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Electronic noise due to temperature differences in 
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Ofir Shein Lumbroso1, Lena Simine2,3, Abraham Nitzan4,5, Dvira Segal2 & Oren tal1*

Since the discovery a century ago1–3 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 
quantities4–11, but they are also regarded as undesirable in electronic 
devices 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 
is generated by partial transmission and reflection (partition) of the 
incoming electrons8. Until now, shot noise has been stimulated by 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 ‘delta-T noise’. 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.

At non-zero temperature, the thermal motion of electrons leads to 
temporal current fluctuations referred to as the thermal (Johnson–
Nyquist) noise STN, even at zero net current, in equilibrium condi-
tions2,3. This noise depends on the conductance G (G = 1/R, where R 
is the resistance) and temperature T in a straightforward manner8, 
STN = 4kBTG, where kB is Boltzmann’s constant. Thermal noise can be 
used as a primary thermometer, and it does not depend on the conduc-
tor’s shape, material type or the details of the transport mechanism4,15. 
When current is generated across a conductor, electrons can either be 
transmitted through the conductor or backscatter, leading to non- 
equilibrium temporal current fluctuations called electronic shot noise. 
This noise has been extensively used in the study of electronic transport 
in quantum conductors, including the analysis of quasiparticles’ charge, 
electronic spin transport, and interacting many-body systems5,6,9,10. 
Shot noise measurements also provide unique information about elec-
tronic transport at the miniaturization limit of electronic conductors, 
namely across atomic and molecular junctions7,16–21. These junctions 
are composed of individual atoms or molecules suspended between 
two electrodes. The conductance of such quantum coherent conductors 
is described by the Landauer formalism as the sum of contributions 
from several transmission channels8, τ= ∑G G i i0 . Here τi is the trans-
mission probability of the ith channel, and it can take any value between 

zero (closed channel) to one (fully open channel). G0 is the quantum 
of conductance; G0 ≈ (12.9 kΩ)−1. In the Landauer framework, the 
current noise in spin-degenerate quantum conductors, including both 
thermal and shot noises, can be described as7,8
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where e and V are the electron charge and the applied voltage across 
the conductor, respectively. At zero applied voltage, the contribution of 
shot noise is nullified (that is, for eV ≪ kBT the second term collapses 
to τ τ∑ −k TG4 (1 )i i iB 0 ) and equation (1) reduces to the thermal noise.

When a temperature difference ΔT, instead of a voltage difference, 
is applied across the conductor, a new approximate expression for the 
current noise can be derived based on the Landauer formalism:
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Here, T̄  is the arithmetic average of Th and Tc, the temperatures at the 
hot and cold sides of the conductor (Fig. 1a), and ΔT = Th − Tc. An 
expression for the noise generated by temperature difference has been 
previously derived for diffusive conductors22. The full derivation of 
equation (2), including additional terms and more general expressions, 
appears in Supplementary Information. The first term corresponds to 
the thermal noise. However, when a temperature difference is applied, 
this term depends on the average temperature across the conductor. 
Remarkably, a new noise contribution (the second term), which we 
denote as delta-T noise, is generated as a result of the temperature dif-
ference across the conductor. In contrast to standard voltage-activated 
shot noise, delta-T noise has a pure thermal origin. Yet, similarly to 
standard shot noise, it depends on the factor τ τ∑ −(1 )i i i  despite the 
absence of a voltage gradient across the conductor. This dependence is 
a signature of electronic partition noise8, namely, noise that is activated 
by the partial transmission and backscattering of transporting elec-
trons. For delta-T noise, non-equilibrium conditions are introduced by 
a temperature difference and the partition noise is activated even in the 
ideal case of zero net charge current owing to opposite and equal cur-
rents above and below the chemical potential (Fig. 1b). Thus, delta-T 
noise can be viewed as shot noise that is generated by temperature 
difference.

To experimentally demonstrate the effect of temperature difference 
on the noise generated in a quantum conductor, we study molecular 
junctions based on hydrogen molecules introduced between two atom-
ically sharp gold electrodes23,24. We use the break junction technique25 
(Fig. 1a and Methods) to form an ensemble of molecular junctions 
with different local structure and hence different conductance values 
(Extended Data Fig. 1). In contrast to bare gold atomic junctions, the 
hydrogen-based molecular junctions provide a wide span of conduct-
ance values below 1G0. Shot noise measurements indicate that below 
1G0 the conductance of the formed molecular junctions is typically 
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governed by a single dominant transmission channel, with minor 
contributions from secondary channels (see Methods and Extended 
Data Fig. 4). The transmission probabilities of these channels can be 
varied, for example, by adjusting the separation between the electrodes 
in sub-ångström resolution25. A temperature gradient across the junc-
tion was applied by an asymmetric heating of the junction’s electrodes 
above a base 4.2 K. The temperature difference across the junction was 
monitored by two thermometers located at opposite sides of the junc-
tion (Fig. 1a). To determine the temperature at the nanoscale vicinity 
of the junction, the thermometers were calibrated using the thermal 
noise generated in the junction, when no temperature difference was 
applied (see Methods).

