that two channels can generate for the relevant conductance.
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