Equation (2) represents current noise due to temperature difference 
across a quantum coherent conductor as an additive combination of 
a standard thermal noise, yet proportional to the average temperature, 
and a new contribution associated with thermal difference. To test the 
validity of the first term in equation (2), we consider cases where a 
temperature gradient is applied across the examined junctions, while 
the second term (delta-T noise) is suppressed. Practically, this situation 
can be met in two ways. When the conductance of the studied junction 
is dominated by a single channel with transmission probability  
close to one (τ ≈ 1), the second term is expected to be very small.  
This condition is indeed achieved in some junction realizations, as 
indicated by shot noise measurements (Extended Data Fig. 4). 
Furthermore, the relative contribution of the second term with  
respect to the first one depends on ¯Δ /T T( )2  and the Fano factor 

τ τ τ= ∑ − / ∑F (1 )i i i i i . The Fano factor can be determined by shot 
noise measurements on similar junctions. We found that if the junc-
tion is squeezed to form a multi-atomic gold contact7 with a conduct-
ance above 4G0, the maximal contribution of the second term in 
equation (2) is less than 5% of the magnitude of the first term in the 

examined conditions, and typically around 3% (see Methods and 
Extended Data Fig. 4).

In Fig. 1c we show the measured total noise as a function of conduct-
ance (see Methods) for the studied junctions at different average junc-
tion temperature and temperature difference, determined by the 
calibrated thermometers at the hot and cold sides of the junction. We 
attribute the linear dependence of the noise on the conductance to 
efficient suppression of the second term in equation (2) at 1G0 and 
above 4G0. In these conditions, the total noise is practically reduced to 
the thermal noise, and the temperature associated with the thermal 
noise TTN can be extracted from the slope of each curve. The inset table 
in Fig. 1c shows that ¯=T TTN  within the error range, indicating that the 
thermal noise generated in the junction depends on the average tem-
perature of the junction. Figure 1d presents two examples for total noise 
versus conductance measured at comparable average temperature of 
about ¯ =T 21 K, as well as ¯ =T 50 K. In each example, the temperature 
difference across the examined junction is set to be either zero (ΔT = 0) 
or finite (ΔT ≠ 0), as seen in the inset table. The data points clearly fall 
on top of each other, illustrating that the thermal noise is exclusively 
determined by the average temperature and that it is independent on 
the temperature difference.

We now focus on the identification of the delta-T noise, and its prop-
erties. Figure 2 presents measurements of excess noise as a function of 
conductance for different temperature differences and average temper-
atures. We examined the conductance range 0.1 < G < 1G0 to look for 
a possible τ(1 − τ) dependence of the delta-T noise. The excess noise 
is defined as the total noise minus the average thermal noise. The latter 
is obtained as presented in Fig. 1c and explained above. The sets of 
measurements at ΔT = 0 K (Fig. 2a–c) show data around zero excess 
noise. In the absence of temperature difference, the total noise is gov-
erned by the thermal noise. Therefore, subtracting the average thermal 
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Fig. 1 | Experimental setup, noise contributions and measured total 
noise at a finite temperature difference. a, Schematic of the break 
junction setup, and the Au/H2 junction. b, Illustration of the standard shot 
noise, thermal noise and delta-T noise generated in atomic-scale junctions. 
For simplicity, in the left and right schematics we assume T = 0 and Tc = 0, 
respectively. μ is the chemical potential; V is the applied voltage across  
the junction; e is the electron charge. c, Total noise as a function of 
conductance measured in Au/H2 junctions at different temperatures Th 
and Tc at the opposite sides of the junctions. The linear dependence of the 
noise on the conductance is expected when the total noise is dominated  
by the first term in equation (2) (thermal noise), while the second term 
(delta-T noise) is suppressed. This situation is expected at 1G0 and >4G0. 
The inset tables present the temperature difference ΔT and average 

temperature T̄  determined by the thermometers at the opposite sides of 
the junctions, and the thermal noise temperature TTN, which is extracted 
from the slope of the total noise. For a given conductance, the thermal 
noise is exclusively determined by the average temperature of the hot and 
cold electrodes. d, Four sets of total noise data as in c. Each pair of datasets 
is taken at a similar T̄ , but one set is measured at ΔT ≠ 0 and the other at 
ΔT = 0. The data presented illustrate that a comparable thermal noise  
is generated at different ΔT values, as long as T̄  is identical. The error  
bars of the total noise data, corresponding to the systematic errors in  
our measurements, are smaller than the diameter of the symbols. Nine 
measurement sets at different ΔT were collected on three different samples 
with similar results. In each presented set, 91–301 junctions were realized 
and measured.

1 1  O C t O B e r  2 0 1 8  |  V O L  5 6 2  |  N A t U r e  |  2 4 1
© 2018 Springer Nature Limited. All rights reserved.



LetterreSeArCH

noise from the total noise gives values that are scattered around zero. 
Remarkably, when a temperature difference is applied across the junc-
tion, an excess noise is activated (Fig. 2d–f), indicating that the origin 
of the measured noise is temperature difference. We note that even in 
the absence of applied voltage, the thermoelectric effect can generate 
voltage in the presence of a temperature difference26. This thermoelec-
tric voltage produces shot noise that can be detected as an excess noise 
at a finite temperature difference. However, in the examined junctions, 
when no external voltage is applied, the expected shot noise due to the 
thermoelectric voltage is about three orders of magnitude lower than 
the measured excess noise in Fig. 2d–f. This is illustrated in Extended 
Data Fig. 6, by measuring the total thermoelectric voltage produced in 
our experiments and calculating the shot noise that can be generated 
by the highest thermoelectric voltage that was found (see Methods). 
We therefore conclude that the contribution of shot noise due to the 
generated thermoelectric voltage (in the absence of applied voltage) is 
negligible with respect to the measured excess noise at a finite temper-
ature difference, and cannot explain its origin.

In Fig. 2d–f, the dependence of the low-lying noise data on the  
conductance is well described by the solid curve, which provides the 
calculated delta-T noise, assuming a single transmission channel. In 
fact, the majority of the data points accumulate in the vicinity of this 
curve, indicating the activation of delta-T noise in junctions with a 
dominant conductance contribution from a single transmission chan-
nel. As the conductance increases, the spread of the measured noise 
towards higher values increases as well. This characteristic trend is 
captured by the dashed line that gives the calculated delta-T noise 
for junctions with two channels of equal transmission probabilities 
(τ1 = τ2 and τ1 + τ2 = G/G0). Shot noise measurements and numerical 
channel analysis (see Methods and Extended Data Fig. 4) indicate that 
most of the examined molecular junctions are characterized by trans-
port via a dominant channel, yet some junctions can have a large and 

even comparable conductance contribution from a second channel. 
Additional channels, beyond the first two, usually have either a minor 
contribution or no contribution. From this channel analysis, delta-T 
noise is expected to yield excess noise data that are mainly located 
within the grey region, as we indeed observe. Thus, the characteristics 
of the measured excess noise fit the expected behaviour of delta-T noise 
in the examined junctions. Similar measurements were performed on 
bare gold atomic junctions, yet with a very limited span of conductance 
below 1G0 (Extended Data Fig. 8). Using equation (2), we can extract 
the Fano factor from the excess noise that is generated by temperature 
difference. Extended Data Fig. 9 shows that the Fano factor distribution 
acquired in this way and plotted versus conductance is similar to the 
one obtained by voltage-activated shot noise measurements (Extended 
Data Fig. 4). This comparison further demonstrates that the excess 
noise at finite temperature difference is the delta-T noise described by 
the second term of equation (2).

The quadratic dependence of the delta-T noise on temperature dif-
ference is a distinctive fingerprint of this noise. To check whether the 
detected excess noise shows the expected dependence on temperature 
difference, we normalize the measured excess noise, based on  
equation (2), and plot it with respect to ΔT in Fig. 3. The normalization 
is given in the caption of Fig. 3, assuming a single channel. The data 
spread for each ΔT is asymmetric and can be described by a generalized 
extreme value distribution (inset to Fig. 3). The red rectangles in Fig. 3 
give the most probable values of the normalized excess noise, which 
are determined by the peak of the fit to the data distribution (see the 
inset of Fig. 3) for each temperature difference. The dashed curve in 
the main panel of Fig. 3 depicts the quadratic dependence of the delta-T 
noise on the temperature difference for a single channel scenario, and 
it fits very well the most probable normalized excess noise. The upward 
spread of the data (transparent circles) is attributed to the presence of 
junctions with more than one transmission channel, since the noise at 
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Fig. 2 | Excess noise measured at zero and finite temperature difference. 
a–c, Excess noise (obtained by subtracting the average thermal noise 
from the total measured noise) versus conductance measured in the 
molecular junctions examined at different temperatures at thermal 
equilibrium (ΔT = 0). d–f, Excess noise versus conductance measured at 
different average temperatures and finite temperature differences across 
the junctions (ΔT ≠ 0). 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). The error bars, corresponding to the systematic errors in 

our measurements, are comparable or slightly larger than the diameter 
of the dark semitransparent symbols, as shown in Extended Data Fig. 7. 
When a temperature difference is applied across the junctions, a clear 
enhancement of the excess noise is observed. The measured excess noise 
can be described by the theoretical expression for the delta-T noise. The 
spread in the results is a natural outcome of additional transmission 
channels that open up as the conductance increases (see Extended Data 
Fig. 4). Eight measurement sets at different ΔT were collected on three 
different samples with similar results. In each presented set, 248–716 
junctions were realized and measured.
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a given conductance is larger for a higher number of partially open 
channels, as a result of its dependence on τ τ∑ −(1 )i i i . Nevertheless, 
most of the data falls below the dotted curve, which shows the delta-T 
noise dependence on (ΔT)2 for the case of two channels with similar 
transmission probabilities. Observing this dependence provides a com-
plementary indication that the measured noise behaves as expected for 
the delta-T noise.

To conclude, our experimental findings, supported by a theoretical 
derivation, demonstrate that electronic noise emerges in the presence 
of a temperature difference across quantum conductors. We term this 
noise contribution as the delta-T noise and show that it possesses a 
peculiar combination of characteristics that makes it distinct from 
the standard thermal noise and voltage-activated shot noise. Beyond 
the fundamental interest in the observation and characterization of a  
temperature-difference-based form of partition noise, the delta-T noise 
can be used (in combination with thermal noise) as a probe for tempera-
ture differences. This ability is particularly interesting for nanoscale sys-
tems since fabricating physical probes that measure local temperature 
at this scale is extremely challenging. In contrast to physical sensors, 
the delta-T noise is a versatile probe, which is not limited to a specific 
temperature range and can be applied to conductors of different sizes, 
down to the atomic scale. Delta-T noise measurements can be per-
formed without particular design limitations and can be implemented 
in a variety of setups, including scanning probe microscopes, nanoscale 
devices and even in embedded systems, which are less accessible to tem-
perature sensing. This flexibility makes the delta-T noise an attractive 
tool for the study of heat management, including thermoelectricity, 
heat pumping and heat dissipation, which are important processes in 
the context of energy saving and sustainable energy production. Finally, 
temperature gradients are often unintentionally produced in electronic 
circuits. Thus, in the process of electronics miniaturization towards the 
quantum limit, the delta-T noise could become a performance-limiting 
factor that should be suppressed by minimizing temperature gradients.
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MEthodS
Sample fabrication and the break junction technique. Our experiments were 
performed using a mechanically controllable break junction25 setup located within 
a cryogenic chamber. The chamber is pumped to 10−5 mbar and then cooled down 
to the liquid helium temperature (4.2 K). This setup is placed in a specially designed 
Faraday cage to allow efficient noise measurements. The sample consists of a 
notched Au wire (99.99%, 0.1 mm diameter, 25 mm length, Goodfellow), which 
is attached to a flexible substrate (0.76 mm thick insulating Cirlex film). A three-
point bending mechanism is used to bend the substrate in order to break the wire 
at the notch (Fig. 1a). The wire is first broken in cryogenic vacuum, to expose two 
clean atomically sharp tips that serve as the junction’s electrodes. The breaking 
process is controlled by a piezoelectric element (PI P-882 PICMA), which is driven 
by a 24-bit NI-PCI4461 data acquisition (DAQ) card followed by a Piezomechanik 
SVR 150/1 piezo driver. These components provide fast and accurate control over 
the distance between the two tips with sub-ångström resolution. Conductance 
versus inter-electrode distance (conductance traces) were measured on bare Au 
junctions during repeated breaking and formation of the junction. Conductance 
histograms (for example, Extended Data Fig. 1) that provide the most probable 
conductance of the examined junction were constructed based on these traces to 
ensure that the junction exhibits the typical conductance characteristics of bare 
Au atomic-scale junctions27,28.

To form molecular junctions, pure hydrogen gas (99.999%, Gas Technologies) 
was introduced to the junction via a stainless steel capillary that connects an external  
molecular source with the cryogenic environment. The flow of hydrogen was 
increased by increasing the hydrogen pressure up to about 10−2 mbar at the capil-
lary input. The formation of Au/H2 junctions was monitored during the insertion 
process by continuously recording conductance traces and producing a typical 
conductance histogram for Au/H2 junctions (Extended Data Fig. 1). Following the 
formation of molecular junctions, the hydrogen flow was stopped. Further details 
concerning the characterization of molecular junctions are given in the Methods 
section ‘Molecular junction characterization’.
Electronic measurement setup. To measure conductance traces, direct- 
current (d.c.) conductance is monitored while the junction is gradually broken by 
increasing the voltage applied on the piezoelectric element at a constant speed of  
600 nm s−1 and a sampling rate of 100 kHz. The junction is biased with a con-
stant voltage of 10–200 mV provided by a NI-PCI4461 DAQ card. The resulting 
current is amplified by a current preamplifier (SR570) and recorded by the DAQ 
card. Following each trace, the exposed atomic tips are pushed back into contact 
until the conductance reaches a value of at least 50G0, in order to ensure that the 
data consists of a statistical variety of different atomic scale junctions’ geometries. 
Differential conductance measurements (dI/dV versus V) are conducted using a 
standard lock-in technique. A reference sine signal of 1 mV peak-to-peak voltage 
(Vpp) at about 3 kHz modulating a d.c. bias voltage is generated by the DAQ card. 
The alternating-current (a.c.) response is recorded by the DAQ card and extracted 
by a LabView implemented lock-in analysis to obtain the differential conductance 
as a function of bias voltage.

Extended Data Fig. 2 shows the electronic setup connected to the sample. The 
circuit can be switched between a conductance mode, which is used to measure 
the d.c. conductance of the examined junction and the dI/dV spectra, and a 
noise mode, applied to measure the noise generated by the junction. In the latter 
mode of measurement, the relatively noisy instruments used in the conduct-
ance mode are disconnected from the sample owing to the high sensitivity of the 
noise measurements. The voltage noise is amplified by a custom-made differential 
low-noise amplifier. The amplifier was calibrated by the thermal noise that is 
generated in a set of well-characterized resistors embedded in liquid nitrogen. A 
power spectrum between 0.25 kHz and 300 kHz is measured via a NI-PXI5922 
DAQ card using a LabView implemented fast Fourier transform analysis and 
averaged 1,000 times. To assess the stability of our noise amplifier, we recorded 
the thermal noise temperature of junctions with different conductance values at 
the base temperature of the system in intervals of about 7 h. We did not observe 
any detectable shift in the obtained temperature. To measure shot noise, the 
sample is current-biased by a Yokogawa GS200 SC voltage source connected to 
the sample through two 1 MΩ resistors located in proximity to the sample. The 
total cabling length was minimized to reduce stray capacitance to about 40 pF. 
The low level of the measured noise signal from the sample makes it sensitive to 
extrinsic noise. To impede noise pickup, the measurement setup is located within 
a Faraday cage and all instruments are connected to a specially assigned quiet 
ground, and are optically isolated from a control computer outside the Faraday 
cage. All amplifiers are powered by batteries to avoid noise injection from power 
lines. Additionally, an RC filter (where R is resistance and C is capacitance) is 
connected after the piezo driver to minimize possible excitation of mechanical 
noise coupled to the junction through the piezoelectric element. The RC filter is 
bypassed when recording conductance traces in order to avoid interference with 
the measurements.

The temperature of each electrode is controlled by a feedback loop consisting a 
custom-made proportional–integral–derivative (PID) controller that is powered by 
batteries and located inside the Faraday cage, a heating resistor (thin-film, 100 Ω, 
Panasonic) that is thermally connected to each Au electrode by a sapphire housing, 
as well as a thermometer (Lakeshore DT-670 calibrated silicon diode) located at 
each electrode’s tip (Fig. 1a). This feedback circuit is optically isolated from the con-
trol computer outside the Faraday cage. The system reaches an optimal stabilization 
around the preset temperature in about 35 min. Owing to the constant operation 
of a feedback loop, the actual temperature oscillates by at most 0.025 K around the 
set value. These variations are taken into consideration in the error calculations.
Molecular junction characterization. The typical conductance of gold atomic 
junctions is around 1G0, carried by one dominant transmission channel28,29. Since 
gold junctions with conductance below 0.7G0 frequently cannot be stabilized, we 
introduced hydrogen to form stable molecular junctions with a wider conductance 
range23,24 below 1G0. This conductance window is necessary for the demonstration 
of the delta-T noise in Fig. 2. Before the introduction of molecules, the bare Au 
junction is characterized by constructing conductance histograms, as presented in 
Extended Data Fig. 1 (brown). The peak at 1G0, and the tail at low conductance are 
regarded as the typical fingerprints of a bare Au atomic junction27,28. The peak indi-
cates the most probable conductance of a single atom Au junction (a single Au atom 
in the cross-section of the junction’s constriction), while the tail at low conductance 
is the outcome of tunnelling conductance, measured after the breaking of a single 
atom junction. The blue conductance histogram exemplifies the different charac-
teristics that emerge following the introduction of hydrogen. The large number 
of counts below 1G0 indicate the repeated formation of different stable molecular 
junction configurations with a broad range of conductance values. This feature of 
the studied molecular junctions allows us to perform noise measurements on stable 
junction configurations with a broad range of conductance below 1G0 (see Fig. 2 
and Extended Data Fig. 8 for noise data obtained for hydrogen based molecular 
junctions and bare atomic gold junctions, respectively). In our setup, shot noise and 
delta-T noise give less reliable results below 0.1G0 owing to RC low-pass filtering. 
Therefore, we limit our analysis to junctions with conductance above 0.1G0.
Calibration of thermometers by thermal noise. Thermal noise identifies the elec-
tronic temperature that determines the Fermi–Dirac distribution of electrons in the 
electrodes (usually in a region of tens to hundreds of nanometres around the atomic 
scale junction). The silicon diode thermometers are attached to the surface of the 
electrodes near the electrode tips (Fig. 1a). The electric wires of these thermometers 
are anchored to metal thermalization plates at about 4.2 K to prevent the absorption 
of heat from their hot side, which is located outside the cryostat. As a result, when 
the sample is heated above the base temperature, the detected temperature by the 
thermometers is always lower than the thermal noise temperature. With the aid 
of thermal noise measurements, we could calibrate the temperature indicated by 
the thermometer to give the actual temperature in the nanoscale vicinity of the 
studied junction. The thermal noise was measured as a function of conductance at 
several fixed temperatures. The inset of Extended Data Fig. 3 provides an example 
for such a measurement at 37.10 ± 0.04 K (determined by a linear fit to the thermal 
noise). Then, the relation between the temperature given by the thermometers and 
the temperatures given by thermal noise was extracted for the relevant tempera-
ture range in our experiment (Extended Data Fig. 3). We note that the difference 
between the temperature measured by the thermometers and the temperature 
extracted from the thermal noise is nullified at the base temperature of the setup, 
as observed in Extended Data Fig. 3. This is due to the fact that at the base temper-
ature, the thermalization plates that are connected to the wires of the thermometers 
have the same temperature as the junction, and they do not cool the thermometers 
to a lower temperature with respect to the junction’s temperature. The calibration 
procedure described was used to relate a temperature at the nanoscale vicinity 
of the junction to the thermometer reads. This calibration reliably evaluates the 
electronic temperature at the electrode apexes, using macroscale thermometers. 
This procedure was performed before each experiment.
Shot noise measurements and shot noise analysis of Au/H2 junctions. Shot 
noise measurements on Au/H2 junctions were performed as described in refs 20,29. 
Extended Data Fig. 4 presents the Fano factor, which is defined in the main text 
but is also equal to the measured shot noise in units of 2eI (where I is the current). 
The Fano factor is presented as a function of the corresponding conductance; both 
are obtained for different realizations of the Au/H2 junctions. Junctions that are 
characterized by conductance above 1G0, which is the typical conductance of gold 
single-atom junctions, are obtained by squeezing the two electrodes against each 
other to form contacts with more than one Au atom at the narrowest cross-section 
of the contact, possibly contaminated by hydrogen.

The red curve in Extended Data Fig. 4 indicates the minimal Fano factor that is 
obtained by a sequential opening of channels, which can be described as follows. 
The first channel gradually opens between 0 and 1G0, with a transmission proba-
bility being equal to the conductance. The second channel opens above 1G0, with 
a transmission probability of G/G0 − 1, since the first channel is kept fully open 

© 2018 Springer Nature Limited. All rights reserved.



LetterreSeArCH

(τ1 = 1), and so on. Therefore, molecular junctions with a Fano factor versus con-
ductance that are located on the red curve below 1G0 are characterized by a single 
transmission channel. In fact, the bulk of the data below 1G0 accumulates close to 
this curve, indicating that the electronic transport of most molecular junctions is 
dictated by a single transmission channel with minor contributions from secondary 
channels (see inset I in Extended Data Fig. 4). Some of the data points at 1G0 show 
full suppression of the Fano factor. In these cases, the conductance is determined by 
a single channel with transmission probability of one. The dashed black line, which 
practically serves as the upper limit for the measured data below 1G0, indicates 
the maximal Fano factor that can be obtained for two channels (along the dashed 
line, the two channels have equal transmission probability). The Fano factor is 
insensitive to the conductance above 4G0 (ref. 29), which is the relevant range for 
the thermal noise analysis presented in Fig. 1. In this conductance range, the Fano 
factor scatters around the averaged value of 0.28 with a standard deviation of 0.07.
Ratio between delta-T noise and thermal noise above 4G0. For G > 4G0 we can 
assume a constant Fano factor (F = 0.2–0.4). The ratio between the delta-T noise 
(SΔT) and the thermal noise (STN) is

¯
¯ ¯=

Δ / π / − /
=




Δ 








π

−





ΔS
S

k G F T T
k G T

F T
T

[( ) ]( 9 2 3)
4 4 9

2
3

(3)T

TN

B 0
2 2

B 0

2 2

where

¯

¯

= .



Δ 




= .



Δ 




Δ

= .

Δ

= .

S
S

T
T

S
S

T
T

0 0215

0 043
(4)

T

F

T

F

TN 0 2

2

TN 0 4

2

Thus, a maximal ratio of 5% is obtained in our measurements for the extreme case 
of ΔT = 22.9 K, T̄  = 21.3 K, and F = 0.4. However, typically this ratio is about 3%.
Measurements of noise at finite temperature difference. Following the formation 
of an atomic scale junction with a fixed inter-electrode distance at a given tem-
perature difference, a current versus voltage curve (Extended Data Fig. 5a) was 
measured and the conductance was determined from the curve’s slope (G = I/V) 
at its linear regime around zero voltage. The noise at a given temperature differ-
ence was measured by switching to the noise circuit (Extended Data Fig. 2), and 
measuring the total noise versus frequency (Extended Data Fig. 5b). To ensure 
the stability of the junction during this process, a second current versus voltage 
measurement was performed right after the noise measurement by switching back 
to the conductance circuit. The entire procedure of the two current versus voltage 
measurements and noise measurement takes about 30 s. Only when the difference 
between the conductance values found before and after the noise measurement was 
less than about 1% was the noise measurement considered valid. The voltage noise 
of the measurement setup was measured separately for a fully formed junction 
(a short circuit) at the same ΔT and was subtracted from the total noise spectra 
obtained in the experiment. The typical voltage noise of our setup varies between 
8.1 × 10−19 and 9.0 × 10−19 V2 Hz−1 (0.90–0.95 nV Hz−1/2). Extended Data Fig. 5b 
presents the measured total noise for a set of junctions that are characterized by 
different conductance values, given by the different slopes of the curves presented 
in Extended Data Fig. 5a.

The suppression of the noise as a function of frequency observed in Extended 
Data Fig. 5b is the outcome of low-pass RC suppression due to the finite resistance 
(R) and capacitance (C) of our setup. Furthermore, this noise contains a small yet 
finite contribution from the amplifier input current noise (SI

in) that is also subject 
to RC suppression. To account for these two effects, C and SI

in were determined by 
optimally fitting an RC function (taking into account the current noise contribu-
tion) to thousands of noise versus frequency spectra measured at different con-
ductance (for example, Extended Data Fig. 5c) and temperature (for example, 
Extended Data Fig. 5d) in the relevant range of our analysis (0.1G0–7.0G0 and 
5.4–50.4 K). The noise spectra were fitted to the following RC transfer function S 
(in units of V2 Hz−1):

=
+ π

S S
fRC1 (2 )

(5)0
2

where f is the frequency and S0 is the zero frequency total noise. The amplifier input 
current noise was obtained (in units of V2 Hz−1) by

= +S k TR S f R4 [ ( )] (6)I0 B
in 2 2

The term 4kBTR is the voltage thermal noise (note that ΔT = 0 during this proce-
dure). The typical capacitance of our measurement system is C = 42.4 ± 0.1 pF and 
the amplifier input current noise (in units of A2 Hz−1) is = . × ×−S f f( ) 1 37 10I

in 32 , 
which has a linear dependence on frequency.

Once C and SI
in are determined, every total noise spectrum that is measured at 

a finite temperature difference (Extended Data Fig. 5b) is corrected by the inverse 
of the RC function, using the obtained resistance from conductance measurements 
(R = 1/G; Extended Data Fig. 5a). SI

in is then subtracted from the total noise to 
obtain the corrected total noise, presented in Extended Data Fig. 5e). Finally, every 
noise spectrum is averaged in a selected frequency window of 180–230 kHz, as 
seen in Extended Data Fig. 5e (the results are not sensitive to the selected range). 
The average values of the total noise as a function of conductance appear in 
Extended Data Fig. 5f, where the units are converted to A2 Hz−1 by dividing each 
averaged value by the square of the corresponding resistance.
The contribution of shot noise generated by thermovoltage. To reveal the con-
tribution of shot noise due to the generated thermovoltage in our measurement 
setup, the total thermovoltage of the system (sample and wires) was measured at 
the maximal temperature difference considered in Figs. 2 and 3. The measurement 
procedure is based on the technique described in ref. 30. In Extended Data Fig. 6a 
we present the measured total thermovoltage as a function of conductance for the 
Au/H2 junctions at ΔT = 25.3 ± 0.6 K and T̄  = 26.3 ± 0.7 K. The scattering of the 
total thermovoltage for different junctions is more pronounced below 1G0, prob-
ably owing to the increased sensitivity of the transmission dependence on energy 
to structural variations when an atomic constriction is formed in the junction. A 
similar increase in the scattering of the data below 1G0 was observed in thermo-
power measurements on bare gold atomic junctions31.

To estimate the maximal shot noise that can be generated in our experiments, 
we used equation (1) to calculate the shot noise that is expected for 155 µV, which is 
the largest thermovoltage acquired in our measurements (red star in Extended Data 
Fig. 6a). The obtained shot noise is plotted in red in Extended Data Fig. 6b along 
with the measured excess noise at the same average temperature and temperature 
difference. The largest expected shot noise due to the generation of thermovoltage 
in the junction is about three orders of magnitude smaller than the measured 
excess noise at a finite temperature difference. Thus, the observed excess noise in 
our experiments is not an outcome of the standard shot noise, and the fraction of 
shot noise contribution to this noise is practically negligible.
Fano factor based on delta-T noise measurements. Since the delta-T noise (second  
term in equation (2)) depends on τ τ∑ −(1 )i i i  , the Fano factor τ τ τ= ∑ − / ∑F (1 )i i i i i  
can be obtained from conductance ( τ= ∑G G i i0 ) and delta-T noise measurements, 
rather than by measuring the standard voltage-activated shot noise, which is the 
usual approach. Extended Data Fig. 9 presents the Fano factor versus conductance, 
obtained from noise measurements at a finite temperature difference and zero 
applied voltage. The overall behaviour is similar to the one presented in Extended 
Data Fig. 4. This agreement serves as an additional indication that the excess noise 
is in fact due to the delta-T noise. Furthermore, it illustrates that information about 
the distribution of transmission channels can be obtained from delta-T noise  
measurements.

Data availability
The datasets generated and analysed during this study are available from the  
corresponding author on reasonable request.
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Extended Data Fig. 1 | Characterization of Au/H2 molecular junctions. 
Conductance histograms of bare Au atomic junctions (brown) and Au/H2 
molecular junctions (blue) 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.
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Extended Data Fig. 2 | Electronic measurement setup. Schematic presentation of the electronic circuit for conductance and noise measurements is 
shown. The electronic circuit consists of two switchable measurement circuits: a conductance circuit (purple) and a noise circuit (blue).

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 3 | Thermometer calibration based on thermal 
noise. The temperature measured by thermal noise is shown versus that 
measured using the diode thermometer (black circles; the vertical error 
bars are smaller than the circles’ 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 
TTN = (1.28 ± 0.02)Ttherm− 1.0 ± 0.5 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 37.10 ± 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.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 4 | Shot noise analysis for Au/H2 junctions. 
The Fano factor extracted from shot noise and conductance 
measurements20,29 is shown versus the conductance for different junction 
realizations at 4.6 K (ΔT = 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.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 5 | Noise measurements at finite temperature 
differences. a, Current–voltage curves for a set of different junction 
realizations at T̄  = 13.3 ± 0.3 K and ∆T =  12.6 ± 0.2 K. The conductance 
of each junction is obtained by the slope of the curve. Here, G = 0.82G0, 
1.52G0, 2.57G0, 4.05G0, 5.30G0 and 6.34G0, with all values ±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 SI

in 

fitting to spectra of total noise versus frequency measured at a fixed 
temperature of 5.4 ± 0.5 K, and different conductance values  
(0.51G0–6.03G0 ± 0.01G0). The arrow points in the direction of increasing 
conductance G. d, Same as c at a fixed conductance of G = 0.77G0 ± 0.01G0,  
and different temperatures (5.4 ± 0.5 K to 37.5 ± 0.9 K). The arrow points 
in the direction of increasing temperature T. The setup capacitance and SI

in 
are extracted from the fitting. e, The data presented in b corrected by an 
RC transfer function followed by subtraction of SI

in. f, Total noise as a 
function of conductance obtained by averaging the noise presented in e in 
a frequency range of 180–230 kHz, coloured blue in e.
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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 
T̄  = 26.3 ± 0.7 K and ∆T = 25.3 ± 0.6 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 (155 µV, marked as 
a red star in a), and the measured excess noise (dark circles) at the same T̄  
and ∆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).
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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. 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.
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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 
(ΔT = 0). c, d, Excess noise as a function of conductance measured at 
different average temperatures and finite temperature differences across 
the junctions (ΔT ≠ 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. 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.
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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. 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 sloped line marks the maximal 
Fano factor that two channels can generate for the relevant conductance.
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